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Abstract

Hyaluronic acid (HA) and polyvinylpyrrolidone (PVP) have garnered considerable attention as components in biodegradable films and
bioplastics due to their favorable physicochemical properties and biocompatibility. HA is known for its natural origin, biodegradability,
and excellent biocompatibility, while PVP is valued for its outstanding film-forming ability, water solubility and non-toxic nature, making
both polymers promising candidates for environmentally friendly and biomedical polymer systems. Investigating the combination of
these two polymers may therefore provide findings of significant scientific relevance. This study investigates the influence of HA and
PVP composition on the structural and physicochemical properties of their polymer blend films. Scanning electron microscopy and
differential scanning calorimetry (DSC) analyses demonstrated excellent compatibility and miscibility between HA and PVP. Fourier
transform infrared spectroscopy indicates that the incorporation of PVP disrupts the intermolecular hydrogen bonding within HA
matrix. Furthermore, SEM and X-ray diffraction analyses reveal that increasing the PVP content enhances morphological uniformity
and crystallinity, respectively. Correspondingly, the mechanical properties of the films improve with higher PVP content. At an HA/PVP
ratio of 1:7 (w/w), the films exhibit a tensile strength of 49.93 + 9.34 MPa, an elongation at break of 6.89 + 0.31% and an elastic modulus
of 1.06 + 0.24 GPa. The incorporation of PVP leads to lower film transparency, a higher water vapor transmission rate, and decreased
surface wettability. Thermal analysis by thermogravimetric analysis and DSC indicates that the incorporation of PVP improves the
thermal stability while simultaneously lowering the glass transition temperature.
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1 Introduction

Plastics are essential to modern life but contribute sig-
nificantly to climate change and global pollution due to
energy-intensive production processes and waste manage-
ment challenges [1]. With the rapid progress of industry
and economic development, plastic pollution has become
a defining characteristic of modern society, with plastic
debris and microplastics now detected across virtually
all environmental compartments, including oceans, soil,
air, rainwater, remote ecosystems, and even the human
body [2]. Among various forms of plastic pollution,
microplastics — plastic particles smaller than 5 mm — have

emerged as a particularly critical concern due to their high
environmental persistence, fragmentation potential, and
ability to adsorb and transport other pollutants [3]. These
microplastic particles are frequently ingested by marine
organisms across multiple trophic levels, where their
physicochemical properties enable the adsorption of envi-
ronmental contaminants, facilitating contaminant transfer
within food webs and potentially leading to physical harm
and toxicological effects [4]. In agricultural systems, while
plastic products contribute to improved crop yield, water
efficiency, and food quality, their extensive use has also led
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to significant contamination of soil, water and plants, pos-
ing risks to ecosystems and long-term food security [5].
These findings indicate that plastic pollution poses risks to
environmental and human health and may hinder progress
toward global sustainability targets, highlighting the need
to develop biodegradable and environmentally safer alter-
natives to conventional plastics.

To address these issues, the use of biodegradable mate-
rials as alternatives to conventional plastics in packaging
and other applications has been increasingly explored.
Polysaccharides, in particular, are widely utilized in the
development of films, coatings and aerogels for food pack-
aging, and related uses owing to their abundance, sustain-
ability, biocompatibility and biodegradability [6].

Hyaluronic acid (HA), a natural polysaccharide poly-
mer, is being explored as a promising material for plastic
film applications [7]. HA films exhibit a uniform struc-
ture and outstanding tensile strength, ranging from 10
to 80 MPa [8, 9], significantly higher than that of other
polysaccharide-based films such as starch, chitosan, and
pectin [10]. In addition, HA films demonstrate high trans-
parency, reaching up to 90% [11], which makes them visu-
ally attractive for packaging applications. However, despite
these advantages, HA films are limited by poor thermal sta-
bility and higher raw material costs compared to other nat-
ural polysaccharides. To overcome these challenges, this
study utilizes a polymer blending approach by incorporat-
ing polyvinylpyrrolidone (PVP) into the HA matrix [12].

