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Abstract

Alkaline hydrogen peroxide (AHP) pretreatment, a green and effective
technology for biomass fractionation, was studied to overcome the recalcitrance of
bamboo for lignin isolation and facilitating enzymatic saccharification. In order to
explore the impact of AHP pretreatment on the cellulose saccharification of bamboo,
the glucan/xylan recovery, lignin removal, and structural properties of solid substrate

were investigated in this research. AHP pretreatment at 90 °C for 60 min with 3.0%
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H,O; resulted in the maximum glucan/xylan hydrolysis yield reaching 90.62% and
88.30%, respectively. Specially, for the first time we recovered the lignin from the
AHP liquid which has up to 59.84% of 3-O4 linkages, abundant ferulic acid (FA), and
p-coumarate (pCE) structures. Moreover, the recovered lignin possesses a
homogeneous molecular structure with high purity (84.04%—-96.20%) and preferable
antioxidant activities (IC50: 0.015—0.018 mg/mL). These results provided theoretical
support for the comprehensive valorization of lignocellulose, which is favorable for
achieving viable biorefineries.
Keywords: AHP pretreatment; delignification; enzymatic hydrolysis; recovered
lignin; lignocellulose valorization
1. Introduction

Over the past decades, biomass as a sustainable and renewable resources toward
replacing petrochemical products attracted increasing interests due to the
overexploitation of fossil fuels and global warming (Chio et al., 2019).
Lignocellulose, which consists of carbohydrates and lignin, is a promising raw
material for the production of second-generation biofuels following pretreatment,
enzymatic hydrolysis and fermentation (Himmel et al., 2007; Ioannidou et al., 2022).
Among these components, lignin is a complex three-dimensional amorphous
biopolymer rich in aromatic rings, acting as an adhesive between cellulose and
hemicellulose via plenty of interconnection linkages, forming the natural barriers that
restricts the processibility of carbohydrates (Huang et al., 2021a; Liang et al., 2022;

Sun et al., 2021).
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For the purpose of reducing the recalcitrance and facilitating enzymatic
digestibility, various pretreatment methods have been investigated based on the
physical, chemical, biological, and coupling of these approaches (Jonsson & Martin,
2016). Nevertheless, all these methods have their inherent drawbacks that restrict their
application. For example, liquid hot water pretreatment uses water as the sole
medium, but this process usually needs high temperature and pressure (Wang et al.,
2016). For dilute acid pretreatment, it can degrade hemicellulose to facilitate sugar
release by enzymatic hydrolysis of cellulose, but it is disadvantageous in causing
irreversible degradation of hemicellulose, corroding the equipment and generating
inhibitors (Sheng et al., 2021). Ionic liquids (ILs) pretreatment has shown advantages
in low volatility, viscosity, and chemical stability, but the cost of ionic liquid
production is high, and also some ILs could cause environmental contamination
(Wahlstrom & Suurnidkki, 2015). Hence, it is necessary to explore a mild and
effective pretreatment to achieve efficient utilization of full components of
lignocellulose.

Alkaline hydrogen peroxide (AHP) pretreatment has been demonstrated to be a
mild pretreatment method for the biorefinery, which has received considerable
attention due to the effective delignification and carbohydrates retention that will
favor the following enzymatic hydrolysis (Huang et al., 2021b). Under alkaline
conditions, hydrogen peroxide dissociates to produce hydroperoxyl anion (HOO"),
and then further reacts with H,O, to produce highly active superoxide anion radicals

(O,7*) and hydroxyl radicals (HO¢) (Ho et al., 2019). These radicals were known as



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

&3

84

85

86

87

88

strong oxidants, which can selectively depolymerize lignin into low molecular weight
compounds, and show no significant effect on cellulose (Guan et al., 2018). In
addition, AHP pretreatment is carried out at a low temperature, which is beneficial to
save the costs of energy and operation. Meléndez-Hernandez et al. illustrated that
AHP pretreatment is an effective pretreatment for sugarcane bagasse, after which 81%
sugar release was achieved (Meléndez-Hernandez et al., 2019). According to Yang et
al., the glucan conversion was 50.0% higher than raw material after the AHP
pretreatment of corn stover (Yang et al., 2021). With a wide literature investigation, it
can be found that the AHP studies mainly focused on the cellulose saccharification,
while investigation and utilization of the residual lignin compounds in pretreatment
liquor were rarely pursued.

