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a b s t r a c t

In this study, the industrial textile wastewater was treated using a chemical-based technique (coagu-
lation-flocculation, C-F) sequential with an advanced oxidation process (AOP: Fenton or Photo-Fenton).
During the C-F, Al2(SO4)3 was used as coagulant and its optimal dose was determined using the jar test.
The following operational conditions of C-F, maximizing the organic matter removal, were determined:
700 mg/L of Al2(SO4)3 at pH ¼ 9.96. Thus, the C-F allowed to remove 98% of turbidity, 48% of Chemical
Oxygen Demand (COD), and let to increase in the BOD5/COD ratio from 0.137 to 0.212. Subsequently, the
C-F effluent was treated using each of AOPs. Their performances were optimized by the Response Surface
Methodology (RSM) coupled with a Box-Behnken experimental design (BBD). The following optimal
conditions of both Fenton (Fe2þ/H2O2) and Photo-Fenton (Fe2þ/H2O2/UV) processes were found: Fe2þ

concentration ¼ 1 mM, H2O2 dose ¼ 2 mL/L (19.6 mM), and pH ¼ 3. The combination of C-F pre-
treatment with the Fenton reagent, at optimized conditions, let to remove 74% of COD during 90 min
of the process. The C-F sequential with Photo-Fenton process let to reach 87% of COD removal, in the
same time. Moreover, the BOD5/COD ratio increased from 0.212 to 0.68 and from 0.212 to 0.74 using
Fenton and Photo-Fenton processes, respectively. Thus, the enhancement of biodegradability with the
physico-chemical treatment was proved. The depletion of H2O2 was monitored during kinetic study.
Strategies for improving the reaction efficiency, based on the H2O2 evolution, were also tested.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The textile industry uses a great amount of chemical compounds
during its production processes. Among them, dyes, detergents,
waxes, surfactants, solvents, salts, and other organic compounds
can be mentioned. As a consequence, textile wastewater contains
high loading of organic pollutants, which represents high values of
Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC),
as well as low biodegradability, expressed as a low ratio between
the Biochemical Oxygen Demand (BOD5) and COD (BOD5/COD)
(Lapertot et al., 2007; Rodriguez et al., 2002). It implies that a
chemical treatment is required before the wastewater will be dis-
charged into the environment or into a biological treatment plant
(Punzi et al., 2015; Soares et al., 2015; Ara~na et al., 2013).

Degradation of recalcitrant pollutants can be achieved by
Advanced Oxidation Processes (AOPs), among them Fenton (FT)
and Photo-Fenton (PF) ones. They were found to be an alternative
for treating a wide range of contaminants (Brillas and Martínez-
Huitle, 2015). The non-biodegradable pollutants such as: herbi-
cides (Gonz�alez et al., 2014) landfill leachate (He et al., 2015) and
wastewater coming from textile industries (Rodríguez-Chueca
et al., 2016; Soares et al., 2013; Byberg et al., 2013; Nidheesh
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et al.,2013; GilPavas et al., 2012), have already been successfully
treated. The AOPs are based on the generation of non-selective and
highly oxidative reactive species, mainly the hydroxyl radicals
(�OH), responsible for organic substrate oxidation (2.8 V vs. NHE) in
the Fenton reactions (Vedrenne et al., 2012).

The FT process is one of the most studied AOPs, due to its effi-
ciency, low reaction time, and easy application (Pignatello et al.,
2006). Here, the �OH radical and reactive oxidizing species are
produced by the catalytic decomposition of H2O2 with iron. The
Fenton reaction mechanism is well known. The Feþ3 ion, dissolved
in water, is subjected to form different complexes; for instance, at
pH close to 3, [Fe(H2O)5(OH)]2þ become the predominant stable
species. It is also possible to use solar radiation to promote the
generation of Fe2þ ions, increasing the �OH radical production rate
and enhancing the efficiency of the process. It is denominated the
PF reaction, and occurs according to Eqs. (1)e(3) (Malato et al.,
2009).

Fe2þ þ 6H2O/
�
FeðH2OÞ6

�2þ (1)

�
FeðH2OÞ6

�2þ þ HO�/
�
FeðH2OÞ5ðOHÞ

�þ þ H2O (2)

�
FeðH2OÞ5ðOHÞ

�þ þ hv/Fe2þ þ 5Hþ þ 6HO� (3)

The conventional treatment for textile wastewater consists of a
coagulation-flocculation (C-F) process followed by sand filtration
(Amor et al., 2015). However, it is only able to remove suspended
solids, whereas soluble organic compounds remain unaffected. This
implies the necessity of introducing a subsequent treatment step.
Thus, coagulation is an effective “pre-treatment” process. The
coupling of C-F with the FT process can be an appropriate alter-
native to achieve high levels of wastewater decontamination (Li
et al., 2016; García-Monta~no et al., 2006). Moreover, since solu-
tion transmittance improves after solids removal, photo-induced
processes (v.g., PF) become a potential alternative for “final”
wastewater treatment.

