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Abstract Textile manufacturing is the one responsible for wa-
ter bodies’ contamination through the discharge of colored
wastes. This work presents the study of reactive yellow HF
(RYHF) dye degradation under two different electrochemical
advanced oxidation processes (EAOP), namely anodic oxida-
tion (AO) and electro-Fenton (EF)/boron-doped diamond
(BDD) process. For the AO, 100 and 300 mg/L solutions using
Pt and BDD as anodes in a 100 mL stirred tank cell were used,
with a supporting electrolyte of 0.05 mol/L of Na,SO, at pH 3
under 30 and 50 mA/cm? current density. The EF/BDD process
was carried out in a flow reactor at 4 and 7 L/min to degrade
100, 200, and 300 mg/L. RYHF solutions under 50 and 80 mA/
cm?. UV-Vis determinations were used for decolorization eval-
uation, while high-performance liquid chromatography (HPLC)
method provided information on dye degradation rate.

Keywords Anodicoxidation - EF/BDD process - Waste water
treatment - Textile industry

Introduction

Dye is a colored organic structure that intensely absorbs light
in the visible region and attaches strongly to fibers through a
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chemical/physical relationship between the dye and the fiber
(Igbal 2008). Dye compounds are composed of two main
components, namely the chromophores that are used to pro-
duce color and the auxochromes that give the dye the chemical
attraction to the fibers (Gupta et al. 2004). Dyes, which are
mainly used to color products of industries such as textile,
cosmetic, paper, or leather, are discharged as waste into water
effluents, bringing potential hazards to human beings and en-
vironment, in general, since some of them are toxic or carci-
nogenic or even may cause skin and eye irritations. In trying to
solve this health/environmental problem, different chemical
and physical processes are currently available. Nevertheless,
most conventional methods (adsorption on activated carbon,
ultrafiltration, and reverse osmosis) are non-destructive, mere-
ly transferring pollutants from one phase to another (Gupta
et al. 2004; Foo and Hameed 2010; Buscio et al. 2015; Han
et al. 2016). Biodegradation has also been tested (Movafeghi
et al. 2016), but this method is slow and with low dye degra-
dation activity for most of the strains.

On the other hand, various authors have reported effective
treatments for different dyes by means of advanced oxidation
processes (AOPs) (Robinson et al. 2001; Brillas and Martinez-
Huitle 2015; Sirés et al. 2014). The common characteristic of
AOPs is the in situ production of several reactive oxygen
species (ROS), mainly the free hydroxyl radical (-OH) with
the high standard reduction potential (E° = 2.8 V/SHE), which
can oxidize the most hazardous organics to mineralization to
CO,, inorganic ions, and water. Recently, electrochemical
methods have attracted significant attention for treating recal-
citrant toxic wastes containing different dyes (Peralta-
Hernandez et al. 2009), which are suitable for giving their
environmental compatibility, versatility, simplicity, and flexi-
ble automation.

The anodic oxidation performance strongly depends
on the anode material. Various anode materials have
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been tested for the degradation of organic compounds;
however, the total mineralization with optimal faradic
efficiency was obtained by using high oxygen
overpotential surfaces, such as SnO, (Comninellis and
Pulgarin 1993; Zanta et al. 2003), PbO, (Belhadj-Tahar
and Savall 1998; Cossu et al. 1998), and especially
boron-doped diamond (BDD) (Montilla et al. 2002;
Canizares et al. 2004; Boye et al. 2002; Cruz-
Gonzalez et al. 2012). The anodic oxidation with BDD
anodes is considered among the most efficient process-
es. The generation of the physisorbed oxidant BDD(
OH) in the BDD anode is written as follows:

BDD + H,O—BDD("OH) + H' + ¢~ (1)

Another widely used electrochemical AOP (EAOP) is the
electro-Fenton process (EFP) (Moreira et al. 2013; Lahkimi
et al. 2007; Garcia-Segura et al. 2011). It consists of a contin-
uous cathodic production of H,O, via O, reduction (reaction
(2)) with air injection into the treated solution or directly on a
carbonaceous cathode. Small amounts of iron Fe** are added
to the medium to react with H,O,, generating Fe** and ‘OH in
the bulk from Fenton’s reaction (3), with an optimum pH of
about 2.8-3.0. This reaction is catalytic since it can be prop-
agated from Fe®* regeneration by cathodic Fe** reduction
(Panizza and Cerisola 2009).

