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Abstract The cleavage of linkages of lignocellulose

is important for its valorization. The linkage cleavage

of cornstalk hydrolysis residue was investigated over

catalysts (Ru/C ? MgCl2) in EtOAc/H2O solvents.

The results show that almost hydrogen bonds, C–C

bonds, ether and ester bonds in the matrix of lignin and

cellulose were broken, accompanying 80.6% of lignin

and 98.5% of cellulose conversion, and obtaining

37.5% of aromatic monomers and 28.8% of lignin

oligomers. In the reaction system, biphasic EtOAc/

H2O solvents exhibited an effect on cleaving the

intermolecular linkages between lignin and cellulose.

MgCl2 showed limited abilities of breaking the a-O-4

and b-O-4 linkages in lignin and limited b-1, 4-gly-

cosidic and hydrogen bonds in cellulose were cleaved

over Ru/C catalyst. The cleavage of C–O linkages (a-

O-4, b-O-4, 4-O-5) and C–C bonds (a-b, b-5) in lignin

were mainly dependent on Ru/C catalyst. Much C–O

and the stubborn C–C linkages of b-5, b-1 and 5-5

were significantly disrupted by the synergistic effect

between MgCl2 and Ru/C. However, MgCl2 exhibited

great contribution to breakage of b-1, 4-glycosidic

linkage, hydrogen bonds and sugar ring of cellulose.

The linkage of b-1, 4-glycosidic, hydrogen bonds and
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C–C in C5/C6 sugars were significantly broken. The

increased yield of products was evidently due to the

synergistic effect of Ru/C combined with MgCl2.

Keywords Cleavage of linkage � Biphasic EtOAc/

H2O solvents � Ru/C � MgCl2 � Cornstalk hydrolysis

residue (CHR) � Valorization

Introduction

The significant sustainability and economic features of

biomass valorization attract more and more attention

(Chheda et al. 2007; Roman-Leshkov et al. 2007;

Somerville et al. 2010). Cellulose and hemicellulose

can be transformed to added-value chemicals and

fuels, such as, ethanol, soap, pulp, hydroxymethylfur-

fural (HMF), c-valerolactone (GVL) and alkanes

(Hanson et al. 2009; Zakzeski et al. 2010; Xu et al.

2014). Lignin-derived monomers are being utilized in

aromatic components, resins, platform aromatics and

other chemicals. Di- and oligomers are relevant in

certain applications like producing polyurethanes and

polyesters (Ragauskas et al. 2014; Gandini 2011; Van

den Bosch et al. 2015a).

To improve the biorefinery economy, conversion of

all fractions of lignocellulose into platform chemicals

or materials is goal. For example, some work focused

on introducing ‘lignin-first’ disassembly processing of

raw lignocellulose with various solvents with/without

external H2 over different catalysts(Ferrini and Rinaldi

2014; Van den Bosch et al. 2015b; Shuai et al. 2016;

Galkin and Samec 2014, 2016). Sels et al. reported that

90% of lignin was obtained as a ‘‘lignin oil’’ in

methanol at elevated temperature over Ru/C under a

mild H2-pressure, comprising mainly phenolic mono-

mers, dimers, and small oligomers (Van den Bosch

et al. 2015b). Luterbacher et al. published a 75.4 wt%

of lignin could be extracted from corn stover using

H2SO4/H2O/GVL system to yield lignin-derived

monomers corresponding to 38% of the carbon in

the original lignin (Luterbacher et al. 2015). Rinaldi

et al. described that most of lignin in plant biomass can

be effectively depolymerized into non-pyrolytic lignin

bio-oil through iso-propanol hydrogen transfer reac-

tion in the presence of Raney Ni, next to a solid

carbohydrate pulp (Ferrini and Rinaldi 2014). Results

also show that lignin was disassembled from various

lignocellulose materials and simultaneously left a very

high proportion of carbohydrates in the pulp. These

pulps towards added-value chemicals were demon-

strated by their conversion to polyols/sugars in further

processing (Liu et al. 2015; Geboers et al. 2011b;

Ruppert et al. 2012). Li et al. recently published that

formaldehyde as a stabilizer facilitated soluble lignin

fraction production during biomass pretreatment, high

yields of guaiacyl and syringyl monomers were

obtained from the isolated lignin. Meanwhile, by

depolymerizing cellulose, hemicelluloses, and lignin

separately, monomer yields were between 76 and

90 C-mol% for these three major biomass fractions

(Shuai et al. 2016). In all of these biorefinery

strategies, monomers were considered as the ‘‘star’’

platform chemicals for further upgrading to produce

high-value fuel via hydrogenolysis or/and

hydrodeoxygenation technologies (Zhao et al. 2009;

Jiang et al. 2016a). Thus, the efficient disassembly and

separation of matrix components directly from ligno-

cellulose to monomers with high yield is crucial for

added-value biofuel production. Although these tech-

nologies show promise for future biorefineries, the

current biorefinery still uses cellulose first, leaving

lignin as a residue. (cellulose is converted into

chemicals first, and leave lignin as a residue). Espe-

cially, hydrolysis is the main industrial route to

valorize lignocellulose into chemicals like ethanol.

Although the products are a mixture of phenolics, they

can be transformed into bio-fuels or bulk chemicals

like adipic acid via chemo- or bio-catalysis (Payne

et al. 2013; Resch et al. 2013). To valorize this residue

(rich in lignin) is also important for improving bio-

refinery economy (De Bruyn et al. 2016). As we

known, lignin connects cellulose or/and hemicellulose

by chemical bonds to form LCC in plant cell wall or

pulp lignin. For instance, Henry I. Bolker measured

lignin carbohydrate bond with infrared spectroscopy,

showing that an acetal or hemi-acetal bond existed

between carbonyl groups of lignin and the hydroxyl

groups of some portion of the holocellulose (Bolker

1963). With the development of analytic techniques,

several kinds of LCC linkages (i.e., ether type (benzyl

ether or/and acetal), ester type and ketal type) were

confirmed between C6 position of glucose units in

cellulose and a-C of lignin side chain with 13C isotopic

tracer technique in 13C NMR/HSQC (Miyagawa et al.

2013; Huber et al. 2006; Dornath et al. 2015). Those

linkage bonds (intermolecular and intramolecular,
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such as ether bond, ester bond, hydrogen bond, C–C

and C–O bonds) between lignin and the other compo-

nents of lignocellulose and intramolecular linkage of

lignin (b-O-4, a-O-4, b-b, b-5, etc.) impede the

deconstruction of cross-linked unit building blocks

(Ragauskas et al. 2014; Jiang et al. 2016a). Therefore,

understanding the cleavage behavior of inter- and

intramolecular linkages rules is very important.

In terms of the scission of inter- and intramolecular

linkages of lignin, numerous researches based on

lignin model compounds were published. C–O bonds

of aryl ethers could be effectively fractured with/

without external H2 over Ni-based catalysts (Molinari

et al. 2014; Sergeev et al. 2012; Kelley et al. 2012; He

et al. 2012; Sturgeon et al. 2014), while noble metals

can effectively break C–C bonds in b-O-4 linkages

(vom Stein et al. 2015). However, the linkage cleavage

of these simplified model compounds could hardly be

transferred to real lignocellulose. In this context, a few

group’s attention was drawn to investigate inter- and

intramolecular linkage cleavage mechanisms in speci-

fic biorefinery strategies. Luterbacher et al. investi-

gated the structure of lignin fraction obtained from

corn stover processed in H2SO4/H2O/GVL system to

produce monomers (Luterbacher et al. 2015). Hu et al.

investigated the cleavage behavior of inter- and intra-

molecular linkages in corncob residue for producing

monophenols in Na2CO3–H2O–THF system (Jiang

et al. 2016a). In their work, H2O may be responsible

for the cleavage of relatively weak inter- and intra-

bonds in corncob residue, whereas almost all inter-

molecular linkages of ether, ester and hydrogen bonds

between lignin and cellulose were broken by Na2CO3

at 140 �C; Intramolecular linkages were partially

destroyed at 300 �C with 26.9 wt% yield of monophe-

nols. The product structures indicated that Na2CO3

promoted to break the C–O bond in b-O-4 linkage and

Ca–Cb bond in the aliphatic side-chain of lignin to

obtain aryl aldehyde, as well as the cleavage of CAr–Ca

bond. Jastrzebski. R. et al. worked out a tandem

catalysis strategy for ether linkage cleavage of lignin

and its model compounds, involving ether hydrolysis

by water-tolerant Lewis acids followed by aldehyde

decarbonylation by Rh complex. Meanwhile, this

strategy was conducted on softwood, hardwood, and

herbaceous dioxasolv lignins degradation, as well as

poplar sawdust, to give the anticipated decarbonyla-

tion products whose selectivity can be tuned by

variation of the Lewis-acid strength and lignin source

(Jastrzebski et al. 2016). Barta et al. described a new

strategy that diols was used as stabilizer agent to

capture unstable compounds derived from lignin,

coupled with catalytic hydrogenation or decarbonyla-

tion process can gain high aromatics yield (Deuss et al.

