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Abstract

:

Two commercial diatomaceous earths were used as supports for the preparation of Mn/Co binary metal catalysts at different metal loads (5 to 10 wt % Mn and 5 to 15 wt % Co) by incipient wetness deposition. The activity of the prepared catalysts towards the complete oxidation of benzene to CO2 and water was investigated between 100 and 400 °C. Raw supports and synthesized catalysts were characterized by XRD, N2 physisorption, SEM-EDS, H2-TPR, and TPD. The purification treatment of food-grade diatomite significantly affected the crystallinity of this support while reducing its specific surface area (SSA). A loss of SSA, associated with the increase in the metal load, was observed on samples prepared on natural diatomite, while the opposite trend occurred with food-grade diatomite-supported catalysts. Metal nanoparticles of around 50 nm diameter were observed on the catalysts’ surface by SEM analysis. EDS analysis confirmed the uniform deposition of the active phases on the support’s surface. A larger H2 consumption was found by TPR analysis of natural diatomite-based samples in comparison to those prepared at the same metal load on food-grade diatomite. During the catalytic oxidation experiment, over 90% conversion of benzene were achieved at a reaction temperature of 225 °C by all of the prepared samples. In addition, the formation of coke during the oxidation tests was demonstrated by TGA analysis and the soluble fraction of the produced coke was characterized by GC-MS.
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1. Introduction


Volatile organic compounds (VOCs) are a class of chemicals emitted by natural and anthropogenic sources, such as vegetation, industrial processes, and transportation [1,2]. These pollutants are known as some of the main precursors for the formation of photochemical smog, resulting in the generation of harmful products [3]. VOCs also contribute to climate change as greenhouse gases and affect the ozone layer [3]. Due to their hazardous nature towards human health and the environment, the emission limits of VOCs from industrial sources and remediation activities are being lowered by regulatory agencies and organizations worldwide, including the Environmental Protection Agency (EPA, Washington, DC, USA) and the World Health Organization WHO [4,5]. The EPA especially focuses on the emissions of benzene, toluene, ethylbenzene, and xylene (BTEX), which are considered to be predominant pollutants because of their toxicity and elevated concentration levels from various emission sources.



Although the direct effects of these pollutants on human health cannot be precisely quantified, it is possible to indirectly evaluate them by exposure risk assessments. For example, an increase of around 465% in the incidence of lung cancer was observed in China over the last 30 years, which was found to be associated with long-term exposure to severe air pollution, also including exposure to VOCs [6].



The concentration levels of VOCs in waste gas streams before the treatment are often above the regulatory limits. Several processes, including thermal oxidation, biological treatments, and catalytic oxidation, were developed to lower the concentration of VOCs emitted in the contaminated gas to the levels required by regulations [7]. The catalytic oxidation of VOCs has been studied due to its efficiency in decomposing these pollutants into CO2 and water at temperatures below 400 °C [8,9].



Various types of metals, metal composites, and supports have been examined for the degradation of VOCs [9]. Noble metals such as Pd, Pt, and Au were widely studied due to their activity and selectivity at low temperatures [8,10,11]. However, the disadvantages involved in the use of noble metals, such as high cost and low resistance to poisoning, directed the interest of the scientific community towards cheaper transition-metal-based catalysts [1,12,13,14,15,16]. Researchers have investigated a number of different transition metals and support materials, aiming to improve activity and selectivity of the prepared catalysts towards the complete oxidation of VOCs [1,13,17,18,19].



Diatomaceous earths are natural silicates composed of fossilized diatoms, aquatic unicellular algae from the tertiary and quaternary periods. Due to their origin, diatomaceous earths consist of amorphous silica with small quantities of microcrystalline material [20]. The presence of impurities can be observed on this material though their composition and content might vary based on the provenience of the diatomite [2,21]. Purified diatomaceous earths are used as a filtration media in various industrial areas, such as water treatment, pharmaceutical processing, and brewing [22,23,24,25]. According to the specifications of the raw material, the specific surface area (SSA) and other physical properties, including permeability, particle size, and pore size and distribution, can vary greatly depending on the pretreatment process. The purification treatment also tends to produce a more crystalline form of silica and more uniform particle size and pore size distribution. Diatomaceous earths offer low SSA (between 1 and 300 m2/g) compared to other materials widely employed as supports for the preparation of catalysts, such as activated carbon or MCM-41 [8,19,26,27]. Nonetheless, the physical properties of diatomite, including peculiar porous structure, high sorption ability, thermal stability, and permeability, made this material widely applicable in bioreactors and other applications, including chromatography and heterogeneous catalysis [24,28,29,30]. Due to its natural hydrophobicity, diatomite-supported catalysts are resilient to deactivation caused by the presence of water [31,32]. This property makes diatomite an ideal support for heterogeneous catalysis and other applications involving contact with an aqueous phase [31,32]. Different deposition methods were successfully tested on diatomaceous earths, demonstrating the feasibility of impregnation on diatomite [21,33,34]. However, until now the application of diatomaceous earths as support for the synthesis of catalysts for the complete oxidation of VOCs has not been attempted, necessitating a systematic study to determine its performances for such an application.



Therefore, for the first time the capability of diatomaceous earth as a support for the preparation of catalysts to decompose of benzene into CO2 and water was investigated. The influence of industrial purification treatment on the performance of food-grade diatomite as a support was also studied. The formation of heavy carbonaceous compounds inside the porous structure of the support has been widely reported for zeolites during the oxidation of VOCs [35,36,37]. Given the similarities of diatomaceous earths and zeolites, the potential formation of coke on diatomite-supported catalysts was also examined. Transition metals such as Mn and Co in either single or binary metal catalysts have been widely studied for their decomposition activity towards BTEX and, comparatively, the binary active phases generally outperformed the single one [1,9,12,13,38]. Hence, the binary metal catalysts containing Mn and Co were selected in this study, and were prepared by incipient wetness deposition. Preliminary tests on the activity of the single metal oxides were not included here. It is worth highlighting that the focus of this study was to demonstrate the suitability of diatomaceous earths as support for the catalytic decomposition of VOCs from the contaminated gas stream. Furthermore, the relative mass content of Mn and Co in the catalysts was to be optimized. The prepared catalysts, as well as the two raw materials, were characterized and tested to compare their catalytic activity for the oxidation of benzene in synthetic waste gas. The choice of benzene as a model compound for this study was not only dictated by the environmental hazards posed by this pollutant, but also by its toxicity, as benzene is classified as an A1 carcinogenic pollutant [39].




