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and flame retardancy of cellulose
nanocrystals reinforced epoxy nanocomposites

Hoor Albarqi,ac Mohamad Nurul Azman Mohammad Taib, *b Tawfik A. Salehcd

and Viswanathan S. Saji c

Epoxy is a type of thermosetting resin that has been widely used in different applications, such as for

adhesives, sealants, coatings, paneling, and electronics boards, due to its excellent mechanical strength

and chemical resistance. Despite its advantages in mechanical performance, epoxy has drawbacks

related to flammability and compromised thermal stability. This drawback has a profound impact on the

final processing and applications of epoxy resin. In this study, a bio-based additive, cellulose nanocrystal

(CNC), was successfully developed and added to the epoxy resin to enhance the flame retardancy and

thermal performance of the resulting epoxy composite. CNC was extracted from cotton linters and used

directly as an additive to the epoxy matrix, with varying concentrations (0.5 wt% and 1.0 wt%). The

fabricated epoxy composites were evaluated for flammability using a cone calorimetry test and for

thermal stability by thermogravimetric analysis. The thermal stability results obtained were significant;

0.5 wt% and 1.0 wt% CNC-added epoxy composites demonstrated a significant improvement in the

onset of thermal degradation. The cone calorimetry test revealed a 17% reduction in peak heat release

rate (pHRR) and total heat release rate (HRR), indicating substantial improvements in flame resistance.

The CNC promoted the char formation in the epoxy matrix due to the absence of oxygen in the char

layer, thus preventing further flame penetration into the inner layer. The CNC-reinforced epoxy has the

potential to be used as a flame-retardant additive in polymer composite applications as well as in

coating parts where heat and thermal resistance are important.
1. Introduction

Epoxy resin is a thermosetting polymer that is frequently used
as a matrix in the production of composite materials, including
nanocomposites.1 Epoxy has advantages such as high durability
and mechanical performance, chemical resistance, good
compatibility, and superior bonding with organic and inorganic
substances.2 Despite the benets of this resin, certain down-
sides, such as limited petrochemical resources, ammability,
low thermal stability, environmental unfriendliness, and
production costs, limit its application.3 Epoxy is compatible
with various nanoscale materials, including nanosilica, carbon
nanomaterials, and nanoclays, among others, to overcome the
drawbacks of epoxy. Researchers have tried to develop more
sustainable and eco-friendly epoxy composites with added
biomass and bio-based materials such as cellulose.4,5
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Flame retardants (FRs) have become an intriguing choice for
use in polymeric materials. FR agents are applied to reduce the
propagation of re, preventing it from entering or completely
burning the materials. It has become vital for polymers to be
re-resistant since FR agent can provide improved qualities
when employed in harsh and ammable circumstances. The
polymers, including epoxy, have a tendency to burn and melt,
releasing a large amount of poisonous smoke.6 This is because
polymers, including epoxy, naturally tend to melt when exposed
to heat or re, whichmeans they have the potential to be toxic to
water, humans, and animals. Traditional FRs that are added to
polymers typically contain halogenated compounds, which can
leak and damage landlls and water sources and produce
hazardous smoke that can impair respiratory function.7 Due to
this reason and to lower emissions and carbon footprint, the
bio-derived cellulose-based FRs have high signicance. An
appropriate addition of FRs could slow the ignition of ames,
build up a protective char layer, or lessen the rate at which re
spreads.8 Table 1 shows the pros and cons of conventional and
biopolymer-based ame retardants (FRs). Cellulose is among
the bio-based materials that have been discovered to be more
environmentally friendly and abundantly available, with cellu-
lose acting as a ame-retardant additive.
RSC Adv., 2026, 16, 1163–1171 | 1163
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Table 1 The pros and cons of conventional and biopolymer-based flame retardants (FRs)9–11

Biopolymers FRs Conventional FRs

Positive Negative Positive Negative

Does not contain any harmful
compounds when burned or
heated

Suitable for short-term periods of
use, possibility of degradation

Good for lengthy-term periods
of application

Produce hazardous chemicals while
burning or heating, causing health
concerns, and are not eco-friendly

