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The Crystal Violet (CV) dye represented one of the major triphenylmethane dyes used in textile-
processing and some other industrial processes. Various metals doped titanium dioxide (TiO;)
photocatalysts have been studied intensively for the photodegradation of dye in wastewater treatment.
In order to understand the mechanistic detail of the metal dosage on the activities enhancement of
the TiO, based photocatalyst, this study investigated the CV photodegradation reactions under UV light
irradiation using a Pt modified TiO, photocatalyst. The results showed that Pt-TiO, with 5.8% (W/W)

{lfieé/zwords: Pt dosage yielded optimum photocatalytic activity. Also the effect of pH value on the CV degradation
Crystal Violet was well assessed for their product distributions. The degradation products and intermediates were
Pt separated and characterized by HPLC-ESI-MS and GC-MS techniques. The results indicated that both
Dye the N-de-methylation reaction and the oxidative cleavage reaction of conjugated chromophore structure
HPLC-ESI-MS occurred, but with significantly different intermediates distribution implying that Pt doped TiO, facilitate

different degradation pathways compared to the P25-TiO, system.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

From an ecological and physiological point of view, the elimi-
nation of toxic chemicals from wastewater is currently one of the
most crucial subjects in pollution control. The large amount of dyes
used in the dyeing stage of textile manufacturing processes repre-
sents an increasing environmental danger due to their refractory
carcinogenic nature. Particularly, triphenylmethane dyes were con-
sumed heavily in paper, leather, cosmetic and food industries for
the coloring of oil, fats, waxes, varnish, and plastics [1-3]. The pho-
tocytotoxicity of triphenylmethane dyes, based on the production
of the reactive oxygen species, is intensively studied with regard
to the photodynamic treatment [4,5]. However, there is a great
concern about the thyroid peroxidase-catalyzed oxidation of the
triphenylmethane dyes because the reactions might form various
N-de-alkylated aromatic amines, whose structures are similar to
aromatic amine carcinogens [6].
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TiO, is broadly used as a photocatalyst for degrading a wide
range of organic pollutants because of its nontoxicity, photochem-
ical stability, and low cost [7-9]. Moreover, modified TiO, has been
intensively studied to increase the photoactivity of TiO, by adding
noble metals such as Au, Pt, and Ag [10,11]. The proposed mecha-
nism included facilitating electron-hole separation and promoting
interfacial electron transfer [12,13]. For example, the role of plat-
inum doped on TiO,, acting as an electron trap which enhanced
the quantum efficiency significantly, and thus favored the oxida-
tion of dye substrates [14-16]. Also, the doped Pt reduced the
band gap of TiO, which benefits the electron transfers from the
valence band to conductive band and increases the quantum effi-
ciency of photocatalyst in visible light region [17-19]. Other work
also showed that the metal modified TiO, may increase the number
of electron trap on catalyst surface and attract more cationic dye
[20].

In photocatalytic degradation of N-alkyl-containing dyes, two
major reaction pathways, namely N-dealkylation and the conju-
gated chromophore cleavage, have been well demonstrated. The
preferred pathway is strongly dependent on surface properties of
catalyst [21-24]. However, there is no conclusive evidence to sup-
port the mechanistic relationship between the adsorption mode
and degradation pathway. Thus, Pt-TiO, was chosen to argue the
interesting mechanistic details of CV dye photodegradation and
comparing the differences with pure TiO,.
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2. Experimental
2.1. Materials and preparation of photocatalysts—Pt-TiO5

H,PtClg (Aldrich) and CV dye (TCI) were obtained and used with-
out any further purification. Reagent-grade ammonium acetate,
sodium hydroxide, nitric acid and HPLC-grade methanol were pur-
chased from Merck. De-ionized water used for this study was
purified with a Milli-Q water ion-exchange system (Millipore Co.)
for a resistivity of 1.8 x 107 Q cm. The P25 TiO, nanoparticles
were supplied by Degussa. A modification of the photo-deposition
method [25] was applied for the synthesis of the Pt loaded TiO, pho-
tocatalytic materials. An aqueous dispersion of TiO, (0.5 g/L) was
irradiated with a 125W mercury lamp for 2 h in the presence of
32 g methanol. Then, 0.1 mM H;PtClg loaded with 0.05, 0.1, 0.2, 0.5,
1.0, 2.0, and 5.0 mL were added to the solution, respectively. The
samples are listed in Table 1. Pt content in the prepared catalysts
was checked with both energy dispersive spectroscopy (EDS) and
high resolution X-ray photoelectron spectrometer (HR-XPS). At the
liquid nitrogen temperature, the BET specific surface areas of the
samples were measured with an automatic system (Micromeritics
Gemini 2370C) with nitrogen gas as the adsorbate.

