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ABSTRACT

The electrochemical treatment of wastewaters from the textile industry is a promising
technique for not easily biodegradable compounds. This work is aimed at studying the
electrochemical degradation of bifunctional reactive dyes after a real dyeing process.
These are: Procion Yellow HELX®, Procion Crimson HELX® and Procion Navy
HELX®, which are widely used in dyeing processes of cellulose fibers. Their structure
is mainly characterized by the presence of two azo groups as chromophore group and
two monochlorotriazinic groups as reactive groups. Electrolyses were carried out under
galvanostatic conditions in an undivided electrolytic cell. Ti/fSnO,—Sb—Pt and stainless
steel electrodes were used as anode and cathode, respectively. In all cases Na,SO,

was used as electrolyte without external addition of chloride.

The degree of degradation was evaluated by means of Total Organic Carbon (TOC)

and Chemical Oxygen Demand (COD) measurements.

The decolourization kinetics and the presence of the intermediates generated due to of
the electrochemical treatment were studied by High Performance Liquid
Chromatography (HPLC) and these studies were also carried out with UV-Visible and

Fourier Transform Infrared (FTIR) Spectroscopies.

In all cases, a decrease in TOC and COD, and a complete decolourization were
obtained after the electrochemical treatment. AOS and COS data proved the presence
of oxidised intermediates in solution after the electrolyses. These results suggest the

possibility of reusing the treated water in several dyeing processes.

Keywords: Doped tin dioxide anodes; electrolysis; sulphate electrolyte; real textile

wastewaters; Trychromy of bifunctional reactive dyes.
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1. INTRODUCTION

The textile industry produces large amounts of wastewaters containing a high
concentration of non-biodegradable organic compounds, mainly textile dyes.
Nowadays, due to the environmental impact of this kind of wastewater, textile
industries are showing a special interest in controlling this problem. In order to address
this situation, a pre-treatment of this kind of wastewater is needed before discharge

into natural effluents.

Reactive dyes are one of the most widely used in the textile industry. These dyes react
chemically with the fibre giving rise to a covalent bond that permits excellent behaviour
in washing and rubbing fastness tests. However, a certain percentage of un-fixed
reactive dye generally remains in the residual dye bath as consequence of a
competitive hydrolysis reaction that occurs during the dyeing process. This hydrolysed
form of the dye (non-fixed dye), is responsible for the wastewater colour [1]. To
diminish the amount of un-fixed dye, the use of bifunctional reactive dyes are of special
interest because they have two reactive groups, and so, a two point fibre-dye bond.
They have a fixation degree of around 80%, instead of 60% of the mono-functional
dyes. However, the decrease of the amount of non-fixed dye in effluents is not enough
to solve the problem of the wastewater colour because small amounts of a bifunctional

dye are enough to produce intense coloration.

There are different methods to address the problem of colour and toxicity in textile
dyeing effluent, such as: ozonation [2]; advanced oxidation processes [3-6]; enzymatic
[7] or adsorption processes [8]. Moreover, electrochemical techniques have been found
of special interest for textile wastewater remediation. Among others, their advantages
are that this is a simple, clean and versatile technique where the electron is the only
agent responsible for the degradation of the organic compounds [9]. Although
electrochemical methods are quite efficient, coupling with other treatments such as
biological methods generates a much more effective result. In recent years,
electrochemical treatment as a solution to environmental problems has been studied in
a number of journals [9-20]. Table 1 summarizes some examples of these studies. In
most cases only one dye is chosen for the study. That dye usually has a simple
molecular structure, a low concentration and the experimental conditions avoid the real

conditions of the dye bath.



of wastewater from textile dyeing.

Table 1: Review of different chemical and electrochemical processes for the treatment

Dye/Concentration | Electrolyte Anode MlelEE By Removal | Reference
structure
. TiO,-
Reactive Black 5/ . 80%
20 mg L™ HCI pH 4 Grap_hene Simple decolouration [3]
oxide
4-amino-3-
hydroxy-2-p-
Boron-
tolylazo- 0.05 M .
doped Simple 92% TOC
naphthalene-l- Na,SO4 diamond [4]
sulfonic
Acid/ 175 mg L™
. . Boron-
Reactive Black 5/ 210° M :
4 doped Simple 82% TOC
20mg L Na,SO4 diamond [5]
Remazol Red/ 100 | 0.3-5.0gL™ | Anaerobic . o
mg L™ Nacl biofilm Medium | >90% COD [6]
Chemical 0
Reactive Blue 19/ Potato oxidation | Medium- 0% )
1 dextrose at : decolouration [7]
100 mg L H 68 by simple
prLo. Endophytes
Reactive Yellow 1 . o
160/ 100 mg L 4 gL" NaCl | PbO,, SnO,| Simple | 100% COD [12]
Alphazurine/ 500 0.5M . 90% COD
mg L N2,SO. PbO, Simple [12]
0,
Meth_;l/l Red/ 100 H,SO4 pH 3 PbO, Simple 90% COD [12]
mg L
Reactive Orange 0.1M 90% TOC
16/ 85 mg L Na,SO, B-PbO, Simple [12]
r':]"get[‘f Green/30 | o5 M H,50,| PbO, | Simple | 82TOC | [12]
Mixture of real 170 mg L™ Boron-
dyeing textile ClI'+19mg doped Unknown | 90% COD [17]
effluents L*!so,” diamond

