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Abstract

A high-performance, bio-based wax emulsion was formulated using surfactants derived from linseed oil—linseed oil
sodium soap (LLOS) and linseed o0il monoglyceride (LOM). Based on their complementary hydrophilic-lipophilic balance
(HLB ~18 for LOS, ~5 for LOM), a 50:50 blend was predicted to match the HLB requirement of beeswax (9-12).
Experimental optimization confirmed that a 15% beeswax emulsion stabilized by 5% total concentration of this blend
exhibited exceptional properties: fine particle size (D[4,3] = 307 nm), high electrostatic stability ({ = -31.7 mV), and
resistance to centrifugation and thermal aging (50 °C, >28 days). The key innovation lies in the dry film performance.
Quantitative FTIR analysis revealed a 72% consumption of C=C bonds over 30 days, confirming spontaneous oxidative
crosslinking of the surfactants' unsaturated bonds. This crosslinking led to a continuous 59% increase in elastic
modulus (255 — 405 MPa) and superior water resistance (0.9% absorption), significantly outperforming films prepared
with conventional saturated or synthetic emulsifiers. This work demonstrates that linseed oil-derived surfactants
function as dual-purpose agents, effective emulsifiers and latent crosslinkers, providing a novel strategy for
sustainable, high-performance coatings that evolve functionally after application. The intrinsic coating properties were
established using PET as an inert model substrate to isolate coating performance from substrate effects. The
exceptional barrier and mechanical properties of the developed coating remained effective in preliminary evaluations
on paper substrates, confirming its potential for sustainable packaging applications where water resistance and
mechanical durability are critical.
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1. Introduction organic compounds (VOCs) such as toluene, white
spirit, or chlorinated hydrocarbons to form
solvent-based polishes and coatings [6-8]. This
practice, however, is associated with significant
drawbacks: material and disposal costs are
increased due to the price of the solvents
themselves and the need for specialized
equipment to handle flammability and recover

Wazxes are valued across the textiles, leather,
packaging, and coatings industries for their
exceptional water repellency, gloss, and protective
barrier properties [1-5]. Historically, the
application of waxes was predominantly achieved
by dissolving or dispersing them in volatile
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poses health risks to workers, and causes
environmental pollution [9-12].

To circumvent these issues, a decisive shift
towards water-based systems has been undergone
by the industry, with the preparation of oil-in-
water (O/W) wax emulsions emerging as the most
viable and environmentally sound alternative
[18-17]. The key challenge in formulating these
emulsions is considered to be the stabilization of
the molten wax droplets in the aqueous phase
against coalescence and Ostwald ripening. This is
primarily achieved through two mechanistic
approaches: (i) the use of surfactants to reduce
interfacial tension and provide electrostatic or
steric repulsion, and (ii) the use of solid particles
(Pickering stabilization) or polymeric stabilizers
[18-25]. Among these, surfactant-stabilized
emulsions are the most commercially prevalent
due to their formulation flexibility and high
efficiency. The emulsification process typically
involves high-shear homogenization of the molten
wax and a heated surfactant solution, followed by
controlled cooling to solidify the wax droplets. This
method is widely regarded as the most rational and
scalable for producing stable, fine wax emulsions
[26, 27].

However, a new dependency on emulsifiers is
introduced by this solution, which themselves can
be a source of concern. Conventional formulations
have relied heavily on synthetic, petroleum-
derived surfactants like alkylphenol ethoxylates
(APEOs), alcohol ethoxylates, and alkyl sulfates
(e.g., SDS). While effective stabilizers, these
compounds are increasingly criticized for their
poor biodegradability, potential eco-toxicity, and
non-renewable origins [26-28]. Furthermore, a
critical and often neglected drawback of this
approach is the singular focus on achieving
emulsion stability, with little consideration given
to the role of the emulsifier in the final dry film.
These inert, synthetic molecules can remain as
low molecular weight components within the wax
matrix, acting as plasticizers that compromise the
film's mechanical integrity, water resistance, and
abrasion durability. Essentially, the very
ingredient that enables the green, water-based
application can become the weak link in the
product's final performance [29-31].

A growing body of research has explored the
concept of "reactive surfactants" or "surfmers"
that participate in crosslinking reactions during
film formation, thereby overcoming the
limitations of conventional inert emulsifiers [40].
In coating technologies, such surfactants have
been investigated primarily for latex systems,
where they copolymerize with acrylic or styrene
monomers during film drying [47,48]. However,
their application in wax-based systems and the
use of vegetable oil-derived reactive surfactants
remain largely unexplored. Barquero et al.

recently reported sugar-based surfactants for
stabilizing linseed oil-in-water emulsions,
focusing on interfacial activity and rheological
properties [32]. While valuable, this study focused
on emulsification rather than post-application
reactivity of the surfactant itself.

Linseed oil, rich in a-linolenic acid (C18:3,
~50-60%), possesses a high degree of unsaturation
that is well-documented to undergo autoxidation
and form crosslinked networks—a property that
has been exploited for centuries in traditional
paints and varnishes [41]. This inherent reactivity
makes linseed oil an attractive feedstock for
synthesizing surfactants with latent crosslinking
functionality. Linseed oil sodium soap (LOS), an
anionic surfactant, and linseed oil monoglyceride
(LOM), a nonionic surfactant, were synthesized
from linseed oil through saponification and
glycerolysis, respectively. Based on their
estimated hydrophilic-lipophilic balance (HLB)
values—approximately 18 for LOS (consistent
with Davies' group contribution method for C18
fatty acid soaps [42,43] and similar to sodium
oleate [44]) and approximately 5 for LOM
(calculated by Griffin's method for monoglycerides
[42] and comparable to glycerol monooleate
[45])—a 50:50 blend was predicted to achieve an
effective HLB of approximately 11.5. This value
falls within the reported HLB requirement range
for beeswax emulsification (9—-12) [42], suggesting
that the 50:50 blend might provide optimal
emulsion stability.

