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Lignin, a major component of lignocellulosic biomass, is gaining attention as
a renewable alternative to fossil-based materials in polymer composites. lIts
complex polyphenolic structure imparts antioxidant, antimicrobial, UV-resistant,
and biodegradable properties, enabling its integration into thermoplastics,
thermosets, and elastomers, often without extensive modification. Technical
lignins from industrial processes such as Kraft, sulfite, and organosolv methods
offer scalable feedstocks for sustainable materials. In plastics, lignin enhances
mechanical, thermal, and aging resistance while supporting biodegradability; in
rubber composites, it serves as both a reinforcing agent and a stabilizer against
oxidation and UV degradation. Performance can be further improved through
plasticization and compatibilization. This article also surveys patents, reflecting
the growing industrial interest and commercial potential of lignin valorization.

Introduction
With the rise in global population and welfare, consumption has
surged, driving a significant growth of polymers (thermoplastics,
thermosets, and elastomers) over the past six decades, with ther-
moplastics dominating. Although polymer production accounts
for only about 4-8% of global oil consumption—roughly half
as material feedstock and half as process fuel—concerns remain
about the fossil origin of the feedstocks and the end of life of
these polymers.' Research therefore focuses on replacing fossil-
based raw materials with renewable alternatives and on sustain-
able end-of-life solutions, such as recycling and biodegradation.
A key challenge is ensuring that the conversion of renewable
resources into polymers is highly efficient to contain costs. Sus-
tainable polymers must also deliver comparable or enhanced
properties relative to their fossil-based counterparts.>
Naturally abundant and renewable resources, such as lig-
nocellulosic biomass, have been recognized as promising

alternatives to fossil-based feedstocks. While polysaccharides
such as cellulose and hemicellulose are widely utilized, lignin
remains one of the least utilized renewable polymer resources.*
Lignin, an amorphous, heterogeneous, polyphenolic macro-
molecule, is a major structural component of vascular plant
cell walls, making it the second most abundant biopolymer on
Earth. Due to its unique polyphenolic structure, antimicrobial
and antioxidant behavior, biodegradability, and UV-absorption
capacity, lignin has attracted attention across multiple fields.>
To illustrate lignin’s versatility as a renewable component in
polymeric materials, Figure 1 shows the number of publica-
tions retrieved from Web of Science’ using the keyword “lignin
composite.” The exponential increase over the past two decades
highlights significant research efforts aimed at lignin valoriza-
tion in polymer composites. In 2024, the global lignin market
was estimated at USD$1.32 billion and is projected to grow at a
compound annual growth rate (CAGR) of 4.4% through 2030.%
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Many lignocellulosic biomass-derived materials remain in
carly-stage development, particularly within academia, and are
not yet ready for industrial-scale production. By contrast, tech-
nical lignins are already produced at scale, making their use
in polymer composites particularly attractive. Several reviews
have surveyed lignin in polymer materials, including broad
overviews of lignin as a filler/stabilizer and focused perspec-
tives on thermoplastics and rubbers,”'* with additional contri-
butions published in the past two years.*'>2° Relative to these
contributions, this article adds three elements: (1) an end-to-
end process view that links pulping route — lignin recovery/
fractionation — structure descriptors (e.g., M,,, dispersity,
S-/G-units ratio, ash/sulfur) to processing windows in ther-
moplastics, thermosets, and rubbers; (2) harmonized report-
ing of composition (% by mass for plastics, phr for rubbers)
and performance deltas against common baselines; and (3) an
annotated patent synthesis aligned with the process classes, to
highlight industrial readiness and scale up pathways. Timely
focus and scope: we emphasize developments from 2019 to
2025 (final literature cutoff: July 2025), citing essential foun-
dational studies as context. This article prioritizes technical
lignins (Kraft, soda, organosolv, lignosulfonates) from indus-
trially relevant streams and excludes topics where lignin’s role
cannot be isolated (e.g., generic lignin—cellulose blends, car-
bonized/biochar derivatives, and purely nanoparticle-focused
formulations), as well as modified lignins, unless directly
informative to polymer-composite performance.

Technical lignins

Lignin structure

Lignin is an amorphous, highly irregular polyphenolic het-
eropolymer derived from the radical polymerization of three
primary monolignols: p-coumaryl alcohol, coniferyl alco-
hol, and sinapyl alcohol.?'?* These monomers, presented
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ure 2 illustrates the structures of the
three canonical monolignols and some common linkage
motifs in lignin. Notably, the relative abundance of H-, G-,
and S-units varies with plant species and tissue (refer to Table
I): softwood (gymnosperm) lignins are composed predomi-
nantly of G-units (with minor H- and essentially no S-units),
hardwoods (angiosperms) contain a mix of G- and S-units,
and grasses (monocots) incorporate all three units (including a
significant H-units fraction).?!*»2>#! This compositional dif-
ference is biologically determined and has structural implica-
tions (for instance, S-unit-rich lignins tend to be more linear
due to fewer cross-linking sites on the aromatic ring). In addi-
tion to the primary monomers, lignin often contains a variety
of functional groups arising from its composition: abundant
hydroxyl groups (both phenolic OH and aliphatic OH on the
propyl side chain), methoxy groups on aromatic rings, as well
as carbonyl and carboxyl groups in certain units. The exact
distribution of these functional groups depends on the lignin’s
botanical origin and any processing it has undergone.3'#>#*
These functionalities are critical, as they influence lignin’s
reactivity and interactions in materials (e.g., phenolic OH
groups confer antioxidant activity and can participate in
cross-linking with polymers in composites). The diversity of
linkages and branching leads to lignin’s amorphous three-
dimensional network structure.*’

The polymerization of monolignols via radical coupling
yields a variety of carbon—carbon and ether (C—O-C) bonds
between aromatic units.>? The result is a highly branched,
cross-linked network with no uniform repeating unit. The
most prevalent linkage in native lignins is the B—O—4
(arylglycerol-B-aryl ether) bond, which typically accounts
for~45-60% of all interunit linkages in both softwoods and
hardwoods.??873%32 This dominant linkage connects the
B-carbon of one phenylpropane unit to the 4—O position of
another and is critical for the overall linear extension of the
polymer. Early degradative studies by Adler et al.*® using
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Figure 2. Structure of three monolignols with corresponding building units and representation of main chemical
linkage in lignin structure—aryl ether (B-O-4; red), aryl ether (a-O-4; blue), phenylcoumaran (3-5; green), biphenyl
(5-5, magenta), spirodienones (3-1; orange), resinol (3-B; turquoise), diaryl ether (4-O-5; black).
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Table I. Distribution of monolignol types in lignin from various plant sources and comparison of lignin linkage types and their abundances in
softwood and hardwood.*6-50

Origin of the Lignin p-Hydroxyphenyl (%)
Softwood <5
Hardwood 0-8
Grasses 5-33

Linkage Type Dimer Structure

B-0-4 Phenylpropane B-aryl ether
a-0-4 Phenylpropane a-aryl ether
B-5 Phenylcoumaran
5-5 Biphenyl and dibenzodioxocin
4-0-5 Diaryl ether
B-1 1, 2-Diaryl propane
B-B B-B-linked structures

acidolysis (producing Hibbert’s ketones) estimated the f—O—4
content in spruce (softwood) lignin to be roughly 0.25-0.30
per aromatic unit, corresponding to a substantial fraction of
the polymer’s connectivity. Modern spectroscopic techniques,
such as 2D NMR (HSQC), have corroborated that B—0—4 link-
ages are predominant in native lignins.>>*"5? The remaining
linkage structure is composed of several secondary linkages
that contribute to lignin’s branching and cross-linking. These
include: B-5 linkages (phenylcoumarans) formed by cou-
pling of a side-chain B-carbon to the five-position of another
unit, —f linkages (resinol units) resulting from the dimeri-
zation of two monolignols at their 3-carbons, and 5-5 link-
ages (biphenyl and associated structures) where two aromatic
rings are directly coupled.’>***” Collectively, linkages such
as -5 and 5-5 typically make up a significant minority of
the polymer (e.g., softwood lignins, being G-units-rich, have
a higher fraction of these condensed linkages than S-units-
rich hardwood lignins). The B—f3 (resinol) structures are often
found as branching points: for instance, pinoresinol and related
dimers are more abundant in hardwood (S-units-containing)
lignins than in softwoods, whereas grass lignins (which con-
tain H-units and special ferulate linkages) show almost no
BB structures.? Other linkage types occur in smaller pro-
portions, such as 4-0-5 diaryl ethers, a—O—4 linkages (ether
link between the a-carbon of the side chain and an aromatic
ring), and B-1 linkages (spirodienones), as well as more
complex structures such as dibenzodioxocins.*>>*~33 These
minor linkages, though less common, further diversify the 3D
architecture of lignin. The abundance of different linkages in
softwood and hardwood lignins is presented in Table I. The
combination of multiple linkage types means lignin is not a
linear polymer, but rather a branched network. Some linkages
(such as 5-5 biphenyl bonds and certain 3—5 structures) create
junctions where the polymer branches or even forms cyclic
structures, contributing to lignin’s resistance to depolymeriza-
tion and its tight, complex packing within the plant cell wall.
The overall degree of polymerization and molecular weight
of native lignin is not fixed; in situ, lignin can be considered
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Guaiacyl (%) Syringyl (%)

<95 Not identified
25-50 46-75
33-80 20-54

Abundance in Softwood (%) Abundance in Hardwood (%)

45-50 60
6-8
9-12
18-25
4-8
7-10
3

W N N o o N

an endlessly growing network within the wall. When isolated,
lignin typically shows weight-average molecular weights M,
on the order of a few thousand to tens of thousands of Daltons,
depending on source and extraction method.*>*° For example,
“milled wood lignin” extracted directly from plants can have
M,, in the range of~5000-25,000 Da.*? This polydispersity
reflects both the inherent randomness of polymerization and
any fragmentation that may occur during isolation.
Although lignin is conventionally described as being
built from three monolignols, research has revealed remark-
able flexibility in its molecular composition. The polymer’s
structure can vary not only between species but also with
developmental stage, environmental conditions, and genetic
modifications.?*3!-57-0 In softwoods (e.g., pine or spruce),
lignin is almost entirely guaiacyl-type units, which leads to
a highly cross-linked structure due to the free five-position
on the aromatic ring of G-units that can participate in bond-
ing (e.g., forming 5-5 and B—5 linkages).***’ Hardwoods
(e.g., oak, birch, poplar) produce lignins that are composed
of both G- and S-units, with S-units carrying two methoxy
groups and lacking a free five-position. The introduction of
S-units tends to limit cross-linking, because S-units can only
link through —O—4 and B— (and not 5-5 or B—5 with nother
S-units). As a result, hardwood lignins are often somewhat
less condensed (more linear) than softwood lignins, which has
implications for their reactivity and ease of processing.**>°
Grass lignins (found in cereals, bamboo, etc.) are even more
complex: they contain a mixture of H-, G-, and S-units and are
typically enriched in hydroxycinnamate ester residues such as
p-coumaric acid and ferulic acid. These hydroxycinnamates
are produced via the monolignol pathway and can become
covalently attached to lignin or to carbohydrates. In many
grasses, p-coumarate esters are grafted onto lignin side chains
(especially on S-units) at the y-hydroxyl position, sometimes
comprising 5-10 wt% of the lignin. This means grasses have
a lignin that is acylated—a feature much less common in
woody lignins. Similarly, some angiosperm species (e.g., wil-
low, aspen) incorporate p-hydroxybenzoate groups on their
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lignin (via sinapyl p-hydroxybenzoate as a precursor). These
modifications introduce additional functional groups and can
influence lignin’s glass transition and reactivity (acylated
lignins are often more hydrophobic and somewhat less
hydrogen-bonded). Importantly, studies show that such acyl
groups are built-in during polymerization (i.e., pre-acylated
monolignols are polymerized into the lignin) rather than lignin
being acylated post facto.>>*¢*¥ This expands the traditional
view of lignin’s building blocks beyond just the three alcohols.
Over the past decade, evidence has emerged that plants
(especially under certain evolutionary or engineered condi-
tions) can polymerize alternative phenolic monomers into
lignin, effectively breaking the “three monomers” paradigm.
For instance, some unusual plant species produce catechyl
lignin (C-lignin), a polymer derived almost exclusively from
caffeyl alcohol (3,4-dihydroxyphenylpropane-1-ol). C-lignin
was discovered in the seed coats of plants like Vanilla orchid
and Cleome, and it forms a linear, condensation-free polymer
in which units are linked primarily by benzodioxane bonds.
In C-lignin, each caffeyl unit couples at its 4-O and 3 posi-
tions to form stable benzodioxane rings, yielding a structure
that is far less branched than typical H-/G-/S-units lignins.
This homopolymer has unique properties (e.g., a more uni-
form structure and easier depolymerization to single mono-
mers) and highlights nature’s ability to produce lignin variants
with distinct linkage patterns. Another example of noncanoni-
cal monomers is 5-hydroxyconiferyl alcohol (also known as
SHG), which can be incorporated into lignin in certain mutant
or engineered plants, leading to the formation of benzodiox-
ane units in the presence of normal monomers,?!26:28-30.38.61-66
Moreover, flavonoids have been identified as genuine lignin
components in some cases: tricin, a methoxylated flavone,
is naturally incorporated into grass lignins (particularly in
cereal straws and bamboo) as a terminator unit that caps lignin
chains. Tricin’s structure (already containing multiple OCH;
substitutions) means it can only form ether linkages (4'-O—3)
and thus typically appears at lignin chain ends. Similarly,
recent studies have shown other flavonoids (e.g., naringenin,
chalcones) can participate in lignification in certain plants.®’~">
Additional phenolic compounds such as ferulate conjugates
can also integrate into lignin. For example, coniferyl feru-
late (a ferulic acid ester of coniferyl alcohol) and tyramine
ferulate have been reported as lignin-building units in some
species.”!"” These findings underscore that lignin’s polymer
structure is not strictly fixed by a universal formula, but can
evolve and adapt. From a foundational perspective, the para-
digm of lignin has shifted from a polymer of three monomers
to a polymer that can potentially include a variety of aromatic
precursors available in the cell wall environment 34677475
The inherent complexity and variability of lignin’s struc-
ture are directly relevant to its utilization in materials sci-
ence and sustainable polymer development. Key structural
aspects such as the abundance of B—O—4 linkages (which
are relatively labile under chemical or enzymatic cleavage)
versus condensed linkages (which are more recalcitrant) will

influence how easily a given lignin can be depolymerized or
chemically modified.*>***” Likewise, the presence of certain
functional groups (e.g., phenolic OH content, which is higher
in G-units-rich lignins due to many free C4 positions) affects
lignin’s reactivity in polymer blends and curing reactions. The
branching density (affected by S- versus G-units ratio and 5-5
linkages) will impact the melt behavior and mechanical per-
formance of lignin-based plastics. For example, S-units-rich
lignins (more linear) could be more flexible and easier to pro-
cess, whereas G-units-rich lignins (highly cross-linked) are
more brittle but confer rigidity and thermal stability.>46->
In summary, lignin is best described as a dynamic, 3D net-
work polymer whose exact structure depends on its biological
source. Table I can be used to summarize the typical compo-
sitional differences and linkage distributions among various
lignin types (e.g., softwood versus hardwood versus grass).
Maintaining a clear picture of lignin’s structure—from the
molecular level (monomers, linkages, functional groups) to
the macromolecular architecture—is crucial for rationally
designing strategies to integrate lignin into bioplastic and
rubber composites. This understanding allows researchers
to predict how lignin will behave as a polymeric additive or
precursor, and to devise chemical modifications that improve
compatibility and performance in sustainable material applica-
tions.>*#%76.77 The following sections will build on this struc-
tural foundation to explore how lignin can be functionalized
and utilized in bioplastic and elastomer contexts.

