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Article history: In this study, the optimization and implementation of a homogeneous photo-Fenton
Received 30 November 2014 process for the decolorization and mineralization of a wastewater containing highly
Accepted after revision 12 August 2015 concentrated yellow 5 (E102) dye, resulting from an industry placed in the suburbs of
Available online 19 September 2015 Medellin (Colombia), is presented. Response surface methodology was applied as a tool for
the optimization of operational conditions such as initial dyestuff concentration, H,0,

Keywords: concentration, and UV-radiation power (number of lamps). The decolorization, degrada-
?hOtO‘Fe“ton process tion and mineralization efficiencies were used as response variables. The following
artrazine

conditions were found to be optimal for decolorization and mineralization of yellow 5: UV
radiation of 365 nm (4 W, one lamp), dye concentration of 200 mg/L, Fe?* concentration of
1.0 mM, H,0, concentration of 1.75 mL/L, treatment time of 180 min, Fe?* concentration of
1 mM and pH = 3. Under these conditions (180 min), the photo-Fenton process allowed us
to reach ca. 100% of color dye degradation, 99% of COD degradation, and 85% of
mineralization (TOC). The scavenging effect of the Cl~ anion on the photodegradation
process was also confirmed.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction application includes textile, pharmaceutical, cosmetic,
and food industries. Their presence in wastewaters gives

Azo dyes are complex aromatic compounds character- a strong coloration to the waterbodies, suppressing the
ized by both high stability and toxicity. Their practical photosynthesis processes [1]. The colorant’s structures

and attributes are very complex and variable. Many of

them present organic origin, solubility in water, high
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One of the most consumed pigments by the textile
industry is the yellow one, originating from the diazoa-
cetoacetanilides group. Currently, the yellow 5 dye (E102
or tartrazine; molecular formula: C;gHgN409S;Nas;
Amax=430nm) is one of the most employed due to its
brightness, color, and favorable price [3,4]. Since the
Colombian environmental legislations have become more
rigorous for these kinds of pollutants, the mineralization of
residual colorants started to be a challenge for both
industrial and academic research groups. In general,
conventional biological treatments are useless for their
degradation, basically due to the formation of secondary
compounds that in turn are more toxic than their parent
substances [5]. Moreover, sedimentation, flocculation, and
adsorptive methods are also ineffective for their efficient
remotion [6-8]. Recently, a special interest has presented
the so-called advanced oxidation processes (AOPs)
[8,9]. They are based on the generation of highly reactive
hydroxyl radicals as primary oxidants. The main advantages
of their application are: simplicity of use, accessibility, and
moderate cost [10]. Among the AOPs, Fenton’s and photo-
Fenton’s type reactions are very promising [11,12]. The
pollutant oxidation using Fenton’s reagent is a homoge-
neous oxidation that occurs in the presence of H,O0, and
ferrous ions mixtures. In an acidic environment, if H,O, is
added to an aqueous system containing an organic substrate
and ferrous ions, a complex redox reaction occurs.

The ferrous ion initiates and accelerates the decompo-
sition of H,0,, resulting in the generation of hydroxyl
radicals, *OH, a powerful oxidation agent with an oxidation
potential of 2.8 V. They are able to attack rapidly the
organic substrates, causing their chemical decomposition
by H-subtraction and addition to C=C unsaturated bonds.

Thus, numerous competing reactions involving Fe?*,
Fe**, H,0,, *OH, HO", and other radicals derived from the
substrate may take place. The *OH radicals can be scavenged
by reacting with Fe?* or H,0,, leading to the formation of
Fe3* and HO*,, respectively. Thus, the formed Fe** ions can
react with H,0,, involving *OH and HO°®, radicals and
resulting in the regeneration of Fe?* ions. According to the
literature [11], the addition of UV radiation to Fenton’s
process, known as photo-Fenton (H,0,/Fe?*/UV), appears to
be an interesting option for the decolorization of dyes due to
its capacity to influence the direct formation of *OH radicals.
Thus, UV radiation can accelerate the mineralization process
through the following pathways:

o the enhancement of Fe?* regeneration from the addi-
tional photo-reduction of Fe>* species [10-12];

o the photolysis of hydrogen peroxide [13];

« the photolysis of complexes of Fe>* with some oxidation
products, such as oxalic acid.