2.2. Instruments

Waters ZQ LC/MS system, equipped with a binary pump, a pho-
todiode array detector, an autosampler, and a micromass detector,
was used for separation and identification. X-ray powder diffrac-
tion (XRD) patterns were recorded on a MAC Science, MXP18
X-ray diffractometer with Cu Ko radiation, operated at 40 kV and
80 mA. Field emission scanning electron microscopy (FE-SEM) mea-
surement was carried out with a field-emission microscope (JEOL
JSM-7401F) at an acceleration voltage of 15 kV. An HRXPS measure-
ment was carried out with ULVAC-PHI XPS. The Al Ka radiation was
generated with a voltage of 15kV.

2.3. Procedure and analysis

Aqueous suspensions of CV (100 mL, 50 ppm) and the amounts
of catalyst powders were placed in the Pyrex flask. The pH value
of the suspensions was adjusted by adding either NaOH or HNO;
solutions. Prior to irradiation, the suspensions were magnetically
stirred in the dark for ca. 30 min to establish adsorption/desorption
equilibrium between the dye, and the surface of the catalyst under
ambient air-equilibrated conditions. Irradiations were carried out
using two UV-365nm lamps (15W). At given irradiation time
intervals, 5 mL aliquots were collected, centrifuged, and then fil-
tered through a Millipore filter to remove the catalyst particulates.
The filtrates were analyzed by HPLC-ESI-MS after the readjust-
ment of the chromatographic conditions in order to make the
mobile phase compatible with the working conditions of the mass
spectrometer.

3. Results and discussion
3.1. Characterization of the platinized-photocatalysts

There were seven different dosage ratios of Pt-TiO,, (from 0.7
to 7.1 wt% as shown in Table 1), being prepared, namely Pt-TiO,-A
to G, respectively. The surface morphologies of the Pt-TiO, pow-
ders were examined with a FE-SEM, and the results demonstrated
a highly uniform dispersion of platinum particles on TiO, surface
in Supplementary material, Fig. 1S. In addition, the BET specific
surface area of the TiO,-powder material showed 55.42 m2/g for
Degussa P25, thus, the platinized catalyst samples did not result
in significant changes of specific surface area and pore volume
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Fig. 1. XRD patterns of the platinum deposits TiO, ratios (wt%). (a) P25-TiO,, (b)
Pt-TiO,-A, (c) Pt-TiO,-D and (d) Pt-TiO,-G (A: anatase; R: rutile).

(Table 1). However, there was no characteristic diffraction peak for
the PtO dopant detected by XRD (Fig. 1). Moreover, the XPS spec-
trum did show both peaks of 70.0-71.9 eV (Pt 4f;),), respectively,
representing the TiO, modified with platinum (Fig. 2). The results
indicated that the photodeposited platinum on the TiO, surface
could lead Pt(II) being formed, with —-O-Pt-O- bonding, then even-
tually with more Pt(0) grown further on the surface. Both Pt (0) and
Pt (II), two chemical states would survive on the TiO, surface. A
typical two shoulders-peak represented, as the existence for speci-
men Pt-TiO,-D, Pt-TiO,-E, and Pt-TiO,-F (Fig. 2) demonstrated, the
superposition of two-banded spectra for Pt(OH), and Pt onto TiO,
surface [26].

3.2. Effect of Pt-TiO, mediated CV photodegradation

The effect of Pt doped on TiO, mediated CV photodegradation
has been determined. The reaction rates of CV dye photodegrada-
tion on seven different dosage ratios of Pt-TiO, have been prepared
to compare with those on P25-TiO, under identical condition
(Fig. 3). Interestingly, the presence of Pt content deposits from XPS
spectrum have led to a best CV degradation rate, only on an optimal
situation of Pt loading up to 5.8 wt% TiO, (Pt-TiO,-F) either under
pH 3 or 9. From the curve value shown in Fig. 3a and b, a character-
istic agreement shows that photocatalytic activity enhancement
depends on Pt content; however, the degradation rate increases
first and then decreases with the Pt loading [20,27].

