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ARTICLE INFO ABSTRACT

Keywords: Polyethylene plastic mulch (PPM) films have been employed in high-value and specialty crop production as a
Bioplastic physical barrier to weed growth since the 1950s. Over the last decade, due to the environmental problems
Mulch

associated with PPM, biodegradable plastic mulch (BPM) films have started to replace PPM films. However,

B.iodegradable concerns have arisen regarding the control of BPM film deposition, removal, and decomposition. Bio-based and
Film . .. . . . .
Sprayable biodegradable sprayable mulches are a promising substitute for BPM films. A series of biobased sprayable
Chicken feather mulches (BSM) were developed using locally available biomaterials, including starch, protein, lignin, and
Keratin chicken feather waste. Optimum BSM film-forming conditions of protein, starch, lignin, and glycerol mixtures
Waste were determined by evaluating different ratios. Keratin was isolated from chicken feathers by dissolving the
feathers in a 1 M NaOH solution. The BSM film-forming solutions were physicochemically analyzed (pH, TDS,
conductivity), transferred to petri dishes, and dried at 40 °C for 24 h. The dried BSM films were peeled from the
petri dishes for mechanical testing, imaging, water absorption testing, and measuring mass loss percentage in
water. BSM-12 exhibited the highest tensile strength (23 kPa), with an elongation at break of 15.39 % and a
Young’s modulus of 230 kPa. Finally, BSM-5 and BSM-12 film-forming solutions were suggested to assess their
effectiveness in weed suppression and their impact on plant growth because of their higher tensile strength and
elongation at break.
handling, mechanical stability, and cost-effectiveness (Picuno, 2014). It
1. Introduction has been reported that plastic films are widely used for mulching and
cover an estimated 128,652 km? of agricultural land worldwide
Mulching is vital in agriculture as it decreases soil evaporation, in- (Briassoulis and Giannoulis, 2018). The inability of plastic films to
hibits weed growth, enhances soil water retention, and promotes crop decompose naturally poses challenges for recycling and reuse, resulting
development (Nan et al., 2016; Yin et al., 2018). Mulching can be per- in higher costs. Moreover, these mulches lead to rapid soil organic
formed with materials such as biodegradable film, liquid film, and crop carbon degradation (Cuello et al., 2015). Furthermore, residues of
residue. Of all the mulching materials, polyethylene is the most plastic films harm soil structure, leading to deterioration of soil porosity
commonly used (Briassoulis, 2007; Horodytska et al., 2018; Picuno, and permeability (Zhang et al., 2019). As a result, exploring biobased
2014). Depending on the type of mulch employed, mulching conserves and biodegradable soil mulches to replace plastic mulches and offering
soil moisture and subsequently aids in establishing seedlings (Benigno sustainable alternatives to PPM has become a prominent topic among
et al., 2013; Woods et al., 2012) by minimizing soil exposure to direct researchers worldwide (Gloeb et al., 2023; Johnston et al., 2017).
sunlight. Mulching impacts soil organic matter through enhanced soil Recent studies highlight polysaccharide-based mulch films, such as
water retention and decomposition processes. Incorporating mulch starch and cellulose composites, which improve soil health and crop
leads to notable increases in soil carbon and nitrogen within the top yields while fully degrading in soil (Menossi et al., 2021). For example,
20 cm of soil (Youkhana and Idol, 2009). Organic mulches have a higher polyester-coated paper mulches enable controlled fertilizer release,
proportion of organic matter that integrates into the soil and enhances matching polyethylene’s mechanical strength (Bi et al., 2021).
its qualities, including the number and activity of soil microbes Biochar-added bioplastics have shown efficacy in tomato cultivation,
(Chaparro et al., 2012; Huang et al., 2008). enhancing biodegradation and field performance (Malinska et al.,

Polyethylene mulching films offer advantages because of their easy 2022). High-hygroscopicity starch-based mulches facilitate plant
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Abbreviations

BSM Biobased Sprayable Mulch
PPM Polyethylene Plastic Mulch
BPM Biodegradable Plastic Mulch
CFW Chicken Feather Waste

CFKH Chicken Feather Keratin Hydrolysate
CS Corn Starch

Cz Corn Zein

ISP Isolated Soy Protein

PP Pea Protein

PS Potato Starch

KL Kraft Lignin

TDS Total Dissolved Solids

WA Water Absorbency

MW Mass Loss in Water

FTIR Fourier Transform Infrared
TGA Thermogravimetric Analysis
SEM Scanning Electron Microscopy
TKP Total Kjeldahl Phosphorus
TS Tensile Strength

EB Elongation at Break

™M Young’s Modulus

growth by improving soil moisture retention (Chen et al., 2020), while
protein-based sprayable coatings offer scalable application methods
(Schettini et al., 2012). Meta-analyses confirm biodegradable mulches’
comparable performance to polyethylene in weed suppression and yield,
though long-term soil impacts require further study (Tofanelli and
Wortman, 2020). Life cycle assessments emphasize lower environmental
footprints for soil-biodegradable mulches, but challenges remain in
optimizing degradation rates and nutrient integration (Dada et al., 2025;
Ferreira-Filipe et al., 2021). Biodegradable mulches also influence soil
microbial communities, supporting ecosystem health (Serrano-Ruiz
et al., 2021). Nitrogen release from biodegradable films enhances
plant-soil systems, particularly in nutrient-poor soils (Wang et al.,
2022). Unlike these studies, which focus on pre-formed films or
higher-cost materials, this study develops sprayable mulches from
low-cost CS and CFW-derived keratin, achieving mulching and high
nitrogen content for dual weed suppression and soil enrichment.

