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Abstract

:

Described herewith is an electrochemical method to decontaminate sulphur compounds. Studies were carried out of sulphites (SO32−) oxidation on a range of anode catalysts. The electrocatalysts were characterized by scanning electron microscopy, XRD, XPS and BET. Polarization curves were recorded of electrodes incorporating lyophilized higher fullerenes and manganese oxides. The experiments showed that lyophilized higher fullerenes and C60/C70 fullerene catalysts in conjunction with manganese oxides electrochemically convert sulphites (SO32−) to sulphates (SO42−). The oxidation products do not poison the electrodes. The XPS analysis shows that the catalysts incorporating DWCNTs, MWCNTs and higher fullerenes have a higher concentration of sp3C carbon bonding leading to higher catalytic activity. It is ascertained that higher fullerenes play a major role in the synthesis of more effective catalysts. The electrodes built by incorporating lyophilized catalysts containing higher fullerenes and manganese oxides are shown as most promising in the effective electrochemical decontamination of industrial and natural wastewaters.
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1. Introduction


The aim of our research is to seek out effective novel carbon-based catalysts for the oxidation of hydrogen sulphite at low concentrations. The overall goal is to decontaminate pollutants such as sulphides (H2S, HS−) and sulfur dioxide (SO2) to sulphites (SO3) and consequently into environmentally friendly compounds such as sulphates (SO4). This current work is aimed at the investigation of new carbon nanomaterials applicable as catalysts in electrodes intended for use in electrochemical systems to oxidize sulphite. One way to control SO2 emissions is by flue gas desulphurization, where SO2 is scrubbed and chemically converted to sulphite (SO32−) at a slightly alkaline pH and then electrochemically oxidized to sulphate. This work is part of our efforts to convert the hydrogen sulphide found in Black Sea waters yielding green hydrogen to be applied in fuel cells with relevance as regards the Green Deal.



Sulphate and dithionate are deemed to irreversibly form during the oxidation of sulphite in alkaline solutions [1,2,3]. Given that the electrolytic oxidation of sodium sulphite to sodium sulphate Na2SO4 and to sodium dithionate Na2S2O6 are electrolytically irreversible, no diaphragm is needed [4]. Hydrogen is evolved at the cathode during the electrolysis of alkaline solutions of sulphites (pH > 7), but SO32− anions are not reduced [5]. Some of the possible reactions occurring at the anode in alkaline media are presented below [5,6]:


SO32−(aq) + 2OH−(aq) → SO42−(aq) + H2O(l) + 2e−; Eo0 = 0.936 V vs. SHE



(1)






2SO32−(aq) → S2O62−(aq) + 2e−;         Eo0 = 0.026 V vs. SHE



(2)







At higher potentials the evolution of oxygen is possible with the wholesome reaction in an alkaline solution being:


4OH− → 2H2O + O2 + 4e−



(3)







The processes of sulphite oxidation on the anode were studied using the following carbon materials: graphite, pyrographite, activated carbon and others [7,8]. The catalytic performance of fullerenes, higher fullerenes and carbon nanotubes is dependent on electronic states and spin characteristics of the carbon system [9]. Sulfate activation is due to electron transfer from the catalyst, in this study fullerenes, higher fullerenes and carbon nanotubes, the abundant flow of electrons in the sp2 hybridized warped surface of these materials should facilitate electrons detached from the anode, yielding 2OH− hydroxyl radicals from the water in the electrolyte, thus generating sulfate. The π orbitals of higher fullerenes and carbon nanotubes contain s electrons and also p electrons, which lead to higher chemical activities [10]. In addition, defect sites such as vacancies and five carbon rings, zigzag edges with unconfined π electrons and Lewis basic groups such as ketonic and quinone groups (C=O) at the defect edges of nanocarbons induce a redox process [11,12,13,14,15,16]. Doping with N atoms promotes the catalytic process due to an increase in the number of electrons available to aid 2OH− hydroxyl radical synthesis. Nitrogen is more electronegative and has a smaller covalent radius that facilitates electron transfer from adjacent carbon atoms, giving rise to an asymmetric spin and charge density [17,18]. It was suggested that metal-based catalysts can produce both hydroxyl and sulfate radicals [19,20].



Carbon-based electrodes have been widely used in electrochemistry since their development in the fifties [21]. As an element, carbon has the ability to bond covalently with a host of orbital hybridizations. The landmark paper published in 1985 by Kroto, Curl and Smally unveiled the world of fullerenes, suggesting that these might find application in catalysis, essentially fullerenes and nanotubes are nanoclusters.



Research in the field of N-doped carbons began in the 1980s [22,23]. To date, numerous synthesis approaches have provided support materials able to improve the performance of the transition metal catalyst-support compounds [24,25,26,27,28,29].



