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a  b  s  t  r  a  c  t

In  recognition  of  the  growing  demand  regarding  the  control  of undesired  taste and  odor  (T&O)  problems
in natural  water  resources,  the photocatalytic  degradation  of  2-isopropyl-3  methoxy  pyrazine  (IPMP), a
common  metabolite  of soil actinomycetes  which  contributes  a rotten  vegetable  odor  to water,  was  inves-
tigated  under  simulated  solar  irradiation.  Under  the  studied  conditions  (C = 10  mg L−1, CTiO2 = 100  mg  L−1

and  I  = 600  W  m−2),  95%  of IPMP  was  removed  within  20  min  of  irradiation.  The  reaction  intermediates
were  completely  mineralized  to  CO2 and  the nitrogen  was  predominantly  released  as  NH4

+ ions  after
240  min  irradiation.  The  major  transformation  products  of  TiO2 photocatalysis  of  IPMP have been  deter-
mined  by  the  use  of  high  resolution  accurate  liquid  chromatography–orbitrap  mass  spectrometry  as  well
hotocatalysis
ransformation products
cavengers

as  gas  chromatography–mass  spectrometry  (GC–MS)  techniques.  Hydroxylation  of the  isopropyl  and
methoxy  groups  has  been  identified  as the  main  reaction  pathway.  Scavenging  experiments  indicated
the  important  role  of  HO•, h+ and  O2

•− in  the  photocatalytic  process.  Toxicity  assessment  revealed  the
efficiency  of  the photocatalytic  treatment  to  achieve  almost  complete  detoxification  of the  irradiated
solution.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The increasing occurrence of taste and odor (T&O) compounds in
rinking water supplies has been recognized as an important water
uality problem receiving substantial public concern throughout
he world [1]. Although, changes in esthetic values are typically
ot problematic from toxicological points of view, they impose
erious considerations for the quality of drinking water [2]. A
reat number of organic compounds either naturally occurring in
quatic compartments or from industrial sources, or even produced
uring water treatment, can cause undesirable tastes and odors

n drinking water in extremely low concentrations. Of particular
mportance is the group of naturally occurring compounds that
roduce earthy–musty odors in drinking water [3].

In general, the removal of the majority of T&O compounds
rom drinking water is a difficult task since their odor threshold is
Please cite this article in press as: M.  Antonopoulou, I. Konstant
taste and odor compound in aqueous phase: Kinetics, degradat
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xtremely low, usually in the range of ng L−1 [4]. Their incomplete
emoval in potable water by conventional treatment processes
n combination with the growing demand for good quality

∗ Corresponding author. Tel.: +30 2641074186.
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ttp://dx.doi.org/10.1016/j.cattod.2014.03.027
920-5861/© 2014 Elsevier B.V. All rights reserved.
clean water has led to the development of alternative more
efficient water treatment processes [4,5]. In last decades, hetero-
geneous photocatalytic process employing catalysts such as TiO2,
has demonstrated promising results for the degradation of differ-
ent taste and odor compounds. However, only the photocatalytic
removal 2-methylisoborneol and geosmin is extensively docu-
mented in the literature [6–9]. Among T&O compounds, we  have
focused on IPMP, a representative compound of the group of nat-
urally occurring compounds that produce earthy–musty odors in
drinking water. IPMP is a metabolite of soil actinomycetes which
contributes a rotten vegetable odor to water and has been fre-
quently found in natural water serving as drinking water resources.
Although this compound does not have a direct negative effect on
the public health, its presence, even at trace levels, gives rise to
esthetic issues due to its low threshold of 0.2 ng L−1 [1]. Accord-
ing to our knowledge this is the first research article of the current
state of knowledge regarding the application of the heterogeneous
photocatalysis for the removal of IPMP from aqueous phase. Thus,
the aim of this work is to comprehensively study and evaluate the
inou, TiO2 photocatalysis of 2-isopropyl-3-methoxy pyrazine
ion pathways and toxicity evaluation, Catal. Today (2014),

application of TiO2 photocatalysis for the treatment of IPMP. In this
context, the main aspects investigated have been: the efficiency
of TiO2 photocatalytic process for IPMP degradation, the identifi-
cation of transformation products (TPs) of IPMP, the elucidation of

dx.doi.org/10.1016/j.cattod.2014.03.027
dx.doi.org/10.1016/j.cattod.2014.03.027
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:iokonst@upatras.gr
mailto:iokonst@cc.uoi.gr
dx.doi.org/10.1016/j.cattod.2014.03.027


