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Abstract: This work evaluated the synergistic effect of citronella essential oil (Ct) and montmoril-
lonite (MMT) (called hybrid compound) incorporated in Poly(lactic acid) (PLA) films at different
concentrations (3, 10, 15, and 20 wt%). PLA films were characterized using X-ray diffraction, SEM,
TGA, and DSC considering their mechanical properties and essential oil migration. XRD analysis
showed the effective interaction between MMT and oil. Thermal analysis, SEM, and mechanical
tests were essential to understand the saturation point of the PLA composites. Samples with 15%
and 20% of Ct showed a crystallinity reduction of 0.5% compared to samples with 3% and 10% of Ct.
PLA/MMT–Ct showed a reduction in tensile strength of the order of 16 and 24, correlated to 15%
and 20% of the Ct content, respectively, compared to PLA/MMT–Ct3%. Migration tests showed fast
oil delivery correlated with high oil concentration, as evidenced using the PLA/MMT–Ct20% sample
results, which showed an estimated release of 50% in the first 150 h due to system saturation, and
the remaining being released in the last 350 h. Therefore, the migration tests provide an effective Ct
concentration range promising for application with active packaging due to the intrinsic antimicrobial
properties of Ct.

Keywords: poly(lactic acid); nanoclay; essential oil; film

1. Introduction

Polymeric materials from fossil sources are broadly used due to their properties and
cost [1]. However, these polymers have non-biodegradable properties and may cause
environmental problems such as increased carbon dioxide (CO2) production and depletion
of fossil resources [2]. Because of this scenario, several efforts are being made to reduce
its consumption, and an alternative is using renewable polymeric materials based on
environmentally friendly sources [3].

Poly(lactic acid) (PLA) is one of the most popular, eco-friendly, compostable degraded,
biocompatible, and bio-based polyesters [4]. It has been extensively investigated in the
literature due to its numerous potential advantages, such as good processability, biocom-
patibility, and physical properties, including high strength, stiffness, rigidity, clarity, and
recyclability [5]. However, brittleness, poor elongation at break, inferior barrier behavior,
restricted processability, and low melt strength are some of the challenges associated with
PLA, significantly limiting its application as a flexible packaging film [6,7]. To overcome
these limitations, PLA matrix blends with nanofillers/reinforcements enabling the for-
mation of nanocomposites is by far the most accessible and most efficient approach for
modifying and improving the properties of PLA and expanding its end-use application
fields [8,9]. In this context, the literature has extensively investigated nanocomposite
formulations that offer significant improvements in PLA properties [10,11].

Montmorillonite nano clay (MMT) are compounds that contain at least one dimension
on a nanometric scale, presenting two types of reticulated structures: fibrous and lamellar
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phyllosilicates [12]. Incorporating nano clay into a polymeric matrix offers some challenges
associated with its degree of dispersion and homogeneity. In this sense, the incorporation
of lamellar nanofillers with high aspect ratio, such as montmorillonites, has significantly
enhanced mechanical, gas barrier, and optical properties of the polymer matrix [13]. MMT
is formed by a gibbsite octahedra layer between two silica tetrahedra layers. This type
of nano-clay has the characteristic of having water molecules between its structural units.
For this reason, it normally has a hydrophilic character; therefore, for a good dispersion
in polymeric matrices, it must become organophilic [12]. The organophilization of MMT
provides expansion between the gaps that facilitate the incorporation of polymeric chains,
also characterizing the carrier property of active ingredients [14]. A promising proposal
is the incorporation of nano clay-essential oil (EO) hybrids in polymer films due to the
clay’s ability to assimilate EOs between its lamellae and act as a carrier [15], creating new
materials with innovative characteristics that can be applied in the packaging sector.

Citronella EO (Ct) has citronella as its main compound, responsible for antioxidant
properties [16] and antimicrobial properties [17]. However, EO has low solubility in
water, organoleptic taste, and low thermal stability (i.e., high volatility) [18,19]. Due to its
sensitivity to decomposition at high temperatures, the quest to prolong the EO release time
and obtain a slow-release effect has been investigated.