Proteins, cellulose, and alginic acid are commonly used as primary
components in developing mulches for agricultural applications due to
their biodegradable nature. Nonetheless, starch has attracted consider-
able interest as a promising material for soil mulches. Starch is a natu-
rally occurring biodegradable polymer obtained from various plant
sources such as corn, wheat, rice, potatoes, and peas (Benito-Gonzalez
et al., 2019; Gloeb et al., 2023). Starch is abundantly available and
cost-effective compared to cellulose and protein, with a simpler pre-
treatment method. Typically, starch solutions undergo gelatinization at
temperatures of approximately 85-90 °C to disrupt their crystalline
structure. However, these solutions become unstable and form gels upon
cooling, a phenomenon known as retrogradation. This retrogradation
occurs because of the association of glucose units within the starch
molecules (Wang et al., 2015). The primary crystalline component of
starch is the short branching chains found in amylopectin (Li et al.,
2019). However, bioplastics composed solely of starch are widely
recognized for their inherent fragility (Briassoulis, 2006). Furthermore,
these starch-based bioplastics exhibit inadequate water resistance, low
moisture retention capacity, and unsatisfactory hygroscopic properties
(Briassoulis, 2007). Starch-based bioplastics can be produced through
thermal film-forming processes and the casting method (Sabatino et al.,
2018). These manufacturing techniques have significantly higher labor
and disposal costs than sprayable mulching materials (Gloeb et al.,
2023; Schettini et al., 2012).

In recent years, sustainable and eco-friendly materials have gained
significant importance in various fields, including agriculture. This
trend is driven by the pivotal role of biocomposites in fabricating novel
eco-friendly materials across diverse applications, such as food pack-
aging, chemical processes, and separations. For instance, Maillard
reaction-based glycation enhances the properties of biopolymeric
packaging films through non-enzymatic browning, improving mechan-
ical properties, barrier functions and ultimately food shelf life (Zhang
et al., 2023). Similarly, gelatin-chitosan interactions in edible films
doped with plant extracts enable preservation of perishable products
like tuna, leveraging antimicrobial and antioxidant properties (Eranda

et al., 2024). Recent advances in reinforced bioplastics for food pack-
aging highlight the use of fillers to boost mechanical strength and
biodegradability (Siddiqui et al., 2024). Arabinoxylans, recovered from
cereal byproducts, serve as functional ingredients in food formulations,
offering prebiotic benefits and improved texture (Hernandez-Pinto
et al, 2024). Chitosan-based electrospun nanofibers encapsulate
bioactive ingredients, enhancing controlled release in functional foods
(Castro-Munoz et al., 2023). These developments underscore the shift
toward sustainable biomaterials. Building on this, one promising ma-
terial for agricultural applications, such as mulching, is chicken feather
waste (CFW).

Keratin, naturally found in chicken feathers, is a fibrous protein that
is promising for bioplastic applications (Ramakrishnan et al., 2018).
Approximately 90 % of chicken feathers’ composition is keratin, which
can be used as an ingredient in bioplastic. However, to utilize this ker-
atin, the feathers must be subjected to hydrolysis to break down peptide
bonds and release keratin from the rigid feather structure (Virtanen
et al., 2017). According to the United States Department of Agriculture
(USDA), approximately 2.75 billion kg of chicken feathers are generated
annually in the US. These feathers are usually disposed of in landfills,
creating environmental problems. However, utilizing CFW as a mulch-
ing material can address both CFW disposal issues and offer an
eco-friendly alternative to non-biodegradable mulching materials.
Furthermore, CFW is abundant in nitrogen, which can enrich soil
fertility and enhance crop productivity (Gloeb et al., 2023). In this
context, our study focuses on developing BSMs from starch-keratin hy-
drolysates derived from CFW, aiming to provide a biodegradable alter-
native to PPM with enhanced mechanical properties and nutrient release
for agricultural applications.

Building on these foundations, this study aims to develop and char-
acterize BSM formulations for potential agricultural applications. Corn
starch (CS) and keratin extracted from CFW were used as primary
components, while corn zein (CZ) and isolated soy protein (ISP) were
incorporated to enhance weed suppression performance. Additional
biopolymers, including pea protein (PP), potato starch (PS), and kraft
lignin (KL), were included for comparative purposes. Based on me-
chanical property assessments, two formulations demonstrating optimal
performance were selected for further evaluation of their weed-
suppressing efficacy under both greenhouse and open field conditions.