 ING Model
C

2 u / Cat

m
e
e

2

2

C
(
t
(
(
U
w

2

u
w
t
I
r
a
i
e
o
(
b
a
t
s

2

2

c
A
5
U
(
t
a

2

s
w
d
s
m
U

2

w
(
t
e
s
u

ARTICLEATTOD-8974; No. of Pages 8

 M. Antonopoulou, I. Konstantino

echanistic details of the photocatalytic reaction using scavenging
xperiments, the evaluation of mineralization as well as the toxicity
volution during the process.

. Experimental

.1. Reagents and materials

IPMP, analytical grade >98%, was purchased from TCI (TOKYO
hemical Industry CO.). Titanium dioxide P25 from Degussa
Germany) was used as photocatalyst. HPLC grade solvents (ace-
onitrile, isopropanol and methanol) were supplied by Merck
Darmstadt, Germany). Sodium azide (NaN3), potassium iodide
KI) and p-benzoquinone (BQ) were obtained from Sigma-Aldrich.
ltrapure water was obtained from a Millipore Waters Milli-Q
ater purification system.

.2. Photocatalytic degradation experiments

Photocatalytic experiments were carried out in a solar sim-
lator Atlas Suntest XLS+ (Germany). Illumination was provided
ith a xenon lamp (2.2 kW)  which was jacketed with special fil-

ers restricting the transmission of wavelengths below 290 nm.
rradiation experiments were performed using a Pyrex glass UV-
eactor containing 250 mL  of aqueous solutions and the appropriate
mount of TiO2 (100 mg  L−1) at natural pH. The suspension was  kept
n the dark for 30 min, prior to illumination to reach adsorption
quilibrium onto semiconductor surface. A relatively low amount
f TiO2 (100 mg  L−1) and a higher initial concentration of IPMP
10 mg  L−1) than the typical values found in drinking waters have
een selected in the experiments in order to obtain slower kinetics
nd provide favorable conditions for the identification and struc-
ural elucidation of transformation products and the mineralization
tudy.

.3. Analytical procedures

.3.1. Kinetic study
IPMP concentrations were determined by a Dionex P680 HPLC

hromatography equipped with a Dionex PDA-100 Photodiode
rray Detector using a Discovery C18, (250 mm length × 4.6 mm ID,

 �m particle size) analytical column from Supelco (Bellefonte, PA,
SA). The HPLC mobile phase was a mixture of LC-grade water pH 3

30%) and acetonitrile (70%) with a flow rate of 1 mL  min−1. Column
emperature was set at 40 ◦C. The detection of IPMP was performed
t 212 nm.

.3.2. Mineralization studies
Total organic carbon (TOC) was measured on filtered suspen-

ions (0.22 �m),  using a Shimadzu TOC V-csh Analyzer equipped
ith a non-dispersive infrared detector. NO3

− and NO2
− ions, were

etermined by a Dionex ICS-1500 equipped with ASRS Ultra II
elf-regenerating suppressor. NH4

+ ions were analyzed by the colo-
etric method based on indophenol blue formation [10] using an
V–vis spectrophotometer Hitachi, U-2000.

.3.3. Scavenging experiments for reactive species
The role of HO•, O2

•−, h+ and 1O2 in the reaction was determined
ith the addition of isopropanol (1000 mg  L−1), p-benzoquinone

20 mg  L−1), iodine anions (100 mg  L−1) and azide (10 mg  L−1) [11]
Please cite this article in press as: M.  Antonopoulou, I. Konstant
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o the solutions containing 10 mg  L−1 IPMP, respectively. The
mployed concentrations were sufficient to inhibit the reactive
pecies HO•, O2

•−, h+ and 1O2 as reported in previous works [11–13]
sing similar experimental conditions.
 PRESS
alysis Today xxx (2014) xxx–xxx

