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Abstract

Wastewater containing dyes are difficult to treat attributed to their recalcitrant properties and resistance to biodegradation
in conventional activated sludge treatment. Removal of dye via photocatalytic approach appears to be promising. This
study was performed to examine the effect of various operating parameters on photocatalytic degradation of methylene
blue (MB) over chromium oxide-doped TiO, followed by optimization study using response surface methodology (RSM)
based on Box—Behnken design (BBD). The experiments were carried out at room temperature under visible light irradi-
ation. The dye photocatalytic degradation followed first-order kinetics with rate constant of 0.0301 h™'. The effects of
dopant concentration, sample loading and irradiation time were investigated and their binary interactions were modeled.
The high regression R? value of 0.9904 confirmed that the proposed equation fits the experimental data accurately.
ANOVA analysis results demonstrated that irradiation time was the most significant individual parameter. Verification test
enunciated RSM based on BBD which was suitable to optimize photodegradation of methylene blue over chromium oxide-
doped TiO, photocatalyst.

Keywords Photodegradation - Titania - Optimization - RSM - BBD

1 Introduction characteristics towards the organisms and microorganisms

(Allen et al. 2003).

Dyes are widely used in many industries such as textile,
leather tanning, paper production, and food industry. It was
reported that the amount of current world dyestuffs pro-
duction is about 10 million kg per year and 1-2 million kg
of active dyes enter the biosphere, either dissolved or
suspended in water. Pollution caused by dye-containing
wastewater in the environment is of great concern associ-
ated to their toxicity, mutagenicity and carcinogenicity
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Traditional dye removal methods such as adsorption,
flocculation and nanofiltration are proven to be insufficient
and generate secondary pollution (Robinson et al. 2001).
On the other hand, the new emerging process like
biodegradation through microbial processes approach is not
effective towards some azo dyes containing sulfonated
aromatic amines (Tan et al. 2005). Removal of dye via
photodegradation under visible light seems to be an alter-
native method due to the fact that most of the dyes have
strong adsorption in the visible light region. On top of that,
photodegradation is a green chemistry process which is
able to utilize free solar light as the activation source and
fully mineralization of dyes by changing the toxic dyes to
non-toxic inorganic salt, carbon dioxide and water can be
achieved (Houas et al. 2001). These reasons attract inten-
sive studies on removing of dyes via photodegradation
approach. From the experience, TiO, is not only function
as a promising bifunctional catalyst (Lee and Hamdan
2008) but it is also considered a good photocatalyst due to

2
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its high resistance to chemical and photochemical corro-
sion in aggressive aqueous environment (Koh et al. 2017).
To overcome the shortcoming of TiO, such as big band gap
energy (3.2 eV for anatase) and enhance its photocatalytic
activity, TiO, can be further modified with transition metal
(Han et al. 2009).

Many parameters such as amount of dopant, sample
dosage, light irradiation time, pH, light intensity, type of
light were reported to affect dye photodegradation over
TiO, photocatalyst (Akpan and Hameed 2009). However,
many studies focused on the effect of certain parameter on
the photocatalytic efficiency based on the one-factor-at-
one-time approach, meaning that one parameter was varied
while the other parameters were made constant. The results
could be misleading if there is an interaction existed
between the parameters. In addition, the one-factor-at-a-
time approach is time consuming and costly since more
experiments need to be conducted and more consumption
of chemicals is required.

Response surface methodology (RSM) is a statistical
design tool which can be used to overcome the afore-
mentioned problems. RSM can be used to develop models
from experimental data and can be used to obtain an
optimal response (in term of photocatalytic efficiency). It
also provides process optimization, prediction of the
interaction between several parameters, evaluation of
effects of several parameters as well as the optimum con-
ditions searching to attain optimal response. RSM based on
central composite design or Box—Behnken design (BBD)
has been used to optimize photocatalytic degradation of
dyes over different photocatalysts. The previous results
showed that the predicted values were closed to the
experimental values (Abdullah et al. 2012; Cho and Zoh
2007; Debnath et al. 2015; Vaez et al. 2012).