In this study, AHP pretreatment was carried out with the objective to improve
cellulose saccharification and recovering the lignin fraction. It was performed at
different H,O, dosages, and the structural properties of solid substrate, degradation
products and variations of recovered lignin were systematically investigated. The
AHP system could achieve high enzymatic saccharification and obtain high-purity
lignin without further purification. The recovered lignin exhibits higher contents of -
O-4 linkages and preferable antioxidant activities, rendering it potential for
subsequent utilization. In general, the mechanism of AHP pretreatment on the
valorization of bamboo was elucidated in this study, providing a future guideline for
the simultaneous valorization of cellulose and lignin.

2. Materials and methods
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2.1 Materials

Bamboo (Neosinocalamus affinis), from a local mill, was chopped into small
chips between 3—5 centimeters and then soaked in water overnight. Subsequently, the
bamboo was fed into a twin-screw extruder to fibrillate culms, which energy
consumption was lower compared with normal milling process, and then subjected to
disk mill treatment. The sample was finally air-dried at RT before use. Cellulase
(CTec2, 250 FPU/g) and xylanase (X2753, 3490 U/g) were obtained from Sigma-
Aldrich (Shanghai, China). All other chemicals and solvents were purchased from
Sinopharm Chemicals Reagents Co. Ltd (Beijing, China).
2.2 AHP pretreatment

Specifically, 10 g dried bamboo was loaded into a high-voltage glass flask,
followed by the addition of 2.2 wt% sodium hydroxide (NaOH), 0.4 wt% sodium
silicate (Na,Si053), 0.1 wt% diethylenetriaminepentaacetic acid (DTPA), 0—3 wt%
hydrogen peroxide (H,0,), and distilled (DI) water to yield a solid ratio of 1:10 (w:
w). Based on the previous research, AHP pretreatment were carried out under 90 °C
for 60 min in water bath. When the reaction ended, the mixture was filtrated, and then
the obtained residue was washed with DI water until neutral. The solid substrates
were stored at 4 °C for the following experiments.

For lignin regeneration, the pretreatment liquid was adjusted with HCI to the pH
of 2.0, and then stood for 6 h. After centrifugation at 6000 rpm for 10 min, the
obtained lignin was then washed with DI water 3 times until natural pH. The resulting

lignin samples were lyophilized for structural characterization, which were named L,
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Los, Lo, L1s, Loy, and L3 g, respectively, depending on the H,O, dosages.
2.3 Enzymatic hydrolysis

Enzymatic hydrolysis of solid residues was conducted at a solid loading of 5%
(w/v), with 25 FPU/g-glucan cellulase, and 150 U/g-xylan xylanase under 50 °C with
150 rpm in an incubator shaker for 72 h.
2.4 Substrate characterization

The chemical compositions analysis of samples was analyzed according to the
National Renewable Energy Laboratory (NREL). The specific steps could refer to the
previously literature (Sluiter A., 2012).

The crystallinity index was measured by X-ray diffraction (XRD) with a Bruker
D8 advanced instrument (Bruker, Germany). The scanning angle (26) ranged from
10° to 40° at a rate of 5° min"! with Ni-filtered Cu-Ka radiation under the conditions
of 40 kV and 40 mA. The cellulose crystallinity index (Crl) was calculated via the

peak intensity method according to previous report (SriBala et al., 2016):

Crl(%) = o =an 1004
1 002 (1)

where I, and I, are the maximum and minimum diffraction intensity of 26 around
22.5° and 18.5°, respectively.

The functional groups of samples were determined by Fourier transform infrared
spectra (FT-IR). The FT-IR spectra were recorded on a Bruker Tenson 27
spectrometer (Bruker, Germany) in the wavenumber range from 4000 to 400 cm™! at a
resolution of 4 cm’!.

