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Fatty acid esters being biodegradable and environment friendly has been a sought-after class of molecule for
various food grade applications. This work involves the incorporation of fatty acid esters namely cetyl-caprylate
and cetyl-caprate in edible Carboxymethyl cellulose -based films. The esters were enzymatically synthesized by
esterification of caprylic acid and capric acid respectively with cetyl alcohol at a molar ratio of 1:1, using Candida
antarctica lipase B which was immobilized (10 % w/w) at 65 °C. Carboxymethyl cellulose films were prepared.
To it, glycerol and by emulsification, cetyl-caprylate or cetyl-caprate esters were amalgamated. Film charac-
terizations involved analysis of surface morphology, mechanical properties, and thermal properties. It was
further characterized by X-Ray diffraction analysis, water vapor permeability, and moisture uptake. Barrier
property carboxymethyl cellulose films showed significant improvement due to the incorporation of cetyl-
caprylate or cetyl-caprate esters. However, when the film’s melting point was measured, it was seen that glyc-
erol influenced the thermal properties more prominently than cetyl-caprylate and cetyl-caprate esters. Thus, the
addition of an optimized amount of glycerol and cetyl-caprylate or cetyl-caprate esters to the carboxymethyl
cellulose films is required for improved mechanical strength and better thermal properties. Further, an antimi-
crobial well diffusion assay of both the esters established the antimicrobial property of the same, which thereby
recommends the addition of the wax esters even more.

propyl methylcellulose (HPMC), and carboxymethyl cellulose (CMC) are
reported to form continuous matrixes. Being readily water-soluble these
types of esters of cellulose have no adverse effects on human health
(Karami et al., 2023; Vilas Boas & de Castro, 2022). Various industries

1. Introduction

With the growing environmental concerns over non-biodegradable
materials, the demand and concern for developing edible films from
environment-friendly, biodegradable materials have seen a sharp rise in
recent years (Karami et al., 2023). Several classes of biopolymers like
proteins, polysaccharides, lipids, etc. have been used singly or in com-
binations for the preparation of edible coatings or films. One such
abundantly available renewable biopolymer resource is cellulose (Hel-
miyati et al., 2021; Karami et al., 2023). Edible films based on cellulose
derivatives have been reported to exhibit low water content and efficient
barrier properties against oxygen and various aroma compounds.
Various cellulose derivatives including methylcellulose (MC), hydroxyl

* Corresponding authors.

like cosmetics, food, pharmaceuticals, paper, textile, etc., are therefore
using these films widely to improve the process and product quality (Roy
& Rhim, 2020). Considerable work has been done involving MC and
HPMC'’s behavior in film-forming. However, not much has been re-
ported about CMC based films- film-forming and physical properties.
Only effect of murta (Ugnimolinae Turcz) leaves extract has been
studied (Vilas Boas & de Castro, 2022).

Efficient film-forming properties, thermal gelation, and rigorous
oxygen and lipid barrier properties are exhibited by CMC. This makes it
an excellent choice for extensive use in various food and pharmaceutical
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industries (Rahman et al., 2021; Roy & Rhim, 2020). As per the study of
Abbreviation Liu et al.2022, the effects of grafting a long-chain saturated fatty acid on
the preparation of hydrophobic composite membranes, utilizing car-
CMC Carboxymethyl cellulose boxymethyl cellulose and modified pectin, were investigated (Liu et al.,
CCAPL  Cetylcaprylate 2022). The results consistently demonstrated that the inclusion of
CCAPR  Cetylcaprate docosanoic acid likely contributed to enhancing the overall properties of
WVP Water vapor permeability the polysaccharide-based composite membranes, potentially extending
their utility in food packaging applications. Currently, various modified

cellulose derivatives such as nanocellulose, carboxymethyl cellulose
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Fig. 1. Schematic diagram of process of cetyl caprylate (CCAPL) /cetyl caprate (CCAPR) ester plasticized CMC films. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 1 Table 2
CMC films compositions with or without plasticizer. Physical characterization of caprylic acid, CCAPLester, pure capric acid and
Samples Sample Compositions CCAPR ester.
CMC  Glycerol CCAPL CCAPR Tween 80 (% Properties Values
(€3] (mD (ml) (ml) of esters) Caprylic CCAPL Capric acid CCAPR
Pure CMC 1 0 0 0 0 acid ester ester
Films Flash Point (°C) 130 + 0.05 Above 280 130 + 0.47 Above 280
(Control) Viscosity (cP at 5.02 4+ 0.15 4.82 + 4.372 + 4.02 +
CMC-GLY" 1 0.5 0 0 0 40°C) 0.025 0.1 0.15
CMC-CCAPL1" 1 0.5 0.3 0 1 Density (g/cm®) at 0.904 + 0.844 + 0.894 + 0.851 +
CMC-CCAPL2 1 0.5 0.6 0 1 30°C 0.015 0.1 0.05 0.03
CMC-CCAPL3 1 0.5 0.8 0 1 Slip Melting Point 20 + 0.03 19.5 + 23 +0.02 21.5 +
CMC-CCAPR1¢ 1 0.5 0 0.3 1 Q) 0.04 0.05
CMC-CCAPR2 1 0.5 0 0.6 1
CMC-CCAPR3 1 0.5 0 0.8 1 Values are represented as mean + SEM. n = 3.

# CMC-GLY- Carboxymethyl cellulose + glycerol.
b CMC-CCAPL- Carboxymethyl cellulose + cetylcaprylate ester.
¢ CMC-CCAPR-Carboxymethyl cellulose + cetylcaprate ester.

(CMC), methyl cellulose, ethyl cellulose, and cellulose acetate have been
successfully produced on an industrial scale. Among these, CMC and
nanocellulose find extensive application in enhancing the gel properties
of meat products. Studies have demonstrated that incorporating CMC
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FTIR peak assignment for cetyl alcohol, caprylic acid, CCAPL ester, capric acid and CCAPR ester.

