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ARTICLE INFO ABSTRACT

Keywords: Leucaena and tagasaste are fast-growing leguminous shrubs recognized for producing substantial amounts of
Leucaena lignocellulosic biomass, making them promising candidates as alternative feedstocks for biorefineries. However,
Tagasaste despite extensive research into their chemical composition, a detailed understanding of their native lignin
gf:il:cyl structure remains limited, hindering their optimal use in lignocellulosic biorefineries. In this study, native-like
Syringyl lignins were isolated and thoroughly analyzed using a variety of analytical techniques, including gel perme-
Biorefineries ation chromatography (GPC), analytical pyrolysis coupled to gas chromatography/mass spectrometry (Py-GC/

MS), two-dimensional Nuclear Magnetic Resonance (2D NMR), and 31p NMR. The data revealed significant
differences in the lignin composition of the two species. Leucaena lignin showed a strong predominance of
guaiacyl (G) units, with minor amounts of syringyl (S), and p-hydroxyphenyl (H) units (H:G:S ratio of 1:83:16; S/
G 0.19). In contrast, tagasaste lignin exhibited a slight predominance of S units (H:G:S ratio of 2:46:52; S/G
1.13). These compositional variations significantly influenced the distribution of the different lignin interunit
linkages. Hence, leucaena lignin was characterized by fewer of p-O-4" alkyl-aryl ether linkages (66 % of all
linkages) and a higher proportion of condensed linkages, making it more resistant to delignification. In contrast,
tagasaste lignin presented higher levels of B—0-4' alkyl-aryl ether linkages (74 %) and fewer condensed linkages,
rendering it more susceptible to delignification. The insights gained from this study are expected to enhance the
valorization of these lignocellulosic materials as feedstocks in future lignocellulosic biorefineries.

2021; Lago et al., 2019; Nunes et al., 2020). This has stimulated interest
in identifying high-yield biomass crops suitable for such lignocellulosic
biorefineries.

1. Introduction

The transition to renewable energy and sustainable materials is

essential for the development of modern societies and the mitigation of
climate change. Plant biomass, the most abundant renewable resource
on Earth, offers great potential as a basis for producing renewable en-
ergy and biobased products. Replacing fossil fuels with biomass can
reduce our reliance on finite fossil fuel reserves and significantly reduce
anthropogenic net CO5 emissions (Yang et al., 2021). Biomass is widely
available from forest, agricultural and industrial lignocellulosic wastes,
making it a valuable resource for producing biofuels and bioproducts,
paving the way for reduced carbon emissions, enhanced energy security,
and fostering a circular bioeconomy (Ragauskas et al., 2006). A central
concept in this transition is the lignocellulose biorefinery, which enables
the conversion of renewable plant biomass into energy and diverse
products in an economically and environmentally sustainable manner
(Kamm et al., 2008; Ubando et al., 2020; Vinod et al., 2020; Liu et al.,
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In this study, we examined two fast-growing leguminous shrubs,
leucaena (Leucaena leucocephala L.) and tagasaste (Chamaecytisus pro-
liferus spp. palmensis L.), both members of the Fabaceae family. Legu-
minous plants are essential to sustainable agriculture due to their
symbiotic relationship with Rhizobium bacteria, which enables atmo-
spheric nitrogen fixation (Jensen et al., 2012; Wu et al., 2017; Stagnari
et al., 2017). This natural process reduces dependency on synthetic
fertilizers and enhances soil fertility for subsequent crops. Beyond their
role in agriculture, legumes such as leucaena and tagasaste hold great
promise as feedstocks for lignocellulosic biorefineries, producing bio-
fuels, biomaterials, and biochemicals (Jensen et al., 2012). These species
thrive in degraded soils, improve microbial activity, control erosion, and
reduce soil acidity, contributing to ecosystem restoration (McKenzie
et al, 2001; Loaiza et al., 2018; Monjardino et al.,, 2010;
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Rodriguez-Echevarria et al., 2003). Both species are highly productive,
with leucaena capable of yielding over 50 tons of biomass per hectare
annually, increasing to approximately 70 tons after seven years (Feria
et al., 2012; Loaiza et al., 2017). Tagasaste, although less prolific, can
produce around 18.3 tons per hectare per year (Gonzalez, 2000). These
high yields, coupled with their adaptability and soil-enhancing proper-
ties, make them attractive candidates for biorefinery feedstocks. Addi-
tionally, they show potential for applications such as paper pulp
production, hemicellulose recovery, and lignocellulosic nanofiber pro-
duction (Jiménez et al., 2007; Alfaro et al., 2010; Espinosa et al., 2017;
Dominguez-Robles et al., 2017, 2020; Garcia et al., 2008; Lopez et al.,
2004; Palma et al., 2021).

Despite extensive research on the chemical composition of leucaena
and tagasaste, detailed information on the structure of their native lig-
nins remains limited. Lignin is a complex and heterogeneous polymer
that provides structural support, enhances water transport, and re-
inforces plant defense against pathogens. Structurally, lignin consists of
three primary units, p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
units, resulting from the polymerization of the monolignols p-coumaryl,
coniferyl, and sinapyl alcohols (Vanholme et al., 2010; Ralph et al.,
2019). Lignin biosynthesis involves the oxidation of the monolignols,
catalyzed by peroxidases and laccases, followed by combinatorial
radical coupling, resulting in a structurally complex polymer that lacks
regular, ordered repeating units, making it particularly recalcitrant and
strongly limiting plant cell-wall degradability (Vanholme et al., 2010;
Ralph et al., 2019).