Pyrrole (C4H4NH) is a five-membered ring first recognized by F. Runge. PolyPyrrole (PPy) is an insulator, but its oxidized derivatives are good electrical conductors. PPy was applied as a catalyst in electrocatalysis [30,31].



A drawback of manganese oxide catalysts is the poor electrical conductivity. The catalytic activity of Mn3O4 and MnO2 can be enhanced by the incorporation of conductive carbon material in conjunction with the bound manganese compounds. The end catalysts are prepared by the addition of Super C 65, Vulcan XC 72, and Kuraray YP 50F via a sol-gel technique employing a MnO2 precursor.



Based on all these achievements we studied small gap fullerenes also known as higher fullerenes (lattice structure spheres built up by more than 60 carbon atoms); fullerenes C60/C70; Multi-Wall Carbon Nanotubes (MWCNTs) and Double-Wall Carbon Nanotubes (DWCNTs). Vulcan XC-72 has historically been used as an electrocatalyst support and utilized by us to build up the electrodes [32]. Applied in this study is a method to fabricate the electro-catalyst deposited transition metal—Mn using a lyophilization process [33]. In our experiments, we introduce manganese acetate as the metal source.




2. Results


2.1. XRD Studies


Presented in Figure 1 is the X-ray diffraction pattern of pure PPy. The XRDs scanned in our lab showed that PPy exhibits distinct diffraction peaks at 2θ of 14.52°, 19.08°, 23.08°, 25.82°, while the small gap fullerenes (higher fullerenes) have a multi-peak structure between 19.6° and 20.48°, which were purchased from Sigma Aldrich. The C60/C70 fullerenes have three distinct peaks at 2θ of 10.72°, 17.6° and 20.67° and the DWCNTs have peaks at 26.00°, 42.42° and 44.31°. The latter was purchased from SES Research, Huston. The authors [34] claim to have found that the peak shifts towards 26° in 2θ for SWCNTs.



Peaks at 22.00° and 36.92° were ascribed to γ-MnO2, whereas those at 17.94°, 28.78°, 50.00° and 59.00°, respectively, to α-MnO2 [35]. The XRD of the catalyst synthesized by us from manganese acetate and higher fullerenes exhibits distinct peaks for graphite, γ-MnO2 and α-MnO2 as shown in Figure 2 [36].




2.2. SEM Photographs


Presented in Figure 3a is an SEM picture of the catalyst mass MnAPHF-L that builds up the most catalytically active electrode. Presented in Figure 3b is a SEM picture of the catalyst MnAPF-L. Shown in Figure 4a is a SEM picture of pristine higher fullerenes. Shown in Figure 4b is a SEM picture of pristine fullerenes C60/C70. It can be seen that the initial structure of both pristine samples consists of large agglomerates with sizes in the micrometer range. The Mn coverage on C60/C70 looks more uniform. The pristine C60/C70 fullerenes have a porous morphology with fairly large voids while the sample of pristine higher fullerenes has a bulky structure. These surface characteristics change upon the addition of PPy and deposition of manganese oxide. The thermal treatment of the samples (autoclave annealing and freeze-drying) also plays a key role in the formation of a more complex structure. The result is a fine uniform morphology that consists of a porous PPy mesh with small crystals attached to it. The large overall surface area helps boost the catalytic activity of the material.




2.3. BET Surface Area and Pore Size Analysis


The specific surface area of our samples MnAP-L, MnAPMWCNTs-NL, MnAPHFDWCNTs-L, was determined (see Table 1) by the Brunauer–Emmett–Teller (BET) method which was developed in 1938 and is applied to isothermal N2 adsorption measured at 77 K (liquid N2 temperature) [37]. The structural characteristics were determined and are summarized in Table 1. The isotherm plots of Adsorbed volume cm3/g versus Relative pressure P/Po for Nitrogen in samples MnAP-L, MnAPMWCNTs-NL, MnAPHFDWCNTs-L, are presented in Figure 5a. The measured nitrogen sorption isotherms are close to type III according to the IUPAC classification, with an H3 type hysteresis. Isotherms of this type show that the adsorbate–adsorbent interactions are relatively weak. The steep vertical rise of the isotherms near P/Po = 1 indicates the presence of macropores in the measured samples.



By comparing the measured parameters of the samples studied, we can see that the catalyst MnAP-L has the highest surface area 30 m2/g and the smallest Average Pore Diameter of 10 nm. The pore volume and pore diameter are commensurable for all three materials. The Pore Volume is about 0.1 cm3/g and the Pore Diameter is 3 nm.




2.4. XPS Studies


XPS was used to estimate the composition and the valence state of the chemical elements in the samples. Table 2 shows the chemical composition of the sample surface up to 8 nm in depth.