In recent years, the creation of compostable biodegradable films has been a topic of
interest as alternatives to conventional products are sought. In this sense, this study aimed
to prepare PLA nanocomposites reinforced with the MMT–Ct hybrid at different concentra-
tions, through the homogenization method, with the aim of developing active films. The
films’ morphological, thermal, and mechanical properties and their active properties were
evaluated. The results indicate that the films obtained have potential application in the
packaging sector as a sustainable alternative with advantageous properties.

2. Materials and Methods
2.1. Materials

Poly (lactic acid) (PLA) 7001D (with a specific gravity of 1.24 g cm−3, and a melt
flow index (MFI) of 6 g 10 min−1 (210 ◦C, 2.16 kg), Mw of 83,300 g/mol, and 1.5% of
D-isomer, supplied by NatureWorks. Cloisite® 20A (montmorillonite (MMT) modified
with bis (hydrogenated tallow alkyl) dimethyl ammonium) was supplied by Southern Clay
Products, Inc. Tween 80 was purchased from Synth (São Paulo, Brazil). Citronella (Ct)
essential oil was purchased from Ferquima (São Paulo, Brazil).

2.2. Methods
2.2.1. Hybrid Preparation

The hybrid (MMT–Ct) was developed based on the research of Torin et al. 15 Briefly,
the MMT–Ct hybrid was prepared in mass ratios 1:2 of MMT (50 g) and Ct (100 g), which
were added to a solution containing Tween 80 (10 g) and water (150 mL). The mixture was
magnetically stirred at 800 rpm (Fisatom model 753A, São Paulo, Brazil) until complete
homogenization. Then, it was dried (Digital drying oven, FANEM Ltd., São Paulo, Brazil)
at 100 ◦C for 8 h.

2.2.2. Preparation of PLA/MMT–Ct Nanocomposites

Poly(lactic acid) (PLA) nanocomposites with different MMT-C contents (3, 10, 15, and
20% w/w) were prepared via melt mixing, using a high-speed homogenizer Drays K-mixer
model MH-50H from MH Equipamentos Ltda (Guarulhos, Brazil). Then, the material was
hot pressed, in a hydraulic press model BTC 9090, Marconi, at 160 ◦C and 4 tons, for 4 min
to obtain 50 µ thick films and then stored for analysis. The nomenclatures for the processed
nanocomposites are presented in Table 1.
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Table 1. Formulation of each nanocomposite prepared, considering the weight of PLA, MMT, and Ct (g).

Samples PLA (g) MMT (g) Ct (g)

PLA 100 - -
PLA/MMT–Ct3% 100 1.0 2.0
PLA/MMT–Ct10% 100 3.7 7.4
PLA/MMT–Ct15% 100 5.8 11.7
PLA/MMT–Ct20% 100 8.3 16.6

2.3. Characterizations of Nanocomposites
2.3.1. X-ray Diffraction

X-ray diffraction data were collected on a D8 Focus diffractometer (Bruker AXS,
Karlsruhe, Germany), operating at 40 kV and 40 mA, with monochromatic CuKα1 radiation
(λ = 1.54056 Å). Measurements were conducted in the following conditions: 0.01◦ step
width, 100 s counting time at each 0.5◦, and 2θ ranging from 10 to 40◦. In addition, it was
necessary to carry out a deconvolution analysis, and the OriginPro 8 2009 software was
used for this.

Equation (1) was used to estimate the crystallinity index (CI) of PLA films by the ratio
between the crystalline peaks areas (Ic) and the amorphous halo (Ia) [20].

CI =
Ic

Ic + Ia
∗ 100% (1)

2.3.2. Scanning Electron Microscopy

PLA nanocomposite samples were morphologically analyzed in a scanning electron
microscope, model JCM-6000 (JEOL Ltd., Akishima, Tokyo, Japan), at 10 kV acceleration
voltage. The samples were previously sputtered with gold with 20 nm thickness using a
Leica EM ACE 200 (Leica Microsystems GmbH, Wetzlar, Germany) sputter coater.

2.3.3. Thermogravimetric Analysis

The thermogravimetric analysis evaluated the variation in membrane weight as a
function of the progressive increase in temperature (30–600 ◦C), time (heating rate of
10 ◦C min−1), and nitrogen atmosphere (N2) with a flow of 50 mL min−1. The STA 6000 (TA
Instruments, New Castle, DE, USA) equipment was used. Data processing was performed
with the support of Origin 8.0 software.