This study aims to provide a comprehensive characterization of the
native lignins in tagasaste and leucaena. To achieve this, native-like
lignins were isolated using classical methods and analyzed using
advanced analytical techniques such as gel permeation chromatography
(GPC), pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS),
two-dimensional Nuclear Magnetic Resonance (2D NMR)’ and 31p NMR.
The insights obtained are expected to enhance the understanding of
these lignocellulosic materials, facilitating their optimized utilization in
biorefineries and expanding their potential as sustainable feedstocks for
bio-based industries.

2. Materials and methods
2.1. Samples and analysis of the main constituents

Leucaena (Leucaena leucocephala L.) and tagasaste (Chamaecytisus
proliferus spp. palmensis) were cultivated in an experimental field in
Huelva (Spain). The harvested samples were air-dried and milled in an
IKA MF 10 knife mill (IKA, Staufen, Germany) to pass through 1 mm
screen. Milled samples were extracted sequentially with acetone (8 h),
methanol (8 h), and hot water (8 h) using a Soxhlet apparatus. Extrac-
tives were quantified gravimetrically by evaporating the solvents using a
rotary evaporator. The total lignin content was determined by summing
the Klason lignin and acid-soluble lignin fractions. Klason lignin was
determined by hydrolyzing the pre-extracted lignocellulosic material
with HySOy4, while acid-soluble lignin was measured spectrophotomet-
rically at 205 nm, according to the Tappi methods T222 om-88 and UM
250, respectively (Tappi, 2004). The holocellulose fraction (comprising
hemicelluloses and cellulose) was determined from pre-extracted ma-
terials using the acid chlorite method (Browning, 1967). Cellulose
content was measured by selectively removing the hemicelluloses from
the holocellulose through alkaline extraction (Browning, 1967). Ash
content was measured gravimetrically by incinerating the samples at
575 °C for 6 h. All analyses were performed in triplicate. The means were
compared by using the t-test or one-way ANOVA and Tukey’s test
(p > 0.05) for multiple comparisons between the two lignocellulosic
materials.
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2.2. Isolation and purification of the lignin fraction

Approximately 60 g of pre-extracted samples were processed in a
Retsch PM-100 planetary mill (Retsch, Haan, Germany), using an agate
jar and balls at a rotation speed of 400 rpm for 16 h, alternating between
20 min of milling time and 10 min of rest. The milled material was then
extracted with a dioxane:water solution (90:10 v/v) for 16 h, and the
solubilized lignin in the resulting supernatant was separated by centri-
fugation. This extraction procedure was repeated twice more, each time
using fresh dioxane:water solution. The combined dioxane:water solu-
tions were evaporated to dryness using a rotary evaporator at 40 °C. The
crude milled wood lignin (MWL) obtained was further purified as
detailed elsewhere (del Rio et al., 2012). The MWL yields in both sam-
ples accounted for around 20 % of the total lignin content (Klason lignin
and acid-soluble lignin).

2.3. Gel Permeation Chromatography (GPC)

Prior to GPC analysis, the lignins were acetylated using a 1:1 (v/v)
mixture of acetic anhydride and pyridine. The acetylated lignins were
then dissolved in tetrahydrofuran and analyzed using a Shimadzu
Prominence-i-LC-2030 3D GPC system (Shimadzu, Kyoto, Japan), under
the experimental conditions detailed previously (Rencoret et al., 2018).

2.4. Analytical pyrolysis

Approximately 0.1 mg of MWLSs were subjected to pyrolysis at 500 °C
for 1 min using a EGA/PY-3030D microfurnace pyrolyzer (Frontier
Laboratories Ltd., Fukushima, Japan) coupled to an Agilent 7820 A GC
and an Agilent 5975 mass selective detector (Agilent Technologies, Inc.,
Santa Clara, CA). The system was equipped with a DB-1701 column
(30 m x 0.25 mm i.d., 0.25 pm film thickness). The oven temperature in
the GC was initially set at 50 °C for 1 min, then ramped to 100 °C at a
rate of 30 °Cmin ", and then raised to 280 °C at a rate of 6 °C min~!, and
held for 10 min. Released compounds were identified by comparing
their mass spectra against a collection of standards, the NIST mass
spectra database, and literature data (Ralph and Hatfield, 1991; del Rio
et al., 2005). For each compound, the molar peak areas were normal-
ized, and the results, expressed as percentages, were averaged over two
replicates.

2.5. 2D NMR spectroscopy

The 2D NMR analyses were conducted on a Bruker Avance III
500 MHz spectrometer (Bruker, Karlsruhe, Germany) equipped with a
5 mm TCI cryoprobe. Approximately 40 mg of MWLs were dissolved in
0.6 mL of DMSO-dg. Heteronuclear Single Quantum Coherence (HSQC)
spectra were acquired using the standard “hsqcetpgsisp.2.2” pulse pro-
gram and the parameters previously described (del Rio et al., 2012).
Signal assignments were based on comparisons with established litera-
ture (del Rio et al., 2012; Ralph et al., 2009; Rosado et al., 2023). For the
semiquantitative analysis of the HSQC signals, Bruker’s Topspin 4.2
software was used. Signal integration was done separately for the
aliphatic oxygenated (linkages) and the aromatic/unsaturated regions,
as described elsewhere (del Rio et al., 2012). In the aromatic/unsatu-
rated region of the spectrum, Cy/Hj correlation signals were used to
quantify the relative abundances of H, G and S lignin units. For the Sy ¢
and Hy ¢ signals, which correspond to two pairs of protonated carbons,
the integration volumes were halved. In the oxygenated/aliphatic region
of the spectrum, the relative abundances of side-chains involved in the
different lignin linkages (A, B, C, D, F) were determined from the C,/Hy
correlations (Ag, By, Cy, Do, and F, signals), except for the cinnamyl
alcohol end-groups (I), where C,/H, correlations (I, signal) were used.
The relative abundance of cinnamaldehyde end-groups (J) was calcu-
lated by integrating the Jy signal and comparing it to the Ij signal.
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2.6. 31p NMR spectroscopy

