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Abstract

:

The Fe3O4/LaNiO3 composite, synthesised with the sol-gel method, is considered to be an excellent nanocatalyst for the production of high value-added humic acids from oxidised weathered coal under solid phase milling process conditions. Under optimum process conditions (1% catalyst, 10% activator, 60 min grinding), 48.4% of the weathered coal can be oxidised to produce humic acid. The prepared Fe3O4/LaNiO3 catalyst was characterized by HRTEM, XRD, and XPS, etc. The heterojunction structure that can promote the electron transfer between the components of the composite material was formed with the recombination of Fe3O4 and LaNiO3. The activation of surface oxygen species and adsorbed oxygen could be enhanced with the help of electron transfer between components. Compared to the blank sample or the LaNiO3 catalyst alone, the molecular weight of the humic acid produced using the Fe3O4/LaNiO3 composite catalyst was significantly lower (maximum heavy mean molecular weight decreased from 59.7 kDa to 5.5 kDa) and the number of reactive groups in humic acid increased (to seven times that of the blank sample). Oxygen-free vacuum experiments indicated that O2 has an indispensable effect on its excellent catalytic performance in the Fe3O4/LaNiO3 system. In addition, Fe3O4/LaNiO3 could be used at least six times by simple magnetic separation. The development and preparation of perovskite composite catalysts provide a promising approach to the environmentally friendly development and application of weathered coal, as well as an effective method to resolve the associated environmental pollution.
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1. Introduction


Weathered coal is a kind of waste coal derived from coal mines that has not been used as a useful mineral resource [1,2,3]. With the exploitation of coal resources, the random stacking of weathered coal causes a great waste of resources and huge pollution of the environment, such as air pollution and surface and underground water contamination [4], but it can be used as a valuable source for the preparation of humic acid materials. The basic structure of humic acid is rich in fatty aromatic and oxygen-containing active functional groups [5,6,7] (carboxyl group, phenolic hydroxyl group, quinone group, and carbonyl group, etc.), permitting a wide range of applications in agriculture [8,9], soil remediation [10], industry [11,12], and composite material [13] fields, etc. In the past, several studies used HNO3 [14], KMnO4 [15], and H2O2 [16] oxidants to produce active humic acid in low-rank coal. However, these processes have the disadvantages of requiring a large amount of oxidant, long reaction time, producing significant environmental pollution and an unrecyclable catalyst. Therefore, the development of low-cost, high-efficiency, and environmentally friendly catalytic oxidation methods for preparing active humic acid is still of great significance. Recent studies have shown that lignite can be activated with heterogeneous catalysts such as Pd/CeO2 for the preparation of humic acids under solid phase ball milling conditions [17,18]. The preparation of humic acid using a heterogeneous catalyst with a mechanical grinding method has two advantages: Firstly, the high intensity squeezing and collision during mechanical grinding can break the encapsulation and binding of the silicates in the coal sample to the organic matter [19,20]. Secondly, a heterogeneous catalyst with oxidation capacity can oxidatively degrade the large molecular weight organic matter in the coal sample during grinding, thus producing low molecular weight humic acid.



In recent years, among the developed catalysts, perovskite oxide has come to be considered as a promising potential catalyst and has attracted great attention. Perovskite oxide has the advantages of low cost, high mechanical strength, flexible structure, high intrinsic catalytic activity, etc. [21,22,23,24]. Perovskite with ABO3 structure has been widely used in diesel exhaust gas treatment [25], methane and styrene oxidation [26,27], and volatile organic compound oxidation etc. [28]. In particular, the perovskite oxide LaNiO3 is a promising oxygen electrocatalyst for renewable energy storage and conversion technology, because the perovskite alloying step strengthens the Ni 3d-O 2p hybridization and reduces the charge transfer energy, this process enhances the activity of the oxygen evolution reaction [29]. The study also found that the use of perovskite ball milling to synthesize small organic molecules has achieved very valuable results [30]. In addition, it has been reported that the heterojunctions of interface oxides, such as LaAlO3/SrTiO3 and MnO3/LaNiO3 [31], are more conducive to charge transfer. However, the production of activated humic acid with Fe3O4/LaNiO3 solid-phase activated weathered coal has not been examined. Perovskite materials have been shown to have a strong oxidising capacity and can act as effective catalysts for the oxidative degradation of organic pollutants. The Fe atoms in the Fe3O4 material are already in the high valence state and have a certain oxidation capacity of their own. In addition, the most important thing is that the Fe3O4 material is magnetic and can be recycled. The combination of Fe3O4 material and perovskite materials will greatly reduce the difficulty of catalyst recovery and reduce the cost of the reaction while enhancing the oxidation capacity.



Here, the highly active Fe3O4/LaNiO3 as a catalyst for the preparation of active humic acid by solid-phase grinding was first reported. This work aims to investigate the possibility of valorizing humic acid by Fe3O4/LaNiO3 solid phase treatment and to examine the physicochemical properties of humic acid after different treatments. In addition, the easy preparation, separation, and regeneration processes together with the high catalytic reactivity seem to make Fe3O4/LaNiO3 a promising environmentally friendly catalyst.




