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Poly(lactic acid) nanocomposite films were prepared by solvent casting method dispersing lauryl-functionalized
cellulose nanocrystals in the biopolymer matrix. The gas transport properties of nanocomposites with different
filler content were studied by gas phase permeation technique while the release of residual solvent molecules
(CHCl3) was analyzed by Thermal Desorption Spectroscopy. The aim of this work is to study the correlations
between the two processes that so far were studied separately. The analysis reveals that both the gas barrier
properties of the nanocomposite and the kinetics of the residual solvent desorption are controlled by interface
LNC-PLA layers. The improved gas barrier properties observed up to a critical filler content of 6.5 wt. % are
attributed to the formation of a gas-impermeable PLA regions with thickness in the 10 nm order surrounding the
functionalized filler particles. In the pure PLA matrix residual solvent molecules form small aggregates which
desorb through a thermally activated process showing a peak at T = 393 K and following a zero-order kinetic
process. In the nanocomposites, interface regions trap a fraction of residual solvent molecules that increases with
the LNC content: solvent release occurs at higher temperatures and follows a first-order desorption kinetics.

Gas barrier film
Solvent desorption

1. Introduction

Poly(lactic acid) (PLA) is a biopolymer exhibiting high tensile
modulus (3 GPa), good mechanical strength (> 60 MPa), high work-
ability showing compostable and recyclable nature [1]. Its monomer
can be prepared from corn, sugar beet and biomass residues and the
obtained polymer is decomposed by natural agents: is thus considered
as carbon neutral polymer [2]. Its use in applications such as packaging
and biomedical technologies requires physical-chemical modifications
to overcome inherent drawbacks such as brittleness, poor thermal
properties and high gas permeability [3]. The blending with other
biopolymers [4], the addition of inorganic (nano-clay or montmor-
illonite), metal (Ag) and metal oxide (ZnO and CuO) nanoparticles and
of bio-additives (plant extracts, ochitosan) are routes explored to im-
prove the performance of this biopolymer in the application fields
above mentioned [5].

Cellulose nanocrystals (CNs) are made of cellulose chains bound
together with hydrogen bonds: CNs present rigid, elongate rod-shaped
structures with diameter from few to 100 nm and length from tens to
hundreds of nanometers. The high aspect ratio, large surface area (ca.
150 m?/g), low density and biodegradability/biocompatibility of these
nanostructures have stimulated interest toward their use as additive in
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biopolymer nanocomposites [6].

In this communication, by reviewing results of our previous studies
[7,8], we try to make a correlation between the gas transport properties
of nanocomposite PLA films containing lauryl-functionalized
(CH3(CH3)10CH3-) cellulose nanocrystals (LCNs) at different contents
[7] and the thermally activated release of residual solvent molecules
(chloroform, CHCl3) [8]. The aim is to have a unified picture of the
transport processes occurring in nanocomposite PLA films to face the
problems occurring when application fields are considered.

A recent literature review on polymer nanocomposites for gas bar-
rier applications remarks that: (i) significant decreases of the gas per-
meability by the addition of gas-impermeable fillers occurs using
elongated or layered nanoparticles and (ii) filler contents larger than
20 vol. % are needed adding elongated nanoparticles while less than
10 vol. % is enough adding layered nanoparticles [9]. It is also reported
that improvements of the gas barrier properties upon filler addition are
attributable to two mechanisms. (i) The gas-impermeable filler particles
that can act as physical obstacles for permeating molecules forcing
them to follow tortuous pathways which are longer than the membrane
geometrical thickness. This tortuosity effect was observed, for example,
in polymer nanocomposites with dispersed spherical and layered sili-
cate nanoparticles [10,11]. (ii) The modification of the gas transport
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properties of the polymer matrix due to the filler addition that reduces
the polymer free volume [12] or increases of the polymer crystalline
fraction [9]. Free volume reduction, was observed in polyurethane-si-
lica nanocomposites [13] and in montmorillonite/styrene-butadiene
rubber nanocomposites [14] while a decrease of the gas transport rates
as consequence of an increased matrix crystallinity was observed in
nanocomposites prepared using spherical silica nanoparticles [15,16],
layered montmorillonite [17,18] and graphene oxide [19].