2.5 Antioxidant activity analysis
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The antioxidant activities of recovered lignin were determined using 2,2-
diphenyl-1-picryl-hydrazyl (DPPH) radical scavenging capability on the basis of
previous literature (Zhang et al., 2020). A concentration of 6.1x10- mol/L DPPH was
prepared in anhydrous ethanol. Different concentration solutions of recovered lignin
(0.0125-0.2250 mg/mL) were prepared by dissolving in dimethyl sulfoxide (DMSO)
for the DPPH radical scavenging test. Specifically, the mixture (1 mL lignin solution
and 3 mL DPPH) at RT in the dark for 30 min, and then subjected to an ultraviolet-
visible spectrophotometer (METASH, UV-8000) at 517 nm. The mixture (i.e. 3 mL
anhydrous ethanol and 1 mL DMSO) served as the control of the lignin sample. The
inhibition percentage (IP) of DPPH radical scavenging was calculated using the

following equation:

IP(%) = A=A, 100%
4 )

where A( and A, are the absorbances of the DPPH radical solution and recovered
lignin sample, respectively.
2.6 Lignin characterization

The isolation of cellulolytic enzyme lignin (CEL) from untreated bamboo was
carried out on the basis of the previous publication (Huang et al., 2020a). The
molecular weights distribution (Mw, Mn) of acetylated CEL and recovered lignin
were analyzed by gel permeation chromatography (GPC, Agilent, USA). Before
analysis, the mixture acetylated in acetic anhydride/pyridine under stirring for 48 h in
dark. Afterwards, it was dropped into 20 mL HCI (pH=2.0) under stirring, and then

stood for 0.5 h. Subsequently, the mixture was washed with DI water and lyophilized
7



155  to obtain acetylated lignin for the GPC analysis.

156 Nuclear magnetic resonance (NMR) analysis of lignin was carried out on a

157  Bruker Avance-III 600 MHz spectrometer (Bruker, Biospin, Billerica, MA, USA). For
158  2D-HSQC NMR analysis, 150 mg lignin samples was completely dissolved in 0.6 mL
159  DMSO-dg, and then the mixture was injected into the NMR tube for the test..

160 For 3'P NMR analysis, The mixed lignin solution was reacted with 2-chloro-

161  4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP). All the detailed experimental
162 procedures and acquisition parameters were based on a previous publication (Meng et
163 al., 2020).

164 2.7 Energy consumption

165 The energy consumption during the disk milling process were measured to be
166  ~2059.2 kJ/kg dry bamboo, which was calculated based on 5 kg dry bamboo.

167 The energy consumption of the AHP pretreatment process was calculated

168  according to the previous report, as shown in the following equation (Huang et al.,
169  2020b):

170 E(kI)=W xCx(T -T,) 3)
171 where W is the dry weight of bamboo, C is the specific heat capacity of bamboo (1.5
172 kJ/ kg-°C) (Oyedun et al., 2013), the T and Ty are the pretreatment and initial

173 temperature, respectively.

174 3. Results and discussion

175 3.1 Fractionation of bamboo using AHP pretreatment

176 The chemical composition analysis of untreated/pretreated bamboo was
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conducted and shown in Fig. 1. The raw bamboo consists of 44.24% cellulose,
19.25% hemicellulose, and 26.08% lignin. As shown in Fig. 1a, only 81.22% solid
was recovered without H,O, addition in the system after AHP pretreatment. Then, the
solid yield decreased from 81.22% (0% H,0,) to 71.64% (3.0% H,0,), indicating the
improved biomass degradation at higher H,O, dosage. Furthermore, as shown in Fig.
1b, the glucan and xylan recovery yields were 92.98% and 71.32% without H,O,
addition. With the increase of HO, dosage from 0% to 3.0%, the glucan recovery was
almost constant, ranging from 94.08% to 90.72%. In comparison, when the H,0O,
dosage increased from 0% to 1.0%, the xylan recovery decreased from 71.32% to
60.68% and then it almost remained constant (~60%) despite the increase of H,0O,
dosage. Significantly, as the H,O, dosage increased to 2.0%, the removal of lignin
increased substantially from 48.57% (0% H,0,) to 58.67% (0.5% H,0,), 63.07%
(1.0% H,0,), 63.38% (1.5% H,0,) and 64.03% (2.0% H,0,), indicating the highly
effective delignification during AHP pretreatment. However, when the H,O, dosage
exceeded 2.0%, the lignin removal yield did not increase further (68.29%). This was
due to AHP pretreatment on the innate recalcitrance of bamboo was limited, which
was in agreement with previous research (Huang et al., 2022). From the above results,
it can be found that AHP pretreatment targeted at the removal of lignin and presented
a slight effect on the degradation of hemicellulose, providing a direction for the future

