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Abstract
This work reports for the first time the development and characterization of ҡ-carrageenan-based bio-nanocomposite films 
incorporated with cellulose nanocrystals (CNC) derived from Indian gooseberry pomace, a major waste from fruits and 
vegetables processing industry. The CNCs were incorporated in different proportions, viz., 1, 3, 5, and 7%, and solution 
casting method was used to prepare the films. The effect of CNC loading on the structural, morphological, mechanical, and 
barrier properties was evaluated. Compared with the control films, CNC-reinforced bio-nanocomposite films showed better 
barrier and mechanical properties. After 5% CNC loading, water vapor permeability of the films decreased from 3.21 to 2.36 
g mm/m2 day kPa while an increase in the tensile strength from 23.28 to 39.75 MPa was seen. FTIR analysis showed that no 
structural changes took place in the polymeric matrix after the addition of CNC, while FESEM results showed that higher 
CNC loadings (7%) lead to agglomeration. Crystallinity of the films increased with the addition of CNC, as evident from 
XRD. The developed bio-nanocomposite films have the potential to be utilized for high-barrier food packaging applications.
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1 � 1. Introduction

Over the past few decades, considerable research efforts have 
been devoted to bio-based packaging materials due to grow-
ing environmental concerns related to plastics [1, 40, 45]. 
The worldwide attention to achieve the sustainability agenda 
of Sustainable Development Goals (SDGs) by 2030 has been 
the primary driving force for the increasing demand for bio-
based polymers in food packaging. Numerous studies have 
demonstrated the use of biopolymers such as polysaccha-
rides [2], proteins [3], and lipids [4] in the manufacture of 
biodegradable packaging as they offer many advantages like 
low cost, renewability, easy availability, and biodegradable 
nature. However, technological challenges like low tensile 
strength and poor barrier properties of the biopolymers limit 
their practical application in the packaging industry [47–49]. 

To address these challenges, many efforts have been made to 
tailor the functionalities of these packaging materials. One 
such approach includes reinforcing the biodegradable poly-
mers with nanofillers by incorporating nanoclays, nanofib-
ers, and nanocrystals [5]. Good barrier properties help to 
prevent oxidative changes in the food and maintain its qual-
ity, while excellent mechanical properties are required to 
transport and distribute packages in sound condition [41, 
42, 46].

Among the broad family of nanofillers, cellulose 
nanocrystals (CNC), also termed cellulose nanowhiskers, 
have been widely utilized as the reinforcing nanofillers due 
to their intriguing properties like large surface area, high 
aspect ratio, high thermal stability, easy processability, 
high bending strength, and high Young’s modulus [6, 7]. 
CNCs are extracted from the cellulosic fibers through acid 
hydrolysis, where amorphous regions get degraded, leading 
to the release of nanocrystallites [8, 9]. It is well reported in 
several studies that inclusion of adequate amount of CNCs 
into the polymer matrix resulted in enhanced mechanical 
and barrier properties [10–13]. Hence, dispersion of CNCs 
in the biopolymer matrix could be a practical approach to 
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enhancing the biopolymers' intrinsic properties and broaden-
ing their areas of application.

Carrageenans are water-soluble sulfated polysaccharides 
which are derived from red algae [14]. They consist of linear 
chains of galactans and can be categorized into three types 
depending upon the sulfate content: ҡ (20%), ɩ (33%), and 
λ (41%) [15]. ҡ-Carrageenan (KCGN) extracted from Kap-
paphycus alvarezii seaweed is one of the most popular poly-
saccharides. It consists of D-galactopyranosyl 4-sulfate and 
3,6-anhydro-d-galactopyranosyl moieties with one sulfate 
group per dimer [16]. It is utilized in various food applica-
tions due to its remarkable thickening, stabilizing, and gel-
ling properties [17–19]. Apart from this, the film-forming 
properties of ҡ-carrageenan are also well stated. However, 
these films exhibit low mechanical properties. In order to 
solve this problem, ҡ-carrageenan films were blended with 
nanoclays such as montmorillonite (MMT) and halloysite, 
which substantially improved the barrier and mechanical 
properties, yielding films with desirable functions [20–22]. 
In this context, CNCs could also be promising nanofillers 
for reinforcing the carrageenan-based films. They could also 
serve as a potential alternative to the inorganic nanofillers 
due to their non-abrasive nature, easy processability, and 
positive ecological footprint [23, 43, 44].

