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Lignin, the most abundant renewable aromatic polymer, remains underutilized despite its potential as
a sustainable feedstock for polymeric materials. In this work, lignin was functionalized with itaconic and
succinic anhydrides to introduce carboxylic acid groups, enabling its use as a polyfunctional
macromonomer. The influence of temperature, reaction time, reagent stoichiometry, and catalysts on
the functionalization efficiency was systematically investigated. The resulting lignin derivatives were
incorporated as crosslinkers into fully biobased epoxy resins formulated with epoxidized soybean oil and
Pripol™ 1009, and their mechanical and thermal properties, as well as insights into the curing, were
investigated in detail. Elastic moduli ranged from 4.87 to 1.24 MPa. The glass transition temperature
(between —36 and —23 °C) was found to be primarily influenced by the aliphatic matrix, while the lignin
content and the resulting network architecture strongly affected the mechanical properties of the
materials. Comparative studies with succinic anhydride modified lignin highlighted the role of

unsaturation due to itaconic acid in the network, especially for mechanical properties. Finally,
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Accepted 7th February 2026 degradation studies demonstrated depolymerization under alkaline hydrolysis, suggesting potential for

designing easily cleavable thermoset systems. This work contributes to the development of greener

DOI: 10.1039/d6su00045b epoxy networks and highlights lignin's versatility as a reactive renewable building block for sustainable

rsc.li/rscsus polymer chemistry.

Sustainability spotlight

The growing need for renewable and degradable materials calls for alternatives to fossil-based thermosets, which are often non-recyclable and environmentally
persistent. This work advances the sustainable valorization of lignin — a major but underutilized renewable resource - by developing an efficient and greener
functionalization route with itaconic anhydride, a biobased reagent. The resulting lignin derivatives enable the preparation of fully biobased epoxy resins with
tunable mechanical properties and chemical degradability under mild alkaline conditions. This approach contributes to a circular materials economy by
reducing waste, improving resource efficiency, and utilizing renewable carbon sources. The work directly aligns with UN Sustainable Development Goals 9
(Industry, Innovation and Infrastructure), 12 (Responsible Consumption and Production), and 13 (Climate Action).

alcohol, and sinapyl alcohol.' Interestingly, recent investiga-

Introduction

tions have shown that other compounds, such as hydroxystilb-

Lignin is the most abundant source of aromatic compounds
found in nature, and yet severely underutilized in nowadays
materials. Lignin originates in nature from oxidative coupling
of three monolignols, namely p-coumaryl alcohol, coniferyl
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enes or hydroxycinnamic amides, also contribute to the
macromolecular structure of lignin, participating in the radical
coupling reactions in several species.>* This highlights the
complexity of lignin's architecture and may be one of the
reasons for lignin's underutilization, as it is typically burned for
energy production.®

The majority of technical lignins is available via the kraft
pulping process, with only a very small part of the global
production used in applications for designing and producing
materials with higher commercial and technological value.
Lignin can be isolated from lignocellulosic biomass through
various pulping processes, among which kraft pulping accounts
for the majority of the annual lignin production. In addition to
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kraft pulping, organosolv pulping represents a widely estab-
lished alternative with rapidly growing market demands.® It
relies on the use of organic solvents, offering an environmen-
tally friendlier method for lignin isolation, with potential for
solvent recovery.” Furthermore, this process yields a sulfur-free
lignin, typically characterized by lower molecular weights
compared to kraft lignin.® Organosolv pulping was the isolation
method for the lignin employed in this work.

Valorization of lignin has seen extensive research and
advancements, typically to yield low-molecular weight prod-
ucts,” biocomposites, lignin-derived carbon fibers,' super-
capacitors, bio-oil, and syngas, or to generate power."™**
However, lignin's structure and heterogeneity often hinder its
application in polymer chemistry. The underutilization of this
widely available and renewable material highlights the need for
effective strategies to improve its upcycling and valorization.
There is growing interest in using lignin in polymer synthesis to
take advantage of its valuable properties; however, the
sustainability and renewability of the underlying synthetic
methods are frequently overlooked. Waste generation in
combination with toxicity issues are in most cases still not
addressed sufficiently, but these are important aspects of
sustainability. Recently, we summarized the state of the art on
lignin modification protocols, taking into consideration
parameters such as the Environmental Factor (E-Factor),
renewability and toxicity of the used reagents and their
precursors.'* Unfortunately, fossil-based as well as highly toxic
functionalizing agents (most typical for lignin epichlorohydrin,
ECH) are still widely employed - for instance to achieve epoxi-
dized lignin, leaving significant room for further
improvements.

Lignin offers a wide variety of functional groups, mainly
hydroxyl (aliphatic and aromatic) and carboxylic acid groups,
available for further modification. In particular, lignin can be
used in the development of several resin types, offering a more
sustainable alternative to petroleum-based products, such as in
phenol-formaldehyde resins (PFs),**® polyurethanes (PUs),""*®
or non-isocyanate polyurethanes (NIPUs)'"' as well as epoxy
resins.*»*

Among these materials, epoxy resins have attracted consid-
erable attention, thanks to their excellent mechanical and
thermal properties, broadening their range of application and
expanding their global market.>* However, inherent challenges
associated with lignin epoxidation using ECH, as well as the
reliance on petroleum-derived BADGE (bisphenol-A diglycidyl
ether, a bisphenol-A derivative), and the toxicity concerns linked
to fossil-based (as well as renewable)*® amine hardeners, still
remain.*®

Lately, several renewable epoxy resin examples have been
reported in the literature, based on renewable feedstocks such
as plant oils*?® or cashew nut shell liquid (CNSL),* as well as
biobased platform chemicals, such as levulinic acid, furfuryl
amine,* syringaldehyde,** or vanillin.** However, even for these
more sustainable alternatives, the introduction of epoxy groups
still relied heavily on ECH chemistry, and despite the
commercialization of glycerol-to-epychlorohydrin (GTE) plants,
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ECH still presents concerns related to its handling, toxicity and
CMR rating.*

An additional sustainability challenge is related to the
employment of typical amine hardeners presenting toxicity
issues.*** In this regard, other well-known crosslinkers for
epoxy resins, namely anhydride®*® and carboxylic acid*” curing
agents, would be a less hazardous and potentially more
sustainable approach. Interesting approaches for the intro-
duction of carboxylic acid moieties onto lignin have recently
been reported through -carboxymethylation®® or oxidative
carboxylation with acetic acid and hydrogen peroxide.*®

