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The environmental impact of hon-degradable single-use plastics poses a significant challenge to current
sustainability efforts. To foster a sustainable circular economy, this study introduces grass biomass as a
renewable resource for the production of innovative bioplastics. The research involves the direct conver-
sion of grass waste into composite bioplastics through alkaline hydrolysis, offering a transformative
approach to plastic manufacturing. The hydrolysis process was optimized by varying treatment times and
alkaline concentrations, with the ideal conditions identified as 1 M NHz and 24 hours of treatment.
Subsequently, the incorporation of e-polylysine (PL) enhanced the mechanical properties of the bioplas-
tics by acting as a plasticizer. Mechanical testing revealed that samples containing 10% and 20% PL exhibi-
ted comparable rigidity, with a Young's modulus of approximately 700 MPa and a tensile strength of 10
MPa. Moreover, the addition of PL, up to 20%, significantly improved the water resistance of the bioplas-
tics, evidenced by decreased moisture content and water solubility. Additionally, the bioplastics demon-
strated effective antimicrobial activity against Escherichia coli and Staphylococcus aureus, as well as sig-
nificant antioxidant activity. Life cycle assessment (LCA) and life cycle costing (LCAA) results demonstrate
the potential environmental benefits of manufacturing grass biomass into plastic films, with a significant
reduction in greenhouse gases, cumulative energy demand (CED), and cost when compared to bench-
mark packaging plastics. These promising properties indicate that these biomaterials could be effectively
utilized in real-world applications, with potential application as sustainable biobased packaging materials.

1. Our work advances green chemistry by introducing a solvent-minimized process to transform grass biomass into functional bioplastics. This approach
eliminates the need for intensive chemical extractions, reduces waste, and enhances material performance through a single-step hydrolysis method.

2. Our bioplastics achieve a cradle-to-gate carbon footprint of 1.69 kg CO, per kg, significantly lower than PLA (3.40 kg CO, per kg) and polyethylene tere-
phthalate (PET) (3.62 kg CO, per kg). The process utilizes mild alkaline hydrolysis instead of organic solvents, cutting down hazardous waste. The resulting
materials are fully bio-based, biodegradable, antimicrobial, and antioxidant, reducing the need for synthetic additives and preservatives.

3. Future research could focus on recycling ammonia from the hydrolysis process to further reduce environmental impact. Additionally, scaling up production
with renewable energy sources and optimizing biopolymer interactions could enhance both the sustainability and functionality of these materials.

1. Introduction
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With over 400 million metric tonnes produced globally in 2023,
plastics have become essential in everyday life."* Their high tun-
ability in terms of mechanical, barrier or thermal properties
makes them especially valuable in the packaging industry, where
they dominate due to their versatility.® Lightweight polymers
such as polyethylene (PE), polyethylene terephthalate (PET), and
polycarbonate (PC) are commonly used in packaging for their
excellent mechanical strength, barrier properties, and resistance
to chemical and environmental degradation.”® However, the
same durability and resistance to degradation that make these
materials so valuable have also become significant environmental
issues, especially in the context of single-use plastics.®
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In Europe, nearly one in four plastic items ends up in land-
fills, contributing to the accumulation of post-consumer
plastic waste.” This waste degrades soil quality,”> generates
micro- and nanoplastics,>® and poses threats to human
health® and agricultural productivity.'" Plastic waste in land-
fills also risks leaching into water bodies, harming aquatic eco-
systems,” causing bioaccumulation of hazardous substances,"
and releasing toxic additives into the oceans.'” These escalat-
ing environmental challenges underscore the urgent need for
sustainable alternatives. One proposed solution is a transition
to a circular economy.

A key aspect of this shift is the development of bioplastics
as alternatives to conventional plastics."”> Among potential raw
materials, lignocellulosic biomass stands out as particularly
promising. An estimated 1.3 billion tonnes of this biomass,
rich in cellulose (40-60 wt%), hemicellulose (20-40 wt%), and
lignin (10-24 wt%), are generated annually around the globe.
Furthermore, much of this biomass is available as waste from
various industries. However, current studies on bioplastics
derived from lignocellulosic biomass tend to focus on extract-
ing macromolecules such as cellulose and lignin by using
organic solvents and energy-intensive processes that compro-
mise long-term sustainability.'* These approaches also isolate
specific components, leaving residues and underutilizing the
full potential of the biomass.

Recent research has explored hydrolysis-based processes as
a greener alternative for converting biomass such as spinach
stems, citrus peels, and carrot pomace into bioplastic films
with desirable properties."””™® This process involves partial
hydrolysis of lignin, pectin and hemicellulose, disrupting
plant cell walls and releasing cellulose nano- and microfibers,
which are regenerated into a composite material. In these com-
posites, cellulose nanofibrils are embedded within an amor-
phous polymer matrix.'> While these biomass-derived bioplas-
tics exhibit good mechanical properties and thermal stability,
film formation success depends on the raw material compo-
sition. For instance, peanut shells, despite forming continuous
films, resulted in highly brittle materials, likely do to their low
hemicellulose content.’® Additionally, these bioplastics often
degrade rapidly due to their high hydrophilicity and suscepti-
bility to microbial attack, highlighting challenges that require
further optimization.

Furthermore, life cycle assessment (LCA) and life cycle
costing (LCC) results are valuable to confirm that the attri-
butes of environmental and economic sustainability, which
include the use of naturally derived materials and straight-
forward processing with low energy and chemical require-
ments, are translated in materials with low environmental
impact.>>*' Furthermore, LCA enables the determination of
the environmental hotspots during the products lifecycle,
allowing the eco-design the material to enhance
sustainability.*

In this study, Brachiaria decumbens grass was selected as the
starting biomass, given its abundance as a non-edible resource
and its global availability. Though grass is primarily used for
biofuel production,?** its potential for bioplastic develop-
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ment remains underexplored. To enhance the performance of
these bioplastics, e-polylysine (PL), a biopolymer known for its
antimicrobial properties, was incorporated into the formu-
lation. Recent advancements have improved the production
efficiency of PL, making it more cost-effective.*®> As a homopo-
lymer of amino acids, PL consists of 25-35 lysine residues con-
nected by peptide bonds between the e-amino and a-carboxylic
groups,>® offering water solubility and biodegradability, which
makes it compatible with the alkaline media used in grass-
derived bioplastic preparation.*®

However, due to its low molecular weight, PL alone cannot
produce high-quality films.>” To overcome this limitation,
crosslinking PL with reducing sugars through Schiff base for-
mation has been investigated.*® This strategy aims to enhance
the mechanical properties, flexibility, and insolubility of the
bioplastics.>”*® Since hydrolysis of lignocellulosic biomass
produces reducing sugars, exploring their potential for cross-
linking with PL to develop high-quality, ductile films with anti-
microbial properties is of significant interest.

