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Abstract

:

The remediation of bromate in water is a concern due to the reported health issues caused by its ingestion. Catalytic processes, wherein bromate is reduced to non-hazardous bromide, have been studied. In the present work, catalysts of 1% palladium supported in electrospun carbon fibers (Pd-CFs) using different methods for palladium incorporation were prepared. The textural properties, morphology, crystalline structure, and hydrogenation capacity by H2 chemisorption analysis of the Pd-CFs catalysts were characterized. The catalytic tests were performed in a semi-batch reactor, and the obtained results showed different catalytic activity by each prepared Pd-CFs catalyst. The catalysts prepared by incipient wetness impregnation—1% Pd/CF1 and 1% Pd/CF2, using CFs obtained with electrospinning flow rates of 0.5 mL h−1 and 2 mL h−1, respectively—achieved total bromate reduction after 120 min of operation; however, 1% Pd/CF1 obtained total reduction as early as 30 min. Taking into account the catalyst properties, 1% Pd/CF1 showed a good catalytic activity due to CFs morphology obtained using a low electrospinning flow rate, while the Pd incorporation method allowed a high availability of active sites with hydrogenation properties for bromate reduction.
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1. Introduction


Bromate (BrO3−) is classified as a contaminant according to the pollution concept by Geert Potters: “any form of contamination in an ecosystem with a harmful impact upon the organisms in this ecosystem, by changing the growth rate and reproduction of plant or animal species, or by interfering with human amenities, comfort, health, or property values” [1]. BrO3− as a pollutant is extensively reported, wherein harmful effects in human health such as cancerous diseases, gastrointestinal irritations, depressions of the central nervous system, and renal failure have been identified [2,3]. Its ecotoxicity has also been studied and the reported results demonstrated that fish exposed to bromate developed chronic pathological disorders [4,5]. This compound is not reported as occurring naturally in surface waters [6] but exists as salts (KBrO3 and NaBrO3) with high solubility in water [4]. However, recently, it has been detected after industrial or urban oxidation/disinfection processes for water treatment, such as ozonation [7] and disinfection with concentrated hypochlorite solutions [8], wherein BrO3− is formed in water when bromide ions in the reduced form, Br−, are present [9]. The International Agency for Research on Cancer (IARC), a part of the World Health Organization (WHO), classified BrO3− as a Group 2B or “possible human” carcinogen [10] and as consequence of this classification, the WHO and the United States Environmental Protection Agency (USEPA) have established a provisional guideline for BrO3− in drinking water of 0.01 mg L−1 [11,12]. On the other hand, the recent introduction of parts-per-billion drinking water standards may raise concerns about further contaminated sites within potable water supplies, leading to increased requirements for remediation of BrO3− [4] and the development of efficient water treatment technologies.



BrO3− removal methods have been researched since 1990s [13] and can be divided into physical techniques (nanofiltration and inverse osmose [14], UV [15]); chemical techniques (coagulation [16], reducing agents [17], zero-valent iron [18] and photocatalytic decomposition [19]) and biological techniques (biological remediation [20]). All the previously mentioned techniques demonstrated more disadvantages than advantages, even if some of them achieved promising results [4]. The imbalance of cost vs. efficiency, the formation of undesirable by-products and the high levels of system complexity that are difficult to scale-up with high efficiency of these solutions, have pushed the scientific community to invest in the study of low-cost catalytic processes for BrO3− reduction. Catalytic processes are a promising solution due to their economic and ecological character, ease of scaling up, and the possibility to develop technologies that are compact, transportable, and easily manageable [21]. Remediation of water contamination using heterogeneous catalytic technologies to convert oxyanions into less toxic or innocuous end products (e.g., Br−, Cl− and N2) are treatments that completely convert the pollutant instead of trapping it, as is the case in membrane filtration [22,23,24,25]. The best heterogeneous catalysts are composed of a support, which could play an active or passive role, a noble metal with hydrogenation properties that promotes the reduction of the contaminants, and a promoter metal used in bimetallic formulations for specific cases in the enhancement of the reduction, for example in NO3− reduction [23,26,27,28,29]. The support (active such as zero-valent iron [30] or passive such as carbon materials [31,32], zeolites [33,34], TiO2 [32,35] and alumina [32,36]), the noble metal (Pd, Pt, Ru or Rh [33,34,37,38,39]), and the promoter metal (Cu, Ni, Sn or Zn [40,41,42,43]) are adjusted according to the type of contaminants to be reduced and the aqueous matrix [36]. The presence of a reducing agent is necessary for a better electron transfer to noble metals, which permits efficient and fast reductions, generally achieved using gaseous hydrogen [40,44]. The solution pH also must be adjusted to the catalyst because some noble metals have better activity at low pH, such as Pd [45,46].