2.4. By products evaluation

2.4.1. LC–MS and GC–MS analysis
The intermediates generated during IPMP photocatalysis was

characterized by an UPLC–ESI–MS system in positive ionization
mode. The LC system was equipped with an Accela Autosampler,
an Accela LC pump and a LIT Orbitrap mass spectrometer (Thermo
Fisher Scientific, Germany). The chromatographic separations were
run on a C18 Hypersil Gold, 100 mm × 2.1 mm i.d., 1.9 �m particle
size (Thermo Fisher Scientific, San Jose, USA), thermostated at 40 ◦C
and the injection volume was  10 �L. Mobile phases A and B were
water/5 mM ammonium formate and methanol/5 mM ammonium
formate, respectively, at a flow rate of 300 �L min−1. A linear gra-
dient progressed from 90% A (initial conditions) to 0% A in 14 min,
followed by a linear gradient to 90% A in 20 min. The ESI-source
parameters were as follows: sheath and auxiliary gas flow rate 30
and 8 (nitrogen, arbitrary units), respectively; source voltage at
3.70 kV; capillary temperature was  maintained at 320 ◦C. For frag-
mentation study, the voltage of the HCD collision cell was  set at
35 eV. Prior to analysis, the orbitrap mass analyzer was externally
calibrated, in the scan range m/z 70–650, to obtain mass accuracy
with ±5 ppm. A resolving power of 60,000 was applied. Chemi-
cal compositions and accurate masses of the protonated molecules
and their fragments were determined by means of chemical for-
mula calculator, included in Xcalibur software. For the GC–MS
analysis, the SPE method reported in an earlier study [11] was
applied to the samples previous to the injection. GC–MS analy-
sis was performed using a gas chromatograph–mass spectrometer
(GC–MS), QP-2010 Shimadzu (Shimadzu, Kyoto, Japan). The GC–MS
was equipped with a split/splitless auto-injector model AOC-20i
and an auto sampler model AOC-20s. The GC was fitted with a
fused silica capillary column SLB-5ms column (30m × 0.25 mm and
0.25 �m film thickness) from Supelco (Bellefonte, PA, USA). The
operating chromatographic conditions were as follows: injector
temperature 220 ◦C, column program of temperatures 50 ◦C (4 min)
to 280 ◦C (2 min) at 6 ◦C min−1 to 300 ◦C (2 min) at 10 ◦C min−1.
Helium was  used as the carrier gas at a flow rate of 1.7 mL  min−1.
The ion source and transfer line were kept at 200 and 250 ◦C, respec-
tively. The quadrupole mass spectrometer was  operated in electron
impact (EI) ionization mode at 70 eV and the spectra were obtained
at a scan range from m/z 50 to 450. The splitless mode was used for
injection of 1 �L volume.

2.5. Toxicity measurements

Acute toxicity of the treated samples was  evaluated by mon-
itoring changes in the natural emission of marine luminescence
bacteria Vibrio Fischeri. The analysis was  conducted by Microtox
Model 500 Toxicity Analyzer (Azur Enviromental). A briefly descrip-
tion of the procedure has been reported in our previous study [14].

3. Results and discussion

3.1. Kinetics of disappearance and mineralization by
TiO2-photocatalytic process

Preliminary adsorption and photolysis experiments were car-
ried out at the initial IPMP concentration of 10 mg  L−1 to assess
the extent of adsorption and photolysis of IPMP. Negligible adsorp-
tion of the target compound on the catalyst’s surface was  observed
under dark conditions (data not shown). The direct photolysis (sim-
inou, TiO2 photocatalysis of 2-isopropyl-3-methoxy pyrazine
ion pathways and toxicity evaluation, Catal. Today (2014),

ulated solar radiation alone) showed that only 20% of IPMP was
removed after 30 min  of simulated solar illumination. However,
after 4 h of irradiation almost 85% of the initial concentration of
IPMP was degraded (Fig. 1). In contrast, no mineralization was

dx.doi.org/10.1016/j.cattod.2014.03.027
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ig. 1. Disappearance of IPMP, TOC removal and evolution of NO3
− and NH4

