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Table 5 | Relative contributions and cumulative probabilities of interest

Compounds Relative contributions (-) Cumulative probabilities (-)
DCA 0.20 0.001
0.402 0.050
0.438 0.100
TCA 0.20 0.000
0.287 0.050
0.303 0.100
BCA 0.20 0.000
0.273 0.050
0.292 0.100
BDCA 0.20 0.000
0.597 0.050
0.648 0.100
DBA* 0.20 0.000
0.733 0.050
0.774 0.100
DBCA* 0.20 0.047
0212 0.050
0.360 0.100

“Excluded due to poor approximation (A-D values > 1.5).

on these compounds. In conclusion, the allocation factors of
DCA, TCA, BCA and BDCA are recommended based on the
distributions of their relative contribution in drinking water
ingestion to total exposure. The current allocation factors
should be adjusted {o 30% (TCA, BCA), 40% (DCA) and
60% (BDCA).

Uncertainty analysis in the estimation of DCA and TCA

The calculation of relative contributions involved a number
of uncertainties, such as the use of average dietary ingestion
exposure values for DCA and TCA. The effects of these
uncertainties could be reduced by further individual investi-
gations, because they do not have equal influences on the
estimates. Therefore, it is necessary to rank their priority
and to conduct purpose-designed investigations accordingly.
In this subsection, the following factors that may significantly
countribute to the uncertainties in the estimation of the allo-
cations of DCA and TCA to drinking water are discussed.

Spatial variation of ingestion exposure via diet

Using the average ingestion exposure via the diet could influ-
ence the estimation. Table 7 shows the calculation results of

the relative contributions (0.05 cumulative probability)
based on the maximum and minimum exposure levels. In
the case of DCA, the maximum and minimum ingestion
exposures not only led to different results (0.220 and
0.707, respectively), they also varied markedly from the orig-
inally estimated value (0.402). Similar results were also
found for TCA. Thus, ingestion exposure via the diet is an
important uncertainty factor. Therefore, further investi-
gations of ingestion exposure via the diet over a wider
scale with larger numbers of subjects are necessary.

Daily drinldng water consumption

In the present study, as daily drinking water consumption
was not investigated in each subject, the currently applied
value of 2 L was used for evaluation of ingestion exposure.
However, there have been previous reports on this issuc in
Japan. Yano et al. (2000) reported an arithmetic mean
value of 209.2 mL/day for direct drinking water consump-
tion based on a questionnaire survey. Song (zo11) re-
estimated the suwrvey results and concluded that the daily
direct drinking water consumption could be described as
a Weibull distribution (location = 0, scale = 0.33, and
shape, Weibull slope = 0.895) with an average value of
321 mL/day. Furthermore, Okashita {2010} estimated that
daily indirect tap water consumption via the diet (as cook-
ing matrix) is 732 mL. Therefore, a daily drinking water
consumption level of 1.053 L (32i + 732 mL) was used
here to examine its influence on the allocations. As
shown in Table 7, smaller allocations of DCA (0.252) and
TCA (0.175) were obtained compared with their originally
estimated values (0.402 and 0.287, respectively). As the
daily drinking water consumption could vary between indi-
viduals and seasons, further investigations of this issue are
required.

Choice of probability density function

There are other choices of probability distribution in the
A-D test results. As selecting different functions can lead
to different estimates of allocations, this also introduces
uncertainty. Here, the second options (beta and Weibull
distributions for DCA and TCA, respectively) were com-
pared with the original results. As shown in Table 7,



