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Abstract

:

Featured Application


Treatment at source of wastewater containing dyes.




Abstract


Today, organic wastes (paints, pigments, etc.) are considered to be a major concern for the pollution of aqueous environments. Therefore, it is essential to find new methods to solve this problem. This research was conducted to study the use of electrochemical processes to remove organic pollutants (e.g., crystal violet (CV)) from aqueous solutions. The galvanostatic electrolysis of CV by the use of Ti/Pt/SnO2 anode, were conducted in an electrochemical cell with 100 mL of solution using Na2SO4 and NaCl as supporting electrolyte, the effect of the important electrochemical parameters: current density (20–60 mA cm−2), CV concentration (10–50 mg L−1), sodium chloride concentration (0.01–0.1 g L−1) and initial pH (2 to 10) on the efficiency of the electrochemical process was evaluated and optimized. The electrochemical treatment process of CV was monitored by the UV-visible spectrometry and the chemical oxygen demand (COD). After only 120 min, in a 0.01 mol L−1 NaCl solution with a current density of 50 mA cm−2 and a pH value of 7 containing 10 mg L−1 CV, the CV removal efficiency can reach 100%, the COD removal efficiency is up to 80%. The process can therefore be considered as a suitable process for removing CV from coloured wastewater in the textile industries.







Keywords:


crystal violet; electrochemical oxidation; COD removal; decolourisation; depollution; water treatment; SnO2; chloride












1. Introduction


The protection of the environment and the problem of cleaning up contaminated water and soil require a rapid response worldwide. Pollution is often of agricultural or industrial origin because of the discharge of untreated effluents into the natural environment. The growth of industrial activities increases obviously the pollution sources [1,2,3,4]. The textile industry is one of the industrial poles, it produces an enormous quantity of waste loaded with non-biodegradable dye stuffs [5,6,7,8]. These discharges contribute to the degradation of the quality of surface water and groundwater by their harmful and toxic side effects [9,10,11]. Dyes, widely used in the textile industry, are widespread pollutants [12,13]. The annual world production of dyes is about 7 × 105 tons, of which 5–10% is discharged into water by the textile industry [14]. They can be carcinogenic and toxic and their intensive use in everyday life can have harmful consequences on the environment and food [15,16,17]. Most of the dyes used are synthetic products, with an often-complex molecular structure, which makes them stable and difficult to degrade by conventional treatment processes [18,19]. Thus, the implementation of treatment means adapted to this type of pollution is necessary in order to reduce its impact on the ecosystem. However, preventive effluents from the textile and processing industries must be treated at source before discharge into the environment. There are several physical methods that can be used to treat polluted effluents such as coagulation, flocculation, membrane filtration, ion exchange, adsorption. The main disadvantage of these processes is that they create waste that must then be treated or incinerated. The advanced oxidation processes generate in-situ, of the strongest oxidant—the hydroxyl radical. This radical can be efficient but very often it requires the addition of chemical regents. Thanks to the electrochemical generation of hydroxyl radicals from water oxidation, the electro-oxidation process is promising because it can be used for all types of effluents, it is compatible with environmental applications because the electrode is the only reagent used [20,21,22,23,24,25,26,27]. The simplicity of the equipment and the ease of use, the low cost of construction, the absence of sludge production, the mineralization of pollutants and the progression of the reaction by the electron are among the advantages of the electro-oxidation process [28,29,30,31]. The electrochemical oxidation of species in aqueous solutions can be carried out either by the transfer of electrons or by the transfer of oxygen atoms; alternatively, both pathways can be taken simultaneously. Direct electrochemical oxidation is heterogeneous: electron exchange occurs between organic species and the electrocatalytic electrode surface. Indirect oxidation uses an electrogenerated mediator. Indeed, a strong oxidant is generated at the anode and reacts chemically with the organics. The action of this oxidant can either occur close to the electrode surface if the oxidant is very reactive and not stable (i) the case of hydroxyl radical electrogenerated by water oxidation (Equation (1)), or in the bulk if the oxidant is sufficiently stable to diffuse into the solution (the case of active chlorine).


