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ABSTRACT

The occurrence of taste and odor in drinking water is the most common cause of consumer
complaints. In this study, the effect of water matrix constituents (i.e. TOC, alkalinity, and
NO�

3 ) on the removal of geosmin/2-MIB with UV/H2O2 treatment was assessed. Experi-
ments were carried out with a collimated beam apparatus equipped with a low and a med-
ium-pressure (MP) UV lamp, with UV doses ranging from 300 to 1,200 mJ/cm2 with and
without the addition of 4 mg/L H2O2. Results showed that the removal efficiency of geos-
min/2-MIB with low pressure UV/H2O2 was inversely proportional to both the concentra-
tion of TOC and alkalinity in the synthetic water, as both parameters acted as scavengers of
�OH radicals. In the case of geosmin, the addition of 0.8 mg C/L of fulvic acid decreased
the removal efficiency by 30%. The application of MPUV/H2O2 to water containing NO�

3

resulted in formation of NO�
2 which is also a �OH radical scavenger. The presence of

scavengers, in particular natural organic matter, causes significant increase in energy
requirement due to the strong absorption properties for UV light and high reactivity with
�OH radicals.
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1. Introduction

The presence of taste and odor (T&O) causing
compounds in drinking water has been a major con-
cern for water supply utilities depending for their pro-
duction on surface water. Geosmin and 2-MIB have

been reported as the most commonly occurring T&O
causing compounds. They cause an earthy and musty
odor, respectively, with a threshold level for humans
at very low concentration levels (10 ng/L). Their pres-
ence in water is closely associated with the natural
growth and decay of algae. Although from neither of
the compounds it has been proven that they cause a
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toxicological threat to humans, they negatively influ-
ence the public perception about the safety of tap
water [1–3].

It is predicted that global climate changes may
promote severe algal blooms in the future and these
predictions are already starting to become true [4].
Conventional drinking water treatment has a limited
removal capacity for geosmin/2-MIB, resulting in con-
centrations in treated water well above the odor
threshold [5–7]. Therefore, the application of addi-
tional treatment steps should be pursued to remove
them from water prior to distribution.

Advanced oxidation processes (AOPs) have
demonstrated to be effectively degrading recalcitrant
micropollutants including the two algal-driven odor-
ants. During AOP treatment, hydroxyl radicals, highly
reactive non-selective oxidants are generated, which
have the ability to degrade organic pollutants, and
ultimately mineralize them into carbon dioxide and
water [7]. Among various AOP technologies, the
combination of UV and H2O2 is one of the most
widely studied methods to mitigate T&O problems
[8–11].

The effectiveness of UV based AOPs to degrade
target compounds is impacted by the organic and
inorganic water matrix. Among various water quality
parameters, TOC and alkalinity in particular have
been associated with a reduced efficiency of the UV/
H2O2 process. Not only do they compete for UV light
and have a high affinity for reacting with hydroxyl
radicals [12–15], but they are also present in fresh
water in concentrations several orders of magnitude
higher than the micropollutants of concern. Therefore,
prior to the implementation of UV/H2O2 treatment, it
is of great importance to determine the influence of
the background water matrix on the removal effi-
ciency of the two odorants. This issue has not been
extensively addressed in the past, so further research
is needed.

An additional concern associated with UV/H2O2

treatment when employing medium pressure (MP)
UV lamps is the photolysis of nitrate. Photolysis of
nitrate-rich water causes the formation of nitrite
[10,16,17] and the formation of genotoxic compounds
[18]. Nitrite reacts with hydroxyl radicals causing a
negative impact on the removal of the target material
[19], while genotoxic compounds may have a negative
health impact [20].

The main goal of this research was to study the
impact of water quality parameters representative for
the water matrix (TOC, alkalinity and nitrate) on the
removal of T&O causing compounds geosmin and
2-MIB by UV/H2O2 treatment.