Pulping processes

The complex, randomly cross-linked structure of lignin (rich
in aryl-ether and carbon—carbon bonds) provides rigidity and
hydrophobicity to wood fibers but also makes lignin chemi-
cally recalcitrant. In the pulp and paper industry, removing
lignin (a process called delignification) is essential to free
cellulose fibers for pulpmaking.”® Delignification is achieved
by various pulping processes, whose differing mechanisms
impact the structure and properties of the resulting lignin.
Below we review lignin’s behavior in different pulping pro-
cesses and how it can be recovered as a value-added product.
As discussed in a previous section, complex and heterogenous
lignin’s structure influences lignin’s molecular mass and reac-
tivity. Lignin is thermostable and insoluble in water (under
neutral pH) due to its aromatic structure and high molecular
weight. It must be chemically modified (e.g., by introducing
hydrophilic or charged groups) or subjected to extreme condi-
tions to become soluble or reactive. During pulping, lignin’s
structure is fragmented and modified: for example, in alkaline
processes, many 3—O—4 ether linkages are cleaved, reducing
the polymer size, while in sulfite pulping, lignin is chemically
sulfonated to increase its solubility. The balance of lignin’s
functional groups (phenolic hydroxyl, methoxy, carbonyl, etc.)
and molecular size after pulping will determine its proper-
ties (such as solubility, glass transition, and reactivity) and
thus its suitability for further applications.®>3%4647:35 High-
purity lignin (with low sugar and ash content) is particularly
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desirable for value-added uses,”® whereas lignin with more
impurities or structural modifications may be limited to energy
recovery or low-grade products.®** In summary, the structure
and properties of lignin are strongly influenced by its source
and the pulping process, which is why understanding these
factors is crucial when developing lignin recovery and utiliza-
tion strategies.

Wood pulping processes are generally classified into three
main categories—mechanical, chemical, and semi-chemical—
based on how they remove lignin to liberate cellulose fibers.
An additional category, organosolv pulping, has gained atten-
tion for its environmentally friendly approach and high-purity
lignin byproduct. Each process leads to a different outcome in
terms of lignin removal, lignin chemistry, and pulp properties
(detailed comparison and characterization of different pulping
methods is presented in Table II):

Mechanical pulping uses mechanical force (grinding or
refining) to physically separate wood fibers with minimal
chemical change to lignin. This method retains most of the
wood components, resulting in a high pulp yield (often up to
~90-95 wt% of the original dry wood) since lignin largely
remains in the fibers. Because the lignin is not removed,
mechanically pulped fibers are stiff and discolor easily: the
pulp has lower strength and tends to yellow over time due to
the high lignin content. Mechanical pulps are used in prod-
ucts with short lifespans or lower strength requirements (e.g.,
newsprint, magazines, and catalogue papers) where high yield
is advantageous. A benefit of mechanical pulping is that it
produces no spent cooking liquor (because no chemicals are
used to dissolve lignin), avoiding liquid waste.***’ However,
the lignin remains in the paper, which limits the brightness and
permanency of mechanical paper products.

Effect on lignin: Mechanical pulping leaves lignin largely
in its native state with minimal chemical alteration and yields
very little dissolved lignin; any recovered lignin typically has
poor solubility and benefits from subsequent fractionation or
chemical modification before use in polymers.

In chemical pulping, wood chips are cooked with chemicals
to dissolve most of the lignin, freeing nearly pure cellulose
fibers. The two primary chemical pulping methods are the
Kraft (sulfate) process and the sulfite process. Kraft pulping
uses a strongly alkaline white liquor containing NaOH and
Na,S to cleave lignin bonds (especially B-aryl ether linkages)
and form soluble sodium lignates.®>%°%2 Sulfite pulping, by
contrast, uses sulfurous acid and bisulfite salts (e.g., Ca®",
Mg?*, Na*, or NH,") to sulfonate lignin, generating water-sol-
uble lignosulfonates. Chemical pulps have lower yield (typi-
cally only~35-55 wt% of the wood is retained as pulp) because
most lignin (and hemicellulose) is removed during cooking.
However, the resulting fibers are stronger and brighter, making
chemical pulps suitable for high-quality paper and board. Kraft
pulp in particular is known for its strength and versatility, and
it dominates global pulp production (the Kraft process alone
accounts for the majority of the~158 million tons of chemical
pulp produced annually).?>°* Sulfite pulp is easier to bleach
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and can be used to produce specialty products like dissolving
pulp (for rayon or cellulose derivatives), but the process is
less common today due to feedstock limitations and environ-
mental challenges with sulfite effluents. Importantly, chemical
pulping significantly alters lignin’s structure: in Kraft pulp-
ing, lignin fragments precipitate as sodium lignate and some
lignin chemically bind with sulfur (thiol groups), whereas in
sulfite pulping lignin is heavily sulfonated. These “technical
lignins” (Kraft lignin and lignosulfonates) are recovered in
spent liquor and have distinct properties: Kraft lignin is hydro-
phobic and can be precipitated by acidification (see recovery
techniques next), while lignosulfonates remain water-soluble
and are often used directly in applications like dispersants and
binders,79-80:95-97

Effect on lignin: Kraft conditions cleave f—O—4 linkages
and promote some condensation, producing lignin with higher
phenolic hydroxyl content, residual sulfur/alkali, and broader
molar-mass distributions that limit solubility unless the mate-
rial is well washed, fractionated, or derivatized. Sulfite pulp-
ing generates sulfonated, water-soluble lignosulfonates with
increased inorganic content and reduced hydrophobicity;
they are effective as dispersants or antioxidants but generally
require desulfonation or tailored fractionation for thermoplas-
tic melt processing.

Semi-chemical pulping combines a mild chemical
pretreatment with mechanical fiberization. One common
example is the neutral sulfite semi-chemical (NSSC) pro-
cess, which treats wood with sodium sulfite (at neutral
pH) to soften the lignin, followed by mechanical refin-
ing to separate fibers.??%% The result is an intermedi-
ate approach: moderate delignification with higher yield
(typically 65-85 wt% yield) than fully chemical pulping,
and pulp strength and brightness between that of mechani-
cal and chemical pulps. Semi-chemical pulp (often from
hardwoods) is widely used for corrugating medium and
other paperboard products, where a balance of strength
and yield is desired. By partially dissolving or plasticizing
lignin in the pretreatment, semi-chemical processes make
the subsequent fiber separation easier than purely mechani-
cal methods, yet they do not remove as much lignin as
a full chemical cook. Thus, semi-chemical pulps contain
more lignin than Kraft pulps but less than groundwood,
giving them moderate strength and stability. The spent
liquor from semi-chemical processes (e.g., NSSC liquor)
contains dissolved lignin, but in smaller amounts and a
different form (e.g., sodium lignosulfonates) than Kraft
black liquor. Mills often recover and reuse chemicals from
NSSC liquor, but lignin isolation from these streams is less
common than from Kraft liquor.”~'%?

Effect on lignin: Semi-chemical pretreatment causes par-
tial sulfonation and limited delignification, yielding lignin
that is more hydrophilic with moderate molar-mass charac-
teristics and higher inorganic content, which favors aqueous
applications and typically necessitates further conversion
for melt processing.



({

A SUSTAINABLE APPROACH TO ADVANCED MATERIALS 4

-
04

w
p—
=
(=
=
=T
—
(=t
| -
>
o
o
=
w
=
=
D
—
J—
T
)
=
o
o
| -

021=GLL ‘€0t
‘86 ‘26—88 ‘98-8

sagualajey

‘uone||nsIp Aq paianogsl

S| JUBA|0S ‘AysIadsip moLieu

pue "\ moj AjaAieal Jo

uubij Ajosouebio yse-moj

‘9aJ)-Iny|ns se pajendioald si

yoiym ‘uiubi| jo uonoely able|
B 9A|0SSIP SJuaA|0s ajuebiQ

"Jely WoJj ey}

uowwo ssa| Inq a|qissod

s1 A19n0281 ‘dind Ul paurelel

89UB[Bq B} UHM ‘(SByeuoyns

WINIpos Se uayo) Jon!
ur uubl payeuoyns Ajjeied
10 sjunowe Jajjews saanpoid

UO0I}9BI)XS/UONBUOYNS [BlLIed

*A19n093. 10} pajeIauab

S| Wealns uubi|-panjossip [ed

-noeud ou ‘ssauyybiq Buniwi
pue buimoyjak Buiaup 1ng
pialk dind ubiy A1an Buipjaik
SU0MIBU Jaq} BU} UIUUM

punoq Ajabe| surewsal uiubry

'sapse|d uj Buipusiq
}|aW 3|qeua 0} papasu sdays
[BUOLIIPPE UNM ‘SBAISBUPE
/SIUBSIdSIP 10} B|qRISN0DAI
nq ABJaua Jo} pauing usyo
‘1onbij uads auyy ul ajgnjos
-Jayem Bujurewas ‘sayeuoy
-|nsoub| 0} pauaAuod si uiub]

‘suoneoijdde JawAjod
10} UONBILIPOL [BIIWIAYD JO
uoieuonaerly/Buiysem spasu
KjreoaidAy yeyy Jawijod aijou
-ayd ‘pasuapuod Aja1elapow
‘BuLieag-Inyns e ‘uubil ey
SB (pa.isap JI) paIanodal pue
sojeubl| wnipos se Jonbj
39B(q Ul PaAjosSIp SI ujubi

ajeq uubiy

£18n0231
JudA|0S xojdwo) -

1UBLUISBAUI [erIUl JayBIH -

10edWi B}
-U3LLUOJIAUS 3}RJBPOL -
fyrenb
dind syelpswusyl -

Ju8ju09 ujuby 0}

anp auwl} Jano Buimo|op -
uondwns

-u09 ABJaua Jaybiy -
Rygeinp pue

ybuass dind Jemo -

[esodsip 81sem yim

SUIBIU0J [RIUSWIUOIIALT -
funqixayy

[BLI9}BW MBJ payWI -
1ely 0

pasedwod dind Jayeap -

ssauyybLq
ybiy 1oy pauinbali
Buiyoea|q anisualu| -
SUOISSIWS
Inyns 0} anp sabusg|
-[BYO [BJUSWUOJIAUT -
1509 Bul
-1eJado pue [eudeo ybiy -

sabejueapesig

dind sjonpoud
Ayenb-ybiy saanpoud - Jaded Ayeroads -
sjonpoudAq SoAljeALIap

uubi fund-ybiy -
Kipusuy Ajjejuawuoug -

9S0|N|[99 puB SB|1IXa}
J0} dind Buiajossi( -

asn |eu
-a1ewW MeJ ul Ajjiqixald -
$8559904d |BOIWAYD [N}

0} pasedwoa uondwns pJeogJaded
-U0J [BIIWAY JaMOT - 10 sapelb snovey -
buans pue pJeoqgp.es

pIaIA Jo aduefeq pooy - 1o} wnipaw Buiebniio) -

sjonpo.d Jaded uedsay|

-Hoys Jo} 8|qeyns -
asn [BOIWAYD JOMOT] - S8L0}93JIp pue sbojeres -
(%M GG siaded auizebey -
0} dn) pjaiA dind ybiy - judsmay -

Yeuy 0} pasedwod
SUOISSIWLA INJ|nsS JamoT -

sdind Ayeroads
UlBYIS 10} 9AIYT -

Buiyoes|q jo ases

SBAIBALIBP 8S0|N|
-89 104 dind Bulajossiq -
siaded anssi] -

pue ssauybuq ybiy - siaded aul -
s1anpoud
sadfy poom aualbAy pue anssi| -
snoLieA ajpuey 03 Ajiqy - siaded
waysAs A1anodal Bunum pue Bunuud -
[BOILIBYD BAIBYT - (pIe0gIa

Ryrenb ‘soxoq pajebn.Liod “6-9)
pue yibuans dind ybiy - s[euajew buibeyoed -

sabejuenpy suoneoddy

sdind

fye1oads pue dind Buinjos

-sIp Ayrenb-ybiy saonpoid
:suoeol|ddy Ayeroads

K1an0231

uiubi| Ja1Sea pue SuoIsSIWS
JaMO7 :SHyouUag [ejuawWuoIIAUg

sjonpo.d Jaded
SNOLIBA 10} 3|qeYUNS :AJ|esSIap
Buidind
[ea1Way9 woly yibuans
panoidwi yum buidind
[ealueyasW Jo pialk ybly au}
SauIqWIo) :saiadold paoueleg

sdind [eaiwayd

0] pasedwod ybuans Jomo|
sey dind :yibuans Jamo

piaik ubiy

Buynsas ‘sjusuodwod poom
8U} JO JsoW surelay :piaiA UbIH

SOAIBALIAP
950|N|[89 Jay}0 pue uokel o}
dind Buiajossip Buionpoid oy
8|qeuns :suoneolddy aioads
yoes|q
0] Jaisea ‘Yelty ueyy dind
J181ybuq seanpoud :ssauiybug
Jonbi) ¥9e|q woly ABisua
pue s[eaiwaya Huiyood Jo
£13n0231 JuB1913 :AI13A093Y
fouaioa ybly yum
‘SPOOMIJOS pUB SPOOMPIBY
10q ssao0id ue :Aujiqixal4
sjonpo.d Jaded
10 ofiues apIm e 10} 8|qeyns
dind ajqeinp pue buoss
$99npo.d :dind yibuans ybiy

sainjead Aay

*sanbjuy2a) Huidind uowwo9 Jo mainIBAQ °|| d1qeL

“ujub) aAj0SSIp
0} PI9. 911398 10 [OUBY}D
91| S1UAJ0S 2IueblIo Sosn
1| "SHI9USQ [BIUBLILOIIAUD
S11 01 anp uonuape Bujuied
s1 Buidind ajosoueblio
‘spoyjaw aA0ge 8y} se
pealdsapim se jou ybnoyyy
‘g|dwexa
uowwo? e si buidind (9SSN)
[B2IWAYI-ILIBS aNYNS
[esinap “Buiuigal [eaIURYIAW
£q pamoj|o} Juswieal} |9
-1Way9 [erJed SaA[0AUL
1 's9ss3204d [BIIWAYD
PUEB [BOIUBYISW SBUIGWIOD
Buidind [eaiwayo-1was
“(diny)
Buidind [eajueyoaw Jauyas
pue buidind poompunol6
apN|aul SPoYISW UoWWI0)
"UOI}RIBYR [BIILLBYI JUBILIU
-B1s Inoyum siaqyy ajesedas
0] poom Buipunb Ajeaishyd
SaA0AUl Buidind [eoiueyoaly
‘(wniuowwe
10 ‘wnipos ‘wnisaubew
‘wniofea “he) pasn aseq
3y} uo Buipuadap suonipuod
aulfey[e Jo ‘[esnau ‘oipioe
Japun sajelado 3 'sioq
8s0|n||a9 ajesedas pue uubi|
anjossip 0} (SOSH) suol
ayinsiq pue (SH) pioe
snoJnyns sasn Buidind ayyng
'SIaql} 8s0|n||a9 ajesedas
pue ujubi| umop Yeaiq 0}
(S%N) 8puIns WnIpos pue
(HoeN) apixaipAy wnipos
10 pasoduwiod Jonbi Buiyo0a
auieye Alybiy . Jo asn auyy
SOAJ0AUI )| “poylew Buidind
[ROILIBYD JUBUILLOP 1SOLL
au si ‘ssadoud ajeyns auyy
Sse umouy osfe ‘Buidind yery

M3IAIBNQ

Buidind ajosoueblg

Buidind

[BOILIAYD-IWAS

Buidind jeaiueyos|y

Buidind apyns

Buidind yery

anbiuyoa) uiding

MRS BULLETIN - VOLUME 51 - APRIL 2026+ mrs.org/bullefin M 7



Battery materials

Wound
dressings &

medications Lignin

Applications

Rubber
Adhe_sives

? 4

Figure 3. Overview of the most common applications of
lignin.112-114

Organosolv pulping uses organic solvents, often in
combination with water and an acid catalyst, to solubilize
lignin and hemicellulose from wood.!”> Common organo-
solv methods use solvents such as ethanol, methanol, acetic
acid, or formic acid at elevated temperatures. For example,
the Alcell process uses ethanol-water, while others use ace-
tic acid or acetone with a catalyst.!® Organosolv processes
are not yet widely employed on a large scale, but they are
notable for producing a high-purity, sulfur-free lignin as a
coproduct. The lignin obtained from organosolv pulping is
typically precipitated by diluting the spent solvent or by
water addition, yielding a relatively unmodified lignin that
is easier to valorize (e.g., for materials or chemicals) com-
pared to Kraft lignin.!*>"!1% Organosolv pulping also has
environmental advantages: it avoids the sulfurous emissions
of Kraft and sulfite processes and can recover and recycle
the organic solvents, resulting in low effluent pollution.'!°
However, the process requires higher capital and operat-
ing costs, and solvent recovery systems must be efficient,
which has limited its commercial adoption.'!! In summary,
organosolv pulping demonstrates an innovative approach
to delignification that facilitates lignin recovery (yielding
lignin of exceptional purity), but its complexity and cost
have so far confined it to pilot and niche operations.