Oz(g) + 2H+ + 267—>H202 (2)
Fe’* + H,0,—Fe’" + OH+ OH (3)

Carbon nanotubes (Khataee et al. 2013), graphite (Rivera
et al. 2011), activated carbon fiber (Wang et al. 2008), carbon
sponge (Daneshvar et al. 2008), graphite felt (Panizza and
Oturan 2011), carbon felt (El-Ghenymy et al. 2014; Sopaj
et al. 2015), and carbon-polytetrafluoroethylene (PTFE) O,
or air diffusion (Flox et al. 2007; Florenza et al. 2014) elec-
trodes have been used for the efficient H,O, production from
reaction (2). More recently, there has been an increased inter-
est in the BDD material (Cruz-Gonzalez et al. 2010; Cruz-
Gonzalez et al. 2012; Uranga-Flores et al. 2015), giving the
H,0, production when used in Fenton-type processes:

BDD(0,) + 2H" + 2¢ —H,0, (4)

In addition to the above discussion, it is important to state
that the electrochemical advanced oxidation processes are also
strongly influenced by the origin/type of organic compounds
to be treated, as it was demonstrated recently by Garcia-
Segura et al., where they studied the degradation of two dif-
ferent azo dyes by means of electro-Fenton processes.

The present study was stimulated by the authoritative paper
research on decontamination of reactive yellow 160 azo dye
by electrochemical methods published by Bedolla-Guzman
et al. 2016; in this paper, the authors performed a comparative

study of anodic oxidation with electrogenerated H,O, (AO-
H,0,), electro-Fenton (EF), and UVA photoelectro-Fenton
(PEF) to a degraded constant azo dye concentration of
0.167 mmol dm > using 100 cm? of a solution.

Now, in the current paper, we present the results from decol-
orization and degradation of the reactive yellow HF (RYHF)
azo dye solutions when applying anodic oxidation and electro-
Fenton processes. Comparative trials were made by providing a
constant current density with a power supply. The effect of the
current applied and flow rate on the degradation was examined
to clarify the role of generated -OH. The dye decolorization was
followed by UV-Vis determinations. Reductions of azo dye
concentrations were quantified by HPLC chromatography.

In the light of this proposal and as natural extension to
improve our early results, we get into the following questions:
Could it be possible to succeed in the RYHF azo dye degra-
dation using Pt or BDD anode? Which could be the effect
from the flow rate?

Experimental
Chemicals

Commercial RYHF (66 % content, the other compo-
nents were inorganic salts for stabilization) was supplied
by PCL S.A de C.V (Mexico) (C,5H,,CINgNa,0;,S3;
Table 1). The solutions were prepared with ultrapure
water from a Millipore Milli-Q system (resistivity
>18 M2 cm, 25 °C). The catalyst and background elec-
trolyte were introduced as FeSO,47H,O and anhydrous
Na,SO,4, both of the analytical grades were purchased
from Karal and JT. Baker, respectively. The solution’s
pH was adjusted to 2.8-3.0 with analytical grade H,SO,4
supplied by Merck. Solvents and other chemicals were
either of analytical or HPLC grade purchased from
Panreac and Sigma-Aldrich.

