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Abstract

The photocatalytic degradation of Acid Orange 7 (AO7), a non-biodegradable azo-dye, has been investigated over TiO
photocatalysts irradiated with a light source simulating solar light. The effect of operational parameters, i.e., dye concentration,
photocatalyst content, pH of the solution and incident light energy on the degradation rate of aqueous solutions of AO7 has
been examined. The effect of incorporating cations with valence high&r)(sd lower (C&") than the parent cation (¥f)
in the TiO, matrix has also been investigated. Results show that the employment of efficient photocatalysts and the selection
of optimal operational parameters may lead to complete decolorization and to substantial decrease of the Chemical Oxygen
Demand (COD) of the dye solutions. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction lutant from one phase to another [7]. Over the past
few years, several Advanced Oxidation Processes

Wastewaters produced from textile and other (AOPs) have been proposed as alternative routes for
dyestuff industrial processes contain large quantities water purification [8,9]. Among them, heterogeneous
of organic dyes, which are difficult to degrade with photocatalysis seems to be the most attractive method
standard biological methods. Within the overall cat- for water decontamination [7,10] and the usefulness
egory of dyestuffs, azo-dyes constitute a significant of this method for performing degradation reactions
portion and probably have the least desirable conse-has been successfully tested for a large variety of pol-
guences in terms of surrounding ecosystems. They lutants [11-16]. The reason for the increased interest
are resistant to aerobic degradation [1,2] and under in this method is that the process can be carried out
anaerobic conditions they can be reduced to poten- under ambient conditions and may lead to total min-
tially carcinogenic aromatic amines [3,4]. eralization of organic carbon to G@13,17]. Another

For the removal of recalcitrant organics, traditional advantage of this method is that the photocatalyst,
methods like ultrafiltration, extraction, air stripping, usually TiG, is inexpensive and can be supported on
carbon adsorption, incineration and oxidation via suitable materials [18-22].
ozonation [5] or hydrogen peroxide [5,6] have been  Heterogeneous photocatalysis is based on the irra-
applied. A disadvantage of these processes is thatdiation of a photocatalyst, usually a semiconductor
they are non-destructive; they simply transfer the pol- such as Ti@, with light energy equal to or greater

than the band gap energy. This causes a valence-band

* Corresponding author. Fax: +30-61-991527 electron to be excited to the conduction band, caus-
E-mail addressverykios@iceht.forth.gr (X.E. Verykios) ing charge separation. The conduction band electrons
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and valence band holes can then migrate to the surfacewas used as received. According to the manufacturer,

and participate in interfacial oxidation—reduction re-
actions. The oxidative degradation of an organic pol-
lutant is attributed to indirect reaction at the positive
hole where adsorbed water or hydroxyl groups are ox-
idized to hydroxyl radicals*©H), which then react
with the pollutant molecule [23].

In cases where colored organic compounds exist,
the color may, after adsorption onto the semiconduct-
ing surfaces, be promoted to an excited state follow-
ing interaction with visible radiation and thus act as
a photosensitiser [24,25]. The degradation of the col-
ored substance may then take place through electron
injection into the conduction band of the semiconduc-
tor and subsequent oxidation of the cation radical. This

process is called sensitized photocatalysis. The sensi-

P25 has a primary particle size of dfh, a specific
surface area of 5& 15 n?/g and its crystalline mode
is 20% rutile and 80% anatase.

Acid Orange 7 (AO7, Aldrich) has been cho-
sen as a representative model compound. AO7 is a
non-biodegradable synthetic azo-dye, with a molecu-
lar formula of GgH11N2O4SNa, widely used in the
textile industry.

2.2. Preparation of doped TiJphotocatalysts

The influence of altervalent cation doping of BiO
on its photocatalytic performance for the degradation
of AO7 was investigated by incorporating cations of

tized photocatalytic process is advantageous becausdower (C&*) and higher (V§*) valence than that of

it extends the range of excitation energies into the vis-
ible range, making fuller use of solar energy. Similar
products are created at direct and sensitized photo-
catalysis, and these appear to involve primarily oxida-
tive steps when oxygen is present in the system [24].
The aim of the present study is to investigate the
photocatalytic degradation of azo-dyes over semicon-
ductive, TiQ-based, photocatalysts irradiated with a
source simulating the solar spectrum (Xe-arc lamp).
The effects of doping of Ti@ as well as the effects
of operational parameters, such as dye concentration,
pH of the solution and incident photon energy, on
the degradation rate of aqueous dye solutions is ex-
amined. It is shown that incorporation of cations of
valence higher than the parent cation®Wyinto the
crystal matrix of TiQ results in enhanced degradation
rates while the opposite is observed upon doping with
cations of lower valence (G4). It is concluded that
the employment of efficient photocatalysts and the
selection of optimal operating conditions may lead to
complete decolorization and to substantial decrease
of the Chemical Oxygen Demand (COD) of the dye
solutions.