2. Materials and methods

2.1. Materials

The synthetic water used for the experiments was
representative for the water quality characteristics of
the Si-Heuong water treatment plant (SH WTP) in
Korea, where UV/H2O2 treatment is planned to be
introduced. The target compounds, geosmin and 2-
MIB (Supelco), were spiked into Milli-Q water obtain-
ing concentrations of 230 ± 3 ng/L and 224 ± 10 ng/L,
respectively. To investigate the impact of the charac-
teristics and concentration of natural organic matter
(NOM) on UV/H2O2 treatment, four synthetic waters
were prepared adding either humic acid (HA) or ful-
vic acid (FA) in two concentrations. The principal
water quality characteristics of each model water are
shown in Table 1. In addition to NOM, methanol
applied as a solvent in the geosmin/2-MIB standard
solution contributed to the TOC content in the order
of 0.6 mg C/L. Stock solutions of HA and FA were
prepared in concentrations of 500 and 220 mg C/L as
TOC, respectively. By diluting with Milli-Q water the
TOC concentrations of the resulting solutions were in
the range of 1.3–2.5 ± 0.1 mg C/L.

Sodium hydrogen carbonate (stock solution of
7,000 mg/L) was used as a source of alkalinity; hydro-
gen peroxide stock solution was prepared at a concen-
tration of 250 mg/L. Sodium thiosulfate (stock solution
of 20,000 mg/L) was used to quench excess H2O2.

2.2. Methodology

For this research two types of collimated beam
apparatus, with a low pressure (LP) UV lamp or a MP
UV lamp and a 100 mL petri-dish (internal diameter
of 56 mm), with and without cover, placed on a circu-
lar stirrer fixed with an adjustable stand were
employed. In order to minimize the influence of natu-
ral UV light from the sun, the external windows were
covered with dark color sheets. Prior to each experi-
ment, the UV lamp in the collimated beam reactor
was warmed up for at least 30 min to ensure a stable
output. Thereafter, the UV irradiance at the center of
the light beam was measured and regulated to
0.2 kW/cm2 for LPUV and 2 kW/cm2 for MPUV by
controlling the height of the adjustable stand. Prior to
each experiment the petri factor was determined
according to Bolton and Linden [21]. The volatilization
loss of geosmin/2-MIB during the exposure time was
investigated to determine the net degradation rate
resulting from the oxidation process by hydroxyl
radicals. For the AOP experiments, prior to each UV
collimated beam test 4 mg/L of hydrogen peroxide

27486 H. Bang et al. / Desalination and Water Treatment 57 (2016) 27485–27494



was added to the 100 mL petri-dish containing the
model water. After the experiments residual hydrogen
peroxide was completely quenched by addition of an
excess of sodium thiosulfate; then the sample was
transferred into a 100 mL incubation bottle and stored
at 4˚C until being analyzed.

2.3. Analytical methods

The two target compounds, geosmin and 2-MIB,
were analyzed by solid-phase microextraction fol-
lowed by gas chromatography–mass spectrometry
(GC/MS). The concentration of hydrogen peroxide
was determined by two methods: the iodometric
method for the relatively high concentration in the
stock solution and the triiodide method for the low
concentrations in the synthetic water. The intensity of
the UV radiation at a wavelength of 254 nm was
determined using an IL 1700 radiometer equipped
with a SED 240#6602 sensor (International Light,
USA). The UV spectrum in the range of 200–300 nm
was measured in a 1 cm path length quartz cell UV-
2510 PC spectrophotometer (Shimadzu, Japan) at room
temperature (20 ± 1˚C). The TOC concentration in a
solution was determined as non-purgeable organic
carbon by a TOC-L analyzer (Shimadzu, Japan). Alka-
linity was determined by titration with 0.02 mol/L
hydrochloric acid according to Standard Methods (SM
2320); and were expressed as mg/L of calcium carbon-
ate equivalents. For the determination of nitrate and
nitrite a DR 5000 UV/vis Spectrophotometer (Hach,
USA) was employed with LCK339 nitrate cuvette test
and LCK341 nitrite cuvette test, respectively.

