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a b s t r a c t

The purposes of this research were to study the effects of two modified photocatalysts, Nafion-coated
TiO2 and fluorinated TiO2, and photocatalytic degradation of Victoria Blue R in aqueous solution. Photo-
catalytic degradation of Victoria Blue R was accelerated by the modified photocatalysts. Bulk and surface
characterizations of the resulting powders were carried out. Attachment of the anions to the TiO2 sur-
face using the Nafion-coated-TiO2 possibly results in increased adsorption of the cationic dye, and the
degradation rate is larger for the cationic dye. It was found that Victoria Blue R on the two illuminated
eywords:
afion-coated TiO2

luorinated TiO2

hotocatalytic
ye
igh-performance liquid

TiO2 surfaces underwent very different changes. To obtain a better understanding on the mechanistic
details of this modified-TiO2-assisted photodegradation of the Victoria Blue R dye with UV irradiation,
a large number of intermediates of the process were separated, identified, and characterized by a high-
performance liquid chromatography–mass spectrometry technique. Several probable photodegradation
pathways were proposed and discussed.
hromatography–mass spectrometry
ictoria Blue R

. Introduction

Triphenylmethane dyes have been extensively used as textile
yes for wool, silk, and cotton, in the preparation of inks and in the
urface-coating and dyeing of paper [1,2], as colorants in foods,
rugs, cosmetics [3], as biological stains, and as anti-infective,
ntimicrobial and antihelmintic agents [1]. The photocytotoxicity
f triphenylmethane dyes, based on the production of the reac-
ive oxygen species, is tested intensively with the regard to their
hotodynamic treatment [4]. An additional worry is that some
riphenylmethane dyes have been shown to be potent clastogens,
ossibly responsible for promoting tumor growth in some species
f fish [5]. Doerge et al. [6] have demonstrated that leucoma-
achite green inhibits thyroid peroxidase-catalyzed formation of
hyroxine and tyrosine in vitro, which also results in the oxidative
-demethylation of leuco-malachite green to a primary pheny-
amine. An early report [7,8] describes how the molecular structure
f four cationic triphenylmethanes dyes—Victoria Blue R, Victoria
ure Blue BO, Crystal Violet, and Ethyl Violet—affects their effi-
iency as mediators of the photoinduced inactivation of two model

∗ Corresponding author. Tel.: +886 4 2218 3839; fax: +886 4 2218 3530.
E-mail address: ccchen@ms3.ntcu.edu.tw (C.C. Chen).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.094
© 2009 Elsevier B.V. All rights reserved.

mitochondrial targets, hexokinase and DNA. Hexokinase is known
to be over expressed in highly glycolytic tissues such as tumors,
and this enzyme has been previously considered as a possible tar-
get for anti-tumor therapy. Mitochondrial DNA is particularly prone
to oxidative damage due to both its lack of protective histones and
proof reading and the presence of incomplete repair mechanisms
in the mitochondrial machinery.

The TiO2-mediated photocatalysis process has been success-
fully used to degrade pollutants during the past few decade years
[9,10]. TiO2 is broadly used as a photocatalyst because of its non-
toxicity, photochemical stability, and low cost [9]. Heterogeneous
photocatalysis is an emerging destructive technology which leads
to the total mineralization of many dye pollutants through the
proposed mechanism [10]. Because the photocatalytic reactions
mostly take place on the surface, the surface property of TiO2 is
regarded as one of the most important factors in determining the
photocatalytic reaction kinetics and mechanisms. A major limita-
tion of achieving high photocatalytic efficiency in semiconductor
systems is the quick recombination of charge carriers. Recombi-

nation, which has faster kinetics than surface redox reactions, is
a major drawback as it reduces the quantum efficiency of photo-
catalysis. Therefore, ways to minimize the recombination rate are
important if we are interested in maximizing photocatalysis effi-
ciency. For this purpose, TiO2 has been investigated in relation to

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ccchen@ms3.ntcu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2009.09.094
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odify (Nafion-coated TiO2, Nafion-TiO2) or surface complexation
fluorinated TiO2, F-TiO2) [11–18].

It is worth noting that fluorination and Nafion coating have been
roposed recently by several groups as a method to improve the
hotocatalytic activity of TiO2 [11,19–22]. Significant changes in
he photocatalytic behavior of TiO2 have been evidenced in most
ases. The adsorption of fluoride on the TiO2 surface has been
upposed to prevent the generation of surface bound hydroxyls
nd to enhance the formation of solution hydroxyl radicals. More
ecently, a few F-doped non-TiO2 catalysts also exhibited a similar
nhancement of photocatalytic activities [23,24]. In a recent study
afion-TiO2 films were prepared to modify the surface charge of
iO2. Nafion (Fig. 1) is an anionic perfluorinated polymer [25] and
hemically inert in both oxidative and reductive environments,
ven under UV illumination [22]. Recently, a few Nafion-coated
on-TiO2 catalysts [26–28] exhibited a similar enhancement of
hotocatalytic activities.