2015). In order to execute in-depth catalysis studies

and understand a detailed mechanism of lignin

catalytic valorization, they synthesized a new class

of (b-O-4)–(b-5) advanced di-linkages model com-

pounds to investigate the reactivity of linkage bonds

scission. They documented a detailed understanding

of HOTf acid-catalyzed cleavage of various types of

lignin linkages in combined with stabilizer agent

(ethylene glycol) (Lahive et al. 2016). Thus, it is

favorable for optimize lignocellulose depolymeriza-

tion strategy by understanding the cleavage reactivity

of the linkages in lignocellulose.

Based on our previous work (Lv et al. 2017),

Cornstalk hydrolysis residue (CHR) was degraded

over Ru/C combined with MgCl2 under biphasic

EtOAc/H2O solvent to selectively produce aromatics

with a yield of 30.4% without external H2, accompa-

nying nearly all carbohydrate liquefied. However, the

cleavage mechanism of inter-and intramolecular link-

ages among the main components (lignin and cellu-

lose) is not clear. In this paper we give an insight into

the cleavage behavior of inter- and intramolecular

linkages between cellulose and lignin of lignin/cellu-

lose in CHR in biphasic EtOAc/H2O solvent system

over Ru/C cooperated with MgCl2.

Experimental section

Materials

Ethyl acetate (EtOAc, 99%), acetic acid (99%) and

(NH4)2CO3 were analytical grade and purchased from

Guangzhou Maolin Fine Chemical Co., Ltd. (Guangz-

hou, China). 5 wt% Ru/C was provided from Shanghai

Aladdin biochemical technology co., LTD (Shanghai,

China) and used as received. CHR is the hydrolyzed

residue of cornstalk chips (particle size about 40 mesh)

over 8.0 wt% sulfuric acid at 180 �C for 2 h at the

316L stainless steel hydrolysis reactor (from Yingkou

Pilot, Liaoning China). The CHR was collected and

washed with distilled water to the filtrate at pH about

7.0, then dried at 105 �C. The component analysis

showed that it contains 60.98% lignin, 26.21%
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cellulose, 0.52% hemicellulose, 2.15% moisture,

5.67% extraction and 3.38% ash. Elemental analysis

demonstrated that it is composed of 58.73% C, 6.26%

H, 0.31% N, 0.12% S and 36.28% O.

Typical process for CHR depolymerization

2.0 g CHR, 0.5 g 5 wt% Ru/C (or/and 1.0 g MgCl2)

and 50 mL reaction medium (40 mL of EtOAc and

10 mL of H2O) were put into a 100 mL stainless

autoclave (316L stainless, made by Anhui Kemi

Machinery Technology Co., Ltd.) equipped with a

mechanical stirring. After the air displacement by N2

for three times, the reactor was heated to 200 �C and

then kept for 5 h with continuous stirring at 500 rpm.

After that, the reactor was cooled in an iced-water

bath.

Product separation

The separation process for the reaction products was

showed in Scheme 1. Gases were collected after the

stainless autoclave cooled. The products were filtrated

and divided to two parts (solid fraction and liquid

products). The solid fraction (catalyst and depolymer-

ization residue solid (DRS)) was washed with EtOAc

(5 mL per time, three times) and H2O (5 mL per time,

three times), respectively, followed by filtration. The

filtrate was mixed with liquid mixture (1). Then the

liquid product was neutralized with (NH4)2CO3 until

the pH value of liquid to neutral. The liquid mixture

(2) were separated to H2O phase (bottom) and organic

phase (upper). The DSR and catalyst were dried at

105 �C overnight. The aqueous phase mainly contains

oligosaccharides, monomers, un-degraded lignin, and

organic phase included volatile products and non-

volatile products. The volatiles were the aromatic

components that can be detected by GC–MS, while the

non-volatiles were the residual fractions after the

solvents and low boiling point of substances were

removed from organic phase product through vacuum-

rotary evaporation at 45 �C.

Scheme 1 Procedure for

products separation
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Determine the components of CHR and DSR

The components of CHR and DSR were measured

according to NREL K-lignin analysis(Sluiter et al.

2008; Lv et al. 2017). CHR and DRS were character-

ized by Fourier translation infrared spectroscopy (FT-

IR). They were analyzed on a TENSOR27 FT-IR

spectrometer in the range of 4000–400 cm-1, scan

times is 32. Before the analysis, CHR and DSR were

dried at 105 �C overnight, then ground with KBr and

pressed into a wafer.

Analysis and measurement of the products

The volatile products in organic phase were detected

by GC–MS (Agilent 7890A-5975C) equipped with a

Pxi-17Sil MS Cap. Column (30 m 9 0.25 mm 9

0.25 lm) and compositions were identified according

to the NIST MS library. The oven temperature was

programmed as 40 �C hold 5 min, and then ramped up

to 300 �C with 5.2 �C/min and hold for another 4 min.

The quantitative analysis of the composition was

conducted on an Agilent 7890 GC with a flame

ionization detector (FID). Acetophenone was used as

internal standard at the same capillary column and

temperature program as the GC–MS analysis.

The LC–MS was empolyed to analyze water

soluble fractions on a quadrupole-time chromatogra-

phy–mass spectrometry (LC–MS, Agilent, USA)

equipped with HiP Sampler, Binary Pump and triple-

quadrupole Mass Spectrometer (TOF/Q-TOF).

The molecular weight of non-volatile fraction in

organic phase were analyzed by gel permeation

chromatography (GPC) (Algient 1260 HPLC) with a

differential refraction detector (RID). The average

molecular weight of the sample was measured

according to the external standard method with narrow

polystyrene as the standard compound. The conver-

sion of CHR and the yield of DRS were calculated by

the weight comparison between the recovered and the

feedstock as shown in Eqs. (1) and (2). The conversion

of lignin and cellulose were measured by the weight

comparison between the recovered and the original

lignin and cellulose as shown in Eqs. (3) and (4),

respectively. The yield of linear alcohols/esters,

aromatics and non-aromatic cyclic compounds was

measured according to Eqs. (5), (6) and (7) based on

the GC results, respectively. As the Scheme 1 shown,

the liquid products were separated into aqueous phase

and organic phase. Organic phase comprises of linear

alcohols/esters, aromatics and non-aromatic cyclic

compounds and non-volatile fraction. Therefore, the

yield of water soluble fraction and non-volatile

fraction were calculated by the weight subtraction

method [Eqs. (8) and (9)].

Conversion of CHR %ð Þ ¼ Wa � Wrð Þ =Wa½ �
� 100% ð1Þ

Yield of DRS %ð Þ ¼ Wr=Wað Þ � 100% ð2Þ

Conversion of lignin %ð Þ ¼
��

L0 �Wa �L1 �Wr

�
=

L0 �Wa

�� �
� 100%

ð3Þ

Conversion of cellulose %ð Þ
¼ C0 � Wa � C1 � Wrð Þ= C0 � Wað Þ½ � � 100%

ð4Þ

Yield of linear alcohols/esters %ð Þ
¼ Waa= C0 � Wað Þ½ � � 100% ð5Þ

Yield of aromatics %ð Þ ¼ Wac= L0 � Wað Þ½ �
� 100% ð6Þ

Yield of non - aromatic cyclics %ð Þ
¼ Wnac= C0 � Wað Þ½ � � 100% ð7Þ

Yield of non - volatile products %ð Þ
¼ Wnvp= L0 � Wað Þ

� �
� 100% ð8Þ

The mass of non - volatile water soluble fractions gð Þ
¼ Wwsp

ð9Þ

Wa: the weight of CHR feedstock; Wr: the weight

of DRS. Waa: the weight of linear alcohols/esters. Wac:

the weight of volatile aromatic compounds. Wnac: the

weight of non-aromatic cyclic compounds. Wnvp: the

weight of EtOAc phase after removed all solvents and

volatile substances. Wwsp: the weight of water soluble

phase after removed water and volatile substances; L0:

the content of lignin in CHR feedstock (L0 = 60.98%);

L1: the content of lignin in DRS; C0: the content of

cellulose in CHR feedstock (C0 = 26.21%); C1: the

content of cellulose in DSR. The content of linear

alcohols/esters, non-aromatic cyclic compounds and

volatile aromatic compounds were measured by GC
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with the same capillary column (Pxi-17Sil MS Cap.,

30 m 9 0.25 mm 9 0.25 lm)) and temperature pro-

gram as the GC–MS analysis. Acetophenone was

employed as internal standard compound. The weight

of others and water-soluble phase were both obtained

by weight after the solvents and volatile substances

removed. In addition, L0, L1, C0 and C1 were

determined following standard NREL procedures

(Sluiter et al. 2008).

