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Lignocellulosic biomass is one of the most well-studied and promising _ >
green carbon sources. The fullest utilization of lignocellulosic biomass in hydrogen-free

and mild conditions to produce phenolic monomers while preserving cellulose-rich Lignacsikdose
pulps is challenging and has far-reaching significance. Here, we report an innovative H:0 1 Pt/NIALO:
strategy to convert lignocellulosic biomass into lignin oils and cellulose-rich pulps

without exogenous hydrogen under mild conditions over a Pt/NiAl,O, catalyst. In this

process, the structural hydrogens in hemicellulose acted as a hydrogen source to realize é\ &

the fractionation and depolymerization of lignin into phenolic monomers while keeping - Hydrogen free
the cellulose intact, which is named self-hydrogen supplied catalytic fractionation ‘¢ L 140 °C

(SCF). By using water as a solvent, the theoretical yield of phenolic monomers (46.6 wt : Z :%\( (%
%, with propyl(ethyl) end-chained syringol and guaiacol as main products) is achieved ~** 3

at 140 °C for 24 h, with 90% cellulose intact in birch sawdust. This H,-free process can
be extended to other biomass (hardwood, softwood, and grass) and can be scaled up.
The Pt/NiAl,O, catalyst also shows good stability in recycling as well as regeneration treatment. This work provides a new strategy

to achieve high utilization of lignocellulosic biomass for sustainable biorefinery by using water as a solvent without exogenous
hydrogen under mild conditions.

Lignin oil Cellulose-rich pulp

heterogeneous catalysis, biomass fractionation, self-hydrogen supplied, lignin depolymerization, cellulose-rich pulps

into lignin oils with the cellulose intact under a hydrogen
atmosphere; this process is also called the lignin-first
strategy1617 Various catalysts with different reaction con-
ditions have been developed for RCE."**> However, H, is
generally used, and the operating temperature of most of the
process is above 200 °C. This would be unfavorable for the
industrialization of RCF considering the explosive property of
H, and the relatively high temperature. Therefore, H,-free
fractionation of raw biomass is pursued with high demand.
Samec et al. have achieved fractionation of lignocellulosic
biomass in an ethanol/water solvent without H, in which
partial hemicellulose was consumed to supply some H,.
However, they also demonstrated that ethanol was consumed
via hydrogen transfer to be involved in the fractionation.’®*’
Wang and co-workers described the hydrogenolysis of native
lignin in water under H,-free conditions, and about 40 wt %
yields of lignin monomers can be obtained from poplar lignin
at 180 °C. However, cellulose is inevitably degraded to formic
acid in the process.*®

In the context of carbon neutrality, there has been an interest
in the use of clean and sustainable sources due to the growing
global concern about energy and environmental problems
caused by over-reliance on fossil resources. Lignocellulosic
biomass, which comprises cellulose (30—50%), hemicellulose
(20—35%), and lignin (15—30%), is the most abundant and
sustainable green carbon resource on Earth.'”> Utilizing
lignocellulosic biomass as a renewable resource is a feasible
way to achieve the target of carbon neutrality, and the
fractionation of lignocellulose into (hemi)cellulose and lignin
is normally the first step to obtain materials and high value-
added chemicals.®”"* Conventionally, the lignocellulose
fractionation strategy focuses on (hemi)cellulose utilization,
which is usually called the carbohydrate-first process, e.g., the
kraft, sulfite, or soda process, whereas lignin is irreversibly
degraded or converted to a highly condensed biopolymer or
sulfonated lignin and burned as energy. In addition, other
methods, such as organosolv and hydrolytic fractionation, have
also been widely used to fractionate lignocellulosic biomass,
but organic solvents or acids are still necessary, and the March 29, 2023
resulting lignin requires further upgrading to obtain lignin April 25, 2023
phenolic monomers."* June 2, 2023

Recently, reductive catalytic fractionation (RCF) of June 29, 2023
lignocellulosic biomass is regarded as one of the most

promising strategies, which can strip and depolymerize lignin
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Scheme 1. Comparison of Traditional Reductive Catalytic Fractionation (RCF) and Newly Developed Self-Hydrogen Supplied

Catalytic Fractionation (SCF)
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It is well-known that lignocellulosic biomass is rich in —C—
OH and —C—OCHj; groups and can generate H, through
aqueous-phase reforming (APR). For example, Lu and co-
workers realized H, production over a nickel-molybdenum
catalyst by using raw biomass as substrates, and 58.6 mmol H,
per gram wood with a H, selectivity of 79.4% can be reached at
310 °C.* Chen et al. reported a modified Pt-supported carbon
nitride photocatalyst, which exhibited a hydrogen production
rate of 3.39 mmol per gram per hour from glucose solution
under an LED light source.*” In our laboratory, using structural
H in lignin (hydroxypropyl and —OCH; groups), the
transformation of lignin into 4-alkylphenol was realized over
a Pt/NiALO, catalyst without additional hydrogen sources.*'

