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a b s t r a c t

Most of commercial dyes and pigments have rather complicated polyaromatic chemical structures with
prolonged lifetime surviving in the Mother Nature. However, TiO2 has been reported as one of the best
photocatalytic candidates for degrading dye pollutants. In this report, TiO2 film/Ti foil was prepared by
hydrothermal reaction in alkali solution, the porous TiO2 film with microcrystalline structure has been
obtained. The porous structure of TiO2 film was analyzed and characterized by XRD, FE-SEM and XPS.
This is the first report that demonstrates that TiO2 film/Ti foil has an excellent commercial application
potential for photocatalytic degradation of Ethyl Violet (EV). Especially, because of refluxing at 100 ◦C, the
porous TiO2 film structure remained undisturbed, and EV decomposed in the period of 20 h. In addition,
porous TiO2-mediated EV photo degradation mechanism has been proposed, as intermediates are isolated
and clearly identified by GC-MS and HPLC-PDA-ESI-MS.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Over 700,000 tons dyes and pigments are produced worldwide,
of which about 20% are in industrial effluents from textile dye-
ing and finishing processes annually [1]. Most of these dyestuffs
have complicated polyaromatic structures, and they cannot be
treated successfully by conventional degradation methods [2].
However, the TiO2-mediated photocatalysis processes have been
demonstrated successfully to degrade dye pollutants [3–9]. It was
noted especially that the triphenylmethane dyes, containing N-
alkylamine groups appeared to be photodegradable [10–13]. As
triphenylmethane dyes are used extensively in the textile indus-
try as well as the paper, food, cosmetic, and leather industries
[1,2]. For example, thyroid peroxidase-catalyzed oxidation of the
triphenylmethane dyes results in the formation of various N-de-
alkylated primary and secondary aromatic amines, which have
structures similar to aromatic amine carcinogens [14]. Photo-
catalytic degradation of nitrogen-containing aromatics has also
shown that either photogenerated electrons or hydroxyl radi-
cals act concurrently to transform the nitrogen-containing groups
[15,16].

∗ Corresponding author. Tel.: +886 4 2218 3406; fax: +886 4 2218 3530.
E-mail addresses: ccchen@mail.ntcu.edu.tw,
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Titanium dioxide (TiO2) is a photocatalytic material with
applications in fields such as environmental purification [3–9],
decomposition of carbonic acid gases, and solar cells [17–22]. Sev-
eral techniques can be used to prepare TiO2 thin films, including
thermal oxidation of titanium, anodic oxidation, and sputter-
ing [23–32]. Especially, TiO2 films have attracted much attention
on wetting behavior [33], oxygen adsorption [34], and hetero-
geneous photo-catalysis [29]. One of the most active research
areas has been environmental remediation, including self-cleaning
materials. Indeed, many organic pollutants can be degraded and
ultimately mineralized using TiO2 photo-catalysts in the presence
of UV or visible light irradiation [17,19,21]. For example, TiO2-based
photo-catalysts have been used to break down organic compounds
in wastewater [11–13,29]. One of the most interesting investiga-
tions was the degradation of organic solutions using TiO2 nanotube
layers [20,29]. The nanotube layers provide a large specific surface
area, to produce a greater photocatalytic activity. However, porous
TiO2 films have never been prepared and studied sufficiently in the
TiO2-assisted photodegradation system.

In this current study, the porous TiO2 films/Ti foils have been
first prepared successfully. Grown in alkali solution at different
reflux times, a porous TiO2 film with high surface area to volume
ratios has been obtained on the Ti foils surface. In order to get the
crystalline porous TiO2 film, structural evolution versus reflux time
was performed and monitored by FE-SEM and XRD. In addition, the
photocatalytic activity of porous TiO2 films has been demonstrated
to provide the total degradation of EV dye. Using GC-MS and HPLC-
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Fig. 1. Chemical structure of EV.

PDA-ESI-MS, most of the reaction intermediates have been isolated
and characterized. Finally, under the porous TiO2 film/UV process,
the mechanism of EV dye photodegradation has been proposed.

2. Experimental section

2.1. Materials and reagents

TiO2 foil (99.9% purity, 150 mm × 150 mm × 0.25 mm) was
purchased from Sigma. TiO2 powder (Degussa P25), a mix-
ture of anatase and rutile (8:2), was used as received as a
standard without further purification. EV (ethyl violet; basic
violet 4; N,N,N′,N′,N′′,N′′-hexaethylpararosaniline; C31H42N3Cl)
and 4-(N,N-diethylamino)-4′-(N′,N′-diethylamino)benzophenone
(DDBP) were obtained from Tokyo Kasei Kogyo Co. The chemical
structure of EV is shown in Fig. 1. 4-Aminophenol (AP; analyti-
cal standard) was purchased from Riedel-de Haen. Reagent-grade
ammonium acetate, nitric acid, sodium hydroxide, hydrogen chlo-
ride, and HPLC-grade methanol and acetone were purchased from
Merck.

