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Contribution of brominated organic disinfection
by-products to the mutagenicity of drinking water

S. Echigo*, S. Itoh*, T. Natsui**, T. Araki* and R. Ando*

* Department of Urban Management, Kyoto University, Yoshidahonmachi, Sakyo, Kyoto 606-8501, Japan
(E-mail: echigo@urban.env.kyoto-u.ac.jp)

** Ministry of Health, Labour, and Welfare, 1-2-2 Kasumigaseki, Chiyoda-ku, Tokyo 100-8916, Japan

Abstract The activity inducing chromosomal aberrations of the mixture of brominated disinfection by-
products (DBPs) was approximately three times higher than that of the chlorinated counterparts for the same
hypohalous acid dose. With the combination of chromosomal aberration test and a.new analytical technique
to differentiate total organic chlorine (TOCI) and total organic bromine (TOBr), it was found that TOBr was
correlated to the mutagenicity of chlorinated waters. It was also implied that for a bromide-to-TOC ratio of
0.1 {mg/mg C), brominated DBPs could account for at least 29% of the total toxicity of DBPs formed during
chlorination. On the other hand, bromate ion, a major ozonation DBP, was not a major contributor to the
activity inducing chromosomal aberrations of the water treated with an ozone/chlorine sequential process.
Therefore, ozonation is one possible option to reduce the health risk caused by DBPs even in the presence

of bromide.
Keywords Brominated disinfection by-products; chlorination; chromosomal aberration test; ozonation

Introduction

When a source water is chlorinated in drinking water treatment process, not only chlorinat-
ed disinfection by-products (DBPs) but also brominated DBPs are produced. Naturally
occurring bromide ion (Br~) in source waters is easily oxidized to hypobromous acid
(HOBr) (Pinkernell et al., 2001), and then HOBr reacts with natural organic matter (NOM)
to form brominated compounds (Richardson et al., 1999a). These brominated DBPs have
been gathering more attention recently because studies have suggested that small brominat-
ed compounds such as bromoacetic acids are much more mutagenic to mammalian cells
than their chloro counterparts (Plewa et al., 2002). Also, Nobukawa and Sanukida (2001)
demonstrated that genotoxicity of chlorinated water greatly increases with Br~using Ames
test and micronuclei formation assay.

However, while the above results imply the importance of controlling brominated DBPs
during drinking water treatment processes, many questions on the contribution of bromi-
nated DBPs to the toxicity of finished water remain unanswered. One of these questions is
the relative toxicity of the mixture of brominated DBPs to that of chlorinated DBPs. Past
studies only consisted of comparative studies on simple DBPs or toxicity evaluation of a
mixture that contained both chlorinated and brominated DBPs. It is of practical importance
to quantitatively identify raw water characteristics and treatment conditions with which the
contribution of brominated DBPs is of concern.

Ozonation is commonly used to decompose the precursors of chlorinated DBPs
(Richardson et al., 1999b). Studies have suggested that preozonation can destroy reaction
sites in NOM for chlorinated DBP formation, and reduce the toxicity of finished water
(Patterson et al., 1995). However, little information is available on the effect of Br~ on the
toxicity of water treated by an ozone/chlorine sequential process. Also, the relative toxicity
of ozonation DBPs in the presence of Br™ (e.g., bromate ion (BrO,™)) to the entire toxicity of
finished water is not fully understood.
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The main objective of this study is to answer the two unanswered questions mentioned
above. This study consisted of three sets of experiments. First, chromosomal aberration test
was performed to compare the mutagenicity of brominated DBPs with that of chlorinated
DBPs. These two mixtures were separately prepared by the reactions between humic acid
and corresponding hypohalous acids (i.e., HOBr and hypochlorous acid (HOCI)), so that
the activity inducing chromosomal aberrations of brominated and chlorinated DBPs could
be evaluated separately. In the second part of this study, total organic bromine (TOBr) and
total organic chlorine (TOCI) of the mixtures of DBPs formed during chlorination in the
presence of Br~ were measured by the combination of a combustion furnace and an ion
chromatograph, and were compared to the results of chromosomal aberration test. With this
new analytical technique, it was possible to determine the contribution of TOBr and TOC1
to TOX. Lastly, the activity inducing chromosomal aberrations of the DBPs formed during
the ozone/chlorine sequential treatment both with and without Br~ was evaluated. Of par-
ticular concern was the effect of pH during ozonation on the toxicity and the contribution of
BrO;™, an ozonation DBP, to the total toxicity of finished water.

