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The chemical grafting of palmitic acid (PA) on chitosan (CS) was performed through the coupling reaction of the
carboxyl group of PA with the amine groups of CS in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC). Fourier Transform InfraRed (FTIR), Differential Scanning Calorimetry (DSC) and 13¢ NMR spectro-
scopies were used to analyze the synthesized chitosan-grafted-palmitic acid (CS-g-PA). Acidified aqueous solu-
tions of CS, a mix of CS and PA (CS/PA) and CS-g-PA (1 wt%), in the presence of different contents of vermiculite
(VMT), have been coated on 130 pm thick corona-treated PET films with thicknesses ranging from 1 to 3 pm. Gas
permeability of the PET coated films were determined under dry conditions and under different relative humidity

ratios. The grafted CS exhibited a higher hydrophobicity which resulted in a fewer loss of barrier properties in

humid conditions.

1. Introduction

Gas permeability of plastics is a property highly studied currently
due to its implication in many applications such as food, cosmetic pack-
aging, hydrogen storage or helium-based weather balloons. Specific
high gas barrier polymers, such as poly(vinyl alcohol) (PVOH) and its
copolymers with ethylene (EVOH) or coatings based on poly(vinylidene
chloride) (PVDC), are usually employed [1]. However, the need for in-
novative solutions is still present as those petroleum-based solutions
show limitations either due to moisture sensitivity, brittleness or poten-
tial toxicity.

New bio-based polymers and their associated composites with min-
eral particles, such as montmorillonites are developed to answer some
of those issues. In particular, chitosan-based materials have encoun-
tered a great interest in the literature in the recent years [2,3]. Chitosan
(CS) is indeed currently largely studied for its use in many applications
such as food, pharmaceutical, cosmetics or agriculture. Its important
availability, renewability and biocompatibility have made this polymer
one of the most studied polysaccharides. The presence of hydroxyl func-
tions on its backbone also leads to high gas barrier properties that have
made this material a good candidate to create more environmentally
friendly food packaging [4]. However, the main drawback of its struc-
ture is a high dependency to relative humidity with a quick loss of its
properties due to a plasticizing effect of moisture.
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To overcome this issue, chemical modification of these hydroxyl
functions has been envisaged to decrease the hydrophilicity of the poly-
mer. Indeed, the presence of reactive functional groups combined with
the polysaccharide nature of CS leads to numerous chemical modifica-
tions. Amine groups can cause chemical reactions such as alkylation,
quaternization, reaction with aldehydes and ketones, grafting, etc.
Moreover, the hydroxyl moieties can also lead to some reactions such as
acetylation, crosslinking, grafting, etc. [5-7]. Grafting is one of the
most studied and promising approaches for a wide variety of molecular
models [7-10] and seems to be an important technique to modify the
chemical and physical properties of CS, widening its use in many appli-
cations. Although, the functional properties, including antioxidant and
antimicrobial activities of grafted CS, have been well studied, practical
applications of grafted CS in various areas especially for its barrier
properties are rarely reported. Only crosslinking with poly(acrylic acid)
has been reported to overcome the moisture sensitivity of CS [11]. To
date, several types of acids including gallic acid [12-17], caffeic acid
[12,16,18-20], ferulic acid [16,21-24], catechin acid [20,25], salicylic
acid [26,27], eugenol acid [28,29], phloroglucinol acid [30], coumaric
acid [31] and tannic acid [32] have been successfully grafted to CS. The
chemical modification by copolymerization of CS is of great interest as
it allows expanding its application field.