Several studies have reported the functionalization of lignin
with cyclic anhydrides to obtain polycarboxylic acid-function-
alized lignin, which can be directly employed as a crosslinker in
various resin systems. For instance, Zhen et al.* reported fully
bio-based epoxy resins from epoxidized soybean oil (ESBO) and
tung oil anhydride-modified lignin, whereas Ma et al.** pre-
sented a multicarboxyl lignin hardener from glycidol and
maleic anhydride, which was used to achieve bio-based epoxy
resins, aided by citric acid and ESBO. Other examples involve
modification of lignin with succinic acid,” succinic
anhydride,**** as well as maleic anhydride to achieve thermo-
sets via thiol- and amine-based Michael additions.*®

Epoxidation of unsaturated vegetable oils is commonly
achieved through peracid-mediated reactions (often generated
in situ) via chemical or chemo-enzymatic routes.”’” ESBO was
selected as renewable epoxy crosslinker to furthermore address
the toxicity concerns associated with conventional ECH-based
epoxy resins, as outlined above. ESBO-based epoxies are
known to exhibit lower mechanical performance than conven-
tional fossil-based glycidyl ether-based systems (e.g., BADGE).
Within this framework, lignin is introduced as a rigid, multi-
functional macromolecular component to partially compensate
for the intrinsic flexibility of ESBO.

To the best of our knowledge, lignin modification with ita-
conic anhydride (IAn) has not yet been reported in the litera-
ture. IAn, compared to the structurally related maleic
anhydride, is renewable (maleic anhydride production still
relies on n-butane)*® and less harmful.**~*" IAn is derived from
the dehydration of itaconic acid, a well-known bio-based plat-
form chemical produced via fermentation, and was first re-
ported in 1837 by thermal decomposition of citric acid.”**
This study presents detailed investigations of the functionali-
zation reaction of lignin with itaconic anhydride. Reaction
conditions were thoroughly optimized and the resulting
itaconate-functionalized lignin carefully characterized. IAn
was then employed for the synthesis of fully renewable
epoxy resins, in combination with ESBO and Pripol™ 1009,
a dimeric diacid with a monocyclic core unit, obtained from
the Diels-Alder reaction of unsaturated long chain fatty
acids.>*®

Lignin was likewise functionalized with succinic anhydride
under the same reaction conditions. The resulting derivatives
were subsequently employed in analogous experiments to
obtain epoxy resins, allowing a direct comparison of the two
anhydride-modified lignins in epoxy resin applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Lignin functionalization with itaconic anhydride and
subsequent characterization

The functionalization of lignin with itaconic anhydride was
optimized by systematically varying the reaction conditions
such as temperature, reaction time, and reagent stoichiometry,
in an initial 0.5 g reaction scale. The progress and outcome of
the functionalization were monitored by *'P-NMR and IR
spectroscopy, as well as size exclusion chromatography (SEC).
Typically, the extent of esterification is associated with an
increased amount of carboxylic acid (-COOH) and ester (COOR)
groups, as illustrated in Scheme 1. Moreover, an increase in
molecular weight is expected.

At the initial stage, the reaction was conducted under bulk
conditions in an effort to minimize solvent use and align with
the principles of green chemistry. However, these conditions
proved impractical, as achieving a homogeneous mixture
between the molten anhydride and lignin required a very large
excess of IAn. Even with a large excess (10 equiv.), a proper
dispersion of lignin could not be achieved, as the mixture
remained inhomogeneous. The use of a reaction solvent—
despite introducing an additional component—was considered
more practical, especially if the solvent could be easily recovered
by distillation. For this reason, organosolv lignin (OL) was
fractionated in acetone prior to the functionalization step and
characterized in detail (see SI, Table S2). Acetone was chosen as
the reaction solvent for its ability to solubilize all the compo-
nents and being easily recoverable. Additionally, acetone does
not raise major concerns from a health and environmental
impact point of view, as depicted by the GSK's solvent selection
guide.>® Moreover, solvent recovery was also included in our
work, as will be discussed later.

The performance of four different base catalysts was inves-
tigated. Organic superbases are known to catalyze trans-
esterification reactions,”*®* and therefore three different
superbases, namely 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), and 1,1,3,3-tetra-
methylguanidine (TMG) were tested, as well as the heteroge-
neous inorganic base potassium carbonate (K,CO3). DBU and
TMG showed comparable performance, with DBU showing
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slightly higher catalytic activity (0.96 mmol g~ ' of ~-COOH
installed, vs. 0.92 mmol g~ of -COOH with TMG as the cata-
lyst), as shown in Table 1, entries 1-4 and Fig. 1. TBD and K,CO3
were less active. In addition to the environmental impact, it is
important to compare the two catalysts in terms of toxicity
(DBU: acute toxicity cat. 3, LD50ora;, rac = 215-681 mg kg™,
TMG: acute toxicity cat. 4 LD50oya1, rac = 835 mg kg™ 1).5% Thus,
TMG can be categorized as less toxic than DBU. The experi-
mental data further show similar conversions of TMG and DBU
(50% and 54% conversion of aliphatic hydroxyl groups for TMG
and DBU, respectively). To ensure consistency and direct
comparability across the optimization study, DBU was retained
as the primary catalyst using a fixed set of reaction conditions
(1.4 IAn equiv., 45 °C, 24 h and 6 ,,,% cat. loading), while
individual parameters were systematically varied, despite the
lower toxicity of TMG. Nevertheless, the reaction was subse-
quently upscaled with both catalysts, confirming that TMG
performs comparably and demonstrating that the reaction
proceeds efficiently in either case (SI, page S9-510).

Different catalyst amounts were also tested and compared to
uncatalyzed conditions. Initially, under the same reaction
conditions, the addition of 6, 12, and 100 mol% of DBU was
investigated (Table 1, entries 5-7). A catalyst amount of 6 mol%
was beneficial to obtain functionalization with IAn; however,
increasing the amount of catalyst to above 6 mol% led to
arather high amount of insoluble fraction formation during the
reaction, probably due to side reactions (i.e., crosslinking via
Oxa-Michael addition or salt formation between the excess
superbase and the newly formed ~-COOH groups) that prevented
a reliable investigation on the extent of the reaction. For
12 mol% of DBU, only the soluble fraction could be analyzed,
while for 100 mol% DBU the reaction mixture turned
completely insoluble after a few minutes, as already observed in
the work from Olsén et al.®* in their functionalization of lignin
with maleic anhydride with 4-dimethylaminopyridine (DMAP)
as the catalyst. In contrast, the reaction performed in the
absence of a catalyst exhibited minimal conversion, as indi-
cated by IR spectroscopy results (Fig. S7, SI), highlighting the
essential function of the latter.

