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The photocatalytic degradation of two cationic triarylmethane dyes, crystal violet (CV) and fuchsin basic (FB), was
examined in aqueous suspensions under visible light irradiation. The techniques of 1HNMR, UV-Vis andTiO2
EPR have been used to identify the photodecomposed products and intermediates and to demonstrate the
photocatalytic mechanism of the dye on the semiconductor surface. The degradation undergoes a competitive
primary process between demethylation and decomposition of the whole conjugated structure.

In recent years, considerable interest has been shown in inves-
tigating photocatalyzed degradation of organic pol-TiO2lutants under UV-light irradiation in aqueous dispersions.1h3
It was found that this approach is possible and e†ective for
the treatment of most organic pollutants,4h6 even those that
are difficult to degrade by conventional methods. However,
UV-light sources are relatively expensive, while the amount of
UV light in sunlight is very little in comparison with visible
light ; these considerations limit the application of semicon-
ductor photocatalysis.

Recently, we7,8 reported the photocatalytic degradation of
dyes under visible irradiation in aqueous dispersionsTiO2and found that organic dyes are not only photodegraded but
also mineralized to to some extent. The photocatalyticCO2mechanism under visible irradiation9,10 is di†erent from that
under UV irradiation : in the former the dyes (as a
photosensitizer), rather than nanoparticulates, areTiO2excited by visible light to appropriate singlet or triplet states ;
the excited dye then injects an electron into the conduction
band of semiconductor via electron transfer to generateTiO2a conduction electron that is scavenged by the adsorbed O2on the particulate to form or more active radicalsTiO2 O2~~
such as or These active oxygen species attack~OH ~OOH.9,10
the cationic dye radical or the dye molecule, leading(Dye`~)
to degradation and mineralization via several intermediates.
Once the dispersion discolors completely, the degradation is
terminated as visible light is no longer absorbed.

In an aqueous system, is amphoteric11 (pI \ 6.8).TiO2

†
ŒTiÈO~ ÔÈÈÈ

OH~
†
ŒTiÈOH ÈÈÈ ÕH`

†
ŒTiÈOH2` (1)

Thus, the electrical property of the surface varies withTiO2the pH of the dispersion. The surfaces of would beTiO2charged negatively and adsorb easily cationic species under
pH [ pI conditions ; in the reverse condition it would adsorb
anionic ones. However, adsorption of the substrate on the

surface directly a†ects the occurrence of electron transferTiO2between the excited dye and and further inÑuences theTiO2degradation rate.
In previous studies,7,8,10 we reported some work on the

photocatalytic degradation of dyes containing carboxyl
(ÈCOO~) or sulfonic groups, which are, in general,(ÈSO3~)
easy to adsorb on the surface. In this work we studied aTiO2pure cationic dye of crystal violet (CV, a kind of triaryl-
methane dye) as the target compound and further reveal the

photodegradation mechanism and adsorption model ; in par-
ticular, the competitive processes of N-demethylation and
decomposition of the conjugated structure in the photo-
degradation of CV are demonstrated. We also examined the
degradation of fuchsin basic (FB) as a model compound for
the degradation intermediate (of triarylmethane dyes such as
CV). UV-Vis, EPR and 1HNMR techniques were utilized to
identify the intermediate products and elucidate the reaction
mechanism.

Experimental section

Materials

Titanium dioxide photocatalyst (P25, 80% anatase, 20%
rutile, speciÐc surface area of 50 m2 g~1) was kindly supplied
by Degussa Co. Crystal violet (CV), fuchsin basic (FB) and
sodium dodecylbenzenesulfonate (DBS) were of laboratory
reagent grade used without further puriÐcation. Horseradish
peroxidase (POD) was purchased from Huamei Biologic
Engineering Co. (China), N,N-diethyl-p-phenylenediamine
(DPD) from Merck (p.a), and 5,5-dimethyl-1-pyrroline
(DMPO) from Sigma. Deionized and doubly distilled water
was used throughout.