The results have demonstrated that platinum doped TiO,
enhances the charge separation in semiconductor, and thus
increases the energy gap to decrease electron-hole pair recombina-
tion (Fig. 4). Noble metal nanoparticle such as platinum is one of the
most effective electrons traps, due to the formation of a Schottky
barrier at the metal-semiconductor contact. However, for example,
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Fig. 2. XPS spectra of platinized TiO; after photodeposition. (a) Total survey of P25-TiO; and Pt-TiO; (b) Ti, and (c) Pty spectra.

once the Pt concentration reaches 5.8%, Pt-TiO,-F would act as a cut
line for the competition between electron separation and recom-
bination. With the increase of adsorption constant by introducing
Pt particles, the photocatalytic reaction on platinum surface pre-
cedes a dark oxidation reaction on Pt or other metal surface [26,28].
However, more Pt dopant, such as Pt-TiO,-G, did only mediate less
photocatalytic activity comparing with Pt-TiO,-F (Fig. 3). In the

Pt-TiO,-mediated photodegradation of trichloroethylene, similar
phenomena were observed [29].

That a major role of surface deposition of rather smaller Pt clus-
ters on TiO, is attributed could be explained as following. First,
to accelerate the formation of 0,°— with the increase of charge
separation, thus the recombination decreases and product yields
increase, initiated by h* or *OH as shown in Fig. 4. The varied roles
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Table 1
Physical properties of the platinum deposits TiO, ratios (wt%).

Catalyst Pt/TiO, (wWt%)? Specific surface area (m?/g) Pore volume (cm?/g) XPS element atomic EDS element atomic

ratio (%) ratio (%)

Pt Ti Pt Ti (0}
P25-TiO, 0 55.4202 0.017926 0 100 0 30.06 69.94
Pt-TiOy-A 0.4 51.7638 0.015025 0.7 99.3 0.08 27.18 72.14
Pt-TiO,-B 0.8 51.9193 0.015098 1.5 98.5 0.14 26.64 73.22
Pt-TiO,-C 1.6 48.9934 0.014187 2.6 97.4 0.23 25.91 73.86
Pt-TiOy-D 4 53.6359 0.015490 33 96.7 039 25.40 74.21
Pt-TiOy-E 8 52.4498 0.015229 4.6 95.4 0.68 24.63 74.69
Pt-TiO,-F 16 51.2637 0.014968 5.8 94.2 0.92 24.01 75.07
Pt-TiO2-G 40 53.7354 0.016673 7.1 92.9 1.73 23.37 74.90

2 Weight percentage of Pt for Pt-TiO, prepared by a photochemical impregnation method.

assigned to platinum clusters, Pt; as a function of size, are shown in
Egs. (1)-(3).In addition, in photocatalytic reactions in the presence
of molecular oxygen, the doping metal reduces O, by conducting
band electrons, and then promotes the rate-limiting step (Eq. (2))
[30].

Ptp+e~ — Pt~ (1)
Pt;” +02 — 02°7 + Pty (2)
Pt,” +h™ — Pt, 3)

It could be assumed that, upon depositing noble metal nanopar-
ticles on the surface of the TiO,, the quantum yields of the
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Fig. 3. Temporal course of the photodegradation of CV (0.05 gL', V=100 mL) at (a)
pH 9 and (b) pH 3 in aqueous suspensions containing 0.05 g platinized TiO, under
UV irradiation.

Table 2
Comparison of maximum C/Co ratio of N-de-methylation between P25-TiO, and
Pt-TiO; (pH 3).

pH3
Compounds P25-TiO, Pt-TiO,
Time (h) Maximum ratio Time (h) Maximum ratio
of C/Co of C/Co

1 0 1 0 1
2 8 0.1743 4 0.6246
3 12 0.0637 4 0.3741
4 12 0.0173 4 0.1473
5 12 0.0110 4 0.0413
6 16 0.0945 4 0.1299
7 16 0.0018 4 0.0425
8 20 0.0010 4 0.0205
9 24 0.0005 8 0.0058

10 28 0.0002 12 0.0014

photodestruction reaction increase. Both 0,°~ and °OH radicals
facilitated oxygen reduction, which could be the rate determining
step of the oxidation reactions as shown in Fig. 4.

