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Abstract 

Sustainability and profitability of a biorefinery is based on the efficient utilized of all 

components of lignocellulosic biomass. However, the resistance of lignocellulosic 

structure and the differences in physicochemical properties of its main components are 

typical challenges for most lignocellulosic fractionation approaches. Here, we 

demonstrate a fractionation strategy that is able to efficiently fractionate the whole 

lignocellulose component and convert it into a range of valuable products. The core of 

our method is to maintain the quality of lignin components by adding isopropanol while 

formic acid and molten salt hydrate (LiCl·3H2O) promote the dissolution of 

hemicellulose and lignin. Subsequently, as-obtained cellulose is readily saccharified 

due to invasion of dense crystal structure, and enzymatic hydrolysis yields 728.3 mg/g 

glucose. After simple separation, a 75.6 mol% of furfural was produced from 

hemicellulose in LiCl·H2O/γ-valerolactone (GVL) biphasic system, and 75.7 wt% 

phenolic mono-/oligomer were produced from lignin hydrolyzed in formic 

acid/isopropanol(aq). Attributed to this rational design, the techno-economic analysis 

predicts a revenue of 122.66 USD by processing 100 kg of waste bamboo using the 
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above developed approach. In this process, all solvents participate in both fractionation 

and catalytic conversion and are allowed to be recycled, which is in line with the 

principles of green chemistry. 

Keywords: lignocellulosic biomass, biorefinery, molten salt hydrate, solvent effects, 

furfural

Introduction 

The reduction of fossil energy reserves 

and climate problems caused by 

greenhouse gas emissions force people to 

develop and use renewable energy.1-3 As 

a kind of renewable energy with 

abundant reserves and wide distribution, 

lignocellulose is one of the important raw 

materials to replace fossil energy. 

lignocellulose is mainly composed of 

cellulose (35-50%), hemicellulose (25-

30%) and lignin (15-30%), the relative 

amount of each structural component 

depends on the species.4, 5 Biorefinery 

represents a process that converts 

lignocellulosic biomass to energy and 

other beneficial byproducts (i.e., 

biochemicals, biomased materials). 

However, the inherent structural 

complexity of lignocellulosic and the 

significant differences in 

physicochemical of its components have 

become important challenges in the 

biorefinery process.6-8 

In traditional biorefinery, lignocellulose 

is usually delignified initially with high 

intensity pretreatment to obtain high-

quality carbohydrates for use in the pulp 

and paper industry or bioethanol 

production (Figure. 1a).9-11 In this 

process, the high pretreatment severities 

not only leads to a large loss of 

hemicellulose, but also the removed 

lignin contains a large number of 
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relatively inert C-C interunit linkages. 

The significant changes in the chemical 

structure of lignin make it a low value 

resource for the production of aromatic 

compounds, which are commonly burned 

to generate heat.12-14 To address this 

problem, the “reductive catalytic 

fractionation (RCF)” strategy based on 

the “lignin-first” biorefinery was 

proposed by group of Sels and Abu-Omar 

in 2015 (Figure. 1b).15, 16 In this strategy, 

lignin is dissolved and depolymerized in 

alcohol solvent to obtain lignin oil (i.e., 

phenolic monomers, dimers and 

oligomers) under reductive atmosphere 

with the heterogeneous metal catalyst, 

while carbohydrates are retained in the 

solid residue for further processing. This 

strategy represents significant progress in 

an integrated lignocellulose biorefinery, 

and unlocked the novel approaches for 

the fractionation of lignin conversion to 

high yield phenolic compounds.17-19 

However, several critical challenges 

remained in the“lignin-first” biorefinery. 

Firstly, although the lignin-oil obtained 

from lignin has high yield of phenolic 

monomer (up to 60%, chemical 

science),20 applications are still restricted 

by the complicated isolated components. 

Besides, a lot of hemicellulose was 

modified or lost in “lignin-first” strategy, 

preventing their further conversion to 

valuable products. These considerations, 

combined with low efficient recovery of 

expensive catalysts, rendered a reduced 

efficiency and techno-economic balance 

for a cost-effective integrated 

lignocellulose biorefinery. 