Studies on photocatalytic degradation using TiO2 modified with
ifferent classes of organics have appeared in the citations above,
nd most of them include a detailed examination of the so-called
rimary processes under different working conditions. However,
ess attention has been paid to the study of the degradation mech-
nism and to the identification of major transient intermediates,
hich have been more recently recognized as very important

spects of these processes, especially in view of their practical
pplications. The main purpose of our work is to compare the

Fig. 1. Chemical structure of (a) VBR and (b) Nafion polymer.
Materials 174 (2010) 598–609 599

mechanisms as well as the photocatalytic reaction efficiency on the
surface of the F-TiO2 and Nafion-TiO2 catalysts. We report herein
that this efficiency may be enhanced by the preparation of Nafion-
TiO2 or F-TiO2. Bulk and surface characterizations of the resulting
powders were carried out by means of field emission scanning elec-
tron microscopy (FESEM), X-ray diffraction (XRD), determination of
Brunauer–Emmett–Teller (BET) specific surface areas, and porosity
measurement techniques. Moreover, Victoria Blue R (VBR) dye was
used as a model to examine the activity of the photocatalyst and
the mechanisms of photocatalytic degradation. To provide an over-
all understanding of the reaction pathway(s), high-performance
liquid chromatography–photodiode array detection-electrospray
ionization-mass spectrometry (HPLC–PDA-ESI-MS) was used to
identify the N-de-alkylated intermediates and the intermediates
of VBR from ring cleavage during the photodegradation. So more
information of mechanism and efficiency of photocatalysis will be
obtained. This work may provide new insights into the mecha-
nisms of photocatalytic degradation by the F-TiO2 and Nafion-TiO2
catalysts, insights that may enable us to design and prepare more
efficient photocatalysts.

2. Experimental

2.1. Materials and catalysts preparation

Titanium dioxide (P25)—a known mixture of 80% anatase and
20% rutile, with an average particle size of 30 nm, nonporous,
and with a reactive surface area of 50 ± 10 m2 g−1—was used as-
received for all degradation experiments and supplied by Degussa
Co. VBR [Bis(4-dimethylaminophenyl)(4-ethylaminonaphthenyl)
methylium chloride; Victoria Blue R; C.I. 44040] dye and sodium
fluoride were obtained from Sigma–Aldrich and used without
any further purification. Nafion was purchased from Aldrich as
a 5 wt% solution in a mixture of alcohol and water. The chem-
ical structure of the VBR dye and Nafion is shown in Fig. 1.
4-(N-methylaminophenol) (MAP; with a guaranteed purity of
98%) and 4-amioonaphthen-1-ol (purity of 90%) were obtained
from Aldrich. 4-aminophenol (AP; analytical standard) was
purchased from Riedel-deHaen. The 4-(N,N-dimethylamino)-4′-
(N′,N′-dimethylamino)benzophenone was obtained from Acros
Organics. Reagent-grade ammonium acetate, sodium hydroxide,
nitric acid, and HPLC-grade methanol were purchased from Merck.
De-ionized water was used throughout this study. The water was
then purified with a Milli-Q water ion-exchange system (Millipore
Co.) to give a resistivity of 18 M� cm.

The Nafion-TiO2 catalyst was prepared as described elsewhere
[18]. The Nafion-coated TiO2 samples were prepared by adding
the desired amount of Nafion solution (5 wt%) to 1 g of TiO2 along
with an appropriate amount of methanol for proper mixing and
to ensure a homogeneous coating of Nafion onto TiO2. After being
mixed manually, the mixture was dried overnight at room tempera-
ture. The F-TiO2 catalyst was prepared as described elsewhere [16].
Sodium fluoride (NaF) was added to aqueous TiO2 suspensions to
fluorinate the TiO2 surface. For the surface analysis of F-TiO2, TiO2
suspension (1 g/L) with 10 and 20 mM NaF at pH 4 was filtered
through a 0.45 �m filter and dried at 95 ◦C overnight.

2.2. Photocatalytic experiments

The schematic of diagram of experimental apparatus was shown
in our early report [29]. The C-75 Chromato-Vue cabinet of UVP

provides a wide area of illumination from the 15-W UV-365 nm
tubes (Hitachi) positioned on two sides of the cabinet interior.
The photocatalytic activities of the as-prepared samples for the
degradation of VBR in solution were tested under UV-365 nm light
irradiation (15 W). In a 100 mL suspension containing 50 mg L−1
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Fig. 2. XPS survey spectrum of P25-TiO2, F-TiO2 and Nafion-TiO2 catalysts prepared.

Fig. 3. The photolysis, adsorption and photodegradation rate of VBR with catalysts
at pH 9, catalyst = 0.5 g L−1, VBR = 0.05 g L−1.

Fig. 4. The pH effect on the VBR photodegradation rate with concentrations of
catalysts (0.5 g L−1) and VBR dye (0.05 g L−1).

Fig. 5. Influence of the addition ratio in synthesis catalysts on the photodegradation
rate for the decomposition of VBR at pH 9, catalysts = 0.5 g L−1, VBR = 0.05 g L−1.

Fig. 6. Depletion in TOC as a function of irradiation time for an aqueous solu-
tion of VBR in the presence of F-TiO2. Experimental condition: dye concentration
(0.05 g L−1), F-TiO2 (0.5 g L−1), pH 9, continuous.

