ISSN 1813-1107, elSSN 2710-1185 MNe 4, 2025

Chemical Journal of Kazakhstan
Volume 4, Number 92(2025), 87-106 https://doi.org/10.51580/2025-4.2710-1185.53

no 3axasy peoakyuu
V]IK 547.458: 678.742.2

SUSTAINABLE DYNAMIC POLYMER NETWORKS FOR PACKAGING:
DEVELOPMENT AND PROSPECTS OF BIO-BASED VITRIMERS

A.K. Baidullayeval>®, R.N. Tuleyeva?®, M. Mussalimova?, 4. Taubatyrova?,
G. Toleutay?5, N.A. Bektenov*

1Bekturov Institute of Chemical Sciences, Almaty, Kazakhstan
2Satbayev University, Almaty, Kazakhstan
3Kazakh National Medical University named after S.D. Asfendiyarov, Almaty, Kazakhstan
“Research Institute of Advanced Materials, Almaty, Kazakhstan
SAl-Farabi Kazakh National University, Almaty, Kazakhstan
SUniversity of Tennessee, Knoxville, USA

“Corresponding author e-mail: ainasha.kz@list.ru

Abstract. Introduction. The development of biodegradable and recyclable polymer materials is a
key priority in the context of the global environmental crisis and the growing accumulation of plastic
waste. In recent years, a new class of materials-vitrimers-have been attracting significant interest due to
their unique combination of thermoset-like mechanical strength and reprocess ability enabled by dynamic
covalent bonding. Objective of the study. This review article presents current approaches to the synthesis
and application of bio-based vitrimers, primarily derived from epoxidized vegetable oils (EVO). Results
and Discussion. Chemical strategies for creating polymer networks are studied in detail, including
transesterification mechanisms, catalyst selection, and crosslink density control. The potential for
structural modification using natural additives such as cellulose and lignin is discussed with the aim of
enhancing mechanical, barrier, and antioxidant properties. Particular attention is given to the functional
performance of these materials, including thermal resistance, moisture stability, mechanical robustness,
self-healing capacity, and biodegradability. Recent research highlights the potential of this eco polymers
for practical implementation as packaging materials for various applications, including food,
pharmaceutical, and active packaging systems with biofunctional barrier properties. Conclusions. Special
emphasis is placed on the scalability of synthesis processes, durability under real-world conditions, and
environmental safety.
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Introduction

The accumulation of non-degradable plastic waste in global and aquatic
ecosystems pose a serious risk to environmental sustainability and human health.
Conventional thermosetting and thermoplastic polymers, widely used in
packaging, construction, and consumer goods, are primarily synthesized from
non-renewable petrochemical feedstocks and exhibit resistance to biological
degradation and recycling. As of 2023, the worldwide annual production of
plastics exceeds 390 million tons, with packaging accounting for more than 40%
of total plastic waste [1, 2]. This situation has stimulated an active search for
sustainable alternatives based on biodegradable and recyclable polymer systems
for packaging applications.

Among the recent innovations, vitrimers - a class of polymer networks with
dynamic covalent bonds - have attracted particular attention. These materials
combine the mechanical strength and thermal resistance of traditional thermosets
with recyclability and self-healing capabilities due to structural rearrangements
under external stimuli [3-5]. Unlike conventional crosslinked materials, vitrimers
possess the ability to undergo reversible topological rearrangements through
bond-exchange reactions, such as transesterification, imine exchange, or disulfide
bond exchange [6].

Current research trends focus on the development of bio-based vitrimers
derived from renewable resources, including epoxidized plant oils (EPO), bio-
acids, polyesters, and natural polymers such as cellulose, lignin, and starch [7,8].
Epoxidized oils - including soybean (ESO), linseed (ELO), and castor oils (ECO)
-are particularly attractive as building blocks due to their availability, low toxicity,
and high reactivity under dynamic crosslinking conditions [9]. Owing to their
biodegradability, flexibility for modification y (via epoxidation, glycidylation,
etc.), these oils serve as suitable platforms for the synthesis of next-generation
biomaterials [10-12].

Thermally stable, recyclable, and partially biodegradable polymeric materials
based on vitrimer chemistry have attracted increasing attention for applications in
packaging, coatings, adhesives, and composites, with a growing body of research
since the introduction of the vitrimer concept [13-15]. Research is focused on
improving their mechanical, thermal, and dynamic properties, as well as
expanding their application areas - including packaging, biomedical materials,
self-healing coatings, and biodegradable composites [16-18].