2.3.4. Differential Scanning Calorimetry

The calorimetric analyses were performed on a differential scanning calorimeter
(DSC) from TA Instruments, Model Q-20. About 10.0 mg of each sample was packed in
hermetically sealed aluminum crucibles. The samples underwent the heat/cool/heat test
with temperatures between 80 to 180 ◦C, with a heating rate of 10 ◦C min−1, under an inert
nitrogen atmosphere (50 mL min−1). The degree of crystallinity, Xc (%), was calculated
from the area under the peak of the second heating sweep using the following Equation (2):

Xc(%) =
∆Hm

∆HM∞
∗ 100 (2)

where ∆HM∞ is the experimental enthalpy of fusion, and ∆Hm is the theoretical enthalpy
of 100% crystalline PLA; the latter assumes an estimated value of 93 J/g [21].

2.3.5. Mechanical Tests

Mechanical tests characterizing tensile properties were conducted to determine the
nanocomposite strength in a Universal Machine Instron, 3367 model (Norwood, MA, USA).
The tests were carried out according to ASTM D-638-14, comprising type IV, specified in
the standard, with a test speed of 50 mm min−1, and a load cell of 50 kN.
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2.3.6. Migration Test

The procedure for performing the Migration Test was adapted from the ASTM C 772-0
standard. The dimensions of the specimens were 38 mm wide, 38 mm long, and 4 mm
thick. The samples were placed between two filter papers of 76 mm in diameter in an oven
provided with air circulation, with a temperature of 70 ◦C for three weeks, and in the last
week of the test, the temperature was changed to 100 ◦C. Changes in sample masses were
monitored within 24 h for 20 days.

3. Results
3.1. X-ray Diffraction

The influence of MMT nanoclay on the crystallinity of PLA was investigated via the
XRD spectra of MMT neat in comparison to PLA pure and PLA/MMT–Ct, with different
content of Ct, as shown in Figure 1. MMT neat exhibited characteristic XRD spectra; as
shown in Figure 1A, we observed 2θ peaks at approximately 6.0◦ and 15.5◦ corresponding
to the crystallographic planes (001) and (003), respectively, which are characteristic of MMTs
modified with the alkyl group [22]. Similar results were found by Torin and colleagues [15].
On the other hand, the PLA pattern presented characteristic peaks at 16.0◦ and 19.0◦ (2θ)
that are associated with the crystallographic plane (110), (200), and (203), respectively,
according to the literature [23,24].
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Figure 1. (A) XRD pattern of PLA samples and their PLA/MMT–Ct composites; XRD curves and
their deconvolutions (B) PLA/MMT–Ct3%; (C) PLA/MMT–Ct10%; (D) PLA/MMT–Ct15% and
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The addition of MMT–Ct to the PLA caused, in all samples, a small baseline increase,
which according to Rhim, may indicate a small intercalation of the PLA chains between
the lamellas of the MMT nanoclay [22]. Thus, peak deconvolution was performed to
understand the structure of the composites obtained, PLA/MMT–Ct. The results are shown
in Figure 1B–E and clearly indicate significant changes when the MMT–Ct hybrid is added
to the PLA. Similar results have been reported in the literature for polymeric composites
with MMT, when MMT is added to the polymeric matrices and supports that polymeric
chain intercalation occurs between the clay lamellas [25].

A decreasing crystallinity index (CI), as shown in Table 2, was observed in PLA films
with the addition of MMT–Ct hybrids in different proportions: 83%, 80%, 73%, 69%, and
62% for PLA, PLA/MMT–Ct3%, PLA/MMT–Ct10%, PLA/MMT–Ct15%, and PLA/MMT–
Ct20%, respectively. This effect can be attributed to the EO exudation of the MMT–Ct hybrid
into the polymeric matrix, acting as a plasticizer and reducing the crystalline properties of
the films. As the amount of hybrid in the PLA matrix increased, there was an increase in
the amorphous character of the films, resulting in freer paths and facilitating the diffusion
of EO from the MMT layers to the film surface.

Table 2. Crystallinity index (CI) of PLA films without or with hybrid MMT–Ct calculated by XRD,
and TGA and DSC results of PLA and PLA/MMT–Ct.

