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Stepwise separation of poplar wood in oxalic acid/
water and y-valerolactone/water systems
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and Jinsheng Gou™*?

A cost-efficient methodology was developed for a two-step removal of hemicellulose from lignocellulosic
biomass, thereby yielding C5 sugars, further separated residue, and high purity cellulose as well as lignin. In
the first step of the process, an oxalic acid (OA)-assisted hydrolysis pretreatment was conducted for the
selective decomposition of hemicellulose to C5 sugars. The optimized process conditions were as
follows: temperature: 160 °C, OA concentration: 1%, holding time: 10 min. Under these conditions,
of the
hemicellulose was removed from the original poplar. In the second step of the process, to extract lignin,

various monosaccharides and other intermediates were obtained and more than 98.32%

a low concentration of sulfuric acid was used as a catalyst during the treatment of samples in a y-
valerolactone/H,O system; more than 91.57% lignin was removed, 82.99% cellulose was retained in the
solid cellulose-rich substrates, and 94.45% (i.e., high-purity) cellulose was obtained. This method can be
used for efficient fractionation of hemicellulose, cellulose, and lignin with the aim of achieving high value

rsc.li/rsc-advances utilization of the entire biomass.

Introduction

Increasing economic and social development has resulted in
increased consumption of petroleum fossil resources, leading
to the depletion of these resources and the gradual deteriora-
tion of the environment.'”® Lignocellulose biomass is an abun-
dant renewable starting material that is a possible replacement
for nonrenewable petroleum resources used in the sustainable
production of chemicals and fuels.** This material is mainly
composed of cellulose, hemicellulose, and lignin. Biomass is
characterized by a cellulose content of ~35-50%. Cellulose is
a p-glucose baseline type polymer homopolysaccharide, which
is formed by linking B-1,4-glycosidic bonds.*® Cellulose can be
converted to glucose by means of hydrolysis or biotransforma-
tion, or via further chemical or biological processing that yields
ethanol or other products.” Biomass is characterized by
a hemicellulose content of ~20-30%. Hemicellulose is
a heterogeneous oligosaccharide that is composed of two or
more types of monosaccharides, such as xylose, arabinose,
mannose, and glucose.**® Lignin is a complex hydrophobic
cross-linked aromatic polymer composed of phenylpropane
structural units linked by ether bonds and carbon-carbon
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bonds."** This substance is the second-most abundant
component in plants and accounts for ~20-35% of biomass.">**
Therefore, lignin is considered an important renewable
resource for the production of chemicals or materials, such as
additives for concrete admixtures, dust control, feed and food
additives, dispersants, resin, and binder compositions.'>*®
However, complete separation of these three biomass compo-
nents is difficult, owing to the high crystallinity of cellulose,
complex chemical cross-linking between components, and
sheathing of cellulose by hemicellulose and lignin."”**

Many studies have focused on improving the utilization
efficiency of lignocellulosic biomass. However, the composition
varies among lignocelluloses and therefore, a suitable
pretreatment method for improving the utilization efficiency of
this material and reducing the cost is needed.*® Pretreatment
methods employing chemical, physical, biological approaches,
ionic liquids, and combinations of these approaches have
achieved some improvement.”»* For example, a dilute acid
hydrothermal pretreatment process has been used for hemi-
cellulose removal and degradation into C5 sugars (e.g., xylose
and arabinose) and a small amount of intermediates
(e.g., furfural and acetic acid). Unlike inorganic acids such as
H,SO, and HNO;, OA is a weak acid with a dicarboxylic acid
structure. This acid can be used for highly selective hydrolysis of
hemicellulose and can be obtained from natural resources of
biomass.*®*** Compared with traditional chemical pretreatment
methods, the dilute acid hydrothermal pretreatment method,
which results in only mild corrosion on equipment and mild
reaction conditions, has received increasing attention.*>*®
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Owing to its unique properties, OA serves as a suitable catalyst
for biomass pretreatment. The removal of hemicellulose
loosens the compact framework structure of the biomass and
increases the contact space for the separation of lignin and
cellulose.