The C-F processes for the treatment of textile wastewater have
been extensively studied (Verma et al., 2012; Khouni et al., 2011;
Kwang-Ho et al., 2007). It is essential to reduce total suspended
solids, organic content, and color in order to improve later treat-
ment's efficiency (Amor et al., 2015). Aluminum salts are the most
widely used coagulants. They let to achieve ca. 50e60% of COD, and
90e100% of suspended solids removal. Besides, they are widely
available and cheap, comparing to the other coagulants. Aluminum
salts acidifies the solution during coagulation. This is a useful
characteristic for coupling C-F with Fenton processes which are
known to work best around pH values of 3 (Khouni et al., 2011;
Malato et al., 2009; Kwang-Ho et al., 2007).

Recently, few authors have reported on the C-F sequential with
FT or PT process for the treatment of industrial wastewater (Li et al.,
2016; Senn et al., 2014; Perdig�on-Mel�on et al., 2010). The sequential
technologies improves synergetically the efficiency of Fenton pro-
cess. It was reported that lower amounts of iron load and lower
operation time are needed for the treatment of wastewaters using a
PF process; decreasing the operational costs considerably.
Table 1
Physico-chemical characterization of the industrial textile wastewater stream and the pe

Parameter pH Conductivity (mS/cm) Turbidity (NTU) COD (mg O2

Value 9.96 4010 184 865
Permissible Limit a 6e9 e e 400

a Emission limit values for industrial wastewater discharges into themunicipal sewer s
Sustainable Development, Colombia. *TS: Total solids, AC: Apparent color.
Additionally, the PF process driven by natural UV can be considered
an environmentally friendly technology as it generates low to zero
waste and prevents pollution. Unfortunately, the most of these
studies, operational conditions are case specific and need to be
rigorously optimized. As far as we know, any statistical methods
were applied to investigate systematically the combination of pa-
rameters that provides optimal conditions of both the FT and PF
processes combined with C-F for the treatment of industrial textile
wastewater.

Thus, this work presents the application of sequential C-F-Fen-
ton (C-F-FT) and C-F-Photo Fenton (C-F-PF) processes for the
treatment of textile effluents from an industrial facility located in
Medellín (Colombia). At first, a complete characterization of the
wastewater effluent was made in terms of its biodegradability
(BOD5/COD), organic matter loading (TOC, COD, BOD5), and solids
content (total solids and turbidity). Secondly, the potential of a
sequential C-F-FT and C-F-PF process was evaluated. For this pur-
pose, initially the C-F process was optimized using the jar test
methodology. Then, the Response Surface Methodology (RSM)
coupled with Box-Behnken experimental design (BBD) was per-
formed to optimize the FT and PF processes, in terms of the organic
matter degradation efficiency. The advantage of these optimization
methods relies on the reduction of the number of experimental
trials, in comparison with the complete factorial designs. They
allow to develop the mathematical models for the assessment of
the statistical significance of each variable and their interactions
(GilPavas et al., 2014; El-Ghenymy et al., 2012). Finally, the deple-
tion of H2O2 was monitored during kinetic study. Some strategies
for improving the reaction efficiency, based on the H2O2 consumed,
were also tested.

2. Materials and methods

2.1. Wastewater samples

The wastewater samples were collected from an equalization
tank of an industrial textile plant located in Medellín (Colombia).
They showed a dark blue color associated with the mixture of
several classes of dyes (Reactive, Direct, Dispersive, Acid and Cuba
dyes) as well as other pollutants used in the textile process. The
samples were kept refrigerated in order to avoid compounds
degradation during storage and transportation, following the
standard procedures (Eaton et al., 2005). They present an intensive
blue color, mainly due to the presence of indigo dye, which rep-
resents a high percentage of organic compounds in the wastewater.
The characteristics of the industrial wastewater and the Colombian
permissible limits for the industrial wastewater discharges are
summarized in Table 1.

Several physico-chemical parameters of the analyzed industrial
wastewater present values beyond the emission limit range (e.g.,
pH, COD, and TS). It is characterized with high-conductivity due to
the presence of different salts. Moreover, it shows a high COD value,
more than twice of that of the permissible limit. This implies the
presence of large amount of non-biodegradable organic matter. In
fact, the initial BOD5/COD ratio, equaled to ca. 0.14 (<0.35), in-
dicates that the analyzed effluent is not biodegradable (Lapertot
rmitted discharge limits.