Following functionalization, all samples exhibited higher M,,
values relative to the starting material (OL acetone (1); M,: 2900,

00
(o]
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MeO
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ignin”™ ™ ‘gnin - Lignin
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Scheme 1 General reaction scheme of the functionalization of lignin with itaconic anhydride; representative structures of lignin and lignin

itaconate are shown.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effect of different parameters on the reaction between lignin and itaconic anhydride. Conditions: 0.5 g of dried, acetone fractionated
lignin (OL acetone 1) was dissolved in 5 ml of dry acetone. The vessel was flushed with argon and heated to the desired temperature. Equivalents
of the functionalizing agent, catalyst, catalyst amount and time were tested. r.t.: room temperature®?

Aliphatic (mmol g™%)/

Aromatic (mmol g~')/ -COOH

Entry IAn (equiv.) T (°C) Cat. Cat. (mol%) Time (h) (Xajiphatic; %)° (Xaromaticy %)° (mmol g~*)° Mn (Da)? b
Catalyst influence
1 1.4 45 DBU 6 24 1.01 (54) 1.76 (23) 0.96 3800 16
2 1.4 45 TBD 6 24 1.34 (41) 1.56 (30) 0.73 3700 4.9
3 1.4 45 K2CO3 6 24 1.26 (44) 1.62 (28) 0.78 3800 4.9
4 1.4 45 TMG 6 24 1.11 (50) 1.53 (31) 0.92 4200 8.1
Catalyst amount
5 1.4 45 DBU 6 24 1.01 (54) 1.76 (23) 0.96 3800 16
6a 1.4 45 DBU 12 24 0.93 (57) 1.59 (29) 0.97 3800 6.4
7b 1.4 45 DBU 100 24 Insoluble

fraction formation
Time
8 1.4 45 DBU 6 3 1.45 (37) 1.62 (28) 0.69 3500 3.8
9 1.4 45 DBU 6 16 1.32 (41) 1.91 (17) 0.88 4100 9.2
10 1.4 45 DBU 6 24 1.01 (54) 1.76 (23) 0.96 3800 16
Temperature
11 2.1 r.t. DBU 6 16 1.21 (46) 1.40 (36) 0.92 3700 4.1
12 2.1 45 DBU 6 16 0.69 (67) 1.37 (38) 1.07 4000 20
13 2.1 66 DBU 6 16 0.5 (76) 1.18 (45) 1.27 5600 15
IAn equivalents
14 0.7 45 DBU 6 16 1.60 (31) 2.28 (5) 0.51 3200 4.1
15 1.4 45 DBU 6 16 1.32 (41) 1.91 (17) 0.88 4100 9.2
16 2.1 45 DBU 6 16 0.69 (67) 1.37 (38) 1.07 4000 20
17 4.2 45 DBU 6 16 0.66 (69) 1.17 (46) 1.45 4000 5.9

“ partial formation of the insoluble fraction. Only the soluble fraction was analyzed. > Complete insoluble fraction formation; no analysis possible.
¢ Data calculated from *'P-NMR. Conversion (%) is standardized for the increase in molecular weight of the educt compared to the starting material
(see the SI for calculations). ¢ SEC solvent is dimethylacetamide-lithium bromide (DMAc-LiBr) (0.034%).

M,: 7800, b: 2.7) as well as an increase in dispersity. These
observations are consistent with the findings of Olsén et al.,**
where the increased dispersity after functionalization was
mitigated by fractionation. In our case, however, this step was
deliberately omitted to avoid additional solvent usage. The
effect of functionalization on molecular weight and thermal
properties depends on the nature of the introduced moieties:
the addition of the more rigid itaconate groups increases
molecular weight and restricts chain mobility, as demonstrated
by the higher T, values (140 °C) compared to those of the
starting material acetone-fractionated lignin (T, = 125 °C).

Increasing the reaction time was found to be beneficial for
a higher extent of functionalization. Reaction times of 3, 16, and
24 h were investigated as time intervals for the trans-
esterification reaction. While longer reaction times consistently
led to higher -COOH contents, the increase in mmol g~ " of
functionalities between 16 h (0.88 mmol -COOH per g) and 24 h
(0.96 mmol -COOH per g) indicated that further extension
yielded only marginal benefit. In addition, excessively long
reaction times are less attractive from a process efficiency
perspective. Thus, 24 h was selected as an upper practical limit
(Table 1, entries 8-10).

1618 | RSC Sustainability, 2026, 4, 1615-1632

The influence of the reaction temperature was investigated
atr.t., 45 °C and 66 °C, respectively (Table 1, entries 11-13). The
results indicate an increase in the carboxylic acid group func-
tionalities with increasing temperature. Nonetheless, the reac-
tion conducted at 66 °C led to a high amount of insoluble solid
fraction formation that prevented an accurate quantification of
the outcome of the reaction. Moreover, these conditions (10 °C
above the boiling point of acetone) would render the scaling up
of the reaction more impractical. Therefore, 45 °C was chosen
as the optimal temperature. By varying the equivalents of IAn
from 0.7 to 4.2, the amount of installed -COOH groups in the
esterified lignin and the molecular weight increased consider-
ably (Table 1, entries 14-17), as confirmed by IR spectroscopy
(Fig. 1). Signals associated with successful conversion can be
ascribed to the increasing C=0 stretching vibrations of both
the ester (1764 cm ™', forming between the lignin backbone and
anhydride) and the free carboxilic acid (1730 cm™"). Addition-
ally, the intensity of the emerging signal at 1649 cm™", attrib-
uted to the C=C stretching vibration of the Michael system,
increased with an increasing degree of functionalization.

As general trends, longer reaction times and higher equiva-
lents of IAn were found to enhance the overall reaction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Overlay of the IR spectroscopy reaction monitoring in the region of 1900-1550 cm~ with different parameters tested. All IR spectra are
normalized to the signal at 1504 cm™? for the lignin C,r = Ca, Stretching vibrations.

conversion. Increased temperatures promoted higher reactivity
with the drawback of promoting the occurrence of side reac-
tions, indicated by solidification. Therefore, 45 °C was identi-
fied as a compromise between conversion and selectivity. Across
all samples, the aliphatic hydroxyl groups displayed higher
reactivity than the phenolic ~-OH groups, with a maximum
conversion of 46% observed for the aromatic -OH groups, as
indicated by *'P-NMR results.

