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Flower-like AuPtPd-Fe3O4 Nanocatalyst for Electrochemical Removal of Humic Acids and Cr(VI) 
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Department of Industrial Engineering and Centre NANO_MATES University of Salerno, Via Giovanni Paolo II ,132 -  84084 Fisciano (SA), Italy  
cscudieri@unisa.it 
Flower-like AuPtPd-Fe3O4 new nanohybrid prepared through a scalable synthetic approach was tested for the effective and simultaneous removal of Humic Acids and Cr (VI). Field emission scanning electron microscopy (FESEM) equipped with an energy dispersive X-ray (EDX) probe, X-ray diffractometer (XRD) and thermogravimetric analysis (TG-DTG) were used for characterization. The nanocatalyst, at the end of the preparation process, results dispersible in water. Calibration equations were plotted for the removal evaluation of Cr(VI) and Humic Acids in water samples. Electrochemical tests were carried out at pH 3.0 and 30 mA. Humic Acids were highly mineralized with TOC removal efficiency of 95%. In 3 h, 99 % of total Cr was removed. 
Introduction
Humic acids (HAs) is one of the principal components of natural humic substances (HS) that are originated from the decomposition of various plant materials and animal residues, so it is considered to be the dominant constituent of dissolved organic matter (DOM) not only in drinking water source but also in other natural water resources (Costa et al., 2011). HAs are composed of aliphatic or aromatic organic macromolecules with carboxylic acid group, phenolic hydroxyl group, and quinone groups (Chen et al., 2003). The presence of HAs in potable water also result in negative effect on water quality by causing color, taste and odor problems (Lin et al., 2012). Moreover, these compounds are widely recognized as precursors of potentially carcinogenic disinfection by-products (DBPs), e.g. trihalomethanes formation during chlorine disinfection process (Trellu et al., 2016). Therefore, humic acid poisoning of drinking water sources is an urgent problem requiring easy and efficient removal strategies. Hexavalent chromium (Cr(VI)), is mobile in the environment and is highly toxic. Cr(VI) can easily penetrate the cell wall and exerts its noxious influence in the cell itself, being also  a source of various cancer diseases (Gil et al., 2006). As a human carcinogen, Cr(VI) compounds can cause cancer at tissue sites, bone cancer, and leukemia due to high exposure from chrome tanning, chrome plating, Cr(VI) pigments, and arc welding. Due to the presence of chromium in aqueous systems, many scholars have studied this material and its toxic properties. Cr (VI) has been classified as Group A inhalation carcinogen by US EPA and Group I human carcinogen by the IARC (International Agency for Research on Cancer) (Wang et al., 2016), resulting into strictly regulated Cr (VI) level, which must be in drinking water lower than 0.05 mg/L (Gil et al., 2006). In addition, anion Cr (VI) is readily to enter and migrate in the soil and aquatic environments, leading to a tremendous threat to water supply sources (e.g. surface water and groundwater). On another side, the increasing uses of chromium in industries have led to a large amount of effluents that contain Cr (VI), which thus makes possible the coexistence of HAs and Cr (VI) in natural water bodies. The widespread presence of humic acids (HAs) and chromium (Cr) in aquatic systems and drinking water sources is a serious threat to the environment and human being. However, very few studies on the potential interaction and simultaneous removal of these two types of contaminants have been conducted. Different catalysts have been proposed and studied for the removal of HAs and Cr (VI) (Celebi et al., 2016). On the hand, nanotechnology offers also in this field a real opportunity of innovation, supplying new structure and morphology able to increase catalytic activity and selectivity for the simultaneous removal of both humic acids and chromium.
Here, in order to exploit the role on the selectivity of Pt and Au, for the first time, we propose a flower-like AuPtPd-Fe3O4 nanoparticles for the effective and simultaneous removal of HAs and Cr (VI). The catalyst selectivity is dominated by Pt and Au species, in which Au fatherly improve the catalyst tendency to form H2O2 instead of H2 combustion (Sterchele et al., 2013; Sarno et al., 2018a). HAs were efficiently mineralized, as revealed by a total organic carbon removal efficiency and Cr(VI) was completely reduced.
