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Virus removal in a hybrid coagulation-microfiltration
system -Investigating mechanisms of virus removal by
a combination of PCR and PFU methods

N. Shirasaki***, T. Matsushita*, Y. Matsui’, K. Ohno* and M. Kobuke*
*Division of Built Environment, Graduate Schoo! of Engineering, Hokkaido University, N13W18,
Sapporo 060-8628, Japan

“*Department of Civil Engineering, Gifu University, Yanagido 1-1, Gifu 501-1193, Japan
(E-mail: nobutaka@eng.hokudai.ac.jp)

Abstract Virus removal performance and mechanisms were investigated in a hybrid coagulation~
microfiltration (MF) system by using river water spiked with bacteriophage QP. Virus remova! increased with
filtration time: the rate of virus removal was 4 log at the beginning of filtration and gradually increased to 6
log over 5 h, probably because of the growth of a cake layer that accumulated on the membrane surface.
Quantification of the virus particles in the MF compartment by a combination of a polymerase chain reaction
{PCR) method and a plaque forming unit (PFU) method revealed that most of the virus (>99.999%) in the
MF compartment was entrapped in the aluminium floc and then located in the solid phase; most of the virus
(>99.9%) in the solid phase was inactivated. The rate of recovery of virus particles from the MF
compartment decreased with filiration time: after 3 h of filtration approximately half of the virus particles in
the MF compartment were not recovered by hydraulic backwashing, indicating that the virus might have
been retained on the MF membrane as part of an irreversible foulant.

Keywords Coagulation; mass balance; microfiltration (MF); virus removal

Introduction

Microfiltration (MF) can remove turbidity, bacteria, algae, and protozoa from water and
wastewater. However, the pore sizes of MF membranes are not small enough to remove
particles with diameters less than tens of nanometers. Included among such small
particles are pathogenic waterborne viruses, such as hepatitis A viruses, polioviruses
and noroviruses, which are approximately 0.02 to 0.04 um in diameter. Therefore, these
viruses cannot be removed by MF membranes alone. To compensate for this
disadvantage, a coagulation process has been sometimes used as a pretreatment for
microfiltration. Hybrid coagulation~MF systems have actually already been applied to
the treatment of drinking water in Japan, and some researchers have reported that these
systems result in a high rate of virus removal (Matsui et al., 2003a; Matsushita et al.,
2005; Zhu et al., 20054, b; Fiksdal et al., 2006).

Although the hybrid system ensures high time-averaged virus removal, virus removal
is not very high at the beginning of filtration (only approximately 1-2 log removal). The
rate of virus removal increases with filtration time (Matsushita er al., 2005). This means
that the rate of virus removal will probably fall to a low level at every backwashing,
by which the cake layer accumulated on the membrane surface is flushed.

To date, the mechanisms of virus removal in hybrid systems are not clearly
understood. One reason is the difficulty in investigating the fate of viruses in the hybrid
system, which is attributable to the poor recovery rate of viruses from the MF
compartment (Matsushita et al., 2006). Elucidating the main factors of virus removal

doi: 10.2166/ws.2007.136
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would possibly help to improve the rate of virus removal, particularly at the beginning of
filtration and in the period just after backwashing.

Accordingly, the objective of the present study was to investigate the mechanisms of
virus removal in the hybrid system. For this purpose, the change in the quantity of viruses
with filtration time in the MF compartment was determined by using a combination
of a polymerase chain reaction method (PCR; for quantification of both infectious and
inactivated viruses) and a plaque forming unit method (PFU; for quantification of
infectious viruses).

Materials and methods

Source water, coagulant, and MF membranes

River water was sampled from the Toyohira River (Sapporo, Japan, water quality shown in
Table 1) on 12 December 2006. Polyaluminium chloride (PACI; 10% Al O3, basicity 62.5%;
Sumitomo Chemical Co. Lid., Tokyo, Japan) was used for coagulation pretreatment.
The membrane used was a monolithic ceramic MF module (multichannel tubular, nominal
pore size 0.1 wm, effective filtration area 0.048 m*; NGK Insulators, Ltd., Nagoya, Japan),
which was installed in a stainless-steel casing.

