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a b s t r a c t

A ZnO-mediated photocatalysis process was used to successfully degrade Basic Blue 11 (BB-11) under
visible light irradiation. The effects of influential factors like initial dye concentration, catalyst dosage,
and initial pH were studied. To obtain a better understanding the mechanistic details of ZnO-assisted
photodegradation of the BB-11 dye with low watt visible light irradiation, a large number of the
intermediates resulting from the photodegradation were separated, identified, and characterized by high-
eywords:
ye
nO
hotocatalytic
asic Blue 11
PLC–PDA-MS

performance liquid chromatography–photodiode array-mass spectrometry (HPLC–PDA-MS) techniques.
The results indicated that the N-de-alkylation and oxidative degradation of BB-11 dye took place and that
N-hydroxyalkylated intermediates were generated during the process. From the same identified inter-
mediates we got under UV or visible light irradiation, it is proposed that the major oxidant under visible
light irradiation was •OH radical, not O2

−•. HPLC–PDA-MS analysis verified the identity of intermediates,
and a reaction mechanism based on them was proposed.
. Introduction

Triphenylmethane (TPM) dyes have been extensively used as
extile dyes for silk, wool, and cotton, in the preparation of inks
nd in the surface-coating and dyeing of paper, as colorants in
osmetics, drugs, foods, as biological stains, and as anti-infective,
ntimicrobial, and antihelminthic agents [1,2]. However, the thy-
oid peroxidase-catalyzed oxidation of the TPM class of dyes has
roused great concern because the reactions might form vari-
us N-de-alkylated primary and secondary aromatic amines, with
tructures similar to aromatic amine carcinogens [3–5].

Semiconductor photocatalysts offer huge potential for elimina-
ion of toxic chemicals [6]. ZnO, with a wide band gap (3.2 eV), has
roused an explosion of interest in the past few years because of
dvances in its synthesis and because of its unique optoelectronic,

atalytic, and photochemical properties [7–10]. The quantum effi-
iency of ZnO is also significantly larger than that of TiO2. In some
ases, ZnO has actually proven more effective than TiO2 [11–13].
he ZnO-mediated photocatalysis process has been successfully

∗ Corresponding author. Tel.: +886 4 2218 3839; fax: +886 4 2218 3530.
E-mail address: ccchen@mail.ntcu.edu.tw (C. Chen).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.06.011
© 2009 Elsevier B.V. All rights reserved.

used to degrade dye pollutants for the past few years [14–16]. ZnO
is available at low cost, which gives it an important advantage.
However, the amount of solar UV-light which naturally reaches
the earth’s surface and is available to excited TiO2 is relatively
small (around 4%) and artificial UV-light sources are somewhat
expensive. ZnO’s biggest advantage is that it absorbs over a larger
fraction of the solar spectrum than TiO2 [17]. For this reason, ZnO
is the most suitable material for photocatalytic degradation in
the presence of sunlight. Reports in the literature [17–20] on the
photocatalytic degradation of dyes under visible light or sunlight
are scare. The effects of various parameters like the initial con-
centration of substrates, the amount of catalysts, pH values are
examined. However, mechanisms of the ZnO-assisted photocat-
alytic degradation of BB-11 dye under visible light irradiation have
not been reported. Therefore, the present work focused on explor-
ing means to effectively utilize visible light sources for treating
dye wastewater using ZnO and on the separation and identifica-
tion of photocatalytic reaction intermediates in hopes of shedding

some light on the mechanistic details of the photodegradation of
BB-11 dye in the ZnO/vis process. Our results will serve as a foun-
dation for future applications of photocatalytic degradation, solar
energy, dye-sensitized photoelectrochemicals, and solid-state solar
cells.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ccchen@mail.ntcu.edu.tw
dx.doi.org/10.1016/j.molcata.2009.06.011
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. Experimental

