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Abstract

Titanium dioxide was shown to be generally effective as a catalyst for photobleaching many structural classes of

organic dyes in aqueous solution, using visible light. However, results from study of 15 dyes indicate that photoble-

aching rates differ significantly from families of dyes with different functionalities, and are dependent on the light source

and crystalline form of TiO2 used. Sorption characteristic on the TiO2 surface and the aqueous solubility of the dyes

also play an important role in the photobleaching rate. Kinetic analysis indicates that the dye photobleaching rates can

usually be approximated as pseudo-first-order kinetics. In addition to the generally proposed photocatalytic oxidation

mechanism for TiO2 reactions, we observed evidence for two kinds of electron transfer mechanisms that are ‘‘photo-

sensitized reduction’’ and ‘‘photosensitized oxidation’’. Natural sunlight was effectively used to photobleach some of

the dyes. � 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Photosensitized reduction; Photosensitized oxidation; Photocatalytic oxidation; Titanium dioxide; Electron transfer; Dye
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1. Introduction

In the past decade, considerable attention has fo-

cused on using nanocrystalline TiO2 as a photocatalyst

for the degradation of organic pollutants (Gratzel, 1989;

Ollis et al., 1989; Turchi and Ollis, 1990; Kormann et al.,

1991; Terzian et al., 1991; Chen and Chou, 1993; Nasr

et al., 1996; Zhang et al., 1997; Zhao et al., 1998). Sev-

eral papers have discussed the fundamentals of the

photocatalytic degradation process (Hsiao et al., 1983;

Gratzel, 1989; Ollis et al., 1989; Kormann et al., 1991;

Nasr et al., 1996; Vinodgopal et al., 1996; Zhang et al.,

1998). Other articles have focused on the identification

of intermediate products and final products (Cavanagh

et al., 1992; Glaze et al., 1993; Jacoby et al., 1994;

Spadaro et al., 1994) of photoreaction. The enhance-

ment of energy utilization efficiency (Izumi et al., 1980;

Reeves et al., 1992) has also been probed. The photo-

catalyst, titanium dioxide, is a wide bandgap (3.2 eV)

semiconductor, corresponding to radiation in the near-

UV range. Upon the absorption of this UV energy, TiO2

particles will form a paired electron ðe�Þ and hole ðhþÞ,
in the conduction band and valence band. The positive

hole is apparently able to oxidize a water molecule

to hydroxyl radical. The hydroxyl radical, in turn, is

a powerful oxidant. The oxidation of organic con-

taminants seems to be mediated by a series of reac-

tions initiated by hydroxyl radical on the TiO2

surface. For the photo-oxidation reaction to occur, both

TiO2 and an UV light source are necessary. Such

a mechanism has been known as ‘‘photocatalytic oxi-

dation’’.

The use of high energy UV light is not only costly,

but also can be hazardous. Therefore, the possible use of

visible light has recently drawn attention. Nogueira and

Jardim (1993) demonstrated how the photobleaching of
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dyes could be achieved by sunlight irradiation using

TiO2 as photocatalyst. Reeves et al. (1992) suggested

that the potential exists for the use of highly con-

centrated sunlight in the removal of textile dyes and

biological stains from wastewater. It was thought

photocatalytic oxidation (through the generation of e�

and hþ) was the main path leading to the dye bleaching.

However, only a small portion (<5%) of solar energy

reaching the surface of the earth is UV light, which is

probably too little to achieve significant photodegrada-

tion rates for the practical application of TiO2/Visible-

light system (TiO2/Vis) in the treatment of wastewaters

by this ‘‘photocatalytic oxidation’’ mechanism.

