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Vinča Institute of Nuclear Sciences-National Institute of the Republic of Serbia, Department of Physical Chemistry,
University of Belgrade, Mike Petrovića Alasa 12-14, 11001 Belgrade, Serbia
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Abstract: Electrochemical removal of organic pollutants represents an attractive methodology in
water depollution. The key challenges for researchers comprise finding simple, affordable electrode
materials with satisfactory efficiency in all ranges of pollutant concentration. Electrochemical oxi-
dation of a mixture of phenol-based dyes: bromocresol green (BCG), cresol red (CR), and thymol
blue (TB), in sulphate medium, at total concentration not exceeding 15 ppm, has been performed
using simply prepared, low-cost composite electrodes, based on graphene nanoplatelets (GNP) and
metallic oxides (TiO2 and SnO2) loaded on stainless steel substrate: GNP@SS, SnO2/GNP@SS, and
TiO2/GNP@SS. Electrodes were characterised by XRD, FTIR, and electrochemical techniques. The
degradation kinetics of initial dyes was tracked with UPLC and GC-MS chromatography for 6 h, at a
current density of 10 mA/cm2. GC-MS analysis of the degradation products revealed oxidised aro-
matic compounds as the main products, while TOC analysis confirmed a total mineralisation extent
in the range of 30–35%. The proposed degradation mechanism involves the attack of OH-radical, as
the main oxidising agent, to the hydroxyl oxygens of dye phenolic rings. Obtained results provide
useful information for the further development of affordable laboratory-scale and industrial systems
for the complete removal of phenol-based compounds.

Keywords: electrochemical depollution; phenolic compounds; pollutant dyes; carbon composites

1. Introduction

Electrochemical removal of organic pollutants is a promising technology with huge
possibilities for the further improvement of efficiency [1,2]. The introduction of innovative
anode materials is one of the strategies to obtain satisfactory anode performances [3–5],
although it often results in complex and expensive solutions. Namely, the most prominent
state-of-the-art anode materials include efficient but expensive boron-dopped diamond
(BDD) [6–9], as well as metallic oxides and their composites [10–12]. Although the sophis-
ticated design undoubtedly contributes to the optimisation of performance, an electro-
chemical setup for depollution should also be affordable, easy to prepare, and made of
economically acceptable and sustainable materials. So far, the carbon-based electrodes [13]
have shown good effectiveness for the depletion of initial pollutants in sulphate [14,15]
and chlorine [16,17] electrolytes. Some investigations of composite carbon-based materials
deposited on low-cost stainless steel (SS) supports as efficient anodes for electrooxidative
depollution in sulphate electrolytes have been done recently in our laboratory [18–20].

Electrochemical oxidation of dyes (either as model pollutants which can be successfully
tracked by UV-Vis spectrometry, or real toxic or carcinogenic contaminants), has been
the subject of numerous studies. As the common dye-factory effluents contain about
500–600 ppm of dyes, the majority of literature studies are focused on 100 ppm or higher
dyes concentrations [21,22]. On the other hand, the electrochemical depollution of dyes
in the low concentration range (up to 20 ppm) represents a challenge by itself, due to the
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limited precision and sensitivity of UV-Vis spectrometry as a main tracking technique.
For the same reason, studies on degradation dyes mixtures [23,24] are scarce. However,
the investigation of degradation processes in such systems is still of potential interest for
application at the laboratory scale (e.g., for reliable on-site removal of indicator dyes and
tracers), as well as for further fine processing of treated effluents.

When the initial pollutants are degraded, knowing the remnant degradation products
and the reaction mechanism is of particular importance. In an ideal 100% effective case,
OH-radical-mediated depollution results in the total mineralisation of organic pollutants
up to CO2, water, and inorganic salts [25]. However, the degree of total mineralisation on
common anodes rarely exceeds 30–40% [26,27]. Accordingly, avoiding the formation of un-
desired by-products is a particular challenge. For example, it is well known that in chlorine-
based electrolytes toxicity is often increased compared to initial compounds [28–30].

