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This article addresses current challenges in lignin chemistry by exploring four thematic areas. We begin by
examining the major chemical transformations that occur in lignin and discuss the emerging structural
understanding of technical lignins. The discussion then shifts to lignin fractionation strategies, which are
essential for reducing its inherent heterogeneity and complexity, thereby enabling its use in practical
applications. Next, we delve into the chemical and physical behavior of lignin in solution, with particular
emphasis on its self-assembly processes relevant to nanoparticle formation. The supramolecular interactions
driving these assemblies—such as m—m stacking, hydrogen bonding, and solvent polarity—are analyzed to
identify key parameters for designing lignin-based nanomaterials. These materials show promising
applications across sectors including agriculture, packaging, cosmetics, and pharmaceuticals. We then consider
the broader valorization of lignin, focusing on the rheological and antioxidant properties of lignin fractions.
Particular attention is given to their role in forming polymer blends with polyethylene, highlighting their
influence on thermal stability and mechanical performance. Finally, we explore lignin's potential as a non-
petroleum precursor for carbon fiber production. We critically assess the main barriers in this field, such as
lignin’s relatively low molecular weight and thermal behavior, which hinder effective fiber formation and
graphitization. Strategies to address these challenges, including the integration of fractionation techniques
with chemical modifications, are discussed. The article concludes with a review of recent efforts to overcome
the limitations of lignin graphitization and enhance its viability as a sustainable carbon fiber source.
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1. Introduction

Contemporary socio-economic pressures demand the
implementation of green technologies to confront global challenges
such as climate change and the dwindling availability of fossil fuels.
This shift underscores the need to utilize renewable feedstocks—
particularly lignocellulosic biomass—for the production of high-value
chemicals traditionally derived from petroleum sources. While the
industrial conversion of biomass’s carbohydrate components—
cellulose and hemicelluloses, which constitute 65—70% of its mass—
is well established, enabling the synthesis of platform chemicals like
furfural, hydroxymethylfurfural (HMF), and related compounds, the
efficient utilization of lignin, which comprises the remaining 30-35%,
continues to pose significant challenges. These challenges primarily
stem from lignin's structural complexity, resistance to chemical
modification, and inherent heterogeneity.

Lignin (Figure 1), the most abundant renewable aromatic
biopolymer, is synthesized through the end wise random
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polymerization of enzymatically generated phenoxy radicals of
mainly three monolignols: p-coumaryl, coniferyl, and sinapyl alcohol.
This process yields an irregular macromolecule, lackiig'a'théd&firfed
primary structure typical of other bio%giyméps_sgﬁgmc%qﬁ%ﬁe,
proteins, or nucleic acids. The monolignol units are interconnected
via a variety of chemical bonds, including ether bonds, carbon—
carbon linkages, and mixed ether—carbon—carbon linkages.! Among
the ether linkages, B—0-4' arylglycerol ether and 4-0-5' diaryl ether
are the most prevalent. Key carbon—carbon bonds include the 5-5'
biphenyl linkage, while mixed linkages are represented by structures
such as phenylcoumaran (B-5') and resinol (B—B'). Additionally, lignin
contains various functional groups—methoxy, hydroxyl, carbonyl,
olefinic, and ester moieties—whose distribution is influenced by
factors such as plant species, geographical origin, and most notably,
the extraction method employed.?™
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Figure 1. Current lignin structure according to Ralph, Lapierre, and Boerjan.*
Reproduced from reference 4 with permission from Elsevier, copyright 2019.

The valorisation of lignin constitutes a broad and dynamic field,
beginning with the sourcing of raw materials. Traditional strategies
focus on technical lignins, obtained as by-products of pulping
processes and biorefineries. More recently, the lignin-first approach
has emerged, Kraft lignin, a by-product of the production of pulp, is
currently incinerated in the recovery boiler during the chemical
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recovery cycle, generating valuable bioenergy and recycling
inorganic chemicals to the pulping process operation. Removing
lignin from the black liquor or its gasification lowers the recovery
boiler load enabling increased pulp production. During the past ten
years, lignin separation technologies have emerged and the interest
of the research community in valorizing this underutilized resource

This journal is © The Royal Society of Chemistry 20xx
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has been invigorated. Overall, it is anticipated that this effort will
inspire further work for developing and using kraft lignin as a
commodity raw material for new applications undeniably promoting
pivotal global sustainability concerns which seeks to valorise lignin as
a co-product through novel, yet unscaled, biomass processing
technologies. In both cases, chemical transformation - whether by
polymerisation or depolymerisation - underpins the utilization of
lignin. Polymerisation strategies aim to generate high-molecular-
weight fractions with tailored functionalities for applications such as
adhesives, carbon fibre precursors, and additives for composites.
Alternatively, depolymerisation approaches seek to produce low-
molecular-weight compounds for applications ranging from biofuels
to antioxidants and fine chemicals, often employing oxidative or
reductive catalytic pathways.

This effort offers a critical outline of key aspects in lignin valorisation,
beginning with an overview of the chemical transformations
occurring during extraction under pulping conditions. The role of
lignin fractionation as a strategy for producing more homogeneous,
application-ready lignin streams is then discussed. Subsequently, the
association behavior of lignin and its implications for the fabrication
of lignin-based materials is examined followed by selected aspects of
lignin polymer chemistry with emphasis on the effect of lignin
fractionation on the rheological behavior and oxidative thermal
stability of lignin in polymeric blends. Finally, the challenges
associated with the production of carbon fibers from lignin are
discussed.

2. Technical Lignins Differ from Native Lignins

Technical lignins are the primary by-products of the pulping industry
and biorefineries. The sulphate and sulphite processes are the most
widely used delignification methods that enable the isolation of
lignin as solubilized species in alkaline or acidic aqueous media
respectively. More specifically, for the sulphate (kraft) process, lignin
is isolated from the alkaline solutions through precipitation via pH
reduction, using concentrated inorganic acids (e.g. sulphuric acid)
and/or carbon dioxide. For the sulphite process, lignin is isolated by
concentrating the acidic solutions in boilers, yielding lignin as an
encrusting, powdery product. Lignins isolated from both processes
are often contaminated with inorganics, such as sodium and/or
calcium sulphites, carbonates, and/or sulphide species. These are
important salt species used in pulping and are eventually recycled.
Organosolv processes, on the other hand, form the basis of modern
biorefineries yielding lignin that is soluble in organic solvents (e.g.
methanol, ethanol) eventually isolated after solvent evaporation.
Since no inorganics are involved in the organosolv processes, higher
purity lignins are obtained compared to those that emerge from
conventional pulping liquors.

Technical lignins are named according to the process used for their
isolation. Specifically, lignins isolated from sulphate pulping are
referred to as "kraft lignins", those from the sulphite process as
"lignosulphonates", and those from organosolv processes as
"organosolv lignins". A comparison of the structural features—such
as functional group content (e.g. methoxy and hydroxy groups),

This journal is © The Royal Society of Chemistry 20xx

Faraday;Discussions

bonding pattern distribution (e.g. aryl-glycerol-B-aryl ethers), and
molecular weight—between technical lignins and native lignins
reveals significant differences, highlighting the strotfg fnfitiéritecof
isolation conditions. Numerous studies ha\Pequsltﬁ)ég@é@R%quéct
of both conventional pulping (kraft & lignosulphonate) and
organosolv conditions on the structure of lignins. In general, both
delignification processes involve the degradation of lignin through
the cleavage of interunit linkages, which simultaneously introduces
hydroxyl or alkoxy groups on the lignin.

By choice, from this point on this effort will be focused on examining
the organic, physical & polymer aspects pivotal in kraft lignin
valorization since using kraft lignin as a commodity raw material for
new applications undeniably has the potential in promoting pivotal
global sustainability concerns.

2.1 The Chemistry of Pulping; an Outline. The chemistry of kraft
pulping was recently reviewed.®> The severe conditions of the kraft
pulping process originate a wide array of reactions that profoundly
alter the structure of lignin. As such, kraft lignin is substantially
modified in comparison to native lignin in wood and to milled wood
lignin (MWL) obtained from the same starting material. From this
perspective, the term “lignin” may even be considered misleading
and would be more accurately defined as a class of compounds
sharing aromatic building blocks as a common feature.
Consequently, elucidating its structure is a complex undertaking that
can only be achieved by combining advanced analytical techniques
such as modern nuclear magnetic resonance (NMR), mass
spectrometry, size exclusion chromatography etc.

Under kraft pulping conditions, lignin undergoes fragmentation and
dissolution through a series of reactions, primarily taking place at the
aryl-glycerol-B-aryl ethers (B-O-4') linkages.® However, it appears
that several radical redox reactions also occur on the liberated
monomeric or oligomeric lignin fragments, leading to
recondensation processes in parallel with further fragmentation and
reduction reactions along the lignin side chains.

The B 0-4’ is the most common bonding pattern in native lignins. This
bond is primarily cleaved by two distinct ionic mechanisms, as
illustrated in Figure 2. One such mechanism, referred to as “slow
sulfide independent reaction” occurs predominantly in non-phenolic
structures and give rise to an “endo-depolymerisation” process.?1°
This reaction is initiated by the deprotonation of the Ca hydroxy
group, followed by an intramolecular nucleophilic substitution that
leads to the formation of an epoxide intermediate and subsequent
cleavage of the aryl-alkyl ether linkage. The main reaction pathway
is a “fast sulfide dependent reaction” (Figure 2B) that occurs at the
phenolic end-units.” Under kraft pulping conditions, lignin structures
are present in the form of phenolate anions. A key step involves the
formation of a quinone methide intermediate, generated through
the elimination of the Ca hydroxyl group. This quinone methide is
then subjected to nucleophilic attack by the highly reactive
hydrosulphide anion, followed by an intramolecular nucleophilic
substitution that produces an episulphide intermediate. This
sequence ultimately leads to the cleavage of the B-O-4’ aryl ether
bond, resulting in lignin “exo-depolymerisation”.11:12

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Cleavage of non-phenolic and phenolic B-O-4 bonds during kraft pulping. A: slow sulphur-independent reaction, endo-
depolymerisation; B: fast sulphur-dependent reaction, exo-depolymerisation.”® Reproduced from reference 5> with permission from Wiley,

copyright 2023..

A central step in the modification and depolymerisation of lignin
during kraft pulping is the formation of a quinone methide
intermediate, resulting from the oxidation of phenolic end-groups.
This reactive intermediate is then attacked by nucleophilic
hydrosulphide ions, leading to the cleavage of B-O-4' interunit
linkages (Figure 3A). Alternatively, phenolic aryl enol ether end-
groups may undergo formaldehyde elimination (Figure 3B).13 The

4| J. Name., 2012, 00, 1-3

generation and chemical behavior of the quinone methide
intermediate also influence the fate of other lignin substructures,
such as phenylcoumarans (B-5') and B-1 linkages. In contrast to the
cleavage observed in B-0-4' linkages, quinone methides formed from
B-5' and B-1 units (Figure 3C) tend to eliminate formaldehyde to
produce stilbene-type end groups. However, this transformation
does not lead to further depolymerisation of the lignin structure.’?

