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Solar TiO2 photocatalytic process assisted by a Fresnel lens was investigated for treating an azo dye wastewater of Acid Orange 10
(AO10). Response surface methodology (RSM) was employed to assess the effect of critical process parameters (including initial
pH of wastewater, concentration of TiO2, and reaction time) on treatment performance in terms of COD and TOC degradation
efficiency. Optimized reaction conditions based on the analysis of RSM were established under an initial pH of 6.0, a concentration
of TiO2 of 1 g/L, and a reaction time of 2 h for reaching a 90% COD and TOC degradation of AO10 wastewater. With the assistance
of Fresnel lens, the TOC degradation rate of AO10 wastewater increased significantly from 0.606 h−1 and 0.289 h−1 to 1.477 h−1

and 0.866 h−1 in summer (June) season (UV280–400 nm nm: 39.9–44.8 W/m2) and winter (December) season (UV280–400 nm nm: 23.9–
26.9 W/m2), respectively. This could be mainly due to the concentrating effect of Fresnel lens for solar energy, resulting in an
increase of 2∼2.5 times of solar light intensity and a raising heat irradiation in terms of 10∼15 ◦C of wastewater temperature.
These results revealed that solar energy could be concentrated effectively by using Fresnel lens and showed a significant promoting
effect on the TiO2 photocatalytic degradation of dye wastewater.

1. Introduction

Over 100,000 different types of dyes are commercially
available and 700,000 tons are produced yearly all over the
world. Nearly 50% of these dyes are azo-type dyes [1]. Azo
dyes, aromatic moieties linked together by azo (–N=N–)
chromophores, represent the largest class of dyes used in
textile processing and other industries. The release of these
compounds into the environment is undesirable, because
the color matters and their toxic breakdown products can
be mutagenic [2]. In addition, due to the complex aromatic
structure and stability of the azo-dyes, conventional biolog-
ical treatments are ineffective for degradation and mineral-
ization of the dye molecules [3]. Instead, activated carbon
adsorption or coagulation is commonly used. However, new
environmental laws may consider the spent adsorbents or
sludge as hazardous waste and require further treatment.
Consequently, intensive research for novel technologies with
higher efficiency and less amount of waste generated has

been stimulated. Advanced oxidation processes (AOPs) have
been previously described as a promising option to remove
persistent pollutants from contaminated water [4]. AOPs are
able to produce a highly reactive, nonspecific oxidant, mainly
hydroxyl radicals (•OH). The hydroxyl radical possesses
inherent properties that enable it to attack refractory organic
pollutants in water to achieve a complete mineralization.
However, the production of photons with artificial light
sources requires significant electrical energy demand and
UV lamp consumption, leading to a high operation cost in
AOPs [5]. Alternatively, solar energy is essentially unlimited
and its utilization is ecologically benign. In the wastewater
treatment sector, solar technology has been extensively used
as an alternative to UV lamps to reduce the operation cost
in AOPs [6]. In particularly, TiO2 photocatalysis (1)–(3)
using solar irradiation has been used as an economically
viable process and has attracted great interest in recent years
[7]. However, solar TiO2 photocatalysis was usually carried
out by using solar irradiation directly, resulting in a lower
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absorption and utilization of solar energy [8]. To improve
the efficiency of solar TiO2 photocatalysis, it is necessary to
maximize the absorption of solar energy.

TiO2
hv(λ< 382 nm)−−−−−−−−→ h+

vb + ecb (1)

h+
vb + H2O −→ •OH + H+ (2)

h+
vb + OH− −→ •OH (3)

In this study, treatment of an azo dye-Acid Orange 10
(AO10) wastewater towards highly mineralization using solar
TiO2 photocatalysis enhanced by high-concentrating Fresnel
lens was investigated. Response surface methodology (RSM)
was employed to obtain the optimal reaction conditions of
critical process parameters (including initial pH of wastew-
ater, TiO2 concentration, and reaction time) to reach a 90%
of COD and TOC degradation of dye wastewater. Moreover,
the effect of Fresnel lens on treatment performance in terms
of color, COD, and TOC degradation efficiency of AO10 dye
wastewater was examined.