3.3. Effect of pH on CV photodegradation

3.3.1. Acidic condition-(pH 3)

From the data shown in Tables 2 and 3, the Pt-TiO, mediated
photodegradation has been monitored for more than 28 h. Products
and intermediates distribution demonstrate that the maximum
ratio of C/Co of the N-de-methylation and conjugate chromophore
cleavage was formed within 4h. Under UV irradiation for 8 h as
shown in Fig. 3, the CV was degraded up to 98.9%, while the P25-
TiO; only reached 83.5%.

The Pt-TiO, mediated degradation rate, in the acidic condi-
tion, depends on both adsorption rates of the reagents and the

Table 3
Comparison of maximum C/Co ratio of cleavage of conjugated chromophore struc-
ture between P25-TiO, and Pt-TiO; (pH 3).

pH3
Compounds P25-TiO, Pt-TiO,
Time (h) Maximum ratio Time (h) Maximum ratio

of C/Co of C/Co
11 4 0.0054 4 0.0044
12 12 0.0144 4 0.0080
13 16 0.0082 4 0.0054
14 20 0.0068 4 0.0046
15 28 0.0050 4 0.0072
16 28 0.0014 4 0.0053
23 4 0.0023 4 0.0019
24 8 0.0052 4 0.0053
25 12 0.0023 4 0.0100
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Fig. 4. Schematic representation of electron capture by (a) TiO, or (b) Pt-TiO in contact with a semiconductor surface.

intermediates and products of photooxidation on the TiO, surface.
The better photocatalytic ability of Pt-TiO, than P25-TiO, would
be evaluated as following. Fig. 4b demonstrates that Pt-TiO, pro-
motes the formation of superoxide radical anion O,°*~ (Eq. (2)) first,
and under acidic condition, *OH radical is produced subsequently,
as also shown in Eqs. (4)-(7). Dunn et al. reported that Pt-TiO,
accumulated less negative species on catalyst surfaces, which dete-
riorated reaction rates, than pure TiO, in an acidic environment
[31].

0, +2H" +e” - Hy0, (4)
H,0, + e~ — *OH + OH*~ (5)
0,°~ +H* - HO,* (6)
HO,* + H,0 — H,0, +*OH (7)

3.3.2. Alkaline condition—(pH 9)

Degradation products and intermediates have shown that Pt-
TiO, mediated photodegradation activity in acidic medium is much
better than in basic medium (Tables 4 and 5) for the reason
that, at pH 9, the formation of active *OH species is favored.
Table 4 demonstrates the maximum ratio of C/Co of the N-de-
methylation comparison in between P25-TiO, and Pt-TiO, system.
The results indicate that either P25-TiO, or Pt-TiO, surface is neg-
atively charged, thus the CV molecules are adsorbed onto the TiO,
surface through positive ammonium groups. Again, a small amount
of Pt clusters doped on TiO, surface accelerate the formation of
0,°~ and increase product yields initiated by h* or *OH as shown
in the Egs. (8) and (9).

h* +H,0 — *OH + H* (8)
h*+0OH™ — *OH 9)
Table 4

Comparison of maximum C/Co ratio of N-de-methylation between P25-TiO, and
Pt-TiO; (pH 9).

pH9
Compounds P25-TiO, Pt-TiO,
Time (h) Maximum ratio Time (h) Maximum ratio
of C/Co of C/Co

1 0 1 0 1
2 8 0.2740 4 0.3231
3 12 0.1323 8 0.1336
4 12 0.0340 12 0.0362
5 16 0.0210 16 0.0238
6 16 0.0334 16 0.0360
7 20 0.0018 20 0.0187
8 24 0.0035 24 0.0042
9 24 0.0038 24 0.0049

10 28 0.0002 28 0.0004

Therefore, Pt-TiO, photocatalytic activity in acidic medium is
more than in basic medium because the surface deposition of small
Pt clusters on TiO; is attributed to accelerate the formation of O,°~
and °*OH. Although the CV dye can, to some extent, be adsorbed
onto the P25-TiO, or Pt-TiO, surface with alkaline media, when
the pH value reaches 11, the CV dye molecules eventually change
to a leuco compound.

