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Adsorption and desorption of viruses onto and from an adsorbent may have a dominant role in evaluating
removal efficiency of a material. This study evaluated the effectiveness of a red soil from south part of
China to remove two viruses, MS2 and phiX174, by adsorption from dilute aqueous solutions using
a set of equilibrium and kinetic batch experiments. The effect of presence/absence of autochthonous
microorganisms was also investigated. The results showed that when the autochthonous microorganisms
were present, the red soil adsorbed more than 99.95% of MS2 and 98.23% of phiX174, in which most of
them were inactivated and/or irreversibly adsorbed. Sterilization led to an increase in MS2 adsorption,
ed soil
irus removal
quilibrium adsorption
inetic adsorption–desorption
oil sterilization

while decreased the adsorption of phiX174, indicating that sterilization-induced virus adsorption is virus
type dependent. Fewer viruses could be desorbed from the sterilized soil as compared to the nonsterilized
soil, probably because sterilization led to an increase in the strength of adsorption force between the soil
and viruses. Though the overall virus removal efficiency by the red soil was less than the USPEA required
value of 99.99%, we suggest the potential of the red soil as a starting material in removing water heavily

polluted with viruses.

. Introduction

Many reporters have shown that microbiological pathogens,
uch as bacteria, protozoa, and viruses, are frequently found in wells
nd drinking water [1,2]. Sources of pathogens include septic tanks,
and application of sewage and sewage sludges, domestic landfills,
xidation ponds, and deep well sewage injection [3], as well as
unoff and infiltration from animal waste-amended fields [4]. Virus
ontamination in various water sources has recently caused much
ore concern because viruses are far smaller (∼0.01–0.1 �m) than

acteria and protozoan cysts and thus have more potential mobility
uring passage through a media and are removed to a lesser extent
y filtration [5]. Additionally, viruses pose a public health threat at
very low level. The USEPA states a limit of two virus particles per
07 L of water to achieve an annual infection risk per one people of
ess than 10−4 [6].
Disinfection via chlorination is widely used for preventing the

pread of infectious diseases, while it showed less effective to
emove viral and protozoa pathogens than to remove bacteria [7,8].
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Additionally, high dozes of chlorine produce excessive amounts
of disinfection by-products such as trihalomethanes, haloacetic
acid, and N-chloramines that are highly toxic to aquatic organisms
[9,10]. Other treatments such as UV and ozone are either costly and
difficult to implement or generate other disinfection by-products
including bromate and chlorite [11,12].

Powell et al. [13] reported that activated carbon might be used
for virus removal at the heart of point-of-use devices for individual
water treatment, and the removal efficiency was strongly deter-
mined by the shape of carbon, however, they did not investigate
the fate (adsorption or inactivation) of retained viruses. Layered
double hydroxides (LDHs) posses positively charged surfaces and
high surface area. You et al. [14] showed that LDHs completely
removed viruses from water solution, while the removal was
mainly due to sorption of virus to LDH surfaces rather than inac-
tivation, indicating that viruses removed by LDHs were capable
of releasing to the environment and had potential contamina-
tion capacity. The reverse osmosis treatment can also be used to
remove pathogens in the water, with high removal (higher than
5.3 log) being achieved in membrane bioreactor-reverse osmosis

systems [15]. More recently, You et al. [16] selected zerovalent
iron as removal media for viruses and found that most of the
viruses removed from solution were either inactivated or irre-
versibly adsorbed to the iron. They suggested that zerovalent iron
might be potentially useful for disinfecting water. However, for the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bzhao@issas.ac.cn
dx.doi.org/10.1016/j.jhazmat.2010.04.084
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Table 1
Selected basic properties of the red soil before and after sterilization treatmenta.

Before sterilization After sterilization

pH (H2O)b 4.62 ± 0.01 4.36 ± 0.00
OMc g/kg 4.18 ± 0.18 4.36 ± 0.05
DOCd mg/kg 35.77 ± 0.20 66.85 ± 0.24
CECe mmol/kg 111.96 ± 11.19 101.29 ± 6.27
Free Fe2O3

f mg/kg 32,758.92 ± 488.00 33,187.92 ± 238.04
Free Al2O3

f mg/kg 7353.30 ± 213.01 7400.54 ± 109.09
Amorphous Fe2O3

g mg/kg 3241.33 ± 150.72 3623.86 ± 216.88
Amorphous Al2O3

g mg/kg 2593.34 ± 156.60 2746.07 ± 124.74
Zero point of chargeh 2.61 2.65
Specific surface areai m2/g 31.28 30.21
Sand (2–0.02 mm)j % (wt) 38.47 ± 4.04 NDk

Silt (0.02–0.002 mm)j % (wt) 23.68 ± 2.50 NDk

Clay (<0.002 mm)j % (wt) 37.46 ± 2.07 NDk

a The values are means ± standard deviations (n = 3).
b 1:2.5 soil to water suspension.
c OM – organic matter: dichromate method [33].
d DOC – dissolved organic carbon: water extractable (1:2 soil to water).
e CEC – cation exchange capacity: ammonium acetate method [34].
f Free Fe2O3 and free Al2O3: dithionite-citrate-bicarbonate method [35].
g Amorphous Fe2O3, amorphous Al2O3: acid ammonium oxalate method [35].
h Zero point of charge: potentiometric titration method [36].
i Specific surface area: calculated from eight-point N2 Brunauer–Emmett–Teller
H. Zhang et al. / Journal of Haza

conomically poorer parts of the world where the environmental
ealth impacts are often the most severe and more disinfection
aterials are often required, to further low the cost and reduce

uman’s dependence on disinfection agent of chlorine is of utmost
rgency.

