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a  b  s  t  r  a  c  t

The  deposition  of  bacteriophage  MS2  on  bare  and  clay-coated  silica  surfaces  was  examined  in both
monovalent  (NaCl)  and  divalent  (CaCl2 and  MgCl2) solutions  under  a wide  range  of  environmentally
relevant  ionic  strength  and  pH  conditions  by  utilizing  a quartz  crystal  microbalance  with  dissipation
(QCM-D).  Two  types  of  clay,  bentonite  and  kaolinite,  were  concerned  in  this  study.  To  better  under-
stand  MS2  deposition  mechanisms,  QCM-D  data  were  complemented  by zeta  potentials  measurements
eywords:
acteriophage MS2
lay
eposition kinetics
CM-D
LVO

and  Derjaguin–Landau–Verwey–Overbeek  (DLVO)  interaction  forces  calculation.  In  both  monovalent  and
divalent  solutions,  deposition  efficiencies  of  MS2  increased  with  increasing  ionic  strength  both  on  bare
and clay-coated  surfaces,  which  agreed  with  the  trends  of  interaction  forces  between  MS2  and  solid  sur-
face and  thus  was  consistent  with  DLVO  theory.  The  presence  of  divalent  ions  (Ca2+ and  Mg2+) in  solutions
greatly  increased  virus  deposition  on  both  silica  and  clay  deposited  surfaces.  Coating  silica  surfaces  with
clay minerals,  either  kaolinite  or  bentonite,  could  significantly  increase  MS2  deposition.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The improper discharge of wastewater, the usage of fecal-
ontaminated water and sludge for agriculture, the artificial
roundwater recharge with recycled water, as well as the leakage of
eptic tanks or pipes have led to the entrance of viruses in the envi-
onment [1–5]. Viruses can be transported with water or manure
uspensions in natural environment, as a result, pathogenic viruses
ave been found in well waters and groundwater [6,7]. Pathogenic
iruses entering groundwater could pose a great threat to public
ealth [8].  Majority of the outbreaks of waterborne diseases have
een associated with groundwater contamination by pathogenic
iruses [9–11]. Therefore, understanding the mechanisms that con-
rol the transport behavior of virus in the subsurface is of great
nterest.

Many processes controlling virus transport in natural envi-
onment include advection, dispersion, deposition onto and
etachment from solid surfaces, and inactivation, among which
eposition and inactivation have been regarded as the two most
mportant processes [12–14].  In past decades, great efforts have
een directed toward investigating the factors affecting the deposi-
ion behavior of viruses onto solid surfaces. Factors such as solution

∗ Corresponding author. Tel.: +86 10 62756491; fax: +86 10 62756526.
∗∗ Corresponding author. Tel.: +82 63 2702370; fax: +82 63 2702366.

E-mail addresses: tongmeiping@iee.pku.edu.cn (M.  Tong), kshjkim@jbnu.ac.kr
H.  Kim).

927-7765/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfb.2011.12.017
ionic strength [15–18],  ion types [19,20], pH [13,18,21,22],  flow
velocity [23,24], dissolved organic matter [21,25–28],  and mineral
colloids present in solutions [23,29] have been shown to have great
influence on virus deposition. For example, Gutierrez et al. [20]
examined the effects of ion types on rotavirus deposition onto sil-
ica and found the deposition of rotavirus with the presence of Ca2+

in solutions was  greater than that with Mg2+ in solutions. Wal-
she et al. [23] investigated the effects of pH, ionic strength, and
dissolved organic matter on the transport of MS2  phage in gravel
aquifer media. This study showed that decreasing solution pH or
increasing solution ionic strength increased virus deposition onto
aquifer media, whereas increasing flow rate and the concentra-
tion of dissolved organic matter decreased virus deposition. Very
recently, Sadeghi et al. [18] also reported the deposition of phage
PRD1 on quartz sand increased with decreasing pH and increasing
ionic strength.

