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Fig. 6. Infectious bacteriophage and total bacteriophage removals in the
coagulation-ceramic MF system. Open and solid symbols represent Q and MS2.
respectively. Circles and diamonds represent infectious bacteriophages and total
bacteriophages. respectively. Initial bacteriophage concentrations of raw water were
approximately 10° PFU/mL. Coagulant dosage was 1.08 mg-Al/L, and coagulation
time was 1.8s.

Water Standards, enteric viruses must be removed or inacti-
vated by 4 log from source water by filtration, disinfection, or a
combination of these technologies. This 4-log removal ratio was
achieved for infectious Q8 and MS2 under each coagulation con-
dition. Even when the system was operated with a coagulant
dose of 0.54 mg-Al/L and a coagulation time of 1.8s, a >4-log of
removal ratio for infectious bacteriophages was achieved. Thus, the
coagulation-ceramic MF system can effectively remove infectious
viruses. Further virus protection is expected by the combination
with additional disinfection processes, such as chlorination, ozona-
tion, and UV radiation.

No large difference was observed between the removal ratio
of infectious QB and MS2 in the coagulation-ceramic MF system,
although QP was removed slightly less effectively than MS2 at the
1.8-s coagulation time,

3.3. Removal performances of infectious bacteriophages and total
bacteriophages

As described above, no large difference was observed between
the removal ratio of infectious QB and MS2 at approximately
108 PFU/mL of initial bacteriophage concentration. To elucidate
whether the removal ratios of infectious bacteriophages are actu-
ally different or not, the initial bacteriophage concentration of raw
water was increased from 10° to 108 PFU/mL under the same oper-
ating conditions of the coagulation-ceramic MF system. In this
case as well, high removal ratios were achieved for both infec-
tious bacteriophages (Fig. 6; cf. Fig. 4a for 10° PFU/mL). Thus,
the initial bacteriophage concentration did not seem to affect the
removal performance of infectious bacteriophage, at least in the
range of 105-108 PFU/mL. In addition, the removal ratios of the
two infectious bacteriophages were almost the same at an initial
concentration of 108 PFU/mL, indicating that the behaviors of infec-
tious QP and MS2 were similar during the coagulation-ceramic MF
process.

[ncontrast, the removal ratios of total bacteriophages for QP and
M52 obtained by the real-time RT-PCR method differed markedly
(Fig. 6). The removal ratio of total QP was approximately 3 log and
was almost constant during 4 h of filtration, whereas the removal
ratio of total MS2 was more than 4 log and gradually increased
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Fig.7. Bacteriophage concentrations in the liquid phase in the MF compartment and
in the MF permeate. White and gray columns represent Qf8 and MS2, respectively.
Initial bacteriophage concentrations of raw water were approximately 10° PFU/mL
(indicated by dotted line). Coagulant dosage was 1.08 mg-Al/L. and coagulation time
was 1.8s.

with filtration time, A marked difference in the particle behaviors
of Q3 and MS2 was observed in this coagulation—ceramic MF sys-
tem, although similar marphological and electrokinetic properties
were confirmed (Fig. 3). This difference is detailed in the following
section.

3.4. Effect of enmeshment in aluminum floc particles and cake
layer on bacteriophage removal

To investigate what caused the difference in particle behaviors
of QB and MS2, the concentrations of infectious and total bacterio-
phage were measured in the liquid phase in the MF compartment
and MF permeate at the end of the 4-h filtration (Fig. 7). Decreases
in the total concentrations of Q@ and M52 in the liquid phase com-
pared to their initial concentrations in raw water (approximately
108 PFU/mL) were probably due to entrapment in or adsorption to
the aluminum floc particles. The entrapped or adsorbed bacterio-
phages would be excluded from the liquid phase by the centrifugal
separation just before the measurement of bacteriophage concen-
tration. For both QB and MS2, >1.6-log reductions were observed;
that is, 97% of bacteriophages were entrapped in or adsorbed to the
aluminum floc particles before the ceramic MF process. Thus, the
particle behaviors of QB and MS2 were the same during the coag-
ulation pretreatment, as expected based on the particle diameter
and electrophoretic mobility of these two bacteriophages.

Adifference between total and infectious bacteriophage concen-
trations was observed in the liquid phase in the MF compartment.
Therefore, some of the bacteriophages were inactivated during the
coagulation process. The difference between two concentrations
for Q3 was markedly larger than that of MS2. Thus, QB was more
sensitive to virucidal activity of PACI than was MS2. Our group
previously reported on the virucidal activity of PACI [19,20].

The total bacteriophage concentrations of Qf and MS2 in the
MF permeate were lower than that in the liquid phase in the MF
compartment, suggesting that additional removal accurred when
the bacteriophages passed through the ceramic MF membrane.
Because the pore size of the ceramic MF membrane used in the
present study is larger than the diameters of both bacteriophages,
virgin membrane (i.e., devoid of cake layer) is not expected to
remove nonaggregated bacteriophages by physical sieving. Alu-
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minum floc particles generated in the coagulation pretreatment
gradually covered the membrane surface over the filtration time
and formed a cake layer, which would act as a barrier to nonag-
gregated bacteriophages. The cake layer, consisting of various
materials such as kaolinite [2], E. coli [3], and powdered acti-
vated carbon [33], has been reported to increase virus removal
performance in the MF process. The cake layer consisted mainly
of aluminum floc in the present study, and possibly helped to
remove the nonaggregated bacteriophages by reducing the effec-
tive pore size of the MF membrane. In addition, aluminum floc
(i.e.,, amorphous aluminum hydroxide, Al[OH];3) tends to be pos-
itively charged at pH 6.8, because its isoelectric point is in the
pH range of 7.0-9.0 [31]. Therefore, the cake layer in the present
study was positively charged and would adsorb negatively charged
bacteriophages, which would further contribute to the removal of
nonaggregated bacteriophages.

The removal ratio of total MS2 by the cake layer was approx-
imately 2 log higher than that of total QB (Fig. 7). although their
particle diameters and electrophoretic mobilities were similar. One
possible explanation is that the hydrophobicity of MS2 and QB
might be different. Hydrophobic force contributes to the adsorp-
tion of protein to aluminum-phosphate adjuvant [34]; therefore,
a difference in the bacteriophages' hydrophobicity might cause
the difference in the interaction between viral surface protein and
the aluminum floc particles retained on the membrane surface.
Another possible explanation is that the surface charge of an inacti-
vated bacteriophage might differ from that of an infectious one. The
mechanism of virucidal activity of aluminum coagulant remains
unclear. However, some polymers formed during the hydrolysis
of aluminum coagulant might sorb to the bacteriophage adsorp-
tion protein, and the adsorption protein might be morphologically
altered. This modification might render the adsorption protein non-
functional, which may induce the inactivation. Jones et al. [35]
reported that the structures of the proteins lysozyme, ovalbumin,
and bovine serum albumin were altered to less thermally stable
forms by their adsorption to the surface of aluminum salt, which
supports our hypothesis. This modification—forming a complex
with aluminum species followed by inactivation—might change the
surface charge of the bacteriophages. A difference between QB and
MS2 in the surface charge after the modification might alter the
electrostatic interaction between the inactivated bacteriophages
and the cake layer, resulting in the selective removal of total bac-
teriophages: inactivated MS2 might be retained preferably by the
cake layer as compared to inactivated Qf3.

3.5. Mass balance of bacteriophages in the coagulation-ceramic
MF system

After a 4-h filtration, we determined the quantity of bacterio-
phages in the MF compartment using a combination of PFU and
real-time RT-PCR methods (Fig. 8). Although the total number of
QP was similar to total MS2 both in the liquid and solid phases,
the number of infectious Q3 was approximately 3 log smaller than
infectious MS2 in both phases. These differences were probably
due to different sensitivities of the bacteriophages to the virucidal
activity of PACI.