/L) TOC (mg C/L) BOD5 (mg O2/L) TS (mg/L) AC (mg Pt/L) BOD5/COD

290 118 2464 1.274 0.1364
e 200 50 e e

ystem according to Res 0631, 17/03/2015, issued by theMinistry of Environment and



Table 2
Variables (factors) and their levels for BBD.

Variables Coded factors, X

�1 Level 1 0 Level 2 1 Level 3

H2O2 (mL/L) 1 (9.8 mM) 5.5 (54 mM) 10 (98 mM)
Fe2þ (mM) 0.25 0.75 1.25
pH 3 4.5 6
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et al., 2007; Rodriguez et al., 2002). Although the legally permis-
sible limit for organic compounds is usually expressed in the terms
of COD, in this study the TOC evolution was also monitored. This
technique is faster and gives a direct measurement of carbon con-
tent without interference with other oxidizable inorganic sub-
stances present in the wastewater.

2.2. Reagents

All reagents were obtained from Merck and used as received
without any further purification. Ferrous sulfate hepta-hydrate
(FeSO4.7H2O, 99.98% purity) and hydrogen peroxide (H2O2, 30 wt
%) were used as Fenton reagents. All solutions were prepared using
ultra-pure water (Milli-Q system; conductivity < 1 mS cm�1).
Sample pH was adjusted using H2SO4 (99.1%). MnO2 (reagent
grade � 90%, Sigma Aldrich) was used to quench the hydroxyl
radicals action and inactivate H2O2 before analyses. Aluminum
sulfate (Al2(SO4)3.18H2O) was used for the coagulation/flocculation
process.

2.3. Analytical methods

Samples resulting from the laboratory tests were analyzed in
triplicate using a UVeVIS double-beam spectrophotometer (Spec-
tronic Genesys 2 PC) in the range of 200e700 nm, with a 1 cm path
length quartz cell. Standardmethods were used for the quantitative
analysis of COD, TOC, BOD5, TS, AC, and turbidity (Eaton et al.,
2005). The COD analyses were performed following the closed
reflux method with colorimetric determination (method 5220D).
The TOC measurements were carried out following the method
5310D; and the BOD5 ones, following the respirometric method
(5210B). The turbidity was determined with an Orbeco-Hellige
Turbidimeter (Model 966-01), following the 2130B standard
method. The 2540D standard method was employed for TS mea-
surements. Finally, H2O2 concentration was measured by iodo-
metric titration with KI and Na2S2O3. To avoid the interference of
H2O2 during COD measurements, the residual H2O2 was quenched
using MnO2.

In all cases, the average value of the measurements is reported.
The variability of data are presented graphically by error bars
(indicating the error or uncertainty in a reported measurement).

2.4. Coagulation-flocculation pre-treatment

The operational conditions of C-F pre-treatment were deter-
mined using a laboratory jar test apparatus (Centricol Ltda).
Aluminium stock solution was prepared using Al2(SO4)3,18H2O.
Five different concentrations were used to define the coagulant
dose: 200, 400, 500, 600, and 700 mg/L. Jar tests were performed
according to the standard procedure (ASTM D2035:2008). It con-
sists of three steps: (i) a period of fast mixing (at 150 rpm) of
wastewater solution with Al2(SO4)3,18H2O for 2 min; (ii), a period
of slow mixing (at 20 rpm) for 20 min to induce the flocs’ forma-
tion; and, (iii), 15 min of sedimentation without agitation. After
completing the C-F process, the turbidity and COD, measured to the
supernatant, were used as response variables to determine the
coagulant dose. The supernatant obtained at the most effective
conditions was separated to evaluate the efficiency of the C-F-FT
and C-F-PF processes.

2.5. Reaction system

The FT reaction was carried out in a continuously stirred glass
reactor with 80 mL total volume. The PF process used a 150 mL
cylindrical quartz reactor, with an internal hole where a lamp of UV
radiation was introduced. A black-light tubular lamp (maximum
light intensity at l¼ 365 nm,15mm of diameter, 225mm of length,
model F6T5/BL Philips, 6W, photon flux of 1.47*1019 1/m2/s, radiant
flux of 0.5 mW/cm2) was used. The radiation flux was measured
using a radiometer Delta OhmHD 2102 and the total irradiated area
was of 100 cm2. The reaction time was fixed at 45 min. In all ex-
periments, the solution was stirred (140 rpm) with a magnetic bar
to ensure its homogenization and to avoidmass transfer effects. The
schemas of the experimental set-ups are included in the supple-
mentary material.