2. Results and Discussion


2.1. XRD Characterization


The crystal phase and crystallinity of the two raw supports and synthesized catalysts were studied by XRD analysis and presented in Figure 1a. The XRD pattern of food-grade diatomite showed well-defined diffraction peaks, compatible with the presence of crystalline silica (cristobalite JCPDS 39-1425), due to the purification treatment [40,41].



Based on the manufacturer’s data sheet, during the purification process, the natural mineral, usually containing crystalline silica (cristobalite) less than 1 wt %, gets crushed and milled, dried in hot air, and winnowed through a cyclone in order to separate the different grain sizes and shapes. After this first step, diatomite is heated in a furnace at temperatures ranging between 980 and 1200 °C, roasted using sodium chloride, treated with sulfuric acid, and calcined.



The high-temperature treatment increases the crystallinity of silicate in food-grade diatomite due to the sintering of smaller crystals [42], producing the well-defined diffraction peaks shown in Figure 1a.



On the contrary, the natural diatomite produced a different diffraction pattern containing a single broad peak located at 21.9° (2θ), compatible with the presence of amorphous SiO2 [34]. In agreement with the experimental results reported by Sun et al., no diffraction peaks associated with impurities were observed in the diffractogram of natural diatomite [34]. The absence of peaks for impurities was expected as their mass content (4.1 wt % Al2O3, 1.6 wt % Fe2O3, 0.4 wt % CaO and 0.2 wt % MgO) was below the limit of detection of the instrument. More pronounced background noise was also observed in the diffraction pattern of natural diatomite.



To investigate the crystal phase of deposited metal oxides, samples prepared at low and high metal loads on both supports (Mn5Co5 and Mn10Co15) were analyzed (Figure 1b). Characteristic diffraction peaks of Co3O4 crystallites (JCPDS 42-1467) were observed at 19.0°, 36.9°, 59.5°, and 65.3° (2θ). Less intense diffraction peaks were observed at 21.7°, 36.8°, and 64.8° (2θ) indicating the presence of γ-MnO2 (ramsdellite, JCPDS 82-2169). The diffraction peaks of MnO2 were hardly observed, while those of Co3O4 were clearly identifiable. Comparable peak intensities were observed for samples prepared at low and high metal loads on the same support (Mn5Co5 and Mn10Co15) [1].



The diffraction patterns of MnxCoy/N and MnxCoy/F appeared comparable, with the exception of the diffraction peaks of SiO2. Such peaks were distinctive on food-grade diatomite-supported samples due to the high content of crystalline SiO2. However, it was not possible to identify the diffraction peaks of single-phase Mn–Co mixed oxides on all prepared samples and such an absence of mixed metal oxides could be attributed to the preparation method used in this study, which is basically for the synthesis of binary metal catalysts but not mixed metal oxides. The observed small and broad diffraction peaks might be due to the effect of calcination temperature adopted in this study (250 °C) [26,43]. According to the experimental observations reported by Li et al., a low calcination temperature tends to reduce the sintering of the metal particles, which is potentially beneficial for producing a large number of active sites [43]. The number of active sites was associated with the active surface area of the catalyst and thus the catalytic activity [44,45]. The size of Co3O4 crystallites was calculated according to the Scherrer equation. Larger crystallites were observed on Mn5Co5/F and Mn10Co15/F (63 and 78 nm, respectively) as compared to Mn5Co5/N and Mn10Co15/N (23 and 35 nm respectively). On the contrary, it was not possible to apply Scherrer equation to MnO2 as the peaks belonging to Mn oxides partially overlapped with other peaks (Figure 1). The formation of larger metal particles on food-grade diatomite was correlated with the SSA of this support (1.35 m2/g) as it might offer less binding sites for the metal deposition as compared to natural diatomite (51.3 m2/g). The size of cristobalite’s crystallites on food-grade diatomite was around 30 nm.




2.2. Morphological and Textural Analysis


SEM images of both raw supports and representative catalysts are illustrated in Figure 2. As seen in Figure 2a, natural diatomite is composed of disk-like particles. This figure clearly shows the exceptional diversity of sizes and morphologies typical of diatomaceous earths [34]. Such diversity appeared to be lost in the food-grade diatomite as the purification treatment allows for selecting particles of similar sizes, which generally possess beehive-like structures (Figure 2b). Nonetheless, similarities were also observed between these two raw support materials as they both exhibited a highly ordered porous structure (Figure 2a,b). Figure 2c,d presents the SEM micrographs at low magnification of MnxCoy/N and MnxCoy/F, respectively. As expected, the peculiar structure of the two diatomaceous earths could still be observed after the metal deposition.



To give an overview of the surface morphology and metal particle size for the synthesized catalysts, samples prepared at low, medium, and high metal loads were analyzed at higher magnifications. SEM images of the analyzed samples showed that both materials appeared to be ideal hosts for the deposition of metal nanoparticles, as shown in Figure 2e–j. In agreement with the experimental observations reported in Section 2.1, the presence of a large number of spherical particles of nanometrical scale was observed in all analyzed samples. For catalysts prepared using the same metal loads, both particle size and the distribution on the different supports appeared to be comparable. Different particle numbers per unit of surface area were observed on the tested catalysts. The particle density was associated with the metal load used to prepare the catalysts. In agreement with the findings reported by Zhou et al., aggregates were observed on those samples presented in Figure 2g–j [26]. Those aggregates were possibly caused by the undecomposed nitrates retained on the catalyst surface due to low calcination temperature. Nonetheless, as discussed in Section 2.1, low calcination temperatures were proven beneficial to the catalytic activity due to the reduced sintering of the active phase [26,43].



