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Abstract

In this work, we developed an approach of one-pot completely catalytic conversion of woody biomass
into two value product streams: lignin-derived aromatics (68.54% monomer and 29.65% oligomer yields
of lignin) and (semi-)cellulose-derived small molecular alcohols (about 59.60% of biomass mass). These
could be afforded by conducting lignocellulose depolymerization over metal-alkaline catalysts in a
mixture n-butanol/H,0 solvent system at 250 °C and 30 bar H,. In the valorization process, the
homogenous mixture of n-butanol-H,0 solvents extract and depolymerize both lignin and hemicellulose,
while the catalysts and H, are essential to cleave the inter-/intramolecular linkages of lignocellulose into
target products. After the reaction, phase separation of n-butanol and H,0 takes place when systematic
temperature at room temperature, providing a mild and effective strategy to isolate lignin-derived
aromatics (n-butanol phase) from small molecular alcohols/acids (aqueous phase). Ru/C and alkali
catalysts are collected by filtration from n-butanol phase and H,0 phase, respectively. Meanwhile, the

effect of metal-alkali coupled catalysts enables facilitating the cleavage of B-0-4 linkage of lignin and
increasing the attainability of (semi-)cellulose-derived oligomers and the small molecular alcohols. This
catalytic system provides a versatile valorization approach for biomass catalytic to bio-based chemicals.

Highlights

e Developed an approach of one-pot completely catalytic conversion and separation of woody
biomass into two value product streams: lignin-derived aromatics (68.54% monomer and 29.65%
oligomer yields of lignin) and (semi-)cellulose-derived small molecular alcohols (about 59.60% of
biomass mass).

e The mixture of n-butanol/H,0 solvents provide homogenous environment for lignocellulose

valorization and automatically separate aromatics from small molecular alcohols. Spend Ru/C and
alkali catalysts are easily retrieved with n-butanol phase and H,O phase.

* The effect of metal-base coupled catalysts enables facilitating the cleavage of B-O-4 linkage of lignin
and increasing the attainability of (semi-)cellulose-derived oligomers and the small molecular
alcohols.

e Thetwo resulting product streams and catalyst recollection provide a versatile valorization approach
for biomass catalytic to bio-based chemicals.

1. Introduction

With the increasing demand of global energy and the declining of crude oil attainability as fuel, chemicals

and energy [ the proportion of energy and chemicals provided by renewable resources (such as
biomass) is gradually increasing and becoming an increasingly important resource for the sustainable
production of fuels and chemicals 3. Combined with people's concern and pursuit for healthier and
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environmentally benign products, it has become a common trend to use natural ingredients in various
products to replacement of non-renewable raw materials with renewable resources and minimization of

the impact of industrial waste on the environment 471, Therefore, a shift of selective producing high-value
chemicals from fossil to renewable carbon resources can ease the energy crisis, open up a fine chemical

industry chain and reduce CO, emissions 1891,

Among diverse renewable resources, biomass resources has the advantage of being abundant, clean and
cheap with huge potential of utilization, and has been set to become one of the most important energy
sources in the future ['%11]. Bjomass serves as a natural renewable chemical resources that can be
converted to high added-value products ['24]. For example, cellulose and hemicellulose produce high
value-added liquid fuels and fine chemicals (liquid fuel oil, food additives and important intermediates
such as ethanol, ethylene glycol, hydroxyl ketenes, propylene glycol, glycerol, butanediol, hexadiol, polyol,
acetone alcohol, acetone, lactic acid, etc.) [ 14221 Lignin, the only renewable aromatic polymer, is
showing its significant utilization potential for manufacture essence/spice [23-24] synthesizing value-
added chemicals (dimethyl sulfoxide, alkyl phenol and lubricating oil, etc.) ['3:2527] |iquid fuel
(aromatic/olefin/paraffin) (228291 and polymers (polycaprolactone, polyester, polyurethane, phenolic
resin, matrix ink and enhanced plant oil-based polyurethane composite materials, etc.) [24:27.30-32]

Although biomass is being a charming resource for the preparation of bulk chemicals from sustainable
biomass rather than petroleum resources, biomass utilization at present has low utilization rate of raw
materials and high energy consumption. Thus, it is necessary to maximize utilization biomass for
competition with fossil-based processes on the cost and environmentally I7-33] . To address the issues
and realize multi-component fully conversion of lignocellulose, it is a need for the overall biomass
refining technologies with low energy requirements and high carbon (and mass) efficiency. In recent
years, the one-pot method has been adopted to directly catalytic conversion of lignocellulose to afford
multiple chemicals by some research teams.

Zhang et al. selectively converted biomass into two sets of small molecular compounds in water over 4%
Ni-30%W,C/AC catalyst at 235°C and 6 MPa H,. The lignin in biomass was converted into phenolic

compounds, while the cellulose and hemicellulose components were selectively degraded to ethylene
glycol (EG) and 1,2-propylene glycol (1,2-PG). Especially, 36.3% of monomer phenol yield and 76.1% of
glycol yield were afforded when raw material was birch wood 134 . Wang et al. reported that corn stalk
was efficiently transformed in a water with a partially oxidized commercial Ru/C catalyst under 3 MPa H,

at 200°C. Lignin was selectively converted into cycloalkanes, while the (semi-cellulose) fractions were
converted into polyols, such as sugar alcohols and diols 35! . In our previous work, LiTaMoOg combined
with Ru/C were applied to catalyze the transformation of real biomass in the dilute phosphoric acid
aqueous solution system at 230°C and 6 MPa H,. Compared to the above reports, the real biomass in

this work was converted (semi-cellulose) fractions to C5-C6 gasoline alkane with a yield of 82.4%. Lignin
is partially converted into monomer phenols [3¢]. Recently, an integrated biorefinery of lignocellulose was
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reported in Science by Bert Sels’ Group with 78 wt % of birch was converted into xylochemicals.
Carbohydrate pulp and lignin oil were firstly separated in one-pot by reductive catalytic fractionation
(RCF) of lignocellulose. After that, lignin oil was extracted to phenolic monomers for producing 20 wt% of
phenol and 9 wt% of propylene (on lignin basis) by gas-phase hydroprocessing/dealkylation, and the
residual phenolic oligomers (30 wt%) were used in printing ink. Whereas the carbohydrate pulp was used
to produce bioethanol (40.2 g/L™") by biological fermentation 7]

Due to the great difference of lignin and (semi-cellulose) structures, the final depolymerized products
derived one-pot conversion of biomass are too complex and quite different, product separation is
necessary for upgrading or utilization after the end of the reaction. However, product separation is
difficult to operate and will increase production costs. In other words, although one-pot catalytic
hydrodeoxygenation conversion of lignocellulose to hydrocarbon fuel has a certain prospect of
application, there are still some shortcomings in the preparation of high value-added chemicals.
Therefore, the strategy of valorization lignocellulose into chemicals needs to be further improved.