Biodegradable Easy to leach and decompose in
soil, disposable

Non-biodegradable and may
remain for a long period

Contaminants are easily leached
and can remain in the soil for a long
time, contaminating food, soil, and
landlls

Comparable to conventional- FRs
in terms of ame retardancy,
mechanical, and other
performances

Several preparation steps include
the usage of solvents/chemicals

Improve mechanical, physical,
and ame-retardant properties,
among others

Extraction requires a lot of energy,
and there are several process steps

Low cost and requires little
energy for production, but
excellent char production to
produce FR protective layer

Poor compatibility and dispersion
with polymer matrices

Expensive and involves
higher production costs

Poor sustainability and negative
impact on material properties
(causing plasticization, brittleness,
or color changes)

Table 2 An analysis of reported works on cellulose nanocrystal (CNC) source, extraction method, matrix of composite, and properties
investigated

Cellulose
type Source Method of extraction Matrix of composite Properties investigated Ref.

CNC Kenaf H2SO4 hydrolysis
and ultrasonic
treatment

Poly(vinyl alcohol) Morphology, structure, and thermal
properties

17

CNC Cotton H3PO4 hydrolysis Ethylene oxide–
epichlorohydrin
copolymer

Morphology, structure, crystallinity, thermal
stability, mechanical properties

20

CNC Posidonia oceanica H2SO4 hydrolysis Poly(styrene-co-butyl
acrylate)

Morphology, thermal properties, and
dynamic mechanical analysis

21

CNC Tunicin whiskers H2SO4 hydrolysis Poly(oxyethylene) Morphology, structure, thermal and dynamic
mechanical analysis

22

CNC Cotton H2SO4 hydrolysis Polyoxyethylene and
low-density
polyethylene

Viscoelastic, morphology, and thermal
properties

23

CNC Microcrystalline cellulose H2SO4 hydrolysis Poly(3-
hydroxybutyrate-co-3-
hydroxyvalerate)

Morphology, structure, thermal, and dynamic
mechanical properties

24

CNC Oil palm frond H2SO4 hydrolysis Alginate hydrogel Morphology, structure, BET, adsorption
isotherm modelling

25

CNC Cottonseed linter H2SO4 hydrolysis Foam nitrile rubber Crosslinking density, morphology, structure,
dynamic mechanical behavior

26

CNC Cornhusk H2SO4 hydrolysis — Structural, morphology and thermal
properties, particle size and zeta potential
analysis

27

CNC Cellulose Not stated Nitrile butadiene
rubber latex

Mechanical properties, crosslink density, and
resistance to high-pressure hydrogen
exposure

28

CNC Cottonseed linter H2SO4 hydrolysis Nitrile rubber Morphology, thermal and mechanical
properties

29

CNF Not stated (purchased from University of
Maine-Process Development Center,
USA)

Not stated Polyurethane Chemical, thermal, mechanical,
morphological and limiting oxygen index

30

CNF Cellulose microcrystalline Mechanical grinding Bio-epoxy Morphology, structure, and mechanical
properties

31

CNC Cellulose microcrystalline Hydrolysis with
tannic acid

Polyamide 66 Flame retardancy, antibacterial and UV
resistance

32

1164 | RSC Adv., 2026, 16, 1163–1171 © 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/2

2/
20

26
 6

:3
9:

51
 A

M
. 

 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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08642f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/2

2/
20

26
 6

:3
9:

51
 A

M
. 

 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
Cellulose is a type of polysaccharide composed of glucose
monomer units and is the most abundant natural biopolymer,
with around 40–90% extracted from plants or biomass,
depending on the sources. Cotton is considered to be 90% built
up of cellulose.12 Another well-known source for cellulose is
kenaf (Hibiscus cannabinus), which has been planted commer-
cially as a commodity crop in countries such asMalaysia, China,
India, and Brazil.13 In general, the cellulose sources can be
classied as woody and non-woody plant-based materials.14

