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Abstract

The aim of our research was to apply experimental design methodology in the optimization of photocatalytic degradation of azo dye (Re-
active Red 120). The reactions were mathematically described as the function of parameters such as amount of TiO, (X;), dye concentration (X3)
and UV intensity (X3), and were modeled by the use of response surface methodology (RSM). These experiments were carried out as a central
composite design (CCD) consisting of 20 experiments determined by the 2 full factorial designs with six axial points and six center points. The
degradation of azo dye (RR/20) followed an apparent first-order rate law in every pH condition. The results show that the responses of color
removal (%) (Y;) in photocatalysis of dyes were significantly affected by the synergistic effect of linear term of UV intensity (X3) and the an-
tagonistic effect of quadratic term of UV intensity x>). Significant factors and synergistic effects for the TOC removal (%) (Y,) were the linear
terms of TiO, (X;), and UV intensity (X3). However, the quadratic terms of TiO, (X3) and UV intensity (X3) had an antagonistic effect on Y,
responses. Canonical analysis indicates that the stationary point was a saddle point for Y, response whereas a maximum point for ¥, response.
The estimated ridge of maximum responses and optimal conditions for Y; and Y, using canonical analysis were 100% and 67.27%, respectively.
The experimental values agreed with the predicted ones, indicating suitability of the model employed and the success of RSM in optimizing the

conditions of photocatalysis.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Azo dyes, containing one or more azo bond (—N=N—), ac-
count for 60—70% of all textile dyestuffs used [1]. Other func-
tional groups characterizing this class of compounds are also
the auxochromes such as —NH,, —OH, —COOH, —SO;H
which are responsible for the increase of the color intensity
and of the affinity with the fibers [2]. It is estimated that about
10—15% of the total production of colorants is lost during
their synthesis and dyeing processes [3]. Reactive dyes exhibit
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a wide range of different chemical structures, primarily based
on substituted aromatic and heterocyclic groups. Since reac-
tive dyes are highly soluble in water, their removal from
wastewater is difficult by conventional coagulation and the ac-
tivated sludge processes [4—6]. AOPs were based on the gen-
eration of very reactive species such as hydroxyl radicals
(OH) that oxidize a broad range of pollutants quickly and
non-selectively. Decolorization of azo reactive dyes by AOPs
(03/UV [7], H0,/UV [8], Fe*"/H,0, [9], TiO-/UV [10])
has been described by several authors. Response surface meth-
odology (RSM), an experimental strategy for seeking the
optimum conditions for a multivariable system, is an efficient
technique for optimization. Recently, it has been successfully
applied to a different process for achieving its optimization
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using experimental designs, which include TiO,-coated/UV
oxidation [11,12], TiO, slurry/UV oxidation [13,14], O3 oxida-
tion [15] and electrochemical oxidation [16]. However, the ef-
ficiency of treatment and the effect of interaction of various
parameters using experimental design methodology during
AOP processes have not been reported.

In this work, the TiO,/UV process was applied on the com-
mercially available azo reactive dye C.I. Reactive Red 120. A
full factorial design (2°) using the experimental design meth-
odology was employed for the optimization of degradation
conditions (measured by color and, TOC reduction of azo re-
active dye) so that the main effects and interactions among
variables can be estimated by keeping to a minimum the num-
ber of experiments.

2. Experimental design and central composite
design (CCD)

To find the optimum conditions for degradation of the reac-
tive dye in a circular type reactor, the experimental design as
a function of the selected main factors has to be determined.
As shown in Fig. 1, this rotatable experimental plan was car-
ried out as a central composite design (CCD) consisting of 20
experiments. For three variables (n =3) and two levels (low
(—) and high (+)), the total number of experiments was 20 de-
termined by the expression: 2" (2° =8: factor points) -+ 2n
(2 x 3 =6: axial points) + 6 (center points: six replications),
as shown in Tables 1 and 2.