In environmental electrochemistry, operating conditions, the composition of the
electrolyte, the reactor design and electrode material are the main factors that must be

taken into account. The type of electrode directly influences in the nature of the



products formed during and after the electrolysis. Dimensionally Stable Anodes
(DSA®) constitute by far one of the most attractive materials for electrochemical
treatment. For this reason, in the present work, Ti/SnO,-Sb-Pt has been chosen as
anode for the exide-reduetion-electrochemical treatment of textile wastewaters aiming
at decontamination. In previous studies carried out by this research team, it has been
proven that Ti/SnO,-Sh-Pt electrodes are efficient in the electrochemical treatment of
solutions containing mono-functional and bifunctional reactive azo dyes [21-22]. It has
been shown that these electrodes present high chemical and electrochemical stability,
high electrical conductivity and high oxygen evolution over-potential. Moreover, the
introduction of small amounts of platinum in the coating produces an increase in the

service life of several orders of magnitude [23].

In particular, the present research studies the electrochemical degradation of products
obtained after the dyeing process of cotton fabrics with three bifunctional reactive dyes.
These dyes correspond to the HEXL trichromy, and they are Procion Yellow HEXL®,
Procion Crimson HEXL® and Procion Navy HEXL®. They have two
monochlorotriazinic groups as reactive groups and they also present two azo groups
(—N=N—) as chromophore groups [24] (Figure 1 and Table 2). Reactive dyes have
been the most significant innovation in textile dyeing technology in the 20th century.
After dyeing, the dye that remains in the solution has the —Cl substituents exchanged,
in the chlorotriazinic group, by —OH as consequences of the hydrolysis. The extent to
which dye hydrolysis takes place in competition with dye-fibre reaction varies quite
markedly within the range 10-40% depending on the system in question. The most
successful approach to addressing this issue has been the development of dyes with
more than one fibre-reactive group in the molecule, which statistically improves the

chances of dye-fibre bond formation [25].



AcN N /N N OCHz
o
A I S )
CH; ©1 N

NaO3S N

||
PROCION YELLOW HEXL i PROCION CRIMSON HEXL
Il
SO;Na ‘ SO N

50;Na

N OH NH
OO Cl. M. _NH.
NaO38 SO3Na - \||/ CHj
N™ =N H SO:Na
|
PROCION NAVY HEXL - J\NQ\C, 203 0o ‘
NGO
N=N
SO SOgtla SONa

Figure 1. Molecular structure of the three dyes of the HEXL Trichromy.

The main objective of this current work is to study the degree of electrochemical
degradation of the different dyes, mixed to obtain the trichromy, which form part of a
textile effluent under real conditions and the possible interactions between them.
Moreover, in the development of the research, special attention has been paid to the
color removal of reactive dye-containing solutions which permits the reuse of the
treated water. Thus, reuse of the effluent produces useful materials (for example
reusing not only water but also the electrolytes used in the dye). All these were carried
out using Na,SO, as electrolyte without adding NaCl in the reaction medium. Thus,
indirect chemical oxidation by oxidation products of chloride is not relevant. Sulphate is
an inert supporting electrolyte and it does not produce any reactive species during the
electrolysis, except under special conditions where it may generate persulphate.
Another of the hypotheses formulated in this work is whether with these experimental
conditions (developed anodes, cell configuration, electrolyte media, among others) it is
possible to decolorize and degrade, not only, complex chemical structure of dyes (bi-
functional and di-azo), but also solutions with a mix of three of these dyes (Trichromy).
All these after a real dyeing process. Finally, it is important to check the stability of the

anodes developed, which are less expensive than others used in the bibliography.



Table 2. Description of the selected reactive dyes

Amax
Abbr Comercial Name C.l. Name Chromophore | Reactive group (nm)
PY Procion Yellow HEXL® Reactive Yellow 138:1 | Diazo Monoclorotriazinic | 420
PC Procion Crimson HEXL® | Reactive Red 231 Diazo Monoclorotriazinic | 549
PN Procion Navy HEXL® Non registered Diazo Monoclorotriazinic | 610

2. MATERIALS AND METHODS
2.1 Dyes and dyeing reagents

Dyes used in all experiments were kindly supplied by Dystar (Singapore) and used as
received without further purification. The rest of the chemical products used in the
dyeing process (NaOH, H,O, and Na,S0O,) were supplied by Merck and Fluka (analysis
quality). Distilled water was used for the preparation of all solutions.

