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Abstract

:

Activated carbon (AC), carbon xerogel (XG), and carbon nanotubes (CNT), with and without N-functionalities, were prepared. Catalysts were obtained after impregnation of these materials with 2 wt.% of iron. The materials were characterized in terms of N2 adsorption at −196 °C, elemental analysis (EA), and the pH at the point of zero charge (pHPZC). The p-nitrophenol (PNP) degradation and mineralization (assessed in terms of total organic carbon–TOC–removal) were evaluated during adsorption, catalytic wet peroxidation (CWPO), and Fenton process. The textural and chemical properties of the carbon-based materials play an important role in such processes, as it was found that the support with the highest surface area -AC- presents the best performance in adsorption, whereas the materials with the highest mesopore surface area -XG or Fe/XG- lead to best removals by oxidation processes (for XG it was achieved 39.7 and 35.0% and for Fe/XG 45.4 and 41.7% for PNP and TOC, respectively). The presence of N-functionalities increases such removals. The materials were reused in consecutive cycles: the carbon-based materials were deactivated by hydrogen peroxide, while the catalysts showed high stability and no Fe leaching. For the support with superior performances -XG-, the effect of nitrogen content was also evaluated. The removals increase with the increase of the nitrogen content, the maximum removals (81% and 65% for PNP and TOC, respectively) being reached when iron supported on a carbon xerogel doped with melamine was used as catalyst.
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1. Introduction


Nowadays, the research and development of efficient wastewater treatment technologies have received huge attention from the scientific community, especially the treatment methods called advanced oxidation processes (AOPs) [1,2]. Among the innumerous AOPs, the Fenton reaction stands out, which has been widely studied in the treatment of effluents because it is recognized as a “green technology” (i.e., this process uses environmentally friendly reagents), implies low capital cost, is able to operate at atmospheric pressure and room temperature with a simple technology, is non selective (i.e., degrade various pollutants), improves the biodegradability and reduces the toxicity of the effluents, and is an efficient process [3,4,5].



The high efficiency of Fenton reaction in degradation of organic matter is due to the utilization of hydroxyl radicals, which are the second species with highest oxidation potential (2.8 eV) [6]. These radicals result from the catalytic decomposition of hydrogen peroxide, at low pH values, in the presence of iron (II) species (Equation (1)) [7]:


Fe2+ + H2O2 → Fe3+ + HO• + OH−



(1)







However, other reactions also occur at same time, for instance: (i) iron (III) reacts with hydrogen peroxide (Equation (2)) or HO2• (Equation (3)) and forms iron (II) again—catalyst regeneration, and (ii) undesirable hydroxyl radicals scavenging by excess of hydrogen peroxide (Equation (4)) and/or iron (II) (Equation (5)) [7]:


Fe3+ + H2O2 → Fe2+ + HO2• + H+



(2)






Fe3+ + HO2• → Fe2+ + O2 + H+



(3)






HO• + H2O2 → H2O + HO2•



(4)






HO• + Fe2+ → Fe3+ + HO−



(5)







The principal disadvantage of the homogeneous Fenton process is the introduction of iron into the treated water, so an additional separation step is required to remove/recover it. An alternative strategy, in order to overcome this drawback, is the immobilization of the catalyst on a porous solid matrix. Distinct materials, like zeolites, pillared clays, silica, silicalites, and carbons have been used to support iron [8,9,10,11,12,13,14].



Carbon materials are widely used as supports because they are very flexible materials, since their textural and chemical properties can be easily tailored by physical or chemical treatments [15,16]. Among the carbon materials, activated carbon (AC) is the most reported in the literature as iron support to be used as a catalyst for the Fenton reaction [13,14,17,18,19,20]. Recently, carbon nanotubes (CNT) [21,22,23] and carbon xerogels (XG) [24] have received intensive attention as iron supports due to their interesting properties when compared with other carbon-based materials, such as mechanical resistance, low limitations to mass transfer, high thermal stability in oxidation conditions, high electronic properties for CNT [25], high purity, mesoporous structure with good pore distribution, and high surface area for XG [26].



