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We investigated the effects of basicity, sulfate content, and aluminum hydrolyte species on
the ability of polyaluminum chloride (PACI) coagulants to remove F-gpecific RNA bacte-
riophages from river water at a pH range of 6—8. An increase in PACl basicity from 1.5 to 2.1
and the absence of sulfate led to a reduction of the amount of monomeric aluminum
species (i.e,, an increase of the total amount of polymeric aluminum and colloidal
aluminum species) in the PAC], to an increase in the colloid charge density of the PAC], or
to both and, as a result, to high virus removal efficiency. The efficiency of virus removal at
around pH 8 observed with PACI-2.1c, a nonsulfated high-basicity PAC! (basicity 2.1-2.2)
with a high colloidal aluminum content, was larger than that observed with PACI-2.1b, a
nonsulfated high-basicity PACI (basicity 2.1—2.2) with a high polymeric aluminum content.
In contrast, although extremely high basicity PACls (e.g., PACI-2.7ns, basicity 2.7) effec-
tively removed turbidity and UV260-absorbing natural organic matter and resulted in a
very low residual aluminum concentration, the virus removal ratio with PACl-2.7ns was
smaller than the ratio with PAC]-2.1c at around pH 8, possibly as a result of a reduction of
the colloid charge density of the PACI as the basicity was increased from 2.1 to 2.7. Liquid
27A1 NMR analysis revealed that PACI-2.1c contained Alyg species, which was not the case
for PACI-2.1b or PACI-2.7ns. This result suggests that Als, species probably played a major
role in virus removal during the coagulation process. In summary, PACI-2.1¢, which has
high colloidal aluminum content, contains Als, species, and has a high colloid charge
density, removed viruses more efficiently (>4 logy, for infectious viruses) than the other
aluminum-based coagulants—including commercially available PACls (basicity 1.5-1.8),
alum, and PACL-2.7ns—over the entire tested pH (6~8) and coagulant dosage (0.54—5.4 mg-
Al/L) ranges.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Aluminum-based coagulants such as polyaluminum chloride
(PAC]) and alum are commonly used in coagulation processes
to destabilize suspended and dissolved materials in water and
combine them into large flocs that are easily separated from
the water by subsequent sedimentation or filtration. Water-
borne enteric viruses, which do not settle from suspension
under the influence of gravity, can also be removed with
aluminum-based coagulants. For example, Nasser et al. (1995)
reported that 88.4% and 47% of hepatitis A virus and polio-
virus, respectively, can be removed by coagulation with
30 mg/L of alum. We have reported that a coagulation process
with PAC] or alum effectively removes bacteriophages, which
are viruses that infect bacteria and may be indicators for
waterborne enteric viruses (Matsushita et al., 2011).

The efficiency of microorganism removal by coagulation
processes is strongly influenced by several factors, including
the nature and dosages of the coagulant used, pH, tempera-
ture, and mixing method (Hijnen and Medemsa, 2010). In
particular, pH control during the coagulation process is
essential for optimal coagulation (Bratby, 2006). Guc and Hu
(2011) reported that coagulation with alum at pH 8 does not
result in significant virus removal, whereas coagulation at pH
6 and 7 does. Worldwide, the pH of various surface drinking
water sources is changing from neutral to alkaline because of
the excessive growth of algae (Hu et al, 2006; Matsukawea
et al., 2006), and this change can be expected to reduce coag-
ulation efficiency and thus virus removal performance if
commercially available PACI or alum is used without pH
adjustment. Reducing the pH of drinking water sources with
acid or increasing the coagulant dosage is sometimes required
to improve coagulation efficiency (Hu et al., 2006; Yan et al,,
2008a). However, both of these methods have some disad-
vantages, such as increasing the residual aluminum concen-
tration in treated water (Matsukawa et al, 2006) and
increasing the treatment cost (Yan et al., 2008a). Therefore,
the development of new coagulation processes that effec-
tively remove suspended and dissolved materials, including
viruses, from both neutral and alkaline drinking water sources
without the need for pH optimization is highly desired.

For the improvement of coagulation efficiency, PACI co-
agulants with various aluminum hydrolysis ratios
(basicity = [OHJ/[AI**]) have been produced, and the influ-
ence of PACI basicity on coagulation processes has been
investigated (Wang et al., 2002; Yan et al., 2008a,b; Yang et al.,
2011; Zhang et al,, 2008). For example, Wang et al. (2002) re-
ported that turbidity removal at alkaline pH is improved by
increases in PACI basicity. Zhang et al. {2008) reported that the
coagulation efficiency of PACI increases with increasing ba-
sicity: specifically, PAC] with a basicity of 2.4 exhibits higher
humic acid removal efficiency and lower residual aluminum
concentration at a broader pH range and a wider PAC] dosage
range compared to PACls with basicities of 1.2 and 1.8. In
previous work, we compared PACIs with basicities of 2.1 and
1.5 in the pH range of 6.8—7.8 and found that the former,
which contains a smaller percentage of monomeric
aluminum species and a larger percentage of colloidal
aluminum species than the latter, removes dissolved organic

carbon more efficiently and with a lower residual aluminum
concentration (Kimura et al., 2013). Moreover, PACls with ba-
sicities of >2.6 yield a very low residual aluminum concen-
tration (<0.02 mg/L), even at a wide pH range (6.5—8.5; Kimura
et al,, 2013). High-basicity PACls are expected to effectively
remove viruses not only at neutral pH but also at weakly
alkaline pH; however, virus removal during coagulation pro-
cesses with high-basicity PACls has not been fully investi-
gated. In addition, little information is available about how the
small amount of sulfate (e.g. 3% w/w) that is present in
commercially available PACls to improve flocculation and
sedimentation efficiency (Pernitsky and Edzwald, 2003) affects
virus removal during coagulation processes.

Here, we conducted batch coagulation experiments to
investigate the effect of PACI basicity on virus removal by
comparing a wide variety of PACls with different basicities,
including commercially available PACls (basicity 1.5-1.8) and
extremely high basicity PACls (basicity 2.7). In addition, we
investigated the effect of sulfate in the PACls on virus removal
by comparing sulfated and nonsulfated PACls. Moreover, we
experimentally evaluated the aluminum species distributions
and colloid charge densities of the tested coagulants to
determine what caused the differences in virus removal
performance.

2. Materials and methods
2.1. Source water and coagulants

River water was sampled from the Toyohira River in Sapporo,
Japan, on 1 October 2010, 24 June 2011, and 4 December 2012
(water quality data are shown in Table S1, Supplementary
Information).