Focusing on BrO3− conversion into Br−, the noble metal that has demonstrated the most promising results, independently of the support used, is Pd [44,47,48,49]. However, the particle size and morphology of Pd are also parameters to be studied because they are reported to influence catalysis [50]. The support effect has been widely studied due to the activity effect and chemical and textural properties. Restivo et al. [44] reported that Pd catalyst supported on TiO2, multiwalled carbon nanotubes (MWCNT) and activated carbon (AC) achieved different results in BrO3− reduction. The activity of the studied supports followed the trend TiO2 > MWCNT > AC. The high activity of TiO2 was attributed to the electron transfer from Ti3+ centers on the support lattice and a strong metal support interaction, which resulted in the transfer of electrons to the metallic particles. The results of the catalyst supported on MWCNT were influenced by their mesoporous nature, which contributed to a decrease in diffusional limitations. AC as a support could also contribute to bromate removal by adsorption. Soares et al. [51] demonstrated the influence of chemical and textural surface properties of the catalyst support using as-received and modified MWCNT, wherein N-doped MWCNTs were the best support, while acid samples presented the worst performances, since electrostatic interactions with BrO3− were enhanced in the presence of basic supports. Nanocarbon fibers (CFs) have been achieving promising results when used as a support for noble metals in catalytic BrO3− reduction [31,52,53]. In this type of support, the diameter of the fibers, the textural properties and the method used for noble metal incorporation are important parameters that have been studied. CFs are usually synthesized by the electrospinning method, which allows control of the polymeric solution flow, which is a determinant of CF properties. Demir et al. [52] prepared CFs by electrospinning from solutions of poly/acrylonitrile-co-acrylic acid) (PAN) and PdCl2 and Pd metal dissolved in N,N-dimethylformamide (DMF). In this study, the effect of the concentration of PAN and the amounts of PdCl2 and Pd were evaluated. The prepared catalysts were tested in the catalytic hydrogenation of dehydrolinalool, and the obtained results demonstrated that the increase in PAN concentration leads to a decrease in the reaction rate because the polymer layer size decreased the availability of the catalytic active Pd surface. Increasing the PdCl2 concentration increases the number of nucleation sites of Pd particles, namely the particle density on the fibers. Consequently, particle size and dispersion can be tuned by the amount of salt and the composition of the copolymer. In addition, the authors demonstrated that small particles have larger surface area and increase the reaction rate. Wang et al. [53] used a wet impregnation method for Pd incorporation in CFs for catalytic performance. The authors studied the influence of the polymer and solvent ratio in electrospinning synthesis of CFs and identified an optimum ratio of 35:53, which provided an increase in specific surface area, average pore diameter and pore volume. Therefore, these achieved the most promising results in catalytic processes compared with the other CFs with different ratios and textural properties, because the wet impregnation of Pd nanoparticles (NPs) in CFs demonstrated better dispersion at the optimum ratio. Marco et al. [54] prepared Pd and Ru catalysts supported in monoliths coated with CFs, wherein CFs were synthesized by chemical vapor deposition and Pd incorporation was carried by two different methods: incipient wetness impregnation, which permitted to control the amount of the noble metal incorporated, and wet impregnation. Pd exhibited one order of magnitude higher specific activity than Ru in BrO3− reduction and the catalyst prepared by incipient wetness impregnation demonstrated high activity in the initial time instants, but activity loss was recorded after 7 h of reaction, due to the monolith crushing in the Pd incorporation step in catalyst synthesis which caused poor CF adhesion to the substrate (observed in scanning electron microscope analysis). The other catalyst demonstrated lower activity, but deactivation was not observed. The advantages of using electrospun CFs as physical support for noble metals to produce catalysts with hydrogenation properties instead of other supports, such as CNT and TiO2 are: (i) the versatility of the electrospinning procedure, which allows the synthesis of different types of CFs varying only a few parameters (voltage, feed rate, polymer, etc.) [55]; (ii) low cost and simple handling [56]; low resistance to internal diffusion [57]; (iii) more available catalytical phases which permits good activity and selectivity [58,59]; (iv) less agglomeration [55,60] and (v) prevention of active phase oxidation [55,61]. In the present study, Pd-CFs catalysts for BrO3− reduction were prepared, wherein the CFs were prepared by electrospinning with different feed solution flows, different Pd precursors and different incorporation methods. The synthesis of catalysts with varying characteristics by careful control of the preparation method aims at obtaining insights on the relationship between the Pd-CFs catalysts properties and their performance in bromate reduction.