The factors (variables) in this experiment were the dye con-
centration (X;), TiO, concentration (X,) and light intensity
(X3). A full second-order polynomial model obtained by mul-
tiple regression technique for three factors by using the SAS
package (SAS Institute, Cary, NC, USA) and MINITAB
package (Minitab Institute, USA) was adopted to describe
the response surface. In developing the regression equation

@ Factorial point
@ Central point
@ Axial point

Fig. 1. Schematic diagram of central composite design (CCD) as a function of
X, (TiO; concentration), X, (dye concentration), and X5 (UV intensity) accord-
ing to the 23 factorial design with six axial points and six central points (rep-
lication) (fixed factors: pH =5, total volume =3 L, flow rate=1L min™h).

Table 1
The original and coded levels of the input variables

Coded levels

Original factors

-2 -1 0 1 +2
TiO, concentration 0.5 1 1.5 2 2.5
L™ X,
Dye concentration 25 50 75 100 125
(mgL™"): X,
UV intensity 0 3 6 9 12
(mW cm2): X3

developed by Box—Hunter [17], the test factors were coded
according to the following equation:

X —X;
=1 % 1
n="0 1)

where x; is the coded value of the ith independent variable, X;
the natural value of the ith independent variable, X;, the natu-
ral value of the ith independent variable at the center point,
and AX; is the step change value.

k 1 k
Y= b() + Z b,-x,- + b,-jx,-xj + Z b,-l-xl.z +e (2)

—1 &k
i=1 i=1 j=2 i=1

where Y is the predicted response, by and the offset term, b; the
linear effect, b;; the squared effect and b; is the interaction
effect. The three significant independent variables X;, X,,
and X3 and the mathematical relationship of the response Y

Table 2

The 2* factorial and central composite design for experiment

Experiment Pattern  Block  Variables in coded levels Comment

run X, X, X,

1 e | -1 —1 —1 Full factorial

2 -+ + -1 +1 +1 Full factorial

3 + -+ +1 —1 +1 Full factorial

4 + + - +1 +1 -1 Full factorial

5 000 0 0 0 Center — full
factorial

6 000 0 0 0 Center — full
factorial

7 -——+ 2 —1 —1 +1 Full factorial

8 -+ - -1 +1 -1 Full factorial

9 + - - +1 —1 -1 Full factorial

10 ++ + +1 +1 +1 Full factorial

11 000 0 0 0 Center — full
factorial

12 000 0 0 0 Center — full
factorial

13 -00 3 -2 0 0 Axial

14 +00 +2 0 0 Axial

15 0-0 0 -2 0 Axial

16 040 0 +2 0 Axial

17 00— 0 0 -2 Axial

18 00+ 0 0 +2 Axial

19 000 0 0 0 Center — axial

20 000 0 0 0 Center — axial
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on these variables can be approximated by quadratic/(second-
degree) polynomial equation as shown below:

Y = by + b1 X) + bXy + b3X5 + b1 X7 + bpXs + b X3
+ b1 X1 Xo + bi3X 1 X3 + b3 Xo X3 (3)

where Y is the predicted response, by the constant, by, b,, and
bs the linear coefficients, b5, b;3, and b,3 the cross-product
coefficients, and by, by, and b33 are the quadratic
coefficients.

3. Materials and methods
3.1. Materials

The molecular formula of Reactive Red 120 (Ewha Chem-
icals Co., Ltd) with purity of >85% used in this study is shown
in Table 3. Standard dye solution was prepared with a concen-
tration of 50 mg L', and A,. was determined with a UV-
spectrophotometer (Shimadzu UV-1201). Titanium dioxide
used was anatase (Aldrich, 99.94%). pH adjustments were
conducted with 0.1 M H,SO,4 and 0.1 M NaOH. All other
chemicals were of analytical grades.

