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Abstract This study verifies textile wastewater reuse treated
by the conventional activated sludge process and subjected to
further treatment by advanced oxidation processes. Three al-
ternative processes are discussed: Fenton, photo-Fenton, and
UV/H,0,. Evaluation of treatments effects was based on fac-
torial experiment design in which the response variables were
the maximum removal of COD and the minimum concentra-
tion of residual H,O, in treated wastewater. Results indicated
Fenton’s reagent, COD/[H,0,)/[Fe*] mass ratio of 1:2:2, as
the best alternative. The selected technique was applied to real
wastewater collected from a conventional treatment plant of a
textile mill. The quality of the wastewater before and after the
additional treatment was monitored in terms of 16 physico-
chemical parameters defined as suitable for the characteriza-
tion of waters subjected to industrial textile use. The degrada-
tion of the wastewater was also evaluated by determining the
distribution of its molecular weight along with the organic
matter fractionation by ultrafiltration, measured in terms of
COD. Finally, a sample of the wastewater after additional
treatment was tested for reuse at pilot scale in order to evaluate
the impact on the quality of dyed fabrics. Results show partial
compliance of treated wastewater with the physicochemical
quality guidelines for reuse. Removal and conversion of high
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and medium molecular weight substances into low molecular
weight substances was observed, as well as the degradation of
most of the organic matter originally present in the wastewa-
ter. Reuse tests indicated positive results, confirming the ap-
plicability of wastewater reuse after the suggested additional
treatment.

Keywords Industrial reuse - Textile wastewater - Advanced
oxidative processes - Fenton’s reagent

Introduction

As fresh water becomes an increasingly scarce resource, in-
dustries have been challenged to develop economically feasi-
ble reuse technologies (Garcia and Pargament 2015). The con-
cept of industrial wastewater reuse was first introduced in the
1980s as a new concept within water resource management
(UN 1992). This practice allowed industry to “close the loop”
and also prevented discharge of heavy loads of toxic pollution
into water bodies (Piadeh et al. 2014). Moreover, water has
become an item of heavy taxation for local and national au-
thorities (Vajnhandl and Valh 2014) and if a cost-effective
water reuse technology is established, the industry may save
resources once spent on water supply.

The textile industry is widely known to employ some of the
most water-intensive industrial processes (Blanco et al. 2014).
It is estimated that the textile process consumes over 100 L of
water per kilogram of processed fabric (Vajnhandl and Valh
2014). The wet-processing of the fibers, in which they are
dyed and repeatedly rinsed, applies dyes, surfactants, salts,
and other recalcitrant and toxic chemicals resulting in highly
toxic and variable textile wastewaters (Hasanbeigi and Price
2015). Textile wastewater characteristics may vary seasonally
or even daily and are highly inconsistent depending on the

@ Springer


http://dx.doi.org/10.1007/s11356-016-6921-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-016-6921-9&domain=pdf

6166

Environ Sci Pollut Res (2017) 24:6165-6175

kind of fabric and on the type of dye applied. pH values may
vary from 2 to 13, while chemical oxygen demand (COD)
values may range from 300 to 60,000,000 mg L'
(Vajnhandl and Valh 2014). The high variability and toxicity
of textile wastewaters may preclude the use of conventional
biological treatment, which is often the only treatment avail-
able in textile mills (Rodrigues et al. 2013).

Some advanced wastewater treatment technologies have
been tested and are currently applied to enable textile waste-
water reuse, thus leading to closed water cycles (Vajnhandl
and Valh 2014). Various technologies such as membrane fil-
tration (Ellouze et al. 2012), adsorption (Ergas et al. 2006;
Weng et al. 2013), ozonation (Constapel et al. 2009), and
advanced oxidation processes (AOPs) have already been test-
ed for the treatment of textile wastewater and/or textile dye
removal from synthetic solutions. Only a few of the published
works related to textile wastewater treatment by AOPs pro-
pose treated wastewater reuse (Blanco et al. 2012, 2014),
probably due to the challenge of optimizing AOP treatment
for a highly variable wastewater which must attend severe
quality requirements for reuse purposes.

Homogeneous Fenton (Fe**/H,05) (Eq. 1), photo-Fenton
(Fe**/UV/H,0,) (Eq. 2), and Photo-peroxidation (UV/H,0,)
(Eq. 3) (Tarr 2003) have been suggested as very efficient tech-
nologies for color removal (Gogate and Pandit 2004; Weng
et al. 2014; Weng and Huang 2015; Weng and Tsai 2016)
which is one of the requirements when aiming at water reuse.
Application of artificial light in UV/H,0, (Eq. 3) and Fe?*/
UV/H,0, may increase costs related to these treatment tech-
niques when compared to Fenton’s reagent.

