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treatment. It should be emphasized that this phenomenon is
very similar to the formation of THMs in the drinking water
treatment process; that is, NOMs are major precursors for
both the estrogenic effect and THMs.

On the other hand, the estrogenic effects of most micro-

pollutants decrease after chlorination as shown in Figure 5(a).

The effects of chlorination of bisphenol A (BPA), 4-nonyl-
phenol (4-NP), estrone (E;), 178-estradiol (E,), estriol (Es),
and 17o-ethynylestradiol (EE;) on the - estrogenic effect
have been reported (Hu et al. 2002; Kuruto-Niwa et al.
2002, 2007; Lenz et al. 2003; Tabata ef al. 2003; Deborde
et al. 2004; Garcia-Reyero et al. 2004; Lee et al. 2004;
Nakamura et al. 2006). In fact, some chlorinated derivatives
or intermediates during chlorination of BPA and 4-NP show
stronger estrogenic effect than parent compounds; however,
the estrogenic effect of these compounds eventually
decreases after chlorination with chlorine dosage typically
used in practice.

Different results have been reported about the effect of
chlorination on the estrogenic effect of river water and trea-
ted wastewater. The estrogenic effect decreased by
chlorination in some studies (Takigami ef al. 1998; Akatsuka
et al. 2000); however, it increased in another study (Yakou
et al. 2000). Figure 5(a) indicates that organic matter of
which the estrogenic effect increases or decreases after
chlorination is present in raw water. The findings demon-
strate that the overall estrogenic effects in chlorinated
drinking water are the sum of the increased and decreased
activities of individual constituents after chlorination. The
effect of chlorination depends on the quantity of the estro-
genic effect that increases and decreases by chlorination.

In addition, the estrogenic effect originated from NOMs
shown in Figure 5(a) following chlorination increased
gradually over time, even in the absence of residual chlorine
(Itoh et al. 2009). It is known that the concentration of
THMs and HAAs increases while in the distribution
system. The obtained result suggests that some part of the
estrogenic effect in drinking water also increases over time
after chlorination. The increase in estrogenic effect is
faster at a higher pH than at a neutral pH, which is reason-
able because the hydrolysis rate increases as the pH
increases. Based on this finding, Figure 5(b) illustrates the
components of the estrogenic effect originated from
NOMs. It shows that the components, which form the

‘estrogenic effect formation potential’ and ‘estrogenic
effect intermediates’, can be defined. The estrogenic sub-
stances formed just after chlorination are part of the
chlorinated by-products. The ‘estrogenic effect intermedi-
ates’ change into estrogenic substances over time,
explaining why the increased estrogenic effect shown in
Figure 5(a) continues to increase over time after
chlorination. » ;
This phenomenon is similar to the formation of THMs
because NOMs are major precursors of both estrogenic
effect and THMs. The ‘THM formation potential’ and the
‘THM intermediates’ in the formation process of THMs
have definitions that are similar to those illustrated in
Figure 5(b) (Xie 2004). To decrease the estrogenic effects
of drinking water, NOMs in addition to suspected EDCs
should be removed before chlorination. Furthermore, it is
important to assess the reproductive and developmental tox-

icity of mixtures of by-products that originated from NOMs.

ATTEMPTS TO ESTIMATE THE OVERALL TOXICITY
OF DISINFECTED WATER

In vitro mutagenicity testing

As discussed above, we have to pay much attention to
numerous other DBPs in addition to typical ones formed
by disinfection. It has been emphasized for many years
that it is important to measure and evaluate the toxicity
of complex DBP mixtures in chlorinated water. In vifro
short-term bioasséys such as the Ames test can evaluate
the combined action of DBPs. Many studies have investigated
the mutagenicity of organic extract in disinfected water,
inctuding chlorinated water (Loper ef al. 1978; Donald et al.
1989). As a mutagenicity test, the Ames test was mainly
carried out until the 1980s; however, various kinds of
in vitro bioassay such as assays using cultured mammalian
cells have been performed since then.

Our review of studies that compared the mutagenicity of
water treated with different disinfectants (Zoeteman et al.

- 1982; Backlund 1985; Meier & Bull 1985; Cognet ef al. 1986;

Kamei et al. 1989; Anderson ef al. 1990; Séyato et al. 1991;
DeMarini ef al. 1995, Monarca et al. 1998; Guzzella ef al.
2004; Maffei ef al. 2005) found that a study by Meier &
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Bull (1985) yielded typical results. This study showed that
the mutagenicity of chlorinated water was the strongest
and that chloramine-treated water was also mutagenic.
The mutagenicity of chlorine dioxide-treated water was
minimal, and ozonated water had no detected mutagenicity.
DeMarini et al. (1995) showed that different types of disin-
fected water had mutagenicity in the following order:
chlorination > ozonation plus chlorination > chloramina-
tion > ozonation plus chloramination > ozonation > raw
water. There are additional findings on ozonation such as:
ozone has the effect of reducing the mutagenicity of raw
water (Zoeteman ef al. 1982); and the mutagenicity of ozo-
nated water is detected in some cases (Cognet ef al. 1986)
and not in others (Meier & Bull 1985; Anderson ef al.
1990). In addition, these results may vary with raw water
quality and sample preparation procedure. For example,
Sayato ef al. (1991) showed that chlorination reduces muta-
genicity because the mutagenicity of raw water is strong.

Performing in vitro mutagenicity testing is not con-
strained by chemical analysis, which quantifies the
concentration of individual chemicals, thus provi&ing one
of the indicators of the overall toxicity of water. As a
matter of fact, epidemiological studies have reported associ-
ations between the mutagenicity of chlorinated drinking
water and increased risk of cancers of the bladder, rectum,
kidney, pancreas and lymphatic system. (Koivusalo et al.
1995; Koivusalo et al. 1997; Koivusalo et al. 1998). The results
of in vitro mutagenicity testing can be employed for reducing
the risk of drinking water, and can contribute to the develop-
ment of a better water treatment process. On the other hand,
these tests have the limitation that toxicity to the human
body cannot be assessed and a health-based value cannot
be derived by extrapolating the results for humans.

in vivo testing

It is essential to estimate the overall toxicity of disinfected
water with iz vivo assays so that the toxicity of TOX (i.e.
complex mixtures of chlorinated water) can be estimated.
However, only a few carcinogenicity studies using exper-
imental animals have been conducted.

