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ABSTRACT

In this study, the removal of MS2 by hematite in the absence and presence of As(V) was
examined in batch experiments. The sorption tests demonstrate that As(V) could have a
negative effect on MS2 removal by occupying sorption sites on hematite through competi-
tion with MS2, causing a decrease in MS2 removal. In the experiments (hematite dos-
ages = 0540 g L% reaction time = 4 h; MS2 concentration = 6.01 x 10° pfu mL™Y), the
percent removals of MS2 by hematite were in the range of 95.0-99.8%. In the presence of As
(V) (=0.2 mg L™"), the percent removals of MS2 by hematite were 55-88% lower compared
to removal in the absence of As(V). The inactivation of MS2 in an As(V) solution where no
hematite was present was observed, showing that As(V) could have a positive effect on
MS2 removal through the inactivation of MS2, resulting in an increase of MS2 removal. In
the inactivation tests (reaction time = 4 h; As(V) concentration 0.1-1.0 mg Lt MS2
concentration = 3.68 x 10° pfu mL™"), the percent removals of MS2 were in the range of
4.1-11.1%. In another tests (reaction time = 6 h; As(V) concentration = 0.1-10 mg L™"; MS2
concentration = 4.10 x 10° pfu mL™"), the percent removals were in the range of 2.2-20.1%.
This study demonstrates that As(V) mainly has a negative effect on MS2 removal by hema-
tite through the competitive sorption, but a positive effect of As(V) via the inactivation of
MS2 cannot be neglected.
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1. Introduction

The interactions between iron oxides and viruses
are of great interest for researchers in the environmen-
tal disciplines. Some researchers have investigated the
adhesion of viruses during their transport through
geochemically heterogeneous aquifers because viral

*Corresponding author.

contamination of groundwater is a serious environ-
mental problem [1-3]. For example, Ryan et al. [4]
investigated the transport of bacteriophage PRD1 in
an iron oxide-coated sand aquifer. Foppen et al. [5]
performed column experiments to examine the trans-
port of PRD1 in goethite (a-FeOOH)-coated sand. In
aquifers, iron (hydr)oxides provide surface charge het-
erogeneities because they carry positive surface
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charges at groundwater pH conditions. Thus, nega-
tively charged viruses can favorably adhere to the
positively charged surfaces of aquifer sediments.

Other researchers have also been interested in the
removal of viruses in granular media, filters, and
membranes amended with iron (hydr)oxides [6-8]. For
instance, Brown and Sobsey [9] used ceramic filter
materials amended with iron oxides such as goethite,
hematite (0-Fe,O3), and magnetite (Fe;O4) to remove
the bacteriophages MS2 and PhiX174 from drinking
water. Gutierrez et al. [10] investigated the adsorption
of bacteriophage MS2 and rotavirus to hematite coated
on glass fiber. Raciny et al. [11] examined the removal
of MS2 using magnetite coated on polysulfone mem-
branes. Virus removal in water treatment systems can
be enhanced through surface modification with iron
(hydr)oxides.

Researchers have reported that oxyanions (phos-
phate, (bi)carbonate) and cations (Ca**, Mg®*) can
interfere with the adhesion of viruses to iron (hydr)
oxides [5,11-13]. To our knowledge, however, studies
related to virus removal by iron (hydr)oxides in aque-
ous solutions containing arsenic (As), a major ground-
water contaminant, are scarce. In many countries such
as Bangladesh, Chile, and India, As occurs naturally
in groundwater at concentrations ranging from 0.01 to
5 mg L' and exceeds the guideline of the World
Health Organization (0.01 mg L"), causing serious
health-related problems and human mortality [14].
The aim of this study was to investigate the influence
of As(V) on the removal of bacteriophage MS2 by
hematite in aqueous solutions. The removal of MS2 or
As(V) by hematite was observed separately in batch
experiments. Also, the simultaneous removal of MS2
and As(V) by hematite was examined. Finally, the
inactivation of MS2 in an As(V) solution where no
hematite was present was observed at various concen-
trations of As(V).

2. Materials and methods
2.1. Synthesis and characterization of hematite particles

All chemicals used for the experiments were pur-
chased from Sigma-Aldrich. Hematite particles were
prepared by precipitation method. An alkali solution
of sodium hydroxide (NaOH) was added dropwise
into a 500 mL solution of 0.25 M iron chloride
(FeCl;-6H,0O) at room temperature with intensive stir-
ring until pH 8.0. The resulting precipitates were aged
at 60°C for 18 h and then washed thoroughly with
deionized water to remove excess sodium. The
washed precipitates were oven-dried again at 150°C
for 18 h and then pulverized in a ball mill.

