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Abstract

:

Herein, Zeolitic imidazolate framework-8 (ZIF-8) is considered as an easy and cheap to prepare alternative catalyst for the isomerization of glucose and production of 5-hydroxymethyl furfural (HMF). For the synthesis of the ZIF-8 catalysts two preparation methods were evaluated, being room temperature and hydrothermal synthesis at 140 °C. Of these, the hydrothermal synthesis method yields a material with exceptionally high surface area (1967 m2·g−1). As a catalyst, the ZIF-8 materials generated excellent fructose yields. Specifically, ZIF-8 prepared by hydrothermal synthesis yielded a fructose selectivity of 65% with a glucose conversion of 24% at 100 °C in aqueous reaction medium. However, this selectivity dropped dramatically when the reactions were repeated at higher temperatures (~140 °C). Interestingly, greater quantities of mannose were produced at higher temperatures too. The lack of strong Brønsted acidity in both ZIF-8 materials resulted in poor HMF yields. In order to improve HMF yields, reactions were performed at a lower pH of 1.0. At 140 °C the lower pH was found to drive the reaction towards HMF and double its yield. Despite the excellent performance of ZIF-8 catalysts in batch reactions, their activity did not translate well to the flow reactor over a continuous run of 8 h, which was operating with a residence time of 6 min. The activity of ZIF-8 halved in the flow reactor at 100 °C in ~3 h, which implies that the catalyst’s stability was not maintained in the long run.
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1. Introduction


The conversion of biomass derived sugars into platform molecules has been studied extensively during the last decade [1,2]. This route has the potential to bridge the gap between a renewable resource, biomass, and the fuels and chemicals that our society needs. Among the current platform molecules, 5-hydroxymethyl furfural (HMF) is versatile and therefore has been considered as a promising building block for chemical industries in the context of sustainable development. Glucose is the most abundant sugar in biomass, and its conversion into HMF is attracting much attention [3]. One of the challenges of this transformation is to find a cheap catalyst that can be manufactured industrially. Another challenge is that the conversion leads to various side reactions, leading to by-products, which are poorly characterised polymeric species commonly referred as humins [4]. Therefore, finding a catalyst that is simple to synthesize and scalable, which can catalyse the conversion of glucose with high selectivity towards HMF is essential.



A landmark work for this research area is the discovery of Chromium (Cr) chloride catalysts in ionic liquid solvents [5]. Lewis acid Cr ions coordinated with the cations of the ionic liquid enables the isomerisation of glucose into fructose that leads to HMF yield of above 65%. The proton network surrounding the Cr ions together with the transient formation of bimetallic Cr active sides facilitate the hydride shift on the carbon atoms of glucose which is a key feature of this transformation [6]. This leads to the isomerisation of glucose into fructose which later converts into HMF, where the HMF selectivity is determined by the glucose isomerisation into fructose. In other words, the isomerisation of glucose into fructose was found to be the key step. The Lewis acid Cr sites provides the selectivity for glucose isomerisation, whereas the Brønsted acidity enhances the conversion rates. We also showed that a similar reaction mechanism is prevalent when other metal ions, such as iron (Fe) and Copper (Cu) are used [7,8]. A similar reaction environment can be replicated on the surface of a heterogeneous catalyst [9,10] which is more desirable than a homogeneous catalyst as industrial production is concerned. Scheme 1 shows the most common reaction pathways that have been proposed in the literature [11,12,13]. The isomerisation of glucose to fructose proceeds over a Lewis acid catalyst, and mannose can be produced as a by-product through epimerisation. The dehydration of fructose to 5-HMF is catalysed by Brønsted acids. Humins are insoluble carbon-rich materials that may also be formed as a by-product. These humins are adsorbed at the catalyst surface thereby causing the deactivation of the catalyst. One of the main contributor to the formation of humins is the highly reactive fructose as the reaction intermediate [14]. Another possible route for the formation of humins are mainly through the self-condensation of HMF and cross-polymerization of HMF with glucose or fructose.



