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ABSTRACT
This study reports the synthesis of a stable and homogeneous nanocomposite of cellulose nanocrystals (CNCs) and vinyl acetate

(VA) monomer via a semi-batch water-based emulsion polymerization technique, targeting a total solid content (TSC) of 50wt.%
to meet industrial requirements such as smaller storage volume, and easier transportation. The semi-batch approach enabled a

consistent distribution of the reactants and improved scalability for industrial applications. CNCs were successfully incorporated

into a polyvinyl acetate (PVAc) latex formulation at concentrations of up to 3.22wt.% relative to VA monomer. Fourier-transform

infrared spectroscopy indicated the consumption of hydroxyl groups on the CNC surfaces. The nanocomposites containing 1.93%
CNC demonstrated the most promising performance, reducing the water sensitivity of pristine PVAc and lowering both the water

vapor transmission rate (WVTR) and permeation. Nevertheless, the increased CNC content induced an uneven surface topogra-

phy and a broader polymer particle size and distribution, as observed by polarized light and scanning electron microscopy.

Mechanical testing revealed a general reduction in the tensile properties relative to neat PVAc, although the 1.93wt.% CNC

sample exhibited the least decline. The resulting nanocomposites exhibited an extended shelf life and colloidal stability, indicating

their potential for industrial applications.

1 | Introduction

Nanoparticles are increasingly acknowledged for their ability to
enhance the properties and functionalities of polymer composites
[1–6]. Initially, nanocomposite development started by using
inorganic nanoparticles; however, increasing environmental con-
cerns have shifted attention towards organic and sustainable
alternatives [7–9]. Among these, CNCs, which are bio-based
nanoparticles obtained via acid hydrolysis, have gained signifi-
cant interest due to unique characteristics [10, 11]. Their sustain-
ability, favorable mechanical parameters and abundance of

surface hydroxyl groups make them particularly attractive for
modification of polymers [12]. Their incorporation into polymer
matrices has been generally found to enhance thermo-mechani-
cal performance and reduce water sensitivity while maintaining
biodegradability [13]. These enhancements are primarily attrib-
uted to the formation of hydrogen bonds with hydroxyl groups on
the surface of the CNCs, facilitating the formation of a percolated
network, which can act as reinforcement [14]. A challenge is the
hydrophilic nature of CNCs and their tendency to self-aggregate
via hydrogen bonding, which can lead to stress-concentrated
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areas in the nanocomposite and can compromise the homogene-
ity of the resulting products [15].

The extraction of CNCs using sulfuric acid hydrolysis introduces
a negative charge onto the CNC particles, which is advantageous
for preparing stable aqueous suspensions owing to enhanced
electrostatic repulsion forces [16]. Enhancing the properties of
water-based polymers using CNCs may be more straightforward
than using other polymers, as water serves as a medium that
facilitates their dispersion and interaction. The hydrophilic
nature of CNCs enables easier dispersion, especially when
CNCs are incorporated during the polymerization process [17].

Recent investigations of nanocellulose-reinforced waterborne latex
systems have predominantly focused on acrylic-based copolymers.
For instance, carboxylated cellulose nanocrystals (CNCs) have been
incorporated into butyl acrylate/methyl methacrylate and acrylic
acid–containing latex formulations [18, 19]. Comprehensive discus-
sions are available in recent reviews addressing nanocellulose in
heterogeneous polymer systems [20]. In contrast, studies specifi-
cally targeting polyvinyl acetate (PVAc)/CNC systems remain
scarce. Earlier studies have reported solution-cast PVAc/CNC
nanocomposites [21] and crosslinked PVAc/CNC systems prepared
via in situ polymerization [22]. Although similar approaches have
been reported previously, they were conducted at low TSC, limiting
their relevance for industrial applications [22, 23]. PVAc in latex
form is considered as a green polymer due to low energy consump-
tion during the synthesis, simplicity of production, and low toxicity
[24]. The merit of PVAc for manufacturing nanocomposites with
CNCs have beenpreviously reported byGeng et al. [22]. Although it
is possible to incorporate CNCs into PVAc latexes either through in
situ polymerization or post-addition to the latex, in situ addition
showed more promising results [23].

In our previous research [6], we investigated the use of CNC-
modified PVAc nanocomposite latexes as a matrix in viscose-fab-
ric reinforced laminates and assessed themechanical performance
for the composites. The matrices were synthesized via semi-batch
emulsion polymerization and subsequently applied to viscose fab-
rics using a hand-layup prepreg technique followed by compres-
sionmolding to produce composite laminates. The results showed
that the incorporation of CNCs, particularly at an optimal loading
of 1.2wt.%, significantly improved the mechanical performance
and structural integrity of the composites, leading to a 13.7%
increase in ultimate tensile strength and a 36.2% increase in
impact resistance, along with improvements in flexural and inter-
laminar shear strength. Although the CNC-modified matrices
generally exhibited a lower elastic modulus, they provided higher
ductility, with the elongation at break increasing by up to 31.5%.
However, at higher CNC loadings, the performance tended to
decline, mainly owing to CNC agglomeration and processing lim-
itations, such as increased viscosity and air bubble entrapment.

In contrast, the current study focuses on the synthesis of the latex as
the primary product, establishing a scalable semi-batch emulsion
polymerization method to produce high–total-solid-content
(~50wt. %) PVAc/CNC nanocomposite latexes capable of forming
films. The aim has been to systematically examine the relationship
between CNC incorporation and the microstructure of the formed
films, as well as coating-relevant properties such as wettability, water
vapor transmission rate (WVTR), thermal behavior, and tensile
response. Consequently, this study contributes to the scalable

synthesis and characterization of latex/film-level structure–property
relationships, rather than the performance of viscose textile lami-
nates. Accordingly, this study aims to address this gap by developing
and systematically evaluating semi-batch-synthesized PVAc/CNC
nanocomposite latexes for use in coating applications.

The reported experimental work focused on the development of a
scalable method for incorporating CNCs into PVAc latex via
semi-batch emulsion polymerization while maintaining a TSC
of 50% to ensure relevance to industrial manufacturing condi-
tions. In water-based emulsion polymerization, semi-batch pro-
cesses can lead to better efficiency and moderate surfactant use
over batch processes. Batch processes can be less efficient in
terms of energy and time compared to continuous processes
[25]. For intermediate production rate with control over proper-
ties, semi-batch process is promising in moderate investment in
equipment and flexibility for production of different products
[26]. This will bridge the gap between academic research and
industrial applications. The research was designed based on find-
ings reported in previous studies [17, 27–29]. To prioritize safety,
we adopted a polymerization method that featured the gradual
addition of the monomer, initiator, and other components into
the reactor. This approach ensures better control over the con-
centration of the ingredients during the process, facilitating uni-
form nanocomposite production and achieving a high solid
content. This is essential for minimizing transportation costs
and the number of processing steps required. The obtained
CNC-PVAc nanocomposite latexes were further characterized
in terms of bulk wettability, WVTR, FTIR, SEM, polarized
microscopy, thermal analysis, and tensile testing.

