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Abstract
Surface modification of nanocellulose to improve its compatibility with the polymer matrix is gaining considerable atten-
tion these days. Herein, nanocellulose whiskers (NCW) extracted from Acacia caesia were modified with resorcinol and 
hexamethylenetetramine (RH) by the refluxing method. The characteristic properties of RH-modified NCW were studied 
using field emission scanning electron microscopy (FESEM), high-resolution transmission electron microscopy (HRTEM), 
energy dispersive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), dynamic light scattering 
(DLS), X-ray powder diffraction (XRD), thermogravimetric analysis (TGA) and UV–visible diffuse reflectance spectroscopy 
(UV-DRS). A marginal decrease in crystallinity index was observed by surface modification, whereas the thermal stability 
(Tmax) of the NCW increases by 32 °C on surface modification. The potential of modified filler in improving the properties 
of natural rubber latex (NR) was studied by comparing its mechanical, thermal, diffusion, permeability and biodegradability 
properties with neat NR and NR-NCW composites. Upon 2 phr filler loading, the tensile and tear strengths of modified NCW 
composites increased by 26 and 38% accordingly compared to the NR-neat. The better filler matrix interaction resulted in 
the marginal positive shift in the glass transition temperature, transport properties and Tmax of the modified composite. The 
incorporation of NCW also enhanced biodegradability and reduced the permeability of the prepared composites.
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1  Introduction

Modern research is focused on biomaterial-based systems for 
producing fresh, eco-friendly and defensible goods due to envi-
ronmental concerns and sustainability considerations [1]. To 
reduce the ecological problem, a biopolymer used in the elas-
tomeric industry is natural rubber due to its high extensibility 
and use as a potential raw material in flexible packaging, gloves, 
food wraps, belts, foot wears, etc. However, the lower mechani-
cal strength and abrasion resistance of the raw form of natural 
rubber limit its usefulness in diverse applications [2]. So, an 
effective filler should be provided to enhance the properties of 
natural rubber for forward looking requisites.

Lately, natural fillers like cellulose, lignin, starch, chitin, 
chitosan, xylose, etc. gained prominence in composite mate-
rials due to their environmental friendliness. These fillers 
can effectively minimize the drawbacks of petroleum based 

 *	 Seena K. Thomas 
	 seenamotty5@gmail.com

 *	 C. D. Midhun Dominic 
	 midhundominic@shcollege.ac.in

1	 Department of Applied Chemistry, Cochin University 
of Science and Technology, Kerala 682022, India

2	 Post Graduate & Research Department of Chemistry, Sree 
Sankara College, Kalady, Kalady P.O., Ernakulam Dist., 
Kerala 683574, India

3	 J. J. Murphy Research Centre, Rubber Park India Pvt. Ltd., 
Airapuram, Kerala 683556, India

4	 Department of Chemistry, Sacred Heart College 
(Autonomous), Thevara, Kochi, Kerala 682013, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-023-03850-5&domain=pdf
http://orcid.org/0000-0001-9170-6575


16770	 Biomass Conversion and Biorefinery (2024) 14:16769–16785

1 3

fillers such as non-renewable origin, toxicity, pollution, high 
cost, etc. [3]. Nanocellulose is a biopolymer with high aspect 
ratio, surface area, mechanical and physicochemical prop-
erties, and hence it is a promising substitute for synthetic 
polymers derived from petrochemical sources [4]. According 
to current research, nanocellulose plays a prominent role 
in constructing high-performance natural rubber materi-
als for advanced applications due to their superior features. 
It is considered a green filler for strengthening polymers 
because of its potential for fabricating value-added prod-
ucts without harming the surroundings [5]. The potential 
of cellulosic nanofillers in high-performance rubber bio-
nanocomposites is constrained by agglomeration, although 
they represent a sustainable alternative to synthetic fillers 
[6]. Over the past decades, much effort has been given for 
incorporating nanocellulose in natural rubber to improve its 
characteristic properties [7]. A small amount of nanomate-
rial can enhance the composite properties to several orders 
of magnitude, and it is the prime cause to choose it as fill-
ers. Enhancing the biodegradable property of the composite 
and reducing the abrasion resistance are some additional 
advantages of employing cellulose as filler in natural rubber 
[8]. But, the hydrogen bonds formed between the hydroxyl 
groups of β-1,4-d-glucopyranose units present in nanocel-
lulose lead to easy agglomeration and make it difficult to 
be dispersed in matrices [9]. Moreover, the polar nature of 
nanocellulose and the nonpolar nature of natural rubber lead 
to poor interface interaction [5]. Nanocellulose can improve 
the physico-mechanical properties of the rubber composites 
at very low concentrations, but at higher concentrations, it 
can have negative impact on the properties due to the poor 
dispersion in the matrix, according to Singh et al. [10]. Jini-
tha et al. compared the reinforcing efficiency of unmodified 
and modified lignocellulosic wastes (sago seeds) with 37% 
cellulose content in styrene butadiene rubber (SBR) com-
posites [11]. The study found that the modified sago seed/
SBR composites had increased tensile and tear strength of 60 
and 22% respectively, in comparison to the unmodified one. 
Consequently, the surface modification or chemical grafting 
of nanocellulose was found to be better preferences to solve 
this drawback [7].