In this contribution, we provide an analysis of the performance of low-cost, easy-to-
prepare composite electrodes deposited on cheap stainless steel support for the degradation
of a low-concentration mixture of phenol-based dyes. A comparative investigation of
electrochemical degradation of a mixture of three phenol-based dyes: bromocresol green
(BCG), cresol red (CR), and thymol blue (TB), on three composite, stainless steel supported
carbon/metal-oxide electrodes: GNP@SS, SnO2/GNP@SS, and TiO2/GNP@SS, has been
performed. Prepared electrodes were characterised by XRD, FTIR, and electrochemical
techniques (CV and LSV). The degradation kinetics of the dyes mixture was tracked by
UPLC and GC-MS chromatography. The final degree of mineralisation of the initial mixture
was measured by TOC analysis.

2. Materials and Methods
2.1. Anode Preparation

The preparation procedure of nanocomposite anodes (GNP@SS, SnO2/GNP@SS and
TiO2/GNP@SS) has already been explained in detail in our previous publications [18–20].
Commercial GNP (graphene nanoplatelets—surface area 750 m2/g, Sigma-Aldrich, Ger-
many, Taufkirchen), as a supporting carbon nanomaterial, and two different metal oxides
(SnO2 and TiO2) were used. The SnO2 particles were synthesised by the sol-gel method
proposed by Kose et al. [31] and their nano size was confirmed by TEM analysis [19].
Commercial TiO2 anatase powder (Sigma Aldrich, Germany, Taufkirchen) was used.

The synthesis procedure of metal oxides/carbon nanocomposites was simplified
compared to [19,20]: by sonification for 6 h, commercial GNP and nanosize oxides were
directly dispersed in dimethylformamide (DMF, Fisher Chemical, Loughborough, UK)
in a ratio of 3.5: 1 (w/w, %). When homogenous suspension (4.5 mg/mL) was obtained,
it was dripped onto the stainless steel (SS) supporting electrodes with a surface area of
2 cm2 (1 × 2 cm). The portion of 50 µL of suspension was applied six times (300 µL in
total) with drying under a 250 W IR lamp (Philips, The Netherlands, Amsterdam) between
each loading. After that, the electrodes were left overnight in the oven at 60 ◦C. The same
dispersion procedure in DMF, and anode preparation, was applied to bare commercial
GNP with the difference that the concentration of prepared suspension was 2 mg/mL. For
repeatability tests, prior to each use, the electrodes were washed with demineralised water
and dried in the oven for at least 3 h.

2.2. Anode Characterisation
2.2.1. FTIR Analysis

FTIR spectroscopy was performed using Nicolet iS5 FTIR spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). FTIR spectra were measured in the range of 4000–400 1/cm
using the KBr pellet technique.

2.2.2. XRD Analysis

The X-ray diffraction measurement was performed on a PW 1050 X-ray powder
diffractometer (Philips, Amsterdam, The Netherlands) using Ni-filtered Cu Kα radiation



Crystals 2023, 13, 125 3 of 17

and Bragg–Brentano focusing geometry. The diffraction intensity was recorded in the 2θ
range of 10–70◦ with a step size of 0.02◦ and a counting time of 3 s per step.

Sizes of TiO2 and SnO2 crystallites were estimated using the Scherrer equation [32]:

τ = K
λ

β
cos θ (1)

where τ is the mean size of the crystallite, K is a dimensionless shape-dependent constant
(approximately 0.9), λ = 0.154 A is a wavelength of CuK-alpha irradiation, β is the half-
value breadth of the diffracted beam, and θ is Bragg’s angle.

2.2.3. Electrochemical Measurements

Electrochemical measurements were done with Gamry Instrument-Interface
1000 potentiostat/Galvanostat (Gamry Instruments, Warminster, PA, USA) at room temper-
ature using an electrochemical cell with a three-electrode configuration. Pt and Ag/AgCl
(saturated KCl) were used as counter and reference electrodes, respectively, while the work-
ing electrodes were GNP@SS, TiO2/GNP@SS, and SnO2/GNP@SS. Cyclic voltammetry
(CV) and linear sweep voltammetry (LSV) were performed in 0.1 M Na2SO4 as supporting
electrolytes (saturated with high purity N2 for 20 min). CV tests were performed from −1.2
to 2 V with a sweep rate of 100 mV/s. LSV was conducted from 0 to 3 V at a sweep rate of
50 mV/s.

