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This review critically examines the potential of chitin nanowhiskers (ChNWs) as high-performance
reinforcement materials for the plastics industry, with a specific emphasis on their impact on composite
properties. It provides a structured overview of established ChNW preparation techniques—acid hydro-
lysis, oxidation, mechanical disintegration, and green solvent processing—and discusses advanced fabri-
cation strategies for producing ChNW-reinforced composites of both natural (e.g., cellulose, chitosan,
starch, hyaluronan) and synthetic (e.g., polyvinyl alcohol, poly(a-cyanoacrylate), polyaniline, polyethylene
terephthalate, polypropylene) types. Key performance enhancements include increased mechanical
strength, tensile strength, Young's modulus, thermal stability, and water resistance. These enhancements
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make ChNW-based composites suitable for real-world applications in aerospace, biomedical devices,
packaging, and construction. Unlike previous reviews that emphasize only processing methods, this work
identifies and highlights structure—property relationships as a central theme, bridging nanoscale mor-

Open Access Article. Published on 19 June 2025. Downloaded on 11/6/2025 12:18:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rscapplpolym

“Fiber and Biopolymer Research Institute, Department of Plant and Soil Science,
Texas Tech University, TX 79409, USA. E-mail: jshamshi@ttu.edu

bDepartment of Chemistry and Biochemistry, Texas Tech University, TX 79403, USA

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d51p00104h

1 These authors contributed equally.

Reshma Panackal Shibu is a
Ph.D. student and Graduate
Research Assistant at Texas Tech
University in Dr Shamshina’s
research group. She specializes
in the processing, isolation, and
application of biopolymers—pri-
marily nanochitin—for advanced
material synthesis. Her current
research aims to create high-per-
formance materials by harnes-
sing the unique properties of
nanochitin.

Reshma Panackal Shibu

© 2025 The Author(s). Published by the Royal Society of Chemistry

phology with macroscopic functionality.

1. Introduction

1.1. Overview of chitin and its potential as a reinforcement
material

The field of nanotechnology has witnessed significant growth,
with increasing focus on nanocomposites due to their
improved mechanical strength, electrical conductivity, and
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Fig. 1 Chitin structure.

thermal stability. A substantial portion of research centers on
polysaccharide nanomaterials derived from renewable semi-
crystalline biopolymers, such as chitin, valued for their high
strength, large surface area, abundance, and renewability.
Chitin is a linear polysaccharide found in the exoskeletons of
crustaceans, and the protective tissues of invertebrates such as
insects. As a waste product, rather than a nonrenewable com-
modity based on fossil fuels, chitin is expected to have a low
environmental impact.” Structurally, chitin is similar to cell-
ulose, but features an acetamide group on the C-2 carbon
atom replacing the hydroxyl group found in cellulose (Fig. 1).?
Chitin exists in nanosized microfibril form within the struc-
tural scaffold of crustaceans, insects, or fungi.“'5 Among these,
crustaceans represent the largest source of chitin, with global
aquaculture production of crustaceans exceeding 11.88 million
metric tons (MT) per annum in 2021.° Studies on the lobster
cuticle (Homarus americanus) have demonstrated that the crus-
tacean shells exhibit a highly organized hierarchical structure’
primarily composed of chitin, proteins, calcium carbonate,
and smaller quantities of lipids and astaxanthin. Sugar mono-
mers of N-glucosamine form the chitin chains which assemble
into semicrystalline structures featuring alternating amor-
phous and nanocrystalline domains stabilized by hydrogen
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bonds and van der Waals forces.® ' These nanocrystalline
units typically have diameters of ~2-5 nm."* The semicrystal-
line structures form chitin nanofibrils, which are further
bundled into microfibrils with diameters of ~20-100 nm,
oriented along the longitudinal axis. The microfibrils are
encased in a sheath of proteins and assembled into elongated
fibrils. The chitin—protein fibrils are organized into planar
layers that stack to create a Bouligand structure, a higher-order
3D helicoidal arrangement that enables the exoskeleton to
resist fractures.'® To achieve this helicoidal structure, adjacent
planar layers of chitin—protein fibrils rotate at a constant
angle, completing a full 180° rotation. This Bouligand struc-
ture is also mineralized allowing it to withstand high-velocity
impacts. The anisotropy ratio of the elastic modulus varies
throughout the structure, decreasing progressively from 4.25
for single-crystalline chitin to 1.75 for mineralized chitin-
protein nanofibrils and 1.4 in the fully developed helicoidal
Bouligand structure.

To utilize chitin in nanoform from mineralized chitin-
protein nanofibrils for the development of promising bioma-
terials, the amorphous domains must first be removed. This
process, detailed in the next section, can be achieved through
methods such as mechanical shearing, high-pressure hom-
ogenization, chemical or enzymatic hydrolysis, or oxidation.
Once the amorphous domains are eliminated, the remaining
crystalline domains can be isolated on a nanoscale. These
nanosized crystalline particles can be categorized as chitin
nanocrystals (ChNCs), nanowhiskers (ChNWs), or nanofibers
(ChNFs), collectively referred to as nanofillers, which differ in
size and morphology. ChNCs or ChNWs are rod-like, whisker-
shaped particles with a crystalline structure. Their dimensions
typically range from 50-500 nm in length and 5-20 nm in
width, depending on the source biomass."*™*® ChNFs exist as
long, flexible fiber networks with a fibril diameter of 2-5 nm
and lengths extending from several hundred nanometers to
several microns, making them significantly larger than
ChNWs.'*'®'7 The distinct size and shape of these nanofillers
contribute to their versatility and applicability in advanced bio-
material systems.

These nanosized crystalline particles have emerged as novel
nanomaterials offering unique size-dependent properties.'®
Particle influences key characteristics such as
diffusivity, viscosity, chirality, phase transitions from iso-
tropic to anisotropic states, immunogenicity,”* nanocomposite
transparency,” and light transmission,®® all of which are
important for material manufacturing. These nanomaterials
are lightweight, with an average density of 1.45 ¢ m™,>*° and
feature a high aspect ratio ranging from 20-100."">*>° They
also exhibit exceptional mechanical properties, including an
elastic modulus of ~120-150 GPa, a transverse modulus of
~15 GPa,”® Young’s modulus of ~40 GPa,> and tensile
strength of ~170 MPa."®*® From a materials engineering per-
spective, chitin nanofillers are particularly appealing as renew-
able and sustainable materials, suitable for a diverse range of
applications. These include adhesives®® and coatings,***"
rheology®* and barrier property modifiers,**** food/cosmetic

size
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additives,® iridescent sensors,*® liquid ecrystals (LC),”’
polymer reinforcements, cement*® and concrete strength and
durability enhancements,*® and more. Furthermore, chemical
modifications such as oxidation, esterification, and grafting
have expanded the potential of nanochitin-based products
endowing them with fascinating new properties.>® Due to
their high longitudinal and transverse modulus, these par-
ticles are particularly valuable as reinforcing materials in ther-
moplastic and thermoset plastics.” The incorporation of
nanochitin particles into various plastics enables the pro-
duction of advanced materials with superior properties. These
enhanced plastics find applications across various industries,
from aerospace to medical devices.

The currently used industrial fillers - fiberglass,** carbon
nanotubes,”® graphene nanoplatelets,” nanoclays,”>*® and
mineral fillers,>*”*® - are plagued by several significant
issues, including: (1) heterogeneity and lack of proper bonding
with polymers of organic origin;***°~>? (2) high density, which
increases the weight of the composites,"® impacting appli-
cations requiring lightweight materials; (3) high abrasiveness,
which causes wear and tear on processing equipment, shorten-
ing device lifespan;”>>* (4) high hardness, which complicates
polishing and coating processes;*>® (5) reduced toughness
and ductility which leads to brittleness in composites;"* (6)
high cost which limits widespread adoption in cost-sensitive
applications;**”" and (7) non-compostability which restricts
use to non-biodegradable plastics, contributing to environ-
mental concerns.>**%%>>7

More specific problems with “traditional” filler materials
are as follows. Fiberglass fiber-reinforced polymer composites
(so-called GFRP composites) common in electronics, aero-
space, and automotive industries®® suffer from poor rigidity,
low fatigue resistance, and weak strength perpendicular to
fiber alignment (as low as 5%).>° Manufacturing and testing
are complex and specialized, and the material’s density adds
weight.®® Carbon nanotube (CNT)-based nanomaterials and
graphene nanoplatelets exhibit remarkable mechanical, elec-
trical, and electron transport properties expanding their appli-
cations in areas ranging from energy harvesting to electronic
skin to reinforced plastics.’™®> However, their high costs limit
their usage. Clay and mineral filler materials (e.g., silica, talc,
mica, kaolin) are widely used in the plastics industry, e.g., for
automotive parts, multilayer films, high-barrier bottles and
containers, packaging applications, furniture, and household
appliances, due to their excellent mechanical properties
(tensile, stress, and elongation), high thermal stability,
reduction of gas and liquid permeability, improvement of
dynamic mechanical performance, and flame retardancy.®®
However, their use is necessitated by thermoplastics’ inherent
limitations, including shrinkage during molding, stiffness,
and they contribute to weight and brittleness.