3.4. Separation and identification of the intermediates

The CV degradation rate has been measured depending on
initial concentration to understand the reason why platinized
catalyst increases photocatalytic activity. Temporal variations of
CV dye photodegradation process with UV irradiation have been
characterized with HPLC-PDA-ESI-MS. The relevant change in the
chromatograms recorded at 580, 350, and 300 nm is illustrated
in Fig. 5. With irradiation up to 24 h, 25 components are iden-
tified with the retention time less than 50 min. The CV dye and
its relevant intermediates are denoted as species 1-10, 11-16,
and 23-25 (Table 6). Except for the initial CV dye (peak 1), the
intensities of the other peaks increased at first and subsequently
decreased, indicating the formation and transformation of the
intermediates.

The absorption spectra of each intermediate in the UV/visible
spectral region are identified as the peaks 1-10, 11-16, and 23-25
in Supplementary material, Fig. 2S, respectively. The most impor-
tant situation is that the hypsochromic shift of the absorption
band is presumed to result from the formation of a series of N-
de-methylated intermediates. As shown above, similar phenomena
have been demonstrated once using TiO, in the photodegradation
of Methyl Green [23] and Acid Blue 1 [24]. Above intermedi-
ates were identified as the same with the degradation of CV
with TiO,. From Table 6, the 12-16 intermediates were also

Table 5
Comparison of maximum C/Co ratio of cleavage of conjugated chromophore struc-
ture between P25-TiO, and Pt-TiO, (pH 9).

pH9
Compounds P25-TiO, Pt-TiO,
Time (h) Maximum ratio Time (h) Maximum ratio

of C/Co of C/Co
11 4 0.0039 4 0.0012
12 8 0.0127 8 0.0016
13 8 0.0092 12 0.0006
14 8 0.0046 12 0.0001
15 12 0.0068 16 0.0007
16 20 0.0019 24 0.0004
23 8 0.0007 8 0.0006
24 12 0.0049 16 0.0014
25 20 0.0029 28 0.0019
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Table 6
The photo-decomposed intermediates of CV by Pt-TiO, /UV process.

HPLC peaks Intermediates ESI-MS spectrum ions (m/z) Absorption maximum (nm)
1 N,N,N',N',N’",N” -hexamethyl pararosaniline 372,51 588.3
2 N,N-dimethyl-N',N'-dimethyl-N",-methyl pararosaniline 358.56 581.0
3 N,N-dimethyl-N'-methyl-N",-methyl pararosaniline 344.41 573.7
4 N,N-dimethyl-N',N'-dimethyl pararosaniline 344.35 579.8
5 N-methyl-N'-methyl-N",-methyl pararosaniline 330.16 566.3
6 N,N-dimethyl-N'-methylpararosaniline 330.10 570.0
7 N-methyl-N'-methylpararosaniline 316.11 561.5
8 N,N-dimethylpararosaniline 316.11 566.3
9 N-methylpararosaniline 302.13 554.1

10 Pararosaniline 288.07 543.2

11 4-(N,N-dimethylamino)-4'-(N',N’-dimethylamino)benzophenone 269.10 376.4

12 4-(N,N-dimethylamino)-4’-(N'-methylamino)benzophenone 255.07 366.6

13 4-(N-methylamino)-4’-(N'-methylamino)benzophenone 241.08 364.1

14 4-(N,N-dimethylamino)-4’-aminobenzophenone 241.05 358.8

15 4-(N-methylamino)-4’-aminobenzophenone 227.02 357.2

16 4,4'-Bis-aminobenzophenone 212.99 337.3

17 4-(N,N-dimethylamino)benzoic acid N/A 365.0

18 4-(N-methylamino)benzoic acid N/A 365.0

19 4-aminobenzoic acid N/A 353.8

20 4-(N,N-dimethylamino)benzene N/A 339.0

21 4-(N-methylamino)benzene N/A 3353

22 4-aminobenzene N/A 311.5

23 4-(N,N-dimethylamino)phenol 138.22 309.7

24 4-(N-methylamino)phenol 124.25 283.5

25 4-aminophenol 110.03 278.1

identified as the same with the degradation of 11 with Pt-TiO,
(Table 18S).

