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Abstract

Water based polylactic acid (PLA)-surface modified montmorillonite (MMt)

nanocomposites as biobased formulations for paper coating were successfully

developed using emulsification solvent evaporation method. Electrostatic and

steric stabilization mechanisms have contributed to the production of stable

emulsions up to 5 months at 23 ± 1�C, revealing strong repulsive forces gener-

ated between the nanoparticles as confirmed by zeta potential (ζ) and dynamic

light scattering (DLS) analysis. MMt particles were fully encapsulated by PLA

as demonstrated by transmission electron microscopy (TEM) micrographs.

Meanwhile the film formation process highlighted the importance of emulsi-

fier's type and solubility in the polymer matrix, as no films were obtained

when sodium oleate was used alone compared with continuous, homogeneous,

and free-standing films obtained when the combination Tween 80 (80 wt

%)—sodium oleate (20 wt%) was used. Scanning electron microscopy (SEM)

micrographs of the cross-section's surfaces showed homogeneous dispersion of

the MMt particles with no clusters or agglomerates formed. Thermal analyses

using differential scanning calorimetry and thermogravimetric analysis

(DSC-TGA) showed an overall reduction in the glass transition temperature

(Tg) and the thermal stability of neat PLA, whoever this reduction was recov-

ered when MMt was added due to the confinement effect. Thickened PLA and

PLA/MMt emulsions using 1 wt% xanthan gum showed a non-Newtonian

behavior and shear thinning flow with suitable viscosity values for paper coat-

ing applications.

Highlights

• Development of stable PLA/organoclay nanocomposite aqueous dispersions.

• Steric and electrostatic mechanisms provided excellent stability.

• Full encapsulation of organoclay platelets in nanometric PLA particles.

• Formation of free-standing films from PLA/organoclay emulsions.

• Thickened PLA/organoclay emulsions using Xanthan gum for paper

coatings.
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1 | INTRODUCTION

In recent years, polymer nanocomposites have gained
much more interest and emerged as a class of versatile
advanced materials. A numerous denomination of applica-
tions in coatings and adhesives fields have been unlocked
by the advancement in this category of materials.1 The con-
cept behind creating this category of materials is based on
generating a large interface of interactions between the
nanometric fillers and polymer chains, the more this inter-
face is large the more likely to produce new materials with
new enhanced properties.2 The polymer/clay nanocompo-
sites are the new route to prepare end products with
improved barrier, thermomechanical performances, chemi-
cal resistance, and flame retardation properties, these prop-
erties are not to be found in the two components taken
separately. Indeed, these properties are strongly dependent
on the nanofillers dispersion quality in polymer matrix.
Therefore, a good homogenous dispersion at nanometric
scale is the main goal during the preparation of these types
of materials. However, it is a difficult task to achieve
because the nanofillers tend to agglomerate due to the
strong van der Waals forces between the particles resulting
in macro or micro-composites with poor properties.3 There-
fore, surface modification and functionalization of the
nanofillers are the most common techniques employed to
improve the interfacial interactions and the polymer/
nanofillers compatibility and thus to prepare nanocompo-
sites with high performance for advanced applications.1,3

Among different biodegradable polymers used to pre-
pare bio-nanocomposite materials, polylactic acid (PLA)
is the most promising biobased polymer as a substitute to
the conventional nonbiodegradable polymers. It is a lin-
ear thermoplastic polyester produced using ring opening
polymerization of L-lactides and D, L-lactides, respec-
tively, cyclic dimmers obtained by the depolymerization
of the lactic acid, the latter is obtained by fermentation of
corn, sugar cane, and so on.4 The ratio between the enan-
tiomers L and D is shown to be significantly affecting the
properties of the produced PLA, the commercial PLA
grades are composed of poly(L-lactide) acid and poly
(D, L-lactide) acid. Besides its biodegradability using
composting conditions, PLA exhibits interesting mechan-
ical properties comparable to those of polyethylene tere-
phthalate (PET) and polystyrene (PS) with a low Tg

compared with both.5,6

On another hand, PLA exhibits low barrier properties
to gas, low thermal stability, toughness brittleness, and

low crystallization rates.7,8 To overcome these limita-
tions, the dispersions of lamellar nanofillers into PLA
matrix proved to have a significant positive effect on its
overall performances only when the dispersion is main-
tained at the nanometric scale instead of micro or macro-
metric scale.9 Among the nanofillers, layered silicates,
such as saponite, mica, hectorite, and so on, are the most
used to prepare polymer nanocomposites, but the most
widely used clay is montmorillonite having a lamellar
structure that belongs to the 2:1 phyllosilicate. With a
crystal structure consisting of two layers composed of
SiO4-tetrahedron and one sandwiched layer composed of
Al-octahedron, water molecules are localized between
three-layer ions of Al, Fe, and Mg.10 PLA reinforced with
montmorillonite nanocomposites have been extensively
reported in the literature.11–13

Besides some enhancement in the thermomechanical
properties of the final nanocomposites, the issue of incom-
patibility between the hydrophobic PLA and the hydrophilic
montmorillonite was mostly reported, leading to the forma-
tion of micro-composites with poor properties.14 As an inter-
esting solution the use of organoclays more specifically
surface modified montmorillonite (MMt) to prepare PLA
nanocomposites have gained much more interest in the last
decade, due to the large interface of the organoclay platelets
interacting with PLA chains combined with the very high
aspect ratio provided by the dispersion at the nanometric
scale in form of intercalation, exfoliation, or intercalation/
exfoliation structures.15 Moreover, the presence of the nano-
dispersed organoclays in neat PLA matrix significantly
improves its gas and water vapor barrier properties by affect-
ing its crystallization rate and creating a tortuous pathway.5

There are four main ways to prepare PLA nanocomposites,
direct intercalation molten, in situ polymerization, sol–gel
process and intercalation by polymer solution.10 As a form of
in situ polymerization method, encapsulating the organoclay
in the polymer matrix then dispersion into an aqueous
medium, this route has received considerable research inter-
est since not only the ecofriendly nature of these systems but
also the variety of applications that uses this type of products,
such as paper coating for packaging purposes, waterborne
paints, drug delivery systems, adhesives, and so on.9 The
most widely used processes to produce this type of polymer
nanocomposite dispersions is by conventional emulsion
polymerization,16–18 or by miniemulsion polymerization.19,20

Another widely used technique to prepare aqueous polymer
dispersions is emulsification solvent evaporation method,
which is a two steps technique requiring initially the
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emulsification of polymer solution in volatile solvent fol-
lowed by solvent evaporation resulting in harden polymer
particles dispersed in aqueous medium, as reported in the
following studies.21,22

Water based, nontoxic, biodegradable with better ther-
momechanical and barrier properties compared with PLA
matrix, this new class of materials with a very interesting
and promising properties allows them to be used in a wide
range of applications. Hence, their application as a heat
sealable barrier coating materials for paper, which consti-
tutes a new research route to prepare a full “green” packag-
ing paper. Our present work subscribes in this optic, and it
represents a continuity to our last contribution in this
field.21 To our best of knowledge water based amorphous
PLA-organoclays nanocomposites prepared using as proces-
sing method the emulsification-solvent evaporation tech-
nique and as components low toxic, food grade and
generally safe, has not been reported in the literature mak-
ing the developed product a novel coatings material with
high potential to be applied in the paper packaging field.

