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ABSTRACT

The inherent hydrophilicity of biopolymers presents significant limitations to their implementation, particularly in coating and
packaging applications. Concerns regarding the toxicity, cost, and environmental impact of conventional chemical strategies for
hydrophobization have prompted researchers to pursue more sustainable and eco-friendlier approaches. This study centers on
a solvent-free, green, transesterification reaction (TER) to chemically graft fatty acid ethyl esters derived from diverse vegetable
oils onto ethyl cellulose (EC), yielding enhancements in hydrophobicity, flexibility, and barrier performance without synthetic
reagents. Successful TER of EC was verified through Fourier transform infrared spectroscopy. Among the tested oils, sunflower
oil exhibited the highest TER efficiency (> 25%), attributable to high polyunsaturated fatty acid content. Atomic force microscopy
confirmed a homogeneous surface morphology for TER-modified EC, while mechanical analysis revealed a threefold enhance-
ment in elongation at break compared to unmodified EC. Moreover, oxygen and water vapor transmission rates were reduced
by ~50%, signifying improved barrier properties. TER enhanced optical transparency (~82%) and surface hydrophobicity (~97°)
for EC, as well as displayed better performance as a coating on substrates like wood. Integrating renewable feedstock into the
TER protocol provides a potent pathway for sustainable chemical modification of EC while minimizing environmental impact
by adhering to green chemistry principles.

1 | Introduction fluorinated polymers and organosilanes, have been widely

explored as the gold standard for improving hydrophobicity

The development of hydrophobic systems is of significant in-
terest in various sectors, including the packaging industry,
textiles, water purification, electronics, natural stone pres-
ervation, biomedical applications, and other areas where
moisture resistance plays a crucial role [1]. Their desirable
water-repellent properties also confer anti-corrosion, self-
cleaning, moisture barrier, anti-freezing, anti-icing, and
anti-adherence properties [2, 3]. Synthetic materials, such as

[4, 5]. Fluorinated polymers are well known for their excel-
lent water and oil repellency, which is attributed to their very
low surface energy, which significantly extends the shelf life
of perishable products [6]. The high costs of these materials
pose significant challenges in fabrication and raise concerns
owing to their links to immunotoxicity, adverse health effects,
and environmental persistence [1, 7]. Organosilanes, another
class of materials, offer a versatile option for creating durable
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rero Telative transesterification reaction rate;
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hydrophobic surfaces through chemical bonding with sub-
strates [8, 9]. Despite their low cost, effectiveness, and rela-
tively lower toxicity, their application is often hindered by
complex processing and the risk of chemical leaching [10].
Polysiloxanes, another class of organosilicon compounds, ex-
hibit enhanced water resistance compared to higher-alkane
compounds because of their lower surface energies. However,
their environmental compatibility is still debated, requiring
controlled applications to mitigate impacts [11]. Finding a bal-
ance between the advantages of materials and their ecologi-
cal consequences is vital, prompting researchers to seek new,
more environmentally friendly, and cleaner options.

Natural polysaccharides, such as starch, cellulose, chitin,
and chitosan, have been extensively studied as substitutes
for synthetic coating materials because of their non-toxicity,
biocompatibility, and biodegradability [12-15]. The use of
biopolymers as coating materials is generally limited by their
hydrophilic nature, which reduces their effectiveness as pro-
tective barriers [16]. For example, alginate or chitosan (among
the most studied), when applied as a coating on cardboard em-
ployed for packaging, presented a hydrophilic behavior, with
contact angles of ~50° [17, 18]. In addition to these properties,
transparency is another crucial feature, as it enables the as-
sessment of features, quality, and contents of products, while
being essential for optical applications requiring specific
wavelengths within the visible spectrum [19-22]. Therefore,
the pursuit of alternatives to synthetic polymers, modifica-
tions to biopolymers, and innovative chemical modification
strategies requires concentrating on viable solutions that up-
hold these essential properties [23].