Effect on lignin: Organosolv routes produce sulfur-free,
low-ash lignin with lower molar mass, narrower dispersity,
and reduced condensation, resulting in better solubility in
polar organic media and generally more application-ready
feedstock for thermoplastics, thermosets, and hybrid rubber
fillers.

Understanding these differences is important when devel-
oping downstream uses for lignin, as the functionality, purity,
and molecular size of lignin will determine its suitability for
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applications such as adhesives, carbon fibers, resins, fuels, or
fillers in polymer composites (Figure 3).

The pulping chemistry governs lignin’s fate and the proper-
ties of any recovered “technical lignin.” As shown in Table II,
mechanical routes largely retain native lignin in the fiber (little
dissolved lignin to recover). Kraft produces sulfur-bearing,
more condensed lignin with higher phenolic -OH content
and broader molar-mass distributions; it typically requires
washing/fractionation, or derivatization before polymer use.
Sulfite generates sulfonated, water-soluble lignosulfonates
that suit dispersant/antioxidant roles but generally need des-
ulfonation or targeted fractionation for thermoplastic melt
processing. Semi-chemical (e.g., NSSC) partially sulfonates/
dissolves lignin, yielding hydrophilic, moderate-M,, material
better suited to aqueous applications unless further converted.
Organosolv yields sulfur-free, low-ash lignin with lower M,
and narrower dispersity and improved solubility in polar
organics, which is often closer to “application-ready” for ther-
moplastics/thermosets and hybrid rubber fillers. Reading the
table with this lens links pulping mechanism — lignin struc-
ture/impurities — recovery options and likely polymer roles.

Across routes, lower ash/sulfur and narrower dispersity
correlate with smoother melt processing in thermoplastics,
higher phenolic —OH and defined functionality favor thermo-
set roles, and controlled dispersion plus antioxidant carryover
support phr-level reinforcement and aging performance in rub-
bers. This information will be further examined and explained
in following sections.

Industrial lignin recovery techniques

With growing interest in lignin valorization, modern pulp mills
employ lignin recovery processes to extract lignin from spent
pulping liquors (particularly Kraft black liquor) as an alterna-
tive to burning it in the recovery boiler.'?! Recovering lignin
can alleviate bottlenecks in the recovery boiler (allowing
increased pulp production) and provides lignin as a renewable
feedstock for chemicals and materials. Several industrial tech-
nologies have been developed to precipitate and recover lignin
from Kraft black liquor. The most established of these are
LignoBoost, LignoForce, Sequential Liquid-Lignin Recovery
and Purification (SLRP), and the historic WestVaco (Indulin
AT) process.'??'27 Each of these processes involves acidifica-
tion of the alkaline black liquor to precipitate lignin, but they
differ in specific conditions and steps to improve lignin purity
and filterability. As summarized in Table V, the field evolves
from black-liquor acidulation (1940s—1950s) through organo-
solv/fractionation (1960s—1980s) to integrated, application-
ready recovery by the 2000s.

LignoBoost process

The LignoBoost™ process is a two-stage acid precipitation
method for recovering high-purity lignin from Kraft black
liquor. Developed by Innventia and Chalmers University in
Sweden, it was the first modern process to produce lignin with
low ash and impurity content at commercial scale. In the Kraft
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mill, a portion of the black liquor (after the evaporators) is
diverted to the LignoBoost system. The process has several
key steps:

1. CO, acidification and first precipitation: Black liquor
(pH >13, containing dissolved sodium lignate) is acidi-
fied with carbon dioxide gas. CO, reacts with water to
form carbonic acid (H,COj), releasing H' that protonates
phenolate groups on lignin. As the pH drops to ~9-10, the
lignin aggregates and precipitates as solid particles (since
lignin is no longer soluble at lower pH). This step is typi-
cally done at elevated temperature (~60—80°C) to promote
larger particle formation for easier filtration. The slurry is
then filtered using a pressure filter, yielding a filter cake of
crude lignin (often called “LignoBoost crude lignin”) and
a filtrate (spent liquor that returns to the recovery cycle).
The CO, addition is carefully controlled to avoid over-
shooting pH and to form easily dewaterable lignin. (In
LignoBoost, CO, from a later stage is often recycled to
improve efficiency.)

2. Lignin cake reslurrying: The crude lignin filter cake is
then reslurried in acidic water. In practice, the cake is
mixed with a solution of sulfuric acid (H,SO,) or acidic
filtrate to a low pH (~2—4). This washes the lignin and
further protonates acidic groups, helping to remove
inorganic contaminants (such as sodium salts). Essen-
tially, this step redisperses the lignin in a clean acidic
medium.

3. Second acidification and filtration: After reslurrying,
the lignin suspension is filtered again (second filtration).
Additional sulfuric acid may be added during this stage
to ensure the pH is low enough (around 2.5) to convert
lignin to the fully protonated (acidic) form. The second
filtration produces a much purer lignin cake, as much of
the salts and impurities remain in the filtrate. The lignin
is then washed on the filter with acidified water to remove
remaining salt (e.g., sodium, potassium) and to reduce ash
content to a very low level. This yields the final Ligno-
Boost lignin, which is typically then dried or sent to stor-
age.

4. Gas handling and recycle: The CO, used for the first
precipitation can be sourced from mill flue gases or an
external supply. LignoBoost cleverly recycles CO, from
the lignin slurry acidification vents: CO, released when
the lignin cake is acidified with H,SO, (which drives off
dissolved CQ,) is captured and reused for the initial black
liquor carbonation. This integration reduces the net CO,
consumption and lowers operating cost. Off-gases (includ-
ing any malodorous compounds stripped from black
liquor) are collected and treated as part of the mill’s
non-condensable gas system.

The outcome of LignoBoost is a high-purity solid Kraft
lignin (often >98 wt% dry lignin, <1-2 wt% ash). By removing

most ash, sugars, and other impurities, LignoBoost lignin has
much better properties for downstream use: for instance, it
has been successfully used to produce carbon fibers and as a
replacement for phenol in phenolic resins. The process was
first demonstrated commercially at the Domtar Plymouth Mill
(Plymouth, NC) and later at Stora Enso’s Sunila Mill (Fin-
land), each producing tens of thousands of tons of lignin per
year.!?%12 Integration with the mill is a strength of Ligno-
Boost—it operates on sidestream black liquor, and the filtrates
(after lignin removal) are returned to the recovery cycle, so
the cooking chemicals are not lost. Notably, extracting lignin
can relieve the recovery boiler load, enabling increased pulp
production or reduced energy use at the mill.

LignoBoost produces exceptionally pure lignin, enabling
high-value applications.'*"'3 It significantly reduces the
ash (inorganic) content of lignin by the two-stage washing,
addressing a major issue in earlier lignin recovery attempts.
The process is proven at commercial scale and can be retro-
fitted to existing Kraft mills with relatively modest changes,
using mostly standard equipment (tanks, filters, etc.). It
improves overall mill sustainability by converting a waste
stream into a saleable product and reducing sulfur emissions
(because less black liquor is burned). The lignin’s low sulfur
and clean composition make it suitable for producing carbon
fibers, bioplastics, and other materials that were previously
infeasible with crude Kraft lignin. Furthermore, LignoBoost’s
design (recycling CO,, integrating with mill streams) makes it
economically attractive by lowering chemical costs and main-
taining chemical recovery, 2131132

The LignoBoost process involves multiple steps (two acidi-
fication and filtration cycles) and thus is more complex than
simply acidifying and filtering once. This added complexity
means higher capital and operating costs, and careful control
is needed at each stage (pH control, filter handling) to achieve
consistent results.'?*!3* The requirement for CO, and sulfu-
ric acid introduces additional utilities; although CO, can be
sourced from flue gas, an external supply could be needed if
flue CO, is insufficient or impure. Handling the acids and the
CO, off-gas necessitates appropriate safety measures (to man-
age asphyxiation risk from CO, and corrosion from acids).
Energy consumption is also a consideration: while Ligno-
Boost typically operates at near-ambient temperature (aside
from using hot black liquor), the filters and pumps add some
energy overhead, and drying the lignin requires energy. Another
limitation is that removing lignin from black liquor reduces
its calorific value for the recovery boiler—mills must bal-
ance energy needs versus chemical recovery benefits. Overall,
LignoBoost is a tradeoff between complexity/cost and lignin
quality. It has been successful, but its adoption requires confi-
dence in long-term markets for the lignin to justify the invest-
ment, 24128134135 For foundational patents that anticipate Lign-
oBoost’s acid-precipitation and wash/filtration strategy, see
Table V, notably West Virginia Pulp and Paper Co.'3¢13% and
the modern implementation by LIGNOBOOST AB (2005).!%
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LignoForce process

The LignoForce™ process (developed by FPInnovations and
NORAM Engineering, Canada) is an improved variant of
lignin recovery that builds upon LignoBoost’s concepts with
some key modifications. Implemented commercially at West
Fraser’s Hinton mill in 2016, LignoForce introduced an oxida-
tion pretreatment of black liquor and a simplified single-stage
filtration.!'>!"® The main steps of LignoForce are:

1. Black liquor oxidation: Before any acidification, the
black liquor (from the evaporator,~20-30 wt% solids)
is sparged with air or oxygen at~80°C. This oxidizes
various reduced sulfur species (such as sulfide and
mercaptans) present in Kraft liquor to sulfate or other
stable forms. By doing so, LignoForce eliminates mal-
odorous gases (total reduced sulfur, TRS) that would
otherwise be released upon acidification. It achieves
roughly a 50% reduction in TRS emissions compared
to non-oxidized liquor. Oxidation also consumes some
of the alkali in the liquor (because Na,S is converted
to Na,SO, and organic sodium salts to organic acids).
This has two benefits: (1) it lowers the initial pH of the
liquor slightly, reducing the amount of CO, needed later
to reach the precipitation pH, and (2) the exothermic
oxidation reaction raises the liquor temperature (close
to 80-85°C), which can promote larger lignin particle
formation (improved filterability). Overall, this step
prepares a cleaner and more filterable liquor for lignin
precipitation. 7140141

2. CO, precipitation: After oxidation, the hot black liquor is
acidified with CO, under pressure. In LignoForce, CO, is
often applied at a slightly higher pressure (~0.8—1.0 MPa)
and the reaction is done in a pressurized vessel. The pH is
lowered to around 9.5—-10 (similar endpoint as LignoBoost)
and the temperature during CO, injection is about 65-75°C.
Lignin precipitates out as the pH drops, forming coagu-
lated particles. The combination of oxidation and the con-
trolled CO, addition allows the lignin particles to “age” and
grow (a process sometimes called maturation or controlled
coagulation) even without an explicit separate maturation
tank. The precipitated slurry is held briefly to ensure lignin
aggregation is sufficient for filtration.''>~117:125

3. Filtration and washing: LignoForce uses a single filtra-
tion stage. The lignin precipitate is filtered (often using a
rotary drum vacuum filter or a filter press). Because of the
preceding oxidation, the filtered lignin cake is reported to
be lower in odor and easier to handle. After the cake is
formed, it is washed in situ on the filter with a combina-
tion of sulfuric acid and water. This wash converts the
lignin to its acid form (if any lignate salt remains) and
removes residual inorganic material, similar to the second
stage of LignoBoost. The washing reduces the ash content
of LignoForce lignin to around 0.1-0.7 wt%, comparable
to LignoBoost purity. The filtrate (acidified, lignin-lean
black liquor) is returned to the recovery system.'">
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Introducing an oxidation reactor adds its own com-
plexity: it requires an oxygen (or air) supply, off-gas man-
agement, and careful control to avoid over-oxidation or
foaming. Oxidation is exothermic, so heat management is
necessary, and the step consumes some of the lignin’s calo-
rific value (though that is not a major issue if the lignin is
being removed anyway). There is a tradeoff in complexity:
while LignoForce simplifies filtration, the oxidation step is
another unit operation with associated controls and equip-
ment (compressors, reactors). Additionally, the process still
requires handling of CO, and H,SO, for precipitation and
washing, so those costs remain. The oxidation step, being
done at~80°C with caustic liquor, can cause corrosion
and equipment wear if materials are not chosen carefully.
Robust metallurgy (e.g., stainless steels or specialty alloys)
is needed for long-term operation, potentially raising capital
costs. Energy demand is slightly higher due to running an
agitator and blower for oxidation and maintaining tempera-
ture. Also, as with any lignin removal, variations in black
liquor composition (e.g., seasonal wood changes or different
pulping conditions) can affect the process; operators must
adjust CO, addition or oxidation time to achieve consis-
tent lignin quality. In essence, LignoForce trades one type
of complexity for another, but it has proven effective. Its
adoption may be favored by mills particularly concerned
with odor emissions or those looking to minimize equipment
count while still obtaining high-purity lignin. The oxidative-
acidification concept builds on the black-liquor acidulation/
coagulation art listed in Table V,'3¢"138 while adopting mod-
ern controls analogous to the washed-precipitate strategies
typified by LIGNOBOOST AB (2005),'3° which ended as
the patent by FPInnovation.'!’