231 D. Quan et al. | Exposure to haloacetic acids via typical components of the Japanese diet ']uqi’na! pf‘Wate(Subpiy: R‘e'search'ahd Technology—AQ
1.0 1.0 -
- DCA O TCA
> 08+ > 08~
il e
8 06 - 8 06 -
o o
Q. Q.
2 04- 2 04 -
® ©
3 4o (0.438, 0.10) 2w (0.303, 0.10)
£ 0= (0.402, 0.05) le (0.287, 0.05)
S O y: (0.20, 0.001) © (0.20, 0.00)
00 02 04 06 08 1.0 00 02 04 06 08 10
Relative contribution (-) Relative contribution (+)
= BCA O BDCA
> 08- > 0.8-
= =
8 06 8 06
o o
[N Q.
e 04 2 04 (0.648, 0.10)
B (0.292, 0.10) 5 (0.597, 0.05)
E 02 (0.273, 0.05) E 02 (020 000)
O (0.20, 0.00) ©
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Relative contribution (-)

Relative contribution (-)

Figure 4 [ Cumuiative probabilities of the estimated relative contribution of drinking water ingestion to total HAA exposure.

Table 6 | Recommended allocation factors of HAAs

Compounds Atiocation factors (%)
DCA 40
TCA 30
BCA 30
BDCA 60

Relevant parameters applied in inhalation and
transdermal exposure

In the previous study of Itoh ef al. (2008), an average breathing
frequency of 15 m*/day was universally applied in inhalation
Therefore,
among subjects were not considered. Yasutaka & Matsuda

exposure assessment. individual differences

{2007) provided a relationship between breathing frequency
and body weight to reduce the uncertainty. In addition,

there were no marked differences between the two distri-
butions. Therefore, the choice of probability density
function does not appear to be an important source of
uncertainty.

using average occupation times in indoor and outdoor
environments results in similar uncertainty. Furthermore, in
the transdermal exposure assessment, because of a lack of
information on skin permeability coefficient and lag time of
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Table 7 | Summary of uncertainty analysis results

Relative Relative
contribution of contribution of
uncertainty sources DCA(-) TCA (-}
Originally estimated 0.402% 0.287¢
values without
consideration of
uncertainty sources
Ingestion exposure via ~ Max 0.220 0.186
diet Min 0.707 0.876
Probability density ~ Beta 0.399 -
function Weibull -~ 0.292
New daily drinking- - 0.252 0.175

water consumption

%0.05 cumulative probability. !

BDCA and DBCA, those of DBA were applied because of the
similar molecular weights of these compounds, and this also
introduces uncertainty into the estimation. However, because
inhalation of and transdermal exposure to HAAs contribute
much less to the total exposure than ingestion, they are not
considered as important sources of uncertainty.

Different uncertainties have ditferent effects on the esti-
mation results. In setting drinking water quality standards of
HAAs, further efforts to determine the ingestion exposure
via the diet and daily tap water consumption should be
given higher priorities.

CONCLUSIONS

Together with the results of previous studies, the allocation
factors of HAAs were discussed and recommendations were
made based on the probability distributions of the relative
contributions of drinking water ingestion to total exposure.
The currently applied default value of 20% was found to
be unrealistically low and needs to be adjusted for each
HAA. The rounded relative contributions corresponding to
0.05 and 0.1 cumulative probabilities were recommended
as the allocation factors for DCA (40%), TCA (30%), BCA
(30%) and BDCA (60%). Advice on future directions of
study was provided based on discussion and overview of var-
ious uncertainties. Ingestion exposure via the diet and daily
drinking water consumption were shown to be priority fac-
tors for further studies.
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Reduction of chlorinous odor by the combination
of oxidation and ion-exchange treatments
S. Echigo, S. Itoh, S. Ishihara, Y. Aoki and Y. Hisamoto

ABSTRACT

To better control chlorinous odor in tap water, we assessed the performance of the combination of
oxidation (ozonation or advanced oxidation processes, AOP) and ion-exchange treatment. In this
process, the hydrophilic neutral fraction (a major dissolved organic matter (DOM) fraction) is
converted to ionic species, and these ions and ammonium jon are effectively removed during ion-
exchange processes. We found that each treatment process (e.g., oxidation alone or ion exchange
alone) was effective for the reduction of chlorinous odor to some extent, but the chlorinous odor
formation potential was lower when the oxidation process and ion exchange were applied in series.
The combination of AOP (ozone/vacuum ultraviolet treatment) at a high ozone dose and ion
exchange (both cation and anion) was most effective, and the chlorinous odor formation potential
was reduced to approximately 30 TON (threshold odor number) from more than 100 TON. Also,
dissolved organic carbon and ammaonium ion were effectively removed with this process. Compared
with ozonation, AOP was more effective at a higher ozone dose. The effectiveness of this process
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was aiso confirmed in continuous mode by pilot-scale experiment.

