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The investigation of the optimal values of the experimental operating parameters (initial dye concentration,
dose of catalyst and pH value) in the photocatalytic degradation of dye Rhodamine 6G dye from aqueous
solutions was performed by following a factorial matrix plan including 18 experiments, on a catalyst prepared
by incipient wet impregnation of P-25 commercial titanium dioxide with 2% WO3. A second degree
mathematical model was obtained, combining the mentioned process parameters. The results indicate an
interesting, unexpected pH dependence of the decolorizing degree. An optimal photocatalyst dye dose was
established to be 0.323 L-1.
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The adsorption on solids followed by the photocatalytic
decolorizing and mineralization of stable, pollutant dyes is
a convenient method for wastewaters treatment. These
wastewaters are usually produced by textile industry and
biological analysis. There are similarities between the
photocatalytic reactions and the heterogeneous catalysis,
consisting in an organic species adsorption on a solid,
followed by the oxidation on the surface by active
oxygenated species. The photoactive solids are
semiconductive oxides and can capture the energy of
photons and use it for the reaction activation. The
photocatalyst must therefore be a good adsorbent and
ensure the oxygenated species to locate on the surface, in
the close nearby of reducing species. An efficient
photocatalyst must therefore offer a high specific surface
area. An open pore structure of the catalyst also leads to
an increase of the number of adsorption sites. The
photocatalytic reactions usually occur at temperature
values close to ambient; therefore, the photoreactions are
“greener”, due to the energy saving for the reaction
activation and to the minimization of secondary reactions
often occurring in the heterogeneous processes activated
by heat [1-4].
Titanium dioxide in the form of anatase is the most
common oxide used as a photocatalyst. The anatase form
of TiO2 has a bandgap wide of 3.2 eV, enabling to capture
energy from UV and solar light, which is largely available,
green and costless. When an electron is promoted between
the valence band and the conduction band, an electronhole pair is generated. The holes react with water forming
HO. radicals and protons, while the electrons react with
oxygen give .O2- radical-ion. The .O2- species combines
with two protons and one electron generating hydrogen
peroxide and it decomposes in hydroxyl radicals and
hydroxyl ions in the presence of electrons. Thus, in both socalled hole and electron pathways described, hydroxyl
radicals HO. are formed. This is the key-species involved in
the photocatalytic oxidation. The photocatalytic reaction
occurs on the catalyst surface between the adsorbed
organic species and the HO. radicals [5]. Numerous studies
indicate a synergetic effect of energy capturing when two

different species of semiconducting oxides are associated
in the same solid, due to the decrease of the probability of
electron-hole recombination [6].
Rhodamine 6G (R_6G) is an organic dye, soluble in water
and giving easily observable color even with the naked
eye, also at low concentrations of some ppm. It makes
R_6G a good tracer to prove the transport direction of
underground water courses. It also finds applications in
the fluorescence microscopy and spectroscopy), as well
as in the biochemical analysis ELISA, to detect the presence
of an antigen, in a liquid or wet sample. The persistent
color of R_6G needs its decolorizing or eventually
mineralization in order to remove the embarrassing color
from water [7].
In our work, we performed a parametric study by
following an experimental matrix allowing to elaborate a
mathematical model able to describe the system
behaviour, in terms of optimal reaction conditions for the
photodegradation of Rhodamin 6G (R_6G) dye. The
catalyst was the commercial P-25 titania doped with 2%
WO3. The investigated parameters on the photodegradation
degree were the initial dye concentration, the photocatalyst
dose and the pH value.
Experimental part
A commercial sample of titanium dioxide, P-25 from
Degussa was used for the preparation of the photocatalytic
active material, by doping with WO3. The doping procedure
was performed by the incipient impregnation technique
(IWI), by pouring 3 mL solution of sodium wolframate
dissolved in water on a sample of 1 g P-25. The amount of
impregnating salt was calculated to reach a 2% mole ratio
of WO 3 to TiO 2. The activation of the sample was
performed by slow heating (2omin-1) at 723K, maintaining
for 4 h and spontaneous cooling afterwards. The
investigation of the solids porous structure was performed
by BET nitrogen adsorption. The photocatalytic degradation
was performed in a 300 mL glass reactor (fig. 1), equipped
with a central quartz tube hosting an Osram UV-A lamp of
9W (wavelength range 350-400 nm, maximum at 370 nm),
used for the UV irradiation of the dye solution. A magnetic
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rod placed at the reactor bottom was used for the stirring.
The samples of dye of 250 mL were prepared using ultrapure water. The pH value was measured by a Hanna HI
991003 pH-meter and set to the chosen value by adding in
small drops sulfuric acid 0.1 M or Sodium hydroxide 0.1 M.
In the dye solution, the photocatalyst powder was then
added and the suspension was magnetically stirred for 30
minutes in dark, to establish the adsorption/desorption
equilibrium. Finally, the lamp was turned on; this moment
is considered the beginning of the photocatalytic reaction
and labeled as zero-time. At specific time intervals,
samples of 5 mL suspension were taken from the reaction
vessel, filtered immediately through a 0.2µm filter for
catalyst separation and analyzed to determine the
remaining dye concentration.
Fig. 2. BET isotherm of the sample 2%WO3/P-25 compared to P-25
Fig. 1. The photocatalysis
experimental setup [6]
1-glass reactor, 2-opaque lid,
3-quartz tube, 4- magnetic stirrer,
5-magnetic range, 6-UV lamp

