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ABSTRACT

Differences in the behaviors of two surrogates for pathogenic waterborne viruses, F-
specific RNA bacteriophages Qf and MS2, were investigated during the coagulation process
by using river water spiked with these bacteriophages. The particle size and electropho-
retic mobility of QB and MS2 were similar, but the removal performances of infectious QB
and MS2, as measured by a plaque forming unit (PFU) method, differed markedly during
the coagulation process. The removal ratio of the infectious QB concentration was
approximately 2 log higher than that of the infectious MS2 concentration at all coagulant
doses tested. The total Qf and MS2 bacteriophage concentrations, which were measured by
a real-time reverse transcription-polymerase chain reaction (RT-PCR) method and repre-
sented the total number of bacteriophages regardless of their infectivity, were similar after
the coagulation process, suggesting that the behaviors of Qp and MS2 as particles were
similar during the coagulation process. The difference between total concentration and
infectious concentration indicated that some of the bacteriophages were probably inacti-
vated during the coagulation process. This difference was larger for Qf than MS2, meaning
that QB was more sensitive to the virucidal activity of the aluminum coagulant. Analysis of
the PFU and real-time RT-PCR findings together suggested that the difference in removal
performances of Qf and MS2 during the coagulation process was probably caused by
differences not in the extent of bacteriophage entrapment in the aluminum floc particles
but in the sensitivity to virucidal activity of the aluminum coagulant.

©® 2008 Elsevier Ltd. All rights reserved.

1: Introduction

coagulation process for the removal of enteric viruses and
bacteriophages, which are viruses that infect bacteria (Guy

During drinking water treatment, coagulation is an essential
process for combining small particles into larger aggregates.
Small particles in the drinking water source, such as viruses,
that will not settle from suspension by gravity are destabilized
and combined into larger aggregates during the coagulation
process; this allows the small particles to be effectively
removed by subsequent sedimentation and filtration
processes. Several studies have reported the usefulness of the

* Corresponding author. Tel.: +81 11 706 7281; fax: +81 11 706 7279.

E-mail address: nobutaka@eng.hokudai.ac.jp (N. Shirasaki).

et al, 1977; Havelaar et al., 1995; Nasser et al., 1995).

Some bacteriophages have been evaluated as possible
indicators for enteric viruses. For instance, F-specific RNA
bacteriophage concentrations are highly correlated with those
of enteric viruses in a wide range of water environments and
water treatment processes (Havelaar et al.,, 1993). Because of
their morphological similarity to hepatitis A viruses and
polioviruses, F-specific RNA bacteriophage MS2 is widely used

0043-1354/% - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2008.11.002
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as a surrogate for pathogenic waterborne viruses in Europe
and the United States (Jacangelo et al., 1995; Meng and Gerba,
1996; Redman et al., 1997, Shin and Sobsey, 1998, 2003; Sobsey
et al,, 1998; Meschke and Sobsey, 2003; Thurston-Enriquez
et al., 2003; Zhu et al.,, 2005; Fiksdal and Leiknes, 2006),
whereas the F-specific RNA bacteriophage QP tends to be used
as a surrogate in Japan (Kamiko and Ohgaki, 1989; Urase et al.,
1996; Otaki et al., 1998).

Previous studies have compared the behaviors of Qf and
MS2 in the physicochemical treatment process. Their behav-
iors are similar in the process of adsorption onto solid surfaces
(such as cellulose, kaolin, carbon black and river sediment;
Sakoda et al, 1997), the sandy aquifer treatment process
(Dowd et al,, 1998), and the direct microfiltration treatment
process (Herath et al., 2000}, whereas the sensitivities of Qp
and MS2 to ultraviolet radiation are significantly different
(Blatchley et al., 2008). The behaviors of these two bacterio-
phages in the coagulation process may be different as well,
although these differences have not been investigated except
for previous studies of our research group (Matsui et al., 2003,
Matsushita et al., 2004). If significant differences do exist, then
QB and MS2Z cannot be used as equivalent surrogates to eval-
uate the effectiveness of treatment processes for the removal
of pathogenic waterborne viruses.

Virucidal activity during the water treatment process has
been widely investigated. Ultraviolet radiation (Kamiko and
Ohgaki, 1989; Meng and Gerba, 1996; Sobsey et al, 1998;
Thurston-Enriquez et al., 2003) as well as disinfectants such as
free chlorine, chlorine dioxide (Sobsey et al., 1998), chlora-
mines (Shin and Sobsey, 1998) and ozone (Shin and Sobsey,
2003) are well known to inactivate viruses. Our research group
has reported the virucidal activity of aluminum coagulant
(Matsui et al,, 2003; Matsushita et al., 2004). In our previous
studies, we used the plaque forming unit (PFU) method in an
attempt to determine the mechanisms and kinetics of the
virucidal activity of aluminum coagulant. During coagulation
of the virus suspension, although the majority of viruses were
entrapped in the aluminum floc particles, some of the viruses
remained suspended in the liquid phase. Not all the sus-
pended viruses were infectious; some were likely inactivated
by the virucidal activity of aluminum coagulant. Thus, virus
removal during the coagulation process includes two mech-
anisms: entrapment in floc particles and inactivation. The PFU
method, however, can detect neither the viruses entrapped in
the floc particles nor the inactivated viruses judging from its
measurement principle. Therefore, even though the virus
concentration measured by the PFU method decreases in the
liquid phase during the coagulation process, it remains
unclear whether the decrease results from the entrapment in
floc particles, inactivation, or both.

The reverse transcription-polymerase chain reaction
(RT-PCR) method is capable of amplifying small regions of
viral nucleic acid. Thus, RT-PCR can detect infectious as well
asinactivated viruses, unless the target nucleic acid is lost, but
not all viruses entrapped in the floc particles can be detected
by this method. Calculation of the concentration of entrapped
virus particles simply entails subtracting the concentration of
total viruses including infectious and inactivated viruses in
the liquid phase, as determined by RT-PCR, from the total
virus concentration as measured in the raw water. Likewise,

subtracting the concentration of infectious viruses, as deter-
mined by the PFU method, from the total virus concentration,
as determined by RT-PCR, gives the number of inactivated
viruses. Therefore, combining the PFU and RT-PCR methods
allows entrapped viruses and inactivated viruses in the
coagulation process to be clearly distinguished.

Our objectives were to investigate and compare the
behaviors of two bacteriophages, Qf and MS2, during the
coagulation process by using both PFU and real-time RT-PCR
methods and to elucidate what caused the differences.