Bull ef al. (1982) showed an increased number of
tumours when concentrations of US drinking water were
applied to mouse skin as tumour initiators in initiation/

promotion studies. The same study also showed that
water disinfected by chlorine, ozone and chloramine
resulted in a greater number of papillomas compared
with non-disinfected water. Van Duuren ef al. (1986) admi- -
nistered a chlorinated humic acid solution (1 g TOC/L) as
drinking water to mice for two years. There were no
increases in tumours. Similarly no adverse effects relevant
to carcinogenicity have been detected in other studies
(Kool et al. 1985; Miller et al. 1986; Condie ef al. 1994).
Condie ef al. (1985) carried out a sub-chronic toxicity test
administering chlorinated humic acid solution in drinking
water for 90 days. NOAEL (no-observed adverse effect
level) was derived as 0.5 g TOC/L. Daniel ef al. (1991) con-
ducted a sub-chronic toxicity test in male and female rats.
A provisional NOAEL of untreated humic acid solution,
ozonated water and ozonated/chlorinated water was set
to be 1.0 g TOC/L.

In summary, no studies have shown evidence of the car-
cinogenic effects of complex DBP mixtures via drinking
water consumed by rodents. There have been many epide-
miological studies of associations between consumption of
chlorinated drinking water and increased risk of various
cancers (International Agency for Research on Cancer
2004; US Environmental Protection Agency 2006). The US
EPA has concluded that the available data indicates a poten-
tial association between consumption of drinking water and
bladder cancer, and it also suggests a potential association
between consumption of drinking water and rectal and
colon cancers. Although an epidemiological study is useful
as a means to observe adverse effects on human health,
there is no attempt to date to derive health-based values of
DBPs based on epidemiological evidence. In vivo assays
using experimental animals should be given a higher priority
to derive a health-based value of a DBP mixture.

Toxicity estimation project initiated by the US EPA

Available evidence suggests that it will be essential to per-
form in wvivo toxicity tests on disinfected water to obtain
results that can be used to derive water quality standards
for TOX (ug CI/L). In the future, monitoring and managing
drinking water quality using a standard value of TOX should
be implemented in the case of chlorinated water. The US
EPA has initiated the Integrated Disinfection Byproducts
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Mixture Research Project for this purpose (Simmons ef al.
2002, 2004).

In this project, the following in vivo toxicology tests will
be performed: reproductive and developmental toxicity,
mutagenicity, carcinogenicity, immunogenicity, hepatic/
renal toxicity, neurotoxicity, developmental neurotoxicity,
and kinetics/metabolism. In vifro bioassays on similar
types of toxicity have also been designed to be performed.
It is very valuable that, in addition to in vitro bioassays,
in vivo toxicity studies that are associated not only with
carcinogenicity but also with several other types of toxicity
have been planned. ,

This project confronts challenging technical issues such
as the development of a concentration procedure using a
reverse osmosis membrane (Speth et al. 2008), preparation
of water concentrates that are drinkable by laboratory ani-
mals (Narotsky ef al. 2008), and ensuring the chemical
stability of water concentrates (McDonald ef al. 2010). As
multi-disciplinarity is needed to tackle these technical
issues, specialists from different fields have designed and
initiated this huge project. .

The reproductive and developmental endpoints are
being given first priority in this project. The results obtained
to date showed that 130-fold concentrates of both chlori-
nated and ozonated/post-chlorinated water appeared to
exert no adverse developmental effects (Narotsky ef al.
2008). Cancer endpoints, however, were assigned a.lower
priority because of the difficulty in obtaining enough water
concentrate for a two-year cancer bioassay. In addition,
water is disinfected either by chlorination or by ozona-
tion/post-chlorination, and there is no plan to research
adverse effects of water that has been treated with chlorine
dioxide or chloramines (Simmons ef al. 2008). Future
résearch progress is highly encouraged.

Since obtaining useful information for actual regulation
deperids on the progress and success of in vivo bioassays,
they should be given a higher international priority.

CONCLUSIONS AND RECOMMENDATIONS

- The regulation of DBPs has played a great role in producing
safe drinking water; however, there are numerous . limit-
ations with the current system. Only a few of the 600-700

chlorinated by-products are regulated, accounting for only
a small portion of the overall toxicity represented by DBPs.

. Water suppliers typically focus their water quality
management efforts to comply with defined maximum con-
centration standards for individual regulated parameters.
As a result, toxicity from causes other than regulated by-
products is overlooked, leading to potentially inappropriate
and counterproductive treatment measures. The contri-
bution of bromate ion to overall water toxicity (Figure 1)
and the toxicity and changes in chlorine dioxide-treated
water (Figure 4) are good examples. Standard values are
never sufficient as golden rules as far as DBPs are con-
cerned. Instead, they should serve as important points of
reference for water quality management.