Table 2 details the different sources and extraction methods of
CNCs along with their matrices and investigated properties. The
cellulose chains are primarily made from amorphous and
crystalline regions. The amorphous region can be removed
entirely and broken down to form nano-sized cellulose, also
known as cellulose nanocrystalline or cellulose nanobrils
(CNF).15 Depending on the synthesis method, the CNC is ob-
tained from hydrolysis mostly by using strong acid hydrolysis.
Whereas CNF is extracted using mechanical methods such as
through a homogenizer or grinding. The CNC has a high crys-
tallinity region that contributes to overall performance,
including mechanical properties, thermal stability, and ame
retardancy.16,17 CNC can be used as an additive to epoxy
composites to reduce the dependency on epoxy polymer and
overcome the limitations, such as low thermal stability and
ame resistance.18 This characteristic also favors agglomeration
when added to a polymer matrix, so it is necessary to control the
additive and limit its addition to a small percentage to create
a uniform and stable dispersion.19

The goal of this study is reducing ammability and improved
thermal stability of epoxy composites with addition of CNC as
additive. Typical reported studies utilized nano-sized cellulose in
different polymer matrices and mainly focused on their mechan-
ical properties (Table 2). Only a few studies among them have
focused on the thermal stability and ame retardancy of
composites for use in various high-end applications. In this study,
we investigate the thermal stability and ammability of CNC as an
additive in epoxy composite. We extracted the CNC from cotton
linter cellulose. Then, the CNC was added to epoxy to form epoxy
nanocomposites with different CNC concentrations (0.5 wt% and
1.0 wt%). The developed nanocomposites were thoroughly char-
acterized using TEM, XRD, FTIR, and EDX. The ammability test
was performed using cone calorimetry, and the thermal stability
was analyzed using thermogravimetric analysis (TGA). SEM and
FTIR were used to study the samples before and aer cone calo-
rimetry tests. The results indicate that the CNC–epoxy composite
developed in this study can be used for nal applications such as
re-retardant coatings and composites.

2. Experimental
2.1 Materials

Cotton linter with an average length of 12 mm and a diameter of
20 mm was bought from a local supplier. All chemicals, including
hydrochloric acid, were AR grade. Bisphenol A (epichlorohydrin)
as the epoxy and N-(3-dimethylaminopropyl)-1,3-propylene
diamine as the hardener were used to fabricate the epoxy
composite and nano epoxy composites. Epoxy and hardener,
© 2026 The Author(s). Published by the Royal Society of Chemistry
purchased from Sigma-Aldrich, were used without further
purication.
2.2 Cellulose nanocrystal (CNC) preparation by acid
hydrolysis

5 g of cotton linter cellulose was placed in a round-bottom ask,
which was surrounded by an ice bath within a 1 L beaker. HCl acid
was incrementally added, drop by drop, until a concentration of
5 M was attained. The ice bath was thereaer removed, and the
bottom ask was heated until it reached 100 °C and maintained
for 60 minutes with continuous stirring at 500 rpm. Upon
completion of the hydrolysis procedure, the mixture was imme-
diately quenched with ice cubes to halt the reaction, followed by
multiple rinses with distilled water and centrifugation to eliminate
the unreacted acid. The mixture was subsequently ltered, placed
in a dialysis tube, and immersed in deionized (DI) water until it
attained a pH of 7. The nal suspension was dried using a freeze
dryer prior to its application in subsequent operations. The
quantity of CNC acquired was 2 g. The experimental parameters
were selected based on the preliminary experiments by Taib et al.33
2.3 Composite fabrication

The epoxy composites were prepared using the solution casting
method. Initially, the CNC at concentrations of 0, 0.5 wt%, and
1.0 wt% was combined with epoxy and hardener with a ratio of 3
to 1 in a beaker through stirring. The solution was subsequently
poured into a silicon mold measuring 100 × 100 × 30 mm3 and
allowed to cure overnight for around 24 hours at room
temperature. The samples were labeled as neat epoxy, 0.5 wt%
CNC/epoxy, and 1.0 wt% CNC/epoxy, respectively.
2.4 Characterization

2.4.1 Transmission electron microscopy (TEM). Firstly,
0.1 wt% of the CNC sample was added in deionized (DI) water.
The solution was subjected to ultrasonication for 30 min to
avoid particle agglomeration. Using a plastic dropper, one drop
for each sample was placed onto a copper grid. Aer that, the
sample was allowed to dry at room temperature for 60 s. Filter
paper was used to get rid of the excess solution. A TEM micro-
scope (Zeiss Libra 120, Carl Zeiss NTS GmBH) with an acceler-
ating voltage of 120 kV was used.

