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ABSTRACT

2,4-Dichlorophenoxyacetic acid (2,4-D), a chlorinated phenoxy-alkanoic herbicide, is used extensively
in agriculture. This work investigates TiO,/H,O, mediated UV photocatalytic degradation of 2,4-D
in a laboratory-scale photoreactor. Three levels of Box-Behnken design technique, combined with
response surface methodology (RSM), were used to design the experiments. Two kinds of multivari-
ate experimental design (pH, TiO,, and 2,4-D concentration) and (pH, TiO,, and H,0, concentrations)
were employed to establish two quadratic models (Model 1 and Model 2), showing the functional
relationship between degradation rate of 2,4-D and three independent experimental parameters.
Model 1 predicted optimum values for pH, TiO,, and 2,4-D concentrations to be 5.7, 1.20 g L™, and
32 mg L7, respectively. Model 2 predicted optimum values for pH, TiO,, and initial H,0, concentra-
tions to be 4.94, 1.34 g L™, and 161 mg L. Degradation rate of 2,4-D approached 78.10% for Model 1
and 83.63% for Model 2. For both models, similar results were obtained through optimizing variables
by RSM and using single factorial batch reactor operation. Regression analysis showed good agree-
ment between experimental results and predictive values for Models 1 and 2, with R?values of 0.9958
and 0.9976, respectively.

Keywords: 2,4-dichlorophenoxyacetic acid (2,4-D); TiO,/H,O, photocatalysis; Box-Behnken design (BBD);
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1. Introduction

2,4-Dichlorophenoxyacetic acid (2,4-D) is one of the
most frequently used phenoxyacetic acid herbicides for
controlling broadleaf weeds due to its high efficiency [1]. In
many regions of the world, and especially in Turkey, 2,4-D
is the most commonly used chlorinated phenoxy-alkanoic
herbicide for a variety of agricultural activities — especially
in potato, grain, and corn productions [2]. 2,4-D is consid-
ered moderately toxic by the World Health Organization. It
is known to affect the nervous system of humans and ani-
mals and to act as a potential carcinogen, as an endocrine
disrupter and as a mutagen. Since this compound exhibits
high water solubility, mobility, and lifetime, its continuous
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use may cause soil percolation, and surface and ground-
water contamination [3]. The permissible amount of 2,4-D in
drinking water is 0.1 and 70 pg L, according to the Turkish
standard [4] and US standard [5,6], respectively. Being toxic
and having the bio-refractory characteristics of the chloro-
phenoxy herbicides, advanced treatment methods are being
developed to treat water contaminated with 2,4-D.

In recent years, by producing hydroxyl radicals (OH")
through chemical, photochemical, photocatalytic, and elec-
trochemical reactions, advanced oxidation processes have
become a promising technology to eliminate pesticides from
water systems [7,8]. Photocatalysis was observed to proceed
via two different pathways: (1) generation of OH* from the
holes present at valence band, and (2) direct oxidation of
compound from valence holes [9]. Heterogeneous photocat-
alytic oxidation process relies on subsequently generating
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superoxide radicals (O,) and hydroxyl radicals (OH*), which
are primary oxidizing species in photocatalytic oxidation
processes [10-12].

Some examples for parametric optimization of pho-
tocatalytic degradation of organic pollutants in aqueous
solutions, such as diuron, acrylonitrile, and chlorpyrifos,
using the response surface methodology (RSM) have been
previously reported [13-15]. However, these are mainly sin-
gle-factor studies, based on change of a time-variable and
they do not consider the effect of other variables in deter-
mining optimum conditions for photocatalysis. Since these
studies neglect the combined effects of factors, accuracy of
estimations is compromised in case a working parameter is
changed [16]. The proposed multivariate method enables
accurate estimation of response values and allows the opti-
mal region for the studied process to be found in a shorter
time and with lower chemical consumption. To the best of
our knowledge, nor photocatalytic degradation of commer-
cial grade 2,4-D herbicide, neither its parametric optimization
via Box-Behnken Design (BBD) has been studied before. In
this study, for the first time, P25 TiO,/H,0,/UVA facilitated
2,4-D photocatalytic degradation was investigated and fur-
ther optimized using the RSM with BBD. RSM and BBD were
used to optimize and analyze the effect of four operational
parameters: TiO, photocatalyst dose, the initial 2,4-D, pH,
and H,O, concentrations.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals were used without further purification.
Titanium (IV) oxide nanopowder (AEROXIDE® P25 > 99.5%,
21 nm, 35-65 m* g (BET)) was used as the photocatalyst
(Sigma Aldrich, Germany) due to its high performance in

