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Lignin-first depolymerization of native corn stover
with an unsupported MoS, catalyst+

Song Li,?*® Wenzhi Li, ©@*¢ Qi Zhang, € *2*° Riyang Shu,®° Huizhen Wang,®
Haosheng Xin® and Longlong Ma®*¢

The lignin-first biorefinery method appears to be an attractive approach to produce phenolic chemicals.
Herein, corn stover was employed for the production of phenolic monomers using an unsupported non-
noble MoS; catalyst. The yield of phenolic monomers was enhanced from 6.65% to 18.47% with MoS; at
250 °C and about 75% lignin was degraded with more than 90% glucan reserved in the solid residues.
The Fourier-Transform Infrared (FT-IR) and heteronuclear single quantum coherence-nuclear magnetic
resonance (*H-3C HSQC-NMR) characterization suggested that the cleavage of the B-O-4, y-ester and
benzyl ether linkages were enhanced, promoting the delignification and the depolymerization of lignin.
The catalyst performance was relatively effective with 14.30% phenolic monomer yield after the fifth run.
The effects of the reaction temperature, the initial hydrogen pressure, the dosage of catalyst, and the
reaction time were investigated. The model reactions were also proposed for the potential mechanism
study. This work provides some basic information for the improvement of the graminaceous plant lignin-
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1. Introduction

Lignocellulose is the most abundant form of biomass,
comprising cellulose, hemicellulose and lignin, which has been
recognized as a reliable potential alternative source for fossil-
based chemicals and fuels.”” Thus, the utilization of poly-
saccharides from biomass has been considered as the primary
objective of the traditional lignocellulosic biorefineries to
harvest the value-added chemicals.> Compared with cellulose
and hemicellulose, lignin has much lower oxygen content.
Typically, it accounts for 15-30% by weight but 40% by energy of
lignocellulose biomass.* Therefore, lignin conversion is also of
great significance to accomplish an economically viable bio-
refinery.>® However, lignin conversion is a challenging project
due to its resistant structural feature. Lignin is the polymer of
three different hydroxylated phenylpropane units (syrigyl (S),
guaiacyl (G), and p-hydroxyphenyl-propane (H)). The units are
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first process with a non-noble metal catalyst.

linked by different ether bonds and carbon-carbon bonds,
including B-O-4, B-5, B-B, and B-1 linkages, of which more than
half of the linkage structures are B-O-4 linkages.* Furthermore,
lignin is cross-linked with carbohydrates in the plant cells and
the middle lamella.” The complex chemical and physical
structure of lignin makes it difficult to depolymerize lignin for
biochemicals and biofuels. To develop the effective depoly-
merization methods, the crucial tasks are to destroy the phys-
ical structure of lignin and break the chemical bonds between
different units.

This is the prevalent strategy for lignin upgradation by
reductive depolymerization with metal catalysts.*® Moreover,
recent advances have been reported with different lignin sour-
ces. Noble metal catalysts, such as Ru/C, Pd/C, Pt/C, and Rh/
C,'*2 and non-noble transition metal sulfide, carbide, and
nitride catalysts, such as sulfided NiMo and CoMo, MoC,, and
TiN,"*™* were introduced in the depolymerization of technical
lignin. The active metals played an important role in the
cleavage of the B-O-4 linkage through hydrogenation or hydro-
deoxygenation. Moreover, technical lignin, including lignosul-
fonate lignin, kraft lignin, organosolv lignin, and soda lignin,*®
is usually produced via pretreatments under various harsh
conditions. The pretreatments dramatically lead to the struc-
tural changes by severe and irreversible condensation. In fact,
the condensation, resulting from the transformation of the
ether bonds into the relative stable carbon-carbon bonds
during the pretreatments, makes the subsequent lignin depo-
lymerization process harder."” High temperature and char
formation are also the common challenges in the process of
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lignin-to-aromatic conversion. Herein, these drawbacks have
seriously restricted the depolymerization of technical lignin
into value-added chemicals and biofuels under relatively mild
conditions. Compared with technical lignin, native lignin has
40-60% of total intermolecular linkages in the form of -O-4
ether bonds,'® which makes native lignin a better feedstock
for lignin-to-aromatic conversion. Based on this, lignin-first as
a novel concept has been put forward with native lignin to
extract more valuable products from lignin.* Lignin-first depo-
lymerization focuses on prohibiting the lignin condensation
and improving the efficiency of lignin-to-aromatic conver-
sion.>"” In the solvolysis process, the native lignin is extracted
from biomass by organic solvents. The extracted lignin frag-
ments are depolymerized into monomers and oligomers via
a reductive pathway with a metal catalyst. In this process, the
carbohydrate pulp is primarily retained in the solid residues,
which can be used for producing valuable chemicals and bio-
fuels.***' Numerous efforts have been made in the recent years.
For instance, noble metal catalysts, such as Ru/C, Pd/C, Pt/C,
and Rh/C, were employed for native birch.'®**** Furthermore,
the synergistic effects of the noble metal catalysts were inves-
tigated at a relatively mild condition with an acid as a co-catalyst
(such as HCI, Al(OTf);, and metal triflates).® To reduce the
catalyst cost, the Ni-based catalysts, such as Ni/Al,O; (ref. 23)
and Ni/C,” were introduced in the process. Based on the
previous studies, the lignin-first conversion approach exhibits
a high yield and selectivity for the production of phenolic
monomers. The reductive metal catalyst has been proven
effective for the cleavage of the lignin-carbohydrate bonds and
lignin-lignin ether bonds**** and the acids played a significant
role as the co-catalyst.>»**