2. Experimental
2.1. Materials

The semiconductor employed as photocatalyst was
commercial TiQ (Degussa P25), in powder form, and

the host cation (Ti) into the matrix of TiQ. A series

of TiO2 photocatalysts doped with 0.22—-0.67 at.% of
W6+, and with 0.20-0.95 at.% of & have been pre-
pared. In the continue, these samples will be denoted
as TiG(x% D), where D indicates the dopant cation
of concentration x (at.%).

Precursors used for the preparation of‘and
Cat-doped TiQ photocatalysts were (NphoW1o
041-5H20 and CaO, respectively, obtained from Alfa
Products.

For the preparation of ¥ -doped TiQ, an appro-
priate amount of ammonium tungstate, calculated to
give the desired dopant concentration in the final ma-
terial, was added in water at pH 14 (pH adjusted with
NH3z). The solution was then heated at°@under
continuous stirring to achieve complete dissolution of
the salt. An appropriate amount of TiQdispersed in
distilled water, was then added to the solution and the
mixture was heated gently to 8D. The slurry was
maintained at this temperature until nearly all the wa-
ter evaporated and the solid residue was subsequently
calcined in air at 90QC for 5 h. Calcination tempera-
ture was approached with a heating rate o€&nin,
while cooling of the material was done slowly, with a
rate of approximately 1@/min.

Ca*-doped TiQ samples were prepared in a sim-
ilar manner. Appropriate amounts of CaO and FiO
powders were dispersed in distilled water and thor-
oughly mixed. The procedures of evaporation of water
and of calcination at 90C€ were identical as in the
case of the Wt-doped TiQ. A reference (undoped)
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TiO2 photocatalyst was also prepared following this tions with variable dye concentratiorns;§ was added.
method, but was calcined at 700 instead of ‘9D0 The samples were then left overnight in the dark, in
order for the dye to adsorb onto the catalyst surface,
and then filtered. The extent of the equilibrium ad-
2.3. Experimental procedures and techniques sorption was determined from the decrease in the dye
concentrations4C;) detected after filtration. The pH
The experimental apparatus employed for the in- of the solution was adjusted using either HN(H
vestigation of the photocatalytic degradation of AO7 2) or NaOH (pH 12). It should be noted that some
has been described in detail elsewhere [26,28]. It con- differences in adsorption capacity might exist under
sists of an illumination source, the photoreactor and irradiation. However, there is no simple experimen-
the analysis system. The light source (Oriel, model tal technique to estimate uptakes under photoreaction
66021) is furnished with solar-light simulating Xe-arc conditions.
lamp (Osram XBO 450W), a set of lenses for light All photocatalyst samples have been characterized
collection and focusing, and a water filter mounted on in terms of their specific surface area and percentage
the lamp housing to eliminate infrared radiation. The of anatase to rutile form employing the BET and XRD
quartz photoreactor is equipped with optical flat light techniques.
entry and exit windows and a top cover with provi-
sions for gas inlet and outlet and for sample removal
from the gas-and liquid phase. The photocatalyst par- 3. Results
ticles are maintained in suspension by stirring and
air bubbling. A double-bundled UV/vis spectropho- The effect of operational parameters, including pH
tometer (Hitachi, Model U 2001) with 10mm quartz  of the solution, dye concentration, photocatalyst con-
cuvettes was used for the determination of the dye tent, incident light energy as well as of altervalent
concentrations in the samples cation doping of TiQ was examined using the appa-
In a typical experiment, a known amount of AO7 is ratus and following the procedures described above.
dissolved in 70 ml of distilled water in the photoreac-
tor. The photocatalyst is then added under continuous 3.1. Catalyst characterization
stirring and an air flow of 60 cc/min is permitted to en-
ter the photoreactor. After 15 min in the dark, light is The specific surface areas of the photocatalysts ex-
allowed to irradiate the suspension and the first sample amined are listed in Table 1. It is observed that cal-
is taken {=0). For all experiments reported here, the cination of the undoped catalyst at 7@results in a
lamp power was kept constant at 400 W. During the significant loss of surface area which decreases from
experiment (about 8h) 1 ml-samples are taken from 50 /g (P25) to 13 ri/g. However, doping Ti@with
the suspension for analysis at appropriate time inter- W8+ cations reduces the loss of surface area in a man-
vals. The photocatalyst is immediately removed from ner which depends on dopant concentration, i.e., in-
the samples after centrifugation and filtration with a creasing Vf+concentration leads to materials with in-
syringe filter (0.2um, Gelman Sciences, 4192). Part creased surface areas (Table 1), even if these samples
of the sample is used for the measurements on thewere calcined at a higher temperature (300 Apart
spectrophotometer (UV/vis) and, in certain cases, the from the effect on surface area, high temperature cal-
rest is used for measuring COD. The concentration cination also strongly influences the crystalline mode
of AO7 in each sample is calculated using calibration of TiO2, which is completely transformed to its rutile
curves at 485 nm. The COD is measured with standard form (Table 1).
methods. Previous investigations in this laboratory have
The capacity of TiQ (P25) toward AO7 adsorp- shown that high temperature calcination of the doped
tion was measured at pH 2, 6 and 12, as a function of materials, results in the diffusion of the dopant cations
initial dye concentration in the solution. For each pH into the crystal matrix of Ti@. This has been demon-
value, equal amounts of TR0 mg) were placed in  strated by measurements of the electrical conductivity
a series of test tubes into which 10ml of AO7 solu- and activation energy of electron conduction of the
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Table 1

