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ABSTRACT In this paper, the preparation and characterization of oxygen barrier pullulan sodium 

montmorillonite (Na+-MMT) nanocomposite coatings is presented for the first time. Full exfoliation 

of the platelets during the preparation of the coating water dispersions was mediated by ultrasonic 

treatment, which turned out to be a pivotal factor in the oxygen barrier performance of the final 

material even at high relative humidity (RH) conditions (oxygen permeability coefficients ~ 1.43 ± 

0.39 and 258.05 ± 13.78 mL µm m-2 24h-1 atm-1 at 23°C and 0% RH and 70% RH, respectively). At 

the micro- and nano-scale, the reasons are discussed. The final morphology of the coatings revealed 

that clay lamellae were stacked on top of one another, probably due to the forced confinement of the 

platelets within the coating thickness after solvent evaporation. This was also confirmed by 

modeling the experimental oxygen permeability data with the well-known Nielsen and Cussler 

permeation theoretical models, which suggested a reasonable aspect ratio (α) of ~100. Electron 

microscopy analyses also disclosed a peculiar cell-like arrangement of the platelets. The stacking of 

the clay lamellae and the cell-like arrangement create the excellent oxygen barrier properties. 

Finally, we demonstrated that the slight haze increase in the bionanocomposite coating materials 

arising from the addition of the clays depends on the clay concentration, but not so much on the 

sonication time, due to the balance of opposite effects after sonication (an increase in the number of 

scattering centers but a reduction in their size). 
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Introduction 

Recent advances in nanotechnology include the use of nano-sized particles of both inorganic and 

organic origin for the improvement of specific properties of the polymer matrix, such as 

mechanical, thermal, and barrier properties.1 Inorganic clays (e.g., montmorillonite, MMT), in 

particular, have been used extensively to effectively depress the permeation of oxygen molecules 

across the material thickness.2–4 Toward this goal, many different solutions have been proposed; so 

far, all of them have fallen under the general “nanocomposites” heading. 5–9 

As indicated in previous works, however, the disaggregation and dispersion of the platy 

layers forming the original macro-particles (tactoids) are the key factors in dictating the full 

exploitation of the potential involved in the layered clays even at very low loadings (< 5 weight 

percent, wt.%).10,11 Only complete exfoliation of the platelets in the polymer matrix would enable 

the nano-sized clays to expose their high surface area to the polymer. Under this condition, the 

barrier properties of the polymer finally will be affected by the nano-sized filler in two specific 

ways: i) a more tortuous path for the diffusion of the permeant and ii) local changes in the polymer 

matrix properties (e.g., molecular mobility) at the interfacial (polymer-nanoparticle) regions.12 

For a proper dispersion of the clay platelets in the polymer matrix, various approaches can 

be used, all of them deriving from two main physical processes: high shear forces and sonication. 

Sonication is increasingly used in the top-down generation of nano-particles. This is achieved 

through the deagglomeration and the reduction of micro-sized particles by means of sound waves 

(more frequently, ultrasound waves) as a result of the mechanical effects of the phenomenon called 

cavitation, which refers to the formation, growth, and implosive collapse of bubbles in a liquid.13 

After bubbles collapse, a number of major local events prompt the deagglomeration of micro-sized 

particles dispersed in the medium: heating (~5000 K), high pressure (~1000 atm), huge heating-

cooling rates (> 109 K s-1), and abrupt liquid jet streams (~400 km h-1).14 All of these phenomena 
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overcome the attraction forces (electrostatic, van der Waals) holding together the platelets stacked 

on top of one another to form the aforementioned tactoids. 

The same principles first adopted to develop nanocomposites based on oil-derived 

polymer/inorganic clay systems have more recently been extended to polymers of natural origin 

(e.g., polysaccharides, proteins, lipids), especially in an attempt to overcome peculiar shortcomings 

such as water sensitivity and mechanical failures. This opportunity, combined with the increasing 

attention to more sustainable solutions, has boosted the development of a new subclass of 

nanocomposite materials, generally called bionanocomposites. To date, many examples of 

bionanocomposites have been reported in the literature, mostly envisaging the incorporation of the 

inorganic phase directly into the bulky biopolymer.15-23 Conversely, the development of 

bionanocomposite coatings (i.e., thin layers of a biopolymer matrix loaded with a nanoparticle 

filler) to improve the oxygen barrier properties of a plastic substrate is rarely encountered. To the 

best of our knowledge, only two papers have been published so far dealing with bionanocomposite 

coatings from chitosan and nanoclays laid on poly-lactic acid (PLA)4 and low-density polyethylene 

(LDPE)24 films. 

