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Abstract: Due to climate change, population growth, industrialization, urbanization, and water
contamination, it is becoming more difficult to secure and supply clean and safe drinking water. One
of the challenges many water utilities often face is the taste and odor (T&O) problem in drinking
water treatment plants, mostly associated with geosmin and 2-MIB. These representative T&O
compounds are mainly produced by the metabolism of blue-green algae (cyanobacteria), especially
in summer. In this study, the correlation between algae blooms and T&O compounds was identified
in the intake and raw water of a large-scale water treatment plant in the Republic of Korea. The
removal efficiency of geosmin and 2-MIB by each treatment process was intensively evaluated.
According to the obtained results, ozonation and granular activated carbon (GAC) adsorption
were more effective for removing the troublesome compounds compared to other water treatment
processes, such as coagulation/flocculation, filtration, and chlorination. Because of their seasonal
concentration variation and different removal rates, optimal operation methods need to be developed
and implemented for drinking water treatment plants to solve the T&O problems.

Keywords: geosmin; 2-MIB; taste and odor; advanced water treatment process; drinking water

1. Introduction

Water utilities often encounter taste and odor (T&O) problems associated with geosmin
(trans-1, 10-dimethyl-trans-9-decalol) and 2-MIB (2-methylisoborneol), which has been
identified as a major taste and odor-causing compound in drinking water produced from
surface water [1–4]. These T&O compounds are naturally produced during the activities
of many aquatic microorganisms, mainly the metabolism of the cyanobacteria known by
several different names, including “blue-green algae,” “blue-greens,” and “Cyanophyta.”
They have a strong earthy, musty, moldy taste, and odor, which can be detected by the
human nose at very low concentrations, such as 5 to 10 parts per trillion (ng/L) [1,5–7].
Earthy and musty odors are one of the most frequently reported complaints to water
utilities, especially in the algae bloom period [8]. The unpleasant taste and odor caused by
geosmin and 2-MIB may cause consumers to lose confidence in the safety of the drinking
water supplied. Consequently, the fear of drinking contaminated water, as well as the con-
sumers’ esthetic concerns may reduce water consumption [9]. Although there is currently
no regulation for these two compounds in the Republic of Korea, the Korean government
has set 20 ng/L as a maximum allowable limit (MAL) or a maximum contaminant level
goal (MCLG) of geosmin and 2-MIB. Moreover, water utilities are required to monitor their
concentrations according to seasonal variations in major drinking water sources. When the
concentration of geosmin or 2-MIB exceeds the MAL (or MCLG), a daily analysis must be
conducted until the concentration is below 10 ng/L [10].

Many studies reported that the occurrences of T&O compounds are very difficult
to predict and removal by conventional water treatment processes, such as coagulation,
sedimentation, and filtration is difficult; only advanced water treatment processes including
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oxidation, activated carbon adsorption, nanofiltration (NF), and reverse osmosis (RO) can
remove them effectively [10–13]. Chlorine and chlorine dioxide can sometimes be used
to treat some types of T&O compounds, but they are not effective for removing geosmin
and 2-MIB. In addition, they can produce disinfection byproducts, such as trihalomethanes
(THMs) and halo acetic acids (HAAs) [10]. Ozone (O3) can be used as an alternative
oxidant owing to its strong oxidation capacity [4,7]. However, it can also facilitate the
formation of disinfection byproducts, such as bromate and aldehydes. Moreover, this
oxidation process is relatively expensive and complex [9]. Other advanced oxidation
technologies, such as ozone and ultraviolet (UV) with H2O2 (or TiO2), can be considered as
an alternative method for removing geosmin and 2-MIB [8,14]. Activated carbon adsorption
with powdered activated carbon (PAC) and granular activated carbon (GAC) have been
known to successfully remove the T&O compounds below the threshold concentration
level [8,9]. PAC is often used to manage seasonal T&O problems. However, the removal
efficiency for geosmin and 2-MIB is less than that of other contaminants in water. In
addition, when raw water has a large amount of natural organic matter (NOM) derived
from the decay of plants and animals, the PAC removal capacity of the T&O compounds can
be reduced. This is because NOMs compete with the T&O compounds for the adsorption
sites in the activated carbon [3,11,15]. The large dosage of PAC required during an algae
bloom period makes it economically impractical, especially for large water utilities. Because
of the removal inefficiency, byproduct formation potential, and high capital and operational
costs of the advanced treatment technologies mentioned above, a suitable technology or
process for drinking water treatment plants to effectively and efficiently manage the T&O
problems while supplying clean and safe drinking water at low water tariffs is needed.