The aim of this work was explored the 

prospect of sustainable and profitable 

fractionation strategy and full-

component conversion of lignocellulose, 

while considering and whenever possible, 
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implementing the main principles of 

green chemistry (Figure. 1c).21, 22 The 

proposed integrated biorefinery that 

simultaneously produces furfural, useful 

mono-/oligo phenolics, as well as a 

readily enzymatic hydrolysable cellulose 

to achieve a high carbon and mass 

efficiency (Figure. 1d). In our opinion, 

this biorefinery protocol will provide a 

clear incentive for the production of 

profitable, sustainable chemicals with a 

low carbon footprint through the overall 

bio-refining of renewable lignocellulose. 

Figure 1. Overview of biorefinery strategy. a: Traditional biorefinery approaches is 
heavily carbohydrates-centered, and for use in the pulp and paper industry. b: Reductive 
catalytic fractionation, focused on high yield lignin derived aromatic and carbohydrates. 
c. This work: lignocellulose fractionation and full-component conversion. d. Proposed 
comprehensive biorefinery process for furfural, glucose and phenolic compounds.
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Results and discussion 

Overview of the pretreatment 

The first step of our process, a recyclable 

mixed solvent system consisting of 

isopropanol and molten salt hydrate 

(MSH, LiCl·3H2O) was used for 

hemicellulose and lignin dissolution from 

lignocellulose under the formic acid 

catalyst. Several different pretreatment 

operating parameters such as temperature, 

time, formic acid load and 

MSH/isopropanol solvent ratio were 

evaluated during the first fractionation 

(Figure 2a-d). The best fractionation 

efficiency of 86.26% cellulose retention 

(Figure 1d, Solid-1) was obtained at 140 ℃ 

for 1.5 h in the MSH/isopropanol 

(30g/20g) mixed solvent under 1.5 g 

formic acid. After that, 93.19% of lignin 

and 91.81% of hemicellulose were  

dissolved in Liquid-1, and then facile 

separated by a simple extractive 

distillation operation. On the one hand, 

the addition of formic acid is beneficial 

to the dissolution/depolymerization of 

carbohydrates and lignin. On the other 

hand, acid-catalyzed lignin 

dissolution/depolymerization generally 

results in a low yield of phenolic 

monomers during subsequent hydrolysis 

due to the large amount of 

recondensation that occurs to form 

stubborn C-C bonds under these 

conditions (Figure 2e).23-25 The 

biorefining strategy established in this 

study could derivatization/protected 

lignin based on the fact that alcohols or 

diols can capture carbocation species 

formed by lignin intermediates under 

acidic conditions (Figure 2f).26, 27  
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Figure 2. Pretreatment parameters screen for the fractionation of raw bamboo biomass. 
a: Pretreatment temperature (2.5 g bamboo, 1.5 g formic acid, MSH/isopropanol=30/20 
g, 1.5 h and 2 Mpa N2). b: Pretreatment time (2.5 g bamboo, 1.5 g formic acid, 
MSH/isopropanol=30/20 g, 140 ℃ and 2 Mpa N2). c. Formic acid load (2.5 g bamboo, 
MSH/isopropanol=30/20 g, 2 Mpa N2, 140 ℃ for 1.5 h). d: Solvent ratio (2.5 g bamboo, 
1.5 g formic acid, 2 Mpa N2, 140 ℃ for 1.5 h). e: Recondensation pathways in lignin 
acidolysis. f: Derivatization/protection pathways in lignin acidolysis. 
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Cellulose enzymatic hydrolysis and 
lignin extraction 
The cellulose-rich Solid-1 (Cellulose 

purity: 90.4 wt%) from the native plant 

cell wall and its subsequent enzymatic 

hydrolysis conversion to glucose are 

illustrated in Figure. 3a. Enzymatic 

hydrolysis of Solid-1 was implemented 

to evaluate the potential improvements or 

impacts of first-step pretreatment on 

glucose release. Raw bamboo biomass, 

microcrystalline cellulose (MCC) and 

Solid-1 were enzymatically hydrolysed 

using general commercially cellulase. 

