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ABSTRACT: Biodegradable packaging has emerged as a viable alternative to non-biodegradable polymers. This
study explores different treatments of agar-carboxymethyl cellulose (CMC) nanocomposites developed via the casting
method. We investigated the effects of varying glycerol levels (20%-60%) as a plasticizer and nanocellulose levels
(0%-30%) as a filler on the properties of agar-CMC nanocomposites. Key properties analyzed included water vapor
permeability, solubility in water, moisture absorption, water contact angle, color properties, and mechanical properties.
The films exhibited low water vapor permeability, ranging from 2.50 x 107! g/msPa to 2.23 x 107'? g/msPa. Water
solubility of the films was below 40%, except for the film containing 60% glycerol. Despite this, all ssmples demonstrated
very low moisture absorption. The water droplet contact angle tests indicated that the film surfaces were moderately
hydrophilic. Increasing the nanocellulose content further enhanced the hydrophilicity of the surfaces. The maximum
tensile strength and elongation at break recorded were 31.09 MPa and 46.2%, respectively. While adding glycerol
reduced tensile strength, it improved elongation at break. Visual observations and color evaluation revealed that the
films were transparent, with a low total color difference and a low yellow index. The simultaneous use of both agar
and carboxymethyl cellulose polymers in biocomposite formulation successfully mitigated the disadvantages associated
with each biopolymer when used alone, thereby enhancing their functional properties.
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1 Introduction

Waste burning leads to the release of harmful gases (e.g., carbon dioxide, carbon monoxide, chlorine,
furans, amines, and dioxins), which degrade air quality, increase global warming threats and pose health
risks. The growing issues related to waste disposal and the detrimental environmental and public health
impacts of non-degradable synthetic polymers have heightened global concerns about finding alternative,
environmentally friendly materials [1].

Nanomaterials exhibit higher solubility and absorption. However, public acceptance issues due to
fears of unknown or potential side effects related to dairy and food products based on nanomaterials,
must be resolved for large-scale commercialization [2]. Nanomaterials can create barriers against oxygen
and moisture, significantly prolonging food freshness. Nanopackaging reduces microbial contamination,
ensuring safer food products for consumers [3,4].

To achieve biodegradability and transparency in composites, marine-origin biopolymer agar can be
used. Agar is an inert biopolymer, allowing it to interact easily with various biological compounds and be
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used as a surface coating for food products. The film-forming ability of agar is based on its gelling properties.
Dissolving agar powder in hot water forms a viscous liquid that, when cooled below the gel point, transforms
into a reversible gel through hydrogen bonding between agarose molecules. However, agar cannot produce
desirable films on its own due to some disadvantages [5]. Agar-based composites exhibit several limitations
regarding their mechanical properties, which can hinder their practical applications. While agar can enhance
certain characteristics, it also introduces challenges that need to be addressed for optimal performance.
Agar composites often demonstrate moderate tensile strength, which can be insufficient for demanding
applications. For instance, the tensile strength of reed leaf fiber/agar composites was only 1.81 MPa [6].
Incorporating materials like collagen into agar can enhance its flexibility and strength, making it effective for
wound healing applications [7]. Agar films can be enhanced by incorporating gelatin, which improves tensile
strength [8]. Moreover, agar composites tend to absorb moisture, which can lead to reduced mechanical
performance. The moisture absorption values increased with higher agar content in thermoplastic sago starch
composites [9].

In the film-forming process, the temperature of the film solution must be higher than the agar gel
temperature to prevent premature gelation. When dried, the non-ionic and linear structure of agarose
produces a strong film. The concentration of agar required depends on its type, source, production method,
and other components in the film matrix [5]. Agar film presents a promising sustainable alternative to
traditional plastic films in the food industry, primarily due to its biodegradable properties. Agar-based films
exhibit excellent biodegradability, with significant weight loss observed in soil degradation studies, indicating
their potential to reduce plastic waste [10,11].

Modified agar/gelatin composite films reinforced with cellulose nanocrystals, agar/gellan gum compos-
ite films, and agar/carrageenan composite films reinforced with cellulose nanocrystals and calcium chloride
were prepared. These nanocomposite films exhibited dense and smooth surface structures, tensile strength
greater than 60 MPa, elongation at break of 21%, and light transmittance of 80% at 660 nm. Water swelling
rate, solubility, and vapor permeability were less than 155%, 33%, and 6.8 x 10!! g/mPas, respectively.
These films demonstrated good edibility, light transmittance, and thermal properties and outperformed
plastic-based packaging films in preserving strawberries [12].