.1. Chemicals

The ZnO nanoparticle (particle size, ca. 50–70 nm; BET area,
a. 15–25 m2 g−1) was purchased from Aldrich Chemical Co. The
nO powder was used as received as a photocatalyst without
urther purification. P25 TiO2 was obtained from Degussa and
as a surface area of ca. 55 m2 g−1 and a measured size of the
rimary particles around 20–30 nm. BB-11 [C.I. 44040] dye was
btained from Sigma–Aldrich and used without any further purifi-
ation. The chemical structure of this dye is shown in Fig. 1.
PLC analysis was employed to confirm the BB-11 dye as a pure
rganic compound. 4-(N-Methylaminophenol) (�; with a guaran-
eed purity of 98%) and 4-aminoonaphthen-1-ol (�; purity of 90%)
ere obtained from Aldrich. The 4-(N,N-methylamino)-4′-(N′,N′-
methylamino)benzophenone (a) was obtained from Tokyo Kasei
ogyo Co. 4-Aminophenol (�; analytical standard) was purchased

rom Riedel-de Haen. Reagent-grade ammonium acetate, sodium
ydroxide, nitric acid, and HPLC-grade methanol were purchased
rom Merck. 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
wo sides of the cabinet interior. A Waters ZQ LC/MS system,
quipped with a binary pump, a photodiode array (PDA) detector,
n autosampler, and a micromass detector, was used for separation
nd identification. The mineralization of the dye was monitored by
easuring the total organic carbon (TOC) content with a Tekmar-
ohrmann Phoenix 8000 TOC Analyzer by directly injecting the
queous solution.

.3. Experimental procedures

An aqueous ZnO (or TiO2) dispersion was prepared by adding
nO (or TiO2) powder to a 100 mL solution containing the BB-11 dye
t appropriate concentrations. For reactions in different pH media,

he initial pH of the suspensions was adjusted by the addition of
ither NaOH or HNO3 solutions. Prior to irradiation, the disper-
ions were magnetically stirred in the dark for ca. 30 min to ensure
he establishment of adsorption/desorption equilibrium. Irradia-
ions were carried out using two visible lamps (15 W). At any given

Fig. 1. Chemical structure of BB-11.
s A: Chemical 310 (2009) 159–165

irradiation time interval, the dispersion was sampled (5 mL), and
centrifuged to separate the ZnO (or TiO2) particles.

2.4. HPLC–PDA–ESI-MS

After each irradiation cycle, the amount of the residual dye
was determined by HPLC. 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.
The HPLC gradient program given in Table S1 of Supplemen-
tary Materials was used to monitor the intermediates at a flow rate
that would accelerate. Intermediates were identified and separated
by an AtlantisTM dC18 column (250 mm × 4.6 mm i.d., dp = 5 �m)
coupled with a PDA detector selected at � = 200–700 nm, and the
column effluent was introduced into the ESI source of the mass
spectrometer.

3. Results and discussion

3.1. Effect of photocatalyst concentration

The effect of photocatalyst concentration on the photodegra-
dation rate of the BB-11 dye was studied by employing different
concentrations of ZnO (or TiO2) ranging from 0.25 to 1.0 g L−1. As
expected, the photodegradation rate of the BB-11 was found to
increase and then decrease with the increase in the catalyst con-
centration (Fig. 2). This is a general characteristic of heterogeneous
photocatalysts, and our results are in agreement with earlier reports
[14]. The results showed that ZnO exhibits higher photocatalytic
activity than TiO2. Above 0.5 g L−1 of ZnO, the initial rate of BB-11
degradation is not affected further by a progressive increase in ZnO
concentration. This phenomenon may be due to the aggregation
of ZnO particles at high concentrations, causing a decrease in the
number of surface active sites [12]. However, it is known that there
exists a practical limit of the scattering light (around 1 g L−1), above
which the degradation rate will decrease due to the reduction of
the photonic flux within the irradiated solution [12].