Herein, we developed and investigated a catalytic valorization route, targeting the one-step conversion of
woody biomass and separation into two sets of value products: (i) lignin derived aromatics, (ii)
(semi-)cellulose-derived small molecular (C2~C5) alcohols and acids (Fig.1). In order to provide an
effective depolymerization and separation approach of the solubilized fractions, metal-alkali completely
catalytic depolymerization biomass was performed in biphasic n-butanol/H,0 solvent system. After the
reaction, lignin-derived phenolic compounds and (semi-)cellulose-derived products were automatically
extracted and separated by n-butanol phase (upper) and aqueous phase, respectively. Which is reduced
the difficulty of the product separation and production cost in one-pot complete dissolution
polymerization system.

2. Experimental Section

2.1 Materials
All used chemical reagents and materials in this work are shown in the supporting information.
2.2 Typical process for lignocellulose valorization

Depolymerization experiments were conducted in a 100 ml autoclave (Hastelloy alloy, made by Anhui
Kemi Machinery Technology Co., Ltd.) equipped with a mechanical stirring. In a typical depolymerization
reaction, 2.0 g pre-extracted powder was put into the reactor with the catalyst (0.2 g Ru/C or / and 0.4g
MgO) and the n-butanol/water solvent mixture (40 mL, v/v=1:1). The reactor was sealed, replaced the air
in the reactor by N, four times and then by H, three times. A total of 30 bar of H, was pressurized at room

temperature. The reaction mixture was heated to 200 °C (~10 °C min~") and then kept for 2h with
continuous stirring at 700 rpm. After that, the reactor was cooled and collected the gaseous products at
room temperature.
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2.3 Products separation

The liquid and solid mixtures were taken out and the reactor was washed with 15 mL water and 15 mL n-
butanol. The obtained mixture was filtered to separate solid and liquid mixture. The mixture of solid
(Ru/C, Mg (OH) , (MgO converts to Mg (OH) , in hydrothermal condition) and depolymerization residue)
were separated and collected through liquid-liquid extraction method with n-butanol and H,0. Ru/C
primarily resides (due to its relatively polar) in n-butanol phase, while Mg (OH) , and powder residue (if
any) were located at aqueous phase. After liquid-liquid extraction, portion of Ru/C was extracted in the n-
butanol phase and then retrieved, the reminder Ru/C blended with Mg(OH), and powder residue (if any) in
H,0 phase was extracted again with fresh n-butanol. This was repeated until the n-butanol phase
remained relatively clear. All of the collected Ru/C was washed with ethanol to remove n-butanol and
other adsorbents until alcoholic filtrate relative clear. The mixed solid (powder residue and Mg(OH),)) was
calcinated to retrieve MgO in air under 550°Cfor 4h. On the other hand, the liquid products transferred to
a separating funnel and automatically separated into n-butanol phase (upper phase) and aqueous phase
(bottom phase), as depicted in Fig.1. After phase separation, a 20mL fresh n-butanol was added to
aqueous phase for extraction lignin-derived fragments, repeating this step three times. In this way, the
total n-butanol fraction measured calculating about 80 mL and the total aqueous fraction was about 43
mL.

2.4 Determine the components of lignocellulose and residue

The bits of eucalyptus wood was smashed and sieved to the wood powder (40~60 mesh). Then the
extractions were removed by a Soxhlet extractor. This wood powder, hereinafter marked as ‘pre-extracted
powder’, was used for composition analysis. The composition is summarized in Table S1. The
composition of eucalyptus powder and depolymerization residue were analyzed by NREL according to

NREL Laboratory Analytical Procedures 1371,
Eucalyptus powder and residue before and after depolymerization were characterized by XRD and FT-IR.
2.5 Analysis and measurement of gaseous and liquid products

The n-butanol phase was analyzed by GC-FID and GC-MS. Acetophenone was added as an internal
standard for quantification. The aqueous phase was analyzed by HPLC. The gaseous products were
analyzed by GC. The distribution of the molar weight of the lignin products was investigated using gel
permeation chromatography (GPC). The structure characteristic of lignin fragments were analyzed by
HSQC analysis. The detail information was provided in the supporting information.

3. Results And Discussion

3.1 Ru/C cooperated with MgO for catalytic valorization lignocellulose
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Eucalyptus powder, composition summarized in Table S1, was mostly catalytic depolymerized to liquid
products over the catalysts (Ru/C-MgO) in biphasic solvent (n-butanol/H,0). The eucalyptus valorization
process is displayed in Fig.1. Here, 2.0 g pre-extracted eucalyptus powder, 0.2 g of Ru/C and 0.4 g MgO
catalysts, and 20 mL H,0, 20 mL n-butanol were put in a 100 mL autoclave equipped with a mechanical
stirring. The autoclave was sealed, purified and pressurized with H, (30 bar), and the mixture was stirred
(700 rpm) and heated to a given temperature of 250 °C for 6 h. After cooling to room temperature, the
gaseous and liquid fractions were collected and processed. The solids (pretty much were Ru/C and Mg
(OH) ,) were washed with refresh H,0 and n-butanol. The filtrate instantly separated into n-butanol

(containing lignin-derived products) and aqueous phase (including (semi)cellulose-derived products)
(Fig.1). Thereby providing an effective depolymerization and separation of the soluble products (Scheme
S1, supporting information for experimental and separated procedures). Evaporation of n-butanol yielded
a viscous oil with 23.85 wt % of the initial biomass weight. The weight of the n-butanol oil is close to the
total lignin content of the eucalyptus sawdust (25.97 wt %), indicating extensive lignin extraction from the
biomass.

The lignin oil in n-butanol phase contains a large number of aromatic monomers, corresponding to a
yield of 68.54 wt % based on total lignin content of the eucalyptus powder. The monomer aromatics
mainly include propanol-substituted syringol/guaiacyl ((label as S3-OH/G3-OH), propyl-substituted
syringol/guaiacyl ((label as S5 /G3), methyl-substituted syringol/guaiacyl (S;/G+), and a small amount of
2,6-dimethoxyphenol/guaiacol ((label as S;/G) and ethyl-substituted syringol/guaiacyl ((label as S,/G,)
(Fig. 2A). Compared to the monomer aromatics (S3-OH/G3-OH, S5 /Gg and S,/G,) derived from Ru/C
catalyzed depolymerization eucalyptus in n-butanol/H,0 solvents 3839 another 14.32 wt % of S,/G, and
S,/G, monomer aromatics (on lignin oil basis) are obtained, which is ascribed to the presence of MgO.
The molecular weight distribution of the lignin-derived non-volatiles products in the n-butanol phase was
investigated by GPC analysis. The result in Fig. 2C displays that n-butanol phase consists of monomers,
dimers, trimmers and oligomers. The D, (from 14~17.5 min) of oligomers is 1.25. The largest oligomers
elute at 15 min, which corresponds to about a M,, of 1600 g mol™". The result of HSQC NMR indicates

that the lignin inter-unit ether bonds almost disappear (Fig. 2E), and no lignin typical absorbance peak in
FT-IR of residual further evidence the absence of lignin in residue (Fig. 2D). Hence, we infer that lignin is
degraded effectively over Ru/C-MgO catalysts in the biphasic n-butanol/water solvents system.