Experimental

Sample preparation

Humic acid solution. Concentrated humic acid solutions (TOC = 750-1,000 mg/L) were
used as model NOM solutions to perform the chromosomal aberration test without concen-
trating samples after reactions. The concentrated humic acid solutions were prepared by
dissolving approximately 3 g of humic acid (Aldrich) in 1 L of 0.01 N NaOH solution for
24 hr with vigorous mixing, readjusting pH to 7.0, and filtering through a glass fiber
filter (GS25, Advantec).

HOBYr solution. To minimize the effect of liquid bromine (Br2(aq)), abromide-free HOBr
solution for direct bromination was prepared by oxidizing Br~(0.23 M KBr solution) with a
NaOCl solution (Wako). The concentration of the stock solution was measured by direct
UV absorbance at 266 nm (Beckwith et al., 1996). A commercial NaOBr solution could not
be used for this purpose because it contains approximately equal amount of Br-and thus
Brz(aq) was not negligible at a high dose around pH7.0 (Snoeyink and Jenkins, 1980).
Similar consideration was not necessary for HOCI solution because the equilibrium con-
stant for hydration is much lower than that for Brz(aq).

Chlorination and bromination. Chlorination and bromination were performed by adding
NaOCI solution (Wako) or the HOBr stock solution to the mixture of the concentrated
humic acid solution, a phosphate buffer solution (final concentration =50-175 mM), and a
KBr (Wako) solution (if necessary). The samples were stored in dark place at 20°C for 24
hours before chromosomal aberration test and chemical analysis unless otherwise noted.
Ozone/chlorine sequential treatment. Concentrated humic acid solutions (pH 6.0, 7.0 or
8.0) were ozonated in an impinger (inner volume = 30 mL) in semi-batch mode. Ozone was
generated from ultrapure oxygen using a Mitsubishi OS-1N-A ozone generator. The flow
rate of ozone was 1.5 mg/min. After ozonation, the pH of the solution was readjusted to 7.0
with NaOH or H,S0O,, and the solution was chlorinated following the procedure descried
above. The readjustment of pH was necessary to evaluate the effect of pH during ozonation.

Chromosomal aberration test

Chromosomal aberration test using Chinese hamster lung cells (CHL/IU, Dainihon
Pharmaceutical) was performed to evaluate the initiating activity in the carcinogenesis
process of humic acid solutions treated by chlorination, bromination, and an ozone/chlo-




rine sequential treatment. The details of the test procedure is described elsewhere (Itoh et
al., 1996). The number of abnormal cells was counted by visual observation under a micro-
scope. For each sample, 100 metaphases were analyzed. The ratio of the sample volume to
the media volume was fixed to 1/6. The incubation time after contacting with sample solu-
tions was 24 hr. To minimize the decomposition of DBPs, no quenching reagent was added
to the samples since chlorine and bromine concentrations were less than the concentration
range where cytotoxicity on CHL cells is significant.

Chemical analysis

TOX analysis. TOX (TOBr+TOCI) was analyzed by following the Standard Methods
(1995). A Mitsubishi Chemical TOX-10% TOX analyzer was used for the analysis.

Differentiation of TOBr and TOCI. The detail of the procedure is described elsewhere
(Echigo et al., 2000). But, briefly, the off gas from a TOX fumace that contains HCl and
HBr corresponding to TOCI and TOBr was trapped into distilled water, and these CI~ and
Br~ were separately quantified by an ion chromatograph. A TOX analyzer (TOX-10Z,
Mitsubishi Chemical) was used as a furnace. A Shimdzu VP-10 system was used for ion
chromatographic analysis.

Bromate analysis. Bromate ion concentration was determined by ion chromatography with
a post-column derivatizing method (Wagner et al., 1999). Samples were diluted prior to the
analysis.

