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ABSTRACT: This study presents an efficient methodology
to remove hemicellulose and lignin from lignocellulosic
biomass by a three-step process to obtain C5 sugars, phenolics
and high purity cellulose. The first step, a CO2-assisted
hydrolysis pretreatment was conducted for the selective
extraction of the hemicellulose fraction. The process
effectively extracted hemicellulose at 180 °C with CO2 at 20
bar initial pressure for 10 min, during which a variety of
monosaccharides and other intermediates were obtained. The
second step, the catalytic hydrogenolysis of the pretreated
feedstock, was performed in a cosolvent isopropyl alcohol−
water system with Raney Ni as the catalyst, which can catalyze the depolymerization of lignin components for phenolic
products. A variety of phenolic components with lower molecular weights were detected via GC−MS and HSQC. Further
treatment with alkaline hydrogen peroxide was used to extract the remaining small amount of lignin and hemicellulose fractions
in biomass and to obtain high purity cellulose (>96%). Characterization results indicated that 96% of the lignin and 99% of the
hemicellulose could be fractionated by the three-step treatment. This method can be used for the efficient fractionation of
hemicellulose, cellulose and lignin, thus achieving high valorization of the entire biomass.
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■ INTRODUCTION

Growing global energy demands and diminishing fossil fuel
resources have driven research toward the utilization of
lignocellulosic biomass resources as a sustainable and renew-
able feedstock to create chemicals, materials and other
products to replace fossil-based products.1−3 Lignocellulosic
biomass primarily consists of three main polymeric compo-
nents: cellulose, hemicellulose and lignin, which account for
40−50%, 20−30% and 15−30%, respectively.4 Effective
biorefinery strategies are required before a selective conversion
of lignocellulosic biomass components toward value-added
products is possible. However, the structural complexity of
biomass and the significant differences in the physical and
chemical properties of cellulose, hemicellulose and lignin have
created obstacles for the refining process of biomass.5

Numerous research studies have explored an integrated
biorefinery of an entire biobased feedstock via pyrolysis or
liquefaction for the production of bio-oils, obtaining complex
mixtures containing a variety of aldehydes, organic acids,
esters, phenolics and oligomers, which create a huge barrier to

the separation and refining process of the products.6−8

Therefore, a prior fractionation of the lignocellulosic matrix
into their different components (i.e., carbohydrates, lignin),
might be an effective pathway for the reduction of the
complexity of downstream refining processes.9,10

The most common lignocellulosic biomass fractionation
strategies such as pulping use a sulfite, chlorite or alkaline
solution as the solvent to fractionate the biomass.11,12 These
processes for the fractionation of biomass mainly focus on the
production of high-quality cellulosic fibers, while most of the
lignin and hemicellulose become waste streams. Unfortunately,
due to the condensed and degraded nature of biorefinery
lignin, it is typically burned for energy recovery or is used in
low value material applications.13,14 Various newly proposed
fractionation strategies aim to obtain value-added chemicals
and materials from the whole biomass, including lignin. Lignin
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can provide a source for the production of aromatic liquid
fuel.15,16 Multiple new solutions have been reported for the
isolation of lignin. Lignin can be fractionated from
lignocellulosic biomass with some media in mild conditions,
such as ionic liquids,17,18 eutectic solvent,19,20γ-valerolac-
tone,21−23 or organic solvent systems.24 The application of
these media can achieve the deconstruction of biomass under
mild conditions, which yield a reactive type of isolated lignin
compared with traditional lignin (e.g., Kraft).25 A new class of
lignin fractionation technology, Reductive Catalytic Fractiona-
tion (RCF), is an active stabilization technique using reduction
catalysts to stabilize reaction intermediates to prevent lignin
condensation.26−28 During RCF, it involves an initial solvolysis
step that extracts the lignin fraction from biomass, followed by
depolymerization and reductive stabilization.12,29 The depoly-
merization and reductive stabilization process requires the
presence of redox catalysts (e.g., Raney Ni, Ru/C, Pd/C, Ni/
C) and a reducing agent, which contains pressurized H2, an
external hydrogen donor or an internal hydrogen donor (e.g.,
formic acid) derived from biomass.27 The lignin fractionation
technology results in highly depolymerized lignin oil
comprising monomers, dimers and short lignin oligomers.
The carbohydrates are recovered from biomass and retained in
the solid fraction after RCF. Moreover, it has been reported
that the depolymerization of hemicellulose and lignin
simultaneously during RCF, while keeping cellulose in the
solid fraction. The depolymerized lignin and hemicellulose can
be separated based on their difference in polarity.28

The extraction of hemicellulose from lignocellulosic biomass
has increasingly become the focus of recent studies. Hemi-
cellulose can be a feedstock for chemicals (such as bioethanol
and biopolymers), polymeric materials and even medicinal
applications.30−32 A variety of methods have been applied for
the extraction of hemicellulose, such as dilute acid,33 alkaline,34

enzymatic hydrolysis,35 autohydrolysis in hot water36 and
steam explosion versus steam treatment37 techniques. Autohy-
drolysis in hot water extraction is an environmentally benign
process, which has been widely used for lignocellulosic biomass
pretreatment. Pontes et al. achieved 62% recovery of
hemicellulose from corncobs in an autohydrolysis system at
206 °C under highly severe conditions (S0 = 4.15).38