This journal is © The Royal Society of Chemistry 20xx
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Kraft lignin is characterized by a markedly reduced content of
aliphatic side chains, with the proportion of oxygenated aliphatic
carbons significantly lower than that of aromatic units contrasting
with the typical ratios observed in native-like lignin preparations such
as milled wood lignin (MWL).1*1> This indicates that extensive side-
chain fragmentation pathways are at play. In particular, cleavage
between the Cl and Ca positions takes place under alkaline
conditions at terminal phenolic sites in the lignin structure, through
retro-aldol reactions, resulting in the formation of monomeric
phenolic compounds (Figure 3D).*2% Importantly, these monomeric
phenols, which lack the original lignin side chains, are still chemically
reactive. Moreover, during kraft pulping, both monomeric and
polymeric phenols—whether retaining the original or modified
aliphatic side chains—undergo substantial demethylation at the C3
position of the aromatic ring. This transformation leads to the
formation of catechols, accompanied by the release of methyl
mercaptan and dimethyl sulphide (Figure 3E), the compounds chiefly
responsible for the characteristic odor associated with kraft pulp
mills.12.16

The description so far might indicate that practically all lignin could
be removed from the wood by depolymerization as described above.
This is not the case in practice, and the main product, the pulp,
contains 5-10% lignin. A variety of C-C linkages originally present in
the lignin as well as others formed during kraft pulping together with
a significant varierty of unsaturared centers, still remain in the
residual lignin. To eliminate the final lignin, bleaching is required.t’
The occurrence of non-oxygenated aliphatic side chains, as well as
moieties containing two or a single carbon atoms, in kraft lignin has

This journal is © The Royal Society of Chemistry 20xx
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been well documented.'181% However, their precise origin remains
unclear and warrants further investigation. One plausible
explanation for their formation involves complex radical-based redox
reactions taking place during the kraft pulping process. Indeed, in-
depth studies of pulping chemistry have revealed the generation of
radical sulphur species.’®2° Comprehensive structural analysis of
kraft lignin, isolated from wood that had been pre-extracted with
acetone, has clearly demonstrated that the reduced, non-
oxygenated aliphatic side chains present in kraft lignin do not
originate from residual extractive compounds.® This finding suggests
the involvement of intricate redox processes, potentially facilitated
by sulphur-containing species.

In-depth structural investigations of kraft lignin reveal a significantly
higher degree of branching compared to the original lignin presentin
wood, typically isolated as Milled Wood Lignin (MWL). Early
qualitative evidence from permanganate oxidation indicated
extensive branching.?l More recent analyses, employing
quantitative *C NMR and QQ-HSQC techniques, have estimated the
degree of branching in kraft lignin to be approximately 84%.¢ Under
the severe conditions of kraft pulping, hydrosulphide gives rise to
various  sulphur-containing species, including polysulphide,
elemental sulphur, thiosulphate, and sulphate.?? As a result, radical
redox reactions play a significant role in shaping the final structure of
kraft lignin and must be considered alongside ionic mechanisms,22-26
The monomeric, oligomeric, and polymeric lignin fragments
produced via ionic mechanisms during pulping consequently
undergo extensive and complex radical oxidative coupling reactions.
This has a profound impact on the structure of the resulting lignin.

J. Name., 2013, 00, 1-3 | 5
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Such a reaction pathway accounts for the high degree of branching
observed in kraft lignins. Figure 4 presents radical repolymerisation
pathways that have been proposed in earlier studies. In addition, a
broad range of aliphatic signals can be observed in the HSQC spectra
of kraft lignins. These include signals corresponding to aryl-acetic
acid, aryl-hydroxy-acetic acid, aryl ethyl ketone, aryl propanol, and

LIGNIN

ay|Discus

SNEAFSINS

Journal Name

aryl hydroxyethyl ketone. It is likely that these aliphatic groups
originate from the aforementioned redox processes.'®2° Indeed, it
has been clearly established that they are not atttibtitalsie @@ the
presence of, or reactions involving, extracagf'elﬁﬁﬂ'?gﬁ%%@r%mﬁds

naturally occurring in wood.
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Figure 4. Possible radical oxidative coupling modes of lignin fragments released during kraft pulping.2 Reproduced from reference ¢ with

permission from Royal Society of Chemistry, copyright 2017..

It is, therefore, readily anticipated that kraft lignins are highly
polydisperse polymers. They exhibit relatively low number-average
(M,) and weight-average (M,,) molecular weights, with M, values
ranging from 800 to 2000 and M,, values between 1700 and 6000, as
detailed in Table 1. These findings indicate that a significant
proportion of kraft lignins possess a molecular mass of approximately

6 | J. Name., 2012, 00, 1-3

800 Daltons, corresponding to a degree of polymerisation in the
range of 1 to 6.7

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00108k

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 27 2025. Downloaded on 30-08-2025 6:15:19.

[=E i Faraday Disaussions: .15

Journal Name

ARTICLE

Table 1. Molecular weight distribution in softwood and hardwood kraft lignins. Reprinted with permission from °.

Sample M, M,, Method Reference
View Article Online
Softwood DOI: 10.1039/D5FD00108K
Softwood Kraft lignin 1600 3500 Osmometry 28
Softwood Kraft lignin 1710 2570 Maldi-TOF 23
Softwood Kraft lignin 1820 3100 GPC 29
Indulin AT 1200 2990 Maldi-TOF 23
Indulin AT 1340 3400 GPC 23
Softwood Kraft lignin 1400 6000 GPC 16,30
Hardwood
European beech Kraft lignin 1044 1711 GPC 31
Eucaliptus kraft lignin 1273 4200 HPLC 32
Eucaliptus grandis Kraft lignin 910 1740 GPC 33
Hardwood Kraft Lignin 1000 3900 HPLC 34
Hardwood Kraft Lignin 1000 3300 HPLC 34
Indulin hardwood 1300 2700 GPC 35
Hardwood Kraft Lignin 1263 2400 GPC 36
Hardwood Kraft Lignin 1793 3290 GPC 37

The introduction of a fractional precipitation method by
Argyropoulos and his team has made it possible to isolate kraft lignin
samples with a high degree of uniformity in terms of molecular
weight, functional group composition, and quantity.383° This
advancement has opened up a new avenue for the structural
investigation of kraft lignin. Using this technique, both acetone-
soluble and acetone-insoluble fractions were obtained, along with
several soluble fractions exhibiting distinct molecular weight
distributions. These fractions were subjected for detailed structural
analyses employing 3'P NMR, C NMR, quantitative HSQC (QQ-
HSQC), and gel permeation chromatography (GPC). The outcome of
this extensive study led to the proposal of a revised structural model
for kraft ligninZe.

This journal is © The Royal Society of Chemistry 20xx

According to the new model, kraft lignin is composed of a high
molecular weight Acetone-Insoluble fraction and a lower molecular
weight acetone-soluble component. The insoluble fraction retains
structural features reminiscent of native lignin in wood, albeit with
significant alterations. It is more extensively branched and features
heavily modified side chains. Specifically, it contains stilbene and aryl
enol ether motifs, while classical lignin units such as B-0-4 linkages,
phenylcoumarans, and pinoresinols are largely absent. The aliphatic
side chains are often reduced or cleaved. This structural profile is
believed to result from reactions occurring during kraft pulping,
particularly complex redox-driven side-chain reductions and
fragmentations.

J. Name., 2013, 00, 1-3 | 7
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Figure 5. Proposed new structure for Softwood Kraft lignin (SKL) composed of a mixture of: (A) Large lignin segments containing some native
lignin structures; (B) Smaller lignin segments enriched with phenolic character.  Reproduced from reference * with permission from Royal
Society of Chemistry, copyright 2017.
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In contrast, the Acetone-Soluble fraction is characterized by a highly
branched polyphenolic structure with a marked depletion of the
oxygenated side chains typically associated with lignin. It contains a
higher concentration of phenolic hydroxyl groups compared to the
insoluble fraction. This material is likely formed through extensive
oxidative coupling of monomeric phenolic intermediates liberated
during the pulping process, as illustrated in Figure 3. The proposed
structural representation of SKL,'® which takes into account the
relative abundances of functional groups and the extent of
branching, is presented in Figure 5.

3.Lignin Valorisation & Fractionation Processes

A key challenge in lignin valorisation resides in its conversion into
consistent, valuable materials with defined molecular weight and
properties. This can be achieved either via chemical derivatisation—
using  stoichiometric or catalytic processes—or through
fractionation, which involves separating lignin into fractions with
specific characteristics. The heterogeneity of lignin, stemming from
both its biogenesis and the uncontrolled transformations during
extraction, complicates fractionation. Molecular weight, functional
groups, and bonding patterns are all interdependent and influence
solubility and polarity, making it difficult to isolate consistent
fractions. Therefore, a thorough structural analysis of each fraction
is essential. This necessity, first recognized by Argyropoulos and his
team,38 laid the foundation for ongoing research into effective lignin
fractionation and valorization.

As reviewed by Gigli et al,3 fractionation strategies can be broadly
divided into two main categories: (a) solvent-based fractionation and
(b) membrane-mediated fractionation. Among these, solvent-based
methods are more commonly employed due to their simpler and
more scalable operations, requiring less stringent conditions than
the costly ultra- and nano-filtration steps involving polymeric or
ceramic membranes.

Solvent fractionation strategies can, in turn, be classified into three
main  categories:  fractional  precipitation, pH-dependent
precipitation, and solvent extraction.

3.1 Fractional Precipitation. A rigorous example of lignin
fractionation via fractional precipitation was reported by Cui et al.38
This method involves dispersing lignin in a suitable solvent,
producing a soluble fraction and an insoluble one, the latter of which
can be directly isolated via filtration. Additional fractions are
obtained by gradually adding an anti-solvent to the soluble portion,
altering the polarity of the solution. As the anti-solvent content
increases, fractions with distinct structural features precipitate. In
the work of Cui with Softwood Kraft Lignin (SKL) —the most common
technical lignin—partitioning with acetone at room temperature
yielded an acetone-soluble fraction (ASKL) and an acetone-insoluble
fraction (AIKL). Further addition of hexane to the acetone ASKL
solution enhanced the solvent hydrophobicity and led to the
isolation of subsequent fractions. Starting from ASKL, which had a
broad dispersity of 4.7 and a weight-average molecular weight of
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approximately 13000 Da, the resulting fractions had narrower
dispersions (1.1-2.5) and molecular weights ranging from 1500 to
5900 Da. (Figure 6).
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Figure 6. Size-exclusion chromatograms of SKL fractions isolated via
fractional precipitation. 8 Reproduced from reference 3% with
permission from American Chemical Society, copyright 2014..

