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ARTICLE INFO ABSTRACT

Keywords: Napier grass is a promising energy source on account of its strong adaptability and high productivity. Herein, an
Napier grass O-aided alkaline pretreatment with mild operating conditions was developed to modify Napier grass stem
Pretreatment structure for improving its fractionated efficiency and enzymatic digestibility. Compared with the conventional
E:lzcy;[;?;l;::“;?gestibility alkaline pretreatment, it could be proceeded at lower temperature (80 °C) and dilute NaOH solution (1%) to
Lignin remove over 80% lignin and retain 92% cellulose. The recovered lignin possessed typical structures of native
lignin and well-preserved molecular weight, anticipating feasible potential in preparation of biomaterials or
aromatic chemicals. Coupled with the enzymatic hydrolysis managements of solid remain and hydrolysate after
the pretreatment, the recovery yields of glucose and xylose based on the raw material feeds reached 89.7% and
90.2%, respectively. This contribution demonstrates a highly-reliable strategy to fractionate Napier grass stem

for maximizing fermentation sugar production and valorizing lignin toward sustainable biorefinery processes.
1. Introduction led increased efforts to seek renewable sources to replace consumptive
fossil resources. Using abundant and inedible lignocellulosic biomass as
Growing demand of global energy and environmental concerns have the feedstock for sustainable production of fuels and chemicals
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represents one promising alternative strategy (Chandel et al., 2018).
Napier grass (Pennisetum purpureum), a perennial grass family crop, is
widely distributed in tropical and subtropical regions as well as adapt-
able to grow in southern China. It has great potential as an energy source
by reason of its fast growth (ability to be harvested up to four times per
year), high biomass productivity (25-40 tons dry matter per hectare
annually), minimal management with low nutrient inputs, and strong
adaptability to the environment (Takara and Khanal, 2015). The leaf of
Napier grass is suitable for use as animal fodder because of its abundant
protein content and softness. By contrast, the highly lignified stem is
underutilized (Perez-Boada et al., 2014; Phitsuwan et al., 2016). Napier
grass stem has recently attracted considerable interest as a potential
lignocellulosic feedstock for biofuel production (e.g., ethanol, butanol,
and methane) due to its high carbohydrate content of over 60% (Takara
and Khanal, 2015; He et al., 2017; Reddy et al., 2018; Narinthorn et al.,
2019). However, lignocellulosic recalcitrance remains a key challenge
towards the enzyme-based biorefinery industry. The efficient pretreat-
ment capable of deconstructing the recalcitrance of lignocellulosic ma-
terial is considered as a foundational step to accomplish valorization
based on the above-pursued goal (Kumari and Singh, 2018; Sankaran
et al., 2020).

Over the past years, diverse pretreatment techniques dealing with
lignocellulosic biomass have been developed (e.g., physical, biological,
acid, alkaline, organic and deep eutectic solvents, and irradiation-linked
pretreatments), which have successfully employed to improve frac-
tionated efficiency and enzymatic digestibility of the raw materials
(Sankaran et al., 2020; Xu et al., 2020; Yoo et al., 2020). Among them,
alkaline pretreatment has triggered massive investigation in previous
literatures (Singh et al., 2015; Kim et al., 2016), and proposed as one of
highly attractive alternatives because the process can be conducted
under industrially relevant conditions similar to those for fiber pulping
(Pakkanen and Alen, 2013; da Silva Perez and Van Heiningen, 2015).
During the alkaline pretreatment, the alkali-labile linkages in lignin-
carbohydrate complex are readily broken down to disrupt cell wall by
solubilizing hemicelluloses and lignin, thus leading to the exposure of
cellulose to enzymes. Phitsuwan et al. (2016) evaluated four common
alkaline pretreatments on Napier grass stem involving NaOH, Ca(OH),,
NH;s, and alkaline HoO5. NaOH pretreatment was found to be signifi-
cantly superior to other three investigated alkaline pretreatments,
judging by the lignin removal and enzymatic digestibility. However,
70.8% of glucan recovery in the solid remain after NaOH pretreatment is
non-dominant, and the reaction can be accomplished with the require-
ment of a relatively high temperature (121 °C). Tsai et al. (2018)
attempted to use a concentrated NaOH solution (10%) for Napier grass
stem pretreatment at 90 °C resulting in a 63.0% delignification and only
62.1% glucan recovery, and a moderate glucose yield of 75.4% was
obtained from enzymatic hydrolysis of the pretreated substrate.
Accordingly, development of a mild alkali-related pretreatment process
to improve fractionated efficiency (i.e., high lignin removal and intact
glucan retention) and enzymatic digestibility of Napier grass stem is
highly desirable towards a sustainable biorefinery.

