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Abstract

This work investigated the formation potential of haloacetic acid (HAA) compounds in the raw water for the Bangkhen water treatment
plant (Bangkok, Thailand). The resin adsorption technique (with three different types of resins, i.e. DAX-8, AG-MP-50 and WA-10) was
employed to characterize the organic content in the raw water into six fractions, i.e. hydrophobic neutral (HPON), hydrophobic acid (HPOA),
hydrophobic base (HPOB), hydrophilic neutral (HPIN), hydrophilic acid (HPIA) and hydrophilic base (HPIB). Hydrophilic species appeared
to be the predominant organic species in this water source (approximately 60%) with the neutral fraction being the most abundant (approxi-
mately 40%). Hydrophobic species, on the other hand, played the most important role in the formation of haloacetic acids as they contributed
to as much as approximately 56% of total HAA formation potential. Among the three hydrophobic species, the hydrophobic base exhib-
ited the highest specific HAA formation with 208 wg HAAs/mg of dissolved organic carbon (DOC). Each organic fraction was examined
for its associated functional groups by Fourier transform infrared (FTIR). The investigation of the formation of HAAs was achieved by
tracking the changes in the FTIR results of the same water sample before and after the chlorination reaction. Based on the results obtained
from this study, carboxylic acids, ketone, amide, amino acids and aromatic characteristic organics seemed to be the main precursors to

HAA formation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Dissolved organic carbon (DOC) present in water can
form a variety of disinfection by-products during the final
chlorination process in water treatment. Some of these by-
products are known to be potentially carcinogenic and are
being regulated. One of the main classes of these by-products
is haloacetic acids (HAAs), which comprise the sum of
nine species: mono-, di-, trichloroacetic acid; mono-, di,
tribromoacetic acid; monochloro-; bromodichloro-; dibro-
mochloroacetic acid. However, only the first five of the nine

* Corresponding author. Tel.: +1 973 642 4599; fax: +1 973 596 5790.
E-mail address: marhaba@adm.njit.edu (T.F. Marhaba).

0304-3894/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2005.06.031

HAAs species mentioned above are regulated by the United
States Environmental Protection Agency (USEPA) and the
control of these species should be considered in the man-
agement of water-treatment facilities. Conventionally, the
terms haloacetic acids formation potential (HAAFP) is used
to reflect the potential of the water sample to form haloacetic
acid disinfection by-products.

Often, the predominant pathway for HAAs formation was
reported to be the reaction of chlorine with humic organic
materials particularly those with aromatic structure [1,2].
Howeyver, the information on the reaction for the formation
of HAAs is still limited. To better understand the reaction
pathway, it is recommended that major organic species be
specified along with the identification of potential functional
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groups that could lead to the formation of HAAs. Recently,
fractionation procedures by various types of resin adsorption
have been proposed for the categorization of DOC. This tech-
nique has recently gained crucial attention as a method that
provides deeper detail of organic matter in the water sam-
ples. The procedure developed by Leenheer [3] was among
the most widely adopted and it was subsequently modified
by Marhaba and Pu [4], and Marhaba et al. [5] to minimize
the organic loss during the extraction by changing the type
of resin resulting in a method capable of fractionating the
dissolved organic carbon into six fractions, i.e. hydropho-
bic acids (HPOA), hydrophobic bases (HPOB), hydropho-
bic neutrals (HPON), hydrophilic acids (HPIA), hydrophilic
bases (HPIB) and hydrophilic neutrals (HPIN). Such detailed
information on organic species facilitated the analysis of the
main problematic organic precursors. Often, the main precur-
sors for HAAs were found to be location specific depending
significantly on the nature of that specific water source, e.g.
HPOA was found to be the main HAA precursor in New
Jersey surface water [6] whereas HPIA fraction was for
Chang-Hsin waterworks [7].

A large number of research works have been allocated
to the identification of functional groups that could poten-
tially lead to the formation of disinfection by-products as this
helped in the future development of the abatement technology
to prevent the formation of such compounds, e.g. amino acid,
aromatic characteristic organics, etc. In the interpretation of
the functional groups, Fourier transform infrared (FTIR) is a
crucial instrument. FTIR has been widely used for the struc-
tural investigation of humic substances. Samples exposed to
infrared light absorb energy corresponding to the vibrational
energy of atomic bonds. The resulting absorption spectrum is
a unique fingerprint of compound(s). FTIR analysis allowed
the identification of inorganic and organic functional groups
as well as elemental composition.

