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ABSTRACT

Response surface methodology (RSM) was applied based on the central composite design to find
the optimum parameters for the degradation of reactive yellow (RY) dye in an aqueous solu-
tion using a solar-induced photocatalytic process. The independent variables considered were
pH, TiO,, H,O,, initial RY dye concentration, and irradiation time. Optimization of parameters
was performed by analysis of variance (ANOVA). In addition, a polynomial multiple regression
equation was suggested as a model for the prediction of RY dye elimination percentage. The
results show that the RY dye removal at the optimal conditions of pH 6.95294, TiO, concentra-
tion 25.5441 mg/L, H,O, concentration 383.676 mg/L, RY initial dye concentration 20.9412 mg/L,
and irradiation time 89.6176 min was 91%. The ANOVA presents the coefficients of determina-
tion were R? = 0.9259 and R?, . = 0.9147, which confirm a satisfactory adjustment of the second-
order regression model with the achieved data. Also, the results confirm that the removal
percentage of RY dye follows a pseudo-first-order kinetic model with R? > 0.92. This study sug-
gests that sunlight, catalyst, and H,O, together have a significant effect on the degradation pro-
cess, and under optimum operating conditions have a reasonable efficiency in the degradation
of RY dye. Further, RSM was a suitable technique for the optimization of the variables involved
in RY dye removal through the photocatalytic process.

Keywords: Reactive yellow dye; Solar photocatalysis; Kinetic model; Response surface methodology;
Desirability function

1. Introduction

Environmental pollution is an alarming problem in
developing countries. The textile industry is one of the larg-
est and rapidly developing industries in the world. A dye
is a colored substance used in many industries such as the
textile industry, leather, cosmetics, paints, food, ceramics,
construction wax, and paper. Environmental problems such
as water and soil pollution are mainly due to the release
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of untreated textile dyes from the industries, surface run-
offs, and sewage leakage and overflows [1]. Dyeing com-
pounds are made up of synthetic organic molecules with
a complicated molecular structure and a large molecular
weight, allowing them to be used as dyes. The existence of
dyes in the wastewater of the textile industry is not only
visible but results in photosynthesis and aquatic life deteri-
oration (even at low concentrations), owing to the carcino-
genic nature of the dyes and their break-down products
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[2]. This may be explained by the presence of aromatic
amines produced after the biodegradation of azo dyes [3].
Dyes are classified into different types, according to the
process of dying: acid, basic, mordant, direct, reactive,
vat, disperse, sulphur, and azo dyes [4]. Reactive dyes are
synthetic, organic, colorant compounds, which are widely
used as colorant agents in several manufacturing activities
[5]. Reactive yellow (RY) dye is one of the reactive textile
dyes largely used in textile finishing processes. Therefore,
their removal from wastewater has major importance and
needs to be done before it can be discharged to surface
water [6]. Reactive dye effluents are not easy to treat by
conventional treatment technologies, such as coagulation/
flocculation [7], and electrocoagulation [8]. This is due
to the fact that dye molecules are characterized as highly
soluble, recalcitrant, and low biodegradable elements that
resist the conventional treatment processes [6]. Therefore,
numerous physicochemical methods such as precipitation,
coagulation, flocculation, and photodegradation [9] and
adsorption [10] have been used to remove dyes from aque-
ous solutions. Among them, advanced oxidation processes
(AOPs) are known as the proper technique for decoloriza-
tion of textile effluents and turning them into less harmful
ones by generating hydroxyl with high oxidation potential
[11,12]. Heterogeneous AOPs in which semiconductor solid
photocatalysts are activated under UV or visible light are
used in AOPs; they are simple, clean, effective, and cost-
effective processes compared to other AOPs and their
mechanism reaction can be described by Eqs. (1)—(7) [13,14]:

Photocatalysts+h —e +h" 1)
h*+H,0 > H"+0OH" @)
h*+OH — OH’ 3)
e +0,->0, )
2e"+0,+2H" - H,0, 5)
e +H,0, >OH" - OH" (6)
Organic+"OH+0O, - CO, - H,0 7)

To date, numerous semiconductor photocatalysts such
as TiO,, ZnO, C,N,, and SrTiO, have been investigated.
However, TiO, is still considered a suitable photocatalyst due
to its high chemical stability, low-cost, and environmentally
friendly [15].

