Abo Akademi

This is an electronic reprint of the original article. This reprint may differ from the original
in pagination and typographic detail.

Optimized multilayer coating using layer-by-layer assembly method for excellent
oxygen barrier of poly(lactic acid) based film

Gulin-Sarfraz, Tina; Gravlen, Magnhild Seim; Rosqvist, Emil; Pettersen, Marit Kvalvag;
Peltonen, Jouko; Sarfraz, Jawad

Published in:
Colloids and Surfaces A: Physicochemical and Engineering Aspects

DOI:
10.1016/j.colsurfa.2023.131155

Published: 05/05/2023

Document Version
Final published version

Document License
CC BY

Link to publication

Please cite the original version:

Gulin-Sarfraz, T., Grgvlen, M. S., Rosqvist, E., Pettersen, M. K., Peltonen, J., & Sarfraz, J. (2023). Optimized
multilayer coating using layer-by-layer assembly method for excellent oxygen barrier of poly(lactic acid) based
film. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 664, Article 131155.
https://doi.org/10.1016/j.colsurfa.2023.131155

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of AAU: 20. Apr. 2024


https://doi.org/10.1016/j.colsurfa.2023.131155
https://research.abo.fi/en/publications/a1c426bb-7a40-47e7-810b-912efc45c1fc
https://doi.org/10.1016/j.colsurfa.2023.131155

Colloids and Surfaces A: Physicochemical and Engineering Aspects 664 (2023) 131155

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and
Engineering Aspects

ELSEVIER journal homepage: www.elsevier.com/locate/colsurfa

Check for

Optimized multilayer coating using layer-by-layer assembly method for e
excellent oxygen barrier of poly(lactic acid) based film

Tina Gulin-Sarfraz® , Magnhild Seim Grgvlen “ Emil Rosqvist°, Marit Kvalvig Pettersen *,
Jouko Peltonen ", Jawad Sarfraz >’

2 Nofima, Norwegian Institute of Food, Fisheries and Aquaculture Research, P.O. Box 210, NO-1431 As, Norway
Y Physical Chemistry, Laboratory of Molecular Science and Engineering, Abo Akademi University, Henriksgatan 2, FI-20500 Abo, Finland

HIGHLIGHTS GRAPHICAL ABSTRACT

o Greatly improved oxygen barrier prop-
erties of a poly(lactic acid) based
material.

e Surface evaluations on nano- and
microscale reveal a uniform barrier
coating.

e The optimized coating has a superior
adhesion strength.
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ARTICLE INFO ABSTRACT

Keywords: Layer-by-layer assembly (LbL) of trilayer coatings of polyelectrolytes and nanoclays (NC) were produced on poly
Polylactic acid (lactic acid) based (PLAb) films. The focus of this study was on the optimization of the wetting properties of the
Polyelectrolytes

PLAD substrate, and the adhesion properties of the prepared coating. Coatings produced by an optimized method,
by combining UVC-treatment of the substrate and adjusting surface tension of the coating solutions, were
compared to coatings made by typically used water-based solutions. Even though LbL-coatings with a high
adhesion strength to its substrate is of outmost importance for most applications, this is often not evaluated. In
this study, the adhesion of the coatings on the PLAb substrate was assessed using the cross-cut test according to
ISO 2409, in which the adhesion is classified on a scale between 0 and 5, where a lower number reflects better
adhesion. The coating prepared by the optimized procedure was categorized as class 0, while the control film was
classified as 4. These results reveal the importance of the optimization of both the surface free energy of the
substrate, and the surface tension of the dipping solutions. The surface morphology and roughness properties of
the optimized films were further investigated with scanning electron microscopy (SEM), confocal optical mi-
croscopy (COM) and atomic force microscopy (AFM), showing a uniform distribution of NC on the substrate with
increasing number of trilayers. X-ray photoelectron spectroscopy (XPS) confirmed the homogenous surface
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composition of polyelectrolytes and NC. Finally, the oxygen transmission rate (OTR) decreased considerably (by
99.7%), from 97.2 cc/(m2~day) for pristine PLAD substrate to 0.3 cc/(m2~day) for the 20-trilayer coated substrate.

1. Introduction

One approach to counter the negative environmental impact caused
by the petroleum-based polymers used for packaging application is to
shift towards more environment friendly biodegradable polymers [1].
Polylactic acid (PLA) is a readily available polymer, it is biodegradable,
recyclable, compostable under industrial conditions, and a promising
renewable thermoplastic polyester which has the potential to replace the
conventional plastic materials [2]. However, the hygroscopic nature,
brittleness, and heat sensitivity of PLA makes it less attractive for
demanding applications such as food packaging. [3,4] The thermal and
mechanical properties are significantly improved in the new commer-
cially available PLA based (PLAb) materials by the addition of copo-
lyester [3]. However, poor oxygen barrier properties limit the
application of PLAb for packaging of oxygen sensitive food products [3,
5,6]. Oxygen in the packaging environment can, in combination with
light exposure at display, lead to pigment oxidation resulting in discol-
oration in products such as cured meat, sliced salami, etc. [7]. Oxygen
may also cause lipid oxidation and rancidity of the products, which
limits the shelf life and leads to food waste [8,9]. It is therefore desirable
to improve the oxygen barrier properties of PLA-based materials.

