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Amongst industrial lignins, such as alkaline and kraft lignins, lignin from
hemicellulose pre-treatment liquor is gaining considerable interest
because of its various properties. To explore application potential, a lignin
sample that was selectively adsorbed by XAD-16N resin from mild alkaline
extracts of sugarcane bagasse waste was identified by structural analysis.
Trace amounts of hemicellulose were found in the adsorbates that
exhibited lignin carbohydrate complexes (LCCs) structure. Prominent
NMR signals indicated 3-O-4', B-5', B-B', and B-1'" structures in the side
chain, and aromatic signals corresponded to major bagasse lignin units:
p-coumarate and ferulate. The quantity of benzyl ether (BE) was 3.33 per
100 Ar-units, which was considerably higher than that of hydrolysate
obtained from hydrothermal pretreatments. The content of various
hydroxyl groups of mild alkaline lignin obtained by resin adsorption was
higher than that of lignin isolated by other methods. Moreover, the
adsorbed lignin was relatively pure, and its thermal stability was superior
to that of the centrifuged lignin. These results revealed new characteristics
of lignin and LCC structures obtained via mild alkaline pretreatment and
resin adsorption.
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INTRODUCTION

Lignocellulosic biomass is an abundant renewable resource utilized, to produce
bio-energy and bio-products through an environmentally friendly method (Costa et al.
2020; Lu et al. 2021) In the lignocellulosic biofuel industry, the overall economic benefits
of biofuel production process can be improved by the development of valuable co-products
(Cheng et al. 2020). Lignin is considered to be a low value by-product of the papermaking
and biofuel industries (Li et al. 2020; Gomes et al. 2025). The efficient and clean separation
of lignocellulosic components allows for their effective use (Xu et al. 2022; Sunar et al.
2024). Typically, the total amount of dissolved lignin after pretreatment is back-calculated
using both biomass weight loss and diminuation in lignin content. (Arni 2018; Geng et al.
2019). This quantitative method helps to quantitatively describe the degree of lignin
removal, but it cannot describe the chemical and molecular properties of the soluble lignin
(Narron et al. 2017). Therefore, the understanding of the molecular and chemical properties
of the soluble lignin obtained through pretreatment is usually incomplete.
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Sugarcane bagasse, as one of the most abundant agricultural residues, is considered
a promising renewable lignocellulosic raw material due to the fact that its main components
(cellulose, hemicellulose, and lignin) can be separated and converted into various value-
added products (Sukhbaatar et al. 2014). Traditionally, sugarcane bagasse was used for
composting and incineration, which might be detrimental to its further value-added
transformation or lead to secondary environmental pollution, etc (Wang et al. 2019). In the
concept of biomass biorefining, due to the vast market of the global sugar alcohol industry,
sugarcane bagasse is regarded as an important raw material for producing cellulose ethanol
and the paper industry (Miyamoto et al. 2018). Sugarcane bagasse can be extracted from
hemicellulose through various pretreatment methods, such as alkaline pretreatment,
organic solvent pretreatment, and hydrothermal pretreatment, which typically involve the
dissolution and degradation of a large amount of lignin (Sun ef al. 2013; Yao et al. 2017,
Dordevi¢ and Antov 2018). In fact, the extraction of hemicellulose is usually accompanied
by the dissolution and degradation of lignin (Chen ef al. 2019; Giummarella et al. 2019).
Additionally, pseudo-lignin is formed by self-polymerization on the surface of
hemicellulose, which can also result in lignin carbohydrate complexes (LCCs) forming
with hemicellulose (Nicola et al. 2017; You et al. 2019; Jin et al. 2019).

High-purity hemicellulose is obtained mainly through ethanol precipitation and
ultrafiltration purification (UF) of hemicellulose in different extracts, but there is still some
lignin that have not been separated (Egiiés et al. 2011; Yao et al. 2015). However,
hemicellulose separation and purification are influenced by the existence of lignin.
Currently, lignin is removed by aromatic adsorbents. Narron et al. (2017) studied aromatic
adsorption resin that could selectively adsorb the bagasse hydrolysate. Results from their
study indicated that 90% of soluble lignin was recovered from the hydrolysate of pretreated
maple and bagasse (Narron et al. 2017). Resins were also employed to selectively adsorb
lignin from pine/eucalyptus hydrolysate (Koivula ef al. 2013). Additionally, xylo-
oligosaccharides and lignosulfonates were effectively adsorbed from sweet gum tree
hydrolysate via resin adsorption (Huang et al. 2016). Lignin was also separated from
monosaccharide hydrolysates by a similar method (Heinonen et al. 2017) with a recovery
of 80%.

In this study, sugarcane bagasse underwent mild alkaline pretreatment, and the
subsequent lignin separation was achieved by XAD-16N resin adsorption. The extracted
components of lignin were studied by 3!P, 'H, 1*C, and 2D-nuclear magnetic resonance
(NMR) spectroscopies. Additionally, lignin thermostability was analyzed by
thermogravimetric analysis (TGA), ultraviolet spectrophotometry (UV) and the
hemicellulose content was investigated by ion chromatography (IC).

MATERIALS AND METHODS

Materials

The sugarcane bagasse was obtained from a sugar factory in Guangxi, China. After
air-drying, it was placed in sealed bags to balance the moisture content and then stored for
later use. The selective adsorption resin, XAD-16N macroporous resin, was obtained from
Sigma (Shanghai).
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Weak Alkaline Extraction

The bagasse raw material was subjected to mild alkaline extraction. The bagasse
(1.0 kg) was dispersed in an 8% NaOH solution at 90 °C for 60 min. The mild alkaline
extracts were collected, pH values were adjusted to 5.5 to 6.0, centrifuged, and the
supernatant fluid was collected.

Macroporous Resin Adsorption Protocol

About 3 g of macroporous resin was added to 50 mL of the centrifuged supernatant,
and the resultant solution was placed into a constant temperature shaker (Narron et al.
2017). The adsorbed resin was collected by filtration and rinsed with deionized water to
dislodge residual solution, and 150 mL of methanol solution was then added. After
subsequent shaking, the methanol filtrate and adsorbed resin were separated by filtration,
and the methanol was removed through rotary evaporation. The resultant powder was
collected for analysis.