The objective of this study is to develop a novel bioplastic
from underutilized Brachiaria decumbens grass biomass as a
sustainable alternative to conventional plastics in packaging
applications. We have optimized the conditions for alkaline
hydrolysis of grass to produce bioplastics with enhanced
mechanical properties. Additionally, PL was incorporated to
impart antimicrobial properties. The bioplastics were charac-
terized in terms of their physicochemical, morphological,
optical, mechanical, and barrier properties. Furthermore, their
antibacterial efficacy was tested against Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus), two common pathogens
affecting both human health and food safety. The antioxidant
properties of the materials were also evaluated to assess poten-
tial applicability in food contact materials, including cutlery,
trays, and fast-food packaging.

2. Materials and methods
2.1 Materials

PL of 95% purity was purchased from BLDpharm. Ammonium
hydroxide of ~30-33% NH; in H,0 was purchased from Fluka.
NaClO, purity of 80% was purchased from Sigma Aldrich. The
grass biomass was manually collected from a public park in
San Sebastian, Spain.

2.2 Grass biomass pre-treatment

Cut grass biomass was rinsed with water to remove any poss-
ible impurities and was dried in an oven at 60 °C until friable
consistency. The dried leaves were blended in an AMZCHEF
“professional blender” at high intensity for two cycles. The
obtained powder was later sieved in an Endecotts™ MIN200
(London, UK) sieve to obtain particle sizes of <53 um. The
resulting powder was stored at room temperature in a PE bag
to avoid humidification and placed away from the sun to
prevent any degradation.

This journal is © The Royal Society of Chemistry 2025
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2.3 Optimization of the hydrolysis process

Alkaline hydrolysis was selected as the treatment for the
biomass, since cellulose micro- and nano-fibrillation has been
reported at this condition.'® The hydrolysis consisted of the
treatment of 1 g of biomass with 20 mL of ammonium hydrox-
ide at 40 °C for various durations. To determine the optimal
hydrolysis conditions, different concentrations of ammonium
hydroxide were tested: 0.1, 0.5, 1, and 2 M, along with varying
treatment times: 8, 24, and 43 h. Table 1 provides a summary
of samples’ name according to the hydrolysis conditions
tested. Following the hydrolysis treatment, the solutions were
cast onto polytetrafluoroethylene (PTFE) Petri dishes, and the
solvent was left to evaporate, forming bioplastic films. A
scheme of the procedure to obtain the hydrolysed grass films
can be seen in Fig. 1A.

2.4 Bioplastics preparation

Once the optimal hydrolysis conditions were established, bio-
plastics were prepared by incorporating PL at concentrations
of 10, 20, and 30 wt% to act as an antimicrobial agent. These
bioplastics were designated as GPL10, GPL20, and GPL30,
respectively, as shown in Table 1. PL was added to the formu-
lation before the introduction of ammonium hydroxide.

2.5 Characterization of bioplastics

2.5.1 Polymer content in the biomass. The macromolecular
composition of the biomass was analysed, focusing on the
quantification of its three primary components: hemicellulose,
cellulose, and lignin.

To quantify the holocellulose (HoC) content, that is, the
content of hemicellulose and cellulose biopolymers a modified
version of Wise’s method for non-woody biomasses was uti-
lized.*® In this procedure, 2 g of biomass were added to an
Erlenmeyer flask with 150 mL of deionized H,O and 1.08 mL
of glacial acetic acid. The mixture was heated to 96 °C and
stirred for 90 minutes. After heating, the solution was cooled
in a refrigerator for 1 hour. Subsequently, the mixture was cen-
trifuged at 15 000g for 10 minutes, the supernatant was dis-

Table 1 Bioplastics name, composition and preparation conditions

Sample  Grass PL NH; NH; concentration  Hydrolysis
name (2) (2) (mL) ™) time (h)
G0.18 1 — 20 0.1 8
GO0.58 1 — 20 0.5 8

G18 1 — 20 1 8

G28 1 — 20 2 8
G0.124 1 — 20 0.1 24
G0.524 1 — 20 0.5 24
G124 1 — 20 1 24
G224 1 — 20 2 24
G0.143 1 — 20 0.1 43
G0.543 1 — 20 0.5 43

G143 1 — 20 1 43

G243 1 — 20 2 43
GPL10 0.9 0.1 20 1 24
GPL20 0.8 0.2 20 1 24
GPL30 0.7 0.3 20 1 24

This journal is © The Royal Society of Chemistry 2025
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carded, and the pellets were placed in an oven at 110 °C over-

night to remove excess water. The percentage of HoC was cal-
culated with the following equation:

HoC (%) =

Fy — F;
HB L %100% (1)

where Fy is the falcon weight after drying, F; is the initial
weight of the empty falcon, and B is the weight of the grass
sample.

Hemicellulose (HC) was removed from holocellulose by
diluted acid hydrolysis using hydrochloric acid.*® The extracted
holocellulose was treated for 2 h under reflux with 45 mL of
HCI at 1 M. Once cooled it was centrifuged at 10 000g for
10 min, the supernatant was discarded, and the solid was
cleaned with warm water (approx. 50 °C) and centrifuged
again at the same conditions. The falcons were placed in an
oven at 110 °C overnight and the following equations were
used to determine cellulose and hemicellulose content in
biomass:

F.—F

C (%) = HoC (%) x I

(2)

HC (%) = HoC (% ) x (1 - FC; Fi) (3)

where F, is the falcon with dried cellulose, F; is the falcon’s
initial weight, and H is the weight of the HoC sample.

At last, the acid-insoluble lignin (AL) was determined by the
method proposed by Ioelovich.?® According to this method,
0.3 g of biomass was hydrolysed at room temperature using
72 wt% H,SO, for 2 h. After this period, the acid was diluted
with 45 mL of distilled water and heated at boiling tempera-
ture under reflux for 2 h. After reflux, the solution was refriger-
ated for 30 min, and centrifuged at 10 000g for 10 min. The
precipitate was washed with distilled water and placed in an
oven at 110 °C until constant weight. The following equation
was used to determine the lignin percentage in biomass:

AL (%) = % X 100% (4)

where F, is the falcon weight with the dried sample, F; is the
initial weight of the falcon and S is the weight of the starting
sample.

2.5.2 Fourier-transform infrared spectroscopy (FTIR). FTIR
spectra were obtained using a Bruker Alpha (Billerica, USA)
spectrophotometer in attenuated total reflectance (ATR) mode.
The measurements were acquired after 24 scans in the range
of 4000-400 cm™", with a resolution of 4 cm™. Baseline correc-
tion and normalisation were done using OPUS software.

2.5.3 Scanning electron microscopy (SEM). The film cross
section was analysed using the Hitachi TM3030Plus (Tokyo,
Japan) at 15 kV. The films were cryo-fractured in liquid N,, and
the fracture surface was exposed by attaching the film to an
aluminium stub with conductive carbon tape. The films were
coated with gold for 30 seconds at 30 mA.