Fe*™ + Hy,0,—Fe*™ + HO» + HO™ (1)
Fe*" + H,0,—Fe*™ + H™ + HO,» (2)
H>0y) + hv—2 HO* (3)

Some of the drawbacks related to the application of the
homogeneous Fenton reagent and photo-Fenton processes
are as follows: (i) they must be operated under acidic pH, once
Fe must be in its soluble form, requiring the use of chemical
reagents to adjust wastewater pH before and after treatment;
(ii) reagent concentrations must be optimized to avoid reagent
excess and scavenger effects (Amorim et al. 2013); (iii)
Fenton systems generate sludge as a by-product which must
be properly disposed of (dos Santos et al. 2007); (iv) the use of
iron salts as reagents in these systems may culminate in the
presence of Fe in the treated wastewater which can contribute
to tissue quality damage, as previously reported (Vajnhandl
and Valh 2014); and (v) textile wastewaters usually contain
high concentrations of ions, such as chloride (CI"), and some
of them may react with HO® leading to a decrease in process
efficiency (Manenti et al. 2015).
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This research focuses on the treatment and reuse of real
textile wastewater collected after the biological treatment avail-
able in a textile mill. Three different AOPs were tested: UV/
H,0,, homogeneous Fenton, and photo-Fenton. The best treat-
ment option was chosen, and its optimized condition was val-
idated. Finally, dyeing tests were performed in order to evaluate
the performance of treated wastewater in the dyeing process.

Materials and methods
Water and wastewater in the textile industry

Textile wastewater used in this study was collected from a
large textile factory located within the Metropolitan Region
of Belo Horizonte, Minas Gerais, Brazil. This factory pro-
duces 400 t of finished fabric per month. The company con-
sumes an average of 48,300 m>of water per month, supplied
from two main sources. In this factory, different types of fab-
rics (cotton, viscose, polyester, and polyamide) are dyed daily.
Therefore, a wide variety of dyes are applied with auxiliaries,
such as azo, reactive, disperse, sulfur, acid, and basic, among
others; thus, color and physicochemical properties of waste-
water commonly fluctuate on a daily basis in this industry.
Percentage contribution of different water sources in the total
consumption of the textile industry is shared by fresh water
(46 %), reclaimed water (48 %), and other sources (6 %) as
described in the Supplementary Material (Fig. S1) where a
simplified flowchart of the water used in this textile industry
is shown. More details of the water flow in this industry were
described by Starling et al. (2016).

Textile wastewater used in this study was collected in the
output of the wastewater treatment plant (WWTP), which
treats wastewaters from the dyeing and washing stages of
production through activated sludge biological system.

Definition of the best treatment option

In this first stage, three samples were collected in the output of
the WWTP, each one consisting of five fractions of 5 L per
day within 1 week (25 L each and 75 L in total). Each one of
the three samples was assigned to a different batch process: (i)
homogeneous Fenton (Fe**/H,0,), (ii) photo-Fenton (Fe**/
UV/H,0,), and (iii) photo-peroxidation (UV/H,0O,). A bench
scale reactor used in all of these experiments, represented in
Fig. 1, has an interior glass container with a total volume of
0.9 Land is attached to a cooling system for temperature con-
trol (25 °C). UV irradiation (254 nm) is emitted by a mercury
vapor lamp (12 W) which is covered by a quartz tube.
Operating conditions were kept constant in all of the ex-
periments (temperature=25 °C, stirring=100 rpm, reaction
time=2 h), and all tests were carried out in duplicate.
Reagents applied in the tests were FeSO47H,0 (Merck) and
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Fig. 1 Scheme of the reactor used in the presented study (adapted from
Amorim et al. (2013)

H,0, 30 % w/w (Merck). Also, sulfuric acid 0.1 M (Synth)
and sodium hydroxide 0.1 M (Merck) were used for acidifi-
cation and neutralization of the samples. COD was measured
before and after all of the performed reactions by the closed
reflux colorimetric method in accordance with the standard
methodology (APHA 2005). In the end of each reaction, sys-
tem was neutralized (pH="7) and catalase enzyme (Sigma-
Aldrich catalase from bovine liver, CAS number 9001-05-2,
(9322) was added (solution: 460 mg L ™" in phosphate buffer
0.04 M) in a ratio of 0.1:1.9 mL (catalase/sample) for residual
H,0, consumption (Poole 2004). COD final values for the
samples to which catalase was added were obtained by
subtracting the COD value corresponding to catalase. Also,
H,0, consumption was determined at the end of each reaction
by titration method using the iodometric method (USP 2015).