Due to its natural complexity and high stability, lignin is the
most recalcitrant among the three components of lignocellu-
losic biomass.””*® Compared with the traditional process of
extracting lignin, the organosolv process is advantageous
because lignin can be isolated from the lignocellulosic biomass
and the solvent can be easily recycled at lower environmental
impacts.?®?® In recent years, a mixed system of y-valerolactone
(GVL) and water has been considered a promising biomass-
transformed organic solvent system.**** The GVL/H,O system
employed under mild processing conditions can achieve almost
complete isolation of lignin from lignocellulosic biomass with
negligible degradation of cellulose. This can improve the pres-
ervation of B-O-4 bonds in lignin and reduce the condensation
of lignin derivatives.?*

Previous biomass treatment technologies have focused on
the study of single systems, often at the expense of a biomass
component, thereby leading to inefficient use of each entire
biomass component. Hemicellulose mainly exists in the amor-
phous region of the raw material, and is difficult to remove via
hydrothermal treatments. Oxalic acid is derived from the
natural renewability of biomass and, hence, a small amount of
oxalic acid can produce H' for effective removal of hemi-
cellulose during the reaction. The removal of hemicellulose
breaks the connection between cellulose and lignin, and this
breakage is favorable for dissolving lignin in GVL. Therefore, we
proposed a green and efficient fractionation strategy combining
OA/H,O0 and GVL/H,O stepwise separation (Fig. 1). In this
process, the hemicellulose was removed by means of an OA-
assisted hydrolysis process. The liquor and solid fractions
were then determined under various temperatures, times, and
concentration of OA after the pretreatment process. Subse-
quently, fractionation trials were performed under the GVL/H,O
solvent system for pretreatment-sample delignification, using
dilute sulfuric acid as a catalyst. The cellulose-rich solids ob-
tained after separation were then characterized, the fraction of
lignin precipitated was determined, and possible applications
were evaluated, based on the lignin properties. To the best of
our knowledge, it is the first time we have proposed a green and
efficient separation method for biomass which combined with
0OA/H,0 and GVL/H,0 treatment.

Materials and methods
Materials

In this study, poplar feedstock was purchased from a farm
(Nanjing, China), passed through a 250-420 pum sieve, and placed
for 12 h in a 105 °C constant-temperature oven for drying to
a constant weight. The absolutely dry granules were kept in
a sealed bag until needed. OA dihydrate (99% purity) was
purchased from Lingfeng Chemical Reagent Co., Ltd. (Shanghai).
In addition, y-valerolactone (98% purity) and sulfuric acid (98%
purity) were purchased from Shanghai Aladdin Biochemical
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Technology Co., Ltd. and Nanjing Chemical Reagent Co., Ltd.,
respectively. All the chemical reagents were of analytical grade
and were used without further processing.

OA-assisted hydrolysis pretreatment

The OA-assisted liquefaction reaction was performed in a 1 L
reactor. Prior to the reaction, 50 g of the previously treated
poplar feedstock was placed in the reactor, and then a 500 mL of
the prepared OA solution was slowly added to the reactor. The
solid-liquid ratio of the reaction mixture was 1 : 10. The reactor
was heated (stirring rate: 350 rpm) to the set temperature and
maintained at this temperature for the time determined by the
experimental design. After the reaction, the reactor was rapidly
cooled to room temperature with condensed water and then
opened. The reaction mixture (solid residue and water-soluble
component) was separated via filtration through a filter paper,
and the solid was washed three times with distilled water. After
this separation, the liquid components were evaluated by
means of high-performance liquid chromatography (HPLC).
The solid was dried for 12 h in an oven at 105 °C.

Liqufaction degree = (1 - %) x 100% (1)
. my,
De-hemicellulose rate = (1 - m—‘) x 100% (2)
Ho
mc
De-cellulose rate = (1 - —') x 100% (3)
mc,
. . my.
Re-lignin rate = —= x 100% (4)
my,
mc
Re-cellulose rate = —= x 100% (5)
I’I’ZC0

where, m, is the mass of the poplar feedstock; m; is the mass of
the solid residues; mc , my_, my, are the mass values of cellulose,
hemicellulose, and lignin in raw poplar wood, respectively; mc,
my, my, are the mass values of cellulose, hemicellulose, and
lignin, respectively, in the solid residues after liquefaction. The
de-cellulose rate and de-hemicellulose rate refer to the degree of
cellulose and hemicellulose removal, respectively, from the
feedstock. Similarly, the re-lignin rate refers to the retention of
lignin in the feedstock, while the re-cellulose rate refers to the
retention of cellulose.

