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ABSTRACT

This study investigated the optimum conditions in the removal of model contaminant C.I.
Acid Orange 7 (AO7) in batch-recirculated photoreactor with immobilized TiO2-P25 nano-
particles. The effect of different operational parameters such as initial concentration of AO7,
volume of solution, volumetric flow rate, time of the reaction, and power of light source
were studied and optimized by Taguchi method. Sixteen experiments were performed to
examine the effect of the parameters on the removal of AO7. To reduce the error, each
experiment was repeated three times and the signal/noise (S/N) was calculated. Results
indicated that the power of light source was the most effective parameter in comparison to
others. Based on the S/N ratio, the optimized conditions for the removal of AO7 in batch-
recirculated photoreactor were initial concentration of AO7 (20mg L−1), volume of solution
(500mL), volumetric flow rate (140mLmin−1), time of reaction (60min), and power of light
source (13W).

Keywords: TiO2-P25 nanoparticles; Batch-recirculated photoreactor; C.I. Acid Orange 7;
Taguchi method

1. Introduction

The presence of dyes in the wastewaters generated
by textile industries leads to contamination [1].
Approximately, 10,000 different dyestuffs are avail-
able, and among them, azo dyes such as C.I. Acid
Orange 7 (AO7) constitute over 50% of all dyes [2,3].
A variety of chemical and physical processes, such as
chemical precipitation and separation of pollutants,
coagulation, electrocoagulation, elimination by adsorp-
tion on activated carbon are used for removing dye

from textile wastewater [4,5]. Nevertheless, these
methods merely transfer the pollutant from wastewa-
ter to solid phase and generate secondary pollution
[5,6].

In recent years, advanced oxidation processes have
been suggested as an alternative method for the
removal of pollutants [7]. Heterogeneous photocataly-
sis via combination of TiO2 and UV light appears to
be a very promising technique for the degradation of
dye pollutants [8,9]. TiO2 can be activated by absorb-
ing photon with sufficient energy, equal or higher
than the band-gap energy (Ebg) of the catalyst. Photon
absorption causes electron transfer (e−) from the*Corresponding author.
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valence band (VB) of the semiconductor to the
conduction band (CB), which leaves hole (h+) in the
VB. The ultimate goal of the process is a reaction
between e− with an oxidant and also a reaction
between h+ with a reductant. The photogenerated elec-
trons could reduce the pollutant or react with electron
acceptors such as O2 adsorbed on the catalyst surface,
reducing it to superoxide anion radical (O��

2 ). The
photogenerated holes can oxidize the organic molecule
to form R+, or react with OH− or H2O oxidizing them
into hydroxyl radicals (�OH). The �OH is a very strong
oxidizing agent (standard redox potential = +2.8 V)
which can mineralize most organic contaminants.
Eqs. (1)–(8) are the relevant reactions in the TiO2 het-
erogeneous photocatalysis [10]:

TiO2 þ hmðUVÞ ! TiO2ðeCB� þ hVB
þÞ (1)

TiO2ðhVBþÞ þH2O ! TiO2 þHþ þ � OH (2)

TiO2ðhVBþÞ þOH� ! TiO2 þ � OH (3)

TiO2ðeCB�Þ þO2 ! TiO2 þO��
2 (4)

O��
2 þHþ ! HO�

2 (5)

AO7 þ � OH ! degradation products (6)

AO7þ hVB
þ ! oxidation products (7)

AO7þ eCB
� ! reduction products (8)

where hm is the photon energy required to excite the
electron from VB to the CB.

Two types of heterogeneous photoreactors have
been developed: in one type, TiO2 is in the form of a
suspension (or slurry), and in the other, it is immobi-
lized on a solid surface. Both reactors offer diverse
advantages. Most studies have utilized a suspension
of TiO2, since it provides high surface area for
reaction. However, slurry systems require a recovery
step to isolate and reuse the catalyst. Although the
efficiency of the immobilized system may be lower
than the slurry system, the catalyst can be used con-
tinuously for a long time [11]. Immobilized TiO2 nano-
particles on glass beads have been applied to
photocatalytic removal of dyes by researchers [12,13].
The glass supports for TiO2 are more advantageous
than other supports such as polymeric materials, since
the glass beads or plates are inert and non-degradable
under the photocatalytic process. However, the poly-
meric supports due to photocatalytic degradation may
produce harmful components [12]. Li et al. [14]

investigated photocatalytic degradation of Rhodamine
B and Methyl Orange in aqueous solution using a
double-cylindrical-shell photoreactor packed with
TiO2-coated silica gel beads. Their results indicated
that this photoreactor was a promising alternative for
the decomposition of recalcitrant organic pollutants in
wastewater. In Li et al.’s study, only the effect of two
operational parameters (initial concentration of pollu-
tant and flow rate) was investigated. Under optimal
conditions, TOC removal percent was 50% under 12 h
irradiation time. Chiou et al. [15] studied degradation
of di-n-butyl phthalate (DBP) using photoreactor
packed with TiO2 immobilized on glass beads. They
reported the degradation efficiency of 75% at 80min
irradiation time for DBP with initial concentration of
5mg L−1.