Notably, the weight-average molecular weights of these fractions
were linearly correlated with the aliphatic-to-phenolic hydroxyl
group ratio, indicating that fractional precipitation is governed by
both molecular weight and hydroxyl content. A comprehensive study
by Crestini applied 1D and 2D NMR to acetone-fractionated SKL,
finding the acetone-soluble fraction to have a lower molecular
weight and a higher condensation degree, suggesting its origin in
radical re-polymerisation. The acetone-insoluble fraction retained
more native lignin features and a higher aliphatic hydroxyl content.*°
This method was proven reliable across lignins of various origins and
pulping methods. Subsequent to the early fractionation work of the
Argyropoulos group various researchers embarked to also offer
alternative solvent systems—such as acetone, methanol, ethanol,
ethyl acetate, tetrahydrofuran, y-valerolactone, and water—.=%4
The fractional precipitation method can be considered as the state
of the art since it produces a continuum of narrowly dispersed lignin
fractions with a predictable functional group content. 32

3.2 pH-Dependent Precipitation offers an alternative by-passing the
initial lignin isolation by directly treating black liquors. Upon
acidification under controlled conditions, lignin fractions precipitate.
While differences in molecular weight or hydroxyl content between
fractions obtained at varying pH levels are not relevant, a significant
increase in purity—especially a reduction in polysaccharide
contamination—is observed when pH is lowered below 2. In
contrast, higher pH precipitates tend to contain more hemicellulose
impurities.*>47

3.3 Solvent Extraction exploits differences in solubility among lignin
fractions. This approach is influenced by the hydrogen bonding
ability of lignin and the Hildebrand parameter of the solvent.*® Due
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to its simplicity, it is particularly valuable for industrial scaling up.
The process involves dispersing lignin in a selected solvent under
stirring at room temperature, followed by centrifugation or filtration
to isolate the soluble fraction. Repeated extractions using fresh
solvent ensure thorough fractionation, with final recovery achieved
via vacuum evaporation. For low-boiling solvents like acetone,
continuous solid-liquid extractors of the Soxhlet-type have been
effectively applied.*®>0

Compared to pH-dependent methods, solvent extraction not only
allows customization of purity but also of structural properties such
as functional group content, bonding pattern, and molecular weight.
For instance, Saito demonstrated that using different solvents
(methyl ethyl ketone—MEK, methanol—MeOH, and
tetrahydrofuran—THF) was possible to isolate fractions
characterized by different features.>! THF yielded a soluble fraction
with the highest yield (~*60%), while MEK yielded the lowest (~20%),
with MeOH vyielding intermediate values. Soluble fractions
consistently showed lower molecular weights and narrower
dispersion (1.5-1.8) than insoluble ones. Notably, THF-soluble
fractions had an average molecular weight of 1360 Da, MeOH-
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Y
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Figure 7. Sequential solvent extraction. 8 Reproduced from reference 3° with permission from Royal Society of Chemistry, copyright
2020.

Higher molecular weight fractions generally show more aryl-glycerol-
B-aryl ether linkages and aryl ether bonds,>*¢ while lower fractions
have more hydroxyl groups and saturated aliphatic chains®3>°36,
Thermal stability and glass transition temperature correlate
positively with molecular weight.*¢:>0:33 Findings regarding syringyl-
to-guaiacyl ratio remain inconsistent—some show positive
correlation with molecular weight,*° others report the opposite or no
change®**’. Sequential extraction using both aprotic (e.g., acetone)
and protic solvents (e.g., methanol) also isolates lignin—carbohydrate
complexes (LCCs).*® More advanced methods use DMSO/t-
butylammonium hydroxide systems and barium hydroxide to
separate by precipitation LCCs by polysaccharide type (glucomannan,
xylan, or glucan),”®% with clear differences in branching, unit
composition, and functional groups®. In corn stalk lignin, ethanol—
water systems revealed that higher water content led to fractions

10 | J. Name., 2012, 00, 1-3

soluble fraction 1610 Da, and MEK-fraction 1100 Da. Soluble
fractions also showed a lower content of aliphatic hydroxyl groups
than insoluble ones—most markedly in the case¢/GfAMEKCN(039
mmol/g vs. 0.63 mmol/g). A correlation WS ot Bt s it
polarity and phenolic hydroxyl group content, with MeOH vyielding
the highest value (0.70 mmol/g). Thermogravimetric analyses
revealed lower thermal stability of soluble fractions, and a linear
relationship between molecular weight and char yield, suggesting
criteria for carbon fibre precursors.

An investigation into Hildebrand theory employed acetone/water
mixtures.>2 Solubility increased (over 80%) with water solution
containing acetone above the 50%, but correlation with Hildebrand
values was inconsistent. Soluble fractions consistently showed lower
aliphatic-to-phenolic hydroxyl group ratios and syringyl-to-guaiacyl
ratios compared to the original lignin, with decreasing values as the
polarity of the solvent employed increased.

An improved modification of solvent fractionation is sequential
solvent extraction, where a series of solvents (hexane, methanol,
acetone, dioxane, etc.) is used.*64%5053 (Figure 7)

Solvent C

Insoluble
fraction
(F4)

Fraction Fraction
soluble in soluble in
solvent B solvent C

(F2) (F3)

with higher molecular weight, greater thermal stability, more
guaiacyl units, and fewer phenolic acids.®! Sustainable alternatives,
for instance using glycerol-ethanol mixtures, also demonstrated
effective separation by molecular weight and guaiacyl content.®”

Despite intrinsic limitations such as fouling and membrane lifespan,
membrane fractionation offers isolation of lignin fractions with
narrow molecular weight distributions and specific physico-chemical
properties.®? Ultrafiltration, first applied in the 1970s to technical
lignin and lignosulphonates,®3 is typically performed under low to
medium pressure. Early membranes included polyamide and
cellulose acetate, while more recent studies have utilised
polysulphone and polyether sulphone films. Smaller membrane cut-
offs reduce dispersity and increase phenolic hydroxyl content.®*
Ceramic membranes were later employed in pilot-scale
ultrafiltration of kraft black liquor, yielding SKL fractions of low

This journal is © The Royal Society of Chemistry 20xx
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molecular weight, free of sugars, and high sulphur content. No
significant differences in carboxylic acid content were noted.®> A
correlation was observed between molecular weight and hydroxyl
type: high molecular weight fractions had more aliphatic hydroxyls,
while low molecular weight ones had more phenolic groups.®® A
three-stage ultrafiltration of Eucalyptus kraft liquor confirmed that
progressively smaller cut-offs yielded purer fractions with
dispersions as low as 1.1 and reduced hydroxyl content.®’ To mitigate
membrane fouling, one of the great limitation of the present
technology, microfiltration pre-treatment has proven effective,
particularly with steam-exploded green wood lignin.®® Recently,
graphene oxide membranes have shown promise for selective
retention of phenolic compounds, enabling tunable separation via
steric effects.®®

More recently, segmented continuous flow fractionation technique
(SCFF) was introduced by Majdar focusing on Softwood Kraft Lignin
(SKL) and wheat straw organosolv lignins.”® SCFF is based on the
fractional dissolution under dynamic conditions-varying solvent
polarity, temperature, pressure, and flow rate - combined with real-
time in-line monitoring via photodiode array and refractive index
detectors. A standard HPLC setup was used, allowing for
straightforward laboratory implementation and scalability. (Figure 8)
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Figure 8. Schematic flow scheme of SCFF for lignins, with facultative,
eventually PC-controlled column exchange mechanism for scale-up.
8 Reproduced from reference 7° with permission from Wiley,
copyright 2020..

The method was initially applied to softwood Kraft Lignin (SKL) using
acetone, successfully separating acetone-soluble and acetone-
insoluble fractions. Comparable or better results were achieved
while comparing SCFF method to traditional Soxhlet and
precipitation-based methods, with Acetone Soluble Kraft Lignin
(ASKL) rich in phenolic hydroxyl groups and Acetone Soluble Kraft
Lignin (AIKL) representing higher molecular weight, less soluble,
fraction. Similar approaches using methanol showed broader but
chemically distinct fractions, highlighting the potential to separate
SKL based on interactions based on hydrogen bonding and polarity
rather than just molecular weight. Solvent gradients (mixtures of
variable composition in hexane/acetone) and temperature control
(heating to 70 °C with back-pressure regulation) were used to
improve separation resolution. Elevated temperatures significantly
enhanced fraction differentiation and process efficiency without
compromising results.

When SCFF was applied to wheat straw organosolv lingnin, which is
more complex due to its hydroxyphenyl/guaiacyl/sinapyl structure
and higher impurity content, successful results were obtained. In the
present case, methanol and ethanol-water systems were used to
fractionate the substrate, with temperature and flow rate variations
ensuring fractionation performance. Notably, ethanol gradients
yielded distinct fractions, and a purification protocol using sequential
organic solvents helped to isolate impurity-enriched and lignin-rich

This journal is © The Royal Society of Chemistry 20xx
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fractions. GPC and 3P NMR confirmed the success of SCFF in
separating fractions with varied molecular weights and functional
group compositions. The approach was further patentet| by thedame
Authors, describing also its applicability to%%i%oelpfﬁé%%f)%)&%féal

lignins.”®

4. From Lignin Self Assembly to Nanoparticle Nucleation &
Growth?273

The drive to valorise lignin has emerged as a central objective in the
pursuit of a sustainable, circular economy.’”* However, realizing the
full potential of lignin remains a considerable challenge, largely due
to its intrinsic chemical complexity and the wide array of extraction
and fractionation methodologies employed to isolate this
biopolymer.

Historically, the conversion of lignin into value-added products has
proven difficult, primarily due to two fundamental issues: its
extensive heterogeneity and structural diversity.3%7> This variability
stems from the absence of a well-defined primary structure, the
presence of numerous interunit linkages distributed in a random
fashion, and inherent botanical differences.>’®77 Ffurther variability
arises from the type of biomass (e.g., wood or herbaceous plants), as
well as the specific processing methods and severity used during
isolation.”8-81

The three-dimensional nature of lignin contributes to its polydisperse
character, generating complex mixtures of oligomeric and polymeric
constituents. These components occur in different proportions,
which are highly dependent on the degree of degradation undergone
during processing (H-factors).82-8> A substantial body of literature
has explored the behaviour of lignin in solution, though
interpretations remain varied due to its unpredictable and intricate
interactions in both aqueous and organic solvents. A single lignin
sample may contain a multitude of functional groups—such as
phenolic, carboxylic acid, and aliphatic moieties®¢-28 - each present in
varying concentrations and exhibiting distinct acid dissociation
constants.8? Moreover, the presence of carbonyl functionalities and
aromatic systems,’” introduces further complexity, creating multiple
sites for inter- and intramolecular interactions of differing
thermodynamic stability, depending on the surrounding
environment.?® This complexity means that parameters such as pH,*!
jonic strength,®? and dielectric constant,®? can significantly influence
lignin’s behaviour in solution. Under specific conditions, lignin
molecules adapt their conformation to achieve thermodynamic
stability, leading to shape alterations and interaction patterns that
may result in the formation of colloidal suspensions or larger
aggregates, depending on whether the interactions are associative
or repulsive.

