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Abstract

The TiO,/UV photocatalytic degradation of Acridine Orange (AO) was investigated in aqueous heterogeneous suspension. The results indi-
cated that photocatalytic reactions were enhanced in alkaline medium. While the rate of photocatalytic degradation of the dye increased with
increasing concentration of TiO,, at high doses of TiO,, the rate of reaction was reduced as a result of light attenuation. To obtain a better un-
derstanding of the mechanistic details of this TiO, assisted dye photodegradation, the intermediates of the processes were separated, identified,
and characterized using HPLC—ESI-MS. It was found that N-de-methylation degradation of the dye took place in a stepwise manner to yield
mono-, di-, tri-, and tetra-N-de-methylated species. The probable photodegradation pathways are proposed and discussed.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Acridine Orange (AO) is a heterocyclic dye containing
nitrogen atoms which is widely used in the field of printing
and dyeing, leather, printing ink and lithography [1]; the
dye is also used extensively in biological staining. Toxico-
logical investigations indicate that aminoacridine has muta-
genic potential [2]; it is a serious pollutant in wastewater
and difficult to treat by common removal methods such as
coagulation and biodegradation, but few studies on its treat-
ment have appeared. The release of wastewater containing
the dye poses a dramatic source of water pollution, eutro-
phication and perturbation of aquatic life [3]. Therefore,
a method of treating wastewater containing AO is highly
desirable.
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To de-pollute dye wastewater, several methods have been
investigated, including chemical oxidation and reduction,
chemical precipitation and flocculation, photolysis, adsorp-
tion, ion pair extraction, electrochemical treatment and ad-
vanced oxidation [4]. Advanced oxidation is one of the most
promising technologies for the removal of dye-contaminated
wastewater due to its high efficiency. It is based mainly on
the oxidative reactivity of HO" radicals generated by various
methods such as O3/UV, H,0,/UV, H,0,/Vis, O3/H,0,/UV
photolysis, photoassisted Fe**/H,0,, and TiO,-mediated pho-
tocatalysis processes. Since pollutants could be completely de-
graded to harmless compounds by photocatalysis under
normal temperature and air pressure, it is predicted that photo-
catalysis will soon become one of the most effective means of
dealing with various kinds of industrial wastewater [5].

The TiO,-mediated photocatalysis process has been suc-
cessfully used to degrade pollutants in recent years [6—13].
TiO, is used as a photocatalyst because of its nontoxicity, pho-
tochemical stability and low cost [14,15]. The initial step in
TiO,-mediated photocatalysis involves the generation of an
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(e~ /h™) pair, leading to the formation of hydroxyl radicals
("OH), superoxide radical anions (O5 ), and hydroperoxyl rad-
icals ("OOH) as shown below [16—18]:

TiO, + hv — TiOy(h™ + ¢7) (1)
H,Oqy + k" — "OH + H' (2)
OH™ + h* — 'OH (3)
O, +e — O 4)
Oss) + € + HT — HO, (5)

Organic pollutants are attacked and oxidized by the radicals
formed through the above mechanisms. In addition to hy-
droxyl radicals, superoxide radical anions—and in some cases
the positive holes—are also suggested as possible oxidizing
species that can attack organic contaminants present at or
near the surface of TiO, [19].

Little has been reported on the degradation of AO under
UV light in the presence of TiO,. Muneer et al. [3] investi-
gated the photocatalytic degradation of AO and ethidium bro-
mide in aqueous suspensions of TiO,; degradation rates were
found to be strongly influenced by the operation parameters.
Ma et al. [20] reported a photocatalyst of TiO,/y-Fe,O5 that
can photodegraded AO in dispersion while Gao and Liu [21]
investigated the photodegradation of AO and phenol in aque-
ous solution using a suspended photocatalyst of TiO,-activated
carbon immobilized on silicone rubber film. In all of these
studies, photocatalytic degradation was monitored using UV
spectroscopy.

