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Abstract

Convertible cellulose and lignin were simultaneously isolated from wheat straw using a two-stage process via simply
varying temperature and H,S0, concentration. At the first-stage, cellulose was obtained by pretreating wheat straw
at lower temperature and acid concentration using an organosolv process. The purity, yield and recovery rate of
cellulose reached 86.8 wt%, 55.2 and 92.8% at 150 °C with 1 wt% H,S0O,. At the second stage, the residual liquid was
further treated at higher temperature and acid concentration, giving 17.4% lignin yield with 86.6% recovery rate and
93.2 wt% purity at 180 °C with 1.5 wt% H,SO,. The conversion of the as-isolated cellulose and lignin into chemicals
was further investigated. The total yield of 5-hydroxymethylfurfural and glucose derived from wheat straw cellulose
reached 82.5%, and 18.3% yield of monophenolic compounds from lignin were obtained, respectively. These results
indicated that the two-stage process was effective for obtaining high-quality cellulose and lignin from wheat straw.

Both of them displayed excellent convertible property.
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Introduction

Fossil fuels are increasingly being consumed at a very
rapid rate because of overexploitation resulting from
industry development and population growth. Lignocel-
lulosic biomass is considered a promising alternative for
traditional fossil fuels and a sustainable feedstock due
to its availability and low cost. Lignocellulosic biomass
is primarily composed of cellulose, hemicellulose, lignin
and a small amount of ash (mainly comprising silica) [1].
Among them, cellulose and lignin are potential resources
for fuel and chemicals production.

Cellulose is simply composed of glucose units via 3-1,4-
glucosidic bonds [2]. Generally, cellulose hydrolysis leads
to the production of fermentable sugars and liquid fuels.
The conversion of cellulose into various derivatives such as
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glucose [3], 5-hydroxymethylfurfural (HMF) [4], alcohol
[5], levoglucosan [6], cellulose nanocrystals [7], methyl-
cellulose and cellulose acetate [8] is a rapidly expanding
research area in the past few years. Lignin, often forms
10-25 wt% of lignocellulosic biomass, is the second-most
abundant natural biopolymer in the world. It is composed
of three primary units including coniferyl (3-methoxy-
4-hydroxycinnamyl), sinapyl (3,5-dimethoxy-4-hydroxy-
cinnamyl) and p-coumaryl (4-hydroxycinnamyl) alcohols,
which are primarily linked by p-O-4 and C-C bonds [9].
These monolignols produce p-hydroxyphenyl (H), guaiacyl
(G) and syringyl (S) units when they are incorporated into
lignin polymer. The degradation of lignin into small molec-
ular compounds supplies an alternative raw material for
producing aromatic compounds including syringaldehyde,
vanillin, p-hydroxybenzaldehyde, acetosyringone, aceto-
vanillone, syringic acid and vanillic acid [5] because of its
unique structure and chemical properties.

The isolation of lignocellulose material into its primary
constituents is a key operation for obtaining convertible

©The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco

mmons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-1120-6456
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13765-020-00579-x&domain=pdf

Yu et al. Appl Biol Chem (2021) 64:15

cellulose and lignin [10]. The high-purity cellulose and
lignin isolated from lignocellulose could be further con-
verted into chemicals. The former could be converted
into cellulose nanocrystals [8], glucose [11], cellulose ace-
tate [12] and HMF [4], and the latter could be converted
to phenolic monomers via catalytic oxidation [13]. The
isolation of cellulose and lignin from lignocellulosic bio-
mass has attracted considerable attention as the shortage
of fossil resources becomes more and more serious [14].

Treating lignocellulosic biomass to obtain individ-
ual components is usually divided into three catego-
ries: biological, physical and chemical processes. Steam
explosion, autohydrolysis, chemical treatment (includ-
ing organosolv fractionation and alkali-acid process),
combined chemical and enzymatic extraction have been
developed [9, 15-17]. Among them, chemical treatment
is particularly effective for isolating cellulose and/or
lignin due to the hydrolysis of hemicellulose and/or cel-
lulose in the presence of acid catalyst [18], which destroys
the interaction between components and thus promoting
the separation of components. Supercritical extraction
[19], enzymatic hydrolysis [10], ethanol and 1,4-dioxane
based extraction process [20] have also been successfully
developed to isolate lignin from lignocellulosic biomass
such as hardwood, miscanthus and straw. Organosolv
fractionation is extensively used to separate these main
components because it aims to fractionate lignocellulosic
biomass into its natural structure as much as possible
[21]. Two-stage method was also developed to separate
the main components from lignocellulose. A two-stage
pretreatment using acidic dioxane followed by dilute
hydrochloric acid on sugar production from corn stover
was reported [22, 23]. However, poor lignin recovery at
50% was given. In addition, the first step and the sec-
ond step were generally carried out in different reaction
media, which led to complicated process. For example,
the first step was performed in NaOH solution while the
second step was in H,SO, solution [24].

In summary, there are still some defects in the current
separation methods. Most works were focused on obtain-
ing only one high-purity component such as cellulose,
hemicellulose or lignin while the purity and/or recov-
ery of other components was not taken into account. It
leads to low utilization rate of lignocellulose resource.
Therefore, the development of efficient-simultaneous
separation of high-quality cellulose and lignin is of great
significance, which is undoubtedly beneficial to improve
high-valued utilization of lignocellulose.

Straw is one of the most abundant and low-cost bio-
masses available in the world. It is considered a potential
alternative for fossil fuels and chemical resource [25]. In
this work, wheat straw was applied to obtain convert-
ible cellulose and lignin because of its availability and
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high content of cellulose and lignin. The simultaneously
isolating for high-quality of cellulose and lignin was per-
formed by a two-stage process. Cellulose was separated
from hemicellulose and lignin at lower temperature and
acid concentration at the first-stage. Subsequently, the
residual liquid including most lignin and small amount
of hemicellulose were further treated at the second-stage
by increasing temperature and acid concentration. The
conversion of the as-isolated cellulose and lignin into
HME, glucose and monophenolic compounds was also
investigated.