This work deals with the optimization and implemen-
tation of a photo-Fenton process for the decolorization and
mineralization of a wastewater containing highly concen-
trated yellow 5 (E102) dye, resulting from an industry
placed in the suburbs of Medellin (Colombia). Since
decolorization can be achieved more easily than minerali-
zation, the effect of different process variables (the initial

dyestuff concentration, H,O0, concentration, and the
UV-radiation power [number of lamps]) on color, COD,
and TOC removal efficiencies was considered. However,
most of the recently published studies [14-18] concerning
the effect of these variables adopt rather a one-factor-at-a-
time approach (one parameter was varied thereby keeping
the others constant). Nevertheless, the process parameters
may involve synergistic effects, due to complex interactions
between the process variables. Therefore, the application of
conventional optimization techniques can be inadequate,
time consuming, and does not allow a precise process
optimization. In order to overcome these drawbacks, the
optimization can be based on statistical design tools. Thus,
the response surface methodology (RSM) was applied as a
tool for the optimization of yellow 5 degradation and
mineralization by a homogeneous photo-Fenton (PF)
process, at laboratory scale. This method permits us to
assess the individual and interactive effects of several
operating parameters (the initial dyestuff concentration,
H,0, concentration, and the UV-radiation power [number of
lamps]) on the treatment efficiency (color, COD, and TOC
removal). As far as we know, no similar study was performed
for the treatment of yellow 5 dye using photo-Fenton
process. The RSM is a statistical technique that allows
establishing the relationships between several independent
variables and one or more dependent ones, reducing the
number of experimental trials, experimental errors and
overall cost [19,20]. The optimization of the operational
conditions by the RSM involved the following steps:

¢ the implementation of the statistically designed expe-
riments;

e the estimation of the coefficients of a mathematical
model using regression analysis;

o the prediction of the response;

o the verification of the adequacy of the model.

Among the available statistical design methods, a multi-
level Box-Behnken experimental Design (BBD) was chosen
for the purpose of response optimization [21,22]. The
scavenging effect of the Cl™ anion on the photodegradation
process was also investigated. Therefore, the decolorization
and mineralization of yellow 5 by a homogeneous
UV/Fenton process was optimized by the RSM-BBD method.
Considering that in the case of yellow 3 dye [23]
homogeneous UV/Fenton process (UV/Fe?**'H,0,) was pro-
ved to be more efficient than the heterogeneous one, more
acceptable for the environment, we have decided to apply
the homogeneous variation to this process. Moreover,
although the heterogeneous catalysts present usually
higher reactivity and a reduced dependence on the pH of
the solution in comparison to the homogeneous Fe catalysts,
they also have higher rates of the side reaction of hydrogen
peroxide decomposition into water and oxygen [24].

2. Materials and methods
2.1. Reagents

All reagents were of analytical grade: NaCl (99%),
yellow 5 colorant (98%), FeS04-7H,0 (99%), H,0, (30%),
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and H,S04 (98%), furnished by Merck, and used without
any further purification. The corresponding reagent
solutions were prepared using extra pure water (Milli-Q
system; 18.0 M{)-cm resistivity). All studies were per-
formed with simulated yellow 5 wastewater since the
received industrial samples were mixtures of different
dyes, between them yellow 5 one, with variable concen-
tration depending on the specific industrial activities.
Thus, simulated wastewater samples of yellow 5, with
concentrations in the range from 200 to 1000 mg/L, were
prepared by diluting the corresponding amount of the dye
with deionized water. This range of concentration was
selected according to the monitoring of the enterprise
activity performed during one month.

2.2. Photo-reactor

A schema of the photo-Fenton process is depicted in
Fig. 1. The experiments were performed at 25°C, as
described previously in details [8,21]. For each experiment,
a desired quantity of reactive solution was freshly
prepared. Additionally, the required amounts of
FeS0O4-7H,0 and H,0, were added to the obtained solution.
Its pH = 3 was fixed using 1 N H,SO,. This pH value is highly
recommended for Fenton’s reaction since it avoids the
formation and precipitation of Fe?* salts. At the beginning
of each experiment, the dye solution was fed into the
reactor. Next, Fe?* and H,0, were charged. The UV lamp
(365 nm F6T5 Black Light Hg and 4 W power) was switched
on when the 1-L reactor was completely filled and the time
started to be monitored. Each time, 5-mL samples were
taken at periodic intervals for immediate analysis.