Factorial design of experiments was applied in order to
define the optimal conditions for each one of the treatment
processes. The experimental planning was performed using
the wastewater initial chemical oxygen demand (COD,) as a
reference. Relations for [H,0,]/COD and [Fe**]/[H,0,] var-
ied in three concentration levels: low (0.5 and 0.25), medium
(1.0 and 0.5), and high (2.0 and 1.0). Thus, a total of nine
Fenton and nine photo-Fenton experiments were carried out,
as summarized in Table 1. Control tests were also carried out
using the mass ratio of the central experiment (no. 5), without
Fe?* (Control 1) and without H,O, (Control 2). For Fenton
and photo-Fenton reactions, which were conducted at pH 3,
wastewater was acidified prior to the addition of Fe** and
H,0,. After Fe?* was added, solution was stirred and pH
assessed again to assure conditions were acidic, then H,O,
was introduced to the system, and reaction was conducted
for the following 2 h.
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Table 1  Summary of 37 factorial design for Fenton and photo-Fenton
experiments
Experiment no.  Mass ratio Factors

COD/[H,0,)/[Fe**] [H,0,]/COD  [Fe**]/[H,0,]
1 8:4:1 0.5 0.25
2 4:2:1 0.5 0.5
3 2:1:1 0.5 1
4 4:4:1 1 0.25
5 2:2:1 1 0.5
6 1:1:1 1 1
7 2:4:1 2 0.25
8 1:2:1 2 0.5
9 1:2:2 2 1
Control 1 2:2:0 - -
Control 2 2:0:1 - -

UV/H,0, experiments were performed in the same bench
scale reactor (Fig. 1) at pH 3 and sample original pH (=7.0).
Temperature, reaction time, and stirring conditions were kept
as detailed for Fenton and photo-Fenton reactions. The same
[H,O,]/COD high, medium, and low levels were considered,
in a total of six experiments, presented in Table 2. At the end
of each reaction, catalase was also used as described earlier.

The evaluation of the efficiency of each treatment process
was done by analyzing fitting regression models and response
surfaces through the method of least squares, with the support
of Matlab® and StatSoft® Statistic softwares.

Validation of best treatment alternative

Statistical analysis of the COD monitoring data, collected for a
period of 3 years in the same textile industry (50 samples),
showed a coefficient of variation (CV) of 34 % and 182+

61.4 mg L' of COD median, with a maximum value of
299 mg L' of COD and a minimum value of 61.2 mg L™
of COD. This is a key factor for defining the optimal number
of samples in order to ensure a representative number of tests
and results of the investigated system. The COD coefficient of

Table 2 Planning matrix for the UV/H,O, process

Experiment no. Mass ratio Factors
COD/[H,05] [H,0,1/DQO pH

1 2:1 0.5 3
2 2:1 0.5 7
3 1:1 1 3
4 1:1 1 7
5 1:2 2 3
6 1:2 2 7
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variation was used in order to estimate the number of samples
(Eq. 4), considering a confidence level of 90 % and an accept-
able error, E, of 20 %.

2
P (IQ;DOF X CV) (4)
E

where 7 is the number of samples; CV is the coefficient of
variation (in %); E is the permissible error of the mean esti-
mated by #n results (in %); and ¢,.por is the ¢ value for the
Student’s ¢ test for a confidence level (1 —a) and degree of
freedom (DOF=n—1).

Since the DOF is not known, the equation must be solved
by iteration. A provisional sample size n, was randomly cho-
sen (no=30), and the DOF was calculated using the previous-
ly determined values of ( and an «. The #,,.por Was obtained
from Student’s ¢ distribution table. Using this information in
Eq. 6, a new n was obtained and a new value of ¢,.por Was
established. Calculations were performed iteratively until a
convergence value of n was found. Table S1 (Supplementary
Data) demonstrates the calculations. A total of 10 single sam-
ples was estimated as an adequate sample size, which were
collected (4 L) in both dry and wet seasons. All the sampling,
preservation, storage, and transportation of samples were car-
ried out according to US Environmental Protection Agency
(USEPA 1982) standards.