Prior to the 3'P NMR analyses, approximately 30 mg of MWLs were
subjected to a phosphtylation procedure with 2-chloro-4,4,5,5-tetra-
methyl-1,3,2-dioxaphospholane (TMDP), as previously indicated
(Benito et al., 2024). The 31p NMR spectra were acquired on a Bruker
Avance NEO 400 MHz equipment (Bruker, Karlsruhe, Germany) using
the pulse program “zgig”, a relaxation delay of 5 s and 256 accumulated
scans. Chemical shifts were calibrated with respect to the distinct signal
from the hydroxylated-TMDP at 132.2 ppm. The signals in the 3!P NMR
spectra were assigned based on the literature (Pu et al., 2011; Meng
et al.,, 2019; Benito et al., 2024). The quantification of the hydroxyl
groups was carried out using N-hydroxy-5-norbornene-2,3-dicarbox-
imide (NHND) as an internal standard, following the method described
in previous studies (Benito et al., 2024).

3. Results and discussion
3.1. Main constituents of leucaena and tagasaste

The composition of the main constituents of leucaena and tagasaste
is summarized in Table 1. Overall, the results are similar to those re-
ported previously (Diaz et al., 2004; Lopez et al., 2010; Marques et al.,
2008; Loaiza et al., 2018; Dominguez-Robles et al., 2020; Palma et al.,
2021). Both species exhibited relatively low levels of extractives
(acetone, methanol, and water-soluble), with leucaena containing up to
5.4 %, compared to only 3.8 % for tagasaste. Significant differences were
observed in the holocellulose content, with leucaena having 69.1 % and
tagasaste having a higher content of 77.5 %. These differences were
mainly due to variations in hemicellulose content; leucaena contained
only 29.6 % of hemicelluloses, while tagasaste presented a notably
higher content of 39.5 %. The cellulose content of both species was
comparable, with leucaena having 39.5 % and tagasaste containing
38.0 %. Both species also exhibited low ash content, with leucaena
containing 1.3 % and tagasaste only 0.7 %. Finally, the total lignin
content, comprising Klason lignin and acid-soluble lignin, varied
considerably between the two species. Leucaena had a lignin content of
24.2 %, compared to only 18.0 % in tagasaste.

Since lignin is a highly recalcitrant polymer, its content plays a
crucial role in determining biomass resistance to degradation. However,
beyond the quantity of lignin, its composition is equally important for
accurately assessing the overall recalcitrance of the lignocellulosic
biomass. To examine the structure of the lignins in these species, native-
like lignin preparations were isolated using aqueous dioxane extraction,
following the traditional method (Bjorkman, 1956). This method pro-
duced lignin preparations with minimal structural alterations, thereby
preserving the native lignin structure in the plant. The isolated lignins
(commonly referred to as ‘milled-wood lignins’, MWL) were thoroughly
analyzed using a combination of advanced techniques, such as GPC to
measure molecular weights, Py-GC/MS to determine the composition of
lignin units, 2D NMR spectroscopy to gain detailed insights into lignin
units and their inter-unit linkages, and 3!P NMR, which provided

Table 1

Abundance (%) of the main constituents of leucaena and tagasaste (values with
the same letters in the same parameters indicate that the values did not differ by
the Tukey test at 0.95 confidence interval).

Leucaena Tagasaste
Acetone extractives 1.8+ 0.2a 1.4 +0.1a
Methanol extractives 2.1 +0.1a 1.9 +£0.1a
Water-soluble extractives 1.5 £ 0.1c 0.5 + 0.0a
Klason lignin 22.1 + 0.4c 16.3 £ 0.1a
Acid-soluble lignin 2.1 +£0.1b 1.7 £ 0.1a
Hemicelluloses 29.6 + 1.0a 39.5 +1.3¢
Cellulose 39.5+ 1.0a 38.0 + 1.5a
Ash 1.3+ 0.1b 0.7 £ 0.1a
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information on the nature of both the aliphatic and phenolic hydroxyl
groups.

3.2. Molecular weight distribution of the lignins of leucaena and tagasaste
as determined by GPC

The molecular weights of the MWLs from leucaena and tagasaste
were analyzed using GPC, as illustrated in Fig. 1. The GPC analysis
confirmed that the isolated MWLs are polymeric, ruling out the occur-
rence of low molecular weight compounds. The weight-average (M,,)
molecular weight, number-average (M,) molecular weight, and poly-
dispersity indices (M,,/M},) of these MWLs, obtained from the GPC, are
presented in Table 2. The analysis indicated that the MWL from leucaena
presented a M,, of 6160 g/mol and a M, of 3450 g/mol, with a low
polydispersity of 1.79, demonstrating a high level of homogeneity of this
MWL. In comparison, the MWL from tagasaste exhibited a slightly
higher molecular weight, with a M,, of 7880 g/mol and a M,, of 4000 g/
mol, and a similarly low polydispersity of 1.97. These values are com-
parable to those reported for MWLs isolated from other hardwoods,
including beech, eucalyptus, and orange tree prunings (Rosado et al.,
2023; Brosse et al., 2010; Tolbert et al., 2014; H.M. Wang et al., 2017).