2. Materials and methods
2.1.  Source water and coagulant

River water was sampled from the Toyochira River (Sapporo,
Japan; water quality shown in Table 1) on 12 October 2007.
Polyaluminum chloride (PACI) (250A; 10.5% Al,0,, relative
density 1.2 at 20 °C; Taki Chemical Co., Ltd., Hyogo, Japan) was
used for coagulation experiments.

2.2.  Bacteriophages

The bacteriophages QB (NBRC 20012) and MS2 (NBRC 102619)
were obtained from the NITE Biological Research Center
(NBRC, Chiba, Japan). QB is the prototype member of the genus
Allolevivirus in the virus family Leviviridae, and MS2 is the
prototype member of the genus Levivirus in the Leviviridae. The
genomes of these two bacteriophages contain a single mole-
cule of linear positive-sense, single-stranded RNA, which is
encapsulated in an icosahedral protein capsid with a diameter
of 24-26 nm (The Universal Virus Database of the Interna-
tional Committee on Taxonomy of Viruses). Each bacterio-
phage was propagated for 22-24 h at 37 °C in Escherichia coli
(NBRC 13965) obtained from NBRC. The bacteriophage culture
solution was centrifuged (2000xg, 10 min) and then passed
through a membrane filter (pore size 0.45 um, hydrophilic
cellulose acetate; Dismic-25cs, Toyo Roshi Kaisha, Ltd., Tokyo,
Japan). The filtrate was purified by using a centrifugal filter
device (molecular weight cutoff 100,000, regenerated cellu-
lose; Centriplus-100, Millipore Corp., Billerica, MA, USA) to
prepare the bacteriophage stock solution. The concentration
of each bacteriophage stock solution was approximately
10" PFU/mL.

2.3. Batch coagulation experiments
Batch coagulation experiments were conducted with 200 mL

of bacteriophage-spiked river water in glass beakers at 20 °C.
The bacteriophage stock solution was added to the beaker at

Table 1 - Water quality of the Toyohira River.

pH 7.5
DOC (mg/L) 0.90
0D260 (cm ) 0.027
Turbidity (NTU) 0.50
Alkalinity (mg-CaCO5/L) 191
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approximately 10° or 10® PFU/mL and mixed with an impeller
stirrer. PACI] was injected into the water as a coagulant at
dosages of 0.54, 1.08 or 1.62 mg-Al/L. The pH of the water was
immediately adjusted to, and maintained at, 6.8 using HCl.
The water was stirred rapidly for 2 min (G=200s"", 61 rpm)
and then slowly for 28 min (G=20s"?, 13 rpm). The water was
then left at rest for 20 min to settle the aluminum floc particles
generated. Samples were taken from the beaker before coag-
ulant dosing and after rapid mixing, slow mixing, and settling
for quantification of the bacteriophage concentrations.

To quantify the bacteriophage concentration in the liquid
phase of the floc mixture, the suspended floc particles were
separated from the mixture by centrifugation (2000xg,
10 min), and the bacteriophage concentration in the super-
natant was measured by the PFU and the real-time RT-PCR
methods (see Section 2.4).

In addition, to quantify the bacteriophage concentration in
the floc particles, the particles were dissolved by raising the
PH of the water to 9.5 with NaOH in 12% beef extract (Kyokuto
Pharmaceutical Industrial Co., Ltd., Tokyo, Japan) solution and
the water was vortexed for 5h at 4 °C by using direct mixer
(DM-301, As One Corp., Osaka, Japan) at 2000 rpm. Beef extract
was used in an effort to prevent the inactivation of bacterio-
phages during floc dissolution (Matsui et al., 2003). Samples of
raw water and rapid mixing were taken from the beaker
directly for the floc dissolution, because these samples were
considered to be mixed completely during the sampling. In
contrast, the floc particles settled during the coagulation
process were resuspended after the settling process by strong
mixing with a magnetic stirrer at 1400 rpm for subsequent
sampling and floc dissolution (floc dissolution procedure was
described above). After floc dissolution, the bacteriophage
concentration in the sample was measured by the PFU and
real-time RT-PCR methods.

Because substances such as natural organic matter
(Abbaszadegan et al., 1993; Kreader, 1996) and beef extract
(Abbaszadegan et al.,, 1993; Sano et al., 2003) are known to
inhibit the amplification of the viral genome by PCR, each
sample was diluted 10-fold with Milli-Q water (Milli-Q
Advantage, Millipore Corp.) before the real-time RT-PCR
quantification.

2.4. Bacteriophage assays

2.4.1. PFU method

The infectious bacteriophages were enumerated according to
the double-layer method (Adams, 1959) by using the bacterial
host E. coli (NBRC 13965). The average of plaque counts of
triplicate plates prepared from one sample was considered as
the infectious bacteriophage concentration.

2.4.2. Real-time RT-PCR method

Viral RNA of bacteriophages was quantified by the real-time
RT-PCR method, which detects viruses regardless of their
infectivity. We defined concentration measured by the real-
time RT-PCR method as total bacteriophage concentration. For
quantification of bacteriophages in the raw water and liquid
phase of the floc mixture, viral RNA was extracted from 140 pL
of sample with a QIAamp Viral RNA Mini Kit (Qiagen KK,
Tokyo, Japan) to obtain a final volume of 60pL. For

quantification of bacteriophages in the floc dissolution sample
containing beef extract, a 100-pL sample was heated at 90 °C
for 10 min and then cooled to 4 °C for 1 min in a thermal cycler
(Thermal Cycler Dice Model TP600, Takara Bio Inc., Shiga,
Japan) to extract viral RNA by destroying the capsid. The
extracted RNA solution was added to a High Capacity cDNA
Reverse Transcription Kit with RNase Inhibitor (Applied Bio-
systems Japan Ltd., Tokyo, Japan) for the RT reaction, which
was conducted at 25 °C for 10 min, 37 °C for 120 min, and 85 °C
for 55, followed by cooling to 4 °C in the thermal cycler. The
¢DNA solution was then amplified by a TagMan Universal PCR
Master Mix with UNG (Applied Biosystems Japan Ltd.), 400 nM
of each primer (HQ-SEQ grade, Takara Bio Inc.), and 250 nM of
TagMan probe (Applied Biosystems Japan Ltd.). The oligonu-
cleotide sequences of the primers and the probes are shownin
Table 2. Amplification was conducted at 50 °C for 2 min, 95 °C
for 10 min, and then 50 cycles of 95 °C for 15 s and 60 °C for
1min in an ABI Prism 7000 Sequence Detection System
(Applied Biosystems Japan Ltd.).

