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bstract

The photocatalytic degradation of Alcian Blue 8 GX, a cationic copper phthalocyanine dye, has been investigated in aqueous suspensions
ontaining the commercial catalyst TiO2 P-25. The photodegradation of the organic molecule follows approximately a pseudo-first kinetic order,
ccording to the Langmuir–Hinshelwood model. The effect of catalyst concentration, pH of the initial solution and the H2O2 concentration upon

he reaction rate was ascertained. It was shown that the photocatalytic degradation reaction can be mathematically described as a function of
arameters such as pH, H2O2 concentration and irradiation time, being modeled by the use of the response surface methodology. Optimized values
or oxidizing agent, concentration, pH and UV exposure time for the studied system were determined.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The release of the colored wastewaters into the ecosystems is
dramatic source of aesthetic pollution and perturbation in the

quatic life, and for this reason, the international environmental
tandards (ISO 14001, October 1996) concerning the discharge
f the colored effluents became more and more stringent. Direc-
ive 91/271/CEE foresees values of minimum 70–90% BOD
eduction and, minimum 75% COD reduction, respectively, for
he discharged municipal treated wastewater. At the same time,
n the case of industrial wastewaters that are not evacuated
ogether with the municipal one, are imposed the same treat-
ent conditions as for the latter.
In order to be able to discharge the treated colored wastewa-

ers into waters at a level that meets the discharge standards, apart
f the degradation of the harmful compounds without causing
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econdary pollution, the removal of the color is an obligation,
his becoming subject of environmental regulations since it is
ften linked to aquatic toxicity and lower DO (dissolved oxy-
en) values in receiving streams (US Environmental Protection
gency, 1996).
However, due to the complexity and variety of dyes used

or different purposes, as well as their non-biodegradability, it
s rather difficult to find a unique treatment method that would
esult in effective degradation of all types of dyes.

Apart of those dyes used in textile industries, some dyes,
alled also biological stains, such as Eosin Y, Auramine O,
ematoxylin, Rose Bengal, Alcian Blue, etc. are widely used

n biomedical research laboratories and also for diagnostic pur-
oses. Some of these stains are known to be toxic or mutagenic
or human and animals [1,2].

Although the volume of the stain solutions used in this kind
f laboratories is relatively small, the very high concentration

f dyes inside them (i.e. ∼10,000 ppm eosin Y or 5000 ppm
hodamine B in auramine–rhodamine fluorescence solution [3])
esults in the formation of wastewaters with high toxicity, low
ight transparency and high content in organic carbon. According

mailto:poulios@chem.auth.gr
dx.doi.org/10.1016/j.jhazmat.2006.10.019
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o our knowledge, the methodology that is mainly used for the
emoval of these biological stains from their solutions is their
orption either on activated carbon or on a polymeric resin (i.e.
mberlite XAD-16). However the problem is not solved with

hese methods but is just moved from the liquid to the solid
hase. In addition, the recovery efficiency is not the same for all
iological stains and, in some cases, a large amount of adsorbent
s necessary for their complete removal [1].

The ineffectiveness of the conventional methods for color
emoval led to the necessity to develop other efficient wastewater
reatment processes. Destructive oxidation methods such as het-
rogeneous photocatalysis (TiO2/UV-A), ozonation, H2O2/UV-
, photo-fenton, sonolysis, etc. are considered very attractive

ince they transform hazardous pollutants into compounds with
more reduced impact on the environment and are also very

ffective in destruction of chromophoric structures of the dyes,
onsidering the fact that color removal is an important factor
lso for water recycling [4–11].

Our present study provides results describing the photocat-
lytic decolorization and oxidation of Alcian Blue 8 GX, a
hthalocyanine dye over semiconducting powders such as TiO2
nder various experimental conditions. Alcian Blue 8 GX is
sed as counterstain in routine staining of histological tissue sec-
ions or as binding assay for the in situ quantification of marine
iofilms produced by marine bacteria [12,13]. Its structure is
resented below (CAS 33864-99-2):