In the current study, it is being hypothesized that the 
properties of the nanocomposites reinforced with CNCs are 
strongly dependent not only upon the amount of CNC load-
ing but also on the source of CNC extraction. Therefore, 
this study aims to develop and characterize ҡ-carrageenan 
films incorporated with CNC extracted from the amla (Phyl-
lanthus emblica) pomace. The cellulose nanocrystals were 
added in different proportions, and the films were charac-
terized for their mechanical and water barrier properties. 
Moreover, the structural and morphological characteristics 
were also evaluated with the help of FTIR and FESEM stud-
ies. The developed nanocomposite films have the potential to 
be used in food packaging industry for various applications.

2 � Materials and methods

2.1 � Materials

Food-grade ҡ-carrageenan was procured from a local shop 
in Saharanpur, India. Toluene, glacial acetic acid, potassium 
hydroxide, and sodium chlorite were bought from Himedia 
Laboratories (India). Methanol, sulfuric acid (98% purity), 
and glycerol were purchased from Rankem (Avantor Per-
formance Materials, India). All the chemicals mentioned 
above were utilized without any purification and were of 
analytical grade. Deionized water was used throughout the 
experimental procedure.

2.2 � Isolation of CNC from amla pomace

CNCs were extracted from amla pomace using the con-
ventional acid treatment method as discussed in our pre-
vious study [24]. Briefly, the pomace was subjected to 
the bleaching treatments (4% w/v sodium chlorite solu-
tion containing glacial acetic acid (5%) to maintain the pH 
around 4) to remove hemicellulose and lignin surrounding 
the cellulose. This renders chemically purified cellulose 
fibers. The obtained cellulose was then subjected to acid 
hydrolysis for 40 min using 64% sulfuric acid. The col-
loidal suspension of CNC was centrifuged and dialyzed to 
remove traces of acid. Afterwards, the resulting suspen-
sion was freeze-dried and stored till further use.

2.3 � Fabrication of KCGN/CNC bio‑nanocomposite 
films

The KCGN/CNC nanocomposite films were developed 
using the solution casting method, where water was used 
as the casting solvent. Figure 1 represents the schematic 
illustration of the fabrication process of k-carrageenan-
based bio-nanocomposite film reinforced with different 
concentrations of cellulose nanocrystals derived from 
amla pomace. Briefly, cellulose nanocrystals were dis-
persed in 100 mL of deionized water in different propor-
tions 1, 3, 5, and 7%. The CNC suspension was probe 
sonicated (SKL-650D, Ningbo Sjia Lab Equipment Co 
Ltd, China) for 30 min at the frequency of 20–25 kHz to 
ensure uniform dispersibility of the nanocrystals. To this 
suspension, ҡ-carrageenan was added, and subsequently, 
the film-forming solution (FFS) was heated at 80 °C for 2 
h with continuous stirring at 400 rpm to get a homogenous 
mixture. To this FFS, 37.8% (w/w) glycerol was added 
with continuous heating for another 40 min. The FFS was 
then poured into the casting plate and dried at 50 °C in a 
hot air oven. The dried films were peeled off and stored 
in controlled conditions (25 °C and 50% relative humid-
ity) until further use. The overall formulation for different 
films is represented in Table 1. The control sample was 
KCGN film prepared without the addition of CNC and 
marked as neat KCGN film.

