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ABSTRACT: The scope of this study encompassed the evaluation of pullulan as a suitable biopolymer for the development of
oxygen barrier coatings to be applied on poly(ethylene terephthalate) (PET), especially for food packaging applications. To
enhance the oxygen barrier properties of the organic phase (pullulan) even at high relative humidity values, an inorganic phase
(silica), obtained through in situ polymerization, was also utilized to obtain hybrid coatings via the sol—gel technique.
Transmission electron microscopy (TEM) images and Fourier transform infrared (FT-IR) spectra showed that mixing the two
phases yielded a three-dimensional hybrid network formed by self-assembly and mediated by the occurrence of new hydrogen-
bond interactions at the intermolecular level, although the formation of new covalent bonds could not be excluded. The
deposition of the hybrid coatings decreased the oxygen transmission rate (OTR) of the plastic substrate by up to 2 orders of
magnitude under dry conditions. The best performance throughout the scanned humidity range (0%—80% relative humidity)
was obtained for the formulation with the lowest amount of silica (that is, an organic/inorganic ratio equal to 3).

KEYWORDS: Fourier transform infrared (FT-IR) spectroscopy, oxygen transmission rate (OTR), packaging, pullulan,

transmission electron microscopy (TEM)

B INTRODUCTION

Pullulan, an exopolysaccharide (EPS) produced by the yeast-
like forms of the fungus Aureobasidium pullulans, is a regularly
repeating copolymer {—6)-a-p-glucopyranosyl-(1—4)-a-p-glu-
copyranosyl-(1—4)-a-p-glucopyranosyl-(1—},, that can be
viewed as a succession of a-(1—6)-linked (1—4)-a-D-trigluco-
sides, that is, maltotriose (G;)" (Figure 1). The alternation of
(1—4) and (1—6) bonds is responsible for the two principal
features of pullulan, namely, structural flexibility (centered on
the @-1—6 linkages) and enhanced solubility.”” The hydroxyl
groups extensively distributed along its skeleton not only enable
pullulan to easily establish hydrogen bonds with other polar
molecules but also make this polysaccharide suitable for many
derivatizations, including esterification, etherification, hydro-
genation, and carboxylation.”*

Pullulan is soluble in both cold and hot water, insoluble in
organic solvents, odorless, tasteless, nontoxic, and biodegrad-
able, with good adhesive and binding properties as well as
oxygen barrier properties under dry conditions.” The main
applications of pullulan pertain to the health care (lotions,
shampoos, oral care), pharmaceutical (denture adhesives,
capsules for dietary supplements, sustained-release formula-
tions), and food (binder and stabilizer in food pastes, edible
films, and protective glaze on foods) industries.® More
advanced applications include the recent development of
pullulan-based antimicrobial active packagin% systems’ and
pullulan-functionalized electrospun nanofibers.
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In spite of its appealing peculiarities and all of the
aforementioned applications, pullulan is still an underexploited
biopolymer, mainly due to its high cost. Currently, pullulan is
quoted at 28 €/kg, that is, approximately 3 times higher than
the price of other polysaccharides, such as dextran and xanthan,
and approximately S times higher than the price of synthetic
oil-derived oxygen barrier polymers, such as poly(vinyl alcohol)
(PVOH). The removal of melanin pigments during the
downstream process and the limited scale of pullulan
production are the two major factors that determine production
costs.® Therefore, new enhanced strains, engineering innova-
tions, and novel applications might improve the economics of
pullulan production and expand its market penetration.

Among other opportunities, the food packaging field is being
considered with renewed interest, in particular with respect to
the development of biobased materials.” In this respect, coating
technology has attracted (and still attracts) the attention of
many researchers attempting to obtain structures with either
new features (e.g, antimicrobial coatings)10 or improved
properties (e.g, barrier properties).'’ Coating technology
applied to biomacromolecules involves the use of water
solutions/dispersions with a concentration ranging approx-
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Figure 1. Representative chemical structure of pullulan as repeating units of maltotriose.

imately from 3 to 15 wt % depending on the characteristics
(e.g, molecular weight) of the selected molecule. These
solutions are then deposited onto different substrates (e.g.,
flexible plastic films) through different techniques, among
which the gravure coating technique seems to afford a number
of advantages over other techniques (e.g., reverse roll coaters,
calendar coaters, knife-over-roll coaters, blade coating, wire-
wound rod coater). One important advantage is that removal of
the solvent, generally achieved by hot air and infrared lamps, is
facilitated by the thin coating thickness achieved by gravure
coating (usually from 0.2 to 2 ym)."

