cake layer possibly accumulated on the membrane surface would not be a barrier for the
virus. Jacangelo et al. (1995) reported that a cake layer that was accumulated on the
membrane surface by loading 8 and 16 g/sq of kaolinite prior to feeding virus increased
virus removal by the membrane, indicating that the formation of a cake layer has the
potential to enhance the removal of viruses by membrane filtration. Other researchers
also reported that cake layer accumulated on the membrane surface improved virus
removal by the membrane (Madaeni et al, 1995; Farahbakhsh and Smith, 2004). Our
research group conducted a virus removal study by a coagulation—immersed ceramic MF
hybrid system, and reported that virus filtration by the fioc retained on the membrane sur-
face, as well as virus inactivation by the coagulant and virus adsorption onto suspended
floc particles, were the mechanisms of virus removal by the coagulation—immersed MF
hybrid system (Matsui et al., 2003a). In our previous study, water samples for viral
counting were withdrawn from the MF compartment when the system was in operation.
In the present study, water samples were withdrawn after the operation was over and then
the water feeding was stopped. Therefore, in the present study, viruses that had been
in the liquid phase when the system was operational may be capable of being adsorbed to
the suspended/retained floc in the short interval before the feeding is stopped. Thus, this
post-adsorption might decrease virus concentration in the liquid phase down to that in the
MF permeate. Accordingly, the cake layer might not serve to remove the virus in the pre-
sent study; further investigation is needed.

In order to determine the reason for the imbalance in infectious virus concentration
described above and to analyse the mass balance of virus in the MF compartment, the
PCR technique was employed to the floc mixture withdrawn from the MF compartment
(FM[c,) and the backwash eluent (RFp;). Figure 6 shows the virus amounts measured by
the various methods at the end of 6h of operation. In the floc mixture withdrawn from
the MF compartment, the concentration of virus particles (FM_,) was 3.4 log greater than
that of the infectious virus (FM,), indicating that most of the viruses in the floc mixture
(>99.9%) were non-infectious. Thus, the virucidal activity of the aluminjum coagulant
(Matsui et al., 2003b) plays an important role in the high virus removal by the hybrid
system. The concentration of virus particles in the backwash eluent (RF;) was 1.7 log
greater than that in the floc mixture (FM.). This means that the floc particles retained
on the membrane surface, which was eluted by the backwash, contained a high amount
of virus particles.

Although the backwash with sulphuric acid of pH 2 could extract a high amount of the
virus from the membrane, the concentration of virus particles (RF,,) was still 0.8 log less
than the theoretical value, which was calculated from the infectious virus concentrations in
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Figure 6 Mass balance of QB virus in the MF compariment at the end of the operation of 6 h when the
system was operated with a PAC! dose of 1.08 mg-Al/L, a coagulation time of 24 and filtration flux of
62.5L(m? x h)
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the feed water and the MF permeate: RF,; was 13% of the theoretically calculated value.
This means that the technique we employed could not elute all viruses from the membrane
unit, possibly owing to the strong adsorption of viruses on the intemmal structure of the
membrane. Otherwise, virus particle concentration might be underestimated in the PCR
method because the sulphuric acid used in the backwash process might break the viral
RNA as well as the viral capsid. Alternatively, the concentration of virus particles (both
infectious and inactive virus) in the MF permeate could not be measured because it was
lower than the detection limit of the PCR method employed in the present study. Therefore,
inactive viruses might leak from the system, contributing to overestimation of the theoreti-
cal value; further study is needed.

Overall, two phenomena, adsorption to/entrapment in aluminium floc and virucidal
activity of PACI, partially account for the high virus removal in the coagulation—~MF
hybrid system.

Conclusions

1. A high virus removal (> 6 log) with a short coagulation time of only 2.4 s could be
achieved even at high-flux operation (125 L/(m* X h)) when PACI was dosed to the
system at more than 1.08 mg-Al/L.

2. Although the diameters of QB and MS2 are almost the same, their removals were
different: greater virus removal was achieved for MS2 at PACI dosing of 0.54 mg-
AVL, and for QB at PACI dosing of more than 1.08 mg-Al/L.

3. The combination of the PCR and PFU methods revealed that two phenomena, adsorp-
tion to/entrapment in aluminium floc and virncidal activity of PACI, partially account
for the high virus removal in the coagulation—MF hybrid system.
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PERFORMANCE EVALUATION OF OZONE/CHLORINE SEQUENTIAL
TREATMENT BY CHROMOSOMAL ABERRATION TEST ..

Shinya ECHIGO, Sadahiko ITOH, and Tomoki NATSUI

Chromosomal aberration test was performed to evaluate the toxicity of the water treated by ozone/

- chlorine sequential treatment. The bias caused by sample concentration processes was evaluated for fair

comparison of the results of chromosomal aberration test based on the recovery of the activity inducing

chromosomal aberrations. It was found that the bias in favor of the ozone/chlorine sequential treatment

does not exist. This result confirms the effectiveness of ozonation to reduce the risk of reaction by-
products in past evaluations. '
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ABSTRACT

Bromide removal from aqueous phase was attempted using hydrotalcite-like compounds (HTCs) to mini-
mize the formation of brominated disinfection by-products (DBPs) in drinking water treatment processes.
The anion selectivity and anion exchange capacity of HTCs depended on synthesis conditions. In particular,
the type of cations and the molar ratio of trivalent ions to divalent ions had strong impact on the anion-
exchange characteristics of HTCs. Among the HTCs synthesized in this study, MgAlFe-HTCs prepared with
a cation molar ratio of Mg : Al: Fe = 8 : 1 : 1 was effective for bromide removal. While both column tests
and batch tests demonstrated that HTCs are effective for bromide removal, the anion-exchange characteristics
in a continuous system was different from those in batch experiments. It is necessary to run column tests for
predicting the performance of HTCs in drinking water treatment system.