The heterogeneous photocatalytic oxidation process consists
n illumination of particles of semiconducting materials, such
s titanium dioxide, with light energy higher that their band gap
nergy resulting in appearance of excited high energy states of
lectron and holes pairs that can migrate to the surface of the par-
icles and initiate a wide range of redox reactions [14,15]. These
eactions could lead to complete destruction of the pollutant. To
ptimize the kinetic of the process, a series of parameters such
s catalyst and oxidizing agent concentrations, as well as pH,
ere studied.
Additionally, an experimental factorial design of the pho-

ocatalytic system was used to find the optimal conditions for
nhancing the degradation of the studied dye. With this purpose,

he following variables were simultaneously changed: initial pH
f solution, concentration of H2O2 used as oxidizing agent and
rradiation time, while catalyst concentration was maintained
onstant.

o
d

us Materials 144 (2007) 265–273

. Experimental

.1. Reagents

Alcian Blue 8 GX (C56H68Cl4CuN16S4, MW = 1299), prod-
ct of Sigma–Chemie GmbH, was used as received. TiO2 P-
5 Degussa (anatase/rutile = 3.6/1, surface area 56 m2 g−1) was
sed for all the photocatalytic experiments, except were other-
ise mentioned in the text. TiO2-A (100% Anatase, 10 m2 g−1)

nd ZnO (10 m2 g−1) were purchased from Merck.

.2. Procedures and analysis

Experiments were carried-out in a closed Pyrex cell of
00 ml capacity, provided with ports, at the top, for bubbling
ir necessary for the reaction to take place. The reaction
ixture was maintained as suspension by magnetic stir-

ing. Previously to irradiation, the reaction mixture was left
0 min in the dark with the aim at achieving the maxi-
um adsorption of the dye onto the semiconductor catalyst

urface. The irradiation was performed with a 9 W central
amp. The spectral response of the irradiation source (Osram
ulux S 9 W/78 UV-A) according to the producer is ranged
etween 350 and 400 nm with a maximum at 366 nm and
wo additional weak lines in the visible region. The pho-
on flow per unit volume of the incident light was deter-

ined by chemical actinometry using potassium ferrioxalate
16]. The initial light flux, under exactly the same condi-
ions as in the photocatalytic experiments, was evaluated to be
.16 × 10−4 einstein L−1 min−1.

In all cases, during the experiments, 450 mL of Alcian Blue
olution containing the appropriate amount of semiconducting
owder was magnetically stirred before and during irradia-
ion. Specific quantities of samples were withdrawn at periodic
ntervals and filtered through a 0.45 �m filter (Schleicher and
chuell) in order to remove the catalyst particles. With the
im at assessing the extent of color removal, changes in the
oncentration of the dye were observed from its characteristic
bsorption band using a UV–vis spectrophotometer Shimadzu
V-160A.
Since a linear dependence between the initial concentration

f the Alcian Blue solution and its optical density at 609 nm was
bserved, the photodecomposition was monitored spectrophoto-
etrically at this wavelength. For alteration of pH in the acid and

lkaline area, solutions of H2SO4 0.1N and NaOH 0.1N, respec-
ively, were used. The pH values of the solution were monitored
ith a Metrohm pH-meter, while the reaction temperature was
ept constant at 25 ± 0.1 ◦C.

. Results and discussion

.1. Kinetics of photocatalytic degradation of Alcian Blue 8
X

At first, experiments concerning the photocatalytic oxidation
f Alcian Blue 8 GX were accomplished in the presence of
ifferent semiconductor catalysts.
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ig. 1. Photocatalytic degradation of 40 mg L−1 Alcian Blue 8 GX as a function
f irradiation time in the presence of (�) 0.5 g L−1 TiO2 P-25, (�) 0.5 g L−1

iO2-A, (�) 0.5 g L−1 ZnO and (�) UV-A light, no catalyst.

Results of the photolysis of a 40 mg L−1 (0.307 × 10−4 M)
ye solution containing 0.5 g L−1 either TiO2 P-25, TiO2-A or
nO are depicted in Fig. 1, where the amount of the organic
olecule present in the supernatant is plotted as a function of

rradiation time. Among these ones, ZnO and TiO2 P-25 exhib-
ted the best results. Under the experimental conditions and in
he presence of 0.5 g L−1 TiO2 P-25, approximately 96% of the
nitial concentration of the dye was removed after 65 min, while
n the presence of ZnO, the degradation was almost complete
fter 15 min of irradiation. The degradation in the presence of
iO2-A is a slower process, considering the fact that after 65 min
f irradiation, around 35% of the initial concentration remained
n solution when this catalyst was used.