The development of new oxygen barrier biopolymer coatings
for plastic substrates is becoming an intriguing field of
application, especially in view of the possibility of replacing
commonly used synthetic polymers [for example, PVOH,
ethylene vinyl alcohol (EVOH), and poly(vinylidene chloride)
(PVDC)] with new formulations originating from agricultural
and renewable resources.'> This approach has also been
suggested as a valuable and promising way to manage waste
disposal issues."* Owing to its inherent good oxygen barrier
properties, pullulan is a valid candidate for the design of new
coatings and would be specifically suitable for the protection of
readily oxidized fats and vitamins in foods. However, before this
goal can be achieved, a major drawback needs to be addressed:
its water sensitivity, due to the hydrophilic hydroxyl groups
distributed along the pullulan backbone."> Therefore, to make
these biopolymer coatings successful for a broader range of
relative humidity (which appears to be more realistic than a
fixed-humidity condition), further research in this area must be
encouraged.

The aim of this study was to develop coatings for
conventional plastic packaging materials with pullulan as the
organic phase to provide the necessary oxygen barrier, in
combination with tetraethoxysilane (TEOS), a metal alkoxide
precursor of silica used as the inorganic counterpart and
intended to provide resistance to humidity. The hypothesis was
that pullulan can successfully mimic organic, petrol-derived
polymers in its interaction with the inorganic phase to form
high oxygen barrier hybrid coatings. Based on the literature, this
is the first work envisaging the use of pullulan as a biopolymer
coating directly applied on a plastic substrate. This could pave
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the way for a new alternative to the petrol-based coatings
currently available on the market of food packaging plastics.

Fundamental Chemistry Underlying in Situ Develop-
ment of Pullulan—Silica Hybrids. Some aspects of theory
linked to metal alkoxide chemistry and its potential interactions
with pullulan are summarized hereinafter to better clarify the
justifications of this study. The significant chemical reactions
involved in the formation of the hybrid network between TEOS
and pullulan are summarized in Figure 2. Hydrolysis of the
metal alkoxide, which is the first step of the overall reaction,
occurs due to the nucleoéphilic attack of the oxygen contained in
water on silicon atoms.'® However, protonation of the alkoxide
groups is faster if an acid (e.g, HCI) is used as a catalyst,'”
although base-catalyzed hydrolysis is also well-established.'®
Owing to the hydrolysis reaction, the alkoxide groups (-OR)
are replaced with hydroxyl groups (-OH) to form silanol
compounds, Si(OH),, where ethanol is the byproduct. Upon
hydrolysis, the Si(OH),, groups may react according to a typical
condensation scheme by two different routes (water con-
densation and alcohol condensation) to yield in both cases
SiO, covalent bonds and either water or alcohol as byproduct.
However, due to molecular constraints, Si—O—Si linkage
formation is typically about 80—85% of the theoretical
value."” In the presence of pullulan, in addition to the
condensation reactions, Si(OH), groups arising from TEOS
can interact via hydrogen bonds with the pendant polar groups
(e.g, hydroxyl groups) along the backbone of the biopolymer
to yield the hybrid network as reported in the downward
scheme of Figure 2. The formation of covalent bonds between
the hydroxyl groups and the silanol groups has also been
postulated.”>*" Whether these two routes (i.e., the condensa-
tion reaction and hydrogen-bond formation) proceed simulta-
neously or not depends strictly on many factors and relies
especially on the concentration of reagents and the pH of the
medium. The expected final result is a new material that should
share the attributes of each individual phase, such as the oxygen
barrier property of pullulan and the resistance to moisture of
the glasslike inorganic component.

B EXPERIMENTAL SECTION

Materials. High-purity tetraethoxysilane (Sigma—Aldrich, Milan,
Italy) was used as the metal alkoxide precursor of the inorganic phase;
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Figure 2. Schematic representation of the reactions expected in sol—gel hybrid network formation.