PVP was selected as the blending material not only
due to its cost-effectiveness, but also because of its excel-
lent miscibility in aqueous solvent systems. Previous
studies have demonstrated the successful incorpora-
tion of PVP into biopolymers such as chitosan [11],
hydroxyethylcellulose (HEC) [13], hydroxypropylmeth-
ylcellulose (HPMC) [14], and ethylcellulose (EC) [15].
The addition of PVP has been reported to improve film
morphology, yielding transparent, uniform, and defect-
free structures [13, 16]. Furthermore, in polymer blends,
PVP is frequently employed to enhance thermal stabil-
ity due to its high decomposition temperature, which can
reach up to 400 °C [17].

Although water-soluble polymers are often perceived
as unsuitable for packaging applications, they offer unique
advantages for specific and emerging packaging concepts
rather than conventional long-term moisture-barrier pack-
aging. Water-soluble and biodegradable polymer films have
been widely explored as edible or dissolvable packaging
materials, such as single-use sachets for food seasonings,
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instant beverages, or pharmaceutical doses, which can be
directly dissolved in water during use, thereby eliminating
post-consumer plastic waste [18]. In this context, hydro-
philicity and controlled solubility become functional attri-
butes rather than limitations. Furthermore, polymers such as
HA and PVP exhibit excellent film-forming ability, biocom-
patibility, and tunable physicochemical properties, enabling
their use not only in packaging but also in advanced func-
tional applications, including polymer electrolyte mem-
branes [19, 20], biomedical films [21, 22], and biodegrad-
able coatings [23, 24]. Given the complementary properties
of HA and PVP, combining both polymers into a single
blend is expected to integrate their film-forming capability,
biocompatibility, and tunable physicochemical characteris-
tics, making HA/PVP films promising candidates for sus-
tainable and application-oriented polymer systems.

Lewandowska and Szulc [25] investigated the mis-
cibility of HA and PVP mixtures, as well as the inter-
molecular interactions between the two polymers. Their
results showed that miscible HA/PVP blends are formed
when the PVP content exceeds that of HA. Blending
HA with PVP provides a promising route for developing
novel materials by combining the distinct physicochemi-
cal properties of each polymer. However, to date, no stud-
ies have specifically examined HA/PVP blend films with
respect to the effects of composition on their structural,
morphological, mechanical, thermal, optical, and water
vapor barrier properties. Therefore, the present study
aims to investigate how the HA/PVP composition influ-
ences the structure and physicochemical characteristics
of the resulting polymer blend films.

In this study, HA/PVP blend films were prepared using
the solution casting method. The structural characteris-
tics were examined in terms of morphology, functional
group shifts, and crystallinity using scanning electron
microscopy (SEM), Fourier transform infrared spectros-
copy (FTIR) and X-ray diffraction (XRD), respectively.
The physicochemical properties of the films were evaluated
with respect to their mechanical, thermal, optical and water
vapor barrier performance. Thermal analysis included the
assessment of thermal degradation and key thermal param-
eters such as glass transition temperature, melting tempera-
ture, crystallization temperature, and their corresponding
enthalpy values. Furthermore, in applications such as pack-
aging films or polymer electrolyte membranes, a thorough
understanding of these physicochemical properties is cru-
cial for designing suitable compositions and evaluating
their performance under diverse conditions.
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2 Material and methods

2.1 Materials

HA powder (cosmetic grade, high molecular mass, 1500 kDa)
and PVP K-30 powder (pharmaceutical grade, 40 kDa) were
purchased from Interco Laboratories, Bandung, Indonesia.
All other reagents were of analytical grade and obtained
from commercial sources (Merck and Sigma-Aldrich).

2.2 Preparation of HA/PVP blend films

The HA/PVP composition was varied at different weight
ratios of HA to PVP, i.e. 1:1, 1:3, and 1:7 (w/w), as presented
in Table 1. The selection of this composition is based on the
findings of Lewandowska and Szulc [25], which reported
that miscible HA/PVP blends are formed when the PVP
content exceeds that of HA. HA powder was dissolved in
70 mL of distilled water, while PVP powder was dissolved
separately in 30 mL of distilled water. The PVP solution
was then added to the HA solution and stirred without
heating for 2.5 h using a magnetic stirrer. The resulting
HA/PVP mixture was degassed in an ultrasonic bath for
30 min to remove air bubbles. Subsequently, 30 mL of the
mixture was poured into acrylic Petri dishes and allowed
to dry at room temperature. After drying, the films were
carefully peeled off and stored in a desiccator for 72 h to
prevent moisture absorption. Pure HA and PVP films were
also prepared using the same procedure for comparison.