Lignin Content Analysis

The content of lignin sample was determined by UV spectrophotometry(You et al.,
2019). The absorbance of the lignin sample was detected at 205 nm using a UV
spectrophotometer (SPECORD 50, Germany), and the lignin concentration was calculated.
The formula is as follows,
= 2XTMo 100 (1)

X =
89.222XxV

where X is lignin content in %, 4 is UV absorbance, » is the dilution multiple, mo is
hemicellulose quality, and V" is solution volume. The value of 89.222 was calculated
according to the standard curve.

Analysis of Sugar Content in Lignin Adsorbate

The sugar content was determined by ion chromatography (ICS-5000+SP, Thermo
Scientific, USA). Five monosaccharide standard solutions (xylose, arabinose, glucose,
galactose, and mannose) were prepared, and the corresponding standard curve of the
concentration-peak area was plotted. The glycan in the samples was determined according
to the National Renewable Energy Laboratory standard method, which was NREL/TP-510-
42623 (2008).

Nuclear Magnetic Analysis

Structural features of the adsorbate were studied by NMR spectroscopy (Zeng et
al. 2013). The adsorbate sample (20 mg) was dissolved in 0.5 mL of dimethyl sulfoxide-
ds (99.9%). The 'H, 1*C, and 2D-NMR experiments were conducted using a AVANCE III
HD500 (Germany) NMR spectrometer. 'H NMR measurement was conducted using D20
as the internal standard with a chemical shift at 6 4.7 ppm, a sampling time of 3.9 s, and a
relaxation time of 1.0 s. '>*C NMR measurement was performed at 25 °C with 10,000 scans,
a pulse width of 16.8 ps, a pulse angle of 60°, and a scan delay time of 1.10 s. The
t1 and 1 relaxation effects on 2D HSQC sampling data were obtained as #1x1=1024x256.

Functional Group Analysis

The functional groups of the analyte were determined by NMR analysis (Zeng et
al. 2013). The adsorbed and centrifuged samples of lignin were first dried in a vacuum
oven. To the absorbates (20 mg) in a 2-mL vial was added 400 puL of a mixture of pyridine
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and CDCIls (1.6:1, v/v). Cyclohexanol solution (13.94 mg/mL) and chromium
acetylacetonate solution (5.39 mg/mL) were then added. Vigorous stirring completely
dissolved the lignin sample, after which 100 pL of TMDP (2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxa-phospholane) was added and the solution was placed in a 5 mm NMR tube to
be analyzed using *'P NMR.

Thermal Stability Analysis

The thermal stability of the adsorbed and centrifuged lignin samples was analyzed
by TGA (STA 449 F5, NETZSCH, Germany) after they were dried under vacuum. The
lignin samples (8 to 10 mg) were heated from 30 to 800 °C under a nitrogen atmosphere
and the heating rate used was 10 °C/min.

RESULTS AND DISCUSSION

Lignin Content Analysis

The alkaline extract of sugarcane bagasse was treated with acid, which brought
about precipitation. There was a comparison of lignin content in the supernatant before and
after adsorption. The alkaline extracts of sugarcane bagasse after acid precipitation still
contained lignin. The lignin concentration in the extract after adsorption was significantly
reduced by using XAD-16N resin for adsorption (Fig. 1), indicating that the XAD-16N
resin can effectively separate lignin. There was still some lignin in the supernatant, which
may be due to a decrease in the amount of lignin that is easily adsorbed after the resin
dosage reaches a certain level.

10

Lignin Content (g/L)

Before resin adsorption After resin adsorption

Resin Treatment

Fig. 1. Comparison of lignin content in the supernatant before and after adsorption

Component Analysis of Adsorbates

The IC analysis (Fig. 2) showed that adsorbates consisted of several
monosaccharide units. XAD-16N macroporous resin has been shown to selectively adsorb
lignin and LCC structures (Persson et al. 2010), but it exhibits no adsorption of
hemicellulose (Zhang et al. 2018); therefore, the adsorbed hemicellulose in the present
study likely originates from LCC structures. Furthermore, the glucose content was greater
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than the xylose content, which contrasts with reports claiming bagasse hemicellulose
primarily comprises xylose (Yao et al. 2015). The increased glucose content in the mild
alkaline extracts of the present work was likely a result of cellulose dissolution (Farhat et
al.2017).
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Fig. 2. The amount of sugar from adsorbate

Analysis of the Lignin Structure

The adsorbates were detected by 'H NMR spectroscopy, as shown in Fig. 3 (Perez
et al. 1998; Sun et al. 2003; Strahan et al. 2022; Krivdin 2025), where the clear signals
from ¢ 7.4 to 7.8 ppm were attributed to the aromatic and olefinic protons in ferulic acids
(FAs) and p-coumaric acids (PCAs), respectively. Signals of this type are generally
observed in grass lignin. The peak at 6 4.7 to 4.8 ppm indicates that the compound was
mainly connected to a B-O-4' structure. A strong signal at 0 3.7 ppm represented the
methoxy protons, and the sharp septet at 0 2.5 ppm was from the DMSO-ds solvent. The
aliphatic protons afforded signals from & 0.8 to 2.1 ppm, and a peak at 0 9.7 ppm was
possibly due to the formyl protons of cinnamaldehyde and aromatic formate groups. These
signals indicate that the adsorbates are primarily those of lignin found in grass material.

