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methanol, and GC-MS analysis (GC, Agilent 6890 with DB-5 column [J&W Scientific}; MS,
JEOL JMS-AXS505H).

Results and Discussion

Characteristics of HAA formation from aromatic compounds

In Fig. 1, the HAA yields from aromatic compounds were summarized. The HAA yields
were considerably different among the aromatic compounds tested, and ranged from 0.01
pumol/mg-C (benzoic acid) to 16.44 pmol/mg-C (phloroglucinol).
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Fig. 1. Total HAA yields from aromatic compounds (without Br’).
Table 2. Distribution of HAAs (without Br').
ti nd mono- di- - o hatic compounds ™one 4kt
aromatic compounds HAA HAA HAA p p HAA HAA HAA
phenol . 002 021 256 crotonic acid 0.01 0.00 0.00
salicylic acid 0.00 0.03 044 1-propanol 0.00 0.01 0.01
2,3-dihydroxybezoic acid 0.00 0.01 0.02 3-ketoglutaric acid 0.33 188 0.15
2,4-dihydroxybenzoicacid 0.00 0.02 0.22 acetic acid 0.00 0.01 0.00
2,5-dihydroxybenzoicacid  0.00 0.01 0.01 acetone 0.00 0.09 0.01
2,6-dihydroxybenzoicacid 0.06 0.02 0.32 acetylacetone 122 555 0.07
3,4-dihydroxybenzoicacid 0.00 0.02 0.08 allyl alcohl 0.00 0.01 0.01
3,5-dihydroxybenzoicacid 0.00 0.03 1.62 aqeetaldehyde 0.02 0.01 0.01
5-hydroxyisophthalic acid 0.00 0.19 5.89 citric acid 0.02 1.64 0.02
benzoic acid 0.00 0.01 0.01 D-glucose 0.00 0.00 0.00
¢atecol 0.00 001 0.01 ethylene glycol 0.00 0.01 0.01
gallic acid 0.00 0.02 0.30 formic acid 0.00 0.01 0.00
hydoquinone : 0.00 0.01 0.04 fumaric acid 0.00 0.00 0.00
m -hydroxybenzoic acid 003 0.14 1.81 glucosamine 0.00 0.01 0.00
o-cresol 0.07 0.08 0.04 glyoxylic acid 0.00 0.00 0.00
o-methoxy phenol 0.04 014 257 lactic acid 0.00 0.02 0.01
phloroglucinol 0.05 1.38 15.00 lactose 0.00 0.01 0.00
phthalic acid 0.00 001 0.02 maleic acid 0.01 0.01 0.00
p-hydroxybenzoic acid 0.02 0.11 1.90 maltose 0.00 0.01 001
resorcinol 0.00 003 045 propionic acid 0.00 0.01 0.00
vanillic acid 0.00 0.14 1.98 pyruvic acid 0.00 0.02 0.06
succinic acid 0.00 0.01 001
sucrose 0.00 0.01 0.00
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Turning to individual HAAs, chlorination of aromatic compounds tended to produce more
tri-haloacetic acids (tri-HAAs) than mono- (mono-HAAs) and di-haloacetic acids (di-HAAs)
(Table 2). Mono-HAA formation was the smallest and below the detection limit for many
compounds.

Functional groups on aromatic ring are classified into two categories: electron-donating or
electron-withdrawing substituents. Among them, phenolic hydroxy group (-OH) is a very
strong electron-releasing functional groups. Also, phenolic compounds are able to
dissociate to phenolates (-O), which are more electron-donating than their undissociated
form (Soper and Smith, 1926). Considering that HA A-yielding reactions are initiated with
electrophilic substitution reaction (see the next subsection), it is reasonable to assume that the
tendency of HAA formation is determined by the number and positional relationships of -OH
on aromatic rings to some extent. For this reason, in the following discussion on HAA
formation, aromatic compounds are divided into four groups based on the number of

" hydroxy groups. . '

Aromatic compounds without phenolic hydroxy functional group

HAA vyields of benzoic acid and phthalic acid were very low and less than 1/9 of phenol.
These yields were in the same range of those of unsaturated aliphatic compounds without

carbonyl functional groups.