2.3 Characterization of HA/PVP films

SEM analysis was conducted on both the surface and
cross-section of the films using an FEI Quanta 450 instru-
ment (FEI Company, Hillsboro, USA) operated at 15 kV to
examine film morphology. Surface images were captured
at 1000x magnification, while cross-sectional images were
acquired at 1000x, 2000x%, 5000x, and 10,000x magnifica-
tions. The resulting SEM images were processed and ana-
lyzed using Imagel software.

FTIR analysis was performed on the film samples using
an Alpha II spectrometer (Bruker, Ettlingen, Germany)
to identify changes in chemical composition and intermo-
lecular interactions, particularly hydrogen bonding. FTIR

Table 1 HA/PVP films compositions

No Sample HA/PVP HA PVP Water
ratio [mg] [mg] [mL]
1 HA/PVPI 1:1 1000 1000 100
2 HA/PVP3 1:3 500 1500 100
3 HA/PVP7 1.7 250 1750 100
4 Pure HA 1:0 2000 - 100
5 Pure PVP 0:1 - 2000 100

spectra were recorded in the range of 4000400 cm™ at a
resolution of 4 cm™. To further evaluate hydrogen bond-
ing, the hydrogen bond energy (£,) and hydrogen bond
length (R) were calculated using Eqs. (1) and (2), respec-
tively [13, 26].

E, ZLPO_VW M)
k|l v,

where v is the standard frequency (which refers to the

characteristic wavenumber of free (non-hydrogen-bond)
OH groups, tipically observed around ~3600 cm™),
v is the frequency of the bonded OH, and £ is a constant
(1/k=2.626 % 102 kJ/mol)

Av(em™) = 4430(2.84 - R) @)

where Av = v, — v, v, is the frequency of monomeric OH
stretching (3600 cm™) and v is the stretching frequency
observed in the infrared spectra of the samples.

XRD analysis was conducted to investigate the crys-
tallinity index (C7) and crystallite size (L) of the films.
Characterization was performed at room temperature
using a MiniFlex diffractometer (Rigaku, Tokyo, Japan)
equipped with a CuKa radiation source (4 = 0.154 nm),
operating over a 26 range of 2-90°, with a scan step
of 0.02° a generator voltage of 45 kV, and a tube current
of 40 mA. The crystallite size was calculated using the
Scherrer equation [27], as shown in Eq. (3):

D— KxA 3)
H xcos6

where K is the Scherrer constant (0.94), 4 is the X-ray
wavelength (0.154 nm), H is the full width at half max-
imum (FWHM) in radians, and 6 is the Bragg angle.
The crystallinity index of the films was calculated as the
ratio of the crystalline diffraction area (4 ) to the total dif-
fraction area, as shown in Eq. (4).

CI(%) = — 2 x100% @)

Total area

The mechanical properties, including tensile strength,
elongation at break and Young's modulus, were evalu-
ated using a Textechno Favigraph I-PI-067 instrument
(Textechno H. Stein GmbH & Co. KG, Mdnchengladbach,
Germany) at a crosshead speed of 6.0 mm/min under dry
conditions at room temperature. All film samples were
uniformly cut to dimensions of 3 mm % 50 mm.

The water vapor transmission rate (WVTR) test was
conducted using a modified method based on previously
reported research [28]. In this procedure, a film sample was



secured over the opening of a glass vial containing 5 g sil-
ica gel, ensuring complete coverage. The vial was placed
in a sealed plastic container with a rubber-lined lid, con-
taining distilled water at a depth of approximately 3 cm.
The container was kept undisturbed for 24 h. After this
period, the silica gel was reweighed, and the WVTR was
calculated using Eq. (5).

AW

Axt

WVTR = ®)

where AW is the difference between the initial and final
mass (g), A is the surface area of the film (m?), and 7 is the
storage time (days).

A laboratory-scale contact angle measurement setup
was employed to evaluate the surface wettability of the film
samples. Film specimens with dimensions 10 mm x 10 mm
were placed on a horizontal sample stage, and a droplet of
distilled water was carefully deposited onto the film sur-
face using a syringe. The shape of the water droplet formed
on the film surface was recorded using a digital camera for
subsequent contact angle analysis [13].