Fig. 7. UV–vis spectra changes of the VBR dye in aqueous at pH 9, with (a) F-TiO2

and (b) Nafion-TiO2.
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BR dye, 0.1, 0.5, or 1.0 g L−1 of the catalysts was dispersed in a
00 mL flask. For reactions in different pH media, the initial pH
f the suspensions was adjusted by addition of either NaOH or
NO3 solutions. Prior to irradiation, the suspensions were mag-
etically stirred in the dark for 2 h to ensure the establishment of
n adsorption–desorption equilibrium. The suspensions were kept
nder constant air-equilibrated conditions before and during the

rradiation. At given time intervals, 5 mL aliquots were sampled
nd centrifugated to remove the particles. The filtrates were ana-
yzed by HPLC–PDA-ESI-MS. Performed in flask without addition

f modified-TiO2, the blank experiments showed no appreciable
ecolorization of the irradiated solution, and thus confirmed the
xpected stability of this VBR dye under UV light irradiation. Also
ith addition of 0.5 g L−1 modified-TiO2 to solutions, which con-

ig. 8. (a) Total ion chromatogram and HPLC chromatogram of the photocatalytic degra
ecorded at (b) 580 nm, (c) 350 nm, and (d) 300 nm.
Materials 174 (2010) 598–609 601

tained 50 mg L−1 of the VBR dye, the dye remained stable in the
dark too.

2.3. Instruments and analytical methods

2.3.1. Characterization
X-ray powder diffraction (XRD) patterns were recorded on a

MAC Sience, MXP18 X-ray diffractometer with Cu K� radiation
(� = 1.54178 Å), operated at 40 kV and 80 mA. Field emission scan-
dation intermediates in F-TiO2 (1.0 g L−1) aqueous with 8 h of irradiation, at pH 9,

with a field-emission microscope (JEOL JSM-7401F or JSM-6330F)
operated at an acceleration voltage of 15 kV. For the surface anal-
ysis, pelletized to thin disks with a high-pressure pelletizer. These
pellets were analyzed with high resolution X-ray photoelectron
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pectroscopy (HRXPS). An HRXPS measurement was carried out
ith an ULVAC-PHI XPS:PHI Quantera SXM microprobe to measure

he change in the surface structure after the reflux treatment. The
g K� radiation was generated with a voltage of 8 kV and current

f 30 mA. The spectra were taken for each sample after Ar+ (3 keV)
putter cleaning. Surface charging was minimized by spraying low
nergy electrons over the sample surface using a neutralizer gun.
inding energy spectra were recorded in the regions of C 1s, Ti 2p,
1s, and F 1s. The binding energies of all peaks were referenced to

he C 1s line (284.6 eV) originating from surface impurity carbons.

.3.2. Analyses of intermediates

The original dye and its intermediates of photocatalytic degra-

ation were separated and identified by HPLC–PDA-ESI-MS. The
PLC–PDA-ESI-MS system consisted of a Waters 1525 binary pump,
2996 photodiode array detector, an 717 plus) autosampler,
ZQ4000 micromass detector, and an AtlantisTM dC18 column

Fig. 9. Chemical structure of photo
Materials 174 (2010) 598–609

(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 fol-
lows: t = 0, A = 95, B = 5; t = 20, A = 50, B = 50; t = 40–45, A = 10, B = 90;
t = 48, A = 95, B = 5. The column effluent was introduced into the ESI
source of the mass spectrometer. Sixty-two intermediates of the
process were separated and identified. The mineralization of the
dye was monitored by measuring the total organic carbon (TOC)
content with a Tekmar-Dohrmann Phoenix 8000 TOC Analyzer by
directly injecting the aqueous solution.

3. Results and discussion
3.1. Characterization of catalyst

XRD pattern (Fig. 1S of supporting information) of catalysts
can be readily indexed to the P25-TiO2 phase (JCPDS card no.
36-1451). No obvious characteristic peaks are observed for other

decomposed intermediates.



rdous

i
m
F
p
i
fl
s
p
C
i
T
g
f
w
t
F
(

3

c
c
9
F
d
t
w
e

T
I

K.T. Chen et al. / Journal of Haza

mpurities. Further observation showed that the peak intensities of
odified-TiO2 became weaker, indicating reduced crystallization.

ig. 2 shows XPS survey spectra of TiO2, F-TiO2, and Nafion-TiO2
owder. The intensity of F 1s in Nafion-TiO2 is strong, and that

n F-TiO2 is very weak. The F 1s peak originated from the surface
uoride ( Ti–F) formed by a ligand exchange between F− and the
urface hydroxyl group on TiO2. The F-TiO2 and Nafion-TiO2 sam-
les clearly show the peak of F 1s as well as those of Ti, O, and
elements. For F-TiO2, the F 1s binding energy (BE) of 683.2 eV

n this spectrum b (Fig. 2S) corresponds to that of F− adsorbed on
iO2 (physically adsorbed F− or F that replaces surface hydroxyl
roups), and no sign of F ions in the lattice (BE = 688.5 eV) was
ound [30]. For Nafion-TiO2, only one F 1s peak (peak 1) at 689.2 eV
as observed (spectrum a), and this is attributed to F bonding on

he carbon of polymer [16]. The surface morphology of the TiO2,
-TiO2, and Nafion-TiO2 catalysts were examined with a FESEM
Fig. 3S of supporting information).