2.3. Analytical methods

In order to follow the efficiency of yellow 5 (E102)
decolorization (%DD) and degradation (%COD), the samples
were withdrawn at certain time intervals for spectropho-
tometric analysis (vis double-beam spectrophotometer,
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Spectronic Genesys 2PC), in the range from 200 to 700 nm. A
calibration plot based on Beer-Lambert’s law was prepared
to correlate absorbance magnitude with dye concentration.
The absorbance, measured at 430 nm, corresponds to the
dyes’ color. Its changes were used to monitor the decolori-
zation efficiency. The changes in the absorbance measured
at 246 nm, representing the aromatic part of yellow 5
(E102), indicated the degradation of the aromatic part of the
dye. Standard methods [25] were used for the quantitative
analysis of the chemical oxygen demand (COD), the total
organic carbon (TOC). The COD analyses were performed
following the closed reflux method with colorimetric
measurements (method 5220D). Mineralization was moni-
tored by changes in the total organic carbon (TOC) content.
TOC measurements were carried out with a Shimadzu
analyzer (model TOC-5000A), following the method 5310D.
The BODs measurements were performed following the
respirometric method (5210B).

The efficiency of the photo-Fenton process was
calculated as the dye, COD, and TOC degradation per-
centages (%DD, %DCOD, and %DTOC, respectively). For
example, the %DD was calculated using the following
expression:

(Co-0)

TXIOO

%DD = (1)

where Cy and C correspond to the initial and final dye
concentrations, respectively.

2.4. Experimental design and statistical analysis

The RSM was chosen and implemented to establish the
influence of different operating factors on the decoloriza-
tion and mineralization of yellow 5 by the photo-Fenton
process. A multifactorial BBD was defined to evaluate the
interactive effect of process variables and to perform its
optimization. The following variables were selected for
RSM: H,0, concentration, initial dyestuff concentration,
and UV-radiation power (number of lamps). The RSM
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Fig. 1. Scheme of the photo-Fenton process.
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coupled with BBD was chosen to find the relationship
between the response functions (%DD and %COD) and
variables using the statistical software tool Statgraphics
5.1 (Statistical Graphics Corp 1999-2004). The three-level
second-order design demanded a relatively low number of
experiments. Thus, fifteen tests with replica including
three center points were randomly made in order to avoid
any systematic error. From preliminary experiments (not
presented here), three different levels (values) were
chosen for each of the four following variables (Table 1).
The interaction between the variables and the analysis of
variance (ANOVA) has been studied by RSM. The quality of
the fit of this model and its prediction capacity is expressed
by the coefficient of determination, R%. The variables were
coded according to Eq. (2):

of yellow 5 by the photo-Fenton process. Thus, dyestuff
concentration, H,O, concentration and UV radiation, at
365 nm (number of lamps), were chosen for optimization
using RSM and BBD. To examine the combined effect of three
independent process parameters on its efficiency, 15 expe-
riments were performed. Furthermore, Fe?* concentration
(1 mM), pH (of 3) and UV radiation (365 nm) were kept
constant. The experimental design is given in Table 2,
together with the corresponding experimental data. As
shown in Table 2, the removal efficiencies range from 91% to
100% for %DD and 4-75% for %DCOD.

Regression analysis was performed to fit the response
function (%¥DCOD). The developed second-order polyno-
mial equation represents responses as functions of
dyestuff concentration (A), number of lamps (B), and
H,0, concentration (C). An empirical relationship between

(Xi — Xpc) the response and the input test variables in coded units can
Xi = AX; (2) be expressed by the following equation:
%DCOD = 94,5174 — 0,110208 x A — 10,6667 x B+ 6,22222 x C + 0,0000617188 x A> (4)

—0,0075 x A x B— 0,00583333 x A x C + 3,125 x B? +3,33333 x B x C — 2,88889 x C?

where X; is the code level, x; is the non-coded value, xp
corresponds to the non-coded value at the central point,
and Ax; is the change of the value between levels [8]. For
the RSM, the experimental results were adjusted to a
second-order multivariable polynomial (Eq. (3)):

3 3 3 3
Yi=Bo+ Zﬂixi + Zﬂiixizi + ZZ,BUX;'X] (3)
T T T 1

where Y; was the response variable; B, 8; Bii, and B; were
the regression coefficients that correspond to the intersect,
lineal, quadratic, and interactions, respectively; and X; and
X; are the independent variables.

