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Hexose sugars can be valorised under acidic conditions to produce the platform chemical 5-hydroxymethylfurfural (HMF), which can be transformed in a broad spectrum of chemicals with applications as biofuels or monomers for polymers [1]. 5-ethoxymethylfurfural (EMF) is one of the derivatives of HMF useful as biofuel or fuel additive, produced usually from the etherification of HMF with ethanol. However, the high price of HMF is an important drawback for its use as feedstock for the production of EMF, which, together with the low yields and selectivity that are often attained by treating biomass or biomass derived compounds, are limiting its industrial application. In this work, several zeolites with different morphologies and chemical compositions have been employed as acid catalysts for the etherification reaction of HMF and ethanol to produce EMF, as well as the direct conversion of glucose into EMF.
The employed zeolites were Ferrierite (FER-9), ZSM-5 (ZSM5-23, ZSM5-15, and ZSM5-9) and Beta (Beta-95, Beta-16 and Beta-10) types, where the number next to the name refers to the Si/Al molar ratio in the zeolite. Furthermore, the modification of the reaction system with co-solvent and their effects on the product distribution have been studied. 

It can be inferred from the results obtained during the catalytic screening of these protonic zeolites in the HMF etherification with ethanol (Figure 1a) that zeolite morphology plays a key role in the this catalytic process. Zeolites with smaller micropores present both a lower HMF conversion and selectivity towards EMF than those with larger diameters of cavities. Therefore, EMF yield and HMF conversion follows the same trend as the channel diameter of zeolites used in this work: FER (4.3 Å) < ZSM5 (4.7 Å) < Beta (6.09 Å) [2]. In addition, the aluminium content of zeolites also is an important parameter, since the concentration and type of acid sites depend on the Si/Al molar ratio.
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Figure 1. a) Catalytic performance of zeolites in the etherification of HMF into EMF in ethanol. (Experimental conditions: 140 ºC, 3 h, 5 mL ethanol, 0.1 g HMF, 0.05 g zeolite). b) Effect of reaction time on the production of EMF from glucose, using zeolite Beta 10 (Experimental conditions: 160 ºC, 5 mL ethanol, 0.15 g glucose, 0.05 g zeolite).
However, as it has been previously explained, HMF is very expensive and other more available feedstocks should be used for this process. This is the case of glucose, an aldose, the most abundant hexose on Earth. The influence of reaction time for the production of EMF from glucose was evaluated and several intermediates have been detected (Figure 1b). EMF yield raised quickly until 24% after 5 h, when a plateau is reached. Other valuable products formed in this catalytic process were furfural and ethyl levulinate, whose yields increased faster at longer reaction times, although the decomposition of furans in the catalytic reactor also took place, as inferred from the worst carbon balance.
Therefore, it has been demonstrated that these catalysts are active in the production of EMF and other valuable chemicals under these experimental conditions, using ethanol as the sole solvent. Nevertheless, it is known that solvents can interact and stabilise different reaction intermediates, which affects the final product distribution. For this reason, it was considered of interest to evaluate the effect of different co-solvents in the media, that could improve the yields already observed in ethanol. γ-valerolactone (GVL) and tetrahydrofuran (THF) have been successfully employed as solvents in the valorisation of biomass derived compounds 
 ADDIN EN.CITE 
[3, 4]
, so these solvents were selected and employed in different ratios together with ethanol. 
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Figure 2. Effect of different volume ratio of ethanol and a) GVL and b) THF, in the transformation of glucose into EMF at 160 ºC, 3 h, 5 mL of solvent (total volume), 0.15 g glucose, 0.05 g catalyst.

When GVL was used (Figure 2a), EMF yield was unaffected by changing the ethanol:GVL volume ratio, in spite of greatly increasing the consumption of ethyl glycoside pyrans in the media. On the other hand, the effect on furfural yield was most important. For increasing amounts of GVL, furfural production was improved, without affecting the EMF yield, up to 24% furfural yield for an ethanol:GVL ratio of 1:4 . A similar effect was observed when employing THF, with the furfural yield increasing with THF quantity until a ratio of 1:4. In this case, HMF yield was more noticeably affected by the increasing amounts of the co-solvent, with a maximum HMF yield of 14% at a ratio of 1:4. In both cases, as it was expected, in the experiment with no ethanol in the solution (ethanol:co-solvent ratio of 0:5), no EMF could be detected. Instead, a higher quantity of furfural (GVL), or HMF (THF), was found.
Conclusions

Zeolites with different morphology and aluminium content were employed in the etherification of HMF in ethanol to produce EMF, finding a correlation between these parameters and the EMF yield. The most optimal catalyst was used to transform glucose, attaining a 24% EMF yield after 5 h, as well as providing with up to 18% ethyl levulinate yield after 24 hours. The utilisation of co-solvents to improve yields of valuable products was tested. Despite no increase in EMF yield was noticed, the formation of furfural alongside EMF was highly promoted, especially when using GVL as co-solvent in an ethanol_GVL ratio of 1:4, achieving EMF and furfural yield values of 18 and 20%, respectively.
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