In this study, palmitic acid (PA) was grafted onto chitosan (CS) to
maintain the gas barrier properties of CS under humid conditions. PA is
a stable saturated fatty acid with a 16-carbon chain and is easier to ma-
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nipulate than unsaturated fatty acids due to its resistance to oxidation.
The grafting reaction was initiated using N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide (EDC), which activates carboxylic acid groups to
form amide bonds with primary amines on CS [33]. To further improve
the barrier properties of CS coatings, nanofillers such as clays have been
explored [34]. In previous work, the addition of up to 50 wt% vermi-
culite (VMT) significantly enhanced the oxygen barrier properties of CS
coatings in dry conditions [35]. This study investigates the combination
of CS and CS-g-PA coatings on PET films, followed by the incorporation
of nanocomposites based on CS/VMT and CS-g-PA/VMT. The effects of
varying filler content (up to 60 wt%) on the helium and oxygen gas bar-
rier properties were evaluated, with a particular focus on helium per-
meability under humid conditions, as this is of real interest for applica-
tions such as weather balloons containing helium, which require high
gas barrier performance despite varying humidity.

2. Materials and methods
2.1. Materials and reagent

VMT water dispersion (MicroLite 963 — dry content 9 wt%) used in
this work was supplied by Specialty Vermiculite Corp Company,
Canada. Granulometry varies in the range of 0.5-15 mm and % OSP
(Over Sized Particles refers to the percentage of particles retained on a
45-um screen) was < 8 %. CS was obtained from the shrimp shell by
Glentham Life Sciences (Wiltshire, United Kingdom),
(M,, = 890 000 kDa; viscosity: 0.1-0.3 Pa.s and degree of deacetyla-
tion > 95 %). Acetic acid (glacial 100 %, Merck, Darmstadt, Ger-
many), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide = (EDC)
(>97.0 %, Sigma-Aldrich, USA), ethanol (MM: 46,07 g/mole, Sigma
life Science) and palmitic acid (99+ %, Sigma-Aldrich, USA) were used
as received. A commercial 130 pm poly(ethylene terephthalate) (PET)
film was coated respectively with CS, CS-g-PA solutions and CS/VMT,
CS-g-PA/VMT solutions. No further purification of chemicals has been
realized and freshly prepared solutions were always used.

2.2. Grafting of palmitic acid on CS

The grafting of palmitic acid on amine functions of CS has been car-
ried out following the procedure described in the literature [33]. Typi-
cally, 1 g of CS powder was dissolved in 50 mL of an acetic acid aque-
ous solution 1 %(v/v). 0.3 g of palmitic acid (1.17. 102 mol) was dis-
solved in 30 mL of ethanol which corresponds to 19 mol% compared to
amine groups (6.2. 10”3 mol) carried by CS units as calculated by Equa-

tion (1), considering Mcpitosan wit = 161 g/mol and
Mpaimitic acid = 256 g/mol.
Mpalmiticacid
Palmmcaczdmolcy _ Mpamiticacia o
chitosan © T g
M,

chitosanunit

The two solutions were mixed at 80 °C under magnetic stirring prior
to the addition of 0.25 g of EDC (1.6.10° mol) and the reaction was
then conducted for 6 h. The solution was then dialyzed using dialysis
membrane (Spectra/Por® 6 (MWCO 1- 50KD), Spectrum Laborato-
ries, USA) against distilled ethanol first and then against water with
successive exchange of fresh solvent in order to remove unreacted PA
and EDC.
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The CS/PA solution was prepared using similar quantities of CS and
PA, ie. 1 g and 0.3 g respectively, and solubilized in acetic acid solu-
tion 1 %(v/v) without further treatment.

2.3. Preparation of CS and nanocomposite solutions

CS solutions were prepared by dissolving 1 g of CS in 50 mL of 1 %
(v/v) aqueous acetic acid solution and stirred continuously overnight at
room temperature to obtain a homogenous mixture. For nanocompos-
ites solutions, VMT particles dispersed in water (9 wt%) were diluted in
the same solvent as CS. The volume of water dispersion and aqueous
acetic acid dilution varies with the expected final composition of VMT
(details presented in Table 1).

