

  catalysts-14-00248




catalysts-14-00248







Catalysts 2024, 14(4), 248; doi:10.3390/catal14040248




Article



H-Beta Zeolite as Catalyst for the Conversion of Carbohydrates into 5-Hydroxymethylfurfural: The Role of Calcination Temperature



Xinyi Xing 1,2, Wanni Liu 2, Siquan Xu 2 and Jianxiu Hao 1,2,*





1



School of Chemistry & Chemical Engineering, Suzhou University, Suzhou 234000, China






2



School of Forestry and Landscape Architecture, Anhui Agricultural University, Hefei 230031, China









*



Correspondence: haojx2021@ahszu.edu.cn







Citation: Xing, X.; Liu, W.; Xu, S.; Hao, J. H-Beta Zeolite as Catalyst for the Conversion of Carbohydrates into 5-Hydroxymethylfurfural: The Role of Calcination Temperature. Catalysts 2024, 14, 248. https://doi.org/10.3390/catal14040248



Academic Editor: Narendra Kumar



Received: 24 February 2024 / Revised: 15 March 2024 / Accepted: 1 April 2024 / Published: 8 April 2024



Abstract

:

H-Beta zeolite is a solid acid catalyst commonly utilized in the catalytic conversion of biomass resources. In this study, H-Beta zeolite was calcined at different temperatures (350, 550, 750, and 1000 °C) to explore the effects of high temperature-induced dealumination on its physicochemical properties and its catalytic ability to convert glucose into 5-hydroxymethylfurfural (HMF). It was shown that as the calcination temperature increased, the Si-O-Al bond of H-Beta zeolite was broken and its dealumination effect was enhanced. Dealumination led to the collapse of the framework of H-Beta zeolite and a reduction in the number of acid sites, which in turn reduced its catalytic performance and the efficiency of HMF formation from glucose. Furthermore, H-Beta zeolite exhibited an extraordinary catalytic ability for the production of HMF from carbohydrates. Using glucose and cellulose as substrates, superior HMF yields of 91% and 46%, respectively, were achieved under optimal reaction conditions. Further, calcination removes carbon deposits in the recovered H-Beta zeolite, but it affects the cycling stability of the catalyst. Meanwhile, the by-products formed during the synthesis of HMF from glucose catalyzed by H-Beta zeolite catalyst were also clearly detected.
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1. Introduction


Overexploitation of fossil fuels and growing environmental concerns have sparked a research upsurge in renewable resources. As a carbon-rich renewable resource, biomass is attracting close attention from academia and industry [1]. Numerous study efforts have focused on converting biomass into high value-added chemicals and biofuels. Among them, 5-hydroxymethylfurfural (HMF) has broad application pathways and can be used as a key intermediate in the synthesis of various serviceable polymer materials, plastic resins, and diesel additives in the chemical industry [1,2]. Fructose is easily dehydrated, and when used as a substrate, HMF can be obtained in high yield and selectivity [3,4]. However, the large-scale use of fructose to prepare HMF is impractical due to the shortage of natural reserves and its high cost and widespread use in the food and pharmaceutical industries. In addition, it is difficult to obtain satisfactory HMF yields from cellulose due to its robust structure and hydrolysis difficulties. Glucose, therefore, as an isomer of fructose, is regarded as the most suitable raw material for the preparation of HMF because of its reasonable price and abundant reserves [5].



The cascade pathway to yield HMF from glucose consists of two processes: (I) isomerization of glucose into fructose driven by Lewis acid assistance, and (II) dehydration of fructose to HMF under the catalysis of Brønsted acid [5,6]. Given the advantage of the absence of boundary phases, homogeneous catalysts such as organic acid [7], metal salt [8], and modified ionic liquids [9] have been widely employed and resulted in favourable HMF yields from glucose. However, due to the objective challenges of difficult separation and recovery, reusable heterogeneous solid acid catalysts, such as zeolite [10], metal oxides [11], acidity resins [12], and acidic carbons [13], have recently become more popular. For heterogeneous catalysts, the main problem that needs to be addressed is usually the inability to provide a sufficient amount of acid sites or the inherent incongruity of the ratio of Lewis and Brønsted sites. Insufficient or incongruent acid sites can lead to inefficient two-step cascade reactions of isomerization and dehydration, which causes lower HMF yields [14]. Therefore, advances in solid acid catalysts with suitable acidic characteristics are crucial for converting glucose into HMF.