Oxygen delignification in alkaline solution has been proved to be
feasible and rewarding for non-wood fiber pulping based on economic,
environmental, and energy consumption considerations (Salmela et al.,
2008; Yue et al.,, 2016). Inspired by this, Lin’s group developed a
cooking process with active oxygen and solid alkali (MgO) for clean
pulping and biomass pretreatment at around 160 °C, which displayed a
high delignification rate (85-95%) without obvious degradation of
cellulose for cornstalk and bagasse. The obtained cellulose-rich material
is suitable for producing fermentable sugars and other high-value
chemicals (Pang et al., 2012; Xie et al., 2013; Jiang et al., 2017).
When NaOH was used instead of MgO, bagasse pretreatment can be
conducted at lower temperatures to obtain a comparable delignification
rate and enzymatic hydrolysis yield (Bi et al., 2016). Very recently,
Wang’s group proposed a two-step process involving liquid hot water
and O2-NaOH (or 03-NapCOs3) pretreatments on reed, which showed
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benefits in terms of xylan recovery, lignin removal, and enzymatic di-
gestibility (Xia et al., 2020; Lu et al., 2020). These positive findings
portend that the accession of excess Oy will likely be helpful to develop a
mild and reliable pretreatment process for Napier grass stem
valorization.

In this contribution, we report, for the first time, the Os-aided
alkaline pretreatment of Napier grass stem that allows the reaction to
proceed under mild conditions (i.e., 80 °C and 1% NaOH) with a high
fractionated efficiency for maximizing fermentation sugar production
and valorizing lignin. Chemical composition of the solid remain after the
pretreatment, structural characterization of the solid remain and iso-
lated lignin, and enzymatic digestibility of the solid remain and pre-
treated hydrolysate were systematically investigated for evaluating the
effectiveness of O2-NaOH pretreatment and explaining its fractionated
mechanism. The exposed results were also well compared with sole
NaOH pretreatment to better understand the superiority of molecular O,
existence.

2. Materials and methods
2.1. Materials

Napier grass was harvested from Yunnan Province, China. Leaf was
firstly removed from Napier grass. The remaining stem was submitted to
drying process in oven 105 °C for 24 h, then milled and collected 40-60
mesh powder with a classifying sieve for use in this work. The chemical
composition of Napier grass stem based on a dry weight was glucan
46.75%, xylan 18.58%, lignin 18.51% and ash 7.84%. Commercial
cellulase (Celluclast 1.5 L, from Trichoderma reesei ATCC 26921) and
B-glucosidase (Novozyme 188, from Aspergullus niger) were supplied by
Novozymes Corporation (Denmark).

2.2. 02-NaOH pretreatment of Napier grass stem

The pretreatments of Napier grass stem were carried out in a 100 mL
stainless reactor with an oil-bath heating and magnetic agitation. In a
typical run for Op-NaOH pretreatment, 3 g of dry raw material (solid/
liquid mass ratio, 1:20), a given amount of NaOH, and 60 mL H0O were
charged into the reactor, and then Op was admitted into the sealed
reactor. The reactor was brought to the desired temperature by external
heating and continuously stirred at 400 rpm for the pretreatment. Effect
of O, pressure, NaOH dosage, temperature, and time were evaluated. In
contrast, the NaOH pretreatments were performed by varying NaOH
dosage, temperature, and time. A detailed experimental design was
presented in Table 1. After pretreatment, the solid remain was separated
from pretreatment liquor by filtration, and then washed with deionized
water until the supernatant filtrate reached neutral and dried in an oven
at 105 °C. The pretreated hydrolysate was collected for further analysis.

2.3. Separation of xylan and lignin from pretreated hydrolysate

For the isolation of xylan, an ethanol precipitation method was used
as a previous reported (Choi et al., 2019). Briefly, three times volume of
dehydrated ethanol was added to one volume of the pretreated hydro-
lysate. The formed mixture was centrifuged at 8000 rpm for 10 min to
obtain precipitation. Then, the precipitation was washed with ethanol
several times to remove the residual NaOH until the pH value of solution
was neutral, finally to obtain xylan.