The heterogeneous Lewis acid Sn-Beta zeolites were reported to catalyse the glucose isomerization into fructose in water selectively [11,12,15]. The catalyst has isolated Lewis acid centres in a relatively hydrophobic molecular framework of zeolite Beta. It is anticipated that the intrinsic hydrophobicity of the beta zeolite surface plays an important role of limiting the excessive diffusion of water in micropores [16]. Furthermore, it facilitates the selective adsorption of less hydrophilic glucose and quick removal of fructose to aqueous phase, which prevents its further conversion into undesired side products [17,18]. It is clear that the local environment around Lewis acid (Sn) sites and hydroxyl density of zeolite framework at the surface is crucial for activity and selectivity in this reaction [19,20].



MIL-101 which has Cr as the metal in its framework is known to catalyse glucose conversion as well as fructose conversion to HMF [21]. We have recently reported a metal organic framework (MOF) heterogeneous catalyst—MIL-88B with iron (Fe) and Scandium (Sc) metals in its framework [22] for glucose to HMF conversion. Cr is not a desirable metal because of its acute toxicity. Therefore, we replaced the Cr of the MIL-101 framework with Fe and Sc metals. The extended synthesis times and high Sc inclusion lead to the formation of another MOF, namely MIL-88B which catalyses the reaction in dimethyl sulfoxide (DMSO) with an HMF selectivity of 70% at 35% glucose conversion. The synthesis procedure of MIL-88B (Fe, Sc) is tedious and difficult to control. A physical mixture of different MOFs, i.e. MIL-88B and MIL-101 forms with a slight variation in the synthesis protocol, which are the standing challenges to overcome for this type of MOF. Another MOF type catalyst that we have reported for glucose isomerisation and HMF production is UiO-66 [23]. The low coordinated zirconium sites on the surface of the UiO-66 provides Lewis acid sites. But the framework lacks Brønsted acidity. Therefore, we partially replaced the linker, benzene dicarboxylic acid (BDC) in the UiO-66 MOF with 2-monosulfo-benzene-1,4-dicarboxylate (MSBDC). The addition of the sulfonic acid groups through this organic linker provided the required Brønsted acidity and the catalysts showed fructose and HMF yields of 22% and 6%, respectively with glucose conversion of 31%.



Our search for a MOF with a simple synthesis procedure brought our attention to Zeolitic imidazolate framework-8 (ZIF-8). It is one of the few commercially available MOFs that can be produced in continuous flow which addresses the challenges related to scale-up [24]. ZIF-8 contains 2-methylimidazolate linkers and zinc (Zn) metal ions arranged in a sodalite zeolite (SOD) type framework [25,26]. ZIF-8 exhibits high surface area, porosity, excellent thermal stability, and excellent chemical stability, which finds applications in catalysis, gas capture/separation, drug delivery, water treatment, and electrical energy storage [27,28,29,30,31]. For the application as a catalyst in the glucose to HMF conversion, the material contains the acidic bifunctionality. Namely, the Lewis acidity originating from framework incorporated Zn metals and the Brønsted acidity generated by the N-H groups of the imidazole organic linker. Although metals, Cr and Sn, have been the subject of many studies in the conversion of glucose into HMF, Zn has not been studied extensively. Zn did not indeed exhibit more remarkable performance for HMF production than above metals in the liquid phase, however, it is the choice of metal for a variety of catalytic reactions which requires Lewis acidity due to its outstanding performance [32,33]. Therefore, it is worthy of investigation for HMF production. Furthermore, the ZIF-8 material possess basic sites due to N- moieties and hydroxyl groups present in the material [26]. This has potential to provide a relatively hydrophobic framework similar to Sn-Beta zeolite catalyst.



In this work, we show that ZIF-8 can catalyse glucose conversion into HMF with an apparent production of fructose. This proves that ZIF-8 is an active catalyst for the isomerisation of glucose into fructose. Reactions were initially conducted in water–the most environmentally benign solvent– at two different temperatures (100 °C and 140 °C). Subsequently, in an attempt to increase the HMF production, reactions were also conducted at pH = 1.0. Finally, the performance of a ZIF-8 catalyst was tested in a continuous flow reactor.