Bangkhen Water Treatment Plant (WTP) is one of the
three major sources for supplying potable water to more than
four million people in Bangkok, Thailand. The formation of
HAA s as a result of the disinfectant reaction with the organic
matter in the water, therefore, could have an impact on con-
sumers who drink the water. The purpose of this study was to
investigate the relationship between the changes in functional
groups due to the chlorination and the associated formation
of HAAFP from the organic components in the raw water
obtained from Bangkhen WTP. This paper presented a dis-
cussion on the results based on the DOC isolation and the
potential chemical reactivities examined by the fractionation
approach and FTIR tests.

2. Methodology
2.1. Sample collection

Samples of about 301 were collected from the intake loca-
tion of the Bangkhen water treatment plant on August 5,2003.

Analytical methods for the various parameters are described
here briefly. The sample was filtrated through a pre-rinsed
0.45 pm cellulose filter to remove particles and also sus-
pended organic matters and stored in the dark at 4°C to
minimize interference from environment.

2.2. Fractionation procedure

Dissolved organic compounds were isolated and con-
centrated from water samples by a sequentially extraction
method using three types of adsorbents, i.e. a nonionic
DAX-8 (SUPELCO) resin, a cationic exchange AG-MP-50
(Bio-Rad) resin and a weak anionic WA-10 (SUPELCO)
resin. Organic materials eluted from these three resins are:
hydrophobic neutral, hydrophobic base, hydrophobic acid,
hydrophilic base, hydrophilic acid and hydrophilic neutral as
mentioned in Marhaba and Van [6]. The fractionation proce-
dure was briefly described as follows. Firstly, all of the resin
columns were rinsed through with plenty of Milli-Q water
until the DOC in the rinsed water was lower than 0.05 mg/1
and the conductivity lower than 2 ws/cm. The water sample
was adjusted to pH 7 £ 2 with HySO4 and/or NaOH and was
pumped through a series of DAX-8 columns. HPON fraction
was adsorbed and eluted from the first DAX-8 column with
methanol. HPON was subsequently separated from methanol
using rotary vacuum evaporator. The pH of the sample was
then adjusted to 10 before passing through the second DAX-8
column where HPOB fraction was adsorbed and eluted with
HCI. After that, the sample was acidified to pH 2 and pumped
through the third DAX-8 column. HPOA fraction was eluted
by NaOH. The fourth column containing AG-MP-50 resin
was then used to isolate HPIB fraction which was eluted from
the column by using NaOH. HPIA fraction was contained in
the last WA-10 column whereas the remaining sample that
passed through the five columns was HPIN. HPIA was also
eluted with NaOH.

2.3. Dissolved organic carbon measurement

DOC measurement was conducted with a TOC analyzer
model 1010 (O.I. Corp.) with an autosampler (model 1051),
persulfate-ultraviolet oxidation followed the Standard Meth-
ods 5310-C [8]. The analyzer was programmed accord-
ing to the manufacture’s recommendation, i.e. with 200 pl
of 5% (v/v) orthophosphoric acid (CARLO ERBA) as an
acid, 1000 wl of 100g/l sodium peroxodisulphate (Fluka)
as an oxidant and for a 10-min reaction time. At least
three measurements were performed for each sample and
analytical precision was typically less than +5%. Potas-
sium hydrogen phthalate (KHP) (CARLO ERBA) solutions
at 0, 1, 2.5, 5 and 10mg/l were used. Ultraviolet (UV)
absorbance was measured with spectrophotometer (Helios
Alpha, Beta) at a wavelength of 254 nm using a quartz cell.
All samples were adjusted to pH 7 with HSO4 and NaOH
before measurement. Milli-Q water (ELGA, Ultra Analyt-
ical) was used in the preparation of standard calibration
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and blank samples. Note that the detection limit for TOC is
0.01 mg/1.

2.4. Formation potential test

A 7-day chlorination HAAFP test was carried out in accor-
dance with the Standard Method 5710B. Chlorine solution
was prepared in a form of concentrated sodium hypochlorite
(100 mg C1/1). The chlorine dosage for each water sample
was determined such that a final residual chlorine concentra-
tion of 3-5 mg/l was remained in the sample after the 7 days
test. All samples were adjusted to a pH 7 4= 0.2 using HSO4
and NaOH. The neutralized solution was then buffered with
a phosphate solution prior to the incubation at 25 +2°C in
amber bottles for 7 days. At the end of the incubation, sam-
ples were dechlorinated using sodium sulfite (Na;SO3) as the
sole dechlorinating agent as recommended by the EPA 552.2
method. The samples were then evaluated for their HAAs.
The difference between concentrations of HAAs before and
after the chlorination was taken as HAAFP.