photocatalytic degradation reactions. Commercial grade
Amin EXT 500 SL (equivalent to 500 g L™ of 2,4-D) 2,4-D
amine salt (C, H,,CLNO, MW: 266.12 g mol™”) was from
Agrofarm Company, Turkey. NaOH and H,SO, (essay 97%)
were obtained from Merck, Germany. All solutions and reac-
tion mixtures were prepared with purified water (Merck

Millipore, Germany, spec. resistivity: 18.2 MQ cm).

2.2. Experimental procedure and analysis

Photocatalytic experiments were performed in a 4.6 L
(operating volume: 1 L) cylindrical, (14 cm D x 30 cm L) batch
photoreactor (Fig. 1) maintained at 22°C + 1°C. The photo-
reactor was comprised of three parts: (1) an external Pyrex
glass; (2) a Pyrex glass thimble, where the head part is fit-
ted to outside container to form a gastight seal and running
water is passed through the thimble to cool the reaction solu-
tion, and (3) an empty quartz chamber, in which a Philips
PL-L UVA 36 W lamp (315-380 nm; 110 pW cm?) was placed.
Reactor was also equipped with a control system, a water
level sensor system and a water-inlet and outlet. A gas inlet
opening supplied air from a diffuser system with 3.5 L min™*
capacity during experiments. Reactor was wrapped in alumi-
num foil to prevent UV ray penetration.

For irradiation experiments, 2,4-D solutions were pre-
pared daily and upon addition of TiO,, reactor was stirred
and air bubbled constantly for at least 30 min in the dark to
allow the system to reach equilibrium in case of adsorption.
This time was chosen so that under stirring in the dark no more
herbicide molecules could be adsorbed by the photocatalyst.
For comparison, irradiation experiments without TiO, were
also performed. The pH of reaction mixture was adjusted by
adding 1 N of NaOH and 1 N of H,SO, Photocatalysis effi-
ciency was determined by withdrawing aliquots at specific
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Fig. 1. Experimental setup of photocatalytic reactor.
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time intervals, where starting time was defined as the begin-
ning of irradiation. Samples were filtered through 0.45 um
filters (Millipore, Germany) to remove TiO, from solution.

Optimization of photocatalysis conditions was initially
done using a spectrophotometer (Shimadzu UV-1601-PC)
and measuring the optical density (OD) of samples atits A__
of 283 nm, which is the given maximum absorption wave-
length for 2,4-D molecules for 15 min irradiation. This was
also confirmed by a spectrum reading from the spectropho-
tometer. Percentage of 2,4-D degradation was calculated
using Eq. (1):

i “f
c (1)

i

Percentage of degradation of 2,4-D =

where C,and C are the initial and final 2,4-D concentrations
in the reaction mixture, respectively.