T T T T T T T 1

10 9 8 7 3 2 1 ppm
Fig. 3. '"H NMR spectrum from adsorbate

The '*C NMR signals were interpreted (Chen 1998; Sun et al. 2003; Cipriano et al.
2020; Krivdin 2025) to further elucidate the adsorbate structure (Fig. 4). The region
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between 0 104.2 and 169.1 ppm was indicative of the bagasse lignin aromatic carbons,
including syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) units. These signals showed
that the bagasse lignin was an SGH grass-type lignin, which agrees with lignin
characteristics that were observed from the '"H NMR spectroscopic analysis. The signal at
0 122.2 ppm corresponded to etherified FAs, while esterified PCAs afforded a signal at &
129.6 ppm. These results indicated that FAs were connected to lignin by both ether and
ester bonds and PCAs were connected to lignin via ester bonds only. The *C NMR
spectrum confirmed that -O-4' linkages were the main bonds within lignin structure units,
but signals indicative of 5-5" and B-B' structures were also found. Therefore, bagasse lignin
predominantly comprised B-O-4' ether bonds, as well as 5-5" and B-f' linkages (Sun et al.
2003; Narron et al. 2017). Furthermore, the *C signal at § 18.5 ppm was attributed to the
CHs group of acetyl lignin, the peak at 6 190.8 ppm corresponded to aldehydes, and the
signals at 0 164.8 ppm and 159.4 ppm arose from aromatic groups. The methoxy carbon of
the syringyl and guaiacyl units was observed at 6 55.6 ppm. There was also a lack of signals
near 0 175.0 ppm. In addition, the signals at 0 69.8 ppm is attributed to 4-O-Me-B-d-GlcpA
(Chaikumpollert et al. 2004; Sun et al. 2003). The '3C NMR results demonstrated that the
lignin separated by the XAD resin contained trace amounts of hemicellulose that originated
from LCCs (Persson ef al. 2010), and the adsorption content is consistent with lignin found
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Fig. 4. >*C NMR spectrum from adsorbate

The bagasse lignin structures were also determined by 2D-NMR experiments,
spectra from which can be found in Fig. 5 (Yuan et al. 2011; Sun ef al. 2015; Chen et al.
2019; Xiao et al. 2025). Signals from the methoxy groups and B-O-4' substructures (A)
were prominently observed in the absorbed lignin, and those of the phenylcoumaran
substructure (B) were also observed. Other substructures, including resinol (C), were found
at (oc/on 53.5/3.06, 71.0/3.82, 71.0/4.18, and 84.8/4.65). Furthermore, relatively low
amounts of a p-hydroxycinnamyl alcohol end group (I) were represented by the signal at
oc/on 61.3/4.09 (C,-H,) and spirodienone substructures (D) were identified by a signal at
oc/on 81.2/5.07 (Cu-Ha). Moreover, several signals of carbohydrates from adsorbate were
detected, including X2, X3, X4, and Xs of the B-D-xylopyranoside unit. The adsorbate
content was mainly lignin and trace amounts of carbohydrates, including glucan and xylan.
The results also showed that lignin and hemicellulose from the LCC structure, which were
abundant in the bagasse, were selectively absorbed by the XAD resin (Narron et al. 2017,
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Zhang et al. 2018). The signals from the 2D-NMR spectra agreed with the lignin features
observed via IC and the '3C analyses.

The linkages between lignin and carbohydrate are primarily phenyl glycoside
(PhGlc), benzyl ether (BE), and benzyl ester (Est) bonds (Zhang et al. 2010). The ester
bond was not stable under alkaline conditions, so it was not maintained in the adsorbate.
PhGlc signals were also not observed in the adsorbate of mild alkaline extracts of bagasse,
but they were observed in sugarcane bagasse treated with hot-water extraction (Narron et
al. 2017; Miyamoto et al. 2018). Therefore, the presence of the PhGlc bonds may be
dictated by the treatment method. The y-ester linkages were easily broken during the weak
alkaline extraction of sugarcane bagasse, so they were not observed in the 2D-NMR spectra
(Balakshin et al. 2011; Kumar et al. 2023). The BE LCC linkages were divided into two
types: BE1 linkage and BE: linkage, which connect primary and secondary hydroxyl groups
of carbohydrates, respectively (Balakshin et a/. 2011; Yuan et al. 2011; Narron et al. 2017).
The benzyl ether (BE) linkages were stable under alkaline conditions.

ppm ppm
B ~
a -OCH, .-*@ C»y b
=~ 60 ~110
- 70 =120
nH::.
~ 80 ~130
PBY
~ 90 ~ 140
P(.'Auf’FA“
T | T T T T 100 | I | I I I 150
55 50 45 40 35 30 ppm 78 75 72 69 66 63 ppm

Fig. 5. a: Side-chain (6C/6H 45-100/2.5-6.0; and b: aromatic region (8C/5H 100-150/6.0-8.0 in the
2D HSQC NMR spectra from adsorbate

The S, G, and H units of lignin from different signals were observed in 2D-NMR
spectra. Meanwhile, significant p-coumarate and ferulate signals were detected in the NMR
spectra of grasses (Yuan et al. 2011; Rio et al. 2012), which further confirmed that the
adsorbate was lignin found in the grass. The strong FA signal in the lignin may have been
due to lignin degradation during the mild alkaline extraction of bagasse, as FA acts as a
cross-linker between lignin and arabinoxylan polymers (Ralph 2009; Wang et al. 2019).
This also implies that lignin and LCC structures were selectively adsorbed by the resin.
Additionally, the weak signal of p-hydroxybenzoate (PB) indicated that it partially acylated
the bagasse. In combination with '*C NMR signals, prominent 2D-NMR signals
corresponding to B-O-4', -5, B-f’, and B-1" structures in the side chain region, those of
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major lignin units (S, G, and H), as well as those of FA and PCA residues were clearly
observed. However, the B-1' structure was not found in bagasse subjected to hot-water
extraction (Narron et al. 2017), the pretreatment method likely being the cause of this.
These observations showed that adsorbate of bagasse extracts mainly consists of S, G, and
H structures, which confirms the resin exhibited a strong lignin adsorption capacity.