2 | Materials and Methods

2.1 | Materials

Commercial samples of CNCs featuring sulfate half-ester surface
groups (derived from northern bleached softwood kraft pulp)
with Na+ counterions were procured from CelluForce Inc. (Mon-
treal, Québec, Canada). These samples were obtained in a spray-
dried form, exhibiting a sulfur content of 0.89wt.%, equivalent to
0.0462 OSO3

− per anhydro glucose unit, and an aspect ratio of 20
as reported by the supplier.

To reproduce an industrial process, vinyl acetate (≥99%, Sigma
Aldrich) was used without eliminating hydroquinone (contains
3–20 ppm). Ammonium peroxydisulfate (NH4)2 S2 O8 (Alfa Aesar,
Kandel, Germany), and sodium bicarbonate (Sigma Aldrich) were
used as received. The nonionic emulsifier used was Emulsogen
LCN217 (HLB= 17), a fatty alcohol ethoxylated with 21 moles of
ethylene oxide fromClariant International Ltd., Muttenz, Switzer-
land. Partially saponified polyvinyl alcohol (PVOH 8-88), featur-
ing a degree of hydrolysis ranging from 86.7 to 88.7 andmolecular
weight in the range of 85,000–90,000 g/mol with an approximate
degree of blockiness of 50%, was sourced from Kuraray Europe
GmbH, Germany, and was employed as received. Distilled water
was prepared using Milli-Q (IQ 7000, 18.2mΩ. cm @25°C).

2.2 | Emulsion Polymerization

The emulsion polymerization of VA in the presence of cellulose
nanocrystals was carried out based on the formulations outlined
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in Table 1, following the method described by Pakdel et al. [30];,
with somemodifications. A homopolymer composed solely of VA
was synthesized for comparison.

In this study, particular attention was given to identifying and
controlling the processing conditions to enable the scaling up of
the process. Water was the preferred medium for the process due
to the high stability of aqueous cellulose nanocrystal dispersions
and potential for achieving a high level of filler dispersion [12].
Polymerization in aqueous media minimizes the use of volatile
organic compounds (VOCs) and hazardous emissions. The pro-
cess sustainability is further enhanced by using renewable, bio-
based materials [31]. Achieving a 50wt.% TSC in the laboratory
formulation is essential to meet industrial requirements. The
high solid content of nanocomposite latexes simplifies storage,
transportation, downstream handling, and reduces energy con-
sumption. For scale-up, formulations developed at the laboratory
scale are typically transferred to pilot-scale reactors, which

provide precise control over parameters such as the feed rate,
temperature, loading, discharge, and safety. Pilot trials are used
to validate the process before industrial manufacturing, where
latex reactors are commonly designed at capacities of ~10 metric
tons with advanced utilities and automation systems.

Polymerization was carried out in a five-neck jacketed glass reac-
tor with a two-liter capacity, equipped with a vertical condenser.
The mixture was stirred with a top-head two-story pitched blade
Teflon stirrer operating at 140 RPM to achieve homogeneous
mixing. A water bath (model Grant, GD120) was used to control
the temperature during polymerization. A digital thermometer
(PT100 four-wire) was inserted as part of the closure valve at the
bottom of the reactor. The reactor was heated by circulating
water around the jacket using a water bath pump, reaching a
temperature of 70°C. All vapors inside the reactor were guided
to the condenser owing to the appropriate sealing around the
stirrer and other nozzles (Figure 1).

TABLE 1 | Nanocomposite (NC) formulations made by emulsion polymerization of VA in the presence of CNC through a semi-batch process

(amounts in gr).

Component

Composition [g]

PVAc reference NC1 NC2 NC3 NC4 NC5

Distilled water 498.2 498.2 498.2 498.2 498.2 498.2

VA 465 465 465 465 465 465

Ammonium peroxydisulfate 0.78 0.78 0.78 0.78 0.78 0.78

Sodium bicarbonate 0.74 0.74 0.74 0.74 0.74 0.74

Polyvinyl alcohol 8-88 12.78 12.78 12.78 12.78 12.78 12.78

CNC 0 3 6 9 12 15

Emulsogen LCN217 0 3.48 3.48 3.48 3.48 3.48

Continuous feeding

Initiator solution

Monomer (vinyl acetate)

Polyvinyl alcohol solution

Preparation of CNC solution:
fed to the reactor and heated
before addition of monomer and
initiator

Semi-batch emulsion polymerization process

Discharge and storage

2L reactor equipped with condensor, mixer and thermometer (PT100)

FIGURE 1 | Polymerization set-up.
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Before starting the reaction, the CNCs were dispersed in approx-
imately three-quarters of the total water volume in a beaker using
a magnetic stirrer for a duration of 3 h. The dispersion was then
sonicated in an iced bath for 15min at 80% amplitude (S24d7
prob, Up400St, Hielscher). Moreover, to ensure efficient disper-
sion and prevent the aggregation of CNCs during polymerization,
0.6wt.% surfactant (Emulsogen LCN217) based on the amount of
monomer was added to the aqueous CNC dispersion. Subse-
quently, the mixture underwent a final 3min of sonication.

The initiator solution was prepared by dissolving (0.69 g) ammo-
nium peroxydisulfate and (0.74 g) sodium bicarbonate in 37.2 g of
water. The mixture was stirred with a magnetic stirrer in a beaker
for 5min to ensure complete dissolution.

To prepare the polyvinyl alcohol (PVA) solution, PVA was mixed
separately with one-quarter of the total water volume at 23°C
using magnetic stirring over a 3 h period without additional heat-
ing. To ensure the formation of a stable emulsion at the onset of
polymerization, 10wt.% of the PVA solution was mixed with the
CNC dispersion by magnetic mixing for 5min.

To initiate polymerization, the prepared PVA-CNC solution was
poured into the reactor and heated to 70°C. 5 min prior to the
addition of the initiator solution, nitrogen gas flow from one of
the top nozzles was inserted into the reactor and discharged from
the top nozzle of the condenser to eliminate oxygen. Subse-
quently, 41.3wt. % of the initiator solution was added over a 2
min period to the reactor, after that the solution was stirred for an
additional 5min at 70°C. Following this, 3wt.% of VA monomer
was introduced to the reactor for 2min, and then additionally
stirred for another 15min. After stirring for 15min, the remain-
ing VA monomer, initiator solution, and polyvinyl alcohol solu-
tion were added to the reactor using syringe pumps. The addition
of VA and initiator solutions was completed within five and half
hours, whereas the polyvinyl alcohol solution was completed 1 h
earlier.

After the addition of all streams, ammonium peroxydisulfate
(0.09 g) dissolved in (15ml) of distilled water was gradually added
to the reactor over a 5min period to terminate the reaction.
Mixing continued for an additional one and half hours to elimi-
nate any traces of active radicals.

The solid content of the obtained dispersions was determined by
weighing three samples of each formulation before and after
overnight drying in an oven at 105°C. Subsequently, the average
values were calculated and reported. All polymerizations were
conducted at ~49–51wt.% TSC.