In the current study, the photocatalytic degradation of
methylene blue over chromium oxide-doped TiO, under
visible light irradiation was evaluated and optimized using
RSM involving BBD for the first time. BBD actually is one
of the RSM designs and is widely used to optimize the
photodegradation of a pollutant. Compared to other com-
monly used techniques such as Doehlert Matrix and Cen-
tral Composite Designs, BBD offers a few advantages
including that it requires less experimental data point and it
has high efficiency when the factor is less than or equal to 3
(Box and Behnken 1960; Ferreira et al. 2007). In addition,
BBD does not request designs in which all the parameters
are performed at the highest or lowest levels at the same
time. Therefore, this design is useful in avoiding experi-
ments conducted in extreme conditions, which might lead
to unacceptable results (Ferreira et al. 2007).

As aforementioned, the study of interactions between
the parameters of photodegradation of dyes is important.
Besides, to the best of our knowledge, there is no report on

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

optimization of photodegradation of MB over metal oxide
modified TiO, photocatalyst using RSM based on BBD.
The important reaction parameters of dopant concentration,
irradiation time and photocatalyst loading were used as the
variables for the first time. MB, a cationic dye, was
selected as the target pollutant because it is known for its
difficulty to be degraded under visible light. In fact, it is
often selected as a model dye contaminant to evaluate the
photocatalytic activity of photocatalysts (Chen et al. 2010).
Chromium oxide was chosen as the dopant to modify TiO,
because it was reported that Cr—TiO, has good activity in
photodegrading methylene blue (Koh et al. 2015).

2 Experimental
2.1 Synthesis of Photocatalysts

Chromium oxide-doped TiO, was synthesized according to
the reported paper (Koh et al. 2014). In the typical syn-
thesis, chromium-doped TiO, was prepared as follows:
titanium tetraisopropoxide (TTIP) (97%, Aldrich) was
mixed with absolute ethanol (99.98%, HmBG) and acety-
lacetone (> 99%, Aldrich) according to the molar ratio 1:
100: 2, respectively. The mixture was stirred for 60 min at
room temperature. A required amount of chromium(III)
acetylacetonate (97%, Aldrich) in acetylacetone was added
to the first mixture and further stirred for 30 min at room
temperature followed by evaporation at 353 K. The gel was
dried in the oven at 383 K overnight, ground into powder
and lastly calcined at 773 K for 5 h. The content of Cr
oxide in the photocatalysts was varied from 0.5 to 4 mol%.
Samples were denoted as yCr-TiO,, where y is referred to
mol% of dopant Cr oxide. For comparison purpose,
undoped TiO, was prepared with same procedure without
the addition of Cr precursor.

2.2 Characterizations

The prepared photocatalysts were characterized by X-ray
Diffractometer (Bruker Advance D8) with Cu Ko radiation
(A = 0.15406 nm, 40 kV, 40 mA). The samples were
scanned in the range from 20 = 20°-90° with a scan rate of
0.1°/s. Perkin Elmer Ultraviolet—Visible Spectrometer
Lambda 900 was used to record diffuse reflectance UV—
Visible (DR UV-Vis) spectra with barium sulfate (BaSO,)
as reference.

2.3 Photocatalytic Testing and Kinetic Study
The photocatalytic activity of the prepared photocatalyst

was tested via photodegradation of MB under visible light
irradiation using halogen fiber optic light illuminator
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(Dolan-Jenner MI 157, 150 W). UV longpass filter
(400 nm, Edmund Optics) was used to allow only visible
light (A > 400 nm) irradiated on the dye solution. Sample
(0.1 g) was put into the beaker consisting of 50 mL
15 ppm of MB and subjected to light illumination for 24 h
at room temperature. Adsorption test was carried out prior
to photocatalytic study. After the photocatalytic reaction,
the solution was centrifuged and the supernatant was
withdrawn. The concentration of MB was determined using
UV-Vis spectrometer (ThermoFisher, Genesys 10S) at
A = 665 nm. The photocatalytic activity was calculated
using the following equation:

Decolorization percentage = (C,—C)/C, x 100%, (1)

where C, and C are the concentration of MB before and

after the photocatalytic reaction, respectively. Similar
experimental conditions were used to study the effect of
photocatalyst loading by varying the amount of photocat-
alyst from 0.0125 to 0.1250 g. On the other hand, different
irradiation times (0-24 h) were applied for studying the
effect of irradiation time.