Materials and methods

Materials

Wheat straw was supplied by a local farm located in
Wuhan city (Hubei, China). Cellulose (average particle
size of 90 um) and HMF (purity of 99%) were of reagent
grade and purchased from Sigma. Dealkaline lignin was
purchased from ] & K chemical. Other reagents were
commercially supplied by Sinopharm Chemical Reagent
Co., Ltd and used without further purification. Straw was
extracted in mixing toluene/ethanol to remove soluble
impurity according to the reported procedure [26], and
the extracted sample was denoted as extracted wheat
straw (EWS).

Isolation of cellulose and lignin from wheat straw

via a two-step process

Isolation of cellulose at the first step

Typically, 15 g EWS, 150 mL mixture of 1,4-dioxane and
H,O (2:1, v/v) and H,SO, were added into a 500 mL
stainless steel autoclave. The mixture was heated at
150 °C for 6 h with 1.0 wt% H,SO, under magnetic stir-
ring. The solid was then collected by filtration and thor-
oughly washed using 30 mL mixture of 1,4-dioxane and
H,0 (2:1, v/v) thrice. The solid was freeze-dried for 12 h,
thus yielding wheat straw cellulose.

Isolation of lignin at the second step

After the first step, the filtrate and washes (residual lig-
uid) were also collected and combined before adding
H,SO, until the concentration reached 1.5 wt%. The
mixture was then heated at 180 °C for 1.5 h under stir-
ring. After cooling to room temperature, the mixture was
transferred into a 1000 mL beaker and 540 mL H,O were
added. Lignin was then precipitated and collected via
centrifugation, followed by freeze-drying for 10 h.

Conversion of cellulose and lignin isolated from wheat
straw

Conversion of cellulose isolated from wheat straw

The conversion of cellulose was performed according
to our previous work [4]. In a typical procedure, 0.5 g
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cellulose, 0.5 g phosphotungstic acid and 10 mL tet-
rahydrofuran were added into a 50 ml stainless steel
autoclave. The autoclave was sealed and the air in it was
flushed with 1 MPa nitrogen three times. Then 1 MPa
nitrogen was introduced and the mixture was heated to
190 °C for 6 h. After cooling to room temperature, 10 mL
N,N-dimethylformamide was added to the autoclave
and the mixture was subsequently kept at 130 °C for 4 h
under nitrogen atmosphere. The autoclave was cooled
to room temperature and the pressure in it was gradu-
ally released. Solid residues were collected by filtration,
washed with THF and the washes were combined with
filtrate. The liquid reaction mixture was then centrifuged
and quantitatively analyzed by gas chromatography (GC)
and 3,5-dinitrosalicylic acid (DNS) method.

Oxidative conversion of lignin isolated from wheat straw
Typically, 1 g lignin in 50 mL 1 mol/L NaOH aqueous
solution was dispersed via ultrasonic vibration before
adding to a 500 mL autoclave. Then 4 mL nitrobenzene
and 4.1 g NaAlO, were added. The mixture was then
heated at 170 °C for 2.5 h under magnetic stirring. The
reactor was quickly cooled by placing in an iced water
bath for 20 min. 20 wt% hydrochloric acid was added into
the reaction mixture until the pH value of 1 followed by
extraction using chloroform. Monophenolic compounds
in the organic soluble fraction was then quantitatively
analyzed by high-performance liquid chromatography
(HPLC) and high-performance liquid chromatography—
mass spectrometry (HPLC-MS).

Determination and calculation

The contents (purities) of cellulose, hemicellulose, lignin
and ash were determined according to the previously
reported procedures [27]. The determinations were based
on the averages of three replicates. The yields of cellulose
and lignin, theoretical yield of lignin and removal rates of
components, such as hemicellulose, lignin and ash, were
calculated as follows.
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Yield

x 100%.
Component content of EWS 0

Recovery rate (% ) =

Measurements

Infrared (IR) spectroscopy was performed on an EQUI-
NOX 55 spectrometer in the range of 500-4000 cm .
Prior to analysis, the solid samples were grounded with
dried KBr powder and compressed into a disk. X-ray dif-
fraction (XRD) was performed on a yx'Pert Pro diffrac-
tometer with CuKa radiation at 40 kV and 40 mA in the
range from 10° to 80°, and the scanning rate was 5°/min.
The surface morphologies of wheat straw and its deriva-
tives were observed using a scanning electron micros-
copy (SEM) microscope (Hitachi N-3000 apparatus), and
a thin layer of gold was sputtered onto the sample prior
to imaging. Elemental analysis (EA) was performed on
a Vario EL III elemental analyzer. Specific surface areas
were calculated using the BET model on a NOVA 2000e
fully automatic specific surface and porosity analyzer.
X-ray photoelectron spectroscopy (XPS) was recorded
on a Kratos XSAMB800 spectrometer with MgKa radia-
tion (1253.6 eV), which was operated at 12 kV and
10 mA without a monochromator. The qualitative anal-
ysis of sugars was performed on a LC-100 PLUS HPLC
equipped with a Rezex ROA column (Phenomenex) and a
refractive index detector (Shimadzu Corp., Kyoto, Japan)
at 63 °C using H,SO, (4 mM) as an eluent at a flow rate
of 0.6 mL/min. HPLC-MS was performed on Waters
Arc HPLC-2998 PDA-QDa equipped with YMC ODS-A
(5 um, 4.6 x 250 mm) using 85 wt% acetonitrile—water as
the mobile phase at a flow rate of 1.0 mL/min. Nuclear
magnetic resonance (NMR) including 'H NMR and *C
NMR spectra were acquired on a Unity-Inova 600 at
50 °C using DMSO-d6 as solvent and tetramethylsilane
as internal standard. The molecular weight of lignin was
determined using Waters E2695 GPC (see Additional
file 1).