Unsurprisingly, the raw bamboo biomass 

showed low cellulase hydrolysis 

efficiency, only 43.22 mg/g of glucose 

yield could be obtained after 72h 

incubation (Figure. 3b). This result is 

due to the poor accessibility of cellulose 

due to the dense secondary wall and 

complex spatial structure of the 

bamboo.28, 29 In contrast, the enzymatic 

hydrolysis efficiency of MCC was 

significantly improved due to its simple 

spatial structure, and 526.10 mg/g of 

glucose yield could be obtained. 

Furthermore, the Solid-1 achieves the 

highest glucose yield of 728.30 mg/g 

under the same conditions, which is 16.5 

times that of the bamboo. The significant 

improvement of enzymatic hydrolysis 

efficiency can be attributed to the 

following two points: 1) In the process of 

pretreatment, the non-cellulose fraction 

are largely removed and cellulose purity 

was up to 90.4%; 2) Compared with the 

MCC, the lower crystallinity, higher free 

hydroxyl content, fewer hydrogen bonds 

and particle size of cellulose in Solid-1, 

which was proved by XRD, FTIR peak-

differentiating and imitating, laser 

particle size analysis. (Figure. 3c-e). 

This effect was attributed to formic acid 

and MSH (LiCl·3H2O) promote the 

dissolution of lignin and hemicellulose in 

the bamboo and also affect cellulose, 

which is decoupled by partial destruction 

of the crystallization region, hydrogen 

bond network and exposure of free 

hydroxyl groups. 

Next, we moved to the separation 

operation of Liquid-1 consisting of 

hemicellulose and lignin fraction, and the 

process flow chart are illustrated in 

Figure. 3f. First, from the Liquid-1, 

solvent system (Formic acid and 

isopropanol aq) was readily isolated by 

vacuum distillation. Moreover, the 

hemicellulose derivatives are dissolved 
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in water to form Liquid-3, while the 

lignin fragments from the solid residues 

are extracted with CH2Cl2. Finally, after 

the CH2Cl2 is removed by vacuum 

distillation, the lignin fragment is 

remixed with the solvent system to form 

Liquid-2. 

Figure. 3 a: Schematic illustration of cellulose fractionation and conversion. b: The 
glucose yield of the raw bamboo biomass, MCC and solid-1 enzymatic hydrolysis. c: 
FTIR spectra peak-differentiating and imitating. d: XRD. e: Volume-based particle size 
distribution. f: Flow chart of separation process of lignin and hemicellulose fraction. 
 

 

Lignin depolymerization 

After the above extraction-distillation 

operation, Liquid-2 mainly consisting of 

lignin fragment and hydrogen-donor 

solvent, which was hydrogenized 

assisted via various catalysts (e.g., Pd/C, 

Pt/C, Rh/C, and Ru/C) (Figure. 4a and 

b). GC-MS analysis showed that Ru/C 

showed the best catalytic performance, 

which was obtained 25.6 wt% phenolic 

monomer yield and 50.1 wt% phenolic 

oligomer based on lignin in Liquid-2. 

The reason may be that among the above-

mentioned commercial catalysts, Ru/C 

has the highest catalytic activity for 

cleaving C-O bonds.30, 31 More details of 

the results obtained by over different 

catalysts were shown in Table S1, and 

phnolic monomer obtained by 

hydrotreating by Ru/C catalyst were 

identified by GC-MS shown in Figure. 4f. 
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GPC analysis showed that the Mw/Mn of 

lignin (in Liquid-2) decreased from 

1159/814 Da (Mw > 700 Da accounting 

for 54.5%) to 853/716 Da (Mw > 700 Da 

accounting for 15.2%) (Figure. 4a). 

These results suggested that lignin was 

efficiently converted into a yield of 

75.7wt% phenolic monomers/oligomers 

catalyzed by Ru/C. 

To reveal the details of the lignin 

depolymerization process, the Liquid-2 

and the products obtained at 220 ℃ for 4 

h were analyzed by ESI-MS (Figure. 4c 

and d). After hydrotreating, the 

characteristic peak response value of 

m/z=400~700 decreases sharply or 

disappears, while the characteristic peak 

of m/z =100~400 increases significantly. 