Experimental
HAs were purchased from Sigma Aldrich. Potassium dichromate, Platinum(II) acetylacetonate, Palladium(II) acetylacetonate, Gold(III) chloride hydrate, oleic acid, 1,2-hexadecanediol, 1-octadecene and citric acid were analytic grade from Sigma Aldrich Co., used as received. AuPtPd-Fe3O4 nanocomposite was obtained by a one-step method. In particular, before the synthesis, Platinum(II) acetylacetonate (0.1 mmol), Palladium(II) acetylacetonate (0.1 mmol), Gold(III) chloride hydrate (0.1 mmol),  Iron(III) acetylacetonate (2 mmol), oleic acid (12 mmol), 1,2-hexadecanediol (10 mmol) and 20 ml of 1-octadecene were intimately mixed by sonication. After, the mixture was heated to 200 °C for 2 h under N2 flow, and furtherly heated to reflux (~285 °C) for 1 h. The formed black-brown mixture was cooled to room temperature by removing the heat source. To favour the dispersion of the NPs in the electrochemical medium a ligand exchange with citric acid (CA) was promoted (Sarno et al., 2017a; Sarno et al., 2018b).  The characterization was obtained by the combined use of different techniques. Field emission scanning electron microscopy (FESEM) images were obtained by the use of a Phenom electron microscope, equipped with an energy dispersive X-ray (EDX) probe. A Bruker D8 X-ray diffractometer with a monochromatic CuK radiation was used for measurements of powder diffraction profiles. Thermogravimetric analysis (TG-DTG) at a 10 K/min heating rate in flowing air was performed with a SDTQ 600 Analyzer (TA Instruments) (Trezza et al., 2008). Due to the complexity of the HAs organic matter, the evolution of the reaction was determined by a global parameter, i.e. the total organic carbon (TOC) content of the solution (TOC sol), in mg/L. Samples were collected at different time points during the electrolysis. TOC was measured by using a Shimadzu TOC-V analyzer. To prepare the HAs solution, a purification step of commercial HAs was performed, similarly to the protocol of Arai et al. (Arai et al., 1986). The stock solution was prepared by dissolving commercial HAs in distilled water at pH 3. This solution was filtered through Whatman GF/F filter (0.7 µm as pore diameter). Then, HAs were precipitated by decreasing pH to 1.2 and the solution was centrifuged at 3000 rpm during 20 min. All electrochemical tests were carried out during 6 h in a 100 ml batch electrochemical cell using Autolab PGSTAT302N potentiostat. The anode material was boron-doped diamond (BDD) thin-film onto a Nb substrate and the cathode material was a Pt foil. Electrodes were set up with a gap of 2 cm between the anode and the cathode. For a typical electrochemical test, considering that in a natural water system, HAs are present in concentrations ranging from 0.1 to 200 mg/L (Kinniburgh et al., 1996), while, the concentration of Cr(VI) depends on the adsorption characteristics of the soil surfaces, a solution containing an initial TOC concentration of 120 mg/L and 50 mg/L of Cr(VI) (e.g. tannery wastewater) was prepared. The pH solution was adjusted using dilute H2SO4 or 1.0 M NaOH before electrolysis. After adding 0.8 g of AuPtPd-Fe3O4. The solution was stirred at 300 rpm using a magnetic stirring bar coated with Teflon throughout the experiment. The aqueous samples were withdrawn for analysis at determined time intervals.
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Figure 1 shows XRD pattern of the obtained products. The diffraction peaks at 35.46° (311), 43.01° (400), 52.91° (422), 57.02° (511) and 62.64° (440) are in agreement with the JCPDS file of magnetite (JCPDS No. 75-0033) (Sun et al., 2009; Xu et al., 2009; Ban et al., 2010; Ghandoor et al., 2012). The peaks (Wang et al., 2011)  at 38.42°, 44.49°, 64.88°, 78.02°, 82.93° can be indexed to the Au (111), (200), (220), (311) and (222) respectively crystal faces (JCPDS No. 04-0784) (Ren et al., 2015). The blue arrows in the graph of Figure 1 indicate the 2° positions of a Pt and Pd alloy. Indeed, the peaks are at higher and lower angles if compared with pure Pt and pure Pd, respectively (Sarno et al., 2017b, Sarno et al., 2018c). 
The Fe3O4 crystalline size, measured by Scherrer’s equation (Ciambelli et al., 2004) applied at (440) peak of Fe3O4, was found to be ~ 16.9 nm. The lattice parameter "a" and interplanar d spacing dhkl (Sarno et al., 2017b) were found quite close to the standard lattice parameter of magnetite and relatively far from the one of maghemite, which indicates that the as-synthesized iron oxide particles are in magnetite phase (Xu et al., 2009). The Scherrer’s equation applied at the other Fe3O4 diffraction peaks confirms the quasi-spherical nature of the component in the nanocomposite. The SEM images (see Figure 2a,b) for AuPtPd-Fe3O4 illustrate the nanocomposite, which is constituted of nanoparticles  40 nm in diameter. Each nanoparticle has a flower-like morphology, with a magnetite core and numerous as also confirmed by TEM images not shown here. The nanocomposites, prepared in a one-step procedure, consists of nanoparticles with grain size of about 40 nm, constituted of a magnetite core 20 nm and petals of PtPd and Au, see the insert in Figure 2b. 
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Figure 1 XRD spectrum of AuPtPd-Fe3O4 nanocomposite
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Figure 2 SEM (a,b) images of AuPtPd-Fe3O4 nanocomposite; Fe3O4 size distribution histogram and schematic representation of AuPtPd-Fe3O4 nanocomposite in the inserts.
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Figure 3 Characterization of AuPtPd-Fe3O4 nanocomposite using SEM-EDX. 

