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Abstract

:

Featured Application


Heterogeneous electro-Fenton-like processes based on catalyst and electrocatalyst using transition metals for 2-phenylphenol degradation.




Abstract


The hunt for efficient and environmentally friendly degradation processes has positioned the heterogeneous advanced oxidation processes as an alternative more interesting and economical rather than homogenous processes. Hence, the current study lies in investigating the efficiency of different heterogeneous catalysts using transition metals in order to prevent the generation of iron sludge and to extend the catalogue of possible catalysts to be used in advanced oxidation processes. In this study, nickel and zinc were tested and the ability for radical-generation degradation capacity of both ions as homogeneous was evaluated in the electro-Fenton-like degradation of 2-phenylphenol. In both cases, the degradation profiles followed a first-order kinetic model with the highest degradation rate for nickel (1 mM) with 2-phenylphenol removal level of 90.12% and a total organic reduction near 70% in 2 h. To synthesise the heterogeneous nickel catalyst, this transition metal was fixed on perlite by hydrothermal treatment and in a biochar or carbon nanofibers by adsorption. From the removal results using the three synthesized catalysts, it is concluded that the best catalysts were obtained by inclusion of nickel on biochar or nanofibers achieving in both with removal around 80% before 1 h. Thus, to synthetize a nickel electrocatalyst, nickel doped nanofibers were included on carbon felt. To do this, the amount of carbon black, nickel nanofibers and polytetrafluoroethylene to add on the carbon felt was optimized by Taguchi design. The obtained results revealed that under the optimised conditions, a near-complete removal was achieved after 2 h with high stability of the nickel electrocatalyst that open the applicability of this heterogeneous system to operate in flow systems.
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1. Introduction


Nowadays, the need for various organic compounds to facilitate people’s daily lives, such as pesticides, pharmaceuticals, cosmetics, etc., is a reality. Among these organic compounds, pesticides stand out because their use is essential to ensure the production and quality of foodstuffs demanded by the population [1,2,3].



In this study, the fungicide 2-phenylphenol, also called ortho-phenylphenol, has been chosen, which belongs to the hydroxybiphenyl chemical family [4]. The use of the fungicide 2-phenylphenol is mainly as disinfection, but it is also bactericide and virucide. As an example, in hospitals, shops and industries, it is generally used to disinfect surfaces and equipment, and in agriculture, it could be used to disinfect fruits, especially citrus fruits and pears, vegetables and eggs [5,6,7].



However, having all these advantages, the main problem is its appearance and persistence on the surface, such as food paper packages and canned soft drinks and aquatic environmental compartments [5]. In fact, since the early 2000s, it has been tracked down at low levels, in several environments: marine sediments and urban wastewaters [8], in sewage sludge (63–172 μg/kg), surface water (47 ng/l) and river sediments (2–69 μg/kg) from diverse streams and rivers in the state Baden-Württemberg (Germany) [9] or Bouregreg River (Morocco) at a concentration range of 54–257 ng/L [10].



According to the revision made, in 2003, by the World Health Organization (WHO), the permissible level in drinking-water is 0.1 mg/L, at which toxic effects can be expected, was calculated from the acceptable daily intake (ADI) for humans of 0.4 mg/kg of body weight and this data has not been updated [11]. Recently, interesting research evaluated the effects of pesticides on humans, specifically on the younger population [12]. In this study, 703 infants were selected, who are under 1-year-old, and young children, being between 1 and 3 years old. It was noted that in more than 5% of them, pesticides could be detected, and the most common pesticide detected was 2-phenylphenol (18%).



Several studies have reported its acute and chronic toxicity to creatures [5,11,13,14]. Indeed, the acute toxicity (LD50/LC50) in rats and mice have been determined in a range of concentration of 2880–3600 and 3152–3499 mg/kg body weight, respectively [13]. In addition, other studies determined that, when rats were fed with 2-phenylphenol level of 0.5–4% in their diet, they suffer urinary bladder carcinoma [5].



These reported drawbacks encourage progress in emerging technologies to reduce this kind of pollutants from aquatic environmental compartments. These approaches include advanced oxidation processes stand out since they are green processes and very effective in the reduction of organic pollutants [15,16,17,18]. In addition, these types of processes can be performed in homogeneous and heterogeneous systems [19,20].