Recent advancements in our understanding of lignin structure,
combined with insights into the physical and chemical principles
governing oligomeric and polymeric species, have paved the way for
innovative strategies to manipulate lignin on the nanoscale. One
such approach is to harness lignin’s natural propensity to self-
associate and aggregate.®* By leveraging this behavior, researchers
have begun to produce lignin nanoparticles, which enable enhanced
compatibility with other matrices and promote the spatial
arrangement of functional groups—achieved without resorting to
chemical modification.®®

The emergence of lignin nanoparticles with unique properties was
initially unexpected, but it has since spurred considerable interest
due to their potential in a wide range of applications. These include
stimuli-responsive drug delivery systems,®® food packaging,®’

J. Name., 2013, 00, 1-3 | 11
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antioxidants,®® UV-vis shielding barriers,®® etc. The functional
properties of these nanoparticles are closely tied to their size,
morphology, and hydrophobicity. Ongoing research is focused on
optimizing these parameters to develop advanced, stimuli-
responsive materials with superior performance characteristics.

4.1 Lignin Inter and Intramolecular Interaction Sites. The tendency
of lignin to aggregate arises from a complex interplay of both intra-
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and intermolecular forces. The methods employed to extract lignin
exert a profound influence on its structural characteristics, most
notably on the distribution of molecular weights and'the'aband4tice
of hydroxyl functionalities (see Table 2 f&fteBte0dRtaeVR VaRTSs).
These structural differences, in turn, significantly affect the solubility
of lignin and its aggregation profile, particularly via mechanisms such
as hydrogen bonding and m—mt stacking interactions (as illustrated in
Figure 9).
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Figure 9. Sites for inter/intramolecular association highlighted in technical lignins. & Reproduced from reference 72 with permission from

Nature, copyright 2024..

The interunit bonding patterns of native lignins are: aryl-glycerol-B-
aryl ether (B-0-4'),100-102 phenyl-cumarane (B,5’),1%3 pinoresinol
(B,B’), %4 dibenzodioxocyn (DBDO),105106 diphenyl (5-57)197.108 and
diaryl ether (4-0-5’)1%7, Aliphatic hydroxyl groups represent the most
prevalent functional moiety (see Table 2), while the concentration of
phenolic hydroxyl groups typically ranges from 0.9 to 2.0 mmol/g. In
contrast, the content of carboxylic acid groups is relatively low,
ranging between 0.01 and 0.05 mmol/g. The molecular weight of
these species spans a broad range, approximately from 100 to 50,000
Da.

Kraft-process-derived technical lignins undergo extensive structural
alterations compared to the native lignin in wood. During this
treatment, a number of original structural elements are significantly
diminished, while new functional groups are introduced. These
include aryl enol ethers, stilbenes, carboxylic acids, 1,4'-
condensation sites, as well as ethoxy and thio-functionalities.® In
contrast, the arylglycerol-B-aryl ether (B-O-4') linkages(the most

12 | J. Name., 2012, 00, 1-3

abundant interunit bonds in native lignin) are found to be
significantly diminished in kraft lignin.83 More broadly, kraft lignin is
marked by a notable rise in free phenolic and carboxylic acid groups,
coupled with a decline in aliphatic hydroxyl content when compared
to its native wood-derived counterpart.1®-113 Organosolv lignin, by
comparison, exhibits a narrower molecular weight distribution than
kraft lignin, and retains a substantial proportion of the alkyl-aryl
ether bonds—especially the B-0-4' linkages—originally present in
wood.!* Consequently, organosolv lignin is generally considered less
hydrophilic than its kraft counterpart.

Lignosulfonates, however, differ markedly from both kraft and
organosolv lignins. Their structure is characterized by a high degree
of hydrophilicity, due to the abundant presence of sulfonic acid
groups attached to the aliphatic side chains.!'> Additionally,
lignosulfonates possess a higher molecular weight compared to
other technical lignins.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Comparison of the average functional groups content, molecular weights & distribution for three technical lignins and Milled
Wood Lignin (MWL).

Aliphatic  PhenolicOH Carboxylic Sulphonic M, _ View Article Online
OH (mmol/g) OH groups (Da) DOI: 10.1039/D5FD00108K
(mmol/g) (mmol/g) (mmol/g)

Kraft75:83,116,117 1.2-2.6 2.8-3.8 0.1-0.3 - 600-7000

Organosoly!1&119 1.3-2.8 0.8-2.8 0-0.05 - 1200-2000

Lignosulfonate?>120  1.8-4.4 0.6-2.8 0.1-0.4 1.1-2.0 500-15000

MWL77.85 3.4-4.9 0.9-2.4 0.01-0.05 - 300-3000

4.2 Self-Assembly Processes in Lignin. Lignin can be broadly
categorised into distinct domains based on their degree of
polarizability (see Figure 9). Polar regions typically consist of
functional groups such as phenols, hydroxyls, carboxyls, and
sulfonates, whereas the aromatic rings largely contribute to the
polarisable character of the structure. In contrast, non-polarisable
segments are primarily associated with the alkylated chains of the
phenylpropanoid backbone.

This intricate network of bonding motifs and functional groups
facilitates a wide spectrum of intermolecular interactions. These
range from long-range forces—including van der Waals attractions,
electrostatic effects, and hydrophobic interactions—to short-range
contacts such as hydrogen bonding and m—m stacking. Collectively,
these interactions govern the diverse aggregation behavior observed
in lignin systems.12!

Hydroxyl groups—whether aliphatic, phenolic, or part of carboxylic
acids—are capable of forming hydrogen bonds and, in their
deprotonated state, engaging in dipolar or electrostatic interactions.
Meanwhile, sulfonate groups, owing to their polarity, tend to
promote ionic and dipolar associations. Aromatic rings, due to their
quadrupole moments, contribute to m-m stacking through
quadrupolar interactions, further influencing lignin’s aggregation
characteristics.9%121-124

4.3 Lignin Solubility. Lignin may be dissolved in either organic
solvents or alkaline aqueous media, each exhibiting distinct solvation
behaviours. Its solubility characteristics are effectively examined
using the Hildebrand and Hansen solubility parameters. The
Hildebrand parameter (6t) represents the energy necessary to
disrupt the intermolecular forces within a substance to enable
solvation, whereas Hansen's approach further refines this by
partitioning the total solubility parameter into contributions from
dispersive forces (6p), dipolar interactions (8p), and hydrogen
bonding (6y).1251%7

Solvents possessing a Hildebrand solubility parameter close to 22.5
MPal/2 have been identified as particularly suitable for dissolving
lignin.1?6 A notable example is dimethyl sulfoxide (DMSO), which has
a Hildebrand value of 26.7 MPaY2. However, the Hildebrand
parameter alone does not always provide a complete picture; for
instance, DMSO proves to be a more effective solvent for lignin than
1-butanol, despite the latter having a Hildebrand parameter closer to
the ideal value of 22.5 MPa%/2 (1-butanol §; =23.2 MPa'/2). According

This journal is © The Royal Society of Chemistry 20xx

to Hansen parameters, DMSQ’s superior solvency is primarily
attributed to its stronger polar interactions (&p) rather than its
hydrogen bonding capacity (&4).
Interestingly, a solvent’s polarity does not directly equate to
improved lignin solubility. It has been shown that DMSO’s
intermediate polarity, when compared with other solvents, induces
the most significant expansion of lignin’s polymeric chains.88121,128-
130
The solution behaviour of lignin may be partially interpreted through
the Flory—Huggins theory.?®> More specifically, one can relate the
radius of gyration (Rgy,), to the degree of polymer solvation and its
molecular weight (MW) through the following relation:

Rgr < MW?2
Here, the parameter a denotes the effectiveness of lignin solvation
in the solvent under investigation. Under © conditions, a approaches
the value of 0.5, indicating a balance between lignin’s intermolecular
forces and solvent—polymer interactions. In such a state, lignin and
solvent are miscible without preferential interactions. When a falls
below 0.5, dissolution occurs but remains limited. Conversely, when
a exceeds 0.5, the solvent is highly effective, causing significant
polymer expansion and greater surface exposure to the surrounding
medium.
By employing molecular simulations, the Flory—Huggins model can
be extended to lignin systems, allowing for the prediction of optimal
solvents under defined conditions. DMSO has emerged as a
particularly effective solvent, as it induces the most extensive
conformational expansion in lignin chains, thereby exposing a larger
surface area to solvation. This behavior has been modelled and
validated across various lignin sources, including spruce, birch, and
miscanthus, and shown to correlate with their inherent structural
characteristics.”> Among solvents examined, water exhibits the
lowest a value, encouraging highly compact molecular
conformations. A visual comparison of lignin aggregation behavior in
tetrahydrofuran (THF) versus water is illustrated in Figure 10.
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Figure 10. A molecular simulation of lignin conformation in water and
DMSO, respectively, has been reported.”> The high hydrogen-
bonding parameter (dy) of water, indicative of strong short-range
hydrogen bonding, enhances intramolecular m-mt stacking and
hydrogen bonds within lignin, thereby promoting a collapsed
molecular configuration. In contrast, the high polarity parameter (dp)
of DMSO facilitates extended dipolar interactions between lignin and
the solvent, favoring an elongated conformation. Reproduced from
reference 72 with permission from Nature, copyright 2024..

