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ABSTRACT

In this study, batch and continuous experiments were conducted to investigate the influential
factors on the distribution and formation of aldehydes, bromate and bromide in Nakdong
river water and to investigate the behaviour of disinfection by-products (DBPs) in the pro-
cesses of drinking water treatment system. The mean influent concentrations were 3.1mg/L
(2.4–3.9mg/L) for dissolved organic carbon (DOC), 57.6 ug/L (42.0–85.7 ug/L) for total alde-
hydes (TA) and 55.7 ug/L (17.4–89.3 ug/L) for bromide. As a result, TA and bromide levels
in the Nakdong river water increased with the decreasing water flow rate and decreasing
water temperature. In pre- and post-ozonation, the DBPs concentration increased with
increasing bromide level, ozone dosage and pH value. In particular, the concentration of
DBPs formation in both pre-ozonation and winter was relatively higher than that in both
post-ozonation and summer. In coagulation and sedimentation, polyaluminium sulphate
organic magnesium coagulation resulted in slightly less DBPs removal than polyaluminium
silicate chloride coagulation. TA was significantly reduced at the top of sand and biological
activated carbon (BAC) filters, whereas bromate was effectively reduced in a three-month-
old BAC filter.

Keywords: Disinfection by-products; Aldehydes; Bromate; Ozonation; Drinking water treat-
ment processes

1. Introduction

Most drinking water treatment (DWT) plants
taking raw water from surface water in Korea have
adopted the typical conventional water treatment
processes consisting of pre-chlorination, coagulation–
sedimentation, rapid sand filtration and disinfection,
which are designed for particle separation such as

turbidity removal [1]. In recent years, micropollutant
loads as well as conventional pollutant from the efflu-
ents of wastewater treatment plant and farming land
due to industrialization, urbanization and annul farm-
ing in the basin of Nakdong river have been gradually
increased. The composition of contaminants has been
shifting from inorganic to organic materials such as
total organic carbon (TOC). As a means of complying
with current and anticipated water quality regulations
as well as the control of increasing micropollutants in*Corresponding author.

The 4th International Desalination Workshop (IDW4), 16–18 November 2011, Jeju Island, South Korea

Desalination and Water Treatment
www.deswater.com

1944-3994/1944-3986 � 2012 Desalination Publications. All rights reserved
doi: 10.1080/19443994.2012.672167

43 (2012) 159–166

April



the river water, advanced water treatment system has
added ozonation and granular activated carbon (GAC)
processes to conventional water treatment system
have been widely adopted. Based on the previous
studies for advanced water treatment processes, pre-
ozonation was needed to enhance the removal of TOC
and the reduction of total trihalomethane formation
potential when it was used in combination with coag-
ulants such as aluminium sulphate (alum) and polyal-
uminium chloride (PACl) [2]. In coagulation, the
improvement of coagulation efficiency has become the
main target to decrease the use of a final chlorine dose
and the formation of disinfection by-products (DBPs)
[3]. In filtration, it was reported that DBPs formation
potentials reduction and degradation were effective
due to biological activity in the sand filter (SF) with a
relatively long hydraulic retention time (HRT) [4]. The
combination of ozonation and biological activated car-
bon (BAC) is one of the most promising processes
among advanced DWT processes. The main advantage
of BAC filtration is that it removes biodegradable
compounds comprising the most undesirable fraction
of organic matter in water [5]. Ozonation and GAC
processes have been demonstrated to be efficient in
the oxidation and adsorption of pharmaceuticals as
well as other micropollutants in drinking water [6–8].
Ozonation in drinking water results in the formation
of both organic by-products (assimilable organic car-
bon, aldehydes, carboxylic acids and ketones) and
inorganic by-products (bromate) [9,10]. von Gunten
[11] reported that bromate formation can become a
serious problem for bromide levels above 100 ug/L. In
this study, we focused on the investigation of the
behaviour of aldehydes and bromate as the DBPs in
raw water and the treatment processes. Therefore, the

objectives of this study are to investigate the influen-
tial factors on the formation of the DBPs in the
Nakdong river water and to investigate the DBPs
behaviour in the processes of the DWT system using
the Nakdong river water.