Unfortunately, autohydrolysis in hot water without a catalyst

results in low recovery of hemicellulose from biomass. In this
paper, weak acids (carbonic acid) was used as the catalyst for
extracting hemicellulose, which can be formed by pressurized
carbon dioxide, wherein the carbonic acid formed in situ
dissociates and causes the gradual acidification of the reaction
mixture.39,40 The hydrolysis of hemicelluloses makes the
reaction proceed more rapidly under mild conditions and is
environmentally friendly without acid pollution.
The aim of this study was to develop a methodology for the

fractionation of lignocellulosic biomass. First, H2O was used as
a green medium for the CO2-assisted hydrolysis treatment of
the feedstock under mild conditions to remove the hemi-
cellulose fraction. Second, catalytic hydrogenolysis of pre-
treated samples after CO2-assisted hydrolysis was performed in
an isopropyl alcohol and water medium with Raney Ni as the
catalyst to extract the lignin fraction. As a result, fractionation
of the hemicellulose and lignin compositions occored to obtain
C5 sugars, phenolics and high purity cellulose was expected.
The fractionation efficacy was evaluated by component analysis
and combinational Fourier transform infrared (FT-IR) spec-
troscopy, thermogravimetric (TG) and X-ray diffraction
(XRD). The analysis of the liquor and solid fractions under
various temperatures, times and initial pressures of CO2 after
the CO2-assisted hydrolysis process was carried out. The
phenolics derived from the depolymerization of lignin were
characterized by two-dimensional HSQC-NMR, GC−MS, and
GPC. The properties of the obtained high purity cellulose in
terms of component analysis, crystallinity and thermal
degradation were comprehensively investigated. This method
can be used for the efficient fractionation of hemicellulose and
cellulose for value-added chemicals and high purity cellulose,
thus achieving the valorization of the entire biobased
feedstock.

■ EXPERIMENTAL SECTION
Materials. In this study, poplar biomass was purchased from a

local farm (Nanjing, China), passed through a 250−425-μm sieve and
dried to a constant weight at 105 °C. The absolute-dried particles
were kept in sealed bags until they were needed. All other chemical
reagents were of analytical grade and used without further
modification. The chemical composition (wt %) of the poplar was
49.40% cellulose, 21.82% hemicellulose, 20.62% acid insoluble lignin
and 2.74% acid soluble lignin.

Figure 1. Schematic representation of stepwise extraction of hemicellulose and lignin from lignocellulosic biomass.
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CO2-Assisted Hydrolysis Pretreatment. The CO2-assisted
hydrolysis treatment in a H2O medium was conducted in a 250 mL
high pressure reactor (Figure 1). The reaction mixture was filled with
8 g of poplar sawdust along with 80 mL of water. The CO2 was
flushed from the CO2 high pressure gas cylinder into the reactor, the
reactor was heated to the set temperature and maintained at the
desired temperature for the time determined by the experimental
design with a stirring rate of 350 rpm. After hydrolysis, the reactor was
rapidly cooled to room temperature before opened. The exhaust valve
was opened to slowly release carbon dioxide. The hydrolysis mixtures
(pretreated materials and water-soluble fractions) were separated by
filtration through filter paper. The pretreated materials after hydrolysis
were washed with 100 mL of hot distilled water (100 °C) and stored
at 4 °C.
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Where m0 was the mass of the raw poplar wood; ms was the mass of
the solid residues; mL0

, m C0
, mH0

were the mass of the lignin, cellulose,

hemicellulose in raw poplar wood, respectively; mLd, mCd
, mHd

were the
mass of lignin, cellulose, hemicellulose respectively, in samples with
the chemical treatment (CO2-assisted hydrolysis or catalytic hydro-
genation or alkaline hydrogen peroxide treatment). Thedelignification
rate, de−cellulose rate and de- hemicellulose rate were the degree of
lignin, cellulose and hemicellulose removal in feedstock, respectively.
Recellulose was the retention of cellulose in feedstock.
Catalytic Hydrogenolysis of Pretreat Samples. After the CO2-

assisted hydrolysis pretreatment of the poplar feedstock, the catalytic
hydrogenolysis of the pretreated materials was conducted to remove
the lignin fraction. The pretreated sample (8 g) was combined with 70
g of isopropyl alcohol and 30 g of water cosolvent, reaching a mass
ratio of cosolvent and pretreated sample of 12.5 with 2 g of Raney Ni
as a reaction catalyst in a 250 mL high pressure reactor. 4 MPa of H2
was loaded into the reactor from a H2 high pressure gas cylinder. The
reaction was performed at 180, 200, 220, and 240 °C with a stirring
speed of 350 rpm for 6 h. The reactor was rapidly cooled to room
temperature after reaching the desired time. Raney Ni could be easily
removed from the suspension with a magnet. The mixture after
hydrogenolysis was separated by filtration and 80 mL of isopropyl
alcohol were used to wash the solid residue to remove any remaining
lignin products on the surface of the solid. For convenience, the solid
residues derived at 180, 200, 220, and 240 °C were marked as
HGN180, HGN200, HGN220, and HGN240, respectively. The lignin
oil derived at 180, 200, 220, and 240 °C are marked as OIL180,
OIL200, OIL220, and OIL240, respectively. The yield of lignin oil
products and solid residues were calculated by formulas 5 and 6).