Key words | advanced oxidation, ammonium ion, chlorinous odor, dissolved organic matter, ion
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INTRODUCTION

The modern water supply system based on rapid sand fil-
tration and chlorination has been a great success in
improving public health, but it is also true that people
are not fully satisfied with the current tap water quality.
In a nationwide survey in Japan, it was found that
37.5% of the population drink tap water directly, and
21.3% demand more advanced drinking water treatment
even with higher cost {Cabinet Office, Government of
Japan 2008). One of .the major complaints about tap
water quality is the chlorinous odor, the odor caused
from the reaction of chlorine and organic/inorganic com-
pounds in water (Itoh ef al. 2007). This is true even for the
tap water treated with ozone/granular activated carbon
(GAC) treatment and several major water utilities in
Japan have already launched an effort to reduce chlori-
nous odor in tap water (e.g, Rawatani & Ishimoto
2009). Chlorinous odor is not a problem only in Japan.
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tino, Tokyo 191-8502,
Japan

For example, in Western Australia, chlorinous odor is a
major complaint from costumers (e.g., McDonald et al.
2009). Also, considerable research efforts have been
devoted to the identification of compounds responsible
for chlorinous odor worldwide (Froese et al. 1g999;
Freuze et al. 2005).

While not all the compounds responsible for chlorinous
odor have been identified, trichloramine (Kajino ef al. 1999)
and N-chloroaldimines (Froese ef al. 1999; Freuze et al. 2005)
are known as major contributors to chlorinous odor. Tri-
chloramine can be produced from both inorganic (i.e.,
ammonium ion) and organic nitrogen (e.g., free amino
acids). Also, other compounds responsible for chlorinous
odor including N-chloroaldimines are formed from dis-
solved organic matter (DOM). Thus, the strict control of
both ammonium ion and DOM is essential for the control
of chlorinous odor.
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The problem with the control of ammonium ion and
DOM responsible for chlorinous odor is that they are hydro-
philic and low-molecular-weight compounds. In particular,
ammonium ion is hard to remove even by membrane treat-
ment including reverse osmosis. One may argue that
ammonium ion can be oxidized in biological activated
carbon treatment. However, the performance of this
system is temperature dependent and its control at very
low concentration (i.e., a few pg/L level) is not an easy task.

The purpose of this study is to better control ammonium

“ion and DOM with the combination of oxidation (ozonation
or advanced oxidation processes, AOP) and ion-exchange
treatment. In this process, the hydrophilic neutral fraction
(a major DOM fraction) is converted to ionic species, and
these ions and ammonium ion are effectively removed
during the ion-exchange process. In this paper, the perform-
ance of this new system at both bench scale and pilot scale is
discussed.

MATERIALS AND METHODS

This study consists of two parts. First, a series of bench-scale
experiments were performed to evaluate the effectiveness
this new treatment process. For this part, the test water
was collected from Yodo River at Hirakata Bridge (Osaka,
Japan) and used after filtration by mixed cellulose ester
membrane (0.45 pm, Advantec). Ozonation and ozone/
vacuum ultraviolet (VUV) treatment (hereinafter referred
to as AOP) were used as oxidation processes. Both treat-
ments were performed in semi-batch mode. In the second
part of this study, pilot-scale experiments were performed
in the Kunijima water purification plant of Osaka City to

confirm the effectiveness of this process in continuous

mode. For both parts, all the chemicals used were purchased
from Wako (analytical grade or better) unless otherwise
noted. For the preparation of standard and stock solutions,
ultrapure water purified by a Milli-Q Academic A10
systemn (Millipore) was used.