The novelty of the investigations here reported is the evidence that
in this biopolymer nanocomposite an improvement of the gas barrier
properties can be obtained adding elongated LNC nanoparticles at
contents up to ~5 vol. %. Moreover, the micro-structure of only the
polymer layers located at the filler-matrix interface is seen to affect the
mechanism of gas transport. It is also revealed that the desorption ki-
netics of residual solvent molecules in the nanocomposite films is
controlled by these polymer-filler interface layers.

Results of this investigation suggest that the control of the nano-
composite interface properties play an important role for applications
in food and electronic packaging [20,21] and innovative medical ma-
terial [22], but also in future technologies as, for example, laser pro-
pulsion where polymers act as matrix containing nanoparticles [23].
Ideas coming from this discussion could have basic importance because
the role of residual solvent molecules in the control of different nano-
composite properties is not yet well investigated [24-26].

2. Experimental

Details regarding the preparation and functionalization of the cel-
lulose nanocrystals, the preparation of nanocomposites and nano-
composite thin films as well as morphological, thermal and structural
analysis have been reported in a previous paper [7]. Here we will recall,
when necessary, specific morphological/structural information and re-
port on the procedures utilized to carry out gas phase permeation
measurements and Thermal Desorption Spectroscopy (TDS) analysis of
residual solvent molecules (CHCl3). For gas permeation and solvent
desorption tests we used thin film samples with thickness L ~ 50 pm.

2.1. Gas transport test

We used CO,, N, and D, as test gases and employed planar mem-
branes shaped as discs with diameter d=13.5 * 0.1 mm > > L. At time
t =0 one membrane side was exposed to the test gas kept at Py
pressure; gas molecules permeate through the membrane to a con-
tinuously pumped Ultra High Vacuum (UHV) chamber at a rate
Q) = %ndzjaxp (t) = Aoy (t) and here form a rarefied gas with partial
(¢).The permeation flux j,, (f) varies with time ¢ as

1_1 g pes
3 RTghambgrSpPL‘hGMber (t) and can be thus

monitored measuring PS,.., (f > 0): in the previous relation Tugmper iS

the temperature of the chamber wall. The equation:

gas
pressure Pchamber

indicated by the relationj,, (t) =

) el —Dn?r?t
j(t) = —P, 142 -1)"exp————
J® = T Peaa 21( Vep—r o

was used to fit j,, (t) curves and obtain the diffusivity D and perme-
ability @ of the examined test gas in the nanocomposites. See Refs. [27]
and [28] for more detailed information.

2.2. Solvent desorption analysis

TDS experiments were carried out in a continuously pumped UHV
chamber raising the nanocomposite temperature from Ty= 300 K to
T; = 500 K with 0.12 K/s temperature ramp and monitoring by
Quadrupole Mass Spectrometer (QMS) the ion currents signal I/,
pertinent to the m/e= 83, 85 and 47 CHCl; fragmentation products
[29]. The I/, signals provide a measure of the solvent desorption rate
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Fig. 1. jcxp (t) curves obtained at T = 310 = 2K and Pyps = 40 kPa with CO,.
Solid symbols are experimental data pertinent to the reference PLA sample.
Open symbols are experimental data pertinent to nanocomposite samples with
different filler content. Each curve is labelled with the corresponding LNC
content. Lines fitting the j.,, (t) data were obtained by Eq. (1).