The resulting slurry was kept stirring for 24 h at room temperature.
Finally, CS/VMT nanocomposites solutions were prepared by gradually
adding diluted VMT into the CS solution at room temperature, and then
the resulting mixture was stirred for another 24 h using magnetic stir-
rer.

2.4. Preparation of CS-g-PA and nanocomposites solutions

A quantity of 1 g CS-g-PA powder was dispersed in 50 mL of a mix-
ture of aqueous acetic acid solutions of 1 % (v/v) and acetone (2:1 (v/
v)). The solution was heated for 30 min at 50 °C, and then the solution
was stirred overnight at room temperature, under continuous agitation
of 1200 rpm using a magnetic stirrer. CS-g-PA/VMT nanocomposites
have been prepared as previously mentioned CS/VMT nanocomposites.
The prepared nanocomposites have a final VMT content of 25 and
60 wt%, as shown in Table 2.

2.5. CS/nanocomposite coated PET films

The layered films were prepared by a bar-coating technique: aque-
ous acetic acid 1 wt% solutions of CS or CS-VMT nanocomposites were
coated with a 50 um barcoater on 130 um corona-treated PET films
similarly to our previous work where this procedure is exhaustively de-
scribed [35]. Coatings were applied by depositing two layers on top of
each other with a drying step at 45 °C for 15 min under vacuum after in
between the depositions. The final coating was then dried under the
same conditions for 12 h.

2.6. Density measurement
Density measurements (p) were carried out at 23 °C. The density of

the samples was determined using a density kit (Mettler-Toledo) ac-
cording to Equation (2):

Table 1
Compositions and dry extracts of the various coatings.

Vs initial (ML) Vigigar (VMT  Virzo/ac acid 106y [VMT] CS/VMT  Final

([CS] = 20 solution) added to VMT (mL) obtained solution VMT
g/L) (dry content (g/mL) dry wt%
9 wt%) extract
(mL) (g/mL)
50 4.5 9.9 0.33 1.26 25 %
50 8.0 19.8 0.60 1.20 40 %
50 12.0 30.0 1.00 1.16 50 %
50 20.11 45.0 1.50 1.14 60 %

Table 2
Compositions and dry extracts of the various coatings of CS-g-PA/VMT.
V initial of cs-g-pa (ML) Vinitiat (VMT solution) (dry content V(yao,ac acid 196(v/v)/acétone (2:1 (v/v)) added to [VMT] obtained CS-PA/VMT solution dry Final VMT
([CS] = 20 g/L) 9 wt%) (mL) VMT (mL) (g/mL) extract (g/mL) (Wt%)
50 4.5 9.9 0.33 1.26 25
50 20.11 45.0 1.50 1.14 60
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p= mSair/ (mSair - mSwal@r) (2)

where: mg,;, = apparent mass of specimen in air,
Mgyaer = apparent mass of totally immersed specimen in water.

2.7. Differential Scanning Calorimetry measurements (DSC)

DSC measurements were carried out using a DSC Q10 (TA Instru-
ments). The scans were performed under nitrogen atmosphere (50 mL/
min) from —30 to 190 °C at a heating rate of 10 °C/min with sample
mass ranging from 4 to 8 mg placed in standard aluminum pans. Before
measurements, the CS, CS-g-PA and CS/PA samples were conditioned at
0 %RH at 23 °C.

2.8. Nuclear magnetic resonance (NMR)

Solid state 13C NMR spectra were recorded with a Bruker Avance III
spectrometer, a 7.05 T magnet and a 'H-X dual-resonance MAS probe
(diameter: 4 mm). The sample rotation frequency was fixed to 4 kHz. A
13C direct polarization experiment was used with 5 and 10 s of repeti-
tion times. The 90° pulse (*3C) was 4.3 ms and the intensity of the H
dipolar decoupling applied during the acquisition of the 13C NMR sig-
nal, set at 32 kHz. Chemical displacements of 'C have been calibrated
against TMS using an external reference, glycine: for phase a, the peak
associated with carbon CO has a chemical displacement °C of
176.03 ppm. The temperature of the samples was maintained at 27 °C
during the experiments.