We conducted three sets of coagulation experiments on
the river water samples. For the first set of experiments, we
used five aluminum-based coagulants (Table 32). Two
commercially available PACIs (PAC]-1.5s and PACI-1.8s, where
1.5 and 1.8 are the basicity values, and “s” stands for
“sulfated”; Taki Chemical Co., Kakogawa, Japan). A trial high-
basicity PACI (PACI-2.1s, which is now commercially available)
was also supplied by the same company. For comparison with
the commercially available PACls, we evaluated an AlCl; so-
lution prepared by dilution of reagent-grade aluminum(lll)
chloride hexahydrate (AlCl3-6H,0, Wako Pure Chemical In-
dustries, Osaka, Japan) in Milli-Q water (Milli-Q Advantage,
Millipore Corp., Billerica, MA, USA), and we also evaluated a
commercially available alum (Taki Chemical Co.).

After the first set of experiments was completed, we con-
ducted a second set of experiments with eight aluminum-
based coagulants (Table S2). In addition to two of the
sulfated PACIs described above, we evaluated a trial non-
sulfated PACl (PACI-1.5ns, where “ns” stands for “non-
sulfated”), a high-basicity nonsulfated PACI (PACl-2.1ns), and
an extremely high basicity nonsulfated PACI (PACI-2.7ns), all
provided by Taki Chemical Co., to further investigate the ef-
fects of basicity and sulfate on virus removal. We also evalu-
ated three PACls (PACI-2.1b, PACI-2.1c, and PACI-2.7, where
“b” and “c” indicate high Al, and Al. content, as measured by a
ferron method, described below) prepared by a base titration
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method in our laboratory, as described previously (Kimura
et al,, 2013).

Finally, we conducted a third set of experiments with eight
aluminum-based coagulants (Table S2), which were provided
by Taki Chemical Co. or prepared in our laboratory by the base
titration method.

All the laboratory-made PACls (PACI-0.9, PACGI-1.5, PACI-
2.1b, PACI-2.1c, and PACI-2.7) were nonsulfated, and they are
distinguished from the company-made PACIs in that “ns” is
not included in the name.

All the coagulants were used in batch coagulation experi-
ments immediately after dilution with Milli-Q water.

2.2 Characterization of coagulants

2.2.1. Ferron method

The aluminum hydrolyte species in the coagulants were
analyzed by means of a ferron method (Wang et al., 2004) after
dilution with Milli-Q water to a concentration of 2.7 g-Al/L, i.e,,
0.1 M-Al (analytical pH condition was approximately 4-5). On
the basis of the kinetic differences between the reactions of
the aluminum species and the ferron reagent (8-hydroxy-7-
iodoquinocline-5-sulfonic acid, Wako Pure Chemical In-
dustries), aluminum hydrolyte species were categorized as
monomeric species, fast-reacting polymeric species, or slow-
reacting colloidal species, denoted as Al,, Al,, and Al
respectively (Wang et al, 2004). After addition of the ferron
reagent to the diluted coagulant, the mixture was immedi-
ately stirred magnetically for 10 s at 400 rpm, and then the
absorbance at 366 nm was measured with a UV-1700 Pharma
Spec spectrophotometer (Shimadzu Corp., Kyoto, Japan) at
predetermined reaction times. The aluminum hydrolyte spe-
cies were operationally divided into the three categories as
follows: Al,, species that reacted with ferron within 30 s; Aly,
species that reacted with ferron within 120 min (absorbance at
120 s minus the absorbance due to Al)); and Al species that
did not react with ferron (Al. = Al; — [Al, + Aly], where
Al, = total Al). To obtain Al,, we adjusted the pH of the diluted
coagulant to approximately 0.5 with ultrapure nitric acid
(Kanto Chemical Co., Tokyo, Japan), heated it for3h at 85°Cin
a muffle furnace, cooled it to room temperature, and then
analyzed it by the ferron method as described for Al,.

2.2.2. Liquid Al nuclear magnetic resonance analysis

In addition to the ferron method, Al nuclear magnetic
resonance (NMR) spectrometry was also used to characterize
the aluminum hydrolyte species in the coagulants after dilu-
tion with Milli-Q water to a concentration of 2.7 g-AV/L, i.e,,
0.1 M-Al (analytical pH condition was approximately 4-5). On
the basis of chemical shift differences, aluminum hydrolyte
species were categorized into four groups: monomeric species
(Aly,), dimeric and trimeric species, tridecameric species (Al;a),
and Algg species (Chen et al., 2006, 2007; Gao et al., 2005). After
addition of deuterium oxide (75% v/v, Wako Pure Chemical
Industries) to the diluted coagulant, the solution was placed in
a 5-mm NMR tube. A 3-mm coaxial capillary filled with diluted
sodium aluminate (Wako Pure Chemical Industries) solution,
which was diluted with Milli-Q water to 0.01 M-Al and then
added the déuterium oxide (75% v/v). The coaxial capillary
was used as an internal standard for Al content and as the

deuterium lock (Chen et al., 2007; Gao et al.,, 2005). The NMR
spectra were measured with a JEOL JNM-ECA 600 spectrom-
eter (JEOL, Tokyo, Japan) by means of a single-pulse method
(field strength 14.09 T, resonance frequency 156.39 MHz, pulse
width 5.0 ps, repetition time 1.13 s, scans 8000, X-sweep
78.25 kHz). The reference chemical shift (0 ppm) was adjusted
with AICl; solution prepared by the procedure described
above. :

2.2.3. Colloid titration analysis

The positive colloid charges of the coagulants were deter-
mined by colloid titration with a COM-555 Potentiometric
Titrator {Hiranuma Sangyo Co., Mito, Japan). Each coagulant
was diluted with Milli-Q water to 1-2 mg-Al/L (analytical pH
condition was approximately 4-5), and then 150 mL of diluted
coagulant was transferred to a titration vessel. After addition
of 0.3 mL of toluidine blue indicator (Wako Pure Chemical
Industries) to the vessel, the solution was titrated by means of
a pump with 0.001 N potassium polyvinyl sulfate (a standard
negative colloid, Wako Pure Chemical Industries) at a constant
rate of 10 mL/min. The vessel contents were magnetically
stirred during the titration, and the absorbance at 630 nm was
recorded continuously until little change in the absorbance
(i.e., subtle change in the color of the indicator from light blue
to bluish-purple) was observed. The positive colloid charge
was determined from the volume of potassium polyvinyl
sulfate that corresponded to the half height of the descending
slope of the recorded absorbance curve.

2.3.  Bacteriophages

F-specific RNA bacteriophages QB (NBRC 20012) and MS2
(NBRC 102619) were obtained from the NITE Biological
Research Center (Kisarazu, Japan). QB (Boudaud et al., 2012;
Matsui et al, 2003; Matsushite et al.,, 2011; Shirasaki et al,,
2009a,b) and MS2 (Boudaud et &al, 2012; Fiksdal and Leiknes,
2006; Guo and Hu, 2011; Matsushita et al,, 2011; Nasser et al,,
1995; Shirasaki et al, 2009a,b; Zhu et al,, 2005) are widely
used as surrogates for waterborne enteric viruses in coagula-
tion processes because these bacteriophages are morpholog-
ically similar to hepatitis A viruses and polioviruses, removal
of which during drinking water treatment is important. 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 family. The genomes of
these two bacteriophages contain a single molecule of linear,
positive-sense, single-stranded RNA, which is encapsulated in
an icosahedral protein capsid with a diameter of 24—26 nm
(Fauquet et al., 2005). Each bacteriophage was propagated and
purified prior to the preparation of a bacteriophage stock so-
lution as described in our previous report (Shirasaki et al.,
2010).