Film samples measuring 4.3 cm x 0.9 cm were placed
in a transparent cuvette, and their absorbance was mea-
sured using a UVmini-1240 UV-Vis spectrophotom-
eter (Shimadzu, Kyoto, Japan), with air as the blank,
to determine the light transmission and opacity of the
films [29]. The opacity was calculated using Eq. (6), where

(a) (b)
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Ay, represents the absorbance at a wavelength of 600 nm,

and / is the film thickness (mm).
A
Opacity = %00 ©6)

The thermal properties of the films were analyzed
using a TGA701 thermogravimetric analyzer (LECO,
St. Joseph, MI, USA) and a DSC 214 Polyma (Netzsch,
Selb, Germany). For thermogravimetric analysis (TGA),
film samples with known masses were heated from 25 °C
to 600 °C at a rate of 5 °C/min under a nitrogen atmo-
sphere. For differential scanning calorimetry (DSC),
the film samples were hermetically sealed in DSC pans
and heated from 25 °C to 250 °C at a rate of 10 °C/min,
also under a nitrogen atmosphere. The sample mass used
in the analysis ranged between 5.90 and 7.10 mg.

3 Result and discussion

3.1 Morphology of the films

Fig. 1 shows photographs of the blend films with different

compositions of HA and PVP. All films appear transparent.
The incorporation of PVP led to changes in the surface

morphology (Fig. 2) and cross-sectional structure (Fig. 3)

of the films. The pure HA film exhibited a dense structure

with a smooth surface and cross-section. Upon the addi-

tion of PVP in the HA/PVPI film, surface indentations

appeared, and clumps were observed in the cross-section.

(d) (e)

Fig. 1 Photograph of (a) HA, (b) PVP, (c) HA/PVPI, (d) HA/PVP3 and (¢) HA/PVP7 films

50 pm

Fig. 2 Surface morphology of (a) HA, (b) HA/PVPI, (c) HA/PVP3 and (d) HA/PVP7 films at 1000x magnification
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(a) 1000x magnification

50 pm =

(d) 1000x magnification

(a) 2000x magnification

(©)'1000x magnification | [BPIIIIE Tro o

k. (d) 2000x magnification

(a) 5000x magnification

(b) 5000x magnification

(¢) 5000x magnification

(d) 5000x magnification

Fig. 3 Cross-sectional morphology of (a) HA, (b) HA/PVPI, (c) HA/PVP3 and (d) HA/PVP7 films, shown at magnifications of 1000x, 2000x and
5000x from left to right

These clumps and irregularities suggest poor miscibility
between HA and PVP at this composition.

An increase in PVP content, as seen in the HA/PVP3 and
HA/PVPT7 films, resulted in a morphological transition from
heterogeneous to homogeneous and defect-free. Compared
with HA/PVP3, the HA/PVP7 film exhibited enhanced sur-
face uniformity, although it did not reach the level of homo-
geneity observed for the neat HA film. Its cross-section
showed minimal texture and appeared smoother, indicat-
ing excellent miscibility and compatibility between HA and
PVP at this ratio. These results are in agreement with the
findings reported by Lewandowska and Szulc [25].

As the PVP content increased, as observed in the

HA/PVP3 and HA/PVP7 films, the morphology

transitioned from heterogeneous to homogeneous and
defect-free. Among these, the HA/PVP7 film exhib-
ited greater uniformity than HA/PVP3. Its cross-section
showed minimal texture and appeared smoother, indicat-
ing excellent miscibility and compatibility between HA
and PVP at this ratio.

3.2 XRD analysis

Fig. 4 presents the XRD diffractograms of HA, PVP and
HA/PVP blend films. The corresponding peak positions,
crystallinity index, and crystallite size are summarized in
Table 2. All films exhibit two broad diffraction peaks at
approximately 26 = 11° and 20°. These broad peaks indi-
cate the predominantly amorphous nature of the polymer
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Fig. 4 XRD diffractograms of HA, PVP and HA/PVP blend films

Table 2 Crystallite size and crystallinity index of the HA, PVP and
HA/PVP blend films

Sample 20 FWHM L CI

[degree] [degree] [nm] [%]
T A
I R
HA/PVPI };gz 1413821 1.26 34
HA/PVP3 21(1);73 ]416492 1.20 42
HA/PVP7 ;ﬁ? 1415879 1.21 44

films. Generally, polymeric materials do not form long-
range crystalline structures and thus display amorphous
or semicrystalline diffraction patterns within the 26 range
of 10°-25° [30].