Table 1. Formulation, Thickness, and Residual Moisture of Coatings Tested in This Work

expt coded name pullulan (wt %) Si(OH), (wt %)
1 H, 10 0
2 H, 7.5 25
3 H, 6.66 3.33
4 H, S S
5 Hyos 43 57
6 H,. 333 6.66

O/1” ratio coating thickness” (im) residual moisture” (%)
/ 127 £ 0.12a 244 + 0.0SA
3 1.37 + 0.18 ab 2.61 + 0.02AB
2 1.31 + 0.07 ab 2.78 + 0.04 BC
1 1.26 + 0.14 ab 2.71 + 0.06 CD
0.75 1.19 + 0.08 ab 2.57 £ 0.03D
0.5 1.15 = 0.09b 2.66 + 0.04E

““T” refers to the silanol form, Si(OH),, calculated by the initial TEOS content and assuming the completion of the hydrolysis reaction. bLetters

denote statistically significant differences within groups (p < 0.05).

1 M hydrochloric acid (Sigma-Aldrich, Milan, Italy) was used as the
catalyst; pullulan powder (PF-20 grade, M, ~ 200 kDa; Hayashibara
Biochemical Laboratories Inc., Okayama, Japan) was employed as the
organic system. All materials were used as received for the preparation
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of the hybrid solution. Ethanol (96% v/v; Sigma—Aldrich, Milan, Italy)
and Milli-Q water (18.3 MQ2-cm) were used as the only solvents
throughout the experiments. Reagent-grade lithium chloride anhy-
drous (LiCl), potassium acetate (CH;COOK), magnesium chloride
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hexahydrate (MgCl,-6H,0), potassium carbonate (K,COs), magne-
sium nitrate hexahydrate [Mg(NO;),-6H,0], lithium acetate dihydrate
(C,H;Li0,2H,0), sodium chloride (NaCl), and potassium nitrate
(KNO;) (Sigma—Aldrich, Milan, Italy) were all used to prepare the
saturated salt solutions, giving theoretical water activity (a,,) values of
0.11, 0.23, 0.32, 0.44, 0.52, 0.66, 0.75, and 0.92 at 25 + 0.2 °C,
respectively.

Preparation of Hybrid Coatings. In the first step, an acidic (pH
= 2.0 + 0.8) hydroalcoholic (30 wt % ethanol) solution of TEOS was
prepared by using 1 M HCI (0.78 wt %) as a catalyst. In this step, the
H,0O:TEOS molar ratio was fixed at 4:1. The hydrolysis of TEOS was
carried out at room temperature for approximately 1 h. At the same
time, a water dispersion of pullulan was prepared at room temperature
according to the concentrations reported in Table 1 by mixing the
polysaccharide with the solvent by means of rapid stirring (1500 rpm
X 1 h). The pH of the final pullulan/water dispersions ranged between
5.0 + 0.0S for the highest pullulan concentration (i.e., formulation H,)
and 5.65 + 0.08 for the lowest pullulan concentration (ie., formulation
Hy;). In the second step, the inorganic and organic phases were mixed
together for 1 h, to allow formation of the hybrid network. The
composite solutions were then deposited by roll-coating onto 12 + 0.5
um thick poly(ethylene terephthalate) (PET) films (Toray Saehan,
Kyungbuk, South Korea) by use of an automatic applicator (ref no.
1137; Sheen Instruments, Kingston, U.K.), equipped with a steel
horizontal wire-wound rod, 18 cm film width (ref no. 1120; Sheen
Instruments, Kingston, UK.), to obtain a wet coating thickness of
approximately 10 pm (data provided by the factory). Coating
degosition was performed according to ASTM D823-07 practice
C,”* at a constant speed of 150 mm'min~'. With the goal of
investigating the influence of the organic/inorganic ratio [O/I, defined
as the pullulan/(SiOH), weight ratio for a complete hydrolysis
process] on the final oxygen barrier properties of the hybrid coatings,
six different solutions were prepared by varying the O/I ratio of the
coating from 100/0 to 50/100, as reported in Table 1. Both solvent
evaporation and the progress of the reactions leading to hybrid
network formation were obtained by storing the coated PET films in a
vacuum oven at 40 °C for 24 h.

Residual Moisture. The residual moisture of the coatings after
drying was measured by means of a halogen moisture analyzer, model
HG63 (Mettler Toledo, Zurich, Switzerland).

