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ABSTRACT

Allogenic organic matter (AOM) removal technologies using micro-hollow beads have been
developed. Micro-hollow beads with low density (0.125 g/cm?®) were found to be effective for the flo-
tation in terms of particulate matter removal. To investigate the characteristics of AOM, extracellular
organic matter (EOM), and intracellular organic matter (IOM) before and after chlorine injection,
the effect of molecular weight distribution on liquid chromatography with organic carbon detection
was examined. The chromatography dissolved organic carbon values of EOM and IOM were 7.5
and 1.6 mg/L, respectively, and the compositions of building blocks and humic substances of EOM
and IOM were 58% and 20%, respectively. A particle counter was used to confirm the reduction in
the number of residual particles by micro-hollow beads. The concentration of particulate matter
decreased with a higher concentration of micro-hollow bead injection due to the attachment and
flotation of micro-hollow beads to particulate matter. By removing precursors of the disinfection
by-products (DBPs), micro-hollow beads were able to reduce the concentration of DBPs and DBPFP.
Haloacetic acids (HAAs) were converted to particulate material through a chlorination process
rather than through trihalomethanes (THM) and are efficiently removed by the micro-hollow beads.
Compared with THMs/total organic carbon (TOC), HAAs/TOC showed better removal character-
istics. THMFP concentrations remained constant over time, whereas HAAFP and HANFP values
increased with retention time. Over 7 d of reaction, THMFP and HANFP showed no change in
constituents, but HANFP was detected as TCAN, DCAN, and DBAN.

Keywords: Micro-hollow beads; Allogenic organic matter (AOM); Disinfection by-products (DBPs);
Liquid chromatography with organic carbon detection (LC-OCD); Particulate removal;
Precursors

1. Introduction

Allogenic organic matter (AOM) as by-products from
the algal cell composed of proteins, neutral and charged
polysaccharides, nucleic acids, lipids, and small molecules,
which are considered as intracellular organic matter (IOM)
and excretion from the metabolic activity and autolysis
are considered as extracellular organic matter (EOM) [1,2].

* Corresponding author.

Especially during dry seasons, approximately 50% of the
total dissolved organic matter (DOC) in surface water is
reported to be contributed from AOM [3]. Upon chlorination,
algal cell lysis results in an exponential increase in EOM and
IOM in drinking water treatment plants (DWTPs). Further,
the reaction of chlorine with precursors from cell lysis
results in the formation of undesirable carbonaceous and
nitrogenous disinfection by-products (C- and N-DBPs) [4,5].
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The C-DBPs such as trihalomethanes (THMs) and halo-
acetic acids (HAAs) and N-DBPs such as haloacetonitriles
(HANs) and halonitromethanes (HNMs) are reported at
high concentration in DWTPs and potential human car-
cinogens [6]. Moreover, N-DBPs are more cytotoxic and
genotoxic than C-DBPs [7,8], which occurred more often
when IOM reacts with chlorine. Since IOM has precursors
that contribute to more DBPs formation than EOM, it is
recommended that AOM to be removed before the chlo-
rination. AOM is also supposed to hinder the coagulation
and sedimentation process [2,9,10]. Since the algae have a
characteristic of floating, the treatment efficiency is not
high due to poor sedimentation. Thus, there is a possibility
that precursors contributing to total organic carbon (TOC)
and total nitrogen (TN) may not achieve sufficient removal
efficiency. Therefore, TOC and TN including particulate
matters were significant parameters for THMs, HAAs, and
HANS. To investigate the removal characteristics of precur-
sors after chlorine injection, the removal tendency of high
and low-molecular substances of algae after coagulant injec-
tion can be found through liquid chromatography-organic
carbon detection (LC-OCD) analysis [11,12]. This is because
the amount of DBP formation can be detected differently for
each molecular size [13,14]. The coagulation and sedimen-
tation process have known to be the conventional method
for destabilizing the algae and enhancing algal removal.
However, dissolved air flotation (DAF) in respect of parti-
cle separation is a more effective process for the removal of
blue-green and green algae [15,16]. DAF can remove more
than 90% of Microcystis aeruginosa with optimal coagulant
dosage [17]. Previous studies compared the production of
C-DBPs and N-DBPs from DAF and a conventional gravity
system (CGS) used for the removal of algae before and after
chlorine injection [2,18]. However, DAF is economically bur-
densome because of its high-energy consumption. Thus, a
method to address the low energy efficiency has developed,
namely AOM removal technologies using micro-hollow
beads in terms of particulate removal [19,20]. Therefore,
in conventional water treatment plants based on sedimen-
tation, micro-hollow beads that can be applied effectively
for particle removal are being sought as an alternative to
high turbidity and algae removal. Micro-hollow beads were
able to make the attached flocs floatable to remove algal in
the testbed. Microcystis aeruginosa has pores in its cells that
trap air in the cells, making them floatable in water [21].
The low-density characteristic of micro hollow beads can
assist removal by floating particulate matter in conjunction
with the floating characteristics of the algae. As mentioned
above, insufficient removal efficiency obtained by sedimen-
tation can be increased using micro-hollo beads. In terms of
effective particle removal, there is a possibility to reduce the
generation of DBPs using micro-hollow beads.