Although the TiO,/UV photocatalytic degradation kinetics
in the context of AO have been studied in the past, the photo-
degradation intermediates of this dye have not been isolated or
identified. Only very limited information on the photocatalytic
intermediates and reaction mechanisms is available. In this
paper, the reaction intermediates were identified using
HPLC—ESI-MS, which enabled the degradation mechanism
and reaction pathways of the photodegradation of AO in
TiO,/UV to be identified.

2. Experimental section
2.1. Materials
TiO, nanoparticles (P25, ca. 80% anatase, 20% rutile;

particle size, ca. 20—30 nm; BET area, ca. 55 m?> g_l) were
supplied by Degussa. Acridine Orange (Fig. 1) and 3,6-

CH, ® O CHy
H C |
N N N
H,e X cn,
/

Fig. 1. Chemical structure of Acridine Orange.

diaminoacridine were obtained from Sigma—Aldrich and
used without further purification. Stock solutions containing
1 gL™" of dye in water were prepared, protected from light
and were stored at 4 °C. HPLC analysis was employed to con-
firm the presence of the dye as a pure organic compound. Re-
agent-grade ammonium acetate, sodium hydroxide, nitric acid,
and HPLC-grade methanol were purchased from Merck. De-
ionized water (resistivity of 1.8 x 10’ Qcm) purified using
a Milli-Q water ion-exchange system (Millipore) was used.

2.2. Apparatus and instruments

The apparatus for studying the photocatalytic degradation
of AO has been described elsewhere [13]. The C-75 Chro-
mato-Vue cabinet of UVP provides a wide area of illumination
from the 15-W UV-365 nm tubes positioned on two sides of
the cabinet interior. A Waters ZQ LC/MS system, equipped
with a binary pump, a photodiode array detector, an autosam-
pler, and a micromass detector, was used for separation and
identification.

2.3. Procedures and analysis

An aqueous TiO, dispersion was prepared by adding 50 mg
of TiO, powder to a 100 mL solution containing the dye at an
appropriate concentration. For reactions in different pH media,
the initial pH of the suspensions was adjusted by the addition
of either ag NaOH or HNOj solution. Prior to irradiation, the
dispersions were magnetically stirred in the dark for 30 min to
ensure the establishment of adsorption/desorption equilibrium.
Irradiation was carried out using two UV-365 nm lamps
(15 W); at any given irradiation time interval, the dispersion
was sampled (5 mL), centrifuged and subsequently filtered
through a Millipore filter (pore size, 0.22 um) to separate the
TiO, particles.

After each irradiation cycle, the amount of residual dye was
determined by HPLC. The analysis of organic intermediates
was accomplished by HPLC—ESI-MS after the readjustment
of the chromatographic conditions in order to make the mobile
phase compatible with the working conditions of the mass
spectrometer. Two different kinds of solvents were prepared
in this study namely, Solvent A, 25 mM aqueous ammonium
acetate buffer (pH 6.9) and solvent B, methanol. LC was car-
ried out on an Atlantis dC18 column (250 mm x 4.6 mm i.d.,
dp =15 um). The flow rate of the mobile phase was set at
1.0 mL min~'. The chromatographic conditions for gradient
elution of AO are shown in Table 1. The column effluent
was introduced into the ESI source of the mass spectrometer,
which was equipped with an ESI interface, the quadruple mass
spectrometer having a heated nebulizer probe at 350 °C that
was used with an ion source temperature of 120 °C. ESI was
carried out with the vaporizer set at 300 °C, nitrogen as both
sheath (80 psi) and auxiliary (20 psi) gas to assist with prelim-
inary nebulization and to initiate the ionization process. A dis-
charge current of 5 nA was used; tube lens and capillary
voltages were optimized for the maximum response during
perfusion of the AO standard.
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Table 1
The chromatographic condition for gradient elution of Acridine Orange

