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Lignin represents the most abundant natural source of aromatic scaffolds. The majority of lignin is
obtained as byproduct from industrial pulping. However, since lignin is often burned after pulping for
energy purposes, its real potential as renewable resource for the production of aromatic compounds or
polymeric applications is not fully exploited. In this literature review, recent advancements in the field of
lignin modification are addressed. In particular, methods for the insertion of different functional groups
onto lignin (amines, epoxides, carboxylic acids, esters, multiple bonds and hydroxyl groups) are discussed,
focusing on sustainability and safety of the employed procedures and on applications of the respective
modifications. The E-factor was chosen as green metric for the evaluation of sustainability, for its clarity
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and ease of application to different methodologies, together with a careful evaluation of toxicity and
hazardousness of the used substances. This review thus provides an overview on lignin modification and
applications possibilities and, importantly, quantitatively compares all discussed literature procedures in
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Introduction

Lignin, often referred to as the “glue” in plant cell walls, plays
a crucial role in the world of biomass and renewable resources.
Lignin and cellulose constitute around 70% of the total ligno-
cellulosic biomass (LCB)," rendering lignin the second most
abundant biopolymer on earth. Due to its unique polyphenolic
structure and a set of particular features (i.e., antimicrobial be-
havior,” biodegradability, antioxidant and UV-absorption pro-
perties®), lignin has attracted attention in the last decades in a
variety of fields. Until today, lignin has however not unleashed
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its real potential: it is the only considerable natural source of
aromatic compounds, which could be converted into high-
value-added chemicals. Still, lignin is usually treated as waste
or by-product of the pulp and paper industry, with only a
small part of the total production being used for material
applications — most of it is burned because of its high-calorific
power. Kraft processes (accounting for 90% of the total lignin
produced)® generate a specific type of lignin, kraft lignin,
which is difficult to depolymerize due to its increased number
of conjugated C-C bonds and decreased amount of ether
bonds, which are easier to depolymerize.” Klason lignin,
obtained by the hydrolysis process of biomass, contains a high
concentration of acids that further complicate the depolymeri-
zation processes.® The annual production of lignin is approxi-
mately 100 million tons, but only 2% is recovered for material
utilization.” The use of functionalized lignin as a macro-
monomer for polymer synthesis has become a prolific research
area. The abundance of a variety of different hydroxyl groups,
both aliphatic and aromatic, make lignin suitable for chemical
modifications, especially for material applications.

Lignin modifications have already been extensively reviewed
in the literature.®'> However, our review distinguishes itself
from existing literature by focusing on the utilization of lignin
as a macromonomer. In this work, we furthermore signifi-
cantly extend the discussion by providing a sustainability
evaluation employing the E-factor as a green chemistry metric,
aiming to guide researchers in this field to consider the total-
ity of a process, not only the renewability factor apported by
lignin. We believe that to advance towards a more sustainable
future, it is important to enhance focus on the sustainability
of the processes, especially when working with bio-based
materials. Thus, E-factors of literature procedures were calcu-
lated and are discussed within this review. This review further
aims to shed light on the current research advancements on
lignin modifications, in particular regarding lignin as a macro-
monomer for bio-based polymer synthesis.
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Towards sustainable delignification
methods of LCB

A variety of processes have been developed for lignin pro-
duction and biomass separation of cellulose/hemicellulose/
lignin fractions. A schematic representation of the commer-
cially developed and emerging processes is presented in Fig. 1.

Sulfur-containing processes, i.e., kraft and lignosulfonates
(or sulfite) processes, account for the main annual lignin pro-
duction. Recently, a decline of the lignosulfonate production
process is observed, thereby facilitating the growth of kraft pro-
cesses as predominant methods for lignin production."* The
kraft process, which is the most used process by the pulp and
paper industry, applies a hot mixture of water, sodium hydrox-
ide (NaOH) and sodium sulfide (Na,S). This medium, also
called “white liquor”, allows the breaking of the linkages
between lignin and cellulose, its depolymerization and, to a
lower extent, its derivatization (for instance with thiol func-
tional groups).”® In this process, ~90% of lignin is separated
from the cellulosic fibers, and the lower molecular weight frag-
ments are soluble in the basic medium, which assumes a dark
coloration (hence the name “black-liquor”). The separation is
achieved by acidification of the medium, which causes the
lignin to agglomerate and precipitate, permitting the sub-
sequent filtration.'® Kraft lignin contains usually about
2-3 wt% of sulfur, while the lignosulfonate lignin usually has
a higher sulfur content, between 5-9 wt%."” In the sulfite
process, the pulp is treated with sulfur dioxide (SO,), which
forms a variety of sulfite (SO;>7)/bisulfite (HSO;”) salts,
depending on the type of bases used, at 130-180 °C."” The iso-
lated lignin can eventually be sulfonated by replacing a
hydroxyl group with a sulfonate group.'® The lignosulfonate
lignin is water-soluble and can be separated from the rest of
the biomass. On the other hand, the soda process has seen
extensive pilot trials.'> This process, despite being remarkably
similar to the kraft process, does not involve sulfur, since it
employs just an alkaline medium, such as sodium or potass-
ium hydroxide (KOH). This process causes hydrolytic cleavage
of the lignin structure into smaller fragments, leaving a type of
lignin relatively chemically unaltered compared to other types
of lignins."” Environmental concerns associated with tra-
ditional pulping processes (kraft and sulfite in particular) have
been discussed. Indeed, these processes have been tied to sig-
nificant emissions and negative impact on the environment.>
Major pollution sources are associated with air emissions and
liquid effluents, i.e., wastewater high in BOD (biochemical
oxygen demand) and COD (chemical oxygen demand).”!
Discussing in detail and comparing the various processes in
terms of sustainability would require the use of other instru-
ments, such as LCAs (life cycle assessments), and it is beyond
the scope of this review. The authors, however, would like to
present the recent advancements in LCB delignification pro-
cesses towards more sustainable solutions.

Other types of sulfur-free isolation procedures, namely the
organosolv and the steam explosion processes, involve the use
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Fig. 1 Schematic representation of commercially developed and emerging processes for lignin isolation (prepared by the authors, adapted from

ref. 13 under the CC-BY-4.0 license).

of organic solvents for the former and high-pressure steam for
the latter. In the organosolv process, biomass is mixed with
organic solvents, such as methanol, ethanol, acetone, etc.,
whereby the solubility of lignin during the process depends on
the organic solvent used.”” To be financially competitive and
more sustainable, due to the higher costs of solvents, the
process must contemplate a recycling phase of the solvents
used, ie. via distillation.>® Interestingly, a study from 2021
analyzed the GWP (global warming potential) of an organosolv
process from spruce bark, leading to 0.23 kg CO, eq. per kg
lignin using ethanol, while using bioethanol from wood the
GWP could be more than halved to 0.11 kg CO, eq. per kg
lignin.”* These results are considerably lower compared to
kraft lignin with a GWP of 0.6 kg CO, eq. per kg lignin.>

In contrast, during the Steam explosion process, biomass is
treated with hot steam at high temperatures and pressures.
Then, the pressure is released rapidly and the steam present in
the biomass expands, causing fibers to break down."® This
process is considered to be one of the most efficient and cost-
effective, although it is important to note that it is often used
as pretreatment of lignocellulosic biomass before other pro-
cesses are applied,”® and there is a large heterogeneity of the
lignin obtained.'® Hydrolysis lignin, on the other hand, is
usually a by-product of bio-ethanol production from cellulose
hydrolysis."**” The process aims to hydrolyze cellulose and
hemicellulose in order to obtain fermentable sugars, while

4360 | Green Chem., 2024, 26, 4358-4386

lignin is a solid by-product. Hydrolysis lignin presents a
different structure compared to kraft lignin, it is reported to
have more condensed and cross-linked structures, making it
more difficult to depolymerize.>””*® Pyrolysis methods convert
lignocellulosic biomass to bio-oil, char and gases (H,, CO,
CO,, CH,), in absence of oxygen.”* Numerous concomitant
reactions take place during pyrolysis, such as a major degra-
dation of the lignin structure, resulting in phenolic com-
pounds and char formation.>® The yield of the liquid fraction
can be enhanced by optimization of the process temperature.*®
Pyrolytic lignin (PL) is subsequently obtained through a
straightforward phase separation of such fraction, due to water
addition. The fragments and oligomers of PL precipitate and
can be separated from the pyrolytic-sugar fraction.>' Being a
by-product of the pyrolysis processes, pyrolytic lignin has lower
molecular weight and an increased number of hydroxyl groups
compared to other types of lignin®® and represents a promis-
ing precursor for aromatic and phenolic monomers.