By incorporating hydrophobic nature on nanocellulose, 
better compatibility with the hydrophobic matrix can be 
achieved and thereby properties of the biocomposites can be 
enhanced [1]. It is imperative to introduce either a charged 
or a hydrophobic moiety via surface modification to the 
composite in order to overcome the self-aggregation of the 
cellulose molecules within the hydrophobic matrix due to 
intra and inter molecular hydrogen bonding [3]. The sur-
face modification of the nanocellulose includes acetylation, 
TEMPO oxidation, silylation, sulfonation, phosphorylation, 
amidation, carbamation, etc. using various surface modi-
fiers or reagents [3]. By surface modification, the reduced 

polarity of the nanocellulose roots the improved filler disper-
sion and enhance the compatibility between the hydrophobic 
matrix and the hydrophilic filler [10]. Jiang et al. recently 
developed natural rubber composites by partially replacing 
carbon black (CB) with cationic surfactant (cetyltrimethyl 
ammonium bromide (CTMAB)) modified nanocellulose 
(NCC) [12]. The study showed that the dispersion of the 
NCC was positively influenced by the surface modification 
and the tensile, tear and the elongation properties of the 
modified composites were increased by 7.2, 47.9 and 15% 
respectively. Cellulose nanofibers grafted with either –SH 
or –C=C functional groups was used by Sinclair et al. for 
developing SBR composites [13]. The surface functionalised 
nanofibers upon esterification reaction could readily increase 
the compatibility of the filler within the matrix and enhances 
its chemical linkages with the matrix. Subsequently, the 
modified cellulose nanofiber composites showed enhanced 
strength and modulus compared to the composite with same 
CB loading. Bis-(triethoxysilyl-propyl) tetrasulfide (TESPT) 
was utilized by Somseemee et al. for the surface modifica-
tion of cellulose nanofibers for natural rubber (NR) compos-
ites [14]. The increased crosslink density in the presence of 
TESPT improved the modulus, tensile strength and hardness 
of the composites. The mixture of resorcinol and hexameth-
ylenetetramine can be used with nanocellulose to reduce its 
hydrophilicity by forming hydrogen bonds between them. 
Hence, this can improve the interfacial adhesion between 
the rubber and the cellulose [9]. Partial replacement of sil-
ica in NR composites using cellulose nanocrystals (NCC) 
modified with resorcinol and hexamethylenetetramine 
was presented by Xu et al. [15]. The composite with 50% 
silica replaced with modified NCC showed an increase in 
tensile strength, tear strength and hardness of 10.5%, 29% 
and 19.5% accordingly with respect to the unmodified NCC 
composite. A similar study conducted by Jiang et al. also 
reported enhanced properties for the cellulose nanocrystals 
modified with resorcinol and hexamethylenetetramine [9].

The cellulose molecules has high propensity to aggregate 
due to the possibility of forming hydrogen bonds between 
the abundant hydroxyl groups. In order to make it more com-
pactable with the natural rubber, the surface modification of 
the cellulose is necessary. The property of composites can 
be also tailored with surface modification. So the hypoth-
esis of our work can be quoted as “is it possible to develop 
sustainable natural rubber composites using resorcinol and 
hexamethylenetetramine surface modified nanocellulose for 
high end applications”. According to the author’s knowl-
edge, no work has been reported on the surface modifica-
tion of nanocellulose whiskers using resorcinol and hexa-
methylenetetramine using refluxing method. So, the study 
preferably aimed at the synthesis and characterization of 
the nanocellulose and surface-modified nanocellulose and 
the properties its ability in uplifting the physico-mechanical 
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properties of the matrix while they are introduced to the 
natural rubber. Surface modification can enhance the nano-
cellulose whisker’s interfacial adhesion and dispersion in the 
matrix. Consequently, the unique composite that the study 
offers will be a future promising material in the rubber sec-
tors. The concept of using an end matter as worthy green 
filler for reinforcing a bio matrix always fulfils the need of 
sustainability in composite materials.

2 � Materials and methods

2.1 � Materials

Njavallil latex, Eloor, Kerala, India, supplied the centrifuged 
NR latex (Para rubber tree (Hevea brasiliensis), with a 60% 
dry rubber content, a 0.70% ammonia content and a 0.95 
specific gravity). A plant bark of Acacia caesia fibres, an 
agro-waste collected from Ayurvedic hospitals in Ernaku-
lum, Kerala, India, Resorcinol and hexamethylenetetramine 
(RH) was purchased from Amruta Industries, Mumbai, India. 
Dispersions of zinc diethyl carbamate (ZDC), sulphur (S), 
zinc oxide (zno), potassium oleate, vulcastab were purchased 
from Associate chemicals, Kochi, Kerala, India; Potassium 
hydroxide (KOH) and toluene were kindly supplied by 
Merck, Bombay, India.

2.2 � Methods

2.2.1 � Modification of NCW with Resorcinol formaldehyde 
by refluxing

The sulphuric acid hydrolysis was used to create nanocel-
lulose whiskers from Acacia caesia fibres (‘Incha’) with a 
size range of 30 nm. The detailed method for the extrac-
tion of NCW is discussed in our previously reported work 
[16]. Resorcinol (1.56 g) and hexamethylenetetramine (1 g) 
(RH) were mixed well in a mortar. It was then added to 
nanocellulose whiskers (NCW) dispersion and the mixture 
was refluxed in two neck RB flask under magnetic stirring 
at 55–60 °C for 5 h. The mixture was cooled, filtered and 
washed with water until the filtrate became a colourless solu-
tion. It was then dried in an air oven at 50 °C for analysis.

2.2.2 � Latex compounding and film casting

The latex compounding technique was used to prepare NR 
gum and NR-NCW-RH nanocomposites according to the 
formulation given in Table 1. The nanocomposites with 0, 
1, 2, 3 and 4phr (parts per hundred rubber) NCW-RH were 
prepared by adding water dispersion of nanocellulose in 
NR latex. This mixture was stirred for 30 min, followed 
by other ingredients in the formulation as dispersion, and 

then ultrasonicated. The NR gum and NR NCW-RH mix-
tures were cast into a glass tray and kept overnight at room 
temperature. Vulcanized films were prepared after drying 
and curing in a hot air oven at 50 °C for 24 h and then at 
100 °C for 45 min. Before starting the characterization, 
these cured films were placed at 30 °C temperature and 
50% humidity for 1 day.