Time (min) % Solvent A % Solvent B
0 95 5
20 50 50
35 10 90
40 10 90
45 95 5

3. Results and discussion
3.1. pH effect

Many studies have indicated that the pH of a solution is an
important parameter in the photocatalytic degradation of or-
ganic compounds due to the fact that pH influences the surface
charge of the semiconductor, thereby affecting interfacial elec-
tron transfer and, therefore, the photoredox process [22]. The
zero point of charge (zpc) of semiconductor particles is
defined as the pH at which the concentrations of the proton-
ated and deprotonated groups are equal, i.e., pH zpc=
1/2(pK; + pK>). The pH zpc of TiO, is 6.25 and so its surface
is predominately positively charged below pH zpc (i.e., Ti-
OH + H" < TiOH3) and negatively charged above pH zpc
(i.e., Ti-OH+ OH™ < TiO™ + H,O). Thus, the electrical
character of the TiO, surface varies with the pH of the disper-
sion [23]. The surface of TiO; is negatively charged and ad-
sorbs cationic species readily under pH > pH zpc conditions
whilst, under reverse conditions, it adsorbs anionic species.
However, the adsorption of the substrate onto the TiO, surface
directly affects electron transfer between the excited dye and
TiO,, which, in turn, influences the degradation rate. A similar
effect of pH on adsorption and photocatalytic reaction has
been reported for Ag deposition [24] and the degradation of
formic acid [25].

The photodegradation rate of AO as a function of reaction
pH is shown in Fig. 2 from which it is evident that the rate of
degradation proceeded much faster at alkaline pH values. Un-
der acidic conditions, it was difficult for the cationic dye to ad-
sorb onto the TiO, surface. With the active "‘OH radicals

Degradation of dye (%)

0 | | | | |
0 4 8 12 16 20 24

Irradiation time (hr)

Fig. 2. pH effect on the AO photodegradation rate with concentrations of TiO,
at 0.5 gL~ and AO at 0.05 gL™": (a) pH 3; (b) pH 6; (c) pH 9.

usually in low concentration, the photodegradation of AO oc-
curred slowly. At higher pH values, the formation of active
‘OH species is favoured, not only because of improved transfer
of holes to the adsorbed hydroxyls, but also due to electrostatic
attractive effects operating between the negatively charged
TiO, particles and the cationic dye.

3.2. Effect of TiO, dosage

It is important from both the mechanistic and application
points of view to study the dependence of the photocatalytic
reaction rate on the concentration of TiO,. Hence, the effect
of TiO, dosage on the photodegradation rate of the dye was
investigated by employing different concentrations of TiO,
varying from 0.1 to 3.0 g L™'. While the photocatalytic degra-
dation rate was found to increase with increasing TiO, dosage,
the reaction was retarded at high TiO, dosages (Fig. 3). The
increase in rate was likely due to the increase in the total sur-
face area (or number of active sites) available for photocata-
Iytic reaction as the dosage of TiO, increased. However, at
very high TiO, dosage, the intensity of the incident UV light
was attenuated because of reduced light penetration and in-
creased light scattering [26].

3.3. Effect of dye concentration

When the initial dye concentration was varied from 0.05 to
0.25 gL~" at constant TiO, dosage (0.5 gL™"', pH 6), Fig. 4
shows that degradation efficiency was inversely affected by
dye concentration. This can be explained as follows: as the
dye concentration increased, the equilibrium adsorption of
the dye on the catalyst surface increased, and, thereby the
competitive adsorption of OH™ on the same adsorption sites
decreased, resulting in a lower rate of formation of "OH radi-
cal, the principal oxidant necessary for high degradation effi-
ciency. In contrast, considering the Beer—Lambert law, as
the initial dye concentration increased, the path length of the
photons entering the solution decreased, resulting in lower
photon absorption on catalyst particles and, consequently,
lower photodegradation rate.

100

Degradation of dye (%)
wn
o

0 1 1 1 1 1 1 1 1 1
0 4 8 12 16 20 24 28 32 36 40

Irradiation time (hr)

Fig. 3. Effect of TiO, dosage on the photodegradation rate for the decomposi-
tion of AO. Experimental conditions: dye concentration (0.05 gL~ "), at pH 6,
absorbance was recorded at 492 nm, continuous stirring, irradiation time 40 h.
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Fig. 4. Effect of initial dye concentration on the photodegradation rate for the
decomposition of AO.

