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bstract

The photodegradation of dye pollutants under visible light irradiation in TiO2 dispersions continues to draw considerable attention because of the
mproving effective utilization of cost free solar energy and its potential application to treating wastewater from textile and photographic industries.
o get a better understanding of the mechanistic details of this TiO2-assisted photodegradation of crystal violet dye (CV, N,N,N′,N′,N′′,N′′-
examethylpararosaniline) with visible light irradiation, the intermediates of the process were identified and examined by HPLC–ESI-MS
echniques in this research. The analytical results indicated nine intermediates, namely: N,N-dimethyl-N′,N′-dimethyl-N′′-methylpararosaniline
DDMPR), N,N-dimethyl-N′-methyl-N′′-methylpararosaniline (DMMPR), N,N-dimethyl-N′,N′-dimethylpararosaniline (DDPR), N-methyl-N′-
ethyl-N′′-methylpararosaniline (MMMPR), N,N-dimethyl-N′-methylpararosaniline (DMPR), N-methyl-N′-methylpararosaniline (MMPR), N,N-

imethylpararosaniline (DPR), N-methylpararosaniline (MPR), and pararosaniline (PR). The experimental results indicated that the N-de-

ethylation degradation of CV dye took place in a stepwise manner to yield mono-, di-, tri-, tetra-, penta-, and hexa-de-methylated CV species.
he possible degradation pathways were proposed and discussed in this research. The reaction mechanism of TiO2/V proposed in this research
ould be useful for future application of the technology to the decoloration of dyes using solar energy.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The paper, leather, cosmetic, and food industries are major
onsumers for various types of triphenylmethane dyes [1–3].
riphenylmethane dyes are used extensively in the textile indus-

ry for dyeing nylon, wool, cotton, and silk, as well as for
oloring of oil, fats, waxes, varnishes, and plastics. Triphenyl-
ethane dyes are used as staining agents in bacteriological and

istopathological applications as well. The photocytotoxicity of
riphenylmethane dyes based on the reactive oxygen species pro-
uction is tested intensively using photodynamic therapy [4–7].

owever, a great deal of concern has arisen regarding the thyroid
eroxidase-catalyzed oxidation of the triphenylmethane class
f dyes due to the generation of N-de-alkylated primary and
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econdary aromatic amines, which have structures similar to
azardous aromatic amine carcinogens [8].

It is reported that 10–20% of dyes are lost in wastewater
s a result of inefficiency during the dyeing process [2]. The
arge amount of wastewater generated in textile manufacturing
rocesses represents an increasing environmental danger due to
he refractory carcinogenic nature of the dyes [9]. Therefore,
yestuffs generated from the textile and photographic indus-
ries are becoming a major source of environmental pollution.
o de-pollute the dyeing wastewater, a number of methods –

ncluding chemical oxidation and reduction, chemical precipita-
ion and flocculation, photolysis, adsorption, ion pair extraction,
lectrochemical treatment and advanced oxidation – have been
nvestigated [10,11]. Advanced oxidation is one of promising

echnologies for the removal of dyes from contaminated wastew-
ters due to its high removal efficiency. This technology is
ainly based on oxidative reactions with HO• radical generated

hrough various treatment methods such as O3/UV, H2O2/UV,

mailto:cslu6@ntcnc.edu.tw
dx.doi.org/10.1016/j.jphotochem.2006.04.008
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2O2/vis, O3/H2O2/UV photolysis, photoassisted Fe3+/H2O2,
nd TiO2-mediated photocatalysis processes.

The TiO2-mediated photocatalysis process has been success-
ully used to degrade dye pollutants for the past few years
12–18]. TiO2 has the advantages of being photochemically sta-
le, nontoxic, and low cost [19–21]. Kamat [22] reported that the
echanism of dye degradation in the presence of TiO2 particles

rradiated by visible light is not as same as the mechanism that
ccurs when particles are irradiated by UV light [22]. Possible
eaction pathways for the self-sensitized photodegradation of
yes in aqueous TiO2 dispersions illuminated by visible irradia-
ion can be found elsewhere [23,24]. Under irradiation by visible
ight, dye radical cations (dye•+) and conduction band electrons
ecb

−, usually taken to be surface Ti3+ ions) or electrons trapped
n surface states were generated (Eqs. (1) and (2)). The electrons
njected into the conduction band of the TiO2 particles can either
e scavenged by surface-adsorbed oxygen molecules to gener-
te the superoxide radical anions O2