Optimizing the benefits of fillers while minimizing their
drawbacks is an essential industrial goal that significantly
influences product properties, including cost, processing
efficiency, shrinkage, stiffness, heat resistance, flammability,
appearance, aging, and toughness.®® Chitin nanofillers offer a

2
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sustainable solution as they are organic, bind effectively with
organic polymers, and exhibit low density, hardness, and abra-
siveness, all while enhancing material stability. Due to their
nanoscale dimensions and exceptionally high surface-to-
volume ratios, they provide a significantly larger interface area
between the matrix and filler. The addition of a small amount
of ChNWs, typically 0.1-0.5 wt%, leads to marked improve-
ments in composite properties.”

This review focuses on the potential of ChNWs as reinforce-
ment materials for the plastic industry, emphasizing their role
in improving composite properties. It will cover the methods
for manufacturing ChNWs (summarized briefly due to exten-
sive existing literature), technologies for preparing biocompati-
ble and biodegradable chitin nanofiller composites, and
factors affecting property enhancements, such as the amount
and dispersion of chitin, matrix-filler interactions, and proces-
sing methods (e.g., in situ polymerization, casting, nonaqueous
solvent dispersion, and post-solution blending). Critical pro-
cessing conditions, including reaction time and temperature,
will also be analyzed, along with an evaluation of various plas-
tics reinforced with nanostructured chitin and the impact of
ChNWs on mechanical, thermal, and optical properties. This
review excludes the use of biopolymers other than chitin (e.g.,
chitosan, cellulose) and reinforced plastics that are mentioned
in the literature but lack supporting characterization data. The
novelty of this review lies in its focused analysis of structure-
property relationships of nanochitin in polymer matrices—a
crucial aspect largely overlooked in the current literature.
Unlike previous reviews that emphasize only processing
methods, this work identifies and highlights structure-prop-
erty relationships as a central theme, bridging nanoscale mor-
phology with macroscopic functionality.

Despite the extensive literature on ChNW extraction and
processing, few reviews address how the intrinsic structure
and surface chemistry of nanochitin directly influence compo-
site performance. This review fills that gap by analyzing struc-
ture-property relationships, thereby offering a deeper under-
standing of how nanochitin’s nanoscale characteristics affect
dispersion, interfacial bonding, and bulk mechanical
properties.

The incorporation of nanochitin into synthetic and natural
polymers has yielded reinforced plastics with significant
enhancements in tensile strength, thermal stability, and water
vapor barrier properties—critical for applications in bio-
medical devices, sustainable packaging, and lightweight con-
struction materials. These real-world applications underscore
the value of ChNWs as multifunctional, sustainable additives
capable of replacing mineral and petroleum-derived fillers in
high-performance plastic systems.

1.2. Summary of preparation methods for nanochitin

The preparation of ChNWs primarily relies on hydrolysis, a
method first developed in 1959 and extensively utilized since
(Table 1). This process involves treating chitin polymer with
hydrochloric acid (HCI) which removes disordered regions of
chitin, leaving acid-resistant crystallized sections (Table 1).'%°¢%8
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Boco Technology, Inc. (Toronto, Canada) has commercialized
the preparation of chitin nanowhisker-based polymer compo-
sites using hydrogen chloride (HCI) as a hydrolyzing agent and
holds the exclusive patents for the preparation and use of
ChNWs as a reinforcing material in plastics.®>’® In addition to
HCI, sulfuric acid, H,SO,, has also been employed for hydro-
lysis of chitin and ChNWs synthesis (Table 1).”"”> An alterna-
tive to using harsh chemicals such as strong acids and alkalis
is a pressure-assisted technique called steam explosion that
utilizes high-pressure steam under neutral conditions
accompanied by rapid decompression to precisely break down
the chitin structure, fragmenting it into individualized nano-
whiskers (Table 1).”>7

Beyond acid hydrolysis, alternative methods for ChNW prepa-
ration include oxidation mediated by 2,2,6,6-tetramethyl-
piperidine-1-oxyl radical (TEMPO),'*”"**° periodate-anions,"** >
and ammonium persulfate (APS)'*® (Table 2). In these processes,
the amorphous regions of chitin are oxidized, releasing ChNWs.
For instance, in TEMPO/NaBr/NaClO oxidation, the primary
hydroxyl groups of chitin are selectively converted to carboxyl
groups. Sodium hypochlorite (NaClO) acts as the primary
oxidant, oxidizing the TEMPO radical to its N-oxoammonium
form (TEMPO"). This cation reacts with dissociated primary
hydroxy groups forming a covalent bond producing an inter-
mediate structure. Subsequent cleavage of this covalent
bond generates aldehyde groups and N-hydroxy-TEMPO
molecules. Further hydration of aldehydes and dissociation
of hydroxy groups under alkaline conditions result in
additional covalent bond formation with TEMPO", ultimately
yielding carboxyl groups and N-hydroxy-TEMPO."'*

Deep eutectic solvents (DESs), composed of hydrogen bond
acceptors (HBAs) and hydrogen bond donors (HBDs) linked by
intermolecular hydrogen bonding, have also been used for the
formation of ChNWs from raw materials. The acidic HBDs
facilitate demineralization while strongly electronegative HBAs
enable deproteinization. DESs dissolve chitin by forming new
hydrogen bonds with chitin molecules, disrupring their intra-
and inter-molecular hydrogen bonds. During this process, the
surface chemistry of chitin is simultaneously modified, produ-
cing acylated or deacetylated chitin derivatives. Subsequent
mechanical disintegration results in ChNCs and ChNFs with
distinctive yields, morphologies, and surface chemistries.'**
Additionally, ChNWs can be formed by dissolving commer-
cially available chitin powder in 1-allyl-3-methylimidazolium
bromide (J[Amim]Br) ionic liquid, followed by the mechanical
breaking of the formed gelated polymeric chains.'®®'** The
dimensional characteristics of ChNWSs extracted through
various DES- and IL-type of treatments from diverse sources
are summarized in Table 3.

Mechanical disintegration, as the term suggests, involves
applying physical forces such as ultrasonication,'*® grind-
ing,"*® high-pressure homogenization,'*® or magnetic stir-
ring'?” under controlled conditions to break down chitin
fibrils into individual nanoscale fibrils or whiskers (Table 4). It
is typically part of a multistep process, preceded by deproteini-
zation, demineralization, and depigmentation, which serve to
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Table 2 The preparation of nanochitin via oxidation
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Structural parameters of

nanowhiskers
Width Aspect ratio
Chitin source Extraction method Length (nm) (nm) (L/d) Ref.
2,2,6,6-Tetramethylpiperidine-1-oxy-radical (TEMPO)-mediated oxidation
Chitin powder from TEMPO-mediated oxidation 50-500 8 6-62 107
crab shell
Chitin powder from TEMPO-mediated oxidation 242 + 75 12.67 £ ~18 115
crab shell 3.43
Chitin TEMPO-mediated oxidation 200-400 10-15 13-40 116
Chitin TEMPO-mediated oxidation 347.63+113 5+1.9 ~70 117
a-Chitin powder Purification through the removal of residual proteins with 1 M NaOH and =~ ~544 ~10 ~54 118
1 M HC], respectively, followed by bleaching with NaClO, and NaClO.
Subsequent partial deacetylation (%DA 77.2%) with 30% NaOH. Then
TEMPO-mediated oxidation
Chitin particles O,/laccase/TEMPO oxidation 480 + 200 24 +17 11-20 119
from crab shells
Chitin TEMPO oxidation followed by high-pressure homogenization 100-500 ND ND 120
Chitin powder Purification through the removal of residual proteins with 5% NaOH, 100-500 ~5-10 10-100 121
residual minerals with 5% HCI, and bleaching with 0.3% NaClO. TEMPO
oxidation followed
Ammonium persulfate (APS)-mediated oxidation
Chitin from crab APS-mediated oxidation 400-500 15 26-33 113
shell
Periodate-anions mediated oxidation
Chitin from shrimp Periodate oxidation 250-400 10-30 8-40 110
shells
Chitin from crab Periodate oxidation 227 £ 76 11.7+5  ~19.5 111
shells
Chitin from shrimp Periodate oxidation 241.8 + 80 122+5 ~21 111
shells
Table 3 IL- and DES-related methods for the preparation of nanochitin
Structural parameters of nanowhiskers
Width Aspect ratio
Chitin source Extraction method Length (nm) (nm) (L/a) Ref.
Deep eutectic solvents (DESs)
Chitin from shrimp Pretreatment with deep eutectic solvent (DESs) ((HBet]Cl/FeCl;-6H,0),*  201-268 10 20-27 124
shells followed by ultrasonication
Ionic liquids
Chitin powder from Dissolution in [Amim|Br, gelation, regeneration with methanol, and Several 20-60 ND 123
crab shells subsequent ultrasonication hundred
Crustacean biomass  No prior chitin isolation. Hydrolysis with 1-butyl-3-methylimidazolium 400-600 5 80-120 14
hydrogen sulfate, and subsequent ultrasonication
Chitin Hydrolysis with 1-butyl-3-methylimidazolium hydrogen sulfate, and 200 20 10 14

subsequent ultrasonication

“Betaine hydrochloride/ferric chloride hexahydrate DES; ND = not determined.