Specific surface areas and crystalline mode of the doped and undoped catalysts examined

Photocatalyst description Surface areg/@n Crystalline mode (% rutile)
TiO2, Degussa P25 50 20
TiO, (calcined at 700C) 130 100
TiO2 (0.22% WPt) 10 100
TiO, (0.34% W) 105 100
TiO, (0.45% W) 145 100
TiO, (0.56% WPt) 15 100
TiO, (0.67% W) 165 100
TiO, (0.20% C&H) 6 100
TiO, (0.95% C&*) 6.5 100

_ ' ' ' ' ' adsorbed at pH 12 is negligible while a large amount
e | epH2 ® | of AO7 is adsorbed at pH 2. At pH 6 an intermediate
E100F A pue ]
2 —m—pH 12 amount of dye is adsorbed.
(=]
£ 80} .
= ¢ 3.2. Effect of operational parameters on the
§ 60 1 photocatalytic degradation of AO7
 J

B | i}
'*; 40 / The effect of experimental parameters on the pho-
E 20l . ] tocatalytic degradation of AO7 was investigated em-
g '/ A,fA/A ploying TiO, (P25) as photocatalyst. The effect of the
2 ol sewlm — u— m n pH of the solution on the decolorization of AO7 solu-
S i i : i i tions has been examined in the pH range of 2-12 and

0 20 40 60 80 the results are presented in Fig. 2. The degradation

C, (mg/l curves of AO7 are presented as the time-dependent

normalized dye concentration, which is the dye con-

Fig. 1. Capacity of TiQ (P25) toward AQ7 adsorption, as & = .aniration remaining at any time divided by the initial

function of initial dye concentration, at pH of the solution equal
to 2, 6 (natural) and 12T,q: 25°C; dark conditions.

1

doped materials [29,30]. This diffusion process, which 1.0r o s

results in replacement of the parentTications with S pHe

dopant cations, is probably responsible for the preser- 0.8+ ° qu .

vation of surface area observed for the doped samples. Z gg :?
Adsorption of AO7 on TiQ (P25) has been inves- _oef A pHI2 -

tigated by measuring the capacity of the photocata- 8

lyst toward AO7 adsorption at 2&, following the 04l i

procedure described in a previous paragraph. Prelimi- I

nary experiments showed that the dye adsorbs onto the 02l |

TiO2 surface from aqueous solutions in a way which '

strongly depends on the pH of the solution. In order pH10-12

to examine this, the adsorption capacity of Ti®25) 0.0 0 100 200 300 400 500 600

was measured at pH 2, 6 (natural) and 12. Results are
shown in Fig. 1, where the amount of dye adsorbed per
gram of TiQ, is plotted as a function of the initial dye  Fig. 2. Effect of the initial pH on the decolorization of aqueous
concentration. It is observed that the amount of AQ7 solutions of AO7,Co: 300 mg/l; Crioz: 0.759/l.

