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ABSTRACT

In this study, the TiO2/UV photodegradation of neutral red (NR) dye has been investigated
in aqueous heterogeneous suspension. Response surface methodology based on a
three-variable, three-level Box-Behnken design was employed to study and optimize the
photocatalytic process. The interactive effects of three operational parameters including
irradiation time, pH, and the catalyst amount on the dye degradation and chemical oxygen
demand (COD) reduction were analyzed. The dye degradation efficiency was accurately
modeled by a partial cubic equation with an R2 of 0.99. A high color (90.0%) and COD
(85.6%) reduction was obtained using minimum amount of TiO2 nanocatalyst (68.0 mg) at
the optimal conditions of 28.7 min and pH 6.47. The results also showed that the kinetics of
adsorption of NR on TiO2 nanoparticles can be described by the pseudo-second-order and
parabolic diffusion models.
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1. Introduction

The large volumes of wastewater generated by
dye-manufacturing and dye-consuming industries
pose serious environmental problems. The total world
production of dyes and pigments is estimated to be
800,000 tons per year and at least 10% of them enter
the environment [1]. Low amount of dye in water
(<1 ppm) may cause severe damages to the environ-
ment such as reduction in sunlight penetration,
decrease in the photosynthetic activity and dissolved
oxygen concentration, and having acute toxic effects
on aquatic ecosystem [2]. Many techniques have been
developed for the treatment of dye-containing
wastewaters including physical, chemical, and biologi-

cal methods and their combinations [3]. However,
these conventional methods are not able to completely
destruct the dye molecules. Furthermore, the post-
treatment of generated sludge is required in these
methods. In recent years, there has been extensive
interest in the use of photocatalysts for wastewater
decolorization [4]. In the photocatalytic advanced
oxidation technology, UV light is usually used to
stimulate a semiconductor surface to generate photo-
induced holes or reactive oxygen species (ROS), such
as hydroxyl and superoxide radicals. The ROS then
interacts with organic compounds and leads to their
oxidation and overall degradation [5].

Titanium dioxide (TiO2) is found to be one of the
most efficient semiconductor catalysts for photocat-
alytic degradation of organic pollutant molecules since
it is photoactive, available, insoluble, photostable,*Corresponding author.
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inexpensive, and non-toxic [6]. Many investigations
have reported that TiO2 photocatalysis is an efficient
method for decolorization and oxidation of organic
dyes in wastewater [7–9]. TiO2 nanoparticles, which
are a few nanometers in size, are of particular interest
for the photocatalytic processes due to their high
catalytic activity and special optical and mechanical
properties [10].

Neutral red (NR), C.I. 50040, is a basic dye of the
azine series and belongs to quinone-imine class of
dyes (Fig. 1). NR was selected in this study due to its
wide application range and recalcitrant nature. Several
studies have been done on the photocatalytic degrada-
tion and toxicity reduction of NR using various cata-
lysts such as Fe3O4–TiO2 with core–shell structure
[11], Bismuthoxichloride [12], sulfur and copper
co-doped TiO2 (S,Cu-TiO2) [13], and Copper hexa-
cyanoferrate(II) [14].

In the present study, for the first time, the intrinsic
anatase TiO2 nanoparticles with no modification were
used for decolorization of the NR solution. To increase
and optimize the color removal efficiency of the
photocatalyst, response surface methodology (RSM)
with Box-Behnken design (BBD) was used. RSM is an
efficient and economical statistical technique in eval-
uating the effect of various parameters on treatment
results. Optimization by RSM has several advantages
over one-variable-at-a-time (OVAT) conventional
optimization method such as requiring less time and
experiments, and considering the interaction of the
independent parameters [15]. The two most common
RSM designs are central composite design (CCD) and
BBD. The BBD is more efficient than CCD. It requires
fewer experimental runs and is rotatable with uniform
precision.

RSM has been successfully applied for optimiza-
tion of photocatalytic decolorization of various dyes
[16,17]. However, so far, there is no report on the
application of RSM in the photocatalytic decolorization
of NR. Furthermore, neither specific study on the
interactive effect of the main parameters nor any
optimal conditions have been reported for the pho-
todegradation of NR in the presence of intrinsic TiO2.

The aim of the present work was to investigate the
possibility of degradation of NR dye in the presence

of intrinsic nano-sized TiO2 particles under UV
irradiation. RSM and BBD were used to optimize and
analyze the effect of three operational parameters
including contact time, pH, and the catalyst amount
on the dye degradation efficiency. In this study,
chemical oxygen demand (COD) reduction was also
monitored in order to explain the degradation of NR
in the UV/TiO2 process, and the optimal conditions
were obtained.