2.2. Fabrication of porous TiO2 film by reflux

Ti foils were ultrasonically washed in HPLC-grade acetone
three times before use. To prepare TiO2 film, a piece of Ti foil
(75 mm × 75 mm × 0.25 mm) and 3 L, 10 M NaOH aqueous solution
was conducted as shown in the scheme as shown in Fig. 2. After
refluxing reflux 12, 24, 48 h, r12-TiO2, r24-TiO2, r48-TiO2, respec-
tively. TiO2/Ti foil was further neutralized with 0.1 M HCl aqueous
solution, washed with de-ionized water/ethanol several times, and
dried under nitrogen gas.

2.3. Photocatalytic experiments

The schematic of diagram of experimental apparatus was shown
in reference [35]. The C-75 Chromato-Vue Cabinet of UVP pro-
vides a wide area of illumination from the 15-W 365 nm tubes
positioned on two sides of the cabinet interior. A mixture solu-
tion was prepared by adding porous TiO2 film to a 250 mL aqueous
containing the EV at appropriate concentrations. The pH value of
the solution was adjusted by adding of either NaOH or HNO3 solu-
tion. Prior to irradiation, the mixture solution was magnetically
stirred in the dark for ca. 30 min to ensure the establishment of
adsorption–desorption equilibrium. Irradiations were carried out
using two lamps (UV-365 nm, 15 W). At given irradiation time
intervals, the solution was sampled (5 mL), centrifuged, and sub-
sequently filtered through a Millipore filter (pore size, 0.45 �m)
to separate the particles. Blank experiments in a beaker without
addition of porous TiO2 film showed slight decolorization of the

Fig. 2. Reflux apparatus: (A) heating mantle; (B) Ti foil; (C) 3 L glasses reactor include
1 L 10 M NaOH; (D) refrigerator circulating water bath.

irradiated solution and confirmed the expected stability of EV dye
under UV light irradiation. Addition of porous TiO2 film to solutions
containing 10 mg L−1 of EV did not alter the stability of the dye in
the dark.

2.4. Instruments and analytical methods

The surface morphologies of the films were examined by scan-
ning electron microscopy (FE-SEM, JSM-7401F, JEOL) and the
crystal structures were investigated by X-ray diffractometer anal-
ysis (XRD, MXP18, MAC Science). The chemical composition of the
thin films was investigated by X-ray photoelectron spectroscopy
(XPS, PHI Quantera SXM, ULVAC-PHI XPS). XPS spectra were col-
lected by exciting the film without pre-treatment with an Al K�
X-ray source. The Al K� radiation was generated with a voltage of
15 kV. The spectrometer was calibrated using the Ag 3d5/2 core line.
The binding energy values reported in the present work were cor-
rected by using the C1s peak at 284.8 eV for taking charging effects
into account.

A Waters ZQ LC/MS system – equipped with a Waters 1525
Binary HPLC pump, a Waters 2996 Photodiode Array Detector, a
Waters 717plus Auto sampler, and a Waters micromass-ZQ4000
Detector – was used. The degradation was monitored by measuring
the absorbance with a Photodiode Array Detector (PDA). After each
irradiation cycle, the amount of the residual dye was determined by
HPLC-PDA. The analysis of organic intermediates was accomplished
by HPLC-PDA-ESI-MS after the readjustment of the chromato-
graphic conditions in order to make the mobile phase compatible
with the working conditions of the mass spectrometer. Two dif-
ferent kinds of eluent were employed in this study. Solvent A was
25 mM aqueous ammonium acetate buffer (pH 6.9) while solvent
B was methanol. LC was carried out on an AtlantisTM dC18 col-
umn (250 mm × 4.6 mm i.d., dp = 5 �m). The flow rate of the mobile
phase was set at 1.0 mL min−1. A linear gradient was set as follows:
t = 0 min, A = 95, B = 5; t = 20 min, A = 50, B = 50; t = 40–45 min, A = 10,
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Table 1
Energy dispersive spectroscopy (EDS) of the porous TiO2 film by reflux at different
times.

