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Abstract:

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 hydrolysis, oxidation, mechanical disintegration, and green solvent 

processing—and discusses advanced fabrication strategies for producing ChNW-reinforced 

composites of both natural (e.g., cellulose, chitosan, starch, hyaluronan) and synthetic (e.g., 

polyvinyl alcohol, poly(α-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 make ChNW-based 
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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 

morphology 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 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.a 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 commodity based on fossil fuels, chitin is expected to have a low 

environmental impact.2 Structurally, chitin is similar to cellulose, but features an acetamide group 

on the C-2 carbon atom replacing the hydroxyl group found in cellulose (Figure 1).3

OO
HO

OH

NH
C

O

OO
HO O

OH

NH
C

O

n

Figure 1. Chitin Structure

Chitin exists in nanosized microfibril form withinin the structural scaffold of crustaceans, 

insects, or fungi.4,5 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 
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2021.6 Studies on the lobster cuticle (Homarus americanus) have demonstrated that the crustacean 

shells exhibit a highly organized hierarchical structure7 primarily composed of chitin, proteins, 

calcium carbonate, and smaller quantities of lipids and astaxanthin. Sugar monomers of N-

glucosamine form the chitin chains which assemble into semicrystalline structures featuring 

alternating amorphous and nanocrystalline domains stabilized by hydrogen bonds and van der 

Waals forces.8-10 These nanocrystalline units typically have diameters of ~ 2–5 nm.11 The 

semicrystalline 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..12 To achieve this helicoidal structure, 

adjacent planar layers of chitin-protein fibrils rotate at a constant angle, completing a full 180° 

rotation. This Bouligand structure 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.11

To utilize chitin in nanoform from mineralized chitin-protein nanofibrils for the development 

of promising biomaterials, 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 

homogenization, 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. 
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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.13-15 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.14,16,17 The distinct size and shape of these nanofillers contribute 

to their versatility and applicability in advanced biomaterial systems.

These nanosized crystalline particles have emerged as novel nanomaterials offering unique 

size-dependent properties.18 Particle size influences key characteristics such as diffusivity,19,20 

viscosity, chirality, phase transitions from isotropic to anisotropic states, immunogenicity,21 

nanocomposite transparency,3 and light transmission,22 all of which are important for material 

manufacturing. These nanomaterials are lightweight, with an average density of 1.45 g/m,3,19 and 

feature a high aspect ratio ranging from 20-100.19,23-25 They also exhibit exceptional mechanical 

properties, including an elastic modulus of ~120-150 GPa, a transverse modulus of ~15 GPa,26 

Young’s modulus of ~40 GPa,27 and tensile strength of ~170 MPa.16,28 From a materials 

engineering perspective, chitin nanofillers are particularly appealing as renewable and sustainable 

materials, suitable for a diverse range of applications. These include adhesives29 and coatings,30,31 

rheology32 and barrier property modifiers,33,34 food/cosmetic additives,35 iridescent sensors,36 

liquid crystals (LC),37 polymer reinforcements, cement38 and concrete strength and durability 

enhancements,39 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.2,40 Due to their high longitudinal and transverse modulus, these 

particles are particularly valuable as reinforcing materials in thermoplastic and thermoset 

plastics..41 The incorporation of nanochitin particles into various plastics enables the production 
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of 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,42 carbon nanotubes,43 graphene 

nanoplatelets,44 nanoclays,45,46 and mineral fillers,23,47,48 – are plagued by several significant issues, 

including: 1) heterogeneity and lack of proper bonding with polymers of organic origin;24,49-52 2) 

high density, which increases the weight of the composites,13 impacting applications requiring 

lightweight materials; 3) high abrasiveness, which causes wear and tear on processing equipment, 

shortening device lifespan;53,54 4) high hardness, which complicates polishing and coating 

processes;55,56 5) reduced toughness and ductility which leads to brittleness in composites;13 6) 

high cost which limits widespread adoption in cost-sensitive applications;25,51 and 7) non-

compostability which restricts use to non-biodegradable plastics, contributing to environmental 

concerns.24,49,52,57 

More specific problems with “traditional” filler materials are as follows. Fiberglass fiber-

reinforced polymer composites (so-called GFRP composites) common in electronics, aerospace, 

and automotive industries58 suffer from poor rigidity, low fatigue resistance, and weak strength 

perpendicular to fiber alignment (as low as 5%).59 Manufacturing and testing are complex and 

specialized, and the material’s density adds weight.60 Carbon nanotube (CNT)-based 

nanomaterials and graphene nanoplatelets exhibit remarkable mechanical, electrical, and electron 

transport properties expanding their applications in areas ranging from energy harvesting to 

electronic skin to reinforced plastics.61,62 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, 

Page 5 of 190 RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
5/

20
25

 1
1:

59
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LP00104H

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


6

and elongation), high thermal stability, reduction of gas and liquid permeability, improvement of 

dynamic mechanical performance, and flame retardancy.63 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.64 Chitin 

nanofillers offer a sustainable solution as they are organic, bind effectively with organic polymers, 

and exhibit low density, hardness, and abrasiveness, 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 improvements in composite properties.2 

This Review focuses on the potential of ChNWs as reinforcement materials for the plastic 

industry, emphasizing their role in improving composite properties. It will cover the methods for 

manufacturing ChNWs (summarized briefly due to extensive existing literature), technologies for 

preparing biocompatible and biodegradable chitin nanofiller composites, and factors affecting 

property enhancements, such as the amount and dispersion of chitin, matrix-filler interactions, and 

processing methods (e.g., in situ polymerization, casting, nonaqueous solvent dispersion, and post-

solution blending). Critical processing conditions, including reaction time and temperature, will 

also be analyzed, along with an evaluation of various plastics 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 
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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–property 

relationships as a central theme, bridging nanoscale morphology 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 composite 

performance. This review fills that gap by analyzing structure–property relationships, thereby 

offering a deeper understanding 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 biomedical devices, sustainable packaging, and lightweight 

construction 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 195965 and 

extensively utilized since (Table 1). This process involves treating chitin polymer with 

hydrochloric acid (HCl) which removes disordered regions of chitin, leaving acid-resistant 

crystallized sections (Table 1).10,66-68 Boco Technology, Inc. (Toronto, Canada) has 

commercialized the preparation of chitin nanowhisker-based polymer composites using hydrogen 

chloride (HCl) as a hydrolyzing agent and holds the exclusive patents for the preparation and use 
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of ChNWs as a reinforcing material in plastics.69,70 In addition to HCl, sulfuric acid, H2SO4, has 

also been employed for hydrolysis of chitin and ChNWs synthesis (Table 1).71,72 An alternative 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 

nanowhiskers (Table 1). 73,74

Table 1. The preparation of nanochitin via acidic hydrolysis and stem explosion

Structural parameters of nanowhiskers
Chitin source Extraction method

Length (nm) Width (nm) Aspect Ratio 
(L/d)

Ref

Hydrochloric Acid Hydrolysis

Chitin Powder a
Purification through the removal of residual 

proteins with 5% NaOH, followed by 
hydrolysis with 3 N HCl

200−400 10−25 8-40 40

Chitin flakes
Chitin flakes hydrolyzed with concentrated 

HCl b ND 13.5 ND 75

Chitin Hydrolysis with 3 N HCl 200–600 20–60 3.3 – 30 76

Crab α-chitin Hydrolysis with 3M HCl ND ND ND 77

Shrimp α-chitin Hydrolysis with 3 N HCl 206 ± 72 18 ± 5 5.8 – 21.4 78

Crab α-chitin Hydrolysis with 3 N HCl 114 ± 28 15 ± 2 5.05 – 10.9 79

Chitin (practical 
grade)

Purification through the removal of residual 
proteins with 5% KOH, bleaching with 
NaClO2. Then hydrolysis with 3N HCl.

ND ND ND 80

Chitin Hydrolysis with 3 N HCl 100−900 20 5 – 45 81

Shrimp α-chitin Hydrolysis with 3 N HCl 383 33.0 11.6 82

Chitin Hydrolysis with 3 N HCl 20 40 0.5 83

Crab α-chitin

Purification through the removal of residual 
proteins with 3% KOH and bleaching with 
1.7 % NaClO2. Then hydrolysis with 3N 

HCl

100−350
(214 ± 49)

5−30
(16 ± 5.2)

13
(15 ± 5.4)

84

85

Chitin
Purification through the removal of residual 
proteins with 5% KOH. Hydrolysis with 3 

N HCl
200–400 10–25 8 - 40 86

Squid pen β-chitin Hydrolysis with 3 N HCl 30–250 4–22 1.36 – 62.5 87

Crab α-chitin
Extraction of α-chitin from the speckled 

swimming crabs: deproteinization with 5% 
410 19 21.6 88
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NaOH, a demineralization with 7% HCl 
solution. Then hydrolysis with 3M HCl.

Shrimp α-chitin Hydrolysis with 3 N HCl 180.9 ± 86.0 30.8 ± 9.0 2.4 – 12.2 89

Shrimp shells

Extraction of α-chitin from shrimp shells: 
demineralization with 2 N oxalic acid, 

bleaching with 15% H2O2, and 
deproteinization with 10% NaOH. Then 

hydrolysis with 3 N HCl

400 25−32 12−16 18

Chitin Powder Hydrolysis with 3 N HCl 100–200 10−40 2.5 - 20 90

Crab α-chitin Hydrolysis with 3 N HCl 253 ± 100 23 ± 5 11 ± 3 1

Chitin 2 x Hydrolysis with 3 N HCl 209.63 ± 23.13 17.50 ± 3.75 12 91

Crab α-chitin 2 x Hydrolysis with 3N HCl 590 ± 180 58 ± 14 10 92

Lobster shells

Extraction of α-chitin from lobster wastes: 
deproteinization with 2 M NaOH followed 

by demineralization with 2 N HCl and 
depigmentation with acetone and ethanol. 

Then hydrolysis with 3 N HCl

300 60 5 20

Crab α-chitin Hydrolysis with 3 N HCl 100−200 6–8 12.5−33 24

Chitin from crab 
shellsa

Purification through the removal of residual 
proteins with 5% KOH, bleaching with 
NaClO2. Then hydrolysis with 3N HCl

100-600
(~ 240)

4-40
(~15)

~ 16 25,51

α-Chitin flakes pre-
pared from crab 

shells
Hydrolysis with 3 N HCl. 114−320 8−17 6.5−40 93

α-Chitin from shells 
of Penaeus 

merguiensis shrimps
Hydrolysis with 3 N HCl. 231−969 (~ 549) 12−65 (~ 31) ~ 17.7 49

α-Chitin flakes from 
crab shells

Hydrolysis with 3 N HCl. 100–500 10–50 15 94

Chitin (practical 
grade)

Hydrolysis with 3N HCl. 200–1000 ~ 50 4–20 13

Shells of Penaeus 
merguiensis shrimps

Extraction of α-chitin from Penaeus 
merguiensis shrimp: deproteinization with 
NaOH followed by demineralization with 

HCl. Then hydrolysis with 3 N HCl.

150−800 (~ 417) 5−70 (~ 33) 17 95

Chitin powder from 
shrimp shells

Purification through the removal of residual 
proteins with 1 N NaOH and bleaching with 

NaClO2. Then hydrolysis with 3 N HCl
156–426 (~ 226) 16–47 (~ 27) ~8.3 96

Chitin powder Hydrolysis with 3 N HCl 200–500 15 13–33 41

Riftia tubes

Extraction of β-chitin from Riftia tubes: 
deproteinization with 5% KOH followed by 

bleaching with NaClO2 (no 
demineralization required). Then hydrolysis 

with 3 N HCl

>500 (~ 2200 µm) 18 120 97

α-Chitin from crab
Purification through the removal of residual 
proteins with 5% KOH and bleaching with 

NaClO2. Then hydrolysis with 4 M HCl
200−500 5–20 15–20 68

Lobster wastes 
powder

Extraction of α-chitin from the yellow 
lobster wastes: deproteinization with 2 M 
NaOH, a demineralization with 2 M HCl 
solution. Then hydrolysis with 3 N HCl

300 60 5 98
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10

Chitin powder from 
Crab shells

Hydrolysis with 3 M HCl 150−260 8-40 ~ 8.8 86

Fresh speckled 
swimming crabs

Extraction of α-chitin from the speckled 
swimming crabs: deproteinization with 5% 

NaOH, a demineralization with 7% HCl 
solution. Then hydrolysis with 3M HCl

100−700 3−25 25.6 99

Coarse flakes of α-
chitin from shrimp 

shells

Purification through the removal of residual 
proteins with 5% KOH and bleaching with 

NaClO2. Then hydrolysis with 3 M HCl
229−258 9−10 23−29 100

Dried shrimp flakes 
(shells)

Extraction of α-chitin from dried shrimp 
flakes: demineralization with 0.25 M HCl, 

deproteinization with 1M NaOH, and 
chlorine bleaching. Then hydrolysis with 

3M HCl

262±122 8.7 ± 3.8 ~30 101

Shrimp chitin 
powder

3 x Hydrolysis with 3 M HCl 50–150 30–50 1−5 102

Native crab shell 
powder

Extraction of α-chitin from native crab shell 
powder: demineralization with 3 N HCl, 

deproteinization with 5% KOH, and 
bleaching with NaClO2 and C2H3NaO2. 

Then hydrolysis with 3 M HCl

100–500 5–10 10−100 103

Sulfuric Acid Hydrolysis

Fresh lobster 
(Homarus 

americanus)

Extraction of α-chitin from lobster 
(Homarus americanus): demineralization 
with 2 M HCl, depigmentation in ethanol, 

deproteinization with NaOHb. Then 
hydrolysis with 64 wt% H2SO4.

> 500 10–40 12.5−50 72

Chitin powder Hydrolysis with 15−40 wt% H2SO4 446 ∼ 43 ∼10 104

shrimp shell-derived 
α-chitin

Hydrolysis with H2SO4 162 ± 56 22 ± 8 7.4 105

Bleached shrimp
shell flakes

Extraction of α-chitin from bleached shrimp 
shell flakes: deproteinization with 5% KOH, 

bleaching with NaClO2.c Then hydrolysis 
with H2SO4.b

20–100 ND ND 15

Chitin powder from 
shrimp shells

Hydrolysis with H2SO4. 150–250 15 10−16.67 106

Steam explosion technique

Shrimp shell flakes
40 g of raw chitin flakes were treated with 
3N NaOH for deproteinization followed by 

demineralization with 2N HCl
100–400 ND ND 73

Chitin from prawn 
shell

Prawn shells waste was treated with 3N 
NaOH, after that chitin was taken from the 

autoclave and washed with water, the 
suspension was then treated with 2N HCl, 

treated with DI water to neutral Ph.

100–400 10–50 2−40 74

Beyond acid hydrolysis, alternative methods for ChNW preparation include oxidation 

mediated by 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO),107-109 periodate-anions,110-112 
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and ammonium persulfate (APS)113 (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 intermediate 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.114 

Table 2. The preparation of nanochitin via oxidation

Structural parameters of nanowhiskers
Chitin source Extraction method

Length (nm) Width (nm) Aspect Ratio 
(L/d)

Ref

2,2,6,6-Tetramethylpiperidine-1-Oxy-Radical (TEMPO)-Mediated Oxidation

Chitin powder from 
crab shell

TEMPO-mediated oxidation 50−500 8 6-62 107

Chitin powder from 
crab shell

TEMPO-mediated oxidation 242 ± 75 12.67 ± 3.43 ~18 115

Chitin TEMPO-mediated oxidation 200 – 400 10 – 15 13 − 40 116

Chitin TEMPO-mediated oxidation 347.63 ± 113 5 ± 1.9 ~70 117

α-Chitin powder

Purification through the removal of residual 
proteins with 1 M NaOH and 1 M HCl, 

respectively, followed by bleaching with 
NaClO2 and NaClO. Subsequent partial 
deacetylation (%DA 77.2%) with 30% 

NaOH. Then TEMPO-Mediated oxidation.

~ 544 ~10 ~54 118

Chitin particles from 
crab shells

O2/laccase/TEMPO oxidation 480 ± 200 24 ± 17 11 − 20 119

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, residual minerals 

with 5% HCl, and bleaching with 0.3 % 
NaClO. TEMPO oxidation followed.

100 – 500 ~5 − 10 10 − 100 121

Ammonium Persulfate (APS)-Mediated Oxidation
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Chitin from crab 
shell

APS-mediated oxidation 400 – 500 15 26 − 33 113

Periodate-Anions Mediated Oxidation
Chitin from shrimp 

shells
Periodate Oxidation 250 − 400 10 − 30 8 − 40 110

Chitin from crab 
shells

Periodate Oxidation 227 ± 76 11.7 ± 5 ~19.5 111

Chitin from shrimp 
shells

Periodate Oxidation 241.8 ± 80 12.2 ± 5 ~ 21 111

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, producing acylated 

or deacetylated chitin derivatives. Subsequent mechanical disintegration results in ChNCs and 

ChNFs with distinctive yields, morphologies, and surface chemistries.122 Additionally, ChNWs 

can be formed by dissolving commercially available chitin powder in 1-allyl-3-methylimidazolium 

bromide ([Amim]Br) ionic liquid , followed by the mechanical breaking of the formed gelated 

polymeric chains.108,123 The dimensional characteristics of ChNWs extracted through various 

DES- and IL-type of treatments from diverse sources are summarized in Table 3.

Table 3. IL- and DES- related methods for the preparation of nanochitin

Structural parameters of nanowhiskers
Chitin source Extraction method

Length (nm) Width (nm) Aspect Ratio 
(L/d)

Ref

Deep Eutectic Solvents (DESs)

Chitin from shrimp 
shells

Pretreatment with Deep Eutectic Solvent 
(DESs) ([HBet]Cl/FeCl3x6H2O,d followed 

by ultrasonication.
201 − 268 10 20 − 27 124

Ionic Liquids
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Chitin powder from 
crab shells

Dissolution in [Amim]Br, gelation, 
regeneration with methanol, and subsequent 

ultrasonication.
several hundred 20 – 60 ND 123

Crustacean biomass
No prior chitin isolation. Hydrolysis with 1-

butyl-3-methylimidazolium hydrogen 
sulfate, and subsequent ultrasonication.

400 − 600 5 80 − 120 14

Chitin
Hydrolysis with 1-butyl-3-

methylimidazolium hydrogen sulfate, and 
subsequent ultrasonication.

200 20 10 14

Mechanical disintegration, as the term suggests, involves applying physical forces such as 

ultrasonication125, grinding126, high-pressure homogenization126, or magnetic stirring127 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 deproteinization, 

demineralization, and depigmentation, which serve to weaken the H-bonding between fibrils126,128. 

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 integrity. 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.

Table 4. The preparation of nanochitin via mechanical distintegration

Structural parameters of nanowhiskers
Chitin source Extraction method

Length (nm) Width (nm) Aspect Ratio 
(L/d)

Ref

Mechanical Disintegration

Chitin powder from 
crab shell

Partial deacetylation (%DA 70-77%) with 
33% NaOH. Then mechanical disintegration 

via a magnetic stirring at 1200 rpm for 5 
days, and ultrasonication for 1 min.

250 ± 140 6.2 ± 1.1 18 − 40 127
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Speckled swimming 
crab shells

Extraction of α-chitin from swimming crab 
shells: deproteinization with 5% NaOH, 

demineralization with 7% HCl, 
depigmentation in ethanol. Then mechanical 

disintegration via wet grinding and high-
pressure homogenization.

500 − 1000 10 − 80 6 − 100 126

α-Chitin from crab 
shell

Mechanical disintegration via ultrasonic 
homogenization

ND ND ND 125

Crab tendon 
(Chionoecetes 

opilio)

Extraction of β-chitin from crab tendon 
(Chionoecetes opilio): deproteinization with 
0.5 M NaOH, demineralization with 0.5 M 
HCl. Then mechanical disintegration via 

ultrasonic homogenization.

ND ND ND 125

Tubeworm 
(Lamellibrachia 

satsuma)

Extraction of β-chitin from tubeworm 
(Lamellibrachia satsuma): deproteinization 

with 0.5M NaOH, demineralization with 
0.5M HCl. Then mechanical disintegration 

via ultrasonic homogenization.

ND ND ND 125

Squid pen

Extraction of β-chitin from squid pen: 
deproteinization with 0.5M NaOH, 

demineralization with 0.5M HCl. Then 
mechanical disintegration via ultrasonic 

homogenization at pH 3−4.

a few microns 3 − 4 > 250 125

Lobster Shells 
(Homarus 

americanus)

Extraction of α-chitin from lobster 
(Homarus americanus): demineralization 
with 2 M HCl, depigmentation in ethanol, 
deproteinization with 8-20% NaOH. Then 
mechanical disintegration via blending and 

micro-fluidization.

200 − 2000 4 − 5.6 36 − 500 128

The preparation of partially deacetylated chitin nanowhiskers (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 solutions (commonly 10–50 wt%)129,130,121,131,127 (Table 5). This final alkaline 

treatment selectively removes a controlled fraction of acetyl groups at the C2 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 functional properties of ChNWs, including 

improved dispersibility in aqueous media, increased surface reactivity, tunable morphology, 

enhanced swelling and antimicrobial activity, as well as the mechanical and crystalline properties, 

which could ensure compatibility with various polymer matrices.
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Table 5. The preparation of nanochitin from partially deacetylated chitin

Structural parameters of nanowhiskers
Chitin source Extraction method

Length (nm) Width (nm) Aspect Ratio 
(L/d)

Ref

Nanowhiskers from Partially Deacetylated Chitin (DA>0.50)

α-chitin (source not 
shown)

Purification through the removal of residual 
proteins with 5% KOH, and bleaching with 
0.17 wt.% NaClO2 followed by hydrolysis 

with 3 N HCl to obtain ChNWs. CNWs then 
partially deacetylated to %DA = 60 %.e

100 – 500 6 – 15 6.7 – 83.3 132

Chitin flakes
Flakes were deacetylated with 40 wt% 

NaOH (%DA = 62 %e) and homogenized 
under high pressure

120±46 6.2 ± 1.5 9.6 – 35.3 129

Crab shells

Shells were deproteinized with 5 wt % 
KOH and demineralized with 7 wt % HCl. 

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

114 3.4 33.5 130

Crab shells

Shells were deproteinized with 5 wt % and 
demineralized with 7 wt % HCl. The 

purified chitin was deacetylated with 30 wt 
% NaOH (%DA = 85 %e) and homogenized 

under high pressure

230 3.8 60.5 130

Chitin powder

Purification through the removal of residual 
proteins with 5 % NaOH, residual minerals 

with 5 % HCl, and bleaching with 0.3 % 
NaClO. The powder was suspended in 36% 
NaOH solution, and 0.15 wt% NaBH4 was 

added. Then the partially deacetylated chitin 
(%DA = 66 %e) was washed to pH 7 and 

homogenized under high pressure.

100–500 ~5-10 10−100 121

Crab shells 
(Portunus 

trituberculatus)

Extraction of α-chitin from the speckled 
swimming crabs: deproteinization with 1 M 

NaOH, a demineralization with 1 M HCl 
solution, and bleaching with NaClO2. Partial 

deacetylation in 33 % NaOH (% DA = 
72%e), then mechanical disintegration.

ND ND ND 131

α-Chitin
Partial deacetylation in 33 % NaOH (DA 

0.60 – 0.90), then mechanical disintegration.
250 ± 140 6.2 ± 1.1 15.1 – 76.5 127

Crab and shrimp 
shells

Extraction of α-chitin from the speckled 
swimming crabs: deproteinization with 1M 

NaOH, a demineralization with 1M HCl 
solution, and bleaching with 0.3 % v/w 

NaClO2. The powder was suspended in 33% 
NaOH solution, and NaBH4 was added. 
Then the partially deacetylated (DA not 
shown) chitin was washed to pH > 4 and 

homogenized under high pressure.

800 10–50 16 - 80 133

α‐chitin 
nanocrystals from 

yellow lobster 

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

α‐chitin 
nanocrystals from 

shrimp

α‐chitin nanocrystals from shrimp was 
extracted using MAE technique with 

optimal isolation condition of 1M HCl, 
14.34 min, and 50.21 W 

386.12 ± 47.49 42.16 ± 4.62 9 134

a While the manuscript claims to use chitin powder, the additional deproteinization was employed; b no concentration was 
provided in the manuscript; c demineralization step is erroneously claimed to be achieved with KOH treatment; d betaine 
hydrochloride/ferric chloride hexahydrate DES; e 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.

1.3. Reinforced Plastics with Chitin 

ChNWs are highly crystalline, rigid, whisker-like particles with exceptional mechanical 

properties.40,135 They are non-toxic and exhibit liquid crystalline behavior, making them ideal 

candidates for the preparation and reinforcement of nanocomposites with unique properties across 

different polymer matrices.82,94,135,136 A list of polymers used as a matrix reinforced with ChNWs 

can be found in Table 6, which provides a concise summary. Detailed explanations and 

discussions are presented in the subsequent sections. These polymers include various fossil fuel-

based polymers, such as poly(vinyl) alcohol (PVA) and polypropylene (PP); thermoset polymers, 

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.14,18,40,108,137-139 
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Table 6. Reinforced plastics with nanochitin

Polymer Name Abbreviation
(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 EPON828 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 mineral

83

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

Biodegradable
91

Poly-(ɛ-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
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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 

latex (XSBR latex)
SBR/XSBR Synthetic Rubber/Elastomer, Non-biodegradable 146

2. Preparation Methods for Chitin-Reinforced Plastics 

The methods to prepare polymer nanocomposites reinforced with nanostructured chitin can be 

broadly categorized into ex-situ processing and in-situ polymerization (Figure 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 achieving 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.

Figure 2. Schematics of ex-situ and in-situ polymerization
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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 polytetrafluoroethylene (PTFE),13,41,25,29,51,73,74,83,93,147 polyethylene (PE),40,80 or silicone 

rubber;3 Petri dishes are also used.81,148 After casting, the solvent is removed through evaporation 

(reffered 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. 

In casting-evaporation method (Figure 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,40,48,49,88,146 alcohols,3 or weak organic acids (e.g., formic acid149,150) 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,147 

1-methylpyrrolidinone,76 methylene chloride93) are employed for hydrophobic polymers such as 
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polysulfone, acrylics, polylactic acid, epoxy-polymers, polyethylene, polystyrene, and polyvinyl 

chloride. 

Figure 3. Schematics of commonly used fabrication methods

The solvents are often evaporated at room temperature, elevated temperatures, under vaccum, 

through incubation, or using a combination of these methods. For instance, various studies by 
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different authors on the reinforcement of PVA have reported solvent removal being conducted at 

room temperature, elevated temperatures, or under vacuum. The specific conditions varied 

depending on factors such as the solution stability and uniformity of dispersion,78,137 the use of 

additional reagents (e.g. NaOH, NaCl),40,80 or the types of solvents employed.40,49,80,83,149,150 In the 

casting-evaporation process, this treatment provides sufficient time for ChNWs to form a 

percolated network through hydrogen bonding interaction, 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,151 creating a porous network within the matrix 

while preserving the material’s structure. Freeze-drying begins with the formation 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 nitrogen at around −196 °C.152 The size and structure of the ice crystals formed 

during freezing significantly influence the pore size and morphology of the composite matrix. Fast 

freezing 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 penetrate the 

structure, potentially creating fractures or cavities, which may compromise the material's integrity. 

For example, under freezing conditions of -40 oC followed by lyophilization, alginate dressings 

with ChNWs (Table 7, Entry 28) exhibited a soft, porous morphology, and reduced surface 

roughness (9.17 ± 4.06 μm).75 In another study, sodium alginate (ALG)-ChNW hydrogels formed 

under slow freezing (−20 °C) followed by lyophilization (Table 7, Entry 29) developed a 

honeycomb structure.132 A directional freeze-drying which involves freezing the material in a 
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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 (−196 °C) followed by lyophilization 

(Table 7, Entry 30) produced structured ChNW/PVA biofoams with an oriented and continuous 

channel architecture.153 

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 subjecting it to elevated temperatures and 

pressures simultaneously. The technique shapes and reinforces the polymer 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 2,400 oC and pressures up to 50 

MPa. However, for chitin nanocomposite fabrication, much lower temperatures and pressures are 

employed, to prevent chitin nanomaterials from degradation.154 Examples include 100 oC and 2.1 

– 13.8 MPa (Table 7, Entries 32 – 33),25,51,97 140 oC and 20 MPa (Table 7, Entry 34),155 190 oC 

and 15 kPa (Table 7, Entry 35),156 and 110 oC and 18 MPa (Table 7, Entry 36).154 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 
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ChNW-reinforced NR composite films (Table 7, Entry 37).51 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) composites97 (Table 7, Entry 38) 

also produced materials with great mechanical attributes.51,97

Autoclave heat treatment has been reported as another solvent removal method to prepare 

ChNW-reinforced PVA composite films (Table 7, Entry 39).95 This treatment reduces the water 

affinity of the ChNW-reinforced composites. Here, heat treatment has been shown to improve the 

mechanical properties 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.95

2.3. Methods that Utilize Ionic Liquids

The use of ionic liquids (ILs) has also been explored as processing aids in chitin nanocomposite 

fabrication. For example ILs such as [Amim]Br,123 and [C2mim][OAc]23 (Table 7, Entries 40-41) 

have demonstrated utility in various roles. Thus, [C2mim][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.23 In another example [Amim]Br,123 was used not merely as a dispersant but as a solvent 

for the dissolution of ChNWs (Table 7, Entry 41). This approach differs from traditional ChNWs 
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dispersion, 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. 

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 preheated mold cavity (120 – 200 oC) 

using a two-segment mold system. Preheating ensures that the thermoplastic polymer melts 

uniformly, preventing inconsistent flow.157 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 compression molder (lower plate) is static, while the 

other (upper plate) is movable.158 The vacuum generated by the compression lower plate increases 

pressure on the material, creating uniform Preheating ensures thermoplastic polymer melts 

pressure and temperature across the mold cavity. This uniformity allows the material to flow, take 

the shape of the cavity, and undergo chemical or physical changes necessary for achieving the 

desired properties.159 Biocomposites composed 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 composites 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 processing 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 
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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).160,161 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,148,161 formic acid,149,150 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.148 161 After molding, curing is typically completed by 

drying in oven with or without vacuum. Examples include temperatures of 120-140oC 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 reinforcement 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 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 throuout the matrix 
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and to prevent particle aggregation.162 Batch mixing using roll mills is particularly suited for 

elastomers (rubbers) due to their high elasticity and resistance to mechanical stressBoth 

thermoplastics, such as PP and PLA, and thermosetting polymers (such as epoxy resin) can be 

processed using this method, because of their chemical and thermal stability. For instance, the 

preparation of NBR/ChNW composites utilized a two-roll mill,18 starting with the formulation 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 matrix27 (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 

method121 (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, devolatilized, 

and then transferred to the molds via injection or compression molding163 (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 extruders 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 production. However, their mixing capabilities are limited, often 

requiring additional devices or screw designs for improved efficiency. The fixed screw design may 
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lead to prolonged residence times, causing inconsistent processing and potential material 

degradation.164

Conversely, TSEs feature two intermeshing screws that can be customized for better mixing, 

melting, and conveying. This makes the twin-screw compounder apreferred choice, particularly 

for its ability to efficiently blend the polymer dispersions prior to molding. Its compatibility with 

thermoplastic polymers has led to multiple studies exploring the blending of ChNWs with 

polymers such as PP,19 PLA,26,91,92,165 and PHBV.91 In this process, the thermoplastics fed into the 

extruders are melted by heat generated from both the rotating 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.164 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 temperatures of 150-

200 oC, screw speeds of 200 rpm, and processing time 1 – 10 minutes. Extruded materials are often 

pelletized 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 monomers 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 
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polymer matrix that encapsulates nanochitin particles (Table 7, Entries 57 – 60).29,90,105 

Polymerization process can be initiated by heat (Table 7, Entry 57),105 radical initiator or UV-

light (Table 7, Entry 58),90 a catalyst (Table 7, Entry 59),105 or an oxidizing agent (Table 7, 

Entry 60).29 Here, the nanochitin acts as a template through the surface amino groups of its 

nanocrystals,29 and serves as a reinforcement phase,90,105 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 HCl solution.29 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.29 In-situ 

polymerization incorporates 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 (FDM),166 stereolithography (SLA, see Table 7, Entries 61-62),1,77 and inkjet printing. 

SLA is particularly favored for the fabrication of ChNWs-reinforced composites due to its 
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precision, speed, and ability to create highly customized and complex structures.77 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 ductility77 (Table 7, Entry 61). This method enables the creation 

of complex, customized shapes and structures that are difficult to achieve with traditional 

manufacturing 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

Gel spinning94 and electrospinning,49,96,142 are often combined 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 compared to those made using other techniques. In these processes, a uniform polymer-

nanochitin suspension is first prepared 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 methanol 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).167 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 
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diameters ranging from 10 to 100 μm.167 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.94 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 spinning, dry spinning, melt spinning, gel 

spinning), electrostatic spinning (or electrospinning) is capable of fabricating ultrafine fibers with 

diameters in the nm to sub-µm range.168 In this process, a high-voltage electrostatic field stretches 

a polymer suspension containing ChNWs into fine fibers, which are collected on a grounded screen 

(Table 7, Entries 64 – 66).168 The polymer solution is ejected from a single-needle syringe or a 

multi-needle spinneret, with the applied voltage (typically 14–21 kV)49,96,142 controlling the 

alignment of the nanochitin 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 

occuring under various conditions such as at room temperature,49 under vacuum drying, or at 

elevated temperatures,96 with or without additional conditioning142 (Table 7, Entries 64–66). This 

technique consistently produces fibers in the nanometer range, offering significant potential for 

advanced nanocomposite applications, with ChNWs assisting in reducing fiber diameter. Thus, in 

the fabrication of electrospun 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).142 This reduction was attributed to the increased electrical 

conductivity of the ChNW-containing solution, which accelerated and stretched the polymer jet 
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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 applying a thin layer of nanochitin (or a nanochitin-containing mixture) onto 

a substrate surface, typically through methods such as spraying,129,140,141 blade-coating,130 or layer-

by-layer (LbL) assembly82,89 (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 biomaterials, nanochitin is often combined 

with nanocellulose to form bilayers or multiple-layer films (Table 7, Entry 73 − 74).82,89 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 nanofibers (CNFs) and ChNWs to enhance their compatibility and functionality. 

TEMPO-mediated oxidation was applied to CNFs, introducing carboxylate groups and producing 

negatively charged CNFs. In turn, ChNWs underwent deacetylation to expose amino groups, 

resulting in positively charged ChNWs. hese 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 
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electrostatic interactions, to create a stable and uniform coating. Hydrogen bonding and 

electrostatic interactions between chitin and cellulose nanomaterials promotes densification at the 

interface, improving barrier properties. 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 biocompatibility, and barrier performance particularly in food packaging 

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 nanochitin in a liquid medium, often water or an organic 

solvent. This suspension is then processed into a pre-made film of nanochitin using methods like 

vacuum filtration or casting. The resulting 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 structure 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 polymer'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 properties, the compatibility between the polymer and 

nanochitin, and the manufacturing setup. Immersion-based impregnation remains the most 

commonly used approach due to its simplicity and effectiveness in producing uniform composites. 

16,52,143 (Table 7, Entries 75 – 77). Following impregnation, the composite is dried (at room 
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temperature,143 or elevated temperatures16,52) 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 nanowhiskers into a polymeric gel. Thus, in 

another study,79 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 

formation of denser structures with reduced shrinkage and smaller composite cryogel volumes. 

This tighter packing resulted in a more robust cryogel structure, with the incorporation of ChNWs 

leading to a threefold increase in the strength of the cellulose cryogels.79 This impregnation method 

is relatively 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 achieving uniform dispersion and ensuring 

solvent compatibility may limit its scalability and effectiveness in certain applications.

Figure 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 system25 (Figure 4a1, 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 the PVA reinforcement with nanochitin, the casting method123 and 

gel spinning136 produced films and fibers with low and high molecular orientation , respectively 
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(Figure 4b1, b2). Electrospinning, however, is employed to fabricate highly porous nanofibers 

with improved mechanical and functional properties49 (Figure 4, b3). From a thermodynamic 

perspective, in-situ polymerization incorporates nanochitin into the polymer matrix from the 

monomeric stage, achiving better dispersion than ex-situ mixing. This approach has been widely 

used to develop various hybrid and green biocomposites such as the nylon/ChNW system169 shown 

in Figure 4c.

Figure 4. Nanochitin as reinforcing fillers in various polymer systems.
a) Cryofractured surfaces of natural rubber/ChNW composites at 20 wt.% ChNW load. a1) 
Prepared by casting–evaporation method. SEM micrographs are obtained under 7 kV, scalebar – 
5 µm, magnification not provided.  Reproduced with permission25. a2) Prepared by hot pressing 
method. SEM micrographs were obtained under 7 kV, scalebar – 5 µm, magnification not 
provided. Reproduced with permission25. b) PVA/ChNW composites fabricated by different 
methods. b1) Fabricated by casting, at 76.92 wt.% nanowhiskers load. SEM micrographs are 
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obtained under 5 kV, scalebar – 500 nm, magnification 70,000x. Adapted with permission123. b2) 
Fabricated by gel spinning at 5 wt.% nanowhiskers load. SEM micrographs are obtained under 
25 kV, scalebar – 100 µm, magnification 300x. Reproduced with permission136. b3) Fabricated 
by electrospinning at 5.11 wt.% nanowhiskers load. SEM micrographs are obtained under 15 kV, 
scalebar – 5 µm, magnification 5,000x. Reproduced with permission49. 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 permission169. c2) Tensile-fractured surface of in situ 
polymerized film. SEM micrographs are obtained under 15 mA current, scalebar – 5 µm, 
magnification not provided. Reproduced with permission169. c3) SEM image of ex situ blended 
film. SEM micrographs are obtained under 15 mA current, scalebar – 5 µm, magnification not 
provided. Reproduced with permission169. 
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Table 7. Preparation methods of polymer nanocomposites reinforced with nanostructured chitin

Polymers Method Ratio of Components in Final 
Composite, g/g Protocol Notes Ref

Casting
Casting Followed by Solvent Evaporation

1 PVA (Mw = 75000 Da) / 
α-ChNWs Casting

ChNWs/ PVA = 2.55/97.45
ChNWs/ PVA = 5.11/94.89
ChNWs/ PVA = 7.66/92.34
ChNWs/ PVA = 10.11/89.89
ChNWs/ PVA = 12.76/87.24
ChNWs/ PVA = 15.17/84.83
ChNWs/ PVA = 17.74/82.26
ChNWs/ PVA = 25.38/74.62

The suspension of ChNWs in water 
was mixed with PVAaq solution, then 
the resulting suspension was cast into 

film

Solvent removal by 
evaporation at room 

temperature
49

2
Potato Starch Powder/ 

chitin nanoparticles 
(ChNPs)

Casting

ChNPs/Potato starch = 1/99
ChNPs/Potato starch = 2/98
ChNPs/Potato starch = 3/97
ChNPs/Potato starch = 4/96
ChNPs/Potato starch = 5/95

ChNPs were dispersed in a solution of 
distilled water and glycerol plasticizer 

and ultrasonicated before adding 
starch. The mixture was heated at 90 
°C to plasticize the starch, and then 

cast into a dish 

Dried in an air-
circulating oven at 50 

°C (~ 6 h). 
48

3 XSBR latex / ChNWs Casting
ChNWs/ XSBR Latex = 4.1/95.9
ChNWs/ XSBR Latex = 6.6/93.4
ChNWs/ XSBR Latex = 9.0/91.0

Chitin and latex were suspended in 
water, mixed at certain volume ratio, 

and cast

Solvent (water) 
removal by 

evaporation, in 40 oC 
oven

146

4
Unvulcanized natural 
Rubber latex (unvulc. 

NR)/ ChNCs
Casting

ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.4/97.6
ChNCs/ unvulc.NR = 4.8/95.2
ChNCs/ unvulc.NR = 7.0/93.0
ChNCs/ unvulc.NR = 9.0/91.0

ChNCs were added into water, and 
then ultrasonicated. Meanwhile, NR 

latex was diluted using water. 
Afterward, ChNCs dispersions were 
added to the uniform NR latex with 
stirring, to obtain a homogeneous 

mixture. The NR/ChNCs composite 
films were cast in a square PTFE 

mold.