SLRP
The SLRP process, developed by the Liquid Lignin Company
(Clemenson, SC),]42 is a newer lignin recovery method that
operates under elevated temperature and pressure to recover
lignin in a unique form. Unlike LignoBoost or LignoForce,
which precipitate lignin as a solid directly, SLRP first sepa-
rates lignin as a dense liquid phase from black liquor. The pro-
cess builds on earlier work by G.H. Tomlinson Sr. and Jr.,'*}
who in the 1940s used high-pressure CO, (from lime kiln flue
gas) to acidify black liquor in a continuous manner. SLRP has
modernized this concept and demonstrated it in continuous
pilot operations, 44143

In SLRP, black liquor (at 30-50 wt% solids) is contacted
with CO, under high pressure (5-15 bar) at an elevated tem-
perature (100—-150°C). Instead of immediately forming a filter-
able solid, the lignin agglomerates into an oily, highly hydrated
“liquid lignin” phase that separates by gravity from the lighter
spent liquor (called lignin-lean liquor). This occurs because
under these conditions, lignin becomes hydrophobic enough
to coalesce, but water in the system plasticizes the lignin, pre-
venting it from solidifying into particulate form.'**-146 The
liquid-lignin phase typically contains about 50—70 wt% lignin,
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30-50 wt% water, and entraps very little inorganic material
(because salts stay in the aqueous phase). The dense lignin-
rich phase can be pumped out of the reactor, which is a unique
advantage: SLRP does not initially require filtration; lignin is
collected as a liquid. The remaining liquor (now low in lignin)
can be returned to the chemical recovery cycle, similar to other
processes. 1143

After the CO, carbonation step (often termed “primary
acidification” or carbonization), the liquid lignin is separated
and then subjected to a secondary acidification using sulfuric
acid. In this second step, the pH of the liquid lignin phase
(and any residual liquor in it) is further lowered to ~2.5 with
H,SO,. This causes the liquid lignin to precipitate/solidify into
fine particles (or a granular solid) as it fully converts from
sodium lignate to lignin acid (R—-ONa— R—OH). Essentially,
the H,SO, treatment “fixes” the lignin by removing remain-
ing sodium and freeing protonated lignin, yielding a solid that
can be filtered and washed. The final lignin is then obtained
by filtration of this slurry and washing with water or dilute
acid, 122:144,145,147

By operating at high pressure and temperature in the first
stage, SLRP achieves very rapid lignin aggregation and uses
CO, more efficiently (gas dissolution in the liquor is enhanced
at high pressure). The CO, consumption per ton of lignin is
thus lower than atmospheric processes.'*> Moreover, direct
liquid-phase separation means that the bulky solids separa-
tion is deferred to the second stage where the volume is much
smaller (only the lignin-rich phase is handled, not the entire
liquor). This can simplify equipment requirements and poten-
tially allow continuous operation. SLRP is essentially continu-
ous: the high-pressure reactor can be run in steady state with
continuous CO, input and continuous withdrawal of liquid
lignin and lignin-lean liquor. The process also operates with a
relatively high solids content, meaning less water to heat and
handle,7%126.148,149

The lignin produced by SLRP is very pure. Because the
lignin is never exposed to extensive washing in the first stage,
one could expect high inorganic contamination, but in prac-
tice the liquid lignin carries out very little salt.'*> Most of the
sodium and other inorganic constituents prefer the aqueous
phase, so the liquid lignin is relatively low in ash even before
washing. After the sulfuric acid precipitation and washing,
SLRP lignin has been shown to have exceptionally low sodium
content (often <0.5 wt% Na,O) and low carbohydrate con-
tent, comparable to or better than LignoBoost lignin, 44130151
Importantly, the high-pressure operation does not chemically
modify the lignin aside from protonating it—the lignin recov-
ered is similar to Kraft lignin in functional groups, without
any sulfomethylation or excessive condensation. One notable
difference is that the particle morphology of SLRP lignin can
be different (it can form a granular solid), which could influ-
ence downstream handling (filtration and drying properties).
Overall, SLRP yields a high-purity lignin suitable for most
applications requiring technical lignin.”®7%144.151

SLRP’s continuous operation and liquid-phase separation
bring several advantages. Continuous processing can lead to
higher throughput and easier scaling in large mills compared
to batch filtration cycles. The ability to pump lignin as a liquid
can simplify material handling and potentially integrate with
continuous dewatering equipment (e.g., centrifuges) instead of
batch filters. The efficient use of CO, at high pressure reduces
reagent costs and the carbon footprint of the process (espe-
cially if flue gas is used directly as the CO, source, as origi-
nally conceived by Tomlinson). SLRP lignin is obtained in a
very pure form with low ash (low salt) and low sugar content,
making it attractive for high value uses.”®'?!>! The process
also significantly debottlenecks the recovery boiler if imple-
mented, by removing a large portion of combustible solids
from black liquor in liquid form—this can allow a mill to
increase production without a recovery boiler upgrade, similar
to other lignin recovery tech. Another advantage is that less
acid is required overall: CO, does much of the work in the first
stage, and sulfuric acid is only used on the smaller volume of
liquid lignin phase (reducing acid consumption compared to
acidifying the whole liquor). Additionally, operating at higher
temperature means the lignin comes out already hot, which can
aid in its subsequent processing (e.g., easier to filter or spray
dry when warm).7%126:140.144,145,151

The conditions of SLRP (high temperature and pressure)
demand specialized equipment. The primary reactor must be
a pressure vessel with robust corrosion-resistant construction
(black liquor and CO, can form carbonic acid, plus the liquor
is hot and caustic). This raises the capital cost compared to
atmospheric systems. High-pressure pumps and compressors
are needed for the CO, and liquor circulation. There is also
an energy cost to maintain the system at 100-150°C and to
compress CO,, although some of this heat may be recoverable.
The requirement for precise control at elevated pressure adds
operational complexity. Another consideration is safety and
training: handling pressurized caustic fluids and gases requires
stringent safety measures. SLRP also produces CO,-rich off-
gas when the pressure is let down after lignin separation; this
must be managed or recycled. Furthermore, if flue gas is used
directly (to source CO,), any impurities in the flue gas (NO,,
SO,, particulates) could potentially contaminate the lignin or
cause operational issues, so gas cleanup could be needed. Scal-
ing down can be a challenge: SLRP is best suited for large
continuous operations; implementing it at a small scale (e.g.,
a small mill or demo plant) might be less efficient. Finally,
while continuous, the process may still need periodic mainte-
nance shutdowns for scaling or fouling (e.g., any precipitation
of inorganics in the reactor or piping). In summary, SLRP offers
a novel and highly effective approach to Kraft lignin recov-
ery, trading off higher complexity and capital requirements for
greater efficiency and purity. It is particularly promising for
large mills aiming to maximize lignin extraction while main-
taining throughput.
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WestVaco (Indulin AT) process
The WestVaco process (also known as the Indulin AT process)
is one of the earliest commercial lignin recovery methods,
developed in the 1940s—1950s by the West Virginia Pulp and
Paper Company (later Westvaco, and now Ingevity). It was the
method used to produce the well-known “Indulin AT” Kraft
lignin. The WestVaco process laid the groundwork for modern
lignin recovery, employing acidification and careful condition-
ing of black liquor to recover lignin on a continuous basis.
Many of the innovations in WestVaco’s patents (e.g., staged
acid addition, heating/cooling cycles, dewatering techniques)
anticipated features of later processes.'3%!37:152:153

In the classic WestVaco process, CO, from combustion flue
gas is used to acidify concentrated black liquor. Black liquor
at ~20-30 wt% solids is taken from the evaporation train and
fed into a series of treatment tanks. Carbonation with CO,
(often directly using flue gas rich in CO,) is the first step,
typically done in a packed column or sparged vessel to ensure
good gas—liquid contact. The pH is gradually brought down
to around 9-10 (similar range as other processes) through
multiple passes of CO, injection. This precipitates lignin as
fine particles. What’s distinctive in the WestVaco process is
the next step: the acidified slurry undergoes a “maturation”
or digestion phase in a heated tank. The slurry is heated to
about 75-95°C (e.g., 80°C is common) for a period of time
(on the order of 0.5-1 h) and then slowly cooled. This heat-
ing and cooling treatment helps the tiny lignin particles to
coalesce and form larger, more filterable particles, and it also
expels some trapped liquor from the lignin (improving purity).
Essentially, the maturation step enhances filterability of the
precipitated lignin, similar in purpose to the aging done in
LignoForce (though WestVaco did it by heating rather than
oxidation).!3%154

After maturation, the slurry is sent to a filter (in early days,
rotary vacuum filters were used). The lignin is filtered and
washed. In the original WestVaco process, sulfuric acid was
used in washes or secondary precipitation steps to further
lower pH and remove impurities, analogous to LignoBoost’s
second stage. One of WestVaco’s patents describes adding
acid to achieve “free lignin”—essentially fully protonated
lignin that is easier to wash and low in ash. The filtered lignin
(Indulin AT) is then spray-dried to a powder for sale. The
mother liquor (filtrate), now reduced in lignin, is returned to
the recovery cycle. Over the years, WestVaco implemented
various refinements: for instance, using higher solids black
liquor (~50 wt% solids) in a continuous precipitation reactor
for higher throughput, or employing pressure and heat to speed
up coagulation. The end product Indulin AT (a trademark Kraft
lignin) became a commodity sold for uses such as oil well
additives, inks, dyes, and rubber additives. 36137153

Indulin AT lignin from the WestVaco process is a relatively
pure Kraft lignin (typically>95 wt% lignin, 1-3 wt% ash, a
few percent sugars). It contains sulfur (1-3 wt% sulfur, as
thiol/organosulfide structures inherited from pulping) and has
moderate molecular weight (~1000-4500 g/mol typical).'>’
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Because it is sulfur-containing, Indulin AT (similar to other
Kraft lignins) has some limitations in applications (for
instance, it’s less suitable for high-grade carbon fiber without
further purification due to sulfur). Nonetheless, Indulin AT has
been used for decades in industrial formulations, showcas-
ing the feasibility of large-scale lignin recovery. The process
yields lignin in powder form, which is convenient for shipping
and storing.

The WestVaco process was pioneering and demonstrated
that lignin recovery could be integrated into a Kraft mill. It
used mostly readily available inputs (flue gas CO, and sulfu-
ric acid) rather than exotic chemicals. The use of flue gas is
environmentally savvy, essentially capturing CO, that would
otherwise be emitted to precipitate a useful product. The pro-
cess is versatile: by adjusting CO, flow, temperature, and acid
dosages, it can handle liquors of different wood sources and
conditions. It operated in a continuous or semi-continuous
mode, aligning with mill operation. Over decades of use, it
proved to be reliable and robust, producing lignin that found a
stable market. The maturation (heat treatment) is a particularly
effective step to get a filterable product, and this concept is
employed (in various forms) in nearly all modern processes—
it improves lignin yield and dewatering significantly. WestVa-
co’s process also integrated chemical recovery: it tried to mini-
mize chemical loss by only partially neutralizing black liquor
(pH~9) with CO,, so the filtrate still contained enough alka-
linity (carbonate, etc.) to be recovered in the recovery boiler
without causing issues. Moreover, being an early mover, West-
Vaco patented a broad range of innovations, essentially cover-
ing the whole spectrum from black liquor to purified lignin.
This established a foundation for others and gave WestVaco a
long period of proprietary technology advantage, !36-138:153.156

Compared to newer methods, the WestVaco process can
seem energy-intensive and somewhat cumbersome. The matu-
ration step requires heating a large volume of slurry to~80°C
and then cooling it, which consumes steam and cooling water
(energy that newer processes such as LignoBoost avoid by
precipitating near ambient temperature). The process also used
large equipment (multiple tanks for carbonation and matura-
tion, big rotary filters, etc.), which could be a footprint issue.
Filtrate from CO, precipitation at pH 9 still contains a signifi-
cant amount of dissolved lignin (not all lignin precipitates until
lower pH), meaning lignin recovery yield was not complete;
some lignin remains in the liquor that goes to the boiler. To get
more lignin out, WestVaco had to add sulfuric acid to drop pH
further, but doing so too much could interfere with recovery
boiler chemistry (excess sulfate) and increase corrosion. Thus,
there was a careful balance, and usually a compromise that
not all lignin is removed. The product lignin still contained
some sulfur and residual salt, as complete removal was dif-
ficult; WestVaco’s later steps (acid hydrolysis and washing)
improved purity but added complexity. Another drawback is
operational complexity and safety: handling large volumes of
CO, (as flue gas) means potential asphyxiation hazards and the
need for robust gas distribution. CO, can also cause foaming
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in black liquor, which operators had to manage. The process
uses acid and creates acidic filtrates, which are corrosive to
equipment; materials of construction had to accommodate
both high-pH and low-pH streams in different parts of the
system, complicating design. In comparison to LignoBoost,
WestVaco’s lignin typically had higher ash content (because
the single-stage washing was less effective than LignoBoost’s
two-stage wash) and somewhat lower purity, which can limit
some high-end applications. Finally, while the WestVaco pro-
cess was successful in its time, it could be less economically
attractive today unless paired with upgrades—newer processes
have shown higher yields or lower costs. Nonetheless, West-
Vaco’s approach remains instructive and forms the basis for
many current lignin recovery practices,?>137:142:153.157

Overview of different recovery techniques and approximate
properties of different lignins are shown in Tables III and IV.
Modern processes such as LignoBoost and LignoForce can
be viewed as refinements of the principles first implemented
in the WestVaco process. All use CO, to precipitate lignin and
then a stronger acid to wash/precipitate further. LignoBoost’s
innovation was the dedicated reslurry and second filtration
(improving purity), while LignoForce’s was oxidizing first
(improving environmental performance and filterability).
SLRP took a different path by altering physical conditions to
create a liquid lignin phase. The WestVaco process, being the
earliest, lacks some of these optimizations, but it proved the
concept on an industrial scale. In summary, WestVaco (Indulin
AT) demonstrated that high-quality lignin could be recovered
and sold, and although it has been largely supplanted by newer
methods, it is the direct ancestor of today’s lignin recovery
technologies. The Indulin AT lineage is represented in Table V
by West Virginia Pulp and Paper Co. filings,'3*13® document-
ing continuous improvements in acidulation, coagulation, and
decantation. These patents laid a solid foundation for the fur-
ther development of lignin recovery from spent liquors.

Patented lignin recovery and isolation techniques

Over the past three decades, patenting activity in lignin isola-
tion and recovery has accelerated, signaling both industrial
interest and increasing technological maturity. To connect
these developments to the processes previously reviewed
(“Pulping Processes” and “Industrial Lignin Recovery Tech-
niques”), we curated representative patents across three domi-
nant routes: (1) acid precipitation from Kraft black liquor,'*?
(2) solvent/organosolv fractionation,'’® and (3) chemical
depolymerization with stabilization/protective-chemistry
steps. Patents were retrieved primarily from WIPO and major
national offices using queries such as “lignin AND (recovery
OR isolation),” then screened for novelty, explicit process dis-
closure (operating window, reagents), and evidence of scale-up
or defined end-use claims; continuations/near-duplicates were
de-duplicated. Table V presents a chronological overview by
process class and jurisdiction, summarizing feedstock, key
operating parameters, reported yield/purity or molecular-
weight attributes where disclosed, and the claimed advantages

(e.g., ash/sulfur reduction, improved filterability, or compat-
ibility with thermoplastics/rubbers). Read together with the
preceding sections, this synthesis highlights a progression
from Kraft-adapted acid precipitation through solvent frac-
tionation toward recent depolymerization/stabilization routes
aimed at application-ready technical lignins.

Application of technical lignins in the rubber
industry

Technical lignins and rubber reinforcement

Given the widespread use of rubber in industrial applications,
including automotive, acrospace, gloves, footwear, etc., opti-
mizing its performance is essential. Cross-linked rubber with-
out a filler is generally weak, so fillers are used to enhance
reinforcement, modulus, tensile strength, abrasion resistance,
tear strength, and other mechanical properties. Although the
choice of filler depends on the desired properties and appli-
cation, reinforcing fillers—particularly carbon black (CB)-are
critical for mechanical strength. Global CB production reaches
15 million metric tons annually, with 93% used in rubber
applications.'®* However, CB is a petrochemical-based, non-
degradable material that requires high energy consumption
during production. Its environmental impact is significant,
contributing to carbon dioxide emissions and posing health
risks.'3>!18¢ Non-reinforcing fillers are also used to reduce
production costs. Growing concerns over resource depletion,
pollution, and global warming have spurred research into
sustainable alternatives. Green rubber innovations focus on
eco-friendly alternatives, with lignin emerging as a promising
substitute.”137:188

The integration of lignin into rubber compounds emerged
as a promising pathway to enhance the sustainability and
performance of rubber-based materials as early as 1947,'%
with a subsequent patent titled “Lignin Reinforced Rubber
and Method of Making Same,”'*° laying the foundation for
this research. These early publications described coprecipi-
tation as the primary method of compounding lignin with
rubber. This method involves suspending lignin in aqueous
alkali solutions, which are compatible with latex emulsions,
and subsequently precipitating the two materials together to
achieve a more uniform distribution of lignin within the rub-
ber matrix. Previous research has shown that this method pro-
vides improved distribution and dispersion of lignin particles
in the rubber matrix and subsequently enhances mechanical
properties in contrast to the method of dry mixing.'8%1°1:192
On the other hand, neutralization and disposal of the resulting
alkaline waste, as well as high water usage, pose environ-
mental challenges and may not be sustainable in large-scale
applications, although limited research has been conducted
on this topic to date.