These results indicate that a large number 

of polymers are depolymerized into 

monomers or oligomers of lignin with 

lower molecular weight during Liquid-2 

hydrolysis. Moreover, the possible 

structures of several easily (green) and 

refractory (gray) polymeric polymers are 

speculated, as shown in Figure 4e. Easily 

depolymerized polymers can usually 

depolymerize to form typical phenolic 

monomers such as guaiacol and 4-methy 

phenol by breaking low bond energy β-

O-4 bonds (290~305 kJ/mol).32-34 The 

refractory structures also had the 

common structural features of benzene 

rings connected directly by C-C bonds, or 

one benzene ring connected to the alpha 

carbon of another, and their bond 

energies are typically 360-490 kJ/mol.35-

37 Therefore, compared with the easily 

depolymerized polymer, the presence of 

high bond energy C-C bonds in the 

refractory polymer makes it difficult to 

hydrolyze. Furthermore, to investigate 

the structural changes of the side-chains 

and aromatic regions of Liquid-2 before 

and after depolymerization, 2D HSQC 

NMR was used. Figure. 4f-g and Figure. 

S2 show the side-chain (δC/δH=50-

95/2.5-6.0) and aromatic regions 

(δC/δH=100-150/5.5-8.5) of the Liquid-

2 and depolymerized product spectra, 
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respectively. The assignment information 

of the cross signals in the spectrogram is 

derived from the previously literature38, 39  

and is detailed in Table. S2. In the side-

chains region, the lignin structure of the 

depolymerized products changed 

significantly compared with that of 

Liquid-2. In addition to the signal of the 

Ar-OCH3, other previously existing 

crossover signals are replaced by new 

signals P γ-OCH3, P γ-OH and β-β. Based 

on the previously reported40 signals of 

lignin condensation structure, the weak 

cross signals in the Condensed-I and 

Condensed-II regions may be attributed 

to the refractory structure of Liquid-2 or 

the newly formed condensation structure. 

In the aromatic region, except for G2, G5 

and G6 cross-signals still exist in the 

depolymerized product, other cross-

signals are replaced by some unknown 

signals. In summary, the observations 

indicate that the structure of Liquid-2 

changes significantly during the 

hydrogenolysis process, and monomers 

and oligomers are obtained, accompanied 

by some condensation products and 

substances with unidentified structures. 
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Figure. 4 a: Schematic illustration of lignin fragment depolymerization to aromatic. b: 
The yield of phenolic monomers obtained over different catalysts. c: ESI-MS spectra 
of liquid-2 and d: reaction at 220 ℃ for 4 h. e: Possible oligomer structure in Liquid-2 
with easy (green) and refractory (gray) depolymerization. 2D HSQC NMR spectrum of 
f: liquid-2 and g: reaction at 220 ℃ for 4 h. 
 
Hemicellulose conversion to furfural 

The Liquid-3 mainly consisting of 

hemicellulose derivatives and MSH 

(LiCl·3H2O), subsequent conversion to 

furfural catalyzed by Al2(SO4) in GVL 

solvent was illustrated in Figure. 5a. The 

addition of GVL can form a biphasic 

system with MSH and promote xylan 

conversion, which has been reported in 

our previous literature.41 In order to 

reveal the mechanism of GVL promoting 

furfural production, the interaction 

energy functions of furfural, water and 

GVL were calculated (Figure. 5b and c). 