The type I photo-oxidation via electron transfer from

a dyestuff absorbed on a semi-conductor surface plays

an important role in the photographic and solar energy

conversion science (Kamat et al., 1997; Wang et al.,

1997). Organic dyes, such as cyanine dyes, squaraine

dyes, oxazine dyes, anthraquinone dyes, xanthene dyes

and azo dyes have been used widely as photosensitizers

(Epling et al., 1991; Nasr et al., 1996; Vinodgopal et al.,

1996; Muneer et al., 1997; Wang et al., 1997; Zhang

et al., 1997, 1998; Zheng et al., 1997). Upon the ab-

sorption of visible light energy, the excited photosensi-

tizer is able to donate or receive an electron, depending

on the redox environment present. In the case of a

photosensitizer absorbed on the TiO2 semiconductor

surface, the excited photosensitizer may be able to inject

an electron into the conduction band of TiO2, under

visible light irradiation (Nasr et al., 1996; Vinodgopal

et al., 1996; Zhang et al., 1997, 1998; Zhao et al., 1998).

Such an electron transfer mechanism has been called a

‘‘photosensitizing oxidation’’. A photosensitized oxida-

tion mechanism was suggested by Vinodgopal et al.

(1996) and Nasr et al. (1996), and was applied to explain

the visible light induced photodegradation of dyes they

studied. Since dyes absorb strongly in the visible range,

the energy harvesting efficiency should be high enough

to make the photoassisted treatment of dye-contami-

nated wastewater feasible. The proposed ‘‘photosensi-

tizing oxidation’’ mechanism via electron injection from

the photoexcited dye into the conduction band of TiO2

was further supported by Wang et al. (1997) and Zheng

et al. (1997) using a squaraine dye and a cyanine dye.

Later, Serpone’s group further demonstrated the po-

tential of visible light sensitized photo-oxidation of dye

pollutants in aqueous systems. These studies involved

erythrosine and rhodamine B (Zhang et al., 1997), eosin

(Zhang et al., 1998), and malachite green (Zhao et al.,

1998).

Dyes have been used widely in the textile indus-

try, photographic industry, coating industry, and pho-

tochemical applications (Allen, 1971). Depending on

the chromogenes, chromophores, and auxochromes,

dyes exhibit different physical and chemical properties,

such as water solubility, color, brightness, fastness, and

light absorption characteristics. Many dyes pose envi-

ronmental hazards because their degradation may pro-

duce toxic intermediates. For example, those dyes

with substructures of nitrobenzene, azoheterozole, p-

diaminobenzene, stilbene, aminonaphthol, benzidine

and quaternary amines have carcinogenicity and toxicity

concerns (Games and Hites, 1977; Houk et al., 1991).

With increasing awareness of water-resource protection

to ensure a safe drinking supply, dye-containing waste-

water originating from dye manufacturing industries

and dyeing industries needs to be treated before dis-

charge.

Previous studies of the photobleaching of dyes have

been limited to only a small number of dyes. In this

study, the feasibility of the photobleaching of a greater

variety of dyes using TiO2 as a catalyst and natural or

simulated sunlight as irradiation source (TiO2/Vis sys-

tem) was evaluated. A large family of dyes were studied,

focusing on compounds with varied chemical structures

not previously examined, including a total of 15 thi-

azine, xanthene, anthraquinone, phenanthrene, quino-

line, indigo, triphenylmethane and azo dyes. The

effectiveness of this TiO2/Vis system with these varied

dyes has been evaluated.

2. Materials and methods

The Degussa Corporation (Richfield Park, New Jer-

sey) furnished a sample of Degussa P-25 TiO2. This

powder has a specific surface area of 50 m2=g, a 30 nm

mean particle size, and is predominately anatase. Ald-

rich TiO2 was purchased from the Aldrich Chemical

Company (Milwaukee, Wisconsin). This medium parti-

cle size material is approximately 1 lm with a specific

surface area of 8:9 m2=g (Butler and Davis, 1993).

