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Abstract

:

Naturally occurring fossil fuels are the major resource of energy in our everyday life, but with the huge technological development over the years and subsequent energy demand, the reserve of this energy resource is depleting at an alarming rate, which will challenge our net energy resources in the near future. Thus, an alternative sustainable energy resource involving biomass and bio-refinery has become the most emerging and demanding approach, where biofuels can be derived effectively from abundant biomass via valuable chemical intermediates like 5-hydroxymethylfurfural (5-HMF). 5-HMF is a valuable platform chemical for the synthesis of fuel and fine chemicals. Herein, we report the synthesis of the organically functionalized porous aluminum phosphonate materials: Ph-ALPO-1 in the absence of any template and Ph-ALPO-2 by using 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid as a small organic molecule template and phenylphosphonic acid as a phosphate source. These hybrid phosphonates are used as acid catalysts for the synthesis of 5-HMF from carbohydrates derived from biomass resources. These Ph-ALPO-1 and Ph-ALPO-2 materials catalyzed the dehydration of fructose to 5-HMF with total yields of 74.6% and 90.7%, respectively, in the presence of microwave-assisted optimized reaction conditions.
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1. Introduction


With the continuous depletion of fossil fuels as result of industrialization the global attention seeks to identify alternative renewable energy sources to overcome a future worldwide energy crisis [1,2,3]. Thus, the concept of “biomass valorization” has emerged as a pivotal solution at the intersection of science, technology, and sustainability [4,5,6]. Biomass is described as the renewable organics that can come from flora and fauna. Hence, biomass is the largest feedstock for alternative renewable energy resources available in nature. The majority of biomass resources consist of carbohydrates, bearing hexose (C6) and pentose (C5)-based sugars [7]. Thus, carbohydrates derived from plants, agricultural waste, and forestry residues have gained considerable attention as a renewable and sustainable energy feedstock. These biomass-derived organic molecules can be converted into biofuels through various chemical and biochemical processes, offering an alternative to fossil fuels. The synthesis of biofuels from biomass involves transformation of the complex organic molecules present in biomass into simpler hydrocarbon compounds that can be used as ‘fine platform chemicals’ [8]. This process utilizes different technologies and pathways, each one having its own advantages and challenges.



Hence, carbohydrates have widespread potential to produce essential chemicals, which can otherwise be derived directly from petroleum resources. 5-HMF, consisting of a furan ring along with aldehyde and primary alcohol functional groups, is considered as one of the most essential biomass-derived platform chemicals by the US Department of Energy [9]. This makes 5-HMF an effective intermediate, which can further be converted to many valuable products like 2,5-dimethylfuran, an essential biofuel [10,11]. That is why 5-HMF is also known as ‘sleeping giant’ in the field of intermediate chemistry [12]. Monosaccharides like fructose, glucose, etc., in the presence of acid catalysts, easily dehydrate to yield 5-HMF [13]. According to the literature to date, several mineral acids already showed high catalytic activity towards the synthesis of 5-HMF from different carbohydrates [14]. However, there are many obstacles of using these homogeneous catalysts, like separation from reaction mixture, recyclability, etc. Thus, heterogeneous catalysts have become an emerging choice for researchers in catalyzing these reactions [15,16,17]. Although many heterogeneous solid acid catalysts are reported in the literature for the 5-HMF synthesis from carbohydrate resources, organically functionalized porous materials can be the superior contenders over others due to their high specific surface area and inherent surface hydrophobicity for the guest molecules to react at the catalytic site [18,19,20]. Further, monodispersity in the particle size and Lewis acidity of the framework metals may improve catalytic performance of solid acid catalysis.