Separation of cellulose and lignin in the GVL/H,O system

After the OA-assisted liquefaction treatment of the poplar
feedstock, the separation of cellulose and lignin in the pre-
treated materials was conducted in a GVL/H,O system. During
the process, 5 g of the pretreated sample and 60 g of the GVL/
H,O0 (7/3 by weight) solution mixture followed by 10 mM H,SO,
were added to a 100 mL sealed reactor. The reactor was heated
to a set temperature and kept for 2 h under stirring from an
agitator. After the reaction, the reactor was cooled to room
temperature using cooling water, and the reaction mixture was
separated into a solid and a liquid phase by means of filtration

RSC Adv, 2020, 10, 11188-11199 | 11189
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Fig. 1 Process diagram for the selective fractionation of poplar into hemicellulose sugars, high-purity cellulose, and lignin.

through a filter paper. The solid was washed with 60 g of GVL/
H,O after the reaction, and then repeatedly washed with
deionized water and subsequently dried for 12 h in an oven at
105 °C. The liquid was precipitated by adding water to precip-
itate lignin, which was subsequently washed three times with
deionized water and then subjected to a 15 min ultrasonic
treatment. Afterward, the lignin was dried in an oven at 105 °C.

The content of each component in the solid and the purity of
cellulose and lignin are calculated as follows:

Cellulose rich substrate yield = % x 100% (6)
p
. . my,
De-lignin rate = (1 - —) x 100% (7)
mLp
. mc
Cellulose purity = — x 100% (8)
mg
. mc
Cellulose retention = — x 100% 9)

mcr

where, my, mc are the mass values of lignin and cellulose,
respectively, in the solid after the GVL/H,O treatment, mg, mp
are the mass of solid after the GVL/H,O treatment and before
the GVL/H,0 treatment, respectively, m,,_is the mass of lignin in
the solid after the OA hydrolysis pretreatment.

Analytical methods
Compositional analysis of samples

The cellulose, hemicellulose, and lignin content of the feed-
stock and the samples subjected to the OA pretreatment and

1190 | RSC Adv, 2020, 10, 11188-11199

GVL/H,0 treatment was determined using the two-step hydro-
lysis method based on NREL/TP-510-42618.

X-ray diffraction (XRD) analysis

The crystallinity of the samples after the OA-assisted liquefac-
tion and GVL/H,O treatment was evaluated via XRD (XRD-6000
X-ray diffractometer) with monochromatic Cu/Ke radiation
(A =0.15418 nm). The diffraction intensity was measured from
10 to 60° (26) using a counting speed of 2° min~" (step: 0.02°). In
addition, the crystallinity index (CrI) of cellulose in the biomass
was calculated as follows:

Crl% = (1002 — Iam)/1002 x 100% (10)
where, I, is the peak intensity of the (002) lattice diffraction at
20 = 22.4° and I, is the diffraction intensity of the amorphous
region at 26 = 18.0°.

High-performance liquid chromatography (HPLC) analysis

Sugar and its derivatives in the hydrolyzate after the OA
pretreatment were characterized by means of HPLC (Agilent
1260, USA). The instrument was equipped with an Aminex Bio-
Rad (Hercules, CA, USA) HPX-87H (300 x 7.8 mm) column and
a refractive index detector. A flow rate of 0.6 mL min~" was
employed for the mobile phase, ie., 5 mM H,SO,, and the

column temperature was maintained at 50 °C.

Fourier transform infrared spectroscopy (FT-IR) analysis

Changes in the functional groups of the feedstock and the solid
samples were determined by means of FT-IR with a Thermo 208
Nicolet (NEXUS 670) spectrometer. The spectra of samples were

This journal is © The Royal Society of Chemistry 2020
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recorded (resolution: 2 cm ') in ATR mode, and data was

collected for wavenumbers ranging from 600 to 4000 cm™".