.2. Control experiments

To confirm the role of Nafion-TiO2 and F-TiO2 in the photo-
atalytic reaction, three sets of experiments were performed to
ompare VBR degradation rates with and without catalysts at pH
. One set was performed with VBR (0.05 g L−1) exposed to TiO2 or

-TiO2 or Nafion-TiO2 (0.5 g L−1) but no UV (the catalyst-only con-
ition). The second set was performed by exposing VBR (0.05 g L−1)
o UV without catalyst (the photolysis condition). Then, the third set
as performed by exposing VBR to catalyst (0.5 g L−1) in the pres-

nce of UV irradiation (the photocatalytic condition). The results

able 1
dentification of the N-de-alkylated intermediates from the photocatalytic degradation o

TIC peaks Intermediates

A Bis(4-dimethylaminophenyl)(4-ethylaminonaphthenyl)methylium
B (4-Dimethylaminophenyl)(4-methylaminophenyl) (4-ethylaminonaphth
C (4-Dimethylaminophenyl)(4-aminophenyl) (4-ethylaminonaphthyl)met
D (4-Methylaminophenyl)(4-methylaminophenyl) (4-ethylaminonaphthyl
E (4-Dimethylaminophenyl)(4-dimethylaminophenyl) (4-aminonaphthyl)
F (4-Methylaminophenyl)(4-aminophenyl) (4-ethylaminonaphthyl)methy
G (4-Dimethylaminophenyl) (4-methylaminophenyl) (4-aminonaphthyl)m
H (4-Aminophenyl)(4-aminophenyl) (4-ethylaminonaphthyl)methylium
I (4-Dimethylaminophenyl)(4-aminophenyl) (4-aminonaphthyl)methyliu
J (4-Methylaminophenyl) (4-methylaminophenyl) (4-aminonaphthyl)met
K (4-Methylaminophenyl)(4-aminophenyl) (4-aminonaphthyl)methylium
L (4-Aminophenyl)(4-aminonaphthyl)methylium
A′ (4-Hydroxymethylmethylaminophenyl) (4-dimethylmethylaminopheny

(4-ethylaminonaphthyl)methylium
A′′ Bis(4-dimethylaminophenyl)(4-hydroxyethylaminonaphthyl)methylium
B′ (4-Hydroxymethylaminophenyl) (4-methylaminophenyl)

(4-ethylaminonaphthyl)methylium
B′′ (4-Dimethylaminophenyl) (4-hydroxymethylaminophenyl)

(4-ethylaminonaphthyl)methylium
B′′′ (4-Dimethylaminophenyl) (4-methylaminophenyl)

(4-hydroxyethylaminonaphthyl)methylium
C′ (4-Hydroxymethylmethylaminophenyl) (4-aminophenyl)

(4-ethylaminonaphthyl)methylium
C′′ (4-Dimethylaminophenyl)(4-aminophenyl) (4-hydroxyethylaminonapht
D′ (4-Hydroxymethylaminophenyl) (4-methylaminophenyl)

(4-ethylaminonaphthyl)methylium
D′′ (4-Methylaminophenyl) (4-methylaminophenyl)

(4-hydroxyethylaminonaphthyl)methylium
E′ (4-Hydroxymethylaminophenyl) (4-dimethylaminophenyl) (4-aminonap
F′ (4-Hydroxymethylaminophenyl) (4-aminophenyl) (4-ethylaminonaphth
F′′ (4-Methylaminophenyl)(4-aminophenyl) (4-hydroxyethylaminonaphthy
G′ (4-Hydroxymethylmethylaminophenyl) (4-methylaminophenyl)

(4-aminonaphthyl)methylium
G′′ (4-Dimethylaminophenyl) (4-hydroxymethylaminophenyl) (4-aminonap
H′ (4-Aminophenyl)(4-aminophenyl) (4-hydroxyethylaminonaphthyl)meth
I′ (4-Hydroxymethylmethylaminophenyl) (4-aminophenyl) (4-aminonaph
J′ (4-Hydroxymethylaminophenyl) (4-methylaminophenyl) (4-aminonaph
K′ (4-Hydroxymethylaminophenyl) (4-aminophenyl) (4-aminonaphthyl)m
Materials 174 (2010) 598–609 603

are presented in Fig. 3. First, the experiment with TiO2 or F-TiO2
or Nafion-TiO2 only showed that a small amount of VBR (about 7%,
15%, 24%) was adsorbed on the catalyst surface. Next, the results
of the photolysis and photocatalytic experiments showed that the
photolysis reaction resulted in a 2.1% decrease in the VBR concen-
tration after 8 h while the VBR was 82.4%, 93.1%, and 96.8% removed
after 3 h in the case of the photocatalytic reaction with TiO2 or
F-TiO2 or Nafion-TiO2, respectively. Fig. 3 compares the photocat-
alytic degradation of VBR among P25 TiO2, F-TiO2, and Nafion-TiO2
systems, Nafion-TiO2 induced faster photocatalytic degradation
of VBR than did F-TiO2 and P25 TiO2. The presence of NaF or
Nafion deposits led to a positive effect in the removal rate of VBR.
Over 99% of the VBR was removed within 5 h of irradiation in all
cases.

3.3. pH effect

The photodegradation efficiency and kinetics of the VBR with
TiO2 or F-TiO2 or Nafion-TiO2 as a function of reaction pH is shown
in Fig. 4. As expected, the rate constant of the VBR dye was found
to increase with the increase in pH value. The increase of adsorp-
tion of VBR on Nafion-TiO2 in alkaline solutions was attributed
to the increased difference of zeta potential between positively
charged VBR and negatively charged Nafion-TiO2 in alkaline solu-

tions. It is known from Beer’s law that normalized concentration of
the solution equals normalized maximum absorbance, so we use
C0/C to take the place of A0/A. Clearly, the photodegradation of VBR
catalyzed by the TiO2 or F-TiO2 or Nafion-TiO2 fits the pseudo first-
order reaction well, i.e., ln(C0/C) = kappt, where C0 and C are the

f VBR by HPLC–ESI-MS.