2.9. Scanning Electron Microscopy (SEM): Observation and thickness
analysis

In order to evaluate the coating thickness (PET/1 layer, PET/2 lay-
ers, and PET/3 layers), coated films were prepared using an ultra-
microtome (LKB BROMMA 2088 — ULTROTOME V), equipped with a
diamond knife at room temperature. Then, the film thickness of each
layer was estimated using SEM (Hitachi 4800 SEM). The thicknesses
were observed using an accelerating voltage of 0.7 kV and images were
taken at a magnification ranging from 800 to 2000. The thicknesses re-
ported are the average value of at least 8 measurements performed at
different points of the film and at least two films for each condition has
been characterized.

2.10. Helium and oxygen permeability

The helium permeability and transmission rate were measured at
23 °C and at different levels of relative humidity (RH) of 0 %, 50 %,
75 % and 98 %, by a specific home-made analyzer, based on the ISO
15105-2:2003 method. Circular portions cut from the films (sur-
face = 23.75 cm?) were inserted between two hermetically sealed
compartments drained using nitrogen. A helium constant flow, of
80 mL.min"!, was introduced in the downstream part of the cell and
was measured in the upstream part, using a helium detector (mass spec-

OH
NHz

D%’n{ * Ho

OH

CygHay
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trometer ADIXEN 142). The different relative humidity levels were
fixed in the upstream part of the cell by bubbling the helium through
various solutions. The solutions used for each humidity content are
magnesium nitrate (Mg(NOs3),) (50 % RH), sodium chloride (NaCl)
(75 % RH) and distilled water (98 % RH). A humidity control of the gas
is carried out at the cell outlet by a dew-point meter (EdgeTech-
DewMaster-Dew Point Chilled Mirror Hygrometer). Before carrying out
the tests, the films were conditioned in desiccators containing the same
solutions at the humidity levels studied up to the stability of the weight
except for 98 % RH where the films were immersed directly in distilled
water. The OTR (Oxygen Transmission Rate) was measured with a Sys-
tech analyzer 8001 at 23 °C and 0 % RH on film samples. Oxygen per-
meability was obtained by multiplying respectively the OTR by the
pressure (1 bar) and the thickness.

Then, the permeability of the coated layer was calculated using
Equation (3).

1 thppr 1 they 1

3

Ppprc  thppre Pper— theomposite Per

where Ppprc is the permeability of coated PET, thpgyc the thickness of
coated PET, P.; the permeability of coated layer, th¢; the thickness of
coated layer and Ppgr the permeability of PET film and thpgy the thick-
ness of PET film.

The tests were repeated three times for oxygen permeability and five
times for helium permeability, with the film being replaced after each
test.

3. Results and discussion
3.1. Grafting of palmitic acid on CS

The grafting reaction of palmitic acid on CS was carried out follow-
ing a previously described procedure [33], as illustrated in Fig. 1. A ra-
tio of around 20 mol% of grafting on the amine functions of CS was
aimed in order to keep a majority of amine functions to maintain a solid
hydrogen-bonded network in the amorphous phase of the CS to avoid
the gas permeability. In order to characterize the efficiency of the graft-
ing reaction, different analyses have been conducted on the obtained
material.