Thermogravimetric analysis (TGA)

The TGA of the feedstock and samples subjected to the OA-
assisted hydrolysis and GVL/H,O treatment were conducted
using a Pyris6 TG analyzer (PerkinElmer, Waltham, MA, USA).
The samples (~10 mg) were heated from room temperature to
800 °C (heating rate: 10 °C min~") under a nitrogen atmosphere
(flow: 50 mL min ™).

Scanning electron microscopy (SEM) analysis

Scanning electron microscopy (NeoScope JCM-5000, acceler-
ating voltage: 5-10 kV) was used to observe the surface
morphology of the raw materials and the treated samples. The
images obtained before and after the reaction were compared.

Gel permeation chromatography (GPC) analysis

To determine the molecular weight distribution of the extracted
lignin, the molecular weight distribution of the recovered lignin
sample was determined via GPC using a Waters 1515 system
equipped with a manually packed column. Polystyrene and
tetrahydrofuran were used as an internal standard and the
solvent, respectively.

Carbon-13 cross polarization/magic angle spinning nuclear
magnetic resonance (**C CP/MAS NMR) spectroscopy

The "C CP/MAS solid state NMR analysis on the samples sub-
jected to OA-assisted hydrolysis and GVL/H,O treatment was
performed on a BRUKER AVIII 400 HD instrument (at room
temperature) using a relaxation delay of 2.5 s. Each sample was
scanned 800 times in total.

2D heteronuclear single quantum coherence nuclear
magnetic resonance (HSQC NMR) spectroscopy analysis

The precipitated lignin was characterized by means of 2D HSQC
NMR spectroscopy that allowed analysis of the specific struc-
tures comprising the complex compounds. The NMR samples
were prepared by dissolving the lignin oil in DMSO-dg at 30 °C
with benzaldehyde as an internal reference. Each NMR experi-
ment was performed on a Bruker DRX 500 NMR spectrometer
operated at 500 MHz. The spectral widths for the 'H and '*C
dimensions were 8.5 and 120 ppm, respectively.

Results and discussion

Decomposition of hemicellulose-produced C5 sugars via OA-
assisted liquefaction

Compositional analysis of solid residues after the OA
pretreatment. The poplar feedstock was pretreated in an
aqueous system of OA for maximum removal of hemicellulose
while retaining the cellulose and lignin. The effects of reaction
temperature, holding time, and OA concentration on the
product components and hydrolysis process were investigated.
Fig. 2(a) shows the effect of temperature on hemicellulose

This journal is © The Royal Society of Chemistry 2020
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removal as well as cellulose and lignin retention. The removal
rate of hemicellulose increased from 90.72% to 99.26% when
the temperature increased from 140 °C to 180 °C and a small
amount of cellulose and lignin was lost. Fig. 2(b) shows the
changes in the three components of poplar wood under
different OA concentrations during the hydrolysis process. The
addition of OA led to a significant increase in the hydrolysis rate
(25.6% at 0.5% OA vs. 9.4% at 0% OA) and the hemicellulose
removal rate. Similarly, the hemicellulose removal rate
increased from 27.22% to 97.83%, i.e., almost all the hemi-
cellulose was removed. Fig. 2(c) shows the effect of holding time
on the removal and retention of components. These results are
essentially attributed to the structural nature of the dicarboxylic
of OA, which hemicellulose was selectively hydrolyzed by H"
released from OA during the reaction. Unlike previous studies,
we have almost minimal loss of cellulose and lignin while
removing hemicellulose.