3.2. pH effect

The zero point charge for ZnO is 9.0, and above this value, the ZnO

surface 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 [21]. Reactions
were performed at different pH values using ZnO as a photocata-
lyst. The role of pH in the photodegradation was studied in the pH

Fig. 2. Influence of the catalyst concentration on the photodegradation rate for the
decomposition of BB-11.
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ig. 3. pH effect on the BB-11 photodegradation rate with concentrations of ZnO to
e 0.5 g L−1 and BB-11 to be 0.05 g L−1.

ange of 3–10 at a 0.05 g L−1 dye concentration and 0.5 g L−1 cata-
yst loading. As shown in Fig. 3, the efficiency of the photocatalytic
egradation of BB-11 depended on the initial pH of the solution used

n the reaction. The photodegradation rate was found to decrease
nd then increase with increases in pH. At higher pH values, no pho-
ocorrosion of ZnO took place. More efficient formation of hydroxyl
adical occurred in alkaline conditions. BB-11 has a diethylamino
roup in its structure which is positively charged; therefore, the dye
ay be absorbed onto the photocatalyst surface effectively. The for-
ation of active •OH species is favored with higher pH values, due

ot only to improved transfer of holes to the adsorbed hydroxyls,
ut also to electrostatic abstractive effects between the negatively
harged ZnO particles and the operating cationic dyes. In a good
greement with the adsorption mechanism proposed by Chen [12],
he results indicate that the ZnO surface is negatively charged and
hat the BB-11 was adsorbed onto the ZnO surface through the pos-
tive ammonium groups. Although the BB-11 dye can be adsorbed
nto the ZnO surface to some extent in alkaline media, the dye
olecules will change to a leuco compound when the pH value

s too high (pH 11).
On the other hand, a noticeable increase in the photodegrada-

ion rate of BB-11 was observed at pH 3. In acidic solutions the
hotodegradation rate was higher than in neutral solutions. This

s because the photodecomposition of ZnO takes place in acid.
he photocorrosion of ZnO is complete at pH lower than 4. The
ormation of Zn2+ is attributed to the oxidation of ZnO by h+

vb
21–22]. This can be reasonably explained assuming that, at pH
, ZnO nanoparticle surface is positively charged, thus promoting
he migration of photogenerated electrons from the interior of the
anocrystals to the surface and preventing electron–hole recombi-
ation processes. It was found to be difficult to adsorb the cationic
B-11 dye onto the ZnO surface under acidic conditions, with active
OH radicals formed at low concentrations, and hence the pho-
odegradation process of BB-11 remained slow. The results show
hat the photodegradation rate at pH 3 is higher than that at pH 7,
ut slower than that at pH 9 and 10.

.3. Effect of dye concentration

In the typical textile effluent, dye concentration ranges from
.15 to 0.2 g L−1. By varying the initial concentration from 0.05
o 0.2 g L−1 at constant catalyst loading (0.5 g L−1, pH 9), its effect
n the degradation rate could be determined, and the results are
hown in Fig. S1 (Supplementary Materials). As seen in the figure,

egradation efficiency is inversely affected by the dye concentra-
ion. This negative effect can be explained as follows; as the dye
oncentration is increased, the equilibrium adsorption of dye on the
atalyst surface active sites increases; hence competitive adsorp-
ion of O2 on the same sites decreases, meaning a lower formation
s A: Chemical 310 (2009) 159–165 161

rate of O2
−•, H2O2, and •OH radical, which is the principal oxidant

necessary for a high degradation efficiency. On the other hand,
considering the Beer-Lambert law, as the initial dye concentra-
tion increases, the path length of photons entering the solution
decreases, resulting in lower photon adsorption on catalyst parti-
cles and, consequently, a lower photodegradation rate.

3.4. Evolution of TOC

The complete mineralization of 1 mol BB-11 dye molecule
implies the formation of the equivalent amount (29 mol) of CO3

2−

at the end of the treatment. However, the depletion in TOC
(Fig. S2 in Supplementary Materials) clearly indicates that the reac-
tion does not go to completion. In fact, after 24 h irradiation, about
76.9% of the initial organic carbon has been transformed into CO2,
which implies that other organic compounds still exist in the irradi-
ated solution. These findings are in agreement with those obtained
in a study concerning the photocatalytic degradation of basic violet
4 [23], where the persistence of various aromatic compounds was
reported even after long-term irradiation.