Radial distribution functions (RDFs) serve as a vital analytical tool for
evaluating the extent and nature of interactions between solute and
solvent molecules. Crucially, distinct functional groups within lignin
contribute differently to these interactions. Hydroxyl groups, for
instance, can form hydrogen bonds with solvent molecules, leading
to the emergence of a hydration shell around specific chain segments
in the lignin polymer. This phenomenon can reduce the likelihood of
intramolecular contacts. Simultaneously, unbound hydroxyl groups
may still participate in intramolecular hydrogen bonding. Hence,
understanding the location and type of OH groups along the lignin
backbone is essential for deciphering solvent-lignin interactions.
Interestingly, the solubility of softwood kraft lignin has been shown
to inversely correlate with the polarity of the solvent employed. The
origin of lignin plays a critical role, as it dictates the composition and
quantity of phenylpropanoid units, which in turn influence both
intra- and intermolecular bonding behaviour.”” For example,
softwood lignin, which predominantly features guaiacyl (G-type)
units, has only one methoxy group per aromatic ring.'3! This
structural trait enhances the propensity for intramolecular hydrogen
bonding and, as a result, improves the polymer’s solvation
capacity.12%124 These structural insights lend support to the findings
of Zwilling,3> who reported variations in lignin compactness
depending on the solvent used. As solvent polarity decreases, lignin
chains tend to adopt more extended conformations. Ultimately,
lignin dissolution is governed not solely by the polymer’s intrinsic
properties but also by the solvent’s characteristics—such as polarity,
its nature as a protic or aprotic medium, and its capacity to interact
with the polar functionalities within the lignin matrix.

4.4 Lignin Aggregation. The self-assembly of lignin is primarily
governed by subtle intermolecular and intramolecular interactions—
particularly those involving hydroxyl functionalities and aromatic ring

14 | J. Name., 2012, 00, 1-3

systems. A useful framework for understanding the interplay of these
forces is the Derjaguin—Landau—-Verwey—Overbeek (DLVO) theory,
which connects the repulsive electrostatic potéAtialilétWeen
colloidal particles with parameters such as%%éﬁ@é%@éﬁ?s%m%ce
charge potential, and interparticle distance, using the Debye length
as a key descriptor.132133

The size and colloidal stability of lignin nanoparticles are dictated by
the delicate balance between long-range attractive van der Waals
forces and short-range repulsive interactions stemming from the
electrical double layer (EDL). Beyond these classical interactions, the
molecular entanglement of lignin chains also significantly shapes
their three-dimensional arrangement. Changes in the abundance
and type of linkages—such as the aryl-glycerol-B-aryl ether units—
have been directly associated with altered supramolecular behavior
and aggregation tendencies.'?!

Lignin undergoes aggregation through a two-stage mechanism: an
initial nucleation event followed by particle growth. Classical
nucleation theory (CNT) describes this by positing that solute
molecules in supersaturated solutions can reversibly form small,
metastable clusters. Once these clusters exceed a critical size, they
become energetically favorable to grow and phase-separate from
the medium as distinct entities. 134135 In the case of lignin, primary
nucleation arises from electrostatic interactions, leading to the
formation of nanoscale aggregates. Subsequent particle
enlargement occurs via a sequential, layer-by-layer accumulation of
lignin macromolecules.?1,128132,136,137

Typically, the central core of such aggregates consists of higher
molecular weight lignin fractions. Following initial sedimentation,
lower molecular weight components deposit around the periphery
of the aggregates.’3213¢ While the nucleation stage is primarily
dictated by lignin’s inherent characteristics, the growth phase is
modulated by the properties of the surrounding solvent.

Denser, more compact aggregate structures result from strong
intramolecular forces, particularly m—m stacking between aromatic
units. Guaiacyl (G-type) units exhibit stronger stacking capabilities
than syringyl (S-type) units, leading softwood lignins—richer in G-
units—to form tighter and smaller aggregates than their hardwood
counterparts.124'136'138'139

Moreover, lignin’s molecular architecture influences not only the
particle size but also the morphology of resulting colloidal
dispersions. For instance, hardwood-derived lignin tends to form
elongated, densely packed rod-like aggregates, whereas softwood
lignin generally forms cylindrical or shorter rod-shaped structures.?*
Despite recent progress, our grasp of how lignin’s structural nuances
govern its interaction with various solvents remains incomplete and
warrants further investigation. Emerging findings have shown that
kraft lignin engages in hydrogen bonding when dissolved in ethylene
glycol, whereas interactions with DMSO are dominated by dipole—
dipole alignment and quadrupolar stacking.’>13¢ The nature of the
solvation medium significantly influences lignin—lignin association: in
the case of alkali lignin, modifying the anti-solvent used can trigger
aggregation through m—m stacking interactions. This phenomenon
has been visually summarised in Figure 11, which outlines a selection
of solvents found to promote self-assembly via n—mt interactions for
arylglycerol-B-aryl ether dimers.13?

This journal is © The Royal Society of Chemistry 20xx
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dominate. Under such conditions, lignin adopts a more compact conformation in solution, and the subsequent introduction of water as an
antisolvent promotes the formation of nanoparticles (right). Reproduced from reference 72 with permission from Nature, copyright 2024..

Ultimately, the way lignin interacts with its surrounding solvent gives
rise to diverse modes of aggregation, each yielding structurally
distinct materials. The predominant technique for producing
colloidal lignin involves solvent/antisolvent methodologies, whereby
either an antisolvent is introduced into a lignin solution or the pH of
an alkaline aqueous lignin mixture is reduced.?4140.141

Of particular note is the influence of the antisolvent’s polarity, which
enhances m-1t stacking interactions.1?1.136.13% \Water, due to its poor
capacity to solubilise lignin, has emerged as the most effective
antisolvent. This aligns with earlier findings that associate water with
the generation of compact, structurally defined aggregates.
Consequently, employing water as an antisolvent proves to be a
pragmatic strategy for synthesising lignin nanoparticles.!21,136.139
Salentinig conducted a meticulous study into the role of water during
aggregate formation in tetrahydrofuran (THF).2*2 n pure THF,
interactions are largely dictated by hydrogen bonding—especially
among carboxylic and phenolic hydroxyl groups—as well as by
quadrupolar m-m stacking. Small-angle X-ray scattering (SAXS)
measurements revealed that aggregates formed under these
conditions reached a minimum size of 6.4 nm. A sudden introduction
of water, in a final 1:9 water-to-THF ratio, triggered the self-assembly
of larger lignin aggregates than those observed in pure THF. This
behaviour mirrors earlier reports attributing such aggregation to the
sequential deposition of lignin layers, prompted by water’s alteration
of the m-mt stacking interactions initially present in the solvent.'*3

This journal is © The Royal Society of Chemistry 20xx

Comparable outcomes have been documented in the context of
lignin nanoparticle formation via dialysis of lignin solutions in THF
and ethylene glycol.®* Notably, after thorough dialysis, the lignin
aggregates stabilised in water, forming spherical nanoparticles of
consistent morphology

Lignin concentration plays a crucial role in modulating aggregation
behaviour.?121,124132,138 Flevated concentrations lead to increased
molecular collisions and interactions, thereby promoting aggregate
growth and initiating nucleation. This, in turn, produces a system
with a broader size distribution.?1.138

A threshold concentration—generally in the range of 1-3 g/L—is
required to induce nucleation, though the exact value depends on
the lignin’s structural nature and rises with increased
hydrophobicity.!32 Interestingly, at higher concentrations (5, 10, and
15 wt/vol%), aggregate sizes actually decrease, a trend attributed to
the specific structural features of the lignin involved. 124

Delving deeper, the stronger m-1t interactions between guaiacyl (G)
units—as opposed to syringyl (S) units—result in smaller aggregate
formation from softwood lignin in comparison to that from
hardwood sources. Furthermore, small-angle neutron scattering
(SANS) analysis has shown that increased concentrations lead to the
formation of fractal-like lignin nanostructures. 124

The multifaceted dependence of nanoparticle dimensions on the

diverse functional groups inherent in lignin is encapsulated in Figure
12.132,136,138,144

J. Name., 2013, 00, 1-3 | 15

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00108k

Open Access Article. Published on 27 2025. Downloaded on 30-08-2025 6:15:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Faraday)Discussions

5@’1

v ﬂ. @

s.

Increase of Electrostatic
Repulsion

Decrease of

] Intramolecular n-n Stacking

H-bonds

@ intramol
' H-bonds

Hydroxy Groups B-0-4’ Bonds Charged Groups ; 5 $ g g
0 t ﬁ !

3% ot o
= )\ g. 5

View Article Online
: 10.1039/D5FD00108K

Increase of

Increase of
L T-n Stacki EL

Decrease of

HO.

Hyd'DXv Groups  B-0-4’Bonds Charged Groups

' I LNP Size Increase ]
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thereby encouraging the formation of larger particles. The dependence of lignin particle size on molecular weight is primarily attributed to
variations in the distribution of aliphatic and phenolic hydroxyl groups across different lignins or lignin fractions..132136.138,144 Reproduced

from reference 72 with permission from Nature, copyright 2024..

The effect of pH on lignin aggregation has been comprehensively
studied across numerous investigations.121,128133,142145 At highly
alkaline conditions, particularly at pH values exceeding 13.8, lignin
dissolves completely. Under such circumstances, interactions
between solvent molecules and lignin, namely ionic-dipole forces
and hydrogen bonding, supersede internal hydrogen bonding and m-
1t stacking between lignin chains.

A key factor in controlling lignin association and dissociation lies in
the dissociation constants (pKa) of its functional groups. For instance,
carboxylic groups generally dissociate in the pH range of 3-5, while
phenolic hydroxyl groups dissociate between pH 8 and 11.
Modulating the pH within these ranges enables precise control over
the molecular interactions that underpin aggregation. This strategy
has been employed in the design of ‘smart’ lignin-based materials for
the targeted release of active substances.!?8'4> The interplay
between attractive forces (such as hydrogen bonds and m-mt stacking)
and repulsive electrostatic interactions—largely stemming from
neighbouring anionic domains—ultimately governs both the size and
stability of lignin aggregates. Notably, lignin nanostructures tend to
form when the pH is adjusted downward from alkaline conditions
(pH 8-11) to lower pH (5-8).9%:146,147

The deprotonation of phenolic hydroxyl groups at alkaline pH
imparts a negative charge to lignin, but upon acidification (pH 5-8),
this charge is lost due to protonation, thereby triggering molecular
rearrangement. At this pH range, protonated phenolic groups exhibit
diminished hydrogen bonding, yet carboxylic groups remain largely
deprotonated, retaining their anionic form. The resulting
electrostatic repulsion—chiefly arising from adjacent carboxylate
moieties—is believed to drive interparticle repulsion.133

Broadly speaking, lowering the pH of a lignin solution promotes
aggregation, a consequence of changes in the electrical double layer
due to altered ionisation states of lignin’s functional groups. In much
the same way, the ionic strength of the medium plays a critical role
in directing aggregation..’%146 As the ionic concentration increases,
the thickness of the electrical double layer diminishes, thus
facilitating aggregation.'® The specific ions present can also

16 | J. Name., 2012, 00, 1-3

profoundly influence colloidal lignin behaviour. According to the
Hofmeister series, the following trend is observed for anions: PO,* <
C0O3%" < S0,4%” < CH3COO0™ < HPO4* < CI™ < H,P0O,~ < HCO3™. Among
cations, the hierarchy is: Mg?* < Ca?* < H* < Na* < K*. Kosmotropic
ions (those early in the series) tend to "salt out" nonpolar substances,
reducing their solubility, whereas chaotropic ions (later in the
sequence) enhance solubility. A predictive framework based on this
series can assist in rationalizing and optimizing lignin colloidal
stability across various environments,9%148

Temperature is another parameter that exerts a significant effect on
lignin aggregation.12214%150 Elevating the temperature generally
favors aggregation by increasing the rate of molecular collisions and
reducing surface repulsive forces. 124135151

4.5 Future Outlook on Lignin Aggregation. Substantial progress has
been achieved over the past decade in understanding lignin self-
assembly.?0.121,152-154 \What began as trial-and-error experimentation
has evolved into research grounded in well-characterized molecular
interactions between lignin chains and their solvent environment.
When these insights are paired with the inherent chemical and
polymeric properties of lignin, such as monomer composition,
hydroxyl and methoxy substitution patterns, and molecular weight,
they offer the potential to predict the characteristics of the resulting
lignin-based nanomaterials.