The scheme of plausible reaction is given in Fig.  1. 
Hydrogen bonds formed between the hydroxyl groups are 
shown here. The hexamethylenetetramine on hydrolysis 
gives formaldehyde and ammonia molecules [17]. The num-
ber of free hydroxyl groups in cellulose decreases by the 
modification process, making it less hydrophilic and thus 
more hydrophobic. While considering the reactivity of resor-
cinol, the hydrogen atoms of carbon adjacent to the hydroxyl 
groups such as C2, C4 and C6 are reactive. However, the 
hydrogen atom at C5 is primarily unreactive. Hexamethyl-
enetetramine produces activated methylenes while curing, 
which react with resorcinol forming resorcinol formaldehyde 
resin [18]. In this reaction between resorcinol and hexameth-
ylenetetramine, the former acts as a methylene acceptor and 
the latter as a methylene donor. Thus methylene crosslinks 
are formed between resorcinol molecules [19]. Cellulose 
forms hydrogen bonds with these cross-linked resorcinol 
molecules to get a uniform dispersion. The hexamethylene-
tetramine acts as a methylene donor and thus forms a cross-
linked structure between resorcinol molecules. The hydroxyl 
groups present in the complex form hydrogen bonds with 
NCW. This modified NCW-RH forms a chroman ring with 
an isoprene unit, schematically represented in Fig. 2.

2.3 � Characterizations

2.3.1 � Morphological studies

The morphology of samples was analysed using Hitachi 
SU6600 variable pressure field emission scanning electron 
microscope (FESEM) at an acceleration voltage of 30 kV 
and Probe current of 1 pA–200 nA. Samples were sput-
ter-coated with gold to avoid charging. The transmission 

Table 1   Formulation of NR-NCW-RH composites

Materials Amount (g)

60 % DRC in centrifuged NR latex 167.0
NCW-RH As per requirement
10% Potassium hydroxide solution 1.0
10% Potassium oleate solution 1.0
20% Vulcastab VL 1.0
50% Zinc oxide dispersion 1.0
50% ZDC dispersion 2.0
50% Sulphur dispersion 3.0
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electron micrographs of dilute dispersion of cellulose 
nanofibres were obtained on a high-resolution transmis-
sion electron microscope, JEM-2100 HRTEM. A drop of 
suspension of each sample was placed on a carbon film-
coated copper grid, dried up and examined.

2.3.2 � Elemental studies

The elemental composition of materials was obtained using 
Joel 6390LA/ OXFORD XMX N scanning electron micros-
copy with energy dispersive X-ray spectroscope.

Fig. 1   Schematic representation 
of plausible reaction of NCW 
with RH

Fig. 2   Scheme of plausible 
reaction of composite forma-
tion [20]
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2.3.3 � Structural analysis

The FTIR spectrum was recorded using Avtar 370 spectrom-
eter (Thermo Nicolet, USA). The powdered samples were 
mixed well with potassium bromide (KBr) and pressed to 
form KBr thin pellets. The scanning was performed at the 
range of 4000 to 400 cm−1 at a resolution of 4 cm−1 with 32 
scans per min. The average particle size distribution of the 
isolated cellulose nanofibres was carried out using Malvern 
zetasizer instrument (Malvern Instruments Ltd.). The sus-
pension of NCW and NCW-RH were ultrasonicated before 
analysis. The measurements were conducted triplicated, and 
the average of the measurements was reported.

2.3.4 � Absorbance studies

UV diffuse reflectance spectrometer using DH-2000-BAL 
deuterium-halogen light source was used for studying the 
UV absorbance of NCW-RH.

2.3.5 � Crystallinity studies

The crystallinity of the samples was recorded on Bruker 
AXS D8 Advance with Cu Kα radiation with an angle 
range 5°–80° (2θ angle range) at a wavelength of 1.541 Å, 
an operating voltage of 45 kV and a current of 35 mA. The 
Segal equation was used to calculate the crystallinity index 
(Ic) of raw fibres and prepared NCW [21, 22] is given as,

where I(200) is the peak intensity at 2θ = 22.6° and I(am) 
is the intensity minimum between 200 and 110 plane ( I(am), 
2θ = 16).

2.3.6 � Thermal studies

The thermal analysis is performed using a TGA Q50 (TA 
Instruments) heated at a rate of 20 °C/min in a nitrogen envi-
ronment at temperatures ranging from 25 to 800 °C. Diffuse 
reflectance spectroscopy, or diffuse reflection spectroscopy, is 
a subset of absorption spectroscopy. Differential scanning calo-
rimetry was performed using Netzsch DSC 204 F1 (Germany) 
at a heating rate of 10 °C/min in inert nitrogen atmosphere at 
a temperature range from −70 to 160 °C.

2.3.7 � Mechanical analysis

The stress-strain measurements were conducted on Instron 
make Universal Testing Machine using dumbbell specimens 
by ASTM-D-412. Tensile strength, elongation at break and 

(1)Ic =
[(

I(200) − I(am)
)

∕I(200)
]

∗ 100

tensile modulus were recorded and calculated by the instru-
ment software. The tear strength of composites was tested 
according to the ASTM D-624 standard. The tensile frac-
ture surfaces of samples were studied using NOVA NANO 
FESEM 450 model. Attenuated total reflection Fourier 
transform infrared spectroscopy (ATR-FTIR) spectrum was 
recorded using Avtar 370 spectrometer (Thermo Nicolet, 
USA) in the ATR mode.

Dynamic mechanical analysis is used to identify the abil-
ity of a sample to store and diffuse mechanical energy when 
subjected to deformation in a wide temperature range which 
was studied using TA Instrument DMA Q800, in tension 
mode from −100 to 90 °C at a testing frequency of 1 Hz and 
heating rate of 3 °C/min.

2.3.8 � Diffusion studies

The procedure of diffusion studies is as follows. The pre-
pared samples were cut into 1 cm diameter and dried at 50 
°C for 12 h, then measured the weight. Then all samples 
were immersed in toluene, and the solvent uptake was meas-
ured at different time intervals. Swelling index, mol percent-
age uptake and crosslink density of samples were measured 
by swelling the samples in toluene. The mole percentage 
solvent uptake (Qt %) was calculated by using the equation,

where Wt is the weight of the swelled sample after time 
t and Wi is the initial weight of the sample before swelling, 
Ms is the molecular mass of solvent.