To verify the efficiency of the grafting reaction, the material was an-
alyzed using different techniques. First, FTIR analysis (Fig. 2) was con-
ducted on CS, CS-g-PA and a blend of PA and CS. The signals associated
with palmitic acid can be observed in the range of 1600-1300 cm™
with especially three peaks at 1558, 1375, and 1311 cm™!. Those peaks
are observed for CS-g-PA and PA/CS blend as expected even after the
dialysis step for CS-g-PA, where unreacted PA has been removed from
the solution. A peak associated with the amide functions is observed at
1651 cm™!. This peak is observed with all samples as amide functions
are present in CS due to an uncomplete deacetylation of the initial
chitin. However, this peak is more intense for the CS-g-PA which means
that the grafting of PA with creation of amide functions occurred. In or-

CasHzq

NH
EDC

E—

O,

oty

80°C, 24h d n
HyO / acetic acid
(1% viv)
Ethanol

OH

Fig. 1. Synthesis of CS-g-PA copolymer by grafting palmitic acid on CS using EDC catalyzer.
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Fig. 2. Infrared spectra of CS, CS-g-PA, and CS/PA mixture: a) spectrum from 4000 to 650 cm™

der to confirm the presence of PA in CS-g-PA after the washing steps, a
solid-state NMR analysis was performed.

As the hydrophilic/hydrophobic balance of CS is expected to evolve
with palmitic acid grafting, the solubility of CS-g-PA is not expected to
be similar. Table 3 contains the various solvents used to solubilize CS
after grafting. CS-g-PA presents a different solubility than pristine CS.
CS is soluble in an acidified aqueous solution contrary to CS-g-PA which
indicates an increase of hydrophobicity of this latter. This difference in
solubility confirms that a chemical modification on the CS chain oc-
curred. According to this solubility test, the solvent chosen for the solu-
bilization of CS-g-PA is a mixture of aqueous solution of acetic acid 1 %
and acetone (2: 1 (v/v)), which is used to prepare the pure films of CS-
g-PA and CS-g-PA/VMT.

Due to the complex dissolution of the CS-g-PA, solid-state 13C NMR
analysis was carried out to study the chemical structure of the product.
The spectrum of CS-g-PA is presented in Fig. 3. It corresponds to a 3C
direct polarization experiment with dipolar decoupling of protons and
rotation at the magic angle. CS carbon contributions are presented in

Table 3
CS-g-PA solubility tests.

Solvent Ccs CS-g-PA
H,0 Insoluble Insoluble
H,0/Acetic acid (1 %) Highly soluble Insoluble
(H,0/Acetic acid (1 %)/ Acetone - Soluble

CHy C +C
OH 0=< 3 5
. NH NH |
T, o r HO!
! NH
OH I - CS
?=c fl CZ
Cust ||’|‘
c |l |

A hpcn
2-CH3
\|

il

T
180 160 140 120 100 80 60 40 20 O
8% (ppm)

Fig. 3. 1°C NMR spectrum obtained in solid phase of the CS-g-PA (rotation
speed of rotor 4 kHz, T = 27 °C).
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0.5
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CS-g-PA
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; b) zoom on 1800 to 1100 cm™

black. The peaks at 13.6 and 178 ppm are attributed to methyl and car-
bonyl carbons, respectively. Carbon C,, linked to the N-acetyl group,
gives a chemical shift of 57 ppm. The Cg, corresponding to the hydrox-
ymethyl group, resonates at 60 ppm. Chemical shifts quite close to 74
and 74.4 ppm are attributed to C; and Cs pyranose carbons, respec-
tively. A hydroxy methyl is linked to C5 while a hydroxyl is attached to
Cs. The carbons involved in the glycosidic bond, C, and C;, show chemi-
cal shifts at 83.3 and 104.3 ppm, respectively. All the peaks correspond-
ing to CS are well found. The red peaks correspond to the different
methyl groups of palmitic acid (CH,) indicating the presence of this
part on the CS-g-PA. Unfortunately, no shift of the peak corresponding
to the amine function that becomes an amide function could be ob-
served. However, since the CS was washed after the grafting reaction ef-
fectively eliminating any residual presence of unreacted palmitic acid,
the presence of palmitic acid carbons (after grafting) on solid-state 3¢
RMN spectra tends to show that the reaction did occur.