On the other hand, direct UV-A light irradiation was insuf-
cient to decolorize the dye solution, a very small decrease in

he concentration of the dye being achieved in the absence of
ny catalyst. This shows that photocatalytic degradation is not
n concurrence with direct photolysis.

Although ZnO proved to exhibit the best photocatalytic activ-
ty under the given experimental conditions, it is not allowed to
e used due to his corrosion/photocorrosion which leads addi-
ionally to enhance of the toxicity of the solution [17].

Considering the better performances of the Degussa P-25
oward the anatase catalysts, as well as its stability and resistance
o corrosion and photocorrosion in comparison to ZnO, the first
as chosen for further experiments.
The effect of varying the quantity of TiO2 P-25 on the

bserved photodegradation of 40 mg L−1 Alcian Blue 8 GX is
resented in Fig. 2.

The optimum concentration of TiO2 P-25 required for the
ecolorization of a 40 mg L−1 Alcian Blue 8 GX solution was
xamined in slurry method by varying the catalyst amount from
.25 to 4 g L−1. The results revealed that the incident pho-

ons were completely absorbed when the TiO2 concentration
ncreased to 0.5 g L−1.

It is obvious that the rate increases with an increase of the
mount of catalyst up to a level corresponding to the optimum

d
L
p
T

ig. 2. Dependence of the initial reaction rate (r0) on the concentration of TiO2

-25 for constant dye concentration (40 mg L−1).

f light absorption. Above this value the suspended particles of
he catalysts block the UV-light passage and increase the light
cattering [18–21]. Thus, any further increase of the amount
f the catalyst will have no effect on the photodegradation
fficiency.

The initial degradation rate of most organic pollutants is
escribed by the Langmuir–Hinshelwood model, developed
y Turchi and Ollis [22] and accepted by a great number of
esearchers. Langmuir–Hinshelwood rate expression has been
sed with success for determining the relationship between the
nitial degradation rate and the concentration of the organic sub-
trate in the case of the reactions occurring at the solid–liquid
nterface within the heterogeneous photocatalytic processes and
s expressed by the equation:

0 = −dC

dt
= krKCeq

1 + KCeq
(1)

here r0 is the initial rate of disappearance of the organic
ubstrate, Ceq the equilibrium bulk-solute concentration, K the
quilibrium constant for adsorption of the organic molecule onto
atalyst and kr is the reaction rate constant, which reflects the
imiting rate of reaction at the maximum coverage under the
iven experimental conditions. A standard mean of using this
quation is to demonstrate linearity of the data when plotted as
he inverse initial rate versus the inverse initial concentration:

1

r0
= 1

kr
+ 1

krK

1

Ceq
(2)

Due to the fact that Alcian Blue 8 GX is strongly adsorbed
n the TiO2 P-25 surface the equilibrium concentration of the
ye (Ceq), instead the initial one (C0), was used in the kinetic
tudy [23].

The effect of altering the equilibrium concentration of the
ye on the initial reaction rate (r0) of the photocatalytic degra-

ation is shown in Fig. 3. The curve is reminiscent of a
angmuir type isotherm, for which the rate value of decom-
osition increases sharply until it reaches a saturation value.
he r0 values were independently obtained by a linear fit of
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by a decrease of r0 in the pH region 6.8–7.4. Taking into account
that Alcian Blue is a cationic dye it is obviously that its adsorp-
tion on the photocatalyst surface is not positively influenced in
acidic media due to repulsive forces between positively charged
ig. 3. Plot of r0 vs. Ceq for Alcian Blue 8 GX at different initial concentrations.
he inset shows the linear transform of r−1

0 vs. C−1
eq according to Eq. (2).

he data Ceq − t in the range of 5–50 mg L−1 initial pollutant
oncentration.

Only the experimental data obtained during the first 10 min of
rradiation were considered in calculus of the initial reaction rate
ith the aim at minimizing the variations resulted from the com-
etitive effects of intermediates, pH changes etc. It is well known
hat the intermediate products formed during the photocatalytic
egradation furthermore undergo photooxidation, which leads
o changes in the initial conditions.