The following equation calculated the swelling index,

where Wi implies the initial weight of sample before 
swelling and Ws is the maximum swollen weight.

For the calculation of crosslink density, the rubber solvent 
interaction parameter has been found using the equation,

where Vs is the molar volume of the solvent, δsand δp are 
solubility parameters of solvent and polymer. R is the uni-
versal gas constant and T the absolute temperature, β is the 
lattice constant and is 0.38 in this calculation.

Using χ values, the molar mass between crosslinks (MC) of 
the polymer was estimated from the Flory-Rehner equation,

(2)Qt mol% =

(

Wt −Wi

)

∕Ms

Wi

X 10

(3)Swelling index =

(

Ws–Wi

)

Wi

X 100

(4)� = � +
Vs

(

�s − �p
)2

RT
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where ρp is the density of the polymer, Vr is the volume 
fraction of swollen polymer, Vsis the molar volume of the 
solvent and χ the interaction parameter. The volume fraction 
of the polymer is calculated by the equation,

where d is the desorbed weight of the polymer, f is the 
weight percent of filler, w is the initial weight of the poly-
mer, ρp and ρs are the density of polymer and the solvent, 
respectively and Ao is the net solvent uptake of the polymer. 
Using the Mc values, crosslink density can be calculated by 
the equation

2.3.9 � Biodegradation studies

The biodegradation of NR/cellulose whiskers nanocompos-
ites in soil was carried out [23]. The soil was taken from the 
surface layer. To obtain a homogeneous mass, all the inert 
materials were removed. A thickness of 3 cm was obtained by 
pouring 100 g of soil into a plastic pot (30 cm × 15 cm). All 
the aforementioned compositions were accurately weighed, 
along with nanocomposite samples. The samples were previ-
ously dried at 50 °C for 24 h. After which, they were buried 
in the pots to a depth of 1 cm. As to sustain the moisture, 
water was sprayed once a day. The samples were buried for 
four weeks but were also weighed each week too. The sam-
ples were taken out carefully, washed with distilled water, 
dried at 50 °C for 24 h and then weighed, which was repeated 
after each period. To determine the average weight loss, the 
following equation can be used.

Where W0 is the initial weight and Wt is the remaining 
weight at any time. All results are the average of three rep-
licates. The purpose of this study was to monitor the bio-
degradation of our test samples using the composting setup 
outlined in ASTM D 5338-15 [24].

2.3.10 � Wettability studies

Water contact angle measurement is the most common 
method used to quantify the wettability of a solid surface by 

(5)MC =
−�pVs

(

Vr

)
1

3

ln
(

1 − Vr

)

+ Vr + �Vr
2

(6)Vr =
(d − fw)�r

−1

(

d − fw
)

�p
−1 + Ao�s

−1

(7)Crosslink density, υ =
1

2Mc

(8)Weight loss % =
W

0
−Wt

W
0

× 100

a liquid. The contact angle is geometrically defined as the 
angle formed by a liquid at the three phase boundary where 
a liquid, gas, and solid intersect.

2.3.11 � Gas permeability studies

A Lyssy Manometric gas permeability tester L100-2402 
was used to measure the air permeability of the NR-NCW 
composite membranes. The test gas selected was nitro-
gen, and it was used at a flow rate of 500 mL/min. The 
circular-shaped samples having a diameter of 1 mm were 
used. The equation used to calculate the permeability of 
the test samples is,

where Pm is permeability of the test sample, tm is inter-
val time constant for the test sample, Pr is permeability of 
the reference (standard PET sample) and Tr is interval time 
constant for standard PET. The temperature and relative 
humidity conditions of the test are (25 ± 1) °C and (65 ± 
0.5), respectively.

3 � Results and discussion

3.1 � Morphological analysis of modified filler

The FESEM of NCW and RH-modified NCW (NCW-RH) 
are shown in Fig. 3(a) and (b). A surface coating on the mod-
ified NCW is visible in this image which might have helped 
the NCW for avoiding self-agglomeration and thereby forms 
uniform dispersion of filler. Singh et al. also observed the 
reduced agglomeration of surface modified nanocellulose 
using 3-aminopropyltriethoxysilane [10]. The roughness of 
the cellulose whiskers increased after modification and each 
rods is covered by the resorcinol-hexamethylene complex 
through H-bonding. Figure 3(c) and (d) shows HRTEM 
images of NCW and NCW-RH. The strong hydrogen bond-
ing between the NCW and RH hydroxyl groups aids in the 
absorption of RH particles on the NCW rods, allowing them 
to disperse uniformly and without agglomeration. This dem-
onstrates that the surface modification was successful, as 
well as the high dispersion of the modified nanocrystals. 
A similar TEM images was presented by Souza et al. on 
surface-modifying nanocellulose with anionic surfactant by 
adopting ball milling method [25].

3.2 � Energy dispersive X‑ray spectrum

Energy dispersive X-ray spectroscopy (EDX) spectrum of 
NCW and NCW-RH are shown in Fig. 4. From this graph, 
a clear idea about the elemental analysis of the sample is 

(9)Pm =
(

Tr ∗ Pr
)

∕tm
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obtained. An increase in weight percentage of carbon and 
decrease in oxygen weight percentage indicate the suc-
cessful incorporation of resorcinol formaldehyde in NCW. 
Table 2 tabulating the weight percentages of each sample 
also confirms the filler purity.

3.3 � Dynamic light scattering

The graphical representation of dynamic light scattering 
(DLS) is given in Fig. 5. The calculated average diameters 
for NCW and NCW-RH are 32.1 nm and 40.5 nm respec-
tively. The diameter of the sample retained its nanometer 
range, even after its modification, which is an advantage 
for the  composite reinforcement. Foo et  al. reported a 
similar increase in the average diameter of the nanocrys-
talline cellulose modified with tannic acid and decylamine 
[26]. However, this slight increase in the diameter might 

Fig. 3   FESEM micrographs of 
(a) NCW, (b) NCW-RH and 
TEM image of (c) NCW and (d) 
NCW-RH

(a) (b)

(c)

)

(d)

Fig. 4   EDX Analysis of (a) 
NCW and (b) NCW-RH

Table 2   Elemental analysis of 
NCW and NCW-RH

Sample C (wt%) O (wt%)

NCW 33.18 66.82
NCW-RH 37.69 62.15
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be an indication of the surface covering of NCW with RH 
complex.