2.3 | Film Formation

The obtained latex dispersions were converted into films using a
film applicator (model ZEHNTNER, ZUA 2000). The latex was
poured onto Teflon paper, and a film applicator was used to
create a uniform wet film of consistent thickness on the Teflon
surface. The thickness of the dry film was measured using an
electronic digital gauge meter (Mitutoyo, Elastocon AB, type
EV 01F). The obtained films were dried either under laboratory
conditions (23°C and 38% relative humidity) or in a climate
chamber. All films were uniformly formed without observable
defects, and surface skinning was not observed. Films without

visible air bubbles were selected for subsequent characterization
and testing.

2.4 | Drying Rate of the Films

The drying rate of the films was determined as the percentage of
moisture loss per gram of the films per unit of time at 23°C and
38% relative humidity. Wet films of 100 μm thickness were
applied on Teflon paper and instantly placed on a four-digit
balance. Changes in weight were monitored until equilibrium
was reached, and the time was recorded. All data were normal-
ized according to the film unit weight. The differences in TSC
were applied to the drying time per unit weight of all samples.
The drying rate was calculated as the percentage of moisture loss
per gram of film per unit of time.

2.5 | WVTR

The WVTR was assessed at 38°C/90% RH according to ASTM stan-
dard E96/E96M-05. The filmswere placed on the top edges of a Petri
dish filled with a desiccant. Circular films were first cut with a laser-
cuttingmachine fromuniform-thicknessfilms, prepared as described
earlier, to preventmicrocracks within the samples. The covered Petri
dishes were placed in a humidity chamber (Memmert HPP108). The
moisture absorbed by the desiccant was monitored by periodically
weighing the dishes throughout the testing period. Three replicate
samples were used for each test. A blank specimen (without desic-
cant in the Petri dish) was used for each sample group to eliminate
the effect of water adsorption by the film.

The WVTR was calculated from the average of three parallel
measurements and is expressed as gh−1m−2. The WVTR was
obtained from the slope of the mass variation (G/t) over time
and calculated using Equation (1):

WVTR¼ G
t × A

¼
G
t

� �

A
ð1Þ

Here, G is the steady-state weight gain (g), t is the time (h) during
which G occurred, and A is the dish mouth area (m2). WVTR is
reported as gh−1m−2. The coefficient of determination (R2) was
used to evaluate the degree of linear correlation between time
and the weight gain. An R2 value close to 1 indicates a strong
linear correlation, confirming the presence of a steady-state
region appropriate for the WVTR calculation. Permeance was
calculated using Equation (2):

Permeance¼WVTR
Δp

¼ WVTR
S: R1 − R2ð Þ ð2Þ

Here, Δp is the vapor pressure difference, S is the saturation
vapor pressure at the test temperature, R1 is the relative humidity
at the water source (expressed as a fraction), and R2 is the relative
humidity at the vapor sink (expressed as a fraction).

2.6 | Polarization Microscopy

A polarized microscope (Nikon LV100ND) equipped with a
Nikon DS-Fi3 camera was used to inspect the surfaces of the
films. Pristine PVAc and nanocomposite films were formed on
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glass slides (100 μmwet film) at a temperature below the Tg of the
samples (23°C and 38% relative humidity). All films were inves-
tigated at a maximum magnification of 500. Dark-field light of
the microscope was applied to explore the surface structure, and
bright-field light was used to observe particles with both trans-
mitted and reflected light. All images were collected and ana-
lyzed using NIS-Elements 5.41.01 software. The resulting
images and 3D topographic pictures were used to describe the
surface characteristics of the PVAc and nanocomposite films. The
films were also investigated using a Linkam hot-stage heating
device connected to a polarized light microscope to study the
film formation at elevated temperatures.

2.7 | Scanning Electron Microscopy

Freeze-dried latex dispersions were characterized by scanning
electron microscopy (SEM) using a Zeiss Supra 40 VP SEM
with a secondary electron detector (SED) at an acceleration
rate of 15 kV.3. Subsequently, the samples were coated with a
gold layer.

2.8 | Bulk Wettability

The bulk wettability or swelling percentage was determined by
immersing three pieces of each film sample (2 cm× 2 cm) in deio-
nized water in a Petri dish for 1 h. Weight gain was monitored,
and the results were reported as the average of three samples. The
absorbed water or swelling percentage was calculated using
Equation (3):

S%ð Þ ¼ WS −WDð Þ=WD × 100 ð3Þ

WS and WD are the swollen and dry weights of the films (PVAc
and nanocomposites), respectively.

2.9 | Fourier Transform Infrared Spectroscopy
(FTIR)

The approximate peak intensities of the hydroxyl groups in the
CNCs and PVAc were analyzed using an ATR-FTIR spectropho-
tometer (Nicolet iS10, Thermo Scientific, Waltham, Massachu-
setts, US). The spectra were collected in absorbance mode over a
wavenumber range of 400–4000 cm−1. The resolution was 4 cm−1

through the accumulation of 64 scans for all the spectra.

2.10 | Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a TA Instru-
ments Q500 system. Samples weighing ~11–13mg (dried under
laboratory conditions (23°C and 38% RH)) were placed in open
platinum pans and heated from 35 to 600°C at 10 °Cmin−1 under
nitrogen flow of 60mlmin−1. The temperatures corresponding to
the 5wt.% and 50wt.% mass loss were recorded as T5 and T50,
respectively. The maximum mass loss temperature (Td) is related
to the highest peak value in the derivative thermogravimetry
(DTG) curve. The quantity of residue at 600°C was also deter-
mined. The weight loss curve and derivative thermograms versus
temperature were acquired from the instrument and processed
using the TA Universal Analysis 2000 software.

2.11 | Differential Scanning Calorimetry Analysis
(DSC)

Differential scanning calorimetry (DSC) was performed using a
Q2000 DSC (TA Instruments). The analysis covered a tempera-
ture range from −25 to+ 220°C, with heating and cooling rates
set at 10°Cmin−1 under a nitrogen flow of 50mlmin−1. Two heat-
ing cycles and one cooling cycle were conducted, and the glass
transition temperature was calculated using the data obtained
from the second heating run using the midpoint method.

2.12 | Tensile Testing

Tensile testing was performed following the ISO 527–2 standard
test method using a Tinius Olsen H10KT Ltd. Universal test
machine. The specimens were stretched at a strain rate of 2
mm.min−1, and the stress (σ) – strain (ε) relationship was deter-
mined until the specimens fractured. The thickness of the speci-
mens was measured using an electronic digital gauge meter
(Mitutoyo, Elastocon AB) by taking the average of three measure-
ments. The initial clamping length was set to 25mm. The load
range applied was 5 kN, and the reported results represent the
average of five replicates.

3 | Results and Discussion

Polymerizing VA monomers in the presence of CNCs poses sev-
eral challenges, largely due to the colloidal behavior and inter-
actions of CNCs in aqueous environments. In this study,
coagulum formation was observed in three main forms: during
polymerization, as deposits on the internal surfaces of the reac-
tor, and by post-polymerization during storage, which is consis-
tent with previously reported research [32]. Our experimental
results showed that the presence of CNCs caused latex coagula-
tion. Additionally, the added CNCs induced thixotropic behavior
in the solution, which hindered achieving homogeneous mixing.