2.4.  Coagulation experiments with bacteriophage-spiked
river water

Batch coagulation experiments were conducted with 1000 mlL
of bacteriophage-spiked river water in square plastic beakers
at 20 °C. The bacteriophage stock solution (see Section 2.3) was
added to the river water in a beaker at approximately 10°
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Fig. 1 — Effect of coagulant type on removal of infectious QB as evaluated by the PFU method (a) and on total QB removal as
evaluated by the PCR method (b) after settling during the coagulation process. The source water was river water 1, and the

coagulant dosage was 2.16 mg-Al/L.

plaque forming unit (PFU)/mL (Co), and the spiked water was
mixed with an impeller stirrer. After enough HCl or NaOH was
added to the water to bring the final pH to a target value of at 6,
7, or 8, coagulant was injected into the water at a dosage of
0.54, 1.08, 1.89, 2.16, or 5.4 mg-Al/L. The water was stirred
rapidly for 1 min (G = 200 s™, 136 rpm) and then slowly for
10 min (G = 20 s7%, 29 rpm). The water was left at rest for
60 min to allow the generated aluminum floc particles to
settle. Then the supernatant was sampled from the beaker for
quantification of the bacteriophage concentrations (C;) and
turbidity. A portion of each supernatant was filtered through a
membrane filter (first and second sets of experiments, nomi-
nal pore size 0.4 um, polycarbonate, Isopore, Millipore; third
set of experiments, nominal pore size 0.45 pm, polytetra-
fluoroethylene, Dismic-25HP, Toyo Roshi Kaisha, Tokyo,
Japan) for quantification of the ultraviolet absorbance at
260 nm (an indication of natural organic matter [NOM] con-
centration) and for measurement of the aluminum concen-
tration. Turbidity and UV260-absorbing NOM were quantified
with a 2100AN turbidity meter (Hach Company, Loveland, CO,
USA) and a UV-1700 Pharma Spec spectrophotometer,
respectively. After ultrapure nitric acid (1% v/v, Kanto Chem-
ical Co.) was added to the membrane permeate, the aluminum
concentration was determined by means of inductively
coupled plasma—mass spectrometry (Agilent 7700 series,
Agilent Technologies, Inc., Santa Clara, CA, USA).

2.5.  Bacteriophage assay

The infectious bacteriophages were quantified by determina-
tion of the number of PFUs according to the double-layer
method (Adams, 1958) with Escherichia coli (NITE Biological
Research Center 13965) as the bacterial host. The average of
the plaque counts of triplicate plates prepared from one
sample was considered as the infectious bacteriophage con-
centration for that sample.

Bacteriophage RNA was quantified by a real-time reverse
transcription-polymerase chain reaction (RT-PCR) method,
which detects all bacteriophages regardless of their infectivity
and the existence of aggregates. The details of the real-time
RT-PCR method are described in Supplementary Information.

3. Results and discussion
3.1.  First set of experiments
3.1.1.  Effect of coagulant type on bacteriophage removal

The effect of coagulant type on the infectious Qf removal ratio
(log10[Co/Cq]) during the coagulation process was evaluated by
the PFU method after settling (Fig. 1a). Because QB is small and
was stably dispersed in the river water (because of electrical
repulsion), no removal (<0.3-log,o) of infectious QB was
observed in the absence of coagulant at any pH. In contrast,
the coagulation process removed infectious QB at a pH range
of 6—~7 no matter what type of coagulant was used. This result
indicates that the QB stably monodispersed in the river water
was destabilized by the addition of coagulant and became
adsorbed on or entrapped in the aluminum floc particles
generated during the coagulation process and that the
aluminum floc particles along with the destabilized QB then
settled out from the suspension under the influence of gravity
during the settling process. The efficiency of infectious QB
removal depended on coagulant type: whereas coagulation
with AlCl; and alum resulted in approximately 2-logo
removal at a pH range of 6—7, approximately 6-log;, removal
was achieved with all the PACIs, regardless of their basicity.
Matsushita et al. (2011) also reported that the infectious QB
removal ratio during the coagulation process with PACI is
larger than that with alum at neutral pH. Moreover, we pre-
viously reported that PACI is more effective than alum for
removing norovirus particles (Shirasaki et al., 2010).

The virus removal performances of AlCls, alum, PACI-1.5s,
and PACI-1.8s markedly decreased when the pH of the treated
water was increased from 7 to 8 (Fig. 1a). Hu et al. (2008) re-
ported that the aluminum species distributions of AlCl; and
commercially available PACI during coagulation process were
greatly changed depending on the pH: although the aluminum
species distributions of those coagulants were almost same in
the pH range from 6 to 7, monomeric aluminum species were
increased while polymeric and colloidal aluminum species
were decreased when the pH of the treated water was
increased from 7 to 8. Therefore, difference in the aluminum
species distributions of the AlCl;, alum, PACI-1.5s and PACI-
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1.8s probably contribute to the difference in the virus removal
performances between pH range from 6 to 7 and pH 8. In
contrast, PACI-2.1s retained its high virus removal perfor-
mance (~5-logio removal) even at weakly alkaline pH. This
result indicates that PACI basicity affected virus removal
performance during the coagulation process and that a high-
basicity PAC] (PACI-2.1s) effectively removed the virus not
only under weakly acidic and neutral pH conditions but also at
weakly alkaline pH. The total QB removal ratios evaluated by
the PCR method were also observed to be somewhat larger
with PACI-2.1s than the ratios with AlCls, alum, PAC]-1.5s, and
PACI-1.8s, especially at around pH 8 (Fig. 1b). In addition, the
coagulation process with PACL-2.1s removed turbidity and
UV260-absorbing NOM more efficiently and resulted in a lower
residual aluminum concentration than did AlCls, alum, PACl-
1.5s, and PACI-1.8s, especially at weakly alkaline pH (Fig. $1).

The QB removal ratios determined by the PFU and PCR
methods differed markedly: the infectious QB removal ratios
Fig. ia) were larger than the total QB removal ratios (Fig. 1b).
This difference between the PFU and PCR methods could be
explained by the formation of aggregates consisting of several
infectious QP particles, the inactivation of QB during the
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coagulation process, or both. Matsushita et al. (2011) reported
that QB loses its infectivity after being mixed with aluminum
hydrolyte species during the coagulation process with PACI-
1.5s, as indicated by a combination of filtration and particle
size measurements at neutral pH. This result suggests that the
virucidal activity of the aluminum-based coagulants contrib-
uted to the efficiency of infectious QB removal during the
coagulation process.