~ Q
ohydr
5 H
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FA PCA PB
oL OH < °
H3CO OCH3 H3CO OCH3
~0 _-0
v v

Fig. 6. Lignin and LCC substructure units: (A) -O-4'substructures; (B) phenylcoumarane
substructures; (C) resinol substructures; (l) p-hydroxycinnamyl alcohol end groups; (FA) ferulate
residues; (PCA) p-coumarate residues; (PB) p-hydroxybenzoate substructures; (BE) benzyl ether;
(G) guaiacyl units; (S) syringyl units; and (S') oxidized syringyl units; (H) p-hydroxyphenyl units

The relative, quantitative analysis of main lignin substructures and LCC linkages
in sugarcane bagasse obtained in this work is summarized in Table 1. The sugarcane
bagasse is characterized by high amounts of the B-O-4' substructure (41.4%). The other
substructures present are those of phenylcoumaran (5.4%) and spirondienones (2.30%).
Resinol (5.18%) and B-O-4' structures were also observed, probably because -B' linkages
were preferentially solubilized during the alkaline pretreatment (Yuan et al. 2011;
Miyamoto ef al. 2018). The p-hydroxycinnamyl alcohol end groups had a concentration of
4.90 per 100 Ar-units. The BE concentration was 3.33 per 100 Ar, which was higher than
that of the groups obtained via hot-water pretreatments and likely due to this choice of
pretreatment method (Narron et al. 2017). The S/G ratio was estimated to be 0.94, showing
a strong predominance of G units that indicated lignin groups rich in S units were
preferentially solubilized in the alkaline pretreatment. This may be related to the structure
and molecular mass of the S and G units in sugarcane bagasse and agreed with the ratios
reported by previous studies (Rio ef al. 2012; Miyamoto et al. 2018).
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Table 1 Quantification of Lignin and LCC Substructures from Adsorbate by 2D-
NMR (%, based on 100 Ar)

Characteristic Sugarcane Bagasse
B-O-4' Aryl Ether (A) 41.39
Phenylcoumaran (B) 5.40
Resinol (C) 5.18
Spirodienones (D) 2.30
p-Hydroxycinnamyl Alcohol End Groups (1) 4.90
S/G Ratio 0.94
Benzyl Ether (BE) 3.33

Analysis of Functional Groups of Lignin

The signals of the different hydroxyl groups of lignin were efficiently separated by
3P NMR, displaying the chemical shifts in distinct regions (Araneda et al. 2022; Pajer et
al. 2025). The aliphatic hydroxyl group, phenolic hydroxyl group, and carboxyl group in
bagasse lignin could clearly be distinguished (Zhang ef al. 2010). The unstable H-atoms in
lignin (-OH and -COOH hydrogens) were replaced by P-atoms to form a phosphorus-
containing lignin-MDP derivative. The derivative P-atoms are surrounded by oxygen
atoms during *'P NMR spectroscopy, and the *'P NMR signals were uncoupled single
peaks that could be used to quantify the functional group content (Argyropoulos 1994;
Wang et al. 2019). The formula for calculating the hydroxyl content is as follows (Araneda
et al. 2022):

pX150x1070 A,

10016 “A;
A=—"—"—=x100% (1)
m

Here, A is the hydroxy group content (unit), p represents cyclohexanol concentration (unit),
A1 is the integral area of the hydroxyl group (unit) in cyclohexanol, 42 is the integral area
of the hydroxyl group (unit) in the lignin structure, m is the quantity of the lignin sample
(unit), 150 is the volume of cyclohexanol added to lignin, and 100.16 is the cyclohexanol
molar mass.
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Ir1- Condensed Phenolic Units
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Fig. 7. 3'P NMR spectrum of lignin from adsorbate
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Table 2 3'P NMR Analysis of Lignin from Adsorbate

Chemical Shift, 6 Functional Group Functional Group
(ppm) Content (mmol/g)
148.22-144.51 Aliphatic hydroxyl group 10.28
12?3;13332 Condensed phenolic hydroxyl group 0.16
142.16-141.31 Syringyl (S) phenolic hydroxyl group 0.48
139.51-137.68 Guaiacyl (G) phenolic hydroxyl group 1.53
137.54-136.32 p-Hydroxyphenyl (H) phenolic hydroxyl group 1.81
- Total phenolic hydroxyl 3.98
136.47-135.03 Carboxyl group 0.10

The different functional groups of lignin were analyzed (Fig. 7 and Table 2), and
the aliphatic hydroxyl content of bagasse lignin desorption was found to be the highest, up
to 10.3 mmol/g. The signals of the primary and secondary hydroxyl groups were contained
in the aliphatic region of the *'P NMR spectrum, but their signals overlapped; therefore,
their individual content could not be determined. However, the overall aliphatic hydroxyl
content was determined by adding the primary and secondary hydroxyl group contents.
The S, G, and H groups accounted for most of the total phenolic hydroxyl content, which
was low and agreed with that of lignin (Moghaddam et al. 2017; Wang et al. 2019). This
indicated that bagasse lignin did not possess a strong, condensed structure. The results also
showed that bagasse lignin was the same as SGH grass lignin, which was consistent with
the findings of the appeal study on the "H NMR spectroscopic and '*C NMR spectroscopic.
Moreover, the hydroxyl content of lignin obtained from the mild alkaline extracts of
bagasse by XAD resin was almost higher than that of lignin extracted from triploid of
Populus tomentosa Carr., as determined by *'P NMR, especially that of aliphatic and
phenolic hydroxyl contents (Zhang ef al. 2010). The G and H phenolic hydroxyl groups
were more abundant in bagasse than in wheat straw soda lignin (Ahvazi ef al. 2011). The
wheat straw soda lignin was chemically modified, and the results indicated that lignopolyol
with higher aliphatic hydroxyl content was prepared more efficiently. This implies that the
diverse and abundant hydroxyl lignin of bagasse that was extracted by resin under mild
alkaline conditions can be used to manufacture value-added products by hydroxyl-
modified lignin (Argyropoulos 1994; Shi et al. 2019). Methylation, phenylation,
etherification, and esterification are common chemical methods used to modify the
hydroxyl groups of lignin. For example, Lin et al. (2018) studied hydroxyl and carbonyl
groups of lignin, which provide cross-linking sites for formaldehyde by electrophilic
addition and aldol condensation reactions, produces lignin-formaldehyde cryogel.