A transmission electron microscope (TEM, JEM-
1010, JEOL, Tokyo, Japan) was used to obtain images
of the hematite. The particle size of hematite was
determined by the TEM image analysis (number of
particles = 119) using ImageJ 1.43u software (National
Institutes of Health, Bethesda, MD, USA). Nitrogen gas
(N,) adsorption-desorption experiments were per-
formed for hematite using a surface area analyzer
(BELSORP-max, BEL Japan Inc., Japan) after the sam-
ple was pretreated at 120°C. From the N, adsorption-
desorption isotherms, the specific surface area, average
pore diameter, total pore volume, and mesopore vol-
ume were determined using Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) analyses. The
mineralogical and crystalline structural properties
were examined using X-ray diffractometry ([XRD], D8
Advance, Bruker, Germany) with Cu Ka radiation of
15406 A at a scanning speed of 0.6°/s. Infrared spectra
were obtained in attenuated total reflectance mode
using a Nicolet 6700 (Thermo scientific, USA) Fourier
transform infrared (FTIR) spectrometer.

2.2. Virus and plaque assays

The bacteriophage MS2 (ATCC 15597-B1), obtained
from the American Type Culture Collection, was
grown on Escherichia coli (ATCC 15597) using the dou-
ble-agar overlay method [15]. Bacteriophages were
enumerated by the plaque assay method using the
aforementioned host. Host culture (0.2 mL) and
0.1 mL of diluted virus sample with 5 mL of soft agar
were added to tubes, and then, the mixture was
poured onto trypticase soy agar plates to solidify.
After solidifying, the plates were incubated at 37°C for
18 h.

2.3. Batch experiments
2.3.1. Bacteriophage MS?2 removal by hematite

Batch experiments were conducted to examine the
removal of bacteriophage MS2 by hematite as a
function of hematite dosage (0.5-4.0 g L") with a
reaction time of 4 h and MS2 concentration of
6.01 x 10° pfu mL™". MS2 stock solution was diluted
from a concentrated titer to the desired concentration.
The batch experiment method consisted of adding
virus stock solution to 50-mL centrifuge tubes contain-
ing hematite particles. After all tubes were properly
prepared and sealed, they were shaken at 200 rpm
and 4°C. The suspensions were then centrifuged at
9,000 x g and 4°C for 15 min (Combi-514R; Hanil Sci-
ence Industrial, Incheon, Korea). The viable bacterio-
phage concentration was determined using the plaque
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assay method. Control tubes were filled with only bac-
teriophage solution and treated in the same manner as
the experimental tubes. Another set of tests was con-
ducted to examine the removal of MS2 as a function
of reaction time with a hematite dose of 2 g L™ and
MS2 concentration of 2.94 x 10° pfu mL™".

The bacteriophage removal was calculated using
the following formula:

_[G-C
R_[ c }xlOO 1)

where R is the percent removal of bacteriophage, and
Co and C are the initial and final bacteriophage con-
centrations, respectively. The bacteriophage removal
per unit mass of adsorbent was calculated using the
following formula:

5 [%] @

where S is the amount of bacteriophage removed per
1 g of hematite, and M is the adsorbent concentration
used in the experiment. All the experiments were
performed in triplicate.

2.3.2. As(V) removal by hematite

Batch experiments were performed to examine
As(V) sorption to hematite as a function of hematite dos-
age (0.5-4.0 g L™") with a reaction time of 4 h and As(V)
concentration of 0.2 mg L™". A stock solution of As(V)
was prepared by dissolving reagent-grade sodium arse-
nate (Na,HAsO,7H,0, 98-102%, Sigma-Aldrich, USA)
in deionized water. An As(V) solution was added to
50-mL tubes containing hematite. After all tubes were
sealed, they were shaken at 200 rpm and 4°C. After the
reaction, a sample was taken, centrifuged, and filtered
through a 0.45-um membrane filter. Arsenic concentra-
tions were measured by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) (ICP-1000 1V,
Shimadzu Co., Japan). Another set of tests was
conducted to observe As(V) sorption to hematite as a
function of reaction time with a hematite dose of
2.0 g L7" and As(V) concentration of 0.2 mg L™". All the
experiments were performed in triplicate.