Green Chem., 2025, 27, 4587-4602 | 4589
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Fig. 1 Preparation, physicochemical and morphological analysis of bioplastic films from Brachiaria decumbens grass. (A) Schematic representation
of the film preparation process; (B) bioplastic films produced after varying alkaline hydrolysis times at 1 M NHs; (C) SEM micrographs showing the
fracture surfaces of bioplastic films; (D) FTIR peak assignments highlighting the differences between non-hydrolysed and hydrolysed grass; (E) FTIR
spectra at different NH3 concentration at 24 h of hydrolysis.
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2.5.4 Mechanical properties. Films were conditioned for at
least 48 h at 23 °C in a conditioning room at 50% RH. The
tensile tests were performed with the Stable Micro Systems
Texture Analyser TA-HD plus (Surrey, UK), with a drawing
speed of 0.2 mm sec™". At least six specimens were tested for
each sample, and their Young’s modulus (MPa), tensile
strength (MPa), and elongation at break (%) were registered
using the resulting stress vs strain curves.

2.5.5 Differential scanning calorimetry (DSC). The glass
transition temperatures (7) of the bioplastics were determined
using the TA DSC 2500 (New Castle, USA). Bioplastic films con-
taining PL were heated from —50 °C to 100 °C, with a heating
ramp of 10 °C min~" under N, atmosphere. A first heating
cycle was done to erase any possible thermal history and
remove any water present in the sample. The T, was calculated
using the curve obtained after the second heating cycle, and
the value for the transition temperature was determined with
TRIOS software.

2.5.6 Thermogravimetric analysis (TGA). A PerkinElmer
TGA8000 (Waltham, USA) was used to obtain the thermal
degradation curves and derivative TGA curves for the hydro-
lysed grass films and the bioplastic films. Samples were heated
from 40 °C to 800 °C, at a heating rate of 10 °C min™" under a
N, atmosphere, while the sample’s mass loss was registered.

2.5.7 Reducing sugars content (RSC). Approximately 0.05 g
of the bioplastic samples were placed in 5 mL of distilled water
and incubated with shaking at 200 rpm for 1 hour. After incu-
bation, the samples were centrifuged at 4000 rpm for
5 minutes to obtain clear supernatants, which were used for
further analyses. The reducing sugars content (RSC) was deter-
mined using the 3,5-dinitrosalicylic acid (DNS) method, with a
slight modification based on previously reported protocols.*"

To prepare the DNS working reagent, 10 g of DNS was dis-
solved in 200 mL of distilled water with continuous stirring.
Next, 16 g of NaOH was dissolved in 150 mL of distilled water
and slowly added to DNS solution. This mixture was incubated
at 50 °C with constant stirring until a clear solution was
obtained. Subsequently, 403 g of sodium potassium tartrate
tetrahydrate was added to the DNS/NaOH mixture, which was
filtered through filter paper. The final volume of the mixture
was adjusted to 1000 mL with distilled water.

For the assay, 1 mL of each extract was mixed with 1 mL of
0.05 M acetate buffer (pH 4.8), followed by the addition of
3 mL of DNS working reagent. Then, the mixture was vigor-
ously shaken and incubated in boiling water for 5 minutes,
afterward cooled to room temperature. The samples were
transferred to a 96-well microplate, and absorbance was
measured at 540 nm using a BMG Labtech Clariostar Plus
microplate reader (Ortenberg, Germany). A glucose standard
prepared in acetate buffer was used to generate the calibration
curve.

2.5.8 Moisture content (MC). The moisture content of the
films was calculated gravimetrically. Before measurements, all
samples were conditioned for 24 h in a conditioning room at
50% RH at 23 °C. The weight of the samples after conditioning
was registered, W,, and then they were placed in a vacuum

This journal is © The Royal Society of Chemistry 2025
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oven at 40 °C for 24 h to remove moisture. Afterward, the
weight of the dried sample was registered, Wy4. For the calcu-
lation of MC three samples per material were used and, MC
was calculated with the following equation:

Wo — Wy

0

MC (%) = 100% X (5)
2.5.9 Water solubility (WS). The samples used for the
moisture content analysis were repurposed to study the water
solubility of the sample, as they were already dried. The dried
samples were submerged in approximately 5 mL of distilled
water for 24 h at room temperature. Then, the water was
removed carefully, and the films were dried in an oven at
110 °C for 24 h, and the final weight of the sample registered,
We. The WS for each material tested was calculated with the

following equation:
Wi

W —
WS (%) = 100% x ——— 1
Wa

(6)

2.5.10 Water contact angle (WCA). Dataphysics OCA2000
(Charlotte, USA) instrument was used to measure the WCA.
Samples were conditioned for 24 h in a conditioning room at
23 °C and 50% RH. The contact angle of sessile drops was
measured after dosing a drop of 12 pL of ultrapure water
(Merck Milli-Q). The image of the drop was captured after 10 s,
to ensure the drop stabilization and maintain the same con-
ditions between replicates. The WCA was measured at least 10
times per sample, and the results expressed as average + SD.

2.5.11 Water vapor permeability (WVP). The water vapor
permeability was tested using a TQC sheen (Capelle aan den
IJssel, The Netherlands) permeability cup with an exposed
surface area of 10 cm? The capsules were filled with 4 mL of
water to simulate a 100% RH environment. The bioplastics
were held using the seal ring of the permeability cup and
secured with the cover ring. Then the capsule was placed
inside a dry chamber with silica gel beads at 20% RH.
Afterward, the weight loss of the capsules was registered
periodically, plotted, and linearized. The slope of the resulting
graph (g s™') was then divided by the surface area of 10 cm?*
(0.001 m?) to calculate the water vapour transmission rate
(WVTR). This value was later used to calculate the WVP using
the following equation:

WVTR X t
WVP = —— (7)

Pu,0 X ARH
where ¢ is the average thickness of the films, Py ¢ is the water
vapour saturation pressure at the test temperature, and ARH is
the difference in vapour pressure through the film. All
samples were analysed by duplicate, and the results were

expressed as average + SD.

2.5.12 Antimicrobial properties. To determine the anti-
microbial properties of the PL-grass bioplastic films, the
growth inhibition of microorganisms on Mueller-Hinton Agar
was measured in the presence of the tested films’ disks. For
this purpose, one-day cultures of Escherichia coli PBIO729 and
Staphylococcus aureus PBIO901 were added to separate tubes

Green Chem., 2025, 27, 4587-4602 | 4591
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with sterile peptone water until they reached an optical density
of 0.5 on the McFarland scale. The suspensions of microorgan-
isms (200 pL each) were then applied to separate Petri dishes
(90 mm in diameter) with Mueller-Hinton Agar, spread with
disposable strokes and 2 disks of each film (9 mm in diameter)
were applied. Discs with antibiotic meropenem (10 pg per
disc), and PL (100 pg per disc) were used for comparison. After
a 24 h incubation at 37 °C, the size of the inhibition zones was
measured.?”