This study was conducted to determine the geosmin and 2-MIB correlation with the
growth of total algae, cyanobacteria, and chlorophyll-a in the intake water and evaluate the
removal efficiencies of unit processes of a large-scale water treatment plant located in D city,
Republic of Korea. Suitable and effective solutions among the current treatment processes
for removing geosmin and 2-MIB were determined, and the seasonal effects on the removal
efficiency of the contaminants were investigated. Besides the T&O compounds, other
water qualities, such as turbidity, suspended solids, total dissolved solids, and KMnO4
consumption, were monitored and analyzed.

2. Materials and Methods
2.1. Drinking Water Treatment Processes and Sampling Methods

A drinking water treatment plant located in D city, Republic of Korea, has 700,000 m3/d
of treatment capacity (450,000 m3/d of the average operation rate, 64%; 0.42 kWh/m3 of
the average energy consumption rate). It consists of a raw water pumping station, receiving
wells (for stabilizing raw water and injecting powered activated carbon and chlorine), preo-
zonation (for generating ozone gas bubbles to destroy disease-causing microorganisms and
algae), chemical injection and mixing basins (for injecting alum for coagulating particles),
flocculation and settling basins (for forming large setting particles to be settled out and
removed), sand filtration (for removing small particles by filtration), postozonation (for
converting nonbiodegradable substances to biodegradable ones), activated carbon adsorp-
tion (for adsorbing and eliminating dissolved organic substances), clear wells (for storing
the treated water and disinfecting it with chlorine), and a water supply pumping station.
Table 1 presents the process design and operation information. The sampling points of this
study are presented in the drinking water treatment processes shown in Figure 1. During
the study period from September 2015 to July 2017, sampling was conducted seventy-two
times. Each sample was collected using an auto sampler (Hach AS 950 portable auto
sampler) for 4 to 24 h.
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Table 1. Facility design and operation information.

Facility Size (m) Design Operation

Receiving Well 2 basins
(22 × 40 × 6) 17.3 min -

Preozonation 1 basins
(10 × 9.4 × 6) 2.4 min

Dose (mg/L): 0.30–1.20; Contact time (min): 3.6
(Average);

pH: 6.6–7.7;
Temperature (◦C): 3.0–27.6

Coagulation/
Flocculation

16 basins
(18 × 15 × 4.5) 31.8 min

PAC (mg/L): 25.0–60.0; Contact time (min): 5.6
(Coagulation), 71.9 (Flocculation); G (1/sec):

22.0–31.6 (Coagulation), 3.7–9.8 (Flocculation);
pH: 6.3–7.6; Temperature (◦C): 3.0–27.4

Settling basin 16 basins
(18 × 80 × 4.5) 170 min (2.83 h) Retention time (h): 3–4; Velocity (m/s): 0.012

(Average)

Sand filtration 48 basins
(9.7 × 12) 158 m/d

Filtration type: gravity; Rate of filtration (m/d):
74.1 (Average); Depth of filter bed (cm): 97–108;
Duration of filtration cycle (h): 48; Sequence of
backwashing: air (1.5 min) -> air + water (5.5

min) -> water (7.0 min);
Size of sand (mm): 1.07 (Average)

Postozonation 4 basins
(10 × 9.4 × 6) 10 min

Dose (mg/L): 0.40–1.20;
Contact time (min): 3.6 min (Average);
pH: 6.6–7.6, Temperature (◦C): 4.0–27.0

Activated carbon
adsorption

2 basins
(8 × 12.5 × 2.5)

10 min
(6 m/h)

GAC type: gravity; Linear velocity (m/h): 10.4
(Average);

GAC replacement cycle (y): 3

Clear Well 2 basins
(40 × 85) - -
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Figure 1. Schematic of the water treatment processes and sampling locations (S).

