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 ABSTRACT: Commercial furfural, an important platform chemical, is produced from acid hydrolysis of lignocellulosic biomass. The manufacturing processes are inherently ineﬃcient, and so it is necessary to value add to substantial amounts of residue obtained. The structural features of bagasse furfural residue and the lignins extracted from it by three NaOH treatments have been studied in order to understand the transformations that occurred by these treatments. 2D-NMR and Py-GC/MS of the furfural residue revealed that it contains mostly lignin and depolymerized cellulose moieties and the complete absence of xylans as a result of their hydrolysis during the furfural production process. In addition, the analyses revealed that the furfural residue contains 44% of H-type lignin units, in comparison to 11% for bagasse, and most of the lignin interunit linkages present in bagasse have disappeared. The pyrograms show that the furfural residue produced unusually high phenol content, which was attributed to the high levels of “H-type” units present in this lignin. The proportion of functional groups, particularly total OH aliphatic groups, where signiﬁcantly lower in the extracted lignins compared to soda lignin obtained by the normal pulping process. The highest severity of the NaOH extraction process reduced the amount of reactive functional groups present in the lignin, though the S/G ratios of ∼1.1 were independent of the extraction method. The three lignins have high proportions of “H-units” (around 36−37%), which gives them special properties for diﬀerent applications, particularly in the production of phenolic resins. KEYWORDS: Sugar cane bagasse, Furfural, Lignin, Valorization, Phenol, Lignocellulosic
 
 ■
 
 INTRODUCTION Furfural, a versatile industrial solvent, has been identiﬁed as a key, renewable platform chemical that is used to produce fuels, solvents, polymers, pharmaceuticals, and agrochemicals.1,2 For the last century, the most common industrial method to produce furfural has been the acid-catalyzed dehydration of pentose sugars (e.g., from C5 of hemicelluloses) from agricultural residues, a process that has not been improved signiﬁcantly since the 1980s.3,4 All commercial furfural production processes using this method require mineral acid catalysts and relatively high steam consumption for furfural recovery, but only achieve relatively low furfural yields because of byproduct formation. Furthermore, the corrosiveness of the acid catalyst and the low yields result in both relatively high production and environmental compliance costs.4 As such, most of the current world market for furfural (>600,000 t) is produced in developing countries where low labor costs, cheap feedstocks, and lesser environmental regulations prevail.5,6 Notably, these commercial plants want to supplement the production of furfural with the sale of higher value byproducts to achieve a proﬁtable outcome highlighting that an integrated production strategy is required to recover value from a relatively ineﬃcient process.7 © 2017 American Chemical Society
 
 Commercial furfural is typically produced from lignocellulose to give a yield of ∼9.6 wt % and a cellulose- and lignin-rich residue of up to 70 wt % of the original mass of the starting material. The poor yield of furfural is due to losses from condensation and the formation of humic-like substances. Despite recent developments where side reactions have been minimized using biphasic systems with over 65 wt % furfural yield from xylose,8 the highest achievable yield, for example with sugar cane bagasse containing 24 wt % hemicelluloses, is less than 19 wt % . The very high proportion of the furfural residue is burned to generate the steam for furfural recovery.9,10 However, valorization of the cellulose- and lignin-rich residue would provide both environmental and economic beneﬁts.11 Valorization of the lignin-based materials is technically challenging because of their structures and associated chemistries. Lignin is an amorphous, high-molecular-weight, highly branched and substituted polymer of phenylpropane units. There are three major phenylpropane units, phydroxyphenyl (H), guaiacyl (G), and syringyl (S), which Received: January 25, 2017 Revised: March 28, 2017 Published: April 17, 2017 4846
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 Sodium Hydroxide Pretreatment of Sugar Cane Bagasse Soda Pulping. Depithed bagasse (1 kg dry weight) was mixed with 10.5 L of aqueous sodium hydroxide (1 M NaOH) solution and pretreated at 170 °C for 90 min (∼30 min heating time) in a 20 L Parr reactor (Parr Instrument, US). The reactor was cooled to Treatment 2 (Mw = 6990; Mn = 3957) > Treatment 3 (Mw = 6746; Mn = 3884). Soda lignin has an Mw value of 7019 and Mn of 3812. The harshest alkaline treatment condition produced the highest molecular weight lignin. FTIR-ATR Spectroscopy. In order to understand the changes in the functional groups after furfural production, FTIR spectra (Figure 1) of the raw bagasse and furfural residue were obtained. The peak assignments were conducted according to the literature, and Table S2 summarizes the
 