It should be noted that a lower 

intermolecular interaction energy 

indicates a stronger attraction between 

molecules. Therefore, furfural molecules 
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are extracted from water to GVL layer 

due to Emix-GVL=0.48 < Emix-H2O=2.78, 

and the higher temperature further 

promoted the attraction between GVL 

and furfural (Figure. 5c). Besides, the 

strong interaction between GVL and 

furfural molecules can provide a 

protective shell for furfural molecules 

and prevent the polymerization of 

furfural into humins, which is consistent 

with previous reports. High-performance 

anion exchange chromatography 

(HPACE) and liquid chromatography 

(HPLC) were used to determine the 

components in Liquid-3.42 The results 

showed that the main components of 

Liquid-3 are oligosaccharides (49.71 

wt%, derived from hemicellulose), 

xylose (34.18 wt%), glucose (8.25 wt%) 

furfural (4.49 wt%), and others (3.37 

wt%, e.g., acetic acid, arabinose and 

galactose) (Figure. 5e). These results 

illustrate the fact that hemicellulose 

depolymerizes to oligosaccharides, 

xylose and other small molecular 

products during fractionation, which is 

conducive to its further catalytic 

conversion to furfural.43, 44 A 75.6 mol% 

of furfural conversion in the biphasic 

solvent was achieved under optimized 

conditions (140 °C for 60 min), which is 

comparable to the maximum xylan-to-

furfural conversion yield, but 

significantly less process time. Energy 

consumption analysis suggests that to 

produce a considerable amount of 

furfural, the energy consumed by 

commercial xylan is 1.73 times (1.656 

kWh) that of as-obtained hemcellulose 

(0.956 kWh), which confirms the above 

statement that Liquid-3 is more 

convertible. 
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Figure. 5 a: Schematic illustration of Liquid-3 conversion to furfural. b: The 
interaction distribution function curve between different molecules. c: The interaction 
energy curve with temperature and d: Conversion yield of Liquid-3/GVL and Xylan in 
LiCl·3H2O/GVL to furfural at 140 ℃ catalyzed by Al2(SO4); The energy consumption 
of Liquid-3 or xylan to produce equivalent furfural, reactor power: 1000W. e: 
Components in Liquid-3. 
 
Comprehensive mass balance of 
biorefinery strategy 
 
Based on the obtained experimental data, 

a process model was developed to 

perform a technical-economic analysis 

(TEA) of the bamboo fractionation and 

conversion process. The TEA of our 

designed biorefinery was calculated for 

convert 100 kg of waste bamboo. After 

the pretreatment, bamboo was divided 

into solid and liquid parts, the cellulose 

rich Solid-1 and the lignin rich, 

hemicellulose rich Liquid-1. Based on 

the preprocessing efficiency in the 

previous section (Figure 2a-d), the main 

components in Solid-1 and Liqui-1 are 

quantitatively shown in Figure 6a. 

Subsequently, Solid-1 was used to 

enzymatic hydrolysis to obtain glucose, 

accompanied by a certain amount of C5 

and C6 sugars derived. Moreover, the 

extraction separation operation divides 

Liquid-1 into Liquid-2 containing 23.32 

kg lignin and Liquid-3 containing 26.36 
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kg hemicellulose and 6.00 kg cellulose. 

Finally, Liquid-2 was hydrogenolysis to 

produce lignin monomers and oligomers, 

and Liquid-3 was hydrolysis to produce 

furfural in a biphasic system. It should be 

noted that the production of furfural is 

accompanied by the formation of soluble 

and insoluble polymers. Obviously, the 

insoluble polymer can be easily removed 

by filtration operation. The soluble 

polymer can be removed by activated 

carbon adsorption, and the activated 

carbon after adsorption can be 

regenerated at high temperature.45 

Consequently, in this process, 27.20 kg 

glucose, 14.40 kg furfural, 25.40 kg 

phenolic compounds, 18.72 kg sugars 

derived (for bioethanol) and 11.60 kg 

H2O could be obtained from the waste 

bamboo. The assumptions made in this 

process, raw materials and product 

pricing are available in Table S3. Market 

investigation showed that the price of 

glucose and furfural is 136.00 USD and 

216.00 USD, respectively. The 

depolymerizing product of lignin is 

considered lignin oil and its pricing is 

based on the lowest forecast price 

reported in the literature.18 Labor cost 

(188.16 USD) is the biggest contributor 

to the costs, which comes from the 

equipment operation part (134.40 USD) 

and the products separation part (53.66 

USD). It is worth noting that the power 

cost of separation operation is 20.30 USD, 

higher than the power cost of equipment 

operation 12.84 USD. Summing the labor 

and power costs to obtained the 

separation step costs 74.06 USD, which 

accounts for about 1/4 of the total cost. 