Inspired and encouraged by these interesting works, we
herein develop an innovative strategy for lignocellulose
fractionation by using structural H as a hydrogen source,
which is named self-hydrogen supplied catalytic fractionation
(SCF). Through this process, various lignocellulosic biomass
can be efficiently converted into lignin oils and cellulose-rich
pulps without exogenous hydrogen sources (H, or alcohols)
under mild conditions over a Pt/NiAl,O, catalyst with
hemicellulose acting as a hydrogen source. This strategy
exhibited high efficiency in the fractionation of birch sawdust
and achieved nearly theoretical maximum yields of phenolic
monomers (mainly propyl(ethyl) end-chained syringol and
guaiacol) and 90% cellulose retention at 140 °C for 24 h. The
comparison of traditional reductive catalytic fractionation
(RCF) with the newly developed self-hydrogen supplied
catalytic fractionation (SCF) process is drawn in Scheme 1.
This catalyst has good stability in recycling as well as
regeneration treatment. This study provides an efficient, self-
hydrogen supplied catalytic fractionation (SCF) for lignocellu-
losic biomass utilization.

NiAl, O, spinel was synthesized by a coprecipitation method at a Ni/
Al mole ratio of 1:2 according to our previous works.”** A typical
procedure was as follows: 40 mmol of nickel nitrate hexahydrate and
80 mmol of aluminum nitrate nonahydrate were dissolved in 200 mL
of ultrapure water under vigorous stirring at room temperature.
Aqueous ammonia (25—28 wt %) was added dropwise to the above
solution until the pH reached 8 to obtained precipitates. Then, the
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formed precipitates were filtered and washed with deionized water
until the pH of the filtrate reached 7. Finally, the filter cake was dried
at 100 °C for 24 h followed by calcination at 800 °C for 8 h under an
Ar atmosphere. Pt/NiAl,O, was prepared by the incipient wetness
impregnation method with appropriate amounts of aqueous solution
of chloroplatinic acid (H,PtClg). The obtained samples were dried at
100 °C for 12 h and then reduced in a 10% H,/Ar flow at 300 °C for
3 h. The Pt loading in the catalyst was 2 wt %.

The powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/max-2550VB/PC diffractometer by using Cu Ka radiation
(4 = 0.15406 nm). Nitrogen adsorption/desorption isotherms of the
catalysts were measured on a Micromeritics ASAP 2020M sorption
analyzer at 77 K. The Brunauer—Emmett—Teller (BET) method was
used to calculate the surface area. Scanning transmission electron
microscopy (STEM) characterization was performed using a Thermo
Fisher Talos F200X microscope. High-angle annular dark-field
(HAADF)-STEM images were recorded using a convergence
semiangle of 11 mrad and inner and outer collection angles of 59
and 200 mrad, respectively. Chemical analysis of the samples was
performed by using inductively coupled plasma-atomic emission
spectrometry (ICP-AES).

H, temperature-programmed reduction tests were carried out on a
Huasi DAS-7200 automatic chemisorption instrument. In a typical
run, 0.1 g of the catalyst was put into the quartz tube. Before
reduction, the catalyst was degassed and dehydrated at 150 °C in Ar.
The temperature was controlled from 20 to 800 °C at a rate of 10 °C
min~".

X-ray photoelectron (XPS) spectra were recorded on a Thermo
Scientific Escalab 250 Xi system with monochromatic Al Ka radiation,
and all results were calibrated using the C 1s peak at 284.8 eV.

In a typical SCF reaction, 0.5 g of birch sawdust (2—5 mm), 0.1 g of
the 29%Pt/NiAl,O, catalyst, and 10 mL of H,O were put into the 50
mL stainless-steel autoclave reactor. The reactor was sealed and
purged with N, at room temperature. The reaction mixture was
heated to different temperatures and kept for a certain time at a
magnetic stirring speed of 700 rpm. At the end of the reaction, it was
cooled to room temperature in ice water. The soluble fraction and
residue were subsequently separated by centrifugation.