2.5. Analysis for haloacetic acids

For the analysis of HAAs, the sample was extracted with
methyl-fert-butyl-ether (MTBE) and the extract was then ana-
lyzed using a gas chromatography (Agilent Technologies)
with two fused silica columns (DB-XLB, 0.32 mm x 30 m ID
and 1.0 pm film thickness), a micro-electron capture detec-
tor (WECD), and an autosampler (Agilent Technologies 7683
Series). SUPLECO standard solutions were prepared for the
calibration of the five HAA species. All analyses followed
quality assurance/quality control (QA/QC) as stated in the
Standard Methods 5710B with liquid-liquid extraction pro-
cedure including preservation techniques, detection limits,
internal standards, surrogate standards [8].

2.6. FTIR analysis

DOC:s of the organic isolates both before and after the
7-day reaction period were freeze—dried and kept in a desicca-
tors over silica gel prior to the FTIR analysis by Perkin-Elmer
1760X. Infrared spectra were obtained using 2—4 mg of fil-
trated sampling isolates in 150 mg of potassium bromide pel-
lets. FTIR was set to scan from 4000 to 400 cm ™!, averaging
eight scans at 1.0 cm ™! interval. All spectra were normalized
after acquisition to a maximum absorbance of 1.0 for com-
parative purposes. FTIR libraries were referenced from Pavia
et al. [9] and Fiveash Data Management Inc. (2003).

2.7. Quality assurance/quality control

Quality assurance/quality control (QA/QC) plans were
set for all steps of the experiments to obtain accurate and
reliable results: (i) all chemicals in this work were analyt-
ical grade, (ii) every container was neatly cleaned with a
particular washing liquid for laboratory purposes, and was

Table 1
Characteristics of water source and its organic fractions
DOC (mg/1) SUVA Total HAAFP
(/(mgm)) (ng/mg)

Raw water 4.72 2.373 61.06
HPOA 1.63 1.667 15.21
HPOB 0.13 2.308 5.72
HPON 0.27 2.593 3.52
HPIA 0.84 0.714 6.78
HPIB 0.16 2.500 4.72
HPIN 2.12 1.038 28.50

rinsed with Milli-Q water, and heated at 105 °C for more than
2 h before use, (iii) TFE-screw cap with amber glass bottles
were used to store samples for HAAFP test, (iv) the instru-
ments were regularly calibrated step by step as noted in the
instrument guidelines, (v) during the fractionation process,
resins and glass wool were cleaned and purified by soxhlet
extraction as described in Leenheer (1979) and Leenheer [3]
and (vi) 1,2,3-trichloropropane (internal standard) and 2,3-
dibromopropionic acid (surrogate standard) were used in the
GC measurement of HAAs, which followed the QA/QC pro-
cedure mentioned in the EPA method (AWWA).

3. Results and discussion
3.1. DOC

Table 1 summarizes the analytical fractionation results
based on DOC test. The total dissolved organic content of
this raw water was approximately 4.7 mg/l and the sequence
of the six organic fractions could be summarized in order
from large to small as: hydrophilic neutral >hydrophobic
acid > hydrophilic acid >hydrophobic neutral >hydrophilic
base > hydrophobic base, as illustrated in Table 1 and Fig. 1.
The summation of DOC concentrations from six fractions
was approximately 5.1 mg/l, on the other hand, it was about
8% surplus for this set of fractionation procedure. Note that
the quantities of hydrophilic base and hydrophobic base were
not significantly different from each other and in this case, the
amounts of hydrophilic and hydrophobic base components
were equal to approximately 0.16 and 0.13 mg/1, respectively.

