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Abstract

:

In this study, a Cu-promoted Fe/ZSM-5 catalyst was examined to reveal the effects of Cu species in selective oxidation of methane into methane oxygenates using H2O2 in water. Cu/ZSM-5, Cu-Fe/ZSM-5, and Fe/ZSM-5 catalysts were prepared using wet impregnation, solid-state ion exchange, and ion-exchange methods. Various techniques, including nitrogen physisorption, temperature-programmed reduction with H2, UV-vis spectroscopy, and FT-IR spectroscopy after NO adsorption, were utilized to characterize the catalysts. The promotional effect of Cu on the Cu-Fe/ZSM-5 catalyst in terms of methanol selectivity was confirmed. The preparation method has a considerable influence on the catalyst performance, and the ion-exchange method is the most effective. However, leaching of the Cu species was observed during this reaction, which can affect the quantification of formic acid by 1H-NMR. The homogeneous Cu species increase hydrogen peroxide decomposition and CO2 selectivity, which is undesirable for this reaction.
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1. Introduction


The direct conversion of methane into platform chemicals has attracted interest as it can resolve the problem inherent in the indirect methane conversion method, in which methane is first transformed into syngas (CO + H2) through an energy-intensive process, followed by subsequent chemical conversion processes to synthesize value-added chemicals [1]. In contrast with the indirect methane conversion process, which requires a mega plant for economic feasibility, direct methane conversion can be applied to small-scale natural gas sources if successfully developed. Methane has been principally used as an energy source, but it is also an attractive chemical feedstock as it is cleaner and more abundant than the present chemical feedstocks including petroleum [2]. Therefore, various routes for the direct conversion of methane into value-added products have been proposed and studied [3,4,5,6,7,8,9].



The selective oxidation of methane into methane oxygenates containing methanol, formaldehyde, and formic acid is a promising candidate for direct methane conversion technologies because it is thermodynamically and kinetically feasible [10]. It can be performed in gas [11] and liquid phases [12], and at present, different catalyst systems exist. In contrast with the gas-phase partial oxidation of methane, the liquid-phase has been reported to provide high product yields, especially when using strong oxidizing agents (e.g., SO3 [13,14] and K2S2O8 [15]) in protic solvents such as sulfuric acid [16,17,18] and trifluoroacetic acid [19,20]. As eco-friendly chemical processes are preferred, selective methane oxidation in an aqueous phase with hydrogen peroxide is being actively investigated [21]. As methane can be selectively transformed into methanol via enzymatic reactions in nature, soluble and particulate methane monooxygenase systems have been investigated and applied to design biomimetic catalyst systems which is more practical than the enzyme itself [22,23]. One of these systems is the metal-incorporated confined system, in which metal ions and metal oxide clusters can be stabilized inside zeolites [24], carbon materials [25] and metal organic frameworks [26]. This system has reportedly been active in selective methane oxidation with H2O2 in liquid water [27,28,29,30,31,32,33,34].



Methanol is the most desirable product among the methane oxygenates formed during this reaction as it can be transformed into other platform chemicals (e.g., olefins and acetic acid) and fuels through well-developed chemical processes (e.g., methanol-to-olefin [35], methanol-to-gasoline [36], and Monsanto [37] processes). Therefore, the development of catalysts for the selective oxidation of methane into methanol has been an important task in the catalyst industry. Hutchings et al. [38] first reported elevated catalytic activity for the partial oxidation of methane with H2O2 in water over Fe-ZSM-5 containing 0.017 wt% Fe. Furthermore, they reported that Cu-promoted Fe-ZSM-5 catalysts were active in the selective oxidation of methane into methanol. In addition, they reported that the methanol yield increased when homogeneous Cu(NO3)2 was used with Fe-ZSM-5. However, the opposite observation was reported by Al-Shihri et al. [39] who showed that the methanol yield decreased over Fe-ZSM-5 with increasing quantities of Cu(NO3)2. Recently, Yu et al. [40] achieved a high methanol yield over a Cu-Fe/ZSM-5 catalyst with a relatively greater quantity of Cu than that of Fe. They proposed that the Cu species generated •OH from H2O2, and methanol could be formed through the reaction between •OH and •CH3. Until now, ZSM-5 has been mainly reported to be an effective host material for Fe and/or Cu species for low-temperature aqueous-phase selective oxidation of methane. Recently, we observed that the presence of homogeneous Cu species inhibits the quantification of HCOOH in the product solution using 1H-NMR spectroscopy, which has been mostly used for the analysis of methane oxygenates in previous research, which prompted the reexamination of this catalyst system.



