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Enhanced Electro-Fenton Mineralization of Acid Orange 7 Using a Carbon Nanotube Fiber-Based Cathode
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A new cathodic material for electro-Fenton (EF) process was prepared based on a macroscopic fiber (CNTF) made of mm-long carbon nanotubes directly spun from the gas phase by floating catalyst CVD, on a carbon fiber (CF) substrate. CNTF@CF electrode is a highly graphitic material combining a high surface area (~260 m2/g) with high electrical conductivity and electrochemical stability. One kind of azo dye, acid orange 7 (AO7), was used as model bio-refractory pollutant to be treated at CNTF@CF cathode in acidic aqueous medium (pH 3.0). The experimental results pointed out that AO7 and its organic intermediate compounds were totally mineralized by hydroxyl radical generated from Fenton reaction. In fact, 96.7% of the initial total organic carbon (TOC) was eliminated in 8 h of electrolysis by applying a current of −25 mA and ferrous ions as catalyst at concentration of 0.2 mM. At the same electrolysis time, only 23.7% of TOC removal found on CF support which proved the high mineralization efficiency of new material thanks to CNTF deposition. The CNTF@CF cathode maintained stable its activity during five experimental cycles of EF setup. The results indicated that CNTF@CF material could be a potential choice for wastewater treatment containing bio-refractory by electrochemical advanced oxidation processes.
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INTRODUCTION

Urban industrial operation has long been identified as a major cause of environmental contaminations through atmospheric deposition and wastewater discharge. The wastewater containing persistent organic pollutants (POPs) is always a dangerous threat for living environment because of their high toxicity and difficulty to treat completely by using normal physical chemistry methods. Advanced oxidation processes (AOPs) are widely investigated for the removal of recalcitrant organic pollutants from wastewater. The completely destruction of these refractory molecules without dangerous intermediate products is vital and becomes one major concern in this area. Over the past decade, the AOPs have attracted increasing interest as promising powerful methods for efficiently removing dyes from water. AOPs are environmentally friendly chemical, photochemical, or electrochemical methods sharing the common feature of the in situ production of hydroxyl radicals (⋅OH) as their main oxidizing agent. One of the most popular chemical AOPs is the Fenton method, where a mixture of Fe2+ and H2O2 (Fenton’s reagent) is used to degrade organic compounds (Brillas et al., 2009):
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To avoid using chemical reactants, H2O2 can be produced by direct electro-reduction of dissolved O2 on graphite-based electrode:
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When combined with Fe2+ to produce hydroxyl radicals, the method [called electro-Fenton (EF)] is more efficient than the basic Fenton process and easier to manage (Brillas et al., 2009). The EF process using carbon and graphite felt cathodes have been applied to remove successfully many different kinds of POPs including dye pollutants (Panizza and Oturan, 2011), pharmaceutical compounds (Sirés et al., 2007), herbicides and pesticides (Aaron and Oturan, 2001). In addition, the friendly environmental feature of EF treatment is also proved when it can degrade efficiently the very toxic initial contaminants to non-toxic compounds like CO2, H2O, or short-chain carboxylic acids (Le et al., 2016b, 2017).

In EF process, carbonaceous materials are usually used as cathode, such as reticulated vitreous carbon (Martínez and Uribe, 2012), carbon sponge (Özcan et al., 2008), carbon felt (Le et al., 2015a), three-dimensional graphite system (Wang et al., 2008), or activated carbon fiber (Wang et al., 2005). To improve the performance (i.e., the conductivity, the surface area and the hydrophilicity) of cathodic electrode, many modification ways have been successfully applied (Le et al., 2015a). Graphene modification could enhance significantly the electrochemical property of commercial carbon felt (Le et al., 2015b). There was a 10 times higher peak area current to the redox probe [Fe(CN)6]3−/[Fe(CN)6]4− on modified cathode and 2.17 Ω charge-transfer resistance lower than that obtained on raw CF. Consequently, total organic carbon (TOC) removal of AO7 after 2 h treatment found at 73.9% for graphene–CF instead of 55.6% at non-modified one. By thermal treatment of CF under feeding of nitrogen gas flow mixed of 1% oxygen, a porous carbonaceous cathode was synthesized for the elimination of pharmaceutical pollutant, acetaminophen by EF treatment. The specific surface area increased considerably at 64 m2 g−1 that was nearly 700 times higher than raw CF (Le et al., 2016a). The search for suitable material having outstanding electrochemical properties is always a big challenge of EF technology. To contribute to the enrichment of cathodic materials, in this study, we fabricated a new cathode based on carbon nanotube fiber (CNTF) directly spun from the gas phase by floating catalyst CVD and deposited on a carbon fiber (CF) substrate. The millimeter long CNTs produced by this floating catalyst CVD process at high temperature (1,250°C) (Li et al., 2004) leads to the formation of an elastic CNT aerogel than can be withdrawn and directly spun continuously into a macroscopic fiber that exploits CNTs unique mechanical, thermal, and electrical properties. Macroscopic CNT fibers have high-performance mechanical properties (specific tensile strength of 1.5 GPa/SG, modulus of 60 GPa/SG, and toughness of 80 J/g), high conductivity (3.5 × 105 S/m), and high surface area (260 m2/g) and are thus ideal electrodes and current collectors for various devices (Vilatela and Marcilla, 2015). The CNTF@CF later was applied as cathode for mineralization of AO7 in aqueous medium by EF process by applying constant current and using soluble iron as catalyst.