Products in the aqueous phase were analyzed by GC-MS and quantified with HPLC (Fig. 2B). Products
comprise acetic acid (29.65 Mg Gpiomass ' )» EG (96.85 Mg Gpiomass ')» 1,2-PG (88.78 Mg Gpiomass )
ethanol (79.61 M3-Gpiomass '), 1-hydroxy-2-butanone (69.46 Mg-gyiomass ), tetrahydrofurfuryl alcohol
(94.03 Mg Gpiomass ) and oligomers (22.2 mMg-gpiomass ). a little C5~C6 polyol fractions (glucose,
sorbitol and xylitol). FT-IR (Fig. 2D) result shows the cellulose and hemicellulose were almost converted
since no typical peak was observed. Therefore, we conclude that cellulose and hemicellulose pretty much

depolymerized effectively to small molecular alcohols/ acids over Ru/C-MgO catalysts in this system.
Additionally, except for cellobiose, the other oligomer fractions are hard to qualitatively analyze (Fig. S9-
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6h) and the mass of oligomer was calculated via Eq. (9) in supporting information. Besides H,, very few
other gaseous generated and the mass was not calculated (Table S2). A general mass flowchart of the
main lignocellulose constituents is presented in Fig.3.

The fractions from liquid and solid phases (not included gas phase due to a little amount of gas), in
relation to the composition of the eucalyptus (Table S1). All numbers are expressed as wt % relative to the
mass of eucalyptus powder. Compared to Fig.2A and 2B, acetic acid, EG and 1,2-PG in n-butanol phase
were calculated into n-butanol phase products in Fig.3, similarly, the monomer aromatics in aqueous
phase were calculated in aqueous phase products in Fig.3. Reaction conditions: 20 mL n-butanol, 20 mL
water, 2 g extracted eucalyptus powder, 0.2 g Ru/C and 0.4g MgO catalysts, 30 bar H,, 250 °C, 6 h.

3.2 Effect of solvent on lignocellulose valorization

To illuminate the necessity of biphasic solvents, valorization of eucalyptus with Ru/C or/and MgO was
performed in pure n-butanol and pure water. After reaction, a similar products separation procedure
(supporting information) was conducted for products qualitative and quantitative analysis.

When eucalyptus powder was depolymerized in pure n-butanol solvent system over Ru/C, MgO and Ru/C-
MgO catalysts, lignin oil yield was 9.13 wt %, 10.28wt % and 13.65 wt %, respectively. Apparently, pure n-
butanol has poor effective for the depolymerization process, which is also reflected by the low lignin
monomer yield (10.1 wt %, 20.2wt % and 23.6 wt %, respectively, on lignin basis, Fig.4A). Additionally,
barely aqueous phase products in the aqueous phase (Fig.4B and Fig.S3B) also confirmed n-butanol has
very poor effect on the cleavage of linkage in cellulose and hemicellulose.

Compared to depolymerizing in pure n-butanol system, the valorization process in pure water system
provides higher aromatic monomer yield. For instance, the monomer yield was increased to 28.56 wt%
and 26.05 wt% in Ru/C and Ru/C-MgO cases, respectively (on lignin basis, Fig.4A). Despite this, product
yields are lower than that of in biphasic solvent system cases, confirming by weaker peak intensity
response of GPC curves (Fig.S1). The obvious difference that the structure of lignin depolymerization
products changed in pure water system. The products are cyclohexanol derivatives A to F (Fig. 4A) due to
the hydrogenation of benzene ring and disproportionation of side chain alkyl group -4 The
hydrogenation of benzene ring probably ascribed to the sorption behavior of phenols on the catalyst
surface that are affected by water. Bert Sels and co-workers also considered that the phenolic
incompatibility with water leads to phenols adsorb on the catalyst surface and facilitate benzene ring
hydrogenation 13941421 |n contrast, in the presence of alcohols, as well as Ru/C catalyst, phenolic
compounds are easier to dissolve in alcohols and protected by the alcohol solvent from being subjected
to ring hydrogenation and subsequent demethoxylation 39411 The products from the valorization
process in n-butanol/H,0 also confirm this conclusion (Fig. 4A), i.e. benzene ring and side-chain
methoxy group are reserved in n-butanol/H,0.
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Apparently, the biphasic n-butanol/H,0 provided higher lignin oil and monomer aromatic yields compared
to either pure n-butanol or pure H,0, which is consistent with deopolymerizatin lignin in ethyl acetate/H,0
[43-44] ‘methanol-H,0 4546 and ethanol-H,0 (4461 On the other hand, the molecular weight of aqueous
phase product is lower for the reaction in water than in biphasic solvent system (Fig. 4B). This results is
ascribed to the polarity of n-butanol-H,0 is lower than that of pure H,0 (n-butanol/water mixture is
monophasic when the temperature is above 125°C(n-butanol/H,0 upper critical solution temperature))
[47-48] \which prevents the oligomers further degrading in hydrolysis process, and was also evidenced by
more oligomers in aqueous phase (HPLC, Fig. S3A and Fig. S3C). However, it cannot be ignored that
butanol/ H,0 has a dual behavior 391, When the temperature is higher than 125°C, they becomes a
homogeneous system (homogeneous phase solvent system is considered more appropriate for
depolymerization #9-51)), which avoids the inherent complexity of the biphasic phase solvent system.
When the temperature is lower than 125°C like after the reaction, the solvent system gets back to two
phases for product separation. Therefore, n-butanol/H,0 mixture is homogeneous phase under
valorization temperatures (160~280°C) and more appropriate for valorization.

3.3 Effect of catalysts in n-butanol/H,0 solvent system
3.3.1 Effect of catalysts on lignin valorization

To understand the effect of the catalysts, catalytic depolymerization eucalyptus powder was performed
in n-butanol/water over different catalystsliwithout catalyst, over MgO, Ru/C or Ru/C-MgO catalystsli. To
avoid eucalyptus powder was degraded completely over all of catalysts at too high reaction temperature
(it is not conducive to comparing the activity of catalysts), a relative lower temperature was chosen
(200°C). Notably, liquefaction rate of eucalyptus powder (Table S3), monomer aromatic selectivity and
the yield of total monomer aromatics differs dramatically (Fig.4A). Ru/C and Ru/C-MgO catalysts afford
almost same biomass liquefaction rate (65.33/65.92%), conversion of lignin (91.2/92.26%) and
hemicellulose (79.97 / 80.69%). While MgO provides much lower biomass liquefaction rate and lignin
conversion than Ru/C and Ru/C-MgO catalysts. These results are also confirmed by FT-IR (Fig. S2).