2.4.2 Fourier transform infrared spectroscopy (FTIR). FTIR
equipped with an ATR accessory was used to determine the
functional groups of the neat epoxy and its composites. Analysis
was carried out from 4000 cm−1 to 600 cm−1 with 16 scans using
a PerkinElmer FTIR instrument.

2.4.3 X-ray diffraction (XRD). X-ray diffraction patterns
were recorded on a PANalytical X'Pert PRO MPD diffraction
system for the CNC sample in order to examine the changes in
crystallinity of the material. The device operated at 40 kV and 35
mA current, with monochromatic Cu Ka (l = 1.54 Å). The Segal
equation (eqn (1)) was used to calculate the crystallinity index
(CrI).34 The analysis and peak determination were carried out
using PANalytical HighScore Plus 3.0d soware.
RSC Adv., 2026, 16, 1163–1171 | 1165

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08642f


Fig. 2 XRD diffraction spectra of cellulose nanocrystals (CNC).
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CrI ¼ I200 � Iam

I200
� 100% (1)

whereas I200 is the intensity of the principal peak (200) lattice
diffraction (at I200, 2q= 22.5° for cellulose I).35 For Iam that refers
to the intensity of diffraction for amorphous cellulose (at 2q =

18° for cellulose I).36

2.4.4 Thermogravimetry analysis (TGA). The thermal
stability of neat epoxy and its composites was investigated using
thermogravimetry analysis, TGA Q-500 (TA Instruments, USA).
Approximately 10 mg of each sample was weighed in a pan and
operated under a continuous ux of nitrogen gas (50
mLmin−1). All the samples were heated from room temperature
to 900 °C, with a 10 °C min−1 ramp.

2.4.5 Flame retardancy. The ame retardant evaluation on
epoxy and its composites was conducted using the cone calo-
rimeter model GD-ISO5660B-M by following the procedures of
ISO 5660 under a heat ux of 50 kWm−2 with the sample size of
100 × 100 × 30 mm3.

2.4.6 Scanning electron microscopy (SEM). The micro-
structures and morphologies of CNC and their composites were
observed by using a scanning electron microscopy (SEM) instru-
ment (SU3500, Hitachi, Tokyo, Japan). The samples were sputter-
coated with a thin layer of gold to avoid charges. Accelerating
voltage at 20 kV in low vacuumwas used to avoid samples burning.

2.4.7 Energy dispersive X-ray analysis (EDX). The EDX
analysis was conducted on CNC. Initially, the sample was
weighed, approximately 0.05 g, and then placed on a double tab
that was conductive with carbon. Following this, the samples
underwent a gold sputter coating to reduce charging effects and
distortion. The images were acquired using a scanning electron
microscope tted with an Oxford Instruments X-max 50 mm2

dispersive X-ray detector, functioning at an accelerating voltage
of 5 kV in a high vacuum environment.
3. Results and discussions
3.1 Transmission electron microscopy (TEM)

Fig. 1 presents the TEM micrographs of the prepared CNC. The
CNC exhibited platelet-like and spherical shapes, with agglomer-
ation observed among the CNC particles. The CNC has been
Fig. 1 TEM images of prepared cellulose nanocrystals (CNC).