3.3. Lignin composition of leucaena and tagasaste as determined by Py-
GC/MS

Leucaena and tagasaste MWLs were analyzed using Py-GC/MS, a
thermal degradation technique that enables a rapid evaluation of lignin
unit composition. Fig. 2 displays the Py-GC/MS chromatograms of both
MWLs, while Table 3 lists the released phenolic compounds along with
their relative molar abundances. The absence of carbohydrate-derived
compounds in the pyrograms confirms the high purity and successful
isolation of the MWL preparations. The pyrolysis predominantly
released guaiacyl- (G) and syringyl- (S) derived compounds, including
guaiacol (peak 2), 4-methylguaiacol (peak 5), 4-ethylguaiacol (peak 6),
4-vinylguaiacol (peak 7), eugenol (peak 8), cis-isoeugenol (peak 10),
trans-isoeugenol (peak 11), and vanillin (peak 13), among others, as well
as their corresponding S-derivatives. Phenolic compounds derived from
H-lignin units, such as phenol (peak 1), 3-methylphenol (peak 3), and 4-
methylphenol (peak 4), were also detected, though in smaller quantities.
The significant presence of phenolic compounds with intact three carbon
side chains (particularly peaks 8, 10, 11, 22, 24, and 27, among others)
observed in the pyrograms indicates that the lignin structure was well-
preserved during the MWL isolation process, with negligible structural

100+
1 tagasaste

v/

757

/

leucaena

Normalized detector response (a.u.)
w
o
1

Log (Mw)

Fig. 1. GPC curves for the MWLs isolated from leucaena (green) and tagasaste
(red). The weight-average (M,,) molecular weight, number-average (M,) mo-
lecular weight, and polydispersity indices (M,,/M,) for these MWLs are detailed
in Table 2.
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Table 2
Weight-average (M,y) and number-average (M,) molecular weights (g mol ™),
and polydispersity (M,,/M,) of the MWLs isolated from leucaena and tagasaste.

Leucaena Tagasaste
My 6160 7880
M, 3450 4000
My/M, 1.79 1.97

alterations (del Rio et al., 2001, 2002).

Important differences were observed in the profiles of the phenolic
compounds released from the two MWLSs upon pyrolysis. The MWL from
leucaena predominantly released phenolic compounds derived from G-
lignin units, with fewer amounts of phenolic compounds derived from S-
lignin units, while the MWL from tagasaste produced slightly higher
amounts of S-lignin-derived phenolics. The lignin H:G:S ratio of the
MWLs from both species was estimated based on the relative abundance
of the phenolic compounds released during Py-GC/MS. The pyrolysis
data revealed that the MWL from leucaena was predominantly enriched
in G-lignin units, with an H:G:S ratio of 2:82:16 and an S/G ratio of 0.19.
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In contrast, the MWL from tagasaste showed a slightly higher predom-
inance of S-lignin units, with an H:G:S ratio of 2:47:51 and an S/G ratio
of 1.07, as shown in Table 3.

Structurally, G-units possess a free C5 position, allowing the forma-
tion of additional condensed carbon—carbon or ether linkages, resulting
in a more branched and condensed lignin structure (Vanholme et al.,
2010; Ralph et al., 2019). In contrast, S-lignin units lack a free ortho
position, preventing the formation of 5-5 and B-5' linkages with the
aromatic ring, leading to the preferential formation of p-O-4' ether
linkages, and resulting in a less branched and a more linear structure.
The distinct lignin compositions in leucaena and tagasaste consequently
influence the distribution of inter-unit linkages, as we will see below,
which significantly affects their reactivity and the potential applications
of their lignin in various biorefinery processes.

3.4. Lignin composition and inter-unit linkages as determined by 2D NMR

The MWLs from leucaena and tagasaste were further analyzed using
2D-HSQC NMR spectroscopy, which offers insights into both the
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Fig. 2. Py-GC/MS of the MWLs isolated from leucaena (A) and tagasaste (B). The identities and relative abundances of the released numbered phenolic compounds

are listed in Table 3.
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Table 3
Identities and relative molar abundances (%) of the phenolic compounds
released upon Py-GC/MS of the MWLs from leucaena and tagasaste.

Label Compound Origin MWL leucaena MWL tagasaste
1 phenol H 0.6 0.6
2 guaiacol G 15.8 7.2
3 3-methylphenol H 0.9 0.5
4 4-methylphenol H 0.6 0.8
5 4-methylguaiacol G 19.9 9.7
6 4-ethylguaiacol G 2.4 1.8
7 4-vinylguaiacol G 14.9 6.4
8 eugenol G 2.3 1.1
9 syringol S 3.1 9.0
10 cis-isoeugenol G 1.6 1.1
11 trans-isoeugenol G 7.1 5.4
12 4-methylsyringol S 3.7 11.9
13 vanillin G 9.6 6.6
14 propyne-guaiacol G 1.0 0.7
15 propyne-guaiacol G 1.2 1.0
16 homovanillin G 0.0 0.9
17 4-ethylsyringol S 0.4 1.6
18 vanillic acid methyl ester G 0.5 0.4
19 acetoguaiacone G 3.4 21
20 4-vinylsyringol S 2.3 4.6
21 guaiacylacetone G 1.6 0.8
22 4-allylsyringol S 0.4 1.4
23 propiovanillone G 0.5 0.4
24 cis—4-propenylsyringol S 0.3 1.0
25 propyne-syringol S 0.1 0.3
26 propyne-syringol S 0.1 0.3
27 trans—4-propenylsyringol S 1.4 4.8
28 syringaldehyde S 2.1 8.0
29 homosyringaldehyde S 0.0 0.3
30 syringic acid methyl ester S 0.2 0.4
31 acetosyringone S 0.9 2.5
32 trans-coniferaldehyde G 0.4 1.7
33 syringylacetone S 0.5 1.2
34 propiosyringone S 0.2 0.8
35 trans-sinapaldehyde S 0.0 2.7

