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ABSTRACT

In this work Central Composite Design (CCD) based on Response Surface Methodology (RSM)
was employed to evaluate the effects of operational parameters (reaction time, initial dye concen-
tration, initial H,O, concentration and distance of UV lamp from the solution) affecting photooxi-
dative decolorization of a dye solution containing C.I. Basic Red 46 (BR46) and for optimization of
the process. Predicted values were found to be in good agreement with experimental values (R*=
98.92% and Adj-R? = 97.79%), which indicated suitability of the model employed and the success
of CCD in optimizing the conditions of UV/H,O, process. Graphical response surface and con-
tour plots were used to locate the optimum point. The results of optimization predicted by the
model showed that maximum decolorization efficiency was achieved at the optimum condition
of reaction time 14 min, initial dye concentration 20 mg/L, initial H,O, concentration 1.0 g/L and
16 cm distance between UV lamp and the solution. In addition, a mathematical relation between
the apparent reaction rate constant and used H,0, was applied for prediction of the photooxida-
tive decolorization rate constant (k). The results indicated that this kinetic model provided good
prediction of the k values for a variety of conditions. The Figure-of-merit electrical energy per
order (E ) was employed to estimate the electrical energy consumption.

Keywords: Advanced oxidation processes; Central composite design; Modeling; Electrical
energy consumption; Decolorization.

1. Introduction

Textile industries discharge large amounts of colored
wastewaters due to the unfixed dyes on fibers during the
coloring and washing steps. The presence of these pollut-
ants in water streams causes problems related to their car-
cinogenity, toxicity to aquatic life and the easily detected
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and undesirable aesthetic aspect [1-4]. Dyeing effluents
are very difficult to treat, due to their resistance to biode-
gradability, stability to light, heat and oxidizing agents
[5-7]. In general, the treatment of dye-containing effluents
is being undertaken by biological, adsorption, membrane,
coagulation—flocculation, oxidation-ozonation, biological
and advanced oxidation processes (AOP) [8-11]. AOP,
have been developed to degrade the nonbiodegradable
contaminants of drinking water and industrial effluents
into harmless species (CO,, H,0, etc.) [12]. Combined UV
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and hydrogen peroxide oxidation, is one of the advanced
oxidation processes which has been successfully applied
to the treatment of various water pollutants. This process
implies such simple reactions as UV photolysis of H,O,. It
is characterized by the generation of a very powerful oxi-
dizing species, well known as hydroxyl radicals, in relative
high steady-state concentrations. These reactive radicals
can decompose and even mineralize the organic contami-
nates with high efficiency. The main advantages of this pro-
cess are that no additional disposal problems are generated
after the completion of the above treatment and they are
non-selective to a very broad range of chemicals. Reaction
scheme of the proposed mechanism for UV/H,O, process
has been summarized in the following equation [13-16].

1.1. Initiation

(The typical molar extinction coefficient and primary
quantum yield of direct photolysis of hydrogen perox-
ide are 18.6 dm®*mol' ecm™ and 0.5 mol E! at 254 nm,
respectively [15]):

H202 +hv — 2°OH. (].)

1.2. Hydroxyl radical propagation and termination

H,0, + *OH — HO$ + H,0 )
2°OH — H,0, 3)
HO$ + *OH — H,0 + O, 4)
‘OH +dye —» P ®)
HO3 + dye —» P (6)
HO3 + H,O, —» *OH + H,0 + O, . @)

1.3. Owverall reaction

H202 + dye +hv = P. (8)

As we have reported in our pervious papers [13,14,17],
the photooxidative decolorization efficiency is dependent
on various parameters such as oxidant (H,O,) amount, ini-
tial dye concentration, UV radiation intensity, reaction time
and initial pH. In order to determine the influence of these
parameters in conventional methods, experiments were
carried out varying systematically the studied parameter
and keeping constant the others. This should be repeated
to all the influence parameters, resulting in an unreliable
number of experiments. In addition, this exhaustive pro-
cedure is not able to find combined effect of the effective
parameters. In order to optimize the effective parameters