2. Results and Discussion


2.1. Characterisation of Catalysts


The successful synthesis of ZIF-8 catalysts were confirmed by XRD analysis. Figure 1A shows the XRD pattern of the simulated pattern from literature [25] and ZIF-8 and ZIF-8-HT materials. A comparison of the catalysts with the simulated diffraction pattern shows a perfect match of the diffraction peaks. All diffraction peak positions of ZIF-8 and ZIF-8-HT are well matched with those of the simulation data, confirming that the products are crystalline ZIF-8. There are no additional peaks within the XRD pattern of ZIF-8 and ZIF-8-HT materials which proves that the materials do not contain uncoordinated organic linker. The absence of reflections of large zinc chloride particles indicates that zinc is well coordinated with the linker and stays in the metal organic framework. The sharp peaks of ZIF-8 and ZIF-8-HT indicates their high crystallinity. The full width half maximum values obtained from the major diffraction peak at 7.3° are 0.13°, 0.20°, and 0.14° for the reference spectra, ZIF-8, and ZIF-8-HT (Table 1). This shows that the crystallinity of the ZIF-8-HT catalyst is higher than the ZIF-8 material, and it is close to the reference pattern obtained from single crystal studies. The difference is due to the synthesis conditions. The synthesis of ZIF-8-HT was performed at higher temperature and pressure in autoclaves. During the hydrothermal synthesis crystallization occurred from high-temperature aqueous synthesis solution at high vapour pressures, which resulted in highly crystalline catalyst. Confirmation of the identity and crystallinity of MOF structure is provided by a more detailed analysis of higher resolution powder X-ray diffraction patterns, and Figure 1B,C show the profile fits to the ZIF-8 and ZIF-8-HT materials, respectively. The refined lattice parameters fitted using the cubic space-group I-43m are consistent with those reported in the literature [34] for ZIF-8 materials from experimental data of X-ray diffraction [35] and neutron powder diffraction [36]. For example, Liedana et al. [37] found a = 17.084 Å and V = 4986.19 Å3, and Haldoupis et al. [38] reported a = 17.137 Å, which are in agreement with our findings.



These crystal structures were further studied using FTIR spectroscopy. As shown in Figure 2, the spectra of both catalysts are in agreement with that of ZIF-8 in literature [39]. The peak at 422 cm−1 is the Zn–N stretch mode, which was observed at the beginning of the IR range available in our IR equipment. The majority of the absorption bands are associated with the vibrations of the imidazole units in the ZIF-8 framework. The bands below 800 cm−1 can be assigned as out-of-plane bending of the imidazole ring while those in the region of 900–1350 cm−1 are due to the in-plane bending. The bands between 1350 cm−1 and 1500 cm−1 can be assigned to the stretching of the entire ring, whereas the peak at 1584 cm−1 is due to the C=N stretch mode specifically. The bands at 2929 cm−1 and 3136 cm−1 are attributed to the aromatic and the aliphatic C–H stretch of the imidazole, respectively [40].



Thermogravimetric analysis was used to determine the thermal stability of the ZIF-8 materials. TGA plot of the catalysts are given in Figure 3A and the associated weight loss curves are shown in Figure 3B. TGA plot of the ZIF-8 catalyst revealed a ∼1% weight loss starting at 210 °C up to 250 °C, which was attributed to the presence of the residual solvent or guest molecules. Similarly, the TGA plot of ZIF-8-HT shows a weight loss of ∼3% between 200 °C and 250 °C. The decomposition of both samples occurred between 400 °C and 600 °C. The weight loss of the ZIF-8 dropped sharply at 400 °C, whereas the weight loss of ZIF-8-HT was smoother in the same temperature region. The remaining material resulting from ZnO after 600 °C for ZIF-8 and ZIF-8-HT are 34% and 37%, respectively. The TGA plots proved that both catalysts are thermally stable up to 400 °C, which is in line with previous literature reports [25].



