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Abstract 11 

The lignin-first biorefinery strategy could produce bio-based phenols from the 12 

extraction and depolymerization of native lignin in lignocellulosic biomass. Herein, 13 

we report an effective Lewis acid-promoted delignification and production of 14 

monophenolic compounds in birch sawdust assisted by microwave heating without 15 

external hydrogen for the first time. The screening of different metal triflates revealed 16 

that Fe(OTf)3 was best for the delignification and depolymerization of birch sawdust. 17 

Without the addition of a Lewis acid, the yield of monophenolic compounds was 10.5 18 

wt% (based on the lignin content in birch sawdust), while it increased significantly to 19 

32.9 wt% with the addition of Fe(OTf)3 (0.0276 g) under the identical conditions (190 20 

o
C, 1 h), which demonstrated the catalytic C-O-C bond scission promoted by 21 

Fe(OTf)3. Simultaneously, the delignification degree also rose sharply from 32.6 wt% 22 



 

2 

 

to 47.5 wt%. This work demonstrated the efficient Fe(OTf)3-induced delignification 1 

and depolymerization of lignin in birch sawdust to obtain a high yield of 2 

monophenolic compounds without external hydrogen assisted by microwave heating, 3 

representing a novel advance in the “lignin-first” biorefinery field. 4 

Keywords: Lignin, Birch, Microwave, Metal triflates, Monophenolic compounds 5 

1. Introduction 6 

The depletion of fossil resources and increasingly deteriorating environment have 7 

driven us to exploit and explore the valorization of lignocellulosic biomass (Li et al., 8 

2017; Liao et al., 2020; Shuai et al., 2016; Sun et al., 2018; Yan et al., 2020). Due to 9 

the enormous research efforts made to utilize the carbohydrates (cellulose and 10 

hemicellulose); the value of lignin has been underestimated over the past few decades 11 

(Ragauskas et al., 2014; Rinaldi et al., 2016; Schutyser et al., 2018). The worldwide 12 

paper industry generates approximately 50 million tons of lignin wastes annually, with 13 

the majority incinerated to supply heat, thereby causing severe global environmental 14 

issues (Cederholm et al., 2020; Haq et al., 2020; Wang et al., 2019b; Zhou et al., 15 

2020). Therefore, developing a biorefinery strategy for the efficient valorization of 16 

lignin seems essential and significant in terms of sustainable development and 17 

economic viability (Li et al., 2015; Renders et al., 2017; Renders et al., 2019). Lignin 18 

is a complex aromatic polymer biosynthesised by the radical polymerization of three 19 

monolignols units (p-coumaryl, coniferyl and sinapyl alcohol), which are 20 

randomly-linked by various C-O-C (β-O-4, α-O-4, 4-O-5) and C-C (β-β, 5-5, β-5) 21 

linkages (Cao et al., 2020; Liu et al., 2020b; Shen et al., 2020; Wong et al., 2020). The 22 
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efficient depolymerization of lignin to obtain well-defined phenolic chemicals faced 1 

great difficulties and obstacles due to its structural heterogeneity and rigidity (Liu et 2 

al., 2019; Wang et al., 2019a; Xu et al., 2014).  3 

Recently, a reductive depolymerization strategy proposed by the Abu-Omar’s and 4 

Sels’ groups has emerged aiming at maximizing the yield of monophenolic 5 

compounds while retaining carbohydrates in the pulp via a one-pot method (Bosch et 6 

al., 2015; Parsell et al., 2015). During this process, solvo-thermal extraction of lignin 7 

fragments, subsequent catalytic depolymerization and further stabilization of 8 

monophenolic compounds and lignin-derived oligomers to avoid undesirable 9 

condensation reactions were achieved (Abu-Omar et al., 2021; Cooreman et al., 2020). 10 

An appreciable yield of monophenolic compounds could be obtained at the expense of 11 

longer reaction time (4-8 h) and higher reaction temperature (200-260 
o
C), which is an 12 

energy-consuming chemical process (Liu et al., 2020b; Liu et al., 2020c; Van den 13 

Bosch et al., 2017). Therefore, exploiting an energy-saving and cost-effective method 14 

for the fractionation and depolymerization of lignin in raw biomass could promote the 15 

development of “lignin-first” biorefinery (Chen et al., 2020b). In order to achieve an 16 

efficient delignification and depolymerization of lignin, cheap and readily available 17 

