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ABSTRACT: This study examines the impact of autohydrolysis
(AH) and ethanol-based organosolv pulping on the structure and
antioxidant properties of lignins derived from Miscanthus ×
giganteus. Lignin is a complex aromatic biopolymer with significant
potential as sustainable resource for advanced materials and
antioxidants. Structural modifications were assessed using sophisti-
cated analytical techniques, including 2D nuclear magnetic
resonance spectroscopy and headspace-gas chromatography−mass
spectrometry, complemented by functional assays evaluating
antioxidant capacity. AH at 180 °C leds to a notable increase in
phenolic hydroxyl groups through ether bond cleavage and stabilization of methoxy functionalities, enhancing antioxidant
performance. Moreover, organosolv pulping introduced ethoxy groups, increasing structural complexity and functionality. These
modifications significantly improve free-radical scavenging capacity, highlighting lignin’s potential as an antioxidant additive in
biobased polymers and coatings. The study emphasizes the role of AH temperature in optimizing lignin functionality and presents a
strategy to enhance its utility as a versatile biobased industrial material.

1. INTRODUCTION
Lignins are the most prevalent natural aromatic polymers and
are constituted of different monolignols, including guaiacyl
(G), syringyl (S), and p-hydroxyphenyl (H) units. They play a
crucial role in plant structural integrity and are increasingly
recognized as a sustainable resource for applications in
polymers, biobased materials, and antioxidants. The function-
ality of lignin is largely determined by key chemical groups,
including the phenolic hydroxyl (−OH), methoxy (−OCH3),
and ethoxy (−OCH2CH3) groups, which influence the
chemical reactivity, molecular weight distribution, and
antioxidant capacity of the polymer.1 Recent studies have
highlighted the importance of these functional groups in
enhancing the potential applications of lignin, particularly in
the development of advanced materials.2−4 The lignin
extracted has the capacity to serve as a biobased additive in
polymeric coatings, food packaging, and dietary supplements
utilizing its radical scavenging properties as antioxidant.5,6

The antioxidant properties of lignin are contingent upon the
presence of phenolic hydroxyl groups, which donate hydrogen
atoms to stabilize free radicals. These groups are predom-
inantly formed through the cleavage of ether bonds during
depolymerization, a process that is influenced by factors such
as pretreatment and pulping conditions. The antioxidant
properties of polyphenolic compounds are dependent on the
number and arrangement of phenolic hydroxyl groups. The
presence of methoxy groups, which are abundant in syringyl
and guaiacyl units, has been demonstrated to enhance radical
stabilization, particularly when they are located inortho-

position to the hydroxyl groups.7 Ethoxy groups, which are
less prevalent, are typically introduced during ethanol-based
organosolv pulping, thereby contributing to the structural
complexity of lignin. The distribution of these functional
groups determines the suitability of lignin for a variety of
applications, including its role as an antioxidant additive in
polymers and coatings. Recent studies have demonstrated that
lignins with higher phenolic hydroxyl content exhibit superior
antioxidant capacities,8 while methoxy-rich lignins show
potential for biopolymer synthesis due to their enhanced
solubility and reactivity.5

It is evident that the processes undertaken prior to extraction
of the lignin, in particular autohydrolysis (AH), play a pivotal
role in altering its structure and functionality.9 In general, AH
involves the heating of biomass with water under pressure,
which results in the hydrolysis of acetyl groups from
hemicelluloses. This releases covalently linked sugars, which
facilitates the delignification of the biomass and improves the
accessibility of cellulose. Furthermore, the process generates
acetic acid, which reduces the pH and initiates autocatalytic
reactions, that lead to additional structural modifications in
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lignin.2 Organosolv pulping, frequently utilized after AH,
promotes the isolation of high-purity lignins using ethanol−
water mixtures.10 Organosolv pulping with 80% ethanol
provides optimal selectivity between delignification efficiency
and structural preservation: α-alkoxylation occurs at inter-
mediate levels, preserving native β-O-4 content, while allowing
process-induced cleavage to become observable. Higher
concentrations of ≥85% ethanol would mask these process-
induced structural modifications through extensive benzylic
substitution.11 This 80% “baseline” establishes a chemically
defined environment where functional group changes correlate
unambiguously with process parameters, essential for elucidat-
ing how AH and organosolv conditions influence antioxidant
properties. Process optimization in lignin extraction often
prioritizes yield or recovery, neglecting critical structural
modifications that influence functionality. Cleavage of β-aryl
ether bonds and formation of condensed structures, for
example, significantly affect antioxidant capacity and solubil-
ity.12 So next to structural changes, AH and ethanol organosolv
pretreatment play a key role in enhancing the antioxidant
capacity of lignins. A comprehensive set of parameters for AH
has been established, encompassing temperature, reaction
time, and water-to-biomass ratio in accordance with recent
methodologies.12 Studies have demonstrated that especially the
combination of AH with organosolv delignification increases
the phenolic hydroxyl content through ether bond cleavage
compared to just a single-step process,2 thereby improving
antioxidant properties. The combination of AH and organosolv
pulping has been demonstrated to result in an increase in
phenolic hydroxyl content13 while simultaneously introducing
ethoxy groups and stabilizing methoxy functionalities, thereby
enhancing the radical scavenging potential of lignin.14 In
addition, an ethanol-based hydrothermal pretreatment does
also affect lignin solubility and structural modifications.15

Despite its importance, the interplay between processing
conditions and lignin’s structure and properties remains
underexplored.16 Regardless of the advances made in the
comprehension of lignin’s chemical modifications, there is still
a shortage of research directed toward the combined impact of
pretreatment and pulping procedures on the evolution of
functional groups. In a recent study, Li et al.50 emphasized the
significance of optimizing functional group composition to
improve material performance. Nevertheless, the relationship
between processing conditions and the distribution of phenolic
hydroxyl, methoxy, and ethoxy groups remains poorly
understood.17,18 Several studies have examined the use of
organosolv lignin for antioxidant applications; however,
comparatively few have focused on Miscanthus lignins and
their targeted structural optimization.19 Specifically, the
combination of AH and ethanolic organosolv pulping to
produce highly functional lignins has received less attention.
However, a systematic analysis of the influence of pretreatment
parameters on lignin structure and bioactivity is still lacking.20

The use of four different antioxidant assays to examine the
properties of the lignins in this study is an innovative approach
to get closer to a more complete understanding of this complex
and heterogeneous biopolymer.
Our previous studies have addressed both the structural

characterization of organosolv lignins obtained from various
low-input crops10 and the evaluation of their antioxidant
properties using four commonly applied assays�DPPH (2,2-
diphenyl-1-picrylhydrazyl), ABTS (2,2′-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid)), FRAP (ferric ion reducing

antioxidant potential), and FC (Folin−Ciocalteu)�with
particular emphasis on assay reproducibility and sensitivity.8

