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A B S T R A C T

Kraft lignin (KL) and its acetic acid-fractionated derivatives were evaluated for their antioxidant and ultraviolet
C (UV-C)-absorbing properties to mitigate the photooxidative degradation of polyvinyl alcohol (PVA). PVA films
were prepared with 4 % (w/w) KL macroparticles - including unfractionated KL and the fractionated forms KL30,
KL40, and KL50 - and with 0.4 % (w/w) lignin nanoparticles (NP), derived from the same fractions (named
NPKL, NP30, NP40, and NP50). All formulations, including the control (pure PVA), were blended with 10 % (w/
w) NPK fertilizer (nitrogen‑phosphorus‑potassium, 10–10-10) and plasticized with glycerol for film casting. After
21 days of UV-C exposure, films containing LNP retained over 90 % transparency, compared to ~70 % for pure
PVA. Fourier-transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC) confirmed re-
duced photooxidative and thermal degradation in lignin-containing films, especially those with KL30 and NP30.
Biodegradation assays using respirometric CO₂ analysis showed accelerated release for NP30 (up to 90 mg after
20 days), reflecting enhanced microbial activity. Leaching assays demonstrated controlled release of NPK ions
over 40 days in films with NP. In mulch film application tests with cherry tomato, PVA + NP30 showed seedling
development comparable to commercial mulch and superior to control films. These results confirm the potential
of NP as sustainable, multifunctional additives for UV stabilization and controlled nutrient delivery in biodegrad-
able agricultural films.

1. Introduction

For several decades, synthetic polymer-based materials derived
from fossil resources, such as plastics, have dominated material produc-
tion due to their efficiency and low cost. However, the limited
biodegradability of these materials has led to substantial environmental
concerns [1]. In this context, polyvinyl alcohol (PVA) has gained atten-
tion for its unique characteristics, such as biodegradability, water solu-
bility, and low environmental impact [2,3]. PVA, a polymeric matrix,
has vast applications in the biomedical, agricultural, optical, energy
and sensor sectors [4]. However, despite all the beneficial properties for

various applications, materials made exclusively from PVA have some
limitations due to their low mechanical, thermal, and photodegradation
resistance and high solubility, especially in heated water [5,6]. Intro-
ducing stabilizing agents such as lignin into the PVA matrix, especially
in film, membrane and emulsion systems, is a promising solution to
these problems.

Lignin can improve thermal and mechanical properties and mois-
ture resistance and provide additional functionalities to PVA, such as
UV protection and antioxidant effect. The lignin macromolecule has in-
trinsic UV absorption properties due to its phenolic and ketone groups
[7,8]. It can thus act as a “sacrificial molecule”, absorbing part of the
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Fig. 1. (A). Initial Transparency and (B) After 21 days, the additive-containing
films were analyzed using transmittance measurements. The films include:
PVA, PVA + KL, PVA + KL30, PVA + KL40, PVA + KL50, PVA + NPKL,
PVA + NP30, PVA + NP40, and PVA + NP50. a-e Statistically similar sam-
ples.

UV light and protecting the polymer matrix from photo-oxidative dam-
age. Recent advances in lignin processing include its fractionation and
conversion into lignin nanoparticles (NP). These strategies can modu-
late the properties of lignin in general, including improving UV block-
ing efficiency, depending on its structure and molecular size [8,9]. In
addition, structural modifications such as sequential fractionation and
acetylation can soften its characteristic dark color without compromis-
ing its photoprotective capacity, making it a promising alternative to
synthetic stabilizers [10].

Fractionating the lignin and reducing its molecular weight has im-
proved UV-blocking properties, while unprocessed lignin shows lower
efficiency [11]. Preparing lignin nanoparticles is also a common strat-
egy since lignin NPs generally perform better than their macromolecu-
lar counterparts. Studies show increased photoprotective and mechani-
cal properties attributed to lignin's greater surface area and reactivity in
NP form, which leads to more effective interactions with the PVA ma-
trix [12].

It is known that understanding the relationship between the molecu-
lar structure and properties of lignin is essential to enable the prepara-
tion of more stable and durable polymer blends and composites. Thus,
lignin, especially in the NP form, can improve UV resistance, modulate
other properties, and increase the sustainability of materials. The appli-

cation of lignin in sectors such as agriculture through plastic mulch
films used for weed control and soil moisture retention shows great po-
tential [12]. These polymer films suffer from exposure to the sun, re-
ducing their useful life, due to modifications in their surface, such as
loss of color and reduction of mechanical and thermal resistance, which
leads to the need to replace these materials in some cases. Incorporating
lignin, especially in the NP form, can extend the useful life of these ma-
terials, providing an effective barrier against UV irradiation. Previous
studies have demonstrated that lignin, when applied in NP form, in-
creases the resistance of materials to photodegradation, proving its effi-
ciency as a natural and renewable UV blocker [8]. Therefore, investi-
gating the structure-performance relationship of different lignin frac-
tions, both in macromolecular and nanoparticle forms, will provide
valuable insights for developing more efficient and sustainable polymer
composites with broad applications in industry and agriculture. Thus,
this study aims to explore and correlate the properties of lignin and its
fractions in MP and NP forms and evaluate their performance as UV sta-
bilizers in PVA films, for applications such as mulch film.

2. Materials and methods

2.1. Materials

Lignin was obtained by the precipitation of black liquor from the in-
dustrial kraft pulping process of Eucalyptus urograndis wood. Acetic acid
(CH₃COOH), and acetone (C₃H₆O), were both purchased from Synth®.
Polyvinyl alcohol (C₂H₄O)x was obtained from Neon, and Anidrol®
supplied glycerol (C₃H₈O₃). The fertilizer used for film additives was a
Mixed Mineral Fertilizer 10–10-10 + micros from Dimy®.

2.2. Sequential fractionation of Kraft lignin in an acidic medium

The fractionation followed the standards of the patent BR 102024
020181 7. In this process, 10 g of KL was added to 100 mL of HOAc so-
lution (10 % v/v, with 10 mL HOAc and 90 mL deionized water) and
stirred vigorously for 20 min at room temperature (~25 °C). The insol-
uble lignin was separated by vacuum filtration, dried at 40 °C for 24 h,
and then fractionated. HOAc concentrations of 30 %, 40 %, and 50 %
were used. Approximately 300 mL of distilled water was added to the
filtrate to precipitate the soluble fraction, and each soluble lignin frac-
tion was named KL30, KL40, and KL50 according to the HOAc concen-
tration.

2.3. Lignin nanoparticles synthesis

The antisolvent precipitation method described by Morsali et al.
[13] synthesized the NPs. To do this, 0.5 g of dry KL was dissolved in an
alcohol solution (30 g of ethyl alcohol and 10 g of deionized water) and
stirred for 3 h at room temperature. The solution was filtered through a
0.45 μm membrane (Millipore) to remove the undissolved solids. To
form a colloidal dispersion, 120 g of deionized water was added, and
the ethyl alcohol was removed using a rotary evaporator at 40 °C under
reduced pressure. Based on the fraction, this process was repeated for
the KL30, KL40, and KL50 fractions, with the nanoparticles named
NPKL, NP30, NP40, and NP50.