2.3.3. Simultaneous removal of bacteriophage MS2 and
As(V) by hematite

Batch experiments were conducted to examine
the simultaneous removal of MS2 and As(V) by

hematite as a function of hematite dosage (reaction
time = 4 h). MS2 solution (6.01 x 10° pfu mL™") and
As(V) solution (0.2 mg L™") were added to 50-mL
tubes containing various concentrations of hematite
(0.5-4.0 g L™"). The tubes were shaken at 200 rpm
at 4°C. Another tests were performed to observe the
simultaneous removal of MS2 and As(V) by hematite
as a function of reaction time with a hematite dose
of 20 g L™}, As(V) concentration of 0.2 mg L and
MS2 concentration of 2.94x10° pfumL™'. All the
experiments were performed in triplicate.

2.3.4. Bacteriophage MS2 inactivation tests in As(V)
solution

Inactivation tests were performed to examine the
MS2 removal in an As(V) solution where no hematite
was present. The first tests were conducted to observe
the MS2 inactivation in an As(V) solution as a function
of reaction time. Virus stock solution was added to
50-mL centrifuge tubes containing an As(V) solution
(As(V) concentration = 0.2 mg L% MS2 concentra-
tion = 1.55 x 10° pfu mL™"). The tubes were shaken at
200 rpm and 4°C to avoid thermal inactivation of the
virus. The control tubes were filled with only bacterio-
phage solution and treated in the same manner as the
experimental tubes.

Further inactivation tests were conducted to
observe the effect of As(V) concentrations on MS2
removal in the absence of hematite. The tests were
conducted with a reaction time of 4 h and MS2 con-
centration of 3.68 x 10° pfu mL™". Virus stock solution
was added to 50-mL centrifuge tubes containing vari-
ous concentrations of As(V) (0.1-1.0 mg L™"). Another
set of tests was performed with a reaction time of 6 h,
As(V) concentrations of 0.1-10 mg L™', MS2 concentra-
tion of 4.10 x 10° pfu mL™". All the experiments were
performed in triplicate.

3. Results and discussion
3.1. Characteristics of hematite particles

The hematite particles synthesized in the laboratory
are shown in Fig. 1. The hematite particles were spher-
ical, with a particle size ranging from 112 to 262 nm
(average = 167 + 35 nm), which was determined from
the TEM image (Fig. 1(a)). The N, adsorption and
desorption isotherms of hematite are provided in
Fig. 1(b). According to the BET analysis, hematite had
a specific surface area of 98.0 m* g~', average pore
diameter of 825 nm, and total pore volume of
0.2022 cm® g~ The BJH analysis determined the meso-
pore volume of hematite to be 0.1996 cm® g ™.
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Fig. 1. Hematite particles synthesized in the laboratory: (a)
TEM image (bar = 500 nm); (b) nitrogen gas (Ny)
adsorption—desorption isotherm.

The XRD pattern and FTIR spectra of hematite are
presented in Fig. 2. The XRD pattern (Fig. 2(a)) indi-
cates that the peaks at 20 = 24.180, 33.198, 35.682,
40.917, 49.529, 54.137, 62.527, and 64.100 were attrib-
uted to (012), (104), (110), (113), (024), (116), (01
8), (214), and (300) crystal planes of a-Fe,O3 (JCPDS
79-007), respectively. The FTIR data (Fig. 2(b)) indicate
that the band around 3,423 cm™' corresponded to the
stretching vibration of OH groups, and the band
around 1,628 cm ™' was assigned to the bending vibra-
tion of H,O molecules. The peak at 891 cm ' was
attributed to a Fe-OH vibration. In addition, the
prominent peaks at 458 and 559 cm ™' corresponded to
Fe-O vibrations [16,17].

3.2. Removal of MS2 or As(V) by hematite

The removal of bacteriophage MS2 or As(V) by
hematite is presented in Fig. 3. The effect of hematite

(a)

Intensity (a.u.)

(b)

Transmittance

3900 3400 2900 2400 1900 1400 900 400
Wave number (1/cm)

Fig. 2. XRD pattern (a) and FTIR spectrometer (b) of
hematite particles.

dose on MS2 removal in the absence of As(V) is
shown in Fig. 3(a). The percent removals of MS2
increased from 95.0 to 99.8% with an increasing hema-
tite dose from 0.5 to 4.0 g L', indicating that hematite
was effective in the removal of MS2. The effect of
reaction time on MS2 removal in the absence of As(V)
is shown in Fig. 3(b), demonstrating that the sorption
of MS2 to hematite was very fast. The percent removal
of MS2 was 99.8% at 5 min and reached >99.9% at
15 min.