2. Materials and methods

2.1. Experimental apparatus and materials

The pilot-scale plant (100m3/d) used for efficient
DWT consisted of pre-ozonation contactor, coagula-
tor/flocculator/cross-flow settler, SF, post-ozonation
contactor and GAC filters (Fig. 1). The pre-ozonation
contactor followed by rapid mixing basin was 0.15m
in width (W), 0.65m in length (L) and 6.5m in height
(H) and the post-ozonation contactor followed by GAC
filters was W 0.24m, L 0.96m and H 6.50m, which was
fabricated using a transparent acrylic plate. The rapid
mixing basin (W 0.35m, L 0.35m, H 0.90m) was fol-
lowed by the flocculation basin (W 1.20m, L 2.10m, H
1.20m) and parallel sedimentation basins. The sedi-
mentation basin (W 1.20m, L 5.00m, H 2.40m) was
equipped with sampling ports at an interval of 1m
and with solids removal devices that transfer settled
residuals to appropriate processing facilities. All basins
except the ozone contactor were made of stainless
steel. The design of sand and GAC filters allowed for
water sampling over the filter bed height, as well as
influent and effluent water samples. The SF (W 0.60m,
L 0.60m, H 3.90m) was packed to 0.9m with sand
media with an effective size of 1.0mm. GAC filters (W
0.30m, L 0.30m, H 6.00m) were packed to 2.5m with
two different carbons with an effective size of 0.9mm.
The two carbons were coal-based carbon (Coal-C)
(Calgon F-400, USA) and coconut-based carbon
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Fig. 1. Schematic of pilot-scale drinking water treatment plant.
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(Coconut-C) (Samchully, Korea). Pore volume and spe-
cific surface area of the carbons were 0.548 cc/g and
1,100m2/g for the Coal-C and 0.495 cc/g and
1,230m2/g for the Coconut-C, which were measured
by the Autosorb-1 MP (Quantachrome, USA). The
sand and GAC filters were equipped with backwash-
ing devices and sampling ports at intervals of 15 and
50 cm.

2.2. Operational conditions

The operating conditions of DWT system are sum-
marized in Table 1. The influent was fed by downflow
into the top of the pre- and post-ozone contactors, the
SF and the GAC filters. PACl (Al2O3 11.0%), polyalu-
minium sulphate organic magnesium (PASOM; Al2O3

7.6%) and polyaluminium silicate chloride (PASCl;
Al2O3 8.4%) as a coagulant were added in the rapid
mixing basin. Ozone was produced from air by ozone
generator (OZAT CFS-1A, Switzerland) and the con-
centration of ozone dosage was controlled and moni-
tored by an ozone control system (PCI, USA). Batch
ozonation experiments were conducted to evaluate the
effect of Br� concentration, pH and ozone dosage on
the DBPs formation. The batch ozonation experiments
were conducted in a bubble column (inner diameter:
10 cm, height: 250 cm) built from an acrylic cylinder
adapted with a sample port at the bottom of the col-
umn. The pre- and post-ozonation contactors were
used for downstream treatment and received the raw
water and the water treated by coagulation/sedimen-
tation/sand filtration process, respectively. Both pre-
and post-ozone dosage ranged from 0.5 to 5.0mg/L.
In batch coagulation experiment, the effectiveness and
dosage of coagulants were optimized for minimum
settled water turbidity and pH using conventional jar
testing procedures. The jar teat was carried out in a
jar test apparatus (Phipps & Bird PB-700). The con-
tents of the jars were rapidly mixed at a paddle speed
of 100 r/min for 30 s, followed by slow mixing at 40 r/
min for 10min and settling for 20min.

The raw water used for this study was the river
water collected from lower region of the Nakdong
river. The ranges of raw water quality parameters
with mean values in parentheses were: water temper-
ature 4.0–27.8�C (16.3�C); pH 7.4–9.5 (8.5); biochemical
oxygen demand (BOD) 1.4–4.9mg/L (2.6mg/L); dis-
solved organic carbon (DOC) 2.4–3.9mg/L (3.1mg/L);
alkalinity 35.5–60.9mg/L as CaCO3 (51.5mg/L as
CaCO3); total aldehydes (TA) 42.0–85.7 ug/L (57.6 ug/
L) and bromide (Br�) 17.4–89.3 ug/L (55.7 ug/L). Sam-
ples of the influent and the effluents from each pro-
cess were collected, preserved and refrigerated at 4�C
until analysed.

