Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Volume 1188, issues 1-2, 2 May 2008 ISSN 0024-86T3
Complete in one issue

31ST INTERNATIONAL SYMPOSIUM ON HIGH
PERFORMANCE LIQUID PHASE SEPARATIONS
AND RELATED TECHNIQUES

Ghent, Belgium, 17-21 June 2007
Eds.: A. Feli P. Sandra, J. Cr
and P.J. Schoenmakers

JOURNAL OF CHROMATOGRAPHY A

INCLUDING ELECTROPHORESIS, MASS SPECTROMETRY AND
OTHER SEPARATION AND DETECTION METHODS

EDITORS

J.G. Dorsey (Tallahasses, FL

S, Fanali ;ixnﬂ )
AW Glese (Boston, MA)

PR. Haddad {(Hobart)

C.F. Poole (Detroit, MI)

M.-L. Riskdoola (Helsink)

P.J. Schosnmakers (Amsterdam)

i
*
i

(4
¥
i
i

1

E_

[?-
iy

H

e

i
’

Hi
4

i

i
!

Available online at
len~e "<]* ScienceDirect

www.sciencedirect.com

Emmmm

B

gi’?”'isi’
3 H
E

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

iy

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of Chromatography A, 1189 (2008) 355-365

JOURNAL OF
CHROMATOGRAPHY A

www.elsevier.com/locate/chroma

Photodegradation of methyl green using visible irradiation in ZnO
suspensions
Determination of the reaction pathway and identification of intermediates
by a high-performance liquid chromatography—photodiode
array-electrospray ionization-mass spectrometry method

FE.D. Mai®, C.C. Chen®*, J.L. Chen®, S.C. Liu®

2 Department of General Education, National Taichung Nursing College, No. 193 Sec. 1, San-Min Road, Taichung 403, Taiwan, ROC
b Department of Biochemistry, School of Medicine, Taipei Medical University, Taipei 110, Taiwan, ROC

Available online 17 January 2008

Abstract

Heterogeneous photocatalytic treatment of a dye called methyl green (MG), which was simulating textile wastewater from associated auxiliary
chemicals, was investigated using ZnO. A detailed investigation of the photodegradation of MG has been carried out in the ZnO suspension
irradiated with visible light. The effects of various factors — viz. pH values, amount of catalyst, initial dye concentration, and the presence of NaCl,
Na,COs3, H,0,, and Na, S, 0g —on the degradation efficiency were studied. Thirty-two intermediates were separated, identified, and characterized by
high-performance liquid chromatography—photodiode array-electrospray ionization-mass spectrometry (HPLC-ESI-DAD-MS) technology, giving

us insight into the pathways of the degradation process.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

From an ecological and physiological point of view, the elimi-
nation of toxic chemicals from wastewater is currently one of the
most important subjects in pollution control. Triphenylmethane
dyes are used extensively in the textile industry for dyeing nylon,
wool, cotton, and silk, as well as for coloring of oil, fats, waxes,
varnish, and plastics. The paper, leather, cosmetic, and food
industries consume a high quantity of triphenylmethane dyes of
various kinds [1]. Cationic triphenylmethane dyes have found
widespread use as colorants in industry and as antimicrobial
agents [2]. Recent reports indicate that they may further serve as
targetable sensitizers in the photo-destruction of specific cellular
components or cells [3]. MG is a basic triphenylmethane-type di-
cationic dye, usually used for staining solutions in medicine and
biology [4] and as a photochromophore to sensitize gelatinous
films [5]. It has been used to differentiate between deoxyribonu-
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cleic acid and ribonucleic acid [6]. The binding of MG to DNA
is probably ionic, as opposed to intercalative, and it remains so
stably bound to double-stranded DNA that, with its conversion
to the colorless carbinol from, it has been used to assess the
binding of other molecules to DNA [7]. However, great concern
has arisen about the thyroid peroxidase-catalyzed oxidation of
the triphenylmethane class of dyes because the reactions might
form various N-de-alkylated primary and secondary aromatic
amines, with structures similar to aromatic amine carcinogens
[8].

In recent years [9-14], semiconductor-assisted photocataly-
sis has been extensively investigated, mainly due to its capacity
to degrade a high number of recalcitrant chemicals in gaseous
or aqueous systems, through relatively inexpensive procedures.
Photocatalysts are self-regenerated and can be used or recycled.
TiO; is the most commonly used effective photocatalyst for a
wide range of organic chemical degradation [9-13,15]. Recent
studies have focused on the photocatalytic oxidation of organic
pollutants mediated by TiO; particles in aqueous suspensions.
While most photocatalytic studies have used anatase TiO; as
photocatalyst, numerous studies [ 16-20] have been carried out to
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evaluate the potential of other metal oxides. Among others, zinc
oxide appears as a very promising photocatalyst for degradation
of organic solutes in aqueous systems. The quantum efficiency of
ZnO powder is also significantly greater than that of TiO, pow-
der. In some cases, ZnO has actually proven more effective than
TiO; [21-23]. The ZnO-mediated photocatalysis process under
UV-light irradiation has been successfully used to degrade dye
pollutants for the past few years [14,24-29]. ZnO is available at
low cost, which gives it an important advantage. However, the
solar UV-light reaching the surface of the earth and available
to excited TiO, is relatively small (around 4%), and artificial
UV-light sources are somewhat expensive. The biggest advan-
tage of ZnO is that it absorbs over a larger fraction of the solar
spectrum than TiO;, [30,31]. For this reason, ZnO is the most
suitable photocatalyst for photocatalytic degradation when sun-
light is present. Therefore, the present work focuses on exploring
means to effectively utilize visible-light sources in treating dye
wastewater using ZnO.