The main component is carbon and its concentration is about 71–75 at.%. The concentration of oxygen is 21–24 at.% that of nitrogen is 2–3 at.% and the concentration of manganese is 2–3 at.%. There are no other contaminants. The reactivity of the fullerenes is defined by the enormous strain engendered by their spherical geometry as reflected in the pyramidalization angles of the carbon atoms. For an sp2 hybridized (trigonal) carbon atom, planarity implies a pyramidalization angle of θp = 0°, whereas an sp3 hybridized (tetrahedral) carbon atom requires θp = 19.5°. The carbon atoms in C60 have a θp = 11.6° and it is hence quite obvious that their geometry supports tetrahedral rather than trigonal hybridization. It follows that the chemical conversion of trivalent carbon bonding in C60 to tetravalent carbon bonding mitigates the strain at the remaining carbon atoms. Therefore, the reactions that are affected by the carbon atoms are accelerated due to strain relief and this strongly favors fullerene addition chemistry. A fullerene, therefore, just as a perfect single-wall carbon nanotube is without functional groups. However, curvature-induced pyramidalization and misalignment of the π-orbitals of carbon atoms induce a local strain and carbon nanotubes can be expected to be more reactive than flat graphene sheets [38]. Among higher fullerenes, the C240 molecule has a θp max = 9.7° [39]. The end caps enclosing the DWCNTs and MWCNTs have numerous carbon pentagons with predominant tetrahedral hybridization and hence are quite reactive. Additionally, a differentiation can be expected between the reactivity of carbon nanotubes of different diameters. Sonication in organic solvents produces dangling bonds in CNTs that facilitate further chemical reactions. CNTs have been utilized in reaction chemistry in the past [40]. That is why it is important to identify the functional groups and hybridization state of the carbon atoms in the samples. Presented in Figure 6a are the spectra of deconvoluted C1s core level electrons for samples; MnAPHFDWCNTs-L, MnAP-L and MnAPMWCNTs-NL. The C1s spectra of the sample MnAPHFDWCNTs-L can be divided into four peaks. The second peak, at 284.0 eV is assigned to carbon in the sp2 hybridization state. We can associate the peak, at 284.8 eV with carbon in the sp3 hybridization state. The next peak, at 286.2 eV corresponds to carbon with nitrogen bonding characteristic of neutral pyrrolylium nitrogen (N-H), while the C1s core level spectra in sample MnAP-L is deconvoluted entirely according to the deconvolutions of Zhou and coworkers [41] and Chalmers and coworkers [42]. The spectra deconvolute into six peaks. The peaks at 284.1, 285.1 and 286.3 eV correspond to carbon in the sp2 and sp3 hybridization state and to carbon bonded to nitrogen as neutral pyrrolylium nitrogen (N-H). The peak at 288.7 eV belongs to defects found in doped PPy.



A peak corresponding to a π-π* shake-up is seen, due to conjugation sp2 bonding occurring at 290.4 eV. The C1s spectra of sample MnAPMWCNTs-NL is very similar to that of sample MnAPHFDWCNTs-L. There are seven peaks at 283.5 eV, 284.1 eV, 284.8 eV, 286.0 eV, 287.8 eV, 289.3 eV and 290.3 eV. The peaks at 284.1, 284.8 and 286.0 eV are assigned to carbon in the sp2 and sp3 hybridization state and to carbon bonded with nitrogen as neutral pyrrolylium nitrogen (N-H). The peak positioned at 287.8 eV is associated with bipolarons (–C=N+) and carbonylic defects (C=O). The peak corresponding to a π-π* shake-up is seen, again due to conjugated sp2 bonding occurring at 290.3 eV. The peak positioned at 289.3 eV shows the presence of carbon atoms bound to oxygen through O–C=O bonds [43]. In all C1s spectra, there is a broad peak at 283.0–283.5 eV. This peak is at too low a BE even for the carbide phase as in other authors [44]. However, Ayaka Fujimoto et al. [45] demonstrated that the peak position of sp3C is basically lower than that of sp2C using calculations that agree with the results of a few other groups. Insulating diamond was reported to show a wide range of peaks from −1.5 to 3 eV shifted from sp2C. Thus, charging effects rather than the presence of sp3C could be one of the actual origins for the conventionally assigned sp3C peaks of C1s spectra. From the point of view of analyses of general carbon materials with various defects, the increment of FWHM of C1s spectra of carbon materials compared to graphite (sp2C−sp2C) could be caused by the presence of electron-withdrawing functional groups, C−H groups, pentagons and heptagons in graphene. These defects can also have other origins of reported sp3C peaks of carbon materials [45]. MnO2 groups can also cause such an effect. The positive charging of manganese is increased by the oxygen atoms that bond with it, while the manganese atoms make the carbon surface more positive. This can additionally shift the BE of the peaks in the direction of more BE, i.e., we can assign these peaks to sp3C bonded to MnO2.