2.4 � Surface color

The surface color of all the films was determined using a 
Konica Minolta chromameter (Model no. CR-400, Japan). 
The color of the films was measured using CIE standard 
D65/10° and expressed in terms of L, a, and b values 
where L, a, and b depict lightness, redness (+a) -greenness 
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(-a), and yellowness (+b) - blueness (-b), respectively. The 
color difference value was calculated as per Equation 1.

where ∆L= Lstandard – Lfilm, ∆a = astandard – afilm, ∆b= bstandard 
– bfilm

2.5 � Mechanical properties

The developed KCGN/CNC films were tested for two 
mechanical properties, viz., %E (percentage of elongation 
at break) and TS (tensile strength) using an Instron-3365 

(1)ΔE =
√

ΔL2 + Δa2 + Δb2

Universal Testing Machine (India). The standard procedure 
described in ASTM D882-02 was used to determine both the 
properties. A film strip having length and width 10 cm and 1 
cm, respectively, was cut for every sample and loaded on the 
testing machine. The crosshead speed was set at 5 mm/min 
using a 5-cm primary grip separation. The tensile strength 
and elongation at break (%) were calculated as the mean 
value of 5 measurements using Equations 2 and 3.

2.6 � Fourier transform infrared (FTIR)

The interaction between different components of the films 
was carried out using FT-IR analysis with the help of FT-IR 
Spectrum Two (Perkin Elmer, USA). The spectra were 
recorded from 4000 to 400 cm-1 wavenumber at 4 cm-1 reso-
lution with 4 scans for each sample. All the samples were 
hot air dried for 24 h at the temperature of 50 °C to remove 
surface moisture and the spectra was obtained using ATR 
(attenuated total reflectance) mode.

(2)TS (MPa) =
Maximum load (N)

Initial cross section area
(

mm2
)

(3)%E =
Film Extension

Intial length of sample

Fig. 1   Schematic illustration of the fabrication process of k-carrageenan-based bio-nanocomposite film reinforced with different concentrations 
of cellulose nanocrystals derived from amla pomace

Table 1   A typical recipe of the k-carrageenan bio-nanocomposite 
films containing different concentration of cellulose nanocrystals 
derived from amla pomace

Sample Kappa-carra-
geenan (g)

Cellulose 
nanocrystals (g)

Total 
mass 
(g)

Neat KCGN 2 - 2
KCGN/CNC-1% 1.98 0.02 2
KCGN/CNC-3% 1.94 0.06 2
KCGN/CNC-5% 1.90 0.10 2
KCGN/CNC-7% 1.86 0.14 2
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2.7 � Thermo‑gravimetric analysis (TGA)

The thermal decomposition behavior of samples was ana-
lyzed by using thermo-microbalance (NETZSCN TG209 F3, 
Wittelsbacherstraße, Germany). Approximately 5 mg of the 
film sample was taken and heated in the pan at tempera-
ture ranging from 25 to 800 °C at a scanning rate of 10 °C/
min under a pure nitrogen gas environment flowing 20 mL/
min. The weight change was taken as a function of heating 
temperature.

2.8 � Field emission scanning electron microscope 
(FESEM)

The microstructure of the developed KCGN/CNC films was 
characterized to study the morphological characteristics of 
the films at the microscopic level. SEM observations were 
carried out using a MIRA3 TESCAN field emission scan-
ning electron microscope (USA). All the observations were 
done under high vacuum conditions using electron beam at 
an accelerating voltage of 5–10 kV. All the films were firstly 
gold plated for high-resolution imaging with the help of a 
sputter coater and then placed over the carbon tape on the 
aluminum stud. The SEM images were obtained at different 
magnifications.

2.9 � Water vapor permeability (WVP)

The WVTR and WVP of the KCGN/CNC films were calcu-
lated using the cup method according to the procedure given 
in ASTM E-96 method. Before testing, all the films were 
conditioned in a humidity chamber at 25 °C and 55% relative 
humidity (RH) for 24 h. Firstly, aluminum cups were filled 
with 10 g silica gel, and films with the surface area of 25 cm2 
were sealed between the aluminum O ring and the cup. To 
carry out WVP measurements under controlled conditions, 
the cups were kept inside a desiccator having 75% RH (NaCl 
saturated solution). The whole assembly was then placed at 
25 °C inside an incubator. The weight of the cups was noted 
down regularly at a time period of 24 h for 8 consecutive 
days. The WVTR and WVP of all the KCGN/CNC films 
were calculated as per Equations 4 and 5, respectively. 

where Δm = change in the weight of the films (g), A = 
area of cross-section (mm2), X = mean value of film’s thick-
ness (mm), Δt = time interval (day), and Δp = water vapor 
pressure difference above and below the surface of the film 
(kPa).