In early reports [24,25,32], most studies focused on new
photocatalysts, the effects of experimental conditions, and the
possibility of environmental application, not on decomposed
mechanisms and intermediates under visible-light irradiation.
Reports [33-37] in the literature on the photocatalytic degra-
dation of dyes under visible light or sunlight are few. They
examined the effects of various parameters like the initial con-
centration of substrates, amount of catalysts, and pH values.
However, the mechanisms of the ZnO-assisted photocatalytic
degradation of triphenylmethane dye under visible-light irradi-
ation have never been reported.

Accordingly, this study focuses on the separation and identi-
fication of the photocatalytic reaction intermediates in hopes of
shedding some light on the mechanistic details of photodegrada-
tion of MG dye in the ZnO/Vis process as a foundation for future
application of this energy saving technology. Additionally, the
present study also focuses on the photocatalytic degradation of
simulated dyehouse effluents associated with assisting chemi-
cals.

2. Experimental
2.1. Chemicals

MG dye (molecular formula: Cy7H35ClyN3-xZnCl,, Color
Index: 42590) was obtained from Acros (New Jersey, USA) and
used without any further purification. The chemical structure
of the MG dye is displayed in Fig. 1. The ZnO nanoparticle
(particle size, ca. 50-70 nm; BET area, ca. 15-25 m? g’l) was
purchased from Aldrich (USA). Na>S,0sg, H>O», and Na,CO3
were purchased from Shimakyu (Osaka, Japan). Reagent-
grade ammonium acetate, sodium hydroxide, nitric acid, and
HPLC-grade methanol were purchased from Merck (Darmstadt,
Germany). De-ionized water was used throughout this study.

2.2. Apparatus and instruments

The C-75 Chromato-Vue cabinet of UVP provides a wide area
of illumination from the 15-W visible-light tubes positioned on
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Fig. 1. Chemical structure of MG.

two sides of the cabinet interior [38]. A Waters ZQ LC-MS sys-
tem, equipped with a binary pump, a photodiode array detector
(DAD), an autosampler, and a micromass detector, was used for
separation and identification.

2.3. Experimental procedures

The irradiation experiments were carried out in a batch reac-
tor with a 100-mL Flask (Pyrex glass) and two visible lamps
(15 W). An average irradiation intensity of 4.8 W/m? was main-
tained throughout the experiments and was measured by internal
radiometer. An aqueous ZnO suspension was prepared by adding
50 mg of ZnO powder to a 100 mL solution containing the MG
dye at appropriate concentrations. For reactions in different pH
media, the initial pH of the suspensions was adjusted by addition
of either NaOH or HNOs solutions. Prior to irradiation, the sus-
pensions were magnetically stirred in the dark for ca. 30 min to
ensure the establishment of adsorption/desorption equilibrium.
During the photocatalytic experiments, the slurry composed of
dye solution and catalyst was placed in the reactor and stirred
magnetically for agitation with simultaneous exposure to vis-
ible light. At specific time intervals samples were withdrawn,
and to remove the ZnO particles the solution samples were cen-
trifuged to assess the extent of decolorization and degradation
by HPLC-DAD-ESI-MS.

2.4. HPLC-ESI-MS

After each irradiation cycle, the amount of the residual
dye was determined by HPLC-DAD. The analysis of organic
intermediates was accomplished by HPLC-ESI-MS after the
readjustment of the chromatographic conditions in order to make
the mobile phase compatible with the working conditions of the
mass spectrometer. Two different kinds of solvents were pre-
pared in this study. Solvent A was 25 mM aqueous ammonium
acetate buffer (pH 6.9) while solvent B was methanol instead of
ammonium acetate. LC was carried out on an Atlantis™ dC18
column (250 mm x 4.6 mm i.d., dp=>5 pwm). The flow rate of the
mobile phase was set at 1.0 mL/min. A linear gradient was set as
follows: t=0,A =95, B=5;1t=20,A=50, B=50; t=60,A=10,
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Fig. 2. Photodegradation of MG as a function of irradiation time in presence of
ZnO (TiOy) without light, light without ZnO (TiO;), and ZnO (TiO;) and light.

B=90;t=65,A=95, B=5. The column effluent was introduced
into the ESI source of the mass spectrometer.

Equipped with an ESI interface, the quadruple mass spec-
trometer with heated nebulizer probe at 200 °C was used with
an ion source temperature of 120 °C. ESI was carried out with
the vaporizer at 200 °C and nitrogen as sheath (551 kPa) and
auxiliary (138 kPa) gas to assist with the preliminary nebuliza-
tion and to initiate the ionization process. A discharge current of
5 wA was applied. Cone lens and capillary voltages were opti-
mized for the maximum response during perfusion of the MG
standard.