The standard curve for the real-time RT-PCR method was
based on the relationship between the infectious bacterio-
phage concentration of a freshly prepared stock solution
measured by the PFU method and the number of cycles for
amplification in the PCR process, which is based on the
assumption that the freshly prepared stock solution did not
contain any inactivated bacteriophages.

2.5, Particle size distribution

Particle size distribution of bacteriophages was measured in
prepared Milli-Q water and filtered river water. To bring the
alkalinity to 20 mg-CaCO4/L, 0.4 mM NaHCO; was added to the
Milli-Q water, and the pH of was adjusted to 6.8 with HCI. River
water was filtered through a stirred ultrafiltration cell (Model
8400, Millipore Corp.) with ultrafiltration membrane (molec-
ular weight cutoff 100,000, regenerated cellulose; Ultrafiltra-
tion Disks, YM-100, Millipore Corp.) to exclude the large
particles, and the pH was adjusted to 6.8 with HCI. The Milli-Q
and river water samples were kept for 1 day at 20 °C to stabilize
the pH. Just before the measurement of particle size distribu-
tion, each bacteriophage was suspended at approximately
10" PFU/mL in the prepared Milli-Q water or filtered river
water using the bacteriophage stock solution. The particle size
distribution of the bacteriophages was measured with a fiber-
optic dynamic light-scattering spectrophotometer (FDLS-3000,
Otsuka Electronics Co., Ltd., Osaka, Japan) 200 or 400 times for
each sample at 25 °C and at a 90° measurement angle.

2.6.  Electrophoretic mobility

In Milli-Q water and river water prepared as described in
Section 2.5, an electrophoretic light-scattering spectropho-
tometer (ELS-6000, Otsuka Electronics Co., Ltd.) was used to
measure electrophoretic mobility. Just before the measure-
ment, each bacteriophage was suspended at approximately
10" PFU/mL in the prepared Milli-Q water or filtered river
water using the bacteriophage stock solution. The electro-
phoretic mobility of the bacteriophages was measured 25
times for each sample at 25°C and at a 15° measurement
angle.
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Table 2 - Oligonucleotide sequences of the primers and probes used in real-time RT-PCR quantification of Qf and MS2.

~ Viruses Oligonucleotide sequenceé Positions References
Qp Forward primer 5'-TCA AGC CGT GAT AGT CGT TCC TC-3' 49-71 Katayama et al., 2002
Reverse primer 5'-AAT CGT TGG CAA TGG AAA GTG C-3 187-208
TagMan probe 5'-CGA GCC GCG AAC ACA AGA ATT GA-3 147-169
MS2 Forward primer 5-GTC GCG GTA ATT GGC GC-3 632-648 O’'Connell et al.,, 2006
Reverse primer 5'-GGC CAC GTG TTT TGA TCG A-3' 690-708
TagMan probe 5'-AGG CGC TCC GCT ACC TTG CCC T-3 650-671
n - 3.2.  Effect of coagulant dose on infectious bacteriophage
3. Results and discussion

3.1. Particle size distribution

Fig. 1 shows the particle size distributions of Qf and MS2in the
prepared Milli-Q water and filtered river water at pH 6.8. In
both the Milli-Q and river water, the particle sizes were
distributed over the range of 20-30 nm. These values corre-
spond with the particle diameters previously reported for Qf
and MS2 (The Universal Virus Database of the International
Committee on Taxonomy of Viruses). Thus, we can assume
that no virus-virus aggregate was generated and these two
bacteriophages were stably monodispersed in the raw water
used (without coagulant dosing).

Langlet et al. (2008) reported that QB had a tendency to
aggregate in solutions with high ionic strength: Qf aggregated in
deionized water with 100 mM NaNO; at neutral pH (ionic
strength, approximately 1 x 10~ ), whereas it did not aggregate
in deionized water with 1 mM NaNO; (ionic strength, approxi-
mately 1 x 107%). The ionic strength of both our prepared Milli-Q
water and the filtered river water was approximately 1 x 1072,
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Fig. 1 - Particle size distribution of Qfi (white) and MS2
(gray) in the prepared Milli-Q water (circles) and filtered
river water (diamonds), based on the number of particles.
Values are the means of 200 or 400 measurements.
Bacteriophage concentration in each sample was
approximately 10'° PFU/mL.

removal

Fig. 2 shows the effect of coagulant dose on infectious bacte-
riophage removal, as measured by the PFU method after
settling without centrifugal separation. Bacteriophage
removal was not observed without PAC] dosing, and the
removal ratio of infectious bacteriophages (log[Co/Cl)
increased with coagulant dose. At a PAC] dose of more than
1.08 mg-Al/L, more than 2-log removal of infectious bacterio-
phage was achieved for both QB and MS2. Therefore, the
coagulation process is effective for the removal of infectious
bacteriophages. Other studies have reported the usefulness of
the coagulation process for removing infectious enteric
viruses and infectious bacteriophages (Guy et al.,, 1977; Have-
laar et al., 1995; Nasser et al., 1995).

In our study, however, the removzal performances of Qf
and MS2 were quite different. The removal ratio of infectious
Qp was approximately 2 log higher than that of infectious MS2
at each of the PACI doses tested. This difference is detailed in
the following section.

Logarithmic infectious bacteriophage
removal (log([Cy/C]))

0 1 I | I
0 05 1 15 2

Coagulant dose (mg-Al/L)

Fig. 2 - Effect of coagulant dose (0.54, 1.08 or 1.62 mg-Al/L)
on infectious bacteriophage removal after settling without
centrifugal separation. White and gray symbols represent
QP and MS2, respectively. Initial bacteriophage
concentrations in raw water were approximately 10°
PFU/mL.
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3.3.  Changes in the bacteriophage concentrations in the
liquid phase of the floc mixture

To investigate why the removal performances of Qf and MS2
were different in the coagulation process, the changes in
bacteriophage concentrations in the liquid phase of the floc
mixture were measured during the coagulation process
(Fig. 3). Although the DOC concentration of bacteriophage-
spiked river water increased with the bacteriophage feed
concentration, owing to the unavoidable uptake of the
residual component of the culture medium, the removal ratios
did not differ among initial concentrations of 10%, 107 and
10° PFU/mL for both bacteriophages (data not shown). This
finding suggests that the DOC component from the bacterio-
phage culture solution did not affect bacteriophage removal
during the coagulation process.