Samples EDS

Weight% Atomic%

r12-TiO2

(Ti-reflux, 12 h)
Ti (77.48%) Ti (55.58%)
O (12.89%) O (27.67%)
C (9.63%) C (16.75%)

r24-TiO2

(Ti-reflux, 24 h)
Ti (76.59%) Ti (50.51%)
O (16.47%) O (32.52%)
C (6.94%) C (16.93%)

r48-TiO2

(Ti-reflux, 48 h)
Ti (84.88%) Ti (67.66%)
O (12.51%) O (29.85%)
C (2.61%) C (2.49%)

B = 90; t = 48 min, A = 95, B = 5. The column effluent was introduced
into the ESI source of the mass spectrometer.

Solid-phase extraction (SPE) was employed for preconcentra-
tion of irradiated samples prior to GC-MS analysis. Oasis HLB
(hydrophilic/lipophilic balance) was used as the sorbent, and this
ensures good recovery of compounds in a wide range of polari-
ties. The cartridges were placed in a vacuum cube (provided by
Supelco) and conditioned with 5 mL of methanol and 5 mL of de-
ionized water. After the conditioning step, 1000 mL aliquots of the
irradiated samples were loaded at a flow rate of approximately
10 mL/min. Elution was performed with 5 mL of methanol. The elu-
ates obtained were concentrated by solvent evaporation with a
gentle nitrogen stream and recomposed to a final volume of 1 mL in
methanol. The extracts were stored in amber vials and refrigerated
until chromatographic analysis to prevent further degradation.

GC/MS analyses were run on a PerkinElmer AutoSystem-XL gas
chromatograph interfaced to a TurboMass selective mass detec-
tor. Separation was carried out in a DB-5 capillary column (5%
diphenyl/95% dimethyl-siloxane), 60 m, 0.25-mm i.d., and 1.0-�m
thick film. A split–splitless injector was used under the follow-
ing conditions: injection volume 1 �L, injector temperature 280 ◦C,
split flow 10 mL/min. The helium carrier gas flow was 1 mL/min.
The oven temperature program was 4.0 min at 40 ◦C, 4 ◦C/min to
80 ◦C (2 min), 8 ◦C/min to 280 ◦C (9 min). The autotuning software
optimized typical MSD operating conditions. Electron impact (EI)
mass spectra were monitored from 35 to 300 m/z. The ion source
and inlet line temperatures were set at 220 and 280 ◦C, respectively.

3. Results and discussion

3.1. Characterization of material

3.1.1. FE-SEM-EDS
Fig. 3 shows SEM images of the porous TiO2 films obtained by

alkali aqueous reflux with Ti foil. Porous TiO2 films have grown
on top of the Ti foil with an oxide barrier layer separating the
porous TiO2 film from the titanium foil. From the top down image
view, the porous surface is approximately 300–600 nm in diam-
eter. The diameter of the surface was found to increase with the
increase in reflux time. In addition, Fig. 3 (inset) shows an oblique
view of the porous TiO2 film at different reflux times. The film
thickness determined by accounting for foreshortening from this
image was found to be approximately 3.176, 3.012, and 2.680 �m
corresponding to reflux of 12, 24, and 48 h respectively. The compo-
sition of the porous TiO2 film was analyzed by an energy dispersive
spectroscopy (EDS) study (Table 1) revealing the presence of Ti
and O as the only elementary components with oxygen deficiency
(Ti:O ∼ 2:1 atomic ratio) in all the samples.

Fig. 3. FE-SEM of the as-prepared TiO2 films. Reflux (a) 12 h, the oblique view show-
ing thickness of film about 3.176 �m; (b) 24 h, the oblique view showing thickness
of film about 3.012 �m; (C) 48 h, the oblique view about 2.680 �m.

3.1.2. XRD
Fig. 4 shows the XRD pattern of sample, which was prepared in

3 L, 10 M NaOH at 100 ◦C for 12, 24, 48 h. All the reflections can
be readily indexed to P25-TiO2 phase (JCPDS card no. 36-1451)
except for those marked from the Ti foil. No obvious characteristic
peaks are observed for other impurities. The characteristic line of
anatase (1 1 2), (2 2 0) and rutile lines (2 0 2) appears on different
reflux times while the anatase (0 0 2) only appears at the r12-TiO2
film and r24-TiO2 film. The intensity of the lines of rutile (0 0 2),
(2 0 2) and anatase (1 1 2), (2 2 0) was observed to increase and then
decrease with the increase in the reflux time.
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Fig. 4. XRD patterns of TiO2 films obtained on Ti foil. Spectra from top to bottom
correspond to P25-TiO2, Ti foil, reflux time of 12, 24, 48 h (Ti foil prepared in 3 L 10 M
NaOH solution, at 100 ◦C), respectively. (A: anatase phase, R: rutile phase).