Lignin in the filtrate was firstly precipitated by adjusting pH to 2 with
H3SO4. The isolated crude lignin dissolved in 90% (w/w) acetic acid,
and the soluble fraction was slowly introduced into deionized water to
precipitate. Afterward, the precipitate was washed with deionized water
(pH = 2, adjusted with 2 mol/L H3SO4) until the odor of acetic acid
disappeared, and then was freeze-dried to obtain the resulting lignin
(Qian et al., 2019). The isolated lignins from the O,-NaOH pretreatment
and NaOH pretreatment were defined as OAL and AL, respectively.
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Table 1
Experimental design for O,-NaOH and NaOH pretreatments of Napier grass
stem.

Entry Pretreatment (02} NaOH Temperature, Time,

method pressure, dosage, %  °C min
MPa

1 0,-NaOH 0.1 1.0 80 60
pretreatment

2 0.2

3 0.3

4 0.4

5 0.5

6 0.5 0 80 60

7 0.5

8 1.0

9 1.5

10 2.0

11 0.5 1.0 50 60

12 60

13 70

14 80

15 90

16 0.5 1.0 80 30

17 60

18 90

19 120

20 150

21 NaOH 1.0 80 60
pretreatment

22 1.5

23 2.0

24 2.5

25 3.0

26 3.5

27 1.0 90 60

28 100

29 110

30 120

31 130

32 1.0 80 90

33 120

34 150

35 180

36 210

2.4. Structural characterization of pretreated Napier grass stem and
isolated lignin

The Napier grass stem samples before and after pretreatment were
characterized by scanning electron microscopy (SEM), attenuated total
reflectance infrared spectroscopy (ATR-FTIR), and X-ray diffraction
(XRD). The structural characterization of isolated lignin was determined
using ATR-FTIR, two dimensional heteronuclear single quantum
coherence nuclear magnetic resonance (2D HSQC NMR), and gel
permeation chromatography (GPC). SEM images were visualized using a
Tescan Vega 3 instrument operated at 20 kV. ATR-FTIR spectra were
recorded on a Nicolet Magna 750 FTIR spectrophotometer using a dia-
mond ATR accessory, and data were collected from 4000 and 500
em™! at a resolution of 0.5 cm™!. XRD patterns were obtained with a
Rigaku D/MAX 2200 diffractometer using Cu Ka (A = 0.154 nm) radi-
ation source operated at 40 kV and 100 mA. Crystallinity index (Crl) was
calculated according to the method described by Segal et al. (1959). 2D
HSQC NMR spectra were acquired on a Bruker 600 MHz spectrometer
fitted with a cryogenically cooled 5 mm TCI gradient probe with inverse
geometry (proton coils closest to the sample), and Bruker’s Topspin 3.1
(Mac) software was used for spectral processing. Molecular weight dis-
tribution of the acetylated lignins was analyzed using an Agilent 1100
GPC equipped with an ultraviolet detector at 254 nm on a PL-gel mixed-
E column (300 mm x 7.5 mm).
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2.5. Engymatic hydrolysis

The pretreated Napier grass stem samples (2 wt% substrate) were
subjected to enzymatic hydrolysis at cellulase and p-glucosidase load-
ings of 25 FPU/g and 15 IU/g substrate in sodium phosphate buffer
(0.05 mol/L, pH 4.8). The formed mixture was incubated at 50 °C and
180 rpm in a 100 mL Erlenmeyer flasks with a 50 mL work volume.
Samples of 0.2 mL were periodically withdrawn during hydrolysis for
the determination of glucose and xylose. In addition, the enzymatic
hydrolysis of soluble glucan and xylan in the pretreated hydrolysate was
performed as the above described method. The difference was that 12%
H2S04 was used to adjust the pH value of the pretreatment liquid from
13.1 to 4.8.

2.6. Chemical composition analysis

The chemical composition of Napier grass stem and pretreated
samples were determined according to the National Renewable Labo-
ratory Analytical Procedure using the standard two steps of acid hy-
drolysis (Sluiter et al., 2008). Quantitative analyses of monomeric
sugars were performed on a Shimadzu high-performance liquid chro-
matography (HPLC-10AVP) equipped with a refractive index detector
and a Copsil NH; column (250 mm x 4.6 mm). A solution of deionized
water and acetonitrile at the volume ratio of 3:7 was used as the mobile
phase with a flow rate of 1.0 mL min . Each experiment was performed
at least twice, and the average values were adopted.