Virus removal has been examined extensively at field sites
here treated wastewater effluents are used for groundwater

rtificial recharge [17,18], as well as in bench scale porous and
ractured aquifer models [19,20]. Virus can be removed from water
hrough adsorption and inactivation. The presence of metal oxides,
ncluding Fe and Al oxides, has been proven to play an important
ole in virus adsorption and survival [21,22]. A significant increase
n the retention of MS2 was found in sand under the presence of

etals and metal oxides [23]. In both field and laboratory experi-
ents, Ryan et al. [24] reported that inactivation of viruses MS2 and

RD1 occurred on the surfaces of Fe oxide-coated quartz sand. We
hus hypothesize that red soil is a particularly interesting material
s filtration–sorption media to consider for practical application for
irus removal because it is usually rich with Fe and Al oxides and
lay and, the most important property is that it is widespread in the
orld, which may low the cost and reduce human’s dependence on
isinfection agent of chlorine.

Previous studies showed that the inactivation of viruses in
roundwater is controlled by a number of factors including virus
ypes, soil characteristics, groundwater quality, and the presence
f autochthonous microorganisms [23,25–27]. However, published
esults on the effect of autochthonous microorganisms on virus
nactivation are generally not consistent [28–30]. Ferguson et al.
31] reviewed that up to date, very few studies have examined the
mpact of such biological factors as antagonism, competition, and
redation on inactivation/disintegration when evaluating trans-
ort of pathogens in the field.

The purpose of our study was therefore to evaluate the effec-
iveness of the red soil to remove two viruses, MS2 and phiX174,
y adsorption from dilute aqueous solutions. Bacteriophages MS2
nd phiX174 were selected as model viruses in this study because
hey have been used as surrogates in many studies and because of
heir structure resemblance to many human enteric viruses [22].

oreover, reproduction of them in the natural environment is very
nlikely [3]. A set of equilibrium and kinetic batch experiments
ere carried out to investigate: (1) adsorption capacity of viruses

nto the red soil, and (2) time-dependent adsorption–desorption
ehavior and subsequently the fate of retained viruses. We
lso evaluated the effect of presence/absence of autochthonous
icroorganisms on virus removal. Results of this study provide

asic information for possible utilization of the red soil as one of
he filtration–sorption materials in water treatment devices.

. Materials and methods

.1. Red soil sampling and treatment

The red soil used in the present study was obtained from the
cological Experimental Station of Red Soil of the Chinese Academy
f Sciences located in Yingtan, Jiangxi Province, China (116◦55′30′′E
ongitude and 28◦15′20′′N latitude). The soil was taken from the
op 15 cm, transported to laboratory, air-dried, and ground to pass
20-mesh sieve before use. The red soil is derived from quaternary

ed clay [32], and its basic properties before and after sterilization
reatment (see next paragraph for the description of sterilization

reatment) are presented in Table 1.

The sterilized soil was autoclaved at 121 ◦C and 0.105 MPa for
h every 24 h, and the sterilization was repeated for 3 times.
he air-dried red soil before sterilization contained bacteria, fungi,
nd actinomycetes of (1.84 ± 0.32) × 105, (3.48 ± 0.39) × 102, and
(BET) gas adsorption isotherm using an ASAP 2010 surface area analyzer
(Micromeritics, Norcross, GA, USA).

j Sand, silt, and clay: Pipet method [37].
k ND: not determined.

(2.30 ± 0.17) × 102 cfu/g, respectively. After sterilization treatment,
no microorganisms were observed in the sterilized soil, indicating
that the sterilization method is effective on killing microorganisms
in the air-dried soil.

The determination of mineral composition of the red soil before
and after sterilization treatment was conducted on clay particles
(<0.002 mm), which was obtained from the soil as described by
Hseung [36].