3. Results and discussion
3.1. Control experiments

The profiles of the photocatalytic degradation of 0.05 gL~
MG dye solution containing 0.5 gL~ ZnO (or TiO,) as func-
tion of irradiation time under varied conditions are illustrated in
Fig. 2. A perusal of Fig. 2 shows a negligible decrease in the
concentration of dye under irradiation in the absence of ZnO
(or TiOy) or in the presence of ZnO (or TiO,) without a light
source. It is evident from the figure that the photolysis of the
MG solution in the presence of ZnO (or TiO;) leads to the
disappearance of the compound. The blank experiments with
either illuminating MG or with the suspension containing ZnO
(or TiO,) and MG in the dark showed that both illumination and
the catalyst were necessary for the destruction of dye. Therefore,
we tentatively propose that MG photocatalytic degradation was
performed by ZnO (or TiO) under visible-light irradiation. The
results showed that ZnO exhibits higher photocatalytic activity
than TiO,, and the same trend was also obtained in other studies
with dyes [21-23,25]. Hence, all further studies were carried out
using Aldrich ZnO catalysts.

3.2. pH effect

Besides the essential role played by oxygen in generating the
oxidizing species (*OH, O,°*~, HyO», HO,*), it deserves to be

mentioned that transfer of the photogenerated charge carriers
(and therefore, the overall degradation rate) at the semiconduc-
tor/liquid interface, is influenced to some extent by the surface
properties of the semiconductor, which include pH, surface
hydroxyl groups, and adsorbed charged molecules. The zero
point charge for ZnO is 9.0, and above this value, the ZnO sur-
face is predominantly negatively charged when the pH is higher
than the ZnO isoelectric point. Thus, the electrical property of
the ZnO surface varies with the pH of the dispersion [16].

Attempts were therefore made to study the influence of pH
on the photodegradation process. Reactions were performed at
different pH values using ZnO as photocatalyst. The role of
pH on the photodegradation was studied in the pH range of
4-10 at a 50mgL~! dye concentration and 0.5 gL ™! catalyst
loading. The pH of the solution was adjusted before irradiation
and was not controlled during the course of the reaction. As
shown in Fig. 1S of supporting information, the efficiency of
the photocatalytic degradation of MG depends on the initial pH
of the solution used in the reaction. The photodegradation rate
was found to decrease and then increase with increases in the
value of pH.

3.3. Effect of photocatalyst concentration

In slurry photocatalytic processes, the amount of pho-
tocatalyst is an important parameter. Hence, the effect of
photocatalyst concentration on the photodegradation rate of
the MG dye was investigated by employing different concen-
trations of ZnO ranging from 0.1 to 1.0gL~!. As expected,
the photodegradation rate of the MG was found to increase
and then decrease with the increase in the catalyst concen-
tration (Fig. 2S of supporting information). This is a general
characteristic of heterogeneous photocatalyst, and our results
are in agreement with earlier reports [23]. The MG degrada-
tion rate decreases when we increase ZnO concentration above
0.25 gL ~!. This phenomenon may be due to the aggregation of
ZnO particles at high concentrations [23], causing a decrease in
the number of surface active sites. However, it is known that there
exists a practical limit of the scattering light (around 1gL™"),
above which the degradation rate will decrease due to the reduc-
tion of the photonic flux within the irradiated solution [33,39].
In the following experiment, we chose 0.25 gL' of ZnO as the
optimum dosage under pH 10.

3.4. Effect of dye concentration

The typical textile effluent has a dye concentration ranging
from 0.15 to 0.2 gL~!. The effect on the degradation rate of
varying the initial concentration from 0.05 to 0.25 gL ~! at con-
stant catalyst loading (0.25 gL ™!, pH 10) could be determined,
and the results are shown in Fig. 3S of supporting information.
It is obvious that the degradation efficiency decreases with the
increase of the initial dye concentration. This negative effect
can be explained by the following reasons: as the dye con-
centration increases, the equilibrium adsorption of dye at the
active sites on the catalyst surface increases; hence competitive
adsorption of O, and OH™ at the same sites decreases, meaning
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a lower formation rate of O,°~ and *OH radicals, the princi-
pal oxidants necessary for high degradation efficiency. On the
other hand, according to the Beer—Lambert law, as the initial
dye concentration increases, the path length of photons entering
the solution decreases, resulting in lower photon adsorption on
catalyst particles and, consequently, a lower photodegradation
rate.

3.5. Effect of NaCl

About 70-120 g L~! of NaCl is present in the typical tex-
tile effluent. The role of NaCl on the degradation rate was
studied at a pH of 10, a dye concentration of 0.15gL~!, a
0.25 g L~! ZnO catalyst load, and an irradiation time of 24 h. The
results in Fig. 4S of supporting information show that the rate of
degradation decreases with increasing NaCl concentration. The
inhibition effects of anions can be explained as the reaction of
hydroxyl radical with anions that behave as *OH radical scav-
engers (Eq. (1)) resulting in prolonged color removal. Probably,
the anions compete with MG dye for the photo-oxidizing species
on the surface and prevent the photocatalytic degradation of the
dyes. Formation of inorganic radical anions (e.g. Cl,*~, CI®)
under these circumstances is possible.