2. Materials and methods
2.1. Materials

CS containing 28 % amylose and 72 % amylopectin, NaOH pure
pellets, glycerin (ACS grade, liquid), and CZ (purified) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). PS containing 18 %
amylose and 82 % amylopectin was from Spectrum Chemical (New
Brunswick, NJ, USA), ISP from MP Biomedicals (Irvine, CA, USA), PP
from Newark Nut Company (Newark, NJ, USA), and KL was from Tokyo
Chemical Industry (Portland, OR, USA). CFW was provided by Smart
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Table 1
Composition of the various biobased sprayable mulch (BSM) formulations.
Form KH CS CZ(% ISP Gly (% PP PS Lignin
# (% (% wW/V) (%W/ v/V) (% (% (%W/V)
v/ w/ V) w/ w/
V) V) V) V)
1 75 8 2.03 2.03 18.94 - - -
2 76 7 1.98 1.98 18.47 - - -
3 79 5 2.03 2.03 15.10 - - -
4 75 5 2.03 2.03 18.94 - - -
5 75 4 2.03 2.03 18.94 - - -
6 75 - 2.03 2.03 18.94 - 4 -
7 75 2 2.03 2.03 18.94 - 2 -
8 75 4 2.03 - 18.94 2.03 - -
9 75 4 2.03 2.03 18.94 - - 0.30
10 75 4 2.03 2.03 18.94 - - 0.60
11 75 4 2.03 2.03 18.94 - - 0.90
12 73 4 1.98 1.98 18.47 - - 1.50

KH: Keratin Hydrolysate; CS: Corn Starch; CZ: Corn Zein; ISP: Isolated Soy
Protein; Gly: Glycerol; PP: Pea Protein; PS: Potato Starch.

Chicken (Waverly, NE, USA). Ethanol was purchased from Decon Labs,
Inc. (King of Prussia, PA, USA). All chemicals utilized were of analytical
grade and were used without additional purification.

2.2. Obtaining keratin from chicken feathers

2.2.1. Pretreating chicken feathers

CFW underwent pretreatment to remove lipid compounds and other
impurities, and to improve hydrolysis yield. Initially, it was washed
thoroughly with warm water and detergent until both lipids and im-
purities were removed. Then, it was washed with ethanol to eliminate
bacteria and other contaminants. Finally, it was washed with detergent
once more, dried at 50 °C for 24 h, and stored in plastic bags for future
use.

2.2.2. Alkaline hydrolysis of chicken feathers

The hydrolysis process was carried out at room temperature to avoid
excessive breakdown of peptide bonds and to ensure the retention of
high molecular weight protein fractions (Mokrejs et al., 2011). The
treated feathers were introduced into a 1 M NaOH solution (Dabrowska
et al., 2022). The ratio of the volume of 1 M NaOH to the weight of the
feathers was established at 100:3 (v/w), and the mixture was stirred for
72 h. The obtained hydrolysate was centrifuged at 10,000 rpm for
15 min to separate and remove any insoluble feather residues. The
centrifuged chicken feather keratin hydrolysate (CFKH) was neutralized
with 18 M HySO4 and stored at 4 °C in the refrigerator until needed.

2.3. Preparation of BSM formulations

CS was added to CFKH, homogenized for 2 min, heated to 85°C for
30 min, and subsequently brought to a boil on a hot plate while
continuously stirring using a magnetic stirrer. Protein from various
sources listed in Table 1 was thoroughly mixed with glycerol in a
separate beaker. This protein-glycerol mixture was added to the boiling
starch solution while continuously stirring with a magnetic stirrer for
10 min. Finally, each variation was poured into petri dishes and dried at
40 °C for 24 h in an oven. The concentrations of the various components
in each formulation are displayed in Table 1.

2.4. Properties of the BSM formulations

2.4.1. Viscosity

The viscosity of each formulation was assessed using an Anton-Paar
Physica MCR 301 Digital Rheometer (Houston, TX, USA). A zero-gap
setting of 0.5 mm was established. All samples were evaluated at 25
°C following a 150 s equilibration period. Viscosity assessments were
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performed across shear rates ranging from 0.1 to 1000 s 1. The viscosity
versus shear rate relationship (flow curve) was documented.

2.4.2. Physicochemical characterization

Initially, a series of physicochemical parameters, which included pH,
total dissolved solids (TDS) (measured in ppm), and conductivity
(measured in pS/cm), were assessed in each formulation using an elite
PCTS tester (Thermo Fisher Scientific). The tester offers + 0.01 accuracy
for pH measurements and + 1 % for conductivity and TDS.

2.5. Surface color and appearance of bioplastics

The behavior of bioplastics in terms of surface cracking, stickiness,
brittleness, and ease in peeling was observed. The color of the sample
surface was determined using a CR-300 Chroma Meter (Minolta Chroma
Meter CR-300, Minolta Co. Ltd, Japan). The Chroma Meter was cali-
brated to conform to the standard colors specified in the setup. Three
measurements were taken for each film sample by assessing it at three
randomly chosen locations, one of which was the center. The L* a* b*
values were analyzed to determine the brightness and color of each
sample.