Solvent removal by 
oven drying at 60 °C 

for 16 h.
13

5 XSBR latex / ChNWs Casting

ChNWs/ XSBR = 1/99
ChNWs/ XSBR = 2/98
ChNWs/ XSBR = 3/97
ChNWs/ XSBR = 4/96
ChNWs/ XSBR = 5/95

The dispersion of chitin nanowhiskers 
was mixed with XSBR latex with the 

addition of distilled water and the 
mixture was cast on a PTFE mold.

Solvent removal by 
evaporation in an 

oven at 40 °C for 12 
h and then at 60 °C 

under vacuum for 2 h.

41
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6 SPI / magnesium oxide 
(MgO) / ChNWs Casting

ChNWs/SPI = 6/94
ChNWs/ SPI/ MgO = 6/93/1
ChNWs/ SPI/ MgO = 6/89/5

The solution of SPI in distilled water 
and glycerol was mixed with required 
amounts of chitin nanowhiskers and 

MgO followed by casting the mixture 
on a Teflon-coated pan.

Solvent removal by 
drying in a vacuum 
oven overnight and 

storage in a 
desiccator at 50% 

RH.

73

7
Gel / Dialdehyde 

microfibrillated cellulose 
(DAMFC) / ChNWs

Casting

DAMFC/ Gel/ ChNWs= 
14.90/84.30/0.80

DAMFC/ Gel/ ChNWs = 
14.74/83.55/1.71

DAMFC/ Gel/ ChNWs = 
14.62/82.82/2.56

DAMFC/ Gel/ ChNWs = 
14.36/81.36/4.28

DAMFC/ Gel/ ChNWs = 
13.71/77.66/8.63

The aqueous solution of Gel was 
mixed with the aqueous suspensions 
of DAMFC and chitin nanowhiskers 

and the mixture was cast to form 
hydrogels

Incubating for 48 h, 
at 25 ℃.

120

8 Gel / ChNWs Casting
ChNWs/ Gel = 1/100 
ChNWs/ Gel = 2/98
ChNWs / Gel = 4/96

The aqueous solution containing 
gelatin, glucose cross-linker, and 

glycerol plasticizer was mixed with 
the suspension of chitin nanowhiskers 

in deionized water and the mixture 
was cast.

Solvent removal by 
evaporation in air-

circulating fume hood 
at 20 °C and 56% RH 

for 24 h

106

9 Soy Protein Isolate (SPI)/ 
ChNWs Casting

ChNWs/ SPI = 61.54 / 38.46
ChNWs / SPI / CTE = 
38.10 / 23.81 / 38.10

The aqueous dispersion of SPI was 
mixed with glycerol, Clitoria ternatea 

flower extract (CTE extract), 
suspension of chitin nanowhiskers in 

water and the mixture was cast on 
Teflon plate.

Solvent removal by 
evaporation in an air 

oven at 55 °C
74

10 Montmorillonite (MMT) / 
PVA / ChNWs Casting

MMT/ ChNWs = 50/50
PVA/ ChNWs = 50/50
ChNWs/ MMT/ PVA = 

33.33/33.33/33.33

The dispersions of PVA in distilled 
water and MMT in deionized water 

were mixed with chitin nanowhiskers 
were dispersed in deionized water and 

were cast on Teflon plate.

Solvent removal by 
evaporation in air at 
room temperature

83

11
Polyaniline (PANI)/ ZnO 
nanoparticles (ZnO NPs)/ 

β-chitin ChNWs
Casting

β ChNWs/ ZnO = 97.09/ 2.91
β ChNWs/ PANI = 99.01/0.99

β ChNWs/ ZnO/ PANI = 
96.15/2.88/0.96

The suspension of chitin nanowhiskers 
in distilled water was mixed with 

aqueous glycerol suspension of: 1: 
ZnO NPs; 2. PANI; 3. ZnO NPs + 

PANI and the suspensions were cast.

Solvent removal by 
drying in an oven at 
40 °C for 18 h and 

conditioning at 25 °C 
for at least 24 h.

87
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12

Carboxymethyl chitosan 
(CMCS) cross-linked with 

dextran dialdehyde 
(DDA) / ChNWs/ 

Casting ChNWs/CMCS = 0.5/99.5
ChNWs/CMCS = 1.0/99.0

The dispersion of ChNWs in 
deionized water was mixed with 

CMCS and hydrogels were prepared 
by coextruding DDA solution and 

CMCS solution.

Gelation time was 
monitored by a vial 

inversion test at 37 °C
106

13

Hyaluronic Acid (HA) / 
partially deacetylated 
chitin nanowhiskers 
(ChNWs, DA 73%)

Casting

ChNWs/HA = 50.00/50.00
ChNWs/HA = 90.91/9.09
ChNWs/HA = 93.75/6.25
ChNWs/HA = 97.22/2.78
ChNWs/HA = 98.04/1.96

The solution of HA in deionized water 
was mixed with partially deacetylated 

ChNWs and were cast.

Solvent removal by 
drying in an oven at 
125 ℃ for 10 min 

88

14 PVA / ChNWs Casting

ChNWs/ PVA= 1.0/99.0
ChNWs/ PVA= 1.5/98.5
ChNWs/ PVA=2.0/98.0
ChNWs/ PVA= 2.5/97.5
ChNWs/ PVA=3.0/97.0

The suspension of chitin nanowhiskers 
was mixed with PVA aqueous solution 
and NaCl and the mixture was cast on 

a polyethylene plate. The film was 
then soaked in NaOH to reconstruct 

the hydrogen bonds.

Dried under vacuum 80

15 PVA/ ionic shielded chitin 
nanowhiskers (IsChNWs) Casting

IsChNWs/ PVA = 80/20
IsChNWs/ PVA = 70/30
IsChNWs/ PVA = 60/40
IsChNWs/ PVA = 50/50

The dispersion of chitin nanowhiskers 
in HCl was mixed with aqueous 

solution of PVA. NaCl aqueous was 
then added in the mixture as an ion-
shielding agent, centrifuged and cast 

into a film on a polyethylene (PE) 
plate. 

Solvent removal by 
drying at room 
temperature. 

40

16 PVA (DP= 2500) and β-
ChNWs Casting

β-ChNWs/ PVA = 90/10
β-ChNWs/ PVA = 80/20
β-ChNWs/ PVA = 70/30
β-ChNWs/ PVA = 60/40

β-ChNWs/ PVA = 50/50 a
β-ChNWs/ PVA = 40/60
β-ChNWs/ PVA = 30/70

β-chitina was dissolved in formic acid 
and mixed with PVA-formic acid 

solution, at room temperature, then the 
resulting solution was cast into film

Solvent removal by 
drying in an oven at 

40°C for 24 h
149

17 PVA / ChNWs Casting 

β-ChNWs/ PVA = 80/20
β-ChNWs/ PVA = 60/40 
β-ChNWs/ PVA = 50/50 
β-ChNWs/ PVA = 40/60 
β-ChNWs/ PVA = 20/80

β-chitinb was dissolved in formic acid 
and mixed with PVA-formic acid 

solution, at room temperature, then the 
resulting solution was cast into film 

Solvent removal by 
drying in a drying 

oven at 60°C for 12 h
150

18 Chitosan (CS) / ChNWs Casting

ChNWs/ CS = 2.97/97.03
ChNWs/ CS = 5.77/94.23
ChNWs/ CS = 10.90/89.10
ChNWs/ CS = 13.3/86.70

Chitosan solution in acetic acid was 
mixed with ChNWs aqueous 
suspension. To each of these 

suspensions, isocyanate cross-linker 
HDS was added and mixed. The 

Obtained as gels, not 
dried

24
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mixtures were transferred to a mold, 
and gelation was allowed to occur by 

standing at 60 °C for 48 h. The 
resulting chitosan/chitin nanowhisker 

gels were washed in water.

19 Sorbitol polyglycidyl 
ether (SPE) / ChNFs / CS Casting

ChNFs/SPE/CS = 3/66.3/30.7
ChNFs/SPE/CS = 5/64.9/30.1
ChNFs/SPE/CS = 10/61.5/28.5 

(Footnote: calculated w/o inclusion 
of hardener)

The slurry of ChNFs in aqueous acetic 
acid was mixed with SPE and an 

aqueous acetic acid solution of CS, 
then the resulting solution was poured 

into petri dish.

Dried at 80 °C for 12 
h followed by post-

curing at 120 °C for 6 
h

148

20

NR latex / ChNWs 
grafted with alkenyl 
succinic anhydride 

(ASA), phenyl isocyanate 
(PI), and isopropenyl-
α,α‘-dimethylbenzyl 

isocyanate (TMI) 

Casting
ChNWs-ASA/ NR = 90/10

ChNWs-PI/ NR = 90/10 
ChNWs-TMI/ NR = 90/10

The ChNWs (grafted with alkenyl 
succinic anhydride (ASA) and phenyl 

isocyanate (PI)) isopropenyl-α,α‘-
dimethylbenzyl isocyanate (TMI)and 
lyophilized NR latex (neat and treated 

with) were separately dispersed in 
toluene. The two dispersions were 

then mixed, after which toluene was 
removed in a rotavapor. The thick 

slurry was then cast in a Teflon mold.

Drying in an oven at 
60 °C for several 

days
147

21 PLA / acetylated chitin 
nanocrystals (Ac-ChNCs) Casting

Ac-ChNCs/ PLA = 1/99
Ac-ChNCs/ PLA = 2/98
Ac-ChNCs/ PLA = 4/96
Ac-ChNCs/ PLA = 6/94
Ac-ChNCs/ PLA = 8/92
Ac-ChNCs/ PLA = 10/90

Ac-ChNCs and PLA were added to 
CH2Cl2, and then stirred to produce a 

mixture which was conditioned 
overnight to eliminate bubbles before 

being cast into a Teflon mold.

Solvent removal by 
evaporation at 

ambient temperature 
for 24 h

93

22

Recycled polycarbonate 
(rPC, MW 45,000)/ 

polysulfone (PSf, MW 
75000-81000)/ ChNWs

Casting

ChNWs/ rPC/ PSf = 2/49/49
ChNWs/ rPC/ PSf = 4//48/48
ChNWs/ rPC/ PSf = 6/47/47
ChNWs/ rPC/ PSf = 8/46/46
ChNWs/ rPC/ PSf = 10/45/45

PSf was added to a solution of rPC in 
1-methyl-2-pyrrolidinone solvent 

(NMP). Pluronic F127 porogen and 
ChNWs followed by casting the 

mixture on a glass plate using casting 
knife. The fabricated membrane was 
then washed with water, to remove 

NMP.

Solvent removal by 
washing with water at 

70 °C for 1 h, and 
then at room 

temperature for 24 h. 
Not dried.

76

23
Modified boron nitride 
modified with silane 

(BNSi) / ChNWs
Compounding ChNWs/ BNSi = 16.7/83.3

Pre-made BNSi and ChNWs were 
mixed in ethanol at room temperature 

with magnetic stirring for 5 h. The 
hybrid material was collected, cast in 

petri dishes, and dried.

Dried at room 
temperature.

81
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24 BNSi / ChNWs / PVA
Compounding 
followed by 

casting

ChNWs/ BNSi/ PVA = 
0.79/3.97/95.24

ChNWs/ BNSi/ PVA = 
2.17/10.87/86.96

ChNWs/ BNSi/ PVA = 
3.33/16.67/80.00

ChNWs/ BNSi/ PVA = 
4.35/21.74/73.91

Pre-made BNSi and ChNWs were 
mixed in ethanol at room temperature 

with magnetic stirring for 5 h. The 
hybrid material was collected. PVA 

was dissolved in deionized water, then 
hybrid materials were mixed into the 
PVA solution. After mixing evenly, 
mixtures were poured cast in petri 

dishes, and dried.

Dried in ventilate 
oven at 60 °C for 24 

h.
81

25

Modified boron nitride 
modified with 

polyvinylpyrrolidone 
(BNPVP) / ChNWs

Compounding 
followed by 

casting
ChNWs/ BNPVP = 16.7/83.3

Pre-made BNPVP and ChNWs were 
mixed in ethanol at room temperature 

with magnetic stirring for 5 h. The 
hybrid material was collected, cast in 

petri dishes, and dried.

Dried at room 
temperature.

81

26 BNPVP / ChNWs/ PVA
Compounding 
followed by 

casting

ChNWs/ BNPVP/ PVA = 
0.79/3.97/95.24

ChNWs/ BNPVP/ PVA = 
2.17/10.87/86.96

ChNWs/ BNPVP/ PVA = 
3.33/16.67/80.00

ChNWs/ BNPVP/ PVA = 
4.35/21.74/73.91

Pre-made BNPVP and ChNWs were 
mixed in ethanol at room temperature 

with magnetic stirring for 5 h. The 
hybrid material was collected and 

dried.

Dried in ventilate 
oven at 60 °C for 24 

h.
81

27
Epoxy resin bisphenol A 

diglycidyl ether 
(DGEBA) / ChNWs

Slurry 
compounding 
followed by 

casting

ChNWs/ DGEBA = 0.25/99.75
ChNWs/ DGEBA = 0.50/99.50
ChNWs/ DGEBA = 0.75/99.25

The suspension of chitin nanowhiskers 
was mixed with the solution of 

DGEBA in ethanol through slurry 
compounding followed by the addition 
of triethylenetetramine (TETA) curing 

agent, and the mixture was cast on 
silicone rubber molds.

Post curing at 100 °C 
for 24 hours.

3

Casting Followed by Freeze Drying

28 ALG / α-ChNWs n Casting ChNWs/ALG = 33.3/66.7 
The ChNWs suspension in deionized 

water was mixed with sodium alginate 
and glycerol and were cast.

Solvent removal by 
overnight freezing at 

−40 ⁰C and 
lyophilization at 0.11 

mbar for 8 h.

75

29
ALG / partially 

deacetylated α-ChNWs 
(DDA 0.40 ± 0.03)

Casting
ChNWs/ ALG = 2.5/97.5
ChNWs/ ALG = 7.5/92.5
ChNWs/ ALG = 14.5/85.5

The partially deacetylated ChNWs 
aqueous suspension was mixed with 
concentrated solutions of ALG and 

were cast. To isolate the ALG-ChNW 
microgels, the ALG-ChNW hydrogel 

Solvent removal by 
drying by refrigerator 

at 4 oC for 2 days, 
and freeze-dried.

132
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was diluted with water, centrifuged, 
washed with water, and freeze-dried.

30 PVA / ChNWs Casting 
ChNWs/PVA = 25/75
ChNWs/PVA = 40/60
ChNWs/PVA = 50/50

The chitin nanowhisker suspension 
was mixed with PVA solution and 
added with water to reach the final 

volume of 100 mL. The mixture was 
gently stirred at room temperature for 
4 h, then transferred into a glass vial, 

and frozen by two methods.

Two methods of 
solvent removal:

1.Plunging in liquids 
N2 for 5 min (-196 

oC)
2.Directional 

freezing in which 
only the bottom 
vial containing 
samples was in 

contact with liquid 
N2, followed by 
freeze-dried for 

24h.

153

31 PVA / partially 
deacetylated α-ChNWs Casting

ChNWs/ PVA = 20/80
ChNWs/ PVA = 30/70
ChNWs/ PVA = 40/60
ChNWs/ PVA = 50/50
ChNWs/ PVA = 60/40

The partially deacetylated ChNWs 
suspension in deionized water and 

acetic acid was mixed with the 
suspension of PVA in deionized water 
followed by adding glutaraldehyde as 
the cross linker and finally the well 
mixed suspensions were molded.

Solvent removal by 
freezing at −20 °C for 
about 24 h, followed 
by thawing for 12 h 
for three continuous 

cycles (repeating 
freeze-thawing cycle)

133

Casting Followed by Hot Pressing

32 Poly-(ε-caprolactone) 
(PCL)/ ChNWs Casting

ChNWs/ PCL = 0.5/99.5
ChNWs/ PCL = 1.0/99.0
ChNWs/ PCL = 2.5/97.5
ChNWs/ PCL = 5.0/95.0
ChNWs/ PCL =10.0/90.0

The colloidal microcrystalline 
dispersion of chitin nanowhiskers in 
water was mixed with the suspension 

of PCL and were molded.

Freeze drying and hot 
pressing at 21 bar 
(2.1 MPa) and 100 

°C. 

97

33 NR latex / ChNWs Casting

ChNWs/ NR= 2/98
ChNWs/ NR= 5/95
ChNWs/ NR= 10/90
ChNWs/ NR=15/85
ChNWs/ NR= 20/80

The aqueous suspensions of chitin 
whiskers and NR latex were mixed 

and cast in a Teflon mold. 

Solvent removal by 
either one: 1. 
evaporation 

(unvulcanized NR) at 
40 °C for 10−15 

days; 2. hot pressing 
(pre-vulcanized NR) 

at 138 bar (13.8 MPa) 
for 2 min at 100 °C; 

and 3. (pre-

25,51
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vulcanized NR) 
freeze drying.

34 SPI plastics / ChNWs Casting

ChNWs/ SPI = 5/95
ChNWs/ SPI = 10/90
ChNWs/ SPI = 15/85
ChNWs/ SPI = 20/80
ChNWs/ SPI = 25/75
ChNWs/ SPI = 30/70

The homogenous dispersions of SPI 
and various content of ChNWs were 
freeze-dried and 30 % glycerol was 

added. The resulting mixture were hot 
pressed, and slowly cooled to room 

temperature.

Hot pressing at 20 
MPa, for 10 min at 

140 oC.
155

35
Polylactic acid (PLA) / 

chitin nanoparticle 
(ChNP)

ChNP/PLA = 0.5/99.5
ChNP/PLA = 1/99
ChNP/PLA = 2/98
ChNP/PLA = 3/97

Nano-chitin was mixed with PLA 
containing 20 wt% glycerol triacetate 

and the resulting mixture was hot-
pressed into films.

Hot pressing at 15 
kPa and 190 oC 

156

36 Cellulose nanofibers / 
ChNC

ChNC/Cellulose = 1/99
ChNC/Cellulose = 2.5/97.5

ChNC/Cellulose = 5/95
ChNC/Cellulose = 7.5 /92.5

ChNC/Cellulose = 9/91
ChNC/Cellulose = 10/90

The self-bonded composite films were 
obtained by mixing cellulose 

nanofibers and chitin nanocrystals at 
15000 rpm, 10 min to ensure well-

dispersed slurry. The wet mats were 
dried at 50 oC and molded.

Water removal by 
vacuum filtration. 
Hot pressing at 18 

MPa, for 15 min, at 
110oC

154

Casting followed by the combination of freeze-drying and hot pressing

37 Unvulc. NR / ChNWs Casting

ChNWs/unvulc.NR = 5/95
ChNWs/unvulc.NR = 10/90
ChNWs/unvulc.NR = 15/85
ChNWs/unvulc.NR = 20/80

The aqueous suspension of ChWs and 
unvulc. NR were mixed, stirred and 
then cast to obtain solid composite 

films

Freeze-drying and 
subsequent hot 

pressing
51

38 PCL / ChNWs Casting

ChNWs/PCL = 0.5/99.5
ChNWs/PCL = 1/99

ChNWs/PCL = 1.5/98.5
ChNWs/PCL = 5/95
ChNWs/PCL = 10/90

The colloidal chitin dispersion was 
mixed with the suspension of latex and 

cast to obtain composite films

Freeze-drying and hot 
pressing at 21 bar, 

100 oC
97

Casting followed by (Autoclave) Heat Treatment

39 PVA / α-ChNWs Casting

ChNWs/ PVA = 0.74/99.26
ChNWs/ PVA = 1.48/98.52
ChNWs/ PVA = 2.96/97.34
ChNWs/ PVA = 7.40/92.60
ChNWs/ PVA =14.8/ 85.20
ChNWs/ PVA = 22.2/77.80
ChNWs/ PVA = 29.6/70.40

The dispersion of ChNWs in HCl were 
mixed with a solution of PVA in 

distilled water and were cast onto a 
plastic mold. After solvent removal, 
ChNWs-reinforced PVA films were 
heat treated in an autoclave at 110 oC 

for 5 mins.

Solvent removal by 
drying at 40 °C for 24 

h 
95

Casting using Ionic liquids as Dissolving or Stabilizing Media

40
Epoxy resin bisphenol A 

diglycidyl ether 
(DGEBA) / ChNWs

Casting
ChNWs/ DGEBA = 0.8/98.2
ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 1.5/98.5

The CNWs ethanol suspension was 
mixed with DGEBA epoxy, ethanol 

was evaporated, and small amount of 

Dried in an oven at 
100 °C for 24 h to 
complete the cure.

22
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ChNWs/ DGEBA = 2.0/98.0
ChNWs/ DGEBA = 3.0/97.0

[C2mim][OAc] IL was added as a 
dispersion aid/plasticizer. Then the 
solution was degassed in a vacuum 

chamber and cast in customized two-
part rectangular glass molds to a sheet.

41 PVA (DP 4300)/ ChNWs Gel casting

ChNWs / PVA = 76.92/23.08 
ChNWs / PVA = 83.33/16.66
ChNWs / PVA = 90.91/9.09
ChNWs / PVA = 95.24/4.76
ChNWs / PVA = 99.01/0.99

The dispersion of chitin in [Amim]Br 
ionic liquid (IL) was heated at 100 oC 

for 48 hours to dissolve chitin and 
form a gel. A solution of PVA in hot 
water was then mixed to the gel. The 
resulting mixture was then soaked in 
methanol was added to the mixture, 

followed by sonication, filtration and 
finally Soxhlet extraction with 

methanol.

Dried under reduced 
pressure at 60 °C for 

12 h 
123

Compression Molding / Curing

42 SPE Epoxy / ChNFs / 
chitosan (CS)

Compression 
molding then 

curing

ChNFs/SPE/CS = 3/78.7/18.3
ChNFs/SPE/CS = 5/77.1/17.9
ChNFs/SPE/CS = 10/73.1/16.9 
(Footnote: calculated without 

inclusion of hardener)

The slurry of SPE and CNFs in 
aqueous acetic acid were mixed with a 
solution of CS in acetic acid, poured 

on a petri dish made of stainless steel, 
and stirred using a spatula on a hot 
plate of 100–140 °C while distilling 

most of the solvent. Polyamidoamine- 
(PAA- or PEA-) hardeners were added 
to the reaction mixture, and stirred at 
100 °C for 15 min. The mixture was 

compression-molded at 6 MPa for 6 h 
to form a cured biocomposite

The mixture was 
dried at 80 °C for 12 
h and then post-cured 
at 120 °C for 6 h in 

an electric oven.

148

43 SPE Epoxy resin / ChNFs 
/ Lysine (Lys)

Compression 
molding/ Casting

ChNFs/ SPE/ Lys = 
3.00/82.94/14.07

ChNFs/ SPE/ Lys = 
5.00/81.23/13.78

ChNFs/ SPE/ Lys = 
10.00/76.95/13.05

The dispersion of ChNFs in aqueous 
acetic acid were mixed with a solution 
of SPE and Lysine (acting as a curing 
agent) in ethanol and aqueous acetic 

acid. The suspension was poured on a 
petri dish and stirred using a spatula 
on a hot plate of 100–110 °C while 
distilling most of the solvent. The 

mixture was compression-molded at 
3 MPa for 3 h to form SPE/ Lys/ 

ChNFs.

Cured at 60 °C for 
24 h and 

subsequently at 
140 °C for 6 h in a 

vacuum oven.

161
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44 SPE Epoxy resin / ChNFs 
/ Arginine (Arg)

Compression 
molding/ Casting

ChNFs/ SPE/ Arg = 
3.00/84.79/12.21

ChNFs/ SPE/ Arg = 
5.00/83.05/11.95

ChNFs/ SPE/ Arg = 
10.00/78.68/11.32

The dispersion of ChNFs in aqueous 
acetic acid were mixed with a solution 

of SPE and Arginine (acting as a 
curing agent) in ethanol and aqueous 

acetic acid. The suspension was 
poured on a petri dish and stirred 

using a spatula on a hot plate of 100–
110 °C while distilling most of the 

solvent. The mixture was 
compression-molded at 3 MPa for 3 h 

to form SPE/ Arg/ ChNFs.

Cured at 60 °C for 
24 h and 

subsequently at 
140 °C for 6 h in a 

vacuum oven.

161

45 SPE Epoxy resin / ChNFs 
/ Cysteine (Cys)

Compression 
molding/ Casting

ChNFs/ SPE/ Cys = 
3.00/84.79/12.21

ChNFs/ SPE/ Cys = 
5.00/83.05/11.95

ChNFs/ SPE/ Cys = 
10.00/78.68/11.32

The dispersion of ChNFs in aqueous 
acetic acid were mixed with a solution 

of SPE and Cysteine (acting as a 
curing agent) in ethanol and aqueous 

acetic acid. The suspension was 
poured on a petri dish and stirred 

using a spatula on a hot plate of 100–
110 °C while distilling most of the 

solvent. The mixture was 
compression-molded at 3 MPa for 3 h 

to form SPE/ Cys/ ChNFs.

Cured at 60 °C for 
24 h and 

subsequently at 
140 °C for 6 h in a 

vacuum oven.

161

Compounding

46 Acrylonitrile butadiene 
rubber (NBR)/ ChNWs

Masterbatch 
preparation 
followed by 

compounding

ChNWs / NBR = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

The ChNWs were dispersed in NBR 
latex and were coagulated using CaCl2 

solution to obtain sheets. The 
masterbatch was then compounded 

with solid NBR and other vulcanizing 
agents to obtain NBR/ChNWs 

composites.

Solvent removal by 
drying in vacuum at 
70 °C for 48 h and 

conditioning for 24 h.

18
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45

47

Eucalyptus pulp / partially 
deacetylated chitin 

nanowhiskers 
(DeChNWs) / TEMPO-

oxidized chitin 
nanowhiskers 
(TOChNWs)

Compounding

ChNWs/ Dry pulp = 0.2/99.8
ChNWs/ Dry pulp = 0.4/99.6
ChNWs/ Dry pulp =0.6/99.4
ChNWs/ Dry pulp = 0.8/99.2
ChNWs/ Dry pulp = 1.0/99.0
ChNWs/ Dry pulp = 2.0/98.0
ChNWs/ Dry pulp = 5.0/95.0

The bleached eucalyptus pulp soaked 
in water was dispersed with a standard 

pulp defibrilizer and chitin 
nanowhiskers were added. The 

mizture was compounded and made 
into handsheets by drying.

Equilibrating at 23 °C 
and 50% RH for at 

least 24 h.
121

48
Epoxy resin bisphenol A 

diglycidyl ether 
(DGEBA)/ ChNWs

Slurry 
compounding then 

curing

ChNWs/ DGEBA = 0.5/99.5
ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 2.5/97.5

Suspension of ChNWs in ethanol was 
added into DGEBA and the mixture 

was heated at 60 °C. Then amine 
hardener was added into the 

ChNWs/DGEBA mixture and 
homogenized. The mixture was 

degassed under vacuum at 80 °C for 1 
h and cured.

Cured at 100°C for 
2h and at 200°C for 

5h.
27

Melt Extrusion

49 Polypropylene (PP)/ 
ChNWs

Twin screw micro 
compounding 

ChNWs/ PP= 1/99
ChNWs/ PP= 2/98
ChNWs/ PP= 5/95
ChNWs/ PP= 10/90

The chitin nanowhiskers was added 
into the mixture of PP and maleated 
PP (MAPP) and compounded using 

co-rotating twin screw micro 
compounder followed by compression 

molding to obtain composite films.

Compression 
molding at 180°C

and 1000 psi
19

50
PLA / 

polyhydroxybutyrate-co-
valerate (PHBV)/ ChNWs

Twin screw micro 
compounding

ChNWs/ PLA= 0.5/99.5
ChNWs/ PLA= 1.0/99.0
ChNWs /PLA= 2.0/98.0
ChNWs /PLA= 5.0/95.0

The dispersions of ChNWs in N,N-
Dimethyl acetamide (DMAc) solution 
and oven-dried PLA were blended in 

co-rotating twin screw micro 
compounder and molded into a dog-

bone shaped tensile specimen. 

 Sealing in high 
pressure chambers at 

4.14 MPa for 48 h 
followed by soaking 

at 95 °C for 10 s. 

91

51 ChNWs / PLA / PHBV Twin screw micro 
compounding

ChNWs/ PLA/ PHBV = 
0.5/84.6/14.9

The dispersions of ChNWs in N,N-
Dimethyl acetamide (DMAc) solution 

and oven-dried PLA and PHBV 

Compositions were 
air cooled, cut into 
pellet-sized pieces, 

91
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ChNWs/ PLA/ PHBV 
=1.0/84.5/14.8

ChNWs/ PLA/ PHBV = 
2.0/84.4/14.7

ChNWs/ PLA/ PHBV = 
5.0/80.7/14.3

pellets were blended in co-rotating 
twin screw micro compounder at 180 
°C with the screw speed of 200 rpm 
for 10 min, and shaped into a dog-

bone shaped tensile specimen

and oven dried at 45 
°C for 24 h. 

52 PLA /α-ChNWs
Melt 

blending/Batch-
foaming

ChNWs/ PLA= 2/98
ChNWs/ PLA = 5/95
ChNWs/ PLA= 1/99

PLA was compounded with chitin 
nanocomposite using benchtop twin 

screw compounder to yield 
compatibilized chitin nanocomposite. 

Then the foams of PLA–chitin 
composites were prepared by two-step 
batch foaming technique using CO2.

Heated in hot water at 
95°C for a period of 

20 s and then 
quenched in cold 

water. 

92

53
PLA grafted with maleic 

anhydride (PLA-(grafted)-
MA) /α-ChNWs

Melt 
blending/Batch-

foaming

ChNWs/ (PLA-(grafted)-MA) = 
2/98

ChNWs/ (PLA-(grafted)-MA) = 
5/95

ChNWs/ (PLA-(grafted)-MA) = 
1/99

PLA-(grafted)-MA with peroxide-
based free radical initiator were 

compounded with chitin 
nanocomposite and PLA using 

benchtop twin screw compounder to 
yield compatibilized chitin 

nanocomposite. Then the foams of 
PLA–chitin composites were prepared 
by two-step batch foaming technique 

using CO2.

Heated in hot water at 
95°C for a period of 

20 s and then 
quenched in cold 

water. 

92

54

PLA (Mw 170,000)/ 
chitin nanofibrils 

(ChNFs))/ Polyethylene 
glycol (PEG, Mw 400, 

and 8000)

Extrusion 

PEG400/ ChNFs / PLA = 10/2/88
PEG8000/ ChNFs / PLA = 10/2/88
PEG400/ ChNFs / PLA = 1/2/97
PEG400/ ChNFs / PLA = 5/2/93
PEG400/ ChNFs / PLA = 10/5/85 
PEG400/ ChNFs / PLA 10/12/78

The dispersions of chitin nanofibrils 
(ChNFs) in water were mixed with 
poly (ethylene glycol) (PEG) and 

dried by water evaporation to prepare 
a solid pre-composite. The pre-

composite is then added to PLA in the 
injection molding extruder to obtain 

transparent nanocomposites.

Injection molding at 
180°C, 650 bars 

holding time of 15 s, 
mold temperature of 

35 °C.

165

55 Corn starch granules/ α-
ChNFs/ α-ChNCs

Melt-mixing in 
micro 

compounder, then 
injection molding

ChNFs or ChNCs / Corn starch = 
5/95

ChNFs or ChNCs s/ Corn starch = 
10/90

ChNFs or ChNCs / Corn starch = 
15/85

ChNFs or ChNCs / Corn starch = 
20/80

The dispersions of ChNWs or ChNFs 
in distilled water with glycerol 

plasticizer were mixed with starch 
using micro compounder, then molded 

using an injection molding

Conditioning at 50% 
relative humidity 

(RH) at 25 °C for 7 
days.

20
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56 PLA / α-ChNFs

Extrusion with 
Minilab (small 

twin-screw 
extruder)

ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs PLA = 40/60

ChNFs/ PLA/ PEG or PEO = 
10/80/10

ChNFs/ PLA/ PEG or PEO = 
20/70/10

ChNFs/ PLA/ PEG or PEO = 
30/60/10

ChNFs/ PLA/ PEGorPEO = 
40/50/10

The ChNWs (pre-treated in water, 
polyethylene glycol (PEG), or 

polyethylene oxide (PEO) followed by 
freeze-drying), were mixed with PLA 

powder followed by blending, 
compounding, and ultimately 

extrusion.  

Not conducted 26

In Situ Polymerization

57

Poly(butylene adipate-co-
furanoate) (PBAF) made 
in situ from adipic acid 
(AA) and dimethyl 2,5-

furandicarboxylate 
(DMFD) / sulfated α-

chitin nanowhiskers (S-
ChNWs)

In-situ 
polymerization, 

then hot-pressing

S-ChNWs/ (AA+DMFD) = 0.1/99.9
S-ChNWs/ (AA+DMFD) = 0.3/99.7
S-ChNWs/ (AA+DMFD) = 0.7/99.3
S-ChNWs/ (AA+DMFD) = 1.0/99.0

Respective amount of S-ChNW in 
butanediol were added to a liquid 

mixture of AA and DMFD monomers, 
and titanium (IV) butoxide (TBT, 

97%) catalyst by heating at 180 °C for 
2 h for transesterification, then 

increased to 210 oC for 2 h, and to 240 
oC for complete polymerization, 

finally polycondensation for in situ 
formation of PBAF. 

Films were prepared 
by pressing the in-
situ composites at 

150 °C at 10 Pa for 5 
min and then 

quenching in cold 
water.

105

58

Polyethylene glycol 
dimethacrylate (PEGDA, 
Mn = 6,000 Da)/ CS (Mw 
= 100,000 Da)/ ChNWs

In-situ free radical 
polymerization 
using UV light 

(365 nm, 50 
mW/cm2) 

PEGDA/CS = 88.24/11.76
PEGDA/ CS/ ChNWs = 

68.18/9.09/22.73

In situ free radical polymerization of 
PEGDA/ chitosan/ ChNWs aqueous 

suspension initiated by UV light
Not conducted 90

59

Poly(butylene adipate-co-
terephtalate) (PBAT) 

made in situ from adipic 
acid (AA) and 

dimethylterephtalate/ 
sulfated α-chitin 

nanowhiskers (S-ChNWs)

In-situ 
polymerization, 

then hot-pressing

S-ChNWs/ (AA+DMT) = 0.1/99.9
S-ChNWs/ (AA+DMT) = 0.3/99.7
S-ChNWs/ (AA+DMT) = 0.7/99.3
S-ChNWs/ (AA+DMT) = 1.0/99.0

Respective amounts of S-ChNW in 
butanediol were added to a mixture of 
AA and DMT monomers, and titanium 
(IV) butoxide (TBT, 97%) catalyst by 

heating at 180 °C for 2 h for 
transesterification, then increased to 

210 oC for 2 h, and to 240 oC for 
complete polymerization, finally 

polycondensation for in-situ formation 
of PBAT.

Films were prepared 
by pressing the in-
situ composites at 

150 °C at 10 Pa for 5 
min and then 

quenching in cold 
water.

105
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60 PANI-grafted (g)/chitin 
nanocrystals (ChNCs)

In-situ oxidative 
polymerization

ChNC/PANI = 14.3/85.7
ChNC/PANI = 50/50

PANI-g-ChNCs were prepared via in-
situ oxidative polymerization of 

aniline monomers with ammonium 
persulfate serving as the oxidant and 
HCl as an acid dopant for PANI. The 
ChNC suspension was sonicated for 

30 s in acidic HCl solution, after 
which the corresponding amount of 
aniline was added. The suspension 

was centrifuged, washed several times 
with 0.5 M HCl to remove byproducts 
and remaining agents, and the pH was 
adjusted to 3. For the preparation of 

PANI-g-ChNC/latex nanocomposites 
the desired amounts of PANI-g-

ChNCs suspension were sonicated for 
20 s then added to 1.5 g of latex under 

stirring, and cast into Teflon mold

Dried at room 
temperature for 24 h.

29

3D Printing

61

Methacrylate (MA) / α-
chitin photocurable 

nanowhiskers (pChNWs, 
DDA ∼6.4%, Mw ∼150 

kDa)

Stereolithography 
(SLA) printing via 

radical photo-
polymerization

pChNWs/ MA = 0.2/99.8
pChNWs/ MA = 0.5/99.5
pChNWs/ MA = 1.0/99.0

The ChNWs of varying amounts were 
mixed with the MA resin and 

underwent SLA printing via radical 
photopolymerization to form 3D-

printed nanocomposites.

Solvent was removed 
by drying in vacuum 

oven at 60 °C for 
15min. 

81

62 MA resin / ChNWs Modified slurry 
compounding

ChNWs/ MA = 0.5/99.5
ChNWs/ MA = 1.0/99.0
ChNWs/ MA = 1.5/98.5

The dispersions of ChNWs in ethanol 
was mixed with MA-ethanol solution 
and the nanocomposite resin obtained 

were 3D printed

The solvent was 
removed by drying in 

vacuum at 60 °C.
1

Gel Spinning and Electrospinning

63 PVA / α-ChNWs Gel spinning

ChNWs/ PVA = 3/97
ChNWs/ PVA = 5/95
ChNWs/ PVA = 10/90
ChNWs/ PVA = 15/85
ChNWs/ PVA = 20/80
ChNWs/ PVA = 30/70

The dispersion of ChNWs and water 
was mixed with a solution of PVA in 
distilled water in the rotary mixer and 

fibers were fabricated using a 
laboratory-scale gel-spinning 

apparatus.

Cooling in a 
methanol bath for 24 
h followed by solvent 

removal by 
evaporation for 48 h.

94

64 PVA (Mw = 78,000)/ α-
ChNWs Electro-spinning

ChNWs/ PVA = 2.5/97.5
ChNWs/ PVA = 5.0/95.0
ChNWs/ PVA =7.5/92.5

The dispersions of ChNWs was mixed 
with a solution of PVA in distilled 

water and electrospun using a single-

Solvent removal by 
drying at 155 °C for 

15 min.
96
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needle electrospinning to form 
nanofibrous membranes.

