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ABSTRACT

Introduction of novel wastewater treatment technologies plays an important role in sustainability and
environmental management. Commonly used wastewater purification processes are based on a com-
bination of physical, chemical and biological methods. Despite their relatively good effectiveness in
the removal of dyes, these treatments involve employment of various chemicals and biological addi-
tives, where their operational costs are very high. Thus, researchers continuously work to develop new
ways of wastewater treatment, for example, electrochemical techniques. Unfortunately, a traditional
electrochemical method for the removal of pollutants requires large amounts of electrical energy. Thus,
in this work, we report a wastewater purification method carried-out through a continuous anodic dis-
solution of iron (mild steel) anode for artificially aerated Cu/Fe galvanic (macro-corrosion) cells and
synthetically prepared industrial wastewater solutions. Electrochemical experiments were performed
by means of a laboratory size electrolyzer reactor, where the electrocoagulation process along with
surface-induced electrooxidation phenomena were examined for wastewater containing Disperse Red
167 (DR167) dye. The above was visualized through the employment of electrochemical (cyclic vol-
tammetry and AC impedance spectroscopy techniques) and instrumental spectroscopy analyses. As
a result, the total removal of DR167 azo dye from the synthetic wastewater solution (evaluated by
means of UV-Vis spectroscopy) reached about 85% and 97% after 900 and 3,600 s, correspondingly.

Keywords: Electrocoagulation; Electro-oxidation; Fe sacrificial anode; Galvanic cell; Anodic
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1. Introduction

The world’s total production of textile dyes reaches
800,000 tons/y. Wide range of dyes applications in different
industry sectors leads to the generation of large amounts of
dyes-containing wastewater, responsible for an extensive list
of environmental and health impacts [1,2]. Globally, indus-
trial plants discharge up to 15% of totally used dyes in efflu-
ents, directly into water bodies. Among various textile dyes,
particular attention should be paid to the so-called azo dyes.
This specific group of colouring agents is characterized by
one or more azo group(s) (-N=N-) [3-5]. Their relatively
large concentration in hydric resources directly impacts liv-
ing organisms of biosystem, as well as human health. Studies
conducted in recent years have confirmed the toxicity, muta-
genic and carcinogenic effects of some of the azo dyes and
their metabolites [6-10].

Nowadays, the process of azo dyes removal can be
divided into three categories: chemical and physical pro-
cesses through, for example, membrane filtration, physical
adsorption or coagulation with chemical additives [11-22]
and biological methods based on the decolourization action,
carried-out by specific microorganisms [23-27]. Conventional
physiochemical methods are quite expensive and cannot
completely remove azo dyes from wastewater. Moreover,
they typically require metal salts or polymeric coagulants as
destabilization agents that lead to undesirable water quality
impairment. Thus, further wastewater treatment steps must
be implemented. On the other hand, although biological
methods are considered clean, they have their own, severe
limitations, for example, relative low process’s efficiency, as
compared to physical or chemical methods and the require-
ment of large working areas [28].

On the other hand, in the last years, the DC-powered
electrochemical methods have been utilized for the remedi-
ation of dye-polluted wastewaters. This method attracted a
lot of attention because it may combine three simultaneously
occurring processes: electrocoagulation, electrooxidation and
electroflotation [29-31]. When the current is applied to the
DC-powered electrochemical reactor, an anode undergoes
the current-depending anodic dissolution. Therefore, the
anode acts as a supplier of in situ created coagulant in the
form of metal cations that immediately form its hydroxides
with hydroxyl anions generated at the cathode surface. Such,
in situ freshly produced hydroxide complexes act as destabi-
lizing agent and lead to the formation of insoluble agglom-
erates with dye molecules that sediment on the bottom of
sedimentation tank. Then, such formed solid layer could be
siphoned out through the filtration process [32-35]. The pro-
cess of electrochemical oxidation at the anode occurs in two
different pathways: direct and indirect oxidation.

The main route of electrochemical oxidation would be
direct oxidation, where pollutants present in the wastewater
are oxidized directly on the anode surface. Then, the transfer
of electrons is mediated by generated on the cathode hydroxyl
radicals ("OH). Such short-lived species is considered a
strongly oxidizing agent. Thus, the above process could lead
to the azo bond dyes’ cleavage and gradual degradation of
dye molecules [36-39]. Electroflotation is the last of the pro-
cesses mentioned above, which is strongly connected with
electrochemical wastewater treatment. During the anodic

process, oxygen bubbles are generated and released from
the electrode surface. Simultaneously, at the cathode surface,
hydrogen bubbles are formed as a result of the reduction pro-
cess. The efficiencies of H, and O, formation is strictly depen-
dent on the electrochemical activity of the electrode material
and the applied current. Such-formed gas bubbles can carry
the insoluble electrocoagulant-dye agglomerates into the sur-
face of the reactor tank, where they could later be removed
through mechanical methods [40-43]. Many studies reported
that total decolourization of azo dyes-containing wastewa-
ter utilizing a DC-powered electrochemical system ranged
between 71% and 99% [44-52]. Despite reasonably high effi-
ciency of such DC-powered systems, they still suffer from
high consumption of electrical energy, making it relatively
non-profitable.