Thickness Determination. A 10 X 10 cm sample (plastic
substrate + coating) was cut and weighed (M, grams). The coating
was then mechanically removed by immersion in hot water (80 °C)
and the resulting substrate film was weighed (M,, grams). The
apparent thickness (micrometers) of the coating was obtained
according to the following equation:'*

M=M 0
p (1)

where p (grams per cubic centimeter) is the density of the aqueous
dispersion. Three replicates were analyzed for each biopolymer
composition. In order to check for consistency of the obtained
results, the thickness of both uncoated and coated PET films was also
measured with a micrometer (Dialmatic DDIO30M; Bowers
Metrology, Bradford, UK.) to the nearest 0.001 mm at 10 different
random locations. Finally, a rough indication of the thickness of both
coatings and substrate was achieved by use of an optical microscope
(OM) (Micro Nikon Eclipse ME600 Laboratory Imaging; Nikon
Instruments, Sesto Fiorentino, Italy) at S0X magnification (Figure 3).
In this case, films after storage in the vacuum oven were fixed on a
rectangular steel sample holder and a sharp razor blade was then used
to cut them lengthwise, permitting observation of the cross section of
the composite films. Finally, the thickness of the layers was measured
by use of NIS-Element software (Nikon Instruments, Sesto Fiorentino,
Italy).

Fourier Transform Infrared—Attenuated Total Reflectance.
The structural characteristics and chemical bonding of the coatings at
different O/I ratios were investigated by a PerkinElmer FT-IR
Spectrum 100 Series spectrometer (PerkinElmer, Waltham, MA)

=
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PET (~ 12 um)

Pullulan coating (~ 1.2 um)

Figure 3. Optical microscope cross-section of PET film coated with a
pullulan—silica hybrid coating.

equipped with a universal attenuated total reflectance (UATR)
accessory featuring a single-reflection sampling plate with a 1.8 mm
round germanium surface. To ensure satisfactory physical contact took
place between the samples and the crystal surface, a high-pressure
clamping device was used. Spectra were recorded at room temperature
within the range 650—4000 cm™' at 4 cm™* resolution. Spectrum 6.0
software was used for data acquisition and analysis.

Moisture Sorption Properties. To provide evidence of improved
moisture resistance of the hybrid coatings compared to the pure
pullulan coatings, moisture sorption data were collected according to
the procedures reported in the COST project of European
Cooperation in the field of Technical and Scientific Research and
the principles described by Bell and Labuza*® For this purpose,
approximately 4 g of each coating formulation was initially kept for 3
weeks in a glass desiccator containing Drierite and then moved to
sealed glass jars containing saturated salt slurries in the a,, range 0.11—
0.92 and stored in a refrigerated incubator (model FOC 225E; Velp
Scientifica, Usmate, Italy) at 25 + 0.2 °C. For all samples, equilibrium
was reached in 2 weeks. The equilibrium moisture content data were
then fitted to the Guggenheim—Anderson—DeBoer (GAB) sorption
isotherm model:

CKM,
[(1 - Ka,)(1 — Ka,, + CKay,)

= a
1 )
by use of nonlinear curve-fitting software (Tablecurve 4.0; Jandel
Scientific, San Rafael, CA). In eq 2, M and M, are the equilibrium
moisture content and the moisture content value in the monolayer,
respectively, both expressed as grams per 100 g of dry matter. C and K
are constants associated with the enthalpies of sorption of the
monolayer and multilayer, respectively. In particular, the constant C
should always have a positive value, due to the exothermic interaction
of water vapor with the primary sorption sites of the hygroscopic
matrix, whereas reasonable values of K considerably higher than unity
have been never found in the literature. Therefore, the validity of the
mathematical model assumed in this work was assessed not only by
evaluating its ability to fit the experimental data (hence by the R
coefficient) but also by assuming the physicochemical basis of the
water sorption phenomenon.

Microscopy Analyses. Transmission electron microscopy (TEM)
images were captured to visualize the individual phases (ie., the
inorganic SiO, and the organic pullulan phases) as well as hybrid
network growth. For this purpose, 5 uL of the hybrid dispersion was
deposited onto a Formvar-coated Cu grid (400 mesh). After
adsorption, the grid was stained with a droplet (S yL) of 1% uranyl
acetate and dried with filter paper. Observations were made on a LEO
912 AB energy-filtering transmission electron microscope (EFTEM)
(Carl Zeiss, Oberkochen, Germany) operating at 80 kV. Digital images
were recorded with a ProScan 1K Slow-Scan charge-coupled device
(CCD) camera (Proscan, Scheuring, Germany).