The plant cell wall contains polysaccharides such as cellulose, hemicellulose, and pectin, which are
dietary fibers with significant potential to replace petroleum-based polymers. Carboxymethyl cellulose
(CMC) incorporation into various matrices has been shown to substantially increase tensile strength,
breaking stress, and elongation at break, making it a valuable additive in composite formulations. CMC
composites exhibit remarkable improvements in mechanical properties. For instance, paper composites with
3 wt.% CMC showed breaking stress and strain increases of 2.0- and 3.9-fold, respectively, compared to
untreated paper [13].

Nanocellulose presents a promising sustainable alternative to traditional plastics in packaging materials,
particularly due to its biodegradable nature and favorable mechanical properties. Nanocellulose is fully
biodegradable, addressing the critical issue of plastic waste [14]. Nanocellulose can provide effective barriers
against moisture and gases, essential for food preservation [15]. Its integration with other materials, such as
PLA, can lead to innovative packaging solutions that improve shelf life and reduce waste [16].

Plasticizers are low-molecular-weight non-volatile compounds extensively used in the composite
and polymer industries as additives [17]. Glycerol and sorbitol plasticizers at different concentrations in
polysaccharide-based biocomposites have improved film flexibility and moisture absorption, enhancing their
insulation against cold and heat [18,19].
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This study aims to investigate the properties of plasticized agar-CMC composites reinforced by
nanocellulose. By evaluating the mechanical, hydrophilic, and morphological characteristics of these
nanocomposites, we aim to provide insights into their potential applications, particularly in biodegradable
packaging and biomedical engineering. This research could significantly contribute to the growing body of
knowledge on sustainable materials and their applications.

Numerous studies have explored the individual properties of agar and CMC, as well as their composites.
However, limited literature has focused specifically on the synergistic effects of integrating glycerol as a
plasticizer and incorporating nanocellulose as a reinforcing agent within agar-CMC matrices. Considering
the mentioned limitations for pure agar films, it is crucial to balance the benefits and drawbacks of agar in
composite materials. By combining agar with carboxymethyl cellulose and optimizing the levels of glycerol
and nanocellulose, the current study aimed to create nanocomposites with improved mechanical properties
and reduced moisture absorption.

2 Materials and Methods
2.1 Materials

Carboxymethyl cellulose (practical grade) was obtained from Caragum Parsian Corporation (Tehran,
Iran). Agar was purchased from Biolife (Milan, Italy). Glycerol, sulfuric acid, and sodium hydroxide were
sourced from Dr. Mojallali Chemical Industry Complex Company (Tehran, Iran). Calcium sulfate and
potassium sulfate (analytical grade) were procured from Merck (Darmstadt, Germany).

Carboxymethyl cellulose (practical grade) was provided by Caragum Parsian Corporation (Tehran,
Iran). Agar was purchased from Biolife (Milan, Italy). Glycerol, sulfuric acid, and sodium hydroxide were
purchased from Dr. Mojallali Chemical Industry Complex Company (Tehran, Iran). Calcium sulfate and
potassium sulfate (analytical grade) were purchased from Merck (Darmstadt, Germany).

2.2 Nanocellulose Preparation

Nanocellulose fibers (NC) were extracted from cotton using a modified chemical method based on Cao
et al. [20]. Cotton was immersed in a 2% (w/v) sodium hydroxide solution for 24 h at room temperature
to remove impurities. The fibers were then washed with distilled water until the sodium hydroxide was
completely eliminated (confirmed by phenolphthalein reagent). Chemical hydrolysis of the purified cotton
was performed using a 65% (w/v) sulfuric acid solution with an acid-to-cotton ratio of 20:1. The hydrolysis
process continued for 3 h at 50°C with continuous agitation at 600 rpm. Neutralization was then performed
using a 10% (w/v) sodium hydroxide solution until the pH of the nanocellulose suspension reached 5-5.5.
Finally, the nanocellulose was washed with distilled water for 1 h.