Antimicrobial properties were also studied according to the
ASTM E 2180-01 based on methodology described in previous
study.>® As the first step of the experiments, E. coli and
S. aureus, cultures originated from 24 h growth (coming from
stock cultures) were prepared. The concentrations of the cul-
tures were standardized to 1.5 x 10® CFU mL™". The concen-
tration of each culture was measured using Amersham
Biosciences Ultraspec 10 Cell Density Meter (Slough, UK). The
agar slurry was prepared by dissolving 0.9 g of NaCl and 0.3 g
of agar-agar in 100 mL of deionized water and autoclaved for
15 min at 121 °C and equilibrated at 45 °C (one agar slurry
was prepared for each strain). Then, 1 mL of the culture (separ-
ately) was placed into the 100 mL of agar slurry. The final con-
centration of each culture was 1.5 x 10” CFU mL™" in molten
agar slurry. The square samples of each film were introduced
(separately) into the sterile Petri dishes with a diameter of
55 mm. Inoculated agar slurry (1.0 mL) was pipetted onto each
square sample. The samples were incubated 24 h at 30 °C with
relative humidity at 90%. After incubation the samples were
aseptically removed from the Petri dishes and introduced into
the 9 mL of sterile physiological saline (0.9% NaCl). The
samples were then vortexed 1 min. The dispersion facilitated
the complete release of the agar slurry from the samples. Then
serial dilutions of the initial inoculum were performed. Each
dilution was spread into the LB Agar (Carl Roth Gmbh) and
incubated at 30 °C for 24 h. The results were presented as an
average value with standard deviations.

2.5.13 Antioxidant activity. The antioxidant properties of
the films were determined by examining the scavenging of
ABTS radicals. For this purpose, 0.05 g samples were placed in
5 mL of distilled water, then incubated with shaking (200 rpm)
for 1 h, and centrifuged (4000 rpm for 5 min) to obtain a clear
extracts (supernatants) for further analyses.

ABTS radical scavenging activity was determined by mixing
30 pL of film extracts with 1500 pL of ABTS radical solution
(produced by mixing 7 mM ABTS with 2.45 mM potassium
persulfate) and incubating in the dark for 6 min. Then, the
absorbance at 734 nm was measured using BMG Labtech
Clariostar plus multiplate reader (Ortenberg, Germany). Trolox
solutions were used to prepare the calibration curve. The
results were expressed as pM Trolox equivalents (TE)/100 mg of
film sample.

2.5.14 Life cycle assessment (LCA) and life cycle costing
(LCC). The environmental impacts originating from the manu-
facturing of grass biomass bioplastic have been quantified
according to the life cycle assessment (LCA) methodology fol-
lowing the ISO 14040/14044 standards.®® The assessment was

4592 | Green Chem., 2025, 27, 4587-4602
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done considering a cradle-to-gate system boundary, which
accounted for the raw material acquisition and their associated
upstream processes, grass biomass bioplastic processing at the
laboratory and the waste management of the generated side-
streams. Primary data from our own experiments was utilized
to construct the life cycle inventory (LCI), which is provided in
the ESI Table S1f for the sake of transparency. A medium-
voltage grid with 100% renewable energy (Switzerland mix)
was considered for the modelling in the light of current accel-
erating decarbonisation of the European energy sector. The
equipment depreciation is left aside. The life cycle impact
assessment (LCIA) was carried out using OpenLCA 2.4 software
and ecoinvent v3.11 database (released on November 19,
2024). The life cycle impact assessment (LCIA) was carried out
using the Environmental Footprint methodology rec-
ommended by the European Commission. For benchmark
films, the following entries have been selected from the ecoin-
vent v3.11 database:

- Polylactic acid production, granulate|polylactic acid, gran-
ulate|Cutoff, U - GLO & extrusion, plastic film|extrusion,
plastic film|Cutoff, U - RER.

- Polyethylene terephthalate production, granulate, bottle
grade|polyethylene terephthalate, granulate, bottle grade|
Cutoff, U - RER & extrusion, plastic film|extrusion, plastic
film|Cutoff, U - RER.

- Packaging film production, low density polyethylene|
packaging film, low density polyethylene|Cutoff, U - RER.

Besides, the OpenLCA 2.4 software and the ecoinvent v3.11
database has been utilized to determine the energy-related
properties and cost aspects of conventional plastic materials.
The cumulative energy demand (CED), cumulative exergy
demand (CExD) and economic cost (based on a life cycle
costing, LCC) of producing 1 kg of plastic film were calculated
and compared with common plastic materials. For the grass
bioplastic, the CED, CExD, and the economic cost are based
on the material utilization for grass bioplastic, excluding
capital expenses and the energy consumption to avoid biasing
the results by high-energy consumption that is not representa-
tive of the full-scale process. However, this analysis can
provide a useful overview on the potential cost of the devel-
oped material.

2.5.15 Statistical analysis. OriginLab2023b was used to
perform the statistical analysis. Results were analysed by one-
way analysis of variance (ANOVA) and Tukey’s test was used to
establish the significant differences between the samples with
p < 0.05.

3. Results and discussion

3.1 Optimization of hydrolytic conditions during bioplastics
preparation from grass

The content of the cellulose, hemicellulose, and lignin in the
raw grass biomass was included in Table 2. Note that the sum
of the reported values does not equal 100%., the rest corres-
ponds to extractives and minerals (~11 wt%) whose compo-

This journal is © The Royal Society of Chemistry 2025
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Table 2 Cellulose, hemicellulose and lignin content in grass biomass
compared with reported values in literature

Cellulose Hemicellulose Lignin
Sample (Wt%) (Wt%) (Wt%) Ref.
Brachiaria 50.3+0.7 20.4+0.5 18.2+0.4 This work
decumbens grass
Switchgrass 38.2+0.7 283+0.5 21.7+1.0 30
Buffalo grass ~36.0 ~29.0 ~4.6 35
Bagasse 39.1+0.7 27.3+0.6 23109 30

sition has not been determined. The results indicate cellulose
as the majoritarian component, followed by hemicellulose, in
agreement with the values reported in the literature for other
grass species.*>*

Grass-derived bioplastics obtained through alkaline hydro-
lysis (Fig. 1B and Fig. S1 in the ESI}) exhibited a uniform
appearance, with a distinctive dark green colour and a paper-
like texture. The films displayed a balanced combination of
roughness and rigidity, which gradually decreased with
increasing hydrolysis time, resulting in a smoother surface.

SEM micrographs of the bioplastics’ cross-section (Fig. 1C
and Fig. S2t) revealed the absence of large individual grass
particles, confirming successful film formation after hydro-
lysis. The films exhibit a layered structure with visible fibrillar
and sheet-like formations. Notably, as hydrolysis time
increases, the layers become progressively more defined and
compact, indicating structural rearrangement. This suggests
that longer hydrolysis times enhance the cohesive structure
and overall integrity of the films.