weaken the H-bonding between fibrils."*>'*® It also promotes

protonation of amino groups on the fibril surface under acidic
conditions, enhancing electrostatic repulsion and facilitating
fibril individualization. The nanofibrils isolated through this
approach retain their native properties without significant
chemical modification, thus preserving their structural integ-
rity. The goal of gentle mechanical processing is crucial to
avoid structural degradation while still allowing for efficient
isolation. Furthermore, this method can yield nanofibrils with
high aspect ratios, making them structurally intact and
effective as reinforcing agents in composite materials.

1036 | RSC Appl. Polym., 2025, 3,1031-1123

The preparation of partially deacetylated chitin nanowhis-
kers (ChNWs) involves the removal of residual proteins and
minerals through a series of sequential chemical pretreatments,
including deproteinization and demineralization, followed by
an additional treatment with concentrated NaOH or KOH solu-
tions (commonly 10-50 wt%)">"'?>71?*7131 (Table 5). This final
alkaline treatment selectively removes a controlled fraction of
acetyl groups at the C, position, introducing protonated amino
groups that enhance the surface charge of the chitin fibrils. The
degree of deacetylation plays a critical role in tailoring the func-
tional properties of ChNWs, including improved dispersibility

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The preparation of nanochitin via mechanical distintegration
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Structural parameters of

nanowhiskers
Length Width Aspect

Chitin source Extraction method (nm) (nm) ratio (L/d)  Ref.
Mechanical disintegration
Chitin powder from Partial deacetylation (%DA 70-77%) with 33% NaOH. Then mechanical = 250 + 140 6.2+1.1 18-40 127
crab shell disintegration via a magnetic stirring at 1200 rpm for 5 days, and

ultrasonication for 1 min
Speckled swimming Extraction of a-chitin from swimming crab shells: deproteinization with ~ 500-1000 10-80 6-100 126
crab shells 5% NaOH, demineralization with 7% HCI, depigmentation in ethanol.

Then mechanical disintegration via wet grinding and high-pressure

homogenization
a-Chitin from crab shell Mechanical disintegration via ultrasonic homogenization ND ND ND 125
Crab tendon Extraction of p-chitin from crab tendon (Chionoecetes opilio): ND ND ND 125
(Chionoecetes opilio) deproteinization with 0.5 M NaOH, demineralization with 0.5 M HCL

Then mechanical disintegration via ultrasonic homogenization
Tubeworm Extraction of p-chitin from tubeworm (Lamellibrachia satsuma): ND ND ND 125
(Lamellibrachia satsuma)  deproteinization with 0.5 M NaOH, demineralization with 0.5 M HCIL.

Then mechanical disintegration via ultrasonic homogenization
Squid pen Extraction of f-chitin from squid pen: deproteinization with 0.5 M A few 34 >250 125

NaOH, demineralization with 0.5 M HCI. Then mechanical microns

disintegration via ultrasonic homogenization at pH 3-4
Lobster shells (Homarus  Extraction of a-chitin from lobster (Homarus americanus): 200-2000 4-5.6 36-500 128

americanus)

demineralization with 2 M HCI, depigmentation in ethanol,

deproteinization with 8-20% NaOH. Then mechanical disintegration

via blending and micro-fluidization

in aqueous media, increased surface reactivity, tunable mor-
phology, enhanced swelling and antimicrobial activity, as well
as the mechanical and crystalline properties, which could
ensure compatibility with various polymer matrices.

1.3. Reinforced plastics with chitin

ChNWs are highly crystalline, rigid, whisker-like particles with
exceptional mechanical properties.*>'*> They are non-toxic
and exhibit liquid crystalline behavior, making them ideal can-
didates for the preparation and reinforcement of nano-
composites with unique properties across different polymer
matrices.®>*413%13¢ A list of polymers used as a matrix
reinforced with ChNWs can be found in Table 6, which pro-
vides a concise summary. Detailed explanations and discus-
sions are presented in the subsequent sections. These poly-
mers include various fossil fuel-based polymers, such as poly
(vinyl) alcohol (PVA) and polypropylene (PP); thermoset poly-
mers, such as epoxy resin and bio-based polyurethane; rubber,
such as natural rubber (NR), styrene-butadiene rubber latex
(SBR), carboxylated styrene butadiene rubber latex (XSBR), and
nitrile butadiene rubber (NBR); biodegradable polyesters, such
as polycaprolactone (PCL) and polylactic acid (PLA); and
natural polymers, such as corn starch, gelatin, potato starch,
and chitosan‘14,l8,40,108,137*139

2. Preparation methods for chitin-
reinforced plastics

The methods to prepare polymer nanocomposites reinforced
with nanostructured chitin can be broadly categorized into ex

© 2025 The Author(s). Published by the Royal Society of Chemistry

situ processing and in situ polymerization (Fig. 2). In ex situ
preparation, nanomaterials are dispersed into a pre-existing
polymer matrix, either in solid form or in solution, to create
the composite. This method is particularly suited for large-
scale applications. However, a significant challenge is achiev-
ing a uniform dispersion of nanomaterials within the polymer
matrix, along with maintaining long-term stability against
aggregation. Sonication is commonly employed to enhance the
dispersion of nanomaterials in polymer solutions.

In contrast, in situ preparation involves synthesizing the
polymer matrix in the presence of nanomaterials, allowing
nanoparticles to be trapped within the polymer as it forms.
This approach prevents particle agglomeration and ensures a
uniform spatial distribution of nanoparticles within the
polymer matrix. Additionally, in situ polymerization is a simple
and effective method for producing nanocomposites with
improved dispersion stability.

2.1. Casting

Casting is an ex situ method for preparing nanocomposites,
where a suspension containing base polymer(s) and fillers—
such as chitin nanowhiskers (ChNWs) or chitin nanofibers
(ChNFs)—is poured into molds. These molds are typically
made from or coated with materials such as polytetrafluoro-
ethylene (PTFE],13’25‘29’41’51‘73’74’83’93’147 polyethylene (PE)’40,80
or silicone rubber;® Petri dishes are also used.®'*® After
casting, the solvent is removed through evaporation (referred
to in this review as casting-evaporation), freeze-drying, or hot
pressing under controlled conditions (temperature, pressure,
relative humidity) tailored to the specific properties of the
polymers.
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Table 5 The preparation of nanochitin from partially deacetylated chitin
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Chitin source Extraction method

Structural parameters of nanowhiskers

Aspect ratio

Length (nm)  Width (nm)  (Z/d) Ref.

Nanowhiskers from partially deacetylated chitin (DA > 0.50)
a-Chitin (source not
shown)

Purification through the removal of residual proteins with
5% KOH, and bleaching with 0.17 wt% NaClO, followed by

100-500 6-15 6.7-83.3 132

hydrolysis with 3 N HCI to obtain ChNWs. CNWs then partially

deacetylated to %DA = 60% “
Chitin flakes
homogenized under high pressure
Crab shells

Flakes were deacetylated with 40 wt% NaOH (%DA = 62% “) and

Shells were deproteinized with 5 wt% KOH and demineralized with

120 + 46 6.2 £ 1.5 9.6-35.3 129

114 3.4 130

7 wt% HCI. The purified chitin was deacetylated with 40 wt%
NaOH (%DA = 76% “) and homogenized under high-pressure

Crab shells

Shells were deproteinized with 5 wt% and demineralized with

230 3.8 60.5

7 wt% HCI. The purified chitin was deacetylated with 30 wt%
NaOH (%DA = 85% “) and homogenized under high pressure

Chitin powder

Purification through the removal of residual proteins with

100-500 ~5-10 10-100 121

5% NaOH, residual minerals with 5% HCI, and bleaching with
0.3% NaClO. The powder was suspended in 36% NaOH solution,
and 0.15 wt% NaBH, was added. Then the partially deacetylated
chitin (%DA = 66% “) was washed to pH 7 and homogenized

under high pressure
Crab shells (Portunus
trituberculatus)

Extraction of a-chitin from the speckled swimming crabs:
deproteinization with 1 M NaOH, a demineralization with