H= 2.1 1.9

G= 82.2 47.3
S= 15.7 50.8
S/G= 0.19 1.07

H: p-hydroxyphenyl units; G: guaiacyl units; S: syringyl units

composition of lignin units and the various inter-unit linkages. The
HSQC spectra are presented in Fig. 3, while the identified lignin units
and substructures are shown in Fig. 4. The spectra are divided into two
regions, the aliphatic/oxygenated region (8¢/8y 50-90/2.5-6.0), which
offers insights into the inter-unit linkages, and the aromatic/unsaturated
region (8¢/8y 98-155/5.8-7.8), which provides information on the
composition of H-, G-, and S-lignin units. The correlation signals
observed in the HSQC spectra, along with their assignments, are sum-
marized in Table 4.

The signals in the aromatic/unsaturated region of the HSQC spectra
corroborated the Py-GC/MS data. Signals corresponding to S-, G-, and H-
lignin units were observed. S-lignin units showed a strong correlation for
the Cy6/Hy ¢ signal at 6c/8y 103.7/6.68. Additionally, signals for the
Cz,6/Ha 6 correlations of Ca-oxidized S-lignin units (S") were detected at
8c/8y 106.3/7.32 and 106.3/7.20. G-lignin units exhibited distinct
correlation signals for Co/Hj, Cs/Hs, and Cg/Hg, at 8¢/6y 110.8/6.96,
115.0/6.74, and 118.7/6.77. A signal for the Cy ¢/Ho 6 correlations of H-
lignin units was also observed at §¢/8y 127.7/7.20, although at lower
intensities, reflecting the small amounts of H-lignin units in both MWLs,
consistent with the findings from the Py-GC/MS analysis.

The signals observed in the aliphatic/oxygenated region of the
spectra provided valuable insights into the various lignin inter-unit
linkages. In this region, alongside the methoxyl group signal, the most
prominent signals corresponded to f—-O—4' alkyl-aryl ether linkages (A).
The Co/Hj correlations appeared at 8¢/ 70.9/4.72 for f—O-4' linkages
associated with G-units and at 8¢/8y 71.9/4.85 for those linked to S-
units, while the Cy/Hj correlations were found at 5¢/3y 83.7/4.26 for
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B-0-4' linkages linked to G-unit and at 5¢/35y 85.8/4.09 for those linked
to S-units. The C,/H, correlations for p~O-4' linkages were observed at
8c/8y 59.7/3.25 and 3.58. Additional signals from other lignin sub-
structures were also present, including p-5 phenylcoumarans (B), —f’
resinols (C), 5-5' dibenzodioxocins (D), and p-1" spirodienones (F), as
well as cinnamyl alcohol end-groups. Among these, the most intense
signals came from -5’ phenylcoumarans (B), with their Co/Hy and Cp/
Hp correlations found at 8¢/6y 86.8/5.45 and 53.0/3.45, respectively,
while their C,/H, correlations overlapped with other signals around 8¢/
8y 62.5/3.67. Strong signals were also observed for f—f’ resinols (C),
showing Cy/H,, Cp/Hg, and C,/H, correlations at 8¢/6y 84.8/4.66, 53.6/
3.05, and 70.9/3.82 and 4.18, respectively. Clear signals for 5-5
dibenzodioxocins (D) were detected in the spectra of both species,
although they were more pronounced in the spectrum of the MWL of
leucaena, with their Co/Hy and Cy/Hp correlations at 8¢/6y 83.0/4.81
and 85.3/3.83. Additionally, small signals from p-1’ spirodienones (F)
were visible in this part of the spectrum, characterized by their C,/H,,
Co/Hy, Cp/Hp, and Cp/Hp: correlations at 5¢/dy 81.0/5.09, 83.4/4.70,
59.7/2.74, and 79.3/4.11, respectively. Other signals for spirodienones,
such as the Cy:/Hg:, Cs:/Hs:, Ce'/Hg correlations, were observed in the
aromatic region of the spectra. Finally, a signal corresponding to the C,/
H, correlations of p-hydroxycinnamyl alcohol (I) end-groups was
observed at 5¢/8y 61.3/4.08; likewise, signals for the Co/H,, and Cp/Hp
correlations were observed in the aromatic region of the spectra.

The relative abundances of the main lignin inter-unit linkages, p-
hydroxycinnamyl end-groups, and lignin units in the MWLs isolated
from leucaena and tagasaste were estimated from the 2D-HSQC NMR
spectra and are summarized in Table 5. The NMR analysis revealed
important differences in the composition of the lignins from the two
species. The lignin of leucaena was predominantly composed of G-lignin
units, making up 83 % of all aromatic units, with smaller amounts of S-
lignin units (16 %) and only trace amounts of H-lignin units (1 %),
resulting in an S/G ratio of 0.19. In contrast, the lignin from tagasaste
exhibited a slight predominance of S-lignin units (52 %), followed by G-
lignin units (46 %), and a small proportion of H-lignin units (2 %), with
an S/G ratio of 1.13. These findings are consistent with the Py-GC/MS
analysis shown above.