A number of previous studies have also investigated the effects
of properties of solid surfaces on the transport (deposition) behav-
ior of viruses and found the solid (soil) properties such as texture,
organic matter contents, metal/metal oxides contents greatly
affected virus deposition [16,22,24,29–33]. For example, Chu et al.
[31] found the presence of metal oxide in soils could largely
enhance virus deposition. Yuan et al. [32] compared the deposition
of MS2  on bare silica surfaces versus that on NOM-coated surfaces

and showed the presence of NOM on silica surfaces decreased virus
deposition. Very recently, by comparing the deposition of viruses
onto three types of solid surfaces (aluminum oxide-coated sand,
goethite-coated sand, and oxide-removed sand), Attinti et al. [33]

dx.doi.org/10.1016/j.colsurfb.2011.12.017
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:tongmeiping@iee.pku.edu.cn
mailto:kshjkim@jbnu.ac.kr
dx.doi.org/10.1016/j.colsurfb.2011.12.017
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eported the deposition of viruses onto aluminum oxide-coated
as greatest, followed by goethite-coated sand, and was  lowest

n oxide-removed sand.
Due to their large cation exchange capacity (CEC) or anion

xchange capacity (AEC), clay minerals (ubiquitous present in natu-
al environment) have been widely utilized to remove heavy metals
nd organic contaminants from wastewater. The adsorption of
iruses onto minerals has also been investigated. For example, Lip-
on and Stotzky [8] investigated the adsorption of Reovirus to clay
inerals and found that the deposition of viruses onto clay minerals
as significant. Moreover, virus deposition onto montmorillonite
as greater than that onto kaolinite. More recently, Syngouna and
hrysikopoulos [34] examined the effects of temperature and agi-
ation on virus adsorption onto clays. These authors found the
dsorption of viruses was higher with agitation and increased
ith temperature. It should be noted that batch experiments in

teady states were employed to determine the adsorption (depo-
ition) of viruses onto clay mineral surfaces in previous studies.
he deposition kinetics of viruses onto clay surfaces in a continu-
us flow mode as a function of solution chemistry have not been
learly explored in previous studies. Moreover, direct compari-
on of deposition of viruses onto two ubiquitous solid surfaces
n natural environment, silica and clay surfaces, has never been
xplored.

To better understand the deposition kinetics of viruses onto clay
ineral surfaces, the deposition of bacteriophage MS2  onto clay

bentonite and kaolinite)-coated silica surfaces was determined
ver a wide range of environmentally relevant ionic strengths and
H in both monovalent and divalent solutions employing a quartz
rystal microbalance with dissipation (QCM-D). Our study showed
hat the deposition of virus onto clay minerals could be significantly
nfluenced by solution ionic strength, ion types, and pH. Under all
xamined conditions, virus deposition onto clay mineral surfaces
as greater than that onto silica surfaces.

. Materials and methods

.1. MS2  preparation and characterization

Bacteriophage MS2  was replicated and purified following the
ethods provided in Yuan et al. [32]. Briefly, MS2  phages were

ropagated with host bacterial Escherichia coli strain 15597 (Amer-
can Type Culture Center). Following replication, MS2  was purified
y centrifugation (8000 rpm for 15 min  at 4 ◦C) (Eppendorf 5804R,
ermany) and filtered through 0.22 �m cellulose acetate filters. To
ettle down the MS2, Polyethylene glycol 8000 (Sigma–Aldrich, St.
ouis, MO)  and NaCl were introduced into the MS2  supernatant
o a final concentration of 10% and 0.6%, respectively. The sus-
ension was then stored in the dark at 4 ◦C for 10 h. After that,
S2 was collected by centrifugation at 8000 rpm for 20 min  at
◦C. The MS2  pellets were then re-suspended in Milli-Q water.
he centrifugation-re-suspension process was repeated one more
ime. Further MS2  purification was conducted by filtering through
.22 �m cellulose acetate filters and Amicon Ultra-15 centrifugal
lter unit. The stock MS2  solution was then stored in dark at 4 ◦C
ntil being used for deposition experiments or characterization.
he stock solution was freshly prepared every week. MS2  enumer-
tion was performed following the double agar layer procedure
laques forming unit (PFU). The detailed MS2  enumeration proto-
ol can be found in Yuan et al. [32]. It should be noted that only
he plates that had from 20 to 300 plaques were used for calcu-

ation of MS2  concentration. The stock concentration was  found
o be ∼1010 PFU/mL. Zeta potentials and sizes of MS2  in exam-
ned salt solutions were determined by using a Zetasizer Nano ZS90
Malvern Instruments, UK) at MS2  concentration of 2 × 108 PFU/mL.
Biointerfaces 92 (2012) 340– 347 341

The zeta potentials measurements at each condition were repeated
9–12 times and the sizes measurements were repeated 3 times.