The surface chemistry of the cellulose nanoparticles is primarily
influenced by the extraction procedure [33]. The stability and
lower thixotropic effect of the CNCs extracted via sulfuric acid
hydrolysis were the reasons for selecting them [34]. This extrac-
tion method provides stable aqueous suspensions concurrently
with adding a negative surface charge to the CNC [33]. The
stability is associated with the electrostatic repulsion of nega-
tively charged sulfate ester groups on the CNCs surfaces [35,
36]. The advantage of sulfuric acid hydrolysis is the creation of
a much higher surface charge density, which is an important
parameter for surface structure and reactivity of nanocrys-
tals [37–39].

Previous research by Fritz and Olivera [40] observed limited
attachment between CNC and polymer particles during nucle-
ation and growth. Therefore, promoting interactions between
CNCs and polymer particles is crucial. This can be accomplished
by employing protective colloid polymers (or polymeric steric
stabilizers), such as polyvinyl alcohol, to form non-covalent
bonds or by establishing covalent bonds with the assistance of
initiators. Polyvinyl alcohol has been highlighted in numerous
papers as an important polymer capable of establishing hydrogen
bonding interactions with CNCs [41–43]. Moreover, partially
hydrolyzed PVA (around 88% hydrolyzed degree) is commonly
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used in synthesis of emulsion polymers [44]. Therefore, the appli-
cation of polyvinyl alcohol in the synthesis of colloidal nanocom-
posites could have a stabilizing effect on latex and its interaction
with CNCs. Moreover, use of polyvinyl alcohol as a protective
colloid shows good mechanical properties of the film [44, 45] and
facilitates the stability of particles in emulsions [46]. However,
addition of PVA to the polymerization could decrease the
water resistance of final film due to the availability of hydroxyl
groups [46].

In this study, the percentage of added PVA was reduced from the
typical amount used in the adhesive industry (2–5wt.%) to 1.2wt.
% [46]. The reduction was carried out through controlling the
amount of coagulum after decreasing the PVA concentration
[47]. This will reduce the effect of PVA on water absorbance
and prevent an increase in the concentration of water-soluble
molecules in the final film.

To obtain a stable nanocomposite latex, different PVA concen-
trations were evaluated. Higher PVA content reduced water
resistance, whereas lower PVA concentration caused CNC
agglomeration and phase separation. Based on the results, the
selected amount of PVA, as shown in Table 1, provided PVAc and
nanocomposites with stability for more than 8 months.

After polymerization with the assistance of PVA, the TSC was
estimated to be between 49 and 51wt.% for all synthesizes. The
addition of CNCs did not interfere with the polymerization of
VA, as evidenced by the close agreement between the measured
and theoretical TSC values of the synthesized samples.

The use of ammonium persulfate for grafting onto CNCs without
prior surface modification has been previously reported by other
researchers, including acrylic acid, polyacrylamide, and N, N-
(dimethylamine) ethyl methacrylate. Ammonium persulfate
offers the advantage of performing grafting without any treat-
ment on the surface of CNCs [48, 49]. In our study, ammonium
persulfate was primarily added to an aqueous solution of cellu-
lose nanocrystals at 70°C.

3.1 | Film Formation and Drying Rate

The drying rate, which was determined from the wet films of
PVAc and the nanocomposites, is illustrated in Figure 2. The
drying rate exhibited a non-monotonic trend with increasing
CNC content, whereas all the nanocomposite films dried at a
lower rate than the reference PVAc film.

The highest reduction compared to the pristine PVAc film was
for NC1, followed by NC4, with reductions of 55.8% and 53.2%,
respectively. The drying rate reductions for NC5 and NC2 were
lower at 39.1% and 47.1%, respectively. Notably, NC3 exhibited
the lowest reduction in the drying rate (10.7%) compared to the
reference (PVAc), which may be attributed to the strong interac-
tions between the CNCs and polymer chains. The distinct drying
behavior observed for NC3 suggests a complex interplay between
the state of the CNCs (free or networked), film morphology, and
dynamics of film formation.

The film formation mechanism can be described according to the
arrangement of the latex and CNC particles and the loss of water.
Steric and electrostatic forces between the particles (latex and
CNCs) must be overcome to fabricate a homogenous film. Ini-
tially, water was eliminated from the film through surface evapo-
ration, rather than by adsorption into the substrate. The latex
particles are arranged in an order based on the secondary forces
(intermolecular physical forces) present during the film formation
process, while most of the forces in the coalescence are exerted
during the evaporation of water [50]. The final film formation is
due to the deformation of the latex particles. For interdiffusion of
the particles, the film formation process must occur at tempera-
tures above the glass transition temperature (Tg) [51]. In our
study, all films were prepared at 23°C, which was below the Tg

and above the minimum film-forming temperature (MFFT).

In terms of appearance, the pristine PVAc film was transparent,
whereas the nanocomposite films appeared hazy due to the
increased dosage of CNCs. The reason for this haziness might
be related to formation of air voids or holes in the film due to the
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incomplete particle deformation and coalescence [51]. The
micrographs obtained by polarization microscopy indicated
that these structures in the films could be a reason for light
scattering. A faster evaporation rate could create structures
with less order [51]. This effect was investigated using a Linkam
hot-stage apparatus under continuous microscopic observation.
However, no interdiffusion of polymer particles was observed up
to 70°C.

The incorporation of surfactants or protective colloids in film
formation is a known phenomenon often linked to the rate of
water evaporation. While for some cases these additives decrease
the evaporation rate, it is possible also to increase the evaporation
rate [51]. Surfactants can plasticize latex, and the longer ethylene
oxide (EO) chains in surfactants cause higher water adsorption
and less integration of the film. The application of nonionic sur-
factants in nanocomposites may be considered as one of the
reasons for the lower drying rate of nanocomposites compared
to the PVAc reference.

The presence of CNCs in the PVAc films hindered water evapo-
ration, resulting in a slower drying rate compared to PVAc. This
could be due to the formation of hydrogen bonds between the
CNCs and water molecules, which may hinder water evapora-
tion. It has been reported that the repulsive electrostatic force
could offset the nanocomposites coalescence stage of film forma-
tion [51]. The repulsive forces between the CNCs may influence
the drying rate of the nanocomposites. A reduction in the num-
ber of unconnected CNCs likely minimized their disruptive effect
on capillary forces during film drying [51]. In our study, nega-
tively charged CNCs acted as an opposing force during film
formation.

3.2 | WVTR

Figure 3a illustrates the WVTR of the nanocomposite films (NC1-
NC5) in comparison to the PVAc reference, determined at 38°C
and 90% relative humidity. The calculated WVTR values indi-
cated that the incorporation of CNCs at moderate loadings
decreased WVTR in the nanocomposite films compared to the

PVAc reference (19 gh−1m−2). NC1 and NC2 exhibited nearly
identical WVTR of 13 gh−1m−2. Further increasing the CNC con-
tent for NC3 resulted in a further slight reduction to 12.8
gh−1m−2. However, at higher CNC loadings, NC4 showed an
increase in WVTR to 15.2 gh−1m−2, although it was still below
the PVAc reference value of 19 gh−1m−2. At the highest CNC
loading (NC5), WVTR exceeded the reference film, likely due
to CNC agglomeration and incomplete integration into the
matrix. The presence of excess hydroxyl groups, confirmed by
FTIR, suggests unbound CNCs that increase water affinity. In
addition, swelling effects at high CNC concentrations may have
generated microchannels that facilitated vapor transport.