biorefinery.
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Fig. 1. Solid yield (a), glucan/xylan recovery, and lignin removal (b) at different H,O,

dosages.

The cellulose digestibility was generally considered a critical indicator in the
evaluation of pretreatment efficiency. The enzymatic hydrolysis of bamboo at
different H,O, dosages was carried out with 25 FPU/g-glucan cellulase at a solid
loading of 5% (w/v). The glucose/xylose yields of untreated bamboo were only
11.14% and 1.43%, respectively. As presented in Fig. 2a, after AHP pretreatment, the
conversion yield of cellulose to glucose increased dramatically. Even without the
addition of H,0,, the enzymatic hydrolysis yield reached 68.73% (glucan) and
80.56% (xylan), which was enhanced by 57.59% (glucan) and 79.13% (xylan)
comparing with raw bamboo, respectively. The glucan hydrolysis yield further
increased with the introduction of H,O,, which was increased from 68.73% (0%
H,0,) to 81.81% (0.5% H,0,), 88.26% (1.0% H,0,), 88.74% (1.5% H,0,), 88.45%
(2.0% H,0,) and 90.62% (3.0% H,0,). Similar results had been discovered in the
xylan hydrolysis yield (in the range of 80.56%—88.30%). This is mainly ascribed to

the efficient hemicellulose and lignin dissolution, reducing the recalcitrance of the
10
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biomass and increasing the enzymatic accessibility. At the same time, it could be
found that the glucan hydrolysis yield was steady when the H,O, dosage was over
1.0 %, which could be attributed to the constant delignification. In conclusion, the
addition of H,O, was effective in delignification, which broke down the dense matrix
structure of the substrate and decreased the inhibition of lignin to cellulase (Huang et
al., 2020b). To further evaluate the promotor of the enzymatic hydrolysis, the
association between delignification and glucan hydrolysis yield was characterized. As
reported before, the lignin removal was positively correlated with enzymatic
hydrolysis (Tang et al., 2019). As shown in Fig. 2b, there is a strong correlation
between glucan hydrolysis yield and the removal of lignin (R?=0.96), indicating the
lignin removal highly increased the enzymatic accessibility as well as the enzymatic

hydrolysis efficiency (Alexandropoulou et al., 2023).

a . Glucan . X};lan b

80 II

R2=0.9588
60

80
401

Enzymatic hydrolysis yield (%)

20

Glucan hydrolysis yield(%)

raw 0 05 10 15 2‘.0 3‘.0 45 50 55 60 65 70
H,0, dosage (%) Lignin removal (%)

Fig. 2. The effect of HO, dosage on enzymatic hydrolysis yield (a) and the
relationship between lignin removal and glucan hydrolysis yield (b).
3.2 XRD and FT-IR analysis of solid substrates