1166 | RSC Adv., 2026, 16, 1163–1171
veried to exhibit nanoscale widths and microscale lengths. The
TEM analysis revealed that the CNC had a length of 178.12 ±

74.18 nm and a width of 91.22 ± 35.58 nm, resulting in an aspect
ratio of 12.06 ± 0.65. The signicant variations in the standard
deviation of length and width are due to inconsistency in getting
the same size of CNC, as evident from Fig. 1. The present result is
in line with the author's previous work,17 where CNC with a length
around 283 ± 84.35 nm and a width of 38.93 ± 13.31 nm was
extracted from kenaf.
3.2 X-ray diffraction (XRD)

The XRD pattern in Fig. 2 shows a typical cellulose I structure.35

The crystallinity of CNC may result in a decreased reinforcing
capability within polymer composites.37 The crystalline structure
of CNC signicantly inuences its reinforcing effects and ensures
that it maintains this property when incorporated and reinforced
within a polymer matrix. Fig. 2 illustrates the observed diffraction
peaks at 2q angles of approximately 14.5, 16.3, 20.4, 22.7, and 34.3,
which correspond to the reection planes of cellulose I, namely
[1−10], [110], [012], [200], and [004], respectively.36 The ndings
demonstrated that the crystalline structure remained intact,
exhibiting the typical cellulose conguration, with a recorded
crystallinity index of 84.79%, calculated using the Segal equation
as outlined in eqn (1).
3.3 Energy dispersive X-ray spectroscopy (EDX)

The EDX spectrum of the CNC is shown in Fig. 4. The main
components of CNC are carbon (C) and oxygen (O). The
Fig. 3 Schematic diagram of cellulose nanocrystal structure for an-
hydroglucose unit on the backbone of the cellulose for three reactive
hydroxyl groups (positions C2, C3 and C6).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDX spectra and elemental identification of cellulose nano-
crystals (CNC). The Au signal corresponds to Au sputtering used for
sample preparation.

Fig. 5 (a) TGA; (b) DTG for neat epoxy, 0.5% CNC/epoxy and 1% CNC/
epoxy.
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percentage compositions of C, O, and Cl were 62.5 wt%,
37.2 wt%, and 0.3 wt%, respectively. The chemical structure of
CNC (Fig. 3) evidences the existence of C and N and the slight
trace of Cl, which can be contributed by HCl during hydrolysis
and that le over aer repeated washing.

3.4 Thermogravimetric analysis (TGA)

The thermal stability and decomposition of neat epoxy and its
composites were assessed through TGA analysis. The informa-
tion is summarized in Table 3, and the TGA and DTG thermo-
grams are presented in Fig. 5(a) and (b). In Fig. 5(a), two distinct
peaks were observed for the decomposition of neat epoxy and its
composites. The area below 150 °C can be associated with the
elimination of present water and volatile organic compounds.38

In the temperature range of 300 °C to 500 °C, the degradation
peaks of the composites exhibited overlap, with the onset
temperature for neat epoxy recorded at 291 °C, while the
0.5 wt% CNC/epoxy and 1.0 wt% CNC/epoxy showed onset
temperatures at 303 °C and 313 °C, respectively. The presence of
CNC exhibiting a high crystallinity index may explain the
elevated onset degradation observed in the epoxy composites,
as high energy adsorption is required in order to allow for
disarrangement prior to further degradation. Another contrib-
uting factor can be the increased cross-linking density of epoxy
resin aer compositing.39 This in line with the study conducted
by Taib et al.,40 using nitrile butadiene polymer also exhibited
a high onset degradation aer CNC was added into the polymer.
In Fig. 5(b), the maximum degradation temperature (Tmax) of
neat epoxy was found to be 373 °C; however, upon the incor-
poration of CNC, the Tmax increased to 376 °C and 381 °C for the
0.5 wt% CNC/epoxy and 1.0 wt% CNC/epoxy, respectively. The
Table 3 Data obtained from TGA thermogram

Type of samples
Onset degrada
temperature, T

Neat epoxy 291
0.5 wt% CNC/epoxy 303
1.0 wt% CNC/epoxy 313

a Derived from DTG curve.