65 Cellulose acetate (CA Mn 
≈30,000 Da) / ChNWs Electro-spinning ChNWs/ CA= 0.5/99.5

ChNWs/ CA= 2.5/97.5

The solution of CA in acetone and 
DMAc was mixed with ChNWs and 

electrospun using a single-needle 
electrospinning to form nanofiber 

mats.

Solvent removal by 
vacuum drying at 

∼25 °C and 
conditioned at ∼53% 

RH.

142

66 PVA (Mw = 75000 Da) / 
α-ChNWs Electro-spinning

ChNWs/ PVA = 2.55/97.45
ChNWs/ PVA = 5.11/94.89
ChNWs/ PVA = 7.66/92.34
ChNWs/ PVA = 10.11/89.89
ChNWs/ PVA = 12.76/87.24
ChNWs/ PVA = 15.17/84.83
ChNWs/ PVA = 17.74/82.26
ChNWs/ PVA = 25.38/74.62

The suspension of ChNWs in water 
was mixed with PVAaq solution, then 

the resulting suspension was 
electrospun.

Solvent removal by 
evaporation at room 

temperature for 3 
days.

49

Coating

67
Polyethylene terephthalate 
(PET)/ ChNWs/ cellulose 

nanocrystals (CNCs)
Spray-coating ChNWs/ CNCs = 50/50 coated in 

sequence on PET film

Two separate dispersions of ChNWs 
and CNCs in water were spray-coated 

on PET film in sequence, to form a 
bilayer-coated PET film.

Solvent removal by 
drying at room 

temperature for 24h.
129

68 Cellulose acetate (CA)/ α-
ChNWs/ CNCs Spray-coating ChNWs/ CNCs = 50/50 coated in 

sequence on CA film

Two separate dispersions of ChNWs 
and CNCs in water were coated on the 
CA substrate to form a bilayer-coated 

CA film.

Solvent removal by 
drying at room 

temperature for 96h.
140

69 CA / ChNWs/ cellulose 
nanocrystals (CNCs)

Spray coating 
followed by 

thermal treatment

ChNWs/ CNC = 50/50 coated in 
sequence on CA film

Two separate dispersions of ChNWs 
and CNCs in water were spray-coated 
on CA-film, to form a bilayer-coated 

CA film.

 Solvent removal by 
drying at room 

temperature for 24h 
and conditioned at 

∼53% RH.

141

70 α-ChNWs / CS / PET Blade-coating

ChNWs/ CS = 66.66/33.33 and
ChNWs/ CS = 50.0/50.0 and
ChNWs/ CS = 33.33/66.66
spread over PET substrate

The dispersion of ChNWs and CS 
(mixed together) in water was spread 

over PET substrate.

Solvent removal by 
drying at 60 °C for 30 

min.
130

71 α-ChNWs / PET Blade-coating ChNWs spread over PET substrate The dispersion of ChNWs in water 
was spread over PET substrate.

Solvent removal by 
drying at 60 °C for 30 

min.
130

72
α- short chitin 

nanowhiskers (SChNWs 
114 nm) or α- long chitin 

Blade-coating
SChNWs/ CS = 66.66/33.33 and
SChNWs/ CS = 50.0/50.0 and
SChNWs/ CS = 33.33/66.66

The dispersion of (ChNWs + CS) 
mixed together spread over PET 

Solvent removal by 
drying at 60 °C for 30 

min.
130
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nanowhiskers (LChNWs, 
230nm) /chitosan (CS)/ 

Polyethylene terephthalate 
(PET)

LChNWs/ CS = 66.67/33.33
LChNWs/ CS = 50/50

LChNWs/CS = 33.3366.67
spread over PET substrate pre-

coated with CNC 

substrate pre-coated with CNC in 
layer-by-layer (LBL) fashion.

73
PP / α-ChNWs/ TEMPO 

cellulose nanofibers 
(TCNFs)

Layer-by-Layer 
(LBL) Coating

ChNWs and TCNFs coated in 
sequence on PP film, ratio not 

shown 

The ultraviolet/ozone treated PP 
substrates were alternately immersed 

into two separate dispersions: ChNWs 
and TCNF in water forming bi-layered 

coated films.

Solvent removal by 
drying at 80 °C for 24 

h.
82

74
PET / α-ChNWs/ 

cellulose nanofibers 
(CNFs)

Layer-by-Layer 
(LBL) Coating 

ChNWs and CNFs coated in 
sequence on PET film, ratio not 

shown

The dispersion of ChNWs in aqueous 
acetic acid and CNFs in water were 
sprayed on the upper surface of the 
PET substrate in a zigzag pattern 

completing a single bilayer structure

Solvent removal by 
hot-pressing at 80 °C 
at 32 MPa for 10 min.

89

Impregnation

75 PVA (99% hydrolyzed) / 
ChNFs Impregnation ChNFs/ PVA = 60/40

ChNFs dispersed in water were 
vacuum filtered to make a wet sheet. 
After drying, ChNFs pre-made film 

was impregnated into the pre-prepared 
PVAaq solution for 12 h as a 

sandwich-like structure.

Solvent removal by 
drying in an oven at 

55 °C for 12 h.
16

76 Gelatin (Gel) / ChNFs Immersion
ChNFs/ Gel = 73.0/27.0 
ChNFs/ Gel = 62.5/37.5 
ChNFs/ Gel = 50.2/49.8

ChNF suspensions were vacuum 
filtered to prepare a wet film. The 
gelatin powder was dissolved in 

distilled water at different 
concentrations. Afterwards the wet 

ChNF films were immersed into 
gelatin solutions and kept at 60 °C for 

12 h, respectively.

The ChNF/gelatin 
films were dried at 

room temperature for 
2 days.

143

77 PVA (Mw = 26000 Da) / 
α-ChNWs

Solution 
impregnation

Sandwich-like structure, ratio not 
shown

ChNWs aqueous suspension was cast, 
dried and ChNWs film was obtained. 
After that, ChNWs pre-made film was 

impregnated in the pre-prepared 
PVAaq solution for 12 h as a 

sandwich-like structure

Solvent removal by 
evaporation at room 

temperature 
overnight, followed 

by drying at 40 oC for 
12 h

52

78
Microcrystalline cellulose 
(MCC, Mw 1 × 105)/ α-

ChNWs
Impregnation

ChNWs/ MCC =1.0/99.0
ChNWs/ MCC = 2.5/97.5
ChNWs/ MCC = 5.0/95.0

The dispersion of ChNWs was 
introduced into cellulose solutions in 

The obtained material 
was a gel, that was 

freeze-dried and 
79
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ChNWs/ MCC = 10.0/90.0 phosphoric acid at the stage of 
cellulose regeneration.

vacuum dried for the 
characterization.

a ChNWs are the essential component rather than a reinforcement filler.
b 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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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 nanoparticles with 

suitable groups. Additionally, the spatial arrangement of fillers and their mutual interactions—

both among themselves and with the polymer matrix—are key considerations for a comprehensive 

understanding of composite material performance.170

Figure 5. Formation of a percolation network

The reinforcement of nanocomposites with ChNWs could be explained by several 

interconnected mechanisms such as mechanical reinforcement (load transfer and stress 

distribution),144 and interfacial interaction and bonding.2,170 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 the matrix to the nanofiller,144 significantly 

enhancing the tensile strength, stiffness, and modulus of the composites. Additionally, the high 
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aspect ratio and alignment of ChNFs within the maxtrix contribute to uniform stress distribution 

improving mechanical performance under tensile, bending, and impact forces.77,97 

Interfacial interaction and bonding in the ChNW-reinforced composites are primarily governed 

by long-range electrostatic interactions and hydrogen bonding.2,25,97,170 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 hydrogen 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 

conditions and source material, impacts the surface charge characteristics. Moreover, the less polar 

ether and acetyl groups may contribute to material amphiphilicity, leading to varying charge 

fractions within chitin samples.2

Strong hydrogen bonding between chitin and polymer matrix, combined with the large surface 

area of ChNWs, facilitates the formation of a rigid network of fillers within the host matrix, often 

referred to as a “percolation network”. 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.97,170

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 modifications such as hydrophobic group attachment to 

reduce hydrophilicity144 or to improve its compatibility with different surfaces.2 Surface 
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modification method is essential for enhancing the compatibility and interaction at the interface 

between nanoparticles and the polymer matrix. However, such modification may also reduce 

hydrogen bonding interaction, which in turn can affect the formation of a rigid percolation 

network.170

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 polysaccharides (e.g., chitosan, cellulose, 

alginate, starch, and hyaluronic acid), proteins (e.g., gelatin, collagen, silk), and bacterial 

polyesters (e.g., polyhydroxyalkanoates). Their biocompatibility, biodegradability, and 

renewability make them suitable for applications in drug delivery, tissue engineering, stem cell 

morphogenesis, wound healing, regenerative medicine, food packaging, etc.171 Despite their 

advantages, natural polymers face limitations such as poor mechanical strength, moisture 

sensitivity, and processing challenges. For example, cellulose is strong but brittle while starch and 

gelatin are highly moisture-sensitive, which compromises their stability in humid environments. 

Additionally, complex processing techniques are often required to improve their mechanical 

properties or enable large-scale production.172 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 reinforcement of natural polymers with chitin 

nanomaterials demonstrating significant improvements in their mechanical, thermal, and 

Page 54 of 190RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
5/

20
25

 1
1:

59
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LP00104H

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


55

functional (i.e., water-vapor transmission) properties (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 mechanical strength and high moisture sensitivity.

4.1.1. Chitosan and Carboxymethyl Chitosan

Thus, incorporating 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).24 The authors noted that while the improved mechanical properties 

demonstrated effective reinforcement by the ChNWs, the role of cross-link density also in 

influencing these properties warrants further investigation.24 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).173

Another study demonstrated that the addition of up to 1.0 wt% ChNWs into carboxymethyl 

chitosan (CMCS) crosslinked 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.106 The improvements are likely attributed to ChNWs ability to strengthen 

interactions among the polymer coils across different layers, significantly restricting segment 
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movement under applied stretching force.174 These mechanisms also help explain the enhanced 

mechanical performance observed in ChNWs-incorporated CMCS/DDA hydrogels.106

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 deacetylated chitin backbone 

(%DA was not reported) and the negatively charged alginate chains, complemented by molecular 

entanglements and hydrogen bonding.75 These interactions contribute to stiffer composites with 

enhanced tensile strength.75 

Similar findings were reported in another study, where alginate hydrogels reinforced with 

ChNWs showed improved tensile properties and reduced elongation at break (Table 8, Entry 

5).132 Additionally, the incorporation of ChNWs into the hydrogels increased yield stress, 

enhanced viscosity, modulated rheological properties, and prolonged drug release.132 A recent 

study by Santos et al.175 highlighted surface functionalization 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 
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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 streghtening the films.175 

Huang et al.176 successfully fabricated alginate-based nanocomposite 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 swelling (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.176 

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 protonation, while the negatively charged ChNWs (TOChNWs) 

were prepared by TEMPO-oxidation.121 The results demonstrated that among all composites 

containing from 0.2 to 5 wt.% DeChNWs, composites containing 0.8 wt.% DeChNWs exhibited 

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. 
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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·m²/g) was observed at a 2 wt.% loading, while TOChNWs achieved a peak tear index of 

2.4 mN·m²/g at 0.8 – 1 wt.%. Similar to the tensile index, the tear index reaches a threshold value 

of 3.7 mN·m²/g at a 2 wt.% DeChNW load, with both lower and higher concentrations resulting 

in a decreased tear index. The superior performance of DeChNWs is attributed to their ability to 

form hydrogen bonds with fiber surfaces and neutralize charges between the positively charged 

DeChNWs and negatively charged fibers. This improves binding and retention at low 

concentrations. However, excessive DeChNWs result in uneven dispersion and reduced strength. 

In contrast, TOChNWs only improve paper strength through hydrogen bonding, lacking the 

charge-neutralization benefit, making DeChNWs overall more effective.121 

Similarly, microcrystalline cellulose composite cryogels incorporating low concentrations of 

ChNWs (1 and 2.5 wt.%) showed enhanced mechanical properties, as indicated by increased 

compressive modulus (Table 8, Entry 9). However, higher concentrations (5 and 10 wt.% 

ChNWs) reduced the compressive modulus, likely due to ChNW aggregation, which disrupted 

their uniform distribution, stress redistribution, and reduced cellulose molecule mobility.79 The 

study also evaluated the effect of freezing time on the properties of the MCC cryogels. Extending 

freezing time to 10 days resulted in a threefold increase in compressive modulus,79 highlighting 

the importance of optimizing both nanofiller concentration and processing conditions to achieve 

maximum mechanical performance.

Cellulose acetate (CA), an ester derivative of cellulose, is formed by partially or completely 

O-alkylating the hydroxyl groups in the cellulosic glucose units with acetyl groups. While CA has 

been used in the biocomposites and bioplastics formation for different industries, it suffers from 
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limitations, such as low stability, mechanical resistance, and reduced adsorption levels. To address 

these challenges, CA has been reinforced with plant- or animal-derived materials such as chitin, 

chitosan, etc.177 Incorporating ChNCs into CA films enhanced their hydrophilicity, antifungal 

activity, and slightly improved (up to 1.2 times) the Young’s modulus at a 0.5 wt.% concentration 

(Table 8, Entry 10).178 However, ChNCs negatively affected tensile strength and elongation at 

break and generally decreased light transmittance in the composite films.178 

Other studies explored the combined effects of chitin nanowhiskers (ChNWs) and cellulose 

nanocrystals (CNCs) as coatings for CA-based films, particularly for food packaging 

applications.140,141 One of the objectives of the studies was to optimize deacetylation conditions 

for crab shell chitin to tune the charge and size of the resulting ChNWs and investigate their impact 

on oxygen permeability in layered film structures (Table 8, Entry 11). It was observed that more 

aggressive deacetylation conditions (higher NaOH concentration, temperature, and longer time) 

produced shorter ChNWs, but significant surface charge alterations only occurred beyond a 

specific threshold condition (35% NaoH, 140 oC, 140 min).140 Despite a ∼10% decrease in ultimate 

tensile strength and no significant change in failure strain, the ChNW–CNC coatings reduced the 

water vapor transmission rate by ~20% compared to uncoated CA films. Optimized coatings 

achieved a 91–99% reduction in oxygen permeability (132–16.7 cm³·μm/m²/day/kPa compared to 

1553 cm³·μm/m²/day/kPa for uncoated CA films).140 The follow-up study further evaluated spray-

coated ChNWs and CNCs on CA films and tuned the film properties by adjusting the spray coating 

temperature (Tspray) and the post thermal treatment temperature (Tthermal).141 By increasing Tspray 

(from 40 to 100 °C) and Tthermal (from 40 to 140 °C), the oxygen permeability (OP) decreased by 

48% and 62%, respectively. The optimal OP of 11.5 cm³ μm m⁻² day⁻¹ kPa⁻¹ was achieved at 

Tthermal of 140 oC with a controlled Tspray of 80 oC (Table 8, Entry 12), which is comparable to that 
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of commercial oriented poly(ethylene terephthalate). Higher temperatures also enhanced 

transmittance and reduced haze, approaching the clarity of bare CA films. The mechanical and 

water vapor barrier properties of the coated films were improved by an average of 20% and 11%, 

respectively, compared to pure CA, with minimal impact from temperature variations.141 These 

findings highlight the potential of chitin nanomaterials as effective reinforcing materials for 

cellulose acetate-based composites. 

4.1.4. Starch

Chitin nanomaterials have demonstrated effective reinforcement of starch-based 

biocomposites. When added to potato starch through casting and evaporation, chitin nanoparticles 

(ChNPs) increased the tensile strength and reduced the elongation at break (Table 8, Entry 13). 

This improvement is primarily attributed to enhanced packing rather than the formation of 

percolation networks. The strong interfacial interaction between ChNPs and potato starch matrix, 

facilitated by their similar polysaccharide structures, promoted better dispersion and alignment of 

the reinforcing material within the matrix.48 This enhanced packing results in a more cohesive and 

stable composite structure. The study also investigated water vapor permeability (WVP), a 

measure of moisture transport through the film. It was observed that WVP of the ChNP-reinforced 

potato starch composites decreased with increasing ChNPs concentration. Specifically, WVP 

significantly dropped when the ChNPs content increased from 1 to 3 wt.%, with a slight additional 

decrease as the concentration rose from 3 to 5 wt.%. While ChNPs improved water resistance 

compared to the unreinforced potato starch matrix, their incorporation created a more complex 

pathway for water molecules to navigate.179 At low ChNPs concentrations, the nanoparticles were 

uniformly dispersed within the composite matrix, minimizing paths for water molecules and 
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effectively reducing water permeability. However, at higher concentrations, the excess ChNP 

tended to aggregate, disrupting the uniform dispersion and inadvertently facilitating water vapor 

permeation.48

In thermoplastic corn starch-based biocomposites, chitin nanofillers notably enhanced 

mechanical properties (Table 8, Entry 14).20 To understand the role of the chitin filler’s 

morphology and aspect ratio in determining the final properties of the composite material, the 

study individually evaluated two types of chitin nanofillers−nanocrystals (ChNCs) and nanofibers 

(ChNFs)−by incorporating them one at a time into a corn-starch matrix via melt-mixing.20 The 

incorporation of both ChNC and ChNF improved mechanical performance, including increased 

Young’s modulus and tensile strength. For instance, increase of ChNCs loading from 5 to 20 wt% 

enhanced Young’s modulus from 222 to 390 MPa and tensile strength from 7.1 to 10.8 MPa. The 

addition of ChNFs produced significantly better results, with Young’s modulus increasing from 

330 MPa to 520 MPa and tensile strength rising from 9.9 MPa to 15.0 MPa at 5% and 20 % ChNF 

content, respectively (Table 8, Entry 14). These improvements resulted in a notable reduction in 

elongation at break, decreasing from 38% to 15% for 5 wt.% and 20 wt.% ChNC loadings, 

respectively, and from 26% to 9% for 5 wt.% and 20 wt.% ChNF loadings, respectively. The 

enhanced mechanical performance of the ChNCs/corn-starch and ChNFs/corn-starch composites 

is primarily attributed to: (a) the formation of a rigid network of ChNCs or ChNFs, driven by intra- 

and intermolecular hydrogen bonds; (b) the interlocking or mutual entanglement of the chitin 

nanofillers with the starch matrix; and (c) the effective stress transfer from the matrix to the chitin 

nanofillers.48,180 

It also appears from the study that the mechanical behavior of the ChNCs/corn-starch 

composites may be enhanced by increased crystallinity attributed to the nucleating effect of 
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ChNCs. In contrast, the superior mechanical properties of ChNFs/corn-starch composites are 

primarily due to the percolation effect. ChNFs, due to their high aspect ratio (L/d = 60) and 

extended fibrillar structure, form an interconnected network within the starch matrix. The 

entanglement of long chitin fibrils with the starch molecules also reinforces the matrix by creating 

multiple points of interaction, further increasing the composite's resistance to mechanical stress. 

This percolation effect is particularly significant because it allows for the formation of a 

continuous and rigid phase even at relatively low filler concentrations. As a result, the 

ChNFs/corn-starch composites exhibited better mechanical performance, such as higher tensile 

strength and Young’s modulus, compared to the ChNC/corn-starch counterparts.20 Furthermore, 

incorporating chitin nanofillers into corn-starch matrix improved both thermal and storage 

modulus compared to the starch matrix, with the nanofiber-based materials outperforming those 

with nanoparticles.20

4.1.5. Gelatin

Gelatin, a natural biopolymer, derived from the partial hydrolysis of collagens, is an abundant 

structural protein found in various parts of the animal and human tissues. It offers excellent film-

forming ability, transparency, oxygen barrier, and UV-light absorption. Additionally, gelatin 

serves as a versatile vehicle for incorporating a wide range of additives and can be modified 

through its diverse functional groups. However, like some other natural polymers, gelatin faces 

challenges, including high sensitivity to moisture, and poor mechanical and thermal properties, 

limiting its use in the food industry, drug delivery systems, and biomedical tissue engineering 

fields. To enhance its functionality, gelatin is often reinforced with chitin nanomaterials, or via a 

combined approach of crosslinking and nanochitin reinforcement. Several studies have 
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demonstrated the significant reinforcing effects of chitin nanomaterial on gelatin composites and 

films, as summarized in Table 8, Entries 15 − 18. Most of these studies demonstrate significant 

improvements in mechanical properties such as enhanced Young’s modulus and tensile strength, 

due to the reinforcement effect of nanochitin in the matrix. However, the extent of these effects is 

influenced by various factors such as the preparation conditions of the nanochitin/gelatin 

composite, the concentration of both gelatin and nanochitin, and the nature and strength of 

interactions between nanochitin and the gelatin matrix. 

For example, Etxabide et al. developed glucose-crosslinked gelatin films reinforced with 

ChNWs and observed a significant increase in Young’s modulus and tensile strength, reaching 

2921 MPa, and 77 MPa, respectively at the 4 wt. % ChNW content (Table 8, Entry 15).78 These 

property alterations were reportedly attributed to the following factors. First, the reaction enhances 

the organized structure of the matrix (i.e., increases crystallinity), contributing to greater stiffness 

and thermal stability. Second, the Maillard reaction, which involves the interaction of glucose 

(used as a crosslinking agent) with amino groups in gelatin, forms covalent bonds that improve 

mechanical properties. Finally, to a lesser extent, the formation of noncovalent interactions 

between ChNWs and gelatin also plays a role.78 

Additionally, the addition of ChNWs in the films notably improve UV−Vis light absorption 

capacity and thermal stability of the films. However, the reinforced films became less flexible and 

less transparent likely due to increased density of crosslinks which reduces molecular mobility and 

changes the films’ light-scattering characteristics.78 

Another study used the immersion method for composites preparation, where the gelatin films 

have been soaked in a solution containing the chitin nanofibers, followed by drying at room 

temperature to form the composite. The improved mechanical performance along with high 
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transparency were achieved (Table 8, Entry 16).143 The Young’s modulus of the 50.2%-

ChNFs/gelatin (with a ChNF content of 50.2%) was approximately 5192 MPa−nearly double that 

of pure gelatin. Furthermore, this parameter increased as the ChNF content in the gelatin increased 

attributed to the reinforcing effect of the ChNF nano-networks and the hydrogen bond formation 

between gelatin and chitin molecules. 

This group also investigated the effect of surface-deacetylated chitin nanofibers (S-ChNFs, DA 

= 63 ± 2%) on gelatin nanocomposites and observed a significant improvement in composites’ 

tensile properties.181 Furthermore, when comparing the performance of the S-ChNFs/gelatin to 

ChNWs/gelatin composites at the same component ratio, the S-ChNFs/gelatin composite exhibited 

higher stress and Young’s modulus (Table 8, Entry 17). This enhancement is attributed to surface 

deacetylation, which reduces fiber diameter and increases the aspect ratio of nanofibers, 

facilitating the formation of densely interconnected nanonetworks within the gelatin matrix.182 The 

strong interactions between chitin and gelatin molecules further contributed to the improved 

mechanical properties of S-ChNFs/gelatin composites.181 

A recent study provided a promising approach for developing biocompatible and conductive 

hydrogels, leveraging the synergistic effects of gelatin, cellulose-based nanofibers, and chitin-

derived nanowhiskers. It successfully fabricated conductive gelatin-based hydrogels by integrating 

a gelatin solution with suspensions of dialdehyde microfibrillated cellulose (DAMFC) and 

carboxylated chitin nanowhiskers (ChNWs). The fabrication process involved mixing these 

components, casting the resulting mixture, and incubating it at room temperature. The improved 

mechanical strength along with good electrical conductivity and freezing tolerance were achieved 

(Table 8, Entry 18).120 When DAMFC was incorporated without ChNWs, the resulting hydrogel 

exhibited an increased compressive stress reaching 1.949 MPa, which is ~4 times higher than that 
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of pure gelatin. This enhancement was attributed to the formation of a robust dynamic 3D network, 

arising from the Schiff base reaction between the aldehyde groups on the surface of the DAMFC 

fibrils and the amino groups of the gelatin.120 When both DAMFC and ChNWs were introduced, 

the compressive stress of the composite hydrogels increased further, reaching a the highest level 

at 2 wt.% of ChNWs (Table 8, Entry 18). At higher ChNWs loadings (> 2 wt. %), aggregation of 

the excessive ChNWs led to the stress concentration in the hydrogel ultimately impairing its 

mechanical performance.120 

This group also investigated the conductivity and freezing-tolerance of 2-wt% ChNW-

reinforced DAMFC/Gel hydrogels through ion immersion. The researchers found that soaking the 

hydrogels in NaCl solution significantly enhanced their ionic conductivity, making it 

approximately four times higher than that of hydrogels soaked in pure water. Additionally, the 

hydrogels maintained their flexibility even at –20°C, demonstrating excellent freezing 

resistance.120 Overall, the reinforcing effects of chitin nanomaterials on gelatin composites are 

attributed to good compatibility and interactions between chitin and gelatin. These properties make 

ChNW-reinforced DAMFC/Gel hydrogels promising materials for applications in biomedical, 

food packaging, and active packaging industries where mechanical strength, conductivity, and 

temperature resilience are critical.

4.1.6. Silk

A recent study focused on creating composite membranes by combining silk nanowhiskers 

(SNWs) with partially deacetylated chitin nanofibers (DeChNFs) for applications requiring high 

mechanical strength and flexibility.131 Silk nanowhiskers (SNWs) were incorporated into 

DeChNFs at a pH of 3 to form SNW-DeChNF composite membranes, whose mechanical 
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performance was evaluated. DeChNF membranes alone exhibited a tensile stress of 102.00 ± 1.09 

MPa, tensile strain of 9.06 ± 2.80%, and Young’s modulus of 3802.91 ± 563.04 MPa (Table 8, 

Entry 19). The addition of SNWs significantly enhanced performance. The study identified 2 

wt.% SNWs as the optimal concentration for balancing mechanical performance and material 

integrity, resulting in membranes with tensile stress of 184.05 ± 13.86 MPa and Young’s modulus 

of 7987.96 ± 403.88 MPa. At higher SNW loadings (~ 50%), aggregation disrupted uniformity 

and reduced the material’s ability to evenly distribute stress, highlighting importance of controlling 

filler dispersion as a critical factor to optimizing performance.

4.1.7. Soy Protein Isolate

Recent studies have investigated the reinforcing effects of chitin nanomaterials on soy protein 

isolate (SPI) films and gels.73,74,183,184 Koshy et al. successfully developed pH-sensitive  SPI-based 

films modified with ChNWs and Clitoria ternatea flower extract (CTE).74 Incorporating 8 wt.% 

ChNWs into the SPI matrix enhanced tensile strength by ~ 4.3 times compared to pure SPI (Table 

8, Entry 20). While the inclusion of CTE slightly reduced the tensile strength of ChNWs/SPI 

films, it imparted pH sensitivity, making the films suitable for use as pH indicators for monitoring 

the freshness of packaged food products.74 This group further evaluated the effect of ChNWs 

combined with magnesium oxide nanoparticles (MgO) as hybrid nanofillers on SPI films. The 

addition of MgO and ChNWs significantly improved thermal stability and antibacterial activity, 

making these films promising for active food packaging applications (Table 8, Entry 21).73

Another recent study successfully developed strong acid-induced SPI gels by incorporating 

ChNCs and proposing a gelatinization mechanism (Table 8, Entry 22).183 The process involved 

mixing SPI powder with a ChNC suspension at pH 3 to form a SPI-ChNC solution, adding 
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gluconolactone (GDL), which hydrolyzed into gluconic acid, gradually reducing the solution’s pH, 

and lowering the net surface charge of protein aggregates, leading to acid-induced gel formation. 

The addition of ChNCs into SPI gels improved the storage modulus, recovery rate, and thermal 

stability of SPI gels. These improvements are attributed to strong interactions between ChNC and 

SPI matrix, including electrostatic interactions and hydrogen bonding.183 

Raman spectroscopy revealed that ChNCs altered the secondary protein structure of SPI gels. 

With the addition of 1.00 % ChNCs, the α-helix content decreased from 19.7 % to 12.1 % whereas 

β-sheet increased from 46.5 % to 52.6 %. This transformation indicates that ChNCs promote 

protein unfolding and orderly aggregation, forming a densely cross-linked gel network. 

Additionally, the incorporation of ChNCs strengthened the SPI gel by enhancing hydrophobic 

interactions, electrostatic interactions, and hydrogen bonding further stabilizing the gel matrix.183

4.1.8. Hyaluronic Acid

Hyaluronic acid (HA), also known as hyaluronan is a glycosaminoglycan, an anionic 

polysaccharide made up of glucuronic acid and N-acetylglucosamine disaccharide units, each 

containing one carboxyl group.185 HA is widely used due to its biocompatibility, nontoxicity, and 

healing properties. It can processed into various forms, such as hydrogels,186 fibers,187 or 

scaffolds.188 However, HA suffers from poor mechanical stability, rapid degradation,189 and lacks 

antimicrobial properties, which limit its use, particulary in tissue engineering and drug delivery 

applications. To overcome these challenges, recent research has explored reinforcing HA 

hydrogels and biofilms with nanofillers. Studies have demonstrated that partially deacetylated 

chitin nanowhiskers (ChNWs) (DA = 73%) significantly enhance the mechanical properties of HA 
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biofilms. This reinforcement is evident through increased crossover modulus, tensile modulus, and 

yield stress (Table 8, Entry 23). 

The crossover modulus of ChNWs/HA composites increased nearly linearly from 82 Pa to 120 

Pa as the ChNW content rose to 35 vol. %. However, at 50 vol. % of ChNWs, the modulus dropped 

to 83 Pa, suggesting excessive nanofiller aggregation compromised the mechanical network. 

Tensile modulus and stress was also considerably enhanced, with the highest improvements 

observed at 35 − 50 vol % of ChNWs in the HA matrix. Furthermore, the nanocomposite biofilms 

demonstrated strong antibacterial properties while maintaining cytocompatibility, which improved 

as the volume fraction of ChNWs in the HA matrix increased.88
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Table 8. Reinforcement of natural polymers with nanochitin 

No Polymers Affected properties Composition Value Ref.
Chitosan

Young's modulus, MPa

CS
ChNWs/ CS = 2.97/97.03
ChNWs/ CS = 5.77/94.23
ChNWs/ CS = 10.90/89.10
ChNWs/ CS = 13.30/86.70

2.5
17.8
59.1
130.0
169.0

Stress at break, kPa

CS
ChNWs/ CS = 2.97/97.03
ChNWs/ CS = 5.77/94.23
ChNWs/ CS = 10.90/89.10
ChNWs/ CS = 13.30/86.70

3.2
17.7
42.9
117.0
135.0

1

Chitosan (CS)/ cross-linked with 
isocyanate hexamethylene-1,6-di-
(aminocarboxysulfonate) (HDS)/ 

ChNWs

Swelling ratio, Q

CS
ChNWs/ CS = 2.97/97.03
ChNWs/ CS = 5.77/94.23
ChNWs/ CS = 10.90/89.10
ChNWs/ CS = 13.30/86.70

357.0
211.0
53.3
40.7
33.0

24

Tensile strength, MPa*

CS
TA**/CS = 20/100
TA/CS = 40/100

ChNWs/CS = 10/90
ChNWs/CS = 20/80
ChNWs/CS = 30/70

ChNWs/TA/CS = 10/20/90
ChNWs/TA/CS = 20/20/80
ChNWs/TA/CS = 30/20/70
ChNWs/TA/CS = 10/40/90
ChNWs/TA/CS = 20/40/80
ChNWs/TA/CS = 30/40/70

22.02
39.75
41.88
42.00
49.90
52.23
37.80
38.50
48.90
34.50
34.80
48.90

2 CS / cross-linked with tannic acid 
(TA) / ChNWs

Elongation at break, 
%*

CS
TA**/CS = 20/100
TA/CS = 40/100

ChNWs/CS = 10/90

50.3
40.0
33.0
26.8

173
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ChNWs/CS = 20/80
ChNWs/CS = 30/70

ChNWs/TA/CS = 10/20/90
ChNWs/TA/CS = 20/20/80
ChNWs/TA/CS = 30/20/70
ChNWs/TA/CS = 10/40/90
ChNWs/TA/CS = 20/40/80
ChNWs/TA/CS = 30/40/70

23.5
21.3
25.0
23.2
24.8
23.0
21.5
22.5

Moisture content, %*

CS
TA**/CS = 20/100
TA/CS = 40/100

ChNWs/CS = 10/90
ChNWs/CS = 20/80
ChNWs/CS = 30/70

ChNWs/TA/CS = 10/20/90
ChNWs/TA/CS = 20/20/80
ChNWs/TA/CS = 30/20/70
ChNWs/TA/CS = 10/40/90
ChNWs/TA/CS = 20/40/80
ChNWs/TA/CS = 30/40/70

555
340
320
530
415
400
330
275
273
275
270
260

Water solubility, %*

CS
TA**/CS = 20/100
TA/CS = 40/100

ChNWs/CS = 10/90
ChNWs/CS = 20/80
ChNWs/CS = 30/70

ChNWs/TA/CS = 10/20/90
ChNWs/TA/CS = 20/20/80
ChNWs/TA/CS = 30/20/70
ChNWs/TA/CS = 10/40/90
ChNWs/TA/CS = 20/40/80
ChNWs/TA/CS = 30/40/70

21.8
15.5
13.2
18.8
16.7
13.5
14.2
13.4
12.6
12.2
9.2
8.4

Carboxymethyl chitosan (CMCS)

3
Carboxymethyl chitosan (CMCS) 

cross-linked with dextran 
dialdehyde (DDA)/ ChNWs

Young’s modulus, kPa
CMCS/DDA

ChNWs/CMCS = 0.5/99.5
ChNWs/CMCS = 1.0/99.0

43.2 ± 4.6
47.2 ± 5.6
67.0 ± 6.2 

106
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Swelling ratio at 36 h, 
%

CMCS/DDA
ChNWs/CMCS = 0.5/99.5
ChNWs/CMCS = 1.0/99.0

52.62 ± 8.59
61.62 ± 6.10
64.20 ± 4.93

Bonding strength, kPa
CMCS/DDA

ChNWs/CMCS = 0.5/99.5
ChNWs/CMCS = 1.0/99.0

21.93
25.20
33.21

Alginate
Tensile strength, 

N/mm2
ALG 

ChNWs/ ALG = 33.3/66.7
0.0256 ± 0.0031
0.0618 ± 0.00544 Sodium alginate (ALG)/ α-ChNWs

Elongation, % ALG 
ChNWs/ ALG = 33.3/66.7

51.52 ± 2.61
37.67 ± 2.31

75

5
ALG / partially deacetylated α-
chitin nanowhiskers (ChNWs, 

DDA 0.40 ± 0.03)
Yield stress, Pa

ALG
ChNWs/ ALG = 2.5/97.5
ChNWs/ ALG = 7.5/92.5
ChNWs/ ALG = 14.5/85.5

1120
1560

18,000 – 44,000
17,000

132

Tensile strength, MPa
Pectin-ALG

AH-ChNCs/Pectin-ALG = 20/80
OX-ChNCs/Pectin-ALG = = 20/80

25.9 ± 1.4
33.5 ± 1.7

23 ± 1

Elongation at break, 
mm

Pectin-ALG
AH-ChNCs/Pectin-ALG = 20/80

OX-ChNCs/Pectin-ALG = = 20/80

2.1 ± 0.7
2.6 ± 0.5
1.4 ± 0.3

6

Pectin-Sodium alginate (Pectin-
ALG)/ surface functionalized 
chitin nanocrystals (i.e., acid-

hydrolyzed ChNCs (AH-ChNCs, 
DDA = 10 %), and carboxylated 
ChNCs (OX-ChNCs, DDA = 12 

%)) Young’s Modulus, MPa
Pectin-ALG

AH-ChNCs/Pectin-ALG = 20/80
OX-ChNCs/Pectin-ALG = = 20/80

1132 ± 49
1810 ± 341
1458 ± 90

175

Compressive modulus, 
MPa

ALG
ChNWs/ALG = 0.5/99.5

ChNWs/ALG = 1/99
ChNWs/ALG = 2/98

ChNWs/ALG = 2.5/97.5

5.08
9.56
12.12
13.72
13.81

Compressive strength, 
MPa

ALG
ChNWs/ALG = 0.5/99.5

ChNWs/ALG = 1/99
ChNWs/ALG = 2/98

ChNWs/ALG = 2.5/97.5

1.39
2.01
2.52
3.18
1.97

7 ALG / ChNWs

Strain, % ALG
ChNWs/ALG = 0.5/99.5

76.05
78.57

176
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ChNWs/ALG = 1/99
ChNWs/ALG = 2/98

ChNWs/ALG = 2.5/97.5

78.78
78.15
74.80

Swelling ratio, g/g

ALG
ChNWs/ALG = 0.5/99.5

ChNWs/ALG = 1/99
ChNWs/ALG = 2/98

ChNWs/ALG = 2.5/97.5

34.6
24.6
20.7
17.0
14.0

Eucalyptus pulp

Tensile index, N·m/g

Dry pulp (Paper)
DeChNWs/ Dry pulp = 0.2/99.8
DeChNWs/ Dry pulp = 0.4/99.6
DeChNWs/ Dry pulp = 0.6/99.4
DeChNWs/ Dry pulp = 0.8/99.2
DeChNWs/ Dry pulp = 1.0/99.0
DeChNWs/ Dry pulp = 2.0/98.0
DeChNWs/ Dry pulp = 5.0/95.0

18.4
19.0
21.0
22.5
24.2
23.0
22.5
22.0

Tensile index, N·m/g

Dry pulp (Paper)
TOChNWs/ Dry pulp = 0.2/99.8
TOChNWs/ Dry pulp = 0.4/99.6
TOChNWs/ Dry pulp = 0.6/99.4
TOChNWs/ Dry pulp = 0.8/99.2
TOChNWs/ Dry pulp = 1.0/99.0
TOChNWs/ Dry pulp = 2.0/98.0
TOChNWs/ Dry pulp = 5.0/95.0

17.50
18.00
19.50
19.52
20.00
20.50
21.00
18.00

Tear index, mN·m2/g

Dry pulp (Paper)
DeChNWs/ Dry pulp = 0.2/99.8
DeChNWs/ Dry pulp = 0.4/99.6
DeChNWs/ Dry pulp = 0.6/99.4
DeChNWs/ Dry pulp = 0.8/99.2
DeChNWs/ Dry pulp = 1.0/99.0
DeChNWs/ Dry pulp = 2.0/98.0
DeChNWs/ Dry pulp = 5.0/95.0

2.4
2.6
3.0
3.1
3.5
3.6
3.7
3.4

8

Eucalyptus pulp/ partially 
deacetylated chitin nanowhiskers 
(DeChNWs)/ TEMPO-oxidized 

chitin nanowhiskers (TOChNWs)