In addition, to further investigate the Pt, Pd, Au and Fe3O4 arrangement, in Figure 3 the SEM images at increasing magnification and the corresponding EDX maps for each metal reveal that platinum, palladium, gold and magnetite are homogeneously distributed in the sample. Figure 4a shows the TG-DTG results obtained on the as prepared AuPtPd-Fe3O4 nanocomposite, after an initial weight loss, due to adsorbed water, a weight loss due to surfactant can be observed, then the sample stays stable up to 1000 °C (Sarno et al., 2017b; Ferrara et al., 2007). The UV–vis absorbance spectra of chromium and humic acids alone, and a chromium-humic acids mixture in aqueous solutions were shown in Figure 4b. 
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 Figure 4 TG/DTG curves of AuPtPd-Fe3O4 nanocomposite (a). The UV–vis absorption spectra of Cr, HAs and the HAs+Cr  mixture (b)

Two intense absorption bands at 260 and 348 nm can be seen in the UV–vis spectra of chromium, these bands were assigned to O-Cr(VI) electronic charge transfer of Cr2O72- (Leita et al., 2009). The UV–vis absorbance spectra of HAs mainly come from the electronic charge transfer of aromatic ring structures and color-absorbing groups (Schaumann et al., 2011). It can be seen from the absorbance spectra of chromium-humic acids mixture that absorbance bands coming from aromatic ring structures in HAs decreased. The peak at 350 nm corresponds to the slight red shift of peak at 348 nm of Cr(VI), implied that HAs promoted the probability of intermolecular O-Cr(VI) electronic charge transfer together with an energetic benefit (Leita et al., 2009). In addition, no significant absorption band at 425 nm, assigned to the typical octahedral Cr(III) structure, can be seen. This implies that the reduction of Cr(VI) to Cr(III) was not occurred during the preparation of the test mixture. Calibration equations (Figure 5a,b) derived from calibration curves were plotted for the removal evaluation of Cr(VI) and HAs in water samples.
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R2 = 0.9997
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R2 = 0.9996


Figure 5 Absorbance/concentrations profiles of Cr (a) and HAs (b) at different concentrations

Good linearity is observed for both analytes throughout the concentration ranges of 2.5 to 25 mg/L and 12 to 120 mg/L for Cr and HAs respectively, with R2 close to 1 in both cases (0.9996 for Cr and 0.9997 for HAs). For HAs and Cr electrolysis: pH 3.0, 30 mA, 0.8 g of AuPtPd-Fe3O4, 125 mg/L HAs and 25 mg/L Cr (VI), were used. The results are shown in Figure 6a and 6b. Excellent removal efficiency for total Cr was shown, see Figure 6a. In particular, 79% of total Cr was removed in 30 min, while 99 % of total Cr was removed in 3 h. It was evident that 95% of TOC was removed after 3 h electrolysis, indicating a quite complete mineralization to CO2 of HAs, see Figure 6b. 
The behaviour shown by AuPtPd-Fe3O4 evidences the beneficial effect of Au and Pt, probably due to an improved selectivity of the catalyst surface to form H2O2 instead of H2 combustion (Sterchele et al., 2013; Sarno et al., 2018a). These results confirm the effectiveness of the electro-Fenton process in the simultaneous removal of HAs and Cr(VI). The high efficiency of our nanocatalyst can be ascribed to the effective catalytic activity of the Au/Pt/Pd nanoparticles during atomic hydrogen formation on the catalyst surface, in which Au and Pt presence probably favour the conversion of H2 and O2 to generate dissolved OH (Sterchele et al., 2013; Sarno et al., 2018a). 
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Figure 6 Total Cr evolution as a function of time during electro-Fenton process (a) and HAs evolution as a function of time during degradation (b).
Conclusions
A flower-like AuPtPd-Fe3O4 NPs nanocatalyst, consisting of faceted AuPtPd NPs on a quasi-spherical, 16.9 nm mean size, Fe3O4 NPs has been prepared, by an efficient and facile one pot synthesis process, for the effective and simultaneous removal of HAs and Cr (VI). To favour the dispersion of the nanoparticles in the electrochemical medium a ligand exchange was designed and tested. The alloy formation between Pt and Pd, based on the substitution of the Pt lattice sites, was confirmed by XRD analysis, on the other hand the peaks of the Au crystal faces are clearly visible. Calibration equations derived from calibration curves were plotted for the removal evaluation of Cr(VI) and HAs in water samples. Good linearity was observed for both analytes throughout the concentration ranges chosen.  Effective and simultaneous removal of HAs and Cr(VI) has been achieved by the developed electro-Fenton process, where H2O2 was in situ electro-generated by combination of H2 and O2 on the Pd catalyst surface. Under the conditions of solution: pH 3.0, 30 mA, 125 mg/L HAs and 0.8 g of AuPtPd-Fe3O4, HAs were highly mineralized with TOC removal efficiency of 95% after only 3 h electrolysis, while 99 % of total Cr was removed in 3 h. The homogeneous characteristics of the hydroxyl radicals produced by the electro-Fenton process determines their higher degradation efficiency on the respect of the anodic oxidation, suppling a more effective and safe way of H2O2 addition. The high efficiency of our nanocatalyst can be ascribed to the effective catalytic activity of the Au/Pt/Pd nanoparticles, due to Pt presence and highlighted by Au, which favour the conversion of H2 and O2 to generate dissolved OH even more homogeneously distributed in the medium. 
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