Lewis acids (metal chlorides, metal acetates, metal triflates) were commonly added to 18 

accelerate the release of lignin fragments via the cleavage of ester and ether bonds 19 

between lignin and hemicellulose (Deuss and Barta, 2016; Huang et al., 2016; 20 

Jastrzebski et al., 2016; Klein et al., 2016; Shu et al., 2018).  21 

In 2015, Shu et al. investigated the roles of various metal chlorides for the 22 
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liquefaction of lignin and observed that the highest yield (28.5 wt%) of monophenolic 1 

compounds was obtained with CrCl3 used under harsh conditions (260 
o
C, 5 h) (Shu 2 

et al., 2015). The promoting effect of Cl
-
 in Lewis acid could be ascribed to its 3 

hydrogen bond acceptor and polarization reagent for C-O bonds in lignin. However, 4 

the metal chlorides were unstable and susceptible to form some complexes in water, 5 

such as [Cr(OH)(H2O)5]
2+

 and
 
[Al(OH)2(H2O)5]

+ 
(Tang et al., 2015; Yunden et al., 6 

2019).
 
Therefore, metal triflates which served as more promising water-tolerant Lewis 7 

acids for the delignification and depolymerization of lignin were recently investigated 8 

(Deuss et al., 2016; Deuss et al., 2017; Huang et al., 2016; Jastrzebski et al., 2016). In 9 

2016, Jastrzebski et al. found that the yield of monophenolic compounds increased 10 

from 2.6 wt% to 12.1 wt% when Sc(OTf)3 was added with propenyl guaiacol and 11 

propenyl syringol being the major products (Jastrzebski et al., 2016). The distribution 12 

of monophenolic compounds demonstrated that a weak Lewis acid with lower loading 13 

could favour the formation of propenyl-substituted phenols via a reductive mechanism. 14 

In the same year, Deuss et al. achieved the highest monomer yield (19.3 wt%) with 15 

Fe(OTf)3 added, and acetal monophenolic compounds were formed as the 16 

predominant products via the aldol reaction upon β-O-4 bond cleavage (Deuss et al., 17 

2016). Recently, Huang et al. achieved higher yield (42 wt%) of monophenolic 18 

compounds than previous literatures over Pd/C with Al (Ⅲ)-triflate as co-catalyst 19 

when 30 bar of H2 was added (Huang et al., 2017). However, the high pressure of 20 

hydrogen was dangerous and the transportation and storage of hydrogen is expensive. 21 

Except for utilizing lignin in biomass, Wang et al. achieved near theoretical yields of 22 
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hydrocarbons from lignin model compounds by the combined catalysis of Hf(OTf)4 1 

and ruthenium-based catalysts (Ru/C and Ru/Al2O3) (Wang et al., 2018). 2 

In our previous work, 28.6 wt% and 36.9 wt% yield of monophenolic 3 

compounds were obtained without the addition of Lewis acid or external hydrogen at 4 

190 
o
C for 3 h and 6 h, whereas the longer reaction time proved harmful for the 5 

lifespan of the magnetron in the microwave reactor (Liu et al., 2020a). Herein, a 6 

highly efficient delignification and depolymerization of lignin in birch sawdust with 7 

the help of metal triflates assisted by microwave heating utilizing a hydrogen-free 8 

strategy is reported. 9 

2. Experimental  10 

2.1 Feedstock and materials 11 

Birch wood sawdust was obtained from Weihua Manufacturing Factory in Guangdong 12 

Province, China. The birch sawdust with the particle size between 40 and 80 meshes 13 

was used in this work, which was composed of 37.7 wt% of cellulose (determined as 14 

glucan), 16.6 wt % of hemicellulose (determined as xylan, arabinan and galactan), and 15 

23.3 wt% of Klason lignin (acid insoluble lignin). 5 wt% Pt/C catalyst was purchased 16 

from Sigma-Aldrich. Methanol (MeOH, HPLC grade), dichloromethane (DCM, 17 

HPLC grade) and all monophenolic compounds of analytic grade (AR) were obtained 18 

from commercial suppliers and used as received. Sc(OTf)3 (98%), Ce(OTf)3 (98%) 19 

and Cu(OTf)2 (98%) of analytic grade were purchased from Alfa Aesar, while other 20 

metal triflates [Yb(OTf)3 (99.99%), Mg(OTf)2 (97%), Ca(OTf)2 (99.9%), Zn(OTf)2 21 

(98%), Fe(OTf)2 (≥85%) and Fe(OTf)3 (90%)] were purchased from Sigma Aldrich 22 
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and used without further purification. 1 
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Table 1. Comparison of previous literatures and this work for the depolymerization of lignin using Lewis acid. 

Feedstock Solvent T (
o
C) t 

(h) 

Gas/ 

pressure 

Catalysts Lewis acids 

(mmol/L) 

Monomer 

yield (wt%) 

Delignification 

(wt%) 

Carbohydrates 

retention 

Ref. 

