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Sargassum accumulations along tropical coastlines create major environmental and socioeconomic
burdens due to odor, ecosystem disruption, and high cleanup costs. Here, we develop biodegradable
mulch films that valorize Sargassum-derived sodium alginate (SA) blended with recycled polyvinyl
alcohol (PVA), glycerol (plasticizer), and zein (functional additive), followed by beeswax surface coating
to improve water resistance. The coated films achieved tunable hydrophobicity (water contact angle
73.6-116.5°) and tensile strength of >8 MPa (up to ~13 MPa without coating), with strong UV shielding

Received 10th November 2025, (<1% transmittance below 400 nm). Under outdoor rainfall and sunlight exposure, double-side coated

Accepted 8th April 2026 films fully degraded within 35 days. Soil safety was supported by OECD Guideline 207 testing with
DOI: 10.1039/d5ma01298h Eisenia fetida, showing 0% mortality. These results demonstrate a low-toxicity pathway to convert

Sargassum waste and recycled polymer into functional biodegradable mulch films for agricultural
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1. Introduction

Managing biomass waste: omass degradation and soil pro-
cesses are now recognhized as major sources of greenhouse
gas (GHG) emissions, releasing not only carbon dioxide (CO,)
but also more potent gases such as methane (CH,) and nitrous
oxide (N,0), largely driven by anthropogenic activities." Despite
ongoing global efforts, there is still a lack of comprehensive
research and knowledge to achieve net-zero emissions. Modak
et al.” state that the projected CO, emissions for the year 2030
will primarily result from the burning of fossil fuels, including
coal, natural gas, and oil, for energy and transportation.
Although a significant proportion of GHG emissions originates
from industrial activities and changes in land use, the main
emission is CO,, which was approximately 37 billion metric
tons in 2023.%7

Collecting waste products and converting them into valuable
biodegradable mulch films offers a sustainable approach to
improving agricultural practices. The Sargassum from the great
atlantic Sargassum belt (GASB) that is washed up to the shore
becomes waste, potentially contributing to air pollution due to
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the strong odor that may be unpleasant for the tourism
industry.® Thus, research must be done to convert this waste
into value-added material, leading to a greener world. While
there is a strong interest in the Atlantic-Caribbean region to
establish profitable ventures that utilize Sargassum, advance-
ments have been sluggish, and there are only a limited number
of instances where sustainable businesses have successfully
created end products from Sargassum.””®

The need for polymeric films: polymeric films hold signifi-
cant value in numerous industrial sectors, including automo-
tive, aerospace, electrical and electronic, chemical, and optical
industries.'®'" Additionally, these films find applications in the
military, building construction, landscaping, and packaging,
highlighting their widespread utility.">"* Thus, humans tend to
use polymeric films in their daily lives. Conventional packaging
materials have been transformed by incorporating petroleum-
based polymers owing to their cost-effectiveness, favorable
barrier properties, and robust mechanical attributes.'* Never-
theless, the use of such packaging materials poses significant
environmental challenges as they do not readily degrade in
existing landfill processes, as highlighted in the literature.'®
Agricultural mulch film is generally a thin plastic film used to
cover raised beds where vegetation grows, which improves crop
yield by suppressing weed growth while regulating soil tem-
perature and moisture content.'®°

In agriculture, mulch films are used to protect crops against
pests and modify abiotic factors to attain higher crop yields.
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In China, the prolonged use of plastic film mulches has led to
the accumulation of an estimated 50-260 kg hm > of residual
plastics in the topsoil (0-20 cm), creating a risk of both
environmental damage to the soil and health risk in the crop.
This accumulation has the potential to hinder plant growth.>!
Creating valuable biopolymeric mulch films as a substitute for
plastic films for the agriculture industry may not only lessen
the toxicity of soil but also lead to a circular economy, enabling
the agriculture sector to achieve netzero emissions.’>** The
utilization of agro-industrial and marine wastes and by-
products for the production of biopolymers is regarded as a
promising alternative to synthetic materials. This approach
holds potential for the development of biodegradable food
packages and biomaterials, presenting a sustainable option in
this context.**

Traditional plastic mulch films are increasingly being
replaced with biodegradable alternatives to prevent the accu-
mulation of plastic residue in the soil, which contributes to
plastic pollution. Biodegradable mulch films decompose
rapidly, but only under controlled conditions that are often
difficult to achieve in natural environments, potentially gener-
ating biodegradable microplastics. However, limited research is
available to comprehend their environmental impacts fully.>®
Additionally, biodegradable mulch films face challenges such
as incomplete degradation, insufficient tensile strength for
mechanized application, high production costs, and environ-
mental factors like soil conditions that affect their effective-
ness, while their limitations include potential harm to soil from
degradation products and reduced durability compared to
traditional plastic mulch films.*®*” If the molecular chains of
sodium alginate demonstrate compatibility to form strong
bonds with recycled PVA, this combination could yield a
sustainable mulch film that enhances soil health by increasing
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carbon content over time through the gradual deposition of
organic matter.*®