Within each of these classes, multiple types can be also found, making advanced oxidation processes very versatile. Among them, electrochemical processes based on the use of electrical energy for the generation of radicals, such as hydroxyl, sulphate, etc., which have a high oxidising capacity and make it possible to break the bonds that form the molecules of these organic compounds [15,21]. Amongst, the electro-Fenton process represents an encouraging technology able to generate in situ hydrogen peroxide via cathodic reduction of oxygen (Equation (1)) and the generation of hydroxyl radical by Fenton reaction between the ferrous ion and hydrogen peroxide (Equation (2)) and the regeneration of ferric ion to ferrous ion on cathode (Equation (3)) to maintain the catalytic cycle of Fenton’s reaction [15,21].


O2 (g) + 2H+ + 2e− → H2O2



(1)






Fe2+ + H2O2 → •OH + OH− + Fe3+



(2)






Fe3+ + e− → Fe2+



(3)







More recent approaches for the use of different transition metals as Co, Mn, Cu, … in several advanced oxidation processes for the removal of organic pollutants have been reported [22,23,24,25]. A clear example of the efficiency of these uses can be found in spent Lithium-ion batteries that contain Li, Ni, Mn, Al, and Co, that after a simple washing−recycling process was employed as an easily recoverable catalyst for peroxymonosulfate (PMS) activation [26,27] with levels removal of more than 96% in more than 5 cycles of use [27].



These ions could be used instead of iron for the hydrogen peroxide decomposition and the reaction that takes place is similar to the classical Fenton process (Equation (4)) [28]. In addition, in the electrochemical process, the Me(n+1)+ could be regenerated to Men+ on the cathode, avoiding the generation of sludge and increasing the efficiency of this process [28,29].


Men+ + H2O2 + H+ → Me(n+1)+ + •OH + H2O



(4)







In recent years, the evaluation of various heterogeneous catalysts with application to electro-Fenton technology have been increasing number of studies. This increase is because it allows solving several drawbacks of the conventional process. In which is remarkable the requirements for catalyst amount optimization as well as the expansion of the working pH range or the operation in a flow system [30,31]. In this sense, iron and/or transition metals have been used to modify or functionalised cathode materials in the heterogeneous electro-Fenton process. This electrocatalytic material presents a dual benefit because the modified material could be used as a cathode and as a catalyst during the electrochemical treatment process [32,33,34].



To this day, studies about 2-phenylphenol degradation by advanced oxidation processes are limited in the literature, in which no one has evaluated the efficiency of electro-Fenton processes. Several of them were focused on the elimination of several compounds of the phenylphenol family by ultraviolet light (UV) and peroxide as an oxidising agent, achieving a level of 89%, while in the other isomers the levels are in a range of 71–87% [35]. TiO2 and B-doped TiO2 catalysts were synthesised and several pesticides (2-methyl-4-chlorophenoxyacetic acid, diuron, ter-buthylazine and o-phenylphenol) were eliminated by ozonation and photocatalytic processes alone or in combination under simulated solar irradiation. Having been determined combination of processes led to faster mineralization of the pollutants mixture keeping around 75% after to perform three successive cycles [36]. Recently, selective degradation of o-phenylphenol was obtained by applying N-doped TiO2 photocatalysts under simulated solar light irradiation showing a degradation efficiency of around 46% [24].



In this context, this work aimed to assess the degradation of 2-phenylphenol by electro-Fenton-like process, using as a catalyst transition metal ion (nickel and zinc). Based on the preliminary results, the synthesis of new catalysts and electrocatalyst (used as the cathode) is carried out to open the possibility of using this degradation process in a heterogeneous mode. According to our knowledge, this research is one of the first endeavours where nickel and zinc are used as heterogeneous catalysts and electrocatalysts in Fenton processes. In this situation, the present report intends to establish the use of these transition metals as an alternative to the conventional advanced oxidation processes for 2-phenylphenol removal, using different heterogeneous designs (catalysts and electrocatalyst).