Mass of component isolated from wheat straw

Componenet yield (%) =

Amount of component in isolated cellulose

x 100%,

Mass of EWS

Removal rate (% ) = (1 —

Theoretical yield of lignin (% ) =

Total amount of component in EWS

Removal rate of lignin x Lignin content in EWS x Mass of EWS

) x 100%,

x100%,

Mass of EWS
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The quantitative analysis of HMF derived from wheat
straw cellulose was determined by a GC2020 gas chro-
matography equipped with a HP-1 capillary column
(30 mx0.25 mm x 0.25 pm). The initial temperature
was retained at 50 °C for 3 min, then ramped to 230 °C
at 10 °C/min, and held at this final temperature for 5 min.
The gasification and detector temperatures were 240 and
260 °C, respectively. Glucose derived from cellulose was
determined by DNS method using a UV measurement
at 540 nm [28]. The quantitative analysis of the reaction
product derived from lignin was performed on a LC-100
PLUS HPLC equipped with reversed-phase Novapak-
C18-100 silica column (4.6 x 150 mm, 4 pum) and UV
detector. The mixture of acetonitrile: 1 wt% phosphoric
acid solution (12:88, v/v) was employed as mobile phase
at the flow rate of 1.2 mL/min with column temperature
at 32 °C.

Results and discussion

Characterization

IR

To separate cellulose from other components well, the
reaction conditions were optimized by changing H,SO,
concentration, reaction temperature and time, thus
obtaining cellulose under various conditions. The IR
spectra of EWS and cellulose samples are presented in
Fig. 1. In the IR spectrum of EWS (curve a), the small
shoulder bands at 1734 and 1509 cm™! correspond to the
characteristic adsorption of aliphatic esters of hemicel-
lulose and C=C of bound lignin, respectively [26]. The
band at 1160 cm™ is assigned to the stretching vibra-
tion and C—O-C stretching vibration of B-1,4-glucosidic
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Fig. 1 IR spectra of (a) EWS, (b) cellulose isolated at 150 °C with 1.0
wt% H,SO,, () cellulose isolated at 150 °C with 1.5 wt% H,SO,, (d)
cellulose isolated at 180 °C with 1.0 wt% H,SO, and (e) cellulose
isolated at 180 °C with 1.5 wt% H,SO,
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bonds. Moreover, the band at 896 cm ™ is attributed to
the C—H bending vibration of [B-1,4-glucosidic bonds,
which is the characteristic band of cellulose in the fin-
gerprint region [29]. The band at 1113 cm ™' belongs to
the asymmetrical stretching vibration of Si—-O-Si and/
or the stretching vibration of both C-O and C-O-C
bonds [30, 31] In the spectrum of cellulose isolated at
150 °C with 1.0 wt% H,SO, (curve b), the characteristic
bands around 1734 and 1509 cm™! belonged to hemicel-
lulose and lignin become weaker, indicating that most
hemicellulose and lignin have been removed from EWS.
Similarly, in the spectrum of cellulose isolated at 150 °C
with 1.5 wt% H,SO, (curve c), the characteristic bands
of hemicellulose and lignin almost disappear. However,
compared with curve b, the characteristic bands around
1160 and 896 cm ™' become weaker, indicating that cel-
lulose content decreases at higher H,SO, concentration.
Moreover, the stretching vibrations of Si—-O-Si, C-O
and C—O-C bonds around 1113 cm™! become stronger.
Figure 1 also indicates that characteristic adsorptions
in the IR spectrum (curve d) of cellulose obtained at
180 °C with 1.0 wt% H,SO, is similar to those in curve c.
Although cellulose isolated at 180 °C with 1.5 wt% H,SO,
possesses similar characteristic adsorption (curve e) to
that observed in curves c and d, the characteristic band
around 809 cm ™! clearly appears, confirming the forma-
tion of humins at higher temperature and acid concen-
tration. Generally, humims is the byproduct derived from
the intermolecular polymerization of lignocellulose [32].
Additionally, the characteristic bands around 1160 and
896 cm ™! almost disappear in curves e, revealing cellu-
lose content decreases considerably.

Factually, lignin could be directly precipitated from
the residual liquid obtained at the first stage. After

Transmission (%)

5
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1764 11509
11670 1714
1728 1160
T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm'l)

Fig. 2 IR spectra of (a) EWS, (b) residue of the first stage and (c)
residue of the two-stage process
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precipitating lignin, both residual liquids obtained at
the first stage and the two-stage process were concen-
trated, thus giving residues. The IR spectra of the resi-
dues are shown in Fig. 2. Compared with the IR spectrum
of EWS (curve a), the characteristic absorption bands at
1160 and 896 cm™! attributed to cellulose hardly appear
while the characteristic bands of hemicellulose and lignin
still exist at 1728 and 1509 cm™! (curves b and c). These
results indicate that cellulose is almost completely sepa-
rated from hemicellulose and lignin. The existence of
the characteristic band at 1728 cm™! indicates that the
hydrolysis of hemicellulose is incomplete, which is pos-
sible ascribed to lower catalyst concentration. However,
the characteristic band belonged to hemicellulose shifts
to a lower wavenumber and the red shift occurs. It can
be explained by the instability of hemicellulose structure
resulted from chemical changes during the separation
process. Moreover, new absorption bands at 1764, 1670
and 1214 cm™! are observed in the residue obtained by
the first stage process (curve b). However, characteristic
absorption band at 1670 cm™! almost disappears in the
IR spectrum of the residue obtained by the two-stage
process (curve c). Therefore, we speculate that the band
possibly belongs to oligomers derived from hemicellu-
lose, which further hydrolyzes and thus is not detected at
higher temperature and catalyst concentration. The com-
parison between curves b and c indicates that the charac-
teristic absorption band of lignin at 1509 cm™! becomes
weaker in curve c. It reveals that the two-stage process is
beneficial for promoting the extraction of lignin.