[M+H+] ESI-MS spectrum (m/z)
ions

Absorption
maximum (nm)

422.62 393.57, 334.62, 301.40 608.9, 590.5
yl)methylium 408.48 379.49, 301.40 606.5, 567.3
hylium 394.59 365.53, 287.45, 258.58 604.0, 558.7
)methylium 394.72 365.47, 301.59, 273.43 611.4, 558.7
methylium 394.15 365.08, 349.19, 257.94 598.6, 566.0
lium 380.51 335.58, 273.37 597.9
ethylium 380.45 351.52, 287.58, 209.23 607.7, 541.6

366.43 259.48 586.9
m 366.23 307.23, 273.37, 245.53 575.8
hylium 366.62 338.27, 273.62, 244.44 558.2

352.29 293.59, 245.46 548.2,
338.40 305.50, 245.40, 217.49 541.6

l) 438.69 409.70, 379.55, 317.53 655.6, 580.7

438.56 365.47, 333.60, 301.34 653.1
424.74 364.51, 301.59 658.0

424.54 395.30, 303.45, 274.46 627.3, 563.6

424.48 395.49, 317.47, 288.41 628.6, 563.6

410.72 381.41, 303.39, 212.50 626.1, 559.9

hyl)methylium 410.53 381.54, 303.39, 274.58 620.8, 542.8
410.66 380.45, 321.44, 273.43 594.2

410.53 381.54, 317.53, 273.62 599.1, 534.3

hthyl)methylium 410.40 365.47, 273.37, 220.43 595.4, 557.5
yl)methylium 396.64 351.58, 326.56, 274.58 554.0, 337.0
l)methylium 396.51 353.50, 303.32, 274.58 585.6

396.53 367.39, 301.53, 244.57 584.4

hthyl)methylium 396.45 367.71, 289.43, 214.16 596.7
ylium 382.43 323.29, 275.22, 225.56 594.2
thyl)methylium 382.53 321.31, 293.53, 245.46 593.9
thyl)methylium N/A N/A 591.2
ethylium 368.54 338.64, 245.14, 215.44 590.5, 333.4



6 rdous

i
t

c
T
t
p
n
b
c
c
F
w
w
t
V
p
t
T
a
f
t

3

a
t
e
p
d
s
t

T
I

04 K.T. Chen et al. / Journal of Haza

nitial and actual concentrations of VBR, respectively, and kapp is
he apparent rate constant of the degradation.

Under acidic conditions, it was found difficult to adsorb the
ationic VBR dye onto the TiO2 or F-TiO2 or Nafion-TiO2 surface.
he active •OH radicals, formed in low concentrations, and hence
he photodegradation process of VBR remained slow. With higher
H values, the formation of active •OH species is favored, due to
ot only improved transfer of holes to the adsorbed hydroxyls,
ut also electrostatic abstractive effects between the negatively
harged TiO2 or F-TiO2 or Nafion-TiO2 particles and the operating
ationic dyes. Although the VBR dye can adsorb onto the TiO2 or
-TiO2 or Nafion-TiO2 surface to some extent in alkaline media,
hen the pH value is too high (pH 11), the VBR dye molecules
ill change to a leuco-compound [31]. Our results indicate that

he F-TiO2 or Nafion-TiO2 surface is negatively charged, and the
BR adsorbs onto the F-TiO2 or Nafion-TiO2 surface through the
ositive ammonium groups. We can conclude from Fig. 4 that
he degradation of VBR in aqueous solution catalyzed by Nafion-
iO2 was faster than that catalyzed by the P-25 TiO2 and F-TiO2
nd that this conclusion held true at different pH values. In the
ollowing experiment, we chose pH 9 as the optimum condi-
ion.

.4. Effect of NaF or Nafion polymer concentration

The photoactivity of the sample was strongly dependent on the
mount of NaF. With NaF increasing from 0.42 to 0.84 g/g of TiO2,
he photoactivity of the sample for the RhB photodegradation was

nhanced. With the exclusion of the sample, the as-prepared sam-
les showed higher photoactivities for the VBR degradation than
id P25-TiO2. The maximum photoactivity was observed for the
ample NaF = 0.84 g. When NaF was boosted to 2.10 g, the photoac-
ivity of the sample decreased, which is in agreement with the

able 2
dentification of intermediates of the destruction of the conjugated structure of the VBR d