In all cases the electrolyte used was Na,SO, in a concentration of 45.00 g L™* and the
specific conductivity of dye solutions were 42.0 mS cm™. The pH before dyeing was 7.0
and after dyeing was between 10.8 and 11.0. Dye solutions before dyeing used were:

PY solution: Procion Yellow HEXL® with a concentration of 1.50 g L™.
PC solution: Procion Crimson HEXL® with a concentration of 1.50 g L™.
PN solution: Procion Navy HEXL® with a concentration of 1.50 g L™.

TRICHROMY solution: a mix of the three dyes with a concentration of each one of
0.50g L™

2.2 Dyeing process

For each of the dye solutions described in the previous paragraph, seven samples
were prepared, each of which contained 0.125 L of dye solution and 10.00 g of fabric
100 % semi-whitened cotton (previously washed in a solution of H,O, and NaOH). The
liquor ratio was 1:12.5 and the ratio of dyestuff in relation to the fabric was 1.87 g dye/g

woven.

To accomplish the dyeing process reproducing the same conditions of the dyeing
process used in the facilities of the factory, with a consumption of a small amount of

reactive and fabrics, the samples were inserted in the sample holders of a RED-TEST



(UNGOLINI model RT-P) with its corresponding bath of dye. Sample holders are pipes
of stainless steel of 40 mm of diameter and 160 mm of height with maximum capacity
of 180 ml of bath. These pipes are placed in the equipment under the following

conditions:
- Initial temperature: 15.0 °C.
- Gradient of temperature: 1.5 °C min™.
- Final temperature: 80.0 °C (x2.0 °C).

The dyeing process took two hours from the start to finish. During the dyeing there is a
constant rotation of the backbone of the equipment where the pipes are placed to
obtain a good equalization of the dyes. The NaOH solution was added after 60

minutes.
The dyeing processes were done in the facilities of the Texcoy Company (Spain).
2.3 Electrolysis

The electrolyses of the alkaline aqueous solutions containing the hydrolysed dyes
obtained after the dyeing process were carried out in an undivided filter press reactor
as the one shown in figure 2 [22]. Redox process at 125 mA cm™? was chosen as the
best operation conditions to produce the fastest decolouration of the solution and the
greatest degradation of dyes under these experimental conditions [21-22, 26].
Moreover, in previous works where current densities of 125 and 250 mA cm™ have
been checked, the one with the highest average current efficiency and the lowest
energy consumption was 125 mA cm™. Ti/SnO,-Sb-Pt electrodes with mesh geometry
were used as anode. These electrodes were prepared following a standard thermal
decomposition method of the salt precursor on a titanium substrate [26]. Titanium mesh
with a geometrical active area of 48,8 cm™ (10.0 cm X 8.0 cm) was first pre-treated in
order to eliminate the superficial layer of TiO, (electric semiconductor). Moreover, a
higher roughness was obtained that allowed an increase in the adherence of the
deposits to the support. Later, the titanium supports were degreased with acetone
using ultrasounds for 10 min and etched for 1 h in a boiling solution of oxalic acid
(10%). After that, the supports were rinsed with ultrapure water and the precursor
solution was brushed onto the Ti plate. This precursor solution contained 10% SnCl,-
5H,0 (provided by Aldrich) + 1% SbCl; (purchased from Fluka) + 0.252% H,PtCls-
6H,0 (supplied by Merck) dissolved in a mixture of ethanol (provided by Panreac) +

HCI (supplied by Merck). Afterwards, the electrodes were introduced in an oven at 400°



C for 10 min. With this thermal treatment, the decomposition of the salt and the
formation of the metal oxide take place. This process was repeated up to a weight
increase of about 2 mg cm™. Finally, a thermal treatment at 600°C was applied for 1 h.

A stainless steel electrode of 11.0 cm X 9.5 cm (Cr 18-19% y Ni 8,5-9%) was used as
cathode. This was previously pre-treated by means of mechanical, chemical and
electrochemical processes in order to eliminate any kind of surface contamination.
Figure 2 shows a picture of the undivided filter press reactor used in the electrolyses
experiments. The volume of the dye solution treated was 0.420 L in all cases, the
operation temperature reached 40° C and the flow rate was 5.600 L min™. All the
experiments were carried out under galvanostatic conditions with a power supply
(Grelco GVD310 0-30Vcc / 0-10 A).

