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ABSTRACT: Selective conversion of 5-hydroxymethylfurfural (HMF) to liquid fuels is an important step in the valorization of carbohydrates. Although not paid much attention to in the scientific community, we discovered an enormous impact of the HMF purity on the product selectivity during its hydroconversion in the presence of Ru/C. The presence of dimethyl sulfoxide (DMSO) showed the most dramatic effect on the aromatic hydrogenation activity, with almost full selectivity for either 2,5-dimethylfuran (DMF) or 2,5-dimethyltetrahydrofuran (DMTHF). The sulfur to surface ruthenium molar ratio predicts the selectivity outcome. A similar selective poisoning effect of DMSO was observed while using 2,5-bis(hydroxymethyl)furan (BHMF) as feedstock. These findings provide an approach to modify the selectivity of HMF conversion using Ru/C catalyst and draw attention to the utmost importance of bio-based reagent purity for catalytic studies to avoid erroneous conclusions about catalyst properties.

With dwindling cheap fossil resources, biomass is considered to be a perfect renewable substitute in the production of chemicals and fuels. Among others, 5-hydroxymethylfurfural (HMF) is a vital platform chemical, which can be obtained through dehydration chemistry from carbohydrates using acid catalysis.1–5 For instance, HMF is considered to be an intermediate between biomass and final promising biofuels such as 2,5-dimethylfuran (DMF) and 2,5-dimethyltetrahydrofuran (DMTHF). DMF and DMTHF play an important role in a carbon-neutral bio- and circular economy due to their excellent combustibility, high energy density, low volatility and low water solubility, while being renewable.6 They also serve as a sustainable and renewable feedstock for the production of valuable chemicals.7,8
HMF hydrogenation to DMF and DMTHF has been extensively investigated over supported metal-based catalysts, including Pt, Pd, Ru, Ni, Cu.9–15 It is worthwhile to mention that obtaining high yields of DMTHF is more challenging and therefore less reported compared to DMF formation. Among the noble metals, Ru is one of the most suitable metal catalysts for biomass conversion applications. It possesses both high hydrogenation and hydrogenolysis activity, which are required for effective transformation of HMF to DMF and DMTHF. The choice of catalyst support and reaction conditions varies widely across the literature.16–18 In this research, we used one of the best commercially available catalysts, Ru/C (5 wt.%), and optimized the reaction conditions in order to achieve high DMTHF production.
First, the conversion of HMF from different suppliers, but with similar purity notification (>97%) was investigated (Figure 1). The main reaction products were BHMTHF (2,5-bishydroxymethyl tetrahydrofuran), DMF and DMTHF. Surprisingly, we observed a clear binary catalytic results for the tested commercially available feedstock. The conversion of J&K Scientific and Alfa Aesar HMF resulted in primary DMTHF (>70%) and BHMTHF (>15%) formation. However, when HMF from the other suppliers was used, the only conversion product was DMF (>90%) under otherwise similar conditions. For further study of this dualistic behavior, J&K Scientific (J&K) and Sigma Aldrich (Sigma) were chosen as representatives for the two groups.
Initially, a kinetic study was performed by monitoring the HMF conversion and (by-)product yields as a function of time (Figure 2). For J&K at short reaction time (30 min), DMF (48%) was the predominant product at 85% HMF conversion. BHMF (2,5-bishydroxymethylfuran), MFA (5-methyl-2-furanmethanol) and BHMTHF were also detected with 12%, 7% and 7%, respectively. After 3 hours the main reaction products were fully hydrogenated furans showing the following yields per product: DMTHF (74%), BHMTHF (12%) and MTHFA (5-methyl tetrahydrofurfuryl alcohol) (4%). Prolonging the reaction time to 16 hours led 

Figure 1. Product yields obtained from HMF conversion from different suppliers. Standard reaction conditions: 0.5 g HMF; 0.1 g Ru/C; 40.0 ml 1,4-dioxane; 50 bar H2 at RT; T = 453 K; average ramp rate = 5 K min−1 ; reaction time = 4 h, 800 rpm rotation speed. Other products mainly included 2-hexanol and side products of furan ring opening.
to a slight increase in DMTHF (78%) and MTHFA (10%) yield at the expense of BHMTF (6%).
Despite a similar conversion rate, the overall product evolution over time differed significantly for Sigma HMF. After 30 minutes the primary product was DMF (59%) with 87% HMF conversion. The main side products were MF (5-methylfurfural) (7%), MFA (2%) and other ring-opening products (5%). After 3 hours, the only product of conversion was DMF (93%) at 100% HMF conversion. Further increase in reaction time did not affect the product distribution.
Based on literature reports10,19–21 and our kinetic data, the reaction scheme of HMF hydrogenation at similar temperature is summarized (Scheme 1). Results and product evolution of J&K HMF conversion were in good accordance with literature data. However, the catalytic behavior of Sigma HMF conversion was peculiar given DMTHF was not formed at all even after 16 hours and despite the large excess of H2 . 
Scheme 1. Proposed reaction scheme for HMF hydrogenation.

