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Abstract

Oxidation of Acid Orange 7 (AO7) induced by visible light on Bi6urfaces has been probed by FT-IR spectroscopy for identification
and kinetic studies of degradation products. The tautomerism has been considered for this type of azo dye. The hydrazone form of AC
triggers and undergoes the photooxidation process initiated by an electron injection into the conduction baadldéfiification of
degradation products by FT-IR spectroscopy reveals the presence adrlioxylic aliphatic acids, carbonates and oxygenated sulfur
compounds on Ti@surfaces. Kinetics data suggest the existence of several mechanisms and that the photooxidation process is controlls
by the supply of molecular oxygen onto the Bi€urface. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction group has recently examined the mechanism of degradation
of several dyes under visible light irradiation [5]. Also the
Textile dyes are of environmental interest, because of their mechanism of photodegradation of an aminoazobenzene dye
widespread use, their potential to form toxic aromatic amines by three advanced oxidation processes, W UV/TIO2,
and their low removal rate during aerobic waste treatment. and VIS/TiQ;, has been compared [6]. Vinodgopal et al.
700000 tonnes of dyes are produced in the world and about[7] have studied the photodegradation of AO7 by the photo-
50% among them are azo dyes. Estimates indicate that ap-sensitization pathway. These authors have followed the ki-
proximately 15% of the synthetic textile dyes used are lost netics of the dye disappearance by UV-VIS spectroscopy.
in waste streams during manufacturing or processing oper-They have identified benzene sulfonate and phtalic acid as
ations. These waste waters cannot be treated simply and rethe final degradation products, but their formation kinetics
quire expensive methods. Indeed, dyes are designed to havavere not studied. Aromatic-hydroxy azo compounds, such
a good fastness under typical usage conditions and, thus, ar@s AO7, undergo a very fast intramolecular proton transfer
resistant to microbial attack. which leads to a tautomerism. In the present paper, the tau-
In this paper, we deal with an emergent process using vis-tomery aspect of this kind of dyes has been considered. Very
ible light as an alternative solution to eliminate hazardous recently, we have shown that AO7 dye adsorbed onto the
dyes. This process is inspired by the principle of photosensi- TiO2 surface exists in its the hydrazone form [8]. Here, the
tization of wide band gap semiconductors. Close attention is kinetic of appearance of the degradation products has been
paid today to this research field since it is not only important probed by transmission FT-IR spectroscopy and a thorough
for light conversion into storable energy, but also for all pho- attribution of the bands for the final FT-IR spectra showed
tosensitization mechanisms such as the photographic procesthat the final degradation products are aliphatic acids and
or imaging science. To our knowledge, the earlier pioneers carbonatesFinally, the kinetics data gave some highlights
who recognized the potential of this process for the reme- about the mechanism.
diation of hazardous colored compounds are Kamat et al.

[1-3], rapidly followed by Ross et al. [4]. Another research 2. Experimental section
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a BET specific surface area of 5¢grL. All experiments SO,Na SO,Na
were carried out at room temperature with doubly distilled ’
water. The irradiation source used is a HeCd monochrome
laser ¢ = 442 nm) with an optical output power of 80 mW.
The experiments with aqueous suspensions of,TiO
(5g1~1) were carried out in a 1cm thick cell containing
40umol =1 of AO7 with a pH of 4.8. The colored sus- N
pensions were magnetically stirred in the dark for 30 min
to reach the adsorption equilibrium. During irradiation, OO OO
agitation was maintained to keep the suspension homoge-
neous. The suspension was irradiated under air-equilibrated
conditions with visible light laser. Samples were taken to
be filtered through a Millipore membran® (= 450 nm). Acid Orange 7 (AO7)
Electronic absorption spectra of the aqueous solutions were
performed on Perkin-Elmer 554 spectrophotometer. 3.1. Degradation in an aqueous suspension ofsTiO
AO7-TiO, complexes were prepared by mixing a sus-
pension of 100ml of Ti@ (10gI*) which contained AO7 was chosen, because this dye is a good example of
10~°molI~* of AO7 at pH= 4.5 for 1 h. The colored pow-  the Jarge family of the phenylazonaphthol dyes. The hydrox-
ders were separated by filtration on a Millipore membrane yazodyes undergo azo-hydrazone tautomerism. The hydra-
(D = 450nm). The AO7 concentration in the aqueous zone form is bathochromic compared with the azo form and
phase was determined by UV-VIS. spectrophotometry at has usually a higher tinctorial strength. Very recently, the
Amax = 485nm. The dye coverage calculated by solving the Tj0,-photocatalized degradation of AO7 has been reported,