Fig. 1D shows the FTIR spectra of grass before and after
hydrolysis, with G143 as a representative sample, highlighting
the chemical changes induced by the process. Several charac-
teristic peaks are observed in the grass prior to hydrolysis. The
stretching vibration corresponding to hydroxyl groups, v(O-H),
appears at 3350 cm™ ', while the asymmetric, vasym(C-H), and
symmetric, vg,m(C-H), stretching vibrations, primarily associ-
ated with the methylene groups of the carbohydrate chain, are
located at 2920 and 2850 cm™', respectively."” The band that
appears in the range 1736-1729 cm™' corresponds to the
stretching of the carbonyl group (C=O0), primarily due to the
hemicellulose and lignin, typically related to ester groups.®
The peaks between 1650 and 1500 cm™" are mainly attributed
to the aromatic stretching of C=C bonds, indicating the pres-
ence of lignin, and count also with the contribution of N-H
bending of amines and amides in proteins and adsorbed water
molecules. The region from 1460 cm™" to 1316 cm™", shows
multiple overlapping signals, including C-H in-plane bending,
CH, asymmetric and symmetric bending, and O-H bending.?”
A minor band at 1250 cm™" corresponds to C-O aryl groups
present in lignin. Lastly, the strong signals at 1150 cm™" and
1030 cm™" correspond to C-O-C asymmetric stretching and
C-0-C ring skeletal vibrations, due to the presence of hemi-
cellulose and cellulose.">?”

Four notable changes are observed after hydrolysis. First,
the band corresponding to the hydroxyl groups increases, as

This journal is © The Royal Society of Chemistry 2025
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confirmed by the ratio of intensities between O-H band and
C-H, band. Second, the C=0 band at 1730 cm™' shows a
reduction in intensity, indicating that the alkaline hydrolysis
produces the partial deacetylation of the hemicelluloses.*®
Third, the intensity of the C-O-C band at 1030 cm™" also
decreases, suggesting the breakdown of glycosidic bonds.
Finally, the peaks centred at 1650 cm™ ', 1500 cm ' and
1250 cm™* due to the presence of aromatic compounds also
increase intensity suggesting the possible formation of pseudo
lignin.>**!

Fig. 1E illustrates the effect of NH; concentration at a fixed
hydrolysis time (24 h) on the final chemical properties of the
bioplastics. As NH; concentration increases, the intensity of
the C-O-C linkage bands decreases, a trend also observed in
films prepared at different times (Fig. S31). This reduction is
consistent with literature, indicating that the amorphous
hemicellulose undergoes hydrolysis by breaking the C-O-C
backbone and generating reducing sugars.”” Using the C-H
bond as a reference, the intensity of the O-H groups increases
with the increase of NH; concentration. The ratio of intensities
between these groups starts at 0.65 for NH; at 0.1 M, 24 h and
increases up to 1.02 for NH; at 1M over the same period. This
suggests that higher NH; concentrations lead to more exten-
sive hydrolysis of the amorphous components.

To further investigate the impact of hydrolysis on the
physicochemical properties of the developed bioplastics, we
performed a thermogravimetric analysis. Fig. 2A illustrates the
TGA curves showing the effect of time on grass hydrolysis at 1
M NH;, while Fig. 2B presents the derivative curves for the
same samples. Additional TGA curves for other films can be
found in Fig. S4 in the ESL{ As shown in Fig. 2A and B, both
raw grass and its derived bioplastics exhibit two main weight
loss events. The first, around 100 °C, is attributed to the evap-
oration of water from the samples which corresponded to an
approximately 5% weight loss for all the samples. The second
weight loss, corresponds to the overlapped thermal degra-
dation of the three primary components: cellulose (220 °C-
360 ©°C),”” hemicellulose (200-280 ©°C),*’ and lignin
(290-700 °C).*” Additionally, Fig. 2A indicates that G143 exhi-
bits the lowest thermal stability, starting to degrade at lower
temperatures compared to the grass and other samples.
Moreover, the shoulder associated with hemicellulose degra-
dation diminishes after hydrolysis, suggesting that hemicellu-
loses are particularly affected by the process, while cellulose
remains relatively unaffected, at least for grass hydrolysis con-
ducted at 8 and 24 hours. In contrast, grass bioplastics
obtained after 43 hours of hydrolysis show also a decrease in
the cellulose peak intensity, indicating partial hydrolysis of
both hemicellulose and cellulose.

Regarding lignin, an increase in the intensity of the
shoulder associated with its thermal degradation, centered at
400 °C, is observed after hydrolysis. This increase can be attrib-
uted to the condensation of sugars formed during hydrolysis,
resulting in the formation of a pseudo-lignin.*"**** This
observation is further supported by the increase in aromatic
groups detected in the FTIR analysis after hydrolysis.**
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of 95%.

Lastly, to determine the optimal hydrolytic conditions for
preparing bioplastics from grass biomass, we analysed the
mechanical properties of the bioplastics, with key results pre-
sented in Fig. 2C and D.

Both reaction time and NH; concentration significantly
impact the final mechanical properties of the bioplastics. The
Young’s modulus, which reflects the films’ stiffness, remains
low after a short hydrolysis time of 8 hours, indicating that the
bioplastics have not yet developed sufficient structural integ-
rity. This suggests that extended hydrolysis times are necessary
to enhance the mechanical properties, regardless of the NH;
concentration.

In terms of tensile strength, the films subjected to 8 hours
of hydrolysis consistently display the lowest values, with no sig-
nificant differences observed across varying NH; concen-
trations. However, hydrolysis times of 24 and 43 hours reduced
the variation in both tensile strength and Young’s modulus
among the bioplastics. This indicates that longer hydrolysis

4594 | Green Chem., 2025, 27, 4587-4602

not only improves the overall mechanical properties but also
results in more uniform materials.

Maintaining a fixed hydrolysis time while increasing NH;
concentration enhances both tensile strength and Young’s
modulus. This improvement arises from the increased hydro-
lysis of amorphous regions, which disrupts cell walls more
effectively and facilitates the formation of a biocomposite
material reinforced by cellulose fibrils. However, mechanical
properties begin to decline beyond a critical NH; concen-
tration. Excessive hydrolysis can lead to the degradation of
amorphous components, resulting in a lower quality biocom-
posite. These results are in line with the results obtained by
TGA. Notably, this critical NH; concentration varies with
hydrolysis time: 1 M for 24 hours and 0.5 M for 43 hours.

Based on the mechanical test results, hydrolysis conditions
of 1 M NH; for 24 hours were selected, as they produced rigid
films with a Young’s modulus of 1998 MPa + 310 MPa and a
tensile strength of 19 MPa + 2 MPa. These conditions align

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc00643k

Open Access Article. Published on 27 March 2025. Downloaded on 7/21/2025 4:08:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

with those reported in the literature for the alkaline hydrolysis
of other plant biomass.**

3.2 Optimizing conditions for preparation of antimicrobial
bioplastics from grass biomass

PL was incorporated to optimize the functional properties of
bioplastics from grass biomass. The bioplastics incorporating
different PL concentrations exhibited a homogenous and
smooth appearance, with no noticeable differences across
varying PL content (Fig. 3A). However, significant differences
were observed in the visual appearance of the films. The
addition of PL resulted in a smoother surface with a subtle
glow, enhancing the visual appeal. Moreover, the PL-contain-
ing samples lost their original paper-like rigidity and become
ductile.

