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bstract

Heterogeneous photocatalytic treatment of a dye called methyl green (MG), which was simulating textile wastewater from associated auxiliary
hemicals, was investigated using ZnO. A detailed investigation of the photodegradation of MG has been carried out in the ZnO suspension

rradiated with visible light. The effects of various factors – viz. pH values, amount of catalyst, initial dye concentration, and the presence of NaCl,
a2CO3, H2O2, and Na2S2O8 – on the degradation efficiency were studied. Thirty-two intermediates were separated, identified, and characterized by
igh-performance liquid chromatography–photodiode array-electrospray ionization-mass spectrometry (HPLC–ESI-DAD-MS) technology, giving
s insight into the pathways of the degradation process.
 2008 Elsevier B.V. All rights reserved.
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. Introduction

From an ecological and physiological point of view, the elimi-
ation of toxic chemicals from wastewater is currently one of the
ost important subjects in pollution control. Triphenylmethane

yes are used extensively in the textile industry for dyeing nylon,
ool, cotton, and silk, as well as for coloring of oil, fats, waxes,
arnish, and plastics. The paper, leather, cosmetic, and food
ndustries consume a high quantity of triphenylmethane dyes of
arious kinds [1]. Cationic triphenylmethane dyes have found
idespread use as colorants in industry and as antimicrobial

gents [2]. Recent reports indicate that they may further serve as
argetable sensitizers in the photo-destruction of specific cellular
omponents or cells [3]. MG is a basic triphenylmethane-type di-

ationic dye, usually used for staining solutions in medicine and
iology [4] and as a photochromophore to sensitize gelatinous
lms [5]. It has been used to differentiate between deoxyribonu-
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leic acid and ribonucleic acid [6]. The binding of MG to DNA
s probably ionic, as opposed to intercalative, and it remains so
tably bound to double-stranded DNA that, with its conversion
o the colorless carbinol from, it has been used to assess the
inding of other molecules to DNA [7]. However, great concern
as arisen about the thyroid peroxidase-catalyzed oxidation of
he triphenylmethane class of dyes because the reactions might
orm various N-de-alkylated primary and secondary aromatic
mines, with structures similar to aromatic amine carcinogens
8].

In recent years [9–14], semiconductor-assisted photocataly-
is has been extensively investigated, mainly due to its capacity
o degrade a high number of recalcitrant chemicals in gaseous
r aqueous systems, through relatively inexpensive procedures.
hotocatalysts are self-regenerated and can be used or recycled.
iO2 is the most commonly used effective photocatalyst for a
ide range of organic chemical degradation [9–13,15]. Recent
tudies have focused on the photocatalytic oxidation of organic
ollutants mediated by TiO2 particles in aqueous suspensions.
hile most photocatalytic studies have used anatase TiO2 as

hotocatalyst, numerous studies [16–20] have been carried out to

mailto:ccchen@ntcnc.edu.tw
dx.doi.org/10.1016/j.chroma.2008.01.027
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valuate the potential of other metal oxides. Among others, zinc
xide appears as a very promising photocatalyst for degradation
f organic solutes in aqueous systems. The quantum efficiency of
nO powder is also significantly greater than that of TiO2 pow-
er. In some cases, ZnO has actually proven more effective than
iO2 [21–23]. The ZnO-mediated photocatalysis process under
V-light irradiation has been successfully used to degrade dye
ollutants for the past few years [14,24–29]. ZnO is available at
ow cost, which gives it an important advantage. However, the
olar UV-light reaching the surface of the earth and available
o excited TiO2 is relatively small (around 4%), and artificial
V-light sources are somewhat expensive. The biggest advan-

age of ZnO is that it absorbs over a larger fraction of the solar
pectrum than TiO2 [30,31]. For this reason, ZnO is the most
uitable photocatalyst for photocatalytic degradation when sun-
ight is present. Therefore, the present work focuses on exploring

eans to effectively utilize visible-light sources in treating dye
astewater using ZnO.
In early reports [24,25,32], most studies focused on new

hotocatalysts, the effects of experimental conditions, and the
ossibility of environmental application, not on decomposed
echanisms and intermediates under visible-light irradiation.
eports [33–37] in the literature on the photocatalytic degra-
ation of dyes under visible light or sunlight are few. They
xamined the effects of various parameters like the initial con-
entration of substrates, amount of catalysts, and pH values.
owever, the mechanisms of the ZnO-assisted photocatalytic
egradation of triphenylmethane dye under visible-light irradi-
tion have never been reported.