2.6. Mechanical properties

The films were removed from the petri dishes and cut into 20 mm
wide and 40 mm long specimens. Tensile strength, breaking elongation,
and Young’s modulus of the films were evaluated by ASTM D882 stan-
dards. These films had an average thickness of 0.25-0.30 mm. Before the
tests, all samples were conditioned for at least 72 h at 21 °C and 65 %
relative humidity. Tensile testing utilized a universal material tester
(MTS Qtest 10, MN, USA) fitted with a 500 N load cell.

2.7. Water absorbency and mass loss in water

Water absorbency (WA) and mass loss in water (MW) were deter-
mined using the method given by Chen et al. (2020) and Qin et al.
(2024) with slight modifications. The sample was cut into 4 x 3.5 cm
specimens and dried to a stable weight in an oven at 100 °C. The weight
was recorded as mg (g). The dried sample was soaked in distilled water
for 24 h at ambient temperature (25 + 2 °C) to achieve full swelling.
After 24 h, surplus water from the swollen sample was decanted, then
removed entirely from the surface using tissue paper, and the weight
was recorded as m; (g). Then, the swollen sample was re-dried in an
oven at 100 °C until a stable weight was attained, and the sample weight
was noted as my (g). WA (g/g) values were computed using Eq. (1), and
MW (%) values were determined using Eq. (2).

WA (g/g) = my/mg (€]
MW (%) = [mg — my/mp] x 100 2

2.8. Characterization of the bioplastic samples

The samples that exhibited the most favorable outcomes in making
stable bioplastic, mechanical properties, WA, and MW were chosen for
additional characterizations as described below.

2.8.1. Fourier transform infrared (FTIR) spectroscopy

The chemical structure of BSM films was characterized using an FTIR
spectrometer (Nicolet AVATAR 380 FT-IR). The spectral data were
recorded over the 4000-500 cm™ wavelength span.

2.8.2. Thermal stability
The thermal stability of the BSM samples was investigated through
thermogravimetric analysis (TGA) using a TA Instruments TGA550. The
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Fig. 1. The viscosity of film forming solutions at 25 °C. (A) Formulations 1-4; (B) Formulations 5-8; (C) Formulations 9-12.

test involved varying the temperature from 25 to 600 °C at a constant
heating rate of 10°C/min. Film samples weighing approximately
10-15 mg were loaded into aluminum stubs and subjected to heating,
with the resulting weight reduction versus temperature profile recorded.

2.8.3. Morphology

Scanning electron microscopy (SEM) was performed with a Hitachi
microscope (S4700 Field-Emission) for surface morphology examination
of BSM films. Images were captured using an excitation voltage of 5.0 kV
and at varying magnification levels. Preceding the SEM analysis, the
specimens were attached to aluminum stubs and coated with a thin layer
of chromium metal to avoid charging. The coating thickness was
approximately 2-5 nm.

2.8.4. Percentage of carbon and nitrogen

The quantities of organic carbon and nitrogen were determined
through flash combustion using a Carlo Erba NA 1500 Series 2 elemental
analyzer. Samples were finely ground, weighed into tin capsules, and
dropped into a heated reactor. Gaseous combustion products were
oxidized and reduced under a stream of helium before being separated
on a chromatographic column. A thermal conductivity detector (TCD)
was employed to detect the gases. Detector response was calibrated with
standard reference samples, and results were expressed as %C and %N.

2.8.5. Total Kjeldahl phosphorus

Measurement of Total Kjeldahl Phosphorus (TKP), which includes
organic and inorganic P, used a copper catalyst (Standard Methods
4500-N B and C which conforms to EPA method 351.2), followed by
colorimetric analysis of orthophosphate on a Seal AQ2 Discrete Analyzer

(SEAL Analytical Inc., Mequon WI) and by EPA Method 365.4. (Method
365.4: Phosphorous, Total (Colorimetric, Automated, Block Digester AA
11), n.d.). Results were reported in total P (ug/g).

2.8.6. Nitrate-N and ammonia-N

Extractable reactive nitrogen (nitrate and ammonia-N) was deter-
mined in samples using a Lachat Quikchem 8500 Flow Injection Analysis
(FIA) analyzer (Hach, Loveland, CO) (QuikChem Methods 12-107-04-1-
B and 12-107-06-3-B). Samples were extracted using a 1 M KCl solution,
and concentrations were expressed as nitrate-N and ammonia-N in pg/g
(Spalding and Kitchen, 1988).

3. Results and discussion
3.1. Viscosity

The viscosity of the BSM needed to be sufficiently low so that the
material could smoothly flow through a small nozzle and be sprayed.
Fig. 1 illustrates a decrease in the apparent viscosity of the formulations
at 25 °C as the shear rate increased, indicating the pseudoplastic nature
of the formulations and their tendency toward shear-thinning. The
apparent viscosity and shear rate were presented on a logarithmic scale
for effective comparisons. Starch played a leading role in the formula-
tions, outweighing the contributions of other ingredients. Apparent
viscosity of the formulations increased directly with the increase in
starch concentration. The formulation containing 8 % CS exhibited the
highest peak apparent viscosity, reaching 75,584 mPa-s at a shear rate of
0.01 s In comparison, a systematic reduction in viscosity was
observed as the starch content was reduced to 4 %. This trend was
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Fig. 2. pH, conductivity, and TDS of the film forming solutions.