2. Results and Discussion


2.1. Characterization of Catalysts


2.1.1. Crystal Structure and Morphology


The XRD patterns of the synthesized LaNiO3, Fe3O4, and Fe3O4/LaNiO3 catalysts are shown in Figure 1a. It can be seen that the composite Fe3O4/LaNiO3 catalyst still maintains the main crystal plane of LaNiO3, such as 101, 110, 202, and 122. In addition, the peak of Fe3O4 appeared at 2θ of 35.4°, which also suggests that the Fe3O4/LaNiO3 composite material was successfully synthesized. It is important to note that there have been numerous reports in the literature on the offset of crystalline surfaces in metal oxide materials after bonding due to the creation of heterogeneous junction structures. The Bragg equation shows that when Fe3+ (r = 0.645 nm) is introduced into the material, it will combine with Ni3+ (r = 0.0600 nm) with a smaller ionic radius, leading to an increase in the crystalline spacing of the composite and a shift of the diffraction peak towards a lower angle [32]. A slight shift in the position of the peak at the crystalline plane of (202) was also found in the XRD image of the Fe3O4/LaNiO3 composite material in Figure 1b. So, this is presumed to be due to the formation of a heterojunction in the material composite, and the same conclusion was confirmed by TEM and XPS analysis.



The SEM of the Fe3O4/LaNiO3 catalyst (Figure 2a,b) indicates an irregular morphology, large massive particles, and its surface is relatively smooth, as shown in Figure 2b. The particle size of the nanocomposite material is about 25–130 nm, and its average particle size is about 55 nm. The TEM of the Fe3O4/LaNiO3 catalyst (Figure 2c) also indicates that the heterojunction in the Fe3O4/LaNiO3 composite is formed by the combination of LaNiO3 and Fe3O4, which also proves that LaNiO3 and Fe3O4 are successfully compounded through chemical bonding, rather than simple mixing. In the HR-TEM images of the fresh material (Figure 2d), three lattice stripes with different crystal plane spacing were found and measured, with d = 0.272 and d = 0.381 being attributed to the 110 and 101 crystal planes of the LaNiO3 material. The diffraction intensity of the (110) crystal plane is the strongest among the characteristic peaks of the LaNiO3 material, as can be seen from the XRD images, so the lattice stripes of this crystal plane can be clearly found in the HR-TEM. However, another lattice stripe with d = 0.699 was found in the Fe3O4/LaNiO3 material, and this lattice stripe with crystalline surface spacing is neither a LaNiO3 material nor an oxide of Fe. In addition, a clear interlacing of lattice stripes was found at this site, so the lattice stripes at d = 0.699 were attributed to the heterojunction structure that arises when Fe3O4/LaNiO3 composites are formed by combining Fe3O4 and LaNiO3 materials. It has been reported in the literature that the creation of such heterojunction structures is conducive to the transfer of electrons in the material and would be more conducive to catalytic reactions.



In addition, element mapping from synthesized Fe3O4/LaNiO3 (Figure 2e–i) shows that the density of La and Ni elements in the edge area of the material is greater than that of Fe element, indicating that LaNiO3 in the composite material covers the surface of Fe3O4. At the same time, it can also be observed that the elements of La, Ni, and O are evenly distributed on the surface of Fe3O4, further proving that the Fe3O4/LaNiO3 heterojunction composite material was successfully synthesized.




2.1.2. XPS Analysis


Valence states of constituent elements of the Fe3O4/LaNiO3 catalyst were detected by XPS. The XPS characterization of the Fe3O4/LaNiO3 catalyst is shown in Figure 3a. Although XPS analysis is more accurate as a qualitative analysis, it is also a semi-quantitative method of detection. The percentage atomic contents of the various elements in the Fe3O4/LaNiO3 material that can be obtained from the full spectrum analysis by XPS: La 15.73 at.% (Atomic content%), Ni 14.67 at.%, Fe 1.98 at.%, O 67.63 at.%. The ratio of the number of atoms of Ni to the number of atoms of La is close to 1:1, which corresponds to the ratio of La to Ni in the material. In addition, the atomic content of O obtained by XPS analysis is significantly higher than that of Fe3O4/LaNiO3 (58.3%), due to the presence of adsorbed oxygen and adsorbed H2O on the surface of the material. Figure 3b shows the peaks of lanthanum metal in the composite. It can be seen that lanthanum metal shows two peaks at 837.6 eV and 854.5 eV, which are attributed to the characteristic peaks of La 3d 3/2 and La 3d 5/2, respectively, indicating the presence of lanthanum metal in the trivalent form. Of course, it is necessary to compare the XPS spectra of LaNiO3 and Fe3O4/LaNiO3 materials to illustrate the effect of the introduction of Fe3O4 on the composites. The spectral data for the metals La and Ni are largely unaffected by the Fe element in the XPS spectra, but the energy spectral data for the oxygen element are sensitive to this structural change. For this reason, the spectral data for the oxygen element in both materials were fitted and the results are shown in Figure 3c. The oxygen elements in the diagram can be fitted to four different types: lattice oxygen (O2−), OH−/CO32−, adsorbed (O−/O2−) [33,34], and adsorbed water. After comparison, it can be found that when Fe3O4 and LaNiO3 are compounded to form Fe3O4/LaNiO3 composites, the lattice oxygen (O2−) content of the composites decreases and the adsorbed oxygen (O−/O2−) content increases. This may be due to the increased specific surface area of the composite material, which can adsorb more oxygen and expose more adsorption sites [35], and the oxygen adsorbed on the catalyst surface forms O−/O2−, which is consistent with the results of BET tests.



