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Abstract. The global shift toward environmentally responsible materials has
heightened interest in lignin as a sustainable alternative for the development of bio-based
packaging systems. As a widely available and renewable biopolymer originating from
plant biomass and industrial side streams, lignin offers unique chemical and functional
properties that make it a promising component in biodegradable packaging. This review
aims to provide a comprehensive analysis of recent advances in the utilization of technical
lignin and lignin-based nanostructures for improving the performance of biopolymer
packaging materials. The study employs a comparative analysis of scientific literature,
focusing on polymer matrices such as PLA, PBAT, PVA, and starch, with particular
attention to chemical modification methods including esterification, epoxidation,
amidation, glyoxalation, and transamination, and their influence on interfacial
compatibility, dispersion, and functional behavior. The results indicate that incorporation
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of lignin into biodegradable polymers enhances mechanical strength, thermal stability,
barrier characteristics, UV-shielding efficiency, and antioxidant performance, while
modified lignin derivatives and lignin nanoparticles contribute to improved composite
homogeneity and enable advanced functionalities such as recyclability and self-healing.
Key limitations including structural heterogeneity, restricted dispersion, and regulatory
considerations are also discussed. Overall, the findings confirm lignin’s strong potential
as a high-value component for next-generation sustainable packaging materials,
providing a scientific basis for the development of optimized lignin—polymer systems
aimed at reducing environmental impact while maintaining or enhancing material
performance.

Keywords: lignin; biopolymers; biodegradable packaging materials; nanoparticles;
sustainable development
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AHHOTaNUsl. OKOJOTHSUIIBIK TYPFBIIAH JKayalnThl MaTepuanaapra xahaHIbIK
OeTOypbic  OMOBIOBIPAWTBHIH ~KanTama OKYHelepiH o3ipieyde JIMTHUHIE —JAereH
KBI3BIFYIIBUTBIKTEI KYIICHTTI. ©OciMIiK OroMaccachlHaH KOHE OHEPKACINTIK OHIIPICTIH
JKaHama aFbIHJapblHAH aJIbIHATBIH KeH KOJDKETIMAL opi >KaHApPThUIATBIH OHOIOIMMED
peTiHAe JUTHUH epeKIle XUMHIBIK XoHE (YHKUMOHAIIBIK KacHeTTepre ue, Oy
OHBI OMOMOMUMEpIIi KanTama MaTepuallAapbiHbIH IEPCHeKTHBANbl Kypamaac Oediri
ereni. OCBbl IIONMYIBIH MakcaTbl — TEXHUKAIBIK JIUTHUH MEH JIMTHUH HeTri3iHaeri
HAHOKYPBUIBIMAAPAGl OMOMOMUMEPIi  KanTaMa MaTepHalAapbiHBIH —KacHETTEpiH
KETUIAIPY/Ie KOJIJAHYIbIH COHFBI FBUIBIMH YKETICTIKTEPiHE JKaH-)KaKThl Taljaay Oepy.
3epTTey FHUIBIMH 9ACOMETKE CajbICTHIPMalibl TaJay >KYPTi3yre HETri3[elireH >KoHe
PLA, PBAT, PVA jxoHe Kpaxmaa CHSKTHl HNOJHMMEPIIK MaTpullajiapra, COHAai-aK
scTepu(UKaKs, MOKCHATEY, aMHATEY, TIIMKOKCAIMs KOHE TPaHCAMUHALUS CHSKTBI
XUMHSUTBIK MOJAM(UKAIHS 9IICTEPIHE HKOHE OJIAPJIbIH KOMITO3UTTEPAIH YHISCIMILTIITIHE,
JUCIIEPCUSIChIHA JKOHE (YHKIMOHAJABIK MiHE3-KYJIKbIHA 9cepiHe Hazap aynapaibl.
Hotmwxenep aurHuHAI eHri3y OMOMOIMMEpIEPIiH MEXaHUKAIBIK OEPIKTIriH, JKBLTYIBIK,
TYPaKTBUIBIFbIH, TOCKAYBULIBIK KACUETTEPiH, YD-KOPFaHBICHIH )KOHE aHTHOKCHIAHTTHIK,
OeJICeHAUTITiH  aWTapibIKTall  apTTHIPaThIHBIH  KepceTedi. MoandukanusianFan
JWTHUH MEH JIMTHUH HaHOOOJILIEKTepi KOMIIO3UTTEPAiH OIpKEeNKITIriH >KaKCapThlI,
KaliTa eHJIey HEMeCe ©3i1H-031 KaJblHA KEATIPY CHUSKTHI KEHEUTUIreH (QyHKIMSIapIbI
icke acelpyfa MYMKiHAIK Oepeni. COHBIMEH KaTap KYpBUIBIMIBIK OPTEKTLMIK,
JOUCIIEPCUSIHBIH,  IIEKTeNyi, KOJJAHbUIATBIH  TEXHOJIOTHSUIAPABIH  KYpIEJiTiri,
MaTepuangapAbH y3aK Mep3iMIl TYPaKThUIBIFBI KOHE PETTEYLIUIIK TalanTap CHSIKTBI
MaHBI3/Ibl IIEKTEYNIEP KapacThIpbUIaAbl. byJl 110y TUTHUHHIH TEK SKOJIOTHSIIBIK Ta3a
KanTaMma MaTepuaJapblHbIH KaHa OybIHBIH JaMBITYy YIIiH FaHa eMec, COHBIMEH Karap
OHEPKICINTIK OHAIpIiCTe TUIMAL, (YHKIMOHAIIBI JKOHE WHHOBALMSIIBIK IICHIIMICD
YChIHyZa JAa MaHbI3Ibl POJ aTKapaTblHBIH Kepceredi. JKaumel anFaHaa, 3eprrey
HOTH)KEJIepl JIMTHUHHIH OHONMOJIMMEpJl KamnramMa TEeXHOJOTHJIaphlH KETUIIIpy
YLIH JKOFaphbl 9JI€yeTKe W€, HKOJIOTHSUIBIK, (YHKIHOHAIABI KOHE KOMKBIPIbI KYHJIbI
KOMIIOHEHT €KEHiH pacTaibl.