H-Beta zeolite contains tetravalent aluminum atoms in tetrahedral positions and is a well-known solid acid catalyst that possesses both Lewis and Brønsted acidity for catalytic cracking, alkylation, alkyl transfer reactions, petrochemical processes, and adsorption [15,16]. Moreover, the catalytic properties of H-Beta zeolite are also excellent during the isomerization of glucose. For example, Liu et al. [17] utilized H-Beta zeolite to catalyze glucose isomerization and achieved a fructose selectivity of 61.6% in the gamma-butyrolactone/H2O system at 100 °C. Xia et al. [18] used H-Beta zeolite to catalyse the isomerization of glucose and obtained a fructose selectivity of 32% in water at 130 °C.



Based on the remarkable isomerization catalytic activity of H-Beta zeolite, numerous efforts have been made to prepare Beta zeolite-based catalysts by internal/external framework modification and apply them to the conversion of glucose into HMF, including dealumination [10], isomorphic substitution [15], impregnation [19], and ion exchange [20]. Tatsumi et al. [10] prepared dealuminated Beta zeolite by steam treatment, which catalyzed glucose to achieve 78% conversion and 43% HMF yield at 180 °C for 2 h. Liu et al. [15] prepared Sn-Beta zeolite through isomorphous substitution, which catalyzed glucose to achieve a 42% HMF yield at 160 °C for 2.5 h. Xiao et al. [19] prepared a Cr/Beta zeolite catalyst by the impregnation method, which catalyzed glucose to achieve a 72% HMF yield at 150 °C for 90 min, while the glucose was almost completely converted. Xia et al. [20] prepared Fe/Beta zeolite catalyst by ion exchange, which catalyzed glucose to afford 95% conversion and 61% HMF yield at 120 °C for 90 min.



As a convenient modification of H-Beta zeolite, dealumination can be conducted by calcination, steam, and nitric acid treatment [21]. Calcination is a frequent treatment to modify the form of Al species (dealumination) present in the zeolite structure and thus adjust the zeolite’s acidic properties. Previous studies have reported that calcination dealumination increases the catalytic activity of Beta zeolite [10,22,23]. There are reports in the literature on the effect of calcination and steam treatment on the structure of Al atoms in the framework and the acid properties of NH4-Beta [10]. The results showed a decline in Brønsted acidity and an increase in Lewis acidity in the calcined Beta zeolite, that is, calcination improved the acidic properties of the zeolite. It is of momentous importance to explore the effect of high-temperature calcination on the dealumination of H-Beta zeolite because during the progress of producing HMF, H-Beta zeolite-derived catalysts need to be repeatedly calcined for preparation or decarbonization regeneration. Nevertheless, not all Beta-type zeolites increase in acidity upon calcination. Besides, no previous studies have investigated the effect of calcination temperature on the structure and acidity of H-Beta zeolite, nor the conversion of cellulose to HMF using cheap and easily available H-Beta zeolites.



In our previous study [16], the H2O/tetrahydrofuran (THF) biphasic system was confirmed to facilitate HMF formation while also being inexpensive and recyclable. To sum up, in the present study, a series of dealuminated H-Beta zeolites were prepared after calcination at different temperatures (350, 550, 750, and 1000 °C), and the effect of calcination temperature on the structure and acidity of the H-Beta zeolites was analysed. Negative effects of calcination on zeolites were proposed and the reasons for the negative effects were investigated. Additionally, H-Beta zeolite was used as a catalyst to convert glucose and cellulose into HMF in an H2O/THF biphasic system. Further, the product of glucose isomerization, fructose, was captured and the factors influencing glucose isomerization were analyzed.




2. Results and Discussion


2.1. Catalyst Characterization Analysis


Figure 1a summarizes the XRD patterns of the H-Beta zeolite catalysts. It shows that the diffraction curve of the dealuminated H-Beta zeolites is consistent with that of the parent H-Beta zeolite. This reflects the fact that the crystal structure of the catalyst was not significantly damaged by dealumination after calcination at high temperature and the BEA-type structure was still maintained with high crystallinity.