Group of class

Range (cm 1)

Cetyl Alcohol Caprylic Acid CCAPL ester Capric Acid CCAPR ester
O-H and C-H stretching vibration 2910-2850 2900-3000 3300-2969.5 2922.8 2920.0-2850
O-H bending 1100 948-1419 940-1403 945-1418 943-1415
C-O stretching vibrations 1463- 719.7 1296 1468.9 1467-1353 1473.1 —1326.2
C-O stretching vibration - 1721 1712 1701 1732
C-H rocking vibration 1470-717 - 1465-709 - 1468-715
C-H bending - - - 1218-456 1201-720

Table 4
Antimicrobial activity of CCAPL and CCAPR against the test microorganisms.
Strains Samples Zol (mm)
E.coli Ampicillin 1. 56 + 0.05
S.aureus Ampicillin 1.70 &+ 0.02%
E.coli Glycerol 1.40 £+ 0.05
S.aureus Glycerol Negligible ZOI
E.coli CCAPL* 1.36 + 0.02
S. aureus CCAPL 1.96 + 0.09°
E.coli CCAPR” 1.23 + 0.02
S. aureus CCAPR 1.63 + 0.09°

Values are represented as mean + SEM. n = 3.Superscripts (a to c) indicate
significance differences in results ( p < 0.05) between ZOI of esters [CCAPL and
CCAPR] against E.coli and S.aureus .

" CCAPR-Cetylcaprate.

# CCAPL-Cetylcaprylate.

into meat products can enhance their water retention capacity (Gibis &
Weiss, 2017).

Pure carboxymethyl cellulose (CMC) indeed presents limitations
such as low mechanical strength, thermal stability, gel fraction, and
flexibility. To address these shortcomings, CMC can be combined with
various other polymers, natural extracts, nanoparticles, enzymes, amino
acids, and biomaterials. Methods such as grafting, chemical and physical
cross-linking, radiation-induced blending, and coupling reactions are
employed to modify CMC and enhance its properties. These modifica-
tions enable the development of CMC-based materials with improved
mechanical strength, thermal stability, gel fraction, and flexibility,
expanding their applicability across different industries (Aggarwal et al.,
2024).

However, one drawback of this film is its poor resistivity toward
water vapor transmission (Jannatyha et al., 2020). Nonetheless, the
incorporation of lipid-based hydrophobic molecules into the
film-forming solution can help boost its water vapor barrier values as it
increases its hydrophobic/hydrophilic ratio. The high hydrophobicity of
lipids blocks the moisture transport pathway across the film (Bozoglan
et al., 2020; Liu et al., 2022). It further protects the food surface from
abrasion during handling and transport. The effect of different fatty
acids on mango kernel starch has already been studied (Carvalho et al.,
2021). Konjac glucomannan (KGM)-CMC blend films when impreg-
nated with palm olein showed increased emulsion stability at the time of
solvent removal by drying. The resultant films exhibited better barrier
and mechanical characteristics (Liu et al., 2021). CMC-based films have
emerged as promising contenders for food packaging applications. In a
recent study, the efficacy of CMCs as a viable food packaging material
was assessed by monitoring the vitamin C concentration and weight loss
of red chillies. A comparison was drawn between samples stored without
any film and those wrapped in CMC/CNC (cellulose nanocrystals)
composite films at room temperature. Results indicated that the weight
loss was significantly reduced in the CMC/CNC group compared to the
non-film-wrapped group. This suggests that the films effectively miti-
gated moisture loss in red chillies due to their water vapor barrier
properties. Furthermore, fresh chillies are known to contain high levels
of vitamin C, which is prone to oxidation and degradation during

storage. The CMC composite films cross-linked with CNC exhibited the
highest concentration of vitamin C and demonstrated superior gas bar-
rier properties, indicating their potential to extend the shelf life and
preserve the quality of food products (Tyagi & Thakur, 2023). In a
noteworthy study, researchers investigated modified hydrogel films
comprising blends of polyvinyl pyrrolidone (PVP) and CMC at various
concentration ratios. Among these compositions, the hydrogel film with
a 20:80 ratio of PVP to CMC exhibited superior elasticity modulus
compared to other samples. These findings suggest that such hydrogel
films have the potential to serve as a promising alternative for food
packaging applications (Roy et al., 2010).

However, the amalgamation of hydrophobic components in the hy-
drophilic films may have hostile effects on various properties of the
edible film, especially the mechanical and optical.

Fatty acids and their derivatives can also act as plasticizers in
different biopolymer films (Mukherjee & Ghosh, 2017). Plasticizers
when added to polymeric chains, aid in increasing the inter-molecular.
This results in reduced brittleness, decrease in-situ forces, and
increased flexibility and extensibility of polymers. Amongst the various
studies carried out using various polyols on starch-based films, glycerol,
sorbitol, and PEG seemed to be the most preferred ones (Paudel et al.,
2023). In the case of edible films, glycerol is the most common plasti-
cizer. The fatty acid esters of cetyl alcohol are known as wax esters
which contain a good barrier property and have wide usage in the
cosmetic industry. Reports on the use of these wax esters in various
lubricants, plasticizers, polishes, and coating materials are available. But
there has been no report on the application of fatty acid ester of cetyl
alcohol as plasticizer into the CMC films (Yousuf et al., 2022). Thus, a
balanced addition of both glycerol and fatty acid ester derivative in
optimized proportions is required in the solution prepared for film for-
mation This will help reduce the film’s ability to transmit water vapor
through it and also take care of any negative behavior of the mechanical
and optical nature.

The present study deals with the lipase-catalyzed preparation of the
cetyl alcohol esters of caprylic acid and capric acid by Candida antarctica
with optimized process parameters. The esters were characterized by
flashpoint, slip melting point, viscosity, and density analysis. Antimi-
crobial activity of the esters was also performed. Further, CMC/lipid
composite films were developed using the technique of emulsification.
The effect of cetyl-caprylate (CCAPL) and cetyl-caprate (CCAPR) ester
on the mechanical, thermal, and crystalline properties was checked. The
water barrier efficiency of the film was determined. Morphological
properties of the film produced using glycerol-CCAPL/CCAPR plasti-
cizers were also studied.

2. Materials and methods
2.1. Materials

Merck India Ltd. provided caprylic acid (C8:0) and capric acid
(C10:0), which were purified using a gas chromatography (GC) appa-
ratus. Loba Chemie in India provided the cetyl alcohol. Novozyme India
Pvt. Ltd., Bangalore supplied the Candida antarctica immobilized lipase
B (NS 435), Thermomyces lanuginosus immobilized (TLIM),Rhizomucor
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Fig. 2. Representative picture of inhibitory zones of E.coli against different edible plasticizers incorporated into the well diffusion plates. (a) Control (b) Glycerol (c)
CCAPL (d) CCAPR. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

meihei immobilized (RMIM) used in this study. Merck, India Ltd. sup-
plied carboxymethyl cellulose (CMC) (mol wt. 41,000 g/mol), analytical
grade glycerol, and polysorbate 80 (Tween 80).