Literature reports show that the exo-double bond of IAn can
undergo isomerization to the thermodynamically more stable
citraconic anhydride (CIAn).***®* In order to investigate the
stability of the double bond in the IAn structure, different
screenings were carried out in the absence of lignin. Initially,

IAn and DBU were mixed in acetone and heated to 45 °C to
replicate the reaction conditions, and aliquots were taken over
time and analyzed via NMR spectroscopy. Corresponding data
suggest that the isomerization of the double bond takes place
almost immediately, reaching close to complete isomerization
of the double bond after 10 minutes (Fig. S8, SI). This is in
accordance with literature findings, where the isomerization is
favored in the presence of tertiary amines.”® For comparison,
K,CO; and TMG were also tested and exhibited comparable
isomerization results to DBU (Fig. S8, SI). These findings
suggest that IAn predominantly isomerizes during the reaction
and CIAn is most likely the functionalizing agent reacting with
lignin, as depicted in Scheme 2. Therefore, while the products

o o o o
o _. )
Lignin S Lignin
MeO MeO.
Li ninOH An ClAn Li ni:R
Lignin” 0 d Lignin® >0 9

OH

Acetone-fractionated OL

cat. DBU, T, Acetone

OR

Lignin itaconate

0 0
R=H, *)K/LWOH or *)WOH
0

(o)

Scheme 2 General reaction scheme of isomerized itaconic anhydride (CIAn) and a representative structure of lignin.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Left: representative IR spectra of acetone-fractionated OL (OL Acetone, starting material) and LI. Right: 3!P-NMR spectra highlighting the
change in the characteristic signals for aliphatic hydroxyl (light blue), aromatic hydroxyl (green) and carboxylic acid groups (purple).

are referred to as Lignin Itaconates (LIs) throughout this work
for consistency, the structure likely corresponds predominantly
to lignin citraconates. Despite this isomerization, carboxylic
acid groups remain incorporated into the modified lignin
structure, facilitating the resulting macromonomer to be
applied in thermoset systems that rely on -COOH reactivity.
Furthermore, the introduced Michael system is still retained,
although its reactivity may be reduced compared to the non-
isomerized case, as the literature postulates.®*%

To enable the use of LI in thermoset applications, a larger-
scale synthesis (15 g) was conducted with optimized reaction
conditions. A complete characterization of the product, also for
the TMG-catalyzed upscaled reaction, can be found in the SI,
demonstrating that the scale-up effectively works with both
catalysts (DBU and TMG).

Fig. 2 presents the IR spectrum of the upscaled reaction
product, confirming the successful functionalization through

the characteristic signals associated with the insertion of the
citraconate moieties. The corresponding *'P-NMR spectrum
further supports this assumption, indicating a pronounced
increase in the -COOH region relative to the starting material.
In particular, the upscaling conditions led to a -COOH value of
(1.39 £ 0.02) mmol g~ .

From HSQC analysis (Fig. 3) of both the fractionated lignin
in acetone (OL Acetone) and the LI, structural understandings
can be obtained. Signals ascribed to pinoresinol (structure B)
remain unchanged after modification. A shift in the signals of
structures such as p-O-4’ (A) and phenylcoumaran (C) from ¢/
0p 61-65/3.5-3.9 ppm to 0c/0yg 62-65/4-4.44 ppm can be
observed after modification of the primary hydroxyl groups. To
the best of our knowledge, it was not possible to precisely
differentiate between the signals of A, and C,. Nevertheless,
a shift of the signals is clearly visible, confirming the successful
functionalization. However, the signal ascribed to 4, did not

OL Acetone 95

100
105
110
115
120

125

130

135

140

Lignin Itaconate 95 o

N o
Lt Lignin\o)j\)\n/OH
125

o

80 78 76 74 72 70 68 6.6 64 62 6.0 58 56
d/ppm

d/ppm

45
50
55
60
65
70
75
80
85

90

) 1A
y OH
140 ‘ ﬂ/@
80 7.8 76 74 72 70 68 66 64 62 60 58 56 NN
OH
L @ A

54 52 50 48 46 44 42 40 38 36 34 32 3.0 28
d/ppm

55 o \
o ﬁ =
60 S o
P B\-0
65 v
70 B
75
X
80 o
85 HO. 3 7\
%0 !
C

54 52 50 48 46 44 42 40 38 36 34 32 3.0 28

&/ppm

Fig. 3 HSQC traces of acetone fractionated lignin (OL acetone (2)) and itaconic functionalized lignin.
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shift, showing that the reactivity of the modification was not
very high with secondary hydroxyl groups (as also demonstrated
via >'P-NMR, aliphatic -OH are still present after modification,
with (0.90 & 0.004) mmol g™ '). In the aromatic region, a new
signal appears (IA, dc/0y 122/5.92 ppm), ascribed to the proton
of the double bond of the IA moiety (isomerized, indicated as
the IA structure in Fig. 3). Complete HSQC analysis is available
in the SI (Fig. S6).

Environmental factor, recyclability of the solvent, and the
precipitation medium

As highlighted recently, the modification of lignin with cyclic
anhydrides remains one of the most promising pathways for
developing low environmental-factor (E-factor) protocols to
access carboxylic acid functionalized lignin.* Indeed, the waste
streams generated are typically associated with catalysts,
solvents, and excess reactants. In this context, bulk conditions
and a minimal amount of catalyst would be beneficial to lower
the overall E-factor of the procedure. As mentioned above, bulk
conditions were not feasible with IAn, due to the high excess of
reactant required to achieve adequate mixing with lignin. In
order to enhance the overall sustainability of the functionali-
zation process, efforts were thus directed towards solvent
recovery (Table 2). Due to the large volume of water required for
precipitation during workup, the distillation proved chal-
lenging, ultimately leading to a recovery rate of 75% of the
initially used acetone (characterization of the recovered solvent
is provided in the SI (Fig. S9)). As a proof of concept, the
recovered acetone was dried over molecular sieves for 72 h and
subsequently employed in a new functionalization reaction.
However, the conversion of the aliphatic groups was lower in
comparison to that when using fresh anhydrous acetone, likely
due to residual water presence.

The precipitation medium used for the esterification reac-
tion with the recovered acetone was reused multiple times for
additional reactions, demonstrating its reusability. During the
experiments, denoted as reutilization of the precipitation
medium (LI-RPM#), the differences in the conversion were
monitored via IR spectroscopy. Prior to each reuse, the medium
was filtered to remove any residual solids. LI-RPM1 and LI-
RPM2 exhibited an almost identical spectrum, while a slight
decrease begins with LI-RPM3, followed by a more noticeable
decline in LI-RPM4 (Fig. S10, SI). These results suggest that the
precipitation medium can be reused effectively at least three
times without compromising precipitation efficiency, thereby
contributing positively to the sustainability of the process.
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Synthetic E-factor values were estimated using a simplified
approach to highlight solvent impact on the total amount of
waste, without considering the fractionation pretreatment and
the workup. A detailed discussion of the calculation assump-
tions and limitations is provided in the SI. By implementing
a simple recycling procedure of the solvent via distillation, it
was possible to lower the total E-factor for the procedure from
6.9 to 2.7. In previous work,”* several lignin modification
strategies were reported, together with a comparative discus-
sion of their E-factors. On comparing the E-factor of the lignin
modification with itaconic anhydride described herein to
conventional ECH-based routes, the present approach results in
substantially lower values (typically between 4 and 16 for ECH-
based systems).'* Even alternative ECH-free routes reported in
the literature, such as those involving epoxidation of fatty acid
mixtures followed by esterification with lignin, were associated
with considerably higher E-factors (E-factor: 38 for the overall
sequence).®® Also the esterification of organosolv lignin with
oleyl chloride followed by epoxidation of the unsaturated bonds
using peracetic acid resulted in a relatively high E-factor (E-
factor: 14.2 for the entire sequence).*’

Epoxy resin formulation

The optimal conditions established for the scale-up of lignin
functionalization with itaconic anhydride were subsequently
applied to its modification with succinic anhydride (SAn). SAn
was selected as a saturated and unbranched analogue of IAn,
allowing a direct comparison of reactivity and final material
properties. This yielded a lignin succinate derivative (LS) with
a-COOH content of 1.79 mmol g~ ' (a complete characterization
of this product is provided in the SI, Table S5).