m
m

Yield of lignin oil 100%l

o
= ×

(5)

m
m

Yield of solid residues 100%s

o
= ×

(6)

Where ml was the mass of the lignin oil.
Analytical Methods. Composition Analysis of Samples. The

cellulose, hemicellulose, and lignin contents in biomass or processed
samples were analyzed by following NREL standard laboratory
analytical procedure.41

XRD Analysis. The crystallinity analysis of the samples after the
CO2-assisted hydrolysis and catalytic hydrogenolysis was performed
using XRD with an XRD-6000 X-ray diffract meter with
monochromatic Cu/Kα radiation (λ = 0.154 18 nm). The diffracted
intensity was measured from 10 to 60° (2θ) using a counting speed of
2° min−1 with a step of 0.02°. The crystallinity index (CrI) of
cellulose in biomass was calculated from formula 7:42

I I ICrI% ( )/ 100%002 am 002= − × (7)

Where I002 is the peak intensity of the (002) lattice diffraction at 2θ =
22.4° and Iam is the diffraction intensity of the amorphous region at 2θ
= 18.0°.

FT-IR Spectroscopic Analysis. The functional groups of the
samples with treatment were analyzed by FT-IR spectroscopy with
a Thermo 208 Nicolet (NEXUS 670) spectrometer. The analysis was
completed from 600 to 4000 cm−1 at a resolution >0.4 cm−1 and a
wavenumber accuracy of >0.01 cm−1.

GPC Analysis. The molecular weight of the lignin oil was
determined on a Waters 1515 system equipped with a manually
packed column. The injection volume was 20 μL with tetrahydrofuran
as the eluent. Polystyrene was used as an internal standard.

2D-HSQC NMR Spectroscopy Analysis. The lignin oil were
characterized by 2D HSQC NMR spectra to analyze the specific
structures of the complex compounds. The NMR samples were
prepared by dissolving the lignin oil in DMSO-d6 at 30 °C with
benzaldehyde as an internal reference. All NMR experiments were
recorded on a Bruker DRX 500 NMR spectrometer operated at 500
MHz. The spectral widths for the 1H and 13C dimensions were 8.5
and 120 ppm, respectively.

Thermogravimetric (TG) Analysis. The TGA of the samples with
the CO2-assisted hydrolysis and catalytic hydrogenolysis treatment
was conducted using a Pyris6 TG analyzer (PerkinElmer, Waltham,
MA). The samples (∼10 mg) were heated from room temperature to
800 °C at a heating rate of 10 °C/min with a flow of 50 mL min−1 of
N2.

High-Performance Liquid Chromatography (HPLC) Analysis.
The water-soluble components (xylose, arabinose, glucose, acetic
acid, furfural, and HMF) after hydrolysis were detected using a HPLC
instrument (Waters 2414, America) with a Bio-Rad Aminex HPX-
87H (300 mm × 7.8 mm) column and a refractive index detector.
The mobile phase was 5-mM H2SO4 at a flow rate of 0.5 mL/min and
the column temperature was maintained at 50 °C. The amounts of
xylose, arabinose, glucose, acetic acid, furfural, and HMF were
calculated based on external standard curves constructed with
authentic standards.

GC−MS Analysis. The composition of lignin oil was analyzed by
GC−MS. All samples were dissolved in the methanol solvent. The
GC−MS was equipped with an HP-5 column (30 m × 0.25 μm ×
0.32 nm i.d. capillary column), a hydrogen flame ion detector, and a
WSC meteorological chromatography workstation. The specific
detection conditions were as follows. The injection mode was split
at a rate of 35, the carrier gas was He at a flow rate of 1.5 mL/min,
and the column was heated to 30 °C and maintained for 5 min. It was
then further heated to 250 °C at a rate of 10 K/min and held for 20
min. The inlet temperature of the sample was 250 °C and the
injection volume was 0.2 μL.

■ RESULTS AND DISCUSSION

CO2-Assisted Hydrolysis of Poplar. Analysis of Solid
Residues after CO2-Assisted Hydrolysis. For the first step, the
hydrolysis of poplar was conducted in a CO2−H2O system,
wherein the carbonic acid formed in situ dissociates, leading to
a weak acid environment in the system. The purpose of the
CO2-assisted hydrolysis was to hydrolyze the hemicellulose
fraction while retaining the cellulose and lignin as much as
possible. The effect of hydrolysis conditions, such as initial
pressure, reaction time and temperature, on the degree of
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hydrolysis and the composition of cellulose, hemicellulose, and
lignin in solid residues were determined.
It was essential to control the initial pressure of CO2 in order