The dependence of 1/r0 values on the respective inverse
quilibrium concentrations for constant concentration of TiO2
-25 (0.5 g L−1), is shown in inset of Fig. 3. The kr and

values calculated according to Eq. (2) from the slope of
he straight line (R2 = 0.99) and from the intercept with the
/r0 axis were kr = 0.6 mg L−1 min−1 (4.6 × 10−6 M min−1) and
= 0.097 mg−1 L (1.19 × 104 M−1), respectively.
Researches conducted with many types of organic pollu-

ants shown that the dark adsorption equilibrium constants
re, generally, different of adsorption constants determined by
angmuir–Hinshelwood kinetic model [24,25]. Moreover, the
irtual meanings of parameters kr and K have not been clar-
fied [26–28]. The different values of adsorption constants in
he two cases may owe to the changes appeared in the adsorb-
ng sites onto the catalyst surface under illumination but neither
he possibilities of significant photoadsorption and/or occurring
f reaction steps in the double layer can be excluded. Studies
hown that the adsorption constant K is a function of the light
ntensity [29,30] and the electronic properties of the TiO2 sur-
ace will undergo dramatic changes upon illumination, altering
he adsorption sites, as well [31].

In the case of the Alcian Blue 8 GX, the comparison between
he results achieved within dark period and those obtained by
pplying the Langmuir–Hinshelwood model could not have
een done since a correct approach of the dark adsorption kinetic

as not possible due to extremely fast dye adsorption onto the

atalyst surface (above 40% of the dye was adsorbed in 30 s
f dark pre-equilibration in most of the cases, even at very low
oncentrations of catalyst).

F
o
T

us Materials 144 (2007) 265–273

.2. Influence of initial pH on photocatalytic degradation
rocess

The influence of the initial pH of the dye solution on the pho-
odegradation of Alcian Blue 8 GX was studied, considering that
H is one of the most important parameters for the photocatalytic
rocess.

The properties of the solid/electrolyte interface, i.e. the elec-
rical double layer, are modified as the pH of the medium
hanges and, consequently, the effectiveness of the adsorp-
ion/desorption processes and the separation of the photogen-
rated electron–hole pairs are also substantially affected. The
ffect of pH on the photocatalytic reaction can be mainly
xplained by the surface charge of TiO2 (point of zero charge,
zc, of TiO2 ∼ 5.6) and its relation to the protonation of the
mino groups in Alcian Blue 8 GX. The adsorption of Alcian
lue 8 GX onto the TiO2 surface in the dark is probably the first

tep and determines the efficiency of the photooxidation. The
xtent of adsorption of the electron donor onto the surface of
iO2 due to the variation in pH appeared to play a more impor-

ant role in the resultant photodegradation, than the change in
he location of the Fermi level [32,33].

The decolorization of the dye solution was studied only in the
H range 4.2–7.4, due to the fact that in strong acidic and alka-
ine media (8 < pH ≤ 3) almost 100% color removal of Alcian
lue was observed after a 30 min dark adsorption period. Sim-

lar result was reported also for the cationic dye Blue X-GRL
34].

The initial reaction rate values for the photocatalytic degra-
ation of the cationic dye Alcian Blue 8 GX, determined for
he first 10 min of UV-A exposure in the studied pH range, are
resented in Fig. 4.

When initial pH of the suspension varied from 4.2 to 7.4 the
hotocatalytic activity reached a maximum at pH 6.3, followed
ig. 4. Effect of pH on the initial reaction rate of the photocatalytic degradation
f 40 mg L−1 Alcian Blue 8 GX at constant concentration of catalyst (0.5 g L−1

iO2 P-25).
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urface and adsorbed group. Adsorption became strongly during
ecrease of acidity of the medium until the value of pH around
hat of zero charge point, where the maximum reaction rate was
btained. In the region pH 6.8–7.4, decrease of the degradation
ate may due to very strong adsorption of the dye on the catalyst
urface, which leads to the dramatic decrease in the active cen-
ers on the catalyst surface (decrease in UV-A absorption light
y this one). In alkaline media, at pH > 8, the color removal was
chieved only by strong adsorption of the cationic dye as a result
f strong electrostatic attraction onto TiO−.

.3. Influence of H2O2 addition on photocatalytic process

The addition of strong powerful oxidizing agents, such as
ydrogen peroxide, to TiO2 suspensions leads in many cases
o an increase in the photooxidation rate through generation of

ore radicals in the presence of light. The role of H2O2 in the
rocess of photocatalytic degradation is dual. It accepts a photo-
enerated electron from the conduction band and thus promotes
he charge separation (Eq. (3)) and it also forms OH• radicals
ia superoxide according Eq. (4):

2O2 + e− → OH− + OH• (3)

2O2 + O2
•− → OH• + OH− + O2 (4)

A possible reaction of H2O2 with the photogenerated inter-
ediates also cannot be excluded. When H2O2 is in excess,

t may act as hole or OH• scavenger or react with TiO2 and
orm peroxo compounds that are detrimental to the photocat-
lytic action. This explains the need for an optimal concentration
f hydrogen peroxide for the maximum effect.