3.1.3. XPS
Fig. 5 shows Ti2p XPS spectra of the Ti foil before and after

the alkali reflux treatment at different times. In Fig. 5a, the bind-
ing energies of Ti2p3/2 in P25-TiO2, Ti-foil, r12-TiO2, r24-TiO2,
and r48-TiO2 are 457.8, 452.9, 458.2, 457.8, and 458.0 eV, respec-
tively. In Fig. 5b, the binding energies of O1s in P25-TiO2, Ti-foil,
r12-TiO2, r24-TiO2, and r48-TiO2 are 529.1, 529.7, 529.7, 529.4,
and 529.2 eV, respectively. On porous films, a Ti2p3/2 peak around
457.8 eV appeared similar with P25-TiO2 of the peak.

3.2. Photocatalytic degradation of EV by porous TiO2 film

3.2.1. Effect of reflux time
In photocatalytic processes, the amount of photocatalyst on Ti

foil is an important parameter that can affect the degradation rate
of organic compounds. The optimal catalyst films depend on the
nature of the films [36]. Hence, the effect of photocatalyst films on
Ti foil on the photodegradation rates of the EV dye was investigated
by employing different reflux times of Ti foil varying from 12 to 48 h
by 10 M alkali aqueous solution. As expected, the photodegradation
rate of the EV was found to increase then decrease with the increase
in the catalyst concentration (Fig. 6). The photolysis reaction and
adsorption resulted a decrease about 4.5% and 7.7% in the EV con-
centration after 20 h while in the photocatalytic reaction the EV
was completely decomposed after 20 h. Above 24 h reflux time, the
initial rate of EV degradation was not affected further by a progres-
sive increase. The maximal initial degradation rate for EV appears

at 24 h reflux time. At room temperature, the oxidation of titanium
metal by dissolved oxygen in water is very slow due to the limited
surface oxidation layer. However, in the presence of alkali solution,
the oxidation reaction can be accelerated drastically, and to form
porous TiO2 films on the surface of the Ti foil. The reaction between
Ti and O2 in an alkaline solution is generally recognized to produce
TiO2 (Eqs. (1) and (2)). Fig. 6 does show the trend as the TiO2 forma-
tion once the reflux time increases. However, the TiO2 formation
rate fell gradually, this might be explained as the OH− can be con-
sumed by Ti(OH)4, and then generate Ti(OH)6

2− as shown in Eq.
(3).

Ti + O2 + 2H2O → Ti(OH)4 (1)

Ti(OH)4 → TiO2 + 2H2O (2)

Ti(OH)4 + 2OH− → Ti(OH)6
2− (3)

In the following experiment, we chose r24-TiO2 as the optimum
film.

3.2.2. Effect of pH
The surface of TiO2 would charge negatively and adsorb cationic

species easily under pH > pHzpc (zero point charge) conditions.
Under the reverse conditions, it would adsorb anionic ones [37].
However, the adsorption of the substrate onto the TiO2 surface
directly affects the occurrence of electron transfer between the
excited dye and TiO2 and further influences the degradation rate.
The surface becomes positively charged, and the number of adsorp-
tion sites may decrease above the isoelectric point of TiO2. The
photodegradation rate of the EV dye as a function of reaction pH
is shown in Fig. 7. The photodegradation rate of the EV dye was
found to decrease then increase with increases in pH value. A higher
degradation rate under an acid pH is seen also for the degrada-
tion of azo dyes in TiO2-mediated experiments due to the efficient
electron-transfer process that occurs with surface complex bond
formation [38,39]. Hydroxyl radicals can be formed by the reaction
between hydroxide ions and positive holes. The positive holes are
considered major oxidation species at low pH while hydroxyl rad-
icals are the predominant species at neutral or high pH levels [40].
An additional explanation for the pH effects is related to changes in
the specification of the dye. That is, protonation or deprotonation of
the dye can change its adsorption characteristics and redox activ-
ity [41]. Under neutral pH values, this surface is not easily charged
and the photodegradation of EV became therefore slower. With
higher pH values, the formation of active •OH species is favored, due
not only to improved transfer of holes to the adsorbed hydroxyls,
but also to electrostatic abstractive effects between the negatively
charged TiO2 film and the operating cationic dyes. Hence, the pho-
todegradation of EV was the fastest. Our results indicate that the
TiO2 surface is negatively charged, and the EV adsorbs onto the
TiO2 surface through the positive ammonium groups. The proposed
adsorption mechanisms are in good agreement with earlier reports
[42]. Although the EV dye can adsorb onto the TiO2 surface to some
extent in alkaline media, when the pH value is too high (pH 9), the
dye molecules will change into a colorless carbinol base [9,43].