Results and discussion

Activity inducing chromosomal aberrations of the brominated and chlorinated DBPs

The activity inducing chromosomal aberrations of the mixture of brominated DBPs was
approximately three times higher than that of chlorinated DBPs at the same doses of hypo-
halous acids (Figure 1). For example, at 750 mg CI/L, the number of abnormal chromo-
somes was 60 per 100 cells for the mixture of brominated DBPs, while the number for
chlorinated DBPs were 23 per 100 cells. Two explanations are possible for this result. One
is the difference of the toxicity between brominated DBPs and chlorinated DBPs on molar
basis (i.e. TOX basis). The other one is the difference of the amount of halogenated com-
pounds produced by the two hypohalous acids. To test these hypotheses, the number of
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Figure 1 Comparison of the activity inducing chromosomal aberrations of brominated DBPs from the reac-
tion between HOBr and humic acid with that of chlorinated DBPs from the reaction between HOCl and
humic acid. Conditions: humic acid concentration, 1,000 mg C/L; reaction time, 24 hours; temperature,
20°C. The ratios of the hypohalous acid doses to TOC were similar to a chlorine-to-DOC ratio in actual
drinking water treatment practice
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chromosomal aberrations per unit TOX (mmol) was calculated (Table 1). From this result,
it can be clearly seen that the activity inducing chromosomal aberrations of the mixture of
brominated DBPs per unit TOX is roughly two to six times higher than that of chlorinated
DBPs, while the TOX formation per unit hypohalous acid addition was almost identical for
HOBr and HOCL. Thus, it can be said that the mixture of the brominated DBPs is more toxic
than that of chlorinated DBPs.

With this difference on the magnitude of the activity inducing chromosomal aberrations
between brominated DBPs and chlorinated DBPs shown in Table 1, rough estimation of the
contribution of brominated DBPs to the total mutagenicity is possible for a model raw
water. For example, Echigo et al. (2000) reported that the TOB1-to-TOX ratio of a model
chlorinated water (Br~= 100 pg/L; chlorine dose = 4.0 mg Cl/L; DOC = 3.0 mg/L) was
approximately 7%. Hence, assuming the effect of all the DBPs are additive and the chemi-
cal structures of both NOMs are similar, it is estimated that brominated DBPs account for
roughly 12-30% of the activity inducing chromosomal aberrations of the model drinking
water.

Activity inducihg chromosomal aberrations of chiorination DBPs in the presence of Br~

Effect of Br~ concentration on the activity inducing chromosomal aberrations of chlorinat-
ed water. The implication from the comparison of the toxicity of brominated DBPs and
chlorinated DBPs led us to investigate more realistic situations. That is, chlorination in the
presence of Br—. Figure 2 illustrates that with increasing Br~ concentration, the number of
abnormal chromosomes increases. This tendency was in agreement with the results of
Ames assay and micronuclei formation test (Nobukawa and Sanukida, 2001). Also, this
increase of the number of abnormal chromosomes corresponded to the formation of TOBr
(Figure 3).

For the initial Br~ concentration of 100 mg/L. (Br/TOC = 0.1 mg/mg), the number of
abnormal chromosomes was 1.4 times higher than that without Br~. Hence, at least 29%
(= 0.4/1.4) of the activity inducing chromosomal aberrations could be attributed to bro-
minated DBPs under this condition. This percentage fell in the range estimated from the
relative activity inducing chromosomal aberrations of brominated DBPs and chlorinated
DBPs given in the previous section and the TOBr and TOCl data (17-39%).

Assuming that TOC of a typical source water is 2 mg/L, the corresponding Br~ concen-
tration to the Br/TOC ratio = 0.1 is 200 pg/L. Average Br~ concentration in the United
States is 100 pg/L (Westerhoff et al., 1998), and 200 pg/L is relatively high but not uncom-
mon. Serious attention should be paid to brominated DBPs for the raw waters that contains
Br~ above this level. Also, a linear interpolation suggested a 7-20% increase of chromoso-
mal aberrations for the Br/TOC ratio of 0.05 (100 ug/L for TOC =2 mg/L) compared to the
number of abnormal cells without Br~.