Despite rapid growth in biodegradable mulch technologies,
several barriers still limit real-world adoption: (i) insufficient
tensile strength and tear resistance for mechanized laying and
retrieval, (ii) moisture sensitivity and loss of integrity under
rain-wetting/drying cycles, (iii) incomplete or slow biodegrada-
tion under variable soils and climates, and (iv) cost and scale-
up challenges relative to polyethylene (PE). At the same time,
opportunities are expanding through improved polymer blend-
ing, barrier coatings, and waste-derived feedstocks that support
circular economy routes and reduce microplastic accumula-
tion. Recent studies (<3 years) report progress in alginate- and
PVA-based biodegradable films through stronger intermolecu-
lar networks, optimized plasticizers, and hydrophobic surface
modification to enhance field durability while maintaining
biodegradability. However, there remains a need for systems
that simultaneously demonstrate (a) practical hydrophobicity
under rainfall exposure, (b) adequate mechanical performance,
and (c) verified soil safety using standardized ecotoxicity
protocols.

Sargassum biomass: the natural process begins with the
capture of CO, through photosynthesis by the macro-algae
Sargassum, as shown in Fig. 1, found in the Sargasso Sea, which
captures approximately 7% of the global net carbon emissions
annually.”® When Sargassum dies, it is either deposited on the
ocean floor or washed onto the seashore. Sodium alginate can
be extracted from Sargassum and utilized as a foundational
building block or structural pillar for creating biodegradable
mulch films.?' >’ To enhance this structure, sodium alginate is
combined with another polymer, polyvinyl alcohol (PVA), which
imparts a more plastic-like texture to the film.>* In this work,
we investigate the integration of additives to achieve a biofilm
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Fig. 1 Conceptual illustration of the circular pathway motivating this work: biomass-based CO, fixation and valorization into biodegradable agricultural
films. CO; is captured via photosynthesis in marine algae (Sargassum) and terrestrial plants, converting CO, and H,O into biomass. The resulting algae
biomass is valorized as a sustainable precursor for biofilm production (sodium alginate binder), which is combined with recycled polyvinyl alcohol (PVA)
to fabricate biodegradable agricultural films. This framework highlights the sustainability rationale of renewable feedstocks, reduced reliance on
conventional plastics, and potential mitigation of plastic pollution in agricultural soils.
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with specific functions and properties. The hydroxyl groups in
PVA form hydrogen bonds with the carboxyl and hydroxyl
groups in sodium alginate, resulting in a network that enhances
the mechanical strength and flexibility of the film.>*** The
combination of PVA and sodium alginate can form interpenetrat-
ing polymer networks (IPNs), where the two polymers interlace
but are not covalently bonded. This structure can improve the
film’s properties, such as tensile strength, elasticity, and barrier
properties.*®

In this study, Sargassum biomass was valorized into sodium
alginate (SA) and combined with recycled polyvinyl alcohol
(PVA) to fabricate biodegradable mulch films containing glycerol
(plasticizer) and zein (bioactive additive), followed by a beeswax
surface coating to improve water resistance. Film performance
was evaluated through thickness/appearance, water contact
angle, tensile properties, UV-vis light shielding, structural/
thermal characterization (FTIR, SEM, TGA/DTG), moisture inter-
action tests, outdoor biodegradation under natural rainfall and
sunlight, and soil safety using OECD Guideline 207 with Eisenia
fetida. The resulting films achieved a clear hydrophobicity
improvement with beeswax coating (contact angle increasing
from ~74° uncoated to >100° and up to ~116°), tensile
strength in the ~8-13 MPa range depending on formulation
and coating condition, strong UV blocking (<1% transmit-
tance below 400 nm), complete outdoor degradation within
~ 35 days for the double-side coated film, and 0% earthworm
mortality, demonstrating a practical pathway to reduce reliance
on conventional polyethylene mulch films.

Using Sargassum to achieve SDGs: this work aligns with SDG
12 (responsible production) and SDG 14 (marine resource
management) by valorizing Sargassum into biodegradable agri-
cultural materials.*® It addresses challenges of marine waste
management and soil degradation by converting brown algae,
specifically Sargassum, into a biodegradable mulch film.
By combining sodium alginate with recycled PVA, the study
addresses the urgent need for alternatives to conventional
plastic mulch films, which harm soil health and contribute to
plastic pollution. The proposed biodegradable mulch film not
only supports healthier soils through the gradual deposition of
organic matter but also demonstrates a strong example of circular
economy principles by transforming waste into value-added mate-
rials. The sustainability rationale and conceptual pathway from
CO, fixation to biomass valorization and agricultural application
are summarized in Fig. 1. Moreover, this sustainable solution
contributes to climate action by reducing greenhouse gas emis-
sions and enhancing long-term soil carbon storage.