HPLC peaks Intermediates

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
f 4,4′-Bis-aminobenzophenone
a′ 4-(N,N-Dimethylamino)-4′-(N′-hydroxymethyl-N′-methylamino)ben
b′ 4-(N-Hydroxymethyl-N-methylamino)-4′-(N′-methylamino)benzoph
b′′ 4-(N,N-Dimethylamino)-4′-(N′-hydroxymethylamino)benzophenone
c′ 4-(N-Methylamino)-4′-(N′-hydroxymethylamino)benzophenone
d′ 4-(N-Hydroxymethyl-N-methylamino)-4′-aminobenzophenone
e′ 4-(N-Hydroxymethylamino)-4′-aminobenzophenone
l 4-(N,N-Dimethylaminophenyl)-4′-(N′-ethylaminonaphthyl)ketone
m 4-(N-Methylaminophenyl)-4′-(N′-ethylaminonaphthyl)ketone
n 4-(Aminophenyl)-4′-(N′-ethylaminonaphthyl)ketone
o 4-(N,N-Dimethylaminophenyl)-4′-(aminonaphthyl)ketone
p 4-(N-Methylaminophenyl)-4′-(aminonaphthyl)ketone
q 4-(Aminophenyl)-4′-(aminonaphthyl)ketone
l′ 4-(N-Hydroxymethyl-N-methylaminophenyl)-4′-(N′-ethylaminonaph
l′′ 4-(N,N-Dimethylaminophenyl)-4′-(N′-hydroxyethylaminonaphthyl)k
m′ 4-(N-Hydroxymethylaminophenyl)-4′-(N′-ethylaminonaphthyl)keton
m′′ 4-(N-Methylaminophenyl)-4′-(N′-hydroxyethylaminonaphthyl)keton
n′ 4-(Aminophenyl)-4′-(N′-hydroxyethylaminonaphthyl)ketone
o′ 4-(N-Hydroxymethyl-N-methylaminophenyl)-4′-(aminonaphthyl)ke
p′ 4-(N-Hydroxymethylaminophenyl)-4′-(aminonaphthyl)ketone
� 4-(N,N-Dimethylamino)phenol
�′ 4-(N-Hydroxymethyl-N′-methylamino)phenol
� 4-(N-Methylamino)phenol
�′ 4-(N-Hydroxymethylamino)phenol
� 4-Aminophenol
� 4-(N-Ethylamino)naphthenol
�′ 4-(N-Hydroxyethylamino)naphthenol
� 4-(Amino)naphthenol
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literature [24]. Although it presented a surface area (51.3 m2/g)
similar to that of the samples 48.2 m2/g and 0.84 g NaF, the pho-
tocatalytic activity was fairly different. Therefore, it was inferred
that specific surface areas played a minor role in this photocatalytic
process.

To investigate the relation between Nafion polymer concen-
tration on photocatalyst and degradation of VBR (cationic dye),
the amount of Nafion polymer solution was varied between 0
and 2.0 mL in a series of experiments under constant process
conditions: dye concentration = 50 mg L−1. Fig. 5 shows curves of
degraded dye for various catalyst loadings at pH 9. As expected,
the photodegradation rate of the VBR was found to increase then
decrease with the increase in the Nafion polymer concentration.
The coating of 2.0 mL of 5 wt% Nafion per gram of TiO2 was enough
to reduce slightly the photocatalytic rate, which might decrease
the adsorption and produce a hydrophobic surface. The presence
of the optimum Nafion deposits (1.0 mL) led to a positive effect
in the removal rate of VBR. Upon adding Nafion to the aqueous
suspension, zeta potentials became negative over the entire pH
range, which is in agreement with the literature value [22]. The
negative shift of zeta potentials was larger with higher Nafion con-
centration. This should be ascribed to the fact that the anionic
sulfonate groups (–SO3–) in the Nafion layer outnumber the pos-
itively charged surface functional groups on TiO2 ( TiOH2

+). The
surface charge modified by Nafion adlayers directly influences the
electrostatic interaction between charged substrates and the cata-
lyst surface. Negatively charged molecules should be repelled from
the surface of Nafion-TiO2 while positively charged ones should

be attracted. In Choi and co-worker report [22], the visible-light-
sensitized degradation of dyes was enhanced with Nafion-TiO2 not
only for cationic dyes (methylene blue and rhodamine B) whose
uptake on Nafion-TiO2 is enhanced, but also for an anionic dye (acid
organic 7) that is adsorbed on Nafion-TiO2.

ye by HPLC–PDA-ESI-MS.

[M+H+] ESI-MS spectrum (m/z)
ions

Absorption
maximum (nm)

269.31 230.21 369.1
255.51 223.31 366.7
241.24 N/A 363.1
N/A N/A 365.5
227.28 201.10 357.2
N/A N/A 331.0

zophenone 285.47 232.21 364.3
enone N/A N/A 341.8

N/A N/A 357.2
N/A N/A 353.8
N/A N/A 359.1
243.22 N/A 347.8
319.52 289.56, 272.34, 226.45 375.2
305.21 244.89 366.7
N/A N/A 339.1
N/A N/A 345.4
N/A N/A 343.0
N/A N/A 331.0

thyl)ketone 335.64 301.59, 270.04, 237.20 377.6
etone 335.58 289.18, 259.41, 244.50 373.5
e 321.10 233.95 367.9
e N/A N/A 371.6

N/A N/A 356.2
tone 307.61 279.58, 252.63, 206.23 363.1

293.59 265.56 343.0
138.84 108.31 260.7
N/A N/A 271.2
N/A N/A 250.0
N/A N/A 245.3
N/A N/A 247.7
188.93 149.19, 108.03 288.1
N/A N/A 289.2
N/A(160) N/A 271.4
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.5. Evolution of TOC

The complete mineralization of 1 mol of VBR dye molecules
mplies the formation of an equivalent amount (29 mol) of CO3