3. Results and discussion

3.1. Volatilization loss of geosmin/2-MIB by UV
irradiation

The volatilization rate constants of geosmin and 2-
MIB were determined carrying out experiments in an

open and covered petri-dish. As expected, the
volatilization loss was proportional to the exposure
time. 2-MIB showed to have a slightly higher volatility
than geosmin; explained by the higher Henry’s con-
stant for 2-MIBof 0.0027 atm m3/mol at 20˚C, com-
pared to 0.0023 atm m3/mol for geosmin [22].
Applying a petri-dish cover, volatilization loss of geos-
min decreased from 37 to 7% during an irradiation
time of 4 h (corresponding to the maximum UV dose
of 1,200 mJ/cm2). Under the same conditions the
volatilization loss of 2-MIB decreased from 45 to 14%.
Based on the results, the pseudo-first-order volatiliza-
tion rate constants (kv) for both odorants were calcu-
lated. Since the experiments to determine the effect of
NOM on the removal of the two compounds were car-
ried out without a petri-dish cover, kv values of
0.1156 h−1 for geosmin and 0.1480 h−1 for 2-MIB were
used for the interpretation of the NOM related results.
For the rest of the experiments (effect of alkalinity and
NO�

3 ), the kv values for a covered petri-dish were
used: 0.0157 and 0.0374 h−1 for geosmin and 2-MIB,
respectively. The apparent oxidation rate constants
(ko) were calculated by subtracting the determined kv
from the observed total degradation rate constant (kt)
(Eq. (1)):

�d C½ �
dt

¼ kt C½ � ¼ kv þ kp þ ko
� �� C½ �

¼ d V½ �
dt

þ d P½ �
dt

þ d O½ �
dt

(1)

where [C] is the concentration of the studied compound
(mol/L), kt is the pseudo-first-order total degradation
rate constant (s−1), kv is the pseudo-first-order
volatilization rate constant (s−1), kp is the pseudo-
first-order photolysis rate constant (s−1), ko is the appar-
ent oxidation rate constant (s−1), [V] is the concentration
of volatilized compound (mol/L), [P] is the concentra-
tion of photolyzed compound (mol/L), and [O] is the
concentration of oxidized compound (mol/L).

Table 1
Characteristics of model water used for investigation of TOC effect

Model water Humics (Low conc.) Humics (High conc.) Fulvics (Low conc.) Fulvics (High conc.)

TOC (mg/L)
NOM origin 0.7 1.8 0.8 1.9
Totala 1.3 ± 0.1 2.4 ± 0.1 1.4 ± 0.1 2.5 ± 0.1
UV absorbance at 254 nm (cm−1) 0.086 0.194 0.027 0.065
SUVA (L/mg/m) 6.1 8.1 1.9 2.6
Alkalinity (mg/L as CaCO3) <5 <5 0 0
Turbidity (NTU) 1.2 2.3 <0.1 <0.1

a0.6 mg/L is due to methanol contained in the commercial solution of geosmin and 2-MIB.
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3.2. LPUV and MPUV photolysis of geosmin/2-MIB

In order to investigate the contribution of direct
photolysis to the removal of geosmin and 2-MIB, exper-
iments were conducted without the addition of H2O2

with LPUV and MPUV. As shown in Fig. 1, almost no
destruction by photolysis with LPUV was observed.
This confirms earlier research reporting negligible
removal efficiency by LPUV photolysis up to a UV dose
of 1,000 mJ/cm2 [9] and even 8,000 mJ/cm2 [10], due to
the low molar absorption coefficient of geosmin and 2-
MIB at 254 nm. MPUV photolysis showed some degra-
dation of the recalcitrant odorants due to the fact that
the molar absorption coefficients of geosmin and 2-MIB
gradually increase below 250 nm. Approximately 10
and 18% of geosmin and 2-MIB, respectively, were
removed at a MPUV dose of 1,200 mJ/cm2 (see Fig. 1).

From the MPUV experiment the pseudo-first-order
photolysis constants (kp) were determined to be 0.9527
and 1.2664 h−1 for geosmin and 2-MIB, respectively.
Together with the determined kv values for volatiliza-
tion loss, the determined kp values were used to calcu-
late the apparent oxidation rate constants (ko) by
subtracting them from the observed total removal
efficiency (kt).

3.3. Degradation of geosmin/2-MIB by LPUV/H2O2

treatment

3.3.1. Effect of TOC concentration on geosmin/2-MIB
degradation by LPUV/H2O2 treatment

In order to study the effect of the TOC concentra-
tion on the degradation of geosmin and 2-MIB by
LPUV/H2O2 treatment, synthetic water was prepared
with two types of NOM, i.e. HA and FA at two
concentrations.