Alkali 

lignin 

MeOH 260 5 40 bar 

H2 

5 wt% Pd/C CrCl3  

(12.5) 

28.5 80.7 - (Shu et al., 

2015) 

Poplar 

dioxasolv 

lignin 

Dioxane/H2O 

(9/1) 

175 2 - [Rh(cod)Cl]2 Sc(OTf)3 

(1.36) 

12.1 - - (Jastrzebski et 

al., 2016) 

Walnut 

methanosolv 

lignin 

Dioxane 140 1/4 1.0 atm - Fe(OTf)3 (23) 19.3 - - (Deuss et al., 

2016) 

Birch 

sawdust 

MeOH 180 2 30 bar 

H2 

5 wt% Pd/C Al(OTf)3 

(0.8) 

45 80.8 Glucan 96.6 

Xylan 44.5 

(Huang et al., 

2017) 

Birch 

sawdust 

H2O/MeOH 

(3:7, v/v) 

190 1 1.0 atm 5 wt% Pt/C Fe(OTf)3 

(1.37) 

32.9 47.5 Glucan 83.0 

Xylan 40.4 

This work 
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2.2 Catalytic depolymerization of lignin 1 

Microwave-assisted catalytic depolymerization of lignin was performed in a 2 

microwave instrument (flexiWAVE, Milestone). The experiments were conducted in 3 

batches using 100 mL PTFE vessels, which were initially loaded with 0.1 g 5 wt% 4 

Pt/C, 5 

1.0 g birch sawdust, 0.055 mmol metal triflates and 40 mL H2O/MeOH (3:7, v/v) 6 

co-solvent. Herein, the variety and amount of catalysts, the kind and ratio of 7 

co-solvents were directly selected from the optimized conditions in our previous work 8 

(Liu et al., 2020a). Stirring was fixed at 40% of the stirring power, which allowed 9 

maintaining the catalyst in suspension and avoided external mass-transfer limitations. 10 

The temperature ramp was set as 15 min, to allow the reaction mixtures to reach the 11 

reaction temperature (190 
o
C), which was then maintained for 1 h. The conventional 12 

heating was conducted in a 100 mL stainless vessel using Parr reactor and the other 13 

procedures were similar to those using microwave heating. During the reaction, 14 

system pressure rose up to 24.8 bar within the fluctuation range of 1.0 bar. Each 15 

reaction was conducted in duplicate. Upon completion of the pretreatment, the 16 

reaction mixture was vacuum filtrated and washed with H2O/MeOH (3:7, v/v) 17 

solution until the filtrate was clear. The washed solid residue was then dried in an 18 

oven at 105 
o
C overnight for further compositional analysis. Part of the liquid fraction 19 

was extracted by DCM to analyse monophenolic compounds, while the rest were kept 20 

for HPLC analysis.  21 

2.3 Quantitative analysis of monophenolic compounds 22 
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The monophenolic compounds in DCM phase were quantified using internal standard 1 

method on a Hewlett Packard GC 6890 equipped with Restek Rxi-5HT (30 m, 0.25 2 

mm, 0.25 μm film thickness) column and flame ionisation detector. The oven 3 

temperature program started at 60 °C for 1 min and increased up to 340 °C at 8 °C 4 

min
-1

. Injector and detector temperatures were set at 340 and 350 °C, respectively. 5 

The benzyl alcohol was used as an internal standard. The yield of monophenolic 6 

compounds was calculated by the equation: 7 

Yield of monophenolic compounds (wt%）= weight of monophenolic compounds (g)
weight of lignin in birch sawdust (g) ×100   8 

(1) 9 

2.4 Quantitative analysis of sugar-derived products 10 

The monosaccharides (glucose, xylose, arabinose/rhamnose), organic acids (lactic 11 

acid, acetic acid, formic acid, levulinic acid), levoglucosan (LGA), 12 

5-hydroxymethylfurfural (HMF) and furfural (FF) in the liquid products were 13 

quantified using an Agilent 1260 Infinity HPLC system (USA) equipped with a 14 

Agilent HiPlex H (300 × 7.7 mm, 8 μm particle size) column. Samples (5 μL) were 15 

eluted at 0.4 mL min
-1

 using a mobile phase of 5 mM H2SO4. The column and 16 

refractive index detector temperatures were set at 60 °C and 55 °C, respectively. The 17 

yield of sugar-derived products was calculated based on the following equation: 18 

Yield of sugar-derived products (wt%）= weight of sugar-derived products (g)
weight of carbohydrates in birch sawdust (g) ×100   19 