Nevertheless, the inherently complex nature of lignin and its
heterogeneous aggregation behavior remain significant obstacles,
exacerbated by a lack of standardisation across experimental
methodologies. Discrepancies in techniques for determining lignin
structure, molecular weight distribution, and particle sizing make it
difficult to compare data across studies. To address these issues,
standardized approaches and robust fractionation protocols are
essential. Uniform lignin fractions could help to reduce the
inconsistencies frequently observed in aggregation studies.

This work has sought to delineate the key parameters influencing
lignin self-assembly. Classical DLVO (Derjaguin—Landau—Verwey—
Overbeek) theory has been employed to interpret the balance of

This journal is © The Royal Society of Chemistry 20xx
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long-range attractive van der Waals forces and electrostatic
repulsion.®®133  However, a comprehensive  quantitative
understanding of the contribution of short-range attractive forces—
particularly hydrogen bonding—is still lacking.

One illustrative example of this knowledge gap is the absence of
guantitative models describing the role of hydrogen bonding among
aliphatic, phenolic, and carboxylic hydroxyl groups in lignin. Some
headway has been made through studies on acetylated lignin, which
revealed that while aliphatic and phenolic groups played a minor
role, non-acetylated carboxylic acids were central to aggregation via
hydrogen bonding.?! Future efforts should strive to quantify the roles
of not only hydroxyl groups, but also molecular weight, steric
hindrance, and ni-it interactions. A molecular-level understanding of
these contributions could clarify the primary driving forces behind
lignin aggregation—still a subject of debate.® Clarifying the balance
of attractive and repulsive forces would significantly enhance our
ability to design and control self-assembly strategies. Moreover,
further investigation is warranted into the role of solvents and non-
solvents in aggregation. Understanding lignin's solvation and
desolvation behavior is key to elucidating how final aggregate
structures are shaped. Solvent polarity, in conjunction with the origin
and processing history of the lignin (technical versus native), should
be systematically explored to develop robust structure—property
relationships. Similarly, the sequence and rate of component
addition in nanoparticle preparation may critically influence
assembly outcomes.

Finally, the fabrication of lignin nanoparticles offers a route to
overcome many limitations of raw lignin, often without the need for
environmentally harmful chemical modification. However, the
environmental implications of lignin nanoparticle production remain
underexplored. Many studies promoting the use of lignin
nanomaterials fail to consider the full sustainability profile of the
processes involved. Rigorous life-cycle assessments, accounting for
yields, solvent usage, and other ecological metrics, would provide
essential validation for the green credentials of lignin-based
nanotechnologies.

5. Applications of Lignin Based -Micro & Nano-Materials

Lignin-based nanomaterials have emerged as a sustainable and cost-
effective alternative to petroleum-derived products, showing great
promise in agriculture, cosmetics, food packaging, and biomedicine,
where stringent quality standards apply.”® In agriculture, lignin nano-
carriers offer an eco-friendly option for the controlled release of
nutrients and agrochemicals. In fact, traditional polymeric capsules
raise environmental concerns due to microplastic pollution.
Alternatives include lignosulfonate-based hollow nano-capsules for
hydrophilic compounds,**> and acetylated alkali lignin colloidal
spheres for pesticide delivery!®®, Hybrid systems enhance
performance, such as aminated kraft lignin on magnetite
nanoparticles enabling recyclable phosphorus and iron fertilizers.1>”
Cosmetic applications benefit from the UV-absorbing properties of
lignin, owing to its conjugated aromatic structure with absorption
peaks around 280 and 300 nm. Lignin nanoparticles dispersed in oil-
emulsions have proven effective UV screens.?®158 Enhancements of
the light-absorption were achieved by combining lignin with UV-
active materials, such as in the case reporting the use of
lignosulfonate-modified titania nanoparticles.’>® In food packaging,
lignin nanoparticles enhance polymer matrices by improving
mechanical strength, gas barrier properties, and UV protection.®’
Specifically, their integration into materials like poly-vinyl alcohol
and polylactic acid has shown significant improvements up to 35% in

This journal is © The Royal Society of Chemistry 20xx
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tensile strength and 400% in elongation at break.'®® To address
compatibility issues, chemical modification of lignin, such as citric
acid esterification, were wused to increased®VAgdh6pEttiele
hydrophobicity, enabling higher loadings |R%0Wrﬁ%3r%%5?rqgég%d
enhanced antioxidant activity.'6%162 |n the field of biomedical
applications, pH-responsiveness and biocompatibility of lignin make
it ideal for drug delivery systems. Studies have demonstrated the
controlled release of hydrophilic drugs using lignosulfonate
microcapsules,'®3 alkali lignin nanoparticles,'®* and precipitation
techniques.'> Notably, lignin micelles have been developed for pH-
dependent ibuprofen release, showing minimal release in gastric
fluid and full release under intestinal conditions.'®® Hybrid lignin-
magnetite nanoparticles have also been reported owing to their
promising behavior for cancer diagnostics and therapy through
magnetic targeting.16”

In  conclusion, lignin-based micro- and nano-materials offer
multifunctional capabilities, positioning them as sustainable and
adaptable platforms across various high-value sectors.

6. Rheological, Anti-oxidant & Mechanical Behaviour of Lignin &
its Fractions in Polymer Blends

Questions remain regarding the behaviour of Softwood Kraft Lignin
(SKL) fractions compared to the unfractionated material. To explore
this at a macroscopic level, the antioxidant properties and melt
stability of polyethylene (PE) blended with both fractionated and
unfractionated SKL were investigated. Notably, methylation of
phenolic hydroxyl groups was found to significantly enhance the
thermal stability of lignin/PE melts. However, more detailed analyses
revealed that the individual Acetone Soluble Kraft Lignin (ASKL) and
Acetone Soluble Kraft Lignin (AIKL) fractions exhibit markedly
different behaviours from the original, unfractionated lignin.

The methylated ASKL, characterized by its low molecular weight and
likely spherical morphology, unexpectedly acted as a plasticizer in PE
melts. In contrast, the higher molecular weight AIKL contributed to
greater melt stability, likely due to its rigid structure and higher glass
transition temperature, potentially resulting from m—m interactions
among its aromatic units. When ASKL and AIKL were combined, the
resulting PE blends showed poor thermal stability and a strong
tendency to undergo cross-linking in the absence of methylation.
These findings reveal, for the first time, a non-productive cooperative
interaction between distinct SKL fractions, with significant
implications for material performance and process design. This
phenomenon was thoroughly examined by Sadaghifar'®3, who
isolated the acetone fractions of SKL and evaluated their antioxidant
capacity using the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging assay. Among the samples, ASKL displayed the highest
antioxidant activity, outperforming both unfractionated SKL and
AIKL. This was reflected in the ICso values—the concentration needed
to inhibit 50% of DPPH radicals—which were lowest for ASKL (145.7
mg/L), followed by unfractionated lignin (166.1 mg/L), and highest
for AIKL (223.2 mg/L). Similarly, the antioxidant activity index (AAl)
ranked highest for ASKL (0.68), then SKL (0.6), and lowest for AIKL.
(Figure 13)

Further confirmation came from 3P NMR spectroscopy, which
showed a strong correlation (R2=0.9721) between phenolic hydroxyl
content and antioxidant activity, with ASKL exhibiting the highest
concentration of phenolic OH groups (5.76 mmol/g).

The selective methylation of the phenolic hydroxyl groups with
dimethyl sulphate of SKL, ASKL, and AIKL and the resulting
methylated lignin were analysed via DPPH test, revealing that the
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Figure 13. Correlation of phenolic hydroxyl groups content with the antioxidant activity index of SKL and its fractions. Reproduced from

reference 168 with permission from American Chemical Society, copyright 2015..

The antioxidant performance of lignin—polyethylene (PE) blends was
assessed by measuring the Oxidation Induction Temperature (Olemp),

which reflects the material’s resistance to thermal oxidation.
Incorporation ofSKL and ASKL led to a marked increase in the Oliemp
of PE blends (Figure 14).
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Figure 14. Correlation of lignin content (unfractionated SKL and its fractions) in PE-blends with the Oliemp. Reproduced from reference 168

with permission from American Chemical Society, copyright 2015.

Mechanistically, the stabilizing effect depended significantly on the
lignin loading level. At concentrations below 5 wt%, the
enhancement in Oliemp Was attributed to the antioxidant activity of
phenolic hydroxyl groups. At higher loadings (up to 25 wt%), thermal
stabilization was instead linked to the formation of lignin-derived
char, indicating a shift in the dominant mechanism.

AIKL demonstrated a comparatively weaker stabilizing influence. The
differences in Oliemp across the various lignin fractions were strongly
correlated with their phenolic hydroxyl group content, which
underpins their antioxidant properties. ASKL, possessing the highest

18 | J. Name., 2012, 00, 1-3

concentration of phenolic hydroxyl groups, delivered the most
significant improvement in Oliemp.

Not only the thermal behaviour of synthetic polymers is affected
when blended with lignin and its fractions, but also their rheological
properties. In fact, in another recent study,%® the melt stability of PE
blends with SKL and its acetone fractions was assessed via extruder
torque tests. (Figure 15) PE blended with SKL resulted in a
significantly increased initial and processing torque, testifying a
thermal polymerisation coupled with cross-linking processes. The
latter align with previous findings demonstrating an increase in the
melt flow index of polyolefin-lignin blends depending on lignin
content.170

This journal is © The Royal Society of Chemistry 20xx
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Figure 15. Comparison of the extruder torque for SKL — polyethylene blends at different lignin loadings with SKL (left), ASKL (centre), and AIKL

(right). Reproduced from reference 1%° with permission from American Chemical Society, copyright 2016.