The N2 adsorption–desorption isotherms of the H-Beta zeolites are listed in Figure 1b, and the texture properties are displayed in Table 1. As can be seen, all catalysts exhibit type Ⅳ isotherms with an H4 type hysteresis loop, which means that they are typical of microporous materials with the existence of mesopores [24]. Table 1 reflects that the specific surface area of the H-Beta zeolites declined (from 469 to 424 m2/g) while the pore volume increased (from 0.43 to 0.56 cm3/g) when the calcination temperature was increased to 550 °C. This is caused by the depletion of aluminum in the framework by dealumination, resulting in the reduction of micropores and the formation of more mesopores [25], which is also supported by the significantly increased mesopore volume (from 0.24 to 0.38 cm3/g). With the calcination temperature further increased to 1000 °C, the specific surface area (from 424 to 231 m2/g) and pore volume (from 0.56 to 0.30 cm3/g) of the catalyst decreased obviously. This is because an excessively severe calcination temperature breaks the Si-O-Al bonds of the parent H-Beta zeolite, resulting in a large-scale collapse of the framework [26].



The SEM images (Figure 2) exhibit that all of the crystals of H-Beta zeolite have no significant differences in morphology or diameter before and after high-temperature dealumination (350 °C, 550 °C, 750 °C, and 1000 °C), indicating that high-temperature calcination has an inappreciable impact on the crystal structure of the H-Beta, which further corroborates the analysis results of the XRD.



550 °C is the usual calcination temperature for zeolites and at 1000 °C the structure is expected to be completely, or at least significantly, destroyed. Thus, the parent H-Beta zeolite, H-Beta(550), and H-Beta(1000) were selected for the 27Al MAS NMR testing, as shown in Figure 3. It can be clearly seen that at 53 and 0 ppm, obvious peaks appear in all catalysts, which are attributed to aluminium species in the tetrahedral environment (AlO4) in the framework and aluminium species in the extra-framework octahedral environment (AlO6), respectively [27,28]. The relative intensities of two types of aluminium species were calculated to measure the proportion of the aluminium species in the catalysts: H-Beta (AlO4: 88%, AlO6: 12%), H-Beta(550) (AlO4: 81%, AlO6: 19%), and H-Beta(1000) (AlO4: 76%, AlO6: 24%), respectively. This demonstrates the fact that as the calcination temperature increases, the dealumination effect of H-Beta zeolite is gradually enhanced, and more aluminium in the framework is depleted. Furthermore, H-Beta zeolite has peak areas greater than H-Beta(550) and H-Beta(1000) at 50 and 0 ppm, indicating the depletion of Al species during calcining, which confirms the ICP-AES results (Table 1).



The dealumination caused by calcination mainly affects the framework structure of the H-Beta zeolite, which in turn results in a change of its acidic characteristics. Therefore, Py-FTIR and NH3-TPD were used simultaneously to analyse the concentration and strength of acid sites in the catalysts in detail. As can be seen from the Py-FTIR analysis in Figure 4a, all catalysts clearly exhibit three bands. The peaks around 1450 and 1545 cm−1 are assigned to Lewis acid and Brønsted acid sites, respectively, and meanwhile, the peak around 1490 cm−1 belongs to both Lewis and Brønsted acid sites [29]. The acidity of the H-Beta zeolite is listed in Table 2. It can be seen that with the increase of the calcination temperature, the Lewis acid, Brønsted acid, and total acidity of the H-Beta zeolite all dropped sharply. This phenomenon is caused by the depletion of extra-framework and framework aluminium due to enhanced dealumination, which is also confirmed by the increasing Si/Al ratio from ICP-AES (Table 1). It is worthwhile noting that the number of Brønsted acid sites is expected to decrease less than the number of Lewis acid sites with the increase in calcination temperature. Obviously, this depends on the degree of damage of the structure. Even though some of the Brønsted acid is converted to Lewis acid during the calcination process, extra-framework aluminium (Lewis acidity) is more easily destroyed during the calcination process than framework aluminium (Brønsted acidity), which is consistent with a previous study [30].