1H and 1H–13C HSQC NMR analysis of non-

volatile fraction, CHR and DRS

To investigate the depolymerization performance and

the evolution of structure on the CHR and DRS, NMR

spectra of CHR, DRS and non-volatile fractions were

measured by using a Bruker Avance I 400 MHz

spectrometer. Both CHR (100 mg) and DRS (100 mg)

were dissolved in dimethylsulfoxide-d6 ([D6] DMSO)

(1.0 mL), and about 50 mg non-volatile fraction was

dissolved in 0.5 mL [D6] DMSO. For the HSQC

analysis, the collecting and processing parameters

were listed as follows: number of scans, 84; receiver

gain, 203; acquisition time, 0.2129/0.0636 s; relax-

ation delay, 2.0 s; pulse width, 10 s; spectrometer

frequency, 400.15/100.61 MHz; and spectral width,

4807.8/20124.9 Hz (Huang et al. 2014; Zhang et al.

2015). The MestReNova software was used to process

the data.

Analysis of DSR

CHR and DSR powder X-ray diffraction (XRD)

patterns were measured by an X-ray diffractometer

(X’Pert Pro MPD, Philip) with Cu Ka radiation

(k = 0.15418 nm) operated at 40 kV and 100 mA.

The 2h angles were scanned from 5� to 80�.

Results and discussion

Effect of EtOAc/H2O on the cleavage

of intermolecular linkages between lignin

and cellulose

The developing analytic techniques have found and

confirmed a large amount of intermolecular linkages

of LCC in plant cell wall (lignin connects cellulose or/

and hemicellulose by chemical bonds) and

intramolecular linkages of lignin and cellulose or

hemicellulose matrix (Xie et al. 2000; Min et al. 2014;

Miyagawa et al. 2013). Examples would be the

intramolecular bonds of cellulose are hydrogen and

b-1,4-glucosidic bonds (Scheme 2A) and lignin’s are

C–O and C–C (b-O-4, a-O-4, b-b, b-5, etc.)

(Scheme 2C). The intermolecular linkage between

lignin and cellulose are ester, ether and ketal chemical

bonds. They confirmed the C6 position of glucose

units in cellulose were linked to a-C of lignin side

chain and carbonyl groups of lignin linked to hydroxyl

groups of some portion of the holocellulose

(Scheme 2D).

As we known, solvents receive growing attention

due to their important role in lignin dissolution, such

as H2O, methanol, ethanol, isopropanol and EtOAc

(Marcus 1993; Shuai and Luterbacher 2016) were

widely used in lignocellulose extraction and valoriza-

tion (Ferrini and Rinaldi 2014; Galkin et al. 2015; de

Clippel et al. 2012). Generally, H2O, as a nucleophile

reagent with high hydrogen bond accept ability, was

not noly essential to reacting with the linkages (such as

ether and ester bonds) between lignin and cellulose,

but also had effect on disrupting the intermolecular

hydrogen bonds between lignin and cellulose (Ferrini

and Rinaldi 2014; Jiang et al. 2016a). When the

EtOAc/H2O volume ratio was 0:10, 21.4% of cellulose

was converted and degradated products were collected

to aqueous phase (Fig. 1), showing the strongest typi-

cal vibration adsorption of cellulose (1374, 1057 and

896 cm-1, Fig.S1) in FT-IR spectrum of aqueous

phase product. However, the conversion of lignin in

pure H2O was limited (* 5.6%). EtOAc, the polarity

is lower than H2O, although presents good extraction

ability of lignin fragments, about 11.0% of lignin

and * 5.2% of cellulose in the matrix were dissolved

in pure EtOAc system (Fig. 1 and Fig. S1).

Compared to pure H2O and pure EtOAc, EtOAc/

H2O co-solvents showed much higher CHR dissolu-

tion ability and selectivity to lignin component (Fig. 1

and S1), ascribing to the strong hydrogen bond

between organic solvents and H2O that could be

beneficial to the cleavage of linkages between lignin

and cellulose (Zhang et al. 2018). The volume ratio of

EtOAc/H2O, with different co-solvents properties,

displayed distinct effect on lignin and cellulose

dissolution. For example, the dissolution of lignin

increased and the aromatic ring characteristic vibra-

tion strengthened with the EtOAc/H2O volume ratio
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decreasing from 10:0 to 8:2. However, opposite trend

was given with volume ratio from 8:2 to 0:10 further

decreased (Fig. 1 and Fig. S2). The highest lignin and

CHR conversion and the lowest Mw, Mn and D values

of fragments were obtained at the point of 8:2 (Fig. 1

and Table 1). It is mainly due to the property of

biphasic EtOAc/H2O (8:2, v/v) which provided a

suitable EtOAc hydrolytic rate and adjusted the

polarity of mixed solvents for CHR dissolution and

A B

C D

Scheme 2 The presentation of intra-/intermolecular linkage of lignocellulose (Huber et al. 2006; Dornath et al. 2015; Kadokawa et al.

2001; Min et al. 2014; Miyagawa et al. 2013; Oh et al. 2005)
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Fig. 1 Effect of the solvent volume ratio on lignin and cellulose

conversion and the mass of DSR. Reaction condition: CHR

feedstock (2.0 g, 40 mesh), solvent mixture (50.0 mL, EtOAc/

H2O = 10:0, 9:1, 8:2, 7:3, 5:5, 3:7, 0:10 (v/v)), 200 �C, 5 h

Table 1 Average molecular weight of depolymerization

products in different solvent volume ratio of EtOAc/H2O

without catalyst

Solvent volume ratio (v/v) Mn
a Mw

a Mz
a Da

10:0 383 3184 242,744 8.3

9:1 520 2800 188,662 5.4

8:2 513 2678 270,750 5.2

7:3 567 3375 368,351 6.0

5:5 476 3189 410,600 6.7

3:7 443 3155 396,725 7.1

0:10 300 894 17,230 2.98

Conditions: CHR feedstock (2.0 g, 40 mesh), solvent mixture

(50.0 ml, EtOAc/H2O = 10:0, 9:1, 8:2, 7:3, 5:5, 3:7, 0:10 (v/

v)), 200 �C, 5 h

Mn, number average molecular weight; Mw, weight average

molecular weight; Mz, Z-average molecular weight; D,

dispersion degree, D = Mw/Mn

arefers to the result of GPC analysis, the value of Mn, Mw, Mz,

D releated to the degree of depolymerization of lignin

123

Cellulose (2020) 27:799–823 805



fragments migration (Cai et al. 2013; Sluiter et al.

2008). Some research suggested that the medium

polarity of the mixed solvents should contribute to the

dissolution of lignin-based fragments. The polarities

are similarity between the mixed solvents and lignin-

based fragments (containing the nonpolar (aromatic

rings, methoxy group and ether linkages) and polar

groups (hydroxyl and aldehyde groups))(Shuai and

Luterbacher 2016; Pouteau et al. 2005; Xue et al.

2016). While cellulose dissolution kept increasing

with a strengthening characteristic vibrations of cel-

lulose when the volume ratio increased from 10:0 to

0:10 (Fig. 1 and Fig. S1) and the Mw, Mn and D values

of fragments decreased, except for 10:0 point (the

lowest Mw, Mn and D values were responsible for a

trace amount of dissolved cellulose) (Fig. S1 a).

Therefore, it can be concluded that some portion of

hydrogen bonds and ether linkages between lignin and

cellulose were destroyed during this process. Mean-

while, in EtOAc/H2O co-solvent system, EtOAc and

H2O could solvate lignin and cellulose fragments,

respectively, inhibiting fragments repolymerization,

and the interaction between fragments and solvents

facilitated fragments further dissolution.