+ ions
 = 600 W m−2).

bserved after the same irradiation time. Complete degradation of
PMP is rather a quick process and is achieved within 20 min  in the
resence of TiO2 with a half time of 3.3 min  (Fig. 1) following appar-
nt first-order kinetic model. Consequently, the decomposition that
s observed in the presence of TiO2 is ascribed to the catalyst’s activ-
ty. TOC removal followed a much slower rate compared to IPMP,
howing a half time of 100.4 min  following also first-order kinetics.
igh TOC removal percentages (approximately 80%) have been suc-
eeded after 240 min  irradiation. At the end of the process, nitrogen
as mainly transformed into NH4

+ ions (45%) and in a lesser extent
nto NO3

− (almost 10%). NO3
− and NH4

+ ions reach about 55% of the
xpected stoichiometric nitrogen amount, indicating either that N-
ontaining species remained adsorbed in the photocatalyst surface
r that NH3 was produced and transferred to the gas phase. The
ack of nitrogen stoichiometric recovery can be correlated with the
emaining 20% of TOC indicating the presence of derivatives which
till containing the organic nitrogen such as aliphatic amines (i.e.
ethylamine, ethylamine, dimethylamine, n-propylamine etc.) or

ntermediates bearing the C N C fragment arising from opening of
yrazine ring, as identified elsewhere [15,16]. In the present study,
e focused on the characterization and identification of the pri-
ary TPs resulting from the photocatalytic degradation of IPMP.

hese primary TPs undergo ring opening, oxidation and demeth-
lation mechanisms and finally transformed to lower molecular
eight products before total mineralization. The higher amount of
H4

+ ions compared to NO3
− is consistent with previous study that

eported that the photocatalytic degradation of heterocyclic two-
itrogen containing compounds with a C N C fragment leads to
he generation of a large amount of NH4

+ and a minor amount of
O3

− [15].

.2. Contribution of reactive species to photodegradation of IPMP

By using isopropanol, p-benzoquinone, iodine and azide ions as
ydroxyl, superoxide anion, holes and singlet oxygen scavengers,
espectively, the contribution of the reactive species on IPMP degra-
ation was determined [11]. The pseudo-first order rate constants
ith or without the presence of the scavenging reagents are sum-
arized in Table 1. The inhibitory effect was evaluated by the

ercent reduction of kinetic constants, denoted as % �k  in Table 1.
Please cite this article in press as: M.  Antonopoulou, I. Konstant
taste and odor compound in aqueous phase: Kinetics, degradat
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he addition of isopropanol leads to almost completely inhibi-
ion on TiO2 photocatalytic degradation of IPMP (93.9% inhibition).
xtensive inhibition of the process by isopropanol indicates the
ssential participation of HO• in the oxidation of IPMP. The addition
r photolytic and photocatalytic conditions ([IPMP] = 10 mg L−1, [TiO2] = 100 mg L−1,

of iodine ions in the photocatalytic system provokes 91.2% inhibi-
tion at 30 min  reaction with a calculated value of k = 0.0188 min−1

(Table 1). Slightly lower inhibition of the degradation was observed
compared to the inhibition in the presence of isopropanol (HO• rad-
ical scavenger) suggesting that reactions occur mainly at the surface
of the photocatalyst via surface-bound HO• radicals and/or photo-
generated holes. The addition of azide provokes partial inhibition of
IPMP photocatalytic degradation as shown in Table 1 (around 62%
inhibition). Moreover, when p-BQ was added to the IPMP solution,
89.6% inhibition of IPMP photocatalytic degradation was observed,
proving the significant contribution of O2

•− to the photocatalytic
degradation of IPMP.