2.2. Virus and plaque assay

Both MS2 and phiX174 were obtained from the American Type
Culture Collection (ATCC 15597B1 and ATCC 13706B1), and their
host bacterium are E. coli ATCC 15597 and E. coli ATCC 13706,
respectively. MS2 is an icosahedral single-stranded RNA phage with
a diameter of about 26.0 nm [38] and has an isoelectric point of
3.9 [39]. PhiX174 is a spherical single-stranded DNA phage with a
diameter of about 23.0 nm [38] and has an isoelectric point of 6.6
[39]. They were harvested and suspended in PBS solution (0.02 M
Na2HPO4, 0.10 M NaCl, and 0.003 M KCl, pH 7.5), and then purified
by chloroform extraction as described by Blanc and Nasser [40].
Propagation of MS2 and phiX174 and preparation of their stock
solution has been described in our previous studies [32,41]. Typi-
cal stock concentrations ranged between 1011 and 1012 pfu/ml for
MS2, and between 107 and 108 pfu/ml for phiX174. All the virus
suspension used in the study was prepared from PBS solution, and
all the experiments were carried out at 4 ◦C. The low temperature of
4 ◦C and PBS solution for virus suspension preparation were gener-
ally considered to be favorable for keeping virus alive and has been
used in various studies [27,42,43].

Bacteriophages were assayed by the double-layer overlay
method [44]. Briefly, 0.1 ml of log-phase host E. coli and 0.1 ml of
diluted virus sample solution were mixed in a centrifuge tube. After
placing the tube in a 37 ◦C water bath for 20 min (the time necessary

for the adsorption of the phage onto its host bacterium), the mixture
was combined with molten soft-agar medium (4.5 ml) maintained
at 42 ◦C in a tube and poured onto three separate Petri dishes had
already contained 15 ml of solid medium. The plates were solidi-
fied for 10 min and incubated at 37 ◦C 12 h for MS2, 5 h for phiX174.
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iable virus concentration was determined by counting the num-
er of plaques in the host lawn and reported as plaque-forming
nits per milliliter (pfu/ml). Only dilutions that resulted in 10–300
laques per plate were accepted for quantification. Each reported
irus concentration is the average of three replicate plates.

.3. Equilibrium adsorption experiments

The equilibrium adsorption experiments were conducted to
nvestigate the adsorption capacity of viruses onto the red soil.
dsorption of virus to both nonsterilized and sterilized red soil
as determined at 4 ◦C to avoid thermal inactivation of the virus.

he method consisted of adding virus stock solution to a 50 ml
olypropylene centrifuge tube containing 34 g (dry weight) of the
oil (solution:soil ratio = 1.0), sealing and mixing for 3 h at 4 ◦C by
haking the soil-virus suspensions at 300 rpm. The equilibration
ime of 3 h was selected based on the results of our previous study
hat showed 3 h to be sufficient for the equilibrium adsorption to
each [41]. The tubes were filled completely (free of headspace)
ith virus solution and were devoid of trapped air bubbles during
lling and capping of the tubes to avoid potential virus inactivation
t the air-water interface. Six different virus stock concentrations
anging from 102 to 108 pfu/ml were used. Each concentration was
iluted from the same virus stock solution with PBS solution. The
uspension was then centrifuged for 30 min at 12,096 × g at 4 ◦C
nd viable virus concentration was assayed. Control tubes received
nly virus solution and were treated in the same manner as the
xperimental tubes. There were three replicates for each concen-
ration.

Virus sorption was calculated with the following formula:

=
[

Ci − C

M

]

here Ci, C, and S are, respectively, the concentrations of virus
n the control liquid phase (pfu/ml), in the experimental liquid
hase (pfu/ml), and adsorbed to the soil (pfu/g), and M is the total
ass of soil per unit volume of virus suspension (g/ml) used in

ach batch experiment. The sorbed-phase concentration calculated
sing the above expression includes both attached and inactivated
irus because the assay quantifies viable viruses only.

.4. Kinetic adsorption–desorption experiments

The kinetic adsorption–desorption experiments were con-
ucted to investigate time-dependent adsorption–desorption
ehavior and subsequently the fate of retained viruses. The adsorp-
ion was initiated by adding 2 ml virus stock solution with the
oncentrations of 106–107 pfu/ml to a series (42) of 50 ml glass cen-
rifuge tubes containing 2 g (dry weight) of the soil (solution:soil
atio = 1.0), sealing and mixing at 4 ◦C by shaking the soil-virus sus-
ensions at 300 rpm. At different elapsed times of 1/6, 1/2, 1, 2, 3, 6,
2, and 24 h during the initial 24 h, three tubes were chosen at ran-
om. The suspensions were transferred from experiment tubes to
olypropylene centrifugation tubes and followed by centrifugation
nd assay as described above. Subsequently, the used tubes were
iscarded.