ClI” +°OH — CI* + OH™ 1)
ClI” +CI* - Cl*™ 2)

Although the reactivity of these radicals may be considered,
they are not as reactive as *OH due to their lower oxidation
potentials [19,20,40]. Moreover, the presence of radical scav-
engers (C17) at high doses may retard the advanced oxidation
reactions drastically [28].

3.6. Effect of sodium carbonate

In fixing the dye on fabric and securing color fastness
sodium carbonate is often used. Consequently, the wastew-
ater from dyeing operations contains substantial amounts
of carbonate ions. Hence, studying the effect of car-
bonate ions on photodegradation efficiency is important.
Experiments were performed with sodium carbonate in the
range of 1.0x 107> to 1.0 x 107*M. We observed pho-
todegradation efficiency gradually decrease with increasing
amounts of carbonate ion in Fig. 5S of supporting infor-
mation. This inhibition is undoubtedly due to its ability to act
as a hydroxyl radical scavenger through the following reactions
[41,42]:

*OH + CO3>~ — OH™ +CO;°*~ 3)
*OH + HCO3™ — HO + CO3°*~ “)

Although, the generated carbonate radical anion has been
shown to be an oxidant itself, it has less oxidation potential
than the hydroxyl radicals. Hence, the presence of auxiliary
chemicals like sodium carbonate in the dye solution hinders the
photocatalytic degradation of dyes [40].

3.7. Effect of NazS>0g

NaCl and Na;COs are present in the typical textile effluent.
As can be seen, increasing the concentration of C1~ and CO32’
significantly decreases the decolorization percentage. In the fol-
lowing experiment, we chose 0.25 gL ~! of ZnO, 7 gL~! NaCl,
10.6 gL~ NaCO3, and pH 10 as simulating textile wastewater.
In early reports [43,44], an increase of S»0g%~ concentra-
tion causes a surge in the reaction rate for ZnO suspensions
under near neutral conditions. The effect of the electron scav-
enger (S,0327) on photocatalytic degradation was investigated
by varying its concentration from 1.0 x 107> to 1.0 x 10™* M.
The photodegradation efficiencies were found to increase and
then decrease with increasing amounts of persulphate ion in
Fig. 6S of supporting information. The following are the relevant
reactions involving NayS,0Og:

$208°" +e"cb — SO4*~ +S04°" (5)
SO4*  +e o — S04~ (6)
SO4*~ +H,0 — *OH + SO, +H* (7)
SO4*~ +Dyet ——— S04>~ +Dye*™" 8)
Dye*" - —— CO, 9)

The excited dye injects an electron into the conduction band
of ZnO, where it is scavenged by $,04% to form SO4°~ as
shown in Eq. (5). Obviously, the reactions in Egs. (5) and (6)
compete with electrons, which are injected from the excited dye.

The sulphate radical anion (SO4°7) thus formed is a very
strong oxidant (E° =2.6 eV) and may react with dye [45]. It traps
the photogenerated electron and/or generates hydroxyl radicals
[43]. The hydroxyl radical and sulphate radical anion, being
powerful oxidants, degrade the dye molecule. SO4°*~ has the
unique tendency to attack dye molecule at various positions and
fragment them. Further, the increase in persulphate concentra-
tion decreases the degradation rate (Fig. 6S of supporting infor-
mation) by adsorpting the excess sulphate ions formed during
the reaction on the surface of the ZnO and deactivating a section
of the catalyst [46]. It must be noted that oxidants act not only by
entrapping photogenerated electrons, but also by absorbing light
and acting as sensitizers through the production of hydroxyl and
sulphate radicals. Our results show that 5 x 1075M NayS,0g is
the optimal concentration to use with visible-light irradiation.

3.8. Effect of H;0,;

The addition of an oxidant into a semiconductor suspension
has been proven to enhance the degradation rate of the organic
pollutant [46—48]. The photocatalytic degradation of MG found
to be severely affected by the addition of hydrogen peroxide.
On adding H>O; in the concentration range of 1.0 x 107> to
1.0 x 1073 M, values for degradation efficiency first increase
quickly then decrease as shown in Fig. 7S of supporting infor-
mation. The initial increase in reaction efficiency that accom-
panies the addition of HyO» can be attributed to the formation
of *OH radicals responsible for the photocatalytic oxidation.
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The nomenclature of the intermediates of the photodegradation MG

Compounds

Intermediates
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N-Ethyl-N,N,N',N',N",N"-hexamethylpararosaniline
N,N-Dimethyl-N', N'-dimethyl-N",N"-
dimethylpararosaniline
N,N-Dimethyl-N',N'-dimethyl-N"-methylpararosaniline
N,N-Dimethyl-N'-methyl-N"-methylpararosaniline
N,N-Dimethyl-N', N'-dimethylpararosaniline
N-Methyl-N'-methyl-N"-methylpararosaniline
N,N-Dimethyl-N'-methylpararosaniline
N-Methyl-N'-methylpararosaniline
N,N-Dimethylpararosaniline