2.2. Analysis

The water quality of samples from each stage of treatment was characterized for
dissolved oxygen (DO), pH, conductivity, temperature, turbidity, KMnO4 consumption,
total organic carbon (TOC), dissolved organic carbon (DOC), chlorophyll-a, algae cell
number, geosmin, and 2-MIB. The DO was measured using a DO meter (YSI 51B and 58).
A multipurpose water quality analyzer (YSI 550, Yellow Springs, OH, USA) was used
to measure pH, conductivity, and water temperature, whereas turbidity was quantified
using a Hach turbidimeter (2011A, HACH, Loveland, CO, USA). KMnO4 consumption
and suspended solids were quantified following the standard methods for the examination
of water and wastewater [16]. TOC was analyzed using a Shimadzu total organic carbon
analyzer (TOC)-VCSH (Kyoto, Japan), whereas DOC was measured using a sample filtrated
through Whatman GF/C 0.45 µm filters in accordance with the TOC analysis method. For
chlorophyll-a, samples were filtered through Whatman GF/F filters and then chlorophyll-a



Water 2021, 13, 628 4 of 14

extracted with acetone (9 + 1) was stored in a refrigerator (4 ◦C) for 24 h. After centrifugation
(500× g, 20 min), the concentrations were calculated using the following equation:

Chlorophyll-a (mg/m3) = (11.64X1 − 2.16X2 + 0.01X3) × V1/V2

where V1: supernatant (L), V2: filtered sample (L), X1: OD663 − OD750, X2: OD645 −
OD750, X3: OD630 − OD750, OD663: optical density at 663 nm, OD750: optical density
at 750 nm, OD645: optical density at 645 nm, OD630: Optical density at 630 nm. OD
was measured using a UV spectrophotometer (Shimadzu UV-1201, Kyoto, Japan) [16]. To
count total algae and cyanobacteria cells (cells/mL), an optical microscope (ZEISS, Model
Axioskop 40) was used. Phytoplankton samples fixed with Lugol’s solution were allowed
to settle for more than 3 d, and then the supernatant was removed and concentrated to
1/10. After identifying the algal species, the number of cells was evenly dispersed in a
1 mL counting chamber—Sedgwick–Rafter chamber, and then the number of cells was
counted using a high-magnification optical microscope (Model Axioskop 40, Carl Zeiss,
Germany) [17]. Geosmin and 2-MIB were quantified using gas-chromatographic mass
spectrometric detection (GC/MSD) after pretreatment via stir bar sorptive extraction which
adsorbs geosmin and MIB on a coated stirring rod (TwisterTM, Gerstel, Müllheim a/d
Ruhr, Germany) and separates them in water [18]. Table 2 shows the analytical conditions
of the GC/MSD.

Table 2. Analytical conditions of the gas-chromatographic mass spectrometric detection (GC/MSD).

GC (6890N, Agilent, Santa Clara, CA, USA)
Colum: HP-5MS, 30 m (L) × 0.25 mm (D) × 0.25 um (film thickness)

Oven Temperature: Initial Temperature. 50 ◦C, Hold 1.6 min,
1st rate 20 ◦C to 10 ◦C, 2nd rate 10 ◦C to 140 ◦C, 3rd rate 5 ◦C to 160 ◦C

MSD (5973N, Agilent, Santa Clara, CA, USA)
SIM mode

Selected ion: geosmin (111, 112, 125), 2-MIB (95, 108)