For all of these 10 samples, physicochemical characteriza-
tion was performed for 16 parameters, before and after addi-
tional treatment by Fenton’s reagent: COD, pH, alkalinity,
hardness, conductivity, total dissolved solids (TDS), total
suspended solids (TSS), turbidity, nitrate (NO3 ), nitrite
(NO, ), chloride (C1"), sulfate (SO427), iron (Fe), manganese
(Mn), and copper (Cu) were analyzed according to APHA
methods (2005) and Rodier and Rodi (1981). In addition,
absorbance was determined using the method described by
de Mio and Campos (1998). These parameters were selected
on the basis of guidelines for water quality use in textile pro-
cessing, as shown in the Supplementary Data section
(Table S2). In order to evaluate if there was significant differ-
ence among samples before and after additional treatment,
values obtained for each of these 16 physicochemical param-
eters were statistically compared by Mann-Whitney test
(a=0.05) using the Software Statistica®; p values below
0.05 indicate significant difference between samples.

Also, textile wastewater molecular weight distribution
(MWD) was examined before and after treatment to evaluate
the impact of AOPs on the wastewater composition.
Characterization of dissolved organic matter (DOM) present
in wastewater through MWD is a helpful tool for the design of
water and wastewater treatment systems (Leiviskd et al.
2008). MWD of the textile wastewater was assessed by filtra-
tion through an ultrafiltration cell (Amicon, Model 8400)
using membranes with porosity of 1, 10, and 100 kDa
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(Millipore, PL series). The samples were previously filtered
using a glass fiber membrane (porosity of 1.5 um, Whatman
934-AH).

For the MWD determination, the following procedure
was repeated for each membrane. First, 200 mL of the
sample was measured and transferred to the ultrafiltration
cell to be pressurized with industrial N, gas (Air Products)
for each membrane pressure (1 kDa=200 kPa;
10 kDa=200 kPa, and 100 kDa=50 kPa). During the fil-
tration process, the sample was kept under magnetic stirring
(752 Fisatom). When the cell volume reached 50 mL, the
system was depressurized and the stirring was continued for
a further 10 min. Then, the cell was opened and the volume
was brought to 200 mL by adding deionized water. The
system was pressurized again and subjected to magnetic
stirring, which continued throughout the ultrafiltration pro-
cess. Once the volume in the cell achieved the mark below
50 mL, the cell was depressurized and the magnetic stirring
continued for the next 10 min. Finally, the contents were
transferred to a volumetric flask of 50 mL, and its volume
was filled with deionized water. The ultrafiltration proce-
dure was performed before and after treatment by selected
AOP and is illustrated in Fig. 2.
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150 mL 1 JI
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UF = ultrafiltration CF = correction factor

Fig. 2 Sequence of the sample ultrafiltration process
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The mass balance to obtain the COD fractions is deter-
mined by the following Egs. 5, 6, 7, and 8:

COD(1.5 um > fraction > 100 kDa) = CODyrio0 X Cif (5)
COD (100 kDa > fraction > 10 kDa) = (CODyr 10~ CODyr 100) % CL/
(6)
COD (10 kDa > fraction > 1kDa) = (CODyr 1~ CODyr 10) X Cif
(7)
COD (fiaction < 1kDa) = CODyr 15— CODypy X Cif (8)

where COD 19 is the COD of the sample retained on the
100-kDa membrane, in milligrams per liter; COD o is the
COD of the sample retained on the 10-kDa membrane, in mil-
ligrams per liter; COD g is the COD of the sample retained on
the 1-kDa membrane, in milligrams per liter; CODyg 5 is the
COD of the sample permeated on the 1.5-pum filter, in milligrams
per liter; and Cf is the correction factor (concentration=
V/v=200 mL/50 mL=4).

Treated wastewater reuse tests

Reuse of wastewater treated by the selected process was tested
in a pilot-scale dyeing machine (Aponus and Rapid Eletrotex).
The operation of the machine is such that it is loaded with
water or glycerin and is adapted to fit small metallic cylinders
which are filled with fabric, water, dyes, and other chemicals
used in the process. These machines are able to achieve the
temperatures used in fabric dyeing operations. After dyeing,
the fabric quality was evaluated through a dyeing standard
procedure commonly performed by the factory in order to
check the occurrence of discoloration, stains, or color con-
trasts between the fabrics dyed by conventional and reuse
procedures. Samples dyed with treated wastewater were
photographed (Sony 7.2 megapixels camera) using fixed light
exposure and fixed focal length.

Fig. 3 Percentage reduction of
COD in the tests with AOPs

Dyeing tests were performed with a raw fabric consisting of
viscose and cotton, which corresponds to 42 % of the selected
textile mill total production. The dyeing process uses poly-
functional reactive dyes, besides other chemicals, such as alka-
lis, salts, bleaches, detergents, stabilizers, sequestrants, disper-
sants, and complexing agents. Three different colored fabrics
from the company catalog were reproduced: white, pink 514,
and gray 68. For the white fabric, tests were conducted with
fresh water and compared to the Fenton treated wastewater.
For the pink and grey products, the reclaimed water was used
and compared to Fenton treated wastewater. After dyeing, sam-
ples were washed, dried, and submitted to quality control tests.