The differences in lignin composition between the two species
significantly influenced the distribution of the various inter-unit link-
ages. In leucaena lignin, which was enriched in G-lignin units, there was
a lower proportion of f-0O-4" alkyl-aryl ether linkages (66 % of all inter-
unit linkages identified) and a higher content of condensed linkages,
such as f-5' phenylcoumarans (21 %) and 5-5' dibenzodioxocins (4 %).
The presence of significant amounts of dibenzodioxocins in leucaena
lignin is particularly noteworthy, as these condensed structures are
typically associated with softwood lignins, where they function as
branching points (Karhunen et al., 1995; Ralph et al., 2019). Their
important occurrence in leucaena lignin, despite being a hardwood
species, is a direct result of its high G-lignin content. Additionally, minor
amounts of other condensed linkages were observed in the MWL of
leucaena, including B—f’ resinols (6 %) and p-1" spirodienones (3 %),
along with p-hydroxycinnamyl alcohol end-groups (5 %) and cinna-
maldehydes (12 %). In contrast, tagasaste lignin, which had a slightly
higher proportion of S-units, exhibited a higher proportion of p-0—4’'
alkyl-aryl ether linkages, accounting for 74 % of all inter-unit linkages
identified, and a lower content of condensed linkages, with p-5' phe-
nylcoumarans (11 %), p—p' resinols (11 %), 5-5' dibenzodioxocins (1 %),
and B-1" spirodienones (3 %). Additionally, the tagasaste lignin con-
tained p-hydroxycinnamyl alcohol end-groups (4 %) and p-hydrox-
ycinnamaldehydes (11 %).

3.5. Determination of aliphatic and phenolic hydroxyl groups by 3P
NMR spectroscopy

To gain a deeper understanding of the composition of the MWLSs from
leucaena and tagasaste, they were analyzed by 3'P NMR spectroscopy.
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Fig. 3. Side-chain (8¢/8y 50-90/2.5-6.0; left) and aromatic (8¢/8y 98-155/5.8-7.8; right) regions of the HSQC spectra (in DMSO-dg) of the MWLs isolated from
leucaena (A) and tagasaste (B). The assignments of the different lignin correlation signals are listed in Table 4.
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This well-established NMR technique allows to differentiating and
quantifying diverse hydroxyl groups within the lignin, including car-
boxylic, aliphatic, and phenolic groups (Pu et al., 2011; Meng et al.,
2019). The 3'P NMR spectra of the MWLs from leucaena and tagasaste,
along with the signal assignments for the main functional groups, are
depicted in Fig. 5, while the corresponding quantitation data are sum-
marized in Table 6.

In both samples, the dominant peaks in the >'P NMR spectra were
observed in the 145.0-150.0 ppm range and corresponded to the
aliphatic hydroxyl groups on the lignin side-chains. These groups
accounted for 4.87 mmol/g in the MWL of leucaena and 5.38 mmol/g in
the MWL of tagasaste. Additionally, the spectra also revealed peaks
between 137 and 145 ppm that are characteristics of phenolic hydroxyl
groups derived from H, G, and S lignin units. In the MWL of leucaena, the
phenolic hydroxyl content was 1.04 mmol/g, whereas in the MWL of
tagasaste it was slightly lower at 0.80 mmol/g. Interestingly, the phe-
nolics from G-lignin units were the most abundant in both MWLs,
contributing 0.87 mmol/g in the MWL of leucaena and 0.52 mmol/g in
the MWL of tagasaste, despite tagasaste having a predominance of S-
units (S/G ratio of 1.13 according to 2D NMR). In contrast, phenolic
hydroxyls from S-lignin units were detected in smaller amounts, ac-
counting for 0.09 mmol/g in the MWL of leucaena and 0.19 mmol/g in
the MWL of tagasaste. The H-lignin derived phenolics were present in
trace amounts, at 0.08 and 0.09 mmol/g in the MWLs of leucaena and
tagasaste, respectively. The low phenolic hydroxyl content is a typical
feature of MWLs, primarily due to their gentle isolation under mild
conditions, which preserves the native etherified structure of the plant

lignin, in contrast to technical lignins, which are obtained through
harsher chemical processes that extensively cleave bonds, leading to a
significantly higher content of free phenolic hydroxyl groups (Pu et al.,
2011). Finally, the carboxylic hydroxyl groups were observed in the
134.5-135.5 ppm range, albeit at lower intensities, corresponding to
0.16 mmol/g in the MWL of leucaena, and 0.15 mmol/g in the MWL of
tagasaste.

3.6. Anticipated performance of leucaena and tagasaste lignins in
biorefinery applications

Lignin content and composition are key factors for effectively uti-
lizing lignocellulosic biomass in biorefineries. Lignin acts as a barrier to
access the carbohydrates, such as cellulose, which are essential for
producing valuable products like pulp, paper, bioethanol, and platform
chemicals. Removing or modifying lignin is often necessary to expose
these carbohydrates for further processing. However, lignin itself has
considerable valorization potential due to its unique aromatic structure,
which allows it to be transformed into a variety of bio-based chemicals,
resins, and adhesives, making it a valuable resource on its own. Un-
derstanding the detailed lignin composition and structure is, therefore,
essential for optimizing biomass conversion processes and maximizing
the economic value of both the carbohydrates and the lignin in bio-
refineries. In the context of lignocellulosic biorefineries, this knowledge
becomes even more crucial, as it allows for tailored strategies to enhance
biomass processing efficiency and support the sustainable production of
both energy and value-added materials. The distinct compositions and
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Table 4
Assignments of the lignin *C/'H correlation signals in the 2D HSQC spectra of
the MWLs isolated from leucaena and tagasaste.