In this work, we investigated the potential of a novel bionanocomposite coating based on a 

natural montmorillonite (Na+-MMT) and pullulan, an exopolysaccharide of microbial origin that 

has proven to be a valid candidate for replacing synthetic polymers in oxygen barrier coatings25 and 

obtaining high wettable surfaces.26 In particular, the oxygen barrier properties of the pullulan/Na+-

MMT clay composite coatings were investigated in light of the sonication process, i.e., according to 

different sonication time/clay concentration setups. Moreover, the experimental oxygen permeation 

characteristics were compared with predictions by various theories available in the literature. The 

morphological characterization of the bionanocomposite coatings is also reported. 
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Experimental Section 

Preparation of coated films 

Pullulan (PF-20 grade, Mn ~200 kDa) (Hayashibara Biochemical Laboratories Inc., Okayama, 

Japan) and a natural montmorillonite, Closite® Na+ (Southern Clay Products Inc., Rockwood 

Additives, Gonzales, TX), were used for the preparation of the bionanocomposite coatings 

according to the solvent intercalation process.27 A fixed amount of pullulan (4 wt.%, wet basis) was 

dissolved in distilled water at 25°C for 1 hour under gentle stirring (500 rpm). In parallel, different 

amounts of clay powder were dispersed in distilled water (18.3 MΩ�cm) under vigorous stirring 

(1000 rpm) for 15 minutes. More specifically, the quantity of Na+-MMT in water was varied 

between 0.2 wt.% and 3.0 wt.% (wet basis). 

Afterward, 50 mL of the resulting Na+-MMT dispersion were ultrasonicated by means of an 

UP400S (powermax = 400 W; frequency = 24 kHz) ultrasonic device (Hielscher, Teltow, Germany) 

equipped with a cylindrical titanium sonotrode (mod. H14, tip Ø 14 mm, amplitudemax = 125 µm; 

surface intensity = 105 W cm-2) under the following conditions: 0.5 cycles and 50% amplitude. A 

schematic ultrasonic setup is shown in Figure S1. The duration of the ultrasonic treatment varied in 

accordance with the experimental design (see Table 1, fourth column). 

The organic pullulan solution and the inorganic dispersion were then mixed together under 

gentle stirring (500 rpm) for an additional 90 minutes. After mixing, the concentrations of the two 

components corresponded to an inorganic/organic (I/O) ratio ranging from 0.05 to 0.75 (see Table 

1, third column). An aliquot of the bionanocomposite water dispersions was then placed on the 

corona-treated side of rectangular (24 × 18 cm2) polyethylene terephthalate (PET) films (12.0 ± 0.5 

µm thick) provided by Toray (Saehan, Kyungbuk, South Korea). The deposition of the coating was 

performed using an automatic film applicator (ref 1137, Sheen Instruments, Kingston, UK) at a 

constant speed of 2.5 mm s-1, according to ASTM D823-07 – Practice C. Differences in solid 

content between the formulations were reset by means of two sequential depositions and using steel 
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horizontal rods with different engraved patterns, which yielded final coatings of comparable 

nominal thickness of 1 µm after water evaporation, according to the combinations reported in 

Figure S1. This coating thickness value has also been confirmed by scanning electron microscopy 

analysis (see below). Water evaporation was performed using a constant and perpendicular flux of 

mild air (25.0 ± 0.3°C for 2 minutes) at a distance of 40 cm from the applicator. 

Coated films were then stored under controlled conditions (23.0 ± 0.5°C, 40.0 ± 2.0% RH) 

for 24 hours. Finally, they were kept in a sealed anhydrous desiccator for at least two weeks before 

analysis. 

 

Particle size analysis 

The size distribution in water dispersion of the Na+-MMT clays before and after ultrasonic 

treatment was assessed using an IKO-Sizer CC-1 nanoparticle analyzer (IKO Science, Tallin, 

Estonia). This instrument, a photon counter mounted on an avalanche photodiode (APD), measures 

the particle size based on the photon correlation spectroscopy (PCS) technique. More specifically, 

the instrument determines the velocity distribution of particle movement by measuring the dynamic 

fluctuations of the intensity of light (635 nm) scattered at 90°.  

The prepared clay dispersions were diluted to a droplet concentration of approximately 

0.006 wt.% before analysis. The Photocor-FC correlator software was used for the data analysis. 

The particle size measurements are reported as the average and standard deviation of measurements 

made on two freshly prepared samples, with three readings made per sample. 

 

Electron microscopy observations 

The morphology and microstructure of nanocomposites, especially with reference to the inorganic 

phase distribution within the pullulan polymer matrix, play a crucial role in determining the 

ultimate transport properties of the final materials.28 Moreover, the morphology and microstructure 
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may also affect the final optical properties of the coated PET films owing to both the extent of the 

dispersion and the uniformity of the distribution of the platelets. 

Transmission electron microscopy (TEM) images were captured to visualize the extent of 

deagglomeration and dispersion of the Na+-MMT clays in both distilled water and pullulan matrix. 

To this purpose, 5 µL of a 3.0 wt.% water dispersion were deposited onto a Formvar-coated Cu grid 

(400 mesh). Observations were made after 24 hours (i.e., the time required to allow solvent 

evaporation) using an 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 CCD camera (Proscan, Scheuring, Germany). 