Development of novel, more efficient and cheaper, dye-
based wastewater treatment methods, has become of superior
technological importance in recent years. The electrochem-
ical method based on the galvanic series theory may meet
the above demands. An appropriately designed galvanic-cell
reactor generates spontaneous current without using expen-
sive DC-powered infrastructure, control systems, and does
work without adding any other chemicals into the system.
Hence, the total consumption of electricity and production of
potentially dangerous by-products become radically limited.
The profitability of using electrochemical methods based on
the galvanic-cell theory was confirmed in the recently pub-
lished work from this laboratory, where Cu/Al alloy galvanic
macro-corrosion cell was employed for treatment of dye-
based synthetic wastewater [53]. The results indicated that
such-constructed cells provided sufficient currents to initiate
electrocoagulation and electrooxidation processes with rela-
tively high efficiency, without using external power sources
or chemicals.

During the electrolysis process in the Cu/Fe reactor, the
iron anode undergoes oxidation reaction and releases solu-
ble ferrous ions (Fe*') that rapidly form its hydroxide species
through the reaction with OH- ions generated on the sur-
face of the cathode [54-57]. During the electrolysis process,
electrolyte’s pH becomes increased. The mechanism of the
anodic and cathodic reactions for the Cu/Fe galvanic cell is
described by Egs. (1)—(3):

Anodic reaction:

Fe,., - Fe*" +2e” 1)

()
Cathodic reaction:
O, +2H,0+4e” — 40H" ©)

Formation of ferrous hydroxide and ferric oxide:
. ~ 1
2Fe” +40H ™ — 2Fe(OH), . [+502] —>Fe,0, +2H,0  (3)

Thus, Fe dissolution leads initially to the formation of fer-
rous hydroxide species [Eq. (3)] during the spontaneous reac-
tion of Fe? cations emerged in the supporting solution upon
the anodic dissolution process [Eq. (1)] with hydroxyl (OH")
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anions generated on the cathode surface [Eq. (2)]. Then, in the
presence of dissolved oxygen, ferrous hydroxide becomes
converted to ferric oxide (Fe,O,), according to Eq. (3).

The objective of this work was to evaluate the effective-
ness of Cu/Fe galvanic cell’s employment in the electrochem-
ical wastewater treatment for artificially-prepared industrial
wastewater, comprising small amounts of technologically
important dye, namely Disperse Red 167 (DR167). The
dye removal was made by means of the combined effect of
electrocoagulation and surface-electrooxidation.

2. Materials and methods

2.1. Macro-galvanic cell reactor’s construction and electrolysis
process

In this work, the wastewater electrocoagulation/elec-
trooxidation unit was composed of ca. 300 mL glass-made
electrochemical reactor and electrodes, that are arranged in
the way, where a single sacrificial anode is placed between
two cathodes. A cylindrical shape low carbon steel was
used as a sacrificial anode with an effective surface area
of 29.3 cm? (diameter ¢ = 3.5 cm, thickness: d =1 cm): DIN
C15 (1.0401; ArcelorMittal, Dabrowa Gornicza, Poland),
whereas a cathode was made of cylindrically-shaped cop-
per with total effective electrode area of 84 cm? (two plates:
4 cm x 5 cm x 0.1 cm each). In the electrolyser unit, an inter-
electrode (anode-to-cathode) gap was set at about 15 mm.

Before each series of experiments, the iron anode was
cleaned off and polished by means of sandpaper, down to
2,500 grade. Such-precleaned anode was smooth and had a
shiny silver colour. Then, the Fe electrode was submerged
in 5% HCI solution for 5 min in order to allow its electro-
chemical activation. Finally, the anode was thoroughly rinsed
with ultrapure water (18.2 MQ/cm Millipore Q 3 UV Water
Purification System manufactured by Millipore/Merck was
used, Poznan, Poland). In the next step, the electrode was
de-greased in pure ethanol. At the same time, both Cu cath-
odes were activated in 5% HCI, rinsed with ultrapure water
and finally de-greased in ethanol. All experiments were
performed at 293 +1 K.