FT-IR spectroscopy analysis was performed on the feedstock
and samples pretreated at different temperatures. As shown in
Fig. 3(a), the unique structural spectra of cellulose, hemi-
cellulose, and lignin ranged mainly from 700 to 2000 cm ™. The
bands occurring at 1736 and 1245 cm™ " were generated mainly
by the tensile vibration of the C=0 and C-O bonds of the acetyl
groups in hemicellulose.** Moreover, the gradual disappearance
of the absorbance peaks was attributed to the removal of
hemicellulose with increasing temperature. The characteristic
absorbance peaks of cellulose occurred at 2900, 1422, 1161,
1104, 1060, and 897 cm ™. In addition, the spectrum remained
almost unchanged with varying temperature, indicating that
the pretreatment had little effect on the crystalline cellulose.
The absorbance peaks at 1593, 1509, 1454, and 1422 cm™ " are
associated with the typical features of lignin. Furthermore, the
characteristic peaks of lignin in the solid samples treated at
different temperatures after hydrolysis were more pronounced
than those of the feedstock, indicating that lignin remained in
the solid residues. Fig. 3(b) shows the changes in the crystal
structure and crystallinity of cellulose at different temperatures.
A CrlI of 52.26% was determined for the poplar feedstock, and
the Crl of the pretreatment sample increased by 5.03% when
the temperature was increased from 140 °C to 180 °C. These
results showed that the removal of hemicellulose and amor-
phous cellulose resulted in increased crystallinity, as confirmed
by the compositional analysis of the sample.

The TG and DTG curves of the feedstock and pretreated
samples are shown in Fig. 3(c) and (d). The sharp broad peak at
~280 °C resulting from the decomposition of hemicellulose in
the feedstock gradually disappeared, indicating that hemi-
cellulose was gradually removed when the temperature was
increased. Moreover, the peak near 355 °C was generated
mainly by cellulose pyrolysis, and further pyrolysis led to the
decomposition of lignin.***” The functional-group structure of
the hemicellulose-removed sample and the feedstock was
further investigated by means of *C CP/MAS NMR spectros-
copy. As shown in Fig. 3(e), sharp peaks corresponding to
cellulose C1 at 105 ppm (due to the anomeric carbon in the
cellulose structure) occur in the spectra of the feedstock and the
pretreated sample. Overlapping signals from cellulose C2 to C6

RSC Adv, 2020, 10, 11188-1199 | 11191
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Fig.2 Changes in the degree of retention or removal of biomass components and degree of OA hydrolysis for hydrolysis performed at different
(a) temperatures, (b) OA concentrations, and (c) holding times. (a) 10 min, 3% OA, (b) 160 °C, 10 min, (c) 160 °C, 1% OA. Note: the column
corresponds to the left coordinate, and the broken line corresponds to the right coordinate.

at 60-110 ppm were also observed. The most intense chemical
shifts at 74 ppm and 72 ppm are attributed to C2, C3, and C5
carbons in carbohydrates. The two peaks at 88 ppm and 82 ppm
arose from C4 in crystalline and amorphous cellulose, respec-
tively.***° The signal at a chemical shift of 173 ppm is attributed
to the carboxyl carbon in the hemicellulose acetyl group,
although the signal is relatively weak. Signals at chemical shifts
of 153 ppm and 55 ppm are attributed to methyl ether in
lignin.* The *C CP/MAS NMR results also provide evidence for
the efficient removal of hemicellulose. Furthermore, the solid
residual pretreated sample contained higher cellulose and
lignin components. In addition, the signal of the disordered
cellulose in the pretreated sample became weaker than that of
the feedstock, indicating that the amorphous cellulose was
depolymerized.

The SEM images of the raw materials and the samples after
OA-assisted hydrothermal treatment are shown in Fig. 4. In
addition, the morphological structure of the solid residue under

1192 | RSC Adv,, 2020, 10, 1M88-11199

different temperature conditions was analyzed. The surface
structure of the sample changed significantly after the OA
pretreatment. Compared with the raw materials, which were
smooth, dense, and had orderly surfaces, the surface of each
treated sample became increasingly irregular with increasing
temperature. At 180 °C, the solid surface became loose, many
small fragments appeared, and some of the cellulose was
destroyed, i.e., the cellulose and lignin underwent severe
degradation.