3.2.3. Effect of dye concentration
By varying the initial dye concentration from 0.01 to 0.05 g L−1

with r24-TiO2 film as catalyst (pH 9), its effect on the degrada-
tion rate could be determined. Degradation efficiency is inversely
affected by the dye concentration. This negative effect can be
explained as follows; as the dye concentration is increased, the
equilibrium adsorption of dye on the catalyst surface active sites
increases; hence competitive adsorption of OH− on the same sites
decreases, meaning a lower formation rate of •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
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Fig. 5. (a) Ti 2p3/2 and (b) O1s XPS spectra of the porous TiO2 films by different reflux times.

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.

3.2.4. Comparison of TiO2 and reused-TiO2 degradation
efficiencies

Initially, the experiments were performed under UV irradiation
with r24-TiO2 film as catalyst, and the photodegradation efficiency
was observed. To compare the efficiency, reused-TiO2 catalyst was
tried under the same process conditions. Typical results are shown
in Fig. 8. They show that reused r24-TiO2 catalyst exhibits lower
photocatalytic activity than the r24-TiO2 film as catalyst, and the
explanation is that as the surface active sites of reused-TiO2 cat-
alyst decrease, the equilibrium adsorption of dye and adsorption
of OH− on the catalyst surface active sites also decrease, which
means a lower degradation efficiency. These results agree with

Fig. 6. Influence of reflux time was examined by the degradation rate for the decom-
position of EV at pH 5. The value of C/Co was expanded on the right. Experimental
conditions: dye concentration (10 mg L−1), absorbance was followed at 580 nm, con-
tinuous stirring, and irradiation time 36 h.

those obtained concerning the photocatalytic degradation of dye
[44,45]. A similar photocatalytic degradation of malachite green
has been reported [46].

3.3. Separation of the intermediates

Temporal variations occurring in the solution of EV dye dur-
ing the degradation process with UV irradiation were examined
using HPLC coupled with a photodiode array detector and ESI mass
spectrometry. The chromatograms at pH 5 are illustrated in Fig. 9,
recorded at 580, 350, and 300 nm. With irradiation up to 36 h at
pH 5, 21 components were identified, all with retention time of
less than 50 min. We denoted the EV dye and its related inter-
mediates as species A–J, a–f, a′–b′, and �–�. Except for the initial
EV dye (peak A), the other peaks initially increased before sub-

Fig. 7. The pH effect on the EV degradation rate: r24-TiO2 film as catalyst; EV,
10 mg L−1.
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Fig. 8. Comparison of degradation rate for the decomposition of EV under r24-TiO2

film with being reused. Conditions: r24-TiO2 film as catalyst; EV, 10 mg L−1; pH 5.

sequently decreasing, indicating formation and transformation of
the intermediates. Fig. 1S of supporting information shows the GC
chromatogram obtained for a SPE extract of EV solution after 44 h
of irradiation. Up to six compounds could be detected as possi-
ble degradation intermediates. We denoted these intermediates as
compounds I–VI.

3.4. Identification of the intermediates

3.4.1. UV–vis spectra of the intermediates
The maximum absorption of each intermediate in the visible and

ultraviolet spectral region is depicted in Table 2. They are iden-
tified as A–I, a–f, a′–d′, and �–� corresponding to the peaks A–I,
a–f, a′–d′, and �–� in Fig. 9, respectively. The absorption maxi-
mum of the spectral bands shifts from 590.5 nm (spectrum A) to
555.4 nm (spectrum J), 371.6 nm (spectrum a) to 340.6 nm (spec-
trum f), 370.4 nm (spectrum a′) to 367.9 nm (spectrum b′), and
302.4 nm (spectrum �) to 288.1 nm (spectrum �). These shifts of
the absorption band are presumed to result from the formation of
a series of N-de-ethylated or N-hydroxyethylated intermediates.
From these results, several groups of intermediates can be distin-
guished.