2. Materials and Methods


2.1. Pollutants


Synthetic polluted effluents were obtained using ultrapure-water at desired concentrations of 2-phenylphenol (Sigma-Aldrich, Barcelona, Spain). Nickel (II) chloride hexahydrate, zinc (II) sulfate heptahydrate, anhydrous sodium sulphate, expanded perlite beads (grade 5), carbon black, polytetrafluoroethylene (PTFE) and carbon nanofiber were purchased from Sigma-Aldrich. Carbon-felt RVG 2000 and boron-doped diamond (BDD) were supplied by Carbon-Lorraine and Condias, respectively.




2.2. Electrochemical Processes


Experiments were performed in a 250 mL electrochemical undivided cylindrical cell (Figure 1) with a solution volume of 150 mL of 2-phenylphenol solution 25 mg/L with 10 mM Na2SO4 as a supporting electrolyte. The initial solution pH was 3 by acidification with 0.1 M H2SO4. BDD (3.5 × 2.0 × 0.2 cm) as anode BDD and different cathodes (described in the following section) were connected to a direct current power supply (HP model 3662) at different current intensities. To in situ electrogeneration of hydrogen peroxide, continuous compressed air was bubbled (0.5 L/min) on the cathode surface and the solution was stirred to prevent concentration gradients into the bulk solution. Electric parameters were recorded with a digital multimeter (BRYMEN BM-257). Anodic oxidation was performed using electrodes BDD and carbon felt without airflow to limit the hydrogen peroxide generation. In the homogeneous electro-Fenton-like process nickel and zinc was added in a range of 1–5 mM. In a heterogeneous process, several catalysts were synthesised as is described in the next section.




2.3. Heterogeneous Catalyst


Several transition metal catalysts were synthesised using different materials and techniques. Thus, nickel perlite was obtained by inclusion of 20 g of perlite in a 200 mL of nickel solution in a Teflon autoclave reactor, which was kept in a muffle (Thermolyne F3040CM-33 Fisher Scientific, Madrid, Spain) at 200 °C during 1 h for its hydrothermal treatment and finally was cooled at room temperature, filtered, cleaned with ultrapure-water and dried at 105 °C for 12 h. Nickel nanofibers were manufactured by immersion of carbon nanofibers in a nickel solution at 70 °C and NaOH (5 M) was added dropwise to generate the nanoparticles. Rice bran biochar was produced by thermal decomposition of grinded and sieved rice bran material (size lower than 0.250 mm) at 320 °C for 30 min under an inert nitrogen atmosphere by heating 10 °C/min [37]. Then, it was added in nickel solution for 12 h. In both cases, after immersion in the solution, the material was cleaned with ultrapure-water and dried at 60 °C for 24 h.




2.4. Cathodes


Different cathodes were used: (i) an unmodified carbon felt cute in rectangular size 5 × 2.5 cm and (ii) functionalised cathodes. In the last, previously the carbon felt was cleaned with acetone and, thereafter, with ultrapure-water using an ultrasonic bath for 1 h (Fisherbrand FB11203, Fisher Scientific, Madrid, Spain) and dried at 60 °C for 24 h. After that, nickel nanofibers were included by immersion of carbon felt in a dispersed solution that contained carbon black, carbon nanofibers and PTFE in a solution 1:2.5 ethanol:ultrapure-water. In this study, the proportion of each component was optimized by the Taguchi design experiment (see Section “Taguchi Design Experiment”). Thereafter, following the procedure described in the literature [38,39], the material was sonicated for 30 min and dried at 80 °C for 12 h, and as a final point annealed at 360 °C for 30 min.



Taguchi Design Experiment


This method is based on the orthogonal array experimental design proposed by Taguchi and allows the study of the effect of different parameters employing a minimum number of runs. It is a simple and effective way for the identification and optimisation of the parameter conditions on the selected response thought the use of ANOVA as analysis tool.



In the present study, the Taguchi experiment was used for the selection of significant components and their optimisation in the electrocatalyst composition (A: carbon black, B: nickel loaded nanofibers and C: PFTE content) applied for the degradation of the selected pollutant. The parameters affecting the development of the process and their values have been identified in the Table 1.