 ■
 
 RESULTS AND DISCUSSION Compositional Analysis. The elemental, empirical, and C9 formulas of bagasse, commercial furfural residue, and extracted lignins are summarized in Table S1. The C9 formula of the lignin was calculated as a hypothetical hydroxyphenyl structural unit (i.e., representing the six carbon atoms in a benzene ring and an additional three carbon atoms in a propyl side-chain).18 The chemical compositions of bagasse, commercial furfural residue, and extracted lignins are summarized in Table 1. The results show that commercial conversion of sugar cane bagasse into furfural produces a residue with substantially less hydrogen
 
 Figure 1. FTIR spectra of (a) bagasse and (b) furfural solid residue. 4848
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 CHCH bending was only observed in the soda lignin spectrum at 983 cm−1.44 The intensity of the 832 cm−1 peak in soda lignin is much higher in comparison with the lignin isolated from furfural residues. This indicates that the soda lignin contains more guaiacyl units. 2D-HSQC-NMR Spectroscopy. The bagasse and furfural residue samples were analyzed by 2D-NMR-HSQC at the gelstate according to the methods previously published22,23 (Figure 3). The main lignin and carbohydrate correlation signals assigned in the HSQC spectra are listed in Table S3, and the main substructures found are also depicted in Figure 3. The assignments of the peaks are based on previous publications.18,24,41 The HSQC spectrum of bagasse indicates that the most important hemicellulosic carbohydrate in bagasse is xylan. The main carbohydrate signals in the spectra of bagasse corresponded to C2/H2, C3/H3, C4/H4, and C5/H5 correlations of xylans (X2, X3, X4, X5). Signals from O-acetylated xylans (3O-acetyl-β-D-xylopyranoside, X′3, and 2-O-acetyl-β-D-xylopyranoside, X′2) were also observed in this spectrum, conﬁrming that xylans in bagasse are partially acetylated at C-2 and C-3. Other carbohydrate signals included the C1/H1 correlations for the anomeric carbons of β-D-xylopyranoside (X1) and 2- and 3O-acetyl-β-D-xylopyranosides (X′1), together with signals from the hemicellulosic glucans (1 → 3)- and (1 → 6)-Dglucopyranosides (Gl1(hem)). It is important to note that crystalline cellulose is practically invisible in the NMR spectra due to its reduced mobility. The carbohydrate signals observed in the HSQC spectrum of the furfural residue are completely diﬀerent from those observed in the spectrum of bagasse. Interestingly, all the signals from xylans (X1, X2, X3, X4, X5), including those from acetylated xylans (X′1, X′2, and X′3), and which were present in important amounts in the spectrum of bagasse, are now completely absent in the HSQC spectrum of the furfural residue as a result of the hydrolysis of xylans during the furfural production process. The only carbohydrate signals that appear in the spectrum of furfural residue correspond to depolymerized cellulose. The presence of signals for cellulose (Gl), and particularly those signals for the reducing (Gl(R)) and nonreducing (Gl(NR)) ends, indicates that cellulose has been largely modiﬁed and depolymerized during the furfural production process. These data correlated well with the FTIR analysis. Lignin signals were also observed in the HSQC spectra of the bagasse and furfural residue samples. The main cross-signals in the aromatic regions of the HSQC spectra corresponded to the aromatic rings of the diﬀerent lignin units (p-hydroxyphenyl, H, guaiacyl, G and syringyl, S) and to the p-hydroxycinnamates (ferulates, FA, and p-coumarates, PCA). In the HSQC spectrum of bagasse, the signals for H-lignin units were barely observed. However, the intensity of the PCA signals is lower in the HSQC spectrum of furfural residue, indicating a partial removal and/or modiﬁcation of PCA moieties during the furfural manufacturing process. Interestingly, the most important feature in the spectrum of the furfural residue was the presence of strong signals for H-lignin units, indicating a signiﬁcant enrichment of H-lignin units by acid treatment of bagasse. Similar increase in the proportion of H-lignin units in furfural residues has also been reported by other authors.45 Lignin interunit linkages, such as β-O−4′ alkyl-aryl ethers (A), were observed in the spectrum of bagasse but were absent in the spectrum of the furfural residue. In addition, the occurrence of signals in the range δC/δH 62.7/3.83−4.30 (partially
 