2.4. Sample set preparation

Different films were prepared to investigate the structure-
performance correlation when using distinct MP lignin fractions and
when the NP of these fractions were employed. The solution casting
method was used to produce a total of nine additive films. Initially, 11 g
of PVA were dissolved in 100 mL of water at 90 °C using a magnetic
stirrer until the PVA granules were fully dissolved. Then, 10 mL of glyc-
erol was added as a plasticizer. Next, 4 % (w/w with PVA) of KL and its
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Fig. 2. FTIR spectra of PVA films with additives before (A) and after 21 days of UV-C exposure (B), including KL, KL30, KL40, and KL50. Spectra of films with NP ad-
ditives before (C) and after 21 days of UV-C exposure (D), including NPKL, NP30, NP40, and NP50.

lignin fractions (KL30, KL40, and KL50) and 10 mL of NPK fertilizer so-
lution were incorporated into the PVA solution and stirred uniformly.
The mixture underwent ultrasonication for 30 min to ensure homoge-
neous dispersion. Afterward, the resulting solution was poured into a
mold and dried in an oven at 60 °C under negative pressure
(−500 mmHg) for 10 h.

The films were prepared using PVA as the polymer matrix and incor-
porated either macroparticulate (MP) lignin or lignin nanoparticles
(NP). For the MP formulations, one control film containing only PVA
(labeled PVA) was prepared, along with four films containing 4 %
(w/w) of either unfractionated lignin (PVA + KL) or fractionated lignin
samples (PVA + KL30, PVA + KL40, and PVA + KL50). In parallel,
another set of four films was produced using the same procedure but re-
placing the 4 % MP lignin with 0.4 % (w/w) of the corresponding lignin
NP. These films were labeled PVA + NPKL, PVA + NP30,
PVA + NP40, and PVA + NP50, respectively.

2.5. Physical analyses: transparency, moisture content, and solubility

The transparency of the films was measured using UV–Vis spec-
troscopy by evaluating light transmittance between 200 and 800 nm.
Samples were cut uniformly and placed in the spectrophotometer. The
percentage of transmitted light indicated the transparency level, show-
ing how MP or NP lignin addition affected the optical properties of the
films. The moisture content of the films was determined using a mois-
ture analyzer (A&D Company, model MX-50), following the ABNT NBR
14929:2017 standard. Approximately 1 g of sample was heated at
105 °C until a constant weight was achieved, and the moisture percent-

age was automatically calculated. Film solubility in phosphate buffer
(pH 5, 7, and 9) was determined based on the method of Gontard et al.,
[14], with some modifications. Cut into 2 × 2 cm squares, films were
first dried at 70 °C for 2 h and weighed to determine their dry matter
content. They were then immersed in 50 mL of phosphate buffer and
kept under slow agitation at room temperature for 24 h. After this pe-
riod, the solutions were filtered, and the retained material was dried at
70 °C for an additional 24 h and reweighed. The solubility calculation
was performed considering the difference in dry mass before and after
immersion. The amount of dry matter dissolved in the buffer was deter-
mined by subtracting the dry residue's final mass from the dry film's ini-
tial mass. The solubility percentage was then calculated based on the
initial mass of the film.

2.6. UV-C light exposure

Accelerated aging tests on films were carried out to assess the pho-
todegradation effects of the materials when irradiated with ultraviolet
light C (UV-C). UV-C was selected for its high-energy wavelength
(254 nm), which is known to induce rapid polymer degradation, includ-
ing chain scission and oxidation reactions, making it a standard tool for
accelerated and comparative stability testing. Although UV-C is not pre-
dominant in natural solar radiation, its intense and reproducible action
allows for effective screening of the protective performance of additives
like lignin under controlled conditions. The tests were conducted in a
custom-made photo-aging chamber, where the samples were placed
20 cm from 15 W fluorescent germicidal lamps emitting at 254 nm,
with an incident energy of 610 ± 10 μW·cm−2. Samples were exposed

3
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Fig. 3. TG (A, C) and DTG (B, D) curves of each sample based on PVA and lignin fractions variations before (A, B) and after (C, D) exposure to UV-C light. TG (E, G) and DTG (F, H) curves of each sample based
on PVA and NP variations before (E, F) and after (G, H) exposure to UV-C light. DSC thermograms of the different treatments: PVA and PVA films additivated with lignin fractions (KL, KL30, KL40, and KL50) (I)
and PVA films additivated with NP (J) before exposure to UV-C light; PVA films additivated with lignin fractions (KL, KL30, KL40, and KL50) (K) and PVA films additivated with NP after exposure to UV-C light
(L).
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Fig. 4. Mechanical properties of PVA films with the addition of KL, KL30, KL40, and KL50, as well as films containing NP additives: NPKL, NP30, NP40, and NP50.
Young's Modulus (MPa) before (A) and after (B) UV-C exposure. Elongation at break (%) before (C) and after (D) UV-C exposure. a-cStatistically similar samples.

for 21 days, and their degradation was monitored by FTIR spectroscopy
at the beginning and end of the exposure period (0 and 21 days).

2.7. Soil biodegradation

2.7.1. Soil biodegradation study
To evaluate the biodegradation capacity of the films in soil, the 9

prepared compositions were evaluated in triplicate. The films were
manually cut into 3 cm squares and buried at a depth of 5 cm in moist
soil. During the month of the experiment, the films were unearthed to
monitor the evolution of degradation. Photographic records were taken
to document the evolution of the process through the condition of the
films.

2.7.2. Accelerated biodegradation test
Accelerated biodegradation was analyzed using tests conducted us-

ing respirometers (Bartha). In each respirometer, 50 g of soil and 0.5 g
of the prepared films were added, totaling 9 respirometers with differ-
ent films and a control without film. To capture the carbon dioxide
(CO₂) released by aerobic microbial activity, 10 mL of 0.2 M KOH solu-
tion was added to the side compartment of each respirometer. The KOH
solution was collected every 4 days and transferred to an Erlenmeyer
flask containing 1 mL of 1 M BaCl₂ solution to precipitate the carbonate
formed. The excess KOH was then titrated with a standard 0.1 M HCl
solution to quantify the CO₂ collected. The KOH solution was replaced
in the side compartment after washing with 10 mL of CO₂-free deion-
ized water. The biodegradation process was monitored for 20 days at
28 °C according to ASTM D5988–18 standard (Standard Test Method
for Determining Aerobic Biodegradation of Plastic Materials in Soil),
with all analyses conducted in triplicate and results compared to con-
trols without any added material.