The purpose of this work was to identify the removal
efficiency of DBPs using micro-hollow beads. First, LC-OCD
was used to analyze the configuration and MW of AOM,
which was divided into EOM and IOM. The MW change in
the organic material before and after disinfection was also
measured. Second, particle size analysis was also conducted
to verify the effects of the micro-hollow beads on particu-
late organic matter and precursor removal. Third, the effects
of DBP removal through the addition of polyaluminum

chloride (PAC) and micro-hollow beads were investigated.
Lastly, the effects of retention time and micro-hollow bead
injection on DBPFP formation were verified.

2. Materials and methods
2.1. Micro-hollow beads and coagulant

Micro-hollow beads (3M Co., Maplewood, USA) that
were washed with distilled water to remove contaminants
were used for the experiment. This washing was the pre-
treatment process to remove micro-hollow beads that
float weakly; this process reduces experimental error and
increases the floating efficiency. Micro-hollow beads have a
low density of 0.125 g/cm® because of the presence of pores
inside. Table 1 shows the properties of the micro-hollow
beads, with an average size of 50 um and an internal thick-
ness of 200 nm. The coagulant used in this experiment was
(PAC 10%; Hongwon Industry, Busan, Korea).

2.2. Algae cultivation and raw water

Microcystis aeruginosa used as AOM was cultivated by
K-water and subcultivation in the laboratory. Microcystis
aeruginosa was subcultured in a sterilized BG-11 medium
prepared in the laboratory [2]. The BG-11 medium was ster-
ilized by autoclaving at 121°C for 30 min with a pH of 7.0
prior to use. After cooling at room temperature, the BG-11
was used as a medium. To grow Microcystis aeruginosa in the
lab, the cultivation performed base on 24 h light with tem-
perature 27°C. Air was supplied for 24 h. All samples were
mixed homogeneously by horizontal-type digital reciprocat-
ing shaker (Daihan Scientific Co., Wonju, Korea). The cells
were harvested at an exponential growth phase (cell count,
3.2 7 107 cells/mL). The cell count was conducted using pho-
tography with an optical microscope (Eclipse E200, Nikon,
Minato, Japan) using hemocytometers. The characteristics
of Microcystis aeruginosa used as AOM (diluted six times)
were analyzed in the laboratory and are shown in Table 2.
The SUVA value was 3.96, which is close to that of hydro-
phobic material, which can be generally removed through
the coagulation process. The TN showed higher concentra-
tion than TOC, indicating the possibility of nitrogen DBPs.
On the other hand, EOM was extracted by centrifuging
harvested cell culture at 5,000 rpm for 15 min and obtained
supernatant was filtered through a 0.45 pm filter. The settled
algae cells in the centrifuge tube were washed twice with
deionized water and resuspended. The cells were then
subjected to three cycles of freezing (-20°C) and thawing
(35°C) to induce cell lysis. Next, the solution was centrifuged