2.3. Experimental design and statistical analysis

RSM is a design technique that is used for optimization
of process variables in multivariable systems by using exper-
imental statistical methods. Even in very complex systems
the relative importance of influencing factors is analyzed by
combining mathematics and statistics. Therefore, once opti-
mal conditions are determined by response surface method,
not only study period is significantly shortened but also
costs associated with the study are decreased [17]. Many
RSM studies have been conducted to model experiments
for analysis of photocatalytic processes [17-22]. The reason
for choosing the Box-Behnken experimental design is to
allow this method to efficiently evaluate multiple variables
in each study test. Among all statistical experimental design
methods, a BBD is a practical method for optimization stud-
ies because it requires fewer study sets than other design
methods — such as 15 datasets for a 3-factor experimental
design. Furthermore, the BBD method allows calculation of
the response function at intermediate levels, which are not
experimentally studied [23,24]. So, in this study, a statisti-
cal multivariate approach using two types of three-level,
three-factorial BBD in combination with RSM was adopted
to observe the photocatalytic process parameters affecting
degradation efficiency of 2,4-D. While three parameters were
set as independent variables, degradation efficiency of 2,4-D
herbicide was the dependent response variable. Independent
variable levels and ranges were presented in Table 1. Two
optimization studies were conducted on the effect of pH,
TiO,, and H,O, concentrations as the independent variables
on the dependent 2,4-D degradation efficiency response vari-
able. The factor levels were coded as -1 (low), 0 (central point
or middle), and 1 (high). Independent variable value ranges
were determined based on previous experimental studies
and in order to maximize the 2,4-D removal. All analytical
tests were carried out in triplicate. Second-order polynomi-
als were used to represent experimental data to obtain the
best-fit regression equations and to provide good predictions
throughout the area of interest [14].

RSM was used for three variables in these experiments
with a BBD [25]. BBD was adopted to evaluate the combined
effect of the three independent variables from 15 sets of
experiments of which 3 are repetitions at the center point.

Table 1
Experimental design levels of chosen parameters for two models

Model 1 Ranges and levels

Independent Low (-1) Medium (0) High (+1)
variables

pH (x,) 3 5 7

TiO, (x, g L) 0.5 1 15

24D (x, mgL") 10 30 50
Model 2 Ranges and levels

Independent Low (-1) Medium (0) High (+1)
variables

pH (x,) 3 5 7

TiO, (x,, g L™) 0.5 1 15

H,0, (x,, mg L) 50 150 250

The 2,4-D herbicide removal-yield dependent changed as
a result of 15-min experiments. Degradation efficiency of
2,4-D herbicide resulting from 15-min experiments was the
dependent variable. A second-order polynomial, Eq. (2),
was used with nonlinear regression to fit experimental data
and to identify relevant model terms. Considering all linear
terms, square terms and linear-by-linear interaction terms,
quadratic response model could be described as:

k k j-1 k
Y =B+ 2 B+ 2 B + 2B e, @
i=1 i=1

=2 i=1

2 2 2
Y:BO+B1X1 +PB,x, +B3x3+an1 + Py, +B33x3 + 3
Brox,X, +Bisx Xy + By, @)

Y (%) represented the response variable (degradation
efficiency of 2,4-D). 3, was the interception coefficient, 3, 3,,
and (3,, were quadratic terms, 3, 8,,, and 3,, were interaction
coefficients [25]. Since we ran two models x,, x,, and x, repre-
sented pH, TiO,, and initial 2,4-D concentrations for Model
1 and represented pH, TiO,, and initial H,O, concentrations
for Model 2. This equation only changed within studied inter-
vals. Regression analysis and optimization processes were
performed using Minitab 17.0 Statistical Software. Adequacy
of designed models was assessed using “goodness of fit” and
analysis of variance (ANOVA) techniques. The p value of <0.05
for any factor in ANOVA test indicated a significant effect for
corresponding variable on response. RSM was used to gen-
erate 3D surface plots from validated models. These surface
plots were used to locate the optimum points for process
parameters to deliver maximum degradation of the 2,4-D.