Thermal Analysis of Lignin

The TGA-DTG curves of centrifuged lignin and lignin adsorbed from bagasse are
shown in Fig. 8. In the first phase, the thermal decomposition occurred between 120 and
200 °C. The comparison between resin adsorption and the direct centrifugation of lignin
showed that the adsorbed lignin appeared in a gentle phase and the weight loss obtained by
direct centrifugation was continuous. Possibly, the directly-centrifuged lignin had small
molecules, such as monosaccharides (xylose, glucose, efc.), in the biomass. It has been
reported that xylose undergoes thermal decomposition at 167 to 180 °C (Geng et al. 2003),
and the thermal decomposition temperature of glucose is below 200 °C (Sun ef al. 2013).
This was consistent with the sugar content that was determined after XAD-resin adsorption.
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In the second phase, decomposition occurred over the range of 200 to 800 °C. The weight
loss at this stage was due to the combined decomposition of lignin and hemicellulose.
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Fig. 8. Thermogravimetric curves of centrifuged and resin-adsorbed lignins

The maximum mass loss rates of the centrifuged lignin and adsorbed lignin were
detected at 282.8 and 300.7 °C, respectively, which demonstrated the superior thermal
stability of the adsorbed lignin to that of the centrifuged lignin. This likely indicates that
the adsorbates contained less hemicellulose and the lignin was highly pure. In the second
phase, the thermal decomposition of hemicellulose was observed from 200 to 400 °C. The
weight loss of lignin was obvious and was mainly due to the disruption of unstable f-O-4'
lignin linkages (Wang et al. 2019). This thermal decomposition process could be due to the
fracture and detachment of C—C bonds and C—O bonds attached to the main hemicellulose
backbone. Moreover, decarbonylation and decarboxylation might have occurred (Sun et
al. 2013), as hemicellulose was broken down into CO2, CO, and light hydrocarbons (Yang,
et al. 2007).

The various functional groups with different thermal stabilities were contained by
the lignin structure, which accounts for the wide range of thermal decomposition
temperatures associated with lignin. The decomposition of the polymer structure in the
lignin began at 200 to 275 °C, and it has been reported that the propane side chain of lignin
begins to degrade at 230 to 260 °C (Fiddler et al. 1967). Additionally, the B- and C-C
linkages of bagasse lignin were cracked at 273 to 350 °C (Sarkanen and Ludwig 1971).
The main process of thermal decomposition of lignin occurred at around 400 °C. The
aromatic hydrocarbons, hydroxyphenols, phenols, and G/S compounds were formed, and
phenolic hydroxyl groups were present in most compounds. The lignin substituents and
aliphatic structures were decomposed, where H2O was released from lignin hydroxyl
groups and COz was derived from the lignin carboxyl group (Brebu et al. 2010).
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CONCLUSIONS

The separation of lignin from mild alkaline extracts of sugarcane bagasse was
achieved using an aromatic-selective resin. The adsorbate was analyzed by various
techniques.

1. In the adsorbates, trace amounts of hemicellulose originating from lignin-carbohydrate
complex (LCC) structures were identified.

2. Various linkage distributions of lignin polymers were studied. In the adsorbates there
were major S, G, and H lignin units; PCA and FA structures in the aromatic region; and
B-O-4', B-5', B-B', and B-1' structures in the side chain. The BE content observed was
mainly from linkages in the LCC structure. However, the B-1" structure was not
detected when a hot-water extraction was used on the sugarcane bagasse, and the BE
content was considerably lower than that from the alkaline extraction.

3. The hydroxyl group content of mild alkaline lignin obtained from the bagasse was
generally higher than that of lignin obtained via other pretreatment methods.

4. The thermal stability of the adsorbed lignin was superior to that of the centrifuged
lignin.

5. New, structural characteristics of lignin and LCC structures subjected to different
pretreatment and purification conditions were elucidated in this study. This lignin,
which mainly comprises hydroxyl groups, can expand the line of value-added lignin
products, reduce the effects of bagasse waste on the environment, and provide
economic benefits.

ACKNOWLEDGEMENTS

This study was supported by the Foundation of Luzhou Science and Technology
Bureau, Sichuan, China (2024JYJ052) and Foundation of Luzhou Key Lab of Natural
Products and Functional Food Development, Sichuan, China (2024-GNSP-5).

REFERENCES CITED

Ahvazi, B., Wojciechowicz, O., Ton-That, T.-M., and Hawari, J. (2011). "Preparation of
lignopolyols from wheat straw soda lignin," Journal of Agricultural and Food
Chemistry 59(19), 10505-10516. https://doi.org/10.1021/j202452m

Araneda, J. F., Burton, I. W., Paleologou, M., Riegel, S. D., and Leclerc, M. C. (2022).
"Analysis of lignins using 31P benchtop NMR spectroscopy: Quantitative assessment
of substructures and comparison to high-field NMR," Canadian Journal of Chemistry
100(11), 799-808. https://doi.org/10.1139/cjc-2022-0041

Argyropoulos, D. (1994). "Quantitative phosphorus-31 NMR analysis of lignins, a new
tool for the lignin chemist," Journal of Wood Chemistry and Technology 14(1), 45-63.
https://doi.org/10.1080/02773819408003085

Du et al. (2026). “Lignin separation using resin,” BioResources 21(4), 10408-10424. 10419



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Arni, S. A. (2018). "Extraction and isolation methods for lignin separation from
sugarcane bagasse: A review," Industrial Crops and Products 115, 330-339.
https://doi.org/10.1016/j.indcrop.2018.02.012

Balakshin, M., Capanema, E., Gracz, H., Chang, H.-m., and Jameel, H. (2011).
"Quantification of lignin—carbohydrate linkages with high-resolution NMR
spectroscopy," Planta 233(6), 1097-1110. https://doi.org/10.1007/s00425-011-1359-2

Brebu, M, V. C. (2010). "Thermal degradation of lignin — A review," Cellulose Chemistry
& Technology 44(9), 353-363.