2.4 Optimization Study

Photodegradation of MB was optimized by RSM using
BBD with three effective variables including dopant con-
centration, A, irradiation time, B, and photocatalyst load-
ing, C. The statistical software (Design-Expert Version 7)
was utilized for the analysis. The following quadratic Eq. 2
was used for the optimization process. The response vari-
able (percent of photodegradation) was fitted with full
quadratic model as shown in Eq. 2 in order to correlate it to
the experimental variables.

Y =py+ Z Bixi + Z Bix; + Z Bijxixj (2)

where Y is the response variable (percent of photodegra-
dation), and fo, B, fi» B are coefficients of the intercept,
linear, square and interaction effects, respectively. Mean-
while, x; and x; are coded independent variables. The
validity of the design model was evaluated using ANOVA
analysis. It was performed based on the proposed model to
find out the interaction between the selected variables and
the response. The F value (Fisher variation ratio) and
p value (significant probability value) were used to deter-
mine the significance of the model; p value of selected
model should be less than 0.05% and lack of fit should be
insignificant. Meanwhile, the coefficient of determination
(R?) must be close to 1 to indicate the good correlation
between the experiment and the predicted values. Three-
dimensional contour plots were drawn to visualize the

interaction between the effects of independent variables
towards photodegradation of MB.

3 Results and Discussion
3.1 Structural and Optical Properties

As shown in Fig. 1a (a), the TiO, was successfully syn-
thesized with purely anatase and body-centered tetragonal
in shape (JCPDS 21-1272). Similarly, pure anatase of TiO,
was obtained via sol-gel method in a previous report (Wu
and Chen 2004). When Cr oxide amount was 1 mol% or
higher, new diffraction peaks at 20 = 27.5° and 42.5°

(a) A Anatase o Rutile

) ﬂ A (e
=
Z ()
E
(0
“ (b)
Y N | U N S N
(a)
I T T T T T T '
20 40 60 80
2-Theta (degree)
(b)

Kubelka-Munk Function (a.u)

[ T I T I T I I
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 1 a XRD patterns and b DR-UV-Vis spectra of a undoped TiO,,
b 0.5Cr-TiO,, ¢ 1Cr-TiO,, d 2Cr-TiO,, e 3Cr-TiO,, f 4Cr-TiO,

2, @) Springer
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assigned to rutile peaks (JCPDS 21-1276) were observed,
suggesting occurrence of anatase to rutile phase transition.
The intensity of these peaks increased as the amount of
dopant increased. No Cr oxide peak was detected inferring
that the Cr oxide was either too little to be detected or the
dopant was highly dispersed on the surface of TiO, (Wu
and Chen 2004).

As illustrated in Fig. 1b (a), undoped TiO, showed
typical absorption shoulder at the range of 200-260 nm
and absorption peak in the range 320-360 nm which were
attributed to tetrahedral and octahedral Ti, respectively
(Astorino et al. 1995). Doping of Cr oxide shifted the
absorption edge to visible light region suggesting that the
synthesized samples could be active under visible light
irradiation.

3.2 Photocatalytic Testing

3.2.1 Effect of Dopant Concentration

Photodegradation test using 15 ppm of MB as targeted
pollutant was carried out on Cr oxide-doped TiO, samples.
Adsorption test was carried out over Cr oxide-doped TiO,
samples prior to the photodegradation to ensure adsorption
equilibrium has been achieved. Figure 2 shows the net
photodegradation of MB over undoped TiO, and Cr oxide-

doped TiO, at the function of different mole percentage of
Cr oxide. After 24 h of light irradiation, it was observed

60

50

40

30

Photodegradation (%)

20

0 0.5 1 2 3 4

Amount of Cr oxide dopant (mol%)
Fig. 2 Photodegradation of MB over Cr oxide-doped TiO, of

different Cr oxide mol% (Concentration of MB = 15 ppm, irradia-
tion duration = 24 h)

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

that 33.4% of MB was photodegraded by undoped TiO,
(pure anatase), even though UV longpass filter (400 nm,
Edmund Optics) was used. This could be explained by dye
sensitization whereby visible light induced excitation of
electron from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO) of dye molecule and then electron ejected onto
conduction band of TiO, and ultimately induced pho-
todegradation of MB on TiO, surface (Yu et al. 2010).