© 2026 The Author(s). Published by the Royal Society of Chemistry
increase of Tmax could be related to complex degradation
pathways of CNC in an epoxy matrix.17 The maximummass loss
rate (MLRmax) for 0.5 wt% CNC/epoxy was decreased with
a value of 1.18 wt% min−1 compared to neat epoxy
(1.51 wt% min−1) and for 1.0 wt% CNC/epoxy which was
1.20 wt% min−1 due to the formation of porous structures
following the thermal degradation of CNC can lead to a reduc-
tion in thermal conductivity, but this would be beneted by
incorporating an additive ller that would enhance the prop-
erty.41 Therefore, the addition of 0.5 wt% CNC into the epoxy
composite was enough to effectively form a char layer for
protection against heat. This was in line with a study conducted
by Gan et al.42 with the addition of halogen-free additive within
waterborne polyurethane (WPU). The MLRmax value was
tion
0 (°C)

Maximum decomposition
temperature, Tmax

a (°C)

373
376
381

RSC Adv., 2026, 16, 1163–1171 | 1167
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Fig. 6 The properties after cone calorimeter test (a) heat release rate
(HRR), (b) total heat release (THR) and (c) total smoke production (TSP)
of neat epoxy, 0.5 wt% CNC/epoxy and 1.0 wt% CNC/epoxy.

Table 4 Cone calorimeter data of epoxy and epoxy compositesa

Sample
TTI
(s)

pHRR
(kW m−2)

THR
(MJ m−2)

TSP
(m2)

Epoxy 13 651.61 69.16 9.2
0.5 wt% CNC/
epoxy

17 537.56 63.98 10.3

1.0 wt% CNC/
epoxy

20 537.02 67.09 10.5

a TTI = time to ignition, pHRR = peak heat release rate, THR = total
heat release, TSP = total smoke production.
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decreased aer the addition of this ller and suggested the
formation effective char protection and the suppressing mass
loss at high temperatures. Different studies were conducted by
Zhou et al.43 and Zhang et al.44 that suggested it was worth
noting that with the increase of functional additives in polymer,
the maximummass loss rate (MLRmax) would gradually increase
with the second decomposition peak merged with the rst
decomposition peak, which makes the decomposition faster
and earlier. The nal degradation phase for CNC was at 400 °C.
This was in line with a previous study conducted by Taib et al.2

with CNC from oil palm trunk reinforced in epoxy composite.
1168 | RSC Adv., 2026, 16, 1163–1171
This temperature was associated with the degradation of the
remaining epoxy components.
3.5 Flame retardancy

Cone calorimeter tests represent a highly effective method for
assessing the ammability of composites in conditions that
simulate real burning scenarios. Fig. 6(a)–(c) show the plots
corresponding to the heat release rate (HRR), total heat release
(THR), and total smoke production (TSP) for the neat epoxy and
its composites, with the key details listed in Table 4. The time to
ignition, or TTI, plays a crucial role in assessing the delay before
a re begins to burn a sample. The highest value for TTI was
recorded for 1.0 wt% CNC/epoxy composite within 20 s, fol-
lowed by 0.5 wt% CNC/epoxy (17 s) and neat epoxy (13 s). In
Fig. 6(a), the highest peak heat release rate (pHRR) was recorded
for neat epoxy, which shows a poor ame resistance. With the
addition of 0.5 wt% and 1.0 wt% of CNC within epoxy, the pHRR
values were reduced to 537.56 kW m−2 and 537.02 kW m−2,
respectively, compared with the neat epoxy that was 651.61 kW
m−2. This variation suggests that the addition of 0.5 wt% of
CNC into epoxy was enough to reduce the ammability of epoxy
from continuing to propagate. The similar trend was observed
in Fig. 6(b) for total heat release (THR). There was possible ller
saturation/agglomeration as the CNC was hydrophilic that
contributed to this result. This reduction was around 17% for
1.0 wt% CNC/epoxy composite as compared to neat epoxy. This
suggested better ame resistance. Fig. 6(c) for total smoke
production (TSP) values indicate that minimal smoke was
released for neat epoxy during the combustion process. The
addition of CNC leads to an increase in smoke production due
to the formation of the char layer that prevented the ame from
penetrating. The TSP value obtained for 0.5 wt% CNC–epoxy
composite was 10.3 m2 and that for 1.0 wt% CNC–epoxy was
10.5 m2, both were higher than that of neat epoxy, which was 9.2
m2. This variation suggests that the production of smoke sup-
pressed the re from further burning. The comparison of the
present results with other analogous reports are stated in Table
5. The 0.5 wt% CNC/epoxy and 1.0 wt% CNC/epoxy produced
the lowest pHRR compared to other additives in Table 4. The
THR was among the lowest and it was only a little bit higher
compared to the nanoclays/epoxy (1.0 wt%, 3.0 wt% and
5.0 wt%).45 Hence, the present results conrm that the addition
of 0.5 wt% CNC in epoxy is enough to give good improvement
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of flame retardant and thermal properties of reported epoxy compositesa