3. Results and discussion
3.1. Development of the regression model equation
A set of preliminary experiments (not shown here)

allowed defining the variables that considerably affect
decolorization, DD, and mineralization, DCOD, efficiency

Equation (4) describes how %¥DCOD was affected by the
individual variables and/or their double interactions.
%DCOD was linear and also quadratic with respect to
dyestuff concentration, number of lamps, and H,0,
concentration; and it is also quadratic with respect to
dyestuff concentration, number of lamps, and H,0,
concentration. This indicates that there are the following
interactions: dyestuff concentration-dyestuff concentra-
tion, dyestuff concentration-number of lamps, dyestuff
concentration-H,0, concentration, number of lamps-H,0,
concentration, which can affect ¥DCOD.

3.2. Statistical analysis of photodegradation tests (ANOVA)

For all experiments, a reaction time of three hours was
established and %DCOD was chosen as the response
variable. Analysis of variance, ANOVA, was employed to
determine the significant main and interaction effects of
factors influencing %DCOD. The ANOVA results are
presented in Table 3.

Table 1
Parameter levels and physicochemical properties of the studied solution.
Parameter Level
Parameters and their corresponding values Dyestuff concentration (mg/L) 200 600 1000
for experimental design H,0, concentration (mL/L) 0.5 1 2
UV radiation, 365 nm (number of lamps) 1 2 3
The initial physicochemical characteristics COD (mg/L) 303 728 1128
of wastewater TOC (mg/L) 102 224 360
pH 297 3.01 3.02
BODs (mg/L) 80 - -
BODs/COD 0.264 - -
Conductivity (uS/cm) 373 512 943
Density (g/mL) 1.001 1.003 1.009
Viscosity (cP) 1.002 1.002 1.002
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Table 2
Experimental results of the %DD and %DCOD for the three variables and
levels.

Experiment Dyestuff Number H,0, %DD %DCOD

concentration of lamps concentration

(mg/L) (ml/L)
1 200 1 1.25 100 55
2 200 2 0.5 100 75
3 600 2 1.25 99 39
4 1000 1 1.25 95 14
5 200 2 2 100 50
6 600 3 2 99 16
7 600 3 0.5 96 42
8 600 1 0.5 96 43
9 600 2 1.25 98 36
10 1000 2 0.5 91 4
11 600 2 1.25 95 38
12 1000 3 1.25 95 13
13 200 3 1.25 100 53
14 600 1 2 95 15
15 1000 2 2 95 2

ANOVA consists in classifying and cross-classifying
statistical results. The Fisher F-test, based on the ratio of
the respective mean-square effect to the mean-square
error, was used to evaluate the presence of a significant
difference from the control’s response and to calculate
standard errors. The bigger the magnitude of the F value,
more significant is the corresponding coefficient. The P
values were used to identify experimental parameters that
present a statistically significant influence on a particular
response. If the P value is lower than 0.05, it is statistically
significant at the 95% confidence level [8]. According to
ANOVA results, one can see that all terms in the regression
model are not equally important. Only two of them (initial
dye concentration [A:Ci] and A-A interactions) presented P
values lower than 0.05 (Table 2), which implies that they
have a truthfully effect on %¥DCOD, with a confidence
interval of 95% [8,20]. Similar results were presented
elsewhere [21,26]. On the other hand, the effect of H,0,
concentration on %DCOD removal efficiency is not as
significant (in the analyzed range). However, it can present
some importance and should not be ignored.

The quality of the developed model was evaluated
based on the variation coefficient (R?) and the standard

deviation value. The closer the R? value to unity and the
lower the value of the standard deviation, more accurately
the response can be predicted by the model. The R? value
was found to be 0.9878, indicating that 98.78% of the total
variation in %DCOD was attributed to the studied
experimental variables. Moreover, the value of the
predicted R? (0.9878) was in very good agreement with
the value of the adjusted R? (0.9659). Since the R? value is
close to unity, there is a good agreement between the
experimental data and those predicted by the model. The
highest DCOD (99) and %DD (100) were reached for the
following experimental conditions: Fe?* concentra-
tion = 1.00 mM; H,0, concentration = 1.75 mL/L; one lamp
UV radiation power (wavelength=365nm, 4W); and
initial dye concentration = 200 mg/L. The probability plots
are one of the most widely used analysis tools to identify
data reliability. Therefore, Fig. 2, a normal probability plot,
presents the effect of each variable on ¥DCOD during the
photodegradation process. Again, one can see that the
initial dye concentration presents the most significant
effect on %DCOD.