3.5. Separation and identification of the intermediates

The chromatogram obtained for an irradiated BB-11 solution
after 4 h, at pH 9, with visible light irradiation in the presence
of ZnO (0.5 g L−1), and the chromatograms recorded at 580, 350,
and 300 nm are illustrated in Fig. S3 of Supplementary Materials.
With irradiation up to 20 h, sixty-three components were success-
fully detected, all with the retention times less than 65 min. We
denoted the BB-11 dye and its related intermediates as species A–L,
A′–H′, a–f, a′–e′, l–q, l′–p′, �–�, �′–�′, �–� and �′. The maximum
absorption band of each intermediate in the visible and ultraviolet
spectral region in Tables S2 and 3 of the Supplementary Materi-
als was measured, and they correspond to the peaks in Fig. S3.
The intermediates were further identified using the HPLC–ESI mass
spectrometric method; the relevant mass spectra are illustrated in
Tables S2 and 3. The intermediates appeared to be in acid forms
based on their molecular peaks. The concentration of the other
intermediates may have been under the detection limit. From these
results, intermediates can be classified to several groups.

The first and second groups were signed in the chromatogram
and are illustrated in Fig. S3 of Supplementary Materials, recorded
at 580 nm. From the results of mass spectral analysis, we confirmed
that the component A, m/z = 422.69, in the liquid chromatogram is
BB-11; the other components are B, m/z = 408.20; C, m/z = 394.46;
D, m/z = 394.53; E, m/z = 394.45; F, m/z = 380.58; G, m/z = 380.45;
H, m/z = 366.43; I, m/z = 366.51; J, m/z = 366.56; K, m/z = 352.61; L,
m/z = 338.59. The intermediates have the wavelength position of
their major absorption bands moved toward the blue region, �max,
A, 610.2 nm; B, 607.7 nm; C, 604.0 nm; D, 610.2 nm; E, 607.7 nm;
F, 599.1 nm; G, 607.7 nm; H, 607.7 nm; I, 584.4 nm; J, 606.5 nm; K,
574.6 nm; L, 585.6 nm. The first group of intermediates may rep-
resent the N-de-alkylation of the BB-11 dye. Mass spectral analysis
confirmed the components to be: A′, m/z = 438.56; A′′, m/z = 438.63;
B′, m/z = 424.74; B′′, m/z = 424.54; B′′′, m/z = 424.48; C′, m/z = 410.66;
C′′, m/z = 410.53; D′, m/z = 410.53; D′′, m/z = 410.40; E′, m/z = 410.62;
F′, m/z = 396.51; F′′, m/z = 396.53; G′, m/z = 396.45; G′′, m/z = 396.47;
H′, m/z = 382.28. The N-hydroxyalkylated intermediates (the sec-
ond group), formed by the hydroxylation of the first group, have
the wavelength position of their major absorption band, �max, A′,
604.0 nm; A′′, 602.8 nm; B′, 593.0 nm; B′′, 604.6 nm; B′′′, 593.0 nm;

C , 583.2 nm; C , 590.5 nm; D , 583.2 nm; D , 597.9 nm; E , 578.3 nm;
F′, 585.6 nm; F′′, 612.6 nm; G′, 606.5 nm; G′′, 572.6 nm; H′, 605.2 nm;
I′, 594.2 nm; J′, 589.3 nm; K′, 584.4 nm.

The third and fourth groups were marked in the chromatogram
and are illustrated in Fig. S3, recorded at 350 nm. Mass spectral anal-



1 atalysi

y
c
m
b
e
i
a
c
o
a
b
i
a
i

62 C. Lu et al. / Journal of Molecular C

sis confirmed the components to be: m/z = 269.09; b, m/z = 255.55;
, m/z = 241.43; d, m/z = 241.36; e, m/z = 227.24; a′, m/z = 285.13; b′,
/z = 271.74. The concentration of the other intermediates may have

een under the detection limit. The maximum absorption band of
ach intermediate in the ultraviolet spectral region around 350 nm
s displayed in Table S3, and they correspond to the peaks a–f and
′–e′ in Fig. S3. The a–f intermediates, produced by the stepwise
leavage of the BB-11 derivatives of the chromophore ring structure
r the N-de-ethylated a, have the wavelength position of their major