3.2. Photoreactor system and analysis

The entire experimental setup is shown in Fig. 2. All the
experiments were carried out in a continuous flow through
eight columns (each 10 mm in diameter) with a recirculation
of the suspension. The UV lamps used in this study were
40 W blacklight blue fluorescent lamps (General Electrics
Co., F40BLB, 1200-mm length, 32.5-mm diameter) with
maximum emission at 254 nm. UV intensity was measured
with a VLX-3W radiometer (Cole Parmer), which measures
UV radiation at 254 nm. The effective volume of photoreac-
tor was 1.88L (550 mm (wide) x 640 mm (length) x
110 mm (height)). During operation, the photoreactor was
wrapped in an aluminum foil to avoid any illumination by
ambient light. The samples obtained from the photocatalytic
reactions were analyzed by UV—vis spectroscopy (Shi-
madzu UV-1201), absorption at A,.x was 530 nm for azo

Table 3
Chemical structure of dyes and the properties of Reactive Red 120

dye of Reactive Red 120. TOC of photoreaction solution
was measured by a TOC analyzer (Shimadzu, TOC500).

4. Results and discussions

4.1. The absorption spectrum and photocatalytic
discoloration of Reactive Red 120 (RR120)

The temporal absorption spectral changes during the pho-
tocatalytic degradation of Reactive Red 120 in illuminated
aqueous TiO, suspensions are displayed in Fig. 3. The
UV—vis absorption of Reactive Red 120 is characterized by
one band in the visible region, with its maxima located at
530 nm and by three bands at 215, 240, and 290 nm. These
different peaks are attributed to the benzene and naphthalene
rings substituted with SO3 and OH groups. The subsequent
illumination of the aqueous Reactive Red 120 causes contin-
uous decrease of the intensities of UV and vis bands of Re-
active Red 120 with increasing irradiation time, which is not
accompanied by the appearance of new absorption bands in
the UV—vis region.

4.2. Photocatalytic kinetics on the effect of pH for
decolorization of RR120

The experiments were carried out with a dye concentra-
tion of 50 mg L' at pH 3,5, 7, 9 and 11 for 90 min. The
wastewater from dye industries usually has a wide range of
pH values. pH plays an important role both in the character-
istics of dye wastes and in the generation of hydroxyl radi-
cals. Hence, the effect of pH in the degradation of dyes by
UV irradiation was investigated. The interpretation of pH
effect on the efficiency of the photodegradation process is
a difficult task since three possible reaction mechanisms
can contribute to dye degradation, namely, hydroxyl radical
attack, direct oxidation by the positive hole, and direct reduc-
tion by the electron in the conducting band.

According to the literature reports [18,19], the pH of the so-
lution significantly affects TiO, activity, including the charge
on the particles, the size of the aggregates it forms and the po-
sitions of the conductance and valence bands. pH changes can
thus influence the adsorption of dye molecules onto the TiO,

Chemical structure

Molecular formula
Molecular weight
Water solubility
Class

< cl
SO,Na NaO.
OH NH Ny NH OM R0,
0
NHD—N"
NaO,§ SONa NaO,§ SONa

C44H24CIoN14NagO20S6
1470 g mol !

70 gL~

Diazo (—N=N-— bond)
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Fig. 2. Schematic diagram of the circular type photocatalytic reactor system.

surfaces, an important step for the photocatalytic oxidation to
take place [20].

TiOH + H* < TiOH; (4)

TiOH + OH™ < TiO™ + H,0 (5)

The point of zero charge (pzc) of the TiO, (Degussa
P25) is at pH 6.8 [21,22]. Thus, the TiO, surface is posi-
tively charged in acidic media (pH < 6.8), whereas it is neg-
atively charged under alkaline conditions (pH > 6.8) [22,23].
Since R has three sulfonic groups in its structure, which is
negatively charged, the acidic solution favors adsorption of

1.8
] —— Omin
16 \ — — — 10 min
1‘4_\\ — ——— 20 min
| 40 min

Absorbance

200 300 400 500 600
Wavelength (nm)

Fig. 3. UV—vis absorption spectrum of Reactive Red 120 (RR120) at different
irradiation times (experimental conditions: pH =5, TiO, =2 gL', dye con-
centration = 50 mg L", UV intensity =9 mW cm’z, total volume=3L,
flow rate = 1 Lmin™").