The minimum bandgap energy necessary for photons
to cause charge carrier photo generation over anatase TiO,
is 3.2 eV, which corresponds to A = 388 nm. The energy cor-
responding to this wavelength is available from solar light;
hence solar light is the potential source to generate charge
carriers over TiO, [16]. The use of natural solar UV energy

(sunlight), instead of the artificial UV lamp, may help greatly
in reducing the cost of photocatalytic oxidation in rela-
tion to some alternative technologies [17,18].

In recent years, various statistical methods have been
reported for optimizing variables, one of which is the
response surface methodology (RSM). The RSM is a pow-
erful statistical tool for describing the interactions between
dependent (target) and independent (inputs) variables in this
case [19,20], it consists of a group of mathematical and sta-
tistical techniques based on the fit of a polynomial equation
to the experimental data in order to predict the behavior of
a system and to reduce time and costs [21]. There are many
methods to optimize the processes such as Box-Behnken
design, face centered design (FCD), and central composite
design (CCD). Among these methods, CCD was applied,
due to its simple structure and good efficiency.

In the last few years, RSM has been applied to optimize
and evaluate the interactive effects of independent factors
in numerous chemical and biochemical processes such as
adsorption [22], flotation [23], emulsion liquid membrane
[24], and photocatalysis systems [25]. The objective of
this study was to obtain the significant parameters affect-
ing the photocatalytic degradation with the assistance of
H,O, for RY dye under solar light irradiation and further
optimize the responses to maximize the efficiency of the
process using the RSM method.

2. Materials and method
2.1. Reagents

The commercial RY dye obtained from the Al-Kut Textile
Industry, (Department of Dying and Printing, Iraq) was
selected as a dye pollutant model. In addition, TiO,-P25 as
powder supplied by Fluka (China) with 99% purity, molec-
ular weight 79.87 g/mol and hydrogen peroxide obtained
from Merck were used. The pH of the aqueous dye solu-
tion has been controlled through the experiments to the
specified value by using (0.1 M) HCl and/or NaOH.

2.2. Procedure and analysis

The photocatalytic experiments were conducted on
sunny days from July to October 2020 between (11 am and
2 pm) in a batch-mode reactor. The experiments were con-
ducted in an open Pyrex glass of (600 mL) capacity that had
been sprayed with silver nitrate to operate as a good solar
reflector [26] and contained a piece of the mirror at the bot-
tom (used as a reflector), Fig. 1. However, solar radiation
was measured using the (SPM-1116SD). The device was
directed toward the sun to measure the solar radiation that
reaches the reactor. UV measurements were obtained for the
range 300 and 400 nm with an average solar UV power of
150-850 W/m?. A stock solution of RY dye was arranged by
dissolving a suitable amount of RY dye in distilled water,
then the required concentration 25, 50, 75, and 100 mg/L
was prepared and then pH was adjusted before adding the
reagents by using pH meter (WTW, INOLAB72, Germany).
Subsequently, the desired concentration of TiO, was added,
then the desired concentration of H,O, was introduced to
the reaction. The suspension was stirred at 200 rpm with
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Fig. 1. Schematic of photo-oxidation process using solar source.

a stirrer type (MSH-300N, BOECO, Hamburg, Germany),
first in the dark for 15 min to achieve primary adsorption
equilibrium, and then start the solar photocatalyst reaction.
Then at regular time intervals 10, 20, 30, 45, 60, and 90 min,
samples were withdrawn, then centrifuged at 3,000 rpm for
15 min, and then analyzed by UV spectral analysis (Hitachi
U-2001 spectrophotometer) at a A__ of 420 nm. The removal
performance of the target chemicals, on the other hand,
was calculated using Eq. (8):

Decolorization Efficiency = CUC

x100% @)

0

where C, and C represent the initial and final concentra-
tions of the RY dye solution, respectively.