Crystalline microporous and mesoporous materials are intensively studied over the past half-century due to their high specific surface area, high thermal and chemical stability, and wide diversity in the framework architectures [21,22,23]. Among them phosphonate-based porous frameworks are of particular interest due to the chemistry involved between the trivalent metal cation (MO4) tetrahedra and phosphate tetrahedral sites [24,25]. Open frameworks and high surface area (internal surface) could strengthen their catalytic and adsorption abilities. The construction of organic–inorganic hybrid porous materials is a rapidly expanding field of materials chemistry for the synthesis of the materials having specific structural entity and functionality [26]. Metal phosphonates, having organic functionality in the framework, is one such group of hybrid materials, which attracted extensive interest due to their emerging applications in many areas like ion-exchange, catalysis, charge storage, sensing, etc. [27]. Metal phenyl phosphonates represent a particularly important class of organic–inorganic hybrid materials having covalent bonds between the inorganic cluster and organic phenyl moieties [28]. To date, a large number of microporous AlPO4 frameworks have been synthesized via a soft-templating route, containing 8–18 ring pore apertures (Figure 1), where small organic molecules like primary/secondary/tertiary amines and quaternary ammonium salts act as a template in directing the crystal structure and inbuilt nanoscale porosities [29].



In this context, it is pertinent to mention that the catalysis under microwave irradiation conditions is considered as a green chemical approach for the synthesis of small organic molecules. Microwave irradiation heats up the entire reaction mixture from its core through the polarization of the medium. So, generally polar solvents like DMSO, DMF, acetonitrile, etc., are used as medium of the microwave-assisted reactions. Further, aging and decomposition of 5-HMF in prolonged storing is a major issue [30], which could be considerably decreased if we could develop strategies for synthesizing 5-HMF from carbohydrates having no impurity of humins in the product.



In this work, we have synthesized phenyl functionalized organic–inorganic hybrid porous aluminum phosphonate materials Ph-ALPO-1 and Ph-ALPO-2, respectively, in the absence and presence of an organic additive 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid in the synthesis mixture. These hybrid materials have then been used as heterogeneous catalyst for 5-HMF synthesis from carbohydrates under microwave-assisted heating conditions.




2. Results


The wide-angle powder X-ray diffraction (PXRD) of both Ph-ALPO-1 and Ph-ALPO-2 materials was studied for understanding the crystalline phase of these materials. Both samples exhibited sharp peak at 2θ = 5.08°. PXRD data collected in the range of 4° to 40° 2θ has been analyzed using the Expo2014 software package [31]. Ph-ALPO-1/2 materials are identified as lamellar structure with triclinic phase, P1 symmetry and the unit cell parameters are a =17.61 Å, b = 6.79 Å, and c = 4.88 Å, α = 106.690°, β = 94.204°, and γ = 80.948°. The diffraction peaks are indexed in Table S1 (Supporting Information). The resemblance of PXRD patterns for both Ph-ALPO-1 and Ph-ALPO-2 indicates the structure remains unchanged by using the template molecule in the synthesis (Figure 2A). However, a considerable improvement in the crystallinity was observed for Ph-ALPO-2; the sample was synthesized in the presence of the template. In order to measure the permanent porosity and the surface area of both the materials, we have analyzed N2 adsorption–desorption analysis at 77 K. A high nitrogen uptake at low P/P0 followed by slow and steady capillary condensation at higher P/P0 indicates a mixture of type-I and type-IV isotherms has been observed (Figure 2B) [32]. Consequently, the pore size distribution (PSD) plots were calculated from these isotherms using NLDFT model (Figure 2C). These PSD plots suggested a hierarchical porosity with a peak micropore at 1.3 nm. Whereas Ph-ALPO-2 displayed a distinct mesopore at 5.8 nm, the peak for mesopores of Ph-ALPO-1 remains much distributed suggesting template plays a crucial role in organizing the overall framework rigid, organized and porous. Again, the pore volume of Ph-ALPO-1 and Ph-ALPO-2 comes out as 0.38 cc g−1 and 0.63 cc g−1, respectively. Ph-ALPO-1 and Ph-ALPO-2 showed the Brunauer–Emmett–Teller (BET) specific surface areas of 73 and 106 m2g−1, respectively. Larger BET surface area of Ph-ALPO-2 over Ph-ALPO-1 again suggests the advantage of using organic template in the synthesis of this porous aluminum phosphonate framework. A greater surface area is always beneficial for the application in catalysis or sorption application. Fourier-transformed infrared spectra of both the materials were investigated for understanding the bonding connectivity of both the materials. Both of the samples displayed almost similar spectral features (Figure 2D). In the spectra, wavenumber of 4000 to 400 cm−1 was selected for detailed study of the bonding connectivity of the materials. An overlaying between the bands of the vibrational bending of H-O-H of the hydration water at ∼1620 cm−1 and the sharp stretching band of the phenyl group (νC-C) at ~1595 cm−1 has been observed. The band at 3000 cm−1 could be attributed to the C-H vibrational stretching and the band at ~1490 and ~1440 cm−1 indicate the skeletal vibrations of the rings. The intense and broad band in between ~3600 and ~3200 cm−1 is attributed to the O-H vibrational stretching due to the presence of hydration water. Another two bands in this region have been observed, i.e., one very sharp at ~3640 cm−1 is probably indicating the presence of adsorbed water having no interaction by H-bonding and the other broader near ~3510 cm−1 is clearly indicating this water molecule interacting weakly through H-bonds [33]. The other stretching and bending modes of the Al-O-P bonds are shown in Figure 2D.