2.10 � X‑ray diffraction analysis (XRD)

An X-ray diffractometer (Rigaku Ultima IV, Japan) oper-
ating at 30 mA and 40 kV voltage was used to examine 
the X-ray diffraction spectra of the developed KCGN/CNC 
films. The pre-dried film samples were loaded on a quartz 
plate and then kept inside the sample holder. The XRD pat-
terns of all the films were collected using CuKα radiation 
(λ = 1.54 Å) with a scanning speed of 4°/min from 4 to 80°.

2.11 � Statistical analysis

Every experimental data obtained in the study was statisti-
cally analyzed using SPSS ver.22 (IBM Corporation, USA) 
to calculate one-way ANOVA (analysis of variance). All 
the results are shown as the value mean ± standard devia-
tion obtained from the triplicates. The Tukey test (p ˂ 0.05) 
was used at 95% confidence level to test the significant 
differences.

3 � Results and discussion

3.1 � Surface color

Film transparency is a critical factor that determines the 
acceptability of the food product by the consumer as it pro-
vides a clear view of the conditions and quality of the food 
product packed inside it. As presented in Table 2, all the 
films were found to be transparent without the presence of 
any color tint. The addition of CNC had a significant effect 
on the color values of the developed bio-nanocomposite 

(4)WVTR
(

g day−1mm−2
)

=
Δm

Δt x A

(5)WVP
(

g mm day−1mm−2kPa−1
)

=
WVTR x X

Δp

Table 2   Color values 
of k-carrageenan bio-
nanocomposite films containing 
different concentrations of 
cellulose nanocrystals derived 
from amla pomace

 Sample code L a b ∆E

Neat KCGN 32.04 ± 0.04a − 0.17 ± 0.01c − 0.06 ±0.01b 64.67 ± 0.01e

KCGN/CNC-1% 33.38 ± 0.03c − 0.17 ±0.01bc 0.18 ± 0.01d 63.35 ± 0.03c

KCGN/CNC-3% 32.20 ± 0.03b − 0.10 ± 0.01d 0.01 ± 0.01c 64.50 ± 0.02d

KCGN/CNC-5% 36.75 ± 0.02d − 0.37 ± 0.02a 0.33 ± 0.02e 59.88 ± 0.03b

KCGN/CNC-7% 40.34 ± 0.03e − 0.20 ± 0.01b − 0.12 ±0.02a 56.35 ± 0.03a
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films (p < 0.05). The lightness, L, value increased signifi-
cantly from 32.04 for the control film to 40.34 for the film 
consisting of 7% CNC. The increase in the CNC loading 
might have increased the reflection from the film surface 
leading to increasing value of lightness [10]. The a value 
which is representative of redness/greenness was negative 
for all the films and changed slightly with the varying pro-
portions of the cellulose nanocrystals. The b value which 
expresses yellow-blue color component was also increased.

3.2 � Mechanical properties

In order to assess the performance of a packaging material in 
the real environment, it becomes critical to evaluate its ten-
sile strength (TS) and elongation at break (%EB). Figure 2 
shows the TS and %EB of all the KCGN/CNC films, respec-
tively. The TS and %EB of the neat KCGN film were found 
to be 23 MPa and 4.65%, respectively. After the addition of 
cellulose nanocrystals, significant changes were observed in 

the TS and %EB values (p < 0.05). As the amount of CNC 
was increased from 1 to 5%, a considerable increase in the 
tensile strength of the bio-nanocomposite films was seen as 
compared to that of neat films. An increase of 68% observed 
in the tensile strength was seen when 5% CNC was added 
to the matrix. The increase in the mechanical properties of 
the films could be probably due to the physical interaction 
between nanofiller (CNC) and matrix (ҡ-carrageenan). At 
higher concentration of CNC loading (7%), tensile strength 
decreased from 39.02 to the value of 26.66 MPa. The 
agglomeration of CNCs due to interfacial hydrogen bond-
ing leading to the reduction in the interaction between CNC 
and polymer matrix could be the rationale for this decreasing 
trend. However, the TS of KCGN/CNC-7% film was found 
to be higher than the control KCGN film indicating the effec-
tive reinforcing effect of the CNC. The results obtained in 
our study are similar to that of [25] who reported a 24% 
increment in the tensile strength of the chitosan films incor-
porated with 5% cellulose nanocrystals.