The global organization of coated surfaces and the possible presence
of fractures on the coated layers were visualized on an optical
microscope (OM) (Micro Nikon Eclipse ME600 Laboratory Imaging;
Nikon Instruments, Sesto Fiorentino, Italy) at 10X magnification.
Pieces of coated films (30 X 10 mm) after storage in the desiccator
were fixed on a rectangular steel sample holder and observed without
any pretreatment. Image capture and refining were carried out with
NIS-Element software (Nikon Instruments, Sesto Fiorentino, Italy).
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Oxygen Barrier Properties. The oxygen barrier properties of
both uncoated and coated PET films were assessed on a 50 cm?
surface sample by use of a MultiPerm permeability analyzer
(ExtraSolution Srl, Navacchio, Italy), according to standard method
ASTM F2622-08,** with a carrier flow (N,) of 10 mL-min~'. With the
goal of quantifying the influence of the external relative humidity
conditions on the barrier properties of coated films, measurements
were performed at 23 °C and at five different relative humidity
conditions (i.e., 0%, 20%, 40%, 60%, and 80% RH). The results were
expressed as the oxygen transmission rate (OTR, milliliters per square
meter per 24 h at 1 atm pressure), which has been indicated as the
most suitable unit for heterogeneous packaging materials (e.g,
multilayer and coated films), that is, whenever a linear relationship
between permeability and thickness is not maintained.>> The final
OTR values were from three replicates.

Statistical Analysis. Statistical significance of differences in the
properties and behaviors of coated films was determined by one-way
analysis of variance (ANOVA), by use of JMP 5.0.1 software (SAS,
Cary, NC). The mean values, where appropriate, were compared by
Student’s t-test with a significance level (p) < 0.0S.

B RESULTS AND DISCUSSION

Residual Moisture and Coating Thickness. As can be
seen from the data reported in Table 1, solvent removal upon
drying was almost complete regardless of the specific coating
formulation.

Therefore, the differences detected in thickness values of the
hybrid coatings (Table 1), despite the same solid content equal
to 10 wt %, can be explained by considering the increased
amount of ethanol (the byproduct of hydrolysis and
condensation reactions) as the O/I ratio decreased. The
dilution effect arising from ethanol was thus reflected in the
reduced thickness of the hybrid coatings with a higher inorganic
phase content.

FTIR—ATR Analysis. FTIR—ATR analyses are summarized
in Figure 4. Panels a and b display the spectra of coatings
collected from pure pullulan and from reacted TEOS (i.e., after
hydrolysis and condensation), with the characteristic peaks
associated with specific bands in evidence.”**” Panels ¢ and d
display the two most significant spectral regions where changes
occurred in the hybrid coatings at different O/I ratios. An
overall visualization of all spectra in the investigated range of
650—4000 cm ™ is provided in the Supporting Information (see
Figure S1). In Figure 4b, the presence of peaks associated with
silanol groups (~94S cm™') and silica (~1060 and ~800 cm ")
was clear evidence of the occurrence of both hydrolysis and
condensation reactions on the metal alkoxide. The spectra
collected from hybrid coatings showed some important changes
compared to the pure phases. In the 980—880 cm™' region
(Figure 4c), a band including the two overlapping peaks—
corresponding to the silanol groups of TEOS and the a-(1—6)
linkages of pullulan—gradually shifted toward higher wave-
numbers as the inorganic phase increased. In addition, as the
inorganic phase concentration increased, the peak centered at
around 945 cm™ became increasingly sharper compared to that
of reacted TEOS. Correspondingly, the band of the hybrid
coatings at around 3300 cm™' (Figure 4d and Figure SI,
Supporting Information), associated with hydroxyl group
stretching, became broader compared to that of pullulan,
while the peak slightly shifted toward lower wavenumbers. It
has been pointed out that the simultaneous broadening and
shifting of peak absorption area is possibly due to extensive
hydrogen bonding between the silanol and hydroxyl groups of
the organic phase.”* >° Another indication of the interaction
between the hydroxyl groups of pullulan and silanol groups
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Figure 4. (a, b) FTIR-ATR spectra of (a) pullulan and (b) reacted
TEOS. (¢, d) FTIR-ATR spectra of pullulan (O), reacted TEOS (O),
and hybrid coatings Hy (thin line), Hy,s (dotted line), H; (dashed
line), H, (thick gray line), and Hj (thick black line) within spectral
ranges (c) 1300—850 cm™' and (d) 3800—3000 cm™.