The effect of the amount of H2O2 on the initial reaction rates,
alculated for the first 10 min of reaction, is shown in Fig. 5.

he photocatalytic activity increases with increasing amount of
ydrogen peroxide until it reaches a maximum at the concentra-
ion of 100 mg L−1 oxidant. Under the studied conditions, the
ddition of hydrogen peroxide accelerates the degradation only

ig. 5. Effect of H2O2 concentration on the photocatalytic degradation rate of
0 mg L−1 Alcian Blue in the presence of 0.5 g L−1 TiO2.
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atalytic degradation efficiency (•) of 40 mg L−1 Alcian Blue 8 GX (0.5 mg L−1

iO2 P-25).

y a factor of 1.85, a relative small positive effect, which has
een observed also in other cases [35,36].

The influence of the amount of H2O2 addition on dark adsorp-
ion and photocatalytic process efficiencies calculated for 20 min
f UV exposure, when data concerning removal of color were
vailable for all the used oxidant concentrations ranged between
0 and 400 mg L−1 is depicted in Fig. 6.

The dark adsorption and the photocatalytic degradation effi-
iencies were calculated by expressions:

ads =
[
Ca0 − Cat

Ca0

]
× 100 (5)

ph =
[
Cph0 − Cpht

Cph0

]
× 100 (6)

here Ca0 is the concentration of the solution before the catalyst
as added, Cat the concentration after t minutes of dark adsorp-

ion (15 min), Cph0 the concentration of dye solution before UV
rradiation and Cpht is the concentration of solution after t min-
tes of UV exposure.

As can be seen from Fig. 6, while at natural pH of the solu-
ion, in the absence of H2O2, the dark adsorption efficiency was
round 24%, the presence of oxidizing agent leads to an increase
f the adsorption efficiency of the dye onto the catalyst surface.
igher dark adsorption values may be the result of decrease of

cidity of the medium by H2O2 adding, which have a favorable
nfluence on adsorption of cationic dye onto the catalyst surface,
s it was shown when influence of pH was described. pH mea-
urements had shown an increase from 4.35 unit, in the absence
f H2O2, to 5.7 unit in the presence of 400 mg L−1 oxidant.

Additionally, analysis of the H2O2 concentration during the
hotocatalytic reaction shown a total consumption of hydrogen

eroxide below its 100 mg L−1 concentration, while at higher
oncentrations an unconsumed amount remains always in the
olution, this increasing with increase of the initial H2O2 con-
entration (e.g. 74% for 400 mg L−1 H2O2). This finding is in
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Table 2
Numerical results of the factorial experimental design of photocatalytic degra-
dation of Alcian Blue 8 GX on TiO2

N x1 x2 x3 pH H2O2 t Y (%)

1 1 1 1 6.15 250 30 95.54
2 −1 −1 −1 4.35 250 30 96.92
3 1 1 1 6.15 50 30 91.17
4 −1 −1 −1 4.35 50 30 88.19
5 1 1 1 6.15 250 10 66.80
6 −1 −1 −1 4.35 250 10 67.60
7 1 1 1 6.15 50 10 47.19
8 −1 −1 −1 4.35 50 10 28.39
9 1.215 0 0 6.3455 150 20 92.98

10 −1.215 0 0 4.1565 150 20 90.84
11 0 1.215 0 5.25 271.5 20 93.63
12 0 −1.215 0 5.25 28.5 20 75.19
13 0 0 1.215 5.25 150 32.15 94.27
1
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ccordance to the results presented in Fig. 6 where it can be seen
hat above 100 mg L−1 initial concentration of H2O2 the photo-
atalytic efficiency is almost constant, as well as in accordance
o Fig. 5, which shown that the best H2O2 initial concentration
alue is situated in the region of 100 mg L−1.