Table 1
Property of micro-hollow beads

Items Values
Pressure (psi) 250
Fractional survival (%) 90
Density (g/cm?) 0.125
Conductivity (s/m) 0.047
Average particle size (um) 50
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Table 2
Characteristics of Microcystis aeruginosa
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Parameters Values
Turbidity (NTU) 8.36
TOC (mg/L) 3.24

TN (mg/L) 2.1
UV, (cm™) 0.125
SUVA (L/mg m) 3.96
Counts/cell 3.2x107

at 10,000 rpm for 15 min, and the supernatant was filtered
through a 0.45 um filter to obtain IOM [2,7]. DOC value
for both EOM and IOM was measured and compared with
previous studies [5,22,23]. The variation in DOC concen-
tration might be due to different environmental conditions
for culture and exponential growth phase. The values are
illustrated in Table 3.

2.3. LC-OCD analysis

The LC-OCD (DOC-Labor Dr. Huber, Germany) composes
with a sample injector, a size exclusion chromatography col-
umn, a thin-film reactor, a UV,,, detector, and a nondisper-
sive infrared detector. The MW fractions of organic matter
consists of biopolymers (>20,000 g/mol), humic substances
(1,000-20,000 g/mol), building blocks (350-1,000 g/mol),
low-MW (LMW) acids (350 g/mol), and LMW neutrals
(<350 g/mol) [2]. MW distribution about AOM can be useful
in understanding the importance of DOC and SUVA values
because different MW fractions could behave differently in
water treatment plants [14]. To analyze the removal charac-
teristics of organic fractions based on their MW of EOM, IOM,

Table 3
Measured value of DOC from EOM and IOM
EOM IOM Days Cell count/  References
(mg/L)  (mg/L) mL
29.7 100.5 na 2 x 108 [22]
44 3.6 na na [23]
na 3.0 20-28 na [24]
14.0 5.5 14 3.2x107 Present Study

Note: na is not available.

and AOM, LC-OCD analysis was carried out. EOM, IOM,
and AOM were analyzed before and after chlorine injection
to investigate the change characteristics by MW [2,3,24].
The removal efficiency was examined in MW fractions.

2.4. Particle counting method

The digital online particle counter monitor (PCM)
(PC 2400 D, Chemtrac, Norcross, USA) was used in the
experiment, as shown in Fig. 1. The measurement ranges
were used with nine channels. The particle size was mea-
sured from 2 to 100 um. The sample flow rate was adjusted
to 100 mL/min to measure the number of particles in 100 mL
of the sample using a master flux pump. Each time the
sample was replaced, the tube was cleaned with distilled
water. The data was used when it was recorded reliably.

2.5. Experimental setup and operating conditions

Coagulation and flocculation experiments were con-
ducted with a standard jar tester (Philips Bird’s, Richmond,
USA). Acrylicjars 100 mm in diameter and 200 mm in height
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Fig. 1. Schematic diagram of the particle counting method.
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had a valve at 10 mm and another valve at 40 mm from the
bottom of the jar. Micro-hollow beads were injected after
30 s of mixing at 150 rpm after PAC injection. Coagulation
and flocculation were conducted through rapid mixing
(150 rpm for 1 min) and slow mixing (30 rpm for 5 min).
The optimal flotation conditions were verified by changing
the PAC and micro-hollow bead concentrations. The PAC
was injected in 0, 5, 10, and 20 mg/L, where beads were
tested with concentrations of 10, 30, 60, and 100 mg/L.
With chlorine injection experiments, precursors were tested
under chlorine concentrations of 1, 3, 5, and 10 mg/L for 1 h.
All reactors were adjusted to pH 7.0 + 0.5 using 0.1 N NaOH
and 0.1 N HCL

2.6. DBP formation

A stock solution of 1,000 mg/L as chlorine was prepared
to oxidize organic matters. Oxidation of the organic matter
was performed by injecting different chlorine concentra-
tions (1, 3, 5, and 10 mg/L) and pH was adjusted to 7.0 + 0.5
using 0.1 N NaOH and 0.1 N HCI. The formation of potential
experiments were conducted after 1, 3, 5, and 7 d. To pre-
vent further reaction of chlorine with organic matters before
the analysis of THMs, all the samples were acidified by
ascorbic acid and quenched with 1 + 1 H,PO,. In addition,
Na,HPO, and KH,PO, were used to prevent residual chlorine
reaction before the analysis of HANs and HAAs [25].