Compared to lignin with a high S/G ratio from hardwoods,
lignin of the graminaceous plants (e.g. corn stover) is more
complex; there is a higher content of hydroxycinnamic acids,
particularly p-coumaric acid (pCA) and ferulic acid (FA), which
are ester-linked or ether-linked in the cell walls.?®*” However,
only few studies have been conducted using lignin of grami-
naceous plants. For instance, Ru/C, Ni/C, and the synergistic
effects with H;PO, were studied with native corn stover as the
feedstocks.” Though the phenolic monomers were harvested,
the recyclability of the catalyst was not reported. Thus, the
investigation on the lignin-first process of the graminaceous
plants will provide a lignin-first approach with a much wider
applicability for the utilization of lignocellulose. On the whole,
noble metal catalysts are high cost and the Ni-based catalysts
confront with the limitation of the recyclability. Moreover, the
chemocatalytic conversion of carbohydrate pulp mostly needs
the involvement of acids.?®*®*° Therefore, a non-noble metal
catalyst capable of hydrogenation and acid tolerance is
preferred for the lignin-first process.

MosS, is a good choice for the lignin-first reductive depoly-
merization. It could tolerate some common acids except strong
oxidative acids and is capable of hydrogenation (HYD), hydro-
desulfurization (HDS), and hydrodeoxygenation (HDO).>**" In
addition, it has been reported that Ni-modified MoS, catalyst
was effective for the cleavage of B-O-4 ether bond via a dehy-
droxylation-hydrogenation strategy;** also, MoS, has been
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introduced in the depolymerization of alkali lignin for bio-oil
production.®® As a non-noble transition-metal sulfide catalyst,
it can be easily hydrothermally synthesized by an easier method
compared to the synthesis of supported NiMo or CoMo metal
sulfide. The unsupported layered structure can offer more active
sulphur vacancies at the edge of the slab.

In this study, the lignin-first biorefinery was further devel-
oped with the depolymerization of native corn stover lignin via
a non-noble unsupported MoS, catalyst in methanol. The effect
of the reaction conditions, including the reaction temperature,
the initial hydrogen pressure, the dosage of catalyst, and the
reaction time, on the yield of the phenolic monomers and the
liquid products were investigated in detail. In particular, FT-IR
and "H-">C HSQC-NMR techniques were utilized to perform the
chemical characterization of the liquid products. The model
reactions were proposed for the potential mechanism study in
order to get a comprehensive understanding of the lignin-first
process.

2. Methods

2.1. Materials

Corn stover was collected from Mengcheng City, Anhui Province
of China. After being washed and dried at 60 °C for 48 h, the
stock was cut and milled. The corn stover fragments sieved
through a 30-mesh screen were collected and sealed for later use
after being dried in an oven at 105 °C for 6 h. Hydrochloric acid
(36-38%), sulfuric acid (95-98%), methanol, water-free ethanol,
acetone, ammonium molybdate tetrahydrate, and thiourea were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Methyl sulfoxide-d6 (99.9%) for NMR char-
acterization was purchased from Aladdin (Shanghai, China). All
chemicals were used without further purification.

2.2. Synthesis and characterization of MoS,

The method for the synthesis of MoS, was referred to that re-
ported of Wang et al. and Li et al.**?** Specifically, 0.614 g
ammonium molybdate tetrahydrate and 0.802 g thiourea were
dissolved in 80 mL double distilled water via ultrasonication
and then stirred for 10 min. After the pH value was adjusted to
0.8-0.9 with hydrochloric acid under stirring, the solution was
transferred into a 150 mL Teflon-lined stainless-steel autoclave
and the reaction was carried out at 200 °C for 24 h. The black
products were collected and washed with acetone and water, in
sequence, to remove the soluble matter. Finally, the ethanol
washed MoS, was dried at 60 °C for 12 h under vacuum.

The properties of the fresh and recycled catalysts were
characterized using scanning electron microscope (SEM, FEI
SIRION200), X-ray diffractometer (XRD, Rigaku SmartLab), X-
ray photoelectron spectrometer (XPS, Thermo-VG Scientific
ESCALAB 250), Autosorb iQ Station (Quantachrome), and
Autosorb-iQ-C (ASIQACIV200-2).

2.3. Determination of carbohydrates and lignin

The determination of carbohydrates and lignin were conducted
according to the Laboratory Analytical Procedures (LAP)

n
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established by the National Renewable Energy Laboratory
(NREL) and also according to the previous study reported by our
group.® The results are listed in Table S1.7

2.4. Depolymerization of native corn stover lignin

Typically, 0.300 g MoS;, 2.000 g corn stover together with 40 mL
methanol were sealed in a 100 mL autoclave made of
Zirconium-702 (Anhui Kemi Machinery Technology Co., Ltd.).
The autoclave was purged with H, for three times and pres-
surized to 3.0 MPa with H,. A mechanical impeller speed was set
at 800 rpm. The reaction temperature was raised from room
temperature to 250 °C in 40 min and held for 2 h. After the
reaction was complete, the autoclave was cooled down to room
temperature in water.