As shown in Fig. 2, the photodegradation of MB slightly
improved after doping with 0.5 mol% Cr oxide. The
improvement could be mainly due to dye sensitization
effect between MB and TiO, and slightly affected by the
presence of rutile phase and extended absorption edge to
visible light region resulted from addition of Cr oxide (Koh
et al. 2017). The optimum amount of Cr oxide dopant was
1 mol% which gave the highest activity of 50%. Further
addition of Cr oxide dopant retarded the photocatalytic
activity, which could be attributed to the excess of dopant
covered the active site of TiO,.

3.2.2 Effect of Irradiation Time

Since 1Cr-TiO, was the best photocatalyst, the effect of
irradiation time on the performance of photodegradation of
MB over 1Cr-TiO, was studied and the results are depicted
in Fig. 3. Upon visible light irradiation, the concentration
of MB continued to decrease when the irradiation time was
prolonged. Prolonged irradiation time not only enabled
more MB dye molecules photosensitized TiO,, but also
activated Cr-TiO, to generate more hydroxyl and

Visible light start

Remaining Concentration (ppm)

T I T I
10 20

Irradiation time (hour)

|
I
I
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1
1
1
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|
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I
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I
|
1
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0

Fig. 3 Effect of irradiation time on the photodegradation of MB
(photocatalyst ~ loading = 0.1 g, initial  concentration  of
MB = 15 ppm, photocatalyst used = 1Cr-TiO,)
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superoxide radicals, leading to increase of photodegrada-
tion of MB (Akpan and Hameed 2009).

The kinetic order of reaction was investigated. First-
order kinetic was plotted according to Eq. 3

In C,/C = kt, (3)

where C, is the initial concentration of MB (15 ppm), C is
the concentration of MB at time ¢, k is the rate constant
(h~") and 7 is the reaction time (hour). As shown in Fig. 4,
the data fitted well the first-order kinetic of reaction with
the regression coefficient, R? equals to 0.985. The obtained
rate constant was 0.0301 h™'.

3.2.3 Effect of Photocatalyst Loading

The effect of photocatalyst loading is depicted in Fig. 5.
The photodegradation increased from 33.8% to maximum
of 50% when the sample loading increased from 0.0125 to
0.1000 g. The enhanced photodegradation when the
amount of sample loading increased was probably due to
rise in the number of active sites for both photocatalytic
and adsorption, hence leading to the improved photocat-
alytic activity as well as photosensitization effect of 1Cr—
TiO,. However, further increase of sample loading has
slightly inversed outcome on the photodegradation of MB.
The phenomenon could be attributed to blocking of visible
light penetration from reaching the photocatalyst’s surface
which retarded the photocatalytic activity (Sun et al. 2008).

3.2.4 Response Surface Study

Box-Behnken design was used to study the photodegra-
dation of MB. The effective parameters studied were

0.8 ]

In (C,/C)

Irradiation time (h)

Fig. 4 First-order transforms of photodegradation of MB by 1Cr—
TiO, photocatalyst under visible light irradiation for 24 h

60

50

40

30

Photodegradation (%)

20

0.0125 0.025 0.05 0.1 0.125
Catalyst loading (g)

Fig. 5 Effect of photocatalyst (1Cr-TiO,) loading on the photodegra-
dation of MB (initial MB concentration = 15 ppm, irradiation
time = 24 h)

dopant concentration, A (0-2 mol %), irradiation time, B
(16-24 h), sample loading, C (0.05-0.14 g). A total of 17
experiments were obtained at random to study the optimize
parameters and maximize the photocatalytic degradation of
MB. The experimental and predicted values are tabulated

