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Mechanochemical Tailoring of Lignin Structure: Influence of
Different Particle Sizes in the Organosolv Process

Jonas Bergrath, Franz Zeppetzauer, Jessica Rumpf, Birgit Kamm, Robert Putz,
Hans-Willi Kling, and Margit Schulze*

The autocatalyzed ethanolic organosolv process is gaining increasing
attention for the sulfur-free isolation of lignin, which is subsequently used as
a renewable substitute for various fossil-based applications. For the first time,
the mechanochemical influence of seven different particle sizes of two
different biomasses on the respective organosolv lignin structure is examined.
Wine pruning (Pinot Noir) and wine pomace (Accent) are used for organosolv
process with particle sizes ranging from 2.0–1.6 mm to less than 0.25 mm. As
particle size decreases, the weight-average molecular weight increases, while
the total phenol content decreases significantly. Additionally, the distribution
of the lignin-typical monolignols and relevant substructures, as determined by
two-dimensional heteronuclear nuclear magnetic resonance spectra single
quantum coherence (HSQC), is observed. The degree of grinding of the
biomass has a clear chemical–structural influence on the isolated HG and
HGS organosolv lignins. Therefore, it is crucial to understand this influence to
apply organosolv lignins in a targeted manner. In the future, particle size
specifications in the context of the organosolv process should be expressed in
terms of distribution densities rather than in terms of a smaller than
specification.

1. Introduction

In response to the urgent global need for sustainable resource
management, various industries have undergone a paradigm
shift towards sustainable thinking. This shift is centered around
the concept of the cascade economy, which prioritizes high-value
applications before cascading down to lower-value applications,
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with the aim of minimizing waste and max-
imizing resource efficiency.[1] In the field
of biomass utilization, lignocellulosic ma-
terials are a promising feedstock for the
production of renewable chemicals, mate-
rials, and biofuels.[2] Among the compo-
nents of lignocellulosic biomass, lignin is
particularly intriguing. Previously viewed
as a problematic by-product of pulp and
bioethanol production, lignin is now rec-
ognized for its immense potential as a
valuable resource in the biorefinery con-
text. To fully utilize lignin, innovative pro-
cessing techniques such as the organosolv
process have been shown to be a viable
method for its isolation and valorization.
The organosolv process selectively dissolves
lignin with organic solvents under con-
trolled conditions, resulting in high-purity
lignin streams that are suitable for vari-
ous downstream applications. Optimizing
process parameters, such as solvent com-
position, temperature, and time, is crucial
for fine-tuning lignin properties to meet
specific application requirements.[3] The

particle size of the biomass used is a process parameter that
is rarely the focus of attention in organosolv processes. This
parameter is strongly dependent on the type of mill, the me-
chanical properties of the biomass, or the grinding time. A
smaller particle size results in a larger specific surface area and
a higher lignin extraction yield.[4] However, this paper addresses
the often-overlooked influence of the mechanochemical effect on
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Table 1. Chemical composition of the prunings (Pr) and lignin at a par-
ticle size of 2.0–1.4 mm (PrB), as well as the pomace (Po) and lignin at
a particle size of 2.0–1.4 mm (PoB) determined according to the NREL
protocol.[6–8] Results are expressed as mean ± standard deviation of a
quadruple determination.

Total lignin [%] Total sugar [%] Ash [%]

Pruning 41.1 ± 0.2 36.9 ± 0.2 6.9 ± 0.0

PrB 96.4 ± 0.6 0.7 ± 0.0 0.3 ± 0.0

Pomace 63.0 ± 1.1 17.2 ± 0.4 4.6 ± 0.0

PoB 96.3 ± 1.0 1.1 ± 0.1 0.3 ± 0.0

the chemical structure of lignin, specifically the impact of parti-
cle size. Mechanochemical principles can be used to develop new
strategies for depolymerizing and functionalizing lignin, paving
the way for high-quality products made from this material.[5] Ad-
ditionally, designing lignins tailored for specific applications rep-
resents a new dimension in lignin utilization research. This study
examines the effect of particle size on the resulting chemical
structure of lignin from the organosolv process using two differ-
ent wine-derived biomasses. Chromatographic and spectroscopic
methods are utilized to investigate a potential univariate corre-
lation between particle size and molar mass and chemical sub-
structures. By elucidating the structure–property relationships, it
is possible to develop lignin molecules with predetermined func-
tionalities and molecular architectures. This approach has sig-
nificant potential for expanding the use of lignin beyond tradi-
tional applications to high-performance materials, additives, and
chemicals.