Figure 3d shows the XPS spectral data for nickel, which shows a number of satellite peaks, although Ni 2p 3/2 and Ni 2p 1/2 peaks can still be found, indicating that nickel is present in both Ni2+ and Ni3+ forms. In addition, the peaks of 711.4 eV and 724.4 eV in Figure 3e correspond to the electronic layer structures of Fe 2p 3/2 and Fe 2p 1/2 of Fe3O4 [36]. These results show that the surface of Fe3O4/LaNiO3 has a composition containing La3+, Fe2+, Fe3+, Ni2+, and Ni3+ species. It can be found from the spectrum of XPS (Figure 3a,e) that the peak intensity of Fe element is very weak, possibly because part of the surface of Fe3O4 nanoparticles is covered by LaNiO3, which masks Fe element to a certain extent. This is consistent with the above XRD, HRTEM, and element mapping information.




2.1.3. N2 Adsorption−Desorption


Information on the surface area, pore volume, and micropore volume of LaNiO3 and Fe3O4/LaNiO3 materials was obtained using N2 adsorption-desorption measurements (Figure 4). With the data from the BET test, it can be ascertained that the specific surface area of Fe3O4/LaNiO3 composite is 12.776 m2/g, which is 2.2 times that of LaNiO3 alone. The N2 adsorption-desorption isotherms showed type H3 (Figure 4), indicating that the pore structure is very irregular, which is consistent with the SEM (Figure 2a,b) conclusion. Compared to the LaNiO3 material alone, the improvement in surface area and pore volume of the Fe3O4/LaNiO3 composites is across the board. A larger specific surface area is usually more conducive to adsorption contact with the material and will provide more active sites, thus enhancing catalytic performance. Similarly, the increased porosity demonstrates that the material has more pores, which will provide a favorable site for the activation of oxygen in the air to produce active oxygen in the composite.





2.2. Catalytic Performance Evaluation


Humic acid materials have a wide range of applications in agriculture and industry, so the continued development of process routes for the oxidation of weathered coal to humic acid using heterogeneous catalysts is of great research value. The Fe3O4/LaNiO3 composites prepared in this paper were used to catalyse the oxidation of weathered coal to produce humic acid under mechanical grinding conditions, and the results of the elemental analysis of the samples are shown in Table 1. WC is the sample obtained from the blank experiment. AWC is the sample with only the addition of sodium hydroxide to assist the grinding. ALC is the sample using LaNiO3 material as the catalyst. AFC is the sample obtained using Fe3O4/LaNiO3 composite as the catalyst. From the test results of the elemental analysis in Table 1, it can be found that the humic acid material obtained using the Fe3O4/LaNiO3 composite has the highest elemental O content, indicating that Fe3O4/LaNiO3 catalysis has the optimal catalytic capacity to oxidise weathered coal to obtain more oxygen-containing functional groups. It is also noticeable that the H/C ratio decreases and the O/C ratio increases with the addition of catalyst to the different samples. This indicates that more of the hydrocarbons in the material are oxidised to oxygen-containing functional groups [37].



As shown in Table 1, compared with the catalyst free (WC), the total humic acid content of the reaction using LaNiO3 (ALC) and Fe3O4/LaNiO3 (AFC) catalysts increased by 17.32% and 16.26%, respectively, suggesting that LaNiO3 and Fe3O4/LaNiO3 showed excellent catalytic activity for weathered coal catalysis. Previous studies have shown that the ratio of E4/E6 decreases as the content of condensed aromatic rings increases [38]. The E4/E6 ratio of WC, AWC, ALC, and AFC showed a significantly increasing trend (Table 1), suggesting that humic acid contained a lower average molecular mass than the other treatments. Lower molecular weight products could be obtained. This was further verified by size exclusion chromatography [39]. The molecular weight distribution of humic acid is shown in Figure 5a. The initial HAs matter (WC) was distributed in the range between 70.0 and 5.0 kDa. The high molecular fractions of HAs were lost after ALC and AFC treatments, either by fragmentation into smaller molecules or by being polymerized into the other small molecule products.