A\N

Oo—=

Azo form (A) Hydrazone form (H)

mass balance of the system for Bi@as 4x 10~"molg ™. but the tautomerism was not considered [9]. Whereas, it was
Then, the samples were dried at@0under air ventilation  opserved that the hydrazone form is more stable, when the
in the dark. dye is adsorbed onto the TiGsurface [8]. The electronic

Thin AO7-TiQ, complex wafers were performed by apsorption spectrum of AO7 is presented in Fig. 1. The spec-
compressing 20mg of pure AO7-TiOThe pellets were  trym of AO7 in the visible region exhibits a main band with
held perpendicular to the incident visible light beam on a3 maximum at 485 nm and a shoulder at 430 nm. In aqueous
a Spectra Tech stand. FT-IR spectra were recorded, aftefphase, the two forms of AO7 are in equilibrium; the band at
different times of exposure to the visible light beam, on 485 nm reveals the presence of the hydrazone form, whereas
a Perkin-Elmer 1600 spectrophotometer by averaging 30the shoulder at 430 nm indicates the presence of the azo
scans at an instrument resolution of 4tmContributions  form. Fig. 1 shows the electronic absorption change of AO7
of FT-IR bands of TiQ were subtracted before noting the  fter 3h of irradiation with visible light in a Ti@aqueous
absorbance data of the characteristic bands of AO7 and ofsyspension. The total disappearance of the band at 485 nm
the degradation products. By the Beer—Lambert law, direct reyeals that AO7 is completely eliminated in the Figxjue-

quantitative information was obtained for the surface con- gys suspension. It should be noted that in the UV region,
centration of the species. Since, the thickness of the sample

remains the same during analysis, the intensity of the bands

are proportional to the concentrations of the surface species

which disappear or appear; all band intensities are in the

range where the Beer—Lambert law can be applied.
AOT7-TiO, powders were not diluted with KBr to avoid

a decrease of the absorbance of the bands of the adsorbed

species. The area of spectral information was restricted to

the range 1000—-1900 crh because of the strong absorbance

of TiO» under 1000 cm?. This area is the region where the

molecules put their fingerprints.

1
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3. Results 200 400 ' 600
Wavelength (nm)
The use of a monochromatic visible beam=¢ 442 nm) _ _ _ _

permits to excite selectively the molecular adsorbate AO7 Fig. 1. Electronic absor‘ptlor_n s_pectrg of _the aqueous solution of AO7 at

. the photon energy of the laser (2.8 eV) does not a||OWt = 0h and after 3h of irradiation with visible light bearh £ 442 nm).
Since the p gyc £.0€ _ Cno7 = 4 x 10°5M, (TiO2, 5gIY) pH = 4.8. H and A show the
the activation of the semiconductor TiGvhich requires a electronic absorption bands linked to the hydrazone and the azo tautomer,
photon with an energy greater than 3.1 eV. respectively.
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the absorbance is also strongly reduced. For example, at
254 nm, the optical density decreases about 80%. In parallel,
the same experiments were undertaken withoub TiSter
3 h of irradiation, no degradation of the dye was observed.
In the dark and in the presence of o reaction occurs.
Since the photochemical oxidative events occur on the
TiO2 surface, we studied the photooxidation in a gas/solid
system. In a precedent study [8], it was shown that in aqueous
suspension of Tig two kinds of population of AO7 exist
when the system is at equilibrium: (i) free AO7 molecules
in the aqueous phase; (ii) AO7 molecules anchored on the
TiO» surface.