Tyiiin ce3nep: murnun; 6uononumepiep; OMOBIIBIPAUTHIH KallTaMa MaTepuaniaphbl;
HaHOOOJIIEKTEP; TYPAKTHI JaMy
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AnHoTauus. [7TOOaNBHBINA TMEepexon K DKOJOTHYCCKH OC30MacHBIM MaTepHaliaM
3HAYUTENHHO YCHWJIWJI HHTEpPEC K JIMTHUHY KaK YCTOWYMBOH W MHOTOOOEHIaroIiei
aIbTepHATHBE NpU pa3paboTke OuopasziaraeMblX YHAKOBOUHBIX cUCTEeM. JIMTHUH,
SIBJISIFOILMIICS ITUPOKO AOCTYIHBIM M BO30OHOBIISIEMBIM OHOMIOJIMMEPOM PACTUTEILHOTO
MIPOMCXOMKACHHSL, & TAK)KE MOOOYHBIM MPOAYKTOM IPOMBILIICHHBIX ITPOIIECCOB, 00Ia1aeT
YHUKaJIbHBIMA XUMHUYECKAUMH M (DYHKIIMOHAJIBHBIMUA CBOWCTBAMH, UYTO JEJaeT €ro
[EPCIEKTUBHBIM KOMIIOHEHTOM [UISl CO3/1aHMsI BbICOKOI((EKTUBHBIX OMOIOIMMEPHBIX
MarepranoB yrnakoBkd. Llens nanHOro 0030pa — MpeAcTaBUTh BCECTOPOHHUN aHAIIN3
COBPEMEHHBIX JIOCTHKEHHH B OOJIACTH HCIOJIb30BAaHHMA TEXHWYECKOI'O JMIHUHA U
JIUTHUHOBBIX HAHOCTPYKTYp JJs YIYUIIEHHs OHKCIUTyaTallMOHHBIX XapaKTEpUCTHK
OMOTIONIMMEPHBIX KOMITO3UTOB. B MccieoBaHUM NMPOBENEH CPAaBHUTEIBHBIA aHAIN3
Hay4YHBIX ITyOJIMKaIMi, OXBaThIBalOMNU monmMepHble Mmarpuiiel PLA, PBAT, PVA
U Kpaxmaja, a TaKkXKe KIIUeBble METOAbl XUMHMYECKOM Moau(uKanuu JMIHHUHA,
BKJIIOUasi 3CTepU(PUKALMIO, FTOKCUINPOBAHUE, AMUANPOBAHKE, [NIMKOKCATHPOBAHUE U
TpaHCAaMMHUPOBAHHUE, U MX BIMSIHUE HA COBMECTHUMOCTb, IUCIIEPCHUIO U QYHKLIMOHAIBHOE
MIOBEJCHUE KOMIIO3UTOB. lloiydeHHBIE NaHHBIE CBHUJETENBbCTBYIOT, YTO BHEAPEHUE
JUTHUHA CIIOCOOCTBYET TOBBILICHUIO MEXaHMYECKOM TPOYHOCTH, TEPMHUECKON
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CTaOUIBHOCTH, OAPHEPHBIX CBOMCTB, 3 (eKTUBHOCTU YD-3aIUTHI M AHTUOKCHIAHTHOM
AKTUBHOCTU  OuoronuMepoB. MoauduuupoBaHHBIA JUTHUH W JIMTHUHOBBIC
HaHOYACTHUIILI 00ECIICUNBAIOT YIIYUIIICHHYIO OJHOPOIHOCTH KOMIIO3UTOB U (POPMUPYIOT
pacIIMpeHHbIH  (DYHKIIMOHAJIBHBIA TOTEHIMAN, BKJIIOYas CaMOBOCCTAaHOBJIICHHE,
BO3MOXKHOCTh TIOBTOPHOH TmepepadOTKH M aJalnTHBHOE IOBEJACHUE B Pa3IHUYHBIX
YCIIOBUSIX 3KcIUTyatanuu. Kpome Toro, oOCYXIAIOTCsi OrpaHHuYEHUS, CBS3aHHBIC CO
CTPYKTYPHOH HEOAHOPOIHOCTHIO, MPOOIeMaMUu JAUCIIEPTUPOBAHUS, JTOJTOBEUHOCTHIO
U COOJIIOZICHUEM DETYIATOPHBIX TpeOoBaHUil. B 1menoM, pe3ynabraThl MOATBEPKAAIOT
BBICOKHIA TTOTEHITMAIT JINTHHHA KaK [IEHHOT0, MHOTO(DYHKITMOHATBHOTO U DKOJIOTUYECKU
0€e30I1acHOr0 KOMITOHEHTA IS CO3/[aHUsI HOBOTO IMOKOJICHHUsI OUOTIOIMMEPHOM YITAaKOBKH
C YIY4YIICHHBIMH SKCIUTyaTallAOHHBIMHM XapaKTEPUCTUKAMH M  TEPCICKTUBAMHU
MIPOMBIIIICHHOTO MPUMEHEHUS.