Ethyl cellulose (EC), a cellulose derivative, is a promising
candidate in this context because of its slightly hydropho-
bic nature, owing to the presence of ethoxy (CH,CH,—)
groups. Despite its non-toxicity, biodegradability, and cost-
effectiveness, this material has been little explored because
it becomes non-transparent and exhibits poor mechanical
properties (e.g., brittleness) when dissolved in green solvents
such as ethanol [24]. EC has been investigated for its water-
resistant properties in surface coatings in the medical field
and packaging, particularly when combined with other mate-
rials [25-27]. However, their performance in standalone appli-
cations has been limited by a lack of compactness and overall
efficiency [28]. Only a few studies have investigated EC mod-
ifications via silanisation, acylation, fluorination, grafting,
and esterification to improve hydrophobicity. However, these
modifications depend extensively on toxic solvents and elabo-
rate multi-step procedures, which undermine their environ-
mental sustainability with the production of hazardous waste
and significantly impair the material's intrinsic biodegrad-
ability by integrating durable synthetic components [29-31].
Lamanna et al. (2024) reported the development of a bioplas-
tic, “OleoPlast”, using EC-based oleogels. Despite promising
results, these materials exhibit contact angles of 70°-90° and
are not well-suited for coating applications because of their
high processing temperatures and low compatibility with sol-
vents that disrupt their three-dimensional structure [32, 33].

Recently, the transesterification reaction (TER) has garnered
considerable attention as a strategy for modifying biopolymers,

owing to its simplicity, efficiency, and minimal equipment re-
quirements [34, 35]. Moreover, it has already been successfully
applied in large-scale processes such as biodiesel production
and the synthesis of polysaccharide esters [36]. This reversible
organic reaction involves the exchange of one ester's alkoxy
group with another. The heterogeneous/base-catalyzed TER
strategy is widely employed not only due to its cost-effectiveness
and lower corrosiveness, but also because it follows green prin-
ciples from the point of view of atom economy, waste reduction,
reusability, and safety [37, 38]. The use of large, bulky alkyl-
chain-containing hydrocarbon compounds in TER has been
explored for its potential to enhance polymer hydrophobicity, as
the aggregation induced by them can hinder the hydroxy groups
from forming hydrogen bonds with water [39-41]. In cellulose,
TER occurs at approximately 110°C and is influenced by time
and catalyst concentration [42, 43]. Although TER using fatty
acid esters derived from various oils has been widely explored
as a modification strategy to enhance the mechanical proper-
ties, barrier performance, and hydrophobicity of cellulose, the
persistent reliance on toxic solvents in producing cellulose fatty
acid esters poses a major obstacle to achieving scalable green
synthesis [39, 44, 45].

This study investigated the chemical modification of EC with
fatty acid ethyl esters (FAEEs) derived from vegetable oils via
a simple thermochemical TER, aimed at enhancing its hydro-
phobicity and flexibility. The TER process facilitates the substi-
tution of the —OH groups of EC with hydrophobic acyl chains
(—COOR) of FAEEs, which can effectively enhance the hydro-
phobicity of EC. Additionally, the influence of fatty acid com-
position on TER rate was examined for peanut, sunflower, and
soybean oils, the most prevalent and globally distributed com-
mercial oils. The TER-modified EC was characterized from
chemical, physical, and mechanical perspectives to evaluate its
properties. Furthermore, this study explored the potential of the
transesterified EC as a transparent coating for various surfaces,
including glass, paper, cardboard, and wood. The utilization of
renewable resources, such as vegetable oils and EC, in conjunc-
tion with the TER process, represents an innovative and sus-
tainable hydrophobization strategy that embodies several core
principles of green chemistry developed by Paul Anastas and
John Warne, including waste prevention, safer auxiliaries and
solvents (employing ethanol for FAEE preparation and solvent-
free grafting onto the EC backbone), mild reaction conditions,
utilization of renewable feedstocks, and minimal catalysis
[46, 47]. This methodology not only enables the development of
advanced bio-based hydrophobic materials but also drives sub-
stantial progress toward sustainable innovations in materials
science.

