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Lower  initial  virus  concentrations
yielded  higher  inactivation  rates.
The  inactivation  rate  of  MS2  was
shown  to be greater  than  that  of
�X174.
Solid  surfaces  offer  protection
against  inactivation  under  static
batch  conditions.
Both MS2  and  �X174  remain  infec-
tive  longer  at  4 ◦C  than  at  20 ◦C.
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a  b  s  t  r  a  c  t

Virus  inactivation  is one  of  the  most  important  factors  that  controls  virus  fate  and  transport  in the
subsurface.  In  this  study  the  inactivation  of viruses  in  the  presence  of  quartz  sand  was  examined.  The  bac-
teriophages  MS2  and  �X174  were  used  as  model  viruses.  Experiments  were  performed  at  4 ◦C  and  20 ◦C,
under constant  controlled  conditions,  to  investigate  the effect  of  virus  type,  temperature,  sand  size,  and
initial  virus  concentration  on virus  inactivation.  The  experimental  virus  inactivation  data  were  satisfacto-
rily  represented  by  a pseudo-first  order  expression  with  time-dependent  rate  coefficients.  Furthermore,
the results  indicated  that virus  inactivation  was  substantially  affected  by  the  ambient  temperature  and
acteriophages
S2
X174

ime-dependent inactivation
uartz sand

initial  virus  concentration.  The  inactivation  rate  of  MS2  was  shown  to  be greater  than  that  of  �X174.
However,  the  greatest  inactivation  was  observed  for MS2  without  the  presence  of  sand,  at  20 ◦C. Sand
surfaces  offered  protection  against  inactivation  especially  under  static  conditions.  However,  no  obvious
relationship  between  sand  particle  size  and  virus  inactivation  could  be  established  from  the  experimental

ivatio
ttachment
emperature effects

data.  Moreover,  the  inact

. Introduction

In many parts of the world, where surface water supplies are
imited or polluted, groundwater is the single most important
ource of drinking water [1].  Microbial contamination of ground-
ater often leads in large outbreaks of waterborne diseases [2,3].
onsequently, in order to protect the public health, it is most impor-

ant to fully understand the various factors controlling pathogen
urvival in the subsurface. Worthy to note is that viruses are the

∗ Corresponding author. Tel.: +30 2610 996531; fax: +30 2610 996 573.
E-mail address: gios@upatras.gr (C.V. Chrysikopoulos).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.07.002
n  rates  were  shown  to increase  with  decreasing  virus  concentration.
© 2012 Elsevier B.V. All rights reserved.

most disinfection-resistant microbial pathogens and exhibit quite
conservative transport behavior in groundwater [4–7].

Pathogens in groundwater can originate from numerous acci-
dental and intentional sources of pollution (e.g. landfills, broken
sewer pipelines, leaking septic tanks, graveyards, urban runoff,
irrigation, direct injection wells, and recharge basins) [8–10]. Fur-
thermore, as the demand for clean water increases and supplies
are depleted fast, artificial groundwater recharge has progressively
increased to reverse the rapid depletion of aquifers [7,11,12]. There-
fore, a major concern with using recycled water is that infective

human enteric viruses might be delivered directly into the subsur-
face environment.

The fate and transport of viruses in porous and fractured subsur-
face formations is controlled by attachment onto mineral surfaces,

dx.doi.org/10.1016/j.jhazmat.2012.07.002
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gios@upatras.gr
dx.doi.org/10.1016/j.jhazmat.2012.07.002
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Nomenclature

C aqueous phase concentration of viruses, M/L
C0 initial aqueous phase concentration of viruses, M/L
Cu coefficient of uniformity, –
d10 sand grain diameter size that can barely pass

through a sieve, which allows 10% of the material
(by weight) to pass through, L

d60 sand grain diameter size that can barely pass
through a sieve, which allows 60% of the material
(by weight) to pass through, L

Is ionic strength, mol/L
t time, t

 ̨ resistivity coefficient, 1/t
� inactivation rate coefficient, 1/t
�0 initial inactivation rate coefficient, 1/t

Abbreviations
CQS coarse quartz sand
ddH2O distilled deionized water
FQS fine quartz sand
MQS  medium quartz sand
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PBS phosphate buffered saline
pfu plaque forming units

nactivation (loss of infective capability), water chemistry, and tem-
erature [13–25].  Numerous studies have been focused on virus
ttachment onto natural and model aquifer materials [26–36].
n contrast, although several experimental and theoretical stud-
es have been conducted on virus inactivation [37–45],  additional
esearch is still needed in order to fully understand virus inactiva-
ion in complex subsurface formations.