•− or recombined with the
ye•+ species (Eq. (3)).

ye + h∗ν → dye∗ (1)

ye∗ + TiO2 → TiO2(ecb
−) + dye•+ (2)

iO2(ecb
−) dye•+ → dye + TiO2 (3)

ye + •OH → degraded products (4)

ye + O2
•− → degraded products (5)

ye•+ → degraded products (6)

ye•+ + O2
•− (O2 or •OH) → degraded products (7)

fter the initial photochemical steps (Eqs. (1) and (2)), a series
f redox processes might involve the active radical species, such
s O2

•−, •OH, and/or the radical cations, dye•+ (Eqs. (4)–(7)).
hese reactions would lead to photoassisted degradation of the
ye and its intermediates.

Two competitive pathways have been proposed for the pho-
odegradation of CV: (i) N-de-methylation of the chromophore
keleton and (ii) cleavage of the whole conjugated chromophore
tructure [25,26]. The N-de-methylation process was based on
he presumption of the wavelength shift of maximal absorption
f the dyes. However, the N-de-methylation intermediates of this
ye have not been isolated or identified. Therefore, the mecha-
istic details of the process and cleavage of the whole conjugated
hromophore structure remain to be investigated and confirmed.

Therefore, this research focused on identifying the N-de-
ethylation reaction intermediates of CV to investigate the
echanistic details of the N-de-methylation reaction of CV dye

n the TiO2/visible light process.

. Experimental

.1. Materials and reagents
Crystal violet (CV) was obtained from Tokyo Kasei Kogyo
o. and confirmed as a pure organic compound through HPLC
nalysis. Stock solutions containing 1 gL−1 of CV in aqueous

a
d

w
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olution were prepared, protected from light, and stored at 4 ◦C.
he TiO2 nanoparticle (P25, ca. 80% anatase, 20% rutile; parti-
le size, ca. 20–30 nm; BET area, ca. 55 m2 g−1) was supplied
y Degussa Co.

Reagent-grade ammonium acetate, nitric acid, sodium
ydroxide, and HPLC-grade methanol were purchased from
erck. De-ionized water was used throughout this study. The
ater was purified with a Milli-Q water ion-exchange system

Millipore Co.).

.2. Instruments

A Waters ZQ LC/MS system with a Waters 1525 Binary
PLC pump, Waters 2996 Photodiode Array Detector, Waters
17plus Autosampler, and Waters micromass-ZQ4000 Detector
ere used to identify the reaction intermediates. The TiO2/vis

llumination experiment was conducted in a C-75 Chromato-
ue Cabinet of UVP with two 15-W visible lamps positioned
n opposite sides of the cabinet interior.

.3. Photodegradation experiments

An aqueous TiO2 dispersion was prepared by adding 50 mg
f TiO2 powder into a 100 mL solution containing the CV at
n appropriate concentration. The initial pH of the suspensions
as adjusted by addition of either NaOH or HNO3 solution

o the desired value. Prior to irradiation, the dispersions were
agnetically stirred in the dark for 30 min to ensure the adsorp-

ion/desorption equilibrium. At given irradiation time intervals,
he dispersions were sampled (5 mL), centrifuged, and subse-
uently filtered through a Millipore filter (pore size, 0.22 �m)
or analysis.

.4. Procedures and analyses

The amount of residual dye at each irradiation cycle was
etermined by HPLC. The analysis of organic intermediates
as accomplished by HPLC–ESI-MS after readjustment of

hromatographic conditions done to make the mobile phases
Solvents A and B) compatible with the working conditions of
ass spectrometer. Solvent A was 25 mM aqueous ammonium

cetate buffer (pH 6.9) and solvent B was methanol. LC was
arried out on an AtlantisTM dC18 column (250 mm × 4.6 mm
.d., dp = 5 �m). The mobile phase flow rate was 1.0 mL/min.

linear gradient was run as follows: t = 0, A = 95, B = 5; t = 20,
= 50, B = 50; t = 35–40, A = 10, B = 90; t = 45, A = 95, B = 5. The

olumn effluent was introduced into the ESI source of the mass
pectrometer. The quadruple mass spectrometer equipped an ESI
nterface with heated nebulizer probe at 350 ◦C was used with
n ion source of 80 ◦C. ESI was carried out with the vaporizer at
50 ◦C and nitrogen as sheath (80 psi) and auxiliary (20 psi) gas
o assist the preliminary nebulization and to initiate the ioniza-
ion process. A discharge current of 5 �A was applied. Tube lens

nd capillary voltages were optimized for maximum response
uring perfusion of CV standard.