2.5. Analysis of the products

After the gas was released, the reaction mixture was filtered into
two parts. The residue was washed with 30 mL methanol for
three times before being dried at 80 °C overnight. The liquid
part was reserved for monomer analysis, while the rest of the
liquid products (LP) were evaporated using a rotary evaporator
at 38 °C and then extracted with ethyl acetate. The evaporated
ethyl acetate soluble products (EP) were defined as bio-oil.

Gas chromatography/mass spectrometry (GC-MS, Agilent
7890/5975) and gas chromatography (GC, SHIMADZU GC-2010)
with flame-ionization detection were employed for qualitative
and quantitative analysis of the phenolic monomers. Aceto-
phenone was used as an internal standard. Fourier transform
infrared spectrometry (FT-IR, Nicolet 8700) and nuclear
magnetic resonance spectroscopy (NMR, Bruker AVANCE AV III
400) were utilized for further analysis of the chemical compo-
sition of the liquid products.

The volatile products were confirmed by GC-MS as follows:
guaiacyl compounds, including 2-methoxy-4-propenylphenol, 2-
methoxy-4-ethylphenol, 2-methoxy-4-propylphenol, and methyl
trans-4-hydroxy-3-methoxycinnamate (methyl ferulate, MF); p-
hydroxyphenyl compounds, including 4-ethylphenol, methyl
trans-p-coumarate (MpC), and methyl 3-(4-hydroxyphenyl)
propionate; syringyl compounds, including 2,6-dimethoxy-4-
propylphenol and 2,6-dimethoxy-4-allylphenol. In addition,
2,3-dihydrobenzofuran was detected. The yield of the products
was calculated using the following equations:

Yai = MMy, x 100% (1)
YsumG = Msuma/Mp x 100% )
Ysums = Msams/ My x 100% (3)
Ysumit = Msumi/ My x 100% (4)

Ysum = Msum/My x 100% (5)

Yip = Myp/M x 100% (6)

Yep = Mpp/M x 100% 7)
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YSR = MSR/M x 100% (8)

where M;: the mass of monomer in the liquid products; M;: the
mass of native corn stover lignin; Ms,mg, Msums, and Mgymz: the
sum mass of guaiacyl, syringyl, and p-hydroxyphenyl phenolic
monomers in the liquid products; Mgym,: the sum mass of all
phenolic monomers in the liquid products; M; p: the mass of the
liquid products; Mgp: the mass of the extractive products; Mgg:
the mass of the solid residual corn stover (SR); M: the mass of
corn stover; the mass of the residual corn stover was determined
by subtracting the mass of the catalyst from the reaction residues.

3. Results and discussion

3.1. Catalyst characterization

The physical properties of the fresh catalyst were evaluated. As
shown in Fig. 1a the XRD 26 peaks at 13°, 33°, and 57° are in
accordance with the (001), (100), and (110) lattice planes of MoS,
(JCPDS card no. 37-1492), respectively. The broad XRD reflection
of MoS, suggested that it might have an amorphous structure
and the low degree of crystallinity could provide more active
sulphur vacancies, which is critical for the catalytic reactivity. In
addition, the XPS (Fig. 1b) results suggested that the atomic ratio
of S to Mo was 9 : 4. Thus, it can be speculated that most of the
hydrothermal synthesized black powder was MoS,. In addition,
the results from the nitrogen adsorption-desorption experiments
revealed that MoS, has a large Barrett-Joyner-Halenda (BJH)
adsorption surface area of 68.831 m> g™, pore volume of 0.252
cm® g, and a mesoporous pore diameter of 2.193 nm, which is
in accordance with the porous flower-like layer structure
observed by SEM/TEM (Fig. 2). This structure ensured the
frequent access of the substance to the active sites on the edge of
the layered structure, which promoted the degradation of lignin
and the generation of the phenolic monomers.

3.2. Influence of the reaction conditions

The depolymerization of native corn stover lignin was studied at
various reaction conditions, including the reaction tempera-
ture, the initial hydrogen pressure, the dosage of catalyst, and
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Fig. 1 XRD/XPS spectra of the MoS,: (a) XRD and (b) XPS, a: fresh
MoS,, b: used once, c: used 4 times, and d: used 5 times.
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Fig. 2 TEM/SEM of MoS;: (a) TEM and (b) SEM.

the reaction time. In particular, the maximum phenolic
monomer yield was 19.18% (260 °C, 3 MPa H,, 15 wt% MoS,, 2
h) and the maximum EP yield was 34.80% (250 °C, 3 MPa H,,
15 wt% MoS,). Collectively, the LP, EP, and SR yields revealed
the liquefaction degree of the corn stover, the depolymerization
degree of lignin, and the sugar retention of the corn stover,
respectively. The phenolic monomer yield was not only depen-
dant on the delignification of the corn stover and the depoly-
merization of lignin, but was also affected by the HDO and
repolymerization of the monomer products, which constantly
occurred in competition with the lignin-first process. Moreover,
the LP yield was beyond the total lignin content in corn stover
(21.10%), suggesting that not only lignin, but also the carbo-
hydrate components were liquefied and that would be proven by
the characterization of the liquid products and the chemical
components analysis of the products.