The absence of aggregates in Figure 2e,f did not exclude their existence on Mn10Co15/N and Mn10Co15/F. On the contrary, it is plausible that aggregates were formed during the sample preparation due to their higher metal load. However, the purpose of the morphological characterization was to give an overview of the surface and metal particles. Hence, no efforts were made to locate them on every sample. The presence of both Mn and Co on all prepared catalysts was also confirmed by EDS analysis. Uniform dispersion of the active phases on the support’s surface was observed on all analyzed samples during the EDS analysis. The SEM analysis did not reveal significant morphological differences between samples prepared on different supports.



SEM micrographs of spent catalysts, including Mn10Co15/N and Mn10Co15/F, are reported in Figure 2k,l, respectively, and will be discussed in Section 2.5.



The specific surface area (SSA) and total pore volume of raw supports and representative catalysts are presented in Table 1. Large differences of SSA and pore volume were observed between the two raw supports. This difference was ascribed to the purification treatment, as after the milling different particle sizes were separated through winnowing in a cyclone. A narrow pore size distribution was observed in the food-grade diatomite. For this material, around 60% of the total pore volume (0.001 cm3/g) was represented by pores of diameter ranging from 72 nm to 90 nm. A wider pore size distribution was observed on natural diatomite, with over 78% of the total pore volume (0.173 cm3/g) distributed between pores of size ranging between 15 and 175 nm. Figure 3 reports the adsorption isotherms of the raw supports and samples prepared at the lowest and highest metal loads. As expected for the wide pore size distribution described for the natural diatomite, type IV isotherms showing a H4 hysteresis loop were observed on MnxCoy/N and on the natural diatomite (Figure 3a). These results indicate that the internal structure of the natural diatomite was partially hollow, with internal voids of irregular shapes and broad size distribution. A significant decrease in the quantity of N2 adsorbed by the samples with the increase of the deposited metal load was also observed (Figure 3a), which was associated with the formation of metal particles in the support’s porous structure, causing the complete or partial occlusion of some of the pores [9]. A typical isotherm of pure silica (type II isotherm) was observed during the N2 physisorption analysis of food-grade diatomite (Figure 3b) [46]. This result highlights the scarce porosity of food-grade diatomite as well as the macroporosity of this material (Table 1). On the contrary, type IV isotherms with H4 hysteresis loops were observed on MnxCoy/F. The different adsorption isotherm profiles observed during the tests could be attributed to the increase of the pore volume and the formation of a more complex porous structure. These experimental observations were ascribed to the deposited nanoparticles. Metal nanoparticles might exhibit a more complex morphology compared to the food-grade diatomite [47,48]. Therefore, the deposition of a large number of metal particles (Figure 2) had a significant influence on the surface properties of the diatomite.




2.3. TPR Studies


The reducibility of a catalyst determines, to a large extent, the activity towards VOCs oxidation [38,49]. Therefore, H2-TPR analysis was conducted to investigate the reducibility of both raw supports and representative catalysts. The TPR reduction profiles of two commercial diatomaceous earths are shown in Figure 4. It has been observed that both reduction profiles presented a well-defined peak at 366 °C. A small shoulder located around 430 °C was observed during the TPR analysis of natural diatomite. This maximum could be associated with the reduction of α-Fe2O3 to Fe3O4, which was in agreement with the composition of natural diatomite presented in Section 2.1 (1.6 wt % Fe2O3) [50]. It was not possible to observe additional reduction peaks related to further reduction of α-Fe2O3, probably due to the low metal content. Because of the presence of Fe2O3, the hydrogen consumption of natural diatomite (0.31 mmol H2/g) was higher than what observed for food-grade diatomite (0.25 mmol H2/g). Fe2O3 has been widely reported as an active phase for the catalytic oxidation of VOCs [51,52,53], and its presence on natural diatomite might provide a certain degree of activity towards the oxidation of VOCs when the reaction temperature is met.



The reducibility and hydrogen consumption of prepared samples were also analyzed through H2-TPR analysis and presented in Figure 5 and Table 2. In general, the reduction profiles were similar in all cases with two pronounced peaks, discerned at approximately 215 and 280 °C, respectively. In Figure 5a,b it was also possible to observe a third peak located at around 250 °C. In agreement with the experimental results reported in Section 2.1, the peak observed at 215 °C was correlated with the one step reduction of MnO2 to MnO, while the peaks observed at 250 and 280 °C were associated with the reduction of Co3O4 to CoO and the subsequent reduction of CoO to metallic cobalt, respectively [54,55,56]. However, the peak located at around 250 °C was not visible in Figure 5c,d, and it is likely to overlap with more pronounced neighboring peaks. The total hydrogen consumption of selected MnxCoy/N catalysts was higher than that of those counterparts on food-grade diatomite with the same metal loads (Table 2).




2.4. Catalytic Activity Tests


The oxidation tests results presented in this section refer to the average values calculated after triplicate experiments were conducted on samples of the same type. Oxidation tests were carried out on both raw supports in order to confirm their activity towards the oxidation of benzene in the selected temperature range from 100 °C to 400 °C. No significant changes in the concentration of benzene were detected in the whole range of temperatures during oxidation tests of food-grade diatomite. On the contrary, the catalytic conversion of benzene by the natural diatomite did not occur until the reaction temperature reached 350 °C; benzene’s concentration from 1000 ppmv to around 790 ppmv was observed at 400 °C on the natural diatomite, indicating that some catalytic decomposition capability of this support could possibly be activated at a high reaction temperature. This difference might be due to the presence of 1.6 wt % Fe2O3, as discussed in Section 2.1. However, the maximum conversion of benzene for all examined samples was almost reached at 225 °C, as seen in Figure 6. Therefore, it is possible to infer that the presence of Fe2O3 does not make a significant contribution in the overall activity of MnxCoy/N when the reaction temperature is below 350 °C.