To examine whether the viruses retained by the solid matrix
ere adsorbed or inactivated, desorption experiments were car-

ied out following the 24 h adsorption by extracting the adsorbed
oil with 3% beef extract solution with 0.04 M sodium pyrophos-
hate of pH 9.4, which has been proven to effectively detach viruses

dsorbed to different surfaces [14]. At the end of 24 h adsorption,
6 ml of beef extract solution was immediately added to the addi-
ional 18 tubes. The soil-virus suspensions were vortex mixed for
few seconds and kept shaking at 4 ◦C at 300 rpm, maintaining
pH of 9.4, adjusted as necessary with 1N HCl or 1N NaOH. At
Fig. 1. X-ray diffraction pattern of nonsterilized (NST, top) and sterilized (ST, bot-
tom) red soil. The patterns were obtained using an X-ray diffractometer (XRD)
(Philips X’Pert PRO) at ambient temperature with a CuK� radiation source generated
at 40 kV and 40 mA (Magixpro, the Netherland).

different elapsed times of 1/3, 1/2, 1, 2, 5, and 12 h in the next
12 h, three tubes were chosen at random. The suspensions were
transferred from experiment tubes to polypropylene centrifuga-
tion tubes and followed by centrifugation and assay as described
above. The used tubes were discarded after each sampling. Con-
trol tubes were performed as the same way as for the experimental
tubes.

2.5. Statistical analysis

Analysis of variance (ANOVA) was used to examine the reac-
tion time on virus desorption. Significant differences of means in
different reaction time were judged by Duncan multiple compari-
son tests, with statistical difference level choosing 5%. All statistical
analyses were performed using SPSS version15.0.

3. Results and discussion

3.1. Properties of the red soil before and after sterilization

The XRD patterns of the clay particles of the red soil before
and after sterilization treatment are illustrated in Fig. 1, which
showed that before sterilization there were 10 peaks within the
2 theta of 0–30◦. The d-value of 0.72 and 0.35 nm, at 12.26◦ and
24.94◦, respectively, matched with standard kaolinite; the value
of 1.00 and 0.49 nm, at 8.84◦ and 18.04◦, respectively, with stan-
dard hydromica; the value of 1.42 nm at 6.24◦ with vermiculite,
and the value of 0.48 nm at 18.30◦ with gibbsite. The results indi-
cated that kaolinite, gibbsite, vermiculite and hydromica are the
major minerals in the clay fraction of the red soil. After steriliza-
tion, the pattern did not show difference from that obtained before
sterilization (Fig. 1). Our results are consistent with those reported
by previous studies, which showed that the effect of autoclaving on
X-ray characteristics of clay minerals was negligible [45,46].
The soil was characterized by low pH and organic matter con-
tent, high contents of clay and Fe and Al oxides, and high specific
surface area (Table 1). These characteristics are reported to be
favorable for virus adsorption [23,26,27,41,47–49]. Sterilization did
not seem to significantly affect theses characteristics (Table 1).
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Table 2
MS2 and phiX174 batch adsorption data from experiments performed with the nonsterilized red soil.

Control blank concentration Final concentration Fraction adsorbed Sorption capacity
(pfu/ml) (pfu/ml) (%) (pfu/g)

MS2
(3.06 ± 0.14) × 102 0 100 3.06 × 102

(2.16 ± 0.06) × 103 0 100 2.16 × 103

(4.05 ± 1.06) × 104 0 100 4.05 × 104

(8.30 ± 2.12) × 105 (2.30 ± 0.52) × 102 99.97 8.30 × 105

(2.05 ± 0.35) × 106 (1.02 ± 0.13) × 103 99.95 2.05 × 106

(6.85 ± 0.78) × 107 (1.53 ± 0.31) × 104 99.98 6.85 × 107

PhiX174
(2.85 ± 0.55) × 102 0 100 2.85 × 102

(2.70 ± 0.94) × 103 0 100 2.70 × 103

(1.36 ± 0.15) × 104 (2.40 ± 2.45) × 102 98.23 ± 1.81 1.36 × 104

(1.28 ± 0.67) × 105 (5.00 ± 0.71) × 102 99.61 ± 0.52 1.28 × 105

(1.25 ± 0.15) × 106 (2.50 ± 0.71) × 103 99.80 ± 0.05 1.25 × 106

(1.43 ± 0.36) × 107 (1.48 ± 0.35) × 105 98.96 ± 0.26 1.43 × 107

The values are means ± standard deviations (n = 3).

Table 3
MS2 and phiX174 batch adsorption data from experiments performed with the sterilized red soil.

Control blank concentration Final concentration Fraction adsorbed Sorption capacity
(pfu/ml) (pfu/ml) (%) (pfu/g)

MS2
(2.16 ± 0.06) × 103 0 100 2.16 × 103

(4.05 ± 1.06) × 104 0 100 4.05 × 104

(8.30 ± 2.12) × 105 0 100 8.30 × 105

(2.58 ± 0.23) × 106 (9.40 ± 4.10) × 101 100 2.58 × 106

(2.71 ± 0.37) × 107 (1.53 ± 0.47) × 102 100 2.71 × 107

(3.81 ± 0.77) × 108 (3.86 ± 0.88) × 103 100 3.81 × 108

PhiX174
(2.85 ± 0.55) × 102 (9.42 ± 6.34) × 101 66.96 ± 22.25 (1.90 ± 0.63) × 102

(2.70 ± 0.94) × 103 (5.33 ± 2.26) × 101 98.02 ± 0.84 (2.65 ± 0.02) × 103

(2.38 ± 0.37) × 104 (1.05 ± 0.64) × 103 95.59 ± 2.69 (2.27 ± 0.06) × 104
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MS2 and phiX174, suggesting that sterilization might lead to an
increase in the strength of adsorption force.