Fig. 3. Photos of the developed BSM.

consistent with expectations, as apparent viscosity correlates directly
with the starch quantity (Santamaria et al., 2021).

However, the introduction of lignin reduced the viscosity of the film-
forming solutions compared to other formulations (Fig. 1C). This
decrease implies that lignin worked as a lubricating agent (Zadeh et al.,
2018). When the concentration of lignin increased, the viscosity
decreased, which was attributed to the formation of intermolecular
secondary bonds between starch and lignin.

3.2. Physicochemical characterization of film-forming solutions

The film forming solutions obtained from different compositions as
detailed in Table 1 were evaluated for pH, conductivity, and TDS
(Fig. 2). The film forming solution’s pH neither changed by using starch
and protein from different sources nor by adding lignin into the system,
ranging from 6.9 to 7.2. Hence, it could be concluded that the pH values
of the film-forming solutions, using different protein and starch sources,
were within the allowed range for agricultural use (pH 6.5-7.5),
ensuring compatibility with soil microbial activity and crop growth re-
quirements (Serrano-Ruiz et al., 2021).

Apart from pH, the film-forming solutions were assessed for TDS and
conductivity to determine their electrical conductivity and the number
of dissolved solids they contained. Fig. 2 shows that the TDS values fell
within the range of 11.7-15.8 ppt, while the conductivity values ranged

from 17.45 to 19.51 pS/cm.

3.3. Surface color and appearance of bioplastics

The developed BSM films are visually represented in Fig. 3, and vi-
sual attributes are detailed in Table 2. The BSM films showed rigidity,
brittleness, and fragility, which can be due to their higher starch levels.
Due to this high starch concentration, the films tended to break into
small fragments, making both peeling and handling challenging. The
observed fragility and stiffness of the surface broken films were attrib-
uted to numerous starch-starch chain molecules within the material.
Azahari et al. (2011) reported that, as the amount of starch increased,
the filler-filler interaction became more prominent, resulting in a
decrease in the strength of the material. The maximum amount of CS for
bioplastic formation in the current study was 4 %. A concentration
greater than 4 % increased filler-filler interaction, leading to a decrease
in the material’s strength. These findings align with the observations
made by Suppakul et al. (2013) and Talja et al. (2007) who had previ-
ously worked on starch-based biopolymers using cassava starch and
potato starch, respectively.

Color is a significant parameter for mulches because different colors
influence the soil’s hydrothermal environment, weed suppression, and
crop growth due to their unique optical attributes (Sokombela et al.,
2025; Yin et al., 2018). In the evaluation of biopolymer-based films,
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Table 2
Color parameters of BSM bioplastic.

BSM Color parameter
sample

Appearance

L¥ a* b*

1 98.09 0.19 2.24
+ 1.50%° +0.08 4 +0.65 <4

The material was rigid,
fractured into small
fragments, and could not be
peeled.

The material was rigid,
fractured into small
fragments, and could not be
peeled.

The material extensively
cracked into numerous
pieces, was highly brittle,
rigid, and could not be
peeled.

The material was rigid,
brittle exhibited wide cracks
and could not be peeled.
The surface was free from
cracks, and the material was
neither brittle nor fragile. It
was flexible, exhibited a
slight stickiness, and could
be easily peeled.

The surface was free from
cracks, and the material was
neither brittle nor fragile. It
was flexible, exhibited a
slight stickiness, and could
be easily peeled.

The surface was free from
cracks, and the material was
neither brittle nor fragile. It
was flexible, exhibited a
slight stickiness, and could
be easily peeled.

The surface was free from
cracks, and the material was
neither brittle nor fragile. It
was flexible, exhibited a
slight stickiness, and could
be easily peeled.

The surface was free from
cracks, and the material was
neither brittle nor fragile. It
was flexible, exhibited a
slight stickiness, and could
be easily peeled.

The surface was free of
cracks, and it was neither
brittle nor fragile. It had
flexibility, possessed a mild
stickiness, and could be
easily peeled.

The surface was free of
cracks, and it was neither
brittle nor fragile. It had
flexibility, possessed a mild
stickiness, and could be
peeled easily.

The surface was free of
cracks, and it was neither
brittle nor fragile. It had
flexibility, possessed a mild
stickiness, and could be
peeled easily.

