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 Introduction

Azo dyes are complex aromatic compounds character-
d by both high stability and toxicity. Their practical

application includes textile, pharmaceutical, cosmetic,
and food industries. Their presence in wastewaters gives
a strong coloration to the waterbodies, suppressing the
photosynthesis processes [1]. The colorant’s structures
and attributes are very complex and variable. Many of
them present organic origin, solubility in water, high
resistance to the action of chemical agents as well as low
biodegradability [2].
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A B S T R A C T

In this study, 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), is presented. Response surface methodology was applied as a tool for

the optimization of operational conditions such as initial dyestuff concentration, H2O2

concentration, and UV-radiation power (number of lamps). The decolorization, degrada-

tion and mineralization efficiencies were used as response variables. 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 200 mg/L, Fe2+ concentration of

1.0 mM, H2O2 concentration of 1.75 mL/L, treatment time of 180 min, Fe2+ 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.
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One of the most consumed pigments by the textile
dustry is the yellow one, originating from the diazoa-

etoacetanilides group. Currently, the yellow 5 dye (E102
r tartrazine; molecular formula: C16H9N4O9S2Na3;

max = 430 nm) is one of the most employed due to its
rightness, color, and favorable price [3,4]. Since the
olombian environmental legislations have become more
igorous for these kinds of pollutants, the mineralization of
esidual colorants started to be a challenge for both

dustrial and academic research groups. In general,
onventional biological treatments are useless for their
egradation, basically due to the formation of secondary
ompounds that in turn are more toxic than their parent
ubstances [5]. Moreover, sedimentation, flocculation, and
dsorptive methods are also ineffective for their efficient
emotion [6–8]. Recently, a special interest has presented

e so-called advanced oxidation processes (AOPs)
,9]. They are based on the generation of highly reactive

ydroxyl radicals as primary oxidants. The main advantages
f their application are: simplicity of use, accessibility, and
oderate cost [10]. Among the AOPs, Fenton’s and photo-

enton’s type reactions are very promising [11,12]. The
ollutant oxidation using Fenton’s reagent is a homoge-
eous oxidation that occurs in the presence of H2O2 and
rrous ions mixtures. In an acidic environment, if H2O2 is

dded to an aqueous system containing an organic substrate
nd ferrous ions, a complex redox reaction occurs.

The ferrous ion initiates and accelerates the decompo-
ition of H2O2, resulting in the generation of hydroxyl
adicals, �OH, a powerful oxidation agent with an oxidation
otential of 2.8 V. They are able to attack rapidly the
rganic substrates, causing their chemical decomposition
y H-subtraction and addition to C = C unsaturated bonds.

Thus, numerous competing reactions involving Fe2+,
e3+, H2O2, �OH, HO�2 and other radicals derived from the
ubstrate may take place. The �OH radicals can be scavenged
y reacting with Fe2+ or H2O2, leading to the formation of
e3+ and HO�2, respectively. Thus, the formed Fe3+ ions can
eact with H2O2, involving �OH and HO�2 radicals and
esulting in the regeneration of Fe2+ ions. According to the
terature [11], the addition of UV radiation to Fenton’s
rocess, known as photo-Fenton (H2O2/Fe2+/UV), appears to
e an interesting option for the decolorization of dyes due to
s capacity to influence the direct formation of �OH radicals.
hus, UV radiation can accelerate the mineralization process
rough the following pathways:

 the enhancement of Fe2+ regeneration from the addi-
tional photo-reduction of Fe3+ species [10–12];

 the photolysis of hydrogen peroxide [13];
 the photolysis of complexes of Fe3+ with some oxidation
products, such as oxalic acid.

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

dyestuff concentration, H2O2 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,
H2O2 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;
� the estimation of the coefficients of a mathematical

model using regression analysis;
� the prediction of the response;
� 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/Fe2+/H2O2) 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%), FeSO4�7H2O (99%), H2O2 (30%),
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d H2SO4 (98%), furnished by Merck, and used without
y further purification. The corresponding reagent
lutions were prepared using extra pure water (Milli-Q
stem; 18.0 MV�cm resistivity). All studies were per-
rmed with simulated yellow 5 wastewater since the
ceived industrial samples were mixtures of different
es, between them yellow 5 one, with variable concen-
tion depending on the specific industrial activities.
us, simulated wastewater samples of yellow 5, with
ncentrations in the range from 200 to 1000 mg/L, were
epared by diluting the corresponding amount of the dye
ith deionized water. This range of concentration was
lected according to the monitoring of the enterprise
tivity performed during one month.