Blank experiments performed in flasks containing CV dye
ithout addition of TiO2 showed no appreciable decolorization
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Fig. 1. The absorption spectra changes of CV in aqueous TiO2 dispersions as a
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Fig. 3 might have been caused by the N-de-methylation of CV,
which was due to the reaction between active oxygen species
and the N,N-dimethyl group of the dye.
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unction of irradiation time. Spectra from top to bottom correspond to irradiation
ime of 16, 40, 64, 88, and 112 h, respectively (EV: 50 ppm, TiO2: 50 mg/100 mL,
nd pH 6).

f the dye. The stability of CV dye under visible irradiation was
ood as expected.

. Results and discussion

The experimental results indicated that CV could be degraded
fficiently in aqueous TiO2 dispersions by visible light irradia-
ion (Fig. 1). The concentration of dye was decreased with time.
he degradation of CV at the end of 112 h irradiation time was
bout 92%. The characteristic wavelengths shifted slightly from
88.3 to 573.7 nm with time as well. This result indicated the
ossible formation of a series of N-de-methylated intermediates.
he reaction intermediates in the above reactions were exam-

ned by HPLC using a photodiode array detector and ESI mass
pectrometry. Ten components (A–J) were observed and iden-
ified. Results of HPLC chromatograms, UV–vis spectra, and
PLC–ESI mass spectra are summarized in Table 1.
The reaction intermediates of TiO2/vis reaction are shown

n Fig. 2. Peak A is CV dye, and peaks B–J are reaction inter-
ediates. The absorption spectra of each intermediate in the

isible spectral region are measured and depicted in Fig. 3. The
bsorption spectral bands shift hypsochromically from 588.3 nm

Fig. 3, Spectrum A) to 543.2 nm (Fig. 3, Spectrum J). This hyp-
ochromic shift of the absorption band was possible due to the
ormation of a series of N-de-methylated intermediates in a step-
ise manner. For example, λmax of CV, DDMPR, DMMPR,

F
p
d

able 1
he N-de-methylation intermediates of CV by TiO2/vis process

PLC peaks De-methylation intermediates

N,N,N′,N′,N′′,N′′-hexamethyl pararosaniline
N,N-dimethyl-N′,N′-dimethyl-N′′-methyl pararosaniline
N,N-dimethyl-N′-methyl-N′′-methyl pararosaniline
N,N-dimethyl-N′,N′-dimethyl pararosaniline
N-methyl-N′-methyl-N′′-methyl pararosaniline
N,N-dimethyl-N′-methylpararosaniline
N-methyl-N′-methylpararosaniline
N,N-dimethylpararosaniline
N-methylpararosaniline
pararosaniline
ig. 2. HPLC chromatogram of the N-de-methylated intermediates at 80 h of
rradiation, recorded at 580 nm.

DPR, MMMPR, DMPR, MMPR, DPR, MPR, and PR are
88.3, 581.0, 579.8, 573.7, 570.0, 566.3, 566.3, 561.5, 554.1,
nd 543.2 nm, respectively. This result is in agreement with the
esults presented in Fig. 1. Similar phenomena were reported for
he photodegradation of sulforhodamine-B [12] and rhodamine-

[24] under the visible irradiation. Saquib and Muneer [25]
tudied the RhB/CdS system and stated that the electron from
he singlet excited state 1RhB* to CdS particles came from the
itrogen atoms [25]. Therefore, the wavelength shift depicted in
ig. 3. Absorption spectra of N-de-methylated intermediates formed during the
hotodegradation of CV. Spectra were recorded using the photodiode array
etector.