3.3. Identification of degradation products by mass spectrometric
techniques

In photocatalytic processes, numerous intermediates and TPs
can be formed as a consequence of the non-selectivity of HO• and
the participation of the other photogenerated reactive species in
various oxido-reductive reactions [17,18]. In some cases the trans-
formation products can be more toxic and persistent than the
parent compound [18] as well as can contribute to the organoleptic
quality of the water [19]. This emphasize that the identification of
transformation products is essential task in assessing the reliability
of the degradation treatment for the pollutant and in optimizing
the overall process efficiency. In the present study, identifica-
tion and structural elucidation of intermediates is based on the
use of accurate mass measurements, MS2, MS3 fragmentation and
electron-impact mass spectra. The mass spectra characteristics of
the detected TPs are presented in Tables 2 and 3 for HR-LC–MS and
GC–MS analysis, respectively. TPs evolution as a function of irradi-
ation time was  also followed and the evolution profiles of the TPs
are depicted in Fig. 2. Up to ten intermediate products were eluci-
dated by high resolution accurate LC–MS analysis. Errors between
the measured and the calculated accurate mass lower than ±5 ppm
were obtained in all cases providing a high degree of confidence in
assigning the empirical formula and possible structures of the inter-
mediates generated. Two TPs were identified by GC–MS through
interpretation of the mass spectra and investigation of their char-
acteristic ions as well as using the identification program of the
inou, TiO2 photocatalysis of 2-isopropyl-3-methoxy pyrazine
ion pathways and toxicity evaluation, Catal. Today (2014),

NIST library with a fit value higher than 75%.
Three major monohydroxylated compounds with m/z 169.0971

(A–C) were identified at the first stages of the photoctalytic
reaction as a consequence of the non-selectivity of the HO•

dx.doi.org/10.1016/j.cattod.2014.03.027
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Table  1
Kinetic parameters (rate constants and % RSD, correlation coefficients (R2), half-lives (t1/2)) of IPMP (10 mg L−1) photocatalytic degradation in the presence of TiO2 suspension
and  with the addition of scavengers.

Treatment system k (min−1) (% RSD) t1/2 (min) R2 % �k

Control (no scavenger) 0.2127 (0.9) 3.3 0.9779
TOC  0.0069 (12.2) 100.4 0.9736
Isopropanol 0.0130 (11.9) 53.3 0.9886 93.9
p-Benzoquinone 0.0226 (7.7) 30.7 0.9890 89.4
Iodine ions 0.0188 (8.1) 36.9 0.9916 91.2
N3

− 0.0806 (4.4) 8.6 0.9756 62.1

Fig. 2. Time evolution profiles of identified TPs based on HR-LC–MS data.

dx.doi.org/10.1016/j.cattod.2014.03.027
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Table  2
High resolution accurate mass data ([M + H+], MS2, MS3 product ions, molecular formulas and relative error �(ppm) for the identified transformation products.

Rt Molecular
formula

[M + H]+ m/z � (ppm) MS2 m/z � (ppm) MS3 � (ppm) Molecular structure

10.09 C8H13N2O 153.1022
(IPMP)

−0.590 138.0784
C7H10N2O
(–CH3) (100)

−2.712 123.0550
C6H7N2O
(–CH3) (100)

−2.856

C7H13N2 (–CO)
(30)

−3.6226

83.0597
C4H7N2

(–C4H5O) (20)

−4.6800

6.26 C8H13N2O2 169.0971
(169-A)

−4.697 151.0865
C8H11N2O
(–H2O) (100)

−0.791 136.0621
C7H8N2O
(–CH3) (5)

−4.787

C6H7N2O
(–C2H4) (100)

−0.990

119.0600
C7H7N2

(–CH4O) (10)

−4.156

6.55  C8H13N2O2 169.0971
(169-B)

−4.970 151.0868
C8H11N2O
(–H2O) (100)

−0.003 136.0621
C7H8N2O
(–CH3) (5)

−4.980

C6H7N2O
(–C2H4) (100)

−2.352

119.0600
C7H7N2

(–CH4O) (10)

−2.980

7.44  C8H13N2O2 169.0971
(169-C)

−4.460 151.0864
C8H11N2O
(–H2O) (100)

−0.394 123.0550
C6H7N2O
(–C2H4) (100)

−2.514

C7H9N2

(–CH2O) (20)
0.703

119.0600
C7H7N2

(–CH4O) (10)

1.468

6.76  C8H13N2O3 185.0921
(185-A)

−4.586 167.0813
C8H11N2O2

(–H2O) (40)