Samples
XRD TGA DTG DSC

CI (%) TI (◦C) TF (◦C) TMAX (◦C) Tm (◦C) Tc (◦C) Xc (%)

PLA 83 303.7 377.0 356.0 153.67 107.06 3.11
PLA/MMT–Ct3% 80 320.7 375.1 354.7 153.83 115.5 2.79
PLA/MMT–Ct10% 73 273.5 385.6 362.4 152.32 99.94 2.86
PLA/MMT–Ct15% 69 321.5 386.5 354.4 152.06 99.8 3.12
PLA/MMT–Ct20% 62 301.6 393.3 356.6 152.59 97.34 2.62

3.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) of the PLA and its composites were performed to
obtain information about the influence of MMT and MMT–Ct hybrids on surface roughness
and structure–property relationships. From the SEM images, as shown in Figure 2, it is
possible to observe that the MMT–Ct contents lead directly to an increase in the roughness
aspect, and the absence of domains, as agglomeration regions, suggests a homogeneous
dispersion of MMT into the polymeric matrix. The influence of MMT on the roughness of
polymeric matrix is expected according to the literature [25]. These results are consistent
with those obtained on XRD, indicating a good dispersion between the PLA/MMT–Ct
system. Shojaee-Aliabadi et al. observed a similar result, indicating smooth and continuous
microstructure for the pure κ-carrageenan film and emulsified films [26].
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3.3. Thermogravimetric Analysis (TGA)

Thermal stability of the samples PLA and PLA with different contents of MMT–Ct
hybrids were evaluated via TGA. Results obtained from TGA are shown in Figure 3A,
and its derivative curve (DTG) is shown in Figure 3B. Apart from that, the main results
are summarized in Table 2. The initial degradation temperature (TI) for PLA pure was
303.7 ◦C, and the final degradation temperature, relative to 98% of loss mass, occurred at
377 ◦C, as expected [27]. PLA/MMT–Ct3% showed TI = 320.7 ◦C, representing an increase
of 7 ◦C. It is possible to assume that the MMT changed the crystalline structure of PLA and
performed as a thermal protector of Ct essential oil once Ct has a volatilization temperature
of approximately 200 ◦C [28]. While the samples PLA/MMT–Ct10%, PLA/MMT–Ct15%,
and PLA/MMT–Ct20% had random TI values, which suggests that the Ct oil is in excess, Ct
oil playing the role of a plasticizing agent instead of being trapped between MMT lamellae.
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Therefore, the results obtained for PLA/MMT–Ct composites are satisfactory since
MMT was used as a carrier of Ct essential oil and was able to protect Ct from degrading
processes during the composites processing thermally. In addition, both TGA results and
XRD indicate the MMT interaction with PLA increased the crystallinity and the thermal
properties. Similar interaction reports of polymers and Ct functional groups have been
previously reported in the literature [29].

3.4. Differential Scanning Calorimetry

The effect of MMT–Ct incorporated in different amounts into the PLA matrix was
analyzed using Differential Scanning Calorimetry (DSC), Figure 4A, where the melting
point temperature (Tm) for crystallization was evaluated. From the DSC curves and cooling
ramp, it was possible to analyze the crystallization temperature (Tc), as shown in Table 2
and Figure 4A. PLA/MMT–Ct3% results showed a slight increase in Tc compared to pure
PLA. This result corroborates with the interpretation from TGA data, which suggest that
MMT plays a nucleating role in the PLA matrix, enabling it to provide action by modifying
the sizes and shapes of the crystals [30,31]. On the other hand, Tc values for the PLA/MMT–
Ct10%, PLA/MMT–Ct15%, and PLA/MMT–Ct20% were 99.94 ◦C, 99.8 ◦C, and 97.34 ◦C,
respectively, lower than the Tc of PLA pure, for which the value was 107.6 ◦C. The Ct
essential oil probably is in excess in PLA samples, with a hybrid proportion higher than
MMT–Ct10%, meaning more interaction with the polymeric sample, where the oil can play
a role as a plasticizing agent. That was confirmed using the crystallinity degree (Xc) values,
shown in Table 2. PLA/MMT–Ct10%, PLA/MMT–Ct15%, and PLA/MMT–Ct20% showed
Xc of 2.86%, 3.12%, and 2.62%, respectively, against 3.11% of PLA crystallinity degree. This
fact is attributed to the organic functional groups of Ct essential oils, which are possibly
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acting with a plasticizing agent; that interaction with polymer is attributed to the alkyl
radicals present probably because it is in excess in the PLA matrix [19].
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Regarding the second DSC heating ramp, the PLA melting temperature (Tm) curve
indicates the presence of two stereoisomers of PLA, L-and D-lactic acid. The L (levogyre)
and D (dextrogyre) form due to their polarized light effect [32,33]. Thus, the DSC curves,
presented in Table 2, show the Tm values for each lactic acid in one of the chiral molecules;
the melting temperature (Tm) PLLA is between 130 and 180 ◦C and that for PDLA is
between 190 and 230 ◦C [31]. Thus, the present PLA studied is characterized by the PLLA,
indicating it to be a semicrystalline thermoplastic polyester polymer. It is possible to
observe that the PLA and its composites showed that adding the hybrids did not cause a
significant change.