Figure 1 displays that higher temperature and catalyst
concentration have a negative effect on cellulose purity.
Therefore, it could be reasonable to conclude that the
favorable conditions for the separation of cellulose from
hemicellulose and lignin are lower temperature and
H,SO, concentration while the complete separation of
hemicellulose and lignin on the contrary. A two-step
process must be helpful for the isolation of cellulose and
lignin from wheat straw. In this work, the first-stage and
the second-stage were carried out at 150 °C with 1.0 wt%
H,SO, and 180 °C with 1.5 wt% H,SO,, respectively.
Therefore, cellulose samples obtained under these two
conditions will be further characterized by XRD, SEM,
EA and BET.

XRD

Figure 3 shows the XRD patterns of EWS and cellulose
isolated from wheat straw. The peak at 22.4° of (002)
reflection is attributed to the typical crystal lattice of cel-
lulose I, which presents in every plot. It indicates that all
samples exhibit the diffuse characteristic pattern of an
amorphous phase [33]. A shoulder peak at 16.1° of (101)
reflection and a weak peak at 34.2° of (040) reflection
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Fig. 3 XRD patterns of (a) EWS, (b) cellulose isolated at 150 °C with
1.0 wt% H,SO, and (c) cellulose isolated at 180 °C with 1.5 wt% H,SO,

appears in the EWS pattern (curve a), which are attrib-
uted to cellulose phase. Compared to the pattern of EWS,
there is no obvious change in the pattern of cellulose
obtained at lower temperature and acid concentration
(curve b). However, new diffraction peaks are observed
in curve c, revealing that the phase structure of cellulose
isolated at higher temperature and acid concentration
becomes more complex. Broad diffraction peaks related
to carbon appeared at 25.3° and 42.5° are also observed
[34]. The former and the latter are assigned to the plane C
(002) reflection [35] and (100/101) reflection of graphitic
and/or organized carbon [36], respectively. These results
indicate that cellulose is doped with charcoal, possibly
derived from humins, leading to the formation of carbon
fibers at higher temperatures and catalyst concentration
[37]. Moreover, amorphous phase, with minor peaks at
19.8°, 26.5°, 36.4° and 50.5° attributed to the presence of
mineral SiO,, is observed in curve c [38]. These results
are consistent with the IR spectrum of cellulose isolated
at higher temperature and acid concentration, as shown
in Fig. 1c—e. Both the IR and XRD results show that the
removal of ash, mainly composed of SiO,, becomes diffi-
cult at a higher catalyst amount and temperature. It could
be ascribed to the formation of carbon fibers, leading to
ash adsorption on the surface of sample due to its excel-
lent adsorption properties [39, 40].

SEM

The morphologies of EWS, cellulose isolated from wheat
straw under various conditions are observed using SEM.
The SEM images in Fig. 4 show that all samples display
irregular and featureless image with a thick sheet-like
structure. There is almost no difference in the image of
EWS and cellulose obtained at lower temperature and
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Fig.4 SEM of (a) EWS, (b) cellulose isolated at 150 °C with 1.0 wt% H,SO, and (c) cellulose isolated at 180 °C with 1.5 wt% H,SO,

Table1 EA and BET results of cellulose isolated
from wheat straw
Treated conditions Content (wt%) BET surface

area (m?/g)

C H N
150°C, 6 h, 1.0 wt% H,SO, 25592 5046  0.061 137
180°C,25h, 1.5wt% H,S0, 34990 5338 0063 318

acid concentration (Fig. 4b). However, a large number
of surface attachments are observed in the image of cel-
lulose samples obtained at higher temperature and acid
concentration (Fig. 4c). It also could be ascribed to the
promotion in ash adsorption because of the formation of
carbon fibers [40], as shown in the IR spectrum (Fig. 1d)
and XRD pattern (Fig. 3c).

EA and BET

Table 1 shows the EA and BET results of cellulose iso-
lated from wheat straw under various conditions. The
contents of H and N elements are close while obvious
difference in the content of C element is observed by

varying temperature and acid concentration. Note that
C content increases by elevating catalyst concentration
and temperature. 25.592 and 34.990 wt% C contents are
obtained at 150 °C for 6 h with 1.0 wt% H,SO, and at
180 °C for 2.5 h with 1.5 wt% H,SO,, respectively. It could
be ascribed to the formation of charcoal at higher H,SO,
concentration and temperature [37], which agrees with
the XRD pattern shown in Fig. 3.

The surface areas of both cellulose samples are low, giv-
ing 13.7 and 31.8 m?/g, respectively. However, compared
to cellulose obtained at lower temperature and H,SO,
concentration, the surface area of the sample obtained at
higher temperature and H,SO, concentration increases.
The increase in the surface area may be attributed to
the formation of charcoal and carbon fibers [40], which
possibly leads to the introduction of Si into samples.
Consequently, the characteristic absorption band and dif-
fraction peak of SiO, become stronger in Figs. 1le and 3c.