ND ND ND 131

1 M HCI solution, and bleaching with NaClO,. Partial deacetylation
in 33% NaOH (%DA = 72% “), then mechanical disintegration

a-Chitin
mechanical disintegration
Crab and shrimp shells

Partial deacetylation in 33% NaOH (DA 0.60-0.90), then

Extraction of a-chitin from the speckled swimming crabs:

250 + 140 6.2 £ 1.1 15.1-76.5 127

800 10-50 16-80 133

deproteinization with 1 M NaOH, a demineralization with

1 M HCI solution, and bleaching with 0.3% v/w NaClO,. The
powder was suspended in 33% NaOH solution, and NaBH, was
added. Then the partially deacetylated (DA not shown) chitin was
washed to pH > 4 and homogenized under high pressure

a-Chitin nanocrystals
from yellow lobster

a-Chitin nanocrystals from yellow lobster was extracted using
microwave-assisted extraction (MAE) technique with optimal

314.74 £ 62.50 41.16+10.92 7 134

isolation condition of 1 M HCl, 10 min, and 124.75 W

a-Chitin nanocrystals
from shrimp
14.34 min, and 50.21 W

a-Chitin nanocrystals from shrimp was extracted using MAE
technique with optimal isolation condition of 1 M HCI,

386.12 £47.49 42.16 + 4.62 9 134

“In chitin, the acetylated units prevail (the degree of acetylation (%DA) is >50%), while in chitosan the deacetylated units prevail (%DA is <50%).
Therefore, this material is classified as chitin by definition; ND = not determined.

In casting-evaporation method (Fig. 3), ChNWs or CNFs
and the base polymer are suspended or dissolved either in the
same solvent, or two miscible solvents and mixed (Table 7,
entries 1-27). The resulting mixture is then cast into films,
and the solvent is evaporated. Water,***8*%8814¢ 3]cohols,? or
weak organic acids (e.g., formic acid'**>"*°) are typically used
as solvents for hydrophilic polymers such as PVA, rubber latex,
carboxylated styrene butadiene, polycarbonate, biopolymers —
starch and hyaluronic acid, while organic solvents (e.g,
toluene,"” 1-methylpyrrolidinone,”® methylene chloride®®) are
employed for hydrophobic polymers such as polysulfone,
acrylics, polylactic acid, epoxy-polymers, polyethylene, poly-
styrene, and polyvinyl chloride.

The solvents are often evaporated at room temperature,
elevated temperatures, under vacuum, through incubation, or
using a combination of these methods. For instance, various

1038 | RSC Appl. Polym., 2025, 3, 1031-1123

studies by different authors on the reinforcement of PVA have
reported solvent removal being conducted at room tempera-
ture, elevated temperatures, or under vacuum. The specific
conditions varied depending on factors such as the solution
stability and uniformity of dispersion,”®'*” the use of
additional reagents (e.g. NaOH, NaCl),**®° or the types of sol-
vents employed.***980:83149:150 1 the casting-evaporation
process, this treatment provides sufficient time for ChNWs to
form a percolated network through hydrogen bonding inter-
action, resulting in composites with enhanced mechanical
properties.

Lyophilization, or freeze-drying (Table 7, entries 28-31), is
another technique used for the solvent removal to obtain solid
nanocomposite films. This process involves freezing the
material, followed by sublimation under reduced pressure,""
creating a porous network within the matrix while preserving

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Reinforced plastics with nanochitin
Abbreviation

Polymer name (if any) Polymer type Ref.
Acrylonitrile-butadiene rubber NBR Synthetic rubber/elastomer 18
Bio-based polyurethane Bio-PUR Renewable thermoset 139
Carboxymethyl chitosan CMCS Derivative of natural polysaccharide 106
Cellulose — Natural polysaccharide 121
(Microcrystalline) cellulose MCC powder Natural biopolymer, biodegradable 79
Cellulose acetate CA Derivative of natural polysaccharide 140
Cellulose acetate CA Derivative of natural polysaccharide 141
Cellulose acetate CA Derivative of natural polysaccharide 142
Chitosan Cs Natural polysaccharide 24
Corn starch . Natural polysaccharide 20
Epoxy resin — Thermoset 23
Epoxy resin EPONS828 Biodegradable synthetic resin 23
Gelatin — Protein 143
Gelatin Gel Protein 120
Gelatin — Protein 78
Hyaluronan HA Natural polysaccharide 88
Methacrylate polymer MA Non-biodegradable synthetic polymer 77
Natural rubber NR Natural occurring rubber/elastomer 25
Poly(butylene adipate-co-furanoate) PBAF Synthetic polyester, biodegradable 105
Poly(ethylene terephthalate) PET Synthetic polyester, non-biodegradable 129
Poly(ethylene terephthalate) PET Synthetic polyester, non-biodegradable 130
Poly(ethylene terephthalate) PET Synthetic polyester, non-biodegradable 89
Poly(vinyl alcohol) PVA Synthetic polymer, biodegradable 80
Poly(vinyl alcohol) PVA Synthetic polymer, biodegradable 40
Poly(vinyl alcohol) PVA Synthetic polymer, biodegradable 133
Poly(vinyl alcohol) PVA/PVOH Synthetic polymer, biodegradable 144
Poly(vinyl alcohol)/modified boron nitride PVA Synthetic polymer, biodegradable, inorganic 81
Poly(vinyl alcohol)/montmorillonite PVA Synthetic polymer, biodegradable, clay 83

mineral
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV Natural polymer, microbially produced, 91

biodegradable
Poly-(e-caprolactone) PCL Synthetic polyester, biodegradable 145
Polyaniline PANI Synthetic polymer, non-biodegradable 87
Polycarbonate PC Synthetic polyester, non-biodegradable 76
Polyethylene glycol di-methacrylate PEGDA Synthetic polyester, non-biodegradable 90
Polylactic acid PLA Synthetic polyester, biodegradable 91
Polypropylene PP Synthetic polymer, non-biodegradable 19
Polypropylene PP Synthetic polymer, non-biodegradable 82
Potato starch — Natural polysaccharide 48
Silk — Sericin and fibroin proteins 131
Sodium alginate SA Natural polysaccharide 75
Sodium alginate ALG Natural polysaccharide 132
Soy protein isolate SPI Natural biopolymer, biodegradable 73
Soy protein isolate SPI Protein 74
Styrene-butadiene rubber/carboxylated styrene butadiene rubber SBR/XSBR Synthetic rubber/elastomer, non- 146
latex (XSBR latex) biodegradable

Ex-situ polymerization
Matrix polymer

Processing

SR
\ZDNZe
A2 AT N

Chitin nanowhiskers

Monomers to form the matrix polymer
Initiation/
Polymerization
-~
\Z DN O
(LJ \g DA

Chitin nanowhiskers

In-situ polymerization

Fig. 2 Schematics of ex situ and in situ polymerization.

© 2025 The Author(s). Published by the Royal Society of Chemistry

the material’s structure. Freeze-drying begins with the for-
mation of ice crystals, which is achieved through different
freezing methods. Slow freezing occurs at approximately
—20 °C, while fast freezing uses dry ice and organic solvents at
—78 °C. Ultra-fast freezing is typically done with liquid nitro-
gen at around —196 °C.">*> The size and structure of the ice
crystals formed during freezing significantly influence the
pore size and morphology of the composite matrix. Fast freez-
ing generally results in smaller ice crystals, which cause
minimal disruption to the material’s original morphology. In
contrast, slow freezing forms larger ice crystals that can pene-
trate the structure, potentially creating fractures or cavities,
which may compromise the material’s integrity. For example,
under freezing conditions of —40 °C followed by lyophilization,
alginate dressings with ChNWs (Table 7, entry 28) exhibited a

RSC Appl. Polym., 2025, 3,1031-1123 | 1039


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lp00104h

Open Access Article. Published on 19 June 2025. Downloaded on 11/6/2025 12:18:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Solvent
evaporation

1

Casting

@ Impermeable substrate (glass)

Solvent for the matrix polymer
— Chitin nanowhiskers

Matrix polymer

View Article Online

RSC Applied Polymers

Water

Impregnation ,
evaporation

Permeable matrix to be reinforced
Solvent for nanowhiskers suspension (e.g., water)
— Chitin nanowhiskers

Water
evaporation

Coating

Dz OOl o
[ ]

Non-permeable matrix to be reinforced

Solvent for nanowhiskers suspension (e.g., water)
— Chitin nanowhiskers

/

Hot Pressing

Solvent for the matrix polymer
~ Chitin nanowhiskers

@Matrix polymer

Extrusion

Single-screw extruder

) GG

Melt
pumping

Solids
conveying

@ Thermoplastic matrix
— Chitin nanowhiskers

Fig. 3 Schematics of commonly used fabrication methods.

soft, porous morphology, and reduced surface roughness (9.17
+ 4.06 pm).”® In another study, sodium alginate (ALG)-ChNW
hydrogels formed under slow freezing (—20 °C) followed by lyo-
philization (Table 7, entry 29) developed a honeycomb struc-

ture.'3?