2. Experimental

2.1. Photocatalysis experiments

The photocatalyst used in this study was the com-
mercially available TiO2 nano-sized (<25 nm) powder
in anatase crystalline form with purity of >99% and
purchased from Sigma-Aldrich. The photochemical
reactor was a beaker containing suspension of TiO2

and NR dye placed in a continuously ventilated
chamber [18]. The suspension was magnetically stirred
during irradiation. Artificial irradiation was provided
by a 400 W Kr UV lamp (Osram). About 90% of the
radiated power was in the UV-A region (400–315 nm)
and about 10% in the UV-B region (315–280 nm). The
distance between the lamp and the reactor was 30 cm.
Before irradiation, the sample was stirred for 5 min
to establish an adsorption–desorption equilibrium
between the catalyst surface and the dye molecules
[18].

2.2. Dye removal assay

NR, as a model for the commercial textile dyes,
was purchased from Merck (Darmstadt, Germany). A
dye solution of 25 mg/L was prepared by dissolving
NR in distilled water. The pH of the solution was
adjusted to be in the range of 2.5–6.5 by addition of
diluted HCl and NaOH using a pH meter (WinLab®

Data Line pH meter; Windaus, Clausthal-Zellerfeld,
Germany). The range of pH was selected based on the
fact that NR could act as a pH indicator, changing
from red to yellow between the pH 6.8–8.0 [14,19]. In
the selected range of pH 2.5–6.5, the color of NR is
red with a maximum absorbency wavelength of
523 nm. Two-hundred milliliter of this initial solution
was put into 250 mL-flask, and various doses of cata-
lyst according to the experimental design were added.
After irradiation for a certain period of time, removal
of the photocatalyst particles was performed by
centrifugation.

The reduction in color concentration was measured
using a spectrophotometer (Model UV 2100, ShimadzuFig. 1. The chemical structure of NR dye.
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Co., Kyoto, Japan). The dye degradation percentage
was calculated using the following equation:

Dye degradation ð%Þ ¼ A0 � A

A0
� 100 (1)

where A is the average of absorbance values at maxi-
mum absorbency visible wavelength of NR solution
(523 nm), A0 the value before treatment, and A the
value after treatment process. The readings were done
in triplicate.

2.3. COD reduction analysis

Permanganate oxidation method was utilized for
measuring COD (CODMn) [20] before and after each
run of the experimental design. The percentage of
COD reduction was calculated using the following
equation:

COD reduction ð%Þ ¼ COD0 � COD

COD0
� 100 (2)

where COD0 is the value before treatment, and COD
the value after treatment process. Each experiment
was performed in triplicate.

2.4. Design of experiments, statistical analysis, and
optimization

A three-variable, three-level RSM-BBD was
employed with 17 experiments. The variables and
their levels selected for the photocatalytic degradation
of NR were reaction time (1–30 min), pH (2.5–6.5), and
catalyst amount (20–100 mg) (Table 1). Color removal
and COD reduction were analyzed as the responses.
The BBD employed is presented in Table 1. For
statistical analysis, the variables were coded according
to the following equation:

a ¼ xi � x0
Dx

(3)

where α is the coded value of the independent vari-
able; xi is its real value; x0 is its real value at the center
point; and Δx is the step change in the variable xi.

A software package of Design Expert Version 6.0.6
(Stat-Ease, Statistics Made Easy, Minneapolis, MN,
USA) was employed in this study. After testing
increasingly complex models from linear to partial
cubic, a partial cubic polynomial model was
developed to study the effects of the variables on the
dye degradation. The final equation of the model is as
follows:

Table 1
Composition of various experiments of the BBD, and color and COD reduction responses for the photocatalytic
degradation of NR

Exp. No.