In the case of ASKL, both methylated and unmethylated, extruder
torque tests revealed significant differences in melt stability
compared to pristine SKL. (Figure 15) Specifically, when incorporated
into PE in a range comprised between 1 to 25 wt%, ASKL caused only
minor increases in torque, suggesting an enhancement of the melt
stability. Despite the higher phenolic OH content of ASKL than SKL, it
was less prone to undergo cross-linking processes. This fact derives
from both its lower molecular weight (M, = 3500 g/mol) and
narrower dispersion, limiting the likelihood of network formation
during melt processing, according to the Flory-Stockmayer view that
larger polymer chains require fewer cross-linking events to form a
network structure.’’*-173 The selective phenolic hydroxyl groups
methylation of ASKL resulted in an enhanced stabilization of the melt
and introduced a distinct plasticizing effect. Specifically, the initial
extrusion torque values were reduced by 8%, 18%, and 26% at 5%,
15%, and 25% loadings, respectively. This plasticizing effect was
attributed to the low molecular weight and potentially spherical
configuration of ASKL in solution, as suggested by considering the
application of Kuhn-Mark-Houwink Sakurada equations to kraft
lignin.174

AIKL displayed a markedly different profile. In fact, blending 25 wt%
AIKL with PE resulted in a 13% increase in initial torque—much higher
than that seen with ASKL—yet melt viscosity remained relatively
stable over time, contrasting with the instability observed for
SKL.(Figure 14) This derives from the higher rigidity and the presence
of m—m stacking interactions of AIKL,'7>176 imparting structural
resistance against thermal cross-linking during processing. When the
processing torque across is compared for SKL and its fractions,
relevant differences were evident, with SKL exhibiting a significant
variability, while fractions offered more controlled behaviors.
Consequently, the blend of the two fractions existing in SKL likely dis-
favors the m-stacking generated by AIKL due to the interference of
spherical ASKL molecules, resulting in a random gelation and a
greater melt torque fluctuations. Methylation of the fractions
revealed an enhanced melt stability and plasticization, especially in
the case of ASKL. In view of these results, the plasticizing effects were
unequivocally attributed to its low molecular weight and spherical
morphology which, despite the high phenolic content, reduced the

This journal is © The Royal Society of Chemistry 20xx

chances of cross-linking. In fact, the gelation threshold in polymer
melts is more sensitive to the molecular size of preformed chains
than to functional group density alone.}’*-173 Dimethyl sulphate
methylation effectively blocking cross-linking and enhancing the
ASKL compatibility with PE, improving processability. On the
opposite, the higher molecular weight of AIKL and its higher
tendency to generate m,m-stacking interactions yield a more rigid
structure, slightly raising initial torque but offering a more stable
processing operation. Minor torque increases at higher loadings
suggest that small-scale cross-linking can still occur.

An additional evaluation of the mechanical properties impact of
blending 25 wt% SKL and its fractions into PE was performed via
tensile tests. (Figure 16) In general, samples exhibited a reduced
elongation at break compared to pristine PE, irrespective of
methylation. However, methylated samples—particularly
methylated ASKL—offered modest improvements in ductility, likely
due to an improved phase compatibility between PE and ASKL upon
methylation.177:178
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7. Lignin Based Carbon Fibers

A very significant amount of research has been devoted to efforts of
producing carbon fibers from lignin, aiming at replacing traditional
fossil-based raw materials. Despite its aromatic and polymeric
nature, the heterogeneous, stochastic, and reactive characteristics
of SKL seriously limit its potential for thermoplastic and carbon fiber
applications. This is due to its low molecular weight and glass
transition temperature causing it to soften during fiber formation
and stabilization efforts. In addition, the lack of ordered structure
within lignin hinders its graphitization that limits the attainment of
the required moduli for carbon fibre materials.

In an effort to address the issue of low molecular weight and glass
transition temperature of kraft lignin, Sen et al 17° offered a novel
route toward creating thermoplastic lignin polymers by exploring
propargylation derivatization chemistry and its potential as a
versatile novel route for the eventual utilization of technical lignins
with a significant amount of molecular control. To do this, the
systematic propargylation of SKL was explored and the versatile
nature of the pendant propargyl groups on lignin was demonstrated
via two distinct chain extension chemistries. Amongst them the most
interesting was the solid-state, thermally induced, Claissen
rearrangement polymerization chemistry displayed in Figure 17.
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Figure 17. Lignin chain elongation strategies. The lower part of this
schematic displays the Claisen rearrangement and the ensuing
thermal polymerization referred to in the text. Reproduced from
reference 17° with permission from American Chemical Society,
copyright 2013.

Overall, it was shown, that it is possible to modulate the reactivity of
SKL via a combination of methylation and chain extension providing
a rational means for the creation of higher molecular weight
polymers with the potential for thermoplastic materials and carbon
fibers with the desired control of structure- property relations.
Specifically, lignin was chemically modified by introducing reactive
pendants on lignin moieties; subsequently, the latter are
polymerised increasing the overall molecular weight of the starting
lignin. The modification strategy involved both a fractionation
operation and chemical modification.'”® Fractionation, as previously
described, represents a core aspect, allowing for the isolation ASKL;
the latter was chosen for its lower molecular weight and its higher
content of phenolic hydroxyl groups, making its functionalisation
more selective and easier than the whole SKL. The selective
propargylation of phenolic hydroxyl groups was then applied at
different ratios of propargyl bromide/phenolic hydroxyl groups.
Despite the heterogeneous reaction environment utilised, the
quantitative functionalisation of phenolic hydroxyl groups was
achieved without the need for an organic co-solvent. 3P NMR
spectra permitted the elucidation of the reactivity differences among
the various types of phenolic hydroxyl groups present in ASKL
towards propargylation. While non-condensed phenolic hydroxyl
groups showed rapid substitution, condensed phenolic hydroxyl
groups, such as diaryl ethers and biphenyls exhibited a more intricate
reactivity pattern, likely affected by their higher steric hindrance
than non-condensed ones. The thermal stability of the propargylated
ASKL samples was evaluated via thermogravimetric analyses,
demonstrating a significant improvement of the thermal stability
even after 25% propargylation. Thermograms revealed broad
exotherms between 150 and 215 °C, absent in pristine ASKL, which
were attributed to the Claisen rearrangement and subsequent
polymerisation of the aryl propargyl ether moieties.

In view of preparing precursors suitable for thermal operations, two
distinct chain extension chemistries were explored by profiting of the
presence of the propargyl groups on lignin. Namely, the copper-
mediated oxidative coupling and the thermally induced
polymerisation via Claisen rearrangement. (Figure 17). The solid
state thermal polymerization of propargylated SKL offered
tremendous possibilities for carbon fiber formation since the
reaction requires no solvents and no volatile by product are
produced that may eventually induce weak void points within the
fibres.

This journal is © The Royal Society of Chemistry 20xx
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One significant aspect of the proposed chemistry is that by initially
methylating a fraction of the phenolic hydroxyl groups and then
proprgyating the rest, one may modulate the degree of
polymerization and thus avoid gelation (Figure 18).  Thermally
induced polymerisation was directly conducted on 75%
propargylated ASKL samples with 25% methylated residual phenolic
hydroxyl groups. It was demonstrated that by heating the modified

Sample 2 ’

NN

ARTICLE

ASKL it was possible to induce a Claisen rearrangement, forming
chromene structures. The latter subsequently polymerised via ene-
ene homo-polymerisation yielding the effective ¢haifArekteétsion
generating benzopyran domains. 13C NMRDaQ\'éWségz’ngfﬁEDﬁgW@rs
showed new signals indicative of chromene formation as well as
signals pertaining to the opening of double bonds during
polymerisation.
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Figure 18. Weight average molecular weight distributions of the methylated/ propargylated SKL before and after the thermally-induced
polymerization. Samples 1 and 2 were polymerized at 150°C, for 10 and 60 minutes respectively. Reproduced from reference 17° with

permission from American Chemical Society, copyright 2013.

One important aspect of this chemistry is that the polymerization of
the pendant groups on the lignin can be monitored using Differential
Scanning Calorimetry (DSC). This is because the polymerisation

events of the double bond present in the benzopyrane structures are
exothermic reactions exhibiting broad DSC peaks in a temperatures
range between 150 and 215 °C. (Figure 19)

Hydride shift

Benzopyran
OMe

Figure 19. Differential Scanning Calorimetry offers a convenient means to monitor the degree of thermal polymerization of the propargylated

SKL by evaluating the developed exotherm depicted.

The modulation of gelation via a controlled methylation followed by
propargylation and thermal polymerization has resulted in the
creation of single component carbon fibers made solely of SKL. Figure
20A displays the fibers than can be pulled out of a melt of such lignins
and prior to stabilization. Eventual, carbonization efforts produced
fibers of various dimensions (Figure 20B). It is to be noted that the

This journal is © The Royal Society of Chemistry 20xx

thermal polymerization chemistry that produced no by-products
offers fibers that are dense free of voids of other defects that may
cause points of weakness within the fiber (see 40 micrometer fiber
cross-section in Figure 20C). Detailed EDAX analytical work shows
that the carbonized fibers are composed mostly of carbon and less
than 2% oxygen.
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Figure 20. (A) Showing fibers being pulled out of the melt from methylated/propargylated softwood kraft lignin; (B) photo-micrographs of
fibers after carbonization ; (C) Cross-section & EDAX analyses of carbon fibers produced from methylated/propargylated SKL.

Besides the intrinsic limitations arising from the low molecular
weight of lignin, the degree of graphitisation remains a major
challenge in the production of lignin-based carbon fibres (CF). A
critical survey of the topic was recently provided by Sagues'® and
asked the question: “Are lignin-derived carbon fibers graphitic
enough?” Single component lignin-derived carbon fibers have been
under development for many years, but strength properties are still
inferior to those of commercial carbon fibers. The extent of
graphitization is an overlooked limitation to lignin-derived carbon
fiber development, particularly for high-modulus fibers treated at
high temperatures.

The tensile moduli of commercial carbon fibers increase with
temperature during graphitization, however, lignin-derived carbon
fiber moduli stay the same or decrease (Figure 21A).

In their review Sagues et al.'80 discuss the inability of lignin-derived
carbon fibers to graphitize in a manner similar to commercial carbon
fibers based on the irregular structure of lignin. In general, and as it
becomes apparent from the above figure, single-component lignin
CF perform significantly worse than polyacrylonitrile (PAN)-based
fibres; however, lignin-PAN blends offer a viable route for the
potential of lignin.18!