During measurements of open-circuit voltage (ocv) and
I _parameters, the cell was operated with additional aeration
(by slow purging of compressed oxygen to reach the value
of ca. 10.5 ppm of dissolved oxygen). It should be noted that
oxygen itself had completely no influence on the process of
the dye oxidation (Fig. S1). However, prior and during the
cyclic voltammogram and electrochemical impedance spec-
troscopy experiments, working solution was always de-aer-
ated with high-purity argon (6.0 research grade Ar supplied
by Linde) in order to prevent from spontaneous oxidation of
the Fe electrode surface. In the electrochemical experiments,
all electrode potentials were measured vs. saturated calo-
mel electrode (SCE) reference electrode. Open-circuit volt-
ages were always measured prior to and after completion
of the electrochemical tests.

2.2. Solutions and chemicals

In order to assess the effectiveness of both electroco-
agulation and electrooxidation processes, synthetic azo
dye Disperse Red 167 (Boruta-Zachem SA, p.a.; Poland)

solution was prepared. The procedure covered dissolving
50 mg/dm® of dye in Na,SO,-based supporting electrolyte
(Polish Chemical Compounds, p.a.). In order to provide the
required for the galvanic cell’s operation, high effectiveness
of the oxidation process and to avoid chemical coagulation,
the solution’s conductivity was set at about 15 mS and its
pH was adjusted to the value of 4.5. Prior to and during the
experiments, pH value for each solution was adjusted with
dilute (0.1 M) sulphuric acid or sodium hydroxide solutions.
HCI was not employed simply to avoid possible chlorina-
tion effects of aromatic pollutants that could normally be
present in industrial wastewaters.

2.3. Experimental methodology

All electrochemical experiments (cyclic voltammetry
and AC impedance spectroscopy tests) were performed
at room temperature (298 + 1 K) by means of Solartron
12,608 W Full Electrochemical System. Otherwise, electro-
lyte pH and conductivity evaluations were carried-out with
HI 2002-01 and HI 9835 meters from Hanna Instruments,
respectively. The electrochemical impedance spectroscopy
measurements were performed at an AC signal of 5 mV
over the frequency range swept between 1.0 x 10° and
0.5 x 10" Hz, whereas cyclic voltammetry (CV) experiments
were performed at a sweep-rate of 50 mV/s. In order to per-
form all the electrochemical experiments, the instruments
were controlled by ZPlot 2.9 and CorrWare 2.0 software
packages (Windows, Scribner Associates, Inc., Southern
Pines, North Carolina, USA). All recorded cyclic voltamme-
try and impedance data were analyzed by ZView 2.9 and
CorrView 2.9 software packages, respectively, where the
impedance spectra were fitted with a complex, non-linear,
least squares immittance fitting program LEVM 6, written
by Macdonald [58]. Prior to electrochemical measurements,
working electrode was cathodically polarized at -0.1 A for
600 s in pure 0.054 M Na,SO, solution to remove the surface
oxides formed during previous experiments. The CV char-
acterization of low carbon steel electrode was conducted
over the potential range: —1.1 to 0 V vs. SCE, commencing
the sweep from the most negative electrode potential.

In order to monitor the progress of electrochemical treat-
ment of the azo dye-containing wastewater over time, the
solution samples were collected after 900; 1,800; 2,700 and
3,600 s of the Cu/Fe cell’s continuous operation. Then, effi-
ciency evaluation of the carried-out wastewater purification
treatment was determined using a UV-Vis spectroscopic
methods. The UV-Vis absorption spectra for the DR167 azo
dye were recorded by means of the spectrophotometric
plate reader Epoch 2 (BioTek, USA) on polystyrene plates
(UV-Star® Microplates, Greiner Bio-One, Germany). The
absorption spectra for all the collected samples were recorded
for wavelengths between 230 and 800 nm. A degree of spe-
cific dye degradation was then assessed at all electrolysis
times, namely: 0; 900; 1,800; 2,700 and 3,600 s. Such-obtained
results were then analyzed with GraphPad Prism 6 Software
(GraphPad, San Diego, CA, USA). The colour removal’s
efficiency (n) was calculated according to Eq. (4):

n= (COC;Q) -100% (4)

0
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where C, is an initial dye concentration and C, is the dye
concentration after 3,600 s of treatment.