The total bacteriophage concentrations of QB and MS2
decreased as coagulation progressed (Fig. 3a). These reduc-
tions from the initial concentrations in raw water were
probably due to the entrapment of bacteriophages in the
aluminum floc particles, because the floc particles entrapping
the bacteriophages were excluded from the liquid phase by
the centrifugal separation. At each stage of the coagulation
process, the reduction in QB concentration was similar to that
of MS2, with 2-log reductions achieved for both bacterio-
phages by the end of the process (Fig. 2a). This result suggests
that the particle behaviors of QB and MS2 were the same
during the coagulation process; this possibility is supported by
the particles’ electrophoretic mobility, an important factor in
the coagulation process. The electrophoretic mobilities of Qp
and MS2 were compared using the t-test (two-tail) based on
0.01 level of significance. No significant (P > 0.01) difference in
the electrophoretic mobility was observed between the two
bacteriophages in the filtered river water at pH 6.8, whereas

Total bacteriophages

Logarithmic total bacteriophage
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Raw Rapid Slow After
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Fig. 4 - Electrophoretic mobility of QB (white) and MS2
(gray) in the prepared Milli-Q water and filtered river water.
Values are the means and standard deviation of 25
measurements. Bacteriophage concentration of each
sample was approximately 10'° PFU/mL.

a significant (P < 0.01) difference was observed in the prepared
Milli-Q water (Fig. 4). Therefore, these two bacteriophages
behaved in a similar manner as particles in the river water.
Differences were observed between total bacteriophage
concentration (Fig. 3a) and infectious bacteriophage
concentration (Fig. 3b). The same phenomenon was
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Fig. 3 - Changes in the concentrations of total bacteriophages (a) and infectious bacteriophages (b) in the liquid phase of the
floc mixture during the coagulation process. The concentrations of all samples were measured after centrifugal separation.
White and gray columns represent Qff and MS2, respectively. Values of infectious bacteriophage concentrations are means
and standard deviation of three replicates for QB and five replicates for MS2. Initial bacteriophage concentrations of raw
water were approximately 10° PFU/mL. PAC] dosage was 1.08 mg-Al/L.
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observed during the coagulation-microfiltration (MF) process
with 1.08 mg-Al/L of PACI (Shirasaki et al., in press): total QB
concentration was larger than infectious QB concentration
in the MF permeate. Because the pore size of the MF
membrane used in the coagulation-MF process was 0.1 um,
the maximal size of microflocs which passed through the
membrane was 0.1 um. If the microfloc is assumed to be an
aggregate of QB (50% cumulative percentage of particle size
distribution of QB was 0.022 ym as shown in Fig. 1) having
fractal dimension of 3.0, the 0.1-pm aggregate consists of 94
Qp particles ((0.1 um/0.022 um)*°=94). In other words,
aggregates consisting more than 94 Qp particles cannot pass
through the MF membrane. If the difference between the
total and infectious QB concentrations in the MF permeate
is caused by aggregation alone, the difference is theoreti-
cally calculated at 2.0log (log(94) = 2.0). Tambo and Wata-
nabe (1979) reported that the fractal dimension of
aluminum floc particles produced by PACI addition is in the
range of 1.5-2.0. Then, the required difference which are
theoretically calculated from the reported fractal dimension
is in the range of 1.0log (log(0.1 um/0.022 um)**)-1.3 log
(log(0.1 yum/0.022 um)??). Actually, the differences between
total and infectious Qf concentrations which were observed
in the coagulation-MF process were 1.1, 1.7, 2.3 and 2.4 logs
at operation time of 1, 2, 3 and 4h, respectively. These
differences are more than the theoretically required differ-
ences. This means that the difference in the total and
infectious bacteriophage concentrations cannot be
explained by aggregation alone. A part of the bacteriophages
must have been inactivated during the coagulation process.
Therefore, in the present study, we believe that some the
bacteriophages were inactivated during the coagulation
process. Other researcher has also introduced the combi-
nation of the PFU and RT-PCR methods to discuss the virus
inactivation during soil column filtration process, and
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suggest that the difference in the results between these two
methods express the virus inactivation (Meschke and Sob-
sey, 2003).

The total and infectious bacteriophage concentrations
differed markedly between QB and MS2: a 4-log difference
was observed for QB, whereas less than a 1-log difference
was observed for MS2. Thus, Q8 was more sensitive to
virucidal activity of PACI than was MS2. Our research group
previously reported on the virucidal activity of PAC] (Matsui
et al.,, 2003; Matsushita et al,, 2004) and demonstrated that
Qp was the most sensitive to inactivation among four types
of bacteriophages tested (QB, MS2, P1 and T4). The differ-
ence between Qf and MS2 in their sensitivity to PAC] may
have resulted in the difference in the reduction of infectious
bacteriophage concentrations: after settling, a 6-log reduc-
tion was achieved for QB, whereas a 3-log reduction was
observed for MS2 (Fig. 3b). The virucidal activity of PACI for
QP probably occurred in the liquid phase during the coag-
ulation process.

The mechanism underlying the virucidal activity of the
aluminum coagulant is not understood clearly. Matsui et al.
(2003) reported that the infectivity of a bacteriophage did not
decrease when the bacteriophage was exposed to a solution
containing “preformed” aluminum hydroxide floc prepared
by preneutralizing a solution of reagent-grade aluminum
chloride with 1 M sodium carbonate at pH 7.5 for 3-19 days.
This finding suggests that factors other than the presence of
amorphous aluminum hydroxide rendered the bacteriophage
inactive. PAC], which contains polymeric aluminum species,
has been reported to induce much greater virucidal activity
than monomeric aluminum coagulants, including reagent-
grade aluminum chloride and aluminum sulfate, and alum
used in actual treatment plants (Matsui et al., 2003; Mat-
sushita et al,, 2004). Thus, the polymeric aluminum species
might play an important role in the virucidal activity. We

Infectious bacteriophages
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Fig. 5 - Changes in the concentrations of total bacteriophages (a) and infectious bacteriophages (b) of the floc mixture during
the coagulation process. The concentrations of all samples were measured after floc dissolution. White and gray columns
represent Qf and MS2, respectively. Values are means and standard deviation of two replicates. Initial bacteriophage
concentrations in raw water were approximately 10® PFU/mL. PAC] dosage was 1.08 mg-Al/L.
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imagine that some polymers formed during the hydrolysis of
aluminum coagulant might sorb strongly to bacteriophages,
either rendering them inactive or preventing infectivity,
although further study is needed.

Our results revealed significant differences in the behav-
iors of QB and MS2 during the coagulation process. When the
performance of a treatment plant employing the coagulation
process is evaluated by using QB or MS2 as a surrogate for
pathogenic waterborne viruses, the results should be judged
carefully while considering the differences in behaviors
described in this paper.