2.3. Analytical methods

DOC was measured by the combustion-infrared
method using total organic carbon analyser (TOC-
5000, Shimadzu, Japan). Seven aldehydes (formalde-
hyde, acetaldehyde, propanal, butanal, pentanal, gly-
oxal and methylglyoxal) were analysed by gas
chromatography (HP 5890 Series II Plus, USA) with
electron capture detection (GC/ECD) according to
USEPA Method 556 [12]. The concentrations of bro-
mide and bromate were determined with the ion chro-
matography and an UV detector by the post-column
derivatization method using o-dianisidine [13].

3. Results and discussion

3.1. Characteristics of Nakdong river water

Fig. 2 shows the seasonal variation of TA and bro-
mide concentrations in the Nakdong river water. The
average concentrations of TA and Br� in raw water
were 55.8 ug/L ranging from 42.0 to 85.7 ug/L and
55.7 ug/L ranging from 17.4 to 89.3 ug/L, respectively.
Water temperature fluctuated from 4.0 to 27.8�C dur-
ing the monitoring period. When the water tempera-
ture dropped to less than 10�C in winter, the TA and
Br� concentrations were frequently above 71.2 and
74.1 ug/L, respectively. The lowest water flow rate

Table 1
Experimental conditions of pilot-scale drinking water treatment plant

Unit process Range Unit process Range

Ozonation Pre-/post-O3 Sand filtration

Ozone dosage (mg/L) 0.5–5.0/0.5–5.0 Media depth/size (mm) 900/1.0

Contact time (min) 4–6/7–10 Filtration velocity (m/d) 130 ± 3

Coagulation/sedimentation GAC filtration

Rapid mixing/flocculation/sedimentation time (min) 1.3/33.8/194.3 Media depth/size (mm) 2,500/0.9

Coagulant PACl/PASCl/PASOM EBCT (min) 15 ± 0.5

Coagulant dosage (mg/L) 1.0–5.0 as Al2O3
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and highest TA and Br� concentration in the Nakdong
river water during the winter season (November–
February) were attributed to the large water volume
transferred from the river to cover the water demand
as well as the lowest rainfall. The data showed that
TA and bromide levels increased with the decrease in
both water flow rate and water temperature. High Br�

level in the raw water resulted in road salt run-off
and drought conditions in winter [14].

3.2. Performance of ozonation

Fig. 3(a) and (b) shows the performance results of
batch pre- and post-ozonation experiments on
aldehydes formation. When both pre- and post-ozone
dosage were increased to 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and
5.0mg/L, acetaldehyde and formaldehyde concentra-
tions increased to 2mg/L of pre- and post-ozone dos-
ages and at more than 3mg/L of ozone dosages, there

was no significant increase in forming aldehydes. This
result was similar to the previous results that reported
that TA concentration increases with increasing ozone
dosages up to a maximum at moderate ozone doses
of 2–5mg/L and thereafter decreases because of
excess ozone oxidation of DBP precursors [15,16].

The distribution of aldehydes speciation in pre- and
post-ozonated waters were in the order of acetalde-
hyde> formaldehyde >methylglyoxal > glyoxal > prop-
anal>butanal>pentanal. The percentages of acetaldehyde
and formaldehyde formation as dominant compounds
were 67.4 and 27.0% in pre-ozonation and 89.0 and 8.7% in
post-ozonation, respectively, whereas the percentages of
methylglyoxal, glyoxal, propanal, butanal and pentanal
formation were approximately less than 1.0% [16].