(2) 20 

2.5 Composition analysis of birch sawdust and reaction residues 21 

The biomass was acid hydrolyzed by mixing 100 mg of the sample with 1 mL of 72% 22 
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H2SO4 in a serum bottle and keeping it at 40 °C for 2 hours, followed by the addition 1 

of 28 mL water for a second-stage hydrolysis and heating to 121 °C in an autoclave 2 

for another 1 hour. After cooling down to the ambient temperature, the solution was 3 

filtered. The acid insoluble ash was measured by combusting the acid insoluble 4 

residue in a furnace with the ramp temperature program heated up to 500 °C (10 5 

o
C/min, 6 h). The Klason lignin content was determined by deducing the acid 6 

insoluble ash from acid insoluble residue content. The content of each sugar (glucose, 7 

xylose, arabinose and rhamnose), organic acids (formic acid, acetic acid) and 8 

sugar-derived products (HMF, FF) were determined by HPLC analysis of the 9 

hydrolyzate (filtrate phase). The solid residue yield and delignification degree were 10 

calculated according to the following equations: 11 

Solid residue yield (wt%）= weight of solid residue (g)
weight of birch sawdust (g)

×100                     (3) 12 

Delignification (wt%） 

=
content of lignin in birch sawdust (wt%)-content of lignin in solid residue (wt%)×solid residue yield

content of lignin in birch sawdust (wt%)  

             (4) 13 

3. Results and Discussion 14 

3.1 Screening of the metal triflates 15 

The screening of different metal triflates for the distribution and yield of 16 

monophenolic compounds was shown in Fig. 1 and Fig. S1. Overall, compared with 17 

the control reaction (without metal triflates), Yb(OTf)3 , Mg(OTf)2, Ce(OTf)3, 18 

Sc(OTf)3 catalyzed liquid products exhibited a lower yield, while the other metal 19 

triflates showed a promoted yield of monophenolic compounds, which could be 20 
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possibly ascribed to the different Lewis acidity (electron-acceptor ability) of the metal 1 

triflates. Among all the metal triflates applied, the highest yield of monophenolic 2 

compounds (32.9 wt%) was achieved for Fe(OTf)3, including 9.3 wt% yield of 3 

4-propyl syringol (S2) and 12.8 wt% yield of 4-propenyl syringol (S4) (Table S1). In 4 

2016, Deuss et al. compared the effect  5 

of three metal triflates [Bi(OTf)3, Fe(OTf)3, Hf(OTf)4] on the depolymerization of 6 

methanosolv lignin and observed that Fe(OTf)3 showed higher yield than the other 7 

triflates. The results of this work agree well with the literature (Deuss et al., 2016). 8 

 9 

Fig. 1 (a) The yield and distribution of monophenolic compounds as a function of 10 

various metal triflates; (b) chemical structures of detected monophenolic compounds. 11 

Reaction conditions: 1.0 g birch sawdust, H2O/MeOH (3:7, v/v; 40 mL), 0.1 g 5% 12 

Pt/C, 0.055 mmol metal triflates, 190 
o
C, 1 h. 13 

 14 

In terms of the distribution of propenyl and propyl-substituted phenols, 4-proyl 15 

guaiacol (G2) and S2 were the major products for Fe(OTf)2, while 4-propenyl 16 
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guaiacol (G3) and S4 were the dominated monomers for all the other metal triflates. 1 

The overall distribution of monophenolic compounds demonstrated that 2 

syringol-derived monophenolic compounds were the dominant products while 3 

guaiacol-type phenols were in a much lower yield, which was in agreement with the 4 

fact that hardwood (birch sawdust) lignin was principally composed of S (syringol) 5 

units with a smaller quantity of G (guaiacol) units (Sun et al., 2019). Except for the 6 

predominant unsaturated propenyl and saturated propyl substituted phenols, γ-OH 7 

methylated propenyl syringol (S5) was observed for Mg(OTf)2, Cu(OTf)2 and 8 

Ca(OTf)2. Besides, a minor quantity of ethyl substituted guaiacol (G1) and syringol 9 

(S1) was obtained in the liquid products with Mg(OTf)2, Fe(OTf)2 and Fe(OTf)3 used. 10 

Deuss et al. also reported that ethyl- and ethanol-substituted phenolics could be 11 

obtained from the hydrogenation/dehydration of C2-aldehydes in the reaction system 12 

with HOTf followed by the addition of Ru/C and H2. Our work using Pt/C and in-situ 13 