The specific UV absorbance or SUVA (the ratio between
UV and DOC) was often employed to indicate the level of
aromatic materials in the water sample. High SUVA values

HPONHPOB
5% 3%

HPIN
41%

HPIA HPIB
16% 3%

Fig. 1. Organic fraction distribution of Bangkhen water treatment plant.
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were known to indicate high molecular weight, hydropho-
bic and aromatic character components [10—13]. This simply
meant that SUVA was used to suggest the possibility of
organic matters to form potentially harmful disinfection by-
products if presented in adequate quantity, and therefore it
could be treated as a possible indicator for the formation
of disinfection by-products [14]. SUVA in this study was
2.3731/(mgm) in raw water and SUVAs of the six organic
fractions were shown in Table 1. HPON presented the high-
est SUVA value (2.593 I/(mg m)) whereas that of HPIA was
least (0.714 1/(mg m)). This result was similar to the previous
report by Marhaba and Pu [4] who found that HPIA possessed
the lowest level of SUVA in central New Jersey surface water.

All of hydrophobic fractions exhibited higher SUVA than
the hydrophilics (except for the base fraction). This meant
that hydrophobic species consisted of more aromatic struc-
tured components than hydrophilics and therefore should
have higher potential to form disinfection by-products.

3.2. Haloacetic acid formation potential

HAAFP is a measure of the potential of the organic mate-
rials (for each DOC isolate) to form HAAs after reacted with

Table 2
SUVA and HAAFP in some water sources

400
O Hydrophilic Species
e O Hydrophobic Species
£ 3m0-
:ff 139
=5
=
“éﬂ 200+
]
=
§ 100 208 63
w 38
61 44
0 T T
Base Neutral Acid

Fraction

Fig. 2. Specific HAAFP of hydrophobic and hydrophilic species.

excess chlorine. HAAFP of raw water in this investigation
was 288 pg/mg, which was not dramatically deviated from
the sum of 304 p.g/mg obtained from the HAAFP test of each
single organic fraction. In this work, HAAFP was reported as
(i) total HAAFP and (ii) specific HAAFP. The total HAAFP
was the ratio between the actual HAAs from the FP test
and the total dissolved organic content in the water sample,

Water source

Reference

DOC (mg/1)

SUVA (I/(mg m))

Specific HAAFP

WTP in Canada
Canal Road WTP

Zegrzynskie Lake

Wakarusa River
Clinton Lake
Al-Jubail Plant

Pan-Hsin River

Han River

Daechung Lake
Youngsan River
Nackdong River

Sainte Foy WTP
Charlesbourg WTP
Quebec WTP

South Fork Tolt River, Seattle

Lake Manatee Reservoir, Bradenton
Poquonnock reservoir, Groton
Mississippi, E. St. Louis

White River, Indianapolis

St. Lawrence River

Bangkhen WTP

Raw water=1.1

HPOA =0.42
HPOB =0.21
HPON =0.63
HPIA=1.67
HPIB=0.13
HPIN=0.72

Raw water=7-17

Raw water=5.4
Raw water=4.1
Raw water=3.2

HPOA=0.2
HPOB =0.07
HPON=0.18

Hydrophilic=0.02

Raw water =2.4
Raw water=1.6
Raw water=1.7

Raw water=4.72

Raw water=3.11
Raw water =3.33
Raw water=3.06
Raw water =2.27

Raw water=4.7
Raw water=4.4
Raw water=3.6
Raw water=3.3
Raw water=3.1
Raw water =4.86

Raw water=2.37

Approximately 23 pg/mg

22 pg/mg
22.5 pg/mg
21.5 pg/mg
8 ug/mg

11 pg/mg

5 ng/mg

Approximately 0.6-7.5 png/mg

Approximately 2.8 pg/mg
Approximately 2.4 pg/mg
Approximately 30 pg/mg

HPOA =150
HPOB =20
HPON =40
Hydrophilic =120

6.5 pg/mg
7.7 pg/mg
16.3 pg/mg
4.7 pg/mg

Approximately 4 pg/mg
Approximately 68 pg/mg
Approximately 35 wg/mg

0.36 pmol/mg C
0.22 pmol/mg C
0.29 pmol/mg C
0.17 pmol/mg C
0.21 pmol/mg C
Approximately 20 pg/mg

57.9 pg/mg

William et al. [15]
Marhaba and Van [6]

Dojlido et al. [16]

Pomes et al. [17];
Dalvi et al. [18]

Chang et al. [7]

Kim et al. [19]

Serodes et al. [20]

Liang and Singer [13]

Rodriguez et al. [21]
This work
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Table 3
Possible target functional groups for the formation of DBPs