Accordingly, this study focuses on the separation and identi-
cation of the photocatalytic reaction intermediates in hopes of
hedding some light on the mechanistic details of photodegrada-
ion of MG dye in the ZnO/Vis process as a foundation for future
pplication of this energy saving technology. Additionally, the
resent study also focuses on the photocatalytic degradation of
imulated dyehouse effluents associated with assisting chemi-
als.

. Experimental

.1. Chemicals

MG dye (molecular formula: C27H35Cl2N3·xZnCl2, Color
ndex: 42590) was obtained from Acros (New Jersey, USA) and
sed without any further purification. The chemical structure
f the MG dye is displayed in Fig. 1. The ZnO nanoparticle
particle size, ca. 50–70 nm; BET area, ca. 15–25 m2 g−1) was
urchased from Aldrich (USA). Na2S2O8, H2O2, and Na2CO3
ere purchased from Shimakyu (Osaka, Japan). Reagent-
rade ammonium acetate, sodium hydroxide, nitric acid, and
PLC-grade methanol were purchased from Merck (Darmstadt,
ermany). De-ionized water was used throughout this study.
.2. Apparatus and instruments

The C-75 Chromato-Vue cabinet of UVP provides a wide area
f illumination from the 15-W visible-light tubes positioned on

a
c
m
f

Fig. 1. Chemical structure of MG.

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

.3. Experimental procedures

The irradiation experiments were carried out in a batch reac-
or with a 100-mL Flask (Pyrex glass) and two visible lamps
15 W). An average irradiation intensity of 4.8 W/m2 was main-
ained throughout the experiments and was measured by internal
adiometer. An aqueous ZnO suspension was prepared by adding
0 mg of ZnO powder to a 100 mL solution containing the MG
ye at appropriate concentrations. For reactions in different pH
edia, the initial pH of the suspensions was adjusted by addition

f either NaOH or HNO3 solutions. Prior to irradiation, the sus-
ensions were magnetically stirred in the dark for ca. 30 min to
nsure the establishment of adsorption/desorption equilibrium.
uring the photocatalytic experiments, the slurry composed of
ye solution and catalyst was placed in the reactor and stirred
agnetically for agitation with simultaneous exposure to vis-

ble light. At specific time intervals samples were withdrawn,
nd to remove the ZnO particles the solution samples were cen-
rifuged to assess the extent of decolorization and degradation
y HPLC–DAD-ESI-MS.

.4. HPLC–ESI-MS

After each irradiation cycle, the amount of the residual
ye was determined by HPLC–DAD. The analysis of organic
ntermediates was accomplished by HPLC–ESI-MS after the
eadjustment of the chromatographic conditions in order to make
he mobile phase compatible with the working conditions of the

ass spectrometer. Two different kinds of solvents were pre-
ared in this study. Solvent A was 25 mM aqueous ammonium
cetate buffer (pH 6.9) while solvent B was methanol instead of

mmonium acetate. LC was carried out on an AtlantisTM dC18
olumn (250 mm × 4.6 mm i.d., dp = 5 �m). The flow rate of the
obile phase was set at 1.0 mL/min. A linear gradient was set as

ollows: t = 0, A = 95, B = 5; t = 20, A = 50, B = 50; t = 60, A = 10,
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ig. 2. Photodegradation of MG as a function of irradiation time in presence of
nO (TiO2) without light, light without ZnO (TiO2), and ZnO (TiO2) and light.

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

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

tandard.

. Results and discussion

.1. Control experiments

The profiles of the photocatalytic degradation of 0.05 g L−1

G dye solution containing 0.5 g L−1 ZnO (or TiO2) as func-
ion of irradiation time under varied conditions are illustrated in
ig. 2. A perusal of Fig. 2 shows a negligible decrease in the
oncentration of dye under irradiation in the absence of ZnO
or TiO2) or in the presence of ZnO (or TiO2) without a light
ource. It is evident from the figure that the photolysis of the

G solution in the presence of ZnO (or TiO2) leads to the
isappearance of the compound. The blank experiments with
ither illuminating MG or with the suspension containing ZnO
or TiO2) and MG in the dark showed that both illumination and
he catalyst were necessary for the destruction of dye. Therefore,
e tentatively propose that MG photocatalytic degradation was
erformed by ZnO (or TiO2) under visible-light irradiation. The
esults showed that ZnO exhibits higher photocatalytic activity
han TiO2, and the same trend was also obtained in other studies
ith dyes [21–23,25]. Hence, all further studies were carried out
sing Aldrich ZnO catalysts.
.2. pH effect