Bench-scale experiments

This part consists of three sets of experiments: (1)
reduction of chlorinous odor by oxidation processes

(ozonation or AOP); (2) reduction of chlorinous
odor by ion-exchange f{reatments; (3) reduction of
chlorinous odor by the combination of oxidation and
ion exchange.

‘Reduction of chlorinous odor by oxidation processes

Ozone gas was produced from ultrapure oxygen by an ozone
generator (AZH-3S, Hamamatsu Vegetable). For AOP, a
VUV lamp with principal wavelengths of 254 and 185 nm
(AY-11, Photoscience Japan) was employed. The path
length of the UV reactor was 37.5 mm, and this reactor
was connected to an ozone contactor (total volume=
4.0L) by polytetrafluorcethylene tubes. The test solution
was recirculated by a magnet pump (IWAKI) between the
UV reactor and the ozone contactor at a flow rate of
4.2 L/min (see Figure 1).

Reduction of chlorinous odor by ion-exchange treatments

Anion and cation exchange treatments were performed suc-
cessively at a flow rate of 60 mL/min in this order when
both treatments were applied. For anion exchange,
DIAION PA308 (Mitsubishi Chemical, Japan) was used.
For cation exchange, type X zeolite was employed. These
ion exchangers were washed with Milli-Q water, regener-
ated with 3L of 10% NaCl solution, and washed again
with 5 L of Milli-Q water before treatment. The test water
was fed to a glass column (840 x 500 mm, Kiriyama Glass)
packed with an ion exchanger by a Master Flex pump
(Model 7518-00) continuously.

LD

— Ozone
o | contactor
o o]
(]
(o]
o]
(s}
o
UV reactor ®o

0, gas

Figure 1 | Schematic of the bench-scale reactor for ozonation and AQP.
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Chlorinous odor reduction by the combination of
oxidation and ion-exchange treatment

The combination of oxidation (ozonation or AOP) and ion-
exchange treatment (anion and/or cation exchange) was
applied to the test water collected from Yodo River (sampled
at Hirakata Bridge). Two different ozone doses (2 and
10 mg/L) were applied to both ozonation and AOP. The

same reactors, VUV lamp, and ion-exchange resins were

used as described in previous subsections.

Pilot-scale experiments

The schematic of the pilot-scale plant is shown in Figurce 2.
The flow rate in the ozone contactors, ozone reactor, and
GAC column was 1.0 m®/h, and a part of the effluent from
the GAC column or directly from the ozone reactor was
fed to the cation exchange column at a flow rate of
0.5m’/h (space velocity (SV)=5h"?). The source water
for this plant was the water after sand filtration taken from
the actual treatment facility. Two different ozone doses
(1.5 and 3.0 mg/L) were applied to both ozonation and
AQP. Thus, this experiment consists of four runs (note: the
conditions for ion-exchange treatment were fixed: flow
rate, 60 mL/min; SV, 7.2 h™1). To run these four conditions,
it took two days. The experiment was repeated four times
(i.e., total 16 runs) from December 2011 to February 2012.

For the first and second ozone contactors (i.e., the first
and second columns), VUV lamps with principle wavelengths
of 254 and 185nm (QGL65-31, Iwasaki, Japan) were
installed. For the ozone reactor (i.e;, the third column), a con-
ventional low-pressure mercury lamp (QGL65W-2, Iwasaki,
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Figure 2 ] Schematic of the pilot-scale plant.

Japan) was used because the presence of dissolved ozone at
a sufficient concentration was expected.

Ton-exchange treatment was conducted in the following
order: cation exchange and then anion exchange. This order
was different from the bench-scale experiments. This was
because of the limited configuration in the pilot plant. Lewatit
MonoPlus S 100 cation exchange resin (Lanxess, Germany)
and DIAION PA308 were used for cation and anion
exchange, respectively. The former was regenerated with
62.5% H,S0, (Nankai Chemical) and the latter was regener-
ated in the same manner as in the bench-scale experiment.