Variable

Color removal (%) COD reduction (%)pH Catalyst amount (mg) Time (min)

1 4.5 20.0 1.0 61.6 13.3
2 2.5 20.0 15.5 0.0 53.3
3 6.5 20.0 15.5 6.8 33.3
4 4.5 20.0 30.0 19.4 40.0
5 2.5 60.0 1.0 0.0 28.9
6 6.5 60.0 1.0 4.0 11.0
7 4.5 60.0 15.5 83.8 10.7
8 4.5 60.0 15.5 83.5 1.1
9 4.5 60.0 15.5 83.0 8.9
10 4.5 60.0 15.5 84.3 0.0
11 4.5 60.0 15.5 80.2 5.3
12 2.5 60.0 30.0 0.0 33.3
13 6.5 60.0 30.0 83.8 82.4
14 4.5 100.0 1.0 82.9 45.4
15 6.5 100.0 15.5 92.7 92.4
16 2.5 100.0 15.5 0.0 13.3
17 4.5 100.0 30.0 86.5 69.2
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y ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b12x1x2 þ b13x1x3
þ b23x2x3 þ b11x

2
1 þ b22x

2
2 þ b33x

2
3 þ b112x

2
1x2

þ b113x
2
1x3 (4)

where y is the response variable of decolorization effi-
ciency. The βi is regression coefficients for linear
effects; βij the regression coefficients for quadratic
effects, βiij the regression coefficients for cubic effects,
and xi represents coded experimental levels of the
variables.

The percentage of COD reduction could be simply
related to the independent parameters by a quadratic
model as given in Eq. (5).

y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
i þ

Xk�1

i¼

Xk

j¼iþ1

bijxixj

0
@

1
A

i\j

(5)

where y is the response; xi and xj are the independent
variables; β0 is the constant coefficient; and βi, βii, and
βij are the interaction coefficients of linear, quadratic,
and second-order terms, respectively.

An analysis of variance (ANOVA) was used to
determine whether the generated models were ade-
quate to describe the experimental data. Optimization
was performed by the software using a desirability
function (Eq. (6)). The experiment with desirability
value of 1 was selected as the optimum condition.

D ¼ d1 � d2 � . . .� dnð Þ1=n¼
Yn

i¼1
di

� �1=n
(6)

where n is the number of responses in the measure
and di is the desirable ranges for each response.

2.5. Photocatalytic kinetic models

The photocatalytic processes can be described by
the kinetic models known as the decay models.
Kinetic modeling of the photocatalytic reaction is
necessary for any practical applications [21]. In this
study, six kinetic models were used to analyze the
kinetic data of the photocatalytic degradation of NR
on TiO2 [10,22,23]:

(1) First-order model which can be generally
written as:

ln ðC=C0Þ ¼ �k t (7)

(2) Second-order model according to the following
equation:

1

C
� 1

C0
¼ k t (8)

(3) Pseudo-first-order (Lagergren) model
expressed as:

ln ðC� C0Þ ¼ ln ðCÞ � k t (9)

(4) Pseudo-second-order model using the follow-
ing equation:

t

C
¼ t

C0
� 1

k C2
(10)

(5) Modified Freundlich model explains that the
system is adsorption–desorption controlled by
the following equation:

C0 � Ct

C0
� ¼ k tb (11)

(6) Parabolic diffusion model presents the diffu-
sion-controlled degradation of NR on the
photocatalyst surface. The equation is
expressed as:

1� Ct=C0ð Þ
t

¼ k t�
1
2 þ a (12)

3. Results and discussion

3.1. Dye degradation

Design matrix of the variables along with the
obtained dye degradation percentage is presented in
Table 1. Fitting of the data to various models and their
subsequent ANOVA indicated that the photocatalytic
process was most suitably described with a partial
cubic model. The equation of the model in terms of
coded factors is as follows:

Dye degradation ð%Þ ¼ þ 82:96þ 23:41Aþ 21:79B

� 9:65C� 49:37A2 � 8:72B2

� 11:64C2 þ 1:47ABþ 19:95AC

þ 11:45BCþ 29:60A2C

(13)
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where A is the pH, B the catalyst amount, and C the
reaction time.

The ANOVA for the model is shown in Table 2.
Using an F-test, the lack of fit (variation of data
around the fitted model) was evaluated. The model
showed no lack of fit at a 95% level of significance.
The F-value of the model (547.91) with a p-value less
than 0.0001 implied that the model was statistically
significant at the 95% confidence level. A very high
coefficient of determination (R2 = 0.9989) also showed
the suitability of the model for representing the actual
relationship among the parameters [24].

The predicted R2 shows the prediction ability of a
regression model for new observations. The predicted
R2 of the model (0.9717) is in reasonable agreement
with the Adjusted R2 of 0.9971. Adequate precision
measures the signal-to-noise (S/N) ratio. The adequate
precision for the generated model (53.237) has been
greater than 4, indicating that the model could be
used to precisely navigate the design space.