KamoueBble ciaoBa: JWrHUH, OWOMOJMMEpPBI; OHWOpa3iiaraeMble YIaKOBOYHbBIC
MaTepHUaJibl; HAHOYACTHIIbI; YCTOHYMBOE Pa3BUTHE

Introduction. The widespread use of petroleum-derived plastics in packaging has
led to significant environmental challenges, including persistent pollution, microplastic
accumulation, and growing concerns about resource depletion and waste management
(Figueiredo, 2021: 100703). In response, the development of bio-based, environmentally
friendly packaging materials is gaining momentum as a strategy to mitigate ecological
impact and promote a circular bioeconomy. Among potential alternatives, lignin —
the second most abundant natural polymer on Earth — has emerged as a particularly
promising candidate.

Each year, millions of tons of technical lignin are generated as a byproduct of the
pulp and paper industry and biorefinery processes. However, only a small proportion is
currently utilized in value-added applications beyond combustion (Figueiredo, 2021:
100703). Owing to its aromatic backbone, high content of functional groups (e.g.,
phenolic, hydroxyl, and carboxyl), inherent antioxidant properties, and hydrophobic
nature, lignin has recently attracted considerable interest in the field of sustainable
packaging. Lignin-based composites have demonstrated distinctive features such as
ultraviolet (UV) protection, antimicrobial activity, and improved barrier performance
— properties that are typically lacking in conventional fossil-derived polymers (Zubair,
2024: 467-482).

Between 2020 and 2025, research into lignin-based packaging materials has advanced
considerably, with a growing body of literature addressing various aspects of their design
and functionality. In this context, the work of Zubair et al. provides a comprehensive
overview of lignin-based bionanocomposites tailored for active food packaging, with
an emphasis on physicochemical optimization and processing strategies (Zubair, 2024:
467-482). Javed et al. demonstrated the feasibility of integrating lignin into cardboard
coatings at pilot scale, supporting its industrial applicability (Javed, 2021: 1595).
Furthermore, the development of oxypropylated polylactic acid-lignin composites has
shown enhanced mechanical, thermal, and UV-resistant properties, indicating a viable
route toward scalable production (Liu, 2023: 116552).
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This review aims to provide a comprehensive overview of recent advancements in the
utilization of lignin for bio-based packaging applications. Particular attention is given to
lignin sources, structure-property relationships, functional performance in comparison
to synthetic polymers, and chemical modification strategies such as esterification and
transamination. In addition, the current limitations are discussed, and future research
directions are proposed to support the transition from laboratory-scale innovations to
commercially viable packaging solutions.

Materials and Methods. This review was conducted using a systematic literature
survey and comparative analysis approach to evaluate recent advancements in lignin-
based materials for bio-based packaging applications. Peer-reviewed journal articles,
conference proceedings, and authoritative reviews published between 2020 and 2025 were
selected to ensure up-to-date coverage of chemical modifications, material properties,
and functional performance of lignin composites. The primary databases consulted
included Web of Science, Scopus, PubMed, ScienceDirect, and Google Scholar, using
keywords such as “lignin,” “biopolymer packaging,” “lignin nanoparticles,” “chemical
functionalization,” “esterification,” “epoxidation,” ‘“amidation,” “glyoxalation,”
“transamination,” “barrier properties,” and “mechanical performance.”