Notably, NC3, which exhibited the lowest reduction in drying
rate, as discussed in the drying rate section, also demonstrated
the lowest WVTR. This behavior might be related to the optimal
CNC distribution through various possible bonds, which facili-
tated efficient drying while enhancing the barrier properties. The
effective integration of CNCs was also confirmed in the swelling
test of the nanocomposites, where only nanocomposites with
moderate CNC loading remained stable after the test.

The calculated permeance is shown in Figure 3b. The effect of the
CNCs on permeance was different from that reported by Nozaki
and Lona [23]. They reported in their experiment that the incor-
poration of CNCs via mixing or in situ polymerization did not
differ, and in both cases, the nanocomposites showed higher
permeance than the PVAc reference. In our study, the perfor-
mance evaluation showed that, except for NC5, all nanocompo-
site films had lower permeance than the reference.

3.3 | Polarization Microscopy

The images obtained from the polarization microscopy studies
are shown in Figure 4. For films containing CNC, a higher CNC
loading promoted the formation of mosaic patterns. The surface
of the pristine PVAc film appeared similar to that of NC1, dis-
playing closely packed particles and a smoother morphology. For
pristine PVAc, the polymer film exhibited streak-like entangle-
ments, and the mosaic pattern structure was not visible.
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FIGURE 3 | (a) Water vapor transmission rate for PVAc and nanocomposite at 38°C and 90% relative humidity, (b) Permeance of the samples.
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The cellulose nanocrystals caused an uneven film surface, and
mosaic patterns of different sizes were created. The size of the
mosaic pattern increased with increasing CNC dosage. The max-
imum size of the mosaic pattern was ~1.64 μm for the films NC4
and NC5. NC5 had a structure similar to that of NC4 under dark-
field microscopy; however, there was no clear indication of
polymer particles under bright-field light. For NC4 (Figure 4e),
individual polymer particles with an average diameter of
~0.97 μm can be distinguished, indicating the absence of interdif-
fusion. This result may explain the WVTR observed for NC4, as
the limited interdiffusion likely led to a film structure with more-
open pores. Although deformation of latex particles facilitates
closer packing and smoother surface, it is not always a prerequi-
site for film formation [51]. Deformation will occur by overcom-
ing the capillary and interfacial forces over the rigidity of latex
particles [52]. As long as particles keep their original spherical
shape, the van der Waals forces seem to be weaker than the
capillary forces [52]. Incorporation of polyvinyl alcohol in all
film samples could also act as a barrier against the coalescence
of the polymer particles because of the surface hydrolysis caused
by polyvinyl alcohol [53].

When the polymer particles were detected, they were nearly
identical in size and homogeneous in shape without deforma-
tions. Film formation under Tg could be the reason for the par-
ticles remaining intact. To confirm the results, the film formation
of NC4 was carried out at 70°C, which is above the Tg. A micro-
graph of the surface shows intact particles (Figure 4e) even when

the film was annealed at 70°C. The interdiffusion of the particles
can only be achieved when the nanocomposite film is heated to
150°C. This was observed when the nanocomposite films were
subjected to heating on the Linkam hot stage while being moni-
tored under the microscope. Therefore, the reason for the parti-
cles remaining intact might be the repulsive forces between the
particles in the nanocomposites. The presence of CNCs may
impede the diffusion of polymer particles similarly to hydrophilic
layers or shells of latex particles [51]. Under the microscope, the
samples showed a homogeneous surface without any detectable
aggregation. Specific areas indicated by the yellow round shapes
in Figure 4 are related to the unevenness of the film’s surface.

The surface roughness of the films was examined using optical
microscopy, as shown in Figure 5. The surface of the PVAc film
was completely smooth without any topographic pattern; there-
fore, it is not shown in Figure 5. The surface roughness of the film
was correlated with the concentration of incorporated CNC. As
the CNC loading increased, the surface roughness of the film
increased.

Incorporating higher concentration of protective colloids or sur-
factants could result in a higher coverage of particles and lead to
a smoother surface of the film [54]. In our study, the amount of
protective colloid, polyvinyl alcohol (PVA), was kept constant for
both PVAc and nanocomposites. During drying, the concentra-
tion of surfactants in the residual water between the polymer
particles increased, effectively acting as an electrolyte. The

10 μm

NC1

ðaÞ

10 μm

NC2

ðbÞ

10 μm

0.39 μmNC3

ðcÞ

10 μm

1.64 μm

NC4-1

ðdÞ
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NC4-2

ðeÞ

10 μm

NC5
2240 x

ðfÞ

FIGURE 4 | Images of the surface of the nanocomposite films dried on glass slides in laboratory (100 μm wet film), (a) NC1, view in dark field light,

(b) NC2, view in dark field light with highlighted sections showed same pattern but in different level, (c) NC3, view in dark field light with highlighted

section showed same pattern but in different level, (d) NC4-1, view in dark field light, (e) NC4-2, view in bright field light with highlighted section

showed same pattern in different level, (f ) NC5, view in dark field light.
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micrographs suggest that the increased electrolyte concentration
may have been compensated by the rearrangement of particles
into varying topographies, such as peaks and valleys. Therefore,
the stronger repulsive forces between the particles may be the
reason for the higher roughness. Furthermore, the repulsive
interactions of the negatively charged CNCs may have contrib-
uted to the surface irregularities in the nanocomposites.

As illustrated in Figure 5, higher CNC loadings increased the
roughness of the film surface. Moreover, a higher CNC dosage
created a surface with a higher number density of holes in a
specific area. The topographic profiles of NC4 and NC5 showed
the highest roughness among all the samples. For instance, while
the variation between the highest and lowest sections throughout
the topography image of the films of NC4 and NC5 could reach
~10 μm, it was only ~1.7 μm for NC1.

3.4 | Scanning Electron Microscopy

Figure 6 shows the morphologies of the freeze-dried PVAc and
PVAc-CNC samples. As shown in Figure 6, a higher CNC content
in the nanocomposites resulted in an increase in the average
particle size (D) and a broader size distribution of the particles.
The average particle size of the reference PVAc (a) was 0.7 μm,
while an increase was observed for NC3 (b) and NC4 (c), reaching
0.92 μm and 1.8 μm, respectively.