The significance of each term in the model was
examined by testing the null hypothesis. In this case,
A, B, C, A2, B2, C2, AB, AC, BC, and A2C were the
significant model terms.

The developed model was then used to study the
effect of operational parameters on the dye degrada-
tion efficiency of the nano-sized TiO2.

Fig. 2(a) depicts the three-dimensional (3D)
response surface plot regarding the effect of catalyst
amount, pH, and their interactions on the dye degrada-
tion at 15.5 min (center point of the experimental
design). At pH below 4, increasing the catalyst dose
did not have a significant effect on the dye degrada-
tion. A low amount of catalyst also resulted in lower
dye degradation percentage. Minimum color removal

was observed at low pH and low catalyst dose. At pH
2.5, no color removal was observed using 100 mg cata-
lyst. As TiO2 dosage increased, the percentage of
degradation increased. The highest dye degradation
was obtained at a pH range of 4.7–6.2 with TiO2

amount of 85 mg. At this range of pH, increasing the
catalyst amount up to 100 mg did not have a signifi-
cant effect on the color removal. Concentration of TiO2

in the photocatalytic water treatment system affects the
reaction rate [25]. Increase in the catalyst loading
causes increase in the active sites on catalyst surface
which in turn increases the generation rate of elec-
tron/hole pairs, and hence dye degradation [26,27]. At
a certain amount of catalyst, the number of available
dye molecules is not sufficient for adsorption by the
increased number of TiO2 particles. Hence, above a cer-
tain catalyst amount, additional catalyst particles are
not involved in the reaction and the rate tends to level
off [28]. Finding the optimum catalyst loading is neces-
sary for efficient removal of the dye. An over optimum
amount of photocatalyst would make the solution
more turbid and decrease UV light penetration [26].
Higher doses of catalyst, above a saturation level, lead
to aggregation of the particles as well as reduced
irradiation field due to increase in light scattering by
the TiO2 particles and the opacity [25].

According to ANOVA, pH of the solution had the
greatest effect on the degradation of NR, with the
highest F-value of 929.57. In heterogeneous photo-
catalysis, pH of the solution is an important factor that
affects the surface charge of the catalyst particles, the
positions of conductance and valence bands of the
catalyst, and the ionization state of the dye molecules
[25]. However, the interpretation of pH effect is a very
difficult task due to the different dye degradation

Table 2
ANOVA for the partial cubic model used for the analysis of NR dye degradation

Source Sum of squares Degree of freedom Mean square F-value p-value

Model 25,847.10 10 2,584.71 547.91 <0.0001
A, pH 4,385.16 1 4,385.16 929.57 <0.0001
B, catalyst amount 3,797.56 1 3,797.56 805.01 <0.0001
C, time 372.49 1 372.49 78.96 0.0001
A2 10,261.68 1 1,0261.68 2175.28 <0.0001
B2 319.98 1 319.98 67.83 0.0002
C2 570.73 1 570.73 120.98 <0.0001
AB 1,844.70 1 1,844.70 391.04 <0.0001
AC 1,592.01 1 1,592.01 337.47 <0.0001
BC 524.41 1 524.41 111.16 <0.0001
A2C 1,752.32 1 1,752.32 371.46 <0.0001
Residual 28.30 6 4.72
Lack of fit 17.89 2 8.95 3.44 0.1353
Pure error 10.41 4 2.60
Corrected total 25,875.40 16

9300 N. Chaibakhsh et al. / Desalination and Water Treatment 57 (2016) 9296–9306



mechanisms such as hydroxyl radical attack, direct
oxidation by positive hole, and direct reduction by the
electron in the conducting band [29].

The results showed that the degradation of NR was
very low in highly acidic pH range lower than pH 3.5.
The TiO2 particles tend to agglomerate under highly
acidic condition which reduces the surface area avail-
able for dye degradation [28]. Agglomeration of the
TiO2 particles also leads to turbidity of the solution. The
significant turbidity would cause shielding effect,
which decreases light transmission through the solu-
tion. As a result, although there is a low color removal
which results in COD reduction (Exp. No. 2, 5, 12, and
16 in Table 1), but it is not detectable. As pH increased,
the percentage of photocatalytic degradation also
increased. Maximum dye degradation was observed at
pH 5. TiO2 surface is positively charged in acidic media.
NR is a cationic dye; therefore, the neutralizing of

positively charged NR molecules at higher pH leads to
better adsorption of NR dye on the catalyst surface. In
addition, at this low pH, HO�

2 radicals are also able to
form and can be responsible for the oxidation of dye
molecules [5]. After optimum pH value, the degrada-
tion percentage started to decrease gradually. This can
be because at higher pH values, the oxidizing radicals
are rapidly scavenged and they do not have the
opportunity to react with the dye molecules [26].