  M +  H 2  O → M ( H  O ·  ) +  H +  +  e −   



(1)







The in-situ production of oxidants presents various advantages: (i) in certain cases, complete mineralization can be reached, and reuse of the solution can be considered; (ii) in other cases, the action of the oxidant overcomes the limitations of mass transfer for the treatment of dilute solutions.



The presence or the deliberate addition of Cl− in a solution to be treated by electrochemical oxidation can accelerate the process of organic matter degradation. Indeed, the organic matter can be oxidized at the electrode and also at the center of the solution by chemical reaction with the active chlorine. For example, Panizza et al. [32] compared the COD abatement and color removal for direct and indirect electrolysis of a methylene blue solution. It appeared that indirect electrolysis facilitates faster mineralization and discoloration of the solution. This is due to the strong bleaching properties of active chlorine and the indirect electrolysis allows to overcome the mass transfer limitations.



The mechanism of electrooxidation depends mainly on the electrocatalytic properties of the anodic material. As a matter of fact, since the refractory compounds oxidize at high potentials, an anode with a high-oxygen overpotential is required. Studies on electrochemical processes by oxidation for water treatment began in the 1970s. Progress was made thanks to the development of new electrode materials. Among electrode materials, platinum used as reference has the advantage to be stable, fairly available, genuine without requiring further processing. However, this material has a low efficiency in anodic oxidation and expensive. Boron doped diamond (BDD) has appeared with growing interest over the last 30 years. As a matter of fact, BDD anodes show unique properties: a high electrochemical window, excellent electrochemical stability, and chemical inertness in acid and caustic media. BDD electrodes allow the complete removal of the organic matter (mineralization) to be envisaged. However, the high manufacturing and operating costs of the material due to high energy consumption limit the development of this material on an industrial scale. Metal oxides and in particular the dimensionally stable anodes, DSA®, which were discovered in the 1980s are alternatives [33,34,35]. Lead dioxide has a high oxygen evolution overpotential. This material is easy to elaborate, cheap and available. However, lead ions may be released into the solution [32].



Tin dioxide has the same advantages, including high oxygen evolution potential, ease of preparation and low cost and the absence of heavy metal contamination [36,37]. However, the application of tin dioxide anodes can be limited by major problems such as their very low stability (the operational life is generally less than 8 h), which makes these electrodes uncompetitive for applications [38]. Nowadays, in order to extend the electrode life, researchers usually doped noble metal oxides (with Pt, Ru or Ir), which have high corrosion resistance and stability, into the anodic coating of the titanium substrate [39].



In our laboratory, the same lead dioxide anode doped with Pt was used for previous numerous studies without decreasing performances. For each case this electrode showed high efficiencies in organic removal. Among them, Rguiti et al., used tin oxide to treat oil mill wastewater (OMW), 96% decolourisation and 73% COD reduction were reached [40]. Other works were carried out by Baddouh et al., the treatment of methylene blue, a 100% removal of colour and a percentage of 80.9% of COD were observed the treatment of Thiabendazole fungicide with a 73% COD removal [41].



The main objective of the work carried out within the framework of this project, is to use an electrode based on Ti/Pt/SnO2 in view of its application for the depollution of organic effluent including dye: violet crystal (CV).



This study will first define the suitable operating conditions for the treatment of effluents in order to obtain decolorization and COD abatement. For this purpose, several operating parameters will be considered such as the nature and concentration of electrolyte, the initial pH, the applied intensity and the initial CV concentration. Then, the energy cost will be evaluated and compared to other studies which were performed using high oxygen overpotential materials for dye treatment.




2. Materials and Methods


2.1. Chemicals


The reagents used are of analytical quality. They are sodium chloride and crystal violet supplied by Sigma Aldrich. In this work, we were interested in the study of the dye crystal violet (CV) belonging to the family of cationic (basic) dyes. CV is an organic compound of the raw formula C25N3H30Cl (Figure 1) soluble in water, with a molar mass equals to 407.979 g mol−1, it is widely used as dye for food and textile industry [6,42,43,44,45,46]. CV was chosen as dye model for its high solubility and its absorbance by UV/Vis spectrometry.