3. Results and discussion
3.1. Model fitting and statistical analysis

BBD is generally used for process optimization and it
is very suitable for compatibility with quadratic surfaces
[26]. Results from 2,4-D degradation efficiency experiments
under various conditions are given in Table 2. As expected
increasing TiO, concentration when other variables were
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Table 2
Experimental values and predicted response

Run  Experimental conditions % 2,4-D degradation Experimental conditions % 2,4-D degradation
x, pH «x,TiO, x,24-D  Experimental Predicative x pH x,TiO, x,HO, Experimental Predicative
L") (mgl™ gLY) (mgl™

1 3 0.5 30 25.974 25.281 3 0.5 150 37.703 51.250
2 7 0.5 30 50.433 51.126 7 0.5 150 35.268 67.875
3 3 1.5 30 54.113 53.420 3 1.5 150 55.492 43.625
4 7 1.5 30 66.450 67.143 7 1.5 150 48.458 52.750
5 3 1 10 27.273 27.413 3 1 50 42.167 36.313
6 7 1 10 48.052 46.807 7 1 50 24.614 45.188
7 3 1 50 35.325 36.569 3 1 250 32.900 90.812
8 7 1 50 56.883 56.742 7 1 250 43.791 107.687
9 5 0.5 10 23.377 23.929 5 0.5 50 56.169 40.438
10 5 1.5 10 48.701 49.253 5 1.5 50 67.127 26.063
11 5 0.5 50 37.273 36.721 5 0.5 250 60.227 95.937
12 5 15 50 56.104 55.552 5 1.5 250 75.568 87.562
13 5 1 30 73.593 73.882 5 1 150 84.091 69.667
14 5 1 30 74.026 73.882 5 1 150 84.375 69.667
15 5 1 30 74.026 73.882 5 1 150 83.631 69.667

kept constant (pH and initial 2,4-D concentrations for Model
1, pH and H,O, concentrations for Model 2) increased 2,4-D
degradation efficiency. The best degradation efficiency was
measured in experiments and was predicted by Model 1 for
pH 5 and values. Once H,O, was included in experimental
study the best degradation efficiency was observed for pH 5,
1 g L' TiO, concentration and 150 mg L™ H,0O, concentration
values. On the other hand, the best prediction by Model 2 was
given for pH 5, 0.5 g L TiO, concentration and 250 mg L~
H,0O, concentration values.

The response functions generated for Y, (Model 1) and Y,
(Model 2), the percentage 2,4-D degradation using Eq. (3) are
presented in Egs. (4) and (5):

Y, =73.882 +9.892x, +11.039x, + 4.773x, — 3.030x,x, +
0.195x,x, —1.623x,x, —12.060x> —12.579x —19.939x> (4)

Y, = 84.032 - 2.017x, +7.160x, + 2.80Lx, — 1.150x,x, +
7.111xx, +1.096x,x, —34.353x7 — 5.449x7 —13.811x;  (5)

For Egs. (4) and (5), Y represented the percentage degra-
dation efficiency of 2,4-D herbicide. Positive coefficients of
TiO, at both response functions implied an improvement in
2,4-D mineralization by residual catalyst loadings. Negative
coefficient of initial pH in Eq. (5) indicated that mineralization
was faster in an acidic medium with HO,. Lopez-Vasquez
et al. [27] reported that free hydroxyl radicals attack the aro-
matic ring preferably on side chains at an acidic pH, and
2,4-D degraded better in an acidic medium. In Model 1, qua-
dratic terms of TiO, concentration-initial 2,4-D concentration
and pH-TiO, concentration had negative effects on herbicide
removal. Likewise Model 2 demonstrated that quadratic term
of pH-TiO, concentration also worked against the 2,4-D deg-
radation. Consequently, their value-based increase in aque-
ous solution could lead to less herbicide degradation [28].

According to Eq. (4), there was a synergistic interaction
between TiO, and the initial pH, and the highest synergis-
tic interaction was obtained between the pH and H,O, con-
centrations in the presence of H,O,. Moreover, interaction
between 2,4-D concentration and initial pH was also sig-
nificant. It was related to the anionic character of 2,4-D and
its intermediates being favored by the attack orientation of
oxidant species in an acidic medium [27]. Lopez-Vasquez
et al. [27] stated that the optimum conditions obtained from
a flat plate photoreactor system were: 5.58, 0.56 g L™, and
30.41 mg L™ for pH, TiO,, and 2,4-D concentrations, respec-
tively. Also, they mentioned that 66.87% 2,4-D mineralization
was achieved, which was similar to the results obtained in
this study.