2. Materials and Methods


2.1. Materials


Polyacrylonitrile (average Mw 150,000, Sigma-Aldrich, PAN), N,N-Dimethylformamide (puriss. p.a., ACS reagent, reag. Ph. Eur., >99.8% DMF, Sigma-Aldrich) were used for CFs synthesis and Palladium (II) chloride (99%, Sigma-Aldrich, St. Louis, MO, USA), Palladium (II) nitrate hydrate (Sigma-Aldrich) and HCl (37%, VWR Chemicals®, Radnor, PA, USA) were used for the Pd incorporation on CFs. Sodium bromate (≥99%, Sigma-Aldrich Co., St. Louis, MO, USA) was used to prepare bromate solutions for the catalytic reduction experiments. Sodium bromide (≥99%, Sigma-Aldrich Co., St. Louis, MO, USA) was used to prepare bromide solutions for ionic chromatography calibration and sodium carbonate (≥99.5%, Sigma-Aldrich Co., St. Louis, MO, USA) as chromatography separation mobile phase. Ultrapure water was used throughout this work.




2.2. Catalysts Synthesis


2.2.1. Preparation of Carbon Nanofibers


In a typical experiment, 12 g of PAN was dissolved in 88 g of DMF. After being stirred at 60 °C for 12 h, the precursor solution was transferred to a syringe for electrospinning. The custom-made electrospinning apparatus, consisting of a high voltage supply, a peristaltic pump, a syringe with a metal needle (23 G) and a drum collector, was used to fabricate the nanofibers. In a typical electrospinning process, the precursor solution was electrospun at 23 kV voltage, 15 cm working distance, and 0.5 or 2 mL h−1 flow rate at room temperature. A nonwoven mat of PAN nanofibers was collected on the drum. The as-spun nanofibers were heat treated at 300 °C for 2 h and then at 900 °C for 1 h under hydrogen atmosphere. The samples prepared with a flow rate of 0.5 and 2 mL h−1 were denoted as CF1 and CF2, respectively (see Figure 1).




2.2.2. Preparation of Pd/CFs by Incipient Wetness Impregnation Method


Incipient wetness impregnation was used for Pd incorporation in CF supports, wherein the noble metal was dispersed on the surface of CFs. The procedure used was adapted from previous works [38,51] using CF1 and CF2 as supports. Firstly, CF1 and CF2 were ground to a controlled particle diameter between 0.1 and 0.3 mm and placed under ultrasonic mixing. 1 wt.% of Pd (from PdCl2 precursor) was dissolved in HCl and added dropwise to the supports, maintained under ultrasonic mixing for 90 min. Then, the materials were dried at 100 °C for 24 h and heat treated under N2 and H2 flow at 200 °C for 1 h and 3 h, respectively, using optimized conditions from previous works [62,63]. The obtained composites were 1% Pd/CF1 and 1% Pd/CF2. With these materials, it was possible to evaluate not only the influence of the method of Pd incorporation used but also the activity between CFs synthesized with different electrospinning flow rates (see Figure 1).




2.2.3. Preparation of Pd/CFs by the sol-gel Method


Nanofibers were prepared by electrospinning of a polymer and metal precursor gel formed by a sol-gel method. Briefly, 12 wt.% of PAN (with respect to DMF) were mixed with 1 wt.% of Pd (from Pd(NO3)2 precursor), previously dissolved in DMF. The sample was denoted as CF3. Another catalyst was prepared with a 12 wt.% PAN-DMF solution, and after the total dissolution of the polymer, 1 wt.% of Pd (from Pd(NO3)2 precursor) in powder form was added. The solution was kept under stirring 12 h and denoted as sample CF4. For the preparation of sample CF5, the 12 wt.% PAN-DMF solution and the palladium precursor in powder form (1 wt.%) were stirred for 24 h, and after that, the DMF solvent was added and stirring continued for 6 h. The precursor solutions were electrospun at 23 kV voltage, 15 cm working distance, and 2 mL h−1 flow rate at room temperature. The heat treatment was performed under the same conditions described in Section 2.1. These different catalysts will allow evaluation of the influence of the Pd precursors in DMF solution and powder forms and the effect of DMF after stirring (see Figure 1).