The yield of monomer aromatics increased in the order of without catalystiMgOKRu/CKRu/C-MgO
(Fig.4A) and the distribution of products differ dramatically. Without catalyst, the main monomers are 4-
(2-Propenyl) guaiacol / 4-(2-propenyl) syringol (label as G3/S37) and 4-hydroxy-3-methoxybenzaldehyde /
4-hydroxy-3, 5-dimethoxybenzaldehyde (label as G1/S1=0). For the reaction catalyzed by Mg0, the
aromatic monomer yield was significantly increased to 21.2% from 8.7% (without catalyst). The yield of
4-n-propanolguaiacol / 4-n-propanolsyringol (label as G3/S3-0OH) significantly increased but 4-(2-
propenyl) guaiacol / 4-(2-propenyl) syringol (label as G3/S3%) and G1/S1=0 decreased compared to
without catalyst. Meanwhile, a little amount of 3-methoxy-4-hydroxyphenylacetic acid / 3,5-dimethoxy-4-
hydroxyphenylacetic acid (label as G2/S2=00H), 2-(4-hydroxy-3-methoxyphenyl)acetaldehyde / 2-(4-
hydroxy-3,5-dimethoxyphenyl) acetaldehyde (label as G2/S2=0), 2-methoxy-4-vinylphenol / 2,6-
dimethoxy-4-vinylphenol (label as G2/S27) and guaiacol / syringol (label as GO/S0) appeared (Fig.4A). It
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was reported that MgO can produce a hydroxo complex (Mg(OH),) under hydrothermal conditions %2,
which may be related to the formation of G2/S2=00H, G2/S2=0lG0/S0 and G2/S2~ from lignin
conversion under hydrothermal conditions 2531 While only Ru/C in n-butanol/H,0 system for
depolymerization, the total monomer aromatic yield is 47.15% with main products G3/S3-OH and 4-n-
propylguaiacol / 4-n-propylguaiacol (label as G3/S3). G3/S3 derived from the dehydration-hydrogenation
of G3/S3-0OH or hydrogenolysis of G3/S3-OH. A small number of G3/S3~ and 4-methylsyringol /4-
methylguaiacol (label as G1/S1) are obviously from dehydration and decarbonylation reactions. When
Ru/C combined with MgO, although about 12.6% of monomer aromatic yield is higher than that in Ru/C
case, the relative selectivity of aromatics decreased. For instance, G3/S3-OH decrease to 25.90% from
32.70%, GO/S0, G1/S1, G2/S2 and G2/S2=00H obviously increase to their total yield of 16.93% from
6.13%. These results are attributed to the synergistic effect between Ru/C and MgO catalysts on (i)
converting a portion of G3/S3-OH to G3/S3~ and subsequent converting to GO/S0 through inverse
hydroxyaldehyde reaction of G3/S3" and decarbonylation reaction of G2/S2=0 [43.54l. (ii) enhancing the

conversion of quinone methides and enol ethers to G1/S1, G2/S2 and G2/S2=00H under basic catalysis
2, 26]

As for the non-volatile lignin oil, it can be found that just a few lignin fragments were dissolved by n-
butanol/H,0 solvents (GPC, Fig.S1A), which is consistent with strong lignin characteristic absorption

peaks in FT-IR of the residue (Fig. S2). Although the typical absorbance peaks of lignin in the residue
significantly reduced with MgO catalyst, the lignin fragments with very large molecular weight were found
to be broadly distributed in lignin oil (Fig.S1A). In the Ru/C and Ru/ C-MgO cases, a large amount of
lignin fragments with M,,=155~897 were afforded after depolymerization. It indicates that both of Ru/C
and Ru/C-MgO demonstrated good degradation ability to lignin in n-butanol/H,0 system. The weak lignin
characteristic absorbance peaks in FT-IR of the residue (Fig. S2) are consistent with these GPC results
(Fig. S1C). In addition, it can be seen from the side chain spectra of HSQC that most of the alkyl side
chains were retained in non-volatile lignin oil in all cases (Fig.5). However, the cleavage of intermolecular
linkages in lignin oil also strongly differ over different catalysts. Without catalyst, a large number of
intermolecular linkages were observed in lignin oil, such as -0-4 (A), B8 (B,), a-0-4 (C,) and -5 (C,). A
portion of B-0-4 (A|), a-0-4 (C,) and a spot of -5 (C,) were cleaving over MgO catalyst. Noticeably, except
for part of B-0-4(A,) linkages was remained in lignin oil over Ru/C catalyst, the linkage of B-8 (B,), a-0-4
(C,) and B-5 (C,) were almost broken. When Ru/C combined with MgO, the B-0-4 (A,) fingerprint signal
was weaker than in Ru/C case (Fig.5C-D), implying the synergetic effect from Ru/C-MgO promoted the
cleavage of B-0-4(A) linkageliwhile the residual signal of B-8 (B,) (Fig.5D) indicates the cleavage of B-8
(B,) linkage was inhibited by the synergetic effect.

3.3.2 Effect of catalysts on (semi-) cellulose valorization

Fig.2B displays the composition and yield of the aqueous fraction in different catalyst cases. All
catalysts gave aqueous fraction yields in the range of 143.16~228.04mg based on total biomass mass.
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Observably, the aqueous component selectivity differs strongly. A large amount of soluble oligomer, some
acetic acid, acetol, formic acid and glycerine were afforded without catalyst (Fig. 4B and Fig.S3A),
implying n-butanol/H,0 have the hydrothermal effect on the cleavage of intermolecular linkage of
(semi-)cellulose. Compared to without catalyst, the weight of aqueous phase products in MgO case was
slightly increased, the effect of MgO lead to decrease the soluble oligomer yield and increased acetic
acid, formic acid, lactic acid (LA) and glycerol yield (Fig.4B and Fig.S3A). It is attributed to the cellulose
and hemicellulose are easily degraded into small molecular acids under alkaline conditions 155581, The
alkaline catalyst (MgO) has the ability to promote lactic acid formation from monosaccharides
(/glucose/fructose/erythritol/aldoses). For Mg?* (MgO converts to Mg (OH), in hydrothermal condition)
coordinates to ring oxygen or hydroxyl, it may catalyze the ring-opening or C-C bond cracking reactions,
resulting from the destruction of sugar ring or C-C bond structures and promoting the formation of low-
molecular weight products. These types of oxygen—Mg?* coordination could lower the activation energy
of the reaction [57-59-60] Meanwhile, with the presence of Mg(OH)s, lactic acid also produce from the
direct decomposition of glycerin, and the decomposition of lactic acid could lead to the production of
formic and acetic acids [57-6]. Some of acetic acid and formic acid may also come from the

depolymerization of lignin 43441,

Ru/C is regard as an excellent hydrogenation catalyst for (semi-)cellulose (polysaccharides) hydrolytic
degradation because of its superior activity and selectivity (62671, Here, 0.2g of aqueous products were
afforded with little oligomer (HPLC, Fig.S3A) over Ru/C catalyst. The mainly monomers are acetic acid,
formic acid, 1, 2-Propanediol (1, 2-PG), ethanol, tetrahydrofurfuryl alcohol, EG and acetol. It has been
reported that sugars (glucose, fructose and erythritgose) from (semi-)cellulose can also be degraded to
small molecules by retro-aldol reaction and further degraded to ethanol, tetrahydrofurfuryl alcohol and EG
[68-69] Meanwhile, acetol also afforded from the hydrogenolysis of cellulose over hydrogenation catalyst
(be similar to Ru/C) [70-71],

Differently, the yield of 1-hydroxy-2-butanone and dissolved oligomer obviously increased when reaction
over Ru/C combined with MgO catalysts (Fig.4B and Fig.S3A). 1-hydroxy-2-butanone may be ascribed to
glucose (from cellulose hydrolysis) isomerization to fructose by alkaline catalyst, which broke C-C bond
by inverse aldol reaction and subsequent cleaved C-O bonds to 1-hydroxy-2-butanone ['7:72. The increase
of oligomer yield benefited by the synergetic effect of hydrogenolysis (Ru/C) and alkaline (MgO) that
promote the cleavage of the hydrogen linkages among lignin, hemicellulose, and cellulose. However, the
synergistic effect between Ru/C and MgO inhibits the conversion of glucose to C5/C6 alcohols (Fig. 4B
and Fig.S3A).