While the latter work primarily focused on lignins differing in
biomass origin, lignins obtained under varying pulping
conditions were included in the statistical data set but not
discussed in detail.
The present study extends these investigations by focusing

exclusively on lignins isolated from Miscanthus × giganteus and
systematically varying the isolation parameters. The objective
was to elucidate how AH and organosolv pulping influence the
molecular structure, functional group composition, and
antioxidant capacity of Miscanthus-derived lignins, thereby
establishing a direct link between lignin structure and
antioxidant performance. The AH and organosolv conditions
selected for this study were not optimized for maximum lignin
yield; rather, they were specifically defined to achieve
significantly different degrees of modification in the lignin
structure. The purpose of this study was to induce changes in
the distribution of functional groups with the aim of
investigating their influence on antioxidant properties. By
employing sophisticated analytical techniques, including 2D
nuclear magnetic resonance (NMR) spectroscopy and head-
space-gas chromatography−mass spectroscopy (HS-GC−MS)
for structure elucidation, in conjunction with four wet-
chemical assays (ABTS, DPPH, FC, FRAP) to examine
antioxidant capacities and total phenol contents (TPC), this
research offers insights into the impact of different functional
groups on the functional properties of lignin. This will facilitate
the exploitation of lignin as a versatile and sustainable resource
for industrial applications.

2. EXPERIMENTAL SECTION

2.1. Materials
Miscanthus × giganteus was cultivated at the Faculty of Agricultural,
Nutritional and Engineering Sciences of the University of Bonn (field
laboratories at Campus Klein-Altendorf, Rheinbach, Germany). All
samples were milled and sieved to a particle size between 0.5 and 1
mm.

Ethanol (absolute), dimethyl sulfoxide (DMSO), glacial acetic acid
and sodium acetate trihydrate were acquired from VWR chemicals
(Darmstadt, Germany); 1,4-dioxane, hydrochloric acid and sodium
carbonate (anhydrous) from Carl Roth (Karlsruhe, Germany); ABTS
diammonium salt and DPPH from Alfa Aesar; iron(III) chloride
hexahydrate, potassium persulfate, Folin−Ciocalteu reagent, gallic
acid and sodium hydroxide from Merck (Darmstadt, Germany);
Trolox from Acros Organics; 2,4,6-Tri-(2-pyridyl)-s-triazin (TPTZ)
from Thermo Scientific; DMSO-d6, degree of deuteration 99.8%, with
0.03% (v/v) TMS from Eurisotop (Saarbrücken, Germany);
polystyrenesulfonate sodium salts from PSS. All chemicals were
used without further purification.

2.2. Autohydrolysis of Miscanthus × giganteus
Miscanthus biomass was subjected to AH pretreatment in a benchtop
reactor (Parr Instruments) utilizing distilled water at a solid-to-liquid
ratio of 1:10. The mixture was heated to the specified temperature
(120 °C, 150 °C, or 180 °C) for 1 h before cooling to room
temperature. Subsequently, the biomass was vacuum filtered, dried,
and utilized as the feedstock for the subsequent organosolv pulping
process, with the samples designated as MA120, MA150, and MA180,
to reflect their respective pretreatment temperatures. AH was
conducted at least in triplicate for each sample.

2.3. Lignin Isolation
The biomass was subjected to a pretreatment process in accordance
with the organosolv method, as detailed by Rumpf et al.10 In
summary, the biomass and ethanol (80% v/v) were combined in a 1:8
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ratio (solid/liquid), heated to 170 °C with constant stirring at 700
rpm, and maintained at this temperature for 90 min. Following
cooling, the contents of the reactor were subjected to vacuum
filtration and washed five times with 50 mL of ethanol (80% v/v). To
precipitate the organosolv lignin, the filtrate and the wash solution
were mixed with a 3-fold amount of distilled water, and the pH was
adjusted to approximately 2 with HCl. The lignin was separated by
centrifugation at 3200 rpm, washed three more times with a solution
of 5 mL HCl (4 M) per 1 L distilled water, frozen at −18 °C, and
freeze-dried for at least 72 h. Sample ML1 was subjected to these
conditions, sample ML2 to 180 min, and sample ML3 to 180 min and
ethanol (60% v/v). The MA120, MA150, and MA180 samples were
isolated according to the conditions described for ML1. Lignin
recovery [%] was calculated as

[ ] = ·
m

m
recovery % 100%

isolated lignin

theoretical mass of lignin inbiomass (1)

An overview of the pulping conditions and lignin recoveries can be
found in Table S1. Each lignin sample was isolated three times to
confirm the reproducibility of the process. Statistical analysis was
conducted using OriginPro 2016 (OriginLab, Northampton, MA,
USA). The data were analyzed by one-way ANOVA and expressed as
mean ± SD (n = 3). The post hoc Tukey test was used for the
comparison of means between groups. All tests were performed with
95% significance (p < 0.05).

2.4. Chemical Composition of Miscanthus × giganteus
The composition of the biomass was analyzed based on laboratory
analytical procedures published by the National Renewable Energy
Laboratory (NREL). In detail, work was carried out according to
NREL/TP-510-42621 (Determination of Total Solids in Biomass and
Total Dissolved Solids in Liquid Process Samples),21 NREL/TP-510-
42622 (Determination of Ash in Biomass),22 and NREL/TP-510-
42618 (Determination of Structural Carbohydrates and Lignin in
Biomass).23 The analyses were conducted using an HPAEC-PAD
Dionex CarboPac PA1 (2 × 250 mm) from Thermo Scientific.

2.5. Structural Characterization
Two-dimensional heteronuclear single quantum coherence spectros-
copy (2D HSQC) NMR spectra were recorded with 16 scans and 16
dummy scans, with 4096 (F2) or 256 (F1) increments at a
measurement time of 0.2840 s (F2) or 0.0045 s (F1) and a spectral
width of 12.0 ppm (F2) or 190.3 ppm (F1). The transmitter offset
was 5.0 ppm for 1H and 80.0 ppm for 13C. The data were
automatically recorded with ICON-NMR (Bruker) and analyzed
using Topspin (V 4.2.0): first, the axes were calibrated using the
DMSO signal (F1: 39.5 ppm; F2: 2.49 ppm),24 the spectra were
manually phase-corrected and the signals were integrated. The C2,6−
H2,6 correlations of the S and H units as well as the sum of the C2−H2
and C6−H6 correlations of the G units were used to calculate the
monolignol fractions. The bond types (β-aryl ether (A), resinol (B),
phenylcoumaran (C)) were calculated using their Cα−Hα correlations
to avoid possible interference from homonuclear 1H−1H couplings.25