to prevent the system from being overly acidic by the high
initial pressure, and decreasing the depolymerization of the
cellulose and lignin fractions. The influence of the initial
pressure of CO2 on the hydrolysis of poplar was investigated to
identify the optimal conditions for extracting hemicellulose. As
can be seen from Figure 2a, the degree of hydrolysis could be
significantly improved in the presence of CO2 in the system
(maintaining a short holding time of 10 min and a low
temperature of 180 °C). The conversion of poplar at 180 °C
could be increased from low conversion of only 23.14%
without CO2 to a high value of 31.53% with an initial CO2
pressure of 10 bar. Meanwhile, the dehemicellulose rate after
hydrolysis increased from 38.59% to 80.42%. The results
indicated that the presence of CO2 effectively enhanced the
hydrolysis of the hemicellulose fraction in feedstock. The
degree of hydrolysis increased from 31.53% to 46.11% as the
initial pressure of CO2 increased from 10 to 40 bar.
Comparison to the hemicellulose content (21.82%) in poplar
feedstock suggested that part of the cellulose and lignin had
been depolymerized during the CO2-assisted hydrolysis
process. The dehemicellulose rate increased from 80.42 to
88.18% with the increase of CO2 pressure from 10 to 20 bar.
Upon further increasing the pressure to 30 and 40 bar, the
dehemicellulose rates only increased by 3.14% and 4.83%,
respectively, compared with the 20 bar CO2 pressure.
Meanwhile, the delignification rate increased from 32.97% to
41.78% and 49.44%, and the recellulose rate decreased from
87.37% to 81.93% and 76.23%. This was due to the higher

CO2 pressure (30 and 40 bar), leading to higher acidity in the
system, resulting in degradation of more lignin and cellulose
components in the feedstock. Thus, it was decided to use 20
bar as the initial pressure for the study.
The holding time was an important factor for investigating

the hydrolysis of poplar (Figure 2b). The holding time was
increased from 0 to 90 min, while keeping the temperature at
180 °C and using a low pressure of CO2 of 20 bar. As the
holding time increased, so did the degree of hydrolysis, and the
hemicellulose content in the solid residue decreased. In
particular, it was found that the dehemicellulose rate could
be increased from 71.20% without holding time to 88.18% with
a 10 min holding time. When further prolonging the holding
time from 10 to 90 min, the dehemicellulose rate varied from
88.18% to 92.23%. Meanwhile, the delignification rate
increased from 32.97% to 49.86% and recellulose rate
decreased from 87.37% to 78.32%, indicating that it was
mainly the depolymerization of the lignin fraction for a long
holding time during the hydrolysis process. Taking into
account the energy consumption and component (cellulose,
hemicellulose, and lignin) content in the solid residues, it was
decided that a 10 min holding time would be used for further
study.
In general, increasing the temperature promoted the

conversion of biomass and accelerated the rate of hydrolysis.
It was found that the conversion of poplar gradually increased
with temperature from 140 to 220 °C (maintaining a short
holding time of 10 min and using a low pressure of CO2 of 20
bar) (Figure 2c), with a maximum degree of hydrolysis of
49.43% at 220 °C. Meanwhile, the dehemicellulose rate was
significantly increased from 39.04% to 95.99% as the

Figure 2. Degree of retention or removal of components in biomass and degree of hydrolysis with CO2-assisted hydrolysis affected by (a) initial
CO2 pressure, (b) holding time, and (c) temperature. Reaction condition of panel a: maintain a temperature of 180 °C and holding time of 10 min.
Reaction condition of panel b: maintain a temperature of 180 °C and initial CO2 pressure of 20 bar. Reaction condition of panel c: maintain a
holding time of 10 min and initial CO2 pressure of 20 bar.
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temperature increased. However, the lignin content in the solid
residues decreased from 160 to 220 °C with increasing the
delignification rate from 16.51% to 50.25% and decreasing
recellulose rate from 91.14% to 71.08%. At 180 °C, 88.18% of
the hemicellulose fraction was extracted; meanwhile, 87.37% of
cellulose and 67.03% of lignin were kept in solid residues. With
further elevation of the temperature to 200 and 220 °C, the
dehemicellulose rate had a high value of 94.41 and 95.99%,
respectively. While the recellulose rate was less than 81% and
the delignification rate was over 41% in solid residues.
Therefore, 180 °C was the optimum reaction temperature
for the extraction of hemicellulose.
To further understand this observation, the FT-IR spectra of

poplar feedstock and solid residues obtained after the CO2-
assisted hydrolysis treatment at various temperatures are
displayed in Figure 3a. The absorbance bands at ∼1735 and
1245 cm−1 were attributed to the carbonyl (CO) stretch in
unconjugated ketone, ester, or carboxylic groups in xylose.43,44

These two absorbance bands gradually decreased with
increasing temperature and they greatly weakened after the
CO2-assisted hydrolysis treatment at 180 °C and disappeared
at 220 °C, which indicated that most of the hemicellulose had
been extracted over 180 °C. The absorbance peaks at 1603,
1512, 1460, 1422, 1111, and 833 cm−1 were related to the
typical features of lignin, and the peaks at 2900, 1423, 1370,
1160, 1115, 1060, and 897 cm−1 contributed to the absorbance
peaks in cellulose.45 From the FT-IR spectra of poplar at
different temperatures, it was found that lignin remained in the
solid residues after the cleavage of intermolecular linkages
between hemicellulose and lignin.46 Furthermore, there was
almost no change in the characteristic peaks after hydrolysis at