Effect of MgCl2 and Ru/C on the cleavage

of intermolecular linkages

To meet the high requirement of the cleavage of both

intermolecular linkages between lignin and cellulose

and intramolecular linkages in lignin, MgCl2 and Ru/C

were added for CHR degradation in biphasic EtOAc/

H2O (8:2). As shown in Table 2, MgCl2 and Ru/C

exhibited different effect on lignin and cellulose

linkage cleavage in EtOAc/H2O. In Ru/C case,

75.3% of lignin and 27.4% of cellulose conversion

were gained (Table 2, entry 1), while only 27.5% of

lignin but 84.1% of cellulose were converted over

MgCl2 (Table 2, entry 2). If both Ru/C and MgCl2
were used, 76.4% of lignin was converted, accompa-

nying with 97.2% of cellulose conversion. These

indicate that much better efficiency for lignin disso-

lution over Ru/C and pretty much cellulose dissolution

over MgCl2. As both ESI and GPC results shown

(Fig. S4 and Fig. 4), meanwhile, the molecular weight

(Mw) of oligomer was under 600 g mol-1, suggesting

a large amount of intermolecular linkages in CHR

were cleaved over Ru/C or/and MgCl2.

The FT-IR absorption peaks assigned to lignin at

1705, 1602, 1514, 1479 and 1424 cm-1 (Long et al.

2015; Shu et al. 2015; Jiang et al. 2015) decreased

dramatically when Ru/C catalyst was added (Fig. 2c,

d). For cellulose, the intensity of the absorption peaks

at 1377, 1159, 1112, 1057 and 896 cm-1 (Hu et al.

2014; Jiang et al. 2015) significantly decreased in the

presence of MgCl2 (Fig. 2b, d). These results imply

that lignin and cellulose were released from CHR

matrix and a little of them still stayed in DRS (Table 2

and Fig. 2). The peaks at 1326 and 1268 cm-1 are

assigned to stretching vibration of G and S units, and

835 cm-1 is C–H out of plane deformation of G and S

units. They almost disappeared and demonstrated that

Ru/C promoted the dissolution of S and G units

(Fig. 2c , d). However, a few S (ne), G (ne, e)

resonance units were recorded, as well as –OCH3

(derived from S (ne), G (ne, e) units) assigned at

55.0 ppm in the signal of 13C CPMAS solid-state

NMR (Table S7 and Fig. 3). This might be attributed

to a little hydroxyl and acetyl groups in S and G units

that lead to form the strong hydrogen bonds with

cellulose and then stay in DSR in the form of S (ne), G

(ne, e). However, Ru/C showed weak effect on

cellulose dissolution with low cellulose conversion

(Table 2 and Fig. 2). This is in line with previous

results that only a little pentose and hexose from

cellulose were obtained by converting the non-

pretreated biomass with the use of Ru on carbon

catalyst (Op de Beeck et al. 2013). Apparently, Ru/C

was more favorable for lignin dissolution. As Fig. 3

and Table S7 shown, after MgCl2 treating, the

crystalline cellulose (C6 ordered assigned at

65.0 ppm and C4 ordered at 88.0 ppm) and amorphous

cellulose (C6 ordered assigned at 62.7 ppm and C4

ordered at 84.0 ppm) nearly disappeared, proving that

the crystalline and amorphous cellulose were con-

verted in MgCl2 case. This result is in agreement well

with the XRD result of DSR (Fig.S3a, 3c and 3d). The

fingerprint signal of 13C CPMAS NMR at

105.0–160.0 ppm and 55.0 ppm demonstrate that a

portion of lignin remained in DSR (Fig. 3 and

Table S7). Thus, Ru/C and MgCl2 are able to break

the intermolecular linkages (ether bonds) between

lignin and cellulose.

The characteristic absorbance peaks of lignin in

DSR (Fig. 2B) were further decreased even disap-

peared, ascribing to more lignin (especially S (ne) and

G (ne, e) fragments) and cellulose were removed by
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the synergetic effect of the Ru/C combined with

MgCl2 (Fig. 2d). These results were related to the

weakening peak strength at 1030 cm-1 (C–O–C ether

group) in Fig. 2a–d, corresponding to the breakage of

intermolecular linkages of C–O–C ether group. How-

ever, a trace amount of S (ne) and G (ne, e) units were

too recalcitrant to break in EtOAc/H2O co-solvent

over Ru/C combined with MgCl2 (Table S7 and

Fig. 3). In spite of reaction with external H2, limited S

(ne) and G (ne, e) were degraded. (Table 2 and Fig. 3).

Therefore, intermolecular linkages (ether bonds) in

CHR were nearly cracked by the synergetic effect of

Ru/C combined with MgCl2.

Effect of MgCl2 and Ru/C on the cleavage

of intramolecular linkages of lignin

Without Ru/C and MgCl2, although lignin conversion

reached the highest value (25.4%) in 8:2 case (Fig. 1),

little monomer aromatic can be detected in organic

phase (not give the GC–MS and GC results), suggest-

ing that lignin fragments were dissolved as large

molecular weight oligomers and limited lignin

intramolecular linkage was cleaved.

The EtOAc phase liquid products, derived from Ru/

C and MgCl2 catalytic cleavage, were completely

dissolved in THF solvent for GPC analysis (Fig. 4)

and dissolved in methanol for ESI analysis (Fig.S7 and

Table S10). The ESI analysis is used to detect the

lignin fragment molecular weight (Mw). The result of

GPC displayed that the molecular weight (Mw) of

fragments below 600 g mol-1 and nearly no peak

showed up more than m/z 600 in all cases (Fig. 4 and

Fig. S4), implying that the linkage of lignin was

broken to the narrow and small Mw distribution over

MgCl2 or/and Ru/C catalysts. Here, we combine the

results of FT-IR (Figs. 2, 5), GC–MS (Table S1–4)

and 2D HSQC NMR (Fig. S5b, Fig. S6b and Table S6)

to conclude the probable structure of fragments for
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Fig. 2 FT-IR spectra of CHR and DRS (a) CHR; (b) MgCl2;

(c) Ru/C; (d) MgCl2 ? Ru/C; (e) MgCl2 ? Ru/C (H2). Reac-

tion condition: 2.0 g of CHR (40 mesh), 0.5 g of Ru/C (5 wt%),

1.0 g of MgCl2�6H2O, 50.0 mL of solvent mixture (EtOAc/

H2O = 4:1(v/v)), 200 �C, 5 h

165 150 135 120 105 90 75 60 45

12 14

13C chemical shift (ppm)

CHR
RuC
MgCl2
MgCl2+RuC(H2)

MgCl+RuC2

1 2 3 4 5
6

11

7

10

8 9
13

Fig. 3 13C CPMAS solid-state NMR spectra of CHR and DSR.

Reaction condition: 2.0 g of CHR (40 mesh), 0.5 g of 5 wt%

Ru/C, 1.0 g of MgCl2�6H2O, 50.0 mL of solvent mixture

(EtOAc/H2O = 4:1(v/v)), 200 �C, 5 h
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understanding the effect of MgCl2 and Ru/C on the

cleavage of linkages in lignin matrix.

For depolymerized lignin over MgCl2, although

27.5% of lignin dissolved with the weaker absorbance

peaks of lignin skeleton (Fig. 5a), the absorption peak

assigned at C = C (2988 cm-1) and 1654 cm-1(-

C = O) (carbonyl stretching in aryl aldehyde/acetone)

are strong. They might be ascribed to the dehydration

of HO-Ca-Cb to Ca = Cb bond, and followed retro-

aldol cleavage of Ca = Cb to aromatic aldehydes in

MgCl2 case (Table S1, Fig. S5a and Fig. 6b) (Hu et al.

2014; Choi et al. 2016). The similar results of aldehyde

signals were obtained from 1H NMR analysis (dH-

= 9.47 ppm, Fig. 6b). The main volatile aromatics are

guaiacols and aromatic aldehydes (Table S1) in the

volatile products of EtOAc phase. As for non-volatiles,

a small number of fragments PCE, PCE, G and H were

observed in MgCl2 case (Fig. S7a). Similarly, a relative

less m/z result was obtained (Fig. S4a). Form the result

of ESI–MS analysis, the major b-O-4 and a-O-4

linkages in dissolved lignin fragments were broken

over MgCl2 (Fig. S4), leading to the formation of

fragments (e.g., trimer fragments Mw= 532, 514,

510 g mol-1 and dimers fragments Mw = 458,392,

376, 360, 376, 348, 350, 242, 240, 218 g mol-1)

(Fig. 5, Fig.S5–S6, Table S10, Scheme 3). The formed

trimer (e.g., Mw = 532, 514 g mol-1) could be further

converted to dimer (Mw = 348 g mol-1) by the cleav-

age of b-O-4 and a–b linkages (Scheme 3(1–2)).