Table 2 presents the performance results of batch
pre- and post-ozonation experiments on bromate
(BrO�

3 ) formation in bromide-containing water. As
shown in Fig. 2, Br� levels in the Nakdong river
water during the monitoring period of one year were
insignificant to produce BrO�

3 during ozonation. So,
bromide concentration in both raw water and fil-
trated water was increased to 0.1, 0.2 and 0.5mg/L
by dosing bromide solution (AccuStandard, USA). As
a result, when both pre- and post-ozone dosage were
increased to 0.5, 1.0, 2.0 and 4.0mg/L in the bro-
mide-containing waters (Br� 0.1–0.5mg/L), the per-
centages of BrO�

3 formation at an ozone dosage of
1.0–4.0mg/L were 64.8 ± 24.1% for pre-ozonation and
67.6 ± 20.8% for post-ozonation higher than that at an
ozone dosage of 0.5mg/L. On the other hand, the
percentages of BrO�

3 formation at Br� concentration
of 0.2–0.5mg/L were 48.0 ± 17.1% for pre-ozonation
and 67.9 ± 9.0% for post-ozonation higher than that at
Br� concentration of 0.1mg/L. The data in Table 2
showed that the BrO�

3 formation rate increased stea-
dily with the increase in both ozone dosages and Br�

Fig. 3. Distribution and formation of aldehydes during pre- and post-ozonation.

Fig. 2. Seasonal variation of aldehydes and bromide
concentration in Nakdong river water.
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concentration in the raw and filtrated water during
ozonation [17].

Fig. 4 presents the effect of pH value on DBPs for-
mation in bromide-containing water. In the batch
experiments, the applied ozone dosage and contact
times were 1.5mg/L and 10min for the raw water
with Br� concentration of 0.2mg/L. When pH value
was increased from 6 to 9, the percentages of TA and
BrO�

3 formation at pH 7–9 were 28.8 ± 10.7 and 29.0
± 4.9% higher than that at pH 6. This shows that the
increase in DBPs concentration coincides with increas-
ing pH. These results also indicate that the optimum
pH value for pre- and post-ozonation is in the near-
neutral range with regard to a cost-effective reduction
of DBPs formation [16,18].

3.3. Performance of coagulation/sedimentation

Fig. 5 shows the profile of turbidity reduction and
pH variation with coagulant dosage. The jar test was
conducted to investigate the effects of different Al-
based coagulants (PACl, PASCl and PASOM) on the
removal of the DBPs formed during pre-ozonation
(ozone dose: 1.5mg/L, contact time: 4min). When

Al2O3 concentration was increased to 1.0, 2.0, 3.0, 4.0
and 5.0mg/L corresponding to 9–45mg/L as PACl
dosage, 12–59mg/L as PASCl dosage and 14–68mg/L
as PASOM dosage, the turbidity showed a gradual
decrease to about 3.0mg/L of coagulants dosages.
After 4.0mg/L, there was a little decrease correspond-
ing to removal efficiency of <5%. In particular, the high
removal of turbidity at 3.0mg/L of coagulant dosage
was achieved in the order of PASOM>PASCl >PACl.
At more than 4.0mg/L, three coagulant treatments
resulted in a similar decrease trend in reducing turbid-
ity. The low pH level with different coagulants was also
achieved in the order of PASOM>PASCl >PACl. The
high cost of coagulant depending on the percentage of
Al2O3 in coagulant were in the order of PACl >PAS-
Cl >PASOM. The above results indicate that PASOM is
more suitable than PASCl and PACl with regard to
cost-effectiveness, headloss control in SF and pH con-
trol when considering the high pH value in the Nak-
dong river water [19].

Fig. 6 shows the profile of DBPs distribution in
length of the sedimentation basin. In the coagulation
process, the pre-ozonated waters (ozone dose: 1.5mg/

Fig. 4. Effect of pH value on DBPs reduction in the pre-
ozonated water.

Fig. 5. Profiles of turbidity reduction and pH variation
with coagulant dosage as Al2O3.

Table 2
Charateristics of bromate formation with ozone dosage and bromide concentration

Ozone dosage (mg/L) BrO�
3 concentration (ug/L) in pre-

ozonated water
BrO�

3 concentration (ug/L) in post-
ozonated water

Br� concentration in raw water
(mg/L)

Br� concentration in filtrated water
(mg/L)

0.1 0.2 0.5 0.1 0.2 0.5

0.5 4.0 5.0 7.0 2.0 4.3 6.2

1.0 5.2 8.1 15.0 3.2 8.3 12.1

2.0 10.2 18.4 34.3 6.2 16.0 26.5

4.0 21.2 37.3 55.4 10.5 35.0 51.0
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L, contact time: 4min) used as raw water were stirred
rapidly at 200 r/min for 1.3 ± 0.1min during coagulant
addition, followed by slow stirring at 40 r/min for 34
± 1.0min and then cross-flow settling for 190± 2.0min.
The coagulants used were PASOM and PASCl deter-
mined in the jar test.