2.3. Materials Characterization


The N2 adsorption–desorption isotherms at –196 °C were collected using a Quantachrome NOVA 4200e multi-station apparatus. Before the physisorption analysis, the samples (c.a. 100 mg) were degassed at 350 °C for 3 h. The surface area (SBET) was calculated by the Brunauer–Emmett–Teller (BET) method [64]. The pore size distribution was evaluated by the BJH-method. Ash content was determined by thermogravimetric analysis (TGA) using a Mettler-Toledo TGA/DSC 1 STAR apparatus, by heating the samples under Ar flow from 50 to 900 °C, at a heating rate of 10 °C min−1, while performing two isothermal steps: 7 min under Ar and 13 min under air. Powder X-ray diffraction (XRD) analysis was performed using a PANanalytical X’Pert PRO diffractometer with Ni filtered Cu Kα radiation and a PIXcel detector. The sample was ground to a fine powder and placed in the sample holder. A Bragg Brentano configuration was used in a 2θ range from 20 to 80° with a step size of 0.01° and a time per step of 300 s. Collected data was analyzed using PANanalytical High Score software. The samples morphology was examined by a field-emission scanning electron microscope (FE-SEM, FEI Quanta 650 FEG) equipped with an INCA 350 spectrometer for energy dispersive X-ray spectroscopy (EDX) and by transmission electron microscopy (TEM, JEOL JEM-2100). The palladium content was determined by inductively coupled plasma–optical emission spectroscopy (ICP−OES) carried out on an ICPE-9000 multitype ICP emission spectrometer from Shimadzu, equipped with a nebulizing system, and using optical emission spectroscopy for detection. Samples were digested by dispersing 20 mg in 12 g of concentrated HNO3 (65%) in an autoclave, which was kept at 180 °C for 12 h to completely decompose the sample. Measurements were repeated three times and the results are the mean value with relative standard deviation. H2 chemisorption experiments were carried out in an Altamira Instruments AMI-300 apparatus at 200 °C and atmospheric pressure. 64 µL of H2 from a calibrated loop were injected in succession in 25 cm3 min−1 Ar (carrier gas), which passed through a 300 mg catalyst bed until saturation of the catalyst surface. An online thermal conductivity detector (TCD) was used to measure non-adsorbed H2.




2.4. BrO3− Removal Experiments


BrO3− reduction was accomplished in a semi-batch reactor at room temperature and atmospheric pressure, using a system with continuous stirring rate of 700 rpm. H2 was used as reducing agent and it was continuously fed at 50 Ncm3 min−1 flow rate. All the assays were performed with a total volume of 400–395 mL of ultrapure water and 5 mL of a concentrated solution of sodium bromate, to obtain a concentration of 5 mg BrO3− L−1 in the reaction medium—and 100 mg of catalyst. Before initiating the reaction, i.e., adding BrO3−, the catalyst dispersion on the liquid phase with H2 flow was maintained for 15 min for catalyst activation and air purging. Sampling was carried out from the reactor at defined periods, followed by centrifugation at 45,000 rpm for 5 min and filtration using micromembranes (porosity of 0.2 µm) to ensure no solid particles on IC analysis. The BrO3− ions concentration was followed by IC using a Metrohm 881 Compact IC Pro apparatus equipped with a Metrosep A Supp 7 anion exchange column with a detection limit of 0.01 mg L−1 and 3.6 mM of sodium carbonate mobile phase.





3. Results and Discussion


3.1. Characterization of Pd-CFs Composite Catalysts


The influence of the preparation method on the textural properties of the different catalyst materials was evaluated. Table 1 shows that it has a strong influence on the textural properties of the obtained materials. The carbon fibers prepared with a flow rate of 0.5 mL h−1 present a very low surface area of 20 m2 g−1, but the incorporation of the palladium precursor in the polymer solution (CF3, CF4 and CF5) increased the surface area of materials. The obtained results suggest: (i) the dissolution of the Pd precursor in DMF before introduction into the polymer solution provided the catalyst with a higher surface area (CF3, 344 m2 g−1) and (ii) the dispersion of the Pd precursor in powder form (CF4 and CF5) decreased the overall surface area and pore size; however, CF5 obtained a higher surface area than CF4, probably by the addition of DMF after Pd precursor dispersion.



The samples were characterized by powder XRD analysis to confirm the as-prepared Pd carbon fibers’ crystallinity. Figure 2 presents the XRD patterns of the different carbon fibers prepared with palladium. The XRD pattern of Pd carbon fibers exhibited four distinct reflections at 40.02° (111), 46.49° (200), 68.05° (220), and 81.74° (311). These are the characteristic reflections of the face-centered cubic (fcc) structure of Pd (ICDD 04-05-0492). Among all the reflections, the reflection at 40.02° (111) is the most intense, which may indicate the preferred direction for the growth of the nanocrystals.