After the SCF reaction, the liquid phase was extracted by ethyl acetate
and analyzed by GC—MS (Agilent 7890A) and quantitatively
analyzed by GC (Agilent 7890B) with a flame ionization detector,
both quipped with HP-5 capillary columns. Tridecane was used as an
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internal standard for the quantification of the liquid products. All
experiments were performed at least three times. The phenolic
monomer yields were calculated based on the Klason lignin weight,
with the calculation formula as shown below:

mass (tota] monomers)
X 100%

henolic monomers (wt%) =
P (wt%6) mass (Klason lignin)

mole yields of monomers (%)

mole (total monomers)

X 100%

mole (all monomers in lignin)

The mass of lignin in biomass was measured by the Klason method,
and the mole of monomers in lignin was measured by the NBO
method.*

The retentions of cellulose and hemicellulose in pulps were
calculated based on the biomass compositional analyses of solid pulps,
with the calculation formula as shown below:

i \
mass (sugar in pulp) % 100%

sugar retention (wt%) =
mass (sugar in sawdust)

The gas products were collected in a gas bag and qualitatively
analyzed on an online gas chromatographer equipped with
methanator, FID, and TCD detectors. The H, production was
calculated based on the mass of substrates, with the calculation
formula as shown below:

mole (H2 produced)

H2 production (umol g — 1) =
mass of substrates

X 100%

The H, selectivity was determined based on the following formula:

mole (H2 produced)

H2 selectivity (%) =
mole of carbon in gas products X RR

X 100%

where RR is the reforming ratio of H,/CO,. The carbon yield of
products was calculated on the basis of each mole number in products
and substrates. The calculation formula is shown below:

carbon yield (%) = mole (carbon atoms produced)

X 100%
mole of carbon atoms in substrates

The structural carbohydrates and lignin in untreated biomass and the
solid residue after treatment were determined according to a technical
report NREL/TP-510-42618.** Saccharides and degradation products
in liquid extract were determined according to a technical report
NREL/TP-510-42623.* Saccharides were determined using an
HPLC system (Agilent 1260 series) equipped with a refractive
index dectector (Agilent G1362A) and using a Biorad Aminex HPX-
87H sugar column at 5S °C. The mobile phase was 0.004 M H,SO,
with flow rate of 0.8 mL min~". The quantification of products was
performed using an external standard method. The total lignin
content in biomass was determined as the sum of acid-insoluble lignin
and acid-soluble lignin. The equation 100 — 100 X Ly X Y /L, was
used for the delignification value, where L, is the lignin content in the
solid residue, Y, is the yield of the solid residue after treatment, and
L, is the lignin content in untreated biomass.

Here, Pt/NiALO, was selected as the catalyst in the self-
hydrogen supplied catalytic fractionation (SCF) of raw
biomass because it is active and has excellent stability in the
APR process.”” The actual Pt loading of Pt/NiAl,O, was 1.7
wt % as determined by ICP-OES, other characterizations
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including XRD, STEM, H,-TPR, XPS, and N, sorption are
supplied in the Supporting Information (Figures S1—S4 and
Table S1). Birch wood was taken as a benchmark hardwood
substrate, and its composition was analyzed and is provided in
Table S2. We first evaluated the performance of Pt/NiAl,O, at
different temperatures by detecting the vyields of lignin
monomers and the retention of cellulose, and the results are
present in Figure 1. It is shown that with the increase of
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Figure 1. Monomer distribution and yields of SCF over the Pt/
NiAl O, catalyst at different temperatures. Reaction conditions: birch
sawdust (0.5 g), Pt/NiAL0, (0.1 g), H,0 (10 mL), N, at I atm, 12 h
(note: the label “140A” represents that the reaction time was
prolonged to 24 h).

reaction temperature from 100 to 180 °C, the phenolic
monomer yield increased from 0 to 49.5 wt %, confirming that
the Pt/NiAlL,O, catalyst has an excellent ability to depoly-
merize lignin. However, the glucan and xylan retention sharply
decreased when the temperature reached 160 °C (Figure 2),
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Figure 2. Glucan/xylan retention of SCF over the Pt/NiAl,O, catalyst
at different temperatures. Reaction conditions: birch sawdust (0.5 g),
Pt/NiAlLO, (0.1 g), H,0 (10 mL), N, at 1 atm, 12 h (note: the label
“140A” represents that the reaction time was prolonged to 24 h).