All other chemicals and solvents were of analytical grade and ob-
tained from Merck, India Ltd.

Microorganism and media component

Escherichia coli (k8813) and Staphylococcus aureus (ATCC 25,923)
were provided by the Institute of Microbial Technology, Chandigarh,
India. Nutrient agar slants consisting of gram per liter (g/1) of distilled
water: peptone-10.00, agar-20, beef extract-10.00, sodium chloride
(NaCD)-5, and pH 7.3 was prepared. The bacterial cultures were inoc-
ulated separately here incubated at 37 °C for 24 h in an incubator.

2.2. Method

2.2.1. Esterification reaction

To conduct the esterification of fatty acids with fatty alcohols
(Caprylic acid:Cetyl alcohol and Capric acid:Cetyl alcohol), 1:1 molar
ratios of each reactant were taken in two separate flat bottom flasks.
Each of the reaction mixtures was stirred at 200 rpm, under vacuum (28
mm Hg) at 65 °C temperature with 10 % w/w of immobilized lipase (NS
435). No solvent was used in the reaction medium. After the alkali
refining and steam distillation process, the reaction kinetics was
confirmed by TLC. Spots confirming the presence of the ester formed and
the absence of free fatty acid and alcohol used were checked. The entire
reaction procedure has been provided in the schematic diagram Fig. 1
(Vide Figure S-1 and Figure S-2).
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Fig. 3. Representative picture of inhibitory zones of S. aureus against different edible plasticizers incorporated into the well diffusion plates. (a) Control (b) Glycerol
(c) CCAPL (d) CCAPR. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2.2. Characterization of CCAPL and CCAPR esters

ASTM methods were followed for the determine of physical param-
eters such as density [ASTM D56-05], slip melting point [ASTM D
93-801, viscosity [ASTM D 445-04C2], and density [ASTM D891-2].
The products’ Fourier transform infrared spectroscopy (FTIR) was
recorded in the range 400-4000 cm ! using a Perkin Elmer Spectrum GX
spectrophotometer.

2.2.3. Anti-microbial activity of cetyl-caprylate (CCAPL) and cetyl-caprate
(CCAPR) by agar well diffusion method

Agar well diffusion method was practiced to determine the zone of
inhibition required for determining the antimicrobial activity of the
plasticizers (Roy & Rhim, 2020). 25 ml of agar was out into
identical-sized glass petri plates and allowed to harden. Every plate agar
surface was streaked with the reference bacterial strain using a sterile
cotton swab. The Agar plate was perforated with a sterile 4 mm cork

borer, and 100 pl of each sample was poured into the hole with a
micropipette. The plates were put on hold for 30 min.
The plates were kept aside for incubation for 24 h at 37 °C.

2.2.4. Preparation of films

Films were prepared as described by Ghanbarzadeh and Almasi
(2011); with some modifications (Ghanbarzadeh & Almasi, 2011). CMC
(1 g) and varying amounts of glycerol were dissolved in a solvent
mixture of 33 ml water and 66 ml ethanol at about 60 °C (Table 1). After
the addition of CCAPL and CCAPR separately in varying amounts and
Tween 80 as emulsifier, the solutions were mixed and homogenized with
an Ultra-Turrax T25 homogenizer at 24,000 rpm for 5 min Table 1. After
cooling and removing air bubbles, each of the samples (50 ml) was
poured into an even surface Petri plate, dried at 60 °C followed by
casting. The films obtained were thin, homogeneous, flexible and
transparent (Figure S-3 and Figure S-4).
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Fig. 4. (a) X-ray diffraction analysis of Pure CMC film, CMC film containing glycerol and CCAPL ester at different concentration. (b) X-ray diffraction analysis of
Pure CMC film, CMC film containing glycerol and CCAPR ester at different concentrations. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

2.2.5. X-ray diffraction

To check if the addition of CCAPL and CCAPR ester and glycerol
caused any alterations in the crystallinity of the films, they were sub-
jected to X-ray diffraction following the method and instruments of
Mukherjee et al., 2020 (Mukherjee & Ghosh, 2020).

2.2.6. Scanning electron microscopy (SEM)

A thin layer of Au was sputter-coated with CMC film samples to
observe the SEM images. Thereafter, the coated samples were observed
by Zeiss EVO 18 Special Edition (Germany) with 15 kV accelerating
voltage in secondary electron mode. The magnification was 10 kX in
SEM images (Mukherjee & Ghosh, 2017, 2020). Instruments and
methods were used in accordance to Mukherjee et al. 2017 (Mukherjee
& Ghosh, 2017).

2.2.7. Atomic force microscopy (AFM)

AFM was performed on Veeco di Innova (Bruker AXS Pvt. Ltd., USA)
by placing the film samples onto the mica surface. All of the images were
recorded in tapping mode by silicon cantilevers. Commercial probes
were used with a spring constant of 20-80 N/m and a resonance fre-
quency of 240-308 kHz. The scale in testing was 8.0 pm x 8.0 um. The
software Nanoscope V1.40 was used to process the AFM images
(Mukherjee & Ghosh, 2017). Through AFM measurements, it becomes
feasible to compute parameters that define surface roughness. Rq (root
mean square deviation from the mean) and Ra (arithmetical mean de-
viation from the mean) were determined from various line profiles.

2.2.8. Mechanical properties
A universal instrument of mechanical properties (Instron, 5565,
USA) with a 50 N loaded cell was used for tensile strength, elongation at
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Fig. 5. X-ray diffraction (3D image) analysis of Pure CMC film (C=control), CMC film containing glycerol CCAPL (a-I to a-IV) and CCAPR (b-I to b-IV) ester at
different concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. SEM images of (a) Pure CMC film, (b) CMC film with Glycerol[CMC-GLY], (c to f) CCAPL ester[CMC-CCAPL1, CMC-CCAPL2, and CMC-CCAPL 3],(g to j)

CCAPR ester [CMC-CCAPR1,CMC-CCAPR2, and CMC-CCAPR 3] as plasticizer.

break and elastic modulus testing in a constant extension speed of 5
mm/min. Three film specimens, 8 x 0.5 cm strips, were cut from each of
the film samples and were mounted between the grips of the machine.
The initial grip separation and cross-head speed was set to 50 mm and 5
mm/min, respectively (Mukherjee & Ghosh, 2020).