Label 8¢/81 Assignment

Bycs) 52.3/3.57 Cp/Hp in phenylcoumarans (B) linked to S units
Bgo) 53.0/3.45 Cp/Hg in phenylcoumarans (B) linked to G units
Gy 53.6/3.06 Cp/Hjg in p—p' resinols (C)
-OCHj3 55.5/3.72 C/H in methoxyls
A, 59.7/3.25 and C,/H, in p-0-4' alkyl-aryl ethers (A)
3.58
Fg 59.7/2.74 Cy/Hy in spirodienones (F)
I, 61.3/4.08 C,/H, in cinnamyl alcohol end-groups (I)
B, 62.5/3.67 C,/H, in phenylcoumarans (B)
c, 70.9/3.82 and C,/H, in p—p’ resinols (C)
4.18
Ay 70.9/4.72 Co/Hy in p-0-4' alkyl-aryl ethers (A) linked to G units
Ays) 71.9/4.85 Cy/Hy in B-O-4'" alkyl-aryl ethers (A) linked to S units
Fy 79.3/4.11 Cp/Hp in spirodienones (F)
Fy 81.0/5.09 Cu/Hy in spirodienones (F)
Agan 82.7/4.58 Cp/Hg in p-0-4' alkyl-aryl ethers (A) linked to H units
Dy 83.0/4.81 Cy/H, in 5-5' dibenzodioxocins (D)
Fy 83.4/4.70 Cy/Hy in spirodienones (F)
Ape) 83.7/4.26 Cp/Hy in p-0-4' alkyl-aryl ethers (A) linked to G units
Cq 84.8/4.66 Co/Hg in B’ resinols (C)
Dy 85.3/3.83 Cp/Hy in 5-5' dibenzodioxocins (D)
Ags) 85.8/4.09 Cp/Hy in p-0-4' alkyl-aryl ethers (A) linked to S units
Bua) 86.8/5.45 Co/H, in phenylcoumarans (B) linked to G units
Bucs) 87.8//5.61 Cy/H, in phenylcoumarans (B) linked to S units
Sa6 103.7/6.68 Cz/H; and Cg/Hg in etherified syringyl units (S)
J2,6() 106.1/7.04 Cz/H; and Ce/Hp in sinapaldehyde end-groups (J)
S’26 106.3/7.32 and Cy/Hj and Cg¢/Hg in C,-oxidized syringyl units (S”)
7.20
G, 110.8/6.96 Cz/Hy in guaiacyl units (G)
Ja, 111.2/7.31 Cy/Hy in coniferaldehyde end-groups C5-free (J)
5f)
G’y 111.4/7.54 Cy/Hy in Cy-oxidized guaiacyl units (G’)
Jaa) 112.3/7.30 Cz/H; in coniferaldehyde end-groups C5-linked (J)
Faq) 112.8/6.16 Cy/Hy in guaiacyl spirodienones (F)
Fos) 113.5/6.27 Cy/Hy in syringyl spirodienones (F)
Gs/Ge 115.0/6.74 Cs/Hs and Cg/Hp in guaiacyl units (G)
Ge 118.7/6.77 Cs/Hs in guaiacyl units (G)
Jo(G) 118.7/7.30 Ce/Hg in coniferaldehyde end-groups C5-linked (J)
Fe(s) 118.8/6.08 Cg/Hg in syringyl spirodienones (F)
Je(a, 123.0/7.19 Ce/Hp in coniferaldehyde end-groups C5-free or
) B-O—4' linked (J)
Jg 126.0/6.76 Cp/Hg in cinnamaldehyde end-groups (J)
Fs(e) 127.6/6.04 Cs/Hs in guaiacyl spirodienones (F)
Hyp 127.7/7.20 Cy/H, and Cg/Hg in p-hydroxyphenyl units (H)
I 128.4/6.23 Cp/Hg in cinnamyl alcohol end-groups (I)
Iy 128.4/6.44 Co/Hy in cinnamyl alcohol end-groups (I)
Fe) 151.0/7.08 Cg/Hg in guaiacyl spirodienones (F)
Jo 153.5/7.62 Co/Hy in cinnamaldehyde end-groups (J)
Table 5

Structural characteristics (inter-unit linkages, p-hydroxycinnamyl end-groups,
H-, G-, and S-lignin units, and S/G ratios) derived from integration of the sig-
nals in the HSQC of the MWLs from leucaena and tagasaste.

MWL MWL
leucaena tagasaste
Lignin inter-unit linkages (%)
p-0—4' aryl ethers (A) 66 74
-5 Phenylcoumarans (B) 21 11
B-p' Resinols (C) 6 11
5-5' Dibenzodioxocins (D) 4 1
p-1' Spirodienones (F) 3 3
Lignin end-groups”
Cinnamyl alcohol end-groups (I) 5
Cinnamaldehyde end-groups (J) 12 11
Lignin aromatic units”
H (%) 1 2
G (%) 83 46
S (%) 16 52
S/G ratio 0.19 1.13

@ Expressed as a fraction of the total lignin inter-unit linkage types A-F
> Molar percentages (H+G-S=100)
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structural characteristics of leucaena and tagasaste lignins offer oppor-
tunities to enhance biorefinery processes and develop new bio-based
products.