The performance of the method outputs is optimized in relation to the response’s signal/noise ratio (S/N) which decreases the variability of the process. In this method, S/N represents the measurement of the deviation of the response from the desired value. A lower variability in the process is ensured through maximizing the S/N ratio, and in this study, the larger-the-better category (Equation (5)) was selected.


S/N = −10 · log (1/n ∑1/y2i)



(5)




where yi is the response and n is the number of experiments.





2.5. Sample Preparation and Analytical Methods


Periodically, samples were taken from the electrochemical cell and centrifuged at 10,000 rpm for 10 min. The liquid was used to determine the pH, 2-phenylphenol, hydrogen peroxide, total organic carbon (TOC) and transition metals concentration.



2.5.1. 2-Phenylphenol Concentration


2-phenylphenol degradation was determined by HPLC and spectrophotometrically. For HPLC determination, 2-phenylphenol concentration decrease was measured with an Agilent 1100 HPLC equipped with Diode Array Detector and using a Zorbax Eclipse XD8-C8 reverse-phase column (150 × 4.6 mm i.d. 5 µm). Mobile phase composed of water:acetonitrile (40:60) was pumped in isocratic mode at 1 mL/min for 20 min. Separation was carried out at room temperature and the column effluent was monitored spectrophotometrically at 252 nm wavelength. Prior to chromatographic analysis, all samples were filtered through 0.45 µm PVDF filters. Spectrophotometric measurements were performed with a GENESYS 150 UV-Vis Spectrophotometer from 240 to 350 nm, and the pollutant removal was associated with the area under curve decrease and expressed in terms of percentage in relation to the initial sample.




2.5.2. Hydrogen Peroxide Concentration


It was determined according to the Titanium oxalate method developed by Sellers [40]. In this method, 2 mL of filtrated sample were mixed with 0.25 mL of sulphuric acid solution (1:17), 0.2 mL of potassium titanium oxide oxalate dihydrate (50 g/L) and 0.05 mL of distilled water for a final volume of 2.5 mL. After 5 min of reaction, the generation of yellow-orange titanium (IV) peroxide complex was spectrophotometrically measured at the maximum absorbance at 400 nm in a GENESYS 150 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Madrid, Spain). Reagents were provided by Sigma-Aldrich (Barcelona, Spain).



Current efficiency for hydrogen peroxide production (CE, %) and electric energy consumption (EEC, kWh/kg) was determined following Equations (6) and (7) [41]:


  CE   ( % ) =   n · F ·  C   H 2   O 2    · V     ∫  0 t  I   dt   · 100  



(6)






EEC = 1000·U·I·t/CH2O2·V



(7)




where n (=2) is the number of electrons transferred for oxygen reduction to hydrogen peroxide, F: Faraday constant, I: current intensity (A), t: time (s), CH2O2: hydrogen peroxide concentration (mg/L) and V: volume of the solution and U: voltage (V).




2.5.3. Metal Leaching Concentration


The metal concentration was monitored by Atomic Absorption Spectroscopy (Agilent 240FS) (C.A.C.T.I., University of Vigo).




2.5.4. TOC Concentration


Mineralization degree was determined via combustion by multi N/C 3100 Autoanalyzer (Analytik Jena) coupled with a nondispersive infrared (NDIR) detector (C.A.C.T.I. University of Vigo).




2.5.5. Material Characterization


For the characterization of the different synthesised materials, scanning electron microscopy (SEM) images were used to know the morphological characterization of catalyst and electrocatalyst. SEM images and Energy Dispersive Microanalysis (EDS) were performed on a JEOL JSM-6700F equipped with an EDS Oxford Inca Energy 300 SEM using an accelerating voltage of 20 kV (Electron Microscopy Service, C.A.C.T.I., University of Vigo, Spain).



The hydrophilicity/hydrophobicity of the prepared electrodes was determined based on the contact angle. For this purpose, a Mobile Drop Analyzer (Kruss) was used and the contact angle between a water drop (volume 0.005 mL) and the electrode material was measured.