Fig. 2(b) shows the effect of varying pH and UV
light irradiation time on the decolorization of NR solu-
tion using 60 mg of catalyst. Prolonging the time did
not have a significant effect on the decolorization at
pH below 4.0. A high degradation of NR (85%) was
observed at a pH range of 4.5–5.0 and 8–18 min. At
pH 6.5, maximum decolorization was obtained at
30 min. At this pH, the effect of time was highly
significant, so that by increasing the time from 1 to

Fig. 2. Response surface plots showing the interaction between two parameters, pH and catalyst amount (a), pH and
irradiation time (b), and irradiation time and catalyst amount (c) on the NR dye degradation percentage. Other variables
are constant at their center points.
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30 min, the percentage of dye degradation drastically
increased by 70%. Fig. 2(c) depicts the response sur-
face plot as a function of catalyst amount vs. irradia-
tion time at pH 4.5. The effect of catalyst dosage on
the decolorization is more significant than the effect of
time. By increasing the catalyst amount, the dye
degradation increased at any given irradiation time.
Maximum dye degradation percentage was obtained
using maximum catalyst amount (100 mg) at 15 min.

3.1.1. COD reduction

As the COD indicates the extent of degradation of
organic species, the percentage change in COD was
investigated in this study. The COD reduction repre-
sents the degree of mineralization at the end of the
photocatalytic process [30]. Experimental data along
with obtained percentage reduction of COD are pre-
sented in Table 1. According to ANOVA, a quadratic
polynomial model was statistically significant to repre-
sent the actual relationship between the response
(COD reduction) and the variables, with a small p-
value (0.0003), insignificant lack of fit, and a high
coefficient of determination (R2 = 0.9628). The ANOVA
for the model is shown in Table 3. The equation of the
model in terms of coded factors is given below:

COD reduction ¼ þ 5:20þ 11:29 Aþ 10:05 Bþ 15:79 C

þ 19:90 A2 þ 22:97 B2 þ 13:80 C2

þ 24:78 ABþ 16:75 AC� 0:72 BC

(14)

where A is the pH, B the catalyst amount, and C the
irradiation time.

The reaction time was found to have the greatest
effect on the COD reduction, with the highest F-value
of 28.62. The effects of pH and catalyst amount on the
response were significant. In this case, A2, B2, C2, AB,
and BC were also significant model terms.

Fig. 3(a) shows the 3D response surface generated
to show the effect of pH and catalyst amount on the
COD reduction. By raising pH of the solution, COD
reduction increased and maximum response was
observed at pH 6.5 using 100 mg of catalyst. There
was a drastic increase in COD reduction as pH
increased from 6 to 6.5, whereas at this condition,
maximum decolorization was observed at pH 5. It
seems that the ROS formed at lower pH can attack the
chromophore of dye in the photocatalytic reaction and
cause the breakage of molecular bonds or functional
groups responsible for the color. However, the dye
molecule breaks into smaller pieces and decomposes
completely at higher pH by hydroxyl radicals, which
results in COD decrease in the latter period [31].
Maximum COD reduction was obtained using maxi-
mum catalyst dose. This is because the amount of dye
adsorbed on the TiO2 surface, and hence photodecom-
position rate increases with increasing catalyst dosage.
Adequate loading of the catalyst increases the photo-
generation rate of electron–hole pairs for promoting
the degradation of dye molecules [32].

The effect of varying pH and contact time using
60 mg of catalyst is shown in Fig. 3(b). Maximum COD
reduction was observed at pH 6.5 and 30 min. As men-
tioned previously, maximum dye degradation could be
obtained at 15 min. However, longer irradiation time is
required for complete mineralization of the dye mole-
cules to obtain maximum COD reduction [33]. Fig. 3(c)
represents the effect of varying time and photocatalyst

