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ABSTRACT
In this work, yerba mate (nYM) and black tea (nBT) nanoparticles were extracted from Ilex paraguariensis and Camellia sinensis, 
respectively. Unlike traditional biocomposites and additives, this approach valorizes the waste of infusion beverages without 
using chemical compounds. Nanoparticles underwent preliminary TGA analysis, showing stable and high degradation tem-
perature, making them suitable for processing with the selected polymer matrix. Subsequently, they were incorporated into 
the selected PLA (75%)–PHB (25%) blend plasticized with maleinized corn oil (MCO) at a concentration of 1–3 wt.%. Tensile 
characterization of the PLA-PHB blend plasticized with MCO showed an improvement in compatibility between polymers, with 
increased ductility. The plasticizing effect of MCO was confirmed by calorimetric analysis, showing a remarkable decrease in 
Tg value. The combination of MCO and nanoparticles continues to exhibit enhanced thermal stability, showing functional na-
nofiller behavior. Moreover, the presence of nanoparticles enhanced the barrier property of the plasticized films toward oxygen 
barrier properties, reducing the OTR-e values. Finally, during the second half of the composting test, it was observed that nan-
oparticle addition delayed the degradation process; otherwise, it continued showing interesting biodegradable properties. These 
findings open multiple possibilities in the combined use of infusion beverage waste nanoparticles and modified vegetable oils to 
develop sustainable packaging applications.

1   |   Introduction

Over the last decade, the demand for polymeric materials with 
specific characteristics across various sectors has significantly 
increased. Those materials are commonly considered in elec-
tronic devices manufacturing [1], food packaging and preserva-
tion, and in sectors that require non-toxic and inert materials, 
such as those related to the pharmaceutical industry [2].

The high demand and production rate of these materials con-
tribute to environmental pollution, including increased CO2 
emissions [3] and accumulation of plastic waste, which leads to 
the migration of harmful chemical compounds and the release 
of microplastics [4].

In response to these issues, the development of more sustainable 
polymeric materials has increased, leading to the adoption of a 
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new type of polymer with lower environmental impact, known 
as biopolymers.

One widely studied and used biopolymer is poly-lactic acid 
(PLA), which is synthesized through the fermentation of corn-
starch, wheat starch, and other sources [5]. PLA is a linear 
aliphatic polyester that is biocompatible and biodegradable, of-
fering strength but limited ductility [6].

According to various research studies on the use of PLA in food 
packaging, one strategy to improve its brittleness involves blend-
ing it with other polymers. However, given the current concerns 
regarding petrochemical sources, biopolymers such as polybuty-
lene adipate-co-terephthalate (PBAT) [7], polyhydroxyalkanoates 
(PHA) [8], or poly (ε-caprolactone) (PCL) [9] have been used to 
modify PLA and develop more environmentally friendly blends.

Nevertheless, the miscibility of these materials is generally low, 
and achieving adequate blending requires specific processing 
conditions. Additionally, it is important to note that PLA and 
PHB exhibit poor processing behavior [10], which can be influ-
enced by the molecular weight of the added material [11, 12].

Therefore, improving the miscibility of these blends and enhanc-
ing the ductility of these systems is necessary. One approach is the 
use of plasticizers, which represents a more economical solution 
compared to copolymerization. Plasticizers, such as tar, pitch, 
and polymerization resins, can be of petrochemical origin. Other 
widely used plasticizers, such as polypropylene glycol (PPG) [13], 
polyethylene glycol (PEG) [14], and lactic acid oligomer (OLA) 
[15], are non-toxic and environmentally friendly. Plasticizing 
additives can also be obtained from diverse vegetable oils and 
fatty acids. The most commonly used plasticizers of natural or-
igin are epoxidized palm oil (ELO) [16], epoxidized cottonseed 
oil (ECSO) [17], and octyl epoxy stearate (OES) [18]. Abdelwahab 
et al. [19] developed PLA/PHB 75/25 plasticized with polyester 
plasticizer (Lapol 108). In this work, the incorporation of plas-
ticizers resulted in a homogeneous surface in the polymer ma-
trix. A decrease in Tg values was also observed, along with an 
increase in elongation at break during tensile testing [19].

Another possible approach to enhance compatibility and duc-
tility is the use of nano-additives, which are incorporated into 
polymeric matrices to modify and improve the properties at the 
nanometric level. There are different types of nano-additives 
from a wide variety of sources that offer valuable properties for 
polymeric materials.

Several studies have investigated the use of various synthetic 
antioxidant nanocompounds, such as butylated hydroxy anisole 
(BHA), butylated hydroxytoluene (BHT), and tertiary butylated 
hydroquinone (TBHQ), incorporated into a polypropylene (PP) 
matrix in film form. These films demonstrated promising prop-
erties for the development of active PP films intended for fatty 
food packaging [20].

Another study evaluated the incorporation of metallic nanopar-
ticles, especially silver and copper oxide, into low-density poly-
ethylene (LDPE) to develop active antimicrobial films aimed at 
increasing food safety and extending the shelf life of fresh per-
ishable foods, such as cheese [21, 22].

In other research, nanoparticles were developed from 
dysprosium-cerium oxide (Dy2Ce2O7) and incorporated into 
biodegradable films made from wheat starch and sage seed 
gum (WS/SSG). These nanocomposites exhibited improve-
ments in thermal stability, mechanical properties, UV resis-
tance, and water barrier performance, promising results for 
the development of high-performance sustainable active pack-
aging [23].

The incorporation of nanoparticles into a polymeric matrix 
presents a promising avenue for developing intelligent materi-
als. For example, the study of Hossein Panahi [24] investigated 
the viability of single-walled carbon nanotubes (SWNTs) func-
tionalized with iron oxide nanoparticles (Fe3O4) and coated 
with a biodegradable copolymer (PLA-co-mPEG) to obtain 
a hybrid biocompatible material capable of releasing antitu-
mor drugs.

Another example of the effectiveness of this technology is the 
study conducted by Zinatloo-Ajabshir et al. [25–27] in which a 
magnetic nanocomposite with a hierarchical three-layer struc-
ture was developed. This nanocomposite demonstrated high 
efficiency results as a recyclable and stable photocatalyst, an al-
ternative for treating contaminated water. Additional research 
highlights the versatility of this nanotechnology across various 
sectors. For instance, Rezayeenik et al. [28] developed a nano-
composite of cerium vanadate (CeVO4), which was applied as 
a thin layer onto a copper plate heated to 100°C. The resulting 
material exhibited excellent electrochemical hydrogen storage 
capacity.

Some of these works have highlighted the potential of using re-
newable sources and the ease of biodegradation, making these 
types of additives more sustainable and resulting in a smaller 
carbon footprint compared to fillers derived from inorganic or 
petrochemical sources [29]. Research on organic waste, mostly 
vegetable waste, has increased to find secondary uses for such 
materials.

Given the high consumption of natural resources required for 
plastic and other compound production, it is essential to identify 
alternatives that reduce the use of virgin materials. The reuse 
of resources from the agri-food sector and post-consumer waste 
offers new opportunities to implement concepts such as the cir-
cular economy.