Thermal stability of Ph-ALPO-1 and Ph-ALPO-2 materials was investigated through thermogravimetric analysis (TGA). The TGA analysis data was plotted in Figure 2E. Both the samples showed triplicate degradation between 25 and 800 °C. The first two mass losses between 6 and 15% occurred below 220 °C that are associated with an endothermic peak, which is because of desorption of physiosorbed and chemisorbed water molecules in the pores of the materials. The next mass loss occurs at temperatures higher than 250 °C, which is mainly due to the different degradation processes of organic matter. The mass loss recorded in this temperature range is about 8–10%. In the comparative TGA curves of both the materials, it clearly indicates that the final mass loss of Ph-ALPO-1 occurs at a faster rate than Ph-ALPO-2, which in turn clearly suggested the stability of the AlPO framework synthesized in the presence of the template molecule. Temperature-programmed desorption of ammonia (NH3-TPD) analysis of both the materials was carried out under an inert He gas flow, and the corresponding 10% NH3/He gas mixture desorption profile of ALPO-1 and ALPO-2 is shown in Figure 2F. From the NH3-TPD profiles, it is seen that a broad NH3 desorption peak centered around 80 °C was observed for both Ph-ALPO-1 and Ph-ALPO-2. This result suggested that NH3 molecules are weekly bound in ALPO-1 and 2 surfaces. The observed total acidity of Ph-ALPO-1 and Ph-ALPO-2 were 92.59 and 285.82 μmolg−1, respectively. Considerably higher acidity of Ph-ALPO-2 synthesized in the presence of the template has motivated us to explore its catalytic activity.



The morphology of both the hybrid AlPO materials has been investigated by transmission electron microscopic analysis (FEG-TEM). All the electron microscopic images are shown in Figure 3A–D. From the images, it was clearly shown that Ph-ALPO-1 shows irregular morphology (Figure 3A,B). Several 20–30 nm rod like particles are clearly visible for Ph-ALPO-1. However, these particles are irregularly nucleating to form several other morphologies as well (Figure 3A,B). But, one of our major objectives was to control the morphology of these nanoparticles, which could help in the catalytic reaction. We found that the small molecular template modification for the synthesis of Ph-ALPO-2 not only organize the particle morphology but also it hinders the agglomeration to generate monodisperse rod like nanoparticles of average size 20–30 nm (Figure 3C,D). The elemental mapping images shown in Figure 3E–H also confirms the template removal in Ph-ALPO-2 framework as no traces of “N” (comes from the template molecule) was found in the overall specimen. It is pertinent to mention that uniform distribution of C, O, P, and Al percentages in Ph-ALPO-2 (Figure 3E–H) also suggested the advantage of the phenyl functionalization of the AlPO framework via our above-mentioned process.




3. Discussion


3.1. Catalytic Properties


3.1.1. Catalysis with Ph-ALPO-2


The 5-HMF synthesis from carbohydrates involve an acid catalyzed dehydration reaction and this has been extensively studied over the years. From the above characterizations and discussion of results, Ph-ALPO-2 could be a more promising material for acid catalysis compared to Ph-ALPO-1 as although both the materials have similar bonding connectivity and framework, Ph-ALPO-2 has more surface area than Ph-ALPO-1. Different carbohydrate precursors can be employed for the synthesis of 5-HMF by varying the monosaccharides. For optimizing the reaction conditions with maximum 5-HMF yield we have varied four major factors like the amount of catalyst loading, reaction temperature, reaction time, and choice of medium.