The presence of nitrogen groups on the surface of carbon-based materials improves their catalytic performance for advanced oxidation processes. This is explained by the increase of the electronic density, and consequently the surface basicity, which favors the interaction between the organic compounds and the support [17].



p-Nitrophenol (PNP) was used in this work as a model compound because it is commonly present in several industrial wastewaters such as those resulting from manufacturing of drugs, dyes, fungicides, and explosives [27]. PNP is toxic, carcinogenic, and mutagenic, needing to be removed from effluents before their discharge into water bodies. Due to its toxic nature to microorganisms, biological degradation is not suitable or presents slow degradation rates [28,29]; so, the use of AOPs, particularly of heterogeneous Fenton-like process, is of vital importance. There are some studies where this process is applied to degrade PNP using as catalysts acid-activated fly ash [30], activated carbon impregnated with iron and doped with nitrogen [17], CuO/zeolite [31], transition metals (such as Ti, Cr, Mn, Co and Ni) on magnetite [32], magnetite/silica microspheres [33], and magnetic Fe0/Fe3O4/coke composite [34].



The main aim of this work is to evaluate the effect of the carbon-based materials nature (AC, CNT, and XG) with different textural properties and nitrogen functionalities in adsorption, catalytic wet peroxidation (CWPO) and heterogeneous Fenton oxidation of PNP. To the best of our knowledge, there are no studies combining the evaluation of all these parameters under the same experimental conditions.




2. Results and Discussion


2.1. Carbon-Based Materials Characterization


The results shown in Table 1 clearly show that the activated carbon sample presents the largest BET surface area - SBET - (824 m2 g−1), while the carbon nanotubes are the carbon-based materials with the lowest surface area (273 m2 g−1). In addition, activated carbons are mainly microporous materials, whereas carbon nanotubes have a mesoporous nature and carbon xerogels present intermediate textural properties with a BET surface area of 572 m2 g−1 and a mesoporous area (Smeso) of 290 m2 g−1. The N-doping with melamine or urea induces a reduction of the surface area, suggesting that the N-groups introduced may block the access of N2 molecules to the pores. There is only a slight decrease of the surface area of the iron catalysts (Fe/y, where y is the carbon material used as support) compared to the unloaded carbon-based materials, confirming that the textural properties of the supported catalysts are not significantly different from the corresponding supports. Also, in this case, access to the pores may be partially blocked by iron species.



The doping with melamine as N-precursor results in the incorporation of a large amount of nitrogen (between 3.4% and 5.3%) on the surface of the carbon-based materials, as determined by elemental analysis (NEA—Table 2). In the case of the carbon xerogels, for which two types of nitrogen precursors were used, it was observed that the doping with melamine allows the incorporation of more nitrogen (4.51%) than urea (3.30%), since the molecule of melamine has more nitrogen atoms (six) than urea (two). The N1s spectrum, obtained by X-ray photoelectron spectroscopy (XPS), revealed the presence of quaternary nitrogen (N-Q), pyrrole (N-5), and pyridinic (N-6) structures on samples ACM and CNTM, whereas samples XGU and XGM only present N-5 and N-6 groups. The N-6 group (B.E. = 399.0 ± 0.2 eV) is the most abundant species in all samples, followed by the N-5 group (B.E. = 400.4 ± 0.3 eV). The corresponding binding energies and percentages of the N-functionalities are presented in Table 2. All the carbon-based materials present a neutral/basic character, with the pH at the point of zero charge (pHpzc) values between 7.0 and 8.8.




2.2. Adsorption in Carbon-Based Materials


First, the adsorption of PNP in the supports (AC, CNT, and XG) and supports doped with melamine (ACM, CNTM, and XGM) was assessed. In Figure 1a,b it is possible to observe that PNP and TOC removals increase in the following order: CNT < XG < AC materials. Ribeiro et al. [35] observed the same tendency for adsorption of 2-nitrophenol. The amount of PNP adsorbed increases when N-doped materials are used, maintaining the same trend. For all samples PNP and TOC removals are nearly the same, evidencing that only adsorption phenomenon is occurring.



The adsorption capacity of the materials is related to their specific surface area (if surface chemistry properties of the carbon materials are similar), as evidenced by the fact that the lower amount of PNP adsorbed was obtained when CNT was used, which presents the lowest BET surface area (273 m2 g−1—see Table 1), while the highest amount was obtained with the AC support that presents the highest surface area (824 m2 g−1—see Table 1); the same tendency was reported by Messele et al. [36], who found that the highest adsorption capacity towards phenol was obtained with the carbon xerogel with the largest surface area. The adsorption results confirm that the textural properties of the supports play an important role in adsorption of PNP, this being demonstrated by the strong linear correlation found between PNP removal after 2 h and the materials BET surface areas (determination coefficient (r2) > 0.999; Figure S1a—see Supporting Information section). However, other factors also play an important role, namely the surface chemistry.