Compared with the blank samples (WC), the products obtained by adding an activator (NaOH, AWC) and catalyst (LaNiO3, ALC) to the grinding process had smaller molecular weights and narrower distributions. It is worth noting that by adding Fe3O4/LaNiO3 catalyst to the weathered coal sample, the maximum average molecular weight is about 5.5 kDa, accounting for 75.0%, and the average molecular weight is 10.0 kDa, accounting for 25.0%. The molecular weight is lower and the distribution is concentrated, indicating that the catalyst Fe3O4/LaNiO3 oxidizes the macromolecule humic acid in coal to a much lower molecular weight product. This shows that the use of Fe3O4/LaNiO3 catalyst for the catalytic weathering of coal humic acid is very effective.



FTIR was used to detect functional group changes in four different treatments of humic acid. Figure 5b shows that the functional group of humic acid contains characteristic peaks of aromatic rings, namely -OH, COO-, C-O-, etc. [40,41]. After ALC and AFC, the peak displays almost no change in the region between 1700 and 1600 cm−1 (Figure 5b). However, the characteristic peaks at 1430 cm−1 and 1230 cm−1 were shifted toward low wavenumbers, and the characteristic peaks at 752 cm−1 were shifted toward high wavenumbers (Figure 6b). This suggests the appearance of groups that resonate in this region, such as COO-, C-O-, and COOH (1420 cm−1), as well as sp3-CH2 and benzene ring (766 cm−1). This further indicates that Fe3O4/LaNiO3 catalyzes macromolecules in weathered coal to be benzene ring active products. In addition, the characteristic peaks at 1091, 1030, 1010, and 650–400 cm−1 disappear, suggesting that the main ash composition in coal samples is Si-O. The Al-O-Si functional group structure disappears after activation, which also shows that the activator NaOH can release the humic acid combined with inorganic silicon aluminum and the like in the weathered coal, which is beneficial to the catalytic oxidation and separation of the catalyst. These observations are consistent with previous research conclusions [42,43].



To further demonstrate the functional group changes in samples, XPS analysis of humic acid was conducted. Peak assignments in the XPS were based on previous XPS studies examining HAs [44,45]. XPS was used to determine the relative distribution of functionality in weathered coal humic acid. Regarding the relative content of carbon-containing functionalities in the C 1s spectrum, the four chemical states are fitted to obtain the fitting line of C 1s (Figure 6). Related components: (1) unsubstituted aromatic carbon and (290–291 eV). This indicates that there is a mixture of aromatic C, C-O-, C=O, and COO- on the surface of HA. These mixtures are related to the functional groups previously identified by HAs [45], and these results are also directly proven by FTIR (1420 cm−1, 1220 cm−1) (Figure 5b). Under the LaNiO3 (ALC) and Fe3O4/LaNiO3 (AFC) catalysts, the content of aromatic C increased by 15.50% and 9.34%, respectively, compared to WC, while the carboxyl C content also increased (Table 2). This is consistent with the conclusion of elemental analysis that ALC and AFC humic acids have an increased aromatic structure. Moreover, this shows that catalytic redox produces more aromatic structures and active functional group products.



Weathered coal humic acid contains nitrogen in the form of amine groups and pyridine. N 1s spectroscopy confirmed that the four differently processed samples contained large concentrations of amine groups and pyridine N (Figure 7). The previous literature reports that there are amine groups and pyridine N in humic acid [44]. The quantitative relative content was quantified by fitting. The results showed that after adding the activator NaOH, the pyridine N content increased while the amine N content decreased (Table 3). This may be because the activator breaks the coordination bond between N and inorganic metals, such as Si and Al. These changes can be supported by the FTIR fingerprint region. After activation and catalysis, electron transfer may be split into smaller molecules and then polymerized to form pyridine and other substituent small molecule products.



Focusing on the shift to O 1s XPS spectra of four different treatments of humic acid (Figure 8), generally, there are two peaks in the O 1s region, which represent the C-O- and C=O organic bonds, respectively [43]. After four different treatments, three peaks were found. The humic acid sample contains peaks with C=O and C-O- bonds, and another smaller peak of H2O, located at about 535.5 eV. However, the two peaks fitted at C-O- and C=O are shifted after Fe3O4/LaNiO3 catalysis (Figure 8d), and the increase of the C=O functional group (Table 3), which correspond to IR (1420 cm−1) results. The results indicated that these groups were formed during the catalytic treatment.