The addition of dry lignin powder during rubber process-
ing is referred to as the dry mixing method, the industry-
standard technique for rubber compounding using an internal
mixer and an open two-roll mill. However, due to lignin’s
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Table IV. Overview of typical technical lignins’ properties.

Lignin Process/ M,, and D Phenolic OH
Source (mmol/g)

BioPiva 100 Softwood Kraft M,,=4-13 kDa; 2-4
(LignoBoost) b=2-4

BioPiva 395 Softwood Kraft M,,=6.6—-13.8 kDa; 2.5-4.8
(LignoBoost) D=~21

Indulin AT Softwood Kraft M, =4-8 kDa; 1.8-3.8

b=24-99

BioChoice™ Softwood Kraft M, =5-8 kDa; 2.5-35
(LignoBoost) p=2-7.1

Protobind 1000 Wheat-straw M,,=2.4-4 kDa; 2.7-3.1
soda b=34

Borregaard Ligno- Softwood M, =1-1 0° kDa; ~1

sulfonate sulfite b>10

Alcell® Hardwood M,,=1-6.8 kDa; 2.4-5

organosolv P=15-3.6

chemical structure, the direct mixing of lignin powder shows
little reinforcing effect because of the formation of large
agglomerates and the incompatibility between lignin and the
rubber matrix at the interface.'®® The ultimate properties of
rubber/lignin composites critically depend on the processing
method, as it determines the dispersion state within the rub-
ber matrix, so the mixing parameters are of great importance,
particularly the distinction between mixing at a temperature
below or above the glass-transition temperature 7, of a spe-
cific lignin. Lignins in general have a high 7, due to their stiff
aromatic backbone and secondary interactions; however, this
varies based on their botanical origin and extraction meth-
ods. T, values of technical lignins typically fall within the
range of 90—170°C,'**!%* which overlaps with possible rub-
ber mixing temperatures when using an internal mixer,'%’
allowing the process to be set up for lignin macromolecules
to soften and increase processability in melt-compounding
processes.'?® Koskinen et al.'®” reported a significant influ-
ence of mixing temperature on Kraft lignin dispersion in
BR but observed no clear improvement around the 7, of the
lignin used in this study. Varying the mixing temperature
affected the macro-dispersion of lignin, with higher tem-
peratures reducing the number of large particles and con-
sequently increasing the tensile strength. Hait et al.!*%!%?
reported a comparison of reactive mixing at 120°C (below
T,) and 155°C (above T,), which demonstrated a distinct
improvement in tensile properties at the higher temperature.
The reactive mixing above the lignin’s T, in the presence
of a suitable coupling agent, yielded Kraft lignin/BR com-
posites with mechanical properties comparable to CB-filled
composites at similar loadings. Additionally, mixing time is
of importance in specific cases. Bova et al.!”® used reactive
melt-mixing of lignin/NBR binary blends, hypothesizing that
extending the mixing time beyond 30 min at 160°C was nec-
essary to achieve submicron lignin domains. This approach
effectively tuned the final material’s mechanical properties,
as cross-linking occurred between lignin and rubber phases

Aliphatic Sulfur Ash (wt%) Tg (°C) References
OH (wt%)

(mmol/g)
1-2.5 <1 <2 140-160 160-163
1.5-25 ~1 <2 140-150 161, 164, 165
1.8-2.4 1.3-33 2-3 150-160 49,161, 166169
~2 0.1-1.6 0.5-2 140-150 161,168, 170
1.8-2.1 ~0 <3 130-150 161,171-174

2-4 4-8 6-18 100-150 (broad) 161,167, 175,176
1-2 =0 <1 90-120 49,161, 166, 167,

177

when cross-linking agent was incorporated. Similarly, Tran
et al.2% reported findings consistent with evidence of an exo-
thermic reaction occurring between softwood Kraft lignin
and NBR, as indicated by a significant increase in torque
after 10 min of mixing.

A wide range of rubbers is used in the industry, with the
most common elastomers being natural rubber, butadiene rub-
ber, styrene-butadiene rubber, ethylene-propylene diene rub-
ber, and nitrile rubber. The mechanical properties of rubber
composites depend on the size and dispersion of filler par-
ticles, requiring homogeneous distribution through effective
mixing. This necessitates high rubber/filler—in this case rub-
ber/lignin compatibility—often achieved by lignin modifica-
tion or the use of compatibilizers before or during mixing. Due
to the high polarity of pristine lignin, effective dispersion via
dry mixing is only feasible for polar rubbers, such as nitrile
rubber. 2!

Interface conditions play a crucial role in determining the
performance of polymer composites. Poor interfacial bonding
can significantly degrade mechanical properties, highlighting
the importance of optimizing the conditions for lignin/rubber
interface adhesion. The coarse morphology of lignin/polymer
systems can be described as “islands in the sea” (Figure 4b).
Flexible polymers do not adhere to lignin without some sort of
dipole, ionic, or covalent bonding interaction; without it, com-
posites easily fall apart under thermal, shear, or mechanical
strain. When a rigid lignin particle (or domain) is embedded
in an elastomer and subjected to deformation forces, a cav-
ity is formed regardless of the adhesion strength between the
lignin particle surface and the elastomer chains or the lignin
particle size (Figure 4c). Larger lignin particles create larger
cavities, which leads to a deterioration in mechanical prop-
erties. However, when the rigid particles are replaced with
plastic or elastic domains that are properly bound, lignin can
impart significant rigidity to the softer polymer, improving
mechanical properties by preventing or significantly reducing
cavity formation.20%203
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Table V. Overview of patented lignins’ recovery and isolation techniques.

Year Title

1942  Recovery of cellulose and lignin

1944  Method of treating lignocellulosic material

1944  Improvements in the recovery of lignin from black
liquor

1944  Method of producing lignin from black liquor

1950  Method of coagulating colloidal lignates in aqueous

dispersions

1958  Decantation of lignin

Description

A method for extracting high-quality cellulose pulp
and recovering native lignin from lignin-rich
biomass such as wood by cooking in aqueous
hydrotropic salt solutions (e.g., sodium xylene
sulfonate) at around 150°C for about 12 h. The
process dissolves lignin without degrading cel-
lulose, allows repeated solvent reuse, and yields
bleachable pulp with high a-cellulose content.
Lignin is precipitated by dilution and recovered in
fusible and non-fusible fractions for industrial use.

An improved cyclic process for treating alkaline
pulp black liquor combines flue-gas carbonation,
heat recovery, and lignin isolation. Weak liquor
is continuously sprayed countercurrent to hot
flue gas, precipitating finely divided lignin. The
carbonated liquor is then heated to melt the lignin,
which settles as a viscous liquid and is decanted.
The residual liquor is evaporated and burned to
regenerate cooking chemicals, while the liquefied
lignin is recovered.

Describes a cyclic recovery process for isolating
non-oxidized lignin from soda or Kraft black liquor
via rapid carbonation in multiple spray towers,
causing lignin acid salt to precipitate without
filtration. The hot suspension is heated to melt
the lignin, which is decanted, redissolved, and
acidified at ~80°C to yield fine, thermoplastic
lignin particles. The process integrates liquor
concentration, heat and salt recovery, and yields
high-quality lignin for plastics and papers.

This patent introduces an industrial method for
isolating lignin from concentrated pine wood
black liquor using a packed carbonation tower.
Prior to CO, treatment, soaps are skimmed off to
avoid contamination. Cleaned CO,-rich gas is then
used to carbonate the liquor to ~pH 9 at ~150°F.
After carbonation, lignin is coagulated by heating,
filtered, and optionally dried. The process is
efficient, continuous, and minimizes clogging.

Improves lignin recovery by controlling coagula-
tion of sodium lignate. After acid-precipitating
black liquor, the suspension is passed through a
pressurized tubular heater at 170-220°F, using
a flow rate yielding Reynolds 700-1500. This
creates filterable lignate particles. The hot stream
is then cooled in motion to prevent fusion, and the
coagulated lignate is filtered, yielding consistent,
readily separable particles.

A process for recovering lignin salts (e.g., sodium
lignate or hydrogen lignin) from acidified black
liquor (or other lignate-bearing solution) by heating
the slurry under superatmospheric pressure at
temperatures above the lignate’s melting point, so
that the precipitated lignate fuses into a viscous
liquid layer beneath the mother liquor. That fused
layer is then decanted off and, if desired, flashed
through a nozzle to yield a dry, finely divided lignin
powder. This avoids filter clogging, handles higher-
solids liquors, and gives purer, less occluded lignin
than conventional atmospheric methods..
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Table V. (continued)

Year

1958

1968

1986

2005

2008

2010

Title

Continuous acidulation and coagulation of lignin in
black liquor

Organosolv pulping and recovery process

Recovery of lignin

Method for separating lignin from black liquor

Method for separating lignin from black liquor, a
lignin product, and use of a lignin product for the
production of fuels or materials

Process for recovering lignin

Description

The patent streamlines Kraft lignin recovery by
simultaneously acidulating and coagulating black
liquor in one heated, pressurized pass. Sulfuric
acid (60°Bé) is metered into liquor at 175-205°F,
immediately triggering lignate precipitation and
coagulation. The mixture is held from 20 s to 10
min to complete particle growth, then cooled and
continuously filtered, yielding cleaner, higher-yield
sodium lignate even from>30 wt% solids liquors,
avoiding fouling and extra heating/cooling steps.

Kleinert’s organosolv process continuously digests
wood chips in a hot (180°C), pressurized (=17
kg/cm?) ethanol-water pulping liquor (=46 wt%
ethanol) without pre-impregnation. Spent liquor is
fed, still at cooking conditions, into a multistage
flash evaporator, recovering ethanol for reuse.
The final concentrate spontaneously separates
into a dense, molten lignin phase (recoverable as
plasticized lignin) and a lighter aqueous phase of
sugars/organic acids, enabling efficient, integrated
lignin recovery.

Proces’ solvent-pulping “black liquor” (an ethanol—
water extract of wood) is first flashed to recover
most alcohol and cool it to ~70-95°C without
precipitating lignin. The residual liquor (~35-45
wt% EtOH) is then rapidly and intimately mixed
with cold, acidified liquor (from the previous
batch’s spent liquor bottoms), yielding a diluted
solution (<30 vol% EtOH, pH <3,<75°C) in which
lignin precipitates nearly quantitatively as fine
solids, without tarring. These solids settle, are
centrifuged to ~30—40 wt% cake, then dried to a
free-flowing powder (~800-1500 g/mol molecular
weight, narrow polydispersity), ready for use.

A multistage washing process prevents filter-cake
clogging and acid overuse when extracting lignin
from black liquor. First, lignin is precipitated by
mild acidification and dewatered (e.g., in a filter
press). The filter cake is then reslurried, its pH
(and optionally ionic strength) brought to match
the wash liquor (pH 1-3.5) and dewatered again.
Finally, the cake is displacement-washed at
essentially constant pH/ionic strength and dewa-
tered to high dryness, yielding a clean, low-ash
lignin fuel or chemical feedstock.

This invention improves Kraft-mill lignin recovery
while stabilizing the Na/S balance by recycling
wash filtrate back into both the initial acidifica-
tion and a reslurry of the precipitated cake. After
CO,-precipitating lignin and dewatering, the dry
cake is resuspended in a filtrate whose pH and
ionic strength have been raised (e.g., with ESP
dust). This “matched” filtrate both dilutes and
washes the cake, cutting sulfuric acid use by up to
50% and producing a high-purity, low-ash lignin.

This invention provides a continuous method for
recovering high-purity lignin from papermaking
or biomass black liquor. Pressurized black liquor
is carbonated with CO, (80—150°C, 50-200 psig)
to pH 9-10, separating a dense liquid-lignin
fraction. That phase is acidified (H,SO, to pH <4)
at elevated temperature to convert residual Na*
salts, then water-washed countercurrently to
remove ash. The result is a low-salt, high-energy
lignin powder or pellet suitable for fuel or green-
chemical applications.

Applicant

WEST VIRGINIA PULP & PAPER
co

THEODOR N. KLEINERT

Repap Technologies Inc

LIGNOBOOST AB

Valmet AB

LIQUID LIGNIN COMPANY LLC
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Table V. (continued)

Year Title Description Applicant References

2011 Method for separating lignin from black liquor This invention improves standard lignin-from-black-  FPInnovations 117
liquor recovery by first oxidizing the liquor (e.g.,

sparging 0, at 75°C) to destroy odorous reduced

S-species (H,S, mercaptans, etc.) and convert

sulfides to sulfate and organic polysaccharides to

carboxylic acids, releasing heat. The hot, neutral-

ized liquor is then acidified (CO, and/or H,S0, to

pH<10.8) to precipitate lignin, whose larger 5-10

pm particles filter 2—3 times faster and wash
more cleanly (~0.2 wt% ash) than unoxidized
liquor, while using 10-40% less acid.

2020  Methods for lignin extraction

This disclosure describes a scalable process for

CANON VIRGINIA, INC 183

extracting high-purity, nanoscale lignin from
agricultural and food waste (e.g., peanut shells)
using a choline-chloride-based deep eutectic
solvent (DES). Ground biomass is incubated with

a DES (choline chloride + formic acid, 1:2—1:6
molar) at 90-120°C (1-4 h), then the solids are
filtered off and lignin is precipitated by water addi-
tion. Recovered lignin nanoparticles average <900
nm (often <550 nm) with up to 100 wt% yield of

available lignin.

