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ABSTRACT  

The development of biomass pretreatment approaches that, next to (hemi)cellulose 

valorization, aim at the conversion of lignin to chemicals is essential for the long-term 

success of a biorefinery. Herein, we discuss a dithionite-assisted organosolv fractionation 

(DAOF) of lignocellulose in n-butanol and water to produce cellulosic pulp and mono-/oligo-

aromatics. The study frames the technicalities of this biorefinery process and relates them to 

the features of the obtained product streams. We comprehensively identify and quantify all 

products of interest: solid pulp (acid hydrolysis-HPLC, ATR-FTIR, XRD, SEM, enzymatic 

hydrolysis-HPLC), lignin derivatives (GPC, GC-MS/FID, 1H-13C HSQC NMR, ICP-AES), 

and carbohydrate derivatives (HPLC). These results were used for inspecting the economic 

feasibility of DAOF. In the best process configuration, a high yield of monophenolics was 

reached (~20%, based on acid insoluble lignin in birch sawdust). Various other 

lignocellulosic feedstocks were also explored, showing that DAOF is particularly effective 

on hardwood and herbaceous biomass. Overall, this study demonstrates that DAOF is a viable 

fractionation method for the sustainable upgrading of lignocellulosic biomass. 

 

KEYWORDS: Lignocellulose, Biorefinery, Organosolv, Dithionite, Lignin 

depolymerization 
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1. INTRODUCTION 

The use of lignocellulose for the sustainable production of energy, chemicals or materials 

was recognized as a promising alternative to fossil resources.[1–5] As a composite biopolymer, 

lignocellulose is constituted of three main components: cellulose, hemicellulose and lignin, 

which are linked together to form a deeply intertwined structure. The high heterogeneity of 

this substrate, and the related recalcitrance toward bioprocessing,8 imposed the adoption of 

an initial pretreatment in biorefineries, aimed at reducing the complexity of the initial 

feedstock by disassembling lignocellulose structure,[6,7] before further conversion of the 

intermediates toward valuable end products (e.g. paper, bioethanol,[8] levulinic acid,[9] 5-

HMF,[10] furfural,[10] phenol,[11,12] bionaphta[13], etc.). While several methods were developed 

for the pretreatment of lignocellulosic biomass, the vast majority of them focused almost 

exclusively on the valorization of the carbohydrate fraction of lignocellulose.[14,15] From this 

point of view, the need for efficient strategies to convert lignin into value-added products 

still constitutes a paramount challenge for biorefineries.[16–18] Throughout the last few 

decades, a broad variety of processes were studied for the valorization of the technical lignin 

fractions obtained upon biomass pretreatment, but their typically degraded structure 

hampered their upgrading toward aromatic chemicals.[19–21] 

Recently, a novel biorefining concept, targeting lignin depolymerization in the frame of 

biomass pretreatment, received increasingly higher attention in the scientific community. 

This so-called “lignin-first” approach offers the opportunity to achieve a more complete 

valorization of lignocellulose components, with an excellent preservation of their chemical 

functionalities.[22–25] Among the different methodologies that were proposed for lignin-first 
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pretreatment, reductive catalytic fractionation (RCF) is particularly promising, as it allows to 

simultaneously isolate lignin from a carbohydrate pulp with high yields of delignification (up 

to about 90 wt% of lignin in the initial biomass) and to convert it toward valuable 

monophenolics with near-theoretical yields (based on the content of β-O-4 linkages in the 

lignin matrix).[25,26] In spite of these inherent advantages, the use of precious metal catalyst 

and high pressures of hydrogen gas employed within RCF represent important limitations, 

imposing considerable processing costs, as well as strict safety and equipment 

requirements.[26,27] The mechanism underlying RCF was elucidated in a study by Van den 

Bosch et al., who showed that lignin is extracted from biomass by solvolysis and labile ether 

bonds in lignin structures (predominantly β-O-4 linkages)[3] undergo reductive cleavage with 

the formation of reactive lignin units. The latter are ultimately stabilized against 

recondensation by catalytic hydrogenation of C=C bonds within their (hydroxy)alkenyl side 

chains.[28] A reductive cleavage of β-O-4 bonds was demonstrated to occur as well in a study 

conducted by Klinger et al. on the use of nucleophilic thiols for the depolymerization of pre-

extracted, oxidized lignin, in which the authors reported a substantial production of 

monophenolics.[29,30] This process was explored further by Fang et al., who developed an 

elegant thiol-assisted electrolytic approach for reductive lignin depolymerization.[31] 

Inspired by these works, we recently reported the proof of concept for enhancing the 

reductive depolymerization of lignin through the use of sodium dithionite (Na2S2O4), an 

inexpensive and widely available sulfur-based reducing agent, as an alternative to precious 

metals and hydrogen gas, or nucleophilic thiols.[32,33] Such dithionite-assisted organosolv 

fractionation (DAOF) was shown to achieve superior conversion of lignin toward valuable 

monophenolics compared to a standard organosolv process, while concomitantly yielding a 
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highly digestible cellulosic pulp. Moreover, the adoption of a n-butanol – water solvent 

combination conveniently facilitates product separation. Importantly, we demonstrated that 

the use of sodium dithionite triggers the reductive cleavage of β-O-4 bonds in lignin and the 

hydrogenation of unsaturated side chains in the generated phenolic units.[32] 

Herein, we target an in-depth understanding of the phenomena governing lignocellulose 

disassembly and lignin depolymerization during the DAOF by investigating the influence of 

process conditions on the features of the isolated product streams. The experimental results 

are used to assess the techno-economic feasibility of the DAOF, and to identify the 

configuration which maximizes the process profitability, highlighting the current limitations 

and the potential pathways for the future improvements of this technology. Furthermore, the 

flexibility of the DAOF with respect to the treatment of various biomass feedstocks is 

inspected (including hardwood, softwood, and herbaceous feedstocks). We argue that the 

DAOF represents an attractive strategy to implement lignin valorization within biomass 

pretreatment, for a sustainable production of low-molecular weight phenolics. 

2. MATERIALS AND METHODS 

A full list of the materials used in this work and detailed descriptions of the experimental 

procedures and of the calculations performed are available in the Supporting Information. 

Here, a condensed description of the main experimental process is provided.  

2.1. Fractionation experiments 

DAOF experiments were carried out in duplicates in a 300 mL Parr batch reactor (Figure S1, 

Parr Instrument Company, Moline, IL, U.S.): a chosen amount of biomass (3 – 12 g) was 
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introduced in the reactor, together with 120 mL of a n-butanol – water mixture (n-butanol 

content: 0 – 100% v/v) and sodium dithionite (loading: 0% – 33% w/wbiomass). The air in the 

reactor was displaced by flushing with N2, then the reactor was pressurized with N2 (1 or 30 

bar). The impeller speed was set to 750 rpm and the temperature was increased at a rate of 

about 10 °C min-1, up to a setpoint comprised between 150 °C and 250 °C. Once the setpoint 

was reached, the mixture was left to react at constant temperature for a duration of 0 to 6 

hours.  