with the minimum number of experiments, application of
the experimental design methodologies can be useful. The
common experimental design techniques used for process
analysis are full factorial, partial factorial and response
surface methodology. A full factorial requires at multilevel
many experiments [18]. A partial factorial design requires
fewer experiments than a full factorial. However the former
is particularly useful if certain variables are already known
to show no interaction [19,20]. An effective alternative to
the factorial design is the response surface methodology.
RSM is an experimental design technique that uses math-
ematical and statistical techniques to analyze the influence
of independent variables on a specific dependent variable
(response) [21]. Using RSM, it is possible to estimate linear,
interaction and quadratic effects of the factors and to pro-
vide a prediction model for the response. In this way, RSM
designs could be used to find improved or optimal process
settings in an efficient use of the resources. Experimental
data required are dependent on the chosen design, central
composite or box—Behnken designs [22]. These are different
in the number of runs required and in the combinations of
the levels used in the experiments. The central composite
design gives almost as much information as a multilevel
factorial. It requires much fewer experiments than a full fac-
torial. CCD has been also shown to be sufficient to describe
the majority of steady-state process responses [23].

RSM methodology has been applied to model and
optimize several wastewater treatment processes includ-
ing adsorption [21,24], Fenton’s oxidation [25,26], elec-
trochemical oxidation [27], electrocoagulation [28] and
photocatalytic decolorization [29]. However, to the best
of our knowledge, the optimization of photooxidative
decolorization of BR46 solution and the effect of inter-
action of effective parameters using central composite
design have not been reported.

In this work, the central composite design has been
applied to optimization of decolorization of a dye solu-
tion containing BR46 using UV /H,O, process. The fac-
tors (variables) investigated were the reaction time,
initial dye concentration, initial H,O, concentration and
distance of UV lamp from the solution. In addition a
kinetic model has been used to evaluate of the apparent
rate constants (k), in terms of the ratio of initial concen-
tration of H,O, to that of the dye, in the photooxidative
removal of BR46 using UV /H,O, process.

2. Experimental details
2.1. Reagents

Hydrogen peroxide (30%, d = 1.11 g/mL), sulfuric
acid and sodium hydroxide were of laboratory reagent
grade (Merck Co.) and used without further purifica-
tion. The dye, C.I. basic red 46, was obtained from Shimi
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Characteristics of C. I. Basic Red 46.

Molecular formula

Molecular mass

max

Other name
Chemical Class

C H,NOS

1877247 "6 4
420 (g mol™)
530 (nm)
Maxilon Red GRL
Cationic mono azo

— —

o
L

iy

7:’")

N-?L,___N

Chemical structure

CH,080;”

Boyakhsaz Company, Iran. Its structure and characteris-
tics are given in Table 1.

2.2. General procedure

For UV/H,O, process, irradiation was carried out
with a 30 W (UV-C) mercury lamp (Philips, the Neth-
erlands), which was put above a batch photoreactor of
500 mL in volume. The desired concentration of BR46
and H,O, were fed into the Pyrex reactor. The distance
between the solution and UV source was adjusted accord-
ing to the experimental conditions. On the surface of the
solution, the radiation intensity was measured by Cassy
Lab, Germany. The pH of the solution was measured by
pH meter (Philips PW 9422, the Netherlands). The initial
value of dye solution pH was 6.5. Then, the UV lamp was
switched on to initiate the reaction. During irradiation,
agitation was maintained to keep the solution homoge-
neous. At different reaction times obtained with experi-
mental design, 2 mL sample were taken and the remaining
BR46 was determined using a Lightwave S2000 UV/Vis
spectrophotometer, England at A, =530 nm and calibra-
tion curve. Using this method, the percent color removal

Table 2
Experimental ranges and levels of the independent test
variables.

Variables Ranges and levels
-2 -1 0 +1 +2
Reaction time (min) (X)) 2 6 10 14 18

Initial dye concentration (mg/L) (X,) 4 8 12 16 20
Initial H,0, concentration (g/L) (X;) 02 1.2 22 321 42
Distance from UV lamp (cm) (X)) 4 8 12 16 20
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could be obtained. The percent color removal (CR (%))
was expressed as the percentage ratio of decolorized dye
concentration to that of the initial one.

2.3. Experimental design

Response surface methodology is a collection of statis-
tical and mathematical techniques useful for developing,
improving and optimizing processes. The application of
statistical experimental design techniques in the develop-
ment of the photooxidative process can result in reduced
process variability combined with the requirement of less
resources (time, reagents and experimental work) [30].