Thus, the synergistic effect between Ru/C and MgO catalysts promoted to cleave B-0-4 (A) linkages and
inhibited to break B-B (B,) linkages of lignin. This interaction also increased the attainability of aqueous
oligomers and the small molecular alcohols (such as EG, 1, 2-PG, 1-hydroxy-2-butanone) rather than
C5/C6 alcohols and sugar.
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3.4 Effect of reaction conditions on eucalyptus powder depolymerization
3.4.1 Influence of hydrogen pressure & reaction network

In addition to the effect of catalyst interactions and solvents, hydrogen pressure influenced the outcome
of lignocellulose valorization in biphasic n-butanol/ H,0 solvent. To investigate its influence on the
catalytic depolymerization process, the process was performed under different hydrogen pressures,
between 0 to 40 bar. Without external pressure (0 bar H,), the Ru/C-MgO depolymerized process
selectively generated G1/S1, G2/S2 and G37/S3™ monomers (Fig. 6A). Despite the high monomer
selectivity, the total monomer yield is low (about 17 wt%), indicating inefficient stabilization of reactive
intermediates. This is confirmed by GPC analysis, just obtaining a small amount of relatively large
molecular weight oligomers (Fig.6C). Increasing the H, pressure from 0 to 10 bar strongly enhances the
monomer yield depending on the increase of G3/S3-0OH yield. The monomers mainly comprise G3/S3
and G3/S3-OH when the H, pressure from 10 to 40 bar, with the selectivity of G3/S3-OH is slightly
increase with increasing H, pressure. The monomer yield is highest when the H, pressure was applied
under K30 bar. Under these conditions, G3/S3-0OH, G1/S1and G2/S2 are the predominant monomers.
Above 30 bar H,, the monomer yield doesn't exhibit increase but with an slightly selectivity increase to
G2/S2 and G1/S1, which is ascribed to quinone methides convert to ethyl/methyl-substituted G/S
through hydrolysis and hydrogenation/decarbonylation under high H, pressure over alkali catalyzation.
[26] Meanwhile, about 3.90% yield of homosyringic acid (3, 5-dimethoxy-4-hydroxyphenylacetic acid,
S2=00H) also obtains, it may be from aromatic aldehyde oxidation.

The trends deduced from Fig. 6A contribute to constructing the reaction network for native lignin catalytic
conversion (Fig.1). Coniferyl and sinapyl alcohol were identified as key intermediates in recent
publications [38.45.46,38] The unsaturated compounds (G3/S3= and G1/S1=0) can even generate by
solvothermal effect and are unstable at elevated temperature (Scheme 1, pathway P1, P3 and P8) in
absence of catalyst [, Coniferyl and sinapyl alcohol are the key substances in Scheme 1, they can either
undergo hydrogenation of the C,=Cg bond to propanol-substituted G/S (pathway P2); repolymerisation,
producing soluble lignin oligomers (pathway P4); hydrogenolysis of the hydroxy group on C, to propenyl-
substituted G/S (pathway P3); or retrograde aldol of propenyl-substituted G/S on the C=C bond of side
chain to formoxyl-substituted G/S (pathway P8) or/and non-substituted G/S (pathway P9).

In the present of catalysts, the alkili depolymerization and hydrogenation/hydrogenolysis are combined
to depolymerize lignin. On the one hand, coniferyl and sinapyl alcohol were identified as key
intermediates in hydrogenation/hydrogenolysis processes. On the other hand, quinone methide (3) was
considered as the pivotal intermediates and was yielded under alkili reaction environment (pathway M3).
In absence of pressurized hydrogen, the hydrogenolysis (pathway P3, M7), hydrolysis (pathway M6),
hydrogenation route (pathway M8) and decarbonylation (pathway M9 /decarboxylation (pathway M11)
routes prevail, as indicated by the high selectivity towards G3/S37, G2/S2 and G1/S1 monomers (Fig.6A).
The solvent or solubilized carbohydrates may act as reducing agent 47531 However, the rather low
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monomer yield obtained in absence of external H, also suggests the appearance of repolymerisation

(pathway M5 and/or P4 and/or P7), which involves unsaturated sidechains 138 451, Repolymerisation can
be prevented by hydrogenating these unsaturated bonds 3845 thereby produce stable phenolic products.
Under a relatively low H, pressure (10 bar), hydrogenation of coniferyl/sinapyl alcohol (pathway P2) and
hydrogenolysis of propanol-substituted G/S (pathway P5) are the major reaction pathways, resulting in
generating G3/S3-OH and G3/S3 monomers (Fig.6A). Meanwhile, 2.21% of G3/S3™ monomers (Fig.6A)
indicates that hydrogenolysis of coniferyl/sinapyl alcohol (pathway P3) and subsequent hydrogenation
of propenyl-substituted G/S (pathway P6) also constitutes the reaction pathways. With the H, pressure
further increasing, direct hydrogenation of coniferyl / sinapyl alcohol (pathway P2) becomes
predominant, thus selectively producing more G3/S3-OH monomers. Hydrogenolysis of propanol-
substituted G/S (pathway P5) is not continued when the H, pressure increases from 20 bar to 40 bar with
a very slightly change yield of G3/S3 monomers. This selectivity change can be explained by the fact that
hydrogenolysis reactions are negative order in the relative high hydrogen pressure, in contrast to
hydrogenation reactions [73l. Moreover, Quinone methide takes off formyl group (pathway M4) to enol
ether and subsequent hydrolysis (pathway M6) or/and hydrogenolysis (pathway M7) to ethenyl /
ethanoyl-substituted G/S, and then hydrogenation of ethenyl-substituted G/S to ethyl-substituted G/S
(pathway M8); or decarbonylation of ethanoyl-substituted G/S to methyl-substituted G/S (pathway M9) 2,
26] |t is thereby inferred that high H, pressure is contributed to the increase of G2/S2 and G1/S1
monomers. It is worth noting that acetoxy-substituted G/S is detected when hydrogen pressure is higher
than 30 bar, which is attributed to oxidation of ethanoyl-substituted G/S to acetoxy-substituted G/S
(pathway M10), and the oxygen likely come from lignocellulose depolymerization process.