2. Results and Discussion

2.1. Compositional Analysis of Biomass and Lignin

The wine pruning and pomace samples, as well as the respec-
tive organosolv lignins, were analyzed in quadruplicate for their
chemical composition according to the National Renewable En-
ergy Laboratory (NREL) protocol. The summary of these results
can be found in Table 1.

The lignin content of the wine prunings (41.1 %) and the
wine pomace (63.0 %) can be compared with the results found
in the literature, but there are no specific lignin data for the wine
varieties.[9–12] The isolated lignins have a Klason lignin content
greater than 95%, indicating high purity lignins. Their low resid-
ual sugar and ash content make them a valuable raw material
with high potential.[13,14] The lignins isolated from the autocat-
alyzed ethanolic organosolv process are suitable for structural
analysis.

2.2. Analysis of Molecular Weight Distribution and Phenolic
Groups

It is important to note that in size exclusion chromatography
(SEC), the molecular weight is only indirectly derived from the
hydrodynamic volume of the analyte. Determining the molar
mass is considerably more challenging due to solvent effects and
the absence of appropriate calibration standards. For instance,

Table 2. Listing of weight average molecular weight (Mw), polydispersity
(PDI) and total phenolic content (TPC) of organosolv lignins from prun-
ings (Pr) and pomace (Po) at different particle sizes (B: coarsest, H:
finest), given as mean ± standard deviation, respectively. Mean values
that do not share the same letter are significantly different according to
the Tukey test at a 5% significance level.

Lignin
Particle

size [μm]
Mw

[kDa]
PDI
[–]

TPC
[mmol g–1]

PrB 2000–1400 3.39 ± 0.07 (a) 5.2 ± 0.1 (a) 2.35 ± 0.03 (a)

PrC 1400–1000 3.67 ± 0.17 (a) 5.3 ± 0.3 (a) 1.99 ± 0.01 (b)

PrD 1000–710 4.33 ± 0.21 (b) 5.4 ± 0.0 (a) 1.84 ± 0.03 (c)

PrE 710–500 4.50 ± 0.33 (bc) 5.2 ± 0.3 (a) 1.37 ± 0.04 (d)

PrF 500–355 5.07 ± 0.06 (cd) 5.4 ± 0.0 (a) 1.30 ± 0.04 (de)

PrG 355–250 5.23 ± 0.21 (df) 4.9 ± 0.2 (a) 1.28 ± 0.01 (ef)

PrH < 250 5.50 ± 0.41 (de) 4.8 ± 0.4 (a) 1.24 ± 0.05 (ef)

PoB 2000–1400 5.14 ± 0.22 (a) 3.7 ± 0.1 (a) 2.28 ± 0.02 (a)

PoC 1400–1000 4.90 ± 0.18 (ab) 3.6 ± 0.1 (ab) 1.97 ± 0.03 (b)

PoD 1000–710 5.59 ± 0.05 (abc) 4.2 ± 0.0 (abc) 1.95 ± 0.06 (b)

PoE 710–500 5.91 ± 0.09 (abcd) 4.4 ± 0.1 (c) 1.80 ± 0.04 (c)

PoF 500–355 6.58 ± 0.73 (cde) 6.0 ± 0.3 (d) 1.67 ± 0.02 (d)

PoG 355–250 6.97 ± 0.56 (def) 6.2 ± 0.2 (d) 1.66 ± 0.04 (d)

PoH < 250 8.97 ± 0.80 (g) 9.0 ± 0.5 (e) 1.47 ± 0.07 (e)

cross-linking can decrease the effective molecular weight as de-
termined by SEC, whereas branching can cause an opposite ef-
fect. Both effects are not detected with the linear polymers used
for calibration.[15] Thus, molecular weight distribution should
not be considered in absolute values, but rather discussed as
trends. Table 2 shows the weight-average molar mass (Mw) and
the corresponding polydispersity (PDI). Additionally, the results
of the determination of the total phenolic content (TPC) using
Folin-Ciocalteu assay are presented, as Mw and TPC are typically
correlated.[3]