3.1.2. Comparison of QB and MS2 removal ratios during the
coagulation process

As described above, PACI-2.1s removed Qp more efficiently than
did other aluminum-based coagulants used in the present
study, especially at weakly alkaline pH. To confirm that PACI-
2.1s actually removed viruses more effectively than PACI-1.5s,
we also evaluated the MS2 removal ratio, because MS2 is less
sensitive than QB to the virucidal activity of PACI (Matsushita
et al,, 201%; Shirasaki et al, 2009a). We evaluated the MS2
removal efficiency by means of the PFU and PCR methods after
settling during the coagulation process, and then compared the
results with those for QB (Fig. 2). For both bacteriophages, the
removal ratios observed with PACI-2.1s were larger than those
with PACI-1.5s at around pH 8. This result means that compared
to coagulation with PACI-1.5s, coagulation with PACI-2.1s more
effectively removed not only a virus that is highly sensitive to
the virucidal activity of the aluminum-based coagulants but
also a virus that is less sensitive.

The infectious QB removal ratio of PACl-2.1s was approxi-
mately 3-logyo larger than the infectious MS2 removal ratio,
partly because of the different sensitivities of QB and MS2 to
the virucidal activity of PACI-2.1s. Because QB is more sensi-
tive than MS2, the infectious QB concentration after settling
during the coagulation process may have been less than the
quantification limit of the PFU method when the other high-
basicity PAC] was applied. Therefore, we used MS2 in our
second and third sets of experiments.

3.2.  Second set of experiments

3.2.1. Effects of coagulant basicity and sulfate content on
bacteriophage removal

To further investigate the effective virus removal observed
with PACl-2.1s, we conducted batch coagulation experiments
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Fig. 3 — Effects of coagulant basicity and sulfate content on infectious MS2 removal as evaluated by the PFU method (a) and
on total MS2 removal as evaluated by the PCR method (b) after settling during the coagulation process. The source water was

river water 2, and the coagulant dosage was 1.89 mg-Al/L.
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as evaluated by the ferron method.
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Fig. 6 — Effect of the aluminum hydrolyte species in the coagulants on infectious MS2 removal as evaluated by the PFU
method (a) and on total MS2 removal as evaluated by the PCR method (b) after settling during the coagulation process. The
source water was river water 2, and the coagulant dosage was 1.89 mg-Al/L.

with various sulfated and nonsulfated PACls and evaluated
the infectious MS2 removal ratios by means of the PFU
method after settling (Fig. 3a). Although no removal of infec-
tious MS2 was observed in the absence of coagulant at any pH,
as was the case for QB (data not shown), the coagulation
process with PACI did remove infectious MS2, and the removal
efficiency increased with increasing PACl basicity under all pH
conditions. In addition, nonsulfated PACls removed infectious
MS2 more efficiently than did sulfated PACIs, regardless of
their basicity: the infectious MS2 removal ratios during the
coagulation process with PACl-1.5ns and PACI-2.1ns were
approximately 1—4-logyo larger than the ratios with PACI-1.5s
and PACI-2.1s, although the removal ratios observed with
PACI-2.1s and PACI-2.1ns were almost same at around pH 7.
The total MS2 removal ratios evaluated by the PCR method
were also observed to be somewhat larger with nonsulfated
PACIs than the ratios with sulfated PACls, especially at around
pH 8 (Fig. 3b). These results indicate that the sulfate in the
PACls affected virus removal performance and that a non-
sulfated high-basicity PACI (PACI-2.1ns) removed the virus
more effectively than PACI-1.5s, PACl-1.5ns, and PACl-2.1s,
not only under weakly acidic and neutral pH conditions but
also at weakly alkaline pH.

To determine why PACI-2.1ns effectively removed viruses,
we used the ferron method to investigate the distribution of
aluminum species in the coagulants (Fig. 4). Whereas the
major aluminum species in AlCl; and alum was monomeric
aluminum species (Al,), colloidal aluminum species (Al.) were
present in high proportions in the PACIs (Fig. 4a). In addition,
the Al. content in the PACIls increased and the Al, content
decreased with increasing basicity, whereas the content of
polymeric aluminum species (Al,) remained almost constant
(Fig. 4a). The Aly3 species [Al04Al;5(OH),4(H,0)12]”* is generally
believed to be the most effective aluminum species for coag-
ulation processes, because of its strong charge neutralization
capability and structural stability (Chen et al,, 2006); and the
amount of Aly3 species in a coagulant is almost equivalent to
the amount of Al, measured by the ferron method (Chen et al.,
2007). In the present study, the virus removal performances of
PACl-1.5s, PACI-1.5ns, PACI-2.1s, and PACI-2.1ns differed
markedly, especially at weakly alkaline pH, even though their
Al, contents were not substantially different (Fig. 4b).

~ Therefore, Aly, including Aly; species, may not have been the

dominant species responsible for controlling virus removal
performance during the coagulation process.

The Alsg species [AlzgOg(0H)se(H20)24]*8" is known to be an
effective aluminum species for coagulation processes, and
some researchers have demonstrated that PACIs with a high
Al content remove more turbidity and more humic acid than
PACIs with a high Al;; content (Chen et al,, 2006; Zhang et al,,
2008). Because Alzg species do not react with the ferron re-
agent within 120 min, they are categorized as Al. by the ferron
method (Chen et al., 2007). We found that PACI-2.1s and PACI-
2.1ns had higher Al. contents and lower Al, contents than
AlCls, alum, PACI-1.5s, PACl-1.5ns, and PACI-1.8s (Fig. 4a,b).
Therefore, Al., including Alsg species, may have been the
dominant species controlling virus removal performance
during the coagulation process. Our investigation of the ef-
fects of the Al, and Al. contents in the coagulants on virus
removal is discussed in Section 3.2.2.

We observed no large differences between the distribu-
tions of aluminum species in the sulfated and nonsulfated
PACls. These results suggest that PACI basicity affected
aluminum species distributions but that the presence of sul-
fate in the PACls did not.

We also determined the positive colloid charge densities of
the coagulants by using a colloid titration technique (Fig. 5).
The colloid charge densities of AlCl; and alum were very
small and almost zero; those of the PACIs increased with
increasing basicity, and PACl-2.1s and PACl-2.1ns showed
higher colloid charge densities than AlCls, alum, PACI-1.5s,
PACI-1.5ns, and PACI-1.8s (Fig. 5a,b). In addition, the colloid
charge densities of the nonsulfated PACls were higher than
those of the sulfated PACls. Wang et al. {2002) reported that
the presence of sulfate during the coagulation process re-
duces the charge neutralization capability of coagulants; this
reduction is due to the moderate interaction of sulfate with
aluminum hydrolyte species and aluminum hydroxide.
Nevertheless, sulfate is often added to aluminum-based co-
agulants to broaden the pH range of optimum destabilization
(i.e., acceleration of floc formation) to the acidic side (Hanna
and Rubin, 1970). Therefore, the high Al. content and the
absence of sulfate in PACI-2.1ns probably led to the increased
colloid charge density, which gave this coagulant its high
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capability to neutralize the negative charge on the viruses
during the coagulation process.