Table 1 Box—Behnken design matrix

Observation  Actual values Photodegradation of MB (%)
A B C Yexp Yored Residual
1 1.00 16.00 0.14 30.88 30.99 — 0.11
2 0.00 24.00 0.10 36.99 37.45 — 0.46
3 1.00 20.00 0.10 5042 50.70 —0.28
4 0.00 16.00 0.10 32.08 32.27 —0.19
5 1.00 20.00 0.10 51.11 50.70 0.41
6 0.00 20.00 0.05 31.15 30.80 0.35
7 0.00 20.00 0.14 32.11 31.80 0.31
8 1.00 24.00 0.05 49.84 49.73 0.11
9 1.00 24.00 0.14 3991 39.76 0.15
10 1.00 16.00 0.05 37.98 38.13 —0.15
11 2.00 20.00 0.05 35.16 35.47 — 0.31
12 2.00 24.00 0.10 37.76 37.56 0.20
13 1.00 20.00 0.10 50.93 50.70 0.23
14 2.00 20.00 0.14 17.01 17.36 —0.35
15 1.00 20.00 0.10 50.02 50.70 — 0.68
16 2.00 16.00 0.10 22.83 22.37 0.46
17 1.00 20.00 0.10 51.02 50.70 0.32

2
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in Table 1. According to the RSM based on BBD, an
empirical mutual relationship between the response (pho-
todegradation of MB) and independent parameters is
shown in quadratic Eq. 4:

(a) 51.11+

42.58

34.06 —

Predicted

25.54+

17.01+

2554 3406 4258 5111

Actual

T
17.01

(b)

Probability
3
8]
o
"

-0.89 000  0.89 178
Residual

1.50 —

0.00

Residual

-1.504 * =

-3.00

3403 4236 5070

Predicted

1736 2569

Fig. 6 a Comparison of the predicted and actual value, b Normal
probability plot, ¢ Residual versus predicted response values for
photodegradation of MB

P

b @ Springer

Y = 50.70—2.45A + 5.09B—4.28C + 2.50AB— 4.78AC
—0.71BC—14.54A*-3.758>~7.30C*. (4)

The plot of predicted versus actual response value is
shown in Fig. 6a. The straight line with high regression R
value of 0.9904 showed that the predicted value was close
to the actual value. The analysis of the residuals which was
the difference between obtained experimental and the
predicted values was carried out. It gave useful information
about the suitability of the model. This analysis identifies
the outlier and examined diagnostic plots such as normal
probability and residuals plots. The normal probability plot
shows whether the residuals follow a normal distribution,
in which case the points would follow a straight line
(Jawad et al. 2015). From Fig. 6b, the data points could be
resembled with a straight line, denoting the residual was
normally distributed. On the other hand, the residual versus
predicted response value tests the assumption of constant
variance. The plot should be in random scatter with a
constant range of residuals within the residual range. From
Fig. 6c¢, the pattern of the residuals fluctuated in a random
pattern around the centre of the line and within the
boundary, meaning that there was no outlier.

The ANOVA analysis is shown in Table 2. The high
correlation  coefficients (R* = 0.9904 and adjusted
R? = 0.9976) were obtained which demonstrated close fit
between the predicted and experimental values. The high
model F value of 749.46 and low p values (less than
0.0500) in the current study indicated the significance of
the model. Values of p > F less than 0.0500 suggested that
the model terms are significant. Thus, in this case, A, B, C,
AB, AC, BC, AZ, BZ, and C? are significant model terms.
From the ANOVA analysis, the lack of fit is not significant.
As can be seen in Table 2, the obtained F values for effect
of dopant concentration, irradiation time and sample
loading are 180.49, 781.79 and 551.85, respectively,
showing that the irradiation time was the most significant
parameter, followed by sample loading and dopant con-
centration. By comparing the interactive model term, AC
has the highest F value of 344.20, followed by AB (94.63)
and BC (7.55), indicating that the interaction of AC was the
most significant towards photodegradation of MB.