Among the emerging methods for lignin isolation, the
Aldehyde-Assisted Fractionation (AAF) is making its way as a
powerful process to retrieve uncondensed lignin. This alde-
hyde-aided treatment generates a type of lignin easier to depo-
lymerize, avoiding undesired condensation pathways that lead
to C-C coupling. The most problematic pathway leading to
condensation involves the elimination of benzylic alcohol, pro-
ducing a relatively stable benzylic carbocation, which under-

This journal is © The Royal Society of Chemistry 2024
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goes electrophilic aromatic substitution with guaiacyl or syrin-
gyl units.** This significantly alters the possibility of selectively
cleaving these C-C bonds, and therefore the depolymeriza-
tion.*® In the presence of an aldehyde (usually formaldehyde
or propionaldehyde are used), the 1,3-diols of the $-O-4 lin-
kages form an acetal that avoids benzylic alcohol elimination
(Scheme 1).** AAF oligomers were tested in comparison to
kraft lignin oligomers, demonstrating their superior properties
(enhanced solubility, lighter colors, better structural
composition).>*

Furthermore, ionic liquids (ILs) have recently gained atten-
tion as a promising method for biomass delignification.*® The
ionosolv process presents various analogies with the organo-
solv process, however, the cost of ILs is one of the main
difficulties that prevents their application in industry.
Recently, the use of protic ionic liquids (PIL) seems to have
solved cost-related problems.***” A study from 2022 showed a
recovery of 70% lignin via an ionosolv process at 135 °C.>” It
was also noted that increasing the time of the treatment influ-
enced the properties of lignin, especially its thermal stability
due to increased recondensation processes.*®

Deep eutectic solvents (DESs) are another class of solvents
recently applied for lignin extraction. They are generally com-
posed by both a hydrogen bond acceptor and a donor, at
specific molar ratios. DESs have gathered significant attention
in recent years as an alternative to traditional ionic liquids
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owing to their numerous advantages, such as lower costs, bio-
degradability and easier preparation processes compared to
ILs.*® They have recently been recognized as a class of safe and
environmentally friendlier media, capable of extracting lignin
with high efficiency and selectivity, and minimizing waste
generation.”’

DESs are often labeled as non-toxic, however, the intrinsic
diversity within the class of DES compounds highlights the
variability in their overall toxicity and individual properties,
emphasizing the need for case-specific evaluations. Despite
these challenges, the advantages of DESs persist, for instance
they exhibited remarkable delignification efficiencies of
different lignocellulosic biomass materials.*" Additionally,
DES can be recovered and re-used post-lignin fractionation. A
recent publication developed tunable DES systems for lignin
isolation that allowed stabilization of reactive intermediates
and therefore less recondensation reactions, improving aro-
matic monomer yield after depolymerization.** At the current
state, ~98% of lignin is used for heat generation and only 2%
finds useful applications in various industry fields,>"** or is
often depolymerized to obtain high-value-added chemicals.
The various isolation methods briefly discussed above must be
taken into consideration when considering the destiny of the
lignin: if the final aim is lignin depolymerization for monomer
production, less condensed structures are preferred. This also
needs to be taken into consideration when the final goal is to

recondensation pathway
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Scheme 1 General scheme for condensation and repolymerization pathway (top) in traditional lignin fractionation and aldehyde-assisted fraction-
ation with formaldehyde or propionaldehyde (bottom); prepared by the authors, adapted from ref. 35.
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modify the functional groups of lignin to produce a final
material with a certain set of features. Lignin properties can
vary among different isolation methods as well as biomass
type and source.’®'* Not only the isolation method can influ-
ence the chemical structure, but also the type of biomass from
which lignin is extracted, such as hardwood, softwood, or grass.**

This paragraph highlights the intricate relationship
between isolation techniques and chemical properties of the
respective lignins. Nonetheless, evaluation of sustainability
through comparison of the distinct processes is difficult due
to the lack of data available. For instance, LCAs for established
processes such as kraft and organosolv are readily available in
the literature, while for newer processes this still presents chal-
lenges due to a scarcity of data.

[e) Ligr\inrf

HO 3 HO

5 = OH o
6 o Y |

Conyferyl alcohol (G)

Sinapyl alcohol (S)
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Chemical structure of lignin

Besides its intrinsic heterogeneity, the basic chemical struc-
ture of lignin is characterized by three phenylpropane units:
p-hydroxyphenyl (H), guaiacyl (G) and syringyl units (S),
derived, respectively, from p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol, which can vary considerably in
their ratio depending on the lignin source.”® In Fig. 2, a model
representation of the structure of lignin is presented, along-
side the common interunit linkages and their typical occur-
rence in hardwood and softwood lignin, which are listed in
Table 1. Among the various linkages, the p-O-4 is the most
common and the most affected during depolymerization pro-
cesses.’® In fact, C-O bonds have usually lower bond dis-

o Lignin

OH

— OH

p-Coumaryl alcohol (H)

Fig. 2 Model representation of the chemical structure of lignin (prepared by the authors, adapted from ref. 46 under the CC-BY-4.0 license), struc-

tures A—H are specified in Table 1.
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Table 1 Typical interunit linkages of different lignins and their natural
occurrence; structures of interunit linkages are shown in Fig. 2

Natural occurrence

(9 /0)48,49

Letter Interunit linkage HW SwW
A p-O-4 60 46
B p-5 6 11
C p-p 3 2

D 5-5 5 10
E Dibenzodioxocin 5-7 0-2
F p-1 7 7

G 4-0-5 7 4

H o-O-4 7 7

HW: hardwood; SW: softwood.

sociation energy than C-C bonds,*” rendering them easier to
cleave.

Sustainability evaluation and green chemistry methodology

As we reached the 25th anniversary of the twelve principles of
green chemistry, published by Anastas and Warner in 1998,>°
it is of utmost importance to implement them during everyday
work, both in academia and industry. In this regard, in order
to assess the sustainability of the procedures presented in this
review, we will use the E-factor as straightforward to apply
metric. The E-factor, or environmental factor, was first intro-
duced in 1992 by R. A. Sheldon.” It comprehends all waste
produced by a specific process. An ideal E-factor is zero, and
the higher the E-factor, the more wastes are generated.”” This
parameter, in its simplicity, can represent a handy tool for the
comparison of different procedures. In addition, since the
E-factor only measures the waste generated by a process, but
not the type of waste, we will flag issues correlated to hazar-
dousness and toxicity, if necessary.

This approach, considering both E-factor and toxicity evalu-
ation, can be an important first step to decide between avail-
able processes. However, it also comes with limitations: more
accurate analyses, like LCAs, would be necessary to fully assess
the sustainability of a given process, along with its environ-
mental impact. However, this cannot be achieved by simply
comparing available literature data. Comparing synthetic pro-
cesses using E-factors can thus provide a fast and reliable idea
on overall sustainability of the process. The E-factor calcu-
lation is shown in eqn (1).

Mass of raw material — Mass of desired product

Efactor = -
Mass of desired product

(1)

Within the context of this review, only synthetic E-factors
are reported. These parameters do not take into account water,
as was reported in the original publication from Sheldon,*" as
well as any other antisolvent or additional compound used in
the work-up. In the field of lignin modification, the work-up of
reactions are usually performed via precipitation and filtration

This journal is © The Royal Society of Chemistry 2024
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of lignin derivatives in acidic water. Including the mass of the
used water into the calculation of E-factors therefore most
likely leads to incomparable data. Moreover, the exact volume
of water used for the precipitation is not always reported.
Furthermore, the E-factors presented herein, are characterized
as both simple (Esimpie), neglecting the inclusion of solvents
during the synthetic process and complex (Ecompiex) E-factors,
including the synthetic solvents in the calculation, revealing
the solvent contribution to the E-factor.

It is important to note that, due to the extensive body of lit-
erature on lignin isolation and modification, only a select
subset of publications has been cited in this review. The
authors aimed to include the most representative studies for
each modification and process, recognizing that the cited
references may not cover the entirety of available research on
the subject.

Lignin modification
Amino group functionalized lignin

Amination of lignin enables the insertion of reactive sites onto
lignin, leading to applications in the field of fertilizers,> as
well as curing agents for epoxy resins. Introduction of nitrogen
to lignin can be achieved via ammonoxidation,>*** although it
typically leads to nitriles and a mixture of N-containing func-
tional groups, rather than amino groups. Introducing primary
amino groups onto lignin could be a useful contribution to
the field of biobased amines, especially towards non-isocya-
nate polyurethane applications or for epoxy resins. In addition,
amine groups are ionizable, possibly contributing to other
promising applications, e.g., as polycationic materials®® or for
water purification systems.’”"*®

Different protocols can be found in the literature to intro-
duce amino groups onto lignin, but the most common is the
Mannich reaction, a multicomponent reaction involving the
utilization of formaldehyde, an amine and in this case pheno-
lic groups of lignin, as shown in Scheme 2.

Depending on the reaction conditions, i.e. the pH, the
active species involved in the reaction are phenolic lignin and
iminium ion as electrophile, or phenolate and N,N-
dialkylaminomethylol (under acidic or basic conditions,
respectively). Amine substitution takes place selectively at the
ortho position of non-etherified phenolic hydroxyl groups,*®
leading to one amino group for guaiacyl units (G) and two for
p-hydroxy phenyl (H) units.

