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a b s t r a c t

In order to discuss the effect of chemical structure on photocatalysis efficiency, the photocatalytic degra-
dation of three commercial textile dyes (C.I. Acid Orange 10 (AO10), C.I. Acid Orange 12 (AO12) and C.I.
Acid Orange 8 (AO8)) with different structure and different substitute groups has been investigated using
supported TiO2 photocatalyst under UV light irradiation. All the experiments were performed in a circu-
lation photochemical reactor equipped with a 15-W UV lamp emitted around 365 nm. The investigated
photocatalyst was industrial Millennium PC-500 (crystallites mean size 5–10 nm) immobilized on glass
plates by a heat attachment method. SEM images of the immobilized TiO2 nanoparticles showed the good
coating on the plates, after repeating the deposition procedure three times. Our results indicated that the
lectricity consumption
zo dye
OC

photocatalytic decolorization kinetics of the dyes were in the order of AO10 > AO12 > AO8. Photocatalytic
mineralization of the dyes was monitored by total organic carbon (TOC) decrease, changes in UV–vis
spectra and ammonium ion formation. The dye solutions could be completely decolorized and effectively
mineralized, with an average overall TOC removal larger than 94% for a photocatalytic reaction time of
6 h. The nitrogen-to-nitrogen double bond of the azo dyes was transformed predominantly into NH4

+ ion.
ytic d
was e
The kinetic of photocatal
photocatalysis efficiency

. Introduction

Dyes are an abundant class of colored organic compounds that
epresent an increasing environmental danger. During dye pro-
uction and textile manufacturing processes a large amount of
astewater containing dyestuffs with intensive color and toxi-

ity can be introduced into aquatic systems. In most countries
esearchers are looking for appropriate treatments in order to
emove pollutants, impurities and to obtain the decolorization of
yehouse effluents. Various chemical and physical processes, such

s chemical precipitation and separation of pollutants, electroco-
gulation [1,2], elimination by adsorption on activated carbon [3],
tc., are currently used. One difficulty with these methods is that
hey are not destructive but only transfer the contamination from
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ecolorization of the dyes was found to follow a first-order rate law. The
valuated by figure-of-merit electrical energy per order (EEO).

© 2009 Elsevier B.V. All rights reserved.

one phase to another. Therefore, a new and different kind of pollu-
tion is faced and further treatments are deemed necessary [4–7].
Similarly conventional biological methods have not proven to be
particularly effective for colored effluents. In most cases dyes are
absorbed onto biomass without being really degraded [8,9]. Such
pollution transfer is no more acceptable, as the sludge should be
discarded in a sustainable manner.

In recent years as an alternative to conventional methods,
“advanced oxidation processes” (AOPs), based on the generation
of very reactive species such as hydroxyl radicals that have been
proposed to oxidize quickly and non selectively a broad range of
organic pollutants [9–11].

Heterogeneous photocatalysis via combination of TiO2 and UV
light is considered one of the promising advanced oxidation pro-
cesses for destruction of water-soluble organic pollutants found in
water and wastewater. When a light with � < 390 nm is illuminat-
ing TiO2 particles, an electron is excited out of its energy level and

consequently leaves a hole in the valence band. Indeed, electrons
are promoted from the valence band to the conduction band of TiO2
to give electron–hole pairs (Eq. (1)) [12–15]:

TiO2 + h� (� < 390 nm) → e− + h+ (1)

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:a_khataee@tabrizu.ac.ir
mailto:Marie-Noelle.Pons@ensic.inpl-nancy.fr
mailto:Orfan.Zahraa@ensic.inpl-nancy.fr
dx.doi.org/10.1016/j.jhazmat.2009.02.052
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he valence band (h+) potential is positive enough to generate
ydroxyl radicals at the surface on TiO2 and the conduction band
e−) potential is negative enough to reduce molecular oxygen. The
ydroxyl radical is a powerful oxidizing agent and attacks organic
ollutants (P) present at or near the surface of TiO2. It causes,
ltimately, complete decomposition of toxic and bioresistant com-
ounds into harmless species such as CO2, H2O, etc. [11,14,16,17].

In recent years, many investigations in the area of photocatalytic
egradation of pollutants have employed suspensions of the semi-
onducting particles. However, from a practical point of view it may
ot be possible to completely recover the photocatalysts used in
he reactor [15,18]. This needs either long settling times or filtra-
ion which is an expensive process. Hence, many researchers have
ecided to study the feasibility of coating the photocatalyst on inert
urfaces such as glass beads, activated carbon fiber, cotton material
nd cement surface [18–23]. Immobilization of the catalyst on a sta-
ionary support could circumvent the need to recover the catalyst
rom the reaction mixture without any leaching.

