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Preface

Lignocellulosic biomass (LCB) is a non-edible plant-based feedstock (primarily sourced
from forestry residues, agricultural wastes, energy crops) that consists of cellulose,
hemicellulose and lignin. The three macropolymers are non- or covalently bonded to
form a rigid and supportive platform for plant cell wall. In biorefineries, these
lignin-carbohydrate complexes are separated by different methodologies, however
regardless of the treatments, sugar products are always prioritized. Meanwhile, lignin is
perceived as waste even though it is the highest aromatic compounds containing source
in nature and constitutes a significant proportion of LCB. A major setback of lignin arises
from its heterogeneity in constituents, bonding motifs, and inevitable structural
modification as a consequence of biomass processing. Regarding structural complexity,
native lignin is mainly made up of three monolignols, p-coumaryl, coniferyl, and sinapyl
alcohols, which are transformed into the corresponding p-hydroxylphenyl (H), guaiacyl
(G), and syringyl (S) units in plant cell wall, with variation in ratios from species to species.
Depending on the severity of fractionation process, the downstream lignin experiences
different degrees of depolymerization and repolymerization, leading to the formation of
a newly arranged network with respect to the native. Due to the intrinsic complexity of
lignin presents in either native or product forms, the study of its structure is always
an essential step prior to fully unleashing its potential and maximizing efficiency of
biorefineries, and thus never being outdated.

To contribute to the ongoing effort of understanding lignin, three types of biomass
representing hardwood (aspen chips), softwood (pine sawdust), non-woody (barley
straw) and their lignin samples extracted by organic solvent pulping process (organosolv)
were opted as the main objects throughout the study. Within the scope of
characterization, nuclear magnetic resonance (NMR), 1D (3'P) and 2D (heteronuclear
single quantum coherence) were applied to quantify hydroxyl contents, and elucidate
interlinkages and subunits in organosolv lignins, respectively (Paper 1). Further details
about the monolignols concentration in biomasses and their organosolv lignins were
quantitatively analysed by thioacidolysis coupled with GC-MS, in which the challenging
aspect of lignin’s authentic standard was resolved (Paper Il).

The study continued to shift from characterization to its modification and its impact
on thermal and mechanical properties of the composites manufactured with polylactic
acid (PLA). Particularly, esterification was carried out using two approaches: one targeted
modification of the hydroxyl groups of lignin, and the other introduced ester groups onto
the lignin’s aromatic rings while retaining hydrogen bonding. The fascinating outcomes
of esterification at different positions within the lignin structure influenced the
composite’s properties (Paper lll).

In addition to the published articles, the results of this research have been
communicated internationally at several conferences held in Estonia, Finland, and
Greece.



Abbreviations

31p NMR Phosphorous nuclear magnetic resonance
BAEP Benzoic esterified lignin by chloromethylation
BF3 Boron trifluoride diethyl etherate

BSTFA, 1% TMCS N, O-Bis(-trimethylsilyl)trifluoroacetamide containing 1%
trimethylchlorosilane

C12 C12 hydroxyl-esterified lignin

C16 C16 hydroxyl-esterified lignin

c8 C8 hydroxyl-esterified lignin

CML Chloromethylated lignin

DOL 1,4-dioxane extracted lignin

DSC Differential scanning calorimetry

DTG Derivative thermogravimetry

El Electron ionization

EIC Extracted ion chromatogram

EOL Ethanol extracted lignin

FTIR Fourier transform infrared spectroscopy

G Guaiacyl unit

GC-FID Gas chromatography-flame ionization detector
GGE Guaiacylglycerol-B-guaiacyl ether

H p-hydroxylphenyl unit

HLE C14 esterified hydrolysis lignin by chloromethylation
HSQC Heteronuclear single quantum coherence

IDL Instrumental detection limit

QL Instrumental quantification limit

IS Internal standard

LCB Lignocellulosic biomass

LCC Lignin-carbohydrate complexes

LMCs Phenolic lignin model compounds

LoQ Limits of quantification

LTM MACH Low thermal mass modular accelerated column heater
MSD Mass selective detector

NHND endo-N-hydroxy-5-norbornene-2,3-dicarboximide
NMR Nuclear magnetic resonance

PLA Polylactic acid

R Recovery

RRF Relative response factor

RSD Relative standard deviation

S Syringyl unit



SGE Syringylglycerol-B-guaiacyl

TEA Triethylamine

TGA Thermogravimetric analysis

THF Tetrahydrofuran

TIC Total ion chromatogram

TMDP 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
ACp Specific heat capacity
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1 Literature overview

The review provides a brief introduction to lignocellulosic biomass by clarifying its
definition, sources, compositions, and applications in biorefineries. In the following
sections, the background for the three articles is presented.

1.1 Lignocellulosic biomass

In human history, the discovery of fire by our ancestors million years ago has been a
crucial milestone marking the initial usage of lignocellulosic biomass (LCB) for energy by
combustion, along with the construction and textile applications [1], [2]. During the
industrial revolution, the utilization of this renewable feedstock has been extensively
advanced since the development of chemical bleaching and fermentation technologies
was successfully applied in the paper industry, and biofuel production, respectively [1],
[3]. Nowadays, the exhaustion of fossil-based resources due to overexploitation and the
alarming increase in greenhouse gases emissions demand the finding of alternatives that
could alleviate the stress and aid the development of a sustainable living world.
To address the issue, one of the possible solutions is to shift our reliance on fossil
feedstocks to LCB, which is outstandingly noted for its renewability and abundance [2].

The term LCB was coined to describe a group of non-food biomasses originating from
energy crops, grasses, agricultural residues, forestry waste, and papermaking
by-products [4]. ‘Lignocellulose’ is a compound word merging the prefix — ‘lignin’ and
the suffix — ‘cellulose’, which are the key compositions present in the biomass belonging
to this category [1]. In fact, the secondary plant cell wall of LCB is a rigid network
that is built from three main components namely, cellulose, hemicellulose, and lignin
(Figure 1) [5]. These three biopolymers coexist at varying ratios depending on the
botanical origin and are non- or covalently interconnected to form a structural support
for the plant [4]. Overall, LCB contains 40-50% of cellulose, 20-30% of hemicellulose,
18-35% of lignin, and a minor portion of other components (e.g., extractives, minerals)
[6].

Cellulose is a semi-crystalline homopolymer consisting of approximately 7,000 to
15,000 D-glucose monomer units linked by B-(1->4) glycosidic bonds in equatorial
configuration [1]. The orientation of cellulose chains is primarily driven by the hydrogen
bonding and Van der Waals interactions leading to the formation of microfibrils, which
play an important role in the architecture of the cell structure [5]-[7]. On the other
hand, hemicellulose is an amorphous heteropolymer made up of 70 to 200 different
sugar monomers including xylose, arabinose, galactose, glucose and mannose [1].
The distribution of these monosaccharides is highly dependent on biomass species [4].
Hemicellulose backbone is built by pentoses or hexoses linked by B-(1->4) linkages, akin
to cellulose; however, it is a non-linear polysaccharide due to the additional pendant
groups (e.g., monosaccharides, uronic acids, and acetyl groups) branching off the main
polymer chain [5], [8]. In the matrix of secondary cell wall, hemicellulose was found to
be strongly adsorbed onto the surface of cellulose bundles via non-covalent bonding,
thus improving the mechanical strength and flexibility [9], [10]. Additionally, the spatial
arrangement of hemicellulose around cellulose fibrils is crucial for augmenting the
proximity between cellulose and lignin [9].

Lignin is the main non-carbohydrate component found in plant cell wall. It is a complex
polyphenolic polymer that is constructed from three fundamental phenylpropanoid-
derived monolignols: p-coumaryl, coniferyl, and sinapyl alcohols [11]. Lignification
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sequentially occurs in three steps: the biosynthesis of monolignols, the translocation of
the resulting monomer precursors from cytosol to cell wall, and the radical coupling of
oxidative monolignols [12]-[14]. Upon completion of the lignification process, three
monolignols are converted into p-hydroxyphenyl (H), guaiacyl (G), and siringyl (S) units
corresponding to their origins, p-coumaryl, coniferyl, and sinapyl alcohols, respectively.
In nature, the feature of polymeric lignin is strictly defined by plant species [8], [15].
Softwood lignin mainly derives from G units with the minority of others, while hardwood
lignin is principally constructed from S and G units [4], [6]. By contrast, grass lignin
contains all three and other unconventional monolignols [8], [16], [17]. Unlike
holocellulose (cellulose and hemicellulose), lignin units are crosslinked by different key
bonding motifs, such as B-0-4’, B-B’, B-5’, and dibenzodioxocin that resulted from
combinatorial polymerization in the secondary cell wall (Figure 1) [8], [15], [18]. The Greek
notations (a, B, y) indicate three carbon atoms in the propyl chain starting from the
carbon directly attached to the aromatic ring. Among the interlinkages, aryl-ether bonds
(B-0-4’) were recorded to be the most prevalent regardless of the biomass sources
(up to 50% in softwood, 62% in hardwood, and 84% in non-woody biomass) [8]. Lignin
is embedded in the polysaccharide matrix by the formation of ether and ester bonds with
hemicellulose, resulting in lignin-carbohydrate complexes (LCC) [19], [20]. These covalent
bonds are formed between the hydroxyl or carboxylic groups of carbohydrates and the
a-hydroxyl of lignin sidechain or C-4 position in the benzene ring [8], [20], [21]. The nature
of this hybrid structure reinforces the mechanical strength of the cell wall, provides
the antibacterial properties, and contributes to the recalcitrance of biomass [22], [23].
However, LCC poses challenges for secondary biorefineries where individual constituents
need to be efficiently separated for valorisation [19], [24].
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Figure 1. lllustration of lignocellulosic biomass compositions, cellulose, hemicellulose, lignin, and
their monomer units that compose each biopolymer. An additional demonstration of lignin polymer
is sketched with typical bonding motifs (B-O-4’, B-B’, B-5’, and dibenzodioxocin).
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Regarding lignocellulose applications, the value of individual component is considered
separately [25]. Fibrous cellulose material significantly contributes to paper, textile, and
packaging industries. Furthermore, cellulose-derived nanomaterials are widely employed
for energy storage, photovoltaic devices and drug delivery [26], [27]. Hemicellulose is a
promising material for the food industry, and the production of bioethanol and other
chemicals (e.g., sorbitol, xylitol, and 2,3-butanediol) [25], [28]. Among all, lignin
valorisation remains challenging due to its heterogeneity. In paper mills, a large portion
of lignin is burned for energy, while part of it is recovered for higher-value added
applications, biomedicine, biochemicals (e.g., vanillin, phenolic derivatives) and bio-based
products (e.g., plastic filler, bitumen, phenolic resin) [8], [25], [29]. Fortunately, with the
ongoing intensive research in lignin valorisation, it is envisioned that lignin would play a
significant role in biorefineries [30].

1.2 Characterization of organosolv lignin by NMR

Organosolv lignin is a type of technical lignin that is produced as a byproduct in the
bioethanol industry [31]. It is named after the process called organosolv that uses a wide
range of organic solvents (alcohols [32], organic acids [33], ethers [34], esters [35],
or ketones [36]), at elevated temperature, with or without the presence of inorganic acid
or base as a catalyst to release lignin from the recalcitrant lignocellulosic biomass cell
wall. The industrial scale of organosolv technique was initially introduced in the 1990s,
known as Alcell treatment, followed by other scale-ups progressively developed until
nowadays [37]. Organosolv process produces lignin with a variety of structural features
depending on the severity factor, meaning lignin’s physiochemical properties can be
tuned according to the extraction condition [38].

Several advantages have been marked down for organosolv pulping, such as high yield
of enzymatic treatment for cellulosic pulp, high purity and free-sulfur lignin production,
and possible recovery of solvent for the next use [37], [39], [40]. On the other hand,
the concept also faces some hurdles, mainly related to the operating expense. This
cost-ineffective issue lies in the price of the solvent, the extensive washing process
before submitting cellulose-rich pulp to the enzymatic treatment, and expensive
equipment due to the volatile nature of the organic solvent [37]. Among biomass
treatment methods, organosolv pulping is one of the most effective for preserving the
native structure of lignin [8]. This type of lignin could be extracted from the biomass with
the least modification and thus closest to its native state. For that reason, organosolv
lignin is usually favorable for structural elucidation studies [41], [42].

In lignin chemistry, spectroscopic methods are indispensable tools for investigating
the structure of lignin [43]. For example, one, and two-dimensional nuclear magnetic
resonance (NMR) techniques are widely employed for this purpose. The principle of NMR
method is based on the resonance of radio frequency of nucleus that has spin quantum
number differs from zero (e.g., H, 13C, 3'P) in the presence of a strong external magnetic
field. As nuclei resonate, the magnetic moment is perturbed from its equilibrium state,
and its unique frequency decay when coming back to the initial position is dependent on
chemical environment or electron density around nuclei. This phenomenon is known as
chemical shift (ppm), which is characteristic and meaningful for structural elucidation.
The application of 3P NMR and 2D-heteronuclear single quantum coherence (2D-HSQC)
in lignin field is well-known for quantification of hydroxyl content and lignin units,
interunit linkages studies, respectively [44]. Nowadays, the most widely used 3!P
experiment was developed by Argyropoulus et al [45]. It requires lignin derivatization
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with appropriate phosphitylation reagent (e.g., 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane) prior to the analysis. The phosphorous-derivatized lignin exhibited
well-resolved signals corresponding to different origins, including aliphatic, carboxylic, or
phenolic hydroxyl groups. With an appropriate internal standard, the method enables
quantitative determination of their concentrations [44]. In addition to 3P, HSQC
experiment shows correlation of the protons that are directly connected to the carbon
atoms. Such information is greatly useful for understanding the units and interlinkages
that remained in lignin after treatment process as well as its biomass origin [43].

Apparently, the variety source of biomass and the extraction conditions are two key
factors that influence the structure of lignin. To contribute to the existing knowledge of
lignin, Paper | devoted NMR techniques to study organosolv lignin. Structural
characterization was performed for a total of six samples that fractionated from three
representative biomasses (e.g., softwood — pine sawdust, hardwood — aspen chips, and
non-woody — barley straw) using two organic solvent systems, ethanol and 1,4-dioxane
under dilute acidic condition. The information about hydroxyl content, and the
subunits/interlinkages was revealed by 3'P, and 2D-HSQC, respectively. A thorough
discussion about the different observations in terms of biomass origin and the impact of
used solvent will be provided.

1.3 Quantifying uncondensed monolignols using thioacidolysis followed
by GC-MS analysis

As has been discussed, the intrinsic complexity of lignin is attributed to the diversity of
monolignols and bonding motifs. Additionally, due to the biomass treatment process,
lignin is inevitably facing structural modification, which adds difficulties to valorizing this
macromolecule. Therefore, gaining knowledge of the structure of lignin is a crucial first
step prior to extracting its maximum value. To unravel the intricate polymeric network
of lignin, data from different analytical techniques must be acquired. In addition to
NMR methods for structural analysis (e.g., 3'P for hydroxyl content, and 2D-HSQC
for subunits, and interlinkages characterization), thioacidolysis coupled with gas
chromatography-mass spectrometry (GC-MS) is an essential tool for revealing another
facet of lignin: the concentration of uncondensed monolignols.

Under acidic organosolv pulping conditions, lignin depolymerization occurs
simultaneously with repolymerization, which is known as condensation (Figure 2) [46],
[47]. This undesirable reaction is initiated by the hydrolysis of ether bonds generating
carbocations at C,. These highly reactive species can easily react with other electron-rich
carbon atoms in the benzene ring of another lignin monomers, forming new stable C-C
bonds. As a result, more condensed fragments are obtained in isolated lignin compared
to its native counterparts, which adversely influences the upgradation [48], [49].
Monitoring and controlling lignin’s condensation is undoubtedly essential for further
valorizing lignin into value-added chemicals [50].
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Figure 2. The elimination of water via formation of carbocation at a-position of lignin sidechain
under acidic condition, followed by new carbon-carbon bond (red) formation during condensation
reaction.

Thioacidolysis method was firstly developed by Lapierre in 1985 [51]. Since then, it has
been widely used as the diagnostic test for lignin. A mixture of ethanethiol dissolved in
1,4-dioxane and boron trifluoride (BFs) etherate was used as the depolymerization
reagent to efficiently and selectively break down lignin macromolecule into its
constituent subunits (H, G, and S) that interconnect via B-O-4’ linkages [19], [51], [52].
The resulting monomers were then derivatized and analyzed by GC-MS (Figure 3).
The interpretation of data obtained from this method is straightforward. A higher
recovery monolignol yield indicates the better preservation of labile f-O-4’ bonds.
In other words, the given extraction condition produces lignin that is more suitable for
high value-added applications.

Throughout decades, scientists have been focusing on improving throughput of the
method [53]—-[59]. The refinement initially focused on minimizing the amount of starting
material and thioacidolysis reagent used. This optimization reduced tenfold of chemicals
needed compared to the conventional method, facilitating the thioethylated purification
process [54], [57]. The workup procedure was then considered to replace chlorinated
solvents with ethyl acetate or diethyl ether for the liquid-liquid extraction of
thioethylated monomers [54], [56]. The introduction of Low Thermal Mass Modular
Accelerated Column Heater (LTM MACH) coupled with gas chromatography-flame
ionization detector (GC-FID) by Harman-Ware significantly decreased the acquisition
time to five minutes per analysis [56]. Recently, the development of multi-reaction
monitoring (MRM) mode of MS detectors has contributed to the success of analyzing
monolignols at ppb concentration level [59]. Despite all efforts, the method still faced
hurdles, arising from the time-consuming liquid extraction workup. To tackle this,
the protocol was redesigned by F. Chen and colleagues to eliminate this tedious step
without compromising results [58].
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Figure 3. Thioacidolysis and derivatization reactions scheme of lignin.

Since lignin is a macromolecule, whose structure substantially varies among biomass
species, it is uncommon to have a lignin’s standard for thioacidolysis study. This limitation
motivated Yue’s group to propose the syntheses of thioethylated monolignols from
which the relative response factors (RRFs) were calculated against the internal standard
(1S) [60]:

Ws

RRF=7S (1)

vis

Ars
where Ws and W;s represent the mass or concentration of thioacidolysis-derived
monomers and the used internal standard, respectively, while As and A are their
corresponding peak areas. The obtained RRFs were successfully applied to quantify
uncondensed monolignols in different biomasses. However, the fundamental limitation
of RRF approach is the requirement for pure analyte, which needs to be synthesized,
purified and characterized through several steps. Thus, the approach may not be feasible
for all laboratories. Additionally, RRF is a conditionally dependent parameter that can
experience significant fluctuation due to small changes in, for example, the choice of IS,
the sample preparation, the instrument, the operation condition, or other variables,
leading to an increase in the uncertainty in analytical results [61], [62]. Based on these
considerations, it is concluded that the pre-determined RRFs cannot be applied across
laboratories for quantitative measurements without the availability of pure analytes.

Despite all the efforts for thioacidolysis/GC-MS improvement, the lack of lignin
standard for the quantification of non-condensed monolignols remains challenging for
the field. In this thesis, Paper Il proposed a solution to overcome the tedious lab work
for the syntheses of lignin-derived thioethylated monomers. Here, the application of two
phenolic lignin model compounds (LMCs) (Figure 3), guaiacylglycerol-B-guaiacyl ether
(GGE), and syringylglycerol-B-guaiacyl ether (SGE) were studied as lignin’s standards for
the quantification of monolignols. This potential usage of model compounds has not yet
been reported elsewhere. The validated LMC-based method was applied for the
quantification of monolignols in virgin biomass, and in the extracted lignin samples.
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1.4 Esterification of lignin and its composites with PLA

The intrinsic heterogeneity of lignin hampers its utilization in high-value applications at
the top of the valorisation hierarchy (e.g., fine chemicals, phenol derivatives, carbon
fibres) compared to low-value usage (e.g., energy) [63]. On the other hand, lignin
possesses captivating structure with high aromaticity and abundant hydroxyl groups
offering tremendous potential in polymer industry [64]-[67]. It can impart improved
thermomechanical stability, antioxidant, antibacterial, and UV-resistance properties,
and more importantly it is plentiful and low cost [65], [68], [69]. From this point of view,
lignin is a promising alternative to replace petroleum-based polymers, alleviating our
reliance on fossil-based resources concurrently accelerating the innovation in
biopolymers.

However, a high-density crosslinked structure and the rigidity of lignin due to hydrogen
bonding, m-nt stacking and van der Waals interactions have been reported to adversely
affect its compatibility with other commercial polymers [64], [67]. These self-interactions
often cause lignin to aggregate, thus getting expelled from the polymer matrix. Microscopic
examination has shown that at the same blending ratio, unmodified kraft lignin samples
showed uneven distribution in polypropylene matrix, while esterified lignin (e.g., with
maleic anhydride) exerted more uniform behaviour [70]. The same trend was observed
for polyethylene composite in which non-modified lignin agglomerated into large particles
and was immiscible with polymer matrix, while butyrated lignin showed markedly
improved compatibility [71]. Additional evidence was recorded that unmodified lignin’s
aggregation led to phase separation when blending with polybutylene succinate,
which was attributed to poor interfacial interaction compared to those modified ones
[72]. Molecular dynamics simulations have shown that disruption of hydrogen bonding
was one of the fundamental reasons preventing lignin from agglomeration in polylactic
acid (PLA) blends [73]. Generally, modification endows lignin derivatives with greater
flexibility, compatibility with commercial polymers, better solubility in organic
solvents, and improved processability [74]. Therefore, a successful incorporation of
lignin into polymeric materials necessitates chemical modification, commonly
esterification [74].

In practice, the abundance of hydroxyl groups in lignin structure can be conveniently
exploited for such purposes [75], [76]. Direct esterification could be carried out with
carboxylic acids [77]-[79], acid anhydrides [80], or acid chlorides [81], [82] in the
presence of suitable catalyst, or by a solventless approach — reactive extrusion [72].
In addition to that our recent proposal for a greener esterification strategy of lignin tends
to preserve hydroxyl groups by the introduction of a new proactive centre onto the
aromatic rings [83]. The resultant intermediates, chloromethylated lignin (CML), possesses
highly reactive sites that are preference for several functionalization possibilities. One of
which is esterification using carboxylic acid. Interestingly, with the maintenance of
hydrogen bonding, the functionalized materials have been studied for PLA composite in
which up to 30% by weight of tetradecanoic acid-esterified lignin was successfully blended
with PLA without any phase separation observed [84].

Although lignin esterification for making PLA composites is not novel, a comprehensive
review of how different modification pathways impact the final materials has not yet
been concluded. In this thesis, Paper lll firstly focused on the synthesis and characterization
of hydroxyl-esterified lignins using FTIR and 3P NMR. Esterified lignins obtained from two
distinct approaches: (i) direct esterification with acid chloride, and (ii) chloromethylation
followed by esterification with carboxylic acid, were evaluated for preparation of PLA
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composites. A comprehensive study of thermal and mechanical properties (conducted
by DSC and TGA) of esterified lignin-PLA composites will be thoroughly discussed. This
study underscores the importance of choosing a specific lignin modification approach to
tailor the thermomechanical properties of PLA composites — an aspect that has not yet
been investigated.
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2 Research Objectives

This work is focused on giving an in-depth understanding of the solvent choice in

organosolv fractionation influencing lignin’s structure and revealing the two possible

esterification pathways of lignin in tailoring properties of polylactic acid (PLA) composites.
The specific aims of this dissertation were:

To investigate the structural differences in organosolv lignin extracted by
ethanol and 1,4-dioxane from three different biomass sources: hardwood
(aspen), softwood (pine) and grass (barley straw). To apply 3'P-NMR and HSQC
techniques for elucidation of the changes in content of hydroxyl groups and
B-O-4’ linkages depending on the used solvent, and the lignin subunits.