In this study, the role of Cu species in the partial oxidation of methane was investigated by evaluating the performance of Cu/ZSM-5, Cu-Fe/ZSM-5, and Fe/ZSM-5 catalysts prepared using solid-state ion exchange (SIE), wet impregnation (WI), and ion-exchange (IE) methods. The effect of homogeneous Cu species on the catalytic performance in the absence and presence of Fe/ZSM-5 was also investigated.




2. Results and Discussion


2.1. Physicochemical Properties of the Prepared Catalysts


The textural properties of the prepared catalysts, determined from N2 physisorption data (Figure S1), are summarized in Table 1. As the metal content of each catalyst was low, the BET surface area, pore volume, micropore area, and micropore volume of each catalyst were slightly smaller than those of the parent H-ZSM-5. There was no noticeable difference among the textural properties of catalysts prepared using the different methods. The X-ray diffraction (XRD) patterns (Figure S2) and transmission electron microscopy (TEM) image with energy-dispersive X-ray spectroscopy (EDS) mapping results (Figure S3) reveal that there is no metal oxide cluster in the prepared catalysts.



The UV-Vis spectra of all catalysts are displayed in Figure 1. Evident peaks were observed at 250 nm and 300 nm for Fe/ZSM-5(IE). The peak intensities of these bands decreased for Fe/ZSM-5(WI), and only a small peak at 300 nm being was observed for Fe/ZSM-5(SIE). However, a more notable, broad peak was observed at >400 nm for Fe/ZSM-5(WI) and Fe/ZSM-5(SIE) compared with that of Fe/ZSM-5(IE). A similar trend was observed for the Cu-Fe/ZSM-5 catalysts. The decreasing trend for the band intensity at 300 nm was Cu-Fe/ZSM-5(IE) > Cu-Fe/ZSM-5(WI) > Cu-Fe/ZSM-5(SIE). However, there were no observable differences in the UV-Vis spectra at >450 nm. A comparison of the UV-Vis spectra of Fe/ZSM-5 and Cu-Fe/ZSM-5 indicated that the peak intensity at >450 nm was weakened by the addition of Cu to Fe/ZSM-5, regardless of the preparation method. All the Cu/ZSM-5 catalysts showed an intense peak at 200 nm and a weak and broad peak at >600 nm, irrespective of the preparation method. All catalysts containing Fe species had an observed main band at 250–350 nm in the UV-Vis spectra, which implied that the isolated Fe species in the extra-framework of the zeolite were dominant [41,42]. Peak deconvolution was performed to quantify the fraction of each Fe species in the catalysts. Figure S4 and Table S1 indicate that the IE method was the most effective for forming isolated Fe species in the zeolite extra-framework. In the case of Cu-containing catalysts, two typical bands were observed at 200 nm (50,000 cm−1) and 800 nm (12,500 cm−1), which corresponded to the charge-transfer transition and d-d transition of Cu2+ ions, respectively [43,44].



Figure 2 shows the temperature-programmed reduction with H2 (H2-TPR) patterns for each catalyst prepared using the different methods. A sharp and well-defined H2-TPR peak was observed at 185 °C for Cu/ZSM-5(SIE). This peak’s intensity was significantly attenuated for Cu/ZSM-5(WI). In contrast, Cu/ZSM-5(IE) showed broad and well-defined peaks with maxima at 175 °C and 380 °C. In the case of the Fe/ZSM-5 catalysts, Fe/ZSM-5(SIE) exhibited two H2-TPR peaks at 310 and 380 °C. The first low-temperature H2-TPR peak was much smaller than the second. In contrast, only a single broad H2-TPR peak was observed at 310 °C for Fe/ZSM-5(WI). A weak and broad H2-TPR peak was obtained in the temperature range 140–400 °C for Fe/ZSM-5(IE). For the Cu-Fe/ZSM-5 catalysts, different H2-TPR patterns were obtained for each catalyst. However, H2-TPR patterns for Cu/ZSM-5 and Fe/ZSM-5 were observed in the H2-TPR pattern for Cu-Fe/ZSM-5 prepared using the same method. The H2-TPR pattern was used to probe the surface Cu species on Cu/ZSM-5. It has been previously reported that CuO, Cu2+, and Cu+ in zeolites were reduced at 200, 300, and 600 °C, respectively [45]. As shown in Figure 2, Cu/ZSM-5(SIE) and Cu/ZSM-5(IE) were predominantly CuO and Cu2+ species, respectively. In the case of Fe-ZSM-5, it has been previously reported that Fe3+, FexOy, and Fe2O3 were reduced at 300, 400, and 500 °C, respectively [46,47]. Therefore, Fe/ZSM-5(SIE) has relatively high fractions of FexOy and Fe2O3 content. Contrastingly, Fe/ZSM-5(WI) and Fe/ZSM-5(IE) contained large fractions of Fe3+ species. Since the Cu-Fe/ZSM-5 catalysts show the H2-TPR peaks observed for both Cu/ZSM-5 and Fe/ZSM-5, all Cu and Fe species found in Cu/ZSM-5 and Fe/ZSM-5 appear to be present in Cu-Fe/ZSM-5. Consequently, Cu-Fe/ZSM-5(IE) has the highest fraction of Cu2+ and Fe3+ species among Cu-Fe/ZSM-5 catalysts.