EXPERIMENTAL

Chemicals

AO7 (Orange II sodium salt) was purchased from Sigma-Aldrich. Sodium sulfate (anhydrous, 99.0–100.5%), sulfuric acid (ACS reagent, 95.0–98.0%), and iron (II) sulfate heptahydrate (99%) were used without any purification.

Preparation of CNTF@CF Cathode

Carbon nanotube fiber was synthesized by direct spinning of millimeters long CNTs from the gas phase by floating catalyst CVD (Li et al., 2004) at 1,250°C under hydrogen flow using butanol as C source, ferrocene as Fe catalyst, and thiophene as S-containing promoter. The precursors wt.% ratio was adjusted (97.7 wt.% of butanol, 0.8 wt.% of ferrocene, and 1.5 wt.% of thiophene) to synthesize carbon nanotubes with few layers (<5) with an average diameter of 5 nm (Reguero et al., 2014). These large-diameter few-layer CNTs tend to collapse into graphitic ribbons. The fibers were spun for 10 min and collected as a film directly integrated on a carbon fiber (CF) substrate and condensed with acetone to enhance the adhesion between the two materials.

Characterization

Morphological characterization of the CNTF@CF cathode was carried out using a dual beam with field-emission scanning electron microscope FIB-FEGSEM, Helios NanoLab 600i FEI at 15 keV. Raman spectroscopy was performed by a Renishaw PLC spectrometer with 532 nm wavelength laser excitation and 1.6 μm spot size with a laser power of 3 mW. X-ray photoelectron spectroscopy (XPS) data were collected in a Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer system with a photon energy of 1,486.68 eV. The deconvolution shown is fitted by Gaussian/Lorentzian peak shapes and Shirley background profile subtraction.

Experimental EF System

The experiment was performed in a cylindrical undivided and open electrochemical cell containing 100 mL solution. A palate Ni/Ti grid with 5 cm height × 2 cm width was used as anode. A small surface area of cathode (4 cm × 2 cm) was submerged in electrolysis solution, and placed parallel to anode with the distance of 3 cm. The aqueous solution contained Na2SO4 (50 mM) as supporting electrolyte and 0.2 mM Fe2+ as catalyst as the optimal concentration catalyst for EF experiment which was investigated in our previous study (Le et al., 2016a). The pH was adjusted at 3.0 as the optimum pH value in EF process (Özcan et al., 2009) by H2SO4 (1 M) and measured by a pH meter (Radiometer Analytical). The pure oxygen with purity of 99.9% was bubbled into the treated solution near the cathode surface 15 min before and kept continuously during the electrolysis. To increase the mass transport and also ensure the necessary concentration of dissolved oxygen for production H2O2 at cathode, the solution was vigorously stirred by a magnetic equipment with 800 rounds/min at room temperature (~25°C). A constant current was unendingly applied at −25 mA using a galvanostatic mode (Lambda Electronique, USA) power supply. The mineralization efficiency was monitored by measuring the TOC removal from initial period to several treatment times at 2, 4, 6, and 8 h, respectively. The TOC analysis was conducted with a TOC-L CSH/CSN Shimadzu (Japan) analyzer. The values were trial measured with an accuracy of ±1% by automatic injection of 50 μL aliquots. Before the TOC measurement, the samples were filtered with 0.2-μm filters purchased from Whatman to eliminate all of possible precipitation or fiber coming from cathode.