Inclusion criteria focused on studies reporting structural characterization of lignin,
types of lignin used (kraft, organosolv, soda, or lignin nanoparticles), chemical
modification strategies, and evaluation of mechanical, thermal, barrier, UV, and
antioxidant properties in polymer matrices such as PLA, PBAT, PVA, and starch. Articles
were also included if they provided comparative assessments of lignin’s performance
relative to conventional petroleum-derived polymers or described potential industrial
applicability.

Data extraction involved collecting information on lignin source, molecular structure,
functional group content, composite preparation methods, and resulting material
properties. Where available, numerical values of tensile strength, Young’s modulus,
barrier performance, UV-blocking efficiency, thermal stability, and biodegradability
were recorded. Structural—property relationships were summarized in tables to facilitate
comparison of modification strategies, polymer compatibility, and performance
outcomes. The methodology emphasizes critical evaluation of trends, limitations, and
future prospects in the field of lignin-based sustainable packaging materials.

Results and discussions. Sources and Types of Lignin Used in Packaging
Applications. Lignin is a structurally complex, heterogeneous aromatic polymer
predominantly located in the secondary cell walls of vascular plants. Its composition and
properties vary significantly depending on botanical origin. Softwoods (gymnosperms)
generally contain 28-32 wt% lignin, which is primarily composed of guaiacyl (G)
units. In contrast, hardwoods (angiosperms) contain 18-25 wt% lignin, comprising a
mixture of guaiacyl and syringyl (S) units. Grasses (monocotyledons), on the other
hand, exhibit a lignin content ranging from 10 to 30 wt%, characterized by the presence
of p-hydroxyphenyl (H), guaiacyl, and syringyl units (Li, 2015: 11559-11624). The
relative abundance and distribution of these monolignol-derived units (H/G/S ratio)
significantly affect the physicochemical characteristics of lignin, including its reactivity,
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degree of crosslinking, solubility, and thermal stability. These properties are essential
in determining the suitability of lignin for specific packaging applications and influence
the design of functional materials based on lignin (Figure 1) (Li, 2015: 11559-11624;
Norgren, 2014: 409-416).

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

Figure 1 - Chemical structures of monolignols: the primary building blocks of lignin. Adapted from (L1,
2015: 11559-11624)

Industrial lignin fractions are derived through various pulping and biorefinery
processes, each yielding materials with distinct structural and chemical characteristics.
Kraft lignin is obtained under alkaline conditions in the presence of sulfur-containing
compounds. This process promotes extensive cleavage of f—O—4 ether linkages and
leads to the formation of condensed, guaiacyl-rich structures. As a result, kraft lignin
typically exhibits high molecular weight and a high degree of crosslinking, which can
pose challenges for reactivity and dispersion in polymer matrices (Wang, 2019: 449—
461). Organosolv lignin is extracted using organic solvents such as ethanol, methanol,
or acetone under relatively mild, often acid-catalyzed, conditions. The process yields
a sulfur-free lignin with low molecular weight and minimal condensation, resulting
in high purity and enhanced functionality — traits that make it particularly attractive
for material applications, including packaging (Kai, 2016: 1175-1200; Qian, 2014:
2156-2163). Soda lignin, produced via sulfur-free alkaline pulping (typically from
non-wood plants or agricultural residues), is less commonly investigated for packaging
purposes. However, it offers a promising sulfur-free alternative, generally characterized
by moderate molecular weight and good reactivity (Norgren, 2014: 409—416). The
purity, molecular structure, and abundance of functional groups - such as phenolic and
carboxylic moieties — differ markedly among these lignin types, thereby influencing
their processability, compatibility with polymer matrices, and ultimate performance in
composite packaging systems.

The suitability of various lignin types for packaging applications is influenced by
multiple interrelated factors, including molecular characteristics, chemical composition,
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and end-use requirements. Organosolv lignin typically possesses a lower molecular
weight and a higher proportion of cleavable p—O—4 linkages, which facilitates its
chemical modification and enhances its miscibility with polymer matrices (Kai, 2016:
1175-1200). Kraft lignin, in contrast, contains a higher concentration of phenolic and
aliphatic hydroxyl groups, offering considerable binding potential. However, due to
its high degree of structural condensation, it often requires chemical pretreatment to
improve its dispersibility and reactivity within composite systems (Wang, 2019: 449—
461). The presence of residual sulfur compounds in kraft lignin can be a limiting factor
in food-contact applications. In contrast, organosolv lignin is sulfur-free and generally
exhibits higher purity, thereby presenting fewer regulatory and sensory concerns (Qian,
2014: 2156-2163). In paper-based systems, coatings incorporating organosolv lignin
have been reported to enhance moisture resistance without significantly compromising
mechanical strength (Javed, 2021: 1595).  Alternatively, kraft lignin—derived
nanoparticles demonstrate notable UV-blocking and antioxidant properties, primarily
attributed to their phenolic content (Wang, 2019: 449-461).