The C2,6−H2,6 correlation was used for the p-coumarate (pCA)
structures. All integrals were normalized to the respective proton
number. The results are given as the number X (bond type or
substructure) per 100 aromatic units and calculated according to
formula 2

× =
+ +

·
X

S G H
number per 100 Ar 100

(2)

In addition, the proportion of condensed subunits (CS) is
calculated as follows

[ ] = +
+ +

·B C
A B C

CS % 100%
(3)

2.6. Molecular Masses
For the SEC measurements, the lignin samples were dissolved in
NaOH (0.1 M) at a concentration of 2.5 g L−1 and filtered before
measurement (0.2 μm polyamide). Ethylene glycol (0.1 wt %) was
added as an internal standard to correct the elution time. The mass
average molecular weight (Mw), the number-average molecular weight
(Mn) and the polydispersity index (PDI) were determined using a
PSS GPC system (Agilent 1260 Infinity) with NaOH (0.1 M) as
eluent with a flow rate of 0.8 mL min−1. A precolumn (PSS MCX 8 ×
50 mm 5 μm) and two analytical columns (PSS MCX 8 × 300 mm 5
μm 1000 Å, PSS MCX 8 × 300 mm 5 μm 100 000 Å) were used as
well as a UV detector at a wavelength of 280 nm. For calibration, 14
polystyrenesulfonate sodium salts (891−976,000 Da) and sodium
benzenesulfonate (180 Da) were measured at a concentration of 1 g
L−1 and evaluated with a fifth-degree polynomial function (R2 =
0.9997). The parameters determined from the molar mass
distribution are given as mean value ± standard deviation (n = 3).
The Tukey test (p < 0.05) is used to compare mean values of the
different groups.

2.7. Methoxy and Ethoxy Contents
The determination of methoxy and ethoxy groups of selected lignins
was carried out as described by Sumerskii et al.26 For this purpose, 10
mg lignin and 1 mL hydrogen iodide were mixed in a headspace vial
and stored for 3 h at 110 °C in an oven. After cooling to room
temperature, 9 mL NaOH (2 M) was added and CH3I and C2H5I
were determined via headspace-gas chromatography−mass spectrom-
etry (HS-GC−MS). HS-GC−MS analysis was performed using a
Shimadzu GC-2010 Plus gas chromatograph coupled to a Shimadzu
QP2020 mass spectrometer. Headspace injections were performed
using an AOC 6000 autosampler equipped with a 2.5 mL syringe. The
heating temperature was set at 60 °C for 5 min, with a syringe
temperature of 80 °C and an injection volume of 100 μL. The
chromatographic separation was performed on an HP5-MS column
(60 m length, 0.25 mm inner diameter, 0.25 μm layer thickness). The
column flow rate was 1.0 mL min−1 (helium as carrier gas) with a
purge flow of 3.0 mL min−1 and a separation ratio of 1:10. The
injector temperature was maintained at 250 °C. The temperature
program started at 40 °C (2 min), followed by a 10 °C min−1 increase
to 150 °C and a final hold at 150 °C for 5 min. Electron impact
ionization at 70 eV and 1.13 × 10−7 Pa was used for mass
spectrometric detection. The interface, ion source, and quadrupole
temperatures were set at 250 °C, 200 °C, and 180 °C, respectively.
Data were acquired in scan mode over a range of 25−300 m/z.
Vanillin and ethylvanillin were used for calibration. One lignin from
each triple pulping was determined in triplicate.

2.8. Antioxidant Capacity
The antioxidant capacities were evaluated using the DPPH, ABTS and
FRAP assay.8 For the DPPH assay, 0.1 mL of the sample solution (1
mg mL−1; lignin dissolved in a 90:10 (% v/v) dioxane−water
mixture) was mixed with 3.9 mL of a DPPH radical solution (6 ×
10−5 mol L−1 in the same dioxane−water mixture). The mixture was
incubated for 30 min and the absorbance was measured at 518 nm
using a Hach Lange DR6000 spectrophotometer. A calibration curve
was established using six Trolox standards ranging from 30 to 230 mg
L−1.

For the ABTS assay, an ABTS radical cation solution was prepared
by mixing 7 mM ABTS with 2.45 mM potassium persulfate in a 50:50
(v/v %) ethanol−water mixture, followed by overnight incubation in
the dark at 25 °C to allow radical formation. Before use, the solution
was diluted with 50% (v/v %) ethanol to give an absorbance of 0.700
± 0.005 at 734 nm. For the measurement of the RSA, 2.5 mL of the
diluted ABTS solution was mixed with 0.25 mL of the sample solution
(0.15 mg/mL lignin dissolved in DMSO). Absorbance was measured
at 734 nm after 12 min using a Hach Lange DR6000
spectrophotometer. A calibration curve was constructed using six
Trolox standards in the concentration range from 15 to 40 mg L−1.

For the FRAP assay, the reagent solution was freshly prepared
before each measurement by combining acetate buffer (300 mM),
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TPTZ solution (10 mM in 40 mM HCl) and FeCl3 solution (20 mM
in distilled water) in a ratio of 10:1:1 (v/v/v %). The reagent was
incubated at 37 °C for 10 min before use. For analysis, 3 mL of the
prepared FRAP reagent was mixed with 0.1 mL of the sample solution
(0.5 mg mL−1 lignin dissolved in a 90:10 (v/v %) mixture of dioxane
and water) and incubated at 37 °C for 10 min. Absorbance was
measured at 593 nm using a Hach Lange DR6000 spectrophotometer.
A calibration curve was established using six Trolox standards ranging
from 40 to 190 mg L−1.

Statistical analyses for all three assays were conducted using
OriginPro 2016 (OriginLab, Northampton, MA, USA). OSL were
isolated in triplicate from each biomass and a double determination
per sample was conducted for each assay. The data were analyzed by
one-way ANOVA and expressed as mean ± SD (n = 3). The post hoc
Tukey test was used for the comparison of means between groups. All
tests were performed with 95% significance (p < 0.05).

Standard scores for each antioxidant assay were calculated from
mean and standard deviations of each lignin as

=standard score
value mean

standard deviation (4)

The RACI for each lignin sample was calculated as the mean of its
four assay standard scores. In this way, a RACI is obtained for each
lignin from 3-fold pulping and mean ± standard deviation were
obtained for each pulping variation. The evaluation of the results of all
three assays was done according to Rumpf et al.8

2.9. Total Phenol Content (TPC)
Total phenolic content (TPC) was determined by the Folin−
Ciocalteu method.8 Briefly, an aliquot of 100 μL of the sample
solution was mixed with 500 μL of Folin−Ciocalteu reagent and
approximately 7 mL deionized water. After incubation at room
temperature for 1 min, 1000 μL of Na2CO3 solution (saturated) were
added and filled up with deionized water to 10 mL. The mixture was
incubated for 30 min in the dark at 40 °C and the absorbance was
measured at 750 nm using a UV−vis spectrophotometer (Hach Lange
DR6000). Gallic acid was used as standard (100−1000 mg L−1). The
results were evaluated as described in Rumpf et al.,8 standard scores
were calculated according to formula 4, and calculation of RACI and
statistical analyses were performed as described in chapter 2.8.