In the present study central composite design,
which is a widely used form of RSM, was employed for
optimization of UV/H,O, process. In order to evaluate
the influence of operating parameters on the photooxida-
tive decolorization efficiency of BR46, four main factors
were chosen: reaction time (X), initial dye concentration
(X,), initial H,O, concentration (X,) and distance of UV
lamp and solution (X,). A total of 31 experiments were
employed in this work, including 2*= 16 cube points, 7
replications at the center point and 8 axial points. Experi-
mental data were analyzed using Minitab 15 software.
For statistical calculations, the variables X, were coded as
x, according to the following equation:

X - X,

8x ©)

X;

where X| is the value of X; at the center point and 6X pres-
ents the step change [31,32]. The experimental ranges and
the levels of the independent variables for BR46 removal
are given in Table 2. It should be mentioned that prelimi-
nary experiments was performed to determine the extreme
values of the variables.

3. Results and discussion
3.1. Central composite design model

CCD involves the following steps: performing the sta-
tistically designed experiments according to the design,
factors and levels selected, estimating the coefficients
of the mathematical model to predict the response and
check its adequacy [29, 31]. The 4-factor CCD matrix and
experimental results obtained in the photooxidative color
removal runs are presented in Table 3. The second-order
polynomial response equation (Eq. (10)) was used to cor-
relate the dependent and independent variables:

Y=b,+bx +bx,+bx, +bx, +bxx,+bxx,

+b xx,+b xx +b xx +b xx, +b x2

1471774 23772773 24772774 34773774 1171
2 2 2
+b,,x5+ b, x5+ b,x5, (10)
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Table 3

The 4-factor central composite design matrix and the value of response function (CR(%)).

Run Reaction time Initial dye concentration Initial H O, concentration Distance from UV lamp Decolorization

(min) (mg/L) (g/L) (cm) efficiency (%)
Experimental Predicted

1 -1 1 1 1 32.00 32.63
2 1 -1 1 -1 76.10 7729
3 2 0 0 0 72.50 72.66
4 1 1 —1 1 95.50 94.27
5 0 0 0 0 80.00 80.26
6 1 1 -1 -1 91.34 88.45
7 0 0 0 -2 89.00 90.40
8 1 -1 -1 -1 96.00 94.24
9 —1 -1 —1 71.00 6597
10 1 -1 -1 75.00 7897
1 0 0 0 60.00 58.36
12 4 1 1 -1 48.00 47.39
13 0 0 0 23.00 22.60
14 0 0 0 80.00 80.26
15 4 1 -1 -1 70.00 68.51
16 -1 1 1 10.00 16.25
17 0 -2 0 0 75.00 73.08
18 0 0 0 0 80.00 80.26
19 0 0 0 0 80.00 80.26
20 0 0 0 0 80.00 80.26
21 1 -1 1 65.23 6740
2 0 0 -2 0 95.00 96.74
23 1 1 1 0 74.25 74.62
24 1 1 1 -1 82.55 84.45
25 0 2 0 0 80.00 81.68
26 0 0 0 0 80.00 80.26
27 -1 -1 -1 85.18 88.17
28 -1 1 -1 56.00 54.10
29 0 0 2 0 45.00 43.02
30 1 -1 1 1 48.00 46.36
31 0 0 81.82 80.26

where Y is a response variable of decolorization effi-
ciency. The b, are regression coefficients for linear effects;
b, the regression coefficients for quadratic effects; x, are
coded experimental levels of the variables.

Based on these results, an empirical relationship
between the response and independent variables was
attained and expressed by the following second-order
polynomial equation:

Y =80.2593 + 12.5135x, + 2.1490x, - 13.4315x, - 8.0083x,
-8.1571x,x,- 0.7196x x,— 2.5946x x, - 1.4696x x,
+3.4683x,x, + 4.2791x x, + 1.7323x2

+3.2383x2+5.2731x2-3.9127x2. (11)

The decolorization efficiencies (CR(%)) have been pre-
dicted by Eq. (11) and presented in Table 3. These results
indicated good agreements between the experimental and
predicted values of decolorization efficiency. In addition,
Eq. (11) suggests that the coefficient b13 (-0.7196) is not sig-
nificant and could be removed from the model equation.

3.2. Determination coefficients and residuals analysis

The regression coefficient (R*) quantitatively evaluates
the correlation between the experimental data and the pre-
dicted responses. Experimental results and the predicted
values obtained using model (Eq. (11)) are shown in Fig. 1.
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Fig. 1. Comparison of the experimental results of decoloriza-
tion efficiency with those calculated via central composite
design resulted equation.