2. Materials and Methods

2.1. Materials. AO10 (C16H10N2O7S2Na2) with a purity of
84% was purchased from the Sigma-Aldrich Co. (USA) and
used without further purification. The chemical properties of
AO10 are shown in Table 1. An initial AO10 concentration
of 50 mg/L was prepared for all experimental runs. TiO2

powder P25 (mainly anatase form, with a mean particle size
of 30 nm and a BET surface area of 50 ± 15 m2/g) from
Degussa Co. (Frankfurt, Germany) was used in this study.
All other chemicals used in this study were analytical grade
and used as received.

2.2. Procedures. All experiments were carried out in a batch
mode. A 1 L glass beaker containing 200 mL of AO10 solution
was used. The initial pH of the solution was adjusted to
the desired pH by adding 1 N H2SO4 or 1 N NaOH. In this
study, a 3-factor ∗ 3-level experimental design with three
replicates at center point according to the methodology of
response surface [9] as shown in Table 2 was applied to
investigate the influence of three factors (namely, initial pH,
TiO2 concentration and reaction time) for COD and TOC
degradation efficiency of AO10 wastewater. At the RSM runs,
the prepared dye solution was placed into the photoreactor
and irradiated by a 1500 W Xe lamp in an Atlas Suntest
CPS+ solar simulator (Atlas Co., USA) emitting artificial
solar light with a spectral distribution resembling the solar
spectrum (300–800 nm) in which the UV280–400 nm intensity
is around 67 ± 0.5 W/m2. In addition, the AO10 solution
was maintained at 25 ± 0.5◦C in a water bath. During the
experiments, the pH of the solution was monitored using a
pH meter (SP-701LI 120, Suntex Co., Taiwan) equipped with
a glass electrode. Samples were withdrawn from the reactor at
preset time intervals and then stored at 4◦C for the following
ADMI, COD, TOC, and IC analysis.

As the optimal values of the process parameters were
developed on the basis of RSM application and related

equations, a Fresnel lens made of PMMA (thickness: 2 mm,
pitch: 0.5 mm, facet depth: 0.2 mm, and Fresnel circles: 395)
was added into solar TiO2 photocatalytic system with a
distance of 16 cm above the level of wastewater. To investigate
the effect of Fresnel lens in summer (June) and winter
(December) seasons, a similar reactor without Fresnel lens
was also performed under the same natural solar irradiation
using the experimental conditions obtained from RSM runs.
A schematic diagram of the photoreactor using Fresnel lens
is shown in Figure 1. In addition, two blank experiments
including direct photolysis reaction and adsorption on TiO2

only under the experimental conditions of this study were
performed. The result indicated that the mineralization
efficiency of AO10 solution was less than 2%, which implied
that the mineralization of AO10 solution due to these effects
was slight in this study.

2.3. Analysis

2.3.1. American Dye Manufacturing Institute (ADMI) Mea-
surement. The color of AO10 solution was determined
with a DR 4000 photometer (HACH Co., USA) for ADMI
measurement. The efficiency of decolorization was calculated
on the basis of ADMI reduction of solution.

2.3.2. Chemical Oxygen Demand (COD) Measurement. COD
of solution via a DR 4000 photometer (Hach Co., USA) by
using a K2Cr2O7 as the reacting reagent was measured in
order to understand the changes in the degree of oxidation
for AO10 wastewater.

2.3.3. Total Organic Carbon (TOC) Measurement. TOC of
solution was measured by using a Shimadzu VCPH analyzer
(Shimadzu Co., Japan) in order to know the amount of AO10
molecules degraded to CO2 during oxidation.