When the optimum Al2O3 concentration of 3.0mg/
L determined in the batch experiment was added in
coagulation process, the percentages of TA and BrO�

3

removal was found to be 34.4 ± 1.5 and 3.6 ± 0.3% for
PASOM coagulation and 45.5 ± 1.7 and 4.9 ± 0.4% for
PASCl coagulation at total HRT, determined as
190min in the sedimentation process. This result
showed that PASOM coagulation resulted in slightly
less DBPs removal than PASCl coagulation. As shown
in Fig. 6, the DBPs concentration showed a gradual
decrease between the inlet and 2m in the basin corre-
sponding to HRT for 76min. After 2m from the inlet
of the basin, there was a little decrease corresponding
to a removal efficiency of 1.2–10.3% for PASOM coag-
ulation and 0.6–10.7% for PASCl coagulation. The
above results indicate that both PASOM and PASCl
coagulation is significant for TA reduction but insig-
nificant for BrO�

3 reduction.

3.4. Performance of sand/GAC filtration

Fig. 7 shows the profile of DBPs distribution in
depth of the SF. In sand filtration experiment using
the settled water, applied filtration velocity was 130
± 3m/d. When the mean concentrations of influent
DBPs were 10.7 ug/L (10.5–11.0 ug/L) for TA and
7.0 ug/L (6.8–7.1 ug/L) for BrO�

3 , the percentages of
DBPs removal in the filter were 50.1 ± 2.1% for TA
and 6.9 ± 0.7% for BrO�

3 . Both TA and BrO�
3 concentra-

tion showed a relatively rapid decrease between the
top and 15 cm in the filter bed. After 15 cm from the
top of the filter, the TA reduction rate showed a small

decrease corresponding to a removal efficiency of <6%
for TA and <2% for BrO�

3 . This resulted in DBPs bio-
degradation by the biomass developed on the top of
the SF. In particular, the removal efficiency of BrO�

3

was about 43% lower than that of TA. This result
showed that the adsorption and biodegradation ability
of BrO�

3 were poorer than TA.
Fig. 8 shows the profile of DBPs distribution in

depth of the BAC filters. In the GAC filtration
experiment using the filtrated water, three-month-
old coal-based GAC (BAC1), thirty-month-old coal-
based GAC (BAC2) and thirty-month-old coconut-
based GAC (BAC3) were examined to clarify TA
and BrO�

3 behaviour in BAC filters. The bed vol-
umes of BAC were 4,440 for BAC1 and 133,200 for
BAC2 and BAC3. The applied EBCT for each filter
was 15± 0.5min. When the mean concentrations of
influent DBPs were 22.5 ug/L (21.3–23.6 ug/L) for
TA and 12.5 ug/L (12.1–12.8 ug/L) for BrO�

3 , the
removal of TA and bromate were 89.2 and 60.7%
for BAC1, 83.5 and 14.7% for BAC2, and 79.2 and

Fig. 6. Profiles of DBPs reduction in distance of
sedimentation basin.

Fig. 7. Profiles of DBPs reduction in depth of SF.

Fig. 8. Profiles of DBPs reduction in depth of BAC bed.
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11.0% for BAC3, respectively. The DBPs concentra-
tion showed a relatively rapid decrease between the
top and 50 cm in the filter bed. After 50 cm, DBPs
reduction showed a slow decrease trends corre-
sponding to removal efficiency of 5–6% for TA and
4–7% for BrO�

3 . The high removal of DBPs with dif-
ferent BAC filters was achieved in the order of
BAC1>BAC2>BAC3. This result showed that coal-
based carbon was somewhat more effective than
coconut-based carbon in reducing DBPs. The BAC
were also effective beds within three months for
both TA and BrO�

3 reductions, whereas the BAC
bed was effective within thirty months for only TA
reduction. These results were similar to the previous
results that reported that there was no significant
change in the amount of BrO�

3 in two-year-old BAC,
compared with the results for new GAC that no
BrO�

3 was detected in the effluent from new GAC
filter [20]. Both TA and BrO�

3 were removed effi-
ciently by BAC filters. The above result suggests
that the use of less than three-month-old BAC is
efficient in reducing DBPs.