Virus used

Bacteriophage QB (NBRC 20012) obtained from the NITE Biological Resource Center
(NBRC, Chiba, Japan) was used as a model virus. The genome of Q consists of a single-
strand RNA molecule encapsulated in an icosahedral protein shell (capsid) approximately
0.023 wm in diameter, without an envelope. QP is widely used as a surrogate for pathogenic
waterborne viruses (Urase ef al., 1996; Otaki et al., 1998) because of its morphological
similarities to hepatitis A viruses and polioviruses, which are important to remove during the
treatment of drinking water. QB was propagated for 22 to 24 h at 37°C in Escherichia coli
(NBRC 13965) obtained from NBRC. The QP culture solution was centrifuged (2,000 X g,
10 min) and then filtered through a 0.45 wm pore size membrane filter (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; Centriplus-100, Millipore Corp.,
Billerica, MA, USA) to prepare the virus stock solution. By this purification, the DOC
increase as a result of spiking of the river water with the stock solution was reduced to less
than 0.1 mg/L.

Experimental setup

The experimental setup is shown in Figure 1. The river water was spiked with virus in
the raw water tank at 10>°-10%2PFU/mL. The river water was fed into the system at a
constant flow rate (62.5L/(m>h)) by a penistaliic pump. Hydrochloric acid was added
before the first in-line static mixer (hydraulic retention time 2.4 s, Noritake Co., Lud.,
Nagoya, Japan) to maintain the pH of the MF permeate at 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 (1.08 mg-Al/L). After the PACI had been mixed in, the water was fed into the
ceramic MF module in dead-end mode. Filtration was performed for 0.25, 1, 3, or 6h

Table 1 River water quality

pH 75
DOC (mg/L) 1.10
0OD260 {cm™") . 0.027
Turbidity (NTU) 1.13

Alkalinity {mg-CaCOa/L) 17.6
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Figure 1 The experimental hybrid coagulation-MF system. Co and C are the virus concentrations (PFU/mL)
in the raw water tank and the MF permeate, respectively, at each sampling time

without backwashing. Virus concentrations in the raw water tank and in the MF permeate
were periodically measured every | h.

Quantification of virus in MF compartment

After the filtration experiments, the water (floc mixture), in the MF compartment was
withdrawn by gravity. To quantify the virus concentration in the liquid phase of the floc
mixture, the mixture was centrifuged (2,000 X g, 10min) and then the virus concen-
tration in the supernatant was measured by the PFU and PCR methods, as described
below: the PFU method measured the concentration of infectious viruses, and the PCR
method measured the concentration of total virus particles, regardless of their infectivity.
Next, to quantify the virus concentrations in the suspended aluminium floc as well as in
the liquid phase of the floc mixture, the floc was 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 vortexing it intensely for 5h. Beef extract
was used in an effort to prevent the inactivation of virus during floc dissolution (Matsui
et al., 2003b). After that, the virus concentrations in the floc mixture were measured by
PFU and PCR methods. In addition, to elute floc retained on the membrane surface after
the floc mixture had been withdrawn by gravity, hydraulic backwashing (pressure,
0.5MPa) with 200 mL of ultrapure water was conducted. The floc in the backwash eluent
was dissolved by the method described above. The virus concentrations in the backwash
eluent were measured by the PFU and PCR methods. Finally, the quantities of virus
particles in the solid phase in the MF compartment were calculated from the virus
concentrations in the floc mixture and the backwash eluent.

Virus assay

To measure the concentration of infectious viruses, the PFU method was used in
accordance with the agar overlay method (Adams, 1959) by using the bacterial host
Escherichia coli. Average plaque counts of triplicate plates prepared from one sample
gave the virus concentration.

To measure the concentration of virus particles regardless of their infectivity, real-time
PCR with a reverse transcription (RT) reaction was used. A 100 uL. sample was heated at
90°C for 10 min then cooled to 4°C in a thermal cycler (Thermal Cycler Dice Model TP600,
Takara Bio Inc., Otsu, Japan) to extract viral RNA by destroying the capsid. The 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
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