In addition, the effect of hydrogen pressure on the carbohydrate products in the aqueous phase is
illustrated in Fig.6B. In absence of pressurized hydrogen, the yield of targeted carbon hydrate products is
a little low than under other pressurized hydrogen, while the monomers yield is the highest. Although the
mass oligomers and the component of main monomers are similar with the carbon hydrate products in
MgO case under n-butanol/H,0 (Fig.4B), MgO has great effect on the selectivity of the monomer carbon

hydrate products ['57]. DMF is obtained under 0 and 10 bar pressurized hydrogen, which is ascribed to
the hydrogenation and subsequent hydrogenolysis of 5-hydroxymethylfurfural (HMF) produced from
catalytic dehydration of cellulose under low hydrogen pressure. Much soluble carbohydrate products
increase with the mass of oligomers increasing and monomers decreasing when the hydrogen pressure
increases from 10 bar to 40 bar, indicating that high H, pressure facilitates the cleavage of intermolecular
linkages between lignin and cellulose/hemicellulose. The mass of acetic acid and methanol slightly
change with the H, pressure increasing (Fig.6B and 6D), likely they derive from lignin depolymerization

[10-12] with increasing pressure, the mass of soluble carbohydrate products gradually increases and
reaches a plateau at 30 bar. The mass of carbon hydrate oligomers follows a similar trend, as HPLC
profile shown (Fig.6D). Depolymerization (i.e. hydrogenation) of the solubilized cellulose and
hemicellulose thus requires a higher hydrogen pressure than lignin valorization. At relatively low hydrogen
pressure, lignin valorization proceeds effectively through the hydrogenation-dehydration-hydrogenation
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(pathway P2+ P3+P6, in Scheme 1). Overall, 30 bar H, is the optimal pressure range to acquire high yields
of both aromatics and the mass of soluble carbohydrate products.

3.4.2 Effect of reaction temperature

Subsequently, we investigated the effect of reaction temperature, since it is known that temperature
greatly promote hemicellulose and cellulose hydrolysis and delignification during depolymerization [39:40.
54 Similar experiments were therefore conducted at 160~180°Cand 220~280°C. Results of this
investigation are summarized in Fig.7. As shown in Fig.7A, the lignin oil and lignin monomer yield
decreased with decreasing temperature, pointing out incomplete delignification at 160 and 180 °C.
However, other monomers, benzene rings are hydrogenated by surplus hydrogenation activity, suggests
that low reaction temperature can cause side reactions of benzene ring hydrogenation over Ru/C catalyst.
Obviously, the change of reaction temperature show less effect on the product components (G3/S3-0H,
G3/S3, G2/S2=00H, G2/S2, G1/S1 and G0/S0), while the yield of lignin oil and monomers increase with
temperature increasing (Fig.7A). Both the increase of the monomers yield and G3/S3 yield indicate that
oligomers were converted to G3/S3-OH and subsequent hydrogenolysis of G3/S3-OH (pathway P3) and
hydrogenation of G3/S3~ to G3/S3 (pathway P6). With temperature elevating, the yield of G3/S3-0OH
slightly changes, implying that oligomer converted to G3/S3-OH. Meanwhile, it is seemed that
G2/S2=00H and G2/S2 were not affected under elevated temperature, likely attribute to less influence of
temperature on M8 and M10 reaction pathways. Interestingly, G1/S1 and GO/S0 derived from
decarbonylation reaction of M10 and P9 pathways, respectively, their yields slightly change at
200~250°Clbut G1/S1 yield increased and G0/S0 decreased obviously at 280°Clprobably pathway M10
was facilitated and pathway P9 was inhibited when temperature above 250°C. The decrease of G0/S0
mainly due to the generation rate of G1/S1=0 cannot match the rate of G1/S1=0 decarbonylation 54,
resulting in condensation of surplus G1/S1=0. This observation was also verified by GPC analysis. The
chromatogram of the non-volatiles obtained from 180°C~220°C displays the increasing large peak of
oligomers and a not obvious increasing of monomer yields with the temperature increasing. Low yield of
lignin oil and aromatic monomers at 160°C in agreement with the small peak of non-volatiles in
chromatogram. The slightly increase of aromatic monomer and lignin oil yield are ascribed to the
decrease of oligomers when the temperature above 250°C (Fig. S6).

Moreover, temperature shows great effect on hemicellulose and cellulose degradation process. For
instance, below 200 °Cljust some hemicellulose degraded to form soluble oligomers. A rapid increase of
carbohydrate product mass to 230 mg with 40 mg of 1-hydroxy-2-butanone at 200°C (Fig.7B). The
typical XRD diffraction peak of cellulose (26=15.2°(1-10), 22.8° (200), 34.5°(004)) in residue is weakening
from 160~250°C and disappearing when eucalyptus powder was depolymerized at 280°C(Fig.S5). From
XRD analysis of depolymerization residue, the diffraction peaks at 15.2°(1-10) and 34.5°(004) were
completely removed from cellulose matrix to dissolve in aqueous phase at 220°C, while the diffraction
peak at 22.8° (200) disappeared above 250°C.The increasing temperature leads to an increased
dissolution of hemicellulose and cellulose, from 7.1wt% up to 100 wt%. Accordingly, a large amount of
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solubilization oligomers converted to small molecular products with the temperature increasing (Fig.7B).

The mass of oligomers gradually increases with increasing temperature (Fig.7B), from 41mg*Qpiomass |

to 250 Mg*gpiomass |- The mass of acetic acid changes slightly, being similar with the trend in different

H, pressure cases (similar mass of 55 mg-gbiomass™), suggesting that the change of reaction
temperature and pressurized hydrogen have less effect on the generation of acetic acid. Moreover, the
temperature elevated from 200 to 280°CHkthe selectivity towards EG and 1,2-PG increases, from 5 up to 68
My*Uhiomass | @nd 16 up to the plateau 58 Mg-giomass '~ Fespectively. It can be explained by the fact that
high temperature promotes glucose's C-C bonds to cleave by hydrogenation/hydrogenolysis. 1-hydroxy-2-
butanone has similar mass if the temperature above 200°C. It is worthwhile to notice that both
tetrahydrofurfuryl alcohol, DMF and ethanol appearance at high H, pressure and temperature (30 bar and
250/280°C) or in low H, pressure cases (0 and 10 bar), as shown in HPLC curves (Fig.6D and Fig.S6), the
reasons for these results are not clear.

3.4.3 Effect of contact time

Increase contact time may enable high conversion or/and yield but can reduce selectivity because of
multi-step reactions. Long contact time have indeed been reported for lignin valorization but not in the
view of co-depolymerizing cellulose. The effect of contact time on depolymerization was therefore
studied under the optimal reaction conditions (20 mL n-butanol, 20 mL water, 2.0 g extracted eucalyptus
powder sawdust, 0.2 g Ru/C, 0.4g MgO, 250°C, 30 bar H,.).