Results and discussion
Preliminary AOP tests using factorial design

Results showed remarkable reductions of COD (Fig. 3) for the
wastewater treated by the homogeneous Fenton (45-66 %)
and photo-Fenton (37-68 %) processes (performed at
25 °C). COD removal efficiencies were very similar for both
of these systems. The UV/H,0, process achieved lower COD
degradation (1-28 %). This may be explained by lower H,O,
consumption (Fig. 4) in this system, in which hydroxyl radi-
cals are produced only through the cleavage of H,O, by UV
irradiation, when compared to Fenton and photo-Fenton pro-
cesses. Results obtained for the UV/H,O,process are unac-
ceptable from an economic and technical perspective since
there is no consumption of most of the applied peroxide
(49—-69 %) and also because excessive H,O, damages fabrics.
Low decomposition of H;O, may be due to the presence of
suspended solids and dissolved dye, which absorb UV radia-
tion, damaging the formation of HO®. Wastewater dilution
would probably improve DOC removal through UV/H,0,,
as observed by other authors (Blanco et al. 2012; Rosa et al.
2015). Also, an increase in reaction temperature would prob-
ably be able to increase COD removal in both Fenton and
photo-Fenton systems (Blanco et al. 2014).
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Fig. 4 Percentage residual OFenton ¢ photo-Fenton A UV/H,0,
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Hydrogen peroxide consumption was higher in the photo-
Fenton process when compared to Fenton process as shown in
Fig. 4. This is predictable considering that in irradiated pro-
cesses, the decomposition of peroxide to hydroxyl radicals is
caused not only by reactions with ferrous ions but also by
ultraviolet radiation, which provides the photolysis of H,O,.
Despite this fact, Fig. 3 shows that the experiments with the
photo-Fenton process generally did not achieve COD degra-
dation indexes higher than those obtained by Fenton contra-
dicting expectations, since systems irradiated by UV or visible
light generally show enhanced COD degradation when com-
pared to non-irradiated systems, due the occurrence of addi-
tional routes for HO® radical formation (Gernjak et al. 2003;
Anjaneyulu et al. 2005). This trend can be explained by the
possible consumption of hydroxyl radicals by iron in solution.

Fenton experiment no. 9 (1:2:2) showed total hydrogen
peroxide consumption. This indicates that this may be the best
treatment option among all of the tests performed, since it

Experiment # 1 2 3 4 5

Fenton

4:4:1

photo-Fenton

4:4:1

H,0,/UV

WWTP 2:1:0 2:1:0 1:1:0 1:1:0
(pPH3) (PH7) (pPH 3) (PH7)

Fig. 5 Visual aspect of textile wastewater after the tests with AOPs
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1:2:0
(pPH3)

leads to a COD removal rate which is similar to that of the
corresponding photo-Fenton. Furthermore, it is less costly
because no ultraviolet radiation is needed.

Visual aspect

Figure 5 shows wastewater samples before and after each
applied treatment. Changes promoted by AOP were visible
suggesting that, although visible discoloration is perceived,
organic matter degradation is not necessarily as effective.
This is because the oxidation of dye chromophores by HO®
radicals usually takes place in the beginning of reaction, lead-
ing to the transformation of dyes into non-colored smaller
organic compounds, yet not complete mineralization
(Rodrigues et al. 2013). Thus, while aiming at reuse, in order
to identify the best treatment alternative, color should be mon-
itored together with other physicochemical parameters
(Vajnhandl and Valh 2014).

2:2:0 2:0:1

1:2:0
(PHT)



Environ Sci Pollut Res (2017) 24:6165-6175

6171

Regarding Fenton control samples, it is clear that, for the
Fenton process, the sample Control 1 (C1, 2:2:0) showed
little change in color, while sample Control 2 (C2, 2:0:1)
changed colors (Fig. 5), probably due the occurrence of coag-
ulation promoted by iron in this system, especially in the pres-
ence of sulfate (Soon and Hameed 2011).

Color removal also took place in the photo-Fenton system.
However (Fig. 5), the green/brown aspect of photo-Fenton-
treated wastewater is even more noticeable in these samples,
indicating that ferrous ions remain in solution at the end of the
reaction. This probably occurs due to the excess of Fe, since
UV irradiation was acting and promoting its catalytic role in
this system.