 main functional groups found in the raw bagasse and furfural residue.27−29 The band at 1627 cm−1, which may be due to water absorbance,27 was not detected in the furfural residue. The bands at 1372 and 1317 cm−1 were only found in bagasse and are related to the bending of O−H bonding in polysaccharides, including cellulose and hemicellulose.27,30,31 The intensity of the 1236 cm−1 band, which is related to the C−O stretching of the acetyl ester units in hemicellulose,27,32,33 was decreased as expected in the furfural residue. The band detected at 896 cm−1 is assigned to the C1 group frequency, representative of the β-glucosidic linkage between the xylopyranose units in the xylan chains.27,32 The band was not detected in the furfural residue because of the removal of hemicellulose by the acid-catalyzed process removal. The functional groups in the lignin extracted from the furfural residue and soda lignin were also analyzed by ATRFTIR (Figure 2). The position and intensity of the peaks in the
 
 Figure 2. FTIR spectra of isolated lignins.
 
 spectra obtained from these lignins are similar. A comparison between the soda lignin and the extracted lignins indicated that the CH2 and CH3 stretching peaks have the highest intensities in soda lignin and therefore the highest proportion of total CH groups. The peak at 1695 cm−1 is attributed to unconjugated ketones or carboxyl group stretching.34,35 The intensity of this peak in the lignin isolated from the furfural residue is higher than that of soda lignin. This might be due to oxidation and degradation of lignin.36 The peak values at 1601 and 1514 cm−1, combined with the intensity of the peaks at 1460 and 1425 cm−1, are attributed to the characteristic vibrations of aromatic structures and C−H deformation of the lignin, respectively.37−39 A reduction in the intensity of these peaks in furfural residue lignin indicates reduced aromatic ring abundance relative to that of lignin obtained after soda pulping of sugar cane bagasse.38 The appearance of the bands at 1326 and 1261 cm−1 is attributed to syringyl ring breathing with C−O stretching and guaiacyl ring breathing with CO stretching, respectively.40,41 These syringyl group peaks are more intense in soda lignin than in furfural residue lignin. This appeared only as a peak shoulder in the furfural residue extracted lignin, indicating a higher content of the syringyl group in the soda lignin. The band at 1220 cm−1 in soda lignin is related to ring breathing with C−O stretching of both the syringyl and guaiacyl structures.41,42 This band shifted to a lower wavenumber (1210 cm−1), suggesting greater hydrogen bond interactions in the furfural residue lignins in comparison to soda lignin.43 The peak related to the 4849
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 Figure 3. 2D HSQC NMR spectra of (A) bagasse and (B) furfural residue. The main lignin and carbohydrate structures identiﬁed are also depicted. A: β-O-4′ structures; A′: β-O-4′ structures with p-coumaroylated γ-OH; PCA: p-coumarates; FA: ferulates; H: p-hydroxyphenyl units; G: guaiacyl units; S: syringyl units; S′: Cα-oxidized syringyl units; X: xylans; X′: C-2 and/or C-3 acetylated xylans; Gl(NR): nonreducing end units in cellulose; Gl(I): internal units in cellulose; Gl(R): reducing end units in cellulose. See Table S3 for signal assignments.
 