Photoreactor and light source

A 500 W halogen lamp (made by Institute of Electric Light
Source of Beijing) as the visible light source was placed in a
cylindrical glass vessel with a glass thimble Ðlled with circulat-
ing water to avoid overheating. A cuto† Ðlter was utilized to
remove wavelengths below 470 nm and guarantee only visible
irradiation.

Procedures and analyses

For the UV-Vis spectroscopy studies, an aqueous sus-TiO2pension was prepared by adding 100 mg nanoparticu-TiO2lates to a 50 ml solution containing crystal violet (2] 10~5
mol l~1), which was stirred in the dark for 30 min under con-
stant air-equilibrated conditions to reach an adsorption-
desorption equilibrium. At given irradiation intervals, 4 ml of
suspension was taken out and centrifuged. was separat-TiO2ed from the suspension by Ðltration and the Ðltrates were
analyzed with a Lambda Bio 20 spectrometer.

New J. Chem., 1999, 23, 1193È1196 1193

This journal is The Royal Society of Chemistry and the Centre National de la Recherche ScientiÐque 1999(



For the 1HNMR and EPR studies the samples were pre-
pared from 100 ml suspensions containing 5 ] 10~5 mol l~1
CV and 100 mg which were irradiated for di†erentTiO2 ,
times. The Ðltrate, from which particles were removedTiO2by centrifuging and Ðltering, was dried by reduced pressure
distillation (below 50 ¡C) and the remaining residue was dis-
solved in for recording the NMR spectra with aDMSO-d6Varian 300 spectrometer. Electron paramagnetic resonance
(EPR) signals of radicals trapped by DMPO (0.16 mol l~1)
were detected with a Brucker EPR 300 E spectrometer. The ir-
radiation source for EPR measurements was an in situ Quanta
Ray Nd :YAG pulsed laser system (j \ 532 nm, 10 pulses s~1).

The concentration of generated after the irradiationH2O2f a 50 ml suspension containing dye (5 ] 10~5 mol l~1) and
(100 mg) at various time intervals was determined imme-TiO2diately by the DPD method12 (a photometric method) in

which the DPD reagent is oxidized by based on theH2O2peroxidase catalyzed reaction12 nm, e \ 21 000(jmax\ 531
M~1 cm~1).

Results and discussion
Degradation of cationic crystal violet dye

It was found that under acidic conditions the cationic dye CV
was difficult to adsorb on the surface and hence theTiO2photodegradation of CV was very slow. CV dye can adsorb
on the surface to some extent in alkaline media, but ifTiO2the pH value is too high (pH [9.5), CV molecules change to a
leuco compound. So all experiments were carried out at
pH \ 9. Scheme 1 shows a proposed adsorption model in
which the surface is negatively charged and the CVTiO2adsorbs onto the surface through the positive ammon-TiO2ium groups.

The spectral changes taking place during the TiO2-assisted
photodegradation of CV under visible irradiation are dis-
played in Fig. 1. Spectra 1 and 2 show respectively absorption
of CV in the absence and presence of particles beforeTiO2irradiation. The characteristic absorption of CV at 590 nm

nm, e \ 88 000 M~1 cm~1) decreased by ca. 10%(jmax \ 590
after addition of reÑecting the adsorption extent of CVTiO2 ,
on the surface in the dark. The absorption peak of CVTiO2decreased, and a hypsochromic shift occurred simultaneously
with increasing irradiation time. Not only did the maximum
absorption wavelength shift from 590 to 540 nm, but also the
color of the solution changed from violet to pink, which coin-
cides well with the maximum absorption wavelength and the
color of fuchsin basic nm, e \ 60 000 M~1 cm~1).(jmax \ 540
The hypsochromic shift process is a N-demethylation process
(see Scheme 1). Comparing spectrum 5 with spectrum 2,
approximately 45.1% of CV formed fuchsin basic after being
fully demethylated and the rest was degraded through destruc-
tion of the conjugated structure. With further irradiation, FB
was also further degraded as shown in Fig. 1 (spectra 5È8).
From comparison with blank experiments shown(TiO2-free)in Fig. 2, it was found that the photo-TiO2-assisted