The conversion of benzene on MnxCoy/N and MnxCoy/F as a function of reaction temperature is shown in Figure 6. A monotonous decrease of benzene’s concentration in the outlet gas has been observed until around 225 °C during the oxidation tests. Between 225 and 250 °C a plateau was reached, and further increasing the reaction temperature did not significantly lower the concentration of benzene in the outlet gas. It is noteworthy that all of the prepared samples surpassed 90% conversion at 225 °C. It is also worth highlighting that the maximum temperature reached during the oxidation tests (400 °C) was higher than the calcination temperature used for the synthesis of the catalysts (250 °C). Therefore, a certain degree of sintering of the active phase as well as the decomposition of nitrates might be expected at high reaction temperatures [26,43]. However, the activity of the analyzed catalysts appeared to have not been affected significantly by those changes in the structure of the catalysts. Nonetheless, to investigate changes of the crystallinity and morphology of the used catalysts, SEM and XRD analysis of the spent Mn10Co15/N and Mn10Co15/F catalysts were performed and will be discussed in Section 2.5.



Although 225 °C can be considered the optimum temperature for catalytic oxidation of benzene in this study, only minor differences between the conversions of benzene by all tested catalysts on both natural and food-grade diatomites were observed at this temperature. Such differences were within range of the experimental errors calculated for the prepared samples (1.5 to 2.8%). Therefore, besides the conversions of benzene and yields of CO2 at 225 °C, those recorded at 190 °C were also reported in Table 3 as this temperature was the lowest T90 observed in this study. The data reported in Table 3 clearly show that MnxCoy/F catalysts were more active at 190 °C in terms of both benzene decomposition and CO2 yields before the light-off temperature 225 °C in comparison to their MnxCoy/N equivalents. However, from the results of the characterization tests, similar reduction temperatures were observed for the prepared samples (Figure 6); besides, based on the H2-TPD analysis (Table 4), a larger quantity of active phase appeared to be available on MnxCoy/N samples. It was also observed that, although no significant differences in the metal dispersion could be observed through XRD analysis, the size of the crystallites evaluated through the Scherrer equation seemed to be larger on MnxCoy/F samples. As mentioned above, it can be seen in Table 1 that the SSA of catalysts on food-grade diatomite was much lower than that of those on natural diatomite, while the total amounts of metals deposited were quite comparable. This indicates that the density of active phases (the mass per unit of SSA) on food-grade support was much higher, possibly leading to stronger catalytic conversion of benzene by food-grade-based catalysts before the performance of both types of catalysts stabilized to form the characteristic plateau on the light-off curve. The turnover frequencies (TOFs) of catalysts prepared at low (10 wt %), medium (15 wt %), and high (25 wt %) metal loads were evaluated to provide a more comprehensive comparison of the catalytic activities for conversion of benzene. The TOFs were evaluated based on reaction rates calculated below 10% conversion of benzene (Table 4) according to Equations (3) and (4) at the reaction temperature of 125 °C. Reaction rates on the order of 10−8 mol/s were observed for most analyzed samples, with the exception of Mn5Co5/N and Mn5Co5/F. According to the results of the chemisorption analysis using hydrogen as a probe molecule, the quantity of active phase available on natural diatomite-based samples was almost 5–10 times that on MnxCoy/F (Table 4). Therefore, higher TOF values were estimated for MnxCoy/F, as shown in Table 4. It is worth highlighting that higher TOFs values were estimated for Mn5Co10/N and Mn5Co10/F (26.2 × 10−5 and 210 × 10−5 s−1, respectively) compared to other samples on the same support. In addition, the TOFs of prepared catalysts were also investigated by considering the total metal load deposited on the catalysts. The latter approach indicates how much benzene can be converted per unit mass of active phase loading. As expected, the moles of active phase deposited on catalysts with the same mass ratio of Mn to Co prepared on different supports are comparable since MnxCoy/N and MnxCoy/F were prepared using almost the same metal load. Consequently, smaller differences of TOFs were observed between samples prepared on different supports, which were mostly related to the different reaction rates (see Equation (4)). Considering the total metal load, higher TOFs were obtained for Mn5Co10/N and Mn5Co10/F (7.56 × 10−5 and 5.63 × 10−5 s−1, respectively) compared to the rest of the catalysts on the same support. Based on both TOFs estimations, Mn5Co10/N and Mn5Co10/F (prepared on their respective supports) appear to be the most efficient catalysts for the degradation of benzene.



According to the results of the chemisorption analysis, it is plausible that MnxCoy/F would not be able to produce reaction rates comparable to those of MnxCoy/N in more challenging experimental conditions (i.e., higher GHSV and/or pollutant concentration) due to the lower quantity of metal phase available for the reaction [57]. This might need to be further investigated as the goal of this study was to determine if diatomaceous earths could be utilized as supports for the complete oxidation of VOCs in waste gas streams.



During all catalytic activity tests, only chromatographic peaks belonging to CO2 and H2O were detected, indicating the absence of volatile and potentially hazardous by-products. As seen in Table 3, significant differences between the samples prepared on different supports were observed for the yields of CO2. In addition, differences in CO2 yields were also evident between samples prepared on the same support, as shown in Figure 7. The discrepancy between benzene conversion and CO2 yield and the absence of volatile byproducts of a reaction could be attributed to the formation of coke on the support’s surface, as is commonly observed during the oxidation of benzene by other catalysts [58,59,60]. The formation of coke was studied and the results will be presented in Section 2.5.