Table 3
ANOVA for the quadratic model used for the analysis of COD reduction

Source Sum of squares Degree of freedom Mean square F-value p-value

Model 12,613.78 9 1,401.53 20.12 0.0003
A, pH 1,019.26 1 1,019.26 14.63 0.0065
B, catalyst amount 808.02 1 808.02 11.60 0.0114
C, time 1,993.96 1 1,993.96 28.62 0.0011
A2 1,667.41 1 1,667.41 23.93 0.0018
B2 2,222.53 1 2,222.53 31.90 0.0008
C2 801.85 1 801.85 11.51 0.0116
AB 2,455.20 1 2,455.20 35.24 0.0006
AC 1,122.25 1 1,122.25 16.11 0.0051
BC 2.10 1 2.10 0.030 0.8670
Residual 487.72 7 69.67
Lack of fit 399.92 3 133.31 6.07 0.0570
Pure error 87.80 4 21.95
Corrected total 13,101.50 16
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amount on the COD reduction. According to ANOVA,
the interaction effect of time and catalyst amount was
not significant; however to obtain an insignificant lack
of fit, the BC term was not eliminated from the model.
Maximum COD reduction was observed at 30 min by
adding 100 mg TiO2. Longer contact time and availabil-
ity of more active sites on the catalyst surface leads to
high photomineralization of the NR molecules.

3.2. Optimum conditions

RSM can estimate the optimum combination of
parameters, on the basis of the ridge maximum
analysis and the canonical analysis, to obtain the high-
est percentage of dye photodegradation. For each

parameter, the upper and lower limits of the operating
ranges were used as constraints to obtain the optimal
values. As can be seen in the experimental design, in
a short reaction time of 15.5 min, pH 6.5, and using
100 mg of catalyst, a high decolorization efficiency
and COD reduction (92.7 and 92.4%, respectively)
were obtained.

Using the optimization function of the Design
Expert Software, the maximum color and COD reduc-
tion (90.9 and 83.1%, respectively) were predicted
under treatment conditions of 28.7 min, pH 6.47 using
minimum amount of TiO2 nanocatalyst 68.0 mg. The
actual experimental values obtained were 90.0% with
0.9% deviation for decolorization and 85.6% with 2.5%
deviation for COD reduction.

Fig. 3. Response surface plots showing the interaction between two parameters, catalyst amount and pH (a), pH and time
(b), and time and catalyst amount (c) on the COD reduction percentage of the NR dye solution. Other variables are con-
stant at their center points.
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3.3. Kinetic modeling of the photocatalytic process

The photocatalytic kinetic models can be used as a
tool to assist the design of pilot-scale or full-scale
photocatalytic reactors to treat dye-containing
wastewater [34]. To study the mechanism of the decol-
orization process, including successive adsorption and
photocatalytic degradation, six types of kinetic models
were applied (first-order, second-order, pseudo-first-
order, pseudo-second-order, modified Freundlich, and
parabolic diffusion models; Fig. 4). The corresponding
coefficients of determination (R2) are also presented in

the figure. From Fig. 4, it can be speculated that the
kinetics of degradation of NR on the TiO2 nanoparti-
cles can be described more accurately by the pseudo-
second-order and parabolic diffusion models. Calcu-
lated R2 is closer to unity for these models. The
pseudo–second-order mechanism indicates that the
rate-limiting step is monolayer chemical sorption
through photoinduced electron transfer between dye
molecules and the photocatalyst [35]. The dye mole-
cules follow successive degradation under the UV
light irradiation. The parabolic diffusion model

Fig. 4. Kinetic model of the photocatalytic degradation of NR on TiO2 (a) first-order, (b) second-order, (c) pseudo-first-
order, (d) pseudo-second-order, (e) modified Freundlich, and (f) parabolic diffusion models. The solid lines show linear
fitting of the corresponding models.
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indicates that the rate-limiting step (electron transfer)
is controlled by diffusion of the dye molecules from
solution to the active sites of the TiO2 surface.

4. Conclusions

NR dye was successfully removed from solution
by photocatalytic degradation over nano-sized TiO2

suspension in the presence of UV light irradiation.
RSM and BBD were effectively applied to the model-
ing and optimization of the operational parameters.
The mineralization of the dye was also studied by
measuring the COD reduction percentage. Up to
90.0% dye removal and 85.6% COD reduction were
achieved at the optimal conditions, which matched
well with the predicted values. The process was
highly pH-dependent, and maximum decolorization
was obtained at pH 6.5.

Since the pH is within the range of treated effluent
discharge standard, there would be no requirement of
pH adjustment for wastewater discharge. Degradation
of the dye exhibited pseudo-second-order and para-
bolic diffusion kinetics. Therefore, the mechanism of
the process includes diffusion, adsorption, and photo-
catalytic degradation. The method is eco-friendly and
cost–effective, and the obtained results can be used for
further upscaling of the treatment process.
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