2 | EXPERIMENTAL

2.1 | Materials

The biopolymer used in this study is an amorphous PLA
purchased from Total-Carbion PLA (Luminy® LX-975),
with a melt flow index (MFI) of 10 g/10 min (ISO 1133-A
(210�C/2.16 kg)), a density of 1.24 g/cm3 and contains
88% of L-lactide. Two types of emulsifiers with different
properties were used. Polysorbate 80 (Tw80) as nonionic
emulsifier with hydrophilic lipophilic balance (HLB)
value of 15 was supplied by Fisher BioReagents, and
sodium oleate (SO) with HLB value of 20 used as anionic
emulsifier was supplied from TCI America™.

Surface MMt containing 35–45 wt% of dimethyl dia-
lkyl (C14–C18) amine, with particle size ≤20 μm, was
used as an organo-modified nanofiller, and was purchased
from Sigma-Aldrich. Xanthan gum was used as a thicken-
ing agent and was purchased from TCI America™. Ethyl
acetate was purchased from Thermo-Fisher Scientific as a
low-toxic solvent with 99.5% purity. All the products were
used as received without further purification.

2.2 | Preparation procedures

First, PLA solution was prepared by dissolving 6.4 g of
PLA granules in 80 mL of ethyl acetate to achieve a con-
centration of 8 (wt%/vol%), followed by adding different
amounts of MMt, 1, 3, and 5 wt% based on the weight of
PLA. To better disperse MMt in the PLA solution, the

blend solutions (PLA/1, 3, and 5 wt% MMt) used as
the organic phase were vigorously stirred for 5 h followed
by ultrasonic bath treatment for 1 h. The second step was
the dispersion of the organic phase into the aqueous
phase, containing dissolved emulsifiers with various con-
centrations, and HLB values as presented in Table 1. The
selected volume ratio was (O/W) 80/70 vol% to produce
emulsions with a theoretical solids content varying from
10.94% to 13.10% depending on the formulation. The dis-
persion process consisted of a mechanical dispersion at
20,000 rpm for 8 min at room temperature (23 ± 1�C)
using a Dispermat LC-55 dissolver. The resulting emul-
sions were then classified to stable and unstable by
observing the creaming phenomenon after a standing
time of 30 min. The selected stable emulsions were then
homogenized using an ultrasonic probe (Branson 550 Dig-
ital Sonifier) at an amplitude of 40% generating a power
of 280 W for 3 min to further decrease the size of PLA
droplets and homogenize the emulsions. The final step
was the evaporation of ethyl acetate content under slow
stirring overnight using a magnetic stirrer at room tem-
perature (23 ± 1�C), resulting in an aqueous PLA and
PLA/MMt nanocomposites suspensions with a milky
aspect for emulsion containing only PLA and slowly the
color changes gradually becoming slightly opaque by
increasing the concentration of MMt. The complete pro-
cess is presented in Figure 1.

2.2.1 | Film formation

To prepare films from PLA and PLA/MMt emulsions,
20 mL of each emulsion was poured into a glass Petri-dish
(diameter 6 cm), the samples were then put in a thermal
vacuum oven (Isotemp vacuum oven model 282a) to dry
at 120�C for 4 h. The minimal film formation temperature
for emulsions prepared based on this grade of PLA was
determined in our previous work.21

2.2.2 | Emulsion thickening

Thickened emulsions with appropriate viscosity depending
on the coating technique are usually used to coat paper due
to their processability and good spreading. To adjust the
apparent viscosity of the emulsions, xanthan gum was used
as a thickening agent. After the complete evaporation of
the solvent, 1 wt% of xanthan gum was added to increase
the apparent viscosity of the prepared emulsions and thus
allow to prepare suitable thickened emulsions with high
apparent viscosity 500–1000 mPa�s for laboratory bar coat-
ing applications as recently reported.21 Vacuum mixing was
used at 1200 rpm for 2 h at room temperature (23 ± 1�C)
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to provide a good dissolution of xanthan gum and to avoid
the production of air bubbles.

3 | CHARACTERIZATION
METHODS

3.1 | Solid content, particle size, and zeta
potential (ζ)

The solid contents of the prepared stable emulsions were
measured according to ISO 1625 standard method. A
volume of PLA and PLA/MMt emulsions was dried to

constant mass at 125�C to determine the solids concen-
tration. The proportion of dried matter to the total mass
of the sample was used to calculate the solid content. The
particle size of PLA and PLA/MMt nanocomposites were
measured using the DLS method operating on a
Zeta-sizer “Malvern model Zen 3600” instrument, which
measures first the Brownian motion of the particles in a
sample and then calculates their size from the established
theories. Before being transferred to the sample cell,
the emulsions were diluted with deionized water for the
determination of the polydispersity index (PDI) and the
mean particle size distribution, measurements were con-
ducted in three replicates.

TABLE 1 Formulations used to

prepare polylactic acid (PLA)/modified

montmorillonite (MMt) emulsions.

Organic phase

Formulations MMt (wt%)a Ethyl acetate (mL)
Concentration
(wt%/vol%)

PLA 0 80 8

PLA/MMt 1% 1 8.08

PLA/MMt 3% 3 8.24

PLA/MMt 5% 5 8.40

Aqueous phase

Emulsifiers HLB valuesb Concentration (wt%) Water (mL)

Tw80 15 0.5–1.8–3.5 70

SO 20 0.5–1.8–3.5

SO-Tw80 (20:80) 16 0.5–1.8–3.5
aSurface modified montmorillonite.
bHydrophile lipophile balance.

FIGURE 1 Experimental process for the preparation of PLA/SM-Mt aqueous emulsions. PLA, polylactic acid.