3. Results and Discussion
3.1. Analysis of Algae, Geosmin, and 2-MIB in Intake Water

Geosmin and 2-MIB, the representative taste and odor compounds, are produced
mostly by cyanobacteria. They occur naturally, and their concentrations increase during the
algae bloom period. Since 1998, the Republic of Korea has operated an algae forecast system
to determine algal outbreaks based on monitored algae cell numbers or concentrations,
such as total algae, cyanobacteria, and chlorophyll-a in major water sources. The number
of cyanobacteria cells is used as an indirect monitoring parameter of the release level
of geosmin and 2-MIB in a drinking water source. In this study, the total algae and
cyanobacteria in the intake water of a large-scale water treatment plant were monitored
and analyzed from September 2015 to July 2017 (660 d) to determine their correlations
with the occurrence of geosmin and 2-MIB. Figure 2 presents the numbers of total algae
and cyanobacteria cells and the concentrations of geosmin and 2-MIB in the intake water
during the study period. According to the analyzed data (Table 3), the average numbers
of total algae and cyanobacteria cells were 18,075 and 15,411 cells/mL, respectively. The
average values estimated in the algae bloom period (from May to October) were 29,840 and
27,656 cells/mL, which were 7.5 and 38.6 times higher than those (3956 cells/mL of total
algae and 717 cells/mL of cyanobacteria) in the other period (November to April). The
difference in cell numbers might be caused by the increased water temperature in summer
(June to September) when it is more suitable for algae growth [19]. Besides, it was observed
that the difference in the cell numbers between total algae and cyanobacteria increased
as temperature decreased. According to the correlation analysis of the parameters (the
correlation values were 0.52 to 1, and P values were less than 0.01), it was found the total
algae and cyanobacteria had a strong relationship. Furthermore, 2-MIB is more correlated
to cyanobacteria and temperature compared with geosmin. Most cyanobacteria, a major
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source of geosmin and 2-MIB, are known to bloom quickly when the water temperature is
high, higher than 20 ◦C for example, but some can grow at cold temperatures of less than
8 ◦C [20]. As anticipated, a similar occurrence trend of geosmin and 2-MIB was observed.
The average concentrations of these compounds were 10.7 and 15.0 µg/L in the algae
bloom period, and these values were approximately 35 and 60% higher than those in the
other period. Some of the analyzed concentrations in the monitored period were higher
than 20 ng/L of the maximum allowable limit in the Republic of Korea. In addition to total
algae, cyanobacteria, and the T&O compounds, the chlorophyll-a concentration was also
analyzed, but its trend in concentration change was not always similar to that of geosmin
and 2-MIB. Possibly, when the chlorophyll-a concentration increased, geosmin and 2-MIB
were not immediately released into the water but existed in the cells for a certain period.
Therefore, it is necessary to evaluate the number of total algae and cyanobacteria cells
rather than the chlorophyll-a concentration in intake water to effectively manage the taste
and odor compounds, especially in summer.
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Table 3. The statistical data of total algae, cyanobacteria, geosmin, and 2-MIB in intake water.

Parameters Average Median S.D. Min Max Skewness

Total Algae 18,075 5019 22,926 1513 71,720 1.7

Cyanobacteria 15,411 3328 23,880 168 69,650 1.6

Geosmin 9.5 6.2 8.4 2.4 34.3 1.9

2-methylisoborneol (2-MIB) 12.5 9.6 7.9 4.8 32.6 1.3

3.2. Effect of Returned Water and Preozonation

In Figure 1, the raw water supplied from the intake system is blended with the
returned water, the which primary source is sand filtration backwash water. The influent
water supplied to the receiving wells is a mixture of the raw and returned water, and the
flow ratio of the returned water to the influent water is mostly less than 10% (7.7% of
an average flow ratio). Therefore, the influent water quality can be changed depending
on the flow ratio of the raw and returned water and their water qualities. The average
values of turbidity and suspended solids (SS) in the raw water were 11.72 nephelometric
turbidity unit (NTU) and 6.93 mg/L. By blending the raw water with the returned water, the
influent water quality values decreased to 8.39 NTU and 4.31 mg/L, which were a 28.4 and
37.8% reduction, respectively. However, the other water qualities of the influent water—
KMnO4 consumption, and total dissolved solids (TDS)—did not change significantly (to
less than 10%). The KMnO4 consumption increased from 5.96 to 6.07 mg/L, and the TDS
concentration decreased from 179.4 to 176.8 mg/L, which were not any meaningful changes.