dye onto the photocatalyst surface, thus ks increases as
shown in Fig. 4 and Table 4. Thus, decolorization efficiency
increased. At this pH, there is also the formation of OH*
radicals, which react with dye molecules and increase the
decolorization level. As the pH of the solution increased,
the adsorption of dye molecules onto the catalyst surface
decreased. Therefore, decolorization level was observed to
be low at basic pH. Similar results have been reported for
the photocatalytic oxidation of other azo dyes [24,25]. How-
ever, the photocatalytic degradation rate at alkaline pH was
faster than that of at neutral pH.

Decolorization (%)

0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Time (min)

Fig. 4. Effect of initial pH on the photocatalytic oxidation of azo dye (Reactive
Red 120) (experimental conditions: TiO,=2gL~' dye concen-
tration = 50 mg L’l, UV intensity =9 mW cm’z, total volume =3 L, flow
rate =1 Lmin™").
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Table 4
Apparent first-order rate constant ks, half-life 71,5, and correlation coefficients
R? for degradation of Reactive Red 120 (50 ppm) at different pH

Table 6
Regression equations obtained for color (Y;) and TOC (Y;) removal (%) of
RRI120

Azo dye pH kobs (min~1h) t1> (min) R? Regression equations
Reactive Red 120 3 0.0323 21.46 0.991 Analysis in coded factor (xy, x5, x3)
5 0.0448 15.47 0.995 Yy (%) =76.09 + 10.0x; — 15.75x, + 20.25x3 + 3.18x] 4 1.68x3 — 15.32x3
7 0.0240 31.22 0.990 + 60x1x, — 1.78x1x3 — 16x5x3
0.0319 21.72 0.991 Y5 (%) =48.09 + 12.0x; — 16.0x, + 26.0x3 — 12.82x7 — 3.32x5 — 17.32:3
11 0.0287 21.15 0.990 — 3.0)(1)(2 — 1.0X1.X3 + 10.0.\'2X3

4.3. The second-order model and analysis of variance
(ANOVA)

All 20 experimental runs of central composite design
(CCD) were performed in accordance with Table 2. As shown
in Table 5, central composite design is composed of three in-
dependent variables X (TiO, concentration (X;), dye concen-
tration (X,), and UV intensity (X3)), and the response Y (%
of color removal (Y;), and % of TOC removal (Y,)). The re-
gression equations given in Table 6 were obtained from the
analysis of variances.

Using 10, 5, and 1% significance levels, a model is consid-
ered significant if the p-value (significance probability value)
is less than 0.1, 0.05, and 0.001, respectively. From the p-
values presented in Table 7, it can be concluded that for two
responses (Y, Y5), linear contribution and quadratic contribu-
tion of the model were significant, whereas for the responses
Y, and Y,, cross-product contribution of the model was
insignificant.

Actual (observed) value versus predicted value displays the
real responses’ data plotted against the predicted responses

Table 5

Analysis in uncoded factor (X;, X, X3)

Yy (%) = 69.84 — 8.55X, — 0.82X, + 12.48X; + 3.18X3 + 0.004X3
—0.43X% + 0.12X,X5 + 0.0001X, X5 — 0.05X>X;

Ys (%) = —15.78 + 53.96X; — 0.23X, + 7.36X5 — 12.82X7 — 0.0013X3
— 0.48X% — 0.06X, X5 + 0.167X,X5 + 0.003X,X;

and are shown in Fig. 5(a) and (b). It is observed that there
are tendencies in the linear regression fit, and the model
explains the experimental range studied adequately. The fitted
regression equation showed a good fit of the model.

4.4. Estimation of quantitative effects of the factors

For estimation of the quantitative effects of the factors,
Student’s z-test was then performed. In Table 8, the factor
effects of the model and associated p-values for the two
responses are presented. A positive sign indicates a synergistic
effect, while a negative sign represents an antagonistic effect
of the factor on the selected response.