Compounds with one phenolic hydroxy functional group .

Phenol, o-methoxy phenol, o-cresol, vanillic acid, 5-hydroxyisophthalic acid, salicylic acid,
m-~ and p-hydoroxybenzoic acids are in this group. Higher HAA formation than compounds
without phenolic hydroxyl group was commonly observed or these compounds.

HAA yeild of phenol was 2.79 umol/mg-TOC, and o-methoxy phenol, vanillic acid, -
and p-hydroxybenzoic acid showed similar HAA yields. For these compounds, the positive
effect by electron-donating substituents for electrophilic substitution reaction and the
negative effect of losing reaction sites (C-H bonds on aromatic ring) by substitutions are
considered to cancel out. ' :

While 5-hydroxyisophthalic acid produced a large amount of HAA (6.08 pmol/mg-C), the
HAA yield from salicylic acid was lower than that of phenol. This is because salicylic acid
cannot dissociate into phenolate due to its hydrogen bond between -COO and -OH.  Also,
o-cresol showed lower production of HAA than phenol. Since o-cresol is known to react
with HOCI rapidly (Soper and Smith, 1926), methyl group is likely to interfere HAA
formation, or an intermediate preferable for CHCl; formation is formed. This result
strongly suggests that small difference in DOM structure greatly changes (e. g., the presence
of —CH3) the type of DBPs. ‘

Compounds with two phenolic hydroxy functional groups

It is of note that the HAA yields of these compounds were lower than phenols (ie,
compounds with one phenolic hydroxy group) while some of them showed much higher
CHCI; formation than phenols (Yamada, 1987). For example, the order of HAA yields
amorig phenol, resorsinol, catecol, and hydroquinone was: phenol (2.79. pmol/mg-TOC)>
resorsinol (0.48 pmol/mg-TOC)> hydroquinone (0.06 pmol/mg-TOC) > catecol (0.02
pmol/mg-TOC). Resorcinol showed a certain level of HAA production ( more than 8 times
higher than catecol (orth- positioned -OH) and hydroquinone (para-positioned -OH)). The
main reason for this is that resolcinol can form enolizable B-diketone, and has the very active
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carbon between two —OH (Rook, 1977). On the other hands, oxidation without the
incorporation of Cl atom is considered to be dominant for catecol and hydroquinone.

Out of six dihydroxybenzoic acids (DHBs), meta-positioned compounds showed higher
HAA yields than ortho- and para-positioned counterparts. Among meta-positioned DHBSs,
3,5-DHB yielded higher HAA than 2,4- and 2,6-DHBs. For these compounds, at least one
of the reaction sites for halogenation have to undergo decarboxylation reaction before
~ halogenation. This additional reaction step may kinetically interfere the halogenation
reactions.

Compounds with three phenolic hydroxy functional groups

The HAA yield of phloroglucinol was the highest among aromatic compounds tested (16.44°
pmol/mg-TOC) . On the other hands, the HAA yield of gallic acid was very low (0.32
umol/mg-TOC). In case of phloroglucinol, three OH are meta-positioned with each other.

That is, three B-diketone structures can be formed and has three very active carbons between
two -OH like resorcinol. Therefore, its HAA production was though to be striking. ~Gallic
acid has a structure substituted by another -OH to the activated carbon between two -OH of
3,5-DHB. The assumption would be allowed that the loss of activated carbon atom in
3,5-DHB leads the lower HAA production of gallic acid.

Characteristics of HAA production frbm aliphatic compounds

In general, aliphatic compounds yielded lower concentration of HAAs than aromatic
compounds (Fig. 2).  Also, it is of note that di-HAA concentration was much higher than
mono-HAA and tri-HAA for aliphatic compounds (Table 2). This difference in the HAA
formation patters is useful information to identity the chemical structure (ie., aromatic or
~ aliphatic) responsible for HAA formation in actual treatment.
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Fig. 2. Total HHA yields from aliphatic compounds (without Br’).

Among aliphatic compounds, only acetylacetone, citric acid and 3-ketoglutaric acid showed
high HAA production. These three compounds can form 3-diketone structure and undergo
keto-enol tautomerization (citric acid can possess B-diketone structure after decarboxylation

5
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to 3-ketoglutaric acid) (Larson and Rockwell, 1979). Thus, they are capable of producing
large amount of HAA and CHCl; through the haloform reaction.