A key feature of such systems is their tunability in terms of composition and
structure: for example, the use of acids with varying functionality allows control
over network density, relaxation dynamics, glass transition temperature, and
biodegradability [19-21]. Simultaneously, there is increasing interest in systems
with additional functional properties, including self-healing ability, shape-
memory behavior, recyclability, and adaptive response to external stimuli. These
features are enabled by the presence of dynamic bonds in the polymer structure -
including boronic esters, disulfides, imines, and others.
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The incorporation of natural polymers (such as nanocellulose and lignin)
significantly enhances the mechanical strength, barrier properties, and UV
resistance of vitrimer systems [22, 23]. Hybrid materials derived from bio-based
sources hold great potential for the development of active packaging with
antioxidant, antimicrobial, and controlled biodegradation properties [24].
Moreover, such materials have the potential to meet modern international
standards for environmental safety, biodegradability, and recyclability [25, 26].

Despite the progress made, certain challenges remain. These include
component compatibility, especially when combining natural fillers with synthetic
matrices; retention of properties after multiple recycling cycles; scalability of
synthesis; and the lack of standardized protocols for assessing durability and
recyclability [27].

The purpose of this review is to systematize current knowledge on vitrimers,
with a focus on their synthesis, physicochemical properties, potential for
sustainable packaging solutions, and prospects for industrial implementation.
Particular attention is given to systems based on transesterification of epoxidized
oils and structural modification using cellulose and lignin.

Structural Features and Classification of Vitrimers.

Vitrimers represent a class of polymeric materials that combine the
characteristics of thermosetting and thermoplastic systems through the
incorporation of dynamically exchangeable covalent bonds into the polymer
network. The key feature of vitrimers lies in the ability of their three-dimensional
polymer networks to undergo topological rearrangements without loss of
crosslinking, enabled by associative bond-exchange reactions such as
transesterification, disulfide exchange, imine exchange, and urethane bond
exchange [28-30].

Morphologically, vitrimers are classified as post-crosslinked network
materials in which dynamic nodes enable reprocessing, self-healing, and stress
relaxation at elevated temperatures while maintaining structural integrity under
ambient  conditions. Observed properties distinguish  vitrimers  from
thermoplastics (which lack network structures) and conventional thermosets
(which lack reversible rearrangement capability) [31, 32].

The structural basis of vitrimers relies on dynamically associative bond-
exchange reactions that balance covalent stability with reversibility. The most
common mechanism involves catalyzed transesterification between hydroxyl and
ester groups, as found in systems derived from epoxidized plant oils and
multifunctional organic acids [33,34].

Several subclasses of vitrimers can be distinguished based on the type of
exchange mechanism: Ester-based vitrimers (the most extensively studied), where
the primary mechanism is transesterification; Disulfide-based vitrimers, which
rely on reversible exchange between S-S bonds; Imine-, boronic ester-, and
urethane-based vitrimers, which utilize less common reversible exchange
reactions. The functional properties of vitrimers - including activation
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temperature, viscoelasticity, self-healing efficiency, and solvent resistance — are
closely related to the type and density of dynamic bonds, the presence of
catalysts, the degree of crosslinking, and the chemical nature of the polymer
matrix [35-38].

Contemporary research focuses on the biotechnological adaptation of
vitrimer systems by replacing petrochemical components with bio-based
alternatives such as epoxidized plant oils, plant-derived polyols, and natural acids
including citric, succinic, and tartaric acids [39]. These materials offer not only
resistance to thermo-oxidative degradation but also meet key criteria for
biodegradability and compatibility with food and biomedical applications.

Thermoplastics Vitrimers Thermosets

Entanglements
Permanent cross-links

. Dynamic bond - _»y“ ——Q original bond
Exchange in Vitrimers . i@y Wnitidciged Bord
»

Figure 1 — Schematic comparison of the network topology of thermoplastics,
thermosetting polymers, and vitrimers.

The structural features of vitrimers are determined not only by the type of
covalent bonds but also by their spatial distribution within the polymer matrix.
Figure 1 illustrates a comparative topology of thermoplastics, thermosets, and
vitrimers, along with the mechanism of bond exchange in the presence of a
catalyst. Table 1 summarizes the key differences between these classes of polymer
materials in terms of process ability, thermal resistance, and the presence of
dynamic bonding mechanisms.

Table 1- Comparison of Main Types of Polymeric Systems

Characteristic Thermoplastics Thermosets Vitrimers

Type of Bonds Secondary (physical) | Covalent (permanent) | Covalent (dynamic)
Recyclability Yes No Yes (upon heating)
Self-Healing Ability No No Possible
Processing Temperature Moderate High Moderate/High
Solvent Resistance Moderate High High
Dynamic Bonds No No Yes
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A promising strategy also involves the development of hybrid vitrimers
containing natural modifiers (such as cellulose and lignin), which enhance
mechanical and barrier properties while providing adhesion, antioxidant activity,
and biocompatibility [40,41].