2.2. Products separation and analysis 

After each experiment, the reactor was quickly cooled down to ambient temperature by 

letting water flow through the cooling coil, depressurized, and its content was collected. A 

solid and a liquid fraction were separated by centrifugation. The solid fraction was washed 

first with pure n-butanol (15 mL ginitial biomass
-1) and then with pure water (15 mL ginitial biomass

-

1) to remove apolar and polar components weakly adsorbed to the pulp. Subsequently, the 

washing solvents were combined with the liquid fraction, and the mixture was filtered to 

eliminate residual solid particles. The filtrate was transferred to a separating funnel, where it 

separated into an organic and an aqueous liquid phase (Figure S2a), which were then 

separately collected. The retentate was recovered and added to the solid fraction, before 

drying the solids at 60 °C to a constant weight. 

Dry matter, ash, and organic matter contents were determined for all the isolated fractions. 

The solid fraction (Figure S2b) was characterized via a battery of techniques, including 

acid/enzymatic hydrolysis followed by high-performance liquid chromatography (HPLC) 
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analysis, attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR), X-

ray powder diffraction (XRD) analysis, field emission gun scanning electron microscopy 

(FEG-SEM). 

Portions of the organic liquid fraction were evaporated under nitrogen flow to remove the 

solvent, then underwent a three-fold liquid-liquid extraction with dichloromethane and water, 

to isolate lignin derivatives from more polar products. The dichloromethane fractions were 

mixed, and the solvent was evaporated under vacuum to yield a viscous brown lignin oil 

(Figure S2c), which was subsequently analyzed via gel permeation chromatography (GPC), 

gas chromatography (GC) coupled with a mass spectrometry (MS) detector and a flame 

ionization detector (FID), and 1H-13C heteronuclear single quantum coherence (HSQC) 

nuclear magnetic resonance (NMR). Extraction of monophenolics from the organic fraction 

was performed by evaporating the solvent of a portion of the organic fraction under nitrogen 

flow, then subjecting the non-volatile residue to a six-fold liquid-liquid extraction with 

cyclohexane and water. Mixing the cyclohexane fractions and evaporating the solvent under 

vacuum yielded a monomers-rich cyclohexane oil, which was characterized via GPC and 

GC-MS/FID. Additionally, the sulfur content of the organic fraction and of the cyclohexane 

oil was assessed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). 

The pH of the aqueous liquid fraction was measured, and the non-condensed carbohydrate 

derivatives present in this fraction were quantified by HPLC. 

3. RESULTS AND DISCUSSION 
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3.1. Dithionite-assisted organosolv fractionation: process outline 

In order to determine the outcomes of different process configurations, unless otherwise 

specified, batch experiments were carried out in duplicates treating birch sawdust (Betula 

pendula, particle size ≤ 2 mm,[34] biomass composition reported in Table S1) in a mixture of 

n-butanol and water, at temperatures in a range between 150 and 250 °C, in the presence of 

different loadings of sodium dithionite, under different pressures of N2. After the 

fractionation, a cellulose-rich solid pulp was recovered. Concomitantly, two liquid fractions 

were obtained: an organic fraction, comprising lignin derivatives and soluble humins, and an 

aqueous fraction, containing non-condensed carbohydrate derivatives (e.g. mono- and 

oligosaccharides, polyols and organic acids). An overview of the DAOF process is shown in 

Figure 1. 

With the goal of improving the performance of the DAOF of lignocellulosic biomass, we 

investigated the influence of different variables on the properties of the obtained fractions, 

including the operating temperature, the exogenous nitrogen pressure, the loading of sodium 

dithionite, the solvent/biomass ratio, the reaction time, and the n-butanol/water ratio. 

3.2. Lignocellulose disassembly and solubilization  

The influence of process conditions on the solvolytic disassembly of lignocellulose was 

inspected by assessing the mass balance of organic matter (OM) with respect to the different 

fractions recovered (Figure 2 and Table S2). While the nitrogen pressure (Figure 2b and 

Table S2, entries 3, 6), the loading of dithionite (Figure 2c and Table S2, entries 3, 7 – 9) and 

the solvent/biomass ratio (Figure 2d and Table S2, entries 9 – 11) did not appear to 

substantially affect lignocellulose solubilization, the operating temperature, the reaction time 
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and the n-butanol/water ratio were recognized as key parameters in driving the solvolytic 

disassembly of biomass.  

Consistently with previous findings on hydrothermal and organosolv pretreatments,[35,36] 

increasing the temperature was found to promote the solubilization of lignocellulose 

components during the DAOF, with a recovery of OM in the pulp that diminished from 81 

wt% of OM in the initial biomass at 150 °C to 10 wt% at 250 °C (Figure 2a and Table S2, 

entries 1 – 5). Analogously, extending the contact time from 0 hours (i.e. reaction halted as 

soon as the setpoint temperature was reached) to 6 hours resulted in a diminution of the 

recovery of OM in the pulp from 76 wt% to 40 wt%, accompanied by a gradual increase of 

the recovery of OM in the liquid fraction (Figure 2e and Table S2, entries 9, 12 – 14). 

Notably, the mass balance for OM was below 100 wt% at temperatures greater than 150 °C 

and reaction times longer than 0 hours, indicating an increasingly larger conversion of 

lignocellulose toward volatile components under more severe conditions (e.g. conversion of 

C5 and C6 polysaccharides toward furans, formic acid, and CO2).
[37–39] 

The n-butanol/water ratio was also found to affect the recovery of OM in the pulp, which 

decreased from 65 wt% in pure n-butanol to 44 wt% upon addition of water, and was 

determined to be 53 wt% in water alone, highlighting the synergetic effect of the n-butanol 

– water mixture with respect to lignocellulose disassembly (Figure 2f and Table S2, entries 

9, 15 – 18). Correspondingly, the recovery of OM in the liquid fraction was maximized when 

n-butanol and water were employed together. These observations can be explained by the 

dual nature of the solvent: on the one hand, n-butanol is more apolar than water and is less 

active toward solvolysis,[40] on the other hand, it possesses a higher ability to  solubilize lignin 
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and humins compared to water.[41,42] Interestingly, the mass balance was not affected by the 

n-butanol/water ratio, indicating that the formation of volatile products does not depend on 

this parameter. 