2.2.9. Thermogravimetric analysis, derivative thermogravimtry and
differential thermal analysis (TG/DTG/DTA)

Thermogravimetric analysis (TG/DTG/DTA) was conducted using a
Perkin Elmer thermal analyzer equipped with diamond thermogravi-
metric analysis and differential scanning calorimetry (TG/DTG/DTA)
capabilities, controlled by Pyris software. The analysis was performed in

an aluminum pan under a nitrogen flow rate of 25 mL/min. The samples
were heated from 20°C to 200°C at a rate of 10°C/min. Using the below-
mentioned equation, the sample TGA was calculated:

Weight loss(%) = (Wi — Wf)/Wi x 100 1)

Where, W; = initial weight, W¢ = final weight

The derivative form of TGA, known as DTG, is acquired by
employing differentials of TGA values (Oun & Rhim, 2015). Addition-
ally, differential thermal analysis (DTA) was carried out using the same
Perkin Elmer Diamond TG/DTA thermal analyzer and Pyris software.
The film samples, weighing approximately 5 mg, were scanned under
nitrogen flow at 25 mL/min. Initially, the sample was preheated to
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3D Topography

Topography

Fig. 7. AFM images of (a) Pure CMC film, (b) CMC film with Glycerol[CMC-GLY], (c to e) CCAPL ester[CMC-CCAPL1,CMC-CCAPL2, and CMC-CCAPL 3], (f to h)
CCAPR ester [CMC-CCAPR1,CMC-CCAPR2, and CMC-CCAPR 3] as plasticizer. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

150°C at a rate of 20°C/min to remove water and eliminate thermal
history. Subsequently, after cooling to 20 °C, the sample underwent a
second scan, heating up to 200°C at a rate of 10°C/min Mukherjee and
Ghosh (2017), 2020.

2.2.10. Water vapor permeability (WVP)

Using the ASTM E96-00 method (modified) WVP of the CMC films
with and without plasticizer (CCAPL, CCAPR, and glycerol) was
checked. A permeable container was filled with calcium chloride (0 %
RH within the cell). It’s opening of 60 mm diameter was sealed with the
film sample. Next, a glass desiccator was filled with a saturated sodium
chloride solution (75 % RH outside the cell). This resulted in a gradient
throughout the film (Karami et al., 2023). Every 24 h, weight of the
permeable container was checked until stable. The water vapor transfer
rate was determined using Amin et al’s equation Amin et al. (2012) as

done by Mukherjee & Ghosh (2017) Water vapor transmission rate was
calculated by using the following equation:

0=WwL/S )

where W is increase in the desiccant weight per 24 h, L is the film
thickness (cm), S is the exposed surface area (cmz) and Q is the water
vapor transmission rate (g/cm2/24 h).

2.2.11. Moisture uptake

Post 48 h conditioning (0 % Ry due to presence of anhydrous CaSO4
at) weight of CMC film samples (2 cm x 2 cm) was taken and condi-
tioned at 25°C. It was put in a desiccator with a saturated K»SO4 solution
(developing an Ry of 97 %). Weight of all sample strips were checked
after 48 h. Using the below-mentioned equation, the samples’ moisture
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Table 5
Mechanical properties of CMC films with or without plasticizer.

Sample Young’s Modulus Tensile Strength Elongation at break
(MPa) (MPa) (%)
CMC 580 + 0.52 22.01 £0.15 6.70 £ 0.05
(control)
CMC-GLY" 72.76 + 1.09 13.12 4+ 0.24 27.56 + 0.14
CMC- 89.02 + 1.59 9.86 +£ 0.14 30.67 + 0.13
CCAPL1"
CMC- 90.07 + 0.99¢ 4.37 £0.31 35.09+0.28 g
CCAPL2
CMC- 70.08 + 0.93 2.09 + 0.21f 45.09 + 0.08
CCAPL3
CMC-CCAPR 97.03 £ 2.09° 9.65 £+ 0.23 24.09 £ 0.10
1c
CMC- 79.53 + 3.23 7.73 £0.32 29.80 + 0.07
CCAPR2
CMC- 90.41 +1.19 5.17+0.19¢g 32.09 + 0.37"
CCAPR3

Values are represented as Mean + SEM. n = 3.Superscrpits (d to h) indicate the
significance differences in results ( p < 0.05) between mechanical tests of the
films.

# CMC-GLY- Carboxymethyl cellulose + glycerol.

b CMC-CCAPL- Carboxymethyl cellulose + cetylcaprylate ester.

¢ CMC-CCAPR-Carboxymethyl cellulose + cetylcaprate ester.

uptake values were computed.:

W - W,
moisture uptake% = W %% 100 3)

0

where W = after 48 h of exposure to 97 %Ry, the weight of the film
sample

Wy = the initial weight of the sample.

2.3. Statistical analysis

Triplicates ( n = 3) results are reported for all analyses. Standard
errors (Mean + SEM) are reported with all data. One-way ANOVA was
implemented for statistical comparisons among groups. Tukey test
(using Origin Pro 8 software) was used to ascertain the level of signifi-
cance p < 0.05.

3. Result and discussion
3.1. Yield of the ester

Reaction parameter for maximum yield of CCAPL and CCAPR ester,
the lipase being immobilized NS 435 (10 % w/w), was found at 6 h with
the reactant molar ratio of 1:1 and 65°C reaction temperature. The data
regarding the parametric dependence of both set of reactions has been
provided in the supplementary file (Figure S-5 to Figure S-10)

3.2. Characterization of CCAPL and CCAPR ester

3.2.1. Physical characterization

Table 2 shows the physical characterization of pure caprylic acid,
CCAPL ester, pure capric acid, and CCAPR ester. The results were
comparable to the studies reported by others. The flashpoint was ob-
tained above the 280°C in the case of both CCAPL and CCAPR ester. The
viscosity of caprylic acid and CCAPL ester was 5.02 cP and 4.82cP
respectively at 50°C. The viscosity of capric acid and CCAPR ester at
40°C was 4.372cP and 4.02 cP respectively. Density of CCAPL and
CCAPR was almost similar when the values were compared with pure
caprylic acid and pure capric acid respectively. The slip melting point of
CCAPL ester was slightly lower than caprylic acid. The same phenomena
were observed in the case of the slip melting point of the CCAPR when it
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3.2.2. FTIR analysis of pure cetyl alcohol, caprylic acid, CCAPL, capric
acid, and CCAPR ester