The effect of the reaction temperature was significant on the
lignin-first process as shown in Fig. 3 and Table 1. The LP yield
was stable at around 38% at over 240 °C, indicating that more
volatile gas products were released. The yield of total phenolic
monomers was changed from 16.69% to 19.18% as the
temperature rose from 230 °C to 260 °C and slightly down to
16.79% when the temperature increased up to 270 °C. This
could be attributed to the increase of the depolymerization
through the cleavage of the B-O-4 linkages in supercritical
methanol as the temperature increased up to 260 °C. Moreover,
the repolymerization reactions might be more dominant as the
reaction temperature increased from 260 to 270 °C, resulting in
the decline of the phenolic monomer yield. The decline in the
yield of both guaiacols and p-hydroxyphenyl phenols was in
accordance with this tendency, while the yield of syringols
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maintained at around 4%. This change could be ascribed to the
active opening at 5-position on the aromatic ring, which made
the G and H-type units prone to the repolymerization reactions
at a higher temperature comparing with that for the S units.***”

Therefore, the lignin fragments were constantly generated,
resulting in the yield of EP to rise slowly. Moreover, the SR yield
declined to 47.56%, which was less than the sum of cellulose
and hemicellulose (53.04%), indicating that the degradation of
the carbohydrate components occurred extensively with the
increase in temperature.

Compared to that of the reaction temperature, the effect of
the initial hydrogen pressure was much more significant on the
lignin-first process as shown in Fig. 3 and Table 2. The lique-
faction of corn stover was enhanced when the harsh reaction
conditions were employed. In particular, the LP yield increased
clearly and the yield of the phenolic monomers rose sharply
from 9.91% to 18.47% when the initial hydrogen pressure
changed from 1 MPa to 3 MPa. As the pressure was further
raised to 4 or 5 MPa, the yield remained at a stable level. This
suggested that a certain hydrogen pressure had a facilitation
effect on the delignification and the depolymerization of lignin
because in the reductive depolymerization of lignin, the
hydrogenolysis and hydrodeoxygenation reactions are the
hydrogen-consuming processes.® In addition, a part of cellulose
or/and hemicellulose, particularly those in the amorphous
carbohydrate fractions in corn stover, might be methylated and
transformed into LP or EP due to methanolysis.*® Therefore, the
LP and EP yields were beyond the total lignin content in corn
stover (21.10%) and the SR yield declined under the more harsh
conditions.

Together with the effects of the reaction temperature and
initial hydrogen pressure, the influences of the dosage of cata-
lyst and the reaction time were also investigated. As summa-
rized in Table 3, the yield of the phenolic monomers was stable
at around 18% with the presence of MoS, in the reaction. The
yield was three times higher than that for the blank reaction,
indicating that MoS, played a positive role in the lignin-first
process. The sulfur vacancies in MoS, could effectively adsorb
oxygen in B-O-4 and other oxygen-containing linkages, thus
accelerating the bond cleavage and leading to the production of
monomers.** The monomeric products were stabilized through
hydrogenation,*** which would be proven later by NMR char-
acterization and the analysis of the chemical components of the
solid residues. The HDO might be enhanced when the reaction
time was prolonged. This phenomenon could be observed from
the results displayed in Table 4, with the decline of the yield of
the phenolic monomers, as well as in Fig. 3, with the increasing
of the EP yield. Moreover, the increase of the LP yield and the
decrease of the SR yield suggested the improvement of the
liquefaction and the aggravation of the degradation of the
carbohydrate components.

3.3. Characterization of liquid products

The chemical compositions of the liquid products (250 °C,
3 MPa H,, 15 wt% MoS,, 2 h) were further characterized by FT-
IR and "H-">C HSQC NMR in order to clarify the structural

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Conversion of corn stover at different conditions: (a) the effect of temperature (2.0 g corn stover, 40 mL methanol, 0.3 g MoS,, 3 MPa H,,
and 2 h); (b) the effect of pressure (2.0 g corn stover, 40 mL methanol, 0.3 g MoS,, 250 °C, and 2 h); (c) the effect of the dosage of the catalyst
(2.0 g corn stover, 40 mL methanol, 250 °C, 3 MPa H,, and 2 h); (d) the effect of the reaction time (2.0 g corn stover, 40 mL methanol, 0.3 g MoS,,
250 °C, and 3 MPa H,) (SR: solid residual corn stover, LP: liquid products, EP: ethyl acetate soluble products).