Another critical point in the study of photocatalytic processes
fficiency towards dyes destruction is related to the complex nature
f these pollutants. In a dyehouse they are mostly used as mixtures
f dyes, formulated in function of the color to be created. The aim
f the present work is to compare the photocatalytic destruction
f three azo dyes (C.I. Acid Orange 10, C.I. Acid Orange 12 and C.I.
cid Orange 8) which exhibit small differences in their structure.
he experiments were run in aqueous solution under UV light irra-
iation in the presence of supported TiO2. TiO2 nanoparticles were

mmobilized on glass plates by a heat attachment method. In addi-
ion, ammonium production and total organic carbon removal were

onitored in order to explain the mineralization of the dyes in the
V/TiO2 process.

. Experimental

.1. Materials

The dyes were obtained from Sigma–Aldrich Company and used
ithout further purification. Their chemical structure and charac-

eristics are given in Table 1. The investigated titanium dioxide was
illennium PC-500 (anatase: >99%). According to the manufac-

urer’s specifications [24], the crystallites mean size was 5–10 nm
nd the specific surface area was >300 m2 g−1. The photocatalyst
articles were deposited on 5 cm × 28 cm glass plates from a sus-
ension of TiO2.

.2. Immobilization of TiO2 on glass plates

TiO2 nanoparticles were fixed on glass plates by a heat attach-
ent method [18,25]. A suspension of Millennium PC-500 TiO2 of
g l−1 in deionised water was prepared. The suspension concentra-

ion was chosen so as to get thin enough deposits. pH was adjusted
o about 3 using diluted HNO3 and the suspension was sonicated
or 15 min (Bransonic 220, France). Then proper volume of suspen-
ion was carefully poured on the glass plates and allowed to dry
ut at room temperature for 12 h. Then the plates were completely
ried out at 100 ◦C for an hour. After drying, the plates were cal-
ined at 475 ◦C for 4 h. Before deposition, the glass surface was
ashed in a basic solution of NaOH in order to increase the num-
er of OH groups. As shown in Fig. 1, the first coat is not covering
he entire surface but additional coats lead to a complete coverage.

herefore, this deposition process was carried out three times in
uccession so as to increase the total thickness (Fig. 1). The plates
ere thoroughly washed with deionised water for the removal of

ree TiO2 particles. The deposited amount of TiO2 was measured by
he difference in mass of the plates before and after immobilization.
Fig. 1. Scanning electron microscopy images of TiO2 nanoparticles deposited on
glass plates: (a) first coat, (b) second coat, and (c) third coat. Bar = 10 �m.

Typically, the specific amount on TiO2 in one coat was 0.47 mg/cm2.
The photocatalysis of the dyes has been tested with these plates.

2.3. Photoreactor

The experimental set-up is based on a photocatalytic reactor
of workable area 30 cm × 30 cm, made out of aluminium (Fig. 2)
and covered by a thin layer of food-grade PTFE. The wastewater
to be treated is falling as a thin film from the top of the cham-
ber onto titanium dioxide nanoparticles immobilized on the six

glass slides (5 cm × 28 cm each). A unique set of plates was used
for all the experiments. The angle of slant was set at 37◦ to achieve
a homogeneous distribution of the liquid. A transparent glass sheet
covers the reacting chamber and permits to avoid the evaporation
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Table 1
Structure and characteristics of the three commercial dyes.

Color index name Chemical structure Synonym Molecular
formula

Color index
number

�max (nm) Mw (g mol−1)

C.I. Acid Orange 10 (AO10) Orange G, Wool
Orange 2G

C16H10N2O7S2Na2 16230 480 (330) 452.4

C.I. Acid Orange 12 (AO12) Crocein Orange
G

C16H11N2O4SNa 15970 488 (320) 350.3
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.I. Acid Orange 8 (AO8) –

f the solution. The sample to be treated (250 ml of dye solution)
as stored in a reservoir and was continuously circulated in the

ystem by a peristaltic pump at a constant flow rate of 120 ml/min
hat permitted an optimal distribution of the liquid on the catalytic
upport. PTFE tubings were used. The reservoir was open to air to
nsure sufficient oxygenation. Artificial irradiation was provided by
15-W UV lamp (Vilber Lourmat Deutschland GmbH, Eberhardzell,
ermany) emitted around 365 nm, positioned parallel to the reac-

or. Light was turned on at the beginning of each experiment. The
eactor was washed after every run by circulating deionised water
ith a few drops of 30% hydrogen peroxide under UV irradiation,

o that the immobilized photocatalyst was regenerated. Adsorption
easurements of the dyes on immobilized TiO2 were made using

he same set-up in the absence of irradiation.
.4. Analytical procedures

The reactions were monitored by UV–vis spectrophotometer
sing a SECOMAM (Domont, France) Anthelie Light device in the
ange of 200–600 nm. A linear correlation was established between