The absorption wavelengths of FTIR spectra of pure caprylic acid,
cetyl alcohol, and CCAPL ester are presented in Table 3 and the spec-
trograms are given in the supplementary file [Figure.S-11 (a,b, and c)].
OH stretching band centering near 3000 cm™! is seen as abroad peak.
Caprylic acid if present as a cyclic dimer can exhibit such a peak.
Further, a medium intensity band at 1107 cm ™! is observed. [Table 3,
Figure S-11 a] An out-of-plane deformation of O...H...O hydrogen bond
can be reported to be this [Chung, Kim, Jung, Kwak,2009]. C-H
stretching (2500-3000 cm’l), C-O stretching vibration (1712 cm’l),
and C-O stretching vibrations were found at several intensities in the
FTIR spectra of caprylic acid (Table 3, Figure.S-11 a). Table 3 [Figure.S-
11 (b)] described the FTIR spectra of cetyl alcohol. O-H stretching vi-
bration (3325.1 cm_l), C-H stretching vibration (2918.2 cm‘l), and C-O
stretching (1463 cm’l, 1064.3 cm’l, and 719.7 cm ') were observed in
the case of the FTIR spectral analysis of cetyl alcohol. Table 3 [Figure.S-
11 c] depicted the FTIR spectral analysis of the CCAPL ester. The O-H
stretching vibration (3300 cm’l), C-H stretching vibration (2969.5
cm’l), C-O stretching vibration (1712 cm’l), and C-O stretching vi-
bration (1468.9) were observed at sharp intensities which confirmed the
CCAPL ester formation.

The absorption wavelengths of FTIR spectra of pure capric acid, cetyl
alcohol, and CCAPR ester are presented in Table 3 [Figure.S-12 (a, b,
and c)]. Table 3 [Figure.S-12 (a)] describes the FTIR spectra of capric
acid. O-H stretching vibration (2922.8 cm’l), and C-O stretching vi-
bration (1701 cm™!) were observed in the case of FTIR spectra of capric
acid. Table 3 [Figure.S-12 (b)] also describes the FTIR spectra of cetyl
alcohol. O-H stretching vibration (3325.1 cm_l), C-H stretching vibra-
tion (2918.2 cm’l), and C-O stretching (1463 cm’1,1064.3 cm’l, and
719.7 em ™) were found to have occurred in the case of the FTIR spectral
analysis of cetyl alcohol. FTIR spectra of the CCAPR ester (Figure.S-12 c)
showed C-H stretching vibrations (2920.0 cm’l), O-H stretching vi-
brations (2850.2 cm™ 1), C-O ester stretching vibration (1732 em™ 1), C-0
stretching vibrations (1326.2 cm ! to 1473.1 cm’l), and C-H bending
(720.0 em~!to0 1201 cm’l) which confirmed the CCAPR ester formation
[Bakry et al., 2017].

3.2.3. Anti-microbial activity of cetyl-caprylate and cetyl-caprate by agar
well diffusion method

CCAPL and CCAPR esters were subjected to anti-microbial studies.
Table 4. describes the CCAPL and CCAPR ester’s antimicrobial activities.
Representative pictures of inhibitory zones of both E.coli and S. aureus
respectively against CCAPL and CCAPR ester are given in the supple-
mentary file (Figs. 2a-d and 3a-d). Both CCAPL and CCAPR ester indi-
cated a distinct zone of inhibition in both cases of S.aureus and E. coli. But
both the esters exhibited better antimicrobial activity in the case of S.
aureus in comparison to E.coli. These esters might be potential to the S.
aureus. It is widely recognized that certain saturated fatty acids possess
notable antibacterial properties against both Gram-positive and Gram-
negative bacteria, suggesting their potential as alternatives for the
development of new antibacterial agents (Ezati et al., 2023; Khan et al.,
2023). Among the diverse array of saturated fatty acids, lauric acid
stands out as a naturally occurring fatty acid with significant antibac-
terial activity. This compound has been extensively tested against
various bacteria, demonstrating particularly strong effects on
Gram-positive bacteria. When a 1:10 v/v dilution of lauric acid was
applied, it showed growth inhibition against clinical isolates of Staphy-
lococcus aureus and Streptococcus pneumoniae, resulting in inhibition
zones of 15 mm. However, towards Mycobacterium tuberculosis, E. coli,
and Salmonella spp., lauric acid displayed comparatively lower activity,
with lesser inhibition zones (Balouiri et al., 2016; Basiak et al., 2018;
Dashipour et al., 2015; Hashim & Hamad, 2018; Helmiyati et al., 2021).
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Fig. 8. (a) TG and (b)DTG curves of, pure CMC film. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

3.3. Film characterization

3.3.1. X-ray diffraction (XRD)analysis of the CMC films

Film arrangement was determined by X-ray diffraction. Fig. 4 (a) and
(b) explain the XRD patterns of pure CMC films, CMC films containing
CCAPL and CCAPR as plasticizers respectively. Fig. 5 presented the 3D
images of the XRD patterns of pure CMC films, CMC films containing
different concentrations of CCAPL and CCAPR as plasticizers respec-
tively. Glycerol was used as a conventional edible plasticizer. Fig. 4 (a
and b) both shows the XRD pattern of pure CMC film which is amor-
phous but in the case of the CMC films containing glycerol as a con-
ventional plasticizer (Fig. 4 a) shows a bell-shaped curve at 20° of 26
position. The same patterns of curves were observed in Fig. 4 (a) when
CCAPL was incorporated in the CMC films at a different concentration
by replacing glycerol. Fig. 4 (b) shows the XRD patterns of pure CMC
film (Fig. 4 b), CMC films containing glycerol as conventional plasticizer

(Fig. 4 b), and CMC films containing CCAPR ester at different concen-
tration (Fig. 4 b) respectively. This Fig. 4 (b) also shows the same XRD
pattern as the glycerol plasticized CMC films. Here CCAPL and CCAPR
esters showed equivalent performances as glycerol.

3.3.2. Scanning electron microscopy

SEM images of pure CMC film, CMC films containing glycerol as a
conventional plasticizer, CCAPL, and CCAPR respectively are shown in
composite Fig. 6 (a-j). CMC films without plasticizers showed (Fig. 6) a
smooth and plane surface whereas the CMC film with glycerol showed
quite rough surface (Fig. 6 b). When CCAPL ester was introduced in
place of glycerol in different proportions, the surfaces of the films seem
smoother in comparison to the conventional glycerol plasticized films.
Hence, CCAPL ester was quite miscible with CMC and glycerol.