We recommend a paradigm shift towards preventive
and holistic DBP management based on a comprehensive
health-based risk assessment that takes into account the
overall toxicity. This approach is recommended in the
WHO Guidelines for Drinking-water Quality as ‘Water
Safety Plans’ (WSPs). WSPs require assessment of risks
from catchment to consumer, and implementation of con-
trol measures that are validated to effectively mitigate
risks. Moreover, the WSP approach puts more emphasis
on monitoring of control measures rather than on monitor-
ing at end-of-pipe against an ever-growing list of standards.
The implication for DBP management is to focus efforts
on the implementation and monitoring of preventive control
measures such as removal of DBP precursor compounds,
the consideration of the costs and benefits of using alterna-
tive or non-chemical disinfection processes, and if
appropriate, to establish and validate removal of DBPs
prior to distribution. Care must be taken to not compromise
disinfection efficacy in efforts to reduce DBP toxicity, and
this should also be demonstrated in the WSP risk manage-
ment plan. -

Other than a progressive shift to promotion of WSPs,
there may be a limited number of immediately implementa-
ble policy or regulatory actions. One step would be to keep
standard values that have been derived with sufficiently
large safety (uncertainty) factors. For example, first, an
alternative approach such as the benchmark dose method

~ has been introduced to derive tolerable daily intakes

(TDIs). This method may give a new health-based value
that differs from a previous value, even when the same
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toxicity data are analysed. Second, it has been emphasized
that a standard value should be set using an appropriate allo-
cation of the TDI to drinking water. An actual measurement
of the proportion of intake from drinking water may give a
new allocation of intake instead of the default value, ulti-
mately resulting in a new health-based value. Even in
these cases, however, any changes in the present standard
values should be considered carefully and the overall tox-
icity of water should be considered.

International organizations and authorities charged
with reviewing and revising national drinking water stan-
dards should collect information on the overall toxicity of
disinfected water. Obtaining useful information for actual
regulation depends on the progress and success of in vivo
bioassays that can be used to derive health-based values.
Therefore, in wvivo assays with experimental animals
should be given a higher international priority.
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In Japan, customers’ concerns about chlorinous odour in drinking water have been increasing. One promising
approach for reducing chlorinous odour is the minimization of residual chlorine in water distribution, which requires
stricter control of organics to maintain biological stability in water supply systems. In this investigation, the levels
and seasonal changes of assimilable organic carbon (AOC) and its precursors in drinking water were surveyed to
accumulate information on organics in terms of biological stability. In tap water samples purified through rapid sand
filtration processes, the average AOC concentration was 174 pgC/L in winter and 60 1gC/L in summer. This
difference seemed to reflect the seasonal changes of AOC in the natural aquatic environment. On the other hand, very
little or no AOC could be removed after use of an ozonation-biological activated carbon (BAC) process. Especially
in winter, waterworks should pay attention to BAC operating conditions to improve AOC removal. The storage of
BAC effluent with residual chlorine at 0.05-0.15 mgCl,/L increased AOC drastically. This result indicated the
possibility that abundant AOC precursors remaining in the finished water could contribute to newly AQC formation
during water distribution with minimized residual chlorine, Combined amino acids, which remained at roughly
equivalent to AOC in finished water, were identified as major AQOC precursors. Prior to minimization of residual
chlorine, enhancement of the removal abilities for both AQC and its precursors would be necessary.

Keywords: assimilable organic carbon (AOC); AOC precursors; amino acids; drinking water; advanced water

treatiment

1. Imtroduction

Waterworks have been working to improve drinking
water quality to reduce health risks caused by man-
made pollutants, natural toxins and disinfection by-
products. The installation of advanced water treatment
processes is one of these efforts and it has been working
effectively to supply safe water. However, customers’
complaints about drinking water have been increasing
even after advanced water treatment processes had been
in operation. A questionnaire survey conducted in a
distribution area supplied with drinking water treated by
advanced treatment processes indicated that more than
40% people who avoided direct drinking of tap water
could perceive chlorinous odour [17. Thus, chlorinous
odour has attracted increasing attention as one of impor-
tant factors to increase customers’ satisfaction for
drinking water, ~

Chlorinous odour is produced by the reaction
between chlorine and precursors such as nitrogen
compounds [2]. Therefore, two types of approach for
reducing chlorinous odour may be effective. One is

improving water quality by removing its precursors still
left even after the application of current advanced
processes. Another promising approach is minimization
of the chlorine disinfectant itself. However, the latter
approach can cause deterioration of microbiological
safety of drinking water by allowing bacterial regrowth
within the distribution system. In Japan, a residual
chlorine level of 0.1 mgCL/L should be maintained at
each tap, though many waterworks have been trying to
keep a residual chlorine level of 0.3-0.4 mgCL/L at
gach tap [3]. This residual chlorine level has worked
effectively to inactivate bacteria within distribution
systems and to provide a ‘biologically stable’ state.
With lesser disinfection power, bacteria can regrow
using a small amount of organics as substrate; therefore,
stricter control of organics is needed at the same time
with this approach.

The organic fraction, which can be consumed by
bacteria, is called biodegradable organic matter (BOM).
Assimilable organic carbon (AOC) and biodegradable

~organic carbon (BDOC) are often used as indicators for
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BOM. Each indicator has advantages and disadvan-
tages. AOC is a very sensitive indicator for bacterial
regrowth potential of drinking water, especially distrib-
uted drinking water, while BDOC is considered to be
linked to chlorine demand or the formation of disinfec-
tion by-products [4].

One type of compound of most concern in BOM is
amino acids, which contain carbon and nitrogen, and
can become good energy sources and nutrients for
heterotrophic bacteria. The amino acids have also
become a target of researchers’ attention because of
their high reacﬁv;ty with chlorine disinfectant [5]. Inor-
ganic or organic chloramines can be formed by the reac-
tion of aminc) acids with chlorine disinfectant, and it is
commonly believed that these products can cause not
only a decrease of disinfection efficiency but also an
increase of chlorinous odour. Thus, there has been a
recent focus on amino acids as key compounds in both
chlorinated and chlorine-free water supply systems.

In this investigation, AOC levels in drinking water
samples distributed from two different water treatment
plants with different treatment processes were deter-

mined. AOC removal during advanced water treatment

processes was then evatuated. The possibility of AOC
inereases during water distribution was also examined.
Finally, the amino acids as BOM components were
determined by analyses of free and combined amino
acids, and their contribution to BOM is discussed. This
information would be useful in allowing us to improve
the microbiological stability of water for water supply
systems with minimized residual chlorine. '

2. Materials and methods
2.1, Water sampling in distribution systems

Two different distribution areas were chosen.