The work of She et al.®® discloses an effective amination of
lignin with dimethylamine, ethylenediamine or diethyl-
enetriamine. Nitrogen contents up to 10.18% are reported and
the nitrogen release behavior was investigated, an important
metric for fertilizing purposes. This procedure involves the
utilization of a sodium hydroxide (NaOH) solution to dissolve
phenolated lignin. Phenolation pretreatment is usually con-
ducted prior to Mannich amination,®*®® in order to enhance
lignin reactivity. Typical conditions consist of treatment of
lignin with phenol under acidic conditions at relatively high

Green Chem., 2024, 26, 4358-4386 | 4363
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Scheme 2 General reaction scheme for lignin amination via the Mannich reaction; prepared by the authors.

temperatures (90-170 ©°C).** In this work, phenolation
increased the number of active sites from 2.91 mmol g”" up to
8.26 mmol g~ " if a weight ratio of lignin/phenol of 1:6 was
used. Notably, a ratio of 1:1 sufficed to effectively double the
quantity of reactive sites. Nevertheless, in the pursuit of more
environmentally-friendly procedures, phenolation pretreat-
ment should be avoided as it is an extra step that generates
wastes and phenol is highly toxic and fossil resource derived.
The simple E-factor calculated for the subsequent Mannich
amination procedure is 4.15. A comparable methodology was
adopted from Li et al.,°" where softwood kraft lignin was ami-
nated in a similar fashion. In this case, both pristine and phe-
nolated lignin were aminated via Mannich reaction under
acidic conditions in the presence of dimethylamine (DMA)
and formaldehyde. Phenolated lignin (1 : 6 weight ratio lignin/
phenol) presented an improved total nitrogen content of 4.8%,
compared to 2.5% reached for the amination of unmodified
lignin. Both aminated lignins exhibited high zeta potentials
(27.2-31.6 mV) and large charge densities (1.2-1.6 x 107’
equiv. per ml), indicating useful colloidal properties. This pro-
cedure shows a Egimple of 5.51, higher than the previous one,
moreover the procedure involves the use of dioxane as solvent,
which raises concerns for its toxicity.®* Jameel et al’®
employed a fairly similar procedure, but used a lower amount
of both the amine and formaldehyde compared to Li et al.,
lowering Egimpie to 2.98. However, also in this procedure
dioxane was used as solvent, leading to toxicity concerns and
increasing Ecomplex to 13.74 (Table 2) with a solvent contri-
bution of 78% (Table S1, ESIT).

An interesting example from Biesalski et al.®®> reached the
lowest Egimple Of 1.91 using 1,3-propylenediamine. The authors
used a lower amount of amine for the functionalization of
lignin compared to other procedures (15.5 mmol amine per g
lignin), thereby lowering the E-factor. In this case, no phenola-
tion pretreatment was performed, but the lignin was directly
dissolved in NaOH solution (this explains the increased
Ecomplex UP to 26.59). The amount of amine moieties intro-
duced varied from 1.2 to 2.0 mmol g, with the lowest value
obtained for ammonia. Intramolecular crosslinking occurred
at a higher extent with ammonia functionalization, generating
benzoxazine species, leaving less reactive positions for further
ammonia introduction (Scheme 3).°°"®” Aminated lignins were
then used for epoxy resin synthesis.

The main issue concerning the amination via Mannich
reaction remains the toxicity of formaldehyde,*®® but this can
be put into perspective considering that the simple one-step
multi-component reaction is usually accompanied by low
E-factors. Moreover, the use of paraformaldehyde, which is
still toxic, but considerably less than formaldehyde, might
further improve this procedure.

Amination procedures that do not require the use of formal-
dehyde are also reported in the literature. In the work from
Y. S. Kim et al.,”° lignin was aminated with 2-chloroethylamine
hydrochloride in water (Scheme 4). However, in this case the
E-factor, both simple and complex, increased dramatically
compared to the Mannich amination (12.27 and 142, respect-
ively, with 91% of solvent contribution to the E-factor), con-
firming that nucleophilic substitution reactions of haloalkanes

Table 2 Summary of simple and complex E-factors of the discussed amination procedures

Work Modification Functionalizing agent Egimple Ecomplex
She et al.*° Mannich amination ~ Dimethylamine, ethylenediamine and diethylenetriamine 4.15¢ 12.66"

Liet al.® Mannich amination ~ Dimethylamine 5.51¢ 20.62°
Jameel et al.>® Mannich amination ~ Dimethylamine, diethylamine 2.98 13.74
Biesalski et al.®® Mannich amination  Diethylenetriamine, 1,3-propylenediamine, ethylenediamine, ammonia  1.91-5.04  12.93-26.59
Kim et al.”® Amination 2-Chloroethylamine hydrochloride 12.27 142
Renneckar et al.”>  Amination 2-Oxazolidinone 3.10 —

“No final weight of isolated product was reported, therefore final weight of the product was calculated based on theoretical yield (for more infor-

mation see ESIf).
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Scheme 4 Reaction scheme for lignin amination using 2-chloroethyl-
aminehydrochloride; (prepared by the authors, adapted from ref. 70).

should be avoided due to the generation of large amounts of
waste. Moreover, hazardousness is an issue due to the
2-chloroethylamine hydrochloride.”

Another formaldehyde-free protocol for potential lignin
amination exploits the concept of hydrogen borrowing in order
to insert tertiary amino-groups onto lignin model compounds,
namely 3-(4-hydroxyphenyl)-1-propanol and dihydroconiferyl
alcohol.”” Hydrogen borrowing (HB) involves the direct amin-
ation of an alcohol, consisting of a first dehydrogenation step,
forming a carbonyl compound from the respective alcohol, fol-
lowed by condensation of the carbonyl with an amine and a
subsequent imine-to-amine reduction step, consuming the
hydrogen generated in the first oxidation step.””* The authors
report good to excellent conversion of the model compounds
(86-98%) in the presence of dimethylamine as functionalizing
agent and a Cu-ZrO, catalyst, as well as no amination of the
phenolic moiety. Despite that this protocol was not yet con-
ducted on pristine lignin, it is noteworthy due to the excellent
atom economy of the procedure and high conversions, paving
the way for further research on lignin amination.

A recent work from Renneckar et al.”® reports an interesting
solventless amination of softwood kraft lignin via 2-oxazolidi-
none (OZD, see Scheme 5). This compound exhibits a non-

This journal is © The Royal Society of Chemistry 2024

hazardous nature, according to its Safety Data Sheet (SDS).”*

Furthermore, recent progresses, as outlined in a comprehen-
sive review,”” have highlighted the potential for sustainable
production methods of OZDs. The synthesis processes of
OZDs involve CO, as a feedstock, i.e., via dehydration conden-
sation of f-aminoalcohols, or via cycloaddition reaction of azir-
idines with CO,. Comparing the two methods, it should be
noted that aziridines are typically highly toxic, aziridine itself
is rated CMR. Lignin functionalization with OZD proceeds via
nucleophilic attack of deprotonated ArOH or COOH groups to
the methylene carbon adjacent to the oxygen of OZD, resulting
in a carbamate ion intermediate (Scheme 5, B), which sub-
sequently releases CO, to form a primary amino group
(Scheme 5, C). A side reaction can occur between carbamate
ions and the newly inserted primary amino groups, leading to
urea linkage formation (Scheme 5, D) and thus oligomeriza-
tion or cross-linking of lignin.

The protocol reported by the authors presents a facile syn-
thesis procedure, using only OZD both as reagent and solvent
and NaOH in catalytic amount. The calculated Egimpie for the
optimized conditions (150 °C, 2 h, molar ratio of OZD/sum of
[ArOH + COOH] = 6) is 3.10, with lignin presenting a nitrogen
content of 5.24%. An overview of the discussed protocols for
lignin amination procedures with their corresponding
E-factors can be found in Table 2.

Epoxide functionalized lignin

Lignin-based polyepoxides are mostly used as cross-linkers for
the introduction of hard segments into epoxy resins. For
instance, multiple literature reports demonstrated that bisphe-
nol A (BPA) can be partially substituted by lignin to improve

Green Chem., 2024, 26, 4358-4386 | 4365
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material properties.”®”’® A substitution of up to 30 wt% of
bisphenol-A diglycidyl ether (BPADGE) with lignin-based epox-
ides is possible without negative effects on the properties of
the resulting material. Instead, incorporation of lignin units
into epoxy resins turned out to be beneficial for material pro-
perties, such as glass transition temperature and Young’s
modulus.

The addition of epoxide groups to lignin is usually achieved
by reaction with epichlorohydrin, a potentially renewable,”®"%°
yet highly harmful and toxic chemical (Scheme 6).
Depending on the report, E-factors for reactions of lignin with
epichlorohydrin vary between 4 and 16, if epichlorohydrin is
used as reagent and solvent (Table 3).7°7%%%%% In 2017, BPA
based epoxy resins with varying content of epoxidized lignin
and isophorone diamine as hardener were reported (Ecompiex:
6.35, Scheme 6).”° In the used epoxy formulation, BPADGE was
substituted gradually by glycidylated organosolv lignin to
investigate the properties of the resulting material depending
on the lignin content. 33 wt% of lignin-based epoxide was
incorporated into the final epoxy resin, while maintaining
good thermal and mechanical properties compared to the
epoxy resin containing 100% BPADGE.”® In another study, Sun
et al. synthesized different lignin epoxides with varying
epoxide content from lignin functionalization with epichloro-
hydrin and cured them with BPADGE and Jeffamine D400 as

81,82
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curing agent (Ecomplex: 57.0, Scheme 6). The incorporation of
10 wt% of epoxidized lignin (based on BPADGE mass) signifi-
cantly improved the stiffness of the resulting material and its
tensile strength (from 6.2 MPa without lignin to 10.9 MPa with
lignin).”®

The use of bisphenol A in epoxy resin formulations is ubi-
quitous in literature due to the excellent mechanical properties
of the final materials.®>*® However, to further improve sustain-
ability, the use of toxic substances such as bisphenol A should
be fully omitted.®””®° For instance, Zhang et al. synthesized a
fatty acid based cyclic anhydride from eleostearic acid methyl
ester and maleic anhydride via Diels-Alder reaction and cured
it with glycidylated lignin (Ecomplex: 16.2) to manufacture a
bisphenol A-free epoxy resin that can be used as asphalt
binder.®* The thermal properties of the resulting material were
comparable to the properties of the corresponding bisphenol
A-based epoxy resin. In another report, Lawoko et al. fractio-
nated kraft lignin via extraction with organic solvents into four
different molecular weight fractions.’® Bisphenol A-free epoxy
resins were synthesized through curing of all glycidylated frac-
tions with Jeffamine D2000. The investigation showed that
mechanical properties of the resulting materials strongly
depended on the molecular weight of the used lignin fraction.