3.4 � Fourier transform infrared spectrum

The interaction between NCW and RH is proved in the 
FTIR spectrum given in Fig. 6(A). The absorption peaks at 
3400 cm−1 in all samples indicate –OH’s stretching vibra-
tion, and it is much more broadened for NCW-RH due to 
the formation of hydrogen bonds between NCW and RH 
[7]. -C-H symmetric stretching vibration is denoted by the 
absorption peak 2885 cm−1. The peak at 1607 cm−1 shows 
the skeletal vibration of aromatic -C=C in RH, which is 
observed at 1605 cm−1 in NCW-RH also. The peak at 1160 
cm−1 implies the –C=O stretching vibration [27].

3.5 � X‑ray powder diffraction

X-ray powder diffraction (XRD) patterns of NCW and 
NCW-RH are shown in Fig. 6(B). Almost same peaks are 
observed in both XRD diffractograms. The prominent peaks 
at 2θ = 16° and 22.6° correspond to (110) and (200) lattice 
planes of cellulose [16].The crystallinity index is calculated 
by Segal equation [22]. The crystallinity index of NCW is 
decreased from 79.65 to 77.84% after modification as given 
in Table 3. According to Somseemee et al., the reduction in 

Fig. 5   Particle size distribution 
of (a) NCW and (b) NCW-RH

)%(
ycneuqerF

0

10

20

0.1 100001 10 100 1000

50

100

Diameter (nm)

Diameter (nm)

(a)

(b)

Fig. 6   (A) FTIR spectra of (a) 
NCW-RH (b) RH (c) NCW and 
(B) XRD pattern of NCW and 
NCW-RH

Table 3   Crystallinity 
index (Ic) of NCW and 
NCW-RH

Sample Crystallinity index

NCW 79.65
NCW-RH 77.84



16777Biomass Conversion and Biorefinery (2024) 14:16769–16785	

1 3

the number of hydrogen bonds in NCW leads to an unfavour-
able condition for crystallisation [14]. The crystallinity is 
also considered an essential factor in reinforcing a matrix 
while affecting its modulus. So it should be careful in select-
ing the surface modifier so as to retain the crystallinity even 
after the modification [5].

3.6 � Thermo gravimetric analysis

The thermogravimetric analysis (TGA) and DTG images 
of NCW and NCW-RH are compared in Fig. 7(a) and (b). 
Dramatic increase in the onset degradation temperature from 
252 to 296 °C is due to the modification with RH and is 
given in Table 4. The temperature at 50% degradation and 
maximum degradation temperature of NCW-RH also show a 
significant change after modification. This implies that there 
is an increase in thermal stability of the RH-modified NCW 
than the unmodified one.

3.7 � UV–visible diffuse reflectance spectroscopy

Solid state UV–Vis diffuse reflectance spectrum of NCW-RH 
is plotted with Kubelka Munk model in Fig. 8. According 
to the literature, the absorption band observed for NCW is 
approximately near 279 nm [28]. This peak is reproduced in 
the modified NCW, indicating no change in the cellulose’s 
essential characteristics on modification. The direct band gap 
(Eg) of the sample was estimated as 1.8 eV using the graph 
plotted with (hνF(R))2 versus photon energy (hν), where F(R) 
is Kubelka-Munk function [F(R)=(1-R)2/2R] [29].

3.8 � Morphological analysis of composites

The HRTEM image of the NR-NCW-RH-2phr composite 
is given in Fig. 9(A)(a) and (b9). The mechanism involved 
in latex film formation is summarised here. Evaporation of 
water during film formation restricted the Brownian motion 
of latex particles so that the water-air interfacial tension 
helped to form a continuous film. Curing makes it more 
homogeneous due to gradual coalescence by polymer chains’ 

inter diffusion that removes the particle boundaries [30, 31]. 
The composite is produced by mixing RH-modified NCW 
with natural rubber latex and the compounding ingredients. 
The process of curing pushed the nanoparticles of NCW-
RH to the boundary of spherical rubber latex particles. The 
thick rubber latex prevents the penetration of NCW-RH into 
the rubber spheres. The segregated network throughout the 
composite in the present work is illustrated with the HRTEM 
image. Latex stage mixing method helps in the formation of 
segregated network and uniform distribution of NCW-RH 
in NR latex and thereby the former wraps the latter during 
the film formation to get an excellent segregated network. A 
similar observation was also reported by Neena et al. [30].

The tensile fracture surface morphology is presented in 
Fig. 9(B)(c) and (d). Usually, the fracture in rubber composites 
is either by breakage of filler or pull-outs of agglomerated fill-
ers from the matrix. NR gum shows a smooth surface, whereas 
NR-NCW-RH-2phr has a rough morphology. The addition of 
filler creates a rough and irregular fracture topography to the 
composite [32]. The craters and wrinkles which are seen on the 
fractured surface of NR-NCW-RH-2phr implies the effective 
stress transfer between the matrix and filler leading to better 
mechanical properties due to the slow fracture process [33].