Methylene blue, methylene green, eosin B, and rose

bengal were also purchased from Aldrich. Dinitro

methylene blue was synthesized in our laboratory by

nitration of methylene blue. D&C Green 5, D&C Green

6, D&C Violet 2, D&C Green 8, D&C Red 33, D&C

Yellow 10, FD&C Blue 2, FD&C Green 3, FD&C Red 2

and FD&C Red 40 were supplied by the Warner &

Jenkinson Company (St. Louis, MO). Light sources

used included a Sylvania 150-W indoor spotlight and

a general electric (GE) energy-saving 90-W halogen

floodlight, both purchased locally. In some experiments,

natural sunlight was employed to assess field efficiency,

with a petridish (10-cm dia.) used as the photobleaching

reactor. A centrifuge (Fisher Centrific), operated at 4750

rpm, was utilized to obtain the supernatant for UV/VIS

(Perkin-Elmer, Lambda 4B, UV/VIS spectrophotome-

ter) scan.

562 G.A. Epling, C. Lin / Chemosphere 46 (2002) 561–570



3. Experimental

3.1. General procedures

To obtain the TiO2-catalyzed photobleaching rate,

seven petridishes (10-cm dia.), each containing 25 ml of

a 0.1 mM solution of dye (e.g., methylene blue) and 1 g/l

of TiO2, were used. Distilled, deionized water was used

in preparing the reaction mixture. For each set of ex-

periments, one of the seven petridishes was wrapped

with aluminum foil before exposure to the light source

to serve as a field control. This dish lay under the light

for the whole course of 120 min of irradiation. At each

time step, one petridish was wrapped with aluminum

foil, and waited until all irradiations were finished, the

lights were turned off, and each of the irradiated reaction

mixtures was rinsed and carefully transferred into a 25-

ml graduated cylinder to bring the total volume to 25 ml.

To remove TiO2 from the reaction mixture, a sequential

centrifugation was applied at each 10-min time step for a

total of 30 min. The supernatant was carefully trans-

ferred from the centrifugation tube with a disposable

pipette into a 3-ml quartz cuvette for UV/VIS scan.

Maximum absorbance wavelength ðkmaxÞ for each irra-

diated sample was recorded to determine the photoble-

aching of dye. The dye concentration measured from the

field control petridish served as the initial concentration

(C0) for calculating the CðtÞ=C0 ratio.

4. Results and discussion

4.1. Determination and kinetics of dye bleaching

As the photocatalytic mechanism suggests, both TiO2

and a light source are necessary for the photo-oxidation

reaction to occur. A control experiment was conducted

on the irradiation of FD&C Green 3 (0.1 mM) with and

without the presence of TiO2, and with the presence of

TiO2 but without irradiation. Fig. 1 indicates that

without the presence of photocatalyst TiO2, non-ap-

preciable photobleaching was observed during the 2 h of

irradiation using an 150-W spotlight. It is also clear with

the presence of TiO2, but without irradiation, no

photobleaching observed. When we exposed the dye

with TiO2 in aqueous dispersion to the 150-W spotlight,

photobleaching occurred, and about 70% of the dye was

bleached within 2 h of irradiation. The bleaching, as

exemplified by the FD&C Green 3 photobleaching data,

can be approximated as pseudo-first-order kinetics. Fig.

2 shows the linear fit between the lnðCðtÞ=C0Þ and irra-

diation time that supports this conclusion. However, in

investigating other dyes with this TiO2/Vis photoble-

aching system we found some exceptions. D&C Green 8,

in particular, gave a relatively inert residual compound

whose absorbance caused a significant exception. Com-

pounds which were not charged gave a poor fit as well,

possibly due to the lack of homogeneity in the solvent. A

small amount of acetonitrile as a cosolvent was neces-

sary to employ in these cases.

4.2. Comparison of different forms of titanium dioxide

Although titanium dioxide has several crystal forms,

anatase and rutile are the most commercially significant

Fig. 1. FD&C Green 3 bleaching does not occur in the absence

of TiO2 or light.