 overlapped with carbohydrate signals) from the C γ /H γ correlations of γ-acylated units (A′), was evident in the bagasse and revealed that this lignin is extensively acylated at the γ-OH of the lignin side-chain, mostly with p-coumarates, as already published.24 These signals, however, were absent in the
 
 spectrum of the furfural residue, probably as a result of the partial hydrolysis and/or removal of p-coumarates. The 2D-HSQC-NMR spectra of the lignins extracted from the furfural residue are shown in Figure 4. Cross-signals of methoxyl group and β-O-4′ substructures are present in all 4850
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 Figure 4. 2D-HSQC-NMR spectra of the lignins extracted from furfural residue upon (A) Treatment 1: 145 °C, 0.35 M NaOH; (B) Treatment 2: 100 °C, 0.35 M NaOH; and (C) Treatment 3: 100 °C, 0.175 M NaOH.
 
 Table 2. Hydroxyl Content (mM) in Residues from Soda Pretreatment and Furfural Residue Treatments 1, 2, and 3 by 31P NMR furfural residue treatment
 
 a
 
 assignment
 
 δ P-NMR
 
 soda
 
 1
 
 2
 
 3
 
 aliphatic OH condensed phenolic OH (4-O-5) condensed phenolic OH (5−5′) guaiacyl OH catechol OH p-hydroxylic phenyl carboxylic acid OH total OH
 
 150.0−145.5 142.8−141.7 141.7−140.2 140.2−139.0 139.0−138.2 137.6−136.8 134.5−133.7
 
 2.336 0.409 0.110 0.039 0.312 0.554 0.512 4.272
 
 0.003 nda nd nd nd 0.0004 0.0025 0.0056
 
 0.001 0.001 nd nd 0.004 0.007 0.017 0.03
 
 0.001 0.001 nd nd 0.0004 0.0057 0.015 0.0231
 
 31
 
 Not detected.
 
 all lignins, including soda lignin, and indicate the enrichment in H-lignin units in the lignins extracted from the furfural residue. We could think of two mechanisms leading to the formation of high levels of H-lignin units. The ﬁrst mechanism could be the demethoxylation of S- and G-units due to the harsh chemical conditions used for furfural production. It has been reported that pyrolysis of lignin at high temperatures resulted in the demethoxylation of S- and G-units, increasing the H-unit content.46 Another reasonable explanation could involve condensation reactions of the free p-coumaric acids released during the process with the core lignin network through C−C bonds, leading to “H-type” structures. Additional studies, however, are still needed to conﬁrm the deﬁnitive mechanism. 31 P NMR. The results of quantitative NMR analysis of TMDP phosphitylated lignin samples are summarized in Table 2 (Figure S1). The contents of the hydroxyl groups (particularly the aliphatic OH groups, δ at 150.0−145.5) are signiﬁcantly lower in the extracted lignins compared to soda
 
 lignins, in agreement with the FTIR data. The Cγ/H γ correlation signals of β-O-4′ substructures (A) were detected in all three lignins extracted from the furfural residue; however, the signals for Cα/Hα correlations of β-O-4′ structures were only observed in the lignins isolated from furfural residue by Treatments 2 and 3, which are in agreement with the lowest severity of these extractions. Soda lignin also showed these signals.18 Carbohydrate signals were barely discerned in these spectra. The main cross-signals observed in the aromatic region are assigned to H, G, and S lignin units, as well as to PCA (Figure 4). A weak signal was also observed in all lignins at δC/ δH 106.2/7.23 for the C2,6/H2,6 correlations of α-oxidized Sunits (S′), which indicate that these lignins were not oxidized signiﬁcantly. The strong signal at δC/δH 114.9/6.77 corresponds mostly to the C3,5/H3,5 correlations of H-lignin units (together with the C5/H5 correlations of G units and the C3,5/ H3,5 correlations of PCA). Strong signals for the C2,6/H2,6 correlations of H-units were observed at δC/δH 127.9/7.19 in 4851
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 Table 3. Identiﬁcation and Relative Molar Abundance (%) of the Compounds Released upon Py-GC/MS of Lignin Samples Lignin treatments Label
 