Besides the essential role played by oxygen in generating the
xidizing species (•OH, O2

•−, H2O2, HO2
•), it deserves to be

c
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entioned that transfer of the photogenerated charge carriers
and therefore, the overall degradation rate) at the semiconduc-
or/liquid interface, is influenced to some extent by the surface
roperties of the semiconductor, which include pH, surface
ydroxyl groups, and adsorbed charged molecules. The zero
oint charge for ZnO is 9.0, and above this value, the ZnO sur-
ace is predominantly negatively charged when the pH is higher
han the ZnO isoelectric point. Thus, the electrical property of
he ZnO surface varies with the pH of the dispersion [16].

Attempts were therefore made to study the influence of pH
n the photodegradation process. Reactions were performed at
ifferent pH values using ZnO as photocatalyst. The role of
H on the photodegradation was studied in the pH range of
–10 at a 50 mg L−1 dye concentration and 0.5 g L−1 catalyst
oading. The pH of the solution was adjusted before irradiation
nd was not controlled during the course of the reaction. As
hown in Fig. 1S of supporting information, the efficiency of
he photocatalytic degradation of MG depends on the initial pH
f the solution used in the reaction. The photodegradation rate
as found to decrease and then increase with increases in the
alue of pH.

.3. Effect of photocatalyst concentration

In slurry photocatalytic processes, the amount of pho-
ocatalyst is an important parameter. Hence, the effect of
hotocatalyst concentration on the photodegradation rate of
he MG dye was investigated by employing different concen-
rations of ZnO ranging from 0.1 to 1.0 g L−1. As expected,
he photodegradation rate of the MG was found to increase
nd then decrease with the increase in the catalyst concen-
ration (Fig. 2S of supporting information). This is a general
haracteristic of heterogeneous photocatalyst, and our results
re in agreement with earlier reports [23]. The MG degrada-
ion rate decreases when we increase ZnO concentration above
.25 g L−1. This phenomenon may be due to the aggregation of
nO particles at high concentrations [23], causing a decrease in

he number of surface active sites. However, it is known that there
xists a practical limit of the scattering light (around 1 g L−1),
bove which the degradation rate will decrease due to the reduc-
ion of the photonic flux within the irradiated solution [33,39].
n the following experiment, we chose 0.25 g L−1 of ZnO as the
ptimum dosage under pH 10.

.4. Effect of dye concentration

The typical textile effluent has a dye concentration ranging
rom 0.15 to 0.2 g L−1. The effect on the degradation rate of
arying the initial concentration from 0.05 to 0.25 g L−1 at con-
tant catalyst loading (0.25 g L−1, pH 10) could be determined,
nd the results are shown in Fig. 3S of supporting information.
t is obvious that the degradation efficiency decreases with the
ncrease of the initial dye concentration. This negative effect

an be explained by the following reasons: as the dye con-
entration increases, the equilibrium adsorption of dye at the
ctive sites on the catalyst surface increases; hence competitive
dsorption of O2 and OH− at the same sites decreases, meaning
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lower formation rate of O2
•− and •OH radicals, the princi-

al oxidants necessary for high degradation efficiency. On the
ther hand, according to the Beer–Lambert law, as the initial
ye concentration increases, the path length of photons entering
he solution decreases, resulting in lower photon adsorption on
atalyst particles and, consequently, a lower photodegradation
ate.

.5. Effect of NaCl

About 70–120 g L−1 of NaCl is present in the typical tex-
ile effluent. The role of NaCl on the degradation rate was
tudied at a pH of 10, a dye concentration of 0.15 g L−1, a
.25 g L−1 ZnO catalyst load, and an irradiation time of 24 h. The
esults in Fig. 4S of supporting information show that the rate of
egradation decreases with increasing NaCl concentration. The
nhibition effects of anions can be explained as the reaction of
ydroxyl radical with anions that behave as •OH radical scav-
ngers (Eq. (1)) resulting in prolonged color removal. Probably,
he anions compete with MG dye for the photo-oxidizing species
n the surface and prevent the photocatalytic degradation of the
yes. Formation of inorganic radical anions (e.g. Cl2•−, Cl•)
nder these circumstances is possible.

l− + •OH → Cl• + OH− (1)

l− + Cl• → Cl2•− (2)

Although the reactivity of these radicals may be considered,
hey are not as reactive as •OH due to their lower oxidation
otentials [19,20,40]. Moreover, the presence of radical scav-
ngers (Cl−) at high doses may retard the advanced oxidation
eactions drastically [28].