2.3. Electrooxidative Degradation
2.3.1. Preparation of Dyes Mixture Solution

The solution to be electrooxidised using investigated electrodes was prepared by
dissolving three indicator dyes in the form of powder: bromocresol green (BCG), cresol
red (CR), and thymol blue (TB), in 0.1 M Na2SO4. The total concentration of the obtained
solution, the dyes mixture, was 15 ppm: the mass concentration of each dye in the mixture
was equal (5 ppm). Structural formulas of the used dyes are given in Table 1.

Table 1. Dyes used for preparation of electrolyzed mixture in 0.1 M Na2SO4.

Dye Molecular Formula Structural Formula Manufacturer

Bromocresol green C21H14Br4O5S
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2.3.2. Degradation of Dyes Mixture and 0.1 M Na2SO4

The electrooxidative degradation of the dyes mixture, a 15 ppm solution of dyes in
0.1 M Na2SO4, was studied through chronopotentiometric experiments in a two-electrode
electrolytic cell: GNP@SS, SnO2/GNP@SS, and TiO2/GNP@SS were used as working
electrodes, and an SS electrode was used as a counter electrode. The surface area of
the electrodes was 2 cm2 (1 × 2 cm). The measurements were performed on Gamry
Instrument—Interface 1000 Potentiostat/Galvanostat/ZRA06230, at room temperature at a
current density of 10 mA/cm2.

Electrooxidative treatment of the electrolyte, 0.1 M Na2SO4, was performed under the
same experimental conditions. In all degradation experiments, 60 mL of prepared solutions
were treated for 6 h.

2.3.3. UV-Vis Characterisation

In order to establish an experimental framework, the electrolyte (0.1 M Na2SO4)
and 15 ppm dyes mixture (solutions with 5 ppm of each dye in 0.1 M Na2SO4) were
electrochemically treated for 150 min applying a current density of 10 mA/cm2. UV-Vis
absorption spectra of the initial solutions and the solutions obtained after the degradation at
investigated electrodes are represented in the Supplementary Material (Figures S1 and S2,
respectively). The absorption spectra were recorded in the range of 200–700 nm, on UV-
Vis spectrophotometer Lambda 35 (Perkin Elmer, Waltham, MA, USA). The maximum
absorbance peak (at 615 nm) was used to track the decolourisation of the dyes mixture.

2.3.4. GC-MS Analysis

For GC-MS analysis, an Agilent Technologies 7890B gas chromatograph (Agilent, Santa
Clara, CA, USA) coupled with a 5977 MSD mass detector was used. The gas chromatograph
was equipped with a capillary column HP-5 MS Inert ((5% phenyl)-methylpolysiloxane,
30 m × 0.25 mm, film thickness 0.25 µm from Agilent Technologies). For data processing,
MassHunter Qualitative analysis software from Agilent Technologies was used. Samples
were prepared by derivatisation with acetic anhydride and extraction with dichloromethane.
The injector was operated at 250 ◦C. The oven temperature was raised from 60 ◦C to 150 ◦C
at a heating rate of 30 ◦C/minute, then, from 150 ◦C to 240 ◦C at a heating rate of 20 ◦C/min
and isothermally held for 2 minutes, then, from 240 ◦C to 320 ◦C at a heating rate 50 ◦C/min
and isothermally held for 5 min. A carrier gas helium at 1.0 mL/min was used. The injection
volume was 1 µL and samples were injected in a splitless mode. The mass detector was
operated at the ionisation energy of 70 eV in the 50–550 amu. The solvent delay was
3 min. The identification of degradation products was accomplished by comparing their
MS spectra to those available in MS libraries from the NIST MS spectra database.