Trimer fragment (Mw= 510 g mol-1) might be frac-

tured to dimer (Mw = 348/392 g mol-1) by the cleav-

age of a-O-4 and c-OH/a-O-4, b-O-4 and c-5 linkages

(Scheme 3(3–4)). Moreover, dimer fragments Mw-

= 458, 348 and 376 g mol-1 could be accordingly

fractured to monomers (Mw = 196, 166,152 g mol-1)

by the cleavage of a-O-4, b-O-4 and a-b linkages

(Scheme 3(5–6)). For the strongest m/z (218), it can be

Fig. 4 GPC distribution of molar weight of non-volatile

fraction in EtOAc phase over Ru/C and MgCl2 catalyst reaction

condition: 2.0 g of CHR (40 mesh), 0.5 g of 5 wt% Ru/C, 1.0 g

of MgCl2�6H2O, 50.0 mL of solvent mixture (EtOAc/H2-

O = 4:1(v/v)), 200 �C, 5 h

Fig. 5 Diffuse reflection FT-IR profile of fractions in organic phase over Ru/C and MgCl2 catalyst. Reaction condition: 2.0 g of CHR

(40 mesh), 0.5 g of 5 wt% Ru/C, 1.0 g of MgCl2�6H2O, 50.0 mL of solvent mixture (EtOAc/H2O = 4:1(v/v)), 200 �C, 5 h
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deduced as phenolic ester because the absorption peak

at 1770 cm-1 assigned to phenol ester bond (Fig. 5a,

Table S10). Therefore, it can be known that some a-O-

4 and b-O-4 linkages and a small amount of bonds in

the side chain (b-c, a-b, c-5 and c-OH bonds) are

cleaved in MgCl2 case with 7.9% of volatile aromatics

yield (Table 2). However, some a-O-4 and b-O-4

linkages still exist in the resultant oligomers (17.2%),

indicating limited breakage of these linkages and

chemical bonds under mild conditions over MgCl2
catalyst.

About 24.1% of monomer aromatics and a set of

oligomers (40.2%) were obtained in Ru/C case

(Table 2), accompanying with the strong absorbance

peaks of lignin (1705 and 1515 cm-1) in Fig. 5c. It is

shown that about 37.5% of the dissolved lignin existed

as monomer aromatics with higher degree depolymer-

ization. Correspondingly, the obvious C–O stretching

vibration peaks of G (1268 cm-1) and S (1326 cm-1)

units in FT-IR (Fig. 5) were observed and were in

lined with the result of HSQC-NMR (Fig. S5b) and

GC–MS analysis (Table S2). These demonstrate that

Ru/C was more advantageous to the breakage of the

intramolecular linkages in lignin, releasing a set of

small Mw of H, G and S fractions. The monomer

aromatics are mainly from G, H and some S units

(Table S2), such as phenol, 2-methoxy-4-propyl-

phenol, 2, 6-dimethoxy-4-propyl-phenol and some

other aromatics. And the set of oligomers were PCE,

FA, PB, G, S’, T, Jb, A, C, I and E fragments detected

by 2D HSQC NMR analysis (Fig. S5b, Fig. S6b and

Table S6).

Correspondingly, the result of ESI–MS analysis

displayed that a-O-4, b-O-4 linkage might be cleaved

to form fragments (e.g., trimers Mw= 514 and dimers

Mw= 400, 392, 376, 360, 242 g�mol-1). Meanwhile,

the b-O-4, a-O-4, b-5 and 4-O-5 linkages as well as

the bonds in the side chain of phenylpropane (e.g., a-b,

a-OH,b-OH and c-OH) could be greatly cleaved,

indicating these linkages and side chain bonds were

fractured under mild conditions. For instance, the b-O-

4 linkages and a-b side chain bond in oligomer

(Mw= 514 g�mol-1) could be broken to form dimer

(Mw= 392 g mol-1) (Scheme 4(1)), and then the a-O-

4 linkage and the side chain a-OH and b-OH bonds in

dimer (Mw= 392 g mol-1) might be fractured to

obtain monomers (Scheme 4(3)). The a-O-4 and b-5

linkages of dimers (Mw= 400, 376, 284 and

242 g mol-1) as well as a-OH or/and b-OH of side

chain bonds, might be cleaved to obtain the monomers

(Scheme 4 (2, 4, 6–8)). In addition, dimers with 4-O-5

linkage (e.g., Mw= 360 g mol-1) could be broken

even under mild conditions (Scheme 4 (5)). The b-5

and 4-O-5 linkages were not found to break in MgCl2
case. These above result demonstrate that the main

portion of b-O-4, a-O-4, b-5 and 4-O-5 linkages and

Fig. 6 1H NMR spectrum

of non-volatile fractions

from catalytic

hydrogenolysis of CHR in

EtOAc/H2O co-solvents at

200 �C over (a) Ru/C,

(b) MgCl2, (c) Ru/

C ? MgCl2, (d) Ru/

C ? MgCl2 (H2)
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some part of a-b, a-OH and b-OH chemical bonds

were cleaved by Ru/C in EtOAc/H2O solvents under

mild conditions.

When Ru/C combined with MgCl2 for CHR

catalytic degradation, tiny lignin signals was detected

in the 13C CPMAS NMR analysis of DSR (Fig. 3), and

76.4% of lignin was converted to 30.4% of volatile

aromatics and 45.6% of lignin oligomers with the m/z

of fragments below 500 (Table 2, Fig. 4 and Fig. S7c),

suggesting the interaction between Ru/C and MgCl2
could be readily cleaved more intramolecular linkages

of lignin. The lignin matrix was broken to a large

amount of PCE, PB, G, S, H, T, E, J, FA, A and C

fragments (Fig. 5c and Fig. S7c) and a large abun-

dance of volatile monomer aromatics: phenols, gua-

iacols, syringaresinols and aromatic aldehydes/

acetones, such as, guaiacol, 2-methoxy-4-vinylphenol,

2-metyoxy-4-propylphenol, 2,6-dimethoxy-4-propy-

lphenol, trans-isoeugenol, 2,6-dimethoxy-4-(2-prope-

nyl)-phenol, 3-(4-methoxyphenyl) propanal, and so on

(Table S3). It’s worth noting that a growing yield of G

unit monophonic compounds and a higher yield of S

unit monomers (2,6-dimethoxy-4-propylphenol, 2,6-

dimethoxy-4-(2-propenyl)-phenol and 4-hydroxy-3,5-

Scheme 3 The proposed pathway of the cleavage of intramolecular linkage in lignin over MgCl2 catalyst in biphasic EtOAc/H2O

solvents
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dimethoxy-benzaldehyde) in volatiles were given over

Ru/C cooperated with MgCl2 catalysts (Table S3).

These are also well consistent with the results from

FT-IR and HSQC-NMR spectrums. For instance, the

strong C–O stretching vibration peaks of G and S units

were detected in FT-IR spectra (Fig. 5d), and stronger

fingerprint signals of G and S unit displayed in

aromatic region (Fig. S5c). Thus, it was considered

that a large number of oligomers and monomers of G

and S units are related to synergetic effect of Ru/C and

MgCl2. Meanwhile, lots of aromatic aldehydes/ace-

tones (C = O bonds) and unsaturated side chain of

phenylpropane (C = C bonds) were obtained, which

were not observed in Ru/C and MgCl2 cases, implying

that Ru/C combined with MgCl2 showed the effect of

promoting more fragments breakage by dehydration

Scheme 4 The proposed pathway of the cleavage of intramolecular linkage in lignin over Ru/C catalyst in biphasic EtOAc/H2O

solvents
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and retrograde aldol reactions. Similar results were

found by Marks.et al., where employing a weaker

Lewis acid incorporated with the hydrogenation

catalyst to remove reactive intermediates, resulting

in higher yield of unsaturated products (Lohr et al.

2015). Besides, the C–O (ester bond in aromatic

esters) stretching vibration at 1015 cm-1 are evident

in both Ru/C and MgCl2 cases (Fig. 5a, c), while it

shows a weak stretching vibration when CHR

degraded over Ru/C combined with MgCl2. The result

may be ascribed to the fact that esterification reaction

was suppressed or some part of esters were hydrolysis

in Ru/C incorporated with MgCl2 case.

Compared to Ru/C case and MgCl2 case, ESI–MS

analysis showed that no trimer and a little dimer of

ESI–MS signals (e.g., m/z = 326, 312, 296 and 256)

were detected in the organic phase products (Fig. S7c),

suggesting the b-O-4, a-O-4, b-5 and 4-O-5 linkages

in lignin were strongly broken over Ru/C cooperated

with MgCl2, as well as limited b-1 and 5-5 linkages.