Stability tests were conducted on Mn10Co15/N and Mn10Co15/F to determine their stability upon the formation of coke on the catalyst’s surface. These two samples were selected as they showed the highest benzene conversion at 225 °C. For these tests, the temperature was kept constant at 185 °C for 50 h. This temperature was chosen as it was the T50 of Mn10Co15/N. Results from the stability tests are reported in Figure 8. The benzene conversion was stable for the first 2 h on both samples. Between 2 and 4 h, a decrease in conversion of around 5% was observed for Mn10Co15/N. The conversion of benzene slowly decreased until 24 h of reaction to around 40%. After reaching this minimum, the conversion became stable for the duration of the experiment. The conversion of benzene on Mn10Co15/F monotonously decreased for 27 h of reaction from its initial 56% conversion to 43%. As observed for Mn10Co15/N, after reaching the minimum conversion, no further decreases in the activity of Mn10Co15/F were observed during the entire test.




2.5. Characterization of the Used Catalyst


Significant differences between the conversion of benzene and yield of CO2 were observed, as reported in Table 3. In addition, no volatile products other than CO2 and H2O were detected during the catalytic activity tests, as discussed in Section 3.4. These observations suggested that part of the benzene somehow remained trapped in the porous structure of diatomite and retained under the form of heavy products of reaction (coke). Hence, the coke analysis was conducted for the used catalysts prepared on both supports by TGA and GC-MS.



The axial distribution of coke in the catalyst bed was not investigated in this study, as the sole purpose of this qualitative analysis was to demonstrate the formation of coke during oxidation tests to help in understanding the carbon balance. Therefore, the whole catalyst bed was analyzed and the results presented in Table 5 are not representative of the spatial distribution of the coke.



Based on the results shown in Table 5, a larger amount of coke of around 7 ~ 10 wt % was detected on MnxCoy/N, while around 1 ~ 1.5 wt % was detected on MnxCoy/F. In addition, only minor variations of coke content were observed among samples prepared on the same support, indicating that the duration of oxidation tests appeared to be sufficient to stabilize the coking formation. The formation of coke is usually observed inside the porous structure of catalyst, eventually in areas not covered by the active phase, and its growth in time leads to the deactivation of catalyst [43,58]. Li et al. also reported that the support’s porous structure might influence the quantity of coke deposited [61]. For MnxCoy/F, most of the pore volume, between 88% and 95% for Mn5Co5/F and Mn10Co15/F, respectively (Table 1), was formed during the metal deposition. It is possible to hypothesize that most of the porous structure of these samples is formed by the active phase and, as such, it would be more resistant to the formation of coke compared to the pure SiO2 surface.



According to the results of the GC-MS analysis and the qualitative identification using the NIST mass spectrometry database, the soluble fraction of coke was composed of aromatic hydrocarbons and aromatic oxygenated compounds, as shown in Figure 9. In agreement with the observations reported by Pinard et al. and Rojo-Gama et al., lower weight hydrocarbons such as alkylbenzenes were detected at retention times ranging from 7 to 17 min, while at higher retention time, heavier polycyclic hydrocarbons including alkylnaphthalene, alkylanthracenes, and phenanthrenes were found (Table 6) [58,59]. Due to the fact that the selected active phases, reaction temperature, and reaction time were kept the same for all catalytic oxidation tests [58,62], no significant change of coke composition was observed among the samples analyzed.



The crystallinity and morphology of used Mn10Co15/N and Mn10Co15/F were also investigated to determine if the application of high temperatures during the oxidation tests affected the structure of the spent catalysts [42]. Better resolved diffraction peaks were clearly observed during the XRD analysis of the spent samples (Figure 10) compared to those reported in Figure 1. These results indicated that the crystallinity of the deposited metals might have increased due to the exposure to reaction temperatures adopted during the oxidation tests higher than the calcination temperature (250 °C), which caused sintering of the active phase [42]. The crystal size of the deposited metal nanoparticles was also evaluated using the Sherrer equation. The size of Co3O4 crystallite increased from around 78 nm (on fresh sample) to 214 nm. Smaller crystallites were observed on the spent Mn10Co15/N and their size was increased from 35 nm (on fresh sample) to around 103 nm. Due to the intensity of the diffraction peaks, it was also possible to estimate the crystal size for MnO2, which was 24 and 42 nm for Mn10Co15/N and Mn10Co15/F, respectively.



In agreement with the results observed from XRD analysis, some differences were also observed in the SEM micrographs of the spent catalysts as compared to the corresponding fresh samples (Figure 2). The existence of metal particles of size around 100 nm was observed on used Mn10Co15/N as shown in Figure 2k. Those large particles appear to have formed by the aggregation of smaller particles, as expected from the sintering of the active phase [42]. Aggregates of similar morphology but larger size were also observed on Mn10Co15/F, as shown in Figure 2l. The formation of larger aggregates observed on Mn10Co15/F might be related to the lower specific surface area of this support as the higher density of metal particles on the support surface might promote the formation of larger aggregates [9,63].





3. Experimental


3.1. Catalyst Preparation


Two commercial diatomaceous earths were selected as supports: Celite® S (Sigma-Aldrich, St. Louis, MO, USA) and food-grade Celite® (Celite Corporation, Lompoc, CA, USA). The composition of Celite® S was typical as non-pretreated diatomites including SiO2 93.7 wt %, Al2O3 4.1 wt %, Fe2O3 1.6 wt %, CaO 0.4 wt % and MgO 0.2 wt % [34,64]. This material was referred to as “natural diatomite” since it is not pre-treated after its extraction. On the contrary, the purified diatomite did not contain any impurities. Prior to sample preparation, both materials were washed with abundant ultrapure water to remove potential impurities deposited on their surface. The washed materials were then dried in a ventilated oven at 100 °C overnight to ensure complete evaporation of water from their porous structure.



