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Abstract
The utilization of biopolymers as a packaging material has received enormous attention, owing to the arising pressure on 
global warming and environmental pollution. Polylactic acid (PLA) is identified as a promising biopolymer with good 
processability amidst other biopolymers. However, due to its poor barrier property and brittle nature, its use is limited. 
To alleviate the properties of polymer composites, plasticization and reinforcement with nanoparticles are carried out in 
this study. Nanoparticles derived from naturals resources (almond shell wastes) are utilized for the present research due to 
the ecological concerns associated toward the usage of synthetic nanoparticles. Almond shell nanoparticles with an aver-
age particle size of 197 nm were prepared by ball milling and then ultrasonication. The influence of plasticizers, such as 
glycerol, sorbitol, polyethylene glycol, clove oil and polycaprolactone on the properties of biodegradable PLA films was 
investigated. The results revealed that PLA films blended with 10% (by w/w) naturally derived clove oil improved the elon-
gation by 377.19% and the tensile strength up to 19.75 MPa. The PLA composite films with varied proportions of almond 
shell waste nanoparticles (0.25–1.0% by wt) were developed. At optimum loading, the tensile strength of PLA/0.75% (by 
wt) nanoparticle film increased to 25.09 MPa, and its water vapor permeability was reduced to 0.25 × 10–10  gPa−1  s−1  m−1 
with the addition of 1% filler. The PLA films incorporated with nanoparticles displayed low transparency, increased water 
solubility and biodegradability compared to a neat PLA film. The results obtained demonstrated that the PLA developed, 
using almond shell wastes, is a better alternative to synthetic plastics in the packaging industries.
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Introduction

Polymers for food packaging applications have come across 
several evolutionary periods with the hope of developing 
packaging materials that have good properties and ecof-
riendly characteristics [1]. Traditional synthetic polymers 
were considered as ideal materials for food packaging appli-
cations; however, they have been causing serious damage 
to the environment in terms of exhaustion of fossil fuels, 
pollution and release of greenhouse gases [2, 3]. As much 
as 45% of these synthetic plastics are used in disposable 
food packaging that leads to the accumulation of municipal 
solid waste [2]. In this regard, a significant research has been 
oriented toward improving the properties of biopolymers to 
replace synthetic food packaging materials.

In an effort to develop a sustainable polymer that can 
possibly reduce the dependency on synthetic plastic, a num-
ber of ecofriendly biopolymers has come into play [4–7]. 
Polylactic acid (PLA) is one such thermoplastic biopoly-
mer synthesized from lactic acid that has innate advantages, 
comprising of excellent mechanical properties, environ-
ment friendly nature, abundant availability, transparency, 

biocompatibility, resistance to ultraviolet rays, hydropho-
bicity and processability at a reasonable cost, making it an 
appropriate aspirant for replacement of fossil fuel-based 
polymers [8]. It is also recyclable, compostable and glob-
ally safe as it is free of greenhouse effect and it is approved 
by Food and Drug Administration, United States [9]. Despite 
the promising features of PLA, its application is limited due 
to poor barrier properties, low impact strength and brit-
tleness of its films [10–12]. The most viable approach to 
improve the processability of PLA is by either copolymeri-
zation, grafting with other polymers, and addition of bio-
fillers or by inclusion of plasticizers [13]. Among which 
plasticization and addition of biofillers have been shown to 
be simple and cost-effective methods to improve the flex-
ibility and durability of PLA materials [14]. Plasticizers are 
widespread additives that are used to reduce the viscosity 
of the materials, thereby increasing the mobility between 
the molecules and increasing their workability [15]. Addi-
tion of plasticizer in PLA reduces the free volume in the 
polymer matrix and increases the flexibility of films. How-
ever, this strongly depends on the compatibility of the plasti-
cizer and the polymer matrix. But the addition of plasticizer 
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consequently decreases the tensile strength and modulus of 
the films. Therefore, to balance the elongation and tensile 
strength of the films, a synergistic effect is required. One 
such possible strategy to achieve both these aspects is to 
prepare a plasticized PLA film reinforced with, a nanopar-
ticle. Recent studies prove that the properties of pure PLA 
can be varied with the help of a different type of natural or 
biofillers, thereby designing a new class of materials called 
“biobased composites” [16]. As a result, currently, the use 
of natural biofillers over synthetic fillers has gained interest 
among researchers due to ecological concerns. Currently, 
researchers have been using biofillers obtained from natural 
fibers in polymeric matrices to improve their properties for 
producing biodegradable, low cost and ecofriendly compos-
ites [17, 18]. The dispersion of these nanofillers in polymeric 
matrices has proved to improve the mechanical, electrical, 
thermal and moisture resistance properties of the polymer 
[19].