3.4. UV-visible spectra

AOQ can be degraded efficiently in aqueous AO/TiO, disper-
sions by UV irradiation at wavelength 365 nm. The changes of
the UV-visible spectra during the photodegradation process of
the AO dye are illustrated in Fig. 5. About 99.7% of the dye
was degraded after irradiation for 24 h. The characteristic ab-
sorption band of the dye at around 492 nm decreased rapidly
with slight hypsochromic shifts (478 nm), but no new absorp-
tion bands appeared even in the UV range (200 nm <
A < 400 nm), which indicated that a series of N-de-methylated
intermediates may have formed and that the chromophore
structure of the AO dye may have been cleaved.

3.5. Separation and identification of the intermediates

Using a relatively low intensity UV-365 nm lamp (15 W)
enabled us to obtain slower degradation rates and provide fa-
vourable conditions for the determination of intermediates; an
initial AO concentration of 0.05 gL~ was selected. This part
of the work focused on the identification of the major aromatic
intermediates rather than by-products derived from cleavage of
the aromatic ring.

Temporal variations occurring in the dye during photode-
gradation were examined using HPLC, coupled with a
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Fig. 5. UV-visible spectra changes of the AO dye in aqueous TiO, dispersions
(AO 0.05 gL™", TiO, 0.5 gL™") as a function of irradiation time.

photodiode array detector and electrospray ionization mass
spectrometry. The chromatograms recorded at 492 nm are
illustrated in Fig. 6. With irradiation up to 16 h, six compo-
nents were identified, all with retention times < 50 min. The
dye and its related intermediates are labelled as species
A—F. Except for the initial dye (peak A), the intensities of
the other peaks increased at first and subsequently decreased,
indicating the formation and transformation of the intermedi-
ates. The absorption spectra of each intermediate in the visible
region are depicted in Fig. 7. The absorption maximum of the
spectral bands shifted hypsochromically from 492.0 (Fig. 7,
spectrum A) to 460.5 nm (Fig. 7, Spectrum F). This hypso-
chromic shift was presumed to result from the stepwise forma-
tion of a series of N-de-methylated intermediates (i.e., methyl
groups were removed one by one as confirmed by the gradual
peak wavelength shifts toward the blue region). Similar
phenomena were also observed during the photodegradation
of thodamine-B [27,28] and sulforhodamine-B [29—31] under
visible irradiation.

The N-de-methylated intermediates were further identified
using HPLC—ESI-MS (Fig. 8). The molecular ion peaks ap-
peared to be the acid form of the intermediates. From the re-
sults of mass spectral analysis, we confirmed that component
A, m/z=1266.12, in the liquid chromatogram was AO
(Fig. 8, mass spectrum A). The other components were B,

16h
F EDCBA
sl e
12h
e A
8h
4h
Oh
—————— T T T T T T
10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

Minutes

Fig. 6. HPLC chromatograms of the N-de-methylated intermediates at differ-
ent irradiation intervals, recorded at 492 nm. Chromatograms from bottom to
top correspond to the irradiation times of 0, 4, 8, 12 and 16 h, respectively.
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Fig. 7. Absorption spectra of the N-de-methylated intermediates formed during
the photodegradation process of the AO dye corresponding to the peaks in the
HPLC chromatogram of Fig. 6. Spectra were recorded using the photodiode
array detector. Spectra A—F correspond to peaks A—F in Fig. 6, respectively.

m/z =252.13, N-de-mono-methyl-Acridine Orange (Fig. 8,
mass spectrum B); C, m/z =238.08, N,N'-de-dimethyl-Acri-
dine Orange (Fig. 8, mass spectrum C); D, m/z =238.14,
N,N-de-dimethyl-Acridine Orange (Fig. 8, mass spectrum
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D); E, m/z=224.09, N,N,N'-de-trimethyl-Acridine Orange
(Fig. 8, mass spectrum E); and F, m/z=210.04, N,N,N',N'-
de-tetramethyl-Acridine Orange (Fig. 8, mass spectrum F).
Table 2 presents the absorption maximum and mass peaks of
the N-de-methylated intermediates and the corresponding
compounds identified by interpretation of their mass spectra.
When the proposed N-tetra-de-methylated intermediate
(AO-DD) was compared with 3,6-diaminoacridine, the reten-
tion times and absorption spectra were identical.