Analytical methods

Chlorinous odor formation potential of each sample was
measured after chlorination for 24 hours. The residual free
chlorine after 24 hours was controlled at 1.0 mg/L. Then,
the odor intensity was measured by the triangle sensory
test (Yanagibashi ef al. 2009). The odor strength of 1 mg/L
chlorine solution is approximately 20 TON (threshold
odor number). For the bench-scale experiments, the solution
pH before chlorination was not adjusted, but it was adjusted
to neutral pH for the samples from the pilot plant as the
cation-exchange resin was in proton form and the effluent
pH was around 3. In addition to odor intensity, trichlora-
mine (NCl3) concentration was measured by headspace-
gas chromatography/mass spectrometry (GC/MS) analysis
developed by Kosaka et al. (zo10) with minor modification
as one of the major compounds causing chlorinous odor.
The quantification limit of this method was 5 pg as Cl,/L.

Ammonium (Kuo ef al. 2o05) and bromate ions were
monitored by ion chromatography with postcolumn
derivatization. For these analyses, o-phthalaldehyde and
o-dianisidine (TCI) were the derivatizing reagents, respect-
ively. Their quantification limits were 0.4 pg as N/L and
0.3 ng/L, respectively.

RESULTS AND DISCUSSION
Effect of ozonation and AGP on chiorinous odor

Chlorinous odor formation potentials after ozonation and
AOP (i.e., ozone/VUV treatment) are shown in Figure 3.
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Figure 3 ] Effect of oxidation processes on chiorinous odor formation potential (Control:
chiorination alone, Ozone: chlorination after ozonation, AOP: chiorination after
AOP).

Compared with the control sample (i.e., chlorination only),
chlorinous odor formation potential decreased by 40 and
30% for ozonation and AOP, respectively. AOP was less
effective than ozonation probably due to the formation of
ammonium ion (i.e, a precursor of trichloramine) during
the decomposition process of DOM. Higher ammonium ion
concentration was observed for AOP. For example, at an
ozone dose of 5mg/L, ammonium ion concentration was
48 ug/L after AQOP, while it was 30 ug/L after ozonation.
One may argue that this is a drawback of AOP, but if com-
bined with ion-exchange treatment, ammonium ion will be
effectively removed. Also, higher ozone dose (10 mg/L) did
not result in lower chlorinous odor formation potential.
This indicates that some of the reaction products still serve
as precursors of chlorinous odor (e.g, ammonium ion and
free amino acids) after intensive oxidation.

Effect of ion exchange on chlorinous odor

The effect of ion-exchange treatment on the chlorinous odor
formation potential without oxidation process is shown in
Figure 4. Compared with the control (i.e., chlorination only,
odor strength 129 TON), chlorinous odor formation potential
after anion exchange decreased to 100 TON. The effect of
anion exchange alone seemed to be limited. Also, anion
exchange was expected to simplify the matrix of odor com-
pounds by removing organic precursors. This may have made
the smell of trichloramine clearer (i.e., greater odor strength).

Odor strength (TON)

Control 1EX (+)

FE X {-) TEX{-/+)

Figure 4 l Effect of ion exchange on chiorinous odor formation patential (Control:
chiorination alone, IEX: chlorination after ion exchange, the * - "and ' - * signs
indicate cation and anion exchange, respectively).

The chlorinous odor formation potential decreased to
73 TON by cation-exchange (note  that
ammonium ion concentration ranged from 15 to 89 pg/L

treatment

for the control samples). This suggests that removal of
ammonium ion and organic bases is effective for the control
of chlorinous odor, but the complete removal of chlorinous
odor is still impossible by this unit operation alone. That is,
several different odor compounds are produced from differ-
ent types of precursors. To tesolve this situation, both
organic (DOM) and inorganic (ammonium ion) precursors
have to be controlled. Indeed, when both anion and cation
exchange processes were applied, the chlorinous odor for-
mation potential decreased to 47 TON. The reduction of
odor strength by cation and anion exchange treatments
appeared to be additive (i.e, the reduction by cation
exchange +the reduction by
reduction by the sequential ion exchange treatment). This
indicated that the smell of compounds produced from the

anion  exchange = the

reaction of chlorine and ammonium ion and that from the
reaction of chlorine and organic anions are similar. This
may imply that trichloramine was the major compound
responsible for chlorinous odor in this experiment.