through hydrogen bonds was observed with the peak centered
at 1081 cm™" for pure pullulan (Figure 4c). As the inorganic
concentration increased, a slight shift toward lower wave-
numbers (up to 1076 cm™' for the Hys hybrid coatings)
occurred, suggesting the possible participation of hydroxyl
groups on C4 of the pullulan backbone in hydrogen-bond
formation.

Interestingly, the strong sharp band of pullulan at 1021 cm™
was visible up to the hybrid H;, whereas it appeared as a weak
shoulder in hybrid coatings Hy-s and Hys. These latter two,
conversely, showed a more pronounced peak at around 1047
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cm™ (ie., halfway between the two main peaks of reacted
TEOS and pullulan), which apparently seems to be related to
the unknown shoulder barely visible in the pullulan spectrum a
few wavenumbers before the main peak at 1021 cm™. A
tentative explanation for the appearance of this new peak could
be related to the formation of new covalent bonds between the
silanol groups and the hydroxyl groups of pullulan. The new
peak would thus be associated with the Si—O stretching
vibration of the newly formed Si—O—C linkage. Although the
formation of new covalent bonds between the silanol groups
arising from the hydrolysis of TEOS and the pendant hydroxyl
groups of an organic phase [e.g.,. poly(vinyl alcohol)] has been
claimed,*® that hypothesis is premature at this time and needs
further experimental confirmation.

Moisture Sorption Isotherms. Moisture sorption iso-
therms for samples H, (pure pullulan coating), H;, and H, are
reported in Figure 5. For the three curves, the moisture uptake
increased monotonically until a specific a,, (~0.7) was reached.
Above this point, moisture gain rose dramatically due to

0.06
0.05
0.04 4
0.034
0.02-
0.014

0.00+
0.0

Moisture content (g/g solids)

02 04 08 1.0

Water activity (a,_)

Figure S. Sorption isotherm mean curves of pure pullulan coating (0,
experimental data; dashed line, predicted data) and hybrid coatings H,
(<, experimental data; black line, predicted data) and H, (A,
experimental data; gray line, predicted data) at 25 °C. Predicted data
were obtained by fitting the experimental points with the GAB model
(eq 2 in the text).

dissolution of the crystalline domains by water molecules,
which interacted via hydrogen bonds with the hydroxyl groups
involved in the formation of the crystalline phase.** Given that
this kind of sorption is mainly driven by surface effects, the
dimension of the sample exposed to moisture is a key factor for
proper interpretation of the water content as a function of a,.
This is why, owing to the extensive shrinking seen in the
specimens, which produced specimens of small size after
evaporation of the solvent, the moisture sorption properties of
the hybrid coatings H;, Hy s, and Hy5 were not assessed.

Figure S also shows that a lower moisture content for any
given a,, value was observed for the hybrid coatings H; and H,,
indicating the “protective” effect of the inorganic phase toward
the surrounding moisture. This was also confirmed by the
modeling data (Table 2) arising from the fitting procedure of
eq 2 to the experimental sorption measurements. In particular,
the moisture content in the monolayer (M,) predicted by the
GAB model was equal to 0.78, 0.53, and 0.19 g/100 g of solids
for samples Hy, Hs, and H,, respectively, which was consistent
with the different silica content of the samples.

Hybrid Network Formation and Morphology. Repre-
sentative TEM images of pure silica, pullulan, and hybrid
coating H, are presented in Figure 6. Figure 6a displays the
SiO, network after hydrolysis and condensation of the metal
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Table 2. Parameters Obtained from Fitting of Experimental
Sorption Data to the GAB Model (eq 2) for Coating
Formulations Hy, H;, and H, Prepared at 25 °C

coating type R* M, (g/100 g of solids) C K
H, (pure pullulan) 0.991 0.78 0.03 1.06
H, (0/1 = 3) 0.997 0.53 003 107
H, (0/1 = 2) 0.995 0.19 008 104