2 | Results and Discussion

The chemical modification of EC was achieved through the
TER, using FAEEs derived from vegetable oils. Initially, the veg-
etable oil underwent TER with ethanol (Scheme 1-1), generat-
ing FAEEs, which were subsequently used to transesterify the
EC (Scheme 1-2). The TER mechanism of vegetable oil involves
the formation of di- and monoglycerides as intermediates, pro-
ducing three different FAEEs and glycerol as by-products, as
reported in the literature [24]. In the subsequent step, with the
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heat treatment at 110°C, the free —OH groups of EC were re-
placed with the —COOR groups of FAEEs, resulting in the pro-
duction of fatty acid esters of EC.

2.1 | Attenuated Total Reflectance—Fourier
Transform Infrared Spectroscopy (ATR-FTIR)

The FTIR spectra of the EC, vegetable oils, and transesterified
EC with FAEEs of three different vegetable oils are portrayed
in Figure 1A-C, and their characteristic peaks are presented
in Table 1. The distinct ester carbonyl (—C=0) absorption
band in the range 1738-1736cm™!, shifted from the typical
ester carbonyl peak of pure vegetable oils, 1743-1742cm™,
has been observed, which indicates the successful TER of EC
with FAEEs [48]. The shift in ester carbonyl peaks occurred
because of the change in the chemical environment surround-
ing the —C=0 bond after the TER [49]. Furthermore, the rise
of a peak at 2921 cm™!, corresponding to the aliphatic chain
stretching of the vegetable oil, further confirms the successful
TER [44].

The relative transesterification reaction rate, Rygp, reflects
the rate of fatty acid esters production. An increase in the R
was observed with the heat treatment time at 110°C, accom-
panied by a corresponding enhancement in the peak intensity
of the new C=O0 ester carbonyl peak. Among the vegetable oil-
derived FAEEs, the maximum R, toward EC followed the
order: sunflower oil>soybean oil>peanut oil (Figure 1D).
The FAEEs of sunflower oil showed a higher rate of ~28% at
120min compared to other vegetable oil-derived FAEEs. No
significant increase in the Ry, was observed after 120 min of
heat treatment at 110°C (Figure S1), and a decrease in the R
after 120 min suggests the hydrolysis or degradation of the EC
backbone or FAEEs [44]. FTIR in ATR mode is generally con-
sidered less effective than transmission measurements due to
penetration depth and contact effects [50]. Nevertheless, the
present results demonstrate the robustness of this technique
for evidencing the TER of EC with FAEEs of vegetable oils,
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with statistically significant differences confirmed by ANOVA
(Figure S2).

The variability in Ry, as a function of heat treatment time is
intrinsically linked to the composition of the vegetable oils.
Predominant fatty acids (FAs) in vegetable oils typically include
linoleic acid (C18:2), oleic acid (C18:1), stearic acid (C18:0), and
palmitic acid (C16:0) [51]. Unsaturated fatty acids (linoleic and
oleic acids) exhibit elevated reactivity compared to saturated
analogues (palmitic and stearic acids) owing to the presence of
double bonds [52]. Saturated FAs exhibit dense packing owing to
strong London dispersion forces, which confer thermodynamic
stability. Meanwhile, the cis-double bonds in the unsaturated
FAs can introduce kinks in the hydrocarbon tails by reducing
the interaction between the 7 orbitals. This could hinder the ap-
proach of the sp? atoms from the double bonds of neighboring
chains, causing these neighboring chains to be more distant in
unsaturated than saturated FAs. Consequently, the weakened
London forces between the chains lead to a loosely packed ar-
rangement, reducing steric hindrance and enhancing overall
reactivity. This aligns with the lower viscosity of unsaturated
FAs, which is inversely proportional to both chain length and
the degree of saturation [53-56]. Taking into account the higher
overall percentage of unsaturated FAs, particularly linoleic
acid, sunflower oil has been reported to have a superior pro-
file [57, 58]. Thus, the elevated levels of polyunsaturated FAs
in sunflower oil contributed to the high R, whereas the low
Rx Was attributed to the high monounsaturated FAs in pea-
nut oil. Therefore, EC transesterified with FAEEs derived from
sunflower oil was selected for further characterization and it is
hereafter referred to as TER-modified EC.