Regardless of the synthetic water composition
the degradation efficiency of micropollutants was

proportional to the UV dose. Increasing the NOM
concentration caused a decreasing degradation of
geosmin and 2-MIB. In this study, HA and FA had
the same impact on the removal efficiency. The total
degradation rate as a function of the irradiation time
is presented in Fig. 2.

It should be noted that total degradation observed
after UV/H2O2 treatment is not only due to hydroxyl
radical oxidation but to photolysis and volatilization
loss, as well. Therefore, the contribution of these two
processes must be subtracted from the total removal
in order to establish the contribution of hydroxyl radi-
cal oxidation. The UV absorbance of constituents, i.e.
NOM, H2O2, and geosmin/2-MIB, in the model water
was measured at 254 nm.

At 254 nm the UV light was predominantly (over
97%) absorbed by the NOM, with only a marginal
contribution of either H2O2, odorants and/or the sol-
vent methanol. The absorption of the two micropollu-
tants was so low that the effect of LPUV photolysis on
their degradation was negligible, so only the loss by
volatilization was subtracted from the observed total
degradation. Therefore, the apparent oxidation rate
constant (ko) was obtained by subtracting the
volatilization rate constant (kv) from the observed total
degradation rate constant (kt) (Table 2).

As shown in Table 2, for the same synthetic water
all ko values were much higher than the corresponding
kv values, regardless of the use of a petri-dish cover, so
the main removal mechanism of the two micropollu-
tants was �OH radical oxidation. The ko value
decreased with increasing TOC content, regardless of
the type of NOM used. The effect of HA on the oxida-
tion of odorants was slightly higher than of FA. In
addition, geosmin was more readily oxidized by �OH
radicals compared to 2-MIB. As expected both the con-
centration and the character of the NOM had a strong
impact on the geosmin and 2-MIB degradation. First,
the absorbance of NOM at 254 nm was considerably
higher than that of the taste and odor constituents in
the synthetic water. Therefore, the irradiance time to
achieve the desired UV dose was strongly determined
by the NOM concentration. For instance, the irradiance
time for the synthetic water with a FA content of
1.9 mg C/L was 27% longer than for the synthetic
water with a FA content of 0.8 mg C/L to achieve the
same UV dose. The impact of the NOM concentration
is also reflected in a 80% difference of ko values
between the synthetic water with 0.8 and 1.9 mg C/L,
respectively.

The difference of ko values in the FA model water
and in the HA model water may be caused predomi-
nantly by the character of the two NOM types. The UV
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Fig. 1. Removal of geosmin/2-MIB by direct photolysis
with LPUV and MPUV.
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absorbance at a wavelength of 254 nm and the SUVA
of FA are much lower than of HA.

The total removal of the odorants was subdivided
into the removal due to volatilization and oxidation,
based on the data presented in Figs. 1 and 2, and
Table 2 (Fig. 3).

The removal efficiency of odorants was inversely
proportional to the NOM content (Fig. 3). In the
absence of NOM geosmin was oxidized by �OH radi-
cals for 71% at a UV dose of 300 mJ/cm and 4 mg/L
H2O2. However, addition of 0.8 mg C/L of FA
decreased the removal efficiency by 30%, while
increasing the FA content to 1.9 mg C/L caused an
additional decrease of 10%. 2-MIB degradation
showed the same trend.

The geosmin and 2-MIB degradation as a function
of irradiance time (Fig. 2) is impacted by both the
absorption of UV light and scavenging of �OH by the
NOM. The geosmin and 2-MIB degradation as a func-
tion of the UV dose is impacted by the hydroxyl radi-
cal scavenging of the NOM only (Fig. 4).