As shown in Figure 6b, the deconvolution of N1s signals in the XPS spectrum yields five Gaussian components in samples MnAPHFDWCNTs-L, MnAP-L and MnAPMWCNTs-NL. The low binding energy (BE) component at 397.3–397.5 eV is assigned to the imine nitrogen (−N=) [41], the major component at 398.4–398.6 eV is assigned to nitride groups [46] or −N= in cyclic structures [47]. The third peak at 399.5–400.1 eV is associated with neutral N in the PPy ring (−NH−) [48]. The peaks at 402.9 eV and 405.2 eV are peaks from =NH+, bipolaron charge carrier species [49] and a peak corresponding to a π-π* shake up. It indicates the presence of sp2 bonding [42]. Upon consideration of the literature, the nitrogen signal of doped PPy has only three peaks at about 397.8, 399.7 and 400.5 eV. The present set of peaks of sample MnAP-L are in full agreement with these investigations.



The O1s spectra are shown in Figure 7a. The spectra of all of the samples are broad and they consist of three main peaks. For instance, the deconvolution of sample MnAPHFDWCNTVT-L is shown in the left inset in Figure 7a. The first peak positioned at 529.9 eV is characteristic for the presence of MnO the second peak positioned at 531.3 eV is characteristic for the presence of C=O groups and the peak positioned at 532.6 eV is characteristic for the presence of SO42− groups.



The Mn2p core level electron peak is very complex and it has many multiplet-split components, similar to the Cr2p region in chromium oxides [50]. The Mn2p peak has significant split spin–orbit components with Δ metal = 11.2 eV. The BE (641.7 eV) and the presence of a satellite feature that is not present for Mn2O3 and MnO2 show us that we have MnO in the samples. This is confirmed by the Mn3s spectra (Figure 7b, inset above right). However, it is too noisy and that is why we smoothed it to find the peak positions. In it, the distance between the main peak and its satellite feature is 6 eV (Figure 7b, inset above-right) [51].




2.5. Cyclic Voltammetry Studies


While the cyclic voltammograms of electrode MnAPFVT-L are fairly symmetric the cyclic voltammograms of electrode MnAPHFVT-L, which contain higher fullerenes, are asymmetric and are clearly irreversible for the oxidation reactions taking place.



The probable reactions as shown in Figure 8 are:


Mn4+ → Mn3+ + Mn



(4)






Mn3+→ Mn2+ + Mn



(5)




with peaks for the reduction of Mn as in reaction (4) at around 190 mV and potential plateaus for oxidation/reduction of Mn compounds reaction (5) between 650–800 mV, that correspond to the data as cited in the literature [52]. The insignificant height of the peaks suggests that the catalysts are stable.



Shown in Figure 9 is the cyclic voltammogram of the catalyst MnAPFVT-NL. Comparison with lyophilized catalysts (Figure 8) shows that lyophilization leads to stable catalysts.




2.6. Polarization Curve Analysis


The electrochemical studies include steady-state galvanostatic measurements. The main reactions should be Reactions (1) and (2).



The lyophilized higher fullerene and manganese oxide electrode catalyst sample MnAPHFVT-L was found to be the most effective, yielding the lowest overpotentials at the respective current densities for the polarization curves.



Shown in Figure 10 are the polarization curves of the electrodes prepared from lyophilized and non-lyophilized catalysts. The lowest overpotential is observed in the electrode containing a lyophilized catalyst sample + higher fullerenes + manganese oxides MnAPHFVT-L. With slightly higher overpotentials and inferior characteristics is the electrode containing the most common fullerenes C60/C70 + manganese oxides MnAPFVT-L. Additionally shown on this figure are the electrodes built of non-lyophilized catalysts FVT-NL and HFVT-NL, that do not contain manganese oxides. As can be observed the electrode HFVT-NL, which contains higher fullerenes, has better characteristics than electrode FVT-NL, which contains fullerenes C60/C70. The most likely reason for the improved characteristics observed for higher fullerenes as compared to C60/C70 quite probably is the greater number of pentagons and hence higher number of sp3C bonds building up their networks, leading to a higher catalytic activity. The electrolyte is: 1M Na2SO3 + 18 g/L NaCl, T = 20 °C.



Shown in Figure 11 are the polarization curves of electrodes prepared from lyophilized catalysts. The lowest overpotentials were observed for the electrode containing higher fullerenes MnAPHFVT-L. With slightly higher overpotentials and therefore with inferior characteristics is the electrode containing the most common fullerenes C60/C70 MnAPFVT-L. We assume that the better performance of higher fullerenes is due to the greater number of pentagons and hence the higher number of sp3C bonds incorporated within their networks, which results in higher catalytic activity. At the same time, the highest overpotentials were observed in the electrodes with NORIT (MnAPNVT-L). Electrolyte: 1 M Na2SO3 + 18 g/L NaCl, T = 20 °C.




2.7. Tafel Analysis


As can be observed from the Tafel plots built as shown by Atkins and de Paula [53] in Figure 12 and Table 3, the electrode with lyophilized higher fullerene and manganese inclusion exhibits the highest exchange current density. The next best electrode is the one containing C60/C70 fullerenes and manganese oxides.