Figure 3 and Table 4 present the concentration change of geosmin and 2-MIB by
blending the raw water with the returned water along with the preozonation process. It
was observed that the average concentrations of geosmin and 2-MIB were not significantly
affected by the returned water. The geosmin concentration slightly increased from 7.9 to
8.4 ng/L, but the 2-MIB concentration decreased from 13.0 to 12.7 ng/L, which difference
was less than the detection limit (1–2 ng/L). Their concentration changes were 6.4% for
geosmin and 1.8% for 2-MIB. The preozonation facility of the drinking water treatment
plant began operation in 2015, and 1.2 mg/L of ozone was generally injected into the
influent water. During the algae bloom period, the ozone injection dose was increased
to 1.5 mg/L to effectively manage the water quality deterioration. The preozonation
facility had a reaction tank without a precipitation basin. Therefore, the water quality
was affected mainly by ozone characteristics (i.e., ozone oxidizing power). The average
values of turbidity and SS slightly increased (from 8.39 to 8.87 NTU for turbidity and from
4.31 to 4.64 mg/L for SS). However, the concentrations of KMnO4 consumption and TDS
decreased (from 6.07 to 4.54 mg/L for KMnO4 consumption; from 176.8 to 171.4 mg/L
for TDS). The change in the water quality was −25.2% to +7.7%. As for geosmin and
2-MIB, the percentages of their concentration reduction were higher than other quality
parameters: 32.7% (from 8.4 to 5.6 µg/L) for geosmin and 29.8% (from 12.7 to 8.9 µg/L) for
2-MIB. Furthermore, there was a seasonal difference in their removal efficiency. During
the algae bloom period, the concentration of geosmin and of 2-MIB was reduced by 31.1
and 37.6%, respectively. The removal efficiencies without algae bloom slightly increased
to 34.7% for geosmin and 40.0% for 2-MIB. However, unlike the general removal trend
of geosmin and 2-MIB, it was observed that the concentrations of the T&O compounds
and turbidity were slightly increased by preozonation in a few sampling dates. The lower
treatment efficiency of preozonation on contaminant removal might have been induced
by the damage of the cellular surface of the algae by ozonation, leading to a release of
cell contents. In addition, excessive oxidation might cause an increase in turbidity [21].
Consequently, careful preozonation is required to effectively remove geosmin and 2-MIB.
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Table 4. The statistical data of the geosmin and 2-MIB concentrations affected by treatment processes.