Composite type TTI (s) PHRR (kW m−2) THR (MJ m−2) TSP (m2) Char residue (%) Ton (°C) Tmax (°C) Ref.

Nanoclays/epoxy 1 wt% — 558 26.42 8.88 — — — 47
Nanoclays/epoxy 3 wt% — 570 25.48 10.01 — — —
Nanoclays/epoxy 5 wt% — 533 24.83 8.18 — — —
1 wt% graphene-ox/epoxy 49 1204 81 27 12.9 357 415 45
3 wt% graphene-ox/epoxy 47 1244 72 25 14.1 359 418
1 wt% graphene-Cu/epoxy 45 825 66 24 8.1 334 411
3 wt% graphene-Cu/epoxy 47 786 64 23 11.0 343 409
0.8 wt% SiO2/epoxy 53.3 1138.9 103.9 — — 339.2 — 48
1.5 wt% SiO2/epoxy 52.7 1141.9 97.0 — — 338.6 —
2.3 wt% SiO2/epoxy 52.7 1022.4 90.2 — — 338.5 —
3.9 wt% SiO2/epoxy 54.7 910.9 84.4 — — 343.2 —

a Graphene OX; graphene oxide; graphene-Cu; graphene doped copper; SiO2: nano silica; TTI = time to ignition; PHRR = peak heat release rate;
THR = total heat release; TSP = total smoke production rate; Ton = onset degradation temperature; Tmax = maximum degradation temperature.
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for pHRR and HRR. The main enhancement mechanism is CNC
promoting the formation of a char layer in the epoxy surface,
thus hindering the heat and ame from the char areas and
blocking oxygen gases. This prevented the inner layer of epoxy
from further burning, thus the integrity of the structure of the
epoxy was not totally compromised. The addition of FR would
promote the char formation and hinder the penetration of
ame to the inner part of the material.46
3.6 Morphology of char residues using scanning electron
microscopy (SEM)

Fig. 7(a)–(f) display the SEM surface morphology of neat epoxy,
0.5 wt% CNC–epoxy, and 1.0 wt% CNC–epoxy samples, both
Fig. 7 Surfacemorphology of samples (a, c and e) before and (b, d and
f) after cone calorimetry studies: (a and b) epoxy; (c and d) 0.5 wt%
CNC/epoxy and (e and f) 1.0 wt% CNC/epoxy.

© 2026 The Author(s). Published by the Royal Society of Chemistry
before and aer the cone calorimetry tests. For 0.5 wt% and
1.0 wt% of CNC reinforced epoxy, the ber and matrix have
good adhesion and no porosity, with some agglomeration
occurring. However, some cracks, voids, and ssures were
observed for all the samples aer the cone calorimetry test. The
0.5 wt% (Fig. 7(d)) and 1.0 wt% CNC/epoxy (Fig. 7(f)) samples
show a continuous and denser char layer with some cracks
observed at ×10 000 magnication. The denser char layer forms
a protective insulator against ame. The oxygen gas in this area
is less, and the ame could not penetrate the char layer. The
addition of 0.5 wt% and 1.0 wt% CNC to epoxy enhances the
char residue formation, which protects the epoxy matrix and
results in lower heat release. This is in agreement with a study
by Wang et al.49 on epoxy nanocomposites, where the added
nano additives in the form of carbon nanotubes enhanced the
char formation, which protected the inner layer of polymer from
further combustion.
3.7 Fourier transform infrared (FTIR)