3.9 � Mechanical properties

The mechanical properties of NR-NCW-RH nanocomposites 
with different compositions prepared by latex stage process-
ing technique are given in Table 5. The effect of NCW-RH 
on NR is very significant in terms of the increase in tensile 
strength, tensile modulus and tear strength. A vital decrease 
in elongation at break is also observed as the filler loading 

Fig. 7   (a) TGA and (b) DTG 
curves of NCW and modified 
NCW-RH

Table 4   Thermal degradation data

Sample Onset degradation 
temperature Ton (°C)

Temperature at 
50% degrada-
tion T50 (°C)

Maximum degradation 
temperature Tmax (°C)

NCW 252 322 332
NCW-RH 296 355 364
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Fig. 8   UV-DRS spectrum of 
NCW-RH

Fig. 9   (A) HRTEM image of 
NR-NCW-RH-2phr in (a) 200 
nm and (b) 50 nm, (B) FESEM 
micrographs of (c) NR-gum and 
(d) NR-NCW-RH-2phr tensile 
fracture surfaces



16779Biomass Conversion and Biorefinery (2024) 14:16769–16785	

1 3

increases. The tensile strength of NR has been improved 
by 26.3%, tensile modulus by 171.1% and tear strength by 
38.1% by the addition of 2phr of NCW-RH. So, 2phr con-
centration for this particular filler in NR is considered as 
optimum for obtaining maximum properties. Its uniform 
distribution in NR is evident from the fracture SEM given 
in Fig. 9. The increased mechanical properties stem from a 
combination of two factors; first, the reinforcement in the 
network structure formed by the NCW-RH in the interfaces 
of rubber, which can transfer the load from matrix to filler, 
and second is the percolation effect of the filler in the rubber. 
The percolation effect occurs at a particular volume frac-
tion threshold of filler in the matrix. A strong network is 
formed by reducing the distance between the particles in 
the composite [34]. However, beyond this concentration, the 
composite property decreases due to the altered crystalline 
structure. The mechanical properties are directly related to 
the degree of crystallinity. The less uniform distribution at 
higher filler loadings leads to a drop of film crystallinity 
and a decrease in tensile strength [32]. The stress-strain plot 
of NR gum and NR-NCW-RH with different compositions 
is given in Fig. 10(a). According to the literature, a strain-
induced crystallisation is formed inside the rubber polyhedra 
without any interference from the filler particles. Eventu-
ally, the uniform distribution of filler and the strain-induced 
crystallisation are the two factors that prevent premature 
tearing at the interface which enhance the mechanical prop-
erties [30]. A decrease in elongation at break is observed as 
the filler loading increases, which in turn causes a reduc-
tion in elasticity for the NR-NCW-RH composite. The 

three-dimensional network formed in the composite by the 
NCW-RH filler restricts the mobility of NR chains which in 
turn reduces its elasticity [32].

3.10 � Attenuated total reflection Fourier transform 
infrared spectroscopy

Figure 10(b) represents the attenuated total reflection Fou-
rier transform infrared spectroscopy (ATR-FTIR) of NCW-
RH, NR gum, and NR-NCW-RH composites of different 
filler loadings. Some of the characteristic absorption bands 
of NR gum are -C-C stretching, -CH3 bending and –CH2 
bending, which are denoted by the peaks such as 1013, 1377 
and 1442 cm−1, respectively [35]. The peak at 1667 cm−1 
indicates the stretching vibration of C=C of the polyiso-
prene unit. Three nearby sharp peaks at 2850, 2931 and 2965 
cm−1 imply –CH2 symmetric stretching, –CH2 asymmetric 
stretching and –CH3 asymmetric stretching respectively. The 
broad peaks observed in composites between 3100 and 3600 
cm−1 indicate the hydrogen bonds formed during composite 
preparation due to hydroxyl groups in cellulose [32].

3.11 � Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) is used to understand 
the ability of a material to store and dissipate mechanical 
energy when subjected to deformation by varying tempera-
tures. The viscoelastic and damping characteristics of com-
posites can be calculated by this analysis. The interaction 
between filler and matrix is also investigated. Figure 11 

Table 5   Mechanical properties 
of NR and NR-NCW-RH 
composites

Sample Tensile strength (MPa) Elongation 
at break (%)

Modulus at 500% 
elongation (MPa)

Tear strength (N/mm)

NR-gum 21.31 ± 0.60 1583 ± 43 1.14 ± 0.05 42.22 ± 1.3
NR-NCW-RH-1phr 24.23 ± 0.40 1556 ± 40 2.03 ± 0.07 47.53 ± 0.8
NR-NCW-RH-2phr 26.91 ± 0.60 1098 ± 56 3.09 ± 0.04 58.30 ± 1.0
NR--NCW-RH-3phr 26.18 ± 0.50 1079 ± 53 2.96 ± 0.03 49.98 ± 1.2
NR-NCW-RH-4phr 23.60 ± 0.30 1059 ± 48 3.57 ± 0.05 44.39 ± 1.3

Fig. 10   (a) Stress-strain plot. 
(b) ATR-FTIR spectra of 
NR-gum and NR-NCW-RH 
composites



16780	 Biomass Conversion and Biorefinery (2024) 14:16769–16785

1 3

shows the variation of storage modulus (E′), loss modulus 
(E′′) and tan δ with temperature and the respective values 
are summarised in Table 6. A Cole-Cole plot is also included 
here. The storage modulus decreases with temperature 
through three regions: glassy state in low temperature, a rub-
bery state in high temperature and the transition state from 
glassy to rubbery state, representing the glass transition tem-
perature (Tg). Here, it is found that NR-NCW-RH-2phr com-
posite has higher storage modulus than NR-NCW-2phr indi-
cating the homogeneous dispersion of NCW-RH in the NR 
matrix. It is also directly related to the composite’s crosslink 
density and is supported by the data given in Table 8. The 
storage modulus at 25 °C of NR-NCW-2phr and NR-NCW-
RH-2phr composites are 1.631 and 2.539 MPa, respectively, 
representing the high crystallinity of the modified composite 
compared to the unmodified composite [32].