In this context, plant-based residues, such as those derived from 
infusion beverages, have attracted increasing attention due to 
their availability and inherent functional properties. For in-
stance, Argentina is the largest producer and consumer of yerba 
mate (YM), which is obtained from the leaves of the Ilex para-
guariensis tree [30]. YM has been used to obtain nanoparticles, 
as already reported by Arrieta et al. [31]. When added to a PLA 
matrix, these nanoparticles improved UV resistance, reduced 
UV transmission, and decreased oxygen permeability. The re-
sults also showed that incorporating nanoparticles enhanced 
the sustainability of PLA for potential food packaging applica-
tions [32]. Another example is black tea (BT), which comes from 
the leaves and buds of the Camellia sinensis plant. This is one of 
the most widely consumed teas globally, with production reach-
ing approximately 900 000 tons annually.
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Similar to YM waste, large quantities of BT waste are gener-
ated and often discarded, leading to environmental concerns. 
The recycling of BT waste to obtain particles was carried out by 
Lanjewar et al. [33], who incorporated this filler into a polypro-
pylene matrix. BT nanoparticles contributed to enhanced me-
chanical properties and increased crystallinity of the composite 
materials.

Applying a circular economic approach, the incorporation of 
biomass into polymer matrices has been widely studied due to 
the broad range of properties that can be achieved.

In this work, the reuse of vegetable waste from infusion bev-
erages of YM and BT, which are typically discarded after 
consumption, was used to obtain nanoparticles using green 
methodologies. These methods avoided the use of organic sol-
vents and employed a replicable technique that offers a sus-
tainable valorization route for underutilized by-products, with 
potential environmental benefits, such as the production of 
functional nanoparticles for incorporation into biopolymer-
based films.

The selected material for enhancement was a PLA-PHB 
(75 wt.%/25 wt.%) blend, plasticized with 2.5 wt.% maleinized 
corn oil (MCO), as established in previous work. That study 
examined the effect of plasticizer concentration on PLA-PHB 
blends to determine the optimal amount and avoid exudation, 
which could result in the opposite of the desired effect [34].

By addressing the combined system (PLA-PHA-MCO) and in-
corporating YM and BT nanoparticles at a concentration of 1 
and 3 wt.%, we aimed to develop a sustainable alternative film 
for eco-friendly packaging applications. Therefore, thermal, 
mechanical, oxygen barrier, and disintegration behavior under 
composting conditions were studied to evaluate the functional 
properties of the resulting material.

2   |   Experimental Section

2.1   |   Materials

To this work, a selected material for enhancement was chosen: 
a PLA-PHB (75 wt.%/25 wt.%) blend plasticized with 2.5 wt.% 
MCO, as established in previous research [34]. In the previous 
study, the results showed that a low percentage of MCO improved 
the interaction within the PLA-PHB (75 wt.%/25 wt.%) blend.

For the combined system (PLA-PHA-MCO), a commercial grade 
of biodegradable PLA, Luminy L130, was used. It was obtained 
from Corbion Purac (Amsterdam, Netherlands) and has a den-
sity of 1.24 g cm−3. The polihidroxibutirato (PHB) biopolymer 
(Biomer P226E) was supplied by Biomer (Krailling, Germany) 
and is characterized by a density of 1.25 g cm−3. The vegetable 
corn oil (CO) (II Nutrimento, food grade) was obtained from 
Probios S.p.A. (Calenzano, Italy) and was modified through a 
maleinization process.

The nanoparticles used as nanoreinforcements were obtained 
by treating collected waste products from infusions beverages of 
YM (Ilex paraguariensis) and BT (Camellia sinensis).

2.2   |   Nanoparticles Extraction From Infusion 
Waste and Characterization

The methodology used for extracting the nanoparticles from 
the recovered infusion beverage waste aligns with circular eco-
nomic principles and contributes to reducing the accumulation 
of organic waste in fields. These resources represent a valuable 
alternative that should be considered to support a more sustain-
able transition. This study employs a methodology based on 
green chemistry concepts, emphasizing the modification and 
production of materials without the use of compounds that gen-
erate harmful or toxic subproducts.

Nanoparticle extraction from BT and YM was carried out by 
grinding the infusion waste. Prior to the grinding, infusion 
waste was dried at 60°C for 24 h in a recirculating air-drying 
oven model D-82152 from MMM Medcenter GmbH (München, 
Germany). Subsequently, 6 g of each powdered infusion waste 
was mixed with 200 mL of distilled water under magnetic stir-
ring at room temperature. The resulting homogeneous solu-
tion was then introduced into a triple-neck round-bottom flask 
(500 mL) and heated up to 100°C for 60 min using a magnetic 
stirring heating blanket HM02 (Labbox Labware S.L, Barcelona, 
Spain). To prevent the solution's evaporation, a cooling tube was 
placed in the center neck of the round-bottom flask. Once the 
solution reached room temperature, an initial filtration was per-
formed using an Erlenmeyer flask and absorption paper (Dorsan 
Living filtration paper: absorbance velocity 60–55 mm/10 min, 
grammage 60 g/m2 and thickness of 0.130 mm). To remove the 
solid residue, the solution was filtered again under vacuum 
conditions, using a Büchner funnel, Kitasato flask, and filter 
paper (Whatman paper: diameter 110 mm and 22 μm particle 
retention). Finally, the solutions were frozen and then freeze-
dried under vacuum conditions (−110°C for 72 h) a Freeze/Dryer 
Hyper Cool HC3110. This method was also employed by Arrieta 
et al., who extracted nanoparticle extraction from wastes of YM.

The reproducibility of the methodology developed for nanopar-
ticle extraction provides other researchers with the opportunity 
to replicate it using different types of waste and to enhance the 
extraction process, thereby enabling the production of more effi-
cient and sustainable materials.

2.2.1   |   Transmission Electron Microscopy (TEM)

The nanoparticles were analyzed by TEM from the solution 
obtained after vacuum filtration. Analyses were done by using 
TEM equipment 120 kV JEM-1400 from JEOL Oxford.

2.2.2   |   Fourier Transform Infrared Spectroscopy 
(FTIR)

The nanoparticles were examined using total reflectance FTIR 
spectroscopy with a Perkin Elmer Spectrum BX instrument 
(Perkin-Elmer, S.L. Madrid, Spain). For the analysis, the KBr 
disc technique was employed, involving a mixture of potas-
sium bromide (kBr) (purity > 99.%) for analysis, ExpertQ pro-
vided by Scharlau (99 wt.%) and nanoparticles (1 wt.%). The 
test was performed with a resolution of 2 cm−1, with a range 
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of 4000–600 cm−1 and each sample was scanned 15 times. The 
films were tested directly; results were recorded over a range of 
4000–650 cm−1 with a resolution of 4 cm−1 and 15 scans.

2.3   |   Preparation of Nano-Biocomposite Films

Before processing, the materials were dried at 60°C for 24 h 
to remove any moisture. Next, varying different amounts 
of nanoparticles and plasticizer were added to the initial 
PLA–PHB blend, as detailed in Table 1. The blends were ini-
tially mixed. Following this, the mixtures were fed into a 
twin co-rotating screw micro extruder (DSM Xplore 5 & 15 
Micro Compounder from Xplore Instruments BV, Sittard, 
NL) and maintained inside for 3 min at a constant speed of 
90 rpm to ensure uniformity. The temperature profile was 
set to 175°C, 180°C, and 185°C for all nano-biocomposites 
formulations.