3.5. Mechanical Tests

The mechanical tests were carried out to evaluate the samples’ performance after
MMT–Ct was incorporated and the effect of Ct essential oil into the polymeric matrix.
Table 3 presents the mechanical results in terms of the modulus of elasticity (E), maximum
elongation (εmax), and tensile strength (σrup). From the obtained curves, it is possible
to verify that pure PLA presents a fragile behavior compared to its composites. When
MMT–Ct3% and MMT–Ct10% were added to the PLA, the composites showed higher
elastic modulus values of 27.35 and 19.64 MPa, respectively; it indicates good dispersion
of MMT into the polymeric matrix, and the Ct essential oil had a synergic effect. Further-
more, the literature reports that using clays acts as a reinforcing agent. A similar effect in
mechanical properties of PLA was observed by Risyon et al., regarding the incorporation
of halloysite (HNTs) into PLA; they reported good dispersion of halloysite in films of
PLA when incorporated 1.5% and 3.0% by weight of HNTs, an event explained by an
increase in hydrogen bonds between PLA and HNTs compared to films incorporated with
higher concentrations of HNTs. The higher the number of hydrogen bonds provided strong
films, which exhibited high tensile strength, Young’s modulus, and yield strength, as the
hydrogen bonds provided greater resistance to the forces applied to the films [34,35].

When the concentration of MMT–Ct in PLA increases, the composites start to behave
more tenaciously, suggesting that Ct oil is saturated for concentrations MMT–Ct15% and
MMT–Ct20%, where a pronounced increase in elongation at break is found, as shown in
Table 3, due to the availability of oil to interact with the polymeric matrix as a plasticizer.
Consequently, MMT–Ct15% and MMT–Ct20% showed reduced mechanical properties,
elastic modulus, and tensile strength results. Similar results were observed by Dong Liu, in
which polymeric matrices with a higher concentration of essential oil showed less tensile
strength but a greater elongation at break compared to the polymer without the addition of
essential oil [36]. In this way, adding essential oil reduced the interaction between the PLA
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molecules and the chain-to-chain interactions of the polymer. As a result, this would cause
a significant reduction in the tension of the films obtained from PLA/MMT–Ct.

Table 3. Mechanical properties: elastic modulus (E); tensile strength (εmáx); and elongation at break
(σrup).

Samples Elastic Modulus
(E) (MPa)

Tensile Strength
(σ) (MPa)

Elongation at Break
(ε) (%)

PLA 15.4 ± 3.4 28.5 ± 8.3 10.4 ± 3.2
PLA/MMT–Ct3% 27.3 ± 7.0 34.8 ± 1.9 3.5 ± 0.7
PLA/MMT–Ct10% 19.6 ± 8.2 43.5 ± 38.0 13.0 ± 5.9
PLA/MMT–Ct15% 10.7 ± 2.1 18.9 ± 2.7 48.3 ± 24.2
PLA/MMT–Ct20% 5.9 ± 1.5 11.1 ± 2.6 43.7 ± 33.4