2.3 Film Making

Twelve agar-carboxymethyl cellulose composites containing varying levels of glycerol and nanocellulose
were produced. The agar and carboxymethyl cellulose amounts were constant in all composites, with a 1:1
blend ratio. Initially, 0.75 g of agar and 0.75 g of CMC were dissolved in distilled water. Glycerol (20% to
60% of polymer weight) was added as a plasticizer, and the solution was rested for 15 min. The gelatinization
procedure was conducted at 90°C for 60 min. Nanocellulose (0%-30% of polymer weight) was added to the
cooled blend (70°C). The final volume of all composites was 150 mL. The film-making solution was stirred
at 200 rpm for 30 min at 70°C, then 25 mL of the prepared solution was poured into polystyrene plates with
a diameter of 8 cm and left to dry at ambient temperature for 24 h [21].
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2.4 Scanning Electron Microscopy (SEM)

The size of the nanocellulose was determined using a XL30 scanning electron microscope (Philips,
Netherlands). The electron acceleration voltage was 28 kV, and images were taken at various magnifications.

2.5 X-Ray Diffraction (XRD) Analysis

The crystallinity of nanocellulose was determined using Xpert Pro MPD XRD equipment (Panalytical
Xpert PRO X-Ray, Almelo, Netherlands) with a copper anode. The X-ray generator was set to 30 mA and
40 kV; with samples exposed to X-rays at a wavelength of 1.5405 A at ambient temperature. The scanning
speed was 1 s, with a step size of 20 = 0.05°. Refractive radiation was collected within the range of
20 = 10°-80°. The Segal method [22] was used to calculate the crystallinity index (CI) of the obtained
nanocellulose:

_ Tooo = Iam

CI x 100 1)

Ioo2

where CI: crystallinity index, Iyg,: peak intensity at 20 = 22.7° and I\: peak intensity at 260 = 18°.

2.6 Film Thickness Measurements

Film thickness was measured using a caliper (Mitutoyo, Nakatsugawa, Japan) with a precision of
0.01 mm. Thickness measurements were taken at five different parts of each film, and the average was reported
as the nanocomposite thickness.

2.7 Water Vapor Permeability (WVP)

Water vapor flux (g/m’s) and water vapor permeability (g/msPa) through the film samples were
determined according to ASTM E96-95 with modifications [23]. Film samples were kept for 24 h at 50%
relative humidity at ambient temperature. Vials containing 3 g of calcium sulfate (0% RH inside) were placed
in containers with saturated potassium sulfate solution (97% RH) at 25°C. The water vapor transmission rate
(WVTR) and water vapor permeability (WVP) were calculated using the following equations:

Aw

WVTR=— (2)
tA
VTR x X
WVP = WVIRxX (3)
P(Ri-R,)

where WVTR: water vapor transmission rate (g/sm?), WVP: water vapor permeation (g/msPa), Aw: weight
gain (g), t: time (s), A: film area exposed to water vapor flux (m?), X: film thickness (m), P: water vapor
pressure (Pa), R;: relative humidity in the container (%) and R;: relative humidity in the vial (%).

2.8 Solubility in Water

Film solubility in water was defined as the amount of film dissolved after 24 h in distilled water. The dry
matter of 20 mm x 20 mm film samples was determined [24]. Samples were immersed in 50 mL of distilled
water at 25°C for 24 h, then removed and dried. Solubility was calculated using equation below [25]:

DM, - DM,

WS=————=x100 (4)
DM,
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where WS: solubility in water (%), Dmy;: initial film dry matter (%) and Dmy: film dry matter after immersion
in water (%).

2.9 Moisture Absorption

To measure moisture absorption, 20 mm x 20 mm film pieces were dried at 50°C for 24 h, then placed
in a container with saturated potassium sulfate solution (97% RH) at 25°C for 4 days. Moisture absorption
was calculated using the equation suggested by [26]:

W -wm

1

MA x 100 (5)

where MA: moisture absorption (%), W;: initial film weight (g) and W,: final film weight (g).

2.10 Surface Hydrophobicity of the Film

The sessile drop method was used to determine the contact angle. A drop of distilled water was placed
on the sample surface [27], and the shape was imaged after 5 s using a 16 MP digital camera (Canon IXY 10s,
Nagano, Japan). The contact angle was measured using ImageJ 1.50i software. The angle between the tangent
line on the droplet and the horizontal line indicates the contact angle.