Fig. 2. Experimental set-up.
C17H13N2O4SNa 15575 490 (310) 363.4

the concentration of dyes (C) and the absorbance (A) at �max, in
the range of Cdye = 0–50 mg/l for each of the dyes. Total organic
carbon (TOC) measurements were carried out by TOC analyser of
Shimadzu TOC-VCSN (Japan). pH was measured using a PHM 220
pH meter (Radiometer Analytical SAS, Villeurbanne, France). The
formation of NH4

+ after photocatalysis of the dye solutions was
determined by Nessler method [26]. Scanning electron microscopy
(SEM) was carried out on a Jeol TSM 330 device after gold plating
of the samples.

3. Results and discussion

3.1. Adsorption of the dyes on the photocatalyst

As it was mentioned, the photocatalytic degradation takes place
at the surface of the catalyst. Dye adsorbs on to the surface of TiO2
by electrostatic attraction and gets mineralized by non-selective
breakdown by hydroxyl radicals [27,28]. Therefore, the adsorption
of the target molecule on the catalyst surface may be regarded
as a critical step towards efficient photocatalysis. The study of
adsorption of the dyes on immobilized TiO2 revealed that, with
a circulation rate of 120 ml/min, the equilibrium concentration
was reached within about 60 min. The experiment was continued
up to 90 min, but no significant change in the concentration was
observed. Although the initial concentrations of the various dyes
(C0) were the same (30 mg/l), the equilibrium concentration (Ce)
varied indicating different adsorption properties. The fraction of
the dye adsorbed was expressed as adsorption (%) = (C0 − Ce)/C0 as
illustrated in Fig. 3. C.I. Acid Orange 10, which has two sulphonate
groups, exhibited a high adsorption yield (18%), which can be
attributed to both the high molecular weight of this molecule com-
pared to the other dyes, and the additional sulphonate group. In C.I.
Acid Orange 10, due to its favorable dimension and spatial geom-
etry, the –SO3

− can attach to surface TiIV centres by assuming a
bidentate coordination through the two sulphonilic oxygens. This

process would be accompanied by substitution of a surface coor-
dinated –OH moieties. Because of the strong overlap between the
3d orbitals of the TiIV atoms and the 2p orbitals of oxygens, the
formation of Ti–O bonds would have a strong covalent character
[29,30].
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Figure 4. Variation of the absorbance of 30 mg/l aqueous solutions of the three
azo dyes at different irradiation times. Experimental conditions: natural pH,
[dye]0 = 30 mg/l and sampling interval = 10 min.
ig. 3. Adsorption of the dyes on immobilized TiO2. Experimental conditions: nat-
ral pH, [dye]0 = 30 mg/l and time = 60 min.

AO8 and AO12 have nearly the same structure; the presence
f the alkyl group (–CH3) in the AO8 molecular structure can
ecrease slightly the adsorption of this dye. Hydroxyl radicals have
very short lifetime, so that they can only react where they are

ormed. Indeed, every group that tends to decrease the solubility of
olecules in water will disfavor degradation. This explains, at least

artly, why the adsorption efficiency of AO12 with a hydrophobic
ubstituent clearly decreases [5].

.2. Photocatalytic decolorization of the dyes

The changes in the absorption spectra of the three dyes during
he photocatalytic process at different irradiation times are shown
n Fig. 4. The color of an azo dye is the result of the interaction
etween an azo function (–N N–) and two aromatic species: the
yes carry an acceptor group which is an aromatic nucleus fre-
uently containing a chromophoric group, e.g. –SO3

−, and a donor
roup, e.g. an aromatic nucleus containing an auxochromic group
uch as alkyl side chains, or OH group [5]. The decrease of absorption
eaks of the dyes at the maximum absorption wavelength (�max) in
ig. 4 indicates a rapid decolorization of the azo dyes. The decrease
s also meaningful with respect to the nitrogen-to-nitrogen double
ond (–N N–) of the azo dyes, as the most active site for oxida-
ive attack. Decrease in absorption intensity of the band at �max

uring the irradiation also expresses the loss of conjugation, e.g.
specially the cleavage near the azo bond of the organic molecule.
he weak band at 310–330 nm could be attributed to the �–�* tran-
ition related to the aromatic ring attached to the –N N– group in
he dye molecule. Absorbance decrease at 310–330 nm indicates
he degradation of aromatic part of the dyes [31].