Jaes (). See Ref. [8] for more detailed information.
3. Results and discussion

A complete report of the gas transport results is presented in Ref.
[7]. As an example, in Fig. 1 we present the j,, (t) curves obtained with
CO, at T = 310 = 2K and Py = 40 kPa: data pertinent to the pure
PLA film are reported as solid symbols while data pertinent to nano-
composites films are reported as open symbols [7]. It is observed that
the permeation flux decreases when the filler content increases up to
the critical LNC concentration of 6.5 wt. %; then the flux increases
adding further filler particles. At 10 wt. % filler content the CO, per-
meation flux in stationary transport conditions reaches a value com-
parable to that of pure PLA. The Dand @ values, obtained fitting of the
experimental j,, (f) curves, are reported in Fig. 2 as a function of the
LNC content for the three test gases. The comparison of the D and @&
data reveals that, adding LNC filler particles, the gas permeability of all
examined gases decreases up to the 6.5 wt. % critical content while the
gas diffusivity D maintains a nearly constant value [7].

Structural analysis carried out by Differential Scanning Calorimetry
(DSC) and Thermo-Gravimetric Analysis (TGA) on nanocomposite
samples with filler content up to 15. wt. % did not reveal variations of
PLA properties such as crystalline degree (2.2 + 0.4 wt. %), glass
transition temperature (58 = 1 °C), melting temperature (166 + °C)
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Fig. 2. Permeability (upper panel) and diffusivity (lower panel) values at
T = 310 = 1 K of the examined PLA-LNC nanocomposites as a function of the
LNC filler content. (triangles: D, ; squares : CO, ; circles : Ny).
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(c) : PLA +5 wt. % LNC

(b) : PLA +3 wt. % LNC

(e) : PLA + 6.5 wt. % LNC

Fig. 3. Cross section SEM micrographs of: pure PLA and PLA-LNC nanocomposites with different LNC contents. Fig. 3(e) shows a micrograph of cavity walls in the
PLA + 6.5 wt. % LNC nanocomposite: arrows indicate dispersed LNC filler particles.

and decomposition temperatures (the decomposition process started at
270 °C and presented the maximum degradation rate at 365 °C) [7].
Thus we correlated the gas transport behavior in Fig. 2 with the filler
dispersion state as revealed by the SEM micrographs reported in Fig. 3:
adding filler particles, the gas permeability decreases as long as the LNC
particles are well dispersed or form small clusters; their precipitation
produces micrometric agglomerates and increases the gas permeability.

In the following we will focus our attention on the gas transport
data pertinent to nanocomposites having filler content up the 6.5 wt. %.
A simple estimate evidences that the gas permeability reduction cannot
be attributed to the reduction of the PLA specific volume consequent to
the addition of the LNC gas-impermeable filler. Nano-cellulose and PLA
matrix have the following mass density values: py.=1.50 g/cm® and
Ppa=1.24 g/cm® and the relation ¢, = :ﬂqowtholds between filler
volume content ¢, , and weight content ¢, [;ﬁ? In nanocomposites with
3 and 6.5 wt. % filler contents the filler volume contents are 2.5 and 5.4
%, respectively, but permeability data in Fig. 2 show a much larger
permeability reduction.

To discuss the obtained results let us recall that the gas transport
properties of a polymer matrix are influenced by the addition of gas-
impermeable fillers by two mechanisms. Gas-impermeable filler parti-
cles force penetrant molecules to travel along effectively longer diffu-
sive paths than in the pure matrix, depending on their content and
aspect ratio: consequently the apparent penetrant diffusivity and thus
permeability are reduced. Experimental diffusivity values reported in
Fig. 2 exclude that this “tortuous path” mechanism as responsible of the
improved gas barrier properties. Dispersed filler particles influence the
physical-chemical properties of a polymer region of thickness l;,; at the
filler-matrix interface and can thus change the local value of the gas
permeability, @i, The permeability value of this polymer interface
region is reduced with respect to that of the pure matrix if polymer
chains well adhere to the filler particles (rigidified region); @, is in-
creased if the poor polymer-filler adhesion causes the formation open
volume defects such as nano-cavities (void formation) [30,31]. Per-
meability data in Fig. 2 and SEM micrographs suggest that when the
filler content is lower than 6.5 wt. % interfacial region surrounding
dispersed filler particles are rigidified reasonably as a consequence of a
local free volume reduction due to the interaction between the lauryl
chains and the PLA macromolecular chains [7].