RESULTS AND DISCUSSION

Characterization of CNTF@CF Cathode

The carbon nanotube fiber electrode has a large porosity arising from the imperfect packing of nanotube bundles (Yue et al., 2017), as shown in Figure 1A. Yet, the CNT are also associated in long bundles, forming a highly conducting network of crystalline domains. Each nanotube bundle is made of various mm-long CNTs in turbostratic arrangement. The constituent CNTs have few layers (Figure 1A, inset) and a highly graphitic structure in terms of sp2 conjugation, as observed by Raman and XPS spectroscopy (Figures 1B,C). The Raman spectrum of CNTF@CF cathode (Figure 1B) shows the characteristic features of few-layer CNTs consisting of the absence of radial breathing modes at 100–300 cm−1, a G band at ~1.350 cm−1, D band at ~1,350 cm−1, and the rest of overtone modes in the range of 2,400–3,000 cm−1 (Dresselhaus et al., 2005). The low intensity ratio of D to G bands (ID/IG) around 0.15 indicates the high graphitic nature (G band) of these CNTs with respect to the amount of defects (D band) as, i.e., carbonaceous impurities with sp3 bonding or broken sp2 bonds. 2D band position around 2,700 cm−1 also confirms the multi-wall character of the nanotubes within the fiber (Reguero et al., 2014). On the other hand, XPS spectroscopy is a more surface sensitive technique compared to Raman spectroscopy therefore C1s core level emission (Figure 1C) not only presents the components related to pure graphitic nanotube structure as C sp2 at 284.5 eV (C = C) and π − π* band at 291.1 eV but also C sp3 components at 285.0 eV (C-C, C-H) and 286.4 eV (C-O) from acetone condensation process by-products at the cathode surface which does not affect the graphitic nature of the nanotubes. Still C sp2 component dominates the C1s spectrum.
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FIGURE 1 | Characterization of pristine CNTF@CF cathode. (A) SEM image showing CNTF porous structure formed by the nanotube bundles network and HRTEM image (inset) of a CNT bundle made of few-layered MWNTs. (B) Raman spectrum of highly graphitic (ID/IG ~ 0.15). (C) X-ray photoelectron spectroscopy C1s peak with its corresponding deconvolution components assigned to graphitic CNT structure (C = C at 284.5 eV and π − π* band at 291.1 eV) and to acetone by-products (C-C and C-H at 285.0 eV and C-O at 286.4 eV) as a result of the condensation process of the cathode.



Mineralization of AO7 Using EF Process

The mineralization capacity of 200 mL AO7 solution was monitored by measuring the TOC value of treated samples during EF treatment. The Figure 2A showed the percentage of TOC removal from initial concentration at 0.1 mM as a function of the electrolysis time. The increase of TOC removal on both CF and CNTF@CF cathode was explained by the oxidation of AO7 and its intermediate by-products by hydroxyl radicals generated via Eq. 1 between H2O2 and Fe2+ catalyst. The better performance of CNTF@CF electrode in comparison with CF one was confirmed for all TOC values with 7.09, 26, 64.3, and 96.7% at 2, 4, 6, and 8 h, respectively. The result proved the efficiency of application CNTs in EF process thanks to its advantages like excellent conductivity and high surface are which were well discussed in introduction part. These properties bring to many benefits for EF experiment: (i) high surface supplies more active sites for oxidation reactions happening at surface of electrode (Le et al., 2016a) and (ii) good conductivity accelerated the electron rate for more oxygen molecular reduced to H2O2 which is the main key to improve the performance of EF treatment (Le et al., 2015a). In fact, thanks to the high surface area (~260 m2/g) of CNTF@CF cathode, more organic dye molecular can be adsorbed and degraded in the pore structure of the fiber, leading to a quicker mineralization rate in comparison with the pristine one (Figure 2A). This CNTF high surface area has been proven to enhance charge transfer in TiO2–CNTF photoelectrodes (Moya et al., 2017). However, regarding at early electrolysis stage before 4 h, the mineralization kinetic increased very slowly. The low rise could explained by the usual hydrophobic of CNTs hindered the access of dissolved oxygen to the surface of CNTF@CF cathode. Nevertheless, once the barriers were broken due to the vigorous stirring and continuous oxygen bubbling improving gradually the hydrophilicity of CNTs, the TOC decay increased significantly. It led to the total mineralization at the end of electrolysis on CNTF@CF cathode, while there was only 23.7% found for CF one. Moreover, this result was actually important to conclude the friendly environmental efficiency for degradation of bio-refractory pollutants by EF process using CNTF@CF cathode. The reason is that the attack of AO7 by hydroxyl radical will generate intermediate compounds more toxic than the parent molecule like 2-naphthol, 1,2-naphthoquinone at the beginning stage of the electrolysis when TOC removal achieves lower 30% (Le et al., 2016b). After that, the next decomposition of aromatic by-products forms other low toxic compounds as aliphatic compounds. When TOC removal reached to over 90%, the toxicity of solution will be disappeared which was strongly confirmed in previous study about the correlation between degradation pathway and toxicity of AO7 during EF process (Le et al., 2016b). In this study, there was 96.7% TOC eliminated in 8-h treatment at CNTF@CF cathode, proving the strength of our material in environment application for wastewater treatment by electrochemical advanced oxidation processes.
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FIGURE 2 | (A) Total organic carbon (TOC) removal of 200 mL of AO7 aqueous solution at 0.1 mM by electro-Fenton process with [Fe2+] = 0.2 mM and I = −25 mA. (B) The TOC removal after 6 h at 1, 3, 5, and 10 cycles.