Recent advances in nanotechnology have attracted the 
search for green and energy-efficient processing routes for 
synthesizing nanomaterials. Conventional acid hydrolysis, 
although promising, has drawbacks such as complexity of 
the process and low production yield, making it impracti-
cal for large-scale production. Therefore, fabrication of a 
new strategy is required. As per the 2016 statistics, around 
3.21 million tons of almonds were reported to be produced 
globally [20]. However, the remaining parts of the almond 
fruit, such as the middle shell, almond hull and seed coat are 
considered agricultural wastes. Almond shells are regarded 
as a renewable lignocellulosic material. It is composed 
of cellulose of 38.47 ± 0.39% (by wt), hemicellulose of 
28.82 ± 0.25% (by wt), and lignin of 29.54 ± 0.11% (by wt), 
respectively [21]. These shells are usually either dumped or 
incinerated, causing environmental pollution [22]. There-
fore, to prevent these, various research works have been 
carried out using these shells [23–26]. With the growing 
demand to develop ecofriendly composites to reduce envi-
ronmental issues, these almond shells can be used as biofiller 
in the polymer matrix. Few researchers have utilized these 
almond shell biofillers for use in commodity plastics like 
epoxy [27], polyethene [28], and polypropylene [29]. This 
research is focused on utilizing the biofiller derived from 
almond shell wastes on biopolymer PLA to replace the use 
of conventional plastics.

In this context, to synergistically increase the tensile 
and elongation property of the PLA film, a study has been 
attempted on plasticization and addition of nanoparticle in 
PLA films. A novel strategy is developed to prepare nano-
particles from almond shell waste through a mechanochemi-
cal approach. This study attempts to combine ball milling 
with ultrasonication for producing nanomaterials without 
minimizing the product yield at a reduced cost. Size reduc-
tion is achieved in ball milling through the application of 

kinetic energy to the material wherein materials are frac-
tured to break their chemical bonds and produce new sur-
faces without minimizing the product yield. Therefore, this 
mechanochemical process promises to result in unique nano-
structures with higher yield, while their potential as nanofill-
ers in PLA film.

Experimental

Materials

Almond shells were collected from local vendors (Chennai, 
India). Polylactic acid (PLA) in pellet form with content of 
94% L-lactic acid and 6% D-lactic acid was purchased from 
Natur-Tec, USA. The purchased film grade PLA was of spe-
cific gravity 1.3–1.4 g/cm3 with a melting point of 110–120 
ºC. Polyethylene glycol (PEG), glycerol (anhydrous extra 
pure AR, 99.5%), sorbitol (monostearate extra pure), clove 
oil (extra pure AR, 99.8%), polycaprolactone (extrapure 
AR, 99.8%), Tween80, sulphuric acid, and calcium chlo-
ride were supplied by Sigma-Aldrich (Bangalore, India). 
Dichloromethane (extra pure AR, 99.5%) was procured from 
Fischer Scientific.

Effect of plasticizer incorporation on PLA‑based film

PLA pellet was added to dichloromethane (DCM) in a solid/
liquid ratio of 1:50 and continuously stirred in a magnetic 
stirrer for 1 h. Tween80 (10%) was added as surfactant and 
stirring was continued. Plasticizer [glycerol, sorbitol, clove 
oil, polyethylene glycol (PEG) and polycaprolactone (PCL)] 
at various concentrations (2.5–15% w/w) were added to the 
film solution and stirred for 4 h. The solution was cast on 
a glass plate and was dried overnight at ambient conditions 
[30]. The films were then conditioned at 25 °C at 50% RH 
for 2 days prior to analysis. The plasticizer effect on the 
improvement of mechanical, optical, barrier, thermal and 
biodegradability was studied.

Preparation of almond shell nanoparticles (ANP)

The powdered almond shell was ball-milled using a plan-
etary ball milling machine with seven alumina balls of the 
same diameter (~ 15 mm). Two grams of the sample and 
20 mL of 1% sulphuric acid were added to the ceramic bowl 
along with the alumina balls. The mixture was milled at 
300 rpm for 3 h. The obtained slurry was diluted with dis-
tilled water till it reached neutral pH and was then filtered. 
The residue retained on the filter paper was oven-dried at 50 
̊ C overnight. The dried sample was ultrasonicated using a 
12 mm probe at 20 kHz frequency in distilled water for 2 h. 
The suspension was lyophilized for further analysis.
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Preparation of PLA/ANP films

PLA films reinforced with almond shell nanoparticles were 
prepared using the solvent casting method. ANP was soni-
cated in 20 mL of DCM for 10 min. The PLA, Tween80 and 
a suitable plasticizer were added to DCM and a casting solu-
tion was prepared under magnetic stirring at room tempera-
ture. In the case of PLA/ANP films, sonicated ANP solution 
was added to the PLA solution in various loadings (0.25, 0.5, 
0.75 and 1% by wt) and kept under constant stirring for 4 h. 
Next, the solutions were cast into glass Petri plates and dried 
at room temperature overnight. The Petri dishes were stored 
at 25 ̊ C at 50% RH for 2 days prior to analysis.

Characterization of nanoparticles

Fourier‑transform infrared spectroscopy (FTIR)

FTIR spectra for the untreated almond shell sample and the 
ball-milled sample were determined using an FTIR 6300 
instrument (Jasco, Japan) with 0.07  cm−1 resolution over 
4000–800  cm−1 range.

Particle size distribution

The particle size distributions of the dried ball-milled sam-
ple and the ultrasonicated sample were measured using 
an LA-950 type laser scattering particle size distribution 
analyzer (Horiba, Japan). In this method, the particle size 
was estimated by determining the intensity and the angle of 
the diffracted and scattered light by irradiating the sample 
with the laser light and converting the data into particle size 
distribution.