Nitrogen physisorption isotherms of the catalysts are shown in Figure 4. The textural properties derived thereof are summarised in Table 2. The isotherm of ZIF-8 is type I, which is indicative of a microporous material. For both materials a sharp increase are observed in the relative pressure range p/p0 = 0.001–0.1 which indicates microporous structure. But, the ZIF-8-HT catalyst shows a type IV isotherm of mesoporous materials with a small H4 type hysteresis loop between relative pressures of 0.8 and 0.9. This points to the presence of slit-like mesopores, which can be understood as the interstitial mesopore voids between the adjacent MOF crystals. This is in line with the XRD analysis that the ZIF-8 material is less ordered than its hydrothermally synthesized ZIF-8-HT counterpart. The Brunauer–Emmett–Teller (BET) surface areas of ZIF-8 and ZIF-8-HT were calculated as 1351 m2·g−1 and 1967 m2·g−1, respectively, which are in line with earlier reports [41,42]. In particular, the ZIF-8-HT material has a notably high surface area closer to the theoretical value [25]. This indicates the highly crystalline nature of the ZIF-8-HT material. It is important to note that the applications of the BET equation to the physisorption data of the ZIF-8 materials reveal negative C values, thus the BET surface areas are treated as indicative hereby and they should be considered with care. The ZIF-8-HT catalyst shows only micropore volume (0.83 cm3·g−1), accompanied with negligible mesopore volume. Conversely, the ZIF-8 shows a lower micropore volume (0.54 cm3·g−1) than that of ZIF-8-HT.



Scanning electron microscope (SEM) images of the ZIF-8 and ZIF-8-HT are shown in Figure 5. Both catalysts consists of large cubic shaped crystals. ZIF-8 catalyst has a broad distribution of crystal sizes in the range of 30–200 nm. The assembly of the crystals in ZIF-8 material infers the formation of intracrystalline voids, leading to the additional porosity observed in nitrogen physisorption studies. Conversely, the ZIF-8-HT has distinct crystals around 200 nm in size.




2.2. Catalytic Activity


The ZIF-8 and ZIF-8-HT materials were tested as catalysts in the aqueous phase conversion of glucose for the production of HMF at 100 °C and 140 °C. The glucose conversion and yield of fructose, mannose, and HMF are tabulated in Table 3 and shown in Figure 6.



The conversion of glucose in the absence of any catalyst at 100 °C is negligible (Figure 6a, no catalyst). This is expected considering the stability and low reactivity of glucose in water. In the presence of ZIF-8, the glucose conversion increased to 25% and generate a total product yield of 15.6% corresponding to a 61.7% overall product selectivity. The results over ZIF-8-HT are similar with a slightly lower conversion (24%) and a similar overall product yield (15.9%). Both catalysts produce mainly fructose (>15%) and a small amount of mannose was observed (~0.4%). This suggests that Zn sites within the ZIF-8 framework exhibit sufficient Lewis acidity to promote glucose isomerisation. The Lewis acidity of ZIF-8 has previously been reported in literature and is specifically attributed to defective Zn sites with low coordination [43,44]. Furthermore, ZIF-8 is a hydrophobic framework [25,45]. Therefore the catalytic performance of ZIF-8 catalysts could also be attributed to its hydrophobic nature. Specifically, over the hydrophobic surface of ZIF-8 the competition between reactant and solvent molecules are in favour of the reactant, glucose. This is similar to the catalytic activity of Sn-Beta in glucose isomerisation [46,47]. The activity and selectivity of Sn-Beta is, in part, attributed to the hydrophobic nature of the Beta zeolite framework, which prevents the inhibition of active Sn sites by water molecules [48]. Glucose conversion over ZIF-8 and ZIF-8-HT catalysts at 140 °C are significantly higher (>80%) than the conversion at 100 °C, whereas the overall product yields remained similar at both temperatures. On the other hand, the product distributions are different for each temperature. In particular, larger quantities of mannose were produced at 140 °C. The temperature dependency of product distribution is evident by this result and this suggests that the higher temperatures enhance the epimerisation of glucose to mannose. We have performed the reactions also in the presence of zinc chloride (Table 3, ZnCl2) with the same amount of Zn that ZIF-8 catalysts consists of. The conversion of glucose over the Zn itself revealed to be much lower than the ZIF-8 and ZIF-8-HT under the same conditions, and it is closer to the conversion without any catalyst. This indicates that Zn has limited activity in homogeneous phase.