To elucidate the Fe and Cu species in each catalyst, the IR spectra were obtained after NO adsorption. As shown in Figure 3 and Figure S5, two IR peaks were observed at 1810 and 1910 cm−1 for Cu/ZSM-5(IE). An IR peak at 1910 cm−1 was also observed for Cu/ZSM-5(WI) and Cu/ZSM-5(SIE), but the peak intensity was attenuated compared to that of Cu/ZSM-5(IE). Interestingly, no noticeable IR peak at 1810 cm−1 were observed for Cu/ZSM-5(WI) and Cu/ZSM-5(SIE). In the case of Fe/ZSM-5, two typical IR peaks with different intensities were observed at 1810 and 1880 cm−1 for all catalysts. The decreasing peak intensity order was Fe/ZSM-5(IE) > Fe/ZSM-5(WI) > Fe/ZSM-5(SIE). The IR peaks observed for Cu/ZSM-5 and Fe/ZSM-5 were also observed for Cu-Fe/ZSM-5. The descending order of peak intensities at 1810 and 1880 cm−1 was: Cu-Fe/ZSM-5(IE) > Cu-Fe/ZSM-5(WI) > Cu-Fe/ZSM-5 (SIE). In contrast, at 1910 cm−1 the decreasing peak intensity order was: Cu-Fe/ZSM-5(IE), Cu-Fe/ZSM-5(SIE), and Cu-Fe/ZSM-5 (WI). FT-IR spectra after NO chemisorption have frequently been used to probe the surface Cu and Fe species in zeolites. The band at 1880 cm−1, which is due to Fe2+-(NO) (γ-position), has been reported to be an active Fe species [48,49,50,51,52,53]. Previous studies regarding Cu/ZSM-5 [44,54,55,56] have indicated that the 1910 and 1810 cm−1 bands are a result of Cu2+-(NO) and Cu+-(NO), respectively. Figure 3 shows that Cu/ZSM-5(IE) had dominant Cu+-(NO) and Cu2+-(NO), in contrast with those Cu/ZSM-5(WI) and Cu/ZSM-5(SIE). The Cu+ observed in Cu/ZSM-5(IE) can be formed through the auto-reduction of Cu2+, which has been frequently reported in previous EPR and IR studies [54,55,56]. The band at 1880 cm−1 might be ascribed to Cu2+-(NO), which has been reported to occur when the Cu/Al ratio is elevated in Cu/ZSM-5 content (Cu/Al > 0.5) [44,55]. However, because Cu/ZSM-5 has a very low Cu/Al ratio of 0.2, the band at 1880 cm−1 observed for Cu-Fe/ZSM-5 is due to Fe2+-(NO) and not Cu2+-(NO). The band at 1910 cm−1 may be due to the presence of Fe2+-(NO)2 species. However, this band was not observed for Fe/ZSM-5 catalysts. Therefore, the band at 1910 cm−1 is due to Cu2+-(NO). Among the Cu-Fe/ZSM-5 catalysts, Cu-Fe/ZSM-5(IE) showed the largest bands at 1810, 1880, and 1910 cm−1. Consequently, the IE method is the most effective method for dispersing Cu2+ and Fe2+ species in zeolites.