This study was conducted based on the
following hypothesis: surfactants derived from
linseed oil (LOS and LOM) can serve dual roles—
first as effective emulsifiers for beeswax, with
their optimal blend ratio predictable from HLB
considerations, and second as latent crosslinkers
that undergo spontaneous oxidative crosslinking
upon film formation, thereby enhancing the
mechanical properties and water resistance of the
final coating. The specific objectives of this work
are: (1) to synthesize LOS and LOM from linseed
oil while preserving their unsaturated bonds; (i1)
to experimentally validate the HLB-based
prediction by evaluating emulsion stability across
a range of LOS:LOM ratios; (ii1) to quantitatively
demonstrate the occurrence of oxidative
crosslinking in the dried films through FTIR
analysis; and (iv) to establish the relationship
between crosslinking (C=C consumption) and the
evolution of film mechanical properties.

This work advances beyond previous
research in several key aspects. First, while
linseed oil-based soaps have been primarily
investigated for cosmetic applications [49] and
monoglycerides for polymer synthesis [50], their
combined use as emulsifiers for wax systems has
not been reported. Second, the potential of the
inherent unsaturation in these surfactants to

Copyright © 2026, ISSN: 3032-7059



Journal of Chemical Engineering Research Progress, 3 (2), 2026, 161

serve as latent crosslinking sites for post-
application film reinforcement has been
overlooked. Third, the quantitative relationship
between surfactant unsaturation consumption
and the evolution of film mechanical properties
has not been established. By addressing these
gaps, this study demonstrates a transformative
strategy where the emulsifier evolves from an
inert processing aid to an integral, performance-
enhancing component of the final coating.

The present study focuses on establishing
the fundamental material properties of the
coating on PET films, which serve as a model
substrate. PET was selected because its flat,
chemically inert surface allows accurate
characterization of the coating’s intrinsic
properties without interference from substrate
porosity or surface roughness [31]. The
exceptional water resistance (0.9% absorption)
and mechanical durability (>400 abrasion cycles)
observed on PET films provide a basis for
anticipating significant performance
improvements on porous paper substrates. Based
on this expectation, preliminary coating
evaluations on kraft paper were performed in this
work to obtain foundational data for future
sustainable paper packaging applications.

2. Materials and Method
2.1. Materials

Beeswax (melting point 62-65 °C) was
purchased from Sinowax Co., Ltd. (China).
Linseed oil (acid value <2 mg KOH/g), sodium
hydroxide (NaOH), and glycerol (analytical grade)
were obtained from  Shanghai Aladdin
Biochemical Technology Co., Ltd. (China). Stearic
acid (95%), glycerol monostearate (GMS, 95%),
Span 60, and Tween 60, used for preparing control
samples, were also sourced from Shanghai
Aladdin Biochemical Technology Co., Ltd.
(China).

2.2. Preparation of Surfactants
2.2.1. Linseed o1l sodium soap (LOS)

A 10 M NaOH solution was prepared by
slowly adding 13 g of NaOH pellets to 35 mL of
cold distilled water in an ice-water bath due to the
highly exothermic dissolution. To minimize
oxidation of wunsaturated bonds, the entire
synthesis was performed under continuous
nitrogen flow. Linseed oil (100 g) and ethanol (10
mL) were placed in a flask equipped with a reflux
condenser and stirred until homogeneous. The
mixture was heated to 40-45 °C, and the 10 M
NaOH solution was added dropwise while
maintaining the temperature. Stirring was
continued for 1.5-2 h until a viscous, pale yellow
cream formed without visible phase separation.

Hot saturated NaCl solution (100 mL) was
added to salt out the soap. The mixture was
stirred briefly with mild heating and allowed to
settle. The aggregated soap layer was collected
and dissolved in 100 mL of hot distilled water,
then cooled to precipitate the soap. This washing
process was repeated 1-2 times to remove
impurities. The purified soap was dried at room
temperature and allowed to mature for several
days to weeks.

2.2.2. Synthesis of Linseed oil monoglyceride
(LOM)

Monoglycerides were synthesized via
glycerolysis of linseed oil following established
methods [33]. Due to the high unsaturation of
linseed oil, the reaction was conducted under
continuous nitrogen flow to prevent oxidative
degradation. Based on the optimized conditions
reported by Igwe and Ogbobe [33], a reaction
temperature of 200-220 °C was employed, which
is within the range where selective glycerolysis of
unsaturated oils occurs while minimizing thermal
degradation.

Dehydrated linseed oil (50 g) and glycerol (25
g) were charged into a three-necked flask
equipped with a condenser, nitrogen inlet, and
thermocouple. Sodium hydroxide (0.25 g, 0.5 wt%
of oil) was added as catalyst. The mixture was
heated to 200—220 °C with constant stirring under
nitrogen flow. Reaction progress was monitored
by thin-layer chromatography (TLC) at 30 min
intervals; completion typically required 1.5-3 h.
Water generated during the reaction was
continuously removed using a Dean-Stark
apparatus. Upon completion, the system was
immediately cooled to 90—-100°C to terminate the
reaction.

The catalyst was neutralized by dropwise
addition of dilute phosphoric acid to pH of 6-7. The
product was purified by washing with hot distilled
water (50-100 mL, 2-3 times) to remove salts and
residual glycerol. The washed product was
subsequently dissolved in minimal hot acetone
and subjected to gradual cooling crystallization.
Monoglycerides were preferentially crystallized
due to their lower solubility compared to di- and
triglycerides. The resulting monoglyceride
crystals were collected by vacuum filtration and
dried under nitrogen.