Similarly, as for the time-based oxidation rate
constant ko, the UV dose-based oxidation rate

constant ko,uv decreased with increasing TOC
concentration. In the absence of NOM, the ko,uv for
geosmin was 3.4 × 10−3 cm2/mJ. By FA addition of
0.8 mg C/L, the ko,uv decreased to 1.5 × 10−3 cm2/mJ
which was further reduced to 1.1 × 10−3 cm2/mJ by
FA addition of 1.9 mg C/L. Similarly, addition of HA
resulted in a decreased oxidation rate for both odor-
ants. There was no significant difference in terms of
�OH radical scavenging effect between the two types
of NOM used in this study. A smaller ko,uv indicates
a lower degradation of the micropollutant by reaction
with �OH radicals formed by photolysis of H2O2. One
major reason is the presence and nature of TOC pre-
sent in synthetic water, since TOC is a both a UV
absorber and a �OH radical scavenger. According to
Kutschera et al. [10], by addition of 1 mg C/L TOC,
ko,uv values of geosmin and 2-MIB decreased by at
least 60%. This is in agreement with the results
presented in this paper.

From the two T&O causing compounds of interest,
geosmin showed a higher UV dose-based oxidation
rate than 2-MIB.
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Fig. 2. Observed total degradation rate of geosmin (left) and 2-MIB (right) with and without NOM.

Table 2
Calculation of apparent oxidation rate constants of geosmin/2-MIB in presence and absence of NOM

Model water

Total degradation rate
constant, kt (h

−1)
Volatilization rate
constant, kv (h−1)

Oxidation rate constant,
ko (h−1)

Geosmin 2-MIB Geosmin 2-MIB Geosmin 2-MIB

no NOM 1.69 1.30 0.02a 0.04a 1.67 1.26
FA_0.8 1.13 0.91 0.12b 0.15b 1.01 0.76
FA_1.9 0.67 0.54 0.55 0.39
HA_0.7 0.88 0.75 0.76 0.61
HA_1.8 0.63 0.54 0.51 0.40

akv of covered petri-dish.
bkv of uncovered petri-dish.
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3.3.2. Effect of alkalinity on geosmin/2-MIB
degradation by LPUV/H2O2 treatment

In order to study the effect of alkalinity on the
removal of geosmin and 2-MIB by LPUV/H2O2 treat-
ment, Milli-Q water was spiked with NaHCO3 at
109 ± 2 mg/L as CaCO3. The pH was adjusted to 7.3
so HCO�

3 was the prevailing fraction causing alkalin-
ity. Figs. 5 and 6 depict the results of these experi-
ments (the values shown are corrected for the
volatilization loss).

Increasing the alkalinity decreased the oxidation
rate of T&O causing compounds by �OH radical oxida-
tion. Without alkalinity the UV dose-based first-order
oxidation rate constant ko,uv of geosmin was
0.0034 cm2/mJ (Fig. 5). In the presence of 109 mg/L
alkalinity, the rate constant decreased to 0.0019 cm2/
mJ. As a result, at a UV dose of 300 mJ/cm2 the
removal efficiency of geosmin was reduced from 71 to
45% (Fig. 6). Similarly, the ko,uv value of 2-MIB was
decreased for 48% by adding HCO�

3 . One of the
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NOM.

-3

-2

-1

0

LN
 (C

/C
o)

UV dose (mJ/cm2)

FA_0.8 mg C/L FA_1.9 mg C/L HA_0.7 mg C/L
HA_1.8 mg C/L no NOM

-3

-2

-1

0
0 300 600 900 1200 1500 0 300 600 900 1200 1500

LN
 (C

/C
o)

UV dose (mJ/cm2)

FA_0.8 mg C/L FA_1.9 mg C/L HA_0.7 mg C/L
HA_1.8 mg C/L no NOM

Fig. 4. UV dose-based oxidation rate of geosmin (left) and 2-MIB (right) with and without NOM.

27490 H. Bang et al. / Desalination and Water Treatment 57 (2016) 27485–27494



reasons for the reduced removal efficiency with
increased alkalinity is the reactivity of HCO�

3 toward
�OH radicals. The second-order rate constant k�OH of
HCO�

3 oxidation by �OH radicals was reported to be
3.9 ( 108 L/mol s by Buxton et al. [23]. Additionally,
the HCO�

3 concentration was six orders of magnitude
higher than the concentrations of the studied odorants,
so the majority of the �OH radicals was consumed by
bicarbonate. This result is in agreement with earlier
research by Kutschera et al. [10]. In their study addi-
tion of 2 mM HCO�

3 caused a decrease of ko,uv by
approximately 50% for both, geosmin and 2-MIB. He
et al. [14] selected microcystin-LR, another type of
algal-driven intermediate, as a target material to inves-
tigate the impact of background water matrix and
found that the addition of 50 mg/L of HCO�

3 as
CaCO3 decreased the removal efficiency by 35%.