Chaikumpollert, O., Methacanon, P., and Suchiva, K. (2004). "Structural elucidation of
hemicelluloses from vetiver grass," Carbohydrate Polymers 57(2), 191-196.
https://doi.org/ 10.1016/j.carbpol.2004.04.011

Chen, C.-L. (1998). "Characterization of milled wood lignins and dehydrogenative
polymerisates from monolignols by carbon-13 NMR spectroscopy," Lignin and
Lignan Biosynthesis 697, 255-275. https://doi.org/10.1021/bk-1998-0697.ch018

Chen, W.-J., Zhao, B.-C., Cao, X.-F., Yuan, T.-Q., Shi, Q., Wang, S.-F., and Sun, R.-C.
(2019). "Structural features of alkaline dioxane lignin and residual lignin from
Eucalyptus grandis x E. urophylla," Journal of Agricultural and Food Chemistry,
67(3), 968-974. https://doi.org/10.1021/acs.jafc.8b05760

Cheng, Y., Yang, S., Ji, L., and Shi, H. (2020). "Oligomeric aromatic oxides (OAO)
production from sugarcane bagasse lignin by acid-catalyzed solvothermal liquefaction
in methanol," Frontiers in Energy Research 8, article 608415. https://doi.org/
10.3389/fenrg.2020.608415

Cipriano, D. F., Gongalves, G. R., Cunha, A. G., Schettino Jr, M. A., Chinelatto Jr, L. S.,
Menezes, S., and de Freitas, J. (2020). "Application of solid state 13C NMR in the
study of lignin and carbohydrate contents in acid-treated sugarcane bagasse samples,"
Revista Virtual de Quimica 12(3), 639-658. https://doi.org/10.21577/1984-
6835.20200051

Costa, F. F., Oliveira, D. T. d., Brito, Y. P., Rocha Filho, G. N. d., Alvarado, C. G., Balu,
A. M., and Nascimento, L. A. S. d. (2020). "Lignocellulosics to biofuels: An
overview of recent and relevant advances," Current Opinion in Green and
Sustainable Chemistry 24, 21-25. https://doi.org/10.1016/j.cogsc.2020.01.001

Pordevié, T., and Antov, M. (2018). "The influence of hydrothermal extraction conditions
on recovery and properties of hemicellulose from wheat chaff — A modeling

approach," Biomass and Bioenergy 119(3), 246-252.
https://doi.org/10.1016/j.biombioe.2018.09.030

Egii¢s, 1., Sanchez, C., Mondragon, 1., and Labidi, J. (2011). "Separation and Purification
of hemicellulose by ultrafiltration," Industrial and Engineering Chemistry Research
51(1), 523-530. https://doi.org/10.1021/i€202304q

Farhat, W., Venditti, R., Quick, A., Taha, M., Mignard, N., Becquart, F., and Ayoub, A.
(2017). "Hemicellulose extraction and characterization for applications in paper
coatings and adhesives," Industrial Crops and Products 107, 370-377.
https://doi.org/10.1016/j.indcrop.2017.05.055

Fiddler, W., Parker, W. E., Wasserman, A. E., and Doerr, R. C. (1967). "Thermal
decomposition of ferulic acid," Journal of Agricultural and Food Chemistry 15(5),
757-761.

Du et al. (2026). “Lignin separation using resin,” BioResources 21(4), 10408-10424. 10420


https://pubs.acs.org/doi/10.1021/bk-1998-0697
https://pubs.acs.org/doi/10.1021/bk-1998-0697

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Geng, W., Narron, R., Jiang, X., Pawlak, J. J., Chang, H.-m., Park, S., and Venditti, R. A.
(2019). "The influence of lignin content and structure on hemicellulose alkaline
extraction for non-wood and hardwood lignocellulosic biomass," Cellulose 26(5),
3219-3230. https://doi.org/10.1007/s10570-019-02261-y

Giummarella, N., Pu, Y., Ragauskas, A. J., and Lawoko, M. (2019). "A critical review on
the analysis of lignin carbohydrate bonds," Green Chemistry 21(7), 1573-1595.
https://doi.org/10.1039/c8gc03606¢

Gomes, G. R., de Jesus, E. G., Jacintho, J. C. C., Garcia, D. L. G., Alencar, B. R. A.,
Gabetto, F. P., and Driemeier, C. (2025). "Peculiarities of bio-oil and biochar obtained
from the lignin-rich residue of the enzymatic hydrolysis of sugarcane bagasse,"
Renewable Energy 241, article 122282. https://doi.org/ 10.1016/j.renene.2024.122282

Heinonen, J., Sanlaville, Q., Niskakoski, H., Tamper, J., and Sainio, T. (2017).
"Separation and recovery of lignin from hydrolysates of lignocellulose with a
polymeric adsorbent," Separation and Purification Technology 186, 125-134.
https://doi.org/10.1016/j.seppur.2017.06.001

Huang, C., Jeuck, B., Du, J., Yong, Q., Chang, H.-m., Jameel, H., and Phillips, R. (2016).
"Novel process for the coproduction of xylo-oligosaccharides, fermentable sugars,
and lignosulfonates from hardwood," Bioresource Technology 219, 600-607.
https://doi.org/10.1016/j.biortech.2016.08.051

Jin, X., Hu, Z., Wu, S., Song, T., Yue, F., and Xiang, Z. (2019). "Promoting the material
properties of xylan-type hemicelluloses from the extraction step," Carbohydrate
Polymers 215(1), 235-245. https://doi.org/ 10.1016/j.carbpol.2019.03.092

Jing-Xia, S., Xaio-Feng, S., Run-Cang, S., Paul, F., and S, B. M. (2003).
"Inhomogeneities in the chemical structure of sugarcane sagasse lignin," Journal of
Agricultural and Food Chemistry 51(51), 6719-6725. https://doi.org/
10.1021/3f034633j

Koivula, E., Kallioinen, M., Sainio, T., Anton, E., Luque, S., and Manttari, M. (2013).
"Enhanced membrane filtration of wood hydrolysates for hemicelluloses recovery by
pretreatment with polymeric adsorbents," Bioresource Technology 143, 275-281.
https://doi.org/ 10.1016/j.biortech.2013.05.129