The total number of bacteriophages was at least 3 log greater in
the solid phase than that in the liquid phase for QB and MS2. This
result suggests that most of the bacteriophages (>99.9%) in the MF
compartment were entrapped in or adsorbed to the aluminum floc
particles and then included within the solid phase.

In the present study, the total number of bacteriophages in the
MF compartment (liquid phase+solid phase) was less than that
calculated theoretically by the mass balance of bacteriophages in
the MF compartment (i.e., total number of bacteriophages in the
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Fig. 8. Quantity of bacteriophages in the MF compartment. White and gray columns
represent QB and MS2, respectively. Initial bacteriophage concentrarions of raw
water were approximately 10® PFU/mL. Coagulant dosage was 1.08 mg-Al/L, and
coagulation time was 1.8s.

raw water minus that in the MF permeate). The recovery ratios of
QB and MS2 from the MF compartment were 35% and 65%, respec-
tively. Thus, the mass balance of these two bacteriophages was not
completely accounted for in the coagulation-ceramic MF system,
probably because of the accumulation of bacteriophages on the
internal structure of the membrane pores. This result is in accord
with our previous findings for Qf [18]. Thus, accumulation of bac-
teriophages in the internal structure of the membrane pores also
contributed to the high removal performance for Q8 and MS2 in
the coagulation-ceramic MF system.

The mechanisms of virucidal activity of PACI have yet to be elu-
cidated. Inactivated viruses in the MF permeate might recover their
infectivity in the water distribution system. Therefore, in addition
to the infectious virus concentration, it is very important to evaluate
the total number of viruses to ensure the safety of treated water. Our
results revealed marked difference in the behaviors of Q8 and MS2
as particles during the coagulation-ceramic MF process. When the
performance of a treatment plant employing the coagulation-MF
process is evaluated using Qf8, MS2, or another virus as a surrogate
for pathogenic waterborne viruses, the behavior of infectious virus
as well as inactivated virus must be considered. The results should
be judged carefully according to their different behaviors.

4. Conclusions

(1) The coagulation-ceramic MF system effectively removed infec-
tious QB and MS2, and their removal performances were similar
under each coagulation condition. Approximately 6-log reduc-
tion was achieved for both bacteriophages when the system
was operated at coagulant dose of 1.08 mg-Al/L with 5-min
coagulation time. At least 4-log reduction occurred even when
the coagulant dose and the coagulation time were reduced to
0.54 mg-Al/L and 1.8 5, respectively.

(2) The removal performances of total Q8 and MS2 during the
coagulation-ceramic MF process were quite different, although
their particle diameters and electrophoretic mobilities were
similar. The removal ratio of total MS2 was approximately 2
log higher than that of total QB at the end of the 4-h filtration
because of selective interaction with the cake layer.
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(3) The total number of Q3 was similar to that of total MS2 both
in the liquid and solid phases in the MF compartment after 4-h
filtration, whereas the number of infectious QB was approxi-
mately 3 log smaller than that of infectious MS2 in both phases.
These differences are due to the sensitivity of the bacterio-
phages to the virucidal activity of PACIL

(4) Our results revealed marked differences in the particle behav-
iors of Qf and MS2 during the coagulation-ceramic MF process.
When the performance of a treatment plant employing the
coagulation—-MF process is evaluated using Q3, MS2, or another
virus as a surrogate for pathogenic waterborne viruses, the
behavior of infectious viruses as well as inactivated ones must
be considered, because inactivated viruses in the MF permeate
might recover their infectivity in the water distribution sys-
tem. The results should be judged carefully according to their
different behaviors.
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Effects of reversible and irreversible membrane fouling
on virus removal by a coagulation-microfiltration system

Nobutaka Shirasaki, Taku Matsushita, Yoshihiko Matsui and Koichi Ohno

ABSTRACT

We evaluated the removal of virus (bacteriophage Qp) after hydraulic backwashing and the
effects of reversible and irreversible membrane fouling on virus removal by a coagulation-
microfiltration (MF) system. The rate of virus removal in the coagulation-MF system was low at
the beginning of filtration but increased with filtration time, owing to the accumulation of foulant
on the membrane. The rate of virus removal thereafter remained high, even after hydraulic
backwashing of the membrane to remove reversible membrane foulant. The presence of
irreversible, rather than reversible, membrane foulant contributed to the increase in virus removal
rate observed at the beginning of filtration. The irreversible membrane fouling maintained a high
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virus removal rate even after hydraulic backwashing. Moreover, irreversible fouling of the

membrane during long-term filtration (1 month) improved virus remaval in the coagulation-MF
system, and the membrane excluded virus particles even in the absence of coagulation
pretreatment. Therefore, the accumulation of irreversible membrane foulant with filtration time
played an important role in virus removal by the coagulation-MF system.

Key words | coagulation, membrane fouling, microfiltration (MF), virus removal

INTRODUCTION

Microfiltration (MF), which has been extensively applied in
the field of drinking water treatment, can effectively remove
turbidity, bacteria, algae, and protozoa. However, virus
removal is not always possible with MF treatment alone,
because MF pore sizes usually are larger than the diameters
of pathogenic waterbarne viruses. Therefore, pretreatments
are required to achieve high virus removal rates.
Coagulation-MF systems remove viruses effectively
(Matsui et al. 2003; Matsushita ef al. 2005; Zhu et al.
2005a.b; Fiksdal & Leiknes 2006). However, the rate of
virus removal is low at the beginning of filtration and
increases with filtration time (Matsushita ef al. 2005, 2006),
suggesting that the accumulation of membrane foulants
might contribute to the increase in virus removal rate. In
MF without pretreatment, reversible membrane foulant
(Jacangelo et al. 1995; Madaeni ef al 1905), which
is removed during hydraulic backwashing, as well as

doi: 10.2166/aqua 2008.048

irreversible membrane foulant (Jacangelo et al. 1995),
which is not removed during hydraulic backwashing, are
both reported to contribute to virus removal. However, the
characteristics of the membrane foulant differ between
systems using MF treatment alone and those combining
coagulation and MF. The foulant in MF-only systems would
consist mainly of natural organic matter (NOM) and
suspended solids (S8S) from the source water, whereas that
in coagulation—-MF systems also would include aluminum
floc formed during coagulation pretreatment: the mem-
brane fouling observed in coagulation-MF systems was
promoted not only by the NOM and SS themselves but also
by the aluminum floc, which contains many types of
aluminum species associated with NOM and SS. However,
the effects of reversible and irreversible membrane fouling
on virus removal in coagulation- MF systems have not
previously been investigated.
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Accordingly, our objectives were to investigate (1)
changes in the virus removal rate after backwashing, and
(2) the effects of reversible and irreversible membrane
fouling on virus removal in a coagulation- MF system.

MATERIALS AND METHODS
Source water, coagulant, and MF membranes

Water was sampled from the Toyohira River (Sapporo,
Japan; Table 1). Polyaluminum chloride (PACI; 10% Al,Os,
basicity 62.5%; Sumitomo Chemical Co. Ltd., Tokyo, Japan)
was used for coagulation pretreatment. The membrane used
was a monolithic ceramic MF module (multichannel
tubular, nominal pore size 0.1 um, 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 QB consists of a single-
stranded RNA molecule encapsulated in an icosahedral
protein shell (capsid) approximately 0.023 pm in diameter,
without an envelope. Qp is widely used as a surrogate for
pathogenic waterborne viruses (Urase ef al. 1996; Otaki et al.
1098) because of its morphologic similarities to hepatitis A
viruses and polioviruses, the removal of which is important
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 QB culture solution was
centrifuged (2000 x g, 10min) and then filtered through a
membrane filter (hydrophilic cellulose acetate, pore size

Table 1 | River water quality

River water 1 River water 2
Sampling time 09-Mar-06 12-Dec-06
pH 7 7i7
DOC (mg L™1) 0.60 1.10
0D260 (cm™Y) 0.013 0.027
Turbidity (NTU) 0.15 1.13
Alkalinity (mg CaCO; L) 19.8 17.6

0.45um; Dismic-25cs, 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. Because of this purification, the DOC
increase as a result of spiking the river water with the
stock solution was reduced to less than 0.1mgL ™",

Virus assay

To measure the concentration of infectious viruses, the PFU
method was used in accordance with the agar overlay
method (Adams 1950) with the bacterial host Escherichia
coli. Average plaque counts of triplicate plates prepared
from the same sample yielded the virus concentration.