3. Response surface design

The experimental design by CCD method was con-
ducted by the Design-Expert 13 program to 27 experiments
to evaluate the impact of TiO,, pH, H,O,, irradiation time,
and RY dye concentration on the response variable (RY dye
removal percentage). Table 1 shows the values of the inde-
pendent variables and their variation limitations, which
were established using related scientific literature as well as
experimental results acquired in preliminary research using
RY dye. The location of maximum removal, within the cen-
ter point (the lowest and highest values), was marked as the
center point (0) to obtain the repeatability of the method
and to determine the experimental error. Furthermore,
the second-order polynomial response equation, Eq. (9)
can be used to correlate the independent and dependent
variables [27].

Y=B,=BX, +B,X,+BX,+B, X, +B,X,, ©)
+B,X,+B, XX, +B,X X, +B.X X

337732 277172 23972473 13771773

where Y stands for a predicted response, x, and x, represent
coded of variables, B; offset term, B, Bj, and Bi/. represent

Table 1

Experimental range and levels of independent parameters
Factor Name Units Low level High level
A pH - 3 1
B TiO, mg/L 25 100
C H,0, mg/L 100 700
D Dye conc. mg/L 25 100
E Time min 10 120

first-order, quadratic, and interaction effects, and i and j
for factor index numbers.

The data was analyzed using analysis of variance
(ANOVA) to evaluate the interactive effects between the
independent factors and responses in the process. The
coefficients of the second-order model, which interpret the
amount of removal of the researched parameters (responses),
define the performance of independent variables. Multiple
regressions were used to assess the research data. The coef-
ficients were examined using analysis of variance, and the
significance threshold was set at p 0.05. The determination
coefficients (R*) and adjusted-R* (R ,) were used to con-
trol the model fitting quality, while the Fischer test was
used to control the statistical significance (F-test) [28].

4. Results and discussion

According to the results, a small degradation was
observed in the darkness after 15 min. However, the deg-
radation efficiency increased when irradiation time was
started. For that, the experimental design was performed
for solar photocatalytic process results only.

4.1. Optimization representation

Table 2 lists all 78 numbers of the experimental design
matrix, as well as responses based on experimental runs
and estimated percent color reductions offered by CCD.
Based on these findings, a polynomial model expressing the
response function and the impact of the independent com-
ponents is given as a second-order polynomial equation

[Eq. (10)].

Removal =74.83-7.03A -0.3870C —15.78 D + 8.16E
-2.13AE-7.79A% +4.08B*> - 9.86C>
-11.07E* +1.23BDE - 5.68 A’E + 3.06 AE?
—3.28B*E -0.7841BE* —1.55D°E + 3.35DE”
—3.45C° +4.08D° +7.15E® + 2.62B*E* + 4.16E*
(10)

The actual and predicted RY dye removal percentage was
given in Fig. 2, where the percentage removal efficiency of
RY dye reached 96.02% which is significantly closer to the
experimental removal percentage of 95%, this means there
was a tendency for linear regression fit, and the model
adequately explains the experimental range studied.
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Table 2
Results of CCD with experimental and predicted values

Run A:pH B: TiO, C:HO, D: Dye conc. E: Time Response removal % Predicted %
1 7 25 400 50 15 57 56.23
2 7 25 400 50 25 66 64.77
3 7 25 400 50 35 70 71.88
4 7 25 400 50 45 78 77.56
5 7 25 400 50 60 86 83.42
6 7 25 400 50 90 93 85.49
7 7 25 400 75 15 55 50.85
8 7 25 400 75 25 59 59.39
9 7 25 400 75 35 64 66.50
10 7 25 400 75 45 69 72.18
11 7 25 400 75 60 75 78.03
12 7 25 400 75 90 80 80.10
13 7 25 400 100 15 52 45.47
14 7 25 400 100 25 55 54.00
15 7 25 400 100 35 60 61.12
16 7 25 400 100 45 64 66.80
17 7 25 400 100 60 67 72.65
18 7 25 400 100 90 75 74.72
19 7 25 100 20 15 51 52.78
20 7 25 100 20 25 62 61.32
21 7 25 100 20 35 72 68.43
22 7 25 100 20 45 76 74.12
23 7 25 100 20 60 77 79.97
24 7 25 100 20 90 86 82.04
25 7 25 250 20 15 55 60.45
26 7 25 250 20 25 68 68.98
27 7 25 250 20 35 74 76.09
28 7 25 250 20 45 82 81.78
29 7 25 250 20 60 85 87.63
30 7 25 250 20 90 88 89.70
31 7 25 400 20 15 59 62.69
32 7 25 400 20 25 71 71.23
33 7 25 400 20 35 79 78.34
34 7 25 400 20 45 87 84.02
35 7 25 400 20 60 90 89.88
36 7 25 400 20 90 95 96.02
37 7 25 700 20 15 50 50.93
38 7 25 700 20 25 56 59.47
39 7 25 700 20 35 70 66.58
40 7 25 700 20 45 74 72.27
41 7 25 700 20 60 77 78.12
42 7 25 700 20 90 80 80.19
43 7 50 400 20 15 51 57.20
44 7 50 400 20 25 65 66