Glucan recovery, xylan removal, and lignin removal after pretreat-
ment were calculated as follows:

Glucan recovery = (glucan content in pretreated sample x solid
remain)/glucan content in raw material

Xylan removal = (xylan content in raw material — xylan content in
pretreated sample x solid remain)/xylan content in raw material

Lignin removal = (lignin content in raw material — lignin content in
pretreated sample x solid remain)/lignin content in raw material

Yields of glucose and xylose after enzymatic hydrolysis were defined
as follows:

Glucose yield = glucose amount in hydrolysate/potential amount of
glucose loaded in the feed

Xylose yield = xylose amount in hydrolysate/potential amount of
xylose loaded in the feed

3. Results and discussion

3.1. Efficiency comparison of O2-NaOH pretreatment and NaOH
pretreatment

Napier grass stem pretreated by combining O, and NaOH was sys-
tematically investigated under various operating conditions. Fig. 1
presents the results of chemical composition (glucan, xylan, and lignin)
of pretreated Napier grass stem samples and pretreatment efficiency
(glucan recovery, xylan removal, and lignin removal). As can be seen
from Fig. la, the coexistence of O played a positive role in the
delignification process, and the removal of lignin showed a rising trend
gradually with the increase of Oy pressure. A high lignin removal of
80.1% could be accomplished after O,-NaOH pretreatment in the pres-
ence of 0.5 MPa O, whereas only 54.7% lignin was removed with a sole
NaOH pretreatment. Under O»-aided alkali environments, the covalent
bonding between the sugar group and lignin molecule may be easier to
break based on the oxidization of benzene ring and side chain of lignin to
increase its hydrophilicity, thus resulting in more lignin dissolution (Wu
et al., 2019). In addition to this, O2-NaOH pretreatment led to higher
glucan recovery in the solid remain, which was increased from 83.3% to
92.1% after introducing 0.5 MPa O into NaOH system. This efficiency
has an integrated interest in the subsequent enzymatic saccharification
for the accumulation of glucose. The improved protection of glucan-
based solid fractions under O, atmosphere can be attributed to the
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Fig. 1. Chemical composition and pretreatment efficiency of Napier grass stem with O,-NaOH pretreatment. (a) Effect of O, pressure (1% NaOH, 80 °C, 60 min); (b)
Effect of NaOH dosage (0.5 MPa O, 80 °C, 60 min); (c) Effect of temperature (1% NaOH, 0.5 MPa O, 60 min); (d) Effect of time (1% NaOH, 0.5 MPa O, 80 °C).

oxidization of terminal reductive groups in cellulose chain decreasing its
alkaline peeling reactions. The above findings suggest that the coexis-
tence of Oy can effectively improve the selectivity of fractionated com-
ponents to realize highly separation of lignin and cellulose, thus
affording a favorable precondition in the biorefinery process of Napier
grass stem.

The effects of other pretreatment variables including NaOH dosage,
temperature, and time were further investigated using Os-aided NaOH
system. The pretreatment efficiency was highly sensitive to NaOH
dosage (Fig. 1b). With the increase of NaOH dosage, the removal of
lignin and xylan both increased first, and then maintained nearly con-
stant. However, there was a decline trend in glucan recovery as NaOH
dosage rose above 1%, signifying that the glucan tends to be hydrolyzed
into water-soluble fragments. Temperature and time for O2-NaOH pre-
treatment showed a positive impact on the removal of lignin and xylan
(Fig. 1c-d). By contrast, lignin removal was more sensitive to pretreat-
ment temperature, while the extension of time was more conducive to
the degradation of xylan. Considering the cost, energy consumption,
delignification rate, and glucan retention, a mild Oj-aided alkaline
pretreatment using a combination of 0.5 MPa O, and 1% NaOH at 80 °C
for 60 min can be competent to fractionate Napier grass stem towards an
enzyme-based lignocellulosic biorefinery process. Based on it, a scale-up
test in 15 L reactor was conducted for Napier grass stem pretreatment.

Table 2 shows that the results in relation to solid remain, glucan re-
covery, and removal of xylan and lignin were in highly agreement with
the results using the 100 mL reactor, reflecting the potential of O>-NaOH
pretreatment for practical implementation.