With both LI and LS synthesized and characterized, their
performance in the development of fully biobased epoxy resin
systems was investigated. Initial efforts were dedicated to
finding the optimal formulation for the thermosets, consisting
of LI or LS as the lignin component, Pripol™ 1009 as the diluent
and ESBO (rpoxidized soybean oil) as the epoxy component. A
representative scheme of the reaction is shown in Scheme 3.
The stoichiometric ratio of COOH : epoxy was chosen to be 1:
1.2, which was previously reported to deliver the best perfor-
mance in terms of mechanical properties and crosslinking
density.®*”* Different mol% of the lignin component were
tested, namely 5, 10, 15, 25 and 35 mol% (with respect to the
total amount of ~-COOH groups; the rest to achieve the desired
functional group equivalents was covered by Pripol™; for
detailed calculations see Table S6, SI). Due to the presence of

Table 2 Data comparison of the —OH group distribution in the modification of lignin with I1An utilizing fresh solvent (entry 1) and recovered
solvent (entry 2). Conditions: 0.50 g of dry OL acetone and 1.40 equiv. of |An (based on the lignin —OH value) were dissolved in dry acetone. DBU
(6 mol%) was added, and the reaction mixture was stirred at 45 °C for 24 h

Entry Total (mmol g~*)*  Aliphatic (mmol g™)* Aromatic (mmol g~*)* -COOH (mmol g™  Xuiiphatic (%)’  Xaromatic (%)
1-Fresh acetone 3.71 1.01 1.76 0.96 54 23
2-Recovered acetone  3.52 1.44 1.48 0.56 31 23

“ Determined from *P-NMR. ? Conversion (%) is standardized for the increase in molecular weight of the product compared to the starting material
(see the SI for calculations).

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2026, 4, 1615-1632 | 1621


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00045b

Open Access Article. Published on 09 February 2026. Downloaded on 6/13/2026 2:49:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

View Article Online

Paper

?Q oj\/\[(OH
o

Lignin Succinate

0 HOOC COOH
E/O\OWOH |
° n=6/7/3 ) '
Lignin Itaconate HOOCUCOOH
or Pripol™ 1009
fo) (o]

\A/MA/\A)LO

ESBO

ﬂCuring

—
o
o

o
(o} OH

Epoxy Resins

VWMO OH
o oHo o_L_o o o
%MW o 7
ONOQOK/\VJO}\

o]

Scheme 3 General reaction scheme of the epoxy resin formation. The starting materials (lignin types LI or LS, Pripol™, and ESBO) as well as the
final resins are shown with representative structures. LI is chosen as the default representative structure, but the isomerized structure (cit-

raconate) is likely also present, as depicted in Scheme 2.

lignin, the resin mixtures required the use of a solvent to
dissolve all the components prior to curing. Initially, acetone
was selected as the solvent for resin preparation due to its ease
of removal and ability to fully dissolve the carboxylic acid-
functionalized lignin. However, in preliminary tests, phase
separation was observed in the final materials for lignin
contents above 5 mol% (Fig. S11, SI). This issue, likely ascribed
to the rapid evaporation of acetone during processing, was
effectively resolved by replacing acetone with dimethylsulfoxide
(DMSO). To confirm that the high-boiling solvent DMSO is not
present anymore in the final material after curing, possibly
affecting the gel content or the mechanical properties of the
material, the sample was weighed before and after curing. The
total mass of the components without solvent was investigated
before and after curing (m; and mg, respectively). The difference
between the two values was Am = —10 mg, showing no mass
increase due to solvent left inside the material. The small
difference in mass is within the error range of the measurement

1622 | RSC Sustainability, 2026, 4, 1615-1632

(m; = 344 mg), probably due to small material losses while
transferring the sample.

In Fig. 4, exemplary IR spectra of the resins are shown, along
with a reference spectrum of ESBO. After curing, notable spec-
tral changes can be observed: the characteristic stretching band
of the oxirane ring, clearly visible in the ESBO spectrum, is not
observed in either resin spectra, indicating that the epoxy
groups have successfully reacted. In addition, an increase in the
broad O-H stretching region is evident (3600-3100 cm %),
consistent with the formation of f-hydroxy ester groups result-
ing from the epoxy-acid curing reaction. Additionally, the
carbonyl stretching vibration of the resins displays a small
shoulder at 1710 cm ™', which may correspond to unreacted
carboxylic acid groups.

A small amount of DBU (0.5 wt% with respect to the total
resin mass) was necessary as the catalyst in order to achieve
faster crosslinking. The IR spectra of the resins without and
with 0.5 wt% of DBU as the catalyst are shown in Fig. S12 (SI). If

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the catalyst was not present in the formulation, the cured resins
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the ester groups of ESBO, while the other peak (~1710 cm™ ") is
attributed instead to the carbonyl stretching vibration of free
unreacted -COOH. From the spectra presented in Fig. S12 (SI), it
can be observed that under the same curing conditions, the
reaction in the presence of the catalyst proceeded significantly
faster.

Real-time IR spectroscopy was employed to monitor the
curing of the resins over time. Two formulations containing
5 mol% of LI were analyzed, with and without DBU, as shown in
Fig. 5. As a comparison, the curing behavior of the resin con-
taining 5 mol% of LS was also monitored and is reported in
Fig. S15 (SI). A closer inspection of the carbonyl region reveals
that the shoulder peak at ~1700 cm™*, attributed to free -COOH
groups, decreases progressively in both systems, indicating
ongoing esterification. In the presence of DBU as the catalyst,
this shoulder becomes significantly less prominent within the
observed time of ~3000 s, suggesting a more complete
consumption of carboxylic acid groups. Simultaneously, a clear
decrease in the intensity of the epoxy absorption band is
observed, particularly in the catalyzed formulation, confirming
an accelerated reaction rate.