A directional freeze-drying which involves freezing the
material in a controlled direction, often achieved by applying a
temperature gradient during freezing, is also used. This
method promotes the formation of aligned ice crystals, which,
upon sublimation during lyophilization, result in a structured
matrix with oriented channels. Thus, a directional freeze-

casting method using fast freezing with liquid nitrogen

1040 | RSC Appl. Polym., 2025, 3, 1031-1123

Twin-screw extruder

Melt
pumping

Solids

- Melt
conveying

(=196 °C) followed by lyophilization (Table 7, entry 30) pro-
duced structured ChNW/PVA biofoams with an oriented and
continuous channel architecture.*>?

2.2. Hot pressing

The hot-pressing technique is another widely used for drying
chitin nanoparticle-polymer suspensions or solutions. This
process involves placing the material into a mold, typically
made of high heat- and pressure-resistance materials, and sub-
jecting it to elevated temperatures and pressures simul-
taneously. The technique shapes and reinforces the polymer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The obtained material was a gel,
that was freeze-dried and
vacuum dried for the

characterization

The dispersion of ChNWs was

1.0/99.0
2.5/97.5
5.0/95.0

ChNWs/MCC

Impregnation

78 Microcrystalline cellulose (MCC,

introduced into cellulose solutions
in phosphoric acid at the stage of

cellulose regeneration

ChNWs/MCC

M, 1 X 10°)/a-ChNWs

ChNWs/MCC

10.0/90.0

ChNWs/MCC

“ ChNWs are the essential component rather than a reinforcement filler. * Chitin is not usually soluble in acids, so it was likely a misleading title, and the paper might have used chitosan.
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composites into a more compact and structurally sound form.
In general polymer applications, heat is often provided by
induction or resistance heating, with temperatures reaching
up to 2400 °C and pressures up to 50 MPa. However, for chitin
nanocomposite fabrication, much lower temperatures and
pressures are employed, to prevent chitin nanomaterials from
degradation."™ Examples include 100 °C and 2.1-13.8 MPa
(Table 7, entries 32-33),>*"%7 140 °C and 20 MPa (Table 7,
entry 34),">> 190 °C and 15 kPa (Table 7, entry 35),"°° and
110 °C and 18 MPa (Table 7, entry 36).">* This technique
improves mechanical performance by densification of
materials and eliminating porosity. The combination of high
temperature and pressure compacts the material, reducing
voids and improving interfacial bonding between components
in the ChNWs composites.

The combination of two drying techniques can also be
applied in the fabrication of ChNW-reinfored composites. For
instance, freeze-drying is often combined with hot pressing to
produce ChNW-reinforced NR composite films (Table 7, entry
37).°! However, the obtained composite films were up to 20
times mechanically weaker than those prepared by casting-
evaporation (10.2 vs. 229 MPA, respectively). This disparity is
likely due to the insufficient formation of a robust 3-D rigid
network through hydrogen bond interaction as a result of fast
solvent removal process as opposed to relatively slow solvent
removal in casting-evaporation. The same freeze-drying/hot
pressing combination in the case of ChNW/poly-(caprolactone)
composites®” (Table 7, entry 38) also produced materials with
great mechanical attributes.>"*”

Autoclave heat treatment has been reported as another
solvent removal method to prepare ChNW-reinforced PVA com-
posite films (Table 7, entry 39).>> This treatment reduces the
water affinity of the ChNW-reinforced composites. Here, heat
treatment has been shown to improve the mechanical pro-
perties and dimensional stability of PVA-based materials.
While the mechanical properties of heat-treated ChNW/PVA
composites were not explicitly reported, it can be presumed
that they exhibit similar improvements due to the enhanced
structural integrity imparted by heat treatment.”®

2.3. Methods that utilize ionic liquids

The use of ionic liquids (ILs) has also been explored as proces-
sing aids in chitin nanocomposite fabrication. For example ILs
such as [Amim]Br,"** and [C,mim][OAc]** (Table 7, entries 40
and 41) have demonstrated utility in various roles. Thus,
[C,mim][OAc] has been employed as both a dispersion aid and
a plasticizer, effectively disrupting the hydrogen bonds in
chitin (Table 7, entry 40). This disruption facilitates a more
uniform ChNW distribution in the epoxy-polymer matrix.>* In
another example [Amim]Br,"** was used not merely as a disper-
sant but as a solvent for the dissolution of ChNWs (Table 7,
entry 41). This approach differs from traditional ChNWs dis-
persion, allowing for improved homogeneity of ChNWs within
the matrix. Specifically, the use of ILs such as [Amim]Br
enables a more uniform distribution of ChNWs within the PVA
matrix, contributing to enhanced material properties.
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2.4. Compression molding and curing

Compression molding and curing are integral processes in the
fabrication of ChNWs-reinforced composite materials.
Compression molding is a widely used manufacturing process
where a preheated polymer or composite is placed into a pre-
heated mold cavity (120-200 °C) using a two-segment mold
system. Preheating ensures that the thermoplastic polymer
melts uniformly, preventing inconsistent flow.">” The mold is
then tightly closed with a plug and subjected to high pressure
ensuring the resin remains in contact with the entire mold
surface and conforms to its shape. One segment of the com-
pression molder (lower plate) is static, while the other (upper
plate) is movable.'”® The vacuum generated by the com-
pression lower plate increases pressure on the material, creat-
ing uniform Preheating ensures thermoplastic polymer melts
pressure and temperature across the mold cavity. This uni-
formity allows the material to flow, take the shape of the
cavity, and undergo chemical or physical changes necessary
for achieving the desired properties."”® Biocomposites com-
posed of sorbitol polyglycidyl ether (SPE) as a bio-based epoxy
resin and ChNFs were reportedly reinfored by this method
(Table 7, entries 42-45). Additionally, this expoxy-based com-
posites often require curing after the applied compression
molding to achieve the final hardened state and optimal
properties.

Curing, in the context of ChNW-reinforced polymer proces-
sing combined with compression molding, refers to the
process of hardening or setting the material by applying heat
and/or pressure on the molds, inducing crosslinking of the
polymer chains. It can occur during the compression molding
process or as a separate step, particularly with thermosetting
polymers, such as epoxy resins which form permanent bonds
by strong cross-linking (Table 7, entries 43-45)."°%'°" This
method is frequently favored for nanofiber-based composites
(specifically chitin nanofiber biocomposites), where the ChNFs
are dispersed in solvents, often organic acids such as acetic
acid,"*®'®! formic acid,'****° etc., and then combined with
polymer solutions to form a paste-like mixture. The paste is
then molded and can be used ‘as is’ or treated with a cross-
linking curing agent, such as amino acids or chitosan."*®'°*
After molding, curing is typically completed by drying in oven
with or without vacuum. Examples include temperatures of
120-140 °C during 6 h treatment (Table 7, entries 42-45).
Compared to injection molding, compression molding takes
longer in the shaping process and may have less consistent
results, but it is cost-effective for producing fabrics, fiber mats,
strands, and tapes.

2.5. Compounding and extrusion

Compounding refers to the process of integrating reinforce-
ment additives (ChNWs or ChNFs) into a polymer matrix to
achieve specific material properties. This process is distinct
from simple blending or mixing, as it typically requires the
melting of the matrix polymer to ensure uniform dispersion
and effective integration of the additives. Specifically, in this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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process, materials are mixed in certain ratios, the mixture is
melted and homogenized in a compounding machine, and the
compounded material is cooled and pelletized for further use.
It is possible to be processed and performed using extruders,
high-shear mixers, or pelletizers (Table 7, entries 46-48).

Before the advent of continuous mixing using extruders,
blends were commonly prepared using batch mixing. This was
typically conducted in open mills equipped with two-roll
systems featuring contra-rotating cylindrical rolls. The base
polymers and fillers were repeatedly passed between these
rolls to ensure consistent and uniform dispersion of the fillers
throughout the matrix and to prevent particle aggregation.'®?
Batch mixing using roll mills is particularly suited for elasto-
mers (rubbers) due to their high elasticity and resistance to
mechanical stress. Both thermoplastics, such as PP and PLA,
and thermosetting polymers (such as epoxy resin) can be pro-
cessed using this method, because of their chemical and
thermal stability. For instance, the preparation of NBR/ChNW
composites utilized a two-roll mill,'® starting with the formu-
lation of a mixture of polymers and ChNWs, which was then
compounded with vulcanizing agents (Table 7, entry 46). In a
separate study involving ChNWs/epoxy nanocomposites, a
solvent-mediated slurry compounding was employed to create
a homogeneous dispersion of chitin nanofillers and hardeners
within the epoxy matrix®” (Table 7, entry 48). The solvent-
mediated approach demonstrated advantages in cost
efficiency, time savings, reduced solvent consumption, and
improved sustainability. Additionally compounding has been
applied to the preparation of nanocomposite ChNWs/dry pulp
paper handsheets. This process involves the formation of a
homogeneous pulp suspension prior to the application of the
standard handsheet formation method'*" (Table 7, entry 47).