Fig. 2. The straight-line relationship between the lnðCðtÞ=C0Þ
and the irradiation time indicates photobleaching rate of

FD&C Green 3 can be approximated by a pseudo-first-order

reaction.
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(Clark, 1975). Rutile has a much denser atomic packing

in its crystal pattern and is the more stable form. Con-

version from anatase to rutile occurs only at elevated

temperatures (about 1000 �C). Rutile is the form of

principal interest in coatings. Nevertheless, anatase has

been the most widely studied form in photocatalytic

applications. In our study, three forms of titanium di-

oxide (rutile, anatase, and amorphous – commercially

available from Aldrich) were compared to study the

differences in their photocatalytic efficiency. As shown in

Fig. 3 using Aldrich TiO2, the methylene blue photo-

bleaching rates were: anatase > amorphous > rutile.

This result corresponds with the stability of the TiO2

suspension, where rutile settled out quickly, and amor-

phous was less well suspended than anatase. For rutile,

the suspension almost completely precipitated after 20

min. Another TiO2 investigated, the Degussa P-25

(predominately anatase), is the most frequently used

TiO2 in photobleaching studies; it is believed to have a

faster reaction rate, partly due to its large specific sur-

face area and fine particle size. However, in our study

the Degussa P-25 had only a slightly faster rate than that

of Aldrich anatase. Unless otherwise specified, the ex-

periments in this study were conducted using the anatase

form of Aldrich TiO2.

4.3. Comparison of different light sources

Two commercial lamps (a Sylvania 150-W spotlight

and a GE energy-saving 90-W halogen floodlight) were

used as artificial light sources to approximate natural

sunlight in the laboratory. As can be seen from Fig. 4,

the photobleaching rates of methylene blue were ordered

as such: natural sunlight >>90-W halogen floodlight

>150-W spotlight. The natural sunlight irradiation was

performed on one sunny August morning (10:30–11:20

a.m.) in Storrs, Connecticut. Our methylene blue

photobleaching rate by natural sunlight irradiation fol-

lowed pseudo-first-order kinetics with reasonable preci-

sion ðR2 ¼ 0:98Þ, and our estimated rate constant k

(0.1238 min�1Þ and half-life (6.9 min) of methylene blue

were comparable with the values (0.078 min�1 and 8.9

min) reported by Nogueira and Jardim (1993) in a

similar study. The difference was accounted for by the

varying sunlight intensities for different geographic areas

and the different time of day when irradiation was per-

formed. Although the photobleaching rate obtained

using a 90-W halogen lamp was faster than that using

the 150-W spotlight, we found the rate with the 150-W

spotlight was the most convenient, and it was used as the

light source for most of the subsequent experiments.

4.4. Comparison of photobleaching rates between dyes

One of the purposes of this study was to examine the

photobleaching of a large family of dyes, focusing on

compounds with varied chemical structures in different

chemical classes. Organic dyes studied were methylene

blue, methylene green, dinitro methylene blue, eosin B,

rose bengal, FD&C Red 2, D&C Green 5 and 6, FD&C

Green 3, FD&C Blue 2, D&C Violet 2, FD&C Red 40,

D&C Red 33, D&C Yellow 10 and D&C Green 8. The

structures of these dyes are shown in Fig. 5. Photoble-

Fig. 3. Methylene blue photobleaching rates decrease in the

following order using different form of Aldrich TiO2: anatase >

amorphous > rutile. Also note that Degussa P-25 is slightly

faster than Aldrich anatase.

Fig. 4. Photobleaching rates of methylene blue using different

light sources decrease in the following order: natural sunlight

>>90-W halogen floodlight >150-W spotlight.
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aching rates are qualitatively presented in Figs. 6 and 7,

and are quantitatively presented in Table 1 as the ratio

of CðtÞ=C0 at 1 h of irradiation.

As shown in Table 1, D&C Green 8 (entry 9) and

FD&C Blue 2 (entry 12) were the fastest bleaching dyes

Fig. 5. Molecular structures of dyes.

Fig. 7. Photobleaching rates of dyes (continued) indicate: (1)

D&C Green 8 and FD&C Blue 2 were the fastest bleaching

dyes, (2) FD&C dyes were, in general, bleached faster than

D&C dyes, (3) D&C Green 8 bleached rapidly in the first 20

min and then leveled off after about 85% was bleached.