To the authors’ knowledge, limited parameters
have been investigated in the PBR photoreactors
packed with TiO2 immobilized on glass beads, and
also there is no report about Taguchi experimental
design techniques to optimize operational parameters
in batch-recirculated photoreactors. The present study
set out to describe Taguchi method to determine the
optimum conditions in the removal of AO7 in batch-
recirculated photoreactor with immobilized TiO2-P25
nanoparticles on glass beads.

2. Experimental procedure

2.1. Materials

C.I. Acid Orange 7 (AO7), a monoazo anionic dye,
was obtained from Fluka (Switzerland) as a model
contaminant from monoazo textile dyes. Its chemical
structure is given in Fig. 1. Titanium dioxide (TiO2)
was Degussa P-25, comprising approximately 80%
anatase and 20% rutile. TiO2-P25 had a BET surface
area of 50 ± 10m2 g−1 and an average particle diameter
of 21 nm, containing 99.5% of TiO2.

Fig. 1. Chemical structure of AO7 (C.I. 15510).
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2.2. Photoreactor

All experiments were carried out in batch-
recirculated photoreactor. In order to prepare the
immobilized TiO2 on glass beads, heat attachment
method was used [16,17]. In this procedure, a suspen-
sion containing TiO2-P25 (2.5 g) in 250mL double-dis-
tilled water was prepared and the pH was adjusted
to about 1.5 by HNO3 (1M). The prepared suspension
was sonicated in an ultrasonic bath (Elma T460/H,
Windaus, Germany) under frequency of 35 kHz for
60min in order to improve the dispersion of TiO2-P25
in water. Glass beads were treated with a dilute HF
solution for 24 h and then washed with double-dis-
tilled water. In this stage, sonicated suspension was
poured on glass beads and stirred with a rotary
(Heidolph, Germany) for 30min, and was kept in a
fixed place for 30min. Then the suspension was
removed from the glass beads, and the beads with
thin films of TiO2-P25 were placed in an oven at
150˚C for 150min. After drying, the glass beads were
fired at 400˚C for 120min and washed with double-
distilled water for the removal of weakly attached
TiO2-P25 nanoparticles. This process was repeated
two times. Fig. 2 shows SEM image of immobilized
TiO2-P25 nanoparticles thin films on the glass beads.
Fig. 3 shows that the photoreactor comprises an
annular photoreactor packed with catalyst supported
on glass beads with 130mL volume and 5.48 g cata-
lyst loading and as well as a continuously stirred
tank reactor (CSTR). The radiation source at the
packed bed photoreactor was UV-C lamp emitting at
254 nm. For photocatalytic degradation of AO7, a
solution containing a known concentration of AO7
was prepared, transferred into CSTR, and agitated

with a magnetic stirrer during the experiment. The
solution was recirculated with a peristaltic pump
(Heidolph, PD 5001, Germany) with a known flow
rate into the reactor, and the AO7 concentration was
regularly analyzed at outlet with a UV–visible spec-
trophotometer (Ultrospec 2000, Biotech pharmacia,
England) at 485 nm. The experiments were carried
out with changes made to AO7 concentrations, solu-
tion volume in CSTR, volumetric flow rates, irradia-
tion time, and light source power. Total organic
carbon (TOC) measurements were carried out by
TOC analyzer (Shimadzu TOC-VCSH, Japan).

2.3. Taguchi design

Statistical methods of design of experiments (DOE)
have been used in a number of experiments to obtain
more information about optimum conditions [18].
Among these methods, Taguchi method has proved
an efficient DOE which is concerned only with the
main effects of the parameters for optimization.
Besides, it is applied for obtaining information from a
minimum number of experiments. The purpose of this
method is to find out the best combination of design
parameters and to decrease the variation for quality
[19]. In the design of an experiment, the selection of
control factors is imperative. In Taguchi method, an
orthogonal array will meet these requirements [20].
The main process parameters to determine the opti-
mum conditions in the removal of AO7 in our photo-
reactor (batch-recirculated photoreactor with
immobilized TiO2-P25 nanoparticles on glass beads)
and their levels are shown in Table 1. These control
parameters include dye concentration, solution vol-
ume, volumetric flow rate, irradiation time, and light
source power. Given the four factors in four levels of
change and one factor with three levels of change, L16

is the suitable orthogonal array. The selected L16

orthogonal array is demonstrated in Table 2. The
degree of freedom (DOF) of each factor and the total
DOF are as follows [21,22]:

DA ¼ kA � 1 (9)

DT ¼ N � 1 (10)

where kA is the number of levels of the factor A and N
is the total number of the experiments. The total sum
of squares (SST) and the sum of squares for factor A
(SSA) can be calculated by using the following
formulas:

Fig. 2. SEM image of immobilized TiO2-P25 nanoparticles
thin films on glass beads.
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Fig. 3. Scheme of batch-recirculated photoreactor.