3.4. Effect of nitrate on geosmin/2-MIB degradation by
MPUV/H2O2 treatment

In order to study the effect of NO�
3 on the

removal of geosmin and 2-MIB, MPUV collimated

beam experiments were carried out. Fig. 7 depicts
results of these experiments; the values shown are
corrected for volatilization loss.

The presence of NO�
3 decreased the oxidation rate

of T&O causing compounds with �OH radicals (Fig. 8).
In the presence of 18 mg/L NO�

3 , the UV dose-based
oxidation rate constant ko,uv decreased by 33 and 25%
for geosmin and 2-MIB, respectively.
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The decreased oxidation rate reduced the removal
efficiency of geosmin from 71 to 59% at a UV dose of
300 mJ/cm2 (Fig. 8). Similarly, the removal efficiency
of 2-MIB was decreased by 10% at the same UV dose.
At a higher UV dose of 600 mJ/cm2, the removal effi-
ciency decreased by an additional 13% for both, geos-
min and 2-MIB. MPUV photolysis of NO�

3 producing
NO�

2 might be one of the reasons of the reduced geos-
min and 2-MIB removal efficiency with MPUV/H2O2

treatment. According to Coddington et al. [19], NO�
2

reacts with �OH radical following Eq. (2); with a rate
constant of 1 × 1010 L/mol s:

�OHþNO�
2 ! OH� þ �NO2 (2)

The photolysis of NO�
3 by MPUV treatment was

described by Mack and Bolton [16]: as an intermedi-
ate, peroxynitrite anion (ONOO−), is formed (Eq. (3)),
which reacts with �OH. The rate constant of the
reaction of ONOO− with �OH is 5 × 109 L/mol s
(Eq. (4)):

NO�
3 !hv ONOO� (3)

�OHþONOO� ! OH� þ �ONOO (4)

According to Mack and Bolton [16], the scavenging
effect of the formed NO�

2 during the MPUV/H2O2

treatment becomes increasingly important in treatment
of NO�

3 rich water, but is insignificant in the presence
of organic scavengers.

Treatment of NO�
3 containing water with MPUV

resulted in the formation of the undesired by-product,
nitrite (NO�

2 ). The concentration of the NO�
2 formed is

shown in Fig. 9; the NO�
2 formation was linearly pro-

portional to the UV dose. The NO�
2 formation was

considerably less than the US EPA guideline, but sur-
passed the Dutch standard for drinking water of
100 μg/L even at a relatively low UV dose of 300 mJ/
cm2. This result is in line with literature reporting that
the application of MPUV for NO�

3 rich water was
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susceptible to exceed the stringent regulatory limit for
NO�

2 (Zoschke et al. [11]).
In conclusion, the formation of NO�

2 should be
carefully monitored when MPUV-based AOP is imple-
mented for NO�

3 -rich source waters. The installation
of post-treatment to remove formed inorganic and
organic by-products should be considered.

4. Conclusion

In this collimated beam study, UV/H2O2 oxidation
was investigated for the removal of two odorants,
geosmin/2-MIB. Volatilization caused a significant
contribution to the removal, especially in uncovered
petri-dishes. The odorants were hardly degraded by
LPUV photolysis even at a UV dose of 1,200 mJ/cm2.
At the same UV dose, by MPUV photolysis, 10 and
18% of geosmin and 2-MIB, respectively, were
removed by photolysis. The presence of NOM had a
negative effect on the removal of geosmin/2-MIB by
LPUV/H2O2 and the removal efficiency was inversely
proportional to the concentration of TOC present in
the synthetic water. The same effect was caused by
alkalinity (in the form of HCO�

3 ). The application of
MPUV/H2O2 treatment on the model water containing
NO�

3 resulted in formation of NO�
2 , another scavenger.

The presence of scavengers, in particular NOM,
caused a significant increase in energy consumption
due to the strong absorption properties and their high
reactivity with �OH radicals.
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