2−

t the end of the treatment. However, the depletion in TOC (shown

n Fig. 6) clearly indicates that the reaction did not go to comple-
ion. In fact, after 24 h irradiation, about 71.4%, 86.1%, and 93.8%
for P25-TiO2, F-TiO2, and Nafion-TiO2) of the initial organic carbon
ad been transformed into CO2, implying the continued existence
f other organic compounds in the irradiated solution. These find-

ig. 10. Variation in the relative distribution of the intermediates obtained from the pho
b) curves A′–K′ , (c) curves l–q, l′–p′ , �–�, �′ , and (d) curves a–f, a′–e′ , �–�, �′–�′ , correspo
Materials 174 (2010) 598–609 605

ings are in agreement with those obtained in a study concerning the
photocatalytic degradation of basic violet 4 [32], in which the per-
sistence of various aromatic compounds was reported even after
long-term irradiation.
3.6. Evolution of UV–vis spectra

The absorption spectra of the solutions during irradiation cat-
alyzed by the two kinds of catalysts are illustrated in Fig. 7. The
degradation processes are different as seen from a comparison

todegradation of the VBR dye as a function of the irradiation time. (a) Curves A–L,
nd to peaks A–L, A′–K′ , a–f, a′–e′ , l–q, l′–p′ , �–� and �′–�′ in Fig. 8, respectively.
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Fig. 10.

f Fig. 7a and b. When assisted by F-TiO2, in addition to the fast
ecay in absorbance of VBR solution, a blue shift in the absorbance
aximum was observed at the same time. After illumination for
h, the absorbance peak shifted from 609.8 to 591.3 nm, which

ndicated that the N-de-ethylation and cleavage of the VBR chro-
ophore ring structure may have been occurred at the same time.

his is coincident with our results [33], and we have attributed the
eak shift to the N-de-ethylation of Acid Blue 1 with the help of
PLC. As seen from Fig. 7b, the shift of the absorption peak was

oo small to be noticed. Assisted by the Nafion-TiO2, only a gradu-
lly decrease of the maximum absorbance of the solution can be
bserved, and no new peaks appeared, indicating that cleavage
f the VBR chromophore ring structure was the only event. These

esults suppose that when the F-TiO2 surface is negatively charged,
he VBR (cationic dye) adsorbs onto it through the positive diethy-
amino groups. When the Fluorine atom of Nafion layer on TiO2
urface is high electronegativity, the VBR adsorbs onto it through
he conjugated structure (electron rich) (inset of Fig. 7). A similar

Fig. 11. Proposed mechanisms based on identification of intermediates formed c
inued ).

effect on the F-TiO2 and Nafion-TiO2 surface adsorption and photo-
catalytic reaction has been reported for the degradation of organic
compounds [11,16–19]. In Fig. 7a and b, it was also found that the
absorbance decreased from 1.24 to 1.16 AU (1.24 to 0.62 AU). The
former was in the initial dye concentration while the latter was
in the 100 mL solution to which 0.05 g F-TiO2 (Nafion-TiO2) was
added. After UV irradiation for 6 h, ca. 96.5% (99.9%) of the VBR dye
was degraded. The result showed that the cationic dye VBR could
easily adsorb on the F-TiO2 and Nafion-TiO2 surfaces, and hence
the photodegradation efficiencies were fast.

3.7. Degradation mechanisms of VBR
Total ion chromatograms were obtained for an irradiated VBR
solution after 8 h, at pH 9, with UV light in the presence of F-TiO2
(1.0 g L−1). These chromatograms, recorded at 580 nm, 350 nm, and
300 nm, are illustrated in Fig. 8a–d. With irradiation up to 8 h, 62
components are identified, all with the retention times of less than

hronologically during the photodegradation of VBR dye by HPLC–ESI-MS.
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Fig. 12. Proposed N-de-alkylation pathway of the VBR dye

5 min. Several categories of intermediates can be distinguished
n Fig. 9. We denoted the VBR dye and its related intermediates
s species A–L, A′–K′, a–f, a′–e′, l–q, l′–p′, �–�, �′–�′, �–�, and
′. However, with Nafion-TiO2, as catalyst, we only observed its
elated intermediates as species, a–f, a′–e′, l–q, l′–p′, �–�, �′–�′,
–�, and �′. The maximum absorption band of each interme-
iate in the visible and ultraviolet spectral region in Fig. 4S of
upporting information and Tables 1 and 2 was measured, and
hese bands correspond to the peaks in Fig. 8, respectively. The
ntermediates were further identified using the HPLC–ESI mass

pectrometric method; the relevant mass spectra are illustrated
n Fig. 5S of the supporting information and Tables 1 and 2. The

olecular ion peaks appeared to be in the acid forms of the interme-
iates. The concentration of the other intermediates may be under
he detection limit. The intermediates identified in this study, a–f

Fig. 13. Proposed oxidation p
wing the identification of intermediates by HPLC–ESI-MS.

and �–�, were also identified in a previous study of the MG/TiO2
system [31]. On the basis of all the above experimental results and
the relative distribution of all of the intermediates obtained are
illustrated in Fig. 10, we tentatively propose the dye degradation
mechanism depicted in Fig. 11. During the initial period of VBR
dye photodegradation by F-TiO2, competitive reactions between
N-de-alkylation and oxidative degradation (cleavage of the VBR
chromophore ring structure) occurs based on the intermediates
identified. Then, oxidation degradation occurs only by Nafion-TiO2.
The detailed mechanisms are illustrated in the following descrip-

tion.