As Fig.8A shown, increasing the contact time (from 2h to 24h) exhibited a little effect on lignin oil yield
but did change the yield of total monomers and the selectivity of monomers. The yield of total aromatic
monomer increased from 38.89% for 1h, reaching to the top of 68.54% for 6h, and then decreases to
51.21% with prolonged contact time. This change can be explained that lignin and oligomers were
degraded and further converted to monomers in the contact time rage of 1~6 h, and the decreasing yield
of monomers were ascribed to repolymerization when the contact time longer than 8h. The similar trend
was also evidenced in previous reports 74l Longer time did not enhance lignin oil yield. GPC analysis
shows that little high M,y oligomer was detected at the start of the reaction, whereas longer contact time
led to high M,y fragments (Fig.S10). Not insignificant, condensation in both hydrogenolysis and alkalin
depolymerization cannot be excluded (vide infra) because condensation of unsaturated double bond and
carbocation on benzene ring (or Ca in side-chain) has been reported at a long contact time 1231, With
reaction time increasing, more coniferyl/sinapyl alcohols released from lignin matrix were converted to
G3/S3-0H (pathway P2), G3/S3(pathway P3+P6) and GO/S0 (pathway P3+P8+P9) (Scheme 1). However,
Prolonging the contact time, the yield of G3/S3-OH was changed from 22.12% to the highest 35.84% at
6h and then decreased, while was not obvious effect on the selectivity of G3/S3 and GO/S0 monomers
(Fig.8A), attributing to the repolymerization of G1/S1=0 and coniferyl/sinapyl alcohols [75] These were
also confirmed by GPC analysis (newly produced high M,y fragments, Fig.S10). Moreover, no obvious
change of G3/S3 yield also indicates that the formation of G3/S3 (propyl-substituted monomers) occurs
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primarily through pathway P3+P6. Whereas the yield of G1/S1 increased with contact time increasing,
which is responsible for the decarbonylation of G2/S2=0 over alkali-catalyzed [54.

The reaction time also affected the mass of aqueous phase products. The aqueous phase product mass
was about 33.30 wt % (based on eucalyptus mass) when the contact time was 1h, and then increased to
the highest mass of 63.35 wt % with the contact time increasing to 8 h, but the contact time further
increased (18h) gave rise to the aqueous phase product mass decreased. Meanwhile, the mass of
oligomers firstly increased and subsequent decreased to complete dissolve and then increased to a
plateau (0.05 wt %). The mentioned above variation trends are likely correlated with the magnesium
species during depolymerization process, that is, MgO was converted successively to Mg(OH)s,,
Mg5(C0O,)3(0H),-4H,0 and MgCO4 with the increasing contact time (Fig.S10). These changing
magnesium species were also reported and exhibited similar effect on cellulose depolymerization
products [21.52 They pointed out that Mg (OH) o derived from MgO thermal conversion improves the
ability of cellulose degradation. The aqueous phase monomers were strongly influenced by reaction time.
The main aqueous phase products are soluble oligomers, tetrahydrofurfuryl alcohol, ethanol, 1-hydroxy-2-
butanone, 1, 2-PG, EG, glycerin and LA (Fig.8B and Fig.S9). Expect for methanol and acetol, the mass of
main monomers increased when the contact time increased from 1h to 8h. As the contact time continues
to prolong, the mass of total agueous phase products and most monomers decrease but oligomers
appeared again, which are attribute to the change of magnesium species. Meanwhile, some monomers
were converted to gas products evidencing was also confirmed by the gas products (Table S2).

3.5 The stability of the solvent and catalyst recycle

To investigate the effect of depolymerization process on the stability of n-butanol solvent, the gaseous
and aqueous products were analyzed after conducting the valorization of eucalyptus or without
feedstock under 250°Cin n-butanol/H,0 for 6h. From the result of GC and GC-MS, a portion of n-butanol

was converted whether the feedstock is added or not (Fig. 9, Table S2). Without feedstock, the main
components in gaseous phase are H,, CH,, C,Hg and C3Hg, suggesting that the activity of catalyst is
contributed to cleave C,—Cg bond in n-butanol for generation a large amount of CH, (25.85%) and C3Hg
(15.18%, not include propane in n-butanol phase (Fig.9)) (Table S2) 39761 A similar reaction of propanol
was converted to methane and ethane over hydrogenation catalyst [77]. Butyl butyrate and propane were
detected in n-butanol phase (Fig.9), ascribing to esterification taking place between n-butanol and butyric
acid (originate from butaldehyde oxidation) over MgO catalyst. Therefore, a portion of n-butanol solvent
is converted to propane, methane and butyl butyrate in n-butanol/H,0 solvents over Ru/C-MgO catalysts.

However, just a few gaseous products (H,, CO,, CO, CH,, C3Hg and C4H,,) were obtained when feedstock
was added (Table S2), CO,, CO came from decarbonylation and decarboxylation reactions. Butyl butyrate
and propane were also decrease in n-butanol phase (Fig.9), suggesting that changing the catalyst
performance and reducing the catalyst dosage would be reduced the solvent side-reactions 1391,
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In this work, MgO was converted to Mg(OH), during the hydrothermal process and also confirmed by the
XRD analysis of the solid mixture (depolymerization residue and catalyst) (Fig. 11). After reaction, we
conducted the recycle experiment of catalysts. Mg(OH), was located at the bottom of the aqueous phase
and calcined at 550°C(6 h) to get MgO for reuse. Meanwhile, the used Ru/C in the n-butanol phase (due
to a relatively polar) was isolated and dried at 105°C (10 h) for reusing with regenerated MgO. In this way,
a black powder could be recycled about 97.4 wt% of the initial Ru/C (0.2g), the white powder was
afforded about 92.5wt% (viz. 0.37g) of the original MgO (0.4g, Fig. S10). Subsequently, the eucalyptus
powder depolymerization experiment (Fig.1) was carried out over the recycled catalysts under the given
conditions (fresh catalysts were added to make up for the loss of retrieved catalysts). As Fig.10 shown,
the recycled catalysts afforded a decrease lignin oil (24.36 wt% of feedstock) and aromatic monomer
yield (56.58 wt% of lignin) compared to fresh Ru/C-MgO (25.50 wt% of feedstock and 68.54wt% of
lignin), with a little higher selectivity towards G3/H3-OH monomers (Fig. 10A). Similarly, the obtained
aqueous product yield was also slightly lower (596.03 vs. 556.27 mg g~ ' biomass). The decreasing of
lignin oil, monomer yield and aqueous products probably because of the altered property of catalyst,
especially MgO. The second run reused catalysts relative characterization was analyzed by XRD. The X-
ray diffraction patterns displayed no Ru diffraction peak was detected as fresh catalyst, implying Ru
particles were not obviously aggregated. While obvious difference between fresh and used MgO are
exhibited as the diffraction peaks shown (PDF # 32-0671, Fig.11). For instance, the evident decrease of
MgO diffraction peaks (PDF # 45-0964, periclase) due to the MgO particle become small and a portion of
MgO species change the crystal form. To conclude, this recycle experiment confirms that the used Ru/C
can be reused with a good catalytic activity and spent MgO was changed with a decline activity.