The presence of N-containing groups on the surface of the supports led to an increase in their adsorption capacity, since the removal of PNP and TOC increased—see Figure 1a,b. This improvement is related to the N-functionalities incorporated on the surface of the materials, which allow to increase the surface basicity of the supports, i.e., increase the π electronic density of the carbons layers [37], favoring the interaction between the aromatic compound and supports. Similar results were observed by other authors [17,20,36,37,38,39]. In view of these results, it can be concluded that the surface chemistry properties also play a relevant role in the adsorption process (see Figure S1b; r2 > 0.99).



The same tendency was observed for adsorption runs with supports impregnated with iron. The PNP and TOC removals shown in Figure 1c,d, reached with iron-containing catalysts, were similar to those obtained with the supports. This result is in accordance with the expected trend, since the catalysts and corresponding supports present similar BET surface areas (see Table 1) and surface chemistries.




2.3. Catalytic Wet Peroxidation (CWPO) Using the Supports as Catalysts


In order to evaluate the catalytic performance of the carbon-based materials (without iron) in peroxidation and mineralization of PNP, experiments were carried out in the presence of each support and oxidizing agent (hydrogen peroxide). The PNP and TOC removals are shown in Figure 2.



The PNP and TOC removals were very low (11.0% and 8.5%, respectively, after 2 h—Figure 2a,b) in the presence of the oxidant alone due to the fact that H2O2 has a low oxidation potential (1.8 eV). As shown in Figure 2, the presence of AC, CNT, or XG supports increases the efficiency of the process comparatively to either adsorption (Figure 1) or experiments where only oxidant has been used (Figure 2), which is due to the formation of hydroxyl radicals (see Figure 3a) by the decomposition of hydrogen peroxide on the surface of the carbon-based materials. This is in line with a previous work [17] and in accordance with the radical mechanism of catalytic decomposition of H2O2 using activated carbon (Equation (6)) proposed by Santos et al. [40]. The PNP and TOC removals increase in the following order: XG > AC > CNT. Nevertheless, it should be taken into account that in these experiments, part of the PNP (and organic compounds formed) are adsorbed on the carbon-based materials, so that there is the contribution of both reaction and adsorption; therefore, the PNP and TOC removals obtained by reaction only were estimated discounting from those data the removals reached by adsorption (i.e., without oxidant). Such data are shown in Figure 2c, being noticed that the removals reached by reaction are higher for the XG, followed by the CNT and finally the AC. XG and CNT present better catalytic performances probably due to their mesoporous nature; in fact, they present higher mesoporous areas (290 and 273 m2 g−1 for XG and CNT, respectively—see Table 1) than AC. In addition, Figure 3a also reveals that the mesoporosity of the materials benefits the decomposition of H2O2 into hydroxyl radicals. Actually, in addition to the fastest consumption of hydrogen peroxide, kinetics of hydroxyl radicals formation (assessed through the blank experiments) is also fastest for the mesoporous materials XG or CNT; this behavior can be related to the decrease of internal diffusional limitations with the increase of mesoporosity.


ACM + H2O2 → ACM+ + OH− + HO•



(6)







Again, the N-functionalities on the surface of the carbon-based materials benefit the CWPO (see Figure 2a,b) increasing the hydrogen peroxide consumption and hydroxyl radicals formation in blank runs (see Figure 3a,c), following the same tendency of undoped supports. Sun et al. [41] obtained a greater phenol removal by sulfate radicals when using N-doped carbon nanotubes as catalysts. Rodrigues et al. [17] and Messele et al. [38] also observed the positive effect of the presence of N-groups on the surface of activated carbon in PNP and phenol removal, respectively, by wet peroxidation. Finally, Santos et al. [42] found higher wet oxidation efficiency of phenol when using carbon nanotubes doped with melamine as catalyst.



For all the carbon supports, the presence of p-benzoquinone, hydroquinone, and p-nitrocatechol (higher molecular weight intermediate by-products reported for PNP oxidation [43,44,45]) was not observed during the wet peroxidation experiments. Thus, the difference between the removal of PNP and TOC is probably due to the formation of short-chain carboxylic acids (the last intermediate compounds formed), which are more difficult to oxidize, and therefore remain in solution contributing for TOC.