Simultaneously, elongation at break (%EB) was also 
determined to examine the flexibility of the films. As seen 
from Figure 2, the value of %EB was found to be proportion-
ally dependent upon the amount of CNC added to the films. 
Overall, the %EB was seen to be increased considerably with 
an increase in the CNC from 1 to 7%. The neat film showed 
elongation at break of 4.16%. Incorporation of 3% and 5% 
of cellulose nanocrystals increased the %EB to 8.84% and 
10.45%, respectively. Although many literature studies such 
as [26, 27] have reported negative effect of CNC on the val-
ues of %EB, however, in our study, it was observed that 
incorporation of CNCs significantly improved %EB values 
of the developed bio-nanocomposite films. The increment 
in the %EB could be attributed due to the good interaction 
between CNC and ҡ-carrageenan which resulted in effective 
transfer of stress through the matrix and CNC layers [28]. 
These results suggest that the ҡ-carrageenan films reinforced 
with cellulose nanocrystals were mechanically stronger than 
the neat films.

3.3 � Fourier transform infrared

The possible chemical interactions between KCGN and 
CNC were studied with the help of FTIR as shown in Fig-
ure 3. All the film samples exhibited a broad peak at around 
3337 cm-1 which corresponds to the O-H stretching vibration 
and intramolecular and intermolecular hydrogen bonding 
[25]. After the addition of CNC into the ҡ-carrageenan, this 
peak shifted from 3337 cm-1 (neat KCGN film) to a higher 
wavenumber 3360 cm-1 (KCGN/CNC-7%) possibly due to 
increase in the hydrogen bonds. This indicates interaction 
between ҡ-carrageenan and CNC through hydrogen bond-
ing lead to good miscibility between them. Additionally, a 
relatively small peak at 2940 cm-1 related to the of vibration 

Fig. 2   Tensile strength and elongation at break of k-carrageenan-
based bio-nanocomposite film reinforced with different concentra-
tions of cellulose nanocrystals derived from amla pomace
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of CH groups stretching [29] was also observed and it disap-
peared almost completely at CNC loading more than 3%. On 
comparing the FTIR spectrum of the KCGN/CNC film with 
that of pure film, no new peaks appeared in the films after 
incorporation of cellulose nanocrystals demonstrating that 
no chemical reaction takes place between ҡ-carrageenan and 
CNC during film formation. In addition to this, a weak peak 
at 1640cm-1 present in all the spectra is representative of 
the O-H bending of the absorbed water molecules [30]. The 
peak at 1228 cm-1 observed in the spectra of all the films is 
associated with the ester sulfate group (O═S═O) present 
in ҡ-carrageenan [31]. The bands at 1158 cm-1 and 1036 
cm-1 could be associated with C-O and C-C groups stretch-
ing vibrations, respectively [32]. Additionally, the peaks at 
1113cm-1 and 898cm-1 observed in all the films corresponds 
to the vibration of C-O-C and C-H bonds, respectively, pre-
sent in β-D-glucopyranose units while the peak observed at 
843 cm-1 is related to O-SO3 of galactose-4-sulfate [33]. In 
general, after the loading of cellulose nanocrystals (derived 
from amla pomace) to the ҡ-carrageenan polymeric matrix, 
there were no significant changes in the functional groups 
of all the KCGN/CNC films, suggesting that the structure 
of ҡ-carrageenan was not altered after the incorporation of 
cellulose nanocrystals.