To address the lack of suitable lignin standards for thioacidolysis coupled with
GC-MS by developing a calibration strategy based on commercially available
phenolic lignin dimer model compounds, guaiacylglycerol-B-guaiacyl ether
(GGE) and syringylglycerol-B-guaiacyl ether (SGE), as substitutes for authentic
standards, thereby avoiding the need for synthetic thioethylated monomer
standards and RRF-based quantification. The study further aimed to validate this
LMC-based method (e.g., calibration performance and analytical reliability) and
apply it to quantify uncondensed G- and S-derived monolignols in native
biomass and corresponding organosolv lignin, enabling comparison of
monolignol yields across biomass types and extraction conditions.

To investigate the effect of two different approaches of organosolv lignin
esterification (hydroxyl-esterified lignin versus chloromethylated lignin followed
by esterification) on thermomechanical properties of modified lignin and
PLA-lignin composites; to prepare lignin esters via a one-step route by
esterifying the available hydroxyl groups of organosolv pine lignin using fatty
acid chlorides, and characterize the products by FTIR and 3P NMR; to evaluate
and compare their thermal and mechanical properties by DSC, TGA and
mechanical testing.
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3 Experimental

3.1 Chemicals and materials

Raw biomass was kindly provided by company and research groups, located in Estonia:
aspen wood chips was provided by Estonian Cell AS, pine sawdust was obtained from
TalTech Laboratory of wood technology, barley straw was obtained from Estonian
University of Life Sciences. All the resources were dried in an oven at 50 °C (remaining
moisture up to 8%), followed by grinding prior to use.

The following chemicals were used in the study: ethanol (%), hydrochloric acid,
sodium hydroxide, chloroform, CDCls;, tetrahydrofuran (THF), pyridine (99.8%,
anhydrous), bisphenol E (> 98%, analytical grade), boron trifluoride diethyl etherate
(BFs), ethanethiol (97%), molecular sieves (3A) were purchased from Sigma-Aldrich
(Germany); DMSO-ds, endo-N-hydroxy-5-norbornene-2,3-dicarboximide (NHND), chromium
(1) acetylacetonate, 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP, 95%);
guaiacylglycerol-B-guaiacyl ether (GGE, 97%, TCl, Tokyo), syringylglycerol-B-guaiacyl
ether (SGE, 96%, BLDpharm, Germany), 1,4-dioxane (analytical grade, > 99.8%, Fisher);
N,O-Bis(-trimethylsilyl)trifluoroacetamide containing 1.0% trimethylchlorosilane (BSTFA,
1.0% TMCS), triethylamine (TEA), octanoyl chloride (99%), lauroyl chloride (98%),
palmitoyl chloride (98%) and sodium bicarbonate (NaHCOs) were obtained from Thermo
Fisher Scientific, Germany. Deionized water was generated in-house by Millipore S.A
purification system.

3.2 Organosolv extraction

The obtained materials by this procedure were employed as the main objects of
characterization study in Papers | and Il. Organosolv delignification was investigated by
using two solvents, ethanol and 1,4-dioxane. Particularly, 50.0 g of dried biomass was
weighted into a 2.0 L roundbottom flask containing 1.5 L of organic solvent with 0.28 M
of HCI. The system was kept refluxed, and mechanical stirring for 6h. Upon completion,
the separation of leftover biomass and supernatant was done by Buchner filtration.
The biomass was washed three times with 50 mL of the same solvent for extraction.
The lignin-rich supernatant was collected and evaporated by a rotovap until obtaining
the concentrated liquor. Organosolv lignin was recovered by precipitation in an excess
of ultrapure water with virgorously stirring. The precipitated lignin was gathered and
washed with water three times by centrifugation at 4200 rpm. The resultant lignin was
dried in a convection oven at 30 °C for 24h, the extraction yield of lignin was calculated
as following:

% Lignin yield = —&xtractedlignin o 140 (2)

Wlignin in biomass

3.3 Nuclear magnetic resonance (NMR)

In Papers I and 1ll, phosphorous NMR (3P NMR) was used to quantify hydroxyl contents
of lignin. Firstly, about 25.0 mg of lignin sample was weighed into a 1.5 mL Eppendorf
tube, followed by pipetting 500.0 uL of pyridine/CDCl; (1.6:1 v/v, named as solution 1).
The tube was vortexed to completely dissolve lignin. Next, 100.0 uL of endo-N-hydroxy-
5-norbornene-2,3-dicarboximide (NHND, internal standard) was prepared in solution | at
the concentration of 20.0 mg/mL, was added. Then, 100.0 pL of the relaxation reagent,
chromium (Ill) acetylacetonate (approximately 5.0 mg/mL) prepared in solution |, was
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pipetted into the same tube. Lastly, the mixture was derivatized with 70.0 pL of 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), phosphitylation reagent, and
reacted for 15 minutes. About 600.0 uL of derivatized lignin was transferred to NMR tube
ready for the submission. The data acquisition was obtained by Bruker 400 MHz
spectrometer that equipped with 5mm BBO BB-1H/D probe. The spectra were recorded
at 25 °C with inverse gated decoupling pulse sequence (zgig), 768 number of scans, 10s
for relaxation delay. The data analysis was assisted by TopSpin 4.0.8. The quantification
of aliphatic, aromatic, and carboxylic hydroxyl groups was calculated as follows:

OH (mmol/g) = —QHXCNHND 3)

INHNDXMiignin

where loy is the integral of hydroxyl groups, Inknp is the integral of internal standard
adjusted to 1.0, Cyunp is the concentration of internal standard in the prepared NMR
sample (mmol), Miignin is the dried weight of lignin sample get phosphitylated (g).

In Paper I, HSQC experiment was performed by 500 MHz Agilent DD2 spectrometer
that equipped with an inverse detection probe. The data was acquired by the
standard multiplicity edited HSQC pulse sequence with adiabatic pulses in *3C channel.
The two-dimensional data was acquired with 256 increments (64 scans/increment) in f1
dimension with 20,000 Hz spectral width. The f2-dimension was zero filled to 2000 points,
whereas the f1 was linear predicted to 512 points followed by zero filling to 1000 points.
Fourier transformation was applied before the application of gaussian window in both
dimensions. In Paper lll, the HSQC pulse sequence, hsqcetgpsisp2.2 was opted with four
scans for the analysis of hydrolysis lignin and its derivatives by Bruker Avance Il 800 MHz
spectrometer.

3.4 Fourier transform infrared spectroscopy (FT - IR)

The infrared spectra of lignin samples were performed by IRTracer-100 (Shimadzu, Japan).
The diffuse reflection mode was applied for the measurement in which the sample was
prepared by mixing with KBr and recorded from 4000 cm™ to 400 cm™ with 80 scans.
The post-measurement processing was done using Lab Solutions software.

3.5 Quantification of non-condensed monolignols

Thioacidolysis reagent was freshly prepared by firstly adding 10 mL of 1,4-dioxane in a
25 mL volumetric flask. Next, 6.25 mL of BF; and 2.5 mL of ethanethiol were pipetted into
the same container. 1.5 mL of internal standard stock solution of bisphenol E
(concentration of 2.0 mg/mL prepared in 1,4-dioxane) was added. Lastly, volume was
filled to 25 mL by adding 1,4-dioxane. Notably, 1,4-dioxane was kept in molecular sieve
3A to minimize the water content prior to using.

Preparation of calibrations from lignin model compounds (LMCs, GGE and SGE): 10.0 mg
of each LMC was dissolved in 5.0 mL of 1,4-dioxane, marked as stock solution. A series of
working solutions was prepared by accurately pipetting 10, 20, 50, 100, 150, 200, 250 uL
from stock solution into a 1.5 mL vials. Subsequently, the vials were set up for drying
under nitrogen gas before subjecting it to thioacidolysis reaction.

Thioacidolysis procedure was adapted from [58], was applied for calibration and lignin
sample preparation with modifications. In brief, 2.0-3.0 mg of biomass, or organosolv
lignin was weighed into a 1.5 mL aluminium cap vial. Then, 1.0 mL of the prepared
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thioacidolysis cocktail was added to the vial, which was tightly sealed. The reaction was
carried out for 4h, at 100 °C set up by MULTIVAP (12 positions, JXDC-10 model, China)
with quick vortex required every hour. After completion, the vials were left to cool down
at room temperature. Meanwhile, a set of vials was pipetted with 190.0 pL of saturated
NaHCOs. Next, 400.0 pL of reaction mixture was transferred into these prepared vials to
qguench the reaction, mixing by pipette two times. After quenching, the vials were dried
under nitrogen gas at 55 °C by the same MULTIVAP equipped with the gas distribution
system.

Derivatization of thioethylated samples with 200.0 uL BSTFA (1.0% TMCS): pyridine
(2:1, v/v) was performed at 55 °C for 30 minutes and a quick vortex in the end, was
required prior to submitting to GC. The silylated sample was transferred into a GC vial
containing a 400 pL micro insert and sealed. Each standard point was prepared in
triplicate, while biomass and lignin samples were prepared in duplicate.

GC-MS analysis

Agilent Technologies 7890A instrument equipped with Agilent 5975C VL mass selective
detector (MSD), using electron ionization (EI) mode in combination with quadrupole
mass analyser. An ultra-inert split liner (Agilent Technologies, 5190-2295) was used.
A Phenomenex ZB-5plus capillary column (30 m x ID 0.25 mm, film thickness 0.25 pum)
was used for the analysis. The operating parameters were as follows: the GC inlet
temperature was kept at 250 °C; the oven temperature started at 100 °C, held for 1 min,
next increased to 300 °C incrementally at 25 °C/min and held for 3 min. The temperature
of MSD transfer line, MS quadrupole, and ion source were set at 280 °C, 150 °C, and
230 °C, respectively. The energy was applied for El at 70 eV. The signals were recorded
by a full scanning mode across the range from 30 to 500 m/z starting after solvent delay
6.5 min. The quantification was based on the extracted ion chromatogram (EIC) that
extracting characteristic fragments: 343 m/z for bisphenol E (internal standard), 269 m/z
for uncondensed G-derived monolignols, and 299 m/z for S-derived monolignols.
The interpretation was assisted by MSD Chem-Station F.01.03.2357 software.

Method validation

Instrumental detection limit (IDL) and quantification limit (IQL) were estimated as the
ratio of residual standard deviation of the regression line (standard deviation of
y-intercept) and the slope, multiplied by 3.3 for IDL and 10 for 1QL. According to the
methodology, limits of quantification (LOQ) for both G and S monomers were calculated
in pumol per gram of lignin, and umol per g of Klason lignin in case of biomass. Precision
and trueness were evaluated based on spiked samples (n = 8) prepared on the matrix of
barley straw biomass, which is enriched in G and S monolignols. Trueness was calculated
as the absolute difference between the experimental recovery and 100%, while precision
was indicated as relative standard deviation (RSD%). The recovery (R%) was calculated
(equation 4) by taking total concentration of target analyte in spiked sample (Crecovered,
umol) excluding the inherent amount of that in the biomass matrix (Cnon-spiked, HMoOl),
followed by comparing to the known spiked concentration (Cspiked, Umol) of LMCs.

Crecovered - Cnon—spiked

R% =

X100 (4)
Cspiked
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3.6 Esterification of lignin via hydroxyl groups

In Paper lll, the esterification of lignin via hydroxyl groups using fatty acid chloride was
prepared as follows: 1.0 g of organosolv pine lignin was weighed into a 100 mL round
bottom flask, followed by adding 10.0 mL of dry THF; next, triethylamine (1.5 equivalent
to total OH groups, 2.87 mmol/g of lignin Appendix 1, Table 2) was added and mixed by
magnetic stirrer for 10 minutes. The flask was then stabilised in a cold bath for 10 minutes,
and subsequently, 1.5 equivalent to total hydroxyls of fatty acid chloride (367.0 uL of C8,
506.0 pL of C12, or 657.0 L of C16) was added dropwise. The reaction was carried out
at room temperature, vigorously stirring for 4 hours. After esterification, 50 mL of CHCl3
was added to the flask, and the mixture was transferred to a separatory funnel. Next,
liquid-liquid extraction was performed with 30 mL of 5% sodium hydroxide to hydrolyse
the unreacted fatty acid chloride. The esterified lignin remaining in the organic layer was
collected, and solvent evaporated using a rotavapor. The final material was washed three
times with 50 mL of ethanol to remove undesired byproducts, followed by freeze-drying
overnight to remove solvent residue.

The setup parameters for differential scanning calorimetry (DSC), thermogravimetry
analysis (TGA), mechanical testing, and preparation of PLA/esterified lignin films by
solvent casting were provided in Appendix 3 (materials and methods), carried out by
Dr. M. K. Mohan. The data obtained from these techniques will be discussed in Section
4.3 of the thesis.
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4 Results and discussions

The main results were compiled from three publications and were presented and
discussed in the following order: (i) the application of 1D and 2D NMR to characterize
the structure of lignin extracted using ethanol, and 1,4-dioxane; (ii) The utilization of
lignin model compounds (LMCs) as substitutes of authentic standards to quantify
uncondensed monolignols by thioacidolysis coupled with GC-MS. This approach applied
to biomass and organosolv extracted lignin samples; (iii) the dissertation summarized
how differences in lignin esterification pathways (e.g., direct esterification via hydroxy
groups versus indirect modification through chloromethylation followed by
esterification) influenced the thermal properties and mechanical strength of lignin-PLA
composite.

4.1 Characterization of organosolv lignin by NMR

Paper | focused on the results of the total hydroxyl content quantified by 3P NMR
experiment together with the details of lignin’s substructure and inter-unit linkages
revealed by HSQC.

4.1.1 Total hydroxyl quantification by 3P NMR

The quantification of free hydroxyl groups in lighin was achieved by 3P NMR analysis.
Figure 4 illustrates a representative spectrum of organosolv lignin where IS (NHND) signal
was calibrated at 151.8 ppm and its integral was normalized to 1.0. The derivatized lignin
shows the well-resolved peaks related to aliphatic, syringyl (S-OH), guaiacyl (G-OH),
p-hydroxylphenyl (H-OH), and carboxylic acid (R-COOH) groups.

The concentrations of free hydroxyl groups were evaluated for six organosolv
lignin samples isolated from softwood (pine sawdust), hardwood (aspen chips), and
non-woody biomass (barley straw) by using ethanol (EOL), and 1,4-dioxane (DOL).
The quantification results (Table 1) were achieved based on the known concentration of
IS and the peak integral of targeted -OH group relative to IS. To include the condensed
phenolic hydroxyls (or C5-substituted OH) that appear on both sides of syringyl hydroxyl
signal, the additional integral of aromatic hydroxyl groups from 137.0 ppm to 144.0 ppm
was added [85].
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Figure 4. A representative 3'P NMR spectrum of ethanol extracted barley biomass that derivatized
with TMDP in the presence of NHND as an internal standard.

Table 1. Hydroxyl content (mmol OH /g) in studied lignin samples determined by quantitative 3P
NMR analysis. Chemical shifts (ppm) are presented for lignin extracted from hardwood (aspen),
grass (barley straw), and softwood (pine) using ethanol (EOL) and 1,4-dioxane (DOL). Characteristic
chemical shifts are assigned to the different types of the hydroxyl groups in lignin.

. Aspen Barley Pine

g:ﬁtr?:::L) Types of OH

EOL poL EOL DpoL EOL DpoL
e Aliphatic OH 2.38 1.50 2.08 0.94 1.90 1.61
143.5- )
1420 Syringyl OH 0.35 1.32 0.11 0.53 ND ND
140.2- Guaiacyl OH 0.47 0.55 0.48 0.62 0.73 135
139.0
138.0- N henl
1375 p-hydroxyphenyl 0.23 0.12 0.23 0.16 0.08 0.07
52';4_ Carboxylic acid 0.05 0.20 0.02 0.25 0.04 0.15
Y Aromatic OH 1.14 2.49 0.92 1.76 0.97 2.59
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Overall, the organosolv lignin samples fractionated by two different solvents show a
significant difference in the distribution of functional groups. Regardless of the biomass
source, the concentration of hydroxyl groups originating from aliphatic side chains was
higher in all lignin samples extracted using ethanol, than in those extracted using
1,4-dioxane. This observation indicates that lignin structure was better preserved when
ethanol was used, whereas the lower aliphatic OH content in DOL suggests that more
severe fragmentation occurred when the biomass was treated with 1,4-dioxane [47],
[86]. In contrast to ethanol extraction, delignification in 1,4-dioxane resulted in a higher
lignin yield (Appendix 1, Table 1) and produced lignin fragments with a higher phenolic
content. These phenomena could be explained by the more extensive cleavage of
aryl-ether bonds during organosolv isolation in 1,4-dioxane compared with ethanol.
In plant cell wall, these bonds are formed between lignin and polysaccharides. Therefore,
cleaving these linkages is the main driving force for liberating lignin from the recalcitrant
biomass matrix; consequently, the more frequently this cleavage occurs, the higher the
lignin yield. This process results in the formation of new phenolic groups within the lignin
network, as also evidenced in the previous studies [87]-[89].

In addition to the dependence of lignin structure on extraction conditions, botanical
origin also plays a crucial role in determining the abundance of hydroxyl groups.
For instance, organosolv-isolated aspen lignin exhibited a higher syringyl OH content
than barley lignin, and none was detected in pine lignin. The highest amount was
attributed to Aspen-DOL (1.32 mmol OH g™ of dried lignin), which was about ten times
higher than the contribution from p-hydroxyphenyl units (0.12 mmol OH g™ of dried
lignin) in the same batch. In contrast, the phenolic content in organsolv pine lignin
originated predominantly from guaiacyl units, reaching 1.35 mmol OH g™* of dried lignin
in Pine-DOL. In case of barley biomass, all three main monolignol-derived units in lignin
(H-, G-, and S- units) contributed to the total phenolic content, with a slightly higher
concentration of G-OH. These results are consistent with well-established differences in
lignin composition: hardwoods generally exhibit higher S/G ratio than softwoods, while
grasses contain all three units (H, G, S) [8], [75], [90].

4.1.2 Elucidation of lignin substructures and interlinkages using HSQC

To gain an in-depth understanding of lignin structure, a heteronuclear single quantum
coherence (HSQC) experiment was employed. HSQC is a two-dimensional NMR technique
that provides information about correlations between directly bonded hydrogen and
carbon atoms. Thanks to an additional dimension of 13C, overlapping signals in 1D proton
spectrum can be well resolved based on differences in the chemical shifts of the attached
carbons, and vice versa [91], [92]. In this study, HSQC was employed to qualitatively
elucidate the structure of lignin extracted using two different solvents, thereby revealing
the detailed structural features of the fragments as well as the interunit linkages. Data
interpretation was based on the two most informative regions: (i) oxygenated aliphatic
sidechain (6C/6H 100.0-40.0/6.0-2.5 ppm), and (ii) aromatic/unsaturated region
(6C/6H 150.0-100/8.0-6.0 ppm). The assignment of cross signals was referenced to the
literature [90], [93]-[98].

The recorded oxygenated aliphatic region (6C/6H 100.0-40.0/6.0-2.5 ppm) of six
samples is shown in Figure 5. As expected, methoxy groups — the most abundant
functional group in lignin — are clearly observed in all spectra, with intense signals at
8C/6H 55.5/3.7 ppm. Under acidic hydrolysis treatment, the cleavage of a- and B-aryl
ether bonds are the main mechanisms that liberate lignin from the recalcitrant matrix of
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lignocellulosic cell wall. However, the occurrence of ether bonds breakdown at
a-position is favoured over the B-position due to the lower bond dissociation energy,
80-118 kJ mol™ compared to 150 kJ mol™[47], [88]. Consequently, there is a formation
of intermediate a-carbocation, which readily reacts with nucleophilic ethanol present as
a solvent [96]. Hence, in all ethanol-extracted lignin (Figure 5A, C, E), ethoxylation took
place at a-position of B-0-4’ substructure (A’), was clearly visible at 6C/6H 63.6/3.3 ppm.
The presence of other dominant linkage motifs, such as B-0-4’ without a-ethoxylation
(A), B-B resinol (B), phenylcoumaran (C), and cinnamyl alcohol end-group (I) was detected
in all EOL samples. However, signals corresponding to resinol fragments (B) were not
detectable in pinewood lignin (Figure 5E). Additionally, softwood lignin, characterized by
a low S/G ratio, shows aryl-ether bonds primarily between G-units (Figure 5E), whereas
in hardwood and non-woody biomass these bonds are also formed between S-units
(Figure 5A, C).

Intriguingly, by switching solvent from protic (ethanol) to aprotic (1,4-dioxane), a series
of cross peaks originating from B-0-4’ bonds (present in both substructures A and A’)
experienced a profound decrease in all DOL-spectra (Figure 5B, D, F). This observation
could be possibly explained by two facts: (i) the higher boiling point of 1,4-dioxane, which
allowed the pulping system to operate at higher temperature, assisting in the cleavage
of B-0-4’ bonds [99]; (ii) the solubility of lignin in 1,4-dioxane was discovered to be
greater than in ethanol thanks to the dominant solvent-molecule interaction via van der
Waals force [100], which facilitated the extraction process resulting in lower density of
B-0-4’ bonds in the obtained lignin.
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Figure 5. HSQC spectra of oxygenated aliphatic side chain of six organosolv lignin samples, (A, B)
Aspen-EOL, DOL; (C, D) Barley-EOL, DOL; (E, F) Pine-EOL, DOL. Their assigned fragments are
illustrated accordingly (A) B-O-4’ alkyl-aryl ethers; (A’) B-O-4’ alkyl-aryl ethers with ethoxylation at
a-position; (B) B-B’ resinols; (C) B-5’ phenylcoumarans; () cinnamyl alcohol-end groups; (Hk)
Hibbert’s ketone-end groups; (E) B-1’ linkage. Red cross peaks indicate -CHs and -CH, while blue
ones are -CH,.

Furthermore, in all DOL spectra, the formation of Hibbert’s ketones (Hk), a known
consequence of delignification under acidic conditions, was observed by the detection of
its Cq,-Ha,y, whereas only C,-H, signal was detected in EOL [96], [101]. It is likely that the
intensity of Hk (Co-Hq) cross peak in EOL was adversely affected by the aggressive
ethoxylation at a-position in the excess of ethanol, which has been previously discussed.
The other linkages were also present, such as cinamyl alcohol end-groups (I) mostly in
EOL, and B-1" (E) only in aspen lignin (Figure 5A, B).
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Figure 6. HSQC spectra of aromatic/unsaturated region of six organosolv lignin samples, (A, B)
Aspen-EOL, DOL; (C, D) Barley-EOL, DOL; (E, F) Pine-EOL, DOL. Their assigned fragments are
illustrated accordingly (H) p-hydroxyphenyl units; (G) guaiacyl units; (S) syringyl units; (T) tricin; (PB)
p-hydroxybenzoate; (pCA) p-coumarates; (Fer) ferulates; (P) methyl-substituted phenylcoumaran.
Red cross peaks indicate -CH.

Figure 6 represents the aromatic/unsaturated region (6C/8H 150.0-100/8.0-6.0 ppm)
of the HSQC spectra, where the detail information about monolignols as well as
their distributions in different types of biomasses are disclosed. The intense cross
peaks of guaiacyl (G) and syringyl (S) units emerged from the spectrum of hardwood
(aspen, Figure 6A, B) and non-woody biomasses (barley straw, Figure 6C, D). Notably,
S-contained lignin experienced oxidation to some extent at C4-OH to form Cy=0 (S’2,)
[86], [102]. In addition to that, an important feature of aspen lignin was recognized by
the acylated monolignol, p-hydroxybenzoate (PB) that bound to lignin sidechain at
C,-position as the result of natural acylation, followed by lignification in the plant cell wall
[103]. Likewise, the two distinguish monolignol esters conjugated with p-coumarates
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(pCA) and ferulates (Fer) were abundantly found in grass-derived lignin [93], [95], [102].
Along with these two unconventional lignin precursors (pCA and Fer), another signature
flavone-type structure, tricin (T) was well-incorporated and noticed in lignin network
[17], [104].