N-Methylpararosaniline

Pararosaniline

[4-(N-Ethyl-N, N-dimethylamino)][4'-(N',N'-
dimethylamino)][4”-(N",N" -
dimethylamino)]triphenylmethanol
[4-(N-Ethyl-N,N-dimethylamino)][4’-(N',N' -
dimethylamino)][4”-(N”-methylamino)]triphenylmethanol
[4-(N-Ethyl-N-methylamino)][4’-(N',N'-
dimethylamino)][4”-(N",N"-
dimethylamino)]triphenylmethanol
[4-(N-Ethyl-N,N-dimethylamino)][4’-(NV -
methylamino)][4”-(N”-methylamino)]triphenylmethanol
[4-(N-Ethyl-N,N-dimethylamino)][4’-(N',N -
dimethylamino)][4”-(amino)]triphenylmethanol
[4-(N-Ethyl-N-methylamino)][4’-(N',N'-
dimethylamino)][4”-(N”"-methylamino)]triphenylmethanol
[4-(N-Ethylamino)][4’-(N',N'-dimethylamino)][4”-(N",N" -
dimethylamino)]triphenylmethanol
[4-(N,N-Dimethylamino)][4'-(N',N'-dimethylamino)][4" -
(N",N"-dimethylamino)]triphenylmethanol
[4-(N-Ethyl-N-methylamino)][4’-(N'-methylamino)][4” -
(N"-methylamino)]triphenylmethanol

[4-(N-Ethyl-N, N-dimethylamino)][4'-(N'-
methylamino)][4”-(amino)]triphenylmethanol
4-(N,N-Dimethylamino)-4'-(N',N'-
dimethylamino)benzophenone
4-(N,N-Dimethylamino)-4’-(N'-
methylamino)benzophenone
4-(N-Methylamino)-4'-(N'-methylamino)benzophenone
4-(N,N-Dimethylamino)-4’-aminobenzophenone
4-(N-Methylamino)-4'-aminobenzophenone
4-(N-Ethyl-N,N-dimethylamino)-4'-(N',N'-
dimethylamino)benzophenone
4-(N-Ethyl-N,N-dimethylamino)-4’-(N'-
methylamino)benzophenone
4-(N-Ethyl-N-methylamino)-4'-(N',N'-
dimethylamino)benzophenone
4-(N-Ethyl-N-methylamino)-4'-(N'-
methylamino)benzophenone
4-(N,N-Dimethylamino)phenol
4-(N-Methylamino)phenol

4-Aminophenol

4-(N-Ethyl-N,N-dimethylamino)phenol
4-(N-Ethyl-N-methylamino)phenol
4-(N-Ethylamino)phenol

, at pH

10, at 12 h of irradiation, recorded at (a) 580 nm, (b) 350 nm, (c) 300 nm, and
(d) 250 nm.



360

Table 2

ED. Mai et al. / J. Chromatogr. A 1189 (2008) 355-365

Identified photodegradation products and their main fragments determined by LC-DAD-ESI-MS

Peaks Compounds Retention time (min) [M+H*] ESI-MS spectrum (m/z) ions Absorption maximum (nm)
MG EDDD-PR; MG 54.89 200.08 588.3
A DDD-PR 51.88 372.56 589.3
B DDM-PR 49.82 358.49 582.0
C DMM-PR 47.24 344.37 574.6
D DD-PR 45.13 344.50 579.5
E MMM-PR 44.07 330.37 563.6
F DM-PR 42.04 330.43 570.9
G MM-PR 38.73 316.37 238.48 563.6
a DDBP 45.15 269.39 241.40 374.0
b DMBP 34.52 255.39 223.38,210.29 372.8
c MMBP 24.87 241.33 212.17 363.1
d DBP 24.68 241.46 195.90 366.7
e EBP 21.73 227.46 197.26 360.1
A EDDD-TPM 36.61 418.50 372.43, 269.46 259.5
B’ ED-DM-TPM 29.96 404.50 358.49, 255.46 254.8
(o4 EM-DD-TPM 29.16 404.57 358.49, 255.33 254.8
D’ ED-MM-TPM 25.09 390.44 344.50, 269.46, 241.27 249.4
E' ED-D-TPM 24.79 390.51 344.50, 255.46 251.3
F EM-DM-TPM 24.02 390.57 258.43,255.52 250.5
G’ E-DD-TPM 23.89 390.44 258.43,314.49,255.52 251.1
H D-DD-TPM 19.779 390.27 344.37, 255.26 249.9
r EM-MM-TPM 19.45 376.44 344.56, 255.52 245.8
J ED-M-TPM 19.78 376.51 344.43 247.1
a ED-DBP 26.71 297.52 268.42, 224.22 374.0
b’ ED-MBP 20.71 283.52 245.36, 210.29 362.1
d EM-DBP 20.96 283.39 254.42,210.29 360.1
d’ ED-BP 17.86 269.20 253.12,224.48 360.4
a DAP 39.20 138.09 126.70 296.4
B MAP 19.45 124.10 109.26 289.2
L% AP 10.74 N/A 280.9
o EDAP 37.01 166.72 297.2
B EMAP 17.02 N/A 291.8
v EAP 9.89 N/A 289.4

Hydroxyl radicals have 2.05 and 1.58 times more oxidizing
power than chlorine and H,O», respectively. HyO» increases
the rate of hydroxyl radical formation in three ways: first, the
Eq. (10) depicts the reduction of H,O, at the conductance band
would also produce hydroxyl radicals. Secondly, even if HyO»
was not reduced at the conductance band, it could accept an elec-
tron from the superoxide, again producing hydroxyl radicals (Eq.