SEM images of the CMC films containing CCAPR as the plasticizing
agent are presented in Fig. 6 (g, h, i, and j). CMC film containing glycerol

10
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as a plasticizer in a large proportion and CCAPR at a minor proportion
showed (Fig. 6 g, h) quite a rough surface in comparison to the pure CMC
film (Fig. 6 a). But in the case of Fig. 6 (g, h), a different kind of surface is
observed which may be generated due to the interaction between CMC,
glycerol, and increasing concentration of CCAPR. Finally, a quite
smoother surface is found in the case of Fig. 6 (i and j). This phenomenon
might be due to the miscibility of CCAPR ester at a higher concentration
with CMC and with the least proportion of glycerol (Bakry et al., 2017;
Bozoglan et al., 2020; Ghanbarzadeh & Almasi, 2011). Therefore, the
SEM images (Fig. 6 a—j) of CMC films containing CCAPL and CCAPR as a
plasticizer establish that these esters could be good replacements for
conventional plasticizers. Better surface morphology was observed in
the case of CCAPL ester-containing CMC films in comparison to CCAPR
ester-containing films (Mukherjee & Ghosh, 2017, 2020; Nazrin et al.,
2020).

(b)

Fig. 9. (a) TG and (b)DTG curves of, pure CMC+GLY (glycerol) film. (For interpretation of the references to color in this figure legend, the reader is referred to the
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3.3.3. Atomic force microscopy

To examine the surface morphology and roughness of pure carbox-
ymethyl cellulose (CMC), as well as CMC films incorporating CCAPL and
CCAPR plasticizers, atomic force microscopy (AFM) was utilized. The
AFM images depicting the topography and 3D surface features are pre-
sented in Fig. 7 (a-h).

The AFM analysis of the pure CMC film (Fig. 7a) revealed a smooth
surface with some nodular structures, consistent with findings from
previous studies (Mukherjee & Ghosh, 2017; Zhu et al., 2020).
Comparatively, the CMC-GLY film exhibited a rougher surface (Fig. 7b),
with Ra and Rq values of 5.06 nm and 3.98 nm, respectively. The CMC
films containing glycerol as plasticizer exhibited lower Ra and Rq value
[Figure S-18 (a-g) Supplementary information]. Similar kind of results
were found to be observed in several studies (Dmitrenko et al., 2023;
Escamilla-Garcia et al., 2022).

Notably, the CMC-CCAPL 1 film surface displayed uneven
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distributions of nodular structures (Fig. 7c), possibly attributed to in-
teractions between plasticizers and the CMC molecule. However, CMC-
CCAPL 2 and CMC-CCAPL 3 films (Fig. 7d and e) showed smoother
surfaces with increasing concentrations of CCAPL ester. In contrast, the
Ra and Rq values of CMC-CCAPL 1 are 50.7 nm and 59.5 nm, respec-
tively, whereas those of CMC-CCAPL 3 are 38.39 nm and 11.7 nm,
respectively [Figure S-18 (a-g) Supplementary information].The results
showed lessere roughness at higher CCAPL ester concentration (Dmi-
trenko et al., 2023; Escamilla-Garcia et al., 2022).

Conversely, AFM images of CMC films containing lower concentra-
tions of CCAPR ester (CMC-CCAPR1 and CMC-CCAPR 2) (Fig. 7f and g)
displayed a distinct surface morphology, potentially due to molecular
interactions among CMC, glycerol, and CCAPR ester. Notably, CMC-
CCAPR 3 film (Fig. 7h) exhibited a smoother surface, indicating better
compatibility of CCAPR ester at higher concentrations with CMC and
minimal glycerol content (Dahlstrom et al., 2024). Hence, bio-polymeric
films incorporating specific quantities of plasticizers may influence the
formation of various bonds (Mukherjee & Ghosh, 2017; Zhu et al.,
2020). The Ra and Rq values for CMC-CCAPR 1 are 5.50 nm and 7.20
nm, respectively, while for CMC-CCAPR 3, they are 4.52 nm and 5.94
nm, respectively. This suggests that the observed variations in surface
morphologies in AFM images across different films could be attributed
to differences in plasticizers’ hydrophobicity, polarity, and molecular
weight (Tammelin et al., 2015). Surface roughness plays a crucial role in
determining the standard of biopolymer films. The degree of roughness
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on the cellulose surface directly impacts the bonding strength of the
cellulosic film and the plasticizer (Lou et al., 2023).

Overall, the AFM analysis suggests that the incorporation of CCAPL
and CCAPR esters as plasticizers in CMC films could offer promising
alternatives to conventional plasticizers, with CCAPL ester-containing
films demonstrating superior surface morphology compared to CCAPR
ester-containing films. The varying surface morphologies observed in
the films may be attributed to differences in hydrophobicity, polarity,
and molecular weight of the plasticizers (Lou et al., 2023; Mukherjee &
Ghosh, 2017).

3.3.4. Mechanical performance of CMC films

The results of the tensile tests conducted on various CMC films are
summarized in Table 5. The notably high tensile strength and Young’s
modulus values, coupled with a low elongation value observed in the
control sample, can be attributed to the presence of hydrogen bonds
between the CMC chains. These bonds contribute to the high cohesive-
ness and reduced flexibility of the unplasticized films (Azarifar et al.,
2020).

In contrast, CMC films containing glycerol, CCAPL ester, or CCAPR
ester exhibited increased elongation properties but decreased tensile
strength and Young’s modulus with increasing concentrations of glyc-
erol or the respective esters. However, the impact of CCAPL and CCAPR
esters on the mechanical properties of the CMC films was more
pronounced.
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For instance, the tensile strength of the pure CMC film was 22.01
MPa for the control (unplasticized) sample, while a significant decrease
(p < 0.05) was observed in the case of CMC-CCAPL 3 (2.09 MPa) and
CMC-CCAPR 3 (5.17 MPa). Conversely, films containing only glycerol
(CMC-GLY) exhibited poor tensile strength, whereas those combining
glycerol with CCAPL or CCAPR ester-containing CMC films demon-
strated improved mechanical properties. The study is basically focused
on the performance of edible plasticizers. Typically, the addition of
plasticizers leads to a decrease in the strength of polymeric materials due
to the diminished interaction between polymeric chains (Aliotta et al.,
2020; Bodaghi, 2020). The incorporation of plasticizers reduces the
intermolecular forces along polymer chains, thereby enhancing flexi-
bility and chain mobility. These additives are employed to improve film
flexibility, reduce brittleness, and prevent shrinking during handling
and storage. Our previous studies showed similar kind of results
(Mukherjee & Ghosh, 2017, 2020).Other than that there are several
studies found to be observed which support the finding of the present
study (Aliotta et al., 2020; Bodaghi, 2020; Chieng et al., 2014).