In contrast to aspen- and barley-types lignin, the extract from pine demonstrated the
least number of correlations and thus displayed the simplest HSQC spectrum (Figure 6E,
F). Particularly, the noticeable amounts of H- and G- monolignols were present, while
S-units were not detectable. These observations are in good agreement with the
previous 3!P NMR data where syringyl-OH groups were not detected.

It is noteworthy that the second, third, fifth, and sixth aromatic protons of H-ring
faded from the treatment with 1,4-dioxane, which is the indicative of high degree of
condensation or repolymerization during acidic organosolv fractionation. For Hibbert’s
ketone (Hk) fragments, conventional assighment is based on the sidechain signals
Cay-Ha,y, thanks to the work of Miles-Barrett and co-workers [98], who synthesized lignin
analogues containing Hk moieties, since then, the structure of Hibbert’s ketones has
been elucidated in greater detail. As a result, more information can be extracted in the
aromatic area of HSQC spectrum, G-/S- units that bound to Hk (noted as S;¢LBHK,
G,-LBHK, Gs-LBHK, Ge-LBHK) were assigned at &¢/6n 106.67/6.53, 113.31/6.84,
112.89/6.90, and 121.36/6.64 ppm respectively. Apart from the above-mentioned
subunits, methyl-substituted phenylcoumaran (P) were successfully confirmed by Faleva
et al [90] and present in dioxane lignin (Figure 6B, D, F) in the present study.

4.2 Quantification of uncondensed monolignols by GC-MS

Paper Il underscores the capability of two phenolic dimers acting as lignin standards for
the analysis (Scheme 1). Validation of the method and the variation in monolignols
contents in biomass and lignin samples are discussed.
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Scheme 1. The scheme of using LMCs for non-condensed monolignols analysis using
thioacidolysis/GS-MS method. The quantification was carried out for three types of lignocellulosic
biomass and their organosolv fractionated lignin.

4.2.1 Calibration using lignin model compounds (LMCs)

Unlike other chemical analytes, it is nearly impossible to have an analytical standard for
lignin due to the diversity of compositions and the inevitable rearrangement of its
structure (e.g., depolymerization, condensation, oxidation and modification of functional
groups) after being pretreated [42]. Hence, identifying suitable compounds that can
serve as substitutes for authentic lignin standards is crucial for the field, particularly for
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the analysis of non-condensed monolignols by thioacidolysis, followed by GC-MS
quantification. The idea initiated us to explore the feasibility of using commercially
available reference dimer models (GGE and SGE) in the preparation of calibration curve
for quantification of uncondensed S- and G- monolignols in biomass as well as in its
resultant lignin (Figure 3). This approach simplifies the procedure compared to earlier
methods that used relative response factors (RRFs) to quantify monolignol
concentrations. The latter requires multiple steps, including synthesis (at least five steps
starting from arylglycerol monomers), purification, and characterization, to obtain pure
thioethylated monomers, from which RRFs can be accurately determined [56], [59], [60].
It is obvious that the synthesis procedure of such substances is not only time-consuming,
but also requires certain expertise, and advanced instruments.

Instead, our study proposed the application of model compounds as the alternatives
to standards, providing several advantages for the analysis: (i) physical appearance of
LMCs are powder, making them easier to handle and prepare compared to the highly
viscous thioethylated products, which require more attention [60]; (ii) the structure of
LMCs inherently carries important features that are representative of lignin. For instance,
each compound is composed of non-condensed phenolic monomer that linked to another
aromatic subunit via B-0-4’ bond, which is selectively thioacidolysis-depolymerized into
the targeted analytes; (iii) the conversion of LMCs into the corresponding thioethylated
monomers was efficient and maintained stable efficiency across the investigated
dynamic range, ensuring the consistent results; (iv) this approach is convenient and
readily applicable to various laboratories, particularly for routine analysis and
optimization. In this study, the values of RRFs were not aimed to be provided due to the
challenges of determining the precise thioacidolysis yield.

The stacked total ion chromatogram (TIC) of two derivatized thioethylated products
released from LMCs, lignin and raw biomass samples, is presented in Figure 7. For the
analysis, the standard solution was prepared individually so that the two TICs (Figure 7A,
B) could give a visual demonstration of how well all the peaks were resolved, including
the chosen IS (bisphenol E), G- and S-monomers released from GGE and SGE compounds,
respectively. The inherent impurities of the used dimers may give rise to the alien peaks
(marked as asterisks); however, they do not interfere or overlap with the targeted
analytes. Furthermore, based on the reported data of synthesized lignin-derived
thioacidolysis monomers [60], the identity of thioacidolysis depolymerization products
originated from our chosen phenolic model compounds were firmly confirmed by their
characteristic splitting peak shapes due to the mixture of diastereomers, erythro- and
threo-; and their fragmentation patterns resulted from the mass spectrometry
(Figure 8). The obtained chromatograms and mass spectra underscore the choice of
LMCs as the best fit analogues to analytical standards for non-condensed monolignols
guantification. Because they exhibited the capability of yielding analytes of interest via
thioacidolysis without any concerned interfering degraded products. The follow-up TICs
of monolignols released from organosolv lignin and lignocellulosic biomasses are shown
in Figure 7C-F. As expected, the native monolignols yielded from biomass (Figure 7D-F)
resulting the more complicated baseline compared to the ones from lignin itself
(Figure 7C) which were cleaned from carbohydrates, and extractives.
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Figure 8. Mass spectra of GGE-derived thioacidolysis monomer (A), SGE-derived thioethylated
monomer (B), and the bisphenol E (C) presented with their chosen quantification fragments, 269.0,
299.0, and 343.0 (m/z), respectively.

32



For quantification, peaks were integrated based on their retention times in the total
ion chromatogram (TIC) and confirmed using extracted ion chromatograms (EICs).
The selected ions m/z 343, 269, and 299 correspond to the internal standard (IS),
G monomers, and S monomers, respectively. To confirm the presence of analytes in the
real samples, the qualitative information was validated based on mass spectra and their
relative retention times that closely align with those of the standard with the average
tolerance less than 0.5%, satisfying the performance criteria required for GC-MS method
[105].

Table 2 summarizes thioacidolysis method performance characteristics. For calibration,
LMC standards were subjected to thioacidolysis, followed by derivatization and GC-MS
analysis. Obtained peak area ratios of targeted analytes (G-, S-monolignols) to IS were
plotted against the initial concentrations of LMCs to create the calibration curves.
To minimize the random error due to the sample preparation, each standard point of
calibration was prepared in triplicate, and their mean values of peak area were
considered. As the results, both model compounds exhibited adequate linearity within
the dynamic range (regression coefficients, R? > 0.99), regression error less than 7.5%.
The high correlation coefficients achieved from two phenolic dimers were comparable
to those created from aryl glycerol monomers that reported in the previous study [56],
[59]. The results indicate that the structural features of LMCs did not disrupt their
proficiency in terms of yielding thioethylated monomers as the simpler monomers.
Moreover, the linearity implies the consistency of thioacidolysis and derivatization yields
across the investigated concentration range. The identical preparation protocol was
applied to pretreat the real samples before GC-MS quantitation.

Table 2. Calibration and validation statistics of thioacidolysis/GC-MS method, including linearity,
instrumental quantification limit (1QL), limit of quantification (LOQ), precision, and trueness.

Linearity range Regression qL* LoQ (umol/g Precision o
(umol/mL) error (%) (ng/mL) of lignin) (RSD, %) Trueness (%)

G: 0.25-3.10

7.1 48.1 30.0 9.0 11.1
R?=0.9900
S$:0.11-2.82

5.4 43.6 25.0 10.5 2.9
R?=0.9970

*1QL was expressed in mass units based on the base fragments of GGE and SGE, which are 269, 299
m/z, respectively.

IDL (GGE: 0.059 pumol mL™, SGE: 0.048 umol mL™), IQL (GGE: 0.179 umol mL™, SGE:
0.146 pmol mL™) were estimated based on the close-to-zero concentration range
(for instance, 0.2-1.2 pmol mL™ for G-monomer, 0.1-0.6 umol mL™ for S-monomer)
where the ratio of residual standard deviation of regression line to the slope was
calculated and multiplied by 3.3 for IDL, and 10 for IQL. LOQ of the method was calculated
by taking into consideration of the initial mass and dilution factor. As the results, the
minimal concentration required for quantification was 30.0 (umol/g of lignin) for
G-monolignols, and 25.0 (umol/g of lignin) for S-monolignols, ensuring the quantitative
estimation of these analytes in biomass and lignin samples.

The recovery test is one of the key factors for method validation and essential to
assess the applicability of any analytical method to the real samples. Herein, for the first
time the test was carried out on the complex matrix of biomass (e.g., barley straw)
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via eight independent spiked samples (n = 8), with the concentration was spiked at
0.39 umol mL™ of GGE, and 0.56 pmol mL™ of SGE. Based on that, the accuracy of the
entire procedure (including two major steps, thioacidolysis and derivatization) were
expressed as precision (RSD%), trueness, and mean recovery for each model compound.
In terms of precision, RSD% was obtained 9% for GGE, and slightly higher 10.5% for SGE.
The recovery yield was achieved 88.9% for GGE, and 97.1% for SGE. The deviation of the
mean recovery values to the spiked concentration reflects the trueness of the method,
which was calculated 11.1% for GGE, and 2.9% for SGE. Taking root sum of squares of
precision and trueness, we obtained the so-called combined uncertainty, approximately
14.3% (GGE), and 10.9% (SGE). The validation statistics indicate that the developed
method was qualified for the analysis purpose. Indeed, the utilization of LMCs
approach eases the monolignols quantification by overcoming the needs for synthetic
standard substances, which are achieved by the time-consuming and costly procedure.
The proposed method is thus justified and feasible for all the lignin-related analytical
laboratories in terms of routine analysis and method optimization.

4.2.2 Uncondensed monolignols content in native and organosolv lignins

Constructed calibration lines were applied to quantify the non-condensed phenolic G
and S monomers in three representative types of lignocellulosic biomass: hardwood
(aspen chips), softwood (pine sawdust), grass (barley straw); and their corresponding
organosolv-fractionated lignins. Theoretically, it is anticipated that there would be a
significant variation in lignin’s compositions due to the difference in biomass resources
and treatment conditions. The structural changes of lignin are reflected by thioacidolysis
monomer yields presented in Table 3. The total monolignol yields were expressed based
on the Klason lignin content in the studied biomasses (e.g., 28.6% in aspen, 22.4% in
barley, 37.0% in pine). The sum of phenolic G- and S-monomers yield in biomass was
2294, 1017, 1076 (umol/g of Klason lignin), recorded for aspen, barley, and pine,
respectively. As expected for softwood lignin, S-derived thioacidolysis monomers were
present only in small amounts in pine. In contrast, a substantial amount of G-derived
thioacidolysis monomers (1037 umol/g of Klason lignin) was quantified in pine. This was
relatively close to the published data where the RRFs of pure synthetic standards applied
for the calculation (1020 umol/g of Klason lignin [60]). The content of the thioacidolysis
derivatives originated from S-units was negligible (39.3 pmol/g of Klason lignin).
The minor portion of phenolic S-monomers in pine biomass was reinforced by the
pyrolysis/GC-MS data where they were detected under different forms of pyrolysis
degraded products [90]. By contrast, the yield of characteristic S units in aspen wood was
1335 umol/g of Klason lignin, the highest among three biomasses. This value is
comparable to that reported using synthetic thioethylated S monomers (1342 umol/g of
Klason lignin) [60]. However, the overall S/G ratio of 1.39 was lower than the published
data due to difference in the detected amount of G-monomers [60], [106]. Furthermore,
lignin composition in the grass-type biomass barley straw was reported here for the first
time. The S/G ratio was 1.12, and the yields of uncondensed S and G monomers were
538 and 479 pumol/g of Klason lignin, respectively. The ratio is close to the value of 1.0
indicates the equal distribution of G and S units in this type of biomass.

To clarify the impact of treatment condition on lignin condensed structure,
thioacidolysis analyses were further conducted for the organosolv samples (Table 3).
In comparison with the native lignin presenting in biomass, the extracted ones show a
drastic decline in B-0-4’ interconnected condensation-free monolignols. The results
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support two key features of organosolv delignification: (i) the breakdown of a/B-0-4’
linkage is the main driving force to liberate lignin from the lignin-carbohydrate complexes;
(i) repolymerization or condensation is one of the unavoidable consequences when the
performance occurring under acidic organosolv condition [107], [108].

Table 3. Monomer yields from thioacidolysis (umol/g of Klason lignin) in lignocellulosic materials
and their organosolv lignin samples (n = 2).

Biomass S (£ SD) G (xSD) S/G
Aspen 1335 (+ 87) 959 (£ 8) 1.39
Barley 538 (+ 112) 479 (£ 11) 1.12
Pine 39.3(x0.3) 1037 (+ 201) 0.04
Organosolv lignin S (£ SD) G (£ SD) S/G
Aspen-EOL 902 (+4) 339 (+ 24) 2.66
Aspen-DOL 380 (+ 14) 102 (+0.1) 3.72
Barley-EOL 413 (+7) 491 (+ 14) 0.84
Barley-DOL 109 (+ 2) 39.3 (¢ 6) 2.77
Pine-EOL 37 (¢ 4) 802 (+9) 0.05
Pine-DOL 34 (+2) 175 (+ 14) 0.20

It is noteworthy that the recovery rates of non-condensed monomers were greater
for all ethanol organosolv lignin compared to those obtained from 1,4-dioxane. This
observation proved the efficiency of using ethanol for the extraction in terms of 3-0-4’
bond preservation, which is beneficial for the subsequent chemical valorisation. While
using 1,4-dioxane resulted in better extraction yield, but on the other hand, the
disruption of B-O-4’ linkages was more remarkable leading to the formation of rigid or
condensed lignin structure through repolymerization. These thioacidolysis findings are
consistent with our prior knowledge achieved by the HSQC-NMR spectra (Paper 1) where
the abundance of aryl-ether bond cross signals experienced a sharp decline when the
fractionation operated with 1,4-dioxane as solvent.

Additionally, a noticeable number of G-units underwent irreversible condensation
compared to S-units. The results of this study show that there was almost a tenfold
reduction in non-condensed phenolic G-monomers content that still connected via
B-0-4’ bond compared to their origins in all DOLs, whereas a maximum fivefold decrease
in concentration of S-monomers was observed in the same batch. This phenomenon
could be explained by the faster formation and higher reactivity of benzylic carbocation
derived from G-unit than S-unit, which make this active moiety easier to participate in
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either cleavage or condensation with other electron-rich aromatic carbon atoms [46],
[109], [110]. As the results, the lower concentration of non-condensed G units was
determined after the fractionation. It is evident that even for highly condensed lignin
samples, such as 1,4-dioxane-extracted lignin, the thioacidolysis protocol remained
effective for analysis. Bringing these results together, it can be concluded that there is a
trade-off between lignin yield and the preservation of lignin’s native structure during
extraction. If the goal is lignin valorisation the latter should be prioritized.

4.3 Esterification of lignin and study of PLA-lignin composites

The main aim of this study is to elucidate how different esterification approaches could
have impact on the resulting lignin and its composites with PLA. Discussions of Paper Il
focus on the one-step esterification via available hydroxyl groups in organosolv pine
lignin using fatty acid chloride (Scheme 2, top) and their characterizations using FT-IR, 3!P
NMR. Subsequently, the modified lignin was blended with PLA and compared with those
composites made up of the two-step modification process (Scheme 2, bottom). This
comparison was based on thermal and mechanical properties that attained by DSC and
TGA techniques.
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Scheme 2. Two pathways of lignin esterification: one-step synthesis esterifying the available
hydroxyl groups of lignin using fatty acid chloride (top); two-step synthesis firstly introduces new
active site, secondly esterifying with carboxylic acid (bottom). (*) The detail of synthesis is provided
in Appendix 3 and is not discussed here.

4.3.1 Characterization of hydroxyl-esterified lignin

The one-step synthesis pathway of lignin esterification was carried out with octanoyl — C8,
lauroyl — C12, palmitoyl — C16 chlorides. The successful modification was initially
confirmed by FTIR (Figure 9). Two new absorbance bands at 1760 and 1740 cm™ are
assigned for the formation of ester linkages between the acid chloride and phenolic and
aliphatic hydroxyl groups, resulting in aromatic and aliphatic ester, respectively [111].
The work-up steps completely removed the unreacted acyl chloride, which could be
easily monitored by the complete absence of the carbonyl chloride (CO-Cl) stretching
band at 1800 cm™. The broaden stretching band of hydroxyl groups at 3440 cm™ decline
remarkably in all the modified lignin derivatives, indicating the consumption of those
functional groups during the reaction. The bands at 2922 and 2850 cm™ correspond to
the C-H stretching vibrations slightly increase due to the attachment of long alkyl chain
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originated from the fatty acid. Another crucial confirmation of the saturated alkyl chain
grafted onto lignin was spotted at the fingerprint region, 721 cm™ — the band
corresponding to the CH; rocking vibration [112]. The study revealed that the lengthier
the hydrocarbon chain is, the stronger the signal could be detected, which explains the
appearance of more intensive peak in the spectra of C16-modified lignin (Figure 9D) than
those of the shorter chains (Figure 9B, C). The distortion of the region ranging from
1060 to 1170 cm™ can be attributed to the overlap of C-O deformation in secondary
alcohol/aliphatic ester and C-O ether stretching of lignin together with a decrease in the
primary alcohol C-O stretching band (1028 cm™), providing a compelling proof of the
esterification [111], [113], [114].

Apart from the necessary structural changes because of the chemical modification,
it should be noted some bands representing the core structure of lignin in FTIR.
For instance, the intense band at 1510 cm™ is from the characteristic polymeric backbone
vibration of lignin, and the absorbance at 1595 cm™ arises from the aromatic skeletal
vibration with carbonyl stretching [115]. The peak at 1459 cm™ is assigned to the C-H
deformation asymmetric [116]. In addition to that, monolignol compositions are also
partially recognizable in FTIR spectra, such as the signal at 1263 cm™ corresponds to the
C-0 and C-O-C stretching of phenol and ether linkages in lignin, which are mostly derived
from H-unit, while the G-aromatic ring vibration was noticed at 1214 cm™ associated
with C-C, C-O, and C=0 stretching [113]. These features firmly verify the identity of pine
lignin as a softwood type. The FTIR spectrum of all the PLA composites with esterified
lignin (30%) are shown in Appendix 3 (Figure 3d) in conjunction with the interpretation.
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Figure 9. FTIR spectra of the unmodified pine organosolv lignin (A) in comparison with the hydroxyl-
esterified derivatives C8 (B), C12 (C), C16 (D).

To further characterize hydroxyl-esterified lignin, 3P NMR was employed.
The experiment was additionally used for the study of the esterified lignin obtained from
the two-step esterification route (Scheme 2, bottom). For those purposes, the starting
material, Cl6-esterified, chloromethylated and its corresponding benzoic-esterified
organosolv pine lignin samples were examined (Figure 10). All the spectra were
calibrated at IS signal (151.8 ppm) prior to the analysis. As a G/H type lignin,
the predominant phenolic OH arises from those units detected in the unmodified lignin
(Figure 10A, 137.5-140.2 ppm). As anticipated, these functional groups reduced sharply
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after the modification by the one-step esterification approach, meanwhile the aliphatic
hydroxyls experienced a subtle decrease. This observation was consistent with the
previous study, where the higher reactivity of phenolic hydroxyl groups toward
esterification was observed compared to their aliphatic counterparts under the similar
reaction condition [117].

In chloromethylated lignin (Figure 10C), the preservation of OH groups were evident
from the pronounced shift of hydroxyl groups originating from G-units (around 139.0 ppm)
towards the region associated with condensed phenolic OH (or C5/C6-substituted
aromatic OH), ranging from 140.0 to 144.0 ppm, rather than a complete absence as
observed in the first case scenario. The shifting could be rationalized by two reasons:
(i) the introduction of new active sites (e.g., chloromethyl) to the aromatic backbone
resembles the structural feature of lignin condensed fragments; (ii) the electronegativity
of chloride atoms contributes to the deficiency in electron density of the aromatic rings
causing the downfield shift indicated by higher chemical shift value. Later, the grafting of
benzoic acid was successfully confirmed by an upfield shift of the peak (Figure 10D).
The aromatic hydroxyl signal coming from benzoic-esterified lignin was present in a
lower frequency region (approximately at 142.4 ppm) possibly due to the weaker
electron-withdrawing effect of the ester bond formation with benzoic acids compared to
the chloride atoms in their precursor (chloromethylated lignin, CML). The appearance of
this signal was still detected within the boundary of the condensed phenolic region.
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Figure 10. 3'P NMR spectra of starting material — organosolv pine lignin (A); C16-ester derivative
modified via OH of lignin, C16 (B), chloromethylated lignin, CML (C), and benzoic ester lignin, BAEP
(D).
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4.3.2 Thermal properties of esterified lignin and PLA composites

The thermal and mechanical profiling (Figure 11) were studied for the composites
made up of PLA and 10-30% by weight of esterified lignin synthesized from the
hydroxyl-esterification approach (presented in this work) and from the two-step protocol
—chloromethylation followed by esterification using benzoic acid and tetradecanoic acid
resulting in BAEP and HLE, respectively (carried out by Dr. M. K. Mohan). Overall,
the blended polymeric materials exhibited variation in glass transition temperature (Tg)
compared to pristine PLA (Figure 11A). The composites containing C8 and C12-esterified
lignin exhibited Tg values close to PLA with a negligible fluctuation, for example,
the values displayed around 60 to 62 °C. An increase in alkyl chain length up to C16
significantly reduced the Tg to 55 °C for modified lignin content of 20%. By contrast, the
two-step protocol resulted the materials (BAEP and HLE) that could enhance the thermal
performance of the composites, which was confirmed by elevated Tg by approximately
18 °C at the maximum load 30%. These results demonstrated two distinguished trends:
(i) lignin esterification via hydroxyl groups was resulted in strong plasticization effect,
which lowered Tg of the composites [118], [119]; (ii) attachment of the ester moieties
via two-step protocol allowed to keep lignin hydroxy groups intact, which facilitated
hydrogen bonding and thus tended to the elevated Tg values [120].
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Figure 11. Thermal properties of esterified lignin/PLA composites and neat PLA measured by DSC:
glass transition temperature (A); delta Cp (B). Mass loss profile of the composite materials versus
pure PLA achieved by thermogravimetric, TGA (C) and its differential thermogravimetric curve, DTG

(D).

Depending on the blending ratio and type of lignin derivative, Figure 11B shows
various trends in ACp (specific heat capacity), which represents the change in the amount
of thermal energy required to raise the temperature of one unit of mass by one degree
at the glass transition stage of the material. The higher magnitude of ACp, by definition,
corresponds to the increase in molecular mobility within the amorphous region during
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the transition from a rigid, glassy to a softer, rubbery state, and vice versa. Notably,
at the same concentration of hydroxyl-esterified lignin loaded into the PLA matrix, ACp
sharply declined with the increasing of the carbon chain length substituent. This
behaviour confirms that the compatibility between PLA and lignin modified with long
alkyl chain ester was better than with the short chain esterified lignin. The former
potentially led to a higher crystalline fraction or smaller amount of amorphous region of
the material, hence decreasing ACp [119], [121]. On the other hand, BAEP/PLA
composites demonstrate a sudden jump in ACp from the ratio of 10 to 20% indicating the
flexibility of polymer chain in the amorphous region. This phenomenon could be
explained by the interchain spacing effect. In this instance, due to differences in the
conformation of benzene rings and PLA, the polymer chains were not as tightly packed
as in the case of C16. Consequently, the increased free volume facilitated molecular
movement, resulting in a larger change in heat capacity [122]. Even though the
substituted alkyl chain length was comparable to C16, HLE-blended polymers showed no
noticeable change in ACp at all loading levels, which underscores the significant impact
of the modification approach on thermal behaviour of the composites.