The HA film exhibited a more amorphous profile than
PVP, as evidenced by its lower CI of 27%. This amor-
phous nature can be attributed to the absence of long-
range molecular order, likely resulting from the inter-
calation and random orientation of HA polymer chains.
The XRD pattern of the HA film observed in this study
is consistent with that reported for high-molecular-weight
HA films in a previous study [31].

The blending of HA with PVP generated an X-ray dif-
fraction pattern that differed from those of the individual
HA and PVP films. The incorporation of PVP resulted in
increased peak intensity and crystallinity index values,
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suggesting the formation of a more ordered polymer chain
arrangement. In contrast to previous studies that reported
PVP promotes amorphous structure formation in biopoly-
mer/PVP films [32, 13], the present findings indicate that
PVP can serve as a nucleation site within the polymer
matrix. PVP has previously been shown to facilitate crys-
tal formation and growth, as in the case of naproxen crys-
tals [33]. Its linear structure and substantially lower molec-
ular weight compared to HA enable it to intercalate into the
HA polymer network during blending, thereby contributing
to the formation of a new crystalline phase. Additionally,
the observed shift in 26 values suggests alterations in the
crystal lattice parameters induced by PVP incorporation.

In polymer blend films, the distribution and size of
crystallites significantly influence the microstructure and
homogeneity of the film. In this study, variations in crys-
tallite size correlate with cross-sectional morphological
features observed in the SEM analysis. The HA/PVPI
film exhibited the largest crystallite size (1.26 nm), likely
due to phase separation, which was evident as clump for-
mations in the film’s cross-section (Fig. 3(b)). As the PVP
concentration increased in the HA/PVP3 and HA/PVP7
films, the crystallite size decreased (1.20—1.21 nm). This
reduction can be attributed to the development of a more
uniform morphology, facilitated by the formation of new
crystalline structures where PVP acts as nucleation sites,
resulting in the formation of smaller crystals. Similar
trends were reported in a study on polycaprolactone (PCL)
blended with oxidized starch [34].

3.3 Mechanical properties

The mechanical properties of HA, PVP and HA/PVP blend
films are summarized in Table 3, while the corresponding
stress-strain curves are presented in Fig. 5. The stress-
strain curves represent the results obtained from three
repeated tensile measurements, and the mechanical param-
eters listed in Table 3 are reported as the average values
derived from these measurements. These properties are
influenced by intermolecular forces, crystallinity, polymer

Table 3 Mechanical properties of HA, PVP and HA/PVP blend films

Tensile strength  Elongation at break Young's

Sample

[MPa] [%] modulus [GPa]
HA 65.71 £3.91 41.26 £ 6.79 1.11 +£0.44
PVP 62.00 +£16.90 7.85+ 1.40 1.04 £ 0.10
HA/PVPI 40.85 + 7.69 5.62+0.76 1.11+0.14
HA/PVP3 4172+ 7.75 5.40+0.43 1.10 £ 0.17
HA/PVP7 49.93 £9.34 6.89 +0.31 1.06 +£0.24
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Fig. 5 Stress-strain curves of (a) HA, (b) PVP, (c) HA/PVPI, (d) HA/PVP3 and (¢) HA/PVP7

molecular weight, and film morphology. The strong inter-
molecular hydrogen bonding between polymer chains in
the HA film results in higher tensile strength [32, 35].
Furthermore, the homogeneous morphology and absence
of cavities or defects in the HA film minimize crack ini-
tiation sites and facilitate more efficient stress distribu-
tion [36]. These observations are supported by SEM,
FTIR and DSC analyses. Additionally, the enhanced plas-
tic deformation capacity, as indicated by the high elonga-
tion at break, can be attributed to the low crystallinity of
the HA film. In semi-crystalline polymers, the amorphous
regions are more capable of undergoing deformation [37].
This finding is also supported by XRD analysis.