2.2. Electrochemical Cell and Method of Analysis


All the electrochemical experiments (voltammetry and electrolysis) were carried out in an undivided and thermoregulated electrochemical cell of 200 mL and connected to a Versa studio type potentiostat/galvanostat. The electrochemical cell, shown in Figure 2, consists of a reference electrode (Hg/Hg2Cl2/KCl), a platinum wire as counter electrode and a working electrode (used as anode) of Ti/Pt/SnO2 (mesh of 2 cm2). The anode and cathode were positioned vertically and parallel to each other with a space between the electrodes of 1.5 cm.



In order to optimize the electrochemical treatment, different operating conditions have been tested: using Na2SO4 and NaCl as supporting electrolyte, the current density ranging from 20 to 60 mA cm−2, CV concentration ranging from 10–50 mg L−1, NaCl concentration (0.01–0.1 g L−1) and initial pH ranging from 2 to 10.



The remaining concentration of CV is measured regurlarly by UV-visible spectrometry (Jenway 6705 UV-visible spectrophotometer) at 590 nm (wavelength accuracy ± 0.5 nm, accuracy ± 1% for absorbance up to).



The decolorization efficiency is calculated by using Equation (2):


  C V   r e m o v a l   r a t e   ( % )   =      A  0 ( 590 nm )   −  A  ( 590 nm )      A  0 ( 590 nm )     × 100  



(2)




with:    A  0   590 nm      : initial absorbance at λmax = 590 nm and    A  0   590 nm      : absorbance at λmax = 590 nm at time t.



The chemical oxygen demand (COD) was determined by photometric detection after adding the sample to a Lovibond® COD tube test and heating the sample for 2 h at 150 °C (uncertainty ± 3.5%).



The possible modifications of the surface conditions of the Ti/Pt/SnO2 after use was analysed by scanning electron microscopy (Jeol JSM-6460LAV model) coupled to energy dispersive X-ray spectrometry. These analyses gave the surface morphology and the elemental composition of the formed species on the metal surface.





3. Results and Discussion


3.1. Cyclic Voltammetry


A first electrochemical kinetic study is carried out to study the oxidation pathway of CV, namely if CV oxidation is performed by direct or indirect way. Cyclic voltammetry is the most used, simplest and fastest electrochemical technique for obtaining quantitative and qualitative information on any electroactive species. In these experiments, cyclic voltammogram are obtained using a linear potential sweep to a working electrode at a constant sweep rate, first from a negative potential to a positive potential and then in the opposite direction.



Figure 3 shows a voltammogram obtained on a Ti/Pt/SnO2 electrode in different electrolytes NaCl and/or Na2SO4 with and without CV.



The absence of electrolyte such as NaCl or Na2SO4 shows a low current during CV oxidation in a wide potential range. It is also observed that the voltammograms of CV solutions in an electrolyte is similar to the voltammogram obtained with the electrolyte alone. Therefore, these two findings highlight that CV does not oxidize directly at the electrode.



Moreover, the voltammogram obtained in a Na2SO4 solution shows a peak in oxidation (around −0.25 V/ref.) associated with a peak in reduction (around 0.25 V/ref.). These two peaks do not appear in the absence of Na2SO4. These peaks correspond to the oxidation of hydrogenosulfate ions to form sulfate radicals. These radicals are very reactive and not stable and form the peroxodisulfates (S2O82−) according to the respective Equations (3) and (4):


  H S  O 4 −  + O H → S  O 4 −  +  H 2  O  



(3)






  S  O 4 −  + H S  O 4 −  →  S 2   O 8 2−  +  H +  +  e −   



(4)







In addition, one can observe that the voltammograms obtained with or without chloride ions are similar. Then the direct oxidation of chloride is not occurred.



Consequently, it is necessary to study the impact of the electrolyte used in the process on the dye removal.



One can note that whatever the electrolyte the general shape of the recorded voltammogram shows that the electrochemical reactions are not reversible. The use of a compartment separator for electrolysis is not required.




3.2. Influence of Operating Parameters


3.2.1. Effect of the Presence of Chloride Ions


The effect of the NaCl concentration on CV oxidation was studied under the following conditions, a concentration of 10 mg L−1 CV, initial pH = 7 and at a current density of 50 mA cm−2.