The SEM micrographs of the cross-sections (Fig. 3B) reveal
significant structural changes with varying PL content. As pre-
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viously discussed, the cross-section of G124 (0% PL) (shown in
both Fig. 1B and 3B for comparison) is rough and fibrous, and
presents loosely packed layers. Upon the addition of PL, the
cross-sections become progressively more compact and
denser. This structural densification suggests a strong inter-
action between the grass components and PL, leading to
enhanced cohesion within the bioplastic matrix.*®

To investigate the chemical interactions between grass
polymer components and PL, the FTIR spectra of pure PL,
G124 (0% PL), and GPL30 are compared in Fig. 3C. Spectra of
other PL compositions are provided in Fig. S5 in ESL}

The FTIR spectra of pure PL polymer shows a band at
3200 cm™" corresponding to N-H stretching. A prominent
signal at 3060 cm™' accompanied by another at 1600cm™" to
1500 cm ™" are attributed to the NH;* side chain groups.*®*
This is followed by distinct peaks at 2940 and 2860 cm™ ',
which correspond to the asymmetric and symmetric stretching
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Influence of e-polylysine (PL) content on the structural and chemical properties of grass-derived bioplastic films. (A) Photographs depicting

the visual appearance of bioplastic films produced with varying PL concentrations; (B) SEM micrographs illustrating the cross-sections of grass-PL
bioplastics; (C) FTIR spectra comparing PL, hydrolyzed grass bioplastic without PL (G124), and grass-PL bioplastic with 20% PL content (GPL20); (D)
reducing sugars content measured in the bioplastic films at different PL concentrations.
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of C-H, bonds, respectively. The amide I band at 1640 cm™" is
characteristic of C=0 stretching,*®*® while the amide II band
at 1530 cm™' is due to the in-plane deformation of the NH
group.*® Lastly, the band at 1245 cm™" corresponds to C-N
stretching in the amide group.*®

When comparing the FTIR spectra of pure PL, G124 (0%
PL), and GPL30 (30%PL), no new peaks are observed in the
GPL30 sample. This indicates that no covalent crosslinking
occurs between the functional groups of the hydrolysed
biomass and PL. However, shifts to lower wavenumbers are
noted for bands corresponding to functional groups involved
in hydrogen bonding, such as amide I and the C-N stretching.
These shifts suggest that the interaction between PL and
biomass is mainly due to hydrogen bonds.*°

The formation of a Schiff base between the pending amino
group of PL and the carbonyl groups of reducing sugars (pro-
duced during hydrolysis) was expected, which would have been
indicated by the appearance of an imine peak around
1660 cm ™" in the FTIR spectra.”® However, the absence of this
peak suggests that PL did not react with the reducing sugars.”
Schiff base formation would also have reduced the C=0 band
intensity due to the consumption of carbonyl groups.*
Therefore, the reducing sugar content was measured in raw
grass and bioplastics with varying PL content (0%, 10%, 20%,
and 30% by weight) (Fig. 3D).

When comparing the reducing sugars content of raw grass
with that of the bioplastics containing 0% PL, no significant
increase in reducing sugars content was observed, which is
unexpected since hydrolysis of polysaccharides yields reducing
sugars.*” However, as indicated by the earlier FTIR and TGA
results, it is likely that the reducing sugars are reacting to form
pseudo-lignin immediately after production, thereby prevent-
ing their interaction with the amino groups in PL.
Additionally, an increase in PL content in the bioplastic formu-
lations corresponds with a decrease in reducing sugar levels,
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likely due to the dilution effect of PL, which does not contrib-
ute to the final product’s reducing sugars content.

The DTGA curves for selected samples are illustrated in
Fig. 4A, while the complete DTGA curves for all samples can
be found in ESI Fig. S6.1 For PL, thermal degradation occurs
in two distinct steps. The first degradation temperature,
observed at 86 °C, primarily results from water evaporation, as
PL is hygroscopic and rapidly absorbs moisture. Subsequently,
thermal degradation is observed at two temperatures of
maximum degradation rate: 297 °C and 444 °C. The first temp-
erature is associated with transamidation reactions that reduce
the molecular weight of the sample, leading to the formation
of volatile compounds, while the second temperature is linked
to the carbonization of the remaining components.*®

Interestingly, the bioplastic films containing PL exhibit
multiple degradation temperatures that do not correspond to
those of the individual raw materials (PL and G124). These
degradation steps present temperatures of maximum degra-
dation rates at 190 °C and 210 °C, indicating the formation of
specific interactions or complexes between PL and the poly-
mers in the biomass, as well as with low molecular weight
components present in the biomass.’®”* A comparison with
the literature and the FTIR spectra suggests that this stabiliz-
ation may be attributed to hydrogen bonding between PL and
the hydrolyzed grass components.*>?

To further investigate these interactions, DSC analysis was
conducted to assess changes in the glass transition tempera-
ture (T) relative to PL content in the films. The DSC curves
(Fig. 4B) reveal a single T, within the studied temperature
range. The addition of PL slightly decreases the T, of the bio-
plastics, acting as a plasticizer. However, even with high con-
centrations of PL, the T, only decreases by 2.7 °C compared to
the film without PL. This minimal decrease in the glass tran-
sition temperature may be attributed to the hydrogen bonding
that restricts the mobility of the polymer chains,” in addition
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Fig. 4 Thermal analysis of grass-derived bioplastic films with PL. (A) DTGA curves of grass-derived bioplastic without PL, with 10% PL and PL alone;
and (B) DSC heating curves of bioplastic films prepared from grass at different PL contents.
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Table 3 Mechanical properties, cumulative energy demand (CED), cumulative exergy demand (CExD) and economic cost (based on a life cycle
costing, LCC) of the grass-derived bioplastics with PL and its comparison with bioplastics developed in the literature and polymers used in the

packaging industry

Young’s Tensile

modulus strength  Strain at Cumulative energy =~ Cumulative exergy  Cost of production
Material (MPa) (MPa) break (%) demand (CED) demand (CExD) (EUR per kg) Ref.
G124 2055 + 126 21+1 1.1+0.1 — — — This work
GPL10 846 + 91 12+3 1.8+0.4 25.4 M]J 26.4 MJ — This work
GPL20 735 £119 101 1.6 £0.2 34.1 (1.41 EUR per kg This work

with no e-polylysine)

GPL30 583 + 88 10+1 2.75+0.3 This work
LDPE 100-300 9-15 300-500 99.7 M]J 115.9 MJ 2.97 55 and 56
HDPE 800-1600 10-60 150-400 57 and 58
Poly-lactic acid (PLA) 8600 120 30 77.5M] 99.7 MJ 1.48 64
Thermoplastic starch ~ 400-1000 0.9-22 3-60 67.8 MJ 78.8 MJ 0.45 59
Lime peel 441 + 43 14+2 4.6 £1.2 — — — 61
Avocado peel 342 + 46 18+3 16.8+6.1 — — — 62
Potato peel 432 + 86 13+2 18.4+4.3 — — — 63

to the higher molecular weight of PL compared to other
common plasticizers, such as glycerol.