The CrI of solid substrates is depicted in Table S1. Significant difference in Crl

between raw bamboo and pretreated solid substrates was observed. Specifically, the
11
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raw bamboo Crl was 53.60%, which increased to 64.05% (0% H,0,), 66.82% (0.5%
H,0,), 67.32% (1.0% H,0,), 68.14% (1.5% H,0,), 68.87% (2.0% H,0,) and 69.01%
(3.0% H,0,). This could be due to the dissolution of hemicellulose and lignin, leading
to the increased cellulose content. Furthermore, a significant correlation of R?>=0.92
was observed between Crl and the glucan hydrolysis yield (Fig. S1a). Subsequently,
to better illustrate the impact of cellulose CrI on the enzymatic hydrolysis yield, the
Crl/cellulose ratio was fitted with the glucan hydrolysis yield of bamboo in this work,
and the result is shown in Fig. S1b. As can be seen, the correlation between the glucan
hydrolysis yield and the Crl/cellulose ratio was negative and the R? reached 0.74. The
result was in conformity to the above composition analysis, indicating the exposure of
cellulose provided more reactive sites for enzymes and thus improved enzymatic
digestibility (Bernardinelli et al., 2015; Li et al., 2023a).

FT-IR was utilized to investigate bamboo structural variations, and the results are
shown in Fig. S2. The peak at 1748 cm™! mainly originated from the C=0 bonds of
acetyl or carboxyl groups which became weak after the AHP pretreatment (Li et al.,
2023b). The typical absorption peaks at 1596, 1508, and 1459 cm! were attributed to
the aromatic skeletal vibration of lignin. The peak at 827 cm! was derived from
aromatic C-H bending vibrations of lignin (Lu et al., 2012). All these lignin signals
were weakened after AHP pretreatment, demonstrating that AHP pretreatment was
effective in the removal of lignin. The peak at 1324 cm™! derived from C—O stretching
vibration of syringyl unit (S), which has no obvious variation. Additionally, the peak
of C—O stretching vibration of the guaiacyl unit (G) at 1247 cm! was weakened,

12
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indicating a decrease of G unit content with the increasing HO, dosage. Meanwhile,
the peaks near 1102 cm™! and 1167 cm! belonged to C—O and C—O—C in crystalline
cellulose (Xu et al., 2013). The peak at 893 cm’! belonged to B—glycosidic linkages
(Alam et al., 2020). It was observed that these peaks’ intensity slightly increased
compared with the raw bamboo, which indicated that the increase of relative cellulose
content by the lignin and hemicellulose removal. In conclusion, FTIR spectroscopy
analysis showed that during the AHP pretreatment, the lignin was removed, but
cellulose was hardly degraded, which was consistent with composition analysis.
3.3 Characterization of recovered lignin from AHP pretreatment liquor

In normal cases, the significant ring-opening reactions under strong oxidation
effect make lignin difficult to recover during AHP pretreatment. In this study, the
AHP was performed using a low temperature with relatively low hydrogen peroxide
dosage, which was anticipated to recover these dissolved lignins for further
application. The recovery yield and composition analysis of removed lignin were
provided in Fig. 3. It can be observed that, up to 58.74% lignin was recovered from
AHP pretreatment liquid in the absence of H,O,. Increases of H,O, dosage resulted in
lignin recovery yield decreasing from 58.74% (0% H,0,) to 31.67% (3.0% H,0,).
This is due to the seriously lignin fragmentation at high H,O, dosage that caused
significant ring-opening reaction and made lignin difficult to be recovered during the
acid precipitation. As shown in Fig. 3b, the purity of the obtained lignin was very high
ranging from 84.04% to 96.20%, and xylan was the only carbohydrate detected in the
recovered lignin, which ranged from 14.10% (0% H,0,) to 3.80% (3.0% H,0,).
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These results demonstrated that high-purity lignin can be obtained as a coproduct
through AHP pretreatment coupling acid precipitation process.
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Fig. 3. Lignin recovery yield and composition of recovered lignin.