2.11 Mechanical Properties

The Mechanical properties were determined using a CT3 instrument (Brookfield, WI, USA) according
to ASTM D882-91 [28]. Samples were conditioned at 50% RH for 24 h before testing. Belt-shaped samples
(8 cm x 1 cm) were stretched at 1 mm/s with a 6 cm grip distance. Ultimate tensile strength (maximum stress
of a material that can be sustained without permanent strain) and elongation at break (the percentage of
length increase to the initial length of the film) were measured.

2.12 Color

Color and transparency were evaluated in a black box. Samples were placed on standard white paper
(L* = 87.99, a* = —-1.64, b* = —9.09) and imaged from 10 cm using a Canon digital camera. RGB values were
extracted using Image] 1.50i software and converted to CIELab values in terms of brightness (L* = 0-100),
red-green (a* = (-127) — 128), and yellow-blue (b* = (-127) — 128). Total color difference (AE) [29], yellow
index (YI), and white index (WI) [30] were calculated using:

2 2 ,
AE = [(Lsmnd“rd - LS“mPle) + (astandard - asample) + (bstandard - bsample) ]0.5 (6)
142/86b
yp - (142/860) .
L
WI =100 — [(100 — L)2 ¥ 612 + b2:|().5 (8)

where AE: total color difference, Yi: yellow index, WI: white index, L, a and b: color parameters in CIELab
color space and Standard: standard background color parameters.

2.13 Statistical Analysis

Twelve agar-carboxymethyl cellulose nanocomposites with different levels of glycerol and nanocellulose
were prepared according to central composite design (CCD) (Table 1). Statistical analysis was performed
using the response surface method (RSM) and ANOVA with Minitab 18 Software.
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Table 1: Glycerol and NC levels in different composites and thickness, WVTR, WVP, solubility, and MA of agar
carboxymethyl cellulose nanocomposite films

Treatments Agar(g) CMC(g) NC (%) Glycerol Thickness WVTR WVP  Solubility Moisture

(%) (um) (x10™*  (x107!! (%) absorption
g/ m’s) g/msPa) (%)
1 0.75 0.75 4.4 26 50 11.33 1.79 24.80 4.85
2 0.75 0.75 25.6 26 60 5.67 1.07 26.55 10.40
3 0.75 0.75 4.4 54 50 1.67 0.22 30.70 10.63
4 0.75 0.75 25.6 54 60 9.92 1.88 41.61 13.91
5 0.75 0.75 0 40 50 9.92 1.56 12.94 6.94
6 0.75 0.75 30 40 60 11.33 2.14 3730 13.98
7 0.75 0.75 15 20 70 7.08 1.56 29.59 11.16
8 0.75 0.75 15 60 70 11.33 2.50 94.52 4.60
9 0.75 0.75 15 40 50 9.92 1.56 3716 4.95
10 0.75 0.75 15 40 50 11.33 1.79 49.86 3.43
1 0.75 0.75 15 40 70 9.92 2.19 36.93 8.40
12 0.75 0.75 15 40 70 8.50 1.88 31.40 5.83

3 Results and Discussion
3.1 NC Characterization

The dry matter content of the nanocellulose suspension was 2.4%. The produced nanocellulose was
evaluated using scanning electron microscopy (SEM) and X-ray diffraction (XRD). The SEM image of
nanocellulose is shown in Fig. 1. As seen in the image, the size of the produced nanocellulose ranges between
54 and 108 nm, confirming the effectiveness of the applied procedure in producing nanomaterial since the
size is below 100 nm.

-

108 nm

:E‘q"ﬁ nm
100 nmI

=169.5 nm SE63.5 nm

"_*t‘JLh nm

sample 1

Figure 1: SEM micrograph of nanocellulose

The XRD pattern of the produced nanocellulose is shown in Fig. 2, where three peaks are observed.
Peaks in an XRD pattern indicate the presence of crystalline regions in the tested sample. The observed peaks
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were located at 20 = 14.6°,16.6°, and 22.7°. According to the Segal equation (Eq. (1)), the crystallinity index
(CI) of cellulose is the ratio of the crystalline region to the total material (including both crystalline and
amorphous regions). The peak at 20 = 22.7 represents both crystalline and amorphous regions, while the
peak at 20 = 16.6 represents the amorphous region.