2.4. Fenton Reaction


The different supports were impregnated with 2.0 wt.% of iron (Fe/AC, Fe/CNT, Fe/XG, Fe/ACM, Fe/CNTM, and Fe/XGM) in order to assess its effect in PNP and TOC removal. Figure 4 reveals that both textural and chemical properties play an important role in the oxidative process. The evolution of PNP and TOC removals clearly indicates that high mesoporosity combined with high surface area benefit the process, which is in agreement with results shown in Figure 3b that evidence a high amount of hydroxyl radicals formed. The Fe/XG sample, which is the catalyst with the highest Smeso and intermediate SBET (see Table 1), presents the best performance (41.7% and 45.4% for TOC and PNP removals, respectively), followed by the Fe/AC catalyst that has the larger SBET but with a low Smeso, proceeded by the Fe/CNT catalyst which is the support with the lowest SBET, although being a mesoporous material. Nevertheless, taking into account the fact that adsorption occurs simultaneously with Fenton reaction, this phenomenon was suppressed in order to assess the improvement achieved in the heterogeneous Fenton conditions. Figure 4c shows that a change in the trend of PNP and TOC removal improvements can be observed. Fe/XG catalyst remains the one with highest performance, followed by Fe/CNT and Fe/AC, this trend being similar to those observed in hydroxyl radicals formation and hydrogen peroxide consumption (see Figure 3b).



A considerable increase in the performances was observed when catalysts containing N-groups on the carbon surface were used, also highlighting the importance of the surface chemistry in the Fenton reaction. The same tendency was reported by Messele et al. [36] when evaluating the degradation of phenol by carbon xerogels doped with nitrogen and impregnated with zero-valent iron. The main reason for the process efficiency increase is related to the presence of N-functionalities on the carbon surface that increased the carbon basicity and, consequently, the content of electron rich sites on carbon basal planes, which increases the adsorption of the PNP besides promoting the easy access of the oxidant to the iron species that favors the hydroxyl radicals formation [38]. This fact was corroborated by the highest formation of hydroxyl radicals in blank runs with N-doped catalysts when compared with undoped catalysts (see Figure 3b,d). Figure 4 shows that the N-doped catalysts present the same trend as the undoped catalysts.



The PNP and TOC removals achieved by the Fenton process (in the ranges of ~43–80% and 32–69%, respectively) were slightly higher than the CWPO with the carbon supports (in the ranges of ~27–68% and ~22–60%, respectively). This is due to the fact that in the first process the formation of hydroxyl radicals occurs by: (i) decomposition of H2O2 on the carbon surface through Equation (6) [46] (which also occurs in the CWPO) and (ii) reaction between iron and oxidant (Equation (1) [7]). Experiments carried out in presence of a radical scavenging agent (dimethyl sulfoxide (DMSO) in a molar ratio of 1:10 to the oxidant) (see Figure S2 in the Supporting Information section) confirmed the occurrence of radical-mediated surface reactions because PNP and TOC removals obtained in these experiments were identical to those reached by simple adsorption. Other authors also reported that the presence of iron on carbon supports improves the degradation of organic compounds by oxidation [17,20,36,38,47].



Again, high molecular weight intermediate compounds (such as hydroquinone, p-benzoquinone, and p-nitrocatechol) were not detected in solution, so the differences between the PNP and TOC removals are probably due to the formation of refractory low molecular weight carboxylic acids during the reaction that remain in solution and contribute for TOC.



The results obtained show that both textural and chemical properties of the carbon-based materials had an important role in Fenton oxidation, where high mesoporosity combined with high surface area and N-functionalities improve their catalytic performance.




2.5. Supports and Catalysts Stability and Reusability


The stability and reusability of all the N-doped supports and Fe-containing catalysts were also evaluated. For that, three consecutive reaction runs were performed under the same operating conditions evaluating the PNP and TOC removals and iron leached in solution. At the end of each run, the supports and catalysts were recovered by filtration and reused in the next run after drying at 40 °C during 1 day.



Regarding the supports, it can be seen in Figure 5 that: (i) the performance of ACM decreases during the reutilization cycles, and (ii) for XGM and CNTM there is a great decrease in PNP and TOC removals from the first to the second cycle and a slight decrease to the third cycle. The decrease in efficiency of CWPO between reutilizations can be due to the porosity blocking and/or deactivation of carbons due to the oxidation of the carbon surface by the hydrogen peroxide, forming oxygen surface groups that have a negative influence in the electronic interactions between the carbon surface and PNP or other organic compounds. This deactivation of carbons was also reported in literature by other authors [25,48,49].