Extrusion offers a continuous mixing process for composite
fabrication. In this method, the ChNWs-polymer blends pass
through extruders where they are uniformly blended, devolati-
lized, and then transferred to the molds via injection or com-
pression molding"® (Table 7, entries 49-56). The screw speed
can be adjusted for either more intense or moderate mixing,
depending on the final material. Two common types of extru-
ders are Single-Screw Extruders (SSE) and Twin-Screw
Extruders (TSE). SSEs feature simple designs, low operational
costs, and high reliability for small to moderate-scale pro-
duction. However, their mixing capabilities are limited, often
requiring additional devices or screw designs for improved
efficiency. The fixed screw design may lead to prolonged resi-
dence times, causing inconsistent processing and potential
material degradation.'®*

Conversely, TSEs feature two intermeshing screws that can
be customized for better mixing, melting, and conveying. This
makes the twin-screw compounder a preferred choice, particu-
larly for its ability to efficiently blend the polymer dispersions
prior to molding. Its compatibility with thermoplastic poly-
mers has led to multiple studies exploring the blending of
ChNWs with polymers such as PP, PLA**°%>1% and
PHBV.”! In this process, the thermoplastics fed into the extru-
ders are melted by heat generated from both the rotating
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screws and external heaters. The melted samples are then
mixed both dispersively and distributively by the action of the
screws, ensuring uniform distribution of the components
throughout the blend.'®* The molten mixtures are then
directed toward the die, where they are shaped into desired
forms such as pellets, films, discs, or hand sheets. Typical
operating parameters for a micro-compounder include temp-
eratures of 150-200 °C, screw speeds of 200 rpm, and proces-
sing time 1-10 minutes. Extruded materials are often pelle-
tized for further processing or molded into different shapes.
Depending on the target material, they may also undergo
batch foaming techniques to produce foams (Table 7, entries
52-53). After molding or extrusion, materials are stabilized
under specific conditions such as vacuum, hot/cold water,
high pressure, or oven-drying. These treatments ensure the
final properties of the materials are preserved and optimized
for their intended applications.

2.6. In situ polymerization

In situ polymerization involves the polymerization of mono-
mers directly in the presence of a reinforcing material such as
nanochitin. During in situ polymerization, ChNWs or ChNFs
are dispersed in a liquid monomer or a liquid mixture of
monomers, leading to the formation of a polymer matrix
that encapsulates nanochitin particles (Table 7, entries
57-60).2%°%1% polymerization process can be initiated by heat
(Table 7, entry 57),'° radical initiator or UV-light (Table 7,
entry 58),°° a catalyst (Table 7, entry 59),"° or an oxidizing
agent (Table 7, entry 60).° Here, the nanochitin acts as a tem-
plate through the surface amino groups of its nanocrystals,>®
and serves as a reinforcement phase,’>'% providing composite
materials with remarkable strength and durability. When used
as a structural skeleton, nanochitin provides a hierarchical
framework that guides the formation and alignment of the
polymer matrix around it, during the in situ polymerization
process. For instance, the PANI-grafted chitin nanocrystals
were synthesized by polymerizing the aniline monomer onto
ChNCs in an acidic HCI solution.?® the process began with the
protonation of amino groups on the ChNC followed by their
oxidation by ammonium persulfate into the ammonium
cation. Polymerization was then initiated by the addition of
the aniline cation radicals, leading to chain propagation
driven by interactions between the growing oligomer radical
cations and aniline radical cations. This continued until the
aniline was fully consumed, resulting in the formation of
PANI-grafted ChNC polymers.*® In situ polymerization incor-
porates nanofillers directly into the polymer matrix at the
monomeric stage, achieving superior dispersion compared to
ex situ methods.

2.7. 3D-printing

3D printing, or additive manufacturing, is a process used to
create three-dimensional objects. This technology facilitates
the development of printable inks or filaments by mixing
ChNWs with polymers. This integration can be achieved with
various printing methods such as fused deposition modeling
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(FDM),"®® stereolithography (SLA, see Table 7, entries 61 and
62),"”7 and inkjet printing. SLA is particularly favored for the
fabrication of ChNWs-reinforced composites due to its pre-
cision, speed, and ability to create highly customized and
complex structures.”” For instance, SLA 3D printing with
photocurable methacrylate-based resin reinforced with
0.5 wt% ChNWs improved the tensile strength and stiffness of
material up to 78 and 71%, respectively without compromising
the toughness and ductility’”” (Table 7, entry 61). This method
enables the creation of complex, customized shapes and struc-
tures that are difficult to achieve with traditional manufactur-
ing methods such as molding or extrusion. Additionally, 3D
printing can produce multi-functional features such as regions
with varying stiffness or porosity tailored to particular uses.

2.8. Gel spinning and electrospinning

49,96,142 are often com-

Gel spinning® and electrospinning,
bined with solution mixing to produce nanocomposite fibers
or nanofibrous mats and enhance the alignment of nanochitin
within the polymer matrix. Due to polymer chain alignment,
both processes result in fibers with superior strength com-
pared to those made using other techniques. In these pro-
cesses, a uniform polymer-nanochitin suspension is first pre-
pared via adding ChNWs to a polymeric solution and the
resulting mixture is then subjected to conditions that promote
gelation, forming a semi-solid gel. The gel is extruded through
a spinneret to form continuous fibers which are then solidified
by drying in air or coagulation in a liquid bath, such as metha-
nol or water, to remove the solvent. Examples include mixing
the dispersion of ChNWs and water with an aqueous solution
of PVA fabricating fibers using a laboratory-scale gel-spinning
apparatus (Table 7, entry 63)."®” Post-treatment processes,
such as stretching or drawing, are often applied to further
align the polymer chains and enhance mechanical properties,
while additional treatments like heat-setting or annealing
stabilize the fibers. Since the jets are only stretched to a
limited extent, the resulting fibers typically have diameters
ranging from 10 to 100 pm.'®” A combination of solution
mixing and gel spinning leverages the benefits of both
methods, yielding nanocomposite fibers with smooth surfaces,
uniform diameters, and enhanced mechanical properties.”*
Despite its advantages, including the ability to produce ultra-
strong, lightweight fibers, gel spinning requires precise control
of processing conditions and may involve the use of hazardous
solvents, making it more complex and expensive than other
spinning methods.

Unlike conventional fiber spinning techniques (wet spin-
ning, dry spinning, melt spinning, gel spinning), electrostatic
spinning (or electrospinning) is capable of fabricating ultrafine
fibers with diameters in the nm to sub-um range.'®® In this
process, a high-voltage electrostatic field stretches a polymer
suspension containing ChNWs into fine fibers, which are col-
lected on a grounded screen (Table 7, entries 64-66)."°® The
polymer solution is ejected from a single-needle syringe or a
multi-needle spinneret, with the applied voltage (typically
14-21 kv)**°%1%% controlling the alignment of the nanochitin
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within the fibers. As fibers form, solvent evaporation leads to
the production of solid nanocomposite fibers or mats.
ChNWs-reinforced electrospun fibers have been successfully
created using water soluble polymers, such as PVA or CA, with
solvent evaporation occurring under various conditions such
as at room temperature,’® under vacuum drying, or at elevated
temperatures,”® with or without additional conditioning"*
(Table 7, entries 64-66). This technique consistently produces
fibers in the nanometer range, offering significant potential
for advanced nanocomposite applications, with ChNWs assist-
ing in reducing fiber diameter. Thus, in the fabrication of elec-
trospun CA-ChNWs composites, the addition of as little as
0.5 wt% ChNWs reduced the fiber diameters more than twice
(223 + 76 nm for the CA-ChNWs nanofibers vs. 563 + 222 nm
for the CA nanofibers)."** This reduction was attributed to the
increased electrical conductivity of the ChNW-containing solu-
tion, which accelerated and stretched the polymer jet during
electrospinning. Electrospinning is a highly adaptable method
for creating ChNW-polymer forms such as mats, membranes,
or individual fibers tailored to specific applications.

2.9. Coating methods

Another commonly used method for fabricating reinforced
nanochitin composites is coating. This method involves apply-
ing a thin layer of nanochitin (or a nanochitin-containing
mixture) onto a substrate surface, typically through methods
such as spraying,'*>'%!*! blade-coating,"*® or layer-by-layer
(LbL) assembly®>®® (Table 7, entries 67-74). In this process,
nanochitin is dispersed in a solvent and applied to a surface
of polymeric material, where it subsequently dried or cured to
form a thin film. Coating primarily modifies the surface of
composites, with the addition of nanochitin concentrated in
thin surface layers, typically on the micrometer scale, to
improve attributes such as water resistance and barrier
performance.