Numerous packaging materials demand both strong strength prop-
erties and considerable elongation at break. However, natural-based
polymers often exhibit limited ductility due to the strong hydrogen
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bonding between their constituent molecules, resulting in a stiff struc-
ture. By modifying the mechanical properties, plasticizers render films
more ductile, reduce melt viscosity of the product. Several studies have
been reported in the favour of supporting these phenomena (Azarifar
et al., 2020; Nazrin et al., 2020; Rivadeneira-Velasco et al., 2021).

Similarly, the modulus property of the films decreased from 580 MPa
for the control sample, with CMC-CCAPL 3 showing 70.02 MPa. The
impact of CCAPL on the Young’s modulus value was less pronounced
compared to glycerol, with a value of 90.41 MPa observed for CMC films
containing CCAPR (i.e., CMC-CCAPR 3). Thus, the addition of lipid es-
ters (CCAPL/CCAPR) induced the development of a heterogeneous film
structure with discontinuities in the polymer network, leading to
decreased tensile strength and modulus values alongside increased film
flexibility (Acosta et al., 2015; Nisar et al., 2018).

Moreover, the presence of glycerol, coupled with a slight increase in
the CCAPL/CCAPR level, resulted in a substantial drop in tensile
strength and modulus values, along with a significant increase in elon-
gation properties, as indicated by previous studies (Montero et al.,
2017).
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Table 6
Water vapor permeability and moisture absorption properties of CMC film with
or without plasticizer.

Sample Water Vapor permeability (10> g/ Moisture Absorption (%
em?®/24 h) w/w)
Pure CMC 0.85 + 0.02 40.09 + 0.1
CMC-GLY" 1.85 + 0.03 140.01 + 0.24
CMC-CCAPL 1.25 + 0.01 100.50 + 0.15
10
CMC-CCAPL 1.02 + 0.05 60.05 + 0.12
2
CMC -CCAPL 0.42 + 0.02¢ 35.08 + 0.16°
3
CMC-CCAPR 1.39 + 0.04 125.02 + 0.2
1
CMC- CCAPR 1.34 + 0.02 80.09 + 0.15
2
CMC-CCAPR 0.72 + 0.04¢ 40.02 + 0.12f
3

Values are represented as Mean + SEM. n = 3.Superscripts (d to f) indicate the
significant differences in results ( p < 0.05) of water vapor permeability and
moisture uptake properties of the CMC films.

# CMC-GLY- Carboxymethyl cellulose + glycerol.

Y CMC-CCAPL- Carboxymethyl cellulose + cetylcaprylate ester.

¢ CMC-CCAPR-Carboxymethyl cellulose + cetylcaprate ester.

3.3.5. Thermal properties

The TG/DTG and DTA data is generated by applying a heating pro-
gram to the sample. Thermogravimetric Analysis (TGA) involves sub-
jecting a material to heat, leading to the breakdown of bonds within its
molecules. This process is crucial for assessing the thermal stability of
materials. In differential thermal analysis (DTA), the sample tempera-
ture remains steady during endothermic transitions and rises during
exothermic transitions. At the same time, a thermogravimetric (TG)
curve is plotted, showing the associated mass change. This integrated
method provides complementary information, simplifying in-
terpretations compared to using each technique separately (Palermo,
2001).

Curves of TG and DTG studies for pure CMC films and plasticizer
added films are presented in Figs. 8-11(a) and (b) respectively.
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Thermogravimetric analysis (TGA) stands as a potent technique for
assessing the thermal stability of various materials, notably polymers.
The TGA curves illustrate a decrease in weight of the films during
thermal degradation, while the DTG curves highlight the maximum
decomposition temperature at each stage of degradation (Kryszak et al.,
2023; Oun & Rhim, 2015). This method involves monitoring changes in
a specimen’s weight as its temperature rises. Hence a fixed weight of
samples for example each sample weighs about 5 mg, which can be
assumed as 100 % of the film sample at the initial level of the TGA
analysis. In our previous study same phenomena has been reported
(Mukherjee & Ghosh, 2017, 2020). Two or three (at least two) distinct
weight decreasing steps were evident in the TGA curves for all films
during thermal degradation, a characteristic often observed with
CMC-based films (El-Sayed et al., 2011; Ghanbarzadeh & Almasi, 2011;
Kryszak et al., 2023; Oun & Rhim, 2015). In case of pure CMC film
showed (Fig. 8 a) initial mass loss of approximately 2.76 % at the first
decomposition step (temperature between 20°C and 40°C) and more
substantial mass loss was found to be observed second step which is
approximately 10.76 % at a temperature ranging between 40—110 °C
(Fig. 8 a). The mass loss was lesser (4.32 %) at the third step of
decomposition which was between 110-200 °C (Fig. 8 a). The initial
weight decrease, occurring at 20-40 °C, primarily resulted from mois-
ture evaporation in the films and the subsequent phase involves CMC
degradation (Suripto et al., 2021) .The DTG curve of pure CMC films
showed the maximum decomposition between 40-60°C (Fig. 8 b).
Higher thermal degradation was detected in case of CMC films con-
taining glycerol (Fig. 9 a), where glycerol was used as conventional
edible plasticizers. Here the mass loss of CMC-GLY film was higher in
comparison to the pure CMC films and other blended films. CMC-GLY
films showed initial mass loss of 5.31 % at temperature between
20-40 °C and at the second step of thermal decomposition (40-110 °C)
the mass loss was 17.07 %, whereas a huge loss of mass was found to be
observed in the third step of thermal decomposition (between 110-200
°C) i.e.,55.51 % (Fig. 9 a). The DTG curve of CMC films containing
glycerol films showed the maximum decomposition at two major steps
such as between 40-60 °C and 180-190 °C (Fig. 9 b). This second phase
of weight loss was attributed to the volatilization of glycerol compounds
and the thermal degradation of carbohydrate-based polymers. But the
trends were slightly decreased when the CMC and glycerol were
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combined with CCAPL (Fig. 10 a) and CCAPR (Fig. 11 a) ester respec-
tively as a non-conventional edible plasticizer. CMC-CCAPL3 (Fig. 10 a)
and CMC-CCAPR 3 (Fig. 11 a) films showed 2.27 % and 3.38 % of mass
loss respectively at the initial thermal decomposition which was almost
similar to the pattern of pure CMC films. On the other hand,
CMC-CCAPL3 and CMC -CCAPR 3 films exhibited (Figs. 10 aand 11 a)
mass loss of 10.03 % and 15.19 % respectively, at the second step of
thermal decomposition. Here the decomposition pattern of the
CMC-CCAPL 3 film was similar with the pattern of the pure CMC film
(Figs. 9a and 10a). Higher amount of mass loss (15.19 %) was found to
be observed in case of CMC-CCAPRS3 films at the second step of thermal
degradation when it was compared with the mass loss (10.03 %) of
CMC-CCAPL3 film (Figs. 10a and 11a). The DTG curve of CMC films
containing CCAPL and CCAPR ester respectively films showed the
maximum decomposition at two major steps such as between 40-60 °C
and 180-190 °C (Figs. 10b and 11b). Throughout all stages of thermal
degradation, the composite films (CMC-CCAPL3 and CMC-CCAPR 3)
exhibited similar or lesser weight loss compared to the control CMC film
and CMC-GLY film, indicating higher thermal stability. However,
CMC-CCAPR 3 films demonstrated better thermal stability compared to
the CMC-GLY films. But better stability was found to be observed in case
of CMC films containing CCAPL ester. Enhanced stability is likely due to
the superior thermal stability of CMC-CCAPL3 polymer matrix. Similar
kind of phenomena was found to be observed oleic acid based CMC film
where effect of oleic acid on the CMC not very much impressive
(Ghanbarzadeh & Almasi, 2011).But the present research showed pos-
itive result in case of CCAPL and CCAPR esters containing CMC films.