Renewable Components for Vitrimer Networks: Epoxidized Qils, Polyesters,
and Organic Acids

The development of bio-based vitrimers requires the selection of efficient
monomers and crosslinking agents that not only exhibit high reactivity but also
align with the principles of sustainable development. In this context, epoxidized
vegetable oils, polyesters, and organic acids derived from renewable sources are
of particular interest. Such components play a key role in the formation of
dynamically crosslinked networks with recyclability, self-healing capabilities, and
adaptive behavior.

Epoxidized vegetable oils (EVOs), particularly ESO, ELO, and ECO, are
widely used as low-toxicity, modifiable epoxy monomers in vitrimer synthesis
due to their reactive oxirane groups, with studies demonstrating their effective
crosslinking with natural acids, thermal resistance, and recyclability enhanced by
catalysts such as Zn(acac). or TBAB [42-46]. Bio-based polyesters such as
poly(butylene succinate) (PBS), polylactic acid (PLA), and poly(ethylene adipate)
are actively used as elastomeric matrices or soft segments in vitrimer systems.
These materials offer a high degree of biodegradability and good compatibility
with epoxidized vegetable oils, allowing for the tuning of flexibility and
mechanical strength. Polylactic acid can be functionalized with epoxy groups or
incorporated into formulations as a reactive polyester [47-49]. Figure 2 illustrates
examples of multifunctional organic acids used in the transesterification reactions
for synthesizing substances from epoxidized plant oils. These include citric,
tartaric, succinic, sebacic, maleic, and other acids, each contributing distinct
properties to the resulting networks.

o oH
o o
HO OH
oH o oM
s - Citric acid OH
M / \ s
o o

o OH Glutaric acid ’ Jutaticac

Figure 2 — Examples of monomers used in the transesterification reaction
to obtain some bio-based vitrimers.
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Multifunctional organic acids act as crosslinking agents due to their multiple
carboxylic groups. They readily undergo transesterification with epoxide groups,
forming dynamic covalent networks that are both elastic and recyclable. The
choice of acid affects key material properties, such as crosslinking density, glass
transition temperature (Tg), stiffness, and biodegradability. For instance, citric
acid leads to denser networks, enhancing rigidity, whereas sebacic acid
contributes to greater flexibility and elasticity [50-53].

There is also increasing interest in using aromatic bioacids (e.g., vanillic
acid, ferulic acid) to impart antioxidant and UV-barrier properties as well as to
improve thermal stability [54]. Table 2 presents a comparative overview of the

key renewable components used in vitrimer systems.

Table 2 — Characteristics and Functions of Renewable Components for Vitrimers

Component Chemical Nature Role in Vitrimer Network | Application Features
Epoxidized_ Aliphatic epoxy Primary epoxy monomer Widely_ st_udied in bio-based
Soybean Oil compound vitrimer systems
Epoxidized Multifunctional epoxy Crosslinking accelerator, Fast transesterification
Linseed Qil high network density reactivity
Epoxidized Hydroxy-functional Elasticity, additional Compatible with polyesters
Castor Oil epoxy functionality and acids
Poly (butylene . . Flexibility, Blended with ESO in hybrid
schigategl Aliphatic polyester biodegradab%lity systems Y
a-Hydroxy acid-based | Reinforcement, miscibility Transparency,

Poly (lactic acid)

polyester

with EVOs

biodegradability

Citric Acid

Tricarboxylic acid

Crosslinking agent, high
network density

Commonly used in food
packaging applications

Tartaric Acid

Dicarboxylic hydroxy

Tg enhancement,

Provides rigidity and

acid hydrophilicity thermal stability
- . Aliphatic dicarboxylic Flexibility, crosslinking, . . -
Succinic Acid acid biodegradability Low toxicity, high reactivity
Sebacic Acid Long-chalr) aliphatic Plastlu_ty, thermal Increases ela§t|_<:|ty without
acid resistance toxicity
- ; Aromatic acid with Antioxidant, thermal Imparts bioactivity and UV
Vanillic Acid - - .
phenolic group stabilizer protection

Transesterification Mechanisms and Dynamic Bond Exchange
Transesterification, a key mechanism in vitrimer networks based on

epoxidized vegetable oils, enables dynamic bond exchange between hydroxyl and
carboxyl groups, with catalysts such as Zn(acac).,, TBD, or
triazabicyclo[4.4.0]dec-5-ene significantly enhancing stress relaxation and
thermal reprocess ability, as demonstrated in systems using epoxidized soybean
oil and glucuronic acid [55-56]. The transesterification mechanism in vitrimers is
based on associative exchange, where a new bond is formed before the original
one is broken. This contrasts with dissociative mechanisms and ensures structural
continuity within the polymer network. As a result, this mechanism supports the
retention of thermal resistance and mechanical strength while enabling reprocess
ability and self-healing.