2.2. Catalytic Activity in a Batch Reactor


The aqueous-phase oxidation of methane with H2O2 was performed, and the product yields with hydrogen peroxide conversions over the prepared catalysts at 30 and 50 °C are displayed in Figure 4A and 4B, respectively. Irrespective of the preparation method, Fe/ZSM-5 and Cu/ZSM-5 exhibited the maximum and minimum total product yields, respectively. Furthermore, the ion-exchange method was confirmed to be the most effective preparation method, providing the highest total product yield among the Fe/ZSM-5 and Cu-Fe/ZSM-5 catalysts. Cu-Fe/ZSM-5 showed the highest methanol yield among the tested catalysts, irrespective of the preparation method.



The Cu content in the liquid phase after the reaction with Cu-containing catalysts was measured. The fractions of Cu leached per total amount of Cu for different catalysts after the reaction are listed in Table 2. At least 10% of Cu was leached from Cu/ZSM-5. In the case of Cu-Fe/ZSM-5, greater fractions of Cu were leached compared to that of Cu/ZSM-5. As the Cu species in Cu/ZSM-5 and Cu-Fe/ZSM-5 were not stable under the reaction conditions, a recycling test was conducted for the Cu-Fe/ZSM-5(IE) catalyst. As shown in Figure 5, the total product yield decreased slightly after the first recycle, although the H2O2 conversion did not noticeably change. The fraction of leached Cu relative to the initial total Cu content also increased slightly from 55 to 85% with the number of cycles increasing from 1 to 3.



To determine the effect of homogeneous Cu species, various homogeneous Cu catalysts were added to the Fe/ZSM-5(IE) system. As shown in Figure 6, the total product yield decreased, but H2O2 conversion increased in the presence of an additional homogeneous Cu catalyst compared to the case with only Fe/ZSM-5(IE). Other heterogeneous copper oxides (e.g., CuO and Cu2O) and homogeneous Cu catalysts (Cu(CH3COO)2, Cu(NO3)2, and CuSO4) were used in this reaction. As shown in Table S2, very small amounts of methane oxygenate were produced with high H2O2 conversions, implying that these are not effective catalysts for this reaction. When CuSO4 was used as a homogeneous catalyst with a concentration similar to that of Cu/ZSM-5 (entry 6 in Table S2), similar product yields were obtained with the case with Cu/ZSM-5, however, the H2O2 conversion was greater than that with Cu/ZSM-5. These results confirm that homogeneous Cu species are not desirable for the selective oxidation of methane into methanol while utilizing H2O2 efficiently.



Fe/ZSM-5(IE) showed the highest catalytic activity for the partial oxidation of methane with H2O2 at 30 °C and 50 °C in terms of the total product yield among the tested catalysts. However, Fe/ZSM-5(IE) and Cu-Fe/ZSM-5(IE) exhibited similar total product yields normalized to the Fe content for each catalyst, provided the preparation method was the same (Figure S6). This implies that active Fe species can be formed favorably through the IE method and that they are isolated Fe species in the extra-framework of the zeolite. The latter may be detected by UV-Vis spectroscopy. In addition, Fe species that can be probed as Fe2+-(NO) by FT-IR spectroscopy after NO adsorption. The promotional effect of the Cu species in Cu-Fe/ZSM-5 on the selective formation of methanol was confirmed. However, the addition of homogeneous Cu species resulted in a lower total product yield but greater H2O2 conversion compared to that with only Fe/ZSM-5(IE). This implied that heterogeneous Cu species, which were a highly dispersed Cu2+ species, were responsible for the selective formation of methanol. Unfortunately, the Cu species in Cu/ZSM-5 and Cu-Fe/ZSM-5 were unstable under these reaction conditions. Leached Cu was observed after the reaction. Furthermore, Cu leaching caused difficulty for the quantification of HCOOH in the product solution using 1H-NMR spectroscopy.