−1.521

124.0628
C6H8N2O
(–C2H5O2)
(100)

−1.809

7.05 C8H13N2O3 185.0921
(185-B)

−4.211 151.0865
C8H11N2O
(–H2O2) (100)

−0.725 123.0549
C6H7ON2

(–C2H4) (100)

−3.246

138.0787
C7H10N2O
(–CH3O2) (40)

−0.684

4.13 C8H13N2O4 201.0869
(201-A)

−5.238 183.0755
C8H11N2O3

(–H2O) (40)

−5.000 97.0757
C5H9N2

(–CH3OH)
(100)

−3.244

129.1018
C6H13N2O
(–C2O3) (100)

−5.000

157.0970
C7H13N2O2

(–CO2) (25)

−1.172

dx.doi.org/10.1016/j.cattod.2014.03.027
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Table  2 (Continued)

Rt Molecular
formula

[M + H]+ m/z � (ppm) MS2 m/z � (ppm) MS3 � (ppm) Molecular structure

4.45 C8H13N2O4 201.0869
(201-B)

−5.218 183.0755
C8H11N2O3

(–H2O) (40)

−4.704 155.0819
C7H11N2O2

(–CH2O2) (100)

−4.185

129.1017
C6H13N2O
(–C2O3) (100)

−4.180

155.0819
C7H11N2O2

(–CH2O2) (35)

2.811

5.52 C7H9N2O2 153.0658 −4.600

5.01 C7H11N2O 139.0866 −3.448 121.0756
C7H9N2 (–H2O)
(100)

−3.427

5.44 C8H11N2O2 167.0807 −0.774 153.0664
C7H9O2N2

−4.665

r
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(–CH2) (100)

adical attack [11]. The formation of an intense product ion at m/z
51.0865–151.0868 for all the isomers was observed, originating
rom H2O loss, well matched with OH group addition on the IPMP

olecule. Through the analysis of their MS/MS  spectra it could be
roposed the position for hydroxyl group substitution. The absence
f fragments which indicates modified pyrazine ring suggests the
ydroxylation of either the isopropyl or methoxy chain. This assign-
ent was further supported by the presence of a common fragment

t m/z 119.0600 which can be attributed to the loss of methanol and
nabled the chemical modification of the pyrazine ring moiety to
e excluded. A major fragment at m/z 123.0550 occurs in the MS3

pectra of the three hydroxylated derivatives of pyrazine. This frag-
ent corresponding to C6H7N2O could be attributed to the loss of

he ethene. This can occur by hydrogen migration from the methoxy
roup to the tertiary carbon followed by loss of ethene [20]. As
oth isomers A and B show identical fragments corresponding to
he loss of methyl group and methanol molecule, it is not possible
o attribute the position of the hydroxyl group from MS2 and MS3

pectra. The absence of other product ions does not allow to dis-
inguish these two hydroxyl TPs which can bear the hydroxyl on
he methyl carbon of the methoxy group or on the tertiary carbon
inked to the isopropyl group.

As regards isomer 169-C, the OH group is located on a terminal
arbon of isopropyl chain, as assessed by the structural-diagnostic
Please cite this article in press as: M.  Antonopoulou, I. Konstant
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S3 ion at m/z 121.0762 which fit well with the loss of formalde-
yde and by the absence of fragment at m/z  136.0621, indicating
he presence of a modified CH3 group. The m/z 121.0776 and the

able 3
etention times and mass spectra characteristics of IPMP and its oxidation products by G

Rt (min) Product 

11.45 IPMP 

16.28  2-ethyl-3-methoxy pyrazine (P1) 

11.63  1-(2-methoxy-3pyrazinyl-)-
ethanone (P2)
corresponding loss of formaldehyde ion is a significant fragment
only when a methoxy-group is situated in ortho position in rela-
tion to the alkyl side chain [20]. Similarly to our results, previous
works on photocatalytic transformation of aromatic organic com-
pounds bearing an isopropyl group have reported that, the attack
of HO• radicals is favored on the isopropyl groups instead of the
aromatic ring [21,22]. According to literature data single and multi-
ple hydroxylation of the isopropyl group appeared to be kinetically
favored in photocatalytic processes [21].