Figure 4a shows the temporal removal of CV using different concentrations of electrolytes (Na2SO4 and NaCl). It also appears that the initial rate of the CV removal (or decolorization) during electrochemical treatment is much higher as the NaCl concentration increases, due to the reactions between the generated chlorinated species and CV.



In fact, one can notice that after a 30 min treatment time, the rate reached a value of 91% for a sodium chloride concentration of 0.01 M NaCl + 0.1 M Na2SO4, 95% at 0.03 M NaCl + 0.1 M Na2SO4, 96% at 0.05 M NaCl + 0.1 M Na2SO4, and 98% for the 0.1 M NaCl + 0.1 M Na2SO4 concentration. However, after 2 h of treatment, a percentage of 100% was observed for the concentrations 0.01 M, 0.03 M, 0.05 M NaCl electrolyte.



However, in the absence of the latter, i.e., 0 M NaCl + 0.1 M KNO3, the decolorization reaches only 16%. Chlorides can react with hydroxyl radicals at the anode to form hypochlorous acid or hypochlorite ions, depending on the pH, according to the Equations (5)–(7).


Cl− + HO· → ClO− + H+ + e−



(5)






Cl− + HO· → HClO + e−



(6)






HClO → ClO− + H+



(7)







A large amount of active chlorine in the solution due to the presence of chloride ions accelerated the indirect oxidation process of the wastewater loaded with organic matter and consequently the degradation process of the crystal violet dye was increased. A synergy of two processes takes place: oxidation by hydroxide radicals and oxidation by electrogenerated active chlorine



In order to evidence the CV degradation by active chlorine, the following experiment has been carried out: a solution containing only 0.05 M NaCl was prepared, and then this solution was electrolyzed during 40 min by applying a current density of 40 mA cm−2, then the polarization was stopped and crystal violet was added and the absorbance was monitored over time. At the end, we noticed that the decolorization is almost total after only 30 min of electrolysis. The latter experience highlights that the main reaction to decolorize the solution is the chemical reaction between the active chlorine (generated electrochemically) and the CV.



In addition, Figure 4b shows that increasing the concentration of the electrolytes leads to a decrease in the operating voltage at the given current density and thus a decrease in the energy consumption.




3.2.2. Influence of Initial pH


The active chlorine can be in different forms depending on the pH. For that reason, the influence of pH on CV degradation was studied using different initial pH (2, 4, 7, 8, and 10), by adjusting the solutions to the desired values, using H2SO4 (1M) and NaOH (1M), while keeping constant the other operating conditions. The pH effect on the initial rate of CV decolorization as a function of time by imposing a current intensity i = 50 mA cm−2 on the Ti/Pt/SnO2 electrode in an aqueous solution of 10 mg L−1 CV is shown in Figure 5. Samples are taken during the oxidation process and analyzed by UV-visible spectroscopy.



It has been shown that after 30 min, a quasi-complete CV decolorization is reached at initial pH = 4 and at neutral pH. At more acidic pH (pH = 2) or basic (pH higher than 7) the rate of decolorization is lower (60% for pH = 2, 58% for pH = 8 and 66% for pH = 10). However, if the duration of the electrolysis is long enough, a quasi-decolorization of the solution is reached in the various cases.



In order to understand the differences depending on the pH value, a comparison of the CV removal rate with the preponderance diagram of the chlorinated species (Figure 6a [47]) was performed.



The results presented in Figure 6b were obtained as follows: each solution containing only the NaCl electrolyte and after adjusting the pH in the range 2–10, was electrolysed by applying a current density of 50 mA cm−2 during 40 min, after stopping the polarization, the dye was added and stirred for 4 h. From these results, we observed that the decolorization is higher at pH = 4 and 7, because HClO is more stable. Therefore, from these results, we can conclude that the species responsible for the oxidation of the organic matter is the form of HClO.