2.8. Film characterization - before and after UV-C exposure

Fourier-transform infrared spectroscopy (FTIR): The composi-
tion of the films was analyzed using an ATR (Attenuated Total Re-
flectance) accessory in a Nicolet Summit IR 200 spectrometer. Mea-
surements were taken in transmission mode with 126 scans, a nom-
inal resolution of 4.0 cm−1, and 4000 to 400 cm−1. Thermogravi-
metric Analysis (TGA): TGA was performed using a Perkin Elmer
Pyris1 TGA with a constant heating rate of 20 °C.min−1 up to
900 °C, in an inert nitrogen atmosphere (20 mL.min−1 flow). All
samples were analyzed in triplicate (n = 3). Differential Scan-
ning Calorimetry (DSC): Thermal measurements were conducted
with a TA Instruments Q10 DSC, equipped with an RCS 40 cooling
system. Samples were initially heated to 100 °C for 5 min to elimi-
nate thermal history, then cooled to −10 °C, followed by a second
heating to 350 °C at 20 °C.min−1. All measurements were con-
ducted under a nitrogen flow of 250 mL.min−1, with 4–7 mg sam-
ple masses. Each composition was analyzed in triplicate (n = 3).
Events were analyzed during the second heating scan using
TRIOS® software. Tensile Testing: Tensile testing was performed
with a Universal Testing Machine (INSTRON EMIC 23–30). Parame-
ters included room temperature (25 °C), a 500 N load cell, and a
strain rate of 50 mm min−1. Four specimens per composition were
tested at 25 °C according to ASTM D638. Sample dimensions were
70 mm in length, 17 mm in width, and 0.5 mm thickness.

2.9. Rheological analysis

Rheology allows studying the mechanical behavior of viscoelastic
materials in different physicochemical conditions through the analysis
of rheological parameters obtained by rheometry, such as elastic modu-
lus (G'), viscous modulus (G"), apparent viscosity (η), and shear stress
(σ). Measurements were taken using a Malvern Kinexus oscillatory
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Fig. 5. (A) Apparent viscosity of PVA, PVA-NP30, PVA-NP40, and PVA-NP50 in function of frequency (in Hz) at 25 °C. It is inserted in the same plot but more de-
tailed. (B) Rheogram of apparent viscosity of PVA-NPKL, PVA-KL, PVA-KL30, PVA-KL40, and PVA-KL50 samples in function of frequency (in Hz), at 25 °C. (C) Plot of
ratio G"/G' in function of frequency (in Hz) of PVA, PVA-NP30, PVA-NP40, and PVA-NP50, at 25 °C. (D) Plot of ratio G"/G' in function of frequency (in Hz) of PVA-
NPKL, PVA-KL, PVA-KL30, PVA-KL40, and PVA-KL50 samples, at 25 °C. (E) Flow curves (shear stress in function of shear rate) of PVA, PVA-NP30, PVA-NP40, and
PVA-NP50, at 25 °C. (F) Flow curves of PVA-NPKL, PVA-KL, PVA-KL30, PVA-KL40, and PVA-KL50 samples, at 25 °C. (N = 3).

rheometer, using plate-plate geometry (Ø = 2.5 cm). The interval (or
gap) between the geometry and base plates was 0.1 mm. Measurements
were taken at 25 °C. Frequency sweeps were carried out to analyze the
stability of the materials, with frequencies between 0.1 and 10 Hz. Sub-
sequently, the G' data as a function of frequency (f) were measured ac-
cording to the G' power-law model, S is the gel strength; n is a dimen-
sionless index (Eq. (1)). Analyses were conducted in triplicate (n = 3).

(1)

The G' and G" data as a function of frequency were also analyzed by
calculating the ratio G"/G', to study the variation in the elasticity of ma-
terials as a function of frequency.

The resistance of the materials was also evaluated using a flow curve
(or shear stress as a function of increasing and decreasing shear rate),
where the materials were subjected to a variation in shear rate γ be-
tween 0 and 200 s−1. The forward curves (increase in γ ̇) and backward
curves (decrease in γ ̇) were analyzed according to the following power
law (Eq. (2)).

(2)

where K is the consistency index and m the viscosity index (dimension-
less). Viscosity curves were also obtained as a function of γ ̇, where the
viscosity of the material at γ ̇=0 can be calculated, that is, the viscosity

of the material at rest (η(0)). Measurements were made in triplicate
(n = 3). The statistics of the results were performed using One-Way
ANOVA, with Tukey's multiple comparison test.

2.10. Evaluation of NPK ion release by leaching

A controlled release test was carried out by leaching the N (NH₄+), P
(H₂PO₄−) and K (K+) ions present in the fertilizer added to the films.
The tests were carried out in triplicate under ambient temperature and
humidity conditions, based on the method adapted from Himmah et al.
[15]. This methodology seeks to simulate real soil leaching conditions
based on film/soil systems. Every week for 40 days, 50 mL of distilled
water was poured over the top of the systems, and the leachate was col-
lected. UV–vis spectrophotometry analysis was used to quantify NH₄+

and H₂PO₄− ions. A flame photometer was used to measure the release
of K+ ions. Additional details are available in Supporting Information
SI1.

2.11. Application of mulch film in cherry tomato cultivation

To test the applicability of the films developed, which showed the
best properties for use as mulch, a practical test was carried out using
red cherry tomatoes as a model crop for growing cherry tomatoes. The
films evaluated included PVA, PVA + KL30, PVA + NP30, a commer-
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cial mulch film (control +), and a treatment without any film (control
-). For both control samples, the soil was treated with the same volume
of NPK fertilizer present in the applied films. The red cherry tomatoes
were planted by planting 2 seeds in a 1 cm deep hole per pot containing
150 g of pre-homogenized soil, for each treatment 4 pots were planted.
The films for each treatment were cut to cover the top surface of the pot
thoroughly and applied immediately after planting the seeds. Through-
out the experiment, photographic records of the pots, measurements of
the height of the seedlings and the number of leaves were taken weekly
to assess the growth, development and effectiveness of the treatment.
Plant height measurements and leaf counts were recorded weekly for
two months. The health of the plants was also observed, including any
signs of nutrient deficiency or stress. Irrigation was carefully controlled
to ensure that all the plants received the same amount of water, avoid-
ing variations that could influence the results.

2.12. Statistical data analysis

Statistical analysis was conducted on the numerical data obtained
from the analyses to compare result sets and identify significant differ-
ences between the studied populations. The one-way ANOVA test was
used to compare the means of multiple independent populations. The p-
value was used to determine statistical significance, with a significance
level set at 5 % (p < 0.05). For p-values below 0.05, a t-test was subse-
quently conducted to evaluate significant differences between pairs of
sample sets.