Tear index, mN·m2/g

Dry pulp (Paper)
TOChNWs/ Dry pulp = 0.2/99.8
TOChNWs/ Dry pulp = 0.4/99.6
TOChNWs/ Dry pulp = 0.6/99.4

2.0
2.2
2.2
2.4

121
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TOChNWs/ Dry pulp = 0.8/99.2
TOChNWs/ Dry pulp = 1.0/99.0
TOChNWs/ Dry pulp = 2.0/98.0
TOChNWs/ Dry pulp = 5.0/95.0

2.4
2.3
2.1
2.4

Microcrystalline cellulose (MCC)

9 Microcrystalline cellulose (MCC, 
Mw 1 × 105) / α-ChNWs

Compressive modulus, 
kPa (w.r.t freezing 

days)

MCC (3 days)
ChNWs/ MCC =1.0/99.0 (3 days)
ChNWs/ MCC = 2.5/97.5 (3 days)
ChNWs/ MCC = 5.0/95.0 (3 days)
ChNWs/ MCC = 10.0/90.0 (3 days)
ChNWs/ MCC =1.0/99.0 (10 days)
ChNWs/ MCC = 2.5/97.5 (10 days)

1231 ± 132
1238
1570
273

383 ± 150
3120 ± 120
3050 ± 160

79

Cellulose Acetate

Young’s Modulus, 
MPa*

CA
ChNCs/CA = 0.5/99.5
ChNCs/CA = 1.0/99.0
ChNCs/CA = 2.0/98.0

183
219
220
255

Tensile strength, MPa*

CA
ChNCs/CA = 0.5/99.5
ChNCs/CA = 1.0/99.0
ChNCs/CA = 2.0/98.0

2.95
2.41
2.50
2.99

Elongation at break, 
%*

CA
ChNCs/CA = 0.5/99.5
ChNCs/CA = 1.0/99.0
ChNCs/CA = 2.0/98.0

1.95
1.53
1.63
1.78

Contact angle 
measurements, O*

CA
ChNCs/CA = 0.5/99.5
ChNCs/CA = 1.0/99.0
ChNCs/CA = 2.0/98.0

48.0
45.4
43.9
44.3

Anti-fungal activities, 
expressed as fungal 
growth inhibition 

(FGI), %*

CA
ChNCs/CA = 0.5/99.5
ChNCs/CA = 1.0/99.0
ChNCs/CA = 2.0/98.0

7.5
33.5
15.0
35.2

10 Cellulose acetate (CA)/ ChNCs

Optical Transmitance 
(at 400 nm), %*

CA
ChNCs/CA = 0.5/99.5
ChNCs/CA = 1.0/99.0

20.6
16.1
13.9

178
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ChNCs/CA = 2.0/98.0 12.8

Ultimate tensile 
strength, MPa

ChNWs/ CNCs = 50/50 coated in sequence on CA film
CA

ChNWs suspensiona (%DA = 88.8 ± 1.4)
ChNWs suspension (%DA =88.8 ± 3.1)
ChNWs suspension (%DA = 93.1 ± 0.8)
ChNWs suspension (%DA = 93.7 ± 1.9)
ChNWs suspension (%DA = 85.7 ± 1.5)
ChNWs suspension (%DA = 93.4 ± 1.0)
ChNWs suspension (%DA = 86.5 ± 1.1)
ChNWs suspension (%DA = 89.0 ± 0.8)
ChNWs suspension (%DA = 84.1 ± 1.7)
ChNWs suspension (%DA = 75.1 ± 1.5)
ChNWs suspension (%DA = 6.8 ± 2.8)

36.0 ± 0.9
33.3 ± 1.2
31.9 ± 0.9
32.3 ± 1.4
33.6 ± 1.1
31.1 ± 0.9
30.6 ± 1.8
30.9 ± 1.7
31.9 ± 1.0
33.5 ± 1.0
33.3 ± 1.2
32.5 ± 0.9

Failure strain, %

CA
ChNWs suspensiona (%DA = 88.8 ± 1.4)
ChNWs suspension (%DA =88.8 ± 3.1)
ChNWs suspension (%DA = 93.1 ± 0.8)
ChNWs suspension (%DA = 93.7 ± 1.9)
ChNWs suspension (%DA = 85.7 ± 1.5)
ChNWs suspension (%DA = 93.4 ± 1.0)
ChNWs suspension (%DA = 86.5 ± 1.1)
ChNWs suspension (%DA = 89.0 ± 0.8)
ChNWs suspension (%DA = 84.1 ± 1.7)
ChNWs suspension (%DA = 75.1 ± 1.5)
ChNWs suspension (%DA = 6.8 ± 2.8)

22.7 ± 2.7
21.6 ± 1.1
19.0 ± 2.7
20.5 ± 1.4
23.6 ± 1.8
22.7 ± 1.4
22.1 ± 3.4
23.4 ± 3.8
21.6 ± 1.0
23.5 ± 2.6
22.1 ± 1.5
20.9 ± 1.5

11 Cellulose acetate (CA)/ α-ChNWs/ 
cellulose nanocrystals (CNCs)

Water vapor 
transmission rate, g mm 

m−2 day−1kPa

CA
ChNWs suspensiona (%DA = 88.8 ± 1.4)
ChNWs suspension (%DA =88.8 ± 3.1)
ChNWs suspension (%DA = 93.1 ± 0.8)
ChNWs suspension (%DA = 93.7 ± 1.9)
ChNWs suspension (%DA = 85.7 ± 1.5)
ChNWs suspension (%DA = 93.4 ± 1.0)
ChNWs suspension (%DA = 86.5 ± 1.1)
ChNWs suspension (%DA = 89.0 ± 0.8)

12.5
10.2
10.5
10.0
10.0
10.1
10.0
10.1
9.0

140
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ChNWs suspension (%DA = 84.1 ± 1.7)
ChNWs suspension (%DA = 75.1 ± 1.5)
ChNWs suspension (%DA = 6.8 ± 2.8)

8.0
9.8
9.0

Oxygen permeability, 
cm3·μm/m2/day/kPa

CA
ChNWs suspensiona (%DA = 88.8 ± 1.4)
ChNWs suspension (%DA =88.8 ± 3.1)
ChNWs suspension (%DA = 93.1 ± 0.8)
ChNWs suspension (%DA = 93.7 ± 1.9)
ChNWs suspension (%DA = 85.7 ± 1.5)
ChNWs suspension (%DA = 93.4 ± 1.0)
ChNWs suspension (%DA = 86.5 ± 1.1)
ChNWs suspension (%DA = 89.0 ± 0.8)
ChNWs suspension (%DA = 84.1 ± 1.7)
ChNWs suspension (%DA = 75.1 ± 1.5)
ChNWs suspension (%DA = 76.8 ± 2.8)

1553
132
90
41
70
50
45
75
50
45
30

16.7

Oxygen permeability, 
μm m−2 day−1 kPa−1 

(with different Tspray 
b at 

a controlled Tthermal
c of 

40 °C)

ChNWs/ CNC = 50/50 coated in sequence on CA film 
CA

40 oCd

60 oC
80 oC
100 oC

535.0
44.4
27.9
28.6
23.3

Oxygen permeability, 
μm m−2 day−1 kPa−1 

(with different Tthermal at 
a controlled Tspray of 80 

°C)

CA
40 oC
60 oC
80 oC
100 oC
120 oC
140 oC

Tn
e

535.0
28.6
22.1
24.1
20.1
15.9
11.5
20.2

12 Cellulose acetate (CA)/ ChNWs/ 
cellulose nanocrystals (CNCs)

Water vapor 
transmission rate, g mm 

m−2 day−1 (with 
different Tspray at a 

controlled Tthermal of 40 
°C))

CA
40 oC
60 oC
80 oC
100 oC

8.3
7.5
7.7
7.7
7.8

141
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Water vapor 
transmission rate, g mm 

m−2 day−1 (with 
different Tthermal at a 

controlled Tspray of 80 
°C))

CA
40 oC
60 oC
80 oC
100 oC
120 oC
140 oC

Tn

8.3
7.7
7.6
7.4
7.4
7.3
6.6
6.8

Breaking force, N

CA
Tspray40 Tthermal40d

Tspray60 Tthermal40
Tspray80 Tthermal40
Tspray100 Tthermal40

Tspray80 Tn

Tspray80 Tthermal60
Tspray80 Tthermal80
Tspray80 Tthermal100
Tspray80 Tthermal120
Tspray80 Tthermal140

38.5 ± 0.8
47.8 ± 2.0
45.6 ± 2.5
47.6 ± 3.4
46.1 ± 4.3
47.7 ± 2.3
41.6 ± 2.3
44.0 ± 1.3
45.2 ± 1.3
47.9 ± 1.6
45.9 ± 2.1

Modulus, GPa

CA
Tspray40 Tthermal40
Tspray60 Tthermal40
Tspray80 Tthermal40
Tspray100 Tthermal40

Tspray80 Tn

Tspray80 Tthermal60
Tspray80 Tthermal80
Tspray80 Tthermal100
Tspray80 Tthermal120
Tspray80 Tthermal140

2.39 ± 0.25
2.44 ± 0.26
2.58 ± 0.13
2.62 ± 0.22
2.45 ± 0.12
2.87 ± 0.10
2.81 ± 0.05
2.82 ± 0.09
2.78 ± 0.07
2.71 ± 0.14
2.73 ± 0.22

Yield stress, MPa

CA
Tspray40 Tthermal40
Tspray60 Tthermal40
Tspray80 Tthermal40
Tspray100 Tthermal40

Tspray80 Tn

Tspray80 Tthermal60

42.9 ± 5.9
49.2 ± 3.9
47.8 ± 1.7
49.9 ± 4.3
50.5 ± 1.5
57.2 ± 5.0
53.3 ± 1.4
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Tspray80 Tthermal80
Tspray80 Tthermal100
Tspray80 Tthermal120
Tspray80 Tthermal140

53.8 ± 2.0
53.6 ± 2.4
53.2 ± 2.2
52.3 ± 7.4

Strain at break, %

CA
Tspray40 Tthermal40
Tspray60 Tthermal40
Tspray80 Tthermal40
Tspray100 Tthermal40

Tspray80 Tn

Tspray80 Tthermal60
Tspray80 Tthermal80
Tspray80 Tthermal100
Tspray80 Tthermal120
Tspray80 Tthermal140

3.3 ± 1.0
8.9 ± 6.1
8.7 ± 6.1
5.5 ± 3.3
14.5 ± 5.3
3.4 ± 0.9
3.5 ± 0.4
10.4 ± 6.4
6.6 ± 3.0
3.9 ± 0.4
11.3 ± 7.9

Transmittance, % (with 
different Tspray at a 

controlled Tthermal of 40 
°C)

CA
40 oC
60 oC
80 oC
100 oC

90
75
78
80
81

Transmittance, % (with 
different Tthermal at a 

controlled Tspray of 80 
°C)

CA
40 oC
60 oC
80 oC
100 oC
120 oC
140 oC

90
81
85
86
84
82
80

Haze, % (with different 
Tspray at a controlled 

Tthermal of 40 °C)

CA
40 oC
60 oC
80 oC
100 oC

0.5
13
8
5
2

Haze, % (with different 
Tthermal at a controlled 

Tspray of 80 °C)

CA
40 oC
60 oC
80 oC
100 oC

0.5
8
2
4
1

Page 77 of 190 RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
5/

20
25

 1
1:

59
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LP00104H

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


78

120 oC
140 oC

0.9
4

Potato Starch

Tensile strength, MPa

Potato starch
ChNPs/ Potato starch = 1/99
ChNPs/ Potato starch = 2/98
ChNPs/ Potato starch = 3/97
ChNPs/ Potato starch = 4/96
ChNPs/ Potato starch = 5/95

2.84
3.50
5.20
6.25
7.25
7.79

Elongation at break, %

Potato starch
ChNPs/ Potato starch = 1/99
ChNPs/ Potato starch = 2/98
ChNPs/ Potato starch = 3/97
ChNPs/ Potato starch = 4/96
ChNPs/ Potato starch = 5/95

59.30
45.00
34.25
26.00
22.00
19.30

13 Potato Starch Powder/ chitin 
nanoparticles (ChNPs)

Water vapor 
permeability, g m−1 s−1 

Pa−1

Potato starch
ChNPs/ Potato starch = 1/99
ChNPs/ Potato starch = 2/98
ChNPs/ Potato starch = 3/97
ChNPs/ Potato starch = 4/96
ChNPs/ Potato starch = 5/95

5.62 × 10−10

4.45 × 10−10

4.15 × 10−10

3.45 × 10−10

3.42 × 10−10

3.41 × 10−10

48

Corn starch

Young’s modulus, 
MPa

Corn starch
ChNCs / Corn starch = 5/95
ChNCs / Corn starch = 10/90
ChNCs / Corn starch = 15/85
ChNCs / Corn starch = 20/80
ChNFs / Corn starch = 5/95
ChNFs / Corn starch = 10/90
ChNFs / Corn starch = 15/85
ChNFs / Corn starch = 20/80

80
222
280
367
390
330
390
410
520

14 Corn starch granules/ α-ChNFs/ α-
chitin nanocrystals (ChNCs)

Tensile strength, 
MPa

Corn starch
ChNCs / Corn starch = 5/95
ChNCs / Corn starch = 10/90
ChNCs / Corn starch = 15/85
ChNCs / Corn starch = 20/80

4.5
7.1
7.5
9.0
10.8

20
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ChNFs / Corn starch = 5/95
ChNFs / Corn starch = 10/90
ChNFs / Corn starch = 15/85
ChNFs / Corn starch = 20/80

9.9
12.0
12.0 
15.0

Elongation at
Break, %

Corn starch
ChNCs / Corn starch = 5/95
ChNCs/ Corn starch = 10/90
ChNCs/ Corn starch = 15/85
ChNCs/ Corn starch = 20/80
ChNFs/ Corn starch = 5/95
ChNFs/ Corn starch = 10/90
ChNFs/ Corn starch = 15/85
ChNFs/ Corn starch = 20/80

87
38

26.5
17
15
26
19
11
9

Gelatin

Young's modulus, MPa

Gelatin
ChNWs/ Gel = 1/99
ChNWs/ Gel = 2/98 
ChNWs / Gel = 4/96

2455 ± 74
2435 ± 50
2496 ± 56
2921 ± 76

Ultimate tensile 
strength, MPa

Gelatin
ChNWs/ Gel = 1/99
ChNWs/ Gel = 2/98 
ChNWs / Gel = 4/96

71.0 ± 1.8
69.5 ± 2.0
68.9 ± 3.3
77.4 ± 3.1

Elongation at break, %

Gelatin
ChNWs/ Gel = 1/99
ChNWs/ Gel = 2/98 
ChNWs / Gel = 4/96

7.7 ± 0.5
7.8 ± 0.6
9.1 ± 1.2
6.8 ± 1.1

Transparency

Gelatin
ChNWs/ Gel = 1/99
ChNWs/ Gel = 2/98 
ChNWs / Gel = 4/96

1.39 ± 0.07
1.77 ± 0.14
1.90 ± 0.23
2.03 ± 0.08

15 Gel / ChNWs

Absorbance (289 nm)

Gelatin
ChNWs/ Gel = 1/99
ChNWs/ Gel = 2/98 
ChNWs / Gel = 4/96

0.42 ± 0.01
0.45 ± 0.03
0.44 ± 0.03
0.41 ± 0.03
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Solubility

Gelatin
ChNWs/ Gel = 1/99
ChNWs/ Gel = 2/98 
ChNWs / Gel = 4/96

13.1 ± 1.2
12.0 ± 0.3
11.0 ± 0.3
10.2 ± 0.2

Stress, MPa

Gelatin
ChNFs

ChNFs/ Gel = 73.0/27.0 
ChNFs/ Gel = 62.5/37.5 
ChNFs/ Gel = 50.2/49.8

87.2 ± 3.2
65.8 ± 5.3
74.0 ± 3.1
84.7 ± 4.5
101.0 ± 5.3

Strain, %

Gelatin
ChNFs

ChNFs/ Gel = 73.0/27.0 
ChNFs/ Gel = 62.5/37.5 
ChNFs/ Gel = 50.2/49.8

8.0 ± 0.4
1.4 ± 0.1
1.4 ± 0.2
1.8 ± 0.1
3.1 ± 0.2

Young’s modulus, MPa

Gelatin
ChNFs

ChNFs/ Gel = 73.0/27.0 
ChNFs/ Gel = 62.5/37.5 
ChNFs/ Gel = 50.2/49.8

2576 ± 264
6705 ± 342
7039 ± 277
6372 ± 313
5192 ± 194

16 Gel / ChNFs

Transmittance, %

Gelatin
ChNFs

ChNFs/ Gel = 73.0/27.0 
ChNFs/ Gel = 62.5/37.5 
ChNFs/ Gel = 50.2/49.8

90.6
65.0
86.9
87.6
88.7

143

Stress, MPa

Gelatin
S-ChNFs

S-ChNFs/ Gel = 45.5/54.5 
S-ChNFs/ Gel = 62.5/37.5 
S-ChNFs/ Gel = 22.1/77.9

89.2 ± 2.83
100.4 ± 5.26
126.3 ± 3.07
119.4 ± 3.54
103.2 ± 4.72

Strain, %

Gelatin
S-ChNFs

S-ChNFs/ Gel = 45.5/54.5 
S-ChNFs/ Gel = 62.5/37.5 
S-ChNFs/ Gel = 22.1/77.9

8.07 ± 0.33
2.87 ± 0.19
3.67 ± 0.23
6.96 ± 0.27
7.58 ± 0.34

17 Gel / surface-deacetylated ChNFs 
(S-ChNFs, DA = 63 ± 2%)

Young’s modulus, MPa
Gelatin

S-ChNFs
S-ChNFs/ Gel = 45.5/54.5 

2598 ± 214
7075 ± 297
6356 ± 261

181
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S-ChNFs/ Gel = 62.5/37.5 
S-ChNFs/ Gel = 22.1/77.9

5569 ± 413
4627 ± 306

18 Gel / Dialdehyde microfibrillated 
cellulose (DAMFC) / ChNWs

Compressive stress, 
MPa

Gelatin
DAMFC/ Gel = 15.0/85.0

DAMFC/ Gel/ ChNWs= 14.90/84.30/0.80
DAMFC/ Gel/ ChNWs = 14.74/83.55/1.71
DAMFC/ Gel/ ChNWs = 14.62/82.82/2.56
DAMFC/ Gel/ ChNWs = 14.36/81.36/4.28
DAMFC/ Gel/ ChNWs = 13.71/77.66/8.63

0.522
1.949
2.419
2.753
2.729
1.944
1.504

120

Silk

Tensile strength, MPa

DeChNFs
DeChNFs/ SNWs= 98/2
DeChNFs/ SNWs = 95/5
DeChNFs/ SNWs = 90/10
DeChNFs/ SNWs = 50/50

102.00±1.09
184.05±13.86
171.25±16.16
156.97±9.09
66.38±8.77

Elongation at break, %

DeChNFs
DeChNFs/ SNWs= 98/2
DeChNFs/ SNWs = 95/5
DeChNFs/ SNWs = 90/10
DeChNFs/ SNWs = 50/50

9.06±2.80
6.35±0.76
6.00±0.84
4.93±0.59
4.74±2.06

19

Silk nanowhiskers (SNWs)/ 
partially deacetylated α-chitin 

nanofibers (DeChNFs)

Young’s modulus, MPa

DeChNFs
DeChNFs/ SNWs= 98/2
DeChNFs/ SNWs = 95/5
DeChNFs/ SNWs = 90/10
DeChNFs/ SNWs = 50/50

3802.912±563.04
7987.962±403.88
6448.212±1121.18
6422.663±1023.48
2381.890±450.36

131

Soy Protein Isolate (SPI)

Tensile strength, MPa

SPI
SPI/CTE = 61.54/38.46

ChNWs/ SPI = 61.54/38.46
ChNWs/ SPI/CTE = 38.10/23.81/38.10

4.67 ± 0.79
3.61 ± 0.92
15.45 ± 0.95
13.25 ± 0.4720 SPI / ChNWs/ Clitoria ternatea 

flower extract (CTE)

Elongation at break, %

SPI
SPI/CTE = 61.54/38.46

ChNWs/ SPI = 61.54/38.46
ChNWs/ SPI/CTE = 38.10/23.81/38.10

59.02 ± 1.12
90.1 ± 5.52
7.05 ± 1.75
38.46 ± 3.2
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Antibacterial activity 
against gram-positive 

Bacillus subtilis 
(inhibition zones, mm)

ChNWs/SPI = 6/94
SPI/MgO = 95/5 

ChNWs/ SPI/ MgO = 6/93/1
ChNWs/ SPI/ MgO = 6/89/5

5.2 ± 0.25
6 ± 0.18 
5 ± 0.28

6.5 ± 0.2521 SPI / MgO/ ChNWs

Thermal stability 
(residual mass, %)

SPI
ChNWs/ SPI/ MgO = 6/93/1
ChNWs/ SPI/ MgO = 6/89/5

12.23
18.62
17.95

73

Storage modulus (G’), 
Pa

SPI gel
ChNCs/SPI = 0.25/99.75
ChNCs/SPI = 0.50/99.50
ChNCs/SPI = 0.75/99.25
ChNCs/SPI = 1.00/99.00

75.6 ± 3.2 
265.7 ± 9.1
573.2 ± 9.5 
897.3 ± 76.3 
1024.3 ± 81.6

Recovery rate in creep-
recovery test, %

SPI gel
ChNCs/SPI = 0.25/99.75
ChNCs/SPI = 0.50/99.50
ChNCs/SPI = 0.75/99.25
ChNCs/SPI = 1.00/99.00

80.27 ± 1.11
83.53 ± 1.69
84.47 ± 0.81
84.73 ± 1.21
85.47 ± 1.16

22 Acid-induced SPI gel / ChNCs

Thermal transition 
temperature, oC

SPI gel
ChNCs/SPI = 0.25/99.75
ChNCs/SPI = 0.50/99.50
ChNCs/SPI = 0.75/99.25
ChNCs/SPI = 1.00/99.00

121.43
128.35
129.87
131.72
132.43

183

Hyaluronic Acid (HA)

Crossover modulus, Pa 

HA
ChNWs/HA = 90.91/9.09
ChNWs/HA = 97.22/2.78
ChNWs/HA = 98.04/1.96

82
82
120
83

Tensile modulus, GPa 

HA
ChNWs/HA = 50.00/50.00
ChNWs/HA = 90.91/9.09
ChNWs/HA = 93.75/6.25
ChNWs/HA = 97.22/2.78
ChNWs/HA = 98.04/1.96

2.58 
2.60
3.20
3.50
3.95
4.54 

23 HA / partially deacetylated chitin 
nanowhiskers (ChNWs, DA 73%)

Yield stress, MPa
HA

ChNWs/HA = 50.00/50.00
ChNWs/HA = 90.91/9.09

69.64 
75.00
77.00

88
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ChNWs/HA = 93.75/6.25
ChNWs/HA = 97.22/2.78
ChNWs/HA = 98.04/1.96

79.00.
84.00
80.54 

* The values were estimated from the graphs
** The amounts of tannic acid as the crosslinking agent are given in mg of tannic acid per 1 g of chitosan.
a ChNWs suspensions with different degrees of deacetylation (%DA) were formed under different environmental conditions by optimizing three variables in the 
deacetylation step: Concentration of NaOH (% NaOH), Temperature of the oil bath, and Reaction time.
b While coating, the CA film was affixed to a hot plate regulated at a consistent temperature (Spray coating temperature, Tspray).
c Once the films were formed, they were placed in an oven at a specific temperature (Thermal coating temperature, Tthermal) for one hour and then conditioned.
d For the optimization of the film properties, the Tspray and Tthermal were tuned.
e Tn indicates films that were not thermally treated.
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4.2. Reinforcement of Elastomers with Chitin Nanomaterials

4.2.1. Natural Rubber

Natural rubber (NR), a type of rubber derived from the latex of rubber trees (Hevea 

brasiliensis), is primarily composed of polyisoprene.190-192 Natural rubber is known for its 

excellent elasticity, flexibility, and resistance to wear, making it an important material in a wide 

variety of applications, including tires, medical devices, footwear, industrial goods, and in 

aerospace technologies.193 While natural rubber has many desirable properties, its limitations – 

especially associated with resistance to heat, UV, ozone, and certain chemicals – can impact its 

performance in specific applications.194 For example, it often requires vulcanization (a process of 

heating with sulfur) to enhance its properties and improve its durability.195 The degree of 

vulcatization affects the performance, and improper vulcanization can lead to inconsistencies in 

the rubber’s properties, such as poor elasticity or excessive brittleness.196-198 Overcoming these 

limitations typically involves compounding with additives or blending with synthetic rubbers, and 

with reinforcing agents to enhance its durability and versatility. 

Several studies have explored how nanochitin disperses in NR matrix with different 

modifications to evaluate the level of reinforcement as summarized in Table 9, Entries 1 − 3. 

Comprehensive studies by Nair and coworkers25,51,147 explored the reinforcement effects of 

colloidal ChNW in NR latex. Their preliminary study exploited the role of ChNWs in reinforcing 

both unvulcanized and prevulcanized NR latex, with composites prepared using the casting-

evaporation method (Table 9, Entry 1).25,51 Both unvulcanized and prevulcanized NR latex 

exhibited similar tensile moduli, measuring 1.7 MPa and 1.6 MPa, respectively. The addition of 

ChNWs at all loadings significantly improved the tensile modulus, with the reinforced 

unvulcanized NR composites (229 MPa at 20 wt. % load) outperforming vulcanized ones (111 
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MPa at the same load). A similar trend was also observed in the conventional modulus. It is 

suggested that the interference of chemical cross-linking reactions during vulcanization hinders 

the formation of chitin network, resulting in a lower reinforcing effect and consequently, lower 

tensile and conventional moduli in vulcanized samples.

The study further investigated the impact of the processing techniques on the properties of the 

unvulcanized-based composites.51 Two techniques, i.e., water evaporation and freeze-drying 

followed by a hot-pressing step, were evaluated and compared. The results that the composite films 

produced by the later method were up to 20 times mechanically weaker than those prepared by 

casting-evaporation (10.2 vs. 229 MPA, respectively, see Table 9, Entry 1 and 2). This 

discrepancy is likely due to the insufficient formation of a robust 3-D rigid network through 

hydrogen bond interaction, caused by the rapid solvent removal in freeze-drying compared to the 

slower solvent removal in casting-evaporation.

Surface modification is often necessary for effectively dispersing nanochitin in NR latex due 

to the negatively charged phospholipid layers and protein in NR latex, which remain stable only 

in basic medium,199 whereas amino groups in nanochitin are stable in mildly acidic medium.198 To 

address this, Nair et al.147 conducted a follow-up study where they modified ChNWs using three 

chemical coupling agents: phenyl isocyanate (PI), alkenyl succinic anhydride (ASA) (Accosize 18 

from American Cyanamid), and 3-isopropenyl-R,R′dimethylbenzyl isocyanate (TMI). The study 

focused solely on 10 wt.% ChNW reinforcement and used the casting-evaporation method to 

prepare NR composite films. SEM and swelling studies confirmed that the chemical modification 

improved the adhesion between NR and ChNWs. Regardless of the coupling agent used, the 

incorporation of surface-modified ChNWs moderately enhanced the tensile modulus (1.5 to 5.5-

fold) and stress at break (2.3- to 4.3-fold) of the NR films, with ASA-modified ChNW films 
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showing superior performance compared to TMI- and PI-modified ChNW films (Table 9, Entry 

3). The improved tensile properties of ASA-modified ChNW composite were attributed to the 

partial existence of a chitin-chitin network within the NR matrix. However, these enhance 

mechanical properties were significantly lower compared to the unmodified ChNWs/NR films in 

their previous study. For instance, the tensile modulus of the modified ChNW-ASA/NR films 

(Table 9, Entry 3) was nearly half that of the unmodified ChNW/prevulcanized NR film (Table 

9, Entry 1). This significant reduction following chemical modification was likely due to the 

partial or total degration of 3-D chitin network present in the unmodified films, with a more 

pronounced reduction observed in the case of isocyanate modifications.

Another study reported the successful fabrication of self-assembled ChNF-NR composite 

sheeets using re-dispered ChNFs and NR latex.199 In this study, self-assembled ChNFs were 

redispersed in aqueous ammonia solution after being isolated as a film and then mixed with NR 

latex at various ChNF loadings (~ 1 to 17 wt. %). SEM and XRD results confirmed that ChNFs 

were well re-disperser in ammonia and evenly dispersed in the NR latex with increased 

crystallinity as the ChNF loading increased. With the addition of ChNFs up to 17 wt. %, both 

tensile strength and Young’s modulus of the NR latex increased by ~ 4.6-fold and 26-8, 

respectively (Table 9, Entry 4), demonstrating the reinforcing effect of ChNFs. Meanwhile, 

elongation at break consistently dropped from 1125% for neat NR sheet to 247% at ~ 17 wt.% 

loading, implying increased brittleness with higher ChNF content.

Rod-like structure ChNCs were used as a reinforcing agent for unvulcanized NR latex .13 When 

incorporated at different concentrations into the NR latex via the solution-casting method to form 

composite films, ChNCs formed liquid crystalline phases at concentrations above 5 wt. %, which 

lead to enhanced mechanical properties (Table 9, Entry 5). The tensile strength of ChNC/NR film 
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containing 10 wt.% ChNC is 5.75 MPa, which is 6.25 multiples of pure NR. Additionally, the 

tensile modulus at various strains and tear strength of the films increased with increasing ChNC 

loadings. For instance, the tear strength of the composites with 10 wt.% ChNC content is 12.33 

kN/m, 5.43 times that of neat NR. Similarly, the modulus at 500% strain for the composite with 5 

wt. % ChNC content is 2.17 MPa, 3.88 times that of the pure NR. 

The study further explored the impact of ChNCs on the dynamic properties of NR as a function 

of temperature.13 The results revealed that all composites displayed a glassy-rubbery state 

transition within the temperature range of -100 oC to 50 oC. The storage modulus (E′) of the 

composites increased with ChNC loading, except for the composite with 1 wt.% ChNCs in the 

glassy state at -100 oC, when compared to neat NR. For example, at 10 wt.% loading, the storage 

modulus at -40 oC and 30 oC were 218.01 and 12.48 MPa, respectively − 181.7 and 96 times greater 

than that of neat NR. These findings demonstrate that ChNC networks effectively transfer load 

from the rubber matrix to the rigid nanoparticles. The slight decrease in E′ for the rubber composite 

with 1 wt.% ChNCs in the glassy state likely stems from changes in the rubber’s conformation and 

free volume due to the addition of a small amount of ChNCs.13,200 Additionally, the incorporation 

of ChNCs improved the thermal stability of ChNCs/NR composites, which is attributed to the 

restricted mobility of the rubber chains resulting from interfacial interactions.

Another study reinforced a prevulcanized NR matrix with rigid ChNFs.201 In this study, ChNFs 

were self-assembled from a dilute α-chitin/potassium hydroxide (KOH)/urea aqueous solution. 

The highly stable ChNFs demonstrated better compatibility with NR latex and dispersed at 

nanoscale within the NR matrix. The mechanical properties of the ChNFs/NR nanocomposites 

showed a remarkable improvement with small loadings (0.3 − 2 wt.%, see Table 9, Entry 6). At 

just 0.3 wt.% ChNFs, both the tensile strength and toughness of the composites were more than 
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doubled. These improvements were attributed to the large aspect ratio of ChNFs and their 

homogeneous dispersion in the NRL matrix.201 

Another study by Yin et al.202 fabricated prevulcanized NR (pervulc. NR)/ChNFs 

nanocomposites by incorporating zwitterionic ChNFs (Z-ChNFs) and carboxylated ChNFs (C-

ChNFs) via dip molding technique. The oxidation of ChNFs with 2,2,6,6-

Tetramethylpiperidinyloxy (TEMPO) produced C-ChNFs with negatively charged COO groups, 

which was stable in basic medium, but unstable in acidic medium due to the possibility of hydrogen 

bonding tempted by COOH groups. In contrast, zwitterionic ChNFs, formed through partial 

deacetylation and subsequent TEMPO oxidation, contain both carboxyl and amino groups, making 

them stable across various pH conditions. The study found that C-ChNFs exhibited better 

dispersion in the pervulcanized NR matrix than Z-ChNFs. As shown in Table 9, Entry 7, 

incorporating both C-ChNFs and Z-ChNFs into NR improved stresses at 100 % and 300 % strain. 

When C-ChNFs reached approximately 3.4 wt.%, the stress at 100 % strain and 300 % strain in 

C-ChNFs/pervulc.NR composites was about four times greater than that of neat NR. In contrast, 

at the same loading, Z-ChNFs increased the stress at both 100 % strain and 300 % strain by 2-fold 

compared to neat NR. However, for ChNF content below 3.4 wt. %, the stress at 100 % strain and 

300 % strain in Z-ChNFs/pervulc. NR increased more gradually with higher nanofiber content 

compared to C-ChNFs/pervulc. NR. The Young’s modulus followed a similar trend, with C-

ChNFs enhancing the modulus by nearly 1.37 times more than Z-ChNFs reinforcement.

4.2.2. Synthetic Rubber

Synthetic rubbers are man-made elastomers created through the polymerization of monomers 

like butadiene and styrene. The most well-known types of synthetic rubbers include styrene-
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butadiene rubber (SBR), butyl rubber (IIR), nitrile butadiene rubber (NBR), and neoprene (CR), 

each offering distinct properties suited for specific applications. These rubbers generally exhibit 

excellent flexibility, elasticity, resistance to abrasion, wear, chemical stability, making them ideal 

for use in products such as automotive tires, industrial belts, hoses, gaskets, seals and medical 

devices. Synthetic rubbers are often favored in industries where natural rubber may not perform 

well, such as in environments involving oils, fuels, or extreme temperatures. However, synthetic 

rubbers face challenges such as poor aging resistance, lower tensile strength and elasticity 

compared to NR, and their performance can degrade over time due to oxidation and UV exposure. 

Additionally, the stiffness of some synthetic rubbers at low temperatures and their poor tear 

resistance in specific conditions can hinder their performance. These challenges necessitate the 

incorporation of reinforcements like carbon black,203,204 nano silica,205 nanocrystalline cellulose,206 

or nanochitin18,41,146 and use stabilizers or antioxidants to enhance their durability and strength. 

Modifications through cross-linking agents or blending with other materials also help improve the 

heat resistance, elasticity and environmental stability of synthetic rubbers, expanding their use in 

a broader range of applications. 

A previous study18 successfully fabricated ChNWs/acrylonitrile-butadiene rubber (NBR) 

composites utilized a two-roll mill, starting with the formulation of a mixture of polymers and 

ChNWs, which was then compounded with vulcanizing agents. Subsequently, the reinforcing 

effects of ChNWs on processing and performance of NBR based nanocomposites were evaluated. 

The tensile strength of NBR increased from 2.75 MPa to 5.95 MPa at 3.84 wt. % ChNWs, but 

decreased at higher ChNW concentrations (Table 9, Entry 8). This improvement was attributed 

to several factors, including hydrogen bonding interactions between the −OH groups of ChNWs 

and the nitrile group of NBR rubber at the interface, the 3-D intra- and inter- hydrogen bonding 
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networks within the ChNWs, their uniform dispersion, and ChNW high aspect ratio. However, at 

higher ChNW loadings, ChNWs was prone to agglomerating into bundles, with filler-filler 

interactions dominating over matrix-filler interactions. This caused debonding at the interface and 

created voids that may act as stress concentration sites, reducing the tensile strength.18 Meanwhile, 

the modulus at 300 % strain and tear strength increased with the increasing ChNW loadings, 

attributed to improved interfacial compatibitily and the reinforcing efficiency of ChNWs, as well 

as the obstruction they created in the tear path. Although the tensile strength peaked at 3.84 wt. % 

ChNW loading, the tear strength was highest at 10.71 wt. %, showing a 58 % increase. This trend 

aligned with their previous study, where cellulosic nanofibers were used as a filler in NR.207 A 

similar trend in tear strength was also observed in the hardness property of the ChNW/NBR 

composites, which was ascribed to the improved rigidity. 

Incorporating ChNWs also increased cross-link density, peaking at 3.84 wt.% ChNW loading 

due to hydrogen bond interaction between ChNWs and NBR. However, at 10.71 wt.% ChNW 

loading, cross-link density decreased as increased intramolecular hydrogen bonding within 

ChNWs reduced matrix−filler interactions. Dynamical mechanical analysis (DMA) studies 

reavealed that the glass transition temperature of the composite at 3.84 wt.% ChNW loading was 

approximately 6 oC higher than that of neat NBR. Additionally, the addition of ChNWs lowered 

the loss tangent peak height and shifted the maximum tan δ peak to a higher temperature region 

(Table 9, Entry 8), indicating effective interacion of ChNW with the NBR matrix.

ChNWs derived from crab shell waste have also effectively reinforced the thermo-mechanical 

properties of carboxylated styrene-butadiene rubber (XSBR) composites.146 DMA results revealed 

that the storage modulus (G’) of the composites increased across the entire studied temperature 

range with higher ChNW content. At 25 oC, the addition of up to 9 wt.% ChNWs increased the 

Page 90 of 190RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
5/

20
25

 1
1:

59
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LP00104H

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


91

storage modulus of the composite nearly 13 times compared to neat XSBR, while the loss modulus 

doubled (Table 9, Entry 9). Differential scanning calorimetry results indicated a slight increase 

in glass transition temperature (Tg) with increasing ChNW content. 

The study also assessed the effect of annealing the XSBR-based composites at 100°C to 

improve their durability for specific applications (back coating for textiles and carpets).146 

Compared to non-annealed composites, the annealing treatment had a limited effect on the loss 

modulus profile, with only a small increase of the G’ values at 25oC, likely due to stiffening. A 

slight increase in Tg was also observed following the annealing process. However, SEM results 

highlighted an exfoliation of the rubber matrix upon toluene absorption, indicating the weak 

interface between the XSBR and ChNW aggregates. 

On the other hand, a study by Liu et al.41 reported that when added to XSBR via casting-

evaporation method, with loadings below 4 wt. %, improved both the tensile strength and 

elongation at break of the composites (Table 9, Entry 10). For instance, the composite with 3 

wt.% ChNCs exhibited a tensile strength of 9.16 MPa and elongation at break of 396 %, which 

were 2.23 times and 11.0 % higher, respectively, compared to neat XSBR. The strength continued 

to increase with higher ChNC loading, reaching a maximum value of 10.4 MPa; however, the 

elongation at break decreased compared to neat XSBR. A similar trend was also observed in the 

Young’s modulus and tensile moduli at 100 % and 300 % strain, indicating that the small amount 

of ChNCs acted as the physical crosslinker of the XSBR, enhancing the mobility of the polymer 

chains. On the other hand, excessive ChNCs loading resulted in a stiffer network, reducing the 

flexibility of the rubber chains and decreasing elongation at break. 