(11)).
e e +Hy0, — OH™ +°*OH (10)

02* +H,O — OH™ +°OH + O, (11)

At high concentrations, the hydrogen peroxide adsorbed on
the photocatalytic surface could effectively scavenge the *OH
radicals formed on the photocatalytic surface. (Eqgs. (12) and
(13)) and thus inhibit the major pathway for heterogeneous
generation of *OH radicals [49]:

°OH + H,O; - H,O + HO»* (12)
HO,* + *OH — H,0 + O, (13)

It is worth mentioning here that HO,® radicals are less
reactive than *OH, and, therefore, make a negligible contribu-
tion to the dye degradation. From the results reported above

it is clear that 1 x 107*M H,O, is the optimal concentra-
tion.

3.9. Evolution of UV-Vis spectra

The changes of the UV-Vis spectra during the pho-
todegradation process of the MG dye are illustrated in
Fig. 8S of supporting information. Under visible-light irra-
diation, the MG dye can be degraded efficiently in aqueous
MG/ZnO dispersions. About 99.9% of the MG dye was degraded
after irradiation for 16 h. The characteristic absorption band of
the dye around 588.1 nm decreased rapidly with a slight hyp-
sochromic shift (584.3 nm) (Fig. 8S of supporting information).
Similar results were also observed during the TiO,/Vis pho-
tocatalytic degradation of ethyl violet [50], and crystal violet
[51].

3.10. Separation of the intermediates

Using a low intensity lamp enabled us to obtain slower
degradation rates and provide favorable conditions for the deter-
mination of intermediates using HPLC-DAD-ESI-MS. The dye
and its related intermediates are marked as species A—-G, a—e,
a'-d’, a—y, &/—y/, and A’-J’ in the chromatograms (Fig. 3),



ED. Mai et al. / J. Chromatogr. A 1189 (2008) 355-365 361

9x108

gx108 G
7x108

6x108

1Ly

" 5x108

Intens

‘
-
i-]

4x108 —

;

3 |dl l| ||\l\GEIFE‘ ‘
2x10 el ll‘ ' | | _|r e
15108 :j\ ) w “%‘ \ﬁ{’w' W'J L‘a lw U
__....._-ul.»_«’—"*"‘)’\’

1000 1500 20000 2500 3000 3500 4000 4500 50.00  55.00

3x108

0
000 5.00
Minutes

Fig. 4. Total ion chromatogram of the photodegraded intermediates with 12h
of irradiation.

recorded at 580, 350, 300, and 250 nm. Thirty-two components
were identified, with irradiation up to 12 h at pH 10 and retention
time of less than 55 min. Except for the initial MG dye, the inten-
sity of other peaks increased at first and subsequently decreasing,
indicating formation and transformation of the intermediates.

3.11. Identification of the intermediates

3.11.1. Absorption spectra of the intermediates

Absorption spectra of photodegraded intermediates of MG
dye, corresponding to the peaks observed in Fig. 3, are shown
in Fig. 9S of supporting information. From these spectra,
several categories of intermediates can be distinguished as
follows.

The nomenclature of the intermediates we observed above
can be seen more clearly in Table 1. The first category of inter-
mediates have the wavelength position of its major absorption
band moved toward the blue region, Amax, A, 589.3nm; B,
582.0nm; C, 574.6 nm; D, 579.5nm; E, 563.6 nm; F, 570.9 nm;
G, 563.6 nm. These intermediates may be the N-de-methylation
of the crystal violet (CV) dye. Similar phenomena were also
observed during the TiO;-mediated photodegradation of CV
[51]. The second categories of intermediates produced by cleav-
age of the CV chromophore ring structure, N-de-methylation of
the DDBP (a), have the wavelength position of its major absorp-
tion band moved toward the blue region, Amax, a, 374.0 nm;
b, 372.8nm; ¢, 363.1nm; d, 366.7nm; e, 360.1 nm. These
intermediates were also observed during the TiO,-mediated
photodegradation of Michler’s ethyl ketone [52]. The third
categories of intermediates produced by cleavage of the CV
chromophore ring structure, N-de-methylation of the DAP (@),
have the wavelength position of its major absorption band moved
toward the blue region, Amax, @, 296.4nm; 3, 289.2nm; vy,
280.9 nm. Similar phenomena were also observed during the
ZnO-mediated photodegradation of ethyl violet [23].