2.3.5. UPLC Analysis

For quantification of BCG, CR, and TB in the mixture, the Waters ACQUITY Ultra
Performance Liquid Chromatography (UPLC) System coupled with a UV detector con-
trolled by Empower Software was used (Waters Corporation, Milford, MA, USA). The
system was equipped with an ACQUITY UPLC BEH C18 column with the dimensions
1.7 µm, 100 mm × 2.1 mm (Waters Corporation, USA). The analysis was done under iso-
cratic conditions with a mobile phase consisting of 0.1% trifluoroacetic acid (TFA) in water
and acetonitrile: water (90:10). The eluent flow rate was 0.2 mL/min and the injection
volume was 6 µL. Quantification of all analytes was done on the wavelength of 410 nm.

2.3.6. DFT Calculations

For DFT calculations, a pwscf code of the Quantum ESPRESSO package was used [33].
Ultrasoft pseudopotentials based on GGA-PBE approximation [34] with plane wave kinetic
energy cutoff of 50 eV were implemented. Isolated cresol red molecule was geometrically
optimised in a 30 × 30 × 30 A3 cell, using Martyna–Tuckermann [35] correction to pre-
vent interaction between periodic images. A Fukui index of radical attack susceptibility
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represents the reactivity of an atom towards a radical attack, and was calculated from the
equation [36]:

fA
0 = 1/2·(q(N + 1) − q(N − 1)) (2)

where fA
0 is the Fukui index of cresol red susceptibility to the radical attack, and q(N + 1)

and q(N − 1) are the Lowdin charges [37] of the cresol red molecule with one added and
one subtracted electron, respectively. XcrySDen software [38] was used for the graphical
representation.

2.3.7. TOC Analysis

The mineralisation of the dyes mixture after 6 h of electrolysis at the investigated
anodes was calculated as the abatement of total organic carbon (TOC) which was measured
on a TOC-LCPH analyzer (Shimadzu Co., Kyoto, Japan). Mineralisation efficiency was
calculated from the equation:

Mineralization efficiency (%) =

(
1 −

TOC f inal

TOCinital

)
·100 (3)

3. Results
3.1. Anode Characterisation
3.1.1. FTIR Analysis

The carbon-based composite materials were analyzed by FTIR spectroscopy prior to
the electrochemical degradation experiments. The resulting FTIR spectra are represented
in Figure 1:
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As can be seen from Figure 1, all spectra showed bands typical for carbon materials
in the region of 4000 1/cm to 400 1/cm. A broad bandlocated at around 3400 1/cm,
corresponds to the OH vibration. Triple bands located at 2956–2806 1/cm indicates the
presence of C-H stretching vibrations [39]. Oxygen functionalities are detected in the region
of 1600 1/cm to 1000 1/cm. Bands centred at 1535 1/cm, 1387 1/cm, and 1080 1/cm
correspond to the C=O, C-OH, and C-O-C functional groups, respectively [40]. On the
other side, bands < 1000 1/cm correspond to the presence of oxide [41]. Bands at around
670 1/cm, which appear in the case of TiO2/GNP and SnO2/GNP, could be attributed to
TiO2 or SnO2. The obtained results confirm that the carbonaceous structure of GNP has
been kept after composite preparation, with no residual impurities.
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3.1.2. XRD Analysis

XRD analysis measurements of the investigated carbon-based electrode coatings were
performed after the dyes mixture was electrochemically degraded for 6 h at 10 mA/cm2.
Difractograms are represented in Figure 2.
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peaks of SnO2 (Cassiterite, PDF 41-1445) and TiO2 (Anatase, PDF 21-1272) phase super-
poned on an amorphous carbon profile, as can be seen in Figure 2. There is no evidence of
any additional crystalline phase. Initial structures of SnO2 and TiO2 are kept during the
process of electrooxidation without additional phase formation.

Based on the Scherrer equation (Equation (1)), applied to the peaks at 2 θ = 25.5 degrees
for TiO2, and 26 degrees for SnO2, the estimated average crystallite sizes were 42 nm for
TiO2 and 13 nm for SnO2.

3.1.3. Electrochemical Characterisation

All prepared electrodes were investigated by linear sweep voltammetry (LSV) and
cyclic voltammetry (CV).