The first group is marked in the chromatogram and illustrated
in Fig. 9a. The intermediates of N-de-ethylated EV dye have the
wavelength position of its major absorption band moved toward
the blue region, �max, A (EV), 590.5 nm; B, 585.6 nm; C, 577.1 nm;
D, 572.2 nm; E, 583.2 nm; F, 574.6 nm; G, 566.3 nm; H, 574.9 nm;
I, 560.2 nm; J, 555.4 nm. The N-de-ethylation of the EV dye caused
the wavelength shifts depicted in Table 2 because of attack by one
of the active oxygen species on the N,N-diethyl or N-ethyl group.
Examination of Table 2 suggests that EV dye is N-de-ethylated in
a stepwise manner (i.e., ethyl groups are removed one by one as
confirmed by the gradual peak wavelength shifts toward the blue
region), which has been reported [43].

The second and third groups are marked in the chromatogram
and illustrated in Fig. 9b. Destruction of EV yields DAP, DDBP,
and their N-de-ethylated products N-hydroxyethylated intermedi-
ate. The N-de-ethylation of the DDBP and the N-hydroxyethylated
intermediates of the N-de-ethylated DDBP species, produced by
cleavage of the EV chromophore ring structure, have the wave-
length position of its major absorption band moved toward the blue
region, �max, a, 371.6 nm; b, 366.7 nm; c, 362.1 nm; d, 367.9 nm; e,
357.2 nm; f, 340.6 nm and a′, 370.4 nm; b′, 367.9 nm. The proposed
intermediate (a) has been compared with standard material of
4-(N,N-diethylamino)-4′-(N′,N′-diethylamino)benzophenone. The
retention time and absorption spectra are identical.

Fig. 9. HPLC chromatogram of intermediates at pH 5 (EV, 10 mg L−1), 36 h of irradia-
tion with UV light, recorded at 580, 350, and 300 nm, imparity was marked with star.

The fourth and fifth groups are marked in the chromatogram
and illustrated in Fig. 9c. The N-de-ethylation of the DAP, produced
by cleavage of the EV chromophore ring structure, has the wave-
length position of its major absorption band moved toward the blue
region, �max, �, 302.4 nm; �, 288.1 nm; �, 284.5 nm. The proposed
intermediate (�) has been compared with standard material of 4-
aminobenzophenone. The retention time and absorption spectra
are identical.

3.4.2. ESI Mass spectra of the intermediates
The intermediates were further identified using the HPLC-ESI

mass spectrometric method, and the relevant mass spectra are
illustrated in supporting information (Fig. 2S and Table 2). The
molecular ion peaks appeared in the acid forms of the interme-
diates. The results of mass spectral analysis confirmed that the
component A, m/z = 456.57, in liquid chromatogram is EV. The other
components are B, m/z = 428.55; C, m/z = 400.42; D, m/z = 400.48;
E, m/z = 372.45; F, m/z = 372.52; G, m/z = 344.35; H, m/z = 344.35;
I, m/z = 316.32; J, m/z = 288.11; a, m/z = 325.18; b, m/z = 297.46; c,
m/z = 269.35; d, m/z = 269.35; e, m/z = 241.20; f, m/z = 213.05; a′,
m/z = 341.48; b′, m/z = 313.15.

3.4.3. EI mass spectra of the partial intermediates
The other intermediates were marked in the GC-MS/EI chro-

matogram, and the relevant mass spectra are illustrated in



Author's personal copy

870 F.-D. Mai et al. / Journal of Hazardous Materials 177 (2010) 864–875

Table 2
Intermediates of the photocatalytic degradation of EV identified by HPLC-ESI-MS or GC-EI-MS. Conditions: r24-TiO2, 10 mg L−1 EV, irradiation 36 h.

HPLC peaks Intermediates Abbreviation MS peaks (m/z) Absorption maximum (nm)