Presented in Table 3 are the electrode catalysts by name listing their respective logarithmic current density; ln j0, current density; j0 and α-transfer coefficient values.



From the Tafel plots presented in Figure 12, it can be ascertained that the electrode incorporating the catalyst MnAPHFVT-L and the one built with the catalyst MnAFPVT-L are characterized with a similar mechanism for the electrochemical reactions. The electrodes yielding the highest current densities built incorporating the catalysts MnAPHFVT-L and MnAFPVT-L contain higher fullerenes and fullerenes C60/C70 that have pentagons in their structures. Since the pentagons are more numerous in the higher fullerene structures, it can be expected that these electrodes will yield higher current densities. The electrode incorporating the catalyst MnAFPVT-L with enclosed fullerenes C60/C70 has fewer pentagons than the electrode enclosing higher fullerenes. There are no built-in fullerenes in the electrode MnAPNVT-L so we have to expect even lower values for the measured current densities. This is evident from the Tafel plots presented in Figure 12.




2.8. Dependence of the Anode Potential with Time at a Constant Current Density


In order to verify the effectiveness of the new sulphite oxidation catalysts, electrodes with an area of 10 cm2 were built. The technology used was developed at IEES based on a US patent [54]. A gas diffusion electrode was mounted as the counter electrode. The compound system Na2SO3/O2 was employed for this purpose, where the concentration of Na2SO3 was monitored following its conversion acting as a fuel in the electrochemical cell as presented in the past [55].



The concentration of sulphite (SO32−) was initially determined iodometrically to be 5.3 M and finally found to be 1.8 M after 21 h using starch as an indicator [56]. The production of sulphates is judged both qualitatively by the addition of BaCl2 (barium chloride) and quantitatively by the residual titration of barium with EDTA [57].



The results show that a conversion of 3.5 M of sulphite (SO32−) ions is observed. In our case, we have a conversion of 0.167 M per hour, which is approximately an order higher than the data published in the literature [8]. The differences in the speed of conversion are due to the different initial concentrations.



Heeding the results presented in Figure 13a,b we can conclude that it is possible to build different types of effective electrochemical cells such as the fuel cells: Na2SO3/O2; SO2/O2; SO3/NO3 [58] and Na2SO3/H [59] based on electrolyzers that can be used to cleanse natural and industrial pollutants while at the same time yielding a surplus of energy.





3. Discussion


Essentially, the fullerenes and nanotubes studied are nanoclusters and macro molecules. However, these are rarely found in nature, yet for some time now such nanoclusters have been obtained synthetically in the lab, initially by laser ablation and in consequence utilizing other novel methods. It is important to note that the potential energy signature of a nanocluster is diverse in its complexity. Atomic orbitals (AOs) with the bonding overlaps (δ, & π) in nanoclusters are significant in size. While δ bonding is possible only in nanoclusters formed by transition metals, carbon nanoclusters exhibit σ & π aromaticity. AOs have a greater tendency to hybridize when they are closer in energy and as the 2p–2s energy separation in carbon is smaller than in heavier elements, we expect carbon to hybridize more easily. Indeed, the hybridization of AOs in carbon defines organic chemistry as a whole. It is the character of the attained chemical bonding that alters the degree of charge transfer. It appears plausible that aromaticity and covalency occur simultaneously in nanoclusters. In a chemically treated system, the catalytic activity of smaller clusters rises significantly.



Higher fullerenes (HF) are the stable species above C60 up to C120. The characteristic of higher fullerenes is that the bonding sites between pentagon atom groups are usually found to be the most reactive. Because of their high stability with respect to adduct formation and the more positive potentials, higher fullerenes were deemed more promising than C60 as catalysts, even given the fact that their catalytic rate constants are smaller [60]. Nitrogen is incorporated within the catalyst by means of lyophilization and hence these atoms then play a key role as active sites in oxygen reduction [33]. The introduced Nitrogen induces a charge delocalization, thereby changing the chemisorption of O2 from an end–on adsorption at the surfaces of the CNTs (the Pauling model) to side-on adsorption on to the CNTs found within the electrodes (Yeager model). The adsorption process effectively weakens O–O bonding and leads to reduction at the electrodes with built-in CNTs [61]. The capacity of higher fullerenes to capture O2 may be utilized to facilitate a more effective oxidation process. The mechanism of electron transfer by fullerenes was studied in the past by density functional-molecular dynamics simulations of the adsorption of oxygen atoms by carbon nanotubes and the interaction between the valence electrons and the ionic cores was assessed with the aid of the pseudopotentials for C and O [62]. An oxygen atom is caught at a fullerene pentagon site where the density of electronic states is higher than at a hexagon site. Modeling the bonding of the carbon atoms showed that, due to the higher density of states at the pentagon sites, these act as electrophilic reaction sites [63]. The pentagons found at the closed cap ends of carbon nanotubes and warped carbon atom surfaces such as higher fullerenes are deemed responsible for a higher density of electronic states leading to increased activation in oxygen reduction.