2.2. Clay solutions preparation

Bentonite (Sigma–Aldrich, St. Louis, MO)  and kaolinite (Fluka,
Milwaukee, WI)  were used as model clays in this investigation. The
molecular weights of bentonite and kaolinite employed in our study
are 180.1 and 258.16 g mol−1, respectively. The main chemical com-
ponents of the bentonite were: SiO2 ∼48.35%, Al2O3 ∼12.15%, Fe2O3
∼8.26%, CaO ∼6.68%, MgO  ∼5.47%, Na2O ∼3.65%, and K2O ∼2.39%,
whereas the main chemical components of the kaolinite were SiO2
∼47.3%, Al2O3 ∼37.6%, Fe2O3 ∼0.5%, TiO2 ∼0.4%, Na2O ∼0.1%, and
K2O ∼1.8% [34,35]. The BET surface areas of bentonite and kaolinite
were 39.3 and 9 m2 g−1, respectively [34,35]. The clay stock solu-
tions were prepared by dissolving clay powders in Milli-Q water.
The particle size of bentonite and kaolinite in Milli-Q water was
found to be 554 nm and 712 nm,  respectively. Zeta potentials of clay
particles (10 ppm) in examined salt solutions were also measured
by Zetasizer Nano ZS90.

2.3. Quartz crystal microbalance with dissipation (QCM-D)

A QCM-D E1 system (Q-Sense AB, Gothenburg, Sweden) was
utilized to examine the deposition kinetics of MS2  on bare and
clay-coated silica surface. QCM-D experiments were performed
with 5 MHz  AT-cut quartz sensor crystals with silica-coated sur-
face (Batch 081110-3). Before each measurement, the crystals were
soaked for 30 min  in a 2% SDS solution, rinsed thoroughly with
Milli-Q water, dried with ultrahigh-purity N2 gas, and then oxidized
for 30 min  in a UV/O3 chamber (Bioforce Nanosciences, Inc., Ames,
IA). The MS2  deposition experiments were performed in a flow-
through mode using a peristaltic pump (ISMATEC, Switzerland)
operating in clockwise mode. Specifically, the pump was  connected
to the sensor crystal outlet. The studied solutions, stored in a steril-
ized 10 mL  polypropylene conical tube (Becton Dickinson, Franklin
Lakes, NJ) connected to the sensor crystal inlet, were fed through
the crystal sensor chamber at a flow rate of 0.1 mL  min−1.

2.4. MS2 deposition experiment

The influence of two clay types (adsorbed on silica surfaces),
bentonite and kaolinite, on the deposition kinetics of MS2  was
examined in this study. To investigate the significance of adsorbed
clay on the deposition kinetics of MS2, deposition behavior of
MS2  on bare silica surfaces, poly-l-lysine (PLL) hydrobromide
coated surfaces (PLL, molecular weight of 70,000–150,000, P-1274,
Sigma–Aldrich, St. Louis, MO), and clay-coated surfaces was exam-
ined over a wide range of environmentally relevant ionic strength
in NaCl (with five ionic strengths ranging from 5 to 100 mM),  CaCl2
(with four ionic strengths ranging from 0.5 to 5 mM), and MgCl2
(with four ionic strengths ranging from 0.5 to 5 mM)  solutions.
MS2  deposition experiments were performed at two pH conditions,
pH 6.0 (adjusted with 0.1 M HCl) and pH 9.0 (adjusted with 0.1 M
NaOH). This wide range of solution chemistries examined in this
study can be commonly found in groundwater [36]. The influent
concentration of MS2  suspension for deposition experiments was
kept as 2 × 108 PFU/mL.