Table 1 Activity inducing chromosomal aberrations of the reaction products of the reaction between HOBr
and humic acids and those between HOCI and humic acid on TOX basis. See the caption of Figure 1 for the
reaction conditions

Halogenating Dose {mg CI/L) TOX (mg Cl/L) TOX/dose (mg/mg) Number of abnormat
reagent chromosomes per TOX
(count/100 cells mmoi)

HOBr 100 14.4 0.14 56.7
200 21.3 0.11 53.3
500 60.8 0.12 35.0
HOCI 250 36.0 0.14 19.3
750 97.1 0.13 11.0

1,500 185.7 0.12 9.9
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Figure 2 Effect of initial Br- concentration on the activity inducing chromosomal aberrations of chlorinated
humic acid solution. Conditions: humic acid concentration, 1,000 mg C/L; reaction time, 24 hours; tempera-
ture, 20°C; chiorine dose, 1,500 mg/L
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Figure 3 Effect of initial Br~ concentration on the distribution of TOBr and TOCI during chlorination of a
. concentrated humic acid solution. See the caption of Figure 2 for reaction conditions

The effect of reaction time on the activity inducing chromosomal aberrations was also
" investigated (Figure 4). The number of abnormal chromosomes was highest after 24 hours,
and then decreased regardless the initial concentration of Br~. After 96 hours, the numbers
of abnormal chromosomes were almost identical with and without Br~. This result appears
to be in agreement with a general observation that hydrolysis of brominated compounds is
faster than chlorinated counterparts (L.arson and Weber, 1994).
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Figure 4 Effect of reaction time on the activity inducing chromosomal aberrations of chlorinated humic acid
solution. Conditions: humic acid, 1,000 mg C /L; temperature, 20°C; chiorine dose, 1,500 mg/L
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Competition between HOBr and HOCI to humic acid. In Figure 5, the ratio of Br~to HOCI
and the ratio of TOBr to TOX are compared. The latter was higher than the former, though
certain reaction time is required for the formation of HOBr before reacting with NOM. If
the reactivities of HOBr and HOC]! to humic acid are similar, the Br-to-HOCI ratio should
be less than the TOBr-to-TOX ratio (i.e., below the dashed line in the figure). Thus, bromi-
nation of humic acid by HOBr has to be kinetically preferential to chlorination. Indeed, it is
known that the reactions between phenolic compounds and HOBr are much faster than
those with HOCI (Echigo and Minear, 2001; Gallard et al., 2003). Also, it was indicated
that brominatic&n of humic acid is faster than chlorination (Qualls and Johnson, 1983;
Echigo, 2002).

Effect of preozonation on the activity inducing chromosomal aberrations of chiorinated humic acid
The effect of preozonation on the chlorinated humic acid with and without Br~is shown'in
Figure 6. Regardless the presence of Br~ and pH (6-8), the number of abnormal chromo-
somes decreased with ozonation. Therefore, the ozone/chlorine sequential treatment is an
effective way to improve the safety of finished water with and without Br~ compared to
chlorination.

The effect of pH during ozonation (note: chlorination was conducted at pH7.0) was not
as evident as the pH effect during chlorination (Kowbel et al., 1984). But the number of
abnormal chromosomes was slightly higher at higher pH, especially with Br~. The first
possible explanation would be the contribution of BrO;~ since in general higher BrO;~
formation is observed for higher pH (Pinkernell et al., 2001). However, comparing BrO5~
concentration range (0.0—1.1 mg/L) in this experiment with a reported dose-response curve
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Figure 5 Comparison of the Br-to-HOCI ratio with the TOBr-to-TOX during chlorination of a concentrated
humic acid solution. See the caption of Figure 4 for the reaction conditions. Dashed line is the hypothetical
line for Br/HOCI=TOBr/TOX
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Figure 6 Effect of ozonation on the activity inducing chromosomal aberrations of chlorinated humic acid
solution with (left, Br-/TOC = 0.05 mg/mg) and without (right) Br~. Conditions: humic acid concentration,
760 mg DOC/L,; reaction {chlorination) time, 24 hours; temperature, 20°C; chlorine dose, 1,500 mg/L
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Figure 7 Effect of pH on the formation of TOBr during the ozone/chlorine sequential treatment. Ozone
dose was 2 mg/mg C. See the caption of Figure 6 for other reaction conditions

(Life-science Information Center, 1998), it was implied that BrO;~ could not be a major
contributor to the activity inducing chromosomal aberrations of this solution. Also, the
contribution of reaction products during ozonation (i.e., without chlorine addition) was
small (see the solid circle in Figure 6 (Ieft)). Thus, main contributors to the activity induc-
ing chromosomal aberrations of the water treated with the ozone/chlorine sequential treat-
ment are the DBPs formed during the chlorination stage.