At first, taking fructose as the substrate and keeping all other parameters constant, we have performed the reaction by varying the catalyst amount from 7.08 wt % to 31.4 wt % to optimize the amount of catalyst needed for maximum 5-HMF yield. Figure 4A shows the different 5-HMF yield as a function of amount of given catalyst for fructose as the substrate. We have observed that upon increasing the catalyst amount from 2 mg up to 6 mg, the yield of the product has increased but further increases in the catalyst amount from 6 mg to 8 mg results in decreasing the product yield. From Figure 4A the relatively highest yield becomes 68.45% which was found for 6 mg of catalyst.



Now we have carried out the reaction by varying the temperature from 140 °C to 170 °C with the similar carbohydrate substrate to observe the temperature dependence of the reaction on the product yield and the yield vs. temperature profile has been drawn from the 5-HMF yield (%) estimated through the UV-Visible spectrophotometric (shown in Figure 4B) studies. From this profile, the optimum temperature was 160 °C. At this temperature, fructose showed the highest yield for the 5-HMF in the presence of 6 mg of the catalyst for 15 min reaction time.



Then, we have plotted the 5-HMF yield as a function of reaction time from 5 min to 30 min at optimized temperature and catalyst amount by taking fructose as the substrate and we have drawn a suitable kinetic profile by calculating 5-HMF yield (%) through UV-Visible spectra using Beer–Lambert’s law (Figure 4C). At 160 °C, 25.5 mg fructose shows the highest yield for the 5-HMF conversion reaction after 15 min reaction time with 6 mg aluminum phosphonate catalyst.



All these catalytic results are further tabularized in Table 1. Some observations seen from this table are, for example, that upon increasing the catalyst amount from 2 mg to 4 mg to 6 mg, the yield of the product has increased accordingly, but a further increase in the amount from 6 mg to 8 mg results in decreases in the product yield. The reason behind this observation may be that a certain increase in the catalyst gives a higher 5-HMF yield, as expected, according to an increasing number of acidic sites with the increasing amount of the catalyst, but a further increase in this catalyst amount after 6 mg reduces the product yield, which may be due to catalyst poisoning or further degradation of the main product by other byproducts. Again, a decreasing product yield was observed at further higher temperatures and longer reaction times. This may be attributed to the fact that a prolonged exposure time and higher reaction temperature may promote self- and cross-polymerization of 5-HMF with fructose, to yield the byproduct humins in the dehydration step as the appearance of a dark-colored product in these cases has been observed in the reaction vial.



The formation of 5-HMF was confirmed from the 600 Hz 1H NMR spectra of crude product mixture and the solution after solvent extraction using ‘DCM-H2O’ mixture, and these are shown in Figure S1. The 150 Hz 13C-NMR spectrum has also provided further confirmation of 5-HMF formation (Figure S2). The λmax for 5-HMF in UV-Visible spectrum arises at ~284 cm−1 (Figure S3). From that characteristic peak using the Beer–Lambert’s law the yield of 5-HMF (shown in Figure 4D) has been calculated. The maximum amount of 5-HMF, 90.7%, was found for 6 mg of Ph-ALPO-2 catalyst at 160 °C in 15 min, from 25.5 mg of fructose as the substrate.



Then, we have estimated the catalytic activity by varying the substrates using some common monosaccharides like glucose and galactose in the above optimized condition as shown in Figure 5B. We observed that glucose and galactose give an almost similar yield for 5-HMF, which is quite low compared to fructose itself. We have tried this reaction using different solvents like ‘DMSO + H2O’, DMF, ‘acetonitrile + H2O’, and NMP. The yields are calculated from the respective UV-Visible spectra and presented as a bar diagram in Figure 5A. Compared with DMSO, other solvents showed low yields of 5-HMF. This result suggested that in the case of DMSO, the maximum amount of energy is converted from microwave radiation, which transforms maximum fructose to 5-HMF. The decreasing trend of the 5-HMF yields was DMSO > DMSO + H2O > NMP > DMF> acetonitrile + H2O.