Overall, the three blend films (HA/PVP1, HA/PVP3 and
HA/PVP7) exhibit lower tensile strength and elongation at
break compared to the HA film, while the Young's mod-
ulus remains relatively unchanged. The decline in tensile
strength can be attributed to weakened intermolecular
forces. Compared to the HA film, the HA/PVP7 blend film

showed weaker intermolecular interactions, which will be
elaborated further in the FTIR analysis section. In contrast,
the reduction in elongation at break can be attributed to the
increase in crystallinity, as evidenced by XRD analysis.
When comparing HA/PVP films with varying compo-
sitions, increasing the PVP content leads to higher tensile
strength. In this trend, crystallinity and film morphology
play a more significant role in determining the mechanical
properties of the films. At an HA/PVP ratio of 1:7 (w/w), the
films exhibit mechanical properties comparable to those of
poly(lactic acid) (PLA) and poly(vinyl alcohol) (PVA), with
a tensile strength of 49.93 + 9.34 MPa, an elongation at break
of 6.89 £ 0.31%, and an elastic modulus of 1.06 £+ 0.24 GPa.

3.4 FTIR analysis

The FTIR spectra of HA, PVP and HA/PVP films are
presented in Fig. 6, with the identified functional groups
and their corresponding peak wavenumbers summarized
in Table 4 [27, 38—40]. Characteristic peaks of both HA
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Fig. 6 FTIR spectra of (a) HA, (b) PVP and (c) HA/PVP7 films

Table 4 Characteristic infrared absorption peak of HA, PVP
and HA/PVP7 films [27, 38-40]

Wavenumber [cm ']

Bond types Modes
HA PVP HA/PVP7

—OH Stretching 3279 3399 3392

2954,
—CH, - 2922 2953 2022
COO- Symmetric 1602 - -
COO—- Asymmetric 1406 - -
Cc-0-C
hemiacetal 1029 ) 1045
C=N - - 1643 1644
C-N - - 1494 1494
C-H Bending - 1461 1462
CH, Wagging - 1422 1422
C-H - 1375 1373 1374
CH Symmetric ; 1288, 1289, 1229

2 twisting 1218

1168,

c-C Stretching - ! 17;’3§44’ 844,
733

C=0 Stretching - - -
Cc-0 Stretching - - -
Cc-0 Stretching - - -

and PVP are present in the FTIR spectrum of the HA/PVP
film, with no new peaks observed. Shifts in the -OH and
C=0 absorption bands indicate that HA and PVP inter-
act through hydrogen bonding. Additionally, a shift in
the C-O-C hemiacetal functional group of HA suggests a
change in the molecular conformation of the HA polymer
chain as a result of blending with PVP.

Further analysis of hydrogen bonding interactions in
each film was conducted by evaluating the hydrogen bond
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energy (£,), as presented in Table 5. The HA film exhib-
ited the highest hydrogen bond energy and the shortest
hydrogen bond distance, indicating strong intermolecular
hydrogen bonding between polymer chains. The incorpo-
ration of PVP weakened these interactions, as evidenced
by a decrease in hydrogen bond energy. This result sup-
port the mechanical characteristics of the HA/PVP7 film,
with a notable effect on its tensile strength.

3.5 Barrier properties

Incorporation of PVP into the HA matrix led to an
increase in WVTR; however, the values remained lower
than those of the PVP film, as shown in Table 6. These
results indicate that the hydrophilic nature and the rela-
tive PVP content significantly affect the WVTR. As PVP
possesses strong affinity for water molecules, its incorpo-
ration increases the free volume and enhances water vapor
diffusion across the film. This trend is in agreement with
previous findings [41], which also reported that higher
PVP fractions promote greater permeability due to its
hydrophilic character. Nevertheless, the HA/PVP7 blend
film demonstrates superior barrier properties compared to
the HEC/PVP film described in earlier studies [13].

3.6 Contact angle measurement
The surface wettability of the films was evaluated through
water contact angle measurements to gain insight into
their surface characteristics. The neat HA film exhibited a
contact angle of 60.7°, indicating a relatively hydrophilic
surface [42]. Upon incorporation of PVP, the HA/PVP7
blend film showed a slightly higher contact angle of 66.0°,
suggesting a moderate reduction in surface wettability
compared to the pure HA film. The contact angle of HA
film and HA/PVP7 blend film are shown in Fig. 7.

The higher contact angle observed for HA/PVP7 cor-
relates well with its increased WVTR relative to HA.