3.3. Solid fraction: cellulosic pulp 

The isolated solid fractions were subjected to acid hydrolysis, following a well-established 

procedure,[43] and their composition in terms of polysaccharides and lignin was determined 

(Table 1). Furthermore, the chemical and structural features of the different pulps, their 

cellulose crystallinity index (CI),[44] and their surface morphology were analyzed via ATR-

FTIR spectroscopy (spectra reported in Figure S3, band assignments in Table S3), XRD 

analysis (Figure S4) and SEM (Figures S5 – S8), respectively. Additionally, the effectiveness 

of the pretreatment with respect to enhancing the processability of the solid fractions was 

evaluated by assessing the enzymatic digestibility of the preserved C5 and C6 

polysaccharides (mainly xylan and glucan) toward monosaccharides (xylose and glucose) 

(Figure 3).[45] Except for nitrogen pressure (Table 1, entries 3, 6 and Figure 3b) and for the 

loading of sodium dithionite (Table 1, entries 3, 7 – 9 and Figure 3c), all the considered 

process variables were found to exert an influence on the retention of polysaccharides, on 

delignification, and on the pulp processability.  

At a low treatment temperature of 150 °C most of the polysaccharides were found to be 

preserved in the pulp, with recoveries of C5 and C6 polysaccharides of 83 wt% and 93 wt%, 

respectively (Table 1, entry 1). A lignin recovery of 128 wt% was measured in the solid 

fraction. Such increase of lignin content may be ascribed to the presence of non-removed 

extractives in the pulp,[46] or to the partial formation of pseudolignin (e.g. insoluble humins) 
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and its deposition on cellulose fibers.[47–49] Processing at higher temperatures triggered the 

removal of hemicellulose and lignin (Table 1, entries 2 – 5), whereas the recovery of C6 

polysaccharides remained rather constant up until 200 °C, above which cellulose hydrolysis 

increased markedly. These observations were confirmed by FTIR analyses of the solid 

fractions (Figure S3a), which showed that incrementing the treatment temperature above 150 

°C resulted in the gradual disappearance of the bands at 1235, 1465, 1510, 1595, and 1740 

cm-1, assigned to lignin and hemicellulose,[50–53] pointing out their removal from the pulps. 

On the other hand, for the solid fraction isolated after a treatment at 250 °C, a more marked 

band appeared at 1045 cm-1 in the FTIR spectrum (assigned to lignin)[54], pinpointing the 

presence of a higher content of residual lignin relative to the amount of pulp isolated after 

severe treatment. Notably, the bands at 1160 cm-1 and 1098 cm-1 became more evident at 

higher temperatures, revealing a larger cellulose purity and a higher proportion of crystalline 

cellulose.[52,53] Further XRD analyses of the pulps showed that their CIs increased with 

temperature from 42% at 150 °C to 56% at 225 °C (Figure 3a), owing to the removal of 

amorphous components (lignin and hemicellulose) from the solid fraction.[55,56] Remarkably, 

the pulp isolated at 150 °C  possessed a CI lower than that of raw biomass. Such finding may 

be explained by the residual presence of extractives in the pulp, or by the redeposition of 

pseudolignin on cellulose fibers, which are known to negatively affect the CI.[46,55] SEM 

images of the raw biomass and of the solid fractions revealed that increasing the treatment 

temperature resulted in a gradually smoother surface and in the appearance of bundles of 

fibers that became thinner as the temperature was raised (Figure S5a – d). This indicates a 

partial disassembly of the fibrous structure, which is expected to enhance the enzymatic 

digestibility of the pulp.[57] In agreement with this, a larger convertibility of glucan and xylan 
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was determined for the pulps obtained at higher temperatures (Figure 3a), reaching yields of 

saccharification greater than 90% above 175 °C, by virtue of an enhanced delignification and 

a higher accessibility of cellulose fibers. 

The adoption of lower solvent/biomass ratios resulted in a gradual diminution of the recovery 

of C5 and C6 polysaccharides, from 20 wt% and 92 wt% at 40 mL g-1 down to 11 wt% and 

82 wt%, respectively, at 10 mL g-1 (Table 1, entries 9 – 11). The intermediates produced by 

carbohydrate degradation, including short organic acids,[37,38,58] may be responsible for 

promoting further (hemi)cellulose decomposition. At the same time, higher recoveries of 

lignin were measured, which may be due to a poorer lignin solvolysis (arising from an 

increased mass transfer resistance at higher biomass concentration)[59] or to pseudolignin 

formation. A larger presence of lignin at lower solvent/biomass ratios was recognized also 

via FTIR analyses, with the bands at 1045 cm-1 and 1595 cm-1 that were more apparent at 10 

mL g-1 (Figure S3d). However, we cannot exclude the contribution of furanic species which 

would be associated with IR bands in the same regions (e.g. 1600 and 1020 cm-1).[64] The 

band at 1098 cm-1 was also more evident at low solvent/biomass ratio, indicating a larger 

content of crystalline cellulose in the pulp.[53] XRD analyses revealed that no major change 

occurred in the CIs of the pulps obtained at different solvent/biomass ratios (Figure 3d). Such 

observation may be explained by the opposed effects that an increased content of amorphous 

(pseudo)lignin and a higher fraction of crystalline cellulose would exert on the CI.[60] SEM 

images of the solid fractions showed that the adoption of low solvent/biomass ratios resulted 

in a rougher, more tightly packed fibrous structure (Figure S6a – c), possibly less susceptible 

toward enzymatic conversion.[35] Consistently, the digestibility of glucan was found to 
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decrease from 91% at 40 mL g-1 to 77% at 10 mL g-1 (Figure 3d), suggesting that the higher 

content of (pseudo)lignin and the more compact structure observed at higher loading limits 

cellulose accessibility for enzymatic attack.[35,49] 

Increasing the reaction time had a similar impact as raising the operating temperature (Table 

1, entries 9, 12 – 14). While high recoveries of polysaccharides (68 wt% for C5 and 93 wt% 

for C6) and pseudolignin formation (lignin recovery of 119 wt%) were observed at short 

reaction times (i.e. “0 hours” condition), longer treatment durations resulted in the extensive 

removal of hemicellulose and lignin. These observations were substantiated by FTIR 

analyses of the solid fractions (Figure S3e), which showed that minor changes in the spectrum 

were apparent at short reaction times  compared to the raw biomass, whereas longer 

processing times resulted in the disappearance of the bands at 1235 cm-1, 1465 cm-1, 1510 

cm-1, and 1740 cm-1, assigned to lignin and hemicellulose,[50–53] and in the shrinkage of the 

band at 1595 cm-1, assigned to lignin.[53] The higher purity of cellulose at longer reaction 

times was highlighted by the gradually more apparent band at 1160 cm-1.[52] In agreement 

with such findings, the CIs of the pulps increased with time from 44% at 0 hours up to 53% 

at 6 hours (Figure 3e). SEM analyses showed that the surface of the solid fraction isolated 

after 0 hours of treatment possessed a coarse morphology, much alike that of the raw biomass, 

and no fibers were apparent (Figure S7a, b). Conversely, after 3 hours a more open fibrous 

structure was observed (Figure S7c). Accordingly, the digestibility of glucan and xylan 

increased with the reaction time, and values greater than 90% were measured for the pulps 

obtained after processing for 3 hours or longer (Figure 3e). 
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The effect of the n-butanol/water ratio on the properties of the isolated pulps confirmed the 

benefits deriving from the adoption of a mixture of n-butanol and water compared to the pure 

solvents (Table 1, entries 9, 15 – 18). When n-butanol was employed alone, only a marginal 

removal of hemicellulose and lignin from the pulp was observed (31 wt% for both 

components), whereas the introduction of water led to an improved solubilization of these 

components, and a sharp increase of cellulose purity in the pulp (up to 77 wt%, relative to 

the DM content of the solid fraction). The use of water alone led to extensive removal of C5 

polysaccharides and a marginal decrease of the recovery of C6 polysaccharides, along with 

the formation of pseudolignin (lignin recovery of 107 wt%), highlighting how a solvent that 

is too polar would not be convenient for the DAOF, as it would lack the ability to solubilize 

lignin and humic products formed during the fractionation. FTIR analyses of the solid 

fractions showed that a treatment in pure n-butanol led to a decrease of the bands at 1235 cm-