Krivdin, L. B. (2025). "NMR studies of lignin and lignin-derived products: Recent
advances and perspectives," Russian Chemical Reviews 94(3), article RCR5159.
https://doi.org/ 10.59761/rcr5159

Kumar, A., Biswas, B., Kaur, R., Rani, R., Krishna, B. B., and Bhaskar, T. (2023).
"Structure elucidation of prot, alkali and dealkaline lignin(s) by NMR, FT-IR and Py-
GC/MS: Effect of solid acid and base catalysts," Sustainable Energy and Fuels 7(8),
1942-1954. https://doi.org/10.1039/d3se00045a

Li, L., Dong, L., Li, D., Guo, Y., Liu, X., and Wang, Y. (2020). "Hydrogen-free
production of 4-alkylphenols from lignin via self-reforming-driven depolymerization
and hydrogenolysis," ACS Catalysis 10(24), 15197-15206.
https://doi.org/10.1021/acscatal.0c03170

Lu, F., Wang, C., Chen, M., Yue, F., and Ralph, J. (2021). "A facile spectroscopic method
for measuring lignin content in lignocellulosic biomass," Green Chemistry 23(14),
5106-5112. https://doi.org/10.1039/d1gc01507a

Miyamoto, T., Mihashi, A., Yamamura, M., Tobimatsu, Y., Suzuki, S., and Takada, R.,
Umezawa, T. (2018). "Comparative analysis of lignin chemical structures of
sugarcane bagasse pretreated by alkaline, hydrothermal, and dilute sulfuric acid
methods," Industrial Crops and Products 121(1), 124-131.

Du et al. (2026). “Lignin separation using resin,” BioResources 21(4), 10408-10424. 10421



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

https://doi.org/10.1016/j.indcrop.2018.04.077

Moghaddam, L., Rencoret, J., Maliger, V. R., Rackemann, D. W., Harrison, M. D.,
Gutiérrez, A., and Doherty, W. O. S. (2017). "Structural characteristics of bagasse
furfural residue and its lignin component: An NMR, Py-GC/MS, and FTIR Study,"
ACS Sustainable Chemistry and Engineering 5(6), 4846-4855.
https://doi.org/10.1021/acssuschemeng.7b00274

Narron, R. H., Chang, H.-m., Jameel, H., and Park, S. (2017). "Soluble lignin recovered
from biorefinery pretreatment hydrolyzate characterized by lignin—carbohydrate
complexes," ACS Sustainable Chemistry and Engineering 5(11), 10763-10771.
https://doi.org/10.1021/acssuschemeng.7b02716

Nicola, G., and Martin, L. (2017). "Structural insights on recalcitrance during
hydrothermal hemicellulose extraction from wood," ACS Sustainable Chemistry and
Engineering 5(6), 5156-5165. https://doi.org/10.1021/acssuschemeng.7b00511

Pajer, N., and Crestini, C. (2025). "Quantification of carbonyl groups in lignin: (31)P
NMR after reduction," ACS Sustain Chem Eng 13(36), 15189-15200.
https://doi.org/10.1021/acssuschemeng.5c06762

Peng, F., Ren, J.-L., Xu, F., Bian, J., and Sun, R.-C. (2009). "Comparative study of
hemicelluloses obtained by graded ethanol precipitation from sugarcane bagasse,"
Journal of Agricultural and Food Chemistry 57(14), 6305-6317.
https://doi.org/10.1021/5f900986b

Perez, D. d. S., Terrones, M. G. H., Grelier, S., Nourmamode, A., Castellan, A., Ruggiero,
R., and Machado, A. E. H. (1998). "Peroxyformic acid pulping of eucalyptus grandis
wood chips and sugar cane bagasse in one stage and characterization of the isolated
lignins," Journal of Wood Chemistry and Technology 18(3), 333-365.
https://doi.org/10.1080/02773819809349585

Persson, T., and Jonsson, A.-S. (2010). "Isolation of hemicelluloses by ultrafiltration of
thermomechanical pulp mill process water—Influence of operating conditions,"
Chemical Engineering Research and Design 88(12), 1548-1554.
https://doi.org/10.1016/j.cherd.2010.04.002

Ralph, J. (2009). "Hydroxycinnamates in lignification," Phytochemistry Reviews 9(1), 65-
83. https://doi.org/ 10.1007/s11101-009-9141-9

Rio, J. C. d., Rencoret, J., Prinsen, P., Martinez, A. n. T., Ralph, J., and Gutiérrezf, A.
(2012). "Structural characterization of wheat straw lignin as revealed by analytical
pyrolysis, 2D-NMR, and reductive cleavage methods," J. Agric. Food Chem. 60(23),
5922-5935. https://doi.org/ 10.1021/5£301002n

Sarkanen, K. V., and Ludwig, C. H. (eds.) (1971). Lignins: Occurrence, Formation,
Structure and Reactions, Wiley-Interscience, 916 pp.

Shi, L., Ge, J., Zhang, F., Nie, S., Qin, C., and Yao, S. (2019). "Difference in adsorbable
organic halogen formation between phenolic and non-phenolic lignin model
compounds in chlorine dioxide bleaching," Royal Society Open Science 6(10), article
191202. https://doi.org/ 10.1098/rs0s.191202

Strahan, G. D., Mullen, C. A., and Stoklosa, R. J. (2022). "Application of diffusion-
ordered nmr spectroscopy to the characterization of sweet sorghum bagasse lignin
isolated after low moisture anhydrous ammonia (LMAA) pretreatment," BioEnergy
Research 15(3), 1449-1458. https://doi.org/ 10.1007/s12155-021-10385-y

Sukhbaatar, B., Hassan, E. B., Kim, M., Steele, P., and Ingram, L. (2014). "Optimization
of hot-compressed water pretreatment of bagasse and characterization of extracted
hemicelluloses," Carbohydrate Polymers 101(30), 196-202. https://doi.org/

Du et al. (2026). “Lignin separation using resin,” BioResources 21(4), 10408-10424. 10422