Keywords: Bromide, Disinfection by-products, Lydrotalcite-like compounds, Layerd double hydroxide,

Ton exchange, Drinking water treatment

INTRODUCTION

The formation of brominated disinfection by-
products (DBPs) is of great concern both in chlorination
and ozonation in drinking water treatment (Fig. 1). In
chlorination, bromide ion rapidly reacts with
hypochlorous acid (HOCD to form hypobromous acid
(HOBr) (Larson and Weber, 1994). The source of bro-
mide can be both natural (by geological formation or in-
trusion of seawater) and anthropogenic (Siddiqui ef al.,
1995). In Japan, bromide concentration in source waters
falls in the range between 0 to 450 ug/L, and mostly
around or slightly below 50 ug/L (Shimazaki e al,
2004). Hypobromous acid formed rapidly reacts with
natural organic matter (NOM) in source water
(Westerhoff et al, 1998) to form brominated organic
compounds. Recent toxicological studies have suggested
the importance of controlling brominated DBPs in drink-
ing water treatment. For example, Echigo ef al. (2004)
showed that the products of the reaction between
hypobromous acid and humic acid are five to ten times
more mutagenic than the ones between hypochlorous
acid and humic acid on TOX basis.

During ozonation, the formation of bromate ion
(BrO;™) is the primary concern among various DBPs
produced. Bromate is classified as Group 2B (possibly
carcinogenic to human) by International Agency for
Research on Cancer, and is regulated at 10 ug/L by the
Japanese drinking water quality standards. Considering
that 10 to 50 % of bromide in raw water is converted to
bromate ion, this regulation poses a difficult situation to
many water utilities.

Given the toxicological importance of controlling
brominated DBPs, many attempts have been made to

minimize brominated DBPs. These attempts are
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categorized into four groups: (1) use of alternative disin-
fectants, (2) modification of chlorination and/or
ozonation processes, (3) removal of DBPs, (4) removal
of precursors i.e., reactive components in dissolved or-
ganic matters (DOM), and bromide. Each option has its
advantage and disadvantage. Switching to other disinfec-
tants is effective to reduce trihalomethanes (THMs) and
bromate ion. However, as long as a chemical disinfectant
is used, the formation of DBPs is unavoidable because
both NOMs and microorganisms to be inactivated are or-
ganic compounds.

Modifications of chlorination and ozonation proc-
esses are widely used. Among many operating condi-
tions, disinfectant dose and reaction pH are most
commonly modified to reduce the formation of regulated
DBPs (e.g, THMs). However, it should be noted that
these modifications may sacrifice the disinfection capa-
bility of the system, or may enhance the formation of dif-
ferent types of DBPs.

As the third option, adsorption by activated carbon
is most commonly used. However, activated carbon
treatment is not effective for hydrophilic compounds.

The last option is the removal of precursors.

Chlorination
NOM + HOCIKOC! — Organic chlorines
Br + HOCYOCl — HOB1/OBr
NOM -+ HOBr/OBr - Organic bromines
Ozonation
Br + Os - HOB1/OBr
NOM -+ HOBr/OBr -+ Organic bromines
HOBr/Obr +  OyHO -+ — BrO;”

Fig. 1 Formation of brominated DBPs.
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Relatively hydrophobic components of NOMs can be re-
moved by activated carbon treatment, but hydrophilic
fractions are difficult to remove. Recently, a magnetic
ion-exchange resin was found to be effective for the re-
moval of hydrophilic fractions of NOM (Singer and
Bilyk, 2002). The removal of bromide has been also at-
tempted by several researchers. Amy and Siddiqui
(1999) reported that activated carbon treatment, coagu-
lation, and softening are not practical for bromide re-
moval. Reverse osmosis (RO) treatment is capable of
removing bromide, but not cost effective if used solely
for bromide removal. Ion-exchange process can remove
bromide ion (Amy and Siddiqui, 1999), but may not be
cost effective as conventional ion-exchange resins also
remove other ions and use up ion exchange sites for bro-
mide ion. However, recent advances in material chemis-
try suggested some possibility of controlling ion
selectivity of inorganic ion-exchangers (e.g., Tezuka
et al., 2004). This technique may lead to the synthesis of
a bromide-selective ion-exchanger. One promising class
of compounds in this area is hydrotalcite-like compounds
(HTCs). The present study investigates the possibility of
bromide removal by HTCs.

HTCs are known to have anion exchange capability,
and are classified as layered double hydroxides (LDHs)
in clay mineralogy. Fig. 2 shows the crystal structure of
HTCs. The backbone structure of HTCs consists of
brucite-like sheets (Mg(OH).) of which divalent cations
(e.g, Mg**) are randomly substituted by trivalent
cations (e.g., A'"). The net positive charge in the back-
bone structure requires anions to be placed between the
cation sheets. The unique anion selectivity of HTCs is
caused by “ion sieve” effect; that is, the gap between
guest layers rejects large anions. Also, some HTCs are

Fig. 2 Crystal Structure of HTCs.
O, -OH groups; @, bromide ion; ©, metal ions
(tri- or divalent).

unique in that their ion-exchange capacity is enhanced by
calcination. Anions consisting of “guest layers” (anion
layers between cation layers) are easily volatilized at
high temperature, and the structure of calcinated HTCs
with a larger ion-exchange capacity is reconstructed in
water (Miyata, 1983). HTCs have been applied to the
removal of various ions i.e. dyes (Cavani ef al., 1991),
fluoride (Daset er al, 2003), nitrate (Tezuka et al.,
2004), but few attempt was made on bromide removal
by HTCs.

The purpose of the present study is to evaluate the
anion exchange characteristics of various HTCs, includ-
ing calcinated HTCs. The competition among common
anions in source waters (i.e., bromide, chloride, nitrate,
and sulfate) was evaluated by a series of batch experi-
ments. Also, anion removal experiments by HTCs in real
source water were conducted. In addition, column ex-
periments were performed to evaluate the anion removal
characteristics of HTCs in a continuous system.

MATERIAL AND METHODS

Material

Chemicals.  All the chemical reagents used in this
study were of reagent grade or better (mostly analytical
grade), were purchased from Wako unless otherwise
noted, and used without further purification. All the
aqueous solutions used in this study were prepared with
ultra pure water treated by a Millipore Elix10 system.

Source water. For the experiments with real source
water, Lake Biwa water was used. The water was sam-
pled on the west shore of South Lake of Lake Biwa on
January 31, 2005. Lake Biwa is the largest lake in Japan,
and serves more than ten million people in the Kansai
area as a water source.