Subsequently, the nano-biocomposites were directly cast filmed 
using a Film Device (Xplore Instruments BV, Sittard, NL) cou-
pled to the extruder. The winding speed for all formulations was 
600 mm/min. The resulting films were approximately 60 mm 
wide and between 40 and 70 μm thick.

The techniques employed replicate industrial processes on a 
smaller scale for the development of packaging products, offer-
ing a scalable methodology but using more sustainable materials 
with a low carbon footprint.

2.4   |   Film Characterization

2.4.1   |   Mechanical Characterization

Tensile properties were determined according to the ISO 527 
standard using a Lloyd Instruments LR 30K universal testing 
machine (Segensworth West, Foreham, UK). The test was per-
formed by using 150 × 10 mm2 rectangular samples. At least 
five samples were tested using a 50 N load cell. The tested speed 
was 10 mm min−1, at room temperature. The tensile strength, 

elongation at break, and Young's modulus values were derived 
from the experimental results.

2.4.2   |   Thermal Properties

To evaluate the effect of nanoparticles on the thermal transitions 
of the initial blend, the materials were analyzed by using a dif-
ferential scanning calorimeter (DSC). The thermal analysis was 
carried out on the DSC25 Discovery Series differential scanning 
calorimeter from TA Instruments (New Castle DE, USA).

The sample weights ranged from 5 to 6 mg, and the thermal 
analysis was conducted in four steps: (i) dynamic heating from 
30°C to 180°C, (ii) an isothermal hold at 180°C for 2 min, (iii) 
cooling from 180°C to −50°C, and (iv) a second dynamic heat-
ing cycle from −50°C to 290°C, all at a heating rate of 10°C/min 
in a nitrogen atmosphere, with a nitrogen flow rate of 66 mL/
min. Statistical significance of the differences in calorimetric 
data was assessed under the same conditions applied for data 
analysis, using one-way analysis of variance (ANOVA) with 
OriginPro 2018 software at a 95% confidence level.

Thermal stability was assessed using thermogravimetric 
analysis (TGA) with a Seiko Exstar 6300 equipment from TA 
Instruments (New Castle, USA). Approximately 10 mg of each 
sample was subjected to a heating program from 30°C to 600°C 
at a rate of 10°C/min, under a constant nitrogen flow of 250 mL/
min. The nanoparticles were analyzed using the same heating 
program with sample weights of approximately 3 mg.

2.4.3   |   Static Water Contact-Angle Measurements

The goniometry test was performed using an EasyDrop Standard 
goniometer, model FM140 (Krüss GmdH, Hamburg, Germany) 
equipped with a camera to capture images of water drops on the 
surface of the samples. The images were analyzed using Drop 
Shape Analysis software (SW21; DSA1). The samples, in film 
form, were tested by applying drops of distilled water using a 
micro syringe, with volumes ranging from 2 to 6 μL. The contact 
angle was measured at 0, 15, and 30 s after applying the water 
drop, followed by five additional measurements under the same 
condition. This procedure was repeated in triplicate at random 
positions on the sample surface.

2.4.4   |   Oxygen Transition Rate (OTR)

The OTR was measured using an oxygen permeation analyzer 
from Systech Instruments—Model 8000 (Metrotec S.A, Spain) 
under controlled specific conditions of temperature (23°C ± 1°C) 
and humidity, at a pressure of 2.5 atm. The films were placed 
inside a diffusion chamber with a constant flow of pure oxygen 
(99.9% purity). The volumetric flow rate of oxygen per unit area 
of film and unit time (OTR, cm3 m−2 day−1) was continuously 
monitored until a steady state was reached. The permeability 
coefficient, which depends on the film thickness, is proportional 
to OTR*e (where e is thickness in mm). The oxygen barrier prop-
erties of all the films were evaluated by comparing their OTR*e 
values.

TABLE 1    |    Matrices and nanobiocomposites formulations.

Matrices
PLA 

(wt.%)
PHB 

(wt.%)
MCO 

(wt.%)

PLA 100 — —

PLA-PHBa 75 25 —

B-MCO 75 25 2.5

Nano-
biocomposites

B-MCO 
(wt.%)

nBT 
(wt.%)

nYM 
(wt.%)

B-MCO-1nBT 99 1 —

B-MCO-3nBT 97 3 —

B-MCO-1nYM 99 — 1

B-MCO-3nYM 97 — 3
aThe PLA/PHB blend in a 75/25 wt.% ratio was called matrix B.

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.57800 by U

niversitaet Politecnica D
e V

alencia, W
iley O

nline L
ibrary on [08/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 20

2.4.5   |   Water Vapor Transmission Rate (WVTR)

In the WVTR test, samples were prepared with a diameter of 
63.75 mm and thickness within the range specified in the stan-
dard. The films were placed in sample capsules containing 2 mg 
of silica gel per sample (previously dried at 200°C for 24 h). 
The capsules, including the silica gel and the test film, were 
weighed, with the initial weight recorded as zero. The samples 
were placed in a temperature-controlled humidity chamber 
HCP (Memmert GmbH Co. KG, Schwabach, Germany) under 
constant conditions of 90% humidity and 23°C. The weighing 
process was repeated for the following 8 h, and measurements 
were also taken 24 h after the test began. Finally, the slope was 
calculated in accordance with ASTM E96/E96M–16 standards. 
Three samples were prepared for each formulation.

2.4.6   |   Microscopic Characterization

The morphology of the formulations was analyzed using Field 
Emission Scanning Electron Microscopy (FESEM) with a ZEISS 
ULTRA microscope from Oxford Instruments (Oxfordshire, 
UK) at an accelerating voltage of 1.5 KV. The samples were cryo-
fractured prior to observation and coated with a gold–palladium 
alloy layer using a Sputter Mod Coater Emitech SC7620 from 
Quorum Technologies (East Sussex, UK) to ensure electrical 
conductivity.

2.4.7   |   Disintegration Under Composting Conditions

The disintegration test under composting conditions was con-
ducted in accordance with the ISO 20200 standard. Film sam-
ples, cut into 25 × 25 mm fragments, were buried at a depth of 
6 cm in plastic reactor containers and stored in an oven at a con-
stant temperature of 58°C. Ten samples from each formulation 
were measured and extracted at 7, 9, 11, 14, 16, 18, 21, 25, and 
30 days of the test. After extraction and prior to weighing, the 
recovered samples were washed with distilled water and dried 
for 24 h at 60°C.

The degree of disintegration (D) was calculated in percentage 
with the following Equation (1):

where mi is the initial dry mass of the test material, and mr is 
the dry mass of the residual test material recovered from the 
compost.