Figure 2. Undivided filter press reactor

2.4 Analysis and Instruments

Different samples were collected during the electrolyses. They were used to perform
TOC and COD measurements. The evaluation of these parameters allowed the degree

of degradation to be followed closely.

A Shimadzu TOC-VCSN analyser was used to obtain TOC values. The measurement
parameters were: Operated temperature: 1193 K; injection volume of sample: 20.0 pL;
air flow rate: 0.150 L min® (free of CO,). Samples were diluted to bring their
concentration within the operating range of the apparatus. A Spectroquant analyser
was used to obtain COD values. The method used for these measurements is
analogous to EPA 410.4, US Standard Methods 5220 D and ISO 15705.

A Hitachi Lachrom-Elite Chromatographic System equipped with diode array detector
was used to do chromatographic analyses performed by means of High Performance
Liquid Chromatography (HPLC). The measurements parameters were: Column:

Lichrospher 100 RP-18 C with 5.00 ym packing using a similar method to that in EN



14362-2:2003/A; mobile phase composition: methanol (eluent A) / aqueous buffer
solution KH,PO4-Na,HPO, (eluent B) with pH 6.9; flow rate: 1 mL min; temperature:
298 K; injection volume: 20.0 pL. At the beginning of the chromatographic separations,
the gradient elution consisted of 100 % aqueous buffer and it was progressively
modified to 100% methanol within 20 min. The detection wavelength was set at 420,
549 and 610 nm for Procion Yellow®, Procion Crimson® and Procion Navy®,
respectively. These are the wavelengths at which the azo groups of each dye absorb.

UV-Visible spectra were also obtained with this system. This was made possible by
changing the column for a tubular piece (without any packing inside). This allowed the

sample to flow to the detector with low volume consumption.

The FTIR-ATR spectra were recorded with a FTIR NICOLET 6700 spectrophotometer
equipped with a horizontal ATR device, in which the bottom of the surface prism (ZnSe)
serves as the cavity for agueous samples. The subtraction of the background signal
(aqueous solution of Na,SO, and NaOH under the same conditions as the samples
obtained after dyeing and free of dye) was required to obtain the spectra of the different
samples. The spectra were collected at 8 cm™ resolution as a result of an average of
400 scans.

2.5 Parameters evaluated

In this study some parameters have been used which provide details of, for example,
the variations of the sample composition which could affect the toxicity/biodegradability
of the solution. This is the case of the Average Oxidation State (AOS) [27-29]. This
parameter indicates the variations of the sample composition, which could affect the
toxicity/biodegradability of the solution. This parameter is calculated using the following

expression:

(TOC, —COD,)
TOC

AOS =4

1)

t

To obtain information on the degree of oxidation of the organic matter contained in
samples collected throughout the treatment, the Carbon Oxidation State (COS) must
be calculated [30]. This parameter indicates the degree of oxidation of the organic
matter contained in samples collected throughout the treatment. It uses the initial
organic carbon as a reference and it is calculated according to the following

expression:



(TOC, —COD,)

COS =4
TOC, 2)

In AOS equation as well as in COS one, both TOC value and COD values are

expressed in molar units.

To obtain the overall efficiency of the process, the parameter that must be calculated is
the Average Current Efficiency (ACE) which evaluated the fraction of the applied
current that is used to diminish the initial COD by a certain percentage [31-36]. This
parameter indicates the fraction of the applied current, which is used to diminish the
initial COD in a certain percentage. In other words, this parameter gives an idea of the
overall efficiency of the process and it is determined using the following expression:

COD, — COD,
8-1-t

ACE = 'F-V-100  (3)

Where COD, and COD; are the initial COD and the COD in a selected loaded charge
during electrolysis (g O, L), respectively, F is the Faraday constant (96487 C mol™), V
is the volume of the wastewater (L), | is the applied current (A), t is the time of

electrolysis (s) and 8 is the equivalent weight of oxygen.

3. RESULTS AND DISCUSSION
3.1. Kinetics results and operating costs.

Decolourization during the electrolyses was monitored by means of HPLC technique.
With this aim in mind, the evolution of the dye concentration during the electrolysis of
all the species that contribute to the color of the solution was measured according to
the normalized chromatographic area (S/Sy) of the peak observed (where S, is the
area of the peak when Q = 0.00 Ah L. To obtain the chromatographic peaks, the
detector wavelength was set at: 420 nm for Procion Yellow HEXL®, 549 nm for Procion
Crimson HEXL® and 610 nm for Procion Navy HEXL®. This was possible considering
that the dye concentrations of the species that contribute to the colour are directly
related to the chromatographic areas. Figures 3 a-c show the evolution of the
chromatographic profile during the electrolysis of the three dye solutions. The variation

of the concentration of the species that contribute to the colour can be evaluated by



plotting the evolution of Ln (S/S,) versus the loaded charge (Ah L™?), as shown in Figure
3-d. Under the experimental conditions described above, all the electrolyses followed a
pseudo first order kinetics with respect to dye concentration, as could be deduced from
the fit of the profiles.