4 ABDENOUR ET AL.
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To measure the zeta potential of PLA and PLA/MMt
particles, analyses were conducted on a zeta-sizer (Model
Zen 3600; Malvern Instruments Ltd., Malvern Worcester-
shire, UK), which works using a combination of the mea-
surement techniques: electrophoresis and laser doppler
velocimetry. Before testing, samples were diluted in distilled
water for zeta potential measurement in three replicates.

The kinetic stability of the prepared emulsions was
assessed in two stages process. First stage consists of
visual observations, the phase separation after a standing
time of 30 min following the production process and after
the complete evaporation of the solvent ethyl acetate.
This method helped us to select and identify emulsions
showing preliminary stability based on the type of the
used emulsifiers and their concentrations. The second
stage consists of storing the emulsions that showed stabil-
ity for more than 24 h, by transferring a volume of 50 mL
of each emulsion into a transparent glass container at
room temperature (23 ± 1�C). Phase separation by sedi-
mentation and coalescence was assessed. This stage is
very important for emphasizing the effect of emulsifier's
type and concentrations on the stability of the prepared
emulsions.

3.2 | Thermal analysis (DSC-TGA)

The DSC analysis was conducted to evaluate the Tg of
PLA/MMt nanocomposites compared with neat PLA gran-
ules. Samples were cut into small pieces weighing between
10 and 30 mg. The analysis was conducted on DSC appara-
tus “TA Instruments the Discovery DSC2500.” First, the sam-
ple was heated from �10 to 220�C at a rate of 10�C/min, as
a first heating run to remove its thermal history, followed by
cooling to �10�C at a cooling rate of 10�C/min. The Tg of
the samples was defined by a second heating run from �10
to 220�C at a heating rate of 10�C/min.

Thermal stability of the developed films was studied
using TGA analysis by comparing thermal stability of
PLA neat and its composite. First, composite samples
were cut into small pieces weighing from 25 to 35 mg,
then placed in a ceramic plate. The data of the thermal
stability was recorded by heating the samples from 40 to
800�C, using “PerkinElmer Thermal Analysis” at heating
rate of 10�C/min, in air atmosphere.

3.3 | Morphology analyses

A scanning electron microscope (SEM-Hitachi VP-SEM
SU1510) was used to analyze the morphologies of PLA
and PLA nanocomposite films. Samples were gold-coated
by sputtering and the measurements were then taken at a

10 kV accelerating voltage. The elemental composition
analysis of the samples was carried out by means of the
energy dispersive x-ray (EDX) analysis using an energy
dispersive spectrometer Oxford X-max 20 mm2 coupled
to the SEM-Hitachi VP-SEM SU1510, at a 15 kV acceler-
ating voltage. The morphology of the particles and the
dispersion of MMt in PLA matrix were investigated using
TEM analysis. First, 10 mL from emulsions prepared
using only Tw80 and emulsions prepared using 3.5 wt%
of SO + Tw80 (20:80) were poured into glass Petri dishes
and placed in laboratory fume hood at room temperature
23 ± 1�C for 72 h to dry, finally the samples were recov-
ered in form of powders. To prepare the nanoclay sample,
5 mg of MMt was diluted in ethanol since it is hydropho-
bic compound and cannot properly be dispersed in dis-
tilled water. The emulsion's powders were gently ground
then dispersed in a volume of distilled water to form
diluted suspensions. Before analysis, few droplets of each
sample were poured on to a 300 mesh copper grids, then
the water content was dried out. The analyses were car-
ried out on a transmission electron microscope (TEM)
Philips EM208S at 80 kV accelerating voltage.

3.4 | Rheology behavior

The rheological behavior was studied by measuring the vis-
cosity (η), shear rate (_γ), and shear stress (τ) of aqueous
emulsions and the thickened emulsions using xanthan
gum (1wt%) prepared using SO-Tw80 (20:80) at 3.5wt%.
The choice of these formulations was based promising
results previously obtained and expected viscosities
required for coating paper applications. The measure-
ments were conducted on a rheometer (Rheologica Stres-
stech), the viscosity of the samples was measured using a
concentric cylinder cup and constant rate method at room
temperature 23±1�C. This method measures viscosity
and stress as a function of shear rate, useful for simulating
specific steps of a process like paper coating. Precisely,
15.9mL of each sample were poured into the interior of
the cylindrical cup, then the rotor was automatically sub-
merged into the sample until the point zero was setup.
The shear rate _γ (1/s) was varied from 10�6 to 631 s�1 and
the measurements were replicated three times.

4 | RESULTS AND DISCUSSIONS

4.1 | Particle size distribution
and zeta-potential (ζ)

Particle size and surface charge are the most studied fac-
tors to assess the extent of the physical stability of an

ABDENOUR ET AL. 5
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emulsion.23 Oil-in-water emulsions are thermodynami-
cally unstable systems composed of two immiscible
phases with different viscosities. Two common types
exist: the conventional emulsions having droplets size
larger than 100 nm and the nano-emulsions with an
average particle size d < 100 nm.24 The smaller the size
of the droplets, the more stable emulsions will be. This is
due to the Brownian motion overcoming gravity, which
prevents their coalescence by preventing surface floccula-
tion and therefore no coagulation and aggregation will
occur.25 DLS was used to determine the average particle
size and the PDI of the prepared emulsions. As we can
observe from the results reported in Table 2, conven-
tional emulsions were obtained with an average particle
size in the range of 145–352 nm, with PDI values in the
range of 0.1–0.3, corresponding to a relatively homoge-
neous dispersion. It is well established that the PDI
values are a good indicator of the homogeneity of the par-
ticle size distribution which is the most important param-
eter affecting the fundamental properties of emulsions.26

The incorporation of MMt has led to an increase in
PLA's particle size, varying from 7 to 140 nm increase
depending on the concentration of the incorporated clay,
the type of the surfactants and their concentrations, as
we can observe in Table 2. A slight increase in PDI values
of PLA/MMt emulsions was observed, since the presence
of MMt in PLA particles altered the homogeneity of the

particle size distribution as shown in the TEM micrographs
(Figure 2). Surface MMt has a lamellar structure as we can
see in Figure 2A. From Figure 2B,C, we can see that PLA
particles without the addition of MMt has a homogeneous
spherical form compared with PLA particles containing
1, 3, and 5 wt% of MMt where irregularities and uneven
forms are visible as shown in Figure 2D–F. These results
agree with those reported in the literature.27

On another hand, from Table 2 and as confirmed by
TEM micrograph in Figure 2B, formulations prepared
with only Tw80 have the largest particle size and the
highest PDI value, which explains the instability and
the sedimentation that occurred after a short storage
time.28

Another important surface characteristic is the surface
charge. The zeta potential (ζ) provides important informa-
tion about the surface charge of the particles in the sliding
plane, which significantly influences the stability of col-
loids. At a high zeta potential absolute value, there is a
low susceptibility for the suspended polymer particles to
coagulate due to the electrostatic repulsive forces.29 Parti-
cles with zeta potential values outside the interval [�30,
+30] mV generates high electrostatic repulsive forces,
which prevent their collision and coagulation.30

The measured ζ-potential values are summarized in
Table 2. As observed, emulsion prepared using only
Tw80 has a ζ-potential value of �26 mV, which are

TABLE 2 Different properties of polylactic acid (PLA) and PLA/modified montmorillonite (MMt) emulsions.