Fig. 1 Changes in absorption spectra during the photodegradation
of CV (2] 10~5 mol l~1) in an aqueous suspension (2 g l~1).TiO2Spectrum 1 is before addition of and spectra 2, 3, 4, 5, 6, 7 and 8TiO2are after visible irradiation for 0, 0.5, 1.5, 6, 11.5, 13.5 and 19 h in the
presence of respectively.TiO2

decomposition of CV was much faster and more complete
than that in the absence of for both the N-TiO2demethylation (wavelength shift) and the destruction of the
conjugated structure (change of absorbance). Fig. 3 shows the
photodegradation of FB under visible irradiation in the pres-
ence of and its degradation process is similar to the deg-TiO2radation of CV after full demethylation. From Fig. 1È3 we
conclude that the photocatalytic degradation ofTiO2-assisted
CV occurs via two competitive processes : N-demethylation
and the destruction of the conjugated structure.

Probing the reaction process by 1HNMR

We utilized the 1HNMR technique to verify the intermediates
as shown in Fig. 4. Spectrum a is the proton NMR signal of

Fig. 2 Changes in the maximum absorption band and the corre-
sponding wavelength shifts of CV under visible irradiation in the pres-
ence (down triangle and up triangle) and absence (square and
diamond) of The experimental conditions were the same as inTiO2 .
Fig. 1.

Scheme 1 The adsorption model and the degradation mechanism of triarylmethane dyes on surfaces via two competitive processes :TiO2N-demethylation and destruction of the conjugated structure.
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Fig. 3 Changes in absorption spectra during the photodegradation
of FB (2] 10~5 mol l~1) in an aqueous suspension (2 g l~1).TiO2Spectrum 1 is before addition of and spectra 2, 3, 4, 5, 6, 7 areTiO2after visible irradiation for 0, 2, 4, 6, 10 and 14 h in the presence of

respectively.TiO2 ,

CV before irradiation and spectra b and c are after irradiation
for 15 and 30 h, respectively. With increasing irradiation time,
the methyl signal (d \ 3.2) of decreased in intensityÈN(CH3)2and disappeared ; concomitantly, the methyl signal (d \ 2.9) of

appeared and subsequently disappeared. TheÈNH(CH3)proton signals of the aromatic rings changed radically during

Fig. 4 1HNMR spectra of CV (5 ] 10~5 mol l~1) (a) before and
after visible irradiation for (b) 15 and (c) 30 h in the presence of TiO2(2 g l~1). (The strong signal at d 2.5 is that of DMSO and the signal at
d 3.36 is attributed to H2O.)

the irradiation process, going from two simple peaks at d 7.0
and 7.3 to many complicated peaks at d \ 6.8È7.8. Moreover,
new signals were also observed at d \ 8.2, 4.8 and 1.2. We
attribute the signal at d \ 8.2 to HCOOH, d \ 4.8 to phen-

or phen-NRH, and d \ 1.2 to which results fromNH2 ÈCH3 ,
aromatic ring opening. The NMR spectra further illustrate
that the photocatalytic degradation process of CV under
visible irradiation is N-demethylation accompanied by direct
degradation through destruction of the conjugated structure
or opening of the aromatic ring.

Formation of H
2
O

2

In the photocatalytic degradation mechanism under UV light
irradiation, the electron in the conduction band partici-(ecb)pates in the formation of through reaction withH2O2adsorbed [eqn. (2)È(4)].O2

ecb ] O2ad] O2~~ (2)

O2~~ ] 2H`] ecb ] H2O2 (3)