Recycled polyvinyl alcohol (PVA) was selected as the blend-
ing polymer because its hydroxyl-rich backbone can form dense

Table 1 Film formulations are summarized for clarity and replicability
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hydrogen-bonded networks with sodium alginate (SA), improv-
ing film-forming ability and flexibility while enabling upcycling
of an industrial waste polymer stream. In contrast, replacing
PVA with polylactic acid (PLA) would require fundamentally
different processing (typically melt processing or organic-
solvent casting), and PLA generally shows limited miscibility
with alginate in the absence of compatibilizers, often leading to
brittle structures or phase separation. Therefore, SA-PVA blend-
ing offers a water-processable route compatible with low-
toxicity additives (glycerol, zein) and surface wax coating. The
novelty of this work is the integrated pathway that combines
Sargassum-derived SA with recycled PVA, zein antimicrobial
functionality, and beeswax hydrophobic coating, followed by
validation under outdoor exposure and standardized soil safety
testing (OECD 207).

2. Experimental

2.1. Materials

Recycled PVA was received from Chung Cheng factory (Taiwan)
as an industrial byproduct stream. Sodium alginate (SA) (Sigma-
Aldrich; commercial grade; supplier did not report molecular
weight), zein, potassium hydroxide, and ethanol were purchased
from Sigma-Aldrich via UNI-ONWARD Corp. (Taipei, Taiwan).
Glycerol (anhydrous) was purchased from J.T.Baker®. Beeswax
and emulsifier were purchased from Shun Yi Chemical Co., Ltd
(Taiwan). Deionized water was used throughout. The Sargassum
referenced in this work corresponds to strandings from the great
atlantic Sargassum belt (GASB) and motivates biomass valoriza-
tion; in this study, commercial alginate was used to establish film
performance, and future work will directly compare alginate
extracted from Sargassum to commercial sources.

2.2. Preparation of films

Biodegradable mulch films were prepared in two stages: film
formation and surface coating (Table 1).

Film formation: sodium alginate was dissolved in distilled
water at 70 + 5 °C for 40 min. In parallel, recycled solid PVA
containing residual H,SO, was dissolved in water at 90 + 5 °C
using a PVA-to-water ratio of 2:1. Once fully dissolved, the pH
was adjusted to slightly basic conditions using aqueous KOH to
improve polymer chain stability. The two polymer solutions
were combined and magnetically stirred at 70 £ 5 °C until
homogeneous. A sodium alginate-only control film (film C) was
also prepared using the same procedure while omitting
recycled PVA. This control isolates the effect of PVA blending
on film performance. Film C provides a single-biopolymer

Film SA (g) PVA (g) Glycerol (wt% of polymer) Zein (wWt% of polymer) Beeswax coating

A 5.0 2.5 7.5 5.0 Yes (top or both sides as specified)
B 5.0 2.5 7.5 0 Yes (top or both sides as specified)
C 5.0 0 7.5 5.0 Yes (top or both sides as specified)
D (PE) — — — — Commercial black PE mulch film

© 2026 The Author(s). Published by the Royal Society of Chemistry
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baseline but is more moisture-sensitive and less flexible than
SA-PVA films, supporting the need for blending and surface
coating. A 7.5 wt% plasticizer (glycerol) was added to enhance
flexibility. Separately, 5 wt% zein was dissolved in 75% v/v
ethanol at a 5% w/v concentration and incorporated into the
polymer blend. The final mixture was poured into Petri dishes
and dried in a vacuum oven at 45 £+ 5 °C for 24 h, yielding
water-sensitive hydrogel films.

Surface coating: once dried, films were cooled to room
temperature and coated with a hydrophobic layer. To achieve
a theoretical coating thickness of 25 um, approximately 0.369 g
of beeswax was applied per film (surface area: 154 cm?”; beeswax
density: 0.96 g cm®). Beeswax was dissolved in 99.8% v/v
ethanol at 70 £ 5 °C using a 1:25 beeswax-to-solvent weight
ratio (9.225 g solvent), followed by 5 wt% emulsifier to ensure
proper dispersion. The solution was evenly applied to the film
surface and allowed to dry at room temperature, producing
hydrophobic biodegradable mulch films entirely from non-
toxic materials. Beeswax was selected because it is bio-based
and solid at ambient conditions, enabling a stable hydrophobic
barrier layer; in contrast, plant oils such as palm oil are
typically liquid/semi-liquid and may migrate or wash off more
readily without structural stabilization. Coating thickness was
verified gravimetrically by measuring applied beeswax mass per
unit area and converting to thickness using beeswax density,
and cross-checked against the measured thickness increase
after coating.