4. Conclusions

A metal-alkaline catalytic valorization approach is developed, the one-pot complete conversion and
separation of woody biomass into two value product streams: lignin derived phenolics and semi-
cellulose-derived small molecular (C2~C5) alcohols and acids. Lignocellulose depolymerization is
conducted in a mixture of n-butanol/H,0 (homogeneous phase) at 250 °C in metal-alkaline coupling
catalytic system. The co-solvent mixture enables extraction and depolymerization of both lignin and
hemicellulose, whereas the metal-alkali coupled catalysts enable to cleave inter-/intramolecular linkages
of lignocellulose into target products (phenolics, alcohols and acids). Cooling of the reaction liquor gives
rise to phase separation, providing an integrated separation of aromatics (n-butanol phase) and small
molecular alcohols and acids (aqueous phase). Furthermore, this work exhibits that simultaneous
depolymerization all components of lignocellulose in one-pot catalytic refining process is feasible, but
one should take into consideration that high product yield and selectivity can hardly without the
appropriate reaction conditions. For instance, it was shown that the catalyst, hydrogen pressure, solvent
composition, temperature and alkality have different consequences for valorization the main component
of biomass.
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Figure 2

Analysis of the n-butanol phase, aqueous phase and residue obtained from eucalyptus valorization over
Ru/C combined with MgO catalysts. Reaction conditions: 20 mL n-butanol, 20 mL water, 2.0 g extracted
eucalyptus powder, 0.2 g Ru/C and 0.4g MgO catalysts, 30 bar H2, 250 °C, 6 h. The yield of products were
calculated according to the calculation formulas in supporting information. The n-butanol phase
products are qualitatively and quantitatively analyzed by GC-MS and GC spectrometers, and the aqueous
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phase products are qualitatively and quantitatively analyzed with GC-MS and HPLC spectrometers. (A)
Lignin depolymerization product yield, expressed as mg products per g eucalyptus. Acetic acid, EG and 1,
2-PG in n-butanol phase were not included in Fig.2A. (B) Yield of cellulose and hemicellulose
depolymerization products in aqueous phase, expressed as mg per g biomass, while the monomer
aromatics in aqueous phase were not contained in Fig.2B. See Fig. S9 for HPLC analysis. (C) GPC
analysis of non-volatile fractions of n-butanol phase, inset a corresponding Mw-dw/dlogM graph. (D) FT-
IR analysis of material and depolymerization residue. (E) HSQC NMR of non-volatile fractions of n-
butanol phase.
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Figure 3

Mass flowchart of the valorization of eucalyptus over Ru/C combined with MgO catalyst
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(A) Lignin-derived monomer aromatics (in n-butanol phase)
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Figure 4

(A) Lignin monomers, (B) carbohydrate products obtained from catalytic depolymerization in n-
butanol/water with different catalysts. Reaction conditions: 20 mL n-butanol, 20 mL water, or 40 mL pure

n-butanol, or 40 mL pure water, 2.0 g extracted eucalyptus powder sawdust, 0.2 g catalyst, 0.4g MgO, 30
bar H2, 200 °C, 2 h.

Page 26/31



@/ non-ether region - v
Free cat. side-chain region (A) ’ Ii:- O ok is MgO side-chain region (B) o/f non-ether region 5 o
r § a -
G Cron e L S e e P s é;:::- & |n
LI__J i \;h CHs in alivhatigo 0 | 25 7] I CHin -
a LS - H S . ﬂ“_\“—‘-
<a 25 g o ‘W‘\.. ey o_o i 0 rn A 4 B clon afipha ~
v = ¥ ! s 5 “Es -
. : ° ‘i = i 35 v ¥ . o © 1
® L ) H B! L
- " k B cron i » 40 . b ﬁ B crom v b4
DMS! | 45 1 DMSO
- v F50 £ + L5y .E
. o
ss & . s i - &
= <]
° 0 27— Ayor and Yoron - 60
L65 o= Lk =
0 -------—-——--—---ﬁ- | BET Co-extracted polyols 70
@ L 1
% %&f sl
a
B0
= Bog e ?"’“ "
@ - B..n-""p s
r0 90
FOs
L] 100 108
5 50 45 4.0 s 30 25 0 1.5 1.0 0.5 5 50 4.5 4.0 35 a0 15 20 15 [KI] 0.5
2 (ppm) 12 {ppm)
B /i non-ether region sl
RWC side-chain region (C) o/ non-cther region . 10 | RwCHAO sidechialn (D) i - 15
-] L . - -
G c C 0l Bo ‘é W S G, CroN Be \@ s |0
e bigs: ot @ e To Ll =] g
1] 8 L > s CHy in . a 25
L~ P i 2 aliphatic
L % e 9 e oy 7 ‘% éﬁf A
~¢ v v :bb" - Q-""l= | B L . b . @ cyon . o 35
wo ° o:\ © CHyin | ] ¢ @0 Lo
. - Il m . 3L
° /.’ LIE] QB'LB" aliphe 40 H K Fose 45
DMSO } DMSO
“OCH, 5 E -OCH, £ i
S - L] > 55 g
Ad " = A leo ©
) I, B - Yeiom LoD 5 = Toou .
—
] ether region | 65
,‘"’H“h""ﬁ“ < — R b | b i Lot ® | Co-extracted polyols
; L. C ted polyol A n
o | " o8 o-extrac polvols T0 @ “q L'_O_& _____ I
| B, ’ 75
-] 80 i 80
' Be Mo 85
| e oo
ro5
L] 100
5 5.0 45 40 s 3.0 25 20 15 10 05 50 45 40 35 3.0 25 20 L5 10 05
2 (ppm) 2 (ppm)

Figure 5

HSQC analysis of the non-volatile lignin oil (n-butanol phase) for different catalysts, (A) Free catalyst, (B)
MgO, (C) Ru/C, (D) Ru/C-MgO. Reaction conditions: 2.0 g extracted eucalyptus powder, 0.2 g Ru/C, 0.4g
MgO, 20 mL n-butanol, 20 mL water, 30 bar H2, 200 °C, 2 h.
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(A) Lignin-derived monomer aromatics (in n-butanol phase) (B) Aqueous phase products
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Figure 6

(A) Lignin monomers, (B) carbohydrate products obtained from catalytic depolymerization in n-
butanol/water under different H2 pressure, (C) GPC analysis of non-volatile fractions in n-butanol phase,
(D) HPLC analysis of fractions in aqueous phase. Reaction conditions: 20 mL n-butanol, 20 mL water, 2.0
g extracted eucalyptus powder sawdust, 0.2 g catalyst, 0.4g MgO, 0~40 bar H2, 200 °C, 2 h.
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(A) Lignin-derived monomer aromatics (in n-butanol phase) (B) Aqueous phase products
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(A) Lignin monomers, (B) carbohydrate products obtained from catalytic depolymerization in n-
butanol/water under different temperature. Reaction conditions: 20 mL n-butanol, 20 mL water, 2.0 g
extracted eucalyptus powder sawdust, 0.2 g catalyst, 0.4g MgO, 160~280°C, 30 bar H2, 2 h.
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Figure 8

(A) Lignin-derived monomer aromatics, (B) carbohydrate products obtained from catalytic
depolymerization in n-butanol/H20 under different contact time. Reaction conditions: 20 mL n-butanol,
20 mL water, 2.0 g non-extracted eucalyptus powder sawdust, 0.2 g catalyst, 0.4g MgO, 250°C, 30 bar H2,
1~24 h.
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Figure 9

Total-ion chromatogram (TIC) of the n-butanol phase products. Reaction conditions: 20.0 mL n-butanol,
20.0 mL water, (without) eucalyptus powder (1.0 g), 0.2 g Ru/C and 0.4g MgO catalysts, 30 bar H2, 250

°C,6 h.
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Figure 10

(A) Lignin monomers, (B) carbohydrate products obtained from catalytic depolymerization in n-
butanol/water over fresh and reused (Ru/C-MgO) catalysts. Reaction conditions: 20 mL n-butanol, 20 mL

water,
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Figure 11
The XRD patterns of fresh and used Ru/C and MgO
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