3. Results and discussions

3.1. Chemical functionality of lignin fractions

The fractionation of KL lignin, derived from Eucalyptus urograndis
wood in acetic acid (HOAc) solution, was detailed by Rodrigues et al.
The fractions obtained from KL, called KL30, KL40 and KL50, presented
distinct chemical, structural and thermal characteristics. Gel Perme-
ation Chromatography (GPC) analyses revealed that the fractions'
weighted average molar mass (Mw) increased with the HOAc concen-
tration. The KL30 and KL40 fractions (1151 and 1446 g.mol−1) pre-
sented the lowest Mw values, while the KL fraction had the highest Mw
of 2653 g.mol−1. The KL50 fraction, being intermediate, had an Mw of
approximately 1897 g.mol−1. Thus, the fractions with the lowest Mw
are more soluble in lower concentrations of HOAc, while those with the
highest Mw are more soluble in higher acid concentrations.

Regarding the chemical composition, the KL30 fraction exhibited
the highest phenolic hydroxyl groups (Ph-OH) content, with
3.47 mmol g−1, followed by the KL40 fraction (2.81 mmol g−1), reflect-
ing its intermediate Mw. On the other hand, the KL and KL50 samples
presented higher amounts of aliphatic hydroxyl groups (Aliph-OH),
with 1.55 and 1.49 mmol g−1, respectively. The KL30 fraction stood out
for its greater free radical scavenging capacity, 76.32 %. The KL40 frac-
tion exhibited intermediate antioxidant activity, lower than KL30 but
higher than KL and KL50, in line with its intermediate phenolic content.
Knowledge of these differentiated properties between the fractions and
the lignin itself will be crucial for understanding the differences that
will be found for the films prepared in this study.

3.1.1. Characterization of lignin nanoparticles (NP)
In the previous study, by Rodrigues et al. the characterization of

nanoparticles NPKL, NP30, NP40, and NP50 provided key insights into
their properties and performance. The NP were morphologically char-
acterized by TEM, which revealed that NPKL particles exhibited hetero-
geneous morphologies and an average size of 126 nm, suggesting a less
controlled synthesis process. In contrast, the nanoparticles prepared
with fractionated lignins (NP30, NP40, and NP50) showed predomi-
nantly spherical shapes, greater morphological uniformity, and smaller

average sizes of approximately 101, 73, and 70 nm, respectively. To
complement this analysis, particle size distribution histograms were
constructed from the TEM micrographs (Fig. SI2). These histograms
confirm a broader size distribution for NPKL, while NPKL30, NPKL40,
and NPKL50 presented narrower and more symmetrical distributions,
consistent with improved dispersity and more homogeneous particle
formation. These results suggest that lignin fractionation contributes to
better particle morphology and size control during nanoprecipitation.

The hydrodynamic diameters, obtained by dynamic light scattering
(DLS) measurements, corroborated the TEM results, with 251 nm for
NPKL and 128, 117, and 106 nm for the samples NP30, NP40, and
NP50, respectively. Polydispersity Index (PDI) values ranged from 0.08
to 0.13 for NP30, NP40 and NP50, indicating low polydispersity and
consistent particle sizes that contrast with the higher PDI value ob-
served for NPKL. Zeta potential values ranged between −25
and − 31 mV, indicating stable particle dispersions due to electrostatic
repulsion, critical to maintaining good dispersion over time. In sum-
mary, NP30, NP40, and NP50, derived from fractionated KL, exhibited
greater size uniformity, more consistent morphology, and lower PDI
values than NPKL. These attributes suggest greater stability and the po-
tential for more controlled applications across various fields. The find-
ings emphasize the significance of selecting appropriate fractions to
achieve desired nanoparticle properties and performance.

3.2. Physical properties of additive films

The samples exhibited similar moisture contents: 19.61 ± 1.27 %
for PVA, 19.04 ± 0.56 % for PVA + KL, and similar values for KL frac-
tions (18.92 ± 0.91 % to 20.36 ± 1.01 %), with an overall average of
19.04 ± 0.39 %. For the NP-containing samples, moisture values
ranged between 17.23 ± 1.30 % and 19.20 ± 0.81 %, with an average
of 17.92 ± 1.05 %. There was no statistically significant difference be-
tween the two groups, reflecting the uniform amount of water used to
produce all films.

The solubility data for films are shown in Fig. SI3. At pH 5, the solu-
bility of the films with different lignin fractions was directly correlated
with the Mw of the fractions. Specifically, films with lower Mw exhib-
ited higher solubility, following the KL30 > KL40 > KL50 > KL. For
pH levels 7 and 9, solubility remained relatively stable and within the
margin of error. This stability can be attributed to the increased solubil-
ity of lignin under more alkaline conditions [10], which explains the
similar results at pH 7 and 9. All films with additives showed higher sol-
ubility than pure PVA, except for PVA + KL50 at pH 5, which behaved
similarly to PVA + KL. PVA remains constant across all pH levels, act-
ing as a neutral component that does not influence solubility.

In films with NP, PVA + NP30 showed the highest solubility, ex-
ceeding 50 % at all pH levels, with more uniform behavior at pH 7 and
9. PVA + NP40 had intermediate solubility, around 45 % at pH 9, but
decreased at pH 5, indicating a more significant influence of alkaline
conditions. PVA + NP50 exhibited the lowest solubility (30 %–35 %),
with slight variation across pH levels, indicating greater stability. The
PVA + NPKL combination had 40 % and 45 % solubility, reinforcing
its stability. Due to better nanoparticle dispersion in neutral and alka-
line solutions, incorporating lignin nanoparticles increased the films'
solubility, particularly at pH 7 and 9. Studies suggest that PVA films
with lignin nanoparticles improve solubility and offer UV protection,
depending on preparation conditions and nanoparticle size [16].

In Fig. 1A, pure PVA films show the highest transparency, near
100 %, and are ideal for applications like packaging. Adding KL reduces
transparency due to its natural opacity, with higher KL concentrations
(PVA + KL30, PVA + KL40, PVA + KL50) leading to further reduc-
tions. However, films with lignin NP maintain higher transparency
(90–100 %) due to better NP dispersion, which minimizes light scatter-
ing and maintains clarity. Additionally, the smaller particle size of NP
contributes to reduced opacity compared to larger KL particles. This
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Fig. 6. Biodegradation performance in soil of the samples PVA, PVA + KL, PVA + KL30, PVA + KL40 and PVA + KL50, (A) daily and (B) cumulative CO₂ release.
PVA, PVA + NPKL, PVA + NP30, PVA + NP40 and PVA + NP50, (C) daily and (D) cumulative CO₂ release. *Statistically distinct samples from the sample set for
the same day interval.

balance between transparency and UV protection highlights the dual
role of lignin [17].