92



ISSN 1813-1107, elSSN 2710-1185 MNe 4, 2025

In addition to transesterification, other types of exchange reactions are also
utilized in vitrimer systems, including: Disulfide bond exchange, which provides
rapid response at moderate temperatures and is applicable in systems with
aromatic or aliphatic diphenyl disulfides [57]; Imine and boronic ester exchanges,
offering specific responses to moisture, acids, or bases [58]; Urethane bond
exchange, which requires higher temperatures but provides enhanced strength and
thermal stability [59].Depending on the chemical composition and the nature of
functional groups, these exchange reactions can vary significantly in terms of
Kinetics, reversibility, and activation energies, allowing for precise tuning of
vitrimer properties.

The incorporation of multiple dynamic bond types within a single system
enables the development of multifunctional vitrimers with enhanced performance.
For instance, the combination of transesterification and disulfide exchange can
yield materials that are simultaneously reprocess able and self-healing under
different thermal regimes [60].

As a result, the control of dynamic bond exchange mechanisms is a critical
element in the design of bio-based vitrimers with targeted functional properties.
Mechanisms of this type provide the foundation for developing sustainable next-
generation polymers suitable for applications in packaging, healthcare,
construction, and other industrial sectors.

Representative Formulations and Experimental Approaches

Developing of bio-based vitrimer systems requires the rational selection of
starting monomers, crosslinking agents, catalysts, and functional additives to
obtain polymer networks with targeted physicochemical properties. For instance,
ESO contains approximately 4.5 to 6.0 epoxy groups per molecule, exhibits high
reactivity, and is commercially available on an industrial scale. In contrast, ELO
has a higher degree of epoxidation, which contributes to the formation of more
rigid and thermally resistant networks, while castor oil, containing natural
hydroxyl groups, can be used either in its native or modified form to impart
additional flexibility [61-63].

Crosslinking agents are typically natural di- or polycarboxylic acids. The
most frequently used acids include TA, CA, SA, and GA. Such acids undergo
transesterification reactions with epoxy groups in the oils, forming ester linkages
and enabling dynamic reprocessing. To achieve optimal crosslinking, a molar
ratio of functional groups (COOH : epoxy) close to 1:1 is commonly established
[64-66].

Reinforcement with biopolymers-such as nanocellulose (CNF, CNC) and
lignin (organosolv or alkali types) - is typically carried out prior to crosslinking.
Nanocellulose enhances mechanical strength and barrier properties, while lignin
contributes antioxidant activity and UV resistance to the final formulation [67,
68]. These experimental approaches confirm the feasibility of creating sustainable
and functional vitrimers with tailored performance characteristics.
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Functional Role of Cellulose and Lignin in Vitrimer Systems

The incorporation of natural polymers such as cellulose and lignin into bio-
based vitrimer formulations significantly enhances their functional performance.
These components are not only biocompatible and renewable, but also play a
critical role in modifying the structure, mechanical behavior, and stability of the
resulting materials.

Cellulose and its Derivatives. Cellulose, including its nanostructured forms
(CNC and CNF), is widely used as a reinforcing agent. Due to its high modulus,
large specific surface area, and capacity for hydrogen bonding, cellulose
contributes to enhanced mechanical strength improved thermal stability; reduced
oxygen and moisture permeability through tighter packing in the polymer
network; improved environmental safety, as it does not negatively affect the
composite's toxicological profile.

Cellulose and lignin play crucial roles in enhancing the structural and
functional properties of epoxy vitrimer systems based on epoxidized plant oils.
Hydroxyl groups in cellulose actively participate in dynamic network
rearrangement via hydrogen bonding and covalent interactions with residual
epoxy or carboxyl functionalities. For instance, the incorporation of 3 wt.%
cellulose nanofibers (CNF) into an ESO/citric acid vitrimer matrix led to a 40%
reduction in water absorption and a 28% increase in elastic modulus, confirming
its barrier and reinforcing effects [69-70].