As shown in Fig.4, GPC was applied to measure the molecular weights (Mw,
Mn) of lignin samples. The molecular weights and polydispersity index (PDI, Mw/
Mn) of native bamboo CEL were 9884 g/mol (Mw), 1656 g/mol (Mn), and 5.97(PDI),
respectively. After AHP pretreatment, the molecular weights were considerably
decreased to 6066 g/mol (Mw) and 1257 g/mol (Mn), with PDI value of 4.88 in the
absence of H,0O,, which could be ascribed to lignin depolymerization (Wu et al.,
2023). Surprisingly, the molecular weights of recovered lignin at increased H,O,
dosage exhibited similar value of 6031-6213 g/mol (Mw), 1255-1302 g/mol (Mn),
and 4.75—4.88 (PDI), respectively. As described above, all the recovered lignin
samples showed narrow molecular distributions, indicating a relatively homogeneous

lignin fraction (Sun et al., 2014).
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Fig. 4. The molecular weight distribution of CEL and recovered lignin.

The structural features of lignin samples were investigated by the 2D HSQC
NMR. The aromatic region (8c/0y 90—150/6.0—8.0 ppm) and side-chain region (d¢/0y
50-90/2.5—6.0 ppm) were shown in Fig. 6, and the corresponding molecular structural
formulae were shown in Fig. S3. It provided critical information about typical
linkages and chemical compositions of lignin, and the semi-quantitative
characteristics calculation were listed in Table 1. The main cross-signal assignments
were annotated according to previous literatures (del Rio et al., 2012; Sun, 2020; Wen
et al., 2012).

In the side-chain region, the structures of recovered lignin were essentially
similar to the CEL. The a—position signals at 8c/0y 71.8/4.87, 84.9/4.66, 86.8/5.48
(Cy), and 87.7/5.59 ppm (C,) were attributed to B—O0—4 (A,), p—p (B,), and =5 (C,),
respectively. The B—position signals at 6-/0y 85.8/4.12, 83.8/4.30, and 53.9/3.06 ppm,
belonging to Ag (S), Ag (G), and B—B (Bp), respectively. The y—position signals at

0c/du 59.8/3.69, 72.0/3.61, and 62.2/3.71 ppm were corresponding to f—O0—4 (A,),
15
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B—B (B,), and B=5 (C,), respectively. Furthermore, the discovery of y—acetylated
B—O—4 linkage (A,’), confirming the existence of lignin-carbohydrate complex (LCC)
structure and acetylation reaction (Cheng et al., 2022). When the H,O, dosage
increased, the signals of f—O—4 (A) became weak gradually, resulting from the
cleavage of ether linkages. The minor signal originated from diaryl ether (E,) was
observed at 0c/dy 79.2/5.58 ppm. In addition, slight signals at 5c/6y 81.0/5.10 (D)
and 59.8/2.75 ppm (D,) were discovered, which were attributed to spirodienone (D).
The signals of diaryl ether (E) and spirodienone (D) were decreased and eventually
disappeared with the H,O, dosage increased to 2.0%. And the signal of
p—hydroxycinnamyl alcohol end—groups (Iy) was also distinguished in the recovered
lignin samples spectra.

In the aromatic ring region, the signals of S, s and C,—oxidized S unit (S, ¢) were
observed at 0c/dy 103.9/6.70, and 106.3/7.30 ppm, respectively. It was worth noting
that a small amount of condensed S units appeared due to the H,O, addition, and then
disappeared with the H,O, dosage increased to 2.0%. The signals at ¢/0y 111.0/6.98
(Gy), 115.8/6.80 (Gs) and 119.0/6.79 (Ge) ppm were attributed to G units. The signal
of H units appeared at 128.0/7.19 ppm (H,¢). That indicated that the aromatic ring
skeleton of recovered lignin fractions was well preserved. Moreover, ferulic acid (FA)
and p—coumarate (pCE), the typical structures in herbaceous corps, were also
distinctly observed in the spectra. The C,—H; correlation corresponding to FA, (d¢/0y
111.3/7.27 ppm) was a crosslinking agent between arabinoxylan and lignin, which

decreased slightly with the increase of H,O, dosage. The signals at d¢/6y 130.0/7.52
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(pCEsp), 122.1/7.13 (pCEss), 144.2/7.50 (pCE~) and 116.5/6.40 (pCEy) ppm,
belonging to pCE. It can be seen that in the CEL spectra, the C;—H; correlations
(pCE; and FA) of CEL overlapped at 6-/0y 144.5/7.55 ppm, which might due to the
homogeneous chemical environment. In addition to the above structure, the signal of
p—hydroxycinnamyl alcohol (F,) was presented at 6-/0y 128.2/6.44 ppm, and then it

was absent when H,O, dosage exceeded 1.0%.
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Fig. 5. Aromatic and side-chain 2D-HSQC NMR spectra of lignin samples.