which is unfavorable for sustainable biorefinery. Pleasantly, we
found that glucan showed good retention (91 wt %) at 140 °C,
while the yield of phenolic monomers was kept at a high value
of 36.2 wt %. When the reaction time was prolonged to 24 h at
140 °C, the phenolic monomer yield further increased to 46.6
wt %, approaching the theoretical maximum yields of phenolic
monomers,'® and the glucan retention only had a slight
decrease. Among the monomers, 4-propyl syringol (Pr-S, 36 wt
%), 4-ethyl syringol (Er-S, 6.8 wt %), and 4-propyl guaiacol
(Pr-G, 3.9 wt %) were identified as three major products; the
intermediate of 4-propenyl syringol (Pe-S) was absent after the
reaction for 24 h, whereas it was detected at 12 h (Figure 1 and
Figure SS). This result indicated that the SCF strategy is
indeed an excellent process to fractionate cellulose and lignin.

https://doi.org/10.1021/jacsau.3c00154
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The high selectivity to propyl(ethyl) end-chained syringol and
guaiacol allowed them to be readily purified.***° In order to
analyze the type of dimer, the obtained lignin oil was silylated
and characterized with GC—MS, and seven dimers were
identified, which all had C—C linkages, including $-§ and -5
linkages (Figure S6).

We further evaluated the SCF performance of other types of
wood including softwood and grass over the Pt/NiAl,O,
catalyst. As for the substrate expansion, the yields of phenolic
monomers from hardwood (birch, poplar, and beech) were
between 28.6 and 36.2 wt % with Pr-S, Pe-S, Er-S, and Pr-G as
the dominant products for 12 h (Figure 3). Additionally, the
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Figure 3. SCF of various biomass sources. Reaction conditions:
biomass sawdust (0.5 g), Pt/NiAl,O, (0.1 g), H,O (10 mL), 140 °C,
N, at 1 atm, 12 h.

total molar yield of phenolic monomers approached 72.1 to
73.9% from corresponding lignin (see the monomer
concentrations in Table S3). In contrast to hardwood, lignin
in softwood (pine), mainly composed of G-units with less
cleavable -O-4 bonds,’ afforded 7.9 wt % phenolic monomers
(46% molar yield of phenolic monomers). As expected, only
G-units including Pr-G and Er-G were detected. Cornstalk, a
straw grass, provided 7.5 wt % yield of the phenolic monomers
(63% molar yield of phenolic monomers from cornstalk
lignin).

To evaluate the recyclability of Pt/NiAl,O, the spent
catalyst separated from the cellulose-rich pulps by stripping
and sieving was directly used for the next run (Figure 4 and
Figure S7). In the third run, a decreased catalytic performance
with 30.8 wt % yields of phenolic monomers was observed.
Considering that the degradation products or byproducts may
be adsorbed on the catalyst, further affecting the catalyst
activity, the catalyst was regenerated (by calcining at 500 °C

Regeneration
404 ¢

o3 w
(=} (=}

Monomer yields (wt%)
=

Figure 4. Recyclability test of the Pt/NiAl,O, catalyst. Reaction
conditions: birch sawdust (0.5 g), Pt/NiALO, (0.1 g), H,O (10 mL),
140 °C, N, at 1 atm, 12 h.
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and reducing) and used for the fourth run; the phenolic
monomer yield of 36.3 wt % was achieved, suggesting almost
complete recovery of catalytic performance. In addition, we
carried out the scale-up experiment over Pt/NiAl,O,, and the
results are shown in Table S4. The total phenolic monomer
yield reached 41.2 wt %, a slight decrease compared to the
result of 46.6 wt % at 24 h (Figure 1). These results imply that
the catalyst has good recyclability and the process can be
scaled up.

The performance of the here-developed SCF and the
conventional RCF process was compared (Figure S and Table
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160 4
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Figure S. Reported reductive catalytic fractionation conditions and
results over different catalysts.

SS). Traditional RCF mostly requires high hydrogen pressure
(Ru/C for 3 MPa'® and Pd/C** for 2 MPa), while SCF could
proceed without exogenous hydrogen. The depolymerization
of lignocellulose can be completed at only 140 °C of the SCF
process, but most of RCF requires above 200 °C (Table SS).
What is more, RCF mostly uses alcohols as solvents (such as
MeOH and EtOH), while SCF uses a green solvent (H,0) as a
solvent. The limitation of SCF at present is that it takes a long
time (24 h) to achieve the high yield; therefore, a catalyst with
high activity is required for the depolymerization and
upgrading of lignocellulosic biomass. From the above analysis,
the greatest advantage of SCF is that it could rationally utilize
the structural hydrogen to depolymerize lignocellulosic
biomass into phenolic monomers with the cellulose part intact
without consumption of exogenous hydrogen. Meanwhile, it
utilizes mild reaction conditions and a green solvent (H,0)
compared with the other RCF process with good to excellent
phenolic monomer yields.