2.6. Statistical model and experimental design

The RSM was employed to establish the effect of different
operational conditions on the FT and PF performance for waste-
water treatment. Several operational factors have been found to
affect the efficiency of both processes. The effect of pH have already
been widely studied (De Laat et al., 2011). Indeed, it is well known
that iron tends to form insoluble aqua complexes at pH above 4,
losing its catalytic capacity (Papoutsakis et al., 2015). However,
some authors have successfully performed the Fenton reaction near
neutral pH (Miralles-Cuevas et al., 2014; Moncayo-Lasso et al.,
2008). The concentration of Fenton reagents (v.g., Fe2þ and H2O2)
also affects directly the efficiency of the process and optimal con-
ditions, depending on the nature and pollutants concentration
(Malato et al., 2009). In this work, the pH, Fe2þ and H2O2 concen-
trations were chosen as independent variables (operational fac-
tors). Their levels were chosen from our previous work (GilPavas
et al., 2015). They were evaluated in the following ranges:
pH ¼ 3e6; Fe2þ concentration ¼ 0.25e1.25 mM; and H2O2
dose ¼ 1e10 mL/L (9.8e98 mM). Other variables, such as initial
pollutant concentration and conductivity, were fixed at natural
conditions of the wastewater.

A multifactorial BBD was defined in order to establish the syn-
ergetic effects of the operational factors and to optimize their
conditions (i.e., to maximize the organic matter degradation)
(Secula et al., 2014). The BBD allows: (i) to estimate the parameters
of the quadratic model; (ii) to build the sequential experimental
designs; (iii) to detect the lack of fitting of themodel; and (iv) to use
the blocks. It is important to clarify that RSM was not used to un-
derstand the wastewater degradation mechanism but to determine
the optimal operational conditions at certain operating specifica-
tions. Regression coefficients and their effects were analyzed using
the analysis of variance (ANOVA), including the use of Pareto dia-
gram and p-values (at probability levels lower than 0.05). Table 2
present the operational factor at the evaluated levels.

The proposed BBD, involving three independent variables (fac-
tors), required 15 experiments (including three central points). All
essays were carried out in duplicates. The average value of each
measurement was used for data analysis. The response variable, to
assess the process efficiency, was the percentage of COD degrada-
tion (%DCOD). It was calculated according to Eq. (4).

%DCOD ¼ COD0 � CODF

COD0
*100 (4)



Table 3
Residual turbidity for different coagulant dosage.

Al2(SO4)3,18H2O (mg/L) 200 400 500 600 700 800
COD (mg O2/L) 806 698 615 566 450 456
Residual turbidity (NTU) 173 96 13 11 3 4

E. GilPavas et al. / Journal of Environmental Management 191 (2017) 189e197192
For the RSM, the experimental results were adjusted to a
second-order multi-variable polynomial model, Eq. (5), using
Statgraphics Centurion XVI Software.

Yi ¼ b0 þ
X3
1

bixi þ
X3
1

biix
2
ii þ

X3
1

X3
1

bij xixj (5)

where b0, bi, bii, and bij are the regression coefficients for the
intercept, linear, square, and interaction terms, respectively; and xi
and xJ are independent variables. The quality of the model and its
prediction capacity were judged from the variation coefficient, R2.
From the developed mathematical model, the individual and syn-
ergetic effects of the operating factors on the response variables,
using three-dimensional response surface plots, were mapped.
Details of this methodology have already been reported elsewhere
(GilPavas et al., 2015, 2016; Ghanbari and Moradi, 2015).

3. Results and discussion

3.1. Textile wastewater pre-treatment by coagulation-flocculation

The evolution of COD and residual turbidity using different
coagulant concentrations are presented in Table 3.

The significant improvement in wastewater quality, equivalent
to 48% of COD, 100% of color and 98.37% of turbidity removal, was
observed at 700 mg/L of Al2(SO4)3,18H2O dosage. It was defined as
the working coagulant concentration. At these conditions, the
characterization of the C-F supernatant was performed. The ob-
tained results are compared to the original values in Table 4. The C-F
process was able to reduce organic loading. However, it failed to
achieve COD discharge limits. Although the pre-treatment elimi-
nates (almost completely) the wastewater turbidity, it was ineffi-
cient in removing surfactants and other soluble organic pollutants
present in the sample. Thus, it was possible to remove only 48% and
16% of COD and TOC, respectively. The biodegradability ratio BOD5/
COD increased slightly from 0.136 to 0.212, still being very low
value (<0.35). Therefore, a biological treatment cannot be adequate
to degrade these residual pollutants and physicochemical treat-
ment is required. It is important to notice that after the C-F, the
effluent pH decreased from 9.96 to 6. Thus, this last value was
chosen as the superior limit of pH to evaluate the efficiency of the
FT and PF processes.