The reinforcement effect of ChNCs was also evident in the DMA properties of the composites 

under dynamic stress, facilitated by a 3-D network formed by the interconnection of 
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polysaccharide nanocrystals, stabilized by hydrogen bonding.41 As the ChNC concentration 

increased, both the rubbery and glassy regions showed a significant increase in E’, except for the 

composite with 1 wt. % ChNCs. The reinforcement effect became more pronounced with rising 

temperature. For example, the E’ values for the composite with 5 wt.% CNCs at −100, 30, and 80 

°C were 2184.3, 80.4, and 7.5 MPa, respectively − 23.5%, 110.5% and 368.8% higher than those 

of neat XSBR (Table 9, Entry 10). This trend aligned with the results from the static tensile tests.
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Table 9. Reinforcement of rubbers with nanochitin

Natural Rubber
No Polymers Property affected Composition Value Ref

Tensile modulus, MPa

unvulc. NR 
ChNWs/ unvulc. NR= 2/98
ChNWs/ unvulc. NR= 5/95
ChNWs/ unvulc. NR= 10/90
ChNWs/ unvulc. NR=15/85
ChNWs/ unvulc. NR= 20/80

prevulc. NR 
ChNWs/ prevulc. NR= 2/98
ChNWs/ prevulc. NR= 5/95
ChNWs/ prevulc. NR= 10/90
ChNWs/ prevulc. NR=15/85
ChNWs/ prevulc. NR= 20/80

1.7
5.6
17.8

-
127.0
229.0
1.6
2.5
-

25.9
52.8
111.0

Conventional modulus, %

unvulc. NR 
ChNWs/ unvulc. NR= 2/98
ChNWs/ unvulc. NR= 5/95
ChNWs/ unvulc. NR= 10/90
ChNWs/ unvulc. NR=15/85
ChNWs/ unvulc. NR= 20/80

prevulc.NR 
ChNWs/ prevulc.NR= 2/98
ChNWs/ prevulc.NR= 5/95
ChNWs/ prevulc.NR= 10/90
ChNWs/ prevulc.NR=15/85
ChNWs/ prevulc.NR= 20/80

1.8
2.5
5.0
-

17.0
23.9
1.6
2.1
-

6.8
11.4
15.3

1

Unvulcanized Natural Rubber latex 
(unvulc.NR) and Prevulcanized 

Natural Rubber latex (prevulc.NR) 
/ ChNWs

(casting-evaporation method)

Stress at break, MPa

unvulc.NR 
ChNWs/ unvulc. NR= 2/98
ChNWs/ unvulc. NR= 5/95
ChNWs/ unvulc. NR= 10/90
ChNWs/ unvulc. NR=15/85
ChNWs/ unvulc. NR= 20/80

prevulc.NR 
ChNWs/ prevulc.NR= 2/98
ChNWs/ prevulc.NR= 5/95

25.5
21.7
25.0

-
29.7
9.8
395
388

-

25,51
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ChNWs/ prevulc.NR= 10/90
ChNWs/ prevulc.NR=15/85
ChNWs/ prevulc.NR= 20/80

178
128
20.5

Elongation at break, %

unvulc.NR 
ChNWs/ unvulc. NR= 2/98
ChNWs/ unvulc. NR= 5/95
ChNWs/ unvulc. NR= 10/90
ChNWs/ unvulc. NR=15/85
ChNWs/ unvulc. NR= 20/80

prevulc.NR 
ChNWs/ prevulc.NR= 2/98
ChNWs/ prevulc.NR= 5/95
ChNWs/ prevulc.NR= 10/90
ChNWs/ prevulc.NR=15/85
ChNWs/ prevulc.NR= 20/80

248.0
213.0
192.0

-
133.0
126.0
11.8
13.7

-
10.5
9.4
5.6

Tensile modulus, MPa

unvulc.NR 
ChNWs/ unvulc.NR = 2/98
ChNWs/ unvulc.NR = 5/95
ChNWs/ unvulc.NR = 10/90
ChNWs/ unvulc.NR =15/85
ChNWs/ unvulc.NR = 20/80

1.1
1.4
2.1
4.6
8.7
10.2

Conventional modulus, %

unvulc.NR 
ChNWs/ unvulc.NR = 2/98
ChNWs/ unvulc.NR = 5/95
ChNWs/ unvulc.NR = 10/90
ChNWs/ unvulc.NR =15/85
ChNWs/ unvulc.NR = 20/80

0.71
0.99
1.7
3.4
7.2
9.4

Stress at break, MPa

unvulc.NR 
ChNWs/ unvulc.NR = 2/98
ChNWs/ unvulc.NR = 5/95
ChNWs/ unvulc.NR = 10/90
ChNWs/ unvulc.NR =15/85
ChNWs/ unvulc.NR = 20/80

41.6
5.9

115.5
21.7
62.7
83.9

2

Unvulcanized Natural Rubber 
(unvulc. NR) latex / ChNWs

(freeze-drying and hot pressing 
method)

Elongation at break, %

unvulc.NR 
ChNWs/ unvulc.NR = 2/98
ChNWs/ unvulc.NR = 5/95
ChNWs/ unvulc.NR = 10/90

252
176
175
160

25,51
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ChNWs/ unvulc.NR =15/85
ChNWs/ unvulc.NR = 20/80

179
176

Tensile modulus, MPa

NR
ChNWs-ASA/ NR = 10/90
ChNWs-TMI/ NR = 10/90
ChNWs-PI/ NR = 10/90

0.96
5.50
2.50
1.70

Stress at break, MPa

NR
ChNWs-ASA/ NR = 10/90
ChNWs-TMI/ NR = 10/90
ChNWs-PI/ NR = 10/90

2.4
10.3
5.5
5.5

3

Natural rubber (NR) latex / chitin 
nanowhiskers grafted with alkenyl 
succinic anhydride (ASA), phenyl 
isocyanate (PI), and isopropenyl-
α,α‘-dimethylbenzyl isocyanate 

(TMI) 
(casting-evaporation method)

Elongation at break, %

NR
ChNWs-ASA/ NR = 10/90
ChNWs-TMI/ NR = 10/90
ChNWs-PI/ NR = 10/90

195
150
128
184

147

Young’s modulus, MPa

NR
ChNFs/NR = 0.99/99.01
ChNFs/NR = 1.96/98.04
ChNFs/NR = 9.09/90.91
ChNFs/NR = 16.67/83.33

0.4
0.5
0.8
8.8
10.7

Tensile strength, MPa

NR
ChNFs/NR = 0.99/99.01
ChNFs/NR = 1.96/98.04
ChNFs/NR = 9.09/90.91
ChNFs/NR = 16.67/83.33

0.5
0.5
0.6
1.7
2.3

4 Natural rubber (NR) latex / chitin 
nanofibers (ChNFs)

Elongation at break, %

NR
ChNFs/NR = 0.99/99.01
ChNFs/NR = 1.96/98.04
ChNFs/NR = 9.09/90.91
ChNFs/NR = 16.67/83.33

1125
1002
945
602
247

199

Tensile strength, MPa

unvulc.NR
ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.5/97.5
ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5
ChNCs/ unvulc.NR = 10.0/90.0

0.92 ± 0.12
2.26 ± 0.18
2.82 ± 0.14
3.30 ± 0.21
4.90 ± 0.15
5.75 ± 0.14

5
Unvulcanized natural rubber latex 
(unvulc. NR)/ chitin nanocrystals 

(ChNCs)

Tensile modulus at 100% 
strain, MPa

unvulc. NR
ChNCs/ unvulc.NR = 1.0/99.0

0.40 ± 0.07
0.40 ± 0.09

13
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ChNCs/ unvulc.NR = 2.5/97.5
ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5
ChNCs/ unvulc.NR = 10.0/90.0

0.57 ± 0.03
0.59 ± 0.10
1.53 ± 0.04
1.83 ± 0.06

Tensile modulus at 300% 
strain, MPa

unvulc.NR
ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.5/97.5
ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5
ChNCs/ unvulc.NR = 10.0/90.0

0.49 ± 0.03
0.47 ± 0.07
0.81 ± 0.05
0.96 ± 0.14
3.14 ± 0.07
4.20 ± 0.10

Tensile modulus at 500% 
strain, MPa

unvulc.NR
ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.5/97.5
ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5
ChNCs/ unvulc.NR = 10.0/90.0

0.56 ± 0.04
0.68 ± 0.10
1.47 ± 0.08
2.17 ± 0.11

-
-

Elongation at break, %

unvulc.NR
ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.5/97.5
ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5
ChNCs/ unvulc.NR = 10.0/90.0

685.1 ± 28.0
825.8 ± 36.5
699.2 ± 20.8
606.7 ± 30.0
416.2 ± 22.0
382.5 ± 24.6

Tear strength, kN/m

unvulc.NR
ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.5/97.5
ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5
ChNCs/ unvulc.NR = 10.0/90.0

2.27
4.93
6.05
6.91
9.89
12.33

Storage modulus, MPa 
(−100 °C)

unvulc.NR
ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.5/97.5
ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5
ChNCs/ unvulc.NR = 10.0/90.0

279.40
206.36
340.54
602.68
946.44
2992.68

Storage modulus, MPa 
(−40 °C)

unvulc.NR
ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.5/97.5

1.20
4.79
7.69
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ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5

ChNCs/ unvulc.NR = 10.0/90.0

12.13
22.71
218.01

Storage modulus, MPa 
(30 °C)

unvulc.NR
ChNCs/ unvulc.NR = 1.0/99.0
ChNCs/ unvulc.NR = 2.5/97.5
ChNCs/ unvulc.NR = 5.0/95.0
ChNCs/ unvulc.NR = 7.5/92.5
ChNCs/ unvulc.NR = 10.0/90.0

0.13
0.42
0.64
1.65
2.44
12.48

Tensile strength, MPa*

prevulc. NR
ChNFs / prevulc. NR = 0.3/99.7
ChNFs / prevulc. NR = 0.5/99.5
ChNFs / prevulc. NR = 1.0/99.0
ChNFs / prevulc. NR = 2.0/98.0

6.37
13.42
13.62
15.71
13.92

Elongation at break, %*

prevulc. NR
ChNFs / prevulc. NR = 0.3/99.7
ChNFs / prevulc. NR = 0.5/99.5
ChNFs / prevulc. NR = 1.0/99.0
ChNFs / prevulc. NR = 2.0/98.0

843.9
913.2
877.3
842.5
707.9

6 Prevulcanized NR latex / ChNFs

Toughness, MJ m-3*

prevulc. NR
ChNFs / prevulc. NR = 0.3/99.7
ChNFs / prevulc. NR = 0.5/99.5
ChNFs / prevulc. NR = 1.0/99.0
ChNFs / prevulc. NR = 2.0/98.0

17.87
35.18
38.79
41.58
54.58

201

Young’s modulus, MPa*

prevulc. NR
C-ChNFs / prevulc. NRa ≈ 0.50/99.50
C-ChNFs / prevulc. NR ≈ 0.99/99.01
C-ChNFs / prevulc. NR ≈ 1.96/98.04
C-ChNFs / prevulc. NR ≈ 3.38/96.62

Z-ChNFs / prevulc. NRa ≈ 0.50/99.50
Z-ChNFs / prevulc. NR ≈ 0.99/99.01
Z-ChNFs / prevulc. NR ≈ 1.96/98.04
Z-ChNFs / prevulc. NR ≈ 3.38/96.62

0.47
0.67
0.80
1.39
2.71

0.47
0.52
0.61
1.98

7
Prevulcanized NR latex / 

zwitterionic ChNFs (Z-ChNFs) and 
carboxylated ChNFs (C-ChNFs)

Stress at 100% strain, 
MPa*

prevulc. NR
C-ChNFs / prevulc. NRa ≈ 0.50/99.50
C-ChNFs / prevulc. NR ≈ 0.99/99.01

0.58
0.76
1.01

202
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C-ChNFs / prevulc. NR ≈ 1.96/98.04
C-ChNFs / prevulc. NR ≈ 3.38/96.62

Z-ChNFs / prevulc. NRa ≈ 0.50/99.50
Z-ChNFs / prevulc. NR ≈ 0.99/99.01
Z-ChNFs / prevulc. NR ≈ 1.96/98.04
Z-ChNFs / prevulc. NR ≈ 3.38/96.62

0.76
2.17

0.55
0.63
0.70
0.99

Stress at 300% strain, 
MPa*

prevulc. NR
C-ChNFs / prevulc. NRa ≈ 0.50/99.50
C-ChNFs / prevulc. NR ≈ 0.99/99.01
C-ChNFs / prevulc. NR ≈ 1.96/98.04
C-ChNFs / prevulc. NR ≈ 3.38/96.62

Z-ChNFs / prevulc. NRa ≈ 0.50/99.50
Z-ChNFs / prevulc. NR ≈ 0.99/99.01
Z-ChNFs / prevulc. NR ≈ 1.96/98.04
Z-ChNFs / prevulc. NR ≈ 3.38/96.62 

0.94
1.76
3.14
3.01
4.26

1.07
1.07
1.31
1.82

Synthetic Rubbers

Tensile strength, MPa

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

2.75 ± 0.25
5.95 ± 0.67
5.02 ± 0.89
4.69 ± 0.37

Tensile modulus at 300 %
strain, MPa

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

1.95 ± 0.20
4.27 ± 0.49
4.71 ± 0.38
5.87 ± 0.25

Elongation at break, %

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

395 ± 15
354 ± 11
363 ± 12
371 ± 14

Tear strength, N/mm

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

19.76 ± 0.75
24.85 ± 0.61
28.98 ± 0.69
31.25 ± 0.67

8 Acrylonitrile butadiene rubber 
(NBR)/ ChNWs

Hardness, Shore A
NBR

ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59

45 ± 1
48 ± 1
51 ± 1

18
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ChNWs / NBR = 10.71/89.29 53 ± 1

Compression set, %

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

10.23 ± 0.25
18.43 ± 0.25
14.38 ± 0.29
15.75 ± 0.25

Abrasion resistance index, 
ARI

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

180 ± 5
192 ± 3
186 ± 4
183 ± 5

Swelling index, %

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

207 ± 2
204 ± 1
205 ± 1
209 ± 2

Cross-link density, 
mol/g×10−4

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 7.41/92.59
ChNWs / NBR = 10.71/89.29

1.31 ± 0.05
1.38 ± 0.03
1.34 ± 0.05
1.29 ± 0.06

Storage modulus, MPa 
(25 °C)

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 10.71/89.29

3.651
6.157
5.968

Storage modulus, MPa 
(−40 °C)

NBR
ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 10.71/89.29

1189
1473
1384

Tg, °C
NBR

ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 10.71/89.29

−4.09
2.78
1.07

Tan δ maximum
NBR

ChNWs / NBRa = 3.84/96.16
ChNWs / NBR = 10.71/89.29

1.535
0.985
1.119

Storage modulus at 25 °C, 
MPa

(non-annealed)

XSBR
ChNWs/ XSBR = 4.1/95.9
ChNWs/ XSBR = 6.6/93.4
ChNWs/ XSBR = 9.0/91.0

1.39
3.95
8.90
17.709 Carboxylated styrene butadiene 

rubber (XSBR) latex / ChNWs Storage modulus at 25 °C, 
MPa

(annealed at 100 oC)

XSBR
ChNWs/ XSBR = 4.1/95.9
ChNWs/ XSBR = 6.6/93.4
ChNWs/ XSBR = 9.0/91.0

1.44
3.95
6.25
25.25

146

Page 99 of 190 RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
5/

20
25

 1
1:

59
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LP00104H

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


100

Loss modulus at 25 °C, 
MPa 

(non-annealed)

XSBR
ChNWs/ XSBR = 4.1/95.9
ChNWs/ XSBR = 6.6/93.4
ChNWs/ XSBR = 9.0/91.0

0.18
1.03
3.08
1.70

Loss modulus at 25 °C, 
MPa 

(annealed at 100 oC)

XSBR
ChNWs/ XSBR = 4.1/95.9
ChNWs/ XSBR = 6.6/93.4
ChNWs/ XSBR = 9.0/91.0

0.15
0.70
1.13
3.99

Tg from DSC analysis, oC 
(non-annealed)

XSBR
ChNWs/ XSBR = 4.1/95.9
ChNWs/ XSBR = 6.6/93.4
ChNWs/ XSBR = 9.0/91.0

10
14.2
12.2
16.0

Tg from DSC analysis, oC 
(annealed at 100 oC)

XSBR
ChNWs/ XSBR = 4.1/95.9
ChNWs/ XSBR = 6.6/93.4
ChNWs/ XSBR = 9.0/91.0

13.8
13.3
14.6
16.7

Young's modulus, MPa

XSBR
ChNCs/ XSBR = 1/99
ChNCs/ XSBR = 2/98
ChNCs/ XSBR = 3/97
ChNCs/ XSBR = 4/96
ChNCs/ XSBR = 5/95

14.1
14.3
24.3
31.1
36.2
39.2

Tensile modulus at 100% 
strain, MPa

XSBR
ChNCs/ XSBR = 1/99
ChNCs/ XSBR = 2/98
ChNCs/ XSBR = 3/97
ChNCs/ XSBR = 4/96
ChNCs/ XSBR = 5/95

1.85
2.07
3.17
4.12
4.63
5.54

Tensile modulus at 300% 
strain, MPa

XSBR
ChNCs/ XSBR = 1/99
ChNCs/ XSBR = 2/98
ChNCs/ XSBR = 3/97
ChNCs/ XSBR = 4/96
ChNCs/ XSBR = 5/95

3.70
4.07
5.88
7.76
9.37
10.22

10 XSBR latex / chitin nanocrystals 
(ChNCs)

Tensile strength, MPa
XSBR

ChNCs/ XSBR = 1/99
ChNCs/ XSBR = 2/98

4.29
6.26
8.68

41
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ChNCs/ XSBR = 3/97
ChNCs/ XSBR = 4/96
ChNCs/ XSBR = 5/95

9.42
10.51
10.40

Elongation at break, %

XSBR
ChNCs/ XSBR = 1/99
ChNCs/ XSBR = 2/98
ChNCs/ XSBR = 3/97
ChNCs/ XSBR = 4/96
ChNCs/ XSBR = 5/95

374.5
423.5
419.7
389.1
296.7
240.8

Storage modulus, MPa 
(−100 °C)

XSBR
ChNCs/ XSBR = 1/99
ChNCs/ XSBR = 2/98
ChNCs/ XSBR = 3/97
ChNCs/ XSBR = 4/96
ChNCs/ XSBR = 5/95

1768.4
1718.9
1854.0
1823.5
1924.3
2184.3

Storage modulus, MPa 
(30 °C)

XSBR
ChNCs/ XSBR = 1/99
ChNCs/ XSBR = 2/98
ChNCs/ XSBR = 3/97
ChNCs/ XSBR = 4/96
ChNCs/ XSBR = 5/95

38.2
31.5
41.8
43.7
51.7
80.4

Storage modulus, MPa 
(80 °C)

XSBR
ChNCs/ XSBR = 1/99
ChNCs/ XSBR = 2/98
ChNCs/ XSBR = 3/97
ChNCs/ XSBR = 4/96
ChNCs/ XSBR = 5/95

1.6
1.1
2.4
3.0
4.3
7.5

* The values of the mechanical properties were estimated from the graphs.
a The composition ratio is reported in wt.%, calculated from the ChNF or ChNW content expressed in phr.
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4.3.Reinforcement of Poly(lactic) Acid with Nanochitin

Polylactic acid (PLA) is a widely recognized thermoplastic bio-based polymer, almost 

exclusively sourced from renewable resources like potato, corn, cassava, rice, cane sugar, or other 

carbohydrate-rich crops through a fermentation process into lactic acid followed by 

polymerization.208,209 It has captured broad interest because it offers high mechanical strength and 

stiffness, UV stability, clarity, and easy processability – it can be molded, extruded, or 3D-printed. 

210 The properties of PLA are affected by various factors, such as the component isomers (L-, D-, 

or DL-), the molecular weights, and processing routes. Thus, the tensile strength of poly(L-lactide) 

(PLLA) is 15.5–150 MPa, whereas the tensile strength of poly(DL-lactide) (PDLLA) is 0.04 – 

0.05 MPa.211

PLA could replace many petroleum-based plastics to fabricate biomedical materials such as 

sutures, drug delivery systems, and tissue engineering devices, due to its biocompatibility. In 

packaging and consumer goods, PLA is a popular material for biodegradable food containers, 

disposable cutlery, and sustainable textiles. The limitations of PLA are associated with its intrinsic 

brittleness, low impact resistance, slow crystallization, and insufficient thermal stability.212 Several 

researchers have reported on the use of polysaccharide nanofillers such as cellulose, starch, clay, 

wood fibers etc., to reinforce PLA by forming a hydrogen-bonded or chemically crosslinked 

network,213 via blending them with a non-polar thermoplastic matrix.214 A few of the studies have 

probed into the dispersion of chitin nanoparticles in PLA based matrix using several techniques to 

assess the degree of reinforcement (Table 10, Entries 1 − 10). Zhang et al.93 reported a significant 

improvement in tensile strength and Young’s modulus of PLA composites reinforced with 

acetylated chitin nanocrystals (Ac-ChNCs). The enhancements surpassed those of neat PLA (25 

MPa and 1148 MPa, respectively) across all loading levels (1 to 10 wt.%), with the highest 
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improvement observed at 4 wt% Ac-ChNCs, where tensile strength and Young’s modulus peaked 

at 38 MPa and 1580 MPa, respectively (Table 10, Entry 1). However, exceeding this threshold 

resulted in nanocrystal agglomeration, leading to the formation of a percolation network that 

disrupted the homogeneity and mechanical integrity of the PLA matrix. Additionally, elongation 

at break decreased at all concentrations, indicating increased stiffness and reduced flexibility of 

the composite.

Guan and Naguib91 investigated PLA-based and PLA/PHBV-based nanocomposites, 

incorporating maleic anhydride (MA) as a compatibilizing agent via grafting (Table 10, Entries 

2 and 3). It is well known that the hydrophobic nature of PLA results in poor interfacial adhesion 

when compounded with hydrophilic natural reinforcements. A strategic approach to address this 

challenge is compatibilizing one of the phases to improve interfacial interactions. Grafted MA, a 

widely studied compatibilizer, was employed in this study to promote interfacial wetting between 

PLA and chitin. For PLA-grafted maleic anhydride (PLA-g-MA)/α-ChNWs, nanochitin loadings 

ranged from 0.5 to 5 wt.%, with tensile strength increasing from 45 MPa for neat PLA-g-MA to a 

peak of 53 MPa at 0.5 wt.%, before declining at higher loadings. Young’s modulus improved from 

550 MPa to a maximum of 675 MPa at 1 wt.%, then gradually decreased. Elongation at break 

consistently dropped from 0.600 for neat PLA-g-MA to 0.150 at 5 wt.%, indicating increased 

brittleness with higher nanochitin content. At elevated ChNW loadings (~5 wt.%), mechanical 

property deterioration was attributed to solvolytic degradation caused by the dispersing agent 

(DMAc), which likely disrupted the polymer matrix. Similarly, for PLA-g-MA/PHBV-ChNWs, 

nanochitin loadings from 0.5 to 5 wt.% exhibited a comparable trend. Tensile strength, which was 

39 MPa for PLA-g-MA/PHBV, peaked at 44 MPa at 0.5 wt.% but declined at higher loadings. 

Young’s modulus increased from 550 MPa to a maximum of 575 MPa at 1 wt.%, before gradually 

Page 103 of 190 RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
5/

20
25

 1
1:

59
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LP00104H

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


104

decreasing. Meanwhile, elongation at break consistently declined from 0.56 for PLA/PHBV to 

0.07 at 5 wt.%, further demonstrating the increased stiffness and brittleness with rising nanochitin 

content.

Rizvi et al.92 investigated the mechanical behavior of PLA-grafted maleic anhydride (PLA-g-

MA)/α-ChNWs composites, where MA was again used as a compatibilizer to enhance interfacial 

wetting. Here, however, to assess the influence of MA addition on mechanical properties, the study 

compared composites with and without MA (Table 10, Entries 4 and 5). For neat PLA, Young’s 

modulus was 350 MPa, which peaked at 525 MPa with 2 wt.% ChNWs before declining at higher 

loadings. Similarly, for PLA-g-MA, Young’s modulus increased from 350 MPa to 490 MPa at 1 

wt.% ChNWs, followed by a decrease at higher concentrations. However, tensile strength, which 

was 56 MPa for neat PLA, consistently decreased with the addition of ChNWs, regardless of 

loading percentage. A similar trend was observed in PLA-g-MA/ChNWs composites, indicating 

that while stiffness improved with nanochitin reinforcement, overall strength diminished which 

could be due to the reduction in the molecular weight on account of the hydrolysis of PLA 

throughout the fabrication process, as explained by the authors. 

Concerning the need for better dispersing agents for ChNWs to inhibit particle agglomeration, 

Coltelli et al.165 employed PEGs with different molecular weights in combination with PLA (Table 

10, Entry 6). Similar to how MA was used in the study by Rizvi et al.92 as a compatibilizer to 

improve interfacial wetting between PLA and chitin, PEGs were utilized here as dispersing agents 

to enhance the uniform distribution of ChNWs within the PLA matrix. The incorporation of PEGs 

aimed to improve the dispersion and interaction of ChNWs within PLA, addressing the common 

challenge of nanoparticle agglomeration, which can negatively impact the mechanical properties 

of the composite. 
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The initial study on PEG/PLA composites without nanowhiskers revealed that adding PEG to 

PLA at 10/90 w/w significantly reduced mechanical properties, decreasing Young’s modulus by 

1.5-fold (from 3.5 to 2.3 GPa), stress at yield by 2.3-fold (from 60 to 26 MPa), and stress at break 

by 1.7-fold (from 57 to 33 MPa). However, elongation at break improved nearly 45-fold due to 

PEG’s plasticizing effect. When nanofibers were introduced, the PEG400/ChNFs/PLA 

formulation with the same PEG content (10 wt.%) exhibited similar or worse mechanical 

properties compared to PEG400/PLA alone. Specifically, Young’s modulus decreased further to 

1.7–1.8 GPa, regardless of nanofiber content (2, 5, or 12 wt.%). Similarly, stress at break remained 

at 33 MPa for 2% ChNFs but dropped to 22–23 MPa at higher ChNFs loadings (5 and 12 wt.%). 

Stress at yield showed mixed behavior, staying at 23 MPa for 2% and 12% ChNFs but increasing 

to 34 MPa at 5% ChNFs. These findings indicate that ChNFs failed to provide reinforcement, 

likely due to PEG’s strong affinity for chitin, which inhibited proper interfacial bonding between 

ChNFs and PLA, preventing effective stress transfer. Instead, PEG's dominant plasticizing effect 

continued to weaken the composite. Regarding elongation at break, the PEG400/ChNFs/PLA 

formulations exhibited an elongation identical to that of PEG/PLA, indicating that the presence of 

nanowhiskers regardless of amount did not further alter the ductility introduced by PEG. 

The inability of PEG to facilitate reinforcement in the previous study165 contrasts with findings 

from another study (Table 10, Entries 7−9),26 where chitin nanofibers (ChNFs) extracted from 

crab shells were successfully used to reinforce PLA through extrusion molding. In this case, the 

dispersion issue of nanofibers within the PLA matrix was addressed using three different 

pretreatment methods: water pretreatment, polyethylene glycol (PEG) pretreatment, and 

polyethylene oxide (PEO) pretreatment. 
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In the first water-pretreatment method (Table 10, Entry 7),26 PLA powder was added to a 1 

wt% ChNF water slurry, stirred, filtered, and freeze-dried to remove water while preserving 

nanofiber dispersion. The dried ChNF/PLA mixture was mechanically broken down before 

compounding and extrusion. Increasing ChNFs content from 10 to 40 wt.% led to improvements, 

reaching 41.2 MPa, a 180% increase compared to neat PLA. Similarly, the bending modulus 

increased to 4153 MPa, a 144% improvement, and impact toughness rose from 8.4 J/m in neat 

PLA to 35 J/m. Storage modulus was significantly improved, reaching 7.8 GPa, but remained 

independent of ChNF content, suggesting effective load distribution across the polymer matrix.

In the PEG pretreatment method (Table 10, Entry 8),26 PEG powder was dissolved in distilled 

water at 2 wt% and heated to 80°C before adding a 1 wt% ChNF aqueous slurry. The thickened 

mixture was freeze-dried, broken down, and compounded with PLA. The results were comparable 

to the water pretreatment method, with bending strength increasing to 37.5 MPa, bending modulus 

to 3550 MPa, and impact toughness to 30 J/m at 40 wt.% ChNFs. Storage modulus improved to 

6.5 GPa, again independent of ChNF content. While PEG facilitated dispersion, the absolute 

mechanical improvements were slightly lower than those from water pretreatment, suggesting that 

residual PEG at the interface might have reduced stiffness and interfacial bonding between ChNFs 

and PLA.

The PEO pretreatment method (Table 10, Entry 9) conducted in the same manner as PEG-

pretreatment)26 yielded similar results to PEG, though mechanical properties were slightly lower: 

bending strength reached 34 MPa, bending modulus 2900 MPa, and impact toughness 28 J/m, 

while storage modulus stabilized at 6.1 GPa. Unlike the previous study, where direct PEG addition 

hindered reinforcement by coating ChNFs and preventing stress transfer, these pretreatment 

strategies improved dispersion and integration within PLA. The use of pre-dissolved PEG or PEO 
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as a dispersing medium before compounding likely reduced aggregation and enhanced interfacial 

adhesion. 

The freeze-dried chitin nanofibers were also directly extruded with PLA granules as a control 

(Table 10, Entry 10). In the control sample, where freeze-dried ChNFs were directly extruded 

with PLA, bending strength improved from 14.6 MPa to 27.5 MPa with 40 wt.% ChNFs. However, 

bending modulus slightly decreased to 1550–1655 MPa compared to the original 1697 MPa. 

Impact strength increased from 8.4 J/m to 15 J/m, while storage modulus reached 5 GPa. 

These results indicate that although the direct extrusion method provided some improvement 

in strength and impact resistance, it did not achieve the same level of reinforcement as the water, 

PEG, or PEO pretreatment methods. The lower bending modulus suggests that without proper 

dispersion, the chitin nanofibers might not have been fully integrated into the PLA matrix, leading 

to suboptimal load transfer. The comparative study underscores the importance of pretreatment 

strategies in enhancing the dispersion and interfacial adhesion of ChNFs, ultimately leading to 

better mechanical performance in PLA composites.
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Table 10. Reinforcement of polylactic acid (PLA) with nanochitin

No Polymers Affected properties Composition Value Ref.
Polylactic Acid (PLA)

Young's modulus, MPa

PLA
Ac-ChNCs/ PLA = 1/99
Ac-ChNCs/ PLA = 2/98
Ac-ChNCs/ PLA = 4/96
Ac-ChNCs/ PLA = 6/94
Ac-ChNCs/ PLA = 8/92
Ac-ChNCs/ PLA = 10/90

1148
1200
1400
1580
1500
1250
1100

Tensile strength, MPa

PLA
Ac-ChNCs/ PLA = 1/99
Ac-ChNCs/ PLA = 2/98
Ac-ChNCs/ PLA = 4/96
Ac-ChNCs/ PLA = 6/94
Ac-ChNCs/ PLA = 8/92
Ac-ChNCs/ PLA = 10/90

25
33
35
38
28
23
21

1 Polylactic acid (PLA)/ acetylated 
chitin nanocrystals (Ac-ChNCs)

Elongation at break, %

PLA
Ac-ChNCs/ PLA = 1/99
Ac-ChNCs/ PLA = 2/98
Ac-ChNCs/ PLA = 4/96
Ac-ChNCs/ PLA = 6/94
Ac-ChNCs/ PLA = 8/92
Ac-ChNCs/ PLA = 10/90

33
10
10
7
6
4
4

93

Elongation at break, %

PLA-g-MA
ChNWs/ PLA-g-MA= 0.5/99.5
ChNWs/ PLA-g-MA= 1.0/99.0
ChNWs /PLA-g-MA= 2.0/98.0
ChNWs /PLA-g-MA= 5.0/95.0

0.600
0.175 
0.175 
0.160 
0.1502 PLA-grafted maleic anhydride 

(PLA-g-MA)/α-ChNWs

Ultimate tensile strength, 
MPa

PLA-g-MA
ChNWs/ PLA-g-MA = 0.5/99.5
ChNWs/ PLA-g-MA = 1.0/99.0
ChNWs /PLA-g-MA = 2.0/98.0
ChNWs /PLA-g-MA = 5.0/95.0

45.00
53.00 
50.00 
48.50 
35.00 

91
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Young's modulus, MPa

PLA-g-MA
ChNWs/ PLA-g-MA= 0.5/99.5
ChNWs/ PLA-g-MA= 1.0/99.0
ChNWs /PLA-g-MA= 2.0/98.0
ChNWs /PLA-g-MA= 5.0/95.0

550
650 
675 
650 
600 

Elongation at break, %

PLA-g-MA/ PHBV
ChNWs/ PLA-g-MA/ PHBV = 0.5/84.6/14.9
ChNWs/ PLA-g-MA/ PHBV =1.0/84.5/14.8
ChNWs/ PLA-g-MA/ PHBV = 2.0/84.4/14.7
ChNWs/ PLA-g-MA/ PHBV = 5.0/80.7/14.3

0.56
0.25
0.25
0.38
0.07 

Ultimate tensile strength, 
MPa

PLA-g-MA/ PHBV
ChNWs/ PLA-g-MA/ PHBV = 0.5/84.6/14.9
ChNWs/ PLA-g-MA/ PHBV =1.0/84.5/14.8
ChNWs/ PLA-g-MA/ PHBV = 2.0/84.4/14.7
ChNWs/ PLA-g-MA/ PHBV = 5.0/80.7/14.3

39
44
42
37
27 

3
PLA-(grafted)-MA/ChNWspoly(3-

hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV)/ ChNWs

Young's modulus, MPa

PLA-g-MA/PHBV
ChNWs/ PLA-g-MA/ PHBV = 0.5/84.6/14.9
ChNWs/ PLA-g-MA/ PHBV =1.0/84.5/14.8
ChNWs/ PLA-g-MA/ PHBV = 2.0/84.4/14.7
ChNWs/ PLA-g-MA/ PHBV = 5.0/80.7/14.3

550
545
575
500
495 

91

Young’s Modulus, MPa

PLA
ChNWs/ PLA= 1/99
ChNWs/ PLA= 2/98
ChNWs/ PLA= 5/95

350
460
525
4804 Polylactic acid (PLA) /α-ChNWs

Ultimate tensile strength, 
MPa

PLA
ChNWs/ PLA= 1/99
ChNWs/ PLA= 2/98
ChNWs/ PLA= 5/95

56.00
52.25
51.25
48.00

92

Young’s Modulus, MPa

PLA-g-MA 
ChNWs/ (PLA-g-MA) = 2/98
ChNWs/ (PLA-g-MA) = 5/95
ChNWs/ (PLA-g-MA) = 1/99

350
475
480
4905

Polylactic acid (PLA) grafted with 
maleic anhydride (PLA-g-MA) /α-

ChNWs Ultimate tensile strength, 
MPa

PLA-g-MA
ChNWs/ (PLA-g-MA) = 2/98
ChNWs/ (PLA-g-MA) = 5/95
ChNWs/ (PLA-g-MA) = 1/99

56
52.5
51.5
48.5

92
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Young’s modulus, 
GPa

PLA
PEG400/ PLA = 10/90

PEG400/ ChNFs / PLA = 10/2/88
PEG8000/ ChNFs / PLA = 10/2/88
PEG400/ ChNFs / PLA = 1/2/97
PEG400/ ChNFs / PLA = 5/2/93
PEG400/ ChNFs / PLA = 10/5/85 
PEG400/ ChNFs / PLA = 10/12/78

3.5 ± 0.1
2.3 ± 0.3
1.8 ± 0.3
2.5 ± 0.1
3.2 ± 0.8
2.8 ± 0.8
1.8 ± 0.3
1.7 ± 0.3

Stress at yield, MPa

PLA
PEG400/ PLA = 10/90

PEG400/ ChNFs / PLA = 10/2/88
PEG8000/ ChNFs / PLA = 10/2/88
PEG400/ ChNFs / PLA = 1/2/97
PEG400/ ChNFs / PLA = 5/2/93
PEG400/ ChNFs / PLA = 10/5/85 
PEG400/ ChNFs / PLA = 10/12/78

60.4 ± 0.3
26 ± 0.3
23 ± 5.0
45 ± 5.0
52 ± 6.0
47 ± 3.0
34 ± 2.0
23 ± 5.0

Stress at break, MPa

PLA
PEG400/ PLA = 10/90

PEG400/ ChNFs / PLA = 10/2/88
PEG8000/ ChNFs / PLA = 10/2/88
PEG400/ ChNFs / PLA = 1/2/97
PEG400/ ChNFs / PLA = 5/2/93
PEG400/ ChNFs / PLA = 10/5/85 
PEG400/ ChNFs / PLA = 10/12/78

57 ± 1
33 ± 2
32 ± 2
34 ± 2
40 ± 7
32 ± 2
23 ± 2
22 ± 6

6

Polylactic acid (PLA, Mw 
170,000)/ chitin nanofibrils 

(ChNFs)/ Polyethylene glycol 
(PEG, Mw 400, and 8000)

Elongation at break, %

PLA
PEG400/ PLA = 10/90

PEG400/ ChNFs / PLA = 10/2/88
PEG8000/ ChNFs / PLA = 10/2/88
PEG400/ ChNFs / PLA = 1/2/97
PEG400/ ChNFs / PLA = 5/2/93
PEG400/ ChNFs / PLA = 10/5/85 
PEG400/ ChNFs / PLA = 10/12/78

4.1± 0.5
180± 10.0
160 ± 10.0
160 ± 10.0
10 ± 2.0

11.4 ± 0.9
160 ± 10.0
181 ± 6.0

165

7 Polylactic acid (PLA)/ α-ChNFs
(Water pretreatment method)a Bending strength, MPa

PLA
ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs / PLA = 40/60

14.6
22.50
27.50
37.50
41.20

26
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Bending modulus, MPa

PLA
ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs / PLA = 40/60

1697.00
1750.00
2000.00
3250.00
4153.00

Impact toughness, J/m

PLA
ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs / PLA = 40/60

8.4
10.00
15.00
28.00
35.00

Storage modulus 
(temperature range −30 to 

60 °C)i, GPa

PLA
ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs / PLA = 40/60

Significantly 
lower

7.8
7.8
7.8
7.8

Bending strength, MPa

PLA
ChNFs/ PLA/ PEG = 10/80/10
ChNFs/ PLA/ PEG = 20/70/10
ChNFs/ PLA/ PEG = 30/60/10
ChNFs/ PLA/ PEG = 40/50/10

14.60
22.50
25.00
35.00
37.50

Bending modulus, MPa

PLA
ChNFs/ PLA/ PEG = 10/80/10
ChNFs/ PLA/ PEG = 20/70/10
ChNFs/ PLA/ PEG = 30/60/10
ChNFs/ PLA/ PEG = 40/50/10

1697.00
2250.00
2500.00
3250.00
3550.00

Impact strength, J/m

PLA
ChNFs/ PLA/ PEG = 10/80/10
ChNFs/ PLA/ PEG = 20/70/10
ChNFs/ PLA/ PEG = 30/60/10
ChNFs/ PLA/ PEG = 40/50/10

8.4
10.00
15.00
26.00
30.00

8
Polylactic acid (PLA)/ α-ChNFs/ 

polyethylene glycol (PEG)
PEG pretreatment method

Storage modulus 
(temperature range −30 to 

60 °C)b, GPa

PLA
ChNFs/ PLA/ PEG- = 10/80/10
ChNFs/ PLA/ PEG = 20/70/10
ChNFs/ PLA/ PEG = 30/60/10
ChNFs/ PLA/ PEG = 40/50/10

Significantly 
lower 

6.5
6.5
6.5
6.5

26
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Bending strength, MPa

PLA
ChNFs/ PLA/ PEO = 10/80/10
ChNFs/ PLA/ PEO = 20/70/10
ChNFs/ PLA/ PEO = 30/60/10
ChNFs/ PLA/ PEO = 40/50/10

14.60
24.00
26.00
30.00
34.00

Bending modulus, MPa

PLA
ChNFs/ PLA/ PEO = 10/80/10
ChNFs/ PLA/ PEO = 20/70/10
ChNFs/ PLA/ PEO = 30/60/10
ChNFs/ PLA/ PEO = 40/50/10

1697.00
1550.00
2250.00
2500.00
2900.00

Impact strength, J/m

PLA
ChNFs/ PLA/ PEO = 10/80/10
ChNFs/ PLA/ PEO = 20/70/10
ChNFs/ PLA/ PEO = 30/60/10
ChNFs/ PLA/ PEO = 40/50/10

8.40
9.50
14.00
22.50
28.00

9
Polylactic acid (PLA)/ α-ChNFs/ 

polyethylene oxide (PEO)
PEO pretreatment method

Storage modulus 
(temperature range −30 to 

60 °C)b, GPa

PLA
ChNFs/ PLA/PEO = 10/80/10
ChNFs/ PLA/PEO = 20/70/10
ChNFs/ PLA/PEO = 30/60/10
ChNFs/ PLA/PEO = 40/50/10

Significantly 
lower

6.1
6.1
6.1
6.1

26

Bending strength, MPa

PLA
ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs / PLA = 40/60

14.60
24.00
26.00
27.50
27.50

Bending modulus, MPa

PLA
ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs / PLA = 40/60

1697.00
1550.00
1555.00
1600.00
1655.00

10
Polylactic acid (PLA)/ α-ChNFs

(freeze-dried, compounding 
method)

Impact strength, J/m

PLA
ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs / PLA = 40/60

8.4
9.00
12.00
12.50
15.00

26
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Storage modulus 
(temperature range −30 to 

60 °C)b, GPa

PLA
ChNFs / PLA = 10/90
ChNFs / PLA = 20/80
ChNFs / PLA = 30/70
ChNFs / PLA = 40/60

Markedly lower
5
5
5
5

a Four methods were conducted to evaluate the dispersion effect of nanofibers for the composite preparation. Two of these methods utilized either PEG or 
PEO as a surfactant and dispersing agent to optimize the dispersion of nanofibers within the PLA matrix.
b The storage modulus of chitin nanofibers/PLA composites remains stable below 60°C, while it gradually decreases with rising temperature. Additionally, 
compared to neat PLA, the storage modulus values of the nanocomposites show a notable increase. The loss modulus rises with temperature until it reaches the 
glass transition (Tg) of 55 oC, after which it decreases for all composites. In comparison to pure PLA, the loss modulus values of the nanocomposites are 
notably lower, indicating that adding fibers reduces the loss modulus. 
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4.4.Reinforcement of Poly(vinyl) Alcohol with Nanochitin

Polyvinyl alcohol (PVA) is a linear, synthetic, nontoxic, biodegradable polymer, with a 

semicrystalline structure.215,216 Its physical and chemical properties vary depending on the 

molecular weight.217 Owing to its excellent optical properties, high storage capacity, and superior 

dielectric strength, PVA is widely utilized in electronics and bioengineering.218 However, its poor 

mechanical and thermal stability, along with limited compatibility with other polymers often 

necessitate doping with nanofillers to enhance its physicochemical properties for demanding 

applications. This includes customizing shape, size, and interactions with other polymers.219,220 In 

recent decades, nano-dimensional fillers – such as quantum dots, metal oxides, metal sulfides, 

silicates, nanotubes – have been broadly explored as candidates for the reinforcement of PVA.221 

Among these, cellulose nanofillers have been extensively examined as sustainable, high-

performing biofillers compatible with PVA.222 More recently, chitin nanofillers have gained 

increasing research interest, prticularly for fabricating PVA-based nanocomposite materials such 

as hydrogels, beads, fibers, films, membranes, scaffolds and many more.