Although improving the sustainability of epoxy resins by
substitution of bisphenol A based epoxides, most studies still

This journal is © The Royal Society of Chemistry 2024
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Scheme 6 Synthesis of epoxy resins from glycidylated lignin, bisphenol-A diglycidyl ether (BADGE) and diamine hardener (prepared by the authors,

adapted from ref. 76-78).

Table 3 Summary of simple and complex E-factors of the discussed lignin epoxidation procedures

Work Modification Functionalizing agent Egimple Ecomplex Esequence
Meier’® Glycidylation Epichlorohydrin 6.35 — —
Zhang”’ Glycidylation Epichlorohydrin 4.24° 4.50° —
Sun”® Glycidylation Epichlorohydrin 0.73¢ 57.0% —
Sasaki®? Glycidylation Epichlorohydrin 14.0 16.2 —
Zhang®* Glycidylation Epichlorohydrin 6.23 16.2 —
Daugaard®’ (1) Epoxidation Hydrogen peroxide 1.05 4.78 38.0
(2) Esterification Epoxidized fatty acids 4.29 22.7
Avérous®® (1) Chlorination Oxalyl chloride 0.78% 7.13% 14.2
(2) Esterification Oleyl chloride 0.57 —
(3) Epoxidation Peracetic acid 0.21¢ 7.39¢
Renneckar®® (1) Hydroxyethylation Ethylene carbonate 2.19 — 5.80
(2) Esterification Oleic acid 2.15 —
Vasquez-Garay' % (1) Allylation Allyl bromide 2.58¢ 31.4¢ 82.8
(2) Epoxidation Hydrogen peroxide, enzymes 1.45 51.5

“No final weight of isolated product was reported, therefore final weight of the product was calculated based on theoretical yield (for more infor-

mation see ESIf).

use the carcinogenic substance epichlorohydrin as reagent to
introduce epoxy groups.’' Daugaard et al reported an epi-
chlorohydrin free procedure for the synthesis of lignin epox-
ides from kraft lignin and rapeseed oil (Scheme 7).°" The used
rapeseed oil fatty acid mixture was first epoxidized with hydro-
gen peroxide (Ecomplex: 4-78) and then esterified with lignin by
means of a Steglich esterification (Ecompiex: 22.7).°>*° Curing of
the synthesized lignin epoxide and commercially available
curing agent Ancamide® 3030 resulted in an epoxy resin with
a Young’s modulus of 103 MPa. The rather low Young’s
modulus was attributed to the high flexibility provided by long
fatty acid chains and the low cross-linking density.
Substitution of up to 30 wt% of lignin epoxide by low mole-
cular weight furan-2,5-dicarboxylic acid diglycidyl ester
(FDCADGE) significantly increased the cross-linking density

This journal is © The Royal Society of Chemistry 2024

and the Young’s modulus to 440 MPa. The addition of an aro-
matic bisepoxide to the formulation therefore improved the
stiffness of the material. However, this specific example is not
an improvement in terms of sustainability, as hazardous sub-
stances such as oxalyl chloride and glycidol were used for the
synthesis of FDCADGE. While toxic epichlorohydrin was
omitted in the synthesis, the applied Steglich esterification
used stoichiometric coupling reagents such as allergenic N,N"-
dicyclohexylcarbodiimide (DCC)* to allow mild esterification
conditions that are necessary to tolerate sensitive groups such
as epoxides. The use of DCC further results in large amounts
of waste, as evidenced by the high E-factor (Esequence: 38.0).
Hence, epoxide groups should potentially be introduced into
the lignin scaffold as last synthetic step to circumvent this
issue and further improve sustainability.

Green Chem., 2024, 26, 4358-4336 | 4367
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or via epoxidation of

lignin previously esterified with oleyl chloride;®® (prepared by the authors, adapted from ref. 91 and 95).

Indeed, Avérous et al. esterified organosolv lignin with oleyl
chloride and epoxidized the double bonds afterwards with per-
acetic acid to synthesize a similar fatty acid based lignin
epoxide (Esequence: 14.2, Scheme 7).”° Ring-opening of the
epoxide groups was then performed with methanol to obtain a
polyol for the synthesis of partly biobased polyurethanes
(PUs). The initially sterically hindered alcohol groups of the
used lignin were thus extended by fatty acid ester chains to be
more available for further reactions.

Finally, polyurethane networks were obtained through
curing of the oleic acid-based lignin polyol with diisocyanates
to synthesize a variety of PUs with adjustable glass transition
temperatures between —6 °C and —42 °C and Young’s moduli
between 0.2 MPa and 2.8 MPa. Although the reaction sequence
of esterification and epoxidation represents a promising and
potentially more sustainable way to introduce epoxide groups
to lignin, here the esterification procedure (Ecomplex: 0.57)
cannot be considered sustainable due to the use of carboxylic
acid chlorides that were synthesized from hazardous oxalyl
chloride (Ecompiex: 7-13). The subsequent oxidation using over-
stoichiometric amounts of peracetic acid and hazardous di-
chloromethane as solvent (Ecomplex: 7.39, solvent contribution

of 97%) can most likely be improved by catalytic epoxidation
with hydrogen peroxide to reduce the amount of waste
generated.”®®”

Esterification of lignin with oleyl chloride was improved by
the group of Renneckar et al., who developed an acyl chloride
free procedure for the esterification of hydroxyethylated lignin
with propionic acid (Cs;), valeric acid (Cs), octanoic acid (Cg),
and oleic acid (Cys, Scheme 8).%® Initial studies with propionic
acid at 120 °C showed a high esterification selectivity towards
aliphatic alcohol groups of unmodified lignin, while aromatic
alcohol groups remained unmodified.

Hence, Renneckar et al. implemented a hydroxyethylation
step with ethylene carbonate prior to esterification to trans-
form present aromatic alcohol groups into hydroxyethyl ethers
(Ecomplex: 2.19). By this procedure, a more uniform chemical
functionality was achieved, as the resulting lignin sample con-
tained 91% aliphatic alcohol groups instead of initially
present 33% aliphatic alcohol groups. In this procedure, ethyl-
ene carbonate serves as hydroxyethylation substitute for ethyl-
ene oxide, a highly volatile and dangerous compound.'®"'>
Hydroxyethylated lignin was then esterified at 160 °C with
oleic acid as solvent and reagent to achieve a degree of substi-

ngnln o L|gn|n Lignin
)k _ ) o\[,g
. N
(0] (0]
0.1 equiv. Na,COs, 160 °C, 24 h N
120°C, 2h o o~ ?
\/\OH Ol —

Scheme 8 Hydroxyethylation of organosolv lignin and subsequent esterification with oleic acid; (prepared by the authors, adapted from ref. 98).
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tution of 77% (Ecomplex: 2.15, Esequence: 5.80). The more sustain-
ably esterified lignin could potentially be epoxidized to syn-
thesize an epoxidized lignin sample, but this was not reported.

A different approach by Vasquez-Garay et al. describes the
synthesis of glycidylated lignin without the use of epichlorohy-
drin (Scheme 9).'% After introduction of allyl ether groups to
the lignin scaffold, epoxidation was achieved chemo-enzymati-
cally with immobilized Candida antarctica lipase B as catalyst.
The lipase generates percaprylic acid from caprylic acid and
hydrogen peroxide in situ, which in turn epoxidizes allyl
groups connected to lignin. The catalytic system achieved con-
versions of up to 90% for organosolv lignin (Egimpie: 1.45).
However, due to high dilution in toluene and overstoichio-
metric amounts of caprylic acid and hydrogen peroxide, this
specific procedure cannot be considered sustainable, showing
an Ecomplex Of 51.5, with solvent contribution of 97%.
Moreover, the applied allylation procedure uses highly toxic
allyl bromide and is therefore not a suitable alternative for epi-
chlorohydrin using procedures (Ecomplex: 31.4).'%* Combination
of a more sustainable procedure for the addition of allyl ether
groups to lignin with a subsequent epoxidation represents a
promising path to synthesize lignin epoxides that are conven-
tionally produced from epichlorohydrin.

In summary, literature about sustainable epoxidation pro-
cedures of lignin is scarce, since most epoxy resin research

View Article Online
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focuses on the properties of the resulting material instead of
the sustainable production of its epoxy component. However,
we believe that a combination of several literature reports can
lead to the development of more sustainable reaction
sequences for the synthesis of lignin epoxides. Furthermore, it
is of utmost importance to substitute conventional fossil
based and toxic chemicals such as bisphenol A and epichloro-
hydrin by renewable and more benign chemicals.