2.2 | Mechanical Properties
The mechanical properties of both unmodified and TER-
modified EC films were analyzed and are reported in

Figure 2A-D. The TER-modified EC film exhibited lower ul-
timate tensile strength (UTS) and Young's modulus (YM) but
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SCHEME1 | The base-catalyzed transesterification reaction (TER) between (1) vegetable oil and ethanol at 50°C in the presence of NaOH cata-
lyst, producing fatty acid ethyl esters (FAEEs) and glycerol, and (2) ethyl cellulose (EC) and FAEESs at 110°C, producing fatty acid esters of EC.
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| The FTIR spectra of ethyl cellulose (EC) transesterified at 110°C for different heat treatment times (0, 30, 60, 90, and 120 min) with

fatty acid ethyl esters (FAEESs) of (A) peanut oil (ECPN), (B) soybean oil (ECSB), (C) sunflower oil (ECSF), and (D) the relative TER rate (Ry,) of
transesterified EC with FAEEs of three different vegetable oils with respect to the reaction time at 110°C calculated by the peak intensity ratio be-
tween the new ester carbonyl —=C=0 (I—,) peak in the range of ~1738-1736cm™! and —C—O (I.—,) stretching bond of EC at ~1050cm™".

a higher elongation at break (EAB) than the control unmodi-
fied EC film. The changes in the mechanical properties of the
TER-modified EC film were attributed to the successive TER
between EC and FAEEs. Following the TER, the modified
film demonstrated an increase in elongation at break from
3.31%+0.21% to 8.24% +1.29%, confirming the potential of
the TER in enhancing the flexibility of EC films. The observed
UTS and YM for the TER-modified EC were 22.71 +3.44 MPa
and 8.44 +0.63 MPa, respectively.

EC films are known for their brittleness due to the strong in-
termolecular hydrogen bonding between the polymer chains,
which arises from the “active centers”, leading to the forma-
tion of a three-dimensional structure when dried [59]. This
TER process disrupted the intermolecular interactions in EC
and generated new ester carbonyl (—C=0) bonds between the
constituents, which exhibit greater mobility and enhanced
plastic deformation. The presence of FAEE chains in the EC

polymer matrix reduces the number of active centers available
and impedes polymer aggregation, consequently weakening
the interactions between polymer chains. This diminishes the
three-dimensional structure and allows film deformation [60].

2.3 | Atomic Force Microscopy (AFM)

The AFM topographical images of unmodified EC and TER-
modified EC samples are presented in Figure 3. While both
surfaces appear generally smooth at the micrometric scale,
morphological differences can be observed. The unmodified EC
sample reveals a granular surface morphology. In contrast, the
TER-modified EC displays a more homogeneous morphology,
characterized by a largely featureless surface, suggesting that
the modification process leads to a more uniform surface ar-
rangement through the reduction of grain structures associated
with hydrogen-bonded domains.
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TABLE1 | FTIR spectra of EC, vegetable oils, and TER-modified ECs.

Materials Wavenumber (cm™1) Vibration References
EC 3477 —OH stretching [24, 32]
2975 and 2869 Asymmetric and symmetric —CH stretching, respectively
1050 Symmetric —C—O—C stretching
Vegetable oils 3006 Symmetric C—H stretching of olefinic double bonds [24, 32]
2921 and 2852 Asymmetric and symmetric stretching vibration of
the C—H of aliphatic CH, groups respectively
1744-1743 —C=0 stretching of ester carbonyl groups of triglycerides
1151 —C—O stretching of the ester group
715 Out-of-plane vibration of cis-configured di-substituted
olefins with the overlapping of the CH, rocking vibration
TER modified ECs 2917 and 2926 Asymmetric stretching vibration of C—H of Present work

aliphatic CH, groups from triglyceride

1738-1736 —C=0 stretching of ester carbonyl groups of fatty
acid esters of EC (after heat treatment at 110°)
1050 Symmetric —C—O—C stretching
A B
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FIGURE 2 | The mechanical properties of EC and TER-modified EC (represented as TER EC) films are (A) the stress-strain graph, (B) Young's
modulus, (C) ultimate tensile strength, and (D) elongation at break. *p <0.05, **p <0.01.