Abbreviation ESI-MS peaks Absorption maximum (nm)

CV 372.12 588.3
DDMPR 358.20 581.0
DMMPR 344.21 573.7
DDPR 344.15 579.8
MMMPR 330.16 566.3
DMPR 330.16 570.0
MMPR 316.24 561.5
DPR 316.11 566.3
MPR 302.13 554.1
PR 288.07 543.2
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ig. 4. (A–J) ESI mass spectra of the N-de-methylated intermediates formed du

As shown in Fig. 4, mass spectral analysis confirmed
hat the components A (m/z = 372.12), B (m/z = 358.20),

(m/z = 344.21), D (m/z = 344.15), E (m/z = 330.16),

(m/z = 330.16), G (m/z = 316.11), H (m/z = 316.11), I

m/z = 302.06), and J (m/z = 288.07) are CV, DDMPR,
MMPR, DDPR, MMMPR, DMPR, MMPR, DPR, MPR, and
R, respectively. CV dye has dimethyl groups on three sides.

p
g
(
f

e photodegradation of the CV dye after they were separated by HPLC method.

DMPR (Fig. 5, compound B) is obtained by the removal of
ne methyl group from the CV molecule. DMMPR, DDPR,
MMPR, DMPR, MMPR, and DPR correspond to three
airs of isomeric molecules with two to four less methyl
roups than CV as shown in Fig. 5 compounds C–H. DMMPR
Fig. 5, compound C), is formed by removal of a methyl group
rom two different sides of the CV molecule while the other
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Fig. 5. Chemical structure of

orresponding isomer in this pair, DDPR (Fig. 5, compound
), is produced by the removal of two methyl groups from the
ame side of the CV structure. In the second pair of isomers,
MMPR (Fig. 5, compound E), is formed by the removal of

hree methyl groups from each side of the CV molecule while
he other isomer in this pair, DMPR (Fig. 5, compound F), is

I
p
C
o

de-methylated intermediates.

roduced by removing two methyl groups from one side of the
V structure while one more was removed from the other side.
n the third pair of isomers, MMPR (Fig. 5, compound G), is
roduced removing two methyl groups from one side of the
V structure and one for each of the rest of its two sides. The
ther isomer in this pair, DPR (Fig. 5, compound H), is formed
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Fig. 6. Variations in the relative distribution of the N-de-methylated produ

emoving two methyl groups from two different sides of the
V molecule. Compounds I (MPR) and J (PR) have one and
ero methyl groups, respectively.

Considering that the polarity of the DDPR, DMPR, and DPR
pecies exceeds that of the DMMPR, MMMPR, and MMPR
ntermediates, we expected the latter to be eluted after the
DPR, DMPR and DPR species. Additionally, to the extent

hat two N-methyl groups are stronger auxochromic moieties
han are N,N-dimethyl or amino groups, the maximal absorption
f the DDPR, DMPR and DPR intermediates was anticipated
o occur at wavelengths shorter than the band position of the
MMPR, MMMPR, and MMPR species. Similar phenomena
ere reported for the photodegradation of sulforhodamine-B

12] under visible irradiation as well. The following results
hown in Fig. 6 and the proposed mechanism support this
rgument.

The distributions of all of the N-de-methylated intermediates
ith irradiation time are illustrated in Fig. 6. To minimize errors,

he relative intensities of each intermediate were recorded at
he maximum absorption wavelength of each intermediate. The
uantitative determination of all of the photogenerated interme-
iates was unfortunately not achieved, due to unavailability of
he reference standards and appropriate molar extinction coeffi-
ients of these intermediates. The distributions of all of the N-
e-methylated intermediates are intensities relative to the initial
oncentration of CV. Nonetheless, the changes in the distribution
f each intermediate were observed during the photodegradation
f CV as shown in Fig. 6.

Serpone et al. [24] suggested that N-de-ethylation was caused
y the reaction of active oxygen species on the N-ethyl groups.
nder UV irradiation, most of the •OH is generated directly from

he reaction between the electron holes and surface-adsorbed
2O or OH− on TiO2 surfaces. However, the main pathway for

he formation of reactive oxygen species under visible irradiation
s through the reduction of O2 by the conduction band electron.
Serpone and co-workers [24] stated that the generation of
ctive oxygen species was determined by the spin-trap elec-
ron resonance techniques (ESR). The relative intensities of the
uperoxide radical anions, O2

•−, and hydroxyl radicals, •OH,

D
o
o
t

tained from the photodegradation of CV as a function of irradiation time.

uring the visible irradiation at 532 nm (Nd:YAG laser) in the
resence and absence of I− ions have been reported. Although
he hydroxyl radical was detected as DMPO–•OH adduct in
he ESR measurements, it is not the principal or sole species
hat leads to photooxidation of CV in the presence TiO2 under
isible irradiation. This was confirmed by control experiments
12,24]. In this study, since the probability for the formation of
OH is much less than that of O2

•−, the N-de-methylation of the
V dye would occur mostly by the attack of the O2

•− species.
he O2

•− species are excellent nucleophilic reagents for the
-methyl portion of CV.