The Pareto analysis was used to identify factors that
present the greatest cumulative effect on %DCOD, and thus
to screen out the less significant ones. A Pareto diagram is a
series of bars whose heights reflect the frequency or
impact of each factor. The bars are arranged in descending
order of heights, from left to right. Therefore, the factors
represented by the tall bars are relatively more significant.
Here, the Pareto analysis was also carried out to determine
the percentage effect of each factor, according to the
following equation [19,20]:

b? .
P; = (Zlb,2> x 100 (i#£0) (5)

Thus, statistically important factors correspond to all
these whose values overpass the inner vertical line (Fig. 3).
The vertical line corresponds to the t value in the t-Student
distribution, with a 95% confidence and for 14 degrees of
freedom. Next, this value is compared with the values of
each effect and interaction of the analyzed factor. The
comparison defines the statistical significance of each
factor in the analyzed process. Therefore, the factor that

Table 3
Analysis of variance, ANOVA, for ¥DCOD.
Factor Sum of squares Degree of freedom Mean square F value P value
A: dyestuff concentration 4371.13 1 4371.13 362.75 0.000
B: number of lamps 18.0 1 18.0 1.49 0.2761
C: H,0, concentration 21.125 1 21.125 1.75 0.2428
AA 360.058 1 360.058 29.88 0.0028
AB 36.0 1 36.0 2.99 0.1445
AC 12.25 1 12.25 1.02 0.3596
BB 36.0577 1 36.0577 2.99 0.1442
BC 25.0 1 25.0 2.07 0.2093
cC 9.75 1 9.75 0.81 0.4096
Error total 60.25 5 12.05
Total (corr.) 4948.93 14
R?=98.78%

R%,4 = 96.59%
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Fig. 2. Normal probability plot of the effect of the variables on %DCOD by
the photo-Fenton process: A:C=initial dye concentration; B=L: UV-
radiation power (number of lamps); C:PO = H,0, concentration.

presents an influence on the degradation process is the
initial dye concentration (A) and its interactions: A-A.

One can see that ¥DCOD is inversely proportional (-) to
the initial dye concentration (A) and directly proportional
(+) to the A-A interaction. Moreover, the initial dye
concentration can be considered as the most dominating
factor during COD degradation (Fig. 3). In fact, the higher
the dye concentration is, the lower the degradation rate
that can be reached (considering also that the *OH radical
concentration was constant). Similar results were reported
by Modirshahla et al. [13].

The surface response plot was used to study the effect of
all factors on the response variable (Fig. 4). This type of
plots summarizes the effect of two variables on %DCOD,
considering that the third one was kept constant. One can
see that ¥DCOD depends on the initial dye concentration
(with a maximum at 200 ppm). Moreover, no significant
effect of the UV-radiation power (number of lamps) on
%DCOD was observed. Modirshala et al. [13] and Gupta
et al. [27] reported contradictory results mainly due to
differences in the reactor’s configuration.

Fig. 5 shows the representative UV-vis spectra of the
E102 degradation process 1.0 mM Fe?* concentration. One
can see that before treatment (t=0min), its UV-vis
spectrum consists of two main characteristic absorption
bands: the first one, in the UV region, with a maximum at
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Fig. 3. (Color online.) Pareto diagram for ¥DCOD by photo-Fenton.

246 nm, corresponds to the benzenic rings of E102; and
the second one, in the visible region, with a maximum at
430 nm, is a feature of the two-azo group (-N=N-),
which is responsible for the bright lemon yellow dye.
After 15 min of the degradation process, a significant
decrease in the intensity of the absorption band in the UV
region was observed. Moreover, the absorption band
observedinthe visible region disappears and, inits place,
two new bands, at 220 and 330 nm, appear. The first band
is related to the presence of unreacted and/or in situ
formed H,0, (by *OH) radical recombination (Eq. (6)),
the second one can be attributed to the 7 system
delocalization [28]:

*OH+*OH — H,0, (6)