Two lines were used to show the success of the prediction.
The first line is the perfect fit (predicted data equal to experi-
mental data), on which all the data of an ideal model should
lay. The other line is the line that best fits on the data of the
scatter plot with Eq. Y =ax + b and it is obtained with regres-
sion analysis based on the minimization of the squared
errors. The determination coefficient of this line is also pre-
sented (R?). The closer to 1 this factor is and the closer the
coefficients of the line to 1 and 0, respectively, are the better
the model is. As can be seen, the predicted values match the
experimental values reasonably well with R?of 0.9892.

The obtained R? value suggests good adjustments to the
experimental results since this indicates that 0.9892 of the
variability in the response could be explained by the models.
This implies that 98.92% of the variations for percent color
removal are explained by the independent variables and
this also means that the model does not explain only about
1.08% of variation. Adjusted R*(Adj-R?) is also a measure
of goodness of a fit, but it’s more suiTable for comparing
models with different numbers of independent variables.
It corrects R*-value for the sample size and the number of
terms in the model by using the degrees of freedom on its
computations. If there are many terms in a model and not
very large sample size, adjusted R*> may be visibly smaller
than R* [21, 22]. Here, adjusted R? value (0. 9779) was very
close to the corresponding R* value (see Table 4).

In addition to regression coefficient, the adequacy of
the models was also evaluated by the residuals (differ-
ence between the observed and the predicted response
value). Residuals are thought as elements of variation
unexplained by the fitted model and then it is expected
that they occur according to a normal distribution. Normal
probability plots are a suiTable graphical method for judg-
ing the normality of the residuals. The observed residuals
are plotted against the expected values, given by a normal
distribution (see Fig. 2). The residuals from the analysis
should be normally distributed. In practice, for balanced or
nearly balanced designs or for data with a large number of
observations, moderate departures from normality do not
seriously affect the results. The normal probability plot of
the residuals should roughly follow a straight line. Trend
observed in Fig. 2(a), reveals reasonably well-behaved
residuals. Fig. 2(b) shows the residuals versus the fitted
values. Based on this plot, the residuals appear to be ran-
domly scattered about zero. Fig. 2(c) and (d) illustrate the
residuals in the order of the corresponding observations
and the histogram of the residuals distribution. It shows
that the residuals in the plot fluctuate in a random pattern
around the line of error zero.

3.3. Analysis of variance

Table 4 indicates the results of the quadratic response
surface model fitting in the form of analysis of variance
(ANOVA). ANOVA is required to test the significance
and adequacy of the model [33, 34]. ANOVA subdivides
the total variation of the results in two components: vari-
ation associated with the model and variation associated
with the experimental error, showing whether the varia-
tion from the model is significant or not when compared
with the ones associated with residual error [21, 32, 35].
This comparison is performed by F-value, which is the
ratio between the mean square of the model and the
residual error. If the model is a good predictor of the
experimental results, F-value should be greater than the
tabulated value of F-distribution for a certain number of
degrees of freedom in the model at a level of significance
o. F-value obtained, 104.41, is clearly greater than the
tabulated F (2.352 at 95% significance) confirming the
adequacy of the model fits.

Table 4

Analysis of variance (ANOVA) for fit of decolorization efficiency from central composite design.

Source of variations Sum of squares Degree of freedom Adjusted Mean square F-value
Regression 131271 14 937.65 104.41
Residuals 143.7 16 8.98

Total 13270.8

R?=98.92%, Adjusted R? = 97.79%.
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Fig. 2. Residual plots for photooxidative decolorization efficiency of BR46.

The student’s t distribution and the corresponding
values, along with the parameter estimate, are given
in Table 5. The P-values were used as a tool to check
the significance of each of the coefficients, which, in
turn, are necessary to understand the pattern of the
mutual interactions between the test variables. The
larger the magnitude of the student’s t-test and smaller
P-value, the more significant is the corresponding
coefficient [31,32].