Table 1 Commercial RYHF

Azo Dye Reactive Yellow 160

Chemical formula C25H22C1N9Na201283

Chemical structur
cl

H o N=(
NN
H,NOC  CHs N—(
— N N—H
° N / Sa03s
HC  OH
NaO3SOH,CH,CO,S
Molecular weight (g/mol) 818.13
CAS number 129898-77-7
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Electrochemical system setup

The first part of the experiments was carried out in a stirred
tank cell at laboratory scale. In all assays, the solution was
vigorously stirred with a magnetic bar at 500 rpm in order to
mix the organics and transport their mass toward/from the
electrodes, see Fig. 1. The electrodes were a 5-cm? BDD thin
film purchased from Metakem™ Germany and 3 cm® Pt pur-
chased from Electrochem™. The inter-electrode gap was of
about 1 cm. All the trials were made at a constant current
provided by a BK precision 1627 A power supply. Solutions
with 100 and 300 mg/L of RYHF in 0.05 mM Na,SO, were
degraded at pH 2.8-3.0 by AO/Pt and AO/BDD. The influ-
ence of the current applied between 30 and 50 mA/cm? on the
performance of each EAOP was evaluated.

The second set of electrochemical experiments was imple-
mented at room temperature in a 3-L undivided filter flow
press reactor prepared with two electrodes, see Fig. 2. The
anode and cathode electrodes had a geometrical area of
64 cm? of niobium plate with a 2—7-um-thick diamond-
coated film. BDD electrodes were provided by Metakem
GmbH™, Germany. The inter-clectrode gap was of 5 mm.
The synthetic solutions were placed in the tank and
recirculated using a diaphragm pump (Ramirez et al. 2013).
The flow rate was kept at 4 and 7 L/min. The degradation of
100, 200, and 300 mg/L of aqueous synthetic dye RYHF
solutions was carried out under current controlled electrolysis
conditions at 50 and 30 mA/cm? using a BK Precision 1688B
power supply.

|

Cathode
| Anode

b -

L
d

I

b a._?_:

Power supply

Stirred

Fig. 1 Scheme of the experimental setup used for the anodic oxidation
treatments. Stirred electrolytic cell containing the treated RYHF solution,
magnetic stirred bar, stainless steel cathode, platinum or BDD anode, and
power supply
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Fig. 2 Experimental laboratory pilot plan used for RYHF electro-Fenton
process. The electrochemical reactor was a one-compartment BDD/BDD
filter press cell
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Color removal (%)
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Fig. 3 Variation of percentage of color removal a Pt anode and b BDD
anode, using a laboratory stirred tank cell for the degradation of 100 mL
of solutions at pH 3.0 containing 100 mg/L of RYHF at current intensity
of 30 mA/em? (filled circle) and 50 mA/en* (inverted filled triangle);
300 mg/L RYHF at current intensity of 30 mA/cm? (filled diamond) and
50 mA/cm? (filled square)
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Procedures

The decolorization of RYHF solutions was monitored from
their absorbance (A) removal at the maximum wavelength of
450 nm in the visible region, determined on a Cintra 1010 UV-
Vis spectrophotometer. The decolorization rate or percentage
of color removal for each sample was calculated from Eq. (5)
(Ruiz et al. 2011; Brillas and Martinez-Huitle, 2015; Bedolla
etal. 2016):

AO_At
0

%Color removal = x 100 , (5)

where A, and A; are the initial and final adsorbance times,
respectively, at Ay = 450 nm.

For the optimized EAOP assays, the RYHF concentration
removal was monitored by reversed-phase high-performance
liquid chromatography (HPLC) with an Agilent 1260 infinity,
fitted with an Agilent Eclipse C18 PAH reverse phase
(250 mm x 4.6 mm x 3 mm particle size) and coupled with
UV detector. Aliquots of 20 uL were injected and a 30:30:40
(v/v) CH;OH/H,O/CH;CN mixture was eluted at 0.8 mL/min
as mobile phase. The chromatograms displayed a peak for
RYHEF anion with a retention time (t,) of 3.9 min.