The lyophilized catalysts containing higher fullerenes and DWCNTs are shown to possess the highest activity. XPS analysis confirms that the catalyst incorporating DWCNTs, MWCNTs and higher fullerenes have a high concentration of sp3 carbon bonds and this could well be the reason for the higher activity observed for these materials. The carbon peaks equivalent to sp3 carbon bonding are found in the samples containing a high content of higher fullerenes and DWCNTs. The XPS study ascertained that the lyophilized samples contain a lower concentration of N. At the same time the non-lyophilized catalysts appear to have a larger number of N dangling bonds. Clearly, the process of lyophilization plays a significant role and affects the status of the chemical elements in terms of bonding to other species that make up the surface of the samples. Future work needs to be carried out to unveil the specific nature of carbon and nitrogen bonding within the structures of the fullerenes and nanotubes.



The pristine C60/C70 fullerenes have a porous morphology with fairly large voids while the sample of pristine higher fullerenes has a bulky structure. These surface characteristics change upon the addition of PPy and deposition of manganese oxide. The thermal treatment of the samples (autoclave annealing and freeze-drying) clearly plays a key role in the formation of a more complex structure. The result is a fine uniform morphology that consists of a porous PPy mesh with small crystals attached to it. The large overall surface area helps boost the catalytic activity of the material.




4. Materials and Methods


4.1. Reactions and Experiment


The end reactions of sulphites to sulphates are:


SO32− + H2O → SO42− + 2H+ + 2e−



(6)






HSO3− + H2O → SO42−+ 3H+ + 2e−



(7)







An extensive study of the oxidation states of Sulfur can be found in [64].



The desulphurization reaction via Mn is:


SO2 + MnO2 → MnSO4



(8)







The catalytic properties of a range of anode electrodes were determined with the aid of a three-electrode cell while studying the process of oxidation of sulphites to sulphates in solution. The solution was 1M Na2SO3 + 18 g/L NaCl. The NaCl was an additive electrolyte. The cell volume was 50 mL. The counter electrode was platinum foil. The reference electrode was a “Gaskatel” hydrogen electrode.



The studies of the dependence of the anode potential at constant current density with time were carried out in a cell, with a volume of 150 mL; the counter electrode was a Gas diffusion electrode and the RHE (reference hydrogen electrode) was purchased from Gaskatel. A description of the cell can be found in [55].




4.2. Catalyst Synthesis


The catalysts used by us are listed in Table 4. The process of lyophilization was applied in order to overcome catalyst agglomeration. We used higher fullerenes to maximize the electroactive surface area of the catalyst. A small quantity of higher fullerenes was dispersed in 6 mL of distilled water in a sonic bath for 15 min. Next, (20–40) mg of manganese acetate and (20–100) mg of polypyrrole were slowly added to the aqueous suspension. These ternary components were then baked at 180 °C for 12 h in a Teflon autoclave. Thus, MnO2 was deposited on the higher fullerene lattice structures with polypyrrole binding. The suspension was finally dehydrated by freeze-drying yielding a complex structure. The higher fullerenes also known as small gap fullerenes were fabricated by Diener and Alford by applying the carbon arc method in a quartz reactor designed for both production and subsequent sublimation, these are commercially available from Sigma Aldrich.



A number of partial polarization curve measurements were made characterizing the incorporated higher fullerenes, deposited MnO2 and polypyrrole binder in different ratios. The polypyrrole used in the experiments has a conductivity of 10–50 S/cm. An SEM picture of the catalyst MnAPHF-L building up the best electrode is shown in Figure 3 and was synthesized as follows: 3 mg of higher fullerenes were added to 6 mL of distilled water and processed in an ultrasonic bath for 15 min. Between 20 and 40 mg of manganese acetate and 20 to 100 mg of polypyrrole were then slowly added to the water suspension. In consequence, these components were baked at 180 °C for 12 h in a Teflon autoclave. The polarization curve plot of the electrode incorporating the catalyst MnAPHF-L is presented in Figure 11 and Figure 12.



The catalyst MnAPFVT-L building up the second-best electrode as observed by SEM is shown in Figure 3b and was synthesized as follows: 8 mg of C60/C70 fullerenes purchased from SES Research, Huston, Texas were dispersed in distilled water and processed in an ultrasonic bath for 30 min. A total of 40 mg of manganese acetate and 60 mg of polypyrrole were then slowly added to the suspension. The mixture was baked at 180 °C for 23 h in a Teflon autoclave. Thus the particles of manganese oxide were deposited on C60/C70 fullerenes in different ratios. The polarization curve plot of the electrode incorporating the catalyst MnAPFVT-L is presented in Figure 10 and Figure 11.