3   |   Results and Discussion

3.1   |   Nanoparticle Characterization

3.1.1   |   TEM of Nanoparticle

Figure  1 shows TEM images of nYM (Figure  1a) and nBT 
(Figure 1b), where the particles are observed to be on the nano-
meter scale: this nYM particle has dimensions of 162 × 28 nm, 
while the nBT particle shows dimensions of approximately 
164 × 57 nm. The average size of the nYM and nBT nanoparti-
cles was found to have values respectively of 94 ± 6 nm and of 
167 ± 6 nm [32, 35]. Images obtained were compared with oth-
ers from other works; Arrieta et al. and Beltrán et al. obtained 
similar structures on TEM analysis after developing similar 
extraction methodology using YM waste, showing long parti-
cles and slim geometry [31, 32]. Nanoparticles from BT show 
similar structures; otherwise, they have different sizes. Other 
works obtained different structures from BT waste due to the 
different methodologies employed and compound composition 
[33, 36, 37].

3.1.2   |   Thermogravimetric Analysis of Nanoparticles

Figure  2 and Table  2 show the TG profiles of the obtained 
nanoparticles and the waste material used for their production. 
All samples lose between 6.5% and 8.9% of moisture before reach-
ing 96°C. The onset of the second degradation stage, marked by 

(1)D =

mi −mr

mi

FIGURE 1    |    Images of (a) nYM and (b) nBT to ×100. [Color figure can be viewed at wileyonlinelibrary.com]

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.57800 by U

niversitaet Politecnica D
e V

alencia, W
iley O

nline L
ibrary on [08/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/


6 of 20 Journal of Applied Polymer Science, 2025

the beginning of the degradation of pectin and hemicellulose, 
occurs in all samples above 190°C, with the degradation of the 
residues occurring approximately 40°C higher. However, the 
fact that the obtained nanoparticles degrade at lower tempera-
tures than their corresponding residues is not a concern, as the 
onset degradation temperature is not reached during processing. 
In this temperature range, the thermal degradation of cellulose 
and lignin decomposition also begins, resulting in a greater mass 
loss around 350°C. The percentage of residual weight at 600°C 
(W600°C) is higher for the nanoparticles than for the infusion 
waste from which they were obtained, with differences observed 
between both plant extracts. At 600°C, most of the organic com-
pounds have decomposed and volatilized, leaving behind a res-
idue of inorganic compounds, primarily oxides formed from the 
original minerals present in the samples. This residue is referred 
to as ash. The results indicate that nanoparticles obtained from 
BT have a higher concentration of minerals than those originat-
ing from YM, resulting in greater thermal stability. This thermal 
degradation is typical of lignocellulosic structures [38–44].

3.1.3   |   FTIR Analysis

Figure 3 represents the spectra of nanoparticles and waste from 
infusion beverages obtained in the first zone, ranging from 4000 
to 2600 cm−1. It can be observed that the bands of the two types of 
nanoparticles are similar, showing a broad band corresponding 

to hydroxyl groups (OH) around 3350 cm−1, as well as asymmet-
ric and symmetric C  H stretching vibrations around 2920 and 
2850 cm−1 (Figure 3a).

In the spectral region between 2200 and 600 cm−1, a band ap-
pears between 1500 and 1800 cm−1, which is attributed to the 
carbonyl groups of esters, amides, and acids present in the vari-
ous types of nanoparticles. In the regions from 1500 to 1250 cm−1 
and from 1300 to 1000 cm−1, scissoring vibration of CH3 and 
CH2 groups and stretching vibration of C  O bonds, respectively, 
were identified [31, 45–47] (Figure 3b).

In Figure 3c, for BT waste, the region of 4000–2600 cm−1 shows 
a band attributed to the stretching of O-H groups between 3500 
and3300 cm−1, and another between 2900 and 2800 cm−1 due to 
the vibration of aliphatic saturated C  H bonds [47, 48]. The re-
sults for YM waste are similar, but vibrations are caused by dif-
ferent compounds: the 3500–3300 cm−1 band is assigned to the 
stretching vibration of   OH groups in cellulose and lignin mol-
ecules, while the 2900–2800 cm−1 band is due to the stretching 
vibration of CH alkyl groups in the aliphatic bonds of cellulose, 
lignin, and hemicellulose [49].

In the region from 2200 to 600 cm−1 (Figure 3d), BT waste shows 
a vibration at 1600 and 1700 cm−1, assigned to C  O stretching 
of aldehyde, ketone, or carboxylic acids present in hemicellu-
lose, with more pronounced peaks in nBT results (Figure 3b). 
A weaker vibration around 1550 cm−1 is related to the aromatic 
C  C skeleton vibration of lignin. The vibrations between 1100 
and 1000 cm−1 result from C  O bending and stretching modes 
[47, 50].

For YM, a vibration band between 1610 and 1740 cm−1 corre-
sponds to asymmetric carbonyl stretching of ester carboxylate 
groups. Additionally, weak aromatic C  H vibrations are ob-
served between 1100 and 1000 cm−1 [49]. Finally, a similar vi-
bration is observed around 660 and 3750 cm−1 for both types of 
waste, characteristic of water and moisture content in the bio-
mass [51].

3.2   |   Film Characterization

3.2.1   |   Mechanical Properties

The results from tensile characterization of PLA samples are 
typically of brittle polymers, showing low elongation at break 
percentage and high tensile strength and Young's modulus val-
ues. The incorporation of 25% of PHB shows values like those 
obtained in other works, affecting the behavior of the PLA ma-
trix. Specifically, tensile strength and Young's modulus values 
decreased, while elongation at break increased significantly, 
more than double compared to neat PLA [52].

The addition of MCO as a plasticizer improved the compatibil-
ity between PLA and PHB biopolymers. Tensile strength and 
Young's modulus increased due to the compatibilizing effect 
of MCO. Furthermore, elongation at break increases signifi-
cantly, reaching over 700% compared to neat PLA [53–55]. 
These results suggest that the designated B formulation expe-
riences a compatibilizing effect through the incorporation of 

FIGURE 2    |    TGA curves of nanoparticles and infusion waste (heat-
ing rate 10°C/min, nitrogen flow rate 250 mL/min). [Color figure can be 
viewed at wileyonlinelibrary.com]

TABLE 2    |    TGA properties of nanoparticles and infusion waste.

Samples

TGA parameters

T5% (°C) Tmax (°C) W600°C (%)

nBT 71.7 233.1 34.4

nYM 72.7 303.9 26.1

Waste BT 63.1 350.3 29.1

Waste YM 67.4 344.8 20.5
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MCO into the matrix, reducing the number of double bonds and 
overall interactions between polymer chains [56, 57], thereby 
enhancing the miscibility of biopolymers. The changes in me-
chanical properties may indicate the stabilization of the ma-
trix due to improved interfacial interaction across the phases 
[58, 59].

In general, the incorporation of nanoparticles causes a decrease 
in mechanical properties compared with the plasticized sample. 
The tensile strength and Young's modulus values were similar 
to those previously measured for neat PLA-PHB, while elonga-
tion at break, in most cases, exceeded the values observed for 
the blend. This behavior may be ascribed to poor dispersion of 
nanoparticles within the matrix. Nanoparticles present can act 
as stress concentration zones [60–62].