2.3. Preparation of Wax Emulsions

Beeswax emulsions (15% w/w) were
prepared using LOS/LOM blends at a total
emulsifier concentration of 5% w/w. LOS was first
dissolved in a portion of deionized water. The
beeswax and remaining water were separately
heated to 75-80 °C with constant stirring. After
complete melting, the wax phase was stirred at
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500 rpm. The LOS solution was added dropwise,
followed by LOM in the same manner. The
stirring speed was then increased to 1000 rpm,
and the aqueous phase was poured in. The coarse
emulsion was immediately homogenized at
10,000 rpm for 2—3 min (IKA T25 Digital Ultra-
Turrax) until uniform. The emulsion was slowly
cooled to room temperature with gentle stirring
(200 rpm) to promote uniform wax crystallization.
All emulsions were matured for 24 h at room
temperature prior to evaluation. Using this
method, five formulations with LOS:LOM ratios
of 25:75, 40:60, 50:50, 60:40, and 75:25 were
prepared (Table 1).

2.4. Characterization of Emulsions
2.4.1. Macroscopic stability

Emulsion stability was evaluated through
macroscopic, mechanical, and thermal tests as
described below. For the storage stability,
emulsion samples in sealed glass bottles were
stored at 25 °C and visually inspected daily for
signs of creaming, oiling-off, or sedimentation for
up to 28 days. For the centrifugation stability,
samples were centrifuged at 4000 rpm for 15 min
(Centurion Scientific K2015R, UK). The volume of
any separated phase was measured, and the
emulsification index (EI) was calculated as the
percentage of remaining homogeneous emulsion
volume relative to the total volume. For the
thermal stability, samples were stored at 50 °C
(Binder ED, Germany) and inspected daily. The
time until first visible phase separation was
recorded.

2.4.2. Laser particle size analysis

The volume-weighted —mean  particle
diameter, D [4,3], and the particle size
distribution (expressed as the polydispersity
index, PDI) were measured using a laser
diffraction particle size analyzer (Malvern
Mastersizer 3000, UK). To monitor the changes in
particle size, measurements were taken at one-
week intervals for four weeks after the
preparation of the emulsion. Prior to
measurement, each sample was gently agitated to

Table 1. Emulsifier formulations for stability
screening.

Prescription LOS: LOM Estimated
number ratio HLB values
i 25:75 8.25
F2 40:60 10.2
Fs 50:50 11.5
F4 60:40 12.8
Fs 75:25 14.75

ensure homogeneity without causing foam
formation or droplet disruption.

2.4.3. Zeta potential measurement

The zeta potential of the emulsion droplets
was determined using a Zeta potentiometer
(Malvern Zetasizer Nano ZS, UK) to assess the
electrostatic repulsion between particles and
predict colloidal stability. To avoid multiple
scattering effects, the emulsion was appropriately
diluted with deionized water (approximately
1:100 v/v) until a slightly opaque suspension was
achieved. The diluted sample was introduced into
a clear disposable zeta cell, and measurements
were conducted at 25 °C. The reported value was
obtained as the average of at least three
consecutive runs.

2.5. Characterization of Dry Films
2.5.1. Preparation of dry films

Three emulsion types were prepared as
described in Section 2.4: EXP (50:50 LOS:LOM
blend), CTRL-Syn (50:50 Span 60/Tween 60), and
CTRL-Sat  (50:50 sodium stearate/glycerol
monostearate). Each emulsion was cast onto PET
sheets using a calibrated applicator to achieve a
dry coating weight of 50 g/m2?. PET film was
chosen as a model substrate because its flat,
chemically inert surface allows accurate
characterization of the coating’s intrinsic
properties without interference from substrate
porosity or surface roughness [1, 31]. The films
were conditioned at 25°C and 50% RH for 30 days
prior to testing. The visual appearance of the dry
films after aging (day 1 and day 15) is shown in
Supporting Information Figure S1 and discussed
in Section 3.3.

To preliminarily assess the potential for
paper packaging applications, the same emulsions
were also coated onto kraft paper (basis weight 80
g/m?) at the same coating weight (50 g/m?) using a
bar coater. Coated papers were conditioned under
identical conditions (25 °C, 50% RH) for 30 days.
The results presented in this study are primarily
based on PET film measurements, which reflect
the intrinsic properties of the coating. Preliminary
observations on paper substrates are included as
qualitative indicators of potential applicability,
with systematic evaluation reserved for future
work.

2.5.2. Water contact angle

The surface wettability of the dry films was
evaluated by measuring the static water contact
angle using a Dataphysics OCA20 instrument
(Germany). A deionized water droplet (5 pL in
volume) was automatically dispensed onto the
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film surface. The contact angle was calculated
immediately after droplet deposition using the
Young-Laplace fitting method. The measurement
was repeated at least five times at different
locations on each sample to ensure statistical
significance.

2.5.3. Water absorption

The water resistance of the films was
quantified through a water absorption test. Pre-
weighed dry film samples (W,) were completely
immersed in deionized water at room
temperature for 24 hours. Subsequently, the
samples were removed, and any surface water
was carefully blotted away using a lint-free cloth.
The samples were immediately re-weighed to
obtain the wet weight (W,). The percentage of
water absorption was calculated using the
following equation:

Ww—-Wo
Wo

Water absorption (%) = X 100% (1)

This entire procedure was performed in triplicate
for each film formulation to ensure the accuracy
and reproducibility of the results.