The response surface plot in three dimensional was
plotted to show the interaction between the two parameters
towards the photodegradation of MB. In this approach, two
parameters were varied within the experimental ranges
while another one parameter was kept constant. The 3-D
surface plot of photodegradation of MB as a function of
dopant concentration and irradiation time is shown in
Fig. 7a. The sample loading was kept at 0.1 g. The ellip-
tical shape of the contour plot indicated that the interaction
of dopant concentration and irradiation time was effective
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Table 2 Analysis of variance

(ANOVA) for photodegradation ~ S°""C DF 8§ MS r p Remarks
of MB Model* 9 1789.12 198.79 749.46 < 0.0001 Significant

Dopant concentration, A 1 47.87 47.87 180.49 < 0.0001

Irradiation time, B 1 207.37 207.37 781.79 < 0.0001

Sample loading, C 1 146.38 146.38 551.85 < 0.0001

AB 1 25.10 25.10 94.63 < 0.0001

AC 1 91.30 91.30 344.20 < 0.0001

BC 1 2.00 2.00 7.55 0.0286

A? 1 890.15 890.15 3355.95 < 0.0001

B? 1 59.05 59.05 222.63 < 0.0001

c? 1 224.53 224.53 846.51 < 0.0001

Residual 7 1.86 0.27

Lack of fit 3 0.99 0.33 1.53 0.3363 Not significant

Pure error 4 0.86 0.22

Total 16 1790.98

DF degree of freedom of different source, SS sum of square, MS mean of square, F' degree of freedom,

P probability

“Pred R-squared 0.9904; Adj R-squared = 0.9976

towards photodegradation of MB. As shown, when dopant
concentration increased, increase of irradiation time
enhanced the photodegradation of MB. In the literature,
RSM was used to optimize the photocatalytic performance
of TiO; in degradation of azo pyridine dye under simulated
sun light (Dostani¢ et al. 2013). The authors claimed that
irradiation time has the greatest impact towards the pho-
tocatalytic activity, followed by oxidant concentration and
photocatalyst amount. This could be explained that longer
irradiation time devoted to the reaction, the more exposure
of Cr—TiO, photocatalyst’s surface to visible light (Sohrabi
and Akhlaghian 2016), and hence produced more hydroxyl
radical which photodegraded more MB. On the other hand,
even though irradiation time increased, photodegradation
of MB increased only with dopant concentration up to
1 mol%. Further increase in dopant concentration reduced
the photodegradation of MB. This was because the excess
Cr oxide (more than 1 mol%) dopant acted as recombina-
tion centre.

Figure 7b represents the effect of dopant concentration
and sample loading towards the photodegradation of MB
with keeping the irradiation time at 24 h. It can be seen that
increasing dopant concentration up to 1 mol%, and sample
loading from 0.05 to 0.1 g improved the photodegradation
of MB. On the other hand, further increase in dopant
concentration from 1 to 2 mol%, and 0.1 to 0.14 g, retar-
ded the photodegradation of MB. The reason why 1 mol%
was the optimum dopant concentration has been given. The
photocatalytic degradation of MB increased with increas-
ing sample in the reaction which was mainly due to more
active site available to photodegrade MB. Meanwhile, the
adverse consequence of excess sample loading would limit

the light reaching the photocatalyst surface leading to
decrease of photocatalytic activity. As compared to sample
loading, obviously, dopant concentration is more consid-
erable in the photodegradation of MB.

The interaction between irradiation time and sample
loading with keeping the dopant concentration at 1 mol%
is shown in Fig. 7c. The results showed that at short irra-
diation time (16 h), increase in sample loading up to
approximately 0.1 g increased the photodegradation of
MB. Further increase in sample loading retarded the pho-
tocatalytic activity. Similar trend was observed even
though longer irradiation time was used. Overall, the
degree of importance of these three parameters on pho-
todegradation of MB was in descending order of irradiation
time > sample loading > dopant concentration.