TOX formation decreased by approximately 20% with preozonation (data not shown in
figures). Also, while no clear pH dependence was observed for TOX and TOBr formed in
the ozone/chlorine sequential treatment, the TOBr formed during the chlorination stage in
the ozone/chlorine sequential treatment did depend on pH and higher TOBr observed for
high pH (Figure 7). This may be related to the difference of the activity inducing chromoso-
mal aberrations for different pH during ozonation.

Conclusions

This study demonstrated that brominated organic DBPs can be major contributors to the

activity inducing chromosomal aberrations of the finished water. Other major findings

from this study are listed below. '

» The activity inducing chromosomal aberrations of the reaction products of the reaction
between humic acid and HOBr was two to six times higher than those between humic
acid and HOCI on TOX basis.

» For a bromide-to-TOC ratio of 0.1 (mg/mg), brominated DBPs accounted for at least 29%
of the activity inducing chromosomal aberrations of DBPs formed during chlorination.

» With increasing initial Br~ concentration, both TOBr and the number of abnormal chro-
mosomes increased. That is, TOBr formation corresponded to the toxicity of the chlori-
nated water.

« With the differentiation technique between TOBr and TOCI, it was implied that bromi-
nation of humic acid is dominant over chlorination in the initial phase of chlorination
process.

« Bromate ion, a major ozonation DBP, was not a major contributor to the activity induc-
ing chromosomal aberrations of the water treated with the ozone/chlorine sequential
treatment.

« Ozonation is apossible option to reduce the health risk caused by chlorination DBPs
even in the presence of Br™.
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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 bad strong impact on the anion-
exchange characteristics of HTCs. Among the HTCs synthesized in this study, MgAIFe-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 hydioxide,

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 et 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 et 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

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. A

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 + HOCKOCl — Organic chlorines

Br + HOCKOCI — HOB1/OBr
NOM + HOBr/OBr —> Organic bromines

Ozonation
Br + O; - HOB1/OBr
NOM + HOBr/OBr —> Organic bromines
HOBt/Obr + OyHO * - B10:”

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 jon (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
bromidé 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., AP"). 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 et al,, 1991),
fluoride (Daset et al, 2003), nitrate (Tezuka ef 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 Kansaj
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 IN 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*] [mg?*] : [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-I. 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 ym 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 pM 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 columm 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 0.2g 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 ym filter (see the
previous subsection for analytical conditions). In paral-

lon Chromatography

AR

b SRR

HTCs

Grass fiber filters

ANERANRRCRRRNA
RN

sample

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

Anjon Selectivity Test with a Syuthesized 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 cbserva-
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, MgAIFe(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, MgAIFe(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 sclution, and removed more
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Fig. 4 Removal ratios of anions by 1 g/L of dried
HTCs in a model solution
(17, Br7, NOs~, SO&7;5 100 uM).

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.

MY - m+x(OH)2(An—>xln -
MY oM™ 0y +xmHA + (1 —x/2)H0 (1)

M™ - M™ Op4an +x/nHaA + (1 —x/2)H0 —>
Mn+l —me+x (OH) 2 (A.n_> x/n (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 frem 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
lg/L of dried MgAlFe(8:1:1) and 0.5g/L of
carcinated MgAlFe(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 ef 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
(CI7, Br7, NOs™, SO27; 100 uM).
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ported that a calcinated HTC with carbonate ions in its bromide and nitrate went down to below 0 %, in other
guest layer has the dws value of 0.788 nm, but the dos words, “desorption” from the interlayer structure of dried
value changes to the 1.36nm by the adsorption of  MgAlFe(8:1: 1) occurred. The primary reason for this
trinitrophenol to the interlayer. From this dws value is likely to be the effect of sulfate, that is, sulfate ex-
(1.36 nm), the corresponding interlayer distance is cal- changed from the solution expanded the interlayer dis-
culated to be 0.88 nm. However, this gap between the tance of dried MgAIFe(8 : 1 : 1) because the diameter of
cation layers is too wide to hold the target anions of this sulfate (0.516 nm) is larger than that of the initial anion,
study (note that the diameters of the bromide, chloride, chloride (0.344 nm). The “widen” interlayer cannot hold
and nitrate are approximately 0.35 nm). smaller monovalent anions (i.e., bromide, nitrate, and