a) | ProcionYellow A=421nm 500 mau b) Procion Crimson =549 nm
Q=239.41 AhL?
0=80.71 AhL? 1000 mA.U
L. Q=218.78 AhL*
Q=69.32 AhL?
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= -1
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Figure 3. Evolution of the chromatographic profile during the electrolysis of the
solutions of: a) Procion Yellow®; b) Procion Crimson® and c) Procion Navy®.
d)Logarithm of the normalised chromatographic area versus loaded charge Q (Ah L™?)
of samples obtained during the redox process at 125 mA cm™. The initial solutions
were the three hydrolysed dyes obtained after the dyeing processes.

Table 3 shows a compilation of the kinetics results obtained from the linear regression
analysis for the plots Ln(S/S,) vs. Q (Ah L) (Figure 3). All the decolourization kinetics
rates are very similar, between 0.05 to 0.08 A* h™* L. Table 3 also shows the Q needed
to obtain complete decolourization (assuming a decrease in the dye concentration of
99 per cent as complete decolourization), which occur in the range 60.00-90.00 Ah L™,
In the next section, the higher value of this range (90.00 Ah L) is selected to choose
the samples which are practically decolourized and compare their TOC and COD

values at the same Q.



These results mean that the treated water in several dyeing processes could be
reused. Interim studies made by this research group show that a new dyeing process
allows 70% of the dyeing water to be saved and leads to a considerable reduction of
effluent salinity and dumping costs.

Table 3. Kinetics analyses and energy consumption per order obtained for all the
electrolyses: decolourization kinetics rate (A h™ L), specific charge (A hL™) for a
complete decolourization (99 per cent) and energy consumption per order (kWh L™).

A Kap Qdec EEO
DYE SOLUTION (nm)| (A*h*L)| (AhLY) |(kwhL™)
PROCION YELLOW HEXL® | 420 | 0.076 62.18 0.22
PROCION CRIMSON HEXL® | 549 | 0.054 88.40 0.74
PROCION NAVY HEXL® 610 | 0.061 75.81 0.64

Apart from the kinetics analysis, one of the most important parameters affecting the
performance of an electrochemical system is the operating costs. With this purpose in
mind, the electrical energy consumption per order (EEO) was calculated in all cases.
The calculus of EEO was chosen according to the report of Bolton et al [37],
considering that the concentration of pollutants in all cases were low. This parameter is
defined as the electrical energy in kilowatt-hour (kWh) required to degrade a
contaminant by a unit of volume of contaminated water or air. The corresponding
eguation is the following:

P-t
EEO =— 4)

V -log (ﬁ_;)

Where: P is the electric power (kW), t is the time of electrolysis (h), V is the volume
treated (L), A and A are the initial and final area of the chromatographic peak

associated to the pollutant of interest.

In the present study, the values of the dye concentration (g L™) remaining in solution
after electrolyses were difficult to measure since the percentages of dye degradation
were very high. However, the chromatographic peak associated with the chromophore
group of the dye could be considered. This is because the area of the peak is directly
proportional to the concentration of dye whose chromophore group has not been

degraded yet, as previously mentioned. Therefore, the area of this peak was used in



calculations instead of concentration. The values obtained have been included in Table
3.

3.2. TOC and COD measurements

Table 4 shows the results corresponding to TOC and COD removal as well as the
values of AOS, COS and ACE measured from samples obtained at the beginning and
at the end of electrolyses, with a Q of 240.00 Ah L™ approximately. This value of total
applied specific charge was selected to compare the final samples when parameters
such as TOC and COD were practically invariable. In the table, intermediate values
obtained at a loaded charge near to 90.00 Ah L™ are also shown. It was verified across
the chromatographic analyses that for these values of loaded charge complete

decolourization was obtained.

Table 4. Results of TOC removal, COD removal, values of AOS, COS and ACE of
samples obtained at different loaded charges in the electrolysis processes.