3.2. Degradation in a gas/solid system

The electronic absorption spectra of piPowder and of
AQ7 adsorbed on Ti@are presented in Fig. 2. Tg@xhibits
no absorption in the visible region. The fundamental absorp-
tion edge lies at 400 nm that corresponds to a band gap en-
ergy of 3.1 eV. The AO7 maximum absorption is still located
at 485 nm as in the aqueous phase. However, a tail in the red
up to 600 nm appears, whereas in solution there is no absorp-
tion beyond 550 nm. Thus, there is a pronounced broaden-
ing of the electronic absorption spectrum of adsorbed AO7
that indicates a strong interaction with the %i6urface. It
should be noted that at 430 nm, there is no distinct shoul-
der characteristic of the azo form. We can note a shoulder
at 520 nm which is absent in the spectrum in solution. This
shoulder at 520 nm can be attributed to a donor—acceptor
charge transfer band.

Absorbance

1690 cm!

t =350 min

flS cm!

t =40 min

T T i
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Fig. 3. Temporal evolution of FT-IR spectra during irradiation with visible
light (A = 442 nm).

in the 1600-1700cm! range and near 1400crh At

We have used transmission FT-IR spectroscopy to probe 1415 el
the surface chemical reactions on illuminated J&Dirface.
The temporal evolution of FT-IR spectra of AO7-%O
complex during irradiation with visible light is presented
in Fig. 3. After 40 min of exposure, the FT-IR spectrum
is largely modified with respect to the initial spectrum of
AO7. The bands at 1508 and 1257 chwhich are linked
to § (N-H) andv (C-N), respectively [8] disappear com-
pletely in the spectrum = 40 min and new bands appear

2
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©
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Fig. 2. Diffuse reflectance electronic absorption spectra of bare @@

AQ7 adsorbed onto Ti©

, we observe a band that increases with irradi-
ation time. Between 1600 and 1700¢th the intensity of
the broad band with many shoulders increases with irradia-
tion time too. In this region, the resolution of the spectrum
att = 350 min is better than in the spectrumrat 40 min.
This can be attributed to the variations of the surface con-
centrations in degradation products. In the final spectrum
atr = 350min, we also note a band at 1690¢hwith a
shoulder at 1715 cm and a band at 1415 cmh.

From FT-IR spectroscopic data, we can deduce the fol-
lowing points: (i) concentrations in N-H and C-N groups
revealed by the bands at 1508 and 1257 tmmespectively,
decrease rapidly with irradiation time; (ii) the oxidative at-
tack results first in the cleavage of chromophoric part of the
AO7 molecule; (iii) several carboxylic and carbonyl groups
are formed during the process revealed by the appearance
of bands in the 1650-1750 cth area.

4. Discussion

In order to identify the degradation products present on
the TiO, surface we compared FT-IR spectra available in
the literature and standard prepared samples of species that
are possibly formed during the photooxidation of AO7. In
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1415cnt!. Other bands appear at 1600, 1564, 1553, 1164
and 1124cm’. The band at 1690 cnt can be linked to
species containing a carbonyl group.

It is known that oxidative attack of an azo dye from the
phenylazonaphthol family leads to benzene sulfonate and N ¢
naphthoquinone as primary degradation products. We could 0
expect to form this species, but the probability to observe OO
naphthoquinone on an illuminated Ti®urface is poor since
the surface is very reactive and this compound is known to e
be unstable. It is more likely that phthalic acid is formed -u| ©2
from the naphthalenic ring of AO7 molecule. The stretch- 0
ing vibration mode of the carbonyl in isolated phthalic acid o
is located at 1682 cnt, but when it interacts with a sur- O‘
face Lewis acidic TV center, the frequency of the band
is shifted toward lower frequencies. FT-IR spectrum of ph- OH
thalic acid adsorbed on Tiobtained from aqueous sus-
pension shows a broad band at 1550 ¢pbut no band at
1690 cnt!. Our spectrum is in good agreement with the
one reported by Tunesi and Anderson [10] in a deuterated
aqueous Ti@ suspension. Therefore, we can exclude that @COO'

oo

the final spectrum, two main bands are situated at 1690 and $O3Na
N<

O:;»

+

the band at 1690 cnt (with its shoulder at 1715 cn) in
the final spectrum at = 350 min is linked to phthalic acid
adsorbed on Ti@ Thus, phthalic acid is perhaps an inter- o
mediate product, but not a final degradation product.
Destruction of the aromatic ring should lead to several

aliphatic carboxylic acids. The ultimate €ompound is ox- oo
alate. The spectrum of oxalic acid adsorbed onzTéghibits [ + 0L
bands at 1720, 1690, 1400 and 1250¢ris close to those coo
reported by Hug and Sulzberger [11].
Scheme 1.