3.5. Performance of DWTP

Fig. 9 shows the performance results of real DWT
plant for DBPs control during summer (August) and
winter (November–February). Experiments were car-
ried out at an efficient operating condition for the
real plant. In the real DWT plant (600,000m3/d), the
pre-chlorination (chlorine dosage 4± 0.5mg/L, contact
time 2.5 ± 0.5 h) prior to the pre-ozonation process
was introduced to control both ammonia nitrogen
and biomass growth (algae). The applied ozone dos-
ages and contact times of pre- and post-ozonation
were 1.5 and 0.7mg/L and 4 and 7min. The PASOM
as a coagulant was used in the real DWT plant with

regard to cost-effectiveness and pH control and its
dosage was 40mg/L corresponding to 4mg/L of
optimum Al2O3 concentration. The BAC filter used
was three months old. As a result, pre-chlorination in
the real DWT plant resulted in a slight increase in
TA concentration, but there was no BrO�

3 formation.
The mean concentrations of TA and BrO�

3 during
pre-ozonation increased from 52.6 ug/L (42.0–69.9 ug/
L) to 119.0 ug/L (73.0–143.9 ug/L) and from 0 to
1.8 ug/L (0–2.8 ug/L), respectively, while they were
reduced to about 70.1 ± 13.4 and 5.0 ± 5.2% by coagu-
lation/sedimentation (C–S) and SF processes. In the
post-ozonated water, the mean concentrations of the
TA and BrO�

3 increased from 32.2 ug/L (26.0–38.1 ug/
L) to 67.9 ug/L (56.4–70.9 ug/L) and from 3.1 ug/L
(0–4.8 ug/L) to 6.8 ug/L (2.7–9.5 ug/L), respectively,
while they were reduced to about 58.0 ± 23.1 and 33.4
± 2.8% by BAC bed. In pre-ozonated water, the TA
and BrO�

3 concentrations in winter were 2.0 and 5.0
times greater than in summer, whereas in post-ozo-
nated water, the TA and bromate concentrations in
summer were 1.3 and 3.3 times greater than in win-
ter. This result indicates that the concentration of
DBPs formation in both the pre-ozonation and winter
was relatively greater than that in both post-ozona-
tion and summer.

4. Conclusion

Both TA and bromide concentration in NDR water
increased with the decreasing water flow rate and
decreasing water temperature. In ozonation, TA con-
centrations increased with the increasing ozone dos-
ages of pre- and post-ozonation, whereas bromate
concentration increased with increasing bromide con-
centration, ozone dosage and pH value. In particular,
the concentration of DBPs formation in both pre-ozon-
ation and winter was relatively higher than that in
both post-ozonation and summer. In coagulation and
sedimentation, both PASOM and PASCl coagulation
was significant for TA reduction but insignificant for
bromate reduction. On the other hand, TA was signif-
icantly reduced at the top of the SF and the BAC fil-
ters within thirty months, whereas bromate was
effectively reduced in a three-month-old BAC filter.
The above results reveal that parameters such as
ozone concentration, contact time, water temperature,
pH and precursor concentration influence the concen-
tration of DBPs.

References
[1] J.K. Kim, B.S. Kang, DBPs removal in GAC filter–absorber,

Water Res. 42 (2008) 145–152.
Fig. 9. Seasonal variation of DBPs formation and reduction
in processes of real DWT.

Y.-J. Kim and K.-S. Hyun / Desalination and Water Treatment 43 (2012) 159–166 165



[2] H. Selcuk, L. Rizzo, A.N. Nikolaou, S. Meric, V. Belgiorno, M.
Bekbolet, DBPs formation and toxicity monitoring in different
origin water treated by ozone and alum/PAC coagulation,
Desalination 210 (2007) 31–43.