Synthesis of HTCs

HTCs used in this study were synthesized by the
following hydrothermal method. First, the divalent and
trivalent cation sources (chloride salts were used unless
otherwise noted) were mixed in approximately 100 mL
of ultra pure water. The types and ratios of cations used
were shown in Table 1. The total amount of cations was
set to 0.125 mol.

Second, the cation mixture and 25 % ammonia solu-
tion or 1IN NaOH solution were added dropwise to ap-
proximately 200 mL of ultra pure water in a 500 mL
beaker ~with micro tube pumps (EYELA
MICROTUBEPUMP MP-3, Tokyo Rikakikai). The
flow rates of the pumps were adjusted so that the pH of

Table 1 Conditions of HTCs synthesis.

HTC Type MgAl MgAlFe
divalent cation Mg Mg**
trivalent cation AP AP* Fe**
. . [Mg**] : [AF*] IMg**] : [AP*]) : [Fe*]
molar ratios of cations =2:1,3:1,4:1 =4:1:1,6:1:1,8:1:1

calcination time and temperature

1 hr, 450°C
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the mixture could be kept in alkali region (pH 10 to 11)
to obtain the precipitation of mineral hydroxide. During
the addition of the two solutions, the mixture in the flask
was stirred with a magnetic stirrer and a stirrer bar. The
final volume of the suspension was approximately
500 mL.

Third, hydrothermal treatment was conducted to im-
prove the crystallization of the suspension; the mineral
hydroxide obtained was transferred into a 1-L Teflon-
tube container (10 cm i.d.). The container was placed in
a hydrothermal reactor (TEM-D1000M, Taiatsu
Techno), heated at 120°C for 24 hr with mild stirring
(120 rpm), and left quietly for aging at room tempera-
ture for 24 hr.

Fourth, the suspension was washed with ultra pure
water and vacuum-filtered with 1 um glass fiber filter,
and dried at 80°C for 1 day in a desiccator (SH-OMT,
Nitto Kagaku). Then, the dried HTCs were ground to
powder with a mortar. Some of the synthesized HTCs
were calcinated at 450 °C for 1 hr to evaluate the effect
of the calcination on the anion-exchange characteristics
of HTCs.

Evaluation of the anion-exchange property of HTCs

To identify HTCs having the “good” anion-
exchange property for bromide removal, a series of anion
exchange experiments was conducted in batch mode. In
these experiments, both dried and calcinated HTCs were
tested (see Figs. 4 and 5 for HTCs tested). Considering
the ion content in natural water, the test solution was pre-
pared with chloride, nitrate, sulfate, and bromide
(100 uM each).

Each anion removal test was initiated by adding
0.1 g of a dried HTC or 0.05 g of a calcinated HTC to
100 mL of the test ion solution in a 100 mL beaker. The
mixture was stirred for 24 hr with a magnetic stirrer and
stirrer bar. The aqueous phase was separated from the
HTC phase by passing through 0.45um filter (GL
chromato disk, GL Science). Anion concentrations were
determined by ion chromatography (LC-VP, Shimadzu)
with a Shim-pack IC-A3 analytical column (Shimadzu)
protected by a Shim-pack IC-GA3 guard column
(Shimadzu). The mobile phase was 50 mM boric acid/
8 mM p-hydroxybenzoic acid/ 3.2 mM bis-tris. Anion re-
movals were calculated by subtracting the remaining
concentrations in aqueous phase from the initial concen-
trations.

Experiments on practical aspects of ion exchange
treatment by HTCs

To apply an ion-exchange process using HTCs to
drinking water treatment, it is necessary to collect the in-
formation on the effects of the various co-existing sub-
stances in natural water on bromide removal. For this
reason, batch experiments were conducted in a real
source water matrix with several HTCs which were
found to be effective for bromide removal in terms of
both selectivity and ion-exchange capacity in the series
of batch experiments described in the previous subsec-
tion. Also column experiments were conducted to
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evaluate bromide-exchange characteristics of HTCs in
continuous mode.

Bromide removal from a real source water.

In the batch experiments, both dried and calcinated
HTCs (see Fig. 6 and 7 for the types of HTCs used)
were used. Lake Biwa water was used for this series of
experiments (note that because the ambient concentra-
tion of bromide in Lake Biwa water was too low to accu-
rately determine, bromide concentration was adjusted to
100 uM by adding potassium bromide). The procedure
of the experiments was almost the same as the batch ex-
periments with the synthesized anion solution (see the
previous subsection) i.e., each test was initiated by add-
ing 0.1 or 0.2 g of a dried HTC, or 0.05 or 0.2 g of a
calcinated HTC to the Lake Biwa water in a 100 mL
beaker. In addition, dissolved organic carbon (DOC) be-
fore and after the addition of HTCs was measured with
a Shimadzu 5000A TOC analyzer.

Bromide removal in a continuous system.

Column tests were also conducted with both dried
and calcinated HTCs. For this series of experiments, the
synthesized anion solution was prepared based on the
compositions of anions in Lake Kasumigaura because
the bromide concentration of this Lake is the highest
among major Lakes in Japan.

The schematic of the system is shown in Fig. 3. The
gap between the spacers in the column (Millipore
Vantage™ L column) was approximately 10 cm, and
0.2 g of a HTC was placed in the gap. The glass fiber fil-
ters at the top and the bottom of the gap were to prevent
the leakage of HTCs. The ion solution was continuously
pumped to the column by a Sep-Pak Concentrator Plus
pump (Waters) at a flow rate of 1 mL/min.

Effluent was sampled at every 0.5 or 1 hr for 20 hr.
Anion concentrations of the samples were determined as
average concentrations by ion chromatography (LC-VP,
Shimadzu) after passing through 0.45 um filter (see the
previous subsection for analytical conditions). In paral-

fon Chromatography-
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Fig.3 Schematic flow of the column test.
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lel, pH was monitored with the rest of the samples.
RESULTS AND DISCUSSION

Anion Selectivity Test with a Synthesized Anion
Solution

The removals of anions from the synthesized ion so-
lution by dried HTCs are shown in Fig. 4. While bro-
mide removals were more than 50 % in most cases, the
removal of sulfate was the highest among the four anions
tested for most of the HTCs. This is a common observa-
tion for many ion exchangers including organic anion-
exchange resins. However, MgAlFe(8:1:1) and
MgAl(4 : 1) showed higher removal ratios to nitrate
than sulfate, and bromide removal ratios are relatively
high compared to other HTCs (note that the ratios in pa-
renthesis indicate the molar ratio of cations).