Figure 3 presents SEM images of the carbon fibers. The preparation conditions (feed flow, needle distance, and potential) applied here consistently produced a homogeneous material with no formation of beads. The carbonization of the polymeric fibers did not affect their morphology. Figure 3a,c presents SEM images of the carbon fibers prepared with only the polymer precursor, without the presence of the catalyst, using two different flow rates: 0.5 and 2 mL h−1, respectively. It is possible to conclude that the flow rate does not have a strong influence on the diameter of the obtained fibers (very similar diameter distribution) and the tested flow rates permitted availability of proper drying time prior to reaching the collector, avoiding beaded fibers [65,66]. Comparing the pore diameter of these two CFs, determined by physisorption analysis (see Table 1), it is possible to conclude that increasing the flow rate provided an increase in pore diameter (CF1: 0.5 mL h−1 and dpores of 1.2 nm, and CF2: 2 mL h−1 and dpores of 2.1 nm), which is in accordance with the literature [67,68]. When palladium was introduced into these samples by incipient impregnation, a slight decrease in the diameter of the fibers was observed. The use of HCl acid seemed to destroy some fibers, as it is possible to observe in Figure 3b,d the presence of some agglomerates. However, when the palladium was introduced in the spinnable solution, carbon fibers with a different distribution of diameters were obtained. The sample CF3, wherein the Pd precursor was dissolved in DMF and then mixed with the PAN-DMF solution, obtained the smallest diameter distribution, 0.5 µm (Figure 3e), due to the higher concentration of DMF (from Pd dissolution and PAN dissolution) in the electrospinning mixture. Following the reported studies about the influence of the solvent (DMF, in this case) concentration, the obtained results of CF3 were in accordance with literature, i.e., that an increase in the DMF concentration produces thinner CFs [69,70]. These results also explain the high surface area of CF3 (344 m2 g−1) due to the low fiber diameters [71]. Samples CF4 and CF5 (Pd precursor stirred in powder form) present mean diameters of 1.0 and 1.9 µm, respectively (Figure 3f,g) corresponding to the largest prepared CFs. In addition, it was observed in CF5, wherein DMF was added after Pd dispersion in PAN-DMF solution, that in this case the increase in DMF concentration did not provide CFs with thinner morphology but the opposite effect (a diameter almost double of CF4 and quadruple of CF3), although CF5’s surface area increased to 143 m2 g−1 when compared with CF4 (75 m2 g−1). These results show a different effect on CFs textural properties and morphology when adding DMF before or after Pd dispersion. In Figure 3g, it is possible to observe the presence of palladium particles on the surface of CF5, which leads to the conclusion that the method of introducing palladium, the concentration, and the method of adding DMF have strong influences on the morphological and textural properties of the materials and provided large Pd particles. In Figure 4, where TEM images of Pd-CFs are presented, different dispersions and sizes of Pd particles in each CF can be seen. For instance, CF3 and CF5 (Figure 4b,d, respectively) show heterogenous Pd dispersion and particles with different sizes, along with some particle agglomeration in CF3, while CF4 (Figure 4c) presents a homogenous dispersion with large particles. The 1% Pd/CF1 catalyst did not show visible Pd particles but comparing it with H2 chemisorption particles, it was possible to conclude that it had an efficient dispersion with Pd small particles.



The immediate analysis experiments consisted of the thermal decomposition of the samples in inert and oxidizing atmospheres, allowing determination of the content of volatiles, fixed carbon, and ashes (Table 2). It appeared that the samples have very similar chemical compositions, in agreement with the XRD and ICP analyses, but varied in textural properties and morphology. The chemical composition determined with TG/DSC was similar for all catalysts, and any relationship between catalytic activity and this characterization was not identified.



The H2 chemisorption results, shown in Table 2, were analyzed considering that the meaning differences in hydrogen uptake are related directly with the Pd particle size or availability of the active sites for hydrogen chemisorption, as they have the same Pd loading in accordance with ICP results, which in turn result from differences in CFs morphology and the Pd impregnation approach. The results obtained clearly show that the method used for Pd incorporation on the CF supports influenced the H2 adsorption by Pd particles. For example, CF3, which was prepared by dissolution of Pd in DMF, obtained a H2 consumption of 0.11 mmol g−1, whereas CF4 and CF5, for which Pd was incorporated in powder form, achieved lower H2 consumption than CF3. Comparing these results with SEM, and textural properties, it was possible to verify that dissolution of Pd precursor in the PAN-DMF solution permitted obtaining CFs with different diameters, and low fiber diameters achieved better availability of Pd active sites (higher values of H2 adsorption). The catalysts 1% Pd/CF1 and 1% Pd/CF2 prepared by incipient wetness impregnation permitted a larger hydrogen chemisorption on Pd than the other catalysts, confirming more available Pd active sites for H2 adsorption. In these samples, it is not feasible to establish a direct correlation between H2 chemisorption and fiber diameter as SEM analysis showed a disordered structure of these samples; however, the destroyed structure by HCl in Pd dispersion may contribute to a good dispersion of Pd on the surface of CFs, showing the highest values of H2 chemisorption. The high values of H2 chemisorption by Pd-CFs catalysts prepared by incipient wetness impregnation compared with the other catalysts can be understood by taking into account the TEM results. For example, CF4 and CF5 with larger Pd particles and CF3 with heterogeneous dispersion of Pd obtained lower H2 consumption since these characteristics contribute to a lower available metal surface area [52]; however, 1% Pd/CF1 (Figure 4a), which showed non agglomeration of Pd particles and high values of H2 chemisorption, demonstrated that there was good dispersion of Pd particles.