. Photo-reactor

A schema of the photo-Fenton process is depicted in
. 1. The experiments were performed at 25 8C, as
scribed previously in details [8,21]. For each experiment,
desired quantity of reactive solution was freshly

epared. Additionally, the required amounts of
SO4�7H2O and H2O2 were added to the obtained solution.

 pH = 3 was fixed using 1 N H2SO4. This pH value is highly
commended for Fenton’s reaction since it avoids the
rmation and precipitation of Fe2+ salts. At the beginning
 each experiment, the dye solution was fed into the
actor. Next, Fe2+ and H2O2 were charged. The UV lamp
65 nm F6T5 Black Light Hg and 4 W power) was switched

 when the 1-L reactor was completely filled and the time
rted to be monitored. Each time, 5-mL samples were

ken at periodic intervals for immediate analysis.

. Analytical methods

In order to follow the efficiency of yellow 5 (E102)
colorization (%DD) and degradation (%COD), the samples

ere withdrawn at certain time intervals for spectropho-
metric analysis (vis double-beam spectrophotometer,

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 BOD5 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:

%DD ¼ ðC0 � CÞ
C0

� 100 (1)

where C0 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: H2O2 concentration, initial dyestuff concentration,
and UV-radiation power (number of lamps). The RSM
Fig. 1. Scheme of the photo-Fenton process.
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oupled with BBD was chosen to find the relationship
etween the response functions (%DD and %COD) and
ariables using the statistical software tool Statgraphics
.1 (Statistical Graphics Corp 1999–2004). The three-level
econd-order design demanded a relatively low number of
xperiments. Thus, fifteen tests with replica including
ree center points were randomly made in order to avoid

ny systematic error. From preliminary experiments (not
resented here), three different levels (values) were
hosen for each of the four following variables (Table 1).
he interaction between the variables and the analysis of
ariance (ANOVA) has been studied by RSM. The quality of
e fit of this model and its prediction capacity is expressed

y the coefficient of determination, R2. The variables were
oded according to Eq. (2):

i ¼
xi � xpc

� �
�xi

(2)

here Xi is the code level, xi is the non-coded value, xpc

orresponds to the non-coded value at the central point,
nd Dxi is the change of the value between levels [8]. For
e RSM, the experimental results were adjusted to a

econd-order multivariable polynomial (Eq. (3)):

i ¼ b0 þ
X3

1

biXi þ
X3

1

biiX
2
ii þ

X3

1

X3

1

bi jXiX j (3)

here Yi was the response variable; b0, bi, bii, and bij were
e regression coefficients that correspond to the intersect,

neal, quadratic, and interactions, respectively; and Xi and

j are the independent variables.

. Results and discussion

.1. Development of the regression model equation

A set of preliminary experiments (not shown here)
llowed defining the variables that considerably affect
ecolorization, %DD, and mineralization, %DCOD, efficiency

of yellow 5 by the photo-Fenton process. Thus, dyestuff
concentration, H2O2 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, Fe2+ 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
H2O2 concentration (C). An empirical relationship between
the response and the input test variables in coded units can
be expressed by the following equation:

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 H2O2

concentration; and it is also quadratic with respect to
dyestuff concentration, number of lamps, and H2O2

concentration. This indicates that there are the following
interactions: dyestuff concentration–dyestuff concentra-
tion, dyestuff concentration–number of lamps, dyestuff
concentration–H2O2 concentration, number of lamps–H2O2

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.

%DCOD ¼ 94; 5174 � 0; 110208 � A � 10; 6667 � B þ 6; 22222 � C þ 0; 0000617188 � A2

�0; 0075 � A � B � 0; 00583333 � A � C þ 3; 125 � B2 þ 3; 33333 � B � C � 2; 88889 � C2 (4)

able 1

arameter levels and physicochemical properties of the studied solution.