Table 5 Hydrogen bond energy and hydrogen bond length of HA, PVP,
and HA/PVP7 films

Sample E,, [kJ/mol] R (A)
HA 26.61 2.768
PVP 17.99 2.795
HA/PVP7 18.52 2.793

Table 6 WVTR value of HA, PVP and HA/PVP blend films

Sample WVTR Normalized)WVTR
[g/m? x h] [g.mm/m? x h]
HA 32.67 + 1.11 2.05+0.05
PVP 75.07 +£2.47 6.98 £0.26
HA/PVP7 69.12 + 1.14 5.76 +0.38
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CA=60.7°

Although PVP is intrinsically hydrophilic, its incorpora-
tion into the HA matrix alters the surface structure and
polymer chain arrangement, which can reduce the avail-
ability of hydrophilic functional groups at the film-air
interface. Consequently, the HA/PVP7 film exhibits a less
wettable surface while allowing higher water vapor per-
meation through the bulk of the film, as reflected by the
increased WVTR [43].

Surface morphology also plays an important role in
the observed wettability behavior. SEM analysis revealed
that the neat HA film possesses a more homogeneous and
smoother surface compared to the HA/PVP7 blend film,
which exhibits increased surface heterogeneity. Such mor-
phological differences can influence contact angle mea-
surements, as smoother and more uniform surfaces gener-
ally promote better wetting, whereas surface irregularities
may lead to increased apparent contact angles [25].

3.7 Optical properties

One of the important factors that should be examined in
the manufacture of plastic packaging is its optical proper-
ties [44]. The opacity values of HA and HA/PVP7 films
are presented in Table 7.

The incorporation of PVP into HA increases the film's
opacity, indicating a reduction in transparency. This
reduction is attributed to light scattering caused by crys-
talline regions within the HA/PVP7 film, as confirmed
by the XRD analysis. As more light is scattered, less is
able to penetrate the film. This scattering disrupts the light
transmission pathway, rendering the film less transparent.
Nonetheless, the HA/PVP7 blend film exhibits consider-
ably higher transparency compared to the HEC/PVP film
reported in previous studies [13].

Table 7 Opacity of HA and HA/PVP films

(b)

Fig. 7 Contact angle of (a) HA film and (b) HA/PVP7 blend film

3.8 Themal properties

The DSC thermograms of HA, PVP, and HA/PVP7 blend
films are showed in Fig. 8 and the thermal poperties of the
samples are presented in Table 8. The neat HA film exhib-
its a glass transition temperature (7)) at a higher tempera-
ture with a greater relaxation enthalpy (AH ) than the
PVP film, which can be attributed to the stronger intermo-
lecular interactions and higher molecular weight of HA,
requiring higher energy to induce chain mobility.

For the HA/PVP7 blend film, only a single T, is
observed, with a transition profile distinct from those of
the individual HA and PVP films. The presence of a single,
composition-dependent 7, provides clear evidence of good
miscibility and compatibility between HA and PVP at this
blend ratio. The incorporation of PVP into the HA matrix

Tg=158.2°C
AH = 575.96 Jig

endo —

HA

Tg =157.12°C
AH = 167.38 Jig

PVP e

Tg = 150.28°C
AH = 685.72 Jig

Heat flow [mW/mg]

HA/PVP7

T T ™ T r T =
50 100 150 200 250
Temperature [°C]

Fig. 8 DSC thermograms of HA, PVP, and HA/PVP films

Table 8 Thermal properties obtained from DSC analysis of HA, PVP
and HA/PVP films

Sample Film thickness Absorbance at 600 nm Opacity -

(mm) (I/mm) Thermal Properties HA PVP HA/PVP7
HA 0.06 0.042 0.70 T, (°C) 158 157 150
HA/PVP7 0.08 0.058 0.73 AH , (J/g) 575.96 167.38 685.72




leads to a reduction in T, indicating a weakening of the
intermolecular forces compared to neat HA. This behavior
is associated with hydrogen bonding interactions between
HA and PVP, which disrupt strong HA-HA interactions
and restrict the formation of stable ordered domains. These
observations are in good agreement with the FTIR results.
In terms of relaxation enthalpy, the HA/PVP7 film
exhibits a higher value than the HA film. This increase
may be attributed to the presence of more ordered regions
within the HA/PVP7 film, as greater energy is required
to overcome intermolecular interactions associated with
such structural organization [45, 46]. Importantly, the 7,
of the HA/PVP7 film (~150 °C) is lower than that of neat
HA and remains well below its thermal degradation tem-
perature (~220 °C), thereby reducing the risk of thermal
degradation and facilitating processing via conventional
thermal techniques such as extrusion or injection molding.
A weak exothermic event was observed during the cool-
ing scan, which may be attributed to limited structural
rearrangement in the amorphous phase, such as hydro-
gen-bond re-association and/or moisture-related reorgani-
zation, rather than pronounced crystallization [47].