Scanning electron microscopy (SEM)

Morphological characterization of almond shell nanopar-
ticles was carried out using SEM TESCAN Vega 3 SBU 
model. ANPs were sputter-coated with a thin layer of 
gold before microscopic observations. The SEM images 
were taken at an accelerating voltage of 10 kV at various 
magnifications.

Characterization of film property

The physical properties of the above film casting solutions 
were studied to determine their density and viscosity.

Mechanical properties

The tensile property of films was estimated using a universal 
tensile tester (International Equipments, Mumbai, India) as 
per ASTM D882. Rectangular-shaped specimens of sample 

having a width of 25 mm were tested at a crosshead speed 
of 50 mm/min with a gauge length of 100 mm [31]. The 
thickness of films was measured at five different points on 
each film surface using a thickness gauge and the average 
was taken.

Optical properties

Film transparency was observed using a spectrophotometer 
at 560 nm according to ASTM D1746 [29].

Water solubility (WS)

Film samples (each 2 × 2  cm2) were cut and dried in an oven 
at 105 °C for 24 h, and were weighed  (W1). Then, the films 
were stirred in 15 mL distilled water at room temperature 
(25–28 ºC) for 24 h. Later, the samples were filtered through 
Whatman No.1 filter papers. The insolubilized fraction was 
dried at 105 °C for 24 h, and weighed  (W2) [32]. The WS of 
the films was determined using the following equation (1):

Water vapor permeability (WVP)

WVP is a vital factor in designing a food packaging mate-
rial as water can result in microbial growth and deteriora-
tive reaction [15]. WVP tests were performed as per ASTM 
(1996) method E96. The film was wrapped over a perme-
ation cell of circular opening 0.000201  m2. The cell was 
stored at 25 °C and 75% RH was maintained in the humid-
ity chamber. Anhydrous calcium chloride (0% RH) was 
placed inside the cell [33]. After the permeation tests, the 
film thickness was measured and WVP (g  pa−1  s−1  m−1) was 
calculated as given in equation (2):

WVTR is the water vapor transmission rate, d is the film 
thickness, S is the saturation vapor pressure of water (Pa) 
at testing temperature (25 ºC), R: is the RH in the humidity 
control chamber, R2 is the RH in the permeation cell.

Thermal stability

Thermogravimetric analysis (TGA) was carried out on TGA 
Q50-USA model in a nitrogen atmosphere. 5 mg of film 
sample was heated from room temperature to 700 °C at a 
rate of 20 °C/min under a gas flow rate of 30 mL/min, and 
weight loss of the samples against temperature was recorded 
[30].

(1)WS (%) = 100
(

W1 −W2

)

∕W1.

(2)WVP = WVTR × d∕S
(

R1 − R2

)

.
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Biodegradability test

Soil burial degradation tests were carried out as described 
by [34]. The microflora naturally present in the soil was used 
for degrading the films. Film samples were cut into 2 × 10 
 cm2. These samples were then placed in different plastic 
boxes of 80 × 15 × 10 cm dimensions. These plastic boxes 
were filled with soil of pH nearly 6.7. The film samples 
were then buried in the soil at a depth of 8 cm from the 
surface of the soil. These plastic boxes containing the sam-
ples were stored at room temperature (28 ºC) to 35 ºC with 
controlled soil humidity (20% to 40%) by sprinkling with 
water at regular time intervals after an interval of 5 days; 
the films were again weighed after degradation. The weight 
loss (WL) of each film sample was obtained using the fol-
lowing formula (3):

where M0 is the weight of dry film before degradation and 
M1 is the weight of dry film after degradation. Weight loss 
was measured for a span of 30 days.

Statistical analysis

Experiments were carried out in triplicate and represented 
in the form of Mean ± S.D. Ordinary one-way ANOVA was 
used for statistical analysis followed by Duncan’s post hoc 
test. The significant difference was estimated with a confi-
dence interval of 95% (p < 0.05).

(3)WL (%) = 100
(

M0 −M1

)

∕M0,

Results and discussion

Almond shells were dried, ground and sieved to uniform 
size. Almond shell nanoparticles were prepared by a mecha-
nochemical approach, in which ball milling was carried out 
in dilute acid concentration with subsequent ultrasonica-
tion. This novel strategy eliminates the usage of concen-
trated acids for nanoparticle synthesis, thereby reducing 
the complexity of the process, minimizing the processing 
cost and preventing the degradation of cellulosic content in 
the almond shells. The obtained almond shell nanoparticles 
were weighed to estimate the product yield and a nanopar-
ticle yield of 88.23% was obtained after the process. These 
nanoparticles were characterized and used in PLA film 
fabrication.