Two important remarks can be made from the re-
sults above. First, MgAlFe(8:1:1) and MgAl(4:1)
containing higher divalent cations than other HTCs ap-
peared to have the high selectivity to bromide. The exact
relationship between the ratio of divalent cation to triva-
lent cation and the structure of HTCs in aqueous phase is
still unknown, but this is useful information for synthe-
sizing a HTC effective to monovalent anion removal.
Second, MgAlFe(8 : 1: 1) was less selective to divalent
anions (sulfate in this case). This is a unique feature of
HTCs and very important for monovalent anion removal
from flesh waters because sulfate concentration is usu-
ally much higher than monovalent anions. In short, the
results from this experiment suggest a possibility of syn-
thesizing a HTC more selective to monovalent anions,
bromide in particular, by refining synthesis conditions.

Figure 5 shows the removals of the anions by
calcinated HTCs. The anion exchange capacity of HTCs
was greatly enhanced by calcinations. This is mainly be-
cause chloride ions in the crystal structures of HTCs
were volatilized by calcination, and HTCs were con-
verted to metallic oxide (1). Then, metallic oxide recon-
structed HTC structure in solution, and removed more
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Fig. 4 Removal ratios of anions by | g/L of dried
HTCs in a model solution
(c17, Br™, NO;™, SO&7; 100 uM).
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anions than non-calcinated HTCs (2). However, the
unique anion selectivity of some HTCs (e.g., MgAlFe
(8:1:1)) to monovalent anions were lost by
calcination. This result indicates that calcinated
MgAlFe(8 : 1: 1) is effective for removing anions from
water if anion selectivity is not required.

M M (OH)2<AU—)x/n -
MY MO, e +x/mHLA + (1 —x/2)H,0 (1)

Mn+l—me+Ol+xﬂ+X/anA+ (1 ——x/2) H.0 —
M™ - MTL(0H) (A D (2
For efficient anion removal, both selectivity and
total anion exchange capacity are important factors.
Keeping these factors in mind, dried MgAlFe(8:1: 1),
which showed relatively high selectivity to bromide, and
calcinated MgAlFe(8:1:1), which had large ion-
exchange capacity, were selected for the experiments in
the following subsections.

Bromide Removal from Lake Biwa water

The effects of natural organic and inorganic anions
contained in Lake Biwa water on bromide removal by
HTCs were evaluated in batch mode. Figure 6 shows the
removal ratios of anions and TOC in Lake Biwa water by
1g/L of dried MgAlFe(8:1:1) and 0.5g/L of
carcinated MgAIFe(8:1:1). Anion uptakes by both
dried MgAlFe(8:1:1) and calcinated MgAlFe
(8:1:1) considerably were lower than those from the
synthetic anion solution in the previous sections, and the
bromide removals were around 20 %. These low bro-
mide removals could be attributed to carbonate ion and
natural organic ions in Lake Biwa water. The removal
ratio of TOC was 17-19 %, approximately 0.3 mg/L. The
uptake of TOC not only consumed the sites for anion ex-
change, but also expanded the interlayer distance of
HTCs. It has been known that the change of interlayer
distance has a great impact on the anion-exchange prop-
erties of HTCs. For example, Millange ez al. (2000) re-
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Fig. 5 Removal ratios of anions by 0.5 g/L of
calcinated HTCs in a model solution
(C17, Br™, NO:~, SO27; 100 uM).




ported that a calcinated HTC with carbonate ions in its
guest layer has the dps value of 0.788 nm, but the d
value changes to the 1.36nm by the adsorption of
trinitrophenol to the interlayer. From this duws value
(1.36 nm), the corresponding interlayer distance is cal~
culated to be 0.88 nm. However, this gap between the
cation layers is too wide to hold the target anions of this
study (note that the diameters of the bromide, chloride,
and nitrate are approximately 0.35 nm).

Figure 7 shows the removals of the anions by 2 g/L
of dried and calcinated MgAlFe(8:1:1) to evaluate
whether the increase of the amount of HTC lead to suffi-
cient anion removal. In this case, 91 % of bromide ion
was removed by calcinated MgAlFe(8 : 1 : 1). From this
result, it can be said that the anion-exchange reaction by
HTCs is inhibited by NOM in raw waters, but sufficient
bromide removal is achieved by adding proper amounts
of HTCs. Also, the calcinated MgAlFe(8: 1: 1), which
has larger ion exchange capacity, found to be better than
the dried one under the condition of this experiment.

Anion Removal by HTCs in a Continuous System

In the previous two experiments, the bromide-
exchange property of HTCs was evaluated by a series of
batch experiments, but the characteristics of HTCs in a
continuous system must be evaluated in order to apply
HTCs to real drinking water treatment systems. For this
purpose, removal ratio of bromide in column test was
monitored. Dried MgAlFe(8:1:1) and calcinated
MgAlFe(8:1:1) were used in this experiment.

Figure 8 showed the time-removal profiles of the
four anions when treated by dried MgAlFe(8:1:1).
The pH values of the effluent were at 10.00.3. The re-
moval ratio of bromide was almost 100 % in the initial
six hours despite its lower initial concentration than other
anions. Then, the removal ratio gradually decreased and
dropped to 0 % or below, but it was higher than 60 % in
the initial fourteen hours.