2.3. Physical properties

Thickness: film thickness was measured at multiple points
using a digital caliper, and the average thickness was reported.
Water contact angle measurements were performed using a
Phoenix mini contact angle analyzer (Applied Micro Tech Inc.)
at 20 &+ 2 °C and 65 = 10% RH. Five measurements per film
were averaged. In general, water contact angles < 90° indicate a
hydrophilic surface (better wetting), whereas angles > 90°
indicate a hydrophobic surface (poorer wetting), with higher
angles reflecting greater water repellency.

Mechanical properties: tensile strength and elongation at
break were assessed using a Universal Testing Machine (Model
M550-25AT). Specimens (40 x 20 mm?) were tested in triplicate
at a strain rate of 5 mm min~ " until fracture. Tensile strength
(F) was calculated as:

j— o)

(wx p)

where F is the tensile strength (MPa), fis the force at break (N),
w is the width of the sample (mm) and u is the thickness of the
sample (mm). The strain (%) was obtained by

5
£ =7 x 100% @)

where, ¢ is the strain (%), o is the length of stretch (mm), and
L is the length of the sample (mm).
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2.4. Structural and thermal characterization

The chemical structure, optical properties, surface morphology,
and thermal stability of the films were comprehensively char-
acterized. Chemical bonding was analyzed using FTIR spectro-
scopy (Tracer-100, ATR-GE mode, 1000-4000 cm ‘), while
optical transmittance was measured with a UV-vis spectro-
photometer (PerkinElmer Lambda 265, 200-800 nm), averaging
five random measurements per sample. Surface and cross-
sectional morphology were observed by SEM (JEOL JSM-IT800,
5 kV) on cryogenically fractured specimens coated with
platinum (JEOL JEC-3000FC, 20 mV, 35 s). Thermal stability
and decomposition behavior were evaluated by thermogravi-
metric analysis (TGA 550, TA Instruments) from 35 to 600 °C
at a heating rate of 10 °C min ' under a nitrogen flow of

20 mL min~ .

2.5. Moisture sensitivity

Water absorption was evaluated under 30 £ 5% RH, 75 + 5%
RH, and ambient conditions (50 + 30% RH). Films were pre-
dried at 35 °C, weighed, exposed to humidity conditions, and
reweighed after 1 and 2 weeks. Water absorption (%) was
calculated as:

Wr — Wy)

Water absorption (%) = {(

] x 100% (3)
0

where Wy = final weight, W, = initial weight. Two-way ANOVA
assessed the effect of film composition and humidity on water
absorption.

Free water loss was measured on 2 x 2 cm? samples at 20 =+
5°C,45 £ 5 °C, and 60 + 5 °C for over 48 h, recording weights at
2 h intervals for the first 6 h and then at 24 h and 48 h. Weight
loss (%) was calculated as:

Wy — W,
Weight loss (%) = (%) x 100 (4)
0

2.6. Biodegradation and soil toxicity

Outdoor biodegradation was performed by placing films on soil
surfaces in rooftop plant beds at NTUST under natural sun-
light, rainfall, and fluctuating temperatures (25 £+ 10 °C). Soil
toxicity was assessed using OECD Guideline 207 with Eisenia
fetida, confirming that degradation products did not negatively
impact soil health and supporting the films’ role in sustainable
agriculture. In this study, long-term outdoor durability was
primarily governed by coating coverage (single- vs. double-sided),
coating continuity/thickness and adhesion, moisture uptake from
soil contact, tensile integrity under handling, and exposure to
natural rainfall-sunlight and temperature fluctuations.

2.7. Statistical analysis

All experimental data were analyzed using Microsoft Excel 2016
and Origin 2024b. One-way and two-way ANOVA evaluated the
effects of individual parameters and their interactions, with
statistical significance defined at p < 0.05 (Fig. 2).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of the biodegradable film preparation and its application.

3. Results and discussion

The materials used in this study, SA and PVA, serve as the
primary polymers, forming biodegradable films with enhanced
mechanical properties. Glycerol was optimized as a plasticizer
to improve flexibility, while zein was included as a functio-
nal bioactive additive; zein-based films/coatings have been
reported to inhibit microbial growth, which is commonly
attributed to protein-rich hydrophobic domains and inter-
actions with microbial membranes. Beeswax coatings enhanced
hydrophobicity and durability under outdoor agricultural
conditions.”™*" By optimizing polymer blends and additive
concentrations, the films achieved improved mechanical
strength, water resistance, UV protection, and controlled
biodegradability, providing a sustainable alternative to con-
ventional plastics.***?