Further, we have performed the experiment with the lignocellulosic solid biomass (sugarcane pulp) also under optimized catalytic conditions. However, even after 30 min of microwave irradiation, we found a trace of 5-HMF only. This result suggested that Ph-ALPO-2 can catalyze the sugar content of the sugarcane pulp. Actually, when we use a solid biomass like lignin, after completion of the reaction, the lignin will form an insoluble physical mixture with the catalyst. As lignin has some solubility in DMSO, we tried to separate the catalyst through solvent extraction. But the wholesome biomass cannot be separated from the catalyst.




3.1.2. Catalysis with Ph-ALPO-1


With the above optimized condition, the 5-HMF yield from fructose in the case of Ph-ALPO-1 as the catalyst was 74.6% (as shown in Figure S4).





3.2. Role of Template in Synthesizing Phenyl Aluminophosphate Catalyst


From the nitrogen sorption isotherm, it is clear that Ph-ALPO-2, which has been synthesized using 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid as a small-molecule template, has more surface area than Ph-ALPO-1, which has been synthesized in non-templated method. Again, from the TGA analysis, the framework of Ph-ALPO-2 shows higher stability than Ph-ALPO-1; i.e., upon using the template, the robustness of the framework of the AlPO material becomes much higher. Now, from the catalysis point of view, according to NH3-TPD analysis, the template-based synthesized material shows higher active (acidic) sites than Ph-ALPO-1 (synthesized in non-templated method). As a result of all these above-mentioned facts, the yield of 5-HMF is also higher in the case of Ph-ALPO-2 in comparison with Ph-ALPO-1. These comparative results could be attributed to the fact that for generating porosity in the case of Ph-ALPO-2, the phenyl groups in phenylphosphonic acid is used as a spacer along with 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid, which is used as a small-molecule template. But for Ph-ALPO-1, the pores are generated only due to the presence of phenyl spacer present in the phenylphosphonic acid. Thus, the higher BET surface area, crystallinity, and uniform particle morphology of the Ph-ALPO-2 catalyst synthesized in the presence of organic template are responsible for the higher yield of 5-HMF in this dehydration reaction.




3.3. Comparision of Ph-ALPO-2 with Other Catalysts in the Literature


The reaction parameters and corresponding yields of 5-HMF of this Ph-ALPO-2 material compared with those of related porous catalysts [34,35,36,37,38] available in the literature are tabularized in Table 2. From the results shown here, we can conclude that Ph-ALPO-2 displayed a considerably good catalytic efficiency for the synthesis of 5-HMF from biomass-derived fructose.





4. Materials and Methods


4.1. Chemicals


Aluminum iso-propoxide, phenylphosphonic acid, liquid ammonia (25% aqueous), 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid and fructose were purchased from Sigma Aldrich, Bangalore, India. All solvents were used after purification. Deionized water was used for synthesis and cleaning purposes.




4.2. Instrumentation


Powder X-ray diffraction data of aluminum phosphonates Ph-ALPO-1 and Ph-ALPO-2 were collected from a Bruker D-8 Advanced SWAX, Germany diffractometer using Ni-filtered Cu Kα (λ = 0.15406 nm) radiation. Specific surface area and porosity were analyzed from the N2 sorption analysis at 77 K by using an Anton Paar Quanta Tec (USA) Isorb-HP-1 100 gas sorption analyzer. The pore-size distribution plots for both the materials were obtained from the non-local density functional theory (NLDFT) model. Both samples were dried and degassed at 150 °C for 5 h under high vacuum before the sorption analysis. Ultrahigh-resolution transmission electron microscopic (UHR-FEG TEM) system of JEOL JEM 2100F (Japan) working with at a 200 kV electron source, the particle size and nanostructure of the Ph-ALPO-1 and Ph-ALPO-2 frameworks were analyzed. Samples for these TEM analysis was prepared by dropping isopropanol solutions of both the materials into two separate carbon-coated copper grids and then drying them under a high vacuum. Using KBr pellets and by using a Shimadzu FT-IR 8400S (Japan) instrument, Fourier transform infrared (FT-IR) spectra of the samples were obtained. The Anton Paar Microwave Synthesis Reactor (Monowave 300, USA) was used for all of the catalysis experiments. For measuring the surface acidity of these aluminum phosphonate materials temperature-programmed desorption of ammonia (TPD-NH3) analysis was carried out in an AMI-300 Lite Chemisorption Analyzer of Altramira Instruments LLC, USA.