Virus removal efficiency decreased with increase in initial virus
concentration is not difficult to understand, as with more virus
introduced, adsorption sites were more fully saturated with virus,

Table 4
Estimated Freundlich equation parameters for virus adsorption onto nonsterilized
and sterilized red soil.

MS2

Nonsterilized Sterilized

K 1760.8 31,275.2
1/n 1.0811 1.1544
r2 0.9739 0.8699

PhiX174
(3.18 ± 0.52) × 105 (1.59 ± 0.36) × 103

(1.25 ± 0.15) × 106 (6.25 ± 2.16) × 103

(1.43 ± 0.36) × 107 (6.06 ± 4.65) × 105

he values are means ± standard deviations (n = 3).

.2. Virus adsorption onto the red soil-equilibrium study

The results of adsorption behavior of MS2 and phiX174 at dif-
erent virus concentrations onto the nonsterilized and sterilized
ed soil are shown in Tables 2 and 3, respectively. The red soil
ad high adsorption capacity for MS2, with the virus being com-
letely removed from solution at low initial concentrations (i.e.
.06 × 102 to 4.05 × 104 pfu/ml); at higher initial concentrations
i.e. 8.30 × 105 to 6.85 × 107 pfu/ml), more than 99.95% of the virus
as removed (Table 2). Relative to MS2, the removal efficiency of
hiX174 decreased to less than 99.82% at higher initial concen-
rations, though the values were 100% at two low levels of initial
irus concentrations (Table 2). Soil sterilization seemed to increase
S2 adsorption, while significantly decreases the adsorption of

hiX174 (Tables 2 and 3). Under the present experimental condi-
ions, MS2 were almost completely adsorbed by the sterilized soil;
or phiX174, however, the percentage of virus adsorption decreased
rom more than 98.23% in the nonsterilized soil to the range of
6.96–99.50% in the sterilized soil (Tables 2 and 3).

Virus adsorption results were described using the Freundlich
sotherm, S = KC1/n, where S is the quantity of virus adsorbed to
oil (pfu/g), C is the concentration remaining in the solution phase
pfu/ml), and K and 1/n are constants. Best-fit values of the param-
ters K and 1/n and goodness-of-fit values for nonsterilized and

terilized soils are given in Table 4 for each bacteriophage. The
value indicates adsorptive capacity [50], and the 1/n is related

o the strength of the adsorption forces between the adsorbate
nd the adsorbent [13]. The results clearly show that K values
ere significantly larger for MS2 than for phiX174 regardless of
99.50 ± 0.11 (3.16 ± 0.00) × 105

99.50 ± 0.17 (1.25 ± 0.00) × 106

95.76 ± 3.25 (1.37 ± 4.65) × 107

soil sterilization or not, resulting from increased amount of MS2
adsorption and indicating higher adsorptive capacity of MS2, rel-
ative to phiX174. Comparing K values between nonsterilized and
sterilized red soil, we found that sterilization increased K value for
MS2, while decreased for phix174 (Table 4), further indicating the
virus-dependent adsorption response to sterilization. In addition,
increase in values of 1/n was found after soil sterilization for both
Nonsterilized Sterilized

K 183.8 14.3
1/n 0.9845 1.1207
r2 0.8939 0.8368

The equilibrium adsorption time was 3 h.
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esulting in less efficient sorption, which can be expected from sim-
le adsorption theory [51]. In contrast, with less virus application,

t is assumed that a greater relative percentage of the applied virus
as adsorbed.

Our results of the more MS2 removal than phiX174 are in
greement with many reported results. Under the condition of our
xperimental pH of 7.5, MS2 would be more negatively charged
nd more favorable for adsorption on the positively charged Fe or
l oxides in the red soil than phiX174 because of the lower iso-
lectric point of MS2, relative to phiX174. Chattopadhyay and Puls
52] also explained that the lower sorption of phiX174 compared
o MS2 was due to its higher isoelectric point. In addition, MS2 was

ore hydrophobic than phiX174, and exhibited more hydrophobic
nteraction with soil surface than phiX174 [53,54]. Further, viruses
ontaining RNA were more sensitive to inactivation to copper or
ron ions than those containing DNA [55], which might also con-
ribute to the more inactivation of MS2, relative to phiX174, during
he process of adsorption onto the red soil. Chu et al. [21] has tes-
ified that the presence of iron oxides was responsible for sorption
nd inactivation of MS2, while not as evident as that for phiX174.