The size range of Mw, PDI and TPC decreases within the ex-
pected range for organosolv lignins isolated from wine-derived
biomass.[3] The trend of increasing Mw and decreasing particle
size is evident. Moreover, it is significant within the limits of im-
precision of the one-factorial ANOVA (p < 0.05, n = 3) with re-
spect to the coarsest PrB and PoB and the finest PrH and PoH
particle size. In general, the particle size of the biomass used
can influence the accessibility for the organosolv process. Grind-
ing the biomasses to a finer consistency increases the specific
surface area, reducing the distance for mass transfer and en-
abling the isolation of larger lignin molecules.[15] Furthermore,
repolymerization in finely grounded particles can result in higher
molecular weights, as observed in various studies.[16] Rumpf et
al. conducted a comparative study of organosolv lignin from Mis-
canthus x giganteus and Paulownia tomentosa. The lignin was ob-
tained from biomass particles of different sizes: 1.6–2.0 mm,
0.5–1.0 mm, and < 0.25 mm. The results showed that a smaller
biomass particle size led to a higher Mw.[17] Also other authors
provided mechanochemical explanations for this behavior of the
average molar mass: Zhu et al. proposed a potential homolytic
cleavage of 𝛽-O-4 bonds. This could result in subsequent recom-
bination and/or free radical chemistry of the phenoxy radicals
or the 𝛽-radical, potentially leading to a higher average molar
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mass.[18] For the application-oriented design of lignins, lower
Mw are interesting for hollow lignin nanoparticles or carbon
fibers, while lignins with high Mw are suitable for compact lignin
nanoparticles or lubricants.[19,20]

The TPC behaves correlatively with the particle size of the
biomass, as the concentration of phenolic groups decreases when
the particle size decreases. Although there are no comparable
studies in the literature that deal with the interactions between
particle size and TPC, some studies report correlations between
Mw and TPC. Meyer et al. used NMR techniques to quantify the
concentrations of chemical constituents formed or disappeared
during and after the reactions of lignin molecules. The evolution
of chemical constituents was also modeled as serial processes,
concluding that acidolysis of some substructures led to a decrease
in molecular mass and an increase in phenol concentration.[21]

Ovejero-Pérez et al. were able to justify these observations by an-
alyzing their heteronuclear single quantum coherence (HSQC)
NMR spectra, according to which the lignins with higher phe-
nol contents exhibit fewer recondensation signals in the aromatic
region.[22] This finding is relevant for designing lignins with an-
tioxidative properties, as lignins with a high TPC are known to
be antioxidative active.[23]

For future fine-tuning of the organosolv processes of lignocel-
lulosic biomass, we would like to suggest that not only the parti-
cle size (mesh size), but also a granulometric characterization of
the samples should be specified. This will enable a more precise
comparison of the impact of various particle sizes on the corre-
sponding lignin structure in comparison to other organosolv pro-
cedures. The reduction in size is primarily dependent on the ma-
terial anatomy and the mill utilized. As a result, statements using
the phrase “smaller than” are often too vague, as the granulomet-
ric distribution can vary significantly. As a procedural specifica-
tion, it is suggested to specify the distribution density and distri-
bution sum of the respective sieve fractions as a function of the
mill or blade (see Figure 1).

2.3. Analysis of Lignin Linkages and Monolignol Units

The organosolv process (as any isolation procedure), along with
certain pre-treatment methods, causes a chemical transforma-
tion in native lignins. The extent of this transformation depends
on various process conditions, such as temperature, process
time, concentration of the pulping solution, and particle size of
the biomass used.[3] As a result, the abundance of carbon–oxygen
(C─O) and carcon–carbon (C─C) bonds in technical lignin differs
significantly from that in native lignin.[24] This is demonstrated
by the ratio of monolignols and the distribution of lignin linkages
or substructures. These can be determined semi-quantitatively
using 2D HSQC NMR.

The spectra can be divided into two regions: the aliphatic side
chain region (𝛿C/𝛿H 50–90/2.8-5.8 ppm) and the aromatic region
(𝛿C/𝛿H 90–150/6.0–8.0 ppm). The signals can be assigned to the
monolignols and different linkages and substructures, as shown
in Figure 2 and assigned in Table 3. The lignins are presented
in both regions, with the color of the peaks corresponding to the
color of the respective structure.