After a certain period of time, the removal ratio of
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Fig. 6 Removal ratios of anions by 1 g/L. of dried
MgAlFe(8:1: 1) and 0.5 g/L of calcinated
MgAlFe(8: 1: 1) in Lake Biwa water.
Bromide concentration was adjusted to 100 zM.
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bromide and nitrate went down to below 0 %, in other
words, “desorption” from the interlayer structure of dried
MgAIFe(8 : 1: 1) occurred. The primary reason for this
is likely to be the effect of sulfate, that is, sulfate ex-
changed from the solution expanded the interlayer dis-
tance of dried MgAlFe(8 : 1 : 1) because the diameter of
sulfate (0.516 nm) is larger than that of the initial anion,
chloride (0.344 nm). The “widen” interlayer cannot hold
smaller monovalent anions (i.e., bromide, nitrate, and
chloride) any longer. Also, it is of note that the anion se-
lectivity in the continuous mode was different from that
in batch mode. In the batch experiment, the selectivity of
the anions was in the following order: nitrate > sulfate
> bromide. However, in the continuous mode, the re-
moval of nitrate was much lower than those of bromide
and sulfate, indicating that this HTC is effective for bro-
mide removal even with relatively high concentration of
nitrate. This difference in the anion selectivity implies
the dependence of the anion selectivity of HTCs on the
composition of the water to be treated at the configura-
tion of the reactor. Thus, it is recommended to run a col-
umn test with target waters to evaluate the applicability
of this HTC.

Figure 9 showed the time-removal profiles of the
four anions when treated by calcinated MgAlFe
(8:1:1). The effluent pH was at 11.220.3. The re-
moval ratio of bromide was sufficiently over 60 % in the
initial fourteen hours, but sharply went down to 0 % after
sixteen hours. After that, the captured bromide ions were
gradually released from the interlayer of MgAlFe
(8:1:1) to the solution. From the point of water qual-
ity management, such a sudden decrease of removal ratio
of bromide is difficult to respond. Thus, judging from
both removal ratio of bromide and “stability” of removal,
dried MgAlFe(8:1:1) is suitable to drinking water
treatment.
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Fig. 7 Removal ratios of anions by 2 g/L of dried
MgAlFe(8:1: 1) and calcinated MgAlFe(8:1: 1)

in Lake Biwa water.
Bromide concentration was adjusted to 100 uM.
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Fig. 8 Time-removal profiles of the four anions when
treated by dried MgAlFe(8:1: 1).
Condition: C17, 10 mg/L; Br™, 200 ug/L; NO,~, 850 ug/L;
SO, 10 mg/L; dried MgAlFe(8:1:1) 02 ¢g.

CONCLUSIONS

In this study, bromide removal was attempted by
HTCs to minimized brominated DBPs formation in
drinking water treatment. The major findings from this
study are listed below.

1) The anion selectivity and anion exchange capacity
of HTCs changed with synthesis conditions. In par-
ticular, the type of cations and the molar ratio of tri-
valent ions to divalent ions had strong impact on the
anion-exchange characteristics of HTCs. Among the
HTCs synthesized in this study, dried MgAlFe
(8 :1:1) showed the highest selectivity to bromide
ion, and calcinated MgAlFe (8:1:1) showed the
largest anion-exchange capacity in an aqueous solu-
tion containing 100 uM of chloride, bromide, ni-
trate, and sulfate.

2) Anion-exchange reactions by HTCs were interfered
by NOM in Lake Biwa water, but sufficient bro-
mide removal was achieved by increasing HTC
dose.

3) While both column tests and batch tests demon-
strated that HTCs are effective for bromide re-
moval, the anion-exchange characteristics in a
continuous system were different from those in
batch experiments. It is recommended to run col-
umn tests for predicting the performance of HTCs
in drinking water treatment system.
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2006 4 3~6 B. FERJIFSRE S, IOMS/MS 2V CEERR,A IV EEDEREELT-
oo R EFEL 20D A JINZBWT, BREDBERBAAVBRESh, BEEER. Th
1 340 BT 2,800 pg/l THY, Thd 2 SOHUROFL T FDOREERRHHLERSN:, Thd
RERLERESNDHIE A LEOE TRAGOBERR A RER, FIRIEIBITANEDID
BET, FNTFN 44~1,500 BLTR 1,100~15,000 pg/L D#iFTH-o7o, FIBJH EFIRIZBITBHE
ALY, B TS, BERRCTVBRETELT 10~20 pg/l. O&EHEIZH T, ZOIE,
2006 £E 2~6 B iz, FERJIFIROWNAE SO FRORREKERER I, BEREA A BREE
FRIE U, BAKBFRRIITEHROMNKUADE S, TOBREL 0.16~0.87 pg/l, LIBEWETH-
720 FOKRDSFHRIITEHROW) AT, Buk AP B R A OR BRI R XY EHi0E
B, KK P OBEREEA A BEEE, T REHZ DV TIE 0.06~0.55 pg/L MIEVMECho7-28, ¥k
OEKEZBEALTWAEEZBNS 6 BBHIOWTIE 12~29 pe/L EEVMEZ R LU, —3F. JBANH|
BIF - FHIROWFMNIADEE, BEREAAVBEX 0.19~87 pg/l, OFEBIZHY, EH0OREHT
DVVT 10 pg/L B E T &b, FIBNITHROBEHRER VL, EWEBROKER SRS

LEL TSI ERREN,

TG GEEFERA A, IC/MSMMS, FIRR)IFEER, KiEA

1. [FLHIC

BEFBAA VL KEEDBAL T, AP CRBE
EERBEL FERCRELEDETHD V9, BE., BERR
AFL, BERBECRERR TN A, IBEERT
=h, BIERBRIVV LS VIEERBOERTE
BE-ERShTWS 09, filXIE, 2004 E£OBEFETNY
LAOHEENAEERI 1,600t THD 9, BEFREIA D
FEARERAREL T, oy b A A OHEERIB BN
T3 09, ZhEAMTh, KE, Bk, BevvF B4R
FE FaRBRICERSHTHD 09, —7, BEREA
AUVIIRRER CHTFEL TS, FIOT2HvBELH
DR MY AHERIITITBEREBERE TN TVWS D,
Eo, Bk, BERBRA VRS FOREER BRI L
THAERTIZENRESNE 9, ARPCERLBESE
BV, 0%, HIREICE T 95,

BRI, FRIBICBT 23V BORVIAS M
HITBZESABN TS D99, 2005 & 2 B, KERETH
5*3—(National Academy of Sciences, NASHZ. B¥E%H
B A2 DB B H E[Reference Dose, RM)EL T, 0.7
nglkglday #EELT 9, FA  USEPA K., NAS DifiE#
B4 o RID #F AL, Hk K S E % & Drinking
Water Equivalent Level, DWEL)EL T 24.5 pg/L 2A%K
Li=(70kg DAR 1 B 2 L OEEIKESAL, sk
&S5 100% THHEEELAED, UL, BERETHL.
EHELRBBEATAEE Maximum Contaminant Level)
R ESNTVWENWWHO bECEIKKETARZ A 2R