Formulations Surfactant type HLB Concentration (wt%)a Particle size (nm) PDIb ζ-potential (mV) Solids content (%)

PLA Tw80 15 3.5 2230 0.76 �26 11.85

PLA SO 20 1.8 172 0.20 �51 9.25

PLA/MMt 1% SO 20 1.8 183 0.23 �48 10.45

PLA/MMt 3% SO 20 1.8 194 0.25 �41 11.12

PLA/MMt 5% SO 20 1.8 201 0.30 �36 11.30

PLA SO 20 3.5 146 0.19 �61 12.00

PLA/MMt 1% SO 20 3.5 156 0.22 �58 12.15

PLA/MMt 3% SO 20 3.5 165 0.27 �51 12.65

PLA/MMt 5% SO 20 3.5 182 0.24 �47 13.00

PLA SO + Tw80 (20:80) 16 1.8 189 0.10 �43 9.00

PLA/MMt 1% SO + Tw80 (20:80) 16 1.8 193 0.15 �38 10.05

PLA/MMt 3% SO + Tw80 (20:80) 16 1.8 208 0.18 �35 10.88

PLA/MMt 5% SO + Tw80 (20:80) 16 1.8 210 0.24 �32 11.00

PLA SO + Tw80 (20:80) 16 3.5 175 0.17 �53 11.85

PLA/MMt 1% SO + Tw80 (20:80) 16 3.5 168 0.13 �49 12.00

PLA/MMt 3% SO + Tw80 (20:80) 16 3.5 182 0.14 �46 12.35

PLA/MMt 5% SO + Tw80 (20:80) 16 3.5 195 0.18 �44 12.80

aWeight concentration.
bPolydispersity index.

6 ABDENOUR ET AL.
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within the interval previously defined. Therefore, weak
electrostatic repulsive forces between such particles are
not sufficient to prevent flocculation and coalescence.
This was expected since Tw80 is a nonionic small mole-
cule surfactant adsorbed on the surface of the particles. It
maintains emulsion's stability due to the steric stabiliza-
tion mechanism. The negative ζ-potential recorded for
this formulation is attributed to the carboxylic acid
groups of PLA oriented toward the particle surface due to
the polar interactions with the aqueous medium, fol-
lowed by an equilibrium between the acid and it's conju-
gate base, creating the negative charges on the surface of
the particles.31

However, when anionic emulsifier was used, the
ζ-potential values were significantly decreased reaching
�61 mV when SO was used alone at a concentration of
3.5 wt% and �53 mV with only 20 wt%. Therefore, these
conditions generated a strong electrostatic stability. By
adding MMt, a slight increase in the ζ-potential values
was noticed and this can be explained by the self-
arrangement of MMt within the PLA particles. TEM
micrographs in Figure 2C–E revealed that MMt layered
silicate were both encapsuled and dispersed on the sur-
face of PLA particles. This was expected since MMt is an
organically modified clay, and it is compatible with the
organic phase (PLA solution). Moreover, the presence of
MMt layers on the surface of PLA particles most likely

hindered the surface charge distribution by reducing the
number of emulsifiers present on the surface and thus
the ζ-potential values.32 On another hand, adding hydro-
philic clay like natural montmorillonite has a different
effect on zeta potential and stability of the prepared
emulsions. The addition of Na-montmorillonite to poly-
styrene latex decreased the ζ-potential values and con-
tributed to prepare a stable pickering emulsion based on
polystyrene containing Na-montmorillonite.33

Generally, a linear correlation between the evolution
of ζ-potential and the particle size is observed (Figure 3).
Small particle size coincides with higher zeta potential
values. This is expected since small size particles provide
the higher surface area, which enables more surfactants
molecules adsorption and therefore the surface charge
increases.

Additional data on the stability assessment are neces-
sary to better understand the initial selection of emulsions
based on their gravitational stability. For this purpose, the
creaming phenomenon as a good indicator of instability
was observed after 30 min of completing the emulsification
process. Systems that were completely unstable showed a
clear phase separation for a standing time inferior to
30 min and were discarded. Results are presented in
Table 3. Two distinct phenomena were obtained depending
on different factors like the composition of formulations,
emulsifiers type, and concentrations. Emulsions containing

FIGURE 2 Transmission electron micrographs of (A) modified montmorillonite (MMt), (B) polylactic acid (PLA) particle prepared

using Tw80, (C) PLA particle prepared using 3.5 wt% of SO + Tw80 (20:80), (D) PLA-1 wt% MMt, (E) PLA-3 wt% MMt, and (F) PLA-5 wt%

MMt emulsion prepared using 3.5 wt% of SO + Tw80 (20:80).
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only PLA showed a different response compared with those
containing the MMt. For emulsions containing only PLA,
at lower concentrations of only Tw80 (0.5 and 1.8 wt%) and
after finishing dispersion and homogenization, instant
instability by creaming and phase separation was observed.
However, at a higher concentration, emulsions were
formed as shown in Figure 4A. This can be attributed to a
very important parameter related to the concentration of
the surfactant, which is the total coverage of the droplet's
surface,34 in our case no creaming was observed when
3.5 wt% of Tw80 was used. However, it is important to
mention that sedimentation occurred after only 72 h of
storage at room temperature 23 ± 1�C. The large amount
of the organic phase used to prepare the emulsions com-
bined with the low emulsification efficiency of Tw80 may
contribute to the fast coagulation rate and thus promoted
the formation of large-size PLA particles. These results are
different from those obtained in our previous work,21 using
small amounts of PLA solution, in which the use of a low
concentration of nonionic surfactants provided 28 days sta-
bility under the same storage conditions.