The photo-decomposed intermediates were further identified
with HPLC-ESI mass spectrometric method as shown in Table 6.
The molecular ion peaks appeared to be in the acid forms of the
intermediates (Supplementary material, Fig. 3S). From the results
of mass spectral analysis, the component 1, m/z=372.51, was
confirmed. The other components were 2, m/z =358.56; 3, m/z
=344.41; 4, m/z =344.35; 5, m/z =330.10; 6, m/z =330.16; 7, m/z
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Fig. 5. HPLC chromatogram of the intermediates with Pt-TiO,-F 0.5gL-1, pH 9. (a)

Total ion chromatogram, recorded at 580 nm, (b) 350 nm and (c) 300 nm, at 24 h of
irradiation.

=316.11;8,m/z =316.11;9,m/z =302.13; 10, m/z =288.07; 11, m/z
=269.24; 12, m|z =255.01; 13; 14, m/z =271.05; 15, m/z =227.02;
16, mfz =212.99; 23, m/z =138.22; 24, m|z =124.05 and 25, m/z
=110.00. Moreover, the relative distribution and time reaching
maximum concentration of the N-de-methylated and oxidative
cleavage reaction of conjugated chromophore structure interme-
diates obtained are illustrated. In accordance with data shown in
Fig. 6, the successive appearance of the maximum distribution of
each intermediate, such as 2-10, 11-16, and 23-25, indicates that
the stepwise process of CV N-de-methylation has occurred.

3.5. Proposed mechanism of CV degradation

Under the UV irradiation, most of the *OH radicals are generated
directly from the reaction between the holes and surface-adsorbed
H,0 or OH~. However, the probability for the formation of 0,°~
should be much less than that of *OH [32]. With regard to Pt-
TiO,-mediated photacatalysis process under acidic condition, the
pathway to form O,*~ should be much favored than that of *OH
radical. The N-de-methylation of the CV dyes occurs mostly by the
attack of the O,*~ and *OH species on the N, N-dimethyl groups of
the CV dye. Once adding Pt particles onto TiO,, the photodegrada-
tion intermediates distribution is changed. There is no significant
conjugated chromophore structure cleavage being identified from
the experiments as discussed above.

On the other hand, under alkaline conditions, especially in the
Pt-TiO,-F system, the first product (2) of N-de-methylation reached
its maximum concentrations after a 4 h irradiation period (Fig. 6b,
curve 2). Further degradation of formation intermediates, such as
3-4, 5-6, and 7-8, reached the maximum concentrations after the
irradiation period of 8-12, 16, and 16-20h, respectively (Fig. 6a,
curves 3-4, 5-6, and 7-8). In the case of P25-TiO, system, the
intermediates as 2, 3-4, 5-6, and 7-8, reached its maximum concen-
trations after irradiation for 8, 12, 16-20, and 20-24 h, respectively
(Fig. 6a, curves 2, 3-4, 5-6, and 7-8). The *OH radicals attacked
the mono-, di-, tri-, and tetra-methyl groups resulting in 2, 3-4,
5-6, and 7-8 compounds, which could be mainly produced during
the N-de-methylation steps. Moreover, both 11 and 23 are step-
wise N-de-methylated to yield compounds 16 and 25. It should be
emphasized here that upon the mechanisms, all aforementioned
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Fig. 6. Variation in the relative distribution of the N-de-methylated and cleavage of conjugated chromophore structure products obtained from the photodegradation of the
CV dye as a function of the irradiation time. Curves 1-10, 11-16, and 23-25 correspond to the peaks 1-10, 11-16, and 23-25, in Fig. 5, respectively. Conditions: (a) P25-TiO,,
pH 9, 1-10 intermediates; (b) Pt-TiO,, pH 9, 1-10 intermediates; (c) P25-TiO,, pH 9, 11-16 and 23-25 intermediates; (d) Pt-TiO, pH 9, 11-16 and 23-25 intermediates; (e)
P25-TiOy, pH 3, 1-10 intermediates; (f) Pt-TiO2, pH 3, 1-10 intermediates; (g) P25-TiO;, pH 3,11-16 and 23-25 intermediates; (h) Pt-TiO, pH 3,11-16 and 23-25 intermediates.

processes rely on O, to promote the cleavage of the CV conjugated
chromophore structure.