Counts

960134 ]

3000 —

2000 —

1000 I Wy

Peosition [*2Theta] (Copper (Cu))

Figure 2: XRD diagram of produced nanocellulose

The crystallinity of the nanocellulose was calculated to be 82.1%. This crystallinity is higher than that
of cellulose obtained from corn stalks (47%), Norwegian pigeons (47%), and kenaf fibers (77%), and is
approximately equal to the crystallinity of filtered paper cellulose (83%) [31]. Each glucose unit in cellulose, as
its primary structural unit, includes three hydroxyl groups. These groups and their ability to form hydrogen
bonds play a crucial role in the formation of the crystalline structure of cellulose and its physical properties.

3.2 WVTR and WVP

One of the important characteristics of food packaging films is to minimize moisture transmission
between the packaged food and the surrounding environment. Thus, food packaging films must be capable
of preventing high moisture exchange between the food and the environment. The average thickness of the
prepared samples, based on five measurements, is presented in Table 1. The permeability of the prepared
nanocomposites to water vapor ranged from 2.5 x 107! g/msPa to 2.23 x 107! g/msPa (Table 1). This is lower
than the WVP of cellophane (6.89 x 107! g/msPa) [32].

According to ANOVA results, water vapor permeability (WVP) was significantly affected by the
independent variables: the interaction between glycerol and nanocellulose (p < 0.01) and the second order
of glycerol (p < 0.05). The following equation (Eq. (9)) demonstrates the correlation between WVP and the
applied factors (R* = 88.41%):

WVP =0.98 x 107" - 0.002234 x 10 " Glycerol » Glycerol +0.003945 x 10" NCC * Glycerol )



922 ] Renew Mater. 2025;13(5)

The WVP of carboxymethyl cellulose film containing 50% (v/w) glycerol was reported to be 2.98 x
107'% g/msPa [33]. In the present study, the WVP of agar-carboxymethyl cellulose composite containing 40%
glycerol without nanocellulose was found to be 1.56 x 10™'! g/msPa. The lower WVP of the composite in
this study can be attributed to the lower glycerol level, as glycerol, acting as a plasticizer, increases the WVP
of films. Polyol compounds like glycerol enhance the movement of polymeric chains and increase the film’s
hydrophilicity. On the other hand, adding agar to carboxymethyl cellulose promoted interaction between
the two biopolymers, reducing the availability of hydrophilic groups. As a result, the WVP of the developed
composite decreased compared to the pure carboxymethyl cellulose film.

Nanocellulose did not improve the WVP property of the film at this glycerol level. The high nanocel-
lulose content in the formulation led to increased WVP, likely due to filler accumulation, especially at high
levels of NC, such as 25% and 30%. The WVP of the composite containing 40% glycerol and 30% NC was
calculated to be 2.14 x 107! g/msPa, which is higher than the WVP of the film without NC, but still lower
than the WVP of pure carboxymethyl cellulose film as reported by Dashipour et al. [33].

The findings showed that a high concentration of glycerol (up to 60%) and the use of 15% nanocellulose
as reinforcement significantly increased the water vapor permeability (WVP), with the highest WVP of
2.50 x 107! g/msPa observed for this composite. Generally, glycerol as a plasticizer weakened the barrier
properties to water vapor in films. The interaction between glycerol and starch in Starch/Clay Composites
enhances plasticization but leads to phase separation at high glycerol concentrations, which can increase
WVP due to the presence of free glycerol [34]. Similarly, in carboxymethyl cellulose films, increasing glycerol
concentration raises the monolayer water content and WVP, with values ranging from 10.383 x 107 to
10.826 x 107> g/m*mmHgday as glycerol concentration increases [35]. This phenomenon is consistent with
our findings where higher glycerol levels in the agar-carboxymethyl cellulose composites also resulted in
increased WVP, highlighting the plasticizing effect of glycerol, which facilitates the movement of polymer
chains and increases film hydrophilicity. Conversely, filler accumulation at high levels was linked to the
increased WVP in the mentioned composite. Hence, nanocellulose, used at low levels, had noticeable effects
on the WVP of the developed nanocomposites. It improved the barrier properties by creating a tortuous
path for water vapor molecules. The composite containing 54% glycerol and 4.4% NC had the lowest WVP at
2.23 x 107'? g/msPa.