Due to the loss of formic acid recovery 

process, the consumption cost of formic 

acid is 15.6 USD. Equipment 

depreciation cost and product storage 

cost are 13.0 USD and 20.0 USD 

respectively, which are included in the 

total cost. The catalyst showed 

satisfactory recycling performance 

(Figure. S1), so it was not included in the 

cost. Overall, the analysis suggests that 
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our proposed process can generate 

revenue of 122.66 USD by processing 

100 kg of waste bamboo. Therefore, the 

proposed biorefinery strategy could 

become an economically competitive 

alternative to current carbohydrate-

centered or lignin- centered fractionation 

approach. 

In order to study the ecological and 

environmental impacts of the proposed 

biorefinery strategy, a life cycle 

assessment (LCA) was conducted.  The 

life cycle model system boundary of 

bamboo biorefinery is shown in Figure 6c. 

As this study is based on the waste 

bamboo biorefinery, the life cycle model 

does not take bamboo planting process 

into account in the model. The whole life 

cycle includes five stages: pretreatment, 

fermentation, hydrolysis, hydrogenolysis 

and product separation. It should be 

noted that all the fractionation steps of 

bamboo are classified as pretreatment. 

Details of the various parameters of life 

cycle assessment can be seen in Table S4-

7. As shown in Figure 6d, the 

pretreatment steps contributed 

significantly to many environmental 

factors, including, 93.5% HTP, 67.3% AP 

and 40.0% ADP. This is attributed to the 

presence of formic acid emission and 

power consumption in the pretreatment 

process, which leads to the increase of 

HTP, AP and ADP. By the way, 

Electricity resources are assumed to be 

derived entirely from fossil fuels such as 

coal in this life cycle model. The product 

separation step consumes the most power 

resources resulting in Greenhouse gas 

emissions, so it contributes the largest 

portion of GWP (44.0%). The proportion 

of the final weighting environmental 

impact potential for bamboo biorefinery 

process in comprehensive indicators is 

shown in Figure 6e. In the proposed 

biorefinery process, ADP (62.0%) 

accounts for the largest proportion of 

environmental impact, followed by AP 

(30.4%). And meanwhile, the impact of 

HTP is negligible. Loss of formic acid 
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recycling and electricity consumption are 

the main causes of environmental 

impacts. The proposed biorefinery 

process can be further improved in future 

research by reducing energy 

consumption and improving recovery 

efficiency. 

 

Figure. 6 a: Mass balance for the proposed biorefinery strategy based on bamboo. b: 
Costs and revenues. c: LCA system boundary diagram. d: Contribution distribution of 
environmental impact in each process of bamboo biorefinery. e: The proportion of 
environmental impact potential of each link of bamboo biorefinery in the 
comprehensive index. HTP: Human Toxicity Potential. ADP: Abiotic Depletion Potential. AP: 
Acidification Potential. GWP: Global Warming Potential. Reaction conditions: separation of 
cellulose (140 ℃ for 1.5 h, 2Mpa N2), cellulose enzymatic hydrolysis (50 ℃ for 72 h), hemicellulose 
hydrolysis (140 ℃ for 1. 0 h, 2 Mpa N2), lignin hydrogenolysis (220 ℃ for 4 h, 2Mpa H2).
 
Conclusion 

In summary, we have developed a 

sustainable and profitable biorefinery 

strategy in the present study. The 
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approach can produce valuable glucose 

from cellulose and furfural from 

hemicellulose in parallel with high-

quality phenolic compouds amenable to 

further treatment. The rational design 

enabled a revenue of 122.66 USD by 

treatment 100 kg of waste bamboo. 

Moreover, bamboo biomass showed high 

fractionation efficiency in formic acid-

isopropanol/MSH (LiCl·3H2O) solvent 

system, and all solvents and catalysts 

commercially available in this process 

can be recovered by a simple separation 

operation. The proposed biorefinery 

strategy developed in this study may hold 

the potential for future industrial 

applications in biorefining due to its 

system sustainability and economic 

competitiveness. 
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