3. RESULTS AND DISCUSSION

3.1. Compositional Analysis of Biomass
To investigate the effects of organosolv pulp production and
AH as a pretreatment, the chemical composition (lignin,
cellulose, hemicellulose, ash) of the biomass was determined in
accordance with NREL protocols (see Table 1). The used
ethanol organosolv process serves to extract lignin from various
biomasses, in this case Miscanthus. The decrease in lignin
content in the biomass can be clearly observed from the NREL
results: while the untreated Miscanthus still contains (29.4 ±
0.4)% lignin, there are only (21.1 ± 0.7)% lignin left after
pulping of ML1. There are no significant changes in the
hemicellulose content, while the percentage of cellulose
increases due to concentration effects.13 Since this effect is
only observed for cellulose, a slight decrease in hemicelluloses
due to organosolv pulping also seems likely, but this could be
masked by the concentration effect. To verify this assumption,

the filtrate should also be examined in future experiments in
addition to the solid residue to obtain a more complete picture
of the distribution of the individual components in the various
fractions. Brosse et al. also used an ethanol organosolv pulping
for lignin recovery from Miscanthus and investigated the
composition of the solid residue at varying process parameters
(170−190 °C; 60−80 min; 0.5−1.2% H2SO4): they found a
decrease in both lignin and hemicelluloses, while no clear trend
was observed for the cellulose content.27 The observed decline
in hemicelluloses is inconsistent with the findings presented
here and can be attributed to acid-catalyzed digestion, which
can result in the degradation of sugars. Furthermore, analogous
trends can be observed in the organosolv digestion of other
biomasses. In a separate study, Carvalheiro et al. extracted
lignin from wheat straw and eucalyptus. The majority of the
lignin was dissolved from the biomasses, while the cellulose
remained almost entirely in the solid residue.28 Kalogiannis et
al. investigated organosolv delignification of beech wood in
ethanol (60% v/v) without a catalyst, whereby the largest
decrease in lignin content was found with complete recovery of
cellulose in the pulp.29

In addition to the change in the composition of the
Miscanthus during pulping, the effect of AH at 180 °C was also
considered: this leads to a significant decrease in the
hemicelluloses, the proportion of which falls from (17.2 ±
0.6)% to (2.9 ± 0.1)%. In contrast, the percentage of lignin
increases from (29.4 ± 0.4)% to (37.4 ± 0.8)% and the
cellulose content from (40.0 ± 0.8)% to (46.4 ± 0.2)%. A
decrease in the ash content in the biomass after the AH has
already been described in the literature.13,30 The 180 °C AH
treatment was selected for comprehensive analysis as it
represents the maximum structural transformation and thus
provides the most informative assessment of AH-induced
biomass modification. The decrease in the proportion of
hemicellulose can be explained by the acidity constant of the
water, which increases at elevated temperatures and thus
increases the concentration of hydronium ions (H3O+) in the
reaction medium. This in turn leads to the hydrolysis of the
acetyl groups in the hemicelluloses, which generates small
amounts of acetic acid that act as a catalyst in the further
hydrolysis of the sugars.2 Obama et al. were also able to
observe this trend in the AH (150 °C; 8 h) of Miscanthus: the
proportion of hemicelluloses decreased, which facilitated the
accessibility of the lignin in the subsequent organosolv
pulping.31 Even though the composition of Miscanthus was
only examined here as an example for the AH at 180 °C, this
was also conducted at two other temperatures (120 °C; 150
°C). The effect of AH temperature (140−220 °C) was
investigated by Saad et al. using Ziziphus lotus, a deciduous
tree: with increasing temperature, lignin and cellulose content
increase, while sugars are almost completely removed.32 This
observation is consistent with the results presented here and is
also confirmed by literature data on the AH of other

Table 1. Chemical Composition of Miscanthus after Different Digestion Processes, Determined According to NREL
Protocols21−23 Given as Mean ± Standard Deviation of a Triplicate Determination

unprocessed Miscanthus Miscanthus after extraction of ML1 Miscanthus after AH at 180 °C Miscanthus after extraction of MA180

lignin [%] 29.4 ± 0.4 21.1 ± 0.7 37.4 ± 0.8 21.0 ± 0.3
cellulose [%] 40.0 ± 0.8 49.3 ± 3.7 46.4 ± 0.2 59.9 ± 0.2
hemicellulose [%] 17.2 ± 0.6 17.9 ± 1.9 2.9 ± 0.1 3.6 ± 0.3
ash [%] 2.83 ± 0.01 1.98 ± 0.02 0.99 ± 0.04 1.13 ± 0.00
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biomasses, such as Paulownia elongata × fortune,33 Eucommia
ulmoides34 or maize.13

Finally, the Miscanthus was characterized after the
combination of AH at 180 °C and standard organosolv
pulping (MA180). Compared to the Miscanthus after standard
pulping without AH (ML1), a similar lignin content is present
in the biomass, while the proportion of hemicelluloses has
decreased significantly. The cellulose content increases again
due to concentration effects. This effect could also be
responsible for the fact that the lignin content appears to
remain the same, although the literature describes a higher
delignification rate after previous AH of the biomass.2

Although the residual lignin content in Miscanthus biomass
is similar (21.1% for ML1; 21.0% for MA180), recovered lignin
yield differs dramatically (15.3% for ML1 vs 39.5% for
MA180), demonstrating enhanced delignification efficiency
following AH despite similar biomass composition. Overall, the
results presented here cannot be used to make any statements
about mass balances of the individual components of the
biomass. For this, as already discussed, the liquid fractions after
pulping or AH would also have to be examined to obtain a
complete picture of the distribution of lignin, cellulose, and
hemicellulose. In addition, not all components of the biomass,
such as extractives or proteins, were considered, which means
that the sum of the biomass components determined is only
85−90%, which makes a final balance even more difficult.
3.2. Lignin Recovery