In the literature, a few spectroscopic data of aliphatic car-
boxylic acids adsorbed on TiCare available. Formate ad-
sorbed on Ti@ shows bands at 1560 and 1360¢hdue to After photoinjection of an electron in the conduction
vas (COO™) andvs (COO™), respectively [12]. The FT-IR  band of TiQ, the cation radical formed from the hydrazone
spectrum of acetate [13] adsorbed on Ti€xhibits bands  form can undergo rapid deprotonation to create the radical
at 1555 and 1420 cnt. We attribute the bands in the range form which can interact with molecular oxygen. A proposed
1100-1170 cm? to oxygenated sulfur derivatives [14]. The degradation mechanism is illustrated in Scheme 1. Other
shoulders at 1420, 1365, 1385 can be linked tqg. GQrface active oxygen species can be involved in the process of
species (for example, GO, CO3%>~, HCO3~) [15-17]. The photooxidation of AO7. It has been suggested that pheny-

fact that no reaction occurs for the complex AO7—Jii@ lazonaphthol dyes can photosensitive their own degradation
the dark or in the absence of TiGhows that the degrada- through the generation of singlet molecular oxygen. But, we
tion process implies Ti@and the excited stateAO7*. It is believe that singlet molecular oxygen plays no role in the

known from studies of the photosensitization of wide band photodegradation of AO7 and this for two reasons: (i) during
gap semiconductors that after absorption of a photon, an an-the direct photolysis of AO7 in the absence of 7i®e ob-
chored dye can inject an electron into the conduction band serve no degradation; (ii) we expect that the creation of AO7
of the semiconductor from its excited state if the energetic triplet state is extremely improbable since the AO7 singlet
of the system allows it. state has an ultrashort lifetime, because of the ultrafast relax-
Diffuse reflectance electronic absorption spectrum in ation by electron injection in the conduction band of 7iO
Fig. 2, suggests that adsorbed AO7 exists under its hydra- Fig. 4 shows the temporal evolution of the absorbance of
zone tautomer. No shoulder at 430 nm characteristic of the the bands at 1508 (AO7), 1690, 1415 and 1564 tfdegra-
azo tautomer is present; instead, the absorption maximum isdation products). The complete decrease of the absorbance
located at 480 nm near the one of the hydrazone form. But, of the band at 1508 cit reflects the total elimination of
the strongest evidence for the presence of the hydrazoneAO7 from the TiQ surface. No bands due to degradation
form on TiO, comes from FT-IR spectroscopic data. In the products appear in this area. We can also note the growth of
FT-IR spectrum of AO7 adsorbed on Ti®@nly the bands  the bands at 1690 and 1415cththat follows a first order
of the hydrazone form are present [8]. kinetic. The temporal evolution of the intensity of the band
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Fig. 4. Temporal evolution of the absorbance of the main FT-IR bands E 4076V
during photooxidation of AO7: AO7 (1508 cmh); acetate (1415 cnt); rommor
formate (1564 cml); oxalate (1690 cmt).
14 +3.1eV

at 1564 cm- differs from those of the bands at 1690 and Valence
1415cnt!. After the total disappearance of the dye, the in- Wi band
tensity of the band at 1564 crh stops to increase. At the op-

posite, the formation of degradation products still continues 05 0

eYe” if the system can not absorb photonic e”ergy anymoreFig. 5. Energetic level diagram AO7-Ti©0, interface. 1: electron in-
since no colored compounds are present onte E@face. jection; 2: thermalization; 3: back electron transfer; 4: scavenging of
Betweernr = 20 and:r = 120 min, the formation of formate  conduction band electron by molecular oxygen.