Among other aliphatic compounds, pyruvic acid, acetaldehyde and acetone showed
slightly higher HAA production than other compounds. Presumably, it is because they can
partially undergo keto-enol tautomerization. Other carboxylic acids, sugars, alcohols and
double-bonded compounds produced no HAA.

Comparison between HAA and CHCI; production

As shown in Fig, 3, a clear linear relationship between HHA and THM yields for aliphatic
compounds was found (closed squares). On the other hands, the plots for aromatic
compounds (open circles) scattered while HAA yields were generally higher for those with
higher THM yields. It is implied that for aromatic compounds the ratio of HAA yields to
CHCl; yields largely depends on their chemical structures and cannot be explained solely by

their reactivity to HOCL
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Fig. 3. Comparison between HAA and CHCls yields. CHCI; yields are literature values
(Yamada, 1987). :

Effect of Br’

HAA yields from aromatic compounds increased approximately by a factor of 1.5 times with
Br' (Fig. 4). This result is reasonable as hypobromous acid (HOBr) is a stronger
halogenating reagent than HOCI, and bromination by HOBr is kinetically favourable in a
typical drinking water treatment condition over the chlorination by HOCI (Echigo, 2002).

" Turning to individual model compounds, it is of note that HAA yields of 2,4~ and 2,6-
DHBs increased by factors of six and four, respectively. The presence of HOBr may
influence the decarboxylation of these compounds. Once.again, small differences in DOM
structure have strong impact on the composition of reaction products,
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On the other hand, no significant increase in HAA was observed for aliphatic compounds.
Only HAA yield of citric acid increased approximately by a factor of four. The reason for
this difference between aromatic compounds and aliphatic compounds is not clear at this
point, but presumably other factors (e.g., hydrolysis of intermediates) control on the
composition of the reaction products.
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HAA production without Br  (umol/mg-TOC)

Fig. 4. Comparison of HAA productions between in Br- free and coexistent conditions.

Conclusions

In this study, HAA yields from 44 model compounds of DOM substructures were
determined as a screening process of the chemical structures related to HAA formation.
The major findings from this study are listed below:

(1) Aromatic compounds with one phenolic hydroxy group have higher HAA yields than
those with two phenolic hydroxy groups.

(2) Model compounds with high HAA yields generally produce high concentration
THM when chlorinated. Especially, a good correlation between THM and HAA
yields were found for aliphatic compounds.

(3) Trihaloacetic acid concentrations were much higher than di- and mono-haloacetic
acids for the chlorination of aromatic compounds while dihaloacetic acids were

. major products from aliphatic compounds.

(4) In the presence of Br', the HAA yields increased by a factor of 1.5 on average than
that in Br" free condition for aromatic compounds while no significant effect was
observed for aliphatic compounds.
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Selective bromide removal by ion-exchange processes
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Importance of Controlling Brominated
Disinfection By-Products
in Drinking Water Treatment

Shinya Echigo, Sadahikoe Itoh, Toshiaki Araki, Yukio Miyagawa, and Ryo Ando
Department of Urban Management, Kyoto University

ABSTRACT

Contribution of brominated disinfection by-products (DBPs) to the mutagenicity of the DBPs
formed during chlorination was evaluated with the combination of chromosomal aberration test and
an innovative analytical technique to differentiate total organic chlorine (TOCI) and total organic
‘bromine (TOBr). Mutagenicity (i.e., number of chromosomal aberrations) and TOBr increased with
increasing ‘bromide ion concentration for a model chlorinated water. Also, multiple linear
regression analysis indicated that the activity inducing chromosomal aberrations of TOBr per unit
TOX was 7.34 L/(mg 100 cells*mg Cl) and the one of TOCI was 1.53 L/(mg 100 cells*mg Cl), and
that TOBr is 4.8 times more mutagenic than TOCl on TOX basis for the model source water.
Therefore, brominated DBPs are major contributors to the toxicity of chlorinated water even if the
concentration of TOBr is much lower than TOCl. In addition, it was demonstrated that the
contribution of TOBr to the mutagenicity of chlorinated water may exceed 50% for a bromide-to-
TOC ratio commonly found in source waters. The same trends were observed for the chlorination
by-products of Lake Biwa water, a real source water in Japan. :