3.4 � Thermogravimetric analysis

Thermal degradation of the neat KCGN and KCGN/CNC 
bio-nanocomposite films containing cellulose nanocrystals 
was studied in order to determine the thermal stability of 
the bio-nanocomposite films. This provides an insight into 
thermal properties of the developed films and information 

regarding the processing temperatures during film manufac-
ture. As illustrated in Figure 4, it was seen that all the films 
were characterized by three regions of thermal decomposi-
tion. The region of first degradation was seen in the tempera-
ture range of 37 °C to 200 °C due to evaporation of water 
molecules, while the second region resulted from the depo-
lymerization and dehydration of the polymers between the 
temperature range of 200 to 400 °C [34]. Finally, the third 
region of weight loss occurred at temperature above 400 
°C due to decomposition of the polymeric matrix. The neat 
films showed a weight loss of 73.2% in the first region. Upon 
addition of cellulose nanocrystals, the thermal stability of 
the KCGN/CNC films increased, where the lowest thermal 
stability was seen in neat KCGN films. For the films contain-
ing 5% and 7% cellulose nanocrystals, the decomposition 
temperature increased by 20 °C, suggesting that the thermal 
stability of the films increased after the addition of CNCs. 
The formation of strong interfacial bonds between the sul-
fate groups of CNCs and ҡ-carrageenan might have led to 
the increase in the onset temperature and hence increased 
the thermal stability of the films. Moreover, the presence of 
CNC in the crystallite form could also be a possible ration-
ale for the improvement of the thermal stability of bio-
nanocomposite films. After the end of the heating cycle, 
the residue left was found to be 15.7%, 26.2% 26.6%, 29%, 
and 31.3% for KCGN, KCGN/CNC-1%, KCGN/CNC-3%, 
KCGN/CNC-5%, and KCGN/CNC-7% films, respectively.

3.5 � Field emission scanning electron microscope

The microstructure of the neat carrageenan film and bio-
nanocomposite films is shown in Figure 5. All the films 
exhibited a smooth and compact structure depicting the 

Fig. 3   Fourier-transform infrared spectrum of k-carrageenan-based 
bio-nanocomposite film reinforced with different concentrations of 
cellulose nanocrystals derived from amla pomace

Fig. 4   Thermogravimetric analysis of k-carrageenan-based bio-nano-
composite film reinforced with different concentrations of cellulose 
nanocrystals derived from amla pomace
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Fig. 5   Scanning electron micro-
scopic images of k-carrageenan-
based bio-nanocomposite 
film reinforced with different 
concentrations of cellulose 
nanocrystals derived from amla 
pomace
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homogenous integrity between the different components of 
the film. From the FESEM images, it can be observed that 
there are no significant changes in the morphology of neat 
carrageenan film and bio-nanocomposite films except the 
fact that nanocomposite films showed the presence of some 
white spots on their surface. The presence of these white 
spots could be attributed due to the introduction of cellu-
lose nanocrystals into the polymer matrix. A similar kind of 
observation was made by Wang et al. [35] who developed 
carrageenan-based films reinforced with silver nanoparticles. 
Addition of CNC up to 5% did not affect the microstructure 
adversely and no cracks and bubbles were observed. The 
surface of the films was homogenous and no phase separa-
tion was seen, indicating good interfacial adhesion between 
ҡ-carrageenan and CNC. The nanocomposite films KCGN/
CNC-3% and KCGN/CNC-5% showed a dense and com-
pact structure. It is likely that the CNCs were dispersed 
efficiently into the matrix. Contrary to this, addition of 7% 
CNC resulted in slightly rough surface of the films, pos-
sibly due to the agglomeration of nanocrystals. At higher 
concentrations, CNCs tend to self-assemble due to strong 
intermolecular bonds between the surface hydroxyl groups. 
This agglomerated phenomenon gave rise to the formation 
of ridges as observed in the SEM image of KCGN/CNC-7% 
nanocomposite film. Similar results were reported by Doh 
et al. [36] where alginate films incorporated with 10% cel-
lulose nanocrystals from brown seaweed showed agglomer-
ated surface.