A N,N,N′ ,N′ ,N′′ ,N′′-hexaethylpararosaniline EV 456.57 590.5
B N,N-diethyl-N′ ,N′-diethyl-N′′-ethylpararosaniline DDEPR 428.55 585.6
C N,N-diethyl-N′-ethyl-N′′-ethylpararosaniline DEEPR 400.42 577.1
D N,N-diethyl-N′ ,N′-diethylpararosaniline DDPR 400.48 572.2
E N-ethyl-N′-ethyl-N′′-ethyl pararosaniline EEEPR 372.45 583.2
F N,N-diethyl-N′-ethylpararosaniline DEPR 372.52 574.6
G N-ethy-N′-ethylpararosaniline EEPR 344.35 566.3
H N,N-diethylpararosaniline DPR 344.35 574.9
I N-ethylpararosaniline EPR 316.32 560.2
J Pararosaniline PR 288.11 555.4
a 4-(N,N-diethylamino)-4′-(N′ ,N′-diethylamino)benzophenone DDBP 325.18 371.6
b 4-(N,N-diethylamino)-4′-(N′-ethylamino)benzophenone DEBP 297.46 366.7
c 4-(N-ethylamino)-4′-(N′-ethylamino)benzophenone EEBP 269.35 362.1
d 4-(N,N-diethylamino)-4′-aminobenzophenone DBP 269.35 367.9
e 4-(N-ethylamino)-4′-aminobenzophenone EBP 241.20 357.2
f 4,4′-bis-aminobenzophenone BP 213.05 340.6
a′ 4-(N,N-diethylamino)-4′-(N′-hydroxyethyl-N′-ethylamino)benzophenone DHEBP 341.48 370.4
b′ 4-(N-hydroxyethyl-N-ethylamino)-4′-(N′-ethylamino)benzophenone HEEBP 313.15 367.9
� 4-(N,N-diethylamino)phenol DAP 166.27 302.4
� 4-(N-ethylamino)phenol EAP 137.21 288.1
� 4-Aminophenol AP 109.19 284.5
I N,N-diethylaminobenzene DBz 149 N/A
II N-ethylaminobenzene EBz 121 N/A
III Aminobenzene ABz 93 N/A
IV Acetamide AAm 59 N/A
V 2-Propenoic PAc 72 N/A
VI Acetic AAc 60 N/A

Fig. 10. Proposed N-de-ethylation pathway of the EV dye under UV irradiation in aqueous with r24-TiO2 film followed by the identification of several intermediates by
HPLC-ESI mass spectral techniques.
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Fig. 11. Proposed pathway of the destruction of the conjugated structure of the EV dye under UV irradiation in aqueous with r24-TiO2 film followed by the identification of
several intermediates by HPLC-ESI mass spectral techniques.

supporting information (Fig. 1S). Table 2 presents the fragmen-
tation patterns of the intermediates (I–VI) and the corresponding
compounds identified by interpretation of their MS spectra. The
peaks eluting at 30.47, 28.46, 25.58, 23.37, 17.54, and 12.34 min
during GC-MS were identified as N,N-diethylaminobenzene, N-
ethylaminobenzene, aminobenzene, acetamide, 2-propenoic acid
and acetic acid with fit values of 87%, 82%, 83%, 71%, 88%,
and 95%, respectively, found by searching the mass spec-
tra library. The intermediates identified in the study were
also reported in a previous study of the MEK/TiO2 sys-
tem [47]. Further oxidation of organic substrates containing
nitrogen to nitrate can be obtained by increasing irradi-
ation time. Results of HPLC chromatograms, UV–vis spec-
tra, HPLC-ESI and GC-EI mass spectra are summarized in
Table 2.

3.5. Photodegradation mechanisms of EV

The relative distribution of the intermediates obtained is illus-
trated in Fig. 3S of supporting information. To minimize errors,
the relative intensities were recorded at the maximum absorp-
tion 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. The
distributions of all of the N-de-ethylated intermediates are relative
to the initial concentration of EV. Nonetheless, we clearly observed
the changes in the distribution of each intermediate during the pho-
todegradation of EV. The successive appearance of the maximum of
each intermediate indicates that the N-de-ethylation of EV, a and
�, is a stepwise photochemical process.
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Fig. 12. Proposed pathway of the destruction of the conjugated structure of the ‘a’ derivatives (compounds I–VI) by the identification of six intermediates by GC-EI mass
spectral techniques.

3.5.1. N-de-ethylation of EV
Most of the •OH radicals are generated directly from the reac-

tion between the holes and surface-adsorbed H2O or OH−. O2
•−

should be much less likely to be formed than •OH under UV irra-
diation [10,43]. The N-de-ethylation of the EV dye occurs mostly
through attack by the •OH species on the N,N-diethyl group of EV.
The degradation intermediates were clearly observed (Fig. 3S, in
supporting information) to reach their maximum concentrations.
The concentration of the other intermediates may be too low to
be examined by HPLC-PDA-ESI-MS. The results discussed above
can be seen more clearly from Fig. 10. EV gets near the nega-
tively charged TiO2 particle surface via the positive diethylamine
group. Then, before the conjugated structure is destroyed, the N-
de-ethylation occurs preferentially, with the major products being
N-de-ethylated EV species.

3.5.2. Destruction of the conjugated structure of the EV
The degradation of the EV dye occurs mostly through attack by

the •OH species on the central carbon portion of EV and produces
a and �. The degradation intermediates were clearly observed

(Fig. 3S, in supporting information) to reach their maximum con-
centrations. The concentration of the other intermediates may be
under the detection limit. The results we discussed above can be
seen more clearly from Fig. 11. EV is adsorbed on the positively
charged TiO2 particle surface via a conjugated structure. With the
major photooxidation products being a, �, their N-de-ethylated
products, and via N-hydroxyethylated intermediates of the de-
ethylated products, the cleavage of the EV chromophore structure
predominates, and N-de-ethylation occurs only to a slight extent.