Table 1
Parameters and their levels to be selected in the experiments

Parameters

Levels

1 2 3 4

(A) Initial concentration of AO7 (mg L−1) 20 30 35 40
(B) Solution volume (mL) 500 1,000 1,500 2,000
(C) Volumetric flow rate (mLmin−1) 25 70 115 140
(D) Irradiation time (min) 15 30 45 60
(E) Light source power (W) 13 6 4 –

Table 2
Experimental layout using the L16 orthogonal array and experimental results for percent of AO7 removal

Experiment number A B C D E

AO7 removal (%)

1 2 3 S/N

1 1 1 1 1 1 25.88 25.81 25.86 28.249
2 1 2 2 2 2 17.71 17.89 18.25 25.079
3 1 3 3 3 3 10.73 10.8 10.91 20.678
4 1 4 4 4 1 43.13 43.12 43.03 32.688
5 2 1 2 3 1 66.2 66.03 66.38 36.417
6 2 2 1 4 3 11.7 11.6 11.77 21.355
7 2 3 4 1 2 5.2 5.24 5.14 14.308
8 2 4 3 2 1 16.45 16.6 16.58 24.372
9 3 1 3 4 2 48.32 48.35 48.5 33.695
10 3 2 4 3 1 39.93 40.26 39.94 32.05
11 3 3 1 2 1 12.93 13.14 12.86 22.262
12 3 4 2 1 3 2.24 2.27 2.35 7.178
13 4 1 4 2 3 15.05 15.09 15.14 23.575
14 4 2 3 1 1 13.12 13.48 13.39 22.494
15 4 3 2 4 1 28.74 28.56 28.75 29.152
16 4 4 1 3 2 7.02 6.85 6.72 16.726
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SST ¼
XN
i¼1

y2i

" #
� T2

N
(11)

SSA ¼
XkA
i¼1

A2
i

nAi

� �" #
� T2

N
(12)

The variance for the factor A is calculated as follows:

VA ¼ SSA
DA

(13)

where yi is the characteristic property, T is the sum of
all observations, N is the total number of observations,
Ai is the sum of all observations under the Ai level,
nAi is the number of observations under the Ai level,
VA is the variance for the factor A. The F-value for fac-
tor A (FA) is the ratio of variance for the factor A to
the variance for the error term (Ve):

FA ¼ VA

Ve
(14)

The percentage of the contribution of each parameter
(PA) is calculated by using the following formulas:

SS0A ¼ SSA � ðVe � FAÞ (15)

PA ¼ SS0A
SST

(16)

3. Results and discussion

3.1. Determination of optimum conditions by Taguchi
method

The structure of Taguchi’s L16 design and the
results of measurement are shown in Table 2. In this
method, the “signal” and “noise” represent the desir-
able and undesirable values for the output characteris-
tic, respectively. Taguchi method utilizes the signal/
noise (S/N) ratio to calculate the quality characteristic
deviating from the desired value. According to the
type of characteristic, the S/N ratios are different.
When the bigger characteristic is better, the S/N ratio
is defined as [23]:

S

N
¼ �10 logð1=y21 þ 1=y22 þ 1=y23 þ . . .þ 1=y2nÞ

n
(17)

where yi is the characteristic property and n is the
number of replication in an experiment. The unit of
S/N ratio is decibel, which is frequently used in com-
munication engineering. Table 2 shows the S/N ratio
for removal of AO7 calculated using Eq. (17).