2 89.25
+0.259

—0.56 13.36
+1.31% +0.51°

3 93.93
+0.62°

—1.38 18.45
+0.07¢ +1.20%

4 93.74
+1.29¢

- 1.36 17.14
+0.14° + 3.50%

5 99.13 2.73
+0.74%° +0.14°

— 477
+0.74f

6 97.75
+0.61%°

- 0.29
+0.07%

- 1.18
+0.06°

7 99.40 0.13 0.72
+0.79° +0.084 + 0.39%%

8 97.24
+0.39°

—0.24 - 1.01
+0.05% +0.02%

9 24.66 1.39 3.32
+0.41° +0.08° +0.23°

10 24.44 0.42 1.74
+0.21° +0.12°¢ + 0.02°%

11 24.05 0.25 1.23
+0.24° +0.11°4 + 0.05°%

12 23.26 1.17 2.74
+0.10° +0.08™ +0.07°

Same letters within a column indicates no significant differences (P > 0.05).

three color parameters, namely, L* (lightness), a* (red/green), and b*
(yellow/blue), are reported.

The color parameters of BSM films produced with and without lignin
are recorded in Table 1. The results indicated that the inclusion of lignin
in BSM films led to a reduction in the brightness of the films. This
decrease was due to the inherent dark brown color of lignin. Increasing
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the lignin content did not affect the L-value significantly, as could be
observed from the table. Rising a* values signify a shift towards a red-
dish hue in the films, whereas increasing b* values indicate a more
pronounced yellow color in the films.

3.4. Mechanical properties

Biopolymer films are primarily characterized by their mechanical
properties, encompassing TS, EB, and YM. These mechanical properties
provide insights into the film’s integrity under stressful conditions. TS
reflects the film’s strength and is determined by dividing the maximum
force required to fracture the films by their cross-sectional area;
whereas, EB indicates film’s flexibility and YM serves as an indicator of
the film’s stiffness (Amin et al., 2019; Bhat et al., 2013). Research
highlights that the mechanical characteristics of PPM and biodegradable
extruded films differ significantly from those of BSMs (Immirzi et al.,
2009).

The formulations BSM-1, BSM-2, BSM-3, and BSM-4 did not result in
stable, peelable bioplastics due to their high percentage of CS (over
4 %), thus they could not be tested for mechanical properties. Films from
the other 8 formulations were tested for mechanical properties. TS
values of the BSM films were in the range of 11-23 kPa (Fig. 4A). The
highest TS was observed for BSM-12 being 23 kPa followed by BSM-11
with TS value of 22.3 kPa, these were not significantly different than
each other. An increase in lignin content from 0.3 % to 1.5 % in BSM-10,
BSM-11, and BSM-12 formulations resulted in a progressive enhance-
ment of TS, likely due to improved intermolecular interactions within
the polymer matrix. The TS of the BSM films was much less than what
was observed in previous studies on starch-based bioplastics. A previous
study stated that starch-based bioplastics when grafted with acrylic acid
had TS of 6.10 MPa, and EB of 5.4 % (Chen et al., 2020). In another
study the TS of CS and PS based films were 2.21 MPa and 3.16 MPa,
respectively (Datta and Halder, 2019).

TS of casted films is heavily dependent on both water content and
eventual film thickness. Additionally, the mechanical attributes of films
are significantly impacted by the quantities of plasticizer and water used
in the film preparation process (Basiak et al., 2017). The film formation
properties, gelation properties, and the crystalline structure of the films
are substantially determined by the content of amylose and amylo-
pectin, as well as structural variations inherent to each type of starch
(Torres et al., 2011); thereby, this variation results in differences in the
TS and EB of the biofilms derived from various starch sources (Mali
et al., 2006). CS films had a mean TS of 17.7 kPa while BSM-6 had a TS of
15 kPa, which may be due to the lower amylose content in PS (21 %)
compared to CS (28 %) (Fig. 4A). The TS of 1:1 PS:CS (BSM-7) film was
11 kPa. The high TS of PPM is crucial for the mechanical application and
removal of PPM films, a requirement not applicable to BSMs, as noted by
Adhikari et al. (2016).

In Fig. 4B, the highest EB was observed in BSM-5 and BSM-8.
Conversely, BSM-6 and BSM-7 exhibited the lowest EB. Regarding YM,
BSM-5 exhibited the lowest value, while BSM-12 displayed the highest
value (Fig. 4C). Notably, there were no significant differences in YM
among BSM-9, BSM-10, and BSM-11, which could be attributed to the
marginal increase in the amount of lignin in each variant.

3.5. Water absorbency (WA) and mass loss in water (MW)

In Fig. 5A, WA values of BSM films showed a decreasing trend (from
1.18 to 1.07 g/g) with the addition of lignin. The WA values of BSM-9
(1.18 g/g) to BSM-12 (1.07 g/g) were similar, mainly due to the small
difference in the amount of lignin added to each variant. WA values for
films with lignin were smaller than BSM films without lignin. This
decrease could be attributed to hydrophobic aromatic groups in the
chemical structure of lignin. When lignin is incorporated into bio-
plastics, it contributes to the overall hydrophobicity of the material,
thereby reducing WA and enhancing water resistance. MW reflects the
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Fig. 5. Water absorbency and mass loss in water performance of different composition films. (A) water absorbency, (B) mass loss in water. Graph represents mean +

SD followed by same letter is not significantly different at p < 0.05.

water-resistant properties of BSM films. Fig. 5b illustrates that the
addition of lignin resulted in a decrease in MW values from 34.89 % to
27.23 % (BSM-9 to BSM-12). The decrease in MW values can be
explained by the increase in lignin concentration, leading to a more
hydrophobic network structure in BSM, consequently, the MW values of
the BSM films gradually decreased. These findings represented the
behavior of BSM films in water, as the water absorbency (WA) and mass
loss in water (MW) are critical for retaining soil moisture and stabilizing
temperature variations due to water’s high specific heat capacity as
reported by Qin et al. (2024).