3. Results


3.1. Screening of Transition Metals in Homogeneous Electro-Fenton-like Process


Initially, nickel and zinc ions were evaluated in the electro-Fenton-like process as catalysts for generation of hydroxyl radicals from hydrogen peroxide, which is produced in an electrochemical cell by two-electron reduction of oxygen on a carbonous cathode surface using electrical energy to overcome the unfavourable reactions [42]. In this study, a carbon felt cathode and BDD anode were used, and the hydrogen peroxide production was evaluated at different current intensities. This parameter affects the efficiency of the electro-Fenton process due to the oxygen reduction and generation of hydrogen peroxide on the cathode are directly related to the applied current. The continuous production of hydrogen peroxide at two current intensities (100–300 mA) showed that the efficiencies for the production were increased with the reduction of the current intensity. In both cases, the generation reached an apparent steady-state level after 60 min, which could be explained by the in situ decomposition of hydrogen peroxide [43]. In addition, the energy consumption of 100 mA (161 kWh/kg) was lower than that of 300 mA (998.79 kWh/kg) after 60 min. On the other hand, the current efficiency proved a better efficiency in the hydrogen peroxide production at a lower intensity (9.36 and 1.93 at 60 min for 100 and 300 mA, respectively).



Based on these results a current intensity of 100 mA was selected to evaluate the ability of the different transition metals (nickel and zinc) in the degradation of 2-phenylphenol. In the electro-Fenton the optimal concentration of used iron catalyst is lower than the conventional Fenton process, thus in the Fenton process is required catalyst concentration in a range of g/L, while in the electro-Fenton process is mg/L [44]. Moreover, the catalyst concentration is one of the key parameters to control the production of hydroxyl radical and the efficiency of the electro-Fenton process [31]. For this reason, as an attempt to optimize the electro-Fenton process, three concentrations (1, 3 and 5 mM) of each transition metal ions were tested.



Figure 2a shows the degradation profiles of 2-phenylphenol in the three electro-Fenton tests carried out in comparison to the anodic oxidation test, used as control experiment. BDD electrodes have great characteristics that distinguish them from other materials, such as high oxygen evolution potentials, inert surface with low adsorption and very low double layer capacitance and background current. Thanks to its properties, BDD anodes attain higher oxidation rates and mineralization efficiencies, producing •OH from water electrolysis (Equation (8)) that are strongly adsorbed on its surface and unselectively attack the 2-phenylphenol.


BDD + H2O → BDD(•OH) + H+ + e−



(8)







As is shown in Figure 2, anodic oxidation achieved a 2-phenylphenol degradation level of around 70.15%, meanwhile, in the electro-Fenton treatment tests, the degradation increased to a range of 80–90%, which represents an increase in efficiency of more than 10%. Concerning the concentration of Ni used, the percentage of degradation is around 5% between each of them, increasing the degradation level from 5 to 1 mM of Ni. These presented experimental data seem to reveal that 2-phenylphenol removal is described by a kinetic model of first-order (Equation (9)):


  −  dC dt  = k · C  



(9)




where C (mg/L): measured 2-phenylphenol concentration along the reaction time, t (min) and k: kinetic constant (min−1).



Table 2 summarizes the kinetic values and TOC reduction after 120 min of all tests performed. It should also be noticed that the test using nickel as catalyst, which gives the highest reaction rate, was 1 mM with a value 2.5 times higher than the constant of anodic oxidation. This electro-Fenton-like process shows a similar degradation rate in comparison with other previous studies using other more expensive degradation processes such as ozonation or UVC irradiation combined with ozonation processes [45]. Analogous to the electro-Fenton process with iron, the decrease in the efficiency with the increase of the catalyst could be due to the scavenging effect of an excess of nickel that will produce an excess of Ni3+, which react with hydrogen peroxide to produce hydroperoxyl radical of less oxidation capability than hydroxyl radical. Another reaction that can take place when an excess of Ni2+ is present is its reaction with hydroxyl radicals, decreasing the concentration of both and reducing the degradation reaction rate [21].



Similarly, the electro-Fenton-like test using zinc as homogeneous catalyst showed also better results than anodic oxidation (Figure 3). Concerning the zinc concentration, in this case, the differences among them are minimal, achieving the highest reaction rate at a zinc concentration of 3 mM (Table 2). However, the maximum removal was around 84.88% with a corresponding 64.36% TOC reduction after 120 min, values that were lower than the obtained using nickel as a catalyst with 90.12 and 69.08% of pollutant removal and TOC reduction, respectively. Thus, the best performance was attained when the electro-Fenton process was performed with nickel and the next assays were carried out using this transition metal ion.