Three liquid samples with varying quantities of homogeneous Cu species and formic acid were prepared. The concentration of HCOOH was quantified using 1H-NMR spectroscopy and HPLC. As shown in Table S3, as the Cu concentration increased from 0.8 to 5.2 ppm, the difference in HCOOH concentration, determined by 1H-NMR spectroscopy and HPLC, increased. This implied that 1H-NMR spectroscopy is not suitable for quantifying the HCOOH concentration in the presence of homogeneous Cu species. Copper formate (Cu(HCOO)2) was chosen as a homogeneous Cu species, and various concentrations of aqueous Cu(HCOO)2 solutions were prepared. HPLC chromatograms were obtained and compared to those of different HCOOH solution concentrations. Figure S7 shows that the peak area in the HPLC chromatogram was well correlated with the Cu(HCOO)2 and HCOOH concentrations, which implied that even the concentration of copper formate in water can be accurately quantified by HPLC. Furthermore, a series of standard solutions were prepared and analyzed using 1H-NMR spectroscopy or HPLC (Figure S8 and Table S4). The presence of H2O2 in the standard solution did not inhibit the quantification of HCOOH (Table S4, Entry 2). However, the exact HCOOH concentration could not be determined by 1H-NMR spectroscopy in the presence of CuSO4 (entries 3 and 4 in Table S4). The actual HCOOH concentration was measured by HPLC. Therefore, the comparison of HCOOH concentrations in different standard solutions determined by 1H NMR and HPLC clearly indicated that homogeneous Cu species principally inhibited the quantification of HCOOH concentration by 1H NMR. These results confirm that the HCOOH concentration cannot be accurately quantified using 1H-NMR spectroscopy in the presence of homogeneous Cu species. However, there was no difficulty quantifying of HCOOH concentration using HPLC in the absence and presence of homogeneous Cu species. 1H-NMR spectroscopy has been primarily used to quantify the HCOOH concentration in previous reports on liquid-phase oxidation of methane over Cu-zeolites and Cu-Fe-zeolites [29,38,39,40,41,48,49,55,57,58,59,60,61,62,63,64]. This implies that the HCOOH yields reported in previous studies might be underestimated.



The reaction was also performed over Cu-Fe/ZSM-5(IE) at 10, 30, and 50 °C. The total product yield and H2O2 conversion increased with increasing reaction temperature (Figure S9). However, the methanol selectivity decreased with increasing reaction temperature. As shown in Table 3, the concentration of leached metal increased with the reaction temperature over Cu-Fe/ZSM-5(IE). It is worth mentioning that the concentration of leached Cu was much greater than that of Fe at the same temperature, which indicated that the Cu species in the zeolite were most unstable under the reaction conditions. In addition, the effect of HCOOH concentration on Cu leaching was examined over Cu/ZSM-5. The percentage of Cu leached per initial total Cu content increased from 40 to 55% as the concentration of HCOOH increased from 17 to 67 mM (Table S5). This indicated that HCOOH formed during the partial oxidation of methane over Fe species in Fe-containing catalysts was responsible for Cu leaching.




2.3. Catalytic Activity in a Flow Reactor


The continuous liquid-phase selective oxidation of methane was performed in a flow reactor over two active catalysts such as 0.51%Fe/ZSM-5(IE) and 0.56%Cu-0.30%Fe/ZSM-5(IE). H-ZSM-5 was also compared. Their catalytic performance as a function of reaction time is displayed in Figure 7 and Figure S10. The stable catalytic activity in terms of the total product productivity and H2O2 conversion was observed over all three catalysts during 12 h of operation. The total product productivity and H2O2 conversion decreased in the following order: 0.51%Fe/ZSM-5(IE) > 0.56%Cu-0.30%Fe/ZSM-5(IE) > H-ZSM-5. Note that 0.56%Cu-0.30%Fe/ZSM-5(IE) shows a higher methanol productivity than 0.51%Fe/ZSM-5(IE). These are similar with the results in a batch reactor. It is worth mentioning that the total productivity obtained in this study is higher than those reported previously [65] (Table S6). The concentration of leached Cu species during this continuous operation was analyzed. It was confirmed that the Cu species in 0.56%Cu-0.30%Fe/ZSM-5(IE) were leached continuously as shown in Table S7.





3. Experiment


3.1. Catalyst Preparation


All the catalysts were prepared from ZSM-5 (CBV 3024E, Zeolyst, Valley Forge, PA, USA), Fe precursors, and Cu precursors using the SIE, WI, and IE methods. ZSM-5 was supplied in the form of ammonium, and its SiO2/Al2O3 ratio was 30.



3.1.1. Solid-State Ion-Exchange (SIE) Method


NH4-ZSM-5 (3 g) and Cu (II) acetylacetonate (Sigma-Aldrich, St. Louis, MO, USA) and/or Fe (III) acetylacetonate (Sigma-Aldrich, St. Louis, MO, USA), in predetermined quantities, were added to a mortar and mixed for 15 min. The powder was calcined in air at 550 °C for 3 h.