3.6. Fourier transform infrared (FTIR) spectroscopy

Fig. 6a and b display the IR spectra of BSM bioplastics. From these
figures, it was evident that all the films exhibited similar characteristics.
Broad bands within the 3200-3300 cm ! range were identified in all the
films, indicating the stretching vibrations of O-H groups in starch and
glycerol (Lorenzo Santiago et al., 2024; Kurt and Kahyaoglu, 2014;
Nordin et al., 2020; Tongdeesoontorn et al., 2012). The peaks of 2934
and 2935 cm ™! were ascribed to the (C-H) methyl group, as reported by
Edhirej et al. (2017) and Nordin et al. (2020). A notable absorption peak
within the 1637-1647 cm™! range was linked to the presence of hy-
droxyl groups within the starch films, which had absorbed water (Park
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et al., 2000; Sahari et al., 2014). This peak might also be associated with
the O-H stretching vibration groups in glycerol, which functions as a
plasticizer.

Furthermore, the absorption bands at 1030 cm ™ and 1038 cm™!
resulted from C-O(H) and C-O-C functional groups, respectively. FTIR
analysis indicated that the films’ chemical structure remained predom-
inantly unchanged even after lignin was incorporated into the compo-
sition. The stability of the molecular structures in the resulting films was
evident, as no significant chemical reactions were attributed to the
presence of lignin.

3.7. Thermal stability

Thermogravimetric analysis (TGA) assessed the bioplastic film’s
thermal degradation and stability. The percentage of film decomposition
in relation to temperature is presented in Fig. 7a and b. The TGA curves
revealed a triphasic thermal degradation process in the films. This trio of
thermal decomposition stages observed in most starch-based films has
been previously reported (Dang and Yoksan, 2015; Sanyang et al.,
2015). The temperature ranges for the three steps were 70-110 °C,
110-200 °C, and 200-330 °C. These temperature intervals were asso-
ciated with specific processes; the first step corresponded to evaporation
of free water (Pelissari et al., 2009), the second step involved the
evaporation of bound water and glycerol (Cyras et al., 2008), and the
third step was linked to the breakdown of starch (Pelissari et al., 2009).
Similar observations were made in biodegradable carbon-ashes and
CS-based composite mulches by Stasi et al. (2020).

Including lignin resulted in a more pronounced weight reduction in
the film, which diminished as the lignin content increased. For instance,
at 300 °C, the total weight loss for BSM-9, BSM-10, BSM-11, and BSM-12
films was 35.7 %, 34.5 %, 33.0 %, and 25.9 %, respectively. Following
decomposition at 350 °C, the BSM-12 film exhibited the lowest
remaining weight, while the other films retained a higher weight.
Nevertheless, the decomposition temperature (Td) of the BSM film
exhibited minimal variation with lignin addition and was approximately
360 °C.

3.8. Morphology

Fig. 8 shows the surface and cross-section morphologies of the
resulting films. Decreasing the percentage of starch in the formulation
made the surface less porous and rough. Furthermore, the starch ratio
strongly affected the presence of pores in the structure. The structures of
BSM-1 to BSM-4 films were more heterogeneous and showed many
structural irregularities and pores, while the BSM-5 film showed a lower
number of pores and interstices. Moreover, this also agrees with me-
chanical properties already reported, as the BSM-5 with 4 % CS bio-
plastic possessed higher TS, supported by a more compact structure,
with a lower porosity. Adding PS made a coarse structure as opposed to
CS, while adding 2 % CS with 2% PS made a grainy structure as
observed in BSM-7. BSM-8 film was made with PP instead of ISP. This
film could be observed to bear a grainy structure due to PP’s lower
solubility than ISP. When lignin was added to the formulations, the films
had a rough and coarse structure with many holes. This structure could
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be observed in the BSM-10 and BSM-11 films, which showed that lignin
did not dissolve properly in the system. This is the reason for the lack of a
significant difference in TS and other mechanical properties despite
adding lignin. These morphological trends align with starch-lignin
composite mulch films, where SEM shows decreased porosity with
optimized starch (4-5 %) for enhanced compactness (Huang et al.,
2024), and grainy/coarse cross-sections in protein-starch blends due to

phase separation (Chen et al, 2025). Similarly, reviews of
polysaccharide-protein mulches note increased surface roughness and
holes with undissolved lignin, limiting homogeneity (Hassan et al.,
2024).
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3.9. Percentage of carbon and nitrogen