The onset potentials of the oxygen evolution reaction (OER) were evaluated from LSV
curves (Figure 3). The OER onset potentials (versus Ag/AgCl) follow the following order:
1.50 V, 1.81 V, 1.86 V, and 1.88 V for SS, GNP@SS, SnO2/GNP@SS, and TiO2/GNP@SS,
respectively. The most negative onset potential in the investigated electrolyte was found
for the SS electrode. On the other side, SnO2/GNP and TiO2/GNP move the OER to more
positive values and therefore increase the operating voltage of the electrode, thus being
more suitable for electrochemical oxidation.

The electrochemical oxidation of the dye mixture on the SnO2/GNP@SS, GNP@SS, and
TiO2/GNP@SS electrodes was investigated based on the change of shape and characteristics
of the cyclic voltammograms (CV) obtained at different concentrations of the dye mixture in
0.1 M Na2SO4 as supporting electrolyte. Cyclic voltammograms obtained for 0.1 M Na2SO4
(electrolyte) and for solutions with the lowest (5 ppm) and the highest concentration of dyes
mixture (500 ppm) are compared in Figure 4a–c. The results obtained for the whole range
of investigated concentrations are presented in the Supplementary Material (Figure S3).
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in 0.1 M Na2SO4 with different concentrations of dyes mixture, at scan speed 100 mV/s.

In all cases, CV curves have the same shape without the appearance of new peaks in
the presence and absence of the dye mixture, which indicates that direct electron transfer
between the anode surface and dye does not occur. From the literature, the oxidation peaks
at 1.19 V vs. Ag/AgCl (1.8 V vs. RHE) can be attributed to the oxidation of hydroxyl
radicals from the electrolyte [42,43]. This suggests that the electrochemical oxidation of the
dye mixture occurs indirectly via hydroxyl radicals.

As can be seen in Figure 4a, the CV of the SnO2/GNP@SS electrode shows an increase
in peak anodic current density and a slight shift of the peak potential to positive values
when the concentration of the dye mixture in the supporting electrolyte increases from 5 to
500 ppm, confirming that the oxidation is taking place. For the TiO2/GNP@SS electrodes
(Figure 4b), a rising in the peak anode current density and a slight shift in the peak potential
to positive values can be observed upon the addition of a 5 ppm dye mixture. However,
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with a further increasing concentration of the dye mixture, the peak anodic current density
decreased, due to the passivation of the electrode. On the other hand, the CV of the GNP@SS
electrode (Figure 4c) displays that a peak anodic current density constantly decreases with
the addition of a dye mixture in the system. This is probably due to the fact that the active
sites on the electrode surface are occupied by oxidation products and passivation of the
electrode occurs, i.e., the electrode surface becomes blocked and the peak anodic current
density decreases. These effects of passivation of the electrode during oxidation of the
phenol-like compound have also been observed by other authors [44–46].

3.1.4. Stability, Repeatability, and Reproducibility Studies

Stability, repeatability, and reproducibility studies were scrutinised by analysing the
shape and the characteristic anodic peak current density of the cyclic voltammograms (CVs)
obtained in 0.1 M Na2SO4 as supporting electrolytes. To confirm the repeatability, two
individual experiments were performed with the same electrode, and within reproducibility
studies, the performance of two independent nanocomposite electrodes was compared.
For the SnO2/GNP@SS electrode, the results are presented in Figure 5a–d with additional
results that are given in the Supplementary Material (Figure S4). For the TiO2/GNP@SS
and GNP@SS electrodes, similar results were obtained.
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stability; (b) repeatability—cyclic voltammograms of two individual experiments with the same
electrode; (c) repeatability—peak currents comparison; (d) reproducibility—comparison of peak
currents obtained with two independent electrodes.
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The results of cyclic stability experiments confirmed the stability of nanocomposite
electrodes for electrochemical oxidation: the change of peak current density from the first
to the tenth cycle was estimated to be less than 10% for all investigated electrodes (9% for
the SnO2/GNP@SS electrode presented in Figure 5a). The results of chronopotentiometric
measurements that were performed during electrochemical degradation further confirm
the stability of prepared electrodes (Supplementary Material, Figure S5). As visible from the
repeatability CV measurements (Figure 5b), there are no significant differences between the
curve shape. The obtained peak anodic currents vary 2–10% in repeatability experiments
(2.3% for peaks presented in Figure 5c) and less than 8% in reproducibility experiments (1%
for peaks obtained for two independent SnO2/GNP@SS electrodes presented in Figure 5d).
Obtained results confirm that the investigated electrodes can be prepared and operate with
satisfactory repeatability and reproducibility.