SEM analysis revealed that the increased CNC loading influ-
enced the polymer particle size, potentially affecting the film

packing density and porosity. The SEM results support the con-
clusions from polarization microscopy that the size of the mosaic
pattern increased with increasing CNC dosage. Similar results
were reported in a study conducted by Geng et al. [22], who
demonstrated that increasing the CNC content led to an increase
in particle formation. The authors attributed this phenomenon to
the poorer miscibility between CNC and PVAc generated by the
direct mixing process. The CNCs used in this study were obtained
via sulfuric acid hydrolysis. The negatively charged sulfate half-
ester groups on their surface dissociate in water, contributing to
the formation of ionic species in the dispersion. This increased
ionic strength of the medium reduces the electrostatic repulsion
between the dispersion particles which promotes aggregation
and leads to increased particle size and broader size distribution
[55].

3.5 | Bulk Wettability

The swelling tests of the film samples were conducted by immers-
ing the films in deionized water in Petri dishes. First, the films
were dried and weighed at 23°C and 38% relative humidity. Sub-
sequently, the films were placed in Petri dishes and covered with
deionized water for 1 h. The swollen films were dried using paper
tissue to eliminate excess water and weighed immediately.
Figure 7 shows the appearance of the films following the swelling
test.

As is shown in Table 2, incorporating CNCs by 0.64wt.% of total
monomer (NC1) content caused a reduction in swelling

NC1

1.7 μm

6.67 μm

4.97 μm

ðaÞ

NC4
6.57 μm

6.57 μm

0.00 μm

ðbÞ

NC5

9.88 μm

10.77 μm

0.89 μm

ðcÞ

FIGURE 5 | Topographic pictures of nanocomposite films, (a) NC1, (b) NC4 and (c) NC5.
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percentage to almost half compared to PVAc. The effect of CNCs
at a higher loading (1.29wt. %) and 1.93wt.%, for NC2 and NC3
respectively, caused the swelling percentage to increase around
2% compared to NC1. The lowest swelling percentage of 14.85wt.
% was for NC4 with 2.58wt.% CNC dosage. Increasing the CNC
dosage to 3.22wt.% (NC5) caused a sudden increase in swelling
percentage to 49.55% which was 9.3% higher than for the pris-
tine PVAc.

The swelling test is an indicative test for the existence of capillary

networks in polymer films [51]. By maintaining the same PVA

dosage, the observed variation in water absorption can be attrib-
uted to the presence and concentration of CNCs. The wettability
of CNC particles could increase the particle–particle contact (wet-
ting) and suppress formed voids similar to coalescing aids [51].
This could be attributed to the effect of CNC swelling on decreas-
ing the available pathways within the nanocomposite film. The
swelling of CNCs might reduce the free spaces or pores in the
nanocomposite film. Another interpretation is the formation of
interactions between the polymer chains, protective colloids, and
CNC particles. For the pristine homopolymer, PVAc chains and
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FIGURE 6 | SEM micrographs and particle size distributions for spray dried latex particles (a) PVAc, (b) NC2 and (c) NC4.
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protective colloids (PVA) were present in the film. PVA can be
partially dissolved and remains between the polymer particles. It
is also possible for PVA to physically absorb or chemically bond to
PVAc polymers [44]. For PVAc, the presence of PVA between
PVAc chains leads to increased water absorption, resulting in
the disintegration of the film. The characteristics of the nanocom-
posites could differ owing to the interactions between CNC, PVA,
and PVAc. Formoderate addition of CNCs (between 0.64 and 2.58
wt.%; Table 1) swelling of the film decreased which could be a
result of consumption of available hydroxyl groups, either on the
CNC particles or the PVA. For NC1 to NC4, the nanocomposite
film remained intact after swelling (Figure 7b), whereas PVAc and
NC5 were disintegrated into smaller fragments (Figure 7a). The
stabilization of the nanocomposite films (NC1 to NC4) could be
related to the secondary bonds between the polymer chains, PVA,
and CNCs. These bonds are formed by the consumption of
hydroxyl groups, which consequently makes the film more stable
and less sensitive to water absorption. For NC5, FTIR analysis
revealed the highest number of available hydroxyl groups, which
may account for the greater water uptake observed in the swelling
test. As the CNC loading was highest in NC5, a large portion of
CNCs may have remained dispersed but unbound after synthesis.
These unbounded CNCs in NC5 could be the reason for agglom-
eration into clusters and dispersion of CNCs within water with
weak ionic bonds. These ionic bonds can be easily disconnected
because of water adsorption. This is also probable for PVAc when
PVA molecules are physically dispersed between the polymer
chains. They can absorb water in higher amounts of polymer

chains and can dissolve in water. This caused the PVAc film to
become dimensionally unstable and disintegrated in water.

3.6 | FTIR Spectroscopy

FTIR spectroscopywas used to identify the specific chemical inter-
actions between the functional groups after incorporating the
CNCs into the PVAc latex. Figure 8 shows the FTIR spectra of
pristine PVAc and nanocomposites with different CNC dosages.

The broad peak between 3200 and 3500 cm−1 corresponds to the
stretching of the O─H group with intramolecular and intermo-
lecular hydrogen bonds. FTIR analysis indicated variations in the
availability of hydroxyl groups, which may influence the interac-
tion of water within the film through hydrogen bonding. The
highest intensity of this peak appeared at 3340 cm−1 for NC5,
followed by PVAc at 3350 cm−1. This broad peak was compara-
tively weak for the other nanocomposites. (Figure 8b)

As the amount of polyvinyl alcohol was the same in all samples,
the disappearance of the broad band between 3200–3500 cm−1

indicates the formation of chemical bonds that consume
hydroxyl groups. However, for the highest CNC dosage in NC5,
this peak appeared with higher intensity, which could be a con-
sequence of the free cellulose nanocrystals dispersed in the water
phase. The existence of chemical bonds between the hydroxyl
groups was experimentally confirmed in the bulk wettability
experiment. During the experiment, the films NC1–NC4
remained intact after swelling in water. The results confirmed

ðaÞ ðbÞ

FIGURE 7 | (a) PVAc (H) and nanocomposite films (NC1 to NC5 illustrated as 1–5) after swelling test. (b) Film appearance of NC1 to NC4 after

swelling test.

TABLE 2 | Bulk wettability or swelling percentage of PVAc and nanocomposites.

Samples
Wt. % of CNC based on

weight of VA
Dried weight

(Wd) [g]
Swelling weight

(Ws) [g]
Swelling percent

(S%)
Condition of the film

after 1 h

PVAc — 0.60 0.84 40.25 Disintegrated

NC1 0.64 0.29 0.36 20.77 Intact

NC2 1.29 0.27 0.33 22.32 Intact

NC3 1.93 0.29 0.35 22.23 Intact

NC4 2.58 0.28 0.33 14.85 Intact

NC5 3.22 0.22 0.33 49.55 Disintegrated
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the formation of stable chemical bonds between the CNCs and
PVAc. The peaks at 2920 and 2970 cm−1 are typical C─H stretch-
ing peaks for alkyl groups. Incorporating CNCs in the polymeri-
zation process reduces the intensity of these bonds. The highest
reduction was observed for NC4. The stretching at 2920 cm−1 was
the only peak for NC5, and the stretching peak at 2970 cm−1

disappeared. The intensity of the carbonyl stretch peak at 1730
cm–1 decreased as the CNC content increased. The highest
decrease was observed for NC4 and NC5. The change in intensity
of the peak also appears for the stretch at 1228 cm−1, which is
characteristic of ester bonds.