2.5.4. Abrasion resistance

The mechanical durability of the films
against wear was evaluated using a rub tester
(GT-KBO1, Gester Instruments, China). An
abrasive cloth saturated with ethanol was secured
to the rubbing finger. A load of 500 g was applied,
and the samples were subjected to reciprocal
rubbing. The test was continued until visible
failure of the film (e.g., wear-through to the
substrate) was observed. The number of cycles
sustained before failure was recorded as the
measure of abrasion resistance.

2.5.5. Mechanical properties (nanoindentation)

Elastic modulus was measured by
nanoindentation (Keysight G200, USA) with a
Berkovich diamond tip. At least 10 indentations
were performed per sample to obtain statistically
reliable values. Measurements were conducted on
Days 1 and 30 to monitor property evolution
indicative of oxidative crosslinking.

2.5.6. Chemical analysis (Fourier-Transform
Infrared Spectroscopy - FTIR)

Chemical changes within the films,
specifically the consumption of carbon-carbon
double bonds (C=C) due to oxidative crosslinking,
were monitored by FTIR spectroscopy. Spectra
were collected using a Nicolet iS50 spectrometer
(Thermo Fisher Scientific, USA) equipped with an
ATR accessory. Each spectrum was acquired over

4000-500 cm™. Measurements were performed on
Day 1 and Day 30.

To quantify the extent of crosslinking, the
unsaturation index (UI) was calculated from the
FTIR spectra. All spectra were analyzed using
Origin software (OriginLab, USA). After baseline
correction, the integrated areas of the peaks at
3010 ecm™ (=C-H stretch of cis-double bonds) and
2854 cm™ (symmetric C-H stretch of methylene
groups, internal reference) were obtained using
the Integration tool. The unsaturation index was
calculated as:

Ul = % x 100% 2)

2854

where Azgio and A,gss are the integrated peak
areas.

The percentage of C=C bonds consumed over
30 days was calculated as:

(€ = C)consumption (%) = (1 —%) X 100% (3)

1

where Ul; and Ul;, are the unsaturation indices
on Day 1 and Day 30, respectively. All
measurements were performed in triplicate at
different locations on each film, and results are
reported as mean + standard deviation.

3. Results and Discussion

3.1. Optimization of Emulsifier Ratio and
Emulsion Stability

The stability of beeswax emulsions stabilized
with  linseed oil-derived surfactants was
systematically evaluated through macroscopic,
mechanical, thermal, and colloidal
characterization. The results, summarized in
Table 2, revealed a non-linear relationship
between emulsifier ratio and stability, with
formulation F3 (50:50) emerging as the optimal
system due to synergistic electrostatic
stabilization.

3.1.1. Macroscopic and mechanical stability

Formulations F3 and F4 exhibited excellent
mechanical stability, with no precipitation after
centrifugation. F2 showed very good stability,
while F1 and F5 were significantly unstable. The
instability of F5 (high LOS ratio) is attributed to
a rigid but mechanically weak interfacial film
dominated by ionic surfactant molecules. Under
centrifugal force, this brittle film ruptured,
causing droplet coalescence and oil separation.
Additionally, excess LOS may have compressed
the electrical double layer, weakening
electrostatic repulsion. Conversely, F1 (high LOM
ratio) suffered from insufficient -electrostatic
repulsion. Although LOM provided effective steric
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hindrance, the low surface charge allowed
droplets to approach closely, leading to
flocculation. The superior performance of F3 and
F4 demonstrates a clear synergistic effect:
electrostatic repulsion from LOS prevents close
approach, while the resilient interfacial film from
LOM resists mechanical stress and prevents
coalescence [34,35].

3.1.2. Thermal stability

Thermal stability testing at 50 °C revealed
that F3 possessed the longest stability (>28 days),
followed by F2 and F4, while F1 and F5 exhibited
the shortest stability periods. Elevated
temperature intensifies Brownian motion,
increases collision frequency, and reduces the
viscosity of the continuous phase. The rapid
failure of F5 again confirmed the fragility of its
LOS-dominated interfacial film under thermal
stress. The poor performance of F;indicated that
steric stabilization alone becomes inadequate at
higher thermal energies, necessitating a
sufficient electrostatic energy barrier to prevent
droplet coalescence. The exceptional thermal
stability of Fs was concluded to originate from its
balanced stabilization mechanism: electrostatic
repulsion provided a high energy barrier, while
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the tough interfacial film from LOM ensured that
droplets did not coalesce upon collision [34].

3.1.3. Particle size distribution and long-term
stability

The initial particle size of Fs, F3, and F4 was
relatively small (<310 nm), but significant
differences in long-term (28day) stability were
observed. As shown in Figure la and 1b, the
particle size and polydispersity index of Fs
remained virtually unchanged, indicating its
excellent kinetic stability. Moderate growth was
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Figure 1. Characteristics of emulsions according to the mixing ratio of emulsifiers: (a) Change in the
diameter of the droplet; (b) Change in the polydispersity index; (c) Zeta({) potential.

Table 2. Summary of stability test results for wax emulsion.