3.2. Degradation of Dyes Mixture in 0.1 M Na2SO4
3.2.1. Degradation Kinetics

The concentrations of the dyes mixtures during the electrochemical treatment were
tracked by UPLC analysis. The initial solution (15 ppm of the dyes mixture in 0.1 M
Na2SO4 with mass ratios of dyes BCG:CR:TB = 1:1:1) was electrochemically degraded at
the investigated electrodes for 6 h at a current density of 10 mA/cm2. As a representative,
the LC-UV chromatograms of the initial dyes mixture and the solutions obtained after
1 h, 3 h, and 6 h of degradation at the GNP electrode are shown in Figure 6a. Individual
chromatograms of the treated dyes mixture and its components (BCG, CR, and TB) are
compared in Figure 6b.
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Figure 6. UPLC analysis: (a) Chromatograms of initial dyes mixture and solutions obtained during
the degradation at GNP electrode at current density 10 mA/cm2; (b) Individual chromatograms of
dyes mixture and its components (BCG, CR, and TB).

Based on the UPLC tracking, the individual concentrations of mixture components
were calculated. The total depletion of all dyes in the mixture was calculated from the ratio
between the sum of molar concentrations of all dyes at the moment time (h) and time = 0 h.
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For all investigated electrodes, the total and individual degradation curves are represented
in Figure 7a–d.
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Figure 7. Degradation of dyes mixture (15 ppm dyes mixture in 0.1 M Na2SO4, mass ra-
tio BCG:CR:TB = 1:1:1) at 10 mA/cm2: (a) total dyes depletion at all investigated electrodes;
(b–d) individual depletion of mixture components at GNP@SS, SnO2/GNP@SS, and TiO2/GNP@SS
electrodes, respectively.

Figure 7a represents the final degradation degree after 6 h of electrolysis at 10 mA/cm2

at all electrodes; summary degradation efficiency was about 86%.
The degradation data were fitted with pseudo-first-order and the fit has shown good

agreement with experimental data for cresol red, and reasonable agreement for the total
depletion of the mixture. First-order rate constants are represented in Table 2:
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Table 2. Pseudo-first-order rate constants of degradation of cresol red and total dyes mixture.

Electrode kcresol red, 1/min kmixture, 1/min

GNP@SS 0.83 ± 0.01 0.306 ± 0.001
GNP/SnO2@SS 0.99 ±0.08 0.375 ± 0.002
GNP/TiO2@SS 1.23 ± 0.20 0.352 ± 0.001

A general trend of the degradation rate increasing in the order GNP@SS < TiO2/GNP@SS
≈ SnO2/GNP@SS was observed. Such results are in an agreement as well as the previous
investigations, including DFT calculations of the anode reactivity towards electrochemical
oxidation [19]. The improvement of the degradation rate constant upon the addition of
TiO2 and SnO2 is most obvious for cresol red, achieving 48% on TiO2/GNP@SS. On the
other hand, the degradation rate and its efficiency on all electrodes is significantly lower
for bromcresol green and thymol blue. Cresol red is efficiently degraded on all electrodes
within the first 3 h, while only 50% of bromcresol green is degraded for the same time. As
the investigated compounds mainly differ in the structure of phenol ring substituents, the
observed results were used to propose a possible degradation pathway of cresol red.

3.2.2. Degradation Products and Mechanisms

The degradation products of 15 ppm cresol red in 0.1 M Na2SO4, detected by GC-MS
analysis, are presented in Table 3. The analysis was performed for all investigated carbon-
based electrodes, at an applied current density of 10 mA/cm2. Chromatograms of products
obtained during the treatment of the dyes mixture at the GNP electrode are given in the
Supplementary Material (Figure S6).

Table 3. Products obtained during electrochemical degradation, identified by GC-MS analysis.