Structural Features and Functional Properties of Lignin. Lignin is a complex
polyphenolic biopolymer composed of three principal monolignol units: p-coumaryl
alcohol (H), coniferyl alcohol (G), and sinapyl alcohol (S). Its highly heterogeneous and
irregular structure gives rise to variable amounts of phenolic, aliphatic hydroxyl, and
carboxyl groups, which in turn influence its chemical reactivity and interaction potential
with diverse polymer matrices (Javed, 2021: 1595; Wang, 2024: n.p.). For example,
lignin fractionated from wheat straw using an alkaline deep eutectic solvent (DES)
system exhibited a phenolic hydroxyl content of up to 9.6 mmol/g and carboxyl group
content of up to 2.5 mmol/g, significantly enhancing its reactivity and compatibility
with polymeric systems (Wang, 2024: n.p.)

In addition to its functional versatility, lignin displays inherent thermal stability,
making it a promising additive for improving the heat resistance of biopolymer-based
composites. Polylactic acid (PLA)/lignin nanocomposites incorporating kraft lignin have
shown enhanced thermal resistance relative to neat PLA, although a slight reduction in
the onset temperature of thermal degradation was observed at higher lignin loadings
(Ge, 2020: n.p.). The aromatic and phenolic components of lignin also contribute to its
barrier properties, enabling it to reduce oxygen permeability and block ultraviolet (UV)
radiation. These attributes, combined with its intrinsic antioxidant activity, offer protection
against photooxidative degradation and support its application in active and functional
packaging systems (Figure 2) (Javed, 2021: 1595). Moreover, the biodegradability of
lignin-rich composites is closely influenced by their functional group composition. In
particular, the presence of carboxyl and hydroxyl groups increases hydrophilicity and
microbial accessibility, thus facilitating more efficient biodegradation.
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Figure 2 - Representative reactions illustrating the antioxidant mechanisms of lignin. Adapted from
(Zubair, 2024: 467-482)

Compared to conventional synthetic polymers, lignin-based composites offer a unique
combination of advantages and limitations that are highly dependent on the polymer
matrix and modification strategy employed. For instance, polylactic acid (PLA) blends
reinforced with lignin have demonstrated improved mechanical strength; however,
they often exhibit a reduction in thermal transition temperatures, including the glass
transition (Tg) and melting point (Tm), relative to neat PLA (Ge, 2020: n.p.). In the case
of biodegradable polyesters such as poly (butylene adipate-co-terephthalate) (PBAT),
the incorporation of silane-grafted lignin has been shown to enhance tensile strength,
elastic modulus, and biodegradation rate — achieving up to 96% biodegradability
compared to unmodified PBAT (Brodin, 2021: n.p.). Furthermore, studies on barrier
performance indicate that the hydrophobic aromatic structure of lignin contributes
to improved resistance against oxygen permeation and ultraviolet (UV) radiation.
However, challenges related to dispersion uniformity and interfacial adhesion within
the composite matrix remain significant factors that must be addressed to optimize the
overall material properties (Zubair, 2024: 467-482; Boarino, 2023: 1065-1077).

Packaging Applications of Lignin—Based Materials. Lignin is increasingly
utilized as a functional additive in paper coatings and biodegradable polymer films
due to its capacity to enhance barrier performance and confer bioactive properties.
Laboratory-scale investigations have demonstrated that the incorporation of kraft
lignin into starch-based coatings significantly reduces water solubility and increases
surface hydrophobicity, particularly when used in combination with crosslinking
agents such as ammonium zirconium carbonate (AZC). However, certain drawbacks
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have been reported, including the formation of pinhole defects that may compromise
coating uniformity. To overcome such limitations, hybrid formulations incorporating
lignin, tannin, and ZnO nanoparticles have been developed, resulting in paper-based
packaging materials with improved mechanical strength, moisture resistance, and air
impermeability (Li, 2021: n.p.).

In the context of biodegradable polymer films, lignin and lignin nanoparticles (LNPs)
have been successfully integrated into various matrices, including polylactic acid
(PLA), polyvinyl alcohol (PVA), starch, and poly (butylene adipate-co-terephthalate)
(PBAT). These lignin-based composite films exhibit enhanced mechanical properties
and improved resistance to oxygen, moisture, and ultraviolet (UV) radiation, while
maintaining their inherent biodegradability (Ruwoldt, 2023: n.p.; Gaikwad, 2023: n.p.).