3.2. Level average response analysis

The level average response analysis can be based
on the S/N ratio. The analysis is performed by averag-
ing the S/N data at each level of each factor and plot-
ted. The average responses from the plots based on
the S/N data were used in optimizing the objective
function of study. In these plots, the peak points relate
to the optimum condition. The average response plots
based on the S/N ratios for various quality character-
istics are shown in Fig. 4. According to Fig. 4, the
decrease of S/N ratio with the increase of initial con-
centration of AO7 can be ascribed to the reduction of
the number of active sites on the TiO2-P25 surface due
to the surface’s being covered with AO7 molecules
and the generated intermediates. Besides, AO7 mole-
cules at high concentrations will absorb light more
than catalyst surface, thus decreasing catalyst activity
[13,24]. Furthermore, the results of the present study
indicate that S/N ratio increases with the increase in
the light source power, which, in turn, causes the cata-
lyst to absorb more photons. This leads to the genera-
tion of more electron-hole pairs and, therefore, higher
generated hydroxyl radicals, resulting eventually in
higher catalyst activity [13,24]. The liquid flow rate
influences the residence time of liquid and the mass
transfer in the packed bed photoreactor. The enhance-
ment of S/N ratio with increasing volumetric flow
rate of liquid can be related to the higher number of
times a liquid passes through the packed bed photore-
actor, as well as the increase in the mass transfer rate.
The decrease of S/N ratio with the increase in solution
volume can be related to the higher rotatable volume
of solution for a given irradiation time. More waste-
water volume needs longer time for treatment [25].

3.3. Analysis of variance (ANOVA)

The ANOVA indicates the amount of variations of
each factor relative to the total variation observed.
According to the ANOVA, the largest variance
belongs to the light source power and next to the irra-
diation time (Table 3). Thus, the most influential factor
is the order of light source power. On the other hand,
the DOF for all factors are 3 except for light source
power, which is 2 and the total DOF is 15, so the DOF
for error term is 1. The degrees of the influences of
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parameters on the performance statistics are shown in
Table 3. According to Table 3, light source power has
the largest percentage of contribution to the perfor-
mance. Irradiation time and solution volume are in the
second and third places, respectively. Moreover, the
initial concentration of AO7 and the volumetric flow
rate have the lowest effect in the process efficiency.

Since the amount of sum of squares for initial con-
centration of AO7 and volumetric flow rate are less
than 10 percent of sum of squares for light source
power, these parameters can be eliminated. Table 4 is
a pooled table because the factors that don’t have con-

siderable effect on the AO7 removal percentage are
excluded. In this case, DOF for error term will be 7.
The F-ratio for DOF = 2 and 3 with 99% confidence
levels are 9.5466 and 8.4513, respectively [26]. There-
fore, the results of F-ratio from Table 4 indicate that
these factors have significant effects in the removal of
AO7, since the F-ratio of these factors is greater than
the F-ratio for the 99% confidence level. This means
that the variance of these factors is significant com-
pared to the variance of error. Optimum conditions to
achieve the maximum percentage of removal in
pooled state are solution volume in level 1 (500mL),

15

17

19

21

23

25

27

29

31

33

Irradiation time (min)

S/
N

 r
at

io

0 15 30 45 60 75 90
15

17

19

21

23

25

27

29

31

Power of light source(W)

S/
N

 r
at

io

0 5 10 15

20

22

24

26

28

30

32

V (mL)

S/
N

 r
at

io

0 500 1000 1500 2000 2500
20

21

22

23

24

25

26

27

28

29

30

Flow (mL min-1)

S/
N

 r
at

io

0 25 50 75 100 125 150

20

22

24

26

28

30

10 20 30 40 50

[AO7]0 (mg L-1)

S/
N

 r
at

io

Fig. 4. Effect of each parameter on S/N ratio.

Table 3
Results of the ANOVA

Factor
DOF Sum of square Variance F-ratio Pure sum Percent
(f) (S) (V) (F) (S´) P (%)

(A) Initial concentration of AO7 (mg L−1) 3 30.446 10.148 101,488.542 30.446 3.439
(B) Solution volume (mL) 3 251.461 83.82 838,203.553 251.46 28.407
(C) Volumetric flow rate (mLmin−1) 3 29.91 9.97 99,701.044 29.91 3.378
(D) Irradiation time (min) 3 272.384 90.794 907,946.815 272.383 30.77
(E) Light source power (W) 2 300.999 150.499 1,504,999.194 300.999 34.003
Other/error 1 −0.01 −0.01 −0.03
Total 15 885.201 100
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irradiation time in level 4 (60min), and light source
power in level 1 (13W). In this case, the removal per-
centage in optimum conditions is 93.2%, which
matches well with the empirical value of 95.2%. Min-
eralization studies indicated 87.80 removal percentage
of TOC in 45min irradiation time. Complete removal
of TOC during 150min irradiation time can be
achieved, which confirms total removal of pollutant
and high efficiency of photoreactor with immobilized
TiO2-P25 nanoparticles on glass beads for degradation
of recalcitrant organic pollutants.

4. Conclusion

The results of the study indicated that utilization
of Taguchi method is suitable for determination of the
optimum conditions in the removal of AO7 in batch-
recirculated photoreactor with immobilized TiO2-P25
nanoparticles on glass beads. The results also showed
that among effective parameters in the removal per-
centage, light source power has the strongest effect.
Moreover, the removal percentage in optimum condi-
tions is compatible with the empirical calculations.
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