.6. Effect of sodium carbonate

In fixing the dye on fabric and securing color fastness
odium carbonate is often used. Consequently, the wastew-
ter from dyeing operations contains substantial amounts
f carbonate ions. Hence, studying the effect of car-
onate ions on photodegradation efficiency is important.
xperiments were performed with sodium carbonate in the

ange of 1.0 × 10−5 to 1.0 × 10−4 M. We observed pho-
odegradation efficiency gradually decrease with increasing
mounts of carbonate ion in Fig. 5S of supporting infor-
ation. This inhibition is undoubtedly due to its ability to act

s a hydroxyl radical scavenger through the following reactions
41,42]:

OH + CO3
2− → OH− + CO3

•− (3)

OH + HCO3
− → H2O + CO3

•− (4)
Although, the generated carbonate radical anion has been
hown to be an oxidant itself, it has less oxidation potential
han the hydroxyl radicals. Hence, the presence of auxiliary
hemicals like sodium carbonate in the dye solution hinders the
hotocatalytic degradation of dyes [40].

O
1
q
m
p
o
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.7. Effect of Na2S2O8

NaCl and Na2CO3 are present in the typical textile effluent.
s can be seen, increasing the concentration of Cl− and CO3

2−
ignificantly decreases the decolorization percentage. In the fol-
owing experiment, we chose 0.25 g L−1 of ZnO, 7 g L−1 NaCl,
0.6 g L−1 NaCO3, and pH 10 as simulating textile wastewater.
n early reports [43,44], an increase of S2O8

2− concentra-
ion causes a surge in the reaction rate for ZnO suspensions
nder near neutral conditions. The effect of the electron scav-
nger (S2O8

2−) on photocatalytic degradation was investigated
y varying its concentration from 1.0 × 10−5 to 1.0 × 10−4 M.
he photodegradation efficiencies were found to increase and

hen decrease with increasing amounts of persulphate ion in
ig. 6S of supporting information. The following are the relevant
eactions involving Na2S2O8:

2O8
2− + e−

cb → SO4
•− + SO4

2− (5)

O4
•− + e−

cb → SO4
2− (6)

O4
•− + H2O → •OH + SO4

2− + H+ (7)

O4
•− + Dye+ →→→ SO4

2− + Dye•+ (8)

ye•+ →→→ CO2 (9)

The excited dye injects an electron into the conduction band
f ZnO, where it is scavenged by S2O8

2− to form SO4
•− as

hown in Eq. (5). Obviously, the reactions in Eqs. (5) and (6)
ompete with electrons, which are injected from the excited dye.

The sulphate radical anion (SO4
•−) thus formed is a very

trong oxidant (E0 = 2.6 eV) and may react with dye [45]. It traps
he photogenerated electron and/or generates hydroxyl radicals
43]. The hydroxyl radical and sulphate radical anion, being
owerful oxidants, degrade the dye molecule. SO4

•− has the
nique tendency to attack dye molecule at various positions and
ragment them. Further, the increase in persulphate concentra-
ion decreases the degradation rate (Fig. 6S of supporting infor-

ation) by adsorpting the excess sulphate ions formed during
he reaction on the surface of the ZnO and deactivating a section
f the catalyst [46]. It must be noted that oxidants act not only by
ntrapping photogenerated electrons, but also by absorbing light
nd acting as sensitizers through the production of hydroxyl and
ulphate radicals. Our results show that 5 × 10−5 M Na2S2O8 is
he optimal concentration to use with visible-light irradiation.

.8. Effect of H2O2

The addition of an oxidant into a semiconductor suspension
as been proven to enhance the degradation rate of the organic
ollutant [46–48]. The photocatalytic degradation of MG found
o be severely affected by the addition of hydrogen peroxide.
n adding H2O2 in the concentration range of 1.0 × 10−5 to
.0 × 10−3 M, values for degradation efficiency first increase

uickly then decrease as shown in Fig. 7S of supporting infor-
ation. The initial increase in reaction efficiency that accom-

anies the addition of H2O2 can be attributed to the formation
f •OH radicals responsible for the photocatalytic oxidation.
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Fig. 3. HPLC chromatogram of the intermediates with ZnO 0.25 g L−1, at pH
10, at 12 h of irradiation, recorded at (a) 580 nm, (b) 350 nm, (c) 300 nm, and
(d) 250 nm.