FTIR analysis

The infrared spectra of the untreated almond shell pow-
der and ball-milled ultrasonicated ANP were analyzed and 
plotted within 4000–800  cm−1 range and represented as in 
Fig. 1. The wide-band in the range of 3348  cm−1 shows 
the presence of stretching vibrations of the hydroxyl (–OH) 
groups [35]. The peak at 1739  cm−1 attributes to the car-
bonyl (C=O) groups due to the presence of carbonyl alde-
hyde groups and acetyl esters of hemicellulose and lignin. 
In the case of the treated sample, the intensity of the peak 
at 1739  cm−1 representing the carbonyl (C=O) groups is 
largely reduced, which represents the removal of major 
lignin and hemicellulose content from the sample [36]. This 

Fig. 1  FTIR spectrum of 
almond shell and almond shell 
nanoparticle
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confirms that the mechanochemical approach has resulted in 
major removal of lignin and hemicellulose under dilute acid 
concentration, leaving only traces of lignin and hemicellu-
lose in the treated sample. The absorption band at 1451  cm−1 
has been reported for the asymmetric deformation vibration 
of the methyl group [37]. The peak at 1368  cm−1 represents 
the C–H bending. This peak is stronger in the untreated sam-
ple compared to the treated sample because of the C–CH3 
stretching present in the acetyl groups of hemicellulose, as 
it is reduced after the treatment [38]. Furthermore, the peak 
at 1239  cm−1 depicts the C–O stretching vibrations of the 
acyl group available in the lignin. This peak was reduced in 
the treated sample, which represents the removal of hemi-
cellulose and lignin in the treated sample [39]. The band 
at 1035  cm−1 was found to be attributed to the C–O and 
C–C stretching of cellulose [40]. The FTIR spectral analysis 
confirms that a significant reduction in hemicellulose and 
lignin content is observed after ball milling and ultrasonica-
tion. Therefore, a major portion of amorphous molecules is 
removed after the treatment.

Particle size distribution

The particle size distribution of almond shell particles after 
ball milling is tabulated in Table 1 and illustrated in Fig. 2. 
The mean size of almond shell particle after ball milling 
was determined to be 17.3 ± 4.5 μm. Mechanical disrup-
tion through ball milling has resulted in disintegration of 
almond shells to micro-sized particles. In this phenomenon, 
the almond shell particles undergo a strong high energy 
impact due to the prevailing collision between the alumina 
ball and the container wall. This collision of the particles 
that occurs in a dilute acid environment creates a number 
of microstructural alterations into the particles, leading to 
erosion of amorphous compounds. This progressive crea-
tion of collision results in crystallite size refinement [41]. 
In the next treatment, ultrasonication was performed to fur-
ther refine the particles. The particles size of ball-milled 
and ultrasonicated sample represents that the average size of 
the particles reduced from 17.3 ± 4.5 μm to 197.2 ± 20.8 nm 
on intense ultrasonication. This shows that the size of the 
particles after ultrasonication reduced further down in com-
parison to that of the ball-milled sample. During ultrasonica-
tion, further erosion of amorphous compounds occurs due 
to the growth and collapse of microbubbles, creating shock 
waves in the dispersed particles thus largely contributing to 
the particle size reduction [42]. It was found that the size of 
the particles was greater than the nanoscale, which could be 
due to agglomeration of the particles in the sample due to 
the presence of strong hydrogen bonds [43].

Morphological analysis

The surface morphology of the almond shell powder and its 
structure after ball milling and ultrasonication treatments 
were studied using SEM as shown in Fig. 3. The almond 
shell powder prior to any treatments has a smooth, sheet-like 
structure as observed in Fig. 3a. This structure is broken 

Table 1  Particle size distribution of treated almond shell

Particle size distribution for ball-milled sample
 Median size: 17.3 μm

Diameter on cumulative %
 D10: 10%–5.9 μm
 D50: 50%–17.3 μm
 D90: 90%–108.3 μm

Particle size distribution for ball-milled sample and ultrasonicated 
sample

 Median size: 197.2 nm
Diameter on Cumulative %
 D10: 10%–105 nm
 D50: 50%–197 nm
 D90: 90%–337 nm

Fig. 2  Particle size distribution of a ball-milled sample and b ball-milled ultrasonicated almond shell nanoparticle
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down into separate microparticles by the ball milling pro-
cess as shown in Fig. 3b. During the ball milling process, 
mechanical disruption is facilitated in a slightly acidic 
medium, which promotes the removal of the amorphous 
regions of the almond shell particle [44]. A wide distribution 
of particle size of the ball-milled sample can be observed 
with irregular sphere-like structures. The surface morphol-
ogy of ANP after the ultrasonication process is illustrated 
in Fig. 3c. It can be observed that the almond shell particle 
size has reduced to a greater extent compared to the particle 
size after the ball milling by further removal of amorphous 
regions along the axial direction of the particle through 
ultrasonic cavitation [42].

Characterization of film property

The change in property of casting solution on addition 
of plasticizer was studied by measuring the density and 
viscosity of the casting solution (Table 2). Addition of 

plasticizer was found to decrease the viscosity of casting 
solution, thereby increasing its flexibility. The ANP parti-
cles obtained were reinforced in PLA film to enhance the 
mechanical and barrier property of the films. Since the 
incorporation of nanofillers tends to increase the rigidity 
of the films, a study on the plasticization of films was done 
prior to reinforcement to increase the elongation of the 

Fig. 3  Surface morphology 
of a almond shell powder, b 
ball-milled almond shell, and c 
ball-milled and ultrasonicated 
almond shell

Table 2  Properties of casting solution

Casting solution Density (g/cm3) Viscosity (mPa s)

PLA 1.306 2.402
PLA + PEG (10%) 1.305 2.198
PLA + Glycerol (10%) 1.303 2.283
PLA + Sorbitol (10%) 1.296 2.185
PLA + Clove oil (10%) 1.301 2.009
PLA + Polycaprolactone (10%) 1.304 2.214
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film. Fabricated films were further analyzed to test their 
biodegradability and thermal stability.