3.2.2. Effect of aluminum species in coagulants on
bacteriophage removal
To investigate the effect of the nature of the aluminum spe-
cies in the coagulants on virus removal, we compared the MS2
removal efficiencies of nonsulfated high-basicity PACI-2.1b
and PACl-2.1c, whose predominant aluminum hydrolyte
species are Al, and Al,, respectively. PACI-2.1b and PACl-2.1c
removed infectious MS2 at a pH range of 6—7 with nearly
identical removal efficiencies (~6—7-log;c removal), as eval-
uated by means of the PFU method (Fig. 6a). In contrast, at
around pH 8, the infectious MS2 removal ratio observed with
PAClI-2.1c was approximately 2-logio larger than that with
PACI-2.1b. The total MS2 removal ratios evaluated by means of
the PCR method were also observed to be somewhat larger
with PACI-2.1c than the ratios with PACI-2.1b at around pH 7
and 8 (Fig. 6b). These results indicate that the distribution of
aluminum species in the PACls affected virus removal per-
formance during the coagulation process and that Al.-domi-
nant PACl (i.e., PACl-2.1c) was particularly effective at
removing the virus at weakly alkaline pH. Our hypothesis that
coagulants with high Al. content effectively removed viruses
during the coagulation process is supported by these results.
To identify the aluminum hydrolyte species in PACI-2.1b
and PACl-2.1c, we analyzed the coagulants by ¥Al NMR in
addition to the ferron method. In the Al NMR spectra of all
the coagulants, two or three signals were observed (Fig. 7): the
signals at 0, 63, and 80 ppm were attributed to monomeric
species (Aly,), the central tetrahedral Alin Aly3 species, and the
internal standard (that is, to the formation of [Al{OH)4]7),
respectively (Chen et al., 2006, 2007; Gao et al., 2005; Liu et al,,
2009). Whereas no signal or only a weak signal for Al,3 species
was confirmed in the spectra of AlCl; and PACI-1.5s, a strong
signal for this species was observed in the spectrum of PACI-

80 80
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PACI-2.7ns
PACI-2.1¢
PACI-2.1b

PACI-1.5s

100 9 8 70 60 50 40 30 2 10 O

Fig. 7 — % A1 NMR spectra of coagulants used in the second
set of experiments.

2.1b (Fig. 7). Because the MS2 removal ratios observed with
PAC]-2.1b were markedly larger than those with PACI-1.5s
(Figs. 3 and 6), we suggest that Al;; species in PACI are
among the important species controlling virus removal per-
formance during the coagulation process. Although a signal
for Aly3 species was also observed for PACI-2.1¢, the intensity
of the signal was lower than that for PACI-2.1b. This result
suggests that the Aly; content in PACI-2.1b was higher than
that in PACI-2.1c (Fig. 7). This observation is in accord with the
results obtained by the ferron method, which indicate that the
predominant aluminum hydrolyte species in PACI-2.1b was
Al,, and that the Al,5 species in coagulant are almost equiva-
lent to that of Aly, as described above.

In addition to the signals at 0, 63, and 80 ppm, the spectrum
of PACI-2.1c showed broad signals at 10—12 and 70 ppm, which
were attributed to the octahedral Al of external shells in Al,3
and Al species and the central tetrahedral Al in Als, species,
respectively (Chen et al., 2007). This result indicates that PACI-
2.1c contained not only Al;3 species but also Alzp species, which
was not the case for PACI-2.1b. In addition, Als, species played
the major role in virus removal, as indicated by the fact that the
efficiency of MS2 removal with PACI-2.1c was somewhat larger
than that with PACI-2.1b (Fig. 6), even though the Al;; content
in PACl-2.1c was smaller than that in PACI-2.1b (Fig. 7).
Although the Al,, (Aly) species contributed to virus remov-
al—as indicated by the fact that high-Al,,-content coagulants
(AlCl; and PACI-1.5s) removed some virus at a pH range of 6—7,
probably because of the formation of Aly3 (Aly) species in situ
(Huetal, 2006; Yan et al., 2008a)—conversion of Al, species in
the coagulant to Aly3 species and further transformation of Al;5
species into Aly, species effectively improved virus removal
performance during the coagulation process.

We further investigated the effect of the aluminum species
in the coagulants on virus removal by evaluating two
extremely high basicity PACIs (i.e., PACI-2.7ns and PACI-2.7).
The efficiencies of infectious MS2 removal at a pH range of
6—7, as evaluated by the PFU method after settling, were 6—8-
logso (Fig. 6a). These removal ratios were similar to the ratio
obtained with PACI-2.1c. In contrast, the ratios observed with
PACl-2.7ns and PACI-2.7 were approximately 1-3-logy
smaller than the ratio with PACI-2.1c at around pH 8. The total
MS2 removal efficiencies, as evaluated by the PCR method,
during the coagulation process with extremely high basicity
PACIs were also similar to or somewhat smaller than the ratio
observed with PACI-2.1c (Fig. 6b). The effective removal of
turbidity and UV260-absorbing NOM, and the very low resid-
ual aluminum concentration, observed in the coagulation
process with PACI-2.7ns and PACl-2.7 were attained not only
under weakly acidic and neutral pH conditions but also at
weakly alkaline pH compared with other aluminum-based
coagulants used in the present study, including PACI-2.1c
(Fig. S2). However, increasing the PACI basicity from 2.1 to
2.7 was not effective for virus removal, even though the Al.
content in PACI-2.7ns was larger than that in PACl-2.1c
(Fig. 4b). Moreover, we observed a reduction of the colloid
charge densities of the PACls when the basicity was increased
from 2.1 to 2.7 (Fig. 5b,c), and no signal for Als, species was
observed in the Al NMR spectrum of PACI-2.7ns (Fig. 7). The
reason why the colloid charge densities of the coagulants
were reduced by the increase in basicity is not clear, but these
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results suggest that virus removal efficiency during the
coagulation process with PACls was not determined simply by
the amount of Al. in the coagulants.