Binary metal catalysts containing 5 or 10 wt % of Mn and 5, 10 or 15 wt % of Co were prepared by incipient wetness (IW) deposition. Firstly, aqueous solutions of Mn(NO3)2 (Sinopharm) were prepared dissolving 0.685 or 1.371 g, representing 5 and 10 wt % metal loads of the precursor salts in 3.500 mL of water, 50 μL of which were then added at a time to 2.850 or 2.700 g of diatomaceous earth under vigorous stirring, respectively. The samples were sonicated for 30 min and dried at 120 °C overnight in a ventilated oven, then washed and dried again. The dried samples were calcined at 250 °C for 3 h. For impregnation of the second metal, 0.741, 1.482, or 2.222 g of Co(NO3)3 (Sinopharm) as the precursor salt got dissolved in 3.000 mL of ultrapure water and these solutions were then added to the prior Mn-containing samples gradually, achieving 5–15 wt % Co-containing samples. The drying and calcination processes were conducted as described in the first-round impregnation of Mn. The catalysts were named MnxCoy/N or MnxCoy/F, where x and y represent the wt % of Mn and Co used for the impregnation, and N and F represent the natural and food-grade diatomite used as supports, respectively.




3.2. Characterization of Catalysts


The morphological studies were carried out on a Zeiss ΣIGMA Scanning Electron Microscopy (SEM) equipped with a Schottky field emitter operating at 2.0 kV and a beam current of 1.0 mA, and the data were collected on an ET-SE (Everhart–Thornley) type detector. Elemental analysis was performed by Energy Dispersive Spectroscopy (EDS) on an X-Act (Oxford Instrument, Abingdon-on-Thames, UK), coupled with the abovementioned SEM.



The X-ray diffraction (XRD) patterns were obtained by means of a D8 Advance diffractometer (Bruker) equipped with a copper anode (Cu-Kα radiation λ = 0.154 nm). The scattering intensities were measured over an angular range of 10° < 2θ < 90° with a step size of 0.01° on the high angle range and a count time of 2 s per step for all the samples.



The SSA and pore volume of samples were determined on the basis of low-temperature N2 adsorption–desorption at −196 °C using ASAP 2020 (Micrometrics, Norcross, GA, USA) BET surface area analyzer after the initial degassing, at 350 °C for 6 h. The average pore size was calculated using the Barrett–Joyner–Haelanda (BJH) method using the desorption branch of the adsorption isotherm. The SSAs were calculated using the Brunauer–Emmet–Teller (BET) method. Samples of 0.1–1 g were used for the N2 physisorption analysis in order to provide a minimum of 1 m2 surface area to be measured, as suggested by the IUPAC guidelines [65].



Temperature-programmed reduction (TPR) analyses were performed on an AutoChem II 2920 (Micrometrics, Norcross, GA, USA) equipped with a TCD detector. To calibrate the analytical instrument, different sets of self-prepared gas mixtures of known compositions were prepared, applied, and analyzed for developing a calibration curve. Preoxidation of the samples and removal of the absorbed species from the catalyst surface was conducted following a procedure similar to that described by Saquer et al. [66]. The sample (30 mg) was placed in the u-shaped quartz microreactor and preoxidized for 30 min at 300 °C using a mixture of 3% O2/He. The sample was then heated at 500 °C, under helium flow for 30 min to ensure the removal of adsorbed species from the catalyst surface, and cooled down to room temperature. The TPR tests were conducted on the preoxidized samples using hydrogen as a reducing agent (H2-TPR). Under a flow of 10% H2/He with flow rate 40 cm3/min, the samples were heated from 25 to 800 °C at a constant rate of 5 °C/min.



H2 temperature-programmed desorption (H2-TPD) analyses were performed using the same apparatus as for the TPR analysis. The sample (0.1 g) was firstly reduced in situ in a flow of 10%H2/He at 300 °C for 2 h. After that, the sample was cooled down to 50 °C and saturated in 10%H2/He for 1 h, followed by purging with N2 for 30 min to remove any physisorbed molecules. H2-TPD experiment was then operated at 800 °C with a heating rate of 5 °C/min under continuous flow of N2.




3.3. Determination of the Catalytic Activity


The catalytic activity tests were carried out in a conventional quartz tubular reactor (6 mm i.d.) at atmospheric pressure and in the temperature range of 100–400 °C. Liquid benzene (Sinopharm, Beijing, China) was used to produce the feed gas without further treatment. An air stream, flowing through a saturator bottle containing an appropriate amount of liquid benzene, carried the VOC vapors to a mixing chamber, where a second air stream was used to dilute its concentration to the desired value (1000 ppmv). The space velocity (GHSV) was maintained constant in all experiments at 24,000 mL g−1 h−1 (calculated at STP) [9,18,27].



All runs were performed using 0.3 g of catalyst in powder form, and placed in the middle of the reactor, supported by quartz wool.



The concentration of benzene in the outlet gas was determined online by gas chromatography (GC Agilent Technologies 7890A, Santa Clara, CA, USA) using a flame ionization detector (FID). A HP-5 capillary column (15 m, 0.320 mm i.d., 0.25 μm stationary phase thickness) was selected for the separation of the organics. The benzene conversion rate was estimated using the following equation (Equation (1)):


   Conversion = 1 −     [ benzene ]   out       [ benzene ]   in     ,   



(1)




where [benzene]out and [benzene]in represent the outlet and inlet concentration of benzene, respectively.



The concentration of CO2 was determined by a thermal conductivity detector (TCD) using a HP-PLOT/Q capillary column (15 m, 0.320 mm i.d., 0.20 μm stationary phase thickness). The yield of CO2 was estimated as follows:


   Yield =      [    CO  2   ]    out     (    [  benzene  ]    in     − [ benzene ]   out     ) × n  c    ,   



(2)




where [CO2]out represents the outlet concentration of CO2 and nc represents the number of carbon atoms of benzene.