The present study aims to investigate the inactivation of bacte-
iophages MS2  and �X174 in the presence of quartz sand materials
ith various particle sizes. A relatively large number of virus inac-

ivation experiments were conducted under static and dynamic
onditions. Furthermore, inactivation rate coefficients were deter-
ined by fitting a time-dependent inactivation model to the

xperimental data. To our knowledge the effect of initial virus
oncentration on virus inactivation is not fully understood. Fur-
hermore, the combined effects of initial virus concentration, sand
article size, and temperature on inactivation of bacteriophages
S2  and �X174 have not been previously explored.

. Experimental

.1. Bacteriophages and quartz sand

The bacteriophages MS2  and �X174 were used in this study
ecause they are similar to enteric viruses in size, shape, and surface
haracteristics [46]. MS2  is a F-specific, single-stranded RNA-phage
31% nucleic acid content) with host bacterium Escherichia coli
TTC 15597-B1, particle diameter 24–26 nm,  and isoelectric point

pHiep) of 4.1 [30]. �X174 is an icosahedral, single-stranded DNA-
hage (26% nucleic acid content) with host bacterium E. coli ATTC
3706-B1, particle diameter 25–27 nm,  and pHiep = 4.4 [30]. Fur-
hermore, MS2  has a hydrophobic protein coat, whereas �X174
as a hydrophilic protein coat [47]. For the preparation of stock and
urification of bacteriophages, the ATCC procedure [48] as outlined
y Syngouna and Chrysikopoulos [49] was employed.
Three different size distributions of quartz sand (Filcom Fil-
erzand & Grind) were used in the experiments: fine quartz sand
FQS) with grain diameter ranging from 0.150 to 0.212 mm (sieve
o. 70/100), medium quartz sand (MQS) with grain diameter
zardous Materials 233– 234 (2012) 148– 157 149

ranging from 0.425 to 0.600 mm (sieve no. 30/40), and coarse quartz
sand (CQS) with grain diameter ranging from 1.180 to 1.700 mm
(sieve no. 12/16). Particle size distribution values obtained by
sieve analysis were used to calculate the coefficient of uniformity,
Cu = d60/d10 (were d10, and d60 is the diameter of a sand grain that
is barely too large to pass through a sieve that allows 10%, and
60%, respectively, of the material (by weight) to pass through).
The coefficient of uniformity for each sand distribution was deter-
mined as: Cu = 1.19, 1.21, 1.2 for FQS, MQS, CQS, respectively. The
chemical composition of the quartz sand as reported by the manu-
facturer (Filcom, Netherlands) was: 96.2% SiO2, 0.15% Na2O, 0.11%
CaO, 0.02% MgO, 1.75% Al2O3, 0.78% K2O, 0.06% SO3, 0.46% Fe2O3,
0.03% P2O5, 0.02% BaO, 0.01% Mn3O4, and 0.28% loss on ignition. The
three quartz sand distributions were thoroughly cleaned with 0.1 M
nitric acid HNO3 (70%) for 3 h to remove surface impurities (e.g. iron
hydroxide and organic coatings) that could promote physicochem-
ical deposition of the viruses, rinsed with distilled deionized water
(ddH2O), then soaked in 0.1 M NaOH for 3 h, and rinsed with ddH2O
again [5].  Subsequently, the sand distributions were sterilized and
dried in an oven at 105 ◦C for 24 h.

2.2. Static and dynamic batch experiments

Batch experiments were conducted with MS2  and �X174 in the
presence of three different quartz sand distributions (FQS, MQS,
CQS) to examine the effect of quartz sand particle size on virus
inactivation. The static batch experiments were performed under
controlled conditions at 4 ◦C and 20 ◦C, and the dynamic exper-
iments at 4 ◦C. Several virus stock solutions with concentrations
ranging from 103 to 108 pfu/mL were used for both static and the
dynamic experiments. At least 5 different virus stock concentra-
tions were used for the static experiments, and 3 different virus
stock concentrations were used for the dynamic experiments. Fur-
thermore, thirty-nine experiments for each virus (MS2, �X174)
were conducted under various conditions.

All batch experiments were performed in 20 mL Pyrex glass
screw-cap tubes (Fisher Scientific). Glass tubes were washed with
detergent, soaked in 6 N HCl, rinsed thoroughly in ddH2O, autoclave
sterilized, and oven dried at 105 ◦C overnight. A phosphate buffered
saline (PBS) solution with low ionic strength (Is) was  prepared with
1.2 mM NaCl, 0.027 mM KCl, and 0.010 mM phosphate buffer salts
in ddH2O and adjusted to a pH 7.5 with HCl [45]. The specific
conductance of the final virus suspension was 212 �S/cm, which
corresponds to Is ≈ 2 mM.  Note that the PBS solution was used to
enhance virus stability by eliminating unspecified factors that could
cause virus inactivation [50]. The stock solutions of bacteriophage
MS2  and �X174, with concentrations in excess of 109 pfu/mL, were
diluted with PBS solution to yield the desired bacteriophage con-
centration.