On the other hand, no deactivation was observed when iron supported catalysts were used (see Figure 5), being the maximum variations between the three cycles, after 2 h of reaction, inferior to 1.4% and 0.3% for PNP and TOC removals, respectively. In addition, the iron concentration in solution was lower than the detection limit (0.28 mg/L) for all runs. Iron in solution was still not detected in additional experiments where a dose of catalyst 10 times higher was used, indicating that no iron leaching occurs (at least it is below the detection limit, which would correspond to 0.56 wt.%); consequently, the catalysts were stable, which is a crucial aspect for application at industrial scale.




2.6. Effect of Nitrogen Content


In order to evaluate the effect of the nitrogen content on the efficiency of the processes, new experiments were performed using a carbon xerogel doped with urea -XGU and Fe/XGU-, since carbon xerogel is shown to be the best support and urea allows the introduction of lower N-content than melamine. The carbon xerogel supports present similar textural properties but different N-content: XGM presents the highest N-amount among the N-doped supports, whereas XG does not contain nitrogen (see Table 2). XGM and XGU present the same type of N-groups, N-6 and N-5 structures. Figure 6a,b show that the XGU support presents an intermediate performance between XG and XGM during adsorption and CWPO, respectively; the same trend was observed when iron supported catalysts were applied in Fenton reaction (Figure 6c). This trend demonstrates that the N-content has an important role in the PNP and TOC removal, their performance being favored by the presence of higher amounts of N, which must be due to the increase of hydroxyl radicals formed. In fact, Figure 7 shows that the formation of hydroxyl radicals increases in the presence of samples with higher N-content, which is in line with other works [17,38].



A close to linear correlation between the PNP removal after 2 h with the N-content of XG, XGM, and XGU supports was found (determination coefficient (r2) > 0.98; Figure S3—see Supplementary Materials), demonstrating the relationship between the nitrogen content and catalytic performance of the materials. The carbon xerogel with the highest N-content presents the highest catalytic activity.




2.7. Evaluation of Intermediates Compounds Formed during the Heterogeneous Fenton Reaction


The maximum mineralization achieved in the Fenton process was 16% lower than the PNP removal for the catalyst with the best catalytic performance -Fe/XGM- indicating that some intermediate compounds formed during the oxidative process remain in solution. Thus, a new run was carried out in the presence of this catalyst in order to assess the presence of these organic compounds and their contribution to TOC. Figure 8a shows that in the first 30 min of reaction the PNP concentration decreased quickly; then its degradation rate slowed down until 60 min, leaving its concentration practically constant afterwards; overall conversion was 80.3%. The mineralization achieved, after 120 min of reaction, was 64.7%—see Table 3. The removals achieved were very similar to those obtained previously.



Again, hydroquinone, p-benzoquinone, and p-nitrocatechol were not detected in the solution, indicating that their degradation into carboxylic acids is fast. This fact was corroborated by the carbon balance, which was higher than 95%—see Table 3. The absence of such compounds was also observed in another work where PNP has been degraded by the heterogeneous Fenton process catalyzed with activated carbon doped with melamine and impregnated with iron [17]. The presence of carboxylic acids in solution was observed and the concentrations of pyruvic, maleic, and oxalic acids is shown in Figure 8a. Their formation increased in the first 30 min of reaction, which corresponds to the time where a higher decrease of the PNP concentration occurs. Afterwards the concentration of pyruvic and maleic acids decreased due to their oxidation into oxalic acid, as proposed by other authors [17,44]. From 45 to 60 min of reaction, the concentration of oxalic decreased slightly due to its degradation into carbon dioxide and water. For reaction times higher than 60 min the concentration of carboxylic acids remains constant (corresponding also to the absence of PNP oxidation) indicating the cessation of the oxidation reactions; this is corroborated by the total consumption of the oxidant (see Figure 8b).





3. Materials and Methods


3.1. Materials


PNP was purchased from Fluka (reagent grade, CAS: 100-02-7). The oxidant (30% (w/v) H2O2 aqueous solution) used in this work was analytical reagent grade supplied by Fluka. The sulfuric acid (95–97%) and nitric acid (65%) were obtained from Panreac and the sodium hydroxide (99%) was purchased from Merck. Resorcinol (99%) and formaldehyde solution (37%) were purchased from Sigma-Aldrich. Melamine (≥99%) and urea (99.5%) were obtained from Fluka and Acros Organics, respectively.




3.2. Carbon-Based Materials Preparation and Characterization


Nitrogen-free and nitrogen-doped carbon-based materials with different textural properties were used. For that, commercial NORIT GAC 1240 PLUS activated carbon, commercial Nanocyl NC 3100 multiwalled carbon nanotubes, as well as a carbon xerogel, were used as starting materials.