Subsequently, we analyzed the mechanical properties of the
bioplastics, with the results summarized in Table 3. The data
indicate that PL effectively acted as a plasticizer within the bio-
plastic matrix, as confirmed by the DSC analysis.*® Notably,
the addition of PL significantly reduced the Young’s modulus
from approximately 2000 MPa to around 750 MPa with 20% PL
incorporation. Furthermore, the inclusion of PL enhanced the
ductility of the material, as evidenced by the increase in strain
at break, which rose from 1.1% to 1.6% (Table 3). However, the
tensile strength of the grass bioplastics decreased with the
addition of PL, dropping from 21 MPa at 0% PL to 10 MPa.

When comparing the properties of the synthesized bioplas-
tics with those of conventional packaging materials (Table 3),
it is evident that the Youngs modulus and tensile strength (TS)
of these bioplastics are comparable to those of commonly
used packaging materials such as low-density polyethylene
(LDPE),”>”° high-density polyethylene (HDPE),””*® and ther-
moplastic starch.>® However, the ductility of the PL-grass films
is noticeably lower than that of these materials, which could
limit their applicability in scenarios where ductility is crucial.
Considering their high elastic modulus and tensile strength,
these bioplastics may be well-suited for rigid packaging appli-
cations, such as trays or covers, as illustrated in the graphical
abstract.®”

In comparison to lime peel,®" avocado peel® and potato
peel® derived bioplastics the rigidity of the PL-grass biofilms
is nearly doubled, while the tensile strength falls within a
similar range. However, the previous bioplastics have demon-
strated superior ductility.

In addition, Table 3 presents the sustainability assessment
of the grass-derived bioplastics, focusing on their cumulative
energy demand (CED), cumulative exergy demand (CExD), and
economic cost based on life cycle costing (LCC). The results
underscore the potential advantages of these bioplastics over
conventional plastics. The CED and CExD of the bioplastic
containing 20% PL (GPL20) were determined at 25.4 MJ and

This journal is © The Royal Society of Chemistry 2025

26.4 MJ, respectively, which are substantially lower than those
of widely used LDPE (99.7 MJ, 115.9 M]) and PLA (77.5 M],
99.7 M]), indicating a reduced environmental footprint in
terms of energy consumption. However, the economic analysis
highlights that the production cost of GPL20 remains relatively
high, primarily due to the inclusion of PL. Notably, when
excluding PL from the cost calculation, the price (1.41 EUR per
kg) becomes competitive with PLA (1.48 EUR per kg). Future
advancements in PL production and cost optimization could
further improve the economic feasibility of these bioplastics.
Given their lower energy demands and the potential for future
cost reductions, these materials show promise as sustainable
alternatives for rigid packaging applications, aligning with cir-
cular economy principles in the packaging industry.

Regarding interactions with water, the addition of PL yields
notable changes. As shown in Fig. 5A, the moisture content of
the samples is significantly reduced with the incorporation of
PL. This effect may be attributed to the formation of hydrogen
bonds, where the hydroxyl groups in the grass interact with
PL, thereby limiting moisture absorption and enhancing the
structural integrity of the bioplastic.®®

As illustrated in Fig. 5B, the solubility of the samples initially
decreases by 50% with the addition of up to 20 wt% of PL.
However, as the PL content increases beyond this point, the
solubility subsequently rises, with PL alone exhibiting 100%
solubility in water. Notably, the GPL10 and GPL20 samples
demonstrate the best water stability, showing significant resis-
tance to solubility compared to the sample without PL (G124).

The water vapor permeability results are summarized in
Fig. 5C. The addition of PL to the bioplastic films increases
the WVP; however, no statistically significant differences were
observed with respect to varying PL content. The values
obtained are comparable to those reported in the literature for
other bioplastics, like mango peel,®® wheat starch®” and potato
starch films,®® with WVP values of 8.8 x 107, 2.8 x 10™° and
1.5x107° gPa~' s~ m™, respectively.

Finally, the results of the water contact angle analysis
support the role of hydrogen bonding as a stabilizing force in

Green Chem., 2025, 27, 4587-4602 | 4597
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dence level of 95%.

the PL-grass films. As illustrated in Fig. 5D, the incorporation
of PL renders the films slightly more hydrophobic. This
change arises from the hydrogen bonding between the polar
groups of the components, which reduces the likelihood of
water molecules interacting with the film.®°

Finally, the antimicrobial properties of bioplastics were
studied against both Gram-negative (E. coli) and Gram-positive
(S. aureus) bacteria. The results obtained using the ASTM E
2180-01 method, shown in Fig. 6A, demonstrate that the
growth of both bacteria is inhibited in the presence of PL. For
E. coli, no bacterial growth was observed after the addition of
20% PL, while for S. aureus, growth inhibition occurred only at
30% PL.

To confirm the diffusion of PL, an agar diffusion test was
performed with the film against S. aureus (Fig. S7) and E. coli
(Fig. S8t1). The results indicate that bioplastics acquire anti-
microbial properties with the addition of PL.>>?° A clear
increase in the inhibition halo is observed as PL content
increases, while the film containing 0% PL (G124) does not
generate an inhibition halo. In contrast, PL control discs show

4598 | Green Chem., 2025, 27, 4587-4602

a distinct inhibition halo, confirming its role as an anti-
microbial agent.

The inhibition mechanisms of PL against Gram-positive
and Gram-negative bacteria have been extensively reported. PL
inhibits bacterial growth by affecting the permeability of their
cell walls and membranes.?® For E. coli, it has been shown that
PL interacts with the phospholipid groups in the cell mem-
brane, causing distortion and damage.”® In the case of
S. aureus, PL induces structural changes in the peptidoglycans
of the cell wall, increasing permeability.”®

Regarding the antioxidant properties of the film an interest-
ing behaviour can be observed in Fig. 6B. The antioxidants
that quench and scavenge the radicals of ABTS are compounds
capable of donating hydrogen or electrons, additionally the
antioxidant compounds are responsible of stabilizing the new
radical generated within the structure. Phenols have shown to
produce this antioxidant behaviour, that are strongly affected
by the degree of substitution of the aromatic ring.”* This
explains the different behaviour observed for the bioplastic
films. Firstly, when no PL is present in the films, the anti-

This journal is © The Royal Society of Chemistry 2025
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oxidant properties are solely dependent on the hydrolysis pro-
ducts of the grass. The alkaline hydrolysis of the grass pro-
duces phenols, through lignin hydrolysis, and reducing
sugars, through hemicelluloses hydrolysis.*”> Both compounds
can stabilize and scavenge the radicals of ABTS effectively
reaching a scavenging percentage of up to 80%. However, a
different behaviour is observed after the incorporation of PL.
With the addition of PL the availability of this antioxidants is
reduced due to a diluting effect generated by the PL. With the
addition of PL, the hydrogen bonds between PL and hydrolysis
products decreases significantly the scavenging capacity
(25%). This is due to the inability of the highly antioxidant
compounds of hydrolysis to donate hydrogen atoms to stabil-
ize the radicals as they are imprisoned by the interaction with
PL. At last, the increase in PL to higher percentages also lead
to an increase in scavenging percentage that can be attributed
to the increase of amino groups in lysine, which concentration
increases as more PL is present in the film. This amino groups
have been reported to have a low antioxidant activity”>.