However, from the two different results as shown above, the pH
effect did show that the formation rate of intermediates increases
as the *OH or 0,°*~ concentration increases, until a critical *OH or
0,°~ concentration is achieved. Although, photocatalytic activity
strongly depends on the amount of Pt modified onto a TiO, sur-
face, the mechanistic analysis does demonstrate that degradation
pathway has led most oxidative N-de-alkylation processes being

preceded by the formation of nitrogen-centered radical, whereas
the destruction of the dye chromophore structures proceeded by
the generation of the carbon-centered radical [23,24]. It is well
known that the potential of multi-electron reduction of O, (e.g.
0 +2H" +2e™ =H05(,3q), + 0.682V; 0y +4H" +4e~ =2H;0,+1.23V)
is more positive than for the single-electron process (e.g.
0y +e™=02""(a3q), —0.284V; O, +H" +e~ =HO,*, —0.046 V vs. NHE).
It seems reasonable to consider that such multi-electron reduc-
tions more readily precede on the surface of Pt that works as an
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Fig. 7. Proposed photodegradation mechanism of the CV dye under UV irradiation in aqueous Pt-TiO, dispersions followed by the identification of several intermediates by

HPLC-ESI mass spectral techniques.

electron pool and catalyzes O, reduction, comparing to the bare
surface of oxide semiconductors [33-35]. The high CV photodegra-
dation activity mediated by Pt-TiO, is due to the promotion of
multi-electron reduction of O, on the Pt co-catalyst rather than
single-electron reduction [36,37].

Based on the above experimental results, the degradation path-
way is tentatively proposed as depicted in Fig. 7. Firstly, the cationic
CV dye molecule was adsorbed on Pt-TiO, surface through charge

attraction. Under UV irradiation, the conduction band electrons
flow from the valence band to the metal (i.e. to a Pt site), and
the Schottky barrier acts as an efficient electron trap to decrease
the recombination rate. The hydrolysis or deprotonation reaction
of CV dye yielded a nitrogen-centered radical. Once attacked by
*OH radicals, N-de-methylation occurred as shown in Fig. 7. The
mono-de-methylated dye, 2, could also be adsorbed on Pt/TiO,
particle surface and involved in the similar mechanistic process.
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However, the *OH radicals could attack the conjugated structure
and produce a carbon-centered radical. Moreover, m dye deriva-
tives, 11 and 23, are formed eventually. Moreover, the species 11
and 23 can also be implicated in N-de-methylation to yield 12
and 24, respectively. The N-de-methylation processes continue to
really form N-de-methylated dye, 10, 16 and 25. Further oxidation
can lead the ring-opening and the formation of aliphatic oxidation
products (compounds 17-19 and 20-22).

4. Conclusion

The modified TiO, with metal nanoparticles (Pt), compared
with pure TiO,, has enhanced the photocatalytic degradation of
CV. The results indicated that Pt-TiO,-F (5.8 wt% Pt loading) gave
the highest photocatalytic activity. Both N-de-methylation and
the destruction of the conjugated structure of the CV dye took
place on the TiO; and Pt-TiO,. The platinization of TiO, not only
enhanced the degradation rate but also demonstrated different
degradation pathway. In the pure TiO,-mediated photocataly-
sis, N-de-methylation preferred being under alkaline condition,
and the destruction of the conjugated structure preferred being
under acidic condition. Interestingly, in the Pt-TiO,-mediated
photocatalysis process, it demonstrates a total reverse result. N-
de-methylation reaction took place under acidic condition, while
the destruction of the conjugated structure preferred under alka-
line condition. Pt-TiO, enhanced electron transfer in an acidic
condition, resulting the competition of O,°~ with *OH radicals in
the N-de-methylation degradation of CV. This is the first report
demonstrating the mechanistic differences of the Pt-TiO, photo-
catalyst towards the photodegradation of triphenylmethane dye.
Most of the intermediates and final products have been identified
by HPLC-ESI-MS and UV-visible spectra.
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