One is a distribution area (System-A) supplied from
a conventional water treatment plant (WTP-A), which
includes coagulation-sedimentation, rapid sand filtra-
tion (RSF), and chlorination. The raw water of WTP-A
is piped from Lake Biwa.

Another distribution area (System-B) is supplied
from a water treatment plant (WTP-B), which has
advanced processes consisting of coagulation—
sedimentation, intermediate ozonation, rapid sand
filtration, post-ozonation, biological activated carbon
(BAC) and chlorination. The WTP-B purifies surface
water taken from the Yodo River, which has a source
in Lake Biwa.

- Forty water samples and six water samples were
taken from each tap in System-A in different seasons,
May/June 2007 and January 2008, respectively. Six
water samples were also taken from each tap in System-
B in January 2008. The water samples after 5 min flash-

ing were collected in carbon-free glass bottles pieparcd -

by thermal tmatment at 550°C for four hours. The
samples for analyses were transpotted to the laboratory
under refrigerated conditions and processed within four
hours of sampling.

2.2. Water sampling at a treatment plant

Two samplings were conducted at the above-mentioned
advanced water treatment plant (WTP-B) in December
2008/January 2009 (winter season) and June/July 2009
(summer season), respectively. The effluent samples
after each (reatment process and the water intake were
collected and transported to the laboratory under refrig-
erated conditions. AOC, total organic carbon (TOC)
and heterotrophic plate count (HPC) in the samples
were analysed within four hours. Those samples such as
water intake and BAC effluent that were expected to
contain not negligible amounts of microorganism cells
were filtrated through an Anodisc 47 membrane filter
(GE Healthcare Japan, Tokyo, Japan) to reduce the
effect of indigenous bacteria on tested bacterial strains
for AOC measurement.

Dissolved amino acids were determined only in
samples taken during summer. For determination of
dissolved free amino acids (DFAAs), benzalkonium
chloride was added immediately to each sample at a
final concentration of 0.1% to prevent unintentional
biodegradation during transportation [6].

2.3. AOC formation under non-chlorinated and
chiorinated condifions

The effluent samples of BAC process at WTP-B were
collected in January 2009 as previously described and
were stored without any additional treatment at 4°C
after being divided into three different carbon-free
bottles. The same BAC effluent samples were also
stored at 20°C after adding sodium hypochlorite at final
concentrations of 0.05 and 0.15 mgCL/L. After four
days storage, the AOC content in each sample was
determined after filtration using an Anodisc 47
membrane filter.

2.4. Analytical metfwds :

TOC was anaiysed mmg a TOC-5000A or TOC-V gy
analyser (Shimadzu, Kyoto, Japan). HPC bacteria were
euumemteéz using a pout plating procedure with R2A
uticals Co., Ltd, Tokyo, Japan)
ation at 20°C [7].
ording to the standard meth-
pan Water Works Association
asteurized for 30 minutes at
ﬂake sure that carbon was the
uments including nitrogen,
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- phosphorus and other trace elements were supple-
mented by adding 2 mL mineral solution. Samples were
inoculated simultaneously with Pseudomonas fluore-
scens strain P17 (ATCC 49642) and Aquaspirillum sp.
strain NOX (ATCC 49643) and incubated at 20°C; the
growth of each strain was monitored every two or three
days during 14-20 days by pour plating on R2A agar at
20°C. AOC was calculated using the average (CV <
20%) or maximum numbers of colonies at steady state
and the yield factors determined with sodium acetate as
a carbon source. The yield factors in this investigation
were determined as 4.53 x 10% and 1.56 x 107 colony-
forming units (CFU)ug of acetate-C for P17 and NOX,
respectively.

Free and combined chlorine were analysed using a
DPD-ferrous titration method according to standard
methods [8].

Arino acids were determined using a liquid chro-
matography system for amino acids analysis after post-
column derivatization with o-phtalaldehyde (OPA).
This system was equipped with a trapping column for
ammonium fon (Shim Pack ISC-30, Shimadzu, Kyoto,
Japan) and a cation exchange column (Shim-Pack
AMINO Li, Shimadzu, Kyoto, Japan) for separation.
The derivatized compounds with OPA were detected
using a fluorescence detector (RF-10A, Shimadzu,
Kyoto, Japan) at an excitation wavelength of 350 am
and an emission wavelength of 450 nm. For DFAAs
analyses, 1/10 volume of dilution buffer (2.5 mol Li/L
lithium citrate buffer (pH 2.1)) was added to each
sample and filtrated through a 0.22 pm filter (Millex~
GP, Nihon Millipore, Tokyo, Japan). For dissolved
combined amino acids (DCAAs) analyses, the samples
without an antiseptic agent were dried under a stream of

@
System-B
January 2608
System-A
January 2008
0 50 100 150 200
AOC (pgC/L)

N, gas and hydrolyzed in 6N hydrochloric acid contain-
ing 11.36 mM ascorbic acid at 110°C for 20 hours,
according to the method reported by Robertson et al.
[9]. Milli-Q water samples treated by thermal hydroly-
sis’ in the same way were also analysed as blank
samples.

2.5.  Sratistical analysis

Statistical analyses were performed with GraphPad
Prism version 4.0 for Macintosh (GraphPad software
Inc., San Diego, CA, USA). To compare the differences
between two groups of samples, a nonparametric #test
was performed. Significant differences were deter-
mined with a level of p<0.01 in all analyses.

3. Results and discussion
3.1, AOC levels in tap waier samples
Average AOC levels in two different distribution

- systems in winter are compared in Figure 1{(a). The

average AOC in System-B was slightly lower than that
in System-A, but the difference was not significant,
while the average TOC content in samples taken from
System-B (1.3 mg/L) was considerably lower than that
in System-A (1.8 mg/L).