Numerous studies have reported the reinforcement of PVA with chitin nanomaterials, 

particularly highlighting improvements in tensile properties as summarized in Table 11, Entries 

1 − 18. However, direct comparisons between these studies are challenging due to the use of PVA 

with different MWs (DP 550 – 2,700) and alcoholysis degree, which significantly influence the 

material’s mechanical properties. Despite this variability, the results consistently show that 

nanochitin incorporation enhances mechanical performance, attributed to the strong interfacial 

interactions between chitin nanofillers and the PVA matrix.. 

It has also been reported that nanochitin can function both as a primary component in PVA-

based composites (Table 11, Entries 1 – 7), and as a reinforcement filler (Table 11, Entries 8 − 
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17), depending on the desired material properties. Generally, when added at lower concentrations, 

nanochitin primarily enhances tensile strength and mechanical properties while still allowing PVA 

to retain flexibility and processability, whereas at higher concentrations, nanochitin contributes 

significantly to the composite’s rigidity, strength, and structural integrity, making it the dominant 

phase rather than just a reinforcing agent.80,149 This dual functionality allows nanochitin-PVA 

composites to be tailored for various applications, ranging from flexible, high-strength materials 

to rigid, high-performance biopolymers, depending on the composition.

Previous studies indicated that when chitin function as the primary component in PVA-based 

composites, higher concentrations of nanochitin improve tensile strength, whereas the addition of 

PVA reduced material rigidity.150 This implies PVA, rather than acting as the matrix material, 

served as an adhesive to combine the ChNWs.80 Optimal tensile strength was observed at 

nanochitin concentrations between 60−80% in all cases, with lower or higher concentrations 

yielding less favorable results (Table 11, Entries 1 − 7). When incorporating PVA at higher 

concentrations, tensile strength of the composites decreased to levels comparable to or even lower 

than pure PVA (Table 11, Entry 2). It is also important to note that the reinforcement of PVA 

composites with ChNFs (Table 11, Entry 1) is substantially amplified compared to that with 

ChNWs (Table 11, Entries 2−7). While tensile strength and Young’s modulus increased 

significantly compared to neat PVA, elongation showed only a modest increase at a 60 wt.% 

nanochitin concentration.

Other studies developed novel strategies to prepare ChNWs/PVA films with improved strength 

and durability, where ChNWs acted as building blocks and essential components and PVA acted 

as adhesive.40,80 One of the strategies of the studies was introducing a two-step treatment process 

using salt and alkali, respectively into the mixture of ChNWs and PVA.40 It was observed that 
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among all ionic shielded ChNWs (IsChNWs) composite films, the film with 70 wt.% ionic 

shielded ChNWs exhibited the optimal overall performance (Table 11, Entry 6). At the same 

ChNW load, the Young’s modulus of the IsChNWs/PVA film is nearly twice that of the 

ChNWs/PVA film, while maintaining comparable elongation at break, suggesting that the ionic 

shield effect of salt greatly weakened the electrostatic repulsion on the ChNW surface, resulting 

in aggregation of the ChNWs in a certain extent. Furthermore, integrating the ionic shielding effect 

of salt and hydrogen bond remolding effect of alkali resulted in significantly improved 

performance, with Young’s modulus and tensile strength increasing to 5307.1 ± 106.2 MPa and 

67.0 ± 1.2 MPa, respectively−1.7 and 1.5 times higher those of the IsChNW/PVA film. Alkali 

treatment of IsChNWs/PVA films disrupted interparticle hydrogen bonds among ChNWs, 

allowing PVA to penetrate ChNW aggregates and fill the interspace, thereby enhancing the 

hydrogen bond interaction between ChNWs and PVA.40 

The follow-up study further evaluated the alkali-treated IsChNWs/PVA films and tuned the 

film properties by developing a tensile-induced orientation and hydrogen bond reconstruction 

strategy 80 to initiate inter-layer sliding (Table 11, Entry 7). The alkali-treated IsChNWs/PVA 

films were first swollen in deionized water and stretched at a certain draw ratio, then soaked in 

alkali to reconstruct the hydrogen bonds and stabilize the orientational structure. The films, which 

underwent stretching and hydrogen-bond reconstruction, exhibited enhanced tensile strength and 

elongation from 38.6 to 115.2 MPa and 9.37% to 40.7%, respectively. Additionally, morphological 

analysiss of these films before and after tensile failure revealed that the mechanisms responsible 

for strengthening and toughening were linked to intra-layer ordering and inter-layer sliding, 

respectively. The stacked multilayer structure and organized arrangement of the ChNWs allowed 

external stress to be efficiently transferred through the aligned ChNWs within the layers. This 
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stress was then dissipated through the layering effect and inter-layer sliding, leading to a 

combination of reinforcing and toughening effects.80

When nanochitin was utilized specifically as a reinforcement filler, the tensile strength peaked 

at 3 − 5 wt% nanochitin concentrations of (Table 11, Entries 8 − 10), depending on the nature of 

the material, the preparation method, and the material’s intended brittleness and strength. 

Consistently, elongation at break decreased with increasing chitin content, but increased with 

higher PVA content when chitin was the primary substrate. Other mechanical properties, such as 

Young's modulus, storage modulus, and compressive fracture stress, also improved with higher 

nanoparticles content. 

Junkasem et al. fabricated electrospun nanocomposite fibers and solvent-casted films with 

PVA serving as the matrix.49 This group evaluated the ChNW reinforcement effect, and the 

compatibility of the composite components preprared from different methods on the composite 

mechanical integrity (Table 11, Entries 10 − 11). Although the tensile strengths of both as-spun 

PVA/ChNWs fiber mats and as-cast PVA/ChNWs films increased with the addition of ChNWs, 

the critical thresholds were distinct. The tensile strength of the as-spun fiber mats reched its 

threshold (5.7 ± 0.6 MPa) at approximately 5.1 wt. % and decreased with further increases in 

ChNW content (Table 11, Entry 10). In constrast, the tensile strength of the as-cast films reached 

its threshold (45.2 ± 3.6 MPa) at 17.7 wt.% (Table 11, Entry 11). A similar disparity was observed 

in the case of Young’s modulus for both composites. The strength initially increased for the as-

spun fibers, reaching a threshold at 15.2 %, whereas for the as-cast films, it continued to increase 

with each addition of ChNWs. The author reported that the discrepancy was possibly attributed to 

the difference in the dimensionality of the two sample types. The observed decrease in Young’s 

modulus of the as-spun fibers above 15.2% ChNW load was likely due to the ChNW aggregation 
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arising from the confinement effect, which was not observed in the as-cast films, unless the 

thickness of the films approached the sizes of the nanosized reinforcing fillers.49

Another study focused on the preparation of PVA blends with hybrid materials, that combined 

ChNWs and modified boron nitride, to enhance the thermal and electrical conductivity of the final 

composites (Table 11, Entries 14, 15).81 Leveraging the high thermal conductivity of boron nitride 

to create an efficient thermal conductivity network within the polymer matrix, two modified boron 

nitrides – silane coupling agent-treated boron nitride (BNSi) and poly-vinylpyrrolidone-treated 

boron nitride (BNPVP) − were combined with ChNWs before being compounded with PVA to 

produce BNSi-ChNWs/PVA and BNPVP-ChNWs/PVA composites. The incorporation of the 

hybrid materials into the PVA matrix resulted in enhanced thermal conductivity (192.9 – 197.2 % 

higher than neat PVA), with the BNPVP-ChNWs-reinforced composite outperforming the BNSi-

ChNWs version (1.049 W/m K vs 1.034 W/m K, respectively). The improvement in both 

reinforced composites was attributed to the enhanced interface compatibility of the hybrid 

materials, which allowed for more even dispersion in PVA and the formation of effective thermal 

conductivity networks.81 However, no significant improvements were observed in the electrical 

insulation performance in the composites with these hybrid materials. Instead, the electrical 

resistance of the reinforced composites is an order of magnitude lower than that of the neat PVA, 

with BNPVP-ChNW/PVA showing the lowest resistance (1.57 x 109 Ω), which was attributed to 

the proton-conductive nature of PVP. Meanwhile, the slightly lower electrical resistance of BNSi-

ChNW/PVA indicated that silanization primarily improved the dispersion the boron nitride in the 

matrix and enhanced interfacial bonding between boron nitride particles, ChNWs, and PVA. 

Despite their relatively low electrical resistance, both PVA composites still exhibited stable 

electrical insulation performance for practical applications. 
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Wu et al. 83 evaluated the degree of ChNW reinforcement on the properties of montmorillonite 

(MMT)/PVA films (Table 11, Entry 16). Four types of films, each with the same weight percent 

ratio − MMT/PVA, MMT/ChNWs, PVA/ChNWs, and ChNWs/MMT/PVA − were prepared using 

the casting-evaporation approach, and the properties of each film were then compared. Among all 

the films, the ChNWs/ MMT/ PVA composites demonstrated superior tensile strength and 

Young’s modulus, although toughness decreased (Table 11, Entry 16). As highlighted by the 

authors, the enhancement was attributed to presence of a new crystalline structure arising from the 

intercalation of PVA and ChNW in the layer of MMT sheet through hydrogen bond and van der 

Waals forcing.83

Another recent study by Jiao et al.223 highlighted how the surface charge state of ChNCs 

significantly affects the structure and properties of borax-crosslinked PVA (PB) hydrogels (Table 

11, Entries 17). The study examined two types of ChNCs with opposite surface charges—

positively charged ChNCs (AChNCs) prepared by acid hydrolysis and negatively charged ChNCs 

(TChNCs) prepared by TEMPO oxidation—as reinforcements for PB hydrogels. The results 

showed that among hydrogels containing from 0.5 to 2 wt. % AChNCs, those with 2 wt.% 

exhibited the highest tensile strength, a 17-fold increase compared to unreinforced PB hydrogels, 

while maintaining high elongation at break. A similar trend was observed with TChNCs, but their 

reinforcement was less effective. Additionally, both AChNCs and TChNCs improved the fracture 

work of the hydrogels, with AChNCs showing greater effectiveness. Maximum fracture work was 

achieved at a 2 wt.% load for both reinforcements. The superior performance of AChNCs is 

associated with electrostatic attraction between the hydroxyl groups of AChNCs and borax ions, 

forming a second network in addition to the borax-crosslinked PVA network, which enhances 

mechanical performance. In contrast, the TChNCs created charge repulsion with the borax 
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crosslinker and attracted a lesser amount of borax ions, leading to a relatively loose network 

structure in the composite hydrogels.223

The study also evaluated the impact of charged ChNCs on the self-healing efficiency and 

conductivity of the composite hydrogels. It was found that TChNCs enhance the self-healing 

ability and ionic conductivity more effectively than AChNCs, with values of 89.5 % and 1.25 x 

10-5 S/m compared to 87.8 % and 1.51 x 10-6, respectively, at a 1 wt. % load. The authors suggest 

that this difference is due to the energy required during healing and the mobility of borax ions in 

the composite hydrogels. Specifically, the strong electrostatic attraction in the AChNCs/PB 

hydrogel leads to more dynamic borate bonds, which increases the fracture work and requires more 

energy for healing, resulting in lower self-healing efficiency. Furthermore, this attraction restricts 

the movement of borax ions in the AChNCs/PB hydrogel, reducing conductivity. In contrast, the 

repulsive interaction between TChNCs and borax ions facilitates ion movement, improving both 

conductivity and self-healing performance.223

Page 120 of 190RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
5/

20
25

 1
1:

59
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LP00104H

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


121

Table11. Reinforcement of polyvinyl alcohol (PVA) with nanochitin

Polyvinyl alcohol (PVA)
No Polymers Property affected Composition Value Ref

Ultimate tensile 
strength, MPa

ChNFs
PVA

ChNFs/ PVA = 60/40

163
65
127

Young’s modulus, 
MPa

ChNFs
PVA

ChNFs/ PVA = 60/40

7160
2500
5700

1 Polyvinyl alcohol (PVA, 99% 
hydrolyzed, DP = 1700)/ ChNFs

Elongation at break, %
ChNFs
PVA

ChNFs/ PVA = 60/40

4.0
22.0
4.4

16

Tensile strength, MPa 
(Dry state)

β-ChNWs
PVA

β-ChNWs/ PVA = 90/10
β-ChNWs/ PVA = 80/20
β-ChNWs/ PVA = 70/30
β-ChNWs/ PVA = 60/40
β-ChNWs/ PVA = 50/50
β-ChNWs/ PVA = 40/60
β-ChNWs/ PVA = 30/70

5.00 ± 0.12
2.17 ± 0.04
4.46 ± 0.08
3.04 ± 0.09
5.17 ± 0.16
4.09 ± 0.09
3.18 ± 0.05
2.53 ± 0.02
1.75 ± 0.02

Elongation at break, % 
(Dry state)

β-ChNWs
PVA

β-ChNWs/ PVA = 90/10
β-ChNWs/ PVA = 80/20
β-ChNWs/ PVA = 70/30
β-ChNWs/ PVA = 60/40
β-ChNWs/ PVA = 50/50
β-ChNWs/ PVA = 40/60
β-ChNWs/ PVA = 30/70

5.8 ± 0.15
487 ± 11.50
13.1 ± 0.31
13.6 ± 0.42
26.1 ± 0.94
41.1 ± 0.62
87.5 ± 1.97
77.4 ± 2.05
129.4 ± 5.97

2 Polyvinyl alcohol (PVA, DP = 
2500) and β-ChNWs

Tensile strength, MPa 
(Wet state)

β-ChNWs
PVA

β-ChNWs/ PVA = 90/10
β-ChNWs/ PVA = 80/20
β-ChNWs/ PVA = 70/30
β-ChNWs/ PVA = 60/40

0.4 ± 0.01
3.10 ± 0.01
0.9 ± 0.02
0.35 ± 0.01
0.38 ± 0.01
0.37 ± 0.01

149
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β-ChNWs/ PVA = 50/50
β-ChNWs/ PVA = 40/60
β-ChNWs/ PVA = 30/70

0.25 ± 0.01
0.12 ±0.00
0.24 ± 0.01

Elongation at break, % 
(Wet state)

β-ChNWs
PVA

β-ChNWs/ PVA = 90/10
β-ChNWs/ PVA = 80/20
β-ChNWs/ PVA = 70/30
β-ChNWs/ PVA = 60/40
β-ChNWs/ PVA = 50/50
β-ChNWs/ PVA = 40/60
β-ChNWs/ PVA = 30/70

20 ± 0.65
423 ± 15.64
15.6 ± 0.42
21.3 ± 0.12
29.2 ± 0.12
45.4 ± 1.24
47.2 ± 1.35
44.3 ± 1.02
77.1 ± 2.34

Stress, MPa

Chitin
ChNWs / PVA = 76.92/23.08 
ChNWs / PVA = 83.33/16.66
ChNWs / PVA = 90.91/9.09
ChNWs / PVA = 95.24/4.76
ChNWs / PVA = 99.01/0.99

4.0
9.0
7.0
6.5
5.5
5.03 Polyvinyl alcohol (PVA, DP = 

4300)/ ChNWs

Strain, %

Chitin
ChNWs / PVA = 76.92/23.08 
ChNWs / PVA = 83.33/16.66
ChNWs / PVA = 90.91/9.09
ChNWs / PVA = 95.24/4.76
ChNWs / PVA = 99.01/0.99

0.20
0.34
0.30
0.25
0.20
0.15

123

Tensile strength, MPa

Pure β-ChNWs
PVA

β-ChNWs/ PVA = 20/80
β-ChNWs/ PVA = 40/60
β-ChNWs/ PVA = 50/50 
β-ChNWs/ PVA = 60/40
β-ChNWs/ PVA = 80/20

5.1
0.7
2.0
2.2
2.5
2.7
5.14 Polyvinyl alcohol (PVA)/ β-

ChNWs

Elongation at break, %

Pure β-ChNWs
PVA

β-ChNWs/ PVA = 20/80
β-ChNWs/ PVA = 40/60
β-ChNWs/ PVA = 50/50 
β-ChNWs/ PVA = 60/40

2.9
165.2
15.0
5.0
4.0
3.0

150
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β-ChNWs/ PVA = 80/20 2.9

5 Polyvinylalcohol (PVA)/ partially 
deacetylated α-ChNWs

Compressive fracture 
stress, MPa

PVA
ChNWs/ PVA = 20/80
ChNWs/ PVA = 30/70
ChNWs/ PVA = 40/60
ChNWs/ PVA = 50/50
ChNWs/ PVA = 60/40

1.55
3.70
6.22
26.59

< 20.22
< 20.22

133

Elongation at break, %

PVA
IsChNWs/ PVA = 80/20
IsChNWs/ PVA = 70/30
IsChNWs/ PVA = 60/40
IsChNWs/ PVA = 50/50
ChNWs/ PVA = 70/30

at-ChNWs/PVA =70/30
at-IsChNWs/PVA = 70/30

9.6 ± 2.2
1.0 ± 0.2
3.7 ± 0.5
13.2 ± 0.7
78.0 ± 2.5
4.7 ± 0.9
4.1 ± 1.3
4.1 ± 0.5

Tensile Strength, MPa

PVA
IsChNWs/ PVA = 80/20
IsChNWs/ PVA = 70/30
IsChNWs/ PVA = 60/40
IsChNWs/ PVA = 50/50
ChNWs/ PVA = 70/30

at-ChNWs/PVA =70/30
at-IsChNWs/PVA = 70/30

52.1 ± 1.4
30.3 ± 1.6
39.4 ±1.2
34.3 ± 1.1
32.9 ± 1.2
33.4 ± 1.7
50.4 ± 0.6
67.0 ± 1.2

6

Poly(vinyl alcohol) (PVA, DP = 
1799)/ ionic shielded chitin 
nanowhiskers (IsChNWs), 

followed by alkali treatment (at)

Young’s modulus, 
MPa

PVA
IsChNWs/ PVA = 80/20
IsChNWs/ PVA = 70/30
IsChNWs/ PVA = 60/40
IsChNWs/ PVA = 50/50
ChNWs/ PVA = 70/30

at-ChNWs/PVA =70/30
at-IsChNWs/PVA = 70/30

2464.9 ± 391.7
4334.0 ± 153.5
3619.6 ± 351.7
1092.3 ± 61.3
870.9 ± 68.4
1895 ± 187.0

3588.8 ± 169.5
5307.1 ± 106.2

40

7

Polyvinyl alcohol (PVA, DP = 
1799)/ ionic shielded chitin 
nanowhiskers (IsChNWs), 

followed by alkali treatment (at)

Elongation at break, %

at-IsCHNWs/PVA
1.0a -at-IsChNWs/ PVA= 60/40
1.5-at-IsChNWs/ PVA= 60/40
2.0-at-IsChNWs/ PVA=60/40
2.5-at-IsChNWs/ PVA= 60/40
3.0-at-IsChNWs/ PVA= 60/40

9.3 ± 0.7
7.2 ± 2.2
20.3 ± 2.3
31.6 ± 4.1
28.0 ± 5.6
40.7 ± 5.6

80
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Young’s modulus, 
MPa

at-IsChNWs/PVA
1.0-at-IsChNWs/ PVA= 60/40
1.5-at-IsChNWs/ PVA= 60/40
2.0-at-IsChNWs/ PVA=60/40
2.5-at-IsChNWs/ PVA= 60/40
3.0-at-IsChNWs/ PVA= 60/40

1133.4 ± 31.7
2830.1 ± 102.5
983.7 ± 220.1
1003.5 ± 108.9
1246.2 ± 154.9
1155.2 ± 89.7

Tensile strength, MPa

at-IsChNWs/PVA
1.0-at-IsChNWs/ PVA= 60/40
1.5-at-IsChNWs/ PVA= 60/40
2.0-at-IsChNWs/ PVA=60/40
2.5-at-IsChNWs/ PVA= 60/40
3.0-at-IsChNWs/ PVA= 60/40

38.6 ± 1.0
46.3 ± 1.8
65.9 ± 2.7
76.2 ± 2.6
94.4 ± 3.0
115.2 ± 9.3

Tensile strength, MPa

PVA
ChNWs/ PVA = 0.74/99.26
ChNWs/ PVA = 1.48/98.52
ChNWs/ PVA = 2.96/97.34
ChNWs/ PVA = 7.40/92.60
ChNWs/ PVA =14.80/ 85.20
ChNWs/ PVA = 22.20/77.80
ChNWs/ PVA = 29.60/70.40

55.5
65.0
70.0
83.3
82.0
81.0
81.0
80.08 Polyvinyl alcohol (PVA)/ α-

ChNWs

Elongation at break, %

PVA
ChNWs/ PVA = 0.74/99.26
ChNWs/ PVA = 1.48/98.52
ChNWs/ PVA = 2.96/97.34
ChNWs/ PVA = 7.40/92.60
ChNWs/ PVA =14.8/ 85.20
ChNWs/ PVA = 22.2/77.80
ChNWs/ PVA = 29.6/70.40

15.0
12.0
9.8
7.8
7.8
6.0
6.5
5.0

95

9 Polyvinyl alcohol (PVA, DP = 
1773)/ α-ChNWs Tensile strength, MPa

PVA
ChNWs/ PVA = 2.5/97.5
ChNWs/ PVA = 5.0/95.0
ChNWs/ PVA =7.5/92.5

3.94
5.92
4.50
4.00

96

10
Polyvinyl alcohol (PVA, DP = 

~1705)/ α-ChNWs (Electrospun 
mats)

Tensile strength, MPa

PVA
ChNWs/ PVA = 2.55/97.45
ChNWs/ PVA = 5.11/94.89
ChNWs/ PVA = 7.66/92.34
ChNWs/ PVA = 10.11/89.89

4.3
4.9
5.7
5.0
5.1

49
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ChNWs/ PVA = 12.76/87.24
ChNWs/ PVA = 15.17/84.83
ChNWs/ PVA = 17.74/82.26
ChNWs/ PVA = 25.38/74.62

4.2
4.0
3.8
3.4

Young’s modulus, 
MPa

PVA
ChNWs/ PVA = 2.55/97.45
ChNWs/ PVA = 5.11/94.89
ChNWs/ PVA = 7.66/92.34
ChNWs/ PVA = 10.11/89.89
ChNWs/ PVA = 12.76/87.24
ChNWs/ PVA = 15.17/84.83
ChNWs/ PVA = 17.74/82.26
ChNWs/ PVA = 25.38/74.62

35
170
140
230
255
270
280
275
220

Elongation at break, %

PVA
ChNWs/ PVA = 2.55/97.45
ChNWs/ PVA = 5.11/94.89
ChNWs/ PVA = 7.66/92.34
ChNWs/ PVA = 10.11/89.89
ChNWs/ PVA = 12.76/87.24
ChNWs/ PVA = 15.17/84.83
ChNWs/ PVA = 17.74/82.26
ChNWs/ PVA = 25.38/74.62

60
32
53
20
11
24
5
4
6

Tensile strength, MPa

PVA
ChNWs/ PVA = 2.55/97.45
ChNWs/ PVA = 5.11/94.89
ChNWs/ PVA = 7.66/92.34
ChNWs/ PVA = 10.11/89.89
ChNWs/ PVA = 12.76/87.24
ChNWs/ PVA = 15.17/84.83
ChNWs/ PVA = 17.74/82.26
ChNWs/ PVA = 25.38/74.62

20
32
36
30
35
37
34
45
34

11
Polyvinyl alcohol (PVA, DP = 

~1705)/ α-ChNWs (solution-casted 
films)

Young’s modulus, 
MPa

PVA
ChNWs/ PVA = 2.55/97.45
ChNWs/ PVA = 5.11/94.89
ChNWs/ PVA = 7.66/92.34
ChNWs/ PVA = 10.11/89.89
ChNWs/ PVA = 12.76/87.24

50
150
300
350
650
725

49
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ChNWs/ PVA = 15.17/84.83
ChNWs/ PVA = 17.74/82.26
ChNWs/ PVA = 25.38/74.62

850
1300
1500

Elongation at break, %

PVA
ChNWs/ PVA = 2.55/97.45
ChNWs/ PVA = 5.11/94.89
ChNWs/ PVA = 7.66/92.34
ChNWs/ PVA = 10.11/89.89
ChNWs/ PVA = 12.76/87.24
ChNWs/ PVA = 15.17/84.83
ChNWs/ PVA = 17.74/82.26
ChNWs/ PVA = 25.38/74.62

300
265
290
275
235
230
225
220
105

Storage modulus, GPa 
(25 oC)

PVA
ChNWs/ PVA = 3/97
ChNWs/ PVA = 5/95
ChNWs/ PVA = 10/90
ChNWs/ PVA = 15/85
ChNWs/ PVA = 20/80
ChNWs/ PVA = 30/70

1.66
3.35
3.77
4.48
4.90
6.16
6.18

Storage modulus, GPa 
(150 oC)

PVA
ChNWs/ PVA = 3/97
ChNWs/ PVA = 5/95
ChNWs/ PVA = 10/90
ChNWs/ PVA = 15/85
ChNWs/ PVA = 20/80
ChNWs/ PVA = 30/70

0.14
0.22
0.36
0.47
0.57
0.86
1.18

12 Polyvinyl alcohol (PVA)/ α-
ChNWs

Retention ratio, %

PVA
ChNWs/ PVA = 3/97
ChNWs/ PVA = 5/95
ChNWs/ PVA = 10/90
ChNWs/ PVA = 15/85
ChNWs/ PVA = 20/80
ChNWs/ PVA = 30/70

8
7
10
11
12
14
19

94

13 Polyvinyl alcohol (PVA, DP = 
591)/ α-ChNWs Young modulus, MPa

Sandwich-like structure, ratio not shown
 

PVA
Heat treated PVA/ChNWs

 
 

207.41
311.23

52
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Elongation at break, %
PVA

PVA/ChNWs
Heat treated PVA/ChNWs

85.4
51.0
46.0

Tensile strength, MPa
PVA

PVA/ChNWs
Heat treated PVA/ChNWs

42.5
46.5
48.0

Water-resistant 
pressure, mm

PVA
PVA/ChNWs

Heat treated PVA/ChNWs

375
385

768.72

Oxygen transmission 
rate, cc/m2/day

PVA
PVA/ChNWs

Heat treated PVA/ChNWs

6.32
2.75
0.20

Electrical resistance, 
Ω

PVA
BNSi−ChNWs/ PVA = 4.35/21.74/73.91

5.7 × 1010

5.5 × 109

14 Boron nitride modified with 
silane (BNSi) / ChNWs/ PVA Thermal conductivity, 

W/(m·K)
PVA

BNSi−ChNWs/ PVA = 4.35/21.74/73.91
0.353
1.034

Electrical resistance, 
Ω

PVA
BNPVP−ChNWs/ PVA = 4.35/21.74/73.91

5.70 × 1010

1.57 × 109

15
Boron nitride modified with poly-

vinylpyrrolidone (BNPVP) / 
ChNWs/ PVA Thermal conductivity, 

W/(m·K)
PVA

BNPVP−ChNWs/ PVA = 4.35/21.74/73.91
0.353
1.049

81

Tensile strength, MPa

MMT/ PVA = 50/50
MMT/ ChNWs = 50/50
PVA/ ChNWs = 50/50

ChNWs/ MMT/ PVA = 33.33/33.33/33.33

68.99 ± 5.26
10.89 ± 2.10
45.37 ± 6.14
263.50 ± 4.01

Elongation at break, %

MMT/ PVA = 50/50
MMT/ ChNWs = 50/50
PVA/ ChNWs = 50/50

ChNWs/ MMT/ PVA = 33.33/33.33/33.33

1.54 ± 0.34
0.41 ± 0.12
0.26 ± 0.03
0.60 ± 0.03

Young’s modulus, 
GPa

MMT/ PVA = 50/50
MMT/ ChNWs = 50/50
PVA/ ChNWs = 50/50

ChNWs/ MMT/ PVA = 33.33/33.33/33.33

4.48 ± 1.12
2.66 ± 0.97
17.45 ± 1.04
43.92 ± 1.28

16 Montmorillonite / PVA / ChNWsb

Toughness, J/m3

MMT/ PVA = 50/50
MMT/ ChNWs = 50/50
PVA/ ChNWs = 50/50

ChNWs/ MMT/ PVA = 33.33/33.33/33.33

61.34
2.33
5.88

102.15

83
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Transmittance, %

MMT/ PVA = 50/50
MMT/ ChNWs = 50/50
PVA/ ChNWs = 50/50

ChNWs/ MMT/ PVA = 33.33/33.33/33.33

20
10
80
40

Tensile strength, kPa

borax crosslinked PVA (PB)
AChNCs/PB = 0.5/99.5
AChNCs/PB = 1.0/99.0
AChNCs/PB = 1.5/98.5
AChNCs/PB = 2.0/98.0

TChNCs/PB = 0.5/99.5
TChNCs/PB = 1.0/99.0
TChNCs/PB = 1.5/98.5
TChNCs/PB = 2.0/98.0

1.3
13.8
18.3
31.5
54.3

3.3
5.0
6.8
9.3

Elongation at break, %

PB
AChNCs/PB = 0.5/99.5
AChNCs/PB = 1.0/99.0
AChNCs/PB = 1.5/98.5
AChNCs/PB = 2.0/98.0

TChNCs/PB = 0.5/99.5
TChNCs/PB = 1.0/99.0
TChNCs/PB = 1.5/98.5
TChNCs/PB = 2.0/98.0

1426
746
658
582
424

1132
787
745
542

Work of fracture, 
kJ/m3

PB
AChNCs/PB = 0.5/99.5
AChNCs/PB = 1.0/99.0
AChNCs/PB = 1.5/98.5
AChNCs/PB = 2.0/98.0

TChNCs/PB = 0.5/99.5
TChNCs/PB = 1.0/99.0
TChNCs/PB = 1.5/98.5
TChNCs/PB = 2.0/98.0

1074
5918
7786
8989
10995

2721
3184
3732
4541

17

PVA (DP = ~ 2727) crosslinked 
with borax (PB) / acid hydrolyzed 

ChNCs (AChNCs) / TEMPO-
oxidized ChNCs (TChNCs)

Self-healing 
efficiency, %

PB
AChNCs/PB = 1.0/99.0
AChNCs/PB = 1.5/98.5

99.4
90.4
87.8

223
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TChNCs/PB = 1.0/99.0
TChNCs/PB = 1.5/98.5

96.0
89.5

Conductivity, S/m

PB
AChNCs/PB = 1.0/99.0
AChNCs/PB = 1.5/98.5
TChNCs/PB = 1.0/99.0
TChNCs/PB = 1.5/98.5

2.02 x 10-5

2.08 x 10-6

1.51 x 10-6

6.94 x 10-6

1.25 x 10-5

a The dried ChNWs/PVA composite films were swollen and then stretched at various draw ratios ranging from 1 to 3, using a stretching speed of 
10 mm/min. Here, "x" in x-ChNWs/PVA denotes the specific stretch ratio applied to the films, while maintaining a constant ChNWs/PVA 
composition.
b Four distinct films were created: MMT/ PVA, MMT/ ChNWs, PVA/ ChNWs, and ChNWs/ MMT/ PVA and the properties of each film were then compared.
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4.5.Reinforcement of Epoxy Resins with Nanochitin

Epoxy resins are synthetic thermosetting polymers formed from two or more active epoxide 

groups. Known for their strong adhesion and effective crosslinking with various curing agents,224 

epoxy resins typically cure between 0 and 180 °C without producing by-products, transforming 

into an insoluble 3-D network polymer.225 Despite their advantageous properties, epoxy resins face 

limitations, including brittleness, weak impact resistance, and poor resilience.226 To address these 

issues, they are often reinforced with nanofillers such as graphene oxide, carbon nanotubes, nano 

silica, and more.227-229 Recently, research has focused on reinforcing epoxy resins with renewable, 

and sustainable nanofillers like nanochitin to improve their performance.230 These nanocomposite 

materials have wide-ranging applications in biomedical fields, aerospace, adhesives, packaging, 

and coatings.231

Several studies have explored the reinforcement of epoxy resin with chitin nanoparticles under 

various conditions (Table 12, Entries 1−10). (DGEBA) based chitin nanocomposites substantially 

brought about an improvement in much of the mechanical properties (Table 12, Entries 1-3). 

Wang et al.23 synthesized high-strength ChNWs/epoxy resin bisphenol A diglycidyl ether 

(DGEBA) nanocomposites using 1-ethyl-3-methylimidazolium acetate ([Emim][OAc]) ionic 

liquid for effective dispersion of ChNWs (Table 12, Entry 1). Results showed a significant 

improvement in mechanical properties with the ChNWs incorporation from 0.75 to 2 wt%. The 

addition of 2 wt.% led to a maximum increase of 8.3% in Young’s modulus, 34.5% in tensile 

strength, and 80% in strain compared to the neat polymer. Energy to failure and impact strength 

also exhibited substantial increases of 174.7% and 91.4%, respectively, at the same critical 

concentration. However, upon comparing the percentage increase in all the defined properties, a 
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minimal improvement in Young’s modulus was observed, likely due to the plasticizing effect of 

the ionic liquid that might have counteracted the reinforcing impact of ChNWs.

A similar trend was observed by Wang et al.27 where ChNWs were loaded at concentrations 

ranging from 0.5 to 2.5 wt.%. The properties such as tensile strength, modulus, elongation at break, 

and toughness showed remarkable improvements (49 %, 16 %, 150 %, and 357 %, respectively) 

up to 2.5 wt.% of ChNWs (Table 12, Entry 2). Comparing these studies,23,27 it can be inferred 

that beyond 3 wt.%, all properties began to decline,23 highlighting the optimal ChNW 

concentration at around 2 to 2.5 wt.%. 