On another hand, instant phase separation with the
formation of a thick layer was observed in the case of
PLA/MMt emulsions prepared using only Tw80 at all
concentrations (Figure 4A). These results are due to the
creaming phenomena occurring when the density of
the dispersed phase is lower than that of the continuous
phase leading to the rise of the dispersed droplets and
forming a thick layer on the top of the aqueous phase
after the droplets coalesce.35 The creaming process is
reversible, and the two phases of the emulsions can be
redispersed by agitation. However, it will harm the stabil-
ity of the emulsions by causing coalescence, which is an
irreversible process.36 Moreover, using Tw80 as an

emulsifier even at high concentrations has not prevented
the creaming and the cracking of PLA/MMt emulsions.
Tw80 is a low molecular weight ester �1310 g/mol, syn-
thesized from a combination of sorbitan monooleate and
ethoxylate.37 As a nonionic emulsifier, it provides stabil-
ity to the emulsions by creating steric repulsion and thus
it hinders the coalescence and aggregation of the dis-
persed droplets. To achieve this efficiency, the emulsifier
molecules must cover entirely the oil/water interface.38

However, due to the low molecular weight of Tw80, the
mobility of its molecules in and out of the oil/water inter-
face creates uncovered surfaces leading to oil droplets'
surface exposure and hence the droplets merging forming
an oil layer at the top of the emulsions. Furthermore, the
presence of the hydrophobic organoclay encapsulated
and adsorbed at the surface of PLA droplets can cause
problems in controlling droplet size and the coagulation
of the emulsions by hindering the complete adsorption of
Tw80 molecules. Many studies that used the conven-
tional emulsion polymerization process or mini-emulsion
polymerization to prepare nanocomposites emulsions
using various organoclay types have reported difficulties
to prepare stable latexes and it requires the use of very
high amounts of surfactants with high HLB values to
reach stability.9,39

The use of an anionic emulsifier (SO) alone or in com-
bination with the nonionic emulsifier (polysorbate 80) led
to the formation of stable emulsions for more than
5 months stored at room temperature 23 ± 1�C, except at
the very low concentration (0.5 wt%) where coagulation
and aggregate formation was observed after the complete
solvent evaporation as presented in Figure 4B this result
can be explained by the low amount of emulsifier's mole-
cules used and therefore its insufficiency to cover
completely the surface of PLA droplets and thus did not
prevent surface flocculation and coalescence. Also, it is well
known that ionic emulsifiers provide electrostatic stability
to polymeric emulsions through electrostatic stability aris-
ing from a balance between repulsive and attractive forces
creating a potential energy barrier force preventing polymer
particles from approaching and colliding and finally coagu-
lating. Therefore, coagulation observed at low concentra-
tions can be due to the attraction forces mainly van der
Waals forces between polymer particles overcoming the
repulsive forces generated by the anionic emulsifier.40 No
coagulation was observed at concentrations above 0.5 wt%
indicating that the energy barrier resulting from the electro-
static combined with steric forces was higher than the van
der Waals attractive forces which mostly prevented particles
from coagulating. Many studies have reported the prepara-
tion of stable polymer/clay nanocomposites latexes using
large amounts of anionic emulsifier like sodium dodecyl
sulfate (SDS) up to 8 wt%.41

FIGURE 3 Particle size (nm) and zeta potential (mV) variation

as a function of surfactants type and concentrations.
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Overall, stable PLA emulsions for more than
5 months containing surface MMt at different weight
ratios (1, 3, and 5 wt%), were successfully prepared using

simple emulsion solvent evaporation method. The key
factor in the preparation of this kind of emulsions with
high solids content up to 13% is the use of anionic

TABLE 3 Summary of all visual observations.

Formulations MMt (wt%)a Emulsifiers type
Emulsifier's
concentration (wt%) Dispersion stability

PLA 0 Tw80b 0.5 Creaming

PLA/MMt 1%c 1 Tw80 0.5 Creaming

PLA/MMt 3% 3 Tw80 0.5 Creaming

PLA/MMt 5% 5 Tw80 0.5 Creaming

PLA 0 Tw80 1.8 Creaming

PLA/MMt 1% 1 Tw80 1.8 Creaming

PLA/MMt 3% 3 Tw80 1.8 Creaming

PLA/MMt 5% 5 Tw80 1.8 Creaming

PLA 0 Tw80 3.5 Stable

PLA/MMt 1% 1 Tw80 3.5 Creaming

PLA/MMt 3% 3 Tw80 3.5 Creaming

PLA/MMt 5% 5 Tw80 3.5 Creaming

PLA 0 SOd 0.5 Coagulation

PLA/MMt 1% 1 SO 0.5 Coagulation

PLA/MMt 3% 3 SO 0.5 Coagulation

PLA/MMt 5% 5 SO 0.5 Coagulation

PLA 0 SO 1.8 Stable

PLA/MMt 1% 1 SO 1.8 Stable

PLA/MMt 3% 3 SO 1.8 Stable

PLA/MMt 5% 5 SO 1.8 Stable

PLA 0 SO 3.5 Stable

PLA/MMt 1% 1 SO 3.5 Stable

PLA/MMt 3% 3 SO 3.5 Stable

PLA/MMt 5% 5 SO 3.5 Stable

PLA 0 SO + Tw80 (20:80) 0.5 Coagulation

PLA/MMt 1% 1 SO + Tw80 (20:80) 0.5 Coagulation

PLA/MMt 3% 3 SO + Tw80 (20:80) 0.5 Coagulation

PLA/MMt 5% 5 SO + Tw80 (20:80) 0.5 Coagulation

PLA 0 SO + Tw80 (20:80) 1.8 Stable

PLA/MMt 1% 1 SO + Tw80 (20:80) 1.8 Stable

PLA/MMt 3% 3 SO + Tw80 (20:80) 1.8 Stable

PLA/MMt 5% 5 SO + Tw80 (20:80) 1.8 Stable

PLA 0 SO + Tw80 (20:80) 3.5 Stable

PLA/MMt 1% 1 SO + Tw80 (20:80) 3.5 Stable

PLA/MMt 3% 3 SO + Tw80 (20:80) 3.5 Stable

PLA/MMt 5% 5 SO + Tw80 (20:80) 3.5 Stable

aSurface modified montmorillonite.
bTween 80.
cPolylactic acid/surface modified montmorillonite (1, 3, and 5 wt%).
dSodium oleate.
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emulsifier (SO) alone or in combination with nonionic
emulsifier (Tween80) resulting from the steric and the
electrostatic stabilization mechanisms. On the other
hand, the use of only Tw80 showed no interesting results
especially when surface MMt was added indicating that
steric stabilization provided by Tw80 with HLB value of
15 was not sufficient to prepare this kind of emulsions.