Results and discussion
AO treatment of RYHF solutions
The first decolorization of RYHF solutions was carried out by

anodic oxidation using a stirred tank cell. This electrochemical
technique destroys pollutants mainly by the action of the -OH

formed as intermediaries on a high O,-overvoltage anode sur-
face from water oxidation, using Pt and BDD as anode mate-
rials. A solution of 100 and 300 mg/L of RYHF at pH 3.0 was
electrolyzed to test its comparative degradation through the
anodic oxidation of the Pt and BDD anodes.

In both cases, the initial yellow solution turned brown at
20 min of treatment due to the formation of some soluble aro-
matic products. After 120 min of electrolysis using the Pt or
BDD, color intensity gradually decreased to obtain a less col-
ored solutions anode. Figure 3a shows the change in the color
removal (%) with 30 and 50 mA/cm? of current intensity and
100 and 300 mg/L of dye concentration for Pt anode. It is
possible to observe that an increase in the current density im-
proves the decolorization rate. With a 30 mA/cm? current and
100 mg/L RYHF (*), low decolorization is observed, with only
30 %. When the RYHF concentration is increased to 300 mg/L
('Y), there is decolorization of almost 40 %. Increasing the
current to 50 mA/cmz, the decolorization is of 50 % and with
300 mg/L of dye (#), while the highest dye concentration, a
62 % of decolorization is reached (m). However, this result
demonstrated the low ability of the Pt anode to decolorize the
azo dye compound, given that the ‘OH is formed on the Pt
surface and adsorbed on the metal, which considerably de-
creases the degradation capacity (Flox et al. 2005).

Better color abatement can be observed for BDD anode
(Fig. 3b). With 30 mA/ecm? current intensity and 100 mg/L
of dye, 37 % was reached (). When current raised to 50 mA/
em? (), 57 % was obtained. Sixty percent (¢) was reached
with 300 mg/L and the current density of 30 mA/cm?”. The
best result was obtained with 50 mA/cm?® and 300 mg/L,
where 70 % of the decolorization was achieved (m). The
higher decolorization rate with increasing current and dye
concentration can be simply associated with the concomitant

Fig. 4 Evolution of degradation 100
percentage rate for 300 mg/L of

RYHF at 50 mA/cm? current

intensity in a 100 mL solution

using a laboratory stirred tank cell 80 1
under HPLC analysis; Pt anode
(filled circle), BDD anode (filled
diamond)

RYHF degradation (%)

50 100 150 200

t (min)
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acceleration of reaction (1), thereby generating larger quan-
tities of BDD(-OH) that destroy more rapidly the conjugat-
ed chromophore system of RYHF, when such aromatic spe-
cies were completely destroyed by the ‘OH produced on the
surface of each anode. The above demonstrates the exis-
tence of a complex decolorization behavior of RYHF for
both electrodes. Given that current density and the dye con-
centration play a crucial role, a chromatographic study was
carried out to learn more about decreased concentrations on
both electrodes. Figure 4 illustrates the evolution of RYHF
degradation by anodic oxidation with Pt (¢) and BDD (¢)
anodes, respectively, under HPLC analysis. This study was
carried out with a 50 mA/cm? current and 300 mg/L of dye
concentration for both anodes during 120 min, obtaining
36 % of degradation with the Pt and 70 % with the BDD.

Fig. 5 Percentage of color a

The above results are indicative of a fast degradation of
RYHF and its products by anodic oxidation with BDD, which
are feasible by the efficient generation of ‘OH on the anode
surface from reaction (1). However, the use of a Pt anode
under comparable conditions leads to a poor depollution be-
cause it produces smaller amounts of highly reactive ‘OH on
its surface to destroy organics.