Table 1 The phenolic monomer yield at different reaction temperatures® (°C)

Yield of phenolic monomer (%)

Reaction

temperature (°C) 1° 2° 34 4° 5/ 6° 7" 8 9 10* SumG SumS SumH Sum
230 1.95 0.93 0.43 2.38 1.71 0.75 0.83 3.51 2.27 1.93 6.45 4.34 4.97 16.69
240 2.38 1.08 0.95 2.81 1.86 0.00 0.61 3.80 2.10 1.88 7.50 4.41 4.48 17.47
250 2.63 0.61 1.3 3.75 1.55 1.45 0.64 3.01 2.02 1.51 8.11 3.65 6.10 18.47
260 3.18 0.31 1.32 3.92 1.54 2.09 0.00 3.12 2.06 1.64 8.42 3.12 7.33 19.18
270 3.89 0.23 1.93 1.47 1.29 1.81 1.50 2.43 1.22 1.02 5.71 3.93 6.92 16.79

“ Condition: 2.0 g corn stover, 40 mL methanol, 0.3 g MoS,, 3 MPa H,, and 2 h. ? 1: 4-Ethylphenol. ¢ 2:2,3-Dihydrobenzofuran. The calibration factor
of an internal standard method was calculated by an effective carbon number (ECN) method explained in the ESI. ¢ 3: 2-Methoxy-4-ethylphenol. ¢ 4:
2-Methoxy-4-propylphenol. / 5: 2-Methoxy-4-propenylphenol. £ 6: Methyl 3-(4-hydroxyphenyl)propionate. The calibration factor of an internal
standard method was calculated by an effective carbon number (ECN) method explained in the ESI. % 7: 2,6-Dimethoxy-4-allylphenol.  8: 2,6-
Dimethoxy-4-propylphenol. / 9: Methyl trans-p-coumarate. The calibration factor of an internal standard method was calculated by an effective
carbon number (ECN) method explained in the ESI. ¥ 10: Methyl trans-4-hydroxy-3-methoxycinnamate.

transformation and get a comprehensive understanding of the
lignin-first catalytic depolymerization process.

First, the EP (bio-oil) was rich in the phenolic monomers due
to the abundant related functional structure observed in the FT-
IR spectra shown in Fig. 4. The peak at 3370 cm™ " was attrib-
uted to the O-H stretching vibration, while the C-H symmetric
and asymmetric vibrations in methyl and methylene group
appeared at 2930 and 2850 cm ™, respectively.* The 1720 cm™*
peak was assigned to the carbonyl stretching related to methyl
p-coumarate. The strong absorption peak at 1610, 1510, and
1450 cm ™' in the bio-oil products suggested the existence of the

This journal is © The Royal Society of Chemistry 2018

benzene structure. The peak at 1360 cm ™' indicated the pres-
ence of the alkyl groups due to the sp® C-H bending/rocking;®
the peak at 1330 cm ' was derived from the phenolic OH
(syringyl nuclei) absorptions; the guaiacyl ring breathing with
C=0 stretching appeared at 1270 cm '.* The peak at
1210 cm ™~ ' was attributed to the asymmetric vibration of C-O-C
in methylated ester. In particular, the peak at 1170 cm ' was
characterized for the ester-linked p-hydroxycinnamic acids.*" In
addition, the C-O stretching in the alkoxy functional group was
observed at 1110 cm™'® and the peak at 834 cm™ ' was consid-
ered to be the signal of the aromatic C-H out-of-plane
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Table 2 The phenolic monomer yield at different initial hydrogen pressures® (MPa)
Yield of phenolic monomer (%)

Initial hydrogen

pressure (MPa) 1° 2¢ 34 4° 5/ 6° 7" 8 9 10* SumG  SumS  SumH  Sum
1 1.51 0.6 1.48 1.56 0.71 0.60 0.00 1.42 1.10 0.93 4.68 1.42 3.21 9.91
2 2.49 0.46 1.06 2.92 1.23 1.16 0.54 2.50 2.05 1.48 6.69 3.04 5.70 15.89
3 2.63 0.61 1.30 3.75 1.55 1.45 0.64 3.01 2.02 1.51 8.11 3.65 6.10 18.47
4 3.43 0.52 1.57 2.73 1.43 1.74 0.79 2.79 1.59 1.21 6.94 3.58 6.76 17.80
5 3.03 0.41 1.42 3.39 1.43 1.77 0.87 2.95 1.89 1.50 7.74 3.82 6.69 18.66

“ Condition: 2.0 g corn stover, 40 mL methanol, 0.3 g MoS,, 250 °C, and 2 h. ? 1: 4-Ethylphenol. ¢ 2:2,3-Dihydrobenzofuran. The calibration factor of
an internal standard method was calculated by an effective carbon number (ECN) method explained in the ESI. ¢ 3: 2-Methoxy-4-ethylphenol. © 4: 2-
Methoxy-4-propylphenol. / 5: 2-Methoxy-4-propenylphenol. ¢ 6: Methyl 3-(4-hydroxyphenyl)propionate. The calibration factor of an internal
standard method was calculated by an effective carbon number (ECN) method explained in the ESI. " 7: 2,6-Dimethoxy-4-allylphenol. ’ 8: 2,6-
Dimethoxy-4-propylphenol. / 9: Methyl ¢rans-p-coumarate. The calibration factor of an internal standard method was calculated by an effective
carbon number (ECN) method explained in the ESI. ¥ 10: Methyl trans-4-hydroxy-3-methoxycinnamate.