For the experiments performed on bare silica surfaces, the QCM-
D system was pre-equilibrated with desired salt solution (desired
ionic strength and pH) for a minimum of 30 min  to establish a stable
baseline (the shift of average normalized frequency was  less than

0.2 Hz within 30 min). After pre-equilibration, MS2  suspension at
desired ionic strength and pH (adjusted with 0.1 M HCl or NaOH)
was  injected into the crystal chamber. The duration of injection
lasted for at least 30 min.
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For the experiments conducted on favorable (non-repulsive)
ondition, a layer of positively charged PLL was deposited on sil-
ca surfaces prior to the deposition experiments. We  followed
he method that employed in previous works to adsorb a layer
f PLL onto the silica surface [37,38], which was also provided
n Supplementary information. Corresponding deposition experi-

ents on PLL-coated silica surfaces were performed over the same
onic strength range with the same MS2  influent concentration as
hat conducted on bare silica surfaces. A detail about MS2  depo-
ition experiment on PLL-coated surfaces was also provided in
upplementary information.

For deposition experiments conducted on clay (bentonite or
aolinite) coated silica surfaces, the bare silica surfaces were first
odified with a layer of positively charged PLL, and then a neg-

tively charged clay (bentonite or kaolinite) solution at 10 mg  L−1

OC prepared in 0.1 mM NaCl solution was introduced into crys-
al chamber. Details of adsorbing clay layer on PLL-coated surfaces
an be found in Supplementary information. After coating clay on
he surfaces, the salt solution of interest was flowed through the
lay-coated surface until a constant baseline was established. The
esired MS2  sample (2 × 108 PFU/mL) with the same solution ionic
trength and pH was then injected into the flow chamber.

.5. QCM-D data analysis

For all experiments, the deposition rate of MS2  can be deter-
ined from the slope of the initial (linear) portion of the change in

ormalized frequency �f3 versus time curve:

f = d�f3
dt

(1)

The deposition rate at different solution conditions is then pre-
ented in terms of the deposition efficiency (˛), which is the ratio
f the deposition rate on bare or clay-coated silica surfaces (kfp) rel-
tive to the corresponding deposition rate obtained on PLL-coated
ilica surface (kfa):

 = kfp

kfa
(2)

.6. DLVO energy profiles

DLVO theory was used to calculate the total interaction force
etween MS2  and substrate surface as a function of separa-
ion distance. van der Waals and electrical double layer forces
ere considered in DLVO theory. The particle–collector interac-

ion force was calculated by treating the particle–collector system
s a sphere-plate interaction. The retarded van der Waals forces
or sphere-plate configuration can be calculated according to the
ollowing equation [39]:

vdw = A132ap�(� + 22.232h)

6h2(� + 11.116h)2
(3)

here ap refers to the size of MS2, which was taken from val-
es measured by Zetasizer Nano ZS90 (Malvern Instruments,
K); h is the separation distance between MS2  and plate sur-

ace; � is the characteristic wavelength of interaction, usually
aken as 100 nm;  A132 is the combined Hamaker constant for
he particle–water–surface system. The Hamaker constants of

 × 10−21 J [32,40] and 7.5 × 10−21 J [34] were employed for
S2–water–silica surfaces and MS2–water–clay systems, respec-
ively. Whereas, for the MS2–water–PLL surfaces, the Hamaker
onstant of 9.0 × 10−21 J was utilized (the detailed calculation pro-
ess to obtain Hamaker constant of MS2–water–PLL system was
rovided in Supplementary information).
Biointerfaces 92 (2012) 340– 347

The electrostatic double layer forces for sphere-plate configu-
rations can be determined according to the following equations
[39]:

FEDL = 4�εeεr �ap�p�c

[
exp(−�h)

1 + exp(−�h)
− (�p − �c)2

2�p�c

exp(−2�h)
1 − exp(−�h)

]
(4)

� =

√
e2

∑
nj0z2

j

ε0εrkT
(5)

where ε0 is the permittivity of vacuum; εr is the dielectric constant
or relative permittivity of water; �p and �c are the zeta potential of
the MS2  and the plate surface, respectively; zj is the ion valence, e
is the electron charge; nj0 is the number concentration of ions in
the bulk solution.

3. Results and discussion

3.1. Characterization of MS2

The sizes of MS2  as a function of solution ionic strength in NaCl,
CaCl2, and MgCl2 solutions at pH 6.0 and pH 9.0 were measured
in this study. The particle sizes were around 25–35 nm under all
examined conditions, indicating that the MS2  suspensions for the
deposition experiments were monodisperse. The measured MS2
sizes were consistent with 30 nm reported by Yuan et al. [32].