The energy lost during friction in composites is repre-
sented by loss modulus. The glass transition temperature, 
Tg, from the loss modulus curve for NR-NCW-2phr and NR-
NCW-RH-2phr are −56.3 and −56.17 °C respectively. There 
is a marginal positive shift in the Tg for modified composites 
indicated its better filler-matrix interaction. The ratio of loss 
modulus and storage modulus is the damping factor (tan 
δ). The peak height from the graph of tan δ is also used to 
determine the glass transition temperature. However, there is 
no significant change in Tg for NR-NCW-RH-2phr and NR-
NCW-2phr. The decrease in the intensity of the peak of the 
tan δ curve implies the restriction of the segmental move-
ment of polymer chains in the NR-NCW-RH-2phr composite 

compared to the unmodified one. It might be due to the stiff-
ness produced by the NCW-RH filler in the NR matrix due 
to the better interfacial reinforcement in the composite [36].

The Cole-Cole plot or Wicket plot is drawn by the data 
of loss modulus against storage modulus. It is used to study 
the degree of homogeneity in the composite and to identify 
the structural changes by adding filler [37]. The smooth semi-
circular arc represents homogeneous polymer systems, and the 
irregular shape implies its inhomogeneity due to the phase sep-
aration [38, 39]. The Cole-Cole plot of the NR-NCW-2phr and 
NR-NCW-RH-2phr are shown in Fig. 11d. A smooth semi-
circular arc is obtained for the composites denoting the homo-
geneous nature of composites without any phase separation. 
From Table 6, the value of volume fraction of immobilised 
polymer chain (Cv) for NR-NCW-RH-2phr is 0.0208, which is 

Fig. 11   DMA plots (a) storage 
modulus, (b) loss modulus, (c) 
tan delta curves and (d) Cole-
Cole plot of NR NCW-2phr and 
NR−NCW-RH-2phr nanocom-
posites

Table 6   Dynamic mechanical analysis data of NR-NCW-2phr and 
NR-NCW-RH-2phr composite

Properties NR-NCW-2phr NR-NCW-RH-2phr

Tg (according to tanδ max) 
(°C)

− 48.22 − 48.37

Tg (according to E” max) (°C) − 56.3 − 56.17
Tan δ at 25 °C 0.0438 0.1098
Storage modulus at 25 °C 

(MPa)
1.631 2.539

Volume fraction of immobi-
lised polymer chain, Cv

0.0045 0.0208

Adhesion factor, A 0.0162 − 0.1309
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higher than 0.0045 of NR-NCW-2phr, indicating better inter-
facial interaction of filler and polymer chain in modified com-
posite. Similarly, the adhesion factor of modified sample is less 
than the unmodified one, which is also a positive symbol of 
good interfacial interaction. As the adhesion factor decreases, 
the adhesion between the matrix and filler increases [40].

3.12 � Thermal properties

By thermogravimetric analysis, the reduction in the weight 
percentage of sample material is measured at 0 to 800 °C in 
a nitrogen atmosphere. It is graphically plotted in Fig. 12. 
Due to the degradation of polymer part by chain scission or 
crosslink breakage, a sudden loss of weight appeared near 
300 °C [41]. Thermal degradation data is given in Table 7. 
The onset degradation temperature of NR-NCW-RH-2phr 
is 7 °C greater than NR-NCW-2phr, T50 is 5 °C greater than 
NR-NCW-2phr and the maximum degradation temperature 
is 2 °C greater than unmodified cellulose composite. This 
implies a significant increase in thermal stability of the mod-
ified composite compared to the unmodified one.

3.13 � Differential scanning calorimetry

The graphical representation of the differential scanning cal-
orimetry (DSC) plot of NR gum, NR-NCW-2phr, and NR-
NCW-RH-2phr is shown in Fig. 12(C). The glass transition 
temperatures, Tg, obtained from the graph, − 59.2, − 60.7, 
and − 59.8 °C respectively for the abovementioned samples 
does not have any significant change regardless of the nature 
of the filler. It might be due to retaining the chemical struc-
ture of natural rubber without forming any covalent bonds 
other than hydrogen bonding between natural rubber and the 
additives during compounding [42, 43].

3.14 � Diffusion studies

The toluene uptake of NR-gum and NR-NCW-RH compos-
ites in varying NCW-RH loadings at different time intervals 
are shown in Fig. 13(a). The initial rate of solvent uptake is 
very high due to the high concentration gradient of the pen-
etrant in the composite. Eventually, the concentration gradi-
ent reduces, and so the rate of solvent uptake also reduces. 

Fig. 12   (a) TG, (b) DTG graphs 
and (c) DSC graphs of NR-gum, 
NR-NCW 2phr, NR-NCW-RH-
2phr composites

Table 7   Thermal degradation 
data of the composites

Sample Onset degradation  
temperature Ton (°C)

Temperature at 50%  
degradation T50 (°C)

Maximum degradation 
temperature Tmax (°C)

NR gum 333 370 368
NR-NCW-2phr 331 371 371
NR-NCW-RH-2phr 338 376 373
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The chemical crosslinks and elastomer-filler interaction 
influenced the crosslink density of nanocomposites [44]. 
Table 8 shows the crosslink density and swelling index of 
all composites. NR-NCW-RH composites exhibited a reduc-
tion in solvent uptake with NCW-RH concentration. Higher 
crosslink density and lower swelling index were obtained for 
NR-NCW-RH-2phr composite, representing improved rub-
ber-filler interactions. The crosslink density of the composite 
about 45% higher than the NR gum implies the superior 
interaction between the filler and matrix. The uniformly dis-
tributed NCW particles restrict the polymer chain’s mobility, 
reducing the solvent uptake [45, 46].

3.15 � Contact angle of water

The difference in hydrophilicity of the NR-NCW-RH-2phr 
composite compared to the NR-NCW-2phr composite is 
identified by the contact angle of water analysis. Hydro-
philicity is directly proportional to the number of hydroxyl 
groups present in the composite. NCW is hydrophilic 
due to the presence of hydroxyl groups. However, NR is 
hydrophobic. Nevertheless, modifying NCW with resor-
cinol hexamethylene complex decreases the number of free 
hydroxyl groups due to the hydrogen bonding between cel-
lulose and RH. The water contact angle for hydrophilic 
substances is smaller than that of hydrophobic substances. 