Compositional analysis of liquors after the OA pretreatment.
High-performance liquid chromatography was used to analyze
the components of the OA-treated liquid, and various small-
molecule products (such as xylose, arabinose, acetic acid,
furfural, glucose, and HMF) were detected in the liquid. Xylose
and arabinose were produced by the cleavage of hemicellulose.
Xylose was the main liquid component, indicating that the
dicarboxylic acid properties of OA yield excellent selectivity for
the hydrolyzation of hemicellulose to xylose. In addition, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a), (b), (c), and (d) show the FT-IR, XRD, TG, DTG analysis results, respectively, of the feedstock and solid residues obtained after the OA/
H,O treatment at various temperatures. (e) *C CPMAS solid-state NMR spectra of the feedstock and pretreated samples.

liquid also contained a small amount of glucose, produced C6 monosaccharides, respectively, while acetic acid was mainly
mainly by the cleavage of cellulose in the amorphous zone. derived from the hydrolysis of acetyl groups in the O-acetyl-4-O-
Furfural and HMF were derived by further conversion of C5 and methylglucuronoxylan in hemicellulose.*>** The composition of

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, M88-11199 | 11193
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Fig. 4 SEM images of raw poplar and residues obtained at different temperatures.

the liquid phase products under different reaction conditions is
shown in Table 1. Temperature and concentration played an
important role in the formation of furfural and HMF; in addi-
tion, the temperature had a greater influence on the formation
of glucose than the concentration. The total yield of each
component detected under each condition was always less than
the degree of hydrolysis, owing mainly to moderate degradation
of soluble lignin and extracts.

Separation of lignin and cellulose from
the GVL/H,0 system

The 9" sample in Table 1 was used for lignin extraction in the
GVL/H,0 system. The effects of lignin removal and cellulose
retention under different temperature conditions were assessed
(see Fig. 5). Furthermore, the purity and structural character-
istics of the extracted lignin and cellulose-rich substrate were

Table 1 Composition of liquors from OA-assisted hydrolysis of poplar and yields of each product under various conditions

Reaction conditions

Composition of the pretreatment liquid/yields® (g)

Temperature Xylose Arabinose Furfural Acetic acid

(C) OA(%)  Time®(min)  (g) (®) Glucose (g) () (®) HMF (g)
140 3% 10 6.05 0.31 0.60 1.65

150 3% 10 7.31 0.36 1.12 1.89

160 3% 10 8.06 0.68 1.82 1.09 2.14

170 3% 10 7.30 0.33 2.53 1.77 3.68 0.61
180 3% 10 6.14 0.42 3.23 1.83 1.16 0.78
160 2.5% 10 8.02 0.41 1.61 0.67 1.65 0.22
160 2% 10 7.86 0.52 1.44 0.45 1.44 0.13
160 1.5% 10 8.44 1.48 1.54 0.31 1.84 0.02
160 1% 10 9.07 1.65 1.49 0.24 1.68

160 0.5% 10 5.86 0.26 0.80 1.17

160 1% 5.88 0.31 0.66 1.49

160 1% 5 6.47 0.49 0.80 1.60

160 1% 10 9.07 1.65 1.69 0.24 1.68

160 1% 15 7.77 0.23 1.26 0.31 1.88

160 1% 20 7.44 0.38 1.24 0.33 1.98 0.19

% The reaction time was the hold time after reaching the set temperature at a heating rate of 5 °C min

in the hydrolysate, and the mass of the feedstock was 50 g.

1194 | RSC Adv,, 2020, 10, 1M188-11199

~1.? The yield was the mass of the component

This journal is © The Royal Society of Chemistry 2020
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evaluated to determine the treatment effect of the system. These
results showed that lignin was well-dissolved in the system, and
the cellulose underwent only slight degradation, with the
majority remaining in the system. Overall, cellulose and lignin
were almost completely separated in the GVL/H,O system.

