
Supplementary Information: 1 

Tetrahydrofuran (THF) is a versatile chemical that has commercial application as a solvent for 2 

the manufacture of plastics and is closely related to 1,4-butanediol (BDO) and γ-butyrolactone 3 

(GBL).26 Since THF polymers (PolyTHF and PTMEG) are also major commercial products, 4 

further investigation into the application of these products will be of great interest, particularly 5 

for the potential production of THF from furfural in this co-solvent strategy. THF owes its 6 

excellent solvent properties to the polar oxygen in its ring and dispersive character from the four 7 

methylene groups. In a binary mixture with water, the dispersive character of THF increases with 8 

increasing THF content in the aqueous phase. THF is also an excellent extracting solvent for 9 

furfural and 5-hydroxymethylfurfural (HMF), and its affinity for these aldehydes may play a key 10 

role in its ability to improve their yields in our single-phase system. THF can also be used to 11 

solubilize extracted lignin products from organosolv or ionic-liquid pretreatment strategies or 12 

directly used to fractionate raw biomass as with our single-phase process.  13 

Furfural is typically synthesized by acid-catalyzed dehydration of C5 sugars (arabinose 14 

and xylose) whereas levulinic acid (LA) can be derived from either C529 or C6 sugars1 (glucose, 15 

galactose, and mannose). Water-soluble Brønsted acids such as HCl and H2SO4 have typically 16 

been used to catalyze such dehydration reactions,23 but homogeneous and heterogeneous solid 17 

acid catalysts have also been applied successfully. Furfural is targeted in this paper as one of the 18 

only natural precursors to furan-based chemicals.  However, its low commercial yields (~50% of 19 

theoretical) from xylan-rich lignocellulosic residues23 hinder its economic potential, and new 20 

approaches are needed to make it economically viable as a fuel precursor. HMF is an important 21 

platform chemical that can be produced from the acid-catalyzed dehydration of hexoses. HMF 22 

will readily hydrolyze to form equimolar amounts of LA and formic acid (FA)1 in the presence of 23 
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a strong acid. Since LA is more stable than HMF in an aqueous environment,1 higher final yields 1 

of LA were observed in single phase reactions with sulfuric acid.  2 

Room temperature liquid densities after the 40 min reactions (0.989 kg L-1 with 1:1 THF 3 

and 1.015 kg L-1 without THF at 21 °C) accounted for a 3% difference in the maximum furfural 4 

yield. For both solvent and non-solvent reactions in Table 1, the highest furfural yield was 5 

achieved much sooner (40 min) than the highest LA yield (120 min). Due to the more acid labile 6 

amorphous structure of hemicellulose, the rate of hydrolysis of xylan from hemicellulose was 7 

much greater than that of glucan from crystalline cellulose.30 By increasing the ratio of THF to 8 

3:1 (density: 0.935 kg L-1), co-production yields of furfural, HMF, and LA improved with 9 

increased solubilisation of biomass without significant furfural losses. 10 

 11 

 12 

Fig. S1 (A) Image showing the 1:1 THF co-solvent solution (left) next to water solution without 13 

solvent added (right) before reaction. (B) Precipitated lignin and degradation tars accumulated on 14 

the glass bottle after recovery of THF and removal of remaining liquids. (C) Isolated lignin 15 

powder from co-solvent reaction. 16 

 17 

Figure S1(A) shows bottles of maple wood and acid solution with and without addition of 18 

THF co-solvent. Aside from the additional pigmentation in the solvent mixture, the two appear 19 
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nearly identical. These mixtures were subjected to batch reactions in order to obtain fuel 1 

precursor yields reported in the main article. As shown in Fig. S1(B), removal of THF from the 2 

post-reaction liquid by room temperature vacuum distillation allowed lignin to precipitate as a 3 

solid residue. Further washing of the solid residue with diethyl ether produced a brown powdered 4 

lignin product largely free of sugars, proteins, and ash, as shown in Fig. S1(C). 5 