In order to enable the use of lignin powder in thermal
compounding, plasticizers are required.?’* Plasticization is
among the most cost-effective and straightforward methods
to improve polymer processability and interfacial adhesion.
In lignin/rubber blends, plasticizers reduce the 7, of lignin,
enhancing processability and flexibility within the elasto-
meric network. Additionally, plasticizers can influence lignin’s
chemical reactivity by lowering its viscosity; however, they
may also dilute reactive components.?®> Hydrophilic, low-
molecular-weight substances, including water, can act as plas-
ticizers for lignin due to their ability to disrupt intermolecular
hydrogen bonding. When lignin is in a dry, unsaturated state,
plasticization becomes more effective when molecules capa-
ble of participating in hydrogen bonding—such as short-chain
alcohols—are introduced.?*® Various compounds can be used
for lignin plasticization, but their effectiveness depends on the
specific type of lignin used.?’’” The influence of such plasti-
cizers was investigated by Kruzelak et al.?%” In this study, the
effects of 1,4-butanediol, ethylene glycol, and glycerol on the
plasticization of calcium lignosulfonate in NBR-based com-
posites were examined. It was reported that the plasticizing
effect increased in the same order as the listed plasticizers,
which correlates with the corresponding increase in polar-
ity and their solubility parameters,”’® which is very similar
to those of calcium lignosulfonate.?”” Good compatibility
at the lignin/rubber interface was observed; however, it was
noted that the smaller the plasticizer molecule, the greater the
blooming. This suggests that the plasticizer migrates into the
rubber matrix rather than remaining physically bonded within
the calcium lignosulfonate domains. Although this migration
cannot be entirely avoided, it is undesirable. Because the
general goal of researchers is to maintain an environmentally
friendly approach, the choice of plasticizer should prioritize
bio-based, nontoxic, and biodegradable alternatives. Glycerol
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was used as a plasticizer of calcium lignosulfonate in several
other studies,?'*2!> where it provided finer and more com-
pact morphological structure in NR-, SBR-, and NBR-based
composites. Alternatively, Datta et al.>!>?!* presented the use
of glycerolysate, a product of thermomechanical recycling of
polyurethane waste for the plasticization of softwood Kraft
lignin in NR composites. It was reported that the presence
of glycerolysate suppressed the accumulation of lignin into
larger agglomerates. When compared with commonly used
naphthenic oil, the utilization of glycerolysate showed simi-
larity in agglomerate formation. A patent application from
2019%% describes meltable lignin as a composition that is lig-
uid, viscous or a dense solid material, achieved by blending
lignin powder with a molecule that interferes with lignin’s
intra- and intermolecular hydrogen bonding and n—= interac-
tions. Here, as plasticizers are listed polyethers, polypropylene
glycols or polyols. Encompassed are also molecules that can
chemically react and bind with lignin, enhancing its interac-
tion, reactivity, and compatibility with, but not limited to,
composites. Examples of such molecules listed in this patent
application belong to the family of carbonate esters, amides
and cyclic urea derivates, aldehydes and ketones, conjugated
systems with carbon—carbon and carbon—nitrogen bonds, (di)
carboxylic acids, acrylic acid, and acrylates, halogenated
acetic acid, cyclic compounds with hydroxyl and carbonyl
groups, carboxylic acid anhydrides, acyl halides, carboxylic
acid esters, furans, isocyanates, polyethylene glycol-based
polymers, substituted silanes, sulfones and sulfoxides. Several
other researchers also introduced coupling agents as another
approach for inducing compatibility between lignin and rub-
ber. Bahl et al.?'> reported the results of noncovalent coupling
between Kraft lignin and SBR using polybutadiene-g-polypen-
tafluorostyrene graft copolymer as a coupling agent. However,
the improvements were not as significant as those achieved
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Figure 4. (a) Schematic representation of lignin/rubber composite preparation, (b) scanning electron microscopy photograph of NBR/
lignin composites as morphology representation of lignin/rubber composites described as “Islands In The Sea,” and (c) schematic repre-
sentation of composite deformation under tension when rigid or elastic (plastic) particle or domain is present.

with covalently coupled systems, such as the one studied by
Hait et al.,'”®!% due to the lower strength of n—n stacking
interactions compared to covalent bonds. Here, a commonly
used silane coupling agent—bis(3-triethoxysilyl propyl) tetra-
sulfide—was used for Kraft lignin/BR composite, achieving an
overall homogeneous dispersion of Kraft lignin. This resulted
in enhanced mechanical properties, even when compared to
the reinforcing CB (N330) and silica systems.

As discussed in the preceding sections, numerous research-
ers have investigated the incorporation of lignin as a biopoly-
meric component in rubber composites, employing various
lignin types and elastomeric matrices. Table VI presents an
overview of the mechanical properties of rubber composites
containing technical lignins in combination with commonly
used elastomeric matrices.

Lignin-based organic—inorganic hybrid fillers have been
developed to reinforce rubber composites, suppressing filler

network formation and improving dispersion within the rubber
matrix. CB and silica are the most common fillers in rubber
compounds, though they differ in their properties. CB, with its
low polarity and small particle size, disperses well and strongly
interacts with rubber, providing better reinforcement. Silica, on
the other hand, contains hydroxyl and siloxy groups that form
hydrogen bonds, causing poor compatibility with nonpolar
rubbers but enhancing properties like tear strength, wet skid
resistance, and lower rolling resistance.??> Although lignin
is less reinforcing than CB or silica, their hybridization can
partially mitigate performance loss. Bahl et al.>*??3 reported
the hybridization of CB with Kraft lignin and calcium ligno-
sulfonate for use in SBR composites. The study revealed that
n—7 interactions between lignin and CB enable the formation
of hybrid filler particles, with surface characteristics and mor-
phology controlled by the material ratio. Both lignin types
form coating layers on CB aggregates, preserving their fractal
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structure and leading to lower energy dissipation. The study
provides data in support of partial replacement (up to 10 wt%)
of CB with lignin, potentially saving 300 million pounds of
CB annually just for the tire industry. Liu et al.??® subsequently
proposed reinforcement mechanisms for CB/lignin and silica/
lignin hybrid fillers in NR composites. The study also demon-
strates that n—n stacking interactions between lignin and CB
suppress filler network formation, while increasing lignin con-
tent enhances CB/lignin—rubber interactions through greater
chain entanglements. /n silica/lignin systems, lignin weakens
filler network formation, improving dispersion, while the silane
coupling agent strengthens filler—rubber interactions through
silylation. As a result, superior reinforcing effects of lignin at
different contents were clearly apparent in the silica/lignin NR
composites. While the above-mentioned studies prepared the
hybrid filler systems by dissolving the lignin in a solvent, sev-
eral studies reported direct mixing of rubber, CB and lignin in an
internal mixer, with the purpose of partially replacing CB with
lignin and reducing costs while maintaining material proper-
ties. Kubackova??’ reported, that up to 25 vol% of CB can be
replaced by calcium lignosulfonate in real rubber formulas used
for tire production, without the loss of mechanical properties.
Dzuganova et al.?!? combined 25 phr of CB with 30 phr of
calcium lignosulfonate in NBR- and SBR-based composites,
achieving tensile strengths of 16 and 13 MPa, respectively,
along with a fivefold increase in tear strength compared to CB-
only composites.

Technical lignins as additives in the rubber industry

To enhance rubber product durability, controlling elastomer
degradation is crucial. Antioxidants and antiozonants prevent
oxidative damage by neutralizing free radicals and hydro-
peroxides. While synthetic antioxidants are common, there
is growing interest in renewable, plant-based alternatives.?*®
Thanks to its phenolic groups, lignin exhibits antioxidant proper-
ties, acting as a stabilizer by inhibiting oxidation reactions in rub-
ber compounds.??*2*2 However, its effectiveness depends on the
lignin’s structure, which varies with botanical origin and extrac-
tion methods.?** Research revealed that lignin with less aliphatic
hydroxyl groups, more phenolic hydroxyl groups, lower and nar-
rower M,, distribution has greater antioxidant activity.”** Aini
et al.>* reported the lignin content in NR/BR composites to be
one of the factors that reduce the rate of oxygen absorption and
lessen the deterioration of mechanical properties after thermal
aging. KubaGkova et al.”*! reported the antioxidative effect of
three different lignins in NR/SBR composites, where the results
indicate that the main factor determining the antioxidant prop-
erties is the content of phenolic structures. In this study Kraft
lignin exhibited antioxidant properties comparable to synthetic
antioxidant IPPD. Nilmini et al. and Gunasekara et al.>**> stud-
ied the antioxidative effect of industrial grade lignin on NR and
SBR tire tread compounds, revealing that lignin could be used as
an efficient antioxidant in tire tread compounds by substituting
6PPD and SKF alone or in combination.

20 B MRSBULLETIN - VOLUME51 « APRIL2026 « mrs.org/bullefin

-
“g’)\ TECHNICAL LIGNINS IN POLYMER MATERIALS: A SUSTAINABLE APPROACH TO ADVANCED MATERIALS

Adhesive bonding of metals has become increasingly rel-
evant in recent years due to the demand for reducing weight
and improving performance in structural applications such
as automobiles and aerospace. Kanbargi et al.3” developed
renewable thermoplastic adhesives from technical organosolv
lignin isolated from hardwood biomass and NBR for joining
steel substrates. The highest adhesive strength of 13.1 MPa
was measured in a 60 wt% lignin loading ratio when NBR
with acrylonitrile molar ratio of 51% was used. Similarly, Yu
et al.23® reported acrylonitrile-butadiene-lignin rubber filled
with 5 wt% of fumed silica and 30 wt% of epoxidized glass
spheres to reach 21 MPa of lap-shear strength—90% of a
commercial epoxy-based adhesive. A 2012 patent’>* demon-
strated that incorporating lignin into wire stock compositions
enhances rubber-to-metal adhesion, maintaining high perfor-
mance after 20 days of humidity aging, eliminating the need
for cobalt salt in the wire coat stock.

Patented applications of technical lignins in the rubber
industry

Patent activity on lignin—rubber formulations has intensified,
reflecting both industrial interest and growing technological
maturity. To align with the compounding/processing routes
reviewed in the “Application of technical lignins in the rub-
ber industry” section, we curated representative patents span-
ning three dominant uses: (1) reinforcing/functional fillers, (2)
antidegradant/antioxidant systems, and (3) compatibilization
or curing aids (resin blends, coupling). Records were retrieved
from WIPO and major national offices using queries such as
“lignin and rubber?*° then screened for novelty, explicit com-
pound recipes or processing windows (mixing temperature,
order of addition, vulcanization system), and evidence of prop-
erty claims (tensile, tear, aging) or scale-up. Near-duplicate
filings with the same disclosure/assignee and only minor claim
or parameter changes were grouped. Table VII provides a
chronological overview of patents related to the application of
lignin in rubber. It includes the year of publication, title, and
a brief description of each invention. The table highlights the
evolving use of lignin as a reinforcing filler, compatibilizer,
or functional additive in elastomeric materials, emphasizing
enhancements in mechanical properties, aging resistance, UV
stability, and processability.

Application of technical lignins in the plastics
industry

Lignin has significant potential in the development of sus-
tainable thermoplastic materials. This biodegradable polymer
could improve some material properties by reducing brittle-
ness, improving flexibility of polymer matrices, and lower-
ing the glass- transition temperature of polymers, enabling
easier processing at lower temperatures. It has been added to
a wide variety of polymers from natural to synthetic materi-
als, including proteins, starch and other biopolymers, poly-
olefins, vinyl polymers, and polyesters. Its low cost, low
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Properties

- Sulfur vulcanization system T, 4 MPa (from 30 phr up)

- E, increases up to 800% at 60 phr

Lignin Content
Up to 60 phr
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Glycerol improved T, to ca. 9 MPa, E, to ca. 600%, hardness to 55°ShA.

Reactive melt-mixing at 160°C, without vulcanization system

Necessity to use co-vulcanization agent

Reactive melt-mixing at 140°C

- Sulfur vulcanization system T ca. 3 MPa; E, ca. 400%; hardness 58°ShA
- T, 12.8 MPa; E;, 702%; hardness 63°ShA; energy dissipation 33.8 MJ.m~3

- Peroxide vulcanization system T 5 MPa (at 20-60 phr)
- T, over 30 MPa; E,, ca. 180% (NBR with 41% of acrylonitrile)

- E, stays below 200%
- Peroxide vulcanization system T 8.82 MPa; E, 126%
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T, tensile strength, E, elongation at break, HTDHT high temperature dynamic heat treatment.
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density, nonabrasive nature, thermal stability, and high reac-
tivity make lignin a promising filler or additive for polymeric
applications,?>>2%

Despite its potential, it has several disadvantages:

e Lignin has poor processability because it is typically stiffer
and less thermally stable than other thermoplastics, which
can make it difficult to process without treatment.

e The polar nature of lignin can make it difficult to blend
with nonpolar thermoplastics, limiting its applications
unless processing additives or compatibilizers are used.

e For certain applications, the dark brown color of lignin is
undesirable because it can affect the final appearance of
thermoplastic products.

Ongoing research is working to overcome these obstacles,
and lignin-based thermoplastics could become a key part of
biological materials in the future. Lignin-based thermoplastic
materials are expected to show applications such as engineer-
ing plastics, polymeric foams, thermoplastic elastomers, and
carbon-fiber precursors.”>’ These materials are also expected
to provide cost-effective and biodegradable alternatives to
petroleum-based thermoplastics and address the problem of
papermaking waste disposal.

The unique chemical structure and properties of lignin
depend on the extraction technology used for its production
as discussed in previous chapters. Mixing lignin with poly-
mers is not simple due to the polarity of the lignin molecules,
which leads to strong self-interactions. Systematic studies on
polymers with increasing polarity—from polypropylene to
those capable of forming aromatic n—electron interactions,
hydrogen bonds, or electrostatic interactions—have demon-
strated that such interactions are critical in determining blend
structure and properties. Although complete miscibility was
not achieved, lignin was consistently dispersed as droplets
within the polymer matrix. Even though lignin’s self-interac-
tions hinder full miscibility, competitive interactions with the
functional groups of the matrix polymer can alter the structure
and properties of the blend—though not enough to achieve
complete miscibility.”>® The use of plasticizers, compatibiliz-
ers or even chemical modification of lignin is often required
to improve its miscibility with other types of plastics or to
increase adhesion at the interface.?>>%%"->> Plasticization is a
widely used method to enhance the thermoplasticity of techni-
cal lignin. According to gel theory, a plasticized polymer exists
in an intermediate state—neither fully solid nor liquid—held
together by a 3D network of weak secondary bonds. These
bonds between the polymer and plasticizer are easily disrupted
by external stress, allowing the material to flex, stretch, or
compress.?*? Water, as the most common plasticizer, plays a
key role in many amorphous materials. Studies show that dry
lignin is best plasticized by hydrogen-bonding molecules and
hydrated lignin responds better to aromatic molecules structur-
ally similar to monolignols, such as vanillin.?%’
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TECHNICAL LIGNINS IN POLYMER MATERIALS: A SUSTAINABLE APPROACH TO ADVANCED MATERIALS

The use of lignin in polyolefins is the subject of grow-
ing research interest, even though the compatibility of lignin
and polyolefins is low and often leads to poor mechanical
properties of the blends.?*>*%! The use of unmodified lignin
is therefore limited as the products based on the simple addi-
tion or incorporation of lignin into the blend are often too
brittle.26%2%3 Interactions play a decisive role in the determina-
tion of the structure and properties of polymer/lignin blends.
The blending of lignin with conventional polyolefins—poly-
ethylene (PE) and polypropylene (PP) is a subject of exten-
sive research.?*2% Levon et al.?%® report that lignin protects
PE—both low- and high-density types—from UV radiation
and found that the thermal oxidative stability of PE is signifi-
cantly improved after mixing with different lignosulfonates.
Alexy et al.?%7 used the natural polymer lignin of prehydrolysis
of beech wood as a filler in low-density polyethylene and poly-
propylene up to 30 wt%. The influence of lignin was reflected
in processing stability, mechanical properties and light and
long-term thermal degradation. Lignin concentration affected
both tensile strength and melt flow index. The dependence of
tensile strength on lignin content continuously decreases for
both PE and PP/lignin blends. Based on the obtained results,
the authors state, that lignin acts, especially in PP, as a good
processing stabilizer and light stabilizer due to lignin’s rich
aromatic structure. On the other hand, at long-term heat stress
lignin acts as an initiator of the degradation process in PP,
mainly at higher concentration levels. In PE blends, lignin
has no effect on processing stability. It acts as an initiator of
the degradation process after short exposure of samples to
UV light, if lignin content is more than 10 wt%. In the case of
long-term heat stress lignin in PE acts as a stabilizer mainly
at a higher concentration above 20 wt%. Kosikova et al.>*®
also support the finding that lignin can act as a stabilizer or
an initiator of polymer degradation, depending on the type
and content of lignin. Mikulasova et al.’® investigated the
biodegradability of blends of PE and PP with different lignin
(from beechwood) content. Based on the results of the spec-
troscopic measurement, they found that the biotransformation
of the lignin component during the cultivation process initiates
the partial biodegradation of the synthetic polymer matrix.