According to the literature, the contact angle of water for 
NR is higher, and cellulose is lower. Moreover, the surface 
morphology, like roughness on the surface, also affects 
the contact angle measurement. According to literature, 
as roughness increases, contact angle decreases [2]. The 
images given in Fig. 13(b) support the explanation given 
above.

3.16 � Biodegradability studies

Biodegradable nanocomposites have wide applications in 
the packaging industry. Even though certain microorgan-
isms degrade natural rubber, it is a prolonged process in 
natural rubber compared to the degradation of cellulose 

Fig. 13   (a) Qt vs. time1/2 graph 
of NR-gum and NR-NCW-RH 
composites and (b) contact 
angle images of NR gum, NR-
NCW-2phr, NR-NCW-RH-2phr

NR-NCW-RH-2phr 
(Avg. angle ~ 75º)

NR gum 
(Avg. angle ~ 99.4º)

NR-NCW-2phr 
(Avg. angle ~ 64.5º)

(a)

(b)

Table 8   Transport properties of NR-gum and NR-NCW-RH compos-
ites

Sample Crosslink density 
(10−5 mol/g)

Swelling index (%)

NR-gum 4.9 ± 0.05 525 ± 5
NR-NCW-RH-1phr 6.1 ± 0.1 466 ± 3
NR-NCW-RH-2phr 7.1 ± 0.05 413 ± 6
NR-NCW-RH-3phr 6.5 ± 0.2 422 ± 4
NR-NCW-RH-4phr 6.3 ± 0.1 430 ± 3
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[47]. In this work, the effect of modified nanocellu-
lose whiskers in the biodegradability of natural rubber 
is studied by varying the compositions of NCW. From 
Fig. 14(a), it is clear that the presence of NCW signifi-
cantly influences the degradation of natural rubber in soil. 
After 9 weeks, NR gum degraded about 3.3%. But the 
degradation percentages of NR-NCW-RH composites are 
3.9, 4.5, 4.7, and 5% respectively for 1, 2, 3, and 4phr 
composites. As the filler loading increases, the degrada-
tion rate also increases. As the biodegradation of cel-
lulose is faster than rubber, the cellulose content in the 
composite is consumed by the microorganisms at a faster 
rate. It may lead to the formation of voids and porosity in 
the composite producing the destruction of natural rubber 
into small pieces. Hence, an overall faster decomposition 
of natural rubber is observed for NR composites contain-
ing cellulose, which agrees with the literature [48].

3.17 � Permeability studies

The variation in relative permeability of original and 
modified samples is shown in Fig. 14(b). The shape and 
high aspect ratio of fillers in nano-filled latex membranes 
contribute to their improved gas barrier properties [49]. 
The modified filler has better interfacial adhesion with 
the rubber matrix. By reducing NCW agglomeration, 
the hydrogen bonding interaction between NCW and RH 
allows for improved dispersion. As a result, it can obstruct 
the flow of nitrogen gas, lowering the composite’s per-
meability. The values of relative permeability are given 
in Table 9.

4 � Conclusion

Elastomeric composites have wide application in the current 
era due to their unique properties. This study investigated the 
characteristic analysis of the modification done on nanocel-
lulose whiskers to improve their properties. FTIR analysis 

reveals the successful incorporation of RH in NCW which is 
represented by their characteristic peaks in the modified sam-
ple. Morphological analysis like FESEM and HRTEM images 
displays the modification of NCW. EDX gives a clear idea 
about the absence of any other elements present in the sample 
also confirming the purity of NCW after modification. After 
modification, the average particle size obtained from DLS 
analysis is also in the nanometer range. A dramatic increase 
in the thermal stability is the most critical changes after modi-
fication of NCW with resorcinol-hexamethylene complex. 
In the present study, the NR-NCW-RH composites in differ-
ent compositions are also prepared, and their characteristic 
properties are analysed. TEM analysis gave an idea about the 
segregated network structure formed in the composite. About 
26% increase of tensile strength is observed for NR-NCW-2phr 
composite compared to NR gum. The enhanced interfacial 
interaction is confirmed by the higher storage modulus and 
lower tan δ value for the NR-NCW-RH-2phr composite com-
pared to the unmodified composite. An increase in volume per-
centage of immobilised polymer chains (Cv) and a decrease in 
adhesion factor (A) also brings about an increase in the extent 
of interaction between NR and NCW-RH. The semicircular 
curves in the cole-cole plot are an indication of homogeneity 
in the composite. The crosslink density of the same compos-
ite about 45% higher than the NR gum implies the superior 
interaction between the filler and matrix. The thermal stabil-
ity of the 2 phr composite increases significantly. The use of 
biofiller is an advantage for improving the rate of degrada-
tion of the matrix. As the concentration of the filler increases, 
the rate of biodegradability of the composite also increases. 

Fig. 14   (a) Biodegradability 
studies of NR gum and NR-
NCW-RH composites and (b) 
nitrogen permeability studies 
of NR gum, NR-NCW and NR-
NCW-RH composites

Table 9   Nitrogen permeability values of NR-gum, NR-NCW and 
NR-NCW-RH composites

Sample Nitrogen permeability 
(10−13 cm3 m−2 day−1)

Relative 
permeability 
(P/Po)

NR gum 2.77 1
NR-NCW-2phr 2.74 0.9892
NR-NCW-RH-2phr 2.302 0.83104
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The modified filler makes the composite more impermeable 
to nitrogen gas compared to the unmodified one. Based on 
the presented results, it is possible to conclude that RH-mod-
ified NCW could be used as an effective biofiller in NR latex 
for high performance applications. Additionally, grafting of 
nanocellulose can improve its qualities even more. The current 
work shows how increasing the physico-mechanical properties 
of the composites at lower filler concentrations. The fillers can 
even use at higher concentrations to investigate if they have a 
good reinforcing effect. It is also possible to employ elasto-
mers other than natural rubber in the composite formation and 
modify the surface of cellulose molecules with compounds 
other than resorcinol and hexamethylenetetramine to prepare 
polymer nanocomposites with remarkable properties.
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