Thermal analysis was carried out by DSC to confirm the grafting re-
action of palmitic acid onto the CS chain. The DSC thermograms ob-
tained at the second heating ramp for CS, PA, and CS-g-PA are pre-
sented in Fig. 4. The thermogram of palmitic acid shows a melting peak
at 65 °C. In the case of CS-g-PA, the presence of palmitic acid was con-
firmed by '3C NMR analysis, but in the DSC analysis, no melting peak
could be observed at 65 °C. On the other hand, this peak is present in

%\\/
=
10
- (C8-z-PA
o]
= 54
O
= CS/PA
=
2
= 0 PA
@
= =
5 «—— Melting peak of palmitic acid
-10 T T T T T T T T T
-50 0 50 100 150 200

Temperature (°C)

Fig. 4. DSC thermograms obtained at second scan for PA, CS-g-PA, and CS/PA
mixture.
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the case of the mixture between CS and PA (CS/PA) with a slight shift to
lower temperature. The disappearance of the melting peak of PA in the
grafted CS could be explained by the fact that its crystallization is pre-
vented by its linkage to the CS backbone. This change in crystallization
behavior tends to confirm that residual palmitic acid is well grafted on
CS chains.

3.2. Structure and properties of PET coated CS-g-PA films

CS-g-PA and CS-g-PA/VMT coatings were prepared in a similar man-
ner to non-grafted CS coatings to observe the effect of grafting on coat-
ing properties. Two VMT contents were chosen: 25 and 60 wt%. The
25 wt% will achieve a reasonable value, particularly in terms of me-
chanical properties and is a good compromise between barrier proper-
ties and general aspect of the coating. Previous work [35] has shown
that high VMT contents (>50 wt%) significantly impact gas barrier
properties. The effect of a high incorporation of hydrophilic fillers in
humid conditions remains at stake here. Fig. 5 shows the images of PET
films coated with two layers of CS, CS-g-PA, and CS-g-PA/VMT with dif-
ferent contents of VMT. It is noteworthy that PET film coated with CS-g-
PA has a slightly translucent surface compared to PET film coated with
CS at similar thicknesses (around 2 to 3 pm). In addition, yellow tint in-
creases with increasing VMT content as previously observed for the
non-grafted [35]. Overall, all films are visually transparent. These re-
sults are consistent with the results of CS/VMT coated PET films.

PET films were coated by two successive layers of CS-g-PA/VMT
with a content of 25 and 60 wt% in VMT. The thicknesses of these lay-
ers were measured in the same way as CS/VMT coated PET films by
SEM observation [35] (Fig. 6). As observed after cutting in the cross
section, coated layers have a good adhesion to PET film and present no
defects. In addition, these images show the absence of pores or other in-
clusions. It can be concluded that the quality of the grafted CS layers
obtained is similar to that obtained with the non-grafted CS. However,
Table 4 shows that CS-g-PA coated layers are thicker than non-grafted
CS layers for the same nano-fillers content. The thickness of the CS-g-PA
layer is ca. 2.5 um. However, the thickness of the CS layer is ca. 2.1 um,

a)

1w 11 12 13

T
15 W 17 o o B W7 W W M o
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reflecting an increase of 0.4 um with the grafted layers. After the addi-
tion of VMT, layer thickness increases to 3.01 and 2.8 pm for 25 and
60 wt% VMT, respectively. This may be due to the bar coater method
(layers have been manually spread) but also to the difference in density
between pure CS (1.411 g/cm®) with very high cohesion via hydrogen
bonds and CS-g-PA (1.317 g/cm®) where grafted chains create addition
spacing between molecules.