After 45 min of reaction, the band at 430 nm disappea-
red and the color of the solution was completely degraded.
However, the other two bands (at 220 and 330 nm) still
remained, indicating that some intermediate degradation
compounds are reformed. It is known that the reaction
intermediates (mainly oxalic and fumaric acid, highly
dependent on the initial dye concentration) can be formed
as aresult of the oxidation of the azo dyes. Moreover, some
of them are characterized by stability and toxicity much
higher than these of their parent compounds [9]. Generally,
up to a certain level, the higher ferrous salt concentration
can generate a higher degradation rate of organic
compounds. However, further addition of ferrous ions
becomes inefficient, probably due to the consumption of

% DCOD
0,0
12,0
24,0
36,0
48,0
60,0
72,0
84,0
96,0
108,0
120,0

I P VR AV I AT W A

Fig. 4. (Color online.) Surface response plot of ¥DCOD as a function of the initial dye concentration (C) and of the UV-radiation power (number of lamps).

Constant H,0, dose =1.75 mL/L.



1158 E. GilPavas et al./C. R. Chimie 18 (2015) 1152-1160

uv Visible
T
—&—0 min -
10 - Nno)i( 430 [ ]
NaO-$: N=NT N O—15
] O Oé S —a—30 |
—7—45
8 - ——60 !
—3—90
E —»—120 '
i —0O—180
[s} 6 -
c
@
e J
o
3
< 44
3
0 ¥ T
200 300 400 500

Wavelength, nm

Fig. 5. The UV-vis spectra of E102 degradation process at different radiation times for the following experimental conditions: initial dye
concentration = 200 mg/L; H,0, = 1.75 mL/L; Fe?* =1.0mM, pH =3, temperature = 25 °C; UV wavelength = 365 nm; reaction time =3 h.

the *OH by the ion excess. In this work, no significant
change in ¥DCOD was detected in the studied range of Fe**
concentration (not shown here). Therefore, a 1.0 mM Fe?*
concentration was selected for the final experimental
design. This value is consistent with those reported
elsewhere [8,29].

Recently, Oancea and Meltzer [30] have reported on
the photo-Fenton efficiency in yellow 5 degradation. After
20min of irradiation, (initial tartrazine concentra-
tion=5.5ppm, Fe?" =0.0828 mM, H,0,=0.062mL/L),
98% of degradation was obtained and the decrease in
TOC was up to 43%. The prolongation of the irradiation
time (120 min) led only to the partial degradation of these
small molecules and consequently TOC did not exceed 80%
[31]. In this work, 100% of dye degradation, 99% of COD
degradation and 85% of mineralization (TOC) were
reached in 180 min. We believe that the observed
discrepancies in the obtained results can be related to
the difference between the initial dye concentration,
reactor type and concentration of the oxidizing agent
used. Gupta et al. [27] have studied the removal of
tartrazine by photodegradation on titanium oxide (TiO,
0.18 g/L and pH 11, UV lamp wavelength of 254 nm -
heterogeneous photo-Fenton process). They have found
that the photodegradation rate decreases with increasing
dye concentration (from 10 to 32 ppm) and then it became
almost constant up to 42 ppm. The increase in dye
concentration from 10 to 42 ppm led to the decrease in
the degradation efficiency from 96.12% to 41.89%, during
40 min of reaction. They found that TiO, concentration,
light intensity and H,0, concentration were the main
factors that affected the decolorization process. The
authors concluded that the maximum degradation
efficiency was achieved with the combination of
UV +H,0, + TiO, (H,0, 1.5 mM) [30]. On the other hand,
Thiama et al. [31] have investigated a traditional
technology such as electrocoagulation (EC) and some
emerging ones like electrochemical advanced oxidation

processes (EAOPs). After 15 min of the treatment, the dye
(278 ppm) degradation reached 100% and 60% TOC.

3.3. Mineralization study

In order to evaluate appropriately the degradation level
that can be reached using the photo-Fenton process, it is
necessary to understand the details of E102 dye minerali-
zation. Fig. 6 presents the degradation percentages of COD
and TOC achieved in this study.