This result suggested that the AOC removal through
advanced water treatment processes consisting of
ozonation and BAC adsorption achieved only a limited
improvement. It is well-known that ozonation increases
the AOC fraction by converting high molecular weight
organics to low molecular weight and polar compounds,
particularly carboxylic acids [6]. Some parts of AOC

®
System-A
May-June 2007
System-A  _
January 2008
1 ¥ 1] ¥
0 50 100 150 200
AQC (ngC/L)

Figure 1. Comparison of AOC levels in tap water samples. Two comiponents of AOC, P17 component (grey solid bar) and NOX
component (white bar), were determined by the van der Kootj method [11]. () AOC in tap water samples (n = 6) purified through
different treatment processes, WTP-A (conventional processes) and WTP-B (advanced processes) in winter season, {b) AOC in
tap water samples taken from System-A in summer {(n = 40) and winter (n = 6) seasons. The data represented the mean * the

standard deviations. *p<0.01.
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should be removed during the BAC process by micro-
bial activity on the surface of activated carbon, but in
our case the total efficiency of AOC removal was not
improved significantly. '

On'the other hand, as shown in Figure 1(b), the AOC
data in the samples taken from the same distribution
system (System-A) showed a clear difference between
the seasons. The average AOC in summer (7 = 40) was
59.8 pgC/L, while the average AOC in winter (n = 6)
was 174 pgC/L. It is widely recognized that the raw
water quality of WTP-A has been affected by seasonal
changes of water quality in Lake Biwa. Mitamura and
Saijo [10] have reported that TOC in the summer season
was slightly higher in southern basin of Lake Biwa and
that the fluctuation might be caused by phytoplankton
blooms. This report suggested that:

e constituents of organics might shift to aquagenic
or autochthonous organic matter with higher
molecular weight by microbial conversion in the
summer; ;

e the observed seasonal changes in AOC might
directly reflect the seasonal changes in quantity
and quality of organic fraction in the lake water.

The obtained AOC values were much higher than
the AOC level of 10 pgC/L proposed by van der Kooij
[11] for biologically stable water in non-chlorinated
systems. In the winter season, the AOC levels were
higher than 100 pgC/L, which was proposed by LeCh-
evallier ef al. [12] as a criterion to prevent regrowth of
coliforms in chlorinated systems, '

The impact of raw water quality and the AOC
removal during advanced water processes in WTP-B on

AOC levels in finished water are more fully discussed
in the next section. :

3.2.  AOC removal duving advanced water freatment
processes
3.2.1. Comparison of organic carbon in raw water
and finished water ‘
The averages of AOC concentrations obtained by two
samplings in the winter and summer season at WIP-B
are shown in Figure 2. The average TOC values and
proportion of AOC to TOC are shown in Table 1.

~ The average AOC levels in raw water were 148 and
32.2 ngC/L in winter and summer, respectively. The
AOC level in the winter season was five-times higher
than that in summer season, although Huck ef 4l [13]
have reported that AOC concentrations in raw water
during the winter-fall period were significantly lower
than those during summer, and that a similar trend was
observed with non-volatile organic compounds.

One of the characteristics of the surveyed WTP-B
was that the raw water quality depended on the water
qualities of the river water, which has a source in Lake
Biwa, and the discharged water from wastewater
treatment facilities located upstream of the basin. It is
recognized that phytoplankton growth in the summer
season can confribute to an increase in TOC in the Yodo
River water, because 70% of the water in the river
comes from Lake Biwa, where phytoplankton blooms
were observed during the season when the water
temperature was high. A rough seasonal fluctuation in
BOD (higher in winter and lower in summer) was also
observed in discharges from wastewater treatment
facilities in this basin [14].

‘Water intake

After coagulation-sedimentation
After intermediate-ozonation .4 = |
After RSF

After post-ozonation

After BAC

After chlorination

0 25 50 75

(2)

1 k] ] 1 L 2

100 125 150 175 200 O 25 50 75 100 125 150 175 200
AGC (ngC/L) '

AOC (pngC/L)
®)

Figure 2. Corﬁparison of AOC changes during advanced water treatment process in (a) winter and (b) summer. Two compo-
nents of AQC, P17 component (grey solid bar) and NOX component (Wlute, bgr),&we}:e determined. The data represented the
mean + the range of two samplings. BAC = biological activated carbon; RSF = rapid sand filtration.
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Table 1. Changes in TOC and AOC/TOC proportions during water treatment processes.
Winter 2008 Summer 2009
TOC (mg/L) AOC/TOC (%) TOC (mg/L) AOC/TOC%)

Water intake 2.0 65 2.0 14
After coagulation-sedimentation 1.7 3.5 14 1.3
After intermediate~-ozonation 1.7 5.8 14 43
After RSF 1.5 6.4 1.1 2.5
After post-ozonation 1.5 7.6 1.0 6.0
After BAC 1.2 11.9 0.9 3.0
After chlorination 1.1 12.3 0.8 , 6.7

However, there was no difference in our limited
TOC data between the two seasons. This information
from the literature supports our assumption (presented
in the previous section) that the decrease in AOC in the
summer season might reflect the changes in the organic
constituents in the raw ‘water. The organic fraction that
can be easily consumed by heterotrophic bacteria could,
in summer, be converted into biomass or extracellular
components with a higher molecular weight such as
proteins or polysaccharides, with higher bacterial activ-
ity in the natural aquatic environment. The decrease in
the proportions of AOC to TOC also indicated that the
organic constituents shifted in summer to those consid-
ered refractory to biodegradation. In both seasons, the

AOC component consumed by the P17 strain preferen-

tially accounted for over 80% of AOC in surface water
samples, and the NOX component did not contribute to
the seasonal changes in AQOC.

After whole treatinent processes, the AOC levels in
the finished water increased slightly to 151 pgC/L in
winter season and 52.7 pgC/L in summer season,
respectively. The seasonal difference in AOC levels
detected in the finished water was consistent with the
results of AQC in tap water samples taken from System-
A and AOC in raw water samples as mentioned previ-
ously. Therefore, these seasonal changes of organic
constituents in raw water could directly affect the AOC
levels in finished water.