To better understand the superiority of O,-NaOH pretreatment, the
experiments were also carried out using sole NaOH pretreatment by
intensifying process conditions to improve fractionated efficiency of
Napier grass stem. Indeed, increased NaOH dosage and pretreatment
temperature can both effectively promote the removal of lignin
(Fig. 2a-b). In contrast, pretreatment time had a limited effect on
facilitating the fractionated efficiency, and only 63.2% lignin was
removed after 210 min (Fig. 2¢). An improved delignification rate of
77.7% can be implemented at elevated temperature of 130 °C, which is
close to that of the O»-NaOH pretreatment (80.1%). However, it must be
pointed out that the degradation of glucan gradually increased with the
intensification of pretreatment conditions, and only 80% intact glucan
could be retained in the solid remain. Besides, the cost relying on high
NaOH loading or elevated temperature to achieve comparative
delignification rate becomes higher than the usage of pressured Os.
Nevertheless, considering that Oj-aided alkaline pretreatment could
result in higher lignin removal and glucan retention under mild condi-
tions, and thereby increase feedstock utilization and processing effi-
ciency, which may afford cost advantages over the traditional method.

Table 2
Scale-up test for the O,-NaOH pretreatment of Napier grass stem.
Reactor Solid remain, % Glucan, % Xylan, % Lignin, %
Content Recovery Content Removal Content Removal
15 L* 63.2 67.4 91.1 17.5 40.4 6.2 78.7
100 mL” 64.8 66.5 92.1 16.4 42.8 5.7 80.1

# 0.6 kg raw material, 12 L H,0, 1% NaOH, 0.5 MPa O, 80 °C, 60 min.
b3 g raw material, 60 mL H,0, 1% NaOH, 0.5 MPa O,, 80 °C, 60 min.
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Fig. 2. Chemical composition and pretreatment efficiency of Napier grass stem with NaOH pretreatment. (a) Effect of NaOH dosage (80 °C, 60 min); (b) Effect of

temperature (1% NaOH, 60 min); (c) Effect of time (1% NaOH, 80 °C).

The mild Oy-aided alkaline pretreatment can serve as a reliable and
promising fractionated strategy for the development of enzyme-based
biorefinery process from Napier grass stem.

3.2. Structural characterization of pretreated Napier grass stem

To gain a visual insight into the pretreatment efficiency, the struc-
tural changes of Napier grass stem with different pretreatment methods
were characterized by SEM, ATR-FTIR, and XRD techniques,
respectively.

The SEM images of Napier grass stem before and after pretreatment
are presented in Supplemental Material. After 1% NaOH pretreatment,
the dense and rigid surface of Napier grass stem was partially destroyed,
and a series of folds appeared with an uneven surface topography. Os-
aided NaOH pretreatment gave rise to fragmentary structures with some
cracks. With the increase of O pressure from 0.1 MPa to 0.5 MPa, the
surface of fibers became tattered with a loose structure, resulting in the
exposure of internal layer of fibers. Only increasing NaOH dosage to
3.5% in the absence of Oy, rugged and fluffy surfaces can be appeared
after pretreatment, but few internal structure of fibers was exposed
(Satari et al., 2019). Elevating temperature to 130 °C without Oy at-
mosphere could improve the fibers swelling and softening, whereas the
inherent structure of fibers had not fundamentally destroyed after pre-
treatment. These discrepant ultrastructural features indicate that the
deconstruction of Napier grass stem with O»,-NaOH pretreatment is more
significant than that with sole NaOH pretreatment. The exposure of
internal layer fibers with a loose structure increases the contact area and
accessibility of enzyme to the substrate, which has identified as one of
key factors to improve the enzymatic digestibility of lignocellulosic
biomass (Alam et al., 2019).

The variations of surface chemical functionality of Napier grass stem
after pretreatment were analyzed by ATR-FTIR spectra (See Supple-
mental Material). The stretching vibration of O-H and C-H groups at

3348 cm™! and 2899 cm ™! was related with the hydrogen bonding and
aliphatic moieties in cellulose. The intensities of the two peaks after O»-
NaOH pretreatment were weaker than those after sole NaOH pretreat-
ment, meaning that the presence of O, facilitates the disruption of
intramolecular hydrogen bond and crystalline structure of cellulose (Xie
et al., 2013; Chen et al., 2020). The absorption peaks at 1731 cm ! and
1253 cm ™! were disappeared or significantly weakened after all tested
pretreatments, probably attributing to the cleavage of ester group and
ether linkages from hemicellulose and lignin (Wang et al., 2019; Zhong
et al., 2020). The absorption signals at 1604 em™! and 1512 em™!
associated to the aromatic skeletal vibrations in lignin decreased after
pretreatment (Cheng et al., 2018). Moreover, the intensities of these two
peaks with O5-NaOH pretreatment or harsh pretreatment conditions (e.
g., 3.5% NaOH dosage, and 130 °C) showed weaker than those with 1%
NaOH pretreatment at 80 °C, which are consistent with certain amounts
of lignin removal in the chemical composition analysis (Figs. 1-2). The
signals at 1320 cm ™! (representing the lignin containing syringyl and
guaiacyl) and 833 cm™! (possibly associated with the vibration of
syringyl C-H bond in lignin) were weakened or disappeared after pre-
treatment (Harrison et al., 2013). The absorption peaks at 1164 cm’l,
1054 cm’l, and 897 cm ! are contributed by C-O-C, C-O, and C-H
stretches in cellulose and hemicellulose (Dias et al., 2020). The peak
intensity especially at 897 cm ™! markedly strengthened after pretreat-
ment, which was resulted from the removal of most lignin in Napier
grass stem to form carbohydrate-rich solid residue.