The chromatographic quantitation of the DR167 level
was achieved in reversed-phase liquid chromatography
system ACQUITY UPLC (ultra-performance liquid chro-
matography) I-Class PLUS, coupled with a Xevo TQ-XS
Triple Quadrupole mass spectrometry (Waters, Milford,
USA). Chromatographic separation of the DR167 dye was
achieved on ACQUITY UPLC HSS T3 column (1.8 um;
2.1 mm x 100 mm; Waters) maintained at 40°C. The mobile
phase consisted of phase A (0.1% citric acid in water) and
phase B (0.1% citric acid in acetonitrile) in the gradient
elution. Each analysis was carried-out for 5 min and the
flow rate of 400 pL/min was used for the sample analysis.
The injection volume was 1 pL and the temperature of the
autosampler was maintained at 15°C. Detection was per-
formed with double quadruple Tandem mass spectrometry
in the positive ion mode, where the setting parameters of
the detector are presented in Table 1. Equipment was set
up in a multiple reaction monitoring (MRM) mode and
transitions from 506.16 — 249.1 m/z, 506.16 — 446.14 m/z
and 506.16 — 464.14 m/z were used for pigment determina-
tion. The final computations for the DR167 were conducted
based on 506.16 — 249.1 m/z transition. Samples collected
from the electrolysis cell (10 uL) were dissolved in water to
achieve a final volume of 500 pL and transferred into total
recovery vials (Waters). An aliquot was then injected for
liquid chromatography-Tandem mass spectrometry analy-
sis. The obtained chromatographic data were analyzed by
MassLynx and TargetLynx software packages.

3. Results and discussion
3.1. Characterization of macro-corrosion, galvanic cell’s operation

The electrochemical characterization of the Cu/Fe mild
steel galvanic cell was carried-out in Na,SO, supporting elec-
trolyte (pH = 4.5 for DR167-based solution; k = 10.0 mS/cm:
0.054 M Na,SO,, 10.5 ppm of dissolved oxygen and T =20°C).
It could be seen that after an hour of continuous operation,
an open-circuit voltage (ocv) under open cell conditions

Table 1
Tandem mass spectrometric (MS/MS) parameters for the deter-
mination of DR167

MS/MS parameters

Precursor ion (m/z) 506.16
Product ions (m/z) 249.1; 446.14; 464.14
Desolvation gas Nitrogen
Desolvation gas temperature (°C) 350
Desolvation gas flow (L/h) 300
Cone gas flow (L/h) 150
Collision gas Argon
Source temperature (°C) 120
Electrospray mode Positive
Cone voltage (V) 20
Capillary voltage (kV) 3.0
Retention time (min) 2.2

reached a steady state value of 0.64 V for synthetically pre-
pared wastewater solution with DR167 (Fig. 1).

The Cu/Fe macro-galvanic cell’s electrochemical perfor-
mance was examined by measuring the galvanic coupling
current (I ). The determination of L, values in examined
solution piays a crucial role because current (or current-den-
sity) is a parameter that controls the rate of electrochemical
reactions which occur in a galvanic macro-corrosion cell.
Hence, after 1 h of continuous work of the Cu/Fe galvanic cell
(Fig. 2), the recorded L, value came to 6.80 mA (0.23 mA/cm)
for DR167-dye-based solution (and resulted in an anode loss
at a rate of ca. 0.03 wt.% per hour).

In addition, rising concentration of Fe*" ions in the work-
ing solution, in the presence of dissolved oxygen, would
also lead to the spontaneous formation of coagulation agent
— ferric hydroxide: Fe(OH), species [Eq. (5)] that could bind
to the pollutant molecules. Hence, freshly formed iron(III)
hydroxide species would attract oppositely charged dye mol-
ecules, leading to charge neutralization, destabilization and
then formation of larger agglomerates that eventually sed-
iment on the bottom of the reaction tank. Such coagulation
agent-pollutant agglomerates could later be removed through
siphoning them off the reactor tank by filtration process. On
the other hand, the anodic surface oxidation process might
simultaneously induce degradation of surface-adsorbed dye
entity to form simpler molecules. In fact, the above-described
mechanism is in full agreement with available scientific lit-
erature for DC-powered iron-based wastewater electroco-
agulation process [59-61].

4Fe™ +10H,0+0, —> 4Fe(OH),  +8H" )

3.2. Cyclic voltammetry

The electrochemical behaviour of low carbon steel elec-
trode in 0.054 M Na,SO, supporting solution was initially
examined by means of cyclic voltammetry (CV) technique,
over the potential range: —1.1 to 0.0 V vs. SCE. Fig. 3 shows
the second cycle of the cyclic voltammetry response for the
iron working electrode of the Cu/Fe galvanic cell, carried-out
in pure and DR167-based 0.054 M Na,SO, supporting
electrolyte, obtained at 293 K with a sweep-rate of 50 mV/s.