For oxygen barrier coatings in the manufacture of biomater-
ials, nanochitin is often combined with nanocellulose to form
bilayers or multiple-layer films (Table 7, entries 73 and 74).5*%°
This technique utilizes surface-modified, oppositely charged
cellulose nanofibers (CNFs) and chitin nanowhiskers (ChNWs)
to create a stable polymer coating through sequential layer-by-
layer (LbL) assembly driven by electrostatic interactions. First,
surface modifications were applied to both cellulose nano-
fibers (CNFs) and ChNWs to enhance their compatibility and
functionality. TEMPO-mediated oxidation was applied to
CNFs, introducing carboxylate groups and producing nega-
tively charged CNFs. In turn, ChNWs underwent deacetylation
to expose amino groups, resulting in positively charged
ChNWs. These modified nanomaterials were subsequently
coated onto the polymer surface using a layer-by-layer (LbL)
assembly technique. This process involved the sequential
deposition of the oppositely charged CNFs and ChNWs, driven
by strong electrostatic interactions, to create a stable and
uniform coating. Hydrogen bonding and electrostatic inter-
actions between chitin and cellulose nanomaterials promotes
densification at the interface, improving barrier properties.
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Since this method focuses on surface enhancement and does
not significantly reinforce the bulk material, it is particularly
well-suited for improving surface properties such as biocom-
patibility, and barrier performance particularly in food packa-
ging applications.

2.10. Impregnation techniques

In the fabrication of nanochitin reinforced composites,
impregnation refers to the process of incorporating nanochitin
into polymeric matrix. The impregnation process typically
begins with the preparation of a stable suspension of nanochi-
tin in a liquid medium, often water or an organic solvent. This
suspension is then processed into a pre-made film of nanochi-
tin using methods like vacuum filtration or casting. The result-
ing film serves as a scaffold that will later interact with the
polymeric matrix. To achieve impregnation, the nanochitin
film is usually immersed in a solution of a second polymer,
allowing the polymer molecules to infiltrate the porous struc-
ture of the nanochitin film and form a cohesive composite
upon solidification. Reduced air pressure or applied force can
be utilized to enhance the polymer’s penetration into the
nanochitin framework. These techniques improve the poly-
mer’s ability to uniformly infiltrate and fill the nanochitin’s
internal network, ensuring thorough embedding of the
polymer and maximizing the interfacial bonding between the
nanochitin and the polymer matrix. Ultimately, the choice of
impregnation method depends on the desired composite pro-
perties, the compatibility between the polymer and nanochi-
tin, and the manufacturing setup. Immersion-based impreg-
nation remains the most commonly used approach due to its
simplicity and effectiveness in producing uniform
composites'®>>'*? (Table 7, entries 75-77). Following impreg-
nation, the composite is dried (at room temperature,'*® or elev-
ated temperatures'®>?) to solidify the material. This method
emphasizes using nanochitin films as scaffolds for polymer
infiltration and is suitable for a wide variety of polymers and
matrices.

Contrarily it is possible to directly integrate chitin nano-
whiskers into a polymeric gel. Thus, in another study,” the
impregnation of ChNWs into cellulose cryogels was achieved
by dispersing ChNWs into the cellulose matrix during the
regeneration of cellulose from a phosphoric acid solution
(Table 7, entry 78), followed by freeze-drying. In this process,
ChNWs served a dual role as both nanofillers and natural
crosslinking agents, which significantly contributed to the for-
mation of denser structures with reduced shrinkage and
smaller composite cryogel volumes. This tighter packing
resulted in a more robust cryogel structure, with the incorpor-
ation of ChNWs leading to a threefold increase in the strength
of the cellulose cryogels.”” This impregnation method is rela-
tively simple, and applicable to a wide range of matrices,
including porous, fibrous, or layered materials. Its versatility
makes it effective for reinforcing bulk materials by infusing
nanochitin into a matrix. However, challenges such as achiev-
ing uniform dispersion and ensuring solvent compatibility
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may limit its in certain
applications.

Fig. 4 presents examples of surface micrographs illustrating
how different processing methods affect the performance of
ChNW-based composites. As previously discussed, the
casting-evaporation method generally yields composites with
superior mechanical properties compared to hot pressing
(thermal processing) as demonstrated in the rubber/ChNW
system®” (Fig. 4a1 and a2) because solvent evaporation occurs
gradually, allowing sufficient time for the nanofiller to form
percolation network. In contrast, the shear stress during hot
pressing tends to cause ChNW agglomeration. In the case of

scalability and effectiveness
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with nanochitin,
136

the PVA reinforcement the casting
method"®® and gel spinning’*® produced films and fibers
with low and high molecular orientation, respectively
(Fig. 4b1 and b2). Electrospinning, however, is employed to
fabricate highly porous nanofibers with improved mechanical
and functional properties®® (Fig. 4b3). From a thermo-
dynamic perspective, in situ polymerization incorporates
nanochitin into the polymer matrix from the monomeric
stage, achieving better dispersion than ex situ mixing. This
approach has been widely used to develop various hybrid and
green biocomposites such as the nylon/ChNW system®'®®
shown in Fig. 4c.

iCT KRICT KRICT !

Fig. 4 Nanochitin as reinforcing fillers in various polymer systems. (a) Cryofractured surfaces of natural rubber/ChNW composites at 20 wt% ChNW
load. (al) Prepared by casting-evaporation method. SEM micrographs are obtained under 7 kV, scalebar — 5 pm, magnification not provided.
Reproduced with permission.2° (a2) Prepared by hot pressing method. SEM micrographs were obtained under 7 kV, scalebar — 5 pm, magnification
not provided. Reproduced with permission.?® (b) PVA/ChNW composites fabricated by different methods. (b1) Fabricated by casting, at 76.92 wt%
nanowhiskers load. SEM micrographs are obtained under 5 kV, scalebar — 500 nm, magnification 70 000x. Adapted with permission.!?® (b2)
Fabricated by gel spinning at 5 wt% nanowhiskers load. SEM micrographs are obtained under 25 kV, scalebar — 100 pm, magnification 300x.
Reproduced with permission.**® (b3) Fabricated by electrospinning at 5.11 wt% nanowhiskers load. SEM micrographs are obtained under 15 kV, scale-
bar — 5 um, magnification 5000x. Reproduced with permission.*® (c) Composites of nylon 6,6/ChNW at 0.4 wt% nanowhiskers load. (c1) Pictures of
cast film (top) and dumbbell-shaped film specimens (bottom). Reproduced with permission.’®® (c2) Tensile-fractured surface of in situ polymerized
film. SEM micrographs are obtained under 15 mA current, scalebar — 5 pm, magnification not provided. Reproduced with permission.'®® (c3) SEM
image of ex situ blended film. SEM micrographs are obtained under 15 mA current, scalebar — 5 pm, magnification not provided. Reproduced with
permission.1°
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3. Reinforcing mechanism of chitin in
nanocomposites

The strength of polymer composites depends on multiple
factors, including the inherent properties of the polymer, the
characteristics of the reinforcement agent, the compatibility
and interaction between the two, and the dispersion of the
reinforcement filler within the polymer matrix. Among these,
the dispersion of the reinforcement filler and the interfacial
interactions between the reinforcement and the polymer are
critical for determining composite strength. Enhancing these
interactions often involves functionalizing the surface of nano-
particles with suitable groups. Additionally, the spatial
arrangement of fillers and their mutual interactions—both
among themselves and with the polymer matrix—are key con-
siderations for a comprehensive understanding of composite
material performance.”°

The reinforcement of nanocomposites with ChNWs could
be explained by several interconnected mechanisms such as
mechanical reinforcement (load transfer and stress distri-
bution),"** and interfacial interaction and bonding.>'”® As a
high-strength material, nanochitin acts as a load-bearing
element when incorporated into a polymer matrix. Its large
surface area facilitates efficient mechanical load transfer from
4 significantly enhancing the
tensile strength, stiffness, and modulus of the composites.
Additionally, the high aspect ratio and alignment of ChNFs
within the matrix contribute to uniform stress distribution
improving mechanical performance under tensile, bending,
and impact forces.””*”