As known that hydrogen is necessary in the fractionation and
depolymerization of lignin into phenolic monomers,” so the
origination of hydrogen in this process needs investigation.
According to the results in Figures 1 and 2, we correlated the
consumption of xylan, loss of glucan, and delignification at
different temperatures (Figure 6). It showed that the
consumption of xylan is basically linearly corrected to
delignification, implying perhaps that there is relevance
between lignin depolymerization and hemicellulose consump-
tion. Meanwhile, the loss of glucan was less than 10% below
140 °C. Therefore, we speculated that hemicellulose played the
role of a hydrogen source.

To further confirm it, xylan and cellulose were taken as
substrates to investigate the capacity of supplying hydrogen. As
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Figure 6. Correlation between consumption of xylan, loss of glucan,
and delignification at different temperatures.

shown in Figure S8, the hydrogen production reached up to
4668 umol ¢! with a hydrogen selectivity of 76.5% by using
xylan as the substrate at 140 °C for 12 h, whereas it was only
227 umol g by using cellulose as the substrate. The high solid
retention of 90 wt % in SCF of cellulose (Table S6) also
confirmed the reactive inertness of cellulose. In order to
explore the hydrogen production capacity of lignin at such
mild conditions, we conducted the experiment by using lignin
as the substrate, and a small quantity of monomers (1.7 wt %)
was detected, whereas the yields of monomers increase to 7.9
wt % by adding xylan and to 19.5 wt % by adding xylose (Table
S7). In addition, we also conducted a control experiment
without any catalyst to see whether the hydrolysis of
hemicellulose happens under reaction conditions; the results
(Figure S9) showed that xylose was the main product (48.6%,
based on a hemicellulose content of 18.4% in birch sawdust) in
the liquid phase after the reaction. Thus, we propose that
during the SCF process, hemicellulose is first hydrolyzed to
xylose followed by dehydrogenation, C—C cleavage, or C—O
cleavage to form CO intermediates and finally produce H, and
CO, through the water gas shift reaction over the Pt/NiAl,O,
catalyst (Scheme S1). All the above results confirmed that
hemicellulose in lignocellulosic biomass provided the hydrogen
to drive the catalytic “reductive” fractionation.

Scanning electron microscopy (SEM) was used to compare the
microstructure and micromorphology of the cellulose-rich
pulps obtained from SCF. As shown in Figure 7 at two
different magnifications (80X and 1000x), the fibrous
structure of the pulps was well-retained at different reaction
times (6, 12, and 24 h), compared to that of the raw birch

sawdust. It is worth noting that some small particles appeared
on the surface of the pulps after reacting for 24 h (Figure 7h),
which may be some wood fragments or pseudo-lignin.*” In
addition, the pulps were also characterized by XRD, and the
crystallinity index (CrI) was determined according to an
empirical method developed by Segal et al.*® As shown in
Figure 8, the Crl increased with prolonging of the reaction

Crl: 72.8%

Crl: 71.9% V) \ Treated for 12 h

Crl: 70.8%
Treated for 6 h
1: 51.0%
Crl: 51.0% Raw wood

0 15 20 25 30 35
20/degree

Treated for 24 h

Intensity/a.u.

Figure 8. Crystallinity index (CrI) measured by X-ray diffraction at
different reaction times.

time because of gradual removal of the amorphous lignin and
hemicellulose. Meanwhile, further prolonging the reaction time
seems to not affect the crystallinity of the cellulose-rich pulps.
The above results confirmed that the cellulose could be well-
preserved in the SCF.

In summary, we developed an innovative self-hydrogen
supplied catalytic fraction (SCF) strategy by using structural
hydrogens in hemicellulose as a hydrogen source to realize the
fractionation and depolymerization of lignin to phenolic
monomers while keeping the cellulose intact over the Pt/
NiAl O, catalyst. This strategy exhibited high efficiency in the
fractionation of birch sawdust and achieved nearly theoretical
maximum yields of phenolic monomers with high selectivity
for propyl(ethyl) end-chained syringol and guaiacol at 140 °C
for 24 h, with 90% cellulose intact in birch sawdust.
Meanwhile, good recyclability and regeneration could be
achieved in this catalyst over operating conditions. This work
has made significant progress in the development of high-
performance, environment-friendly, and stable catalysts for
lignin depolymerization as well as valorization of lignocellulosic
biomass for sustainable biorefinery without consumption of
exogenous hydrogen.

14024 h 7~

Figure 7. Scanning electron microscopy images of the pulps obtained from raw birch wood (a,e), treated for 6 h (b,f), treated for 12 h (c,g), and
treated for 24 h (d,h); a—d and e—h represent 80X and 1000X magnification, respectively.
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