3.4. Effect of variables as response surface and counter plots

In order to gain insight about the effect of each
variable, the three dimensional (3D) and contour (2D)
plots for the predicted responses were formed. These
plots are created based on the model polynomial
function to analyze the change of the response surface.
The surface and contour plots of the quadratic model
with two variables kept constant and the other two

Table 5

Estimated regression coefficients and corresponding t and P-values from the data of central composite design experiments.
Coefficient Parameter estimate Standard error t-value P-value
b, 80.2593 1.1326 70.860 0.000
b, 12.5135 0.6117 20.457 0.000
b, 2.1490 0.6117 3.513 0.003
b, -13.4315 0.6117 —21.958 0.000
b, -8.0083 0.6117 -13.092 0.000
b, -8.1571 0.5604 ~14.556 0.000
b, -0.7196 0.5604 ~1.284 0.217
b, —2.5946 0.5604 —4.630 0.000
b, -1.4696 0.5604 —2.622 0.018
b,, 34683 0.7492 4.630 0.000
b, 4.2791 0.7492 5.712 0.000
b, 1.7323 0.7492 2.312 0.034
b, 3.2383 0.7492 4.323 0.001
b, 5.2731 0.7492 7.039 0.000

b -3.9127 0.7492 -5.223 0.000

'S
=
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varying within the experimental ranges are shown in
Figs. 3-6.

Response surface plots provide a method to predict the
percent color removal for different values of the tested
variables and the contours of the plots help in identification
of the type of interactions between these variables [36].

In Fig. 3, the response surface and contour plots were
developed as a function of initial dye concentration and
reaction time while the initial H,O, concentration and dis-
tance of UV lamp from the solution were kept constant at
2.2 g/L and 12 cm, respectively, being the central levels.
Fig. 3 shows a maximum for percent color removal as
time increases especially for lower initial dye concen-
trations. The presumed reason is that at the beginning
stages of the process, hydroxyl radicals attack to the
dye molecules that results in increase of percent color
removal. The reactions of *OH and *O,H with dye mol-
ecules result in the formation of intermediates. The pro-
duced intermediates in solution may quench hydroxyl
radicals which cause a decrease in percent color removal.
In addition, when initial amount of H,O, was kept con-

75
£ 50
o
O 25
0
0
15 \
Time (min) \D‘Je\
20.0
17.54 CR (%)
< 40
40 - 60
15.0 4 g 60 - 80
= 80 - 9%
g M 9 - 100
12.54
= Hold Values
E_ [H202] (g) 2.2
8 10.0- Distance (cm) 12
7.5
5.0

2 4 6 8 10 12 14 16
Time (min)

Fig. 3. The response surface and contour plots of the decol-
orization efficiency (%) as the function of reaction time (min)
and initial dye concentration (mg/L).
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Fig. 4. The response surface and contour plots of the decolor-
ization efficiency (%) as the function of initial H,O, concen-
tration (g/L) and the distance of UV lamp from the solution.

stant at 2.2 g/L, photooxidative decolorization efficiency
was not changed considerably by increasing the initial dye
concentration. It seems that up 10 min the effect of initial
dye concentration on photooxidative decolorization effi-
ciency is not obvious.

To study the effect of initial H,O, concentration and
distance of UV lamp from the solution on percent color
removal, the experiments were carried out with initial
H,O, concentration varying from 0.2 to 4.2 g/L under
different distance of UV lamp from the solution at con-
stant initial dye concentration (12 mg/L) and reaction
time (10 min). The results were displayed in Fig. 4. This
Figure shows that the percent color removal slightly
decreases with an increase in the amount of HO,. The
reason of this observation is thought to be the fact that
hydroxyl radicals are consumed by hydrogen peroxide
and many other species in solution and reach a steady-
state concentration. At this point, when H,O, is used
in excess, hydroxyl radicals efficiently react with H O,
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Fig. 5. The response surface and contour plots of the decol-
orization efficiency (%) as the function of reaction time (min)
and and the distance of UV lamp from the solution.

and produce hydroperoxy radicals (‘O,H). Note that
hydroperoxide radicals are less reactive than hydroxyl
radicals [13, 17].

UV irradiation decomposes H,O, to generate the
hydroxyl radicals required for degradation of organic mat-
ters. The overall energy input to a photochemical process
is related to the radiation intensity. The rate of degradation
increases with increase in the radiation intensity. Figs. 4 and
5 show the percent color removal increased with decreas-
ing the distance between UV lamp and the solution at all
applied initial H,O, concentrations studied. The reason of
this observation is that the radiation intensity increased,
from 8.0 to 21.9 W/m? with decreasing the distance
between UV lamp and the dye solution from 20 to 7.5
cm. Therefore percent color removal enhanced. The find-
ing was in agreement with literature reports where higher
radiation intensities would result in higher photooxidative
removal efficiency [16, 37].