The recovery is determined as the ratio of the mass of lignin
isolated after precipitation to the mass of lignin originally
contained in the Miscanthus × giganteus sample. It could be
significantly increased by adjusting the digestion parameters or
a prior AH at 180 °C (Figure 1). The lignin recovery of the
standard pulping (ML1) of (15.3 ± 1.2)% could be increased
to (18.2 ± 0.5)% by doubling the pulping time (ML2). An
additional reduction of the ethanol concentration from 80% to
60% (ML3) further increases the recovery to (27.4 ± 0.9)%.
The influence of the pulping time on the lignin recovery has
already been well studied in the literature and confirms the
result presented here that the recovery can be increased with a

longer process time.15,24,35 A greater influence is attributed to
the concentration of the solvent, in this case ethanol: Marques
et al. optimized the lignin recovery from different biomasses
and could only find a small influence of the reaction time, but a
high dependence on the ethanol concentration, which should
optimally be between 60 and 80%.36 Pan et al. also investigated
the influence of the ethanol concentration on the lignin yield,
the maximum of which they reached with a concentration of
65% ethanol.14 Delignification is a combination of the
degradation of the lignin, which is favored by lower ethanol
concentrations and thus higher concentrations of hydronium
ions and a lower pH value, and the solubility of the degraded
lignin fragments, which in turn requires a higher ethanol
concentration.14

The influence of AH prior to pulping strongly depends on
the temperature at which it is carried out: at 120 °C (MA120)
and 150 °C (MA150), the recovery remains unchanged at
(14.6 ± 0.4)% and (15.3 ± 0.4)%, respectively, compared to
standard pulping (ML1). The AH at 180 °C (MA180) leads to
a more than twice as high lignin recovery: for 100 g raw
biomass (∼29.4 g lignin), 39.5% (∼11.6 g) lignin was
recovered, with the rest remaining in the pulp or liquid
fractions. This increase in lignin recovery after AH aligns with
previous findings showing that hemicellulose removal facili-
tates delignification,12,32,34 but many studies on AH focus on
the recovery of sugars covalently linked to lignin, especially
xylan, and not on lignin itself.2 Some lignin may remain
solubilized during the process, which could explain why total
recovery does not fully reflect the extent of delignification.31

While absolute yield is an important factor, optimizing lignin
functionality�such as its antioxidant capacity�is of greater
relevance for targeted applications. Future optimization might
focus on solvent composition and catalysis: for example,
literature suggests that increasing the ethanol fraction (or
adjusting pH with acid) can improve delignification
efficiency.37 Such process refinements could boost yields
while preserving the high antioxidant quality of the lignin. It
should be emphasized that the goal of this work was not to
maximize lignin yield. Rather, the process parameters were
exemplarily chosen to induce significant structural modifica-
tions in the lignin to investigate its influence on functionality,
particularly antioxidant capacity. Different pulping conditions
or pretreatments also lead to changes in the structure
(monolignol ratio, bond types, functional groups), molecular
weight and antioxidant properties of the lignins, which are
rarely discussed in the literature and will be focused in the
following subchapters.
3.3. Purity of Selected Lignins

In addition to the recovery, the chemical composition of
selected lignins was also analyzed exemplarily for the
organosolv pulping without (ML1) and with previous AH
(MA180), as shown in Table 2. Both lignins have a very high
purity with a small carbohydrate content below 1% and a lignin
content over 90%, which is higher than comparative values for
OSL from Miscanthus in literature.24,38 Thus, remarkably high
purities can be achieved with the uncatalyzed organosolv
process used in this study. When pretreating the biomass by
AH, the purity of isolated lignins is increased even further, as
the proportion of cellulose and hemicellulose is reduced as well
as the ash content. This observation is also confirmed by
literature data.13,32

Figure 1. Lignin recovery from Miscanthus after varying pulping
processes and pretreatments, given as mean ± standard deviation of 3-
fold organosolv pulping. Pulping conditions of the samples are given
in Table S1. Different letters (a−d) indicate a significant difference
between the values (one-way ANOVA; p < 0.05; n = 3).

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.5c02212
Biomacromolecules 2026, 27, 1999−2011

2003

https://pubs.acs.org/doi/10.1021/acs.biomac.5c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c02212?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02212/suppl_file/bm5c02212_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c02212?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c02212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.4. Monolignols and Linkages
The monolignol ratios and proportions of the different bond
types and substructures in the Miscanthus lignins were
determined semiquantitatively using 2D HSQC NMR. Only
very slight differences are observed in the monolignol ratio
between the various pulping processes and pretreatments (see
Table S1). This is expected as the biomass is the same. Only
MA180 has a slightly higher proportion of H-units of (13.4 ±
1.0)% compared to the remaining lignins, where the content is
between 5.9 and 7.3%. As mainly hemicelluloses are dissolved
from the Miscanthus during AH, the lignin-carbohydrate
bonds are split, which improves the accessibility to different
parts of the plant in which the lignin content and structure can
differ during the subsequent organosolv pulping.39

In contrast, there are clear differences in the linkages
depending on the digestion process (Figure 2), in particular
the number of β-aryl ether bonds (A) decreases from ML1
(25.1 ± 1.0) to ML2 (20.2 ± 1.2) to ML3 (13.2 ± 0.2). Since
ether bonds have lower bond enthalpies than C−C bonds,40

they are consequently cleaved first at longer pulping times or
higher temperatures. Yao et al. also investigated the influence
of the pulping time during the organosolv process and found a
decrease from 50.5 A per 100 aromatics after 5 min to 36.7 A
per 100 aromatics after 60 min.41 The observation that an
increase in process severity is accompanied by a decrease in A
is also confirmed for other pulping processes, such as the vapor
explosion process.42 The comparison of ML2 and ML3 also
shows that the ethanol concentration has an influence on A:
the lower it is, the higher the concentration of protons, which
favors the cleavage of the ether bonds.14 The trend for the

proportion of p-coumarate (pCA) is the same as for A (ML1 >
ML2 > ML3), which is due to the fact that it is also a C−O
bond with a lower bonding enthalpy than that of the C−C
bonds.40 The proportion of resinol (B) does not change
significantly, as this structure is mainly formed via dimerization
during lignin synthesis and not through lignin modification
during the pulping process.24 No clear trend can be observed
for phenylcoumaran (C).
For the lignins after AH pretreatment, dependencies of