This result also indicated that the whole treatment
processes of WTP-B (including ozonation and BAC
adsorption) could not remove AQOC at all, whereas more
than 40% TOC could be removed constantly in both
seasons. The increases in the NOX component were
observed during the freatment processes in both
seasons. The effect of each treatment process on AQOC
changes is discussed in the next section.

3.2.2. Effect of each treatment process on AOC

Based on Figure 2, the first treatment process, coagula-
tion—sedimentation, was effective for AOC reduction,

especially for reduction of the P17 component. The
facility uses aluminium sulphate as a coagulant,

There have been conflicting arguments gbout an
efficiency of AOC removal during a coagulation
process. Huck ef a/. [13] have pointed out that polyalu-
minium chloride prolonged the lag phase in the growth
of P, fluorescence P17 because of its toxicity, but did
not impact on maximum colony numbers. However,
Lehtola et ¢/, [15] have confirmed the inhibitory effect
on colony formation of P. fluorescence P17 in their
surveys at water treatment process plants using alumin-
ium salt. Therefore, there is a possibility of the growth
inhibition of P, fluorescence P17 being misidentified as
AQC removal. On the other hand, Kasahara ef af. {16]
demonstrated that the P17 component of AOC could be
reduced by a coagulation process based on their jar test
results using polyaluminium chloride as a coagulant.
Liang et al. [17] also reported that coagulation
processes using aluminium sulphate and ferric chloride
as coagulants could remove total AOC effectively,
especially under the conditions for enhanced coagula-
tion. In general, coagulation is widely recognized as a
process suitable for removal of hydrophobic organic
fraction with high molecular weight. Those results
should be re-evaluated more carefully in terms of an
inhibitory effect of alum salt on bacterial strains for
AGC determination. '

The next step, an intermediate-ozonation, increased
a NOX component of AOC significantly. This phenom-
enon was also observed after the postozonation
process. It is known that molecular ozone reacts with
unsaturated bonds of organic compounds, converting
them to lower molecular weight compounds with carbo-
nyl- or carboxyl groups [6]. These newly formed
carboxylic acids were measured as NOX components
by AOC determination. However, our result indicated
that the increased NOX component could be removed
quickly during the following rapid sand filtration (RSF)
process.

The most noteworthy point in our results was the
efficiency of the BAC process for AOC removal.
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Although many studies have demonstrated relatively
high efficiency (37-86%) in AOC removal during
biological filtration processes [18-21] such as BAC or
biofiltration, our results suggested that BAC operated in
this facility did not remove AOC at all in the winter
season although it could remove 50% of AOC in the
summer season.

One reason for the low efficiency of the BAC
process in the winter season could be an immature
bacterial community on the surface of activated carbon
because of lower water temperature. In fact, the
heterotrophic plate counts (HPC) in the BAC effluent
during the winter season were less than 10 CFU/mL,
while the HPC in the summer season averaged 105
CFU/mL. In addition, the bacterial community on the
activated carbon might have lower activity to assimilate
organikc‘ carbon in the winter than that in the summer.

Persson et al. [22] reported that the specific respira-
tory activity of biofilter biomass was dependent on
water temperature. Their results suggested that there
was a crucial point between 13°C and 8°C for the respi-
ratory activity of bacteria. The average water tempera-
ture during the period of our winter survey was reported
as 8-12°C; such a low water temperature had a signifi-
cant impact on bacterial activity in the BAC process.
Therefore, some improvement in operation such as the
~ longer contact time for BAC treatment would be needed

0.0 0.2

to improve AOC removal efficiency during the winter
season.

The final step, chlorination, also increased AOC
slightly in the summer season and drastically in the
winter season. This suggested that the finished water in
the winter season contained a larger fraction of AOC
precursors even after BAC treatment, which could be
readily converted into the AOC fraction by chlorination.

3.3. AOC formaotion under non-chilovinated and
chilovinated conditions

AOC levels after storage, with and without residual chlo-
rine, are compared in Figure 3. The BAC effluent samples
at WTP-B (AOC 149 ugC/L) taken in winter season were
stored at4°C for four days. AOC levels determined after
storage were 269-289 pgC/L and an average increase of
87% was observed. This result proved that AOC precur-
sors, which could easily release AOC into aqueous phase
notonlythrough a chemical reaction butalso by microbial
activity, remained abundant in the winter season even
after ozonation—BAC treatment processes.

A small count of bacteria, which was detected in
BAC effluent samples and did not inerease during stor-
age in every sample, might contribute to the newly
formed AOC in these samples despite no intentional
inoculation. Although the samples without residual

Ratio of P17 component (—)

0.4 06 0.8 1.0
] : ] S | i

Before storage

After storage at 20°C without chlorine

After storage at 4°C with 0.05 mgCly/L chilorine

After storage at 4°C with 0,15 mgCl,/L chlorine

100 150 200 250 300 350

AOC (ugC/L)

Figure 3. Effect of residual chlorine on AOC changes during sample storage. A(}C 'Cbﬁz}éﬁ&gﬁons after storage (P17 compo-
nent, grey solid bar; NOX component, white bar) and the ratios of P17 component (opel ,ycz‘rcie)arf; shown. Only stored samples
without residual chlorine were measured in triplicate and represented the mean = ‘thg[siggdarddewaimn. ;
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chlorine were kept in a refrigerator and no bacterial
regrowth was detected under this storage condition,
surprisingly, the hydrolysis of organics by microbial
activity progressed very quickly. This result strongly
suggested that the AOC increase was caused by enzy-
matic hydrolysis of bacteria remaining in the BAC
effluent even at 4°C. Based on the AOC increment
during storage, the hydrolysis rate of BOM to produce
AQC was estimated to be much greater than the micro-
bial assimilation rate of organic carbon at 4°C.

In contrast, smaller increases in AOC were observed

in the samples stored at 20°C for four days with residual

chlorine, and the increments were smaller at higher
residual chlorine. This result also could be evidence that
bacteria in the status of ‘resting cells’ played an impor-
tant role in enzymatic hydrolysis of BOM remaining in
the BAC effluent to AOC even under unfavourable
conditions for bacterial regrowth such as chlorinated
conditions or at lower water temperature.