The degradation pathway of the three dyes could be explained
s follows: the fragile group in these dyes is the NH group, which
esults from an equilibrium between two tautomeric forms [21,25]
here an H atom is exchanged between O and N as shown in Fig. 5

n the case of AO12. Indeed, the abstraction of H atom (carried by
n oxygen atom in the azo form and by a nitrogen atom in the
ydrazone form) by OH radicals is the main degradation pathway
f these dyes. Meanwhile, the hydroxyl radical is an electrophilic
ntity, and the electronic properties of auxiliary groups will affect
he electronic density in the aromatic nucleus and on the � nitro-
en atom of the azo bond. Surprisingly, the presence of the more
owerful electron withdrawing sulphonate group on a molecule

akes it only very slightly less sensitive to oxidation [32]. Indeed,
olecules with one or two sulphonic functions have almost the

ame reactivity with respect to oxidation by hydroxyl radicals (see
ig. 6). In fact, study of the influence of the sulphonate group is very
ifficult, because this substitute operates in different ways: on one Fig. 5. Equilibrium between the two tautomeric forms in C. I. Acid Orange 12.
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ig. 6. Pseudo-first-order kinetic of the photocatalytic degradation of the dyes. Con-
itions: natural pH and [dye]0 = 30 mg/l.

and it decreases electron density in the aromatic rings and the �
itrogen atom of the azo bond, but on the other hand, it increases
he hydrophilic–lipophilic balance of the dye molecules, and as a
onsequence slows down their aggregation degree. The sulphonate
roup is also increasing the adsorption of the dye molecules on the
atalyst. As it can be seen from Fig. 4, complete photodegradation
f AO10 could be achieved in a relatively short time, 130 min, while,
60 and 210 min were taken for AO12 and AO8, respectively. Fig. 6
emonstrates that, in fact, the photodegradation kinetics notably
epend upon the basic molecular structure of the dyes. According
o Fig. 6, the photocatalytic degradation rates of the dyes are in the
ollowing order:

O10 > AO12 > AO8

he presumed reason is that the adsorption rate of AO10 is higher
han for the two other dyes because of two sulphonate groups and
igh molecular weight. Another reason may be due to absorption
f light photon by dye molecule itself leading to a lesser availability
f photons for hydroxyl radical generation. The absorption spectra
f three dyes in UV range are shown in Fig. 7. It was observed from
his figure that AO8 strongly absorb near UV radiation compared
o AO12 and AO10 leading to lesser photodegradation. The above-

entioned order (AO10 > AO12 > AO8) was observed in absorption
pectra of the three dyes in UV range. The strong absorption of light
y the dye molecules is thought to have an inhibitive effect on the
hotogeneration of holes or hydroxyl radicals, because of the lack
f any direct contact between the photons and immobilized TiO2.
ndeed, it causes the dye molecules to adsorb light and the photons
ever reach the photocatalyst surface, thus the photodegradation
fficiency decreases [27].

The recorded pH data during the experiments implied that at
he end of the irradiation period the dye was degraded to small

olecules, such as organic acids, since the pH dropped (Table 2).
.3. Photocatalytic mineralization of the dyes

Mineralization of the dyes in UV/TiO2 process studied with
0 mg/l of each dye solutions. Mineralization was monitored by TOC

oss, changes in UV spectra and also NH4
+ evolution.

able 2
hotocatalytic mineralization of the three commercial dyes at the irradiation time of 6 h,

ye solution Initial pH Final pH Potential a

O10 6.41 5.20 1.91
O12 6.09 5.13 2.15
O8 6.86 5.60 1.92
Fig. 7. UV absorption spectra of the three azo dyes (at 30 mg/l).

TOC values have been related to the total concentration of organ-
ics in the solution and the decrease of TOC reflects the degree of
mineralization at the end of the photocatalytic process. TOC disap-
pearance of the three azo dyes has been reported in Table 2. These
results indicated that more than 94% TOC removal was achieved at
the irradiation time of 6 h.