Parameters Average Median S.D. Min Max Skewness

Geosmin

Raw Water 7.9 6.2 4.4 2.3 17.1 0.9

Influent Water 8.4 6.9 5.5 2.5 20.3 1.0

Preozonation 5.6 4.3 3.7 1.5 13.8 1.1

Coagulation/Flocculation 5.9 4.5 3.8 2.0 16.7 1.5

Chlorination 5.4 3.4 4.7 1.3 17.9 1.6

Filtration 5.7 4.1 3.7 1.8 15.8 1.3

Postozonation 4.8 3.7 2.8 1.4 12.1 1.2

Activated Carbon 3.2 3.0 2.1 0.4 9.1 1.1

Treated Water 4.5 3.8 2.7 0.9 12.9 1.4

2-MIB

Raw Water 13.0 10.1 8.3 2.9 40.7 1.9

Influent Water 12.7 9.1 8.5 5.0 38.8 1.8

Preozonation 8.9 8.1 5.1 2.8 21.7 1.3

Coagulation/Flocculation 10.0 8.3 5.2 4.2 21.0 0.8

Chlorination 10.1 9.5 4.3 4.5 18.5 0.4

Filtration 10.1 8.3 5.7 4.1 24.8 1.3

Postozonation 9.2 9.1 4.3 1.8 21.1 0.7

Activated Carbon 6.6 5.6 3.5 2.0 17.5 1.6

Treated Water 9.1 6.8 6.3 3.4 31.3 2.4

3.3. Effect of Coagulation/Flocculation and Chlorination

Coagulation and flocculation are known to be effective in removing algae. Moreover,
they have a minimal impact on the subsequent treatment processes, minimizing the re-
lease of geosmin and 2-MIB from cell destruction [22]. The average removal efficiencies
of turbidity and SS were significantly increased by coagulation and flocculation. The
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turbidity decreased from 8.87 to 0.89 NTU, and the SS concentration decreased from 4.64
to 1.24 mg/L, which were a 90.0 and 73.2% removal efficiency, respectively. The average
concentration of KMnO4 consumption decreased from 4.54 to 2.73 mg/L with 40.0% re-
moval efficiency. However, the average TDS concentration slightly increased from 171.4
to 182.3 mg/L. It is also necessary to remove most of the algae from the settling basins to
minimize their impact on filtration. The average concentration of chlorophyll-a decreased
significantly from 1.93 to 0.24 µg/L (87.4% reduction). Moreover, the removal efficiencies
of total algae in the algae bloom and nonbloom periods were 93.5 and 97.4%, respectively.
The remaining algae producing T&O compounds were mostly cyanobacteria. However,
unlike the high algae removal efficiency by this process, the average concentrations of
geosmin and 2-MIB slightly increased from 5.6 to 5.9 ng/L and from 8.9 to 10.0 ng/L,
respectively (Table 4). Figure 4 presents the effect of coagulation/flocculation and midchlo-
rination processes on the geosmin and 2-MIB removal. The geosmin concentrations after
the setting basin were 5.9 and 4.6 ng/L, respectively, in the algae bloom and nonbloom
periods. For the coagulation/flocculation process, the geosmin concentration increased by
15.1% in the algae bloom period, but its concentration decreased by 5.6% in the nonbloom
period. Unlike geosmin, the concentration of 2-MIB increased by 4.7% in the algae bloom
period and increased by 13.9% in the nonbloom period. A conventional coagulation and
flocculation process can remove turbidity and NOM, and it is also very effective for the
removal of algae cells. However, this process is ineffective for removing dissolved geosmin
and 2-MIB [15]. It was observed that midchlorination (0.57 to 0.78 mg/L) did not have any
significant impact on geosmin and 2-MIB, resulting in less than 1% of their concentration
change. Oxidation with chlorine and chlorine dioxide has been reported as an ineffective
method for removing geosmin and 2-MIB [10,23].
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3.4. Effect of Filtration, Postozonation, and Activated Carbon

Filtration is considered an essential process in drinking water treatment plants. How-
ever, it is reported that geosmin and 2-MIB are extremely resistant to removal via coagula-
tion/flocculation, sedimentation, and filtration [5,10]. The removal efficiencies of the water
quality parameters, geosmin, and 2-MIB were evaluated. The average removal efficiencies
of turbidity and SS by the filtration process were 31.0 and 39.6%, resulting in 0.48 NTU and
0.37 mg/L, respectively. However, the concentrations of KMnO4 consumption and TDS did
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not change significantly, with an average difference of less than 2%. It was observed that the
average concentration of chlorophyll-a was further reduced from 0.30 to 0.23 µg/L (15.6%
reduction) by filtration. However, the geosmin and 2-MIB concentrations did not change
significantly, with average value changes of +0.1 and −1.1%, respectively, as presented in
Figure 5 and Table 4. This was similar to previous studies, showing that the conventional
filtration process did not effectively remove the T&O compounds [10,11].
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The postozonation process followed the filtration process to further improve water
quality. However, this process did not have a significant impact on turbidity, SS, KMnO4
consumption, TDS, and chlorophyll-a. Turbidity decreased by 5%, and SS, KMnO4, TDS,
and chlorophyll-a increased by 9.8, 6.7, 1.3, and 8.8%, respectively. However, the impact
of the postozonation process on removing the T&O compounds was more significant, as
presented in Figure 5 and Table 4. The concentrations were further decreased to 4.8 ng/L
for geosmin and 9.2 ng/L for 2-MIB with 15.9 and 8.9% removal efficiency. Ozonation
can be used as an effective method for removing geosmin and 2-MIB because O3 acts
as a strong oxidant to remove them. The main mechanism is oxidation by the hydroxyl
radicals generated [11,24,25].

Postozonation was followed by the adsorption of GAC, which is one of the best avail-
able water treatment technologies for removing organic contaminants, including geosmin
and 2-MIB [10]. Moreover, there is a synergistic effect on the removal of geosmin and 2-MIB
when oxidation is applied along with activated carbon adsorption [26]. The concentrations
of SS and KMnO4 consumption were further decreased by activated carbon adsorption,
and their removal efficiencies were 27.9 and 19.9%, respectively. However, other water
qualities such as turbidity and TDS were not significantly affected by activated carbon
adsorption, with less than 5% removal efficiency. The concentration of chlorophyll-a also
slightly increased from 0.21 µg/L to 0.24 µg/L after the GAC adsorption process. As
presented in Figure 6 and Table 4, the concentrations of geosmin and 2-MIB were further
decreased by the GAC adsorption process, with 32.1 and 28.1% removal efficiency, respec-
tively. It has been reported that the GAC removal efficiency for geosmin is higher than
that of 2-MIB because geosmin is more readily physically adsorbed onto activated carbon
than 2-MIB [26]. As reported in the other studies, biofilm formation on GAC also enhanced
the removal efficiencies of geosmin and 2-MIB, resulting from their biodegradation by
BAC (Biological Activated Carbon) [27]. The effect of the biodegradation by BAC on the
removal of the T&O compounds and the influencing factors (e.g., water quality, ozone
dose, temperature, etc.) were not intensively investigated in this study. The final average
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concentrations of geosmin and 2-MIB in clear wells were 4.5 and 9.1 ng/L, which are below
the 20 ng/L MCLG in the Republic of Korea. However, the concentrations were slightly
increased by postchlorination. It may be necessary to further study how postchlorination
increases the concentrations of geosmin and 2-MIB removal.
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3.5. Effect of Unit Treatment Processes, and Operation Periods and Times