3.1. Film appearance, thickness, and hydrophobicity

Blending SA and PVA produced a light beige film, primarily due
to SA, while dissolved PVA remained transparent.*> The incor-
poration of zein shifted the colour toward cream, whereas zein-
free mulch films retained higher transparency and greater
homogeneity. SA-only films were uniform, while SA-PVA blends
displayed vein-textured patterns caused by phase separation
during drying.*® These visual characteristics are not merely
cosmetic; lighter-colored films can moderate soil heating and
reduce UV transmission, while darker/opaque films absorb
radiation and increase soil temperature.** Given the <1% UV
transmittance we observed, combined with increased opacity
after coating, the films are expected to provide effective weed
suppression.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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BEESWAX COATING

After applying the beeswax coating, the films developed
a heterogeneous white crystalline surface, referred to as ‘“wax
blooms” (Fig. 3a), which increased opacity and introduced a
discontinuous crystalline layer visible under SEM.">" These dust-
like particles, caused by the solidification of beeswax, could be
brushed off partially, yet the films remained hydrophobic due to
the beeswax layer beneath the surface. Research indicates that
wax coatings such as beeswax increase opacity while altering
mechanical resistance.*® Thus, the coated films became opaque,
reflecting the limited adhesion of beeswax to the polymer matrix.

Thickness measurements showed uncoated films averaged
0.25 + 0.05 mm, while coated films measured 0.50 + 0.05 mm.
After brushing off the superficial wax bloom layer, the thickness
decreased to ~0.3 mm.*”*® For comparison, Park, Friest, and
Liu"” reported thickness increases of 0.10-0.16 mm after bees-
wax coating, while conventional PE films typically measure
~0.07 mm."®

Hydrophobicity increased significantly after coating. For
uncoated films, the water contact angle was 73.6° (hydrophilic).
With beeswax coating, the contact angle progressively increased
from 99.20° (1 coat) to 116.54° (3 coats), as confirmed by one-
way ANOVA (F (3,12) = 23.97, p = 2.35 x 10 °).*® Fig. 3b
illustrates this trend, while Fig. 3c and d show the contrast
between uncoated (73.60°) and coated (116.17°) surfaces. Wax
blooms locally reached ~124.55°, though adherence was par-
tial, resulting in some areas with lower values (~95° + 3°).
Since only the top side was coated, the backside of the biode-
gradable films exhibited lower hydrophobicity (75° + 3%
Fig. 3a), leaving them vulnerable to soil moisture.

In contrast, conventional PE films (film D) showed a uni-
form contact angle of ~94° on both sides, lower than the front

Mater. Adv.
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Fig. 3 (a) The contact angle for the different types of mulch films with the front side and backside. (b) Water contact angle measurements for

biodegradable films with O to 3 layers of beeswax coating. Each bar shows the average value, and the error bars represent the standard deviation (n = 4).
The contact angle of films before (c) being coated with beeswax at 73.60° and after (d) coating, hydrophobicity increases to 116.17°.

side of the coated biodegradable films but more evenly dis-
tributed. Thus, a biodegradable film coated with beeswax on
both sides would last longer under outdoor exposure, balancing
hydrophobicity and environmental degradability.

3.2. Mechanical properties (tensile strength, elongation at
break)

Sodium alginate and PVA have many hydroxyl groups within
their polymeric chains, allowing the formation of strong inter-
molecular hydrogen bonds.*® Additionally, the carboxylic acid
groups within sodium alginate contribute to its strong hydro-
philic nature, facilitating hydrogen bonding with polar groups
such as water and glycerol, thereby enhancing the film’s
mechanical properties.”® Therefore, with the addition of glycerol
as a plasticizer, variations in mechanical behavior were
observed. Without plasticizer, both tensile strength and strain%
were lowest in PVA-SA films (Fig. 4a), but increased progressively
with higher glycerol concentrations. However, beyond 10% w/w
glycerol, tensile strength decreased drastically, despite improved
elongation. A similar trend was observed in films using only SA
as the polymer (Fig. 4b), highlighting the polymers’ sensitivity to
hydrogen bonding. This suggests an optimal glycerol concen-
tration is required to balance flexibility and strength. Increasing
glycerol enhances flexibility through additional hydroxyl inter-
actions, but may also increase water absorption and compromise
mechanical integrity.>*

After coating the films with beeswax, film thickness
increased (see Section 3.1), affecting tensile strength calculations.
Although the force (N) required to break the films increased,
tensile strength (MPa) decreased because the load was distributed

Mater. Adv.

across the larger cross-sectional area. This effect arises from the
doubling of film thickness, a phenomenon described as a ‘size
effect’.>®>>* Across our sets, uncoated films achieved ~13 MPa,
whereas coated films dropped to > ~8 MPa, representing a
maximum reduction of ~38%. This decrease reflects thickness-
driven effects rather than intrinsic polymer degradation.