According to the comparison of AOC levels in
finished water at WTP-B with those in tap water taken
from System-B presented in previous sections, signifi-
cant AOC increases were not however observed in an
actual distribution system (System-B). This discrepancy
was attributed to different levels of residual chlorine
because the waterworks had been maintaining a mini-
mum residual chlorine concentration of 0.4 mgCL/L
doring water distribution in System-B. But our data
shown in Figure 3 suggested the possibility that the AGC
increase could be occurring during water distribution at
20°C if lower residual chlorine than the present level
applied. As mentioned in the Introduction, minimization
of residual chlorine is a promising option for reducing
chlorinous odour to an acceptable level for customers
and it should be widely applied to water distribution
systems in the near future. Under these circumstances,
the waterworks should pay much more attention not only
to AOC levels in finished water but also to levels of AOC
Drecursors.

The component that contributed to the increase in
AOC was identified as the P17 component. In all
samples, only P17 components increased dramatically
while NOX components did not change significantly.
This result was completely different from the specific
increase in NOX components (including acetate,
formate and oxalate) observed during oxidation
processes such as ozonation and chlorination [6,23].
While organics containing unsaturated bonds can
become predominant AOC precursors during these
oxidation processes, our results suggest that hydrophilic
AOC precursors such as poly- or oligosaccharides,
peptides or proteins, which can be converted into P17
components by microbiological hydrolysis, could cause
a drastic increase in AOC during water distribution with
minimized residual chlorine. Considering that Jo [24]

reported that hydrophilic fractions accounted for
approximately 50% of DOM in the Yodo River water
and that their percentage was increased after an ozona-
tion—BAC process, the removal of hydrophilic organics
during water {reatment could be key to the production
of biologically stable water. Thus, organic constituents
that could increase AOC during water distribution
should be also identified in order to improve biological
stability of the finished water.

3.4.  Determination of amino acids in processed
water samples ,

Dissolved free amino acids (DFAAs) and dissolved
combined amino acids (DCAAs) were analysed sepa-
rately in order to determine the contribution of amino
acids, peptides and proteins to AOC precursors. Their
concentrations in processed water samples at each
sampling point are shown-in Table 2.

DCAAs were detected in both samples during water
treatment processes. However, the concentrations of
DFAAs were less than detection Hlmits in both
samplings. These results are consistent with our assump-
tion that the AOC fraction could be easily converted into
organics with a relatively higher molecular weight by
microorganisms in this basin. ‘

In our analysis, the samples to which an antiseptic
agent had been added immediately after sampling were
provided for free amino acids analysis, while the samples
without antiseptic agent were provided for combined
amino acids analysis. It was expected that DFAAs in the
samples without an antiseptic agent would be readily
degraded by bacteria during transportation to our labo-
ratory and therefore overlap of DFAAs and DCAAs was
considered to be negligible in our analysis.

The interesting finding is that the concentration of
DCAAs rose drastically on occasion. We have not yet
been able to identify the causes or sources for these
spikes in the concentration of amino acids.

DCAAs were removed during water treatment
processes efficiently, even though we observed a large
difference between the two samplings of raw water. The

“concentrations of total DCAAs in finished water were

quite stable at around 1 pM in both samplings and were
equivalent to 24.6-65.0 1ugC/L. Their percentages in
TOC in finished water were not so large at less than 8%.
However, if the concentrations of combined amino
acids were compared to AOC levels, their fractions
were relatively large (approximately 50-100%).
Needless to say, direct comparison of organic
carbon levels derived from amino acids with AOC
levels is difficult because the AOC was calculated as
the acetate-based amount of organic carbon from biom-
ass. However, these results indicated that the combined
amino acids could be one of the major AOC precursors,
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Table 2, Changes in concentration of amino acids during water treatment processes.

June 25, 2009 July 6, 2009
DFAA (uM) DCAA (M) DFAA (M) DCAA (uM)
Sampling points LugC/Ly> < (ugC/Ly> < {(ngC/Ly> <(ngC/Ly>

Water intake N.D. 87.2 N.D. 3.60
' <4332.2> ; <165.5>

After coagulation-sedimentation N.D. 3.01 N.D. 144
- ~ <137.7> <54.0>

After intermediate—ozonation N.D. 5.17 N.D. 1.11
<237.0> <35.9>

After RSF NI 2.48 N.D. 1.32
: <I11.4> <A8.2>
After post-ozonation N.D. 1.34 N.D. 1.79 .
<50.0> : <69.8>

After BAC N.D. 1.95 ‘ N.D. ‘ 3.24
) <82.2> <149, 1>

After chlorination N.D. 0.76 N.D. 1.39
<24.6> <65.0>

NI, = not detected,

which could be converted by P. fluorescens P17 as
 observed in Figure 3. Our data was Hmited in the
summer season in that AQC was relatively low. Fuither
data in other seasons should be accumulated because
information on the constituents of AOC and its precur-
sors could be crucial in optimizing water treatment
processes in terms of biological stability.

4. Conclusions

A survey of AOC levels in drinking water samples was
conducted in two different distribution areas. In tap
water samples punhed through rapid sand filtration
processes, the average AOC was 174 pgC/L in the
winter season and around 60 pgC/L in the summer
season. The limited effect of advanced water treatment
processes on AOC removal was also noted. Removal of
AQOC and combined amino acids during advanced water
treatment processes was also evaluated. We concluded
that very little or no AOC was removed throughout the
whole advanced water treatment processes and that
AOC levels in the finished water reflected the seasonal
fluctuation of AOC in the natural aquatic environment.
Especially in winter, waterworks should pay attention to
BAC Gperauon to improve AOC removal.