For example, the dimers (Mw= 326, 312 and

296 g mol-1) might be also converted to monomer

aromatics after the cleavage of a-O-4 and b-5 linkages

(Scheme 5 (1–3)). The b-1 and 5-5 linkages in dimers

(Mw = 256 g mol-1 and 216) could be further cleaved

to form monophonic compounds (Scheme 5 (4 and

6)). Additionally, the signal at m/z 217 (H?) were

detected in the ESI–MS analysis of liquid products

derived from MgCl2 and Ru/C cases, which indicated

that ester linkages in oligomers were not broken or

generated, while this signal was not found in Ru/C

incorporated with MgCl2 case. This could be con-

firmed by the fact that ester linkage was cleaved

(Scheme 5 (5)) or esterification reaction was inhibited

over Ru/C combined with MgCl2. Based on the

aforementioned results, it can be known that Ru/C

Scheme 5 The proposed pathway of the cleavage of intramolecular linkage in lignin over Ru/C ? MgCl2 catalyst in biphasic EtOAc/

H2O solvents
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combined with MgCl2 shows the great efficiency for

the cleavage of intermolecular linkages between lignin

and cellulose, as well as the great efficiency in

cleaving intramolecular linkages in lignin. Under mild

conditions, pretty much all intramolecular b-O-4, a-O-

4, b-5 and 4-O-5 linkages, some portion of a-b, b-c, a-

OH,b-OH and c-OH bonds in the side chains, as well

as limited b-1 and 5-5 linkages, can be cleaved to form

oligomers and monomers. The synergistic effect of

Ru/C combined with MgCl2 showed effectively

breakage of intramolecular linkages.

To know more about the stubborn linkages

remained in DSR and to enhance lignin conversion,

15 bar H2 pressure was added when CHR was

deconstructed over MgCl2 combined with Ru/C

catalysts at 200 �C. About 10 bar pressure (H2

occupied 98.8% of gas volume, Table S9) was retained

after reaction. Although the lignin conversion slightly

increased to 81.5% and the lignin fragments did not

further cleave to smaller Mw (Entry 3 and 4 in

Table 2), the lignin signal of S (ne, e)/G (ne, e)

obviously decreased in DSR (Fig. 3 and Table S7). It

was thereby inferred that the S (ne) and G (ne, e)

oligomers were dissolved under tougher condition (H2

pressure). Remarkably, the yield of monomer

aromatics was increased, some C = C bonds in

benzene ring and in the side chain of phenylpropane

were hydrogenated, ascribing to more oligomers and

C = C were converted by hydrogenation (Table 2 and

Table S4). Correspondingly, H and E fragments

disappeared and PCE, FA, PB, S, G and T fragments

clearly decreased (Fig. S5d), demonstrating the exter-

nal H2 further facilitated the cleavage of a-O-4, b-O-4,

4-O-5 and b-5 intramolecular linkages of lignin.

Furthermore, the signal of S1 (ne), S4 (ne), S5 (ne),

G4 (ne, e) and G1 (ne) clearly decreased at 147.5 and

127.7 ppm in Fig. 3 13C CPMAS spectra (Fig. 3d,

Table S7), which could be associated with the results

of ESI–MS (Table S10): the fragments m/z = 298,

274, 218 and 216 g mol-1 were dissolved in organic

phase and they might be further convert to monomer

aromatics by breaking a-O-4 and b-5, 5-5 linkages and

ester bonds (Scheme 6). On the other hand, the

remained lignin in DSR is likely to S1 (ne), S3 (ne)

and S5 (ne) that might be from the oligomers with b-5,

5-5, b-1 and Ar–OH, indicating that some portion of

stubborn b-5, 5-5, b-1 linkages are hard to cleaved

even with the help of external H2 pressure. Thus, the

addition of external H2 exhibited better efficiency for

the breakage of b-5 and 5-5, intramolecular linkages in

Scheme 6 The proposed pathway of the cleavage of intramolecular linkage in lignin over Ru/C ? MgCl2 catalyst in biphasic EtOAc/

H2O solvents under 15 bar H2 pressure
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lignin oligomers, as well as the hydrogenation of

oligomers and C = C bond.

Effect of MgCl2 and Ru/C on the cleavage

of linkages in cellulose

Cellulose, a straight chain biopolymer, consists of

glucose unit connected with b-1,4-glycosidic bonds,

and aggregates to form three-dimensional crystal

structure by intensive hydrogen bonds (Jiang et al.

2018). Expect for the linkage of b-1,4-glycosidic

bond, the intramolecular hydrogen bonds (O(2)-

H���O(6) and O(3)-H���O(5)) are also the linkages in

the straight chain polymer of cellulose. While the

intermolecular hydrogen bonds (O (6)-H���O (30), O

(6)-H���O (20) and O (2)-H���O (20)) as linkages connect

the straight chain polymers (Scheme 2A) (Vispute

et al. 2010; Jiang et al. 2016b, 2018; Oh et al. 2005;

Kondo and Sawatari 1996; Dornath et al. 2015). Thus,

the breaking of linkage is necessary for cellulose

dissolution and conversion.

Without catalyst, cellulose was dissolved by

EtOAc/H2O co-solvent system (Fig. 1). With

EtOAc/H2O volume ratio decreasing, more cellulose

intramolecular linkages cleaved with cellulose con-

version increasing up to 21.4% at the point of 0:10

(Fig. 1, Table S6 and Fig. S1). The absorption peaks at

1374, 1057 and 896 cm-1 represent C–H bond of

aliphatic, C–O bond and b-1,4-glycosidic bond in

cellulose were dissolved (Fig. S1). It could be seen that

the combined action of ethanol, acetic acid (from

EtOAc hydrolysis) and H2O could break the ester

bonds of LCC (Scheme 2). These may be ascribed to

H3O? (especially more H2O was used) and the anions

(OAc-, HCOO-) that play important role in the

breaking of inter- and intramolecular linkages to

facilitate cellulose dissolution (Vitz et al. 2009; Wang

et al. 2012). Thus, EtOAc/H2O solvents were favor-

able for the cleavage of the intermolecular linkages

between cellulose and lignin, and then promoted the

simultaneous conversion of these two components.

When Ru/C or/and MgCl2 were added to CHR

depolymerization, lots of fragments from cellulose

were released in aqueous phase. The molecular weight

distribution of aqueous soluble product was

m/z = 59–1034 and the common compounds were

C6H6O4, C6H14O7, C8H16O7, C16H32O2 and C18H36O2

in all cases (Fig. S7), suggesting that the aqueous

soluble fractions are mainly cellulose degradation

products, a small amount of lignin fragment, long

chain aliphatic ester and acid. Meanwhile, some

fragments derived cellulose were collected in organic

phase (Fig. 5, Fig. S5–S6). The detail signal of

fragments are given by 1H-NMR spectra (Fig. 6) and
1H-13C HSQC NMR spectra of non-volatile fractions

(Fig. S6, Fig. 6, Table S6). The fragment units of b-D-

glucopyranose, b-D-pyranofrustose and a-rhamnose

were detected in non-volatiles. Except for oligomers,

the monomeric products from cellulose were also

detected in organic phase by GC–MS and the aqueous

phase products by HPLC analysis (Table 2, Table 3

and Table S1–4). In all of cases, the predominant

liquid products (both of aqueous and organic phases)

were cellobiose, glucose, anhydro-sorbitol/mannitol,

hydroxymethyl-furfural (HMF), 2-methyl-5-Furan-

carboxaldehyde (2-Me–THF) (Table S2 and Table 3).

As for linear products, levulinic acid (LA), levulinic

acid ester (LAE), 1, 3-propylene glycol, ethylene

glycol (EG) and long-chain aliphatic acid esters are the

main fractions in EtOAc phase,and sorbitol, 1,3-

propylene glycol, ethylene glycol (EG) and glycer-

inum in aqueous phase. According to the literature, it

was supposed that furfural and HMF were derived

from cellulose through dehydration, sorbitol and

mannitol were produced by hydrogenation of C6

sugars. LA was obtained from HMF by hydration; 1,

3-propylene glycol, ethylene glycol and glycerinum

were from the C–C bond splitting of sorbitol/mannitol

over Ru/C; and it was supposed that lactic acids might

be produced from cellulose (Geboers et al. 2011a;

Liang et al. 2011; Liao et al. 2014). Additionally, it

should be mentioned that some cycles (1,3:2,4-

Dimethylene-d-epirhamnitol, 2,4:3,5-Dimethylene-l-

iditol and tetrahydro-[1,3] dioxino [5,4-a] [1,3]dioxin-

4-yl) ethylacetate) were found and extracted when Ru/

C was used (Table 2, Table S2–5). Which derived

from the aldol reaction occurred between sugar

polyols and formaldehyde (formed during lignin

depolymerization process) (Onwudili and Williams

2014; Pandey and Kim 2011; Sluiter et al. 2008).