1 and 1510 cm-1 and to the disappearance of the band at 1740 cm-1, assigned to hemicellulose 

and lignin (Figure S3f).[50–53] On the other hand, the introduction of water as a co-solvent 

resulted in the complete disappearance of the bands at 1235 cm-1, and 1510 cm-1, as well as 

in a substantial reduction of the bands at 1465 cm-1 and 1595 cm-1, pointing out a more 

extensive removal of hemicellulose and lignin.[52,53] The use of water alone resulted in more 

apparent bands corresponding to lignin (1045, 1465, 1510 and 1595 cm-1),[52–54] highlighting 

its worse solubilization or its increased redeposition on the pulp surface. In addition, the 

presence of a more evident band at 1098 cm-1 indicated a higher content of crystalline 

cellulose.[53] Consistent with the improved removal of amorphous components, the CIs 

determined for the pulps obtained from processing with mixtures of n-butanol and water were 

found to be greater than those measured for the pure solvents (Figure 3f). Further inspection 
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of the solid fractions via SEM revealed that a treatment in n-butanol caused a smoothening 

of the pulp surface and exposed tightly packed bundles of fibers, which were partially 

disassembled upon the addition of water to the mixture (Figure S8a – c). On the contrary, the 

use of water alone led to an extensive fragmentation of lignocellulose and a consequent 

redeposition of the debris on the fibers, which were completely covered (Figure S8d). In line 

with this, a higher digestibility of the preserved polysaccharides was measured when n-

butanol and water were employed together, with the highest yield of glucan saccharification 

of 91% determined for an equivolumetric mixture of the two solvents (Figure 3f). 

3.4. Organic fraction: lignin oil 

The solubilized lignin was isolated from the organic liquid fractions via solvent evaporation 

followed by liquid – liquid extraction with dichloromethane and water, according to a 

procedure reported elsewhere.[28,61] Evaporating the solvent from the dichloromethane 

extracts yielded viscous brown lignin oils, comprising lignin derivatives and humic 

products.[32] The molecular weight distribution (MWD) of the components of lignin oils and 

the phenolic monomers composition of the oils were determined via GPC and via GC-

MS/FID, respectively. 

In line with previous reports on organosolv and RCF processes,[62,63] lignin solvolysis and 

the yield of lignin oil were found to increase substantially with temperature (Table 1, entries 

1 – 5). A major increment of the yield of lignin oil from 4 wt% to 63 wt% of acid insoluble 

lignin in the initial biomass was measured between 150 and 175 °C, pointing to a threshold 

temperature for achieving an effective solvolytic disassembly of lignin-carbohydrate 

linkages. Yields of oil greater than 100 wt% were observed at high temperatures (> 200 °C), 
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highlighting the incorporation of humins in the oil, most probably generated upon the 

extensive decomposition of C5 and C6 polysaccharides achieved under these 

conditions.[49,64,65] GPC analyses of the lignin oils extracted at different temperatures are 

shown in Figure 4a. As the temperature was raised from 150 to 200 °C, a peak at about 150 

g mol-1 appeared and became preponderant, indicating the enhanced formation of phenolic 

monomers. Further increase of the temperature resulted in a gradual disappearance of the 

monomers peak in favor of the formation of larger fragments, suggesting the occurrence of 

repolymerization reactions. Concomitantly, the formation of small fragments (MW < 100 g 

mol-1) was observed, possibly corresponding to dealkylated monophenolics or carbohydrate 

derivatives (e.g. furans). Overall, the estimation of the weight average molecular weight 

(MW) of lignin oils (Table S4, entries 1 – 5) clearly showed that MW diminished as the 

operating temperature increased, with the highest drop of MW, from about 1800 to 1000 g 

mol-1, that was determined for the range 175 – 200 °C, corresponding to extensive formation 

of monophenolics. Consistently, GC-MS/FID analyses of the lignin oils revealed that the 

monomer yield increased with temperature, from 1.2 wt% of acid insoluble lignin in the 

initial biomass at 150 °C up to 18.1 wt% at 200 °C, then diminished as the temperature was 

raised further (Figure 5a and Table S5). A broad variety of monomeric compounds was 

observed, including species with side chains containing carbonyl groups (1 – 4), species with 

4-propenyl or 4-propyl side chains (5 and 6, respectively), and species missing a side chain 

(7). Such a broad spectrum of products can be explained by the combination of acid-catalyzed 

and reductive pathways for the cleavage of β-O-4 linkages in lignin.[32] Raising the operating 

temperature above 200 °C resulted in the gradual depletion of 1 – 4, likely due to dealkylation 

and repolymerization reactions, as evidenced by the increased yield of 7 and by the presence 
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of peaks at higher molecular weights observed in the GPC profiles. On the other hand, the 

consumption of 5 appeared to be accompanied by the formation of 6, suggesting – as 

demonstrated with model compounds[32] – the ability of dithionite to promote the 

hydrogenation of C=C bonds in the side chains of lignin moieties at high temperature. 

The nitrogen pressure was found to have virtually no influence on the yield of lignin oil and 

on the MWD of the components of lignin oil (Table 1, entries 3, 6; Figure 4b and Table S4, 

entries 3, 6), as well as on the distribution of monophenolic products (Figure 5b and Table 

S6), confirming that effective valorization of lignin to monoaromatics could be achieved in 

the absence of external pressurization, thereby advantageously relaxing the equipment 

requirement to withstand elevated pressure (see below). 