Lignin is polar and hydrophilic, whereas PE is nonpolar
and hydrophobic. This leads to weak interfacial bonding,
affecting mechanical performance. Ghozali et al.”’® prepared
ternary blend of PP/poly(lactic acid) (PLA)/lignin, where
lignin can affect several parameters of the resulting blends
and can also act as a compatibilizer with increasing interfa-
cial adhesion and interaction between particles or polymer
matrices. The addition of lignin to PP/PLA blends increased
tensile strength compared to the values measured for PP/
lignin and PLA/lignin blends, but reduced the elongation at
break; however, the amount of lignin added did not signifi-
cantly affect this characteristic. Enhancement of biodegrada-
bility with increasing lignin content and thermal stability was
also seen. Another modification method can be the addition
of coupling agents such as ethylene vinyl acetate (EVA).?"!

EVA copolymers significantly improved the processing and
mechanical properties of the final materials containing lignin
amounts of 30 wt%. Even though matrix several lignin-based
composites were prepared without lignin modifications,?’>274
many authors address these problems by lignin modification,
which depends on the origin of the polymer and the modifica-
tion conditions.?®!-?"1:275:276 Although most of the publications
concern lignin modification via esterification, other modifi-
cation routes are also explored.?”” Modification is a crucial
factor for improving the properties of these blends. Chemical
treatments can improve lignin’s compatibility with PE. Dehne
et al.”’ investigated the influence of the chemical composition
of various types of lignin on the mechanical properties and
water absorption of lignin-polyethylene blends. Part of the
experiments was devoted to the esterification modification of
lignin before its incorporation into polymers to introduce new
reactive sites and simultaneously reduce the polarity of lignin.
Esterification with anhydrides as a strategy to enhance the
compatibility of lignin with polymers was used by Teramoto
et al.,””> which reports an increase in the miscibility of organo-
solv lignin and polycaprolactone after this modification. Based
on the experiment described in the article by Dehne et al.,>’®
it was also confirmed that esterification is a decisive factor
for improving the properties of the blends. Lignin derivatives
were cleaner and less polar and were shown to exhibit bet-
ter miscibility with polyethylene than unmodified lignin. The
effect of esterification was also confirmed in a study,?¢!-*"®
where esterified lignin-LDPE composites were prepared.
Stival Bittencourt et al.?”’ added Kraft lignin to poly(vinyl
alcohol) (PVA) films at different concentrations. Two lignin
samples were used: Kraft lignin and acetone soluble fraction
of Kraft lignin. It was observed that the addition of lignin
increased the thermal stability of PVA films. While the blends
containing Kraft lignin seemed to have more resistance to
photochemical attack, evaluated by changes in crystallinity
due to film irradiation—where no change was observed, the
blends with the acetone soluble fraction of Kraft lignin showed
increased crystallinity and homogeneity. Furthermore, Kubo
et al.”®" reported the formation of strong intermolecular inter-
actions between the hydroxyl groups of PVA and Kraft lignin,
though the PVA/lignin blend remains immiscible in the bulk.
The combination of these materials could create environmen-
tally friendly alternatives to conventional plastics, but process-
ing and compatibility issues between the two components need
to be addressed to optimize the blend for various industrial
applications. Because PVA can form uniform mixture with
thermoplastic starch and gain excellent mechanical proper-
ties, ternary blend PVA/starch/lignin was studied by Ratnawati
et al. 28! At the optimal processing conditions, incorporating 10
wt% lignin yielded a tensile strength of 7.93 MPa, an elonga-
tion at break of 143%, and a tear resistance of 68.50 N/mm.
Lazzari et al.?®? demonstrated the potential use of Kraft
lignin in bottle-graded poly(ethylene terephthalate) (PET)
blends for enhancing mechanical and thermal properties. The
PET/lignin blends were produced by melt extrusion followed
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by injection molding. Blends containing a small amount of
lignin (up to about 1 wt%) showed improved mechanical
properties. Both the modulus of elasticity and maximum
tensile strength of PET increased with lignin addition, con-
sistent with the behavior expected from compatible polymer
blends. Kraft lignin was also used as a filler with antimicro-
bial properties in PET blends by Minet et al.”®* Although the
dispersion of Kraft lignin was poor, it had little impact on
the tenacity of the monofilament. However, it was concluded
that it does not ensure antibacterial activity throughout the
multifilament. Kadla et al.?** observed miscibility in PET/
lignin and poly(ethylene oxide) (PEO)/lignin blends, reveal-
ing strong hydrogen bond between the hydroxyl hydrogen of
lignin and the ether oxygen in PEO, though no such bonding
was observed in PET/lignin blends. Yu et al.?%> used PEO as
plasticizer to improve spinnability and mechanical proper-
ties of lignin-based filament used in 3D printing. By mixing
Kraft lignin with 15 wt% of PEO a very uniform diameter
and smooth surface, adequate compression and tensile strength
were achieved. To further improve the performance of lignin/
PEO fibers Ebers et al.?%¢ incorporated epoxidized PEO. The
fibers exhibited enhanced degree of crystallinity of 70%, dou-
bling of Young’s modulus to 450 MPa and tensile strength to
12 MPa. It was argued that epoxidized PEO plays the role
of a stress transfer agent between the rigid lignin regions
and the flexible PEO regions, thereby improving the blend
performance.

Barzegari et al.”>’ prepared polystyrene (PS)/lignin blends
over a wide range of Kraft lignin content (0-80 wt%) using a
laboratory batch mixer at 190°C for 6 min with and without
the addition of a compatibilizer—a linear triblock copoly-
mer based on styrene, ethylene, and butylene (SEBS). The
addition of lignin improved some mechanical properties
such as flexural and shear moduli, which steadily increased
with increasing lignin content while tensile strength, tensile
modulus, and elongation at break were all reduced as lignin
loading increased. The addition of a SEBS at 1 and 2 wt%
improved the tensile modulus and flexural modulus (by 54
and 52%, respectively, when 60 wt% of lignin was added)
due to improved interfacial adhesion between lignin and PS
observed through SEM analysis. Plasticization effect was
observed at higher SEBS content (5 wt%) leading to lower
viscosities and mechanical properties.28”-*%® Ghavidel et al.?%
polymerized Kraft lignin and PS via free radical polymeriza-
tion using emulsion process, where lignin enhanced surface
area and porosity of PS. The blend was stirred for 18 h at 80°C
in an oil bath. The successful incorporation of KL into PS was
confirmed by various analyses. The participation of various
hydroxyl functional groups, such as aliphatic, guaiacyl and
C5-substituted, in the radical polymerization of styrene has
been confirmed. Incorporation of Kraft lignin (40 wt%) in PS
increased its surface energy and oxygen content, which led to
preparation of material with better compatibility. The material
could be used as an adsorbent for the uptake of copper ions
from an aqueous medium.

1 287

26 M MRSBULLETIN « VOLUME51 « APRIL2026 « mrs.org/bullefin

-
“g’)\ TECHNICAL LIGNINS IN POLYMER MATERIALS: A SUSTAINABLE APPROACH TO ADVANCED MATERIALS

Culebras et al.”?° described the successful preparation of
precursor fibers from a blend of lignin (organosolv and Kraft)
and thermoplastic polyurethane (TPU) using continuous melt
spinning. Subsequently, the fibers were converted to carbon
fibers with modified mechanical properties. The differences
in structure of each lignin caused differences in the degree
of interaction with TPU, with H-bonding interactions more
relevant in samples containing organosolv hardwood lignin.
Carbon fibers with high mechanical properties were obtained
especially for the sample organosolv lignin/TPU: 50/50 (1.1
GPa tensile stress with a modulus of 80 GPa). Such a blend
shows great potential as a carbon precursor and could be an
alternative to polyacrylonitrile as a precursor material in the
future.

Lignin contains reactive phenolic groups that can partici-
pate in cross-linking reactions and therefore can also be used
as a reactive component of various polymers, for example, res-
ins.”> By incorporating lignin into thermosets, cross-linking
density can be increased, which leads to improved thermal
stability, resistance to deformation, and other desired prop-
erties. Given its high carbon content, stiffness, and thermal
stability, technical lignin is being explored as a sustainable
alternative in thermosetting polymers, where it can act as a
reinforcement, cross-linker, or reactive filler. Several reports
display the use of renewable methods in the production of
lignin-derived polyurethane (PU) foams.>*° It has been shown
that by using another bio-component it is possible to modulate
the density and thus also the physical properties of PU foams
containing lignin. PUs derived from lignin and lignocellulosic
biomass have shown improved biodegradation compared to
traditional petroleum-derived plastics but have not shown
complete biodegradation.?”!

In most reports on the use of lignin in phenolformaldehyde
(PF) resins, lignin replaces part of the phenolic component,
contributing to the production of more sustainable materials,
while formaldehyde remains as the cross-linking agent.23¢-2%2
Although great potential has been reported for the use of lignin
in PF resins, it must be admitted that lignin incorporation often
remains around 50 wt%. Lignin incorporation can improve
the thermal stability of PF resins, which is particularly advan-
tageous in applications requiring heat resistance. The addi-
tion of lignin can affect the mechanical properties of the final
resin, although the effects may vary depending on the specific
composition and amount of lignin used. However, processing
and compatibility issues need to be addressed for success-
ful commercialization. Lignin-based thermoplastic phenolic
resins were prepared by the partial substitution of phenol
through direct addition, and then lignin-based phenolic fibers
were prepared by melt spinning.?®® The effects of different
lignin contents on resin structure and fiber properties were
investigated by adding lignin directly without treatment. The
addition of lignin effectively improved the thermal properties
of the fiber but resulted in a decrease in the molecular weight
of the resin and increase in dispersity. From the point of view
of mechanical properties, the optimal lignin content was 10
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wt%, when the tensile strength (160.9 MPa) and elongation at
break (1.9%) reached maximum values. When the amount of
lignin was 20 wt%, a decrease in fiber strength and toughness
was observed.?”® Overall, lignin-based thermoplastic phenolic
resins represent a promising area of R&D, especially in the
context of sustainable materials and green chemistry. How-
ever, lignin has a complex, highly cross-linked structure that
can make it difficult to process into thermoplastic materials
without treatment. The development of lignin-based phenolic
fibers is of interest due to their potential applications in various
fields, including sustainable textiles, composites, and engi-
neering materials.

Lignin can be used as a sustainable alternative to bisphenol
A (BPA) to prepare lignin-based epoxy resins.>’* Lignin with
more content of phenolic hydroxyls is more desirable as a
cross-linking filler.?*>?%® The structural properties of lignin
significantly affect the synthesis and properties of epoxides.
Lignin with a lower molecular weight were more reactive in
co-curing reactions and was beneficial to generate a denser
cross-linking epoxy network with better mechanical proper-
ties,?”” while its thermal stability showed an opposite trend due
to the loss of lignin structural rigidity.>’® The incorporation of
lignin with a higher molecular weight would lead to the higher
rigidity of epoxy cross-linking network and higher contents of
ether bonds in lignin would provide higher structural flexibil-
ity epoxy thermosets. These resins could be used as coatings
(with anticorrosion and UV-blocking effects), adhesives and
flame retardants (with high charring ability). Resins can be
directly produced from lignin glycidylation and can be further
used to prepare lignin-based epoxy thermosets through the
curing process.?** Lignin-based epoxy resins were prepared
using technical lignins from eucalyptus and spruce, obtained
from the Kraft process.?”” Mild epoxidation of lignin was car-
ried out followed by curing with flexible, commercially avail-
able polyetheramines. Softwood spruce Kraft lignin provides
somewhat better thermomechanical properties compared with
eucalyptus-based resins. The presence of guaiacyl units leads
to the formation of more C5-condensed aromatic units, which
reduces molecular mobility of this unit. In hardwood Kraft
lignin is dominated by sinapyl units with lower content of con-
densed units but higher content of flexible methoxy units. The
tensile strength reached 66 MPa and was slightly higher for
the spruce-based lignin epoxy resin. This thermoset showed
unusually high toughness with a strain to failure of 8 percent.
Lignin addition should be controlled because the epoxy com-
posite formed with a high content (e.g., 50 wt%) of lignin was
not easy to shape and would cause a deterioration on structural
compatibility. 3330

Technical lignins in biopolymers and biodegradability
The push for biodegradable plastics derived from renew-
able resources has intensified due to rising concerns over
the environmental impact of plastic waste. While the term
“biopolymer” refers to a group of polymers that are bio-based,
biodegradable, or both,*! this section will focus solely on

biopolymers that are both from renewable resources and are
biodegradable. Lignin incorporation in biopolymers such as
starch, polylactic acid, plant proteins, and polyhydroxybu-
tyrate has significantly improved the mechanical properties of
such materials. It has been used in various applications such as
antimicrobial, antioxidant, adhesive, adsorbent, energy-storage
material, flame retardant, flocculant and ultraviolet blocker.>*?

The biodegradability of such biopolymer blends is influ-
enced by various factors, including blend and surface compo-
sition, miscibility of components, phase structure, and surface
roughness. Biodegradable polymers break down into carbon
dioxide, water, inorganic compounds, and biomass through
microbial activity in the presence of oxygen. In anaerobic
environments, methane is predominantly produced. The bio-
degradation process is schematically illustrated in a simplified
manner in Figure 5. In nature, white-rot fungi (Basidiomy-
cetes) play a key role in lignin degradation during wood decay,
while in soil, lignin decomposition contributes significantly
to humus formation.>%3-3%* Although lignin has been used for
many decades as a biological source of new polymers in aca-
demic research, very little effort has been devoted to the bio-
degradability or recyclability of such polymers.2¢

PLA is a highly versatile aliphatic polyester. High-perfor-
mance PLA grades are available that can effectively replace
PS, PP, and ABS (acrylonitrile butadiene styrene) in more
demanding applications. The properties of PLA depend on the
ratio of its D- and L-enantiomers (PDLA and PLLA, respec-
tively).3%! Nevertheless, compared to conventional synthetic
polymers, PLA has some inherent disadvantages, such as brit-
tleness, stiffness, poor elongation at break, limited gas and
UV-light barrier properties, low thermal resistance, and poor
toughness. These drawbacks have limited its large-scale com-
mercial use. As a result, several researchers have investigated
the enhancement of PLA-based bioplastics by incorporating
lignin.**> The blend of PLLA and lignin has material prop-
erties, as well as the price at an acceptable level when the
content of lignin is less than 20 wt%. The aim of work by Li
et al.2” was to develop an economically viable biodegradable
thermoplastics in which PLLA should be the main phase (>50
wt%) and percentage of lignin should be as high as possible.
In general, lignin is more cost-effective compared to PLA, so
incorporating it into blends could lower production costs for
PLA-based products. Based on the analyses, the existence of
intermolecular interaction between PLLA and lignin was con-
firmed. The glass-transition temperature and melt temperature
decreased when lignin content in the blends increased. When
lignin content reached 20 wt%, some mechanical properties
were worse, but Young’s modulus remained constant. Ther-
mogravimetry curves showed that lignin accelerated PLLA
degradation at lignin content more than 20 wt%. However, the
optimal lignin content was lower than 20 wt%, both in terms
of material properties and in terms of material costs. Both PLA
and lignin are biodegradable and renewable materials, and
their combination is an attractive alternative to commercially
produced polymers, so their blends are more eco-friendly
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Figure 5. Schematic representation of the biodegradation process.
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compared to petroleum-based plastics. PLA/lignin blends have
garnered significant interest in the field of materials science,
particularly in the development of biodegradable and sustain-
able composites. Their combination is an attractive alterna-
tive to petroleum-based polymers. By improving processing
techniques, these compounds could play a key role in reducing
plastic waste. Mu et al.*** prepared fully degradable PLLA/
lignin blends using a melt-blending method. The lignin content
varied from 5 to 30 wt%. The impact strength of PLLA was
improved by about 50% and 35% by adding 5 and 10 wt% of
lignin respectively, while the Young’s modulus was preserved.
The lignin in the blend acted as a nucleating agent in the crys-
tallization of PLLA, and therefore the impact strength was
improved. Based on thermal analysis, it was found that lignin
also promoted the cold crystallization of PLLA. The thermal
and photo stability of lignin can provide a synergistic effect
with the properties of PLA.