The quantitative R and R q roughness parameters evaluated in
triplicate over an area of 5x 5um? are summarized in Table 2.
A comparison of these values shows only minor variations be-
tween the two samples, indicating that the TER modification
does not significantly affect the overall surface roughness. This
suggests that the TER technique primarily alters surface chem-
istry and morphology without inducing substantial changes in
surface roughness.

2.4 | Permeability

The measured oxygen transmission rate (OTR) values were
4054 +5cc/m?/day for EC and 2086+6cc/m?/day for TER-
modified EC, while the water vapor transmission rate (WVTR)
values were 291+ 7g/m?/day for EC and 151+ 5g/m?/day for
TER-modified EC (Figure 4A,B). These results indicate that the
OTR and WVTR of the TER-modified EC are approximately
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TABLE 2 | Roughness values of the samples extracted from the

AFM topographic images.
Roughness (nm)
Sample film R, R,
EC 4.56+0.28 3.58+£0.25
TER-modified EC 5.23+0.72 3.65+0.57

50% lower than those of the control unmodified EC with the
same thickness (~100um), highlighting the enhanced barrier
properties through the TER. The obtained OTR and WV TR val-
ues for the TER-modified EC fell below the common range for
bioplastics (OTR: < 5kcc/m?/day and WVTR: <400g/m?/day),
indicating its suitability for packaging applications [32].

The olefinic hydrophobic chains resulting from the FAEEs
contributed to the enhancement of barrier qualities, and sim-
ilar attributes were noted for polyolefins [61]. These results
demonstrate that the TER process, which involves introducing
alkyl chains into EC, facilitates improved water and oxygen
barrier properties. This improvement is ascribed to the am-
plified hydrophobic contribution of the EC backbone, making
the material potentially suitable for packaging applications
[61, 62].

2.5 | Water Contact Angle Measurement

The water contact angle measurements on pure films revealed
an increase of approximately 25% for the TER-modified EC
film, from 78.46°%+1.22° to 97.36°+2.76° confirming the
TER as a successful surface hydrophobization method for EC
(Figure 4Ci). Additionally, the contact angle (CA) assessments

on four distinct surfaces coated with unmodified EC and TER-
modified EC solutions demonstrated their water-repellent prop-
erties (Figure 4Cii). An increase in CA was observed for all the
TER-modified EC-coated surfaces. The control samples for tis-
sue paper and wood exhibited a zero-contact angle, indicating
complete wettability due to water absorption. For glass and tis-
sue paper, the contact angles showed no significant difference
between the unmodified and the TER-modified EC-coated
samples. While the TER-modified EC coated on wood and
cardboard surfaces exhibited a significant increase, measuring
93.15°+0.79° and 87.75° £ 0.40°, respectively.

The inherent roughness and surface energy of these materials
may overshadow the effects of the coating's chemical composi-
tion, thereby minimizing any noticeable differences in hydro-
phobicity as reflected by the contact angle measurements [23].
The enhanced hydrophobicity observed on the wood surface due
to the TER-modified EC coating, attributed to the strong affinity
of fatty acid chains (a characteristic also exploited by oils com-
monly used to “revive” wood), and suggests the potential for de-
veloping transparent water-repellent coatings [63].