The crystallinity of cellulose has highly impact on the enzymatic
digestibility. XRD patterns in Supplemental Material show that the key
crystalline peaks of all samples were assigned to representative cellulose
I. The intensity of the peaks and crystallinity index (CrI) have both
increased after pretreatment due to the removal of amorphous compo-
nents such as hemicellulose and lignin. It is worth noting that the
removal of lignin with Op-NaOH pretreatment (80.1%) was apparently
higher than that with sole NaOH pretreatment (54.7%) under identical
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operating conditions, but the CrI for O,-NaOH pretreatment was lower.
This indicates that the coexistence of Oy availably promotes the
breakage of hydrogen bonds in cellulose chains to destroy its crystalline
region, thus resulting in the reduction of Crl. This observation is in line
with the results of FTIR analysis, in which the stretching vibration of
O-H and C-H groups at 3348 cm™* and 2899 cm ™! weakened after Oo-
NaOH pretreatment. In addition, severe pretreatment operations at
higher NaOH dosage or temperature were conducive to the destruction
of crystalline region in cellulose, and increased NaOH dosage to 3.5%
showed better decrystallization of cellulose than elevated pretreatment
temperature to 130 °C.

3.3. Structural characterization of isolated lignin

ART-FTIR spectra in Supplemental Material show that there were
similar characteristics of two isolated lignin from O;-NaOH pretreat-
ment and NaOH pretreatment, respectively. A wide absorption signal at
3395 cm ! was associated with the stretching vibrations of phenolic and
alcoholic hydroxyl groups in the lignin samples. The intensity of peak at
1708 cm ™! related to C-O stretching vibration for OAL was stronger than
that for AL, probably due to the intensive oxidization of lignin fractions
in the presence of O (Zhang et al., 2020). The peaks at 1597 cm ™, 1507
cm’l, 1463 cm’l, and 1422 cm~! were the stretching vibrations of ar-
omatic skeleton, indicating that the isolated lignin had an unbroken
benzene ring structure. Moreover, the absorption signals at 1328 cm ™
(assigned to C-O stretching of syringyl and guaiacyl rings), 1264 cm™!
(belonged to C = O stretching of guaiacyl ring), 1227 cm™! (ring
breathing with C-C, C-O and C = O stretching), 1126 cm ! (associated
with the hydroxycynnamic acid ester or ether linkages), and 1031 cm™?
(C-H vibrational stretching of guaiac ring) were observed (Jiang et al.,
2018; Morales et al., 2018).

To further understand structural features of Napier grass stem lignin
and distinctions between Oy-NaOH pretreatment and NaOH pretreat-
ment for delignification process, 2D HSQC NMR was used to charac-
terize the aliphatic and aromatic regions and semi-quantitative calculate
the relative abundance of various moieties in lignin, as summarized in
Table 3. The cross-signals in the aromatic region mainly corresponded to
syringyl (S), guaiacyl (G) units, and p-coumarates (PCA). The S/G ratio
in OAL (1.8) was higher than that in AL (1.3), suggesting that S unit is
easier to dissolve out from the raw material under alkali environment
with molecular O,. PCA is cross-linked to the sidechain of lignin, and its
content in OAL was more than that in AL. This indicates that the coex-
istence of O3 can be conducive to the breakage of PCA-related sidechain
linkages in cell wall (Jiang et al., 2018). The signals of the interunit
linkages involving p-O-4’ (A), p-5' (B) and p-p (C) were presented in the
sidechain region of lignin samples. The intensity signal of p-5’ cross-peak
was highly weak with a low-level content. The cross-peak of B-O-4'
substructures as the main sidechain linkages increased after the inter-
fusion of O for alkaline pretreatment (OAL). O, can react with phenolic
lignin structures in alkali environments (Gierer, 1997). It is thus spec-
ulated that the B-O-4’ structures which are partly related to phenolic
structures could be broken by the attacking of Oy to increase the

Table 3
Semi-quantification results of various moieties for the isolated lignin samples
relative to AL and OAL determined by 2D HSQC NMR.