 6 

Fig. S2 FT-IR absorbance spectra of isolated lignin product from THF co-solvent reaction and 7 

K-lignin residue from concentrated sulphuric acid extraction  8 

 9 

Figure S2 shows the FT-IR absorbance spectra in the fingerprint region of lignin product 10 

extracted by THF overlaid against that of the K-lignin residue from concentrated sulphuric acid 11 

extraction of maple wood. Baseline correction and scaling were applied by Resolutions Pro 12 

(Agilent Technologies) to better compare the relative peak heights. Differences in the relative 13 
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peaks shown indicate potential changes in the lignin chemistry by the two extraction methods. 1 

The stronger absorbance seen at 1710 cm-1 represents carbonyl stretching of unconjugated β-2 

ketones and conjugated acid/esters and indicates a greater oxidation of the lignin structure 3 

extracted by THF. The triple peak in the 1400 to 1500 cm-1 range of these samples matched 4 

closely and is characteristic of the phenolic hydroxyl groups, C-H deformation, and aromatic 5 

skeletal vibrations in hardwood lignin. Peaks between 1100 cm-1 and 1330 cm-1 represent the 6 

C-H and C-O bonds of the guaiacyl and syringyl rings. Peaks present in the 1000 cm-1 range 7 

represent C-O bonds in the secondary alcohols or potential carbohydrate carry-over residues. 8 

 9 

Fig. S3 Concentration profiles of (A) glucose, (B) xylose + mannose + galactose, (C) LA, and 10 

(D) furfural over 60 min of reaction time (■ with THF, ▲ without THF). THF dissolved over 11 
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90% (by wt.) of the lignin and degradation tars that otherwise accumulated in the non-solvent 1 

case. Reaction conditions: 5 wt% maple wood and 1 wt% H2SO4 in batch reactions at 170 °C. 2 

The THF co-solvent solution contained a 1:1 ratio of THF and water. 3 

 4 

 Figure S3(A-D) compares the concentration profiles of the fuel precursors produced from 5 

maple wood with and without THF. As shown, the higher initial concentration of glucose with 6 

THF suggested that THF enhanced the hydrolysis of cellulose to glucose compared to the non-7 

solvent case (as confirmed by Fig. 1 in the paper). Disappearance of glucose and production of 8 

LA were also enhanced by the solvent (Fig. S3(A) and Fig. S3(C) respectively). As for xylose, 9 

the HPLC column (Aminex HPX-87H) we used first could not differentiate retention times for 10 

xylose, mannose, and galactose monomers present in maple wood, resulting in a lumped 11 

concentration profile. Due to the much slower decomposition rate of mannose vs. xylose30, we 12 

were unable to determine the exact concentration profile of xylose. Instead, we measured xylose 13 

concentrations from neutralized reaction samples separately (Aminex HPX-87P) and found that 14 

xylose was completely consumed by 40 min with THF and by 60 min for no THF. These results 15 

indicated that THF had a catalytic effect on destruction of both glucose and xylose. A more 16 

detailed kinetic study is in progress to quantify the improvements in reaction rates. 17 
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 1 

Fig. S4 Material balance of total products recovered from the hexosan, pentosan, and lignin 2 

fractions of raw maple wood after THF co-solvent reaction with yields as percent of the 3 

maximum theoretical for the initial biomass composition in parenthesis. Reaction conditions: 5 4 

wt% maple wood and 1 wt% H2SO4 in batch reactions at 170 °C. The THF co-solvent solution 5 

contained a 1:1 ratio of THF and DI water. 6 

 7 

Figure S4 shows a material balance of a 1:1 THF co-solvent reaction with maple wood at 8 

conditions that were found to be optimal for furfural production (40 min at 170 °C), the least 9 

stable fuel precursor. Product masses of both solid and liquid streams were independently 10 

quantified for each compound and then combined to calculate the total percent of product 11 

recovered from each major lignocellulose fraction (87% for C5, 92% for C6, and 91% for 12 

lignin). 13 

 14 
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