Isolation of cellulose and lignin from wheat straw

Isolation of cellulose and lignin via one-stage process
Cellulose and lignin were generally isolated by a one-
stage organoslov process, in which ethanol, methanol
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Table 2 Cellulose and lignin isolated from wheat straw
via one-stage process

Entry Organicsolvent Cellulose Lignin  Cellulose Lignin

yield (%) vyield purity purity

(%) (wt%) (wt%)
1 Ethanol 63.5 27 764 90.3
2 Methanol 60.7 23 788 91.2
3 1,4-dioxane 59.7 35 79.1 89.7

Reaction conditions: 15 g EWS, 150 °C for 6 h with 0.5 wt% H,SO,

and 1,4-dioxane are often employed as organic solvent
[20]. Therefore, the isolation of cellulose and lignin was
first carried out in these solvents. The results in Table 2
showed that ethanol, methanol and 1,4-dioxane displayed
similar performance in terms of cellulose and lignin
yields, varying in the range from 59.7 to 63.5% and 2.7 to
3.5 wt%, respectively. The similar results possibly could
be ascribed to the dissolution of lignin mainly depends
on the hydrogen bonding ability while not the polarity of
solvent. The purity of cellulose and lignin varied in the
small range from 76.4 to 79.1 wt% and 89.7 to 91.2 wt%.
Although the yield and purity of cellulose, the purity of
lignin were acceptable, lignin yield was almost ignored.
The isolation of cellulose and lignin from wheat straw
requires further optimization.

The compositions of cellulose obtained in various
organic solvent were determined, and compared with
those of wheat straw as well as EWS. The results in
Table 3 indicated that wheat straw is composed of 52.4,
18.2, 18.8 and 3.7 wt% cellulose, hemicellulose, lignin
and ash. All component contents increased after extract-
ing in the mixture of toluene and ethanol. The contents
of cellulose, hemicellulose, lignin and ash were 56.0, 19.5,
20.1 and 4.0 wt% in EWS. It could be attributed to the
effective removal of soluble impurities such as grease and
wax. Cellulose contents in cellulose samples obtained in

Table 3 Composition of wheat straw and isolated cellulose

Sample Component content (wt%)

Cellulose Hemicellulose Lignin Ash
Wheat straw 524 182 18.8 37
EWS 56.0 19.5 20.1 40
Cellulose®® 788 39 12,1 3]
Cellulose®* 764 35 12.7 28
Cellulose*@ 79.1 43 17 29

? Reaction conditions: 150 °C for 6 h with 0.5 wt% H,SO, in organic/H,0 mixture
(1:2, v/v)

B Ethanol/H,0 as solvent
¢ Methanol/H,0 as solvent

4 1,4-dioxane /H,0 as solvent
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various solvents were close, varying in the range from
76.4 to 79.1 wt%. Compared to wheat straw and EWS,
cellulose content increased sharply, it must be due to the
removal of hemicellulose and lignin.

The removal rates of hemicellulose and lignin were
then calculated based on the composition of EWS and
the isolated cellulose samples, the formula for calculating
removal rate given in the “Determination and calculation”
section, as shown in Fig. 5. The removal rates of hemi-
cellulose almost reached up 90% and the removal rate
of lignin slightly varied in the range from 59.8 to 65.2%.
Therefore, it is reasonable to conclude that most hemi-
cellulose and lignin were effectively separated from cel-
lulose via one-stage process. However, lignin yields listed
in Table 2 were almost ignored. According to the formula
for calculating the theoretical yield of lignin given in the
“Determination and calculation” section, lignin content
in EWS and the removal rate shown in Table 3 and Fig. 5,
the theoretical yield of lignin should be in a range from
12.0 to 13.1%, which is much higher than actual lignin
yields presented in Table 2. It is well-known that hemi-
cellulose links with cellulose and lignin via hydrogen
bonds and phenolic acid in lignocellulose, respectively
[41]. The hydrogen bond between hemicellulose and
cellulose must be easy to break because of its nature in
physical connection, thus yielding a high removal rate
of hemicellulose, as shown in Fig. 5. However, oligomers
are possibly produced because of incomplete hydrolysis
of hemicellulose, as shown in Fig. 2. Consequently, the
connection between hemicellulose and lignin may not be
effectively destroyed since hemicellulose and lignin are
connected with ferulic acid via chemical ester bond and
ether bond, leading to the formation of stable bridging

100 l:l Hemicellulose
i V2 Lignin
80
o
S
el
S 60
s
>
S
£ 40+
[
20 A
0
Methanol Ethanol 1, 4-Dioxane
Organic solvent
Fig. 5 Removal rate of hemicellulose and lignin as function of
organic solvent via the one-stage process. Reaction conditions:
150 °C for 6 h with 0.5 wt % H,SO, in organic/H,O mixture (1:2, v/v)
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structure of lignin-ether-ferulic acid-ester-hemicellulose
(Lignin—Carbohydrate Complex, LCC). Therefore, it
is difficult to precipitate lignin due to large amounts of
hydrophilic groups of hemicellulose, giving poor yield of
lignin.

The isolation of cellulose and lignin was further inves-
tigated by the one-stage process using 1,4-dioxane as
solvent in detail since it displayed slightly better perfor-
mance than ethanol and methanol in terms of cellulose
purity and lignin yield. The amount of organic solvent,
catalyst concentration and temperature are key param-
eters for organosolv fractionation [42]. Therefore, the
reaction conditions were optimized by changing the
type and amount of organic solvent, H,SO, concentra-
tion, reaction temperature and time, and the results were
shown in Table 4.

The amount of organic solvent was first adjusted
(entries 1-4). The results in Table 4 displayed that the
yield of cellulose gradually dropped while the purity
of cellulose increased with increasing the amount of
organic solvent (entries 1-3). Then, the purity of cellu-
lose slightly decreased once the volume ratio of 1,4-diox-
ane to H,O reached 3:1 (entry 4). Note that the yield of
lignin was always enhanced with increasing the amount
of organic solvent. The yield of lignin reached 9.4% with
a 3:1 volume ratio of 1,4-dioxane to H,O (entry 4). This
behavior could be attributed to enhancement in the dis-
solution of lignin with increasing the amount of organic
solvent. Table 4 shows that the amount of organic solvent
displayed an insignificant effect on the purity of lignin,
which changed in a small range from 88.4 to 91.0 wt%
(entries 1-4).