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

10.1016/j.carbpol.2013.09.027

Sun, R., Sun, X. F., and Tomkinso, J. (2003). Hemicelluloses and Their Derivatives,
864(1), 2-22. https://doi.org/ 10.1021/bk-2004-0864.ch001

Sun, S. L., Wen, J. L., Ma, M. G., Sun, R. C. (2013). "Successive alkali extraction and
structural characterization of hemicelluloses from sweet sorghum stem," Carbohydr
Polymers 92(2), 2224-2231. https://doi.org/ 10.1016/j.carbpol.2012.11.098

Sun, Y.-C., Wang, M., and Sun, R.-C. (2015). "Toward an understanding of
inhomogeneities in structure of lignin in green solvents biorefinery. Part 1:
Fractionation and characterization of lignin," ACS Sustainable Chemistry and
Engineering 3(10), 2443-2451. https://doi.org/ 10.1021/acssuschemeng.5b00809

Sunar, S. L., Oruganti, R. K., Bhattacharyya, D., Shee, D., and Panda, T. K. (2024).
"Pretreatment of sugarcane bagasse using ionic liquid for enhanced enzymatic
saccharification and lignin recovery: process optimization by response surface
methodology," Cellulose 31(4), 2151-2173. https://doi.org/ 10.1007/s10570-024-
05768-1

Tunc, M. S., and van Heiningen, A. R. P. (2011). "Characterization and molecular weight
distribution of carbohydrates isolated from the autohydrolysis extract of mixed
southern hardwoods," Carbohydrate Polymers 83(1), 8-13. https://doi.org/
10.1016/j.carbpol.2010.07.015

Wang, H.-M., Sun, Y.-C., Wang, B., Sun, D., Shi, Q., Zheng, L., and Sun, R.-C. (2019).
"Insights into the structural changes andpotentials of lignin from bagasse during the
integrated delignification process," ACS Sustainable Chemistry & Engineering 7(16),
13886-13897. https://doi.org/ 10.1021/acssuschemeng.9b02071

Xiao, P., Pfaff, S. A., Zhao, W., Debnath, D., Vojvodin, C. S., Liu, C. J., and Wang, T.
(2025). "Emergence of lignin-carbohydrate interactions during plant stem maturation
visualized by solid-state NMR," Nat. Commun. 16(1), article 8010. https://doi.org/
10.1038/s41467-025-63512-0

Xu, B., Wang, N., Wang, X., Lang, J., and Zhang, H. (2022). "Experimental study on the
separation of bagasse lignin and cellulose by using deep eutectic solvent based on
alkaline pretreatment," Biomass Conversion and Biorefinery 14(9), 9983-9993.
https://doi.org/ 10.1007/s13399-022-03110-y

Yang, H., Yan, R., Chen, H., Lee, D. H., and Zheng, C. (2007). "Characteristics of
hemicellulose, cellulose and lignin pyrolysis," Fuel 86(12-13), 1781-1788.
https://doi.org/ 10.1016/j.fuel.2006.12.013

Yao, S., Nie, S., Yuan, Y., Wang, S., and Qin, C. (2015). "Efficient extraction of bagasse
hemicelluloses and characterization of solid remainder," Bioresoure Technology 185,
21-27. https://doi.org/ 10.1016/j.biortech.2015.02.052

Yao, S., Nie, S., Zhu, H., Wang, S., Song, X., and Qin, C. (2017). "Extraction of
hemicellulose by hot water to reduce adsorbable organic halogen formation in
chlorine dioxide bleaching of bagasse pulp," Industrial Crops and Products 96, 178-
185. https://doi.org/ 10.1016/j.indcrop.2016.11.046

You, X., Wang, X., Liang, C., Liu, X., and Wang, S. (2019). "Purification of
hemicellulose from sugarcane bagasse alkaline hydrolysate using an aromatic-
selective adsorption resin," Carbohydrate Polymers 225(1), article 115216.
https://doi.org/10.1016/j.carbpol.2019.115216

Du et al. (2026). “Lignin separation using resin,” BioResources 21(4), 10408-10424. 10423



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Yuan, T. Q., Sun, S. N., Xu, F., and Sun, R. C. (2011). "Characterization of lignin
structures and lignin-carbohydrate complex (LCC) linkages by quantitative 13C and
2D HSQC NMR spectroscopy," J. Agric. Food Chem. 59(19), 10604-10614.
https://doi.org/ 10.1021/j£2031549

Zeng, J., Helms, G. L., Gao, X., and Chen, S. (2013). "Quantification of wheat straw
lignin structure by comprehensive NMR analysis," J. Agric. Food Chem. 61(46),
10848-10857. https://doi.org/ 10.1021/;t4030486

Zhang, A.-P., Liu, C.-F., and Sun, R.-C. (2010). "Fractional isolation and characterization
of lignin and hemicelluloses from triploid of Populus tomentosa Carr," Industrial
Crops and Products 31(2), 357-362. https://doi.org/ 10.1016/j.indcrop.2009.12.003

Zhang, X.-M., Meng, L.-Y., and Xu, F. (2011). "Pretreatment of partially delignified
hybrid poplar for biofuels production: Characterization of organosolv
hemicelluloses," Industrial Crops and Products 33(2), 310-316.
https://doi.org/10.1016/j.indcrop.2010.11.016

Zhang, Y., Wang, S., Xu, W., Cheng, F., Pranovich, A., Smeds, A., and Xu, C. (2018).
"Valorization of lignin—carbohydrate complexes from hydrolysates of norway spruce:
efficient separation, structural characterization, and antioxidant activity," ACS
Sustainable Chemistry & Engineering 7(1), 1447-1456. https://doi.org/
10.1021/acssuschemeng.8b05142

Article submitted: March 27, 2026; Peer review completed: May 4, 2026; Revised
version received: May 8, 2026; Accepted: August 16, 2026; Published: September 8,
2026.

DOI: 10.15376/biores.21.4.10408-10424

Du et al. (2026). “Lignin separation using resin,” BioResources 21(4), 10408-10424. 10424




  A =     𝜌 × 150 ×  10  − 6  100 . 16 ×     A 2    A 1  m × 100 %


 