Figure 7 shows the removals of the anions by 2 g/L chloride) any longer. Also, it is of note that the anion se-
of dried and calcinated MgAlFe(8:1:1) to evaluate lectivity in the continuous mode was different from that
whether the increase of the amount of HTC lead to suffi- in batch mode. In the batch experiment, the selectivity of
cient anion removal. In this case, 91 % of bromide ion the anions was in the following order: nitrate > sulfate
was removed by calcinated MgAIFe(8 : 1 : 1). From this > bromide. However, in the continuous mode, the re-
result, it can be said that the anion-exchange reaction by moval of nitrate was much lower than those of bromide
HTCs is inhibited by NOM in raw waters, but sufficient and sulfate, indicating that this HTC is effective for bro-
bromide removal is achieved by adding proper amounts mide removal even with relatively high concentration of
of HTCs. Also, the calcinated MgAlFe(8 : 1: 1), which nitrate. This difference in the anion selectivity implies
has larger ion exchange capacity, found to be better than the dependence of the anion selectivity -of HTCs on the

the dried one under the condition of this experiment. composition of the water to be treated at the configura-

tion of the reactor. Thus, it is recommended to run a col-

Anion Removal by HTCs in a Continuous System umn test with target waters to evaluate the applicability
In the previous two experiments, the bromide- of this HTC.

exchange property of HTCs was evaluated by a series of Figure 9 showed the time-removal profiles of the

batch experiments, but the characteristics of HTCs in a four anions when treated by calcinated MgAlFe
continuous system must be evaluated in order to apply (8:1:1). The effluent pH was at 11.2:0.3. The re-
HTCs to real drinking water treatment systems. For this moval ratio of bromide was sufficiently over 60 % in the
purpose, removal ratio of bromide in column test was initial fourteen hours, but sharply went down to 0 % after
monitored. Dried MgAlFe(8:1:1) and calcinated sixteen hours. After that, the captured bromide ions were

MgAlFe(8:1:1) were used in this experiment. gradually released from the interlayer of MgAlFe
Figure 8 showed the time-removal profiles of the (8:1:1) to the solution. From the point of water qual-
four anions when treated by dried MgAlFe(8:1: 1). ity management, such a sudden decrease of removal ratio

The pH values of the effluent were at 10.0£0.3. The re- of bromide is difficult to respond. Thus, judging from
moval ratio of bromide was almost 100 % in the initial both removal ratio of bromide and “stability” of removal,
six hours despite its lower initial concentration than other dried MgAlFe(8:1:1) is suitable to drinking water
anions. Then, the removal ratio gradually decreased and treatment.
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

100 !i Br- D NO;~ 3042" TOC ‘ I . Br- D NO:~ 5042- |
100
__ 80 80
5 60 '2 60
é 40 S a0
& g
20 20
[¢] 0 |
dried MgAlFe(8:1:1) calcinated MgAIFe(8:1:1) dried MgAiFe(8:1:1) calcinated MgAlFe(8:1:1)
1glL 1giL 2g/lL 2gh
Fig. 6 Removal ratios of anions by 1 g/L of dried Fig. 7 Removal ratios of anions by 2 g/L of dried
MgAlFe(8: 1: 1) and 0.5 g/L of calcinated MgAlFe(8 : 1: 1) and calcinated MgAlFe(8:1:1)
MgAlFe(8:1: 1) in Lake Biwa water. in Lake Biwa water.
Bromide concentration was adjusted to 100 xM. Bromide concentration was adjusted to 100 M.
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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¢7, 10 mg/L; dried MgAIFe(8:1:1) 0.2 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 #M 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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Bromination Kinetics of Phenolic Compounds and NOM
by Hypobromous Acid in Drinking Water Treatment
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Abstract

Kinetic information on the reactions between hypobromous acid (HOBr) and phenols and the
reactions between HOBr and natural organic matter (NOM) was collected by sequential
stopped-flow technique. The observed second-order rate constants (kbsd) of 15 phenols at
pHT7.0 ranged from 3.8x102 to 6.0x10% M1 s, indicating higher reactivity than other unsatu-
rated organic compounds. The rate constants of the reactions between HOBr and 14 phenclates
(&), the major reaction pathway in the common pH range in drinking water treatment practice,
were correlated to Hammett's o values and &’ for chlorination of phenols by HOCl. Multiple
reaction phases were found during the reaction between HOBr and NOMs. The number of
reaction sites for the fast reaction phase of NOM from three different sources ranged from 0.20
to 0.92 pmole (mg C)?, and was linked to specific phenolic contents. Also, the apparent sec-

ond-order rate constants for the initial reaction phase between HOBr and NOM were similar -

that of vanillin. A chemical quenching method using 2-chlorophenol confirmed that bromina-
tion is a dominant reaction pathway during the reaction between NOM and HOBr over oxida-
tion. .