3.2. Fenton and Photo-Fenton processes

In order to reduce the concentration of COD and to increase the
Table 4
The effect of C-F pre-treatment on physico-chemical characterizationof studi

Parameter Initial wastewater sa

pH 9.96
Conductivity (mS/cm) 4010
Turbidity (NTU) 184
COD (mg O2/L) 865
TOC (mg C/L) 290
BOD5 (mg O2/L) 118
BOD5/COD 0.136
Generated sludge (kg/m3) e
biodegradability of the effluent resulting from the C-F process, FT
and PF oxidation processes were applied. In this sense, RSM anal-
ysis was used independently for both processes in order to deter-
mine the individual and interactive effects of the operating
variables for each treatment.

3.2.1. Box-Behnken experimental design and optimization model
The experimental design (conditions) for both FT and PF pro-

cesses, together with the obtained results, are given in Table S1 (see
supplementary material). The observed COD removal percentages
varied between ca.12 and 37% for the FT process and from 14 to 78%
for the PF process. The most efficient experimental conditions were
the same for both processes: pH ¼ 3, Fe2þ

concentration ¼ 0.75 mM, and [H2O2] dose ¼ 10 mL/L (98 mM).
However, the efficiency was always considerably higher using the
PF process.

For both FT and PF processes, %DCOD data were adjusted to the
second order polynomial model, as described in Eq. (5). The
empirical models, equations (6) and (7), represent the %DCOD as a
function of three independent process variables (H2O2 dose, Fe2þ

concentration, and pH). They describe how %DCOD was affected by
the individual variables and/or their double interactions. Thus, %
DCOD was linear and also quadratic with respect to all three
analyzed variables.

%DCOD FT ¼ 50:115þ ð1:30957*H2O2Þ þ
�
32:8139*Fe2þ

�
� ð19:4806*pHÞ �

�
0:0339506*ðH2O2Þ2

�
�
�
0:588889*H2O2*Fe

2þ
�

� ð0:0111111*H2O2*pHÞ �
�
5:35*

�
Fe2þ

�2�

�
�
2:36667*Fe2þ*pH

�
þ
�
2:16111*ðpHÞ2

�
(6)

%DCOD PF ¼ 117:575þ ð4:39208*H2O2Þ þ
�
99:875*Fe2þ

�
� ð55:5509*pHÞ �

�
0:0687243*ðH2O2Þ2

�
�
�
0:1*H2O2*Fe

2þ
�
� ð0:640741*H2O2*pHÞ

�
�
10:2667*

�
Fe2þ

�2��
�
13:0667*Fe2þ*pH

�
þ
�
6:41481*ðpHÞ2

�
(7)

3.2.2. Analysis of variance and statistical significance
The ANOVA was used to determine the significant main and

interaction effects of factors influencing %DCOD. It consists of
ed textile effluent.

mple Coagulation-flocculation supernatant

6
4500
3
450
151
96.5
0.212
0.472
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classifying and cross-classifying statistical results, decomposing the
contribution of each variable (or factors) and their double-
interactions in the variance of each response variable (%DCOD).
The inclusion of double-interaction and self-double-effect implies
that changes in the response variable cannot be explained by in-
dependent effects. Rather, the explanation infers more complicated
relationships among variables. The p-values were used to identify
experimental parameters that present statistical influence on
particular response. If p-value is lower than 0.05, it is considered
that the specific variable shows statistical significance within the
95% confidence level (Montgomery, 2010). Table 5 presents a
summary of the ANOVA results for each of the response variables
and the values of probability (p-values). Notice that, for both FT and
PF processes, the p-values of pH and Fe2þ concentrationwere lower
than 0.05. Therefore, they are considered as statistically relevant in
the degradation process. Indeed, the pH effect on the reaction
performance can be attributed to the stability of the iron complexes
in the solution (Miralles-Cuevas et al., 2014). The H2O2 concentra-
tion resulted to be insignificant for either the FT or PF processes, in
the evaluated experimental range. Several studies have concluded
that too low H2O2 concentration leads to the reduction of Fenton
reaction rate, while too high concentration may induce H2O2
competition for �OH radicals. Usually, there is a rather broad H2O2

concentration interval between both extremes, where none of both
phenomena occurs (Byberg et al., 2013). It is quite remarkable that
the interaction between Fe2þ concentration and pH resulted sta-
tistically significant in the PF process. Such effect on the response
variable will be discussed in a subsequent section.

The quality of the fittedmodel, concerning its capacity to predict
properly the response variable, was evaluated based on the deter-
mination coefficients, R2 and R2

adj (Table 5). Their values indicate
that Eqs (6) and (7) explain ca. 94% of the variability observed in the
COD degradation data for both FTand PF process. The R2

adj is a more
rigorous parameter to determine the quality of the models. Like-
wise, the obtained model can explain ca. 85% of the variability
observed in the experimental data.