0.80
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Fig. 1. Recorded value of open-circuit voltage in time for Cu/Fe
macro-galvanic cell, derived for freshly-prepared, DR167-con-
taining (50 mg/dm?) Na,SO,-based solution.
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Fig. 2. Recorded galvanic couple current-density for macro-cor-
rosion Cu/Fe galvanic cell in function of exposure time, derived
for freshly-prepared, aerated DR167-containing (50 mg/dm?®)
Na,SO,-based solution (the Fe anode potential oscillated around
600 mV vs. saturated calomel electrode).

For the cyclic voltammogram obtained in the absence of
DR167 dye, two irreversible anodic peaks could be observed,
namely: one very broad feature centered at ca. —0.85 and
another positioned at -0.36 V vs. SCE. Both peaks are gen-
erally believed to be due to the anodic dissolution of low
carbon steel electrode to produce Fe* and Fe*" cations. The
former low potential anodic peak might correspond to the
process of Fe(Il) formation, whereas the latter one might
be assigned to its further oxidation to Fe,O, or formation
of Fe(OH), [62-64]. A majority of such-generated insoluble
compounds would eventually sediment at the bottom of the
reaction tank.

Then, in the presence of the DR167 dye, similarly to the
behaviour observed in pure Na,SO, solution, two irrevers-
ible anodic reaction patterns are still observed. However, the
second, high potential anodic feature is now significantly
broader and shifted towards more positive potentials, with
the peak’s centre located at —-0.30 V (Fig. 3). Here, this peak
could most likely be associated with a combined oxidation
of electrode surface and the -N=N- azo group in the exam-
ined dye [65-68]. The above is in-line with a radical increase
of the peak’s current-density (charge), as seen in the cyclic
voltammetric feature of Fig. 3. In addition, it should be noted
that the combined chromatography/mass spectrometry anal-
ysis carried-out on the electrolyte sample obtained via the
continuous voltammetric cycling (100 cycles, restricted to
the potential range of the above-mentioned peak) produced
a number of the DR167 surface electrodegradation products
(Fig. S2).

3.3. Electrochemical impedance characterization

The ac. impedance characterization of low carbon steel
electrode’s reactivity in pure Na, SO, and in the presence of
DR167 dye in the supporting solution is shown in Table 2 and
Fig. 4a through 6c below. Hence, at the most negative poten-
tials (-900 to -800 mV vs. SCE), the Nyquist impedance spec-
tra exhibited two “depressed”, partial semicircles, clearly
discernible in the impedance plots (Fig. 4a). Here, a circuit
model containing two time constants (CPE: constant phase
element-modified, Fig. 5a) was employed to characterize the
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Fig. 3. Cyclic voltammetry for macro-corrosion Cu/Fe galvanic
cell in the presence and absence of DR167 dye in Na,SO,-based
solution, recorded for the second CV sweep at a scan rate of
50 mV/s (extended voltage range to 0.8 V cyclic voltammogram
is also presented in Fig. S3).

recorded impedance behaviour. The high-frequency semicir-
cle is associated with Fe(Il) formation (electrode dissolution
process), whereas the low-frequency arc corresponds to the
adsorption of Fe(OH), layer on the electrode surface. The
iron(Il) hydroxide is formed during the electrolysis process
from Fe? cations derived from the anode and OH™ hydroxyl
anions are generated on the Cu cathode surface during the
oxygen reduction reaction [Eq. (2)] [54-57,62].

On the other hand, at positive potentials to -800 mV
(-390 to —280 mV), only one somewhat depressed semicircle
was noticed in relation to a single-step charge transfer reac-
tion (examples of this behaviour in Fig. 4b and c). However,
as argued based on the CV characterization above, for the
dye-containing solution, this potential range should cover
two (electrode and pigment), parallel surface oxidation/
degradation processes. Hence, a circuit model (Fig. 5b) used
for fitting the latter data (except for the dye-based synthetic
wastewater, recorded at the potential of -330 mV, Fig. 5¢) con-
tained only one time constant. The CPE element is included
in the equivalent circuits in order to account for the so-called
capacitance dispersion [69], due to the surface heterogene-
ity effect. The above is caused by increased roughness of
the electrode surface along with the effect of adsorption of
impurities, being able to form porous layers on the electrode
surface [70]. Here, the impedance response is associated with
further electrode surface oxidation process, resulting in the
formation of Fe(IlI) species [64].

Thus, for the first, broad oxidation peak, centred at about
-850 mV vs. SCE, the recorded charge-transfer resistance (R ,)
parameter came to 103.6 and 72.9 QO/cm? (at -850 mV) for pure
Na,SO, and the DR167 dye-modified electrolyte, respectively.
This indicates that the presence of an azo dye molecule in the
working solution did significantly impact the Fe(Il) forma-
tion during the anodic dissolution process. The latter could
also be supported by significant reduction of the interfacial
capacitance parameter (C,) from 1,828 (in dye-free solution)
to 1,609 uF/cm? recorded in the presence of the DR167 dye.