Mechanical properties

The study of the mechanical properties of PLA films is a 
subject of great concern due to their impact on product per-
formance and consumer acceptance. Pure PLA is relatively 
rigid with higher tensile strength and more brittle with a 
lower percentage of elongation. The addition of plasti-
cizer softens the film by reducing the intermolecular forces 
between the chains of PLA [15].

It is observed that the addition of plasticizers glycerol, 
sorbitol, clove oil, PEG and PCL at various concentrations 
of 2.5, 5.0, 7.5, 10.0, 12.5 and 15.0% (by w/w) had a sig-
nificant impact on film property. Tensile strength signifi-
cantly decreased on addition of plasticizer with probability 
value p < 0.05. A maximum tensile strength of 20.33 MPa 
was observed when PEG (12.5% by w/w) was used as plas-
ticizer (Table 3). The OH groups present in PEG formed 
hydrogen bonding with PLA, which led to increased ten-
sile strength. The addition of glycerol, sorbitol, clove oil 
and PCL significantly reduced the tensile strength to 16.32, 
9.26, 12.3, 8.13 MPa, respectively. Elongation of the films 
significantly increased on addition of plasticizer (p < 0.05) 
and an exponential increase in elongation was observed as 
the concentration of plasticizer increased from 2.5 to 15.0%. 
Pure PLA films showed an elongation of 284.97%. The 
addition of PEG increased the elongation to 357.71%, and 
glycerol and sorbitol increased the elongation to 298.96% 
and 169.05%, respectively. The addition of polyols such as 
glycerol, sorbitol and PEG weakens the molecular interac-
tions between the PLA polymers, and thus increases the 
free volume between the polymeric chains, enhancing the 
elongation of the developed films. PLA films showed a sig-
nificant reduction in elongation (16.64%) on the addition 
of PCL as the plasticizer. The highest elongation-at-break 
(up to 377.19%) is seen when clove oil [10% (w/w)] is used, 
because it increases the free volume, eases the chain mobil-
ity of PLA and reduces the intermolecular forces between 
the PLA molecules. Among the other plasticizers, naturally 
derived clove oil has proven to significantly increase the 
elongation of the PLA films with only a slight decrease in 
tensile strength. Similar results have been confirmed in vari-
ous researches using PLA and clove oil, where such films 
also exhibit strong antimicrobial and antioxidant properties, 
as reported in the literature [45, 46]. Further study was car-
ried out using 10% clove oil as a plasticizer, which showed 
a higher elongation percentage with a minimum decrease 
in tensile strength of films compared to other plasticizers.

On the other hand, the addition of ANP to the PLA films 
significantly improved the tensile strength to 25.09 MPa 
(p < 0.05) as the nanoparticle loading increased up to 0.75% 

(Table 4), and similarly a slight decrease in elongation-at-
break was observed as the concentration of ANP increased 
in the films. The elongation-at-break decreased from 377.19 
to 368.24% due to the addition of ANP to the clove-plasti-
cized PLA films. Higher reinforcement with nanoparticles 
creates a higher contact surface between ANP and PLA, 
thereby increasing the hydrogen bonding and Van der Waals 
bond of the molecules in the polymeric film and strengthen-
ing the molecular forces between them [47]. The amount of 
one percent of ANP was found to reduce tensile strength 
because excess particle distribution results in agglomeration 
and cluster formation of similar nanoparticles, thus disrupt-
ing the PLA matrix.

Optical properties

Transparency (TR) of a film is an important factor when it is 
applied for food packaging. The films obtained in this study 
were homogenous and transparent. From the result observed 
in Table 3, the transparency of films significantly reduced 
from 85.2% (pure PLA) to 67%, 65%, 64% and 55.2% with 
the addition of PEG, glycerol, sorbitol and PCL plasticizers, 
respectively. Clove oil (2.5% by w/w) showed the highest 
transparency (78%) than other plasticizers incorporated into 
the PLA films. A similar observation was reported by [48]. 
As the concentration of plasticizer increases, there is a drop 
in transparency, due to the crystal formation in PLA and also 
due to the increase in oil droplets in the clove oil-plasticized 
PLA matrix that interrupts the light passage. The addition 
of 1% ANP was also seen to decrease the film transparency 
significantly (p < 0.05) to 66.4%, because transparency is 
affected by the arrangement of amorphous and crystalline 
polymeric units, which are often seen in natural polymers 
like cellulose that is largely present in ANP [49]. These 
translucent packaging materials can be used for packing 
light-sensitive products [30, 45].