.1. Photoreaction pathways

Under visible light illumination, the semiconductor is
ot excited as its absorption threshold is 385 nm; only the
hemisorbed CV is excited at wavelengths longer than 470 nm
o produce singlet and triplet states (denoted here simply as
V∗

ads). Subsequently, CV∗
ads injects an electron into the con-

uction band (or to some surface state) of the semiconductor
ith CV being converted to the radical cation CV•+. In turn,

he injected electron on the TiO2 particle, TiO2 (e−), reacts
ith adsorbed oxidants, usually O2, to produce reactive oxygen

adicals (Eqs. (1)–(7)). Oxygen plays an additional important
ole here: in scavenging the electron, it suppresses recombina-
ion (back electron transfer) between CV•+ and e−. The radical
ation, CV•+, ultimately reacts with reactive oxygen radicals
nd/or molecular oxygen to yield intermediate products or other
adical species, which, if secondary radical processes occurred,
ight lead to mineralization [27,28].
There are two possible major competitive reaction path-

ays for the generation of intermediates: (1) reaction with
,N-dimethyl groups and (2) reaction with N-methyl groups.
onsidering that the N,N-dimethyl groups of DDPR, DMPR
nd DPR are bulkier than those of the N-methyl groups of

MMPR, MMMPR, and MMPR molecules, respectively, nucle-
philic attack by O2

•− on the N-methyl groups should be favored
ver that on the N,N-dimethyl groups. However, considering that
he attack probability on two N,N-dimethyl groups of DDPR is
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ig. 7. Proposed N-de-methylation mechanism of crystal violet under visible li
ntermediates by HPLC–ESI mass spectral techniques.

igher than that on one N-methyl group in DDMPR molecules,
ucleophilic attack by O2

•− on the N,N-dimethyl group should
e favored over that on the N-methyl group.

The N-di-de-methylated intermediates (DMMPR [Fig. 6, C]
nd DDPR [Fig. 6, D]) reached their maximum concentrations
t the same time (48 h irradiation time). This result indicated
hat both competitive pathways are significant.

The N-tri-de-methylated intermediates (MMMPR [Fig. 6, E]
nd DMPR [Fig. 6, F]) are observed in Fig. 6 as well. MMMPR
eached its maximum concentration at 56 h. However, DMPR
eached the maximum concentrations at both 56 and 80 h. DMPR
as produced through the reaction of nucleophilic reagent on

he N-methyl group of DMMPR and the N,N-dimethyl group of
DPR, respectively, as illustrated in Fig. 7. This could be the

eason the DMPR had two maximum concentrations.
The N-tetra-de-methylated intermediates are MMPR (Fig. 6,

) and DPR (Fig. 6, H). MMPR reached the maximum concen-
ration around 80 and 96 h into the irradiation period, and these
wo peaks correspond to the reaction of nucleophilic reagent on
he N-methyl group of MMMPR and the N,N-dimethyl group
f DMPR, respectively, as shown in Fig. 7. DPR had two maxi-
um concentrations at 80 and 96 h as well. They were generated

hrough the N-de-methylation of DMPR, which also had two
ajor concentration peaks.
There was one N-penta-de-methylated intermediate (MPR,

ig. 6, curve I). MPR reached its maximum concentration after
104-h irradiation period. It was a product of the nucleophilic

eagent attack on the N-methyl group of MMPR and the N,N-
imethyl group of DPR.

PR (Fig. 6, curve J) is an N-hexa-de-methylated intermediate
nd reached its maximum concentration at 112 h irradiation time.

The successive appearance of the maximal quantity of these
ntermediates indicated that the N-de-methylation of CV is a
tepwise photochemical process. For example, the first product
DDMPR) of N-de-methylation reached its maximum concen-
ration after a 36-h irradiation time (Fig. 6, curve B) while the

aximum of the final N-de-methylated product (PR) appeared

fter irradiating for 112 h (Fig. 6, curve J). The chromophoric
pecies (CV) were slowly reduced with time (Fig. 6, curve
). This indicates that the N-de-methylation process predom-

nates and the cleavage of the conjugated structure occurs

o
N
m
t

radiation in aqueous TiO2 dispersions followed by the identification of several

t a somewhat slower rate until all six methyl groups are
emoved.