The zeta potentials of MS2  as a function of solution ionic strength
in NaCl, CaCl2, and MgCl2 solutions at pH 6.0 and pH 9.0 were deter-
mined and presented in Fig. 1. Under all examined ionic strength
conditions in NaCl, CaCl2, and MgCl2 solutions, zeta potentials of
MS2 were negative and became less negative with increasing ionic
strength at both pH conditions due to the compression of elec-
trostatic double layer at high ionic strengths. The zeta potentials
obtained in our study were consistent with those provided by Syn-
gouna and Chrysikopoulos [34]. Under the same ionic strength
(i.e. 5 mM),  the zeta potentials in divalent salt (CaCl2 and MgCl2)
solutions (Fig. 1b and c) were less negative relative to those in
monovalent NaCl solutions (Fig. 1a). For example, the zeta poten-
tials of MS2  in NaCl solutions at pH 6.0 are −31.25 mV,  whereas
the corresponding zeta potentials in CaCl2 and MgCl2 solutions are
−9.17 mV  and −9.83 mV,  respectively. This observation was  true for
both pH conditions. The less negative zeta potentials observed for
MS2  in divalent salt solutions have also been previously reported
for other virus e.g. Rotavirus [20]. The complexation of divalent
cations with negatively charged functional groups (e.g. carboxyl
groups) on MS2  surfaces led to the neutralization of surface charge
[41], as a result, the zeta potentials observed in CaCl2 and MgCl2
solutions were less negative. Comparison of the zeta potentials
obtained in two  divalent salt solutions showed the zeta potentials
acquired in CaCl2 solutions were slightly less negative relative to
those in MgCl2 solutions due to the greater binding ability of Ca2+

with functional groups (e.g. carboxyl groups) on cell surfaces [42].
At the same ionic strength, the zeta potentials of MS2  acquired at
pH 6.0 (open symbol) were less negative relative to those at pH
9.0 (solid symbol). This holds true over the whole ionic strength
range examined in all salt (NaCl, CaCl2 and MgCl2) solutions. At
low pH conditions, the functional groups on MS2  surfaces might be
protonated, leading to the less negative zeta potentials at low pH.

3.2. MS2 deposition on PLL-coated silica surfaces

MS2  deposition on PLL-modified silica surfaces was examined in

a wide range of solution ionic strengths in NaCl (5–100 mM), CaCl2
(0.5–5 mM),  and MgCl2 (0.5–5 mM)  solutions at pH 6.0 and pH 9.0.
Deposition rates decreased slightly with increasing ionic strengths
in monovalent NaCl solutions at both pH 6.0 (open symbol) and 9.0
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Fig. 1. Zeta potentials of MS2  in NaCl (a), CaCl2 (b), and MgCl2 solutions (c) at pH
6.0  (adjusted with 0.1 M HCl) and pH 9.0 (adjusted with 0.1 M NaOH) as a function
o
s
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t
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t
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Fig. 2. Deposition rates of MS2  on PLL-coated surfaces in NaCl solutions (a), CaCl2
solutions (b) and MgCl2 solutions (c) at pH 6.0 (adjusted with 0.1 M HCl) and pH 9.0
(adjusted with 0.1 M NaOH) as a function of ionic strength. Duplicate measurements
f  ionic strength. Each measurement was repeated 9–12 times. Error bars represent
tandard deviations.

solid symbol) (Fig. 2a), which was in agreement with Yuan et al.
32]. The slight decrease of deposition rates with increasing ionic
trength also held true in divalent CaCl2 and MgCl2 solutions (Fig. 2b
nd c). Moreover, at the same ionic strength (i.e. 5 mM),  the deposi-
ion rates in monovalent NaCl solutions (6.8 Hz/min) were greater
han those in divalent CaCl2 (4.0 Hz/min) and MgCl2 (4.2 Hz/min)
olutions.