The activity of the ZIF-8 and ZIF-8-HT catalysts were also tested at shorter reaction times (Figure 7). Both catalysts produced similar glucose conversions and product yields at 60 min. This is expected as the materials have the same structure and contain same quantities of organic linker and Zn, thus the number of active sites on both materials are expected to be similar. However, ZIF-8-HT has significantly higher surface area than ZIF-8. Despite this, ZIF-8 shows slightly higher activity at pH 7.0 and only slightly lower than ZIF-8-HT at pH 1.0 (Figure 6a,b at 140 °C, 3 h). This indicates that the higher surface area of ZIF-8-HT is beneficial at shorter reaction times (Figure 7), however it is not significantly different at longer reaction times (Figure 6). This implies that the reaction mainly occurs on the catalyst surface rather than the pores, where the latter requires the transport of bulky glucose molecule into the narrow pores of the MOF. The observed lower crystallinity of the ZIF-8 could lead to more defect sites (uncoordinated Zn centres) on its surface, which could enhance its activity in this reaction.



The quantities of HMF produced over both catalysts are remarkably low as compared to fructose. This is because the catalysts lack the Brønsted acidity which is needed to dehydrate fructose to form HMF. In order to increase the HMF yields by driving the reaction towards HMF, we performed catalytic activity tests at lower pH = 1.0 (0.1 M aqueous HCl solution). Figure 6b shows the catalytic activity tests at pH = 1.0. Slightly lower glucose conversions and product yields were obtained over both catalysts at lower pH, which is more significant at 100 °C than 140 °C. This shows that the addition of HCl hinders the performance of the catalysts. One reason could be that the chlorine ions introduced by the mineral acid swamps active Lewis acid sites within ZIF-8, resulting in lower glucose conversion. One interesting finding is that the main product is fructose. This indicates that the addition of the mineral acid does not effectively drive the reaction towards HMF particularly at 100 °C, which could be explained by the lower activity at this temperature. The addition of mineral acid increases glucose conversions and product yields at higher temperatures (i.e., 140 °C) more dramatically, resulting in slightly higher HMF yields. The difference between the glucose conversions at lower and higher pH values are less pronounced at higher temperatures. This indicates that the catalytic activity is more sensitive to the temperature than the pH.



In order to test the stability of the ZIF-8 catalyst, its catalytic performance was tested in a packed bed reactor. The performance of ZIF-8 is shown in Figure 8. The catalyst initially produces a glucose conversion of around 18%. From batch reactions (Figure 7), a glucose conversion of ∼6% with a ∼4% fructose yield was expected at this weight hourly space velocity (WHSV). It is anticipated that the high initial activity is due to the stabilisation of the catalytic bed. This high initial catalytic activity diminishes quickly with the increasing time on stream, ultimately resulting in a glucose conversion of around 2%. This indicates that the catalyst is either damaged during the reaction, or that the production of carbonaceous products (humins) quickly deactivates the catalyst. The formation of humins were previously reported over Sn-Beta crystal where it was indicated as the reason for catalyst deactivation [49].