Water solubility

Water solubility of films is an important factor when it 
comes to packing of food products. Minimum water solu-
bility is essential for food storage as it might affect the shelf 
life of foods. It is well known that PLA is insoluble in water. 
From the results observed in Table 2, 15% (by w/w) clove 
oil showed a minimum water solubility of 3.2%, whereas 
the addition of other plasticizers significantly increased the 
water solubility (p < 0.05). Maximum solubility of 22.2% 
was observed with the addition of 15% PEG. Addition of 
glycerol, sorbitol, PCL also increased the water solubility 
by14.5%, 14.1% and 18.6%, respectively, due to the pres-
ence of hydrophilic groups in the plasticizers [50]. Com-
pared to the other plasticizers, films prepared using clove oil 
shows reduced water solubility of 3.2% due to an increase 
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Table 3  Effect of plasticizers on PLA-based films

Film composi-
tion

Average 
thickness 
(mm)

Tensile strength 
(MPa)

Elongation-at-break 
(%)

Optical property 
(%)

Water solubility 
(%)

Water vapor 
permeabil-
ity  ×  10–10 (g 
 Pa−1  s−1  m−1)

Biodegradation 
test (%)

PLA 0.091 20.34 ± 4.22 284.97 ± 42.41 85.2 ± 12.5 7.2 ± 1.5 2.29 ± 0.33 15.0 ± 1.7
PLA/PEG 2.5% 0.086 13.65 ± 2.12 128.87 ± 23.21**** 77.4 ± 11.2 13.4 ± 2.2 1.44 ± 0.13 15.8 ± 0.7
PLA/PEG 5.0% 0.088 14.46 ± 3.24 176.81 ± 31.01* 75.0 ± 11.3 14.9 ± 2.2 1.41 ± 0.32 16.9 ± 1.2
PLA/PEG 7.5% 0.087 15.30 ± 3.33 296.41 ± 42.91 73.5 ± 11.7 16.6 ± 3.5* 1.36 ± 0.21 18.2 ± 2.7
PLA/PEG 

10.0%
0.085 16.44 ± 2.11 316.55 ± 52.21 71.0 ± 12.1 19.7 ± 3.4*** 1.33 ± 0.42 20.0 ± 1.1

PLA/PEG 
12.5%

0.085 20.33 ± 5.16 357.23 ± 52.82 69.8 ± 9.2 21.1 ± 4.3**** 1.30 ± 0.64 22.5 ± 2.4**

PLA/PEG 
15.0%

0.086 20.08 ± 5.24 357.71 ± 52.30 67.0 ± 11.3 22.2 ± 4.8**** 1.29 ± 0.64 24.0 ± 1.5***

PLA/Glycerol 
2.5%

0.088 6.31 ± 1.62*** 161.55 ± 23.24** 76.0 ± 12.9 9.1 ± 1.2 1.73 ± 0.03 12.5 ± 2.2

PLA/Glycerol 
5.0%

0.089 12.79 ± 3.38 242.84 ± 31.54 73.8 ± 9.3 10.7 ± 3.1 1.41 ± 0.56 13.3 ± 1.6

PLA/Glycerol 
7.5%

0.086 12.91 ± 2.41 250.15 ± 32.66 71.5 ± 8.6 11.2 ± 2.9 1.23 ± 0.13 14.2 ± 3.1

PLA/Glycerol 
10.0%

0.085 13.43 ± 3.22 272.16 ± 31.33 69.3 ± 7.3 12.4 ± 3.5 1.18 ± 0.63 15.0 ± 2.0

PLA/Glycerol 
12.5%

0.085 14.05 ± 4.35 287.31 ± 42.31 67.0 ± 12.3 13.4 ± 3.2 0.96 ± 0.03** 18.7 ± 1.0

PLA/Glycerol 
15.0%

0.090 16.32 ± 4.42 298.96 ± 42.66* 65.0 ± 10.2 14.5 ± 4.5 0.88 ± 0.07** 20.0 ± 1.1