3.1.2. Wet Impregnation (WI) Method


Determined quantities of Cu (II) sulfate pentahydrate (Kanto Chemical, Tokyo, Japan) and/or Fe (II) sulfate heptahydrate (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in 300 mL deionized (DI) water. To this solution, 3 g NH4-ZSM-5 was added and stirred in a rotary evaporator at 60 rpm at 60 °C for 3 h. After removing the water in vacuum, the recovered powder was dried overnight in an oven at 110 °C and calcined in air at 550 °C for 3 h.




3.1.3. Ion-Exchange (IE) Method


3 g NH4-ZSM-5 and Cu (II) sulfate pentahydrate (Kanto Chemical, Tokyo, Japan) and/or Fe (II) sulfate heptahydrate (Sigma-Aldrich, St. Louis, MO, USA) were added to 300 mL of a 3.13 mM nitric acid solution and stirred at 80 °C for 2 h in a heating mantle with a magnetic stirrer. The slurry was filtered and washed with deionized water. The recovered powder was dried overnight in an oven at 110 °C, and calcined in air at 550 °C for 3 h.





3.2. Activity Test


Liquid-phase selective oxidation of methane was performed in an autoclave with a total volume of 125 mL. The catalyst (50 mg) was placed in 30 mL of a 0.277 M H2O2 solution within a glass liner placed in an autoclave. After sealing the reactor, methane was charged in the reactor to a pressure of 31 bar after purging five times. The autoclave was heated to the target temperature for a reaction time of 1 h. After the reaction, the reactor was rapidly cooled below 10 °C using liquid nitrogen. To determine the effect of homogeneous Cu catalysts, various Cu salts, such as Cu(CH3COO)2 (Sigma-Aldrich), Cu(NO3)2∙3H2O (Junsei Chemical, Tokyo, Japan), and CuSO4∙5H2O (Kanto Chemical), were also used. Copper oxides such as CuO (Samchun Chemical, Seoul, Korea) and Cu2O (Sigma-Aldrich, St. Louis, MO, USA) were used.



Separately, continuous selective oxidation of methane was also conducted in a flow reactor with an internal diameter of 1.27 cm and length of 30 cm. The catalyst (200 mg) was placed on quartz wool packed inside the tubular reactor. 0.123 M H2O2 solution and was fed into the reactor with a flowrate of 0.250 mL/min by means of liquid chromatography pump (Lab Alliance series 1500). Methane was also fed into the reactor with a flowrate of 50 mL/min with a mass flow meter (Brooks Instrument, Hatfield, PA, USA). The total pressure was controlled to be 21 bar with a backpressure regulator. The liquid product was collected in the separator, which is maintained at 10 °C with a circulator, just after a reactor and analyzed every 2 h. The gas product was analyzed with online gas chromatograph (GC, Youngin, Anyang, Korea) equipped with a packed column containing Carbosphere (Agilent, Santa Clara, CA, USA) and a flame-ionization detector (FID). A methanizer was used to detect low concentrations of CO2.



In order to analyze the liquid products, the solution was filtered through a microfilter (Hyundai Micro, Seoul, Korea) and methane oxygenates were quantified with 1H-NMR using ECZ600R (Jeol, Akishima, Japan) at resonance frequency of 1H 599.7 MHz with 0.1% trimethylsilylpropanoic acid (TMSO)/D2O (Euriso-top, Saint Aubin, France) as an external standard. To quantify formic acid content, a high-performance liquid chromatograph with a UV-visible detector (UVD) (Youngin, Anyang, Korea) was used. The liquid products were separated using an Aminex HPX-87H 300 × 7.8 mm (Bio-Rad) column at 35 °C. For the mobile phase, 5 mM sulfuric acid solution was used at a flowrate of 0.6 mL/min. The H2O2 concentration was measured using the Ce(SO4)2 titration method.