certain linkages from the different temperatures and thus
process strengths can also be observed: the proportion of A
decreases from MA120 (29.5 ± 0.4) to MA150 (26.1 ± 1.8) to
MA180 (8.3 ± 0.7), as does the proportion of pCA. While the
proportion of B decreases slightly with increasing temperature,
the proportion of C increases. Overall, this nevertheless leads
to a significant increase in the proportion of condensed
subunits (CS): for MA120 this is (25.2 ± 1.3)%, for MA150 it
increases slightly to (29.2 ± 2.7)% and for MA180 it increases
significantly to (57.1 ± 0.7)% (Table S1). Araya et al.
investigated the influence of AH temperature on the lignin
structure usingEucalyptus globulusand came to the same
conclusion as shown here: with increasing temperature and
thus higher process severity, the proportion of A decreases,
while new condensed lignin structures are formed.43 The fact
that the increase in CS from MA150 to MA180 is significantly
greater than for MA120 to MA150, although the same
temperature difference is present, could be due to the different
activation energy of the depolymerization and condensation
reactions, as investigated by Meyer et al.:16 the cleavage of
ether bonds increases as a direct function of temperature, while
the formation of C−C bonds on the aromatic ring requires
significantly more energy, which is only achieved above a
certain temperature. However, it should also be noted that the
higher amount of CS is mainly due to the decrease in A, while
C increases on a much smaller scale.
The composition of monolignols remains unchanged across

all treatments within Miscanthus × giganteus, suggesting that
the G/H/S ratio is rather biomass-than process-determined.
However, this conclusion is limited to one species of grass;
comparative studies of hardwoods, softwoods and other
herbaceous plants would be needed to confirm this finding
more widely. However, the process parameters have a major
influence on the different types of linkages through which the

Table 2. Chemical Composition of Selected Lignins
(Pulping Conditions of the Samples are Given in Table S1)
Determined According to NREL Protocols,21−23 Given as
Mean ± Standard Deviation of a Triplicate Determination

ML1 MA180

lignin [%] 93.3 ± 0.2 96.7 ± 0.3
AIL [%] 92.0 ± 0.0 95.8 ± 0.2
ASL [%] 1.2 ± 0.1 0.9 ± 0.1

cellulose [%] 0.7 ± 0.0 0.5 ± 0.0
hemicellulose [%] 0.1 ± 0.0 0.0 ± 0.0
ash [%] 0.13 ± 0.07 0.06 ± 0.00

Figure 2. Proportion of bond types and substructures in Miscanthus lignins after varying pulping processes and pretreatments (see Table S1), given
as mean ± standard deviation of the 3-fold organosolv pulping.
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monolignols are linked: the higher the process severity
(depending on temperature, time and ethanol concentration),
the more ether bonds are cleaved and the higher the
probability of recondensation reactions of the lignin fragments.
This also influences other properties, such as the molecular
weight or the phenol content, as discussed in the next sections.
3.5. Molecular Masses

The molecular masses (Mw, Mn) and polydispersities (PDI) of
the Miscanthus lignins were determined using SEC and are
shown in Figure 3. The measured values can also be found in
Table S1. When comparing the lignins with varying process
parameters, but without AH, no clear trends can be
recognized: Mn increases significantly from 710 ± 10 g
mol−1 (ML1) to 750 ± 21 g mol−1 (ML3), while Mw and PDI
remain statistically unchanged for ML1, ML2, and ML3. Tao
et al. isolated lignin from yellow poplar using an organosolv
process with varying fractionation times and found on average
a decrease in Mn and Mw, but not in direct correlation with the
reaction time.44 Pan et al. found that the reaction time had no
significant influence on the molecular weight of the isolated
lignins.14 In contrast, however, they were able to determine the
effect of the ethanol concentration: both the molecular weight
and the PDI increased with increasing ethanol concentration,
which could not be confirmed with the results presented here
(comparison of ML2 and ML3). Huijgen et al. found no
influence of the process parameters on the molecular weight
distribution of organosolv lignins from wheat straw15 and
Bergrath et al. also found no correlation between the reaction
time and the molecular weight in a literature study, as both an
increase and a decrease in Mw and Mn could be observed
depending on the study.9

MA120 has the lowest values of all lignins for Mn, Mw and
the PDI, which could be explained by the fact that the AH at
low temperature already leads to the cleavage of the ether
bonds, but condensation reactions do not yet take place. When
the AH temperature increases, Mn and Mw increase, too, while
no correlation with the PDI is apparent. Here again, there are
no consistent trends in literature on the influence of AH on the
structure of isolated organosolv lignins.9 Grzybek et al.
investigated the AH with 3% Na2SO3 at 90 °C prior to
organosolv pulping from three different biomasses and were
unable to establish any correlations with Mn, Mw or the PDI.45

This leads to the conclusion that the optimum pulping
conditions, both in the organosolv process and in the AH, vary
from biomass to biomass. One reason for this might be
differences in the monolignol composition: studies have
already described that G units have a higher tendency to
undergo recondensation reactions.19,46 Since G units make up
the majority of all lignins investigated here, an increase in
molecular weights due to condensation reactions initially
seems plausible. Li et al. investigated the de- and
repolymerization during the steam explosion process of
aspen wood and found a similar trend to the results presented
here: with increasing process strength, the molecular weight of
the lignins increased with a decrease in the β-aryl ether bonds,
which they attributed to a high proportion of condensation
reactions.42 The results presented here also showed that the
proportion of CS increases slightly with increasing AH
temperature. Another explanation for the increase in molecular
weight could be the better accessibility to larger lignin
molecules during organosolv pulping, which is favored by the
removal of sugars during AH.
The differences in the average mass values of the various

lignins can also be observed in the molar mass distributions
(see Figures S1 and S2). When comparing ML1, ML2 and
ML3, it is easy to see that ML3 has a smaller mass fraction in
the range of 330−340 g mol−1, which explains the higher
values for Mn and Mw. Looking at the lignins isolated after AH
of Miscanthus, MA120 shows the largest mass fraction of small
molecules, and the second maximum is at a lower molar mass
(1044 g mol−1) in comparison with MA150 (1248 g mol−1)
and MA180 (1300 g mol−1). The extremely low Mn and Mw
values reflect the nearly complete cleavage of ether bonds
under our conditions. Note that NREL analysis confirms >93%
lignin purity in the isolated samples, indicating negligible
polysaccharide impurities. Thus, low molecular weight is not
due to contaminants but to the pulping conditions.
In conclusion, the duration of the pulping process does not

have a significant influence on the molar mass, whereas a lower
ethanol concentration and the AH temperature do. The
observed increase in Mn and Mw could be due to condensation
reactions, which were observed in the HSQC NMR, but on a
much smaller scale than depolymerization reactions. Another
possibility is the better accessibility to larger lignin molecules,
both due to the changed solvent concentration and the
removal of sugars by the AH at 180 °C.
3.6. Methoxy and Ethoxy Contents