An estimate of the rigidified layer thickness can be obtained ana-
lyzing experimental transport data in the framework of literature

permeation models of Mixed Matrix Membranes [27]. The dispersed
filler particles (with permeability value @4) and the surrounding in-
terface layers (with permeability value @;,;) are modelled as a dispersed
“pseudo-phase” region of effective permeability @e. The ratio between

nanocomposite and matrix permeability, g”c , can be then evaluated by
PLA

where ¢ is the volume frac-

oNC _2(1 = @)+ +29)(Deff / BPLA)
. orLa 2+9)+(1—9)Beft / BPLA) ]
tion of the dispersed “pseudo-phase” in the nanocomposite [30].

Here we carry out an evaluation of the ¢ parameter looking at the
geometry of the LNC particles as described by recently obtained TEM
images in Fig. 4 (ThermoFisher Talos F200S, nanocellulose dispersed by
ultrasonicator in acetone, a droplet of solution was let to evaporate on a
TEM copper grid). TEM micrographs show that the preparation proce-
dure described in Ref. [7] produced elongated LNC structures with 400
to 500 nm length and diameterD = 2r; ~ 20 to 30 nm. The “pseudo-
phase” particle can be thus described as a cylinder with length h and
diameter 2r; surrounded by a rigidified layer of thickness I;,,. Because
the relation i > r; holds, then ¢ = (rdtd%‘)z%ol where ¢, is the filler
volume fraction in the nanocomposite.

Experimental data in Fig. 2 for filler content up to 6.5 wt% (that
is ~ 5 vol. %) were reproduced assuming that the interfacial layer: (i) is
nearly gas impermeable (@i,/@pra 0) and (ii) has average thickness
Lint = 21 [7]. Data in Fig. 2 for larger filler contents were, on the con-
trary, explained as consequence of the formation of interface regions
rich of open volume defects around the LNC precipitates [7]. It’s thus
possible to conclude that the polymer rigidification at the filler-matrix
interface is responsible of the improved gas barrier properties. Such
mechanism was also suggested in polymer nanocomposites prepared
dispersing few layers of graphene nanoplatelets in low density poly-
ethylene (LDPE) and in amine-modified epoxy resins films [32,33].

Considering nanocomposites with LNC content lower than 6.5 wt. %
and their TDS spectra (see Ref. [8] for a wider data presentation and
discussion), the normalized spectrum of the pure PLA film shows a
narrow TDS peak at Tp= 393 + 1 K with FWHM ~ 10 K. The peak
onset at T = 340 K shows an exponentially increasing edge and the peak
finishes at T = 400 K with a sudden cut-off: these features suggest that
solvent release obeys to a zero-order kinetics. This spectrum is re-
produced assuming that (i) desorption kinetics was controlled by the
thermally activated release of solvent molecules from their trapping
sites and (ii) the de-trapping rate parameter p was given by the Ar-

the relation:

Ed
rhenius relation p(T) = p, e RBT [8]; in the previous relation Eg is the
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Fig. 4. TEM micrograph of LNC filler particle and corresponding electron diffraction pattern.
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Fig. 5. CHCIl; desorption spectra of the reference PLA sample (upper panel) and
of the PLA-LNC nanocomposites (central and lower panels). In the figures open
symbols are the experimental data (indeterminations are inside the size of the
symbols). Dotted and dashed lines in the central and lower panels are fits of the
TDS spectra obtained with the zero-order and first-order desorption kinetics
(see text) while the solid line is their convolution. Fitting values of the E3,
andep terms are reported in each panel.