2O2~~ ] 2H`] H2O2] O2 (4)

must be yielded in the photodegradation of dyes underH2O2visible light irradiation during which is generated by anecbelectron transfer process from the excited dye to the conduc-
tion band of The DPD method12 was employed forTiO2 .
detecting However, for the suspension, noH2O2 . dye/TiO2was detected under visible irradiation. Probably, theH2O2generation of is too slow or formed adsorbs onH2O2 H2O2the surface.3,13 In a previous report,14 it was found thatTiO2addition of the anionic surfactant DBS at an appropriate con-
centration near to its CMC into the rhodamine dis-B/TiO2persion can enhance signiÐcantly the electron transfer from
the excited dye to the and hence accelerate greatly theTiO2photodegradation of rhodamine B under visible irradiation,
since the DBS molecules can adsorb strongly and co-adsorb
with rhodamine B on the surface. To detect more easilyTiO2the formation of DBS (at its CMC of 1.2 mmol l~1)H2O2 ,
was added into the dispersion to not only enhanceCV/TiO2electron transfer from the excited dye to the but also toTiO2impede the adsorption of generated under visible irra-H2O2diation. After adding DBS, the photodegradation rate of CV
increased signiÐcantly. Fig. 5 shows that is formed andH2O2that its concentration increased with increasing visible irradia-
tion time to attain a maximum value at 1.5 h, and then grad-
ually decreased and Ðnally tended to a constant value. During
the irradiation period, the formed was also decomposedH2O2by accepting an ecb .

H2O2] ecb ] ~OH] OH~ (5)

The quantity of formed reÑects the extent of the photo-H2O2catalytic reaction of CV and also a†ects the active gener-~OH
ation in the photocatalytic process.

Fig. 5 Formation of during the photodegradation of CVH2O2(5] 10~5 mol l~1) in the presence of DBS (1.2 mmol l~1) and photo-
catalyst (2 g l~1).TiO2

New J. Chem., 1999, 23, 1193È1196 1195



Fig. 6 EPR signals of DMPO-trapped radicals. (a) CV/DBS~OH
system under visible irradiation (pulsed laser, j \ 532 nm, 10 pulse
s~1) ; (b) system without irradiation ; (c), (d) and (e)CV/DBS/TiO2system under visible laser irradiation for 2, 4, 6 min,CV/DBS/TiO2respectively. (CV, 5] 10~5 mol l~1, DBS, 1.2 mmol l~1, TiO2 ,
2 g l~1, DMPO, 0.16 mol l~1).

Measurement of radicals by EPR~OH

According to the photocatalytic degradation mechanism, ~OH
may be generated and play an important role in the photo-
catalytic reaction. Since the lifetime of is very short, it~OH
cannot be detected directly. When DMPO as a radical trap-
ping reagent was added to the dispersion, only veryCV/TiO2weak EPR signals appeared and then disappeared quickly,
while in the system, as shown in Fig. 6 EPRCV/DBS/TiO2signals were observed under visible irradiation (532 nm). The
four peaks with an intensity ratio of 1 : 2 : 2 : 1 are consistent
with those of as reported in the literature.4,15 InDMPOÈ~OH,
blank experiments, no EPR signals were detected in both the

system in the dark and the CV/DBS system inCV/DBS/TiO2the absence of under visible irradiation. So the activeTiO2radical was generated in the photo-~OH TiO2-assisted
degradation of the dye under visible irradiation through an
electron transfer process and the amount of radicals gen-~OH
erated was related closely with the adsorption of the dye on
the surface of particles.TiO2

Conclusion
From the above results we can see that the TiO2-assisted
photodegradation of cationic triarylmethane dye CV under

visible irradiation undergoes two competitive pathways : N-
demethylation and destruction of the conjugated structure (as
shown in Scheme 1). The excited dye generates afterDye`~
injecting an electron into the band ; thisTiO2 conduction
injected electron can be scavenged by an oxygen molecule to
generate and species. When the N atom isO2~~, H2O2 ~OH
attacked by radicals, N-demethylation occurs and gives~OH
rise to FB and HCOOH, while attack on the conjugated
structure of CV leads to decomposition of the molecular
structure. The semiconductor particles play a pivotalTiO2role in the photocatalytic degradation of the dye.
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