The NH3-TPD profiles in Figure 4b clearly show that the desorption peaks of all catalysts appear within the scope of 300–500 °C belonging to the moderate acid sites [31], which means that in the H-Beta zeolite before and after dealumination, the active sites are all moderate acid sites. Interestingly, the desorption temperatures of the NH3 desorption peaks of dealuminated H-Beta zeolites gradually increased compared to the parent H-Beta zeolite, demonstrating the increased acid strength. This consequence is reasonable as the residual aluminium species in H-Beta zeolite would be more isolated, resulting in the generation of stronger acidic isolated Si-O-Al bonds, which is also the source of acidity of the H-Beta zeolite [29].




2.2. The Production of HMF from Glucose


So as to uncover the effect of the calcination-induced dealumination of H-Beta zeolite on its catalytic properties, the catalytic activity of the H-Beta zeolites on the conversion of glucose into HMF at different temperatures (140–180 °C) was studied in detail. As shown in Figure 5, as the calcination temperature increased, the corresponding H-Beta and the dealuminated H-Beta zeolite catalysts exhibited a significant decrease in activity sequentially. Under their respective optimal reaction conditions, the best HMF yields achieved by the H-Beta, H-Beta(550), and H-Beta(1000) catalysts were 91%, 84%, and 61%, respectively. The reason why the catalytic activity decreases sequentially is due to the enhanced dealumination and the significant reduction of acid sites, resulting in insufficient active sites of the catalyst. In addition, the decrease in the ratio between Lewis to Brønsted acidity caused by dealumination is also responsible. The production of HMF from glucose is a cascade step catalysed by Lewis and Brønsted acidity, so there is an optimal dynamic equilibrium [6,32]. Lower Lewis to Brønsted acid site ratios do not favour the formation of intermediate fructose, which is a crucial rate-limiting step, so the HMF yields achieved are lower. These results reflect the fact that for H-Beta zeolite, the dealumination effect brought by calcination will lead to a significant loss of its acidic active sites, which is not conducive to converting the glucose into HMF.



After confirming the superior performance of H-Beta zeolite catalyst, a detailed screening of reaction conditions, starting from the reaction temperature and reaction time, was employed to make further breakthroughs in HMF yields. As observed in Figure 6, the reaction temperature and reaction time play vital roles in the progress of HMF production. The resulting glucose conversion (17%) and HMF yield (4%) were poor at 140 °C for 1 h. As the reaction temperature and time increased, the conversion of glucose and the yield of HMF were greatly improved, and a distinguished HMF yield (91%) was acquired at 170 °C for 2 h. This result implies that sufficient system energy is necessary to achieve high HMF yields, which is beneficial for the acceleration of the reaction rate. However, the excessively severe hydrothermal environment not only promoted the conversion of glucose, but also accelerated the production of by-products [33]. For example, if the temperature or time was further increased from 170 °C for 2 h, the yield of HMF decreased. This is also verified by the organic phase, which is continuously browning after the reaction, and the recovered catalyst, which means the production of unwanted humins.



The effect of H-Beta catalyst dosage on HMF production from glucose was explored and is exhibited in Figure 7. Clearly, in the blank contrast group, only a low level of 15% HMF yield was achieved. The necessary activation energy for the reaction was reduced as H-Beta zeolite was employed as a catalyst. With the increase of the catalyst dosage, the corresponding HMF yield and glucose conversion were also gradually enhanced. The best HMF yield of 91% was achieved at 30 mg, and the glucose was almost completely converted. It is suggested that high acid density helps to accelerate glucose conversion while enhancing HMF yield. However, as a further enhancement of the catalyst dosage to 40 and 50 mg, the yield of HMF was limited. These results indicate that sufficient active sites in the catalytic system are necessary to give the anticipated HMF yield; nonetheless, excess useful sites result in yield-loss reactions, which reduce the HMF yield [34].