The derivative of DTA for CMC reveals two distinct phases of
degradation (Fig. 12). Hydroxyl (-OH) group present in the CMC mole-
cule aids in forming strong intermolecular H-bonds. Furthermore,
higher plasticizer content might be the cause of the increasing mobility
of CMC molecules. Glycerol added sample showed more lowering of the
melting point of the CMC films compared to CCAPL and CCAPR ester.
This observation might be explained by the varied effect of glycerol and
CCAPR/CCAPL ester molecules on H-bonds present amongst the CMC
chains. This variation of affinity in turn results in varied segmental
mobility (Rivadeneira-Velasco et al., 2021).

When a substance undergoes melting, it absorbs heat from its sur-
roundings. In DTA curves, this absorption of heat is represented as an
endothermic peak. This peak is typically sharp and well-defined, indi-
cating the phase transition from solid to liquid. The temperature at
which the endothermic peak occurs on the DTA curve corresponds to the
melting point of the substance (Palermo, 2001). This temperature is
where the solid substance reaches its melting point and begins to tran-
sition into a liquid state. In case of differential thermal analytical result,
Same trend was also maintained in the case of the CMC films containing
CCAPL and CCAPR as non-conventional edible plasticizer. Same pattern
of curve was found to be observed in all cases of plasticized and
non-plasticized CMC films (Fig. 12).

3.3.6. Water vapor permeability (WVP) and moisture uptake of CMC film

WVP observations for pure CMC films and the films with varying
amounts of glycerol, CCAPL, and CCAPR contents were presented in
Table 6 [Figure S-13 (a) and (b)]. The presence of glycerol, CCAPL, and
CCAPR esters led to a difference in the WVP of the pure CMC films. Pure
CMC film exhibited the least WVP while the value increased with the
addition of glycerol. Water vapors are transmitted mostly by diffusivity
and solubility of water molecules through the film matrix. The addition
of glycerol molecules in the CMC film escalates the diffusion of water
vapor across the film thereby accelerating the transmission of water
vapor (Basiak et al., 2018). On the other hand, CMC film containing
CCAPL and CCAPR as plasticizers showed the lowest water vapor
permeable property and highest barrier properties at their highest
concentration in the CMC films. This high hydrophobic nature of CCAPL
and CCAPR esters led to this observation. Moreover, immobilization of
the polymeric chains with lipid particles added to the medium by
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emulsification has increased the barrier properties of the film and
reduced the diffusion of water through the interface. This lead to an
overall decrease in WVP (Basiak et al., 2018).

Table 6 [Figure S-14 (a) and (b)] described the resultant moisture
uptake by the films post conditioning. Glycerol added CMC films showed
greater moisture absorption compared to unplasticized counterparts.
Being a hydrophilic polymer with medium crystallinity, the cellulose
derivatives can reduce the water-absorbing capacity of edible CMC
films. Nevertheless, the moisture uptake capacity of CMC films increased
with the addition of glycerol. The hydrophilic nature of glycerol pro-
motes its immobilization between CMC chains and leads to the inter-
action with water molecules. CMC films containing CCAPL and CCAPR
esters respectively showed (Table 6) reduced moisture uptake with their
use in increased concentration in the CMC films. Additionally, hydro-
phobic CCAPL/CCAPR esters were able to considerably limit the uptake
of moisture by the CMC films even in presence of glycerol, significantly
(p < 0.05). Furthermore, immobilization of biopolymer chains by these
wax esters results in reduced interaction of water molecules and de-
creases the overall moisture uptake by the CMC film (Dashipour et al.,
2015; Yousuf et al., 2022).

4. Conclusion

Both CCAPL and CCAPR esters were successfully synthesized through
lipase-catalyzed esterification reactions, with the NS435 lipase catalyst
yielding the highest quantities of both esters. Utilizing an emulsion
technique, it is feasible to create CMC-CCAPL or CMC-CCAPR blended
films that exhibit enhanced water vapor permeability compared to pure
CMC films.

The incorporation of glycerol, CCAPL, and CCAPR significantly
influenced the physicochemical properties of the CMC. Increasing
glycerol concentration led to a notable decrease in mechanical strength
but an increase in water vapor permeability. However, the addition of
CCAPL and CCAPR helped reduce the water vapor permeability of the
CMC films.

During all stages of thermal degradation, the composite films
exhibited similar or lesser weight loss compared to the control CMC film
and CMC GLY film, indicating higher thermal stability. Though, CMC
CCAPR 3 films demonstrated better thermal stability compared to the
CMC-GLY films. But better stability was found to be observed in case of
CMC films containing CCAPL ester.

DTA analysis revealed a decrease in temperature for both CMC and
plasticized CMC composite films (containing glycerol, CCAPL, and
CCAPR). CCAPL and CCAPR had a more pronounced effect on the films’
thermal properties compared to glycerol. Thus, its optimal addition is
crucial, as it aids in reducing water vapor transmission through CMC
films without compromising their mechanical or optical qualities.

The development of CMC films incorporating wax esters holds
promise for expanding their utility across various industries in an
environmentally friendly manner.
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