Interfacial interaction and bonding in the ChNW-reinforced
composites are primarily governed by long-range electrostatic
interactions and hydrogen bonding.>*>°”"'”° Here the amine
and acetamide groups on the chitin surface, influenced by its
degree of acetylation (%DA), play a crucial role. Below a pH of
6, positively charged ammonium ions promote long-range
electrostatic interactions that dominate over short-range hydro-
gen bonding. At a pH above 6, the hydroxyl, ether, acetyl, and
amine groups form an intricate network of hydrogen bonds
within the crystal structure and at the interface. The number
and distribution of amine groups, affected by processing con-
ditions and source material, impacts the surface charge
characteristics. Moreover, the less polar ether and acetyl

the matrix to the nanofiller,'*

Chitin nanowhiskers

Fig. 5 Formation of a percolation network.
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groups may contribute to material amphiphilicity, leading to
varying charge fractions within chitin samples.*

Strong hydrogen bonding between chitin and polymer
matrix, combined with the large surface area of ChNWs, facili-
tates the formation of a rigid network of fillers within the host
matrix, often referred to as a “percolation network” (Fig. 5). This
network significantly enhances the mechanical properties of
the chitin-based polymer composites. Factors influencing the
formation of this network include interparticle interactions,
particles’ orientation, aspect ratio, concentration, as well as
the interfacial phenomena arising from the combination of
the high surface area and responsive surface of the chitin.®”'”°

The presence of amine/amide groups further facilitates
modification compared to cellulose, offering a variety of
functionalization routes. Amine groups, in particular, offer
increased reactivity and are often used for surface modifi-
cations such as hydrophobic group attachment to reduce
hydrophilicity'** or to improve its compatibility with different
surfaces.” Surface modification method is essential for enhan-
cing the compatibility and interaction at the interface between
nanoparticles and the polymer matrix. However, such modifi-
cation may also reduce hydrogen bonding interaction, which
in turn can affect the formation of a rigid percolation
network."”°

4. Change in properties of chitin-
reinforced plastics

4.1. Reinforcement of biopolymers with nanochitin

Biopolymers are macromolecules derived from natural sources
such as plants, animals, or microorganisms. These polymers
are biodegradable, environmentally friendly, and attractive for
various applications. Common natural polymers include poly-
saccharides (e.g., chitosan, cellulose, alginate, starch, and hya-
luronic acid), proteins (e.g., gelatin, collagen, silk), and bac-
terial polyesters (e.g., polyhydroxyalkanoates). Their biocom-
patibility, biodegradability, and renewability make them suit-
able for applications in drug delivery, tissue engineering, stem
cell morphogenesis, wound healing, regenerative medicine,
food packaging, etc.'”* Despite their advantages, natural poly-
mers face limitations such as poor mechanical strength, moist-
ure sensitivity, and processing challenges. For example, cell-

v /’u(;—-_‘_
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Percolation network

RSC Appl. Polym., 2025, 3,1031-1123 | 1057


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lp00104h

Open Access Article. Published on 19 June 2025. Downloaded on 11/6/2025 12:18:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

ulose is strong but brittle while starch and gelatin are highly
moisture-sensitive, which compromises their stability in
humid environments. Additionally, complex processing tech-
niques are often required to improve their mechanical pro-
perties or enable large-scale production.'”” Reinforcing these
polymers with nanochitin has been extensively studied to
improve their properties addressing these limitations and
expanding their potential applications.

Recent studies have extensively investigated the reinforce-
ment of natural polymers with chitin nanomaterials demon-
strating significant improvements in their mechanical,
thermal, and functional (i.e., water-vapor transmission) pro-
perties (summarized in Table 8). These enhancements arise
from the unique structural and interactive characteristics of
ChNWs and ChNFs, which integrate effectively into polymer
matrices, addressing inherent limitations like weak mechani-
cal strength and high moisture sensitivity.

4.1.1. Chitosan and carboxymethyl chitosan. Thus, incor-
porating rod-like ChNWs into chitosan hydrogels through
crosslinking with the blocked isocyanate agents resulted in
remarkable increases in Young’s modulus (66.8-fold) and
stress at break (41.5-fold) on increasing ChNW content from 0
to 13.3%. Swelling ratio was significantly reduced, from 357.0
to 33.0 enhancing durability and flexibility of the material
(Table 8, entry 1).>* The authors noted that while the improved
mechanical properties demonstrated effective reinforcement
by the ChNWs, the role of cross-link density also in influen-
cing these properties warrants further investigation.”*
Similarly, ChNWs increased the tensile strength of chitosan
films by up to 137%, while tannic acid crosslinking reduced
moisture content and water solubility, suggesting that the
mechanical properties and water resistance of chitosan film
can be controlled by adding ChNWs and using tannic acid as a
crosslinking agent (Table 8, entry 2).'”*

Another study demonstrated that the addition of up to
1.0 wt% ChNWs into carboxymethyl chitosan (CMCS) cross-
linked with dextran dialdehyde (DDA) (Table 8, entry 3)
increased compressive stress (up to 1.87 times) and Young’s
modulus (up to 1.56 times) while preserving the swelling
ratio.'°® The improvements are likely attributed to ChNWs
ability to strengthen interactions among the polymer coils
across different layers, significantly restricting segment move-
ment under applied stretching force."’* These mechanisms
also help explain the enhanced mechanical performance
observed in ChNWs-incorporated CMCS/DDA hydrogels.'®

4.1.2. Alginate. Chitin nanomaterials have demonstrated
significant reinforcement effects in alginate-based hydrogels
and films (Table 8, entries 4-7). ChNWs enhanced tensile
strength while reducing elongation at break, attributed to
strong electrostatic interactions and molecular entanglements
with alginate chains (Table 8, entry 4). Enhanced rheological
properties, yield stress, and drug release control were
observed, making these composites suitable for biomedical
applications. This reduction in elongation was attributed to
the formation of polyelectrolyte complexes (PEC) between the
positively charged ammonium groups on the slightly deacety-
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lated chitin backbone (%DA was not reported) and the nega-
tively charged alginate chains, complemented by molecular
entanglements and hydrogen bonding.”> These interactions
contribute to stiffer composites with enhanced tensile
strength.”®

Similar findings were reported in another study, where algi-
nate hydrogels reinforced with ChNWs showed improved
tensile properties and reduced elongation at break (Table 8,
entry 5)."*> Additionally, the incorporation of ChNWs into the
hydrogels increased yield stress, enhanced viscosity, modu-
lated rheological properties, and prolonged drug release.'** A
recent study by Santos et al.’”> highlighted surface functionali-
zation of ChNCs can improve pectin-alginate films. Two types
of surface-functionalized ChNCs - acid hydrolyzed ChNCs
(AH-ChNCs) and carboxylated ChNCs (OX-ChNCs) - were
studied to reinforce an edible pectin alginate film. The results
showed that despite AH-ChNCs having lower rheological
characteristics than OX-ChNCs, the films reinforced with
AH-ChNCs exhibited higher tensile properties (Table 8, entry
6). This underscores the crucial role of amines in effectively
strengthening the films.'””

Huang et al."’® successfully fabricated alginate-based nano-
composite hydrogels reinforced with chitin whiskers utilizing
the pH-induced charge shifting behavior of ChNWs. The
addition of chitin whiskers to the hydrogels not only greatly
improved the mechanical properties, but also inhibited swell-
ing (Table 8, entry 7), attributed to the strong electrostatic
interaction between ChNWs and alginate. Furthermore, the
introduction of ChNWs significantly promoted osteoblast cell
adhesion and proliferation, making the resulting materials
suitable candidates for bone tissue engineering.'”®

4.1.3. Cellulose and its derivatives. In the fabrication of
paper handsheets, two types of ChNWs with opposite surface
chargers - positive and negative - were used to reinforce
bleached eucalyptus pulp cellulose paper (Table 8, entry 8).
The positively charged ChNWs (DeChNWs) were prepared by
partial deacetylation of chitin (%DA = 62.5) followed by proto-
nation, while the negatively charged ChNWs (TOChNWs) were
prepared by TEMPO-oxidation."* The results demonstrated
that among all composites containing from 0.2 to 5 wt%
DeChNWs, composites containing 0.8 wt% DeChNWs exhibi-
ted the highest tensile index (24.2 N m g™ %), a 1.3-fold increase
compared to unreinforced pulp (Table 8, entry 8). The value
represents a maximum threshold for DeChNWs’ loading, as
both lower and higher concentrations decreased the tensile
index. TOChNWs reinforced composites achieved a maximum
tensile index of 19.59 N m g~ at 1 wt% nanowhisker loading.
Overall, DeChNWs consistently produced composites with
higher tensile indices than TOChNWs at equivalent loadings.

Reinforcement with DeChNWs and TOChNWs also
enhanced the tear index of paper handsheets, again with
DeChNWs being more effective. The maximum tear index for
DeChNWs (3.7 mN m? g') was observed at a 2 wt% loading,
while TOChNWs achieved a peak tear index of 2.4 mN m”* g™*
at 0.8-1 wt%. Similar to the tensile index, the tear index
reaches a threshold value of 3.7 mN m® ¢! at a 2 wt%
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