All of these dyes contain a source of nitrogen including an azo
group (see Table 1). Previous works have shown that azo group is
mainly transformed into ammonium ion and nitrogen gas N2, which
is an ideal case for environment [25,32]. In this study we have only
analysed ammonium ion. The evolution of NH4

+, as N-containing
mineralization product during UV/TiO2 process is given in Table 2. A
part of azo group present in these dyes may be transformed into N2
as already observed in the degradation of other azo dyes [32–35].
These results indicate that ammonium is formed from azo group in
the degradation of the dyes. The nitrogen-to-nitrogen double bond
(R-N N-R′) belonging to the central aromatic rings of the dyes may
be attacked by hydroxyl radical to transform into the two amino-
groups (R-NH2). The nitrogen atoms in these amino-groups can lead
to NH4

+ ions by successive attacks by H• atoms (Eqs. (2)–(4)). H•

radicals can generate by photoreduction of protons (Eq. (4)) [32,35]:

R-NH2 + H+ → R+• + NH3 (2)

NH3 + H+ → NH4
+ (3)

H+ + e− → H• (4)

3.4. Electrical energy determination

The plot of ln[Dye] versus irradiation time for the dyes was
linear suggesting that the photocatalytic process approximately
follows pseudo-first-order kinetics (Table 3). Rate constants were
estimated from the slope of ln[Dye] versus time.

Since photocatalysis of aqueous organic pollutants is an electric

energy intensive process, and electric energy can represent a major
fraction of the operating costs, simple figures-of-merit based on
electric energy consumption can be very useful and informative.
Recently, the Photochemistry Commission of International Union
of Pure and Applied Chemistry (IUPAC) has proposed two figures-

[Dye]0 = 30 mg/l.

mount of NH4
+(mg/l) NH4

+ (mg/l) TOC removal (%)

0.338 97.96
0.282 96.89
0.327 94.47
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Table 3
The pseudo-first-order rate constant (k1) and EEO values for photocatalysis of the
three commercial dyes, [Dye]0 = 30 mg/l.

Dye solution k1 (min−1) R2 EEO (kWh m−3)
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O10 0.0326 0.90 70.67
O12 0.0269 0.92 85.65
O8 0.0235 0.97 98.04

f-merit for advanced oxidation processes (AOPs) on the use of
lectrical energy. In the zero-order range, the appropriate figure-
f-merit is the electrical energy per mass (EEm) defined as the kWh
f electrical energy requires to remove 1 kg of the pollutant [36].
n the case of low pollutant concentrations, which applies here,
he appropriate figure-of-merit is the electrical energy per order
EEO), defined as the number of kWh of electrical energy required to
educe the concentration of a pollutant by one order of magnitude
90%) in 1 m3 of contaminated water. The EEO (kWh m−3 order−1)
an be calculated from the following equations [37–39]:

EO = P × t × 1000
V × 60 × log(Ci/Cf)

(5)

n(Ci/Cf) = k1 × t (6)

here P is the rated power (kW) of the AOP system, t is the irra-
iation time (min), V is the volume (l) of the water in the reactor,
i and Cf are the initial and final pollutant concentrations and k1

s the pseudo-first-order rate constant (min−1) for the decay of the
ollutant concentration. From Eqs. (5) and (6), EEO can be written
s follows:

EO = 38.4 × P

V × k1
(7)

The electric energy (kWh m−3) required to decolorization of
0 mg/l of the dyes from 250 ml dye solution has been given in
able 3. The EEO values indicated that the required electrical energy
or photocatalysis of these dyes was in the following order:

O8 > AO12 > AO10

Finally, it is useful to relate the EEO values found in this study
o treatment costs. If the cost of the electricity, in the EU, is $ 0.100
taxes included) per kWh, the contribution to treatment cost from
lectrical energy will be $ 7.1, 8.6, 9.8 per m3, for photocatalytic
reatment of AO10, AO12 and AO8, respectively. In addition there
ill be small cost factors for the photocatalyst used and for UV lamp

eplacement.

. Conclusion

The photodegradation of three monoazo anionic dyes from
queous solution in the presence of immobilized TiO2 nanoparti-
les under UV light irradiation was investigated. The commercially
vailable catalyst with high photocatalytic activity (Millennium
C-500) was immobilized on comparatively inexpensive support
ubstrates such as glass plates by heat attachment method. The
esults of TOC decrease, UV–vis spectra changes and formation of
mmonium indicated that photocatalytic process could be used for
omplete decolorization and mineralization of the azo dyes in a cir-
ulation photochemical reactor. The attack of the –N N– azo group
ontributes to the decolorization of the dye solutions. The nitrogen-
o-nitrogen double bond azo dye was transformed to NH4

+ ion. The
ecorded pH data during the experiments implied that at the end of

he irradiation period the dyes were degraded to small molecules,
uch as organic acids. The semi-log plot of the dye concentrations
ersus time was linear, suggesting first-order reaction. The electri-
al energy consumption for photocatalytic removal of the three dyes
as calculated and related to the treatment costs. We found that

[

[

s Materials 168 (2009) 451–457

the electrical energy consumption was lowest with AO10 solution
in comparison with AO8 and AO12 solutions.
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