In Fig. 4c, film A (PVA + SA) exhibited lower tensile strength
than film C (SA only), consistent with Fig. 4a and b. This
behavior is attributed to recycled PVA, which likely contains
shorter polymer chains and weaker intermolecular bonding
than sodium alginate. Film B, excluding zein, had the lowest
tensile strength, indicating that zein not only functions as an
antimicrobial additive but also contributes to mechanical rein-
forcement. Overall, coated films showed reduced tensile
strength relative to uncoated counterparts, likely because bees-
wax interferes with stress transfer across the polymer matrix.

Film D (conventional PE) is much thinner yet mechanically
superior due to the inherent chemical and physical properties
of polyethylene. As reported by Ahmed et al.,> conventional
plastics can persist in the environment for centuries, fragment-
ing into harmful microplastics.’®*” As shown in Fig. 4d, film D
demonstrated a strain of over 250%, approximately 40 times
higher than biodegradable films A, B, and C, underscoring its
persistence and durability.

3.3. Spectroscopic and optical properties (FTIR and UV
analysis)

Fig. 5(a) shows the FTIR spectra of biodegradable films (film A,
film B, and film C) compared with conventional polyethylene
(film D). All three biodegradable films exhibited similar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2915 and 2847 cm™), and C=0O0 stretching (~ 1652 cm™! for biodegradable
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absorption profiles due to shared components such as sodium
alginate, PVA, glycerol, and zein. A broad band between 3200-
3550 cm™ ' (centered ~ 3390 cm™ ') corresponds to O-H stretch-
ing from hydrogen bonding between hydroxyl groups in PVA,
alginate, and glycerol. The presence of multiple hydroxyl groups
in PVA and glycerol confirms their roles in plasticization and
polymer chain bridging, improving mechanical strength.>"*%>°

© 2026 The Author(s). Published by the Royal Society of Chemistry

Conversely, polyethylene, lacking hydroxyl groups, showed no
absorption in this region, consistent with its purely covalent,
hydrophobic nature.®%®*

Characteristic C-H stretching vibrations appeared at 2915
and 2847 cm ™" for all films, while C=O0 stretching occurred at
~1652 cm ! for films A-B and shifted to 1617 cm ™ in film C,
indicating interactions between alginate carbonyls and zein
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residues. In contrast, film D exhibited a distinct peak at
1717 ecm™ ', attributable to oxidative degradation products in
polyethylene.®>®* Additional bands were observed in the fin-
gerprint region: 1462 cm™ ' (C-H bending), 1101-1042 cm "
(C-0-C and C-O stretching), and 719 ecm™ ' (C-H rocking).
Aunique 1274 cm ™' absorption in film D suggests ester/alcohol
additives in PE films.%® Overall, the FTIR spectra confirm that
glycerol, zein, and beeswax only induce physical blending and
hydrogen bonding rather than covalent bond formation.

Fig. 5(b) illustrates UV-visible transmittance. All biodegrad-
able films demonstrated excellent UV-blocking (< 1% transmit-
tance between 200-400 nm), comparable to polyethylene. Above
350 nm, film C showed a slight transmittance increase (~4%)
due to zein incorporation. The strong UV-attenuation effect is
attributed to aromatic amino acids (tyrosine, phenylalanine) in
zein, along with the intrinsic UV-protective roles of alginate and
PVA.>**®*%” Notably, film D (black PE mulch film) showed
0% transmittance throughout, while films A and C closely
resembled its behavior in the visible region (<4%). These
findings highlight the UV-protective function of biodegradable
films, making them suitable for agricultural mulch applica-
tions where light regulation suppresses weed germination and
controls soil temperature.”>°*”7> We additionally note that
weed suppression depends on reducing visible/PAR transmis-
sion (400-700 nm) and overall opacity; therefore, UV blocking
alone is not sufficient, and the visible-range transmittance/
opacity should be considered when interpreting weed-control
potential.