The incorporation of nBT reduces the mechanical properties to 
a greater extent, presenting similar tensile strength and Young's 
modulus values as those of the PLA-PHB sample, 28.5 and 
28.7 MPa for tensile strength, and between 1950 and 2140 MPa 
for Young's modulus. The elongation at break also shows simi-
lar values; for instance, with 1 wt.% of nBT it is 27.6%. However, 
when the nBT nanoparticles increased to 3 wt.%, the elongation 
at break decreased to 18%. This suggests that increasing the nBT 

content to 3 wt.% leads to a reduction in all mechanical prop-
erties, likely due to the excess nanometric filler causing poor 
dispersion, stress concentration points, and delamination at 
the interface between the particles and plasticized matrix. For 
both formulations with 3 wt.%, a reduction in mechanical per-
formance is observed, which may correspond to reaching the 
dispersion limit of many nanosized particles [63, 64].

In contrast, the reduction in mechanical properties for nYM is 
not as pronounced as for nBT. The B-MCO-1nYM, which con-
tains nanoparticles, shows the best mechanical properties: ten-
sile strength of 32.6 MPa, a Young's modulus of 2158 MPa, and 
an elongation at break of 39.2%. This represents an increase of 
more than 250% in elongation at break compared to neat PLA 
and about 50% compared to the PLA-PHB blend.

Finally, interaction between the plasticizer and the additives can 
be affected by the maleic anhydride content of MCO, hydroxyl 
groups of the lignocellulosic filler chains, and the PLA can react, 
leading to reactions such as linear chain extension, branching, 
and formation of cross-linked structures [65, 66]. The increased 
chain mobility provided by plasticizer may be affected by the 
incorporation of nanoparticles, resulting in nanocomposites, 
obtaining a reduction of mobility after the interaction with 

FIGURE 3    |    FTIR of nanoparticles and corresponding waste material, (a) nanoparticles in region from 4000 to 2600 (cm−1) and (b) region from 
2200 to 600 (cm−1), (c) waste materails in the region from 4000 to 2600 (cm−1) and (d) region 2200 to 600 (cm−1) (resolution 2 cm−1, range 4000–
600 cm−1), scans. [Color figure can be viewed at wileyonlinelibrary.com]
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PLA's chains. These effects can lead to a decrease in mechanical 
performance, depending on the dispersion of the nanoparticles 
within the polymeric matrix. Therefore, achieving a positive in-
teraction between the plasticizer and the nanoparticles is essen-
tial (Figure 4).

3.2.2   |   Thermal Properties

The effect of nanoparticles on the thermal stability of the initial 
blend has been analyzed through a dynamic TGA measurement, 
and the corresponding values are represented in Table 3. It was 
observed that neat PLA is the sample with the highest thermal 
stability, beginning degradation (T5%) at 310.4°C. The other sam-
ples show the onset of degradation between 266°C and 271°C, 
which is attributed to the incorporation of PHB into the formula-
tion, as PHB begins to degrade at 266.7°C, approximately.

Additionally, all biocomposites exhibit a two-stage degradation 
pattern: the first stage corresponds to PHB degradation, and the 
second to mass loss mainly due to PLA degradation (Figure 5a) 
[41]. The MCO incorporation results in a slight reduction in 
the onset of thermal degradation. The plasticizer leads to some 
thermal stability due to the increased polymer chain mobility, 
though this does not compromise processing.

Furthermore, nanoparticles slightly delay the onset of degra-
dation (Figure 5b,c, and Table 3) by approximately 1°C to 2°C. 
However, they also caused a decrease in the Tmax, advancing the 

degradation of both PHB (Tmax I) and PLA (Tmax II) to lower 
temperatures, around 15°C lower in the sample with 3 wt.% of 
nanoparticles. Despite this, formulations with nanoparticles 
show an overall increment in thermal stability, with a slightly 
delayed thermal degradation. This interaction between incorpo-
rated components exhibits a synergistic effect, contributing to 
improving the material processing.

Comparing the results with similar methodologies used in other 
works, TGA curves show parallel behavior a fast initial degra-
dation to 5% of mass, followed by thermal degradation delayed 
after nanoparticles incorporation [32, 67]. In this studies YM 
derived from compounds were used, no BT studies were found, 
but after TEM analysis it is noticed that similar nanoparticles 
were obtained following same methodology for both infusion 
beverages. Therefore, it can be interpreted that the extracted 
compounds obtained similar results on TGA analysis.

Table 4 and Figure 6 show the thermograms and specific ther-
mal transitions observed during the second heating stage per-
formed by DSC of the samples. It is noted that the neat PLA and 
PHB samples exhibit the characteristic thermal transitions of 
their respective polymers. PLA shows a glass transition tem-
perature (Tg) at 60.2°C, an exothermic process associated with a 
cold crystallization peak at 101.7°C, and the endothermic melt-
ing peak at 172.8°C.

For the PLA-PHB blend, the Tg of PHB is observed at −4.3°C 
and PLA at 53.1°C [68–70] indicating that the two polymers are 
immiscible [12, 71].

The cold crystallization temperature (Tcc) associated with 
PLA shifts forward by approximately 5°C (97.5°C), and the 
enthalpy decreases, likely due to a nucleating effect from PHB 
crystals that promotes PLA crystallinity during cooling [12]. 
The melting process of the PLA-PHB blend appears as a sin-
gle endothermic peak at 171.3°C, as the melting temperatures 
of both polymers are close and cannot be distinguished sepa-
rately in the blend.

The addition of 2.5% MCO to the initial blend reduces the Tg 
to 50°C, demonstrating its role as a plasticizer by increasing 
chain mobility [72]. Nevertheless, the observed increase in 
Young's Modulus, as discussed in the mechanical properties 
section, suggests that MCO also acts as a compatibilizer as 
well, enhancing miscibility within the polymer blend. This 
dual behavior highlights the complex role of MCO in the 

FIGURE 4    |    Principal mechanical properties of developed films (load cell 50 N, speed 10 mm min−1). [Color figure can be viewed at wileyonlineli-
brary.com]

TABLE 3    |    TGA result for developed samples.

Samples

TGA parameters

T5% (°C) Tmax I (°C) Tmax II (°C)

PLA 310.4 — 355.8

PHB 266.7 294.6 —

PLA-PHB (B) 267.9 281.3 342.7

B-2.5MCO 268.6 280.8 347.3

B-M-1nBT 267.4 280.5 342.9

B-M-3nBT 270.5 266.2 331.4

B-M-1nYM 269.1 280.3 349.3

B-M-3nYM 271.0 277.3 332.2
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blend. The cold crystallization temperature further decreases 
to 97.3°C, likely due to the lubricating effect produced by the 
MCO [73].

The incorporation of different nanoparticles also causes a re-
duction in Tg values for both polymers, with the effect being 
more pronounced when using nBT nanoparticles. Additionally, 

FIGURE 5    |    TGA curves of initial blends and materials (a), formulations with nBT wt.% nanoparticles and 2.5 MCO biocomposite (b), and formu-
lations with nYM wt.% nanoparticles and 2.5 MCO biocomposite (c) (heating rate 10°C/min, nitrogen flow rate 250 mL/min). [Color figure can be 
viewed at wileyonlinelibrary.com]

TABLE 4    |    DSC thermal properties.