3.2.3. Influence of Applied Current


The effect of current density on CV degradation is studied by keeping the other parameters constant (initial CV concentration = 10 mg L−1 and 50 mg L−1 and initial pH = 7). The temporal variation of absorbance spectra in UV-vis for each of the current densities are shown in Suppl. Figures S1 and S2.



Figure 7a, shows the rate of CV degradation (10 mg L−1). From these results it can be seen that the color removal increases significantly with increasing applied current density. When the current density increased from 20 mA cm−2 to 60 mA cm−2, the decolorization increased from 23% to 100%. On the other hand, with an initial CV concentration of 50 mg L−1, it was found that when a current density of 50 mA cm−2 and 60 mA cm−2 was applied, a total reduction rate of 100% was achieved after 2 h of treatment.



The plot of CV removal as function of the applied current density for a given electrical charge, Figure 7c, shows that the increase of the applied current until 40 mA cm−2 causes an increase of the quantity of electrogenerated HClO and also hydroxyl radicals. For a higher current, it is the amount of CV that limits the process.



Table 1 shows the velocity constants (k), half reaction times (t1/2), the correlation coefficients (R2). The values of the velocity constants were calculated from the linear regression of the corresponding semi-logarithmic curves according to a pseudo-first order reaction [49].


  L n (    A  0 ( 590   nm )      A  t ( 590   nm )     ) = k × t  



(8)




with k: the pseudo-first-order velocity constant (min−1).



According to the results of Table 1, it is observed that the degradation of crystal violet dye for both concentrations 50 mg L−1 and 10 mg L−1 followed the pseudo-first order kinetics (R2  ≥  0.99 in the range of i = 20 to 60 mA cm−2).




3.2.4. Influence of Initial CV Concentration


The initial concentration of the organic pollutant is a very important parameter in the treatment of polluted water [40,48]. The influence of this parameter in this electrochemical oxidation process is studied for both concentrations 10 and 50 mg L−1 by setting the pH of the solution and the applied current to 50 and 60 mA cm−2, respectively. The results presented in Figure 8a, show that at 60 min the CV disappearance is complete for the CV solution of 10 mg L−1 whereas a 120 min treatment is required for the 50 mg L−1 solution to reach the same percentage, i.e., a processing time only doubled for a concentration five times higher.



More specifically, Figure 8b highlights the CV abatement rate for the two initial concentrations as a function of the electrical charge in C/(mg L−1) for 50 and 60 mA cm−2. This comparison of the data highlights a perfect superposition of the values for both currents and that an electrical charge of 7 C (mg/L) is sufficient to remove more than 90% of the dye.



Therefore, it is necessary to adapt the applied electrical charge to render it as effective as possible.





3.3. Depollution in Terms of COD Removal and Current Efficiency (ICE)


In order to study the potentialities of this electrode for depollution in terms of COD removal, electrolysis was carried out on a CV solution with an initial COD of 76 mg L−1 at 50 mA cm−2 and the electrolyte concentration (NaCl) was set at 0.01 M. Figure 9a shows the COD removal, calculated from Equation (9), as a function of electrolysis time using the Ti/Pt/SnO2 anode.



One can observe that the initial COD concentration of 76.41 mg L−1 has been reduced to 9.16 mg L−1 corresponding to an elimination of 82%. To detoxify the solution, the removal of the color is very often not sufficient. Indeed, 20 min of electrolysis are enough to reach the decolorization of the solution while there is still 60% COD. In these conditions, it is useless to continue beyond one hour because a plateau has been reached in the COD removal.



Afterward, the instantaneous current efficiency (ICE) during crystal violet degradation process was calculated by the following Equation (10):


  % C O D =   C O  D i  − C O  D t    C O  D i    × 100  



(9)






  % I C E = F V s   ( C O  D 0  − C O  D t  )   8 I Δ t   × 100  



(10)




with CODi: COD value (mg O2 L−1) at the initial time, CODt: COD value (mg O2 L−1) at time t, both given (g O2 L−1); t is the time in (s); F is the Faraday constant (96,487 C mol−1); Vs is the volume of the electrolyte (L); and I is the current (A).