2.6 | UV-Vis Spectrophotometry

The UV-Vis spectroscopic analysis assessed the optical trans-
mittance of lab glass slides coated with unmodified EC and
TER-modified EC, and the substrate's transparency is shown
in Figure 5A. This simple test demonstrates that the TER-
modified EC coating exhibits transparency, allowing the
university logo to be seen under the glass slide, unlike the un-
modified EC-coated glass, which appears opaque and obscures
the underlying details. The thickness of the coating was about
~150 um as measured by the Dino Lite microscope. In the vis-
ible spectrum (>380nm), the bare glass surface exhibited a
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transmittance of approximately 91% + 0.8%, whereas the TER-
modified EC-coated glass showed a reduced transmittance
of ~83% +1.5% (Figure 5B). In contrast, the unmodified EC-
coated glass surface displayed an observable opacity with
only 1.18%+0.1% transmittance. Notably, the 100pum pure
TER-EC film exhibits a transmittance profile very similar to
that of glass, with a slight ability to transmit light at shorter
wavelengths (287nm). While the coating shows a slightly
lower value of transmittance, likely due to optical interference

effects occurring in the TER-modified EC coating-glass in-
terface, where the phase difference depends on the coating's
thickness and refractive index [64]. In addition, the presence
of alkyl chains in TER-modified EC promotes the molecular
rearrangement of EC, enhancing its compatibility with eth-
anol, which is traditionally considered a poor solvent for EC
(usually dissolved in a mixture of ethanol and toluene). An
increase in the solubility of TER-modified EC in ethanol re-
duces the coffee-stain effect, responsible for the opacity of EC-
coated surfaces [65, 66].

3 | Conclusion

In this study, we developed a green transesterification strategy
to enhance the hydrophobicity, flexibility, and barrier proper-
ties of EC using FAEESs derived from vegetable oils. Among the
tested oils, sunflower oil exhibited the highest TER efficiency
(28%), likely due to its higher polyunsaturated fatty acid content.
Successful grafting of FAEEs onto the EC backbone was con-
firmed by FTIR analysis through the appearance of new ester
carbonyl peaks.

The TER-modified EC demonstrated enhanced mechanical
properties, with an elongation at break increased nearly three-
fold compared to that of unmodified EC. This improvement is
attributed to the disruption of intermolecular hydrogen bonds in
EC and the formation of new ester bonds during the TER reac-
tion. AFM analysis revealed comparable surface roughness val-
ues but a more homogeneous morphology for TER-modified EC,
in contrast to the granular surface of unmodified EC, indicat-
ing effective surface restructuring induced by the modification.
Additionally, TER-modified EC exhibited superior water vapor
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and oxygen barrier properties with approximately 50% reduction
in both OTR and WVTR values and achieved significant trans-
parency (~83% in the visible spectrum), compared to unmodified
EC (opaque). The increased water contact angle (97°) confirmed
its enhanced hydrophobic properties and demonstrated an im-
proved transparent coating ability on wood substrates.

These laboratory-scale results provide proof of concept, illustrat-
ing how TER-modified EC can simultaneously enhance multiple
functional properties through a simple, environmentally benign
chemical modification. While promising, further research is re-
quired to evaluate the long-term durability and environmental
stability of the modified films under realistic operating condi-
tions, refine reaction kinetics for reproducible scalability, and
undertake rigorous lifecycle analyses alongside biodegradabil-
ity testing. Such advancements are essential to bridge persistent
gaps between laboratory demonstrations and viable industrial
applications, as commonly encountered in material innovations.

4 | Experimental Section
4.1 | Materials

Ethyl cellulose, EC N200 Aqualon with 48%-49.5% ethoxy content,
was purchased from Ashland (Wilmington, USA). Absolute eth-
anol 99.9% (CH,CH,OH) and sodium hydroxide (NaOH) pellets
were obtained from Sigma Aldrich (St. Louis, USA). Sunflower,
soybean, and peanut oils were purchased from a local supermar-
ket, specifically the Desantis brand oil. Peanut oil consists of 19%
saturated fatty acids, 53% monounsaturated fatty acids, and 28%
polyunsaturated fatty acids. Soybean oil comprises 15% saturated
fatty acids, 24% monounsaturated fatty acids, and 61% polyun-
saturated fatty acids. Sunflower oil contains 12% saturated fatty
acids, 32% monounsaturated fatty acids, and 56% polyunsatu-
rated fatty acids. All reagents were used without purification.