Control of chiorinous odor by the combination of
oxidation and ion-exchange treatment

The chlorinous odor formation potentials after the combi-
nation of oxidation and ion-exchange treatment are shown
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in Figures 5 and 6. The sequential treatment by AOP at an
ozone dose of 10mg/L, cation exchange, and anion
exchange was most effective with respect to the odor
strength after chlorination (32 TON). For the combination
of ozonation (i.e., without VUV radiation) and ion-exchange
treatment, the change of ozone dose showed no major
impact (42 and 40 TON for ozone dose of 2 and 10 mg/L,
respectively). On the other hand, increasing ozone dose
for AOP improved chlorinous odor formation potential

[ Ozone dose 2 mg/L
] Ozone dose 10 mg/L

120
100
80
60

40

Odor strength (TON)

20

Ozone Ozone Ozone
+ + +
EX(+) EXE) EX(-/+)

Control  Ozone

Figure 5 | Effect of the combination of ozonation and jon exchange on chlorinous odor
formation potential (see the captions of Figures 3 and 4 for the definition of

the labels).
160
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Figure 6 | Effect of the combination of AOP and ion exchange on chiorinous odor for-
mation potential (see the captions of Figures 3 and 4 for the definition of the
labels).

(Figure 6). This indicated that organic precursors were effec-
tively converted to ionic species when AOP was applied at a
high ozone dose.

During the oxidation process, a relatively high concen-
tration of bromate ion was observed (Table 1). However, it
was completely removed by anion exchange. Also, the com-
bination of cation and anion exchange was very effective for
the reduction of chlorine demand and dissolved organic
carbon (DOC). Also, it is of note that a higher trichloramine
concentration was observed after oxidation and anion
exchange. A possible reason for this result is the decrease
of pH after anion exchange.

These results let us conclude that AQP (i.e., ozone/VUV
treatment) effectively ionizes DOM in source water, and the
combination of AOP and ion-exchange treatment is an
appropriate and rational way to control chlorinous odor in
drinking water treatment.

In addition to the ozone dose commonly used in actual
treatment practice, the combination of AOP and ion-
exchange was applied with an extremely high ozone dose
to evaluate the lowest achievable odor strength. For this
experiment, ozone dose was set to 200 mg/L. At this
ozone dose, most DOM was mineralized and the remaining
DOC was in the range of 0.1 to 0.2 mg/L. The DOC level
further decreased below 0.1 mg/L by anion exchange. The
results of odor strength are shown in Figure 7. AOP alone
reduced the odor strength down to 35 TON. In addition to
the decomposition of organic precursors, partial oxidation
of ammonium jon may have contributed to this low odor
strength under this extreme oxidation condition. The odor
strength further decreased to 24 TON by the following ion-
exchange treatment. As mentioned above, since the odor
strength of 1 mg/L chlorine solution is approximately 20
TON, our result showed that the combination of AOP and
ion exchange could remove all the precursors of chlorinous
odor other than that of chlorine itself.

Pilot-scale experiments (continuous system)

Chlorinous odor formation potential after each treatment
step (rapid sand filtration, oxidation (i.e., ozonation or
AOP), GAC, cation exchange, and anion exchange) in the
pilot-scale experiment is shown in Figure & for both ozone
doses of 1.5 and 3.0 mg/L. The combination of AOP at an
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Table 1 l Water quality after the combination of oxidation and ion-exchange treatment

NH, (ng-N/L)

NCI; (ug-Cla/L)

DOC (mg-C/L) Bro; {pg/t) Chiorine demand (mg-Ci,/L)