Field-emission scanning electron microscopy (FE-SEM) micrographs were obtained to 

acquire more detailed information on the morphology and global organization of both pure pullulan 

and clay-loaded pullulan coatings as well as to determine the thickness of the final nanocomposite 

coatings. Both cross-sections and surfaces of the samples were examined using a Hitachi S-4800 

FE-SEM (Schaumburg, IL, USA). Surface test specimens were mounted with carbon tape on stubs. 

Cross-sectioned samples were cut into thin pieces with a scalpel and mounted on a Hitachi thin 

specimen split mount holder, M4 (prod. No 15335-4). Before insertion into the microscope, the 

samples were sputter-coated with gold to a thickness of approximately 10 nm (to avoid charging the 

samples) using an Agar High Resolution Sputter Coater (model 208RH) equipped with a gold 

target/Agar thickness monitor controller. 

 

Atomic force microscopy 

The surface morphology of pure pullulan coatings and pullulan nanocomposite coatings was 

analyzed using an atomic force microscope (AFM) Nanoscope V MultiMode (Veeco) in tapping 

mode. Measurements were carried out in air using a silicon tip (resonance frequency 287-346 kHz, 

spring constant 20–80 N/m). The images were recorded with a resolution of 512 × 512 pixels and 
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corrected using a second-order polynomial background filter. The root mean square roughness S 

was also evaluated for each sample as the standard deviation of the topography over the 10 × 10 

µm2 scanning area (M×N pixels): 

∑∑
= =

−=
M

ii

N

j

ji zyxz
MN

S
1

2
),(

1
                                                         (1) 

where z is the mean value of the topography z(x,y). 

 

Oxygen permeability (P′O2 ) measurements 

The oxygen barrier properties of both uncoated and coated PET films were assessed on a 50 cm2 

surface sample using a MultiPerm permeability analyzer (ExtraSolution® Srl, Capannori, Italy) 

equipped with an electrochemical sensor. Oxygen transmission rate (O2TR) data were determined 

according to the standard method of ASTM F2622-08, with a carrier flow (N2) of 10 mL min-1 at 

23°C, 70% relative humidity (RH) and at one atmosphere pressure difference on the two sides of 

the specimen. Analyses were carried out with the coated side of each sample facing the upper semi-

chamber where the humid test gas (oxygen) was fluxed. Each O2TR value was from three replicates. 

Final P′O2 coefficients were calculated according to the following equation:4 

t
p

TRO
tPOOP ×

∆
=×=′ 2

22                                                                (2) 

In equation 2, P′O2 is the oxygen permeability coefficient (mL µm m-2 24h-1 atm-1), PO2, is the 

permeance (defined as the ratio of the O2TR to the difference between the partial pressure of the gas 

on the two sides of the film, ∆p), and t is the total thickness of the material (substrate plus coating).  

 

Haze 

Haze is defined as the percentage of transmitted light deviating by more than an angle of 2.5° from 

the direction of the incident beam. Quantification of haze is important for all those materials where 

loss of transparency is detrimental to their function, such as applications relying on maximizing 
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solar flux (e.g., greenhouse windows and solar energy arrays). In other circumstances, haze 

represents an aesthetic attribute that can dictate the consumers’ choice, such as in architectural 

applications (e.g., skylights) and food packaging, where haze is responsible for the reduction in the 

contrast between objects viewed through the material (e.g., the coated plastic film). In general, haze 

≤ 3% is deemed to be acceptable for most applications as it preserves the original “see through” 

function of the material. 

Haze was measured within the wavelength range 780–380 nm, in accordance with ASTM D 

1003–00 using a UV-Vis high-performance spectrophotometer (Lambda 650, PerkinElmer, 

Waltham, MA, USA) coupled with a 150 mm integrating sphere, which allows the trapping of the 

diffuse transmitted light. Three replicates were made for each uncoated and coated film sample. 

 

Experimental design 

In this work, the use of the inorganic filler was aimed primarily at increasing the oxygen barrier 

properties of the biopolymer matrix laid on the plastic substrate. However, as the inclusion of an 

inorganic phase can jeopardize the transparency of the final material (e.g., increasing the “hazy” 

appearance), the addition of the montmorillonite clay was also investigated in light of the influence 

on the haze properties of the final bionanocomposite coatings/PET films. A chemometric approach 

based on the Design of Experiment (DoE) technique was thus used to map the simultaneous 

evolution of the two dependent variables (Y1 = oxygen permeability coefficient, P′O2; Y2 = haze) 

by varying two independent variables (X1 = inorganic/organic ratio (I/O); X2 = ultrasonication time) 

within the experimental region defined by a minimum (coded as -1) and a maximum (coded as +1) 

value (see Table 1). The selection of a Central Composite Face (CCF) design supported by a 

quadratic polynomial equation allowed the development of a semi-empirical model of the general 

formula: 

ε++++++= 2
222

2
111211222110 XbXbXXbXbXbbY                             (3) 
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where Y represents the two responses (P′O2 and haze); X1 and X2 are the codified values of the two 

factors (inorganic/organic ratio and ultrasonication time); b0 is the response value when all factors 

are set at the medium level (center point); b1 and b2 are linear regression coefficients; b12 is the 

interaction regression coefficient; b11 and b22 are quadratic regression coefficients; and ε is the 

residual response variation not explained by the model.  