A @ ® O—0O
) - -
COS"OT?':Z;I Stgggf‘:d — Carbonization — Graphitization Ir:\:‘:rzasled u
y 1000 — 2000°C 2000 — 3000°C odulus
©) ® O—-0 _
- —
Lignin —» Stéi?;:f:d — Carbonization — Graphitization Dﬁzfjizd =
1000 — 2000°C 2000 — 3000°C
B 500 - . 500
450 . 450 .
AN
it . [OPAN T\ 400 " oPAN1
— 0o [ \ . )
g %0 0,0 o | g 30 0,0° © —
Q 300 X -\ / © 300 g
a X \xPAN3/ @ X xPAN 3
5 20 0 Oy K o 2 250 0 Oy S
3 % Lignin Blend 3 A% /MLignin Blend:,
S 200 ¥ 2 200 ¥ e /
o o ; oPure Lignin © o [ oPureLignin |
5 150 | % 3 150 | X | )
5 +Modified S e e - \  +Modified
= 100 — [ ] Lignin = 100 |- [ \_ Lignin 4
L w
! 508 P, —
50 * 0 .0 0. . ~ .o 00 O. * 3 e
0 0 ——
800 1300 1800 2300 2800 3300 800 1300 1800 2300 2800 3300
Temperature (C) Temperature (C)

Figure 21. (A) Schematic conveying an overlooked discrepancy in the temperature-modulus relationship among lignin-derived and
commercial carbon fibers. (B) Plots showing the change in tensile modulus as a function of temperature for six carbon fibers (adapted from182-
186) PAN 1, 2, & 3 refer to Polyacrylonitrile carbon fibers treated at 1000-2900 °C,'82-186To the right of Fig 21 Lignin Blend data is shown:
Carbon fibers derived from pyrolysis fuel oil blended with hardwood kraft lignin treated at 800 and 2800 °C,8 Pure Lignin: Carbon fibers
derived from SKL treated at 1000-1700 °C,'8* Modified Lignin: Carbon fibers derived from acylated softwood lignin treated at 1000-2200
°C.18 Reproduced from reference 18 with permission from Royal Society of Chemistry, copyright 2019. .

In such blends, improvements in properties derive exclusively from
the PAN component rather than lignin itself.18%187.188 From ga
mechanistic perspective, it is common but often unverified the

22 | J. Name., 2012, 00, 1-3

assumption that lignin undergoes a structural transformation from
disordered sp3-hybridised to graphitic sp?-hybridised carbon.
Although X-ray diffraction and Raman spectroscopy analyses have

This journal is © The Royal Society of Chemistry 20xx
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been performed, there is insufficient evidence to support the present
hypothesis. Impurities, fibre morphology, and defects are often cited
as causes for the poor performance of lignin-derived CF,'8! while the
critical issue of insufficient graphitic structure, particularly in high
modulus carbon fibres (HMCFs), is frequently overlooked. This was
recognised as early as 1951, when it was reported that highly cross-
linked, three-dimensional polymers are poor precursors for
graphitisation.'® In this context, the thermal stabilisation stage plays
a vital role in determining the achievable degree of graphitisation.8
PAN serves as an excellent CF precursor due to its linear chains,
which undergo cyclisation during thermal stabilisation.1®® The
resulting cyclic structures facilitate graphitisation at elevated
temperatures, producing HMCFs with ordered, ribbon-like graphitic
domains interspersed with disordered regions.

Understanding the thermal behavior of lignin is complex. It is
generally assumed that lignin undergoes condensation upon heating,
with the nature of the linkages depending on lignin type.1?11%2 Kraft
lignin, the most studied lignin type, undergoes radical coupling
reactions, creating carbon—carbon bonds restricting molecular
rotation.’®®> Upon heating to 500 °C, volatiles are released and
oligomeric tars form, followed by side-chain decomposition and
aromatic condensation at higher temperatures.1®1% Above 800—
1000 °C, aromatic ring opening can occur.®%1%4 However, the
irregular structure of lignin limits graphitisation compared to PAN,
whose regular arrangement promotes the formation of sp?
centres.1®*1% Consequently, lignin carbonisation remains poorly
understood, complicating the production of highly graphitic CFs.

It is important to mention here that the graphitisation of lignin has
been studied extensively. Highly graphitic structures have been
reported for organosolv lignin-derived CF treated at temperatures up
to 2700 °C, as derived from X-ray diffraction analyses, crystallite
sizes, and reduced interlayer spacings.’®®1%7 Nonetheless, no
corresponding increases in tensile modulus or strength were
observed, suggesting lignin CF graphitise differently from PAN fibres.
Whereas PAN fibres become graphitic around 1800 °C, lignin CFs
remain disordered until much higher temperatures are reached. In
fact, poor graphitisation of kraft lignin-derived CF has been observed
at graphitisation temperatures up to 1700 °C.1%8 Studies reported a
limited increase in graphitic character for organosolv lignin-derived
CF when treated at 2000 °C, as well.»®° In general, although Raman
spectroscopy indicated some graphitic regions, these data may also
misrepresent the bulk material. Recently, Kbhnke demonstrated
improved graphitisation when micro-size kraft lignin powders were
treated at 2000 °C,2® suggesting that particle size significantly
influences graphitisation outcomes. A comprehensive mapping is still
necessary to avoid misleading conclusions. Overall, the chemistry
and thermal behaviour of lignin differ markedly from PAN,
complicating efforts to produce highly graphitic, high-performance
CFs.

Lignin fractionation seems promising in enhancing graphitisation. Jin
employed the ALPHA process to fractionate SKL by leveraging
molecular weight via acetic acid—water liquid—liquid equilibrium.201
CF produced from higher molecular weight fractions exhibited
superior tensile strength and modulus, attributed to increased
graphitic structure. Similarly, Liu used a pH-fractionation on corn
stalk lignin; the resulting fractions were subsequently blended with
PAN prior to the subsequent carbonization.??? Fibres produced with
higher molecular weight lignin -around 8200 g/mol- displayed a
significantly enhanced elastic modulus (4.5 + 0.1 GPa) compared to
those from lower molecular weight lignin (2.6 + 0.4 GPa). Although
fractionation improves mechanical properties, lignin-derived CF still
fall short of matching those of PAN-based CF. Nevertheless, further

This journal is © The Royal Society of Chemistry 20xx
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high-temperature treatment of fractionated lignins could foster even
greater graphitisation and property enhancements, potentially
enabling  high-performance lignin-based CF Viat A'iffdddrste
carbonisation temperatures (<1500 °C).201@’@"2:01‘0'1039/DSIEDOOlOBK
Most attempts to graphitise lignin have employed furnaces limited in
temperature of approximately 1500 °C, suggesting the need for
transition-metal catalysts to enhance graphitic structure at lower
temperatures. In this regard, efficient graphitisation of hydrolysis
lignin has been achieved using a nickel-based catalyst.?®> Two
principal catalytic mechanisms have been proposed: carbon
dissolution into nanosized particles followed by graphitic layering,
and metal carbide formation followed by decomposition at high
temperatures.?’® The use of methane and natural gas has also been
shown to promote graphitisation during kraft lignin carbonisation,
likely through vapour deposition on the catalyst surface.1%*

The surface decoration of CFs with carbon nanotubes via chemical
vapour deposition has recently been reported to enhance thermal
stability and conductivity, although this remains underexplored for
lignin-derived CF.207-210(61-64) Notably, the successful decoration of
lignin—PAN CF with iron and palladium nanoparticles via chemical
vapour deposition was recently demonstrated and verified by
electron energy loss spectroscopy;?®” however, a systematic
evaluation of the properties of the resulting materials is still needed.

8. Conclusions

Significant progress has been made in understanding the chemical
mechanisms that govern lignin behaviour during pulping, shedding
new light on the structural characteristics of kraft lignin. Combined
with recent developments in lignin fractionation, these insights have
paved the way for the formulation of a new structural model for SKL,
which may support further research and industrial applications.
Despite these advances, technical lignin streams pose considerable
challenges for replacing or supplementing petrochemical-based
feedstocks. This difficulty stems from lignin’s inherent variability,
heterogeneity, coloration, and reactivity. Variations in feedstock due
to seasonal changes, pulping conditions such as the H-factor, and
related delignification processes result in a complex and
unpredictable mixture. Consequently, any lignin intended for
downstream utilization must first be refined into products with
consistent, well-defined specifications. This need parallels the
treatment of crude oil, which, although initially suitable only as a
fuel, is refined into a wide array of chemicals that form the backbone
of the petrochemical industry. Therefore, lignin refining or
fractionation is essential and must be integrated into any industrial
strategy for lignin utilization.

A deeper understanding of the roles played by solvents and non-
solvents in lignin aggregation is also critical in lignin fractional
precipitation. This includes studying the efficiency of solvation and
desolvation processes and how they influence the shape and size of
lignin particles. Important relationships between solvent polarity and
different lignin types (e.g., native vs. technical) may reveal valuable
structural insights. Additionally, the rate and sequence in which
components are added during aggregation should be carefully
optimized, as these factors can significantly influence the assembly
process.

Fundamental aspects of lignin self-assembly and the associated
technological developments have attracted growing interest,
especially in the context of producing high-value, sustainable
nanomaterials for diverse applications. Considerable advancements
have been made in identifying the key parameters that govern lignin
self-assembly, particularly in terms of solvation behaviour in organic
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and aqueous systems. However, the lack of standardized
methodologies for measuring lignin molecular weights, distributions,
structural characteristics, and aggregate sizes limits comparability
across studies. Moreover, the specific contributions of hydrogen
bonding—among aliphatic, phenolic, and carboxylic hydroxyl
groups—remain poorly quantified. Future efforts should also take
into account the roles of molecular weight, steric effects, and n-nt
interactions, in addition to hydroxyl group content. A comprehensive
understanding of these factors could eventually clarify the main
driving forces behind lignin self-assembly, where both attractive and
repulsive interactions play a role. A clearer understanding of these
interactions would significantly aid the optimization of aggregation
strategies.

Another area of interest is the distinctive behaviour of lignin fractions
when blended with polyolefins. It has recently been demonstrated
that certain lignin fractions within SKL exhibit non-productive
cooperative interactions, a phenomenon with important
technological implications that deserves further exploration.
Significant strides have also been made in producing thermally stable
lignin melts, with phenolic hydroxyl groups playing a key role in their
stabilization. Nonetheless, a key question remains: can technical
lignins, on their own, be effectively carbonized and graphitized to
yield single-component, lignin-derived carbon fibers with mechanical
properties that rival their fossil-derived counterparts?

Lastly, the broader environmental sustainability of lignin
applications—including fractionation, nano-aggregation, and carbon
fiber production—remains an open question. Many discussions on
lignin utilization overlook key sustainability factors. Comprehensive
life cycle assessments that account for product yields, solvent use,
and other environmental parameters are crucial for lending
credibility to lignin-based technologies and their claimed benefits.
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