The fact that soil sterilization resulting in the increase in MS2
emoval (including adsorption and inactivation) using batch exper-
ments is consistent with the results presented in our previous
tudy conducted on Ferriudic Cambolsols [41]. However, the results
f the decrease in phiX174 removal by sterilization indicate that
terilization-induced adsorption/inactivation is strongly virus type
ependent. A possible explanation for the observed increase in
S2 removal while decrease in phiX174 removal by soil steril-

zation is the increase in dissolved organic carbon (DOC) from
terilization. Results in Table 1 show that after sterilization DOC
as about 1.9 times greater when compared with that before

terilization. The increased DOC might promote hydrophobic inter-
ctions between MS2 and grain surfaces [56], and inhibit phiX174
dsorption by competing for binding sites [22], because MS2 is a rel-
tive hydrophobic virus and phiX174 is a relative hydrophilic virus.
huang and Jin [57] suggested that if the dominant mechanism con-
rolling organic matter–virus interaction was electrostatic, virus
ransport would be promoted, and if the dominant mechanism
as hydrophobic, virus transport would be retarded, suggesting

hat the former resulted in reduced virus adsorption and the later
ncrease in virus adsorption.

Many previous studies have got some contrary results. For
xample, Ottosson and Stenström [29] found that MS2 had a signif-
cantly higher decay rate in the tyndallized sediments than in the
on-tyndallized sediments. Alvarez et al. [28] got similar results

or virus in groundwater, showing that inactivation of MS2 and
oliovirus in the groundwater filtered through a 0.2-�m pore filter
as slightly faster than in raw groundwater. However, Nasser et al.

58] and Davies et al. [59] reported more rapid inactivation of MS2
nd PRD1 in nonsterilized as compared to sterilized soils. Babich
nd Stotzky [60] found no significant differences in bacteriophage
11M15 between natural, autoclaved, or filtered lake waters.

.3. Time-dependent virus adsorption–desorption and fate of
dsorbed viruses-kinetic study

The reaction time was considered as one of the most important
spects for selecting adsorbents for their potential application in
emoving viruses from aqueous phases. The effect of reaction time
n virus sorption by the red soil, followed by desorption from the
oil is shown in Fig. 2. From the adsorption side (left side) of the

urve, the general trend of more MS2 removal by adsorption, rel-
tive to phiX174, regardless of soil sterilization was observed. In
ddition, sterilization resulted in increase in MS2 adsorption but
ot for phiX174. At the end of adsorption period (i.e. after 24 h
dsorption), the percent of MS2 adsorbed (including adsorbed and
Fig. 2. Percentage of virus adsorption during adsorption and desorption versus reac-
tion time for nonsterilized (NST, top) and sterilized (ST, bottom) red soil. Desorption
was initiated after 24 h (see arrow). Standard deviations are not shown because they
are covered by the symbols.

inactivated) onto nonsterilized and sterilized soil, respectively, was
99.98% and 100%; for phiX174, the values were 99.92% and 99.87%,
respectively. These results were consistent with those we obtained
in the above equilibrium study. Although in this study virus inacti-
vation was considered as constant, several studies have indicated
that virus inactivation is a time-dependent process [61–63], which
should be considered in the further studies.

Removal of MS2 was a rapid progress regardless of sterilization
treatment or not, with quasi-equilibrium obtaining with the first 1 h
of sorption (Fig. 2). However, 3 h was required for phiX174 to reach
quasi-equilibrium (Fig. 2), suggesting that more time is needed to
remove phiX174 from an aqueous solution when comparing with
MS2.

The calculated amount of adsorbed viruses in adsorption exper-
iment contained both adsorbed and inactivated viruses. It is
expected that the adsorbed viable viruses had potential to cause
environmental pollution again if the soil conditions changed and
met the requirements of virus detachment such as increased pH
from fertilization or other pollutants. The desorption side (right
side) of the curve (Fig. 2) showed that the general trend of more
adsorbed viruses being removed from nonsterilized than from ster-
ilized soil was observed. This can be explained by the increase in the
strength of adsorption force from sterilization, which was reflected
by increase in the values of 1/n calculated from the Freundlich
isotherm from the equilibrium study described above. In addition,
adsorbed MS2 was more easily to be desorbed than phiX174 in the
nonsterilized soil, while the trend was opposite in the sterilized soil
(Fig. 2).

The amount of virus desorbed at the end of each desorption
(extraction) time was quantified using the results obtained after
24 h adsorption as the final total adsorbed, and subsequently the
percentage of total amount desorbed from and retained on the red
soil was calculated, based on both the total adsorbed and initial
input concentration. These results are presented in Tables 5 and 6.

The calculation based on total adsorbed and on initial input con-
centration was quite similar (Tables 5 and 6). Thus, one set of
calculation is capable of describing both sets.

An average of 4.02% of adsorbed MS2 and 1.86% of adsorbed
phiX174 were detached from the nonsterilized red soil by beef
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Table 5
Mass balance of introduced virus on nonsterilized red soil following 24 h adsorption and subsequent desorption at different reaction time using beef extraction solution.