The effect of hematite dose on As(V) removal in
the absence of MS2 is presented in Fig. 3(c). The per-
cent removal of As(V) was 96.5% at a hematite dose of
0.5 g L™". The percent removal increased slightly with
increases of the hematite dose. At 4.0 g L™', the per-
cent removal reached 99.8%. The effect of reaction
time on the removal of As(V) in the absence of MS2 is
shown in Fig. 3(d), indicating that the sorption of As
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Fig. 3. Removal of bacteriophage MS2 and As(V) by hematite particles: (a) effect of hematite dose on MS2 removal; (b)
effect of reaction time on MS2 removal; (c) effect of hematite dose on As(V) removal; and (d) effect of reaction time on

As(V) removal.

(V) to hematite was very rapid. The percent removal
of As(V) was 94.5% at 5 min and reached >99% at 1 h.

3.3. Simultaneous removal of MS2 and As(V) by hematite

The removal of bacteriophage MS2 by hematite in
the presence of As(V) is presented in Fig. 3. With an
increasing hematite dose from 0.5 to 4.0 g L™, the per-
cent removals of MS2 increased from 7.4 to 44.4%
(Fig. 3(a)). In the presence of As(V), the percent remo-
vals of MS2 were 55-88% lower compared to removal
in the absence of As(V). Fig. 3(b) showed that in the
presence of As(V), the percent removal of MS2 was
47.7% at 1 h. These results demonstrate that the level
of MS2 removal in the presence of As(V) was far
lower than in the absence of As(V).

The removal of As(V) by hematite in the presence
of MS2 is also shown in Fig. 3. In the presence of
MS2, the percent removals of As(V) were 60.0% at
05 ¢ L' and 98.7% at 4.0 g L™" (Fig. 3(c)). At low

doses of hematite, the difference of As(V) percent
removal between the absence of MS2 and the presence
of MS2 conditions was noticeable. However, the differ-
ence decreased as hematite dose increased because the
number of sorption sites on the hematite surfaces
increased with increasing hematite dose. Fig. 3(d)
showed that in the presence of MS2, the As(V)
sorption to hematite was slightly reduced. The percent
removal of As(V) was 864% at 5 min and
reached >95% at 4 h.

3.4. Kinetic sorption model analysis

Kinetic model analyses for the MS2 data are shown
in Fig. 4. In the model analysis, the following linear
forms of pseudo-first-order and pseudo-second-order
kinetic models can be used [18,19]:

In(ge — q¢) = Inge — kat (3)
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where g, is the amount of contaminant removed at
equilibrium, g; is the amount of contaminant removed
at time ¢, k; is the pseudo-first-order rate constant, and
k, is the pseudo-second-order rate constant. The
kinetic model parameters are provided in Table 1. In
the pseudo-first-order model (Fig. 4(a)), the value of g,
(1.28 x 10° pfu g') in the absence of As(V) was one
order of magnitude larger than that (2.25 x 10" pfu g™
in the presence of As(V). In the pseudo-second-order
model (Fig. 4(b)), the value of g. (1.52 x 10° pfu g™ ) in
the absence of As(V) was two orders of magnitude
greater than that (6.25 x 107 pfu g™') in the presence
of As(V). In addition, the wvalue of k;
(1.82 x 107° g pfu™' h™") in the absence of As(V) was
one order of magnitude larger than the value
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Fig. 4. Kinetic model analysis for bacteriophage MS2 data:
(a) pseudo-first-order model; (b) pseudo-second-order
model. Model parameters are provided in Table 1.

(1.02 x 107 g pfu"' h™") in the presence of As(V)
(Table 1). The correlation coefficients (R?) indicate that
the kinetic data were well described by the pseudo-
second-order kinetic model.