Evaluation metrics F1 (25:75) F2 (40:60) F3 (50:50)  F4(60:40) F5 (75:25)
Macro stability (28 days) Slight no change  nochange no change slight
layering sedimentation

Centrifugal precipitation rate (%) 4.2% 0.8% 0% 0.2% 5.5%
Thermal stability (50 ° C, days) 10d 18d >28d 20d 8d
Particle size D (4,3) (nm), Day 1 440 290 307 300 390
Particle size D (4,3) (nm), Day 28 600 350 309 375 570
Polydispersity index (PDI), Day 1 0.35 0.32 0.22 0.28 0.3

Zeta potential (mV) -15.2 -48.3 -31.7 -55.1 -59.8
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observed for F2 and F4, while the particle size of
F1 and Fs increased dramatically, suggesting the
occurrence of Ostwald ripening and/or
aggregation. The stability of Fswas ascribed to its
compact composite interfacial film. This film not
only effectively prevented aggregation but also
minimized the chemical potential difference
between droplets of different sizes, thereby
reducing the driving force for Ostwald ripening.
Although F4 exhibited a small initial particle size,
its high LOS ratio may have resulted in an overly
rigid and hydrophilic interfacial film, which could
undergo slight rearrangement during long-term
storage, explaining its marginally inferior
stability compared to Fs [36].

3.1.4. Zeta potential and interfacial phenomena

As shown in Figurele, the zeta potential
values followed the order: |F5| > |F4| > [F2| >
|F3| > | F1|. This trend confirmed that a higher
LOS ratio generally resulted in a greater negative
surface charge. However, a critical finding was
that a higher zeta potential did not correlate with
improved overall stability. Fs, with the highest
potential (-59.8 mV), displayed the poorest
stability, demonstrating that excessive
electrostatic repulsion is not the sole determinant
of stability; the mechanical robustness of the
interfacial film 1s equally crucial. The
anomalously high zeta potential of Fs (-48.3 mV)
is explained by the presence of excess, non-
adsorbed LOS ions in the aqueous phase, which
inflate the measured value without contributing
to interfacial cohesion. The zeta potential of Fs
was measured at -31.7 mV. According to DLVO
theory, [{| > 30 mV provides an excellent
electrostatic barrier against aggregation. The
potential value of Fs, being just above this
threshold and combined with the mechanically
robust film provided by LOM, was concluded to
create a highly effective "dual-safety" electrosteric
stabilization system [34].

3.1.5. HLB-based prediction and experimental
confirmation

The effective hydrophilic-lipophilic balance
(HLB) of each emulsifier blend was calculated to
evaluate whether the experimentally determined
optimal formulation (F3) could have been
predicted from HLB considerations alone. Based
on estimated HLB values of approximately 18 for
LOS (consistent with Davies' group contribution
method for C18 fatty acid soaps [42, 43] and
similar to sodium oleate [44]) and approximately
5 for LOM (calculated by Griffin's method for
monoglycerides [42] and comparable to glycerol
monooleate [45]), the effective HLB of each blend
was determined as the weighted average of the

individual surfactant HLB values (Tablel). The
reported HLB requirement for beeswax
emulsification is in the range of 9-12 [42]. A clear
correlation was observed between the effective
HLB and emulsion stability based on the stability
metrics summarized in Table 2.

Formulations with HLB values outside the
optimal range exhibited poor stability. F1 (HLB
8.25), with an HLB below the required range,
showed phase separation within 10 days at 50°C
and a significant increase in particle size over 28
days (from 440 nm to 600 nm). Conversely, F5
(HLB 14.75), with an HLB above the optimal
range, failed within 8 days at 50°C and also
showed substantial particle size growth (from 390
nm to 570 nm) and poor mechanical stability,
evidenced by 5.5%  precipitation  after
centrifugation. In contrast, formulations with
HLB values within or near the optimal range all
exhibited good to excellent stability. F2 (HLB
10.2), F3 (HLB 11.5), and F4 (HLB 12.8)
maintained small particle sizes (<350 nm after 28
days), low polydispersity, and withstood thermal
aging at 50°C for at least 18 days (F2, F4) or more
than 28 days (F3).

Most notably, F3 (HLB 11.5), which falls
closest to the midpoint of the reported optimal
HLB range for beeswax, displayed the best overall
stability across all metrics. It exhibited the finest
initial particle size among the stable formulations
(307 nm), the narrowest size distribution (PDI of
0.22), excellent electrostatic stability ({ = -31.7
mV), and exceptional thermal stability (>28 days
at 50°C). Its particle size remained virtually
unchanged over the 28-day period (307 nm — 309
nm), indicating outstanding kinetic stability.

This result confirms the validity of the HLB-
based prediction made prior to experimentation.
Based on the estimated HLB values of LOS (~18)
and LOM (~5), a 50:50 blend was predicted to
achieve an HLB of approximately 11.5, which falls
within the optimal range for beeswax. The
experimental data conclusively demonstrate that
this prediction was accurate: the 50:50 blend (F3)
indeed produced the most stable emulsion among
all formulations tested. This agreement between
prediction and experiment validates the
application of HLB concepts to these bio-based
surfactant systems and demonstrates that the
optimal formulation could have been identified
through rational design rather than trial-and-
error alone.

3.1.6. Optimal formulation determination

Although F3 did not rank first in every
individual metric (F4+had a smaller initial particle
size, while F5 had a higher zeta potential), it was
identified as the optimal formulation due to its
excellent, balanced, and consistent performance
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across all stability tests. This indicates that LOS
and LOM achieved optimal synergy at a 50:50
ratio, rather than providing simply additive
effects. Its zeta potential provides sufficient
electrostatic repulsion, while the steric hindrance
of LOM forms a strong interface film, resulting in
a synergistic effect where the combined
stabilization is greater than the sum of the
individual components. The narrow particle size
distribution (PDI of 0.22) indicated a uniform
emulsion, suitable for industrial production and
quality control. Therefore, formulation F3
(LOS:LOM = 50:50) was determined to be the
optimal ratio.

3. 2. Comprehensive Analysis of Dry Film Properties

The properties of the dry films derived from
the three emulsion types, EXP, CTRL-Sat, and
CTRL-Syn, were systematically evaluated after a
30-day aging period. The results, summarized in
Table 3, provide conclusive evidence for the
unique self-curing mechanism and superior
performance of the EXP film, which is
comprehensively interpreted below.