The fourth categories of intermediates produced by cleav-
age of the carbinol base (CB; triarylmethanol), N-de-alkylation
of the EDDBP (), have the wavelength position of its major
absorption band moved toward the blue region, Amax, a/,
374.0nm; b’, 362.1 nm; ¢/, 360.1 nm; d’, 360.4 nm. The fifth
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Fig. 5. Variation in the relative distribution of the intermediates obtained from
the photodegradation of the MG dye as a function of the irradiation time. Curves
A-G, A’-V, a—e, a'—d’, a—f, and o’ corresponds to the peaks A-G, A’=J’, a—e,
a’'—d’, a—B, and o' in Fig. 3, respectively.
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categories of intermediates produced by cleavage of the CB,
N-de-alkylation of the EDAP («’), have the wavelength posi-
tion of its major absorption band moved toward the blue region,
Amax,> @, 297.2nm; B/, 291.8 nm; v/, 289.4 nm. The sixth cat-
egories of intermediates produced by N-de-alkylation of the
CB have the wavelength position of its major absorption band
moved toward the blue region, Amax, A’, 259.5 nm; B’, 254.8 nm;
C’, 254.8nm; D', 249.4nm; E’, 251.3nm; F/, 250.5nm; G/,
251.1nm; H', 2499nm; I, 245.8nm; J', 247.1 nm. These
intermediates were also observed during the TiO;-mediated pho-
todegradation of methyl green [53]. The nomenclature of the
intermediates and data we observed above can be seen more
clearly in Tables 1 and 2.

3.11.2. Mass spectra of the intermediates

The intermediates are further identified using the HPLC-ESI-
MS. ESI mass spectra are shown in Fig. 10S of supporting infor-
mation and the total ion chromatogram is illustrated in Fig. 4.
The molecular ion peaks appeared to be the acid forms of the
intermediates. Results of HPLC-ESI mass spectra are summa-
rized in Table 2.

3.12. Evolution of intermediates

The evolutions of the initial dye concentration and of the iden-
tified intermediates were followed as a function of irradiation
time. The result is displayed in Fig. 5. The N-mono-de-
methylated intermediate (B) was clearly observed (Fig. 5, curve
B) to reach its maximum concentration after a 4 h irradiation
period. The other N-methylated intermediates, C, D, E, F, and
G were clearly observed (curves C—G) to reach their maximum
concentrations after 8-, 8-, 12-, 12-, and 12-h irradiation periods,
respectively.

The oxidative degradation intermediates, a and «, were
clearly observed (Fig. 5, curves a and a) to reach their max-
imum concentrations after a 4- and 16-h irradiation period.
The N-mono-de-methylated intermediates b and 3 were clearly
observed (curves b and B) to reach their maximum concen-
trations after an 8- and 20-h irradiation period. The other
N-de-methylated intermediates c—e and vy were clearly observed
(curves c—e and v) to reach their maximum concentrations after
a 12-, 12-, 16-, and 20-h irradiation period, respectively. CV is
adsorbed on the TiO, particle surface via a conjugated structure,

irradiation period. The other N-ethylated intermediates, E'-J’,
were clearly observed (curves E'-J') to reach their maximum
concentrations after 8-, 8-, 8-, 8-, 8-, and 16-h irradiation periods,
respectively.

The oxidative degradation of the CB dye occurs mostly
through attack by the *OH species on the central carbon por-
tion of CB and produces two sets of intermediates, a and «,
and a’ and «’, under basic aqueous conditions. The oxidative
degradation of two sets of intermediates was clearly observed
(Fig. 5, curves a, a, @', and o) to reach their maximum con-
centrations after a 4-, 16-, 4-, and 16-h irradiation period,
respectively. The other oxidative intermediates (b—e, B—y, b'-d’,
and B'—y’) were clearly observed (curves b—e, B—y, b’-d’, and
B’—y’) to reach their maximum concentrations after 8-, 12-, 12-
, 16-, 20-, 20-, 8-, 8-, 8-, 20-, and 24-h irradiation periods,
respectively.

The concentration of the other intermediates may be under
the detectable limit. To minimize errors, the relative intensities
were recorded at the maximum absorption wavelength for each
intermediate, although a quantitative determination of all of the
photogenerated intermediates was not achieved, owing to the
lack of appropriate molar extinction coefficients for them and to
unavailable reference standards.

3.13. Degradation mechanisms of MG

According to all the above experimental results, we tenta-
tively propose the pathway of degradation depicted in Fig. 6.
Under pH 10, the cationic MG dye molecules are converted
into the colorless CB, which is tertiary alcohol, and CV dye
by hydroxide anion. Then, CV and CB are degraded by the
photocatalyst, ZnO. These phenomena have been reported in
our recent reports [53] relating to TiO,-mediated photocatalytic
degradation under UV irradiation.

Under visible-light irradiation, most of the *OH radicals are
generated directly from the reaction between the O2°~ sub-
sequently reacts with H,O [32]. CV gets near the negatively
charged TiO, particle surface via the positive dimethylamine
group. The N-de-methylation of the CV dye occurs mostly
through attack by the *OH species on the N,N-dimethyl por-
tion of CV. The successive appearance of the maximum of each
intermediate indicates that the N-de-methylation (Eq. (14)) of
CV is a stepwise photochemical process.

cI>H
S Lon S Lon /M _HeHo M
R—N\ W R—N\ —_— R—N\ —_— R—N\

CHs i CH, CH,4 CHs

(14)

with the major photo-oxidation products being a, &, and their
N-de-methylated products.