Experimental setup

The experimental setup is shown in Figure 1. The river
water in the raw water tank was spiked with virus to a final
concentration of 10°® to 10™' PFU ml™'and was fed into
the system at a constant flow rate (62.5L(m%*h)™") by a
peristaltic pump. Hydrochloric acid was added before the
first in-line static mixer (hydraulic retention time 2.4s,
Noritake Co., Ltd., 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 (0, 0.54, 1.08, or 1.62 mg-AlL™"). 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, 3, 6, and 12h with hydraulic back-
washing (pressure 500 kPa) with MF permeate or ultrapure

HCl Coagulant (PACI)

S
i Permeate
; In-line static mixer Fas
Qp-spiked
river water

Figure 1 ] The experimental coagulation-MF system. C, and C are the wirus
concentrations (PFU mi~") in the raw water tank and the MF permeate,
respectively
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water. Virus concentrations in the raw water tank and MF
permeate were measured hourly.

Filtration experiments with the fouled membrane
during short-term filtration

Two ceramic MF membranes were fouled with aluminum
floc by continuously feeding river water (without spiked
virus) into the coagulation - MF system. The PACI dose was
1.62 mg-AlL™! during 6 h of filtration. After 6 h of filtration,
one fouled membrane was backwashed with MF permeate
(used and backwashed membrane), but the other was
not (used membrane without backwashing). Then, during
the next 6h, river water spiked with virus was fed into
the system, but no coagulant was injected: virus particles
were filtered directly by the membrane. Virus concen-
trations in the raw water tank and MF permeate were
measured hourly.

Filtration experiments with the irreversibly fouled
membrane during long-term filtration

The coagulation-MF filtration experiment with hydraulic
backwashing was conducted for 1 month at a constant flow
rate (62.5 L(m*h) !) by using the groundwater at Hokkaido
University (DOC 0.48 mgL ™", OD260 0.007 cm™") without
spiked virus. The PACI] dose was 1.08 mg-AIL™!, and the
backwashing interval was 5h. After the 1-month filtration,
the fouled membrane was backwashed with ultrapure water
to remove the reversible membrane foulant (irreversibly
fouled membrane). Then, during the next 6h, river water
spiked with virus was fed into the system with or without
coagulant. Virus concentrations in the raw water tank and
MF permeate were measured hourly.

RESULTS AND DISCUSSION

Effect of hydraulic backwashing on virus removal in the
coagulation-MF system

The log of the virus removal rate [log(Co/C)] in the
coagulation - MF system was 4 at the beginning of filtration
and gradually increased to 5 over the next 3h (Figure 2),
perhaps because of the presence of reversible or irreversible

750

Backwashing Backwashing

TMP (kPa)

Log QB virus removal (log (CL/ON)

0 . i : il
0 3 6 9 12

Filtration time (h)

Figure 2 | Changes in the rate of removal of QB virus and TMP with filtration time in
the coagulation-MF system. Values are the means of 2 experiments. Open
circles, rate of QB virus removal; solid diamonds, TMP; source water, river
water 1; PACI does, 0.54 mg-AlL™". Backwashing was conducted with MF
permeate,

membrane foulant, or both. Our research group previously
reported a similar increase with filtration time in the
coagulation-MF system (Matsushita et al. 2005, 2006).
Just after hydraulic backwashing after 6h of filtration, the
transmembrane pressure (TMP) recovered to its initial value
(Figure 2). However, the virus removal rate did not decrease
to its initial value after backwashing, even though the
reversible membrane foulant had been removed, but
remained high throughout the subsequent 6 h of filtration.
These results suggest that the presence of irreversible
membrane foulant would be contributed to virus removal
after 6h of filtration in this coagulation- MF system. The
amount of membrane foulant accumulated irreversibly
during the 6h filtration might have been too small to be
recognized as an increase in manometric measurement.
To investigate the effects of reversible and irreversible
membrane fouling on virus removal during the first 3h of
filtration, when the virus removal rate increased rapidly
with filtration time, the membrane was subjected to
hydraulic backwashing after 0.25 and 3h of filtration to
remove reversible membrane foulant from the membrane
(Figure 3). Although the TMP recovered to its initial value
after backwashing at the 3 h time point (Figure 3b), the rate
of virus removal did not change significantly (Figure 3a),
indicating that irreversible membrane foulant contributed
to virus removal. After 0.25h of filtration, the rate of virus
removal increased after backwashing (Figure 3a). Samples
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Figure 3 | Effects of reversible and irreversible membrane fouling on QB virus removal 0.25 after and 3h of filtration in the coagulation-MF system. Open circles, 0.25h of filtration;
solid circles, 3h of filtration; source water, river water 2, PACI does, 1.08 mg-AlL™". Backwashing was conducted with ultrapure water.

just after backwashing were collected from the system when
the filtration was conducted subsequently for 5min after
backwashing. Some foulants might be further accumulated
on the membrane during this additional 5 min of filtration;
details are not clear. Nonetheless, decrease in virus removal
rate was not observed after backwashing at any filtration
time (0.25, 3, and 6h), suggesting that irreversible mem-
brane fouling would contribute to virus removal and that
the irreversible accumulation of foulant with filtration time
would increase virus removal. In other words, reversible
membrane fouling may not affect the virus removal rate in
the coagulation-MF system. Our research group reported
that the effect of coagulant dose on virus removal in the
same coagulation- MF system (Matsushita et al. 2005), and
suggested that the coagulant dose strongly affected virus
removal. However, in this research, the difference in the
coagulant dose did not affect the virus removal: although
the coagulant doses in Figures 2 and 3 were 0.54 and
1.08 mg-AIL™", respectively, trends in virus removal were
almost the same. These results were possibly due to the
difference in source water quality such as DOC, OD260 and
turbidity (Table 1).
Jacangelo et al. (1995) reported that reversible membrane

between these two experiments
fouling (“cake layer”) became the dominant mechanism
at early time points during MF filtration without coagu-
lation pretreatment. Our results apparently contradict
theirs, probably because of differences in the membrane
foulant characteristics in the presence versus absence of

coagulation pretreatment.

Characteristics of membrane foulant accumulated
during short-term coagulation-MF filtration

To investigate the characteristics of the membrane foulant
which accumulated during short-term coagulation-MF
filtration, we conducted several filtration experiments.
A virgin membrane, devoid of any membrane foulant,
could not remove virus particles (Figure 4a). Just after
hydraulic backwashing after 6 h of filtration, the TMP of the
used and backwashed membrane recovered to its initial
value (Figure 4b), and the removal rate of virus particles by
the used and backwashed membrane was almost the same
as that by the virgin membrane (Figure 4a). Therefore,
irreversibly fouled membrane during short-term filtration
could exclude the floc with its entrapped virus particles
(Figures 2 and 3a) but passed free virus particles (Figure 4a).
Although the occurrence of irreversible fouling might
reduce the effective pore size of the membrane, the size
still might be larger than the diameter of the virus particles.