In turn, this model made it possible to pinpoint the best factor combination according to the 

optimization criteria set up for each response. The MODDE software package (MODDE 2006, 

version 8.0; UMETRICS AB, Umea, Sweden) was used throughout the investigation for the 

evaluation of raw data and regression analysis. 

 

Results and Discussion 

Effect of clay concentration and sonication time on oxygen-barrier and haze properties 

Based on the experimental data, equation 3 has been used to model the dependence of haze and 

P′O2 on I/O ratio and sonication time (see Table 1). The model has been found to adequately 

describe the P′O2 and haze data, as indicated by the statistical analysis (Tables 2 and 3) and the fact 

that the values of the coefficients R2 (fitting capability) and K2 (prediction capability) are very close 

to unity. The obtained results are reported in Figure 1. 

First, we discuss the dependence of haze and P′O2 on the clay concentration—namely, on 

I/O. The response 3D contour plot reported in Figure 1a shows that haze increased monotonically 

with I/O due to the higher extent of visible light diffused by the inorganic particles. In general, an 

increase in the intensity of the scattered light as a function of clay concentration is attributable 

either to an increase in the size of the scattering centers or to an increase in their number. Indeed, 

we can reasonably assume that the scattering centers are optically soft particles (with a similar 

refractive index as the polymeric matrix) and are relatively large in size (their size a is comparable 

or larger than λ/(2π), λ being the wavelength of light). For independent, optically soft, and relatively 
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large particles, one can study the scattering in the van-de-Hulst-anomalous-diffraction 

approximation.29 Light scattering increases with the number Ns of independent scattering centers 

and also with their size a, which determines the scattering cross section σs = π a2 Q. Q is given by: 

( )
2

cos14sin4
2

ρ

ρ

ρ

ρ −
+−=Q                                                            (4) 

where ρ = 4π(n-1)a/λ, n being the ratio between the refractive index of the particle and the 

refractive index of the polymer matrix. In our case, when increasing the clay concentration (I/O), 

there is first an increase in Ns, followed at I/O ~ 0.5 by a reaggregation of the nanoparticles (an 

increase in the size of the scattering centers). This claim is deduced from the P′O2 data as a function 

of I/O (Figure 1b). The P′O2 decreased when I/O was increased to approximately 0.5. Above this 

value, any additional increase in the clay concentration did not bring any appreciable improvement. 

Rather, the highest inorganic/organic ratio (I/O = 0.75) apparently had a detrimental effect on the 

barrier properties of the PET-coated films. As already reported,10,30 when the clay content was 

increased beyond a certain limit, the reaggregation of the platelets to again form tactoids consisting 

of several stacked silicate monolayers may occur, leading to a micro-composite instead of a 

nanocomposite structure. It is known that this may reduce the oxygen-barrier performance. 

Having found that the I/O ratio influences the oxygen-barrier properties, we then studied the 

effect of the sonication time. Although it had no significant influence on the haze response, 

sonication time affects the P′O2 data. The observed P′O2 variation suggests that time can be 

optimized. Exceeding this energy input (prolonged sonication time) may promote reagglomeration, 

which is then followed by fragmentation for even larger times. For example, for a fixed amount of 

clay (e.g., 1.5 wt.% wet basis ≡ I/O = 0.375), the most effective sonication time was 15 minutes. 

Longer treatments first yielded an increase in the P′O2 values (due to reaggregation), which 

decreased again at the highest sonication time (45 minutes), presumably owing to the fragmentation 

of both platelets and tactoids. Our interpretation is also supported by the comparison of Figures 2 

and 3. Figure 2a shows an image of a tactoid, which is typically found when the sonication time is 
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zero. The sonication treatment produced a positive effect at the nanoscale after 15 minutes (Figure 

3), providing the best oxygen-barrier performances. For a further increase of time (but the same I/O 

ratio), the clay platelets are destroyed and fragments or agglomeration of fragments (Figure 2b) are 

observed. Therefore, not only the clay concentration (I/O) but also reaggregation and fragmentation 

dramatically affect the final barrier properties of the composite coatings. Reaggregation causes 

voids and discontinuities within the main polymer matrix (pullulan in this case), which eventually 

yields free volume increases;30 fragmentation leads to a remarkable reduction in the aspect ratio of 

the inorganic filler. The invariance of haze as a function of the sonication time allows selecting the 

proper time to improve the oxygen-barrier performances without substantially affecting the optical 

properties. 