.2. Reaction mechanisms

Examination of Figs. 1 and 2 and temporal behavior of Fig. 6
uggests that CV is N-de-methylated in a stepwise manner (i.e.,
ethyl groups are removed one by one as confirmed by the

radual peak wavelength shifts toward the blue region). The
ypsochromic shift process was the N-de-methylation process
25]. Therefore, during the initial period of the photodegrada-
ion of CV, N-de-methylation was a dominating mechanism, and
leavage of the CV chromophore ring structure was not the sig-
ificant step.

According to the literature, the oxidative N-de-alkylation pro-
esses were preceded by formation of nitrogen-centered radical
26,29], and destruction of dye chromophore structures was pre-
eded by generation of carbon-centered radical [30–32]. Both
eaction pathways might be important in this research. Electron
njection from the dye to the conduction band of TiO2 yields
ye cation radical, and this was confirmed by Liu [33] through
etermination of the nature of the HOMO orbital of the excited
ye (1,3dye*) [33]. After this step, the cation radical (dye•+) can
ndergo hydrolysis and/or a deprotonation reaction.

Base on these experimental results, reaction pathways of
-de-methylation of CV are proposed and depicted in Fig. 7.
ucleophilic attack by O2

•− on the N-methyl groups should
e favored over that on the N,N-dimethyl groups. Considering,
owever, that the attack probability on two N,N-dimethyl groups
f DDPR is higher than that of one N-methyl group in DDMPR
olecules, nucleophilic attack by O2

•− on the N,N-dimethyl
roup should be favored over that on the N-methyl group. This
esult indicated that both competitive pathways are significant.
he N-tri-de-methylated intermediates MMMPR and DMPR are
bserved in Fig. 7 as well. MMMPR was produced through the
eaction of nucleophilic reagent with the N,N-dimethyl group of
MMPR. DMPR was produced through the reaction of nucle-

philic reagent with the N-methyl group of DMMPR and the
,N-dimethyl group of DDPR. The N-tetra-de-methylated inter-
ediates are MMPR and DPR. MMPR was produced through

he reaction of nucleophilic reagent with the N-methyl group
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f MMMPR and the N,N-dimethyl group of DMPR. DPR were
enerated through N-de-methylation of DMPR. There was one
-penta-de-methylated intermediate (MPR), a product of the
ucleophilic reagent attack on the N-methyl group of MMPR or
he N,N-dimethyl group of DPR. PR is N-hexa-de-methylated
ntermediate (PR) generated through the N-de-methylation of
MPR.
In the CV/TiO2, system, the dye molecule was adsorbed

nto the TiO2 surface through the positively charged dimethy-
amine function of dye. An electron was injected from the TiO2
article surface to the adsorbed dye. The adsorbed dye was
ydrolyzed (or deprotonated) to yield a nitrogen-centered rad-
cal, which was subsequently attacked by molecular oxygen.
he N-de-methylation of CV was the result of these reac-

ions. The mono-de-methylated dye, PPR, could be excited
y processes (electron injection, hydrolysis/deprotonation, and
xygen attack) described above or by visible light to yield a
i-de-methylated dye derivative (DDPR and DMMPR). The
-de-methylation process as described above continued until

ormation of the completely N-de-methylated dye, PR. When
-de-methylation intermediates of CV were excited by visi-
le light, the subsequent transformation of the carbon-centered
ationic radicals generated further degradation or mineralization
roducts.

. Conclusion

CV could be successfully decolorized and degraded by
iO2 at room temperature under visible irradiation. Both N-de-
ethylation and direct degradation of CV took place in presence

f TiO2 particles. The N-de-methylation process predominates
uring the initial irradiation period, and the N-de-methylated
ntermediates were confirmed by HPLC–ESI-MS and UV–vis
pectra in this research for the first time. The successive appear-
nce of the maximal quantity of each intermediate indicates that
he N-de-methylation of CV was a stepwise photochemical pro-
ess. The N-de-methylation process continues until formation of
he completely N-de-methylated dye, PR. Experimental results
ndicated that the methyl groups were removed one at a time
nd confirmed by the gradual peak wavelength shifts toward the
lue region. The reaction mechanisms of CV dye in the TiO2/vis
ystem were proposed and discussed in this research.
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