The used membrane without backwashing, on which
membrane foulant accumulated reversibly and irreversibly,
achieved a rate of virus removal of 4 log, and it maintained this
high rate for 6 h. Therefore, virus particles were rejected by the
used membrane without backwashing but not by the used and
backwashed membrane (Figure 4a). The difference between
the two membranes was the occurrence of reversible
membrane fouling; therefore reversible membrane fouling
contributed to the removal of virus particles. In contrast,
reversible membrane fouling did not contribute to the removal
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Figure 4 | Charactenstics of membrane foulant accumulated during short-term coagulation—MF filtration. Open circles, virgin membrane, open diamonds, used and backwashed
membrane; solid diamonds. used membrane without backwashing; source water 1; PACI does, 1.62 mg-alL™". The virus was spiked at 6h of filtration, and MF-only system

was operated after that.

of virus particles trapped in floc (Figures 2 and 3a). Perhaps
most of the flocs entrapping virus particles were larger than the
effective pore size of the used and backwashed membrane: the
number of floc particles whose sizes were between the effective
pore sizes of the above two membranes was extremely small.

Effects of irreversible membrane fouling during
short-term versus long-term filtration

In the above-mentioned experiments, we investigated the
effects of membrane foulant which accumulated during

)
f=3
oo

1

() 100

TMP (kPa)

Log QB virus removal (log (C,/C))
(]

short-term filtration (maximum, 6h). In actual water-
treatment plants, membranes are used for prolonged period
and undergo repeated backwashing. The membrane gradu-
ally is fouled during filtration, such that membrane foulant
accumulates irreversibly in the membrane pore structures
over time. Figure 5 shows the effect of the irreversible
accumulation of membrane foulant on virus removal during
long-term coagulation-MF filtration (1 month). The TMP
of the irreversibly fouled membrane was much higher than
that of virgin membrane at the beginning of filtration
(Figure 5b), indicating that membrane foulant accumulated

0 1 2 3 4 5 6 0
Filtration ume (h)

2 3 4 5 6
Filtration time (h)

Figure 5 | Characteristics of irreversible membrane foulant accumulated during long-term coagulation-MF filtration. Arrows indicate values greater than those that could be
estimated accurately in light of the detection limit of the PFU method. Open circles, virgin membrane in MF-only system; solid circles, virgin membrane in coaguiatio-MF
system (PACI dose, 1.08 mg-AlL™"); open diamonds, irreversibly fouled membrane in MF-only system; solid diamonds, irreversibly fouled membrane in coagulation-MF

system (PACI dose, 1.08 mg-AlL™"); river water 2
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irreversibly and considerably on the membrane in the long-
term coagulation—MF filtration experiment.

Whereas the rate of virus removal by a virgin membrane
was 5 log in the coagulation-MF system, the rate of virus
removal by a membrane that was irreversibly fouled due to
long-term filtration was more than 7 log (Figure 5a). These
results indicate that the membrane foulant which accumu-
lated irreversibly during long-term filtration improved the
virus removal rate in the coagulation-MF system. Although
membrane that was irreversibly fouled during short-term
filtration could not exclude virus particles (Figure 4a),
membrane that was irreversibly fouled during long-term
filtration could do so, suggesting that the amount of
membrane foulant which accumulated irreversibly during
short-term filtration was so small that its effect on the
removal of virus particles could not be appreciated. In
contrast, when filtration lasted for at least 1 month, the
effect was much greater and could be discerned. Jacangelo
et al. (1995) reported that irreversible fouling of a membrane
increased the removal of bacteriophage MS2 during long-
term MF filtration; our results agreed with theirs. Even
though accidents may occur during coagulation pretreat-
ment in actual coagulation-MF systems and lead to
insufficient pretreatment, virus removal still can be expected
to some extent, owing to the irreversible accumulation of
membrane foulant on the membrane.

CONCLUSIONS

1. The virus removal rate in the coagulation- MF system
was low at the beginning of filtration but increased with
filtration time owing to the accumulation of foulant on
the membrane. The virus removal rate did not decrease
and remained high even after hydraulic backwashing of
the membrane,

2. Irreversible, rather than reversible accumulation of
membrane foulant contributed to the increase in virus
removal rate observed at the beginning of filtration. The
irreversible membrane fouling maintained the high
removal rate of virus, even after hydraulic backwashing.

3. lrreversible fouling of the membrane during long-term
filtration improved the wvirus removal rate in the

coagulation~MF system. Moreover, irreversibly fouled
membrane excluded virus particles even in the absence
of coagulation pretreatment.
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Abstract The aim of this study was to determine the
prevalence of Cryprosporidium in snakes in Japan. Fecal
samples or intestinal contents of 469 snakes, consisting of
five species, were analyzed and Cryptosporidium oocysts
were detected only from the Japanese grass snake Rhabdo-
phis tigrinus. The mean prevalence of Cryptosporidium sp.
in Japanese grass snakes was approximately 26% in the
region studied. Histopathological observations revealed that
the organism caused proliferative enteritis in the small
intestine. Sequence analysis of a fragment of the small
subunit rRNA gene has shown that the partial sequence of
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Cryptosporidium sp. isolated from the snakes was identical
to that of the Criptosporidium snake genotype W11 from
New Guinea viper boa.

Introduction

The protozoan parasite, Cryptosporidium, has a wide range
of vertebrate hosts from fish to mammals (Xiao et al. 2004a).
In reptiles, two valid species, C. serpentis and C. varanii,
were studied in depth. Recent analysis of Cryprosporidium
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genotypes revealed that there were several genotypes infec-
ting reptiles (Xiao et al. 2004b). However, information such
as host specificity, geographic distribution, and pathogenicity
of other reptilian Cryprosporidium species are limited,

Contamination of Cryptosporidium oocysts in surface
water or source water for drinking occurred worldwide
(Hachich et al. 2004; Jiang et al. 2005; Payment et al. 2000;
Xiao et al. 2000) and is of great concern for public health
because oocysts are highly resistant to chlorination and are
the causative agent of self-limiting diarrhea. The sources of
Cryptosporidium are variable (Xiao et al. 2000; Jellison et
al. 2002; Ward et al. 2002).

The contamination of Cryprosporidium in well water
serving as the source of small community drinking water
supply treated only with chlorination occurred in 2001 in
Hyogo, the Kinki region, Japan (Tsuji et al. 2005). The
drinking water supply was then stopped under the Japanese
water regulations where delivery of water is prohibited when
the contamination of Cryptosporidium is detected micro-
scopically, regardless of the species or genotype. The DNA
sequence of Cryptosporidium isolated was identical with
those of AY120913, suggesting that the source of contam-
ination was snakes. However, there has been limited
information on Cryptosporidium from snake origin in Japan.

The aim of this study was to identify the source of
Cryptosporidium from snakes and to investigate the
prevalence of Cryptosporidium in native snakes in Japan.
Samples from five snake species were analyzed and the
small subunit (SSU) rRNA gene of Cryptosporidium-
positive samples was characterized by DNA sequencing.

Material and methods

Colléction of samples

A total of 469 snakes of five species, that is, Japanese grass
snake (Yamakagashi) Rhabdophis tigrinus, Japanese rat

Table 1 Prevalence of Cryptosporidium sp. in snakes by region in Japan

snake (Aodaisho) Elaphe climacophora, Japanese four-
striped rat snake (Shimahebi) E. quadrivirgata, Japanese
forest rat snake (Jimuguri) E. conspicillata, and Mamushi
Gloydius blomhoffii, were captured from different geo-
graphic locations (Table 1) between July 2001 and
November 2007. They were kept separately in an enclosure
usually for less than a week until fecal samples or intestinal
contents were collected. Collected samples were stored at
4°C until used.