3.2. Analysis of variance

The ANOVA for Model 1 and Model 2 was shown in
Tables 3 and 4. Using an F-test, the lack-of-fit (variation of
data around the fitted model) was evaluated. When ANOVA
for empirical quadratic polynomial equation model was
investigated, p values were low (<0.0001) for both models.
F values of Model 1 (369.99) and Model 2 (636.87), with a p
value less than 0.0001, implied that models were statistically
significant at 95% confidence level [29].

According to Model 1, p values for coefficients x,, x,, x,,
quadratic coefficients x x,, x,x,, x,x, and influence coefficients
x,x,, x,x, were less than 0.05. Similarly, for Model 2, p values
for coefficients x,, x,, x,, quadratic coefficients x,x,, x,x,, x,x,
and influence coefficient x x, were less than the 0.05, empha-
sizing statistical significance of 2,4-D degradation efficiency.
The effect of synergistic interaction between pH and 2,4-D
concentration was statistically insignificant (p > a, a = 0.05)
on 2,4-D herbicide removal for Model 1. For Model 2, effects
of TiO,-H,O, concentration and pH-TiO, concentration
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Table 3
ANOVA test responses for Y| (without H,0,)

Source Sum of squares Degree of freedom Mean square F Value p Value
Model 4,262.31 9 473.59 369.99 <0.0001°
x, pH 782.78 1 782.78 611.53 <0.0001
x,, TiO, 974.87 1 974.87 761.60 <0.0001
x,2,4-D 182.23 1 182.23 142.37 <0.0001
x2 353.97 1 537.01 419.53 <0.0001
x,)? 453.16 1 584.27 456.45 <0.0001
x? 1,467.88 1 1,467.88 1,146.76 <0.0001
X, X, 36.73 1 36.73 28.70 0.0030°
XX, 0.15 1 0.15 0.12 0.7450
XX, 10.54 1 10.54 8.24 0.0350°
Residual 6.40 5 1.28
Lack of fit 6.28 3 2.09 33.49 0.0290°
Pure error 0.12 2 0.06
Total 4,268.71 14

R*=0.9985 R*(pred) = 0.9764 R*(adj) = 0.9958

*Statistically significant

synergistic interactions on 2,4-D herbicide removal were sta-
tistically insignificant. The quadratic and interactive effects
of variables would be lost if experiments were applied using
conventional methods [30].

Lack-of-fit F-values were 33.49 (p value, 2.90%) and 10.79
(p value, 8.60%) for Model 1 and Model 2, respectively, and
lack-of-fit-F values were derived from noise by chance as
only a 2.90% and 8.60% ratio. The coefficient of determina-
tion (R?) can be defined as the ratio of the considered vari-
able to the total variation, and a measure of the degree of
fit. The significance of a linear model is determined by the
coefficient of determination (R?), the predicted coefficient of

Table 4
ANOVA test responses for Y, (with H,0,)

determination (R? ), and the adjusted coefficient of deter-
mination (R? o) [31]. When R? is close to 1, the model fits
the actual experimental data better [32,33]. As shown in
Tables 3 and 4, R?_, and R?, were reasonably consistent with
each other. ]ogleﬁar and May [34] suggested that, for a good
fit, R? should be at least 0.80. The R? values for these response
variables were higher than 0.80 (0.9985 and 0.9991 for Model
1 and Model 2, respectively), which indicated that the regres-
sion model accurately explained the 2,4-D degradation pro-
cess by TiO,/UVA and TiO,/UVA/H,O, photocatalysis. In
addition to these, R? 5 values of Model 1 and Model 2 (Tables 3
and 4) proved that the Box-Behnken experimental design