Another observed difference in H2 consumption was noticed for different electrospinning flow rates used in catalysts synthesis, i.e., fixing the same method of Pd incorporation on CFs, but with an electrospinning flow rate of 2 mL min−1 allowed to obtain higher H2 consumption than the others with 0.5 mL min−1 (1% Pd/CF2 > 1% Pd/CF1). This also could be related to the textural properties of these catalysts, which were observed to present a higher surface area in 1% Pd/CF2 than 1% Pd/CF1, resulting in higher availability of Pd particles for H2 chemisorption. Table 3 shows that all catalysts demonstrated loadings of ~1% of Pd independently of the impregnation method used. The small deviations from the nominal value are consistent with those expected for the techniques used, including the analytical technique requiring sample digestion.




3.2. Catalytic Tests


The BrO3− reduction results over 3 h are represented in Figure 5. Each catalyst exhibited different catalytic activity, demonstrating well-defined concentration profiles. Once more, the differences between catalysts, i.e., Pd dispersion and support morphology, were reflected in the BrO3− reduction efficiency. A relationship between H2 chemisorption and BrO3− reduction could be inferred, since a clear distinction between the samples prepared by incipient wetness impregnation and the other catalysts was noted. Despite the ICP-OES (Table 3) analysis demonstrating similar loadings of Pd in each catalyst, it was confirmed that the amount of available Pd active sites in 1% Pd/CF1 and 1% Pd/CF2 in contact with liquid phase was higher than the other catalysts, which is an important parameter for H2 adsorption in BrO3− reduction [72], providing the greatest performance in BrO3− reduction. However, the catalysts with different electrospinning flow rates demonstrated distinct activity with a non-correlated H2 chemisorption, wherein 1% Pd/CF1 prepared with 0.5 mL h−1 obtained lower H2 chemisorption than 1% Pd/CF2 prepared with 2 mL h−1 but with better performance in BrO3− reduction. In addition, these catalysts showed a disordered structure in SEM analysis which probably contributed to a better catalytic activity due to the observed Pd-CF agglomerates. Moreover, low fiber diameters result in low catalytic activity (CF3 having the worst activity). Comparing the surface areas of CF1 and CF2 without Pd, it was possible to conclude that these materials, prepared with the aforementioned electrospinning conditions, have low surface area. The observed variance of surface area values was related to the different Pd incorporation methods. Dispersing Pd in the electrospinning solution (CF3, CF4, and CF5) contributed to an increase in the specific surface area, likely due to the carbonization of precursors and solvents, creating some porosity. The influence of the applied form of Pd precursors resulted in different catalytic activities, wherein dispersing powder Pd precursor in PAN-DMF solutions permitted obtaining catalysts (CF4 and CF5) with better catalytic performance than CF3 where the Pd precursor was dissolved in DMF before being added to the PAN-DMF solution. In addition, using DMF for Pd dissolution provided a catalyst (CF3) with lower catalytic activity than using DMF as a solvent added to the polymeric-Pd powder precursor solution (CF5). Similar H2 chemisorption was obtained by CF3 and CF4; however, the increase in the porosity of CF3 (with the highest surface area) could not promote the catalytic activity of CF3, and the enhancement of BrO3− reduction by CF4 may be explained by the absence of DMF and a better Pd dispersion in powder form. CF5, as mentioned before, obtained better catalytic activity than CF3, validating that Pd powder dispersion permitted to obtain catalysts with better performance than the ones prepared by Pd dissolution in DMF. Adding DMF after the dispersion of Pd powder precursor in PAN-DMF solution (CF5) may cause an inefficient stabilization of Pd particles by DMF, resulting in a loss in catalytic activity over the reaction time (see Figure 5). Additionally, this solvent also had an important role in the CF structure, which was observed in SEM analysis (fiber diameters), and, consequently, an influence on catalytic activity because it affects Pd dispersion [65]. Two hypotheses to explain the CF5 deactivation after 45 min of reaction were considered: (i) a probable phenomenon of Pd leaching and (ii) Pd migration creating larger Pd particles during the reaction that provided worse catalytic activity than small particles [52]. In addition, comparing the CF morphology of CF5 and CF4, SEM analysis demonstrated that CF5 had the highest fiber diameters, mostly 1.9 µm, which probably exceeds the optimum diameter for an optimal catalytic performance, because 1% Pd/CF1, 1%Pd/CF2, and CF4, with better catalytic activity, had lower fiber diameters. TEM analysis can also explain the worse performance of CF3 and CF5 due to the larger size and heterogeneous dispersion of Pd particles. Sample CF5 in particular seemed to present some Pd particles inside the carbonized fiber matrix, which contributed to the poor availability of metallic active sites.



A comparison in catalytic performance of each catalyst was carried out by calculating the turn-over-frequency (TOF) values, taking into account the first-order rate constant (k) for each catalyst reaction and the metallic specific surface area (SM). Pd dispersion was not used as some Pd-CF catalysts had Pd particles inside the fibers contributing to metal loading but not to hydrogen chemisorption or BrO3− hydrogenation. The kinetics were calculated as a first-order reaction considering 15 min of reaction and SM and TOF values following the Equation (1) from Figueiredo et al. [73] and Equation (2).


