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Treatment of dye pollution containing C.I. Acid Red 14 (AR14) by a coupled photocatalytic process was
studied. Titanium dioxide, in the form of anatase and rutile, and zinc oxide, were used as photocatalysts.
The investigated photocatalysts were Aldrich-produced nanopowders with crystallites of a mean size of
20-30 nm and a specific surface area of about 50 m2/g. A comparison of TiOg(anatase)> TiO 2(rutiie) s
TiOg(a,r), and ZnO for the decolorization of the AR14 solution was performed. Results showed that color
removal followed the decreasing order of TiO (g r), ZnO > TiOg(q,ry > TiOg(q), ZnO > TiOgpy, ZnO
>TiOg(q,r) > TiOg¢) > ZnO > TiO gy . Response surface methodology (RSM) was employed to assess
the individual and interactive effects of the 4 main independent parameters in the photocatalytic process.
Analysis of variance showed a high coefficient of determination (R? = 0.9396) and satisfactory prediction
second-order regression. The optimum initial amounts of TiO o4, TiO 2(;y , ZnO, and dye and the reaction
time were found to be 84 ppm, 23 ppm, 86 ppm, 20 ppm, and 48 min, respectively. It was demonstrated that
RSM with suitable 2D and 3D graphs was a suitable method for finding the interactions between parameters,

identifying the main parameters, and optimizing the operating conditions.

Key Words: ZnO nanoparticles, TiO2 nanoparticles, experimental design, response surface methodology,

photocatalysis
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Introduction

Water-pollution control is an active research area because colored organic compounds released from the paper,
plastic, textile, and dyestuff industries are causing significant problems for human health and aquatic life.!
Over 100,000 commercially available dyes exist, and more than 7 x 10° t are produced annually.? Among
many of the physical and chemical removal systems for dyes recently developed,3* the application of advanced
oxidation processes (AOP), especially photocatalysis using a semiconductor nanoparticulate system,® appears
to be the most favorable treatment when compared to the more traditional chemical decomposition processes.
This is because most of the ceramic semiconductors offer high absorption and surfaces areas,® which can be
adjusted with preparation parameters. Furthermore, they are cheap and nontoxic. They can contribute to the
decomposition reaction in different ways without decreasing their activity over time. Furthermore, particles
could be recovered by filtration or centrifugation, or could be fixed in fluidized bed reactors.®

In photocatalytic reactions, pure or doped ceramic semiconductors (e.g. TiO2, ZnO, WO3, CdS, CdSe,
Nb, O3, SrTiO3, or Ag-doped TiO2) are commonly used as catalysts.” The main step in photoreaction is the
formation of electron-hole pairs upon irradiation with the proper photon energy to overcome the band gaps.
When the energy is larger than the band gap, the electron-hole pairs are separated between the semiconductor’s
valance and conduction bands. The adsorbed species (reactants) on suitable sites on the surface of the catalyst
undergo photooxidation, reduction, or synthesis. Ultraviolet (UV) light, sunlight, or ultrasonic sources are
commonly used for this purpose.®

The steps of the photocatalytic process using TiO, or ZnO as a catalyst can be written as follows. ?

1. Charge carrier generation:
TiO2/ZnO + hv(\ < 400nm)—e~ + h* (1)

2. Charge trapping in the particles, especially on the surface:

ht — hf ore” —e;, (2)
3. Charge recombination:

e~ +h' — heat (or hv) (3)

4. Interfacial charge transfer:
h* + Dye — Dye™ — COy + H50, . .. (4)
e”+0y—0;%0re +H" — H® (5)
ht+OH™ — OH® or h* + HyO — HY + OH* (6)
X* + Dye — Dye* — COo, H5O, . .. (7)

The hydroxyl radical or the directly produced charge is a powerful oxidizing agent and attacks dyes present
at or near the surface of the semiconductor. It ultimately causes the complete degeneration of the dye into

harmless compounds.
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The 2 principal catalytic phases of TiO2, anatase (3.2 eV) and rutile (3.0 eV), have numerous structural
and functional differences.®~ 12 The adsorptive affinity of anatase for organic compounds like dye is higher
than that of rutile, and anatase is generally regarded as the more photocatalytic active phase of titanium oxide,
presumably due to the combined effect of lower rates of recombination and higher surface sites.'® ZnO, the other
semiconductor (3.2 eV), appears to be a suitable alternative to TiO2 since its photooxidation mechanism is
similar to that of TiO5.*1® ZnO has been reported, in some cases such as the photooxidation of 2-phenylphenol
or phenol, to be more efficient than TiO5.'* The efficiency of the photocatalytic oxidation of semiconductors

16

could be increased by coupling 2 phases; ° a sample of this behavior was seen in P25 titania, which contains

anatase and rutile with more efficient electron-hole separation!3:17

and photocatalytic sites.