The ICE during the electrolysis is shown in Figure 9b. The initial value close to 55% confirms that the oxidation of the organic matter is not the only process. Indeed, part of the applied current used for the water discharge increases as the concentration of CV and by-products decreases. This exponential decrease is due to the limitation of mass transfer. To increase ICE values, an adjustment of the applied current must be done during the electrolysis.




3.4. Energy Consumption


In order to consider the industrialization of a process, it is useful to estimate the operating cost in terms of energy consumption (kW h m−3) for the treatment of 1 m3 of solution. The calculation of the energy consumed, expressed in W h m−3 is determined from the following relation:


  E n e r g y   c o n s u m p t i o n =   ( U × I × t )    V S     



(11)




where U is the cell potential (V), I is the applied current (A), t is the time of electrolysis (h), and Vs is the volume of the treated solution (m3). The price of electricity depends strongly on the country. For example, the unit price of electricity for industrial use is around 0.1346 € per kW h m−3 in France and around 0.9010 Dh per kW h m−3 in Morocco. Table 2 summarizes the process energy cost used in this study calculated at different treatment times: 30, 60, 90, 120 min. The treatment of 1 m3 of CV under optimal treatment conditions ([NaCl] = 0.01 mol L−1, [Na2SO4] = 0.1 mol L−1 and i = 50 mA cm−2) costs about 0.17 € (1.13 Moroccan dirham) for one hour of treatment. In these conditions, the electrochemical process allows to reach a maximum of CV removal higher than 95%.



On the other hand, Figure 10 shows the energy consumption as a function of removal for CV and COD. As expected, it can be noticed that the energy consumption increases significantly to reach the ceiling values of removal. Further, 97% decolorization and 79% COD removal are achieved after 60 min of treatment, i.e., an energy consumption of 1.26 kW h m−3, while 2.52 kW h m−3 (i.e., 120 min.) are needed to increase the CV and COD removal of 100% and 82%, respectively. As a result, electrochemistry can be used for the treatment of dyes. To render the process as economical as possible it is very important to establish specifications on the quality of the treated water in order to define stopping criteria.




3.5. Scanning Electron Microscopy (SEM)


Scanning electron microscopy analysis were performed. It allows to highlight the changes that can occur on the surface of the Ti/Pt/SnO2 electrode after its use for the treatment of solutions containing CV. Figure 11 shows the SEM images of the samples before and after use.



The comparison of Figure 11a,b evidences that the surface of the samples has been changed after use with the formation of a film on the Ti/Pt/SnO2 electrode surface. To analyze the composition of the surface, EDX analysis, shown in Figure 12, were performed. The appearance of intense peaks attributed to the Ti, Pt, Sn elements on the EDX spectra shows that some part of the electrode substrate appear at initial state (before using) and the composition of O and C elements are higher after electrode use which reveal the adsorption of organics or polymer formation on the electrode surface.



The mapping images in Figure 13 show the distribution of chemical elements before and after the electrochemical CV treatment. Figure 13(1a,1b,2a,2b), reveal the presence and distribution of the mentioned elements in the nanocomposite, the distribution of oxygen and carbon is more concentrated on the electrode surface Figure 13(2a,2b), due to the dye oxidation on the electrode surface during electrodeposition.




3.6. Comparative Study


Table 3 lists the treatment of various dyes by anodic oxidation. It appears that even if the discoloration is generally complete, the COD abatement differs according to the operating conditions used. It can be seen that both BDD and PbO2 anodes show good removals. As for the supporting electrolytes, Na2SO4 and NaCl are the most used. On one hand, Na2SO4 is usually chosen for the following reasons: (1) it is relatively cheap, (2) it can be oxidized to the strong oxidant S2O82−, and (3) it would not produce hazardous compounds during processing. On the other hand, a low concentration of NaCl is sufficient, of about a few mM. For electrochemical processes, the current density is one of the most important parameters. As shown in Table 3, in the range of 4 to 500 mA cm−2, a higher current density could lead to a better treatment performance for the removal of pollutants, COD and TOC, i.e., removing the contaminants in less time or achieving a higher removal rate at the same time. For example, using malachite green as the model pollutant and G/β-PbO2 as the anode, it would take 80 min for complete degradation, when the applied current density was 4 mA cm−2 [50]. Similar findings could be observed for the degradation of purple blue on BDD, where the removal efficiency in COD was 82.61% and the current density was 500 mA cm−2 [6]. In this work, with Ti/Pt/SnO2, a COD removal of 80% was reached after 120 min of treatment at 50 mA cm−2.