Time (min)
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dye concentration@/Cp). It is observed that the corre-
sponding curves fall into two distinct regions: one for
pH 2-9 and one for pH 10-12. It is obvious that pho-
todegradation of AO7 is strongly favored at pH greater
than 10 (basic solutions), where complete decoloriza-
tion occurs in less than 6 h, while at pH lower than 9
the degradation is much slower and more than 8 h are
needed for complete degradation of the dye. Because
of the significant differences observed in the degrada-
tion rate of AO7 at basic and neutral (or acidic) solu-
tions, experiments presented in the following sections
were obtained for both pH 6 and 12.

The influence of the initial dye concentration on the
decolorisation of AO7 at pH 6 and 12 is presented in
Fig. 3(A, B) respectively, where the normalized con-
centration of AO7 in the solution is plotted as a func-
tion of time of irradiation, for each experiment. The
initial AO7 concentration was varied between 25 and
600 mg/l for the experiments conducted at pH 6 and
between 25 and 1000 mg/l for those conducted at pH
12. It is clearly observed that the time required for the
decolorization of AO7 solutions at both pH 6 and 12
depend significantly on the initial dye concentration.
At pH 6 (Fig. 3(A)), complete decolorization of the
solutions takes place in less than an hour for relatively
low Cp values (25—-100 mg/l) while this is not the case
for higher initial dye concentrations (200—600 mg/l).
On the other hand, degradation of AO7 at basic so-
lutions (Fig. 3(B)) is much faster and complete de-
colorization occurs even &y =600 mg/l, in less than
45h.

Comparison of the degradation curves obtained at
pH 6 (Fig. 3(A)) and 12 (Fig. 3(B)) clearly shows that,
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Fig. 3. Effect of the initial dye concentration on the decolorization
of aqueous solutions of AO7 at pH 6 (A) and 12 (B)ioz:

in all cases, the photoreaction is much faster at basic %759/

solutions. It is also worth noting that the degradation
of AO7 at pH 6 can be fitted by first order kinetics
(exponential lines in Fig. 3(A)), while that at pH 12
can be fitted by zero order kinetics (straight lines in
Fig. 3(B)). The initial reaction rates (per gram of cat-
alyst) calculated from the fitted lines of Fig. 3 are pre-
sented in Fig. 4, where the initial decolorization rates
obtained at pH 6 and 12 are plotted as a function of
initial dye concentration. At pH 6, a relatively constant
initial rate is observed fo€y = 25—-100 mg/l while fur-
ther increase in the initial dye concentration leads to

(25-600 mg/l). The initial rate decreases only for dye
concentrations as high as 1000 mg/l (Fig. 4).

To investigate the effect of catalyst loading on
degradation rate of AO7, two sets of experiments
were conducted, at pH 6 and 12, employing commer-
cial TiO, (Degussa P-25), in which the photocatalyst
loading in the dispersion was varied between 0.37 and
4.00g/l. Results obtained at pH 6 are presented in Fig.
5. It is observed that the irradiation time required for
decolorization of the azo-dye solutions decreases with

decreased initial degradation rates (Fig. 4). The sameincreasing catalyst loading, until a plateau is reached

behavior is observed at pH 12 but the initial rate is
constant for a wider range of initial dye concentrations

at concentrations above 2.0 g/l. Identical results (not
shown) were obtained at pH 12. The initial rates, per
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Fig. 4. Effect of the initial dye concentration on the initial degra-
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Fig. 5. Effect of the photocatalyst (TiQP25) concentration on the
decolorization of aqueous solutions of AO7 at pH3J; 300 mgl/l.