Table 3 The phenolic monomer yield at different dosages of catalyst® (wt%)

Yield of phenolic monomer (%)

Dosage of

catalyst (wt%) 17 2° 34 4¢ 5 6% 7" 8 9 10* SumG  SumS  SumH  Sum
0 034 113 000 026 076 0.0 0.00 0.00 202 214  3.16 0.00 2.36 6.65
5 112 172 171 240 133  0.00 000 2.87 422 255 7.9 2.87 5.34 17.92
15 263 061 130 375 155 145  0.64  3.01 202 151 811 3.65 6.10 18.47
25 258 036 257 252 135 118 094 348 140 122  7.66 4.42 5.16 17.60
35 2.97  0.00 248 240 102 179 128 2.82 093 073  6.63 4.10 5.69 16.42
45 2.86  0.00 292  1.83 094 252 200 314 0.84 048  6.17 5.14 6.22 17.53

“ Condition: 2.0 g corn stover, 40 mL methanol, 250 °C, 3 MPa H,, and 2 h. bq: 4-Ethylphenol. © 2: 2,3-Dihydrobenzofuran. The calibration factor of
an internal standard method was calculated by an effective carbon number (ECN) method explained in the ESI. ¢ 3: 2-Methoxy-4-ethylphenol. ¢ 4: 2-
Methoxy-4-propylphenol. / 5: 2-Methoxy-4-propenylphenol. ¢ 6: Methyl 3-(4-hydroxyphenyl)propionate. The calibration factor of an internal
standard method was calculated by an effective carbon number (ECN) method explained in the ESI. " 7: 2,6-Dimethoxy-4-allylphenol. ’ 8: 2,6-
Dimethoxy-4-propylphenol. / 9: Methyl ¢rans-p-coumarate. The calibration factor of an internal standard method was calculated by an effective
carbon number (ECN) method explained in the ESI. ¥ 10: Methyl trans-4-hydroxy-3-methoxycinnamate.

deformation.** Moreover, carbohydrates were considered to be
present in the ethyl acetate insoluble products because the
phenolic absorptions, particularly the peaks corresponding to
the benzene and alkoxyl functional structures, were weak or
even faded, but O-H stretching at the B-glucosidic linkages
was observed at 1195 cm ™ '.*> According to the FT-IR spectra, it

depolymerization of native corn stover lignin were divided into
two parts: one was the EP bio-oil rich of the lignin-degraded
aromatic structures, including the phenolic monomers and
oligomers, while the other was the ethyl acetate insoluble
products mostly composed of polysaccharides. To further
investigate the structure of the liquid products, "H-"*C HSQC

was suggested that the liquid products of the NMR was also conducted.

Table 4 The phenolic monomer yield at different reaction times® (h)

Yield of phenolic monomer (%)

Reaction

time (h) 1? 2° 34 4° 5 6% 7" 8 9 10* SumG ~ SumS  SumH  Sum
1 1.48 1.30 1.74 2.74 1.87 0.00 0.00 4.00 2.33 2.07 8.42 4.00 3.81 17.53
2 2.63 0.61 1.30 3.75 1.55 1.45 0.64 3.01 2.02 1.51 8.11 3.65 6.10 18.47
4 2.25 0.00 2.52 2.02 1.40 0.87 0.69 2.99 1.57 1.39 7.33 3.68 4.69 15.70
6 2.45 0.44 2.82 1.54 1.19 0.00 0.00 2.56 1.24 1.36 6.91 2.56 3.69 13.60
12 3.21 0.00 2.29 0.99 0.57 0.97 0.98 1.33 0.36 0.34 4.19 2.31 4.54 11.04

“ Condition: 2.0 g corn stover, 40 mL methanol, 0.3 g MoS,, 250 °C, and 3 MPa H,. bq: 4-Ethylphenol. ¢ 2: 2,3-Dihydrobenzofuran. The calibration
factor of an internal standard method was calculated by an effective carbon number (ECN) method explained in the ESI ¢ 3: 2-Methoxy-4-
ethylphenol. ¢ 4: 2-Methoxy-4-propylphenol. / 5: 2-Methoxy-4-propenylphenol. ¢ 6: Methyl 3-(4-hydroxyphenyl)propionate. The calibration factor of
an internal standard method was calculated by an effective carbon number (ECN) method explained in the ESI. " 7: 2,6-Dimethoxy-4-allylphenol.
' 8: 2,6-Dimethoxy-4-propylphenol. / 9: Methyl trans-p-coumarate. The calibration factor of an internal standard method was calculated by an
effective carbon number (ECN) method explained in the ESI. * 10: Methyl trans-4-hydroxy-3-methoxycinnamate.

1366 | RSC Adv., 2018, 8, 1361-1370 This journal is © The Royal Society of Chemistry 2018
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Fig. 4 FT-IR spectra of the ethyl acetate soluble and insoluble
products.