The functionality of lignin-enriched packaging materials is strongly influenced by
the dispersion quality of lignin within the polymer matrix and the nature of interfacial
interactions between the components. Uniformly dispersed lignin nanoparticles have
been shown to significantly improve mechanical strength, antioxidant capacity, and
overall material integrity, whereas poor interfacial compatibility often results in phase
separation and a decline in performance efficiency (Gaikwad, 2023: n.p.). Experimental
findings suggest that incorporating lignin at moderate concentrations — typically below
10 wt% achieves an optimal balance between ultraviolet (UV) protection and visual
transparency. In contrast, higher lignin loadings may adversely affect film clarity and
aesthetic quality (Ruwoldt, 2023, n.p.). The antioxidant and UV-shielding properties of
lignin are primarily attributed to its conjugated phenolic and carbonyl chromophores,
which absorb UV radiation and function as effective radical scavengers, thereby
enhancing the oxidative stability of the packaging material (Parit, 2022: n.p.; ACS
review, 2023: online first).

Lignin-containing composites generally exhibit improved tensile strength and elastic
modulus relative to conventional biopolymers, although these enhancements are largely
dependent on the degree of compatibility between lignin and the polymer matrix, as
well as on the uniformity of filler dispersion. Notably, lignin-based thermoset films and
coatings have been reported to maintain high transparency in the visible spectrum while
simultaneously offering effective UV protection and antioxidant functionality (Gaikwad,
2023: n.p.). In polylactic acid (PLA) systems, the grafting of lignin nanoparticles onto
compatible polymers has been shown to facilitate more homogeneous dispersion,
leading to increased tensile strength and enhanced oxidative stability (Gaikwad, 2023:
n.p.). Recent studies consistently indicate that lignin contributes to improved barrier
performance, radical scavenging activity, and UV resistance in biodegradable packaging
films, provided that appropriate strategies for interfacial compatibility and dispersion
are implemented (Ruwoldt, 2023: n.p.).

Chemical Functionalization of Lignin: Esterification, Epoxidation, Amidation,
Glyoxalation, Transamination. Chemical modification is essential to enhance the
reactivity, compatibility, and functionality of lignin for its use in packaging materials.
Among the most widely used strategies are esterification, epoxidation, amidation,
glyoxalation, and transamination. These pathways enable structural tailoring of lignin,
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facilitating better dispersion, interfacial adhesion, and integration within biodegradable
polymer matrices.

Esterification with carboxylic acids, anhydrides, or acid chlorides (e.g., acetic,
maleic, and succinic acids) introduces aliphatic fragments linked via ester bonds,
thereby increasing hydrophobicity and enhancing polymer-filler interactions (Figure 3)
(Libretti, 2024: 1234—1256). This method has been successfully applied to improve UV
absorption and thermal stability.

Lignin Lignin Lignin
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)j\ !+ palmitoyl, oleoyl, : )L ; :ciuc,pnq::‘mm.lé
- ; ! butyricmethayeryli
¢l SR “10undecenoyl chloride o N o R O)kRg _c_r_ﬂzw‘_‘;;myg;gg;
THF/DMF, Pyridine (1.40 equiv.), . o
20 h, RT; solventless possible s 1-Methylimidazole (cat), 50°C, 2h
\O o _  -HO o Z o -0

CI” R

OYR oH
(o]

Figure 3 - Schematic representation of lignin esterification with acyl chlorides (left) and acid anhydrides
(right). Adapted from (Libretti, 2024: 1234-1256)

OH

Epoxidation, typically achieved through the reaction of lignin with epichlorohydrin
under alkaline conditions, incorporates epoxy functionalities that allow lignin to act as
a reactive crosslinker in thermosetting systems such as epoxy resins and polyurethanes
(Figure 4) (Karoki, 2024: 7075-7096).
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Figure 4. Schematic representation of vanillin-based epoxide synthesis. Adapted from (Karoki, 2024:
7075-7096)

Amidation and related amination strategies, such as transamination, enable the

incorporation of nitrogen-containing functional groups into the lignin structure. These
modifications enhance interfacial interactions with polymer matrices and enable dynamic
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covalent bonding, which is particularly relevant for the design of covalent adaptable
networks (CANs). Notably, lignin-based vitrimers incorporating such functionalities
exhibit self-healing behavior, recyclability, and thermal reprocessability (Esakkimuthu,
2022: 7075-7096).