3.3. Catalyst Characterization


N2 physisorption was performed using a Micromeritics ASAP 2020 (Norcross, GA, USA) instrument to determine the Brunauer–Emmett–Teller (BET) specific surface area, pore volume, pore size, t-plot micropore area, and t-plot micropore volume of the catalyst. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was performed using an OPTIMA 5300DV (PerkinElmer, Waltham, MA, USA) instrument to determine the metal content of each catalyst and liquid media after the reaction. UV-vis spectra were obtained using a V-650 spectrophotometer (Jasco, Kyoto, Japan) at 200–800 nm with a powder holder. FT-IR experiments were performed on a NICOLET 6700 (Thermo Scientific, Waltham, MA, USA) spectrometer equipped with a mercury cadmium telluride (MCT)-A detector with a ZnSe window in the diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) cell. The spectra included 16 accumulated scans at a resolution of 3.857 cm−1. Before NO adsorption, the sample was heated to 500 °C for 10 min in He and cooled to room temperature. NO adsorption was performed for 20 min at 30 °C by flowing feed gas composed of 5000 ppm NO in He at a flow rate of 20 mL/min. The temperature-programmed reduction with H2 (H2-TPR) was conducted using a Micromeritics 2920 Autochem instrument (Norcross, GA, USA). A sample of 100 mg was loaded in a quartz tube, and the temperature was increased from 30 to 900 °C at a heating rate of 10 °C/min under a flow of 10 mol% H2/Ar while monitoring the thermal conductivity detector. X-ray diffraction (XRD) patterns were obtained by a Rigaku D/Max instrument (Tokyo, Japan) with a Cu Kα source to assess the bulk crystalline structure of the samples. Transmission electron microscopy (JEM-3010, JEOL Ltd., Akishima, Japan) with energy-dispersive X-ray spectroscopy (EDS, Oxford instrument, Abingdon, UK) was used to find out if there is any metal oxide clusters in the catalysts.





4. Conclusions


The promotional effect of the Cu species in Cu-Fe/ZSM-5 on selective methanol formation during the aqueous-phase partial oxidation of methane with H2O2 was confirmed. However, observable quantities of Cu species leached from Cu-Fe/ZSM-5 and Cu/ZSM-5. These leached Cu species interfere with the quantification of HCOOH with 1H-NMR. The formation of HCOOH was confirmed over Cu-Fe/ZSM-5 using an HPLC analysis which was not affected by the presence of leached homogeneous Cu species. Homogeneous Cu species adversely affected the catalytic performance of Fe/ZSM-5 by decreasing the product yield of methane oxygenates and increasing H2O2 conversion. The ion-exchange method is the best method for providing highly dispersed Cu2+ and Fe2+ species in Cu-Fe/ZSM-5 and Fe/ZSM-5 among the wet-impregnation, solid-state ion-exchange, and ion-exchange methods.
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Figure 1. UV-Vis spectra of the catalysts prepared with different methods. 
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Figure 2. H2-TPR pattern of the catalysts prepared with different methods. 
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Figure 3. NO-FTIR of the catalysts prepared with different methods. 
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Figure 4. Partial oxidation of methane over H-ZSM-5 (a), 1.12%Cu/ZSM-5(SIE) (b), 0.99%Cu/ZSM-5(WI) (c), 1.20%Cu/ZSM-5(IE) (d), 0.54%Cu-0.56%Fe/ZSM-5(SIE) (e), 0.55%Cu-0.46%Fe/ZSM-5(WI) (f), 0.56%Cu-0.30%Fe/ZSM-5(IE) (g), 1.13%Fe/ZSM-5(SIE) (h), 1.05%Fe/ZSM-5(WI) (i), and 0.94%Fe/ZSM-5(IE) (j). Reaction conditions: 50 mg catalyst, 31 bar methane, 0.277 M H2O2, liquid volume = 30 mL, reaction temperature = 30 °C (A), 50 °C (B). 
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Figure 5. The recycle test with 0.56%Cu-0.30%Fe/ZSM-5(IE) at 30 °C (A) and 50 °C (B). Reaction conditions: 50 mg catalyst, 31 bar methane, 0.277 M H2O2, liquid volume = 30 mL. 






Figure 5. The recycle test with 0.56%Cu-0.30%Fe/ZSM-5(IE) at 30 °C (A) and 50 °C (B). Reaction conditions: 50 mg catalyst, 31 bar methane, 0.277 M H2O2, liquid volume = 30 mL.