3.2.1. Apparent wettability paradox and bulk
barrier dominance

Table 3. Comparative properties of dry films
after 30 days aging.

Property EXP  CTRL-Sat CTRL-Syn
Water Contact Angle (°)  82.1 105 115
Water Absorption (%) 0.9 4.0 9.0
Elastic Modulus, Day 1 255 268 240
(MPa)
Elastic Modulus, Day 405 272 242
30 (MPa)
Abrasion Resistance >400 150 220
(cycles)
a)
120 4 L 120
100 - - 100
ééu 80 - - 80
<
% 60 - 60
O
§ 40 - - 40
20 20
0 -0
EXP CTRL-Sat CTRL-Syn

Water Absorption (%)

As shown in Table 3, Figure 2a and Figure
2b, the EXP film exhibited a moderately
hydrophilic surface (82.1°), while both control
films showed more hydrophobic surfaces (>100°).
This initial discrepancy is attributed to the
presence of polar oxidation products (e.g.,
hydroperoxides, alcohols) at the surface of the
EXP film. However, the EXP film demonstrated
superior water resistance, as evidenced by its
significantly lower water absorption (0.9% vs.
4.0% and 9.0% for the controls).

This apparent contradiction is resolved by
considering the film's bulk morphology. The
hydrophilic ionic channels formed by LOS likely
facilitated oxygen diffusion deep into the film,
enabling bulk crosslinking rather than merely
surface curing. The resulting highly cross-linked
network created a dense, tortuous barrier that
physically impeded water penetration. Moreover,
the high cross-link density effectively immobilized
the hydrophilic groups within the polymer matrix,
preventing them from interacting with water
molecules despite their presence at the surface.
Thus, the superior barrier properties override the
influence of surface polarity, demonstrating a
decoupling of surface wettability from bulk

)

450 450
1 I Day 1
400 - Day30|F 400
350 - I 350
E 4
s 300 - - 300
= ]
= 250 4 250
=
B
= 200 - I 200
2 1
=_jg 150 4 150
o |
100 - - 100
50 I 50
0 - -0
EXP CTRL-Sat CTRL-Syn
10 10
8 | L8
6 - L6
4 4 L4
2 L2
0 -0

EXP CTRL-Sat CTRL-Syn

Figure 2. Comparison of water absorption and mechanical properties of dry films: (a) Water Contact

Angle; (b) Water absorption; (¢c) Elastic Modulus.
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barrier properties-a recognized effect in cross-
linked polymer networks [37].

3.2.2. Mechanistic evolution of mechanical
properties

As shown in Figure 2c¢, exceptional
mechanical performance evolution was observed
exclusively in the EXP film. Its elastic modulus
was increased spontaneously by 59% over 30 days,
from 255 MPa to 405 MPa. In contrast, the
mechanical properties of both control films
remained virtually static. This profound increase
is attributed to the formation of covalent carbon-
carbon and ether (C-O-C) cross-links, which
dramatically increase the crosslink density of the
network, a relationship well-established in
polymer physics. The most striking improvement
was shown in abrasion resistance, where the EXP
film sustained more than 400 rub cycles without
failure, outperforming both controls by more than
2 times. This is a direct consequence of the high
cohesion and mechanical integrity provided by the
cross-linked network [38].

3.3. FTIR  Spectroscopy  Evidence and

Comparative Film Performance

The oxidative crosslinking mechanism was
confirmed by FTIR spectroscopy through
comparative analysis of the EXP film spectra from
Day 1 to Day 30, with key changes summarized in
Table 4 and Figure 3.

Qualitative FTIR Analysis of the EXP Film:
The characteristic peaks for cis-double bonds
(C=C stretch at ~1650 cm™; =C-H stretch at
~3010 cm™) were significantly diminished over 30
days, confirming their consumption as reactive
sites in the crosslinking process [42]. A broad O-H
stretch (~3450 c¢m™) appeared, indicating
hydroperoxide and alcohol formation during
autoxidation, while new carbonyl species were
detected at ~1710 cm™, confirming oxidation
reactions [51]. Crucially, the C-O stretching
region (1200-1000 cm™) became more intense,
signaling the formation of ether (C-O-C) and ester
crosslinks—the primary contributors to the three-
dimensional network [52]. Additionally, the
decrease in the carboxylate ion peak (COO™ at ~1560
cm™) suggests that LOS was partially protonated

Table 4. FTIR spectral changes indicative of oxidative cross-linking in the EXP film.

Wavenumber

(cm™) Bond Vibration Change (Day 1 — Day 30) Interpretation

~3010 =C-H stretch  Disappears/Greatly Consumption of cis-double bonds
diminishes

~1650 C=C stretch Diminishes/Disappears Key indicator of cross-linking

~3450 O-H stretch Becomes more intense and Formation of hydroperoxides and
broader alcohols

~1710 C=0 stretch New peak appears/grows Formation of carboxylic acids,

aldehydes, ketones
~1200-1000 C-O stretch Becomes more intense and Formation of ether and ester cross-

complex links

~1560 COO™ asym. Diminishes/Broadens Protonation of soap and

stretch incorporation into network

Wavenumbers (cm™)

o
o

80

-
o
1

-70
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Figure 3. FTIR analysis, C=C consumption, and mechanical property evolution of the EXP film during 30
days of aging. (a) FTIR analysis; (b) C=C consumption and mechanical property evolution.
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and incorporated into the network via esterification,
transitioning from an emulsifier to a permanent
structural component [39].