gram of TiQ, calculated from the degradation curves
at pH 6 (Fig. 5) and pH 12, are plotted in Fig. 6 as
a function of the photocatalyst concentration in the
dispersion. It is observed that the initial degradation
rate decreases monotonically with increasing 2TiO
content. This is more pronounced at pH 12 (Fig. 6).
In all experiments presented above, the full range
of photons (except IR) emitted from the solar light

simulating source was used, which consists of pho-
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energy of the semiconductor. To investigate the influ-
ence of the incident photon energy on the degradation
rate of AO7, an experiment was conducted in which
only visible light was permitted into the photoreactor.
This was achieved by the use of a filter which cuts-off
ultra violet radiation { <400 nm). Results obtained
are presented in Fig. 7, where the effect of the spec-
tral range of incident radiation on the AO7 degrada-
tion is presented. In this Figure, the normalized dye
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g
2+ ° i
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0 1 2 3 4
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Fig. 6. Effect of the photocatalyst concentration on the initial
degradation rate (per gram of Tipof AO7 at pH 6 and 12.
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Fig. 7. Effect of the incident photon energy on the decolorization

tons with energy higher and lower than the band gap of aqueous solutions of AOTo: 25 mg/l; Crioz: 0.759/l; pH 6.
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Fig. 8. Degradation of AO7 and COD removal as a function of
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concentration is plotted as a function of irradiation
time in experiments conducted (i) using full range ra-
diation emitted from the source (UV +vis), (ii) using
only visible radiation{ < 400 nm) and (iii) under dark
conditions. It is observed that no decolorization of the
solution is achieved in the absence of light, indicating
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where complete disappearance of AO7 is achieved al-
ready after about 30 min of irradiation. When only
visible light is used, AO7 degradation takes place at
a much lower rate. It should be noted here that blank
experiments conducted in the presence of UV/vis ra-
diation, but in the absence of photocatalyst, did not
result in any measurable degradation of AO7 (results
not shown).

The results of the experiments presented in the pre-
vious paragraphs show that the decolorization rate of
AO7 with photocatalytic methods is feasible. How-
ever, from the practical point of view, not only decol-
orization but also COD removal is of interest. In Fig.
8 are presented the AO7 concentration and the COD
of the solution as functions of time of illumination,
at pH 12. It should be noted here that the initial AO7
concentration in this experiment was 300 mg/l, which
corresponds to a COD value of 485 mg/Dwhile the
measured COD was approximately 450 mg/l. This is
due to the appreciable experimental error in the usual
methods of COD measurement. As observed in Fig. 8,
there is a substantial decrease of the COD of the so-
lution, which continuously decreases with time. COD
is decreased to 50% after ca 4 h, while at the end of
the experiment (8 h) more than 85% of the COD is
removed. However, the rate of COD removal is much
lower than that of decolorization, which is completed
after 2 h of illumination (Fig. 8).

3.3. Effect of altervalent cation doping of Ti@n
the degradation rate of AO7

The effect of altervalent cation doping of Ti®@n
the decolorization rate of AO7 is presented in Fig. 9. It
should be noted here that Ti@alcined at 700C and
not P25 is used as a reference photocatalyst in these
experiments. This is due to the significant difference in
particle size of these samples. The initial rate of AO7
degradation is shown in Fig. 9 as a function of dopant
concentration, for dopants of lower (€3 and higher
(W6+) valence than that of the host cation{T). It is
observed that, upon increasind¥Wconcentration, the
decolorization rate initially increases, goes through a
maximum for photocatalysts containing 0.2296 W

that the decolorization process is photo-induced. It is and then decreases for higher dopant concentrations.
obvious that the fastest degradation is achieved by us-On the other hand, doping with &aresults in a small

ing radiation which contains both UV and visible light,

decrease of the decolorization rate (Fig. 9).
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4. Discussion

4.1. Effect of the pH of the solution on the adsorptive
properties of TiQ

AO7 is known to adsorb on Ti®particles from
aqueous solutions [25]. The strong dependence of the
capacity of TiQ towards AO7 adsorption on the pH
of the solution can be explained by taking into account
the intrinsic amphoteric behavior of suspended 2liO
particles and the acidic nature of the dye. It is known

Today 54 (1999) 119-130

dation rate is rather insensitive in the pH range of 2-9,
it increases significantly upon increasing pH of the so-
lution above 10 (Fig. 2). This probably has to do with

the pH-dependence of the chemisorptive properties of

TiO,, as discussed above. At pH9 (pH < pKa2), the
adsorption of AO7 is favored by the electrical nature
of TiO,. This is confirmed by the adsorption capacity
curves presented in Fig. 1. It is possible that this leads
to the formation of several layers of adsorbed dye on
the photocatalyst surface. It is then expected that most
of the adsorbed dye molecules are not in direct contact

that metal oxide particles suspended in water behaveWith the photocatalyst surface resulting in decreased

similar to diprotic acids. For Tig) hydroxyl groups
undergo the following acid—base equilibria [10]:

> TiOH, tP28 < TiOH + H* Q)
> TIOH":2 = Tio~ + Ht @)

where ‘>TiOH’ represents the ‘titanol’ surface group
and Ka1, pKaz are the negative logs of the acidity con-
stants for the first (Eq. (1)) and second (Eq. (2)) acid
dissociation, respectively. For Degussa P2&,= 4.5
and K52=8.0, which yield a pH of zero point of
charge equal to pjic=6.25 [10].