The solid 13C NMR spectrum of the humic acid material produced using the Fe3O4/LaNiO3 composite (AFC) for catalytic oxidation is shown in Figure 9, and the spectrum can be divided into five main regions: Aliphatic C (0–50 ppm), O-Alkyl (50–100 ppm), Aromatic C (100–150 ppm), Aromatic C-O (150–175 ppm), and C=O/N-C=O (170–220 ppm). Due to the complex molecular structure of humic acid, which contains a variety of functional groups and peaks of different structures overlapping each other, the material obtained after treatment without catalyst (WC) exhibited similar peak patterns in the spectra of solid 13C NMR to the humic acid material (AFC) made by oxidation using the Fe3O4/LaNiO3 catalyst. However, after integration calculations, large differences in the contents of the different structural groups in the humic acid materials obtained by the two methods can be found (Table 4). The aliphatic carbon and oxyalkyl contents of the humic acid material obtained using the Fe3O4/LaNiO3 catalyst were higher than those of the blank sample without the catalyst, but the content of the aromatic structure was reduced. This suggests that the addition of the catalyst allowed for an enhanced oxidation capacity to oxidatively decompose the large molecular weight aromatic structures into relatively small molecular weight aliphatic structures. In addition, the C-O structure on the aromatic structure is reduced and the C=O/N-C=O structure is slightly increased. This also shows that the addition of the catalyst enhances the ability to oxidise C-O to C=O and other structures. In conclusion, the Fe3O4/LaNiO3 catalyst oxidised large molecules to small molecules of compounds containing polycyclic aromatic hydrocarbons, aliphatic hydrocarbons, and polyfunctional groups.



The humic acid samples obtained by catalytic oxidation using Fe3O4/LaNiO3 composites and the samples obtained by blank grinding were tested by GC-MS and the results are shown in Table 5. Because humic acids have a complex structure and are mostly of large molecular weight, only a fraction of the relatively small molecular weight active substances can be detected using GC-MS testing. Seventeen of the substances were detected in the AFC samples compared to only 12 in the WC samples. In addition, the molecular weights of the substances detected in the AFC samples were concentrated in a smaller interval. The quality of the humic acid product can usually be judged by the amount of the small molecules’ reactive groups of humic acid. The higher the number of reactive groups, the higher the value of the humic acid. The results of the GC-MS tests showed that the humic acid samples obtained by catalytic oxidation using Fe3O4/LaNiO3 composites under solid phase grinding conditions had more reactive groups and were of higher value.



Further analysis of weathered coal humic acids from different treatments was carried out using thermal cracking gas chromatography-mass spectrometry (PY-GCMS) and the chromatograms are shown in Figure 10. Hence, it can be seen that the samples without catalyst (WC, grinding only) show fewer characteristic peaks and are concentrated in the regions of higher molecular weight. However, the samples treated with the Fe3O4/LaNiO3 catalyst (AFC) showed more characteristic peaks of the compounds and significantly more characteristic peaks in the small molecular weight region, in agreement with the results of the SEC tests. These phenomena suggest that the addition of a catalyst to the grinding effectively activates the weathered coal, allowing more humic acid molecules to escape the silicates in the coal sample. In addition, an increase in the number of functional group species containing oxygen in the samples after the addition of the Fe3O4/LaNiO3 catalyst can also be found. This indicates that the addition of the catalyst effectively activated the oxygen. Moreover, catalytic oxidation can occur with large molecular weight substances, and smaller molecular weight reactive groups are obtained. Overall, the Fe3O4/LaNiO3 composites showed excellent catalytic oxidation performance in the activation of weathered coal to produce humic acid under solid phase grinding conditions, with a significant increase in the content of small molecular weight reactive groups in the produced humic acid material.



Similarly, one of the criteria for evaluating the efficiency of catalyst is the recycled property of the catalyst. We evaluated the recycling performance of the Fe3O4/LaNiO3 catalyst for six times (Figure 11). During the initial catalyst cycle experiments, the catalyst is recovered by magnetic separation, rinsed with water and ethanol, dried, and taken directly to the next cycle. The catalytic performance of the catalyst was significantly reduced in the first and second cycles, presumably due to some of the pore structures in the catalyst being blocked by humic acid molecules during the grinding process. Because of the large molecular weight and complex structure of the humic acid material, a simple rinse was not able to completely remove these residues. To test this suspicion, the used catalyst was placed in an ultrasonic cleaner for 30 min, dried, and put into the next cycle. The experimental results show that the catalysts recovered their catalytic capacity after ultrasonic cleaning and were essentially indistinguishable from the first use. In addition, the data obtained from each experiment using the ultrasonically treated material were more stable. However, considering the time and money spent on cleaning the catalyst with each ultrasonic treatment, we believe that the experimental results obtained with both treatment options are meaningful and that others may choose to use them depending on the situation.