Carboxylic acid functionalized lignin

Lignin molecules bearing multiple carboxylic acid functional-
ities are used as hardeners for epoxy resins and for the syn-
thesis of cross-linked polyesters. The number of distinct pro-
cedures to synthesize lignin carboxylic acids remains low as
most modifications are performed with cyclic anhydrides.
Hirose et al. were the first to introduce the use of succinic
anhydride (SAn) to synthesize lignin-based ester-carboxylic
acid derivatives (Scheme 10)."™%7 In their first report, Hirose
et al. reacted alcoholysis lignin (AL) with ethylene glycol (EG)
and succinic anhydride to synthesize a mixture of polycar-
boxylic acid derivatives (so-called alcoholysis lignin ethylene
glycol polyacid, ALEGPA).'®® A second polyacid containing only
ethylene glycol and succinic anhydride (EGPA) was synthesized
and the two polyacids were mixed in different weight ratios
(from 0% ALEGPA to 100%). Epoxy resins were then syn-

Lignin 0] Lignin
Lignin P SN ]
/\/Br OH
Dimethylformamide \O O/ Lipase N435 Y o
\O O/ o H,0,, Toluene O
OH j\ l
N O

Scheme 9 Chemoenzymatic epoxidation of allylated lignin with hydrogen peroxide as oxidant; (prepared by the authors, adapted from ref. 103).

Lignin o
HO OH

Scheme 10 Synthesis of polycarboxylic acid mixtures from lignin, ethylene glycol, and succinic anhydride and subsequent epoxy resin synthesis;
(prepared by the authors, adapted from ref. 105 and 106). Note: Functionalization of ArOH is not depicted, as other reports observed low

conversions. 108109
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thesized by curing of the carboxylic acid mixtures with ethyl-
ene glycol diglycidyl ether (EGDGE, Scheme 10). The glass
transition temperature (7y) of the materials increased from
—20 °C to —10 °C with an increasing content of lignin and
therefore with an increasing cross-linking density. In another
report, the group of Hirose mixed ALEGPA with either succinic
acid (C,), adipic acid (Cs), or sebacic acid (C,) in different
weight ratios and then cured the mixtures with EGDGE to syn-
thesize epoxy resins (Scheme 10).'% T, decreased with increas-
ing chain length of the used dicarboxylic acid (DCA), since the
distance between network points increased. By variation of the
lignin content and dicarboxylic acid component, the T of the
epoxy resins was adjustable in a range from —-40 °C to
—-10 °C."'®® Furthermore, Hirose et al. showed that ethylene
glycol can be substituted by glycerol in the polyacid mixture to
further increase the cross-linking density and expand the T,
range to +10 °C."%” However, due to the high dilution of lignin
in all epoxy resins (below 9 wt%, see ESIT), the majority of the
respective resins consists of long and flexible aliphatic ester
chains, which mainly impact the properties of the materials
(e.g., Ty below room temperature for all resins).'*>%

Griffini et al. used succinic anhydride for the synthesis of
lignin-based carboxylic acids as well.'% Kraft lignin was func-
tionalized in tetrahydrofuran with varying equivalents of succi-
nic anhydride to find a maximum ratio of SAn/lignin that
ensured a full conversion without unreacted anhydride being
left in the product. A high selectivity for the esterification reac-
tion of aliphatic alcohol groups was observed via *'P-NMR
spectroscopy, while aromatic alcohols remained almost
unfunctionalized. Hence, it was possible to incorporate a
maximum of 20 wt% of succinic anhydride (0.35 equiv.) into
the SAn/lignin adduct.'® The synthesized adduct was then dis-
solved in an organic solvent and applied onto surfaces as
coating. After evaporation of solvent, the samples were ther-
mally treated at 200 °C to allow self-esterification reactions
between residual aromatic alcohol groups and carboxylic acid
moieties. The high lignin derived polyester coating exhibited
good solvent resistance, a T, of 138 °C, and was applicable as
adhesive on wood and glass surfaces.'®® Another example for
the use of succinylated lignin is as co-hardener for bisphenol
A-based epoxy resins. Incorporation of up to 10 wt% lignin
had a reinforcing effect on the epoxy resins."'>*'" Other cyclic
anhydrides, like maleic anhydride,'°®**>'"* Aradur 917,'** and
methylhexahydrophthalic anhydride''®> were used as well for
the synthesis of carboxylic acid functionalized lignins.
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Considering the amount of waste produced, cyclic anhy-
drides are sustainable functionalization agents, since no
byproducts are formed during the addition reaction itself. The
only waste formed during modification originates from sol-
vents, catalysts, or excess anhydride (E-factors were not calcu-
lated due to missing information in reported procedures).
Maleic and succinic anhydride are industrially produced from
fossil resources by catalytic oxidation of benzene or
n-butane.''®''” However, both anhydrides are potentially bio-
based as they can be produced from succinic acid, which in
turn can be obtained by fermentation of sugars.'*®'*° The syn-
thesis of lignin polycarboxylic acids from cyclic anhydrides
therefore represents a promising field for the production of
renewable polymers.

Luterbacher et al. attached carboxylic acid moieties to
lignin through aldehyde-assisted fractionation (AAF) with
glyoxylic acid (Scheme 11).**> Addition of glyoxylic acid functio-
nalized lignin (GA-lignin) to an emulsion of mineral oil and
water significantly prolonged the stability of the emulsion
from 7 days to 180 days without any visible phase separation
and therefore allowed its use in cosmetic applications such as
creams and lotions.?® In another study, GA-lignin was used for
the synthesis of epoxy resins that contained up to 70 wt% of
lignin, by curing with polyethylene glycol diglycidyl ether
(PEGDGE, Scheme 11)."*° All epoxy films possessed excellent
UV barrier properties while maintaining good visible light
transparency and are therefore promising materials for food
packaging applications."®® The reported procedures for AAF
with glyoxylic acid and epoxy resin synthesis are considered
unsafe due to the use of possibly carcinogenic 1,4-dioxane as
solvent.”* In other procedures, more sustainable 2-methyl-
tetrahydrofuran was used as solvent for AAF with isobutyralde-
hyde and propionaldehyde.**'?*'**> Glyoxylic acid can poten-
tially be produced through electrochemical conversion of
carbon dioxide to further improve the sustainability of this
functionalization.*>"** In general, AAF is a versatile method
that extracts lignin from wood in a single step with an alde-
hyde of choice to introduce new functional groups.'>"'**

Ester group functionalized lignin

Lignin esters exhibit more flexibility and a reduced Ty in con-
trast to pristine lignin, rendering them suitable for thermo-
plastic applications on their own or in blends.'*®"*
Esterification of lignin is easily achieved by reaction with
highly reactive electrophiles, such as anhydrides or acyl chlor-
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Scheme 11 Aldehyde-assisted fractionation of lignin with glyoxylic acid and subsequent epoxy resin synthesis; (prepared by the authors, adapted

from ref. 35 and 120).
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ides, resulting in a complete functionalization of all alcohol
groups, but also waste associated with byproducts, the use of
bases, and the necessary synthesis of the mentioned electro-
philes (Scheme 12). Koivu et al. reacted softwood kraft lignin
with acetyl (C,), octanoyl (Cg), lauroyl (C;,), or palmitoyl (Cy¢)
chloride to prepare lignin esters of different aliphatic chain
lengths (Ecomplex: 6.65-8.07, Table 4).'*® The initial Ty of lignin
of 145 °C decreased for all esters with an increasing degree of
substitution to a minimum of 45 °C for the fully functiona-
lized Cy6 ester. Moreover, a remarkable decrease of T, was
observed for lignin functionalized with longer chain esters (T,
= 121 °C for C, and 50 °C for Cg, both with DS = 100%).
Finally, Koivu et al. used the C,4 ester sample to manufacture
a polyethylene blend via melt extrusion.'® The group of
Dubois used biobased 10-undecenoyl chloride (C;;)"*° and
oleoyl chloride (C;g) for the esterification of soda lignin
(Ecomplext 0.10)."*° UV-blocking films were manufactured by
compression molding of biodegradable poly(butylene adipate-
co-terephthalate) (PBAT) blended with the synthesized lignin
esters. Incorporation of 10 wt% of lignin ester into the PBAT
matrix resulted in excellent UV protection in the irradiation
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range from 280 nm to 400 nm without negative effects on
material properties.”*® Another commonly used functionali-
zation agent for esterification are linear anhydrides (cyclic
anhydrides have been discussed previously, see: Carboxylic
acid functionalized lignin paragraph above). In 2005,
Thielemans and Wool synthesized various lignin esters from
anhydrides to investigate their solubility depending on the
chain length in nonpolar solvents such as styrene.'’® Lignin
esterification was performed solventless in acetic anhydride
(C,), propionic anhydride (Cs), butyric anhydride (C,) and
methacrylic anhydride with 1-methylimidazole as catalyst to
achieve full functionalization for all modifications (Scheme 12,
Ecomplex: 2.05). Lignin butyrate and butyrate/methacrylate were
found to be soluble in styrene and can therefore potentially be
incorporated into unsaturated polyester composites.'****! Luo
et al. used crotonic anhydride to add polymerizable double
bonds to lignin for thermosetting applications (Ecomplex:
1.75)."** To investigate whether the introduced crotonyl groups
improve the radical polymerization, lignin crotonate and
lignin butyrate (as reference sample without double bonds)
were cured at 175 °C. Thermally initiated cross-linking was
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Scheme 12 Esterification of lignin with acyl chlorides (left) and anhydrides (right); (prepared by the authors, adapted from ref. 112, 128, 130 and

132).