Glyoxalation and other aldehyde-based modifications improve the crosslinking
potential of lignin by introducing reactive aldehyde groups capable of forming covalent
bonds with lignin's hydroxyl functionalities. This results in enhanced mechanical
strength and improved adhesion within composite materials (Libretti, 2024: 1234—
1256). In particular, transamination reactions involving the dynamic exchange of
boronate esters or aminoacetoacetate linkages provide reversible bonding mechanisms,
further facilitating the development of reprocessable and thermally re-formable lignin-
based vitrimer systems (Esakkimuthu, 2022: 7075-7096).

The chemical functionalization of lignin plays a pivotal role in tailoring its performance
within composite materials. Esterification enhances the compatibility of lignin with
hydrophobic polymer matrices such as polylactic acid (PLA) and polybutylene succinate
(PBS), promoting uniform dispersion and mechanical reinforcement, particularly at low
filler loadings (< 10 wt.%) (Libretti, 2024: 1234-1256). Epoxidized lignin functions as
a reactive compatibilizer and crosslinking agent in epoxy and polyurethane systems,
leading to improved tensile strength, thermal stability, and interfacial adhesion (Karoki,
2024: 7075-7096).

Amidated and transamidated lignin derivatives support the formation of dynamic
covalent networks, as exemplified by lignin-based vitrimers that exhibit self-
healing properties, thermal reprocessability, and enhanced adhesion. These materials
demonstrate tensile strengths approaching 17 MPa and efficient stress relaxation
behavior, with activation energies ranging from 50 to 110 kJ/mol due to transamination-
based exchange mechanisms (Esakkimuthu, 2022: 7075-7096).. Glyoxylated lignin,
enriched in aldehyde functionalities, facilitates covalent crosslinking with hydroxyl
groups, thereby improving film cohesion and water resistance — attributes that are
particularly beneficial in coating formulations and flexible packaging applications
(Libretti, 2024: 1234—-1256).

Future Prospects and Industrial Challenges. Despite considerable progress at the
laboratory scale, the industrial-scale production of lignin-based packaging materials
remains constrained by several technical and regulatory challenges. One of the primary
limitations is the variability in lignin composition, which depends on the botanical
source and isolation method, leading to inconsistencies in physicochemical properties
and impeding standardization. Moreover, the inherent polarity and limited compatibility
of lignin with hydrophobic polymer matrices often result in phase separation and poor
dispersion, unless compatibilizers or surface modification strategies are applied —
thereby increasing process complexity and cost. Regulatory ambiguity, particularly in
relation to the safety of food-contact materials and the potential migration of lignin-
derived compounds, further hinders commercialization efforts (Boarino, 2023: 1065-
1077).

Nonetheless, lignin holds substantial promise as a multifunctional additive in

261



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

sustainable packaging systems. Its incorporation into biodegradable polymers such as
polylactic acid (PLA), polyhydroxyalkanoates (PHA), and polyvinyl alcohol (PVA) can
significantly enhance oxygen barrier properties, ultraviolet resistance, and antioxidant
activity. Particularly, lignin nanoparticles (LNPs) have demonstrated effectiveness at low
loadings (typically 3-10 wt.%), offering performance improvements without sacrificing
optical transparency or biodegradability. However, the prevention of nanoparticle
aggregation remains a key technical hurdle. With optimized formulation and improved
interfacial compatibility, lignin-based composites may emerge as viable alternatives to
conventional plastics in targeted applications such as active food packaging and fully
biodegradable film technologies (Zubair, 2024: 467-482).

From an economic standpoint, lignin represents a cost-effective raw material,
as it is abundantly available as a by-product of the pulp and paper industry and
emerging biorefinery processes. Its valorization offers the potential to enhance the
overall profitability of biomass processing chains. However, to achieve economic
competitiveness with petroleum-derived polymers, it is essential to reduce the costs
associated with lignin upgrading, including fractionation, purification, and chemical
functionalization. Technologically, the integration of lignin valorization pathways
into existing pulp mills and biorefineries offers synergistic benefits, such as improved
resource efficiency and reduced greenhouse gas emissions, thereby supporting the
principles of the circular bioeconomy (Boarino, 2023: 1065-1077).

Nevertheless, regulatory considerations present additional barriers. The limited
availability of comprehensive data on the migration behavior and toxicological safety
of lignin and its derivatives complicates their approval for food-contact applications.
Achieving regulatory compliance demands extensive safety testing and the generation
of detailed toxicological and analytical documentation, which often requires significant
financial and institutional investment (Gaikwad, 2023: n.p.).

To provide a comparative overview of lignin-based composites, Table 1
summarizes the key structural features, modification strategies, and resulting changes
in mechanical and barrier properties. It highlights how chemical and physicochemical
modifications—such as oxypropylation, nanoparticle formation, silane grafting,
esterification, epoxidation, transamination, glyoxalation, and hybridization with tannins
or metal oxides—affect tensile strength, Young’s modulus, and functional performance,
including UV-shielding, water resistance, and oxygen permeability. The table facilitates
identification of structure—property relationships and guides the evaluation of lignin-
derived materials for sustainable biopolymer packaging applications.