The methoxy content remains unchanged during the organo-
solv process due to the high thermal and chemical stability of
the aromatic methoxy groups (see Table 3). In contrast, AH
has been observed to result in a notable elevation in methoxy
content, from (2.93 ± 0.11) mmol g−1 (ML1) to (3.30 ± 0.14)
mmol g−1 (MA180). This increase is potentially attributable to
the stabilization and release of methoxy groups during the
dissolution of lignin-carbohydrate complexes, as well as the
formation of additional aliphatic methoxy groups on the α- or
β-carbon atoms. Such a process can be promoted by the
chemical cleavage of β-O-4 bonds during delignification,47 as
observed in the HSQC spectra.
Ethoxy groups are not present in native lignins and are

mainly formed by nucleophilic substitution reactions at
electrophilic intermediates during the ethanol-based organo-
solv process.26 The ethoxy content ranges from (0.31 ± 0.04)
mmol g−1 (ML3) to (0.44 ± 0.09) mmol g−1 (MA120), with

Figure 3. Average mass values (Mn, Mw) and polydispersity index
(PDI) of lignins from Miscanthus after varying pulping processes and
pretreatments (see Table S1), given as mean ± standard deviation of
the 3-fold organosolv process.
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no discernible trend. This suggests that the formation of
ethoxy groups is primarily influenced by process control and is
less affected by structural variations in the monolignol
composition. A low ethoxy content is associated with a
selective modification of the lignin structure, whereby the
reactivity at specific binding sites within the lignin network is
enhanced. The presence of both methoxy and ethoxy groups in

lignin results in an increase in structural complexity, which in
turn affects the chemical reactivity and physicochemical
properties of the substance. The antioxidant capacity of lignin
is significantly enhanced by the presence of methoxy groups,
which stabilize the phenolic hydroxyl groups and facilitate the
formation of phenolic radicals. Ibrahim and Kruse demon-
strated that ethoxy groups, conversely, enhance the solubility
of lignin in polar organic solvents, thereby broadening the
scope for its use in chemical modification and synthesis of
biobased polymers.2

3.7. Antioxidant Capacity Studies and Total Phenol
Content (TPC)

To determine the antioxidant capacity of the lignins, the
Trolox equivalent antioxidant capacity (TEAC) was deter-
mined using the DPPH, ABTS and FRAP assays, as well as the
total phenol content (TPC) using the FC assay. The results are
shown in Figure 4, the corresponding values can be found in
the Supporting Information (Table S1). The range of the
results obtained in this study is comparable to other studies
conducted with organosolv lignins: Kozmelj et al. measured
TEAC values from 0.47 to 0.67 μmol mg−1 (DPPH) for

Table 3. Results of the Methoxy and Ethoxy Content
Determination by HS-GC−MS of Miscanthus Lignins after
Varying Pulping Conditions (See Table S1) as Mean ±
Standard Deviation of the Triplicate Determination of a
Lignin

methoxy (−OCH3)
[mmol g−1]

ethoxy (−OCH2CH3)
[mmol g−1]

ML1 2.93 ± 0.11 0.32 ± 0.04
ML2 2.97 ± 0.11 0.35 ± 0.05
ML3 2.95 ± 0.12 0.31 ± 0.04
MA120 3.24 ± 0.22 0.44 ± 0.09
MA150 3.32 ± 0.25 0.38 ± 0.07
MA180 3.30 ± 0.14 0.35 ± 0.06

Figure 4. Comparison of TEAC (Trolox equivalent antioxidant capacity) and TPC values of Miscanthus lignins after varying process parameters
and pretreatments (see Table S1), given as mean ± standard deviation of the 3-fold organosolv pulping. Different letters (a−d) indicate a
significant difference between the values within one assay (one-way ANOVA; p < 0.05; n = 3).
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different lignin fractions,1 while Yang et al. found TEAC values
of 0.237 μmol mg−1 (FRAP).48 In general, absolute values are
not that easy to compare when speaking about antioxidant
assays, as small changes in the assay protocol (e.g., reaction
time, detection wavelength, solvent) may lead to different
results, as summarized by Espinoza-Acosta et al.49 for different
technical lignins and assays. When comparing different pulping
techniques, OSL together with kraft lignins show highest
contents of Ph−OH and thus, better scavenging activities in
the DPPH and ABTS assay than soda, ionic liquid or γ-
valerolactone lignins, respectively.50 Also Garciá et al. found a
higher reduction in DPPH absorbance for organosolv lignins
than for alkaline lignins.20 In another study, lignosulfonates
and oxidative alkaline lignins were studied, with TEAC values
in the DPPH and ABTS assay lower than our improved
Miscanthus organosolv lignins.51 This places the optimized
MA180 in the antioxidant performance range of polymeric
additives, with recent studies demonstrating that optimized
lignin fractions can match or even exceed the radical-
scavenging capacity of butylated hydroxytoluene (BHT),52

while it is derived from a renewable agricultural residue. Its
scavenging activity is below that of monomeric phenolic
standards (gallic acid, quercetin), but this is expected for
macromolecular structures with diffusion constraints.53

All four assays used in this study show an increase in the
TEAC and TPC value of ML2 and ML3 compared to ML1. In
the DPPH assay, ML2 shows a higher antioxidant capacity
than ML3, in the other three assays it is the other way around.
Pan et al. investigated the relationships between organosolv
conditions, lignin structure and antioxidant capacity and came
to similar results: both a longer reaction time and a lower
ethanol concentration led to an increase in the phenolic
hydroxyl groups, which can be attributed to the cleavage of
ether bonds. With this increase in the TPC, the antioxidant
capacity also increases.14 The FC reagent nonselectively
oxidizes reducing sugars in addition to phenols, potentially
inflating TPC. However, all samples exhibited >93% lignin
purity. While quantitative 31P NMR was not performed in this
study, it could be used in future research to confirm the
increase in TPC suggested by our data. Guo et al. also
investigated the influence of reaction time in the organosolv
pulping of poplar wood. The longer the pulping time, the
higher the content of phenolic hydroxy groups, determined
using 31P NMR.54 Bae et al. also isolated EtOH lignin under
different pulping conditions with the result that a higher
process severity leads to fewer ether bonds, more phenolic
hydroxy groups and a lower IC50 value, which indicates a
higher antioxidant activity.55 In addition to the increase in
phenolic hydroxyl groups, a decrease in aliphatic hydroxyl
groups is also observed in all studies.9

When comparing the lignins from the autohydrolyzed
biomass, an increase in TEAC or TPC with increasing
temperature can be observed in all four assays. Even though
there are hardly any studies in the literature investigating the
effects of different AH temperatures on the antioxidant
capacity or phenolic content, this observation can also be
well explained by the increasing process severity of the
pretreatment: harsher conditions lead to a cleavage of ether
bonds, which increases the TPC and thus the antioxidant
properties. Garciá et al. studied the antioxidant properties of
lignins by ABTS method, and found that these were strongly
affected by the isolation process: lignins with high TPC, but
also high purity (see chapter 3.3) show the highest antioxidant

activity.56 In the HSQC NMR, the decrease in ether bonds was
clearly observed, while the repolymerization products
increased to a smaller extent. Only Ibrahim and Kruse
investigated the influence of different AH conditions (150−
170 °C, 60−120 min, with/without 20 mM H2SO4) on the
subsequently isolated ethanol organosolv lignins, and found a
higher proportion of phenolic hydroxyl groups with increasing
process strength.2