[image: Catalysts 12 01224 g005]







[image: Catalysts 12 01224 g006 550] 





Figure 6. Partial oxidation of methane over 0.51%Fe/ZSM-5(IE) (A), 0.51%Fe/ZSM-5(IE) + Cu(CH3COO)2 (B), 0.51%Fe/ZSM-5(IE) + Cu(NO3)2 (C), and 0.51%Fe/ZSM-5(IE) + CuSO4 (D). Reaction conditions: 50 mg catalyst, [Cu] = 0.147 mM, 31 bar methane, 0.277 M H2O2, liquid volume = 30 mL, reaction temperature = 50 °C. 
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Figure 7. Continuous aqueous phase oxidation of methane with H2O2 in a flow reactor over 0.51%Fe/ZSM-5 (A), and 0.56%Cu-0.30%Fe/ZSM-5 (B). Reaction conditions: PCH4 = 21 bar, FCH4= 50 mL/min, [H2O2]= 0.123 mol/L, FH2O2 = 0.25 mL/min, Wcat. = 0.2 g, Temperature = 50 °C. 
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Table 1. The textural properties of the prepared catalysts.
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	Catalyst
	Cu Content a

(wt.%)
	Fe Content a

(wt.%)
	BET Surface Area b

(m2/g)
	Pore Volume b

(cm3/g)
	Micropore Area c

(m2/g)
	Micropore Volume c

(cm3/g)





	H-ZSM-5
	-
	0.01
	355
	0.20
	280
	0.12



	1.12%Cu/ZSM-5(SIE)
	1.12
	0.01
	304
	0.21
	198
	0.09



	0.54%Cu-0.56%Fe/ZSM-5(SIE)
	0.54
	0.56
	305
	0.20
	204
	0.09



	0.65%Fe/ZSM-5(SIE)
	-
	0.65
	368
	0.23
	268
	0.12



	1.13%Fe/ZSM-5(SIE)
	-
	1.13
	311
	0.21
	202
	0.09



	0.99%Cu/ZSM-5(WI)
	0.99
	0.01
	292
	0.19
	206
	0.08



	0.55%Cu-0.46%Fe/ZSM-5(WI)
	0.55
	0.46
	287
	0.19
	206
	0.09



	0.54%Fe/ZSM-5(WI)
	-
	0.54
	300
	0.27
	204
	0.09



	1.05%Fe/ZSM-5(WI)
	-
	1.05
	301
	0.21
	191
	0.09



	1.20%Cu/ZSM-5(IE)
	1.20
	0.01
	318
	0.20
	237
	0.11



	0.56%Cu-0.30%Fe/ZSM-5(IE)
	0.56
	0.30
	314
	0.24
	206
	0.09



	0.51%Fe/ZSM-5(IE)
	-
	0.51
	315
	0.26
	208
	0.10



	0.94%Fe/ZSM-5(IE)
	-
	0.94
	311
	0.24
	211
	0.10







a The metal content was determined with ICP-OES. b The BET surface area and pore volume were measured with N2 physisorption. c These data were calculated with t-plot method.
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Table 2. The fraction of Cu leached after a reaction over Cu/ZSM-5 and Cu-Fe/ZSM-5 catalysts a.
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	Entry
	Catalyst
	The Fraction of Cu Leached





	1
	1.12%Cu/ZSM-5(SIE)
	0.27



	2
	0.99%Cu/ZSM-5(WI)
	0.37



	3
	1.20%Cu/ZSM-5(IE)
	0.13



	4
	0.54%Cu-0.56%Fe/ZSM-5(SIE)
	0.47



	5
	0.55%Cu-0.46%Fe/ZSM-5(WI)
	0.55



	6
	0.56%Cu-0.30%Fe/ZSM-5(IE)
	0.55







a Reaction conditions: 30 mL of 0.277 M H2O2 solution, 95 mL of CH4 at 31 bar, 50 mg of catalyst, reaction temperature = 50 °C, reaction time = 1 h.
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Table 3. The concentration of each metal in the solution after reactions at different temperatures over 0.56%Cu-0.30%Fe/ZSM-5(IE) catalyst a.
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Entry

	
Temperature

(°C)

	
Concentration of Each Metal in the Solution (ppm)




	
Cu

	
Fe






	
1

	
10

	
0.534

	
0.001




	
2

	
30

	
4.59

	
0.025




	
3

	
50

	
5.04

	
0.392








a Reaction conditions: 30 mL of 0.277 M H2O2 solution, 95 mL of CH4 at 31 bar, 50 mg of catalyst, reaction time = 1 h.
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