The greater particle deposition at low ionic strength relative to
hose at high ionic strength has been previously attributed to the
ormation of energy well at larger distance at low ionic strength
43–45]. To examine whether the slight decrease of deposition rates
n PLL surfaces with increasing ionic strength observed in all exam-
ned salt solutions was also caused by the decreased separation
istance of force well, DLVO interaction force profiles at represen-

ative conditions in both monovalent (NaCl) and divalent (CaCl2
nd MgCl2) solutions were calculated and provided in Fig. 3. No
epulsion force was present between MS2  and PLL-coated surface
were conducted over entire ionic strength range (n ≥ 2), with error bars representing
standard deviations. The lines are meant to guide the eye.

in all examined salt solutions, demonstrating favorable conditions
for MS2  deposition on PLL-coated surfaces. In all examined salt
(NaCl, CaCl2, and MgCl2) solutions, the force well formed at larger
particle–surface distance at low ionic strength (e.g. 5 mM in NaCl)
relative to those at high ionic strength (i.e. 50 mM in NaCl). Fig. 3
clearly showed that in both monovalent and divalent salt solu-
tions, the separation distance at which MS2  started to experience
attractive force decreased with increasing ionic strength, which
was  in consistent with the observed decrease of deposition rates
with increasing ionic strength (Fig. 2). Moreover, at the same ionic
strength, the force well located at larger distance in monovalent
NaCl solutions relative to those in divalent CaCl2 and MgCl2 solu-

tions, agreed with the greater deposition rate observed in NaCl
solutions. The results showed that the slightly decreased deposi-
tion rates with increasing ionic strength observed for MS2  were
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Fig. 3. Calculated DLVO interaction force between MS2  and PLL-coated surfaces at
representative ionic strength in NaCl (a), CaCl (b), and MgCl (c) solutions at pH 6.0.
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Fig. 4. Deposition efficiencies of MS2  on bare silica surfaces in NaCl solutions (a),
CaCl2 solutions (b), and MgCl2 solutions(c) at pH 6.0 (adjusted with 0.1 M HCl) as
a  function of ionic strength. Duplicate measurements were conducted over entire
2 2

he  zeta potentials employed to calculate DLVO interaction force were provided in
igs. 1 and S1.

lso caused by the decrease of particle–surface separation distance
f attractive force with increasing ionic strength.

.3. MS2  deposition on bare silica surfaces

The deposition of MS2  on bare silica surfaces was  examined
n a wide range of solution ionic strengths in NaCl (5–100 mM),
aCl2 (0.5–5 mM),  and MgCl2 (0.5–5 mM)  solutions at pH 6.0 and
H 9.0. By normalizing the acquired deposition rates on bare silica

urfaces by the favorable deposition rates on PLL-modified silica
urfaces at corresponding electrolyte ionic strengths, the deposi-
ion efficiencies (˛) of MS2  under all examined conditions were
erived. In NaCl solutions,  ̨ of MS2  on bare silica increased with
ionic strength range (n ≥ 2), with error bars representing standard deviations. The
lines  are meant to guide the eye.

increasing ionic strength at both pH 6.0 (Fig. 4a, open square) and
pH 9.0 (Fig. 5a, open square), agreed with Yuan et al. [32]. The
same trends were also obtained in divalent CaCl2 (Figs. 4b and 5b,
open square) and MgCl2 (Figs. 4c and 5c,  open square) solutions
at both pH conditions. The increased  ̨ with increasing solution
ionic strength examined in all salt solutions at both pH condi-
tions was  consistent with the trends of zeta potentials versus ionic

strength for both MS2  and silica (Figs. 1 and S1)  and thus generally
agreed with classic DLVO theory (Fig. 6). The increase of solution
ionic strength led to the compression of electrostatic double layer
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Fig. 5. Deposition efficiencies of MS2  on bare silica surfaces in NaCl solutions (a),
CaCl2 solutions (b), and MgCl2 solutions(c) at pH 9.0 (adjusted with 0.1 M NaOH) as
a  function of ionic strength. Duplicate measurements were conducted over entire
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Fig. 6. Calculated DLVO interaction forces between MS2  and bare silica surface (a),
MS2  and kaolinite-coated surface (b), MS2  and bentonite-coated surface (c) at rep-
onic strength range (n ≥ 2), with error bars representing standard deviations. The
ines  are meant to guide the eye.

etween MS2  and silica surface, as a result, greater deposition effi-
iencies of MS2  were obtained at high ionic strength. At the same
onic strength (i.e. 5 mM),   ̨ obtained in divalent salt solutions (0.68
or CaCl2 and 0.47 for MgCl2 at pH 6.0) were greater than those
n monovalent salt solutions (0.3 for NaCl). The greater colloid
eposition in divalent salt solutions relative to that in monova-

ent solutions has been reported previously [46–48].  The observed

reater  ̨ obtained in divalent salt solutions can be explained by
LVO theory. The complexation of divalent cations with functional
roups on virus surfaces [49] resulted in the less negative zeta
resentative ionic strength in NaCl solutions at pH 6.0. The zeta potentials employed
to  calculate DLVO interaction force were provided in Figs. 1 and S1.