From the above, it is reasonable to expect that ad-
sorption on TiQ will depend on the electrical charge
of the dye and the photocatalyst surface. AO7 has a
negatively charged sulfonic group and it is expected
that, at low pH, attractive forces between the FiO
surface and the dye will favor adsorption. On the
other hand, at high pH, the TiGsurface is negatively
charged and repulsive forces will lead to decreased
adsorption. Finally, at pH values close to the gl
adsorption is expected to take intermediate values.

The experimentally observed dependence of the ad-
sorption capacity of Ti@ towards AO7 on the pH of
the solution (Fig. 1) is in agreement with the explana-
tion given above, since the pH of the solution affects
the electrical properties of the TiGurface.

4.2. Effect of operational parameters on the
degradation rate of AO7

4.2.1. Effect of the pH of the solution

The results presented in Fig. 2 clearly show that
there is a strong dependence of the pH of the solution
on the degradation rate of AO7. Although the degra-

degradation rates with decreased pH. This issue will
be also discussed in the continue.

It is also possible that the observed effect of the
pH on the degradation rate of AO7 is due to different
photoreaction mechanisms operable at different pH.
Assuming that degradation proceeds via hydroxyl rad-
ical attack, it is expected that this mechanism would
be favored at pH >I§52, where the TiQ surface is
highly hydroxylated. Further evidence for the opera-
tion of different photoreaction mechanisms at different
pH values is given by the fact that, under all experi-
mental conditions examined, the apparent order of the
reaction is different for pH 6 (first-order, Fig. 3(A))
and pH 12 (zero-order, Fig. 3(B)). However, this is-
sue needs further investigation. Experiments are now
in progress in order to identify the intermediate prod-
ucts of the degradation of AO7. If more oxygenated
compounds are produced at pH 12 compared to pH 6,
then the mechanism involving hydroxyl radical attack
is probably responsible for the observed differences.

4.2.2. Effect of initial AO7 concentration

Results presented in Fig. 3(A, B) clearly show that
the time required for complete decolorization of aque-
ous solutions of AO7 strongly depends on the initial
concentration of the dye. It is important to note that
for dye concentrations below 50 mg/l, which are typi-
cally observed at wastewaters of dyehouses, complete
degradation of AO7 takes place in the order of min-
utes, for both neutral (Fig. 3(A)) and basic (Fig. 3(B))
solutions.