Finally, the findings below have an important practical implication as they can lead to a 

significant reduction in energy consumption in terms of energy output per unit volume, which can 

be calculated according to the following formula: 

t
V

SI
E ×

⋅
=                                                                           (5) 

where E is the unit energy output (Ws mL-1); I the surface intensity (W cm-2); S the sonotrode 

surface area (cm2); t the time of exposure to the ultrasonic treatment (s); and V the sample volume 

(mL). 

According to the experimental setup adopted in this work, an energy unit output of 725 Ws 

mL-1 was calculated for the 15-minute treatment while an extended ultrasonication time of 45 

minutes yielded a unit energy consumption of 2060 Ws mL-1. This would allow the saving of quite 

a high amount of energy throughout the whole process, which will eventually be reflected in the 

final throughput costs. 
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Modeling the P′O2 data 

The semi-empirical model expressed by equation 3 made it possible to extrapolate the P′O2 values 

of the bionanocomposite-coated PET films for any clay loading within the experimental I/O range 

of 0.05–0.75. In turn, this allowed the computation of the contribution of the nanocomposite 

coatings to the total (i.e., substrate plus coating) P′O2 values, in accordance with the well-known 

series resistance formula intended for multilayer systems:31 

coating

coating

PET

PET

tot

tot

P

l

P

l

P

l
+=                                                                       (6) 

where P represents the oxygen permeability coefficient (P′O2, mL µm m-2 24h-1 atm-1) of the layer; 

and l stands for its thickness (µm). With knowledge of ltot, lPET, lcoating, Ptot, and PPET, the P′O2 

coefficient (Pcoating) for the nanocomposite coatings can be calculated from equation 6. The results 

are summarized in Table 4. Finally, these values were fitted with both Nielsen’s and Cussler’s 

permeation theoretical models, which describe the permeation phenomenon across a two-phase 

film—for impermeable square platelets dispersed in a continuous polymer matrix:28 

( ) ( ) 2/110 αφφ +=−⋅PP                                                                        (7) 

( ) ( ) 4/11 2
0 αφφ +=−⋅PP                                                                        (8a) 

( ) ( )2
0 3/11 αφφ +=−⋅PP                                                                        (8b) 

where 

P0 = permeability parameter of the pure biopolymer coating 

P = permeability parameter of the bionanocomposite coatings 

α = aspect ratio of the platelets (the width divided by the thickness) 

φ = volume fraction of the platelets dispersed in the biopolymer matrix 

 

The difference between the above models lies in the fact that Nielsen’s model (eq. 7) 

assumes that the filler is evenly dispersed within the matrix and the permeation rate of the gas 
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across the polymer matrix is influenced only by the tortuosity of the path; Cussler’s models, by 

contrast, also consider the orientation of the inorganic platelets, which can be either oriented (eq. 

8a) or randomly dispersed (eq. 8b). Figure 4 displays the experimental P′O2 data for the pullulan 

nanocomposite coatings at different filler volume ratios (φ), along with the P′O2 data predicted by 

Nielsen’s and Cussler’s models for different aspect ratios (α) between 10 and 100. 

For both models, the overall trend of the predicted values is in line with the experimental 

data generated by the software. Nevertheless, for volume ratios above 0.18, the experimental data 

deviated from the calculated curve most likely due to the reagglomeration of the platelets, which 

causes depletion in the barrier performance following an increase in the free volume of the polymer 

matrix.31 Interestingly, up to φ  = 0.073 the best prediction obtained by Nielsen’s model was for an 

estimated α = 100, which is actually in line with the expected aspect ratio of approximately 100–

150 for montmorillonite clays.32,33 However, above φ  = 0.073  the best fitting was obtained for α = 

50. This finding suggests that the clay distribution in the polymer matrix as exfoliated platelets is 

preserved up to an I/O ~ 0.225 (i.e., clay concentration ~ 0.9 wt.%, wet basis). After this value, 

increasing the amount of clay leads to a decrease of α, presumably due to the platelets partially 

stacking on top of one another, according to the proposed “self-similar clay aggregation 

mechanism”.34 In addition, it is worth noting that the Cussler’s model envisaging a random 

distribution of the platelets (eq. 8a) provided a better fitting compared with the model (eq. 8b), 

accounting for a more oriented distribution. This result indicates that the platelets apparently 

assumed a random rather than an oriented distribution. 

 

Characterization of the best pullulan/clay nanocomposite coating 

Arising from the considerations above, through a software-assisted procedure, it was possible to 

pinpoint the best factor combination (I/O: 0.3925; sonication time: 15 minutes) to achieve the 

lowest P′O2 value while keeping haze within the 3% threshold. Accordingly, the “software-
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generated” predicted values for the selected response were P′O2: 239.72 mL µm m-2 24h-1 atm-1 

(23°C and 70% RH); haze: 2.99%. The experimental P′O2 of the PET/pullulan nanocomposite 

coating according to the optimized formulation was indeed equal to 258.05 ± 13.78 mL µm m-2 24h-

1 atm-1 at 70% RH, in agreement with the predicted value and well below the P′O2 value of the neat 