follows a zero order kinetics; this phenomenon reflects that

the process is step limited by the supply of molecular oxygen

to the TiQp surface. Experimentally, this leads to a zero order the photooxidation process is far to be elucidated. Several
kinetic for the growth of the absorbance at 1564 ¢mWe steps are necessary for the formation of these species and
have noted the similar kinetic behavior for the para isomer it is likely that neutral molecular oxygen or superoxide are
of AO7 dye (Acid Orange 20). It is still unclear if the slower Sufficient for the degradation of AO7 dye.

step is the rate of adsorption/desorption process or the rate of It is not easy to predict the energy level of a donor ad-
electron transfer from the conduction band to molecular oxy- Sorbed on a semiconductor surface. Even, if it is not rigor-
gen. Thus, an important role of molecular oxygen is to scav- 0us to take redox potential from homogeneous solutions it
enge the electron of the conduction band to avoid the recom-Seems to be the best approximation for phenomena occurring
bination with the cation radical. The temporal evolution of ON semiconductor surfaces. The energy of the excited state
the FT-IR band suggests at least two mechanisms, one linked AO7* can be obtained by intercrossing the absorption and
to the light (electron photoinjection process) and another one €Mission spectra of AO7; Kamat et al. [18] have measured
that occurs in the dark (surface chain radical mechanism).the value ofwg to be 2.36 eV; the redox potential of the

In this process, molecular oxygen has also a chemical role.couple AO7/AOT* is 0.76 VNHE* [19]. Therefore, the
The superoxide anion radical formed by the trap of an elec- energetic level of the singlet excited state of AO7/A0Tes

tron from the conduction band of TiCcan lead to several ~more than 1 eV over the fundamental band edge of the TiO

active oxygen species through the following reactions. conduction band. Fig. 5 shows an energetic diagram of the
photophysical events. The efficiency of the process of AO7
O2+e — 0" photooxidation is determined by the competition between

forward electron transfer and back electron transfer. A key

°o— +
O2* +H" —~ HOO step in the photooxidation process of AO7 is the creation of

HOO®* + HOO®* — H20, + Oz the cation radical AO7" which triggers degradation. The
. . _ photoinjection process for the formation of the cation radi-
H202 4+ 02*~ — OH® + OH™ + O cal AO7* is in competition with other relaxation channels

of LAO7* as radiative and nonradiative decay or recombi-
nation of injected electrons with AO7 for the recovery of
Thus, hydrogen peroxide, perhydroxyle and hydroxyl the fundamental electronic state. We have recently measured
radicals can be formed. The generation of hydroxyl radicals using two-color femtosecond pump probe spectroscopy the
requires the reduction of Oby the electron of the con- rate of forward and back electron transfer by monitoring
duction band. The contribution of these oxygen species to the appearance of electrons in the conduction band of.TiO

H>O2 + &y — OH® + OH™
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1 k,, _ band at 1508 cm! linked to the N-H bending vibration
AOT*- TiOs — AOT"- TiO, (¢ mode of the chromophore part of the hydrazone form. This
tautomer form triggers the photooxidation process via a de-
o protonation of the labile hydrogen borne by theNe-N-H
Kec / 2 moiety. Oxalate, acetate, carbonates and oxygenated sulfur
K K, compounds were identified as the final degradation products.
: \\c‘“ The results suggest that there are at least two mechanisms
. for photooxidation of AO7, one linked to light (electron
v Y G photoinjection process) another one which can occur in the
AOT - TiO DegradatiO_n O dark (surface chain radical mechanism) and that the molec-
2 products 2 ular oxygen supply onto Ti@surface is the rate limiting
Fig. 6. Different kinetics pathways during the early events of the pho- step of the overall photooxidation proce_ss. For a better un-
todegradation process. derstanding of the electron transfer reactions for the removal
of dyes by the photosensitization pathway, information
should be taken from the active research area concerning

The electron injection process occurs within the duration of dye-sensitized semiconductors for solar energy conversion.
the laser pulse<€150fs). At the opposite the back electron

transfer time is much slower and occurs in the nanosecond

regime [20]. We have also noticed by following thg recov-  acknowledgements
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