As it could be seen, the change in COD degradation is
more significant than that of TOC. It could be related to the
fact that, in the earlier stages of wastewater oxidation,
some partially oxidized intermediate compounds can be
formed, which are unable to absorb UV radiation. As the
process runs, the created intermediate compounds in-
crease their oxidation state, finally achieving their partial
mineralization. This suggests that oxidation would prefer-
ably occur on the chromophore structure rather than on
the dye molecule skeleton. We believe that in the case of
yellow 5 degradation, the °OH radicals can react by
hydrogen abstraction from or addition to double bonds
[32]. Thus, the *OH radicals first attack the azo groups and
open the N =N bonds, destructing the long conjugated
systems, causing decolorization. Considering that C-C and
C=C bonds, present in the aromatic ring structures, are
stronger than N =N bonds, ring opening needs more time
[33]. Consequently, the aromatic fragments remaining
after the oxidation process can be considered as interme-
diate compounds. Under optimized conditions, a kinetic
analysis was developed by monitoring ¥DCOD and %DTOC
as a function of time. All experiments were performed
during 180 min, at pH =3, and at 25 °C. It was found that
%DCOD dye degradation reached 99.8% at an initial dye
concentration equal to 100 ppm (Fig. 4). The correlation
between In(C;/Cjp) and the irradiation time was linear, as in
the case of a typical first-order plot [34]. The kinetic
constant equaled 0.0791 min~! (R =0.952).
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Fig. 6. The evolution of the TOC and the COD degradation percentages of wastewater treated using photo-Fenton process under the following experimental
conditions: initial dye concentration =200, 600, and 1000 ppm; H,0,=1.75 mL/L; Fe?*=1.0 mM, pH =3, temperature = 25 °C; UV wavelength =365 nm

(4W, one lamp).

3.4. Effect of the presence of inorganic ions

The presence of inorganic anions in textile wastewaters
plays an important role in the photo-oxidation kinetics of
different dyes. Some of them (e.g., the CI~ anion) may be
added to facilitate the dyeing process. However, the
inorganic anions may induce or reduce the rate of
photooxidation. It has been reported that the “common
ion effect” due to the presence of inorganic anions led to a
decreased Tr-electron (electrostatic) repulsion between
two ionic dyes, increasing the degree of aggregation [35]. It
is known that solubilization and ionization of dyes, which
affect their attack by *OH radicals, decreased by increasing
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Fig. 7. Effect of NaCl concentration on the COD degradation percentages
of wastewater treated by photo-Fenton process under the following
experimental conditions: initial dye concentration =200 ppm;
H,0,=1.75mL/L, Fe**=1.0mM, pH=3, temperature=25°C; UV
wavelength =365 nm (4 W, one lamp).

the aggregation degree. Thus the tendency for reaction
between *OH radicals and the dye is expected to decrease
as the dye undergoes greater aggregation [36]. A series of
experiments were performed to study the effect of sodium
chloride (NaCl), with concentrations similar to those of the
operational conditions, on the photodegradation process.
Fig. 7 presents the effect of NaCl on %DCOD during the
photo-Fenton process.

One can see that ¥DCOD decreased dramatically in the
presence of NaCl. This behavior may be attributed to *OH
radical scavenging by the Cl~ ion, which is known to react
with the *OH radical (forming an OHCI*~ radical) at pH 2-3
[37]. The OHCI*™ radical generated is less reactive than the
*OH one, leading to a lower degradation rate of yellow
5 dye.

4. Conclusions

This study was focused on the optimization and
implementation of a homogeneous photo-Fenton process
for the decolorization and mineralization of a wastewater
containing highly concentrated yellow 5 (E102) dye,
resulting from an industry placed in the suburbs of
Medellin (Colombia). The RSM was applied as a tool for
the optimization of the operational conditions such as
initial dyestuff concentration, H,0, concentration, and UV-
radiation power (number of lamps). The most significant
results of the study can be summarized as follows:

¢ the following conditions were found to be optimal for
decolorization and mineralization of yellow 5: UV
radiation of 365 nm (4 W, one lamp), dye concentration
of 200mg/L, Fe** concentration of 1.0mM, H,0,
concentration of 1.75 mL/L, treatment time of 180 min,
Fe?* concentration of 1mM and pH=3. Under these
conditions, the photo-Fenton process allowed us to reach
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ca. 100% of color dye degradation, 99% of COD degrada-
tion and 85% of mineralization (TOC);

by increasing yellow 5 concentration (600 mg/L), 100% of
color degradation, 80% of COD degradation and 60% of
mineralization (TOC) were achieved, confirming the high
efficiency of the proposed method for the solution
containing a high dye concentration;

e COD removal was inhibited by the presence of the
chloride anion, which produced an increase in the dye
half-life from 90 to 540 min;

the optimized and implemented UV/Fe*2/H,0, process
can find a practical application in the purification of
textile industrial wastewater developed at a large scale.
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