4.2 | Film formation, morphology, and
thermal properties

The obtained results are shown in Figure 5. As we can
observe in Figure 5A–A3, no films were obtained using
only SO as an emulsifier at all concentrations, the results
showed fragmented discontinuous and wax-like mate-
rials. This can be attributed to the formation of biphasic
domains in the polymeric matrix due to the incompatibil-
ity of SO and PLA resulting in incomplete coalescence
even after 5 h of the drying process.

The distribution of the surfactants used to stabilize the
emulsions is usually not homogenous and tend to migrate
to the interfaces air—film and substrate—film by forming
layers on the top or biphasic domains within the poly-
meric matrix which represents a serious challenge, since
the behavior of the emulsifiers during the coalescence pro-
cess can alter the final properties of the prepared films.42

Which is demonstrated clearly in the obtained results, the
behavior of SO and Tw80 was significantly different. In
addition to the behavior, another important factor which
need to be considered is the solubility of the emulsifiers in
the polymer, more precisely the interdiffusion of these low
molecular weight substances into a polymeric matrix, if

the emulsifier has a high solubility with the polymer or
used in low concentrations, it will facilitate the coales-
cence of the polymer particles due to its plasticizing effect
and therefore a homogenous film will be formed.43

Therefore, emulsifier's solubility in the polymer is a
crucial factor affecting the continuity and the homogene-
ity of the prepared films by affecting the degree of coales-
cence, low coalescence degree creates discontinuous,
nonhomogeneous films.30 On other hand, films were
obtained in the case of samples prepared using only
Tw80 or the mixture of SO and Tw80 (20:80) as we can
observe in Figure 5B–B3,C. It is suggested that Tw80 due
to its high solubility and compatibility with PLA lead to a
high coalescence degree and therefore homogeneous and
continuous films were formed. PLA films shown in
Figure 5B,C were translucent. This result was not
expected since the PLA used is amorphous. This can be
attributed to the formation of thin layers on both sides of
the film surfaces composed of the emulsifiers. Transpar-
ent films were obtained when small amounts of Tw80
were used.21 Same observation for the formed films con-
taining MMt presented in Figure 5B₁–B₃ opaque, homog-
enous, and continuous films were formed and the degree
of opacity increases by increasing MMt content.

This part of our work is very important, since our goal
is the application of the developed emulsions as paper
coating formulations. The film formation process is simi-
lar to coating paper process where the drying part takes
place after the coating and the goal at the end is the for-
mation of a polymeric film recovering the microporous
surface of the paper and thus modifying some properties
of the paper like reducing its hydrophilicity and its high
permeability. Results showed that emulsions prepared

FIGURE 4 Visual observations of the gravitational instability of PLA/MMt emulsions using (A) Tw80, (B) SO, and SO + Tw80 (20:80).

MMt, modified montmorillonite; PLA, polylactic acid.
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with only SO were not suitable for paper coating since
there was no film formed for all formulations and at all
concentrations. Similar results were obtained for the
sample prepared using only Tw80 due to the lack of sta-
bility showed during storage. Films prepared with the
mixture of SO + Tw80 (20:80) will be further investigated
since they provided interesting results.

The morphology studies of the prepared films were con-
ducted using SEM coupled with EDX analyses, micro-
graphs of the surfaces. The cross sections and EDX spectra
are presented in Figures 6 and 7. First the morphology of
the surface MMt was analyzed. As we can observe in
Figure 6A, the micrograph shows many crumpled individ-
ual small flakes and expended surface attributed to the
chemical intercalation using dimethyl dialkyl amine. The
expansion property of the organo-modified clays allowed it
to be used in organic compounds adsorption,44 improved
its swellability in organic solvents45 and showed a good
compatibility with polymers compared with unmodified
natural clays, due to the strong interfacial interactions
between montmorillonite and polymers. This enhances sig-
nificantly the thermomechanical and barrier properties of
the final nanocomposites.46,47

To investigate the surface morphology of the prepared
films, SEM analysis was conducted. It is important to
emphasize that films with homogeneous and cohesive sur-
faces without cracks, pores, and irregularities provide a
major positive effect on mechanical and barrier properties
of the coated paper. The SEM micrographs of the surfaces
of all films are presented in Figure 6B–E. PLA surface
showed a smooth and continuous surface (see Figure 6B),
whoever this surface becomes more rougher when MMt is
introduced, which is attributed to the distribution of some
large MMt tactoids on the surface of the films48 and this
presence increases by increasing MMt concentration up to
5 wt% as demonstrated in Figure 6C–E. The surface ele-
ment composition EDX results are presented in Figure 7.
From the EDX spectrum of MMt Figure 7A1 we can
observe the presence of mainly four elements, carbon (C),
oxygen (O), aluminum (Al), silicon (Si) and traces of mag-
nesium (Mg), iron (Fe), chloride (Cl), and calcium (Ca).
The presence of carbon is related to the organic cationic
surfactant dimethyl dialkyl amine since the MMt contains
35–45 wt% of the surfactant. The residual elements are the
components of the montmorillonite, one unit of montmo-
rillonite is composed of two tetrahedral sheets of silica

FIGURE 5 Samples obtained after the drying process, using only SO as emulsifier (A) polylactic acid (PLA), (A₁) PLA-1 wt% modified

montmorillonite (MMt), (A₂) PLA-3 wt% MMt, (A₃) PLA-5 wt% MMt. Using SO + Tw80 (20:80) as emulsifiers (B) PLA, (B₁) PLA-1 wt%
MMt, (B₂) PLA-3 wt% MMt, (B₃) PLA-5 wt% MMt and using only Tw80 (C) PLA.
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(O Si O) and one octahedral of alumina (O Al(Mg) O).49