3.2. Heterogeneous Nickel Catalyst


Once established nickel as the best electro-Fenton-like catalyst, several heterogeneous catalysts were synthesised in order to allow the operation in a flow system process.



As was described in material and methods, the nickel was included in different materials such as perlite, biochar or nanofibers by hydrothermal and adsorption treatments (Figure 3). Perlite was selected because it has been proved to be a good material for the fixation of metals such as iron by hydrothermal treatment [46]. In addition, this material has a floating characteristic that allows the catalyst to be on the liquid surface so that it can be recovered very easily [47]. Both of these characteristics are considered suitable for use in the design of a heterogeneous system electro-Fenton treatment. Biochar and nanofiber are materials with higher surface area and porosity [33,48], that allow the retention of metal ions by adsorption that can be used as a catalyst. The morphology and structural characteristics were determined by SEM, which confirmed the high porosity of these materials that favours the contact of the catalyst with the hydrogen peroxide increasing the removal rate [37]. Attending at Figure 3, it can be observed that the perlite presents a high amount of macropores for the fixation of the metal as suggested previously; however, biochar and carbon nanofibers have a superior surface area (45 and 54 m2/g) with small-sized pores.



Figure 4 shows the 2-phenylphenol removal profiles using the different catalysts tested in this study. It is clear that with catalyst supported in nanofiber and biochar the removal levels achieved after 5 min are quite similar (70–75%) which could be explained by the adsorption of the pollutant in the carbonaceous materials (biochar and nanofiber).



To elucidate this hypothesis, the adsorption of 2-phenylphenol in these materials was evaluated and compared with the electro-Fenton process. It was detected a high adsorption rate on carbonaceous materials, with levels around 60% after 5 min, achieving the maximum removal (76%) after 60 min. These values are lower than obtained when the electro-Fenton process was evaluated. Desorption process was accomplished in order to elucidate if the 2-phenylphenol was adsorbed upon the carbonous materials after the adsorption and electro-Fenton process. Desorption of 2-phenylphenol from nickel catalysts with acetonitrile did not show a residual concentration, however from nanofiber and biochar used in the adsorption test was possible the total recovery of the adsorbed pollutant in the acetonitrile solution.



These results confirm that the electro-Fenton treatment with this kind of catalyst is an efficient process for the disposal of pollutants that takes place in two steps: adsorption and oxidation. Even when adsorption has an important role, the adsorbed 2-phenylphenol was finally oxidized, resulting in a high removal from the bulk solution. This behaviour is in accordance with other previous studies in which the combination of adsorption and oxidation process had been detected. Thus, the efficiency of a hybrid process such as adsorption-Fenton oxidation using granular activated carbon showed, that this two-step process is an excellent combination for the effective removal of bisphenol A [49]. This synergistic interaction of adsorption and photocatalysis process has been considered in several studies as one of the most efficient techniques for environmental purification of wastewater [50,51]. Recently, doped porous carbon prepared by in-situ doping after carbonization of nitrogen-containing Metal-organic framework materials showed high efficiency for removal of tetracycline hydrochloride as a catalyst of PMS advanced oxidation process. It was demonstrated that the high degradation level achieved is closely related to the adsorption and catalytic performance of the catalyst [52]. Thus, the capability of carbonaceous catalysts to adsorb the target pollutant makes them excellent candidates for the two-step process of treating organic pollutants. In the literature, there are several studies in which electro-Fenton-process was used to regenerate spent adsorbent-like granular activates carbon [53,54], biochar [37] or aerogels used as adsorbents of pharmaceuticals pollutants [55,56].



In addition, no nickel leaching was detected which confirms that the use of these carbonaceous materials as a catalyst is a good option to design a system to operate in a flow system avoiding the presence of nickel in the output stream.