3.9 Themal stability

The thermal degradation behavior of HA, PVP and
HA/PVP films under a nitrogen atmosphere was inves-
tigated using TGA, as shown in Fig. 9 and summarized
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in Table 9. Both HA and PVP films exhibited two stages
of degradation. The initial stage is attributed to the evap-
oration of moisture or weakly bound water within the
films. During this stage, the PVP film showed a greater
weight loss (16%) compared to HA (13%), reflecting the
hydrophilic nature of PVP and its correlation with the high
WVTR observed in the PVP film.

The second stage of degradation in the HA film
was observed at 214 °C, with a maximum degradation
rate (7 ) around 234 °C, corresponding to the dissoci-
ation of intermolecular bonds and partial breakdown of
the polymer structure [47]. This stage proceeds with a
char yield of approximately 32% at 600 °C. The relatively
high char yield and broad thermal degradation range are
attributed to the strong intermolecular interactions and
high molecular weight of the HA used [47].

For PVP films, the second stage of thermal degrada-
tion begins at 335 °C, with a maximum degradation rate
(T, ) observed at 430 °C, attributed to the breakdown of
the PVP structure, particularly the degradation of carbox-
ylate groups [48, 49]. PVP exhibits a higher degradation
temperature than HA, indicating greater thermal stability.
However, at 600 °C, the char yield of PVP is significantly
lower (5%) compared to HA (32%), due to the forma-
tion of volatile decomposition products [50]. In contrast,
HA decomposes into more stable residues, resulting in
substantial char formation.

100

80 4

234°C

- TN
§. 604 E 50°C
2 o
40 1 = 430°C
[a)
20+
e H A e HA
——PVP e PV/P
— HA/PVP7 e HA/PVP7 424°C
0 T T T T T T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
Temperature [°C] Temperature [°C]
Fig. 9 TGA-DTG curves of HA, PVP and HA/PVP films
Table 9 Thermal degradation behavior of HA, PVP and HA/PVP films
Sample First stage Second stage Third stage
o o Mass loss o o Mass loss o o Mass loss  Char yield
HA 25 50 13 214 234 55 - - - 32
PVP 25 50 16 335 430 79 - - - 5
HA/PVP7 25 50 14 220 260 6 346 424 72 8
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The thermal degradation of HA/PVP blend films occurs
in three stages: (1) evaporation of moisture or weakly
bound water, (2) degradation of the HA component, and
(3) degradation of the PVP component. The increased
weight loss during the first stage indicates that the addi-
tion of PVP raises the water content in the film due to
its hydrophilic nature. The second stage of degradation
occurs at a higher onset temperature (7, = 220 °C) and
=260 °C) com-
pared to the HA film, suggesting that the presence of PVP
enhances the film's thermal stability. This shift to higher
degradation temperatures is attributed to intermolecular

maximum degradation temperature (7

max

interactions and good compatibility between HA and PVP.
Furthermore, the crystalline structure induced by PVP
may restrict polymer chain mobility, thereby increasing
the energy required for thermal degradation. In the third
stage, molecular interactions between HA and PVP also
shift the degradation temperature of the PVP component.
Regarding char yield, the incorporation of PVP results in a
lower char yield due to reduced formation of carbonaceous
residue during thermal decomposition.

4 Conclusion

This study investigated the physicochemical properties
of HA and HA/PVP blend films. The HA/PVP 1.7 (w/w)
blend film exhibited a more delicate and homogeneous
morphology compared to pure HA and other HA/PVP
compositions, indicating good miscibility between HA
and PVP at this ratio. The incorporation of PVP into the
HA increased the film's crystallinity; however, it also led
to a reduction in hydrogen bonding and other secondary
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