3.2.3. Relationship between bacteriophage removal,
aluminum species and colloid charge density

In our previous study, we found that the amount of Al, in
PAClIs, rather than their basicity, was a better indicator to use
for minimizing residual aluminum concentration after
settling at weakly alkaline pH (Kimura et al, 2013). To
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investigate whether the Al,, Al,, or Al. content or the colloid
charge density of the coagulants could be used as an indicator
for the effectiveness of virus removal during the coagulation
process, we determined the relationships between the MS2
removal ratio at around pH 8 and the Al,, Al,, and Al contents
and the colloid charge density (Fig. 8). There was no correla-
tion between the efficiency of infectious MS2 removal and the
Aly, and Al. contents; whereas the Al, content, that is,
[100% — (Al, + Aly)], and the colloid charge density were
weakly correlated with the infectious MS2 removal ratios
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PH of the treated water was approximately 8.
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(Fig. 8). In the third set of experiments (described below), the
amount of Al,, the colloid charge density, and both together
were also correlated with the efficiency of infectious or total
MS2 removal at all coagulant dosages, except for the total MS2
removal ratio at a coagulant dosage of 0.54 mg-AV/L (Table 54).
In addition, the removal ratios tended to increase as the
amount of Al, in the PACIs decreased (that is, as Al, + Alc
increased) and as the colloid charge density of the PACIs
increased. However, the virus removal efficiencies during the
coagulation process with aluminum-based coagulants were
not solely dependent on either Al, + Al or the colloid charge
density. Further investigation .is needed to elucidate a
completely reliable indicator for the effectiveness of virus
removal during the coagulation process.

3.3.  Third set of experiments

3.3.1. Effect of coagulant dosage on bacteriophage removal
Fig. 9a shows the effect of coagulant dosage on the efficiency of
infectious MS2 removal from treated water at around pH 8, as
evaluated by means of the PFU method after settling. The in-
fectious MS2 removal ratio increased as the coagulant dosage
was increased from 0.54 to 2.16 mg-Al/L; although the removal
ratios observed with AlCl; and PACI-1.5ns were unaffected by
the increase in coagulant dosage, approximately 1—2-logio
improvements were obtained for the other aluminum-based
coagulants. For most of the coagulants, the infectious MS2
removal ratio reached a maximum at a dosage of 2.16 mg-Al/L,
and retained its virus removal performance when the coagu-
lant dosage was further increased to 5.4 mg-Al/L, exceptin the
case of PACI-1.5s. A similar trend was observed for removal of
turbidity and UV260-absorbing NOM (Fig. S3). These results
indicate that re-stabilization likely did not occur at this dosage
range for any of the coagulants except PAC-1.5s.

The infectious MS2 removal ratios during the coagulation
process with high-basicity PACIs (i.e., PACI-2.1b, PACI-2.1c,
and PACI-2.7) were larger than the ratios with the other
aluminum-based coagulants used in the present study at all
coagulant dosages. A similar trend was observed for the total
MS2 removal ratios, as evaluated by the PCR method (Fig. ¢b).
Therefore, increasing coagulant basicity tended to lower the
coagulant dosage required for effective removal of viruses. In
addition, the coagulation process with PACI-2.1c removed
MS2 more efficiently than the other aluminum-based co-
agulants at all coagulant dosages; PACl-2.1c was therefore
useful for virus removal over a broader pH range and wider
coagulant dosage range compared to commercially available
aluminum-based coagulants.

3.3.2.  Overall comparison of coagulation efficiency of the
tested coagulants

As described above, PACI-2.1c, which contains Als, species,
removed viruses more efficiently than the other aluminum-
based coagulants, especially at weakly alkaline pH. In
contrast, at pH 8, the UV260-absorbing NOM removal and the
residual aluminum concentration attained with PAC1-2.7 were
better than those attained with PACI-2.1c (Fig. $3). Because a
low residual aluminum concentration is associated with a low
content of monomeric aluminum species in the coagulant, our
previously reported coagulation process with PACI-2.7

(Kimura et al., 2013), which has a low Al, content (Fig. 4c),
attained a very low residual aluminum concentration. Taken
together, our results suggest that the development of novel
aluminum-based coagulants for different purposes such as -
efficient virus removal and low residual aluminum concen-
tration can be achieved. The experimental results obtained in
the present study will be useful for the development and
investigation of highly effective aluminum-based coagulants.

4, Conclusions

(1) An increase in PAC] basicity (from 1.5 to 2.1) and the
absence of sulfate in the PACIls improved virus removal
efficiency.

{(2) The efficiency of virus removal at around pH 8 observed
with PACI-2.1c, a nonsulfated high-basicity PAC] with a
high Al content, was larger than that with PACI-2.1b, a
nonsulfated high-basicity PACI with a high Al, content.

(3) Although extremely high basicity PACls (PACI-2.7ns and
PACl-2.7) effectively removed turbidity and UV260-
absorbing NOM and resulted in a very low residual
aluminum concentration, the virus removal ratios of these
two PACls were smaller than the ratio with PACl-2.1c at
around pH 8, possibly as a result of a reduction in the
colloid charge density of the PACI due to the increase in
basicity from 2.1 to 2.7.

(4) Al species probably played the major role in virus
removal during the coagulation process.

(5) Among the various aluminum-based coagulants used in
the present study, PACI-2.1c, which has a high Al. content
{including Als, species) and a high colloid charge density,
showed the highest virus removal ratio (>4 logy, for in-
fectious viruses) in the pH range from 6 to 8 and a coagu-
lant dosage range from 0.54 mg-Al/L to 5.4 mg-AV/L.

(6) The virus removal ratios tended to increase as the amount
of Al, in the coagulant decreased (that is, as Al, + Alc
increased) and as the colloid charge density of the coagu-
lant increased.
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Virus removal by an in-line coagulation-ceramic
microfiltration process with high-basicity polyaluminum
coagulation pretreatment

N. Shirasaki, T. Matsushita, Y. Matsui, T. Urasaki, M. Kimura and K. Ohno

ABSTRACT

The ability of in-line coagulation pretreatment with high-basicity polyaluminum chloride (PACI)
coagulants to enhance virus removal by ceramic microfiltration (MF) was examined by comparing
virus removal efficiencies from water pretreated with PACI-2.2 (basicity 2.2) and PACI-2.5 (basicity
2.5) versus alum, a synthetic aluminum chloride (AICls) solution, and two commercially available
PACls, PACI-1.5 and PACI-1.8. The virus removal ratios for AICls, alum, PACI-1.5, and PACI-1.8
decreased markedly when the pH of the treated water shifted from 6.8 to 7.8, but was high at both
pHs for PACI-2.2 and PACI-2.5. PACI-2.5 contains Aly; species and possibly Alz, species, and has a
high colloid charge density. It removed viruses more efficiently than the other aluminum-based
coagulants, not only at neutral pH, but also under weakly alkaline conditions. Maoreover, the in-line
coagulation-ceramic MF process with PACI-2.5 pretreatment removed not only viruses but also
dissolved organic carbon and UV260-absorbing natural organic matter more efficiently and resulted
in a lower residual aluminum concentration than did commercially available PACIs, especially under
weakly alkaline conditions. A combination of coagulation pretreatment with a high-basicity PACI and
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ceramic MF can provide effective treatment of drinking water over a broader pH range than is

possible with commercially available aluminum-based coagulants.
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INTRODUCTION