To compare the thermal stability among the blended polymers, the study
narrows down to three representatives, including PLA+C16, PLA+BAEP, and PLA+HLE
(70:30 %w/w). Figure 11C displays the thermogravimetric data where all the materials
were initially observed mass loss began at 80 °C, which was ascribed to the evaporation
of moisture residue. As the temperature increased, PLA+BAEP gradually decomposed,
while PLA+C16 shows the onset degradation temperature at approximately 245 °C, and
PLA+HLE exhibited at a higher temperature of 300 °C. The differential thermogravimetric
curves of the investigated materials (Figure 11D) illustrate the variation in the mass loss
rate with respect to temperature. As anticipated, the consumption of hydroxyl groups
during the direct esterification pathway weakens hydrogen bonding, resulting in a
significant degradation of PLA+C16 at above 300 °C. Meanwhile, those blends made up
of esterified lignin synthesized from the chloromethylation protocol experienced the
highest mass loss rate at around 350 °C, which was moderately close to pristine PLA.
These results reinforce the valuable presence of lignin hydroxyl groups for the
manufacture of PLA composite in terms of thermal stability.

4.3.3 Mechanical properties of esterified lignin and PLA composites

The tensile test results of PLA and its composites with lignin esters (C16, BAEP, and HLE)
30% incorporated, are presented in Figure 12. All the blended products exhibit lower
maximum load compared to neat PLA whose resistance could be up to 15.2 N prior to its
fracture (Figure 12A). It is noteworthy that PLA+C16 withstood the highest force (10.3 N)
among all the tested materials (Figure 12A), however the obtained ultimate tensile
strength value for the same composite was lower than that of PLA+HLE in terms of
cross-sectional area (Figure 12B). These inconsistent results possibly caused by the
unidentical thickness of the films. Due to the difference in structural feature of the
benzene rings from BAEP and PLA, the resultant composite PLA+BAEP (30%) was
recorded with the lowest load and tensile stress, which were indicative of the weak
interfacial interaction and less efficient stress transfer between polymer chains.

In contrast to the maximum load, the tensile extension enhanced upon the addition of
ester lignin regardless of how they were modified (Figure 12C). The value represents the
ductility of the material, which decreases in the order PLA+C16 (5.0 mm) > PLA+HLE >
PLA+BAEP > PLA (2.5 mm). These results reflect that the intrinsic brittleness of PLA could
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be potentially adjusted by adding esterified lignin. Additionally, the obtained values
highlight the strong plasticization effect of hydroxyl-esterified C16 facilitating the
movement of the polymer chain, thereby enhancing ductile property of the composite
[76]. On the other hand, the elastic or Young’s modulus (Figure 12D) describes material
stiffness showing that the stiffest polymer composite was PLA+HLE, remarkably higher
than neat PLA. In other words, the incorporation of 30% HLE into PLA matrix moderately
improved the ductility, simultaneously enhanced the overall strength of the polymeric
material thanks to the preservation of hydroxyl groups. Consequently, due to lack of
intermolecular interactions, such as hydrogen bonding, the Young’s modulus of PLA+C16
was comparatively low to PLA+HLE.
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Figure 12. Mechanical properties of esterified lignin/PLA composites reflected by maximum load
(A), tensile stress at maximum load (B), tensile extension at maximum load (C), and Young’s
modulus (D).

Overall, the impact of opting the esterification pathway of lignin is clearly indicated in
the PLA composites characteristics. The exploitation of hydroxyl groups during
esterification resulting in the composites with lower glass transition, and tensile
modulus, however with improvement in elasticity. In other words, the esterified lignin
synthesized from this approach exert a strong plasticization effect. By contrast, the
retained hydroxyl groups attained in chloromethylation approach resulting in the
additives that could increase thermal stability and mechanical strength.
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5 Conclusions

This research elucidated how solvent choice influenced the structure of native and

organosolv lignin (hydroxyl-group contents, subunit composition, interunit linkages, and

the yield of uncondensed monolignols), as determined by NMR and thioacidolysis
coupled with GC-MS. This study also demonstrated that the esterification strategy used
for lignin modification has a strong impact on the properties of PLA-lignin composites,
highlighting the importance of selecting an appropriate modification route to tailor
composite performance.

The primary conclusions are summarized as follows:

e Solvent choice controls the extent of organosolv lignin depolymerization and
functional-group profile. Under acidic organosolv conditions, 1,4-dioxane promoted
more extensive B-O-4’ cleavage, giving higher aromatic -OH and lower aliphatic -OH
contents (and higher lignin recovery), whereas ethanol better preserved lignin closer
to its native structure.

e Practical, broadly applicable calibration standards were validated for
thioacidolysis/GC—MS quantification of uncondensed monolignols. Two lignin model
compounds enabled reliable quantification, showing that uncondensed S/G
monolignols are higher in native biomass than in organosolv lignin, and lower in DOLs
than in EOLs, while avoiding the need for multi-step synthesis of thioethylated
monomer standards.

e The choice of lignin esterification protocol is a key factor for tuning PLA-lignin
composite performance. C16 hydroxyl-esterified lignin acted mainly as a plasticizer
(lower glass transition, higher elasticity at 30 wt%), whereas two-step esterification
that retained hydrogen bonding in BAEP and HLE composites with PLA, increased the
thermal stability and stiffness of PLA composites at the same loading.
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da hira, con t8t nghiép réi nhé!

Bé Ni ludn cdm thay minh 1a dra tré may man khi duoc éng, ba, chd, bac yéu thuong.
Tinh yéu d6 ludn 13 14 chén gitp con du c6 thé nao ciing ¢ thé vitng chan tién vé phia
trude. Cdm on gia dinh minh vi d3 ludn yéu thuong va ty hao vé con nhu vay.

To beautifully end this part, | would like to give myself credit for not giving up, for
being a soldier! More than a title, | am proud of the person | have become.

PHD = Persistent, Humble, Determined

What a ride!!!

This thesis is dedicated to my Grandma, and my Dad'!
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Abstract

Organosolv Lignin: From Characterization to Esterification

In nature, lignin is a repository of aromatic compounds composed of three primary
phenylpropanoid monomers: p-coumaryl, coniferyl and sinapyl alcohols. It occurs in
lignocellulosic biomass in conjunction with cellulose and hemicellulose forming a rigid
supporting framework for plant cell wall. Despite the valuable chemical potential of
lignin, its valorisation remains challenging in biorefineries. A key limitation is its structural
heterogeneity, which varies significantly among species, and depends strongly on the
severity of fractionation process. Therefore, a holistic understanding of lignin structure
before and after biomass processing is essential for effective valorisation.

This dissertation addresses two important aspects of lignin: structural characterization
(Paper 1, lII) and chemical modification for thermoplastic application (Paper Iil).
The structural composition of organosolv lignin, fractionated using ethanol, or
1,4-dioxane and derived from three classes of biomass (e.g., hardwood — aspen chips,
softwood — pine sawdust, and grass — barley straw) was investigated using nuclear
magnetic resonance spectroscopy and thioacidolysis followed by gas chromatography —
mass spectrometry. To further advance the understanding of how lignin can be used to
tailor the properties of polylactic acid (PLA) composites, the esterification of organosolv
pine and hydrolysis birch lignin using different protocols was investigated.

In Paper |, a comprehensive spectroscopic comparison was conducted on six
organosolv lignins extracted from three biomass sources. Regardless of the botanical
origins, phosphorus NMR (3'P-NMR) revealed that all 1,4-dioxane extracted lignins
(DOLs) exhibited lower aliphatic hydroxyl and higher phenolic hydroxyl contents
compared to ethanol-derived lignins (EOLs). The transformation of lignin sidechain into
different arrangements and the formation of new aromatic hydroxyl groups resulted
from lignin depolymerization through cleavage of aryl-ether bonds (a/B-0-4’). This
observation was cemented by the heteronuclear single quantum coherence (HSQC)
spectra, which showed a drastic decrease in the cross signals of B-O-4’ in DOLs. In other
words, there was an extreme event of lignin depolymerization when using 1,4-dioxane
for delignification; meanwhile, ethanol-based extraction resulted in lignin with a slightly
modified structure (ethoxylation at Cy), and higher B-0-4’ content. The latter would be
beneficial for the subsequent conversion of lignin into valuable monophenols.

In Paper Il, the lack of suitable lignin standards for quantifying uncondensed
monolignols analysis was addressed by proposing two commercially available phenolic
lignin dimer model compounds (guaiacylglycerol-B-guaiacyl ether — GGE, syringylglycerol-
B-guaiacyl ether — SGE) as calibration standards for thioacidolysis coupled with GC-MS.
Quantification was performed by integrating peaks using TIC retention times and
confirming them with EICs (m/z 343 for the internal standard, 269 for G-derived
monomers, and 299 for S-derived monomers), with analyte identity verified by mass
spectra and retention-time matching. The method showed strong calibration
performance (R? > 0.99) and good accuracy based on recovery experiments (88.9% for
GGE and 97.1% for SGE). Finally, the validated approach was applied to biomass and
organosolv lignin samples, revealing higher uncondensed monolignol contents in native
biomass than in extracted lignin samples, with lower values in DOLs compared to EOLs.

In Paper lll, the focus of the study shifted from characterization to lignin modification.
Specifically, two lignin esterification approaches were compared and their effects on
polylactic acid (PLA) composites at a maximum lignin loading of 30% were evaluated. In
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the first approach, conventional esterification of lignin hydroxyl groups with fatty acid
chlorides (e.g., octanoyl — C8, lauroyl — C12, palmitoyl — C16 chlorides) produced
materials with a pronounced plasticization effect, most evident for the longest
substitution alkyl chain (C16). 30% of Cl6-esterified lignin blended polymer possesses
better elasticity and lower thermal stability compared to pristine PLA. On the other hand,
esterification concurrently retaining hydrogen bonds in lignin was carried out by the
introduction of new active sites on the aromatic rings by chloromethylation and
subsequent esterification using carboxylic acids (e.g., benzoic, tetradecanoic acids).
The second approach produced modified lignin that increased the thermal resistance
threshold and stiffness of the composites compared with the hydroxyl-esterified lignin
at the same loading.

In conclusion, the findings of this thesis revealed the relationship between the
extraction solvents and organosolv lignin’s composition characterized by NMR and
GC-MS methods. In addition, the study demonstrated that the choice of esterification
site on lignin is critical for tailoring the thermochemical properties of PLA composites.
These findings provide new insights into lignin valorisation and support its use in
developing higher value-added, economically attractive, and environmentally friendly
bio-based materials.
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Lihikokkuvote

Organosolv ligniin: koostise iseloomustamisest esterdamiseni

Looduses on ligniin aromaatsete Uhendite varamu, mis koosneb kolmest peamisest
fenhilpropanoidsest monomeerist: p-kumaariil-, koniferiil- ja sinaputlalkoholist.
Ligniin esineb lignotselluloosses biomassis koos tselluloosi ja hemitselluloosiga,
moodustades taimeraku seinale jdiga tugiraamistiku. Hoolimata ligniini vaartuslikust
keemilisest potentsiaalist on selle vairindamine endiselt keerukas. Uheks peamiseks
piiranguks on ligniini struktuuri heterogeensus, mis séltub oluliselt biomassi paritolust ja
fraktsioneerimisprotsessi intensiivsusest. Seetdttu on ligniini tdhusaks vaarindamiseks
hadavajalik terviklik arusaam selle struktuurist enne ja parast biomassi tootlemist.

Kdesolev uurimit6d kasitleb kahte olulist aspekti, mis on seotud ligniini
vadrindamisega: organosolv ligniini struktuuri iseloomustamist (I ja Il artikkel) ning
selle keemilist modifitseerimist termoplastiliste rakenduste jaoks (Il artikkel). Toos
uuriti  etanooli ja 1,4-dioksaaniga kolmest erinevast biomassist (lehtpuit,
okaspuit ja rohttaimed) ekstraheeritud ligniini struktuuri ja koostist, kasutades
tuumamagnetresonantsspektroskoopiat (NMR) ja tioatsidolilisiga gaasikromatograafia—
massispektromeetriat (GC—MS). Et paremini mdista, kuidas ligniini saab kasutada
polilaktiidhappe (PLA) komposiitide omaduste reguleerimiseks, uuriti organosolv-mannist
ja hidroliiusi teel saadud kase ligniini esterifitseerimist rakendades erinevaid protokolle.

| artiklis pdhjalikult anallisiti struktuurset koostist kuuele organosolv-ligniinile, mis
ekstraheeriti kolme liiki biomassist. S6ltumata botaanilisest paritolust néitas fosfor-NMR
(3'P-NMR), et kdik 1,4-dioksaaniga ekstraheeritud ligniinid (DOL-id) sisaldasid vihem
alifaatseid hiidroksudlriihmi ja rohkem fenoolseid hidroksuilriihmi kui etanoolipShised
ligniinid (EOL-id). Ligniini kilgahela funktsionaliseerimine ning uute aromaatsete
hidroksttlrihmade teke tulenes ligniini depoliimerisatsioonist arlil-eetersidemete
(a/B-0-4") I6hustumise kaudu. Seda kinnitasid HSQC spektrid, milles DOL-proovides
taheldati B-0-4’ signaalide markimisvaarset vdhenemist. Teisisonu pd&hjustas
delignifikatsioon 1,4-dioksaanis ulatusliku depoliimerisatsiooni, samas kui etanoolip&hine
ekstraheerimine andis vaid kergelt modifitseeritud struktuuriga (Ca-etokstitlimine) ja
suurema B-0-4’ sisaldusega ligniini. Viimane on soodne ligniini edasiseks muundamiseks
vaartuslikeks monofenoolideks.

Il artiklis lahendati kvanitatiivseks analiilsiks vajalike ligniini standardite
puudumine kondenseerumata monolignoolide kasutusele votuga. Naidati, et
tioatsidolllsiga kombineeritud GC—MS anallilsiks sobivad kalibreerimisstandarditena
kaks kommertsiaalselt kattesaadavat fenoolset ligniini dimeer-mudeliihendit
(guaiatsutlglutserool-B-guaiatsiill-eeter — GGE ja siilriingldlglUtserool-B-guaiatsiiiil-eeter
— SGE). Anallitide identifitseerimine ja kvantifitseerimine teostati piikide integraalide
jargi, kasutades TIC-i retentsiooniaegu ning ainete massi-laengu suhteid; anallltide
identiteet kinnitati massispektrite ja retentsiooniaegade abil. Arendatud ja valideeritud
meetod nditas tugevat sdltuvust signaali ja monolignoolide kontsentratsiooni vahel
(R? > 0,99) ning head tédpsust rikastamismiskatsete pdhjal (88,9% GGE ja 97,1% SGE
puhul). Lépuks rakendati valideeritud analiilisimeetodit biomassi- ja organosolv-ligniinide
analidsil, mille tulemused néitasid, et kondenseerumata monolignoolide sisaldus oli
algses biomassis suurem kui ekstraheeritud ligniinides ning DOL-ides madalam kui
EOL-ides.
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Il artiklis nihkus t66 fookus ligniini iseloomustamiselt ligniini modifitseerimisele.
Vorreldi kahte ligniini esterdamise meetodit ning hinnati nende mdju poliilaktiidhappe
(PLA) komposiitidele. Esimesel juhul esterdati ligniini hidroksttlrihmad rasvhapete
kloriididega (oktanoutil — C8, lauroliil — C12 ja palmitotiil — C16 kloriidid), mille tulemusel
saadi plastilised materjalid . See efekt avaldus kdige selgemalt pikima alktilahela (C16)
rasvhapete kasutamise korral. 30% C16-esterdatud ligniiniga PLA-komposiit oli suurema
elastsusega, kuid madalama termilise stabiilsusega v8rreldes puhta PLA-ga. Seejarel viidi
lIabi esterdamine viisil, mis sailitas ligniinis vesiniksidemed: areenidele lisati
klorometiilimisega uued reaktiivsed rihmad ning seejdrel teostati esterdamine
karbokstililhapetega (bensoe- ja tetradekaanhape). See teine l|dhenemine andis
modifitseeritud ligniinid, mis tOstsid komposiitide termilist vastupidavust ja jaikust
vorreldes hidroksuilrihmade kaudu esterdatud ligniinidega sama ligniini vahekorra
juures komposiidis.

Kokkuvottes naitasid kdesoleva vditekirja tulemused seost ekstraheerimislahusti
valiku ja organosolv-ligniini koostise vahel, ning viimast iseloomustati NMR-i ja GC-MS
meetodite abil. Lisaks demonstreeriti uuringus, et ligniini esterdamise viis on PLA-
komposiitide omaduste kujundamisel maarava tdhtsusega. Saadud tulemused pakuvad
uusi teadmisi ligniini vadrindamise kohta ning toetavad selle kasutamist kdrgema
lisandvaartusega, majanduslikult atraktiivsete ja keskkonnasGbralike biopGhiste
materjalide arendamisel.
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Abstract: The production of novel materials and value-added chemicals from lignin has received
considerable attention in recent years. Due to its abundant occurrence in nature, there is a growing
interest in utilizing lignin as a feedstock for functional materials production, for example aerogels.
Much like in the synthesis of phenol-based resins, the vacant ortho positions of the aromatic rings in
lignin can crosslink with formaldehyde and form polymeric gels. After drying the hydrogels with
supercritical CO,, highly porous aerogels are obtained. Current study focuses on the preparation and
thorough parametrization of organosolv lignins from different types of lignocellulosic biomass (aspen,
pine, and barley straw) as well as their utilization for the preparation of lignin-5-methylresorcinol-
formaldehyde aerogels. The thorough structural characterization of the obtained aerogels was carried
out by gas adsorption, IR spectroscopy, and scanning electron microscopy. The obtained lignin-based
monolithic mesoporous aerogels had specific surface areas and total pore volumes in the upward
ranges of 450 m? /g and 1.4 cm?/g, respectively.

Keywords: aerogel; lignin; hydrogels; functional polymer; biomass; supercritical drying

1. Introduction

Lignocellulosic biomass is the most abundant renewable resource on Earth. This
complex resource is composed of three major biopolymers-lignin, cellulose, and hemicellu-
lose. Proportionally, lignin makes up 10-25% of its dry mass by weight, while the other
counterparts—cellulose and hemicellulose, amount to approximately 40-50% and 20-30%,
respectively. The topic has been thoroughly researched and many good review articles are
available on this subject [1]. However, current biorefinery processes are focused primarily
on the utilization of the carbohydrate fractions (cellulose and hemicellulose), while lignin
remains underutilized [2]. Only a small percentage, less than 2%, of the approximately
70 million tons of lignin that are produced during pulping by the paper industry is utilized,
primarily as concrete additives, stabilizing agents, or dispersants and surfactants. The
remainder is simply discarded as waste or burnt as low-grade fuel. Similarly, only a fraction
of the lignin portion that is considered a co-product of cellulosic ethanol production is used,
and primarily for thermal energy production.

Lignin is an insoluble, highly branched, and randomly structured amorphous polymer.
The typical lignin content in softwoods is 24-33%, 19-28% in hardwoods, and 15-25%
in cereal straws, bamboo, and bagasse. Chemically speaking, lignin is a highly complex
polyphenol, consisting of various methoxylated phenylpropane structures, which can be
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considered as the most abundant natural source of aromatics [3]. Although the exact poly-
meric structure of lignin is not well defined, the key substructures and linkages are known,
and on this basis possible structures can be proposed. There are three primary phenyl-
propanoid monomer units in lignin: syringyl-(S), guaiacyl-(G), and p-hydroxyphenyl-(H)
units that are derived from the respective monolignols-sinapyl, coniferyl, and p-coumaryl
alcohols (Figure 1). The ratio between these units, the molecular weight of lignin, and
the proportion of lignin to cellulose and hemicellulose differ from species to species
significantly [4].

OH OH OH

HaC CHj CHg

HO HO HO
p-Coumaryl alcohol (H) Sinapyl alcohol (S} Coniferyl alcohol (G)

Figure 1. Structures of lignin monolignol units.

The effective extraction and separation of high purity lignin from lignocellulosic
biomass is crucial for its efficient valorization. The rupture of bonds to separate lignin
from carbohydrates and its partial depolymerization to make it extractable is required
for its solubilization in proper solvents for further upgrading and processing. While the
efficacy of lignin depolymerization is dependent on many different parameters (solvent,
temperature, catalysts, etc.), the fragmentation of lignin is achieved primarily through the
cleavage of 3-O-4 and 4-O-5 aryl ether linkages.

Currently, the majority of lignin is produced by the pulp and paper-making industry—
most commonly by Kraft, sulphite, or soda pulping, but also via hydrolysis/fractionation
by hot water, dilute acid, or alkali, organic solvents or via enzymatic hydrolysis in a
biorefinery process [2,5]. From these, soda, organosolv and hydrolysis lignins are sulfur-
free materials [6].

Some technologies which are currently utilized primarily in research laboratories or
in pilot plant reactors must be mentioned: (i) hydrolysis lignin that is obtained from the
saccharification process of hemicellulose and cellulose during cellulosic ethanol produc-
tion, and (ii) lignins from lignocellulose processing with molten salts (ionic liquids and
deep eutectic solvents). Studies on using molten salts to develop more environmentally
friendly processes for the fractionation of lignocellulosic biomass are gaining more and
more attention [7].

In general, isolated lignins vary in structure due to the source of feedstock (i.e., type of
biomass), extraction methods, and processing severity. Additionally, controlled degradation
of lignin that leads to uniform starting material is necessary to arrive at a desired product
in downstream valorization processes [8-10].

Biopolymer-based materials are suitable for the fabrication of biopolymer-based
gels [11]. Phenolic resins are well-known polymeric materials where by manipulating
the phenolic (or substituted phenols) to aldehyde monomer ratio and the amount of sol-
vent, pH, catalyst type, reaction temperature, and reaction time, give rise to a variety of
resin structures with a wide range of possible properties. In 1989, Pekala performed the
aqueous polycondensation of resorcinol (1,3-dihydroxybenzene) with formaldehyde (FA)
as a synthetic route to organic aerogels-low-density, open-porous, solid framework of a
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gel that was isolated intact from the gel’s liquid component and have pores in the range of
<1 to 100 nm in diameter. In this system, resorcinol acted as the multifunctional monomer
and FA formed methylene and/or methylene ether bridges between the benzene rings [12].
Some advantage in the preparation process was achieved with the replacement of resorcinol
with 5-methylresorcinol (5-MR) [13,14]. The phenolic and polymeric nature of lignins make
them potent replacements for phenol/resorcinol in a multitude of industrial applications
as biopolymers with considerable economic and environmental benefits.

The presence of a free hydroxyl group and the vacant ortho- or para-sites on the
aromatic ring are a prerequisite to polycondensation reaction, which is necessary for gel
formation. In lignin, the H- and G-units possess the ortho reactive site that is similar
to resorcinol, which can crosslink with FA. Properties such as these can be useful for
the effective utilization of lignin as a phenol replacement in lignin-phenol-formaldehyde
resins [15].