Compound Structural Formula Characteristic Ions (m/z)

6-acetyl-5-hydroxy-4-
methylcyclohexa-2,4-dien-1-one
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Aromatic compounds oxidised to various extents are commonly reported as the
products of the oxidation of organic pollutants [47,48]. Relative peak intensities of the
identified products were tracked for 6 h of degradation of cresol red on the GNP@SS
electrode, and are represented in Figure 8:
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Figure 8. Relative peak intensities of degradation products identified by GCMS analysis.

The GC-MS analysis confirms that the electrochemical oxidation results in the breakage
of the dye skeleton up to the phenol and bisphenol structures oxidised to various extents.
Based on the detected products, and the observation that cresol red is more efficiently
oxidised than thymol blue and bromocresol green because of their voluminous substituent
groups, the hydroxyl group of phenol ring is proposed to be the probable site of the attack
of OH-radicals, previously denoted as the crucial oxidising agent (Section 3.1.3). The
proposed reaction mechanism of cresol red with an OH-radical is represented in Figure 9.
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Figure 9. Probable degradation mechanism of cresol red.

In order to confirm the pathway of dye molecule degradation, the reactivity of cresol
red molecules towards radical attack was estimated from a DFT-calculated electronic
structure and Fukui indices [36]. The atoms of cresol red molecules with the highest
calculated susceptibility to radical attack—oxygen atoms of hydroxyl and sulpho groups—
are denoted, with assigned fA

0 values, in Figure 10.

3.2.3. TOC Analysis

TOC measurements were performed before the electrolysis was begun (initial TOC
8.58 mg/L) and after the dyes mixtures were electrochemically treated at a current density
of 10 mA/cm2.

The results, i.e., the TOC analysis performed after the initial dyes mixtures were
electrooxidated for 6 h at investigated electrodes, are represented in Table 4.
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Table 4. Degree of mineralisation (%) obtained by TOC analysis at the investigated electrodes.

Electrode Mineralisation Efficiency, %

GNP@SS 30.63
SnO2/GNP@SS 35.19
TiO2/GNP@SS 32.86

As can be seen from Table 4, the final degree of mineralisation is in the range between
30% and 35% for all tested electrodes, which is in accordance with literature data [23]
and observed indisposition of BCG to electrochemical degradation. Also, Ma et al. [49]
have reported that the TOC abatement decreases with the increase in the concentration
of sulphate in the electrolyzed solution, pointing to the potential role of sulphate as a
mineralisation limiting factor.

4. Discussion

Low-cost composite carbon-metal oxide electrodes on SS support were prepared and
characterised by FTIR, XRD, and electrochemical techniques (LSV and CV). The performed
stability, repeatability, and reproducibility studies have shown satisfactory results. The
FTIR spectra of the composite materials, which were recorded prior to the electrochemical
degradation experiments, showed all the bands typical of carbon materials, indicating that
the graphene surface retains the common structure, with no detected residual impurities as
a consequence of the composite preparation process. XRD analysis, which was performed
after the electrochemical degradation, confirmed the coexistence of persistent carbon and
crystalline metal-oxide phases. The crystallite sizes estimated using the Scherrer equation
(Equation (1)) indicate that the nanocrystalline structure of the SnO2 and TiO2 composite
parts is retained even after electrochemical degradation has been performed.

LSV measurements have confirmed that deposition of the composites on the SS elec-
trode has resulted in the OER overpotential upshift. The overall conclusion that the OER
overpotential is dictated by the carbon part of the composites is in good agreement with the
results of our previous DFT and experimental studies on similar composite materials [19].
On all cyclic voltammograms, a characteristic peak at 1.19 V, ascribed to OH-radical oxida-
tion, supports the statement that the OH-radical is a main reagent for indirect electrochemi-
cal oxidation of organic dyes in the system. Moreover, in the presence of a dye mixture in
concentrations up to 500 ppm, there were no observed currents that could be attributed
to the direct electron transfer between the electrode and the dye, confirming that the dye
oxidation occurs indirectly, via the adsorbed OH-radical.