H2 from methanol agrees well with previous literatures (Deuss et al., 2017; Deuss et 14 

al., 2015; Liu et al., 2020a). 15 

In order to specify the different role of metal triflates and Pt/C catalyst, several 16 

control experiments as a function of Fe(OTf)3 and Pt/C catalyst were conducted (Fig. 17 

S2). For the liquid products obtained without Pt/C catalyst, S5 could be observed 18 

regardless of the metal triflates, however, the peak assigned to S5 disappeared when 19 

Pt/C was added, which implied the catalytic hydrogenolysis/hydrolysis of γ-ether 20 

bond (Liu et al., 2020a). When no Fe(OTf)3 was added (Table 2), the yield of 21 

monophenolic compounds increased from 6.4 wt% to 10.5 wt% with Pt/C . However, 22 

the yield of monophenolic compounds increased dramatically to 32.9 wt% when both 23 

Fe(OTf)3 and Pt/C were added, which demonstrated the synergistic effect of Lewis 24 

acid Fe(OTf)3 and noble metal catalyst Pt/C for the delignification and 25 
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depolymerization of lignin to produce monophenolic compounds. However, the yield 1 

of monophenolic compounds dropped sharply to 20.1 wt% under identical conditions 2 

using conventional heating (Fig. S3). The comparative yield (32.7 wt%) could be 3 

achieved by conventional heating while longer reaction time (2 h for conventional vs 4 

1 h for microwave) was required, which further highlighted the higher efficiency and 5 

promoting effect of microwave heating. Similarly, Kumar et al. utilized microwave 6 

heating to achieve an equivalent yield compared with conventional heating while 7 

requiring less energy and time (Kumar et al., 2019). Besides, the selectivity toward 8 

saturated propyl-substituted phenolics (G2 and S2) was enhanced from 0 to 9.5% 9 

when Pt/C was added, and further increased to 38.9% when Fe(OTf)3 was used, which 10 

demonstrated the depolymerization of extracted lignin fragments promoted by 11 

Fe(OTf)3 and further side-chain hydrogenation of produced unsaturated monophenolic 12 

compounds. 13 
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Table 2. The yield of monophenolic compounds as a function of Fe(OTf)3 and Pt/C. 

 

 

 

 

 

Reaction condition: 1.0 g birch sawdust, 0.0276 g Fe(OTf)3, H2O/MeOH (3/7, v/v, 40 mL), 5 wt% Pt/C (0.1 g), 190 
o
C, 1 h. 

Metal 

triflates 
Cat. 

Monomer yield (wt%) Selec.(G2+S2) 

(%) G1 G2 G3 S1 S2 S3 S4 S5 Total 

None None - - - - - - 2.2 4.2 6.4±0.5 - 

None Pt/C - 0.4 2.4 - 0.6 0.2 6.9 - 10.5±0.9 9.5 

Fe(OTf)3 None - - - - - 0.8 1.2 5.2 7.2±0.8 - 

Fe(OTf)3 Pt/C 0.4 3.5 4.1 1.1 9.3 1.6 12.8 - 32.9±1.1 38.9 
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 1 

Fig. 2 Correlation between (a) yield of monophenolic compounds, (b) delignification 2 

and the medium pH/ the ionic radius of metal ions; (c) yield of monophenolic 3 

compounds and delignification degree. 4 

 5 

In order to further elucidate the difference of metal triflates, the correlation 6 

between delignification/yield of monophenolic compounds and medium pH/ionic 7 

radius of metal ions is shown in Fig. 2. When comparing the correlation between yield 8 

of monophenolic compounds and solution pH/metal ionic radius (Fig. 2a), an obvious 9 

correlation between the yield of monophenolics and medium acidity was observed 10 

except for Ce
3+

 and Sc
3+

. The exception of Ce
3+

 and Sc
3+

 could be possibly explained 11 

by the condensation reactions which was highly promoted in the more acidic 12 

conditions (Shuai and Saha, 2017). 13 

As shown in Fig. 2b, there was a much clearer correlation between 14 

delignification and medium pH/ionic radius. The Fe
3+

, Sc
3+

, Ce
3+

 triflates solutions 15 

showed a medium pH of 3.60, 3.78, 4.31 from the hydrolysis of metal triflates, which 16 

corresponded to a higher delignification degree (47.5, 48.7, 43.6 wt%) (Table 3). 17 

Overall, the delignification degree increased with the decrease of the radius of metal 18 

ions and medium pH of metal triflates solution. During the delignification process, 19 

metal triflates participated in the cleavage of ester and ether bonds between lignin and 20 

carbohydrates (Lignin-carbohydrates complexes, LCC) as well as partial cracking of 21 

the β-O-4 ether bonds of lignin, thereby liberating lignin-derived oligomeric 22 

fragments from raw lignocellulosic biomass (Huang et al., 2017; Huang et al., 2016). 23 