Fig. 6 shows the response surface and contour plots
of the decolorization efficiency as a function of initial
dye and H,O, concentrations. A slightly improvement

CR (%)

(H202] (g/))

CR (%)
< 40.0
W 40.0 - 60.0
# 60.0 - 80.0
o B0.0 - 90.0
= B > 90.0
(-]
5 Hold Values
= Time (min) 10
2‘ Distance {cm) 12
e

05 10 15 20 25 30 35 40
[H202] (g/1)

Fig. 6. The response surface and contour plots of the decol-
orization efficiency (%) as the function of initial dye (mg/L)
and H,0, (g/L) concentrations.

in photooxidation efficiency with increasing initial BR46
concentration has been observed. The reason of this
observation is thought to be the fact that the increasing
initial concentration of the dye increases the probabil-
ity of reaction between dye molecules and oxidizing
species. The finding was in agreement with literature
reports where higher initial concentration of pollutant
would result in higher photooxidative removal effi-
ciency [11, 38]. In contrast, the percent color removal
decreased with an increase in the amount of H,0, as dis-
cussed previously.

3.5. Response optimization

The main objective of the optimization in this work is
to determine the optimum values of variables for photo-
oxidative decolorization using UV/ H,0O, process, from
the model obtained using experimental data. The desired
goal in term of decolorization efficiency was defined as
“maximize” to achieve highest treatment performance.
The optimum values of the process variables including
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reaction time, initial dye concentration, initial H,O, concen-
tration and the distance from UV lamp for complete decol-
orization efficiency were 14 min. 20 mg/L, 1 g/L and 16
cm, respectively. After verifying by a further experimental
test with the predicted values, the result indicated that the
maximal decolorization efficiency was obtained when the
values of each parameter were set as the optimum values,
which was in good agreement with the value predicted
from the model. It implies that the strategy to optimize
the decolorization conditions and to obtain the maximal
decolorization efficiency by CCD for the photooxidative
decolorization of BR46 solution using UV /H,O, process
is successful.

3.6. Kinetic model of critical effect of hydrogen peroxide

The kinetic model for decolorization of the dye was
derived using the reaction mechanism in Egs. (1-8). In
this model two main steps are proposed to be respon-
sible for removal: the formation of hydroxyl radicals
(*OH) as well as the formation of hydroperoxy radicals
("*O,H) through reaction between H,O, and *OH. The
reactions of *OH and *O,H with dye molecules result
in the formation of intermediates. These intermediates
react with hydroxyl radicals to complete photooxida-
tion. As it was previously reported, the Eq. (12) can be
justified by considering the steady-state approximation
for highly reactive intermediates such as *OH and "O,H
radicals in Egs. (1-8) [13, 17]:

bH

k=ky 4 ——
"1+ cH + dH?

(12)

where H is the relative concentration of H,O,
expressed as the mass ratio of the H O, concentration

. _ [H0,], .
to that of the dye at time zero (H = [Dyel ), k, is the
photooxidation rate constant in the absence of HO,, b, ¢

and d are the model parameters.

The apparent rate constants (k) of photooxidation of
BR46 for each set of BR46-H O, combination were esti-
mated by first-order kinetic assumption and from the
slope of In([BR46]/[BR46] ) versus irradiation time. The
sampling time intervals were 2 min in this section. Fig. 7
shows the predicted k values estimated from the kinetic
model (solid line) and experimental ones as a function of
[H,0,],/[BR46],. It can be seen that the model correctly
predicts the trend of the photooxidative rate constants.
Nonlinear curve-fitting (data-fitting) in the least-squares
sense was performed using Matlab 6.5 mathematical
software with optimization toolbox for windows. Sum of
squares due to error (SSE) was used as the error function.
This statistic measures the total deviation of the response

0.30

0251
0.20 r

015

k (min~1)*100

0.10 f

+ Experimental
— Predicted

0.05

0.00

0 50 100 150 200 250 300
H=[H,0,],/[Dye],

Fig. 7. Apparent rate constants, k, (min™), as a function of
H = [H,0,],/[BR46] . The squares are the experimental val-
ues, whereas the solid line represents the predictions of
the kinetics model. pH =7, I = 21.9 W/m?, 100 mL treated,
[BR46] =20 mg/L.

values from the fit to the response values. It is also called
the summed square of residuals and is usually labeled as
SSE. It was computed with the following formula:

n
SSE = z (kexp erimental — Kmod el)zz (13)

i=1
where k... is the experimental values of apparent
reaction rate constant (k (min™)), k., is the apparent
reaction rate constant predicted by the model (Eq. (12))
and 7 is the number of data. A SSE value closer to zero
indicates a better fit. SSE value and model parameters k,
b, ¢, and d were 0.0019, 0.0042 min~, 0.0201, 0.0315 and
0.0005, respectively.