3.4.  Changes in the bacteriophage concentrations of the
floc mixture after floc dissolution

Once bacteriophages are entrapped in the aluminum floc
particles during the coagulation process, they cannot be
enumerated directly by the PFU method or real-time RT-PCR
method. To quantify the bacteriophages in the floc particles,
these particles were dissolved and the total bacteriophage
concentration was measured. This value was then compared
with the total bacteriophage concentration in the raw water
(initial value) to confirm whether the floc particles formed
during the coagulation process were dissolved completely. For
both QB and MS2, the total bacteriophage concentrations
recovered to their initial values at each stage of the coagula-
tion process (Fig..5a), indicating the complete dissolution of
the floc particles.

The infectious MS2 concentrations in samples taken after
rapid mixing and settling almost completely recovered to the
initial value upon floc dissolution (Fig. Sb), meaning that no
significant virus inactivation was observed for MS2 in the floc
particles. This finding is in accord with those of Zhu et al.
(2005), who suggested that MS2 was not inactivated by
aluminum coagulant according to jar tests with 1-5 mg-AV/L:
the infectious MS2 concentrations before and after coagula-
tion, settling, and resuspension of the coagulated sludge were
not statistically different. In contrast, infectious Qf concen-
trations in the sample after rapid mixing and settling were still
1-2log lower than the initial value after floc dissolution,
indicating that the infectious QB concentration did not recover
to its initial value (Fig. Sb). Therefore, QB was inactivated not
only in the liquid phase but also in the floc particles during the
coagulation process.

When the raw water in a drinking water treatment plant is
polluted with a virus, the infectious virus is expected to be
concentrated in the treatment sludge produced during the
coagulation process; this would potentially increase the risk of
infection when exposed to this sludge. In contrast, if the
virucidal activity of the aluminum coagulant were consistent
with that demonstrated for QB, most of the virus in the sludge
would be inactivated. Therefore, the risk associated with
exposure to the sludge could be decreased by using aluminum
coagulant.

4, Conclusions

(1) Although their particle size and electrophoretic mobility
were similar, the removal performances of infectious QB

and MS2 during the coagulation process differed markedly:
the removal ratio of infectious QB was approximately 2 log
higher than that of infectious MS2 at all the PACI doses
tested.

(2) Use of a combination of PFU and real-time RT-PCR
methods revealed that the difference in behaviors
between QB and MS2 during the coagulation process was
probably not due to the difference in the extent of
entrapment in the aluminum floc particles but to the
difference in sensitivity to the virucidal activity of PACL
Significant inactivation of QB was observed during the
coagulation process, whereas little or no inactivation of
MS2 was observed.

(3) When the performance of a treatment plant employing the
coagulation process is evaluated by using either QB or MS2,
the results should be carefully judged considering the
differences in their behaviors.
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ARTICLE INFO ABSTRACT

The removal performance of two surrogates for pathogenic waterborne viruses, F-specific RNA bacte-
riophages QP and MS2, was evaluated during the coagulation-ceramic microfiltration process. River
water spiked with these bacteriophages was used to investigate differences in their behaviors. Infec-
tious and total (infectious +inactivated) bacteriophage concentrations were measured by plaque forming
unit and real-time reverse transcription-polymerase chain reaction methods, respectively. Removal of
= infectious QB and MS2 was similar under each coagulation condition. Approximately 6-log reduction
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g:)c’tv::ud;.hages was achieved for both bacteriophages at 1.08 mg-Al/L of coagulant dose and 5-min coagulation time.
Coagulation At least 4-log reduction occurred even when coagulant dose and coagulation time were reduced to

0.54 mg-Al/L and 1.8 5, respectively. In contrast, removal of total Q3 and MS2 differed markedly. Removal
of total MS2 was approximately 2-log larger than that of total QB, possibly owing to selective interac-
tion with the cake layer, although the particle diameters and electrophoretic mobilities of Qf and MS2
were similar. The total number of bacteriophages retained in the microfiltration compartment after 4-
h filtration was similar for QB and MS2, but there were approximately 3 log fewer infectious QB than
infectious MS2; probably owing to the difference in sensitivity to the virucidal activity of aluminum

Ceramic microfiltration
Virus inactivation
Virus removal

coagulant.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Low-pressure membrane (microfiltration and ultrafiltration
membranes) technologies provide important alternatives to sep-
aration processes such as sedimentation and rapid sand filtration.
Microfiltration (MF) is effective for the reduction of turbidity and
removal of bacteria, algae, and protozoa. Among MF membranes,
ceramic membranes have attracted attention in the field of drink-
ing water treatment, because they can withstand extreme acidity
and alkalinity and higher operating pressures than polymeric and
other inorganic membranes [1]. These properties of ceramic mem-
branes allow the use of strong acids and bases in chemical cleaning,
application of high pressure for hydraulic backwashing, and opera-
tion at a high filtration flux. However, MF membranes alone cannot
be expected to efficiently remove pathogenic waterborne viruses
such as hepatitis A viruses, polioviruses, and noroviruses, because
membrane pore sizes are not small enough. Some studies have
reported insufficient virus removal by MF membrane alone [2-5],

* Corresponding author. Tel.: +81 11 706 7281; fax: +81 11 706 7279.
E-mail address: nobutaka@eng.hokudai.acjp (N. Shirasaki).

0376-7388/% - see front marter © 2008 Elsevier B.V. All rights reserved.
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although the U.S. Environmental Protection Agency requires 4-log
removal/inactivation of viruses [6].

Using a coagulation process as pretreatment for the MF process
may mitigate membrane fouling and improve permeate water qual-
ity [7-9]. In addition, a high ratio of virus removal was achieved
by the combination of coagulation and MF processes. Zhu et al.
[10] reported a >4-log removal of viruses at pH 6.3 with 10 mg-
Fe/L of ferric chloride and 0.22-pum pore size of polyvinylidene
fluoride MF membrane, whereas MF alone achieved a <0.5-log
removal. Fiksdal and Leiknes [11] reported that no virus removal
was obtained without a coagulation/flocculation pretreatment pro-
cess, whereas the combination of coagulation/flocculation and MF
(0.2-um pore size of polyethersulfone) processes with 3-5 mg-Al/L
of commercial aluminum-based coagulant provided from 6.7- to
>7.5-log removal of viruses. Our research group also reported the
effectiveness of a coagulation—-ceramic MF system [12,13]: a >6-log
removal of viruses was achieved by two types of 0.1-.m pore size
ceramic MF systems (positive pressure-driven monolith type and
negative pressure-driven immersed type) with 0.5-1.0 mg-Al/L of
polyaluminum chloride.