Additionally, the water vapor permeability for pure carboxymethyl cellulose film was reported to be
3.60 x 107'% g/msPa [36]. Large side anionic groups of carboxymethyl cellulose increase the free space in
the polymer matrix, resulting in high WVP. Therefore, in this study, adding nanocellulose fills the empty
spaces, slows the movement and diffusion of water molecules, and thus decreases the WVP. It should be
noted that adding glycerol also led to a significant increase in water vapor permeability, as glycerol, being a
polyol compound, facilitates the smooth movement of polymeric chains and increases film hydrophilicity.
Consequently, the diffusion rate of water molecules in the polymer matrix increased [36]. In this case, using
high levels of nanocellulose inhibited the plasticizing effect of glycerol.

Agar, as a packaging film, has advantages such as high mechanical strength, but its permeability
to water vapor is high. Films made of agar containing 30% glycerol were found to have a WVP of
1.32 x 10~ g/msPa [37,38]. In this study, using carboxymethyl cellulose and agar in composite production
without adding nanocellulose improved barrier properties compared to films made of each pure biopolymer.
The WVP of agar film containing 66% glycerol was reported to be 2.0 x 107'° g/msPa, but it decreased to
1.90 x 107'° g/msPa when one-third of the agar was replaced by fish skin gelatin with the same amount of
glycerol [39]. Other researchers have reported WVP for agar film as 1.6 x 107'° g/msPa [40].
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3.3 Solubility in Water

The solubility in water of the composites was less than 40%, except for the composite containing 60%
glycerol, which exhibited high solubility (Table 1). The low solubility of the prepared films can be attributed
to the intermolecular interactions. The presence of hydroxyl and carboxyl groups in carboxymethyl cellulose
and agar enhances the formation of strong hydrogen and ester bonds between the two polymers. These
intermolecular interactions increase the homogeneity of the composite matrix and reduce solubility in water.
The formation of such bonds between carboxymethyl cellulose and starch has also been reported [41].
The lowest solubility in water (12.94%) was observed in the composite containing 40% glycerol without
nanocellulose (NC).

In the current study, the high amount of glycerol increased the solubility of composites due to its
plasticizing effect on the polymer chain movement. Glycerol significantly affects the solubility in water of
composites (p < 0.05). Although NC reduced the water vapor permeability, it increased the solubility in
water of composites containing NC. This may be due to the replacement of NC between polymer chains,
preventing suitable interaction between them. The solubility of carboxymethyl cellulose film containing
Zataria multiflora was reported to be 79.84% (28). The solubility of the agar film was 27.3%, which increased
to 31.2% by adding lignin [42]. This increase could be attributed to the high solubility of lignin compared
to agar.

3.4 Moisture Absorption

Generally, the prepared agar-carboxymethyl cellulose films exhibited low moisture absorption (MA),
with most cases demonstrating MA values of less than 7%. The low moisture absorption was observed
in composites containing low levels of nanocellulose (NC), while the addition of up to 15% NC had a
negligible effect on the MA of the agar-carboxymethyl cellulose nanocomposites (Table 1). However, it was
also observed that NC levels exceeding 15% increased the moisture absorption of the films up to two times.

The MA of a nanocomposite sample containing 40% glycerol and 15% NC was 5.65%, while the MA of a
composite with the same amount of glycerol and 30% NC was as high as13.98%. Compared to this study, high
moisture absorption was observed for pure agar and agar-starch films. The addition of agar to the starch film
increased the moisture absorption due to the hydrophilic nature of agar [43]. The researchers also concluded
that agar is much more hygroscopic than starch.

As low moisture absorption is a crucial requirement for food packaging films, the MA values obtained
for the prepared agar-carboxymethyl cellulose films seem appropriate. The low MA can be attributed to
the low amount and the inaccessibility of hydrophilic groups resulting from intermolecular interactions
between carboxymethyl cellulose and agar. In contrast, high amounts of nanocellulose dramatically increase
the MA. The increased MA observed in some composites can also be attributed to the natural hydrophilic
characteristics of NC, which contain numerous hydrophilic groups. Additionally, the limited linkage between
agar and carboxymethyl cellulose due to the presence of nanocellulose increases the free hydrophilic
groups of polymers in the matrix, leading to increased MA in composites containing high levels of NC.
Accumulation of NC also increases the free space in the polymer matrix and decreases the linkage between
agar and carboxymethyl cellulose.