However, the comparison of organosolv pulping with and
without prior AH has been described: Michelin et al. isolated
lignin from maize cobs and determined a higher TPC for the
autohydrolyzed biomass at 200 °C as well as low IC50 values in
the DPPH and ABTS assay compared to untreated maize.13

Morales et al. investigated lignin recovery after prior AH at 179
°C from almond shells and at 200 °C from walnut shells and
also discovered a higher TPC for lignins after AH of the
biomass.57 Wen et al. were able to increase the proportion of
phenolic hydroxy groups by AH of bamboo at 180 °C
compared to untreated biomass.12 All these studies used
temperatures above 179 °C for AH to increase the TPC
compared to untreated biomass. This is consistent with the
results presented here: MA180 has a significantly higher TPC
than ML1. MA150, on the other hand, does not differ from
ML1, while MA120 even has a lower TPC. This indicates that
a certain temperature is required for pretreatment to have an
influence on TPC and antioxidant capacity.
In addition to the relationship between phenolic hydroxyl

groups and antioxidant capacity, which is well described in the
literature, there are also indications that methoxy groups,
especially in ortho-position to the hydroxyl groups, can further
increase the antioxidant capacity.58 A relationship between
TPC and methoxy content could not be demonstrated here:
the proportion of methoxy groups differs only between the
lignins with and without AH, but not within these two groups
(see Table 3).
Overall, the comparison of the assays shows that the DPPH

assay provides slightly different results from the other three: in
the FRAP and FC assays, all Miscanthus lignins are assigned to
the same groups using the Tukey test, and the ABTS assay also
shows a similar tendency. This is supported by the results of a
statistical evaluation of the four assays when evaluating
different lignins8 and also becomes clear when comparing
the standard scores of the Miscanthus lignins in Figure 5.
There, the DPPH assay shows the biggest discrepancies in the
classification of the lignins compared to the other three. By
averaging the results of all four assays, a relative antioxidant
capacity index (RACI) can be determined (see Figure 6). This
diagram once again illustrates the trends shown so far: a longer
pulping time (ML2) and the combination of that with a lower
ethanol concentration (ML3) increases the antioxidant
capacity, whereas this is only possible with the previous AH
at a temperature of 180 °C (MA180). Interestingly, a
remarkable increase in RACI only appears above 150 °C.
Our findings suggest the threshold lies between 150 and 180
°C, but additional data at intermediate temperatures would be
required to identify the exact cutoff for enhanced antioxidant
release.
In conclusion, it can be stated that the antioxidant capacity

and the phenol content of the lignins can be varied by selecting
the pulping conditions or appropriate pretreatment of the
biomass. A higher process severity leads to an increase in
phenolic hydroxyl groups due to the cleavage of ether bonds,
which has a positive effect on the antioxidant capacity of the
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lignins. Process-induced β-O-4 cleavage (29,5% β-O-4 at 120
°C AH vs 8.3% β-O-4 at 180 °C AH) generates phenolic
hydroxyl groups that exhibit increased radical-scavenging
capacity across four independent assay platforms. These
structure-properties relationships are mechanistically based
and experimentally reproducible. However, we do not claim
that in vitro radical-scavenging measurements predict biological
efficacy or in vivo antioxidant performance. Such claims require
cell-based assays, animal studies, and validation in application
matrices (food systems, polymer blends, thermal aging).59 ,60

Our contribution is a systematic characterization of how
process parameters tune lignin structure, which is a
prerequisite for rational material design. Recondensation
reactions were also observed using HSQC NMR, but to a
much smaller extent than depolymerization, so that the TPC
still increases. This finding is consistent with the existing
literature, which describes a correlation between process
severity, phenolic content, and the resulting antioxidant
capacity.8,9,61,62 In addition to published data so far, this
study shows that an enhancement of the antioxidant capacity
of lignin can be achieved via different pulping conditions or
pretreatment methods like AH, statistically confirmed by four
different assays.

4. CONCLUSION
The objective of this study was to investigate the impact of the
variation of ethanol-based organosolv pulping and a prior AH
on the structure (monolignols and linkages), functional group
composition, and antioxidant properties of Miscanthus ×
giganteus lignins. Based on statistical data from four different
antioxidant assays, this examination allows a more detailed
understanding of the complex and heterogeneous lignin
structure. In the first place, the prolongation of the pulping
time as well as an additional reduction of the ethanol
concentration were found to increase the recovery, the
cleavage of β-aryl ether bonds, which promotes the formation
of phenolic subunits and thus, the antioxidant capacity.
Furthermore, also the combination of AH and organosolv
pulping resulted in a notable influence on the structural
properties of the lignins, as evidenced by a significant increase
in phenolic hydroxyl groups, which are essential for good

antioxidant properties. The lignins obtained from AH at 180
°C prior to organosolv pulping exhibited the highest
antioxidant capacity, the highest recovery and in addition a
higher purity compared to organosolv lignin isolated under the
same pulping conditions, but without prior AH. Moreover, the
incorporation of ethoxy groups during the organosolv process
resulted in enhanced structural complexity.
The results underscore the significance of process

parameters, particularly the temperature of AH, for influencing
the functionality and reactivity of lignins. These findings
highlight the potential of combining AH and organosolv
pulping as an effective approach for optimizing lignin as a
biobased resource for industrial applications. Future studies
should focus on the fine-tuning of process parameters to
maximize the recovery, functionality, and performance of lignin
in polymer synthesis, coatings, and other advanced materials.
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Sanfins, L.; Roseiro, L. B.; Gírio, F. Effective Mild Ethanol-Based
Organosolv Pre-Treatment for the Selective Valorization of
Polysaccharides and Lignin from Agricultural and Forestry Residues.
Energies 2022, 15, 5654.
(29) Kalogiannis, K. G.; Matsakas, L.; Aspden, J.; Lappas, A. A.;
Rova, U.; Christakopoulos, P. Acid Assisted Organosolv Delignifica-
tion of Beechwood and Pulp Conversion towards High Concentrated
Cellulosic Ethanol via High Gravity Enzymatic Hydrolysis and
Fermentation. Molecules 2018, 23, 1647.
(30) Amendola, D.; Faveri, D. M. d.; Egües, I.; Serrano, L.; Labidi, J.;
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