Table 1
The nomenclature of the intermediates of the photodegradation MG

Compounds Intermediates

MG N-Ethyl-N,N,N′,N′,N′′,N′′-hexamethylpararosaniline
A N,N-Dimethyl-N′,N′-dimethyl-N′′,N′′-

dimethylpararosaniline
B N,N-Dimethyl-N′,N′-dimethyl-N′′-methylpararosaniline
C N,N-Dimethyl-N′-methyl-N′′-methylpararosaniline
D N,N-Dimethyl-N′,N′-dimethylpararosaniline
E N-Methyl-N′-methyl-N′′-methylpararosaniline
F N,N-Dimethyl-N′-methylpararosaniline
G N-Methyl-N′-methylpararosaniline
H N,N-Dimethylpararosaniline
I N-Methylpararosaniline
J Pararosaniline
A′ [4-(N-Ethyl-N,N-dimethylamino)][4′-(N′,N′-

dimethylamino)][4′′-(N′′,N′′-
dimethylamino)]triphenylmethanol

B′ [4-(N-Ethyl-N,N-dimethylamino)][4′-(N′,N′-
dimethylamino)][4′′-(N′′-methylamino)]triphenylmethanol

C′ [4-(N-Ethyl-N-methylamino)][4′-(N′,N′-
dimethylamino)][4′′-(N′′,N′′-
dimethylamino)]triphenylmethanol

D′ [4-(N-Ethyl-N,N-dimethylamino)][4′-(N′-
methylamino)][4′′-(N′′-methylamino)]triphenylmethanol

E′ [4-(N-Ethyl-N,N-dimethylamino)][4′-(N′,N′-
dimethylamino)][4′′-(amino)]triphenylmethanol

F′ [4-(N-Ethyl-N-methylamino)][4′-(N′,N′-
dimethylamino)][4′′-(N′′-methylamino)]triphenylmethanol

G′ [4-(N-Ethylamino)][4′-(N′,N′-dimethylamino)][4′′-(N′′,N′′-
dimethylamino)]triphenylmethanol

H′ [4-(N,N-Dimethylamino)][4′-(N′,N′-dimethylamino)][4′′-
(N′′,N′′-dimethylamino)]triphenylmethanol

I′ [4-(N-Ethyl-N-methylamino)][4′-(N′-methylamino)][4′′-
(N′′-methylamino)]triphenylmethanol

J′ [4-(N-Ethyl-N,N-dimethylamino)][4′-(N′-
methylamino)][4′′-(amino)]triphenylmethanol

a 4-(N,N-Dimethylamino)-4′-(N′,N′-
dimethylamino)benzophenone

b 4-(N,N-Dimethylamino)-4′-(N′-
methylamino)benzophenone

c 4-(N-Methylamino)-4′-(N′-methylamino)benzophenone
d 4-(N,N-Dimethylamino)-4′-aminobenzophenone
e 4-(N-Methylamino)-4′-aminobenzophenone
a′ 4-(N-Ethyl-N,N-dimethylamino)-4′-(N′,N′-

dimethylamino)benzophenone
b′ 4-(N-Ethyl-N,N-dimethylamino)-4′-(N′-

methylamino)benzophenone
c′ 4-(N-Ethyl-N-methylamino)-4′-(N′,N′-

dimethylamino)benzophenone
d′ 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
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Table 2
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
C′ 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
I′ 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
c′ 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
� DAP 39.20 138.09 126.70 296.4
� MAP 19.45 124.10 109.26 289.2
� AP 10.74 N/A 280.9
� .72
�
�
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′ EDAP 37.01 166
′ EMAP 17.02 N/A
′ EAP 9.89 N/A

ydroxyl radicals have 2.05 and 1.58 times more oxidizing
ower than chlorine and H2O2, respectively. H2O2 increases
he rate of hydroxyl radical formation in three ways: first, the
q. (10) depicts the reduction of H2O2 at the conductance band
ould also produce hydroxyl radicals. Secondly, even if H2O2
as not reduced at the conductance band, it could accept an elec-

ron from the superoxide, again producing hydroxyl radicals (Eq.
11)).

−
cb + H2O2 → OH− + •OH (10)

2
•− + H2O2 → OH− + •OH + O2 (11)

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

OH + H2O2 → H2O + HO2
• (12)

O • + •OH → H O + O (13)
2 2 2

It is worth mentioning here that HO2
• radicals are less

eactive than •OH, and, therefore, make a negligible contribu-
ion to the dye degradation. From the results reported above

d
m
a
a

297.2
291.8
289.4

t is clear that 1 × 10−4 M H2O2 is the optimal concentra-
ion.