180 °C were compared with microcrystalline cellulose (Figure
3b.). Indicating that crystallized cellulose was not significantly
affected during the hydrolysis treatment. The above results
confirmed an enrichment of cellulose and lignin in the
pretreated feedstock due to the extraction of the hemicellulose
fraction.
In order to study the changes in the crystal structure and

crystallinity of cellulose before and after hydrolysis treatment.
The samples obtained at various temperatures during the CO2-
assisted hydrolysis process were analyzed with XRD (Figure
3c). The XRD patterns displayed three broad peaks at ∼16°,
22°, and 35°, which represented the (110), (002), and (004)
planes, respectively. The CrI, as a key factor in influencing the
mechanical and thermal properties, was calculated according to
the Segal method. The CrI of the solid residues increased with
increasing temperatures. Furthermore, the CrI of the samples
after hydrolysis treatment showed a 3.49−7.92% enhancement
compared with poplar feedstock. Undoubtedly, the increase in
CrI was due to the removal of the noncrystalline components,
especially hemicellulose in samples with increased treatment
based on sample component and XRD analysis.
Figure 3d shows the derivative mass loss curves for samples

with different temperature treatments. It was reported that the
hemicellulose pyrolysis peak is at 220−315 °C and the
maximum mass loss rate is ∼250−300 °C. The pyrolysis peak
of cellulose pyrolysis was between 300 and 400 °C and the
maximum mass loss rate is usually ∼350 °C.47,48 It can be seen
that the DTG curves of the sample showed one broad peak at
low temperature (∼280 °C). It was clear that the broad peak
was due to the decomposition of hemicellulose in biomass. It
was found that the hemicellulose component in the hydrolyzed

Figure 3. (a) FT-IR spectra of feedstock and solid residues obtained after CO2-assisted hydrolysis at various temperatures from 2000 to 700 cm−1.
(b) FT-IR spectra of microcrystalline cellulose and solid residue obtained after CO2-assisted hydrolysis at 180 °C. (c) XRD analysis of feedstock
and samples with CO2-assisted hydrolysis treatment at various temperatures. (d) DTG analysis of feedstock and solid residues obtained after CO2-
assisted hydrolysis at various temperatures.
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solid residue gradually decreased as the temperature was raised
from 140 to 220 °C compared with the raw material. It almost
completely disappeared at 180 and 220 °C, indicating that
most of the hemicellulose was removed during the CO2-
assisted hydrolysis over 180 °C.
Composition of Liquors after CO2-Assisted Hydrolysis.

The composition of the liquors was examined in this study
using HPLC analysis. A variety of small molecular products
were detected, including xylose, arabinose, acetic acid, furfural,
glucose and HMF. The CO2-assisted hydrolysis system forms
in situ carbonic acid, which promotes the cleavage of
hemicellulose bonds into C5 monosaccharides, such as xylose,
arabinose, and acetic acid. Acetic acid was mainly derived from
the hydrolysis of acetyl groups in O-acetyl-4-O-methylglucur-
onoxylan in hemicellulos.9 Meanwhile, the cellulose in the
amorphous region also can be depolymerized into C6
monosaccharides, such as glucose. Additionally, these mono-
saccharides can be further converted to degradation products,
such as furfural and hydroxyl methyl furfural (HMF). The
composition of liquors obtained from the CO2-assisted
hydrolysis treatment under various temperatures and initial
pressures is depicted in Table 1.
The yield of C5 monosaccharides (xylose and arabinose)

and acetic acid deriving from hemicellulose increased with
increasing temperature and the initial CO2 pressure.
Furthermore, it was found that xylose and acetic acid were
the main small molecule hydrolyzates obtained by CO2-
assisted hydrolysis at various temperatures and initial pressures.
The yield of the C5 monosaccharide derivative (furfural)
gradually increases with increasing temperature (140−220 °C)
and pressure (10−40 bar), but its yield was quite low. The
yield of the C5 monosaccharide and its derivatives accounts for
more than 76% of the total yield of the water-soluble liquor

after CO2-assisted hydrolysis, indicating that the CO2-assisted
hydrolysis treatment results in the effective depolymerization
of hemicellulose with the increase of temperature and initial
pressure.
The higher temperatures and pressures increased the yield of

the C6 monosaccharide (glucose) and its derivatives (HMF)
mainly deriving from cellulose. Furthermore, it was observed
that the yield of glucose increased rapidly when the
temperature exceeded 200 °C, indicating that the depolyme-
rization of cellulose began to depolymerize more rapidly due to
the high temperature and acidic environment at this condition.
The goal of the hydrolysis was to extract the hemicellulose
fraction and retain the cellulose and lignin components. Thus,
a hydrolysis temperature below 200 °C was a more suitable
choice.
In addition, for all experiments, there were differences

between the degrees of hydrolysis and the total yield of
products in the liquor based on the HPLC analysis. For
example, the degree of hydrolysis at 180 °C and 20 bar CO2
was 35.02%, while the total yield of monosaccharaides and its
derivatives based on the whole feedstock in the liquor
displayed in Table 1 were only 11.43%. This 23.59% difference
might be due to the presence of C5, C6 polysaccharides, water-
soluble lignin, and small amount of extractives in the liquor.