Regarding the photo-Fenton process control sample C1
(2:2:0), which is similar to the UV/H,0O, system, high decolor-
ization was achieved, probably due to the formation of hydro-
xyl radicals by the UV cleavage of H,O, (Malato et al. 2009).

Regression models and response surfaces

Regression models of experimental data adjusted for Fenton
and photo-Fenton processes are expressed, respectively, by
Egs. 9 and 10:

Y =21.9012 + 18.0905 A
+70.8543 B~13.9268 AB—1.5075 A>—30.8208 B2 (9)
Y = 6.4109 + 33.8378 A
4 62.0258 B—1.5104 AB—7.7841 A2—32.6428 B*(10)

where Y=COD reduction, in percentage; A=[H,0,]/COD
mass ratio, and B=[Fe’*]/[H,0,] mass ratio, in decimal
numbers.

The calculated coefficients of determination are R*=0.916
and R*=0.967 for the Fenton and photo-Fenton processes,
respectively, indicating acceptable adjustments of both models.

These equations allow the study of the optimization of the
COD/[H,0,]/[Fe**] ratio, by replacing factors A and B in
appropriate levels to give the percentage of COD reduction.
However, there are limitations, both in relation to variation
ranges of factors A and B and for the COD reduction indexes,
which may be estimated using these models. Since these are
adjustments to the experimental data, it does not suggest that
any new data can be inserted into the models or that they could
be extrapolated.

Thus, these models permit the prediction of wastewater
COD reduction, using Fenton or photo-Fenton processes for
any [H,0,]/COD mass ratio ranging from 0.5 to 2 and [Fe**]/
[H,0,] mass ratio in the range of 0.25 to 1. The contour
surfaces shown in Figs. 6 and 7 allow the visualization of
the results and the identification of optimal points (red areas).
Points highlighted in the graphs refer to the experiments

Fenton

22
2.0
1.8
1.6
1.4
12
1.0 p
0.8
0.6

0.4
02 03 04 05 06 07 08 09 10 11

B

Fig. 6 Response surface of the factorial design for homogeneous Fenton
A =[H,0,]/DQO; B = [Fe**]/[H,0,]; surface = COD reduction (%)

lDDl. COD reduction (%)
53333

performed according to the factorial design. This work does
not aim to optimize the COD/[H,0,]/[Fe**] ratio, but to verify
what is the best of the tested treatment options. According to
these graphs, best conditions for both of these systems are
those in which medium and higher concentrations of reagents
were applied. This is because higher concentrations of re-
agents (Fe** and H,0,) lead to increased formation of hydro-
xyl radicals and higher COD degradation. However, there
may be limitations to maximum concentration levels due to
the occurrence of the scavenger effect (Amorim et al. 2013).

Validation of selected AOP
Physicochemical characterization

Table 3 shows median values obtained for analyzed physico-
chemical parameters before and after additional Fenton’s treat-
ment along with p values (Mann-Whitney test). Figures S2, S3,
S4, S5, S6, 87, S8, S9, S10, S11, S12, S13, S14, S15, S16, and
S17 present the box-plot graphs made with these results, be-
sides the determination of the absorbance of wastewater sam-
ples. In general, the wastewater quality improved after appli-
cation of the treatment with Fenton’s reagent. Initial concen-
trations were reduced for almost all parameters, except for
sulfate, which promoted an increase in TDS and conductivity.

Photo-Fenton

COD reduction (%)
HIECCEEN

WWH DGO D
oo ouogm

Fig. 7 Response surface of the factorial design for photo-Fenton
A =[H,0,}/DQO; B = [Fe**)/[H,0,]; surface = COD reduction (%)
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Table 3 Physicochemical

characterization of textile Parameter Unit WWTP wastewater Fenton wastewater p value

wastewater before and after

treatment and statistical analysis COD mg L™ 202+29 65+13 0.000180

results pH - 7.8+0.3 7.5+0.1 0.088373
Alkalinity mg L 380+41 T77+16 0.000183
Hardness mg L 9349 69+5 0.000151
Conductivity mS cm’! 6.9+0.4 83+0.3 0.000181
TDS mg L 4260+916 54001050 0.031210
TSS mg L' 43+17 2.7+6.8 0.000180
Turbidity NTU 19+14 23+2.6 0.000183
NO;~ mg L' 1.1+4.9 0.9+48 0.733537
NO, ™ mg L 0.07+0.38 0.01+£0 0.000169
Chloride mg L' 1774+55 1734+48 0.119685
Sulfate mg L' 265+130 14104313 0.000183
Fe mg L' 0.84+0.51 0.47+0.17 0.045155
Mn mg L' 0.12+0.01 0.04+0.02 0.000183
Cu mg L™ 0.12£0.01 0.02+0.01 0.000181