In the case of carbohydrate valorization, both the overall lignin
content and its composition play a crucial role in the efficiency of the
delignification process. Guaiacyl (G) lignin, characterized by a higher
proportion of condensed linkages, is more resistant to depolymerization
in alkaline systems, such as the kraft process commonly used for cellu-
lose pulp production, and exhibits lower reactivity compared to syringyl
(S) lignin (Tsutsumi et al., 1995). In contrast, S-lignin is mainly
composed of p-O—4' ether linkages, which are more chemically labile
and easier to break down. Consequently, lignocellulosic materials rich in
G-lignin require higher alkali concentrations and harsher conditions
compared to those with higher S/G lignin ratios (Tsutsumi et al., 1995;
Gonzalez-Vila et al., 1999; del Rio et al., 2005; Santos et al., 2012; Li
et al., 2016). Leucaena, with its high G-lignin composition, which pro-
motes the formation of condensed linkages like phenylcoumarans and
dibenzodioxocins, along with its relatively high lignin content (24.2 %),
is expected to exhibit lower reactivity during alkaline delignification.
This increased recalcitrance will require more severe processing condi-
tions to effectively remove the lignin and access the carbohydrates
(Gonzalez-Vila et al., 1999; del Rio et al., 2005; Santos et al., 2012; Li
et al., 2016). In contrast, tagasaste, characterized by a higher lignin S/G
ratio, a greater proportion of f-O-4' alkyl-aryl ether linkages, fewer
condensed linkages, and a lower overall lignin content (18.0 %), is ex-
pected to undergo delignification more easily. This facilitates better
access to carbohydrates, making tagasaste more suitable for pulp and
paper production, where easier delignification can reduce both energy
and chemical consumption, as confirmed by previous studies (Lopez
et al., 2004, 2010; Dominguez-Robles et al., 2017, 2020).

When considering the valorization of the lignin fraction, its compo-
sition plays a crucial role in determining its potential applications. The
G-unit-rich lignin in leucaena is particularly suited for producing phe-
nols with unsubstituted C5 positions, which exhibit high reactivity
making them ideal for synthesizing phenol-formaldehyde (PF) resins,
making leucaena lignin valuable for such applications (de Menezes
et al,, 2017; Zhao et al., 2024). Moreover, leucaena lignin’s G-unit
structure and higher proportion of condensed linkages make it an
excellent candidate for applications requiring durable and resistant
materials (Gao et al., 2020; Kumar et al., 2021). Its distinctive structure
could be particularly advantageous for producing high-performance
composites, where it can enhance both mechanical properties and
thermal stability (Gao et al., 2020; Kumar et al., 2021). Additionally, the
high G-unit content of leucaena lignin provides a valuable source of
vanillin and other G-derived compounds, which are in great demand in
the food, fragrance, and pharmaceutical industries (S.S. Wang et al.,
2017; Taher et al., 2023). In contrast, tagasaste is slightly enriched in
S-lignin, which, due to its higher reactivity, is more suitable for catalytic
conversion processes to produce valuable bio-based chemicals, such as
fuels and monomers for polymer production (Constant et al., 2016;
Gharehkhani et al., 2019; Tricker et al., 2020; Liu et al., 2022; Abu-Omar
and Ford, 2023; Sun et al., 2024). Additionally, the higher abundance of
B-0-4' linkages in S-lignin contributes to its more linear structure (less
branched), a key characteristic for producing high-performance carbon
fibers. Its reduced cross-linking enhances spinnability, facilitating a
more uniform carbonization process. This characteristic can lead to
lower production costs and improved fiber quality, making S-lignin an
attractive feedstock for advanced carbon fiber manufacturing (Li et al.,
2021; Jia et al., 2023).

4. Conclusions

The lignin content, composition, and structure of two highly pro-
ductive leguminous shrubs, leucaena and tagasaste, were thoroughly
analyzed using different advanced analytical techniques. The results
revealed significant differences in lignin content and composition
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Fig. 5. 3P NMR spectra of the MWLs isolated from leucaena (A) and tagasaste (B), phosphitylated with TMDP and using NHND as an internal standard (IS) for
quantification. The identities and abundances (mmol OH/g lignin) of the different aliphatic, phenolic, and carboxylic hydroxyl groups, are indicated in Table 6.

Table 6

Quantitative analysis of aliphatic, phenolic (Syringyl + Guaiacyl + p-Hydrox-
yphenyl), and carboxylic hydroxyl group contents (mmol OH/g lignin) in the
MWLs from leucaena and tagasaste, as determined by >'P NMR spectroscopy.

Content (mmol OH/g lignin)

MWL MWL

leucaena tagasaste
Aliphatic-OH 4.87 5.38
Phenolic-OH 1.04 0.80
H-OH 0.08 0.09
G-OH 0.87 0.52
S-OH 0.09 0.19
Carboxylic-OH 0.16 0.15

between the two leguminous plants. Leucaena exhibited a higher lignin
content (24.2 %), with fewer f-ether linkages (66 % of all inter-unit
linkages identified) and a greater prevalence of condensed linkages,
which renders it less reactive during alkaline delignification. In contrast,
tagasaste showed a lower lignin content (18.0 %), and a higher pro-
portion of p-ether linkages (74 % of all inter-unit linkages identified)
with fewer condensed linkages, indicating greater reactivity in such
processes. These differences in lignin content composition could
significantly influence their potential applications in lignocellulosic
biorefineries. The study emphasizes the importance of accurately char-
acterizing the native structure of lignins in lignocellulosic materials to
select the most suitable methods or techniques for their effective
valorization.
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