 Compound
 
 Bagasse
 
 Furfural residue
 
 1
 
 2
 
 2
 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
 
 phenol guaiacol 3-methylphenol 4-methylphenol 4-methylguaiacol 4-ethylphenol 4-ethylguaiacol 4-vinylphenol 4-vinylguaiacol 3-methoxycatecol eugenol 4-allylphenol syringol cis-propenylphenol cis-isoeugenol trans-4-propenylphenol trans-isoeugenol 4-methylsyringol vanillin 4-ethylsyringol vanillic acid methyl ester acetovanillone 4-hydroxybenzaldehyde 4-vinylsyringol guaiacylacetone 4-allylsyringol 4-hydroxyacetophenone cis-4-propenylsyringol trans-4-propenylsyringol syringaldehyde syringic acid methyl ester acetosyringone syringylacetone propiosyringone syringyl vinyl ketone syringic acid
 
 1.3 3.2 0.3 0.8 2.3 0.8 0.7 45.1 17.0 0.0 0.6 0.1 6.2 0.0 0.4 0.3 1.9 2.5 2.7 0.6 0.1 0.7 0.2 3.9 0.3 0.6 0.0 0.4 2.4 1.5 0.1 1.3 1.1 0.2 0.3 0.0
 
 12.8 7.6 1.4 6.1 2.3 5.6 1.2 31.4 5.1 0.0 0.1 0.3 8.5 0.1 0.2 0.4 0.3 1.7 2.4 0.7 0.1 0.7 0.5 1.7 0.3 0.2 0.3 0.3 0.9 2.3 0.0 0.8 1.5 0.2 2.0 0.0
 
 10.8 9.4 1.3 6.7 6.3 5.7 2.6 20.2 4.8 0.4 0.3 0.2 10.7 0.2 0.2 0.6 0.8 5.5 1.3 1.5 0.2 1.0 0.8 1.9 0.3 0.2 0.7 0.2 0.8 1.4 0.2 1.7 0.3 0.1 0.1 0.6
 
 11.8 10.4 1.5 7.9 7.0 5.7 2.6 13.5 3.9 1.7 0.3 0.2 10.8 0.1 0.4 0.6 0.6 5.3 1.5 1.3 0.2 1.2 0.8 1.5 0.5 0.1 0.9 0.2 0.5 1.5 0.3 2.9 0.8 0.2 0.5 0.8
 
 11.1 10.3 1.2 6.7 6.4 6.1 2.8 17.7 4.8 0.5 0.2 0.2 11.3 0.1 0.2 0.7 0.7 5.7 1.1 1.6 0.2 0.9 0.6 1.9 0.3 0.2 0.6 0.3 0.9 1.2 0.2 1.5 0.5 0.3 0.3 0.5
 
 %Ha= %Ga= %Sa= S/Ga=
 
 48.9 30.0 21.2 0.7
 
 58.9 20.4 20.8 1.0
 
 47.2 27.0 25.3 0.9
 
 43.0 28.5 26.8 0.9
 
 45.0 28.1 26.4 0.9
 
 %Hb= %Gb= %Sb= S/Gb=
 
 11.1 38.1 50.8 1.3
 
 44.4 24.7 30.9 1.3
 
 36.9 30.5 32.0 1.1
 
 36.4 30.3 31.2 1.1
 
 36.1 30.8 32.4 1.1
 
 a Calculated by using all the H-, G-, and S-lignin derived products. bEstimated by ignoring 4-vinylphenol (peak 8, mostly arising from p-coumarates) and 4-vinylguaiacol (peak 9, which also arises from ferulates), and the analogous 4-vinylsyringol (peak 24).
 