KEY WORDS: Brominated disinfection by-products, chloﬁnation, chromosomal aberration test,
bromide. '

INTRODUCTION

Bromide ion is classified as a minor anion in fresh water on concentration basis, but is involved in
various chemical reactions in drinking water treatment process [1][2][3]. While the toxicity of
bromide ion itself is considered to be low, bromide ion is reactive to hypochlorous acid (HOCI) and
ozone (O3) to form hypobromous acid (HOBr) [4]. Then, hypobromous acid rapidly reacts with
natural organic matter (NOM) in source water [5], and brominated organic compounds are produced
in addition to chlorinated compounds [4]. The source of bromide ion can be both natural (salt water
intrusion and dissolution from geological formation) and anthropogenic [1][3].

Recent toxicological studies have suggested the impotence of brominated disinfection by-
products (DBPs) in drinking water (e.g., [6]). It has been demonstrated that bromoacetic acids
(haloacetic acids that contain at least one bromine atom in their structures) are more mutagenic than
chloroacetic acids on concentration basis [7]. In particular, mono bromoacetic acid is much more
mutagenic than other haloacetic acids [6]. Also, it is known that the products of the reaction
between hypobromous acid and humic acid are several times more mutagenic than the ones between
hypochlorous acid and humic acid on TOX basis [8]. Nobukawa and Sanukida [9] showed that the
mutagenicity of chlorinated water increased with increasing bromide ion concentration. These
results indicated that brominated compounds formed during chlorination may be major contributors

to the toxicity of drinking water.




The importance of bromination during chlorination has been highlighted by kinetic studies
on the reactions between hypobromous acid and organic compounds. Hypobromous acid is much
more reactive to phenolic compounds, one of the most reactive components in NOM, than
hypochlorous acid [10][11]. Westerhoff et al. observed the same trend for NOM isolates from a
real source water i.e., bromination by HOBr is preferential to chlorination by HOCI [12]. Therefore,
bromination of NOM by HOBr during chlorination should not be neglected even if bromide ion
concentration is much lower than HOCI dose.

Given the toxicological and kinetic importance of bromination during drinking water
chlorination, it is of practical importance to quantitatively identify raw water characteristics and
treatment conditions under which the contribution of brominated DBPs is of concern. One way to
evaluate the contribution of brominated DBPs is to find a relationship between the toxicity of
chlorinated water and the concentrations.of total organic bromine (TOBr) and total organic chlorine
(TOCI). Under the assumptions that (i) there is no synergetic effect between TOBr and TOCI and
(ii) the toxicity depends only on TOCI and TOBr, the toxicity of chlorinated water is given as:

Toxicity = A(TOCI) +f (TOBr) . | )

where £; and f; are functions of TOCI and TOBr to give the toxicity induced by TOCI and TOB,
respectively. Then, the contribution of brominated DBPs is simply given as:

f,(TOBr)

2)
A(TOCD + £,(TOBr)

Contribution of brominated DBPs =

One of the difficulties on this evaluation in past studies was the differentiation of total organic
bromine (TOBr) and total organic chlorine (TOCl). However, a recently developed method to
differentiate TOBr and TOCl with a combination of a combustion furnace and an ion
chromatograph is capable of this differentiation [13].

The purpose of this study is to evaluate the relationship between the contribution of
brominated DBPs to the toxicity of finished water and treatment conditions (e.g., chlorine dose,
~ bromide ion concentration, DOC concentration, DOC type) .using the TOCI/TOBr differentiation
technique and chromosomal aberration test. This work includes the evaluation on a model source
water (high concentration humic acid solution) and a real souse water (Lake Biwa water).