To reveal the difference between J&K and Sigma HMF, experiments with mixing of the two feedstocks in various proportions were conducted. Obtained results showed (see Figure S1 in the Supporting Information) that when Sigma HMF was the main constituent, the only product of the conversion was DMF. Strongly decreasing Sigma HMF content (lower than 3 mass %) resulted in a sudden product selectivity shift from DMF to DMTHF.
To further understand the origin of the difference between the two feedstocks, experiments reusing spent Ru/C were carried out (Figure 3). First, the conversion was performed using either J&K or Sigma HMF. Next, the catalyst was recovered and subjected to J&K and Sigma feedstocks in two additional independent experiments per spent catalyst.
Two consecutive runs of J&K HMF resulted in a small decrease of DMTHF yield from 76% to 60%, while BHMTHF yield increased from 13% to 16%. However, the second run with Sigma HMF led to the formation of DMF (52%), MFA (15%) and BHMF (19%) and precluded further formation of DMTHF. Two consecutive runs using Sigma HMF provoked a minor decrease in DMF yield (from 93% to 86%), but no change in product selectivity was observed. Finally, the second run with J&K HMF after Sigma also resulted in the formation of DMF with a yield of 89%. After analyzing the above catalytic data, we concluded that Sigma HMF may contain some impurities which remain strongly adsorbed on the catalyst, and as a such dramatically influence reaction selectivity.
STEM analysis of the fresh and spent catalyst (see Figure S2 in the Supporting Information) revealed some Ru sintering for both J&K and Sigma catalyst samples. Therefore, different catalytic behavior while reusing the catalyst with different feedstocks was unlikely related to Ru sintering. In addition, according to CO chemisorption analysis of Ru/C (see Table S1 in the Supporting Information), the number of accessible Ru sites decreased more than tenfold in the Sigma sample compared to J&K. This shows that use of Sigma feedstock adds impurities that modify the Ru surface, e.g., by blocking adsorption sites. 
To evaluate our assumption about impurities (in Sigma), we conducted a literature analysis of HMF synthesis procedures from biomass to find potential impurities that could be incompletely removed after HMF purification. The most promising candidate was dimethyl sulfoxide (DMSO) since it is often used as a co-solvent that improves the HMF selectivity due to an increase of sugar feedstock solubility and dehydration.1,22,23 J&K HMF feedstock, that we consider now free of impurities, was deliberately doped with small quantities (0.2 µmol) of DMSO and tested under the typical reaction conditions in order to simulate its presence as an impurity. The only product that was detected from the reaction was DMF (90%) instead of DMTHF (76%) that was formed in absence of DMSO. Note that this experiment gave a similar result to the experiment


Figure 2. Influence of reaction time on HMF conversion and product yields: J&K(A) and Sigma (B). Standard reaction conditions except for the reaction time. Other products mainly included 2-hexanol and side products of furan ring opening.

Figure 3. Effect of the feedstock on catalytic performance while reusing Ru/C catalyst. Standard reaction conditions.

in which Sigma HMF was used, where DMF was also the only product (93%). 
Next, the analysis of J&K and Sigma HMF by GC-FID, GC-MS and NMR spectroscopy was carried out (see Figure S3, S4 in the Supporting Information). Trace amounts of DMSO were indeed analyzed by GC-MS and NMR analysis in Sigma sample. Similar GC-FID analysis of the other commercial feedstocks revealed that only J&K and Alfa Aesar HMF did not contain DMSO. This finding about DMSO thus coincides with their different catalytic behavior in the hydroconversion of HMF. 
[bookmark: _GoBack]To check whether the sulfur species were strongly attached to the catalyst, element sensitive analysis was carried out for several catalysts samples. Non-used Ru/C, Ru/C recovered after J&K and Sigma HMF conversion were analyzed (see Figure S5 in the Supporting Information). XPS analysis qualitatively confirmed the presence of sulfur as sulfate or sulfonate groups24–27 (with a sulfur 2p3/2 peak at the binding energy of 168.4 eV)) in both catalysts recovered after the reaction. They could be assigned to sulfates or sulfonates formed from DMSO thermal decomposition during the reaction.28 Samples recovered after Sigma HMF conversion also had a sulfur 2p3/2 at the binding energy of 162.6 eV that can be assigned to disulfide or thiol groups26,29,30 which may have formed from DMSO under the reductive reaction medium.31 This value is close to the characteristic bond of the bulk RuS2 with pyrite structure (162.5 eV)32 which points to the poisoning nature of the sulfur-ruthenium interaction. In analogy, SEM-EDX analysis (see Table S2 and Figure S6 in the Supporting Information) also confirmed higher sulfur concentration in the Sigma sample compared to J&K or non-used Ru/C. EDX analysis (see Figure S7 in the Supporting Information) showed that the Ru distribution coincides with that of sulfur within the sample. Hence, after the catalytic reaction, the presence of sulfur is strongly associated with the Ru particles of the Ru/C catalyst.
Since the presence of DMSO had huge consequences on HMF conversion, we evaluated this effect by adding known aliquots of DMSO before the start of the reaction. Product yields in function of DMSO mass fraction in HMF are displayed in Figure 4. For these experiments, J&K HMF was used since DMSO was not found in this feedstock by GC-FID and NMR. The conversion of HMF was only impacted for very high DMSO contents, above 1.5 %. Below this value, similar HMF conversions were measured, albeit with significant effect on the selectivity. The data reveal that already minute amounts of DMSO, viz. 0.15 %, shifts the selectivity from DMTHF, the main product in absence of DMSO, to the preferred formation of DMF.