Samples

DSC parameters

TgPLA(C) TgPHB(C) Tcc (°C) ΔHcc (J/g) Tm (°C) ΔHm (J/g)

PLA 60.2 ± 0.5a — 101.7 ± 0.2a 26.3 ± 0.4a 172.8 ± 0.1a 57.2 ± 1.1a

PLA-PHB (B) 53.1 ± 0.2b,d −4.3 ± 0.3a 97.5 ± 0.4b 10.1 ± 1.3b 171.3 ± 0.0b,c 43.1 ± 1.4b

B-2.5MCO 50.0 ± 1.0b,c −3.6 ± 0.5a 97.3 ± 0.2b 15.3 ± 1.0c 171.2 ± 0.3b,c 42.8 ± 0.8b

B-M-1nBT 48.8 ± 0.7c −3.2 ± 0.1a 97.6 ± 0.1b 15.2 ± 0.5c 170.9 ± 0.2b 40.1 ± 1.5b,c

B-M-3nBT 54.1 ± 0.8d −3.4 ± 0.6a 98.2 ± 0.2b,d 15.4 ± 1.7c 171.2 ± 0.2b 40.4 ± 1.2b,c

B-M-1nYM 53.1 ± 2.6b,d −4.1 ± 0.4a 99.8 ± 1.1c 12.6 ± 1.1b,c 171.5 ± 0.15b,c 39.2 ± 1.2c

B-M-3nYM 49.3 ± 1.3c −3.3 ± 0.5a 99.2 ± 0.3c,d 13.5 ± 3.9b,c 171.4 ± 0.2b,c 39.8 ± 1.3b,c

Note: Distinct letters (a–d) assigned to the same property, as determined by DSC, denote statistically significant differences between formulations (p < 0.05).
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both the Tcc and the melting temperature (Tm) slightly decrease 
with nanoparticle addition, particularly with nBT. The lowest 
thermal transition values are observed in the sample contain-
ing 1 wt.% of nBT, which shows a Tg (associated with PLA) of 
48.8°C, a Tcc of 97.6°C, and a Tm of 170.9°C. These changes sug-
gest that nanoparticles enhance the plasticizing effect induced 
by the MCO.

However, as verified in the mechanical properties analysis, 
the addition of nanoparticles generally reduces mechanical 
strength and ductility compared to the B-2.5MCO sample. Still, 
it is worth noting that the sample with 1 wt.% nBT exhibits bet-
ter mechanical performance than the PLA-PHB blends without 
nanoparticles.

The variation in thermal behavior and properties among for-
mulations with different types of nanoparticles is minimal, 
with similar values observed due to the comparable nature of 
the lignocellulosic nanoparticles used. Notably, nYM achieved a 
higher enthalpy value associated with cold crystallization. The 
interaction between MCO and different kinds of nanoparticles 
does not significantly affect the primary thermal properties, 
indicating thermal stability during the heating cycle. Similar 
thermal results were noticed in a previous study, reducing prin-
cipal thermal properties that suggest interaction with polymer 
chains [32].

3.2.3   |   Static Water Contact Angle Measuring

The water contact angle test was used to estimate changes in the 
surface properties of formulated materials after incorporating 
nanoparticles. As shown in Table 5, PLA exhibits a typical water 
contact angle of approximately 71°. In the initial blend (B-blend), 

a slight increment of the contact angle of about 5° was observed 
at both recorded times. However, when MCO and nanoparticles 
were incorporated, the water contact angle decreased to a mini-
mum of about 68°, compared to the initial blend. This reduction 
was more noticeable in the formulations with a higher nanopar-
ticle content.

Therefore, it is considered that the nanoparticles increase the 
surface energy, promoting better wetting and resulting in lower 
contact angles. According to Jose and Alagar, the surface can 
form strong bonds, providing a considerable energetic incentive 
for water to disrupt bulk bonding and interact with the mate-
rial surface [74]. Moreover, it was observed that the greater the 
amount of nanoparticles, the higher the hydrophilic character 
of the material surface. This could be ascribed to the action of 
the nanoparticles in increasing the internal forces within the 
material, thereby raising the surface energy and allowing water 
to spread more easily on the surface. The interaction between 
the different added compounds suggests good interaction and 
facilitates the exposure of functional groups on the film surface. 
The results achieved in the water contact angle show an inter-
esting result in packaging applications, and comparing these 
results with another work, the combination between MCO and 
nanoparticles obtained a great change on the topographical sur-
face [31].

3.2.4   |   OTR

Table  6 shows the OTR and normalized OTR values (OTR-e, 
normalized to 1 mm thickness) for the formulated material con-
taining 1 wt.% nanoparticles, PLA, and the initial formulation 
(B-blend). The lower OTR-e values observed in the initial formu-
lation indicate reduced oxygen permeability compared to that of 
neat PLA. This could be attributed to PHB acting as a nucleating 
agent for PLA [75], resulting in increased crystallinity, which in 
turn reduces the diffusion of oxygen molecules [53, 76]. The in-
corporation of PHB improved the oxygen barrier properties by 
38.7% compared to the neat PLA sample.

As expected, with the incorporation of MCO (B-2.5MCO), the 
gas barrier performance of the plasticized films decreased com-
pared to the initial blend, showing only a 29.5% improvement. 
This behavior is ascribed to the MCO molecules becoming in-
tercalated between individual polymer chains, increasing free 

FIGURE 6    |    Calorimetric graphs of formulated materials (a) formu-
lations with nBT and (b) formulations with nYM (heating rate 10°C/
min, nitrogen flow rate 60 mL/min). [Color figure can be viewed at wi-
leyonlinelibrary.com]

TABLE 5    |    Values of water contact angle measured during tests at 
15 and 30 s.

Samples CA (°) after 15 s CA (°) after 30 s

PLA 73.3 ± 5.1 70.9 ± 4.2

PLA-PHB (B) 77.2 ± 3.4 76.9 ± 3.3

B-2.5MCO 71.6 ± 3.1 71.3 ± 2.9

B-MCO-1nBT 70.6 ± 3.4 70.4 ± 3.4

B-MCO-3nBT 69.9 ± 1.0 69.8 ± 1.1

B-MCO-1nYM 71.4 ± 2.0 71.1 ± 2.2

B-MCO-3nYM 68.2 ± 0.8 67.9 ± 0.8
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volume and thus facilitating oxygen diffusion [77]. Furthermore, 
the presence of 1 wt.% nanoparticles improved the barrier 
properties of plasticized films, reducing OTR-e values of the 
B-2.5MCO sample by 31% and 7%, respectively. When compar-
ing the OTR-e values of samples containing 1 wt.% nanoparticles 
with the neat PLA sample, oxygen barrier properties improved 
by 51.4% and 34.1%, respectively. At 3 wt.% nanoparticle content, 
the OTR-e values increased, indicating a reduction in oxygen 
barrier properties. This decrease is likely due to the formation of 
non-uniformities, including nanoparticle agglomerates and cav-
ities by defects, which create preferential pathways for oxygen 
diffusion.

Overall, the results indicate that nBT nanoparticles demon-
strated higher performance as a potential oxygen barrier com-
pared to nYM. According to Iiyas et  al. [78], one of the main 
reasons nanocellulose can block the passage of oxygen mole-
cules is that their kinetic diameter is on the same order as the 
pore size of the nanocellulose network, causing oxygen mole-
cules to become partially trapped. In this study, the nanoparti-
cles were of similar size, and nBT was more effective than nYM 
in restricting the passage of oxygen through the film. Increasing 
the nanoparticle content to 3 wt.% led to the formation of de-
fects and agglomerates, which decreased the barrier effective-
ness [53].