From an industrial point of view, high substrate concentrations are desirable in view of cost constraints. As shown in Figure 8, the effect of initial glucose loading on the HMF yield was performed in the range of 50 to 250 mg. The HMF yield achieved when the glucose concentration was set to 50 mg (71%) was low compared to 100 mg (91%) due to the fact that the catalyst density was too high to promote the occurrence of side reactions. Remarkably, when the glucose loading was further increased to 150 (80%), 200 (67%), or even 250 mg (58%), the obtained HMF yields were still considerable, indicating the superior performance of this catalytic system. This result demonstrates that for the synthesis of HMF from glucose, the yield–loss reaction is more likely to occur in a system environment with a high substrate concentration. For the yield loss-reaction of HMF, two routes are recognized, that is, (1) HMF is rehydrated to form formic acid and levulinic acid; and (2) HMF undergoes condensation polymerization with other organic molecules or intermediates in the system to form humins and soluble by-products [35].



The reaction solvent is also a crucial element in the catalytic synthesis of HMF, as it not only regulates the dispersion and conversion of substrate, but also affects the species and degradation of products, reaction networks, and activation energies [36]. The catalytic properties of the same catalyst in different solvent systems may be different. Herein, the synthesis of HMF from glucose using H-Beta zeolite as a catalyst exhibited high efficiency in H2O/THF, so the impact of different component ratios on the HMF yield was explored. Figure 9 describes an optimal volume ratio between the aqueous phase and the THF phase (organic phase). The aqueous phase is used as the occurrence phase of the catalytic reaction, and its excess will increase the likelihood of HMF rehydration. The THF phase is used as the extraction phase, and its excess will increase the formation potential of humins [37,38]. After screening, it was determined that during the conversion of H-Beta zeolite-catalysed glucose to HMF in the H2O/THF biphasic system, the optimal volume ratio of THF to H2O was 4:1 (mL/mL).




2.3. Production of Fructose from Glucose


The isomerization of glucose into fructose is the rate-limiting step in the synthesis of HMF and it is clearly catalysed by Lewis acids [32]. To further elucidate the effect of H-Beta zeolite on this step after calcination dealumination, H-Beta zeolite catalysts were tested to catalyse the isomerization of fructose from glucose in an aqueous phase. As summarized in Table S1, the best fructose selectivities achieved for the H-Beta, H-Beta(350), H-Beta(550), H-Beta(750), and H-Beta(1000) catalysts were 29%, 24%, 19%, 15%, and 11%, respectively. Apparently, their catalytic properties in catalysing the isomerization of glucose exhibit a clear correlation with Lewis acidity. Moreover, because the Lewis acidity of the three decreased significantly (259 μmol/g, 228 μmol/g, 153 μmol/g, 90 μmol/g, and 70 μmol/g in sequence), the Brønsted acidity decreased relatively gently (232 μmol/g, 225 μmol/g, 222 μmol/g, 213 μmol/g, and 192 μmol/g in sequence). Therefore, it can be reasonably determined that the differences in the catalytic properties of the H-Beta, H-Beta(350), H-Beta(550), H-Beta(750), and H-Beta(1000) zeolites in catalysing the synthesis of HMF from glucose mainly depends on the change of Lewis acidity. A high Lewis acidity is beneficial to accelerate the isomerization of glucose and thus contribute to the formation of HMF, which further supports the previous analysis results of the Lewis to Brønsted acid site ratios.




2.4. By-Products Formed during the Reaction


In addition to the directly observable humins, soluble by-products produced in the H-Beta zeolite-catalysed glucose-to-HMF reaction were identified by GC-MS. As can be seen from Figure S1, there is another important platform compound, furfural, which is present at a negligible concentration, along with the formation of the target product HMF. A similar phenomenon has been reported in the literature [39] and the reason is that in the presence of a Lewis acid site, a small amount of fructose undergoes a retro-aldol reaction to generate xylose, which can be dehydrated to form furfural. The detected soluble by-products also include C3-C26 molecules of uncertain structure, which are due to fragmentation of HMF, or side reactions such as esterification, condensation, and polymerization with other molecules [34]. It is worth noting that levulinic acid was not detected as a hydration product of HMF, because the acid sites on the H-Beta zeolite surface were not strong enough to drive HMF to continue the rehydration reaction. This behaviour was also previously observed by Carlini et al. [40].