PLA/Sorbitol 
2.5%

0.090 9.20 ± 1.66* 189.02 ± 21.88 74.0 ± 11.8 5.6 ± 1.6 0.89 ± 0.13** 12.9 ± 1.9

PLA/Sorbitol 
5.0%

0.088 10.10 ± 2.71 219.54 ± 32.43 72.5 ± 9.9 7.4 ± 2.8 1.46 ± 0.26 14.7 ± 1.4

PLA/Sorbitol 
7.5%

0.087 12.64 ± 3.61 228.07 ± 33.29 70.1 ± 10.1 11.8 ± 2.3 1.50 ± 0.33 16.2 ± 2.6

PLA/Sorbitol 
10.0%

0.088 14.24 ± 3.26 240.38 ± 34.22 68.0 ± 8.2 12.1 ± 2.9 1.64 ± 0.53 17.0 ± 1.5

PLA/Sorbitol 
12.5%

0.086 15.89 ± 4.88 281.31 ± 42.75 66.2 ± 6.6 13.2 ± 2.3 1.85 ± 0.26 19.3 ± 2.5

PLA/Sorbitol 
15.0%

0.085 9.26 ± 2.21* 169.05 ± 21.33 64.0 ± 9.4 14.1 ± 2.2 2.04 ± 0.32 21.0 ± 3.0

PLA/Clove Oil 
2.5%

0.088 11.36 ± 3.06 193.82 ± 22.99 78.0 ± 7.3 8.6 ± 1.7 1.53 ± 0.14 15.2 ± 1.3

PLA/Clove Oil 
5.0%

0.089 13.96 ± 2.35 230.80 ± 23.28 77.2 ± 8.7 7.4 ± 1.6 1.39 ± 0.31 16.3 ± 1.8

PLA/Clove Oil 
7.5%

0.091 19.69 ± 4.83 332.32 ± 30.41 75.9 ± 6.9 6.3 ± 1.4 1.17 ± 0.15 17.5 ± 1.2

PLA/Clove Oil 
10.0%

0.089 19.75 ± 4.91 377.19 ± 43.21 75.0 ± 5.2 5.7 ± 1.5 0.87 ± 0.13** 18.0 ± 1.1

PLA/Clove Oil 
12.5%

0.088 18.14 ± 4.22 328.57 ± 32.32 74.1 ± 9.2 4.8 ± 1.1 0.68 ± 0.15*** 22.1 ± 2.5*

PLA/Clove Oil 
15.0%

0.087 12.30 ± 2.31 306.62 ± 32.44 72.0 ± 8.1 3.2 ± 0.9 0.74 ± 0.19*** 23.0 ± 2.4**

PLA/PCL 2.5% 0.088 5.82 ± 1.16*** 16.64 ± 2.41**** 75.0 ± 9.1 10.1 ± 2.5 1.41 ± 0.28 16.2 ± 2.2
PLA/PCL 5.0% 0.088 6.13 ± 1.18*** 18.21 ± 5.45**** 74.2 ± 7.1 12.2 ± 2.8 1.32 ± 0.23 17.0 ± 1.7
PLA/PCL 7.5% 0.084 8.22 ± 2.12*** 20.17 ± 4.41**** 65.3 ± 7.7 13.2 ± 3.5 1.31 ± 0.22 18.7 ± 1.4
PLA/PCL 

10.0%
0.085 9.17 ± 2.15** 23.39 ± 7.51**** 59.7 ± 6.1 15.2 ± 2.5 1.30 ± 0.66 20.0 ± 2.7
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in hydrophobicity of the PLA films due to the addition of 
clove oil. Addition of ANP has resulted in a slight increase 
in solubility to 10.5% due to disorganization of the crystal-
line structure during processing, but compared to the other 
biopolymeric films reported in the literature [50, 51], the 
developed PLA films showed its minimum water solubility 
that can be used for food products packing.

Water vapor permeability

Water vapor permeability (WVP) of a film is an important 
property that greatly controls the utility of film for pack-
ing of different types of foods. WVP tests were carried out 

for PLA films with various concentrations of plasticizer. It 
showed that in Table 3, the addition of plasticizer gradually 
decreases the WVP compared to pure PLA with WVP of 
2.29 ×  10–10  gPa−1  s−1  m−1. The addition of 15% PEG, glyc-
erol and PCL showed a decrease in WVP to 1.29 ×  10–10, 
0.88 ×  10–10 and 1.27 ×  10–10  gPa−1  s−1  m−1, respectively. A 
significant reduction in WVP to 0.87 ×  10–10  gPa−1  s−1  m−1 
was observed when a higher concentration of clove oil was 
used. Clove oil which is hydrophobic in nature restricts 
the transfer of water vapor through the film and thereby 
decreases the WVP.

Similarly, the addition of ANP (1%) has been found 
to significantly reduce the water vapor permeability to 

Results are represented as Mean ± S.D
* Represents significant differences between values (P < 0.05)
**Represents significant differences between values (P < 0.01)
***Represents significant differences between values (P < 0.001)
****Represents significant differences between values (P < 0.0001)

Table 3  (continued)

Film composi-
tion

Average 
thickness 
(mm)

Tensile strength 
(MPa)

Elongation-at-break 
(%)

Optical property 
(%)

Water solubility 
(%)

Water vapor 
permeabil-
ity  ×  10–10 (g 
 Pa−1  s−1  m−1)

Biodegradation 
test (%)

PLA/PCL 
12.5%

0.084 8.91 ± 2.52* 21.17 ± 6.11**** 57.3 ± 8.9 16.5 ± 4.2* 1.29 ± 0.46 22.8 ± 2.1**

PLA/PCL 
15.0%

0.083 8.13 ± 1.53** 22.26 ± 5.01**** 55.2 ± 6.9 18.6 ± 4.5** 1.27 ± 0.31 24.0 ± 1.7***

Table 4  Effect of almond shell nanoparticle addition on PLA-based films

Results are represented as Mean ± S.D
* Represents significant differences between values (P < 0.05)
**Represents significant differences between values (P < 0.01)
***Represents significant differences between values (P < 0.001)
****Represents significant differences between values (P < 0.0001)

Sample Average 
thickness 
(mm)

Tensile strength 
(MPa)

Elongation-at-
break (%)

Optical property 
(%)

Water solubility 
(%)

Water vapor per-
meability  ×  10–10 
(g  Pa−1  s−1  m−1)

Biodegra-
dation test 
(%)

PLA/Clove oil 
(10%)