Initially, the activated carbon was ground with a mortar and sieved to a particle diameter lower than 0.1 mm. Then, sample AC and sample CNT were doped with nitrogen using melamine (M) as precursor. For that, 0.6 g of the original AC and CNT was dipped into 50 mL of a 1 mol L−1 aqueous solution of melamine, and stirred at room temperature during 24 h. Thereafter, the samples (ACM and CNTM) were filtered, washed with distilled water and dried in an oven at 110 °C overnight. These samples were heat treated at 600 °C during 1 h under nitrogen flow.



The XG was prepared at pH 6.9 by the conventional sol-gel method, using the polycondensation of resorcinol and formaldehyde as described elsewhere [50]. Briefly, 25 g of resorcinol were mixed with 40 mL of distilled water under magnetic stirring. Then, the pH was adjusted to 6.9 and a few drops of 2 mol L−1 NaOH were added, followed by the addition of 34 mL of formaldehyde solution and the final pH was adjusted to 6.9 by addition of 0.1 mol L−1 HCl. The gelation was achieved in a water bath at 85 °C during 3 days. After this step, the gel was crushed and dried in an oven for 4 days: 1st day at 60 °C, 2nd day at 80 °C, 3rd day at 100 °C, and 4th day at 120 °C. The dried gel was carbonized under nitrogen flow (100 cm3 STP min−1) at constant heating rate of 2 °C min−1, under the following conditions: (1) from room temperature to 200 °C and hold for 2 h, (2) up to 300 °C and hold for 1 h, (3) up to 500 °C and hold for 2 h, (4) up to 600 °C and hold for 2 h. Nitrogen-doped carbon xerogels were prepared using the protocol described elsewhere [51] adding melamine or urea (XGM and XGU, respectively) as nitrogen precursor during the synthesis. For that, 15 g of resorcinol and 3 g of melamine or 4 g of urea were mixed in 18 mL of distilled water and were heated up to 90 °C under stirring until melamine or urea was dissolved. After that, the solution was cooled until it reached room temperature and 20 mL of formaldehyde was added. The next steps were equal to those described to sample XG. All the carbon xerogel samples were ground to a particle size lower than 0.1 mm.



Iron catalysts supported in all the carbon-based materials (Fe/y, where y is the carbon material used as support) were prepared by the incipient wetness impregnation method, which was always conducted under ultrasonic mixing. The precursor solution was added drop wise using a peristaltic pump and the slurry was left at room temperature under ultrasonic mixing for 90 min. The precursor solution was prepared with iron (III) nitrate nonahydrate in order to obtain an iron load of 2 wt.%; the iron content in the catalysts should be very similar to the theoretical one, as verified in previous works using the same methodology [52]. After impregnation, the samples were dried at 110 °C overnight, heat treated at 400 °C during 1 h under nitrogen flow and reduced under hydrogen flow for 3 h at 400 °C.



The carbon-based materials were characterized by N2 adsorption at −196 °C, by (EA, XPS, and by determination of pHPZC. Further details about the techniques and conditions used can be found elsewhere [17].




3.3. Adsorption and Reaction Tests


The experiments were carried out in a stirred slurry batch reactor connected to a thermostatic bath (Hubber, polystat cc1) to maintain the temperature at 30 ± 0.5 °C. Immediately after reaching the desired temperature, 200 mL of PNP solution (3.6 mmol L−1; a concentration typically found in industrial wastewater [29,53]) was adjusted to a pH of 3.0 (with 1 mol L−1 H2SO4); then 0.25 g L−1 of support was added, this being considered the time zero for the adsorption runs. For oxidation experiments, immediately after adding the catalyst (Fenton’s oxidation) or support (CWPO), 29 mmol L−1 of 30% (w/v) H2O2 aqueous solution was also added, which corresponds to the initial reaction time (t = 0) of such runs. The initial pH and concentration of hydrogen peroxide were fixed in the best operating conditions obtained previously [17]. The oxidant concentration used is smaller than the stoichiometric amount required for total degradation of PNP (50 mmol L−1) because the removal of PNP and formed intermediates/by-products is achieved by both adsorption and oxidation processes [17]. Constant stirring (at 200 rpm) was ensured by means of a bar and a magnetic plate (Falc).