2.5. Synthesis of HMF from Cellulose


For the transformation of glucose to fructose as well as HMF, H-Beta zeolite exhibited a desired catalytic ability in the catalytic system chosen in this study. Immediately, its catalytic activity towards cellulose was also attempted. It is recognized that cellulose with glucose as a structural monomer is in a crystalline state and is difficult to hydrolyze. Consequently, the HMF yields typically achieved using it as a substrate are low. Table 3 shows that under various reaction conditions, the HMF yields achieved by H-Beta zeolite-catalysed cellulose conversion range from 16% to 46%. Among them, the optimal HMF yield of 46% was acquired at 200 °C for 6 h, which is remarkable. In addition, trace amounts of furfural as a by-product were also detected in the process.




2.6. Catalyst Recycling Capacity


The above analysis of physicochemical properties demonstrates a result that the dealumination caused by high-temperature calcination will cause the H-Beta zeolite framework to collapse and the number of acid sites to decrease. In the process of solid acid-catalysed synthesis of HMF from glucose, if the catalyst needs to be recycled many times, a step of calcination to remove carbon deposits in the recovery process is essential. Therefore, in this study, we centrifuged, washed, filtered, and calcined (550 °C) the reacted H-Beta zeolite to remove carbon deposits, and then put it into the next use to observe its recycling ability. As shown in Figure 10, the H-Beta zeolite after two and multiple cycles showed a very pronounced trend of performance degradation compared to fresh, and the achieved yield level was nearly halved. To explore the reasons for the significant drop in the properties of H-Beta zeolite catalyst, the catalyst recovered by calcination to remove carbon deposits was characterized in detail. It can be clearly seen from Table 1 and Table 2 that the collapsed framework of the catalyst under severe hydrothermal conditions and after the calcination step leads to a decline in the specific surface area and pore volume, while both Lewis-acid and Brønsted-acid sites were significantly reduced. Hence, it can be concluded that the reduction of active sites due to the framework collapse phenomenon of H-Beta zeolite during cycling is responsible for the drop in its catalytic property.





3. Materials and Methods


3.1. Materials and Catalyst Preparation


5-Hydroxymethylfurfural standard (>99%), furfural standard, D-(+)-glucose, sodium chloride (NaCl, 99.5%), and tetrahydrofuran (THF, >99.5%) were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Microcrystalline cellulose was purchased from Thermo Scientific Chemicals Co., Ltd. (Beijing, China). Beta zeolite (SiO2/Al2O3 = 30) was purchased from Nankai University Catalyst Factory (Tianjin, China). The cation type of the zeolite is hydrogen (H) and the Na2O content of the zeolite is 0.04%. All chemicals and materials were of analytical grade and were not further purified.



The dealuminated H-Beta zeolite samples were obtained by simple high-temperature calcination. Typically, 2.0 g of H-Beta zeolite was calcined in a tubular furnace at 550 °C for 2 h under an air atmosphere. The heating rate was 10 °C/min and the air flow rate was 50 mL/min. The obtained sample was denoted as H-Beta(550). The preparation process of the H-Beta(1000) sample was consistent with the above except that the calcination temperature was adjusted.




3.2. Catalyst Characterization


The content of Si and Al elements in the H-Beta zeolites was determined by ICP-AES (Perkin OPTIMA 5300DV, Philadelphia, PA, USA). The pore structure of the H-Beta zeolites was analysed by the N2 adsorption–desorption method, which was performed on an ASAP 2460 gas sorption system (Micromeritics Instrument Co., Ltd., Shanghai, China). The structural characteristics of the samples were recorded by wide-angle powder X-ray diffraction (XD-3, 2θ = 5–80°, Ni-filtered Cu-Kα radiation, Beijing PERSEE, China). The morphology of the samples was identified using Inspect F50 electron microscopy (FEI, Pittsburgh, PA, USA). 27Al solid-state NMR spectra of the samples were determined on a JEOL ECA-600 spectrometer (Peabody, MA, USA) (resonance frequency: 156.4 MHz, spinning rate: 15 kHz). The formation of by-products was determined by GC-MS (Gas Chromatograph: 7890B; Mass Spectrometer: 7000B, Agilent, Santa Clara, CA, USA).