EF/BDD treatment of RYHF solutions

Several assays for the decolorization of the solutions contain-
ing RYHF by the EF/BDD process were performed at the 3-L
undivided filter flow press reactor. Figure 5 illustrates the de-
colorization rate for the electrolysis with 50 and 80 mA/cm?
current intensity to treat 100, 200, and 300 mg/L of RYHF

100
removal for EF/BDD process
carry out in a flow reactor at 4 L/
min flow rate and 3 L solution a
using 50 mA/cm? current 80 - v
intensity for 100 mg/L (filled
circle), 200 mg/L (filled .
diamond), and 300 mg/L X
(inverted filled triangle) RYHF T_‘; 60 -
solutions; and b using 80 mA/cm? 3
current intensity for 100 mg/L I
(filled circle), 200 mg/L (filled o
diamond), and 300 mg/L S 40 -
(inverted filled triangle) RYHF 8
solutions
20 +
O T T T
b 100
80
*
—_ ° ° °
e
~ °
— 60 .
g .
(]
S
e
S 40 -
[}
)
20 A
0 T T T
0 50 100 150 200
t (min)
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Fig. 6 Percentage of color a 100
removal for EF/BDD process
carry out in a flow reactor at 7 L/
min flow rate and 3 L solution a
using 50 mA/cm? current 80 - v
intensity for 100 mg/L (filled v
circle), 200 mg/L (filled .
diamond), and 300 mg/L §
(inverted filled triangle) RYHF < 601 4
solutions; and b using 80 mA/cm? (>)
current intensity for 100 mg/L 1S
(filled circle), 200 mg/L (filled 9:)
diamond), and 300 mg/L S 40 A
(inverted filled triangle) RYHF 8
solutions
20 +
0 T T T
b 100
S
©
>
o
IS
o
s
o)
&)
O T T T
0 50 100 150 200

solution with pH 3 at a flow rate of 4 L/min and adding
0.5 mM of Fe?* during 180 min at room temperature
(25 °C). The results (Fig. 5a) also show that RYHF is quickly
decolorized during the first 100 min under 50 mA/cm? current
intensity, yielding 83 % of decolorization after 180 min of the
treatment when using high concentration of 300 mg/L (V),
whereas at the same time, the use of 200 and 100 mg/L lead to
72 % (#) and 63 % (*) decolorization, respectively. The use of
the EF/BDD filter flow press reactor (by oxygen reduction at
BDD cathode surface (reaction 4)) could generate both H,O,
continually and also -OH in the bulk solution from Fenton’s
type reaction (3) by EF processes (Cruz-Gonzalez et al. 2010).
Figure 5b shows that for the higher current intensity, there was
a larger loss of color until 180 min of electrolysis, whereupon
it was decelerated up to attain decolorization efficiencies of

t (min)

68 % (*), 81 % (#), and 90 % (V) for 80 mA/cm?,
respectively. This is indicative of the generation of very
recalcitrant colored products that need longer time to be
removed by EF/BDD. The production of great amounts of
‘OH, with much higher oxidation ability to remove the azo
dye and its colored products in EF, gave rise to total
decolorization in about 180 min for all current intensity
values.

Figure 6a illustrates the decolorization rates for the electrol-
ysis of a 100 (¢), 200 (¢), and 300 mg/L (V) RYHEF solution at
7 L/min, 50 mA/cm? current intensity, and adding 0.05 mM
Fe?*. The results showed a similar behavior in the case of the
4 L/min flow rates tested (Fig. 5), that is to say, removal rates
close to 85 % for all three concentrations tested. A slight
improvement is obtained when the current intensity is