Figure 4. Influence of DMSO addition on the yields of the products from J&K HMF conversion. Standard reaction conditions.
Predominant formation of DMF is observed in presence 0.3 % (and higher) of DMSO. As a control, the data points for Sigma and Acros Organics samples were included in this plot, based on the DMSO quantification done by GC-FID showing 1.0 % and 0.7% respectively. These results fit perfectly with the obtained data.
Sulfur-containing species are well-known poisons for noble metal catalysts.33 Even though sulfur poisoning of the Ru active sites is well-studied, the impact of impurities on the reaction pathway is, also to our surprise, scarcely reported. Moreover, such factors as the type of sulfur impurity, its concentration, and reaction conditions have a great impact on the degree of the catalyst deactivation.34–36 In our case, trace amounts of DMSO hindered the aromatic ring hydrogenation preventing DMTHF formation, likely due to specific site poisoning. Given the low amounts of DMSO that already cause a significant selectivity effect, the adsorption must be strong. When the DMSO concentration was high, all Ru active sites were blocked, explaining the drop in HMF conversion.
In line with our findings of selective site poisoning, varying the catalyst mass while using DMSO containing feedstock also resulted in a similar change in product selectivity (see Figure S8 in the Supporting Information). These results, along with the above DMSO doping experiments, were combined into one graph (Figure 5) showing DMF and DMTHF yield as a function of S to Ru(surf) molar ratio. The amount of accessible surface Ru was calculated by CO chemisorption.

Figure 5. Main product yields obtained from HMF conversion in presence of DMSO as a function of sulfur to ruthenium (surface) molar ratio. Standard reaction conditions.
In the case of high sulfur to surface ruthenium ratio, DMF was the only product. However, when the ratio was below 0.125, the shift in product selectivity from DMF to DMTHF is apparent. The closer the ratio was to zero, the higher the achieved DMTHF yields. This plot can serve as a practical tool to estimate (assuming known values of DMSO impurity) the amount of Ru catalyst needed to selectively obtain either DMF or DMTHF, and as such manipulate the selectivity at will.
In order to understand the generality of DMSO poisoning for other furanic substrates we also tested BHMF hydroconversion (see Figure S9 in the Supporting Information). When the reaction mixture did not contain DMSO, the primary reaction product was BHMTHF with a 92% yield, in line with the complete hydrogenation findings for HMF. Increasing the DMSO concentration led to a sudden and significant shift in product selectivity to DMF. In case of BHMF, less DMSO was needed to see the conversion drop but the product selectivity change was less dramatic. Therefore, the obtained results supported our hypothesis about the selective catalyst site poisoning of DMSO on the furanics conversion pathway.
Finally, other potential HMF impurities such as p-toluenesulfonic acid (PTSA), sulfuric acid (H2SO4), and hydrochloric acid (HCl) were tested using J&K HMF (see Figure S10 in the Supporting Information). Adding trace amounts of HCl or PTSA did not strongly affect the catalytic performance. In contrast, H2SO4 addition had a significant effect on J&K HMF conversion (see Figure S11 in the Supporting Information). It showed similar but less marked effect on selectivity compared to DMSO at equal concentrations. Such a strong impact of H2SO4 addition can be explained by the strong adsorption of sulfate anions leading to Ru sites blocking.37 This fact should be taken into account since inorganic acids are widely used as acid catalysts in HMF synthesis.
In summary, we report an important finding concerning HMF hydrogenation to liquid fuels. Trace HMF impurities such as DMSO or H2SO4 strongly affect the hydroconversion process of HMF. DMSO is able to selectively modify active sites for aromatic ring hydrogenation resulting in DMF formation. Moreover, the DMSO-derived products are strongly adsorbed to the Ru sites showing irreversible change of the catalytic Ru properties already at low DMSO concentration. This shift in selectivity is generally applicable for other bio-based furans such as BHMF. These results unravel the unique role of feedstock purity in shaping selectivity control for HMF conversion and are of great importance in utilizing Ru catalysts for selective HMF hydrogenation to DMF or DMTHF. This also serves as a warning for potential erroneous conclusions in early or future publications dealing with selective hydrogenation catalysis with furanics if such impurity effects are not taken into account.
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