2.3.4. Ion Chromatography (IC) Analysis. To quantify the
degradation product—oxalate (C2O2

4
−

) and acetate (CH3

COO−)—an ion-chromatographic system (Dionex ICS-
1000) equipped with an IonPac AS12A column (L: 200 mm,
ID: 4.0 mm) was used. Aqueous solutions of 2.7 mM Na2CO3

and 0.3 mM NaHCO3 were used as eluents. Analysis was
performed under a flow rate of 1.5 mL/min and operated on
an isocratic mode.

3. Results and Discussion

3.1. Optimization of Solar Photocatalytic Treatment of
AO10 Wastewater. Figure 2 displays the three-dimensional
response surface plots for percent of COD and TOC
degradation efficiencies of AO10 wastewater as a function of
initial pH and concentration of TiO2. As shown in Figure 2,
when the pH of AO10 wastewater was varied from 5 (X1 =
−1) to 9 (X1 = 1), the degradation efficiency reached a
maximum at pHs 5.5–6.5 followed by a decrease of COD
and TOC degradation efficiency in the range 6.5–9.0 in all
the TiO2 concentration ranges studied. This phenomenon
can be explained by the surface charge of TiO2 as a function
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Table 1: Chemical characteristics of alizarin violet AO10.

Dye Chemical structure λmax (nm) MW, g/mol Category

Acid Orange 10 (C16H10N2O7S2Na2) (C.I. number 16230)

N N

NaO3S

SO3Na

HO

478 452.37 Azo

Table 2: Experimental range and levels of the process independent
variables in this study.

Independent variable Factor
Range and level

−1 0 +1

Initial pH X1 5.0 7.0 9.0

TiO2, g/L X2 0.5 1.0 1.5

Reaction time, hr X3 1.0 1.5 2.0

Y (response)—COD or
TOC degradation, %

of pH. The zero point of charge (ZPC) for TiO2-P25 is
around pH 6.3–6.8 [10]. Therefore, at more acidic pH
environment (pH < pHZPC), the TiO2 surface is positively
charged as expressed by (4), and at alkaline pH, the surface
(pH > pHZPC) is negatively charged as expressed by (5)
[11]. AO10 in water is negatively charged because the two
sodium sulfonate group is hydrolyzed to form dye anion and
sodium ions as expressed by (6). At pH values below 6.3,
the adsorption of AO10 is favorable due to the electrostatic
attraction between the fully ionized sulfonic group and
positively charged TiO2 on the surface. Above pH 6.8, AO10
is subjected to electrostatic repulsion between itself and the
negative surface of TiO2. Hence, the adsorption of the AO10
dye is less and the degradation efficiency decreased. Similar
result was also observed in the photocatalytic degradation
of Acid Orange 7 [12]. However, the effect of initial pH of
dye solution was not significant because of some carboxyl
acid intermediates such as acetate and oxalate were produced,
leading to a gradually decreased pH of solution, and then the
reaction of (4) may be dominant.

TiOH + H+ −→ TiOH+
2 , pKa1 = 4.95 (4)

TiOH + OH− −→ TiO− + H2O, pKa2 = 7.80 (5)

dye-(SO3Na)2 −→ dye-
(
SO−

3

)
2 + 2Na+. (6)

On the other hand, as shown in Figure 2, the effect of
TiO2 concentration was much more considerable than that
of initial pH on the COD and TOC degradation of AO10
wastewater. In general, more catalysts will substantially result
in generation of more hydroxyl radicals until an optimum
catalyst concentration is achieved. Hence, the results showed
that, within the pH range studied (5–9), the increase of
catalyst concentration from 0.5 to 1.0 g/L increased the

Fresnel lens

pH meterThermometer

Magnetic stirrer
Reactor

Photometer

Figure 1: Schematic diagram of the solar photocatalytic reactor
with and without Fresnel lens.

degradation efficiency. This fact may be due to the increase in
the number of dye molecules adsorbed and more oxidation
of dye [13]. Above this value, no obvious improvement is
obtained by increasing the concentration of catalyst. This
may be due to an increased opacity of the suspension and
the shielding effect of light with an excess of TiO2 particles,
consequently leading to a decrease in the formation of •OH
radicals. Accordingly, the optimum concentration of the
catalyst for efficient solar photodegradation of AO10 would
be around 1.0 g/L. This result was consistent with those
reported in the literature [14] for the TiO2 photocatalytic
degradation of Remazol Red dye.