Conversely, phenolic groups in lignin are often substituted in the para position by
an aliphatic chain. Here, the H-type unit possess more than one activatable site, offering
the potential to create highly crosslinked structures. In G-type units, one ortho position
is already occupied by a methoxy group, whereas in S-type units both ortho-positions
are occupied. This higher degree of substitution results in a significantly lower reactivity
of lignin as compared to phenol [16]. It is clear that the H and G-units are able to react
with FA in the synthesis of lignin-based resins while the S- (no activatable site is present)
unit is not [17]. In this sense, softwood lignins (containing mainly G-units) are a better
choice for lignin-based resin synthesis than hardwood lignins (containing S-units and some
H-units). Alkali and organosolv lignins with a higher number of G-units, a free ortho
position, and moderate molecular weight seem to be better candidates for the synthesis of
100% lignin-based resins [16]. Therefore, in the synthesis of lignin-based aerogels, due to
the nature of the reaction between lignin and FA, the sub-structures within lignin play a
more important role than either molecular weight or polydispersity of lignin [18]. Despite
that, lignins are less reactive towards addition/substitution reactions due to the lack of
reactive sites [19]. The replacement of phenol with lignin would provide a cost-effective
and green alternative as phenolic resins are used in many industrial applications (e.g.,
automotive, computing, aerospace, and construction), but also in the manufacturing of
engineered wood products [16]. The control over lignin functionality appears to be one
of the most important challenges for the development of lignin-based materials, and a
multitude of analytical chemistry and spectroscopic tools (e.g., IR and NMR) are needed to
parametrize the particular lignin sample structure.

Similar to the synthesis of phenol-based resins, the vacant ortho positions of the
aromatic rings in lignin can react with FA to yield polymeric gels. Multiple examples of
utilizing different types of lignin have been described in the literature for preparing gels,
that, depending on the drying process, will yield aerogels [20], xerogels [16], or cryogels [17].
The evaporation of liquids from gels at normal atmospheric conditions results in xerogels
with a higher density. To obtain lighter materials, sublimation of a frozen solvent via
lyophilization results in cryogels. The most effective technique for preserving the porous
structure utilizes the extraction of liquid at supercritical conditions where, typically, prior to
the process, the solvent is exchanged with CO; [21]. However, supercritical CO, extraction
is technically demanding, and despite the widespread use of this method, simpler and
more economical methods for material drying are actively researched.

While phenolic resins and resorcinol aerogels are mainly considered as a useful source of
porous carbon material, these materials do have some additional distinct advantages—a high
carbon yield and high microporosity of the carbonized fibers without activation [22-24]. The
latter is true also for lignin-derived materials [18,25].

The structure of lignin is highly dependent on its isolation method. The present study
concentrated on the organosolv process for lignin extraction, utilizing two different solvent
systems. There are not very many studies on using organosolv lignins for the preparation
of gels and respective aerogels. Furthermore, the availability of structural information
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on this type of lignin remains scarce. The current study focused on the preparation and
thorough parametrization of organosolv lignins from different types of lignocellulosic
biomass as well as their utilization for the preparation of aerogels in different ratios to
phenolic compounds. A thorough structural characterization of the obtained aerogels and
their properties was carried out.

2. Materials and Methods
2.1. Chemicals

Ethanol, dioxane, hydrochloric acid, acetic acid, sodium hydroxide, tetrahydrofuran,
sulfuric acid, and chloroform-d were purchased from Sigma-Aldrich (Taufkirchen, Ger-
many). All the chemicals were of analytical grade and were used as received. Deionized
water from a Milli-Q water purification system (Millipore S. A., Molsheim, France) was
used throughout the study. 5-MR with a reported purity of >99% was provided by AS VKG
(Kohtla-Jarve, Estonia).

2.2. Raw Materials and Methodology

Aspen wood chips were provided by Estonian Cell AS, longitudinally sawn pine
timber sawdust was provided by Prof. Jaan Kers (Tallinn University of Technology, Tallinn,
Estonia), and barley straw was provided by Prof. Timo Kikas (Estonian University of
Life Sciences, Tartu, Estonia). All feedstocks were dried in a convection oven at 50 °C
up to 8% moisture, followed by grinding to a fine powder, and stored in plastic bags at
room temperature.

Organic solvent extraction under reflux conditions was used for the isolation of lignin
from biomass and for that, ethanol and dioxane were used. The obtained lignin was further
characterized for purity and structural properties by different analytical methods and used
for the preparation of lignin-based aerogels, followed by their characterization.

2.3. Organosolv Extraction of Lignin

Ground and dried biomass (50 g) was refluxed with 1.5 L of solvent in a 2.0 L round
bottom flask with a mechanical stirrer and a reflux condenser for 6 h. The solvent mixture
contained 0.28M HCI and 5% v/v water in ethanol or 0.28M HCI and 2% v/v water in
dioxane. The mixture was filtered through Whatman filter paper, and the solids were
washed three times with 50 mL of ethanol or dioxane, depending on the extraction solvent.
The combined filtrate and washes were concentrated to about 100 mL by rotor evaporation.
Lignin recovery from the pretreatment liquor was performed by precipitation with ultra-
pure water. For this purpose, the pretreatment liquor was dissolved in 100 mL of acetone
and introduced into 2 L of vigorously stirred cold ultrapure water to reduce the solubility of
lignin. The mixture was stirred for 60 min, and then the precipitated lignin was separated
by centrifugation at 4200 rpm. The recovered lignin was washed with 1 L of ultrapure
water three times, centrifuged, dried in a convection oven at 30 °C for 24 h, weighed, and
stored for further analysis and use. The lignin extraction yields were calculated according
to the following equation:

WeExtracted lignin

% Lignin yield = x 100, (1)

WLignin in biomass

2.4. Characterization of Lignin
2.4.1. Moisture and Ash Content

For moisture analysis, 0.2 g of organosolv lignin was introduced into the moisture
analyzer (Ohaus, Parsippany, NJ, USA) and heated at 105 °C until a constant weight. The
ash content was determined by keeping of 0.2 g of the dry lignin in muffle furnace at 550 °C
for 4 h and recording the weight of ash [26].
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2.4.2. Determination of Lignin and Carbohydrate Content

The analysis of Klason lignin and carbohydrate content involved a two-stage acid
hydrolysis of the lignin samples to solubilize and hydrolyze the carbohydrates that were
present in the extracted lignin. For that, 200 mg of dry lignin was dissolved in 3 mL of 72%
sulfuric acid. The mixture was incubated in a water bath at 30 °C for 1 h. Next, 72 mL of
ultrapure water was added to the mixture, and the mixture was autoclaved at 121 °C for
60 min. The solution that was obtained was filtered while hot. The precipitate that retained
in the filter was acid insoluble lignin (AIL), which was washed with water, followed by
drying in a hot air oven, and weighing. Some amount of lignin was dissolved in the
acidic solution (filtrate). That portion of lignin was quantified spectrophotometrically by
recording the absorbance of the filtrate at 205 nm. The filtrate was analyzed by a UV-visible
spectrophotometer (Cary 50 Bio, Varian, Palo Alto, CA, USA) and the acid soluble lignin
(ASL) was quantified with the following formula of the Biorefinery test method L2:2016:

AxDxV

ASL = axbsx M’

&

Different notations are: A = absorption at 205 nm, D = dilution factor, V = volume
of filtrate, L; a = extinction coefficient of lignin, g/L (110 g/L as per TAPPI UM 250),
b = cuvette path length, cm; M = weight of dry sample (in g).

The carbohydrate content of the filtrate that was obtained from lignin hydrolysis was
analyzed by an optimized capillary electrophoresis (CE) method. The direct UV-detection
of carbohydrates at the 270 nm is possible due to in-capillary reaction of the carbohydrates
in the alkali medium, which leads to the formation of UV-absorbing carbohydrate ene-
diolate anion [27,28]. The alkaline electrolyte solution was made up of 136 mM sodium
hydroxide and 46 mM disodium hydrogen phosphate dihydrate. The filtrate samples
were neutralized with calcium carbonate and injected to CE instrument (7100 CE system,
Agilent Technologies, Santa Clara, CA, USA) with a pressure of 35 mbar for 10 s. The
applied separation voltage was 19.4 kV. The CE separation was carried out in uncoated
fused-silica capillaries of 50 um id and length 70/80 cm (effective length/total length).
Both the capillary and samples were held at 17 °C. New capillaries (Molex, Polymicro
Technologies, Phoenix, AZ, USA) were conditioned by rinsing with 1 M sodium hydroxide
(30 min), ultrapure water (5 min), and the electrolyte solution (5 min). Between analyses,
the capillaries were flushed with 5% v/v acetic acid for 3 min, with 1 M sodium hydroxide
for 3 min, with ultrapure water for 3 min, and finally with electrolyte solution for 5 min.

A total of eight sugars raffinose, fucose, cellobiose, galactose, glucose, mannose,
arabinose, xylose, and 5-hydroxymethylfurfural were quantified in the linear range of
0.1-4.0% dw with determination coefficients around 0.99.

2.4.3. FTIR Spectroscopy

The infrared (IR) absorption spectra of lignins were obtained using a FTIR spectrometer
IRTracer-100 (Shimadzu, Kyoto, Japan). A spectrum of the blank KBr tablet and the scan of
the KBr tablet with test substance (100:1) were recorded in the range 400-4000 cm ! with a
resolution of 4 cm™!. The IR absorption spectrum of the lignin was obtained by subtraction
of the test substance scan with the scan of the blank. A total of 32 spectra were averaged
per sample and analyzed using the Lab Solutions software (Shimadzu, Kyoto, Japan).

2.4.4. NMR Characterization

For the sample preparation, about 35.0 mg of lignin was dissolved in 600 L of DMSO-
dg. The full assignment of 2D-Heteronuclear Single Quantum Coherence (HSQC) was
based on the spectra that were obtained from a 500 MHz Agilent DD2 spectrometer that
was equipped with an inverse detection probe. HSQC experiment was recorded at 25 °C
by applying the standard multiplicity edited HSQC pulse sequence with adiabatic pulses
in 13C channel. The 2D data were acquired in 256 increments (64 scans/increment) in f1
dimension with 20,000 Hz spectral width. The acquisition of the f2-dimension was zero
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filled to 2000 points, while the f1 dimension was linear predicted to 512 points, followed by
zero filling to 1000 points. Prior to Fourier transformation, a gaussian window function
was applied in both dimensions. The resulting free induction decays were processed using
MestReNova software. The HSQC cross signals were assigned by comparing with the
literature [29-34].

2.4.5. 31P-NMR Quantitative Analysis

Free hydroxyl group concentrations of the six organosolv lignin samples were esti-
mated by using 3'P NMR, based on the derivatized OH groups with an appropriate phos-
phitylation reagent. Sample preparation for 3'P NMR analysis was carried out according
to the procedure from Balakshin et al. [15]. Particularly, organosolv lignin (about 25.0 mg)
was weighed into an Eppendorf tube, followed by adding 500.0 pL of pyridine/CDCl3
with ratio 1.6:1 (solution I). Then, 100.0 pL of internal standard (IS) (20.0 mg/mL) that was
prepared in solution I, was added. Subsequently, approximately 5.0 mg/mL of chromnium
() acetylacetonate as a relaxation agent was pipetted into the same tube. Finally, the mix-
ture was derivatized with 70.0 puL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP). The tube was closed tightly and manually shaken to obtain a homogeneous
mixture. About 600 uL of the phosphitylated lignin was transferred into an NMR tube
and analyzed. After phosphitylation (Figure 2), the signals of the hydroxyl groups from
aliphatic, syringyl, guaiacyl, p-hydroxyphenyl, and carboxylic acid were identified from
the NMR spectra. Their quantification was based on the peak integral of the targeted OH
group relative to an IS endo-N-hydroxy-5-norbornene-2,3-dicarboximide. The data were
obtained on a Bruker 400 MHz spectrometer that was equipped with 5 mm BBO BB-1H/D
probe. The 3P spectra were acquired at 25 °C with an inverse gated decoupling pulse
sequence (zgig) with 768 number of scans, 10s for relaxation delay. The data were then

processed by using Topspin 4.0.8.
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Figure 2. Phosphitylation of hydroxyl groups in lignin with TMDP reagent.

All the 3P spectrum were calibrated by the signal from IS at 151.8 ppm; and the
integration as well as assignment were based on the study by Balakshin et al. [15].

2.4.6. Lignin Molecular Weight Distribution

As a routine, the weight-averaged molecular weight (My) and weight distributions
(MwD) are determined by size exclusion chromatography (SEC), where the My data are
related to calibration standards of known My. The lignin samples were dissolved in tetrahy-
drofuran (THF, 1 mg/mL) and analyzed on a Prominence LC-20A Modular HPLC System
(Shimadzu, Japan) that was equipped with a photodiode array detector. All lignins that
were prepared in this study were soluble in THF at 1 mg/mL. The columns that were used
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were a series of two 300 mm x 7.5 mm i.d., 3 um, MesoPore, with a 50 mm x 7.5 mm i.d.
guard column of the same material (Agilent Technologies). The samples were eluted at
40 °C with 1 mL/min THF stabilized with 250 ppm butylated hydroxytoluene (BHT)
and detected at 254 nm. The system was calibrated using polystyrene GPC/SEC calibra-
tion standards (EasiVial PS-L, Agilent Technologies) in the range of molecular weight at
peak top (Mp) 46 380—162 Da. Mp, number-averaged molecular weight (Mn), My, and
polydispersity (My/Mn) were determined by the Lab Solutions software (Shimadzu).

2.5. Preparation and Characterization of Lignin-Based Aerogels

The organosolv lignins that were obtained (Table 1) were used to prepare the lignin-5-
methylresorcinol-formaldehyde (L-5-MR-FA) aerogels. Aerogels with partly replaced 5-MR
with lignin were prepared according to previously published protocols [14,35], which were
combined and improved as needed.

Table 1. Physicochemical characterization of organosolv lignin that was extracted from different
sources of biomass with two different solvents (ethanol organosolv lignin- EOL and dioxane organo-
solv lignin—DOL).

S Biomass Solvent Lignin Klason Total

Lignin ID Source Used Yiegld %  Lignin * % Sugars % Mw Mn PI
EOL-Aspen Aspen wood Ethanol 15+2 95+5 nd 2601 3743 14
DOL-Aspen Aspen wood Dioxane 4+6 104 +£5 nd 1925 2670 1.4
EOL-Barley straw Barley straw Ethanol 2443 96 + 5 nd 2187 3211 15
DOL-Barley straw Barley straw Dioxane 49 +7 102+ 5 nd 1809 2469 14
EOL-Pine Pine wood Ethanol 21+3 89 4 0.27 +0.05 2343 3391 14
DOL-Pine Pine wood Dioxane 61+9 101 +£5 0.57 £ 0.09 1959 3450 1.8

nd-not detected (content of each of eight sugars is below LOD 0.1% dw). + expanded uncertainty (95% confidence
interval). * Klason lignin includes both acid soluble and acid insoluble.

Firstly, the lignins were homogenized in ultrapure water and stirred at 85 °C for 90 min
with 0.09 % (wt. % based on lignin) of NaOH, pH of mixture was close to 10. After that, a
water solution of 5-MR and FA, prepared according to the mass ratios: (5-MR+L)/FA = 1.25;
5-MR/L =1/3 (75% 5-MR is replaced by lignin); water content equal to 80%, was added to
the cooled mixture of lignin and homogenized by mixing on a vortex. The mixture was
kept at 85 °C to allow gelation, where the time of the gelation was determined visually. The
gels were kept at room temperature for curing in 1% of acetic acid for 12 h, and then placed
in acetone, which was changed every 24 h for four days. After the solvent exchange step,
the gels were dried using supercritical CO,, dynamic drying (100 bar 1.5 h 25 °C, 120 bar
2.5h 45 °C).

The surface morphology of the L-5-MR-FA aerogels were examined with a high
resolution scanning electron microscope (SEM) Zeiss EVO MA 15 SEM at an accelerating
voltage of 10 kV. For imaging, pieces of aerogel samples were fractured into smaller parts to
open the internal structure and view the particles close morphology. The fractured pieces
were attached with double adhesive tape to the stub and coated with the Ag/Pd conductive
layer in the Fine Coat Ion Sputter JFC-1100.

The pore structures of the aerogel samples were investigated by using the N, adsorption-
desorption method at 77 K with Quantachrome Autosorb iQ apparatus in the relative pres-
sure range of 0.005 to 0.995. Prior to analysis, aerogel powder was degassed at 105 °C for
24 h to remove surface impurities and moisture. The N, adsorption-desorption method
at 77 K was used in the relative pressure P/Py range of 0.025 to 0.995. The specific sur-
face area (Spgr) was calculated by applying the BET (Brunauer-Emmett-Teller) method and
the total pore volume was determined by the volume of N, that was adsorbed at rela-
tive pressure P/Py = 0.99. Pore size distribution was determined using density functional
theory (DFT).

Ground samples of aerogels were spotted on a diamond crystal and analyzed on
an IRTracer-100 FTIR spectrophotometer (Shimadzu, Kyoto, Japan) in attenuated total
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reflection (ATR) mode. The spectra were recorded over 400-4000 cem ! range by averaging
20 scans at a maximum resolution of 2 cm~! and analyzed using Lab Solutions software
(Thermo Scientific, Waltham, MA, USA).

3. Results and Discussion
3.1. Lignin Structural Characterization
3.1.1. Purity and SEC Analysis

A total of three types of lignocellulosic biomass were organosolv-pretreated with two
different solvents (ethanol and 1,4-dioxane) under reflux conditions as mentioned in the
experimental section. Aspen, pinewood, and barley straw biomass had an initial lignin
content ca. 27, 33, and 21% per dry weight, respectively. As can be seen in Table 1, the
overall lignin recovery yield is around 20% for ethanol extraction. This low yield could be
partially attributed to the formation of colloidal suspensions of lignin in the water washes
that would not clear even after prolonged centrifugation. Also, for the ethanol solvent
system, the lower yield is probably due to the lower extraction temperature (82-85 °C)
compared to the dioxane systems (~95 °C) that led to less lignin fragmentation and less
lignin solvolysis and therefore less overall lignin yield. The higher temperature and better
solubilization ability of dioxane resulted in a maximum lignin yield of 61% for untreated
pine wood.

The purity of the obtained lignins was evaluated by the ash, sugar, and Klason lignin
contents. The lignin was treated with sulfuric acid to obtain Klason lignin content and
release sugars that were present in the lignin. The acid solution was then filtered and
neutralized, and the filtrate was analyzed by capillary electrophoresis (CE). Klason lignin
contents varied between 95-100% (Table 1). The lowest value was observed for the lignin
of pine due to the increased proportion of residual carbohydrates (0.3-0.6%), mainly
mannose. Differences in the composition of carbohydrate impurities suggest that lignin-
carbohydrate complexes in softwoods [36] are structurally distinct when compared to hard-
woods and grassy biomass. The results show that no sugar was released from aspen and
barley straw lignin after acid treatment. The ash contents for all lignins were insignificant
(below 0,1% dw).

SEC was used to determine the My D and polydispersity index (PI) of the obtained
lignin. The Mn, weight average molecular weight (My,), and polydispersity (M, /Mn) of
ethanol organosolv (EOL) and dioxane organosolv (DOL) lignins were calculated from
SEC chromatograms. The results are shown in Table 1. For lignins that were isolated
with ethanol, slightly higher values of My and Mn were observed when compared with
lignin samples that were isolated with dioxane. Notably, EOL and DOL lignins that were
obtained from different biomasses had similarly narrow polydispersity of 1.4-1.5, indicating
homogeneity of the polymeric material.

A peak at longer retention time (around 1060 s) was present in the EOL-barley straw
lignin and was remarkably abundant in the EOL-pine lignin (data not shown). This peak
had a calculated molecular weight ~ 0.2 kDa, was absent in all DOL-lignins. It was
shown by Faleva et al. that a high ethanol concentration could favor the formation of
ethylesterified compounds that were derived from either lignin or hemicellulose [29]. Due
to their low water solubility, these derivatives could coprecipitate together with the larger
lignin compounds.

3.1.2. FTIR Analysis

The IR absorption spectra of the six lignins that were studied were recorded in the
400-4000 cm ! region (Figure 3). Absorption bands corresponding to bond vibrations in
the FT-IR spectra were assigned based on previously reported data [37,38]. The IR spectral
profiles are similar in all the isolates, which indicates that the “core” of the structure of
organosolv lignins is similar for different kinds of biomass. The band at 3428 cm !, which
is attributed to O-H stretching absorption due to the phenolic and aliphatic hydroxyl
groups, had a similar absorption intensity in all lignins. However, the relative intensities
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Absorbance

of the absorption bands at 2938 and 2849 cm~ 1, assigned to C-H stretching vibrations in
the methyl and methylene groups were quite different. These bands, which are mainly
attributed to methoxy groups, were substantially higher for the EOL lignins and presented
relatively lower absorbance bands for DOL lignins. The carbonyl stretching vibration at
1710 em ™!, which is caused by stretching of unconjugated ketones, conjugated aldehydes,
and carboxylic acids aromatic ring appeared in all spectra with different intensity. The
bands at 1595 and 1516 cm ™! are caused by aromatic skeletal C=C vibrations, while the
band at 1464 cm™! corresponds to asymmetrical C-H deformations in methyl (-CH3) and
methylene (-CH,-) groups. The band at 1424 cm™!, which also corresponds to aromatic
skeletal vibrations (C=C) (guaiacyl-syringyl) combined with C-H in-plane deformation, has
lowest intensity in barley straw lignin spectra, and the band at 1330 cm ! corresponding to
C-O stretching (S) was clearly observed only on the aspen (hard wood) lignin spectra. The
bands between 1300 and 1000 cm ™! are attributed to stretching of the C-O ether or ester
linkage. Aliphatic ethers give a strong asymmetric stretch at 1122 cmlin aspen OL, while
for the barley straw lignin, its intensity is negligible.
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Figure 3. FT-IR spectra of EOL and DOL lignins that were isolated from three different biomass
feedstocks (aspen, pine, and barley straw).

FTIR spectroscopy showed that the lignins under investigation had some structural
differences that were caused by the used extraction solvent as well as biomass source,
which will be covered in further detail in this study.

3.1.3. 3'P-NMR Quantitative Analysis

In the present study, the results only assigned for syringyl OH instead of combining
its peak area with condensed phenolic units in lignin. Therefore, the additional aromatic
OH region was taken into account from 144.0 to 137.0 (ppm) containing not only OH from
H-/G-/S-units but also from the condensed units in lignin. The contribution of signals
from specific hydroxyl groups were integrated and calculated quantitatively on the basis of
the IS (Table 2). In general, the distribution of hydroxyl content from aliphatic chains and
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p-hydroxyphenyl groups were higher when using ethanol to extract lignin from all types of
biomass. In contrast, 1,4-dioxane gave better extraction yield as evidenced by a significant
amount of phenolic compounds, including OH groups from the three main components in
lignin H-, G- (uncondensed /condensed unit), and S-units.

Table 2. Six organosolv lignin samples and their hydroxyl contents (mmol OH/g of dried lignin) that
were determined by 3'P NMR according to their integration for specific type of OH group.

Chemical EOL- EOL-Barley DOL- DOL-Barley . .
Shift (ppm) Types of OH Aspen Straw Aspen Straw EOL-Pine DOL-Pine
149.0-145.5 Aliphatic OH 2.38 2.08 1.50 0.94 1.90 1.61
143.5-142.0 Syringyl OH 0.35 0.11 1.32 0.53 0 0
140.2-139.0 Guaiacyl OH 0.47 0.48 0.55 0.62 0.73 1.35
138.0-137.5 p-Hydroxyphenyl 0.23 0.23 0.12 0.16 0.08 0.07
134.7-134.5 Carboxylic acid 0.05 0.02 0.20 0.25 0.04 0.15
144.0-137.0 Aromatic OH 1.14 0.92 2.49 1.76 0.97 2.59

The amounts of syringyl OH were found significantly higher in organosolv lignin from
hardwood (i.e., aspen) than from softwood (i.e., pine). The highest amount was attributed
to DOL-Aspen with 1.32 (mmol OH g~! of dried lignin). Approximately one tenth of the
amount of phenolic hydroxyls were attributed to the p-hydroxyphenyl functional group
that was present in DOL-Aspen (0.12 mmol OH g~ of dried lignin) compared to the OH
groups from S-units. By contrast, phenolic OH groups from G moieties in organosolv
lignin from pine were predominant, especially in DOL-Pine with 1.35 (mmol OH g*]
of lignin) while phenolic OH groups from the S-units were not detected. Barley straw
was classified as a member of the grassy biomass family, therefore, its 3P NMR showed
all three phenolic OH groups in which the content from G-OH was slightly higher than
the other two. The results showed a strong agreement with a previous study on lignin
composition that described the monolignol distributions in different biomasses—S/G ratio
is greater in hardwoods than softwood, while the lignins from grassy biomass contain all
three components (H, G, S) [39].