The information of the chemical structural linkage of the
liquid products was explained by the signals originated from
the parts of the type-linkages of the lignin-carbohydrate
complexes and the representative lignin monomer units in
'H-"3C HSQC NMR (Fig. 5a and b for EP and Fig. 5c for the ethyl
acetate-insoluble products). Four inter-linkages of lignin in the
extractive-free corn stover (B-O-4 (53-60%), B-5 (27-29%), B-
B (10-11%), and B-1 (3-7%)) were observed as reported earlier.*
First, the cleavage of the f-O-4 linkages occurred in the lignin-
first process, which could be observed in the "H-"*C HSQC NMR
characterization of liquid products with MoS, -catalysts,
including ethyl acetate soluble products and ethyl acetate
insoluble products as shown in Fig. 5a and c. Moreover, the
yield of the phenolic monomers was much higher with the
presence of MoS, (Table 3, line 3) than that in the blank (Table
3, line 1). This suggested that the monomeric products were
stabilized by MoS, through hydrogenation, which was consis-
tent with the previous study.* For instance, the contours of the
major linkages of B-O-4, including the signals of C,-H,, (6c/0,
72.9/4.30 ppm and 62.9/4.31 ppm for the y-acylated lignin
units), Cg—Hp (6c/0w, 83.6/4.40 ppm for G/S type and 86.3/4.10
for S/S type), and C,-H, (6¢/0y, 60.5/3.50 ppm), disappeared
after the catalytic process.*>** Hence, it was concluded that the
-O-4 linkages of the lignin fragments in the reaction had been
severely broken. Moreover, the cleavage of the G/S and S/S type
-O-4 linkages could be responsible for the partial generation of
the phenolic monomers. In addition, it was reported that the
hydroxycinnamic acid moieties of corn lignin, including about
18% p-coumaric acid (pCA) and 3-4% ferulic acid (FA), were
deposited on the cell wall of corn stover and linked through the
ester and ether linkages.>”*> The y-ester of LCCs present the
contours at 0c/0y 62-64/4.0-4.25 ppm. The benzyl ether struc-
tures between the lignin units and carbohydrates showed the
signals at 0c/0y 80-81/4.4-4.6 ppm and 80-81/5.0-5.2 ppm.*
Both ester and ether linkages were not found in the liquid
products. Therefore, the formation of MpC and MF monomers
could be related to the cleavage of the ester and ether bonds.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 H-'*C HSQC-NMR spectra of the liquid products: (a), (b) ethyl
acetate soluble products, and (c) ethyl acetate insoluble products (the
detailed typical structure refer to Fig. S11).

Moreover, the primary linkages retained in the liquid products
were considered to be the B-5 linkages and the B-p linkages
because Cg-Hg and C,-H,, correlated to the B-5 linkages, were
distinguished at 0c/0y 51.8/3.58 ppm and 61.6/3.43 ppm,
respectively, and the signals for C,~H, in the -B linkages were
located at 6¢/0y 66.1/3.73 ppm.** Moreover, there was only
a trace of the B-1 linkages that was observed at dc/0y 79.1/
3.97 ppm assigned to the Cg-Hp signals due to its relatively low
content in the raw materials.** Moreover, other types of the
LCCs linkages and phenyl glycoside linkages were detected at
0c/0i 100.4/4.51 ppm and 102.7/4.63 ppm, respectively,*® and -
p-xylopyranoside (BX) presented the contours at 6¢/0y 102.2/
4.24 ppm, 73.6/2.98 ppm, 73.9/3.35 ppm, 75.5/3.74 ppm, and
61.6/3.43 ppm, which referred to the C;-H;, C,—-H,, C3-Hj3, C4-

RSC Adv., 2018, 8, 1361-1370 | 1367
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H,, and Cs-Hs, respectively. The signals related to carbohy-
drates indicated that there were carbohydrates reserved in LP
together with lignin oligomers. The results also confirmed the
previous discussion that not only lignin but also the carbohy-
drate components were liquefied.

In the aromatic regions of the "H-">C HSQC NMR spectra of
EP (Fig. 5b), different lignin units (G, S, and H type) of the
phenolic units are clearly shown. The spectra of the ethyl
acetate-insoluble products are blank, suggesting that the
phenolic components were absent. C,¢H,s and C;s-Hj s
correlated to the H units at dc/0y 128.9/6.99 ppm and 115.5/
6.68 ppm, respectively. In particular, MpC showed the signals
for C, ¢-H, 6, C.~H,, and Cg-Hg at 6¢/6y 130.7/7.54 ppm, 145.4/
7.56 ppm, and 114.4/6.41 ppm, respectively. C,~-H, and C¢-Hg in
the G units were observed at 6c/0y 113.2/6.73 ppm and 119.3/
6.74 ppm, respectively. C,—-H, and C¢-Hjg correlated to MF at ¢/
op 111.8/7.23 ppm and 123.5/7.13 ppm, respectively, while the
signals of C,-H, and Cg-Hy in MF were overlapped with those
of MpC. The S units related to C, ¢-H, ¢ displayed contours at
0c/0y 103.7/6.63 ppm and the condensed S units of oligomers
showed contours at 6c/0y 106.0/6.43 ppm. The characterization
of the aromatic regions supported the FT-IR spectra results,
which suggested that the EP was rich in the phenolic monomers
and oligomers. It was also in good agreement with the previous
reports,*>*4*¢