Lignin enhances vitrimer systems by providing UV shielding, antioxidant
and thermal stabilization, and by forming covalent and dynamic crosslinks
through its phenolic and carboxylic groups, as shown in ESO/succinic acid/lignin
composites with improved tensile strength and Tg elevation [71-72].

Figure 3 illustrates the sustainable development of epoxy vitrimers from
biomass-derived feedstocks (e.g., straw, corn, wood, and lignin) and highlights the
contribution of cellulose and lignin to key properties such as reprocess ability,
self-healing, UV resistance, and moisture barrier.

: o i

.
" /
Green chemical conversion % / \
. -

Straw / Husk,Corn (Starch-based source),Wood (Cellulose), Lignin Powder :Reprocessable | Self-healing | UV-resistant | Moisture barrier

Figure 3 — Functional contribution of cellulose and lignin in epoxy vitrimer systems
derived from biomass and epoxidized plant oils.
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Physicochemical Properties and Functional Characteristics of Bio-Based
Vitrimers

Bio-based vitrimers represent a class of dynamic polymer networks that
uniquely combine the rigidity and strength of thermosets with the adaptability of
reversible covalent chemistry. These materials exhibit a complex interplay
between chemical composition, network architecture, and dynamic exchange
reactions, allowing for the modulation of key performance parameters relevant to
advanced material design. In particular, systems based on epoxidized plant oils
and multifunctional organic acids demonstrate promising physicochemical
characteristics aligned with the principles of sustainable development.

Mechanical robustness remains one of the critical properties defining the
application potential of vitrimers. Through precise adjustment of the crosslinking
density and strategic incorporation of reinforcing fillers, such as nanocellulose, it
is possible to tailor tensile strength and elasticity. For instance, in an ESO-based
matrix crosslinked with citric acid, the addition of 3 wt. percentage cellulose
nanofibers resulted in a 28% increase in elastic modulus due to the formation of
an extensive hydrogen-bonding network between the filler and the polymer
matrix [73]. Such formulations provide not only structural reinforcement but also
dimensional stability under stress.

Thermal properties of vitrimers, specifically the glass transition temperature
(Tg) and thermal degradation onset, are strongly dependent on the chemical
nature of the acid crosslinkers and catalysts employed. In systems utilizing
Zn(acac): as a catalyst, Tg values can reach 60-65 °C. Further enhancement is
achieved through the introduction of polyester segments or rigid aromatic diacids
such as ferulic or vanillic acid, enabling the elevation of Tg to approximately
80 °C while simultaneously improving resistance to thermal oxidation and UV
degradation [74, 75]. These findings emphasize the potential of structural
modification for the creation of thermally stable and environmentally resilient
polymer networks.

One of the biggest advantages of vitrimeric systems lies in their intrinsic
ability to undergo topological rearrangements under thermal activation, endowing
them with a self-healing function. Dynamic transesterification is responsible for
this phenomenon, as ester groups are capable of incessant exchange when
subjected to appropriate environments. Reports indicate that complete self-healing
of mechanical damage can be achieved within 30 minutes at 150 °C, without
significant loss of mechanical integrity, making such materials highly attractive
for protective coatings and packaging systems with prolonged service life [76].

Equally important is the reprocess ability of vitrimers, which arises from the
associative mechanism of bond exchange that preserves crosslink density during
reconfiguration. The inclusion of organic catalysts such as TBD or imidazole
dramatically lowers the energy barrier for exchange reactions, allowing for
effective reprocessing at moderate temperatures below 180 °C [77]. This feature
offers a pathway toward the circular utilization of polymeric materials and aligns
with the objectives of sustainable manufacturing practices.
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In barrier-critical packaging, cellulose nanofillers improve moisture
resistance by reducing permeability, while PLA-ESO composites show 60%
biodegradation in 90 days. Integrating transesterification and disulfide exchange
enables dual-responsive networks with self-healing, enhanced creep resistance,
and durability, supporting versatile applications across various industries [78-80].

Such multifunctional networks offer new avenues for designing adaptive
materials with customizable properties for diverse industrial sectors.

Applications of Bio-Based Vitrimers in Packaging and Environmental
Considerations

The tightening of international standards and increasing public demand for
reducing plastic pollution drives the growing interest in environmentally friendly
and functional packaging materials. Contemporary research is focused on the
development of sustainable polymer systems that meet the requirements of
biodegradability, recyclability, and carbon footprint reduction. In this context, bio-
based vitrimers featuring dynamic covalent bonds demonstrate significant
potential as innovative materials for packaging applications.