However, it is the comparison of energy consumption that highlights the interesting properties of SnO2. Indeed, this electrode makes it possible to obtain great removals while maintaining a lower voltage than with the BDD for example. In addition, this material is cheaper than BDD and less toxic than PbO2. For all these reasons, SnO2 is a good material to treat organic pollutants.





4. Conclusions


In conclusion, the results presented in this paper demonstrated that this crystal violet dye could be degraded and mineralized by the electrochemical process. On the other hand, the performance of this process could be optimized by varying the experimental parameters. Indeed, this study shows that the electrochemical degradation of CV using Ti/Pt/SnO2 electrode is strongly influenced by current density, medium pH, NaCl concentration, initial dye concentration and treatment time. Electrolysis studies have shown that CV oxidation occurs through the synergy of hydroxyl radicals electrogenerated via water oxidation and active chlorine (HOCl) under galvanostatic conditions of 50 mA cm−2 in 0.01 M NaCl and 0.1 M Na2SO4 and an initial neutral pH. Under these conditions, the process was able to effectively oxidize the initial dye completely without forming and accumulating by-products. It should be noted that the presence of a certain amount of chloride ions in the raw sewage was beneficial. On the contrary, if the wastewater does not contain chloride ions, then the addition of NaCl must be extremely controlled, that is, the compromise between the positive effect (i.e., improved degradation effect) and negative effects (i.e., shorter life of electrodes, corrosion of reactor and piping, etc.) but also the formation of undesired product such as organochlorides.
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Figure 1. Structure of crystal violet (CV). 
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Figure 2. Schematic representation of the electrochemical cell. 
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Figure 3. Cyclic voltammetry curve on an Ti/Pt/SnO2 electrode, with a scan rate of 1 V s−1. 
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Figure 4. (a) Effect of NaCl concentration on degradation of the CV solution; (b) chronopotentiograms during electrolysis of the CV solution ([CV]0 = 10 mg L−1, initial pH = 7, i = 50 mA cm−2 and temperature = 25 °C). 
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Figure 5. Effect of initial pH of CV removal ([CV]0 = 10 mg L−1, i = 50 mA cm−2 and temperature = 25 °C). 
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Figure 6. (a) Diagram of predominance of the chlorinated species [48]; (b) reduction of CV as a function of adjusted initial pH ([CV]0 = 10 mg L−1, i = 50 mA cm−2 and temperature = 25 °C). 
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Figure 7. Effect of current density on efficiency of dye CV removal: pH0 = 7, T = 25 °C (a) [CV]0 = 10 mg L−1; (b) [CV]0 = 50 mg L−1; (c) CV removal rate vs. current densities ([CV]0 = 10 mg L−1, initial pH = 7, temperature = 25 °C, Q = 7.2 C/cm2). 
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Figure 8. CV abatement rate as function of (a) time and (b) electrical charge in C/(mgL−1). [CV]0 = 10 mg L−1, initial pH = 7, i = 50–60 mA cm−2 and temperature = 25 °C. 
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Figure 9. Temporal variation of COD and CV removal rate during electrolysis on Ti/Pt/SnO2 anode. (a) Instantaneous current efficiency (b). Operating conditions: [CV]0 = 10 mg L−1, 50 mA cm−2, initial pH = 7, temperature = 25 °C. 
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Figure 10. Evolution of decolorization and COD of CV dye as a function of energy consumption ([CV]0 = 10 mg L−1, 50 mA cm−2, initial pH = 7, temperature = 25 °C). 
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Figure 11. SEM images of the electrode surface before and after use: (a) Ti/Pt/SnO2 surface before use, (b) Ti/Pt/SnO2 surface after use. 
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Figure 12. EDX analysis of the electrode surface before and after use: (a) Ti/Pt/SnO2 surface before use, (b) Ti/Pt/SnO2 surface after use. 
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Figure 13. Elemental mapping images of Ti/Pt/SnO2 electrode by SEM: (1) before electrolysis, (2) after electrolysis, (C: Carbon, O: Oxygen). 
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Table 1. Kinetic parameters of the electrochemical degradation of the CV dye by means of a tin dioxide electrode.
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Initial CV Concentration