3.5 Surface Hydrophobicity of the Films

As shown in Fig. 3, the contact angle of the water drop on the surfaces of the films is approximately 60
degrees in most composites. These results align well with the moisture absorption findings. Moderate levels of
nanocellulose used in film preparation resulted in a high contact angle, indicating low surface hydrophilicity.
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However, as the nanocellulose content increased, the contact angle of the produced composites decreased,
and the surfaces of the films exhibited higher hydrophilicity. This is because the presence of hydrophilic
groups increases the interaction between water molecules and these groups, reducing the contact angle and
increasing moisture absorption in the nanocomposites.

60

contact angle (°
gle () %

60
40

0 Glycerol (%)

20 20
NCC(%) 30

Figure 3: Surface plot of water contact angle vs. glycerol and nanocellulose

Statistical analysis indicated that all factors used in the preparation of composites had a significant
effect on the contact angle (p < 0.05). The following equation (Eq. (10)) describes the correlation between the
contact angle (CA) and the applied factors (R* = 93.57%):

CA=1.06+1.884NCC +2.160Glycerol — 0.02590NCC » NCC - 0.01870GI ycerol » Glycerol
- 0.03306NCC * Glycerol (10)

A decrease in the contact angle was observed with the addition of montmorillonite to the carboxymethyl
cellulose film. The contact angle for the carboxymethyl cellulose film was 45.37°, which decreased to 36.53°
with the addition of 10% montmorillonite [44]. This decrease was attributed to the increased hydrophilic
properties of the films. The agar film initially presented a high contact angle (52.3°), but it decreased with
increasing nanocellulose content, reaching 44.4° with the addition of 10% nanocellulose [45]. Additionally,
cellulose sulfonation during nanocellulose preparation by the sulfuric acid hydrolysis method increased the
hydrophilic properties of NC [46].

The high contact angle measured in this work for nanocomposites, compared to the carboxymethyl
cellulose film, can be attributed to the addition of agar to the formulations. However, the contact angle
decreased with the addition of more nanocellulose. The increase in contact angle with the addition of agar
to protein-based films has also been reported [40].

3.6 Mechanical Properties

Films made for food packaging often require high tensile strength, but they should also demonstrate
appropriate flexibility. Various mechanical behaviors were observed in the composites depending on their
different formulations. Ultimate tensile strength and elongation at break results for different nanocomposites
are shown in Table 2. As shown, the ultimate tensile strength decreased as the amount of plasticizer increased,
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with the highest ultimate tensile strength (31.09 MPa) obtained in the film containing 26% glycerol. When
the glycerol level increased to 60% in the composite formulation, the ultimate tensile strength decreased
by one third (10.3 MPa). Statistically, glycerol was observed to have a significant effect on ultimate tensile
strength (p < 0.05).

Table 2: Mechanical and color parameters of agar-carboxymethyl cellulose nanocomposite films

Treatments NC (%) Glycerol (%) Ultimate Elongation at AE YI WI
tensile strength break (%)
(MPa)
1 4.4 26 27.78 46.2 3.65 0.06 83.37
2 25.6 26 31.09 4.04 411 0.04 8291
3 4.4 54 15.29 19.74 2.82 0.06 84.43
4 25.6 54 12.63 12.6 425 0.05 82.83
5 0 40 14.87 12.03 271 0.04 84.05
6 30 40 16.79 5.22 4.02 0.07 83.30
7 15 20 22.20 2.94 3.40 0.07 83.95
8 15 60 10.39 16.54 336 0.06 83.71
9 15 40 24.22 6.23 4.65 0.06 82.34
10 15 40 25.96 4.77 497 0.06 8216
11 15 40 581 0.04 81.65
12 15 40 6.72 013 81.55

The absence of nanocellulose or a high amount of nanocellulose also had negative effects on the ultimate
tensile strength of composites containing moderate levels of glycerol. Meanwhile, adding 15% nanocellulose
to those composites (15% NC and 40% glycerol) enhanced the tensile strength. The high ultimate tensile
strength of films containing nanocellulose could be due to the high surface area of the nanomaterials,
which likely increased hydrogen or ionic bonds between the filler and the matrix, resulting in an enhanced
nanocomposite structure [47].