Furthermore, the recorded average adsorption
charge-transfer resistance (R,,) value oscillated around
3,270 and 1,490 Q/cm? for pure and the DR167 dye-based
wastewater solution, correspondingly, over the examined
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Table 2

Parameters for the processes of Fe electrode oxidation and azo dye electrodegradation (at a total concentration of DR167 at 50 mg/
dm’) on the surface of Fe mild steel anode in contact with 0.054 M Na,SO,, achieved by fitting equivalent circuit models present-
ed in Fig. 5a—c to the experimentally-obtained impedance data [dimensionless ¢ parameter, which determines the constant phase
angle in the complex-plane plot (0 < ¢ < 1) of the constant phase elements circuit, varied between 0.67 and 0.86, and 0.54 and

0.87 for ¢, and ¢,, respectively]

E (mV) R, (Qfcm?) C, (UF/cm?s-011) R, (Q/cm?) C,4 (UF/cm?s-9>1)
Na,SO,
-900 762+6.7 2,920 + 263 3,775 £ 416 7,853 £ 292
-850 729+32 1,828 +116 3,190 + 347 9,763 £ 112
-800 624+14 958 +41 2,846 +33 9,563 + 57
-390 22.8+0.1 1,543 + 31 - -
-360 22.0+0.1 882 +20 - -
-330 15.3+0.1 664 £15 - -
-300 19.7£0.1 655+13 - -
-280 19.5+0.1 684 +17 - -
DR167 dye
-900 77.6 £2.0 1,230 +43 1,321 +103 13,239 + 258
-850 103.6 +4.5 1,609 + 140 1,548 +134 11,451 + 260
-800 83.6+54 923 +98 1,612 +209 9,567 + 186
-390 15.6 +0.2 2,194 + 96 - -
-360 11.3£0.1 2,061 +97 - -
-330° 8.8+0.1 1,374 + 63 47+0.8 (R)) 6,614 +1,198 (C,)
-300 89+0.1 1,628 + 65 - -
—280 8.6+0.1 1,721+77 - -

“Fig. 5c for details.

potential span. The above could suggest that the presence
of the dye (or its degradation by-products) in solution could
facilitate the formation of Fe(OH),. Analogously, the recorded
average pseudocapacitance (C,,) parameter value for the
dye-based solution was significantly increased (11,420 pF/
cm?), as compared to that derived for the dye-free solution
(9,060 pF/cm?).

Then, the recorded R, parameter for the second oxidation
peak, at the potential of -360 mV vs. SCE for pure Na, SO, and
the DR167-based solutions came to about 22.0 and 11.3 (/
cm?, respectively. This difference is most likely caused by sig-
nificant surface expansion effect, incurred upon the DR167
dye adsorption (along with its degradation by-products) on
the surface of mild steel electrode. Hence, the C;, parameter
values obtained in pure and the DR167-modified Na,SO,
solution at the potential of -360 mV came to about 882 and
2,061 pF/cm? correspondingly. In fact, the C . parameter
is closely related to the size/thickness of the formed Fe(III)
surface layer [62-64].

However, in the presence of the DR167 dye, the Nyquist
impedance spectrum exhibited two “depressed”, partial
semicircles (Fig. 4c and additional Bode plot — Fig. S4),
at the potential of -330 mV. The high-frequency semicir-
cle is associated with the oxidation of Fe(Il) surface layer
to form Fe(Ill) adlayer, whereas the low-frequency arc
corresponds to the dye’s oxidative degradation. Thus, the
data were fitted with two CPE-R element equivalent cir-
cuit (Fig. 5c). Here, the recorded R , parameter reached the
value of 8.8 Q/cm?, which was 1.7 x smaller, as compared

to that recorded at the same potential, but in unmodified
Na,SO, solution. Also, the recorded C, parameter was
twice as high as that derived for pure sulphate salt work-
ing solution. Most importantly, the recorded Faradaic
charge-transfer resistance, R, parameter, associated with
an initial stage of the degradation, reached 4.7 Q2/cm?, while
the corresponding pseudocapacitance, C, value reached
6,614 pF/cm? Unfortunately, at other examined potential
values over the range: -390 to —280 mV, the processes of
electrode surface oxidation and the dye degradation could
not be separated from the impedance spectra.

3.4. UV-Vis spectrophotometry analysis

In this work, the process of Fe surface electrooxidation
and electrodegradation of the examined azo dye upon the
operation of the Cu/Fe galvanic macro-corrosion cell was
monitored by utilizing UV-Vis spectrophotometry tech-
nique, where process’s optimization was carried-out by
recording absorption spectra over 230-800 nm wavelength
range.