2.3. Mechanism Analysis


The Fe3O4/LaNiO3 material has been shown to be an excellent catalyst for the catalytic oxidation of weathered coal to humic acid under solid phase grinding conditions. The catalytic mechanism is shown in Figure 12. Firstly, since weathered coal contains a large number of inorganic silicates, the addition of sodium hydroxide during the grinding process can effectively promote the cracking of the silicates, thus releasing more humic acid molecules. The humic acid material obtained at this time has a large molecular weight and contains fewer oxygen functional groups. Secondly, the special electronic structure of the Fe3O4/LaNiO3 material effectively activates the oxygen in the air and transforms it into active oxygen molecules adsorbed on the surface (The large molecular weight of humic acid material obtained under vacuum conditions proves that oxygen in air is necessary). These reactive oxygen molecules will then react with the large molecules of humic acid material exposed by the cracking of weathered coal under the action of grinding [46]. Under the action of oxidation and mechanical forces, some of the chemical bonds in the large molecular weight humic acid material are broken to obtain the final product. The resulting humic acid material has the advantage of being small in molecular weight, high in oxygen functional groups, and high in activity. In addition, comparative experiments showed that the use of the Fe3O4/LaNiO3 catalyst gave 48.5% humic acid with >75% of small molecules. These results are significantly better than the data obtained using the LaNiO3 catalyst alone. Thus, the introduction of Fe3O4 not only allows the composite catalyst to be recovered by simple magnetic separation, but also adjusts the electronic structure of the LaNiO3 material and increases the reactive sites.





3. Materials and Methods


3.1. Materials and Characterizations


3.1.1. Materials


Ni(NO3)3·6H2O was purchased from Ailan Chemical Technology Co., Ltd. (Shanghai, China). Ni(NO3)3·6H2O and FeCl2·4H2O were purchased from Tianjin Damao Chemical Reagent Factory (Tianjin, China). Citric acid and NaOH were purchased from Tianjin Fengchuan Chemical Reagent Technology Co., Ltd.(Tianjin, China). FeCl3·6H2O was purchased from Shanghai Guangnuo Chemical Technology Co., Ltd. (Shanghai, China). All materials were analytically pure. The other reagents and solvents used in this study were of analytical reagent grade and were not purified further.




3.1.2. Characterizations


The samples were analysed using the following instruments: XRD (Bruker-AXS Co., Billerica, German); SEM (FESEM, S-4800, Hitachi, Japan); TEM (Tecnai G2 F30, Hillsboro, OR, USA); XPS (Thermo escalab 250Xi); BET (QuadraSorb SI, Tallahassee, FL, USA); GC-MS (QP2010-SE); PyGC-MS (PY-3030D/7890B-5977A); solid-state 13C NMR (Agilent 600M, Sacramento, CA, USA).





3.2. Catalyst Preparation


3.2.1. Synthesis of LaNiO3 Catalysts


La(NO3)3·6H2O (10 mmol), Ni(NO3)3·6H2O (10 mmol) and citric acid (20 mmol) were added to a beaker. Then, 20 mL each of deionised water and ethanol were added. After the sample was completely dissolved, it was heated to 80 °C and the solvent was evaporated to form a gel. The samples were dried and transferred to a muffle furnace for calcination, with a temperature rise procedure [26]: 25–170 °C (3 °C/min), kept for 2 h; 170–500 °C (3 °C/min), kept for 4 h; 500–700 °C (3 °C/min), kept for 6 h.




3.2.2. Synthesis of Fe3O4/LaNiO3 Catalysts


The Fe3O4/LaNiO3 (FLNO) catalysts were synthesized using a sol-gel method [47]. Here, the prepared Fe3O4 (500 mg) was weighed and dispersed in 250 mL of ethanol aqueous solution (volume ratio 1/2) by ultrasound. After sonication at room temperature for 6 h, 10 mmol La(NO3)3·6H2O, Ni(NO3)3·6H2O and citric acid were added to the above solution under stirring conditions. The subsequent methods and operations are the same as for the preparation of LaNiO3 sample.





3.3. Catalytic Activity Tests


Briefly, 2.0 g weathered coal sample (80 mesh) and 0.02 g prepared catalyst were placed in a mortar (the mass ratio of weathered coal to catalyst is 100:1) and ground for a certain time at room temperature with the solid NaOH as the activation agent. Inspection by typical single factor and orthogonal experiments mainly included the following three treatments: (1) 10% NaOH activation agent with weathered coal (AWC), (2) 10% NaOH activation agent and 1% LaNiO3 catalyst with weathered coal (ALC), and (3) 10% NaOH activation agent and 1% Fe3O4/LaNiO3 catalyst with weathered coal (AFC). At the same time, weathered coal without activator and catalyst was used as a control (WC). The above experiments were completed by grinding in a mortar for 60 min. Humic acid was extracted from weathered coal based on previous research [16], and the product was then freeze-dried.



For each treated sample (WC, AWC, ALC, AFC), the element content was analyzed by an element analyzer. The content of total humic acid was determined according to a method from previous literature [17,48]. The E4/E6 ratio was determined using a dual-beam ultraviolet-visible spectrophotometer, before 10 mg of prepared humic acid was added to 10 mL of 0.05 mol/L NaHCO3 solution. The absorbance of humic acid was measured at 465 nm and 665 nm, and the E4/E6 ratio was then calculated [33]. The molecular size distribution range of the humic acid was determined by the size exclusion chromatography method. The relative distribution content of active functional groups in humic acid was determined by X-ray photoelectron spectroscopy.