Table 4 E-factors for esterification procedures

Work Modification Functionalizing agent Egimple Ecomplex Esequence
Koivu'?® Esterification (1) Acetyl chloride 1.02 6.65 —
(2) Octanoyl chloride 1.63 7.25 —
(3) Lauroyl chloride 2.03 7.66 —
(4) Palmitoyl chloride 2.44 8.07 .
Dubois™*® Esterification Oleoyl chloride 0.08“ — —
(1) Chlorination Oxalyl chloride 0.86 2.01 1.25
(2) Esterification 10-Undecenoyl chloride 0.10“ —
Avérous®® Chlorination Oxalyl chloride 0.78¢ 7.13“ .
Wool''? Esterification (1) Acetic anhydride 2.05 — —
(2) Propionic anhydride 2.05 — —
(3) Butyric anhydride 2.05 — —
(4) Methacrylic anhydride 6.36 10.5 .
Luo'*? Esterification (1) Crotonic anhydride 1.75% — —
(2) Butyric anhydride 1.59“ — —
Renneckar®®'*? (1) Hydroxyethylation Ethylene carbonate 2.19 — —
(2) Esterification (1a) Propionic acid 9.93 o 12.1
(1b) Propionic acid with recycling 0.99 — 3.18
(2) valeric acid 0.94 — 3.13
(3) Octanoic acid 0.91 — 3.10
(4) Oleic acid 2.15 — 5.80
Verge'*? Esterification 3-(4-Hydroxyphenyl)propanoic acid 1.19° — —

“No final weight of isolated product was reported, therefore final weight of the product was calculated based on theoretical yield (for more infor-

mation see ESIf).
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observable through increased viscosity and T, of lignin croto-
nate after heating. In contrast, lignin butyrate (Ecompiex: 1.59)
showed no difference in properties after curing.'*?

Esterification procedures using acyl chlorides and acid
anhydrides achieve full functionalization for almost every pro-
cedure and exhibit good E-factors with solventless conditions
(Ecomplext 1.59-8.07, Table 4)."**'**'33 However, additional
waste will be generated if acyl chlorides are used, since the
byproduct hydrogen chloride requires neutralization with stoi-
chiometric amounts of bases. Moreover, the discussed pro-
cedures using anhydrides are hazardous due to the use of
toxic 1-methylimidazole as catalyst.'***%°

To allow comparison with other esterification procedures,
acyl chloride and anhydride containing procedures must be
considered as sequences starting from the corresponding car-
boxylic acids. Chlorination of carboxylic acids is usually
achieved by reaction with hazardous oxalyl chloride, which
itself is produced from ethylene carbonate and toxic chlorine
(Ecomplext 2.01-7.13).7>13%13%137 Acetic anhydride is industrially
produced from acetic acid by thermal dehydration into ketene
at 700 °C and subsequent reaction of ketene with acetic acid
(ketene process)."*® Propionic anhydride is similarly produced
from propionic acid."®*® Higher homologues of acid anhydrides
are prepared from the corresponding carboxylic acid by reac-
tion with its acyl chloride derivative or more sustainably by
reaction with its mixed anhydride of acetic acid.'*®'*° The use
of anhydrides is therefore preferred over acyl chlorides, since
no toxic substances are needed for their production. However,
it should be noted that only procedures for up to Cs anhy-
drides are reported for lignin esterification."** Considering the
amount of waste generated during esterification, the use of
carboxylic acids as functionalization agent is theoretically
more sustainable than with acyl chlorides or anhydrides, since
the condensation byproduct water (18.0 g mol™") has a lower
molecular weight than the respective condensation byproducts
hydrogen chloride (36.5 g mol™") and carboxylic acids (acetic:
60.1 g mol ™", propionic: 74.1 g mol™"). Esterification of lignin
with pure carboxylic acids is however scarcely found in litera-
ture and usually results in low degrees of substitution. As
already mentioned in the epoxide chapter, Renneckar et al
esterified kraft lignin with propionic acid at 120 °C and
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removed the byproduct water by evaporation thus shifting the
equilibrium towards the product side (Ecomplext 9-93,
Scheme 13a)."** A degree of substitution higher than 80% was
observed for aliphatic alcohol groups, proving that esterifica-
tion with carboxylic acids as reagent is a viable method for
lignin functionalization. However, aromatic alcohol groups
stayed almost unfunctionalized with this method, as expected,
resulting in a low overall degree of substitution. Renneckar
et al. therefore implemented a hydroxyethylation step prior to
esterification to convert aromatic alcohol groups through selec-
tive functionalization (Scheme 13b).***

Optimized reaction conditions used ethylene carbonate as
reagent and solvent and efficiently converted 90% of aromatic
alcohol groups into hydroxyethyl ethers (Ecompiext 2.19).°
Hydroxyethylated lignin had an increased thermal stability
and a lower T, than unmodified lignin. Finally, hydroxyethyl-
ated lignin was functionalized with propionic acid (C;), valeric
acid (C;), octanoic acid (Cg), or oleic acid (C;g) to achieve
degrees of substitution of 87%, 79%, 81%, and 77%, respect-
ively.”® Recycling of excess carboxylic acids used as solvent for
the reaction was possible by distillation to further reduce the
amount of waste generated (Ecomplex: 0.99-2.15).”° Moreover,
for the esterification procedure with propionic acid, a one-pot
procedure was developed that allows precipitation of different
molecular weight fractions with low dispersities and high
degrees of esterification (DS > 85%).'** Intriguingly, Verge
et al. utilized the reduced reactivity of phenols towards esterifi-
cation and reacted soda lignin with 3-(4-hydroxyphenyl)propa-
noic acid (Ecomplext 1.19, Scheme 13c).'** Reaction conditions
similar to the esterification procedure by Renneckar et al. were
applied to prevent esterification of aromatic alcohols.”®'*?
After reaction at 140 °C, a large decrease of aliphatic alcohol
groups and a simultaneous increase in p-hydroxyphenyl alco-
hols was observed via *'P NMR spectroscopy, while the
number of substituted phenols (e.g, syringyl) did not change.
Aliphatic alcohols were thus efficiently transformed into esters
with hydroxyphenyl moieties to establish a more uniform func-
tionality of aromatic alcohols, while carboxylic acids stayed
unfunctionalized.'*® Furthermore, this procedure resembles a
benign and more sustainable alternative to phenolation pre-
treatment, which is often applied prior to amination reactions
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Scheme 13 Esterification of lignin with carboxylic acids; (prepared by the authors, adapted from ref. 142 and 143).
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(see above), which uses toxic phenol to add more aromatic
alcohol groups to lignin.'*® Esterification of aliphatic alcohol
groups of lignin with pure carboxylic acids is efficient and can
be conducted in solvent- and catalyst-free systems. The pre-
sented procedures exhibit low E-factors (Ecomplex: 1.19-2.15)
and use more benign chemicals than procedures involving acyl
chlorides and anhydrides.

Multiple bond functionalized lignin

The insertion of multiple bonds onto lignin (i.e., double or
triple bonds) unlocks various possibilities for the use of lignin
as macromonomer (Table 5). In 2017,"*° the functionalization
of hydroxyl groups of lignin via typical Steglich esterification
conditions, namely DCC mediated esterification with 4-pente-
noic acid in the presence of 4-(dimethylamino)pyridine
(DMAP), in dimethylformamide (DMF) as solvent was reported.
The thus obtained double bond containing lignin was sub-
sequently reacted with polyethylene glycol (PEG)-thiol (and
other thiols) to produce poly(lignin-co-PEG). It was unfortu-
nately not possible to calculate any E-factor for this procedure,
due to a lack of necessary data. However, major concerns are
related to some compounds used for the functionalization,
i.e., DCC and DMAP are classified as toxic substances®'*” and
DMF is also considered a harmful substance.'*® Insertion of
triple bonds to lignin is also reported in the literature, mostly
for subsequent azide-alkyne click reaction purposes. For
instance, lignin-alkyne synthesis is reported via esterification
with 5-hexynoic acid (in the presence of pivalic anhydride and
DMAP in THF)"® or via functionalization with propargyl
bromide."® Both procedure involve toxic chemicals'*”*3*71%3
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and an imperative shift towards more environmentally benign
and sustainable methodologies is necessary.

A recent protocol, published in 2023 by S. Renneckar
et al.,">* provides a simple esterification protocol to introduce
vinyl esters onto lignin. Advantages of the procedure are its
solventless and catalyst-free conditions. However, despite
these favorable features, the protocol consists of a two-step
modification, first hydroxyethylation with ethylene carbonate,
followed by esterification with acrylic acid (Scheme 14). Multi-
step procedures should be avoided, as already mentioned pre-
viously concerning phenolation pretreatment. Moreover,
acrylic acid raises concerns due to its toxicity.">® The authors
report a degree of substitution (DS) of 40.7% of the aliphatic
hydroxyl groups using optimized conditions for the esterifica-
tion. The calculated Egimple for this procedure are 4.80 and
3.07 for the first and second step, respectively, leading to a
Esequence Of 7.76 for the two-step procedure.