4.3. Synthesis of Ph-ALPO-1


In a typical synthesis of Ph-ALPO-1, 204 mg (0.001 M) phenylphosphonic acid was dissolved in 18 mL deionized water and stirred for 30 min on a magnetic stirrer. Then, 158 mg (0.001 M) aluminum iso-propoxide was added in it and again stirred for another 15 min. After that liquid ammonia was added in dropwise manner until the pH of the solution becomes ~8.0. Then, it was again stirred for ~3 h. Then, the reaction mixture was transferred into a 30 mL Teflon-lined stainless-steel autoclave and placed in an oven at 170 °C for 3 days. After 3 days, aluminum phenylphosphonate material was formed. It was then separated and washed with water and methanol by centrifugation. The yield of the product becomes ~90 mg. Then, the product was collected in the Eppendorf and characterized thoroughly.




4.4. Synthesis of Ph-ALPO-2


In this stage, 306 mg (0.001M) 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid was dissolved in 21 mL deionized water and stirred for 45 min. Then, 158 mg (0.001 M) phenylphosphonic acid was mixed in it and again stirred for another 30 min. Then, 204 mg (0.001 M) aluminum iso-propoxide was added in it and stirred for another 3h. After that, liquid ammonia was added in a dropwise manner until the pH of the solution became ~8.0. Aluminum phenylphosphonate gel had been prepared. Now, this gel was transferred into a 30 mL Teflon-lined stainless-steel autoclave and placed in an oven at 170 °C for 3 days. After 3 days, an aluminum phenylphosphonate framework containing the template molecules was formed. It was then separated and washed with water and methanol by centrifugation. The yield of the product was ~120 mg.




4.5. Extraction of Template from Ph-ALPO-2


The as-synthesized product was taken in a beaker and stirred with 50% EtOH and 50% water for 6 h continuous stirring at room temperature. The extracted product was then separated and washed with water and EtOH via centrifugation, and the product was collected in the Eppendorf and used for further application.




4.6. Activation of Catalyst


In order to remove adsorbed solvent molecules, which may partially impede catalytic activity by blocking some active sites, the catalysts are activated prior to the catalytic reaction. We activated all the catalysts (Ph-ALPO-1 and Ph-ALPO-2) at 120 °C for 6 h in a hot air oven before putting them into the catalysis chamber. For all subsequent catalytic experiments, a similar activation route for the catalysts was followed.




4.7. 5-HMF Synthesis


Here, fructose, glucose, and galactose were used as carbohydrate sources for the synthesis of 5-HMF. In a typical synthesis, the carbohydrate was charged with activated catalyst and DMSO (2 mL) in a microwave-safe G-10 vial. The vial was then correctly sealed and kept at the desired temperature for the above-mentioned amount of time in a microwave reactor. The internal pressure of the vial was initially nil. However, after the steady-state condition, the internal pressure was elevated to 5 bar. The temperature of the microwave was controlled by a previously set program; briefly, the final temperature was set as 160 °C for a holding time of 15 min with a continuous stirring speed of 600 rpm, and the reaction mixture was cooled to 25 °C to obtain the product. At 160 °C, the temperature at which the catalysis was optimized, 24% of the catalyst, Ph-ALPO-2, produced 90.7% HMF yield in DMSO medium in 15 min reaction time. Water and DCM were used to extract 5-HMF from the reaction mixture. In DMSO-d6 medium, the extracted product was examined via 1H-NMR and 13C-NMR spectroscopic analysis (distinctive signals of 5-HMF shown in Figures S1 and S2). Then, 5-HMF yield was calculated from the solution using UV-Visible spectrophotometry.