45 7 50 400 20 35 74 72.85
46 7 50 400 20 45 85 78.53
47 7 50 400 20 60 88 84.38
48 7 50 400 20 90 92 86.46
49 7 75 400 20 15 50 57.30
50 7 75 400 20 25 62 65.84

(Continued)
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Table 2
Run A: pH B: TiO, C:H,0, D: Dye conc. E: Time Response removal % Predicted %
51 7 75 400 20 35 71 72.95
52 7 75 400 20 45 80 78.64
53 7 75 400 20 60 85 84.49
54 7 75 400 20 90 87 86.56
55 7 100 400 20 15 61 63.00
56 7 100 400 20 25 75 71.54
57 7 100 400 20 35 77 78.65
58 7 100 400 20 45 83 84.34
59 7 100 400 20 60 84 86.19
60 7 100 400 20 90 85 89.26
61 3 25 400 20 15 60 58.66
62 3 25 400 20 25 72 68.28
63 3 25 400 20 35 80 76.47
64 3 25 400 20 45 87 83.24
65 3 25 400 20 60 87 90.71
66 3 25 400 20 90 88 91.95
67 10 25 400 20 15 59 59.55
68 10 25 400 20 25 70 67.28
69 10 25 400 20 35 75 73.58
70 10 25 400 20 45 78 78.46
71 10 25 400 20 60 79 83.09
72 10 25 400 20 90 80 82.73
73 11 25 400 20 15 64 57.34
74 11 25 400 20 25 66 64.79
75 11 25 400 20 35 73 70.83
76 11 25 400 20 45 74 75.43
77 11 25 400 20 60 75 79.66
78 11 25 400 20 90 78 78.49
Removal Predicted vs. Actual Table 3
oo pts by valueof 1 ANOVA results for response quadratic models
oy conc
- “ Std. Mean CV. R R, R, Adeq
o dev. % precision
349 7325 477 09259 09147 0.8846 38.2839

Predicted
I

Fig. 2. Relation between predicted and actual data of RY
decolorization.

4.2. Variance analysis

Table 3 shows the statistical significance of the quadratic
model as determined by ANOVA. This table demonstrated
that R* for the removal of RY dye was 0.9259, while (R* )
was 0.9147 with an estimated difference of less than 0.2
suggesting good predictability of the model. In addition,

Table 3 shows the Adeq. precision ratio was 38.2889%,
which means an adequate signal. In which Adeq. preci-
sion measures the ratio of signal to noise, and is desirable
at a ratio > 4 [28,29]. However, Table 4 shows the statisti-
cal significance of the quadratic model as determined by
ANOVA. The low P-value (0.0001) shows that the second-or-
der quadratic model is significant for observed results [30].
In addition, the 82.46 F-value implies the significance of the
model.

4.3. Response surface and contour plots for solar photocatalytic of
RY dye removal

In order to understand the impact of different factors
(pH, RY dye concentration, TiO, concentration, H,O, con-
centration, and time) on RY dye removal efficiency, Fig. 3
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Table 4
Analysis of variance (ANOVA) for RY dye removal percentage