The Pareto diagram illustrates the statistical significance of each
factor and its interactions. It represents graphically the standard-
ized effects, from the highest to the lowest one in magnitude. Its
sign indicates if an increase in the level of the factor presents a
positive (þ) or negative (�) effect on the response variable. Fig. 1
presents the Pareto diagram for the %DCOD using FT and PF pro-
cess. A Pareto diagram is a series of bars whose heights (bi) 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
Table 5
The ANOVA for %DCOD as a function of H2O2 dosage (A), Fe2þ concentration (B), and
pH (C), according to the BBD.

Variables and interactions p-value

%DCOD - FT %DCOD - PF

A:H2O2 0.0564 0.3074
B:Fe2þ 0.0011 0.0054
C:pH 0.0180 0.0016
AA 0.5888 0.7390
AB 0.2993 0.9550
AC 0.9503 0.3062
BB 0.3125 0.5446
BC 0.1816 0.0493
CC 0.0095 0.0147
Model Fit
R2 (%) 94.54 94.42
R2

adj (%) 84.71 84.36
percentage effect of each factor (Pi) according to Eq. (8).

Pi ¼
"

b2iP
b2i

#
*100 ðis0Þ (8)

For the FT process, the factor with the greatest effect on the %
DCOD was the Fe2þ concentration, accounting ca. 52% of the total
effects. Its positive sign indicates that the highest degradation ef-
ficiency was obtained at the highest levels of this factor. This is
consistent with the most of results presented in the open literature
where an increase in iron concentration (equal or less than 1 mM)
always let to an increase in reaction rate (Gernjak et al., 2006). The
Fe2þ concentration induces a similar effect on the PF process, ac-
counting ca. 26% of the total effects. The pH value presents an in-
verse proportional effect on both the FT and PF processes. In fact,
higher degradation efficiencies were obtained at the lowest pH
levels in the evaluated pH range. This result is also consistent with
many other experimental results. Actually, for Fenton processes, it
has beenwidely accepted that the optimal pH is between 2.8 and 3
(Kavitha and Ppanalivelu, 2005). At such conditions, iron precipi-
tation is avoided when it is used at concentrations near to 1 mM.
For the PF reaction, the pH was the factor with the highest effect
over the %DCOD. It could be attributed to the formation of iron
complexes, at pH near 3, which can absorb UV radiation more
efficiently and let to increase in the degradation rate (Parra et al.,
2000). The H2O2 dosage resulted to present a slightly positive ef-
fect on the %DCOD, in the evaluated range (9.8e98 mM), meaning
that degradation reaction takes place successfully at low H2O2
concentration (increasing its dosage produce only a slight efficiency
increase).
3.2.3. Optimal conditions based on factor interaction analysis
During Fenton reactions, organic matter oxidation takes place

by successive attacks of non-selective reactive oxygen species (ROS)
driven by the ironmediated decomposition of H2O2. One can expect
a straight relation between the %DCOD and ROS availability. How-
ever, in this case, the optimal conditions for Fenton processes imply
both the lowest amount of reagents and the highest degradation
efficiency. Statistical analysis allows finding such operational con-
ditions. Thus, Fig. 2 presents the factor interaction plots between
pH-H2O2 dosage and pHeFe2þ concentration for FT and PT pro-
cesses. In all cases, the %DCOD is higher at pH ca. 3. In fact, the
formation of insoluble Fe3þ complexes, that inhibits Fe2þ regener-
ation necessary for the Fenton reactions, is more probable at higher
pH values. One can see that at pH ¼ 6, an increase in H2O2 dosage
presents any significant effect on %DCOD. Indeed, dissolved iron
becomes the limiting reagent; so, an excess of H2O2 or suspended
ironwill not have any effect in the process efficiency (Arslan-Alaton
et al., 2009).

During the PF process, at pH ¼ 3, the efficiency of COD removal
was significantly higher than that observed for FT one. This due to
both high solubility and high UV radiation absorption capacity of
the predominant iron species ([Fe(H2O)5(OH)]2þ) (Malato et al.,
2009; Ghaly et al., 2001). Additionally, at this pH, an increase in
H2O2 dosage, from 1 to 10 mL/L, the COD removal improves only in
14% (from ca. 51 to 65 %DCOD) during 45 min (Fig. 2 (a) and (b)). It
could be explained considering the inhibitory effect of excessive
H2O2 amount (free radical scavenging), as expressed by the
following reaction (Brillas and Martínez-Huitle, 2015):

H2O2 þ HO�/H2Oþ HO�
2 k ¼ 2:7�107 M�1s�1 (9)

Therefore, low H2O2 concentrations are preferred in order to
minimize reactant consumption. Moreover, as evidenced in Fig. 2
(c) and (d), an increase in Fe2þ concentration improved the



Fig. 1. Pareto diagram for the %DCOD using FT (a) and PF (b) process.