 

16 

 

Lewis acids promoted the rupture of ester and ether bonds via the nucleophilic 1 

substitution, thereby the metal ions with a smaller ionic radius were more likely to 2 

attack the ester and ether bonds. In terms of the monophenolic yield, Fe
3+

 exhibited 3 

the highest yield of 32.9 wt%, which could be possibly ascribed to its smaller ionic 4 

radius (64 pm) with higher charge density and stronger electrostatic force, thereby 5 

favouring the attack of intermolecular ester and ether bonds between lignin and 6 

carbohydrates as well as intramolecular ether linkages of lignin (Yu et al., 2016; Zhao 7 

et al., 2019). 8 

As shown in Fig. 2c, a good correlation between the monophenolic yields and 9 

delignification except for Ce
3+

 and Sc
3+

 was observed. For Ce
3+

 and Sc
3+

, high acid 10 

strength of those metal triflates solution could increase lignin recondensation during 11 

the delignification process, thereby negatively impacting the subsequent 12 

hydrogenolysis yields of monophenolics (Lan and Luterbacher, 2019a; Shuai and 13 

Saha, 2017). This explanation was also highlighted in Fig. 2a, showing the importance 14 

between the yields of monophenolic and medium acidity (also exception for Ce
3+

 and 15 

Sc
3+

). 16 

Table 3. The effect of metal ions on the medium pH, ionic radius, yield of monophenolic 17 

compounds and delignification. 18 

Metal ions pH Ionic radius 

(pm) 

Yield of 

monophenolics (wt%) 

Delignification 

(wt%) 

None - - 10.5±0.9 32.6±1.6 

Yb
3+

 4.95 85.8 0.8±0.2 18.7±2.9 

Mg
2+

 5.53 65 9.5±0.9 15.5±2.3 

Ce
3+

 4.31 103.4 5.7±0.6 43.6±1.0 

Cu
2+

 4.63 72 11.8±1.2 33.9±1.0 

Ca
2+

 5.43 99 13.3±0.8 19.7±4.1 

Sc
3+

 3.78 81 4.0±0.5 48.7±2.4 

Zn
2+

 5.15 74 11.5±0.3 31.2±0.8 

Fe
2+

 4.54 76 15.7±0.8 32.7±0.6 
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Fe
3+

 3.60 64 32.9±1.1 47.5±0.1 

 1 

3.2 Optimization of the Fe(III)-triflate loading 2 

As shown in Fig. 3 and Fig. S4, the effect of Fe(OTf)3 loading on the yield and 3 

distribution of monophenolic compounds was also investigated. The total yield of 4 

monophenolic compounds increased from 10.5 wt% to 21.5 wt% when the loading of 5 

Fe(OTf)3 was increased from 0 g to 0.0138 g, and the highest yield of 32.9 wt% was 6 

achieved with a Fe(OTf)3 loading of 0.0276 g (Table S2). When the loading of 7 

Fe(OTf)3 further increased up to 0.1104 g, the yield of monophenolic compounds 8 

continually dropped to 4.3 wt%. As suggested by Marks et al., the metal triflates 9 

mediated C-O bond scission/hydrogenolysis was the rate-determining step in the 10 

tandem catalytic process following a first-order with respect to substrate and the 11 

concentration of metal triflates (Assary et al., 2013; Atesin et al., 2012). To conclude, 12 

a proper loading of Fe(OTf)3 could contribute to the efficient release and extraction of 13 

lignin fragments from lignocellulosic matrix, while high loading of Lewis acid 14 

Fe(OTf)3 could promote the condensation reactions of lignin fragments via the 15 

nucleophile attack of benzylic carbocation, thereby lowering the yield of 16 

monophenolic compounds (Lan and Luterbacher, 2019b). 17 
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 1 

Fig. 3 The effect of loading of Fe(OTf)3 on the yield and distribution of 2 

monophenolic compounds.  3 

3.3 Sugar-derived products 4 

 5 

Fig. 4 The effect of different metal triflates on the distribution and yield of 6 

sugar-derived products. Glu: Glucose; Xyl: Xylose; Ara/Rha: Arabinose/Rhamnose; 7 