Compositional analysis of cellulose-
rich substrates

The separation effect of the GVL/H,O system was further
demonstrated through characterization of the solid cellulose-rich
substrates. Changes in Crl and the crystal structure after treat-
ment with the OA/H,O system and the GVL/H,O system were
evaluated by means of XRD measurements (see Fig. 6(a)). The CrI
values of the sample after the OA/H,O (1% OA for 10 min at 160
°C) system pretreatment and the GVL/H,O system treatment (130
°C) were 61.43% and 69.3%, respectively. Consistent with the
trends observed for the microcrystalline cellulose, the Crl of
cellulose-rich substrates increased with increasing temperature
(ie., from 69.3% at 130 °C to 77.56% at 160 °C). This increase was
attributed to the removal of amorphous lignin components
mainly from the GVL/H,O systems, as indicated by the compo-
sitional analysis results obtained for the substrates. The DTG
curves reveal the weight loss rate of the samples (see Fig. 6(b)).
The temperature yielding the maximum weight loss rate of the
sample pretreated by the OA/H,O system (~375 °C) is higher than
those of the samples treated with microcrystalline cellulose and
the GVL/H,O0 system. This resulted mainly from the presence of
lignin. The maximum weight loss rate of the sample after treat-
ment of the GVL/H,O system began to shift to the low tempera-
ture region, indicating that the lignin in the sample was gradually
removed. Moreover, the curves became similar to the curve cor-
responding to the microcrystalline cellulose. These results indi-
cated that the remaining solid matrix was composed almost
entirely of a cellulose component.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6(c) shows the FT-IR spectrum of the cellulose-rich
substrate after the GVL/H,O treatment. The disappearance of
the absorbance peaks at 1601, 1508, and 1460 cm™ " in the GVL/
H,O0 system-treated sample, compared with the spectrum of the
OA pretreated sample, was attributed to the removal of lignin.
The absorption peaks of the cellulose-rich samples were consis-
tent with those of the microcrystalline cellulose. Furthermore,
the typical absorption peaks of hemicellulose and lignin were
absent, confirming that the non-cellulose components were
almost completely removed from the cellulose-rich samples. The
13C CPMAS solid-phase NMR results of the OA pretreatment
samples and the GVL/H,O system treatment samples are shown
in Fig. 6(d). Chemical shift signals of lignin methyl ether at
153 ppm and 55 ppm observed prior to the treatment were absent
after the treatment, further confirming the removal of lignin. The
spectrum of the cellulose-rich matrix after the GVL treatment was
almost identical to that of microcrystalline cellulose, consistent
with the results of the previous analysis.

Compositional analysis of extracted
lignin

We also investigated the structural changes of lignin, such as
relative depolymerization and repolymerization, after the GVL/
H,O0 treatment. The molecular weight distribution of precipitated
lignin was determined by means of the GPC method. The weight
average (M,,), number average (M,) molecular weight, and poly-
dispersity index (PDI) of lignin at different temperatures are
shown in Table 2. The molecular weight and PDI of lignin
decreased with increasing temperature, indicating that the
depolymerization degree of lignin increases with increasing
temperature. In particular, the lignin prepared by this method
can be compared with NMR and GPC of milled wood lignin
(MWL) and mild acidolysis lignin (MAL) prepared by Yuan et al.*®
who used traditional methods, so as to better understand the
similarities and differences of lignin structures prepared by
different methods.

Furthermore, 2D NMR analysis was performed on the lignin
components extracted from samples treated at 140 °C and
170 °C (denoted as L-140 and L-170, respectively). Representa-
tive 2D HSQC NMR spectra and the corresponding fractions of
the main lignin substructures are shown in Fig. 7. The spectra
of lignin can be divided into two main regions, namely the
aliphatic C-O side chain region (6¢/6y 50-90/2.5-5.0) and the
aromatic "*C-"H correlation (d¢/0y 100-140/6.0-8.0) region. The
cross-signals at dc/0y 90-105/3.9-5.4 resulted mainly from the
lignin-carbohydrate complex (LCC) structure, and the lack of
signal in this region indicates that the LCC bonds were cleaved
during the GVL/H,O0 treatment process.*

In the aliphatic C-O side-chain region of the lignin (6¢/6y 50-
90/2.5-5.0), cross-peaks of different inter-unit linkages were
identified. For example, the a- and y-positions of B-aryl-ether (B-
0-4) linkages occurred at dc/0y 72.3/4.9 and 6¢/0y 60.2/3.7,
respectively. The most prominent cross-signals occurred for the
methoxy groups (-OCH3, 0c/0y 56.3/3.79) and B-O-4’ substruc-
tures (A).** In addition, the signal at 6c/0y 63.4/3.7 was