Lignin interunit linkage 8¢/8u, ppm Content, %

AL OAL
p-Coumarates (PCA) 130.4/7.5 24.5 30.0
Syringyl (S) 104.3/6.7 55.9 64.6
Guaiacyl (G) 111.4/6.9 44.1 35.4
B-O-4' substructures (A) 60.2/3.4 32.7 56.3
B-5' substructures (B) 73.6/3.9 1.7 1.7
B-p substructures (C) 71.7/3.3 40.7 40.5

S/G ratio - 1.3 1.8
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hydrophilic functional groups of lignin molecules, leading to the disso-
lution of added lignin fractions (Deng et al., 2019). According to our
characterization findings and the previous literatures (Rovio et al.,
2011; Kuitunen et al., 2011; Yue et al., 2016; Ding et al., 2018), the
possible reaction mechanisms for the sidechain cleavage and aromatic
ring opening in the Oj-aided alkaline delignification process are pro-
posed as follows. The sidechain oxidation reaction mainly occurs at the
linkage position of the lignin structural unit with double bonds such as
a-hydroxyl and carbonyl structures. The phenolic structures can be
attacked by oxygen-containing electrophiles, resulting in benzene
oxidation and ring opening to form water-soluble carboxylic acids.

In addition to the structural features, the molecular weight of lignin
is key to further chemical valorization or polymeric material prepara-
tion. Table 4 presents the values of weight-average (M,), number-
average (M), and polydispersity index (PDI) of the acetylated lignin
samples measured by GPC. The released lignin from O2-NaOH pre-
treatment (OAL) showed slightly lower M,, and M,, than that from sole
NaOH pretreatment (AL). This result can match with the above-
mentioned characterizations, in which the presence of O, facilitates
the sidechain cleavage and aromatic ring opening to lessen the molec-
ular fragments of lignin in a certain extent. Advantageously, OAL had a
narrower PDI of 1.76, indicating a relatively homogeneous size of the
lignin fractions. Combined with the above observations, the Os-aided
alkaline released lignin has great potential as a precursor for the pro-
duction of functional biomaterials and/or valuable chemicals.

3.4. Evaluation of enzymatic digestibility for pretreated Napier grass stem

The efficiency of O2-NaOH pretreatment for Napier grass stem was
evaluated based on the enzymatic digestibility of solid residues to pro-
duce monosaccharides, and the yield of glucose with the extension of
enzymolysis time at different pretreatment conditions is shown in Fig. 3.
The presence of molecular O, during alkaline pretreatment had a posi-
tive effect on enzymatic efficiency of pretreated substrates (Fig. 3a).
Compared with sole NaOH pretreatment, the glucose yield from Napier
grass stem after 0.5 MPa Oy-aided NaOH pretreatment was improved by
around 20% with the same enzymolysis times. The effectively
improvement of enzymatic digestibility for pretreated substrates could
be attributed to the increase of lignin removal and loose of cell wall
structure, thus resulting in more cellulase accessible active sites of cel-
lulose. Alkali environment was a primary driving force in the deligni-
fication process for improving enzymatic hydrolysis efficiency of
lignocellulose. The high glucose yield over 90% can be accomplished
when the NaOH dosage reached 1% for pretreatment (Fig. 3b). Pre-
treatment temperature exhibited a stronger influence on the subsequent
enzymatic digestibility than pretreatment time (Fig. 3a-b). A steady
increase in the glucose yield was observed when the pretreatment
temperature raised from 50 °C to 80 °C, while this change was incon-
spicuous after the pretreatment time of 60 min. Further, the contour plot
showing the effect of lignin and xylan removal on glucose yield is pro-
vided in Fig. 4. It can be found that the enzymatic hydrolysis yield was
directly related to the delignification rate of Napier grass stem, and had
little to do with xylan removal. By and large, the more lignin removal,
the higher glucose yield. About 80% lignin removal of Napier grass stem
using O,-NaOH pretreatment led to over 90% glucose yield from enzy-
matic hydrolysis process. On the other hand, the hemicellulose remained
in the pretreated solid residues could also be hydrolyzed to mono-
saccharide (mainly xylose) accompanied by cellulose hydrolysis. The

Table 4
Molecular weights of weight-average (M,,) and number-average (M,), and
polydispersity index (PDI) for the isolated lignin samples relative to AL and OAL.