It is well-known that the process of azo dye oxidation
or degradation can be divided into three consecutive stages:
decolourization (break of the azo bond in the dye molecule),
degradation of benzene ring in the dye molecule and com-
plete or partial mineralization process that could be visu-
alized by absorbance changes within the UV-Vis spectrum
for the selected wavelength ranges of 350-600, 267-350 and
200-265 nm, respectively.
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During the electrolysis process (dissolution of iron mild
steel anode), the azo dye underwent electro-oxidation and
electrocoagulation processes, which could be confirmed by
the obtained spectrophotometric results.

Hence, UV-Visible absorption spectra of DR167 dye-
based (50 mg/dm?®) wastewater solution, recorded at different
electrolysis times are shown in Fig. 6a. They indicated that
the DR167 dye underwent electrooxidation process, which
led to the formation of products different in structure. These
results also implied significant concentration depletion of
the dye molecules.

Fig. 6b and c show an increase in the absorbance values for
the wavelengths of 470 and 280 nm during an initial 900 s of
the electrolysis. With respect to both, azo bond and aromatic
ring degradation stage, the above is most likely associated
with the destruction of an initial form of the dye molecule
into different products (e.g., aromatic/phenol and aromatic
amine derivatives that are structurally similar to 3-ami-
no-2-hydroxy-5-nitrobenzenesulfonic acid or 2-chloro-4-ni-
trobenzamine) containing both azo bond and aromatic ring
in their structure [53]. Interestingly, after 900 s of continuous

electrolysis, no further changes in the products’ structure
were observed (Fig. 6b and c). The initial stage of the DR167
degradation is most likely associated with its intramolecular
rearrangements that lead to the formation of products having
somewhat different structure. In this case, one of the nitro-
gen atoms from the azo bond, aromatic ring or delocalized
electron cloud might act as an electron acceptor. The results
obtained from the absorbance measurement at 240 nm indi-
cated no sign of multimerization during the electrolysis
of the DR167 dye (Fig. 6d). It has to be stated here that the
removal of the azo dye involved a combination of two steps,
namely: surface electrooxidation and electrocoagulation pro-
cesses, yielding calculated dye removal level on the order of
85% and 96% after 900 and 3,600 s (Fig. 6e), respectively.

3.5. Chromatography

The total dye removal was also evidenced by ultra-per-
formance liquid chromatography coupled with double qua-
druple Tandem mass spectrometry (UPLC-MS/MS) analysis,
which showed that after 900 s and 3,600 s of continuous
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Fig. 4. The recorded complex plane Nyquist impedance plots for Fe mild steel electrode in contact with pure 0.054 M Na,SO, and
DR167-modified (50 mg/dm?®) Na,SO, solution, derived for the following potentials: (a) 900, (b) -390 and (c) -330 mV vs. satu-
rated calomel electrode. The solid lines correspond to the representation of the data according to the equivalent circuit models pre-

sented in Fig. 5a—c, respectively.
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Cdl

(a)

(b) Cdl

Fig. 5. Three equivalent circuits, used for fitting the obtained AC
impedance spectroscopy data, where R_ is solution resistance;
C, is double-layer capacitance; R, is charge-transfer resistance
parameter for electrooxidation of Fe anode surface; R,, and
C,q, are adsorption resistance and capacitance parameters for
Fe(OH), film; R, and C, are Faradaic charge-transfer resistance
and pseudocapacitance parameters, connected with oxidative
degradation of DR167 dye molecule, respectively. The circuits
include constant phase elements to account for distributed
capacitance.

electrolysis, the total removal of the dye came to 98% and
over 99%, respectively (Table 3 and Fig. 7). Compared to
the UV-Vis technique, there were noticeable differences in the
obtained results. These discrepancies could be caused by the
sheer differences between these methods, as the UPLC-MS/
MS analysis is more selective than the UV-Vis spectrophotom-
etry. Thus, the use of UPLC-MS/MS method allows to obtain
the results of actual content of the examined dyes, compared
to the estimated values given by means of the UV-Vis tech-
nique. Moreover, some of the coloured derivatives emerg-
ing during the dye electrolysis could not be distinguished
from an initial substance through the UV-Vis analysis.