One of the key advantages of vitrimers derived from epoxidized vegetable
oils and bio-organic acids is their reprocessability and self-healing capability,
while maintaining high thermal and mechanical stability. These properties are
particularly valuable in packaging production, where materials must retain form
and barrier functionality under varying conditions of storage, transportation, and
recycling. Transesterification-based networks, as demonstrated in experiments,
remain stable at temperatures up to 250-280 °C and exhibit effective healing after
damage upon heating [81].

Vitrimer composites containing lignin and nanocellulose exhibit enhanced
barrier properties and maintain recyclability. Dynamic matrices ensure fixation
and release of antioxidant and antimicrobial agents under humidity or heat [84].
Trials in China, the US, and EU demonstrate effectiveness in packaging for meat,
dry goods, and electronics [82-85]. A crucial stage in the development of
biodegradable packaging is Life Cycle Assessment (LCA). Modern LCA studies
on vitrimers report a 30-60% reduction in carbon footprint compared to PET or
PP counterparts, while maintaining strength and recyclability. Particularly
favorable LCA profiles have been found for systems based on ELO or castor oil,
sourced from non-food and rapidly renewable resources [86].

The successful use of polymers depends on disposal strategies and
infrastructure. Some require industrial composting or pre-shredding. Hybrid
systems, such as vitrimer—PLA composites or paper laminates, enhance
degradability. Reusable and repairable packaging concepts are gaining traction.
EU initiatives are promoting certification and circular bioplastics standards. Bio-
based vitrimers demonstrate strong alignment with the evolving demands of the
modern packaging industry—encompassing functionality, safety, recyclability,
and environmental responsibility. Their full life cycle and functional circularity
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are illustrated in Figure 4a and 4b, highlighting their promise in sustainable
packaging.
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Figure 4 — a) Circular development cycle of bio-based vitrimers showing stages from biomass sourcing to
end-of-life reuse or biodegradation; b) Functional circularity of bio-based vitrimers including synthesis,
application, and sustainable material recovery.

Prospects for the Development of Bio-Based Vitrimers

Recent advances in bio-based vitrimer research highlight progress toward
sustainable, reprocess able polymers, with future directions focused on raw
material diversification, multifunctional architectures, industrial scalability, and
circular integration, as demonstrated by catalyst-free, flame-resistant systems [87]
and multifunctional vitrimers based on glycyrrhizic acid and ESO with self-
healing and shape-memory properties [88].

Recyclability of fiber-reinforced composites remains a critical challenge.
Researchers have developed carbon fiber composites based on ESO that can be
fully reprocessed without compromising mechanical performance, opening
opportunities for the transportation and aerospace sectors [89]. Such systems
require a balance between structural stability and reversibility, achieved by
precisely tuning the density of dynamic bonds.

Another innovative direction is the synthesis of vitrimers containing multiple
types of dynamic bonds (e.g., disulfide, ester, and urethane), enabling unique
property profiles. A recent review describes an epoxy vitrimer with both acetal
and disulfide linkages, resulting in high strength, reprocess ability, and
degradability — ideal for biodegradable packaging systems [90].

Scalability and standardization are key goals in polymer network
development. A Kinetic study of epoxy-based dynamic systems aids large-scale
production planning. In sustainable 3D printing, a tartaric acid—based
photopolymer vitrimer shows strong performance and eco-benefits over acrylates.
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Life cycle analyses confirm biosystems’ role in lowering energy use and ensuring
safe disposal. Additionally, incorporating ESO into starch/PBAT blends boosts
biodegradability to 78.5% in 120 days while enhancing strength, supporting its
use in green packaging [91-94].

Growing interest in smart packaging has led to the development of bio-based
vitrimer systems with adaptive properties, such as castor oil-based photo-
responsive networks for self-healing and pharmaceutical applications [95], and
universal soybean oil-based epoxy resins with high adhesion and film-forming
capabilities for eco-friendly coatings and packaging supported by sustainability
initiatives in China [96]. Future development of bio-based vitrimers lies in the
creation of multifunctional, adaptive, scalable, and environmentally safe
materials. Their applications extend beyond packaging to include electronics,
biomedicine, transportation, and construction. However, industrialization will
require continued work on property standardization, long-term durability,
economic efficiency, and sustainable life-cycle performance.

Conclusion

The development of bio-based vitrimers represents a vital direction in the
creation of sustainable and functional polymeric materials. Due to the presence of
reversible covalent bonds, these systems combine reprocess ability, thermal
stability, self-healing, weldability, and controlled biodegradability. This makes
them particularly promising for applications in smart packaging, medical devices,
and other areas where both environmental safety and high performance are
required.