Quantitative  Analysis: To  quantify
crosslinking, the unsaturation index (UI) was
calculated as the ratio of absorbance at 3010 cm™
to that at 2854 cm™ (internal standard) [46]. The
extent of C=C bond consumption over 30 days,
derived from the unsaturation index (UI), is

summarized in Table 5 for all formulations. The
EXP film showed a dramatic decrease from 0.85 +
0.03 on Day 1 to 0.24 + 0.02 on Day 30,
corresponding to 72% consumption of C=C
bonds—clear evidence of extensive crosslinking.
Control formulations exhibited minimal changes:
saturated (CTRL-Sat) and synthetic (CTRL-Syn)
systems showed no Ul change due to the absence
of unsaturated bonds, while single-surfactant
systems (LOS-only, LOM-only) showed only ~6%
consumption. This minor decrease in single-
surfactant systems 1is attributed to surface
oxidation without network formation [53].

over time. During the first 7 days, 35% C=C
consumption yielded a 22% modulus increase.
Between days 7 and 14, an additional 20% C=C
consumption resulted in a further 16% modulus
increase. In the final period (days 14-30), 17%
additional C=C consumption produced a 21%
modulus increase, demonstrating that later-stage
crosslinking events contribute more efficiently to
mechanical reinforcement. This increasing
contribution reflects the progressive formation of
the crosslinked network [54]; in the early stage,
some consumed unsaturation forms non-network
species such as surface oxidation products, while
after the gel point, virtually all remaining
unsaturation contributes directly to network
reinforcement [51,52].

Comparative Film Performance: The FTIR
spectra of the control formulations (Figure 4)

Table 5. Comparison of C=C consumption and
modulus increase for all formulations.

Absorbance

Absorbance

Multi-Stage Crosslinking and Mechanical System . C:S o 1 Modlﬂuso/
Property Development: The relationship between onsumption (%) ncrease (%)
C=C consumption and modulus increase reflects EXP 72 59
the progressive nature of autoxidative LOS-only 6 2.4
crosslinking [51,52]. Figure 3b presents this LOM-only 6 2.1
relationship for the EXP film based on
measurements at 1, 7, 14, and 30 days. The data CTRL-Sat i 1.5
reveal that the crosslinking process is not uniform CTRL-Syn - 0.8

a) b)
Wavenumbers (cm™) Wavenumbers (cm™)
d)

Wavenumbers (cm™)

Wavenumbers (cm™)

Figure 4. FTIR spectra of control formulations at Day 1 and Day 30. (a) LOS-only film; (b) LOM-only film;

(c) CTRL Sat; (d) CTRL Syn.
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show no significant changes between Day 1 and
Day 30, confirming their chemical inertness. The
superiority of the EXP film derives from in-situ
oxidative crosslinking, as demonstrated by
comparison with control formulations in Table 5.
The saturated (CTRL-Sat) and synthetic (CTRL-
Syn) systems lack unsaturated bonds entirely,
resulting in negligible modulus changes. Their
limited mechanical properties arise solely from
physical interactions within the wax matrix, in
contrast to the EXP film which benefits from
covalent network formation.

More significantly, the comparison between
EXP and single-surfactant systems (LOS-only,
LOM-only) reveals the critical importance of
surfactant synergy. Both single-surfactant
systems contain unsaturated bonds capable of
autoxidation, yet they achieved only ~6% C=C
consumption—dramatically lower than the 72%
observed in the EXP blend. This six-fold difference
demonstrates that the synergistic combination of
LOS and LOM is essential for extensive network
formation, enabling efficient channeling of
oxidative  intermediates into  crosslinking
pathways [35,36]. The negligible modulus
increases in single-surfactant systems (2-3%)
further confirm that without this synergy, the
limited C=C consumption cannot translate into
meaningful mechanical reinforcement.

The 72% C=C consumption in the EXP film
is consistent with reported extents (60-80%) for
autoxidized linseed oil films [53]. The multi-stage
relationship between C=C consumption and
modulus increase, with later-stage crosslinking
events contributing more efficiently, reflects the
progressive network development characteristic
of autoxidative crosslinking [3,4,8]. The
incomplete consumption (72%) is expected due to
reduced  molecular mobility and  steric
inaccessibility within the formed network [4,44],
with the residual unsaturation (28%) potentially
contributing to maintained ductility (15.3%
elongation at break) [55].

The absence of C=C consumption in CTRL-
Sat and CTRL-Syn confirms these surfactants are
chemically inert, serving as negative controls that
demonstrate self-strengthening 1s uniquely
attributable to unsaturated bonds in linseed oil-
derived surfactants. However, the most
compelling evidence for the proposed mechanism
comes from the comparison between EXP and
single-surfactant systems: both contain
unsaturated bonds, yet only their synergistic
combination enables the extensive C=C
consumption required for substantial mechanical
reinforcement [35,36]. These findings establish
that the 50:50 LOS:LOM blend creates a reactive
system where surfactants evolve from emulsifiers
to integral mnetwork components, a dual
functionality representing a paradigm shift in

surfactant design for sustainable, high-
performance coatings [29,31].

The macroscopic manifestation of this
crosslinking chemistry was directly observable.
As shown in Supplementary Figure S1, the EXP
film exhibited progressive color darkening from
pale yellow on day 1 to yellowish-brown on day 15,
whereas control films (CTRL-Syn and CTRL-Sat)
showed no visible color change over the same
period. This visual evidence qualitatively
confirms that autoxidative crosslinking proceeds
exclusively in the EXP system, consistent with the
quantitative FTIR data presented above.