3. Materials and Methods


Synthesis of ZIF-8 materials follows the typical synthesis procedures reported in literature [25]. Catalysts were synthesized by two methods. In the first method, all procedures were performed at room temperature (RT). First, 1.32 g (4.4 mmol) of zinc nitrate hexahydrate (99.0%, Honeywell, Seelze, Germany) was dissolved in 4 mL deionized water. Second, 11.37 g (138 mmol) of 2-methylimidazole (99%, Acros Organics, New Jersey, NJ, USA) was dissolved in 40 mL deionized water. Third, both solutions were mixed under rigorous mixing for 15 min. The final solution was then poured in centrifugal tubes and centrifuged at 6500 rpm for 30 min. The solid product was recovered and washed at least for four times with acetone. Finally, the product was dried in static oven for 24 h at 70 °C, and the catalyst is denoted as ZIF-8. In the second method, catalyst was prepared by hydrothermal (HT) synthesis method. First, 1.1 g (3.7 mmol) of zinc nitrate hexahydrate was dissolved in 5 mL deionized water. Next, 4.26 g (52 mmol) of 2-methylimidazole was dissolved in 15 mL deionized water. Then, both solutions were mixed under rigorous mixing for 15 min and transferred into a Teflon lined stainless steel autoclave (Parr Instruments, Moline, IL, USA). The autoclave was heated in oven at 140 °C for 24 h. Afterwards, the solution was recovered, and centrifuged at 6500 rpm for 15 min. The product was washed with acetone at least for four times. Finally, the product was dried in static oven for 24 h at 70 °C and denoted as ZIF-8-HT.



Powder XRD patterns were recorded on a X’Pert Pro MPD (Malvern Panalytical, Royston, UK), equipped with monochromatic Cu Kα1 radiation (λ = 1.54056 Å) and 2θ = 2–40° (step size 0.015° in 2θ), operated at 40 kV and 40 mA. Profile fitting of the powder patterns was performed using the GSAS software (UChicago Argonne LLC, IL, USA, 2010) [50] implemented using the EXPGUI interface [51]. Nitrogen adsorption isotherms were collected in ASAP2020 (Micromeritics, Norcross, GA, USA) instrument at 77 K. All samples were degassed under vacuum at 120 °C for 8 h prior to measurements. Surface areas were calculated using the nitrogen adsorption between 0.001–0.2 p/p0 via the Brunauer–Emmett–Teller (BET) method. Fourier Transform Infrared (FTIR) spectra were measured at room temperature in the range 400−4000 cm−1 using a Platinum-ATR Bruker Alfa instrument (Bruker Optics GmbH, Fällanden, Switzerland). The stability of the catalysts was investigated by TGA using a TGA/DSC1 instrument (Mettler Toledo, Columbus, Ohio, OH, USA) under ambient air pressure and a heating rate of 10 °C·min−1. Samples were heated in air from 25 °C to 900 °C. Scanning electron microscopy (SEM) images of the catalysts were collected by a FEI SEM (FEI, Hillsboro, Oregon, OR, USA).



Catalytic screening was carried out in 4 mL batch reactors at 100 °C or 140 °C. 3 mL of 10 wt.% glucose solution was heated to the desired temperature together with the catalyst and a magnetic stirring bar (40 mg, corresponding to a 7.5 substrate to catalyst ratio, respectively) for 3 h. Blank experiments were also carried out without catalyst. The products were analysed by high performance liquid chromatography (HPLC) equipped with a Bio-Rad HPX 87P column (Shimadzu, Kyoto, Japan); a photo diode array detector and evaporative light scattering detector (ELSD) were used to monitor 5-HMF and sugars, respectively. The mobile phase was water with 0.6 mL·min−1 flow rate. The products and the reactant were quantified by calibration with external standards. The activity of catalysts under continuous flow was determined using a reactor system built in-house. An HPLC pump (Shimadzu LC-20AT, Kyoto, Japan) was used to pump the stock solution through a stainless steel tubular reactor (4.1 mm ID) which is capable of heating up to 400 °C, with a Eurotherm 3216 PID temperature controller (Schneider Electric, Rueil-Malmaison, France). At the exit of the reactor a Peltier module was used to cool the liquid leaving the reactor. Pressure within the system was controlled by a manual backpressure valve (Swagelok, Solon, Ohio, OH, USA) located downstream of the cooler. Sampling of the reaction mixture was achieved using a 10-port sample collection valve (Vici EUHA) which can be programmed for interval timing. Prior to each reaction, the catalyst were sieved (400 microns) and loaded to the reactor in between inert glass wool. At the inlet of the reactor, inert glass beads were packed to serve as preconditioning of the inlet flow. In a typical test, 80 mg of catalyst was pelletized and sieved to give a uniform particle size of ∼250 µm. The catalyst was then mixed an inert material (silicon carbide) and loaded into the reactor resulting in a bed length of 8 cm. A 10 wt.% glucose solution in water was then continuously pumped through the reactor at a flow rate of 0.14 mL/min resulting in a weight hourly space velocity of 10.5 h−1. Meanwhile, the reactor was heated to a desired reaction temperature. Samples were collected at the exit of the reactor every 30 min. The reaction solution collected in sample vials were analysed by HPLC as described above.