Integrating vitrimers into the framework of a circular economy necessitates
an interdisciplinary approach that includes renewable-resource-based synthesis,
life cycle assessment, process standardization, and compliance with
environmental regulations. The use of epoxidized vegetable oils, bio-acids, and
natural modifiers enables a high level of sustainability and functionality without
compromising the mechanical integrity of the materials.

Overall, vitrimers represent a promising direction in sustainable materials
science, and Kazakhstan holds significant potential for advancing this area in the
coming years, provided there is strategic scientific and institutional support. The
relevance of further research lies in the potential of these materials to be adapted
to local resources, scaled up for industrial use, and aligned with international
sustainable development standards.
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Tyiiinaeme. Kipicne. BUOBIIBIpaHTBIH JXKOHE KaiTa eHieyre »xapambl IMOJUMEpIi MaTepuaiapibl
azipiiey — okahaHIBIK SKONOTHMSUIBIK JAFiapbic IEH IUIACTHKAIBIK KaJJbIKTapAbIH JKHHATybIHA
OaiiaHbICTI ©3¢KTi Mocesenep i Oipi. COHFbI XKbUIAAPHI BUTPUMEIED JICI aTAlaThIH )KaHA MaTepHaiaap
KJIachl TEPMOPEAKTHBTI MOJMMEpIIEPre TOH MEXaHHKAJbIK OCpIKTIK MeH JHHAMHKAIBIK KOBaJICHTTI
OaiiiaHbICTap apKbUIBI KaiiTa eHIeNly KaOuleTiHiH Oipereil yiiimeciMi apkachlHOa YIKEH KbI3BIFYIIBUIBIK
Tyablpyna. 3epmmey makcamel. Byn mony Makanana HeTi3iHEH SMOKCHUATENreH OCIMIIK MaiilapbiHaH
aJbIHFaH OHMOHEri3[i BUTPUMEpJEpIl CHHTE3ey MEH KOJAaHYJbIH Ka3ipri Tociigepi KapacThIPbUIAIBL.
Homuoicenep men manxvliay. IlonuMepii Topiapabl KypyFa apHajIfaH XUMUSUIBIK CTpATErusap, COHBIH
IIiHAe TpaHCOHTEpU(UKALUSI MEXaHH3MIEpI, KaTaau3aTopiiapibl TaHIAy >KOHE TOPIAHY THIFBI3/BIFbIH
Oackapy erxei-Terkeili TannaHaapl. Llemnono3a MeH JMIHHH CUSIKTBI TaOMFHM KOCHAapibl KOJNIaHy
apKbUIbl  MEXaHUKAJbIK, Oapbepsik JKOHE AaHTHOKCHIAHTTBIK KACHETTEepIl apTThpy  neyerTi
KapacTeIpbuiazbl. Byl MaTepuanmapIblH KbULYy TYPAKTBUIBIFBI, BUIFAIFa TO3IMIUII, MeXaHHKAIBIK
OepikTiri, e3miriHeH KalmblHA Kely KaOuleTi »oHe OHOBLABIpaybl CHSKTHI  (DYHKIMOHAJIBIK
cumaTrTaManapblHa epekiie Haszap aynapbuUianbl. Kasipri 3eprreysnep OHOHeri3mi BUTpHUMEpPIEpIiH
TaraMJIbIK, (hapMalleBTUKAIbIK JkoHe OMOQyHKIMOHANABI Oaprepliik KacuerTepi Oap Oeincenni opamanap
CHSIKTBI OPTYpJIi MaKcaTTap YIIH NPaKTHKAIbIK KOJNIaHy deyeTiH kepcereni. Kopeimuinowv. byn mory
JKAHAPTBUIATHIH INHMKi3aTKa HETI3/IeNreH BUTPUMEpJIEpl d3ipiey MeH KOJJaHy CajlachIHIArbl COHFBI
FBUIBIMH JKETICTIKTEP/Ii )KUHAKTAI, TYPAKThI IaMy MEH PECypC YHEM/IEY TEeXHOJIOTHsIaphl KOHTEKCTIH/ET]