Analysis of Cryptosporidium oocysts

Detection of oocysts was performed by the direct smear
method, followed by direct immunofluorescent staining.
Approximately 0.5 g or less of intestinal contents or fecal
samples were diluted twice with distilled water, mixed
thoroughly, and filtered with double-sheeted gauze to
remove large debris as needed. A small volume of
suspension was smeared onto a slide glass, air dried for
30 min, and fixed with methanol. The direct immunofluo-
rescent staining was performed with a commercial kit
(FL-Crypt-a-Glo, Waterborne, New Orleans, LA, USA) and
4'-6-diamidino-2-phenylindole (DAPI) staining. The entire
smear was examined at a magnification of %200, and the
sample was scored positive for Cryptosporidium if the
suspected particle had fluorescein isothiocyanate (FITC)
specific fluorescence with approximately 6 x4 um diameter
and four DAPI positive nuclei,

DNA extraction and nested PCR

DNA was extracted with a QIAamp DNA stool mini kit
(Qiagen). Nested polymerase chain reaction (PCR) was
performed for sequence analysis of an approximately 850-
base pair fragment from the small subunit rRNA gene on a PE
2400 thermal cycler (Perkin-Elmer), according to the method
of Xiao et al. (2000) with a slight modification. Primers for
the first PCR were 5-TTC TAG AGC TAA TAC ATG CG-3’

Region No. of positive/no. analyzed

Japanese grass snake  Japanese four-striped rat snake  Japanese rat snake ~ Mamushi  Japanese forest rat snake
Hokkaido - 0/1 - - 05
Tohoku 11/27 (40.7%) 0/8 02 0/7 -
Kanto 6/43 (14.0%) 0120 0/25 0/1
Shin-etsu/Hokuriku ~ 4/4 (100%) 010 - 0/5
Tokai 02 07 0/5 = -
Kinki 1/10 (10.0%) 079 0'6 - -
Chugoku 317101 (35.2%) /46 0/8 0/1 -
Shikoku 3/14 (21.4%) 0/5 - 0/1 0/1
Kyushu 1/22 (4.5%) 072 /1 = =
Total §7/223 (25.6%) 0/178 0/47 0/15 0/6
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Fig. 1 Geographical location of
the regions in Japan

and 5'-CCC ATT TCC TTC GAA ACA GGA-3'. The reaction
mixture was 100 pl consisting of a 10 pl reaction buffer,
200 nM of each primer, 2 mM MgCl2, 0.2 mM of each
deoxynucleoside triphosphate, 2.5 U Taq polymerase (ExTaq
Hot start version, TakaraBio), and 1 pl of template DNA. A
total of 40 cycles were carried out, each consisting of 94°C for
455, 55°C for45 s, and 72°C for 1 min, with an initial hot start
at 94°C for 5 min and a final extension at 72°C for 7 min.
Primers for the second PCR were 5'-GGA AGG GTT GTA
TTT ATT AGA TAA AG-3' and 5-AAG GAG TAA GGA
ACA ACC TCC A-3'. The PCR conditions were identical to
that of the first PCR.

DNA sequencing

PCR products of the 18S rRNA gene fragments were purified
by using the QIAquick PCR purification kit (Qiagen) and
sequenced on an ABI 310 automated sequencer (Applied
Biosystems) using BigDye terminator cvcle sequencing kit
V1.1 (Applied Biosystems). Sequence accuracy was con-
firmed by two-directional sequencing of two separate PCR
products. An alignment of sequences was compared by
performing the Basic Local Alignment Search Tool.

Shin-etsu/Hokuriku

Histopathological analysis

At necropsy after anesthesia, stomachs and intestines were
fixed with 10% buffered neutral formalin, dehydrated, and
embedded in paraffin. Histological sections were cut and
stained with hematoxylin and eosin for examination by
light microscopy.

Results

Fecal samples and/or intestinal contents were tested for the
presence of Cryptosporidium oocysts from 469 snakes of
five species. The oocysts were prevalent only in the
Japanese grass snake R. tigrinus (Table 1), and none of
the other four snakes species was positive for Cryptospo-
ridium. Of the 223 Japanese grass snakes, 57(25.6%) were
positive for Cryptosporidium sp. The regional prevalence of
Cryptosporidium sp. among the snakes varied widely
(Fig. 1) from 4.5% (one of 22) in Kyushu region to 100%
(four of four) in Shin-etsu/Hokuriku region. Criptosporid-
ium was also detected in 11 of 27 snakes in Tohoku region,
six of 43 snakes in Kanto region, one of ten snakes in Kinki
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Fig. 2 Photograph of small intestinal mucosa from R. tigrinus with
enteritis by Cryptosporidium sp. Note multilayered of epithelial cells
and edema in the mucosal lamina propria. Hematoxylin—eosin stain.
Bar=100 pum

region, 31 of 101 snakes in Chugoku region, and three of
14 snakes in Shikoku region.

One hundred and ten oocysts isolated from Japanese
grass snakes measured 4.5-5.0x4.2-4.5 um. They showed
FITC specific fluorescence around the oocyst wall and
DAPI specific fluorescence in four nuclei. Oocysts larger
than 6 pum in length which is characteristic for gastric
Cryptosporidium were not detected from snakes examined.

Sequence analysis of 185 rRNA fragment from 17
Japanese grass snakes throughout the country (Table 1)
yielded DNA sequences identical to that of AY120913,
which was originally isolated from New Guinea viper boa
Candoia asper and designated as Cryptosporidium snake
genotype W11 (Xiao et al. 2002, 2004a; Jiang et al. 2005;
Feng et al. 2007).

Histopathological findings

Seven Japanese grass snakes positive for Cryptosporidium
oocysts in the intestinal contents were examined for
histopathological changes. On gross examination, the
intestinal wall thickened in severe cases and retention of
viscous fluid in the lumen of the small intestine were
observed. On- histological examination, pathological
changes were limited to the small intestine. Intestinal
lesions included scattered single cell necrosis of epithelial
cells, loss of goblet cells, and edema in the mucosal lamina
propria (Fig. 2). Stages of Cryptosporidium arranged in
clusters and others dispersed on the apical brush border of
the absorptive epithelial cells lining intestinal villi, where
duplication, hyperplasia of epithelial cells were observed
(Fig. 3). A few mononuclear inflammatory cells infiltrated
the mucosal lamina propria.

4’_: Springer

Nucleotide sequence accession numbers

The nucleotide sequence of the SSU rRNA gene of
Cryptosporidium sp. from Japanese grass snake has been
deposited in GenBank under an accession no. AB222185.

Discussion

The prevalence of Cryptosporidium snake genotype W11 in
the Japanese grass snake ranged from 4.5% to 100%, with
the average of 25.6%. It is interesting to note that although
experimental transmission of the Cryptosporidium snake
genotype W11 was reported from five snake species of
three different families by Xiao et al. (2004b), the infection
was limited to the Japanese grass snake and did not occur
even in the sympatric species, E. climacophora and E.
quadrivirgata, that share habitat and diet (Fukada 1992).
These three species are common snakes in Japan and
belong to the family Colubridae.

Mild to severe enteritis in Japanese grass snakes with
Cryptosporidium snake genotype W11 was observed in this
study. A similar observation was made by Brower and
Cranfield (2001) in 15 rough green snakes with Crypro-
sporidium associated enteritis and died 17 days after arrival
in Baltimore Zoo. Prognosis of Japanese grass snakes with
Cryptosporidium enteritis and impact on the natural snake
population is to be examined.