All three monolignols were detected in the isolated wine prun-
ing lignin samples. This is consistent with the findings of Rivas

et al., who qualitatively examined lignins from a mixture of wine
cultivars and found them to be composed of H, G, and S units.[28]

In contrast, the lignins isolated from the pomace only contain H
and G units. The literature does not provide a similar qualifica-
tion in this regard. The ratios of monolignols resulting from the
spectra are presented in Figure 3, along with the PrE and PoE for
further discussion. A one-factor ANOVA (p < 0.05, n = 3) with
Tukey post-hoc test was conducted, resulting in a Compact Letter
Display (CLD).

While PrB and PrE do not differ statistically in their com-
position, a slightly higher proportion of H units is detected in
PrH. The Po-lignins PoB, PoE, and PoH contain a significantly
higher proportion of H units, which reaches its maximum at
51.1 ± 0.8%. In both biomasses, the H/G ratio increases for the
smallest particle size, while it remains almost constant for the
larger particle sizes in PrB/PrE. There is a statistically significant
difference in the S/G ratio between PrB and PrH, although it is
very small (p = 0.017).

The HSQC spectra reveal qualitative and quantitative differ-
ences in the bonds and substructures of the Pr and Po lignins,
expressed as the number per 100 aromatics (Ar) in Figure 4.

The 𝛽-aryl ether (A) is the most abundant in both lignins,
consistent with similar wine varieties in the literature.[29] Addi-
tionally, both phenylcoumaran (B) and resinol (C) structures are
present in the isolated technical lignins. No integrable signals
were found for biphenyl, diaryl ethers, or spirodienones in ad-
dition to the already mentioned largest representatives with per-
centage frequency of the binding motifs.[18] The cinnamyl alco-
hol (I) end group was detected in all lignins, with a maximum
of 26.9 ± 0.2 per 100 Ar in PoH. Ferulate (FA) and p-coumarate
(PCA) side chain groups can also be found in Pr lignins. The
substructures show a clear correlation with particle size, as ev-
idenced by the significant increase in concentration of A in both
biomasses as particle size decreases. A accounts for 50–80% of
the detectable types of linkage of the structural motifs. The syn-
and anti-conformers of the 𝛽-guiacyl ethers are present in quanti-
ties that reflect the kinetics of the proton-promoted rearomatiza-
tion of the quinone methide with water. In 𝛽-syringyl ethers, the
anti-isomer predominates.[30] However, there is limited compar-
ative data on the proportions of A that remain in lignins due to
different organosolv conditions. So, an acid-catalyzed organosolv
process resulted in significantly decreased A during delignifica-
tion. At a delignification rate of 90 %, the frequency of A in the
isolated lignin was only a quarter of the original native value.[30]

One possible explanation for the presence of smaller Mw is that
more 𝛽-O-4 is cleaved, resulting in the production of more free
phenolic hydroxyl groups. It can be hypothesized that the grind-
ing process has a mechanochemical effect on the frequency of A
in the original lignin. Previous studies have demonstrated that
A is affected by variables such as grinding speed and duration,
and that its frequency is influenced by the progress of the grind-
ing process.[31] To optimize depolymerization experiments, it is
recommended to increase the abundance of the substructure A.
This substructure is commonly targeted in benzylic oxidations,
C–O and C–C cleavages, enzymatic and reductive approaches, as
well as harsh acid catalytic methods.[32–34] The phenylcoumaran
(B) includes a five-membered ring formed by the internal inter-
ception of the intermediate quinone methide by the phenolic hy-
droxy group following the 𝛽−5 linkage. B can be found in both
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Figure 1. Distribution density and sums of the different sieve fractions for A) the wine pruning with a cutting mill and a 4 mm blade and B) the wine
pomace with a cutting mill and a 4 mm blade.

biomasses. According to density functional theory calculations,
the 𝛼-O-4 bonds of phenylcoumaran molecular models have a
low bond dissociation energy value (about 55 kcal mol−1), indi-
cating that these structural motifs can be easily cleaved by free
radicals under harsh conditions.[35] Similar observations can be

made for PrB, PrH, PoB, and PoH. The proportion of B per 100 Ar
decreases significantly with decreasing particle size, indicating a
degradation of the substructure. Since B is the second most com-
mon substructure in hardwoods and softwoods, maximizing it is
considered interesting for depolymerization reactions or material
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Figure 2. HSQC NMR spectra of lignins isolated from prunings (Pr) and pomace (Po) at different particle sizes (B: coarsest, H: finest) display colored
monolignols, linkages, and substructures that can be assigned to structures of the same color.