The N-de-alkylation of the CB occurs mostly through attack
by the ®*OH species on the N,N-dimethyl group or N,N-dimethyl-
N-ethyl group of CB. The N-mono-de-alkylated intermediates
(B, C', D) were clearly observed (Fig. 5, curves B/, C/, D) to
reach its maximum concentration at the same time after a 4-h

The detailed degradation pathway is presented in Fig. 6.

CV is adsorbed on the TiO; particle surface via a conjugated
structure, with the major photo-oxidation products being DDBP,
DAP, and their N-de-methylated products. The oxidative degra-
dation of the CV dye occurs mostly through attack by the *OH
species on the central carbon portion of CV and produces DDBP
and DAP (Eq. (15)). The results we discussed above can be seen
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more clearly from Fig. 6.

N/
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The N-de-alkylation of the CB occurs mostly through attack
by the *OH species on the N,N-dimethyl group or N,N-dimethyl-
N-ethyl group of CB. The relative distribution of all of the
intermediates obtained is illustrated in Fig. 5. The successive
appearance of the maximal quantity of each intermediate indi-
cates that the N-de-ethylation of CB is a stepwise photochemical
process. The results discussed above can be seen more clearly
from Fig. 6.

The oxidative degradation of the CB dye occurs mostly
through attack by the *OH species on the central carbon por-
tion of CB and produces two sets of intermediates, DDBP and
EDAP, and ED-DBP and DAP, under basic aqueous conditions.
The evolutions of the initial dye concentration and of the iden-
tified intermediates were followed as a function of irradiation
time. The result is displayed in Fig. 5. The results we discussed
above can be seen more clearly from Fig. 6.

All the intermediates identified in the study were also identi-
fied in a previous study of the MG/TiO,/UV-system [53]. Under
UV irradiation, the initial step in semiconductor-mediated pho-
tocatalyzed degradation with light energy greater than the band
gap energy of the semiconductor is proposed to involve the gen-
eration of a (e~/h™) pair leading to the formation of hydroxyl
radical (*OH), superoxide radical anions (O,*7). These radi-
cals are the oxidizing species in the photocatalytic oxidation
processes [24].

Dye** +*OH — hydroxyl intermediates
— degraded products (16)

Under visible irradiation, early reports [45,46] depict the
absorption of light by the dye molecules. The excited dye injects
an electron into the conduction band of ZnO, where it is scav-
enged by O, to form O,°*~. De-alkylation of MG dye occurs
mostly through attack by the species, which is a perfect nucle-
ophilic reagent, on the N-alkyl portion of MG. Further O,°~
subsequently react with HyO to generate *OH radical and the
other active radical. The probability for the formation of *OH
should be much lower than for that O,*~. The *OH is an
extremely strong, non-selective oxidant, which leads to the par-
tial or complete mineralization of several organic chemicals. All
the above active radicals drive the photodegradation or mineral-
ization of the dye molecule.

According to earlier reports [54-59], the N-de-alkylation pro-
cesses are preceded by the formation of a nitrogen-centered
radical while destruction of dye chromophore structures is

DAP (15)

preceded by the generation of a carbon-centered radical. Con-
sistent with this, degradation of CV and CB must occur via two
different photo-oxidation pathways (destruction of the structure
and N-de-alkylation) due to the formation of different radicals
(either a carbon-centered or nitrogen-centered radical) at pH
10. There is no doubt that the *OH attack on the dye yields a
dye cationic radical. After this step, the cationic radical Dye®*
can undergo hydrolysis and/or use various deprotonation path-
ways, which in turn are determined by the different adsorption
modes of CV and CB on the ZnO particle surface. In weak
acidic and neutral solutions, the degradation of dye has been
examined. Both N-de-alkylation and degradation of the MG dye
take place in presence of ZnO particles. These phenomena have
been reported in some recent reports [54,56] relating to TiO,-
mediated photocatalytic degradation. We will not discuss those
similar results here.

4. Conclusion

At low watt irradiation, MG could be successfully decol-
orized and degraded by ZnO under visible-light irradiation. We
chose 0.25 gL~ of ZnO as the optimum dosage under pH 10.
NaCl and Nay;COs3 are present in the typical textile effluent. As
can be seen, increasing the concentration of C1~ and C032’ sig-
nificantly decreases the decolorization percentage. The addition
of an oxidant (Na;S,0Og or HyO») into a ZnO suspension has
been proven to enhance the degradation rate of the MG pollu-
tant. Our results show that 5 x 107> M Na,S,03 (orl x 1074 M
H,0,) is the optimal concentration to use with visible-light
irradiation. Under basic aqueous conditions, the cationic MG
dye molecules are converted into the colorless CB and CV
dye and ethanol. Consistent with this, degradation of CV and
CB must occur via two different pathways (oxidative degrada-
tion and N-de-alkylation) to form different intermediates by a
optimal separation and identification condition of HPLC-DAD-
ESI-MS.
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