The decrease of the value of absolute peak height param-
eter (from 1.35 x 10% to 2.38 x 10°) is strictly correlated to that
observed in the value of the peak area. Thus, the percentage
reduction of the dye based on both parameters, presented
in Fig. 7 and Table 3, would be similar. In the representative
chromatogram of the solution recorded after the electrol-
ysis, a slight noise is observed around the retention time
of 2.00 min, apart from the main peak of the DR167 dye.
It is believed that this is a response from the by-products
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Fig. 6. UV-Vis spectra changes of DR167 dye at different times of
wastewater treatment for Cu/Fe macro-corrosion galvanic cell,
where: (a) representation of the three stages of dye electrooxida-
tion process on the surface of Fe anode in Na,SO,-based DR167
solution (at the concentration of 50 mg/dm?®), (b) evolution of
decolourization process recorded for the wavelength of 470 nm,
(c) progress of aromatic ring degradation for the wavelength
of 280 nm, (d) evolution of mineralization process recorded for
the wavelength of 240 nm, and (e) quantitative dye assay after
sedimentation process for the wavelength of 470 nm.

Table 3
Variation of the detected chromatographic peak area for DR167
substrate in time of electrolysis

Electrolysis time (min) Peak area

0 1,927,556 + 157,737
15 33,691 + 3,007

30 24,827 + 2,686

45 19,034 + 753

60 12,115 +2,023

arisen during the electrolysis. Fig. S5 in the supplementary
materials presents a scan of the above-mentioned noise
with masses and retention times of potential dye deriv-
atives produced during the electrolysis. As the process of
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Fig. 7. Representative UPLC-MS/MS chromatograms for DR167, before and after 60 min of continuous electrolysis.

electrolysis causes accumulation of small amounts, but high
molecular mass compounds, it could be concluded that
initial breaking of the -N=N- azo bond leads to the forma-
tion of different, easily coagulating chemicals.

4. Conclusions

The electrochemical method for Disperse Red 167 azo
dye-based wastewater purification, proposed in this work,
gave very promising results. The employment of Cu/Fe mild
steel macro-corrosion galvanic couple resulted in the removal
of pigment through a combination of electrocoagulation and
electrooxidation processes. Such-proposed electrochemi-
cal reactor was constructed based on the theory of galvanic
series, where mild steel was employed as cheap and envi-
ronmentally abundant material to make a sacrificial anode.
Thus, Cu/Fe galvanic cell reactor was employed as a replace-
ment for expensive to maintain external power source’s infra-
structure, which makes this method much more cost-effec-
tive than traditional DC-driven electrochemical approaches.

The UV-Vis and UPLC-MS/MS characterizations implied
that the very complex in chemical structure DR167 pigment
underwent oxidative destruction of its chemical formula,
leading to the formation of numerous (although extremely
hard to qualitatively identify) electrodegradation products.
These products also experienced electrocoagulation process,
which practically led to the total removal of the DR167 dye
from wastewater solution (ca. 97 and over 99% for UV-Vis
and UPLC-MS/MS methods, correspondingly). In addition,
the existence of surface electrooxidation reactions was
strongly supported by the recorded ac. impedance and cyclic
voltammetry results.

In summary, the proposed here wastewater treatment
method based on the operation of macro-corrosion galvanic
cell may be considered a suitable replacement for the com-
monly used, multi-step wastewater treatment methods.
However, further work is required in order to improve its
overall effectiveness and durability.

Symbols

AC — Alternating current

G, — Initial concentration

(O — Concentration after treatment

Chae — Adsorption capacitance

Cy — Double-layer capacitance

C — Pseudocapacitance

CPE — Constant phase element

Ccv — Cydlic voltammetry

DR167 — Disperse Red 167

I, — Galvanic coupling current

LC-MS/MS  — Liquid chromatography with Tandem
mass spectrometry

MRM — Multiple reaction monitoring

ocv — Open-circuit voltage

ppm — Parts per million

R, — Adsorption resistance

R, — Charge-transfer resistance

R, — Faradaic charge-transfer resistance

SCE — Saturated calomel electrode

UPLC-MS/MS — Ultra-performance liquid chromatography
with Tandem mass spectrometry
UV-Vis — Ultraviolet—visible spectroscopy
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Fig. S1. Quantitative dye assay after only aeration (by slow purging of compressed oxygen to reach the value of ca. 10.5 ppm of
dissolved oxygen) for the wavelength of 470 nm.
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Fig. S2. Representative UPLC-MS/MS scan chromatogram for DR167 after the continuous voltammetric cycling (100 cycles, restricted
to the potential range of the oxidation peak centered at -0.3 V).
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cell in the presence of DR167 dye in Na,SO,-based solution,  omel electrode (solid lines correspond to representation of the

recorded for the second CV sweep at a scan rate of 50 mV/s. data according to an equivalent circuit model shown in Fig. 4)
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Fig. S5. Representative UPLC-MS/MS scan chromatogram for DR167 after 60 min of continuous electrolysis.



	_Hlk113612168
	_Hlk72919250
	_Hlk72919278