On the other hand, Anwer et al.3 studied the effects of ChNWs in epoxy resins cured with 

triethylenetetramine (TETA), with ChNW loadings ranging from 0.25 to 0.75 wt.% (Table 12, 

Entry 3). This group observed significant increases in tensile modulus, tensile strength, and 

storage modulus, with 0.25 wt.% ChNWs achieving the highest improvements. The addition of 

ChNWs resulted in a stable covalent network among the epoxy, fillers, and hardeners (e.g., TETA), 

providing high strength without immediate failure.27

In studies involving bio-based sorbitol polyglycidyl ether (SPE) epoxy resins, tensile 

properties such as tensile strength, modulus, and elongation at break were investigated before and 

after the addition of ChNFs, under the influence of several curing agents at different conditions 

(Table 12, Entries 4 – 10).148,161 Shibata et al.148 fabricated bio-nanocomposites composed of SPE, 

ChNFs, and chitosan (CS) and/or a commercial water-soluble polyamidoamine (PAA) or 

polyetheramine (PEA) as amine-type hardeners. via the casting or compression molding method 

(Table 12, Entries 4 – 7). They synthesized the nanocomposite resins by curing ChNFs/SPE with 

CS alone, or with CS-PAA (CA) and CS-PEA (CE) under different active hydrogen ratios. The 

CS/PAA was evaluated at two ratios, i.e., 1:1 (CA11) and 2:1 (CA21), while CS/PEA was assessed 
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only at 2:1 ratio (CE21). For the cured resins without ChNFs, SPE-CS exhibited higher tensile 

strength and modulus (46.9 MPa and 2078 MPa, respectively) compared to the other three resins 

(11.1 MPa and 46.2 MPa for SPE-CA11, 11.8 MPa and 37.3 MPa for SPE-CA21, and 9.07 MPa 

and 36.8 MPa for SPE-CE21). However, SPE-CS showed a much lower elongation at break, 

indicating that the CS-cured SPE has higher rigidity, while the PAA- or PEA-cured SPE shows 

greater flexibility. Adding ChNFs into all the bio-nanocomposite resins significantly improved 

their strength and rigidity with tensile strength and modulus peaking at 3 wt.% ChNFs for most 

SPE-cured resins, except for the CS-PEA system, which reached its threshold at 5 wt.% ChNFs. 

Among all the ChNWs/SPE composites with CA and CE curing agents, the ChNFs/SPE/CA21 

nanocomposites showed the highest values for tensile strength (25.5 MPa) and modulus (1051 

MPa) at 3 wt.% ChNFs. Meanwhile, the ChNFs/SPE/CS composites showed even higher values 

of strength (49.6 MPa) and modulus (2390 MPa). However, elongation at break decreased 

consistently across all ChNFs/SPE-CA and ChNFs/SPE-CE composites. In contrast, the 

elongation at break increased in the ChNFs/SPE/CS resins with all ChNFs additions (up to 10 

wt%). Upon comparing all the properties, the addition of ChNFs acted as an efficient reinforcing 

agent, while CS served as a more effective hardener, providing high rigidity, and PAA enhanced 

brittleness.148

Further studies by the same authors investigated the use amino acids including lysine (Lys), 

arginine (Arg), and cysteine (Cys), as curing agents for SPE based composites (Table 12, Entries 

8 – 10).161 The results indicated that, except for ChNFs/SPE/Lys bionanocomposites, no 

reinforcement effect was observed in ChNFs/SPE-Arg and ChNFs/SPE-Cys systems. Specifically, 

the tensile strength (26.7 MPa) and modulus (855 MPa) of neat SPE/Lys composites improved 

with the addition of ChNFs, reaching 45.6 MPa and 1257 MPa, respectively, at a concentration of 
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3 wt% (Table 12, Entry 8). Nevertheless, the addition of ChNFs significantly enhanced the 

elongation at break in all nanocomposites, reaching peak improvement at 5 wt% for 

ChNFs/SPE/Lys and ChNFs/SPE-Cys (Table 12, Entries 8 and 10), and at 10 wt% for 

ChNFs/SPE-Arg (Table 12, Entry 9), implying the reduction in crosslink density.
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Table 12. Reinforcement of epoxy resins with nanochitin

No Polymers Affected properties Composition Value Ref.
Epoxy resins

Epoxy resin: bisphenol A diglycidyl ether (DGEBA)

Young’s modulus, MPa

DGEBA
ChNWs/ DGEBA = 0.75/99.25

ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 1.5/98.5
ChNWs/ DGEBA = 2.0/98.0
ChNWs/ DGEBA = 3.0/97.0

948.83 ± 8.70
978.92 ± 20.89
956.33 ± 15.28
967.62 ± 7.93

1028.06 ± 37.31
946.70 ± 13.34

Tensile strength, MPa

DGEBA
ChNWs/ DGEBA = 0.75/99.25

ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 1.5/98.5
ChNWs/ DGEBA = 2.0/98.0
ChNWs/ DGEBA = 3.0/97.0

69.76 ± 2.93
84.33 ± 0.17
89.59 ± 2.47
91.08 ± 3.09
93.80 ± 2.06
83.92 ± 2.00

Tensile strain, mm/mm

DGEBA
ChNWs/ DGEBA = 0.75/99.25

ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 1.5/98.5
ChNWs/ DGEBA = 2.0/98.0
ChNWs/ DGEBA = 3.0/97.0

0.10 ± 0.0048
0.12 ± 0.0067
0.15 ± 0.012
0.16 ± 0.017
0.18 ± 0.0098
0.13 ± 0.011

Energy to failure, J/cm3

DGEBA
ChNWs/ DGEBA = 0.75/99.25

ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 1.5/98.5
ChNWs/ DGEBA = 2.0/98.0
ChNWs/ DGEBA = 3.0/97.0

4.07 ± 0.36
5.90 ± 0.43
8.08 ± 1.08
9.14 ± 0.55
11.18 ± 1.08
6.43 ± 0.85

1 Epoxy resin bisphenol A diglycidyl 
ether (DGEBA)/ ChNWs

Impact strength, J/m2

DGEBA
ChNWs/ DGEBA = 0.75/99.25

ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 1.5/98.5
ChNWs/ DGEBA = 2.0/98.0
ChNWs/ DGEBA = 3.0/97.0

68.17 ± 3.83
90.70 ± 6.07
120.44 ± 1.93
124.03 ± 2.84
130.48 ± 1.21
115.48 ± 3.08

23

2 Tensile strength, MPa DGEBA 51.6 27
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ChNWs/ DGEBA = 0.5/99.5
ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 2.5/97.5

67.4 
72.8 
77.1 

Tensile modulus, MPa

DGEBA
ChNWs/ DGEBA = 0.5/99.5
ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 2.5/97.5

2410
2733 
2760 
2812 

Elongation at break, %

DGEBA
ChNWs/ DGEBA = 0.5/99.5
ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 2.5/97.5

3.31
5.02 
6.35 
8.27 

Epoxy resin bisphenol A diglycidyl 
ether (DGEBA)/ ChNWs

Toughness J.m-3104

DGEBA
ChNWs/ DGEBA = 0.5/99.5
ChNWs/ DGEBA = 1.0/99.0
ChNWs/ DGEBA = 2.5/97.5

99.7
213.0
309.0
456.0

Tensile modulus, MPa

DGEBA
ChNWs/ DGEBA = 0.25/99.75
ChNWs/ DGEBA = 0.50/99.50
ChNWs/ DGEBA = 0.75/99.25

1000
1250
1200
1050

Tensile strength, MPa

DGEBA
ChNWs/ DGEBA = 0.25/99.75
ChNWs/ DGEBA = 0.50/99.50
ChNWs/ DGEBA = 0.75/99.25

70
78
76
75

Tensile strain at failure, 
mm/mm

DGEBA
ChNWs/ DGEBA = 0.25/99.75
ChNWs/ DGEBA = 0.50/99.50
ChNWs/ DGEBA = 0.75/99.25

0.120
0.100
0.110
0.124

Storage modulus, MPa

DGEBA
ChNWs/ DGEBA = 0.25/99.75
ChNWs/ DGEBA = 0.50/99.50
ChNWs/ DGEBA = 0.75/99.25

2240
2450
2420
2400

Loss modulus, MPa

DGEBA
ChNWs/ DGEBA = 0.25/99.75
ChNWs/ DGEBA = 0.50/99.50
ChNWs/ DGEBA = 0.75/99.25

50
53
54
63

3
Epoxy resin bisphenol A diglycidyl 

ether (DGEBA)/
ChNWs

Energy to tensile failure, 
J/cm3

DGEBA
ChNWs/ DGEBA = 0.25/99.75

5.2
5.0

3
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ChNWs/ DGEBA = 0.50/99.50
ChNWs/ DGEBA = 0.75/99.25

5.2
6.5

Epoxy resin: sorbitol polyglycidyl ether (SPE)

Tensile strength, MPa

SPE/ CS
ChNFs/SPE/CS = 33/66.25/30.75
ChNFs/SPE/CS = 5/64.88/30.11
ChNFs/SPE/CS = 10/61.47/28.53

46.9
49.6
37

59.3

Tensile modulus, MPa

SPE/ CS
ChNFs/SPE/CS = 33/66.25/30.75
ChNFs/SPE/CS = 5/64.88/30.11
ChNFs/SPE/CS = 10/61.47/28.53

2078
2390
1723
1736

4
Epoxy resin sorbitol polyglycidyl 

ether (SPE)/ ChNFs/ chitosan 
nanofibers (CSNFs) /chitosan (CS)

Elongation at break, %

SPE/ CS
ChNFs/SPE/CS = 33/66.25/30.75
ChNFs/SPE/CS = 5/64.88/30.11
ChNFs/SPE/CS = 10/61.47/28.53

2.78
3.96
3.58
5.16

148

Tensile strength, MPa

SPE/ CA11a

ChNFs/SPE/CA11 = 3/53.54/43.46
ChNFs/SPE/CA11 = 5/52.44/42.56
ChNFs/SPE/CA11 = 10/49.68/40.32

11.1
16.1
15.6
11.7

Tensile modulus, MPa

SPE/ CA11
ChNFs/SPE/CA11 = 3/53.54/43.46
ChNFs/SPE/CA11 = 5/52.44/42.56
ChNFs/SPE/CA11 = 10/49.68/40.32

46.2
622.0
498.0
416.0

5
Epoxy resin sorbitol polyglycidyl 

ether (SPE)/ ChNFs/ chitosan (CS)/ 
Polyamidoamine (PAA)

Elongation at break, %

SPE/ CA11
ChNFs/SPE/CA11 = 3/53.54/43.46
ChNFs/SPE/CA11 = 5/52.44/42.56
ChNFs/SPE/CA11 = 10/49.68/40.32

11.8
7.51
7.42
4.50

148

Tensile strength, MPa

SPE/ CA21b

ChNFs/SPE/CA21 = 3/53.54/43.46
ChNFs/SPE/CA21 = 5/52.44/42.56
ChNFs/SPE/CA21 = 10/49.68/40.32

11.8
25.5
17.9
17.16

Epoxy resin sorbitol polyglycidyl 
ether (SPE)/ ChNFs/ chitosan (CS)/ 

Polyamidoamine (PAA)
Tensile modulus, MPa

SPE/ CA21
ChNFs/SPE/CA21 = 3/53.54/43.46
ChNFs/SPE/CA21 = 5/52.44/42.56
ChNFs/SPE/CA21 = 10/49.68/40.32

37.3
1051.0
394.0
753.0

148
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Elongation at break, %

SPE/ CA21
ChNFs/SPE/CA21 = 3/53.54/43.46
ChNFs/SPE/CA21 = 5/52.44/42.56
ChNFs/SPE/CA21 = 10/49.68/40.32

8.94
5.12
5.15
3.39

Tensile strength, MPa

SPE/ CE21c

ChNFs/SPE/CE21 = 3/53.54/43.46
ChNFs/SPE/CE21 = 5/52.44/42.56
ChNFs/SPE/CE21 = 10/49.68/40.32

9.07
14.10
18.30
11.50

Tensile modulus, MPa

SPE/ CE21
ChNFs/SPE/CE21 = 3/53.54/43.46
ChNFs/SPE/CE21 = 5/52.44/42.56
ChNFs/SPE/CE21 = 10/49.68/40.32

36.8
453.0
676.0
147.0

7
Epoxy resin sorbitol polyglycidyl 

ether (SPE)/ ChNFs/ chitosan (CS)/ 
Polyetheramine (PEA)

Elongation at break, %

SPE/ CE21
ChNFs/SPE/CE21 = 3/53.54/43.46
ChNFs/SPE/CE21 = 5/52.44/42.56
ChNFs/SPE/CE21 = 10/49.68/40.32

7.03
4.77
4.20
3.92

148

Tensile modulus, MPa

SPE/ Lys
ChNFs/ SPE/ Lys = 3.00/82.94/14.07
ChNFs/ SPE/ Lys = 5.00/81.23/13.78
ChNFs/ SPE/ Lys = 10.00/76.95/13.05

855
1257
537
220

Tensile strength, MPa

SPE/ Lys
ChNFs/ SPE/ Lys = 3.00/82.94/14.07
ChNFs/ SPE/ Lys = 5.00/81.23/13.78
ChNFs/ SPE/ Lys = 10.00/76.95/13.05

26.7
45.6
33.5
28.7

8 Epoxy resin (Sorbitol poly glycidyl 
ether (SPE))/ ChNFs/ Lysine (Lys)

Elongation at break, %

SPE/ Lys
ChNFs/ SPE/ Lys = 3.00/82.94/14.07
ChNFs/ SPE/ Lys = 5.00/81.23/13.78
ChNFs/ SPE/ Lys = 10.00/76.95/13.05

2.1
3.9
7.9
5.3

161

Tensile modulus, MPa

SPE/ Arg
ChNFs/ SPE/ Arg = 3.00/84.79/12.21
ChNFs/ SPE/ Arg = 5.00/83.05/11.95
ChNFs/ SPE/ Arg = 10.00/78.68/11.32

422
263
64
5059

Epoxy resin (Sorbitol poly glycidyl 
ether (SPE))/ ChNFs/ Arginine 

(Arg)
Tensile strength, MPa

SPE/ Arg
ChNFs/ SPE/ Arg = 3.00/84.79/12.21
ChNFs/ SPE/ Arg = 5.00/83.05/11.95
ChNFs/ SPE/ Arg = 10.00/78.68/11.32

8.5
4

2.2
9.1

161
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Elongation at break, %

SPE/ Arg
ChNFs/ SPE/ Arg = 3.00/84.79/12.21
ChNFs/ SPE/ Arg = 5.00/83.05/11.95
ChNFs/ SPE/ Arg = 10.00/78.68/11.32

3.3
3.6
10.6
11.4

Tensile modulus, MPa

SPE/ Cys
ChNFs/ SPE/ Cys = 3.00/84.79/12.21
ChNFs/ SPE/ Cys = 5.00/83.05/11.95
ChNFs/ SPE/ Cys = 10.00/78.68/11.32

584
30
128

236.8

Tensile strength, MPa

SPE/ Cys
ChNFs/ SPE/ Cys = 3.00/84.79/12.21
ChNFs/ SPE/ Cys = 5.00/83.05/11.95
ChNFs/ SPE/ Cys = 10.00/78.68/11.32

10
4.8
8.45
7.99

10
Epoxy resin (Sorbitol poly glycidyl 

ether (SPE))/ ChNFs/ Cysteine 
(Cys)

Elongation at break, %

SPE/ Cys
ChNFs/ SPE/ Cys = 3.00/84.79/12.21
ChNFs/ SPE/ Cys = 5.00/83.05/11.95
ChNFs/ SPE/ Cys = 10.00/78.68/11.32

19.5
30.7
27.74
11.8

161

a The abbreviation of CA11 represents CS/PAA active hydrogen ratio 1/1
b The abbreviation of CA21 represents CS/PAA active hydrogen ratio 2/1
c The abbreviation of CE21 represents CS/PEA active hydrogen ratio 2/1
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4.6.Reinforcement of Other Plastics with Nanochitin

4.6.1. Thermoplastic synthetic polymers: Poly(ε-caprolactone) (PCL), Polycarbonate 
(PC), and Poly(styrene-co-butyl acrylate)

Poly(ε-caprolactone) (PCL), Polycarbonate (PC), and Poly(styrene-co-butyl acrylate) (poly(S-

co-BuA)) are thermoplastic synthetic polymers known for their excellent processability and film-

forming ability.76,97,232-234 While PCL is semi-crystalline, PC and poly(S-co-BuA) are mostly 

amorphous, influencing their mechanical properties and flexibility. These polymers can be 

processed using various techniques such as casting, extrusion, and molding, making them versatile 

for different applications. These polymers have been also studied for composite reinforcement 

with nanomaterials like chitin nanowhiskers (ChNWs).

The incorporation of nanochitin into PCLresulted in only a marginal improvement in tensile 

properties, regardless of whether the casting and evaporation method or hot pressing was used for 

composite fabrication (Table 13, Entry 1).97 However, a slight increase in tensile strength was 

observed with higher nanochitin concentrations, with tensile values increasing from 8.50 Pa for 

neat PCL to 8.86 Pa and 8.98 Pa for composites containing 5 wt.% and 10 wt.% chitin 

nanowhiskers (ChNW), respectively. Similarly, the incorporation of ChNWs into poly(S-co-BuA) 

led to only a minor improvement in tensile modulus, independent of the fabrication method used 

(Table 13, Entry 2).97 For cast-evaporated poly(S-co-BuA), the tensile modulus increased from 

5.75 Pa to 6.75 Pa at 5 wt.% ChNWs. In hot-pressed poly(S-co-BuA), the tensile modulus 

increased from 8.5 Pa to 8.9 Pa at 5 wt.% ChNWs. These findings suggest that while nanochitin 

incorporation provides some enhancement in mechanical properties, the improvements remain 

limited.97 The likely reason is the poor interaction between ChNWs and the polymers due to 

differences in surface chemistry, which leads to ineffectivestress transfer from the polymer to the 

nanowhiskers, resulting in minimal reinforcement.
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When composite membranes were fabricated using a phase inversion process, incorporating 

polycarbonate (PC) recovered from waste compact discs, polysulfone (PSf), and chitin 

nanowhiskers (ChNWs) to enhance their mechanical properties and performance,76 the 

improvements observed were also minor (Table 13, Entry 3). The tensile strength of the 

composite membranes exhibited only minor improvements with the incorporation of chitin 

nanowhiskers (ChNWs). As the ChNW content increased from 2% to 10% in 2% increments, the 

corresponding tensile strength (MPa) values increased from 2.0 MPa for rPC/PSf = 1/1 to 2.2 MPa 

for the same composite with 10% ChNWs incorporated. These results suggest that the mechanical 

enhancement achieved with increasing ChNW concentration remains limited. 

The elongation at break of the composite membranes varied with the incorporation of chitin 

nanowhiskers (ChNWs), see Table 13, Entry 3. For rPC/PSf = 50/50, the elongation at break was 

12.0%. As the ChNW content increased from 2% to 10% in 2% increments, the corresponding 

values fluctuated, decreasing to 8.5% at 2% ChNW and further to 8.0% at 4% ChNW. A slight 

recovery was observed at 6% ChNW, reaching 10.0%, followed by a peak of 15.0% at 8% ChNW 

before declining to 11.0% at 10% ChNW. These results indicate a non-linear trend in elongation 

at break, with the highest value observed at 8% ChNW. 

The pure water flux (PWF), which represents the volume of pure water passing through a 

membrane per unit area and time (L/m²h), is a key parameter in evaluating membrane permeability 

and efficiency.235,236 It is crucial in membrane applications such as water treatment and filtration, 

where maintaining high permeability while ensuring effective separation is essential. In this study, 

the PWF of the composite membranes varied with the incorporation of chitin nanowhiskers 

(ChNWs), see Table 13, Entry 3. For rPC/PSf = 50/50, the PWF was 225 L/m²h. As the ChNW 

content increased from 2% to 10% in 2% increments, the PWF initially increased, peaking at 350 
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L/m²h at 4% ChNW. However, at higher ChNW concentrations, a decline was observed, 

suggesting that excessive ChNW content may lead to structural modifications that reduce water 

permeability. These results indicate that while lower ChNW concentrations enhance water flux, 

an optimal balance is required to prevent a decline in efficiency due to excessive filler 

incorporation.

The bovine serum albumin (BSA) rejection, which refers to the membrane’s ability to prevent 

BSA molecules from passing through, is a critical measure of separation efficiency in filtration 

applications, particularly in biomedical processes.76,237 A higher BSA rejection indicates improved 

selectivity, reducing protein contamination. In this study, the addition of 4% ChNW resulted in 

the highest BSA rejection of 90%, compared to 58% in membranes without ChNWs, 

demonstrating a significant enhancement in filtration performance (Table 13, Entry 3). However, 

the flux recovery ratio (FRR), which indicates the membrane's ability to regain permeability after 

cleaning, showed an unclear trend, with the highest values observed at 6% and 8% ChNW. This 

suggests that while moderate ChNW incorporation enhances protein rejection efficiency, its 

impact on membrane fouling resistance and cleaning efficiency varies with concentration, 

highlighting the need for an optimal balance between permeability, selectivity, and antifouling 

properties.

The study conducted by Andre et al.87 reported the development of a disposable ethanol sensor 

based on nanochitin composite films (Table 13, Entry 4), designed as a nature-friendly and cost-

effective electronic device without the need for metallic electrodes. Unlike traditional 

reinforcement fillers, ChNWs served as a primary electrode component. The sensor was fabricated 

using a casting method, incorporating ZnO nanoparticles and polyaniline (PANI) into chitin-based 

films. Three different suspensions were prepared with varying compositions of ZnO and PANI, 
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followed by ultrasound treatment and homogenization. The films were cast into acrylic molds, 

dried, and conditioned before characterization and ethanol vapor detection tests. The resulting 

films were classified as ChNWs-ZnO, ChNWs-PANI, and ChNWs-ZnO/PANI, along with a pure 

ChNW control film. While ChNWs were not used as a filler in this study, we considered it relevant 

to include them in this review due to their significant role as a primary electrode component.

4.6.2. Polyolefins

Polyolefins are a distinct class of thermoplastic polymers derived from olefin monomers, primarily 

ethylene and propylene, setting them apart from other thermoplastics due to their low density, 

chemical resistance, and cost-effectiveness.238,239 Unlike engineering thermoplastics such as 

polycarbonate (PC) or poly(ε-caprolactone) (PCL), polyolefins exhibit a simpler molecular 

structure, making them highly processable and widely recyclable. The most common types include 

polyethylene (PE), with variations like LDPE, HDPE, and LLDPE, as well as polypropylene (PP), 

known for its high rigidity and heat resistance. These materials are extensively used in packaging, 

automotive components, medical devices, textiles, and construction due to their lightweight nature, 

water resistance, and excellent electrical insulation properties. 

The incorporation of ChNWs was first attempted by coating. Nguyen et al.82 fabricated 

polypropylene (PP) films through a sequential dip-coating process, alternating between chitin 

nanowhiskers (ChNWs) and TEMPO-oxidized cellulose nanofibers (TCNFs) (Table 13, Entry 

5). The PP substrates were first immersed in a ChNW suspension to form the initial coating layer, 

rinsed with deionized water, then dipped into a TCNF suspension, followed by another rinse. This 

sequence constituted a complete dip-coating cycle, resulting in a single bilayer of ChNWs/TCNFs, 

with the process repeated until 10 to 30 bilayers were achieved. The concentrations of ChNWs and 
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TCNF suspensions were systematically adjusted to evaluate the barrier performance of the 

multilayer coatings. 

The incorporation of chitin nanowhiskers (ChNWs) and TEMPO-oxidized cellulose 

nanofibers (TCNFs) as sequential coatings on polypropylene (PP) films significantly influenced 

the oxygen transmission rate (OTR), water vapor transmission rate (WVTR), and mechanical 

properties. The OTR of uncoated PP was 1118.00 cc m⁻² day⁻¹, but after coating with ChNWs at 

different suspension concentrations, a drastic reduction was observed, reaching 13.10 cc m⁻² day⁻¹ 

at 1.6 wt% ChNWs. However, a slight increase was seen at higher concentrations, with values of 

21.67 cc m⁻² day⁻¹ at 2.4 wt% and 49.71 cc m⁻² day⁻¹ at 3.2 wt%, indicating that an optimal filler 

concentration enhances barrier properties before diminishing effects arise. Similarly, the WVTR 

showed a minor reduction, from 2.43 g m⁻² day⁻¹ for uncoated PP to 2.13 g m⁻² day⁻¹ for PP with 

20 bilayers of ChNWs/TCNFs, reflecting improved moisture resistance.

Regarding mechanical properties, the Young’s modulus increased with the addition of bilayers, 

rising from 1290 MPa in pure PP to 1371 MPa in PP with 20 bilayers, with a slight decrease at 30 

bilayers (1356 MPa), suggesting increased stiffness due to nanocoating. However, tensile strength 

declined, from 45.96 MPa in pure PP to 29.01 MPa at 20 bilayers, before partially recovering at 

30 bilayers (36.01 MPa). Likewise, elongation at break followed a decreasing trend, from 636% 

in pure PP to 367% in the 20-bilayer coated film, but slightly increased to 461% at 30 bilayers. 

These results indicate that while multilayer coatings enhance stiffness and barrier performance, 

they also reduce flexibility and tensile strength, likely due to stress retention at the interface and 

increased rigidity of the coatings.

Another study evaluated the mechanical properties of polypropylene (PP) and maleated 

polypropylene (MAPP) composites reinforced with chitin nanowhiskers (ChNWs), with a focus 
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on elastic modulus, ultimate tensile strength, and elongation at break across different ChNW 

loadings (Table 13, Entries 6 and 7).19 For PP/ChNW composites (Table 13, Entry 6), the elastic 

modulus increased with ChNW content up to 5 wt.% (1370 MPa) but decreased at 10 wt.% (1180 

MPa), suggesting that while ChNWs enhance stiffness at lower concentrations, excessive filler 

content may lead to agglomeration, reducing reinforcement efficiency. The ultimate tensile 

strength followed a similar trend, increasing from 34 MPa in pure PP to 39 MPa at 5 wt.% ChNWs, 

before slightly decreasing at higher concentrations. However, elongation at break significantly 

declined, from 2.00% in pure PP to just 0.05% at 10 wt.% ChNWs, indicating a drastic loss in 

ductility due to the rigid nanofiller.

In MAPP/ChNW composites (Table 13, Entry 7), a more gradual increase in elastic modulus 

was observed, peaking at 1320 MPa at 10 wt.% ChNWs, which suggests better interfacial adhesion 

between MAPP and ChNWs compared to unmodified PP. Similarly, ultimate tensile strength 

improved consistently with ChNW content, reaching 40 MPa at 10 wt.% ChNWs, showing a 

stronger reinforcing effect. However, elongation at break followed a decreasing trend, from 2.00% 

in pure MAPP to 0.15% at 10 wt.% ChNWs, with slightly better retention than in the unmodified 

PP composites. Overall, the results indicate that ChNWs improve stiffness and strength in both PP 

and MAPP, with MAPP composites showing better mechanical performance due to enhanced 

interfacial adhesion. However, higher ChNW concentrations reduce ductility, which could limit 

applications where flexibility is required.

4.6.3. Biodegradable Polyesters

Biodegradable polyesters are a group of synthetic polymers that break down naturally into 

environmentally friendly products through biological processes, typically involving 
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microorganisms such as bacteria, fungi, or algae.240,241 These polyesters are designed to degrade 

over time, reducing environmental pollution compared to traditional non-biodegradable plastics. 

Among the biodegradable polymers developed to date, poly(butylene adipate-co-terephthalate) 

(PBAT) and Poly(butylene adipate-co-furanoate) (PBAF) have gained research interest for their 

strong film performance. PBAT, composed of adipic acid and terephthalic acid, has a random 

copolymer structure, offering high flexibility and toughness but less mechanically strong than 

conventional non-biodegradable plastics. In contrast, PBAF replaces the terephthalic acid 

component of PBAT with furan-2,5-dicarboxylic acid (FDCA) in the polymer backbone, making 

it more biodegradable, more elastic and more mechanically competitive than PBAT. However, 

PBAF’s tensile strength and tear toughness still need improvement to match commercial biobased 

and biodegradable plastic films.242 Compositing with reinforcing agents or blending with other 

polymers are effective strategies for enhancing the mechanical and thermal properties of these 

materials.

The incorporation of chitin nanofibers (ChNFs) into biodegradable PBAT was successfully 

achieved through melt bending and compression molding methods. SEM revealed that the 

nanochitin was uniformly dispersed throughout the PBAT matrix at low contents (< 2 wt. %). The 

physical, thermal and mechanical properties of the composites were found to be highly influenced 

by both the concentration of ChNFs and their dispersion within the matrix (Table 13, Entry 8). A 

significant 82.5 % increase in the tensile strength was observed when 0.5 wt.% ChNFs was melt 

blended with PBAT, but this increase sharply declined at higher ChNF concentrations. This result 

suggests that the addition of a small amount of ChNFs improved ChNF dispersion within the 

PBAT matrix, promoting effective heterogeneous nucleation of PBAT crystallites and providing 

excellent interfacial adhesion between ChNFs and PBAT chains. These factors likely contributed 
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to enhanced rigidity and tensile strength of the composite. A closely similar trend was observed in 

the elongation at break, with 64.5% enhancement at the 0.5 wt% ChNF loading. This indicates that 

the small amount of ChNFs not only improved the tensile strength but also enhanced the 

composite's flexibility. However, as with the tensile strength, the elongation at break decreased at 

higher ChNF concentrations, suggesting that excessive ChNFs may hinder the polymer's ability to 

stretch, likely due to agglomeration or poor dispersion.240

Dynamic mechanical analysis results revealed an increase in the glass transition temperature 

(Tg) as the nanochitin content in the composites increased. This suggests that the movement of 

PBAT polymer chains was more restricted due to the interfacial bonding between ChNFs and 

PBAT matrix. The differential scanning calorimetry results indicated that the addition of ChNFs 

increased the enthalpy of melting, the enthalphy of crystallinization, and the degree of crystallinity, 

However, the optimal enhancements were still observed at 0.5 wt %, further supporting the idea 

that a small amount of ChNFs indeed created a heterogeneous nucleation effect, promoting the 

formation of crystallites in the PBAT matrix during cooling from the melt.240

Another study first investigated the use of sulfated ChNWs (S-ChNWs) to enhance the 

mechanical properties of PBAT and PBAF through an in-situ polycondensation method. S-ChNWs 

were produced by sulfuric acid hydrolysis of bulk α-ChNWs, which removed the amorphous 

regions and simultaneously converted some primary hydroxy (C6-OH) and acetamide groups on 

the surface into sulfate-half esters (OSO3
−) and protonated amino (NH3

+) groups. This surface 

sulfation allowed for better dispersion of S-ChNWs in the monomer solution, maximizing their 

reinforcing effect in the final polymer matrix (Table 13, Entries 9 − 10). For PBAT’s mechanical 

properties, the tensile strength increased with S-ChNW addition, rising from 57 MPa in neat PBAT 

to 70 MPa at 0.3 wt. % loading, though it slightly decrease at 0.7 and 1.0 wt.% (Table 13, Entry 
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9). This result alings with the previous study by Meng et al.,240 which found significant 

improvements in PBAT tensile strength with low nanochitin addition. However, the Young’s 

modulus decreased from 170 MPa in neat PBAT to 146 MPa at 0.3 wt.% S-ChNW loading, before 

partially recovering to 150 MPa and 149 MPa at 0.7 wt.% and 1 wt.% loading, respectively. 

Elongation at break followed a similar trend, decreasing from 980% in neat PBAT to 919 % at 0.3 

wt.% S-ChNW loading, but increasing to 988 % at 1.0 wt.% loading. This result indicate that S-

ChNWs were efficiently dispersed in the PBAT matrix during in-situ polymerization, facilitating 

beneficial interactions between the NH3
+ groups of S-ChNWs and the polymer’s carbonyl groups, 

which led to improved mechanical attributes.105 

The mechanically reinforcing effects of the S-ChNWs on PBAF are more pronounced than on 

PBAT. Adding just 0.1 wt. % S-ChNWs increased the tensile strength by 1.6 times (53 MPa in 

neat PBAF vs. 83 MPa in the S-ChNWs/PBAF), and enhaced tear toughness by 1.4 times (52 J 

cm-1 in neat PBAF vs. 73 J cm-1 in the S-ChNWs/PBAF; see Table 13, Entry 10). The in-situ 

PBAF composite with 0.1 wt.% S-ChNWs exhibited 1.2 times higher tensile strength and slightly 

lower elongation at break compared to the in-situ PBAT composite with 0.3 wt.% S-ChNWs. The 

superior performance of the PBAF composite with 0.1 wt.% S-ChNWs was attributed to the higher 

polarity of the furan ring compared to the nonpolar benzene ring, promoting better dispersion of 

the hydrophilic nanofiller.105,243 Additionally, the angular structure of the furan ring in PBAF 

allowed S-ChNWs to fit between polymer chains, and their high aspect ratio created large 

filler/matrix interfaces.105,244 

The optimal reinforcement for all properties, except elongation at break, was observed at 0.1 

wt. % for PBAF and 0.3 wt% for PBAT. Beyond these points, the properties of both composites 

declined, indicating unfavorable reinforcement effects. This decline is attributed to particle 
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aggregation due to excessive hydrogen bonding from the excess nanoparticles in the matrix. 

Additionally, the increasing elongation at break is likely due to the less mobile chitin nanoparticles, 

which may act as a plasticizer, enhancing elongation at break.105

4.6.4. Methacrylate and Polyethylene Glycol Dimethacrylate

Methacrylate (MA) and its derivative, polyethylene glycol dimethacrylate (PGDMA) are 

commonly used in hydrogels, tissue engieneering, and 3D printing applications, due to their 

excellent transparency, tunable mechanical properties, and ease of processing.1,77,90,245 However, 

these methacrylate-based polymers are brittle at low strains, thermally unstable at elevated 

temperatures, and exhibit weak interface toughness and high pH dependence, limiting their use in 

certain applications.1,90,246 To overcome these limitations in 3D printing application, Maalihan and 

coworkers employed a slurry compounding method to develop MA resin reinforced with ChNWs 

for stereolithograpy (SLA) 3D printing. Transmission electron microscope (TEM) results showed 

that ChNWs were well dispersed within the bulk of MA at 1.0 wt. % loading, implying good 

interfacial adhesion, likely due to hydrogen bonding interactions. 

Tensile tests revealed that neat MA polymer had a tensile strength of 32 ± 1.5 MPa, which 

increased by 44 % with the addition of 1.0 wt% ChNWs (46 ± 1.2 MPa) as shown in Table 13, 

Entry 11. The maximum strain at break also improved with ChNW inclusion at the same loading 

(8.4 ± 0.5 %), marking 31 % increase compared to neat MA (6.4 ± 0.5 %). Consequently, the 

combined increase in the tensile strength and strain at break enhanced the tensile toughness. These 

improvements were attributed to the enhanced interfacial adhesion between ChNWs and MA, as 

confirmed by their TEM results1 and previous FTIR analysis.3,41 However, further increasing 

ChNWs loading to 1.5 wt.% led to a reduction in both tensile strength and strain at break by 22 % 

Page 148 of 190RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
5/

20
25

 1
1:

59
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LP00104H

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


149

and 57 %, respectively compared to the 1.0 wt.% loading. This decline was ascribed to the 

aggregation of excess ChNWs in the MA matrix.

The study also observed an improvement in the tensile modulus with increasing ChNW 

loading. Incorporating ChNWs at 1.5 wt. % loading increased the tensile modulus by 75 % (1.4 ± 

0.1 GPa) compared to neat MA (0.8 ± 0.1 GPa), demonstrating the direct impact of ChNW intrinsic 

stiffness on the composite modulus. Furthermore, the overall property improvements were 

primarily influenced by matrix-filler interactions, driven by hydrogen-bonded functional groups 

between MA and ChNWs.1,41,247 Upon application in SLA 3D printing, the resulting 3D-printed 

nanocomposites, even at higher ChNW loadings, demonstrated high resolution and accuracy 

without requiring adjustments to the settings of a standard SLA 3D printer, confirming the 

enhanced applicability of MA for 3D printing. 

A subsequent study by this group77 evaluated the use of surface modified ChNWs to reinforce 

SLA MA-based resin (Table 13, Entry 12). In this study, ChNWs were functionalized with 

reactive acrylate groups to produce surface-modified, photocurable ChNWs (pChNWs). The DMA 

temperature studies showed that incorporation pChNWs into the MA resin improved the polymer 

chain mobility and energy dissipation. For instance, at -50 oC, the inclusion of 0.2, 0.5, and 1.0 wt 

% pCNW increased storage modulus of neat MA from 3165.4 to 3585.4 MPa (13.3%), 4179.5 

MPa (32.0%), as shown in Table 13, Entry 12. This improvement was attributed to the stiffer 

nature of ChNWs compared to the polymer matrix at this temperature. As temperature increased, 

the storage modulus decreased, with a rapid drop observed in the transition zone at 85 oC. At this 

temperature, the storage modulus of neat MA increased from 59.1 to 71.6 MPa (21.2%), 89.3 MPa 

(51.1%), and 125.2 MPa (111.8%) MPa, with the addition of 0.2, 0.5, and 1.0 wt % pCNW, 

respectively, due to the reinforcing ability of pCNW in the transition zone where the chain mobility 
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begins.77 The modulus improvement for pChNW-filled composites was still evident at 200 oC, a 

temperature corresponding to second rubbery plateu region. At this temperature, the storage 

modulus of neat MA increased from 8.1 MPa to 17.7 MPa (118.5 %) with the addition of 0.5 wt.% 

pChNWs and slightly decreased to 15.5 MPa at 1.0 wt.% pChNW loading. Likewise, the tensile 

modulus also increased with increasing pChNW content. 

The incorporation of pChNWs also increased the composite tensile strength, reaching a 

maximum strength of 65.6 MPa at 0.5 wt% pChNW loading. The elongation at break of the 

compites increased with addition of 0.2 and 0.5 wt% (from 6.0 for neat MA to 8.9 and 6.7 %, 

respectively). However, the addition of 1.0 wt.% decreased significantly to ~ 2.0 %, indicating 

brittle behavior. These improvements were attributed to the strong interfacial adhesion induced by 

the physical and chemical crosslinking between pChNW filler and MA matrix.77 

Another study examined the reinforcement effects of ChNWs on PEGDMA and 

PEGDMA/Chitosan (CS) hydrogels by assessing their adhesion, tensile properties, and swelling 

behavior (Table 13, Entry 13).90 The reinforced hydrogels were synthesize via free radical 

polymerization under the UV light, enabling the crosslinking of PEGDMA and CS to form 

interpenetrating network hydrogels. The addition of CS and ChNWs improved adhesion strength, 

increasing it from 2.1 kPa in neat PEGDMA to 3.1 kPa in PEGDMA/CS and 4.2 kPa in 

PEGDMA/CS/ChNWs, suggesting that CS enhanced interface adhesion and ChNWs further 

strengthened it. The hydrogels’ tensile properties also improved with the incorporation of CS and 

ChNWs. Elongation at break increased from 100 % in neat PGEDMA to 125 % with CS, and 

further to 145 % with both CS and ChNWs. Breaking strength also rose from 5.0 kPa to 9.0 kPa, 

and further to 11.2 kPa, demonstrating excellent toughness. Swelling tests showed that all 

hydrogels−PEGDA, PEGDA/CS, and PEGDA/CS/ChNWs− had high swelling rates, reaching 
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277%, 300%, and 289% respectively. This suggested that the hydrogels expand to a larger volume, 

which supports faster wound healing and provides an ideal mechanical microenvironment for 

tissue regeneration.90

4.6.5. Poly(ethylene terephthalate) (PET) 

Poly(ethylene terephthalate) (PET) is the most widely used polyester in packaging due to its 

low cost and film-forming characteristics. However, it is primarily derived from nonrenewable 

petroleum resources and is not biodegradable. While it can be synthesized from renewable sources, 

this process has not yet become widespread commercially. Although PET is recyclable and 

provides a good water vapor barrier, its oxygen barrier properties often require the addition of 

other materials, which are typically nonrenewable. This raises environmental concerns and 

complicates recycling within current infrastructure. To address these concerns, researchers have 

been exploring the use of bio-based materials, aiming to combine a renewable barrier layer with 

PET for more sustainable packaging solutions.