For each experiment, 30 glass tubes were employed, which were
divided into two  groups. Each group consisted of 15 glass tubes.
The glass tubes of the first group (experimental tubes) contained
14 mL  of virus suspension with 14 g of sand, and the glass tubes of
the second group (control tubes) contained 14 mL of virus suspen-
sion without sand. All glass tubes were filled to the top. However,
a small air bubble was always trapped within the tubes when the
caps were screwed onto the tubes. Both groups were treated in
the same manner. The static batch experiments were conducted
in a constant-temperature dark room at 4 ◦C, and in an incubator
at 20 ◦C. The dynamic batch experiments were performed in the
constant-temperature dark room at 4 ◦C, with all the tubes attached
to a tube rotator (Selecta, Agitador orbit), operated at 12 rpm, in

order to allow the sand to mix  within the virus solution. All the
experiments were conducted in a dark room to eliminate the pos-
sibility of inactivation by sunlight [51]. One tube of each group
was  chosen at random at pre-determined time intervals during
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Fig. 1. Pictorial illustration of the experimental procedures. Glass screw-cap tubes
received virus stock solution and quartz sand (control tubes received only the virus
solution). Static batch experiments were conducted with all glass tubes placed in
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 rack; whereas, dynamic batch experiments were performed with all glass tubes
ttached to a tube rotator.

he experiment. Control tubes, in the absence of sand, were used
o monitor virus inactivation caused by factors other than virus
ttachment onto the quartz sand. A sample of the PBS solution
1.0 mL)  was removed from each selected glass tube at different
reselected times (0, 1, 2, 3, 4, 5, 7, 14, 21, 30, 45, 60, and 75 days)
nd assayed for bacteriophage MS2  and �X174. Then, the used
lass tubes were discarded. Fig. 1 presents an illustration of the
atch experimental procedures employed in this work.

. Theoretical considerations

The experimental data from numerous batch inactivation stud-
es have been successfully described by a pseudo-first-order
xpression with a time-dependent rate coefficient as follows
42,44,45]:
dC (t)
dt

= −� (t) C (t) (1)
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ig. 2. Experimental data for MS2  inactivation under static batch conditions with sand (so
istories (solid curves). The first row of graphs corresponds to virus initial concentration 

07 pfu/mL, respectively. The circles, squares, and triangles represent experiments with F
he  symbol.
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where C is the concentration of suspended viruses in the liquid
phase, t is time, and � is the time-dependent inactivation rate coef-
ficient of suspended viruses described by the following expression:

� (t) = �0e−˛t (2)

where �0 is the initial inactivation rate coefficient, and  ̨ is the
resistivity coefficient. Assuming that C(0) = C0, where C0 is the initial
virus concentration, the solution to Eq. (1) is:

ln
[

C (t)
C0

]
= −�0

˛

{
exp [−˛t] − 1

}
(3)

For the special case where �(t) = � the solution to Eq. (1) is the
following familiar expression:

ln
[

C (t)
C0

]
= −�t (4)

The unknown inactivation parameter values �0 and  ̨ were
obtained by fitting Eq. (3) to the experimental log-normalized-
concentration data using non-linear least squares algorithms,
whereas the unknown parameter � was  estimated by linear regres-
sion fit of Eq. (4) to the log-normalized experimental data.

4. Results

The experimental data from the batch experiments of MS2  and
�X174 inactivation at 4 ◦C are shown in Figs. 2 and 3, respectively.
It should be noted that normalized bacteriophage concentrations
over 1 are due to slight variations in the initial concentration of
the virus suspensions present in each tube. The experimental data
were fitted with both the time-dependent inactivation model and
the time-invariant inactivation model. The parameters �0 and ˛
were determined by fitting Eq. (3) to the observed normalized bac-
teriophage log-concentrations, whereas � values were determined
by linear regression fit to Eq. (4) of the same experimental data.
The fitted virus inactivation parameter values (�0,  ̨ and �) for MS2
are listed in Table 1, and for �X174 are listed in Table 2. Note that
only simulated concentrations based on the time-dependent inac-
inactivation model matched the experimental inactivation data
much better than the constant inactivation model. For all three
quartz sand distributions considered in this study (FQS, MQS, and

806040
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lid symbols) and without sand (open symbols) at 4 ◦C, and simulated concentration
of C0 = 103 pfu/mL, the second, third, fourth and fifth rows to C0 = 104, 105,  106, and
QS, MQS, and CQS, respectively. Error bars not shown are smaller than the size of
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Table 1
Fitted inactivation parameters for bacteriophage MS2.