4.2 | Synthesis

The synthesis of transesterified EC involves the execution of two
subsequent TERs. Initially, the TER of different vegetable oils was
performed with ethanol at 50°C to produce their respective fatty
acid ethyl esters (FAEEs) [24]. The produced FAEEs were then
combined with a 3% EC solution (EC dissolved in absolute eth-
anol) and stirred overnight at 400rpm and 50°C. This solution
was drop-cast onto a Petri dish and dried at 50°C to obtain films.
The EC to vegetable oil concentration ratio was maintained at
1:1. These dried films were further subjected to heat treatment at
110°C in an oven to carry out the TER of EC with the FAEEs for
different time intervals: 30, 60, 90, and 120 min [67]. Following
heat treatment, all samples were first washed for 2h with distilled
water to remove any water-soluble by-products, then dried at
room temperature, and washed again with hexane for 2h to elim-
inate apolar contaminants, such as free fatty acids and excess oil.

4.3 | Film Preparation and Surface Coating

To perform the coating tests, the dried TER-modified EC (0.75g)
was redissolved in 25mL of absolute ethanol. As a control, an

unmodified EC was prepared by dissolving 0.75g EC in 25mL
of absolute ethanol. The TER-modified and unmodified EC
solutions were selected to coat four different surfaces: glass, tis-
sue paper, cardboard, and wood. Approximately 400 uL of each
solution was coated onto these surfaces and allowed to dry at
room temperature. In parallel, TER-modified EC films with a
thickness of ~100 um were produced for mechanical and perme-
ability analysis using the drop-cast solvent evaporation method
at 50°C. Approximately 25mL of TER-modified EC solution was
drop-cast into a Petri dish and dried at 50°C. Similarly, an un-
modified EC film having the same thickness was produced as a
control. The thickness of the films was measured using a Dino-
Lite digital microscope (Taiwan, China).

4.4 | Characterizations

4.4.1 | Attenuated Total Reflectance—Fourier
Transform Infrared Spectroscopy (ATR-FTIR)

The FTIR analysis was performed on the transesterified EC
produced with FAEEs of different vegetable oils to assess the
fingerprint region using a Jasco FT/IR-6300 spectrometer with
an ATR PRO ONE X attachment (Easton, MD, USA) in the
range of 4500-450cm~! with a resolution of 4cm~. The rel-
ative TER rate, Ry, (%), was calculated from the peak inten-
sity ratio between the new ester carbonyl —C=0 (I.—,) peak of
fatty acid esters of EC (in the range 1738-1736cm™!) and —C—0
(Ic—o) stretching bond of EC at ~1055cm™ using the following
Equation (1) [67, 68].

I
Rate of transesterification(%) = Rypg = IC—‘O

c-0

@

Using the FTIR data, the R for all EC, transesterified with
FAEEs of different vegetable oils was calculated. The sample
exhibiting the highest R, was identified and selected as the
optimized TER-modified EC. The selected samples were then
subjected to further comprehensive characterization.

4.4.2 | Tensile Strength Measurement

The mechanical properties of films were evaluated at a lab-
controlled room temperature (25°C) using uniaxial tensile test-
ing with dog bone-shaped specimens following ASTM D638
Type V by employing a Zwick/Roell universal testing machine.
A velocity of 10mm/min was applied within a 100N load cell.
No specific preconditioning was applied before the film char-
acterization. The thicknesses of the films were measured be-
fore the mechanical test using a Dino-Lite digital microscope
(Taiwan, China).

4.4.3 | Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was utilized to character-
ize the surface topography and quantify the roughness of
the samples investigated. Measurements were performed in
triplicate using a Bruker MultiMode 8 system operating in
PeakForce Quantitative Nanomechanical Mapping (QNM)
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mode, which enabled the acquisition of high-resolution mor-
phological images along with reliable roughness parameters.
Scans were collected over an area of 5x5um? at a scanning
frequency of 0.85Hz. A RTESPA-300 probe (Bruker), featur-
ing a nominal resonance frequency of about 300kHz and a
force constant of 40 N/m, was used for all measurements. The
acquired data were analyzed using Nanoscope Analysis soft-
ware, version 1.5.