TRV, 5, BT A=T X, BEREBA T DR

“ﬂ*?k O AFAEE BAZ{E(Public Health GoaldL T 6
L Z8REL, oW DOM T, 1~18 pg/L OFEFE T, 8

iﬁ%@ﬁv@%&v«w%: RELTNS 9,

1997 4, AV T AN=T R4 F(California Depart-
ment of Health Services, CDHS)#, A4V 7a<ts 57
ZRVE, THUMIETCOF BRIV EBEOEERER4
S HEZRBLUTER 9, KEEHMOREKBIUKRE
KENE, BEREAAA OFEERBESL TS 101D,
T, BEEBRAAUIL KBOL AR 12043, 1010
BHEN T3, ZhECIREERA T OREILKE N
RELUIEDOMELAE Thol=8, BT, Bl Aribi & 19
(%, ERFEORABIUHEIE N RITEERRAA VR
EOREZR{ToT-. AT, BERORGEREHIZOWT
HEELTRY, S, VAV BLUE— AV h0BERE
AAVREE, ENER 0.756~14.85 BLT 0.243~7.57
ngll OIS oI LERELTD, Z0OBER, B
KBWTHBERBAZVEREFIFELTHBIERTR
BLTW3, LL, BN COBERBAF VI OVTORF
FiL, AT HEORREL I, 2O—RELTKERK-
BKBOREZRELIERITHS 0, BELOHBIRY
CRWT, EROKEREP COERICOVTHEBESNT
VRN,

LT, AR TR, FIRBNIFTE AR &I, 414 rn<h
77787 NEELHeTon Chromatograph Tandem
Mass Spectrometer, IC/MS/MS)Z BT, iBEFREEAF
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IC/MS/MS 7 i\ TeRIRR) T OB ISR A A > OERERE

R EDEERER T ol, T0kE EREATVBER
SWTOEELHETT oz, Fio, AREKFOBERER
A BEOTEV T o7,

2. HEFZE
2.1 HEHRR

FAR) N FEIRDFT) 7K BEAR S OEKIL, 20064 3~6 A
[TAToTe, ZD&E, LHIROKIL 2006 4F 4~6 B, F-
THEUROELAKIT 8~4 B Thol-, MEKDEKIZ, FA
BRBNTHROFNI A THIEEE, EOTRVEARD
VT, 2006 £E 2~6 B 14T o7, BBbkiE, Bk, BEE
IRE LIz, KEKIZDOWTIL, 7RI VEF R YA
R BEEROBREEIToT,
22 RIeFE

BEECRBEROERSE. PR TERALZKE, 2T
Millipore 50> Gradient ALQ [ZXVERILIZEBHIK THB,
IBERRAA VB UERBRAZ O80T, IC/MS/MS
ZRWTITok, BIERBAA VO CIL, WHEEY
BELT BOs-BEFE T N v A(Cambridge Isotope
Laboratories)2 & A L7z, PEMEEMEIL. BEAZAE
0.2 pm Dk PTFE 17445 —(Advantec Toyo) T5
BLIZ 3 I FLIz, IC i3 Dionex B ICS-2000 #FRL
770 H—FHS5 A, IonPac AG20 (2 x 50 mm, Dionex)%,
SYBEHT A% JonPac AS20 (2 x 250 mm, Dionex)% . ¥7
Lo —i% ASRS ULTRA II (2 mm, Dionex)& /L%,
R IEABEAN) Y AKODE AWV (fi&:0.25
ml/min), 77 F 4= b, 10 mM KOH (0 min) —
80 mM KOH (22 min&Liz, RAMNITZ LT, 7=
iR (9: 1 vIVERE T E 0.2 mL/min Gt 7, SREHEA
B 100 pL L7, MS/MS i Applied Biosystems &l
API 3200QTrap ZEALEZAATVIR: F—RAF VATV
). Multiple Reaction Monitering (MRM)®&—NCHIE
L. MRM 1%, SBEHEA A 100V ik 99083 (ERA)
BLU101-85 FEEDE. B0 BERBAAVIZONT
1% 107—89 %, BRERAA VIOV TIL83—6T 2 BIR LI,
ERTIRMERD. BERBRAAL BLOERBRAFV DT
FITOWVT, 0.056 BET 0.1 pg/L &L,

3. AEHRE
3.1 FRRJIGEE ORI K b OB R+

Table 11z, %U*E)!ltfr*“?ﬁ@mllmqn@:@iﬁ%zﬁeﬁv
OREBREERE2T T, BABARL>TERELDBITM
B EKEITo, £io, K AZLEETOREBHORK
ERHDTREERDS,

FRN ER TR, B LRHEHAOBERBAA 3
B3 0.08 pe/L T, TOTHTH 0.08~0.74 pg/L DFEE
Tholz, LinL, X HIRIZBWTC, BE R BEIT
LFLU, BH 340 pg/L EVHEERR UK, TO%. THRIAT
REDHREETL, EREESEEU-#ig o & T

ERETORER, 12 pg/l ThoTs,

IV TRDE, A MOFA, B ERAEHRICE
TABEREATVIEEL 0.23 pgll Tholodt, HBXI
LEVELIIEIL, 8.8 pe/l ICEE U, T 0%, BIEFERA
AV BB 8.6~21 pe/L DFEFRICH TR, Y HIR TR,
FEEITBENRERY, BE 2,300 pg/l, Thol, THIC
EATHBERREIBETLRNEE, SHIZR0f)&E
Flic, BV, BERRAAVREIETL., 0%, F
BIEETLE,

Table 1 Perchlorate in the river waters in the upper Tone River basin

River (number of samples analyzed) Perchlorate (pg/L)

Tone River
Upstream of region X (6) 0.08~0.74
Region X (3) 70~340
Downstream of region X (2) 12~13

A River
Upstream of region Y {12) 0.23~21
Region Y (2) 2,100~2,300
Downstream of region Y (2) 720~1,100