According to the number of the methyl groups detached,
we can characterize these intermediates. One pair of isomeric
molecules, i.e., di-N-de-methylated AO species, differed only
in their manner of loosening the methyl groups from the amino
groups. One of these, AO-MM, was formed by the removal of
a methyl group from two different amino groups of the AO
molecule. The cleavage of two methyl groups from the same
amino group of the AO dye produced the other species, AO-
D. Therefore, considering that the polarity of the AO-D spe-
cies is greater than that of the AO-MM intermediate, we
expected the latter to be eluted after the AO-D species. In
addition, to the extent that two N-methyl groups are stronger
auxochromic moieties than either N,N-dimethyl or amino
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Fig. 8. ESI mass spectra of N-de-methylated intermediates formed during the photodegradation of the AO dye after they were separated by HPLC—ESI-MS
method. Spectra are denoted A—F and correspond to the A—F species in Fig. 6, respectively.
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Table 2

Identification of the N-de-methylation intermediates of the AO dye by HPLC—ESI-MS

HPLC peaks N-De-methylation intermediates Abbreviation ESI-MS Absorption
peaks (m/z) maximum (nm)
A Acridine Orange AO 266.12 492.0
B N-de-mono-methyl-Acridine Orange AO-M 252.13 479.9
C N.,N'-de-dimethyl-Acridine Orange AO-MM 238.08 473.8
D N,N-de-dimethyl-Acridine Orange AO-D 238.14 466.5
E N.N,N'-de-trimethyl-Acridine Orange AO-DM 224.09 461.7
F N,N,N',N'-de-tetramethyl-Acridine Orange AO-DD 210.04 460.5

groups, the maximal absorption of the AO-D intermediate was
anticipated to occur at a wavelength shorter than the band po-
sition of the AO-MM species.

The relative distribution of the N-de-methylated intermedi-
ates obtained is illustrated in Fig. 9. By describing the typical
bell-shaped profiles, we clearly observed the change in the dis-
tribution of each intermediate during the photocatalytic degra-
dation of AO dye. To minimize errors, the relative intensities
were recorded at the maximum absorption wavelength for
each intermediate. A quantitative determination of all of the
photogenerated intermediates was unfortunately not achieved,
owing to a lack of the appropriate molar extinction coefficients
for these intermediates and the related reference standards.
The distribution of all of the N-de-methylated intermediates
was relative to the initial concentration of AO. It is clear
that during the first 24 h of photoreaction, the detected inter-
mediates B—F appeared in their maximum amounts. These
compounds may be considered major degradation products,
originating from N-de-methylation of the substrate molecule.

Most aromatic molecules undergo photocatalytic degrada-
tion when irradiated in the presence of suitable semiconduc-
tors. This occurs through a multistep process involving the
attack on the substrate by a radical species, among which the
‘OH radical has been recognized as being the most powerful
oxidant [32]. Nakamura and Nakato [33] proposed a mecha-
nism of water oxidation by nucleophilic attack on a surface-
trapped hole at a bridged O site (Eqs. (6)—(8)). Murakami
et al. [34] reported that when the O—O bond in Ti—O—OH

| —— A -a— B —4— C —— D —-=— E —2— F |
0.02
1¢
0.8 0.015 |
e 06 [ )
g 8 0.01
04 -
0.005
02 F
0 = = L L 1
0 8 16 24 32 40 0 8 16 24 32 40

Irradiation time (hr) Irradiation time (hr)

Fig. 9. Variation in the relative distribution of the N-de-methylated products
obtained from the photodegradation of the AO dye as a function of the irradi-
ation time. Curves A—F correspond to peaks A—F in Fig. 6, respectively.

breaks, the hydroxyl radicals can be formed from the bridge
OH groups (Eq. (9)).