OJIaH apFbl 3epTTEY OarbITTapbIH AHBIKTAHIBL.
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KOBQJICHTTIK OailaHbICTap, TpaHCIHTepU(DUKAIKs, OHOBLABIPAWTHIH OpaMa, I[eJUI0I03a, JIUTHHH,
TEPMOPEAKTHBTI MOJMMEpIIEp, TYPaKThl MaTepuajiap, Kaita eHJeyre »apaMabUIbIK, (YHKIMOHAIIBIK
TTOJIMeEpIIep.
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Pe3ome. Bseoenue. Pa3zpaboTka OuopasnaraeMblXx © MPUTOAHBIX K MepepabOTKe MOIUMEPHBIX
MaTepHaIoB SBISIETCS KIIOYEBBIM NPHOPHTETOM B YCIOBHSX IJIOOATBHOTO 3KOJOTMYECKOrO KpHU3Uca U
pacTyIero HaKOIUICHHSI MJIACTHKOBBIX OTXOAOB. B IOCieaHHE ToJbl 3HAYUTEIbHBI HHTEPEC BHI3BIBACT
HOBBII KJIaCC MAarepHalioB — BUTPUMEpbl — Oyiarojapsi yHHKaIbHOMY COYCTAHHUIO MEXaHHYECKOU
MIPOYHOCTH, HPHUCYIIEH TEPMOPEAKTUBHBIM MOJIUMEPaM, 1 BO3MOXKHOCTH IepepadoTKu, oOecreunBaeMoi
3a Cu€T JAMHAMHYECKHX KOBAJCHTHBIX CBsi3eil. [lenv uccredosanus. B paHHO# 0030pHOI cTaThe
MPE/ICTABICHBl COBPEMEHHBIC IOIXOJbl K CHHTE3y M INPUMEHEHHIO OHOOCHOBAHHBIX BHUTPUMEPOB,
MOJYyYSHHBIX TNPEUMYLICCTBEHHO M3 OSHOKCHAMPOBAHHBIX pPACTUTENBHBIX Macen. Pesyrbmamosl u
o6cyacoenue. 11onpoOHO paccCMOTPEHbI XUMUUECKUE CTPATErUH CO3/IaHUs MOJMMEPHbIX CeTeH, BKIIIOYas
MEXaHU3Mbl ~TPAHCOHTEPU(UKALKK, BBHIOOP KATAIM3aTOPOB W  KOHTPOJb IUIOTHOCTH — CLIMBKH.
OO0cyxIaercsi MOTSHIMANl CTPYKTYPHON MOJU(HUKALIMU C UCIIOJIb30BaHUEM MPUPOAHBIX J100aBOK, TAKUX
KaKk LEJUII0JI03a M JIMTHUH, C LEJbI0 IOBBIICHUS MEXaHWYECKUX, OapbepHBIX M aHTHOKCHIAHTHBIX
cBoiictB. Ocoboe BHMMaHHUE yJeneHO (yHKIMOHAJIBHBIM XapaKTePUCTHKAM THX MaTepHUalioB, BKIIOYAs
TEPMUYECKYIO CTOMKOCTb, YCTOMYHMBOCTh K BJare, MEXaHHYECKYI0 MPOYHOCTb, CIIOCOOHOCTH K
CaMOBOCCTAHOBJICHHIO U OuopaznaraeMoctb. COBPEMEHHbBIC HCCIICAOBAaHMS MOMYCPKUBAIOT MOTCHIHAI
OHOOCHOBAHHBIX BUTPUMEPOB ULl IPAKTHYECKOTO IPUMEHEHHUs] B KAUeCTBE YIIAKOBOYHBIX MaTEPUaIOB
JUISL  pasliMYHBIX LeJed, BKIIOYas MHIIEBYIO, (ApMaleBTHYECKYI0 M aKTHBHYIO YIIAaKOBKY C
0610 YHKINOHAIBLHBIMU OapbepHBIMU CBOMCTBaMU. 3akmiouenue. O030p 0000IIaeT akTyallbHbIC HAYyYHBIC
JOCTIDKEHHS B 00JIaCTH pa3paOOTKH U NMPUMEHEHHs BUTPUMEPOB Ha OCHOBE BO30OHOBIISIEMOTO CHIPBS U
ornpezeNsieT NPUOPUTETHBIE HANPABICHUS Ul JAIBHEHIINX HCCIIEOBAaHUH B KOHTEKCTE YCTOHYHBOIO
Pa3BUTHS U peCcypcocOeperaoInx TeXHOIOTHA.

KaroueBble ciioBa: OHOOCHOBaHHBIE BHTPUMEPBI, AIOKCHUIMPOBAHHBIE pACTHUTENbHBIE —Macia,
JMHAMHYECKHE KOBAJICHTHBIE CBSI3M, TPAaHCOHTEpU(HKaAlMs, Ouopasiaraemas YIAaKOBKa, LEJUI0JI03a,
JIUTHUH,  TEPMOPEAKTUBHBIE  MOJMMEpBI,  YCTOMYMBBIE  Marepualisl,  IepepadaThBacMOCTh,
(YHKIHOHAIBHBIC TTOJIMMEPBI.
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