2.7. Analysis

The TOC measurements were made by a TOC analyzer
(TOC-L, Shimadzu Co., Japan). The TN was analyzed by a
UV spectrophotometer (DR 5000, Hach Co., USA). The con-
centration of THMs was analyzed using gas chromatogra-
phy-mass spectrometry (Purge and Trap, Agilent Co., USA),
and the concentrations of HAAs and HANs were analyzed
using gas chromatography with electron capture detection
(Agilent Co., USA).

3. Results and discussion
3.1. LC-OCD analysis
3.1.1. MW distribution of AOM by LC-OCD

AOM has low aromaticity with high organic nitrogen
material and is mainly hydrophilic rather than hydropho-
bic. AOM contains DBP precursors. Therefore, when algal
matter inflows to DWTPs, chlorine should not be used.
Table 4 shows that organic fractions contributed by EOM

Table 4
Organic fractions contributed by EOM and IOM extracted from
AOM [2]

CDOC EOM IOM
Biopolymer (mg/L) 1.319 0.347
Building blocks and humic substances (mg/L) 4.471 0.336
LMW neutrals (mg/L) 1.504 0.961
LMW acids (mg/L) 0.333  0.120

and IOM extracted from AOM [2]. Throughout the whole
MW distribution, EOM showed higher chromatography
dissolved organic carbon (CDOC) than IOM. Although the
CDOC of IOM exists in lower concentrations than that of
EOM, the concentrations of by-products such as THMs,
HAAs, and C-DBPs are greater [5] because of the elution
of IOM by the reaction with chlorine, which produces more
DBPs than EOM [26]. Fig. 2. shows the LC-OCD analysis of
IOM and EOM as well as AOM and illustrates how chlorine
influences algal organic matter based on the MW. Fig. 2a
shows the accumulative CDOC values of EOM and IOM
at 7.5 and 1.6 mg/L, respectively; thus, the CDOC value of
EOM is five times that of IOM. The compositions of building
blocks and humic substances of EOM and IOM are 58% and
20%, respectively. Biopolymer, building blocks and humic
substances composed of high MW were mainly distrib-
uted in EOM, and LMW neutrals were distributed in IOM.
Most of the DBPs produced from IOM were likely to occur
in LMW neutrals (0.9 mg/L). Fig. 2b shows the EOM, IOM,
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Fig. 2. Organic distribution of MW in EOM, IOM, and AOM.
(a) Accumulative CDOC mg/L and (b) relative signal response.
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and AOM characteristics per MW based on the retention
time of the LC-OCD. EOM showed higher compositions of
building blocks and humic substances, while IOM showed
higher LMW nutrient concentration. High MW EOM and
IOM materials were observed to be highly removed at
>20,000 g/mol. The building blocks and humic substances
that produce more DBPs showed higher removal with EOM.
Previously, EOM was reported to show higher removal with
both CGS and DAF treatment [2], indicating that EOM is
easier to remove than IOM, resulting in lower by-product
formation. However, the building blocks and humic sub-
stances ratio of the IOM showed lower removal, resulting in
a substantial amount of DBP formation.

3.1.2. MW distribution of AOM according to chlorine

injection

Fig. 3 shows the effect of 10 mg/L of chlorine on AOM
distribution after the CGS and DAF treatment. A and B
showed the results from the CGS before and after chlorine
injection. The biopolymer amount in A was higher than B
because the biopolymer reaction of B with chlorine con-
verted it to lower MW matter. DAF treatment also showed
similar results in C and D to those of CGS. Biopolymers
showed high removal with coagulation processes, resulting
in CDOC with lower MW [27]. Building blocks and humic
substances showed higher CDOC concentrations before
chlorine treatment, as seen with biopolymers. However,
the LMW neutrals and LMW acids showed higher CDOC
concentrations after the chlorine treatment. As noted, the
high-MW biopolymer and building blocks and humic
substances were decomposed to form LMW neutrals and
LMW acids. Additionally, the CDOC values increased
with CGS and DAF treatment after the chlorine processes
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A: CGS without Cl
B: CGS with CI (10 mg/L)
C: DAF without C1
D: DAF with C1 (10 mg/L)

Fig. 3. MW distribution of AOM with and without chlorine
injection.

because of the low treatment of LMW substances such as
the hydrophobic substances.