Kinetic model analyses for the As(V) data are
shown in Fig. 5. The kinetic model parameters are
provided in Table 2. In the pseudo-first-order kinetic
model (Fig. 5(a)), the values of g. in the absence and
presence of MS2 were 9.96 x 10 >and 9.54 x 10 > mg g~ ',
respectively. In the pseudo-second-order kinetic model
(Fig. 5(b)), the values of g. were 9.90 x 107> mg g ' in
the absence of MS2 and 9.52 x 1072 mg g~ in the pres-
ence of MS2. The amount of As(V) removed (g.) in the
presence of MS2 was slightly lower than the amount
removed in the absence of MS2. In addition, the value
of ky (1.67 x 10° g mg™" h™") in the absence of MS2
was three times larger than that (5.49 x 10> g mg™' h™")
in the presence of MS2 (Table 2). The correlation coef-
ficients (R? indicate that the pseudo-second-order
model was better at describing the kinetic data than
the pseudo-first-order model.

3.5. Inactivation of MS2 in As(V) solution

Parallel to the experiment for the MS2 removal by
hematite in an As(V) solution as a function of reaction
time (Fig. 3(b)), the inactivation of MS2 was observed
as a function of reaction time at the same concentra-
tion of an As(V) solution (As(V) concentra-
tion = 0.2 mg L") where no hematite was present.
The inactivation data can be analyzed with the follow-
ing expressions [20-21]:

In [Cé(ﬂ = %O[exp(—oct) —1] (5)
ci)] _
In [C—o} =]t (6)

where /j is the initial inactivation rate coefficient, « is
the resistivity coefficient, and 1 is the constant inacti-
vation rate coefficient. Eq. (5) is the time-dependent
rate inactivation model, whereas Eq. (6) is the constant
rate inactivation model, which can be reduced from
Eq. (5) when the inactivation rate coefficient is consid-
ered constant [21].

In the inactivation data, the percent removal of
MS2 was very low (<2%) at an initial time period
(02 h) and increased slowly to 5% at 4 h and 9% at
6 h. Therefore, the constant rate inactivation model
Eq. (6) was used to analyze the data (Fig. 6). The
constant inactivation rate coefficient 1 was determined
to be 1.36 x 107> h™". During the MS2 inactivation
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Table 1

Kinetic model parameters from the experimental data of bacteriophage MS2

Pseudo-first-order model

Pseudo-second-order model

de (pfu g™ ki (A7 R? qe (pfu g™ ky (g pfu' h™) R?

MS2 w/o As(V) 1.28 x 10° 3.45 x 1072 0.36 1.52 x 10° 1.82 x 107° 1.00
MS2 w/As(V) 2.25 x 107 401 x 107" 0.38 6.25 x 107 1.02 x 1077 0.9
20 Further experiments were performed to examine
*As(V) wio MS2 (a) the MS2 inactivation in various concentrations of
OAs(V) w/ MS2 As(V) solutions where no hematite was present
1040 (Fig. 8). In the inactivation tests (reaction time = 4 h;
As(V) concentration = 0.1-1.0 mg L"), the percent
3 removals were in the range of 4.1-11.1% with an aver-
2 0.0 y=~0Rx:6_920xg;8%8124 age removal of 7.5 + 3.1%. In another tests (rfelaction
= e time = 6 h; As(V) concentration = 0.1-10 mg L), the
- = percent removals were in the range of 2.2-20.1% with
1.0 an average removal of 10.1 + 5.5%. The inactivation of
y= -0-35;5:}; 380-4725 P MS2 was not linearly dependent on the As(V) concen-
' tration under the given experimental conditions, but
20 , . ] . , . , ?  the MS2 inactivation generally increased with increas-
0 1 2 3 4 ing As(V) concentration from 0.1 to 10 mg L™". These
t(h) results demonstrate that the contribution of As(V) on
0.05 the removal of MS2 via the inactivation could not be

#As(V) wio MS2 (b) neglected at the As(V) concentration of >0.5 mg L

0.0 OASs(V) W/ MS2 >
3.6. Effect of As(V) on MS2 removal

N e y = 0.0105x + 0.0002 The experiments demonstrate that As(V) could
s R*=1.00 play important roles in MS2 removal in two respects.

y=0.0101x + 6E-05

0.02 4 R*=1.00
0.01 ~
0 - r
0 1 2 3 4

t (h)

Fig. 5. Kinetic model analysis for As(V) data: (a) pseudo-
first-order model; (b) pseudo-second-order model. Model
parameters are provided in Table 2.

experiment in an As(V) solution, the As(V) concentra-
tions were also monitored as a function of reaction
time (Fig. 7), indicating that the adsorption of As(V) to
the surfaces of MS2 was negligible. Compared to the
percent removal of MS2 due to the sorption to hema-
tite in the absence of As(V) (>99%, Fig. 3(b)), the per-
cent removal due to the inactivation in an As(V)
solution (=0.2 mg L") was low.