Reaction time Input amount Total amount
adsorbed

Total amount extracted Total amount
extracted (percent
of adsorbed)

Total amount
retained (percent
of adsorbed)

Total amount
extracted (percent
of input)

Total amount
retained (percent
of input)

(h) (pfu/g) (pfu/g) (pfu/g) (%) (%) (%) (%)

MS2
1/3 3.43 × 107 3.43 × 107 (1.36 ± 0.07) × 106a 3.97 ± 0.19 96.03 ± 0.19 3.97 ± 0.20 96.03 ± 0.20
1/2 3.43 × 107 3.43 × 107 (1.52 ± 0.42) × 106b 4.44 ± 1.22 95.56 ± 1.22 4.43 ± 1.22 95.57 ± 1.22
1 3.43 × 107 3.43 × 107 (1.45 ± 0.29) × 106a 4.22 ± 0.84 95.78 ± 0.84 4.22 ± 0.84 95.78 ± 0.84
2 3.43 × 107 3.43 × 107 (1.29 ± 0.36) × 106a 3.77 ± 1.04 96.23 ± 1.04 3.77 ± 1.04 96.23 ± 1.04
5 3.43 × 107 3.43 × 107 (1.16 ± 0.05) × 106a 3.37 ± 0.16 96.63 ± 0.16 3.37 ± 0.16 96.63 ± 0.16
12 3.43 × 107 3.43 × 107 (1.49 ± 0.13) × 106a 4.33 ± 0.38 95.67 ± 0.38 4.33 ± 0.37 95.67 ± 0.37

Average 4.02 ± 0.74 95.98 ± 0.74 4.02 ± 0.74 95.98 ± 0.74

PhiX174
1/3 7.25 × 106 7.24 × 106 (1.58 ± 0.16) × 105ab 2.18 ± 0.22 97.82 ± 0.22 2.17 ± 0.22 97.83 ± 0.22
1/2 7.25 × 106 7.24 × 106 (1.05 ± 0.29) × 105b 1.44 ± 0.40 98.56 ± 0.40 1.44 ± 0.40 98.56 ± 0.40
1 7.25 × 106 7.24 × 106 (1.20 ± 0.13) × 105b 1.65 ± 0.19 98.35 ± 0.19 1.65 ± 0.19 98.35 ± 0.19
2 7.25 × 106 7.24 × 106 (1.12 ± 0.27) × 105b 1.55 ± 0.38 98.45 ± 0.38 1.55 ± 0.38 98.45 ± 0.38
5 7.25 × 106 7.24 × 106 (1.89 ± 0.15) × 105a 2.61 ± 0.21 97.39 ± 0.21 2.61 ± 0.21 97.39 ± 0.21
12 7.25 × 106 7.24 × 106 (1.24 ± 0.07) × 105b 1.71 ± 0.09 98.29 ± 0.09 1.71 ± 0.09 98.29 ± 0.09

1.86 ±
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Average

he values are means ± standard deviations (n = 3). Values within a column followe

xtract solution at 6 reaction times in the following 12 h desorp-
ion period; for the sterilized red soil, the values lowed to 0.33% and
.30% for MS2 and phiX174, respectively (Tables 5 and 6). There-
ore, for the nonsterilized red soil, an average of 95.98% of adsorbed

S2 and 98.14% of adsorbed phiX174 were either inactivated or
rreversibly adsorbed, which was noninfective; for the sterilized
oil, the values raised to 99.67% for MS2 and 98.70% for phiX174
Tables 5 and 6). Our ANOVA analysis further showed that very few
ases of virus recovery from adsorbed state were time-dependent,
nd the actual difference in virus recovery at 6 reaction times (i.e.
/3, 1/2, 1, 2, 5, and 12 h following 24 h adsorption) was minor,

ndicating that virus desorption almost completed within the first
eaction time (i.e. 20 min) under the present experimental condi-

ions, regardless of virus type and soil sterilization treatment. The
esults suggested that sterilization soils were more favorable for
etaining the adsorbed viruses.

Our results of rapid virus adsorption are in agreement with
any previous reports. You et al. [14] reported that MS2 sorption by

able 6
ass balance of introduced virus on sterilized red soil following 24 h adsorption and subs

Reaction time Input amount Total amount
adsorbed

Total amount extracted Total
extrac
of ads

(h) (pfu/g) (pfu/g) (pfu/g) (%)

MS2
1/3 1.73 × 107 1.73 × 107 (2.56 ± 0.64) × 104a 0.15 ±
1/2 1.73 × 107 1.73 × 107 (2.68 ± 0.87) × 104a 0.16 ±
1 1.73 × 107 1.73 × 107 (2.19 ± 0.42) × 104a 0.13 ±
2 1.73 × 107 1.73 × 107 (1.93 ± 0.07) × 104a 0.11 ±
5 1.73 × 107 1.73 × 107 (3.97 ± 0.60) × 104a 0.23 ±
12 1.73 × 107 1.73 × 107 (2.13 ± 0.30) × 105b 1.23 ±
Average 0.33 ±