.9. Evolution of UV–Vis spectra

The changes of the UV–Vis spectra during the pho-
odegradation process of the MG dye are illustrated in
ig. 8S of supporting information. Under visible-light irra-
iation, the MG dye can be degraded efficiently in aqueous
G/ZnO dispersions. About 99.9% of the MG dye was degraded

fter irradiation for 16 h. The characteristic absorption band of
he dye around 588.1 nm decreased rapidly with a slight hyp-
ochromic shift (584.3 nm) (Fig. 8S of supporting information).
imilar results were also observed during the TiO2/Vis pho-

ocatalytic degradation of ethyl violet [50], and crystal violet
51].

.10. Separation of the intermediates

Using a low intensity lamp enabled us to obtain slower

egradation rates and provide favorable conditions for the deter-
ination of intermediates using HPLC–DAD-ESI-MS. The dye

nd its related intermediates are marked as species A–G, a–e,
′–d′, �–�, �′–�′, and A′–J′ in the chromatograms (Fig. 3),
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ig. 4. Total ion chromatogram of the photodegraded intermediates with 12 h
f irradiation.

ecorded at 580, 350, 300, and 250 nm. Thirty-two components
ere identified, with irradiation up to 12 h at pH 10 and retention

ime of less than 55 min. Except for the initial MG dye, the inten-
ity of other peaks increased at first and subsequently decreasing,
ndicating formation and transformation of the intermediates.

.11. Identification of the intermediates

.11.1. Absorption spectra of the intermediates
Absorption spectra of photodegraded intermediates of MG

ye, corresponding to the peaks observed in Fig. 3, are shown
n Fig. 9S of supporting information. From these spectra,
everal categories of intermediates can be distinguished as
ollows.

The nomenclature of the intermediates we observed above
an be seen more clearly in Table 1. The first category of inter-
ediates have the wavelength position of its major absorption

and moved toward the blue region, λmax, A, 589.3 nm; B,
82.0 nm; C, 574.6 nm; D, 579.5 nm; E, 563.6 nm; F, 570.9 nm;
, 563.6 nm. These intermediates may be the N-de-methylation

f the crystal violet (CV) dye. Similar phenomena were also
bserved during the TiO2-mediated photodegradation of CV
51]. The second categories of intermediates produced by cleav-
ge of the CV chromophore ring structure, N-de-methylation of
he DDBP (a), have the wavelength position of its major absorp-
ion band moved toward the blue region, λmax, a, 374.0 nm;
, 372.8 nm; c, 363.1 nm; d, 366.7 nm; e, 360.1 nm. These

ntermediates were also observed during the TiO2-mediated
hotodegradation of Michler’s ethyl ketone [52]. The third
ategories of intermediates produced by cleavage of the CV
hromophore ring structure, N-de-methylation of the DAP (�),
ave the wavelength position of its major absorption band moved
oward the blue region, λmax, �, 296.4 nm; �, 289.2 nm; �,
80.9 nm. Similar phenomena were also observed during the
nO-mediated photodegradation of ethyl violet [23].

The fourth categories of intermediates produced by cleav-

ge of the carbinol base (CB; triarylmethanol), N-de-alkylation
f the EDDBP (a′), have the wavelength position of its major
bsorption band moved toward the blue region, λmax, a′,
74.0 nm; b′, 362.1 nm; c′, 360.1 nm; d′, 360.4 nm. The fifth

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′–J′, a–e, a′–d′, �–�, and �′ corresponds to the peaks A–G, A′–J′, a–e,
a′–d′, �–�, and �′ in Fig. 3, respectively.
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ategories of intermediates produced by cleavage of the CB,
-de-alkylation of the EDAP (�′), have the wavelength posi-

ion of its major absorption band moved toward the blue region,
max, �′, 297.2 nm; �′, 291.8 nm; �′, 289.4 nm. The sixth cat-
gories of intermediates produced by N-de-alkylation of the
B have the wavelength position of its major absorption band
oved toward the blue region, λmax, A′, 259.5 nm; B′, 254.8 nm;
′, 254.8 nm; D′, 249.4 nm; E′, 251.3 nm; F′, 250.5 nm; G′,
51.1 nm; H′, 249.9 nm; I′, 245.8 nm; J′, 247.1 nm. These
ntermediates were also observed during the TiO2-mediated pho-
odegradation of methyl green [53]. The nomenclature of the
ntermediates and data we observed above can be seen more
learly in Tables 1 and 2.