It is clear that H- and G-units are able to react with FA to synthesize the lignin-based
resins while the S (no active site is present) unit is not. This was seen in Table 2 where
softwood and grass showed higher potential for forming good aerogels because of a higher
content of G- and H-units.

3.1.4. 2D HSQC Characterization

In addition to the results that were obtained from phosphorous NMR, six organosolv
lignin samples were further structurally characterized by 2D Heteronuclear Single Quantum
Coherence (HSQC) NMR spectroscopy. HSQC is a powerful technique that shows the
correlation of hydrogen atoms that are bonded directly to a carbon atoms, giving detailed
information about inter-unit linkages in lignin [40,41]. In this study, HSQC was only
employed for qualitative analysis to acquire more information about lignin substructures.

It was reported that the region of aliphatic side chain (5¢ /0y 50-10/3.0-1.1 ppm)
was not informative compared to others in terms of lignin linkages [31]. Therefore, only
two regions from the HSQC spectrum were considered: (i) oxygenated aliphatic side
chain region (8¢ /dy 100-40/6.0-2.5 ppm), and (ii) aromatic/unsaturated region (8¢ /by
150-100/8.0-6.0 ppm).

(i)  The oxygenated aliphatic side chain region of organosolv lignins and its correlations
are shown in Figure 4 and Table S1, respectively. As expected, the methoxy groups
are present in all the lignin spectra. Under acidic hydrolysis condition, the cleavage
of a-aryl ether bonds are favored over the cleavage of 3-O-4’ bonds, resulting in the
formation of intermediate x-carbocation. This active carbon with the presence of a
nucleophile source from ethanol would lead to the substitution at C [42,43]. As a
consequence, a strong signal for a-ethoxylation in the 3-O-4' substructure (A’) can
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be observed (6c /oy 63.60/3.32 ppm) in all the ethanol organosolv lignin samples
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Figure 4. (Left) HSQC spectra that were presented in the oxygenated aliphatic side chain region
from six organosolv lignins, (A) EOL-Aspen, (B) DOL-Aspen, (C) EOL-Barley straw, (D) DOL-Barley
straw, (E) EOL-Pine, and (F) DOL-Pine. Red cross peaks are CH3 and CH; blue cross peaks are
CH,. (Right) (A) B-O-4’ alkyl-aryl ethers; (A") p-O-4’ alkyl-aryl ethers with ethoxylated a-OH;
(B) resinols; (C) phenylcoumarans; (I) cinnamyl alcohol-end groups; (Hk) Hibbert’s ketone (end-
group); (E) B-1’ linkage.

The presence of other dominant substructures, such as B-O-4’ (A), resinol (B), phenyl-
coumarans (C), and cinnamyl alcohol end-groups (I) were found in all types of EOL, except
in lignin from pinewood where resinol fragment was not detectable (Figure 4E). Surpris-
ingly, the cross peak intensity from 3-aryl ether bond in A /A’ was significantly reduced in



Materials 2022, 15, 2861

12 0f19

dioxane organosolv lignin (DOL), indicating vigorous cleavage of this bond to release lignin
from the lignocellulosic matrix when using dioxane as the solvent. This phenomenon could
be explained by the higher boiling point of dioxane (95 °C vs. 85 °C of ethanol) [9], which
leads to a higher temperature during the extraction process, assisting in the breakdown
of more aryl ether bonds. Additionally, C ,-Hq, Hibbert’s ketone (Hk) structures were
seen in all the DOL spectrums, while only C,-H, was observed in EOL. The occurrence of
Hk in organosolv lignins must be one of the consequences of using an acid catalyst in the
solvolysis process [9]. The low intensity of Hky in EOL can be explained by the fact that its
formation likely competes with the ethoxylation reaction in the excess of ethanol. It has
been noted that cinnamyl alcohol end-groups (I) can be observed only in EOL, while -1/
linkage (E) has only been described for hardwood lignins (Figure 4A,B) [6].

(ii) Figure 5 shows the aromatic/unsaturated region in six lignin samples from different
biomasses. Cross peaks from S-units and its oxidized-C« (S’) were more pronounced
in the aspen and barley straw, while there was no signal in the spectra from pine. In
contrast, the G-unit was present in all the lignins, whereas H was only observed in
all EOL-s. These results are in good agreement with the data from the analysis of the
hydroxyl contents that were obtained from phosphorous NMR where the functional
OH groups from the S-unit were not detected in organosolv lignin from pine.

In most of the cases, Hk-signals were frequently assigned for C -Hy, in many ways
thanks to the past efforts by Miles-Barrett et al. [11] who synthesized an Hk analog from
S-/G-units as well as Hibbert’s ketone bound to a lignin structure that resulted from the
cleavage under acidic organosolv treatment. As a result, it enabled us to extract more infor-
mation from the HSQC spectrum. In the studied lignins, aromatics of syringyl/guaiacyl
that were bound to Hk (S 6-LBHK, G,-LBHK, Gs-LBHK, G¢-LBHK) were assigned at
8¢/ 0 106.67/6.53,113.31/6.84, 112.89/6.90, and at 121.36/6.64, respectively. Furthermore,
other fragments from methyl-substituted phenylcoumaron (P) were successfully confirmed
by Faleva et al. [8] and were present in DOL-Aspen/barley straw spectra in our studied
cases. It can be seen that barley straw lignin (Figure 5C,D) contains ferulate (Fer) and
p-coumarate (pCA) substructures as a result of acylation of lignin side chains [5]. Along
with Fer and pCA, tricin (T) is well distributed in grasses/straw, therefore their signals
were strongly observed and assigned according to a previous study [7]. Interestingly, the
presence of p-benzoate (PB) was only seen in aspen with the assignment of Cy6-Hj ¢ at
8¢ /6y 131.13/7.69 as reported previously [10].

From the point of view of gel-forming reactions, the most valuable elements are
aromatic rings with hydroxyl group in ortho-or para-position-pCA, Fer, T, PB.

3.2. Characterization of the Obtained Aerogels
3.2.1. Drying Shrinkage, Bulk Density, and Gelation Analysis

Drying shrinkage, bulk density, and gelation time of AG-5-MR-FA and aerogels, where
75-85% of the 5-MR was replaced by lignin, are presented in Table 3. The drying shrinkages
of lignin-based aerogels were higher than 45%, but the bulk densities were still quite low
(0.15-0.46 g/cm?), compared to dense structured AG-5-MR-FA, which had low shrinkage
(37%), but a bulk density of 0.20 g/cm?.

The solubility of lignin in water is important because when not fully dissolved, its
reactivity is low and could act as aerogel filler, not as one of the precursors. This was the
case for EOL-Pine lignin. The gelation time at 85 °C for lignin-based gels was relatively
long, up to seven hours for lignin from aspen. While longer gelation times are characteristic
for AG-EOLSs, then AG-DOL gelation times are more comparable to the gelation times
for common 5-MR-FA gels. SEC analysis of the obtained lignins (Table 1) reveals that
using dioxane as the solvent for the extraction of lignin gives products with a higher
yield and lower molecular weight. This could be explained by the higher temperature
boiling point of dioxane compared to ethanol, which can assist the cleavage of aryl-ether
bonds in lignin [7]. Furthermore, the results from 2D-HSQC (Figure 4) show that the
peak intensities of the corresponding p-O-4’ linkages in lignin decreased significantly
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when using dioxane, compared to ethanol under the same extraction condition. It can,
therefore, be concluded, that the delignification of biomass with dioxane gives smaller
fragments of lignin, which increases their solubility and increases the aerogel formation
ability. Consequently, AG-DOL show shorter gelation time compared to AG-EOL (Table 3).
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Figure 5. (Left) HSQC spectra that were presented in aromatic/unsaturated region from six
organosolv lignins, (A) EOL-Aspen, (B) DOL-Aspen, (C) EOL-Barley straw, (D) DOL-Barley straw,
(E) EOL-Pine, and (F) DOL-Pine. Red cross peaks are CHz and CH. (Right) (H) p-hydroxyphenyl unit;
(G) guaiacyl unit; (S) syringyl unit; (pCA) p-coumarates; (Fer) ferulates; (PB) p-benzoate; (T) tricin;
(P) methyl-substituted phenylcoumaran.
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Table 3. The drying shrinkage, bulk density, and gelation time of lignin- based and 5-MR-FA aerogels.

Sample

ID

AG-EOL
Aspen

AG-5-MR-
FA

AG-EOL
Pine

AG-DOL
Pine

AG-EOL
Barley

AG-DOL
Barley

AG-DOL
Aspen

Amount of 5-MR

replaced by lignin, %

75

85 75 85 75 85 75 85 75 85 75 85 0

Drying shrinkage, %

77.7

459 618 739 709 726 614 504 634 471 651 518 37.0

Bulk density, g/cm?

0.36

015 024 028 033 046 035 019 028 018 033 0.20 0.20

Gelation time, h at
(85°C)

7

13.5 2 2 4 18 1.5 10 2 3.5 1 3.5 <1

Adsorbed volume, [cm3/g]

1200

In comparison, the shrinkage at the drying state of the material that was obtained
from EOLs was higher than the ones from DOLs (except DOL Pine with similarity in their
shrinkage). A lesser extent of shrinkage of AG-DOLs was likely due to the higher degree of
cross-linkage in the material. The overall higher signal from phenolic groups (Table 2) in
DOL gave more possibility to form an aerogel with FA.

The experiments of replacing more than 75% of 5-MR were also performed and these
demonstrated that it is possible to replace even up to 85% of the 5-MR with lignin (Table 3).
In the experiments where 95% of 5-MR was substituted with lignin showed no gelation of
the mixture during 24 h at 85 °C for all the lignins that were used.

3.2.2. Measurement of Porosity and Surface Area

Aerogels are porous materials and the two parameters that characterize this type of
material best are porosity and surface area. The common technique that is used for the
determination of these parameters is N, adsorption/desorption analysis, which allows the
calculation of average pore sizes and distribution as well as the surface area of the material.
The N adsorption-desorption isotherms of the prepared aerogels (lignin-based, where 75%
of the 5-MR was replaced by lignin and AG-5-MR-FA) are depicted in Figure 6.

——AG-EOL Aspen-Ads
——AG-EOL Aspen-Des
——AG-DOL Aspen-Ads
——AG-DOL Aspen-Des
-—AG-EOL Barley-Ads
——AG-EOL Barley-Des
——AG-DOL Barley-Ads
——AG-DOL Barley-Des
——AG-EOL Pine-Ads
——AG-EOL Pine-Des
——AG-DOL Pine-Ads
——AG-DOL Pine Des
——AG-5-MA-FA-Ads

——AG-5-MA-FA-Des

0.80

0.60 1.00

Relative Pressure, P/P,

0.20 0.40

Figure 6. N, adsorption/desorption isotherms of lignin-based (75% of the 5-MR was replaced by
lignin) and 5-MR-FA aerogels.
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According to International Union of Pure and Applied Chemistry (IUPAC) classi-
fication, the obtained Ny adsorption/desorption isotherms for aerogels are characteris-
tic of adsorbents that are mesoporous (types IV and V). The adsorption hysteresis is
clearly seen and can be utilized to find correlations between the shape of the hysteresis
loop and the texture (e.g., pore size distribution, pore geometry, and connectivity) of a
mesoporous material.

The initial region of the isotherms at low P/Pj, which indicates the presence of
micropores in addition to mesopores in the gel structure, is very similar to all samples and
not characteristic for these aerogels specifically. It is well-known that organic resorcinol-FA
aerogels do not show microporosity in their structure. Hysteresis loops for gels in the P/Py
range 0.2-1.0 show that mesoporosity is dominant in their structures.

The hysteresis loop of 5-MR-FA is of type H1, coinciding with the network structure
of agglomerates of uniform spherical particles. The addition of lignin into the structure of
aerogel tends to change the loop shape from type H1 to H2, suggesting that the primary
particle shape is not well defined and some disordering with a partial opening of the
network structure has taken place.

According to IUPAC, pores with diameters larger than 50 nm should be called macro-
pores, while pores with diameters in the range of 2-50 nm should be called mesopores, and
pores with diameters smaller than 2 nm should be called micropores [44].

All of the aerogels that were obtained during the study contained mainly mesopores
with an average pore diameter in the range of 8.90-13.97 nm, while the 5-MR-FA aerogel,
which does not contain lignin, had average pore volume of 30.60 nm. The pore size
distributions of the prepared aerogels are depicted in Figure S1. The specific surface area
(Spet)values were in the range of 271.3-452.9 m? /g, which are even higher, compared to
the aerogel, which does not contain lignin (224.3 m?2/ g). The specific surface area, total
pore volume, average pore diameter of lignin-based (75% of the 5-MR was replaced by
lignin) and 5-MR-FA aerogels are presented in Table 4. We found no correlation between
the average pore volumes or Sggt, and the extraction solvent, but the solubility of EOLs was
always lower than DOLs (both pretreated with NaOH). However, there were similarities of
aspen- and barley-based lignin aerogels, where the Sgpt values were considerably higher
for DOLs. For AG-EOL Pine, this might be due to the fact that EOL Pine was not completely
solubilized and there was even a small amount of precipitation, which meant that the
bottom layer of the aerogel was darker and not homogeneous. For the characterization
experiments, this insoluble bottom layer was removed from the samples.

Table 4. The specific surface area, total pore volume, and average pore diameter of lignin-based
(75% of the 5-MR was replaced by lignin) and 5-MR-FA aerogels.

S BET Surface Area, Total Pore Volume, Average Pore
ample ID 2 3 .
m-/g cm®/g Diameter, nm
AG-EOL Aspen 271.3 0.87 12.81
AG-DOL Aspen 304.7 0.82 10.73
AG-EOL Pine 424.1 0.94 8.90
AG-DOL Pine 393.2 1.13 11.47
AG-EOL Barley 328.1 1.15 13.97
AG-DOL Barley 452.9 1.44 12.73
AG-5-MR-FA 224.3 1.72 30.60

3.2.3. FTIR Analysis

The Fourier transform infrared spectroscopy technique is sensitive to differences in
the structure of lignin-based and AG-5-MR-FA aerogels. AG-5-MR-FA and all the aerogels,
where 75% of the 5-MR was replaced by lignin were investigated by ATR FTIR spectroscopy
(Figure 7).
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Figure 7. ATR FTIR spectrums of lignin-based (75% of the 5-MR was replaced by lignin) and AG-5-
MR-FA aerogels.

The main bands that were located at 1589, 1455, and 1110 cm ! have been described
in the literature for resorcinol-FA aerogels that were studied by FTIR [45], which were
confirmed by the AG-5-MR-FA spectra shown in Figure 7. The band around 1455 cm™!
is associated with the formation of methylene bridges between the aromatic rings as
described in the literature earlier. The main band in the region of 1589 cm ™~ is due to the
C-C stretching in the aromatic rings, while the bands at around 1110 cm™! can also be
assigned to the C-OH stretching and deformation in phenolic groups. These bands are seen
in both lignin-based and 5-MR-FA aerogels.

The main differences are observed in the region around 2900 to 2950 cm~!, where the
band intensities are increased from CH stretching in the aromatic methoxy groups and in
the methyl and methylene groups of side chains. They are intensified in lignin spectra but
less seen in lignin aerogels.

Also, in the FTIR spectra of lignin-based aerogels, there is an observable peak at
1507.40 cm ™!, which is a characteristic peak for lignin and does not exist in AG-5-MR-FA
spectra. Another proof of the participation of lignin in polycondensation reactions leading
to gelation is the decreasing intensity of bands corresponding to methoxy groups and
primary alcohols, whereas bands that are related to C=0O bond are still noticeable in the
spectra of lignin-based aerogels in comparison with AG-5-MR-FA [46].

3.2.4. SEM Analysis

SEM images of the obtained lignin-based aerogel samples, where 75% of the 5-MR
was replaced by lignin, are similar with characteristic features of 5-MR-FA aerogel, with
particle sizes of 10-50 nm and uniformly distributed pores. However, a porosity assess-
ment with SEM showed the differences from 5-MR-FA aerogels, which confirmed the N,
adsorption/desorption analysis results. The morphology of the aerogels that were obtained
during the study are presented in Figure 8.
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Figure 8. Examples of the SEM images of lignin-based (75% of the 5-MR was replaced by lignin) and
5-MR-FA aerogels.

4. Conclusions

It is possible to produce FA aerogels from lignin with the small addition of 5-MR
(25% to 15%) using aspen, pine, and barley lignins that were obtained by organosolv
extraction. It shows that the organosolv lignin extraction process gives material that has
good reactivity to form gels with FA resulting in monolithic mesoporous aerogels with
relatively high surface area —from 350 to 450 m?/g. The primary particle shape in aerogels
is not uniformly spherical but loosely defined and somewhat disordered with a partial
opening of the network structure when compared to 5-MR-FA aerogels. Pretreatment
of the precursor lignin with NaOH allows increased the solubility of the lignin and its
further use in the base catalyzed synthesis of 5-MR-FA-Lignin aerogels. The obtained lignin-
based organic aerogels will be further studied as adsorbents and raw material for porous
carbon aerogels.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma15082861/s1, Table S1: The detailed HSQC assignment of six
organosolv lignin samples. Figure S1: Pore-size distributions of lignin-based (75% of the 5-MR was
replaced by lignin) and 5-MR-FA aerogels.
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A thorough understanding of lignin's fundamental chemistry in lignocellulosic materials is essential for
maximizing the efficiency of biorefineries. Thioacidolysis, followed by gas chromatography-mass
spectrometry (GC-MS), has emerged as a reliable method for quantifying uncondensed monolignols,
which are linked by labile aryl ether bonds within lignin network. However, the lack of commercially
available pure thioethylated lignin monomers for GC analysis poses a challenge. This necessitates
a multi-step synthesis process, which may not be feasible for all laboratories. We propose a novel
approach that utilizes readily available phenolic lignin model dimers to establish a calibration curve for
thioacidolysis quantification. These dimers, guaiacylglycerol-B-guaiacyl ether (GGE) and syringylglycerol-
B-guaiacyl ether (SGE), upon thioacidolysis, yield thioethylated non-condensed guaiacyl (G) and syringyl
(S) monomers. The GC-MS responses of these monomers are compared to those of bisphenol E, an
internal standard (IS) to generate the calibration curve. This methodology exhibits excellent performance
characteristics and was successfully employed to determine the thioethylated monomer contents and
calculate of S/G ratios in three representative biomasses: aspen, barley straw, pine, and their organosolv

rsc.li/methods lignin extracts.

1. Introduction

Lignin, a major constituent of plant biomass (15 to 36%), serves
as a protective barrier against biological and chemical degra-
dation by covalently crosslinking cellulose and hemicellulose."
Lignin's backbone is primarily formed of three monolignols,
each with varying methoxylation levels: p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) units. These monolignols are
polymerized by radical coupling mechanism from the three
fundamental monomers, p-coumaryl, coniferyl, and sinapyl
alcohols, respectively (Fig. 1)." The composition of lignin
significantly differs based on botanical origin. Softwood lignin
primarily derives from coniferyl and a minor portion of p-cou-
maryl and sinapyl monolignols,> while hardwood lignin is
synthesized from coniferyl and sinapyl units, with the latter
being more prevalent. In contrast, non-woody biomass is
characterized as an H-G-S type lignin, indicating the presence
of all three monolignols.?

Lignin's macromolecular structure is crosslinked by distinct
bonding motifs, including B-0-4, B-f/, B-5, and
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dibenzodioxocin, as illustrated in Fig. 1. The B-O-4" aryl-ether
bond, present in approximately 50% of spruce (softwood), and
60% of birch or eucalyptus (hardwood), is the most common of
these linkages.* During the fractionation of lignocellulosic
biomass, lignin fragments are primarily released from the
breakdown of these interunit linkages, altering the lignin
structure.>” One of the consequences of this modification is the
irreversible repolymerization or condensation in isolated lignin,
leading to a higher proportion of condensed structures (C-C
bond) compared to its native form.** This undesirable reaction
hampers the selective depolymerization of residual lignin into
valuable phenolic monomers."*** Although organosolv
delignification is a mild method for fractionating lignocellu-
lose, it unavoidably alters lignin's structure.'*** Considering
lignin's variable composition and the inevitability of structural
changes under specific pulping conditions, chemical analysis is
an essential step prior to lignin valorization.

In recent decades, lignin chemistry has gathered significant
attention from scientists seeking to decipher its complex
structural network using a variety of analytical techniques.
Among these, thioacidolysis followed by gas chromatography-
mass spectrometry (GC-MS) has emerged as a prominent
method for quantifying uncondensed monolignols. This tech-
nique, initially introduced by Lapierre in 1985 as a diagnostic
test," employs a mixture of ethanethiol dissolved in 1,4-dioxane

Anal. Methodss, 2025, 17, 3283-3289 | 3283
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Fig. 1 Lignin monolignol compositions and interunit bonding motifs.

and boron trifluoride (BF;) etherate to efficiently and selectively
depolymerize lignin into its constituent phenolic monomers (H,
G, and S) which lack condensed structures and are inter-
connected by B-O-4" bonds (Fig. 2a).”*"” The obtained non-
condensed H/G/S ratios provide crucial information for the
lignin-first strategy, which aims to preserve the aryl-ether bond
for the subsequent conversion of lignin into valuable
chemicals.™

Since its inception, the original thioacidolysis protocol has
undergone progressive refinement.’*> Robinson and
colleagues' modified the protocol by reducing the initial mass
and thioacidolysis reagent by tenfold compared to the conven-
tional method. This modification allowed for the processing of
multiple samples simultaneously by facilitating the purification
of thioehtylated monomers in a 5 mL screw-capped glass vial
instead of a separatory funnel.'® Further advancements focused
on miniaturizing the workup processes, including derivatiza-
tion and liquid-liquid extraction, and replacing chlorinated

solvents with ethyl acetate or diethyl ether.'”** Harman-Ware
introduced the innovative approach of Low Thermal Mass
Modular Accelerated Column Heater (LTM MACH) coupled with
gas chromatography-flame ionization detector (GC-FID),
enabling results within five minutes per analysis.>* Addition-
ally, the multi-reaction monitoring (MRM) mode of MS detec-
tors has been developed, significantly enhancing the sensitivity
for detecting monolignols down to the ppb concentration
range.”> While these improvements have been addressed
various aspects, the recovery of thioacidolysis-derived mono-
mers through liquid extraction remains time-consuming.
Fortunately, F. Chen's protocol eliminates this step without
compromising the results.*

However, it is challenging to obtain authentic standard of
lignin. To address this challenge, Yue et al?** introduced
a method that utilizes pure synthetic thioethylated monolignols
and their relative response factors (RRFs) for GC-MS analysis.
This approach allows for the quantification of lignin-derived

H;C
a RO 3 W
RO. s
OR BF;, CHgS
LCHS  HyC S s cH,
1.4-Dioxane
R1 Rz
Ri Ry
OH OH
R,.R,=H: H: R;= OMe, R,=H: G: R,.R,=OMe: S

b HO. HO
HO HO /( j
0 0
OMe OMe
OMe MeO OMe
OH OH
Guaiacylglycerol-B-guaiacyl ether  Syringylglycerol-B-guaiacyl ether

Fig. 2 Thioacidolysis reaction scheme (a) and phenolic lignin model compounds (b).
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monomers without the need for commercial standards. The
RREF is calculated by using the concentration of the analyte and
internal standard together with their peak areas, as below:**
Ws

As

Wrs @
AIS

RRF =

where, Ws and Wis represent the mass or concentration of the
target thioethylated monolignol and the chosen internal stan-
dard (IS), respectively, while As and Ay are their corresponding
peak areas in chromatograms.” While the synthesis yielded
high yields of three thioethylated monomers, each step required
purification and characterization, which may not be feasible for
all laboratories. In addition, the RRF is a conditionally depen-
dent factor that can fluctuate due to small changes in the
analytical process, such as instrument, operation parameters, IS
selection, or other factors, leading to increased uncertainty in
the measurement results.”>?® As a result, pre-determined RRFs
cannot be applied across laboratories for quantitative analysis
without the availability of pure compounds.