Fig. 2. The pH e H2O2 dosage and the pH e Fe2þ concentration interaction plots, for FT and PF processes, obtained for %DCOD.
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efficiency of COD. Under low iron concentrations, H2O2 is
consumed by less desirable reactions, while part of H2O2 is
decomposed into molecular oxygen and water, without the gen-
eration of HO�. In the presence of high iron concentrations, the
process is accelerated due to the regeneration of Fe2þ from Fe3þ

reduction, resulting in the rapid and additional generation of HO�
radicals (Zapata et al., 2009).
Response surface plots are considered as useful tools to observe

the simultaneous effects of two factors over a response variable.
Fig. 3 (a) and (b) show them for FT and PF processes, respectively.
They were constructed from the polynomial models described by
Eqs (6) and (7), for a fixed pH value of 3. As it can be seen the



Fig. 3. Response surface diagrams for the interactive effect of H2O2 dosage and Fe2þ

concentration on %DCOD for FT (a) and PF (b) processes (reaction time ¼ 45 min,
temperature ¼ 25 �C, pH ¼ 3).

Fig. 4. The %DTOC and H2O2 depletion using the FT and PF processes (pH ¼ 3, Fe2þ

concentration ¼ 1 mM, H2O2 dosage ¼ 2 mL/L (19.6 mM)).
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application of the highest Fe2þ concentration let to achieve the
highest %DCOD, reaching ca. 80% for the PF process, if both of the
independent parameters (H2O2 amount and Fe2þ concentration)
were kept at their maximumvalues. Thus, considering the results of
the statistical analysis and the interest in minimizing the reactant
consumption, the following conditions were selected to study the
evolution of the reaction with time: pH ¼ 3, Fe2þ

concentration ¼ 1 mM, and H2O2 concentration ¼ 2 mL/L
(19.6 mM).
Fig. 5. The comparison of COD removal efficiency with time using FT and PF processes
with these obtained using H2O2 re-injection and dosage strategies (pH ¼ 3, Fe2þ

concentration ¼ 1 mM). The wastewater was pre-treated by C-F, removing 45% of the
original COD.
3.2.4. The evolution of %DTOC and H2O2 consumption during the FT
and PF processes

Fig. 4 presents the %DTOC, as a function of time, for the FTand PF
processes (lines serves as a guide to the eye). The TOC is the amount
of carbon found in an organic compound and is often used as a non-
specific indicator of water quality. As the oxidation advances, the
organic molecules are oxidized into CO2, leading to the TOC
reduction (He et al., 2015). Consequently, the percentage of TOC
depletion (%DTOC) is a measurement of the level of mineralization
reached by the proposed process. One can see that both processes
present comparable reaction rate during first 15 min. However, the
PF process rapidly exceeds the capacity of the FT one, reaching ca.
60 %DTOC after 140 min of reaction. The higher efficiency of the PF
process is attributed to the faster Fe2þ regeneration, catalyzed by
the incident radiation (Carra et al., 2014). The H2O2 consumption
also indicates that its catalytic decomposition is much faster when
the process is UV intensified (Fig. 4). In fact, after ca. 60 min of PF
reaction, H2O2 concentration is below detectable limits; while for
the FT process, it remains in ca. 20% of its initial amount. Notice also
that during the PF process, after H2O2 depletion, the mineralization
rate slowed down sharply until stabilization. This behavior has also
been reported by different authors (Georgi et al., 2007; Du et al.,
2006) and suggests that the degradation efficiency can be
enhanced by H2O2 re-injection or dosage strategies.
3.2.5. Evolution of %DCOD with H2O2 re-injection and dosage
strategies

Basing on the changes in H2O2 amount with time (Fig. 4), two
strategies (with equaled total amounts of H2O2) were evaluated
with the purpose of increasing in the efficiency of the PF process:



Table 6
Physico-chemical characterization of the industrial textile wastewater after each step of the treatment.