3.7.1. N-de-alkylation of VBR
The relative distribution of all of the intermediates obtained is

illustrated in Fig. 10a. The distributions of all of the N-de-alkylated

athway of the VBR dye.
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Fig. 14. Proposed oxida

nd their hydroxylated intermediates are relative to the initial con-
entration of VBR. Nonetheless, we clearly observed the changes in
he distribution of each intermediate during the photodegradation
f VBR. Except for the initial VBR dye (peak A), the intensities of the
eaks increased at first and subsequently decreased, indicating the
ormation and transformation of the intermediates. The successive
ppearance of the maximum of each intermediate indicates that
he N-de-alkylation of VBR is a stepwise photochemical process by
ydroxylated intermediates created.

The N-de-alkylation of the VBR occurs mostly through attack
y the •OH species on the N,N-dimethyl group or N-ethyl group of
BR. In the hydroxylation of VBR, A′ or A′′ reaches its maximum
oncentration after a 1-h irradiation period because of the •OH
ttack on the N,N-dimethyl group or N-ethyl group of VBR (curve
′ or A′′). The N-mono-de-methylated intermediate, B, or the N-
ono-de-ethylated intermediate, E, was clearly observed to reach

ts maximum concentration after a 1-h irradiation period (curve
or E), respectively. The other hydroxylated intermediates, B′–G′′,
ere clearly observed (curve B′–G′′) to reach their maximum con-

entration after a 2–3 h irradiation period. The other N-alkylated
ntermediates, C–I, were clearly observed (curve C–I) to reach
heir maximum concentration after a 2–3 h irradiation period.
he concentrations of the other N-de-alkylated intermediates and
ydroxylated intermediates may be too low to be examined by
PLC–PDA-ESI-MS.

The successive appearance of the maximal quantity of each
ntermediate indicates that the N-de-ethylation of VBR is a stepwise
hotochemical process by the hydroxylated intermediates created.
BR gets near the negatively charged TiO2 particle surface via the
ositive dimethylamine or ethylamine group. The results discussed
bove can be seen more clearly from Fig. 12.

.7.2. Oxidative degradation of the VBR
The oxidative degradation of the VBR dye occurs mostly through

ttack by the •OH species on the central carbon portion of VBR and
roduces two sets of intermediates, a and � intermediates, and l
nd � intermediates. The evolutions of the initial dye concentra-
ion and of the identified intermediates were followed as a function

f irradiation time. The result is displayed in Fig. 10b. The oxidative
egradation of intermediates in the first set was clearly observed
curves a and �) to reach their maximum concentrations at the same
ime after a 1-h irradiation period. In the hydroxylation of an inter-

ediate, the intermediate a′ reached its maximum concentration
athway of the VBR dye.

after a 2-h irradiation period because of the •OH attack on the cen-
tral carbon of VBR (curve a′). The other oxidative intermediates
were clearly observed (curves b–f and �) to reach their maximum
concentrations after a 2–7-h irradiation period. The other hydrox-
ylated intermediates, b′–e′, were clearly observed (curves b′–e′)
to reach their maximum concentrations after a 2–6-h irradiation
period. The concentration of the other oxidative intermediates may
be under the detectable limit. The results we discussed above can
be seen more clearly from Fig. 13.

The second set of intermediates were clearly observed (curves
l and �) to reach their maximum concentrations at the same time
after a 1-h irradiation period. In the hydroxylation of l intermediate,
l′ and l′′ intermediates reached their maximum concentration after
a 2-h irradiation period because of the •OH attack on the central car-
bon of VBR (curves l′ and l′′). The other intermediates were clearly
observed (curves m–q and �–�) to reach their maximum concen-
trations after an 3–7-h irradiation period, respectively. The other
hydroxylated intermediates, m′–p′, were clearly observed (curves
m′–p′) to reach their maximum concentrations after a 4–6 h irra-
diation period. The concentrations of the other intermediates may
be under the detectable limit. The results we discussed above can
be seen more clearly from Fig. 14.

According to earlier reports [31–34], the N-de-alkylation pro-
cesses are preceded by the formation of a nitrogen-centered radical
while oxidative degradation (destruction of dye chromophore
structures) is preceded by the generation of a carbon-centered
radical. Consistent with this, degradation of VBR must occur via
three different pathways (two oxidative degradations and one
N-de-alkylation) due to formation of different radicals (either a
carbon-centered or nitrogen-centered radical). The •OH attack on
the dye is known to yield a dye cationic radical. After this step,
the cationic radical Dye•+ can undergo hydrolysis and/or use vari-
ous deprotonation pathways, which in turn are determined by the
different adsorption modes of VBR on the catalyst particle surface.

4. Conclusions

VBR dye can be successfully decolorized and degraded by F-TiO2

or Nafion-TiO2 under UV irradiation. The presence of NaF or Nafion
deposits positively impacted the removal rate of VBR. The rate con-
stant of the VBR dye was found to increase with the increase in pH
value. Under alkaline conditions (pH 9), a 0.84 g NaF or 1 mL Nafion
solution on P25-TiO2 catalyzed the degradation of VBR (50 mg/L)
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uch more efficiently than pure P25-TiO2. In fact, after 24 h of irra-
iation, about 71.4%, 86.1%, and 93.8% (for P25-TiO2, F-TiO2, and
afion-TiO2) of the initial organic carbon had been transformed

nto CO2. Based on the successful separation, identification and
haracterizaion of the process intermediates, we propose N-de-
lkylation and oxidative degradation of the VBR dye takes place
n the presence of F-TiO2, but oxidation degradation of the VBR dye
ccurs only by Nafion-TiO2 particles. The reaction mechanisms pro-
osed in this study should shed some light on future application of
he technology to the decolorization of dyes.
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