4.4.4 | Permeability Analysis

A Multi Perm Oxygen and Water Vapor Permeability analyzer,
equipped with two sensors (Extra solution, Perm tech, Italy), was
used to measure and record the oxygen and water vapor transmis-
sion rates (OTR and WVTR, respectively) through films at a tem-
perature of 23°C with an exposed area of 50cm?. The OTR and
WYVTR were defined as the flux J(f) of oxygen and water vapor,
respectively, transported per unit of time through the surface of
the tested film at a specific temperature and relative humidity
[69, 70]. For OTR measurements, the conditions were relative hu-
midity (RH) of 65%, with an O, pressure of 1.5 bar and N, pres-
sure of 2 bar. For WVTR measurements, the conditions were RH
100% and N, pressure of 2 bar. During permeability testing, the
air-exposed side was oriented toward the upstream gas chamber,
while the glass-contact side faced the downstream sensors.

4.4.5 | Water Contact Angle Measurement

The hydrophobicity of the unmodified and TER-modified
EC films was evaluated using the Goniometer with First Ten
Angstroms (FTA 1000) software (Newark, California, USA)
equipped with a CCD camera using the sessile drop method
with a droplet volume of 5uL at lab-controlled room tempera-
ture (25°C). The static contact angle on the films was measured
30s post-droplet deposition, allowing time for the droplet to sta-
bilize and thereby minimizing variations attributable to initial
spreading. The measurement was performed in triplicate, where
the static contact angles were measured at five different posi-
tions for each sample, and average values were calculated.

To assess coating performance across all four substrates, the
static contact angles were recorded for three distinct condi-
tions—uncoated, unmodified EC, and TER-modified EC—
using three independent replicates per group.

4.4.6 | UV Spectrophotometer

A transmittance test to assess the transparency of the coat-
ing material was conducted on the surface of a lab glass slide
(2.5%2.5cm) using a GENESIS 150 UV Spectrophotometer
(Thermo Scientific, Waltham, MA, USA) over a 200-800nm
wavelength range.

4.4.7 | Statistical Analysis

All the characterization was conducted in triplicate to en-
sure reproducibility. Statistical analysis was performed using

GraphPad Prism 8, with Microsoft Excel. The results are pre-
sented as arithmetic means+standard deviations. Prior to
analysis, datasets were assessed for parametric assumptions:
the Shapiro-Wilk test was used for normality (Tables S1 and
S2), and the Brown-Forsythe test was used for homogeneity of
variance. Additionally, Spearman's rank correlation was em-
ployed to confirm the absence of heteroscedasticity (p>0.05).
For datasets satisfying these criteria, One-way ANOVA was
used for single-variable comparisons, while Two-way ANOVA
was applied to evaluate the interaction between multiple ex-
perimental factors. Statistical significance was determined at
p<0.05.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. FIGURE S1: The relative transester-
ification rate (Ryy,) of the reaction between ethyl cellulose (EC) and
fatty acid ethyl esters (FAEEs) of different vegetable oils, particularly
peanut oil, soybean oil, and sunflower oil, at 110°C for different heat
treatment times (0-240min). Figure S2: Statistical analysis on the rel-
ative transesterification rate (R;z) of ethyl cellulose reacted with fatty
acid ethyl esters derived from peanut, soybean, and sunflower oils at
110°C. Data are presented across four reaction durations: (A) 30min,
(B) 60min, (C) 90 min, and (D) 120 min. Table S1: The p values from the
Shapiro-Wilk test for the relative transesterification rate, calculated for
the reaction between ethyl cellulose and fatty acid ethyl esters of differ-
ent vegetable oils (peanut oil, soybean oil, and sunflower oil) at 110°C
for different time intervals: 30, 60, 90, and 120min. Table S2: The p
values from the Shapiro-Wilk test of unmodified EC and TER-modified
EC for each experimental group of characterization.
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