Table 3. Assignment for signal and integration of 2D-HSQC spectra of
lignins.[25–27]

Monolignol/Linkage Chemical shift of the
integrated signal
𝛿C/𝛿H [ppm]

Integral expressed per
number of

correlations

p-hydroxyphenyl (H) 128.5/7.2 ʃ(H2,6/2)

Guaiacyl (G) 114.5/6.7 ʃ(G5)

Syringyl (S) 103.8/6.6 ʃ(S2,6/2)

p-coumarate (PCA) 144.6/7.5 ʃ(pCa2,6/2)

ferulate (FA) 111.1/7.3 ʃ(Fa2)

cinnamyl alcohol (I) 120.9/5.3 ʃ(I2,6/2)

Unsaturated side chains 128.8/5.2 ʃ(U1)

𝛽-O-4 (A) 71.3/4.8 ʃ(A𝛼)

𝛽−5 (B) 87.4/5.4 ʃ(B𝛼)

𝛽-𝛽 (C) 85.6/4.6 ʃ(C𝛼)

applications.[36] The resinol (C) structure exhibits a similar trend,
decreasing significantly with Pr lignins until it almost disappears
with Po lignin. This structure is increasingly classified as a con-
densation structure. Rumpf et al. also observed a similar trend
with their lignins from Miscanthus and Paulownia, which were
isolated at different particle sizes. A decrease in the condensed
substructures B and C is also evident in their findings.[17] A sig-
nificant increase in ferulate (FA) from 2.3 ± 0.2 to 4.4 ± 0.1 and
p-coumarate (PCA) from 1.5 ± 0.2 to 2.5 ± 0.2 in Pr lignin with
decreasing particle size is explained in the literature by milder
hydrolytic conditions. In this respect, enzymatic mild acidolysis
leads to a higher yield of PCA and FA than milled wood lignin.[37]

The cinnamyl alcohols (I) of the lignins also exhibit clear trends
in their alcoholic end group, with the highest abundance found
in the fractions with the smallest particle size or higher molec-
ular weight. Specifically, for PoB, the frequency increases from
4.7 ± 0.1 to 26.9 ± 0.2 per 100 Ar. The observed groups in the
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Figure 3. Proportion of monolignols in lignins from prunings and pomace
with different particle sizes (mean values that do not have the same letter
differ significantly by the Tukey test at the 5% significance level).

lignin are likely to be etherified due to the instability of pheno-
lic cinnamyl alcohols during the organosolv process. This results
in a lower phenolic content and higher molecular weight frac-
tions. On the other hand, enol ethers are assumed to be relatively
stable once formed, which slows down the depolymerization pro-
cess and causes the dependence on average molecular weight.[38]

A similar order of magnitude can be observed in the literature
regarding the relatively high proportion of I. Therefore, the in-
corporation of functionalities in thermoset synthesis is extremely
important. Thiol additions to the double bond can be integrated
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Figure 4. Proportion of bond types and substructures from pruning and pomace with varying particle size (mean values that do not have the same letter
are significantly different by Tukey’s test at the 5% significance level).

to produce thermoset resins, which offers potential for a more
environmentally friendly production of sustainable lignin-based
resins.[39] Finally, there is an increase in the signal at 128/5.3 ppm
for both biomasses and particle sizes, which becomes stronger
as the particle size decreases in the unsaturated range. This indi-
cates the formation of new double bonds due to undesired dehy-
dration processes.[40]