@ Springer
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Fig. 7 Evolution of degradation a
percentage rate for 300 mg/L of 100
RYHF in a 3 L solution using a
flow reactor under HPLC . * ®
analysis. a 4 L/min at 50 mA/cm?> 80
current intensity (filled circle) and = ®
80 mA/cm? current intensity = °
(filled diamond); b 7 L/min at 8
50 mA/cm? current intensity T 60 b
(filled circle) and 80 mA/cm” °
current intensity (filled diamond) qS)-,
°
w40+
I
>_
x
20
O T T T
b 100 A
< *
¢ ®
80
2
c
XS]
™ 60 T
°
o
o)
(0]
°
L 40 4
I
>
x
20 A
0 T T T
0 50 100 150 200
t (min)

increased to 80 mA/cm? (Fig. 6b) with concentrations of 100
and 200 mg/L, and after 100 min, 73 % decolorization is
achieved (¢, #), and with 300 mg/L 81 %, and at the end of
the process, 91 % decolorization is obtained ('¥'), which rep-
resents the best result obtained in this set of studies. When EF/
BDD was applied, the strong yellow color lost intensity turn-
ing into dark brown that slowly became colorless. This sug-
gests that the gradual production of colored conjugated prod-
ucts was slowly destroyed mainly by -OH formed in the bulk
from Fenton’s reaction (3).

These results show that an increase in the flow rate virtually
does not improve decolorization as indicated by the curves in
Figs. 5 and 6. Additionally, in order to evaluate the effects of
the flow rate in the abatement of the azo RYHF concentration,
reversed phase liquid chromatography tests were performed.
These chromatograms exhibited a well-defined peak for this

@ Springer

compound at t, = 3.9 min. As shown in Fig. 7a, when the 4 L/
min flow rate is applied, under 50 mA/cm? current intensity (*)
to degrade 300 mg/L of RYHEF, it is possible to observe an
important increase in the degradation rate, where in the first
100 min, the process achieved 81 % of degradation and 90 %
at the end of the treatment. For the case with 80 mA current
intensity (#), the higher degradation is obtained; only in the
first 100 min the dye degraded to 92 %. A gradual increase in
RYHF removal is caused by the rising current from 50 to
80 mA/cm? in both cases. This enhancement of the degrada-
tion can be associated with a faster destruction of pollutants by
the increase in rate of reaction (3) to produce more quantity of
-‘OH, as well as the accumulation of more H,O, from reaction
(4), where the effect of the current intensity is evident.

An interesting result is shown in Fig. 7b, corresponding to
the RYHF degradation at 7 L/min flow rate. It can be seen that
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for both current intensities 50 and 80 mA/cm? (s, ), there is
no obvious improvement in the dye degradation since in the
first few minutes, the degradation evolves similar values but
toward the end of the treatment, only 98 % degradation is
obtained. This result is an important evidence that some incre-
ment in the flow rate is a positive influence on the dye degra-
dation rate; a possible explanation is that the rate of mass
transfer is favored at high flow regimes; however, more stud-
ies are still needed to better understand the phenomenon.

In light of these results, it is important to note that authors
such as Garcia-Segura and Brillas (2014) and Garcia-Segura
and Brillas (2016) have already shown that the use of reactors
at the pilot level to degrade various organic compounds via the
electrochemical advanced oxidation processes are viable in-
struments that allow studies greater volumes of solution, as
well as to know the influence of the most important variables
such as flow rate, current density, concentration of the com-
pound, and to demonstrate the effectiveness of this type of
technologies with a view of their application in real processes.

Conclusions

The obtained results demonstrate that anodic oxidation and
electro-Fenton with a BDD anode are viable methods to treat
acidic wastewaters containing RYHF. The -OH formed from
Fenton’s reaction (3) removes more rapidly aromatic products,
thus, making the electro-Fenton process more efficient than
anodic oxidation. The alternative use of a Pt anode in the same
methods under comparable conditions leads to slower decol-
orization given the lower oxidizing power of Pt(-OH). On the
other hand, it is important to highlight that the increase in
current intensity accelerates the decolorization of all pollut-
ants, but with the consumption of more specific charge. The
flow rate has little influence on the decolorization rate for the
anodic oxidation; however, in the case of EF/BDD process, a
considerable improvement can be observed, achieving almost
100 % of degradation.
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