WWTP wastewater shows higher variance in ana-
lyzed parameters if compared to wastewater obtained
after the application of Fenton’s reagent. This variation
is characteristic of biological treatment systems since its
performance fluctuates according to incoming wastewa-
ter variability, which is remarkable when it comes to
real textile wastewater (Alinsafi et al. 2006; Vajnhandl
and Valh 2014). Meanwhile, AOPs show higher stability
since hydroxyl radicals are non-selective and highly
reactive.

Fenton’s reagent additional treatment was able to degrade
most of the organic matter refractory to biological treatment
(68 % of COD removal) by combining the oxidant and
coagulant features of this process. Blanco et al. (2012; 2014)
also achieved best results after applying Fenton and photo-
Fenton as biological polishing steps for textile wastewater
treatment when aiming at industrial wastewater reuse.

The proposed treatment was able to reduce 80 % of initial
wastewater alkalinity, while hardness was reduced by appro-
ximately 26 %. These results are not related to oxidation by
Fenton’s reagent. They are, instead, due to the neutralization
stage, since wastewater originally contains alkalinity and
hardness, and the addition of hydroxide provides the simulta-
neous precipitation of Mg (OH), and CaCOj; (Sawyer et al.
1994). In fact, alkalinity may be directly related to the pres-
ence of carbonate ions (HCO5 ; CO5>") in this wastewater,
which may promote dye aggregates, slowing degradation rate
and reducing Fenton’s effectiveness. Influence of carbonate
ions was proved to be higher in systems where coagulation
overcomes oxidation (Merayo et al. 2016).

Conductivity and TDS raised by 20 and 27 %, respec-
tively, mainly due to an increase of sulfate ion concentra-
tions. These parameters have also been raised by the
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addition of Na* ions during the neutralization of the waste-
water. A correlation between these parameters is used to
verify the validity of measured results. It is expected that
TDS/conductivity should be between 0.55 and 0.7 (APHA
2005) before and after Fenton’s reagent application.
Relations were found to be within these limits, indicating
the consistency of presented results.

TSS and turbidity showed similar behavior, however with
larger reductions (94 and 88 %, respectively). Probably, par-
ticulate and colloidal matter, both responsible for turbidity,
were removed by coagulation promoted by ferrous sulfate,
which is a very effective coagulant in the pH range of 7-8.
Concentrations of nitrate showed no remarkable reduction af-
ter the proposed treatment. On the other hand, nitrite was
reduced by 86 %, due to its conversion to NO; after
oxidation.

Non-treated textile wastewater presented high concen-
tration of C1°, due to the use of salt (NaCl) as an auxiliary
in the dyeing process, and SO, , which could have limited
Fenton’s efficiency since these ions may react with HO® or
even inhibit its production in the system (Machulek et al.
2007). After treatment, there was a small reduction of Cl,
as further treatment is not able to remove this ion (Vilar
et al. 2011). Meanwhile, sulfate concentration was in-
creased by about five times, when compared to its initial
concentration. This is due to the addition of ferrous sulfate
from Fenton’s reagent and also from the sulfuric acid used
for pH adjustment (from 7 to 3) prior to additional
treatment.

Regarding metals, Fe, Mn, and Cu concentrations
were reduced by precipitation. Fe concentrations showed
great variety in the WWTP output, yet became homoge-
neous after the application of Fenton’s reagent. It is
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Fig. 8 Spectrum absorption
curves for the wastewater and
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noteworthy that the Fe originally present in the wastewa-
ter is favorable for the proposed treatment, acting as a
catalyst in the formation of oxygen radicals. Similarly,
Mn and Cu in the presence of H,O, can act as catalysts
in the Fenton process (Britto and Rangel 2008).

The scanning of spectrum absorption curves showed sig-
nificant absorbance reduction due to oxidation and coagu-
lation promoted by Fenton’s reagent (Fig. 8). Also, in terms
of visible color, wastewater treated by Fenton’s reagent is
similar to fresh water and, therefore, probably appropriate
for reuse.

After further treatment, the wastewater showed compliance
with the following parameters: pH, alkalinity, hardness, TSS,
turbidity, and Mn, as shown in the Supplementary Data sec-
tion (Table S2). Although samples treated with Fenton’s re-
agent did not comply with the limits proposed for COD, ni-
trite, Fe, and Cu, they did show significant reductions. In
addition, it shows compliance with all of the parameters for
water reuse in the dyeing stage listed by (Vajnhandl and Valh
2014) and reported on Table S2.