3.2. PCM analysis of AOM with and without chlorine injection

The optimal concentration of micro-hollow beads was
tested with PAC 10 mg/L. Fig. 4a shows the number of
particles according to the concentration of micro-hollow
beads. With the addition of micro-hollow beads, the aver-
age particle size was <15 um, and the number of particles
increased with smaller particle sizes. With the addition of
10, 30, 60, and 100 mg/L of micro-hollow beads, the num-
bers of particles with a diameter of 3.5 um, the smallest
particle measurable, were 1,250; 1,115; 656; and 601 counts/
mL, respectively. Given that similar particle numbers were
observed in samples with concentrations of 60 and 100 mg/L,
the optimal dose of micro-hollow beads was selected as
60 mg/L to reduce operating costs. Fig. 4b shows the total
number of particles and the average size of particles accord-
ing to the various concentrations. It is clear that the higher
the concentration of micro-hollow beads, the smaller the
number of particles. This relationship resulted from the
attachment and flotation of micro-hollow beads to particu-
late matter. The average size of particles slightly decreased
with a greater concentration of micro-hollow beads, showing
that the addition of beads did not strongly influence the size
of the particulate matter. However, because of the removal
of large particulate matter, the micro-hollow beads influ-
enced the average size of the particulate pollutants. Fig. 4c
shows the average particle size according to the concentra-
tion of chlorine when the micro-hollow bead concentration
is 60 mg/L. After the chlorine reaction, most of the particles
consisted of diameters <pum. With chlorine concentrations of
1, 3, 5, and 10 mg/L, the concentrations of particles with a
diameter of 3.5 um were 450, 352, 182, and 77 counts/mL,
respectively. Particle sizes decreased with increased chlorine
concentrations because of the chlorine decoloring or reduc-
tion in organic particulate matter. Comparing the results
with the samples without chlorine treatment, the samples
with chlorine treatment had 2.7 times fewer particles with
a diameter of 3.5 um than the samples without chlorine
treatment. Because of the chlorine, the particulate organic
matter reduced to smaller sizes. Fig. 4d shows the total par-
ticle concentration and average particle size based on the
chlorine concentration. In the chlorine concentrations of 3
and 10 mg/L, the number of particles was greatly reduced
compared with the untreated samples. At concentrations of
10 mg/L, the total number of particles was 101 counts/min.
For organic particles <3.5 um, the interaction with chlorine
converts the particulate matter to dissolved forms. Thus,
compared with the untreated samples (Fig. 4b), adding
chlorine increased the average particle size of the particulate
matter.

3.3. Effect of DBPs according to micro-hollow bead dose
3.3.1. Precursors of C-DBPs and N-DBPs

The AOM precursors that can produce C-DBPs and
N-DBPs are separately distinguished as TOC and TN,
respectively. Fig. 5a shows the TOC and TN concentrations
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based on the concentrations of micro-hollow beads with
PAC 10 mg/L. The TN concentration was higher than the
TOC concentration. However, the removal rate of TOC was
higher than that of TN because the micro-hollow beads
were more effective in removing the flocs containing TOC.
Additionally, during the coagulation/flocculation pro-
cess, TOC showed a higher removal rate than TN matter
[18]. Although the removal rate of TOC is greater than
that of TN, it is necessary to confirm the concentrations
and removal rates of THMs, HAAs, and HANSs in terms
of DBP removal. When injecting a large concentration of
micro-hollow beads, the removal rates of TOC and TN
were not affected. For economical and effective results, it
is important to know the appropriate injection concentra-
tion of the micro-hollow beads. Fig. 5b shows how the TOC/
TN concentration ratio affects the removal rates of THMs,
HAAs, and HANs. Although THMs were detected to have
the highest concentration, the TOC removal rate was the
lowest and the removal rate of HAAs was the highest. As
TOC/TN increased, the removal rate of THMs decreased,
and HAAs and HANs showed a similar removal rate.