bsorption bands moved toward the blue region, �max, a, 374.0 nm;
, 367.9 nm; c, 361.2 nm; d, 362.1 nm; e, 358.1 nm; f, 356.2 nm. The

ntermediates identified in this study, a–f, were also identified in
previous study of the MG/TiO2 system [24]. The hydroxylated

ntermediates (the fourth group, a′–e′), produced by the hydrox-

Fig. 4. Chemical structure of photo
s A: Chemical 310 (2009) 159–165

ylation of the a–e intermediates (the third group) or cleavage
of the chromophore ring structure of A′–H′ (the second group),
have the wavelength position of their major absorption band
moved toward the blue region, �max, a′, 359.1 nm; b′, 367.9 nm; b′′,
356.2 nm; c′, 361.2 nm; d′, 359.1 nm; e′, 356.2 nm. The proposed
intermediate (a) has been compared with standard material of
4-(N,N-dimethylamino)-4′-(N′,N′-dimethylamino)benzophenone.
The retention times and absorption spectra are identical.

The fifth and sixth groups were marked in the chromatogram

and are illustrated in Fig. S3, recorded at 350 nm. Mass spec-
tral analysis confirmed the components to be: l, m/z = 319.13; m,
m/z = 305.29; l′, m/z = 335.13; m′, m/z = 321.05. The concentration
of the other intermediates may have been under the detection
limit. The maximum absorption band of each intermediate in the

decomposed intermediates.
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ltraviolet spectral region around 350 nm is shown in Table S3,
nd they correspond to the peaks l–q and l′–p′ in Fig. S3. The
–q intermediates, produced by cleavage of the chromophore ring
tructure of A–L intermediates (the first group), has the wavelength
osition of their major absorption bands moved toward the blue

egion, �max, l, 381.2 nm; m, 377.6 nm; n, 384.8 nm; o, 357.2 nm; p,
37.0 nm; q, 351.4 nm. The l′–p′ intermediates, produced by cleav-
ge of the chromophore ring structure of A′–H′ (the second group)
r by hydroxylation of l–p intermediates (the fifth group), has the
avelength position of their major absorption bands moved toward

Scheme 1. Proposed mechanisms based on identification of intermediates formed
s A: Chemical 310 (2009) 159–165 163

the blue region, �max, l′, 347.8 nm; l′′, 365.5 nm; m′, 360.1 nm; m′′,
355.0 nm; n′, 353.8 nm; o′, 355.0 nm; p′, 345.4 nm.

The seventh and eighth groups were marked in the chro-
matogram and are illustrated in Fig. S3, recorded at 300 nm. Mass
spectral analysis confirmed the components to be: �, m/z = 138.24;

�, m/z = 188.74. The concentration of the other intermediates may
have been under the detection limit. The maximum absorption
band of each intermediate in the ultraviolet spectral region around
300 nm is shown in Table S3, and they correspond to the peaks
�–� and �–� in Fig. S3. The two group’s intermediates, produced

chronologically during the photodegradation of BB-11 dye by HPLC–PDA-MS.
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Scheme 2. Proposed oxidation pathway of the BB-11.
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y cleavage of the first group’s intermediates, has the wavelength
osition of their major absorption bands moved toward the
lue region, �max, �, 265.5 nm; �′, 271.2 nm; �, 244.1 nm; �′,
45.3 nm; �, 227.6 nm; �, 286.9 nm; �′, 289.2 nm; �, 279.7 nm. The
ntermediates identified in this study, �–�, were also identified
n a previous study of the MG/TiO2 system [24]. The proposed
ntermediates (�, �, �) have been compared with standard

aterials of 4-(N-dimethylamino)phenol, 4-aminophenol, and 4-
minonaphthen-1-ol. The retention times and absorption spectra
re identical. The results we observed above can be seen more
learly in Tables S2 and 3 and chemical structure of intermediates
as been shown in Fig. 4.