3.2.5   |   WVTR

Compared with the initial blend, it was observed (Figure  7) 
that the incorporation of PHB and MCO drastically reduced the 
WVTR values. Materials added to the matrix can act as physical 
impermeable barriers and obstruct the movement of water mol-
ecules, extending the diffusion path length and enhancing water 
barrier properties. Incorporation of 1 wt.% resulted in lower 
WVTR values than the neat PLA sample. The addition of 3 wt.% 
of nanoparticles led to the highest WVTR values, highlighting 
that the formulation with 3 wt.% of nYM reached 348 g day/m2.

This increase may be attributed to a more porous structure, 
which facilitates the water vapor transmission and reduces per-
meability [79, 80]. The increased porosity could be due to poor 
nanoparticle dispersion within the polymer matrix. Because 
of their inherent tendency to agglomerate, nanoparticles can 
create microdefects in the film, which in turn facilitates mole-
cule transmission. While MCO incorporation increases the free 

volume, well-dispersed nanoparticles can fill voids and limit 
pathways for vapor passage. However, poor dispersion leads to 
higher WVTR values and negatively affects the film surface. 
Similar results were noticed by Bumbudsanpharoke et al. [81] 
where the incorporation of nanoparticles into films obtained a 
decrease in barrier properties and identified the need to increase 
the diffusion of it in the polymeric matrix to enhance films' 
permeability.

3.2.6   |   FTIR for Films

In Figure 8, an intensity peak can be observed at 2900–3000 cm−1, 
corresponding to the absorption of the cyclohexene group. This 
overlaps with the characteristic broad   CH absorption peaks of 
PLA and PHB [82–84]. The FTIR curves also display an inten-
sity peak at 1760–1750 cm−1, consistent with findings reported 
by other authors and identified as the asymmetric stretching of 
the carbonyl group (C  O), attributed to the lactide unit in PLA.

Samples with 25% PHB content obtained curves with peak 
vibration at the intensities between 1740 and 1710 cm−1 

TABLE 6    |    OTR values.

Samples OTR (cm3 m2 day−1) e (μm) OTR-e (cm³·mm·m−2·day−1)

PLA 412 42 17.3

PLA-PHB (B) 303 35 10.6

B-2.5MCO 271 45 12.2

B-MCO-1nBT 162 52 8.4

B-MCO-3nBT 563 17 9.5

B-MCO-1nYM 220 52 11.4

B-MCO-3nYM 383 41 15.7

FIGURE 7    |    WVTR results of formulations (humidity 90%, tempera-
ture 23°C).
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characteristic vibration of crystalline carbonyl groups C  O and 
amorphous carbonyl vibration of PHB, respectively [85, 86]. 
Vibration at 1450 cm−1 band observed is associated with CH3 
group. The region of symmetric peak deformation bands cor-
responds to   CH, appeared at 1380 cm−1 and asymmetric peak 
deformation bands at 1360 cm−1 of PHB. According to the PHB 
structure, a vibration band is found at 1220 cm−1 corresponding 
to the C  O  C stretching in the crystalline region, and another 
at 1260 cm−1 attributed to C  O  C stretching in the amorphous 
region. In addition, the C  O stretching band of the   CH  O  
group at 1180 cm−1 nearly disappears. The region between 1000 
and 800 cm−1 shows deformation vibration of   CH groups 
[87–89].

The FTIR spectrum of the sample containing MCO exhibits a 
C  H vibration band at 2990 cm−1, attributed to aliphatic func-
tional groups, with an increase in band intensity. Similarly, 
upon incorporation of MCO, a broadening of the carbonyl (C  O) 
bands at 1755 cm−1 is observed, possibly indicating the forma-
tion of an extended hydrogen-bonding network between MCO 
and the matrix. In the same region, a slight shift toward higher 
frequencies is noted, which may be due to increased chemical 
rigidity resulting from MCO interactions. Additionally, in-
creased band intensity is observed for the 1755 cm−1 carbonyl 

bands and for the ester (C  O  C) groups located between 1450 
and 1000 cm−1. These changes may be attributed to the forma-
tion of new interactions or enhanced molecular mobility. The 
observed shifts and intensity changes in the MCO-related bands 
suggest that MCO acts both as a plasticizer and a compatibilizer. 
These findings are supported by the DSC curves, although these 
effects were questioned after the increase in Young's Modulus 
observed in tensile tests.

The incorporation of nBT led to an increase in band inten-
sities, with higher nanoparticle content resulting in greater 
intensity. This may indicate chemical alterations and en-
hanced interactions between nanoparticles and the matrix. 
Additionally, an increase in band intensity is observed, poten-
tially reflecting the formation of a hydrogen-bonding network 
between the blend components. Band shifts toward lower fre-
quencies are also noted, which could result from a reduction 
in bond energy due to attractive interactions or the formation 
of an extended hydrogen-bonding network, as previously ob-
served [90, 91].

For nYM, an increase in both band intensity and width is ob-
served compared to the initial blend. However, these nanopar-
ticles exhibit lower band intensities than the nBT formulations, 

FIGURE 8    |    FTIR spectrum the initial films blends (a), formulations with plasticizer and nBT wt.% nanoparticles composites (b), and formula-
tions with plasticizer and nYM wt.% nanoparticles composites (c) (resolution 4 cm−1, range 4000–650 cm−1, scans 15). [Color figure can be viewed at 
wileyonlinelibrary.com]
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as well as slight variations among formulations with different 
nanoparticle concentrations. This could be attributed to weaker 
interactions and reduced hydrogen-bond formation. The differ-
ence between formulations could be due to the variations in the 
composition and the size of nanoparticles. It is worth noting that 
the increased intensity and bandwidth of carbonyl (C  O) groups 
in PLA could be influenced by the carboxylic acid (  COOH) 
groups present in the vegetal residues, leading to band shifts to-
ward lower frequencies and enhanced interactions among the 
two components [92, 93].

3.2.7   |   Field Emission Scanning Electron Microscopy 
(FESEM)

The PLA FESEM image (Figure 9a) exhibits a smooth and uni-
form surface, typical of brittle polymers. The incorporation 
of PHB and 2.5 wt.% of MCO (Figure  9b) induces a rougher 
surface with shallow craters. The addition of nYM further in-
creases the surface cavities (Figure 9c,d). In contrast, the incor-
poration of nBT leads to a significant decrease in the number 
of cavities compared to the other formulations, especially those 

FIGURE 9    |    FESEM images of the cryofracture of films at different magnifications: (a) Neat PLA, (b) B-2.5MCO, (c) B-MCO-1nYM, (d) B-MCO-
3nYM, (e) B-MCO-1nBT, and (f) B-MCO-3nBT (Voltage 1.5 KV).
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containing nYM (Figure 9e,f). This morphological change may 
be reflected in the mechanical properties (Table 3) as the nBT 
formulations show a greater reduction in properties, including 
elongation at break. This could be attributed to nanoparticle 
aggregation, which reduces chain mobility and acts like stress 
concentration points. This behavior becomes more pronounced 
as the nanoparticle concentration in the polymer matrix in-
creases. The changes in the samples fracture surface were 
identified by other authors, observing similar rough morphol-
ogy and increase of cavities after nanoparticles incorporation 
[31, 94, 95].