RSC Adv, 2020, 10, 11188-11199 | 11195
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results, (c) FT-IR spectra collected for wavenumbers ranging from 2000 to 800 cm ™, and (d) *C CPMAS solid-state NMR spectra.

attributed to C,~H, correlations of phenylcoumaran substruc-
tures (B-5' linkages, C). The aromatic rings of syringyl (S) and
guaiacyl (G) units of the typical lignin cross-signals occurring in
the aromatic region were also observed in the spectra. The typical
G units generated a prominent signal for C,-H, correlation at 6¢/
0y 110.6/7.0 and Cs-Hj correlation at 6/ 115.1/6.8. Similarly,
the S units exhibited different correlations for C, ¢-H, ¢ at 6¢c/0y
104.1/6.7. Compared with the spectrum of L-170 lignin, the
spectrum of L-140 lignin exhibited higher ratios and border
signals in the basic structural units. This resulted from the
increase in temperature during delignification and consequent
increase in chemical bond depolymerization.

Mass balance of entire process

The mass balance of poplar during the OA/H,O treatment and
the GVL/H,O treatment is shown in Fig. 8. The optimal OA-

1196 | RSC Adv, 2020, 10, 11188-11199

assisted hydrolysis of the poplar feedstock was achieved under
a relatively short reaction time of 10 min, a moderate tempera-
ture of 160 °C, and an OA concentration of 1% with a hydrolysis

Table 2 Molecular weight and recovery rate of the extracted lignin
after the GVL/H,O treatment®

Weight distribution

Recovery rate

Samples M, M, PDI (%)

120 °C 24 414 3800 6.42 54.46
130 °C 19 981 3971 5.03 64.61
140 °C 16 604 3708 4.47 65.22
150 °C 13 298 3419 3.89 77.19
160 °C 11 739 3316 3.54 84.74
170 °C 8438 3100 2.72 84.21

¢ Note: a total of 5 g of the pretreated sample contained 1.5 g of lignin. The
lignin content was determined based on the NREL/TP-510-42618 standard.

This journal is © The Royal Society of Chemistry 2020
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yield of 28.2%. The removal rate of hemicellulose was 98.32%,
and the retention rates of cellulose and lignin were 94.46% and
91.27%, respectively. Hemicellulose was liquefied into small
molecules of monosaccharides (xylose 17.84%, arabinose 3.58%,
glucose sugar 3.36%) and small amounts of derivatives (acetic
acid 2.06%, furfural 0.32%). The pretreatment samples were then
reprocessed in the GVL/H,O system to achieve the separation of
lignin and cellulose. Under mild conditions (160 °C, 10 mM
H,SO0, for 2 h), 91.57% lignin was removed, 82.99% cellulose was

This journal is © The Royal Society of Chemistry 2020

treatment process. Note: all percentages in the figure are based on raw

retained in the solid cellulose-rich substrates, and 94.45% purity
of cellulose was realized. In addition, regarding raw materials,
the yield of cellulose was 43.36%, corresponding to a 17.26%
recovery of high-purity lignin.

Conclusions

We have proposed an effective method for converting hemi-
cellulose, cellulose, and lignin from poplar to high value-added

RSC Adv, 2020, 10, 11188-1M99 | 11197
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products, which include C5 sugars (mainly xylose) as well as
high-purity cellulose and lignin. These sugars were obtained by
using the high selectivity of OA to hemicellulose to extract
hemicellulose in an aqueous solvent system. More than 98.32%
of the hemicellulose was removed in a relatively short reaction
time of 10 min, at a moderate temperature of 160 °C, and an OA
concentration of 1%. The C5 sugars obtained and their inter-
mediates exhibit significant promise for use in biomaterials or
biochemicals. Moreover, the pretreated solid sample was dis-
solved in the GVL/H,O system using dilute sulfuric acid as
a catalyst for separation of lignin and cellulose-rich substrates.
This fractionation strategy recovered 82.38% of the components
from the raw materials during the entire process, thereby
yielding hemicellulose sugar, lignin, and high-purity cellulose
products. In addition, the reagents, solvents, and catalysts
employed in the fractionation process are environmentally
friendly chemicals that can be recycled during the process.
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