Selective Catalytic Hydrogenolysis of Pretreated
Samples. The CO2-assisted hydrolysis treatment removed
most of the hemicellulose, during which monosaccharides and
other intermediates were obtained. Meanwhile, most of the
cellulose and lignin was retained in the solid residues.
Depolymerization of the lignin into low molecular weight
aromatics might be an effective solution for the valorization of
lignin. Selective catalytic hydrogenolysis of samples after the
CO2-assisted hydrolysis treatment was conducted to selectively

Table 1. Composition of Liquors from CO2 Hydrolysis of Poplar and Yields of Each Product under Various Conditions

reaction conditions composition in the liquors/yieldsa derived from hemicellulose and cellulose

T (°C) pCO2 (bar) xylose arabinose acetic acid furfural glucose HMF total yielda total yieldb

140 20 1.50 − 2.72 − − − 4.23 3.01
160 20 3.09 1.11 4.30 0.41 0.74 − 9.65 6.87
180 0 2.13 0.72 4.18 0.94 1.01 − 8.99 6.4

10 2.42 1.42 4.62 1.29 1.36 − 11.11 7.91
20 4.59 1.43 5.73 2.13 1.80 0.37 16.05 11.43
30 4.89 1.59 5.95 2.25 2.53 1.11 18.31 13.04
40 5.07 1.80 6.32 2.56 3.66 1.29 20.70 14.74

200 20 6.37 1.70 7.50 2.51 3.40 1.47 22.96 16.35
220 20 7.40 2.11 10.40 2.84 5.29 1.68 29.72 21.17

aThe yield was calculated based on the content of the hemicellulose and cellulose in feedstock. bThe yield was calculated based on the entire
feedstock.

Table 2. Chemical Composition Analysis of Samples with Catalytic Hydrogenolysis Treatmenta

composition of the solid residues
after hydrogenolysis (%)

temp. (°C) yield of lignin oilb (%) yield of solid residuesb (%) cellulose hemicellulose lignin delignification rate (%) dehemicellulose rate (%)

180 7.67 51.64 83.79 2.16 10.62 78.01 95.21
200 10.88 48.9 85.64 1.74 8.33 81.78 95.93
220 14.61 42.79 91.50 1.09 4.01 90.18 97.14
240 14.87 42.16 91.63 0.94 3.79 90.62 97.51

aThe pretreated sample for the catalytic hydrogenolysis treatment was derived from the samples after the CO2-assisted hydrolysis at a temperature
of 180 °C, a retention time of 10 min and an initial CO2 pressure of 20 bar. Reaction condition: 8 g of pretreat samples combined with 70 g of
isopropyl alcohol and 30 g of water cosolvent, Raney Ni (2 g) as catalyst, 4 MPa of H2 for 6 h of holding time. bThe yield of lignin oil and solid
residues were calculated based on the entire poplar feedstock.
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extract the lignin composition in biomass and high purity
cellulose is expected.
To achieve the extraction of lignin in high yields, the effects

of temperature on the fractionation of pretreated feedstock
were examined. The catalytic hydrogenolysis process was
performed under an isopropyl alcohol and water (7:3, w/w)
cosolvent system with Raney Ni as the hydrogenolysis catalyst
at various temperatures (Table 2). The yield of lignin oil
derived from the depolymerization lignin was increased from
7.67% to 14.87%, and the lignin content in solid residues after
hydrogenolysis was decreased from 10.62% to 3.79% from 180
to 240 °C. The results indicated that the lignin fraction was
effectively extracted during the catalytic hydrogenolysis
process. In addition, the delignification and dehemicellulose
rate reached more than 90% and 97%, respectively, at 220 °C.
The purity of cellulose in solid residues reached more than
91% after the hydrogenolysis treatment at 220 °C, suggesting
that a substantial part of the hemicellulose and lignin was
successfully removed using CO2-assisted hydrolysis followed
by the hydrogenolysis process. The yield of lignin oil and
purity of cellulose in the solid residues obtained at 220 °C was
similar to that at 240 °C. Thus, 220 °C was selected for the
extraction of lignin in the hydrogenolysis process.
Figure 4 displays a GC−MS analysis image of the lignin oil

obtained from catalytic hydrogenolysis of poplar in the

presence of Raney Ni in an isopropyl alcohol/H2O system at
220 °C for 6 h. Numerous types of phenolic monomers and
naphthenic were identified in the products (Table S1), mainly
including 4-(2-hydroxyethyl)-2,6-dimethoxyphenol (15.54%),
benzene, 2,6-dimethoxy-4-methylphenol (14.64%), homova-
nillyl alcohol (9.86%), 4-ethylcyclohexanol (6.12%), 4-(2-
hydroxyethyl)-2-methoxyphenol (5.50%), 1-methoxybutan-2-
ol (5.10%), and 4-ethyl-2-methoxyphenol (4.34%). This
suggested a successful depolymerization of lignin toward
soluble phenolics and a small portion of naphthenic. In
addition, 1-methoxybutan-2-ol, cyclopentane-1,2-diol, hexane-
2,5-diol, and other diols were derived from the hydrogenolysis
of hemicellulose. Therefore, the hydrogenolysis process not
only removed most of the lignin in biomass, but also
depolymerized lignin into a small molecule phenolics and
naphthenic products.
The weight-average (Mw) and number-average (Mn)

molecular weights of lignin oil were analyzed using gel
permeation chromatography (Figure S1). The results demon-
strated that lignin was depolymerized into products with much