To evaluate the virus removal performance of the mem-
brane filtration process, bacteriophages (i.e., viruses that infect
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bacteria) have been used as possible indicators for enteric viruses.
Because of their morphological similarity to hepatitis A viruses
and polioviruses, F-specific RNA bacteriophage MS2 is widely used
as a surrogate for pathogenic waterborne viruses in Europe and
the United States [2,10,11,14-16] and the F-specific RNA bacterio-
phage QP tends to be used as a surrogate in Japan [4,5,12,13,17,18].
Previous studies have compared the behaviors of QB and MS2
in the coagulation process and direct MF process. The removal
of these bacteriophages in the coagulation process with polyalu-
minum chloride differed markedly [19,20], whereas their removal
was similar in the direct MF process with a 0.1-pm pore size
ceramic membrane [21]. Therefore, the removal of QB and MS2
in the coagulation-MF process may differ as well, although these
differences have not been investigated fully. If marked differences
do exist, then Q8 and MS2 cannot be used as equivalent surrogates
to evaluate the effectiveness of coagulation-MF processes for the
removal of pathogenic waterborne viruses.

The effectiveness of membrane filtration processes, including
the coagulation-MF process, for virus removal is generally evalu-
ated based on the results of the plaque forming unit (PFU) method,
which can detect only infectious viruses. However, a decrease in the
infectious virus concentration is not only due to physical removal
(e.g., sieving, adsorption) during the membrane separation pro-
cess, but also to virucidal activity of aluminum coagulant [19,20]
during the coagulation pretreatment. The mechanisms of viruci-
dal activity of aluminum coagulant remain unclear. Inactivated
viruses in the MF permeate might recover their infectivity in the
water distribution system. However, the PFU method cannot detect
the inactivated viruses that leak into MF permeate, which might
underestimate the risk of infection. In other words, the removal
performance of virus particles during the coagulation-MF process
may be overestimated. The PFU method cannot distinguish whether
a decrease results from physical removal, virus inactivation during
the treatment process, or both, In contrast, the polymerase chain
reaction (PCR) method can detect infectious viruses as well as inac-
tivated viruses, unless the target nucleic acid is lost. Accordingly, a
combination of the PFU and PCR methods allows physical removal
and virus inactivation in the treatment processes to be clearly dis-
tinguished. To date, only our research group has investigated the
virus removal performance and mechanisms of both infectious and
inactivated viruses in the coagulation-MF process [17,18].

Our objectives in the present study were to investigate the
behavioral differences of Qf and MS2 during the coagulation-
ceramic MF system using both PFU and real-time reverse
transcription—polymerase chain reaction (RT-PCR) methods and to
elucidate what caused those differences.

2. Materials and methods
2.1. Source water, coagulant, and MF membranes

River water was sampled on 12 October 2007 from the Toyohira
River (Sapporo, Japan; water quality shown in Table 1). Polyalu-
minum chloride (PACI 250A; 10.5% Al,03, relative density 1.2 at
20 -C; Taki Chemical Co., Ltd., Hyogo, Japan) was used for the coag-
ulation process. The membrane used was a monolithic ceramic MF

Table 1

Water quality measures of the Toychira River.

pH )
DOC (mg/L) 0.90
0D260 (cm™') 0.027
Turbidity (NTU) 0.50
Alkalinity (mg-CaCQO;/L) 19.1

module (61-channel tubular; nominal pore size 0.1 wm, effective
filtration area 0.048 m?, membrane diameter 0.03 m, membrane
length 0.1 m; NGK [nsulators, Ltd., Nagoya, Japan), which was
installed in a stainless-steel casing.

22. Bacteriophages

The bacteriophages QB (NBRC 20012) and MS2 (NBRC 102619)
were obtained from the NITE Biological Research Center (NBRC,
Chiba, Japan). QB is the prototype member of the genus Allole-
vivirus in the Leviviridae, and MS2 is the prototype member of
the genus Levivirus in the Leviviridae. The genomes of these two
bacteriophages contain a single molecule of linear positive-sense,
single-stranded RNA, which is encapsulated in an icosahedral pro-
tein capsid with a diameter of 24-26 nm [22). Each bacteriophage
was propagated for 22-24 h at 37 “Cin Escherichia coli (NBRC 13965)
obtained from NBRC. The bacteriophage culture solution was cen-
trifuged (2000 x g, 10min) and then passed through a membrane
filter (pore size 0.45um, hydrophilic cellulose acetate; Dismic-
25c¢s, Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The filtrate was purified
with a centrifugal filter device (molecular weight cutoff 100,000,
regenerated cellulose; Centriplus-100, Millipore Corp., Billerica,
MA, USA) to prepare the bacteriophage stock solution.

2.3. Coagulation-ceramic MF experiments

The experimental setup is shown in Fig. 1. The river water was
spiked with either Q3 or MS2 in the raw water tank at approx-
imately 105 or 108 PFU/mL. The raw water tank was constantly
mixed with an impeller stirrer during the experiments. The raw
water was fed into the system at a constant flow rate (83.3 L/m2 h)
by a peristaltic pump. Hydrochloric acid was added before the first
in-line static mixer (hydraulic retention time 1.8s; 1/4-N40-172-
0, Noritake Co., Ltd., Nagoya, Japan) to maintain the MF permeate
at pH 6.8. PACI was injected after the first in-line static mixer and
before the second in-line static mixer at a constant dose rate (0.54
or 1.08 mg-Al/L). To obtain the two coagulation times, the in-line
static mixer (hydraulic retention time 1.8 s) and a combination of
the in-line static mixer and a subsequent tygon tube reactor (total
hydraulic retention time 5 min) were used as the second in-line
static mixer. After the PACI had been mixed in, the water was
fed into the ceramic MF module in dead-end mode. Filtration was
performed for 4 h without any backwashing. Bacteriophage con-
centrations in the raw water tank and in the MF permeate were
measured every 1 h.