When compared to the reclaimed water (Table S3),
Fenton-treated wastewater shows lower COD, alkalinity,
hardness, TSS, turbidity, and Fe concentrations. Both of
these waters are similar for pH, NO3, NO, , and Cu con-
centration. Also, ClI” and sulfate contents are higher in
Fenton-treated wastewater, leading to high conductivity
and TDS. In fact, dissolved solids may act positively, since
electrolytes are usually added during the dyeing process to
transport the dye from the aqueous medium to the fabric
fibers. Therefore, in order to confirm reuse feasibility, it is
important to perform reuse tests.

Determination of the molecular weight distribution

Fractionation of COD is presented by Fig. 9, which compares
the MWD profiles before and after the proposed treatment and
shows that most of the organic matter (68 %) was effectively
degraded by Fenton’s reagent. Results show a predominance
of dissolved substances (<2 nm) responsible for the organic
load of textile wastewaters, before and after further treatment.

Figure 9 shows that there was a reduction in the concentra-
tion of MWD in the intermediate ranges (2—1500 nm) and an
increase in the low molecular weight range (<2 nm). Leiviska
et al. (2007) performed this analysis with a pulp mill effluent
treated only by biological treatment, and MWD was similar
before and after treatment. Therefore, in this study, Fenton
additional treatment was probably the stage responsible for
partial degradation of intermediate molecular weight

B WWTP

O Fenton

Differential COD (mg.L™")

\\*

> 1500 nm 13-1500
- "M 543nm

2-5nm

<2nm

Fig. 9 MWD as a percentage of COD (%) in WWTP textile wastewater
and in wastewater after additional Fenton treatment and MWD
represented as differential COD (mg L")
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substances, resulting in lower mass substances. Although TSS
was reduced by 94 %, the COD related to suspended solids
decreased only from 27 to 21 %, indicating that the remaining
COD of the suspended material exhibits a very refractory
characteristic.

After further treatment, the wastewater presents a very
plain profile showing two major peaks related to suspended
solids (>1500 nm), which correspond to 21 % of COD, and,
predominantly, dissolved substances (<2 nm) responsible for
70 % of the organic load of wastewater treated by Fenton’s
reagent. Remaining 9 % of textile wastewater initial COD are
well distributed in the colloidal range.

Reuse tests

Fabrics dyed, using wastewater treated by Fenton’s reagent
(reuse water), were very similar to those dyed by the tradition-
al dyeing procedure (production waters). For pink and gray
fabric samples, results obtained using Fenton’s treated waste-
water were better than those obtained by fabrics dyed using
reclaimed water since reclaimed water added a slightly darker
tone to the fabrics, which is due to the color of the reclaimed
water. All fabric samples have been approved by industrial
quality control and presented fully satisfactory results. There
were no stains, discoloration, opacity, or any other undesirable
effects in the fabrics produced using wastewater treated by
Fenton’s reagent. These results indicate that post-treated
wastewater is suitable for reuse in the textile dyeing process.
Figure S18 (Supplementary Data) shows the picture of fabrics
produced in the textile industry laboratory, following the pro-
cedure used for dyeing on an industrial scale.

It is noteworthy that the water produced by the proposed
method will not reach the quality of fresh water, given the
limitations of the process and the accumulation of dissolved
ions, as previously discussed. Thus, the wastewater treated by
Fenton’s reagent is presented here as an additional water source

Conclusions

Fenton’s reagent in the COD/[H,0,]/[Fe**] mass ratio of
1:2:2 represents the best alternative, reaching the quality
guidelines for textile industrial (re)use. There was significant
difference in the wastewater before and after additional Fenton
treatment for COD (68 % removal), turbidity (88 % removal),
and other important parameters required for water reuse. In
addition, visual color was comparable to that of fresh water
after additional treatment. The wastewater samples presented
different MWD profiles before and after the intervention of
additional treatment, although predominantly soluble sub-
stances responsible for the COD were found in both cases,
indicating that organic matter was effectively degraded.
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The reuse of textile wastewater after further treatment by
AOPs is evaluated as applicable. The functional reuse of
wastewater treated by the suggested AOP seems to be valid
in textile production and did not damage the quality of dyed
fabrics in the studied conditions. Regression models and re-
sponse surfaces obtained by factorial design may allow the
optimization of the Fenton and photo-Fenton processes in
reducing wastewater COD.
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