4. Conclusions


In this study, we presented the effect of synthesis temperature on the preparation of ZIF-8 and the applicability of the material as a cheap and easy to prepare alternative catalyst in the catalytic conversion of glucose to fructose and HMF. ZIF-8 has been synthesized using two different methods. Of these, the hydrothermal synthesis method yields a highly crystalline material with exceptionally high surface area. The synthesized materials were tested as catalysts for the isomerization of glucose and production of HMF. The materials showed activity in the glucose to fructose isomerization in batch reaction at a relatively low reaction temperature of 100 °C. Both ZIF-8 catalysts produced similar glucose conversions and product yields in water. The main product was fructose, which indicates that ZIF-8 exhibits Lewis acidity to promote glucose isomerization in water. Higher temperatures increased the conversion, however, it reduces the reaction selectivity for desirable products. Furthermore, higher reaction temperatures promote glucose epimerization towards mannose. Conversely, in highly acidic conditions (0.1 M HCl), the activity of ZIF-8 was reduced at lower reaction temperatures and HMF production was slightly enhanced at higher temperatures. The activity of ZIF-8 in the flow reactor was initially high as expected, but it quickly diminished. This was either due to catalyst decomposition or deactivation caused by insoluble humins on the MOF surface. The activity of ZIF-8 halved in the flow reactor at 100 °C in 2.5 h, which implies that further studies are required to understand the deactivation mechanism and improve the long term hydrothermal stability of ZIF-8 materials under catalytic conditions in aqueous reaction medium. Understanding of reaction kinetics and humin formation will help to reveal the structure-activity relations of the catalysts to improve the long term catalyst stability.
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Scheme 1. Simplified reaction scheme for glucose conversion. 
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Figure 1. XRD patterns of (A) simulated reference ZIF-8 MOF spectra (yellow), measure ZIF-8 (blue) and measured ZIF-8-HT (red). Fitting of the XRD patterns of (B) ZIF-8 and (C) ZIF-8-HT. The blue and red lines are the fitted profile for ZIF-8 and ZIF8-HT, respectively. The black circles are the observed data, and the gray line is the difference in the two patterns. The ticks represent positions of allowed Bragg peaks for ZIF-8 MOF. 
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Figure 2. The FTIR spectra of (a) ZIF-8 and (b) ZIF-8-HT. 
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Figure 3. (A) Curves obtained from Thermal Gravimetric Analysis (TGA) measurements of ZIF-8 (blue line) and ZIF-8-HT (red line). (B) Weight loss curves from TGA measurements of (a) ZIF-8 and (b) ZIF-8-HT. 
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Figure 4. Nitrogen adsorption isotherms (A) and pore size distributions (B) of (a) ZIF-8 and (b) ZIF-8-HT measured at 77 K. 
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Figure 5. Scanning Electron Micrograph images of (a) ZIF-8 and (b) ZIF-8-HT. The scale bar represents 200 nm in each image. 
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Figure 6. Glucose conversion and product yields at 100 °C and 140 °C in aqueous solutions at (a) pH = 7.0 and (b) pH = 1.0. Reactions were run in 3 mL batch reactors with 40 mg of catalyst starting with a 10 wt. % glucose in deionized water for 3h. pH = 1.0 corresponds to an aqueous 0.1 M HCl solution. 
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