Lignin M, M, PDI
AL? 4115 2261 1.82
OAL? 3808 2152 1.76
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Fig. 3. Comparison of glucose yield from enzymatic hydrolysis for pretreated Napier grass stem under various O,-aided alkaline pretreatment conditions. Enzymatic
hydrolysis conditions: substrate concentration 2%, cellulase 25 FPU/g substrate, f-glucosidase 15 IU/g substrate, pH 4.8, 50 °C.
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Fig. 4. Contour plot showing the effect of lignin and xylan removal on glucose
yield (data from Fig. 3 at an enzymolysis time of 72 h).

similar effect trends of pretreatment variables on the xylose yield
appeared, in comparison of these on the glucose yield. A significantly
higher xylose yield of 92.9% after 72 h enzymatic hydrolysis for Oa-

NaOH pretreatment (0.5 MPa O,, 1% NaOH, 80 °C, 60 min) was ach-
ieved than that of 75.5% for sole NaOH pretreatment (1% NaOH, 80 °C,
60 min).

3.5. Flowchart and results based on O,-NaOH pretreatment of Napier
grass stem

A sustainable biorefinery process claims to take full advantage of
cellulose, hemicellulose and lignin in lignocellulosic biomass for pro-
ducing functional materials, platform chemicals and biofuels. In this
work, we made efforts to develop a viable fractional method as the
precondition of biorefinery towards Napier grass stem valorization.
Herein, the flowchart and results describing fermentable sugars pro-
duction and pretreated hydrolysate management from Napier grass stem
based on our proposed O,-NaOH pretreatment are shown in Fig. 5. The
solid substrate from the O,-NaOH pretreated Napier grass stem can be
effectively converted into soluble fermentable sugars via enzymatic
hydrolysis, in where 43.72 g glucose and 12.91 g xylose were obtained
from 100 g the raw material. In this enzymatic hydrolysis step, the re-
covery rates of glucose and xylose based on the raw material were 84.2%
and 53.2%, respectively. The residual unhydrolyzed solid mainly
composed of glucan (3.25 g), xylan (1.21 g) and lignin (3.67 g). For the
pretreated hydrolysate, the existing soluble polysaccharides were
attempt to hydrolyze enzymatically into fermentable sugars after
adjusting the pH value of hydrolysate from 13.1 to 4.8 (Route 1). It is
found that the soluble polysaccharides in the hydrolysate were mostly
transformed into glucose (91.0% yield) and xylose (91.9%) even in the
presence of bulk lignin. Coupled with the enzymatic hydrolysis
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Fig. 5. Flowchart and results based on the O,-NaOH pretreatment of Napier grass stem.

operations of pretreated solid remain and hydrolysate, the recovery rate
of glucose and xylose reached 89.7% and 90.2%, respectively. Due to the
hydrolysis of polysaccharides, the lignin was handily separated from the
pretreated hydrolysate for further valorization. On the side, the xylan
and lignin in the hydrolysate were collected step by step using ethanol
precipitation, followed by acid precipitation method (Route 2) (Choi
et al., 2019; Sun et al., 2001). The separated lignin had relatively high
purity (89.3%), which has been structurally characterized hereinbefore.
The obtained xylan (6.75 g) can serve as a potential source to develop
functional oligosaccharide having many beneficial biomedical and
health effects (Shen et al., 2016; Naidu et al., 2018). Considering process
sustainability and valorization of compounds, Route 2 for the manage-
ment of hydrolysate may be a more promising candidate from an in-
dustrial perspective.

4. Conclusions

0O,-aided alkaline pretreatment of Napier grass stem showed distinct
advantages over sole alkaline pretreatment, including lignin removal,
glucan recovery, energy consumption, and enzymatic digestibility. It
could be proceeded at low temperature (80 °C) and dilute NaOH solu-
tion (1%) to remove over 80% lignin and retain 92% cellulose. The
recovered lignin possessed well-preserved native structures with great
potential for valorization. The recovery yields of glucose and xylose
reached 89.7% and 90.2% from combined management of pretreated
solid residue and hydrolysate via enzymatic hydrolysis. This study opens
a reliable option to fractionate and saccharify Napier grass stem towards
biorefinery processes.
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