As shown in Table 8, the responses of Y; (% of color
removal at 90 min) were significantly affected by the synergis-
tic effect of linear term of UV intensity (X3), with a p-value of

Experimental values for color and TOC removal of Reactive Red 120 after 90 min

Trial no. Variables in uncoded levels
X X5 X3 Y Y,
TiO, concentration Dye concentration UV intensity Color removal (%) TOC removal (%)
Actual value Predicted value Actual value Predicted value

1 1 50 3 77 69.6 32 30.6
2 2 100 3 76 71.8 22 21.1
3 2 50 9 99 104.8 59 65.1
4 1 100 9 72 71.1 45 41.6
5 1.5 75 6 76 77.9 48 47.8
6 1.5 75 6 73 77.9 48 47.8
7 2 50 3 77 75.4 41 443
8 1 100 3 66 57.6 18 11.8
9 1 50 9 95 96.6 51 51.8
10 2 100 9 78 82.9 52 53.3
11 1.5 75 6 75 79.7 48 48.5
12 1.5 75 6 75 79.7 48 48.5
13 0.5 75 6 60 66.3 18 23.1
14 2.5 75 6 90 86.3 52 47.1
15 1.5 25 6 100 99.5 65 60.6
16 1.5 125 6 65 98.0 24 28.6
17 1.5 75 0 28 37.5 2 4.6
18 1.5 75 12 85 78.0 59 56.6
19 1.5 75 6 75 70.1 48 47.8
20 1.5 75 6 74 70.1 48 47.8
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Table 7
Analysis of variance for two responses (Y1, Y5)
Source of variation Responses

Y, Y,

F value p-value F value p-value
Model 21.45 0.0036%** 26.43 <0.0001%**
Linear contribution 6.23 0.0005%%*%* 68.61 <0.0001%**
Quadratic contribution 7.31 0.0541* 9.80 0.0025%**
Cross-product contribution 0.71 0.5566 0.88 0.4853

*Significant at 10% (p-value); **significant at 5% (p-value); and ***significant at 1% (p-value).

0.023, and the antagonistic effect of quadratic term of UV in-
tensity X3) ( p-value of 0.040). Table 8 also showed that the
effect of the initial TiO, concentration (X;), and reactive dye
(X,) was less pronounced than UV intensity (mW cm ™), how-
ever the favorable quadratic effect (X%) indicates that % degra-
dation is improved at very low value. Finally, the most
significant effect of first-order (linear term) derives from the
initial intensity of UV (X3).

100 (a) /. 1)

e
84

60 NG

40 -

Predicted value(%)
\

20 A e

0 T T T T
0 20 40 60 80 100

Observed value(%)

70
(b) o
60 /6/.

Ke

40 o
30 P
20 °e

104 ~ ©

Predicted value(%)
N\

0 T T T
0 20 40 60 80

Observed value(%)

Fig. 5. The observed values (%) plotted against the predicted values (%) de-
rived from the model of color (Y;) and TOC (Y,) removal (%) in uncoded
values for r =90 min. The long dash line is the regression line with regression
coefficient R = 0.90 (a) and 0.96 (b). Each point refers to the experiment num-
ber listed in Table 5.

Significant factors for the responses Y, were linear terms of
the TiO, (X;), UV intensity (X3), with p-values of 0.019 and
0.037, respectively. All above-mentioned factors show syner-
gistic effect in the increase of TOC removal (%) of Reactive
Red 120. Additionally, the quadratic terms of TiO, (X%) and
UV intensity (X%) have an antagonistic effect on Y, responses
(p-values of 0.016 and 0.003, respectively). Although the first-
order effect shows that increases in both variables, TiO, (X)
and UV intensity (X3), favor TOC removal (%), an antagonis-
tic effect was also observed between these two parameters.
The simultaneous increase of TiO, (X%) and UV intensity
(X3) is adverse for the reaction, as shown by the second-order
effect (pure quadratic) of the last term in the polynomial
expression.