Source Sum of squares Degree of freedom Mean square F Value p Value
Model 5,553.56 9 617.06 636.87 <0.0001°
x, pH 32.53 1 32.53 33.58 0.0020
x,, TiO, 410.10 1 410.10 423.26 <0.0001
x,H,0, 62.77 1 62.77 64.79 <0.0001
X2 4,060.09 1 4,357.47 4,497.33 <0.0001
X, 71.46 1 109.62 113.14 <0.0001
x,? 704.27 1 704.27 726.87 <0.0001
XX, 5.29 1 5.29 5.46 0.0670
XX, 202.25 1 202.25 208.74 <0.0001
XX, 4.80 1 4.80 4.96 0.0770
Residual 4.84 5 0.97
Lack of fit 4.56 3 1.52 10.79 0.0860°
Pure error 0.28 2 0.14
Total 5,558.40 14

R*=0.9991 R*(pred) = 0.9868 R*(adj) = 0.9976

*Statistically significant.
*Statistically insignificant.
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choice was correct in the statistical analysis of experimental
studies.

A normal probability plot and histograms of the residuals
for the degradation efficiency of 2,4-D are shown in Fig. 2(a)
without H,0,, and with H,O, in Fig. 2(b). The data points on
this plot were close to a straight line, supporting the conclu-
sion that the underlying assumptions of the analysis were
satisfied [14]. In addition, histogram diagrams pointed out
that the residuals were in the proximity of straight diagonal
line. Therefore, the developed models were considered to be
adequate since residuals for prediction of each response were
low [14]. As shown in Table 3, all variables were statistically
significant without interaction of pH (x,) and initial 2,4-D
concentration (x,) (p < 0.05). According to Table 4, the inter-
action between pH (x,) and TiO, (x,), (x,x,), and the interac-
tion between TiO, concentration (x,) and H,0, concentration
(x;), (x,x,), were statistically insignificant (p > 0.05). TiO, con-
centration and pH had a more significant effect than 2,4-D
concentration on the 2,4-D degradation efficiency, according
to single terms in the regression model in Table 3. Kaur et
al. [9] stated that coefficient of TiO, concentration was high,
and that improved the degradation effect of TiO, parameter.
Furthermore, as shown in Table 4, TiO, concentration and
later H,0, concentration values had a more significant effect
than pH on herbicide degradation. In addition, the synergis-
tic effect of pH and H,O, concentration was highly effective
in herbicide removal.

3.3. Optimization of multiple responses

For Model 1, negative quadratic factors of catalyst load,
initial herbicide concentration and pH in the polynomial
expression confirmed that optimal concentrations of all
parameters were intermediate values (around 1.20 g L7,
32 mg L7, and 5.70, respectively). Hence, very high and very
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low values for all parameters inhibited herbicide degrada-
tion. For Model 2, negative quadratic factors of catalyst load
and peroxide concentration in the polynomial expression
confirmed that the optimal concentrations of both parameters
were intermediate values (around 1.34 g L' and 161 mg L,
respectively). In this way, very high and very low values of
TiO, and H,O, inhibited herbicide degradation [35]. Also,
TiO, was the most significant term (F = 761.60) for a single
independent variable in the removal of herbicide in Model 1
and Model 2. However, in Model 1 it was closely followed by
pH (F = 611.53).