3.3. Heterogeneous Nickel Electrocatalyst


Nowadays, a challenge of the modern electro-Fenton systems is to improve the characteristics of the cathodes to enhance hydrogen peroxide production. In this sense, several authors have focused their studies on the evaluation of several cathode modification strategies that can improve its properties and increase electric conductivity [57,58]. Among the wide range of approaches reported for the enhancement of the production, cathodes synthesised by merging carbonaceous materials and Teflon (polytetrafluoroethylene or PTFE) have achieved interesting results [59,60].



In addition, to improve the electro-Fenton process, the inclusion of metals in the cathode can act as a heterogeneous catalyst with the capacity to react with electrogenerated hydrogen peroxide [31,61,62]. In this context, the inclusion of nanofibers doped with nickel has been tested to perform the heterogeneous electro-Fenton process. Due to a large number of experiments need to evaluate the effect of cathode composition, in this study, a Taguchi design was used to reduce the number of trials required to obtain a valid conclusion [63]. Taguchi uses orthogonal matrices, which organise the variables that affect the process and their levels, in the most likely to affect the process. In addition, it offers the opportunity to reduce the number of experiments by testing pairs of combinations, saving time and resources. It allows the calculation of a signal-to-noise ratio (S/N) based on experimental data, which defines the best experimental conditions, considering product quality or process performance within the range of process performance within the experimental range tested.



In this study, the cathodes were prepared by immersion of carbon felt in a dispersion solution of ethanol:ultrapure water that contained carbon black, nickel nanofibers and PTFE (Figure 5). In this study, the Taguchi method was used to investigate the effect of three operating parameters to obtain an optimal process within the evaluated range. The selected variables were A: carbon black, B: nickel nanofibers and C: PTFE and the used concentrations were summarised in Table 2.



The current intensity was also tested since depending on the composition, the response of the prepared electrodes could be different about carbon felt cathode. Thus, the Taguchi method to ascertain the significance of each of the factors chosen in the hydrogen peroxide production was evaluated operating at 100 and 300 mA.



The effect of the input variables on the hydrogen peroxide has been determined by the S/N ratio with the larger-the-better criteria and the attained response values were therefore converted into S/N. As an example, Figure 6 shows the main effect plots for the response at intensity current of 100 mA. Thus, the strongest influence is the nickel nanofibers, followed by carbon black and PTFE. Moreover, the main effect plots determine the optimum factor levels. As can be seen, A2B2C1 are the optimal condition operating at both current intensities. These improvements of hydrogen peroxide could be attributed to the change in the surface cathode with, for example, the formation of microporous by deposition of carbon black and nanofibers.



In Figure 7, the profiles of produced hydrogen peroxide and 2-phenylphenol removal operating with the optimized cathode at 100 and 300 mA are shown.



This cathode provides an increase until more than 4 times de produced hydrogen peroxide after 60 min. This behaviour can be partially explained by the measurement of the hydrophilic characteristics related to the electrode using water-drop contact angle experiments (Figure 6d). The water-drop contact angle of the electrode was 36.6°, which decreased from the unmodified CF (133.25°). This small contact angle implies a good hydrophilic characteristic of the optimized electrode toward the solution and changing the surface of the material. Figure 6a,b illustrate the changes in the electrode surface. Higher hydrophilicity enhances the diffusion of the dissolved oxygen through the electrode suggesting an increase in the generation of hydrogen peroxide as it was detected [33]. In addition, high degradation levels were obtained with near-complete degradation after 2 h. Although the experiment carried out at 300 mA with the optimized electrocatalyst achieves higher levels, taking into account its energy consumption (4655.92 kWh/kg of 2-phenylphenol removal) the operation at high current intensity could be considered inefficient, since operating at 100 mA the consumption drops to 622.75 kWh/kg. Those results are also confirmed by the determination of the current efficiencies (Figure 7c) showing that the operation at a higher intensity decreases the efficiency of the electrodes.



Thus, operating at the minimum current intensity the energetic consumption decreased 7.5 times with a minimal impact on process effectiveness that was around a 10% decrease from optimal efficiency. Similar results have been determined in previous studies using different electrocatalysts, such as carbon felt cathodes modified by the inclusion of nano-Fe3O4. Operating over a wide range of conditions, it was concluded that operating at the lowest applied current resulted in a tenfold decrease in energy consumption within a decrease in optimum efficiency of less than 10% [64].