The concentration of H,SO, was varied in the range
from 0.5 to 2.0 wt% (entries 3, 5-7). Large impact on the
yield and purity of cellulose was observed. The yield of

Page 8 of 13

cellulose decreased while the purity changed contrarily
when H,SO, concentration was enhanced from 0.5 to 1.0
wt%. The minimum yield of 55.2% and maximum purity
of 86.8 wt% were achieved with 1.0 wt% H,SO, (entry 5).
It could be ascribed to the improvement in the removal
of both hemicellulose and lignin at higher H,SO, concen-
tration. The recovery rate of cellulose reached up 92.8%
according to the results in Table 4 and formula for cal-
culating recovery rate given in the “Determination and
calculation” section. However, additional increase in
H,SO, concentration had a negative effect (entries 6, 7).
The purity of cellulose reduced to 69.5 wt% when H,SO,
concentration reached 2.0 wt% (entry 7). This could be
attributed to the enhancement in the formation of bio-
char at higher acid concentration, as shown in Fig. 3c.
The as-formed biochar produces carbon fibers with cel-
lulose, leading to increase in the yield but decrease in the
purity. Table 4 showed that lignin yield also increased
with increase in H,SO, concentration (entries 3, 5, 6).
The yield of lignin increased from 8.7 to 11.2% as H,SO,
concentration was enhanced from 0.5 to 1.5 wt%. It is
possibly attributed to the improvement in the hydroly-
sis of hemicellulose at higher acid concentration, which
reduces the formation of oligomer derived from hemicel-
lulose. Therefore, the connection between hemicellulose
and lignin was destroyed more effectively, and promoted
the separation of lignin. The yield of lignin then almost
remained constant with further increase in H,SO, con-
centration (entries 6, 7). However, it can be seen from
Table 4 that H,SO, concentration displayed little effect
on the purity of lignin, which varied in a small range
from 90.3 to 91.2 wt% (entries 3, 5-7). It is speculated
that once lignin is separated from other components, it is
easy to precipitate alone. Therefore, lignin yield changed
while purity did not by varying H,SO, concentration. It

Table 4 Optimization for cellulose and lignin isolated from wheat straw via a one-stage process

Entry Organic solvent/ H,SO, t(h) T(°C) Cellulose Cellulose purity Lignin yield (%) Lignin

H,0 (v/v) concentration yield (%) (Wt%) purity

(wt%) (Wt%)
1 1:2 0.5 6 150 59.7 79.1 35 89.7
2 1:1 05 6 150 574 786 6.5 89.5
3 2:1 0.5 6 150 56.3 81.6 8.7 91.0
4 31 05 6 150 57.2 754 94 884
5 2:1 1.0 6 150 552 86.8 99 90.3
6 2:1 15 6 150 62.1 756 11.2 91.2
7 2:1 2.0 6 150 65.3 69.5 114 90.6
8 2:1 1.5 6 180 68.7 64.9 14.6 90.3
9 2:1 15 25 180 64.3 66.7 135 90.8
10 2:1 1.0 25 180 54.0 764 122 879

Reaction conditions: 15 g EWS, H,SO, as catalyst, 1,4-dioxane/H,O mixture as solvent
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can be seen from Table 4 that lignin yield was improved
by increasing the amount of organic solvent or acid con-
centration (entries 1-7), and the maximum lignin yield
of 11.4% was observed (entry 7). However, it was con-
siderably lower than that of 20.1 wt% lignin content in
EWS. Therefore, EWS was further treated at higher tem-
perature of 180 °C (entry 8) according to the previously
reported procedure [43]. As expected, higher lignin yield
of 14.6% was acquired. However, the purity of cellulose
decreased, only 64.9 wt% was observed. It is no doubt
that the hydrolysis of hemicellulose and the formation of
biochar also became easy to occur at higher temperature.

Moreover, the reaction time was varied. Reduction
in the reaction time led to drop in the yields of cellu-
lose and lignin but slight increase in the purity of cellu-
lose (entries 8, 9), indicating that reaction time may be
an important parameter with respect to a side reaction.
The reaction time had an obvious effect on lignin yield,
which decreased from 14.6 to 13.5% as the reaction time
was reduced from 6 to 2.5 h. However, even with less
time, higher lignin yield was observed at 180 °C than
that obtained at 150 °C (entries 5, 6, 9, 10). This could
be ascribed to both the hydrolysis of hemicellulose and
the dissolution of lignin were promoted at higher tem-
perature. As a result, the breakage of chemical linkage
between hemicellulose and lignin increased, and the sep-
aration became more complete.

In order to understand the effect of temperature and
catalyst amount on the extraction process well, cellulose
isolated from wheat straw was calcined and the color of
the calcined residue was observed. Obvious difference
in the color of the calcined residue was observed under
various conditions. Instead of pure white residue, which
was mainly composed of SiO,, gray white residue was
obtained at higher temperature and catalyst amount
(Table 4, entries 6—10). It revealed that other chemi-
cal process, which may be resulted from the side reac-
tion, besides the hydrolysis of hemicellulose occurred.
Moreover, EWS was replaced by commercial cellulose or
xylose (the primary component of hemicellulose), which
was also treated in 1,4-dioxane/H,O mixture (2:1, v/v) at
180 °C for 2.5 h with 1.5 wt% H,SO,. After pretreatment,
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the solid samples were collected and calcined, giving
white and black residues, respectively. It further con-
firmed that the carbonization was mainly derived from
hemicellulose during the organosolv process, which is
consistent with the results given in Figs. 3, 4 and Table 1.