4. Conclusions


In summary, we reported that the nanocatalyst Fe3O4/LaNiO3 synthesized by the sol-gel method has a high catalytic activity for the conversion of weathered coal to active humic acid owing to its heterojunction architectures and high activity of surface oxygen. The interfacial oxide heterojunction Fe3O4/LaNiO3 has stronger catalytic performance than the non-heterojunction catalyst LaNiO3, which was confirmed under solid-phase grinding. By using Fe3O4/LaNiO3 composites as catalysts and weathered coal as raw material, 48.5% humic acid material can be obtained by mechanical ball milling at room temperature for 1 h, where the content of small molecules of active humic acid (5.5 kDa) increases to 75%. In addition, Fe3O4/LaNiO3 is an environmentally friendly catalyst that can be recycled. Overall, this study provides a possible new way for converting weathered coal into active humic acid under mild conditions, and it may provide some enlightenment for the application of the interfacial oxide heterojunction to the solid-phase milling reaction.
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Figure 1. XRD patterns of LaNiO3, Fe3O4 catalyst and Fe3O4/LaNiO3 catalyst: (a) full spectrum; (b) partial view. 
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Figure 2. (a,b) SEM of Fe3O4/LaNiO3 catalyst; (c,d) TEM and HRTEM pictures; (e–i) EDX element mapping. 
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Figure 3. XPS spectrum of Fe3O4/LaNiO3 catalyst: (a) full spectrum; (b) La 3d; (c) O 1s; (d) Ni 2p; (e) Fe 2p. 
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Figure 4. N2 physical adsorption isotherms for LaNiO3 and Fe3O4/LaNiO3 catalysts. 
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Figure 5. Humic acid molecular weight distribution (a) and IR (b) spectra of four different treatments. 
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Figure 6. XPS C 1s spectra of four different treatments of humic acid (a) WC, (b) AWC, (c) ALC, and (d) AFC. 
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Figure 7. Four different treatments of humic acid XPS N 1s spectrum (a) WC, (b) AWC, (c) ALC, and (d) AFC. 
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Figure 8. Four different treatments of humic acid XPS O 1s spectrum (a) WC, (b) AWC, (c) ALC, and (d) AFC. 
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Figure 9. Solid-state 13C NMR spectra of WC and AFC samples. 
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Figure 10. Thermal cracking gas chromatography-mass spectrometry (PY-GCMS) of AFC and WC samples. 
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Figure 11. Recycling performance of Fe3O4/LaNiO3 catalyst. 






Figure 11. Recycling performance of Fe3O4/LaNiO3 catalyst.



[image: Catalysts 12 00392 g011]







[image: Catalysts 12 00392 g012 550] 





Figure 12. The mechanisms for the oxidation of weathered coal by Fe3O4/LaNiO3 catalysts to obtain humic acids. 
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Table 1. Elemental Composition (%), Atomic Ratio Total Humic Acid (%), Water Humic Acid, and E4/E6 Ratio of WC, AWC, ALC and AFC.
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Sample

	
Elemental Composition (wt.%)

	




	
C ad

	
H ad

	
O ad

	
N ad

	
H/C

	
O/C

	
TOC a

	
THA b

	
E4/E6 c






	
WC

	
45.26

	
3.73

	
26.28

	
0.83

	
0.08

	
0.58

	
43.48

	
32.14

	
2.38




	
AWC

	
40.62

	
3.31

	
24.89

	
0.81

	
0.08

	
0.61

	
42.34

	
37.65

	
3.52




	
ALC

	
41.46

	
3.52

	
23.98

	
0.80

	
0.08

	
0.58

	
40.01

	
49.46

	
5.02




	
AFC

	
37.61

	
2.96

	
27.85

	
0.80

	
0.07

	
0.74

	
35.14

	
48.40

	
4.94








a TOC: total organic content. b THA: total humic acids. c E4/E6: ratio of light absorbance at 465 and 665 nm. ad: The elemental analysis benchmarks all use an analytical base (air-drying base).
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Table 2. Relative distribution of carbon functional groups in weathered coal humic acid determined by XPS.
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Weathered Coal

	
Aromatic

	
Ether/Alcohol

	
Carboxylic

	
π-π *




	
BE a

	
RP b

	
BE a

	
RP b

	
BE a

	
RP b

	
BE a

	
RP b






	
WC

	
284.6

	
58.98

	
285.4

	
31.31

	
288.8

	
8.15

	
290.5

	
1.56




	
AWC

	
284.6

	
63.18

	
285.5

	
26.54

	
289.0

	
7.63

	
290.8

	
2.65




	
ALC

	
284.7

	
74.48

	
286.3

	
12.90

	
288.8

	
12.51

	
290.4

	
1.89




	
AFC

	
284.6

	
68.32

	
286.0

	
19.72

	
288.9

	
10.58

	
290.6

	
1.38








a BE, binding energy (eV); b RP, relative proportion (in%) of each functional group corresponding to fitted curves in Figure 6. * π-π conjugate structure.
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Table 3. Relative distribution of oxygen and nitrogen functional groups in weathered coal humic acid by XPS.