The acidic strength of the samples was identified by NH3-temperature-programmed desorption (NH3-TPD, Micromeritics Autochem 2910, Micromeritics, Shanghai, China) equipped with a thermal conductivity detector (TCD). The samples were first treated with helium (He) gas at 500 °C for 2 h. Later, the samples were cooled to 50 °C in a He gas atmosphere, injected with NH3 until the samples were saturated, and purged with He gas for a further 30 min to remove NH3 from the sample surface. The amount of NH3 adsorbed was measured by TCD. The NH3-TPD analysis proceeded from 50 °C to 700 °C at a rate of 10 °C/min in a He gas stream.



Pyridine adsorption infrared spectroscopy (Py-FTIR, Nicolet iS50, Thermo Fisher Scientific, Waltham, MA, USA) analysis was performed on a Frontier Fourier Transform Infrared Instrument. The samples were purged under vacuum (1 × 10−3 Pa) for 2 h. After adsorption of pyridine at room temperature, the program was ramped up to the measurement temperature (150 °C) for vacuum desorption (1 × 10−3 Pa) for 30 min, after which the samples were cooled to room temperature and the IR spectra were recorded in the 1700–1400 cm−1 wavelength region.




3.3. Typical Procedure and Product Analysis


The synthesis of HMF from glucose and cellulose catalysed by dealumination H-Beta zeolite was conducted in a thick-walled pressure-resistant tube and a reaction still (NSG, Anhui Chem-n Instrument Co., Ltd., Hefei, China). In a typical experimental procedure, glucose (100 mg), catalyst (30 mg), and NaCl (200 mg) were sequentially added to a biphasic system consisting of THF (4.0 mL) and H2O (1.0 mL). Subsequently, the reactor was immersed in an oil bath and heated to 170 °C for 2 h with stirring (350 rpm). After the reaction was accomplished, the reactor was cooled to room temperature with cooling water, after which the products were separated by centrifugation. For the recovery experiment, after the solid catalyst was separated, it was washed with deionized water and absolute ethyl alcohol, and dried for further use.



HMF dissolved in the organic and aqueous phases was quantified using a high-performance liquid chromatograph (HPLC, Agress 1100, Dalian Elite Analytical Instruments Co., Ltd., Dalian, China) equipped with a C18 column (Supersil ODS2, Dalian Elite Analytical Instruments Co., Ltd.) and a UV detector (D1100) at 280 nm. The mobile phase was a mixed solution of methanol and water (7:3, v/v). The remaining glucose in the aqueous phase was measured by HPLC (Agilent 1200) equipped with a column (Agilent Hi-Plex H) and a Refractive Index detector, and the deionized water was used as a mobile phase. The Eqs. used in the study are listed below:


   Glucose   conversion   ( mol   % ) =     moles   of   glucose   reacted       moles   of   glucose         ×   100   



(1)






   HMF   yield   from   glucose       mol   %     =     moles   of   HMF   produced     moles   of   glucose         ×   100   



(2)






   HMF   yield   from   cellulose       mol   %     =     moles   of   HMF   produced     moles   of   glucose   unit   in   cellulose         ×   100   



(3)






   HMF   selectivity   from   glucose       mol   %     =     moles   of   HMF   produced     moles   of   glucose   reacted         ×   100   



(4)









4. Conclusions


Here, the effects of different calcination temperatures on the dealumination of H-Beta zeolite were investigated in detail. The results showed that an increase of calcination temperature enhanced the dealumination effect of H-Beta zeolite, which in turn led to the collapse of its framework and a reduction of the number of acid sites. Compared with dealuminated H-Beta zeolites, the reason for the desirable catalytic properties of H-Beta zeolite for the synthesis of HMF from glucose is due to its sufficient active sites, which are beneficial to accelerate the production of fructose, an important intermediate. Using H-Beta zeolite as a catalyst, optimal HMF yields of 91% and 46% were achieved from glucose and cellulose, respectively, after screening the reaction conditions. By-products formed during the catalytic process were identified as humins, furfural, and C3-C26 organic molecules.
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Figure 1. XRD patterns (a) and N2 adsorption–desorption isotherms (b) of catalysts. 
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Figure 2. SEM images of catalysts. 
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Figure 3. 27Al MAS NMR spectra of catalysts. 
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Figure 4. (a) Py-FTIR spectra and (b) NH3-TPD profiles of catalysts. 