potentials of MS2  in divalent salt solutions (Fig. 1). Moreover, the
binding of divalent ions to silanol groups of the silica surface [50]
also reduced the charge of silica (Fig. S1). Therefore, in divalent salt
solutions, the repulsive interaction between MS2  and silica was
reduced comparing that in monovalent solutions. Comparison of

 ̨ in CaCl2 solutions versus those in MgCl2 solutions yielded that
at the same ionic strength,  ̨ obtained in CaCl2 solutions (e.g. 0.68
at 5 mM and pH 6) were slightly greater than those in MgCl2 solu-
tions (e.g. 0.47 at 5 mM and pH 6) at both pH conditions. This held

true for all examined ionic strength conditions. The greater depo-
sition in Ca2+ salt solutions relative to those in Mg2+ salt solutions
has also been previously observed for other microbes e.g. Rotavius
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20] and Cryptosporidium parvum oocysts [51]. This observation was
lso consistent with slightly less negative zeta potentials in CaCl2
olutions than those in MgCl2 solutions due to the greater binding
bility of Ca2+ with functional groups on virus surfaces (Fig. 1). The
bove observations demonstrated that in all salt solutions contain-
ng monovalent or divalent cations, deposition of MS2  on bare silica
urfaces was mainly controlled by DLVO interactions.

.4. MS2  deposition on clay-coated silica surfaces

The significance of clay-coated silica surfaces on the deposi-
ion kinetics of MS2  was investigated in NaCl (5–100 mM),  CaCl2
0.5–5 mM),  and MgCl2 (0.5–5 mM)  solutions at pH 6.0 (Fig. 4)
nd pH 9.0 (Fig. 5). Similar to the observation on bare silica sur-
ace,  ̨ on clay-coated surface increased with increasing ionic
trength in all salt solutions (monovalent or divalent cations) at
oth pH conditions. For example, in NaCl solutions at pH 6.0, ˛
n bentonite-coated surfaces increased from 0.56 to 0.94 as ionic
trength increased from 5 to 100 mM,  similarly,  ̨ on kaolinite-
oated silica surfaces increased from 0.53 to 0.88. The increase
f  ̨ on both clay-coated surfaces with increasing ionic strength
as consistent with less negative zeta potentials at high ionic

trength for both MS2  and clay (Figs. 1 and S1)  and thus agreed
ith DLVO theory (Fig. 6). Greater adsorption of virus to clay par-

icles at high ionic strength has also been observed previously [8].
t same ionic strength (i.e. 5 mM),   ̨ of MS2  on both clay-coated
urfaces obtained in divalent salt solutions (0.99 for CaCl2 and 0.95
or MgCl2 on bentonite-coated surfaces) were larger than that in

onovalent NaCl solutions (0.56), which held true for both exam-
ned pH. Greater deposition on clay-coated surfaces in divalent salt
olutions can be explained by the less negative zeta potentials of
S2  as well as clay-coated surfaces in divalent salt solutions (Figs.

 and S1).  The above observations clearly showed that, similar to
eposition on bare silica surfaces, MS2  deposition on two  examined
lay (bentonite and kaolinite)-coated surfaces under all conditions
egardless of ionic strength, ion types, and pH was also dominated
y DLVO interactions.

.5. Comparison of MS2  deposition on different surfaces

Comparison of  ̨ of MS2  on two clay-coated silica surfaces
Figs. 4 and 5, open diamond and open triangle) versus those on
are silica surfaces (Figs. 4 and 5, open square) showed that under
ll examined ionic strength conditions, deposition on two  clay-
oated surfaces was greater than those on bare silica surfaces in
aCl solutions at both pH 6.0 and pH 9.0. The same trends were also
bserved in divalent salt solutions (CaCl2 and MgCl2). For exam-
le, at 10 mM and pH 6.0 in NaCl solutions,  ̨ of MS2 on bare
ilica surfaces was 0.38, whereas  ̨ of MS2  on two clay-coated sur-
aces: bentonite and kaolinite coated surfaces were 0.63 and 0.58,
espectively. These observations demonstrated that in all examined
alt solutions regardless of ionic strength, ion types, and pH, clay
kaolinite and bentonite) deposited on silica surfaces significantly
ncreased the deposition kinetics of MS2.