From the FT-IR analysis of the fractions in aqueous

phase, no b-1,4-glycosidic bond was detected in all

cases (Table S5 and Fig. 7). It is thereby inferred that

the fragments didn’t contained b-1,4-glycosidic link-

ages broken by Ru/C or/and MgCl2. While the

intramolecular hydrogen bonds for O(2)-H���O(6) and

O(3)-H���O(5), and the intermolecular hydrogen bonds

for O(6)-H���O(30) in cellulose appeared at 3455–3410,
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3375–3340, and 3310–3230 cm-1, respectively (Oh

et al. 2005; Kondo and Sawatari 1996; Schwanninger

et al. 2004),implying that the intra- and intermolecular

hydrogen bonds of O(2)-H���O(6), O(3)-H���O(5) and

O(6)-H���O(30) were not completely cleaved and were

collected in aqueous phase.

In Ru/C case, 27.4% of cellulose was converted to

0.13 g of aqueous products (Table 3), and the rest of

cellulose in DSR is cellulose I with distinct XRD

diffraction peaks (Fig. S3, the characteristic peaks at

2h = 14.8�, 16.5�, 22.8� and 34.6� were ascribed to the

(101), (10i), (002) and (040) lattice planes of cellulose,

respectively) (Liao et al. 2014; Liu et al. 2015). This can

well explain why a little of cellulose degraded product

was collected in aqueous phase and organic phase.

(Fig. S6b, Fig. 6a, Tables 2 and 3). However, a

decreased signal of cellulose in DSR (the signals of

C1–C5 range from 60 to 110 ppm, Fig. 3a, b) demon-

strates that Ru/C made an effect on breaking the b-1,

4-glycosidic linkage and some portion of inter- or/and

intramolecular hydrogen bond of cellulose. Meanwhile,

the linkages (O(2)-H���O(6) (intra-), O(3)-H���O(5)

(intra-) and O(6)-H���O(30) (inter-)) suggested these

intra- and intermolecular hydrogen bonds were not

completely cleaved (Fig. 7 and Table S5) (Oh et al.

2005; Kondo and Sawatari 1996; Schwanninger et al.

2004). Therefore, b-1, 4-glycosidic linkage and some

portion of inter- or/and intramolecular hydrogen bonds

were fractured over Ru/C in in biphasic EtOAc/H2O

Table 3 HPLC analysis of the component of fraction in aqueous phase

Compound Retention time (min) Mass (mg)

Ru/C MgCl2 Ru/C ? MgCl2 Ru/C ? MgCl2 (15 bar H2)

Total non-volatilesa – 130 532 611 670

Cellobiose 13.4 19.3 38.7 35.7 18.4

Glucose 15.6 32.8 97.6 105.5 99.4

Arabinose 16.1 1.0 1.5 2.4 1.5

Xylitol 16.2 – 2.9 1.6 1.9

Sorbitol 16.8 12.5 43.8 63.6 70.8

Erythritol 18.6 3.0 14.8 24.0 32.3

Lactic acid 19.8 3.1 22.3 26.3 40.5

Glycerinum 20.6 11.6 5.8 25.5 51.7

EG 23.8 12.7 4.2 25.4 37.6

Levulinic acid 24.2 3.4 41.3 48.6 56.8

HMF 44.3 4.5 72.2 81.5 116.4

Othersb – 26.1 186.9 160.9 142.9

General condition: 2.0 g of CHR (40 mesh), 0.5 g of 5 wt% Ru/C, 1.0 g of MgCl2�6H2O, 50.0 mL of solvent mixture (EtOAc/

H2O = 4:1(v/v)), 200 �C, 5 h
aThe mass of non-volatiles in aqueous phase was obtained after removing solvents and low molecular weight fractions
bOthers contained unknown compounds in HPLC spectrum and the fractions could not detect by SH-1011 column
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Fig. 7 Diffuse reflection FT-IR profile of fractions in aqueous

phase over Ru/C and MgCl2 catalyst. Reaction condition: 2.0 g

of CHR (40 mesh), 0.5 g of 5 wt% Ru/C, 1.0 g of MgCl2�6H2O,

50.0 mL of solvent mixture (EtOAc/H2O = 4:1(v/v)), 200 �C,

5 h
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solvents, releasing polysaccharose, cellobiose, glucose,

anhydrosugar and sorbitol fragments, and so forth

(Table 3 and Table S1). Meanwhile, a part of fragments

were further cleaved to pentanoic acid, EG, 1,3-

propylene glycol and glycerinum by breaking C–C

linkages in cellulose. The rupture of cellulose linkage

were dependent the reactions of hydrolysis and dehy-

dration, and then converted to the corresponding polyols

by hydrogenation, accompanying hydrogenolysis to

short linear fractions by the C–C bond cleavage of

sorbitol/mannitol over Ru/C in biphasic solvent

(Scheme 7).

High cellulose conversion (84.1%) was given when

CHR was treated with MgCl2, resulting in the

diffraction peak of cellulose nearly disappeared

(Fig. S3c) and weak signal remained in 13C CPMAS

solid-state NMR (Table S7 and Fig. 3). These were

attributed to a lot of the inter- and intramolecular

hydrogens and b-1,4-glycosidic bonds of cellulose

was cleaved over MgCl2, as well as the sugar ring

(Scheme 2A). In the presence of MgCl2, the strong

absorption peak at 3455–3200 cm-1 were attributed to

the linkages of hydrogen bond (O(2)-H���O(6) (intra-),

O(3)-H���O(5) (intra-) and O(6)-H���O(30) (inter-)) in

fragments, implying they didn’t completely cleaved as

in MgCl2 case (Fig. 7 and Table S5) (Oh et al. 2005;

Kondo and Sawatari 1996; Schwanninger et al. 2004).

The cleavage of these linkages resulted in obtaining a

large number of polysaccharose, b-D-pyranofrustose,

cellobiose, glucose, sorbitol, erythritol, HMF, LA, and

others (Table 3, Table S1). This can well explain why

the highest yield of cycle products (16.9%) and linear

fractions (18.7%) were given in organic phase

(Table 2). The cycles are mainly cellobiose, glucose,

mannitol, HMF, furfural, and 1, 6-anhydro-b-D-glu-

copyranose, and liner products are a larger amount of

Scheme 7 Proposed cleavage linkage and reaction of cellulose matrix with Ru/C ? MgCl2 in biphasic EtOAc/H2O solvent
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LAE (LA) and long-chain aliphatic acid esters in both

liquid phases (Table 3 and Table S1). The beneficial

role of MgCl2 in break down cellulose structure was

exhibited in this work(Amarasekara and Ebede 2009).

MgCl2 provided Lewis acid site for the dehydration of

carbohydrates because the isomerization of aldose

(xylose or glucose) to ketose (xylulose and fructose)

was the first step for the dehydration of the carbohy-

drates (Liu et al. 2015). Apparently, more glucose and

sorbitol were afforded to convert to HMF and LAE

(LA) in MgCl2 case. These are plausible to suggest

that the rupture of intramolecular linkages (hydrogen

and glucosidic bonds) in cellulose are strongly

dependent MgCl2.

The strong cleavage ability of MgCl2 could be

ascribed to Mg2? coordinated to all types of oxygen

atoms (hydroxyl oxygen, ring oxygen and b-1, 4-gly-

cosidic oxygen) of cellulose in aqueous solution

(Rondeau et al. 2003; Yu et al. 2014; Sen et al.

2013). That is, the coordination of Mg2? to the vicinal

hydroxyl oxygen may weaken the hydrogen-bonding

networks in cellulose, giving rise to the increased the

formation of sugar oligomers at low temperature. The

coordination of Mg2? to glycosidic oxygen may

catalyze the cleavage of b-1, 4-glycosidic bond to

increase the formation of anhydro-sugar oligomers.