The loading of sodium dithionite did not appear to affect the yield of lignin oil, which 

remained around 90-95 wt% (Table 1, entries 3, 7 – 9). On the contrary, the dithionite loading 

was found to exert a major impact on lignin depolymerization (Figure 4c and Table S4, 

entries 3, 7 – 9). The GPC profiles in Figure 4c show that the introduction of dithionite within 

the fractionation process led to a considerable boost of the phenolic monomers fraction, 

accompanied by a gradual flattening of the tail extending to high molecular weights, which 

confirms the essential role of dithionite with respect to enhancing lignin depolymerization 

and partially preventing its recondensation. Importantly, the adoption of a dithionite loading 

of 16.7% w/wbiomass led to a monomers peak in the chromatogram comparable to that 

observed for a loading of 33.3% w/wbiomass, as well as to a similar MW, suggesting that the 

amount of dithionite fed to the process could be advantageously reduced, compared to what 

was reported in a previous study on the DAOF.[32] The effective production of monophenolics 
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was confirmed by GC analyses of the lignin oils, which showed that the highest yield of 19.4 

wt% was attained at a loading of 16.7% w/wbiomass (Figure 5c, Table S7). Most strikingly, the 

loading of reducing agent was found to remarkably affect the monophenolics composition 

(Figure 5c, Table S7). In the absence of dithionite, a low yield of monomers of 3.6 wt% was 

obtained, mainly comprising 1, 2, and 5. The use of a dithionite loading of 6.7% w/wbiomass 

resulted in a substantial increase in the formation of 5 (with a yield of 10.5 wt%), highlighting 

an enhanced reductive cleavage of inter-unit linkages in lignin structures in the presence of 

the reducing agent.[32] Further increase of the dithionite loading to 16.7% w/wbiomass boosted 

the yield of 5 up to 15.5 wt%, and also led to a slightly larger formation of species with side 

chains containing carbonyl groups (1 – 4). Surprisingly, the use of a higher loading of 33.3% 

w/wbiomass resulted in a diminution of the yield of 5 (down to 5.1 wt%) and in larger yields of 

1, 2, and 4, possibly indicating a worse performance of dithionite with respect to the reductive 

cleavage of lignin in this scenario. A tentative explanation for such behavior could be found 

in the tendency of the reducing agent to undergo auto-catalytic decomposition in acidic 

aqueous media.[66,67] 

The yield of lignin oil increased from 93 wt% to 119 wt% when the solvent/biomass ratio 

was decreased from 40 to 10 mL g-1 (Table 1, entries 9 – 11), pointing to a larger 

incorporation of humins in the oil, in agreement with the lower recoveries of C5 and C6 

polysaccharides discussed above. The MWD of the components of the lignin oils showed a 

considerable formation of monophenols at all solvent/biomass ratios (Figure 4d and Table 

S4, entries 9 – 11), with a slightly more apparent tailing in the GPC profiles observed at lower 

ratios, suggesting incomplete lignin depolymerization or enhanced repolymerization. Further 
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inspection by GC analysis revealed a slight decline of the overall yield of monomers with 

decreasing solvent/biomass ratio (Figure 5d and Table S8), and a rather uniform diminution 

of the yield of 1 – 5, possibly due to their participation in recondensation reactions. 

Concomitantly, 6 was formed, highlighting the partial hydrogenation of unsaturated side 

chains in lignin moieties, achieved as a result of the larger concentration of dithionite in the 

medium. 

Longer reaction times resulted in larger yields of lignin oil, corresponding to the progressive 

solubilization of lignin (Table 1, entries 9, 12 – 14). A yield of 115 wt% was obtained after 

6 hours, indicating the incorporation of humic products in the oil. The MWD of the 

components of the oil was also affected by the processing time (Figure 4e and Table S4, 

entries 9, 12 – 14), with the appearance of a monomers peak in the GPC profile at 0.75 hours 

that increased at longer times. A tail extending to higher molecular weights was observed 

that gradually became more evident with time, suggesting partial repolymerization or the 

extraction of larger lignin fragments from the lignocellulose matrix.[68] GC analysis 

corroborated GPC results, showing that moderate production of monophenolics was achieved 

at 0.75 hours, with a yield of monomers of 9.9 wt% and a prominent formation of 5 (yield of 

6.5 wt%) and 3 (yield of 1.6 wt%) (Figure 5e and Table S9). Longer reaction times led to an 

increase of the yield of monomers up to 20.6 wt% after 6 hours, with a boost of the yield of 

5 (up to 16.2 wt%) and a diminution of the yield of 3 (down to 0.3 wt%), possibly due to 

repolymerization reactions.  The formation of monophenolics with shorter or missing side 

chains (1, 2, 7) was detected at longer times, indicating the occurrence of dealkylation 
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reactions. The marginal production of 6 pinpoints the partial hydrogenation of lignin moieties 

under the action of dithionite. 

Processing lignocellulosic biomass in pure n-butanol and pure water led to lignin oil yields 

of 63 wt% and 44 wt%, respectively (Table 1, entries 9, 15 – 18). On the other hand, the 

combined use of the two solvents resulted in substantially larger oil yields (up to 96 wt%), 

clearly highlighting the superior performance of the mixture for the extraction of lignin. GPC 

analyses of the lignin oils showed that the adoption of n-butanol alone yielded a lignin oil 

with the highest MW of ~1800 g mol-1, due to the poor disassembly of the extracted lignin 

and the high solubility of large lignin fragments in n-butanol. On the contrary, the use of 

water alone led to the lowest MW of ~450 g mol-1 (Table S4 entries 9, 15 – 18). The latter 

observation is chiefly due to the low solubility of larger fragments in water, rather than to a 

more extensive depolymerization of lignin, as illustrated by the relatively flat GPC profile at 

high molecular weights, and by the small peak corresponding to lignin monomers (Figure 

4f). Indeed, the best conditions for lignin depolymerization coincided with the use of a 

mixture of the two solvents, which led to a marked boost of the peak for monophenolics, up 

to a maximum achieved for the case of an equivolumetric mixture. Further inspection of the 

yield of lignin monomers via GC confirmed the conclusions made based on GPC (Figure 5f 

and Table S10). The yield of monophenolics was substantially increased by the combined 

use of n-butanol and water, up to a maximum of 19.4 wt%, achieved for an equivolumetric 

mixture. A relevant finding is that a high yield of monophenolics of 18.2 wt% could also be 

attained in the presence of a low fraction of n-butanol (25 vol%), suggesting that the amount 
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of n-butanol co-solvent used for the fractionation could be conveniently diminished without 

considerably affecting the production of monoaromatics. 