PhiX174
1/3 1.17 × 107 1.17 × 107 (1.36 ± 0.41) × 105a 1.17 ±
1/2 1.17 × 107 1.17 × 107 (1.22 ± 0.32) × 105a 1.05 ±
1 1.17 × 107 1.17 × 107 (1.50 ± 0.34) × 105a 1.29 ±
2 1.17 × 107 1.17 × 107 (1.37 ± 0.08) × 105a 1.18 ±
5 1.17 × 107 1.17 × 107 (1.77 ± 0.14) × 105a 1.52 ±
12 1.17 × 107 1.17 × 107 (1.82 ± 0.44) × 105a 1.56 ±
Average 1.30 ±

he values are means ± standard deviations (n = 3). Values within a column followed by t
0.46 98.14 ± 0.46 1.86 ± 0.46 98.14 ± 0.46

he same letter for each virus are not significantly different at p < 0.05. Duncan test.

Mg–Al LDH 2 completed with the first 1 h of sorption and, results
from Stagg et al. [64] showed that during the first 45 min, about
80% bacteriophage MS2 was adsorbed on the clay. Powell et al. [13]
results showed that 90% of MS2 had been adsorbed by powdered
activated carbon within the first 2 h. You et al. [16] demonstrated
that removal of MS2 and phiX174 by commercial iron was rapid.
The red soil’s characteristics of rapid virus removal by inactivation
and/or irreversible adsorption combined with its high adsorption
capacity suggest that the red soil may be a promising sorbent to be
used. The soil inherent property of rich with Fe and Al oxides and
high content of clay may contribute to this.

Metal and metal oxides could result in orders of magnitude
greater adsorption rates, even though in trace amounts [22]. You

et al. [16] indicated that metal oxides would cause viruses to dis-
integrate and become noninfective. Many other studies had also
reported that the presence of metal or metal oxides played an
important role in virus inactivation [21,65]. On the other hand, the
clay minerals of the red soil used in the present study have large

equent desorption at different reaction time using beef extraction solution.

amount
ted (percent
orbed)

Total amount
retained (percent
of adsorbed)

Total amount
extracted (percent
of input)

Total amount
retained (percent
of input)

(%) (%) (%)

0.04 99.85 ± 0.04 0.15 ± 0.04 99.85 ± 0.04
0.05 99.85 ± 0.05 0.16 ± 0.05 99.85 ± 0.05
0.02 99.87 ± 0.02 0.13 ± 0.02 99.87 ± 0.02
0.00 99.89 ± 0.00 0.11 ± 0.00 99.89 ± 0.00
0.03 99.77 ± 0.03 0.23 ± 0.03 99.77 ± 0.03
0.17 98.77 ± 0.17 1.23 ± 0.17 98.77 ± 0.17

0.41 99.67 ± 0.41 0.33 ± 0.41 99.67 ± 0.41

0.35 98.83 ± 0.35 1.17 ± 0.35 98.83 ± 0.35
0.28 98.95 ± 0.28 1.05 ± 0.28 98.95 ± 0.28
0.29 98.71 ± 0.29 1.29 ± 0.29 98.71 ± 0.29
0.07 98.82 ± 0.07 1.18 ± 0.07 98.82 ± 0.07
0.12 98.48 ± 0.12 1.52 ± 0.12 98.48 ± 0.12
0.37 98.44 ± 0.37 1.56 ± 0.37 98.44 ± 0.37

0.29 98.70 ± 0.29 1.30 ± 0.29 98.70 ± 0.29

he same letter for each virus are not significantly different at p < 0.05. Duncan test.
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urface areas, which might also contribute to high sorption capacity
or viruses [25,27].

. Conclusions

In this study, we demonstrated that the red soil with high con-
ents of Fe and Al oxides and clay from south part of China had
elatively high capacity for virus adsorption, and further demon-
trated that most of the adsorbed viruses were inactivated and/or
rreversibly adsorbed, meaning that most of the adsorbed viruses

ere noninfective. The effect of soil sterilization on virus adsorp-
ion was virus type dependent, while soil sterilization consistently
ecreased virus desorption, suggesting that soil microbial compo-
ition might has potential influence on virus removal. It must be
mphasized that the red soil, which is widespread disturbed and as
natural material, is an inexpensive and low-risk material for the
uman health. Though the overall virus removal efficiency by the
ed soil obtained from the present study was less than the USPEA
equired value of 99.99%, especially when the solution virus con-
entration was more than 104 pfu/ml, the red soil can be used as a
romising adsorbent for virus pollution control. In reality red soil
ould be more effective to remove viruses because real virus con-

entrations in the environment are generally lower than 105 pfu/ml
16]. However, for practical use, further investigations are needed
o examine the impact of some environmental factors such as the
resence of various colloids or some anions and cations on virus
emoval, and to evaluate virus removal by the red soil under flow
onditions. Information from these investigations will provide the-
retical basis for effectively evaluating the red soil as a potential
irus adsorbent.
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