To assess the evolution of the absorbance peak area associ-
ated with free -COOH groups over time, a peak deconvolution
analysis was performed on the carbonyl region. The area of the
signal compared to its initial value is plotted over time as shown
in Fig. 6. A comparison was made to evaluate the catalyst

—, — —————— Absorbance
b) |

1.670
1511
1.352
1.193

1.034

0.8750

0.7160

0.5570

0.3980

0.239%0

0.08000

Absorbance, normalized (a.u.)

___ Absorbance
/) 0.9600

| 09387

( 09174
0.8961

| 08748
| 08535
08322

08109

Absorbance, normalized (a.u.)

0.7896
0.7683

0.7470

Wavenumber (cm™') 800

2000 Time (s)

760

Fig. 5 Realtime IR curves of the 5 mol% lignin formulations, with (a and c) and without DBU (b and d). For both cases, a zoom-ed in view in the
region of the carbonyl area (a and b, 1600-1850 cm™?) and the epoxy region (c and d, 760-860 cm™) is presented over time.

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability, 2026, 4, 1615-1632 | 1623


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00045b

Open Access Article. Published on 09 February 2026. Downloaded on 6/13/2026 2:49:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

View Article Online

b =
S 1.00 e Without catalyst
2 e With catalyst
E O0.95—
< <
s = 0.90
8 <
8 o
= 0.85
g N
D ‘©
o £ 080-
S
2z
g 0.75 .
S .
2 o070 ngy
<
T T T T T T T
1000 2000 3000 4000 5000 6000 7000
Time (s)

Pa per

1.00 = Epoxy Resin 5 mol% LI with catalyst

4 ® Epoxy Resin 5 mol% LS with catalyst
0.95 4
0.90 +
0.85
0.80 +
0.75 4
0.70

T T T T T T T
500 1000 1500 2000 2500 3000 3500
Time (s)
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The time range differs between the graphs (7000 s for LI and 3500 s for LS) due to practical instrument time constraints.

presence (Fig. 6, left) and the lignin type (Fig. 6, right). Details of
the deconvolution procedure are provided on Page S18 (SI).

As depicted in Fig. 6, left, the normalized absorbance signal
area for -COOH groups decreases much faster in the presence
of DBU as the catalyst, confirming that its presence is necessary
for a faster and efficient curing procedure. On the right, the
normalized absorbance signal area corresponding to the -
COOH groups is plotted over time for the resins containing
5 mol% of LI or LS, both cured under identical conditions and
in the presence of DBU. Since the initial comparison on the left
indicated that the curing reaction rate significantly decreased
after approximately 4000 s, the acquisition time for the
comparative experiment between the two lignin derivatives was
limited to 3500 s, which was sufficient to evaluate potential
differences in the curing kinetics between the two systems. The
results suggest that the curing behavior of resin with LI
proceeds slightly faster than the one with LS. However,
considering the small lignin content in both resins (5 mol%),
the overall curing kinetics are likely dominated by the Pripol™
matrix. Moreover, the final extent of ~-COOH consumption is
similar for both systems, indicating comparable overall
reactivity.

Different stoichiometric ratios were tested, and from their
respective IR spectra it was possible to compare the relative
amounts of free carboxylic acid compared to the ester carbonyl
groups through a peak deconvolution method. The results
show that with an excess of epoxy groups, more free carboxylic
acids are converted and crosslinked within the network. In
particular, going from a 1:1 to 1:1.5 COOH:epoxy ratio

Table 3 Gel contents of the epoxy resins developed with varying
contents of different lignin macromonomers LI and LS

Lignin content GC lignin itaconate GC lignin succinate

(mol%) (%) (%)
0 78 78
5 84 90
10 83 90
15 81 85
25 81 92
35 83 91

1624 | RSC Sustainability, 2026, 4, 1615-1632

decreased the free fatty acid percentage ratio from 33 to 24%
(SI, Fig. S14 and Table S7).

The same range of lignin mol% compositions and optimized
conditions (Table S6, SI) established for the LI-based resins
were extended to the LS formulations. The gel contents (GCs) of
78-92% for all thermosets (see Table 3) confirm a successful
network formation within the resins for both lignin macro-
monomers. The gel contents for LS are slightly higher than the
ones for the resins obtained with LI, which can be attributed to
higher -COOH functionalities of LS (1.79 mmol g~ ' -COOH)
compared to LI (1.39 mmol g~ * ~COOH), thus increasing the
crosslinking density. The relatively low GC values of the resins
could be influenced by several factors. First, the internal epoxy
groups of ESBO are intrinsically less reactive than terminal
epoxy groups of established monomers such as DGEBA,
showing lower crosslinking densities compared to other
compounds bearing terminal epoxies.”> Moreover, the structure
of Pripol™, with its long aliphatic chain and bulky structure,
could likely lead to reduced crosslinking density and lower
reactivity compared to smaller, more rigid carboxylic cross-
linkers such as linear aliphatic diacids, owing to steric effects,
as also discussed in the work of Matharu et al.” In line with this,
additional experiments were designed using shorter difunc-
tional renewable acids (azelaic, Cy and adipic, C¢) for resins
containing 30 mol% of LI under identical curing conditions.
The aim was to investigate the influence of Pripol™ on the GC,
compared to shorter chain diacids. This indeed resulted in
higher gel contents (92 and 95%, for azelaic and adipic,
respectively) compared to the Pripol-based system (86%), but
simultaneously resulted in very poor mechanical properties (the
materials were glassy and very brittle), which rendered their
handling and further analysis particularly challenging. Finally,
Pripol™ provided a suitable compromise between successful
network formation and favorable mechanical properties,
slightly reducing the gel content, but still maintaining satis-
factory values.

Thermal properties of the epoxy resins

Thermal analyses of the thermosets were performed using
Differential Scanning Calorimetry (DSC) and Thermal

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00045b

Open Access Article. Published on 09 February 2026. Downloaded on 6/13/2026 2:49:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 4 Overview of the thermal data for the set of epoxy resins with
LI and LS, as well as the starting lignin derivatives

Mol% Ty Ta,5% T4,50% Residues Lignin
lignin (°C) (°C) (°C) (%) content (wt%)
0 —36 347 427 1 —
5-LI —32 348 429 6
10-LI —33 345 432 5 12
15-LI —32 331 434 12 18
25-LI —33 290 428 22 28
35-LI —-31 282 436 27 36
5-LS —29 323 417 5 5
10-LS —-30 321 416 7 10
15-LS —32 305 417 8 14
25-LS —24 310 415 9 23
35-LS —23 294 414 15 31

LI 140 213 441 36 —

LS 104 230 423 35 —

Gravimetric Analysis (TGA) measurements. All formulations
exhibited relatively low glass transition temperatures (7)
around —30 °C, consistent with the high flexibility observed at
room temperature (DSC curves are reported in Fig. S16, SI). No
clear correlation between lignin content and T, values was
identified for either functionalized lignin, suggesting that the
highly aliphatic nature of the polymer matrix predominantly
governs the thermal behavior. However, a slight increase in T,
was observed for higher lignin contents in the LS-based epoxy
resins, indicating that the more rigid lignin structure may
contribute to a modest restriction of chain mobility and thus
a higher 7.