3.4. Film morphology and thermal stability

The structural and thermal properties of the biodegradable
films were evaluated to understand their performance for
agricultural mulch applications. SEM analysis revealed surface
and cross-sectional morphologies (Fig. S2). The surface of
beeswax-coated films (Fig. S2a) displayed mostly uniform
regions with rough patches corresponding to residual wax
blooms, while smoother areas indicated where wax had been
removed. Small pores were observed, facilitating air transport
essential for soil aeration and photosynthesis. Cross-sectional
images (Fig. S2b) distinguished the top beeswax layer from the
polymeric matrix blend, which appeared homogenized, indicating
effective bonding between polymer chains. In contrast, conven-
tional PE film (Fig. S2c) exhibited a less uniform morphology due
to the absence of coating. Increasing glycerol content enhanced
homogenization (Fig. S2d-f), with films containing 20% w/w
glycerol showing smoother surfaces than those without, consis-
tent with glycerol’s plasticizing effect via hydrogen bonding.>"">7*
However, excessive glycerol increases hydroxyl content and water
sensitivity, requiring careful optimization.”>”®

Thermal behavior, assessed by TGA and DTG (Fig. S3),
showed multi-step degradation for biodegradable films (films
A-C) and a simpler, delayed profile for PE film (film D).’® Initial
weight loss below 100 °C was attributed to moisture evapora-
tion and low-molecular-weight volatiles, mainly glycerol.”"%”
Film A (PVA + SA + zein + beeswax) exhibited three degradation
stages: an initial loss of 15.08% at ~184 °C due to moisture,

Mater. Adv.

View Article Online

Materials Advances

a major loss of 39.39% at 217.74 °C from degradation of organic
components (sodium alginate, low-molecular-weight PVA,
glycerol, zein, beeswax), and a final 14.99% loss near 600 °C
corresponding to carbonization of stable polymer fragments.
The residue at 600 °C (30.88%) likely resulted from crosslinked
zein-polysaccharide networks, indicating moderate thermal
stability suitable for mulch films. Zein enhanced structural
rigidity via protein-network crosslinking.””””® Film B, without
zein, degraded at a slightly lower onset temperature with
reduced residue (23.09%), reflecting diminished thermal
integrity. Film C, composed solely of sodium alginate, degraded
rapidly between 181-262 °C, with a DTG peak at 219.82 °C;
although char residue was high (30.61%), absence of PVA
limited overall matrix stability.””®' PE film degraded over a
narrower temperature range with minimal early-stage residue,
demonstrating its non-biodegradable nature.

Overall, SEM and TGA analyses indicate that polymer com-
position and additive incorporation critically influence micro-
structure and thermal properties. Homogenized matrices with
proper additives improve both structural and thermal stability,
while beeswax and glycerol further modulate surface features
and thermal behavior, enabling tunable properties for environ-
mental and agricultural applications.

3.5. Moisture absorption and retention behavior

The interaction of biodegradable films with water was evalu-
ated under varying humidity and temperature conditions to
mimic real-world applications. Both film A (PVA + SA) and film
C (SA only) contain hydrophilic polymers with hydroxyl groups,
making them sensitive to environmental moisture >$:°6:82783
The water absorption percentages under different relative
humidity (RH) after one and two weeks are summarized in
Table S1 and illustrated in Fig. 6a. Films exposed to 30% RH
+5% RH showed the highest weight loss, particularly film A1
(—19.0%), whereas films at 75% RH +5% RH, notably film C3,
exhibited slight weight gain (1.5%). This highlights that both
humidity and polymer composition influence moisture uptake
or loss, with most changes occurring during the first week. Film
A lost more weight than film C across all conditions, likely due
to PVA’s higher hydrophilicity.®*®” Film C’s better stability is
attributed to its more cross-linked alginate structure with ionic
bonds.*®%

Fig. 6b shows the weight variation of the films over time
during RH exposure. Films under 30% RH £5% RH had the
highest water loss, with film A losing more than film C, while at
50% +30% RH, differences were smaller. Under 75% RH +5%
RH, film A still lost weight, but film C absorbed moisture,
demonstrating better retention. Most water absorption/
desorption occurred in the first week, after which the films
reached equilibrium.

The temperature-dependent free water loss was also measured
at 20 °C £ 5 °C, 45 °C £ 5 °C, and 60 °C + 5 °C (Fig. 6¢ and d).
Rapid weight reduction occurred at 45 °C and more drastically
at 60 °C, mostly within the first 2 hours. At room temperature,
weight remained nearly constant, with minor fluctuations likely
due to humidity.”® Film A consistently retained more water

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Weight (g) of films measured over time under three temperature conditions (20 °C, 45 °C, 60 °C). (d) Free water loss (%) of film A and film C after 48 hours

under the three temperature conditions.

than film C across all temperatures, especially at 20 °C and 60 °C,
indicating PVA improves water retention and stability.*>%*°"

A two-way ANOVA showed a significant difference (p = 0.007)
between film A and film C, confirming that polymer composi-
tion affects water retention more than temperature (p = 0.644)
or their interaction (p = 0.462). Film A’s polymeric blend is
therefore more suitable for outdoor use.