Table 3. Relative distribution of oxygen and nitrogen functional groups in weathered coal humic acid by XPS.





	
Weathered Coa

	
Oxygen

	
Nitrogen




	
C-O-

	
C=O

	
H2O

	
Pyrrole

	
Ammonium




	
BE a

	
RP b

	
BE a

	
RP b

	
BE a

	
RP b

	
BE a

	
RP b

	
BE a

	
RP b






	
WC

	
531.8

	
54.78

	
533.2

	
39.53

	
534.9

	
5.69

	
399.8

	
60.37

	
401.4

	
39.63




	
AWC

	
531.8

	
44.47

	
533.3

	
54.76

	
535.5

	
0.77

	
400.0

	
70.12

	
401.1

	
29.88




	
ALC

	
531.6

	
44.14

	
533.2

	
55.29

	
535.8

	
0.58

	
399.9

	
73.82

	
400.9

	
26.18




	
AFC

	
531.7

	
47.73

	
533.3

	
49.58

	
535.0

	
2.68

	
400.0

	
72.36

	
400.8

	
27.64








a BE, binding energy (in eV); b RP, relative proportion (in%) of each functional group corresponding to fitted curves in Figure 7 and Figure 8.
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Table 4. Percentage distribution of carbon in WC and AFC determined by solid-state 13C NMR spectroscopy.
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Functional Groups

	
Chemical Shift (ppm)

	
Area (%)




	
AFC

	
WC






	
Aliphatic C

	
0–50

	
7.45

	
6.86




	
O-Alkyl

	
50–100

	
13.83

	
11.42




	
Aromatic C

	
100–148

	
53.19

	
57.14




	
Aromatic C-O

	
148–170

	
3.72

	
4.57




	
C=O/N-C=O

	
170–220

	
21.81

	
20.0








Area (%): Area of each component/total area after integration by NMR software.













[image: Table] 





Table 5. GC-MS test results for AFC samples (Fe3O4/LaNiO3) and WC samples (Blank experiment).
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	No.
	Molecular Formula
	Chemicals (Name) a
	WC
	AFC





	1
	C2H4O2
	Acetic acid
	✓
	✓



	2
	C2H4O2
	Methyl formate
	
	✓



	3
	C10H14N2O4
	2-(2,5-dimethoxy-4-nitrophenyl)ethan-1-amine
	✓
	



	4
	C3H7NO
	Acetaldehyde, O-methyloxime
	
	✓



	5
	C6H11NO3
	2-Aminoethanol, N,O-diacetyl-
	
	✓



	6
	C7H12N2
	1-Butylimidazole
	
	✓



	7
	C3H5NO
	Propanenitrile, 2-hydroxy-
	
	✓



	8
	C17H34O2
	Hexadecanoic acid, methyl ester
	✓
	



	9
	C16H32O
	2-Hexadecanone
	
	✓



	10
	C16H22O4
	Dibutyl phthalate
	
	✓



	11
	C19H38O2
	Methyl stearate
	✓
	✓



	12
	C5H8N2
	3,5-Dimethylpyrazole
	
	✓



	13
	C6H8O
	4-Methyl-2H-pyran
	
	✓



	14
	C18H33N
	9-Octadecenenitrile, (Z)-
	
	✓



	15
	C6H10N2O
	3,5-Dimethylpyrazole-1-methanol
	✓
	



	16
	C16H32O2
	n-Hexadecanoic acid
	✓
	



	17
	C23H44O2
	13-Docosenoic acid, methyl ester, (Z)-
	
	✓



	18
	C22H41N
	(Z)-Docos-9-enenitrile
	✓
	



	19
	C17H32O
	13-Heptadecyn-1-ol
	
	✓



	20
	C18H31N
	11-Octadecynenitrile
	✓
	



	21
	C20H38O2
	Ethanol, 2-(9,12-octadecadienyloxy)-, (Z,Z)-
	
	✓



	22
	C20H39N
	Eicosanenitrile
	✓
	



	23
	C24H38O4
	Bis(2-ethylhexyl) phthalate
	
	✓



	24
	C18H33N
	9-Octadecenenitrile, (Z)-
	✓
	



	25
	C24H38O4
	1,4-Benzenedicarboxylic acid, bis(2-ethylhexyl) ester
	✓
	



	26
	C22H43NO
	13-Docosenamide, (Z)-
	
	✓



	27
	C35H62O3
	Benzenepropanoic acid,

3,5-bis(1,1-dimethylethyl)-4-hydroxy-, octadecyl ester
	✓
	







a. Substance analysis referenced to Mass Spectrometry Library Database (NIST17.L).
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