PET film under the same conditions (~1560 mL µm m-2 24 h-1 atm-1). This result unequivocally 

demonstrates that the bionanocomposite coating is effective in decreasing the oxygen permeability 

of the plastic substrate even at high RH. The same “optimized” bionanocomposite coating provided 

an impressive P′O2 value of 1.43 ± 0.39 mL µm m-2 24h-1 atm-1 (≡ O2TR = 0.11 mL m-2 24h-1) under 

dry conditions. These values are decidedly better than those of oxygen barrier polymers such as 

polyvinyl alcohol (PVOH) and ethylene vinyl alcohol (EVOH), which gradually lose much of their 

barrier properties starting from RH > 50%.35 More noticeably, the final PET/bionanocomposite 

coating structure presented here exhibits an overall performance fully comparable with one of the 

most widely used oxygen barrier film, the PET/polyvinylidene chloride (PVDC) coating, which has 

an O2TR ~ 7.5 mL m-2 24 h-1 at 23°C under dry conditions (PET thickness = 12 µm; coating 

thickness = 1.4 µm).36  

These promising results, the advantages of the bionanocomposite coatings and the efficacy 

of the ultrasonic treatment on the exfoliation of the Na+-MMT tactoids, motivated us to find other 

confirmations at the nano- and micro-scale of the occurred modifications. As shown in Figure 5, the 

particle size distribution of the non-treated clays (red line) included two main groups around two 

mean values, 3965.0 ± 462.6 nm and 178.90 ± 15.52 nm, accounting for approximately 52.4% and 

47.6% relative to the total distribution, respectively. After ultrasonic treatment (blue line), a shift 

toward lower size is clearly observed with a concomitant increase in the percentage of the particles 

with the smallest size (~ 70% with a mean size of 108.2 ± 18.9 nm; ~ 23.6% with a mean size of 

2151.0 ± 894.8 nm). Based on these values, a crude estimate of the entity of the possible variation 

of light scattering after sonication is possible. Indeed, based on equation 4, it is possible to evaluate 
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the scattering cross section σs for centers of various size (3965, 178, 108, and 2151 nm, 

respectively). The smallest centers obtained after sonication gave the lowest σs, but their number Ns 

strongly increased. The balance between the reduction in average size and the increase in the 

number of centers is expected to produce a slight net increase in the scattering intensity of about 

1.2–1.3 times, as deduced from a simple calculation. This small increase is in reasonable agreement 

with the approximately constant trend of haze as a function of sonication time shown in Figure 1a. 

In summary, we observed and rationalized that the optimized coating shows the best performance as 

an oxygen barrier thanks to its nanostructure, which, however, does not significantly increase the 

haze. 

The information arising from the particle size analysis is in agreement with TEM 

observations. Figure 3 indicates that the exfoliation of the clay was achieved after ultrasonic 

treatment, although the platelets were apparently randomly dispersed, with possible generation of a 

three-dimensional cell-like morphology in the nanometer scale (see the inset of Figure 3). This 

unusual arrangement might explain the excellent oxygen barrier properties of the nanocomposite 

coating even at high RH, despite the moderate filler loading. The same information was obtained 

from the TEM analysis carried out on the optimized bionanocomposite formulation (see Figure S3 

of the Supporting Information). 

The FE-SEM surface micrographs (Figure 6a) further confirmed the apparently random 

organization of the clays. Cross-sectional images, besides confirming the average thickness of the 

bionanocomposite coatings centered at ~ 1 µm (Figure S2), more clearly disclosed a pattern with 

the platelets oriented along the two dimensions, with a high clay concentration cropping out to the 

surface (Figures 6b and 6d). This is most likely due to the coating deposition technique adopted in 

this work (the advancement of the wire wound rod would have promoted the horizontal 

displacement of the clays on the plastic substrate) (Figure 6b). In addition, more detailed inspection 

revealed that ensuing from the ultrasonic treatment, the exfoliated clays interacted with the 
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biopolymer matrix insomuch as every single platelet was “wrapped” by pullulan (Figure 6c). These 

interactions, presumably mediated by hydrogen bonds between –OH groups of both pullulan and 

Na+-MMT,27 had two main consequences: i) The organic/inorganic interface increased dramatically, 

altering many properties of the polymer matrix, such as the molecular mobility. In turn, this would 

affect the final oxygen barrier performance of the resulting nanocomposite coating under humid 

conditions as the relaxation behavior of the strongly hydrophilic biopolymer matrix would have 

been greatly restricted.34 ii) Intercalation of biopolymer chains between pullulan and silicate layers 

prevented reagglomeration of the clay sheets, pullulan acting as a spacer. This is in agreement with 

the previously discussed modeling results of the permeability data. Nevertheless, SEM images 

(Figure 6c) also showed that the well-dispersed and exfoliated clays arranged in a compact structure 

consisting of two, three, or more platelets stacked on top of one another as if they were forced into a 

confined space (the coating thickness) upon the drying of the coating. The aforementioned cell-like 

organization was also detected (Figure 6d). 