lower weight-average (Mw) (TableS2). The distribution of
apparent Mw values continually shifted toward lower values
(from 467 to 343) with an increase in temperature from 180 to
220 °C, indicating the further decomposition of lignin with the
increasing temperatures.
To gain further information about the compositional and

structural features of the lignin oil. 2D HSQC NMR were
performed to characterize the samples. The OIL180 and
OIL220 subjected to the hydrogenolysis process were selected
as representatives. The HSQC spectra of the lignin oil are
shown in Figure 5. The HSQC spectra of the lignin oil can be
divided up into three regions: the aromatic region (δC/δH
110−130/6.0−8.0 ppm), the aliphatic C−O side chain region
(δC/δH 50−90/2.5−5.0 ppm), and the aliphatic C−C side-
chain region (δC/δH 10−40/0.5−2.8 ppm). Additionally, the
cross signals at δC/δH 91−105/3.9−5.4 ppm are mainly
attributed to the lignin-carbohydrate complex (LCC)
structure49,50 and the absence of signal in this region indicated
LCC bonds were cleaved during the catalytic hydrogenolysis
process.
The S and G, which are the basic lignin structures, provided

correlations of the aromatic C−H group in the two
conglomerates. As can be seen in Figure 5a, the cross signals
at δC/δH 107.0/6.50 ppm were attributed to the C2,6/H2,6
correlations of S units and the cross signals at δC/δH 107.5
ppm/7.25−7.35 ppm were attributed to the C2,6/H2,6
correlations of the oxidized syringyl (S′) units. The signals at
δC/δH 114.5 ppm/6.70−6.80 and 115.5 ppm/6.65 ppm were
attributed, respectively, to the C5/H5 and C6/H6 correlations
in the G unit. Furthermore, obviously, the spectrum of the
OIL180 has a higher ratio of G and S units than that of
OIL220 and the signals in the former are much broader than in
the latter, the S′ group signals in OIL220 sample even was not
detected, which was due to its higher molecular weight and
slower molecular motion.29

The aliphatic C−O side-chain regions provide structural
information regarding the interunit linkages of lignin oil
(Figure 5b). Correlation signals at δC/δH 53−58 ppm/3.15−
3.95 ppm were attributed to the methoxyl groups, which were
obviously the most prominent units in this region. They were
connected to the aromatic rings or aliphatic carbons. Those
connected to the aromatic rings derived mainly from S−3−
OMe, G−3−OMe, S−5−OMe, and G−5−OMe linkages
present in the original lignin structure. While the methoxyl
groups, which connected to aliphatic carbons, mainly
contributed by the decomposition of the β−5, β−β′, and β−
O−4 linkages in lignin.

Peroxide Treatment of Samples after Catalytic
Hydrogenolysis. The aim of the hydrolysis and hydro-
genolysis treatment of poplar was the removal of the
hemicellulose and lignin fractions. In the HGN220 sample,
the contents of cellulose, hemicellulose and lignin were
91.50%, 1.09%, and 4.01%, respectively, and 90.18% of the
total lignin and 97.14% of the hemicellulose were extracted
from the poplar feedstock. In order to further improve the
purity of cellulose, additional treatment should be adopted to
fractionate lignin and hemicellulose (mainly lignin) as
completely as possible without destroying the cellulose
component. Peroxide oxidation is more aggressive with lignin
and hemicellulose, the peroxide superoxide radical can oxidize
the aromatics of lignin and hemicellulose to carboxylic acid
compounds.51,52 Conversely, cellulose is less easily decom-
posed by peroxide under mild conditions.

Figure 4. GC−MS results of lignin oil obtained from catalytic
convention of pretreated poplar in the presence of Raney Ni.
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After the alkaline hydrogen peroxide treatment of the
HGN220 sample, the cellulose, hemicellulose and lignin
contents in the cellulose rich solid residue (cellulose pulp)
were 96.13%, 0.27% and 1.06%, respectively. The delignifica-
tion and dehemicellulose rate reached more than 96% and
99%, respectively. This indicated that the peroxide contributed
to further fractionation of biomass, resulting in higher purity
cellulose (>96%).
Characteristic of Obtained Cellulose Pulp. In order to

study the changes in the crystal structure and crystallinity of
cellulose before and after hydrolysis, catalytic hydrogenolysis
and peroxide treatment. The samples with different treatments
were analyzed with XRD (Figure 6a). The fact that the CrI of
the sample after CO2-assisted hydrolysis (64.79%) was higher
than the raw material (56.24%) was due to the extraction of
noncrystalline fractions, especially hemicellulose. The CrI of
the samples after catalytic hydrogenolysis showed a 5.36−
10.10% enhancement from the hydrolysis pretreated sample.