The semi-quantitative analysis of recovered lignin is listed in Table 1. After AHP
pretreatment, the S/G ratios of recovered lignin were in the range of 1.45—1.50, which
was slightly enhanced as compared to CEL (S/G:1.39), demonstrating the easier
degradation of the G unit in the AHP process. A slight decrease of G unit from 40.00
(CEL) to 38.32 (L0), 37.62 (L1.0), and 37.17/100Ar (L2.0), respectively, was also

observed, which was in agreement with the result of S/G ratio. Significantly, as
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compared to CEL (pCE: 29.73/100Ar; FA: 4.71/100Ar), the contents of pCE were in
the range of 38.17—45.49/100Ar. Whereas, after the AHP pretreatment, the content of
FA was significantly increased (in the range of 10.50—11.50/100Ar), indicating the
LCC preservation of the degraded lignin (Mittal et al., 2017). In addition, the main
bonds were all remained. Specifically, f—O—4 (A) linkage was dominant in the
recovered lignin samples accounting for 54.76—59.84/100 Ar. Furthermore, when the
H,0, dosage increased to 2.0%, the p—5 (C) and B— (B) content decreased slightly,
probably due to the disappearance of condensed S in the aromatic region (Wang et al.,
2023). Overall, it can be seen that the lignin samples with well-preserved p—O—4
linkages and abundant ferulic acid (FA) and p—coumarate (pCE) structures. These
results showed that the recovered lignin had great potential in biorefineries and other

fields.

Table 1 Semi-Quantification and quantification information of lignin samples.

Lignin aromatic units (%) Lignin interunit linkages (%) Phenolic OH
Samples
S G H SG FA pCE B-O-4(A) pP® psc (mmole)
CEL 5550 40.00 4.54 139 471 29.73 57.24 2.32 2.13 0.80
LO 5544 3832 6.23 145 11.23 38.17 54.76 3.89 2.73 0.90
L1.0 56.50 37.62 5.88 1.50 11.50 45.49 58.84 4.10 2.39 0.92
L2.0 5497 37.17 7.85 148 1050 3891 59.84 3.04 1.32 0.87

In addition, the phenolic hydroxyl groups’ (phenolic OH) content in CEL and
recovered lignin were calculated by 3'P NMR based on the previous methods (Madadi

et al., 2022). As can be seen from Table 1, the phenolic OH content of CEL was 0.8
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mmol/g. In comparison with CEL, recovery lignin showed a higher phenolic OH
content. Specifically, the phenolic OH contents of Ly, L; gand L, were determined to
be 0.90, 0.92 and 0.87 mmol/g, respectively. It was observed that the phenolic OH
increased, along with the occurrence of condensed S units signal after the AHP
pretreatment (Fig. 5), which could be due to the cleavage of aryl ether linkages. (Li et
al., 2023c). According to previous studies, phenolic OH had strong ability to capture
and neutralize free radicals, which significantly affected the redox activity of lignin
(Ponomarenko et al., 2015). In short, recovered lignin might be fit for antioxidants
development, which is conductive to downstream utilization of lignin.
3.4 Antioxidant activity analysis of recovered lignin