kpT

molecule trapping energy and p, = -~ ~ 1.0 x 10'® s~ the mole-

cule escape attempt frequency [34]. To fit the peak we used curves
numerically obtained by the equation j, = —%ﬁ') = pO(t) where 6(t) is
the traps fractional occupancy. To reproduce the described features of
this peak it was necessary to assume that the activation energy Eg.; was
linearly dependent on the trap fractional occupancy:
Eges (6) = E,; — ep0 [8]. This Elovich-type functional form is often ob-
served in desorption process of molecular species adsorbed on solid
surfaces and the term ¢p accounts for attractive (5 < 0) or repulsive
(ep > 0) interactions between adsorbed molecules [35,36]. The fit of
the TDS spectrum in the upper panel of Fig. 5 was obtained with
E%. =1.11 eV and g = —0.08 eV [8] indicating that residual solvent
molecules attractively interact [37,38]. It is possible to conclude that
the zero-order desorption kinetics was connected to the CHCl; release
from small solvent aggregates dispersed in the PLA matrix. In fact the
obtained gpvalue i) well compares with values found in the analysis of
TDS spectra in different gas/surface systems showing zero-order deso-
rption kinetics and ii) is comparable to the minimum of the Lennard-
Jones potential energy curve between like molecules [39-43].
Interfacial PLA-LNC regions produces peculiarities in the TDS
spectra of the nanocomposites. In fact, the spectrum of the nano-
composite with 3 wt. % LNC content presents a shoulder in the high
temperature side of the desorption peak at Tp)= 388 + 1 K while the

spectrum of the nanocomposite with 5 wt. % CNF content exhibits two
partially overlapping narrow peaks at Tp,= 377 = 1 K and Tp,=
400 = 1 K. The nanocomposite TDS spectra were reproduced by the
overlap of two peaks also obtained assuming the CHCl; de-trapping
process as rate limiting step in the desorption kinetics [8]. These peaks
are reported as dotted and dashed lines in the central and lower panels
of Fig. 5. The narrow low temperature peaks were obtained assuming
the same 6-dependent functional form for Eg(6) as with the pure
sample and using nearly same fitting parameters; the broader high
temperature peaks resulted compatible with a first order kinetics pro-
cess and were reproduced with Eu(8) = ES,;=1.21 eV [8]. The first
order desorption kinetics and the ep= 0 value indicated that this deso-
rption channel does not involve aggregated CHCl; molecules [8]. The
high temperature peak was thus attributed to the release of CHCl3
molecules trapped in sites of the interface regions between PLA matrix
and the surface-functionalized LNC filler particle, owing to the LNC gas
impermeable nature [8]. The integrated area of this second peak, in
fact, increases with the filler content and accounts for the release of ~
46% and ~ 75% solvent molecules in the nanocomposite with 3 and
5 wt. % filler content, respectively [8]. Note that usual sites where gas
molecules are trapped in polymer films are the polymer-substrate in-
terface [44], specific moieties of the polymer chains [45] or microvoids
[40].

4. Conclusions

The gas barrier properties of the nanocomposites consisting of a
poly(lactic acid) matrix (PLA) containing nano-cellulose filler particles
(NC) functionalized by grafting hydrophobic lauryl chain (LNC), are
improved as long as filler particles are well dispersed in the PLA matrix:
the enhancement of the gas barrier properties is attributed to the for-
mation of rigidified PLA interfacial region with size l;,, comparable to
the LNC diameter. TDS spectra reveal that residual CHCI; solvent mo-
lecules are trapped in these interface regions and their release occurs at
temperatures higher than those associated with the release of solvent
molecules from small condensates dispersed in the PLA matrix. The
present results suggest that PLA nanocomposites containing functio-
nalized LNC particles are potential candidates for application in
packaging and biomedical technologies when their preparation process
ensures a high dispersion degree of the filler particles and the proper
engineering of the internal interface layers.
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