3.7 | Thermogravimetric Analysis

Figure 9 shows the TGA results for all samples, which indicate two
main degradation steps. The first degradation step occurred
between 270 and 370°C, accounting for ~70% of the mass loss,
whereas the second degradation step, occurring between 370 and
470°C, contributed ~25% of the total mass loss. The initial elimina-
tion of acetic acid and appearance of unsaturation for PVAc is
reported to occur at 160°C [56]. The evolution of carbon double
bonds in the polymer backbone throughout the first degradation
step concurrently with the elimination of acetic acid could be pos-
sible reasons for high degradation during the first step [56–58].
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FIGURE 9 | TGA curves of PVAc and nanocomposites (a) Derivative weight changes by the temperature for all samples, (b) Weight loss versus

temperature for all samples.
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As illustrated in Figure 9b, PVAc underwent initial thermal deg-
radation at ~339°C, followed by lower mass loss during the sec-
ond step between 441 and 452°C. The synthesized PVAc also
showed a 1.6wt. % mass loss at 232°C, which was not observed
for the nanocomposites. The first degradation of PVAc has previ-
ously been reported to occur in the range of 150–220°C [59]. In
the study conducted by Nozaki and Lona [23], the thermal deg-
radation of a PVAc-CNC nanocomposite was reported at slightly
lower temperatures (between 100 and 130°C), whereas in our
experiment, it was observed at higher temperatures (T5

~290°C). The mass loss at 232°C could not be related to the
existing oligomers or free entangled monomers present in
PVAc because the same procedure was applied for all polymer-
izations (PVAc and nanocomposites). Therefore, this could be
related to the effect of CNCs on the thermal stability before the
onset of the first degradation step. It can be assumed that the
CNC blocks water/vapor to hydrolyze the ester. The enhanced
stability below 250°Cmay be attributed to hydrogen bonding and
physical interactions between the hydroxyl groups and PVAc
chains, which restrict chain mobility and delay segmental
motion. The higher stability might be explained by the interac-
tions between the abundant hydroxyl groups available on the
CNCs surface and the acetate side groups of PVAc. These inter-
actions could delay the formation of carbonyl groups or restrict
the release of acetic acid. The hydrogen bonding interaction
between the hydroxyl groups of CNCs and the carbonyl groups
was previously identified as the key factor contributing to the
enhancement of thermal and mechanical properties in the nano-
composite [60]. The temperature at 5wt.% mass loss (T5) was
higher for pristine PVAc compared to CNC containing films.
The reduction was higher when the CNC loading increased to
NC4. This trend was repeated for the temperature at 50wt.%
mass loss (T50) where addition of CNCs caused reduction of tem-
perature at 50% weight loss. The reduction in stability due to the
addition of CNC was consistent with a previous study conducted by

Girouard et al. [61]. Lower degradation temperatures may be due to
the partial decomposition of CNCs and the formation of acidic pro-
ducts that promote chain scission, as previously reported. It has been
also mentioned that efficient interfacial adhesion and well dispersed
nanocellulose between polymermatrix are required for the improve-
ment of thermal stability. According to Figure 4, the nanocellulose
particles are dispersed in the matrix in a way that forms a special
pattern, which could be evidence of the non-homogenous dispersion
of nanocellulose between polymer particles. CNCs extracted through
sulfuric acid hydrolysis typically exhibit limited thermal stability [48].
Higher amounts of sulfate groups contribute to thermal degradation
at lower temperatures [36, 62, 63]. In our study, according to the
supplier, cellulose nanocrystals were extracted through sulfuric
acid hydrolysis, which converts one of every eight primary alcohols
on the surface to sulfate half-esters. The results showed a reduction in
T5 and T50 due to increased cellulose nanocrystal loading. Cellulose
nanocrystals have a large surface area which could increase the
exposure area to heat, appearing only when good dispersion was
achieved [63]. As a result, increasing the CNCs content could
decrease the onset of degradation temperature.

The thermal stability of the reference PVAc and nanocomposites
in this study was higher than that in the study conducted by
Nozaki and Lona [23]. While all PVAc and nanocomposites in
previous studies showed degradation below 200°C, our experi-
ment demonstrated degradation at ~290°C.

3.8 | Differential Scanning Calorimetry (DSC)

The incorporation of CNCs into PVAc caused a slight reduction
in Tg; however, the reduction at the maximum dosage (NC5) was
lower than that of the other dosages (Figure 10). The reduction of
Tg could be a consequence of interrupting the original interaction
between the chains which led to a higher microphase separation
in the polymer matrix and, consequently, a decrease in Tg [63].
Moreover, incorporation of nonionic surfactant in synthesis of
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nanocomposite could influence Tg [64]. The plasticizing effect of
the surfactant might be the reason for the reduction in the glass
transition temperature of the nanocomposites.

3.9 | Mechanical Properties of PVAc and
Nanocomposites

Tensile testing was performed on films formed under two differ-
ent conditions to determine the effect of the drying conditions on
the mechanical properties of the final film. The purpose of this
study was to determine whether particle coalescence differed
under the two conditions or whether capillary forces induced
by evaporation played a dominant role. The measured ultimate
strength, elongation at break, yield strength, and modulus are
reported in Table 3. Drying was performed at 22°C and 80%
relative humidity in a climate chamber and at 23°C and 38%
relative humidity (laboratory conditions). The temperature of
the humidity chamber was set to one degree lower to prevent
the actual temperature from exceeding 23°C owing to possible
temperature fluctuations.

Under both drying conditions, pristine PVAc exhibited the high-
est values for the maximum elongation at break and ultimate
strength among all samples, and plastic behavior was not
observed in any of the samples. The absence of plastic deforma-
tion in the nanocomposite is consistent with the findings of a
previous study by Nozaki and Lona [23]. This could be due to the
local stress created by poor dispersion or connections and
the brittleness of the film [65, 66]. The restricted mobility of
the polymer chains can be attributed to the formation of various
interfacial bonds between the polymer and CNCs. Microscopic
analysis (Figure 4) revealed the development of mosaic patterns
on the surface of the nanocomposite film, which became increas-
ingly pronounced with higher CNC loadings. This could indicate
a reduction in particle coalescence during film formation. This
observation, together with the increase in particle size at higher
CNC contents (Figure 6), suggests that the CNCs act as physical
barriers to polymer diffusion. SEM analysis presented in Figure 6
shows that the incorporation of CNCs increased polymer particle
size, suggesting adsorption of CNCs onto the particle surfaces
[66]. For larger polymer particles, CNCs are likely primarily
adsorbed onto their surfaces, whereas for smaller particles,
CNCs may interact with multiple polymer particles and with

other CNCs, forming a network. In our study, the presence of
large polymer particles may have hindered network formation or
approached the percolation threshold. As shown in Table 3, the
measured ultimate strength for all nanocomposite samples shows
better results for the films dried under laboratory conditions at
lower humidity compared to films dried under humidity cham-
ber conditions. Faster drying of the films under laboratory con-
ditions could create stronger capillary forces, which force the
particles to arrange in a closer arrangement, creating stronger
films. Although, the capillary forces do not determine the spread-
ing the particles, but it could have an effect on closer packing
between the particles [51].