4.5. Main and interaction effect plots

The main effect (mean) plot is appropriate for analyzing
data in a designed experiment, with respect to important fac-
tors, where the factors are at two or more levels. Fig. 6(a)
and 6(b) show the main effect plots of three variables (factors)
on % of color and TOC removal, respectively. The application
of the main effect (mean) plot to the defective springs data set
results in the following conclusions:

Ranked list of factors (excluding interactions)

e Qualitatively, factor X3 is the most important with differ-
ence between the two points, of approximately 56 and
57% in Y, and Y,, respectively.

e Qualitatively, factor X, is the second most important to X3
in Y; and Y5.

e Qualitatively, factor X, is the third most important to X5 in
Y; and Y>.

Increasing the concentration of TiO, can enhance the
production of these species and leads to the greater removal
of target organics. The results indicate that the increase in
the TiO, concentration is associated with increase in the %
of decolorization and TOC removal as shown in Fig. 6(a)
and 6(b), respectively.

However, initial slopes of the curve increase greatly by in-
creasing the catalyst loading from 0.5 to 1 g™, above which
initial slopes are nearly equal. At lower loading levels, such as
0.5 gL™", the catalyst surface and absorption of light by the
catalyst surface are the limiting factors, and an increase in
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Table 8
Factor effects and associated p-values for two responses
Relationship Factor Responses
Y, Y,
Factor effect p-value Factor effect p-value
Main effects Linear X, —0.30 0.773 2.945 0.019%*
Linear X —1.42 0.187 —0.661 0.527
Linear . €) 2.67 0.023%%* 2.496 0.037%#%*
Interactions Pure quadratic X3 0.49 0.640 —3.050 0.016%*
X5 1.64 0.140 —0.762 0.468
X3 —2.35 0.040%* —4.133 0.003*
Cross product X1 x X, 0.52 0.614 —0.417 0.688
X5 x X3 -1.39 0.196 0.139 0.893
X x X3 0.00 1.000 1.390 0.202
*Significant at 10% (p-value); **significant at 5% (p-value); and ***significant at 1% (p-value).
(+) Synergistic effect (factor effect).
(—) Antagonistic effect (factor effect).
a
TiOg (X)) DYE (X2}
100
80 | mﬁ‘d/_/: ]
80 - Meanvalue(%0) Mean value(%0)
o~ 40 7
g 20 - T T T T T T T T T
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8O- _ _ _ o ]
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g
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mWem 2

Fig. 6. Main effect plots for color (a) and TOC (b) removal (%) in uncoded value for =90 min.
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catalyst loading greatly enhances the process efficiency. On
the other hand, at higher loading levels, irradiation field inside
the reaction medium is leveled off due to the light scattering
by catalyst particles [26,27].

As seen in Fig. 6(a) and (b), the removal efficiency of
color is inversely affected by the dye concentration. This
negative effect can be explained as follows: as the dye con-
centration increases, the equilibrium adsorption of the dye
onto the TiO, surface active sites increases, hence competi-
tive adsorption of OH™ on the same sites decreases, resulting
in the lower formation rate of OH' radical which is the prin-
cipal oxidant indispensable for the high degradation effi-
ciency [28,29].

Also, the results (Fig. 6(a)) on the UV intensity are similar
to TiO, concentration where the efficiency of the photo-oxida-
tion reaction increased linearly with UV intensity up to a point,
beyond which no further increases were observed. It is possi-
ble that the TiO, surface was fully utilized at 9 mW cm > of
UV and the excitation of electron—hole pair by UV irradiation
was a maximum at that point [30,31]. If so, further increases in
UV intensity would have no additional effect on the rate of
production of OH* radical.

In addition to the effect of each of the variables such as
TiO, concentration, UV intensity, and dye concentration on
the removal of dye individually, it is also important to check
the interaction effect of these variables, especially two-factors
interaction effect. Interaction plots were constructed by plot-
ting both variables together on the same graph, and are shown
in Fig. 7(a) and (b). This plot indicates that the most signifi-
cant factor is UV intensity (X3) in ¥, and Y, and the most sig-
nificant interaction is between TiO, (X;) and UV intensity
X3).