Fig. 1B presents the transparency analysis data of the films after
21 days of photodegradation. The PVA film exhibited a significant de-
crease in transparency to approximately 70 %, indicating that UV ex-
posure compromised its optical properties. In contrast, all films incor-
porating lignin and lignin nanoparticles-maintained transparencies
above 90 %. Statistical analysis reveals that only the PVA + KL30
and PVA + KL50 films showed significantly different transparencies
from the other samples.

When comparing these results to those in Fig. 1, there is a general
increase in transparency for the lignin-containing films, especially
those with KL, which showed more significant variation. Lignin, being a
polymer, can degrade under prolonged UV exposure, breaking its poly-
mer chains [18]. This reduces particle size within the film and, conse-
quently, decreases opacity, allowing for high light transmission [11].
On the other hand, lignin NP demonstrates superior UV resistance prop-
erties, which explains the lesser increase in transparency of the films
containing nanoparticles compared to the KL films. This resistance
means that films with lignin NP experienced less degradation over the
21-day test, contributing to the maintenance of their opacity.

Furthermore, the addition of lignin in different fractions not only
improves the films' UV stability but also effectively blocks photochemi-
cal oxidation. The fraction of lignin used influences the balance be-
tween transparency and UV protection: lower fractions maintain higher
transparency, while higher fractions provide better UV protection but
result in increased opacity. This dual functionality of lignin is particu-

larly relevant for sustainable applications, with a growing demand for
biodegradable materials that offer UV barrier properties [19].

3.3. Characterization of films before and after UV-C exposure

3.3.1. Structural characterization
FTIR spectra obtained for the PVA films and the MP lignin-added

films and their fractions (PVA + KL, PVA + KL30, PVA + KL40 and
PVA + KL50, respectively) are shown in Fig. 2A. Based on the spectra,
it is possible to observe a similarity between all the samples, which can
be attributed to the fact that the films are composed of a large percent-
age of matrix when compared to the 4 % of additives added. The char-
acteristic bands of PVA and the contributions of the plasticizing agent,
glycerol, and lignin are observed. The assignment of the bands is de-
scribed in detail in SI4.

Although the spectra are generally very similar, it is possible to ob-
serve variations in the intensity of the bands at some wavenumbers,
such as those in 1711 and 1655 cm−1. This variation suggests structural
changes in the matrix due to interaction with the fillers. For pure PVA,
there is a higher intensity of the band attributed to CO groups; with the
addition of KL, the proportion is reversed, with a greater presence of
OH; for fraction 30, this proportion is equal, and for fractions 40 and
50, there is behavior more like pure PVA.

In the spectra presented in Fig. 2B, for the samples after photodegra-
dation, the bands can be seen in the same regions as those present for
the samples not exposed to light. However, it is once again possible to
see changes in the proportions of some of the bands. When comparing
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Fig. 7. The curves (A, C, and E) represent the leaching of NH₄+, K+, and H₂PO₄− ions for the PVA and macroparticles fractions, respectively. The curves (B, D, and
F) correspond to the leaching of the same ions for the NP fractions, respectively. *Statistically distinct samples.

the spectrum with and without exposure to light, it is possible to ob-
serve an increase in the band intensity in the region of 1711 cm−1 for all
the samples. This region is characteristic of carbonyl groups, which are
associated with the photodegradation of polymers in various works in
the literature, indicating that the films have undergone modifications
with UV-C irradiation. When comparing the photodegraded samples
with each other, the only one that did not show a significant increase

was PVA + KL, and among the others, the increase was for PVA, fol-
lowed by those added with the 50, 40, and 30 fractions, which indicates
greater photoprotection of the lignin for PVA.

Fig. 2C and D show the spectra for the PVA, PVA + NPKL,
PVA + NPKL30, PVA + NPKL40, and PVA + NPKL50 samples, be-
fore and after exposure to light, respectively. Bands are observed in the
same regions as for the spectra presented above, with slight shifts in
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Fig. 8. (A) Number of leaves (units) and (B) seedling height (cm) throughout
the experiment for the positive (+) and negative (−) controls, PVA,
PVA + KL30, and PVA + NP30 samples. Values represent the mean ± stan-
dard deviation of the replicates. a-iStatistically similar samples for the same
week with different coatings.

the wave numbers. Once again, the region with the change in the pro-
portion of bands when comparing the samples with nanoparticles (Fig.
2C) and without nanoparticles (Fig. 2A), we can see a greater intensity
of the characteristic CO band to OH, which for the samples without
nanoparticles was very similar. This indicates a modification due to the
use of additives in the form of nanoparticles, as there is no such modifi-
cation for the non-additive PVA. For the set with nanoparticles (Fig. 2
D) there were no significant changes after exposure to light.

3.3.2. Thermal properties
The thermogravimetric Analysis (TGA) and first derivative thermo-

gravimetric (DTG) curves of the samples before and after exposure to
UV-C light are shown in Fig. 3. Table SI1 shows the results of the ther-
mogravimetric analysis determined by TG and DTG curves. The ana-
lyzed parameters included T5% (onset temperature of degradation with
a 5 % mass loss), Tmax (temperature at the maximum mass loss rate),
∆m (mass loss rate until Tmax), and R900°C (carbonaceous residue at
900 °C).

The thermal results of PVA films added with MP and NP lignin re-
veal how the chemical and structural characteristics of the lignin frac-
tions directly influence the thermal stability and resistance to photoox-
idative degradation. It was observed that fractions with higher Ph-OH
content and lower Mw, such as KL30, provide superior thermal protec-
tion (Fig. 3A-B) and photo-stability (Fig. 3C-D). This relationship can be

attributed to the high antioxidant capacity of the Ph-OH, which acts as
a “radical scavenger” [20,21], slowing down thermal degradation by
absorbing radicals and thus protecting the PVA matrix. The most signif-
icant values of T5% and Tmax were found for the PVA + KL30 film,
which indicates increased initial resistance and maximum stability
against thermal degradation and photodegradation (Fig. 3C). In addi-
tion, it presents the lowest ∆m during heating, which reflects thermal
protection, since the antioxidant capacity of Ph-OH slows degradation
by heating [22].

KL and the KL50 fraction (Fig. 3A) presented higher Mw values and
predominance of aliphatic groups (Aliph-OH) and had the lowest per-
formance in T5% and Tmax. This can be explained by the fact that the
majority presence of Aliph-OH, with reduced antioxidant efficacy, sug-
gests a lower capacity to stabilize the matrix against thermal degrada-
tion. Since Aliph-OH has reduced efficiency in neutralizing free radi-
cals, KL and the KL50 fraction are less protective and less capable of
prolonging the thermal resistance of PVA. Moreover, the higher Mw of
these fractions may hinder homogeneous dispersion in the matrix, neg-
atively affecting the film's thermal and UV protection effectiveness.
This behavior is reflected by a higher ∆m, indicating a more pro-
nounced mass loss during thermal degradation, suggesting lower ther-
mal resistance and stability against UV-C irradiation.