Fig. 6. Photobleaching rates of dyes indicate (1) methylene blue >

methylene green > dinitro methylene blue, (2) rose bengal > eosin

B, and (3) two neutral dyes (D&C Violet 2 and D&C Green 6)

had the slowest bleaching rates.
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Table 1

Titanium dioxide-catalyzed photobleaching of organic dyes

Entry Name Description Class of dye (ionic type) CðtÞ=C0 (t ¼ 1 h)

1 Methylene bluea C16H21ClN3SO F.W. ¼ 373.90 Thiazine (cationic) 0.575

kmax ¼ 661 nm

Swiss blue

C.I. Basic Blue 9

C.I. Solvent Blue 8

2 Methylene greena C16H18N4O2SCl � 1=2ðZnCl2Þ Thiazine (cationic) 0.630

F.W. ¼ 433

kmax ¼ 657 ð618Þ nm
C.I. Basic Green 5

3 Dinitro methylene bluea C16H18N5O4SCl Thiazine (cationic) 0.720

F.W. ¼ 479

kmax ¼ 566 nm

Laboratory synthesized

4 Eosin Bb (disodium salt) C20H6N2Na2O9Br2 Xanthene (anionic) 0.728

F.W. ¼ 624.08

kmax ¼ 514 ð319Þ nm
C.I. Acid Red 91

5 Rose bengalb (disodium salt) C20H2Na2O5I4Cl4 Xanthene (anionic) 0.510

F.W. ¼ 1017.65

kmax ¼ 549 nm

C.I. Acid Red 94

6 D&C Green 5b C28H20N2Na2O8S2 Anthraquinone (anionic) 0.670

F.W. ¼ 622.58

kmax ¼ 641 nm

Alizarin Cyanine Green F.

C.I. Acid Green 25

7 D&C Green 6b C28H22N2O2 Anthraquinone (neutral) 0.880

F.W. ¼ 418.50

kmax ¼ 637 nm

Quinizarin Green SS

C.I. Solvent Green 3

8 D&C Violet 2b C21H15N1O3 Anthraquinone (neutral) 0.887

F.W. ¼ 329

kmax ¼ 570 nm

C.I. Solvent Violet 13

9 D&C Green 8a C16H7Na3O10S3 Phenanthrene (anionic) 0.181

F.W. ¼ 524.39

kmax ¼ 403 nm

Pyranine

C.I. Acid Green 9

C.I. Solvent Green 7

10 D&C Red 33a C16H11N3Na2O7S2 Monoazo (anionic) 0.759

F.W. ¼ 467.39

kmax ¼ 529 ð503Þ nm
C.I. Acid Red 33

C.I. Food Red 12

11 D&C Yellow 10a C19H11N1Na2O8S2 Quinoline (anionic) 0.555

F.W. ¼ 491.38

kmax ¼ 411 nm

Quinoline Yellow

C.I. Acid Yellow 3

C.I. Food Yellow 13

12 FD&C Blue 2a C16H8N2Na2O8S2 Indigo (anionic) 0.184

F.W. ¼ 466.36

kmax ¼ 609 nm

Indigo Carmine

C.I. Acid Blue 74

C.I. Food Blue 1
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among all dyes studied; these two are commonly con-

sidered light sensitive dyes. Two neutral dyes (entries 7

and 8) had the slowest bleaching rates. It is also con-

clusive that food dyes (entries 12–15) were, in general,

more easily bleached than the other dyes. The average

bleaching rate of anionic dyes is faster than cationic

dyes, and neutral dyes were the slowest to be bleached.