PAEOFESEND, FIARN ERHR TR X BT Y #Rew
5 2 DOEERBAA AN HDZ LN Do, E
To A BRI, Y #RUSMTAL BT 58503
KEEMD 1 pe/l 2BX CEESRERAVERHShES
27 pgll), BEORBERPFEL TOBILRTRENT,
X BLOY IS W CRIRE T oLz s, WTho
HURBIE TR AR DB MRS, X BIUY HiRi
BF5H, BERLENSA KD L OE TRADOB
BREBAAARER, £hTh 44~1,500 BLT 1,100~
15,000 pg/L OFEFH THh-7

XRIY ﬁ.@@:@ﬁ?&%z‘xﬁmiﬁwﬁﬂ DN
THERBAAVREOREZToT, X HUROBE I,
EREMATVBELDRBICEVEZRL, BERER
9,000 pg/L. Choio, —F, Y Mo, BERRRA
AVBERIOTERBAIVRERE, £TORET
50 pg/L KRG Thol, ZORERPD, X Ml TIIERE,
AVDRTABELTWBZE, ZLT, X\ Y HIRTORAR
BRI BTLPRBEN T, BREBAA V. KETHEAK
BEEREREEBICEESN TR (BEE 600 ug/L),
KREEELTDIZELRFBEDON TS, FEETIE. X
HIROFEAIRLZ O RTITCRL FIBIATTITRB AT
LIERE B EEYEL RIS, X B CITEER
AF DO TOERBLELE LIS,

Table 2 iz, FR)I R - FRIBOFN KR OBEREEA
AVREOHERERETT, AR LFRBRORNIADE
&L, BAKBZLICETO B EBORERHS WM
BB,

FHRNAFJNZDWTRBE, - TR L gD
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B EFREH A COBREX, 12 ug/L Tholo, TH T,
3.4, 5.7 pug/L L WHELBRE I, B THAEH A TH
11 pg/L @At WINTHS CHIOFE . BEREAA
VIBEEE 14 pg/L THY, AR LRIRE Thot, £ D
IMNOBA, B EFRBEMATIE 0.78 pg/ll Thoteis, F
BINOAPETT DL BERBAAVRER UL, T
b, GHEED D JIOBERBAAVRER. ThE
H 0.54 BIU 12~18 ug/L Tho7z, FIRIDABEFL
72#%® D JIOEIEFRBAAVIRENT., 11~18 pe/L OFEE
ol BLEDFERID, FR)I - THROFNAK PO
BIEREBAAVRER., ERBE~ORADEET, LT
10~20 pg/L DEEEITH B LI RENTE,

Table 2 Perchlorate in the river waters in the middie and lower
Tone River basin

River (number of samples analyzed) Perchlorate (ug/L)
Tone River (6) 34~18

C River (1) ' 14

D River (7) 054~18

3.2 KEKBOBERBAAY :

Fig. 142, mEmEiﬂ@:Eziﬁ%@%zvi&F@zﬁﬁ#m%:
T BRAKIL, R BAToTc, BITEREST, B
B EFROFNIK, BF - TREOFMNAKBLOEILEL
HDRFZD 3D E LI, FKHFIRII EFHROF)IA
DEA, BAHANE., FRECRERBAAORINE
HEIEHER LS R Tho, EAKISFIR Tk
FKDBEI, BEHIFEARO—OBINITEETIEES

LRBRELTEDI, T, —HHRISVTE, BEEX
TEEEOEARET7

10 '

ot Water htake

s | 0 Upper Tone River

& Middle and Lower Tone River

_g ' ® Other region
5 6
U
‘G
&
g
=]
=4 ]

0 L

<0.05~1 1{~5 5~10 10~20 20~30 30~40

Range of perchlorate concentration {pg/L)

Fig.1 Relationship between the water intake for drinking water supply
and perchlorate in the tap waters.

FOKMFIRN R OWN A LS O5E . REHEIL 3 T,
BERBRAAVEER 0.16~0.87 pg/l. &Ehof, Fk
DBFARN LFEOM A DEHE ., BERERAAVBRER,
1328155, TREHT OV TIE 0.06~0.55 pg/L LS VEE
RUk, Ll B0 6 BEHZDWTIL, 12~29 ug/L ¢ &

WEEZRLE, SOBEBELT, Zhvh 6 BREIOEHE  FIRI
FE ORI A CITIBERBA AV OB ERBENIEIE,
HEHIFOMDFERONTIPBEELBIITL TS
AHEtERH LRSI, —F . FUKSFIHR)I - T
DFNKDES, 14 ORFOBERBRAVBHEL 0.19
~37 pg/l, DFEE ThoT, ZOLE B OEFITE
% 7 REHZOWTHL, 10 pg/l ZRBA TV, ORI,
AR B DB EFEEA AV B, FUKASHIARII - T
BROFIMAKDEBE ., FAFEEREAA OREBRERS
NTORWIHROFIIIKDOEE LY., BV ERIEHHZLEE
RLTWB, Licio T, AR R OBERBAA VI,

IEVWEERR DKEKICHEL B IIEL COAZERRENT,

4. B

A ADOETEREEQ05 EROP T RADLAL
H M7= 0ayR0HREE 150 pg ICRESH TV 9,
YT EEHEFOERR PIRELEEL TS 118,
WEDEZ S B RAORENLOIVEOEREIL. 1AL
A %720 0.5~3.0 mg HERESH TV 19, Z07ed, WEE
WEE bﬁéﬁ%ﬁc'ﬂ\é% EUERBRRZTHARE
RN EE X BN,

AR L URERSOEHS. RFELBITHREK
RS A4 BEORERERT, RENZDO TR
HBN HWEOFEHZ ST USEPA 4% Lz DWEL
(24.5 ugm)amﬁgutof‘a‘%?bto Ll NAS ik
RID ORECHEL, FREELHELLT 10 2HVTWBIE,
Fie, ERLEISE, MLTRARANTIVRORRENRS
WILEFERTHL KEKFOBEFEBRAAREN
DWEL #BxizhbiEo T, EbiITbhORERTRN
BEETCHEZRWEEZDNS, Tl BERBAL D
FRIL, KEARERTHEETET TR BHPHREE
THEERLHDB, Elo, BEFRPLHBTTHL, FRIFEER
KB AEEREAA T OFEREICEs THALHERIX
N3, LizdioT, 5%, FIRNIFHROFIIK, BLUEh
ZRAKELTWAKEKPOBEREBRAAVRESIZON
TXVEMRHEEZTONERDHS,