It is of importance to note, from the public health point
of view, that this reptilian species of Cryptosporidium may
readily contaminate sources of drinking water, since the
host snake is an inhabitant of waterfront areas and paddy

Fig. 3 Photograph of small intestinal mucosa from R. tigrinus with
enteritis by Cryptosporidium sp. Note multilayered of epithelial cells,
infiltration of mononuclear inflammatory cells are observed. Prolifer-
ative stages of Cryptosporidium are shown on the apical brush border
of the absorptive epithelial cells. Hematoxylin-eosin stain. Bar=
20 um
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fields, and prey mainly on frogs (Kadowaki 1992). The
oocyst is positive for immunostaining by the commercially
available Cryptosporidium detection kit and is difficult
to distinguish morphologically from those pathogenic to
humans, such as C. parvum or C. hominis. According to the
Japan water regulations, the water supply should be shut
down immediately when Cryptosporidium oocyst of any
species is detected microscopically in drinking water.
Actually, a small drinking water plant in Hyogo, Japan
was once forced to stop water supply due to contamination
of a reptilian species of Cryptosporidium in 2001 (Tsuji et
al. 2005), although there is no evidence that Cryprosporid-
ium from snakes can cause cryptosporidiosis in humans. No
patients of cryptosporidiosis were reported among residents
who were served the water from the plant.

Interestingly, from the partial sequence analysis of rRNA
gene, we found a single Cryptosporidium snake genotype
W11 among wild snakes in Japan, while C. serpentis and
C. varanii have often been isolated from imported reptiles
such as comn snakes and leopard geckoes (Une et al. 2002,
2005). Thus far, no Cryptosporidium cases in native snakes
have been found (Une, unpublished data). Results of our
studies and clinical cases suggest that C. serpentis and C.
varanii might occur quite rarely in domestic snakes in
Japan.
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Formation of N-nitrosodimethylamine (NDMA) by ozonation of commercially available dyes and related
compounds was investigated. Ozonation was conducted using a semi-batch type reactor, and ozone con-
centration in gas phase and the ozone gas flow were 10 mg L' and 1.0 Lmin~", respectively. NDMA was

Aerepted § Septemibier 2008 formed by 15 min of ozonation of seven out of eight selected target compounds (0.05 mM)at pH 7. All the

target compounds with NN-dimethylamino functions were NDMA precursors in ozonation. The lowest

5 2 and highest NDMA concentrations after ozonation of the target compounds were 13 ngL™" for NN-
eywords:

Nediesasndievhiybanine dimethylformamide (DMF) and 1600 ng L~" for N,N-dimethyl-p-phenylenediamine (DMPD), respectively.
Dye NDMA concentrations after 15 min of ozonation of 0.05 mM methylene blue (MB) and DMPD increased
Ozone with an increase in pH in its range of 6-8. The effects of coexisting compounds on NDMA concentrations
Hydroxyl radical after 15 min of ozonation of 0.05 mM MB and DMPD were examined at pH 7. NDMA concentrations after
ozonation of MB and DMPD increased by the presence of 0.05mM (0.7 mgL™" as N) nitrite (NO3);
5000 ng L~" for MB and 4000 ng L™ for DMPD. NDMA concentration after MB ozonation decreased by
the presence of 5mM tertiary butyl alcohol (TBA), a hydroxyl radical (HO:) scavenger, but that after
DMPD ozonation was increased by the presence of TBA. NDMA concentrations after ozonation of MB
and DMPD were not affected by the presence of 0.16 mM (5.3 mg L~!) hydrogen peroxide (H,0;). When
0,05 mM MB and DMPD were added to the Yodo and Tone river water samples, NDMA concentrations
after 15 min of their ozonation at pH 7 increased compared with those in the case of additidn to ultrapure

water samples,
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

N-Nitrosodimethylamine (NDMA) is a type of nitrosamines
classified as potent carcinogens (United States Environmental Pro-
tection Agency (US EPA), 1993a,b). According to the Integrated Risk
Information System of US EPA (1993b), NDMA concentration in
drinking water associated with an excess lifetime carcinogenic risk
of 107% is 7 ng L™". In January 2007, six nitrosamines were selected
from the contaminants in the second Unregulated Contaminant
Monitoring Regulation by US EPA (2007). In February 2008, five
nitrosamines were selected from the contaminants in the third
Contaminant Candidate List by US EPA (2008). NDMA is included
in both lists as one of the nitrosamines. The drinking water stan-
dard for NDMA known as the maximum contaminant level has
not yet been established in the US. However, the notification level

* Corresponding author. Tel, +81 48 458 6306; fax: +81 48 458 6305.
E-mail address: kosaka@niph.go.jp (K. Kosaka).
! Current address: Water Supply Division, Health Bureau, Ministry of Health, Labor
and Welfare, 1-2-2 Kasumigaseki, Chiyoda-ku, Tokyo 100-8916, Japan.

0045-6535/§ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.chemosphere.2008.09.026

for NDMA has already been established at 10ngL™" in California
(California Department of Public Health).

Since the detection of NDMA in drinking water, the occurrence
of NDMA in water treatment plants (WTPs) has been investigated,
mainly in the US and Canada (Barrett et al., 2003; California
Department of Public Health; Charrois et al,, 2007). NDMA was
found to be formed by chloramination or chlorination in the pres-
ence of ammonia, so the occurrence of NDMA in sewage treatment
plants (STPs) has also been investigated (Najm and Trussell, 2001;
Mitch et al., 2003). Moreover, the occurrence and identification of
NDMA precursors and the NDMA formation mechanisms in chlor-
amination or chlorination have also been studied by several
researchers (Gerecke and Sedlak, 2003; Mitch et al., 2003; Mitch
and Sedlak, 2004; Chen and Valentine, 2006; Chen and Valentine,
2007).

On the other hand, regarding ozonation, studies conducted
relating to NDMA were mainly on its reduction rather than on its
formation as oxidation by-product. For example, it was reported
that reaction rate constants of NDMA with ozane and
hydroxyl radical (HO-) were (5.2 +0.16) x 1072 and (4.5 +0.21) x
10° M~'s~', respectively, and NDMA were dominantly
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decomposed by HO- during ozonation (Lee et al,, 2007b). Lee et al.
(2007a) reported that when selected NDMA precursors were
preozonated, the NDMA formation potentials by chloramination
were decreased. More recently, however, several studies of NDMA
formation by ozonation have been reported. Andrzejewski et al.
(2008) reported that NDMA is formed by dimethylamine (DMA)
ozonation. Another study (Schmidt and Brauch, 2008) showed that
a plant growth regulator, daminozide, its decomposition product
(ie., 1,1-dimethylhydrazine), a fungicide, tolyfluanide, and its
decomposition products (i.e., N,N-dimethyl-N'-p-tolylsulphamide
and dimethylsulfamide) are NDMA precursors in ozonation.
Furthermore, it was reported that NDMA of approximately 10 to
approximately 100 ng L~' was formed in ozonation in WTPs whose
raw water came from the Yodo river, although the amount of
NDMA formed was effectively decreased by a biological activated
carbon process (Tateishi et al., 2008; Asami et al., submitted for
publication). In our previous study (Oya et al., 2008b), we reported
that NDMA precursors in ozonation in the Yodo river originated
from the effluent of STPs located upstream. We also reported that
NDMA was formed by ozonation in one of the STPs located up-
stream of the Yodo river, and that a high NDMA formation poten-
tial by ozonation originated from a STP influent which was colored
solution and contained effluents from dye industries. However,
there is as yet no information on NDMA formation by ozonation

of dyes and related compounds. Water from the Yodo river is used *

as raw water in WTPs in the west part of Japan and total population
supplied with water by these WTPs is more than 10 million. In
addition, ozonation is often applied to wastewater treatments for
the purposes of color removal. Therefore, it is important to deter-
mine the relationship between ozonation and NDMA formation
from dyes and related compounds.

. In this study, NDMA formation by ozonation of selected dyes
and related compounds was investigated. We focused on the ef-
fects of reaction time, pH and coexisting compounds. Moreover,
NDMA formation by the ozonation of target compounds added to
river water samples was also investigated.