Electrochemical oxidation of the dye mixture has been tracked by UPLC, due to the
previously established inability of UV-Vis spectrometry to track multiple overlapping peaks



Crystals 2023, 13, 125 14 of 17

in the spectra of the dye mixture. Results revealed that the oxidation rate and efficiency
mainly depend on the dye structure, i.e., on the structure of phenolic ring substituents.
Moreover, composite electrodes exhibited an improved degradation rate compared to the
GNP@SS electrode, being most obvious in the degradation of cresol red. The observed
correlation of dye structure with depletion rate was used to reconstruct the OH-radical-
mediated degradation mechanism, which comprises the OH-radical attack on the oxygen
atom of the phenolic group as the initial step. The proposed mechanism is corroborated
by the DFT calculations of susceptibility to radical attack, confirming that the oxygen
heteroatoms of the dye are most prone to be attacked first. On the other hand, in GC-
MS analysis there was no reliable proof of aliphatic compounds originating from the
deterioration of dye structure, implying that no significant breaking of the aromatic rings
was achieved. However, the GC-MS findings agree well with previous literature data for
similar materials.

Moreover, TOC analysis has shown a mineralisation extent of about 30–35%, poorly
depending on the electrode structure, which is also in good agreement with previous
literature data on sulphate-based electrolytes.

The present study generally implies that phenolic dyes can be successfully degraded in
sulphate-based media using low-cost, simply prepared carbon composite anodes deposited
on stainless steel tiles. Observed electrode passivation at high dye concentrations confirms
that optimal performance is expected in the low concentration range.

The prepared electrodes exhibited sustainable performance (satisfactory operating
stability and reproducibility), at least when used at a low current density of 10 mA/cm2.
Moreover, it was shown that the degradation kinetics, mostly determined by the dye struc-
ture itself, can be improved by the involvement of TiO2 and SnO2 in the composite coating.
On the other hand, the limited ability of the electrogenerated OH-radical to deteriorate the
phenolic structures still implies a need for awareness of the residual products, knowledge
of the degradation mechanism, and further strategies for the improvement of degradation
efficiency. The results provide a systematic insight into the processes of electrochemical
degradation of a series of similar dyes on a series of similar electrodes, thus presenting
a sound basis for further development of laboratory-scale and larger industrial systems
using the same methodology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13010125/s1, Figure S1: Comparison of the UV-Vis spec-
tra of separate dyes (5 ppm of dye in 0.1 M Na2SO4) and dyes mixture (15 ppm of dyes in 0.1 M
Na2SO4). Figure S2: UV-Vis absorption spectra of 15 ppm dyes mixtures (5 ppm of each dye
in 0.1 M Na2SO4) (left panels) and electrolyte solutions (0.1 M Na2SO4) (right panels) that were
electrochemically treated for 150 min at a current density of 10 mA/cm2 at (a) a GNP@SS elec-
trode; (b) a SnO2/GNP@SS electrode; (c) a TiO2/GNP@SS electrode. Figure S3: Cyclic voltam-
mograms of (a) GNP@SS; (b) SnO2/GNP@SS; and (c) TiO2/GNP@SS electrodes in 0.1 M Na2SO4
with different dyes mixture concentrations, at scan speed 100 mV/s. Figure S4: Stability and re-
peatability studies of the second independently investigated SnO2/GNP@SS electrode: (a) cyclic
stability; (b) repeatability—cyclic voltammograms of two individual experiments with the same elec-
trode; (c) repeatability—peak currents comparison. Figure S5: Chronopotentiograms of investigated
nanocomposite electrodes, recorded during the degradation of the dyes mixture (5 ppm of each dye
in 0.1 M Na2SO4, 15 ppm in total) at a current density of 10 mA/cm2. Figure S6: GC-MS analysis:
chromatograms of solutions obtained during the degradation of the dyes mixture at the GNP elec-
trode at a current density of 10 mA/cm2. Identified products are numbered: peak 1 at 5.50 min
corresponds to 6-acetyl-5-hydroxy-4-methylcyclohexa-2,4-dien-1-one, peak 2 at 7.10 min corresponds
to 2,4-dimethylphenol, and peak 3 at 9.63 min 4-benzylidene-2-methyl-cyclohexa-2,5-dien-1-one.
Table S1: Fukui indices of radical attack susceptibility and Lowdin charges of all cresol red atoms.
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