The turnover frequencies (TOF) of substrate conversion were calculated as follows:


   TOF    (   s  − 1    )  =   Rate   of   reaction    H  2 ads   × stoichiometry   factor     × V     mH  2    × catalyst   weight   



(3)






   TOF    (   s  − 1    )  =   Rate   of   reaction     moles   of   active   phase   in   0.3   g   of   catalyst   ,   



(4)




where the rates of reaction were evaluated according to a first-order kinetic between 0% and 10% conversion at the reaction temperature of 125 °C. The moles of accessible active phase were calculated based on the results of the H2 chemisorption tests, according to the following factors, including the quantity of H2 adsorbed (cm3/g), the stoichiometry factor of the reaction between H2 and the selected metal, the molar volume of H2 at STP (22.73 L/mol) and the weight of catalyst (0.3 g). To estimate the moles of active phase in 0.3 g of catalysts the total metal load deposited on the catalysts was considered instead of the moles of active phase available for the reaction.




3.4. Coke Analysis


The amount of total coke (C, wt %) retained on the catalyst after the oxidation test was determined through thermogravimetric analysis (TGA) using a Seiko SII Exstar 6000 thermal analyzer. During the analysis, the sample was heated at 10 °C/min between 25 and 1000 °C in a synthetic air stream, following a procedure developed for zeolites [35,36].



The soluble fraction of the coke was determined following the Guisnet method [37]. Briefly, the samples were dissolved using a solution of hydrofluoric acid 40%, and the soluble fraction of coke recovered in dichloromethane (CH2Cl2). The extracted components were characterized by GC-MS analysis using an Agilent7890 GC with a HP5-MS capillary column (30 m, 0.25 mm i.d., 0.25 μm stationary phase thickness) coupled with an Agilent5975 mass spectrometer. The identification of main components in the soluble fraction of the coke was acquired from the library search (NIST).





4. Conclusions


The two industrial diatomaceous earths were fully characterized and explored as support materials for the preparation of catalysts at different metal loads for the catalytic decomposition of benzene to CO2 and water.



XRD characterization showed clear differences between the two raw supports as the purification process influenced the crystallinity of food-grade diatomite. The XRD analysis allowed identifying γ-MnO2 and Co3O4 as the crystalline form of the two active phases. However, only small and broad diffraction peaks belonging to the metal oxides were observed during the analysis. Thus, only the size of Co3O4 crystallites could be calculated through the Scherrer equation. Smaller crystallites were observed on MnxCoy/N in comparison to that MnxCoy/F. The size of the crystallites increased with the metal load (23 and 35 nm for Mn5Co5 and Mn10Co15, respectively). SEM images of the raw supports showed similarly ordered porous structures on both diatomaceous earths. For the prepared catalysts spherical metal particles of size around 50 nm were observed. EDS results confirmed the presence of both Mn and Co on all tested catalysts as well as their uniform dispersion on the surface of the support. Large differences in SSAs were detected during N2 physisorption analysis, indicating that the purification process affected the SSA, total pore volume and pore size distribution of food-grade diatomite. Based on the total hydrogen consumption, TPR analysis showed the higher reducibility of MnxCoy/N compared to their equivalents on food-grade diatomite, which could be attributed to the more quantity of available active phase on this support. According to the TPD results, the moles of active phase available on MnxCoy/N were around 10 times those estimated for MnxCoy/F. The catalytic activities of the raw supports and catalysts were also evaluated and it was observed that the prepared catalysts reached their maximum conversion at temperatures in the range between 225 and 250 °C. The similar conversion rates observed during the oxidation tests were associated with the experimental conditions used for this study. However, the scope of this study was to determine if diatomaceous earths could offer a novel, cheap, and widely available support for the preparation of catalysts to be used for the complete oxidation of VOCs. As such, a relatively low GHSV was selected for this study. The presence of coke and its soluble fraction were confirmed and characterized by TGA and GC-MS analysis, respectively. The morphological and XRD analysis of spent catalysts clearly showed the aggregation of metal nanoparticles due to the exposure to high reaction temperatures. Metal aggregates of dimension around 214 nm were observed on Mn10Co15/F, while smaller metal particles (around 103 nm diameter) were detected on Mn10Co15/N. The lower surface area of food-grade diatomite influenced the density of the deposited metal nanoparticles and therefore might have promoted the formation of larger aggregates observed on Mn10Co15/F.



In summary, both natural and food-grade diatomite-supported catalysts containing Mn and Co showed very comparable catalytic activities for the oxidation of benzene into CO2 and H2O when stabilized to form the characteristic plateau on the light-off curve. Nonetheless, the physical characteristics observed for natural diatomite-based catalysts suggest that MnxCoy/N might be better catalysts as compared to MnxCoy/F when the treatment conditions become harsher in terms of larger GHSV and a higher concentration of target pollutants.
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Figure 1. XRD patterns of (a) raw supports; (b) representative samples calcined at 250 °C. 
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Figure 2. SEM images of (a) natural diatomite, (b) food-grade diatomite, catalysts calcined at 250 °C, including (c) MnxCoy/N low magnification, (d) MnxCoy/F low magnification, (e) Mn10Co15/N, (f) Mn10Co15/F, (g) Mn10Co5/N, (h) Mn10Co5/F, (i) Mn5Co5/N, and (j) Mn5Co5/F and used catalysts, including (k) Mn10Co15/N; (l) Mn10Co15/F. 
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Figure 3. Adsorption isotherms of (a) natural diatomite and MnxCoy/N; (b) food-grade diatomite and MnxCoy/F. 
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Figure 4. H2-TPR profiles of (a) natural diatomite and (b) food-grade diatomite. 






Figure 4. H2-TPR profiles of (a) natural diatomite and (b) food-grade diatomite.