Source Sum of squares df Mean square F-value P-value Characteristics

Model 1,0061.72 10 1,006.17 82.46 <0.0001 Significant

A-pH 324.30 1 324.30 26.58 <0.0001

B-TiO, 0.4160 1 0.4160 0.0341 0.8541

C-H,0, 362.65 1 362.65 29.72 <0.0001

D-Dye conc. 1,249.39 1 1,249.39 102.39 <0.0001

E-Time 4,105.78 1 4,105.78 336.48 <0.0001

AE 107.25 1 107.25 8.79 0.0042

A? 128.79 1 128.79 10.55 0.0018

B? 202.73 1 202.73 16.61 0.0001

c 662.82 1 662.82 54.32 <0.0001

E? 1,304.84 1 1,304.84 106.93 <0.0001

Residual 805.34 66 12.20

Corr. Total 10,867.06 76

contains both 3D surface and 2D contour plot. These figures
were created by showing a function of two factors main-
taining the other factor at a fixed level. Fig. 3a indicates the
photocatalyst RY dye elimination vs. pH solution value and
time while keeping other factors constant. It could be ascer-
tained from this figure that the percentage removal increased
by increasing the initial pH value from acidic condition to
neutral (around 7). Further increases in initial pH (up to
10) show a significant decrease in the percentage removal.
It is related to the ionization state of the surface accord-
ing to the following reactions Eqgs. (11) and (12), as well
as to that of reactant dye and products such as acids and
amines.

TiOH + H" <> TiOH; (11)

TiOH + OH <> OH™ «> TiO+H,0O (12)

The pH changes can thus influence the adsorption of
dye molecules onto the TiO, surfaces, an important step
for photocatalytic oxidation to take place [31].

Also, this figure present that there is a gradual increase
in the efficiency of the photocatalytic process with the
increase of exposure time until it reached 90 min. Further
increase in contact time reduces the decolorization effi-
ciency. This could be owing to the fact that radicals formed
over a prolonged period of time are unstable in nature
and disintegrate quickly [32].

The results of RY dye removal as a function of initial
dye concentration 20, 50, 75, and 100 mg/L are present in
Fig. 3b, which reveals that increasing the initial concentra-
tion of RY dye from 20 to 100 mg/L reduces the removal
efficiency. At high dye concentrations, the catalytic surface
is saturated with a large amount of dye adsorbed thereon,
therefore it affects the catalytic activity of TiO,, and reduces
the path length of the photon-penetrating dye solution.
Finally, dye molecules would be less transparent to light,
and they may absorb large quantities of light, allowing
less light to reach the catalyst and therefore limiting the

creation of the OH radical. This observation is in line with
the finding of Alahiane et al. [33].

The photocatalytic activities of the different concen-
trations of TiO, 25, 50, 75, and 100 mg/L under direct sun-
light were also evaluated and compared on the percentage
of RY dye decolorization at the optimized values of RY dye
(20 mg/L), and the pH of 7, and their results are shown in
Fig. 3c the results reveal that the decolorization percent-
age decreased with increasing the catalyst weight above
25 mg/L. The increase in the catalyst weight above a certain
limit reduces the light penetration and therefore reduces
the photocatalytic activity [34].

Fig. 3d shows that the photocatalytic degradation
rate of RY dye increased by increasing H,O, concentra-
tion from 100 to 400 mg/L. This might be because the pho-
to-dissociation of H,0, produces the hydroxyl radical OH,
which acts as a powerful oxidant and electron scavenger.
Moreover increasing the concentration of hydrogen perox-
ide up to 700 mg/L decreases the photocatalytic degradation
rate which could be contributed to the scavenging effect.
However, the higher concentration of H,O, inhibits cata-
lytic activity as H,O, is adsorbed onto TiO, [33]. Hydroxyl
radicals are transformed into O,, H,O, and *OOH radicals
with weaker oxidizability, Eqs. (13) and (14) [35,36]:

H,0, + OH —* OOH + H,0 (13)

"*OOH +" OH - O, +H, (14)

4.4. Process optimization

In the numerical optimization, we choose the desired
goal for each factor (pH, dye concentration, TiO, concen-
tration, H,O, concentration, and time) and response (RY
dye removal). The possible goals are: maximize, minimize,
target, within range, none (for responses only) and set to
an exact value (factors only). A minimum and a maximum
level must be provided for each parameter included. A
weight can be assigned to each goal to adjust the shape of
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its particular desirability function. The goals are combined
into an overall desirability function. Desirability is an objec-
tive function that ranges from zero outside of the limits to
one at the goal. The program seeks to maximize this func-
tion. The goal-seeking begins at a random starting point
and proceeds up the steepest slope to a maximum [37].
Fig. 4 shows the desirability profile of the projected response,
which shows that the values of optimal circumstances
for independent variables are as follows: (pH = 6.95294,
TiO, =25.5441 mg/L, H,0O,=383.676 mg/L, time =89.6176 min,
and 20.9412 mg/L dye concentration), under these condi-
tions the predicted value 91% and the desirability of 0.985,
which indicates that the estimated function may express
the desired conditions and the experimental model.