In this study, as expected, glycerol increased the elongation at break, while nanocellulose caused the
films to become brittle. This is evident when comparing composite 5 (0% NC and 40% glycerol) and
composite 6 (30% NC and 40% glycerol). The ultimate tensile strength for composites 5 and 6 were 14.87
and 16.795 MPa, respectively, which are low compared to other composites. The elongation at break for
composites 5 and 6 were 12.03% and 5.225%, respectively, indicating flexible behavior for composite 5 due
to the absence of NC, while composite 6 exhibited brittle behavior with 30% NC. Notably, both composites
contained the same level of glycerol (40%). Hence, elongation at break reflects the film’s flexibility, and the
low flexibility at high filler levels can be due to the limited movement of polymer chains and increased film
hardness [45].

It should also be noted that the addition of 4% nanocellulose significantly improved elongation at break,
leading to an increase up to 46.2% in the composite containing 26% glycerol. This sample also had a high
ultimate tensile strength of 31.09 MPa. High filler content led to heterogeneous dispersion and aggregation
of the filler, resulting in uneven mechanical stress distribution between the matrix and the filler, causing a
decrease in ultimate tensile strength [48].
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In plasticized agar films with 30% glycerol, the use of nanocellulose up to 3% increased tensile strength,
but higher amounts of NC weakened this property, similar to the current study [38]. The ultimate tensile
strength and elongation at break of pure agar films containing 40% glycerol were 45.5 MPa and 26.7%,
respectively. Adding lignin up to 5% increased these values, but later on, the ultimate tensile strength and
elongation at break decreased [49].

The weak ultimate tensile strength for glycerol-plasticized carboxymethyl cellulose films has also been
reported by other researchers [33,50]. In this study, low ultimate tensile strength and elongation at break
values obtained for the composite without filler can be attributed to the weak mechanical properties of
carboxymethyl cellulose. This failure was overcome by adding NC. Additionally, agar acted as a reinforcing
agent by forming a strong three-dimensional gel network [51]. The use of agar also strengthened the
mechanical properties of gelatin-made films [40].

3.7 Color

In the present study, the total color difference (AE) of the samples ranged from 2.7 to 5.5 (Table 2), while
the AE of pure agar films has been reported to be 3.6 [52]. Pure carboxymethyl cellulose films also exhibited
alow AE of 5.18 [44]. Since both pure agar film and pure carboxymethyl cellulose film had low AE values, the
composite of these two polymers in this study demonstrated a low total color difference. Color is considered
an effective characteristic of food appearance and is one of the key factors in the food packaging industry.

Increasing the amount of nanocellulose to more than 15% also increased the AE, likely due to the
crystalline structure of the nanocellulose. The second order of NC significantly affected the AE (p < 0.01).
The lowest AE (2.7) was observed in the composite without the addition of nanocellulose. However, the
transparency of the films decreased as the NC content in the formulations increased, and AE reached 2.8 and
3.6 in composites 3 and 1, respectively, which contain 4.4% NC.

A rise in AE due to the addition of NC to pure agar film has also been reported by Reddy et al. [45].
Similarly, other studies have shown an increase in AE with the addition of nanoparticles. The AE of pure agar
film was measured to be 2.98, and it dramatically increased with the addition of nanoparticles [53].

The different levels of glycerol and NC used in film preparation did not significantly affect the yellow
index (YI) of the samples. The calculated YI for all samples was less than 0.07 (Table 2). Conversely, the
calculated white index (WI) for all composites was more than 81 (Table 2), indicating the transparency of the
produced films. Statistical analysis results showed that nanocellulose (p < 0.05), as well as the second order
of nanocellulose and the second order of glycerol (p < 0.01), significantly affected the white index.

4 Conclusion

Carboxymethyl cellulose (CMC) has a good inhibitory effect on water vapor permeability but exhibits
weak mechanical strength. In contrast, agar is permeable to water vapor but demonstrates high mechanical
strength. Utilizing these two polymers in the production of nanocomposites proved to be an effective
way to mitigate the disadvantages of each biopolymer when used alone. As a result, films with enhanced
permeability and mechanical properties were produced. This study demonstrates that using medium glycerol
levels and low nanocellulose (NC) levels can improve the hydrophobic properties of the produced films.
Additionally, these amounts positively affect the mechanical properties of the tested samples. Further
research is needed to reduce the solubility in water and surface hydrophilicity of the composites beyond the
levels achieved in this study.
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