4.3. Electrode Preparation


Different sample electrodes of the immersed type were prepared by deposition of the sample catalyst on the work surfaces of all electrodes followed by pressing and heating. The electrodes studied have geometrical areas of 1 cm2 and 10 cm2. The electrodes were prepared from a mixture of the catalyst mass and teflonized carbon Vulcan XC-72 (35% Teflon) as a binder content 60 mg/cm2 [55]. The mixture was pressed onto both sides of a stainless steel current collector at 150 °C. Different catalysts were studied: manganese oxides; higher fullerenes; fullerenes C60/C70.



The 10 cm2 electrodes were studied by registering the dependence of the anode potential at constant current density with time, while the concentrations (conversion of sulfite) of the electrolyte were determined during the initial and final stage of the experiment with the aid of an analytical method [57].




4.4. Experimental Equipment and Conditions


X-ray diffraction (XRD) patterns were recorded utilizing a Philips diffractometer (Holland) using CuK_radiation (λ = 1.54178 Ả, 40 kV and 30 mA) with a scanning rate of 2° min−1.



The surface morphology was studied by means of an SEM-JEOL-JEM 200CX (Japan). The images were taken in secondary electrons mode with an accelerating voltage of 80 keV.



BET studies were carried out employing a Quantachrome instrument autosorb iQ acquired from Boynton Beach FL 33426, USA, that measures the quantity of gas adsorbed onto or desorbed from a solid surface at an equilibrium vapor pressure by the static volumetric method.



The XPS studies were performed in a VG Escalab II system, UK, using AlKα radiation with an energy of 1486.6 eV. For the detailed spectra, the analyzer mode was CAE with a pass energy of 20. The chamber pressure was 1.10−9 Pa. The Mn2p line of manganese oxide at 641.7 eV was used as the internal standard to calibrate the binding energies. The photoelectron spectra were corrected by subtracting a Shirley-type background and were quantified using the peak area and Scofield’s photo-ionization cross-section. The accuracy of the BE measured was ±0.2 eV.



The 1 cm2 electrodes were studied by cyclic voltammetry, steady-state polarization curves and Tafel analysis. The cell volume was 50 mL. The cyclic voltammetry measurements were performed with the aid of a Solartron 1286 Electrochemical Analyzer produced at Farnborough, Hampshire, UK. The polarization characteristics were determined by a potentiostat TACUSSELL BIPOTENTIOSTAT type BI-PAD, France. A minimum of three measurements were made for each result to achieve better reproducibility. Arithmetic averages are presented in the graphs.





5. Conclusions


The presented work shows it is possible to oxidize sulphites to sulphates without poisoning (blocking) the electrodes. The results are qualitative and therefore conclusions about the reaction kinetics can not be drawn.



The electrodes prepared with the incorporation of lyophilized catalysts containing higher fullerenes and manganese oxides show reasonable overpotentials that warrant a high catalytic activity capable of oxidizing sulphites to sulphates.



The catalytic masses incorporating DWCNTs, MWCNTs, higher fullerenes and fullerenes have a higher percentage concentration of sp3C carbon bonding, in accordance with the XPS analysis, which could be a reason for the higher activity observed for these catalysts.



The lyophilized catalyst masses containing higher fullerenes and DWCNTs are shown to exhibit the best electrochemical activity.



These novel electrocatalytic masses are found to manifest a reasonable performance in their ability to electrochemically convert sulphite to sulphate.