For Mg2? coordinates to ring oxygen, it may catalyze

the ring-opening reactions, resulting from the destruc-

tion of sugar ring structures and promoting the

formation of low-molecular weight products (Sen

et al. 2013). These types of oxygen–Mg2? coordina-

tion could lower the activation energy of the reaction

(Amarasekara and Ebede 2009). Meanwhile, glucose

also undergone rearrangement and dehydration to

form the isolated furan derivatives. Thus, MgCl2 made

a great effect on breaking b-1, 4-glycosidic bond, lots

of inter- and intramolecular hydrogen bonds, sugar

ring and C–C linkages in the degraded fragment of

cellulose.

As shown in Figs. 2d and 3, when Ru/C combined

with MgCl2, the FT-IR absorption peaks and NMR

fingerprint signal of cellulose nearly disappeared in

DSR. This is agreement well with the high cellulose

conversion (97.2%) with 0.61 g of aqueous products

(removed solvents, Table 3). At the same time, the

oligomers of b-D-pyranofrustose, a-rhamnose and

cellobiose, and the monomers of sorbitol, glucose, LA,

HMF, erythritol, lactic acid, EG, glycerinum and 2,5-

dimethylfuran were detected in aqueous phase and

organic phase (Fig. 6, Table 3 and Table S3). Com-

pared to the case of MgCl2 or Ru/C, the yield of

sorbitol, glucose, erythritol, LA, HMF and lactic acid

increased, especially, EG and glycerinum obviously

increased (Table 3, Table S1 and S3). For b-D-

pyranofrustose, a-rhamnose and b-D-glucopyranose,

stronger fingerprint signal was observed than that of

MgCl2 and Ru/C cases, particularly, the appeared

signal of b-D-glucopyranose (Fig. 6b, c). While the

yield of others decreased (Table 3). These above

results demonstrate that the linkage of b-1,4-glyco-

sidic, inter- and intramolecular hydrogen bonds and

C–C in C5/C6 sugars were significantly broken. The

evidently increased yield of product and the decreased

content of oligomers (others, Table 3) were attributed

to the synergistic effect of Ru/C combined with MgCl2
on cleaving linkages. For instance, as shown in

Fig. 7c, the weak O–H stretching vibration at

3320–3000 cm-1 demonstrated the synergistic effect

nearly destroyed the intermolecular hydrogen bonds

(O(6)H–O(30), O(2)H–O(20)(inter) and O(6)H–O(20)),
as well as the hydrogen bond linked to b-D-glucopy-

ranose (Fig. 6c). The synergistic effect gave rise to

break the C–C linkages of C5/C6 sugars/polyhydric

alcohols to release EG, glycerinum, and so forth.

Moreover, the synergistic effect also contributes to the

dehydration of b-D-pyranofrustose (b-D-glucopyra-

nose) to HMF and the hydration of HMF to LA.

When external H2 pressure was added in the

reaction system, 98.5% of cellulose was converted,

which was in line with the very weak FT-IR absorption

peak and NMR fingerprint signal of cellulose in DSR

(Table 2, Figs. 2e, 3). Compared to Ru/C combined

with MgCl2 case, in the presence of H2 pressure, the

significant b-D-glucopyranose signal appeared and b-

D-pyranofrustose nearly disappeared in organic phase

(Fig. 6d), ascribing to the isomerization of b-D-

pyranofrustose (Resch et al. 2013). The large broad

peak (3000–3750 cm-1) suggested that more OH-

groups generated from glycosidic linkage and hydro-

gen bond hydrogenolysis. Furthermore, higher content

of main products of b-D-glucopyranose, sorbitol,

erythritol, LA, HMF, lactic acid, EG and glycerinum

were given than that in Ru/C combined with MgCl2
case. While the yield of cellobioser, glucose and others

were decreased due to hydrogenation and hydrogenol-

ysis (Table 3). These could be concluded that H2

pressure is further contributed to cleave linkage of b-

1,4-glycosidic bond, inter- and intramolecular
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hydrogen bonds, sugar ring and C–C linkages of

cellulose. At the same time, the unsaturated C = C

bonds of the products were hydrogenated under H2

pressure (Table S4).

The proposed cleavage of cellulose linkage and

reaction for Ru/C combined with MgCl2 are shown in

Scheme 7. MgCl2 plays a key role in the degradation

of cellulose at 200 �C. Frist, a loose complex formed

when cellulose was reacted with MgCl2 aqueous

solution. That is, a coordination bond formed between

Mg2? and the oxygen atom in b-1,4-glycosidic, and

the hydrogen bonds of cellulose were detached by Cl-.

The coordinated water molecules from MgCl2�6H2O,

as a nucleophile, participated in the breakage of b-1,4-

glycosidic bond to release glucose and oligomer

(Scheme 4). On the other hand, another coordination

bond also formed between Mg2? and the vicinal

hydroxyl group of glucose, which made glucose form

an enediol intermediate structure to fructose by

isomerization(Xu and Chen 1999; Richards and Wil-

liams 1970). At the same time, glucose also went

through rearrangement, dehydration and hydration to

furfural, HMF, LA, and so forth. Mg2? also coordi-

nated to ring oxygen and catalyzed the ring-opening

reaction, resulting in the destruction of sugar ring

structures and facilitating the formation of low-

molecular weight products (Sen et al. 2013). These

types of oxygen–Mg2? coordination could lower the

activation energy of the reactions. Although Ru/C

showed a certain effect on breaking b-1,4-glycosidic

bond and hydrogen bond, the cleavage of linkages in

cellulose were mainly dependent MgCl2 when they

were used together. In the presence of Ru/C,

hydrogenolysis and hydrogenation of C5/C6 sugar

were conducted to EG, 1, 3-propylene glycol and

glycerinum due to the splitting of C–C bonds. Much

more b-1,4-glycosidic linkages, inter- and intramolec-

ular hydrogen bonds, sugar ring and C–C bond were

cleaved when Ru/C combined with MgCl2 for cellu-

lose degradation, much more glucose, sorbitol erylhri-

tol, lactic acid, LA, HMF, glycerinum and EG were

obtained.

Conclusions

Ru/C cooperated with MgCl2 exhibited efficient effect

on the cleavage of intermolecular linkages of LCC and

intramolecular linkages of lignin and cellulose in CHR

in biphasic EtOAc/H2O solvents. After the destruction

of linkages, a large amount of inter-/intramolecular

linkages were destroyed under 200 �C, 80.6% of

lignin and 98.5% of cellulose were separated and

converted with 37.5 wt% of monomer aromatics and

28.8% of oligomers, as well as a large amount of non-

volatile aqueous products. Concerning the intermolec-

ular linkages, the effect of biphasic EtOAc/H2O

solvents mainly displayed on the cleavage of inter-

molecular linkages (hydrogen and ether bonds) in

CHR. MgCl2 showed limited abilities of breaking the

a-O-4 and b-O-4 linkages in lignin and limited b-1,

4-glycosidic and hydrogen bonds in cellulose were

cleaved over Ru/C catalyst. In terms of intramolecular

linkages in lignin, MgCl2 showed the effect on

destroying C-O linkages (a-O-4,b-O-4 and ester bond)

and C–C bonds of the side chain of benzene ring (a-

b,b-c and c-5). Where the linkage of a-O-4 or/and b-

O-4 were cleaved by ester bond hydrolyzed, the

hydroxyl group in the aliphatic side-chain of lignin

was prone to dehydrating to Ca = Cb bond and to

cleaved Ca = Cb bond to aromatic acetones/aldehydes

by retro-aldol reaction. The cleavage of the major

linkages of b-O-4, a-O-4, b-5 and 4-O-5 linkages and

some portion of a-b, a-OH, b-OH and c-OH linkages

were controlled by Ru/C catalyst, releasing a lot of G

and H units and a part of S unit fragments. The

synergetic effect between Ru/C and MgCl2 signifi-

cantly facilitated the cleavage of intramolecular C–O

and C–C linkages (a-O-4,b-O-4, 4-O-5, a/b-OH and

a-b, b-5, b-1, 5-5) with a lot of H, G and S units. In the

presence of H2 pressure, more H, G and S units were

given. In regard to the linkages of cellulose, MgCl2
preferentially broken b-1, 4-glycosidic linkage, inter-

and intramolecular hydrogen bonds and sugar rings.

While Ru/C with H� exhibited the effect on C5/C6

sugar polyols hydrogenolysis and hydrogenation, as

well as the rupture of C–C of polyols. The linkage of

b-1, 4-glycosidic, inter- and intramolecular hydrogen

bonds and C–C in C5/C6 sugars were significantly

broken to evidently increased yield of products due to

the synergistic effect between Ru/C and MgCl2.

Moreover, much C–C bond in C5/C6 sugars was

disrupted in the presence of H2 pressure. This work

might provide useful information for hydrolysis

residue depolymerization.
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