 soda lignin), they will not be readily amenable to derivatization or as suitable reinforcement materials in composite materials.19 Py-GC/MS. The bagasse, furfural residue, and isolated lignins from the furfural residue were analyzed by pyrolysis coupled to gas chromatography and mass spectrometry (PyGC/MS). The pyrograms of the bagasse and furfural residue as well as the lignin isolated from a representative treatment (Treatment 2) are shown in Figure S2. The identities and relative molar abundances of the lignin-derived compounds released are listed in Table 3. The identities of the
 
 lignin. The lignin obtained with Treatment 1 has the lowest proportion of the total OH groups, an indication of the harsher conditions used in the extraction process. The carboxylic acid OH signal was the dominant OH group in the lignins, more so with the lignins obtained from Treatments 2 and 3. The OH signal for carboxylic acid may have originated from lignin oxidation during furfural production or from the fatty acid impurity component of the lignin.47 As a consequence of the very low proportion of total OH groups in these lignins (unlike 4852
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 interesting to note the much lower abundance of H-units in bagasse (11.1%), which conﬁrms that most of the 4-vinylphenol released from this sample does not arise from actual H-units but rather from PCA. However, the furfural residue still contains high amounts of H-units (44.4%) after the correction, clearly indicating an enrichment of H-lignin units in this residue (as has been conﬁrmed by 2D-NMR). Pyrolysis of the lignins isolated upon the diﬀerent treatments also released phenolic compounds derived from lignin units and associated p-hydroxycinnamates, with the complete absence of compounds derived from carbohydrates (Figure 2, Table 3). The pyrograms showed compounds derived from H, G, and S lignin units. Minor amounts of the 3-methoxycatechol (10) were also present in lignin isolated from Treatments 1 and 3, while it was almost 3.5 times more present in the lignin from Treatment 2. The Py-GC/MS analysis indicated that all three lignins have rather similar composition, with S/G ratios around 1.1, and high proportions of “H-units” (around 36−37%). It is worth noting the high proportions of phenol (1) and other compounds derived from H-type units, in the furfural residue and its extracted lignins, in comparison with bagasse (Table 3), and which are associated with the high amounts of “H-type” units observed by HSQC. Previous works have shown that the bagasse lignins derived from the cellulosic ethanol production do not have such high phenol content in the pyrograms,51 a conﬁrmation that the diﬀerent reactions taking place during the diﬀerent industrial chemical processings play an important role in the products derived from thermochemical processes. As said above, demethoxylation of S- and G-lignin units and/ or condensation reactions of p-coumaric acid with the core lignin network could be plausible mechanisms for the formation of “H-type” units, which in turn will be responsible for the formation of the high levels of phenol released under Py-GC/ MS.46,52 Finally, it is important to note that the potential applications of the lignin obtained from furfural residue production can be considered based on its chemical characteristics. Lignins with high amounts of H-units could be of interest for the synthesis of products that need the ortho positions of phenyl rings unblocked by methoxyl groups. The lignin from the furfural residue, with a high content of H-units, would provide suﬃcient reactivity for the synthesis of phenolic resins.53,54 55
 