Conditionsa Static batch experiments at 4 ◦C Static batch experiments at 20 ◦C Dynamic batch experiments at 4 ◦C

C0 �0 ˛ � C0 �0 ˛ � C0 �0 ˛ �
(pfu/mL) (day−1) (day−1) (day−1) (pfu/mL) (day−1) (day−1) (day−1) (pfu/mL) (day−1) (day−1) (day−1)

FQS w 2.5 × 103 0.174 ± 0.016 0.030 ± 0.007 0.029 ± 0.003 2.1 × 103 0.036 ± 0.002 0.004 ± 0.002 0.029 ± 0.001 5.3 × 104 0.051 ± 0.016 0.007 ± 0.007 0.023 ± 0.001
w/o 0.245 ±  0.041 0.021 ± 0.009 0.068 ± 0.006 0.007 ± 0.008 1.500 ± 0.231 1.020 ± 0.171 0.056 ± 0.010 0.005 ± 0.004 0.038 ± 0.003
w 1.2  × 104 0.042 ± 0.009 0.021 ± 0.020 0.013 ± 0.001 1.3 × 104 0.037 ± 0.007 0.000 ± 0.000 0.038 ± 0.002 6.4 × 105 0.046 ± 0.024 0.028 ± 0.019 0.025 ± 0.004
w/o 0.209 ±  0.015 0.019 ± 0.002 0.092 ± 0.006 0.351 ± 0.027 0.016 ± 0.003 0.149 ± 0.007 0.018 ± 0.005 0.010 ± 0.011 0.018 ± 0.003
w 1.8  × 105 0.083 ± 0.005 0.026 ± 0.004 0.021 ± 0.002 1.8 × 105 0.024 ± 0.002 0.003 ± 0.003 0.021 ± 0.0008 5.9 × 106 0.049 ± 0.006 0.015 ± 0.004 0.022 ± 0.001
w/o 0.037 ±  0.005 0.016 ± 0.007 0.017 ± 0.002 0.077 ± 0.007 0.004 ± 0.003 0.060 ±  0.004 0.042 ± 0.009 0.017 ± 0.007 0.021 ± 0.002
w 1.6  × 106 0.066 ± 0.005 0.032 ± 0.007 0.009 ± 0.001 2.5 × 106 0.046 ± 0.0002 0.001 ± 0.003 0.045 ± 0.001
w/o 0.038 ±  0.005 0.016 ± 0.007 0.015 ± 0.001 0.063 ± 0.005 0.032 ± 0.008 0.012 ± 0.001
w 2.7  × 107 0.020 ± 0.003 0.032 ± 0.012 0.003 ± 0.0006 3.6 × 106 0.051 ± 0.005 0.006 ± 0.004 0.042 ± 0.002
w/o 0.244 ±  0.030 0.025 ± 0.009 0.063 ± 0.006 0.011 ± 0.002 0.009 ± 0.004 0.022 ± 0.002

MQS w  8.7 × 103 0.093 ± 0.005 0.019 ± 0.001 0.028 ± 0.003 3.9 × 104 0.070 ± 0.006 0.011 ± 0.003 0.036 ± 0.002 8.9 × 103 0.136 ± 0.013 0.004 ± 0.003 0.114 ± 0.004
w/o 0.064 ±  0.009 0.017 ± 0.004 0.029 ± 0.003 0.094 ± 0.005 0.002 ± 0.002 0.083 ± 0.001 0.117 ± 0.006 0.008 ± 0.002 0.078 ± 0.002
w 1.2  × 104 0.258 ± 0.016 0.031 ± 0.006 0.049 ± 0.007 3.7 × 104 0.126 ± 0.009 0.010 ± 0.003 0.074 ± 0.003 1.1 × 105 0.162 ± 0.017 0.009 ± 0.004 0.103 ± 0.003
w/o  0.199 ± 0.019 0.029 ± 0.007 0.038 ± 0.005 0.175 ± 0.012 0.018 ± 0.003 0.084 ± 0.005 0.124 ± 0.014 0.008 ± 0.004 0.090 ± 0.005
w 1.1  × 105 0.095 ± 0.008 0.023 ± 0.005 0.028 ± 0.001 1.9 × 105 0.340 ± 0.031 0.044 ± 0.012 0.079 ± 0.005 1.6 × 106 0.303 ± 0.037 0.012 ± 0.006 0.171 ± 0.013
w/o 0.058 ±  0.002 0.015 ± 0.001 0.026 ± 0.001 0.135 ± 0.008 0.019 ± 0.003 0.067 ± 0.005 0.123 ± 0.010 0.013 ± 0.003 0.062 ± 0.005
w  1.9 × 105 0.079 ± 0.012 0.009 ± 0.004 0.045 ± 0.003 3.0 × 105 0.083 ± 0.003 0.008 ± 0.001 0.051 ± 0.002 5.6 × 106 0.152 ± 0.0122 0.033 ± 0.009 0.025 ± 0.004
w/o 0.061 ±  0.007 0.010 ± 0.004 0.036 ± 0.002 0.238 ± 0.014 0.022 ± 0.005 0.069 ± 0.007 0.029 ± 0.006 0.012 ± 0.009 0.015 ± 0.001
w 2.1  × 107 0.154 ± 0.023 0.028 ± 0.010 0.037 ± 0.003 2.4 × 107 0.154 ± 0.019 0.017 ± 0.006 0.066 ± 0.003
w/o  0.131 ± 0.026 0.032 ± 0.014 0.024 ± 0.003 0.224 ± 0.042 0.024 ± 0.014 0.068 ± 0.004