TOC COD

Q TOC REMOVAL COD REMOVAL ACE
DYE SOLUTION | (Ah LY | (mgL™ (%) (mg L™ (%) AOS | AAOS | COS | ACOS | (%)

P. YELLOW 0.00 271.55 - 882.67 - -0.88 - -0.88 - -
89.71 232.50 14.38 648.00 26.59 -0.18 | 0.70 | -0.15| 0.72 | 1.11
239.41 170.25 37.30 520.00 41.09 -058 | 029 |-036 | 051 | 0.70

P. CRIMSON 0.00 422.00 - 1768.00 - -2.28 - -2.28 - -
89.71 388.35 7.97 1319.33 25.38 -1.10 | 1.19 | -1.01 | 128 | 212
218.78 338.80 19.72 986.00 44.23 -0.37 | 192 |-029 | 199 | 1.63

P. NAVY 0.00 351.45 - 1312.00 - -1.60 - -1.60 - -
92.42 293.65 16.45 826.00 37.04 -0.22 | 1.38 | -0.18 | 1.42 | 2.24
244.00 206.20 41.33 533.33 59.35 0.12 1.72 | 0.07 1.67 | 1.50

TRICHROMY 0.00 346.35 - 1192.00 - -1.16 - -1.16 - -
92.42 330.10 4.69 896.50 24.79 -0.07 | 1.09 | -0.07 | 1.09 | 1.36
247.39 252.70 27.04 682.67 42.73 -0.05 | 1.11 | -0.04 | 1.12 | 0.97

The evolution of COD removal during the electrolysis was quite similar in all dye
solutions studied. TOC removal showed some differences. Procion Crimson HEXL®
solutions have the lowest value of TOC removal and, as consequence of this, the
values of the trichromy are lower too. As Table 3 shows, Procion Crimson® solutions
needed the higher loaded charge for decolouring and its kinetics rate is the lowest.
Nevertheless, in all cases, values of TOC and COD removal at the end of the
electrolysis are noticeable. This feature could be explained because anodes coated

with SnO, are known as “non-active” electrodes, so they do not participate in the




oxidation; they only provide adsorption sites for OH radicals generated as a result of

water lysis (Reaction 5) [16 and references therein]:
H,O > OH+H" + ¢ (5)
These radicals are highly oxidative and facilitate the degradation of organic matter.

In all cases, the percentage of COD removed was greater than that of TOC. Moreover,
changes in AOS values are related to changes in solution composition as a
consequence of the electrochemical treatment. In all cases, an increase in the AOS
values was observed. Therefore, after all the electrolyses, the organic matter that
remains in solution have more positive oxidation states [21] and these oxidised
intermediates should be stable in solution as TOC removal results indicated. In other
words, the products of electrolysis have a higher oxidation state than dyes before
electrolysis. This behaviour was confirmed by the increase of COS values associated

with the processes.

Values of ACE (%) are shown in Table 4. In all cases, a decrease of ACE percentage
during the electrolysis time occurs (see values around 90.00 Ah L™ and 240.00 Ah L™
of loaded charge). This could be explained by the fact that initially the main reactions
are the degradation of the chromophores and the reactive groups of the dye molecules
(as will be pointed out in the next section) and as their concentration decreases, more
complex degradation reactions and, mainly, the electrolysis of the water are given
increasing lengths of time and thus efficiency decreases. According to other published
studies, simpler molecular structures give higher ACE (%) values. The present work
deals with the electrochemical degradation of three reactive dyes whose molecular
weight is far higher than other dyes commonly studied, and moreover with no presence
of an inorganic mediator such as “active chlorine”. Additionally, it should be taken
into account that the dyes studied in this work are protected by patents so their purity is
unknown. Among other reasons, this is because the solutions are obtained after a real

dyeing process of cotton fabrics that provide non-controlled solutes.

3.3 Spectroscopic results

Figure 4 shows the evolution of the UV-Vis spectra of the trichromy solution with the
loaded charge during the electrolysis. The more important features that can be

observed are:

- The bands centered at 420 nm, 549 nm and 610 nm, which are associated with

the chromophores groups of the Procion Yellow HEXL®, Procion Crimson



HEXL® and Procion Navy HEXL® respectively, completely disappear at the
beginning of the electrolysis. So, a complete decolourization takes place.

- The band centered at 280 nm, which is associated with the presence of triazinic
groups [38], completely disappears at the beginning of the electrolysis.

- The band centered at 230 nm, which is associated with a m — 1 transition of
the benzenic rings [39-42], does not disappear indicating that these molecular

structures remain as products of the electrolysis.
- At the end of the electrolysis a new band appears at 210 nm, typically
associated with m — 17* transitions of highly oxidised groups, such as carbonyl

[38].
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Figure 4. Evolution of the UV-Vis spectra of the trichromy solution with the loaded
charge during the electrolysis. The bands related to the three chromophores are
centred at 420 nm, 549 nm and 610 nm, approximately.

Figure 5 shows the FTIR spectra of the trichromy solutions before and after

electrolysis.
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Figure 5. FTIR spectra of the trichromy solution before and after electrolysis.