The 1 µm thick coating has been characterized in terms of composition, oxygen barrier, haze 

properties, and architecture. In terms of architecture, the addition of the inorganic filler dramatically 

changed the surface morphology of the pullulan coatings. Interestingly, in the absence of the 

montmorillonite platelets, condensed matter structures referred to as spherulites (Figure 7) were 

randomly detected on the pullulan coatings’ surface. While the feather-like formations (Figure 7a) 

are likely to be dendritic crystals, typical of synthetic polymers (e.g., PE, PP, and PEO) and bio-

polymers (e.g., PLA and PHB), the perfectly spherical particles can be viewed as high-order semi-

crystalline self-assemblies (Figure 7b) already observed in many other natural polymers, such as 

cellulose,37 chitin,38 chitosan,39 and amylose.40 In the present study, we hypothesize that the 

thermodynamic incompatibility between pullulan and PET triggers a phase separation that leads to 

the aggregation of pullulan, which undergoes a partial crystallization with radial growth around a 
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starting nucleus. To the best of our knowledge, this is the first time that the simultaneous presence 

of these two spherulitic formations in pullulan has been described.  

Another morphological change owing to the filler addition is the increase in the roughness 

of the coating’s surface. As highlighted by the AFM analysis on (10 � 10) µm2 areas, the pure 

pullulan coatings showed highly smooth topographies, with an average roughness of ~1.2 nm 

(Figure 8a). The addition of the clays led to a more jagged and wrinkled topography, characterized 

by a spiky morphology due to the unordered distribution of the platelets within the pullulan matrix. 

This finally yielded an increased roughness, which, for the optimized formulation (I/O ~ 0.4), was ~ 

14.7 nm (Figure 8b). The roughness change between pullulan and Na+-MMT/pullulan coatings is 

another characteristic, which is in reasonable agreement with the ratio I/O ~ 0.4 between pullulan 

and Na+-MMT in the 1 µm thick coating, and with the observed higher concentration of Na+-MMT 

close to the surface. 

 

Conclusions 

Bionanocomposite coatings based on pullulan and Na+-MMT were successfully obtained for the 

first time. The ultrasound-assisted procedure for the exfoliation of the inorganic tactoids resulted in 

an effective and efficient tool for the final performance of the PET/bionanocomposite material to be 

achieved as it allowed full exfoliation of the platelets during the preparation of the coating water 

dispersions. This was reflected in the final oxygen barrier properties of the bionanocomposite 

coatings, due to both the “tortuosity path” and “organic/inorganic interface” effects. However, the 

final morphology of the coatings (the clay lamellae stacked on top of one another as well as the 

peculiar cell-like arrangement of the platelets) might have contributed to the excellent barrier 

performance even at high RH conditions. Although the addition of the clays led to an increase in 

haze, this did not compromise the ultimate optical properties of the final structure. The findings 

arising from this work reflect convincingly the fact that pullulan nanocomposite coatings are a 

Page 18 of 36

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
19 

 

promising alternative to the currently available synthetic oxygen barrier polymer coatings. Among 

others, food packaging can be considered as a primary field of application for the extension of the 

shelf life of either perishable food sensitive to oxygen (e.g., fat-containing foods) or foods packaged 

in a modified atmosphere (MAP) to inhibit microbial spoilage. 

Supporting Information Available: Engraved rods combination used throughout the DoE runs. 

Schematic drawing of the ultrasonication apparatus. FE-SEM cross-sectional images of the 

bionanocomposite coated PET films. TEM micrograph of the optimized bionanocomposite 

formulation. This information is available free of charge via the Internet at http://pubs.acs.org/. 
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Figure 1. Response surface plots showing the influence of inorganic/organic ratio (I/O) and 

sonication time (in minutes) on a) haze (%) and b) oxygen permeability coefficient (P′O2, mL µm 

m-2 24 h-1 atm-1). 

a) 

b) 
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Figure 2. SEM image of a tactoid (a) and TEM image of fragments (b) arising from the sonication 

of a 3.0 wt.% water dispersion of Na+-MMT after 45 minutes of sonication, according to the 

instrumental setup described in the main text. 
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Figure 3. TEM micrographs at two different magnifications of a 3.0 wt.% Na+-MMT water 

dispersion after ultrasonic treatment according to the optimized procedure (15 min, 0.5 cycles, and 

50% amplitude). 
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Figure 4. Oxygen permeability of the bionanocomposite coatings. Experimental “software-

generated” values (□) and values predicted by Nielsen’s (a) and Cussler’s (b and c) models 

(equation 7 and equations 8a and 8b in the text, respectively) for different aspect ratios (α). 
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Figure 5. Particle size distribution of the Na+-MMT before (—) and after (—) sonication according 

to the optimized formulation (see text). 
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Figure 6. FE-SEM micrographs of the optimized pullulan nanocomposite coating: surface image of 

the coating at 5k� magnification, with the arrow pointing an area of apparently randomly 

distributed platelets (a); cross-sectional overview at 2k� magnification of the coating on top of the 