CQS w 0.9  × 103 0.058 ± 0.013 0.034 ± 0.024 0.010 ± 0.002 0.2 × 103 0.101 ± 0.018 0.007 ± 0.013 0.134 ± 0.012 8.5 × 104 0.035 ± 0.018 0.030 ± 0.028 0.010 ± 0.003
w/o 0.528 ±  0.104 0.021 ± 0.015 0.390 ± 0.059 1.760 ± 0.733 0.056 ± 0.155 1.460 ± 0.170 0.016 ± 0.021 0.015 ± 0.006 0.075 ± 0.005
w  3.4 × 103 0.018 ± 0.005 0.035 ± 0.008 0.074 ± 0.009 4.2 × 103 0.071 ± 0.005 0.001 ± 0.002 0.065 ± 0.004 5.8 × 105 0.068 ± 0.017 0.046 ± 0.028 0.015 ± 0.003
w/o 0.018 ±  0.005 0.035 ± 0.008 0.074 ± 0.009 0.679 ± 0.048 0.037 ± 0.007 0.197 ± 0.017 0.053 ± 0.039 0.036 ± 0.091 0.021 ± 0.007
w 1  × 105 0.020 ± 0.003 0.025 ± 0.009 0.005 ± 0.001 6.8 × 104 0.048 ± 0.010 0.000 ± 0.000 0.062 ± 0.005 6.6 × 106 0.208 ± 0.019 0.058 ± 0.013 0.018 ± 0.005
w/o  0.033 ± 0.003 0.007 ± 0.003 0.022 ± 0.001 0.145 ± 0.029 0.005 ± 0.006 0.103 ± 0.008 0.067 ± 0.034 0.059 ± 0.043 0.007 ± 0.0009
w 1.2  × 106 0.132 ± 0.016 0.042 ± 0.009 0.014 ± 0.003 6.6 × 105 0.049 ± 0.009 0.001 ± 0.005 0.052 ± 0.006
w/o 0.130 ±  0.016 0.039 ± 0.009 0.016 ± 0.007 0.032 ± 0.009 0.007 ± 0.010 0.026 ± 0.002
w  1.2 × 107 0.064 ± 0.012 0.036 ± 0.022 0.010 ± 0.002 7.3 × 107 0.080 ± 0.008 0.023 ± 0.008 0.030 ± 0.003
w/o 0.098 ±  0.009 0.040 ± 0.010 0.013 ± 0.001 0.073 ± 0.024 0.025 ± 0.022 0.030 ±  0.004

a w – with sand and w/o  – without sand.
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Table 2
Fitted inactivation parameters for bacteriophage �X174.

Conditionsa Static batch experiments at 4 ◦C Static batch experiments at 20 ◦C Dynamic batch experiments at 4 ◦C

C0 �0 ˛ � C0 �0 ˛ � C0 �0 ˛ �
(pfu/mL) (day−1) (day−1) (day−1) (pfu/mL) (day−1) (day−1) (day−1) (pfu/mL) (day−1) (day−1) (day−1)