Water source

Target functional groups

Reference

Dilute aqueous solution

Various treated industrial wastewaters

South Platte River

Minaga reservoir water

Diluted humic acid solution

Reclaimed water in ground water,
Los Angeles Country, California

Surface water and humic material
solutions

Dihydroxyaromatic

Organic nitrogen, phenolic-OH
B-Hydroxyacids and 3-ketones
Phenolic-OH

Phenolic group and carboxyl group
Phenol structures

Dihydroxyaromatic compounds
(resorcinol-type structures),

Boyce and Hornig [22]
Galapate et al. [23]
Croue et al. [1]
Galapate et al. [24]
Lin et al. [25]
Leenheer et al. [26]

Gallard and Gunten [27]

3-diketone, B-ketoacids and

phenolic-OH

and this has the unit of “ug HAAs/mg DOC” (or “mg/mg”
in short). Specific HAAFP, on the other hand, was the ratio
between HAAs from each organic fraction and the DOC of
that particular fraction (which, therefore, takes the same unit
as total HAAFP). This was to indicate the actual reactiv-
ity of the organic fraction in the formation of HAAs. In the
discussion hereafter, HAAFP will be referred to as specific
HAAFP unless specified otherwise. Table 1 demonstrates that
the quantity of HAA generated from each organic fraction
follows an order from high to low as: base fractions > neutral
fractions > acid fractions. This result suggested that the main
precursors for HAAFP for this water source were the base
organic fractions. Data in Table 1 could be converted to
Fig. 2 which illustrates further that the hydrophobic frac-
tions were, in all cases, more active in forming HAAs during
the chlorination. From the previous section, it was shown
that most hydrophobic fractions exhibited higher level of
SUVA. Therefore, the results from this work emphasized the
statement that water sources with higher SUVA had higher
potential of forming HAAs.

The observation from this work, however, was different
from that of Marhaba and Van [6] and Chang et al. [7] who
reported that HPIA and HPOA possessed the highest potency
in forming specific HAAs, respectively. Table 2 summarizes
the findings on the HA A formation from various water which
shows that the main organic precursors depended signifi-
cantly on source location. Hence, it is difficult to conclude on
the main organic precursor for HAAs as organic precursors
presented in different water sources were variable and even
the same organic fraction if presented in different sources
could lead to different levels of HAAs.

3.3. FTIR

The FTIR analysis of the isolate samples informs about
the distribution of functional groups within the organic frac-
tions and provides a basis for comparison of compositional
differences between isolates and among samples that can be
suspected to be as DBPs, precursors. The precursors were
different from various watercourses as shown in Table 3.
Comprehensive interpretation of FTIR spectra is compli-

cated as a large number of absorption bands are generated
and the overlaps of these spectra could prevent accurate
examination of some compounds that are present in small
quantities. The structure of the fractionated DOC was inter-
preted, therefore, only for those strongest bands that could be
identified. FTIR results in Fig. 3 illustrate that the six frac-
tions isolated contained both different functional groups, and
similar groups with different concentrations. The differences
in the functional groups of the six fractions observed pre-
and post-HAAFP test suggested that the chlorination reac-
tion were highly selective for some specific compounds that
were attacked and broken down to form HAAs. Some trans-
formations of each organic fraction were discussed further
below.

3.3.1. Hydrophobic acid

Strong broad H-bond peak at 3400-2500 cm ™!, C=0 band
at 1720-1700cm ™!, and C—O band nears 1320-1210cm ™!
effectively indicated that carboxylic acids existed as a major
functional group in the HPOA fraction. Small shifts in the
wavelength were often observed, which was not uncommon
for the interpretation of compound complex as there might
have existed the merging of the peaks of components that
exhibited absorbance characters at similar range of wave-
length. The spectrum for HPOA isolates may be a result of
the higher aromatic lignin carbon content, a primary pre-
cursor for aromatics in humic materials [28]. A decrease
in carboxylic acids spectrum after the formation potential
test meant that carboxylic acids group could be one of the
target groups that played an important role in generating
HAAs.

Note that phenol was often reported to be one of the
functional groups in the HPOA fraction [29,30]. However,
there was no clear phenol band appearing in the water sam-
ple examined in this work. It was possible that the amount
of phenol was too small that the peak was overlapped with
other absorbance bands. In addition, as phenol was often
obtained from anthropogenic sources but the sampling point
at Bangkhen water treatment facility was rather further down-
stream from the industrial area, and this might have given
adequate time for phenol to escape from the water.
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Fig. 3. FTIR spectra between day 0 and 7 of NOM fractions.