When comparing the same parameter for PVA films additived with
lignin NP, it was observed that these films showed better thermal pro-
tection performance than lignin and its fractions. However, only the
PVA + NP30 film exhibited stability (Fig. 3E). All other treatments un-
derwent degradation due to UV-C irradiation (Fig. 3G), bringing their
degradation temperature closer to pure PVA. The addition of nanoparti-
cles was 10 times lower than that of pure lignin, which may indicate
that the higher dispersion and the smaller number of nanoparticles
were sufficient to provide effective thermal protection. When analyzing
the DTG behavior (Fig. 3F), we observed consistency in the perfor-
mance of the PVA + KL30 film, which showed the highest rate of varia-
tion in %·min−1 and the highest degradation temperature (indicating re-
sistance), as well as the lowest percentage of mass loss, both before and
after UV exposure. When analyzing the treatments with lignin NP, the
same behavior was observed for the PVA + NP30 (Fig. 3H) film.

The DSC thermal analysis studied the film's behavior and the chemi-
cal interactions between the polymer network and lignin modifications.
Fig. 3I shows the thermograms of the various treatments investigated in
this work. Within the studied range, the glass transition (Tg) of PVA is
marked by an exothermic event, indicating the glass transition at 50 °C
[23], where the semicrystalline structure of PVA undergoes a lattice
modification. The melting temperature (Tm) is observed at 125 °C [24]
as an endothermic event, marking the beginning of material melting.
Additionally, a more pronounced endothermic event at 250 °C is seen in
all samples, representing the characteristic degradation of PVA. The
thermal behavior of PVA and PVA-KL were very similar, likely due to
the hydrophobic nature of lignin, which limits its interaction with PVA
[25]. On the other hand, the acid treatment that the fractions have un-
dergone improved the interaction between the PVA film and the lignin.

The fractions showed the same glass transition point characteristic
of PVA but exhibited different endothermic events [26]. PVA-KL40
showed the least shift, with a peak at 265 °C, compared to PVA and
PVA-KL. In contrast, PVA-KL30 and PVA-KL50 displayed a change in
the endothermic event, reaching 280 °C. This shift suggests modifica-
tions in the film's chemical bonds and, consequently, changes in the ma-
terial's crystalline structure, which alters the temperature at which the
event occurs. Fig. 2K shows the thermograms after UV-C exposure. For
all treatments, the glass transition was suppressed. Ultraviolet irradia-
tion damages the polymer structure through chain scission, film
crosslinking (reducing chain mobility), and oxidation (chemical degra-
dation). These changes weaken the film, preventing it from undergoing
a glass transition since the polymer chains are already compromised
[27]. For the endothermic event associated with material degradation,
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Fig. 9. Photographic records of the monitoring of the degradation of different mulch films, along with plant growth over 5 weeks. (A) Week 0, (B) Week 1, (C)
Week 2, (D) Week 3, (E) Week 4, and (F) Week 5. Control - (No film), Control + (Commercial mulch), and coatings with the developed films PVA, PVA + KL30,
and PVA + NP30.

all treatments showed temperature shifts near 300 °C, except for PVA
and PVA-KL, where the event remained around 265 °C, like the unde-
graded film. This stability suggests that the lack of interaction between
PVA and lignin allowed lignin to shield the polymer matrix from UV
degradation [8].

Thus, comparing fractions highlights that the structural characteris-
tics of lignin, such as the content of phenolic groups (Ph-OH) and Mw,
are essential for the thermal stabilization of PVA films. Fractions such
as KL30, rich in Ph-OH and with lower Mw, provide thermal protection
and photo-oxidative resistance. In contrast, fractions with less favorable
characteristics, such as KL and KL50, are less effective in providing this
protection. This underscores the importance of selecting the appropri-
ate lignin fraction to optimize polymer-based materials' thermal and
barrier properties. With reduced ∆m and higher Tf, the KL30 fraction
proves to be superior in thermal protection and photo-stability, as op-
posed to fractions with higher molecular weight and aliphatic hydrox-
yls, which showed higher ∆m and lower Tf.

3.3.3. Mechanical properties
Fig. 4 illustrates Young's modulus and elongation at the break of

the samples before and after exposure to UV-C radiation. The Young's
modulus of the non-photodegraded PVA (Fig. 4A) was 6.5 MPa, a rel-
atively low value attributed to the presence of glycerol, which acts as
a plasticizer. Upon the addition of KL, a reduction in Young's modulus
was observed compared to the non-photodegraded PVA. This behavior
contrasts with findings reported by Gregorich et al. and Xu et al.
[28,29]. The reduction in Young's modulus values may be related to

the poor miscibility between PVA and KL, as suggested by Kubo and
Kadla [30]. The agglomeration of KL particles within the PVA matrix
can result in low miscibility, acting as stress concentrators that, in
turn, increase the distance between PVA chains, thus reducing inter-
molecular interactions [31,32].

An increase in Young's modulus values was observed for the samples
containing the KL fractions compared to the sample with unfraction-
ated lignin (Fig. 4A). This can be attributed to the increase in hydrogen
bonds between the PVA chains and the KL fractions since there is a
higher phenolic hydroxyl content in the KL fractions compared to KL
[33,34]. Finally, Young's modulus values for all PVA samples with KL
fractions (PVA + KL30, PVA + KL40, and PVA + KL50) are statisti-
cally like those of pure PVA.

In the case of the PVA + NPKL sample (Fig. 4A), an increase in
Young's modulus was observed compared to the PVA + KL samples.
This enhancement is attributed to the reduced size of the NPKL parti-
cles, which provides a reinforcing effect due to their higher aspect ratio
and larger surface area compared to KL particles. These characteristics
improve the interaction between NPKL and PVA, facilitating fiber-
matrix load transfer and increasing Young's modulus [35].

In Fig. 4B, there was practically no change in comparing Young's
modulus values of non-photodegraded PVA (6.52 ± 0.59 MPa) and
photodegraded PVA (6.44 ± 1.43 MPa). However, when comparing
the PVA + KL and PVA + NPKL samples, the PVA + NPKL samples
exhibit higher Young's values. This increase is likely associated with the
larger surface area of the NPKL particles, which enhances the interac-
tion between the components (PVA and NPKL). In addition, UV-C expo-
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sure induces chemical reactions in vinyl polymers, including the forma-
tion of cross-links and internal or terminal double bonds, which con-
tribute to increased composite [36]. UV-C exposure also causes chain
scission in PVA, generating free radicals that enhance interactions be-
tween kraft lignin particles (KL and NPKL) and the PVA. Consequently,
this explains the higher Young's modulus value observed in the
PVA + 30, PVA + 40, and PVA + 50 (KL and NPKL fractions) samples
compared to non-photodegraded PVA [37].