Periodically, samples were taken from the reactor for measuring the PNP and total organic carbon (TOC) concentrations. Before analysis, the reaction was stopped by increasing the pH till 11 with 10 mol L−1 NaOH followed by neutralization (to pH ~ 7.0) with 1 mol L−1 H2SO4, then the carbon-based materials were removed by filtration with a 0.2 μm nylon syringe filter (from VWR). The residual hydrogen peroxide (after filtration) and iron (in case of Fenton’s oxidation) concentrations in solution were measured, immediately (without stopping the reaction), at the end of the catalytic reactions runs. For assessing iron leaching, the samples were filtered through nylon filters with 0.45 μm of porosity and acidified until pH ~ 1.0 with concentrated nitric acid to keep the metal dissolved in solution.



The blank experiments—without PNP—were carried out with the goal of identifying the formation of hydroxyl radicals in solution; the tests proceeded in the same way as the catalytic runs, only the PNP solution was replaced by distilled water. Throughout the reactions, samples were taken and filtered, and then H2O2 concentration was measured and the presence of the hydroxyl radicals evaluated, as described in the following section.




3.4. Analytical Methods


Determination of the p-nitrophenol concentration and the evaluation of the presence of intermediate compounds, such as p-benzoquinone, hydroquinone, and p-nitrocatechol, were carried out by high pressure liquid chromatography (HPLC). TOC was measured in accordance with Method 5310 D [54] and was carried out in a Shimadzu TOC-L apparatus equipped with auto sampler (Shidmazu ASI-L). The hydrogen peroxide concentration was measured by the method developed by Sellers [55]. The formation of hydroxyl radicals was evaluated by the method proposed by Wang et al. [56]. The iron leached into the solution was measured by flame atomic absorption spectrometry (AAS)—Method 3111 B [54], using an AAS UNICAM spectrophotometer (model 939/959). The pH measurement was performed by potentiometric measurement (Method 4500 H+ [54]). Further details about any of the analytical methods can be found elsewhere [17].



All analytical determinations were performed in duplicate and the coefficients of variation were less than 2% for all parameters.





4. Conclusions


Different undoped and N-doped carbon-based materials were prepared, characterized, and used as adsorbents or catalysts. In addition, these carbon-based materials were impregnated with iron (load of 2 wt.%) and used as catalysts in Fenton oxidation.



The textural properties of the carbon-based materials play an important role in the adsorption and/or catalytic activity. The support with the highest surface area -AC- presents the best performance during PNP adsorption, which is corroborated by the linear relationship between the PNP removal and the SBET of the carbon-based materials. In contrast, the support or catalyst with the highest mesopores surface area -XG or Fe/XG- lead to the best removals by CWPO or Fenton’s oxidation, respectively. On the other hand, the surface chemical properties also proved to be important in the performance of the materials, since the presence of N-functionalities, mainly pyrrole and pyridinic groups, on the carbons surface increases the PNP and TOC removals in all processes studied. A linear relationship between the PNP removal and N-content of carbon xerogels was obtained.



The Fe/XGM catalyst shows the best performances for the Fenton process with removals of 81% for PNP and 65% for TOC after 2 h. Reaction products identified (pyruvic, maleic, and oxalic acids) accounted, together with residual PNP, for more than 95% of the TOC along the experiments.



Stability and reusability of supports and catalysts were confirmed by recycling experiments. It was shown that the carbon-based materials were deactivated by hydrogen peroxide; in contrast, the iron catalysts were very stable and presented low coefficients of variation for PNP (1.4%) and TOC (0.3%) removals in the 3 cycles of reuse and without iron leaching.