The first concerns the negative effect of As(V) on the
removal of MS2 in aqueous solutions via a hindrance
effect on bacteriophage adhesion to hematite. Results
indicate that the removal of MS2 in hematite was
greatly reduced in the presence of As(V). Although
As(V) could contribute to the removal of MS2 through
inactivation, overall MS2 removal was decreased con-
siderably in the solution containing both As(V) and
hematite. This phenomenon could be attributed to the
competition between MS2 and As(V) for the sorption
sites on the surfaces of hematite particles. It is well
known that As(V) adsorbs strongly to iron (hydr)oxi-
des via inner-sphere and outer-sphere complexes
[22-24]. In the experiments, all the sorption sites on
the hematite surfaces were available for MS2 adsorp-
tion in the absence of As(V). In the presence of As(V),
however, As(V) occupied many sorption sites through
competition with MS2, causing a decrease in the MS2
adhesion. Similar findings have been reported in the
literature for competitive sorption between oxyanions
and viruses to iron (hydr)oxides [4,11,13]. Gutierrez
et al. [10] reported a decrease of MS2 and rotavirus
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Table 2
Kinetic model parameters from the experimental data of As(V)
Pseudo-first-order model Pseudo-second-order model
e (mg g™ ki h! R? ge (mg g™ ky (gmg ' h™) R?
As(V) w/o MS2 9.96 x 1072 1.28 0.96 9.90 x 1072 1.67 x 10° 1.00
As(V) w/MS2 9.54 x 1072 1.08 0.96 9.52 x 1072 5.49 x 107 1.00
0 50
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g 40
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Fig. 6. The constant rate inactivation model fit to MS2
inactivation data.
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Fig. 7. As(V) concentration as a function of time during
the inactivation experiment of bacteriophage MS2 in an As
(V) solution.

removal by hematite nanoparticles in the presence of
bicarbonate ions. Zhuang and Jin [12] also reported
that the adsorption of MS2 and Phix174 goethite
was reduced in the presence of phosphate ions,
resulting in enhanced transport in goethite-coated
sand columns.

Fig. 8. Inactivation of bacteriophage MS2 in various
concentrations of an As(V) solution where no hematite
was present.

Fig. 9. TEM image of bacteriophage MS2 (bar = 20 nm).

The second is related to the positive effect of As(V)
on the removal of MS2 in aqueous solutions via inacti-
vation of MS2. MS2 (Fig. 9) consists of single-stranded
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RNA (nucleic acid) encapsulated within a capsid
(protein coat) [25]. MS2 has a particle size of 2426 nm
[26]. MS2 is called a naked virus because it has no
envelope, which is a lipid layer around the nucleocap-
sid (nucleic acid + protein coat). The mechanisms of
the bacteriophage inactivation by arsenic are not
known. Reports in the literature indicate that arsenic
can generate reactive oxygen species (ROS) to induce
oxidative stress in human and animal cells [27,28].
ROS can react with cellular constituents such as thiols,
resulting in the denaturation of proteins and enzymes
[29,30]. Therefore, bacteriophage may be inactivated
in the arsenic solution due to denaturation of the
capsid.

4. Conclusions

Bacteriophage MS2 removal by synthetic hematite
particles in the absence and presence of As(V) was
investigated in batch experiments. As(V) could have a
negative effect on the removal of MS2 via the hin-
drance on MS2 adhesion to hematite. Sorption tests
show that As(V) could occupy sorption sites on hema-
tite through the competition with MS2, causing a
decrease in the removal of MS2. In addition, As(V)
could have a positive effect on the removal of MS2
through the inactivation of MS2, resulting in an
increase of MS2 removal. Inactivation tests demon-
strate that MS2 could be inactivated in As(V) solution,
perhaps due to the denaturation of the viral capsid.
This study demonstrates that As(V) mainly has a neg-
ative effect on the MS2 removal by hematite through
the competitive sorption, but a positive effect of As(V)
via the MS2 inactivation cannot be neglected. Cur-
rently, viral contamination and arsenic poisoning of
groundwater are widespread environmental problems
around the world. Iron (hydr)oxides and iron (hydr)
oxide-coated filter media (sand, granular activated car-
bon, etc.) can be used to remove both viruses and
arsenic in adsorptive filtration technology. This study
helps improving our knowledge of applying iron oxi-
des for the simultaneous removal of virus and arsenic
from groundwater.
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