Parameter Level

Parameters and their corresponding values

for experimental design

Dyestuff concentration (mg/L) 200 600 1000

H2O2 concentration (mL/L) 0.5 1 2

UV radiation, 365 nm (number of lamps) 1 2 3

The initial physicochemical characteristics

of wastewater

COD (mg/L) 303 728 1128

TOC (mg/L) 102 224 360

pH 2.97 3.01 3.02

BOD5 (mg/L) 80 – –

BOD5/COD 0.264 – –

Conductivity (mS/cm) 373 512 943

Density (g/mL) 1.001 1.003 1.009
Viscosity (cP) 1.002 1.002 1.002



sta
th
er
di
sta
m
va
pr
re
sig
AN
m
dy
va
ha
in
els
co
sig
so

ba

Ta

Ex

lev

E

1

2

3

4

5

6

7

8

9

1

1

1

1

1

1

Ta

An

F

A

B

C

R

E. GilPavas et al. / C. R. Chimie 18 (2015) 1152–11601156
ANOVA consists in classifying and cross-classifying
tistical results. The Fisher F-test, based on the ratio of

e respective mean-square effect to the mean-square
ror, was used to evaluate the presence of a significant
fference from the control’s response and to calculate
ndard errors. The bigger the magnitude of the F value,

ore significant is the corresponding coefficient. The P

lues were used to identify experimental parameters that
esent a statistically significant influence on a particular
sponse. If the P value is lower than 0.05, it is statistically
nificant at the 95% confidence level [8]. According to
OVA results, one can see that all terms in the regression

odel are not equally important. Only two of them (initial
e concentration [A:Ci] and A–A interactions) presented P

lues lower than 0.05 (Table 2), which implies that they
ve a truthfully effect on %DCOD, with a confidence
terval of 95% [8,20]. Similar results were presented
ewhere [21,26]. On the other hand, the effect of H2O2

ncentration on %DCOD removal efficiency is not as
nificant (in the analyzed range). However, it can present

me importance and should not be ignored.
The quality of the developed model was evaluated

sed on the variation coefficient (R2) and the standard

deviation value. The closer the R2 value to unity and the
lower the value of the standard deviation, more accurately
the response can be predicted by the model. The R2 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 R2 (0.9878) was in very good agreement with
the value of the adjusted R2 (0.9659). Since the R2 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: Fe2+ concentra-
tion = 1.00 mM; H2O2 concentration = 1.75 mL/L; one lamp
UV radiation power (wavelength = 365 nm, 4 W); 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]:

Pi ¼
b2

iP
b2

i

  !
� 100 i 6¼ 0ð Þ (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

ble 2

perimental results of the %DD and %DCOD for the three variables and

els.

xperiment Dyestuff

concentration

(mg/L)

Number

of lamps

H2O2

concentration

(ml/L)

%DD %DCOD

 200 1 1.25 100 55

 200 2 0.5 100 75

 600 2 1.25 99 39

 1000 1 1.25 95 14

 200 2 2 100 50

 600 3 2 99 16

 600 3 0.5 96 42

 600 1 0.5 96 43

 600 2 1.25 98 36

0 1000 2 0.5 91 4

1 600 2 1.25 95 38

2 1000 3 1.25 95 13

3 200 3 1.25 100 53

4 600 1 2 95 15

5 1000 2 2 95 2

ble 3

alysis of variance, ANOVA, for %DCOD.

actor Sum of squares Degree of freedom Mean square F value P value

: dyestuff concentration 4371.13 1 4371.13 362.75 0.000

: number of lamps 18.0 1 18.0 1.49 0.2761

: H2O2 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

R2 = 98.78%
2

adj = 96.59%
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resents an influence on the degradation process is the
itial dye concentration (A) and its interactions: A–A.

One can see that %DCOD is inversely proportional (–) to
e initial dye concentration (A) and directly proportional
) to the A–A interaction. Moreover, the initial dye

oncentration can be considered as the most dominating
ctor during COD degradation (Fig. 3). In fact, the higher
e dye concentration is, the lower the degradation rate
at can be reached (considering also that the �OH radical

oncentration was constant). Similar results were reported
y Modirshahla et al. [13].

The surface response plot was used to study the effect of
ll factors on the response variable (Fig. 4). This type of
lots summarizes the effect of two variables on %DCOD,
onsidering that the third one was kept constant. One can
ee that %DCOD depends on the initial dye concentration

ith a maximum at 200 ppm). Moreover, no significant
ffect of the UV-radiation power (number of lamps) on
DCOD was observed. Modirshala et al. [13] and Gupta
t al. [27] reported contradictory results mainly due to
ifferences in the reactor’s configuration.