3.3.2. Hydrophobic base

FTIR results of the sample before the FP test in
Fig. 3b illustrate an obvious C—H stretching peak at
3500-3300cm~!, and C=C stretching peak at 1600 and
1475cm™!. The spectrum was somewhat unusual because
a strong amide-1 peak near 1660 cm™~! was established with-
out an amide-2 peak near 1550 cm™~!. This indicated that this
fraction was not protein, but it might have contained primary
amide functional groups, possibly formed by the incorpora-
tion of ammonia into the molecular structure of the organic
species [1]. After the FP test, aliphatic carbon peak at around

2900 cm™! was observed which suggested that there might
exist some aromatic aliphatic components in this sample [31].

Table 1 demonstrates that most of the hydrophobic frac-
tions exhibited higher SUVA values and gave higher HAAFP
than the hydrophilic fractions. In this section, it was shown
that the aromatic character peak intensity was always dimin-
ished after the FP test. This result emphasized the belief that
organics rich in aromatic content should be the major HAA
precursor in natural waters [13,32].

In addition, it was revealed that amide was also attacked
by chlorine during the disinfection process as the amide peak
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disappeared in the post-FP test samples. As the HAAFP of
HPOB was highest (208 g/mg), it was possible that amide
was rather active with chlorine and might have led to the
formation of HAAs.

Spectrum of amino acids showed that there existed a com-
bination of carboxylate (COO™ stretching near 1600 and
1400cm™!) and primary amine salts (N—H stretching in
the middle range of 3300-2600cm™! and N—H bending at
1610-1500 cm™!) in pre-HAAFP samples and these groups
were dramatically decreased in the post-HAAFP. This agreed
with the findings of Marhaba and Van [6] and Butterfield et al.
[32] who suggested that amino acids in HPOB fraction were
prone to and could rapidly react with chlorine to produce
HAAs and other DBPs.

Regarding the function of amino acid, or amide groups in
the formation of HAA, it has been known that these com-
pounds consist of rich average N content molecules which
were expected to be organic-base species. Croue et al. [1]
indicated that C/N ratio in organic fraction decreased with
increasing hydrophilic character. This could imply that that
the high C/N ratio compounds such as amino acid, or amide
groups could present hydrophobic character with high SUVA
values as is the character of HPOB fraction. Therefore, it
could be suggested that this group could be an important pre-
cursor for the generation of HAAs.

3.3.3. Hydrophobic neutral

A significant alcohol content was indicated by the O—H
stretching peak at 3500-3200 and C—O stretching peak at
1250-1100 cm™!. However, some researchers [28,29] stated
that HPON consisted of alcohol in aliphatic structure. Alde-
hydes were reported to be one of functional groups found
in this fraction [29], however, no clear evidences of peak
bands at 2850 and 2750cm~! were noticed. This might
be due to the overlap of the absorbance with the O—H
peak.

The C=O stretch at approximately 1700 cm™! (the spec-
trum of ketone) also appeared in this fraction. In fact, this peak
was not exactly found at the ketone wavelength (peak stretch-
ing at 1715), as there might be the effect of the combination
of ketone with other functional groups. In the post-HAAFP
spectrum, this combined ketone peak disappeared. Hence,
it could be possible that ketone or, more specifically, the
carbon—carbon bond in the ketone structure was a suspected
HAAs s precursor.

HPON was reported to contain considerable quantity of
ash with small carbon content which led to a low HAAFP
level (Krasner and Amy [14]). This was observed to be
true for this investigation. In this work, this fraction exhib-
ited a rather high value of SUVA (at 2.5931/(mgm)), but
only small quantity of HAAFP was detected (at 61 pg/mg).
FTIR results also indicated that the differences in pre- and
post-HAAFP spectra were only marginal which suggested
that this fraction could be, as a result of its high ash con-
tent, rather inactive in forming HAAs from the chlorination
reaction.

3.3.4. Hydrophilic acid

A carboxylic acid peak was more clearly observed after the
FP test as indicated by an extremely broad O—H absorbance
peak in the region from 3400 to 2500 cm~!. HPIA isolate was
distinctive that it contained more aliphatic and less aromatic
carbon than all other isolates (suspected results from its low
SUVA value at 0.714 1/(mg m)). Interestingly, SUVA after the
HAAFP test was found to have higher value than the initial
SUVA (post-FP test SUVA =1.31/(mgm)). This result was
emphasized by the FTIR spectra where an aromatic peak was
found as indicated in the post-FP peak at around 875 cm™!
[31]. The reason why the aromatic peaks became clearer in
the post-FTIR than in the pre-FTIR spectra was not clear
with this set of experimental data. Two possible scenarios
were anticipated. Firstly, aromatic group remained unaltered
whilst other functional groups were undergone chlorination
reaction. This resulted in a clearer aromatic peak. Secondly,
the aromatic functional group was a by-product of the disin-
fection of HPIA fraction.