.11.2. Mass spectra of the intermediates
The intermediates are further identified using the HPLC–ESI-

S. ESI mass spectra are shown in Fig. 10S of supporting infor-
ation and the total ion chromatogram is illustrated in Fig. 4.
he molecular ion peaks appeared to be the acid forms of the

ntermediates. Results of HPLC–ESI mass spectra are summa-
ized in Table 2.

.12. Evolution of intermediates

The evolutions of the initial dye concentration and of the iden-
ified intermediates were followed as a function of irradiation
ime. The result is displayed in Fig. 5. The N-mono-de-
ethylated intermediate (B) was clearly observed (Fig. 5, curve
) to reach its maximum concentration after a 4 h irradiation
eriod. The other N-methylated intermediates, C, D, E, F, and

were clearly observed (curves C–G) to reach their maximum
oncentrations after 8-, 8-, 12-, 12-, and 12-h irradiation periods,
espectively.

The oxidative degradation intermediates, a and �, were
learly observed (Fig. 5, curves a and �) to reach their max-
mum concentrations after a 4- and 16-h irradiation period.
he N-mono-de-methylated intermediates b and � were clearly
bserved (curves b and �) to reach their maximum concen-
rations after an 8- and 20-h irradiation period. The other
-de-methylated intermediates c–e and � were clearly observed

curves c–e and �) to reach their maximum concentrations after
12-, 12-, 16-, and 20-h irradiation period, respectively. CV is

dsorbed on the TiO2 particle surface via a conjugated structure,

ith the major photo-oxidation products being a, �, and their
-de-methylated products.

The N-de-alkylation of the CB occurs mostly through attack

y the •OH species on the N,N-dimethyl group or N,N-dimethyl-
-ethyl group of CB. The N-mono-de-alkylated intermediates

B′, C′, D′) were clearly observed (Fig. 5, curves B′, C′, D′) to
each its maximum concentration at the same time after a 4-h

D
d
s
a

A  1189 (2008) 355–365

rradiation period. The other N-ethylated intermediates, E′–J′,
ere clearly observed (curves E′–J′) to reach their maximum

oncentrations after 8-, 8-, 8-, 8-, 8-, and 16-h irradiation periods,
espectively.

The oxidative degradation of the CB dye occurs mostly
hrough attack by the •OH species on the central carbon por-
ion of CB and produces two sets of intermediates, a and �,
nd a′ and �′, under basic aqueous conditions. The oxidative
egradation of two sets of intermediates was clearly observed
Fig. 5, curves a, �, a′, and �′) to reach their maximum con-
entrations after a 4-, 16-, 4-, and 16-h irradiation period,
espectively. The other oxidative intermediates (b–e, �–�, b′–d′,
nd �′–�′) were clearly observed (curves b–e, �–�, b′–d′, and
′–�′) to reach their maximum concentrations after 8-, 12-, 12-
16-, 20-, 20-, 8-, 8-, 8-, 20-, and 24-h irradiation periods,

espectively.
The concentration of the other intermediates may be under

he detectable limit. To minimize errors, the relative intensities
ere recorded at the maximum absorption wavelength for each

ntermediate, although a quantitative determination of all of the
hotogenerated intermediates was not achieved, owing to the
ack of appropriate molar extinction coefficients for them and to
navailable reference standards.

.13. Degradation mechanisms of MG

According to all the above experimental results, we tenta-
ively propose the pathway of degradation depicted in Fig. 6.
nder pH 10, the cationic MG dye molecules are converted

nto the colorless CB, which is tertiary alcohol, and CV dye
y hydroxide anion. Then, CV and CB are degraded by the
hotocatalyst, ZnO. These phenomena have been reported in
ur recent reports [53] relating to TiO2-mediated photocatalytic
egradation under UV irradiation.

Under visible-light irradiation, most of the •OH radicals are
enerated directly from the reaction between the O2

•− sub-
equently reacts with H2O [32]. CV gets near the negatively
harged TiO2 particle surface via the positive dimethylamine
roup. The N-de-methylation of the CV dye occurs mostly
hrough attack by the •OH species on the N,N-dimethyl por-
ion of CV. The successive appearance of the maximum of each
ntermediate indicates that the N-de-methylation (Eq. (14)) of
V is a stepwise photochemical process.