3.6. Biodegradation and soil toxicity

The biodegradation performance of the films was evaluated
under real outdoor conditions to simulate their practical appli-
cation as mulch films. The films were placed on the rooftop of
NTUST (Fig. 7a), an open area exposed to direct sunlight, wind,
and rainfall. Initially, the films were coated with beeswax only
on the top surface, leaving a hydrophilic underside in contact
with soil. It was hypothesized that this hydrophilic surface
could retain moisture beneficial for plants. However, exposure
to rainfall resulted in rapid water penetration into the film
matrix, compromising mechanical integrity and causing
significant biodegradation within 2 weeks (Fig. 7b1-b3). The
configuration used here is surface exposure on soil; half-
buried/buried configurations will be included in future work
to better simulate agricultural coverage conditions.

To improve film longevity, both sides were subsequently
coated with beeswax, increasing water resistance and slowing
biodegradation. These double-sided films remained largely

© 2026 The Author(s). Published by the Royal Society of Chemistry

intact after 2 weeks of exposure (Fig. 7c2). Despite intermittent
rainfall, water slowly penetrated the films, initiating gradual
degradation. By 5 weeks, the films had showed near-complete
breakdown by the final time point, leaving only small residual
white beeswax fragments on the soil surface (Fig. 7c4). These
observations demonstrate that hydrophobic surface modifica-
tion can enhance film durability while maintaining complete
biodegradability under natural environmental conditions. The
observed sequence is consistent with water ingress weakening
the hydrophilic matrix, followed by microbial assimilation of
polysaccharide/protein components once coating continuity is
disrupted.

Following biodegradation, soil toxicity was assessed to ensure
environmental safety. Acute toxicity tests were performed accord-
ing to OECD Guideline 207 using the earthworm Eisenia fetida.
This work evaluates outdoor surface exposure and short-term
ecotoxicity and does not constitute certification testing to com-
postability/biodegradation standards (e.g., EN 13432, ASTM D6400,
ISO 17088), which will require controlled-condition biodegrada-
tion, disintegration, and ecotoxicity endpoints in future studies.

Priority research directions: future work should focus on
(i) scale-up of film casting and beeswax coating to ensure
thickness uniformity and reproducibility, (ii) improving wax-
substrate adhesion and minimizing surface bloom/whitening
to maintain durable hydrophobicity, (iii) validating performance
under broader field conditions (different soils, climates, and
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Fig. 7 Outdoor biodegradation of biodegradable films exposed to natural rainfall and sunlight. (a) The rooftop of a building at NTUST used for the
outdoor biodegradation experiment. (b1) Biodegradable films coated only on the top side at the initial stage, (b2) after 1 week, and (b3) after 2 weeks of
exposure. (c1) Biodegradable films coated on both sides at the initial stage, (c2) after 2 weeks, (c3) after 4 weeks, and (c4) after 5 weeks of exposure.

cropping practices), (iv) extending environmental safety testing
beyond acute endpoints through longer-term ecotoxicity (e.g.,
chronic earthworm exposure) and plant response assays, and
(v) integrating life cycle assessment and techno-economic analysis
to quantify environmental and economic trade-offs and guide
deployment decisions.

4. Conclusions

This study demonstrates a sustainable pathway for transforming
invasive Sargassum biomass into biodegradable mulch films by
combining sodium alginate (SA) with recycled polyvinyl alcohol
(PVA), glycerol, zein, and a beeswax surface coating. The resulting
films exhibited mechanical robustness (8-13 MPa tensile
strength), tunable hydrophobicity (water contact angle up to
116.5°), and strong UV-blocking capacity (<1% transmittance
below 400 nm). Structural and thermal analyses supported for-
mation of hydrogen-bonded polymer networks with enhanced
thermal stability. Moisture interaction tests further indicated
improved moisture retention of SA-PVA blends relative to SA-
only films. Outdoor exposure trials verified complete biodegrada-
tion within 35 days, and OECD Guideline 207 soil toxicity assays
showed 0% earthworm mortality, supporting soil compatibility.

By eliminating glutaraldehyde, valorizing marine biomass, and
incorporating recycled PVA, these films demonstrate a circular-
material pathway and provide a viable alternative to conventional
petroleum-based mulch films for applications where controlled
durability followed by environmental breakdown is required. Over-
all, this work demonstrates a practical pathway to valorize invasive
Sargassum into biodegradable agricultural films and reduce reli-
ance on conventional petroleum-based mulch plastics.
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