3.6 � Water vapor permeability

The WVP of the developed films is depicted in Figure 6. 
The water vapor permeability of neat KCGN films without 
CNC was found to be 3.21 g mm/m2 day kPa, and the water 
vapor barrier properties of the nanocomposite films was sig-
nificantly influenced (p < 0.05) by the addition of cellulose 
nanocrystals derived from amla pomace. Upon blending 
the ҡ-carrageenan with CNCs, the WVP of the films was 
found to be decreasing exponentially with the increase in 
CNC content. The WVP of KCGN bio-nanocomposite films 
decreased from 3.21 to 2.25 g mm/m2 day kPa as the con-
centration of CNC was increased from 1 to 7%. The KCGN/
CNC-7% exhibited the highest water barrier properties. The 
enhancement in the water barrier properties of the KCGN/
CNC could be possibly due to uniform dispersion of CNCs 
throughout the matrix. The dispersed CNC acted as a nano-
filler, inducing the tortuous pathway to the water vapor and 
thereby hindering the diffusion of water molecules through 
the matrix. On the other hand, in case of the neat KCGN 
film, there is no physical barrier to the water so it can perme-
ate through the polymer matrix easily. As a result of which 
the water vapor permeability was seen to be highest in the 
neat film (approximately 3.21 g mm/m2 day kPa). These 

results in the present study are in agreement with Oun et al. 
[37] who reported a similar decreasing pattern in the WVP 
of carboxymethyl cellulose (CMC) films incorporated with 
cellulose nanocrystals derived from wheat, rice and barley 
straw. Kassab et al. [38] also reported improvement in water 
barrier properties of ҡ-carrageenan-based films containing 
CNC from sugarcane bagasse. Our results indicate that the 
water barrier properties of the ҡ-carrageenan (KCGN/CNC) 
bio-nanocomposite films improved significantly when rein-
forced with CNCs derived from Indian gooseberry pomace 
and these films could be utilized for packaging applications 
of different moisture sensitive foods.

3.7 � X‑ray diffraction analysis

The XRD analysis of the KCGN/CNC films was carried out 
to evaluate the crystalline nature of the films and effect of 
addition of CNC on the crystallinity as crystallinity plays a 
vital role in determining the mechanical properties. Figure 7 
depicts the X-ray diffractograms of the neat film (KCGN) 
and the films incorporated with different contents of cel-
lulose nanocrystals (KCGN/CNC-1%, KCGN/CNC-3%, 
KCGN/CNC-5%, and 7%). The KCGN and KCGN/CNC-
1% film exhibited a characteristic peak at 2θ = 20.4° indi-
cating that the addition of low content of CNC does not 
have any significant effect on the crystalline nature of the 
films. However, at higher loadings of CNC, the intensity of 
this peak increased and got shifted to a higher angle (2θ = 
21.46° and 22.2° for 3% and 5% CNC loading, respectively). 
KCGN/CNC-5% films showed peaks at 2θ = 22.2°, 29°, 
and 41.18°, while the peaks at 2θ = 21.41°, 27.82°, 28.91°, 
and 40.91° were observed in the bio-nanocomposite film 
with 7% CNC loading. These peaks are typical of cellu-
lose-I structure and were observed at higher concentration 

Fig. 6   Water vapor permeability of k-carrageenan-based bio-nano-
composite film reinforced with different concentrations of cellulose 
nanocrystals derived from amla pomace
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of cellulose nanocrystals [39]. A sharp peak at 2θ = 29° 
was observed in the diffractograms of KCGN/CNC-5% and 
KCGN/CNC-7% which was absent in other films. This sug-
gests that these films exhibited more crystalline behavior due 
to more percentage of cellulose nanocrystals.

4 � Conclusion

Bio-nanocomposite films based on ҡ-carrageenan reinforced 
with cellulose nanocrystals from Indian gooseberry pom-
ace were fabricated for the first time. In this work, it was 
observed that addition of cellulose nanocrystals significantly 
improved the tensile strength and barrier properties of the 
KCGN/CNC films. The improved barrier properties might 
be due to the tortuous pathways induced after the incor-
poration of cellulose nanocrystals. FTIR results showed 
that no structural changes took place in the matrix, while 
FESEM analysis depicted that no significant morphological 
changes were seen after addition of CNC. Moreover, it was 
also revealed that the incorporation of cellulose nanocrys-
tals improved the thermal stability of the developed films 
significantly. Based on our results, it can be concluded that 
the CNC-reinforced ҡ-carrageenan bio-nanocomposite film 
can open new opportunities for different applications in food 
packaging. The developed films could be utilized as an effec-
tive barrier packaging material in multilayer laminated to 
protect moisture sensitive products.
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