4.5. Kinetic degradation of RY

In order to investigate the degradation performance
of solar photocatalytic processes for the degradation of RY
dye from an aqueous solution, the kinetic analysis is essen-
tial for understanding the photodegradation process and
reaction rate, which depend on the dynamic collaboration
of RY dye and the nanocomposite surface. The reaction
rate of heterogeneous catalytic reactions is usually typi-
cally described by a pseudo-first-order kinetics model and
can be explained under the conditions of the Langmuir—
Hinshelwood (L-H) kinetics model [38,39].

The kinetic results were achieved by plotting In(C/C)) as
a function of ¢ in the range of 0 to 90 min Fig. 5, and the
results of k values and the regression coefficients (R?) of the
linear plot equations are present in Table 5. As it is clear from
the results the constant degradation rate of k was reduced by
increasing the initial concentration of RY dye, also the results
show that the R? values of the RY dye removal reaction

3

Time (min)
0
20 40 60 80 100
03 y = -0.0087x - 0.6014 —%— RY dye conc=20mg/L
= R? = 0.9944
-1 N S —#&— RY dye conc=50mg/L
\ \-___
_ ~ —o—RY dye conc.=75 mg/L
515 T
o o =-0.0113x - 0.6383 = —®—RY dye conc.=100 mg/L
c
-

R =0.9817

y =-0.0247x - 0.432

-2.5 y=-0.028x-0.5777
R?=0.9934

R?=0.9774

-3.5

Fig. 5. Kinetics curve of pseudo-first-order equation for RY
dye removal at different initial concentrations.

Table 5
Reaction rate parameters for RY dye decomposition in solar
photocatalytic processes

1 nC£ — kit (15) RY dye conc. Rem9val % at First-order
0 90 min K (min™) R2
where k is the observed pseudo-first-order reaction rate 20 95 0.028 0.9774
constant (1/min), C and C, are the RY dye concentrations 50 93 0.0247 0.9934
(mg/L) after exposure time f and the starting RY dye con- 75 380 0.0113 0.9817
centrations (mg/L), respectively, and t is the exposure 100 75 0.0087 0.9944
period (min).
695204 26.5441 383676
| | | IN
3 1 25 100 250 700
ApH = 6:95294 BTIO2 = 26.5443 C:H202 = 383,681
20,9412 89.6176
[ | [ 1
2 100 25 %0 50 95
D:Dye conc. = 20.9607 E:Time = 89.6153 Removal = 91

Desirability = 0.985
Solution 1 out of 98

Fig. 4. Desirability profile of the predicted response.
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curves at different dye concentrations were high (>90), this
indicated that the reaction followed a pseudo-first-order
kinetic model.

5. Conclusion

The results of this study demonstrated that a response
surface methodology is a good tool for optimizing param-
eters found in the experimental data. A quadratic model
was suggested as a good model for the prediction of RY
dye removal. In addition, ANOVA analysis confirmed that
pH (A), TiO, concentration (B), H,0, concentration (C), RY
dye concentration (D), and reaction time (E), square terms
as well as interaction terms had significant effects on RY
removal efficiency. The optimum conditions were found
at: pH = 6.95294, TiO, = 25.5441 mg/L, H,O, = 383.676 mg/L,
time = 89.6176 min, and 20.9412 mg/L dye concentration.
However, optimization of solar-induced photocatalytic
degradation of RY dye from an aqueous solution by RSM
resulted in 91% lead removal. The findings proved a good
agreement between the experimental data and the pre-
dicted equation. It is also worth highlighting that the RY
dye removal appears to follow pseudo-first-order kinetics
and that the rate constant is inversely proportional to the
pollutant’s initial concentration level. Therefore, the RSM
can be proposed as a useful tool for the optimization of dye
wastewater treatment using solar-induced photocatalytic
processes.
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