0.089 19.75 ± 2.91 377.19 ± 33.21 75.0 ± 2.0 5.7 ± 0.5 0.87 ± 0.13 18.0 ± 1.1

PLA/Clove oil 
(10%) /ANP 
(0.25%)

0.088 20.21 ± 4.22 374.80 ± 42.81 74.0 ± 2.1 8.7 ± 0.3*** 0.33 ± 0.07** 18.2 ± 1.5

PLA/Cloveoil 
(10%)/ANP 
(0.5%)

0.086 23.28 ± 4.22**** 372.79 ± 31.31 69.2 ± 1.2* 9.2 ± 0.9*** 0.31 ± 0.09** 20.5 ± 2.7

PLA/Clove oil 
(10%)/ANP 
(0.75%)

0.090 25.09 ± 3.22**** 370.98 ± 42.91 68.0 ± 1.4** 10.5 ± 1.6**** 0.30 ± 0.13** 21.4 ± 2.6

PLA/Clove oil 
(10%)/ANP 
(1.0%)

0.091 23.88 ± 4.22**** 368.24 ± 42.13* 66.4 ± 1.9*** 10.5 ± 1.2**** 0.25 ± 0.15*** 23.2 ± 0.7*
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0.25 ×  10–10  gPa−1  s−1  m−1 due to the creation of a network 
of hydrogen bridges between the polymer and the nanopar-
ticles, producing a tortuous path to the water vapor passing 
through the film [47].

Thermal stability

The thermal stability of the plasticized PLA films at a plas-
ticizer concentration of 10% and ANP/PLA films was exam-
ined by TGA. The weight loss versus temperature curves 
are shown in Fig. 4. The plasticized PLA films and ANP/
PLA were degraded about 100% with respect to their initial 
weight during heating between 300 and 380 °C. Thermal 
degradation of about 5% of the PLA films was determined 
at 260 °C for sorbitol-plasticized films and at 270 °C for the 
other plasticized films. Degradation of 5% was found earlier 
at a temperature of 250 °C for ANP/PLA films, which might 
be due to the degradation of ANP. It can also be seen that 
50% weight loss has occurred at 370 °C for PCL-plasticized 
PLA and at 350 °C for the other plasticized films and at 
310 °C for ANP/PLA films. The maximum degradation was 

found to be at 470 °C for PCL-plasticized PLA whereas for 
others it was relatively at a lesser temperature as shown in 
Table 5. The thermal degradation at T5% and Tmax% of clove 
oil-plasticized PLA and pure PLA is the same, which signi-
fies that the thermal stability of PLA was not affected after 
the addition of plasticizer. But the addition of ANP showed 
degradation at a temperature slightly below 250 °C. The 
temperature range of 250–350 °C indicates the degradation 
of PLA, and similar findings were also reported by [9, 52]. 
TGA results signify that the addition of plasticizer and nano-
particle did not decrease the thermal stability of the PLA 
films largely, and thus, they are suitable to be used in the 
extrusion process for large-scale production.

Biodegradability test

Weight loss of films during soil burial test can be taken 
as an indicator of biodegradation. The weight loss is a 
reflection of the biodegradation process by the moisture 
and micro-organism of the soil. PLA films showed signifi-
cant degradation and loss of transparency after 5 days. The 

Fig. 4  TGA of a plasticized PLA, b DTG of plasticized PLA, c TGA of ANP/PLA film, and d DTG of ANP/PLA film
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results of the soil burial degradation test showed that pure 
PLA films were degraded to max 15%, plasticized-PLA 
films were degraded to max 24% and PLA/ANF films were 
degraded by 23.2% in a span of 30 days (Tables 2 and 3). 
Complete degradation of the films was seen in a span of 
6 months.

Conclusion

In the current study, almond shell nanoparticles were pre-
pared by a mechanochemical process and were used as nano-
fillers in PLA films. Various concentrations of plasticizers 
(2.5 to 15% by wt of PLA) have been used to improve the 
mechanical properties of PLA. The synergistic effect of 
plasticizer and ANP in PLA films was analyzed. PLA blend 
involving 10% (w/w) clove oil increased the elongation-at-
break by 377.19%, and tensile strength, with the addition 
of 0.75% ANF, was increased by 25.09 N/mm2. Pure PLA 
films showed a higher transparency by 85.2% compared to 
PLA plasticized with 2.5% (w/w) clove oil (by 78%) and 
nanoparticle reinforced films. Water solubility of pure PLA 
was 7%, whereas the addition of plasticizer (15% by w/w 
clove oil) it was reduced to 3%, but the addition of nano-
particles increased the solubility of films to 10.5%. WVP 
of pure PLA film was 2.2980 ×  10–10 g  Pa−1  s−1  m−1, and 
the addition of 1% ANF significantly reduced the WVP to 
0.25 ×  10–10 g  Pa−1  s−1  m−1. Thermogravimetric analysis of 
the PLA films proved that the films were thermally stable at 
250 °C. Soil burial degradation test confirmed complete deg-
radation of PLA films in a span of 6 months. In conclusion, 
the insights obtained from this study have suggested that the 
PLA/clove oil/ANP-based as packaging films can be a bet-
ter alternative packaging material owing to their enhanced 
mechanical and barrier property.
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