Our results showed that the reduction in the ultimate strength
was not directly proportional to the increase in the CNCs con-
tent. Except for NC4, increasing the CNCs content increased the
ultimate strength. It has been reported that CNCs with high
loading increase intermolecular interactions, which may pro-
mote aggregation and hinder filler dispersion [67]. The highest
ultimate strength was achieved for NC5, which contained the
highest loading of CNCs. This could be the reason for the
arrangement being closer to the percolation threshold [14]. At
higher CNC loadings, the enhancement of the ultimate strength
might be due to the network formation by CNC particles. How-
ever, this could not be proven by examining FTIR spectra of the
samples (Figure 8b). The high level of hydroxy bonds for NC5
also showed a shift to lower bonds, making it difficult to interpret
the extent to which CNCs were involved in the chemical bonds
with the polymer, while the addition of more CNC increased the
number of hydroxyl groups in the sample. For NC5, the hydrogen
bonds between CNCs, which were created by higher amounts of
CNCs, might be the reason for the higher ultimate strength.

Because our goal was to maintain the TSC of the nanocomposites
at ~50wt.%, increasing the CNC content beyond the level used in
NC5 was not feasible under the processing conditions. Conse-
quently, it was difficult to determine the effect of the CNCs on
the ultimate strength at higher concentrations.

The lower Tg values of the nanocomposites observed in the DSC
analysis may correspond to their reduced ultimate strength. The
microstructural separation observed under polarized microscopy
(Figure 4) likely disrupted the intermolecular interactions, lead-
ing to a non-uniform stress distribution and localized resistance

TABLE 3 | Tensile test for PVAc and nanocomposite films.

Sample

Ultimate strength [MPa] Elongation at break (%) Yield strength [MPa] E modulus [MPa]

Drying
condition 1a

Drying
condition 2b

Drying
condition 1

Drying
condition 2

Drying
condition 1

Drying
condition 2

Drying
condition 1

Drying
condition 2

PVAc 35.1Æ 2.6 33.6Æ 2.4 1.89Æ 0.2 2.18Æ 0.5 35.1Æ 2.6 33.6Æ 2.4 2230Æ 134 2170Æ 147

NC1 NA 7.71Æ 3.7 NA 1.18Æ 0.4 NA 7.4Æ 4 NA 881Æ 550

NC2 7.3Æ 2.5 10.5Æ 3.7 1.3Æ 0.6 1.6Æ 0.5 7.1Æ 2.7 9.5Æ 2.9 1102Æ 689 1350Æ 313

NC3 15.3Æ 4.5 17.5Æ 5.8 1.4Æ 0.3 1.4Æ 0.2 14.5Æ 6 17.5Æ 5.8 3763Æ 2578 1060Æ 627

NC4 1.9Æ 0.9 9.7Æ 4.7 1.3Æ 0.2 1.2Æ 0.2 1.9Æ 0.9 8.7Æ 5.8 626Æ 38 1380Æ 972

NC5 16.1Æ 2 22.2Æ 2.9 1.3Æ 0.2 1.5Æ 0.1 16.1Æ 2.2 23Æ 3.1 2140Æ 937 2330Æ 1490

Abbreviation: NA, not available.
aDrying condition 1: 22°C/80% Relative humidity (climate chamber condition).
bDrying condition 2: 23°C/38% Relative humidity (laboratory condition).
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to fracture. The relatively stable Tg of NC5 suggests improved
interfacial interactions and partial CNC network formation,
which restricts chain motion and mitigates plastic deformation.
The observed reduction in the Tg of the nanocomposites may
indicate weak or poor interactions between the polymer particles
and CNCs, as previously reported by Meijouda et al. [68]. Except
for NC5, which showed a sudden break in tensile testing, the
breakage of the film of other nanocomposites did not occur
instantly after the yield strength, and the nanocomposite films
showed a resistance to break at one point (Figure 11). For
instance, NC3 exhibited small initial cracks under tensile stress
under both drying conditions but withstood additional stress in
successive stages of cracking before ultimately breaking. The
mechanical properties can be interpreted based on the drying
rate. The highest drying rate of NC1–NC4 was reported for
NC3. The faster drying rate of NC3 resulted in higher ultimate
and yield strengths. Although Keddie [51] reported that faster
drying caused films with less structure for the latexes, nanocom-
posites showed better mechanical properties at higher drying
rates of the films.

The establishment of hydrogen bonds between hydroxyl groups
on the surface of CNCs plays a crucial role in attaining high
mechanical strength in cellulose nanocrystals [14, 69]. It was
assumed that the formation of this network was governed by
the percolation mechanism [14]. Percolation refers to the exis-
tence of a continuous path by the minor phase (percolating
phase) within the major phase of a nanocomposite. The percola-
tion threshold is the point at which percolation is achieved at the
minimum concentration of the percolating phase. This condition
defines continuous contact between the particles of the percolat-
ing phase throughout the entire product.

In our study, the establishment of hydrogen bonds between the
cellulose nanocrystals was not achieved. The restriction on

incorporating higher dosages of CNCs could be a reason for the
lower mechanical properties of the nanocomposites.

4 | Conclusions

The semi-batch emulsion polymerization process successfully
synthesized CNC and VA monomers as nanocomposites. The
incorporation of CNC decelerated the drying rate of nanocompo-
site films and reduced the WVTR for moderate CNC loadings.
Swelling tests confirmed improved film stability up to the maxi-
mum loading. Thermal analysis revealed reduced stability near
300°C but enhanced resistance below 250°C, indicating stabiliz-
ing interactions between the CNCs and polymer chains. All
nanocomposites exhibited reduced ultimate strength and elonga-
tion at break, indicating increased brittleness; however, NC5
exhibited a higher elastic modulus than pristine PVAc, although
the results displayed considerable fluctuations, as reflected by the
large standard deviation. The nanocomposite films exhibited
uneven surfaces with increasing CNC content, as observed under
polarized microscopy. Microscopic analysis revealed the forma-
tion of mosaic-like surface patterns and enlarged particle
domains with increasing CNC content, indicating restricted par-
ticle coalescence and heterogeneous film formation, which could
contribute to the observed mechanical behavior. These findings
emphasize the importance of optimizing the CNC loading for
scalable nanocomposite applications.

Future optimization should focus on controlling processing
parameters, particularly viscosity, to achieve controlled and opti-
mized levels of CNC incorporation. Changing ingredients to bio-
based and biodegradable ones enhances circularity and sustain-
ability. Improving the filler-filler and filler-matrix interactions
may further enhance the mechanical performance. Enabling
improved mechanical properties and smoother film topography
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FIGURE 11 | Stress–strain curves of PVAc and nanocomposite films: (a) Samples dried under climate chamber conditions, (b) Samples dried under

laboratory conditions.
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while maintaining a lower WVTR presents an opportunity for
future research.
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