.6. Degradation mechanisms of BB-11

Scheme 1 shows the proposed reaction mechanism for the
hotocatalytic degradation of BB-11 which may occur via two
ompeting and/or parallel pathways. The first pathway involves
hydroxyl radical attack on the N,N-alkylamino group of BB-11,

esulting in a reactive cationic radical, the subsequent de-alkylation
nd oxidation of which eventually yield the first and second group
ntermediates. The second pathway involves a hydroxyl radical
ttack on the central carbon atom of BB-11, yielding a reactive
ationic radical, with a bond between the central carbon atom and
he N,N-dimethylamino phenyl ring that is cleaved to give the two
ets of intermediates � and l, and � and a. In addition, these inter-
ediates can further be attacked by hydroxyl radicals, giving a

eactive cationic radical which is de-alkylated, resulting in �, q, �
nd f. The latter intermediates are further oxidized to form mineral-
zation products. The relative distribution of all of the intermediates
btained is illustrated in Fig. S4. The detailed mechanisms are illus-
rated in Figs. S5 and S6 of Supplementary Materials and Scheme 2.

In earlier reports [7,23–26], the N-de-alkylation processes are
receded by the formation of a nitrogen-centered radical while
xidative degradation (destruction of dye chromophore structures)
s preceded by the generation of a carbon-centered radical in the
hotocatalytic degradation of TPM dye. Consistent with this, degra-
ation of BB-11 must occur via three different pathways (two
xidative degradations and one N-de-alkylation) due to formation
f different radicals (either a carbon-centered or nitrogen-centered
adical). There is no doubt that the •OH attack on the dye yields a
ye cationic radical. After this step, the cationic radical dye•+ can
ndergo hydrolysis and/or use various de-protonation pathways,
hich in turn are determined by the different adsorption modes of
B-11 on the TiO2 particle surface. Both N-de-alkylation and oxida-
ive degradation of the BB-11 dye take place in the presence of ZnO
articles. These phenomena have been reported in some recent
eports relating to TiO2-mediated photocatalytic degradation [23].

All the intermediates identified in the study were also identi-
ed in a previous study of the BB-11/TiO2/UV system [13]. Under
V irradiation, the initial step in semiconductor-mediated photo-
atalysed degradation with light energy greater than the band gap
nergy of the semiconductor is proposed to involve the generation
f a (e−/h+) pair leading to the formation of hydroxyl radical (•OH).
his radical is the oxidizing species in the photocatalytic oxidation
rocesses [14]. Then, under visible irradiation, early reports depict
he absorption of light by the dye molecules [21,27]. The excited dye
njects an electron into the conduction band of ZnO, where it is scav-
nged by O2 to form O2

−•. De-alkylation of BB-11 dye occurs mostly
hrough attack by the active species, which is a perfect nucleophilic
eagent, on the N-alkyl portion of BB-11. Further, O2

−• subsequently

eacts with H2O to generate •OH radical and the other active radi-
al. The probability for the formation of •OH should be much lower
han for that O2

−•. The •OH is an extremely strong, non-selective
xidant, which leads to the partial or complete mineralization of
everal organic chemicals. All the above active radicals drive the

[
[
[
[
[

s A: Chemical 310 (2009) 159–165 165

photodegradation or mineralization of the dye molecule. Under UV
or visible light irradiation, all the intermediates identified in these
two studied topics have the same result. There is no doubt that the
major oxidant is •OH radical, not O2

−•.

4. Conclusions

The results showed that ZnO exhibits higher photocatalytic
activity than TiO2 under visible light irradiation. The photodegra-
dation rate of the BB-11 dye was found to increase then decrease
along with an increase in the catalyst concentration. This is char-
acteristic of heterogeneous photocatalysts. The efficiency of BB-11
dye photodegradation was found to decrease then increase with
an increase in the value of pH. Under visible irradiation, the prob-
ability for the formation of •OH should be much lower than for
O2

−•. Furthermore O2
−• subsequently reacts with H2O to gener-

ate •OH radical oxidant. Because the same identified intermediates
were obtained under UV and visible light irradiation, there is
no doubt that the major oxidant under visible light irradiation
is •OH radical, not O2

−•. Both the N-de-ethylation and oxidative
degradation of BB-11 take place in the presence of ZnO particles
with visible light irradiation. The reaction mechanisms of ZnO/vis
proposed in this study should shed some light on future applica-
tions.
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