   S M  =    n m a  N n    n s     



(1)






  TOF =   k     t = 15   min      S M     



(2)







The variables for SM calculation were    n m a   , corresponding to the adsorbed moles of H2 per gram of catalyst, which was obtained from the H2 chemisorption measurement (Table 2); N, Avogadro’s constant; n, the number of metal atoms per adsorbed hydrogen molecule that in this case corresponds to 1; and ns, the number of atoms in the surface per area units. This last variable depends on the noble metal, and for Pd corresponds to 1.27 × 1019 m−2 [73]. Table 4 shows the obtained TOF values from calculations of k and SM. As expected, 1% Pd/CF1 obtained the highest rate constant value. However, comparing the TOF values, CF4 and CF5 obtained higher values than 1% Pd/CF1 but, as demonstrated in catalytic tests, worse catalytic activity. Both catalysts presented low SM and H2 chemisorption; however, the high TOF values indicate that all dispersed Pd particles are active sites for hydrogenation—high intrinsic catalytic activity—even if the used methods for Pd dispersion were not effective in obtaining high catalytic activity due to the poor availability of the active sites. Although 1% Pd/CF1 did not obtain the highest TOF value, it must be noted that the textural properties and fiber morphology seem to play important roles in catalytic activity, as discussed before.



For a better view of the performance of each studied material, Figure 6 summarizes the BrO3− conversion after 30 min of reaction. The catalytic activity from the best to worst was as follows: 1% Pd/CF1 (100% of BrO3− conversion) > 1% Pd/CF2 > CF4 > CF5 > CF3. It also shows that 1% Pd/CF1, after 30 min of reaction, achieved a total conversion of BrO3− (100%). The obtained results demonstrate that CFs synthesized with an electrospinning flow of 0.5 mL min−1 followed with incipient wetness impregnation of Pd as a noble metal with catalytic properties for BrO3− reduction are promising materials to be applied in water treatment technologies.



The different conditions in electrospinning (flow rate, solvent concentration, others reported elsewhere [70,74]) contributed to different types of CFs with different textural properties and morphology, and different methods for Pd dispersion, displayed distinct performance in BrO3− reduction, as reported in previous studies [53,75].



The stability of the 1% Pd/CF1 sample in catalytic reduction of BrO3− was assessed with three reutilization assays. Figure 7 presents the dimensionless bromate removal curves for each run of reutilization. In the second round, deactivation of the catalyst was observed, maintaining a similar performance in the third run. In the second and third runs, it could be observed that total removal of BrO3− was still achieved after 180 min of reaction. To understand the observed deactivation, SEM/EDS was carried out. The obtained results are in Figure 8 and did not clarify the deactivation phenomenon after the initial run. SEM images show similar morphology of CFs before and after reaction and EDS signals also demonstrated the presence of Pd in the catalysts in both cases. The migration of Pd particles that gives rise to large particles may explain the deactivation of this catalyst. It should be noted that the silica signal seen in EDS analysis of the catalyst before reaction corresponds to contamination by the porous plate used during the thermal treatment of the catalyst.



Table 5 summarizes some catalysts with 1% Pd as a hydrogenation metal for BrO3− reduction supported on different physical supports, as well as the catalysts prepared in this study. Comparing the reported Pd catalysts with the ones prepared in this study it is possible to conclude that 1% Pd/CF1 is a promising catalyst for BrO3− reduction due to the low-cost procedure of CF synthesis when compared with other supports with good catalytic activity (e.g., MWCNT, TiO2) as well as the ease of manipulating the morphology of CFs which permits the upgrade of catalytic performance through the control of synthesis conditions.