Since the coated layers with grafted CS have the same qualities as
the pure CS and the thickness is also comparable, the permeability stud-
ies can be conducted in a similar manner to the previous study [35].
First, it is important to know the modification of barrier behavior indry
state. Indeed, the addition of grafts on the amine functions of CS may
reduce the amount of hydrogen bonds present in the material and these
are responsible for the barrier properties. Fig. 7 (a) shows a comparison
between the results of the oxygen transmission rate (OTR) of the PET
film coated with two layers of CS, CS/VMT, CS-g-PA and CS-g-PA/VMT
in dry state (23 °C and 0 % RH). According to this figure, the OTR of the
grafted and non-grafted CS is perfectly superimposed, regardless of the
content of nanofillers added. In addition, a PET film coated with
60 wt% VMT, where the thickness of the coated layer is of the order of
2.8 pm, exposes an OTR below the commercial instrumentation detec-
tion limit (0.008 cm3/m2.day). It can be concluded that these results
are similar to those obtained with non-grafted CS and the properties are
not degraded by the presence of grafting even if the thicknesses de-
posited with the grafted CS are slightly higher than those of non-grafted
CS. The OTR results allow us to calculate the permeability of coated lay-
ers and to consider differences in thickness. These results are shown in
Fig. 7. It can be seen that the permeability of the layers based on the
grafted CS are almost perfectly superimposed to the permeability of the
layers of pristine CS. Therefore, the chemical modification of CS seems
to have no significant effect on barrier properties at least at this degree
of grafting. It can be noted that the oxygen permeability of the two
nanocomposite layers decreases after the addition of 25 % VMT, this
layer possesses a permeability of 6.18.102* m®.m/m?2.s.Pa with a thick-
ness of 3.01 um. Although a higher effect on gas barrier properties
could be expected with the addition of 60 % VMT, the detection limit of

e)

<

W T 18 1 2om

Fig. 5. Images of PET films: a) Uncoated PET b) PET coated with two layers of CS c¢) PET coated with two layers of CS-g-PA d) PET coated with two layers of CS-g-
PA and 25 wt% VMT e) PET coated with two layers of CS-g-PA and 60 wt% VMT.
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Fig. 6. SEM cross-section micrographs of PET films with different coatings: (1) two layers of CS-g-PA; (2) two layers of CS-g-PA with 25 wt% VMT; (3) two layers of

CS-g-PA with 60 wt% VMT.

Table 4
Average thickness of two layers CS-VMT and CS-g-PA/VMT coated PET film
measured by SEM.

VMT wt% Layer thickness (um)
CS/VMT CS-g-PA/VMT
0 2.1 = 0.15 25 + 0.1
25 2.6 = 0.04 3+ 0.09
60 2.22 = 0.06 2.8 +0.07

the device is reached, preventing the observation of further changes, as
shown in Fig. 7 (b). We can conclude that the loss of barrier properties
due to grafting does not significantly impact the general behavior under
dry conditions.

a
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3.3. Effect of relative humidity on barrier properties of PET film coated CS-
g-PA/VMT

After verifying that the barrier properties of grafted CS remain ac-
ceptable under dry conditions, it is important to look at the evolution of
behavior under humid conditions and compare it to that of pristine CS.

Fig. 8 gathers the results of the helium transmission rate measure-
ments of PET films coated with two layers of CS-g-PA and CS-g-
PA/VMT at different RH compared to CS and CS/VMT.

At 0 % RH, a decrease in helium permeance is observed between
pristine CS and those with grafted CS, regardless of the amount of VMT.
This result is quite surprising in comparison to what was observed in
OTR where the barrier properties are similar for both cases in Fig. 7 (a).
It could mean that the grafting of a hydrophobic chain onto the CS
chains decreases the flow of helium compared to oxygen due to their
nature. The impact of layer thickness may be a factor explaining this
difference since grafted CS shows a greater thickness compared to pris-
tine CS. The behavior at 54 % RH follows the same trend between
grafted and non-grafted with stable properties compared to dry condi-
tions, as already observed. From 74 % HR, the tendency of the grafted

b)
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Fig. 7. Oxygen transmission rates of a PET film coated with two layers of CS/VMT and CS-g-PA/VMT with different VMT contents (a) and oxygen permeabilities of

those layers (b) in dry conditions (23 °C and 0 % RH).
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Fig. 8. Helium transmission rate of PET films coated with two layers of CS/VMT
and CS-g-PA/VMT at different humidity rates with 25 wt% and 60 wt% VMT
(VA: approximate values since the detection limit has been exceeded).