In the FTIR spectrum of the solution used before electrolysis, a band (Band I) centered
at 1100 cm™ can be clearly observed. This band diminishes after the electrolysis and at
the same time two bands centered around 1650 cm™ (Band 1) and 1390 cm™ (band Il1)
appeared. These two bands are present in the spectrum before electrolysis but their
intensity is lower. If we bear in mind the redox treatment of the solution and the results
obtained by means of UV-Vis spectroscopy, it is possible to explain the above-
mentioned bands. Band | may be associated with the stretching C-O vibration of the
hydroxyl groups [43] or to the symmetric stretching vibration of C - O of the ethers
alkyl-aryl [44], both present in the original molecules. The above mentioned band
diminishes after the electrolysis at the same time as band Il increases. Band Il may be
associated to the oxidation of the hydroxyl and ether groups, among others, giving, for
example, quinoid structures (that are in presence of hydroxyl or amine groups) [44] or
carbonyl groups in aromatic ring [43]. The appearance of bending vibrations of N-H as
a product of the reduction the azo group could not be discarded. Both deductions, the
appearance of oxidised groups and the elimination of the chromophore group, were
made when the UV-Vis spectra were analysed. In addition, it is known that as a
consequence of the electrolysis EOP and EOC present a significant increase of 1.1, in

both cases.



Nevertheless, even when lower intensity was applied, band Il was already observed in
the spectrum of the original solution. Therefore, it is not possible to reject the possibility
that an overlap exists between the bands associated to: vibration modes of the
aromatic ring [45], imine groups (C=N-) presents in the tautomeric form of the azo
group [44] and secondary amides where the substituent of the N is an aromatic ring
[44]. All of which are present in the spectrum before electrolysis.

Band Il could be associated to the presence of para-disubstituted benzenes or to C=C
vibration of naphthalenic rings [44]. This band is weak in the spectrum before
electrolysis and increases after electrolysis.

The partial transformation of the molecule as a consequence of the electrolysis
(deduced by the decrease of TOC and COD, 27 % and 43 %, respectively) and the
band centred at 230 nm observed in the spectrum UV-Vis (associated with benzenic
rings) whose intensity did not change allowed to affirm that the partial opening of the
naphthalenic rings plays an important role in the increase of the band after the
electrolysis since benzenic compounds were formed and they are more stable in the

experimental conditions.
CONCLUSIONS

Electrolyses of real dyestuff wastewaters were carried out in a filter-press cell in
galvanostatic conditions and using Ti/SnO,—Sb—Pt electrode as anode and stainless
steel electrode as cathode. Aqueous solutions obtained after dye processes of cotton
fabrics of hydrolyzed dyes of the Trychromy HEXL were used. The electrolyte used

was Na,SO, (without external addition of chloride).

Complete decolourization was observed in all cases and there was no noticeable
difference in the loaded charge needed for the decolourization in solution with a single
dye or with the trichromy (around 90.00 Ah L under the present experimental
conditions). Therefore, the nature of the chromophore and the similar molecular
structure seems to be the characteristic that mainly influences the decolourization

mechanism. The decolourization process followed a pseudo-first order kinetics.

The removal of TOC and COD (higher in the last case), the increase of EOP and EOC
and the evolution of the UV-Vis and ATR-FTIR spectra, strongly suggested that at the
start of the electrolysis the main reactions are the degradation of the chromophores
and the reactive groups of dye. The presence, after the electrolysis, of stable
intermediates was confirmed. These contain, in their molecular structure, aromatic

carbonyl groups and benzenic rings with quinoids structure partially formed during the



partial opening of the original naphthalenic rings.

These results indicate that the electrochemical technique described can be considered

an ecofriendly method for the treatment and reuse of dyeing effluents.
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HIGHLIGHTS

o Electrolyses of real dyestuff wastewater of a complex mix of reactive dyes are
made.

¢ Enhanced stability Ti/'SnO,—Sb—Pt anodes permit complete decoulorisation.

e Noticeable mineralization of organic matter is obtained without chloride addition.

e The purpose treatment is a valuable alternative for textile wastewater
remediation.
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TABLE CAPTIONS

Table 1: Review of different electrochemical processes for the electrochemical

treatment of wastewater from textile dyeing.

Table 2: Description of the selected reactive dyes.

Table 3: Kinetics analyses and energy consumption obtained for all the electrolyses:
decolourization kinetics rate (A" h™* L), specific charge (A hL") for a complete
decolourization (99 per cent) and energy consumption (kWh L™?).



Table 4: Results of TOC removal, COD removal, values of AOS, COS and ACE of
samples obtained at different loaded charges in the electrolysis processes.