Fig. 4C illustrates the elongation at break of the non-photodegraded
samples. The elongation at break and Young's modulus behavior fol-
lows the same trend (Fig. 4A), where the addition of KL resulted in a re-
duction in elongation at break compared to pure PVA, as also reported
by [38]. The reduction can be attributed to the non-uniform distribu-
tion of KL particles within the PVA matrix, where the agglomerates cre-
ate stress concentration points and hinder the sliding of the PVA
chains, reducing the film's elongation capacity[35].

The samples with fractionated KL exhibited increased elongation at
break values compared to the PVA + KL sample, which can be attrib-
uted to the easier sliding of the PVA chains when loaded with KL frac-
tions since the fractionation process reduces the molar mass of KL [33].
An exception was observed for the PVA + KL40, which showed an
elongation at a break value nearly identical to pure PVA.

Regarding the PVA + NPKL, Young's modulus values were like
those of the PVA + KL samples. Furthermore, when comparing the
elongation at break values among the PVA + NPKL samples
(PVA + NP30, PVA + NP40, and PVA + NP50), no significant differ-
ences were observed, as the values were practically the same across
these samples.

Fig. 4D illustrates the elongation at the break of the photodegraded
samples. A significant reduction in the elongation capacity of photode-
graded PVA is observed, which is attributed to the degradation of the
PVA structure. The elongation at the break value of PVA + KL is
higher than photodegraded PVA. Moreover, the elongation at break
values for the photodegraded PVA + KL, PVA + KL30, PVA + KL40,
and PVA + KL50 samples are nearly identical to those of the corre-
sponding non-photodegrade samples (Fig. 4C). This indicates that KL
particles effectively shield the PVA structure from photodegradation
[39].

A similar protective effect is observed for NPKL particles. However,
unlike the PVA + KL samples, all photodegraded PVA + NPKL sam-
ples (PVA + NPKL, PVA + NP30, PVA + NP40, and PVA + NP50)
exhibit reduced elongation at break values compared to their non-
photodegraded counterparts (Fig. 4C). The percentage reductions in
elongation at break were approximately 46.3 % (PVA + NPKL),
51.9 % (PVA + NPNP30), 48.9 % (PVA + NP40), and 64.1 %
(PVA + NP50). These results suggest that NPKL particles are less effec-
tive than KL particles in protecting PVA from UV-C-induced degrada-
tion.

A formulation with adequate viscosity, mainly in pseudoplastic ma-
terials, ensures uniform application and prevents high spread ability,
which can diminish the quality of the film formation. Additionally, the
predominance of elastic modulus (G') over viscous modulus (G") indi-
cates dominant elastic behavior, higher structural integrity, and me-
chanical stability. It is well described that materials with relatively low
spreadability and with mechanical resistance can be appropriate to de-
velop structured films. The rheological analysis presents similar results
for samples in gel state. As expected for pseudoplastic materials, the vis-
cosity of all gels decreases as the applied frequency increases, a re-
sponse of the material's structuring to the oscillation (Fig. 5A-B). Solu-
tions containing NP have lower viscosity compared to PVA (Fig. 5A), in-
dicating lower internal organization and lower interaction strength be-
tween the solutions' components.

However, the difference is not significant when comparing the S val-
ues (Table SI2 – first column), where it is observed that the PVA and
PVA-NP solutions present values close to 0.2 Pa.sn. However, when

KL30, KL40, and KL50 are added, the solutions present higher viscosity
when compared to the viscosity of PVA, but there is a decrease in the
presence of NPKL (Fig. 5B). Furthermore, it is observed that the
strength of the gels increases significantly in the presence of KL, KL30
and KL40 (p < 0.05), with S between 0.5 Pa.sn (PVA-KL30 and PVA-
KL40) and 0.6 Pa.sn (PVA -KL) (Table SI2 – first column). In other
words, the presence of KL promotes interaction between components of
the solutions, which is reflected in the greater viscosity of the materials
compared to solutions containing NP [40–42], likely due to strong hy-
drogen bonds among KL and PVA, as seen in Young's modulus. Al-
though the viscosities are different, the behavior of the elastic modulus
variation with frequency is not strongly altered in the presence of the
additive, as shown by the n index values between 1.7 and 2.2 (Table SI2
– second column), showing that it prevails the PVA structure as an ele-
ment that gives elasticity to the system.

3.3.4. Biodegradation
The biodegradation of the samples in soil, as shown in Fig. SI4A, re-

vealed a rapid degradation during the first two days (Fig. SI4B), fol-
lowed by a slower degradation rate. This behavior can be attributed to
the nature of film materials, such as PVA and lignin. The rapid degrada-
tion observed at the beginning of the experiment can be attributed to
rapid hydrolysis and microbial attack in the most amorphous and hy-
drophilic regions of the films, since the film is composed of a large part
of PVA, which has these characteristics and tends to degrade rapidly be-
cause it is highly soluble in water [43].

The rate of evolution of the degradation process was reduced after
the first two days (Fig. SI4C), probably indicating that the more crys-
talline and less accessible regions of the material began to be exposed;
these regions are generally more resistant to microbial attack [44].
Lignin can also contribute to this slowdown due to its complex struc-
ture, resistance to biodegradation, and can be a barrier to water pene-
tration and microbial activity [29].

After one month (Fig. SI4D), all samples exhibited similar degrada-
tion patterns, suggesting relatively uniform behavior among the differ-
ent films, regardless of variations in their formulations. This indicates
that while adding a lignin alters the films' initial properties, such as sol-
ubility and resistance, the impact on long-term biodegradability in soil
is not significantly differentiated. Similarly, a result was obtained for
nanoparticle samples (Fig. SI5). It was observed that after one month,
compared to the samples without nanoparticles, there was a slightly
faster biodegradation, which was expected given that they are nanopar-
ticles.

The results of accelerated biodegradation in soil are presented in
Fig. 6. For the samples without nanoparticles (6A and 6B), a continuous
increase in daily CO₂ release is observed, with the PVA + KL50 sample
initially showing the highest values, reaching approximately 60 mg of
CO₂. However, this behavior changes over time, as the PVA + KL30
sample exhibits higher release levels from day 16 onward, reaching
about 90 mg of CO₂. In the formulations containing nanoparticles (6C
and 6D), the PVA + NP40 and PVA + NP50 samples stand out with
the highest cumulative CO₂ release values, suggesting increased micro-
bial accessibility promoted by the nanoparticles. This trend is further
supported by the linear fittings applied to the daily CO₂ release data
(Figs. SI6 and SI7), with the highest slopes observed for PVA + NP40
(3.00 mg/day; R2 = 0.95) and PVA + NP50 (2.89 mg/day;
R2 = 0.98), indicating superior biodegradation rates compared to the
other formulations.