3.6. Migration Test

Migration tests were performed to quantify the exudation effect of Ct oil from the
composite’s sample surface. For that, the weight of all samples was monitored up to 480 h
(20 days), as shown in Figure 5. Through the proportionality law, it was determined that
the quantities of oil that migrated to the surface of the composite in 480 h were 0.03%,
0.16%, 0.45%, 0.50%, and 2.08%, for samples PLA, PLA/MMT–Ct3%, PLA/MMT–Ct10%,
PLA/MMT–Ct15%, and PLA/MMT–Ct20%, respectively. Both PLA/MMT–Ct15% and
PLA/MMT–Ct20% have a release rate higher than that of the other samples with less
content of Ct. High exudation rates were found for similar systems [37]. The lower con-
centration of Ct, sample PLA/MMT–Ct3%, shows an interesting characteristic, which was
observed as a release only on the first day; it is reasonable to argue that almost all Ct is
trapped between the MMT lamellae, so it is not available in the polymeric matrix surface
to be identified by the exudation process. The results obtained from the migration test
considering the thermal and mechanical analyses point out the saturation of Ct in the
formulations PLA/MMT–Ct15% and PLA/MMT–Ct20%. Based on the results, the opti-
mum concentration could be achieved between 3% and 10% as it presents an intermediate
loading with a controlled release over time; it is worth mentioning that the intermediate
concentration showed a satisfactory value in its mechanical properties.
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Due to the nature of the compounds used, the chemical interaction between them is
limited (as indicated by Fourier Transform Infrared Spectroscopy (FTIR) analyzes in previ-
ous studies demonstrating strong chemical interaction between the groups in the matrix
and MMT) [38]. The main associated mechanism therefore resides in the encapsulation of
the essential oil by the clay (with effective intercalation of the EOs in the clay, increasing the
distance between the clay layers and highlighting the potential role of clay as a transporting
agent) [15]. Thus, due to the volatile nature of the oil, it tends to exude (as demonstrated by
the migration test), more directly impacting other properties such as material crystallinity
and mechanical properties, depending on its concentration. It is important to point out
that it was necessary to maintain the appropriate properties for the application of the
material, something that would not be possible with the direct application of oil in the
polymeric material.

4. Conclusions

The potential of PLA filled with montmorillonite (MMT)–citronella essential oil (Ct)
hybrid, PLA/MMT–Ct, in different amounts was evaluated as an active film for packaging
marketing, suitable to release Ct as an antimicrobial agent. The MMT–Ct hybrid was
incorporated into the PLA matrix with different concentrations of 3, 10, 15, and 20 wt%.
XRD results showed an increase in the interlayer of MMT when Ct was incorporated,
even in lower concentration, meaning that Ct was trapped between the MMT lamellae, a
great result once the MMT was used to play a role as a carrier and thermal protector of
Ct, promoting a composite material suitable for industrial processing, as extrusion. The
micrographs obtained using SEM showed a rougher surface with homogeneous distribution
when MMT–Ct was incorporated in different amounts, suggesting good dispersion of MMT.
According to TGA data, samples with a higher concentration of hybrid, PLA/MMT–Ct15%
and PLA/MMT–Ct20% showed less thermal stability. Moreover, DSC results evidenced
a reduction in Tc temperature and lower crystalline degree compared to the PLA matrix.
Mechanical tests were the key to prove that the hybrid MMT–Ct15% and PLA/MMT–
Ct20% were in excess in the matrix polymeric once it showed an increase in elongation
at break and reduction in the maximum tensile strength. From that, it is possible to
assert that Ct, in excess, can interact more with a polymeric matrix playing a role as a
plasticizing agent, providing a more amorphous and ductile material. The migration
tests demonstrated a higher release rate of Ct oil from PLA-MMT15% and PLA-MMT20%
composite films. In short, the results obtained from the migration test as thermal and
mechanical analyses point out the saturation of Ct in the formulations PLA/MMT–Ct15%
and PLA/MMT–Ct20%. Therefore, this work suggests a range of optimum concentrations,
between MMT–Ct3% and MMT–Ct10%, that present the best release relation and showed
suitable value in its mechanical properties. The antimicrobial effectiveness of PLA/MMT
with different amounts of Ct is a limitation of the present study, an issue to be explored in
subsequent studies. However, the effective migration of Ct from the film is promising since
active packaging must have a substance that migrates to the food, providing a protective
barrier against microorganisms, which points out the potential of developed film for active
film formulations.
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