As can be seen in Fig. 7(a), the highest % of decoloriza-
tion is reached at TiO, (1.5gL™") and 12 mW cm 2 of UV
intensity at dye concentration (75 mgL™") in line of interac-
tion effect between TiO, (X;) and UV intensity (X3). The
interaction of TiO, (1.5 gL_l)/UV intensity (0 mW cm_z)
in the absence of UV illumination at reactive dye
(75 mg L"), however, presented very low efficiency of the
color removal (%). Run 17 in the dark condition (TiO, alone)
as shown in Table 5 showed approximately 28% of decolor-
ization after 90 min, but no by-product was produced. This
result indicates that a portion of reactive dye was not de-
graded, but rather adsorbed onto the TiO, particles. For the
highest % of TOC removal in Y,, Fig. 7(b) showed that
the response was quite similar to Y; response. As mentioned,
the most favorable TOC removal (%) for Y, was obtained by
TiO, (1.5 gL™") — 12mW cm 2 of UV intensity at dye con-
centration (75 mg Lfl) in line of interaction effect between
TiO, (X;) and UV intensity (X3). Compared to the factors
interaction between of TiO, (X;) and UV intensity (X3),
however, the dye concentration (X;) and UV intensity (X3)
were considerably higher in the % of decolorization and
TOC removal. Thus, qualitatively, the interaction effect be-
tween dye concentration (X,) and UV intensity (X3) is the
second most important to between TiO, (X;) and UV
intensity (X3).

4.6. Response surface (contour) plots and optimization
conditions

Canonical analysis using SAS package is a mathematical
approach to examine the overall shape of the curve, to locate
the stationary point of the response surface, and to decide
whether it describes a maximum, minimum, or saddle point.
Three-dimensional (3D) and contour (2D) plots for the pre-
dicted responses were also formed, based on the model poly-
nomial functions to assess the change of the response surface
as shown in Figs. 8 and 9. The relationship between the depen-
dent (Y4, Y») and independent variables (X;, X,, X3) can be also
further understood by these plots. Since the model has more
than two factors, one factor was held constant for each dia-
gram; therefore, a total of six response surface diagrams
were produced for each response (Y, Y,). Fig. 8(a) describing
the minimum point for Y; response shows graphical 3D and
2D representations of the polynomial obtained from the ma-
trix. As shown in Fig. 8(b), the stationary point of the response
surface shows the saddle point. The responses’ surface and
contour plots showing effect of dye and UV intensity on the
% of decolorization have saddle behavior as shown in
Fig. 8(c).

Next, the effects of TiO, (X)) and dye (X,) concentrations,
while keeping UV intensity (X3) at the middle level
(6 mW cm_z), are shown in Fig. 9(a). As shown in Fig. 9(a),
the increase in TiO, concentration (X;) and the decrease in
UV intensity (X3) increased in % of TOC removal at the
ranges of TiO, concentration (2 g L™") and dye concentration
of less than 50 mgL ™" described as the saddle point for Y,
response.

The effect of dye concentration (X,) and UV intensity (X3)
at the middle TiO, concentration (X;) of 1.5 gL7l is also
shown in Fig. 9(b) which described as the maximum point
for Y, response. This contour plot indicates a wide range of
TOC removal (%) combinations resulting in a low dye concen-
tration. On the contrary, working at low UV intensity values,
the quantity of dye concentration added did not significantly
affect the % of TOC removal.