With the goal of gaining further insight into the structural features of the aromatic species 

produced during the DAOF, samples of lignin oil were subjected to 1H-13C HSQC NMR 

analysis. In particular, samples obtained in the presence of different loadings of dithionite 

were analyzed, to investigate the role of the reducing agent with respect to the formation of 

defined structural patterns (Table S11). In agreement with the previously discussed GC 

results, Figures S9 – S12 and the data reported in Table S12 clearly show that the use of a 

dithionite loading of 16.7% w/wbiomass boosted the formation of species possessing 4-

propenyl side chains compared to a treatment carried out in the absence of dithionite. At the 

same time, a slightly larger formation of 4- propenal end-units and other structural motifs 

containing carbonyl groups in their side chains (e.g. acetosyringone, acetoguaiacone, etc.) 

was observed. Further increase of the loading of reducing agent led to a sharp diminution of 

the signals corresponding to 4-propenyl and 4-propenal end-units and a remarkable 

increment of those corresponding to syringaldehyde, acetosyringone and acetoguaiacone 

structural motifs. These results confirm that the adoption of a dithionite loading of 16.7% 

w/wbiomass is optimal for enhancing the reductive cleavage of β-O-4 linkages in lignin during 

the DAOF. Interestingly, the formation of 4-propyl and 4-propanol end-units was determined 

in the presence of dithionite, pointing out its ability to reduce C=C bonds in the side chains 

of lignin moieties formed upon reductive cleavage of β-O-4 bonds.[32] Lignin inter-unit 

linkages were also found to be affected by the loading of the reducing agent. Notably, the 

cross signals corresponding to β-O-4 bonds gradually disappeared at higher dithionite 
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loadings, in line with the trend observed in a previous study with lignin model compounds.[32] 

Similarly, the signals corresponding to other native lignin linkages such as β-β resinol and β-

5 phenylcoumaran were found to decrease at higher dithionite loadings, likely due to the 

cleavage of labile ether bonds in these structures.[14] In the absence of dithionite, a low portion 

(~25%, based on total aromatic units) of the 13C–1H HSQC spectrum could be assigned to 

known structural motifs (Table S12). The unassigned portion of the spectrum may be 

associated with the formation of non-native C-C linkages between lignin units, resulting from 

repolymerization reactions.[69] Remarkably, in the presence of dithionite, the unassigned 

portion of the spectrum was lower compared to that determined in the absence of the reducing 

agent, suggesting that dithionite can partially prevent lignin recondensation, in line with the 

lower amount of high-MW fragments and of the higher yields of monophenolics observed 

via GPC and GC analysis. Overall, NMR analysis showed that the dithionite loading has a 

marked impact on the end-units and inter-unit linkages in lignin derivatives (which will 

ultimately affect the physicochemical properties of lignin oil). 

3.5. Aqueous fraction: non-condensed carbohydrate derivatives 

Even though the aqueous liquid fraction is ultimately considered as wastewater in the 

process, it was analyzed with the goal of gaining a more complete insight in the fate of 

biomass and dithionite derivatives during the DAOF. Thus, the aqueous liquid fractions 

obtained from the DAOF were subjected to pH measurement and HPLC analysis to determine 

the influence of different process configurations on the acidity of the medium and on the 

production of xylose, 1,2-propylene glycol and formic acid, which were recognized as the 

major non-condensed carbohydrate derivatives formed during the DAOF.[32]  
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As a general trend, rather low yields of carbohydrate derivatives were measured for the 

different process configurations that were explored (Table 1). Consistently with this 

observation, the intermediates formed during (hemi)cellulose solvolysis were reported to be 

more prone to undergo degradation/recondensation compared to lignin derivatives.[70] Yet, 

all the studied process variables (except nitrogen pressure – Figure S13b and Figure S14b) 

were found to affect the acidity of the medium and the formation of non-condensed 

carbohydrate derivatives.  

A treatment temperature of 150 °C led to a low pH of 3.4 and to the formation of acetic acid, 

most probably resulting from deacetylation of hemicellulose.[71] The pH increased sharply at 

175 °C, then remained around pH 6 at higher temperatures (Figure S13a).  This behavior may 

be due to the partial decomposition of dithionite, as previously reported by other authors.[66] 

On the other hand, almost no production of carbohydrate derivatives was measured at 150 

°C (Figure S14a). Such observation can be explained by the little solvolysis of 

(hemi)cellulose occurring under these conditions (see above). The yield of 1,2-propylene 

glycol and formic acid increased consistently up to 1.2 wt% and 6.3 wt% of polysaccharides 

in the initial biomass, respectively, at 200 °C, pointing to an enhancement of carbohydrate 

decomposition.[37,38] Further rise of the operating temperature caused a diminution of the 

yield of formic acid, possibly due to its conversion toward gaseous products.[37] 

Higher loadings of dithionite led to an increase of the pH despite the presence of larger 

concentrations of formic and acetic acid in the medium (Figure S13c), suggesting an 

increment of dithionite decomposition.[66,67] The gradual decline of the yield of xylose and 

the concomitant boost of the yield of formic acid at increasing dithionite loadings, indicate 
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that dithionite promotes carbohydrate decomposition during the DAOF, with a total yield of 

non-condensed carbohydrate derivatives that increased with the loading of the reducing agent 

from 3.4 wt% in the absence of dithionite to 7.5 wt% at a loading of 33% w/wbiomass (Figure 

S14c). An analogous behavior was observed for experiments carried out at different 

solvent/biomass ratios. The pH remained stable at 4.7 even though the concentrations of 

formic and acetic acid increased with decreasing solvent/biomass ratios (Figure S13d). In 

addition, Figure S14d shows a buildup of the yield of formic acid at the expense of xylose at 

lower solvent/biomass ratios (i.e. higher dithionite concentration in the medium). Similarly 

to the action of bisulfite ions during acid sulfite pulping,[72,73] dithionite could contribute to 

carbohydrate degradation by reacting with sugars to yield organic acids. Formic acid may be 

formed via further fragmentation reactions.[74] 

Halting the fractionation immediately after reaching the setpoint temperature (i.e. “0 hours” 

experiment) resulted in the formation of acetic acid and in a low pH of the medium of 4.1 

(Figure S13e). At longer reaction times, the pH rose up to 4.7 in view of the action of 

dithionite.[66] Consistently with the high recoveries of C5 and C6 polysaccharides determined 

in the solid fraction, a minimal formation of carbohydrate derivatives was determined at a 

short reaction time (Figure S14e). Conversely, longer durations resulted in the increase of 

the yields of xylose, 1,2-propylene glycol, and formic acid, by virtue of a more extensive 

solvolysis of (hemi)cellulose. 

The decrease of the n-butanol/water ratio led to a decline of the pH of the medium from 4.7 

at 75 vol% n-butanol, to 3.9 in pure water, possibly due to a more effective deacetylation of 

hemicellulose (Figure S13f). The presence of n-butanol in the solvent mixture appeared to 
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favor the production of formic acid, which reached a maximum of 2.8 wt% for a mixture 

containing 75 vol% n-butanol. On the contrary, the use of greater amounts of water led to a 

decrease of the yield of formic acid, and a gradually larger yield of xylose (Figure S14f), 

pointing to the crucial role of solvent composition with respect to the fate of solubilized 

carbohydrates during the DAOF. 