Fig. 5 shows the representative UV-vis spectra of the
102 degradation process 1.0 mM Fe2+ concentration. One
an see that before treatment (t = 0 min), its UV-vis
pectrum consists of two main characteristic absorption
ands: the first one, in the UV region, with a maximum at

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
observed in the visible region disappears and, in its 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 H2O2 (by �OH) radical recombination (Eq. (6)),
the second one can be attributed to the p system
delocalization [28]:

�OHþ�OH ! H2O2 (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 a result 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
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onstant H2O2 dose = 1.75 mL/L.
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e �OH by the ion excess. In this work, no significant
ange in %DCOD was detected in the studied range of Fe2+

ncentration (not shown here). Therefore, a 1.0 mM Fe2+

ncentration was selected for the final experimental
sign. This value is consistent with those reported
ewhere [8,29].
Recently, Oancea and Meltzer [30] have reported on

e photo-Fenton efficiency in yellow 5 degradation. After
 min of irradiation, (initial tartrazine concentra-
n = 5.5 ppm, Fe2+ = 0.0828 mM, H2O2 = 0.062 mL/L),
% of degradation was obtained and the decrease in
C was up to 43%. The prolongation of the irradiation
e (120 min) led only to the partial degradation of these
all molecules and consequently TOC did not exceed 80%

1]. In this work, 100% of dye degradation, 99% of COD
gradation and 85% of mineralization (TOC) were
ached in 180 min. We believe that the observed
screpancies in the obtained results can be related to
e difference between the initial dye concentration,
actor type and concentration of the oxidizing agent
ed. Gupta et al. [27] have studied the removal of
rtrazine by photodegradation on titanium oxide (TiO2

18 g/L and pH 11, UV lamp wavelength of 254 nm –
terogeneous photo-Fenton process). They have found
at the photodegradation rate decreases with increasing
e concentration (from 10 to 32 ppm) and then it became

most constant up to 42 ppm. The increase in dye
ncentration from 10 to 42 ppm led to the decrease in
e degradation efficiency from 96.12% to 41.89%, during

 min of reaction. They found that TiO2 concentration,
ht intensity and H2O2 concentration were the main

ctors that affected the decolorization process. The
thors concluded that the maximum degradation

ficiency was achieved with the combination of
 + H2O2 + TiO2 (H2O2 1.5 mM) [30]. On the other hand,
iama et al. [31] have investigated a traditional

chnology such as electrocoagulation (EC) and some
erging 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 p
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 8C. It was found that
%DCOD dye degradation reached 99.8% at an initial dye
concentration equal to 100 ppm (Fig. 4). The correlation
between ln(Ci/Ci0) and the irradiation time was linear, as in
the case of a typical first-order plot [34]. The kinetic
constant equaled 0.0791 min�1 (R2 = 0.952).

. 5. The UV-vis spectra of E102 degradation process at different radiation times for the following experimental conditions: initial dye

ncentration = 200 mg/L; H2O2 = 1.75 mL/L; Fe2+ = 1.0 mM, pH = 3, temperature = 25 8C; UV wavelength = 365 nm; reaction time = 3 h.
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.4. Effect of the presence of inorganic ions

The presence of inorganic anions in textile wastewaters
lays an important role in the photo-oxidation kinetics of
ifferent dyes. Some of them (e.g., the Cl� anion) may be
dded to facilitate the dyeing process. However, the
organic anions may induce or reduce the rate of

hotooxidation. It has been reported that the ‘‘common
n effect’’ due to the presence of inorganic anions led to a

ecreased p-electron (electrostatic) repulsion between
o ionic dyes, increasing the degree of aggregation [35]. It

 known that solubilization and ionization of dyes, which
ffect their attack by �OH radicals, decreased by increasing

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 OHCl�� radical) at pH 2–3
[37]. The OHCl�� 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, H2O2 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 200 mg/L, Fe2+ concentration of 1.0 mM, H2O2

concentration of 1.75 mL/L, treatment time of 180 min,
Fe2+ concentration of 1 mM and pH = 3. Under these
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ig. 6. The evolution of the TOC and the COD degradation percentages of wastewater treated using photo-Fenton process under the following experimental

onditions: initial dye concentration = 200, 600, and 1000 ppm; H2O2 = 1.75 mL/L; Fe2+ = 1.0 mM, pH = 3, temperature = 25 8C; UV wavelength = 365 nm
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 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;
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/H2O2 process
can find a practical application in the purification of
textile industrial wastewater developed at a large scale.
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