Although the literature has not suggested the rate of dye

bleaching by TiO2 is structure related, it is commonly

agreed that triphenylmethane dyes have poor light

fastness and anthraquinone dyes have good light sta-

bility (Allen, 1971). This is parallel to our experimental

observations with TiO2 where FD&C Green 3 was easier

to bleach than D&C Green 5, D&C Green 6 or D&C

Violet 2. In terms of functional group effects, the pres-

ence of electron withdrawing groups on the dyes was

observed to retard the bleaching rates (entries 1, 2 and

3), agreeing with the photosensitizing oxidation mecha-

nism. On the other hand, in comparison with eosin B,

rose bengal has more electron withdrawing groups, but

the photobleaching rate is faster than eosin B. This does

not agree with the photosensitizing oxidation mecha-

nism. We reasoned that there may be a photosensitizing

reduction mechanism involved, and will discuss this in

more detail in the following Section 4.5. In comparison

of photobleaching rate of dyes in different families, ac-

cording to Table 1, the photobleaching rate of dyes can

be ordered as such: indigo ffi phenanthrene > tri-

phenylmethane > azo ffi quinoline > xanthene ffi thiazine

> anthraquinone.

No other significant correlation between dye struc-

ture and bleaching rate was observed except those

mentioned above suggesting that dye structure is not the

only factor affecting the bleaching rate in a TiO2-cata-

lyzed system. Other factors, such as the sorption char-

acteristic on the TiO2 surface and the aqueous solubility

of the dyes, may play a more important role in the

control of the bleaching rate.

A particularly interesting observation was the be-

havior of the photobleaching of D&C Green 8. Fig. 7

shows an unusual behavior of D&C Green 8, which

bleached rapidly in the first 20 min and then bleaching

ceased with about 15% of the absorption remaining.

This indicates that the dye was not completely miner-

alized; instead, the initial photoreaction products

are stable in the TiO2 photocatalytic system. Signifi-

cantly, this raises a concern that complete mineralization

may not always be achievable for every organic com-

pound.

The above experiments were performed to investigate

the feasibility of the treatment of dye wastewater using a

TiO2 system. For most of the dyes studied, the results

suggest a photocatalytic bleaching system using visible

light might be useful for the treatment of dye-contami-

nated wastewater. Similar conclusions were reached in

other studies (Reeves et al., 1992; Chen and Chou, 1993;

Nogueira and Jardim, 1993; Nasr et al., 1996; Vinod-

gopal et al., 1996; Zhang et al., 1997, 1998). However,

wastewater from the dyeing industry is not as simple as

these simulations. Often, wastewater will contain a

mixture of dyes, organic solvents, acidic or basic species,

as well as dissolved organic matter and humic sub-

stances if mixed with other waste streams. Further

studies are warranted to investigate the photobleaching

Table 1 (continued)

Entry Name Description Class of dye (ionic type) CðtÞ=C0 (t ¼ 1 h)

13 FD&C Green 3a C37H34N2Na2O10S3 Triphenylmethane (anionic) 0.466

F.W. ¼ 808.86

kmax ¼ 624 nm

Fast Green FCF

C.I. Food Green 3

14 FD&C Red 2a C20H11N2Na3O10S3 Monoazo (anionic) 0.472

F.W. ¼ 604.48

kmax ¼ 521 nm

Amaranth

Azorubin S

C.I. Acid Red 27

C.I. Food Red 9

15 FD&C Red 40a C18H14N2Na2O8S2 Monoazo (anionic) 0.389

F.W. ¼ 496.43

kmax ¼ 502:3

Allura Red AC

C.I. Food Red 17

aDuring irradiation, peak absorption diminishes with change in kmax.
bDuring irradiation, peak absorption diminishes without change in kmax.
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efficiency in the presence of such adventitious species as

these.

4.5. Mechanistic implications

The mechanism for bleaching which has the most

historical precedence has been called photocatalytic

oxidation and is believed to proceed as follows.

TiO2 þ hm ! TiO2ðe� þ hþÞ ð1Þ

TiO2ðhþÞ þH2O ! TiO2 þHO� þHþ ð2Þ

TiO2ðe�Þ þO2 ! TiO2 þO ��
2 ð3Þ

But in addition to the usual ‘‘photocatalytic oxidation’’

mechanism, Nasr et al. (1996) and Zhang et al. (1998),

added ‘‘photosensitizing oxidation’’ mechanism to ex-

plain their ‘‘visible light’’ induced photo-oxidation of

dyes. Their proposed photosensitizing oxidation mech-

anism suggests that the electron from the excited dye

molecule is injected into the conduction band of the

TiO2, and the cation radical formed at the surface

quickly undergoes degradation to yield products (reac-

tion (4)–(6)).