3.6. Economic feasibility of the DAOF 

A techno-economic assessment (TEA) was conducted to study the economic feasibility of 

the DAOF process. From the process flow diagram (Figure 6) three product streams of 

interest were identified: a cellulosic pulp, a monophenolics-rich stream (cyclohexane oil, 

obtained after the extraction of monophenolics with cyclohexane – see Supporting 

Information), and an oligophenolics-rich stream (residue obtained after the extraction of 

monophenolics). The aqueous stream was considered as wastewater. The TEA presented by 

Tschulkow et al. for reductive catalytic fractionation (RCF) was used as a starting point for 

the present assessment.[75] As many similarities exist between the DAOF and RCF processes 

with respect to unit operations and plant sections needed, the CAPEX scale-up was assumed 

to be the same for RCF and DAOF (Figure S15). This assumption makes the present TEA 

more conservative since the DAOF does not rely on the use of heterogeneous catalysts or 

hydrogen gas, and lower temperatures and pressures are adopted, resulting in less stringent 

safety requirements and, overall, in a less costly reactor design. Moreover, it was assumed 

that the efficiency of the solvent recovery steps within the DAOF was equal to that reported 

for the RCF.[11,75] 
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As the DAOF process is still at the proof-of-concept stage (technology readiness level (TRL) 

of 3-4), a higher discount rate of 17.5% was considered for the DAOF, versus 15% for the 

more mature RCF (TRL 4-5). A project lifetime of 20 years was fixed, with an annual 

operating time of 8000 hours. Based on these hypotheses and assuming that the experimental 

data discussed in the previous sections were scalable, the net present value (NPV) for the 

DAOF configuration corresponding to Table 1, entry 9, which led to the maximum yield of 

monophenolics, was calculated. Considering a base case annual dry birch wood intake of 

1500 kt y-1 and the assumptions reported in Table S13 and Table S14 for the process operative 

expenditure (OPEX) and revenues, such DAOF configuration has a NPV of 37 M€. This 

result suggests that the DAOF configuration would be economically feasible in wood 

abundant regions (such as North America and Northern European countries), where the 

feedstock intake of the biorefinery could be conveniently met. Importantly, the present 

analysis was based on a relatively conservative birch wood cost of 171 € t-1. In other works, 

lower costs were reported (down to ~80 € t-1).[11,76,77] Hence, the impact of the feedstock cost 

on the NPV of the DAOF process was assessed by performing a sensitivity analysis (Figure 

S16). A substantial increase of the NPV for the base case scenario was determined at 

decreasing feedstock cost, up to a NPV of 910 M€ attained for a feedstock cost of 80 € t-1, 

hinting at an even higher economic potential of the DAOF in wood-abundant regions, where 

the feedstock cost may very well be lower than that initially assumed in the present 

assessment.  

Considering the dependence of the NPV on the feedstock capacity level, the break-even point 

(at which the NPV equals zero) is reached at a capacity level of 1350 kt y-1 (Figure S17). 
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Thus, in less wood-abundant regions, efforts will be required to make the DAOF process 

more feasible at lower annual feedstock intakes. From this point of view, it is interesting to 

inspect the influence of variations of the OPEX and of the product revenues on the NPV of 

the DAOF.  

Table S13 shows that the cost of sodium dithionite contributes to a large fraction of the 

OPEX, suggesting that the use of lower amounts of dithionite could be more favorable. Thus, 

the influence of the loading of dithionite on the NPV of the DAOF was evaluated, according 

to the experimental configurations reported in Table 1, entries 3, 7 – 9. The yields of pulp, 

phenolic monomers and oligomers for these configurations are summarized in Table S15. In 

view of the extensive variability of the market price for monophenolics reported in the 

literature (~1750 – ~12000 € t-1),[61,75,78] a conservative price range from 1500 to 6500 € t-1 

was considered for this study. The outcomes of the analysis are reported in Error! Reference 

source not found. 2. Herein, three different regions can be distinguished: (i) for monomers 

selling prices between 1500 € t-1 and 5000 € t-1 a blank organosolv process (performed in the 

absence of dithionite) would be the most convenient, (ii) for a price of 5500 € t-1 the process 

configuration with a dithionite loading of 6.7% w/wbiomass would be the most favorable, and 

(iii) for a price equal or greater than 6000 € t-1 the configuration with a dithionite loading of 

16.7% w/wbiomass would be the most promising. 

Besides the cost of dithionite, that of n-butanol represented a considerable expenditure as 

well (Table S13), and the use of lower amounts of n-butanol could be more favorable. 

Therefore, a second sensitivity analysis was carried out to evaluate the effect of the n-

butanol/water ratio on the NPV of the DAOF, according to the experimental results reported 
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in Table 1, entries 9, 15 – 18. The yields of pulp, phenolic monomers and oligomers for these 

configurations are summarized in Table S16. The outcomes of such analysis are illustrated 

in Table 3. As a result of the low amount of monophenolics produced in the presence of the 

pure solvents, neither the use of n-butanol or water alone led to economically feasible 

configurations. On the other hand, for monomers selling prices equal to or greater than 2000 

€ t-1, the DAOF configurations with 25 vol% and 50 vol% n-butanol were found to be feasible 

(the configuration with 75 vol% n-butanol was also found to be feasible for monomer prices 

equal or greater than 2500 € t-1), with the use of an equivolumetric mixture of n-butanol and 

water resulting in the largest NPVs. 

Overall, despite the conservative hypotheses that were made in terms of CAPEX, this TEA 

shows that the DAOF can be economically viable. In this respect, the loading of dithionite 

and the n-butanol/water ratio applied were highlighted to have a decisive influence on the 

process profitability, and the DAOF configuration employing a dithionite loading of 16.7% 

w/wbiomass and an equivolumetric mixture of n-butanol and water appeared to be the most 

promising. Notably, the economic potential of the DAOF was shown to be ultimately 

dependent on the selling price for phenolic monomers. 

Future work should focus on reducing the OPEX further to improve the economic feasibility 

of the DAOF. The recovery of dithionite derivatives downstream and the regeneration of the 

reducing agent could be explored. In addition, the replacement of n-butanol with less 

expensive alcohols (e.g. methanol, ethanol) could contribute to diminish the operating costs. 
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3.7. DAOF of different lignocellulosic feedstocks 

In In order to explore the process robustness with respect to the treatment of lignocellulose 

from different sources, two herbaceous biomasses – miscanthus grass (Miscanthus x 

giganteus) and wheat straw (Triticum aestivum) – as well as a softwood (Norway spruce, 

Picea abies), were subjected to DAOF according to the conditions reported in Table 1, entry 

9. The outcomes of the fractionation were compared to those observed for the treatment of 

birch sawdust. All biomasses possessed a particle size ≤ 2 mm.[34] Their composition is 

reported in Table S1. Table S17 shows that the highest recovery of OM in the pulp were 

obtained for the treatment of miscanthus (52 wt% of OM in the initial biomass) and spruce 

wood (54 wt%), in view of the large cellulose content of these feedstocks. Birch wood led to 

the highest recovery of OM in the organic fraction (26 wt%), likely due to a more facile lignin 

solvolysis for the case of hardwoods compared to softwoods and herbaceous biomass.[79] The 

greatest recovery of OM in the aqueous fraction was obtained for the processing of wheat 

straw (15 wt%), probably determined by the high content of water-soluble extractives in this 

biomass. Overall, a mass balance comprised between 78 wt% (for birch wood) and 85 wt% 

(for spruce wood) was obtained, highlighting that a partial conversion of biomass to volatiles 

occurred for all scenarios. 