In this study, we optimized the removal of AR14 as a model dye from aqueous solutions using the
coupled photocatalytic process. To the best of our knowledge, the systematic optimization of photocatalytic
decolorization of AR14 solution by UV/TiOy(,), TiOg(y, and ZnO has not been reported before. Response
surface methodology (RSM) was used to study the influence of catalyst phases on the decolorization efficiency
of AR14. The percent decolorization (%) was used as the response for optimization, and the mathematical

relationship between the parameters and the most important factors was established.

Materials and methods

Chemicals

Acid Red 14 dye, with the formal IUPAC chemical name of disodium (E)-4-hydroxy-3-((4-sulfonatonaphthalen-
1-yl)diazenyl)naphthalene-1-sulfonate (Co9H12NoNasO7Ss), was obtained from Rang Azar Company, Iran.
Its structure and characteristics are given in Table 1. Analytical grade nanopowders of TiOy(,), TiO2(,), and
ZnO were obtained from Sigma-Aldrich, Germany. The specific surface area of the powders was about 50 m? /g

and the particle size of the powders was about 20-30 nm, according to the specifications of the manufacturers.

Instruments

Scanning electron microscopy (SEM) of the catalysts was carried out on a Cambridge Stereoscan S-360 device
(Leica, California, USA) after gold CVD coating. The removal of color was followed by using a UV-Vis
spectrophotometer (PG Instruments T801, China). Before the analysis of samples extracted from solutions,
the solutions were filtered with an AIM nylon syringe filter, 13 mm in diameter with a pore size of 0.2 pm. The
irradiation source was a 100-W UV-A lamp (UVP, Inc., California, USA) with a maximum wavelength of 365

ni.

Photoreactor

The experiments were performed in a batch photoreactor with a volume of 200 mL and an upper light source.
Solutions containing 20 ppm of dye and known concentrations of catalysts were prepared and transferred to the
reactor. The light source was then turned on while the suspension was agitated to keep the system homogeneous.

The concentration of dye at the initial condition and each appropriate time was determined with a UV-Vis

123



Comparative photodecolorization of red dye by anatase, rutile..., S. K. ASL, et al.

spectrophotometer at Ay = 515 nm. The decolorization efficiency (CR%) was expressed as the percentage

ratio of the decolorized dye concentration to that of the initial concentration.

Table 1. Characteristics of C.I. Acid Red 14.

Disodium (E)-4-hydroxy-3-((4-sulfonatonaphthalen-1-
Molecular formula yl)diazenyl)naphthalene-1-sulfonate
(CyH2N>Na,04S5)

Color index number 14,720
Ao (1) 515
Molecular weight (g/mol) 502.43

Chemical structure

Experimental design

In the present study, the central composite design (CCD) form of RSM was used for the optimization of
parameters. To evaluate the influence of reactor parameters on the decolorization, 4 main factors and 3 levels
were selected: initial TiOy(,) concentration (a), initial TiO5(,) concentration (r), initial ZnO concentration (z),
and reaction time (t). A total of 31 experiments were introduced with Minitab 15 software, including 2* =16,

7, and 8 points as the cube, replications at the center, and axial conditions, respectively.8=2% For statistical
calculations, the variables X; were transformed to nondimensional codes as x;, according to the following

relationship:

(8)

where X, is the value of X; at the center point and §X is the step change.'® The experimental ranges and the

levels of the independent variables for this set-up are presented in Table 2.
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Table 2. Experimental ranges and levels of the independent test variables.

. Ranges and levels
Variables
-2 -1 0 +1 +2
Anatase concentration (ppm) (a) 20 40 60 80 100
Rutile concentration (ppm) (r) 20 40 60 80 100
ZnO concentration (ppm) (z) 20 40 60 80 100
Reaction time (min) (t) 20 40 60 80 100

Results and discussion

Catalyst structural characterization

Figure 1 shows the SEM image of the nanoparticles. The zinc oxide and titanium oxide powders have cubic-like
and spherical microstructures with similar particle size ranges, which are in agreement with the specific surface

areas and particle sizes reported by the manufacturer.

Figure 1. Scanning electron microscopy images of the nanoparticles: a) anatase, b) rutile, ¢) ZnO.
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Figure 7. Response surface plot and contour plot of the decolorization efficiency (CR%) as a function of 2 catalyst

concentrations (ppm) for rutile/anatase, ZnO/anatase, and ZnO/rutile, as labeled.

Table 6. Optimum values of the process parameters for 99.9% decolorization efficiency.

Variable Optimum
value
Anatase concentration (ppm) (a) 84
Rutile concentration (ppm) (r) 23
ZnO concentration (ppm) (z) 86
Reaction time (min) (t) 48
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Conclusions

Photocatalytical decolorization of AR14 was studied by using the CCD mode of RSM. Optimum conditions for
this form of an advanced oxidation process could be achieved by setting the experimental parameter modeling.
Adjustment of the quadratic model with the experimental data was satisfactory. Analysis of variance showed
a high coefficient of determination, in the range of 0.968-0.939. It was possible, therefore, to develop the
empirical equations describing and predicting the removal of the dye pollutants. The adjustment and control of
the phase’s concentrations and use of different catalyst phases were found to be more important for the removal

as compared to single-phase cases.
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