.4. Mathematical modeling and optimization of the
hotocatalytic process

Conventional and classical methods for studying a process
y maintaining other factors involved at an unspecified con-
tant level do not depict properly the combined effect of all
actors involved. This methodology is also time consuming
nd requires a number of experiments to determine optimum
evels, which are unreliable. These limitations of a classical

ethod can be eliminated by optimizing all affecting param-
ters collectively by statistical experimental design such as the
response surface methodology” (RSM). Factorial experiments
rovide a comprehensive understanding of the impact of oper-
tional variables on process performance. The use of the fac-
orial design leads to optimized parameters with a minimum
et of experiments and also to the possibility to obtain a poly-
omial expression that empirically describes the process yield
37–44].

The variables used in this study were: initial pH, concentra-
ion of H2O2 and irradiation time. The real values of process
ariables and their variation limits were chosen in accordance
ith the preliminary tests and coded as shown in Table 1.
Factorial designs are widely used in statistical modeling to

btain empirical models between process response and process
actors. In this regard, the 23 factorial orthogonal design was
mployed in this study as it is shown in Table 2, where in the
ast column, the process yield (removal efficiency), defined as
esponse factor, is given. The calculus of the response factor was
one at duration higher than 6 min due to the fact that under this
alue, desorption of the intermediates occurs in the presence of
he oxidant, leading to negative conversions.

The coefficients of the mathematical empirical model (regres-
ion equation) were calculated via subsequent equation [45]:

= (XTX)
−1

XTY (7)

here b is the column matrix of the regression coefficients; X

he matrix of coded variables; Y is the column matrix of pho-
odegradation efficiency (experimental values).

Based on the experimental factorial design, the regression
quation that sets the correlation between the photodegradation

m
e
e
h

able 1
xperimental range and levels of independent process variables (α = 1.215)

ndependent process variables Code Real values of coded le

−α −1

nitial pH x1 4.1565 4.
oncentration of H2O2 (mg L−1) x2 28.5 50

rradiation time (min) x3 7.85 10
4 0 0 −1.215 5.25 150 7.85 49.73
5 0 0 0 5.25 150 20 92.09

fficiency and the process variables was found to be:

ˆ = 91.864 + 1.948x1 + 8.613x2 + 19.719x3 − 5.294x2
2

− 13.708x2
3 − 2.996x1x2 − 2.051x1x3 − 5.714x2x3 (8)

The polynomial coefficients represent the quantified values
f each variable, as well as the interaction between these ones.
ithin the polynomial expression x1, x2 and x3 are the dimen-

ionless coded values of initial pH, hydrogen peroxide concen-
rations and irradiation time, respectively.

The Student ‘t’-test was used to determine the significance
f the regression coefficients of the factors. The accordance
etween the model and experimental data was verified by apply-
ng Fischer’s test for a confidence level p = 0.05 and degrees
f freedom f1 = 6 and f2 = 1. For this purpose, the calculated
alue of the Fischer’s test (FC = 41.478) was compared with the
abulated one (FT(f1,f2) = 233.986). Since FC < FT, the math-
matical model is truly with a probability of 95%, i.e. the
ccordance between the model and experimental data is statis-
ically accepted for a confidence level p = 0.05. Both calculated
nd experimental values of the photodegradation efficiency are
hown in Fig. 7.

Concordant to empirical model, the 3D diagrams and curves
f response surface were plotted (Figs. 8–10). The resulted geo-

etric forms evidence the influence of the factors on process

fficiency (yield). Thus, the x3 variable (time) has a bigger influ-
nce than x2 variable (H2O2 concentration), which, in its turn,
as a greater influence than x1 (pH) factor.

vels Step

0 +1 +α

35 5.25 6.15 6.3455 0.9
150 250 271.5 100

20 30 32.15 10
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This is in accordance with the preliminary experimental
esults. As it was shown, the photodegradation efficiency after
0 min of irradiation has raised by a factor of 1.95 when pH
ncreased from 4.15 to 6.35 and by a factor of 2.5, respectively,

w

v
a
i

Fig. 8. Response surface and contour cur

Fig. 9. Response surface and contour cur
us Materials 144 (2007) 265–273 271

hen H2O2 concentration increased in the range 10–100 mg L−1

the best concentration from the point of view of reaction rates
alculated for the first 10 min of reaction).

At pH value of 6.35, increasing irradiation time from 6 to
0 min, yielded in two-fold increase of efficiency, while for
00 mg L−1 H2O2 this was 6 times higher when irradiation time
ncreased in the range 6–20 min (data not shown).

The reaction was optimized to determine the time when 100%
ield (efficiency) of the photocatalytic process results in given
xperimental conditions.