The catalysts developed are able to decontaminate all the sulphur-based pollutants found in natural and industrial wastewater environments.
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Figure 1. XRD of pure Polypyrrol. 
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Figure 2. XRD of the catalyst from manganese acetate and higher fullerenes. 
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Figure 3. (a) SEM photograph of the catalyst comprised of lyophilized higher fullerenes, PPy and manganese oxides; (b) SEM photograph of the catalyst comprised of lyophilized fullerenes C60/C70, PPy and manganese oxides. 
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Figure 4. (a) SEM photograph of pristine higher fullerenes; (b) SEM photograph of pristine fullerenes C60/C70. 
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Figure 5. (a) Isotherm plots for samples MnAP-L, MnAPMWCNTs-NL, MnAPHFDWCNTs-L; (b) Pore distribution for samples MnPMWCNTs-NL and MnAPHFDWCNTs-L. 
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Figure 6. (a) The deconvoluted XPS spectra of C1s core level electrons for samples; MnAPHFDWCNTs-L, MnAP-L and MnAPMWCNTs-NL; (b) The deconvoluted XPS spectra of N1s core level electron signals for samples; MnAPHFDWCNTs-L, MnAP-L and MnAPMWCNTs-NL. 
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Figure 7. (a) XPS of O1s spectra; (b) XPS of Mn2p and Mn3s (in the inset above-right) for all samples. 
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Figure 8. Cyclic voltammograms of the electrodes each containing 7 mg of the catalysts MnAPFVT-L at scan rates of 5 mV/s and 10 mV/s and MnAPHFVT-L at scan rates of 5 mV/s and 10 mV/s at room temperature in 1 M Na2SO3 and 18 g/L NaCl, an additive electrolyte. 
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Figure 9. Cyclic voltammograms of the electrode with 20 mg of the catalyst MnAPFVT-NL. The scan rate is 5 mV/s at room temperature in 1 M Na2SO3 + 18 g/L NaCl. 
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Figure 10. Galvanostatic polarization curves of electrodes prepared from lyophilized (at −50 °C and P = 0.3 mbar) and non-lyophilized catalysts. Electrolyte: 1M Na2SO3 + 18 g/L NaCl, T = 20 °C. 
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Figure 11. Galvanostatic polarization curves of electrodes prepared from lyophilized catalysts (at −50 °C and P = 0.3 mbar) (see the table of electrode catalysts by name). Electrolyte: 1M Na2SO3 + 18 g/L NaCl, T = 20 °C. 
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Figure 12. Tafel plots of the electrodes built using the polarization curves shown in Figure 11. 
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Figure 13. Dependence of the potential with sulphite conversion: (a) percentage of sulphite (SO32−) conversion with time, initially standing at 5.3 M with a pH = 10.08 and finally found to be 1.8 M with a pH = 8.07. With an additive electrolyte of 18g/L NaCl; (b) anode (working electrode) potential at constant current density with time. The working electrode was built by covering both sides of a current collector with a catalytic mass of [60 mg (80 mg fullerenes C60/C70 + 40 mg manganese acetate + 60 mg polypyrrole) + 600 mg (Vulcan XC 72 + 35%Teflon)] with an area of 10 cm2. An RHE from Gaskatel was used. The cell volume was 150 mL. The counter electrode was a GDE. 
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Table 1. Structural parameters of MnAP-L, MnAPMWCNTs-NL, MnAPHFDWCNTs-L.
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	Characteristics
	MnAPHFDWCNTs-L
	MnAP-L
	MnAPMWCNTs-NL





	Surface Area (BET), m2/g
	17.6
	30.1
	13.0



	Pore Volume, cm3/g
	0.11
	0.08
	0.07



	Pore Diameter (BJH Adsorption), nm
	3.1
	3.1
	3.4



	Average Pore Diameter, (4V/S), nm
	25.0
	10.0
	20.0
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Table 2. Chemical composition of the sample surface.






Table 2. Chemical composition of the sample surface.





	Catalysts
	C
	O
	N
	Mn





	MnAPHFDWCNTs-L
	70.8
	23.5
	3.1
	2.7



	MnAP-L
	74.7
	21.7
	2.0
	1.6



	MnAPMWCNTs-NL
	74.9
	20.4
	1.8
	2.9
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Table 3. Tafel plot values by electrode catalyst name (see Table 4 for the catalyst content by name).






Table 3. Tafel plot values by electrode catalyst name (see Table 4 for the catalyst content by name).





	Electrode Catalyst by Name
	ln j0
	j0

[mAcm−2]
	α





	MnAPHFVT-L
	0.65
	1.916
	0.863



	MnAPFVT-L
	0.265
	1.27
	0.953



	MnAPNVT-L
	0.5265
	1.69
	0.891



	MnAPVT-L
	0.17
	1.19
	0.845
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Table 4. Electrode catalysts.






Table 4. Electrode catalysts.





	Electrode Catalysts by Name

L—Lyophilized Catalyst, NL—Non-Lyophilized Catalyst
	Catalyst Content





	MnAPHFVT-L

 [image: Catalysts 12 00093 i001]C n > 70
	40 mg manganese acetate, 60 mg polypyrrole, 3 mg Higher Fullerenes



	MnAPFVT-L and MnAPFVT-NL

 [image: Catalysts 12 00093 i002]C n = 60, 70
	40 mg manganese acetate, 60 mg polypyrrole, 8 mg Fullerenes C60/C70



	MnAPNVT-L
	40 mg of manganese acetate, 60 mg polpyrrole, 8 mg NORIT



	MnAPVT-L
	40 mg of manganese acetate, 60 mg polypyrrole



	HF-NL

 [image: Catalysts 12 00093 i003]C n > 70
	100 mg Higher Fullerenes



	F-NL

 [image: Catalysts 12 00093 i004]C n = 60, 70
	120 mg Fullerenes C60/C70



	MnAPHFDWCNTs-L

 [image: Catalysts 12 00093 i005]C n > 70    [image: Catalysts 12 00093 i006]
	23 mg from (7 mg Higher Fullerenes + 20 mg DWCNTs + 20 mg from (40 mg manganese acetate + 60 mg polypyrrole)



	MnAPMWCNTs-NL

             [image: Catalysts 12 00093 i007]
	40 mg manganese acetate + 60 mg polypyrrole + 3 mg MWCNTs
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