[3] L. Rizzo, V. Belgiorno, M. Gallo, S. Meric, Removal of THM
precursors from a high-alkaline surface water by enhanced
coagulation and behaviour of THMFP toxicity on D. magna,
Desalination 176 (2005) 177–188.

[4] M.J. Rodriguez, J. Serodes, D. Roy, Formation and fate of
haloacetic acids (HAAs) within the water treatment plant,
Water Res. 41 (2007) 4222–4232.

[5] K. Yapsakli, F. Cecen, Effect of type of granular activated car-
bon on DOC biodegradation in biological activated carbon fil-
ters, Process Biochem. 45 (2010) 355–362.

[6] H. Gallard, U. von Gunten, H.P. Kaiser, Prediction of the dis-
infection and oxidation efficiency of full-scale ozone reactors,
J. Water Supply Res. Technol. AQUA 52(4) (2003) 277–290.

[7] P. Westerhoff, Y. Yoon, S. Snyder, E. Wert, Fate of endocrine-
disruptor, pharmaceutical, and personal care product chemi-
cals during simulated drinking water treatment processes,
Environ. Sci. Technol. 39(17) (2005) 6649–6663.

[8] X. Huang, N.Y. Gao, P.P. Lu, Bromate reduction by granular
activated carbon, Environ. Sci. 28(10) (2007) 2264–2269.

[9] S. Richardson, A. Thruston, Jr., T. Caughran, P. Chen, T. Col-
lette, T. Floyd, K. Schenck, B. Lykins,, Jr. Identification of
new ozone disinfection byproducts in drinking water, Envi-
ron. Sci. Technol. 33 (1999) 3368–3377.

[10] W. Huang, G. Fang, C. Wang, The determination and fate of
disinfection by-products from ozonation of polluted raw
water, Sci. Total Environ. 345 (2005) 261–272.

[11] U. von Gunten, Ozonation of drinking water: Part II. Disin-
fection by-product formation in presence of bromide, iodide
or chlorine, Water Res. 37 (2003) 1469–1487.

[12] J.W. Munch, D.J. Munch, S.D. Winslow, S.C. Wendelken,
B.V. Pepich, Method 556. Determination of Carbonyl Com-
pounds in Drinking Water by Pentafluorobenzylhydroxyl-
amine derivatization and Capillary Gas Chromatography
with Electron Capture Detection, USEPA, Cincinnati, OH,
1998.

[13] US Environmental Protection Agency, Method 317.0, Determi-
nation of inorganic oxyhalide disinfection by-products in
drinking water using ion chromatography with the addition
of a post column reagent for trace bromate analysis, Revision,
2000.

[14] T.P. Bonacquisti, A drinking water utility’s perspective on bro-
mide, bromate, and ozonation, Toxicology 221 (2006) 145–148.

[15] W.R. Haag, J. Hoigne, Ozonation of bromide containing
waters: Kinetics of formation of hypobromous acid and bro-
mated, Environ. Sci. Technol. 17 (1983) 261–267.

[16] W.J. Huang, L.Y. Chen, H.S. Peng, Effect of NOM characteris-
tics on brominated organic formation by ozonation, Environ.
Int. 29 (2004) 1049–1055.

[17] B. Legube, B. Parinet, K. Gelinet, F. Berne, J.P. Croue, Model-
ing of bromate formation by ozonation of surface waters in
drinking water treatment, Water Res. 38(8) (2004) 2185–2195.

[18] M.J. Kirisits, V.L. Snoeyink, H. Inan, J.C. Chee-Sanford, L.
Raskin, J.C. Brown, Water quality factors affecting bromate
reduction in biologically active carbon filters, Water Res. 35
(4) (2001) 891–900.

[19] K. McCurdy, K. Carlson, D. Gregory, Floc morphology and
cyclic shearing recovery: Comparison of alum and polyalumi-
num chloride coagulants, Water Res. 38 (2004) 486–494.

[20] M. Asami, T. Aizawa, T. Morioka, W. Nishijima, A. Tabata,
Y. Magara, Bromate removal during transition from new
granular activated carbon (GAC) to biological activated car-
bon (BAC), Water Res. 33(12) (1999) 2797–2804.

166 Y.-J. Kim and K.-S. Hyun / Desalination and Water Treatment 43 (2012) 159–166