Figure 7B–E shows the cross sections micrographs of
PLA and PLA containing 1, 3, and 5 wt% of MMt.
Figure 7B shows the cross section of PLA film. A continu-
ous and relatively smooth surface related to the well
assimilated PLA chains is observed, which demonstrate
the effectiveness of the drying process in producing a
homogeneous and continuous films.8,50 However, in the
case of PLA/MMt (1, 3, and 5 wt%) nanocomposites mor-
phological changes attributed to the randomly dispersed
MMt particles are noticed, which generated rougher sur-
faces as the weight ratio of the nanofiller increased as
shown in Figure 7D,E. The presence of some compact
structures was also observed as aggregates inducing irreg-
ularities in the matrix. These results can be attributed to
the weak interfacial adhesion between PLA matrix and
the MMt particles. Moreover, the expansion ability and
the intercalary degree of the organoclay combined with
the preparation method are the main factors affecting the
uniformity of its dispersion leading to an intercalated or
exfoliated structures.51,52

DSC results obtained during the second heating run
are presented in Figure 8A. All tested samples exhibited
no melt pics during the heating run or crystallization
phenomena during the cooling run. This can be attrib-
uted to the glassy amorphous structure of the samples
implying that the structure of neat PLA remained amor-
phous. Meanwhile, the Tg of neat PLA granules without
any treatment measured at 55.18�C had undergone a
major decrease in the case of PLA films prepared from

the aqueous emulsion, the reduction was about 5�C pre-
senting an endothermic pic at 50.53�C as shown in
Figure 8B. This decrease in Tg is due to the plasticization
effect induced by the emulsifiers. It is well established
that Tg is much sensitive to the mobility of the polymer
chains and to their local environment.53 Whereas, by
adding amounts of MMt the reduction in Tg was slightly
recovered (�6�C) up to 56.25�C higher than the Tg of
neat PLA granules, this increase can be attributed to the
restriction in the polymer's chains movement at the vicin-
ity of the organoclay pallets as a consequence of bonding
or adsorbing at the surface of the organoclay.53

Negrete-Herrera et al.53 reported in their study the
effect of laponite as nonofiler on the thermal properties
of latex films based on poly (styrene-co-n-butyl acrylate).
The thermal analysis by DSC showed an increase in the
Tg of the nanocomposites up to 12�C compared with the
unfiled latex. Also, Ozkoc and Kemaloglu54 have reported
the effect of organoclay (Cloisite 30B) added with differ-
ent amounts (0–5 wt%) to a plasticized PLA membrane.
DSC results showed a decrease in the Tg of the plasticized
PLA compared with the neat PLA, when Cloisite 30B was
added a slight recovery in Tg of PLA nanocomposites of
about 4�C was recorded.

The thermogravimetric analysis results are shown in
Figure 8C, the weight loss (%) of all samples is presented
in a comparative TGA thermograms, all samples showed
one stage thermal degradation, divided in two principal
areas: the first area, consists of small weight loss <10%
was recorded between 40 and 150�C related to loosing

FIGURE 6 Scanning electron microscopy surface microstructure of (A) modified montmorillonite (MMt) powder, (B) PLA film,

(C) PLA-1% MMt film, (D) PLA-3% MMt film, and (E) PLA-5% MMt film.

12 ABDENOUR ET AL.

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28681 by Phuong N

guyen-T
ri - U

niversitaet D
u Q

uebec A
 T

rois , W
iley O

nline L
ibrary on [28/06/2024]. 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



weakly and strongly bound water by evaporation, for
neat PLA pellets it was only 2% since the sample was
dried before analysis, for the rest of samples the water
content was higher about 8%–9% this was expected since
the films were prepared from aqueous emulsions. PLA is

well known for its low thermal stability demonstrating a
rapid loss of molecular weight when exposed to overheat-
ing treatment,55 the thermal degradation of PLA depends
on various factors like residence time, temperature, mois-
ture and catalyst presence, chemical structure, molecular

FIGURE 7 Micrographs of

(A) modified montmorillonite

(MMt) surface, surface of the

cross-sections of (B) polylactic

acid (PLA) film, (C) PLA-1 wt%

MMt film, (D) PLA-3 wt% MMt

film and (E) PLA-5 wt% MMt

film. Energy dispersive x-ray

spectra of (A1) MMt, (B1) PLA

film, (C1) PLA-1 wt% MMt film,

(D1) PLA-3 wt% MMt film, and

(E1) PLA-5 wt% MMt film.
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weights, and so on.56 The second area, between 250 and
420�C where more than 90% of the sample's weights were
lost due to depolymerization and full decomposition of
PLA. During the thermal degradation of PLA, several
reactions occur, such as inter and intramolecular
exchange of ester groups leading to the formation of
cyclic oligomers and lactides, random main chains scis-
sions, hydrolysis, and oxidative degradation.57 Neat PLA
pellets exhibited high thermal stability with the initial
degradation temperature (Ti) recorded at 286�C, whoever,
this temperature is lower than the Ti exhibited by semi-
crystalline PLA, which occurs mostly at 320�C depending
on the polymer grade. This result was expected since the
PLA used in our study is amorphous with low molecular
weight, it is well established that amorphous structures
with random polymer chains arrangements provide an
open molecular structure, which tolerates oxygen
penetration and thus thermal degradation by oxidative
reaction occurs.55,58 PLA film sample prepared from the
PLA-emulsion, where the Ti has been reduced to 197�C,

same reduction behavior has been observed for samples
containing surface MMt (1, 3, and 5 wt%) with a small
increase when compared with unfiled PLA film as
intended for the organoclay nanofillers used generally
as to improve the thermostability of polymeric matrices,
like for semicrystalline PLA,59 poly(ϵ-caprolactone),60

and nylon-6.61 The phyllosilicate organoclay increase the
tortious pathway of the polymer matrix and thus delay
the diffusion of the combustion by-products,62 the
recorded Ti were 256, 277, and 285�C for PLA containing
1, 3, and 5 wt% of MMt, respectively. Moreover, from the
derivative thermogram analysis (DTG) presented in
Figure 8D we can observe one degradation peak for all
samples representing the maximum degradation temper-
ature (Tmax) at which the thermal degradation rate of the
polymer reaches its maximum. The Tmax has been
reduced from 410�C for neat PLA to 289�C for PLA film,
however a small increase was observed for the nanocom-
posites (PLA-MMt (1, 3, and 5 wt%)) to 362, 373, and
374�C, respectively. The char residue at the final

FIGURE 8 (A) Differential scanning calorimetry thermograms of neat polylactic acid (PLA) granules, films formed from aqueous PLA

and PLA-MMt (1, 3, and 5 wt%) emulsions prepared using SO/Tw80 (20:80) formulation. (B) Zoom on the glass transition zone of all

samples. (C) Thermogravimetric analysis (TGA) results and (D) the derivative curves of TGA analysis (DTG). MMt, modified

montmorillonite.
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temperature (800�C) for Neat PLA was 0.30% and
increased in the case of PLA film to 0.88% due to the
presence of surfactants, this increase was more important
in the case of the nanocomposites up to 3.11%, attributed
to the nanofillers and increases by increasing the amount
of MMt from 1 to 5 wt%, all the data from TGA/DTG ana-
lyses are resumed in Table 4.