3.3.5. Leaching of NH4
+, H2PO4

−, and K+ ions
The ion leaching analysis was conducted over 42 days. Due to the

high degradability of PVA, daily measurements were performed until
the fourth day, followed by weekly collections, with an additional mea-
surement on day 31, near the end of soil biodegradation (Fig. SI4 and
SI5). For better visualization, the graphs were divided based on the

12



CO
RR

EC
TE

D
PR

OO
F

A.S.M. de Freitas et al. International Journal of Biological Macromolecules xxx (xxxx) 144386

presence of macroparticles (Fig. 7A, C, and E) or nanoparticles (Fig. 7B,
D, and F) for NH₄+, K+, and H₂PO₄− ions, respectively. Commercial
NPK in the soil was included in both sets for comparison.

At the beginning of the experiment, the PVA samples exhibited the
highest fertilizer release rates for NH₄+ and H₂PO₄− ions (Fig. 7 A and
B), which can be attributed to the structural fragility of PVA, as widely
documented in the literature [5,6,45]. The fragility of PVA facilitates
the rapid degradation of the polymeric matrix, resulting in a more im-
mediate and substantial release of macronutrients. This behavior sug-
gests that formulations with PVA undergo accelerated degradation, al-
lowing for a more pronounced initial nutrient release. On the other
hand, the films containing NP (Fig. 7B, D, and F) showed low nutrient
release at the experiment. This indicates better stability of these films,
delaying degradation and gradually releasing NPK fertilizer ions.

The different release profiles between the films with MP and NP
show that NP can increase the polymer matrix's resistance to degrada-
tion and generate a more controlled release of ions. The PVA sample
without lignin may have undergone greater microbial activity [46], ac-
celerating film degradation and increasing nutrient release.

The antibacterial properties of lignin [47,48] can also modulate the
microbial activity of films, especially those containing NP, due to the
greater surface area and homogeneity of dispersion with MP. This in-
hibits the proliferation of microorganisms that could accelerate the
degradation of films and the release of nutrients. Finally, films with NP
presented a more controlled release of nutrients than those with MP
and PVA.

To further clarify the kinetics of nutrient release, Table SI3 presents
the calculated slopes for each nutrient during the early and sustained
leaching phases. These values highlight distinct degradation behaviors
among the formulations. PVA-based films, particularly neat PVA and
PVA + KL, exhibited the highest initial release rates for NH₄+ (0.335
and 0.597 mg L1 day1, respectively), confirming their rapid disintegra-
tion. In contrast, formulations containing nanoparticles, especially
PVA + NP40 and PVA + NP50, showed significantly lower early-
phase slopes (≤ 0.19 mg L−1 day−1), consistent with a more gradual
and controlled nutrient release. For H₂PO₄−, the early-phase release was
again higher in PVA and PVA + KL (−0.269
and − 0.251 mg L−1 day−1, respectively), whereas the NP-containing
films displayed reduced and sustained release, with negligible slopes in
the second phase. These results support the hypothesis that NP im-
proves film stability and modulates nutrient release by delaying poly-
mer degradation and mitigating microbial activity.

3.4. Application of mulch film for tomato cultivation

Mulch films are widely used in agriculture as surface soil coverings,
playing a crucial role in moisture conservation, weed control, and soil
temperature regulation. Additionally, these films can act as a physical
barrier, reducing erosion and minimizing the leaching of essential nu-
trients. Incorporating biodegradable materials, such as lignin and PVA,
in the formulation of these films has been a promising strategy to com-
bine agronomic efficiency with environmental sustainability, reducing
the impact of plastic waste accumulation in agricultural fields.

The results indicate that seedling height (Fig. 8A) and the emer-
gence of the first leaves (Fig. 8B) occurred from the second week in all
tested conditions. During the first weeks, the control samples presented
the best results. The negative control (No cover) may have allowed
greater gas exchange and direct absorption of sunlight, facilitating
seedling emergence. On the other hand, positive control (Commercial)
may have helped stabilize these initial conditions, promoting uniform
growth. In the following weeks (3 and 4), negative control presented
the highest number of leaves compared to the other treatments. This re-
sult may be associated with the absence of physical barriers in the soil,
allowing oxygen and light availability during the early growth stages.
However, from the fifth week onwards, all films have already degraded

except the positive control, commercial mulch, Fig. 9. The samples con-
taining mulch films began to perform better than the negative control.
This can be attributed to reduced soil water evaporation, providing a
more favorable plant growth environment. This is attributed to the
moisture retained [49] by commercial films and the residual PVA-based
films that may still act in this way, even though they are not visually ap-
parent, since by the fifth week onwards, the films appear to have been
completely degraded (Figs. SI4 and SI5).

Regarding plant height, the positive control (+) with the commer-
cial mulch film showed the best results throughout the experiment (Fig.
9B), demonstrating its effectiveness in soil protection and plant growth
optimization. However, in the final weeks, the PVA + NP30 film
achieved statistically similar results to the positive control, suggesting
that lignin nanoparticles significantly contributed to plant develop-
ment. This can be explained by the ability of nanoparticulated lignin to
act as a photodegradation protector, providing better film stability over
time and reducing thermal degradation of the mulch layer [50]. Lignin
nanoparticles have a greater capacity to absorb part of the UV radia-
tion, thus minimizing environmental stress and promoting better plant
development. The other films developed (PVA and PVA + KL30)
showed intermediate performance but were superior to the negative
control in the final weeks of the experiment. This result reinforces the
importance of mulch films in regulating the soil microclimate [51].
These findings highlight the relevance of biodegradable mulch films in
sustainable agriculture, as they not only provide soil protection and
moisture control but also demonstrate the potential of lignin nanoparti-
cle-based films as a promising alternative to partially replace commer-
cial mulch films, reducing environmental impact and promoting more
efficient crop growth [52].

4. Conclusion

This study demonstrated that incorporating KL and its fractions, in
both macroparticulate and nanoparticulate forms, significantly en-
hanced the properties of PVA films, particularly regarding UV resis-
tance, thermal stability, and biodegradability. Nanoparticulated lignin
improved UV protection, reducing transparency loss, while the KL30
fraction provided superior thermal and photostability. Rheological
analysis confirmed Newtonian behavior with low hysteresis, and
biodegradation assays indicated slightly faster degradation for
nanoparticle-containing films due to their higher surface area. The ap-
plication of these films as mulch for cherry tomato cultivation con-
firmed their benefits for soil protection and plant growth. The best re-
sults were initially observed for the commercial mulch (+) and uncov-
ered soil (−) controls. However, lignin films improved moisture reten-
tion from the fifth week onwards and created more stable growth condi-
tions. Ultimately, the PVA + NP30 film matched the performance of
the commercial mulch, likely due to the photoprotective effect of lignin
nanoparticles. The PVA and PVA + KL30 films also surpassed the nega-
tive control toward the end of the cultivation period, confirming their
effectiveness in soil microclimate regulation. These findings highlight
lignin-based mulch films as a sustainable alternative to commercial
mulches, enhancing soil protection, plant development, and controlled
nutrient release.
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