(14)

The detailed degradation pathway is presented in Fig. 6.
CV is adsorbed on the TiO2 particle surface via a conjugated

tructure, with the major photo-oxidation products being DDBP,

AP, and their N-de-methylated products. The oxidative degra-
ation of the CV dye occurs mostly through attack by the •OH
pecies on the central carbon portion of CV and produces DDBP
nd DAP (Eq. (15)). The results we discussed above can be seen
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Fig. 6. Proposed pathway of MG in suspension of ZnO irradiated by visible-light under basic solution (pH 10).
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ore clearly from Fig. 6.

The N-de-alkylation of the CB occurs mostly through attack
y the •OH species on the N,N-dimethyl group or N,N-dimethyl-
-ethyl group of CB. The relative distribution of all of the

ntermediates obtained is illustrated in Fig. 5. The successive
ppearance of the maximal quantity of each intermediate indi-
ates that the N-de-ethylation of CB is a stepwise photochemical
rocess. The results discussed above can be seen more clearly
rom Fig. 6.

The oxidative degradation of the CB dye occurs mostly
hrough attack by the •OH species on the central carbon por-
ion of CB and produces two sets of intermediates, DDBP and
DAP, and ED-DBP and DAP, under basic aqueous conditions.
he evolutions of the initial dye concentration and of the iden-

ified intermediates were followed as a function of irradiation
ime. The result is displayed in Fig. 5. The results we discussed
bove can be seen more clearly from Fig. 6.

All the intermediates identified in the study were also identi-
ed in a previous study of the MG/TiO2/UV-system [53]. Under
V irradiation, the initial step in semiconductor-mediated pho-

ocatalyzed degradation with light energy greater than the band
ap energy of the semiconductor is proposed to involve the gen-
ration of a (e−/h+) pair leading to the formation of hydroxyl
adical (•OH), superoxide radical anions (O2

•−). These radi-
als are the oxidizing species in the photocatalytic oxidation
rocesses [24].

Dye•+ + •OH → hydroxyl intermediates

→ degraded products (16)

Under visible irradiation, early reports [45,46] depict the
bsorption of light by the dye molecules. The excited dye injects
n electron into the conduction band of ZnO, where it is scav-
nged by O2 to form O2

•−. De-alkylation of MG dye occurs
ostly through attack by the species, which is a perfect nucle-

philic reagent, on the N-alkyl portion of MG. Further O2
•−

ubsequently react with H2O to generate •OH radical and the
ther active radical. The probability for the formation of •OH
hould be much lower than for that O2

•−. The •OH is an
xtremely strong, non-selective oxidant, which leads to the par-
ial or complete mineralization of several organic chemicals. All
he above active radicals drive the photodegradation or mineral-

zation of the dye molecule.

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

4
C
f

A  1189 (2008) 355–365

(15)

receded by the generation of a carbon-centered radical. Con-
istent with this, degradation of CV and CB must occur via two
ifferent photo-oxidation pathways (destruction of the structure
nd N-de-alkylation) due to the formation of different radicals
either a carbon-centered or nitrogen-centered radical) at pH
0. There is no doubt that the •OH attack on the dye yields a
ye cationic radical. After this step, the cationic radical Dye•+

an undergo hydrolysis and/or use various deprotonation path-
ays, which in turn are determined by the different adsorption
odes of CV and CB on the ZnO particle surface. In weak

cidic and neutral solutions, the degradation of dye has been
xamined. Both N-de-alkylation and degradation of the MG dye
ake place in presence of ZnO particles. These phenomena have
een reported in some recent reports [54,56] relating to TiO2-
ediated photocatalytic degradation. We will not discuss those

imilar results here.

. Conclusion

At low watt irradiation, MG could be successfully decol-
rized and degraded by ZnO under visible-light irradiation. We
hose 0.25 g L−1 of ZnO as the optimum dosage under pH 10.
aCl and Na2CO3 are present in the typical textile effluent. As

an be seen, increasing the concentration of Cl− and CO3
2− sig-

ificantly decreases the decolorization percentage. The addition
f an oxidant (Na2S2O8 or H2O2) into a ZnO suspension has
een proven to enhance the degradation rate of the MG pollu-
ant. Our results show that 5 × 10−5 M Na2S2O8 (or 1 × 10−4 M

2O2) is the optimal concentration to use with visible-light
rradiation. Under basic aqueous conditions, the cationic MG
ye molecules are converted into the colorless CB and CV
ye and ethanol. Consistent with this, degradation of CV and
B must occur via two different pathways (oxidative degrada-

ion and N-de-alkylation) to form different intermediates by a
ptimal separation and identification condition of HPLC–DAD-
SI-MS.
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