Two derivatives with [M + H]+ ions at m/z 185.0921 (185-A,B)
were detected in 6.76 and 7.05 min  (Table 2). By analyzing isomer
185-A, two main product ions at m/z 167.0813 (loss of a water
molecule) and m/z 124.0628 (loss of C2H5O2) derived from MS2

spectrum, which allow to propose the formation of hydroperoxy
derivative. Similarly, in the case of 185-B isomer, a favored loss of
a H2O2 molecule with the consequent formation of a species at m/z
151.0865 (C8H11ON2) was  observed and could be interpreted as a
hydroperoxide derivative.

The structural assignment of hydroperoxy derivatives was  based
on the key losses of H2O2 (34 Da) and H2O (18 Da), which are
indicative of the formation of a peroxy bond [23,24]. The proposed
mechanism for the formation of hydroperoxy derivative involves
hydrogen abstraction (low step of the reaction) by the produced
HO• followed by the very fast reaction with O [25].
inou, TiO2 photocatalysis of 2-isopropyl-3-methoxy pyrazine
ion pathways and toxicity evaluation, Catal. Today (2014),

2
The TPs at [M + H]+ at m/z 201.0869 (two isomers 201-A,B) were

detected, all derived by the hydroxylation of hydroperoxy TPs. This
assignment is supported by the mass difference of 15.9948 from the

C–MS.

m/z fragments (% relative intensity) Similarity (%)

152(47), 137(100), 124(35) 95
138(100), 123(35) 137(37), 105(21) 89

152(12), 137(41), 43(100) 75

dx.doi.org/10.1016/j.cattod.2014.03.027
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Fig. 3. Proposed degradation pathways of IPMP photocataly

arent compounds and the formation of MS2 product ions at m/z
83.0755, which is consistent with the loss of a water molecule.
he MS2 and MS3 spectrums reveal also key fragment ions pre-
ented in Table 2 which come from a loss of methanol molecule, CO
nd formic acid and evidence the presence of hydroperoxy bond
n the studied species [23,26]. The formation of a species at m/z
39.0866 and an empirical formula C7H11ON2 invokes the cleavage
f the methoxy group and the formation of 2-isopropyl-pyrazinol.
wo TPs with m/z  153.0658 and 167.0807 sharing empirical for-
ulas consistent with the oxidation of the isopropyl-group were

lso detected but it was not possible to accomplish a fragmentation
tudy on these two TPs. However, the high resolution and accu-
ate measurements, allowed to propose TPs structures which are
epicted in Table 2.

The TP at m/z 153.0658 1-(2-methoxy-)3-pyrazynil ethanone
as detected using GC–MS, as well. One more intermediate arising

rom dealkylation of isopropyl chain, 2-ethyl-3-methoxy pyrazine
as also eluted in 16.28 min  by GC–MS system. The time evolu-

ion profiles of TPs in Fig. 2 show that all products attained their
aximum concentrations within the same time scale (5–10 min)

howing that the formation of hydroxy and hydroperoxy deriva-
ives can take place simultaneously. Reduction and/or hydrolysis of
he hydroperoxy derivatives could be also followed for the gener-
tion of the corresponding hydroxy derivatives [27]. On the other
and, the demethylated and oxidized TPs showed slower forma-
ion within 10 min  of irradiation that could be formed after the
O• radical attack at the alkyl groups (Fig. 2). On the basis of the

dentification of intermediates, their evolution profile as well as
he mineralization and scavenging studies, a tentative photocat-
lytic degradation pathway of IPMP was proposed in Fig. 3. The
athways include single hydroxylation that occurred mainly in
he isopropyl chain (pathway A), HO• radical electrophilic attack
ith the subsequent O2 addition (pathway B) and the cleavage of
ethoxy group (pathway C) bonds via positive holes. Although the
Please cite this article in press as: M.  Antonopoulou, I. Konstant
taste and odor compound in aqueous phase: Kinetics, degradat
http://dx.doi.org/10.1016/j.cattod.2014.03.027

igh reactivity of hydroxyl radicals toward aromatic rings, dealky-
ation of the isopropyl side chain is one of the dominant processes.
he proposed mechanism for photocatalytic degradation of iso-
ropyl group involves reaction of a hydroxyl radical with either
gradation in the presence of TiO2 and simulated solar light.