In this study, we propose phenolic lignin model compounds
(LMCs) as the alternatives to authentic standards for thio-
acidolysis analysis that has not yet covered in literature.>” They
are guaiacylglycerol-B-guaiacyl ether (GGE) and syringylglycerol-
B-guaiacyl ether (SGE) (Fig. 2b), which closely mimic the non-
condensed G and S subunits in lignin, respectively. Moreover,
each of these LMCs is linked to another aromatic subunit via
a B-O-4' bond, a key structural feature of lignin. This structural
resemblance and the thioacidolysis depolymerization selectivity
(Fig. 2a) suggest that these chosen molecules can effectively
represent a substantial portion of lignin during thioacidolysis
reaction. By submitting the LMCs with varying concentrations
to thioacidolysis without purification, the ratio of initial molar
concentrations between GGE/SGE and IS are employed as the
independent variable. Simultaneously, the peak areas of thio-
ethylated monomers obtained from GC-MS are utilized as
dependent variables to construct calibration curves. These
calibration curves, in this instance, incorporate measurement
uncertainty components including thioacidolysis depolymer-
ization and derivatization reaction efficiency. As a result, they
provide more reliable quantitative outcomes. Based on this
approach, we predicted the non-condensed monolignols of
lignin in three lignocellulosic biomass types: softwood (pine
sawdust), hardwood (aspen chips), and non-woody (barley
straw). We also examined those in organosolv lignin samples.
Furthermore, the method was validated by evaluating its line-
arity range, limit of detection, precision, accuracy, and
combined uncertainty parameters.

2. Materials and methods
2.1. Chemicals and materials

Guaiacylglycerol-p-guaiacyl ether (GGE, 97%, TCI, Tokyo),
syringylglycerol-B-guaiacyl ether (SGE, 96%, BLDpharm, Ger-
many). Pyridine (99.8%, anhydrous), bisphenol E (=98%,
analytical grade), boron trifluoride diethyl etherate (BF;), and

This journal is © The Royal Society of Chemistry 2025
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ethanethiol (97%) were purchased from Sigma-Aldrich. 1,4-
Dioxane (analytical grade, =99.8%, Fisher). N,O-Bis(-
trimethylsilyl)trifluoroacetamide containing 1.0% trimethyl-
chlorosilane (BSTFA, 1.0% TMCS) was from Thermo Fisher
Scientific, Germany.

The biomass and organosolv lignin preparations were iden-
tical to those used in our previous study.”® In this study, the
biomass was comminuted to a target size and sized by a 1 mm
metal mesh. Both lignin samples that extracted by ethanol and
1,4-dioxane were investigated.

2.2. Thioacidolysis

2.2.1 Reagent preparation. 25.0 mL of thioacidolysis
reagent was prepared fresh by firstly adding 10 mL of 1,4-
dioxane in a 25 mL volumetric flask. After that, 6.25 mL of BF;
and 2.5 mL of ethanethiol were added. IS was added into the
same mixture, containing 1.5 mL of bisphenol E from the stock
solution (concentration at 2.0 mg mL™', prepared in 1,4-
dioxane). Finally, the mixture was brought to 25 mL as the final
volume with the addition of 1,4-dioxane.

2.2.2 LMCs preparation. The stock solutions of two LMCs
(GGE and SGE) were prepared by dissolving 10.0 mg of each
LMC in 5.0 mL of 1,4-dioxane. Then, the series of working
solutions were accurately prepared (with the volumes of 10, 20,
50, 100, 150, 200, 250 pL from stock solution) into 1.5 mL vials,
followed by drying under a stream of nitrogen gas prior to
subjecting it to thioacidolysis reaction.

Thioacidolysis protocol was adapted from F. Chen's publi-
cation with some changes in the use of glassware.?* Briefly, 2.0-
3.0 mg of biomass or organosolv lignin (analytical balance,
accuracy of 0.01 mg) was weighed into a 1.5 mL aluminum
sealed-cap vial. Next, 1.0 mL of thioacidolysis reagent was
pipetted into each vial and tightly sealed. These vials were
placed in a preheated MULTIVAP (model JXDC-10, China) at
100 °C for 4 hours reaction, a quick vortex required every 1 hour.
The mixture was left to cool down at room temperature. In the
meantime, a set of 1.5 mL vials was prepared with 190.0 uL of
saturated NaHCOj;. The reaction was quenched by transferring
400.0 pL of reaction mixture into the vials containing NaHCO;
solution and mixing by pipette for two times. Prior to deriva-
tizing with silylation agent for GC-MS analysis, these vials were
dried under nitrogen gas stream at 55 °C on the same MULTI-
VAP assisted with gas distribution system. For preparation of
calibration using LMCs, the same volume of thioacidolysis
reagent was added into the vials containing the known amount
of dried matter of LMCs and all the steps were carried out as
identical to sample preparation. Each standard point was
prepared with three parallels, while samples from lignocellu-
losic materials and their corresponding organosolv lignins were
duplicated.

2.3. GC-MS analysis

The ready-made dried samples were each derivatized with 200.0
pL of BSTFA (1.0% TMCS): pyridine (1:1, v/v), at 55 °C for
30 min, a quick vortex required in the end. The volume of
silylated sample was transferred by Pasteur pipette into the GC-
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vial containing a 400 pL micro insert, then, sealed. The GC-MS
analysis was carried out with an Agilent Technologies 7890A
instrument equipped with an Agilent 5975C VL mass selective
detector (MSD), using electron ionization (EI) mode together
with quadrupole mass analyzer. An ultra-inert split liner (Agi-
lent Technologies, 5190-2295) was used. A Phenomenex ZB-
5plus capillary column (30 m x ID 0.25 mm, film thickness
0.25 pm) was used to achieve the separation of thioethylated
monomers. Helium was used as carrier gas with a flowrate of 1.3
mL min~". The injection volume was 1.0 uL with a split ratio of
1:10.

The GC inlet temperature was kept at 250 °C. The oven
temperature program started at 100 °C, held for 1 min, then
increased to 300 °C at stepwise 25 °C min~* and held for 3 min.
The temperature of MSD transfer line, MS quadrupole, and ion
source were set at 280 °C, 150 °C, and 230 °C, respectively. The
ionization energy for EI mode operated at 70 eV. The signals
were collected under a full scanning method in which the mass
ranges from 30 to 500 m/z with solvent delay until 6.5 min. For
quantification, the extracted ion chromatogram (EIC) was
employed with characteristic fragments: 343 m/z for bisphenol
E (IS), 269 m/z for thioethylated non-condensed G-derived
monomers and 299 m/z for S-derived monomers. MSD Chem-
Station F.01.03.2357 software was used for integration.

2.4. Thioacidolysis method validation

The developed procedure was validated according to Eurachem
validation guideline.” The GC-MS method was evaluated for
selectivity, limits of detection and quantification (LOD and
LOQ), linearity, precision, and accuracy. Measurement uncer-
tainty of the quantitative results was also assessed at a confi-
dence level of 95%.

Selectivity is defined as the ability of an analytical method to
distinguish a target analyte from matrix components or other
substances in the sample. Mass spectrometry is currently
considered the most selective method for identifying
compounds in complex mixtures using fragmentation patterns
of their ions.*® In the present study, the identity of S and G
thioethylated monomers presenting in biomass and organosolv
lignin samples were confirmed by comparing the relative
retention times of the analytes to those of thioethylated
monomers released from LMCs with a time window of £0.5%.%°
The identity of the analytes was additionally approved by
characteristic peak splitting due to the conformational isomer
and mass fragments of G- and S-derived monomers.

Instrumental detection and quantification limits (IDL and
IQL) were determined by calculating the ratio of the residual
standard deviation of a regression line (the standard deviation
of y-intercepts) and the slope, multiplied by 3.3 for IDL and 10
for IQL. Quantification limits of the thioacidolysis GC-MS
procedure (LOQ) were calculated in pmol per g of lignin
according to the methodology. For biomass analysis, LOQ was
expressed per g of lignin, measured by Klason method.

Precision and trueness of the procedure were evaluated
based on recovery of spiked samples (n = 8) on the barley straw
matrix containing both G and S units. Trueness was expressed
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as the absolute difference (bias) between the experimental
mean recovery and 100%, while precision was presented as
relative standard deviation (RSD%). The recovery (R%) was
calculated by taking the total concentration of analyte in spike
sample (Crecovered, HMol) excluding the inherent amount of that
in biomass matrix (Cpon-spiked, tmol), followed by comparing to
the initial known spiked concentration (Cgpikea, Lmol) of LMCs
(eqn (2)). The mean recovery was the average of eight individual
spiked samples. The un-spike and spike samples were prepared
in the same way as described in Section 2.2.

CfeCOVEfe - CHO“-S ike
recovered 7 Tnon-spiked ) )

RY% =
Cspiked

3. Results and discussions

3.1. Calibration using lignin model compounds (LMCs)

Instead of synthesizing pure thioethylated monolignols for the
determination of their relative response factors (RRFs), we
explored the feasibility of using commercially available refer-
ence models (GGE and SGE) to create calibration curves for GC-
MS quantification of uncondensed G and S subunits in lignin.
This approach eliminates the need for tedious synthesis, work-
up, and characterization of pure thioethylated monolignols, as
reported previously.> While the purification step of the final
products can be bypassed by creating calibration curves rather
than calculating absolute RRF values, the synthesis itself still
requires certain expertise.”** Instead, our proposed approach
for constructing the calibrations using LMCs offers several
advantages: (i) LMCs are white powders, making them easier to
handle and prepare compared to viscous, oily thioethylated
products that requires high precision and accuracy;** (ii) the
conversion efficiency of LMCs is relatively stable or similar
across the investigated dynamic range, ensuring consistent
results; (iii) LMCs are dimers that mimic the B-O-4’ linking
motif, making them more representative of lignin molecules for
thioacidolysis depolymerization; (iv) this approach is readily
applicable to various laboratories, particularly for routine
analysis. In this study, the calculation of RRFs was not deemed
favorable due to the inherent challenges of determining the
precise thioacidolysis yield.

Fig. 3 represents chromatograms of two derivatized thio-
ethylated monomers released from model compounds (GGE
and SGE), biomass and lignin samples. The stacked TIC chro-
matograms of the individual model substance (Fig. 3a and b)
demonstrate clear separation of the chosen IS, S- and G-
monomers released from LMCs. The impurity of LMCs may
give rise to the unknown peak (marked as an asterisk), however
it does not interfere or overlap with the main compounds. The
ability to yield analytes of interest via thioacidolysis and no
interfering degraded products, the chosen compounds were
proved to be the best fit for uncondensed monolignols quanti-
fication. From the reported data of pure lignin-derived thio-
acidolysis monomers, the identity of the substances was firmly
confirmed by their characteristic splitting peak shape due to the
mixture of diastereomers, erythro and threo; and m/z values for

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 TIC of: G — (a), and S — (b) derived thioacidolysis monomers, originated from phenolic lignin model compound, ethanol extracted lignin
from barley straw (c), raw biomass barley straw (d), pine sawdust (e), aspen chips (f).

the main fragments of thioethylated non-condensed G- and S-
derived monomers, 269 m/z and 299 m/z, from their mass
spectra, respectively (Fig. S1a and bt).>* The peak integration for
quantitative analysis was relied on the extracted ion chro-
matogram (EIC) of these two quantitation ions for G- and S-
units, with the relevance to the retention time on TIC. For the
real samples, the relative retention times of the analytes
(Fig. 3c-f) closely align those of the standards (Fig. 3a and b)
with the average tolerances of 0.25 £ 0.02% for S-units and 0.11
+ 0.01% for G-units, satisfying the performance criteria
requirements for confirmation GC-MS method (max. 0.5%).>
Table 1 summarizes thioacidolysis GC-MS method perfor-
mance characteristics. The plots of peak area ratios (S- and G-
monomers to IS) versus molarity of LMCs demonstrated
adequate linearity for the studied analytes with acceptable
statistical parameters: coefficients of determination greater

correlation coefficients of two calibrations achieved from LMCs
(Fig. S2 and S31) were comparable to those established from aryl
glycerol monomers (R*> = 0.99).2°%* These results confirm the
feasibility of estimating monolignols by using the same sample
preparation protocol.

The estimation of IDL, IQL was calculated based on the
concentration range close to zero (0.2-1.2 pmol mL™" for G-
monomer and 0.1-0.6 pmol mL™" for S- monomer). The LOQ
was expressed per g of lignin and obtained LOQ values ensured
the quantitation of both monomers in original biomass and
lignin samples. The precision of the thioacidolysis procedure
(Table 1), based on parallel measurements of eight spiked
samples and expressed in RSD% were both less than or equal to
10.5% for S- and G-monomer. Herein, for the first time, the
recovery test based on biomass matrix was examined. The mean
recoveries (n = 8) were obtained for G, 88.9% and S, 97.1%,

than 0.99 and regression error less than 7.5%. The high reflecting the accuracy of entire process including
Table 1 Thioacidolysis GC-MS method linearity, limits of quantification, and analytical reliability parameters

Linearity range Regression error IQL? LOQ Precision Trueness
Compound (um ml™) R (%) (ngml™) (um g~ of lignin) (RSD, %) (%)
G- 0.25-3.10 0.9900 7.1 48.11 30.0 9.0 11.1
Monomer
S-Monomer 0.11-2.82 0.9970 5.4 43.58 25.0 10.5 2.9

“ IQL was expressed in mass units based on the base fragments of GGE and SGE, which are 269, 299 m/z, respectively.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Monomers yields from thioacidolysis (umol g~* of Klason lignin) in lignocellulosic materials and their organosolv lignin samples (n = 2)

Biomass S (£SD) G (£SD) SIG Organosolv lignin S (+SD) G (£SD) S/G
Aspen 1334.7 (+86.8) 959.2 (+8.5) 1.39 EtOH 902.2 (+3.83) 339.1 (+23.9) 2.66
1,4-Dioxane 379.9 (+14.11) 102.1 (4+0.1) 3.72
Barley 538.4 (+111.6) 478.6 (+11.4) 1.12 EtOH 413.4 (+£6.74) 491.3 (+13.7) 0.84
1,4-Dioxane 109.1 (+1.66) 39.3 (+6.2) 2.77
Pine 39.3 (£0.3) 1037.4 (4201.5) 0.04 EtOH 36.5 (+£3.9) 801.5 (48.8) 0.05
1,4-Dioxane 34.2 (£2.5) 174.7 (+14.4) 0.20

thioacidolysis and derivatization performance. Standard devia-
tion and RSD% obtained from recovery test were shown in Table
S2.7 This yielded estimates of combined uncertainty of the
procedure around 10.9% for S-units and 14.3% for G-units,
which confirms the reliability of the developed method. The
validity of the method eases the monolignols quantification for
lignin in the absence of authentic standards, which require
time and costly synthetic procedure. By that the application of
such is broaden and feasible for all the lignin-related analytical
testing laboratories.

3.2. Thioacidolysis analysis of uncondensed monolignols in
biomass and lignin

The developed calibrations were used to quantitatively deter-
mine the amount of uncondensed S and G monomers in three
representative lignocellulosic biomasses: hardwood (aspen),
softwood (pine), non-woody (barley straw), and their organosolv
lignins. As expected, the lignin compositions vary depending on
biomass type and change accordingly under specific pulping
conditions, all of which are reflected in the results of thio-
acidolysis monomers yields, summarized in Table 2. As typical
lignin's components for softwood, S-derived thioacidolysis
monomers were quantified at small amount in pine (39.28 pmol
¢ ! of Klason lignin). Instead, the recovery yield of character-
istic G units was detected at 1037 (umol g ' of Klason lignin),
which was close to the reported value obtained by calculating
based on the RRF, 1020 (umol g* of Klason lignin).>* The
monolignols ratio in hardwood aspen (P. tremula) S/G was 1.39,
which was lower than previously reported 1.81,%" the variation
was due to the difference in methodology, meanwhile the S-
monomer content was 1334.7 (umol g~ ' of Klason lignin),
which was in consistent with reported value 1260 (umol g~* of
Klason lignin).** In contrast, thioethylated S and G monomers
were detected in lignin from barley biomass and are reported
here for the first time with the ratio of S/G being 1.12. Notably,
the abundance of these monomers was observed in aspen about
2300 umol g~ ! of Klason lignin, which was twice higher than in
barley, 1017 pmol g~ of Klason lignin. The difference in thio-
acidolysis yield was also dependent on the Klason lignin
content of biomass (Table S17).

For comparison purposes, thioacidolysis analyses were also
conducted on organosolv lignin extracted from the same
lignocellulosic materials. The results (Table 2) support two key
observations: (i) B-O-4' cleavage is the primary mechanism
driving organosolv delignification; (ii) repolymerization or

3288 | Anal. Methods, 2025, 17, 3283-3289

condensation is unavoidable when organosolv pulping is per-
formed in dilute acid environment.** As a result of these
processes, the total amount of uncondensed monolignols (S
and G) connected by aryl ether bonds decreases for both solvent
systems. Additionally, it is noteworthy that the recovery rates of
thioacidolysis S and G monomers were higher for all ethanol
organosolv-based lignins compared to dioxane lignins. In other
words, acidic ethanol pulping conditions proved to be more
effective in preserving lignin's native structure (B-O-4’ bond) for
subsequent chemical valorization. These thioacidolysis find-
ings are consistent with our observations of 2D-heteronuclear
single quantum coherence (HSQC) data where the abundance
of aryl-ether bond cross peaks drastically decreased when using
1,4-dioxane as solvent.”® It was evident that the thioacidolysis
protocol was efficient to analyze highly condensed lignin
structure as it was in the case of 1,4-dioxane-extracted lignins.

4. Conclusions

This study introduces the use of lignin model compounds as
reference substances for thioacidolysis analysis of uncondensed
monolignols, offering an alternative to the traditional method
of synthesizing the pure aryl glycerol monomers. This approach
is highly adaptable to various laboratories, as it eliminates the
need for elaborate synthesis and characterization steps. The
obtained calibration curves exhibit efficient linear regression
coefficients within the dynamic range, demonstrating the suit-
ability of lignin model compounds for analysis. Applying the
calibrations enabled the quantification of thioacidolysis non-
condensed S and G monomers contents in three lignocellu-
losic biomasses and their corresponding organosolv lignin
products, yielding results that are consistent with our previous
study and literature. These quantification outcomes provide
a comprehensive understanding of the variation in lignin
composition and unveil the relationship between lignin’ struc-
tural behavior under various treatment conditions. Neverthe-
less, our study was unable to verify some unknown degraded
products released from LMCs, which could be further investi-
gated for a better understanding whether it comes from the
intrinsic impurity of the standards themselves or other causes.
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In this study, lignin from two different sources — organosolv pine and hydrolysis birch —
were chemically modified through esterification of hydroxyl groups using octanoyl (C8),
lauroyl (C12), and palmitoyl (C16) chlorides, as well as through chloromethylation
followed by esterification with tetradecanoic acid (C14) and benzoic acid. Modification
of lignin was confirmed by FTIR and NMR spectroscopy. The esterified lignin samples
were loaded into polylactic acid (PLA) at loadings of 10%, 20%, and 30% using a solvent
casting method. Thermal and mechanical properties of PLA/lignin composites revealed
that esterification significantly affected the polymer matrix properties. PLA could sustain
as much as 30% lignin ester loading without affecting the film integrity. Among the
variations, hydrolysis lignin ester (HLE) and benzoic acid ester (BAEP) enhanced the heat
stability of PLA, while esterification with palmitoyl chloride (OHLE_C16) increased its
elasticity through plasticization.

1. Introduction

Despite its abundance (up to 35%) and aromatic-rich structure, lignin receives
much less attention in biorefineries compared to sugar derivatives in lignocellulosic
biomass."* For instance, the downstream process primarily utilizes black liquor,
which contains mostly lignin, for electricity production, a common scenario for
every pulp and paper industry worldwide.® The difficulties arise in lignin's valor-
isation due to its heterogeneity of structure and properties that drastically change
depending on the botanical origin, as well as the severity of the fractionation
process. Lignin's chemistry significantly varies in the compositions of the three
main monolignols, p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) (Fig. 1).* As
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Fig. 1 Esterification of organosolv pine lignin and hydrolysis lignin in three different
schemes and their compatibility study with PLA.

a conventional classification, softwood contains mostly guaiacyl units, and minor
portions of p-hydroxyphenyl and syringyl; while, a hardwood's plant cell wall is
predominantly composed of syringyl fragments, and a smaller quantity of guaiacyl;
by contrast, all monolignols are present in non-woody biomass.** On an industrial
scale, hydrolysis and organosolv pulping techniques are the two standard practices
used to produce technical lignin. The former method focuses on using enzymatic
treatment to liberate lignin from the recalcitrant biomass matrix, while the later
employs aqueous organic solvents with or without a catalyst for the separation. The
native lignin inevitably undergoes structural changes as a consequence of frac-
tionation, which poses a challenge for its high-value-added applications.

Bio-derived polymers face several challenges, including poor interfacial
adhesion with synthetic polymers, variations in purity due to differences in raw
material sources, and complex extraction processes. These factors can hinder
consistent material performance and limit broader applicability.® Lignin is
a promising candidate for biocomposite production, due to its aromatic structure
and high carbon content. The phenolic hydroxyl, carboxyl, and methoxy groups in
lignin can be chemically modified to improve its compatibility with a variety of
polymers. In recent decades, researchers have been focusing on potential appli-
cation of lignin in various fields, including automotive components, bioplastics,
adhesives, and antimicrobial packaging materials.”® From a sustainability
standpoint, lignin and its derivatives present a promising alternative to fossil-
based plastics, helping to reduce reliance on petroleum-derived resources while
promoting the development of bio-based materials.