Although the time required for complete decoloriza-
tion of AO7 solutions increases with increasing initial
dye concentration, this is not the case for the observed
initial rate of the reaction (Fig. 4). For pH 6, the appar-
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ent initial reaction rate remains constant with increas- cell outlet divided by the intensity at the same point
ing initial dye concentration from 25 to 100 mg/l. Fur- at zero catalyst loading) was examined as a function
ther increase oy results in a progressive decrease of of catalyst loading. It was concluded that the reduc-
ro (Fig. 4). This dependence could again be related to tion in the rate of K production (per gram of cata-
the formation of several monolayers of adsorbed dye lyst) was due to reduced transparency of the reaction
on the TiQ surface, which is favored at high dye con- slurry caused by increased concentration of photocat-
centrations, as discussed above Ct< 100 mg/l, the alyst particles [26].
surface is not completely covered leading to constant
reaction rates. At higher dye concentrations, larger 4.3. Effect of the incident photon energy
amounts of the dye adsorb on the photocatalyst (see
adsorption isotherms of Fig. 1) and inhibit the reaction  Results discussed so far clearly indicate the appli-
of adsorbed molecules with the photoinduced positive cability of the photocatalytic method for the degrada-
holes or hydroxyl radicals, since there is not a direct tion of aqueous solutions of AO7 under illumination
contact of the semiconductor with them. This results with photons having energy in the region of UV/vis
in the observed decrease in the apparent reaction rateradiation. Under these conditions, the process is quite
In addition, it should be taken into account that the in- fast, especially for low initial dye concentrations.
cident photons can be absorbed either by the; T80 This is the case for the experiment presented in Fig.
by AO7 molecules present in the solution. Increasing 7, where complete decolorization of an AO7 solution
dye concentration leads to an increase of the amountwith Cy =25 mg/l takes place in a few minutes when
of photons which are absorbed by the dye molecules jlluminated with UV/vis radiation. Under identical
and never reach the photocatalyst surface. experimental conditions but in the dark, there is no
On the contrary, at pH 12 where adsorption of AO7 change in the concentration of the dye with time,
on the photocatalyst surface is negligible (Fig. 1), there indicating that the observed changes are due to a
are no multilayers formed and the apparent reaction photo-induced process. In addition, blank experiments
rate is relatively constant over a wide range of initial conducted in the presence of UV/vis radiation but
dye concentrations (25-600mg/l, Fig. 4). Dye con- in the absence of photocatalyst did not result in any
centrations as high as 1000 mg/l are then required to measurable degradation of AO7. This clearly shows
observe a decreaseip (Fig. 4). that homogeneous photochemical processes do not
occur under the present experimental conditions.
When a filter which cuts-off UV light is used
4.2.3. Effect of photocatalyst content and only visible light is permitted into the reactor
The degradation curves presented in Fig. 5, show (5 >400nm), AO7 degradation takes place at smaller
that the time required for the decolorization of aqueous puyt appreciable rate (Fig. 7). This indicates that in
solutions of AO7 decreases with increasing the pho- the system examined here, the mechanism involving
tocatalyst content in the dispersion up to ca. 2.09/l. photosensitized electron injection is also operable.
However, for catalyst contents above 2.0 g/l there are According to the mechanism of sensitized photocatal-
not significant changes. As observed in Fig. 6, the ap- ysis, no charge separation is involved in the semicon-
parent initial rates per gram of catalyst decrease with ductor, as in the case of direct photocatalysis. Charge
increasing TiQ content, which is more pronounced at injection is rather entailed from an excited state of

pH 12. This behavior is due to the so called ‘shielding the dye into the conduction band of the Bi(27]:
effect’ caused by the suspended Zi@yers located

closer to the radiation source, which reduce the pen- Dye+ hv — 'Dye* (or *Dye®) ®3)
etration of light. Obviously, the shielding effect be- 1pye*(or 3Dye*) + TiO2 — Dye** + TiOx(e™) (4)
comes more pronounced as the photocatalyst concen-
tration increases. The electron injected into the TOis normally

A similar behavior has been observed in the study trapped by an oxygen molecule. The cation radical
of photocatalytic cleavage of water, where the normal- produced by charge injection is less stable than the
ized intensity,l/lg (measured intensity at the reactor ground state of the compound, but it is also extremely
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susceptible to recombination if the injected electrons  Concerning the volcano-type dependence of the
accumulate in the conduction band [3]. Unless the degradation rate of AO7 on increasing®Wdopant
cation radical undergoes recombination, it quickly de- concentration (Fig. 9), a similar behavior has been

grades to yield stable products: also observed in the case of the rate ofgdoduction
N during photocatalytic cleavage of water [28]. This
Dye*" — products (5)  behavior can be related with the dopant-induced alter-

ations on the light-absorption capacity of B@®")
photocatalysts. It has been shown, using Diffuse Re-
flectance Spectroscopy (DRS), that light-absorption
capacity of the Vft-doped materials increases mono-
tonically with increasing dopant concentration, but,
at the same time, a shift of absorption bands to lower
wavelengths occurs [28]. The volcano-type curve of
Fig. 9 may then be attributed to the contradicting ef-
fect of these parameters on the photocatalytic activity
of the WPt-doped catalysts.

One would argue that the observed differences of the

Dye*™ 4+ O,*~ — products (6)

The advantage of sensitized photocatalysis is that
the range of excitation energies is extended into the
visible region, as in the present case, making the use
of solar light for destruction of non-biodegradable
wastewaters more efficient.