[Ti — O —Ti], + h* + H,0 — [Ti— O'HO — Ti], + H" (6)

[Ti — O'HO —Ti], — [Ti— O — O —Ti], + H* 7)

[Ti—0—0—Ti], + H,0 — [Ti—O—OHHO—Ti|, (8)
[Ti — O — OH'HO — Ti], — [Ti—O'HO—Ti], +'OH  (9)

The N-de-methylation of AO occurs mostly through the attack
of the "OH species on the N,N-dimethyl groups of the dye.
Considering that the N,N-dimethyl group in AO-M is bulkier
than the N-methyl group in the AO-M molecules, the attack
of "OH radicals on the N-methyl groups should be favoured
at the expense of the N,N-dimethyl groups. In accord with
this notion, the HPLC results showed that the AO-D interme-
diate reached maximal concentration before the AO-MM in-
termediate. The N-di-de-methylated intermediates (AO-MM
and AO-D) were clearly observed (Fig. 9, curve C—D) to
reach their maximum concentrations after 12- and 8-h irradia-
tion periods, respectively. The N-tri-de-methylated intermedi-
ate (AO-DM) was clearly seen (Fig. 9, curve E) to reach its
maximum concentration after a 20-h irradiation period
because the ‘OH radical attacked the N-methyl groups of
AO-MM and the N,N-dimethyl group of AO-D. The successive
appearance of the maximal quantity of each intermediate indi-
cates that the N-de-methylation of AO is a stepwise photo-
chemical process. The chromophoric species was still
observed even after irradiation for 32 h, implying that the
N-de-methylation process predominates, and, that cleavage
of the conjugated structure occurs at a somewhat slower rate
until all four methyl groups are removed.

According to earlier reports [35—37], most oxidative N-de-
alkylation processes are preceded by the formation of a nitro-
gen-centered radical. On the basis of the above experimental
results, we tentatively propose the pathway of N-de-methyla-
tion in Scheme 1. The dye molecule in the AO/TiO, system
is adsorbed through the positively charged dimethylamino
groups and the "OH radicals in the TiO, particle surface attack
the adsorbed dye and subsequent hydrolysis (or deprotonation)
yields a nitrogen-centered radical, which is then attacked by
molecular oxygen that results, ultimately, in N-de-methylation.
The mono-N-de-methylated dye, AO-M, can also be adsorbed
onto the TiO, particle surface and be involved in other similar
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events (such as "OH attack, oxygen attack and hydrolysis, or
deprotonation) to yield bi-N-de-methylated dye derivatives,
AO-D and AO-MM. The N-de-methylation process as de-

scribed above continues until formation of the completely
N-de-methylated dye, AO-DD.

4. Conclusions

AO can be successfully decolorized and degraded by TiO,
under UV irradiation; after 15-W UV-365 nm irradiation for
24 h, ca. 99.7% of AO was degraded. The photodegradation

T
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N-de-methylation
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rate of the dye was found to increase with increasing pH
and to increase, and then decrease, with increasing catalyst
concentration. Under alkaline conditions, the TiO, surface car-
ries a weak negative charge, while AO is primarily positively
charged, which will facilitate adsorption and promote photoca-
talytic degradation. The increase in opacity and light scatter-
ing by the TiO, particle reduces the degradation rate at high
catalyst concentrations. N-de-methylation degradation of the
dye takes place in a stepwise manner and continues until for-
mation of the completely N-de-methylated dye. Methyl groups
are removed one by one as confirmed by the gradual

P
N N N
/
A

N-de-methylation

1
N N, N
=
B

N-de-methylation

N'-de-methylation

1
N N, N
P
E

N'-de-methylation

i
N N, N
NG
/
F

Further degradation or mineralization products

Scheme 1. Proposed N-de-methylation mechanism of the AO dye under UV irradiation in aqueous TiO, dispersions followed by the identification of several in-
termediates by HPLC—ESI-MS technique.
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wavelength shifts of the maximum peaks toward the blue re-
gion. Hypsochromic effects resulting from N-de-methylation
of AO occur concomitantly during irradiation. The reaction
mechanism proposed in this study should shed some light on
future applications of the technology to the decoloration of
other dyes.
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