Several studies have highlighted the use of nanochitin as reinforcing agent in the coating layer 

of PET films.89,129,130 Ji et al. investigated multilayer films with PET as the model substrate, using 

ChNWs and cellulose nanocrystals (CNCs) as bilayer barrier coatings (Table 13, Entry 14). 

ChNWs and CNCs were applied in equal ratios as sequential coatings, with ChNW as the bottom 

layer and CNCs as the top layer on PET films. The properties − including oxygen permeability, 

water vapor transmission rate, transmittance, and haze − were then evaluated. To further 

understand the reinforcement effects of ChNWs compared to CNCs, additional PET films were 

coated with single layers of ChNW, CNC, or a blend of both (1:1 mass ratio, PET-blend), and their 

properties were also assessed. The bilayer ChNWs-CNCs-PET film exhibited an oxygen 
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permeability (OP) 5.2 cm3·μm/m2/day/kPa, representing a 70 % reduction compared to uncoated 

PET (17.3 cm3·μm/m2/day/kPa). However, the OP value of this bilayer film was not significantly 

different from the single-layer CNCs-PET film. In contrast, the OP value of PET-blend (10.2 

cm3·μm/m2/day/kPa) was lower than that of ChNWs-PET but higher than that of CNCs-PET, 

confirming that applying ChNWs and CNCs as bilayers provides a better oxygen barrier 

performance than blending. While the water vapor barrier properties of the coated films were 

similar to those of the uncoated PET films, the bilayer ChNWs-CNCs-PET film exhibited the 

lowest transmittance and haze. 

Yu et al.130 reported the use of blade coating to apply single-layer coatings of ChNWs and 

blended ChNW/CS, and bilayer coatings of these materials layered with CNCs, on PET substrates 

(Table 13, Entries 15, 16, 17). Two ChNWs with different sizes and degrees of acetylation were 

selected as the basic coating materials. Short ChNWs (114 nm, SChNWs), with lower degree of 

acetylation (76.4 % DA) than long ChNW (230 nm, 85.1 % DA, LChNWs), showed better barrier 

performance with 30 % reduction in OP (11.1 cm3 μm m–2 day–1 kPa–1 under 50% RH) compared 

to uncoated PET (15.9 cm3 μm m–2 day–1 kPa–1 under 50% RH, see Table 13, Entry 15). SChNWs 

were found to be efficient in forming a dense packed structure over LChNWs. Further, CS was 

added to fill and close the pores formed in the SChNW-based coating layer. With an optimal mass 

ratio of 1:1 between these two components, the OP dropped to 5.1 ± 0.1 cm3 μm m–2 day–1 kPa–1 

under 50% RH (Table 13, Entry 16). This ChNW/CS-based coating led to a less than 2% and 

15% decrease in light transmittance and tensile strength compared to uncoated PET films, 

respectively. The O2 barrier properties were further improved by adding a CNC layer to the 

ChNW/CS-coated PET. Under 50% RH, the OP of (SChNW/CS)-CNC-coated PET film was as 

low as 3.6 ± 0.1 cm3 μm m–2 day–1 kPa–1 (Table 13, Entry 17). Moreover, after thermal treatment 
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(120 °C, 2.5 h), the OP dropped to 2.2 cm3 μm m–2 day–1 kPa–1 (50% RH) and 4.8 cm3 μm m–2 

day–1 kPa–1 (80% RH). This improvement was attributed to the formation of a densely compacted 

interface between SChNW/CS and CNC.130 The tensile properties of the coated PET substrates, in 

all cases, decreased compared to the uncoated PET due to substantial residual stress at the interface 

between the coatings and the base polymer.

A study by Kim et al.89 reported the design of a highly flexible coating on commercial PET 

film that is transparent to visible light and radio frequency (Table 13, Entry 18). Nanoscale 

blending was achieved through spray-assisted layer-by-layer assembly, where negatively charged 

cellulose nanofibers (CNFs) and positively charged ChNWs were combined. The degree of 

reinforcement of ChNWs in combination with CNFs was evaluated across multilayers (ranging 

from 10 to 50 numbers of bilayers) on commercial PET film. The oxygen transmission rate (OTR) 

of PET film decreased sharply to below 1.0 mL m2 day -1 upon multilayer coating of ChNWs and 

CNCs (compared to 38.28 mL m2 day -1 for pristine PET film). This enhanced oxygen barrier 

performance plateaued at 0.48 ± 0.02 mL m2 day-1 at 20 bilayers. This indicates that the synergistic 

interplay between these highly crystalline nanomaterials results in a flexible film with superior 

barrier properties. This synergy arised from electrostatic interactions or ionic cross-linking 

between the respective amine and carboxylate groups, which reduced the free volume in the film. 

The coating also notably reduces the haziness of PET (2.9 % for neat PET vs 87.5 for 50 bilayers 

of ChNWs and CNFs coated on PET), with a negligible loss of transparency, and provides effective 

inhibition of antibacterial growth. The reduced light scattering of the coated PET is due to the 

reduction in surface roughness, as confirmed by AFM results.
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Table 13. Reinforcement of other plastics with nanochitin

No Polymers Affected properties Composition Value Ref.
Poly-(ε-caprolactone)

Tensile modulus, Pa
at 330 K (Water 

evaporation)a

PCL
ChNWs/ PCL = 0.5/99.5
ChNWs/ PCL = 1.0/99.0
ChNWs/ PCL = 2.5/97.5

8.52
8.36
8.70
8.78

1 Poly-(ε-caprolactone) (PCL)/ 
ChNWs 

Tensile modulus, Pa
at 298 K (Hot pressed)a

PCL
ChNWs/ PCL = 0.5/99.5
ChNWs/ PCL = 1.0/99.0
ChNWs/ PCL = 2.5/97.5
ChNWs/ PCL = 5/95.0
ChNWs/ PCL = 10/90.0

8.50
8.58
8.64
8.72
8.86
8.98

97

Tensile modulus, Pa
at 298 K (Water 

evaporation)a

poly(S-co-BuA)
ChNWs/ poly(S-co-BuA) = 0.5/99.5
ChNWs/ poly(S-co-BuA) = 1.0/99.0
ChNWs/ poly(S-co-BuA) = 2.5/97.5
ChNWs/ poly(S-co-BuA) = 5.0/95.0

5.75
5.85
6.05
6.50
6.752 Poly(styrene-co-butyl acrylate) 

(poly(S-co-BuA))/ ChNWs

Tensile modulus, Pa
(Hot pressed)a

poly(S-co-BuA)
ChNWs/ poly(S-co-BuA) = 0.5/99.5
ChNWs/ poly(S-co-BuA) = 1.0/99.0
ChNWs/ poly(S-co-BuA) = 2.5/97.5
ChNWs/ poly(S-co-BuA) = 5.0/95.0

8.50
8.55
8.70
8.80
8.90

97

Recycled Polycarbonate / Polysulfone

Tensile strength, MPa

rPC/ PSf=50/50 
ChNWs/ rPC/ PSf = 2/49/49
ChNWs/ rPC/ PSf = 4//48/48
ChNWs/ rPC/ PSf = 6/47/47
ChNWs/ rPC/ PSf = 8/46/46
ChNWs/ rPC/ PSf = 10/45/45

2.0
1.6
1.6
1.8
2.2
2.23

Recycled polycarbonate (rPC, 
MW 45,000)/ polysulfone (PSf, 

MW 75000-81000)/ ChNWs

Elongation at break, %

rPC/ PSf=50/50 
ChNWs/ rPC/ PSf = 2/49/49
ChNWs/ rPC/ PSf = 4//48/48
ChNWs/ rPC/ PSf = 6/47/47
ChNWs/ rPC/ PSf = 8/46/46

12.0
8.5
8.0
10.0
15.0

76
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ChNWs/ rPC/ PSf = 10/45/45 11.0

Pure water flux (PWF) 
rejection, L/m2h

rPC/ PSf=50/50 
ChNWs/ rPC/ PSf = 2/49/49
ChNWs/ rPC/ PSf = 4//48/48
ChNWs/ rPC/ PSf = 6/47/47
ChNWs/ rPC/ PSf = 8/46/46

 

225
275
350
250
255

Bovine serum albumin 
(BSA) rejection, %

rPC/ PSf=50/50 
ChNWs/ rPC/ PSf = 2/49/49
ChNWs/ rPC/ PSf = 4//48/48
ChNWs/ rPC/ PSf = 6/47/47
ChNWs/ rPC/ PSf = 8/46/46 

58
70
90
60
62

Flux recovery ratio, %

rPC/ PSf=50/50 
ChNWs/ rPC/ PSf = 2/49/49
ChNWs/ rPC/ PSf = 4//48/48
ChNWs/ rPC/ PSf = 6/47/47
ChNWs/ rPC/ PSf = 8/46/46

60
80
78
98
98

Polyaniline

Elastic modulus, MPa

ChNWs
βChNWs/ ZnO = 97.09/ 2.91

β ChNWs/ PANI = 99.01/0.99
βChNWs/ ZnO/ PANI = 96.15/2.88/0.96

27.0
32.5
4.0
2.5

Elongation at break, %

ChNWs
ChNWs/ ZnO = 97.09/ 2.91
ChNWs/ PANI = 99.01/0.99

ChNWs/ ZnO/ PANI = 96.15/2.88/0.96

3.0
2.0
2.5
2.2

4
Polyaniline (PANI)/ ZnO 

nanoparticles (ZnO NPs)/ β-chitin 
chitin nanowhiskers (β ChNWs)

Tensile strength, MPa

ChNWs
ChNWs/ ZnO = 97.09/ 2.91
ChNWs/ PANI = 99.01/0.99

ChNWs/ ZnO/ PANI = 96.15/2.88/0.96

13.8
11.8
10.0
8.0

87

Polyolefins

5
Polypropylene (PP)b/ α-ChNWs/ 

TEMPO cellulose nanofibers 
(TCNFs)

Oxygen transmission rate,c 
cc m−2 day−1

ChNWs and TCNFs coated in sequence on PP 
film, ratio not shown 

PP
ChNWs suspension = 0.8wt%
ChNWs suspension = 1.6wt%

1118.00
108.30

82
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ChNWs suspension = 2.4wt%
ChNWs suspension = 3.2wt%

13.10
21.67
49.71

Water vapor transmission 
rate, g m–2 day–1

PP
PP/20 (ChNWs/TCNFs) bilayers

2.43
2.13

Young’s modulus, MPa

PP
PP/10(ChNWs/TCNFs) bilayers
PP/20(ChNWs/TCNFs) bilayers 
PP/30(ChNWs/TCNFs) bilayers

1290
1215
1371
1356

Tensile strength, MPa

PP
PP/ 10(ChNWs/TCNFs) bilayers 
PP/ 20(ChNWs/TCNFs) bilayers 
PP/30(ChNWs/TCNFs) bilayers

45.96
36.83
29.01
36.01

Elongation at break, %

PP
PP/ 10(ChNWs/TCNFs) bilayers 
PP/ 20(ChNWs/TCNFs) bilayers 
PP/ 30(ChNWs/TCNFs) bilayers

636
495
367
461

Elastic modulus, MPa

PP
ChNWs/ PP= 1/99
ChNWs/ PP= 2/98
ChNWs/ PP= 5/95
ChNWs/ PP= 10/90

1120
1330
1370
1280
1180

Ultimate tensile strength, 
MPa

PP
ChNWs/ PP= 1/99
ChNWs/ PP= 2/98
ChNWs/ PP= 5/95
ChNWs/ PP= 10/90

34.0
37.0
39.0
37.5
34.0

6 PP / ChNWs

Elongation at break, %

PP
ChNWs/ PP= 1/99
ChNWs/ PP= 2/98
ChNWs/ PP= 5/95
ChNWs/ PP= 10/90

2.00
0.65
0.10
0.15
0.05

19

7 Maleated polypropylene (MAPP)/ 
ChNWs Elastic modulus, MPa

PP
ChNWs/ MAPP= 1/99
ChNWs/ MAPP= 2/98
ChNWs/ MAPP= 5/95
ChNWs/ MAPP= 10/90

1120
1280
1300
1320
1080

19
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Ultimate tensile strength, 
MPa

PP
ChNWs/ MAPP= 1/99
ChNWs/ MAPP= 2/98
ChNWs/ MAPP= 5/95
ChNWs/ MAPP= 10/90

34.0
36.5
38.0
40.0
34.0

Elongation at break, %

PP
ChNWs/ MAPP= 1/99
ChNWs/ MAPP= 2/98
ChNWs/ MAPP= 5/95
ChNWs/ MAPP= 10/90

2.00
0.60
0.20
0.15
0.40

Biodegradable Polyesters

Tensile strength, MPa*

PBAT
ChNFs/PBAT = 0.5/99.5
ChNFs/PBAT = 1.0/99.0
ChNFs/PBAT = 2.0/98.0
ChNFs/PBAT = 4.0/96/0
ChNFs/PBAT = 8.0/92.0

12.5
22.8
14.7
16.3
9.7
8.1

Elongation at break, %*

PBAT
ChNFs/PBAT = 0.5/99.5
ChNFs/PBAT = 1.0/99.0
ChNFs/PBAT = 2.0/98.0
ChNFs/PBAT = 4.0/96/0
ChNFs/PBAT = 8.0/92.0

536
882
673
645
428
231

Glass transition temperature 
(Tg), oC 

PBAT
ChNFs/PBAT = 0.5/99.5
ChNFs/PBAT = 1.0/99.0
ChNFs/PBAT = 2.0/98.0
ChNFs/PBAT = 4.0/96/0
ChNFs/PBAT = 8.0/92.0

−22.1
−21.5
−20.9
−21.0
−20.9
−20.0

8 PBAT / ChNFs

Degree of crystallinity (χc), 
%

PBAT
ChNFs/PBAT = 0.5/99.5
ChNFs/PBAT = 1.0/99.0
ChNFs/PBAT = 2.0/98.0
ChNFs/PBAT = 4.0/96/0
ChNFs/PBAT = 8.0/92.0

8.6
11.4
10.8
10.9
9.7
8.7

240
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The melting enthalphy 
(ΔHm), Jg-1

PBAT
ChNFs/PBAT = 0.5/99.5
ChNFs/PBAT = 1.0/99.0
ChNFs/PBAT = 2.0/98.0
ChNFs/PBAT = 4.0/96/0
ChNFs/PBAT = 8.0/92.0

9.9
12.9
12.2
12.2
10.6
9.2

The enthalphy of 
crystallization (ΔHc), Jg-1

PBAT
ChNFs/PBAT = 0.5/99.5
ChNFs/PBAT = 1.0/99.0
ChNFs/PBAT = 2.0/98.0
ChNFs/PBAT = 4.0/96/0
ChNFs/PBAT = 8.0/92.0

14.7
15.2
14.2
16.3
15.3
13.3

Young’s modulus, 
MPa

PBAT
S-ChNWs/ PBAT = 0.1/99.9
S-ChNWs/ PBAT = 0.3/99.7
S-ChNWs/ PBAT= 0.7/99.3
S-ChNWs/ PBAT = 1.0/99.0

170 ± 4
136 ± 0.4
146 ± 3
150 ± 5
149 ± 3

Tensile strength, 
MPa

PBAT
S-ChNWs/ PBAT = 0.1/99.9
S-ChNWs/ PBAT = 0.3/99.7
S-ChNWs/ PBAT= 0.7/99.3
S-ChNWs/ PBAT = 1.0/99.0

57 ± 4
62 ± 2

70 ± 0.5
64 ± 2
63 ± 2

9

Poly(butylene adipate-co-
terephtalate) (PBAT) made in situ 

from adipic acid (AA) and 
dimethylterephtalate/ sulfated α-
chitin nanowhiskers (S-ChNWs)

Elongation at
Break, %

PBAT
S-ChNWs/ PBAT = 0.1/99.9
S-ChNWs/ PBAT = 0.3/99.7
S-ChNWs/ PBAT= 0.7/99.3
S-ChNWs/ PBAT = 1.0/99.0

980 ± 39
926 ± 7
919 ± 11
962 ± 21

988 ± 14.7

105

Young’s modulus, 
MPa

PBAF
S-ChNWs/ PBAF = 0.1/99.9
S-ChNWs/ PBAF = 0.3/99.7
S-ChNWs/ PBAF= 0.7/99.3
S-ChNWs/ PBAF = 1.0/99.0

60 ± 0.5
63 ± 2.0
65 ± 1.0
55 ± 0.2
53 ± 0.910

Poly(butylene adipate-co-
furanoate) (PBAF) made in situ 

from adipic acid (AA) and 
dimethyl 2,5-furandicarboxylate 

(DMFD) / sulfated α-chitin 
nanowhiskers (S-ChNWs) Tensile strength, 

MPa

PBAF
S-ChNWs/ PBAF = 0.1/99.9
S-ChNWs/ PBAF = 0.3/99.7
S-ChNWs/ PBAF= 0.7/99.3
S-ChNWs/ PBAF = 1.0/99.0

53 ± 0.6
83 ± 3.0
73 ± 3.0
47 ± 0.4
47 ± 3.0

105
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Elongation at
Break, %

PBAF
S-ChNWs/ PBAF = 0.1/99.9
S-ChNWs/ PBAF = 0.3/99.7
S-ChNWs/ PBAF= 0.7/99.3
S-ChNWs/ PBAF = 1.0/99.0

1007 ± 11
1107 ± 19
933 ± 14
1116 ± 13
1128 ± 51

Ultimate tear
Strength, 
N cm−1

PBAF
S-ChNWs/ PBAF = 0.1/99.9
S-ChNWs/ PBAF = 0.3/99.7
S-ChNWs/ PBAF= 0.7/99.3
S-ChNWs/ PBAF = 1.0/99.0

730 ± 20
1029 ± 39
814 ± 8
827 ± 20
761 ± 45

Extension at break, 
mm

PBAF
S-ChNWs/ PBAF = 0.1/99.9
S-ChNWs/ PBAF = 0.3/99.7
S-ChNWs/ PBAF= 0.7/99.3
S-ChNWs/ PBAF = 1.0/99.0

94 ± 9
93 ± 11
91 ± 4
82 ± 6
96 ± 6

Tear toughness, 
J cm−1

PBAF
S-ChNWs/ PBAF = 0.1/99.9
S-ChNWs/ PBAF = 0.3/99.7
S-ChNWs/ PBAF= 0.7/99.3
S-ChNWs/ PBAF = 1.0/99.0

52 ± 4
73 ± 2
58 ± 2
52 ± 6
47 ± 7

Methacrylate

Tensile strength, MPa

MA
ChNWs/ MA = 0.5/99.5
ChNWs/ MA = 1.0/99.0
ChNWs/ MA = 1.5/98.5 

32 ± 1.5
37

46 ± 1.2
36 ± 1.6

Elongation at break, %

MA
ChNWs/ MA = 0.5/99.5
ChNWs/ MA = 1.0/99.0
ChNWs/ MA = 1.5/98.5

6.4 ± 0.5
7.8

8.4 ± 0.5
3.6 ± 0.4

11 Methacrylate (MA) resin / ChNWs

Tensile modulus, GPa

MA
ChNWs/ MA = 0.5/99.5
ChNWs/ MA = 1.0/99.0
ChNWs/ MA = 1.5/98.5

0.8 ± 0.1
0.9
1.1

1.4 ± 0.1

1

12 Methacrylate (MA)/ α-chitin 
photocurable nanowhiskers 

Storage modulus, MPa (-
50OC)

MA
pChNWs/ MA = 0.2/99.8
pChNWs/ MA = 0.5/99.5
pChNWs/ MA = 1.0/99.0

3165.4
3585.4
4179.5
4688.9

77
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Storage modulus, MPa 
(85OC)

MA
pChNWs/ MA = 0.2/99.8
pChNWs/ MA = 0.5/99.5
pChNWs/ MA = 1.0/99.0

59.1
71.6
89.3
125.2

Storage modulus, MPa 
(200OC)

MA
pChNWs/ MA = 0.2/99.8
pChNWs/ MA = 0.5/99.5
pChNWs/ MA = 1.0/99.0

8.1
11.4
17.7
15.5

Tensile strength, MPa

MA
pChNWs/ MA = 0.2/99.8
pChNWs/ MA = 0.5/99.5
pChNWs/ MA = 1.0/99.5

36.8 ± 2.6
50

65.6 ± 3.7
30 

Elongation at break, %

MA
pChNWs/ MA = 0.2/99.8
pChNWs/ MA = 0.5/99.5
pChNWs/ MA = 1.0/99.0

6.0
8.9
6.7 

~2.0

(pChNWs, DDA ∼6.4%, Mw 
∼150 kDa)

Tensile modulus, GPa

MA
pChNWs/ MA = 0.2/99.8
pChNWs/ MA = 0.5/99.5
pChNWs/ MA = 1.0/99.5

0.85 ± 0.13 
1.1 ± 0.13
1.45 ± 0.13 
1.7 ± 0.13

Polyethylene Glycol Dimethacrylate

Adhesion, kPa 
PEGDMA

PEGDMA/CS = 88.24/11.76
PEGDMA/ CS/ ChNWs = 68.18/9.09/22.73

2.1
3.1
4.2

Elongation at break, % 
PEGDMA

PEGDMA/CS = 88.24/11.76
PEGDMA/ CS/ ChNWs = 68.18/9.09/22.73

100
125
145

Tensile strength, kPa
PEGDMA

PEGDMA/CS 
PEGDMA/ CS/ ChNWs = 68.18/9.09/22.73

5.0
9.0
11.2

13

Polyethylene glycol 
dimethacrylate (PEGDMA, Mn = 
6,000 Da)/ chitosan (CS, Mw = 
100,000 Da)/ ChNWs

Swelling, %
PEGDMA

PEGDMA/CS
PEGDMA/ CS/ ChNWs = 68.18/9.09/22.73

277
300
289

90

Polyesters
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Oxygen Permeability, 
cm3·μm/m2/day/kPa

ChNWs/ CNCs = 50/50 coated in sequence on 
PET film 

PET
PET-ChNWs
PET-CNCs

PET-ChNWs-CNCs
PET-blend

 
 

17.3 ± 0.0
12.6 ± 0.9
5.9 ± 0.7
5.2 ± 0.4
10.2 ± 1.2

Water vapor transmission 
rate, g·μm/m2/day

PET
PET-ChNWs
PET-CNCs

PET-ChNWs-CNCs
PET-blend

148
141
148
155
140

Transmittance, %

PET
PET-ChNWs
PET-CNCs

PET-ChNWs-CNCs
PET-blend

87.1
87.1
87.7
86.9
86.9

14
Polyethylene terephthalate (PET)/ 

ChNWs/ cellulose nanocrystals 
(CNCs)

Haze, %

PET
PET-ChNWs
PET-CNCs

PET-ChNWs-CNCs
PET-blend

1.8
1.3
2.4
1.2
3.3

129

Oxygen Permeability, 
cm3·μm/m2/day/kPa at RH 

50%

PET
PET/SChNWs
PET/LChNWs

15.9 ± 0.4
11.1 ± 0.3
16.5 ± 0.4

Transmittance, %
PET

PET/SChNWs
PET/LChNWs

85
85

87.5

Tensile strength, MPa
PET

PET/SChNWs
PET/LChNWs

90
78
80 

15

Polyethylene terephthalate (PET)/ 
α- short chitin nanowhiskers 

(SChNWs 114 nm) or α- long 
chitin nanowhiskers (LChNWs, 

230 nm)

Failure strain, %
PET

PET/SChNWs
PET/LChNWs

42
40
46

130

16
Polyethylene terephthalate (PET) / 

α-ChNWs/ chitosan (CS)

Oxygen Permeability, 
cm3·μm/m2/day/kPa at RH 

50%

PET
CS

SChNWs/ CS= 66.67/33.33

15.9 ± 0.4
11.0 ± 0.3
7.0 ± 0.3

130
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SChNWs/ CS = 50/50
SChNWs/ CS = 33.33/66.67
LChNWs/ CS = 66.67/33.33

LChNWs/ CS = 50/50
LChNWs/CS = 33.33/66.66

5.1 ± 0.1
6.9 ± 0.2
13.1 ± 0.3
13.2 ± 0.3
8.2 ± 0.3

Transmittance, %

PET
CS

SChNWs/ CS = 66.67/33.33
LChNWs/CS = 66.67/33.33

SChNWs/CS = 50/50
LChNWs/CS = 50/50

SChNWs/CS = 33.3366.67
LChNWs/CS = 33.3366.67

85
85
85
85

87.5
85

87.5
85

Tensile strength, MPa

PET
CS

SChNWs/ CS = 66.67/33.33
LChNWs/CS = 66.67/33.33

SChNWs/CS = 50/50
LChNWs/CS = 50/50

SChNWs/CS = 33.3366.67
LChNWs/CS = 33.3366.67

90
70
78
76
77
78
80
77

Failure strain, %

PET
CS

SChNWs/CS = 66.67/33.33
LChNWs/CS = 66.67/33.33

SChNWs/CS = 50/50
LChNWs/CS = 50/50

SChNWs/CS = 33.3366.67
LChNWs/CS = 33.3366.67

42
42
42
41
38
46
46
42

Water vapor transmission 
rate, g μm m–2 day–1 (under 
RH 45 %, without thermal 

treatment)

PET
SChNWs/CS = 50/50
LChNWs/CS = 50/50

148
200
200

α- short chitin nanowhiskers 
(SChNWs 114 nm) or α- long 

chitin nanowhiskers (LChNWs, 
230 nm) /chitosan (CS)/ 

Polyethylene terephthalate (PET)

Water vapor transmission 
rate, g μm m–2 day–1 (under 

RH 75 %, with thermal 
treatment)

PET
SChNWs/CS = 50/50
LChNWs/CS = 50/50

175
180
180
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Oxygen Permeability, 
cm3·μm/m2/day/kPa at RH 

50%

ChNWs spread over PET substrated

PET
(SChNW/ CS)-CNC
(LChNW/ CS)-CNC

CNCs

15.9 ± 0.4
3.6 ± 0.1
4.0 ± 0.1
8.0 ± 0.2

Transmittance, %

PET
SChNWs/CS-CNCs
LChNWs/CS-CNCs

CNCs

85
85
85

85.5

Tensile strength, MPa

PET
SChNWs/CS-CNCs
LChNWs/CS-CNCs

CNCs

90
77
74
76

Failure strain, %

PET
SChNWs/CS-CNCs
LChNWs/CS-CNCs

CNCs

42
40
40
38

Water vapor transmission 
rate, g μm m–2 day–1 (under 
RH 45 %, without thermal 

treatment)

PET
SChNWs/CS-CNCs
LChNWs/CS-CNCs

CNCs

148
150
149
175

17

Polyethylene terephthalate (PET)/ 
α- short chitin nanowhiskers 

(SChNWs 114 nm) or α- long 
chitin nanowhiskers (LChNWs, 

230nm) /chitosan (CS)/ cellulose 
nanocrystals (CNCs)

Water vapor transmission 
rate, g μm m–2 day–1 (under 

RH 75 %, with thermal 
treatment)

PET
SChNWs/CS-CNCs
LChNWs/CS-CNCs

CNCs

175
175
155
175

130

Oxygen transmission rate, 
mL m−2 day−1

ChNWs and CNFs coated in sequence on PET 
film, ratio not shown 

PET
(ChNWs/ CNFs)10 

(ChNWs/ CNFs)20

(ChNWs/ CNFs)30

(ChNWs/ CNFs)40

(ChNWs/ CNFs)50

 
 

38.28
0.97
0.48
0.57
0.59
0.51

18
Polyethylene terephthalate (PET)/ 

α-ChNWs/ cellulose nanofibers 
(CNFs)e

Transmittance, % PET
(ChNWs/ CNFs)10

92
89

89
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(ChNWs/ CNFs)20

(ChNWs/ CNFs)30

(ChNWs/ CNFs)40

(ChNWs/ CNFs)50

89
88.5
88

87.5

Haze, %

PET
(ChNWs/ CNFs)10

(ChNWs/ CNFs)20

(ChNWs/ CNFs)30

(ChNWs/ CNFs)40

(ChNWs/ CNFs)50

2.9
2.5
2.0
1.8
1.7
1.6

a Two methods were utilized to produce nanocomposite films: water evaporation and hot-pressing. The mechanical tests were conducted on both the evaporated 
and hot-pressed materials to evaluate their properties.
b The PP substrates were dipped alternatively in a suspension of ChNWs (forming the first coating layer), then rinsed with deionized water, followed by immersion 
in a TCNF suspension and rinsed again with deionized water. This process constituted one complete dip coating cycle, resulting in one bilayer of ChNWs/TCNFs. 
The cycle was repeated until the desired number of (ChNWs/TCNF) bilayers was achieved. The concentrations of the suspensions for TCNF and ChNWs were 
adjusted in order to evaluate the barrier performance of the layers.
c The oxygen transmission rates were measured for films coated with 0.4 wt% TCNF suspension and ChNWs suspensions under different concentrations
d PET substrates were coated with layers of ChNW/CS suspension and CNCs suspension. A single layer was created using either SChNW/CS or LChNW/CS 
coatings on PET while a bilayer was formed with (SChNW/CS)-CNC or (LChNW/CS)-CNC coatings on PET, where the mass ratio of ChNWs to CS for bilayers 
was 1:1.
*data were estimated from the graphs.
e Gas barrier coatings were generated using multilayers of (ChNWs/CNFs)n (in which n indicates the number of bilayers, that tend to vary from 10 to 50 bilayers). 
For example, the sequential assembly of ChNWs and CNFs afforded a bilayer of (ChNWs/CNFs)1.
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5. Applications

The improvements observed across various property categories with the addition of chitin 

nanomaterials, as demonstrated in different studies, mark a significant advancement in materials 

science. The inclusion of nanochitin as fillers has enhanced the strength of several polymers, 

enabling them to meet the desired specifications for applications in diverse industries, including 

biomedicine, packaging, automotive, electronics, and the paper industry, among others.

5.1.In biomedical sciences

Nanochitin is highly regarded for its beneficial properties, including its biodegradability, 

nontoxicity, and antimicrobial activity, making it an excellent substrate and filler for creating 

various biomedical frameworks.248 These characteristics make nanochitin particularly valuable in 

the development of advanced drug delivery systems, as biobased matrices commonly used in these 

applications often face significant challenges.249,250 This is why fillers, especially in the form of 

chitin nanomaterials have been extensively studied in conjunction with various biopolymers, 

particularly in materials like hydrogels, which are essential for drug delivery. 

A growing body of research has focused on designing advanced, biocompatible wound healing 

scaffolds, hydrogels, films, and nano-based drug delivery systems using chitin nanomaterials. 

Conventional wound dressings, for instance, often suffers from issues such as low mechanical 

strength, poor flexibility, reduced antimicrobial activity, and inadequate adhesion and absorption 

capacity.4,90 Furthermore, scaffolds made from polymers like polycaprolactone and gelatin, which 

are typically used to support cell growth, tissue regeneration, and tissue/organ replacement, also 

face challenges such as improper pore size, incorrect shape, and structural instability and 

fragility.251,252 However, studies reviewed in this article confirm that the integration of nanochitin 
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significantly improves the morphology, mechanical strength, swelling behavior, compression 

strength, cytotoxicity, thermal stability, and antibacterial activity of nanocomposite hydrogels 

made from biobased polymers such as PEGDA,90 alginate,132 PVA,133 chitosan,106 and gelatin.120 

These enhancements make hydrogels more stable, flexible, and stronger, positioning them as 

improved drug carriers for advancing medical therapies.

5.2.In Packaging

Another significant application of chitin nanomaterials is their use as fillers in packaging 

materials. As the shift towards replacing petroleum-based products gain momentum, the adoption 

of bio-based polymers in packaging is becoming a key concern. While a wide range of biomaterials 

is available to create food packaging materials, their potential is often limited by poor mechanical, 

barrier, and thermal properties, making it difficult for them to compete with conventional 

polymers. However, the crosslinking of polymers with nanochitin has proven to substantially 

enhance the inherent characteristics of these base polymers. 

Barrier properties are especially critical in packaging applications, and reports indicate that the 

use of nanochitin as a filler has significantly improved the performance of polymers such as soy 

protein isolate,73 gelatin,78 polypropylene,82 and PVA.52 Specifically, nanochitin integration has 

enhanced properties such as water vapor transmission rate, oxygen permeability, UV-blocking 

capacity, and thermal tolerance, often surpassing the required standards for food storage. These 

enhancements make bio-based packaging materials more competitive with traditional petroleum-

based polymers. Furthermore, the addition of nanochitin improves antimicrobial activity, which 

extends the longevity and preservation of sealed materials without compromising food quality.73 

The improvements in mechanical properties, biodegradability, and overall enhancement support 
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multifunctionality, biocompatibility, and sustainability, aligning with the growing demand for eco-

friendly packaging solutions.

5.3.In Other Applications

Chitin nanomaterials also have significant applications in various industries, including rubber, 

paper, electronics, adhesives, hardeners, and more. For example, the inclusion of nanochitin as 

fillers in cellulose papers has enhanced their antibacterial properties (~99% resistance), 

crystallinity, tensile strength, and color detection properties.72 These improved properties papers 

are crucial for a wide range of applications, whether in packaging, medical and healthcare supplies, 

stationery, construction, or industrial uses. The enhanced antimicrobial properties are particularly 

valuable for applications like filters, wound dressings, food packaging, and personal care products. 

The improved tensile strength benefits materials such as laminates, insulation components, wall 

coverings, and surgical materials. Additionally, the enhanced color detection properties are useful 

for environmental monitoring, including water and air quality testing, diagnostic substrates, and 

indicators. 

In the rubbery industry, nanochitin has proven effective in reinforcing elastomeric materials, 

offering advantages such as improved color, lightweight characteristics, increased thermal 

stability, and superior mechanical properties ( tensile, tear, and swelling potential) compared to 

traditional natural rubber.13,18,25,51,53,147 Since natural rubber is not ideal for engineering 

applications in its raw form, its vulcanized version is more commonly used. The incorporation of 

nanochitin into these materials shows promising results for advanced rubber-based elastomeric 

applications, such as in the automotive industry (tires, seals, gaskets, belts), flooring mats, 

aerospace components (vibration dampers, conveyor belts, rollers), electronics, and medical uses. 
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Furthermore, ChNWs contribute to producing mechanically enhanced materials and are also 

believed to exhibit strong bio-adhesive properties. Their higher adhesive performance, which is 

comparable to cellulose, offers significant advantages in structuring various material frameworks 

for a wide range of interdisciplinary applications.90,101,106

In summary, chitin nanomaterials have emerged as promising green nanofillers and base 

polymers in material science. While their advantages over conventional polymers are still being 

expolored, their exceptional properties, which surpass those of many natural and synthetic 

polymers, are gradually becoming more evident. However, studies clearly indicate that achieving 

optimal material performance requires careful optimization of the amount of chitin nanowhiskers 

used. It is also important to note that the potential use of chitin in its nanoform as has not yet been 

fully explored across a wide range of polymers. Moreover, there is still an exciting scope that 

remains unexplored in utilizing nanochitin as natural polymers in sustainable chemistry. For 

instance, they can be explored as a catalyst support for carbon monoxide oxidation reaction253 and 

as activated chitin-based carbon sheet for oxygen reduction and evolution reactions.254 Therefore, 

it is essential to conduct further research to enhance the characteristics of nanochitin. Overcoming 

challenges related to its production, processing, and compatibility with various polymers is crucial 

for advancing its use in diverse applications.

6. Conclusion and Outlook

In this Review, we summarized various strategies for preparing nanochitin-reinforced 

composite plastics and examined how nanochitin influences polymer properties for diverse 

applications. Nanochitin, with its varying size and morphology, can be synthesized through several 

methods discussed in this Review. We analyzed these strategies from the presepective of 
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identifying simpler, more efficient methods compared to more complex ones. For example, 

researchers have explored casting methods and ways to optimize these processes to enhance both 

efficiency and environmental sustainability. While composites reinforced with nanochitin can be 

fabricated using various techniques and conditions, the effectiveness of chitin reinforcement and 

its interactions with polymer matrix can vary even when the same method is used. The nature, size, 

shape, loading and interaction of chitin nanomaterials are crucial factors that determine their role 

in reinforcing polymers. 

Additionally, the large amount of free reactive hydroxyl and acetyl amine groups on the 

nanochitin surface enables a range of chemical modifications and functionalization through 

chemical derivatization or post-functionalization. These modifications have distinct effects on 

different polymers, showcasing the tunability of nanochitin to meet specific application needs. For 

instance, the incorporation of carboxylated nanochitin in the form of ChNWs notably improves 

the mechanical properties of paper handsheets at low loading (1 wt.%),121 whereas for natural 

rubber reinforcements, a higher loading (3.4 wt.%) resulted in a more significant improvement in 

mechanical properties.202 

Several challenges remain in fully realizing the potential of nanochitin as a reinforcing agent 

in polymer matrices and as a natural polymer. As highlighted in this Review, many studies have 

reported the agglomeration of nanochitin particles at higher loading levels, with the extent of 

agglomeration varying across different polymers. This agglomeration negatively impacts the 

reinforcement efficiency of nanochitin, as the agglomerates hinder uniform dispersion and disrupt 

interactions within the polymer matrix, ultimately influencing the material’s overall properties. 

The degree of agglomeration is influenced by factors such as the polymer type, nanochitin loading, 

and processing conditions during composite preparation. In certain cases, pretreatment methods 
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like PEG or PEO to improve nanochitin dispersion in PLA have shown some positive effects, but 

this has also led to a decrease in the tensile indices of the composites. On the other hand, curing 

agents like chitosan and lysine contributed to both improved nanochitin dispersion in the epoxy 

resin matrix and enhanced mechanical properties of the composites. However, agents like arginine 

and cysteine improved nanochitin dispersion but had adverse effects on the epoxy mechanical 

properties. The scalability of nanochitin-based composites is another crucial concern. While the 

production of nanochitin may be scalable, its success depends on the techniques used to produce 

chitin, create nanochitin/polymer composites, and ensure their efficiency. Another major concern 

is the cost of nanochitin and nanochitin-reinforced composites, as high production costs could limit 

their widespread use in various applications.

Finally, in most cases nanochitin has been used primarily as nanofillers or supportive materials, 

although its potential for other applications remains to be explored. Therefore, further investigation 

into its full potential is essential to realize a circular economy with sustainable practices. Overall, 

challenges remain in the areas of large-scale manufacturing, consistent dispersion in hydrophobic 

matrices, and comprehensive biodegradation profiling under both laboratory and real-world 

conditions. Advancing understanding in these areas—particularly regarding long-term 

environmental fate and degradation behavior—will be critical for unlocking the full commercial 

and ecological potential of ChNW-based composites across diverse industries.
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