3. Conclusion

High purity lignins can be isolated from wine waste using the
ethanolic autocatalyzed organosolv process that are suitable for
deriving structure-property relationships. It is worth noting that
the particle size of the biomass used in the organosolv process
has a statistically significant influence on the resulting lignin. As
the particle size decreases, the weight average molecular weight
increases while the number of phenolic groups decreases, inde-
pendent of the used biomass. The distribution of monolignols
and substructures also varies with particle size, with maxima or
minima occurring at the coarsest or finest particle size. These ob-
servations were made for both HG and HGS lignin. No compa-
rable studies have been conducted on the influence of biomass
particle size on lignin structure, particularly in terms of quali-
tative chemical structure investigation. This paper is the first to
demonstrate that varying biomass particle size has a significant
impact on monolignol ratio and corresponding linkages. Based
on this information, the structure of organosolv lignins can be
tailored more in detail using mechanochemistry techniques, to
maximize their suitability for specific applications. By doing so,
future lignin isolation can be more resource efficient.

4. Experimental Section
Materials: The biomasses, wine prunings (Pr) and wine pomace (Po),

were obtained from the University of Geisenheim (Geisenheim, Germany);
the prunings (accent) were harvested in 2020 and the pomace (pinot
noir) in 2021. The samples were dried at 90 °C, crushed using a 4 mm
cutting mill and sieved to the desired particle size using a sieve tower

Macromol. Biosci. 2024, 24, 2400090 2400090 (6 of 8) © 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH

 16165195, 2024, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

abi.202400090 by H
ochschul- U

nd K
reisbibliothek, W

iley O
nline L

ibrary on [19/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mbs-journal.de


www.advancedsciencenews.com www.mbs-journal.de

model AS 200 basic from Retsch (Haan, Germany) (B) 1.400–2.000 mm;
C) 1.000–1.400 mm; D) 0.710-–.000 mm; E) 0.500–0.710 mm; F) 0.355–
0.500 mm; G) 0.250–0.355 mm; H) <0.250 mm). Ethanol (absolute) and
sodium hydroxide were purchased from Merck (Darmstadt, Germany);
hydrochloric acid and sodium carbonate were purchased from Carl Roth
(Karlsruhe, Germany); Folin-Ciocalteu reagent was purchased from Sigma
(Taufkirchen, Germany); DMSO-d6, degree of deuteration 99.8%, with
0.02% (v/v) tetramethylsilane (TMS) from Eurisotop (Saarbrücken, Ger-
many). Polystyrene sulfonate sodium salt standards (1–140 kDa) from
Agilent Technologies (Santa Clara, CA) were used for SEC calibration. All
chemicals were used without further purification.

Compositional Analysis of Biomass: The compositional analysis (wt%)
of both biomasses (prunings and pomace) was performed in quadru-
plicate according to the Laboratory Analytical Procedures (LAP) pub-
lished by the National Renewable Energy Laboratory (NREL), according
to NREL/TP-510-42621 (Determination of Total Solids in Biomass and To-
tal Dissolved Solids in Process Liquid Samples),[6] NREL/TP-510-42622
(Determination of Ash in Biomass),[7] and NREL/TP-510-42618 (Determi-
nation of Structural Carbohydrates and Lignin in Biomass).[8]

Lignin Isolation: The biomass was mixed with aqueous ethanol (80%)
with a solid:liquid ratio of 1:8 in a Parr 4570 autoclave with a 4848 pro-
cess controller. After holding the temperature of 170 °C for 1.5 h, the solid
residue was filtered from the autoclave after cooling and washed with more
aqueous ethanol (80%). The organosolv lignin was then acid-precipitated
with 4 m HCl (to pH 2) and sedimented at room temperature for 12 h.
The organosolv lignin was separated by centrifugation, washed with dis-
tilled water, and freeze-dried for 48 h. The organosolv pulping was per-
formed three times for each biomass and particle size. Organosolv pulp-
ing was performed for lignin isolation using the following biomass particle
sizes: 1.400–2.000 mm (PrB; PoB); 1.000–1.400 mm (PrC; PoC); 0.710–
1.000 mm (PrD; PoD); 0.500–0.710 mm (PrE; PoE); 0.355–0.500 mm (PrF;
PoF); 0.250–0.355 mm (PrG; PoG); <0.250 mm (PrH; PoH).