Overall, the TGA/DTG results are in accordance with
DSC results in which the surfactants used to prepare the
aqueous dispersions acted like plasticizers and thus Tg,
Ti, and Tmax have been reduced compared with the same
characteristic temperatures of untreated PLA pellets. This
behavior can be explained by the disorganization at the
macromolecular level caused by the surfactants generat-
ing more freedom and mobility for PLA chains, same
results have been reported by Calambas Pulgarin et al.63

and Fonseca-García et al.,64 also since we used a water-
based process to prepare PLA emulsions, the retained
water favorited and accelerated PLA decomposition by
hydrolysis.65 However, adding small amounts of MMt
have led to a recovery in the thermal stability by confin-
ing the mobility of PLA chains which is an inverse effect
to surfactant effect and moreover due to the generated
tortuous pathway in PLA matrix and its fire-retardant
properties, yet it is important to mention that in our case
the surfactant effect was more dominant than the organo-
clay effect.9,66

4.3 | Rheology measurements

The data show a similar rheological behavior for all
tested samples as presented in Figure 9A. A non-
Newtonian behavior with a shear-thinning flow was
recorded for all tested samples, the recorded apparent vis-
cosities (η) decreased by increasing shear rate ( _γ) to
achieve a constant value at high shear rates (630 s�1).
Thickened emulsions were much more viscous than the
aqueous PLA emulsions. To better observe the data,
Figure 9B–E demonstrate a binary comparison between
thickened emulsions and aqueous emulsions without
xanthan gum. These results were expected since xanthan

gum in contact with water creates a three-dimensional
network in form of weak microgel structure, moreover
xanthan gum presents a second structure consisting on a
five-fold helical structure combined with its high molecu-
lar weight, which were the reasons why thickened emul-
sions showed high viscosities67 and in our case, it is more
likely that the suspended PLA nanoparticles acted like
fillers and reinforced the gel structure which contributed
to the increase in the overall viscosity of the thickened
samples.68

On the other hand, in the case of the aqueous PLA
emulsions containing MMt at different weights 1, 3, and
5 wt%, results in Figure 10A indicated that samples con-
taining MMt exhibit higher viscoelastic than neat PLA
aqueous emulsion. The dilatant behavior presented in
Figure 10B may be attributed to the elastic response from
the interfaces during the particle's collision.69 Organically
modified clays are used to control the flow of organic sys-
tems like cosmetic creams, paints, and so on.70 To the best
of our knowledge, rheological studies of polymer/
organoclay water-based emulsions are not sufficiently
studied. However, the use of natural hydrophilic clays as
rheological additives for diverse aqueous fluids is well
known, such as montmorillonite,71 sepiolite,72 and paly-
gorskite.73 This increase in viscosity is attributed to the
strong interactions between the clay layers generating a
network structure. The formation of this structure through
a gelation process is mainly due to a specific linkage
between the positive edge and the negative surface of the
parallel plates of clay (house of cards structure) or
between the edges (ribbons structure).74 However, it is a
different mechanism for the organically modified clay.
The most application that reported the use of organoclays
as rheology additives is the oil-based drilling fluids, were
the process is well defined. As reported by Zhuang et al.74

and Silva et al.,75 excellent rheological properties were
found when organoclay were added to the oil-based dril-
ling fluids. These results were attributed to the swelling
ability of organoclays when dispersed in the oil phase and
the increase of the basal spacing creating exfoliated struc-
ture which promotes linkages like edge-surface and edge-
edge types between the organoclays layers resulting in the

TABLE 4 Thermal properties obtained by thermogravimetric/derivative thermogravimetric analyses.

Samples Ti (�C) Tmax (�C) Weight loss at Tmax (%) Char residue (%) at 800 (�C)

Neat PLA 286 410 99.08 0.30

PLA 197 289 98.39 0.88

PLA-1% MMt 256 362 98.27 1.20

PLA-3% MMt 277 373 98.06 2.13

PLA-5% MMt 285 374 96.44 3.11

Abbreviations: MMt, modified montmorillonite; PLA, polylactic acid.
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formation of a gel as reported by Fu et al.70 on polystyrene
containing organically MMt. In our work, these findings
explain the structure modifications of MMt dispersed in

ethyl acetate to prepare the organic phase. However, after
the solvent evaporates, the PLA droplets containing MMt
hardens and therefore the expansion and the swelling of

FIGURE 9 Viscosity versus shear rate plots of (A) all samples aqueous and thickened polylactic acid (PLA) emulsions, and binary

comparison between thickened and aqueous emulsions (B) PLA and PLA thickened by 1 wt% xanthan gum (Xan) (C) PLA-1 wt% modified

montmorillonite (MMt) and PLA-1 wt% MMt thickened by 1 wt% Xan (D) PLA-3 wt% MMt and PLA-3 wt% MMt thickened by 1 wt% Xan

and (E) PLA-5 wt% MMt and PLA-5 wt% MMt thickened by 1 wt% Xan.
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the MMt particles were limited and leaving the interac-
tions between the clay lamellae at the surface level of the
PLA particles, thus the increase in the viscosity was not
significant.

5 | CONCLUSION

Aqueous PLA emulsions filled with surface MMt as a
nanofiller were successfully produced using a simple
emulsification-solvent diffusion method with the use of
less harmful emulsifiers and solvent. To apply the chosen
formulations as coatings for paper, xanthan gum was
used as a food grade thickening agent. The developed
emulsions showed high thermodynamic stability (up to
5 months at 23 ± 1�C) due to the steric and electrostatic
stabilization mechanisms with a film formation ability
fulfilling the criteria for a thermoscelable coating's appli-
cations. The present work represents a successful use of
the simple method emulsification-solvent evaporation to
prepare biobased nanocomposites aqueous emulsions as
a replacement to the mini-emulsions and the conven-
tional polymerization emulsion method. The good prom-
ising results obtained in this work confirmed that
aqueous biobased barrier coatings developed using low-
toxic solvent and food grade emulsifiers and thickening
agent can be produced and applied as a substitute to the
commercial nonbiodegradable barrier coatings for pack-
aging paper.
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