Undoubtedly, the increase in CrI was mainly due to the
removal of the lignin fraction in poplar. The CrI of the
HGN220 sample was very close to that of microcrystalline
cellulose, indicating that the HGN220 sample had reached a
high content of cellulose. Then, after the treatment of alkaline
hydrogen peroxide, the CrI of the cellulose pulp was slightly
decreased compared to the HGN220 sample, which suggested
the alkaline hydrogen peroxide had a negative effect on the
crystalline region of cellulose.
The DTG curves, which represent the rate of weight loss of

the sample, are shown in Figure 6b. Compared with the
microcrystalline cellulose, the fact that the lower starting
decomposition temperature and maximum degradation rate of
the DTG curves of the HGN180 and HGN200 samples
contributed to some of the hemicellulose and lignin (mainly
lignin) not having been extracted in samples. The DTG curves
of the HGN220 showed that the starting decomposition
temperature occurred at 335 °C, and the maximum

Figure 5. 2D-HSQC NMR spectra of lignin oil: (a) the aromatic region (δC/δH 110−130/6.0−8.0 ppm), (b) the aliphatic C−O side chain region
(δC/δH 50−90/2.5−5.0 ppm).

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b04077
ACS Sustainable Chem. Eng. 2019, 7, 526−536

533

http://dx.doi.org/10.1021/acssuschemeng.8b04077


degradation rate reached 25 °C/min at ∼360 °C, which was
consistent with the loss of microcrystalline cellulose, showing
the high purity of cellulose in the HGN220 sample. In
addition, the curve of the sample after the alkaline hydrogen
peroxide treatment showed an earlier weight loss that started at
∼220 °C, indicating that the alkaline hydrogen peroxide
treatment had destroyed the crystalline region of cellulose,
consistent with the XRD analysis.
The HGN220 sample and cellulose pulp were further

analyzed by FT-IR spectroscopy (Figure 6c). Comparing the
FT-IR of the two samples (HGN220 sample and cellulose
pulp) with the microcrystalline cellulose, it was found that the
hemicellulose absorption peak in the HGN220 sample was not
detected, and the lignin still had obvious absorbance peaks at
1603, 1512, 1460, and 833 cm−1. This indicated that the
hemicellulose in the sample was almost completely removed,
but some of the lignin remained in the sample. The absorbance
peaks of the cellulose pulp were consistent with that of
microcrystalline cellulose, and the absorption peaks of
hemicellulose and lignin were not detected. This indicated

that most of the noncellulosic component had been extracted
in the cellulose pulp.

Mass Balance of Whole Treatment of Poplar Feed-
stock. Figure 7 displays the mass balance of the fractionation
of the whole feedstock using CO2-assisted hydrolysis followed
by catalytic hydrogenolysis and peroxide treatment. The
optimal CO2-assisted hydrolysis of poplar feedstock was
achieved under a shorter reaction time of 10 min, a moderate
temperature of 180 °C, and an initial pressure of 20 bar with a
yield of hydrolysis of 35.02%. More than 88.18% of
hemicellulose was removed from the feedstock, and 87.3% of
cellulose and 67.03% of lignin kept in solid residues after the
CO2-assisted hydrolysis. The yield of monosaccharide (xylose,
arabinose, and glucose) and monosaccharide derivatives
(acetic acid, furfural, and HMF) after hydrolysis treatment at
180 °C of poplar was 11.43% according to the HPLC analysis.
The yield of lignin oil was 14.61% based on the original
feedstock. A wide variety of phenolic products and small
amounts of naphthenic components were obtained. The
HGN220 was selected for further bleaching treatment with 5
wt % H2O2 and 4 wt % NaOH to remove the remaining

Figure 6. (a) XRD analysis of feedstock and samples with hydrogenolysis and alkaline hydrogen peroxide treatment. (b) DTG analysis results of
solid samples with hydrogenolysis and peroxide treatment. (c) FT-IR spectra of commercial cellulose and solid residue obtained after
hydrogenolysis and peroxide treatment from 1700 to 800 cm−1.

Figure 7. Mass balance of poplar feedstock with CO2-assisted hydrolysis, catalytic hydrogenolysis, and peroxide treatment.
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hemicellulose and lignin components. The result was the
removal of 99% of the hemicellulose and 96% of the lignin
from feedstock via the above process. The yield of cellulose
pulp reached 38.58% based on the whole feedstock with the
purity of cellulose of more than 96%. This can achieve the
integrated utilization of the whole biomass and obtain the
saccharide and derivatives, phenolics and high purity cellulose.

■ CONCLUSIONS
We developed an efficient strategy for achieving the extraction
of hemicellulose and lignin from poplar sawdust for C5 sugars,
phenolics, and high purity cellulose production. More than
88.18% of hemicellulose was removed by the CO2-assisted
hydrolysis process at 180 °C with CO2 of 20 bar initial
pressure for 10 min. The obtained monosaccharides and other
intermediates have great potential for biomaterials or
biochemicals. Catalytic hydrogenolysis was performed after
the CO2-assisted hydrolysis, using isopropyl alcohol/water
(7:3 w/w) as the cosolvent and Raney Ni as the catalyst in the
presence of H2 to extract the lignin fraction, the lignin oil
containing various phenolics were obtained. More than 90% of
lignin and 97% of hemicellulose was fractionated, and the
purity of cellulose reached 91.50% in solid residues after the
catalytic hydrogenolysis process at 220 °C. In order to obtain a
higher purity of cellulose, additional treatment with alkaline
hydrogen peroxide removed the remaining small amount of
lignin and hemicellulose, resulting in high purity cellulose
(>96%). The above results showed that this strategy can be an
effective alternative scheme to the fractionation of biomass and
provides the possibility for the valorization of the biobased
feedstock.
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