alkoxide precursor (i.e., TEOS). As can be seen readily, the
inorganic network was formed by silica particles approximately
30—50 nm in diameter and well interconnected with one
another to form a very tight, compact, and ordered structure,
which is reflected in the typical high rigidity of silica coatings.
Conversely, pullulan molecules (Figure 6b) appeared as thin
chains with an estimated diameter of approximately 5—7 nm,
with more disordered organization and a remarkable extent of
intermolecular folding (entanglement), indicators that have to
be linked to the flexibility of high molecular weight chains. The
association of the two phases (i.e., organic and inorganic) led to
a new scenario. As the O/I ratio increased, the silica network
partially lost its original configuration (Figure 6c), being
gradually disassembled by the permeating organic phase. This
seems to be confirmed by the image displayed in Figure 6d,
where the larger-size silica clusters appear to be twisted by
pullulan chains. However, the latter are hardly visible in the
same figure (they look like bright ridges), due to the much
higher sensitivity of silica to electrons compared to organic
molecules. This disaggregation/disruption of the silica network
finally led to a more segregated, weblike pattern. Presumably,
the reason for this lies in the fact that the addition of pullulan
promoted an increase in the pH of the original TEOS
hydroalcoholic solution. It is well-established that pH is a
pivotal factor in determining the evolution of silica networks
and thus their final morphology. In particular, it has been
pointed out that an increase in pH yields less-compact
networks, with increased interchain space.*" The final silica—
pullulan structure can thus be conceived as a self-assembled
three-dimensional hybrid network, where the organic and
inorganic phases interact spontaneously through intermolecular
hydrogen bonding, as also shown by FTIR-ATR.

Oxygen Barrier Properties. Experimental results on
barrier properties are summarized in Table 3, whereas the
OTR evolution throughout the ARH (%) range of the
uncoated substrate (PET), pristine pullulan (H,), and five
hybrid coatings considered in this work is displayed in Figure 7.
At first glance, it can be seen that all hybrid coatings provided a
reduction in the oxygen transmission rate compared to the neat
substrate (PET), at least up to 60% relative humidity (the
permeability decrease of PET at high relative humidity is well-
known and has been described elsewhere).>*** In particular,
formulation H; provided, under dry conditions, a remarkable
OTR value below 1 mL-m (24 h), which is a typical value of
high barrier coatings used within the food packaging field. In
addition, Hy, H;, H,, H;, and Hy,5 coatings exhibited a similar
trend. The behavior of the H,§ coating was similar to that of
the plastic substrate at up to 40% RH, while it followed the
same trend of the other coatings above that point. These results
clearly demonstrate that increasing the inorganic concentration
had a detrimental effect on the barrier properties of the final
structure. This is in contrast to what was expected, as it is well-
established that decreasing the O/I ratio should improve the
barrier properties, assuming oxygen permeation occurs mainly
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Figure 6. TEM images of (a) reacted TEOS, (b) pullulan, and (c, d) hybrid coating H; at two different magnifications. All images are from 0.5 wt %

hybrid dispersions 1 h after preparation.

Table 3. Oxygen Transmission Rate of PET, PET Coated with Pullulan, and Hybrid Coatings at Five Different Relative

Humidities and 23 °C*

oxygen transmission rate [mL-m >(24 h™')] across relative humidity gradient

sample 0% RH 20% RH
PET 165.20 (£1.96) a 147.10 (£1.65) g
PET/H, 492 (+0.13) b 5.95(+0.07) h
PET/H, 0.96 (+£0.03) ¢ 1.12 (£0.01) ¢
PET/H, 523 (+0.24)b 6.48 (+0.05) i
PET/H, 13.30 (+0.39) do 12.80 (+0.30) d
PET/H, s 31.90 (+1.21) e 33.90 (0.40) j
PET/H; 82.30 (£1.97) f 65.50 (£0.19) k

“Letters denote statistically significant differences (p < 0.05).