	
Current Density mA cm−2

	
Removal of CV (%)

	
Initial Rate Constant (k × 10−3 min−1)

	
Half-Lives (t½ min)

	
R2






	
10 mg L−1

	
20

	
23

	
3

	
245

	
0.9956




	
30

	
98

	
28

	
25

	
0.9946




	
40

	
99

	
53

	
13

	
0.9999




	
50

	
100

	
56

	
12

	
0.9870




	
60

	
100

	
60

	
12

	
1.0000




	
50 mg L−1

	
50

	
100

	
25

	
28

	
0.9896




	
60

	
100

	
29

	
24

	
0.9990
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Table 2. Energy requirements and costs for electrochemical treatment of solution containing CV at different time of treatment.
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I (mA)

	
Voltage U (V)

	
Time

(min)

	
Energy Consumption

(kW h m−3)

	
Energy Cost (€)

	
CV Removal

(%)






	

	

	
30

	
0.215

	
0.029

	
49




	
20

	
2.15

	
60

	
0.430

	
0.058

	
81




	

	

	
90

	
0.645

	
0.087

	
90




	

	

	
120

	
0.860

	
0.116

	
98




	

	

	
30

	
0.337

	
0.045

	
79




	
30

	
2.25

	
60

	
0.675

	
0.091

	
96




	

	

	
90

	
1.012

	
0.136

	
97




	

	

	
120

	
1.350

	
0.182

	
99




	
40

	
2.42

	
30

	
0.484

	
0.065

	
89




	
60

	
0.968

	
0.130

	
97




	
50

	
2.52

	
30

	
0.630

	
0.085

	
94




	
60

	
1.260

	
0.170

	
97
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Table 3. Degradation of different dyes by anodic oxidation.






Table 3. Degradation of different dyes by anodic oxidation.





	Pollutant
	Electrodes
	Current (mA cm−2)
	Electrolyte
	Color Removal %
	%COD
	%TOC
	Energy Consumption (kWh m−3)
	Ref.





	Malachite green (MG)
	G/β-PbO2
	4
	Phosphate buffer
	100
	94 (80 min)
	-
	7.4
	[50]



	Acridine orange
	Ce-PbO2/ZrO2
	50
	0.05 M Na2SO4
	100
	-
	50
	4.6
	[51]



	Disperse

Orange 29
	PbO2
	74
	0.025 M

NaCl
	100
	100 (120 min)
	-
	35
	[52]



	Reactive red 141
	PbO2
	75
	0.20 M

NaCl
	100
	100

(30 min)
	-
	3.1
	[53]



	Direct red 80
	Iron

PPy

BDD
	66

2

2.5
	1 M Na2SO4

1 M Na2SO4

1 M Na2SO4
	99

100

100
	42

46

76
	-

-

-
	2.02

5.46

14.7
	[54]



	Acid blue 22
	BDD
	20
	-
	100
	27

(720 min)
	-
	70
	[55]



	Methyl red
	Ti/Ru0.3Ti0.7O2

Ti/Pt
	60

60
	0.003 M NaCl

0.003 M NaCl
	-

-
	100

100
	96 (360 min)

83

(400 min)
	67.05

56.44
	[56]



	Purple blue
	BDD
	500
	-
	94.3
	82.61
	-
	11.9

KWh/Kg COD
	[6]



	Crystal violet
	Ti/TiO2

Ti/TiO2-RuO2
	6.6

6.6
	0.02 M

NaCl

0.02 M

NaCl
	66.27

90.96
	83

(120 min)

92

(120 min)
	-

-
	-

-
	[42]



	Crystal violet
	Ti/Pt/SnO2
	50
	0.1 M Na2SO4 + 0.01 M NaCl
	100 (120 min)
	82
	-
	2.5
	This work
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