Optimization of objective function (Eq. (8)) was achieved
y GRADIENT method. In this regard, the optimal point was
earched by means of Eq. (9) [46]:

(k+1) = x(k) + V (k)s(k) (9)

(k) (k) (k) (k) T

here x = {x1 , x2 , x3 } denotes the vector of process

ariables, V(k) = {m(k)
1 , m

(k)
2 , m

(k)
3 }T

the direction of steepest
scent, s(k) the step of searching and k is the stage of search-
ng.

ves depending on x1 and x2, x3 = 0.

ves depending on x2 and x3, x1 = 0.
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Fig. 10. Response surface and contour curves depending on x1 and x3, x2 = 0.

Table 3
Optimization of objective function in accordance with Gradient method

k pH H2O2 Time (min) Ŷ (x1, x2, x3)

x1 z1 m1 S x2 z2 m2 s x3 z3 m3 s

1 0 5.25 0.09 1 0 150 0.399 1 0 20 0.913 1 91.864
2 0.09 5.33 −0.141 0.1 0.399 189.8 −0.138 0.1 0.913 29.1 −0.98 0.1 98.855
3 0.076 5.32 −0.173 0.1 0.385 188.5 −0.069 0.1 0.815 28.1 −0.983 0.1 99.502
4 0.059 5.30 −0.28 0.1 0.378 187.8 0.144 0.1 0.717 27.2 −0.949 0.1 99.868
5 0.79
6 –

x

w

m

f
t

i
c
w

x
r
e

4

G
f
c
a

u
v
H

t
t
t
s
d
o
a
t
t
o
e

i
m
m
t
w
c

0.031 5.28 −0.49 0.03 0.392 189.2
0.016 5.26 – – 0.416 191.6

The Eq. (9) written via components becomes:

(k+1)
i = x

(k)
i + m

(k)
i s

(k)
i (10)

here

(k)
i = ±(∂Ŷ/∂xi)x̄=x̄(k)√∑n

i=1(∂Ŷ/∂xi)
2
x̄=x̄(k)

(11)

Optimization search by GRADIENT method led to the
ollowing optimum point: pH* = 5.26, [H2O2]* = 191.6,
* = 26.3 min ⇒ Y = 100% as may be observed from Table 3.

This fits to conclusion resulted from the obtained mathemat-
cal empirical model, which suggested that relatively lower pH
ombined with higher oxidant concentration and irradiation time
ill improve significantly the removal efficiency.
As one can see in the optimum point the response is Ŷ (x1,

2, x3) = 100% and the process variables do not exceed the valid
egion. All calculations were performed in high level software
nvironment (MathCAD 12).

. Conclusions

The photocatalytic degradation of cationic dye Alcian Blue 8

X in the presence of TiO2 P-25 was investigated in this study,

ocusing on the influence of some parameters such as catalyst
oncentration, initial solution pH and addition of an oxidizing
gent as H2O2.

w
o
a
w

6 0.03 0.622 26.2 0.354 0.03 99.98
– 0.633 26.3 – – 100

According to the mathematic optimization of the process,
sing the Gradient method, the optimum point when 100% con-
ersion is achieved is given by the following values: pH 5.26,
2O2 concentration = 191.6, t = 26.3 min of irradiation.
Concordant to the developed empirical model the irradiation

ime (x3 variable) has a bigger influence than H2O2 concen-
ration (x2 variable) that, in its turn, has a greater influence
han x1 (pH) factor. This suggests that an insufficient expo-
ure to the radiation results in a decrease of the photodegra-
ation efficiency, no matter which are the values of pH and
xidant concentration. At the same time, the effect of H2O2
dding also contains the positive influence of pH considering
hat the oxidant addition leads to increase of pH value, fact
hat has a favorable effect on dye adsorption and, consequently,
n photodegradation process, as it was shown in preliminary
xperiments.

From the results of the present work and relevant reports
n the literature one could claim that the photocatalytic treat-

ent of waste waters of the biochemical/biomedical laboratories
ay be employed as a powerful tool for the decoloriza-

ion and the reduction of the organic content of this liquid
aste. The use of an inexpensive and biologically inactive

atalyst, such as TiO2, and the possibility of activating it

ith harmless UV-A light, combined with the simple technol-
gy required for this method, can offer economically reason-
ble and practical solutions to the processing of this liquid
aste.
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