AREIZBWCEERRA A BREREN R  FElk
OFNAZFKRELTOSEKER 10 28X, TOREK
ADEF 2,000 FAREBERBELOND, T, RSKD
FIMAERWTERIBENh BERSBESNR S, Pk
S EERR AV R E VR E CEEL TSRS
HBED, BEEBRAI Lo THELZITAADIRED
EWEHESND, ZOEEREA DL, 2SR TR
BB ARE SRR A VR ES L REETHE 19,

BERBRAAA VI, BEOEKLETRBRELENYE
ThHd, INET, IBERBAAVOREERIZSVT, R
LA ERBLRATREBITDR TS 09, K 0AE
ExBELUEE S ERESR T AR A 355k
RENBERDDB, UL, TbOEHRL, o AMEH



218 IC/MS/MS 7% R\ FHRN T OBIEHR: 1 4 DRIEFE

(LB ABAENHRTEE, BT LHEALRSTWE
HFCIIRWEERD 9, LR, B A TORKERS
AR OERL, BETHILEZLND,

5. =&

FHEOHER, BONMBELTIZRT,

D FBMNERBIUZND A JIKBWT, BREORE
RERAVERHESHE, BEEBER. ThEh 3408
X0 2,300 pg/L THY, Zhbd 2 SOOI ED
RAERBHDEHRENE,

2) FERMERB I A NETCRTS, BEER
FARLENSNE B D & OE T AR OBESR
BEAAVIREENL, T B 44~1,600 BLT 1,100~
15,000 pg/L O Ch-od=,

3) FER) LR~ OWADOREE T, FIR) - THEO
K P OBEREBAABRERX, L T10~20 pg/L
DIt H o7,

4) AEAPOBEFRERAABER, FUKSHHR) T

DFJNK LA DEE . 0.16~0.87 pgll. Thol, EK

SRR EFHROTIIA T, BUKA S BSR4
VRRERSNIHE LY EROSEE . AEAPOELEE
ERAA R, T BRUEHT DV Tk 0.06~0.55 pg/L, ©
Iofell BARBEEDZEELLND 6 REHZOWT
¥ 12~29 e/l Tholz,

5) BUKBFIBNTR - FHIROTNARDOEE . KEKFD
EEREA A BB 0.19~387 pe/L OFEICHY, ¥
SORET 10 pg/L BTV EhG, BIHRNIFER
DBEFBRAA L, BWEEOAGEKICERZBL
LB ERRERIL,

(A 3

AHRO L, EESHRENR RO/ ENNRKC
- ESKEEED RELEICE T ORI R(EENRE  BAHR
) XiThhis, TTICRUTHERR T3,
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1. FLHIC

o EERE, RENLRESRIERDET, 98D H3E
UK EEEERIZ. 2D s ERERMNEREBEIL TV,
ragAbt R B0, BREBITAY VAEO, BER
Bk USRI B LERAE ORI LR & LTab., £
oo b 3 WEIX KRR b U SRR O
LLTHHEET S, EEFRIE. FRBEBT 33 VEROE
DIABZEMETHHE T, Eud v MEERE, BMLA
REOBRYE L LCabh, EE, RKESHNLBREHEL
TW5, KEREFEETIIEEKEMRE L LT 24.5 ng/L
ERLTOBERKOEEEE 100% & Li-fE, B, &KX
HEBEIRBET. WHO OEFBUKKEH A FZ74 bR
ERTVRW), ZHET, ~NaFiEE ~ad b x VBRO
SHIZ. GC/MS ER IC IC- KA M T L) HEIZ &> TTh
NTERB, FE, HHOMEE) S, ICMSUMSHEIZ &
DO IOBRFERINTWAS,

ABFETIE, ICMS/MS & BWT, NaEE 9, N
FoAbAE V4T (B, EEER. ERR. BERED
RUORA 4 2 R/BIL, TO—BHHTEORREEZRST,
Fiz, BRELLFECL Y. H8DEOEKBEDRK - K
HFOREZRELE,

2. ERAE

ARFEE TR L= AkiE, £ 7T Millipore 8¢ Gradient A10
X DB U8R TH A, BEFBOSITICIE 8008
HEEBF b Y 75 (Cambridge Isotope Laboratories)% P&l
BE#IZEW, IC 1 Dionex 80> ICS-2000 ZEA L, A
— ¥4 5 A% IonPac AG20 (2 mm X 4 mm, Dionex)%. 4
Bt 5 20T IonPac AS20 (2 mm X 250 mm, Dionex)% ., ¥
L v % —X ASRS ULTRA II (2 mm. Dionex) %/ L7z,
FERERIE KOH 2 AW, Hi#i 025 mL/min & L, 755
4 AT, 10 mM KOH (0 min) — 80 mM KOH (22
min) & Lk, RRAMIFALT, TE =YK 9:1vW)
B RE 0.2 mL/min TMX 7, REHEARIL 100 pL &
L7z, MS/MS ix Applied Biosystems ¢ API 3200QTrap
PHEAL. £ A ACFERI—RRT v—A T AREZ AN
7=, MRM . MCAA I 93/35 %, MBAA {% 139/81 %,
DCAA I 127/83 %.BCAA I3 173/129 % DBAA I3 217/173
%. TCAA X 161/117 %, DCBAA % 161/79 %, DBCAA
13 209/81 %, TBAA X 251/79 %, B%ET 129/113 %, H
BT 67/51 &, ML 83/67 &, BERERT 99/83 (F

BRF) RUV101/85 (fEsRA) %. BRI A 43 79119 &8
B L, BOrBERBII TN ERORBHI 1 ug/l &25 &
AL, 107/89 2 EEICHE WL,
3. ERERRUEE

B 1ICRSREE HUERER ERBRURMYA T ORE
i, X2 IEERRoRER (WIBEEER 257, &3
SMEORERIL, RER. EREBBEOBERBICOVTIX

10.05~10 pg/l DEEGHET, EEBEMICTOVTIE 05~10

ug/l DEEFET, B 4220 TiE 0.2~10 pg/L
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