The films with lignin had significantly higher carbon than other films
due to its aromatic polymer structure, followed by BSM-6 and BSM-7
films that contained PS (p < 0.05). It could be observed from Fig. 9(a)
that the lowest C was recorded for BSM-8. The BSM films without lignin
had significantly higher N (p < 0.05) (Fig. 9b) than films with lignin,
because the inclusion of lignin reduced the relative N contribution by
increasing the non-nitrogenous fraction. The lowest N was recorded for
BSM-8 (p < 0.05) which included PP rather than ISP in the formulation.
There was no significant difference between the different concentrations
of lignin based BSM’s N (p > 0.05). Similar %C = 40.2-43.5 values were
observed in a study on starch-based filler derived from waste tempura
flakes, conducted by Yoo et al. (2024), but the N values they reported
were significantly lower than ours, as they did not incorporate KL or
CFW in their formulations.

3.10. Total Kjeldahl phosphorus

Mineral fertilizers provide essential nutrients for plant growth, of the
17 vital elements, nitrogen, phosphorus, and potassium (NPK) are key
(Ao et al., 2013). The TKP content was measured for all the BSM sam-
ples. BSM-5 exhibited an average TKP value of 483 pg/g, while BSM-6
showed a higher value of 552 ug/g. BSM-7, 8, and 9 had TKP values
of 436, 522, and 428 pg/g, respectively. BSM-10 and 11 recorded
531 pg/g and 528 pg/g, respectively and BSM-12 reached the highest
TKP value of 619 pg/g. BSM-12 had significantly greater TKP than other
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treatments (p < 0.05, Fig. 10). There was no significant difference in the
TKP values of other BSM samples (p > 0.05). These TKP levels align with
the study carried out by Ao et al. (2013) on phosphorus-release
starch-based mulch films, where TKP ranges 500-650 ug/g in
residue-enriched variants, enhancing soil P availability by 20-50 %.

3.11. Ammonia-N and nitrate-N

Ammonia-N was significantly higher in BSM-7 than other treatments.
Ammonia-N was lowest for BSM-12, which indicates that as lignin
content increased the Ammonia-N decreased (Fig. 11A). The highest
value for Nitrate-N was observed for BSM-8, which might be due to the
addition of PP into the system rather than ISP. This was significantly
higher than the Nitrate-N values of BSM-5, 6 and 7. Also, addition of
lignin into the system increased the Nitrate-N values when added more
than 0.3 % (w/v). The mean values of Nitrate-N were not significantly
different among films with lignin (Fig. 11B).

4. Conclusions

This study demonstrates the potential of BSM formulations as a
sustainable alternative for agricultural applications. By incorporating
protein-glycerol or protein-glycerol-lignin blends into starch-keratin
hydrolysate matrices, we developed twelve BSM films and evaluated
their physicochemical, mechanical, and morphological characteristics.
Among these, BSM-5 and BSM-12 films exhibited superior mechanical
properties and favorable functional attributes compared to other films,
including high TS, EB, WA, and nutrient profiles, indicating their strong
potential as biodegradable spray-on mulches.

FTIR and TGA analyses confirmed the chemical and thermal stability
of the BSM films. SEM imaging revealed that incorporating 4 % starch
effectively reduced filler-filler interactions and enhanced matrix
densification, thereby improving film integrity. These structural opti-
mizations translated into improved material performance, particularly
for BSM-12, which achieved a TS of 23 kPa and an EB of 15.39 %.

Importantly, BSM films are biodegradable and derived from renew-
able resources, such as CFW, making them a viable circular solution for
plastic mulch replacement. Their ability to gradually release nitrogen
and maintain structural integrity under varying environmental condi-
tions positions them as a dual-function mulches, serving both as a
physical barrier for weed suppression and as a slow-release nitrogen
source for plant uptake. Beyond mulching, these BSM formulations
could encapsulate pesticides or fertilizers for controlled release, further
enhancing their utility in sustainable agriculture.

This research lays the groundwork for advancing circular bio-
economy strategies by valorizing waste streams into high-value, sus-
tainable agricultural inputs. These findings have significant implications
for regenerative agriculture, particularly in reducing plastic waste and
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Fig. 11. Ammonia-N and nitrate-N of different composition films. Graph represents mean + SD followed by same letter is not significantly different at p < 0.05.
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enhancing soil fertility. This study focused on lab-scale characterization,
and field performance under variable weather remains untested. Vis-
cosity measurements were conducted at 25 °C, which did not simulate
spray conditions (e.g., 40 °C). The BSMs developed here show promise
for reinforcement with other polymers or organic fillers to enhance
mechanical stability. Future formulations could incorporate other ma-
terials, such as gelatin, beeswax, or chitosan nanofibers for improved TS
and water resistance. There is a need to develop more sustainable pro-
cesses to produce CFKH using clean approaches such as enzymatic or
subcritical water hydrolysis. To maximize agricultural applicability,
future research should focus on field-scale validation under diverse
climatic and cropping systems, optimization of formulations for pest
resistance, and life cycle assessments to quantify environmental bene-
fits. Integration with precision spraying technologies could further
facilitate adoption in commercial agriculture.
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