Concerning on the stability of material, the percentage of the TOC removal values at 6-h electrolysis was monitored from cycle 1 to cycle 10. As can be seen from Figure 2B, the mineralization of AO7 slightly went down corresponding to the rise of using cycles. At the first time, there was nearly 64.3% organic carbon was decomposed, and then the CNTF@CF cathode missed around 10% its efficiency at fifth round. The AO7 degradation efficiency at 6 h still maintained over 40% during 10 times runs. Analyzing the CNTF@CF cathode after a long experimental period (10 cycles), its surface presents residual agglomerates of the EF process with diameter range of 70–200 nm homogeneously distributed over the CNT bundle network (Figure 3A). Raman spectrum of the 10-cycle cathode (Figure 3B) shows a ratio of ID/IG of 0.3 which is within the range observed for the as-made material. XPS C1s spectrum (Figure 3C) also shows the preservation of the graphitic nature of the cathode with a new low intense and broad component (FWHM of 2.5 eV) centered at 288.5 eV which is normally attributed to carbon-oxygen species (C-O and O-C = O) that could contribute to the increase of ID/IG in the Raman spectrum. XPS survey of the 10 cycles cathode shows a higher contribution of Fe at its surface than pristine cathode (Figure 3D). The increased Fe amount can effect negatively the AO7 degradation, because the destruction of hydroxyl radical, as main oxidizing agent, via its reaction with excess iron catalyst as common phenomenon in EF process (Panizza and Oturan, 2011). In addition, Fe catalysts nanoparticles are encapsulated by graphitic layers, so they would only contribute to the process once these layers have been degraded. Although Fe is the catalyst for both nanotube growth and EF process, the fact that catalyst nanoparticles remain inside the nanotube makes it very difficult to detect by XPS, therefore the Fe present in the 10 cycles cathode corresponds to the EF process together N which is present in the AO7 aqueous solution. Based on these results, CNTF@CF structural and chemical properties are not significantly modified after long experimental periods so the loss of efficiency of the CNTF@CF is more likely to be induced by the presence of the residual agglomerates in the cathode surface that could increase the charge-transfer process resistance in the cathode. According to these results, CNTF@CF exposed good potential as a cathodic material for EF process with high electrochemical reaction activation and reusability, which is suitable for industrial application.
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FIGURE 3 | Characterization of CNTF@CF cathode after long experimental period (10 cycles). (A) SEM image showing residual agglomerates homogenously distributed over the nanotube bundles network. (B) Raman spectrum compared to pristine cathode showing a slight increase of ID/IG to 0.3. (C) X-ray photoelectron spectroscopy (XPS) C1s peak showing a new low intense and broad component centered at 288.5 eV which is normally attributed to carbon-oxygen species (C-O and O-C = O). (D) XPS survey showing the appearance Fe related to electro-Fenton process as well as N present in the AO7 aqueous solution.



CONCLUSION

The CNTF@CF was fabricated for the first time as cathodic material to remove the azo dye (AO7) by EF treatment from acid aqueous solution. CNTF@CF cathode is produced by the direct spinning of mm-long CNTs grown by floating catalyst CVD process at 1,250°C on a carbon fiber substrate. CNTF@CF cathode presents high surface area (~260 m2/g) which enhances the charge transfer process during mineralization of AO7 solution. The hydroxyl radical as main oxidizing agent in situ produced via Fenton reaction by combination of soluble Fe2+ catalyst at 0.2 mM and H2O2 generated from oxygen reduction. The deposition of CNTs on the surface of CF improved significant the mineralization efficiency by confirming on TOC removal from initial solution. Oxidative decomposition of AO7 during EF process led to the complete mineralization after 8 h with TOC decay percentage found to be 96.7%. This value was 73% higher than on CF support at the same electrolysis time. In addition, the stability of material was investigated basing on TOC measurement at 6 h. Characterization of the cathode before and after long period experiment proved that the graphitic nature of the cathode is not significantly modified by EF process while the formation of 70–200 nm agglomerates during the long treatment could be related to the 10% loss of efficiency after five cycles. The CNTF@CF cathode proved its good reusability when only 10% of mineralization efficiency declined after five cycles.
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