2. Methods
2.1. Reagents and solutions

Many synthetic dyes are used in Japan. For example, there are
more than 1300 dyes categorized as disperse dye, a dye group
whose productions are the largest in Japan, on the market (The
Chemical Daily, 2006a). Various agents such as dispersants are also
used for dyeing. Among these compounds, eight target compounds
(methylene blue (MB, purity, >98.5%), methyl orange (MO), methyl
violet B (MVB), auramine (purity, >80%), brilliant green (BG), N,N-
dimethylformamide (DMF, purity, >99.5%), N,N-dimethylamino-
benzene (DMAB, purity, >99%) and N,N-dimethyl-p-phenylenedi-
amine (DMPD, purity, >98%)) were selected as target compounds
in this study. The chemical structures of NDMA and these target
compounds are shown in Fig. 1. The reagents of the target com-
pounds were commercially obtained from Wako Pure Chemicals
(Osaka, Japan), except for DMPD (Tokyo Chemical Industry, Tokyo,
Japan). No purity data of MO, MVB and BG were obtained. The tar-
get compounds are selected to have N,N-dimethylamino functions,
except BG having NN-diethylamino functions. This is because
compounds with N,N-dimethylamino functions were NDMA pre-
cursors in ozonation (Andrzejewski et al, 2008; Schmidt and
Brauch, 2008). MB, MO, MVB, auramine and BG are dyes. DMF
and DMAB were also selected because they are used as the syn-
thetic intermediates of dyes (The Chemical Daily, 2006b). DMPD
is not a synthetic intermediate of dyes, but it was selected because
it is DMAB added with an amino function. The regents of the target

compounds were used without further purification. However, in
case of MO regent, it was purified using high-performance liquid
chromatography (HPLC, HP1100 series, Agilent Technologies, Palo
Alto, California, USA) and also used. NDMA standard solution was
purchased from Supelco (Bellefonte, Pennsylvania, USA). NDMA-
dg, a surrogate of NDMA, was purchased from C/D/N Isotopes
(Pointe-Claire, Canada). Ultrapure water used was purified with a
Gradient A10 water purification system (Millipore, Bedford, Massa-
chusetts, USA). River water samples were collected from the Yodo
and Tone rivers in February 2008 and stored in the dark at 4 °C.
Both Yodo and Tone river waters were used as raw water for WTPs.
As described above, NDMA precursors in ozonation were present in
the Yodo river water samples (Asami et al., submitted for publica-
tion). The basic water quality of these river water samples is shown
in Supplementary material (Table S1).

2.2. Ozonation experiments of target compounds

Ozonation experiments were conducted using a glass bottle as a
semi-batch-type reactor. The sample volume was 1 L and reaction
temperature was 20 °C. Ozone gas was generated by an ozone gen-
erator (POX-20, Fuji Electric, Tokyo, Japan) using pure oxygen. The
experiments were started by bubbling ozone gas into a reactor. The
ozone concentration in gas phase was 10 mg L™' and the ozone gas
flow rate was 1.0 L min~'. Other basic ozonation conditions were
as follows: initial (added) concentration of target compounds,
0.05 mM; pH of samples, 7 (5 mM phosphate-buffered solution);
and reaction time, 15 min. For the ozonation experiment of MO
purified, initial MO concentration was 0.025 mM and reaction time
was 7.5 min. MO unpurified was also ozonated under the same
conditions. When the effect of reaction time on NDMA formation
by ozonation of target compounds was investigated, the reaction
times ranged from 3.5 to 15 min. When the effect of the pH of
the samples on NDMA formation by ozonation of the target com-
pounds was investigated, the pHs of the samples ranged from 6
to 8 (5mM phosphate-buffered solution). When the effects of
coexisting compounds and river water matrix on NDMA formation

* by the ozonation of target compounds were investigated, sodium

nitrite (NaNO,, Aldrich, Saint Louis, Missouri, USA), tertiary butyl
alcohol (TBA, Wako Pure Chemicals, Osaka, Japan), hydrogen per-
oxide (H;0,, Wako Pure Chemicals, Osaka, Japan), and Yodo and
Tone river water samples were used. The concentrations of NO;,
TBA and H,0; added were 0.05 mM (0.7 mgL~" as N), 5mM and
0.16 mM (5.3 mg L"), respectively. The river water samples were
filtered (GF/F, Whatman, Florham Park, New Jersey, USA) before
use. When the effects of the concentrations of target compounds
added on NDMA formation by ozonation were investigated using
river water samples, their initial concentrations were 0.0005 and
0.05 mM. After each experiment, dissolved ozone in the sample
was quenched by sodium thiosulfate (Wako Pure Chemicals,
Osaka, Japan).

2.3. Analysis

The NDMA concentrations of samples were determined using
solid-phase extraction (SPE) followed by ultra-performance liquid
chromatography (UPLC, ACQUITY UPLC system, Waters, Milford,
Massachusetts, USA) coupled with tandem mass spectrometry
(MS/MS, ACQUITY TQD, Waters, Milford, Massachusetts, USA). Its
analytical method was the same as those of our previous studies
(Oya et al., 2008a; Asami et al,, submitted for publication) and is
briefly described in Supplementary material including Table S2.
The sample volume for SPE was 100 mlL, except in experiments
using river water samples, where the sample volume was
500 mL. Smaller sample volumes for SPE were applied when NDMA
concentrations were considered high. The multiple reaction
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Fig. 1. Chemical structures of NDMA and target compounds.

monitoring (MRM) transitions were m/z 74.9-43.1 (quantification)
and m/z 74.9-57.9 (confirmation) for NDMA, and m/z 81.0-46.0 for
NDMA-ds. The method detection limit (MDL) for NDMA was
5.0ngL"", except in the cases using river water samples (MDL
for NDMA, 1.0ngL™"). )

For target compounds, the decompositions of dyes were evalu-
ated based on their colors. The color of a dye was measured by
optical density at a wavelength of their maximum absorbance,
that is, 665nm for MB, 465nm for MO, 584nm for MVB,
431 nm for auramine and 625 nm for BG. Dissolved organic car-
bon (DOC) concentration was determined using a TOC analyzer
(TOC-V CPH, Shimadzu, Kyoto, Japan). Total dissolved nitrogen
(TDN) concentration was determined by spectrophotometry with
peroxodisulfate decomposition (Japan Water Works Association,
2001). Ammonia {NH3) concentration was determined by spectro-
photometry using an indophenol method (Japan Water Works
Association, 2001). Nitrate (NO3) and NO; concentration by ion
chromatography (DX-500, Dionex, Sunnyvale, California, USA).
Dissolved organic nitrogen (DON) concentration was calculated
by subtracting NH3, NO; and NO; concentrations from TDN con-
centration. Ozone concentration in gas phase was measured using
an ultraviolet (UV) meter (PG-620HA, Ebara Jitsugyo, Tokyo,
Japan).

3. Results and discussion

3.1. Difference according to target compounds

Table 1 shows NDMA concentrations after the ozonation of
eight selected target compounds. NDMA concentration before the
ozonation of all the selected target compounds was less than its
MDL (5.0ngL™"). NDMA was formed by the ozonation of seven
out of eight selected target compounds at pH 7. NDMA was de-
tected after the ozonation of all the target compounds with N,N-
dimethylamino functions.

The lowest and highest NDMA concentrations after the ozona-
tion of target compounds were 13 ng L™* for DMF and as high as
1600 ng L=' for DMPD, respectively. Excluding BG, the value of a
transformation factor of the target compounds for NDMA forma-
tion in ozonation (F) expressed by Eq. (1) was in the range of
3.5 x 1074-4.3 x 10~2% (Table 1).