Although PLA does not decompose under the tempera-
tures typical of biologically active environments such as
home compost or soil, it biodegrades efficiently in indus-
trial compost at temperatures above approximately 55°C,
where hydrolysis and microbial assimilation are accelerated
under standardized EN 13432 conditions.*”® Solano et al.>"’?
evaluated the biodegradation of PLA and other composta-
ble plastics under home-composting conditions (=25°C)
and observed no significant mass loss or visible disintegra-
tion of PLA even after 31 weeks, confirming its negligible
biodegradability at ambient temperature. PLA biodegrada-
tion can be effectively accelerated by blending it with more
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hydrolytically labile polyesters such as poly(e-caprolactone)
(PCL) or poly(3-hydroxybutyrate) (PHB), or by incorporating
hydrophilic fillers that enhance water diffusion and promote
ester bond cleavage.’**=!° The impact of lignin addition on
the biodegradation and overall performance of PLA-based
composites is not uniform and appears to depend on both
its concentration and structural characteristics. While higher
lignin loadings are often associated with a reduction in bio-
degradation rate due to barrier effects, lignin may simultane-
ously improve the mechanical stiffness and antioxidant stabil-
ity of PLA. At the same time, when small amounts of lignin
(e.g.,<10 wt%) are incorporated, acceptable biodegradability
can still be maintained along with enhanced antioxidant and
UV-shielding performance. Importantly, the effect of lignin
on the biodegradation behavior of PLA strongly depends on
its origin, molecular structure, and chemical modification, as
different lignin types (e.g., Kraft, organosolv, and lignosul-
fonate) exhibit distinct polarity and interfacial interactions
with the polymer matrix.'3-39%311:312 Acetylated Kraft lignin
can be used as an effective additive for eco-friendly biocom-
posites. Sangwoo Park et al.’!? performed biodegradation
experiments under mesophilic and thermophilic conditions to
determine the effect of acetylated Kraft lignin addition (5, 10,
and 20 wt%) on the biodegradation characteristics of PLA-
based biocomposites. The biodegradation rate was measured
through CO, capture and was strongly influenced by the dif-
ferences in microbial communities depending on the meso-
philic and thermophilic environments. The authors found
that the primary mechanism of biodegradation is hydrolysis
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and that PLA chain cleavage occurs preferentially in both
the amorphous and crystalline regions. These results suggest
that lignin may be an effective additive for biodegradable
polymer matrices that require durability enhancement through
biodegradability control. Ferreira da Silva et al. *'* even state
that a PLA/Kraft lignin composite with the addition of 10
wt% lignin is a better choice for producing biodegradable
packaging because it exhibits similar thermal and mechani-
cal properties to pure PLA and has a higher biodegradation
rate in garden soil. Esakkimuthu et al.>'* evaluated the initial
degradation of lignin/poly(lactic acid) composites with both
unmodified lignin and oxypropylated lignin incorporated at
10 and 40 wt% into the PLA matrix in a fungal environment.
The degradation process was limited to just eight weeks to
capture the incipient stages of decomposition. Although no
significant difference in weight loss was demonstrated, the
degradation process affected the chemical and thermal prop-
erties of the composites. The study shows that lignin can be
degraded by fungal enzymes, suggesting the potential for co-
degradation with PLA. PLA/lignin composites are promis-
ing materials with tunable properties and future innovations
in lignin modification and microbial degradation pathways
can further enhance their eco-friendly appeal. Lin et al.>!
reported that the incorporation of calcium lignosulfonate
into the biodegradable polyester poly(butylene succinate)
(PBS) slightly increased the hydrophilicity of the blends, as
evidenced by higher equilibrium water uptake values, which
could facilitate the biodegradation of hydrophobic polyesters.
Mousavioun et al.>* reported that during 12 months of soil
burial, the addition of 10 wt% lignin to poly(hydroxybutyrate)
(PHB) reduced the mass loss from 45 wt% for neat PHB to
only 12 wt%, demonstrating that lignin inhibited and slowed
PHB biodegradation by hindering microbial colonization and
increasing the resistance of the blends to biological attack.
Blends of starch and lignin are being investigated for
their potential, especially in the field of sustainable materi-
als, packaging and biomedical products.’*® The reinforce-
ment of starch matrices with lignin is a promising strategy
to overcome starch’s downsides such as water sensitivity,
thermolability, and mechanical weakness. However, these
materials were mostly prepared with minimal lignin con-
tent because the incorporation of higher contents (>10 wt%)
leads to the formation of lignin aggregates and uneven dis-
tribution in the starch matrix. Many studies have focused on
increasing water resistance and reducing the hydrophilicity
of starch-based materials by reinforcing the starch matrix
with lignin.>!%317 Therefore, it is also important to choose
the right type of lignin for producing starch-lignin materi-
als. For instance, if the aim is to obtain hydrophobic mate-
rial, lignosulfonates should be avoided, while Kraft lignin
would be more suitable. Lignin/starch blends often require
plasticizers to reduce brittleness. A starch-Kraft lignin-glyc-
erol blend was therefore investigated, and it was found that
glycerol concentration affected the modulus and elongation
of the final lignin-starch product.>'® Baumberger et al.?™*

prepared films from starch and crude commercial lignosul-
fonates by thermal molding and also by casting. They found
that the glass-transition temperature varied from 16 to 40°C
depending on the lignin content. In the presence of lignin,
some mechanical properties were also modified compared to
the properties of standard starch films. The authors expected
that sufficiently strong interactions between lignin and starch
would be formed during processing, which would lead to
an improvement in mechanical resistance of the material.
Blending lignosulfonates into starch does not significantly
improve the water resistance of the films, which is consis-
tent with the solubility of lignosulfonates in water. However,
the decrease of contact angle suggests that lignosulfonates
are still surface active in the materials.?’* Properties of
composites based on thermoplastic starch (TPS) and Kraft
lignin are described by de Freitas et al.>!” Using thermal
analysis, it was confirmed that there is an improvement in
the thermal properties of films with the addition of Kraft
lignin. The presence of Kraft lignin in the TPS film also
showed mechanical improvement in the films, increasing
their energy-storage property and, consequently, their elas-
tic response. Increase of Kraft lignin in TPS can cause a
reduction in mass loss of up to about 30% compared to TPS
itself, and thus the use of Kraft lignin in the blend could
slow down the biodegradation process of TPS. Kaewtatip
et al.’!” also investigated TPS/Kraft lignin blends and
achieved improvement in tensile strength by 17% as well as
significant decrease in the water absorption properties, by
incorporating only 5 wt% of lignin.

Polyhydroxybutyrate (PHB) and related bacterial poly-
esters have attracted global attention due to their biodegra-
dability, sustainability, and favorable mechanical properties.
PHB shares many characteristics with isotactic polypro-
pylene (PP), but it is more expensive, inherently stiff and
brittle, and exhibits thermal instability during processing.
To address these limitations, various efforts have focused
on blending PHB with other biodegradable polymers to
improve its physical properties.*****° Mousavioun et al.>*®
investigated degradation mechanisms of lignin/PHB blends.
Based on the results, the authors hypothesized that the pres-
ence of lignin in the blends inhibited the colonization of
microorganisms and, due to the formation of hydrogen
bonds between lignin and PHB, a lower rate of PHB decom-
position was observed, and therefore a slower degradation
of the blend compared to PHB film without lignin. The pres-
ence of hydrogen bonds and the increase in PHB crystallin-
ity at low lignin concentration contribute to the resistance
of PHB/lignin films to degradation. The PHB films were
disintegrated and lost 45 wt% of mass within 12 months.
This value decreased to 12 wt% of mass when only 10 wt%
of lignin was added.

The effect of sodium lignosulfonate on thermal and mor-
phological properties of the poly(3-hydroxy butyrate-co-3-hy-
droxyvalerate) (PHBV) copolymer was described by Lemes
et al.>?! The melt and glass-transition temperatures of the
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elastomer or an ester-containing thermoplastic. The polymer matrix

may be selected from polyolefins, styrene-acrylonitrile copolymers, or

biodegradable polyesters. The thermoplastic elastomer, such as S-TPE
or TPO, is believed to enhance impact strength and strain at yield

through interaction with lignin within the matrix.

PHBYV matrix decrease with the addition of lignosulfonate, as
determined by DSC analysis. The addition of lignosulfonate
in different amounts affected the morphological and thermal
behavior of the PHBV matrix. Depending on the lignosul-
fonate concentration, the formation of lignosulfonate domains
was observed, which represent a weak interaction with the
PHBYV matrix. The decrease in thermal stability of PHBV is
also related to the content of lignosulfonate.

Patented applications of technical lignins

in the plastics industry

Following the developments in lignin/rubber composites,
where increasing patent activity demonstrates growing
industrial engagement, a comparable evolution is evident in
lignin—plastic systems. Here too, the integration of lignin
into polymer matrices has led to patented technologies
aimed at enhancing performance and sustainability in plas-
tic materials. In response to this growing interest, innovative
approaches to incorporating technical lignins into thermo-
plastics have emerged, resulting in numerous patented solu-
tions for the production of value-added products worldwide.
To connect these disclosures to the processing pathways
reviewed in the “Application of technical lignins in the
plastic industry” section, we curated representative patents
across: (1) melt-blend compatibilization and reactive extru-
sion, (2) lignin-based antioxidants/UV stabilizers, and (3)
bio-based polymer blends. Patents were retrieved from WIPO
and major national offices using queries such as “lignin AND
thermoplastic”?*” and screened for novelty, explicit process-
ing windows (extrusion/injection parameters), composition
ranges, and performance claims (mechanical, thermal, opti-
cal) with evidence of industrial relevance; continuations and
near-duplicates were removed. Table VIII arranges entries
by polymer family, lignin type/modification, loading, pro-
cessing method, key property changes (e.g., T,/T;,, impact,
modulus, UV stability), and the claimed advantages (bio-con-
tent, recyclability, stabilization). Read with the “Application
of technical lignins in the plastic industry” section, the trajec-
tory moves from additive stabilizer roles toward compatibi-
lizing strategies and designed macromolecular derivatives
suited to application-ready plastics.

Summary and future perspectives
A broadly conceived review article emphasizes the impor-
tance of lignin, the main structural component of the cell
walls of vascular plants and the second most abundant
polymer on Earth. Its unique polyphenolic structure, along
with its antimicrobial, antioxidant properties and natural
biodegradability, makes lignin an attractive candidate for
diverse applications. Nevertheless, lignin remains primar-
ily the subject of academic research. Its inherent structural
complexity and variability are critical factors influencing its
use in materials and bioplastics.

This article presents a comprehensive summary of the
integration of engineered lignins into polymeric materials,
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including thermoplastics, thermosets, and rubber. It also
highlights advances in the industrial production processes
of technical lignins and explores their potential applications.
The significance of these applications is further underscored
through a survey of related patented technologies.
Innovative approaches to incorporating technical lignins
into thermoplastics have led to patented solutions for the
production of value-added products. In thermoplastics, lignin
is employed as a filler to enhance mechanical properties, as
an antidegradant to improve resistance against ultraviolet
radiation and aging, as an antioxidant, pigment, adhesion
promoter, and as a modifier of rheological behavior and pro-
cessability. These properties have been demonstrated across
a wide range of applications, including packaging, injection-
molded products, foam materials, 3D printing, and more.
The article also examines the use of lignin in rubber for a broad
spectrum of industrial applications, notably in the automotive,
aerospace, and consumer goods sectors, with a particular focus
on optimizing rubber compounds. Despite significant progress,
lignin remains a material of ongoing scientific and industrial inter-
est, and further research is crucial to unlocking its full potential.

List of symbols and abbreviations

°Bé Degrees Baumé

°C Degrees Celsius

°F Degrees Fahrenheit

°ShA Degrees shore A (Shore A hardness)

6PPD N(1,3-dimethylbutyl)-N'-phenyl-p-
phenylenediamine

ABS Acrylonitrile-butadiene-styrene

BPA Bisphenol A

BR Polybutadiene rubber

CaCl, Calcium chloride

CB Carbon black

CO, Carbon dioxide

CuCl, Copper(Il) chloride

b Dispersity (polydispersity index)

Da Dalton

DES Deep eutectic solvent(s)

DSC Differential scanning calorimetry

E, Elongation at break

EN European norm

ENR Epoxidized natural rubber

EPDM Ethylene-propylene-diene rubber

ESP Electrostatic precipitator

EtOH Ethanol

EVA Ethylene vinyl acetate

FeCl, Iron(III) chloride

FTIR Fourier transform infrared spectroscopy

G-unit Guaiacyl

GPa Gigapascal

H-unit P-hydroxyphenyl unit on lignin

H,CO; Carbonic acid

H,S Hydrogen sulfide

H,SO; Sulfurous acid

H,S0O, Sulfuric acid

HDPE High-density polyethylene

HSQC Heteronuclear single quantum coherence/
correlation

Indulin AT  WestVaco lineage of Kraft lignin products/
processes

IPPD N-isopropyl-N'-phenyl-p-phenylenediamine

KL Kraft lignin

Kraft Kraft pulping process (alkaline, NaOH/Na,S)

LDPE Low-density polyethylene

LignoBoost Acid-precipitation+washed-lignin recovery
process

LignoForce Oxidative-acidification (e.g., with O,/CO,)
followed by precipitation/washing

Lignosulfonate  Lignin obtained from sulfite pulping

(sulfonated lignin stream)

LLDPE Linear low-density polyethylene

MAh-g-PE  Maleic anhydride grafted polyethylene

MPa Megapascal

M,, Weight-average molar mass

Na,O Sodium oxide

Na,S Sodium sulfide

NaOH Sodium hydroxide

NBR Nitrile-butadiene rubber

nm Nanometer

NMR Nuclear magnetic resonance

NR Natural rubber

NSSC Neutral sulfite semi-chemical

0, Oxygen

OH Hydroxyl groups

00T Oxidation onset temperature

Organosolv  Solvent pulping/fractionation route (alcohols/
organic acids)

PA11 Polyamide 11

PBAT Poly(butylene adipate-co-terephthalate)

PBS Poly(butylene succinate)

PCL Poly(e-caprolactone)

PDLA Poly(D-lactic acid)

PE Polyethylene

PEO Poly(ethylene oxide)

PET Poly(ethylene terephthalate)

PF Phenol-formaldehyde resin

pH Potential of hydrogen

PHB Poly(3-hydroxybutyrate)

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

phr Parts per hundred of rubber

PLA Poly(lactic acid)

PLLA Poly(L-lactic acid)

PP Polypropylene

PS Polystyrene

PU Polyurethane

PVA Poly(vinyl alcohol)

PVC Poly(vinyl chloride)

RMP Refiner mechanical pulping

S-TPE Styrenic thermoplastic elastomer
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S-unit Syringyl

SBR Styrene-butadiene rubber

SEBS Styrene—ethylene—butylene—styrene block
copolymer

SEM Scanning electron microscopy

SLRP Sequential liquid-lignin recovery and
purification

SLRP Sequential liquid-lignin recovery and puri-
fication (CO,-based acidulation + staged
purification)

Soda Soda pulping process (alkaline, NaOH)

T, Glass-transition temperature

Ty Melting temperature

TPO Thermoplastic olefin (elastomer)

TPS Thermoplastic starch

TPU Thermoplastic polyurethane

TRS Total reduced sulfur

T, Tensile strength

uv Ultraviolet spectroscopy/measurement (often
shorthand for UV absorbance)

WIPO World Intellectual Property Organization

wt% Weight percent (percent by weight)

ZnCl, Zinc chloride

pm Micrometer
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