MATERIALS and METHOD

Sample preparation
Chlorination of high concentration humic acid solution. A hlgh concentration humic acid solution -
(final TOC=1000 mg/L) was used as a model NOM solution to perform the chromosomal aberration
test without concentrating samples after reactions. By using this high concentration humic acid
solution, it was possible to assay the mutagenicity of hydrophilic DBPs that tend to be lost during
sample concentration process. The concentrated humic acid solution was prepared by dissolving
approximately 3 g of humic acid (Aldrich) in 1 L of 0.01 M sodium hydroxide solution for 24 hours
with vigorous mixing, readjusting pH at approximately 7.0, and filtering through a glass fiber filter
(GS25, Advantec). The pH of the solution was set to 7.0 with a phosphate buffer (final
concentration 100 mM). Bromide ion concentration was adjusted by adding sodium bromide
(Wako). All the solutions were prepared with Millipore quality water (Millipore ELix 10).

Each of the six samples above (i.e., six bromide levels) was chlorinated at three different
chlorine doses (Cl,/TOC=0.5, 1.0, or 1.5 mg/mg) Chlorination was started by adding sodium
hypochlorite solution (Wako). The samples were stored in dark place at 20 °C for 24 hours before
chromosomal aberration test and chemical analysis. No chemical was added to quench residual
chlorine after 24 hours to prevent possible reduction of reaction by-products (in preliminary



experiments, it was confirmed that residual chlorine concentration was less than the concentration
range where cytotoxicity to Chinese Hamster Lung cells is significant). Also, the humic acid
solution was chlorinated at Cl,/TOC=0.25 0.75, or 1.25 mg/mg without bromide ion to evaluate the
mutagenicity of chlorinated humic acid in the absence of brominated DBPs.

Chlorination of Lake Biwa water. Lake Biwa water was sampled from the South Lake of Lake
Biwa on November 14, 2003. The sampled water was filtered through a 1.0 pm membrane
(Advantec) to remove particulate matters. The DOC of the filtrate was 1.88 mg/L, and the bromide
ion concentration was 38.2 pug/L. Chlorination of the Lake Biwa water was performed at five -
different bromide ion concentration (38.2, 120, 240, 400, and 600 pg/L). The samples were
chlorinated in dark place at 20 °C for 24 hours. The chlorinated samples were concentrated by solid
phase extraction before chromosomal aberration test. Each sample (20 L) was passed through a pair
of two Sep-Pak® CSP-800 solid phase extraction cartridges in series. The materials extracted onto
the solid phase were eluted with dimethylsulfoxide (DMSO). The final volume of the extracted
samples was 2 mL i.e., the concentration factor of this process was 10%,

Chromosomal aberration test :

Chromosomal aberration test using Chinese hamster lung cells (CHL/IU, Dainithon Pharmaceutical)
was performed to evaluate the initiating activity in the carcinogenesis process of chlorinated humic
acid solution and Lake Biwa water. The details of the test procedure is described elsewhere [14].
The number of chromosomal aberrations was counted by visual observation under microscope. 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 solutions was 24 hours.

Chemical analysis ' :
~ The detail of the procedure is described elsewhere [13]. But, briefly, the off gas from a TOX
furnace 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-10 X, Mitsubishi Chemical) was used as a furnace. A Shimadzu VP-10 system was used for

“ion chromatographic analysis.

RESULTS AND DISCUSSION
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Contribution of brominated DBPs to the
activity inducing chromosomal aberrations of
chlorinated humic acid solution

Activity inducing chromosomal aberrations of
chlorinated DBPs. Both the number of
chromosomal aberrations (Figre 1) and TOCI
(Figure 2) increased with chlorine dose in the
range of 0 to 1500 mg/L in the absence of
bromide. The number of chromosomal
aberrations per TOCI did not change significantly
(Table 1). The average value of the number of
chromosomal aberrations per TOCI (4roc) was of—t
1.53 L/(100 cells mg Cl) and the standard 0 200 400 600 00 1000 1200 1400 1600
deviation was 0.08 L/(100 cells mg Cl) (n=5). Chlorine dose (mg Cl /L)

From this result, it was assumed that the

chromosomal aberrations per TOCl was constant ~ Figure 1. Effect of chlorine dose on the number
in the following subsections. of chrom_oson‘lal aberrations. Conditions: NOM

g type, humic acid; TOC, 1000 mg/L; reaction time, 1
day; pH, 7.0; without bromide.

5+ .

Chromosomal aberrations (/100 cells)