FQS w 5.6 × 103 0.234 ± 0.047 0.044 ± 0.020 0.022 ± 0.005 3.3 × 103 0.038 ± 0.004 0.002 ± 0.002 0.035 ± 0.008 1.06 × 105 0.050 ± 0.005 0.003 ± 0.003 0.028 ± 0.002
w/o  0.227 ± 0.039 0.039 ± 0.017 0.027 ± 0.049 0.042 ± 0.010 0.001 ± 0.006 0.045 ± 0.002 0.018 ± 0.009 0.013 ± 0.005 0.032 ± 0.002
w  6.5 × 104 0.256 ± 0.021 0.044 ± 0.014 0.025 ± 0.006 3.4 × 104 0.084 ± 0.013 0.021 ± 0.008 0.028 ± 0.002 1.4 × 106 0.017 ± 0.005 0.012 ± 0.004 0.029 ± 0.004
w/o 0.263 ±  0.041 0.041 ± 0.016 0.028 ± 0.006 0.029 ± 0.003 0.004 ± 0.003 0.040 ± 0.002 0.022 ± 0.008 0.011 ± 0.007 0.024 ± 0.001
w  5 × 105 0.167 ± 0.036 0.041 ± 0.023 0.018 ± 0.004 3.4 × 105 0.024 ± 0.004 0.004 ± 0.004 0.020 ± 0.0009 2.3 × 107 0.009 ± 0.006 0.036 ± 0.005 0.063 ± 0.004
w/o 0.234 ± 0.032 0.050 ± 0.003 0.016 ± 0.005 0.018 ± 0.003 0.001 ± 0.001 0.019 ± 0.001 0.015 ± 0.0004 0.003 ± 0.0008 0.019 ± 0.001
w  1.8 × 106 0.038 ± 0.008 0.033 ± 0.013 0.007 ± 0.001 5 × 106 0.078 ± 0.006 0.023 ± 0.006 0.023 ± 0.002
w/o  0.014 ± 0.003 0.012 ± 0.08 0.008 ± 0.001 0.018 ± 0.002 0.004 ± 0.003 0.016 ± 0.0007
w  9 × 106 0.125 ± 0.013 0.041 ± 0.015 0.014 ± 0.003 1.5 × 108 0.063 ± 0.007 0.023 ± 0.009 0.018 ± 0.002
w/o 0.165 ± 0.016 0.043 ± 0.016 0.016 ± 0.003 0.028 ± 0.004 0.005 ± 0.005 0.022 ± 0.001

MQS w  4.5 × 103 0.048 ± 0.006 0.024 ± 0.009 0.012 ± 0.001 7.5 × 103 0.577 ± 0.005 0.014 ± 0.003 0.026 ± 0.002 4.2 × 103 0.012 ± 0.002 0.005 ± 0.003 0.010 ± 0.0009
w/o  0.023 ± 0.005 0.015 ± 0.008 0.010 ± 0.0009 0.168 ± 0.014 0.023 ± 0.006 0.050 ± 0.003 0.045 ± 0.006 0.020 ± 0.009 0.016 ± 0.001
w 6.9  × 104 0.496 ± 0.023 0.055 ± 0.008 0.029 ± 0.008 9 × 104 0.213 ± 0.021 0.047 ± 0.016 0.018 ± 0.004 5.7 × 104 0.044 ± 0.004 0.024 ± 0.007 0.012 ± 0.001
w/o  0.235 ± 0.022 0.055 ± 0.008 0.025 ± 0.007 0.106 ± 0.009 0.032 ± 0.008 0.020 ± 0.002 0.006 ± 0.001 0.007 ± 0.006 0.005 ± 0.0005
w  5.9 × 105 0.010 ± 0.004 0.021 ± 0.030 0.003 ± 0.0004 5.5 × 104 0.134 ± 0.014 0.012 ± 0.004 0.065 ± 0.008 9.2 × 104 0.001 ± 0.003 0.040 ± 0.014 0.009 ± 0.0009
w/o 0.007 ±  0.0007 0.040 ± 0.008 0.002 ± 0.0002 0.421 ± 0.004 0.038 ± 0.006 0.054 ± 0.010 0.047 ± 0.008 0.031 ± 0.062 0.010 ± 0.001
w  7.1 × 107 0.200 ± 0.001 0.044 ± 0.008 0.020 ± 0.004 5.5 × 105 0.059 ± 0.006 0.015 ± 0.005 0.026 ± 0.003 1.5 × 106 0.053 ± 0.005 0.044 ± 0.003 0.006 ± 0.0005
w/o  0.317 ± 0.025 0.047 ± 0.009 0.023 ± 0.007 0.039 ± 0.006 0.011 ± 0.005 0.021 ± 0.003 0.031 ± 0.003 0.036 ± 0.009 0.005 ± 0.0006
w  3.6 × 107 0.188 ± 0.027 0.047 ± 0.007 0.016 ± 0.003 6.3 × 105 0.080 ± 0.007 0.021 ± 0.002 0.024 ± 0.004 5.8 × 106 0.075 ± 0.003 0.039 ± 0.004 0.008 ± 0.001
w/o  0.148 ± 0.017 0.045 ± 0.007 0.014 ± 0.002 0.085 ± 0.012 0.014 ± 0.006 0.038 ± 0.004 0.099 ± 0.014 0.055 ± 0.026 0.004 ± 0.002