FIGURE CAPTIONS

Figure 1: Molecular structure of the three dyes of the HEXL Trichromy.
Figure 2: Undivided filter press reactor

Figure 3: Evolution of the chromatographic profile during the electrolysis of the
solutions of: a) Procion Yellow®, b) Procion Crimson® and c) Procion Navy®. d)
Logarithm of the normalised chromatographic area versus loaded charge Q (Ah L) of
samples obtained during the redox process at 125 mA cm™. The initial solutions were
the three hydrolysed dyes obtained after the dyeing processes.

Figure 4: Evolution of the UV-Vis spectra of the trichromy solution with the loaded
charge during the electrolysis. The bands related with the three chromophores are

centered at 420 nm, 549 nm and 610 nm, approximately.

Figure 5: FTIR spectra of the trichromy solution before and after electrolysis.



Table 1

Molecular

Dye/Concentration | Electrolyte Anode Removal |Reference
structure
. TiO,-
Reactive Black 5/ . 80%
20 mg L™ HCI pH 4 Grap_hene Simple decolouration [3]
oxide
4-amino-3-
hydroxy-2-p-
Boron-
tolylazo- 0.05M .
doped Simple 92% TOC
naphtk_lalene-l- Na,SO, diamond [4]
sulfonic
Acid/ 175 mg L™
. . Boron-
Reactive Black 5/ 210° M .
4 doped Simple 82% TOC
20mg L Na,SO4 diamond [5]
Remazol Red/ 100 | 0.3-5.0g L™ | Anaerobic . o
mg L™ Nacl biofilm Medium | >90% COD [6]
Chemical 0
Reactive Blue 10/ | , "ol | oyidation | Medium- |, 99%
1 dextrose at . decolouration [7]
100 mg L H 68 by simple
PH . Endophytes
Reactive Yellow 1 . o
160/ 100 mg L™ 4 gL" NaCl | PbO,, SnO, | Simple | 100% COD [12]
Alphazurine/ 500 05M . 90% COD
mg E N2,SO. PbO, Simple [12]
0,
Meth_;l/l Red/ 100 H,SO, pH 3 PbO, Simple 90% COD [12]
mg L
Reactive Orange 0.1M 90% TOC
16/ 85 mg L™ Na,SO, B-PbO, Simple [12]
r':]"gti‘i" Green/300 | o5 M H,50,| PbO, | Simple | 82%TOC | [12]
Mixture of real 170mgL™ | Boron-
dyeing textile ClI'+19mg doped Unknown | 90% COD [17]
effluents L*!so,” diamond




Table 2

Amax
Abbr Comercial Name C.l. Name Chromophore | Reactive group (nm)
PY Procion Yellow HEXL Reactive Yellow 138:1 | Diazo Monoclorotriazinic 420
PC Procion Crimson HEXL | Reactive Red 231 Diazo Monoclorotriazinic 549
PN Procion Navy HEXL Non registered Diazo Monoclorotriazinic 610




Table 3

A Kap Qdec EEO
DYE SOLUTION (nm)| (A*h*L)| (ALY | (kwh m?)
PROCION YELLOW HEXL 420 | 0.076 62.18 32.18
PROCION CRIMSON HEXL | 549 | 0.054 88.40 106.30
PROCION NAVY HEXL 610 | 0.061 75.81 91.60




Table 4

TOC CoD
Q TOC REMOVAL | COD | REMOVAL ACE
DYE SOLUTION | (Ah LY | (mgL™ (%) (mg LY (%) AOS | AAOS | COS | ACOS | (%)
P. YELLOW 0.00 271.55 - 882.67 - -0.88 - -0.88 - -
89.71 232.50 14.38 648.00 26.59 018 | 070 |-015| 072 | 111
239.41 170.25 37.30 520.00 41.09 -058 | 029 |-0.36| 051 | 0.70
P. CRIMSON 0.00 422.00 - 1768.00 - -2.28 - -2.28 - -
89.71 388.35 7.97 1319.33 25.38 -1.10 | 1.19 | -1.01| 1.28 | 212
218.78 338.80 19.72 986.00 44.23 037 | 1.92 |-029| 1.99 | 1.63
P. NAVY 0.00 351.45 - 1312.00 - -1.60 - -1.60 - -
92.42 293.65 16.45 826.00 37.04 022 | 1.38 |-018 | 1.42 | 224
244.00 206.20 41.33 533.33 59.35 012 | 172 | 0.07 | 1.67 | 1.50
TRICHROMY 0.00 346.35 - 1192.00 - -1.16 - -1.16 - -
92.42 330.10 4.69 896.50 24.79 -0.07 | 1.09 |-0.07 | 1.09 | 1.36
247.39 252.70 27.04 682.67 42.73 -0.05| 1.11 |-0.04| 1.12 | 0.97
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