2.4. Extraction of bacteriophage from ceramic MF compartment

After the filtration experiments, the water (floc mixture) in
the MF compartment was withdrawn by gravity. To quantify the
bacteriophage concentration in the liquid phase of the floc mix-
ture, the suspended floc particles were separated from the mixture
by centrifugation (2000 x g, 10min), and then the bacteriophage
concentration in the supernatant was measured by the PFU and
real-time RT-PCR methods (see Section 2.5): the PFU method
measured the concentration of infectious bacteriophages, and the
real-time RT-PCR method measured the concentration of total
bacteriophages regardless of their infectivity. To quantify the bacte-
riophage concentrations in the suspended aluminum floc particles,
the floc particles were dissolved by raising the pH of the water to
9.5 with aqueous sodium hydroxide in 12% beef extract (Kyokuto
Pharmaceutical Industrial Co., Ltd., Tokyo, Japan) solution and vor-
texing the water intensely for 5h at 4°C. Beef extract was used in
an effort to prevent the inactivation of virus during floc dissolution
[19]. The bacteriophage concentrations in the floc mixture were
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Fig. 1. Schematic diagram of the experimental coagulation-ceramic MF system. Cp and C are the bacteriophage concentrations (PFU or particles/mL) in the raw water tank

and the MF permeate, respectively, at each sampling time.

then measured by the PFU and real-time RT-PCR methods. In addi-
tion, to elute floc particles retained on the membrane surface after
the floc mixture had been withdrawn by gravity, hydraulic back-
washing (pressure 0.5 MPa) with 200 mL of Milli-Q water (Milli-Q
Advantage, Millipore Corp.) was conducted using a nitrate gas cylin-
der. The floc particles in the backwash eluent were dissolved by the
method described above, The bacteriophage concentrations in the
backwash eluent were measured by the PFU and real-time RT-PCR
methods. Finally, the quantities of bacteriophages in the solid phase
in the MF compartment were calculated from the bacteriophage
concentrations in the floc mixture and the backwash eluent.

Because beef extract is known to inhibit the amplification of the
viral genome by PCR [23,24], each floc dissolution sample contain-
ing beef extract was diluted 10-fold with Milli-Q water before the
real-time RT-PCR quantification,

2.5. Bacteriophage assays

2.5.1. PFU method

The infectious bacteriophages were enumerated according to
the double-layer method [25] using the bacterial host E. coli. The
average of plaque counts of triplicate plates prepared from one sam-
ple was considered as the infectious bacteriophage concentration.

2.5.2. Real-time RT-PCR method

Viral RNA of bacteriophages was quantified by the real-time
RT-PCR method, which detects viruses regardless of their infectiv-
ity. We defined concentration measured by the real-time RT-PCR
method as total bacteriophage concentration. For quantification of
bacteriophages in the raw water, MF permeate, and liquid phase
of the floc mixture, viral RNA was extracted from 200 L of sam-
ple with a QlAamp MinElute Virus Spin Kit (Qiagen K.K., Tokyo.

Japan) to obtain a final volume of 20 pL. For quantification of bac-
teriophages in the floc dissolution sample containing beef extract,
a 100-p.L sample was heated at 90 *C for 10 min and then cooled to
4°Cfor 1 mininathermal cycler (Thermal Cycler Dice Model TP600,
Takara Bio Inc., Shiga, Japan) to extract viral RNA by destroying the
capsid. The extracted RNA solution was added to a High-Capacity
cDNA Reverse Transcription Kit with RNase Inhibitor (Applied
Biosystems Japan Ltd., Tokyo, Japan) for the RT reaction, which
was conducted at 25°C for 10min, 37°C for 120min, and 85°C
for 55, followed by cooling to 4°C in the thermal cycler. The cDNA
solution was then amplified by TagMan Universal PCR Master Mix
with UNG (Applied Biosystems Japan Ltd.), 400 nM of each primer
(HQ-SEQ grade, Takara Bio Inc.), and 250nM of TagMan probe
(Applied Biosystems Japan Ltd.). The oligonucleotide sequences of
the primers and the probes are shown in Table 2. Amplification was
conducted at 50°C for 2 min, 95 °C for 10 min, and 50 cycles of 95°C
for 15sand 60 °C for 1 min in an ABI Prism 7000 Sequence Detection
System (Applied Biosystems Japan Ltd.).

The standard curve for the real-time RT-PCR method was based
on the relationship between the infectious bacteriophage concen-
tration of a freshly prepared stock solution measured by the PFU
method and the number of cycles for amplification in the PCR pro-
cess, which is based on the assumption that the freshly prepared
stock solution did not contain any inactivated bacteriophages.

2.6. Electron micrography

QP and MS2 were observed with an electron microscope. Ten
microliters of each bacteriophage stock solution (see Section 2.2)
was placed on a 400-mesh copper grid with collodion membrane
(Nissin EM Corp.. Tokyo, J]apan) and adsorbed to the grid for 1 min.
Excess solution on the grid was drained with filter paper, and

Table 2 :

Oligonucleotide sequences of the primers and the probes used in real-fime RT-PCR quantification of Qf and MS2.

Viruses Oligonucleotide sequences Positions References
Forward primer 5'-TCA AGC CGT GAT AGT CGT TCC TC-3° 49-71

Qp Reverse primer 5-AAT CGT TGG CAA TGG AAA GTG C-3' 187-208 [26]
TagMan probe 5-CGA GCC GCG AAC ACA AGA ATT GA-3' 147-169
Forward primer 5'-GTC GCG GTA ATT GGC GC-3' 632-648

MS2 Reverse primer 5'-GGC CAC GTG TTT TGA TCG A-3° 690-708 [27]
TagMan probe 5'-AGG CGC TCC GCT ACC TTG CCC T-3 650-671
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bacteriophages were negatively stained with 10 L of 2% phospho-
tungstic acid (pH 7.0) for 45 s. After the excess strain was drained off,
each grid was examined with a transmission electron microscope
(TEM, JEM-1210, Jeol Ltd., Tokyo, Japan). Particle diameter of each
bacteriophage was expressed as the mean and standard deviation
of 20 randomly chosen particles on the electron micrograph.

2.7. Electrophoretic mobility

Electrophoretic mobility of bacteriophages was measured in
prepared Milli-Q water and filtered river water. To bring the alka-
linity to 20 mg-CaCO5/L, 0.4 mM NaHCO; was added to the Milli-Q
water, and the pH was adjusted to 6.8 with HCl. River water was
filtered through a stirred ultrafiltration cell (Model 8400, Milli-
pore Corp.) with ultrafiltration membrane (molecular weight cutoff
100,000, regenerated cellulose; Ultrafiltration Disks, YM-100, Mil-
lipore Corp.) to exclude the large particles, and the pH was adjusted
to 6.8 with HCl. The Milli-Q and river water samples were kept for
1 day at 20°C to stabilize the pH. Just before the measurement
of electrophoretic mobility, each bacteriophage was suspended
at approximately 10'? PFU/mL in the prepared Milli-Q water or
filtered river water using the bacteriophage stock solution. The
electrophoretic mobility of the bacteriophages was measured with
an electrophoretic light-scattering spectrophotometer (ELS-6000,
Otsuka Electronics Co., Ltd., Osaka, Japan) 25 times for each sample
at 25°Cand at a 15 measurement angle.