The properties of the different product streams obtained after the DAOF of each feedstock 

are summarized in Table 4. Large recoveries of C6 polysaccharides in the pulp (≥ 90 wt%) 

were determined for all scenarios, indicating excellent cellulose preservation. At the same 

time, hemicellulose was extensively solubilized, with a removal greater than 70 wt%. A 

relatively low delignification was achieved for the treatment of spruce wood. A similar 
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outcome was reported also for the organosolv and the RCF treatment of softwoods,[48,61] and 

the minor delignification was associated with the chemical structure of lignin that features a 

lower content of cleavable β-O-4 linkages, and a greater content of guaiacyl-units, possessing 

a higher tendency to undergo condensation reactions.[2,61,79] Another explanation for this 

behavior could be found in the generally less porous morphology of softwood biomass 

compared to hardwood and herbaceous feedstocks,[15,80] which may determine a higher mass 

transfer resistance for the solvolytic extraction of lignin.[34] These findings were supported 

by further FTIR analyses of the solid fractions (Figure S18), which exhibited more apparent 

bands at 1160 cm-1 and the disappearance of the band at 1740 cm-1 for all biomasses, 

corresponding to a larger cellulose content and to the partial removal of hemicellulose and 

lignin, respectively. In addition, the bands at 1235 cm-1 and 1510 cm-1 (associated with 

hemicellulose and lignin) were found to vanish after treatment, and the band at 1595 cm-1 

(associated with lignin) decreased for all feedstocks except spruce wood, confirming the less 

effective removal of lignin for softwood biomass. In line with these observations, the 

enzymatic convertibility of the isolated polysaccharides was considerably smaller for spruce 

wood compared to the other feedstocks, whose treatment led to highly digestible pulps (with 

yields of saccharification ≥ 90%). On the other hand, the partial removal of amorphous 

components during the DAOF resulted in a slight increase of the CI of the solid fractions for 

all biomass types (Table 4, Figure S19). 

In agreement with the lower delignification observed for spruce wood, the yield of lignin oil 

isolated from the organic fraction was modest for the treatment of this biomass (Table 4). 

The GPC profiles of the lignin oils obtained from the treatment of the various feedstocks 
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were different from one another (Figure 7a). A peak for monophenolics was observed in all 

cases, which became larger in the order: spruce wood < wheat straw < miscanthus < birch 

wood. A higher abundance of high MW fragments was found for the treatment of wheat 

straw, as indicated by the more prominent peak at 350 g mol-1 and by the presence of an 

additional peak at 520 g mol-1, as well as by the thick tail extending to higher molecular 

weights. These results suggest that a more effective depolymerization of lignin could be 

achieved when the DAOF was applied to birch sawdust.  

Further inspection of the lignin oils via GC analysis corroborated the previous observations, 

with the greatest yield of monomers obtained for birch wood (19.4 wt% of acid insoluble 

lignin in the initial biomass), followed by miscanthus (13.1 wt%), wheat straw (11.6 wt%) 

and spruce wood (7.3 wt%) (Figure 7b, Table 4). Remarkably, Figure 7b and Table S18 show 

that, despite some variability in the yields of species with side chains containing carbonyl 

groups, a relatively high yield of monophenolics with 4-propenyl side chains was attained 

for all types of biomasses employed, confirming that the DAOF selectively promoted the 

reductive depolymerization of lignin from the various feedstocks. 

A generally low yield of non-condensed carbohydrate derivatives was observed for the 

treatment of the different biomasses (Figure S20), with a marginal release of xylose and the 

formation of low amounts of 1,2-propylene glycol and formic acid, confirming that the 

intermediates generated upon (hemi)cellulose decomposition are not promptly stabilized 

against recondensation during the DAOF, regardless of the biomass source. 
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Overall, while all the explored lignocellulosic feedstocks were found to be suitable for the 

DAOF, hardwood and herbaceous biomass appeared to be particularly prone to be valorized 

with this approach. 

4. CONCLUSIONS 

In this contribution, a dithionite-assisted organosolv fractionation in n-butanol and water is 

discussed, for the one-pot production of cellulosic pulp and mono-/oligo-aromatics from 

lignocellulose. With the goal of highlighting potentially profitable process configurations, 

the effect of process conditions, including the operating temperature and pressure, the loading 

of dithionite, the solvent/biomass ratio, the reaction time, and the n-butanol/water ratio was 

investigated with respect to the properties of the isolated solid and liquid (organic and 

aqueous) fractions. Except for the exogenous N2 pressure, all process variables were found 

to exert an influence on the yield and processability of the pulp, as well as on the yield of 

lignin oil and monophenolics. More specifically, the DAOF of birch wood performed at 200 

°C for a duration of 3 to 6 hours in a mixture of n-butanol and water resulted in the extensive 

removal of hemicellulose (up to ~90 wt%) and lignin (up to ~70 wt%) from the biomass, as 

well as in the near complete preservation of highly digestible cellulose. In parallel, a lignin 

oil was isolated from the organic fraction with remarkable yields (> 84 wt% of acid insoluble 

lignin in the initial biomass), comprising phenolic monomers, dimers and oligomers. 

Importantly, the loading of dithionite was found to have a major impact on lignin 

depolymerization and on the yield of monophenolics, which reached a maximum of ~20 wt% 

of acid insoluble lignin (with a selectivity of 80 wt% for 4-propenyl-substituted 

monoaromatics), for a loading of 16.7% w/wbiomass. On the other hand, the production of non-
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condensed carbohydrate derivatives in the aqueous fraction was found to be marginal for all 

the explored process configurations. 

A techno-economic assessment of the DAOF highlighted that such technology may very well 

be economically viable, especially in wood-abundant regions. Apart for the cost of the raw 

biomass itself, the cost of sodium dithionite and n-butanol represent the largest contribution 

to operational costs. The economic potential of the DAOF was recognized to be strongly 

dependent on the market price of phenolic monomers and sensitivity analyses illustrated that 

a process configuration relying on a dithionite loading of 16.7% w/wbiomass and on the use of 

an equivolumetric mixture of n-butanol and water would be the most profitable. 

Moreover, the treatment of lignocellulosic biomass from various sources revealed that the 

DAOF is a robust method, particularly suitable for processing hardwoods and herbaceous 

feedstocks, which resulted in high yields of digestible cellulosic pulp (with cellulose 

recoveries > 90 wt%) and depolymerized lignin oil (~90 wt% of acid insoluble lignin). 

While alternative process configurations relying on less costly solvents (e.g. methanol, 

ethanol) and targeting the recovery and recycling of dithionite derivatives downstream 

should be envisaged, this study shows that the DAOF is a promising and relatively versatile 

method for integrating lignin valorization within biomass pretreatment, ultimately offering 

an innovative approach for the sustainable production of low-molecular weight aromatics 

from lignocellulose, in addition to a high-quality pulp. 
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