CS is the same as that of the non-grafted, namely, an increase in the per-
meance of the film. However, in the films produced, there are still lower
permeance values with CS-g-PA coating. Finally, at 98 % RH, the per-
meability is strongly increased for all cases. However, the CS-g-PA
coated PET containing 60 wt% VMT still has a lower value than simple
PET. An improvement of a factor 2 is observed in these extreme condi-
tions (0.073 g/m?.day for PET and 0.038 g/m?2.day for PET coated with
CS-g-PA/60 wt% VMT). In order to eliminate the fact that the layers do
not all have the same thickness, the permeability of the coated layers
was calculated using measured thicknesses and permeance values. It is
noted that the permeability of the grafted CS layers (Fig. 9) remains bet-
ter than the one of pristine CS, regardless of conditions. However, the
difference in permeability is much clearer with the incorporation of
VMT into the coating. The combined effect of grafting and addition of
vermiculite would appear to limit the impact of moisture on the barrier
properties of the material up to 74 % RH only. The improvement due to

2
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Fig. 9. Helium permeability of two coated layers of CS, CS-g-PA, CS/VMT and

CS-g-PA/VMT at different humidity rates with 25 wt% and 60 wt% VMT (VA:
approximate values since the detection limit was exceeded).

European Polymer Journal xxx (xxxx) 113769

grafting is particularly noticeable under the most humid conditions.
This is expected, as the hydrophilicity is slightly modified by the addi-
tion of the grafts, making their effect more visible at higher relative hu-
midity. As a result, films prepared with CS-g-PA show better results
compared to CS-based films in wet conditions, as anticipated. Thus, this
suggests a synergistic effect of grafting and VMT on the helium barrier
properties of CS.

4. Conclusion

In this study, we have shown that the permeability of coated CS and
CS/VMT layers remains stable up to 54 % relative humidity and that,
from 74 % relative humidity, the layers gradually lose their barrier
properties regardless of the nanofillers content. At 98 % RH, all barrier
properties of coatings are almost completely lost and the permeance of
the film corresponds closely to that of PET alone. To improve this criti-
cal point from an application point of view, the grafting of a fatty acid,
palmitic acid, on the CS chain was successfully carried out.!C NMR
solid phase analysis confirmed the presence of peaks corresponding to
the methyl groups of palmitic acid (CH,) in the CS-g-PA NMR spectrum
after the elimination step of unreacted palmitic acid. DSC thermogram
of CS-g-PA shows no peak corresponding to the melting of the palmitic
acid, which is therefore prohibited from crystallizing suggesting the
grafting of the PA molecules onto the CS backbone.

In addition, the solubility test has proven that CS-g-PA is not soluble
in an acidified aqueous solution, which is a good solvent of pristine CS
implying also the efficiency of the grafting reaction. Then to analyze the
impact of the presence of a lateral alkylated chain onto the CS, the evo-
lution of helium barrier properties of the CS and CS/VMT film at all RH
conditions was carried out and confirmed that the increase of hy-
drophobicity, at this rate of grafting, improves the barrier properties in
the different humid conditions without any loss of those excellent prop-
erties in the dry state.

Indeed, at 74 % RH, an improvement factor close to 30 is obtained
compared to pure PET with a CS-g-PA coating and 60 wt% VMT. At the
same humidity content, the helium permeability value of this sample
(CS-g-PA/60 wt%VMT) is measured at 6.4x102! m®/m2.Pa with a layer
thickness of 2.9 um. These improvements suggest that this type of graft-
ing of long alkylated chains might be interesting to prevent the effect of
humidity on barrier properties for hydrophilic polymers.
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