LGA: Levoglucosan; LaA: Lactic Acid; FA: Formic acid; AA: Acetic acid; LA: 8 

Levulinic acid; HMF: 5-hydroxymethylfurfural; FF: Furfural. 9 

 10 
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 1 

Fig. 5 The effect of Fe(OTf)3 loading on the yield of sugar-derived products. 2 

The sugar-derived products, including monosaccharides (glucose/Glu, 3 

xylose/Xyl, arabinose/rhamnose), organic acids (lactic acid/LaA, formic acid/FA, 4 

acetic acid/AA, levulinic acid/LA), aldehydes (5-hydroxymethyl furfural/HMF, 5 

furfural/FF) and levoglucosan (LGA); were analysed to better understand the 6 

dissolution behavior of cellulose and hemicellulose. Without the addition of metal 7 

triflates, 4.0 wt% yield of sugar-derived products was achieved with FA (1.5 wt%) 8 

and AA (1.2 wt%) being the major products (Fig. 4). The highest total yield (28.9 9 

wt%) of these sugar-derived products was obtained for Ce(OTf)3, with furfural (9.2 10 

wt%), LGA (7.0 wt%) and xylose (5.7 wt%) being the major products (Table S3). 11 

Besides, a minor quantity of glucose, HMF and organic acids were also detected. The 12 

lowest yield of sugar-derived products was observed for Mg(OTf)2, which could be 13 

possibly explained by the difference of medium pH of metal triflates solutions 14 

[Ce(OTf)3, pH=4.31; Mg(OTf)2, pH=5.53; see Table 2]. As for Fe(OTf)3, LGA, FA 15 

and Xyl were the dominated products.  16 

LGA was significantly enhanced when the metal triflates were added with the 17 
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exception of weaker Lewis acids [Mg(OTf)2; Ca(OTf)2],  which could be ascribed to 1 

the acid-induced dehydration of glucose (Bouxin et al., 2019; Chen et al., 2020a; 2 

Zhao et al., 2018). The highest yield (6.5 wt%) of Xyl was achieved for Sc(OTf)3 3 

(pH=3.78), with a high yield of LGA (6.3 wt%) and FF (7.7 wt%). To conclude, the 4 

metal triflates solutions [Ce(OTf)3, Sc(OTf)3] with higher Lewis acidity (lower 5 

medium pH) can significantly favour the formation of Xyl, LGA and FF due to 6 

acid-induced dehydration reactions. 7 

The effect of Fe(OTf)3 loading on the yield and distribution of sugar-derived 8 

products was also investigated, as shown in Fig. 5. The total yield of sugar-derived 9 

products increased from 8.6 wt% to 27.3 wt% when the loading of Fe(OTf)3 rose from 10 

0.014 g to 0.110 g (Table S4). The dominant products, Xyl, Ara/Rha, LGA and FF 11 

showed an upward trend with higher loading of Fe(OTf)3. While Glu, organic acids 12 

(LaA, FA, AA, LA) and HMF hovered around at a relatively lower yield. To 13 

summarize, higher loading of Fe(OTf)3 could promote the dehydration of glucose and 14 

xylose to produce LGA and FF, respectively.  15 

3.4 The fate of carbohydrates in the reaction residue. 16 
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 1 

Fig. 6 The effect of different metal triflates on the conversion of birch sawdust and 2 

the three main components. 3 

The effect of various metal triflates on the conversion of birch sawdust and the 4 

three main components are shown in Fig. 6. The highest conversion (53.8 wt%) of 5 

birch sawdust was observed for Sc(OTf)3, with 29.1 wt%, 78.4 wt% and 48.7 wt% 6 

conversion of glucan, xylan and lignin, respectively (Table S5). Higher conversion of 7 

xylan and lignin could be achieved for Ce(OTf)3, Sc(OTf)3 and Fe(OTf)3, which 8 

indicated the cleavage of intramolecular linkages between lignin and hemicellulose 9 

(lignin-carbohydrates complexes, LCC) during solvo-thermal extraction (Huang et al., 10 
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2016; Liu et al., 2019). The conversion of glucan fluctuated below 20 wt% except for 1 

Sc(OTf)3. Ca(OTf)2, Mg(OTf)2 solution with higher pH value (5.43, 5.53) 2 

corresponded to a lower conversion of birch sawdust (28.4 wt%, 30.9 wt%). 45.9 wt% 3 

conversion of birch sawdust and 47.5wt% conversion of lignin was obtained for 4 

Fe(OTf)3. To conclude, the addition of metal triflates exerted a major influence on the 5 

conversion of lignin and hemicellulose, which accords well with previously reported 6 

work (Huang et al., 2017). 7 

 8 

Fig. 7 The effect of Fe(OTf)3 loading on the conversion of birch sawdust and three 9 

main components. 10 

Fig. 7 showed the conversion of birch sawdust and the three components as a 11 

function of loading of Fe(OTf)3. The conversion of birch sawdust increased from 27.3 12 