4. Conclusions


In the present study, the preparation of new catalysts and electrocatalysts using a transition metal as nickel supported in different clay and carbonaceous materials were successfully performed. Their evaluation on the degradation of a pollutant such as a fungicide 2-phenylphenol proved their efficiency and feasibility for their use in a heterogeneous Fenton based process. However, it is concluded the superiority of heterogeneous nickel electrocatalyst synthesised by the inclusion of nanofibers doped with nickel into carbon felt. The preparation of this electrocatalyst adding carbon black, nickel doped nanofibers and PTFE to the carbon felt increased significantly the potential to produce hydrogen peroxide (more than 4 times the unmodified carbon felt). In addition, the presence of the nickel catalyst on the cathode favoured the expected generation of hydroxyl radicals. The optimisation of the ratios among carbon black, nickel doped nanofibers and PTFE allowed concluding that the best production of hydrogen peroxide and the degradation yields were attained when the amount of carbon black and nanofibers were increased while the added PTFE decreased in the range evaluated. Moreover, an increase in the current efficiency and reduction in energy consumption was also achieved when a current intensity was 100 mA. Thus, the heterogeneous nickel electrocatalyst shows an excellent behaviour in the electro-Fenton process, with high hydrogen peroxide production, pollutant removal and stability. Summing up, the use of this new electrocatalyst can be an alternative to the current cathodes that increase the catalogue of catalysts offering advantages such as low leaching, high stability and pollutants removal. These open the possibility to develop more effective electrocatalysts extending the type of catalysts in the electro-Fenton process that helps to increase the viability of electro-advanced oxidation processes showing high potential to be used in the removal of pollutants. In a future more investigations are requested in order to evaluate its behaviour in the operation at high scale.
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Figure 1. Experimental device for anodic oxidation and electro-Fenton-like process. (1) current power supply, (2) magnetic plate, (3) air pump, (4) cylindrical electrochemical cell and (5) electrodes. 
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Figure 2. Profiles of 2-phenylphenol removal in anodic oxidation and electro-Fenton-like using zinc (right) and nickel (left) at 1 mM (●), 3 mM (▼) and 5 mM (▲). 
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Figure 3. SEM images of (a) perlite, (b) biochar and (c) carbon nanofibers. 
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Figure 4. Profiles of 2-phenylphenol removal (%) in different heterogeneous electro-Fenton-like and homogeneous electro-Fenton processes. 
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Figure 5. Detailed SEM image of an electrocatalyst containing carbon black, nanofibers, PTFE and nickel (a,b) and EDS analysis: fluorine (c) and nickel (d). 
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Figure 6. Main effects plot for S/N ratios with the larger-the better criteria of screening experiment yield. Responses of hydrogen peroxide produced at 100 mA. (A: carbon black, B: nickel loaded nanofibers and C: PFTE content). 
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Figure 7. Profiles of hydrogen peroxide (a) and 2-phenylphenol removal (b) using the optimized electrocatalyst in electro-Fenton-like process at 100 mA (marron) and 300 mA (orange) and current efficiency evolution along time (c). Water contact angle determined by drop assay (d). 
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Table 1. Screening experiment parameters and level.
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	Parameter
	A
	B
	C





	
	Carbon Black (g)
	Nickel nanofibers (g)
	PTFE (g)



	Level 1
	0.1
	0.4
	2.5



	Level 2
	0.3
	0.6
	4.2
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Table 2. Parameter of first order reaction kinetic model (Equation (9)) fitting to the experimental data and TOC reduction after 2 h of treatment.
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	Transition Metal
	Concentration (mM)
	k (min−1)
	R2
	TOC Reduction (%)





	Anodic oxidation
	0
	0.0098
	0.9989
	44.62



	
	1
	0.025
	0.9924
	69.08



	Nickel
	3
	0.0218
	0.9829
	66.67



	
	5
	0.0152
	0.9855
	64.60



	
	1
	0.0189
	0.9952
	60.37



	Zinc
	3
	0.0208
	0.9954
	64.36



	
	5
	0.0186
	0.9942
	60.22
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