Size Exclusion Chromatography (SEC): Samples for SEC analysis were
prepared in sodium hydroxide solution (0.1 m) at a concentration of
1 g L−1 and filtered through 0.45 μm polyamide filters prior to analysis.
Polystyrene standards were prepared in the same manner. The molar mass
distributions of the lignin samples were measured on a Thermo Fisher
Dionex ICS 5000+. The chromatography system consists of a PSS MCX
Guard 50 × 8 mm precolumn and three analytical columns (PSS Analyti-
cal 100 Å, 300 × 8 mm; PSS Analytical 1000 Å, 300 × 8 mm; PSS Analytical
100 000 Å, 300 × 8 mm). Sodium hydroxide solution (0.1 m) was used
as the eluent at a flow rate of 0.6 mL min−1 and an injection volume of
10 μL. The UV detector is a VWD detector with a standard wavelength of
280 nm. Molar mass calibrations (5th order polynomial, R2 = 0.9996) were
performed using polystyrene standards (1, 3.4, 10, 80, 140 kDa).

Total Phenolic Hydroxyl Group Content (TPC): A total of 20.00 mg of
lignin was weighed into a 50 mL volumetric flask and dissolved in 0.1 m
NaOH. In duplicate, 2 mL of this solution and 3 mL of the Folin-Ciocalteu
reagent were added to a 50 mL flask, diluted with ≈25 mL of deionized wa-
ter, and allowed to stand for 5 min while swirling several times. Afterward,
10 mL of a 20% sodium carbonate solution were added, the flask was filled
up to 50 mL with deionized water, and vortexed. The reaction time was 2 h,
with the flasks shaken well every 20 min. The sample solutions were then
stored at room temperature for 2 h. The procedure was also performed
using vanillin as a standard; a 5-point calibration line (R2 = 0.9993) of
0.026, 0.052, 0.065, 0.078, and 0.091 mmol L−1 was used for quantifica-
tion. The TPC was determined by absorbance at a wavelength of 760 nm
in polystyrene cuvettes. All UV/VIS measurements were performed in du-
plicate using a Thermo Scientific Multiscan Go spectrophotometer.

Nuclear Magnetic Resonance (NMR) Spectroscopy: 50 mg lignin was
dissolved in 900 μL DMSO-d6 + 0.03% (𝜈/𝜈) TMS. NMR measurements
were performed on a Bruker Avance III 600 MHz spectrometer (Bruker
Biospin, Rheinstetten, Germany) with a BBO cryoprobe equipped with a
Bruker automatic sample changer (BACS 120) at 297 K. The 2D HSQC
spectra were acquired with the following parameters: NS = 16, DS = 16,
TD = 4096 (F2) and 256 (F1), RG = 2050, AQ = 0.2840 (F2), and 0.0044
(F1), SW = 12.00 ppm (F2) and 190 ppm (F1). Transmitter offset was set
to 5.0 for 1H and 80 ppm for 13C. Data were automatically recorded un-

der the control of ICON-NMR (Bruker Biospin, Rheinstetten, Germany).
All NMR spectra were manually phased and base-corrected using Topspin
4.1.4 (Bruker Biospin, Rheinstetten, Germany). For this purpose, the axes
were first calibrated using the DMSO signal (F1: 39.5 ppm; F2: 2.49 ppm)
and the signals integrated. The C2,6 – H2,6 correlations of the H and S units
and the C2 – H2 correlation of the G units were used to calculate the mono-
lignol fractions. The bond types (A) 𝛽-aryl ether, B) phenylcoumarane, C)
resinol) were calculated using their C𝛼 – H𝛼 correlations to avoid possi-
ble interference from homonuclear 1H – 1H couplings. For p-coumarate
(pCA) and ferulate (Fa) the C2,6 – H2,6 correlation, and for the cinnamyl
alcohol (I) end groups the C𝛼/𝛽 – H𝛼/𝛽 correlation, as no exact differenti-
ation between the 𝛼 and 𝛽 signal is possible, was used. The correlation
(C𝛼/𝛽 – H𝛼/𝛽 ) was also utilized for the undefined unsaturated side chains
(U1). All integrals were normalized to the respective proton number. The
results were given as the number X (bond type or substructure) per 100
aromatic compounds and were calculated according to:

ArX = ∫ X
100Ar

100 = ∫ X
∫ H+ ∫ G+ ∫ S

100 (1)

X corresponds to the integrals per number of correlations, as shown in
Table 3.
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