3.4. Chemical components analysis of solid residues and
liquid products

Typically, corn stover (2.0 g), MoS, (0.3 g), and methanol (40 mL)
were mixed and H, was purged into the mixture at 3 MPa. The
reaction was carried out at 250 °C for 2 h. The solid residues and
the liquid products were further analysed. First, the determi-
nation of the solid residue suggested that, based on the corn
stover feedstocks before the reaction, 90.31% glucan, 45.44%
xylan, and 25.65% lignin were reserved in the residues, indi-
cating that almost all of the glucan and about half of the xylan
were reserved in the solid residues, while about 75% lignin was
dissolved in methanol and depolymerized into the fragments,
such as monomers and oligomers. In contrast, 76.91% glucan,
67.20% xylan, and 46.86% lignin were reserved in the solid
residues at the same condition in the blank reaction. Consid-
ering the cleavage of the B-O-4 linkages observed in the "H-"*C
HSQC NMR, it was concluded that the MoS, catalyst promoted
the delignification and aggravated the degradation of amor-
phous xylan at the same time. However, compared with the
blank reaction, the reaction with MoS, produced higher glucan
content in the solid residues, which was interesting and per-
plexing. To figure out the loss of carbohydrates in the presence
of MoS,, particularly xylan, the liquid products were extracted
with water after the solvent was removed. Surprisingly, no
monomeric carbohydrates were detected. Hence, EP and the
ethyl acetate-insoluble products were collected and hydrolyzed
by 4 wt% H,SO, at 120 °C for 60 min and 13.41% and 17.42%
xylan, respectively, were detected. These results suggested that
some of the liquefied xylan could be methylated. Moreover,
some of the methylated xylan with a strong molecular polarity
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was insoluble in ethyl acetate, while the rest might be further
subjected to side reactions due to the abundance of active
hydroxyl groups and high temperature. The distribution of acid
hydrolyzed xylan in LP was also consistent with the contours of
the B-X chemical bonds in the *H-"*C HSQC NMR spectra.

3.5. Model compounds reactions and potential mechanism

To figure out the potential mechanism of the generation of
phenolic monomers, the high-content hydroxycinnamic acid
moieties, including pCA and FA, in corn stover were used in the
model reaction. The product yield was calculated by mole yield.
First, 17.58% 4-ethylphenol and 14.85% MpC were produced
after the model pCA reacted for 2 h and the mole yield respec-
tively increased to 39.55% and decreased to 5.98% when the
reaction time prolonged to 6 h. Second, 20.42% 2-methoxy-4-
ethylphenol and 11.57% MF was generated when FA was used
in the model reaction for 2 h. Similarly, 23.97% and 1.09% mole
yield was respectively reached after 6 h, which proved the
increase of the yield of 4-ethylphenol and 2-methoxy-4-
ethylphenol in the lignin-first process of corn stover when the
harsh reaction conditions were chosen as summarized in
Tables 3 and 4.

Collectively, the potential mechanism can be explained in
Fig. 6. In the lignin-first process, the native corn stover lignin
can be partially dissolved in supercritical methanol together
with amorphous xylan and the dissolving limitation can be
promoted by a MoS, catalyst through the cleavage of the $-O-4,
v-ester, and benzyl ether linkages, resulting in the release of
pCA and FA monomer. Moreover, the dissolved lignin frag-
ments will be further subjected to a hydrocracking reaction to
be depolymerized into the phenolic monomers with MoS,. In
particular, the hydroxycinnamic acid moieties (mainly pCA and
FA) can further transform into 4-ethylphenol, 2-methoxy-4-
ethylphenol, and methyl esters. Moreover, the 2-methoxy-4-
propylphenol production can be assigned to the hydrogena-
tion of 2-methoxy-4-propenylphenol, while the other products
can be released from the cleavage of the G/S and S/S type B-O-4
linkages in native lignin.**

oH OH
_o o _o o
—_— —
= N
o
&
o= oH OH
0\ O\
1 — —
[
>
= N
N
7
OH oH
= OH oH
B
8 — — + +
2 N N
»
= 07 oH oo 0”7
<
Z. oH OH oH
o\ O\ O\
> » +
N N
07 oH 0”7

Fig. 6 The potential mechanism of the native corn stover lignin
depolymerization.
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3.6. Catalyst recycling

After the catalytic depolymerization reaction of corn stover, the
residues were washed by adding water and filtered through
a 100-mesh screen for several times. The filtrate containing
MoS, was collected by vacuum filtering and drying. The
monomer yield decreased from 18.47% to 15.97% at the second
use of the catalyst and dropped to 14.30% at the fifth reaction as
summarized in Table S2.1 Therefore, MoS, was considered to be
relatively effective for the depolymerization of native corn stover
lignin. The fading of the (001) and (110) diffraction planes as
shown in the XRD spectra (Fig. 1a) and the increase of the
oxygen content detected by XPS together with the loss of the
acidity of the recycled MoS, after five times (Fig. S2t) could be
responsible for the partial decline of the phenolic monomer
yield.

4. Conclusion

The non-noble metal catalyst MoS, played a positive role in the
depolymerization of native corn stover lignin by lignin-first
biorefinery. The yield of the phenolic monomers was
enhanced from 6.65% to 18.47% with the MoS, catalyst at
250 °C in supercritical methanol. About 75% lignin was
degraded due to the cleavage of the B-O-4, y-ester, and benzyl
ether linkages with more than 90% glucan reserved in the solid
residues. It has been proposed that the depolymerization of the
hydroxycinnamic acid moieties primarily produces some
phenolic monomers, such as 4-ethylphenol and 2-methoxy-4-
ethylphenol as well as the methyl esters. The MoS, catalyst
still exhibited a relatively effective performance with 14.30%
phenolic monomer yield after the fifth run.
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