Life cycle assessment (LCA) was applied to grass biomass
bioplastic development to explore its potential for sustainable
material development. The disaggregated climate change
potential for a 100 year time horizon (expressed in CO, equiva-
lents) of the GPL20 film for a cradle-to-gate system boundary is
provided in Fig. 7. The production of the GPL20 film has a
footprint of 3.29 kg CO, equiv. kg™', where steps 2, and
specially steps 5 and 6, bear the largest share. Spherically, the
step 2 (drying) has a contribution of 0.46 kg CO, equiv. kg™,
while steps 5 and 6 add 1.78 and 1.01 kg CO, equiv. kg™",
respectively. The largest contributors to greenhouse gas emis-
sions during steps 5 are the use of ammonia (0.89 kg CO,
equiv. kg™"), the electricity consumption (0.63 kg CO, equiv.
kg™") and the incorporation of e-polylysine (0.25 kg CO, equiv.
kg™"). It is important to note that the climate change potential
of the GPL20 films remains below the footprint showed by

This journal is © The Royal Society of Chemistry 2025

benchmark plastic films such as PLA (3.45 kg CO, equiv.
kg™), PET (3.62 kg CO, equiv. kg™"), LDPE (3.40 kg CO, equiv.
kg ™). Similarly, the grass bioplastics show a lower carbon foot-
print than the 4.4-4.8 kg CO, equiv. kg™" reported for pome-
granate peel extract-infused carboxymethyl cellulose films
(that have antioxidant and antibacterial properties),”® while it
remains at the lower end of the range of 1.82-6.00 kg CO,
equiv. kg™! showed by alveolus trays produced by thermoform-
ing of vegetable waste.”* More importantly, if the biogenic
carbon content is accounted as sequestered carbon according
to the PAS 2050 carbon accounting protocol (ie., long-term
applications),””® a total climate change potential of 1.69 kg
CO, equiv. kg™ " is achieved. The reduced carbon footprint over
petroleum-derived plastic films matches literature and high-
lights the potential of bio-based products to deliver materials
with reduced greenhouse gas emissions.””

Additional environmental impact categories in the light of
the EF v3.1 impact assessment methodology are provided in
Fig. S9.1 The results show a remarkable variability depending
on the category under consideration. With values of 36 M]
kg™, 1.08 x 10™* kg Sb eq. kg™, and 0.25 kBq U235 eq. kg™,
significant benefits are observed in categories such as energy
resources (non-renewable), material resources (metals and
minerals) and ionizing radiation (human health), respectively.
These benefits are explained by the biobased character of the
grass bioplastics, which avoids the need to extract non-renew-
able resources. On the contrary, the acidification and water
use derived from grass biomass bioplastic manufacturing
results one-to-two orders of magnitude larger than that
observed for conventional packaging plastics. 99% of the acidi-
fication originates from the NH; gas released during solvent
evaporation (step 6),”® while 78% of water uses are related to
the significant electricity consumption during steps 5 and 6.
Therefore, implementing an ammonia recovery process and
enhanced process efficiency upon upscaling can certainly

Green Chem., 2025, 27, 4587-4602 | 4599
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reduce the environmental impacts and increase the sustain-
ability of the grass bioplastic. In the light of LCA results, the
developed materials show promising attributes for sustainable
packaging solutions.

4. Conclusions

Bioplastics were successfully prepared from grass biomass,
which underwent alkaline hydrolysis with NH;. The resulting
films exhibited competitive mechanical properties against pet-
roleum-derived plastics, achieving a Young’s modulus of 2200
MPa and a tensile strength of 22 MPa. However, these films
demonstrated low ductility, with a strain at break of less than
1%. The mechanical properties were influenced by both the
hydrolysis time and the concentration of the NH; solution
used. Optimal conditions were established at 24 hours of
hydrolysis with 1 M NHj, yielding the best mechanical per-
formance. TGA and FTIR analyses confirmed that the hydro-
lysis process preferentially targeted hemicellulose and lignin
polymers. Although these techniques provide useful insights
into compositional changes, direct polymer molecular weight
measurements would better elucidate chain scission and reor-
ganization during hydrolysis, which represents a promising
avenue for future research.

To enhance the properties of the bioplastics and incorpor-
ate antimicrobial functionality, grass biomass was combined
with the antimicrobial PL peptide. The primary interaction
between PL and hydrolyzed grass was identified as hydrogen
bonding, as evidenced by FTIR spectra. Notably, there was no
chemical crosslinking between PL and the hydrolysis products.
Instead, the reducing sugars are believed to form pseudo-
lignin rather than crosslinking with PL, as indicated by TGA,
RSC, and FTIR results.

The inclusion of PL in the hydrolysis mixture produced of
more flexible materials due to its plasticizing effect, resulting

4600 | Green Chem., 2025, 27, 4587-4602

in reduced Young’s modulus and tensile strength while
slightly enhancing ductility. This effect was further confirmed
by a decrease in the glass transition temperature (T,) with
increasing PL content, and the films’ cross-sectional mor-
phology became smoother compared to bioplastics without
PL.

In terms of water interactions, all bioplastics maintained a
moisture content below 10%. The addition of up to 20 wt% PL
resulted in a significant reduction in water solubility. These
observations were attributed to hydrogen bonding interactions
between the polar groups of the hydrolyzed biomass and PL,
inhibiting water absorption.

Moreover, the incorporation of PL into the bioplastics resulted
in antimicrobial films effective against E. coli and S. aureus. The
GPL20 films demonstrated complete inhibition of E. coli growth
and a 99% reduction in S. aureus growth compared to films
lacking PL. Furthermore, antioxidant properties were observed,
which can be beneficial for extending food shelf life.

Life cycle assessment highlights the potential of grass
biomass for sustainable material development, outperforming
benchmark packaging biobased or fossil-based alternatives. The
ease of processing in combination with the biogenic carbon
storage results in films with a cradle-to-gate climate change
potential of 1.69 kg CO, eq. kg™, while PLA, PET and LDPE
films carbon footprint values of 3.40-3.62 kg CO, eq. kg™ .

Given their antimicrobial properties, favourable mechanical
characteristics, and interactions with water, GPL20 films rep-
resent a promising material for further investigation into sus-
tainable food packaging applications, particularly for rigid or
single-use packaging solutions. However, it is important to
note that this study was conducted on a laboratory scale (3 g
batches) sufficient for prototyping, such as fabricating a
sample tray. Future work should focus on scaling up pro-
duction by optimizing drying techniques, improving biomass
dispersion, and evaluating large-scale manufacturability to
facilitate industrial adoption.

This journal is © The Royal Society of Chemistry 2025
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