The highest DBP removal rates were observed at low TOC/TN;
THMs, HAAs, and HANs were detected at 57%, 96%, and
90%, respectively. The removal rate of THMs showed a
relatively high trend when the TOC/TN rate was low.
However, HAAs and HANSs did not cause any significant
changes. Overall, the concentration of HAAs was higher
than that of HANSs, and the removal rate of HAAs was also
higher.

3.3.2. Reduction of DBP micro-hollow bead dose

The effect on micro-hollow bead injection according to
DBPs is shown in Fig. 6. DBPs were generated under PAC
10 mg/L and chlorine 10 mg/L. THMs showed a higher
generation than HAAs and HANs in environments with-
out and with beads. The concentrations of THMs in envi-
ronments without and with beads were 230 and 75 pg/L,
respectively, whereas the concentration of HAAs decreased
from 49 to 4.6 pg/L and that of HANSs from 11 to 7 pg/L. The
micro-hollow beads were demonstrated to influence the
DBPs from both TOC and TN matter.
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3.4. Effect of DBPs according to chlorine and PAC

Fig. 7 shows the effect of TOC and TN used as precur-
sors on THMs, HAAs and HAN formation. The generation
trends of THMs/TOC, HAAs/TOC, and HANs/TN were ver-
ified in environments with micro-hollow bead 60 mg/L and
by changing the chlorine and PAC concentrations. Fig. 7a
shows the THMs/TOC generation based on the PAC and
chlorine concentrations. With PAC 5 mg/L and a chlorine
5 mg/L, the THMs/TOC increased continuously. However,
with a PAC 10 mg/L and chlorine 5 mg/L, THMs/TOC
showed constant values of 45 pg/L. With PAC 5 mg/L and
chlorine 10 mg/L, the THMs/TOC removal rate was 26.0%.
With PAC 10 mg/L and chlorine 10 mg/L, it was 37.0%.
Consequently, PAC 5 mg/L was not the optimum dose of
coagulant. THMs/TOC showed a tendency to increase con-
tinuously because the DBP’s precursor for contacting Cl
remained in the treated water. However, in samples with
chlorine 5 mg/L and PAC 10 mg/L, the concentration of
THMs/TOC remained almost constant. The concentration
of the coagulant in the removal of THMs was considered
to have a significant effect. THM/TOC was able to lower
the concentration by removing the TOC by adding micro
hollow beads at the optimum coagulant injection. Fig. 7b
shows the HAAs/TOC formation with various chlorine and
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Fig. 6. Removal tendency of DBPs before and after micro-hollow
bead dose.

PAC concentrations. The results showed a similar trend as
with THMs/TOC formation. However, although PAC was
not injected (PAC 0 mg/L), concentrations of HAAs/TOC
were reduced by Cl concentration injection compared with
the concentrations of THMs/TOC because the HAAs are
converted to a particulate material through the chlorina-
tion process rather than THM and is efficiently removed
by the micro-hollow beads. With PAC 5 mg/L and chlorine
10 mg/L, the HAAs/TOC removal rate was 41.5%. With a
PAC 10 mg/L and chlorine 10 mg/L, it was 60.4%. Compared
with THMs/TOC, HAAs/TOC showed better removal char-
acteristics. However, with respect to the total quantity,
THMs showed higher removal rates compared with HAAs.
Fig. 7c shows the HANs/TN formation under various PAC
and chlorine concentrations. The concentration of HANs/TN
with Cl did not increase significantly but only tended to
increase slightly. Thus, the concentration of HANs is likely to
increase continuously depending on the reaction time of the
chloride. In chlorine 10 mg/L, The HANs/TN removal rates
of PAC 5 and 10 mg/L were 52.6% and 64.7%, respectively.
With the low formations of HANs/TN, HANs/TN removal
was higher than that of THMs/TOC and HAAs/TOC. Toxins
from N-DBPs were 60 times more toxic than C-DBPs, thus
leading to higher interest in the formation [18].