The TGA curves (Fig. S17, SI) show that all the thermosets
present increased thermal stability compared to the starting
materials of modified lignin, which present lower Ty s, (213
and 230 °C, for LI and LS, respectively) compared to the ther-
mosets (with the lowest Ty 50, 0f 282 °C) (Table 4). The materials
present single-step degradation curves, with the Tq 5, values
decreasing with increased lignin content (from 347 °C for
0 mol% lignin to 282 and 294 °C for 35 mol% of LI and LS,
respectively). This is likely due to the lower thermal stability
brought by the starting lignin macromonomers. Residues are
increasing as well with lignin content, which was expected
because lignin contributes to char formation. The lower
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residues for the LS-type resins can be explained by a lower wt%
of the lignin in the final materials, as the LS presented higher
functionalization. An overview of the data is presented in
Table 4.

Rheology and DMA experiments

Amplitude sweep and frequency sweep tests on the formula-
tions containing 0, 5 and 10 mol% of LI (higher lignin contents
were too brittle to be characterized mechanically) were con-
ducted. The amplitude sweep tests were carried out to identify
the linear viscoelastic region (LVER) and the behavior of the
material within the LVER. All formulations presented a domi-
nant elastic component with the storage modulus G’ > G”, and
a clear solid-like behavior, as depicted in Fig. 7. Increasing the
lignin content influences the LVER, making the materials more
resistant to deformation and increasing the shear strain that
can be applied to the materials before they start to undergo
irreversible changes in their structure. This indicates that the
incorporation of lignin itaconate into the thermoset matrix
reinforces the network, likely due to the rigid, multifunctional
nature of lignin, increasing crosslink density and restricting
chain mobility. In the thermoset with the highest lignin content
tested (10 mol%) the LVER ended at 13%, versus a 1.2% shear
strain for the thermoset without lignin, suggesting that the
presence of lignin itaconate in the thermoset matrix strongly
contributes to the viscoelastic behavior of the materials. A
frequency sweep (SI, Fig. S18) between 0.01 and 10 Hz also
revealed a dominant storage modulus and a viscoelastic solid
behavior in all the materials, confirming the results of the
amplitude sweep.

Dynamic Mechanical Analysis (DMA) experiments were per-
formed on the formulations with the lowest lignin contents to
gain insights into the mechanical behavior of the materials.
Specifically, resins containing 0 mol%, 5 mol% and 10 mol% of
LI or LS were investigated. Fig. 8a presents the overlaid DMA
curves. For each formulation, three to five replicates were
analyzed to ensure reproducibility. All samples exhibited
a sharp decrease in storage modulus (E/, Table 5) at the glass
transition temperature (T, or T,, corresponding to the o-
relaxation). This pronounced drop, particularly near the
instrument transducer's sensitivity limit, can introduce
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Fig. 7 Amplitude sweep experiments for LI epoxy resins with lignin contents of 0, 5, and 10 mol%.
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T4 values obtained from DMA and DSC methods.

Table 5 Overview of the most significant data obtained from DMA and

T T T T
5mol% LI 5mol% LS 10 mol% LI 10 mol% LS
Sample

T
0 mol%

(a) Representative DMA curves for the formulation tested. *: n.a. due to experimental difficulties (see S, Fig. S19). (b) Comparison of the

tensile strength measurements

Crosslinking Elastic Ultimate
E' 500 E 550¢ E1000c Ty (°C) Ty (°C) max density modulus stress
Sample (MPa) (MPa) (MPa) onset E’ tan o (x10* mol m™®) (MPa) (MPa) Strain (%)
0 mol% 1242 £ 110 2.78 £0.38 3.47 £0.57 —-304 £1.8 —21.54 £1.70 0.501 + 0.12 1.97 £0.28 0.24 £0.06 13.1 +3.2
5 mol% LI 1352 £192 3.52 +£1.04 4.42+1.23 -29.28+1.31 —-14.25+1.68 0.76 £ 0.34 2.78 £0.37 0.48 £0.06 17.2 £3.3
5mol% LS 1138 + 212 2.12 + 0.004 1.68 + 0.04 —-329£1.2 —14.6 £1.5 0.572 £ 0.03 1.24 £ 0.02 0.23 £0.02 20.9 + 1.7
10 mol% LI 850 £8 —“ — —26.70 £ 1.57 —° — 4.87 £1.27 0.26 £0.06 6.5+ 2.6
10 mol% LS 1311 4+ 202 3.42 +0.17 2.15+0.10 —34.9 +2.9 —15.7 £ 4.9 1.128 £ 0.04 1.83 £0.18 0.45 = 0.03 26.0 = 1.2

“ n.a. Due to experimental difficulties (see SI Fig. S19).

experimental challenges, as reflected in some of the curve
resolutions. In particular, the thermoset containing 10 mol% LI
approached the detector limit, making data above the onset
unreliable for quantitative interpretation. Despite these limi-
tations, the thermosets displayed comparable maximum
storage moduli in the glassy and rubbery regions, suggesting
similar crosslinking densities. In particular, the crosslinking
densities were calculated according to the theory of rubber
elasticity (eqn. S5, SI). The results show a general trend of
increasing crosslink density with higher lignin content, as ex-
pected from the incorporation of the polyfunctional macro-
monomer. This finding highlights how lignin incorporation can
be used to tailor the network architecture and, consequently,
the mechanical and viscoelastic properties of the thermosets.
The relatively large standard deviations observed in some cases
can be attributed to the intrinsic heterogeneity of the networks
and the structural irregularities of the lignin derivatives. This
can be regarded as a future challenge in lignin chemistry, as
such deviations limit real world applications. As the materials
transit through the glass transition region, their elasticity
changes, leading to a minimum in the storage modulus. Fig. 8b
shows that the T, values determined by DMA (from the onset of
E') correlated well with those obtained by DSC. The T, values
derived from the maximum tané—higher than the onset ones—
provide an indication of the glass transition region relevant for
potential application conditions.