4. Conclusions


Catalysts of Pd supported on electrospun CFs were prepared by varying the method of Pd incorporation, the Pd precursor and the flow rate of the electrospinning process. Characterization of the catalysts allowed us to verify that the feed flow rate used during synthesis influences the textural properties. Furthermore, the Pd incorporation method influenced the textural properties as it was observed that the use of DMF for Pd dissolution increased the surface area of the catalyst, and that the order of addition also played an important role. SEM analysis enabled observation of the morphology of each catalyst and it was noted that the catalyst prepared by incipient wetness impregnation demonstrated a disordered structure, probably due to the presence of HCl used for Pd precursor dissolution; however, this phenomenon provided an increase in the pore diameter. TEM images enabled observation of different dispersions and sizes of Pd particles in each Pd-CFs catalyst, and allowed us to conclude that Pd incorporated in the electrospun mixture produced large Pd particles. H2 chemisorption tests demonstrated that incipient wetness impregnation provided the catalyst with a higher available amount of Pd active sites for H2 adsorption, proving that this method of Pd incorporation is the most promising to obtain catalysts with high hydrogenation properties for bromate reduction. The catalytic tests showed that 1% Pd/CF1 was the most promising catalyst, achieving total reduction of bromate after 30 min of reaction. Although a deactivation of 1% Pd/CF1 in the reutilization tests was observed, all the bromate was removed after 180 min of reaction. A low flow rate in the electrospinning feed and incipient wetness impregnation was shown to be the preferred method for Pd-CFs catalyst preparation for bromate reduction. The dissolution of Pd in the electrospun polymeric solution does not provide catalysts that achieve a total reduction of bromate due to poor accessibility of the metallic active sites.
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Figure 1. Schematic illustration of the synthesis of Pd-CFs catalysts. 
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Figure 2. XRD pattern of CFs prepared with palladium catalyst; * fcc reflections of Pd metal. 
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Figure 3. SEM images of samples: (a) CF1, (b) 1% Pd/CF1, (c) CF2, (d) 1% Pd/CF2, (e) CF3, (f) CF4, and (g) CF5. 
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Figure 4. TEM images of the following samples: (a) 1% Pd/CF1, (b) CF3, (c) CF4, and (d) CF5. 
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Figure 5. Dimensionless concentration of BrO3− during catalytic experiments using Pd-CFs composite catalysts. 
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Figure 6. BrO3− conversion after 30 min of reaction of each tested catalyst. 
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Figure 7. Dimensionless concentration of BrO3− during reutilization experiments using 1% Pd/CF1. 
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Figure 8. SEM/EDS results of 1% Pd/CF1 (a) before catalytic reaction and (b) after a third run of the reutilization experiment. 
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Table 1. Textural properties of the carbon fibers and catalysts.
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	Catalyst
	SBET (m2 g−1) ± 5 m2 g−1
	dpores (nm)





	CF1
	20
	1.2



	1% Pd/CF1
	25
	2.3



	CF2
	51
	2.1



	1% Pd/CF2
	47
	2.1



	CF3
	344
	1.2



	CF4
	75
	1.2



	CF5
	143
	1.2
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Table 2. Immediate analysis of the carbon fibers and H2 consumption.
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	Sample
	%Volatiles
	% Cfixed
	%Ashes
	H2 Consumption (mmol g−1)





	CF1
	9
	80
	3
	ND *



	1% Pd/CF1
	14
	70
	6
	1.49



	CF2
	9
	75
	6
	ND



	1% Pd/CF2
	10
	70
	11
	1.62



	CF3
	11
	68
	9
	0.11



	CF4
	10
	75
	6
	0.09



	CF5
	10
	77
	4
	0.07







* ND: Non-determined.
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Table 3. Palladium concentration by ICP-OES analysis for each tested catalyst.
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Catalysts




	
1% Pd/CF1

	
1% Pd/CF2

	
CF3

	
CF4

	
CF5






	
Pd (mg g−1)

	
1.05

	
0.99

	
1.20

	
1.10

	
0.95
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Table 4. Determination of TOF values for each Pd-CF catalyst in BrO3− reduction.
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	Catalyst
	H2 Chemisorption (mol g−1)
	k (min−1)t = 15 min
	SM (m2 g−1)
	TOF (g m−2 min−1)





	1% Pd/CF1
	1.49
	0.176
	70.7
	2.49 × 10−3



	1% Pd/CF2
	1.62
	0.068
	76.8
	8.87 × 10−4



	CF3
	0.11
	0.005
	5.22
	9.88 × 10−4



	CF4
	0.09
	0.018
	4.27
	4.27 × 10−3



	CF5
	0.07
	0.013
	3.32
	4.03 × 10−3
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Table 5. Catalysts with a loading of 1 wt.% Pd used for BrO3− reduction in semi-batch reaction.
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Support/Catalyst

	
Incorporation Method

	
BrO3− Initial Concentration (mmol L−1)

	
Loading of the Catalyst (mg L−1)

	
BrO3− Conversion after 5 min (%)

	
Ref.






	
Hydrotalcite

	
Impregnation

	
0.390

	
833

	
2

	
[76]




	
AC

	
Impregnation

	
0.390

	
833

	
7




	
Al2O3

	
Impregnation

	
0.390

	
833

	
12




	
TiO2

	
Impregnation

	
0.078

	
250

	
100

	
[44]




	
MWCNT

	
Impregnation

	
0.078

	
250

	
55




	
Zeolite (FAU)

	
Ion-exchange

	
0.078

	
125

	
18

	
[34]




	
Fe3O4 paramagnetic

	
Adsorption-impregnation

	
0.390

	
200

	
35

	
[77]




	
1% Pd/CF1

	
Impregnation

	
0.039

	
250

	
65

	
In this study
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