the secondary or a primary carbon, which via the corresponding
hydroperoxide leads to formation of aldehyde and keto structures
[28]. The dealkylated intermediates were suggested to proceed via
further oxidation of the keto TPs and subsequent decarboxylation
reactions [22,28]. After successive dealkylation, all the above inter-
mediates were further transformed by an oxidative opening of the
aromatic ring via hydroxyl radicals and/or positive holes continu-
ous attack, giving rise to the formation of lower molecular weight
and more oxidized molecules as reported elsewhere [15,16] and
depicted in Fig. 3.

As regards the organoleptic quality of TPs, no information is
available on their taste and odor properties because all of them are
new chemical entities. According to literature data, the majority
of the identified TPs arising from MBT  photocatalytic degrada-
tion holding the benzothiazole-moiety have been reported to pose
threats to the esthetic value of the water [19]. Following the current
state of knowledge for the degradation of mercaptobenzothiazole
[19] and taking into account the fact that the identified TPs bearing
the heterocyclic pyrazine ring, it is assumed that the TPs are poten-
tially odor compounds contributing to the organoleptic quality of
the water samples. However, all the identified TPs completely dis-
appear very quickly after 30 min. This clearly proves the efficiency
of heterogeneous photocatalysis for the degradation of the IPMP,
rendering this process a sustainable treatment technology for taste
and odor control.

3.4. Toxicity evaluation

Acute toxicity was evaluated by monitoring changes in the natu-
ral emission of the luminescent bacteria V. fischeri when challenged
with toxic compounds and is expressed as percentage of inhibi-
tion of the bacteria luminescence. Toxicity (inhibition %) evolution
during the photocatalytic treatment is depicted in Fig. 4. The ini-
tial toxicity of IPMP solution showed an initial inhibition of 19%
inou, TiO2 photocatalysis of 2-isopropyl-3-methoxy pyrazine
ion pathways and toxicity evaluation, Catal. Today (2014),

that is slightly increases at 30 min  of irradiation and reaching the
value of 25%. It is worth mentioning that the highest toxicity is
observed at irradiation times where the majority of the identified
TPs attain almost their minimum concentration. Thus, the slight

dx.doi.org/10.1016/j.cattod.2014.03.027
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ig. 4. % Inhibition of the marine luminescence bacteria Vibrio Fischeri as a function
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oxicity increase can be related to the generation of more toxic
ing opened and/or aliphatic amine species during the photocat-
lytic treatment, while synergistic effects between them can also
e considered. Quantifiable toxicity response of aliphatic amines
o Microtox tests was reported elsewhere [29]. Obviously, bio-
uminescence inhibition values ranged always below 25%, which
ndicates that IPMP and its degradation products have low acute
oxicity effects on the tested bacteria. Thereafter, inhibition %
ecreases leading to almost total detoxification after 300 min  irra-
iation.

. Conclusions

The photocatalytic degradation of IPMP in the presence of TiO2
as investigated in detail focusing on the kinetic and mechanistic

tudy. Results of the present study clearly point out that heteroge-
eous TiO2 photocatalytic treatment is suitable for the elimination
f IPMP from the aqueous phase. Degradation for both IPMP and
OC followed pseudo-first order kinetic model. Scavenging stud-
es indicated that HO• are responsible for the major degradation of
PMP whereas O2

•− and h+ play also significant roles during the pro-
ess. The photoinduced transformation of IPMP proceeded through
he formation of numerous intermediate products and involved:
ydroxylation, oxidation and demethylation pathways. Investiga-
ions on the intermediates suggest that the hydroxyl radical attack
Please cite this article in press as: M.  Antonopoulou, I. Konstant
taste and odor compound in aqueous phase: Kinetics, degradat
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ccur preferentially on the isopropyl chain of the IPMP before the
ing opening and total mineralization. A significant abatement of
he overall toxicity was accomplished as revealed by Microtox
ioassay.
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