3.5. Reduction of DBPFP according to the retention time
of chlorine

3.5.1. Effect of DBPFP by Cl retention time

Fig. 8 shows the long-range effect of chlorine in the
formation of THMFP, HAAFP, and HANFP from AOM.
The THMFP, HAAFP, and HANFP concentrations showed
increased formation with chlorine contact under micro-hol-
low beads 60 mg/L and PAC 5 mg/L due to the residual
C-DBP and N-DBP from the non-optimal PAC concentra-
tions. Under PAC 5 mg/L, THMFP formation after 1 and
7 d was 83.9 and 132.7 ug/L respectively, which represented
an increase of over 1.5 times. Additionally, HAAFP and
HANFP showed concentrations of 8.3 and 4.5 ug/L after
1 d, respectively. These were detected at 10.1 and 6.5 pg/L
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after 7 d and increased to 1.2 and 1.4 times, respectively.
With PAC 10 mg/L, the THMFP concentrations were con-
stant over time, whereas HAAFP and HANFP concentra-
tions increased with retention time. HANFP showed a high
increase with retention time for 7 d, as reported previously
[28]. HANFP is expected to increase the concentration in
long piping which is connected with residual chlorine.
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3.5.2. FP effect of THMs, HAAs, and HANs

To analyze the DBPFP of AOM, experiments were con-
ducted with micro-hollow bead 60 mg/L, PAC 10 mg/L, and
chlorine 10 mg/L according to retention time. As shown in
Fig. 9a, three different DBPFPs were produced in the THMs;
TCM detected the highest production of 44.8 ug/L, which was
also reported in a previous study [29]. DCAA and TCAA con-
centrations from HAAs were 1.2 and 1.9 pg/L, respectively.
DCAN detected from HANs was 0.75 pg/L. Fig. 9b shows
the THMFP, HAAFP, and HANFP formations under chlorine
10 mg/L for 7 d. THMFP showed the highest concentration
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with TCM at 48.9 ug/L. HAAFP showed BDCM and DBCM
concentrations at 7.6 and 1.9 pg/L, respectively. THMFP and
HAAFP showed similar results as those in Fig 9a, whereas
HANFP detected three types, TCAN, DCAN, and DBAN.
DCAN showed the highest concentration of 2.66 pg/L,
whereas TCAN and DBAN showed concentrations of 0.4 pg/L
respectively. TCAN and DBAN were not detected in HAN
during chlorine retention time for 1 d, however various FPs
were detected in HANFP when chlorine retention time was
over 7 d.

4. Conclusion

The MW distributions of EOM, IOM, and AOM were
analyzed using the LC-OCD. EOM showed higher amounts
in total organic concentrations. IOM had a higher ratio of
LMW neutrals. Because IOM induced higher amounts of
DBP, the removal of IOM without disrupting the chemical
structure was a key factor for treatment. An analysis of the
molecular distribution before and after chlorine treatment
showed that the concentrations of large biopolymers and
building blocks and humic substances decreased with chlo-
rine treatment, whereas the concentrations of LMW neu-
trals and LMW acids increased. The addition of coagulants
decreased the average size and concentration of particulate
matter. The number of particles also decreased with the
addition of micro-hollow beads. With chlorine, the average
number of particles decreased, while the average particle
size increased. These results were caused by the interaction
of chlorine with AOM, where the chorine disorganizes the
organic material, resulting in various sizes of matter. With
the addition of micro-hollow beads, DBP precursors such
as TOC and TN are removed; this is because HAAs showed
higher removal rates than THMs and HANs with the addi-
tion of micro-hollow beads. The addition of coagulants and
chlorine also reduced the formation of DBPs. THMs/TOC
and HAAs/TOC showed similar removal characteristics,
with HANSs/TN showing low removal. At PAC 10 mg/L, the
retention time of chlorine increased the amount of HANFP,
indicating that the retention time was an important factor for
by-product formation. Along pipe network with an increased
retention time of residual chlorine can increase the amount of
HAN, which can adversely affect water quality. The forma-
tion of THMFP and HAAFP showed similar results to those
for THMs and HA As. However, with long chlorine exposure
time with HANFP, HANFP detected two more formation
potential such as TCAN and DBAN. It meant that TCAN and
DBAN, as well as DCAN in the tap water, affected the DBP.
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