wt% to 47.0 wt% as the loading of Fe(OTf)3 was increased from 0 g to 0.0414 g, and 13 

stabilized around 47.0 wt% with further increasing of the loading (Table S6). 14 

Accordingly, the conversion of xylan and lignin also increased significantly from 13.3 15 

wt% to 57.5 wt% and 32.6 wt% to 49.7 wt%, respectively. The different trends for the 16 
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dissolution behavior between xylan and lignin was that the conversion of xylan 1 

continuously increased to 78.1 wt% with a loading of 0.1104 g, while the conversion 2 

of lignin conversely reduced to 35.3 wt% possibly due to the condensation reactions 3 

of low-molecular weight oligomers at a higher loading of Lewis acid. The conversion 4 

of glucan showed a distinct trend as a function of Fe(OTf)3 loading, which increased 5 

from 3.7 wt% to 20.3 wt% as the loading rose from 0 g to 0.0138 g and levelled off 6 

around 20 wt% with the further addition of Fe(OTf)3. To conclude, a proper loading 7 

of Fe(OTf)3 could contribute to the efficient release and extraction of lignin fragments 8 

from lignocellulosic matrix, while an excessive loading of Fe(OTf)3 could lower the 9 

delignification degree. Besides, the loading of Fe(OTf)3 mainly influenced the 10 

conversion of lignin and xylan instead of glucan. 11 

3.5 Proposed mechanism of metal triflates and Pt/C-involved 12 

depolymerization and hydrogenation of lignin 13 

 14 

Scheme 1. Proposed reaction pathway of the metal triflates and Pt/C-involved 15 

depolymerization and hydrogenation of lignin 16 

The possible mechanism of the delignification, depolymerization of lignin and 17 

further stabilization (hydrogenation) of the intermediates is proposed in Scheme 1. 18 
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The one-pot process consists of a tandem system in which metal triflates participate in 1 

the cleavage of C-O-C ether bonds to form an alkenol intermediate (sinapyl alcohol, 2 

S5/coniferyl alcohol) (Cycle A), which undergo further hydrogenation to form 3 

saturated propyl syringol (S2) promoted by Pt/C catalyst (Cycle B) (Assary et al., 4 

2013; Atesin et al., 2012; Lohr et al., 2015; Renders et al., 2018). During the two 5 

cycles, cycle A involving the C-O-C bond scission was regarded as the 6 

rate-determining step with the rate being first-order in terms of substrate and the 7 

loading of Fe(OTf)3 (Assary et al., 2013). In the cycle B, the 8 

hydrogenation/hydrogenolysis process was dependent on hydrogen pressure (Renders 9 

et al., 2018). During the tandem catalytic process, the essential role of Pt/C catalyst 10 

involves the decomposition of methanol to produce hydrogen as well as further 11 

hydrogenolysis of lignin fragments and hydrogenation of unsaturated monophenolic 12 

compounds (Lin et al., 2017; Ouyang et al., 2019). The selectivity toward saturated 13 

propyl-substituted phenols (G2+S2) revealed that the hydrogenation of the 14 

intermediates was limited since there is no external hydrogen sealed in the reaction 15 

system. The proposed pathway was in accordance with the fact that S5 was the major 16 

product without the addition of Pt/C (Table 2). An enhanced yield from 10.5 wt% to 17 

32.9 wt% was observed when Fe(OTf)3 was added, which further substantiated the 18 

proposed metal triflates-induced C-O-C bond cleavage. 19 

4. Conclusions 20 

In summary, Fe(OTf)3-promoted delignification and microwave-assisted catalytic 21 

depolymerization of lignin in birch sawdust in H2O/MeOH co-solvent without 22 

external hydrogen was reported. Among the selected metal triflates, the highest yield 23 

of monophenolic compounds of 32.9 wt% was achieved when 0.0276 g of Fe(OTf)3 24 
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was added (190 
o
C, 1 h). The delignification degree also increased from 32.6 wt% to 1 

47.5 wt%, while simultaneously the conversion of hemicellulose rose from 13.3 wt% 2 

to 59.6 wt% with furfural and xylose being the major hemicellulose-derived products. 3 

The proposed mechanism demonstrated that Lewis acid primarily participated in the 4 

scission of ether linkages while Pt/C catalyst contributed to the further hydrogenation 5 

of unstable intermediates with C=C bonds. This work provides an efficient Lewis 6 

acid-induced delignification and production of monophenolic compounds at relatively 7 

mild conditions, which could promote the advancement of “lignin-first” biorefinery 8 

strategy. 9 
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