1626 | RSC Sustainability, 2026, 4, 1615-1632

Tensile strength measurements of the resins

The investigation of mechanical properties provided further
understanding of the behavior of the thermosets. Fig. 9a shows
representative stress-strain curves for the different formula-
tions. Thermosets prepared with LI exhibited higher elastic
moduli compared to the other formulations, suggesting that the
incorporation of itaconate moieties contributes to increased
rigidity and stiffness, as can be expected in comparison to
succinic moieties. These formulations also showed lower strain
at break, indicating a more brittle behavior with a higher like-
lihood of structural defects. Conversely, thermosets prepared
with LS displayed lower elastic moduli—even compared to the
0 mol% formulation—along with higher elongation at break,
consistent with the introduction of more flexible succinate
moieties into the network. In contrast to the thermal analysis
results, the mechanical performance appears to be strongly
influenced by both the lignin content and its chemical nature,
indicating that the type and amount of lignin play a major role
in defining the overall mechanical response of the otherwise
aliphatic matrix. In Fig. 9b, an overview of the important
parameters obtained from the stress-strain curves is presented.
Table 5 summarizes the key results obtained from the DMA and
tensile strength measurements. Once again, the large standard
deviations observed in some cases confirm the heterogeneous
nature of the materials, particularly for the formulation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ultimate tensile stress and maximum strain) obtained from stress—strain curves of the formulations. For all the samples, 3 to 5 replicates were

tested for each measurement.

containing 10 mol% LI. For this sample, five replicates were
tested to ensure reproducibility. Such variability is typical for
systems with high lignin contents.””*

Degradation of the resins

Due to the presence of hydrolyzable ester bonds in the structure
of the thermosets, we investigated if the materials could be
degraded via hydrolysis. These include esters formed between
the lignin backbone and the itaconate moieties, as well as esters
resulting from the reaction of carboxylic acid groups (both from
LI and Pripol™) with the epoxy groups of ESBO and the ester
groups of ESBO itself. The degradation behavior was exem-
plarily studied on a 10 mol% LI epoxy resin. Both alkaline and
acidic conditions were tested for the hydrolysis of the resin. A
determined amount of 10 mol% LI epoxy resin was submerged

4 days, 80 °C

Thermoset
10 mol%- LI

Hydrolysis

Scheme 4

© 2026 The Author(s). Published by the Royal Society of Chemistry

in either an alkaline or acidic solution and stirred for 4 days at
80 °C. The outcome of the degradation was analyzed via IR
spectroscopy and *'P-NMR.

Acidic conditions were investigated, as in principle they
represent a more sustainable option; in contrast to alkaline
hydrolysis, they do not require a subsequent neutralization step
to recover the product, which generates additional waste. Under
acidic conditions in fact, the lignin fraction is expected to
precipitate following the breakdown of the thermoset matrix.
Two different acidic media were tested: a 1 M HCI solution and
a1 M citric acid (CA) solution, alongside a 0.6 M NaOH solution
for the alkaline conditions, adapted from literature condi-
tions.*® The degradation conditions were kept identical for all
treatments (4 days, 80 °C, for detailed experimental procedures
see the SI). In both acidic cases, a brown, powdery precipitate
was obtained after the reaction (see SI, Fig. S24b). This

Complete
degradation

Acidification to pH = 2
Precipitate formation

Partial
degradation

Illustrative scheme for the degradation procedure of thermoset 10 mol% — LI under alkaline or acidic conditions.
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mosets, a sign that the degradation was minimal.

precipitate was filtered, collected, and dried. Only partially
degraded resin fragments were visually detected, even after four
days of reaction, indicating that degradation under acidic
hydrolysis proceeded only partially (Fig. S24c, SI). For clarity, in
Scheme 4 the degradation procedures are illustrated.

To separate the remaining undegraded material, the solids
were suspended in acetone, and the insoluble resin fragments
were removed by hot filtration. This procedure yielded two
distinct fractions: an undissolved portion corresponding to the
remaining thermoset pieces, and a dissolved portion, which was
subsequently recovered by precipitation in acidic water. For the
sake of comparability between methods, the product from
alkaline hydrolysis was also subjected to dissolution in acetone
and reprecipitation; however, in this case, complete dissolution
in the solvent was observed, indicating a successful and
complete breakdown of the resin matrix. An overview of all
collected fractions is provided in Table S8. Nevertheless,
degradation under alkaline conditions proved highly effective,
as confirmed by IR spectroscopy (Fig. 10, in black), which
showed the complete disappearance of the ester carbonyl
stretching band, leaving only the characteristic carbonyl signal
of the carboxylic acid group stretching. The IR spectrum of the
dissolved fraction obtained from citric acid hydrolysis (Fig. 10,
in blue) still displayed characteristic ester carbonyl stretching
vibration signals, indicating that the degradation process was
incomplete.

The *'P-NMR spectra of the recovered fractions (SI, Fig. $25)
revealed a strong presence of aliphatic and carboxylic acid (-
COOH) groups, with minimal to no signals corresponding to

1628 | RSC Sustainability, 2026, 4, 1615-1632

aromatic hydroxyl groups typically associated with lignin. These
results confirm that probably only a limited amount of lignin
was recovered in these fractions; however it is necessary to
consider that the lignin content within the sample was low
compared to the fatty acid content. In fact, even additional
purification steps via dissolution and reprecipitation were not
successful to isolate it, and the lignin fraction could not be
recovered.

Overall, an efficient hydrolysis pathway for the resins was
established, leading to complete degradation under alkaline
conditions, but only partial degradation under acidic ones.
These findings highlight the potential of such thermosetting
materials for applications where controlled degradability under
hot alkaline conditions is desirable, such as in packaging
adhesives or removable labels. The combination of high bi-
obased content, flexibility and alkaline-hydrolyzable ester link-
ages suggests potential in applications where high stiffness is
not required, but removability, elasticity and end-of-life
degradability are advantageous.

Conclusions

In this work, a novel route for lignin functionalization with
itaconic anhydride was developed and optimized. The influence
of key reaction parameters — anhydride equivalents, catalyst,
temperature, and reaction time - was systematically investi-
gated. Under the applied conditions, isomerization of itaconic
to citraconic anhydride occurred, consistent with literature
reports, without affecting the introduced functional groups.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The process was successfully scaled up, yielding comparable
conversion and product characteristics. The precipitation
medium could be reused up to three times, and a solvent
recovery of 75% reduced the synthetic E-factor from 6.9 to 2.7.
The resulting lignin derivatives were incorporated as multi-
functional crosslinkers in fully biobased epoxy resins alongside
epoxidized soybean oil and Pripol™ 1009 and subsequently
compared to analogous lignin succinate derivatives.

The thermosets exhibited high gel contents, thermal stability
up to 280 °C, and low glass transition temperatures (ranging
from —36 to —23 °C), consistent with their flexible and ductile
behavior. Notably, resins based on lignin itaconate showed
higher elastic moduli and lower strains at break, indicating
enhanced stiffness from itaconate incorporation. Finally,
degradation studies demonstrated complete hydrolysis under
alkaline conditions and partial degradation in acidic media,
highlighting the potential of these materials as cleavable, bi-
obased epoxy networks for sustainable applications.
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