To obtain the optimized conditions for the photodegra-
dation of MB, the lower and upper limits of each parameter
were adjusted to achieve the maximum response. The
operational parameters were set to values within the stud-
ied range, while the response was set to achieve maximum
value. The obtained value of photodegradation of MB was
53.09% at dopant concentration of 0.95 mol%, 23.12 h of
irradiation time and 0.08 g of photocatalyst amount, with
high desirability of 1. An additional experiment was carried
out under the suggested optimum conditions and the
obtained photodegradation of MB was 51.78%, which was
closely agreed with the predicted result by RSM. The
results hence validated the findings of RSM for MB pho-
todegradation over 1Cr-TiO,.
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Fig. 7 3-D surface plots of
photodegradation of MB as a
function of a dopant
concentration and irradiation
time, b dopant concentration
and sample loading,

¢ irradiation time and sample
loading
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4 Conclusion

Chromium oxide-doped TiO, was efficient photocatalyst
for MB photodegradation under visible light irradiation.
The reaction followed first-order kinetics with a rate con-
stant of 0.0301 h™"'. The results of this study demonstrated
that RSM based on BBD could be efficiently used for the
modeling and optimization of the photocatalytic
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degradation of the dye. Analysis of variance showed a high
correlation  coefficients (R* = 0.9904 and adjusted
R* = 0.9976), thus confirming a satisfactory adjustment of
the regression model with the experimental data. The
current study indicated that the most significant effect on
MB photodegradation was found to be irradiation time,
followed by photocatalyst loading, while the influence of
dopant concentration was the least important. According to
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the statistical design method, the optimal photodegradation
conditions were determined at 0.95 mol % Cr oxide
dopant, 23.12 h of irradiation time, and 0.08 g of photo-
catalyst loading. Verification experiment was conducted at
suggested optimum conditions and the obtained pho-
todegradation value (51.78%) was closely agreed with the
predicted value (53.09%). Besides, interaction between
dopant concentration and photocatalyst loading was the
most significant impact towards photodegradation of MB
over Cr-doped TiO, under visible light irradiation.

Acknowledgements The authors gratefully acknowledge the Ministry
of Higher Education, Malaysia (MOHE) and Universiti Teknologi
Malaysia (UTM) for the Research University Grants (vote no.: and
Q.J130000.2526.12H77, Q.J130000.2526.13H52 and
Q.J130000.21A2.03E61). P. W. Koh is grateful for the MyPhD
scholarship from the Ministry of Science, Technology and Innovation,
Malaysia (MOSTI).

References

Abdullah AH, Moey HIM, Yusof NA (2012) Response surface
methodology analysis of the photocatalytic removal of methy-
lene blue using bismuth vanadate prepared via polyol route.
J Environ Sci 24:1694-1701

Akpan UG, Hameed BH (2009) Parameters affecting the photocat-
alytic degradation of dyes using TiO,-based photocatalysts: a
review. J Hazard Mater 170:520-529

Allen SJ, Gan Q, Matthews R, Johnson PA (2003) Comparison of
optimised isotherm models for basic dye adsorption by kudzu.
Bioresour Technol 88:143-152

Astorino E, Peri JB, Willey RJ, Bisca G (1995) Spectroscopic
characterization of silicalite-1 and titanium silicate-1. J Catal
157:482-500

Box GEP, Behnken DW (1960) Some new three level designs for the
study of quantitative variables. Technometrics 2:455-475

Chen C, Ma W, Zhao J (2010) Semiconductor-mediated photodegra-
dation of pollutants under visible-light irradiation. Chem Soc
Rev 39:4206-4219

Cho I-H, Zoh K-D (2007) Photocatalytic degradation of azo dye
(reactive red 120) in TiO,/UV system: optimization and
modeling using a response surface methodology (RSM) based
on the central composite design. Dyes Pigm 75:533-543

Debnath S, Ballav N, Nyoni H, Maity A, Pillay K (2015) Optimiza-
tion and mechanism elucidation of the catalytic photo-degrada-
tion of the dyes eosin yellow (EY) and naphthol blueblack
(NBB) by a polyaniline-coated titanium dioxide nanocomposite.
Appl Catal B: Environ 163:330-342