Since the AHP pretreatment had very significant oxidation effect on lignin, it is
plausible that these recovered lignins regenerated from AHP pretreatment liquid had
strong antioxidant capacity, that can be further investigated by the subsequent assay
of antioxidant activities. The antioxidant activities of recovered lignin at different
H,0, dosages were measured by DPPH radical scavenging methods. As shown in Fig.
5, there was strong relation between the IP values and lignin concentration. It can be
found that the DPPH radical scavenging rate had a significant increase with lignin
concentration of 0.0125~0.125 mg/mL. When the concentration of lignin exceeded
0.125 mg/mL, the DPPH radical scavenging rate remained stable, and the maximum
values were 79.73% (CEL), 85.14% (L0), 83.94% (L0.5), 83.94% (L1.0), 88.61%
(L1.5), 88.38% (L2.0) and 82.13% (L3.0), respectively, which can be seen that the

recovered lignin obtained during the AHP pretreatment had higher activities than
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CEL. The results demonstrated that AHP pretreatment can enhance the antioxidant
activity of recovered lignin to a certain extent. IC50 values of recovered lignin were
in the range of 0.015—0.018 mg/mL, which were lower than CEL (0.029 mg/mL). The
results were consistent with phenolic hydroxyl content in the previous section.
Additionally, the DPPH radical scavenging rates of recovered lignin at different H,O,
dosage remained steadily, which could be ascribed to the influence of other functional

groups, and needed further study.
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Fig. 6. Antioxidant activity of recovered lignin for scavenging DPPH radicals.

3.5 Mass and energy balances of bamboo during the AHP pretreatment

The mass and energy balance analysis based on 1 kg of bamboo biomass iss
shown in Fig. 7. The energy consumption of disk milling and AHP pretreatment was
calculated to be 2059.2 KJ and 97.5 KJ. The lower energy consumption during AHP
pretreatment was owing to the mild pretreatment conditions. After the AHP
pretreatment (90°C and 3.0% H,0,), 600.4 g solid residues were recovered,

containing 401.3 g glucan, 116.4 g xylan, and 82.7 g lignin, which confirmed that the
20



403  AHP system can effectively remove lignin and preserve most of the cellulose.

404  Moreover, after enzymatic hydrolysis, 404.1g glucose and 116.8 g xylose were

405  obtained which could be fermented to valuable energy products and chemicals such as
406  bioethanol, organic acids and so on. Regarding lignin, 178.1g lignin dissolved in the
407  liquid phase, in which 56.4 g lignin were recovered. Additionally, the recovered lignin
408  preserved up to 59.84% of p—O—4 linkages, facilitating subsequent depolymerization
409  to a higher yield of aromatics chemicals and monolignol productions. Therefore, this
410  study demonstrated that AHP pretreatment is an efficient technology, which is

411  encouraging for sustainable biorefinery and high-value bioproducts.

2059.2KJ 97.5KJ
1 1
[ 1
v v
Bamboo chips[ | Disk | [Bamboo AHP pretreatment | liquor [ Soluble lignin| Precipitation | Recovery lignin
lkg millng fibrils 90°C, 60 min, 3%H,0, 178.1¢g 564 g
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Xylan: 192.5 Solid [pretreated solid| Frzymatic hydrolysis |~ se: 404.1
¥ g g

Lignin: 260.8 g 600.4 g Kylose: 116.8 ¢

Glucan: 401.3 ¢
Xylan: 116.4 ¢
Lignin: 82.7 g

412

413 Fig. 7. Mass and energy balances of bamboo during the AHP pretreatment.

414

415 4. Conclusions

416 AHP pretreatment was utilized for the effective fractionation of bamboo under
417  mild pretreatment conditions. Most of lignin (68.29%) were successfully removed
418  while retaining 90.72% glucan and 60.45% xylan with the addition of 3.0% H,0O,

419  dosages. The glucan and xylan hydrolysis yield of the resulting AHP pretreated
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residue significantly increased to 90.62% and 88.30%, which was 8.14 and 10.07
times higher than raw bamboo. Moreover, up to 58.74% of the dissolved lignin can be
recovered exhibiting high purity (84.04%—-96.20%), homogeneous molecular weight,
well-preserved f—O—4 linkages (54.76—59.84/100 Ar), abundant structures of ferulic
acid (FA), and p—coumarate (pCE), and preferable DPPH radical scavenging rates
(82.13%—88.61%). These properties are conducive to its subsequent valorization and
application in food, medicine, and other fields. In hence, AHP pretreatment showed
diverse and promising capacity in the bamboo biorefinery process.
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