[image: Catalysts 08 00111 g004]







[image: Catalysts 08 00111 g005 550] 





Figure 5. Comparison of the reduction profiles of (a) Mn10Co15, (b) Mn10Co5, (c) Mn5Co15, and (d) Mn5Co5. 
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Figure 6. Average conversion rates of benzene estimated over three runs on (a) MnxCoy/N and (b) MnxCoy/F during the light-off experiments. 
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Figure 7. Average yields of CO2 achieved over three runs on (a) MnxCoy/N, (b) MnxCoy/F during the light-off experiments. 






Figure 7. Average yields of CO2 achieved over three runs on (a) MnxCoy/N, (b) MnxCoy/F during the light-off experiments.



[image: Catalysts 08 00111 g007a][image: Catalysts 08 00111 g007b]







[image: Catalysts 08 00111 g008 550] 





Figure 8. Stability tests results of Mn10Co15/N and Mn10Co15/F at 185 °C. 
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Figure 9. Chromatograms of the carbonaceous compounds retained on Mn5Co15/F. 
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Figure 10. Diffractogram of the spent catalysts. 
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Table 1. SSA and total pore volume of the raw supports and examined samples.
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	Sample
	Mn wt %
	Co wt %
	BET SSA (m2/g) a
	Total Pore Volume (cm3/g) b





	Natural diatomite
	n.d.
	n.d.
	51.3
	1.73 × 10−1



	Food-grade diatomite
	n.d.
	n.d.
	1.35
	6.84 × 10−4



	Mn10Co15/N
	9.22
	13.5
	38.0
	6.14 × 10−2



	Mn10Co15/F
	8.98
	13.8
	14.1
	2.09 × 10−2



	Mn10Co5/N
	9.13
	4.42
	46.2
	1.09 × 10−1



	Mn10Co5/F
	9.18
	4.74
	10.8
	1.99 × 10−2



	Mn5Co15/N
	4.02
	14.0
	46.0
	1.17 × 10−1



	Mn5Co15/F
	4.15
	13.9
	8.84
	1.44 × 10−2



	Mn5Co5/N
	4.11
	4.52
	47.5
	1.18 × 10−1



	Mn5Co5/F
	3.82
	4.26
	5.45
	7.70 × 10−3







a estimated by the BET method; b estimated by the BJH method on the desorption branch of absorption isotherm.
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Table 2. Comparison of the total hydrogen consumption of the analyzed samples.
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	Sample
	Natural Diatomite Total H2 Consumption (mmol/g)
	Food-Grade Diatomite Total H2 Consumption (mmol/g)





	Mn10Co15
	5.56
	3.85



	Mn10Co5
	3.29
	2.71



	Mn5Co15
	5.00
	3.20



	Mn5Co5
	2.73
	1.40
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Table 3. Conversion rates of benzene and yields of CO2 at reaction temperatures of 190 °C and 225 °C.
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Sample

	
Benzene Conversion (%) at 190 °C

	
Benzene Conversion (%) at 225 °C

	
Yield to CO2 (%) at 190 °C

	
Yield to CO2 (%) at 225 °C




	
N a

	
F b

	
N a

	
F b

	
N a

	
F b

	
N a

	
F b






	
Mn10Co15

	
55.0

	
78.1

	
96.7

	
96.1

	
37.8

	
54.5

	
75.9

	
74.9




	
Mn10Co10

	
63.0

	
85.9

	
96.3

	
96.7

	
35.0

	
48.7

	
70.1

	
62.7




	
Mn10Co5

	
43.3

	
92.5

	
96.3

	
95.3

	
22.8

	
66.8

	
60.0

	
75.4




	
Mn5Co15

	
50.2

	
82.2

	
96.8

	
95.3

	
28.6

	
41.5

	
64.8

	
59.0




	
Mn5Co10

	
57.7

	
68.8

	
91.1

	
94.2

	
21.1

	
47.2

	
63.9

	
74.7




	
Mn5Co5

	
52.2

	
61.2

	
93.5

	
95.0

	
25.8

	
36.7

	
47.5

	
60.2








a Natural diatomite as support; b Food-grade diatomite as support.
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Table 4. Comparison of the turnover frequencies (TOFs) for the oxidation of benzene at 125 °C.
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	Sample
	Reaction Rate (mol/s)
	Moles of Available Active Phase (mol) × 10−5
	TOF (s−1) × 10−5 a
	Total Moles of Active Phase (mol) × 10−4
	TOF (s−1) × 10−5 b





	Mn10Co15/N
	1.70 × 10−8
	17.2
	9.90
	11.9
	1.43



	Mn5Co10/N
	5.12 × 10−8
	19.6
	26.2
	6.77
	7.56



	Mn5Co5/N
	6.87 × 10−10
	11.6
	0.592
	4.55
	0.151



	Mn10Co15/F
	4.03 × 10−8
	2.40
	168
	11.9
	3.38



	Mn5Co10/F
	3.91 × 10−8
	1.85
	210
	6.94
	5.63



	Mn5Co5/F
	0.999 × 10−8
	2.63
	38.0
	4.25
	2.35







a Evaluation based on the quantity of available active phase; b Estimated according to the total metal load.
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Table 5. TGA analysis result for the used samples.
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	Sample
	Coke Content (wt %)

Natural Diatomite
	Coke Content (wt %)

Food-Grade Diatomite





	Mn10Co15 (50 h)
	8.96
	1.45



	Mn10Co15
	8.25
	1.18



	Mn10Co10
	7.21
	1.26



	Mn10Co5
	10.2
	1.07



	Mn5Co15
	8.22
	1.14



	Mn5Co10
	8.26
	1.18



	Mn5Co5
	7.40
	1.22
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Table 6. Molecular composition of the soluble fraction of the coke.
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	Family
	Formula
	m/z Range





	Alkylbenzene
	CnH2n-6 (n > 6)
	120–238



	Alkylnaphthalene
	CnH2n-12 (n > 10)
	194–220



	Alkylphenanthrene
	CnH2n-18 (n > 14)
	206–250



	Alkylanthracene
	CnH2n-18 (n > 14)
	206–250











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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