On the basis of RSM application, the empirical relation-
ship between the dye degradation efficiency (Y) and the
independent variables is developed and listed in Table 3. The
regression model had a high value of coefficient of determi-
nation (r2 > 0.97). This implies that the process efficiency
could be predicted well by the second-order polynomial
regression equations under the conditions studied.

Based on the model equations in Table 3, the optimal
values of the process parameters were established as an initial
pH of 6.0, an initial concentration of TiO2 of 1 g/L, and
a reaction time of 2 h for reaching a 90% COD and TOC
degradation of AO10 wastewater. In order to confirm the
optimum conditions of AO10 degradation, a five-replicate
and t-test analyses were performed. The results showed
that the average COD and TOC degradation efficiency were
90.5% and 90.4%, respectively, and the 95% of confidence
intervals for COD and TOC degradation efficiency were
89.7∼91.3% and 89.4∼90.8%, respectively. Consequently,
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Figure 2: Response surface for (a) COD and (b) TOC degradation efficiency of AO10 wastewater as a function of initial pH and TiO2

concentration. (Reaction time: 2 h, light intensity (UV280–400 nm: 66.5 W/m2, water temperature: 25± 0.5◦C).

Table 3: Polynomial regression equation of AO10 degradation on the basis of COD and TOC removal.

Polynomial regression equation r2

aYCOD = 81.0 + X1 + 9.7X2 + 15.3X3 – 3.9 X1
2– 0.2 X2

2 – 4.6 X3
2 – 5X1X2 – 6.9X1X3 – 8.3X2X3 0.971

aYTOC = 74.1 − 5X1 + 10.5X2 + 18.7X3 – 3.2X1
2 – 2 X2

2 – 5.7 X3
2 – 2.6X1X2 – 3.7X1X3 – 1.3X2X3 0.997

a
YCOD: the COD degradation efficiency of AO10 wastewater.

bYTOC: the TOC degradation efficiency of AO10 wastewater.

the credibility of the optimal conditions obtained in this
study was acceptable.

3.2. Effect of Fresnel Lens on the Degradation Efficiency
of AO10 Wastewater. To investigate the effect of Fresnel
lens, photocatalytic oxidation of AO10 wastewater with or
without Fresnel lens was performed simultaneously under
natual solar irradiation using the optimal experimental
conditions obtained from RSM runs.

Basically, it was found that the concentrating effect of
Fresnel lens for solar energy could result in an increase
of 2.2∼2.5 and 1.8∼2.0 times of solar light irradiation in
summer (June) and winter (December) seasons, respectively,
as shown in Table 4. Also, a raising heat irradiation in terms
of 10∼15◦C of wastewater temperature was observed in this
study. Figures 3 and 4 showed the effect of Fresnel lens on
the COD, TOC degradation, and decolorization efficiency
of AO10 wastewater in summer (June) and winter (Dec.)
season, respectively. As shown in Figure 3, a 99% of COD
and a 94% of TOC degradation of AO10 wastewater were
achieved with the assistance of Fresnel lens, in contrast to