Experiments 5 and 9 in Table 4 indicated that excel-
lent separation was obtained in terms of cellulose purity
(86.8 wt%) or lignin yield (13.5%). However, only single
component was effectively obtained. Cellulose samples
obtained in these experiments were further analyzed to
determine the removal rates of hemicellulose and lignin.
The results in Table 5 revealed that both the removal
rates of hemicellulose and lignin were close in experi-
ments 5 and 9. Removal rates of 91.8 and 81.6% were
obtained at 150 °C for 6 h with 0.5 wt% H,SO,, and those
of 96.2 and 82.2% at 180 °C for 2.5 h with 1.5 wt% H,SO,.
These results showed that hemicellulose and lignin could
be effectively separated from cellulose even at lower tem-
perature and acid concentration. However, lignin yield of
9.9% obtained at 150 °C with 0.5 wt% H,SO, was much
lower than that of 13.5% obtained at 180 °C with 1.5
wt% H,SO,, indicating that the separation of hemicellu-
lose and lignin requires higher temperature and/or acid
concentration because of the chemical connection [41].
Unfortunately, higher temperature and/or acid concen-
tration had a negative impact on cellulose purity (Table 4,
entry 9). The ash content significantly increased and only
24.9% removal rate of ash was observed at higher cata-
lyst concentration and temperature (Table 5, entry 2). It
means that considerable amount of ash remained with
cellulose in the solid. The surface composition of cellu-
lose obtained at 180 °C with 1.5 wt% H,SO, was analyzed
by XPS. The surface Si content of 0.51 wt% was detected,
which was much lower than the ash content in cellulose
at 4.5 wt% detected according the reported procedure
[27]. This could be attributed to the formation of carbon
fibers, which promoted ash absorption within cellulose
sample and thus led to decrease in the purity of cellulose,
as shown in Figs. 1 and 3.

Table 5 Component content in cellulose and removal rate via one-stage process

Entry Concentration Component content Removal rate (%)
(wt%) in cellulose (wt%)
Cellulose Hemicellulose Lignin Ash Hemicellulose Lignin Ash
7° 0.5 86.8 29 6.5 14 91.8 816 80.7
2° 15 66.7 1.1 52 4.5 96.2 822 24.9

Reaction conditions: 15 g EWS, H,50, as catalyst, 1,4-dioxane/H,0 mixture as solvent (2:1, v/v)

@ 150°Cfor6h
b 180°Cfor2.5h



Yu et al. Appl Biol Chem (2021) 64:15

Isolation of cellulose and lignin via two-stage process
The results in Tables 2, 3 and 4 indicated that cellu-
lose purity was acceptable but lignin yield was not at
lower temperature and catalyst concentration. How-
ever, increase in temperature and catalyst concentration
displayed an opposite tendency. Therefore, a two-stage
process, which combined the conditions of experiments
5 and 9, was proposed to isolate cellulose and lignin
from wheat straw. That is, the first stage was performed
at 150 °C for 6 h in a mixture of 1,4-dioxane and H,O
(2:1, v/v) and the second stage was performed at 180 °C
for 2.5 h with 1.5 wt% H,SO, concentration, as shown
in Table 6. Surprisingly, lignin yield was significant
enhanced and reached 17.4% (entry 1). These results fur-
ther demonstrated that the cleavage of linkage between
hemicellulose and lignin was possibly incomplete at the
first stage. It was further enhanced at the second stage.
The reaction conditions, including H,SO, concentra-
tion, reaction temperature and time for the second stage
were further optimized. The acid concentration dis-
played similar influence on lignin yield to that observed
in the one-stage process (entries 1-4). The yield of
lignin was enhanced with increase in acid concentra-
tion, which could be ascribed to enhancement in the

Table 6 Optimization of parameters for the second stage

Entry H,SO, T(°C) t(h) Ligninyield (%) Lignin
concentration purity
(wt%)? (Wt%)

1 1.5 180 25 174 932

2 1.0 180 25 14.1 89.5

3 1.25 180 25 15.7 887

4 1.75 180 25 147 86.8

5 1.5 160 25 13.0 90.3

6 1.5 170 25 157 90.8

7 1.5 190 25 13.7 86.7

8 1.5 180 1 164 93.1

9 1.5 180 1.5 17.2 92.8

10 1.5 180 6 17.6 92.1

Reaction conditions: (1) 15 g EWS, 1.0 wt% H,SO,, 150 °C for 6 h in the mixture of
1,4-dioxane/H,0 (2:1, v/v); (2) 180 °C for 2.5 h

@ Total H,SO, concentration at the second stage

Table 7 Chemical composition of residual liquid
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hydrolysis of hemicellulose and the breakage of the
linkages between hemicellulose and lignin. The yield of
lignin was enhanced from 14.1 to 17.4% as H,SO, con-
centration was increased from 1.0 to 1.5 wt%, and the
recovery rate of lignin reached 86.6%. Both the yield and
purity of lignin obviously decreased with further increase
in H,SO, concentration. The yield of lignin decreased
to 14.7% with 1.75 wt% H,SO,, and lower lignin purity
at 86.8 wt% was also observed (entry 4). The reaction
temperature was varied in the range from 160 to 190 °C
(entries 1, 5-7). The yield of lignin increased first but
then decreased with increase in temperature. A negative
effect was observed both in the yield and purity of lignin
once the temperature exceeded 180 °C. Only 13.7% lignin
yield was obtained at 190 °C (entry 7). The drop in the
yield and purity of lignin was possibly attributed to the
formation of ingoligomers derived from the degradation
of lignin at higher acid concentration and temperature.