Table 1. Structure—property relationships in modified lignin-based composites

Structure Type of Mechanical Barrier / functional ~ Notes / Source
modification properties properties
PLA/lignin Unmodified Tensile strength at Oxygen permeability | Ge et al., 2020;
blends lignin; reactive | low loading increases; @ decreases; UV- experimental, low
extrusion slight thermal blocking increases | lignin loading

transitions decreases
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Oxypropylated
lignin (PLA)

Kraft lignin
nanoparticles
(PLA, PBAT
matrices)
PBAT/lignin
composites with
silane grafting

Organosolv lignin
(paper coatings)

Kraft lignin—
starch hybrid
coatings

Lignin/tannin/
ZnO nanoparticle
coatings

Epoxidized
lignin (thermoset
systems)

Esterified lignin
(PLA, PBS
systems)

Amidated /
transaminated
lignin (vitrimers)

Glyoxalated
lignin

Lignin
nanoparticles
(PVA-based
films)

Functional lignin
coatings (LNPs +
functionalization)

Oxypropylation
(etherification)

Nanoparticle
formation (self-
assembly)

Silane grafting

Unmodified;
coating
formulation

Blending; partial
crosslinking

Hybrid
modification

Epoxidation

Esterification
(acylation,
anhydrides)

Amidation &
transamination

Glyoxalation
(aldehyde
crosslinking)

Grafting onto
cellulose
nanofibers

LNPs +
functionalization

Tensile strength
increases, Young’s
modulus decreases;
improved ductility
Tensile strength 10-
40% depending on
loading increases;
improved stiffness
Young’s modulus
and tensile

strength increase;
biodegradability up
to 96%

Improved stiffness;
enhanced surface
hardness

Minor in mechanical
strength increases

Not quantified

Tensile strength
increases; improved
crosslink density;
enhanced thermal
stability

Young’s modulus
increases; improved
dispersion; better

toughness at <10 wt%

Tensile strength up to
+17 MPa; self-healing

Cohesion increases;

mechanical strength in

coatings increases

Tensile strength
increases; modulus
increases; improved
flexibility
Mechanical

reinforcement depends

on substrate
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UV-shielding
increases; moderate
water vapor
resistance decreases
Strong UV-blocking;
O: transmission
decreases; moderate
water barrier

Water resistance
increases; gas
permeability
decreases

Moisture resistance
increases; wettability
decreases
Hydrophobicity
increases; possible
pinholes affecting
barrier uniformity
Strong UV-blocking;
water absorption
decreases; air
permeability
decreases

Barrier properties
not reported

Hydrophobicity
reported; gas barrier
data limited

Barrier properties
not classical;
moisture resistance
improved

Water resistance
increases; film
durability data
limited

Strong UV
protection; oxygen
permeability
increases
UV-blocking;
oxygen scavenging;
antimicrobial

Liu et al., 2023;
confirmed at
low to moderate
loading

Zubair et

al., 2024,
experimentally
verified

Brodin et

al., 2021;
experimentally
verified

Javed et al., 2021;
confirmed for
paper coatings
Javed et al., 2021;
data limited

Lietal., 2021;
prospective /
experimental data
limited

Karoki et al.,
2024; data limited
to thermosets

Libretti et al.,
2024; partial data

Esakkimuthu
etal., 2022;

data limited to
vitrimers
Libretti et al.,
2024; data mainly
for adhesive/
coating systems
Parit et al., 2022;
experimentally
verified

Ruwoldt et

al., 2023; data
limited, substrate
dependent
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Conclusion. Lignin is a promising component for the development of sustainable
packaging materials due to its natural abundance, biodegradability, and multifunctional
properties. Incorporation of lignin into biopolymer matrices improves mechanical
strength, water and gas barrier performance, and provides antioxidant and UV-shielding
effects. The use of lignin nanoparticles and chemically modified derivatives allows for
better dispersion and enhanced compatibility with polymers such as PLA, PBAT, starch,
and PVA.

Esterification, epoxidation, amidation, and other chemical functionalization methods
improve interfacial interactions and enable the design of advanced material systems,
including recyclable networks and self-healing composites. Despite considerable
progress, challengesremainrelated to the heterogeneity of lignin sources, phase separation
in composite systems, and limited regulatory data for food-contact applications.

Further research is needed to standardize lignin feedstocks, optimize modification
techniques, and ensure compliance with safety regulations. With proper dispersion
and functionalization strategies, lignin-based composites can serve as efficient,
environmentally responsible alternatives to fossil-derived polymers in various packaging
applications.
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