CQS w  1.7 × 103 0.028 ± 0.009 0.025 ± 0.014 0.008 ± 0.001 1.7 × 103 0.126 ± 0.011 0.029 ± 0.005 0.025 ± 0.003 2 × 104 0.050 ± 0.005 0.046 ± 0.012 0.004 ± 0.001
w/o 0.136 ±  0.014 0.040 ± 0.009 0.016 ± 0.003 0.280 ± 0.016 0.027 ± 0.004 0.065 ± 0.005 0.145 ± 0.022 0.047 ± 0.071 0.013 ± 0.003
w  2.5 × 104 0.103 ± 0.012 0.037 ± 0.013 0.015 ± 0.002 2.5 × 104 0.235 ± 0.042 0.043 ± 0.025 0.025 ± 0.006 1.7 × 105 0.057 ± 0.005 0.040 ± 0.009 0.007 ± 0.007
w/o  0.261 ± 0.014 0.044 ± 0.007 0.026 ± 0.006 0.359 ± 0.034 0.029 ± 0.007 0.076 ± 0.008 0.061 ± 0.014 0.034 ± 0.018 0.010 ± 0.002
w  1.5 × 105 0.100 ± 0.008 0.042 ± 0.013 0.011 ± 0.002 1.5 × 105 0.133 ± 0.012 0.035 ± 0.007 0.021 ± 0.003 2 × 106 0.063 ± 0.016 0.038 ± 0.012 0.010 ± 0.003
w/o  0.079 ± 0.011 0.035 ± 0.011 0.012 ± 0.002 0.252 ± 0.030 0.034 ± 0.015 0.042 ± 0.005 0.035 ± 0.005 0.017 ± 0.005 0.014 ± 0.001
w  2 × 106 0.091 ± 0.004 0.053 ± 0.007 0.006 ± 0.002 2 × 106 0.275 ± 0.003 0.042 ± 0.017 0.032 ± 0.008
w/o  0.059 ± 0.003 0.028 ± 0.003 0.013 ± 0.002 0.196 ± 0.027 0.028 ± 0.012 0.044 ± 0.004
w 2  × 107 0.058 ± 0.005 0.039 ± 0.014 0.008 ± 0.001 2 × 107 0.159 ± 0.012 0.035 ± 0.004 0.024 ± 0.006
w/o  0.098 ± 0.009 0.044 ± 0.009 0.010 ± 0.002 0.191 ± 0.010 0.028 ± 0.006 0.042 ± 0.004

a w – with sand and w/o  – without sand.
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Fig. 3. Experimental data for �X174 inactivation under static batch conditions with sand (solid symbols) and without sand (open symbols) at 4 ◦C, and simulated concentration
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Fig. 5. Experimental data for �X174 inactivation under static batch conditions with sand (solid symbols) and without sand (open symbols) at 20 ◦C, and simulated concen-
tration  histories (solid curves). The first row of graphs corresponds to virus initial concentration of C0 = 103 pfu/mL, the second, third, fourth and fifth rows to C0 = 104,  105,
106, and 107 pfu/mL, respectively. The circles, squares, and triangles represent experiments with FQS, MQS, and CQS, respectively. Error bars not shown are smaller than the
size  of the symbol.
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Fig. 6. Experimental data for MS2  inactivation under dynamic batch conditions with sand (solid symbols) and without sand (open symbols) at 4 ◦C, and simulated concentration
histories (solid curves). The first row of graphs corresponds to virus initial concentration of C0 = 103 pfu/mL, the second, third, and fourth rows to C0 = 104, 105, and 106 pfu/mL,
respectively. The circles, squares, and triangles represent experiments with FQS, MQS, and CQS, respectively. Error bars not shown are smaller than the size of the symbol.
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Fig. 8. Comparison between selective virus inactivation experimental data in the
presence (solid symbols), and absence of sand (open symbols) for: (a) MS2  with FQS
under static batch conditions, (b) MS2  with MQS  under dynamic batch conditions,
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Fig. 9. Comparison between selective MS2  (open circles), and �X174 (crossed cir-
cles) inactivation experimental data under static conditions in the absence of sand

sic sequential inactivation, which is caused by the presence of two
or more subpopulations (e.g. different aggregate sizes) of bacte-
riophages that may  exhibit different sensitivity to temperature
[37,41,44]. Therefore, the most sensitive subpopulations undergo