The dependence of lignin yield on the reaction time was
also investigated. The yield of lignin slightly increased
with increase in reaction time (entries 8, 9). It then almost
remained constant with further increase in reaction time
(entries 1, 9, 10). Compared with the one-stage process,
the effect of reaction time on lignin yield was less signifi-
cant in the two-stage process. In the one-stage process,
lignin yields at 13.5 and 14.6% were obtained for 2.5 and
6 h (Table 4, entries 8, 9), respectively. In the two-stage
process, lignin yield was slightly improved from 17.2 to
17.6% when the reaction time was extended from 1.5 to
6 h (entries 1, 10). These results showed that hemicellu-
lose and lignin tend to be easily separated once hemicel-
lulose and lignin entered the residual liquid. Thus, the
reaction time had a negligible impact.

Analysis of residual liquid

Sugars in the residual liquid of the selected experi-
ments were analyzed by HPLC [44]. The results in
Table 7 revealed that xylose, mannose, arabinose, galac-
tose and glucose were detected in the residual liquid
obtained at 150 °C for 6 h with 0.5 wt% H,SO, in the
mixture of 1,4-dioxane and H,O (2:1, v/v). Although
xylose was observed to be the primary product, which
must be derived from the hydrolysis of hemicellulose,

Entry H,SO, concentration (wt%) Sugar

First stage Second stage Xylose Mannose Arabinose Galactose Glucose
1 0.5 / ++ + + Trace Trace
2 0.5 1.5 +++ ++ ++ + Trace

Reaction conditions: (1) 150 °C for 6 h in 1,4-dioxane/H,0 (2:1, v/v); (2) 180 °Cfor 2.5 h

2 +:Detected
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the amount of sugar produced was considerably less. It
has been reported that the hydrolysis of hemicellulose
produces furfural and oligosaccharide besides monosac-
charide [18]. However, almost no furfural was detected
in the liquor. Therefore, we speculate that hemicellulose
was primarily transformed into a large number of oli-
gosaccharides such as xylooligosaccharides, arabinoo-
ligosaccharides and mannooligosaccharides. Factually,
the formation of a large number of substances with a
molecular weight of>300 Da was detected by HPLC-
MS (see Additional file 1: Fig. S4). The oligosaccharides
derived from hemicellulose possibly still connect with
lignin via a covalent bond, which led to difficulty in the
precipitation of lignin. As expected, the production of
sugars was improved with increase in acid concentration
and temperature, and the hydrolysis of hemicellulose was
enhanced using the two-stage process. Undoubtedly, the
improvement in the hydrolysis of hemicellulose was ben-
eficial to separating hemicellulose and lignin. Therefore,
higher lignin yield was observed (Table 6, entry 1). The
dependence of lignin yield on the hydrolysis of hemicel-
lulose confirmed that a covalent bond may exist between
lignin and the insufficient hydrolysis product derived
from hemicellulose.

Investigation on chemical conversion of cellulose

and lignin isolated from wheat straw

The results in Tables 5, 6 and 7 indicated that both of cel-
lulose and lignin were well isolated from wheat straw by
the two-step process. The purity of cellulose and lignin
reached 86.8 and 93.2 wt%, respectively. The chemical
conversion of these two isolated constituents was further
investigated to evaluate their convertible property. The
catalytic conversion of cellulose into HMF and glucose
was performed first in the presence of phosphotungstic
acid [4]. The results in Table 8 revealed that the yields
of glucose and HMF at 30.9 and 51.6% were obtained,

Table 8 The catalytic conversion of cellulose and lignin
from wheat straw®

Entry Substrate Yield Yield Total yield (%)®
of HMF  of glucose
(%) (%)

1 Wheat straw cellulose  30.9 516 825

2¢ Commercial cellulose  33.8 582 92.0

3 Wheat straw lignin / / 18.3

4 Dealkaline lignin / / 126

? Yield = product mass/substrate mass

b The sum of the yields of glucose and HMF for the conversion of wheat straw
cellulose, and the sum of the yields of all detected monophenolic compounds
for the conversion of wheat straw lignin

 Ref. [5]
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respectively. As a result, 82.5% total yield of glucose and
HMEF was obtained (entry 1). It has been reported that
38.8 and 58.2% yields of glucose and HMF were achieved
using commercial cellulose as substrate (entry 2) [4]. The
total yield reached 92.0%, which was slightly higher than
that derived from cellulose isolated from wheat straw.
However, almost no difference was observed once cel-
lulose purity at 86.8 wt% was taken into account. These
results indicated that the purity of cellulose isolated from
wheat straw displayed insignificant influence on the con-
version. It could be ascribed to effective separation of
cellulose from hemicellulose and lignin, which is helpful
to destroy the interaction between components and thus
favored the conversion.

The oxidative conversion of lignin isolated from wheat
straw was further performed using NaOH/NaAlO, as
composite catalyst. The formation of monophenolic com-
pounds including syringaldehyde, vanillin, p-hydroxy-
benzaldehyde, acetosyringone, acetovanillone, syringic
acid and vanillic acid was detected. The total yield of
these monophenolic compounds reached 18.3% (entry 3).
It is well-known that dealkaline lignin is the most com-
mon and available since extensive pulp and paper pro-
duction via alkali papermaking worldwide. Therefore,
the oxidation of commercial dealkaline lignin was also
investigated herein for comparison (entry 4). The results
in Table 8 indicated that 12.6% total yield of monophe-
nolic compounds was given, which was much lower than
that of lignin isolated from wheat straw. Moreover, quan-
titative analysis revealed that aromatic aldehydes were
the predominant products whether for the conversion of
wheat straw or dealkaline lignin. However, obvious differ-
ence in product composition and species was observed.
The products derived from G units played the main role
for the oxidation of dealkaline lignin, vanillin was the
main product and 7.9% yield was achieved. However, the
derivatives from S and G units were found to be the main
products for the conversion of wheat straw lignin. The
yields of syringaldehyde and vanillin were close, giving
6.3 and 5.8%, respectively.
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