Fig. 3(a) shows the interaction of pH and TiO, concen-
tration on the removal efficiency of 2,4-D. Degradation rate
of 2,4-D gradually increased when both pH value and TiO,
concentration increased; however, trend of 2,4-D degrada-
tion rate decreased when pH increased beyond the optimum
level (pH 5) at varying experimental levels of TiO,. Herbicide
degradation increased with the level of catalyst concentra-
tion increasing under a pH of 5. A low amount of catalyst
also resulted in a lower herbicide degradation percentage.
Minimum herbicide removal was observed at low pH and
low catalyst dose. Hence, at higher pH values, the oxidizing
radicals were rapidly scavenged and they could not react with
herbicide molecules [36]. Fig. 3(b) shows that degradation rate
of 2,4-D increased when TiO, concentration and initial 2,4-D
concentration increased. However, degradation rate trend for
2,4-D decreased at high TiO, concentrations and initial 2,4-D
concentration. Interaction effects of pH value and 2,4-D ini-
tial concentration on the degradation rate of 2,4-D depicted
a bell-shaped response surface (Fig. 3(c)). With the pH value
and 2,4-D concentration up to optimum points, degradation
rate approached the maximum level. Quadratic term of pH
and initial 2,4-D concentration had a positive coefficient and
their combined increase lead to faster herbicide degradation.
As shown in Fig. 3(d), 2,4-D degradation increased at acidic
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Fig. 2. Normal probability plot for percentage degradation and histograms of residuals (a) in absence of H,O, (b) in presence of H,O,.



194 G. D. Okgu et al. / Desalination and Water Treatment 123 (2018) 188-195

(a) 90

2,4-D removal (%) 60

150125 1,007 075 o20
Tio2 (g/L)

50 Y
2,4-D removal (%) s ///7/’//
30 e

0,4
0,6 48

2 30
16 12 2,4-D (mg/L)

(c)

2,4-D removal (%) 40
30

36
24-D (mg/L) 48 72

d

2,4-D removal (%) 60

0,75
Tio2 (g/L) pH

(e)

90 I
l""‘zz;x‘&‘\\‘

RN

S

75

2,4-D removal (%) 60

45

250

50
H202 (mg/L)

® .

&
_
2,
w //7//I//,/'

¥ removal (% 2,
24D I (%) 60 //;///1;55/"
% %’
0,50
0,75

250
TiO2 (g/L)

100
50 H202 (mg/L)

Fig. 3. Effect of pH, TiO, concentration, initial 2,4-D concentration and H,0, concentration, on degradation efficiency of 2,4-D (a) ini-
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concentration, and H,O, concentration on degradation efficiency of 2,4-D (d) H,O, concentration is constant at 150 mg L™; (e) TiO,

concentration is constant at 1 g L™; (f) pH is constant at 5.

region when TiO, concentration increased. In Figs. 3(d)—(e),
according to pH-TiO, and pH-H,O, surface plots, 2,4-D her-
bicide degradation increased with increasing pH and then
the degradation decreased. At pH values lower than opti-
mal, oxidation of organic contaminants was reduced due to
less hydroxyl radical production. H" ion production could
decrease and this lead to less hydroxyl formation under
optimum pH conditions [15]. Removal of 2,4-D herbicide
increased to a maximum point and then it began to decrease
(Figs. 3(e)—(f). As expected, increase in H,O, concentration
removed radicals in aqueous solution, leading to a decrease
in herbicide degradation.

4. Conclusions

This study showed the efficiency of photocatalytic degra-
dation of 2,4-D when a P25 TiO, catalyst and an H,0, oxidiz-
ing agent was employed. The study clearly showed that BBD
was an appropriate method to successfully optimize operat-
ing conditions for the photocatalytic degradation of 2,4-D.

The multivariate experimental designs were employed to
establish two quadratic models showing the functional rela-
tionship between degradation efficiency of 2,4-D and four
independent variables. For Model 1, the combined effect of
a pH value of 5.70, a TiO, concentration of 1.20 g L™, and an
initial 2,4-D concentration of 32 mg L™ yielded the highest deg-
radation efficiency of 78.10%. whereas for Model 2, the opti-
mum condition yielding the highest degradation efficiency of
86.63% was a pH of 4.94, a 1.34 g L' concentration of TiO, and
a 161 mg L™ concentration of H,O,. For both models, optimum
values obtained from the BBD process were in agreement with
the single factor batch photocatalysis process results (pH of 5,
1.5 g L concentration of TiO,, aninitial 2,4-D concentration of
25mg L™, and a 150 mg L™ concentration of H,O,).
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