3. Results and discussion
3.1. Particle diameter and electrophoretic mobility

Fig. 2 shows the electron micrographs of Qf and MS2. Nearly the
same particle diameters were observed: 23.5 £ 0.8 nm for QB and
22,5+ 1.0nm for MS2. These values correspond with the particle
diameters previously reported for Q8 and MS2 [22].

To investigate the electrokinetic properties of bacteriophages,
the electrophoretic mobility (i.e., surface charge) was measured in
the prepared Milli-Q water and filtered river water (Fig. 3). The sur-
face charge on virus particles is often invoked to discuss the virus
removal by physicochemical water treatment processes such as
coagulation [20], media filtration [28-30), and membrane filtration
[4,14]. The electrophoretic mobility of QB and MS2 were compared
using the t-test (two tail) based on 0.01 level of significance. [n the
present study, the electrophoretic mobility of Q3 in the prepared
Milli-Q water was significantly (P<0.01)less than that of MS2, Thus,
the capsid proteins of these two bacteriophages consist of different

.

Electrophoretic Mehility {((um/s)/(Viem))

Milli-Q water Filtered river water

Fig.3. Electrophoretic mobility of QB {white)and MS2(gray)in the prepared Milli-Q
water and filtered river water. Values represent the mean and standard deviation of
25 measurements. Bacteriophage concentration of each sample was approximately
10" PFU/mL.

types of amino acid, so that the surface charges of the bacterio-
phages differed according to the difference in the dissociation of
functional groups in constitutive amino acids. In the prepared Milli-
Q water, the behaviors of these bacteriophages might be different
during the coagulation-ceramic MF process. In contrast, no signif-
icant (P> 0.01) difference in electrophoretic mobility was observed
in the filtered river water, possibly because the ionic strength of the
river water is large enough to compress the effective thickness of
the diffuse layer around the bacteriophage particles, which would
allow the attractive van der Waals interaction to dominate [31] and
reduce the difference in the electrophoretic mobility accordingly.
Alternatively, multivalent ions present in the river water influenced
the electrophoretic mobility. In this river water, QB and MS2 are
expected to behave in a similar manner as would particles during
the coagulation-ceramic MF process. Moreover, the surface charges
of these two bacteriophages were negative at this pH condition
(Fig.3). Thisresult is supported by previous studies [30,32] inwhich
the isoelectric point (pl) of Q8 and MS2 were reported at around 5.3
and 3.9, respectively. The negative surface charge of QB and MS2
indicate that virus-virus aggregates were unlikely to be generated

Fig. 2. Negative-strain electron micrographs of (a) QB and (b) MS2. The scale bar represents 50 nm.
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Fig. 4. Effect of coagulant dose and coagulation time on infectious bacteriophage removal. Open and solid symbols represent Qf and MS2, respectively. Circles and diamonds
represent coagulant dosage of 0.54 and 1.08 mg-Al/L, respectively. Coagulation times were 1.8s (a) and Smin (b). Initial bacteriophage concentrations of raw water were

approximately 10° PFU/mL.

and these two bacteriophages were stably monodispersed in the
raw water used (without coagulant dosing).

3.2. Effect of coagulant dose and coagulation time on infectious
bacteriophage removal

Fig. 4 shows the effect of coagulant dose and coagulation
time on the infectious bacteriophage removal obtained by the
PFU method in the coagulation-ceramic MF system (initial con-
centration of each bacteriophage was approximately 10 PFU/mL).
Because the diameters of both bacteriophages, as confirmed by
electron microscopy, are smaller than the nominal pore size of
MF membrane (0.1 .m). nonaggregated viruses are expected to
pass through the MF membrane. Although other researchers have
reported adsorptive interactions between virus and membrane sur-
face, such as electrostatic and hydrophobic interactions, as some
of the important factors for virus removal in the MF process
[4,14], no removal of QB and MS2 was observed during the 4-
h filtration without coagulation pretreatment (data not shown).
This result suggests that the effect of electrostatic and hydropho-
bic interactions were negligible in this ceramic MF process. In
contrast, addition of the coagulation pretreatment was effective
in removing infectious bacteriophages under all coagulation con-
ditions (Fig. 4). The removal ratio (log|Cgy/C]) of both infectious
bacteriophages gradually increased with filtration time, and a >5-
log removal ratio was achieved for each infectious bacteriophage
after 4 h of filtration. In a study using Qf3, our research group pre-
viously reported the factors that contribute to the time-course
increase in the virus removal ratio [18]: growth of a cake layer
that accumulated on the membrane surface and accumulation of
foulants on the internal structure of the membrane pores probably
account for the time-course increase in the virus removal ratio in
the coagulation—-ceramic MF system.

The effect of coagulant dose (0.54 mg-Al/L vs. 1.08 mg-Al/L) on
infectious bacteriophage removal was observed with the 1.8-s coag-
ulation time (Fig. 4a). The removal ratio of each bacteriophage
increased with coagulant dose, but the effect was not large, per-
haps because the infectious bacteriophage concentrations in the
MF permeate were close to its detection limit (10° PFU/mL, approx-
imately 6-log removal) with the 1.08 mg-Al/L coagulant dose. In
contrast, Matsushita et al. [13] reported that the coagulant dose
strongly affected the virus removal by the coagulation-ceramic
MF system: the time-averaged virus removal was only 2.8 log at

a 0.54 mg-Al/L coagulant dose, whereas 1.08 mg-Al/L achieved a
6.4-log time-averaged virus removal of infectious Q. This result
does not correspond with the present findings, even though the
same coagulation-ceramic MF system was used in both studies.
One reason for the discrepancy is the difference in source water.
The previous study used Toyokawa River (Aichi, Japan) water (DOC
1.1 mg/L, 0D260 0.037 cm~') as the source [13]. DOC and 0D260
of Toyokawa River water were higher than those of Toyohira River
water (Table 1). These water qualities possibly affected the virus
removal perfermance in the coagulation process. Accordingly, the
removal performances of infectious bacteriophages between the
previous and the present study were different at 0.54 mg-Al/L
coagulant dose. The coagulation time also affected the infectious
bacteriophage removal: extending the coagulation time from 1.8 s
to 5 min somewhat increased the removal ratio of infectious bacte-
riophages. Thus, coagulant dose and coagulation time affected the
infectious bacteriophage removal in this coagulation-ceramic MF
system,

Fig. 5 summarizes the time-averaged infectious bacteriophage
removal in the coagulation-ceramic MF system. According to the
U.S. Environmental Protection Agency National Primary Drinking

-
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Fig. 5. Filtration time-averaged infectious bacteriophage removal. White and gray
columns represent QP and MS2, respectively. Initial bacteriophage concentrations
of raw water were approximately 10° PFU/mL.