Ozonation Control 84 42 1.6 n/d 2.1
Ozone 76 32 1.5 19 2.1
Ozone + IEX(+) 6 26 1.4 18 1.2
Ozone + IEX(-) 72 133 0.3 n/d 1.0
Ozone + IEX(~ /+) 5 28 0.3 n/d 0.5
AQP Control 63 26 1.7 n/d 2.3
AOP 83 47 0.8 6 2.3
AOP + [EX(+) 10 19 0.7 5 12
AOP+1EX(-) 78 124 0.1 n/d 1.3
AOP + IEX(~/+) 5 33 0.1 n/d 0.4
100 100
0, | AOP | O, | AOP
2 - 1.5 mg/L:]Jg) mg/L;S,O mg/L:S‘O mg/L,
o 80 =z 80} i ‘ !
= o { 17 !
- o | ! |
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Figure 7 l Effect of the combination of oxidation and fon exchange under extremely high
ozone dose (200 mg/L) on chiorinous odor formation potential (see the cap-
tions of Figuras 3 and 4 for the definition of the labels).

ozone dose of 3 mg/L and ion exchange (both cation and
anion exchange) was most effective among the conditions
tested. Under this condition, the lowest odor strength
observed was 21 TON (note that the formation potentials
of the control samples were lower than those in the bench-
scale experiments because the feed water was pretreated
by intermediate ozonation). This result shows that the com-
bination of oxidation and anion exchange is effective in
continuous mode. Also, the result confirms that convention-
al Os/GAC does not remove chlorinous odor formation
potential.

O““"" > N Y N
1234 123834 1234 1234
Sampling point

Figure 8 [ Chlorinous odor formation potential along the pilot-scale treatment system
with the combination of oxidation and ion-exchange treatment (1: after rapid
sand filtration, 2: after oxidation, 3: after cation exchange, 4: after anion
exchange; each bar is a geometric mean of multiple evatuations (7 = 3 or 4)).

Since ammonium ion concentration was low through-
out the experiment (5-23pg/L), the effect of cation
exchange was not clear. At higher ammonium concen-
tration, the relative importance of this process would
increase.

Figures 9 and 10 show total organic carbon (TOC)
and chlorine demand at each treatment step. In some
cases, higher TOC and/or chlorine demand were observed
after cation exchange. This could be the bleeding of
organic compounds from ion-exchange resin or pipes.
With anion-exchange treatment, TOC level decreased
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Figure 9 | TOC profile along the pilot-scale treatment system with the combination of
oxidation and fon-exchange treatment (see Figure 2 and the caption of
Figure & for the definition of labels).
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Figure 10 | The profile of chlorine consumption along the pilot-scale treatment system
with the combination of oxidation and ion-exchange treatment (see figure 2
and the caption of Figure § for the definition of labels).

dramatically (below 0.1 mg/L when combined with AOP).
A similar trend was observed for chlorine demand. These
results imply that anion exchange treatment is an effective
way to remove organic compounds that are difficult to
control by the conventional O3/GAC treatment. While
our new treatment process was designed primarily for
chlorinous odor control, this process will be useful for
the reduction of hydrophilic micropollutants and the con-
trol of disinfection by-products.

CONCLUSIONS

The combination of oxidation process (ozonation or AOP)
and ion exchange (cation and/or anion exchange treat-
ments) was applied for controlling chlorinous odor. The
combination of AOP at a high ozone dose and ion exchange
(both cation and anion) was most effective, and the chlori-
nous odor formation potential was reduced to 32 TON
from more than 100 TON. DOC and ammonium ion were
effectively removed with this process. Compared with ozo-
nation, AOP was more effective at higher ozone dose. The
effectiveness of this process was also confirmed in continu-
ous mode by pilot-scale experiment. Thus, it was concluded
that the combination of AOP and ion-exchange treatments
was an effective technology for controlling chlorinous
odor. This process was also suitable for the control of
DOC, chlorine demand and bromate ion. The combination
of ozonation and ion exchange was also effective for chlor-
inous odor and DOC removal. Thus, upgrading the current
system successively would be a realistic and effective
strategy.
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