Nevertheless, its structural complexity makes direct utilization challenging,
which necessitates chemical modification to enhance its functionality and inte-
gration. Common modification strategies for lignin include depolymerization,
the introduction of new reactive sites, and the functionalization of hydroxyl
groups.” Techniques such as acetylation, esterification, and phenolation have
been widely investigated.® Initial attempts to incorporate unmodified lignin into
polypropylene often resulted in increased material stiffness but decreased tensile
strength and elongation.” These drawbacks were primarily due to poor compati-
bility, specifically the weak adhesion between polar lignin and non-polar

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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polymers, which is attributed to strong self-interaction driven by inter- and intra-
hydrogen bonding, causing lignin particles to agglomerate and act as stress
concentrators within the composite.'® Such limitations underscore the need for
suitable chemical modifications to realize lignin's potential in polymer applica-
tions completely.''* In contrast, acetylated lignin displays decreased hydrogen
bonding because acetyl groups replace the hydroxyl groups during the acetylation.
This modification makes acetylated lignin more hydrophobic and enhances its
solubility in specific organic solvents.*

Esterification is the most frequently chosen pathway among different
approaches to improve the thermoplasticity of lignin via chemical modification of
hydroxy groups.* Those functional groups present as one of the significant active
sites in lignin that can be functionalized with long-chain hydrocarbons, resulting
in materials with improved thermoplasticity, flexibility of the polymer chain,
hydrophobicity, and miscibility in nonpolar solvents as a consequence.'® In
a typical fashion, the synthesized material could be obtained by direct esterifi-
cation with carboxylic acids,'® acid anhydrides' or acid chlorides'™*® in the
presence of suitable catalysts. Recently, we have reported the development of
a novel approach to esterify lignin via chloromethylation onto the aromatic rings
at either the ortho or meta-position.”® As an intermediate product, chloro-
methylated lignin (Fig. 1) offers highly reactive sites towards a variety of func-
tionalization possibilities in which esterification using carboxylic acid is
favourable. The obtained material has been successfully studied as a co-polymer
blended with polylactic acid (PLA) for 3D printing purposes.**

In this work, we present a systematic comparison of two distinct esterification
strategies for lignin modification: (i) direct esterification of hydroxyl groups using
fatty acid chlorides, and (ii) a two-step process involving chloromethylation fol-
lowed by reaction with carboxylic acids. The modified lignin samples were
blended with polylactic acid (PLA) at varying ratios to assess compatibility and
composite performance (Fig. 1). Additionally, the impact of hydrocarbon chain
chemistry, such as saturated fatty acids and aromatic acids (e.g., benzoic acid), on
the physicochemical properties of the resulting lignin/PLA composites was
examined. Two types of lignin were used: hydrolysis lignin from birch (a hard-
wood) and organosolv lignin from pine (a softwood) to highlight the broad
potential of lignin for functionalization and application. The obtained materials
were characterized using Fourier transform infrared spectroscopy (FT-IR), phos-
phorus nuclear magnetic resonance (*'P NMR), and 2D heteronuclear single
quantum coherence (2D-HSQC). Additionally, the resulting biocomposites were
characterized using differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and mechanical testing.

2. Materials and methods
2.1. Materials

PLA-Ingeo 3D850 from NatureWorks LLC-US, chloroform (99%), lauroyl chloride
(98%), triethylamine, octanoyl chloride (99%), and palmitoyl chloride (98%) were
purchased from Thermo Fischer Scientific. CDCl; and DMSO-dg from Eurisotop,
as well as all reagents used, were of analytical reagent (AR) grade and were
procured from Sigma-Aldrich (Taufkirchen, Germany). They were employed
without further purification. Four distinct birch-derived hydrolysis lignin (HL)

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.
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samples were obtained from Fibenol OU (Estonia). The lignin was classified as
hydrolysis lignin due to its production process, which involves enzymatic treat-
ment. Longitudinally sawn pine timber sawdust was sourced from Prof. Jaan Kers
(Tallinn University of Technology, Tallinn, Estonia).

The preparation of the biomass and organosolv lignin were carried out as
described in an earlier study.*

2.2. Chloromethylation and esterification of lignin

The chloromethylation of organosolv lignin and hydrolysis lignin were carried out
following our previously established procedure.” Esterification with benzoic acid
was carried out by dissolving 2 g (1 eq.) of benzoic acid and 1.48 g (1 eq.) of K,CO; in
20 mL of THF. The reaction mixture was heated to 70 °C and was maintained at this
temperature for 1 hour. Subsequently, 66 mg of KI and 2 g of chloromethylated
lignin (previously dissolved in 30 mL of THF) was added. The mixture was then
refluxed overnight. After the reaction was completed, the mixture was cooled to room
temperature, and the solvent was removed under reduced pressure. The residue was
extracted using an ethyl acetate-water system. The organic layer was washed
successively with a saturated NaHCO; solution, water, and brine, then dried over
anhydrous Na,SO,. Finally, the solvent was removed under reduced pressure, and
the product was precipitated in hexane. Esterification of the hydrolysis lignin with
tetradecanoic acid was carried out following our previously published procedure.*

2.3. Chlorine content via XRF analysis

X-ray fluorescence (XRF) spectroscopy was used for the determination of chlorine
content in chloromethylated lignin. Quantitation was performed using a Bruker
S4 PIONEER wavelength-dispersive XRF spectrometer using an Rh anode under
vacuum. Lignin samples were pressed into pellets to ensure homogeneity. Chlo-
rine analysis was performed with a PET crystal and with Bruker's pre-calibrated
methodology. The theoretical maximum chlorine content of 15.4 wt% was
computed from the chloromethylated guaiacyl (G) unit (229.45 g mol ') to facil-
itate the evaluation of the efficiency of chloromethylation via mass-to-mass
comparison with the XRF data.

2.4. Lignin—OH groups esterification

The direct esterification of organosolv lignin, via its hydroxyl groups, was
prepared as reported.* 1 g of lignin was weighed and dissolved in a 100 mL
round-bottom flask containing 10 mL of dry THF. Later, 300 pL of triethylamine
(TEA, 1.5 eq. to total OH groups, 2.87 mmol g~ of lignin??) was added and mixed
for 10 minutes. The mixture was then kept in an ice bath for 10 minutes, and fatty
acid chlorides (367 pL of octanoyl-C8, 506 uL of lauroyl-C12, or 657 pL of
palmitoyl-C16 chlorides) (1.5 equivalents to the total OH groups) were added.??
The reaction was carried out at room temperature for 4 hours, under vigorous
stirring. Upon completion, 50 mL of chloroform was added, and the mixture was
transferred to a separatory funnel for liquid-liquid extraction using 30 mL of a 5%
sodium hydroxide solution. The organic layer was gathered, and the solvent was
evaporated to collect the modified lignin. The final materials were washed three
times with 50 mL of 100% ethanol to remove unwanted by-products. The esteri-
fied lignin samples were freeze-dried to remove all solvent residue.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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2.5. PLA/lignin film preparation

PLA was separately dissolved in DCM in a 15 mL glass vial. Lignin was dissolved in
THF at room temperature and then mixed to achieve a lignin content of 10% to
30% w/w. Our previous study** showed that at 40% lignin esters with PLA,
a reduction in T, was observed. Based on these results, we have considered only
up to 30% as the maximum in this work. The dissolved components were
combined in a Petri dish and allowed to dry overnight. After the initial dry-
ing phase, the composite material underwent further drying in a vacuum oven at
40 °C for an additional 12 hours.

2.6. Fourier transform infrared spectroscopy (FT-IR)

The infrared spectra of the lignins were recorded by IRTracer-100 (Shimadzu,
Japan). The measurements were conducted in two modes: diffuse reflection and
attenuated total reflection (ATR). All spectra were recorded in the range of 4000-
400 cm ™" for 80 scans.

2.7. Nuclear magnetic resonance (NMR)

NMR analysis was measured as *'P for determination of the hydroxyl contents and
2D-heteronuclear single quantum coherence (2D-HSQC) for structural character-
ization. For the *'P experiment, approximately 30 mg of lignin was dissolved in
500 pL of pyridine and CDCl; (1.6:1 v/v). Upon solubilization, 100 pL of the
internal standard (N-hydroxy-5-norbornene-2,3-dicarboximide, 20 mg mL ") and
100 pL of relaxation agent (chromium(m) acetyl-acetonate, 5 mg mL "), which were
prepared in the same mixture of pyridine and chloroform, were added to the vial
containing the solubilized lignin. Finally, 70 pL of 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane, and a phosphorus derivatization reagent, were added.
31p data were acquired at 25 °C using an inverse gated decoupling pulse sequence
(zgig), with 1500 scans, on a Bruker Avance III 400 MHz spectrometer. Data
acquisition for 2D-HSQC was carried out on the hydrolyzed lignin and its deriva-
tives. 40 mg of the samples were dissolved in 600 pL of DMSO-ds. Experimental
data were achieved using a Bruker Avance III 800 MHz spectrometer with
hsqcetgpsisp2.2 pulse sequence, four scans. Data analysis was assisted by the
MestReNova software.

2.8. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a PerkinElmer DSC
6000 calorimeter with an IntraCooler II as the cooling system at a constant
heating rate of 10 °C min ™" in a pure nitrogen atmosphere (purity 99.999%, purge
at 20 mL min ). A sample mass of 5 mg + 2 mg was used for all materials.
Samples were pressed into the aluminium crucible using the aluminium lid to
improve contact between the material and the crucible.

2.9. Thermogravimetry

Thermogravimetric analysis (TGA) was performed using a NETZSCH STA 449 F3
Jupiter® apparatus. The samples were heated in a pure nitrogen atmosphere
(purity 99.999%, purge at 40 mL min ") from 25 °C to 400 °C at a constant heating

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.
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rate of 10 °C min~'. The mass of the samples was 4.8 + 0.9 mg. Aluminium
crucibles were used.

2.10. Mechanical testing

Biocomposites were tested mechanically using an Instron 5866 instrument (ASTM
D638 standard) (Instron, US) and a load cell of 2.5 kN (force sensor capable of
measuring up to 2.5 kN of force). A grip distance of 30 mm was used for a 10 mm
wide film.

3. Results and discussion
3.1. Characterization of lignin and its modification

We previously demonstrated the esterification followed by chloromethylation of
pine lignin, and the same methodology was applied to hydrolysis lignin. NMR
proved the chloromethylation procedure to be as efficient for in-house lignin as it
was for in situ extracted pine lignin. In the "H NMR spectra, the characteristic
peak at 4.5-4.75 ppm (Fig. S1 and S2%) confirms the presence of CH,-Cl. For
further confirmation, 2D-HSQC measurement with a higher order in dimension
that offers a deeper understanding of lignin structure (e.g., inter-unit linkages,
and subunits) was analysed for the hydrolysis of birch lignin.**** As a rule of
thumb for the 2D-HSQC interpretation of lignin, focused on two major infor-
mative areas: (i) the oxygenated aliphatic side chain (C/H 100-35/6-2.5 ppm), (ii)
aromatic or unsaturated carbon (C/H 150-100/8.0-6.0 ppm). All the spectra were
calibrated at the solvent signal of DMSO-d, (C/H 39.51/2.50 ppm). As a result, the
new reactive groups were successfully introduced onto aromatic rings in lignin, as
verified by two distinct cross-peaks appearing at C/H 37.97/4.8 and 40.61/
4.63 ppm, marked as an asterisk in Fig. 2c, compared to those of the starting
material (Fig. 2a). Since the introduction of new functional groups could occur at
either the ortho or meta-position, it explains the emergence of two distinguishable
signals in the HSQC spectra. This observation was consistent with the previous 'H
NMR data. Methoxy is one of the most abundant functional groups in lignin,
which supply the intense and stable cross signal at C/H 55.62/3.77 ppm before
and after chemical modification, however, the ether linkage (B-O-4") peaks (Ags):
C/H 86.06/4.11) undergo substantial decrease in chloromethylation-modified
lignin. This can be explained by the fact that the acidic media used in the
chloromethylation step depolymerized lignin into smaller fragments by breaking
down the labile bond, as also evidenced in our previous study.*® Moving to the
aromatic area of the HSQC spectra, they were strongly indicated by the cross
signals of the S and G units as two main monolignols in the hardwood species at
C/H 104.30/6.60 and 118.5-110.11/6.90-6.76 ppm, respectively*® (Fig. 2b). After
chloromethylation (Fig. 2d), the intensity of all these peaks drastically declines,
confirming that the substitution occurred on the aromatic rings, as per our
hypothesis. It is worth noting that, despite the higher degree of methoxylation in S
than G units, steric hindrance was not a barrier for introducing new functional
groups onto other positions on S-rings.

On the other hand, a >'P NMR measurement was employed to investigate the
impact of the esterification process on the -OH groups through the two pathways:
using acid chlorides targeting hydroxy groups, and chloromethylation followed by

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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Fig. 2 2D-HSQC of hydrolysis lignin (a and b), chloromethylation lignin (c and d). Two
regions of investigation: oxygenated aliphatic side chain (C/H 100-35/6.0-2.5 ppm) (top),
aromatic/unsaturated region (C/H 150-100/8.0-6.0 ppm) (bottom). The lignin's subunits
are shown on the right side.

esterification. All the spectra were referenced at the internal standard signal of
151.8 ppm before analysis. As a softwood species, phenolic hydroxy groups were
predominantly found for G and H units (Fig. S3at).?” These functional groups
were expected to be consumed in the direct esterification approach, as shown in
Fig. S3b,T which shows a significant decrease. At the same time, aliphatic hydroxyl
groups show a slight change. In the chloromethylated sample (Fig. S3ct), there is
a profound shift of the origin of OH groups from G units towards the regions of
condensed OH (from around 139.0 to 144.0 ppm). Still, it does not disappear, as
observed in the first case. The shifting can be explained by two facts: (i) the
attachment of chloromethyl to aromatic rings of lignin mimic a similar structure
of condensed lignin, (ii) the electronegativity of chloride atoms contributes to the
decrease of electron density on the aromatic rings, which causes the shifting
towards lower field or higher chemical shift. Later, the grafting of benzoic acid
was confirmed by the shift of the signal at approximately 144.0 ppm to a lower
chemical shift of 142.4 ppm (Fig. S3d¥), indicating that the electronegative groups

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.
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were replaced successfully, resulting in a balance in electron density due to the
attachment of a conjugation system.

XRF analysis further confirms that 13.3% and 13.6% of chlorine is present in
the chloromethylated hydrolysis lignin and organosolv pine lignin, respectively.
The esterification reaction was confirmed through 'H NMR. A comparison study
revealed the disappearance of the chloromethylated peak (ph-CH,-Cl) and the
emergence of a new peak (ph—CH,-0O), corresponding to the methylene moieties,
indicating the formation of the ester (HLE) (Fig. S17).

The esterification of hydrolysis lignin with tetradecanoic acid (HLE) was
confirmed by the enhanced intensity of the two bands around 2918 and
2846 cm™ ', which are attributed to CH, stretching vibrations in the methyl and
methylene groups of the ester side chains (Fig. 3a). Additionally, a slightly merged
absorption band at 1734 cm™ " corresponds to C=O0 stretching vibrations, while
the band at 1575 cm ™' and 1541 cm ' is associated with aromatic skeletal
vibrations in lignin, as shown in Fig. 3a. The complex and heterogeneous struc-
ture of lignin, with aromatic moieties, makes it challenging to differentiate
between peaks arising from native lignin and those introduced through esterifi-
cation with benzoic acid. The absorption bands arising at 1740 cm ' and
1464 cm ™! correspond to the ester C=0 and aromatic stretching vibrations. The
C-H deformation vibration absorption at 713 cm™ ", typical of monosubstituted
benzene compounds, will confirm the benzoic acid ester (BAEP) in Fig. 3b.

For all the direct esterification samples using fatty acid chlorides (C8, C12,
C16) (Fig. 3c), the successful modification was confirmed by the appearance of
two characteristic signals at 1740 cm™ " and 1760 cm ™' representing aliphatic and
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Fig. 3 FT-IR measurements for hydrolysis lignin esters (HLE) (a), lignin benzoic acid ester
(BAEP) (b), direct esterified lignin (OHLE) derivatives (c), and PLA/lignin ester films (d).
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aromatic esters, respectively.”® Moreover, the OH stretching vibration band at
3440 cm ' experienced an incremental decline, which further verifies the
consumption of hydroxy groups during the esterification. The variation in
attached hydrocarbon chain length (from C8 to C16) was observed as a slight
increase within the region of aliphatic C-H stretching 2918-2846 cm ™. The work-
up procedure was proven to be efficient as the absence of a carbonyl chloride (Cl-
C=0O0) signal at 1800 cm ', which originates from unreacted acid chloride,*
indicated that no side products were detected.

The FT-IR spectra of PLA/lignin composites showed the characteristic band of
neat PLA (Fig. 3d). The prominent peak at 1749 cm ' is attributed to C=0
stretching vibrations, and that at 1450 cm ™' is due to antisymmetric bending of
CHj; groups. Peaks associated with deformation and bending vibrations of CH
groups appear at 1380 cm ' and 1360 cm ™ '. C-O-C stretching vibrations are
present at 1180, 1080, and 1040 cm '. A weak band at 1510 cm ' for C=C
stretching of an aromatic ring was observed in the biocomposites with lignin.

3.2. Thermal behaviour: DSC, TG, and DTG of esterified lignin/PLA composite

The thermal properties of PLA can be systematically altered by incorporating
modified lignin at different loadings. Our previous study explored changes in T,
of PLA loaded with organosolv pine lignin modified with fatty acids. Lignin
tetradecanoic acid (C14) at 30% was found to provide the maximum improvement
in the glass transition temperature.* Similarly, PLA with hydrolysis lignin esters
(HLE) resulted in a gradual increase in the glass transition temperature (T,) from
66 °C to 70 °C, as the concentration increases from 10% to 30%, while reducing C,
values, indicating enhanced thermal stability of the glassy phase and flexibility of
the polymer matrix (Fig. 4a). In contrast, phenolic-OH esterified lignin (OHLE)
mixed with PLA exhibited various trends depending on the alkyl chain length.
OHLE_C8 and OHLE_C12 showed T, values close to PLA but moderately
increased AC,, suggesting balanced flexibility. Remarkably, OHLE_C16 reduces
both T, (down to 55 °C) and AC,, as shown in Fig. 4b, indicating a strong plas-
ticization effect. Benzoic acid ester lignin (BAEP) with PLA exhibited an increase
in T, reaching 70 °C at a 30% loading, accompanied by a moderately rising AC,,
indicating improved thermal properties at higher concentrations. Thus, the
results of the present study suggest that HLE-30%, OHLE_C16-30%, and BAEP-
30% should be chosen for further studies.

The thermogravimetric (TG) data (Fig. 4c) reveal the thermal stability of the
PLA/lignin esters. All samples show a gradual decrease in mass with increasing
temperature. Mass loss occurs in two separate temperature ranges, initiating at
around 80 °C and again at approximately 245 °C. The mass loss observed at 80 °C
is due to the evaporation of humidity and chemically bound water. Significant
thermal decomposition begins at 245 °C, marking the onset of substantial
degradation, with the degradation rate increasing with the temperature rise.
Among them, PLA, BAP-30%, and HLE-30% exhibit a similar trend of degrada-
tion, while the OHLE_C16-30% sample shows the lowest thermal stability.
However, BAP-30% shows a slightly higher mass loss at temperatures preceding
thermal degradation onset. The differential thermogravimetric (DTG) analysis
(Fig. 4d) reveals the differences in thermal degradation behavior. BAP-30%
exhibits slightly higher DTG values at the intermediate temperature range of 80 °C

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.
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Fig. 4 Glass transition temperature (a), delta C,, (b), thermogravimetric (c), and differential
thermogravimetric (d) studies for PLA/lignin film.

to 120 °C. OHLE_C16-30% exhibits an early degradation trend, whereas HLE-30%
and BAP-30% display similar DTG trends to PLA. These results suggest that the
OHLE_C16-30% is the least thermally stable, due to the lack of phenolic hydroxyl
groups to form hydrogen bonds. In contrast, esterification through chloro-
methylation provides the free hydroxyl groups, which are likely to have stronger
intermolecular interactions and result in a more thermally stable structure.

Overall, compared to the thermal properties of common fossil-based plastics
like polyethylene terephthalate (PET, T, 70-87 °C),* all esterified lignin/PLA
composites show slightly lower glass transition temperatures (T 55-70 °C). The
same applies to the selected loading at 30% of modified lignin (OHLE C16, BAP,
and HLE) with PLA (T 58-70 °C).

3.3. Mechanical properties

Based on the DSC properties, neat PLA and its composites with 30 wt% lignin
esters (HLE, OHLE_C16, and BAEP) were examined for tensile properties, and are
listed in Fig. 5 and Table S1.f The neat PLA film exhibited the maximum load
(15.2 £ 2 N) (Fig. 5a), indicating greater load-carrying capacity compared to other
modified composites. Significantly, the PLA + HLE (30%) composite showed
reduced maximum load (8.5 + 2 N) yet the highest tensile stress among all other
modified composites (Fig. 5b), which shows improvement in the strength of the
material in terms of cross-sectional area after the addition of HLE. In contrast,
PLA + OHLE_C16 (30%) and PLA + BAEP (30%) composites exhibited lower
maximum loads and tensile stresses, with PLA + BAEP (30%) recording the lowest
tensile stress, indicating a loss of strength.

Tensile extension to the maximum increased upon lignin ester addition
(Fig. 5c), showing enhanced ductility of the composite materials. Maximum

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Maximum load, (b) tensile stress at maximum load, (c) tensile extension at
maximum load, (d) Young's modulus of PLA/lignin film.

elongation was observed for PLA + OHLE_C16 (30%), followed by PLA + HLE and
PLA + BAEP, while neat PLA had the minimum extension. This shows that the
addition of lignin esters reduces the brittleness of the PLA matrix and enhances
its flexibility. The most structurally similar commercial plastic derived from fossil
fuel resources, polystyrene (PS), has tensile strength ranging from 35 to 51 MPa,*
which is lower than PLA itself. This transitive comparison proves that the
composite consists of PLA and 30% HLE is a promising material to replace fossil-
based plastic.

The modulus of elasticity (Fig. 5d), being a measure of material stiffness, was
greatly influenced by the form of lignin ester used. PLA + HLE (30%), followed by
neat PLA, possessed the largest modulus, thereby indicating increased stiffness
by incorporating HLE. Both the other composites, namely PLA + OHLE_C16 (30%)
and PLA + BAEP (30%), exhibit a lower modulus, indicating a softening effect on
the PLA matrix.

In conclusion, the mechanical characteristics of PLA composites depend to
a great extent on the nature of the incorporated lignin ester. Among the under-
examined samples, PLA + HLE (30%) exhibited higher tensile stress and stiff-
ness, and is therefore most suitable for applications requiring enhanced
mechanical strength and rigidity. PLA + OHLE_C16 (30%) improved ductility at
the expense of strength and stiffness, making it ideal for more elastic applica-
tions. PLA + BAEP (30%) possessed the worst mechanical properties, suggesting
minimal structural reinforcement. This result demonstrates the tunability of the
mechanical properties of PLA through lignin ester modification and the potential
of HLE as an effective reinforcing agent.

4. Conclusions

Lignin isolated by two different processes — organosolv and hydrolysis — were
chemically modified through direct esterification at the hydroxyl groups and

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.



Open Access Article. Published on 30 June 2025. Downloaded on 12/19/2025 11:53:56 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

View Article Online

Faraday Discussions Paper

esterification via chloromethylation. The resulting lignin esters were subse-
quently characterized and incorporated into PLA at varying concentrations (10%,
20%, and 30%) using the solvent casting technique. Thermal and mechanical
analysis of the blended composites revealed that the introduction of ester
moieties into lignin affects the thermal and mechanical behaviour of the polymer
matrix. Notably, PLA was able to accommodate up to 30% of lignin esters. Among
the modifications, HLE and BAEP modifications improve the thermal character-
istics of PLA, whereas OHLE_C16 provides enhanced flexibility through plastici-
zation. These results underscore that the overall characteristics of PLA
composites strongly depend on the type of lignin ester introduced. The results
demonstrate the potential for tailoring the thermal and mechanical properties of
PLA through selective lignin esterification approaches, offering a promising
avenue for the production of high-performance, sustainable bioplastics.

Data availability

The following data associated with this work can be found in the ESL.{ 'H NMR
spectra of hydrolysis lignin (HL), chloromethylated hydrolysis lignin (CMHL), and
hydrolysis lignin esters (HLE) (Fig. S11); "H NMR spectra of organosolv pine lignin
(OPL), chloromethylated pine lignin (CMPL), and benzoic acid ester pine (BAEP)
(Fig. S27); *'P NMR spectra of organosolv pine lignin (a), C16 ester modified OH of
pine lignin (b), chloromethylated pine lignin (c), and benzoic acid ester pine (d)
(Fig. S371); the tensile properties of neat PLA and its composites with 30 wt% lignin
esters (HLE, OHLE_C16, and BAEP) (Table S1+).
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