a 94% of COD and a 74% of TOC degradation in solar
photocatalytic process without Fresnel lens observed within
a reaction of 2 h. The decolorization efficiency of AO10
wastewater was also increased 29% as using Fresnel lens
for a reaction of 1 h only. Moreover, it was found that the
degradation efficiency of AO10 wastewater with the aid of
Fresnel lens at a reaction of 1 h was close to that without the
assistance of Fresnel lens at a reaction time of 2 h. This could
be due to a higher light irradiation and water temperature
that increased the rate of generation of oxidizing species
such as •OH radical. This result implied that the higher the
solar light irradiation applied, the higher the generation of
electron-hole pairs and •OH radicals. A similar phenomenon
was observed in the study of Liu et al. [15]. Their result
indicated that the TOC degradation efficiency of Acid Yellow
17 solution increased from 5.1% to 53.2% as the intensity
of UV light increased from 12.4 to 31.5 W/m2, indicating a
positive effect of increasing light irradiation. In addition, the
results of Lin and Lee [16] indicated that the degradation
efficiency of MX-5B dye wastewater improved 15% while
the temperature of water was increased from 22◦C to 40◦C
in TiO2 photocatalytic process. This is due to a higher
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Table 4: Effect of Fresnel lens on the degradation rate constant of AO10 wastewater.

Solar photocatalytic process∗ akCOD, h−1 bkTOC, h−1 UV280–400 nm, W/m2 cΔT, ◦C

Without fresnel lens
0.792 0.606 39.9–44.8 (June) 8 ∼ 10

0.438 0.289 23.9–26.9 (Dec.) 6 ∼ 8

With fresnel lens
2.307 1.477 96.8–112.1 (June) 14 ∼ 15

1.799 0.866 48.5–53.8 (Dec.) 14 ∼ 16
∗

Operation condition: pH0: 6.0, [TiO2]0 = 1.0 g/L; reaction time: 2 h;
akCOD: pseudo-first order rate constant based on the degradation of COD in solution;
bkTOC: pseudo-first order rate constant based on the degradation of TOC in solution;
cΔT: final solution temperature—initial solution temperature.
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Figure 3: Effect of Fresnel lens on the degradation efficiency of AO10 dye wastewater in summer season (June).
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Figure 4: Effect of Fresnel lens on the degradation efficiency of AO10 dye wastewater in winter season (December).

water temperature that increased the reaction rate between
•OH and organic molecules. Accordingly, two promotion
effects were found with the assistance of Fresnel lens. First,
the increase of solar light irradiation could enhance the
excitation of electron hole and hence persistent promotion
of •OH production. Second, the raise of water temperature
would be higher due to the effect of solar heat irradiation,
which renders additional positive effect on the performance
of solar photocatalytic process.

To quantitatively analyze the effect of Fresnel lens on
the degradation of AO10 wastewater, a pseudo-first-order

model was applied to obtain the rate constants. It was found
that both the COD and TOC degradation efficiencies of
AO10 wastewater, with or without Fresnel lens, followed
the pseudo-first-order reaction kinetics as indicated by
high correlation coefficients (r2 > 0.90). It was obvious
that a significant enhancement for the degradation rate of
AO10 wastewater was achieved by using Fresnel lens. As
the rate constant shown in Table 4, the COD and TOC
degradation rate of AO10 wastewater increased a factor of
2.9 and 2.4, respectively, in summer (June) season and a
factor of 4.1 and 3.0, respectively, in winter (December)
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season. The promotion effect of Fresnel lens was more
significant in winter season. This may be due to a lower
solar irradiation (23.9∼26.9 W/m2) and a lower initial water
temperature (15∼18◦C) in winter season, leading to a much
lower production of •OH radicals in the solar photocatalytic
process without the assistance of Fresnel lens.

4. Conclusions

Optimized reaction conditions based on the application
of RSM were established as an initial pH of 6.0, a TiO2

concentration of 1.0 g/L, and a reaction time of 2 h for
more than a 90% of COD and TOC degradation of AO10
wastewater in solar TiO2 photocatalytic process. Solar energy
could be concentrated efficiently by using Fresnel lens and
had a significant effect on the increasing of UV280–400 nm

light intensity of solar irradiation and the temperature of
wastewater, leading to a positive effect on the performance
of solar photocatalytic process. Consequently, the solar TiO2

photocatalytic process with the use of a low cost of PMMA
Fresnel lens can offer an economical and practical alternative
for the treatment of dye wastewater.
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