A selective allylation of the phenolic hydroxyl groups of
lignin is reported by C. Gioia and M. Lawoko et al.'*>® by react-
ing them with allyl chloride. This procedure, despite being
useful for tailor-made functionalization of lignin, involves the
use of toxic allyl chloride,’®” therefore better alternatives
should be employed when selectivity is not necessary.
Alternatively, and far less toxic, allyl methyl carbonate was suc-
cessfully applied for the selective allylation of organosolv
lignin in a water/ethyl acetate mixture.'”® The procedure relies
on a palladium nanoparticle catalyzed Tsuji-Trost allylation,
very high turnover numbers of up to 500 000 were reported for
model compounds. Generally, organic carbonates are a class
of compounds that has received increased interest in recent

Table 5 Summary of simple and complex E-factors of the presented procedures for different multiple bond insertions

Work Modification Functionalizing agent Esimple Ecomplex Esequence
Renneckar et al.">* Hydroxyethylation (1) Ethylene carbonate 4.80 — 7.76

Esterification (2) Acrylic acid 3.07
Meier and Over'®* Allylation Diallyl carbonate 5.42 — —

9.43

Meier et al.'®® Allylation Diallyl carbonate 1.87° — —
Johansson et al.'*® Allylation Diallyl carbonate 2.09% — —
Avérous et al.'”* Vinylation Vinyl ethylene carbonate 6.01 — —

—: no solvents have been used, therefore Ecompiex is not reported. “ No final weight of isolated product was reported, therefore final weight of the
product was calculated based on theoretical yield (for more information see ESI¥).

OH
Lignin Lignin Lignin
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Introduction of vinyl moieties to lignin via esterification with acrylic acid; (prepared by the authors, adapted from ref. 154).
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years, especially in the field of lignin modification. They are
widely recognized as greener reagents and benign alternatives
to common organic solvents and/or reagents.’® For instance,
in 2015, methylation of softwood kraft lignin was achieved via
reaction with dimethyl carbonate (DMC),"*® a greener alterna-
tive to toxic and carcinogenic methylating agents commonly
used, such as dimethylsulfate,'®>*®" methyl iodide,"®* or tri-
methyl phosphate.’®® In this context, introduction of double
bonds onto lignin can be achieved both via utilization of non-
cyclic and cyclic organic carbonates. The work of Meier and
Over'®* reports a solvent-free allylation procedure of organo-
solv lignin via functionalization with diallyl carbonate (DAC) in
the presence of tetrabutyl ammonium bromide (TBAB) as
phase transfer catalyst (Scheme 15). With optimized con-
ditions (120 °C, 5 h, 1 equiv. TBAB, 10 eq. DAC) 100% and
79% conversion of aromatic and aliphatic hydroxyl groups was
achieved, respectively. The authors also report recycling
attempts for TBAB and DAC, resulting in 97% recovery of TBAB
and 59-62% recovery of DAC, via extraction and distillation,
respectively. The lowest calculated Egjmpie for this procedure is
5.42, considering the recovery of DAC, and 9.43 in the case of
recovery of TBAB. These relatively high E-factors are ascribed
to the high equivalents of DAC used (10, with respect to the
total of OH groups). However, Meier et al, reported that the
equivalents of DAC could be decreased to 3, obtaining similar
conversions. Indeed, this was further demonstrated by the
same group in a subsequent work'® and later by Johansson
et al."®® In both cases 3 equiv. of DAC (with respect to the total
of OH groups) were employed to functionalize lignin, and in
both procedures TBAB was recycled, with 92% and 88 + 3%
recovery, respectively (Egmple: 1.87 and 2.09, respectively, con-
sidering recovery of TBAB). This further demonstrates the
intrinsic sustainability of this procedure. Moreover, DAC can
be synthesized from sustainable DMC in the presence of allyl
alcohol.'®”'®® However, allyl alcohol still presents difficulties
correlated to its toxicity'®® and production methods,'”® even if
recent progress has been made to produce it more sustainably
via deoxydehydration of glycerol.'”7>

Functionalization of lignin using cyclic carbonates is also
widely reported, leading to insertion of different functional
groups, depending on the cyclic carbonate used.'**'73717¢
Concerning the introduction of double bonds, an interesting
procedure is reported by Avérous et al., where lignin is functio-

OH 0 O/\/
SN \/\O)J\O/\/ O
TBAB, 120 °C, 5 h
OH Lignin
Lignin O\n/o NN
(@)

Scheme 15 General reaction scheme of the allylation of lignin using
diallyl carbonate; (prepared by the authors, adapted from ref. 164).
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nalized with different organic cyclic carbonates, in particular
with vinyl ethylene carbonate (VEC)."’* VEC is used both as
solvent and reagent, in excess (10 equiv. with respect to the
reactive groups), in the presence of potassium carbonate
(K,CO3) in catalytic amounts (0.1 equiv. with respect to the
reactive groups). Despite the toxicity of VEC,"”” which needs to
be taken into consideration, advantages of this procedure are
the use of the economic and benign K,COj; catalyst, as well as
its solvent-free character. Full conversion of phenolic hydroxyl
groups was reached in 1 hour at 150 °C (Egimpie: 6.01). Further
investigation should be considered in order to assess if VEC
equivalents can be reduced, maintaining the same conver-
sions. A scheme of the reaction between a general cyclic car-
bonate and different hydroxyl groups of lignin can be found in
Scheme 16, and a more detailed discussion on this topic will
be provided in a later section.

Hydroxyl group functionalized lignin

Lignin-based polyols (LBPs) have attracted growing interest in
the field of polymeric materials, due to the introduction of
lignin as a renewable feedstock for the production of biobased
polyols. Lignin itself presents a variety of hydroxyl groups in
its structure, as already described previously. However, due to
the different nature of lignin’s hydroxyl groups and its intrin-
sic heterogeneity, it is difficult to achieve homogeneous reac-
tivities, and often this is a drawback in order to obtain repro-
ducible results. This problem can be addressed by rendering
the chemical structure of lignin more homogeneous, i.e., con-
verting phenolic hydroxyl groups into less sterically-hindered
and predominantly aliphatic ones. LBPs have seen extensive
research as substitutes for conventional polyols in poly-
urethane (PU) synthesis, which are commonly synthesized
from diisocyanates and polyols. Generally, the traditional way
to produce LBPs, first introduced in the 1980s by Glasser
et al.,'’® is oxyalkylation in the presence of alkylene oxides.
Several works explored lignin oxypropylation with propylene
oxide (PO),"”° %" as well as other alkylene oxides,'®* and the
behavior of the obtained LBPs was investigated for PU rigid
foam application. In the work of Ragauskas and Li,"”° for
instance, a lignin polyol was obtained from oxypropylation
with PO, and mixed in different percentages with two other
polyols and reacted with polymeric methylene diphenyl diiso-
cyanate (MDI). The percentage of lignin polyols in the mixture
ranged from 0% to 100%. Interestingly, as the weight percen-
tage of lignin polyols increased, a corresponding improvement
in compressive strength and modulus of the PUs was observed.
Specifically, when using 100% weight of lignin polyols, the
foam exhibited a 44% increase in compressive strength and a
135% increase in modulus compared to the control foam,
which contained 0% lignin polyols. Usually, oxypropylations
with PO are conducted in the presence of a base via anionic
ring-opening polymerization (AROP),"®! leading to grafting of
oligomeric chains of polypropylene glycol onto lignin, and
generating the correspondent homopolymer,'®® that can either
be removed via solvent extraction'’*'”® or can be left in the
reaction mixture as bifunctional co-polyol."”® Moreover, oxy-
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Scheme 16 Reactions of a general cyclic carbonate with different functional groups of lignin; (prepared by the authors).

propylation reactions are typically conducted at high tempera-
tures (around 150 °C), far above the boiling point of PO
(34 °C). Therefore, high pressure is required, raising the
overall energy consumption and necessitating specialized
equipment, such as pressure reactors.'®! Another work'®> par-
tially circumvented some issues by synthesizing a family of
LBPs via cationic ring-opening polymerization (CROP) with
different oxiranes in the presence of boron trifluoride (BF;) as
Lewis acid catalyst and THF as solvent and co-monomer. The
reaction conditions were mild (room temperature and atmos-
pheric pressure), decreasing the energy consumption com-
pared to the AROP method. Notably, the formation of the
homopolymer side product was minimized to 5 wt%, a signifi-
cant reduction compared to maximum values up to 70 wt%
reported for the AROP method.'®" Oxyalkylation is a useful
tool that permits the synthesis of LBPs in a straightforward
manner, however, it suffers from numerous drawbacks, and
more sustainable ways to produce LBPs have been the subject
of recent research advancements. PO, as well as other alkylene
oxides, is a highly toxic and harmful substance with several
concerns correlated also to its difficult handling, flammability,
and explosivity.'®*'®> An alternative method was investigated

by Avérous et al. in 2016,'%® performing oxypropylation on con-

This journal is © The Royal Society of Chemistry 2024

densed tannins, the second most abundant source of renew-
able aromatic structures, with propylene carbonate (PC). In
particular, PC was utilized as a replacement for PO in tannin
functionalization and optimization of the reaction conditions
was carried out. Cyclic carbonates (such as propylene carbon-
ate and ethylene carbonate) are a well-known class of organic
reagents and solvents of high boiling point, and in most cases
represent a sustainable alternative to traditional
reactants.'°>"®” The different reactivity of lignin moieties with
a general cyclic carbonate is depicted in Scheme 16.