The multi-stage crosslinking behavior and
mechanical reinforcement observed on PET films
provide a solid foundation for understanding the
coating's intrinsic properties. These results
strongly suggest that the EXP coating would
perform effectively on paper substrates, where
water resistance and mechanical durability are
critical requirements for sustainable packaging
applications.

3.4. Preliminary Evaluation for Paper Packaging
Applications and Future Work

The exceptional water resistance (0.9%
absorption) and mechanical durability (>400
abrasion cycles) of the EXP film demonstrated on
PET substrates indicate strong potential for paper
packaging applications. These properties directly
address key requirements for sustainable paper
packaging: moisture protection during storage,
mechanical integrity during handling and
transportation, and compatibility with recycling
streams [1,14]. Based on this expectation, the
optimal formulation (F3) was applied to kraft
paper (basis weight 80 g/m?) at the same coating
weight (50 g/m?) for preliminary performance
evaluation. Table 6 compares the key
characteristics of uncoated paper, control-coated
papers, and EXP-coated paper.

The EXP-coated paper exhibited
significantly improved water resistance, with a
Cobb60 value of 12 g/m?, substantially lower than
CTRL-Sat (25 g/m? and CTRL-Syn (18 g/m?)
coated papers, as well as uncoated paper (120
g/m?). The water contact angle of 82° on coated
paper was consistent with values observed on PET
films (82.1°), confirming that the coating’s surface
properties are preserved on porous substrates.
Importantly, the tensile strength of the coated
paper increased from 25 MPa to 38 MPa (+52%),
demonstrating that the self-strengthening
crosslinked network contributes to mechanical
reinforcement of the paper substrate. Abrasion
resistance also showed a dramatic improvement
compared to uncoated paper (<10 cycles),
confirming that the excellent intrinsic abrasion
resistance of the coating (>400 cycles on PET) is
effectively translated to the paper substrate.
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These preliminary results demonstrate that
the intrinsic properties of the EXP coating,
established on PET films, translate effectively to
paper substrates, even without optimization of
coating process parameters. Table 7 summarizes
the key variables, including coating formulation
(emulsifier concentration, beeswax content, drier
addition), coating process (coating weight, drying
conditions), substrate characteristics, and
additional  performance  metrics (WVTR,
adhesion, recyclability), to be systematically
optimized in future work for commercial paper
packaging applications.

These future investigations will provide a
comprehensive assessment of the coating’s
viability for commercial paper packaging
applications. The present study establishes the
fundamental material platform upon which such
applied research can be built.

4. Conclusions

A 50:50 blend of linseed oil sodium soap
(LOS) and linseed oil monoglyceride (LOM) at 5%
total concentration was identified as the optimal
formulation for stabilizing 15% beeswax
emulsions. This formulation exhibited fine
particle size (307 nm), high electrostatic stability
(-31.7 mV), and excellent thermal stability (>28
days at 50 °C). The key innovation of this work
lies in the dry film performance. Quantitative
FTIR analysis revealed a 72% consumption of

C=C bonds over 30 days, confirming spontaneous
oxidative crosslinking of the surfactants'
unsaturated bonds. This crosslinking led to a
continuous 59% increase in elastic modulus (from
255 to 405 MPa) and superior water resistance
(0.9% absorption). The EXP film significantly
outperformed control formulations in both barrier
and mechanical properties. Its water absorption
(0.9%) was substantially lower than that of the
saturated bio-based (4.0%) and synthetic (9.0%)
systems, while its abrasion resistance (>400
cycles) far exceeded the values observed for all
control films (150-310 cycles). Single-surfactant
systems (LOS-only, LOM-only) showed only ~6%
C=C consumption and minimal mechanical
changes, demonstrating that the 50:50 blend
provides true synergistic benefits. The intrinsic
coating properties established on PET films (72%
C=C consumption, 59% modulus increase, 0.9%
water absorption) remained effective in
preliminary evaluations on kraft paper. The EXP-
coated paper exhibited excellent water resistance
(Cobb60 of 12 g/m?), improved tensile strength
(+52%), and markedly enhanced abrasion
resistance, confirming its strong potential for
sustainable paper packaging applications.
Optimization of coating process parameters,
including emulsifier concentration, coating
weight, drying conditions, and the addition of
driers, will be pursued in future work.

Table 6. Preliminary performance of coated kraft paper.

Property Uncoated Paper

CTRL-Sat Coated CTRL-Syn Coated EXP Coated

Water contact angle (°) 0 (instant wetting)

Cobb60 absorption (g/m?) 120+ 8
Tensile strength (MPa) 25+ 2
Abrasion resistance (cycles) <10

105+ 3 115+4 82+ 2
25+ 3 18+ 2 12+1.5
27 + 2 26+ 2 38+3
120+ 15 180 + 20 >300

Table 7. Key variables to be optimized in future paper coating studies.

Category Variable / Property Objective
Coating Emulsifier concentration Maximize barrier and mechanical
formulation properties

Beeswax content
Drier addition

Optimize hydrophobicity
Accelerate oxidative crosslinking

Coating weight
Drying conditions

Coating process

Balance performance and cost
Control crosslinking rate

Substrate Paper type and basis weight Adapt to target applications
Performance Water vapor transmission rate Moisture barrier performance
(WVTR)
Coating adhesion Mechanical integrity
Recyclability End-of-life disposal
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This work demonstrates that linseed oil-
derived surfactants function as dual-purpose
agents, effective emulsifiers that also serve as
latent crosslinkers, undergoing spontaneous
oxidative crosslinking upon film formation to
enhance mechanical properties. This offers a
novel strategy for sustainable, high-performance
coatings where the emulsifier evolves from an
inert processing aid to an integral performance-
enhancing component of the final film.
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