 carbohydrate-derived compounds are detailed in the legend of Figure S2. Pyrolysis of bagasse (Figure S2A) and furfural residue (Figure S2B) released compounds derived from carbohydrate as well as phenolic compounds released from lignin moieties and p-hydroxycinnamates (PCA and FA). In contrast, pyrolysis of lignin samples only released phenolic compounds derived from lignin and p-hydroxycinnamates, with the absence of carbohydrate compounds. Most of the carbohydrate-derived compounds cannot be used as diagnostic compounds, as they can derive from both the cellulose and the hemicelluloses, such as (3H)-furan-2-one (a), (2H)-furan-3-one (b), furfural (c), 2,3-dihydro-5-methylfuran2-one (g), 5-methyl-2-furfuraldehyde (h), and 2-hydroxy-3methyl-2-cyclopenten-1-one (k). However, some other compounds are diagnostic for the occurrence of cellulose, such as 2hydroxymethylfuran (d), 2-acetylfuran (e), cyclopenten-1-ene3,4-dione (f), 5-hydroxymethylfurfural (o), 1,4-dideoxy-Dglycerohex-1-enopyranos-3-ulose (p), and levoglucosan (q), whereas other compounds are characteristic of the hemicelluloses, particularly 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one (j).26 Hence, the pyrogram of bagasse showed compounds derived from both cellulose and hemicelluloses, whereas the pyrogram of furfural residue only shows compounds derived from cellulose, as the diagnostic compound 4-hydroxy-5,6dihydro-(2H)-pyran-2-one (j), which was present in signiﬁcant amounts in the pyrogram of bagasse, was absent in the pyrogram of the furfural residue, indicating the removal of the hemicelluloses and the enrichment in cellulose in the furfural residue. Among the lignin- and p-hydroxycinnamate-derived compounds, the pyrograms showed compounds derived from the H, G, and S lignin units, such as phenol (1), guaiacol (2), 4methylphenol (4), 4-methylguaiacol (5), 4-ethylphenol (6), 4ethylguaiacol (7), 4-vinylphenol (8), 4-vinylguaiacol (9), syringol (13), 4-methylsyringol (18), vanillin (19), 4-vinylsyringol (24), and acetosyringone (32), among others. The relative abundances of the lignin-phenolic compounds, together with the relative abundance of the H, G, and S-lignin units and the S/G ratios, are shown in Table 3. High amounts of 4vinylphenol (8) (and to a lesser extent 4-vinylguaiacol (9)) were released from all these samples, being particularly abundant in the case of bagasse (45.1% of all phenolic compounds released), and which are responsible for the large percentage of “H-type units” observed in these samples (up to 48.9% in bagasse and 58.9% in furfural residue). However, it is important to note that 4-vinylphenol (8) mostly arises from PCA moieties after decarboxylation upon pyrolysis (and 4vinylguaiacol (9) is similarly produced from FA after decarboxylation), as usually happens in the pyrolysis of grasses.24,48−50 Therefore, these vinyl compounds cannot be used to calculate the lignin H:G:S composition by Py-GC/MS, since they are mostly derived from p-hydroxycinnamates and not from core lignin structural units. A more accurate estimation of the H, G, and S-lignin composition of the samples was calculated without taking into account 4vinylphenol (8) and 4-vinylguaiacol (9), and the respective 4vinylsyringol (25), as shown in Table 3. The Py-GC/MS analysis revealed important diﬀerences in the lignin composition among the diﬀerent samples (Table 1). Although bagasse and furfural residue seem to contain the highest amounts of “H-type units” (around 49−59%), however, after the correction by ignoring the vinyl compounds, it is
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 CONCLUSIONS
 
 This study has provided insightful information on the composition and structural characteristics of the furfural bagasse residue and its lignin component which will assist in valorization studies. Acid hydrolysis conditions used in the conversion of bagasse to furfural favored the increased proportion of H-lignin units in the residue, as seen by 2DNMR and Py-GC/MS. The alkaline conditions (particularly temperature) used to extract lignin from the furfural residue have some eﬀects, though not signiﬁcant, on the lignin structure, the lignin interunit linkages, and the degree of condensation of the lignin. The high levels of “H-type” units present in these lignins make them suitable for selected applications, such as the synthesis of phenolic resins. 4853
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 ASSOCIATED CONTENT
 
 S Supporting Information *
 
 The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acssuschemeng.7b00274. Quantitative 31P NMR spectrum of lignin isolated from diﬀerent treatments. Py-GCMS/MS chromatograms of bagasse, furfural residue, and lignin from treatment 1. Elemental analysis and formula of bagasse, furfural production residue, and extracted lignin. Functional groups in bagasse and furfural residue. Assignment of 13 C/1H correlation signals in 2D HSQC NMR spectra. (PDF)
 
 ■
 
 AUTHOR INFORMATION
 
 Corresponding Author
 
 *Tel.: +61 7 31381757. Fax: +61 7 3138 4132. E-mail: l. [email protected]. ORCID
 
 Lalehvash Moghaddam: 0000-0003-2999-8700 Author Contributions §
 
 L.M. and J.R. contributed equally.
 
 Funding
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