Dostani¢ J, Loncarevi¢ D, Rozi¢ L, Petrovi¢ S, Mijin D, Jovanovic¢
DM (2013) Photocatalytic degradation of azo pyridone dye:

optimization using response surface methodology. Desalin
Water Treat 51:2802-2812

Ferreira SLC et al (2007) Box—Behnken design: an alternative for the
optimization of analytical methods. Anal Chim Acta
597:179-186

Han F, Kambala VSR, Srinivasan M, Rajarathnam D, Naidu R (2009)
Tailored titanium dioxide photocatalysts for the degradation of
organic dyes in wastewater treatment: a review. Appl Catal A
359:25-40

Houas A, Lachheb H, Ksibi M, Elalou E, Guillard C, Herrmann JM
(2001) Photocatalytic degradation pathway of methylene blue in
water. Appl Catal B: Environ 31:145-157

Jawad AH, Alkarkhi AFH, Mubarak NSA (2015) Photocatalytic
decolorization of methylene blue by an immobilized TiO, film
under visible light irradiation: optimization using response
surface methodology (RSM). Desalin Water Treat 56:161-172

Koh PW, Yuliati L, Lee SL (2014) Effect of transition metal oxide
doping (Cr Co, V) in the photocatalytic activity of TiO2 for
congo red degradation under visible light. J Teknol 69:45-50

Koh PW, Yuliati L, Lintang HO, Lee SL (2015) Increasing rutile
phase amount in chromium-doped titania by simple stirring
approach for photodegradation of methylene blue under visible
light. Aust J Chem 68:1129-1135

Koh PW, Hatta MHM, Ong ST, Yuliati L, Lee SL (2017)
Photocatalytic degradation of photosensitizing and non-photo-
sensitizing dyes over chromium doped titania photocatalytsts
under visible light. J Photochem Photobiol A: Chem
332:215-223

Lee SL, Hamdan H (2008) Sulfated silica-titania aerogel as bifunc-
tional oxidative and acidic catalyst in the synthesis of diols.
J Non-Cryst Solids 354:3939-3943

Robinson T, McMullan G, Marchant R, Nigam P (2001) Remediation
of dyes in textile effluent: a critical review on current treatment
technologies with a proposed alternative. Bioresour Technol
77:247-255

Sohrabi S, Akhlaghian F (2016) Modeling and optimization of phenol
degradation over copper-doped titanium dioxide photocatalyst
using response surface methodology. Process Saf Environ Prot
99:120-128

Sun J, Qiao L, Sun S, Wang G (2008) Photocatalytic degradation of
orange G on nitrogen-doped TiO, catalysts under visible light
and sunlight irradiation. J Hazard Mater 155:312-319

Tan NCG et al (2005) Fate and biodegradability of sulfonated
aromatic amines. Biodegrad 16:527-537

Vaez M, Moghaddam AZ, Alijjani S (2012) Optimization and
modeling of photocatalytic degradation of azo dye using a
response surface methodology (RSM) based on the central
composite design with immobilized titania nanoparticles. Ind
Eng Chem Res 51:4199-4207

Wu JCS, Chen CH (2004) A visible-light response vanadium-doped
titania nanocatalyst by sol-gel method. J Photochem Photobiol
A: Chem 163:509-515

YuL, Yuan S, Shi L, Zhao Y, Fang J (2010) Synthesis of cu*t doped
mesoporous titania and investigation of its photocatalytic ability
under visible light. Micropor Mesopor Mater 134:108-114

2, 49\ Springer



	Kinetics and Optimization Studies of Photocatalytic Degradation of Methylene Blue over Cr-Doped TiO2 using Response Surface Methodology
	Abstract
	Introduction
	Experimental
	Synthesis of Photocatalysts
	Characterizations
	Photocatalytic Testing and Kinetic Study
	Optimization Study

	Results and Discussion
	Structural and Optical Properties
	Photocatalytic Testing
	Effect of Dopant Concentration
	Effect of Irradiation Time
	Effect of Photocatalyst Loading
	Response Surface Study


	Conclusion
	Acknowledgements
	References