Parameter Initial Sample Coagulation-flocculation supernatant FT PF PF*

pH 9.96 6 5.31 3.64 3.7
Conductivity (mS/cm) 4010 4500 4.73 4.5 4.5
Turbidity (NTU) 184 3 5 5 5
COD (mg O2/L) 865 450 225 112 76
TOC (mg C/L) 290 151 80 58 45
BOD5 (mg O2/L) 118 96.5 153 82 74
BOD5/COD 0.14 0.21 0.68 0.74 0.97
Generated sludge (kg/m3) e 0.47 e e e

FT and PF processes running at: pH ¼ 3, Fe2þ concentration ¼ 1 mM, and H2O2 dosage ¼ 19.6 mM; reaction time ¼ 90 min * Total H2O2 dosage: 27 mM.
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� The H2O2 reinjection: At the selected conditions (pH ¼ 3, Fe2þ

concentration ¼ 1 mM, and H2O2 dose ¼ 2 mL/L (19.6 mM) a
subsequent dose of 0.76 mL/L (7.44 mM) of H2O2 was added
after each 20 min of reaction (additional H2O2 dose was deter-
mined proportionally based on the value of the remaining COD);

� The H2O2 dosification: The total dose of 2.76 mL/L (27 mM) of
H2O2 was added during the reaction time in the following:
1.34 mL/L (13.12 mM) at the beginning of the reaction, 0.66mL/L
(6.46mM) after 20min, and 0.38mL/L (3.72mM) in theminutes
40 and 60.

Fig. 5 compares the %DCOD removal efficiency obtained using
the FT and PF processes (pH ¼ 3, Fe2þ concentration ¼ 1 mM, H2O2
dose¼ 19.6 mM) with those obtained using the PF process with the
H2O2 dosage and re-injection strategies. As it can be seen the FT
process was the least efficient, after 20 min of reaction, the
degradation rate slowed down suggesting that high percentage of
unreacted H2O2 remains in the solution, as shown in Fig. 4. Thus,
the Fe2þ regeneration become the limiting step (Arslan-Alaton
et al., 2009; Farias et al., 2009). For the PF process, both H2O2
dosage strategies increased the process efficiency from 75% up to
ca. 90% of COD degradation.
3.2.6. Biodegradability evolution and sequential treatment
efficiency

The biodegradability of the discharged water into a municipal
sewer system is a rough indicator of the elimination, in further
wastewater treatment plants (WTPs), of potentially bio-
accumulative compounds. The BOD5/COD ratio is commonly used
as a biodegradability indicator (He et al., 2015; Zapata et al., 2009).
It specifies the amount of oxidizable matter that can be degraded
biologically. In order to evaluate the wastewater properties and
biodegradability after each step of the treatment (C-F, FT, and PF)
the physico-chemical characterization of the industrial textile
wastewater was carried out. The obtained results are summarized
in Table 6. One can see that combining the C-F pre-treatment with
the FT process let to obtain 74% of COD removal was achieved
during 90 min of reaction. The C-F-PF process let to achieve 87% of
COD removal in the same time. Moreover, the BOD5/COD ratio
increased from 0.21 to 0.68 and from 0.21 to 0.74 with the FT and PF
processes, respectively. These results prove the enhancement of
biodegradability with the physico-chemical treatment.
4. Conclusions

In this study, the industrial textile wastewater was treated using
a chemical-based technique (coagulation-flocculation, C-F)
sequential with an advanced oxidation process (AOP: Fenton or
Photo-Fenton). The studied wastewater contained high organic
loading, represented by high COD and TOC values (865 mg/L and
290 mg/L, respectively) and low degradability (BOD5/COD ratio of
0.136). The most significant results can be summarized as follows:

- The C-F pre-treatment allow to remove ca. 98% of turbidity, at
pH 9.8, using the Al2(SO4)3 in the amount of 700 mg/L. It let to
eliminate ca. 48% of COD, increasing slightly BOD5/COD ratio
from 0.136 to 0.212 (still too low to consider an effluent as
biodegradable).

- The C-F effluent was subsequently treated using either Fenton or
Photo-Fenton process. The following conditions, optimized us-
ing RSM-BBD technique, of both Fenton (Fe2þ/H2O2) and Photo-
Fenton (Fe2þ/H2O2/UV) processes were found: Fe2þ

concentration ¼ 1 mM, H2O2 dose ¼ 2 mL/L (19.6 mM), and
pH ¼ 3.

- The combination of C-F pre-treatment with the Fenton reagent
let to remove 74% of COD during 90 min of the process,
increasing the BOD5/COD ratio from 0.212 to 0.68.

- The C-F sequential with Photo-Fenton process let to reach 87% of
COD removal, in the same time, increasing the BOD5/COD ratio
from 0.212 to 0.74.

- The H2O2 re-injection and dosage strategies were used to
improve the degradation efficiency. The addition of an extra
H2O2 amount (7.44 mM) allowed to increase the process effi-
ciency of ca. 10%.

This study showed the potential application of C-F sequential
with the advanced oxidation processes for the industrial textile
wastewater treatment.
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