From Fig. 7, itis also concluded that the rate of decol-
orization increased with increasing in H,O, amount, but
the improvement is not obvious above an optimum
value. The reason of this observation was explained pre-
viously in section 3.4.

Fig. 8 shows a comparison between experimental
and calculated values of k(min?), using the proposed
kinetic model (Eq. (12)). We used two lines to show the
success of the prediction. The one is the perfect fit (cal-
culated data equal to experimental data), on which all
the data of an ideal model should lay. The other line
is the line that best fits on the data of the scatter plot
with equation Y = ax + b and it is obtained with regres-
sion analysis based on the minimization of the squared
errors. The determination coefficient of this line is also
presented (R?). In Fig. 8, it is difficult to distinguish the
best linear fit line from the perfect fit line, because the fit
is so good. From these plots it can be seen that obtained
results from the model are in good agreement with the
experimental data.
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Fig. 8. Comparison between experimental and calculated
apparent reaction rate constant, k, (min™). pH = 7, 100 mL
treated, I = 21.9 W/m?, [BR46] =20 mg/L.

3.7. Electrical energy efficiency

Since photooxidative removal of aqueous organic pol-
lutants is an electric energy intensive process, and elec-
tric energy can represent a major fraction of the operating
costs, simple Figures-of-merit based on electric energy
consumption can be very useful and informative. Accord-
ing to the proposal of the Photochemistry Commission
of International Union of Pure and Applied Chemistry
(IUPAC), in the case of low pollutant concentrations,
which applies here, the appropriate Figure-of-merit is the
electrical energy per order (E,), defined as the number of
kWh of electrical energy required to reduce the concentra-
tion of a pollutant by one order of magnitude (90%) in 1
m® of contaminated water. The E_, (kWhm™ order™) can
be calculated from the following equation [16, 17, 39]:

B P xt x 1000
V x 60 x1og(C; / Cy)

Ero
(14)

where P is the lamp power (kW) of the AOP system, ¢
is the irradiation time (min), V is the volume (L) of the
water in the reactor and C, and C, are the initial and final
pollutant concentrations.

The electric energy (kWhm™= order™) required to decol-
orization of 20 mg/L of the dye from 100 ml dye solution
in the optimized conditions was 41.2 kWhm™ order™. It is
useful to relate the E_, value found in this study to treat-
ment costs. If the cost of the electricity, in Iran, is US$ 0.023
per kWh, the contribution to treatment cost from electrical
energy will be US$ 0.95 per m?, for photooxidative treat-
ment of BR46. In addition, the cost of hydrogen peroxide
(30%, d =1.11 g/mL) required to decolorization of 20 mg/
L of the dye from 100 ml dye solution in the optimized
conditions was US$ 38.22 per m®.

4. Conclusions

The results of this study demonstrate that CCD meth-
odology could efficiently optimize the photooxidative
decolorization of BR46 using UV /H,O, process. The opti-
mum values of the reaction time, initial dye concentration,
initial H,O, concentration and distance of UV lamp from
the solution were found to be 14 min, 20 mg/L, 1.0 g/L
and 16 cm, respectively. Under optimal value of process
parameters, high color removal (>95%) was obtained
for dye solution containing BR46. Analysis of variance
showed a high coefficient of determination value (R*=
98.92% and Adj-R*= 97.79%), thus ensuring a satisfactory
adjustment of the second-order regression model with
the experimental data. Effect of experimental parameters
on the decolorization efficiency was established by the
response surface and contour plots of the model-predicted
responses. The residuals follow a normal distribution.

The kinetic model, derived using the reaction mecha-
nism of UV /H,O, process, provided good prediction of the
photooxidative decolorization rate constant (k). The kinetic
model is useful in estimating the desired H,O,-to-dye ratio
to prevent excess use of oxidant. The electrical energy con-
sumption for photooxidative decolorization of BR46 solu-
tion was calculated and related to the treatment costs.
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