3.3.5. Hydrophilic base

The FTIR spectra indicated that the majority of this frac-
tion was primary aliphatic amines as illustrated by peaks
at 35003400, 1650-1580 and 1250-1020cm™!. As stated
by Leenheer and Huffman [29], HPIB comprised pyridines,
purenes, and pyrimidines. However, only pyridine peak was
found for this fraction at 1550 and 1450 cm™'. The FTIR
spectra characteristics of this functional group were similar
to those of HPIA where a higher aromatic content was found
after the FP test as the peaks at around 875cm™! became
more apparent. Surprisingly, HPIB showed extremely high
HAAFP and also high SUVA which suggested that there
should have existed high content of aromatic components.
However, the results from FTIR could not clearly indicate
potential functional groups that could lead to the formation
of HAAs.

3.3.6. Hydrophilic neutral

A significant alcohol content was indicated by the C—O
stretching peak near 1250-1000 cm™!. The major difference
between the pre- and post-HAAFP spectra was that the peak
of —NHj, stretching at 3400 and 3100 cm™! were much less
apparent in the day 7 than in the day 0. This effect might have
been a result of the involvement of amides in the HAAs for-
mation reaction. Ketone stretching frequency at 1715 cm™!
was illustrated in pre-HAAFP. This ketone might have dif-
ferent characters than that found in the HPON fraction as
Leenheer and Huffman [29] suggested that ketone found in
HPIN fraction was the one with less than five carbon atoms.
The ketone was shown to be removed in the post-HAAFP
sample which was similar to the observation of the HPON
fraction as stated above. Hence, it could be stated that ketone
was one of the precursors to the formation of HAAs.

Table 4 summarizes the target function groups associ-
ated with each organic fraction that could have undergone
the reaction with chlorine. Note that FTIR results did not
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Table 4
Possible target functional groups for the formation of HAAs

Fraction Possible functional groups presented in the sample Target functional groups for HAAs
HPOA Carboxylic acids of five to nine carbon, phenol Carboxylic acids

HPOB Aromatic characteristic, primary amide, amino acids Amide, amino acids

HPON Alcohol, ketone Ketone

HPIA Low molecular weight carboxylic acids Carboxylic acids

HPIB Primary aliphatic amines, pyridines -

HPIN Alcohol, amide, Ketone less than five carbons Amide, ketone

just demonstrate the peaks of organic functional groups,
rather, it was evident that majority of the fractions were inor-
ganic constituents, such as silica compounds as indicated
by peaks at 1050, 800 and 460cm™! and sodium sulfite at
1150900 cm™"!. These inorganic peaks were often found to
cover a wide range of IR frequency and this could obstruct the
observation of some active organic peaks particularly those
with low concentration.

4. Conclusions

This work was the first attempt in trying to configure the
formation of HAAs in the water source of one of the largest
water treatment facilities in Thailand. HPIN was found to be
the most abundant (approximately 40%) of all fractions in the
water source and also the main organic precursor for HAAs
(highest total HAAFP). However, due to the aliphatic nature
of HPIN, this fraction was not found to be the most active
HAA precursor. Instead, the most active precursor for HAAs
in this water source was HPOB and HPIB which were more
abundant in aromatic functional groups. HPON fraction, in
particular, was found to possess the richest aromatic nature,
but it did not provide high HAAFP which could be a result
from its high ash content. FTIR analyses of the pre- and post-
chlorinated water samples provided a better understanding of
the possible functional groups associated with the formation
of HAAs which could potentially be carboxylic acids, aro-
matic, amide, amino acids, and ketone. These findings are
important for the operation of water treatment facilities and
sourcewater management. For instance, one could manage to
eliminate the potential target functional groups prior to the
chlorination, or one could look back further upstream from
the point of sampling to identify the sources of potentially
problematic precursors with suspected functional groups, and
to superimpose a proper management strategy in controlling
the quality of the effluent before being discharged into the
watersource.
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