Low-pressure membrane (LPM) filtration, including micro-
filtration (MF) and ultrafiltration, is widely used for
drinking water treatment because of its ability to produce
high-quality water, its small footprint, and its relatively low
costs (Huang et al. 2009). To improve the filtration efficiency
of LPM, integration of pretreatment with LPM filtration has
been widely employed in actual drinking water treatment
plants. Pretreatment methods include adsorption, coagu-
lation, and oxidation. Among these methods, coagulation
is the most successful pretreatment for controlling mem-
brane fouling (Huang et al 2009), which reduces
membrane permeability and increases the frequency of
hydrodynamic or addition,

chemical cleaning. In

doi: 10.2166/ws.2013.218

coagulation pretreatment is also useful for improving the
quality of treated water. Enhancement of removal of dis-
solved organic carbon (DOC) and natural organic matter
(NOM) can be expected with a combination of pre-coagu-
lation and membrane filtration (Lee ef al. 2000). Moreover,
effective removal of waterborne enteric viruses, those
having diameters of 20-100 nm, is possible by this hybrid
process. For example, Tanneru ef al. (2013) have reported
that a coagulation~-MF process with a coagulant dosage of
more than 20 mg-Al/L produced 5.5-6.0 log reduction of
viruses when the pH of the treated water was about 6.4,
whereas MF alone with a 0.22-um-pore-size, hydrophilic
polyvinylidene difluoride filter produced only a 0.2-log
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removal of viruses. Qur research group has also reported the
effectiveness of the coagulation-MF process: an approxi-
mately 6-log reduction of viruses was achieved at around
pH 6.8 with a combination of in-line coagulation and a
0.1 pm-pore-size ceramic membrane filter (Shirasaki et al.
2009). This means that the coagulation-MF process has
the potential to effectively mitigate the public health risk
posed by virus contamination of drinking water.

Many factors affect the virus removal performance of
the coagulation-MF process. Matsushita et al. (2005) have
reported the effects of coagulant dosage, coagulation time,
and MF membrane pore size on virus removal. They con-
cluded that coagulant dosage strongly affected virus
removal compared with two other factors when the pH
was near 7. In addition, Zhu ef al. (2005) have investigated
the effect of pH on virus removal and reported a significant
reduction of virus removal as the pH increased from 6.3 to
8.3 when a solution of ferric chloride (FeCls) was used as
the coagulant. Adjustment of the pH during coagulation pre-
treatment is therefore one of the important steps that must
be taken to control virus removal in the coagulation-MF fil-
tration process. However, an increase in the pH of drinking
water sources from neutral to alkaline conditions because of
excessive algal growth has been reported throughout the
world (Hu et al. 2006; Matsukawa ef al. 2006). Under
these circumstances, reducing the pH of the drinking
water source with acid or adding more coagulant is some-
times required to improve coagulation efficiency when
commercially available aluminum-based coagulants such
as polyaluminum chloride (PACl) and alum are used (Hu
ef al. 2006; Yan et al. 2008). However, both of these methods
have some disadvantages, including an increase of the
residual aluminum concentration in treated water (Matsu-
kawa et al. 2006) and treatment cost (Yan et al. 2008).

An alternative investigated by some researchers has
been the effect of adjusting the aluminum hydrolyte ratio
{basicity = [OH"]/[AI**]) in PAC] on DOC removal and
residual aluminum concentration during the coagulation
process. They have reported that high-basicity PACls (basi-
city 2.1-2.7) yield higher removal of DOC and lower
residual aluminum concentrations than commercially avail-
able PACIs with basicities of 1.5-1.8, especially under
weakly alkaline conditions (Yan et al. 2008; Kimura et al.
2013). Accordingly, effective removal of viruses as well as

DOC is possible not only under neutral pH conditions but
also under weakly alkaline conditions when the MF process
is combined with a coagulation pretreatment with high-basi-
city PACI instead of commercially available PACI or alum.
However, there is no report about the effectiveness of coagu-
lation pretreatment with high-basicity PACI for virus
removal during the coagulation-MF process. Our objective
in the present study was to investigate the effects of coagu-
lant type and PACI basicity on virus removal during the
coagulation-MF process by comparing four PACIs with
different basicity, a synthetic aluminum chloride (AlCl5) sol-
ution, and commercially available alum.

MATERIALS AND METHODS
Source water, coagulants, and MF membrane

On 17 July 2009 and 10 November 2009, river water was
sampled from the Toyohira River (Sapporo, Japan), the
water quality of which is shown in Table 1. The coagulants
used for the coagulation process were six aluminum-based
coagulants, the specifications of which are shown in
Table 2. Two commercially available PACls with normal basi-
cities of 1.5 (PACI-1.5) and 1.8 (PACI-1.8) were provided by
the Taki Chemical Co., Ltd (Kakogawa, Japan). For exper-
imental purposes, the same company also supplied high-
basicity PACls with basicities of 2.2 (PACI-2.2, presently avail-
able commercially) and 2.5. To provide a comparison of
coagulation efficiency with PACls, a synthetic AlCl; solution,
which was prepared by dilution of reagent-grade aluminum
(I11) chloride hexahydrate (AlCls-6H,0, Wako Pure Chemi-
cal Industries, Ltd, Osaka, Japan) dissolved in Milli-Q water

Table 1 } Water quality of the Toyohira River

River water 1 River water 2
Sampling date 17-Jul-09 10-Nov-09
rH 7.5 7.7
Turbidity (NTU) 2.0 0.8
DOC (mg/L) 0.9 0.8
UV260 (cm™ 1) 0.031 0.027
Alkalinity (mg-CaCO5/L) 14.5 22.2
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Table 2 [ Specifications of aluminum-based coagulants used in the present study

Aluminum species distribution

Coagulants Basicity Aluminum concentration Sulfate concentration Relative density at 20 C Aly(%) Aly(%) Al(%)
AlCl; 0.0 2.7 g-Al/L 0.0 g/L 1.0 75.8 4.6 19.6
Alum 0.0 8% (w/w) as Al,O3 23% (w/w) 1.3 733 9.4 17.3
PACI-1.5 1.5 10% (w/w) as Al,O3 3% (w/w) 1.2 46.2 15.5 38.3
PAC1-1.8 1.8 10% (w/w) as Al,Osz 3% (w/w) 1.2 42.2 116 46.3
PAC1-2.1 22 10% (w/w) as Al,O3 3% (w/w) 1.2 36.4 6.3 57.3
PAC1-2.5 25 23% (w/w) as Al,O3 0% (w/w) 1.3 24.6 3.8 71.6

(Milli-Q Advantage, Millipore Corp., Billerica, MA, USA),
and commercially available alum (Taki Chemical Co., Ltd),
were used in the present study. The distributions of aluminum
species in the coagulants were analyzed by a Ferron method
(Wang et al. 2004) and are shown in Table 2. On the basis of
the kinetic differences between the reactions of the aluminum
species and the Ferron reagent (8-hydroxy-7-iodoquinoline-5-
sulfonic acid, Wako Pure Chemical Industries), aluminum
hydrolyte species were categorized as monomeric species
(Al), fast-reacting polymeric species (Aly), or slow-reacting
colloidal species (Al.) (Wang et al. 2004). The details of the
Ferron method have been described in our previous study
(Kimura et al. 2013). A monolithic, modular, ceramic MF
membrane (55-channel tubular; nominal pore size 0.1 um,;
effective filtration area 0.043 m? NGK Insulators, Ltd,
Nagoya, Japan) installed in a stainless-steel casing was used
for the MF process.