Further evidence for the pathway(s) of photodegradation was
obtained by GC-MS spectroscopic methods. From the results
of mass spectral analysis, we identified the major component
in the gas chromatograms as N,N-diethylaminobenzene, N-
ethylaminobenzene, aminobenzene, acetamide, 2-propenoic acid,
and acetic acid. The former intermediates (I–III) detected by GC-MS
are the results of the cleavage of intermediates of the third group
(a–f), leading to aminobenzene derivatives. The latter intermedi-
ates (IV–VI) were formed by cleavage of the aromatic derivatives,
leading to aliphatic products. The results we discussed above can
be seen more clearly from Fig. 12.
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Fig. 13. Proposed pathway of degradated EV dye under UV irradiation in aqueous with r24-TiO2 film.

3.5.3. The pathways of photocatalytic degradation of the EV
According to earlier reports [13,48–50], most N-de-alkylation

processes are preceded by the formation of a nitrogen-
centered radical while destruction of dye chromophore structures

is preceded by the generation of a carbon-centered radical
[20,21,25,32,33]. Consistent with this, degradation of EV must
occur via two different photodegradation pathways (destruc-
tion of the chromophore structure and N-de-ethylation) due
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to formation of different radicals (either a carbon-centered or
nitrogen-centered radical). 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 follow var-
ious deprotonation pathways, which in turn are determined by
the different adsorption modes of EV on the TiO2 particles sur-
face.

On the basis of all the above experimental results, we ten-
tatively propose the pathway of photodegradation depicted in
Fig. 13. In this figure, the dye molecule in the EV/TiO2 sys-
tem is adsorbed through the positively charged diethylamine
function. Following the attraction by one •OH radical of a hydro-
gen atom from ethyl group of diethylamine, and the attack by
another •OH radical on the diethylamine radical and the forma-
tion of hydroxyethylated intermediates, the subsequent hydrolysis
(or deprotonation) of intermediates yielded de-hydroxyethylated
intermediates, which were subsequently attacked by •OH radicals
to lead ultimately to N-de-ethylation. The mono-de-ethylated dye
derivative, B, can also be adsorbed on the TiO2 particle surface and
is implicated in other similar events (•OH radicals attraction and
attack, hydrolysis or deprotonation) to yield the bi-de-ethylated
dye derivatives, C and D. The N-de-ethylation process as described
above continues until formation of the completely de-ethylated
dye, J.

In Fig. 13, the dye molecule in the EV/TiO2 system is
adsorbed through a conjugated structure cleavage of the EV
chromophore structure. The attack by •OH radical on the
conjugated structure yields a carbon-centered radical, which
is subsequently attacked by molecular oxygen to lead ulti-
mately to a and �. The same process happened in the
N-de-ethylated dye to produce the N-de-ethylated a and �.
The a can also be adsorbed on the TiO2 particle surface
and be implicated in other similar events (•OH radical attrac-
tion and attack, hydrolysis or deprotonation, and/or oxygen
attack) to yield a mono-N-de-ethylated derivative, b. More-
over, the same process happened in � to produce �. The
N-de-ethylation process as described above continues until
formation of the completely N-de-ethylated a, f, and N-
de-ethylated �, �. All the above N-de-ethylation processes
produced a series of N-de-hydroxyethylated intermediates by
the hydroxylation on the N-ethyl group. All the intermediates
were further degraded to produce N,N-diethylaminobenzene, N-
ethylaminobenzene, aminobenzene, acetamide, 2-propenoic acid,
and acetic acid, which were subsequently mineralized to lead to
CO3

2−and NO3
− [51].

4. Conclusions

Crystalline porous TiO2 film has been prepared using hydrother-
mal treatment of Ti foils in alkali solution. The porous structure
of TiO2 film was analyzed and characterized by XRD, FE-SEM and
XPS. Porous TiO2 film/Ti has demonstrated as a good candidate
for dye photocatalytic degradation. In the period of 20 h, the TiO2
film/Ti as catalyst, both N-de-ethylation and conjugated structure
of EV dye decomposed, however, the porous TiO2 film structure
remained undisturbed. In addition, the reaction mechanism pro-
posed in this study due to the isolation of stable intermediates.
Currently, the porous TiO2 film/Ti has been modified for the future
scale-up applications.
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