The resulting response surface and contour plots is shown
in Fig. 9(c). This result demonstrates that the response surface
has a maximum point. Therefore, several optima could be
found depending on the UV intensity. On the other hand, the
influence of UV intensity on the % of TOC removal was de-
pendent on the TiO, concentration. The stationary points
(maximum, minimum, and saddle points) were obtained by ca-
nonical analysis and the response surface around these station-
ary points was evaluated. Also, the coordinates of local
minima in terms of the processing variables were determined
by differentiating Eq. (6) for TiO, concentration, Eq. (7) for
dye concentration, and Eq. (8) for UV intensity to X;, X»,
X3, and setting the result thus obtained equal to zero, accord-
ing to the following equations [32]:

Oty
] o ©
X1 |y, x,
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The conditions obtained at the saddle point for total Y,
responses were X;=1.63gL™" X,=452mgL"' and
X;=8.1 mW cm 2, and the conditions at maximum point
for total ¥, responses were X; = 1.92 gL', X, =34.7 mg L™
and X3 = 8.5 mW cm 2. These points were located within the
experimental ranges, implying that the analytical techniques
could be used to identify the minimum condition. The princi-
pal effects of processing variables appear to be unidirectional;
however, at certain conditions, comparing with TOC charac-
teristics, the decolorization characteristics demonstrate con-
flicting interactions. In general, higher UV intensity and
lower dye concentration favorably improved % of color and
TOC removal. It may be necessary to make an acceptable

compromise in all the response results. However, it should
also be noted that the above general observations are only
true for the regions bound by the stationary point.

4.7. Model validation and confirmation

Verification experiments performed at the predicted condi-
tions derived by from ridge analysis of RSM demonstrated
that the experimental values were reasonably close to the pre-
dicted values as shown in Table 9, indicating the validity and
adequacy of the predicted models. Moreover, the verification
experiments also proved that the predicted values of the % of
decolorization and TOC removal could be achieved within
95% confidence interval of the experimental values.

5. Conclusions
The optimization and the modeling of photocatalytic degra-

dation of azo dye (Reactive Red 120) were performed by using
a composite experimental design. The ensuing mathematical
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Fig. 8. Surface and contour plots of color removal (%) in uncoded values for =90 min. (a) X; (TiO,) and X, (dye) in fixed X3 (UV) at 6 mW cm™ 2, (b) X, (dye)
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model could predict the photocatalytic degradation at any
point in the experimental domain as well as the determination
of the optimal degradation conditions. Acidic and alkaline pH
took less time (the half-time ¢,,) for complete decolourization
compared with neutral pH. At neutral pH, the rate of azo dye
(RR120) degradation is low in terms of decolorization com-
pared with that at acidic and alkaline pH. The high correlation
in the model indicates that the second-order polynomial model

could be used to optimize the photocatalytic degradation of
dye. The conditions to get 100% for Y, response of decoloriza-
tion were found to be 1.63 gL' TiO, (X;), 45.2 mg L' of re-
active dye (X»), and 8.1 mW cm 2 of UV intensity (X3) and the
conditions to get 67.27% for Y, response of TOC removal to
were 1.92 gL ™" TiO, (X)), 34.7 mg L™ of reactive dye (X»),
and 8.5 mW cm 2 of UV intensity (X3), respectively. Under
optimized conditions, the experimental values agreed with
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Fig. 9. Surface and contour plots of TOC removal (%) in uncoded values for # =90 min. (a) X; (TiO,) and X, (dye) in fixed X3 (UV) at 6 mW cm 2, (b) X, (dye)
and X3 (UV) in fixed X; (TiOy) at 1.5 ¢g L%, (¢) X; (TiOy) and X5 (UV) in fixed X, (dye) at 75 mg L.
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Table 9
Comparison of experimental and predicted values of two responses (Y7, Y>) at
the optimal levels predicted by RSM for additional experiments (three trials)

Response Optimal conditions Stationary Predicted Observed

point value (%)* value (%)°
Y, X, =163gL7", Saddle 100 98 +2
X, =452mgL™",
X;=8.1mWcm 2
Y, X;=192gL™", Maximum  67.3 6643
X, =347mgL™",

X;=8.5mW cm ™2

# Predicted using ridge analysis of response surface quadratic model.
® Mean + standard deviation of triplicate determinations from different
experiments.

the values predicted by the ridge analysis. These results impli-
cate that the optimization using a response surface methodol-
ogy based on the central composite design can save the time
and effort by the estimation of the optimum conditions of
the maximum removal of dye.
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