Characterization of coagulants

Electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS)

ESI-TOE-MS was used to analyze the aluminum hydrolyte
spécies in the coagulants. Each coagulant was diluted with
Milli-Q water to 2 mg-Al/L, and the diluted coagulant was
introduced into an ESI-TOF-MS (model JMS-T100LP; JEOL
Ltd, Tokyo, Japan) at a constant flow rate of 30 uL/min by
using a syringe pump. Analysis was conducted in a positive-
ion mode at a needle voltage of 2,000 V, an orifice 1 voltage
of 10-30 V (0-100%), an orifice 2 voltage of 5V, a ring lens
voltage of 10 V, and a mass range m/z of 10-500.

Colloid titration analysis

The positive colloid charges of the coagulants were deter-
mined by colloid titration with a COM-555 potentiometric
titrator (Hiranuma Sangyo Co., Mito, Japan). Each coagulant
was diluted with Milli-Q water to 1-2 mg-Al/L (analytical pH
condition was approximately 4-5), and then 150 mL of
diluted coagulant was transferred to a titration vessel. After
addition of 0.3 mL of toluidine blue indicator (Wako Pure
Chemical Industries) to the vessel, the solution was titrated
by means of a pump with 0.001 mol/L potassium polyvinyl
sulfate (a standard negative colloid, Wako Pure Chemical
Industries) at a constant rate of 10 mL/min. The vessel con-
tents were homogenized with a magnetic stirrer during the
titration, and the absorbance at 630 nm was recorded con-
tinuously until there was little change in the absorbance
(i.e. subtle change in the color of the indicator from light
blue to bluish-purple). The positive colloid charge was deter-
mined from the volume of potassium polyvinyl sulfate that
corresponded to the half-height of the descending side of
the recorded absorbance curve.

Bacteriophage

F-specific RNA bacteriophage Qp (NITE Biological Research
Center (NBRC) 20012) was obtained from the NBRC (Kisar-
azu, Japan). The bacteriophage QB is widely used as a
surrogate for waterborne enteric viruses in the membrane fil-
tration process (Matsushita ef al. 2005; Shirasaki ef al. 2009)
because of its morphological similarities to hepatitis A viruses
and polioviruses, which are important to remove during
drinking water treatment. The bacteriophage Qp is the
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prototype member of the genus Allolevivirus in the virus
family Leviviridae. The genome of this bacteriophage con-
tains a single molecule of linear, positive-sense, single-
stranded RNA, which is encapsulated in an icosahedral
protein capsid with a diameter of 24-26 nm (Fauquet et al.
2005). Bacteriophage was propagated and purified as
described in our previous report (Shirasaki ef al. 2010) prior
to the preparation of a bacteriophage stock solution.

In-line coagulation-ceramic MF experiments

The river water, placed in a raw water tank, was spiked with Qp
at approximately 10® PFU/mL. Throughout the experiments,
the raw water was mixed constantly with an impeller stirrer.
The raw water was fed into the experimental system at a con-
stant flow rate (83.3 L/(m*h)=20m/d) by a peristaltic
pump. To maintain the MEfiltrate at pH 6.8 or 7.8, hydrochloric
acid or sodium hydroxide was added to the water before it
reached the first in-line static mixer (hydraulic retention time
(HRT) 1.8s; 1/4-N40-172-0, Noritake Co., Ltd, Nagoya,
Japan). Because about 1 mg-Al/L of PACI is usually dosed for
the treatment of Toyohira River water (the source water in the
present study) in the actual drinking water treatment plant
(Moiwa drinking water treatment plant, Sapporo, Japan),
coagulant was injected after the first in-line static mixer and
before the second in-line static mixer at a constant dose rate
(1.08 or 2.16 mg-Al/L). To obtain a coagulation time of 1 min,
a combination of the inline static mixer (G value 26057,
HRT 1.8 s) and a subsequent Tygon tube reactor (inside diam-
eter 1.6 mm, total HRT 1 min) was used as the second in-line
static mixer. After the coagulant had been admixed with the
water, the water was fed into the ceramic MF module in
dead-end mode. Filtration was performed for 4 h without any
backwashing. Bacteriophage concentrations in the raw water
tank (Co) and in the MF filtrate (C;) were measured every
hour. In addition, DOC concentrations and UV260-absorbing
NOM were quantified with a SIEVERS 900 laboratory TOC
analyzer (GE Analytical Instruments, Boulder, CO, USA) and
a UV-1700 Pharma spectrophotometer (Shimadzu Carp.,
Kyoto, Japan), respectively. After adding the nitric acid (1%
(v/v), ultrapure, Kanto Chemical Co., Inc., Tokyo, Japan) into
the MF filtrate, the aluminum concentration was analyzed
with an HP4500 inductively coupled plasma-mass spec-
trometer (Yokogawa Analytical Systems Inc., Tokyo, Japan).

Bacteriophage assay
PFU method

The infectious bacteriophages were enumerated according to
the double-layer method (Adams 1959) by using the bacterial
host Escherichia coli (NBRC 13965). Serially diluted raw
water or MF filtrate (1 mL) was poured onto a solid-bottom
agar plate followed by 0.3 mL of host E. coli culture mixed
with 3 mL of molten top agar. The plates were incubated
for 16-24 h at 37 °C. To measure the concentrations of infec-
tious bacteriophage in the water samples, we calculated the
average plaque counts of triplicate plates prepared from one
sample on plates with 30 to 300 PFU, which we considered
a countable number of plaques, and determined the number
of plaque forming units per millilitre.

For quantification of low infectious bacteriophage con-
centrations (i.e. <30 PFU/mL) in the MF filtrate, 50 mL of
MF filtrate was mixed with 5 mL of bacterial host E. coli cul-
ture and 50 mL molten agar, and the mixture was then poured
into 10 plates (without bottom agar). The plates were incu-
bated for 16-24 h at 37 °C. We calculated the number of
plaque forming units per millilitre by dividing the total
plaque counts for the 10 plates by the sample volume (50 mL).

Real-time reverse-transcription polymerase chain
reaction method (RT-PCR)

The viral RNA of bacteriophages was quantified by the real-
time RT-PCR method. This method detects all bacterio-
phages, regardless of their infectivity and the existence of
aggregates. The detailed procedure for the real-time RT-
PCR method has been described in our previous study (Shir-
asaki et al. 2010).

RESULTS AND DISCUSSION
Effect of coagulant type on bacteriophage removal

Figure 1(a) shows the effect of coagulant type on the
removal of infectious QB, assessed by the PFU method, in
the in-line coagulation-ceramic MF process (source water
was river water 1). Because the diameter of QB