Table 1

NDMA concentrations after the ozonation of target compounds*

Target compound Decomposition rate NDMA concentration F (%)
(&) (ngL”'¥

MB 96 310 83x 10

MO 99 270 72x107?

MVB 92 460 1.2x107?

Auramine 96 480 13x102

BG 99 <MDL (5.0) <1.0x 10

DMF - 13 35x101

DMAB - 240 6.4 1077

DMPD - 1,600 43 x107?

* Ozonation conditions: initial concentration of target compounds, 0.05 mM;
reaction time, 15 min; pH, 7 (5 mM phosphate-buffered solution); temperature,
20°C.

" Decomposition rate was evaluated from the change in color.

¢ NDMA concentrations before ozonation of all the samples were less than the
MDL (5.0 ngL™").

4 Percentage of transformation factor for NDMA formation in ozonation of target
compound (see Eq. (1)).

F(%) = 100

where [NDMA] (M) is NDMA concentration after ozonation and
[M]o (M) is the initial concentration of a target compound. The max-
imum F value of DMA at pH 7.5 was about 1.0 x 10~2%, which was
estimated from the figure of the previous paper (Andrzejewski et al.,
2008) by the authors. Schmidt and Brauch (2008 ) reported that the
F values of daminozide, tolyfluanide and their decomposition prod-
ucts added to nonchlorinated drinking water at pH 7.4 were 9-80%,
It should be noted that no NDMA was formed by DMA ozonation in
this study. The reason for such a discrepancy between the two stud-
ies might be that initial (added) DMA concentrations in the study of
Andrzejewski et al. (2008), 30-700 mg L~*, were much higher than
that in the study of Schmidt and Brauch (2008), 2 pgL™*, so NDMA
formed was detected in the study of Andrzejewski et al. (2008).
Thus, some F values in our study were higher than that of DMA,
but all F values in our study were much lower than those of dami-
nozide, tolyfluanide and their decomposition products. In the case
of dyes (i.e., MB, MO, MVB, auramine and BG), their decompositions
by ozonation ranged from 92% to 99%, as evaluated from the
changes in their colors (Table 1). Of the three remaining
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compounds, DMF is not reactive with ozone, but DMAB is reactive
with ozone (the reaction rate constants of DMF and DMAB with
ozone are 024 and 2.0 x 10°M~'s~", respectively (Lee et al.,
2007a)). DMPD is also considered reactive with ozone because
DMPD is DMAB added with an amino function, a reactive function
with ozone (Neta et al., 1988). Thus, it was considered that all target
compounds, except DMF, decomposed in ozonation.

The target compounds have one or two N,N-dimethylamino
functions, except BG. However, NDMA formations by ozonation
of the target compounds had no correlation with the number of
N.N-dimethylamino functions in their molecules. At present, the
mechanism of NDMA formation by ozonation is unclear; however,
it is considered that the presence and association of N,N-dimethyl-
amino functions may be required for NDMA formation. As de-
scribed above, the NDMA formation by DMPD ozonation was the
highest, although the number of NN-dimethylamino functions of
DMPD is only one and the difference of chemical structures be-
tween DMPD and DMAB is only an amino function of DMPD. There-
fore, it was presumed that an amino function of DMPD might
effectively act as the source of a nitroso function of NDMA in
ozonation.

The remaining one target compound, BG, has N/N-diethylamino
functions. Considering the results of other target compounds, it
was thought that N-nitrosodiethylamine (NDEA) might be formed
by BG ozonation. NDEA concentration in drinking water with an
excess lifetime carcinogenic risk of 10~% 2ngL~' (US EPA,
1993a), is lower than NDMA concentration, 7ngL~" (US EPA,
1993b). Thus, NDMA evaluation as well as NDEA evaluation was
considered to be important although NDEA was not investigated
in this study.

It is known that dyes generally contain impurities. In case of
this study, except for MB, the purities of dyes (i.e., MO, MVB, aura-
mine and BG) are unknown or not so high, but all of them were
used without purification. However, NDMA was detected after
ozonation of DMAB (purity, >99%), a basic structural compound
of the dyes with N.N-dimethylamino functions investigated. More-
over, MO was purified and ozonated (initial MO concentration,
0.025 mM; reaction time, 7.5min). NDMA was detected at
51ngL~' after ozonation of MO purified. Before its ozonation,
NDMA was not detected. Therefore, it was confirmed that dyes
and related compounds with N,N-dimethylamino functions were
NDMA precursors by ozonation. Of course, the impurities of target
compounds might also contribute to NDMA formation during
ozonation, particularly for dyes. However, in case of MO reagent,
MO was main NDMA precursor by ozonation because NDMA con-
centration after ozonation of MO unpurified, 47 ng L~?, was similar
to that of MO purified under the same ozonation conditions (initial
MO concentration, 0.025 mM; reaction time, 7.5 min).

3.2. Effects of reaction time, pH and coexisting compounds

Fig. 2 shows profiles of NDMA concentration and color removal
during the ozonation of MB and DMPD. MB was selected because,
three out of the four selected dyes with N,N-dimethylamino func-
tions, no purity data of MO or MVB were obtained and the purity of
MB was much higher than that of auramine. DMPD was selected
because it was the strongest NDMA precursor in ozonation of the
target compounds. In Fig. 2, color was measured for only MB be-
cause DMPD was colorless before ozonation. However, DMPD
turned purple-red after ozone gas introduction. After that, the color
gradually decreased and became colorless again until 15 min.
NDMA concentrations by the ozonation of MB and DMPD increased
with reaction time up to 15 min. In this study, the reaction time of
ozonation was basically 15 min. Thus, it was clear from this result
that NDMA would be formed from MB and DMPD by ozonation
under the conditions employed in this study.
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Fig. 2. Profiles of NDMA concentration and color removal during the ozonation of
MB and DMPD. Ozonation conditions: initial concentration of target compounds,
0.05 mM:; pH, 7 (5 mM phosphate-bufTered solution); temperature, 20 °C.

Fig. 3 shows the effect of pH on NDMA formation by the ozon-
ation of MB and DMPD. NDMA concentrations before ozonation
were less than its MDL (5.0 ng L") at all pH. NDMA concentrations
after the ozonation of MB and DMPD ranged depending on pH from
150 to 1200 ng L~! and 1100 to 5000 ng L', respectively. That is,
for both MB and DMPD, NDMA formation was enhanced with pH
increase. It was reported that in a pH range of 6.5-10.5, NDMA for-
mation by DMA ozonation increased with pH as well (Andrzejew-
ski et al., 2008). That is, the result of this study agreed with that of
the previous study. Ozone absorption rates during ozonation of MB
and DMPD gradually decreased with time, but were not affected by

" pH (Figure 51). At 15 min of reaction time, ozone absorption rates

of MB ozonation at pH 6-8 were 27-28% and those of DMPD at pH
6-8 were 25-26%. Thus, it was considered that the effects of pH on
the NDMA formation by the ozonation of target compounds were
not due to the difference of ozone consumption but due to the dif-
ference of reaction mechanism among pH 6-8.

Fig. 4 shows the effects of coexisting compounds on NDMA for-
mation by the ozonation of MB and DMPD. Except in the case of
NO7, NDMA concentration before the ozonation of MB and DMPD
in the presence of coexisting compounds were less than the MDL
(5.0ng L~"). NDMA concentrations before the ozonation of target
compounds in the presence of NO; were 11 ngL™" for MB and
68 ng L~! for DMPD. No NDMA was detected in a NO; solution.
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Fig. 3. Effects of pH on NDMA concentration after the ozonation of MB and DMPD,
Ozonation conditions: initial concentration of target compounds, 0.05 mM; reaction
time, 15 min; pH, 6-8 (5 mM phosphate-buffered solution); temperature, 20 °C.
NDMA concentrations before ozonation, <MDL (5.0 ng L™1),