3.2.8   |   Disintegration Under Composting Conditions

Mass variation during aerobic degradation related to formulated 
materials was evaluated and compared with the initial blend 
when different wt.% of nanoparticles were added. As expected, 
all samples (Figure 10) showed a loss of transparency on Day 7 
of the test due to the breakage of PLA chemical bonds caused 
by the water molecules [96, 97]. The visual appearance of sam-
ples (Figure 11) and the degree of disintegrability indicate that, 
during the initial days, only fragmentation of the films and 
changes in hue were observed.

Also, no significant mass loss was observed in the first 10 days. 
However, by Day 14, a progressive increase in degradation 
was observed, particularly in the plasticized formulation 
(B-2.5MCO), which exhibited over 30% mass loss, while the re-
maining samples showed a degree of disintegration below 20% 
on the same day. The addition of PHB delayed the degradation 
process of PLA, mainly due to an increase in PLA crystallin-
ity induced by the PHB. It is well known that PLA disintegra-
tion begins in amorphous regions. Moreover, the addition of 
nanoparticles caused an even greater delay in the degradation 
of the formulated materials between the first and second week. 
For instance, on day 18, PLA exhibited 50% disintegration, 
whereas formulations containing nBT showed disintegration 
percentages of approximately 40% and 15% for 1 nBT and 3 nBT, 
respectively. In the case of nYM, the samples reached 14% and 
25% of disintegration on the same day for 1 nYM and 3 nYM, 
respectively.

On day 25, PLA and formulations with nBT overpassed 90% of 
disintegration (currently considered the target of disintegrability 
percentage according to ISO 20200 standards); meanwhile, formu-
lations with nYM reached this target after day 30. It is known that 
enzymatic oxidation plays a key role in tea processing; therefore, 
the levels of oxidation and fermentation determine tea quality [98]. 
In this case, the greater delay in disintegration of the formulated 
materials with nYM, compared to those with nBT, could be associ-
ated with the higher concentration of antioxidant components in 
nYM, which results from fully fermented leaves, as compared to 
nBT [98, 99]. The delay observed in the second half of the compost-
ing test may be due to the good interaction between the added ma-
terials, which contributed to a compact matrix that reduces water 
penetration. While MCO promotes initial chain mobility, the incor-
poration of nanoparticles counterbalances this effect by reinforcing 
the matrix. This behavior is similar to that observed in the OTR 
test, suggesting on one hand that small samples have fewer micro-
spheres on the surface and on the other hand highlighting the need 
to achieve better nanoparticle dispersion to reduce the permeability 
values. Nevertheless, the disintegrability values under composting 
conditions meet the requirements for sustainable materials.

The slower degradation observed in the second half of the test 
after the incorporation of nanoparticles can be considered bene-
ficial from an environmental standpoint, depending on the type 
of application and the intended life cycle of the product. In one 
scenario, a delayed disintegration in the final stages may help 
preserve the material's structural integrity, as long as biodeg-
radation is eventually achieved in compliance with regulatory 
standards, avoiding accumulation of plastic residues. In a sec-
ond scenario, for single-use applications, a higher degree of dis-
integration may be preferable. Therefore, the observed behavior 
is considered acceptable, as the delay in the degradation rate 
under composting conditions complies with the criteria of the 
standard used to classify a polymer material as biodegradable.

4   |   Conclusions

The extraction process of nanoparticles from infusion beverage 
waste was successful and aligned with the concept of the circu-
lar economy and waste minimization. Utilizing residues as raw 

FIGURE 10    |    Evolution of the mass, in percentage, of the samples as a function of composting time of (a) initial materials and with nBT nanopar-
ticles, (b) initial materials and with nYM nanoparticles (incubation temperature 58°C). [Color figure can be viewed at wileyonlinelibrary.com]
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materials contributes to sustainability by replacing the use and 
synthesis of petroleum-based additives. Furthermore, the meth-
odology employed adheres to key principles of green chemistry, 
avoiding the use and generation of toxic compounds, and is eas-
ily replicable for various organic waste materials.

Thermal characterization showed that nanoparticle incorpo-
ration slightly delays the onset of degradation temperature. 
However, the Tmax values exhibit a smaller shift, with a higher 
decrease observed at 3 wt.% of nanoparticle content. The DSC 
results reveal molecular interactions between the compounds, 
such as the decrease in Tg due to the plasticizing effect of MCO, 
and a reduction in the main thermal transitions, promoting im-
proved ductility in the nanoparticles-containing formulation. 
The combination of MCO and nanoparticles results in enhanced 
thermal stability, allowing for possible processing.

The molecular interactions of these nano-biocomposites were 
also analyzed using FTIR, which indicated improved interfa-
cial interactions and enhanced compatibility between phases. 
Although this interaction is expected to improve mechanical 
properties, the incorporation of nanoparticles led to a partial 
reduction of the ductility improvement provided by the plasti-
cizer. This behavior could be attributed to the limited dispersion 
of nanoparticles; however, formulations containing nanoparti-
cles still achieve more ductile properties compared to the initial 
PLA-PHB blend.

Moreover, nanoparticle-containing formulations showed an 
increase in WVTR values, likely due to poor dispersion of the 
nanoparticles, which tend to agglomerate. This behavior may 
result in micropore formation by nature, facilitating the trans-
mission of water molecules. Nevertheless, the nanoparticles 

FIGURE 11    |    Visual images of samples analyzed in disintegration under composting conditions (incubation temperature 58°C). [Color figure can 
be viewed at wileyonlinelibrary.com]
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demonstrated high performance as potential oxygen barriers, an 
essential property for a functional packaging material.

Surface analysis using FESEM revealed a transition from a 
smooth surface to one with visible cavities. Under compost-
ing conditions, the disintegration of the nano-biocomposites 
was delayed by approximately 1 week compared to the 
control blend. This suggests that the nano-biocomposites de-
veloped a more resistant structure against microbial attack, 
reaffirming the potential barrier properties against water 
penetration.

Development of these materials generates a positive envi-
ronmental impact by utilizing nanocomposites to reduce the 
amount of virgin material used and repurposing waste to 
create biodegradable materials that facilitate the ecological 
transition. This approach reduces the use of petrochemical-
based polymers and additives while minimizing plastic waste 
generation.

The characterization results suggest that the developed materials 
could serve as an alternative to pure PLA and other biopolymers 
in food packaging applications where controlled permeability is 
required, such as packaging for fruits and vegetables that benefit 
from respiration and moisture exchange. To further enhance the 
performance of these materials, improvements in nanoparticle 
dispersion prior to processing are recommended, such as using 
ultrasound to blend nanoparticles with the plasticizer. Overall, 
this study proposes a sustainable and innovative approach to 
improving the functional and environmental performance of 
biodegradable packaging materials through the valorization of 
post-infusion biomass.
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