40% RH 60% RH 80% RH

140.05 (+0.873) 1 130.30 (£1.05) s 126.08 (+£2.14) x
9.98 (+0.71) m 54.60 (+0.38)t 106.00 (+0.74) y
2.79 (£0.19) n 40.90 (+0.20) q 102.00 (+0.30) z
11.40 (+0.43) o 54.20 (+£0.22) t 105.00 (+0.21) y
1540 (£0.45) p 58.30 (+0.12) u 111.00 (£0.22)A
41.30 (+1.11) q 85.70 (£0.43) v 110.00 (+0.88) A
63.80 (£1.08) r 92.70 (+0.46) w 111.00 (£1.22) A

or exclusively within the organic phase.** Causes linked to
physical changes induced by the increase in the O/I ratio on
the overall organization of the final coatings should be invoked
to explain the obtained results.

The optical microscope images of the surface of the hybrid
coatings (Figure 8) allowed for some important observations,
otherwise unattainable by simple visual inspection of the
samples (also due to the very high transparency of the films).
Besides the pure pullulan coating, whose high surface
smoothness has already been reported elsewhere,” the only
sample with an even, smooth surface, with no evidence of either
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cracks or pinholes, was the H; hybrid. The surface of the H,
sample exhibited some bright veins, which appeared to be
organized in a denser and more regular pattern in the H,
sample, as clearly highlighted by the topographical image.
Whether these veins are due to molecular reorganization or
whether they represent the first sign of surface failure is still not
clear. In the Hy,5 and Hy 5 samples, the inherent rigidity of the
silica network prevailed on the innate flexibility of pullulan,
insomuch as ruptures occurred on the coating surface,
particularly evident in sample Hg;. These ruptures appeared
as parallel cracks of ~10 ym width and separated by ~100 ym
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Figure 7. OTR evolution for PET, pullulan, and five hybrid coatings
over the 0—80% relative humidity gradient range at 23 °C.
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Figure 8. Optical microscope images of coating surfaces at 10X
magnification in (left) normal and (right) topographical modes (with
the exception of sample H, 5, where 20X magnification of the normal
mode image is reported).

one from the other, suggesting that they probably formed along
the tracks of the wires of the rod used to lay the coating
dispersion on the plastic substrate. The main reason
presumably lies in the mechanical stresses triggered by
shrinking of the matrix during the solvent evaporation step,
as also reported by many authors.**>%%

Ruptures and cracks dramatically affected the oxygen barrier
properties of the final structure for two main reasons. On the
one hand, they acted as gaps where the permeation of oxygen
was no longer governed by the physicochemical properties of
the coating but by the performance of the plastic substrate. This
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is why the oxygen transmission rate of the coatings increased
with decreasing O/I ratios, approaching the value of the
underlying PET substrate. On the other hand, it is well-known
that cracks and pinholes play an important role as amplifiers for
water vapor penetration inside the coating network, thus
accelerating the swelling phenomenon, which in turn will affect
the final oxygen barrier properties. This is probably the main
reason why all of the hybrid coatings tested in this work
completely lost their barrier performance at 80% relative
humidity. Therefore, in light of the obtained results, it can be
said that although all of the formulations tested led to some
extent to a reduction in OTR values (ranging from ~99% to
~27%) compared to the PET substrate, the hybrid coating with
the lowest silica content achieved the best performance, fully
comparable to those reported in the literature for similar
organic/silica hybrid coatings, at least up to 60% relative
humidity.”***

In conclusion, this study has demonstrated that pullulan, in
combination with TEOS, can be profitably used to generate
oxygen barrier hybrid coatings. As demonstrated by TEM and
spectrometric analyses, formation of a hybrid network through
self-assembly is driven by intermolecular hydrogen-bond
formation at the interfaces of end-capped silanol groups
generated from TEOS and of the pendant hydroxyl groups of
the pullulan backbone. However, it is necessary to use the
lowest amount of silica to avoid extensive cracking of the
coatings, thus preserving the protective effect of the inorganic
phase toward the surrounding humidity. Eventually, this would
allow the achievement of OTR values fully comparable to the
current solutions available on the market, making pullulan, in
association with silica, a viable alternative to the commonly
used organic polymers derived from petrol for the development
of oxygen barrier coatings, especially as intended for food
packaging applications.

Although this new application may be beneficial with regard
to expanding the market penetration of pullulan, its cost still
represents a remarkable obstacle. Based on the latest quotation
of each component, the unit cost of PET film (12 ym) coated
with the H; formulation is estimated at 3.7 €/kg, which is
higher than the sale price of the today’s oil-derived alternatives
(e.g, the price of PET 12 um coated with PVOH 1.0 um is
~2.6 €/kg).
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