Usually, harder nucleophiles, such as aliphatic alcohols,
tend to react preferably at the carbonyl of the cyclic carbonate,
leading to carbonate linkages. Phenolic alcohols and car-
boxylic acids, i.e. softer nucleophiles, preferably attack one of
the two alkylene carbons with concomitant release of CO,,
generating ether linkages. This difference in reactivity can
further be tuned by varying the reaction conditions. For
instance, it was observed that for high reaction temperatures
(>170 °C), basic catalysts, and lower reaction times, etherifica-
tion is favored over carbonate linkages."”*'”> Oxyalkylation of
organosolv lignin with PC was studied and optimized by the
work of Lehnen et al. in 2017.”® In this work, the influence of
parameters such as reaction temperature, time, and equiva-
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lents of catalyst and PC was studied. The solvent-free pro-
cedure led to a maximum chain length of grafted propyl units
of 4.6 utilizing the optimized conditions, in the presence of
catalytic amount of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).
A later publication of the same group'”® applied the optimized
conditions for PC to other cyclic carbonates, namely ethylene
carbonate (EC), propylene carbonate (PC), butylene carbonate
(BC) and glycerol carbonate (GC), generating a family of LBPs
(Scheme 17). Moreover, the influence of pulping process and
lignin source was examined, unveiling the higher reactivity for
the two kraft lignins tested, due to their higher number of aro-
matic hydroxyl groups, compared to the other types of lignins
investigated (organosolv and soda lignin), proving once again
the importance of the isolation method on the chemical struc-
ture of lignin. Calculated Egjmple for this procedure are in the
range 3.59-4.19 (Table 6).

Another study from Avérous et al.'”* compared reactivities
of four different cyclic carbonates, namely EC, PC, GC and
vinyl ethylene carbonate (VEC). In this procedure, the toxic
and expensive organobase DBU was substituted by the more
benign and cheaper inorganic catalyst, potassium carbonate
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(Esimple: 4.94-6.02). The equivalents of the cyclic carbonate and
catalyst remain the same for both procedures (10 and 0.1
equiv., respectively, relative to the sum of reactive sites of
lignin). Consequently, the lower E-factors for the procedure of
Lehnen et al. (Egmpie: 3.59-4.19) are attributed to the fact that
they were calculated based on theoretical yield, therefore they
reflect the lowest possible values obtainable with this pro-
cedure (see ESI{ for details).

The same group later applied the concept of lignin
functionalization with ethylene carbonate for PU foam pro-
duction.’”® In particular, they developed a new method for
lignin-based liquid polyol synthesis in PEG as solvent. The
LBPs were prepared in a single-step and purification-free
manner, mixing different ratios of lignin with PEGs of
different chain lengths, and subsequently reacted with EC.
The lignin content in the polyols was varied between 20 and
30 wt%. The process was scaled up to 200 g batches, obtaining
four LBPs that were used in the preparation of rigid PU foams,
varying the substitution of a standard polyether polyol with
LBPs up to 100 wt%. Since the preparation of LBPs does not
require, in this case, any work-up or purification procedure
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Scheme 17 Lignin hydroxyalkylation with different cyclic carbonates: butylene carbonate (red), ethylene carbonate (blue), propylene carbonate
(green) and glycerol carbonate (orange), (prepared by the authors, adapted from ref. 173).
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Table 6 Summary of E-factor for hydroxyalkylation procedures
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Work Modification Functionalizing agent Egimple Ecomplex Esequence
Lehnen et al.'”? Hydroxyalkylation Ethylene carbonate 3.59° — —
Propylene carbonate 3.89¢
Butylene carbonate 4.16"
Glycerol carbonate 4.19¢
Avérous et al.'”* Hydroxyalkylation Ethylene carbonate 4.94 — —
Propylene carbonate 6.17
Vinyl ethylene carbonate 6.02
Glycerol carbonate 6.02
Avérous et al.'’® Hydroxyalkylation Ethylene carbonate (PEG) 0 — —
Lehnen et al.'®® Hydroxyalkylation Glycerol carbonate 4.19° — 9.06
Transesterification Dimethyl carbonate 5.04¢

—: no solvents have been used, therefore Ecompiex is not reported. “ No final weight of isolated product was reported, therefore final weight of the
product was calculated based on theoretical yield (for more information see ESIY).

(they can be directly employed for foams preparation) the
E-factor for this procedure is equal to 0, because no waste is
generated.

Turning to a different aspect, an interesting procedure was
reported by the group of Lehnen et al,'®® where lignin was
first functionalized with glycerol carbonate (GC), following a
previous procedure.'” Afterwards, the newly inserted 1,2-diols
were reacted with dimethyl carbonate (DMC) to produce cyclic
carbonate functionalized lignin (Scheme 18, ref. 188). Cyclic
carbonate moieties can be obtained via carbonation of epox-
ides with CO,. However, for lignin, epoxide groups are typically
introduced via epoxidation with toxic epichlorohydrin.'®~*°*
However, in this work, a more sustainable route was followed.
Under optimized conditions, a lignin containing 1.54 mmol

[188]

¢~ ' carbonate functionalities was obtained. Potassium carbon-
ate was utilized as catalyst for the transesterification reaction
(0.4 equiv.), together with 5 equiv. of DMC in DMSO as
solvent. Furthermore, the catalyst K,CO; could be quantitat-
ively recovered (97-99%) and reused for subsequent syntheses
with comparable results to commercial K,CO;, lowering the
Egimple for the transesterification step from 5.04 to 4.78 due to
this recycling.

Cyclic carbonate functionalized lignin can be used as a
lignin-based prepolymer for non-isocyanate polyurethane
(NIPU) applications. NIPUs have arisen as sustainable alterna-
tive to the use of toxic isocyanates (and their precursor, phos-
gene) for PUs synthesis. They are often synthesized from poly-
amines in the presence of (poly)cyclic carbonates. In this

o
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Scheme 18 Lignin hydroxyalkylation with glycerol carbonate and subsequent transesterification with dimethyl carbonate, to produce cyclic car-
bonate functionalized lignin,*®® that is subsequently reacted with Priamine™ to yield lignin-based NIPU;'°? (prepared by the authors, adapted from

ref. 188 and 192).
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context, an interesting work from 2020'> follows the path
reported by Lehnen et al.'®® to produce cyclic-carbonate (CC)
functionalized lignin, which was then used, together with
Priamine™, a fatty-acid based diamine, to obtain NIPU foams
from renewable resources (Scheme 18, ref. 192). The cross-
linked polymers were tested in dog-bone shaped samples for
mechanical properties, showing a decrease in ultimate-tensile
strength and modulus with decreasing ratio CC:NH, from
1:1 to 1:2, confirming that a lower cross-linking density con-
tributes to more flexible materials. Interestingly, the samples
also showed shape-memory capability, thanks to the simul-
taneous presence of both hard and soft segments. In addition,
the authors produced lignin-based NIPU foams in the pres-
ence of the chemical blowing agent poly(methylhydrosiloxane)
(PMHS). Foams were tested for their density, porosity and com-
pressive strength at 10% strain, revealing once again that a
higher crosslinking density leads to an increase in compressive
strength. Moreover, SEM measurements showed that cell dia-
meters doubled from ratio 1:1 compared to 1:2, revealing a
more open structure with decreasing crosslinking density.

Recently, the same group demonstrated that lignin-based
NIPU foams can be chemically recycled, with subsequent reuti-
lization of lignin in a second generation of polymers.'®
Ethylene glycol (EG) assisted hydroglycolysis, ie., alkaline
hydrolysis aided by the addition of EG, showed 93% mass
recovery of the waste NIPU foams. Moreover, recycled NIPU
foams were re-synthesized using 100% recovered lignin,
showing very similar properties to virgin foams. LCA analysis
of the process was also reported, leading to a GWP value for
the first generation of foams of 1.89 kg CO, eq.

Finally, more sustainable ways have been developed for the
synthesis of LBPs, involving the utilization of organic cyclic
carbonates. The corresponding polyols have been tested for PU
rigid foam application, and more recently, for NIPU synthesis.
Moreover, hydroxyethylation of lignin with ethylene carbonate
is widely reported as a pretreatment in order to achieve homo-
geneous reactivity of the lignin macromonomer structure,
some examples are also reported along this review.

Conclusion

To summarize, this literature review provides a comprehensive
overview on recent advancements in lignin modification pro-
cedures, as well as lignin isolation methods. In particular, the
review is focused on the use of lignin as such, as a macro-
monomer, and its possible applications in polymer science.
Different types of modifications were discussed, based on the
functional groups grafted onto lignin’s structure. Methods,
advantages and limitations of the presented protocols were cri-
tically evaluated, along with their environmental contribution
in terms of waste generation and toxicity of the used sub-
stances. In particular, our works highlights some areas that
would require further developments in terms of sustainability.
An example are routes to epoxidized lignins, which still heavily
rely on the use of petroleum-based and toxic epichlorohydrin.
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On the other hand, we thoroughly discussed the use of organic
carbonates as alternative and benign reagents and solvent,
especially for hydroxyethylation pretreatments and their role in
the synthesis of lignin-based polyols. The inclusion of E-factor
calculations in this work has allowed the comparison of the
sustainability associated with the discussed procedures, based
on waste generation. The consideration of this sustainability
metric, to the best of our knowledge, has not been yet applied
as green metric to evaluate and compare different procedures
for lignin modification. This increases the understanding of
the environmental implications of these procedures, guiding
researchers and industries towards more environmentally-
friendly practices. Moreover, safety is also considered, addres-
sing concerns related to toxicity and hazardousness. This
serves as an incentive to implement robust safety practices,
both in academia and industry.

This literature review not only summarizes the current state
of knowledge on lignin research, but also emphasizes the
importance of sustainable and efficient methodologies. As
lignin’s potential continues to be explored, the insights gath-
ered here serve as a foundation for future advancements,
encouraging continued innovation towards a more sustainable
future, to change lignin’s path from waste, to resource.
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