All the experiments were run at ambient temperatures,
comprised between 295-297 K. The influence of the
temperature on the reaction is not interesting, since the
activation energy in a photocatalytic reaction comes from
irradiation and the eventual secondary heating can be
neglected. The dye concentration was measured using UV–
Vis spectroscopy on a Shimadzu UV-1700 spectrophotometer. The UV-Vis spectrum of R_6G displays a net
maximum at 526 nm. The calibration performed to check
the extinction – concentration linearity showed an excellent
linearity up to 10 ppm dye. The samples with higher
concentrations were diluted before measuring the
extinction at the requested ratios in order to stay in the
linearity range for the colorimetric measurements.
The decolorizing of the dye solution was taken as a
measure of the degradation efficiency. The dye removal
degree was calculated using the equation (1):
Dye _ removal (%) =

C0 − Ct
× 100
C0

(1)

where C0 and Ct are the initial and t - time concentrations of
R_6G

Results and discussions
Characterization of the porous photocatalyst
The BET analysis of the sample 2%WO3/P-25 showed a
solid with a relatively high surface area (271 m 2g-1),
compared to the parent sample having only 46 m2g-1. The
BET isotherm has a hysteresis loop with a shape
intermediate between H3 and H4, indicating the formation
of slit narrow pores between the particles. The dramatic
increase of the specific surface area is due to the formation
of an important secondary porosity of the sample given by
interparticle free space, as suggested by the position of
the steep increase of the adsorbed amount of nitrogen
(around p / po = 0.9) and by the narrow hysteresis loop.
The re-arrangement of the particles is due to both thermal
procedure as well as to the presence of the dopant, which
acts as a binder for the small particles of P-25. The same
behaviour has been reported by Zhang et al [8] and Xiang
et al. [9].

Decolorizing evolution
The UV-Vis spectrum of Rhodamine 6G dye and the dye
chemical structure is displayed in figure 3. The narrow band
at 523 nm from the visible region of the spectrum is due to
the chromophore (the azo group), while the bands from
275 and 246 nm in the UV region are due to the aromatic
part of the molecule [10, 11].
By following the evolution of the UV-Vis spectra, the
progressive decrease of the peak from 523 nm highlighting
the decolorizing is accompanied by the decrease of bands
from the UV region, indicating that the intermediate
aromatic products are further mineralized. The band in the
spectrum at around 215 nm could not be precisely

Fig. 3. Rhodamine 6G chemical
structure and UV-Vis spectra of
evolution in time (experimental
conditions: 30 ppm dye, 0.3 g L-1
catalyst, pH 5)
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Table 1
EXPERIMENTAL MATRIX DESIGN
AND SYSTEM RESPONSES FOR THE
OPTIMIZATION OF R_6G
PHOTODEGRADATION

assigned, but seems to be due to the presence of carbonyl
groups in acid, ester and amide species [12].

Factorial Design of the Parameters Influencing the
Photoreaction
Experimental matrix design
From the high number of possible parameters
influencing the photocatalytic reaction, three were
considered for the present study, namely: the photocatalyst
concentration, the p H value and the initial dye
concentration. These are considered to be the most
important ones, since we assumed the reaction runs under
isothermal conditions of reaction at room temperature. For
potentially applicative reasons, the time duration of a
typical run was limited to 120 min. A longer run under
artificial UV irradiation means an energy consummation
too high to remain economically acceptable.
Blank experiments using the same reagents with no
irradiation and the irradiation of the solution in the same
set of conditions without adding the solid photocatalyst,
reached a conversion degree of only some percents, proving
that the use of both UV light and of the photocatalyst were
necessary.
Obtaining the empirical model equations for the
formulation of the system response to the input controllable
variables is the main step in a Response Surface
Methodology-based (RSM) optimization process. RSM is
an usual optimization approach, allowing to locate an
extreme point on the surface of the model response, i.e. a
set of parameters values in which the optimum system
response (usually a maximum) is observed [13-17]. The
mostly used models in RSM are the polynomial regression
equations with the general form [18]:
Y = b 0 + ∑ b i x i + ∑ b ii x i2 + ∑ b ij x i x j

Response surface modeling
The success in developing the polynomial model
requires an appropriate experimental design, in order to
obtain efficient information. The preference for the central
compositional design (CCD) comes from the easiness to
use the sequential experimentation. In contrast to the
conventional methods of experimentation when the factors
are varied one by one, the CCD supposes the simultaneous
variation of the factors. This approach brings advantages
for highlighting the interaction effects between different
factors, allowing to decrease the number of experimental
runs, shortening thus the number of experimental runs so
the decrease of the experimental duration, reagents
amounts and overall expenses.
The regression coefficients for the empirical polynomial
model were calculated by using the least squares (OLS)
method. The estimations of the regression coefficients can
be written as follows [8-13]:

(2)

where:
Y is the calculated system response (the dye removal
efficiency, in our case);
xi: the factors influencing the system response (the input
variables – the catalyst and the initial dye concentrations
and the pH value);
136

b0, bi, bii, bij: regression coefficients
In the RSM, the factors are usually scaled up to coded
levels in order to facilitate the calculations. Basically, the
values of each factor assumes three different coded levels
ranging from low (-1) to medium (0) and high (+1). In
addition, depending on the type of the experimental design,
the axial levels (±α) can be also considered. The effective
values of the parameters from the experimental matrix
were chosen according to literature at extreme reasonable
values of the fore-mentioned parameters adequately. The
experiments were run at the parameters values listed in
table 1. The system responses (Y 1 and Y 2) were the
decolorizing degrees at time durations of 60 and 120
minutes from the beginning of the irradiation.

b = (xTx)xTY

(3)

where:
b: the vector of the regression coefficients;
x: the design matrix for the input variables;
Y: the column vector of experimental response
In this work, the CCD of orthogonal type produces a
polynomial regression model and illustrates a functional
relation between the dye decolorizing efficiency the three
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experimental factors. The coefficients of the polynomial
regression equations computed by the OLS-method led to
the following polynomial models:
Y2:

Y1 = - 277x22 – 1.72x1 + 194 x2 -3.3 x3 + 0.829 x1x2 +
0.185 x1x3 + 89.2
Y2 = - 84.3 x22 – 1.91 x1 + 87.5 x2 -2.67 x3 + 0.804 x1x2 +
0.184 x1x3 + 92.3

Both models resulting from the experimental matrix
design are adequate (RSq = 88.7 and 94.1 % respectively),
since the maximum abatement between the experimental
and calculated values were 11.3 and 5.9 %, respectively.
Based on the statistically validated model, the graphical
representations of the response surface were plotted. The
response surface plots and their associated contour-lines
maps are illustrated in figures 4-7.
Aiming to determine the extreme points (points of
maximum, according to the response surfaces and the
section profiles displayed in the outline plots), the first order
derivatives of the response function in relation to each
variable (x1, x2, x3) were calculated and equalized to 0. Two
first degree sets of equations result as follows:
Y1:

∂Y1
∂x1 = 0.829x2 + 0.185x3 – 1.72 = 0

= 0.829x1 - 554x2 + 194 = 0

= 0.185x1 – 3.3 = 0

(4)

= 0.804x2 + 0.184x3 – 1.91 = 0

(5)

= 0.804x1 - 2×84.3x2 + 87.5 = 0
= 0.184x1 – 2.67 = 0

The solutions of these equations in terms of real values
for the variables are displayed in table 2.
The values from table 2 indicate that the optimal
concentration for both functions Y1 and Y2 is situated
between 14-18 ppm of dye. It is worth to note that for
longer time-on-stream, the optimum increases slowly,
indicating that the degradation process is continued,
leading to the more advanced degradation degree of dye
in time. In the case of the pH value, the highest pH in the
investigated range had been found to be optimum for the
Y1, while Y2 function maximum appeared at even higher
pH values. This solution is outside the considered pH range,
taking into consideration in the experimental matrix design.
In this case, the optimum value was chosen to be the high
limit from the pH range [19] considered in experimental
matrix design.
In order to obtain a further confirmation of the model
validity, due to the fore-mentioned situation of the optimum
by or even above the considered limits from the range, a
detailed pH dependence of the reaction evolution was

Fig. 4. Response surfaces for the function Y1
depending on the variables x1-x2 (at x3 = 6);
x1-x3 (at x2 = 0.3) and x2 - x3 (at x1 = 30)

Fig. 5. Response surface plot and contourlines map for the response function Y1
depending on sets of two variables, while
holding the third at the mentioned value

Fig.6. Response surfaces for the function Y2
depending on the variables x1-x2 (at x3 = 6);
x1-x3 (at x2 = 0.3) and x2 - x3 (at x1 = 30)

Fig.7. Response surface plot and contourlines map for the response function Y2
depending on sets of two variables, while
holding the third at the mentioned value
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Table 2
OPTIMAL VALUES FOR THE PROCESS PARAMETER
CORRESPONDING TO THE MODELS
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Fig. 8. pH dependence of the R_6G conversion
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Conclusions
The decolorizing of Rhodamine 6G dye solutions with
concentrations between 5.4-57.3 ppm was performed in
the presence of P-25 titania doped with 2%WO3. A series
of 18 experiments were made in the framework of a
factorial design aiming to develop a mathematical model
able to describe the contribution of three parameters (initial
concentration of the dye, photocatalyst dose and pH value)
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also the low pH values favors the dye decomposition.
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