Figure 4. (a) Py-FTIR spectra and (b) NH3-TPD profiles of catalysts.



[image: Catalysts 14 00248 g004]







[image: Catalysts 14 00248 g005] 





Figure 5. Performance comparison of H-Beta and calcined Beta zeolite catalysts on (a) glucose conversion and (b) HMF yield. Reaction condition: glucose (100 mg), catalyst (30 mg), NaCl (20 mg), H2O (1 mL), THF (4 mL), reaction time (2 h). 
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Figure 6. Effects of reaction temperature and reaction time on (a) glucose conversion and (b) HMF yield. Reaction condition: glucose (100 mg), catalyst (30 mg), NaCl (20 mg), H2O (1 mL), THF (4 mL). 
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Figure 7. Effects of catalyst dosage on H-Beta-catalysed glucose conversion. Reaction condition: glucose (100 mg), NaCl (20 mg), H2O (1 mL), THF (4 mL), reaction temperature (170 °C), reaction time (2 h). 
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Figure 8. Effects of initial glucose loading on HMF yield. Reaction condition: H-Beta zeolite catalyst (30 mg), NaCl (20 mg), H2O (1 mL), THF (4 mL), reaction temperature (170 °C), reaction time (2 h). 
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Figure 9. Effects of system component ratio on HMF yield. Reaction condition: glucose (100 mg), H-Beta zeolite catalyst (30 mg), NaCl (20 mg), reaction temperature (170 °C), reaction time (2 h). 
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Figure 10. Evaluation of the cyclability of H-Beta zeolite catalyst. Reaction condition: glucose (100 mg), H-Beta zeolite catalyst (30 mg), NaCl (20 mg), reaction H2O (1 mL), THF (4 mL), temperature (170 °C), reaction time (2 h). 
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Table 1. Physicochemical properties of catalysts.






Table 1. Physicochemical properties of catalysts.





	Catalyst
	SiO2/Al2O3 a (mol)
	SBET b (m2/g)
	Vpore c (cm3/g)
	Vmeso d (cm3/g)
	Vmicro e (cm3/g)
	Dmean f (nm)





	H-Beta
	30
	469
	0.43
	0.24
	0.19
	3.66



	H-Beta(350)
	36
	444
	0.45
	0.28
	0.17
	4.51



	H-Beta(550)
	50
	424
	0.56
	0.38
	0.18
	5.31



	H-Beta(750)
	58
	340
	0.44
	0.31
	0.13
	5.28



	H-Beta(1000)
	72
	231
	0.30
	0.22
	0.08
	5.24



	Recovered H-Beta
	66
	301
	0.39
	0.33
	0.11
	5.29







a Determined by ICP-AES. b BET surface area was determined from N2 adsorption isotherm. c Volume of pore was determined from the single point desorption method. d Volume of mesopore = (Vpore − Vmicro). e Volume of micropore was determined from the t-plot method. f Average pore size was determined from the desorption average pore diameter (4V/A by BET).













 





Table 2. Acidity of catalysts a.
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	Catalyst
	Lewis Acid Sites (μmol/g)
	Brønsted Acid Sites (μmol/g)
	Total Acidity (μmol/g)
	Ratio of Lewis to Brønsted Site





	H-Beta
	259
	232
	491
	1.12



	H-Beta(350)
	228
	225
	453
	1.01



	H-Beta(550)
	153
	222
	375
	0.69



	H-Beta(750)
	90
	213
	303
	0.42



	H-Beta(1000)
	70
	192
	262
	0.36



	Recovered H-Beta
	99
	190
	289
	0.52







a Determined by Py-FTIR at 150 °C.













 





Table 3. Conversion of cellulose to HMF catalysed by H-Beta zeolite.






Table 3. Conversion of cellulose to HMF catalysed by H-Beta zeolite.





	Reaction Temperature (°C)
	Reaction Time (h)
	Cellulose Loading (mg)
	HMF Yield (%)
	Furfural Yield (%)





	190
	6
	300
	33
	3



	200
	6
	300
	40
	3



	210
	6
	300
	25
	2



	200
	5
	300
	26
	3



	200
	7
	300
	16
	3



	200
	6
	400
	46
	4



	200
	6
	500
	44
	4
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