Fig. 10. Comparison between selective virus inactivation experimental data at 4 ◦C
nd (c) �X174 with CQS under static batch conditions. The solid curves correspond
o  simulated concentration histories. Here C0 = ∼104 pfu/mL at 4 ◦C. Error bars not
hown are smaller than the size of the symbol.

onditions is slightly higher than static conditions, especially in
he presence of the sands because agitation improves the con-
act of particles with the liquid and decreases the resistance to

ass transfer [49]. Furthermore, in agreement with the batch static
xperiments, the data from the dynamic experiments suggest that
he inactivation rate of MS2  is greater than that of �X174. Worthy
o note is that, contrary to the static batch experiments, MS2  and

X174 inactivation under dynamic conditions is generally faster
n the presence of sand, suggesting that moving sand grains do not
ffer protection against virus inactivation.

To better illustrate the main results of this study, selective
xperimental data are compared. Fig. 8 shows that the presence
f sand protects viruses from inactivation under static conditions
Fig. 8a and c) but not under dynamic conditions (Fig. 8b). Fig. 9
llustrates that MS2  inactivation is faster than that of �X174, and
hat virus inactivation is greater at higher temperatures. Fig. 10
hows that virus inactivation decreases with increasing initial virus
oncentration. Finally, Fig. 11 illustrates graphically the variability
f the various inactivation rate coefficients estimated in this study.

. Discussion
The experimental results from the batch experiments of MS2
nd �X174 inactivation showed that the simulated concentra-
ions for the time-dependent inactivation match the experimental
ata much better than using constant inactivation rates. Similar
at:  (a) 4 ◦C, and (b) 20 ◦C. The solid curves correspond to simulated concentration
histories. Here C0 = ∼104 pfu/mL. Error bars not shown are smaller than the size of
the symbol.

observations have also been reported in the literature by other
investigators [42,45]. Worthy to note is that the temporal variability
of the inactivation rate coefficient is often attributed to multipha-
with initial concentration C0 = ∼103 pfu/mL (open circles) and C0 = ∼107 pfu/mL
(crossed circles) under static conditions in the absence of sand for: (a) MS2, and
(b) �X174. The solid curves correspond to simulated concentration histories. Error
bars  not shown are smaller than the size of the symbol.
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apid inactivation and the more resistive subpopulations undergo
lower inactivation. However, the overall inactivation is controlled
y the dominant subpopulation [42].

In this study observed that the inactivation of both MS2  and
X174 under static conditions at 4 ◦C is generally faster without

he presence of sand. This leads to the conclusion that the attach-
ent of viruses on quartz sand grains can offer protection against

irus inactivation. This result is in agreement with many previ-
us studies [14,38,40,52–54]. Moreover, the results for both of the
iruses examined, MS2  and �X174, showed that the virus inactiva-
ion rates decrease with increasing initial virus concentration. This
s attributed to possible increased virus aggregation with increased
nitial virus concentration. Virus aggregation is known to reduce
ignificantly the inactivation rate [55].

The experimental results, under dynamic conditions showed
hat in the presence of the sands, the virus inactivation rates
ere increased compared to the virus inactivation rates under

tatic conditions. This increase in inactivation is attributed to the
resence of air–liquid and air–solid interfaces. This result is con-
istent with previous studies reported in the literature [45,50,57].
ote that dynamic conditions lead to breakage of virus aggregates
nd to a continuous virus attachment onto, and detachment from
oving quartz sand grains. Furthermore, it is worthy to mention

hat the hydrophobic protein coat of MS2  may  contribute to the
bserved enhanced attachment of MS2  onto quartz sand grains, as
ell as to possible attraction to the air–water interface. Also, the
ydrophilic protein coat of �X174 may  not be strongly attracted
o the air–water interface. Consequently, MS2  inactivation rates
nder dynamic conditions would be greater than �X174 inactiva-
ion rates.

. Conclusions

The experimental results of this work indicate that tempera-
ure plays a significant role in virus inactivation. Both MS2  and
X174 remain infective for longer periods of time at low tem-
eratures (4 ◦C) than at high temperatures (20 ◦C). The attachment
f viruses onto solid surfaces affects virus inactivation. It was
bserved that under static batch conditions the attachment of
ns: (a) initial concentration C0 = ∼104 pfu/mL, (b) static conditions with FQS and
 conditions at 4 ◦C, and (d) static conditions at 20 ◦C.

viruses onto solid surfaces offers a protection against inactivation.
However, no obvious relationship between quartz sand particle
size and virus inactivation could be established from the experi-
mental data. The initial virus concentration can significantly affect
virus inactivation. Low initial virus concentrations yielded higher
inactivation rates, compared to high initial virus concentrations.
Furthermore, the inactivation rate of MS2  was  shown to be greater
than that of �X174.
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