Figure 7 presents the water treatment efficiency of each unit process in the algae bloom
and nonbloom periods. The pH of water in the algae bloom and nonbloom periods was 6.89
and 7.30, respectively. According to the obtained results, coagulation/flocculation was the
most effective process for turbidity, SS, and KMnO4 consumption in both periods. The final
treatment efficiencies of turbidity, SS, and KMnO4 consumption were 96.6, 96.1, and 72.6%,
during the algae bloom period, and their treatment efficiencies were slightly decreased to
91.6, 95.8, and 68.9%, respectively, in the other periods. The removal rates of TOC and DOC
by the coagulation/flocculation and GAC processes were relatively high compared to the
other treatments. However, their concentrations were not significantly decreased through
the entire water treatment process, with 38.8 and 37.6% of the final removal efficiency in
the algae bloom period, respectively. Moreover, their removal efficiencies were worse in
the other periods. The results might be induced by the different operational conditions of
the treatment processes, but the specific reasons were not investigated in this study. The
total algae, cyanobacteria and chlorophyll-a were mostly removed by the preozonation
and coagulation/flocculation processes in both periods. The most effective processes
for removing geosmin and 2-MIB were pre- and postozonation and GAC in the algae
bloom period. However, high removal efficiencies of postozonation and GAC were not
observed in the algae nonbloom period. Therefore, different water treatment processes are
required to manage geosmin and 2-MID effectively depending on the raw water quality
and conditions.
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Figure 7. Water quality change affected by unit treatment processes in different operation
periods. (a) Algae bloom period and (b) algae nonbloom period. SS and KMnO4 represent
suspended solids and KMnO4 consumption, respectively.

The difference in the removal efficiencies of geosmin and 2-MIB during day and night
periods were also investigated during the algae bloom period, and the obtained results
are presented in Figure 8. Similar to the analysis results of their removal efficiency by unit
treatment processes (Figure 7), GAC was the most effective removal process, followed by
preozonation in both periods. It was observed that the night-time removal efficiencies of
geosmin and 2-MIB were 65.5 and 142.4% higher than those performed during day-time.
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4. Conclusions 
For the effective management of the T&O compounds, geosmin and 2-MIB, it is nec-
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4. Conclusions

For the effective management of the T&O compounds, geosmin and 2-MIB, it is neces-
sary to periodically monitor the number of cyanobacteria cells in the intake and raw water
of a drinking water treatment plant because of the correlation of their occurrence, especially
in summer when their cell number and concentrations are relatively high. Because of
the strong oxidation capacity of preozonation, this process very effective, removing more
than 30% of the T&O compounds. However, the application of excessive ozonation can
have a negative impact on the removal efficiency of the water qualities. A similar nega-
tive effect was observed during oxidation with chlorine. As many previous studies have
proven, the coagulation/flocculation and filtration processes were not useful for removing
geosmin and 2-MIB, although they are the most critical processes for treating other water
contaminants. Postozonation was found to further remove geosmin and 2-MIB by 9 to
16%, respectively. Finally, GAC lowered the concentration by 28 to 32%, respectively, in the
drinking water treatment plant studied. It was observed that the GAC removal efficiency
was better for geosmin than 2-MIB because of their different adsorption characteristics.
Although advanced water treatment processes, such as ozonation and activated carbon
adsorption, are costly methods in terms of their capital and operation costs, water utilities
need to be applied to minimize the customer complaints related to the T&O compounds.
Adjusting the drinking water production rate for day and night times might be another
solution to reduce the concentration of geosmin and 2-MIB in the final product water.
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