5. Conclusions


In this work, we have demonstrated the synthesis of a new porous organic–inorganic hybrid aluminum phosphonate framework material having a hydrophobic phenyl moiety at the pore surface in the presence and absence of a small organic molecule 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid as a template via a hydrothermal synthetic route. We have successfully shown the crucial role of porosity and surface area, and the use of organic template in the hydrothermal synthesis for the catalytic application. The synthetic protocol and the catalytic results described here are cost-effective and environmentally friendly. Furthermore, these porous phenylphosphonates show the potential to synthesize 5-HMF from carbohydrates in a very high yield in a short reaction time using a green chemical route. Thus, the easy and convenient synthesis method reported herein could offer a new opportunity for researchers and industries for the sustainable synthesis of biofuel intermediates over organically functionalized aluminum phosphonates.
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Figure 1. Different reported AlPO4-n frameworks with various nanoscale pore openings (a) VPI-5 (18-ring), (b) ALPO4-8 (14-ring), (c) ALPO4-5 (12-ring), (d) ALPO4-11 (10-ring), (e) ALPO4-41 (10-ring), (f) ALPO4-25 (8-ring). 
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Figure 2. (A) Powder XRD patterns of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (B) N2 adsorption/desorption isotherm of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (C) Non-local density functional theory (NLDFT) pore size distribution (PSD) of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (D) FT-IR spectra of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (E) Thermogravimetric curve of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (F) NH3-TPD curve of Ph-ALPO-1 (black) and Ph-ALPO-2 (red). 
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Figure 3. UHR-TEM images of Ph-ALPO-1 (A,B) and Ph-ALPO-2 (C,D). (E–H) are the C, O, P and Al elemental mapping data in Ph-ALPO-2. 






Figure 3. UHR-TEM images of Ph-ALPO-1 (A,B) and Ph-ALPO-2 (C,D). (E–H) are the C, O, P and Al elemental mapping data in Ph-ALPO-2.



[image: Catalysts 13 01449 g003]







[image: Catalysts 13 01449 g004] 





Figure 4. (A) Dependence of 5-HMF yield (%) on amount of catalyst; (B) Temperature dependence of 5-HMF yield (%); (C) Time dependence of 5-HMF yield (%) at the reaction temperature of 160 °C; (D) UV-Visible spectra of the product 5-HMF with reaction time (5–30 min). Typical standard deviation in the 5-HMF yield is ±1%. 
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Figure 5. (A) Solvent dependence of substrate and (B) Selectivity of substrates for 5-HMF yield. 
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Table 1. Catalytic results of Ph-ALPO-2 for the 5-HMF formation under different conditions.






Table 1. Catalytic results of Ph-ALPO-2 for the 5-HMF formation under different conditions.





	Sl. No.
	Substrate Amount (mg)
	Catalyst Amount (mg)
	Temperature

(°C)
	Time (min.)
	Yield (%)





	1.
	25.5
	2
	150
	20
	42.8



	2.
	25.5
	4
	150
	20
	56.04



	3.
	25.5
	6
	150
	20
	68.45



	4.
	25.5
	8
	150
	20
	63.92



	5.
	25.5
	6
	160
	20
	83.3



	6.
	25.5
	6
	170
	20
	76.09



	7.
	25.5
	6
	160
	5
	59.03



	8.
	25.5
	6
	160
	10
	90.08



	9.
	25.5
	6
	160
	15
	90.7



	10.
	25.5
	6
	160
	25
	77.2



	11.
	25.5
	6
	160
	30
	69.9










 





Table 2. Comparative study of catalytic efficiency in HMF conversion reaction between Ph-ALPO-1/2 and other zeo-type catalysts in the literature.
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	Catalyst
	Temp.

(°C)
	Solvent
	Time

(min.)
	Substrate
	Yield

(%)
	Ref.





	Al-KCC-1
	162
	DMSO
	60
	Fructose
	92.9
	[33]



	NBPW-01
	80
	DMSO
	180
	Fructose
	89
	[34]



	NBPW-06
	80
	DMSO
	90
	Fructose
	96.7
	[35]



	Al-MCM-41
	170
	H2O/MIBK
	75
	Fructose
	42.3
	[36]



	LPSnP-1
	120
	H2O/MIBK: 2-butanol
	20
	Fructose
	77
	[36]



	TESAS-SBA-15
	130
	H2O/MIBK: 2-butanol
	141
	Fructose
	71
	[37]



	PHMS-2
	160
	DMSO
	25
	Fructose
	83.7
	[38]



	Ph-ALPO-1
	160
	DMSO
	15
	Fructose
	74.6
	This work



	Ph-ALPO-2
	160
	DMSO
	15
	Fructose
	90.7
	This work
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