Fourier transform Infrared spectroscopic analysis was used to
identify the interaction of the epoxy and the curing agent on
CNC before and aer the cone calorimetry tests. Fig. 8 displays
the FTIR spectra for epoxy control, 0.5 wt% CNC/epoxy, and
1.0 wt% CNC/epoxy before and aer cone calorimeter tests. In
Fig. 8(a) for epoxy control, it showed the typical broad peak
around 3500–3000 cm−1, which is attributed to –OH stretching
vibration of the OH groups.50 The OH peak disappeared aer
the cone calorimeter test for epoxy control and composites due
to dehydration. The OH reduction aer 0.5 wt% CNC and
1.0 wt% CNC was due to OH interaction between particles and
matrix. The peaks corresponding to -C-H group was observed
around 2800–2900 cm−1.51Whereas those corresponding to CH2

was appeared at 2324 cm−1 and 2361 cm−1 (Fig. 8). Both peaks
were seen to increase aer the addition of CNC due to over-
lapped peaks as well as the result of increased crosslinking of
CNC in the epoxy polymer chains. These peaks were reduced
aer the cone calorimeter test due to the degradation process.
The C]O peak was observed at 1730 cm−1. This peak can be
correlated with the appearance of ester carbonyl group.52 The
RSC Adv., 2026, 16, 1163–1171 | 1169
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Fig. 8 FTIR spectra of epoxy and CNC/epoxy composites before and
after cone calorimetry test.
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amine groups for the hardener used in epoxy composites had
appeared at 1595 cm−1 and 1505 cm−1, respectively. These
peaks were attributed to the –NH bend found in primary amides
and the amide linkages attributed to the presence of C]O.53

The peak at 2964 cm−1 appeared at 0.5 wt% CNC/epoxy and
1.0 wt% CNC/epoxy, corresponding to C–H group in cellulose
and organic matter. This peak was reduced aer the cone
calorimeter test due to the degradation process. In Fig. 8(a) The
formation of carbon compound was observed with the existence
of peaks at 1550 to 1600 cm−1 and at peak 942 cm−1 aer the
cone calorimetry test.54 The SEM and FTIR results support that
degradation occurred with the formation of carbon-based
materials (char residues) aer the test was conducted.

4. Conclusions

In a nutshell, this study evaluated the effect on thermal stability
and ame retardancy following the incorporation of a low
loading additive of cellulose nanocrystals (CNC) in epoxy
composites. The CNC exhibits a cellulose I crystal structure,
characterized by a crystallinity index of 84.79%. The compos-
iting resulted in the integration of high crystallinity CNC into
epoxy, showcasing a notable degree of intramolecular hydrogen
bonding and distinct crystal structure properties. The incorpo-
ration of CNC at low loading levels examined in this study (up to
1.0 wt%) facilitated improved dispersion, resulting in a well-
dispersed homogeneous mixture within the polymer matrix
with little agglomeration. CNCs with a lower aspect ratio used in
this work improved the nucleation phenomenon throughout
the crystallization process. The thermal stability of epoxy rein-
forced with CNC is signicantly altered aer the addition of
1.0 wt% CNC, attributed to the crystalline structure of CNC and
the enhancement of crosslinking density within the polymer
matrix. The addition of CNC resulted in enhanced ame
retardancy, with 1.0 wt% CNC addition would yield a better
property enhancement in epoxy, promoting a char layer that
served as an effective barrier. The results were further validated
by SEM and FTIR analyses. This study, hence, successfully
1170 | RSC Adv., 2026, 16, 1163–1171
produced CNC as additive in epoxy composites with good
thermal and ame-retardant properties when compared to the
neat epoxy. The agglomeration tendency of CNC in the epoxy
needs to be further studied, and these ndings contribute to the
effectiveness of the FR additive. Surface modication of the
CNC to improve its compatibility and distribution in the epoxy
matrix needs to be explored. Additionally, there is a need for
further research on the application of these composites in
various elds, including electrical and electronic, chemical
resistance, environmental effects, and industrial utilization,
where wide applications of this composite can be utilized.
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