Greater deposition on clay coated-surfaces than that on bare
ilica surfaces was consistent with DLVO theory. Under all exam-
ned ionic strength conditions, zeta potentials of silica were more
egative relative to those of two clay types (kaolinite and ben-
onite) both in monovalent (NaCl) and divalent salt (CaCl2 and

gCl2) solutions (Fig. S1).  The interaction force between MS2  and
lay coated-surfaces therefore was less repulsive relative to that
etween MS2  and silica under all examined conditions (Fig. 6),

esulting in the greater deposition on clay-coated surfaces. The
dsorption of virus to clay has been previously attributed to the
on-DLVO interaction forces such as hydrogen bonding and the

ormation of a cation bridge between virus and clay [52,53]. The
Biointerfaces 92 (2012) 340– 347

anionic groups of the clay and MS2  might also form hydrogen
bonds, resulting in the enhanced deposition on clay-coated sur-
faces. Correlation of virus adsorption to clay with CEC or AEC of
clay (bentonite and kaolinite) has also been demonstrated previ-
ously, thus the cation or anion exchange reactions of clay has been
proposed as an important mechanism contributing to the adsorp-
tion of virus to clay [8,54–56]. Cation and anion exchange sites are
present on bentiontie and kaolinite, two  clays examined in this
study. Therefore, the cation or anion exchange reactions of ben-
tiontie/kaolinite would be expected, which resulted in the greater
deposition observed on clay-coated surfaces relative to on bare
silica.

Previous studies e.g. Schiffenbauer and Stotzky [55] pointed
out that the adsorption of Coliphage T1 has direct correlation
with the ratio AEC/CEC ratio of clays. Although kaolinite has a
larger AEC/CEC ratio than bentonite [57], the deposition of MS2
on kaolinite-coated surfaces (open diamond) were slightly less rel-
ative to those on bentonite-coated surfaces (open triangle). For
example  ̨ on bentonite-coated surfaces at 1 mM and pH 6 in MgCl2
solutions were 0.84, whereas  ̨ on kaolinite-coated surfaces under
the same conditions were 0.76. The observation demonstrated that
the deposition of MS2  on clay-coated surfaces did not correlate with
AEC/CEC ratio of clays. The less deposition on kaolinite-coated sur-
faces than on bentonite-coated surfaces might be due to the slightly
more negative zeta potentials of kaolinite-coated surfaces relative
to those of bentonite-coated surfaces (Fig. S1).  The more negative
zeta potentials of kaolinite relative to those of bentonite have also
been reported in Syngouna and Chrysikopoulos [34].

4. Conclusion

To the best of our knowledge, this study for the first time com-
pared the deposition behavior of MS2  on bare silica, PLL-coated
silica surfaces, and clay (kaolinite and bentonite) coated surfaces
over a wide range of environmentally relevant ionic strength in
both monovalent (NaCl) and divalent (CaCl2 and MgCl2) solutions
at both pH 6.0 and pH 9.0. Our study found that in all exam-
ined salt solutions regardless of ion types, the deposition rate of
MS2  on PLL-coated silica decreased with increasing ionic strength
due to the decreased separation distance of attractive force well.
Deposition kinetics of MS2  increased with increasing solutions
ionic strength both on bare and clay-coated silica surfaces, which
agreed with DLVO theory. Deposition kinetics on both bare and
clay-coated surfaces dramatically increased with the presence of
divalent ions (Ca2+ and Mg2+) in solutions. Coating silica surfaces
with clay (either kaolinite or bentonite) significantly increased MS2
deposition.

Supplementary information

Zeta potentials of crushed quartz sand, clay-coated crushed
sand, and PLL-coated quartz sand particle (Fig. S1); also presented
are details about protocol for MS2  deposition experiments on PLL
coated silica surfaces, protocol of adsorbing clay on silica surface,
influence of solution chemistry on zeta potentials of different sur-
faces, and calculation of Hamaker constant for MS2–water–PLL
system.
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