KeyWords : NOM, bromide, hypobromous acid, disinfection byproducts, sequential

stopped-flow analysis, bromination
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Table 1. Characteristics of the water and NOM samples tested.

code DOC NH¢* SUVA- phenolic content®
(mg LD (umole (mg C) 1) (L cm Img™Y) (pmole(mg C)3)
SRFA - 0.2 0.042 1.93
LBdJ - 0.7 0.014 0.37
LEKAe 12.8 0.3 0.011 0.43

2 Specific UV absorbance. ¥ as phenol equivalent. ¢ Suwannee River fulvic acid.
d Lake Biwa NOM, ¢ a lake water from the Midwest region, USA.
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Fig. 1. Schematic of the sequential stopped-flow system.
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Table 2. keobsd of the reaction of HOBr and phenols at pH
7.0 at 20 °C. Conditions:® buffer, 25 mM phosphate buffer;
initial HOBr concentration, 2.0-7.0 uM; phenol concen-
tration, 20-45uM. Each compound was tested at least at
three different HOBr concentrations and three phenolic
compound concentrations (i.e., at least nine runs) to
determine kpobsd,

No. compound koobsd (M1g°1)
1 phenol (4.1£0.1) X 104
2  2-hydroxybenzoic acid  (8.3+0.2) X 102
3  3-hydroxybenzoic acid  (5.1+0.2) X 10¢
4  4-hydroxybenzoic acid  (5.2£0.1) X 104
5  2-nitrophenol (2.0£0.3) X 10¢
6  2-bromophenol (2.3£0.1) X 108
7  4-bromophenol (2.1£0.1) X 10¢
8  2-chlorophenol (2.0£0.1) x 108
9  4-chlorophenol (2.5£0.1) X 104
10  vanillic acid (1.8£0.1) X 105
11 vanillin (6.0£0.4) X 105
12  4-methoxyphenol (3.1£0.1) X 104
13 o-cresol (4.5+0.2) X 104
14  m-cresol (2.7£0.2) X 108
15  p-cresol (7.4£0.2) X 104
16  resorcinol >(1.7£0.2) X 106
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Fig 2. Effect of pH on the observed second-order rate

constant of the reaction between selected phenols and
HOBr. 25 mM phosphate buffer was used to adjust pH.
For other conditions see the caption of Table 1.
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Table 3. k2 of the reactions between HOBr and phenols
at 20 °C.

No. compound ko’ (M1s71) source
1 phenol (4.140.1) X 107 this study
3 3-hydroxybenzoic acid (4.4+0.2) X 107 this study
4 4-hydroxybenzoic acid (1.8%0.1) X 107 this study
5 2-nitrophenol (4.0£0.6) X 104 this study
6 2-bromophenol (6.7£0.3) X 108 this study
7 4-bromophencl (4.9+0.2) X 108 this study
8 2-chlorophenol (7.540.4) X 108 this study
9 4-chlorophencl (6.5+0.8) X 108 this study
10 vanillic acid (3.3+0.8) X 107 this study
11 vanillin (2.1£0.1) X 108 this study
12 4-methoxyphenol (5.0£0.2) X 107 this study
13 o-cresol (8.8+0.4) X 107 this study
14 m-cresol (3.3£0.3) X 108 this study
15 prcresol (1.83£0.1) X 108 this study
17 phenol (1.8£0.2) X 108 ref. 10=
18 4-chlorophenol (7.0£0.8) X 106  ref. 10=
19 4-acetylphenol (4.1£0.5) X 106  ref. 102
20 2,4-dichlorophenol (8.8+0.9) X 105 ref. 100
21 p-cresol (2.1+£0.5) X 108  ref. 10=
22 2,4,6-trichlorophenol  (3.0+1.0) X 108 ref, 10=
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