The AOC increase during storage with minimized
residual chlorine implied that AOC precursors remained
abundant in the finished water and that they could
contribute to-a drastic AOC increase during water distri-
bution. Analysis of amino acids identified combined
amino acids, which remained at roughly equivalent to

the AOC level in finished water, as major AOC precur-
sors. These results indicated that the removal abilities of
water treatment processes for hydrophilic organies, not
only AOC but also its precursors, should be largely
enhanced prior to minimization of residual chlorine.
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Quantification of Disability Adjusted Life Years based on the estimation of
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BHZHE, RMABET, FFEE (RKE)
Yasuhiro ASADA, Yumiko OHKOUCHI, Sadahiko ITOH (Kyoto Univ.)
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FEE RO C jejuni BYEE 1 ABHT2D D DALYs DERERAT

2. BRAE
2.1, MBHRO C jejuni 3T 2 FHEMONE

ESIREMEFTCRE SN TV A MEDOHR T, FEIF T 2006 4E ~2008 I E Nz fnfF 140 9
TWEFH U, Gk, SEBREITE 98, 10~19 5. 20~29 5%, 30-39 5%, 40~49 i%, 50~59 &%,
60 R B ) I 20 fA, BLHEA 1 1 BB XS KRE L,

i, MTETD C. jejuni )T BHEMEER Uiz, ME e 2HifkT 5 AU, immunoglobulin A (IgA),
1gG. IeM & Uz, BIsHUAMHI ﬁk t&. SERION ELISA classic Cmnpy!obacter jejuni 1gG/lgA/lgM $ w b
R Lizo ,

2.2, [ERNEECEIWcR-sRalaoie

B FEESAOREICE, — IR B BRRIERYE (B ) B BIERRE (BEE ) 5o
ERPRETH D, BPERC OV, 21 X VB MEFIRIBRICE DV THEET o /o B
HZE TR, ERAEEE, TREREEER, BEZEROICHREL~VME A EmcHS L
HELTWVS ), 22 CHELNEHHREOHICH UTRRE L BEZRHHT AL v b4 7 ERR
B U, HAREEEE SN ERPRREDEN L FE U, FLT, YOV Y IIVHOBGEY VT
JVEREIE BRI B B BB AIE L i Lk,

C jejuni BN, FEEBRFEO-DOTHLIEHBEL L 0)*@%7@‘@&&%@%’(%%\ EFEEIND, 7
D DFIEEH ORI, B BEREOBOMNIWEEZ BN, C jouni BRSHEORER
A 100% THEZHEREBER L, L L, #EHOTHNESBERRESR S CcHETRBREBIZR.
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MR ERBE CHOMEE N C jejuni MERO
R Y OHTR, EROWERELREBCE R
VW, 22T, BMIRRTERBECEBINLERT
FHERBOREEE LGB ROELH ¥ s,
FFHCD C jouni BEEEBERRHE Lz, &
B, LICD C jejuni BESERBER ® FIEER L
BE LI, 2 LT, Bohk—BERI B 3B
FHEFIEERD O, BR—-FEHEEWE L
2.3. C jejuni FE 1 ASED O DALYs OER

DALYs i, BT IC - Thbhi-EEeEN
{Years of Life Lost: YLL) &, BEFRE > TEETS
4E 4] (Years Lived with Disability: YLD) & ORI T E
ENB, HEEIC BT D Canpylobacter DREYC X
% DALYs &, 1000 AOBBRNBZHAIC, YLD 32, YLLIZ 14 2HEENTED, 32+ 14=46
DALYs ¥SROLATNB Y, © CT@%%?’J‘B%Y%@%%QHA@ HEE Ul B — Sl Puean & FH
WBT EELT, LT, UTFORIC & D BEE 1 AM720 0 DALYs #3E Lz,

AQhs—E

/ | Campylobacfer%%ﬁi%%ﬁl‘

3 wEmEs

A\

B Cjejuni BREFEEZEREE ORI

B
Riw

B 1 AM72 D O DALYs = 1(A)XPoguxd.6 (DALYs - 1000 A)1000 (A) )

3 ERERsER
3.1, ERNREL L2 RER LT 3BLEAsoRE
BENHAEEIFEEH LT, %%%t@%%@ﬁz%%?ﬁ(%ﬁﬂv%%7@)%&ﬁbf@%%
HEZT /e, Fy Mold, BEZRHET A HY M TEPEEINTVS, 2OH v AR B
KT 400 ADIIEZ D LR BBBNETH S, 7 L TARTBROEERENE L OO
BFY P OAy A TENRERERTAY M UEE UTRERLDOTH S EINEINTNG, —
FHTRBEBZERERETNT EMnG, v MCBU 2 BEEEMICLBRBSEMISENTVS EE
ENB, TOeDFy POREBHED Y bATHEE, BEELBRLEODY P 7EE LTHENRC &
abtoﬁk%%%&@%%@ﬁv%%7ﬁ(%ﬁﬁvbi?ﬁ}wuﬁﬁﬁaio%&mﬂfﬁ %r
H, BSE EEBCHLTEN TSGR
ELISA BZHWTHAETHELCBD, 8%

M B 2 POt LR OEIRR SN > Y, 2 =
T CAE TR, BERICBOT C jejuni IRB% D + PO
KRBV ERERUBOEEEREE Y Y % Ay o TR o TORREE
FNT, ZOERHEN BN Y b4 T HOBRER =) emae]
fFolce By M EREAEOBERER 2 1 ) i [ B
R TOBRIOE LR ARtk T2426 RO b
& G BT L7185, 1gMPIET 1326 15 S
THoice ZUTELNERTEY S ADRE
EFRBEFY FOREE DY b TRCERE B

COWTBERED S bR EERHEE L.y
PORFECERL B ARAE L mONS B SRRt e
K6 Ay A T RSB EE TR S U, e
TORBRIFEA b 7 EI A Hitk T 8.2-9.0 § PARLMEWORRRIC & D L
UL IgG H1{K T 13.2~14.9 UlmL. IeM Hifk T BEeED

A b AT EU/mL)

21.9~473 UmL OEF Lo /7, ,
Ric, BRERHET ZIDICHIRT 9208
BTl BT I AR, ThEFhEED

K2 BREh v b 7 EREAROWERR