PET substrate, with the direction of the orientation indicated by the arrows (b); exfoliated platelets 

“wrapped” by pullulan at 50k� magnification, with four stacked layers within the frame (c); cell-

like morphology at 25k� magnification, highlighted by the circle (d). 
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Figure 7. SEM micrographs of spherulitic formations on the pure pullulan coating surfaces: feather-

like dendritic crystals at 10k� magnification (a) and perfectly spherical self-associations at 15k� 

magnification (b). The top view is shown in the inset. 
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Figure 8. AFM height (upper) and 3D (lower) images (10 � 10 µm2) of pure pullulan coatings (a) 

and pullulan nanocomposite coatings according to the optimized formulation (b). 
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Tables 

 

 

Table 1. Worksheet of the CCF factorial design. 

   Variable levels  Responses 

Exp. N° Run order  X1 (x1)
a X2 (x2)

b  Y1
c Y2

d 

1 11  0.05 (-1) 15 (-1) 

 

887.44 1.89 

2 8  0.75 (+1) 15 (-1) 196.10 4.25 

3 9  0.05 (-1) 45 (+1) 913.61 1.80 

4 4  0.75 (+1) 45 (+1) 249.94 4.16 

5 10  0.05 (-1) 30 (0) 950.66 1.87 

6 3  0.75 (+1) 30 (0) 181.688 4.48 

7 6  0.4 (0) 15 (-1) 236.99 3.15 

8 7  0.4 (0) 45 (+1) 239.42 2.80 

9 5  0.4 (0) 30 (0) 297.60 3.12 

10 2  0.4 (0) 30 (0) 307.27 2.72 

11 1  0.4 (0) 30 (0) 309.82 2.88 

a Inorganic/organic ratio (I/O). b Ultrasonication time (min). c Oxygen permeability coefficient 

(P′O2, mL µm m-2 24h-1 atm-1). d Haze (%). Coded values are reported between brackets. 
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Table 2. Regression coefficients and level of significance for the fitted model. 

Factor 

P′O2  Haze 

effect  

(mL µm m-2 24h-1 atm-1) 

standard 
error 

p-value  effect 
(%) 

standard 
error 

p-value 

b0 23.2714 0.5400 0.0000*  2.92 0.0783 0.0000* 
b1 -25.9216 0.4773 0.0000*  1.1700 0.0692 0.0000* 
b2 1.0568 0.4124 0.0505  -0.0883 0.0598 0.1998 

b1b1 24.4807 0.7207 0.0000*  -0.0800 0.1045 0.4786 
b2b2 -4.6751 0.7394 0.0015*  0.0350 0.1072 0.7574 

*Significant factors (p < 0.05 or 95% confidence interval). 
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Table 3. Analysis of Variance (ANOVA) table for the P′O2 responses and haze. 

  Y1 (permeability coefficient) 
 
 

 Y2 (haze)  

Source of 
variation 

 

DF 
a 

SS 
b 

MS 
c 

F 
d 

p
e
 

 
DF 

a 
SS 

b 
MS

c 
F 

d 
p

e 

Total  10 17866.2 1786.6    
 

10 88.866 8.8866   
 

Constant  1 12460.1 12460.1     1 82.024 82.024    

                     

Total corrected  9 5406.0 600.6     9 6.8418 0.7602    

Regression  4 5400.9 1350.2 1323.0 0.000  4 6.7345 1.6836 78.43 0.000 
Residual  5 5.1028 1.0205     5 0.1073 0.0214    
                     
Lack of fit  3 4.6109 1.537 6.2498 0.141  3 0.0262 0.0087 0.2160 0.879 
(Model error)                     

Pure error  2 0.4918 0.2459     2 0.0810 0.0405    

(Replicate error)             

   R
2 = 0.999     R

2 = 0.984   

   K
2 = 0.994     K

2 = 0.955   

           

aDegrees of freedom. bSum of squares. cMean square. dF ratio, the model significance 

(regression/residual). ep-value. 
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Table 4. Volume fraction of the filler, oxygen permeability coefficient (P′O2) of the 

coated PET and of the bionanocomposite coatings. 

Filler volume 
fractiona 

P′O2  (total)b 

(mL µm m-2 24h-1 atm-1) 

P′O2  (coating)c 

(mL µm m-2 24h-1 atm-1) 

0.017 883.24 142.32 

0.046 659.76 83.25 

0.073 476.06 50.98 

0.098 332.15 31.79 

0.123 228.01 20.27 

0.145 163.66 13.93 

0.167 139.08 11.65 

0.188 154.29 13.06 

0.207 209.28 18.37 

aCalculated for a given filler density ρclays = 2.86 g cm-3. bData extrapolated from the software, 

according to the model developed with reference to Eq. 3 in the text. cAccording to Eq. 6 in the text 

and considering P′O2 PET (70% RH and 23°C) ~ 1560 mL µm m-2 24 h-1 atm-1. 
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