The results obtained show that both textural and chemical properties of the carbon-based materials play a relevant role in the Fenton oxidation, where high mesoporosity combined with high surface area and N-functionalities improve their catalytic performance, demonstrating that carbon-based materials can be tailored to improve the efficiency of this advanced oxidation process.
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Figure 1. p-nitrophenol (PNP) and total organic (TOC) removal during adsorption with the carbon supports (a,b) and with the iron-containing catalysts (c,d) (pH = 3.0, T = 30 °C, [support] = 0.25 g L−1 and [PNP] = 3.6 mmol L−1). 
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Figure 2. p-nitrophenol (PNP) (a) and total organic (TOC) (b) removal during catalytic wet peroxidation (CWPO) and adsorption, and PNP and TOC removals after 2 h for wet peroxidation only (c) using the carbon supports (pH = 3.0, T = 30 °C, [support] = 0.25 g L−1, [H2O2] = 29 mmol L−1, [PNP] = 3.6 mmol L−1 and H2O2:PNP molar ratio = 8.1). 
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Figure 3. Consumption of hydrogen peroxide and hydroxyl radicals formation as a function of time for experiments with the supports (a) or with the iron supported catalysts (b) and supports (c) or catalysts (d) N-doped with melamine (pH = 3.0, T = 30 °C, [support or catalyst] = 0.25 g L−1, [H2O2] = 29 mmol L−1 and [PNP] = 0 mmol L−1). 
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Figure 4. p-nitrophenol (PNP) (a) and total organic (TOC) (b) removal during Fenton’s reaction and adsorption, and PNP and TOC removal, after 2 h, for Fenton reaction only (c) with the Fe-containing catalysts (pH = 3.0, T = 30 °C, [catalyst] = 0.25 g L−1, [H2O2] = 29 mmol L−1, [PNP] = 3.6 mmol L−1 and H2O2:PNP molar ratio = 8.1). 
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Figure 5. p-nitrophenol (PNP) (a) and total organic (TOC) (b) removal, after 2 h, in subsequent cycles during wet peroxidation and adsorption with the carbon supports or Fenton’s reaction and adsorption with the iron-containing catalysts (pH = 3.0, T = 30 °C, [support] = 0.25 g L−1, [H2O2] = 29 mmol L−1, [PNP] = 3.6 mmol L−1 and H2O2:PNP molar ratio = 8.1). 
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Figure 6. p-nitrophenol (PNP) and total organic (TOC) removal after 2 h of adsorption (a) and reaction (b) with support carbon xerogels (XG, XGU and XGM) and Fenton’s reaction (c) using catalysts (Fe/XG, Fe/XGU and Fe/XGM) (pH = 3.0, T = 30 °C, [support or catalyst] = 0.25 g L−1, [H2O2]when used = 29 mmol L−1, [PNP] = 3.6 mmol L−1 and H2O2:PNP molar ratio = 8.1, when H2O2 was used). 
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Figure 7. Consumption of hydrogen peroxide and hydroxyl radicals formation as a function of time for blank reaction with supports—xerogel (XG), XGU and XGM (a) and with catalysts -Fe/XG, Fe/XGU and Fe/XGM (b) (pH = 3.0, T = 30 °C, [support or catalyst] = 0.25 g L−1, [H2O2] = 29 mmol L−1, [PNP]blank run = 0 mmol L−1). 






Figure 7. Consumption of hydrogen peroxide and hydroxyl radicals formation as a function of time for blank reaction with supports—xerogel (XG), XGU and XGM (a) and with catalysts -Fe/XG, Fe/XGU and Fe/XGM (b) (pH = 3.0, T = 30 °C, [support or catalyst] = 0.25 g L−1, [H2O2] = 29 mmol L−1, [PNP]blank run = 0 mmol L−1).



[image: Catalysts 09 00258 g007]







[image: Catalysts 09 00258 g008 550]





Figure 8. p-nitrophenol (PNP) and carboxylic acids concentration (a) and consumption of hydrogen peroxide (b) along Fenton reaction with Fe/XGM catalyst (pH = 3.0, T = 30 °C, [Fe/XGM] = 0.25 g L−1, [H2O2] = 29 mmol L−1, [PNP] = 3.6 mmol L−1 and H2O2:PNP molar ratio = 8.1). 
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Table 1. Textural properties of the carbon-based materials *.
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	Sample
	SBET ** (±10 m2 g−1)
	Smeso ** (±10 m2 g−1)
	Vmicro ** (±0.01 cm3 g−1)
	Vp P/Po=0.95 ** (cm3 g−1)





	AC
	824
	196
	0.286
	0.492



	ACM
	730
	174
	0.229
	0.408



	CNT
	273
	273
	0
	0.573



	CNTM
	222
	222
	0
	0.512



	XG
	572
	290
	0.150
	0.497



	XGM
	510
	117
	0.182
	0.398



	XGU
	513
	174
	0.158
	0.486



	Fe/AC
	807
	179
	0.288
	0.479



	Fe/ACM
	717
	171
	0.251
	0.408



	Fe/CNT
	266
	266
	0
	0.540



	Fe/CNTM
	205
	205
	0
	0.471



	Fe/XG
	564
	273
	0.149
	0.491



	Fe/XGM
	490
	133
	0.168
	0.402



	Fe/XGU
	486
	166
	0.147
	0.449







* AC—activated carbon; CNT—carbon nanotubes; XG—xerogel; M—stands for melamine-doped materials; U—stands for urea-doped materials; Fe—stands for iron-containing catalysts. ** SBET—surface area; Smeso—mesopore surface area; Vmicro—micropore volume, Vp—total specific pore volume.
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