4.3.1. COD removal
The results presented in Fig. 8 show that the photo-

catalytic process leads, apart from decolorization, to a reaction rates with altervalent cation doping of FiO

szbstangalhdecreasehof thh? CdOD of thg SOM'E”"“ IS are due to the morphological and/or structural changes
observed, however, that this decrease Is much slower, .o py the dopants. However, the doped photocat-
than the degradation of AO7 since the COD curve lags

. : L alysts employed have similar surface areas anc TiO
the dye concentration curve considerably. This is due y POy &

he f ) ¢ I lored d d is in the rutile form in all cases (Table 1). In addition,
to the formation of smaller uncolored products, dur- e particle size of all photocatalysts was the same and
ing the degradation of AO7, which continue to con-

ib he COD of th luti T hi the experiments were conducted under identical condi-
tr; utedto t g : ? r: € so :Jlt'on' 0 achieve CO”&' tions. Therefore, the differences of the photocatalytic
plete egra a_t|on 0 t.e smalfler organic compounds, activity observed in Fig. 9, may be safely attributed to
longer irradiation time is required. Preliminary exper-

. howed that the | di ‘ 4 dur the effects induced by altervalent doping of %ion
|rr:1enths S owel ! ?jt t eO:nt_ermef fée; orrg_ed unr(;g its bulk electronic structure (position of Fermi energy
the photocatalytic degradation OPALT are biodegrad- level, formation of new energy levels by interaction of
able and, therefore, standard biological methods could

b di binati ith oh i an interstitial dopant with the semiconductor lattice,
e used in combination with photocatalylic processes, go.rqn conductivity in the bulk semiconductor) and
for the complete mineralization of azo-dyes present in

surface properties (thickness of the space charge layer,

wastewaters. existence and concentration of surface states, decom-
position potentials affecting the photo corrosion pro-

4.4. Effect of altervalent cation doping on the cess) [28].

degradation rate of AO7 Doping of TiO, with cations of valence higher than

that of the parent it cation results in increased con-

The results presented in Fig. 9 clearly show that centration of electrons in the conduction band, as il-
doping of TiQ with small amounts of cations of va- lustrated by the following defect site reaction:
lence higher than fit results in an increase of the ini- 2 ) 1 _
tial rate of the degradation of AO7, while the opposite WOz « W[TI]*" + TiO2 + 50, + 2¢ (7)
is true upon doping with cations of valence lower than An upward shift of the Fermi energy level is also
that of the host cation. The promoting effect of WO  expected, and, consequently, a cathodic shift of the
addition on TiQ has been also reported for the photo- flat band potential, towards negative value with re-
catalytic degradation of 1,4-dichlorobenzene [31] over spectto the NHE potential. As the n-dopant concentra-
photocatalysts prepared by incipient wetness impreg- tion increases the surface barrier becomes higher and
nation, followed by heat treatment, and by flame hy- the space charge region narrower. The electron-hole
drolysis techniques [31,32]. pairs photogenerated within this region are efficiently
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separated by the large electric field traversing the bar-

rier, before having the chance to recombine [28].
When TiG is doped with lower valence cations

the opposite behavior is expected. In this case, doping 4.

results in increased concentration of holes in the va-
lence band, as illustrated by the following defect site
reaction:

CaO+ 302(9) + 26 < Ca[Ti]*” + TiO, (8)

Furthermore, the Fermi level is shifted to lower values.
This shift affects the position of the flat-band poten-
tial of TiO», which is shifted anodically, towards pos-

itive values with respect to the NHE potential. As the

p-dopant concentration is increased, the surface bar-
rier is lowered and the space charge region becomes

progressively thicker. The transient time across the
barrier is increased and the probability of the carriers

recombination is enhanced, thus leading to decreased

photoreaction rates [28].

5. Conclusions

Photocatalytic processes with the use of solar radi-
ation and TiQ-based photocatalysts can be efficiently
applied for the degradation of non-biodegradable

129

photosensitized electron injection is also operable

in this system, leading to charge separation with

light of less than band energy.

Decolorization of aqueous solutions of AO7 is

much faster than COD removal due to the forma-

tion of uncolored intermediate fragments. Com-
plete mineralization is achievable under prolonged
exposures.

5. The photodegradation rate of AO7 can be altered
to the desired direction by altervalent cation dop-
ing of TiO, in a manner which depends on the
valence and the concentration of the dopant. Dop-
ing TiO, with W8+ cations (0.22 at.%) results in
a two-fold increase of the apparent initial degra-
dation rate while doping with G4 results in a
small decrease of the degradation rate of AO7.
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