Dyeþ hm ! Dye	 ð4Þ

Dye	 þ TiO2 ! Dye�þ þ TiO2ðe�Þ ð5Þ

TiO2ðe�Þ þO2 ! TiO2 þO��
2 ð6Þ

In our experiments, we irradiated the samples with

sunlight or simulated sunlight in the laboratory without

filtering out the UV portion of the spectrum. Our results

suggest that both ‘‘photocatalytic’’ and ‘‘photosensitiz-

ing’’ mechanism occurred during these irradiations,

and both TiO2 and the light source are necessary for

the reaction to occur (see Fig. 1). In the photocatalytic

oxidation, TiO2 has to be irradiated and excited in a

near-UV energy. On the other hand, TiO2 is not neces-

sary to be excited, if the excited dye (from visible light)

is able to inject an electron on to its conduction band

of TiO2, which leads to photosensitized oxidation. It

is hard to judge whether the photocatalytic oxidation

is superior to the photosensitizing oxidation mecha-

nism, but the photosensitizing mechanism will help to

improve the overall efficiency, and make the photoble-

aching of dyes using visible light more feasible. The

capability of useful bleaching from the visible light is

very exciting.

In the thiazine family, the presence of electron

withdrawing groups ðNO2Þ on the dyes was observed to

retard the bleaching rates (entries 1–3 in Table 1). Such

observation agrees with the photosensitized ‘‘oxidation’’

mechanism. However, in the xanthene family, rose

bengal has much more electron withdrawing groups

than eosin B (see Fig. 5). With so many electron with-

drawing groups, rose bengal is not favored to inject

electrons for an oxidation reaction to occur, thus, a

slower photobleaching rate was expected from the

photosensitized oxidation mechanism. Surprisingly, our

results indicate rose bengal was bleached faster than

eosin B. We reasoned that there must be photosensitized

reduction occurred, in such a way that the TiO2 pro-

duced a positive hole.

Dye	 þ TiO2 ! Dye�� þ TiO2ðhþÞ ð7Þ

In this case, the photosensitizer (the dye) served as an

electron scavenger on the TiO2 surface, i.e., to produce

the positive hole. The degradation of the organic dyes

could then be mediated by a series of reactions initiated

by the hydroxyl radical generated through the oxidation

of water molecule by the positive hole (reaction (2)).

In this way, we rationalize the experimental observa-

tion that rose bengal was photobleached faster than

eosin B.

5. Conclusions

A TiO2/Vis system was developed to photobleach

15 organic dyes with varying chemical structures

in aqueous dispersion utilizing visible light. The results

have shown that FD&C Blue 2 and D&C Green 8 are

the fastest bleached dyes, and that two neutral solvent

dyes, D&C Violet 2 and D&C Green 6, are the slowest.

Triphenylmethane dyes were observed to be easier to

bleach than anthraquinone dyes. In terms of functional

group effects, the presence of electron withdrawing

groups on the dyes was observed to retard the photo-

sensitized oxidation bleaching rates. It is also conclusive

that food dyes were, in general, relatively easier to be

bleached than the other dyes. Additional factors, such as

the sorption characteristic on the TiO2 surface and the

aqueous solubility of the dyes, may play a more im-

portant role in the control of the photobleaching rate.

Photobleaching rates were dependent on the light source

with the results that natural sunlight >>90-W halogen

floodlight >150-W spotlight. Natural sunlight can be

used to photobleach dyes particularly rapidly under

these conditions. Kinetic data indicate that the dyes

photobleaching rates can usually be approximated by

pseudo-first-order reaction. In addition to the two pro-

posed photo-oxidation mechanisms, an electron transfer

‘‘photosensitized reduction mechanism’’ seems to occur

in the photobleaching of rose bengal.
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