Different methods have been reported in the literature for the
improvement of the gas barrier properties of the polymers [10]. Among
them incorporation of nanofillers in the polymer matrix has been a
widely used approach. These nanofillers provide a physical hinderance
to the gas molecules and disrupts their diffusion rate by forcing them to
adapt tortuous pathways hence positively affecting the gas barrier
properties [11]. Different processing techniques including melt extru-
sion, in situ polymerization and solvent casting has been reported in the
literature [10,12-14]. However, the main challenge is to achieve the
uniform distribution of the nanofillers in the polymer matrix [15].
Reduction of about 60% in oxygen permeability has been reported in the
literature for PLA composites with nanoclays (NC, 5-10 wt%), and at

higher concentration aggregation of NC has been reported, resulting in
adverse effect on the resulting PLA composite barrier properties [16,17].

In recent years, a layer-by-layer (LbL) deposition method to produce
a multilayer film has been reported for the improvement of the barrier
properties of different substrates [15]. The underlying principle in the
formation of LbL films is the electrostatic interaction between the
charged NC and polyelectrolytes. Bi, tri and quadlayer systems have
been reported in the literature using NC and different polyelectrolytes
[18-21]. LbL assembly consisting of systems such as poly(vinyl alcohol)
/montmorillonite (MMT) [22], MMT/chitosan [23], poly(ethylene
imine) (PEI)/nanofibrillated cellulose [24], and branched PEI/Na-
fion/BPEI/MMT [25] has been reported in the literature to improve the
oxygen barrier properties of PLA. For MMT based systems the
improvement in the gas barrier properties has been mostly linked to
exfoliation and orientation of the nanoplates [26].

In this study, we report on a LbL coating consisting of poly-
electrolytes and NC on a PLAb substrate to improve the oxygen barrier
properties. The coatings were characterized in depth by several surface
sensitive techniques to evaluate the distribution of NC on the substrate.
The adhesion of the coatings was studied using the cross-cut test, ac-
cording to ISO 2409. The novelty of this study involves the optimization
of the wetting of the PLAb substrate by the solvents (in combination with
surface treatment of the substrate), with the resultant decrease in oxy-
gen transmission rate (OTR) values, as well as the notable increase in
adhesion of the coating. The overview of the study is schematically
described in Fig. 1.

2. Materials and methods
2.1. Materials

Branched poly(ethylene imine) (PEIL, average Mw ~25,000), poly
(acrylic acid) solution (PAA, average Mw ~100,000, 35 wt% in Hy0)

PEI, NC, PAA in optimized solvent

PEI, NC, PAA in water

&

-

Procedure 1
Procedure 2

OTR

Adhesion
strength

Number of layers

Fig. 1. Schematic overview of the study.
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and nanoclay (NC, hydrophilic bentonite) were purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany). Absolute ethanol was ob-
tained from Antibac (Kiilto Oy, Tampere, Finland).

The details about the preparation of the PLA-based film can be found
elsewhere [3]. Briefly, commercially available Ecovio® F2224 from
BASF was used in this study which is a compound of biodegradable
copolyester ecoflex® F Blend and polylactic acid (PLA, NatureWorks®).
Films with 300 pm thickness were produced on a blown film extruder
model E 25, BL180/400 from Collin Lab & Pilot Solutions GmbH, Ger-
many. The temperature profile on the extruder was set from 160 °C to
183 °C in the different zones, and the extrusion speed was 100 rpm. The
die gap was 1.5 mm, and the blow-up ratio was 1:3.

2.2. Solutions and dispersions

The polyelectrolytes PEI and PAA were dissolved in 30 vol% ethanol
(for coating procedure 1) or in Milli-Q water (for coating procedure 2).
The same solvents were used to disperse the NC. The cationic PEI was
dissolved at 0.1 wt%, and further adjusted to pH 10 using 1 M HCL. The
anionic PAA was dissolved at 0.2 wt% and adjusted to pH 4 using 1 M
NaOH. The NC was dispersed at 1 wt%, by magnetic stirring and
ultrasonication.

2.3. Coating preparation

The PLAb substrate was dipped in the following order: PEI, NC, PAA,
to complete one single trilayer cycle. The substrate was either untreated
(procedure 2) or UVC-treated for 5 min on each side (procedure 1) prior
to dipping into the PEI-solution for 2 min using a KSV Nima dip coater
(Biolin Scientific Oy, Finland) with dip and drag speed of 100 mm/min.
The UVC-treatment of the films were done under ambient conditions at a
light intensity of 10 mW/cm?, using a UVC compact fixture lamp from
BARO GmbH & Co. KG, Germany. After the first dipping, the substrate
was dried in ambient conditions for 5 min and further dipped into the
NC-dispersion. When fully immersed, the substrate was immediately
pulled with the same drag speed of 100 mm/min. The substrate was
again dried for approximately 5 min prior to the dipping in PAA-solution
following the same procedure. After this step the coated substrate was
dried for 5-8 min, with subsequent UVC-treatment (5 min on each side)
for the substrate which followed procedure 1. After this single trilayer
coating cycle, the same protocol was continued to produce films with 4,
8, 12, and 20 trilayers. However, only for the first trilayer, the substrate
was left in the PEI-solution for 2 min.

2.4. Contact angle measurements

The contact angle measurements were performed using a Theta Lite
instrument (Biolin Scientific Oy, Finland). A drop volume of 5 uL was
deposited on the substrate and the contact angle was observed over time.
Equilibrium contact angle values were acquired when the drop volume,
shape and the contact angle remained the same.

2.5. Oxygen transmission rate (OTR)

OTR for the films of pristine and coated PLAb samples was measured
with a Dualperm 8001 instrument (Industrial Physics, USA) following
the ASTM 3985 standard. The OTR (cc/! (mz-day)) was measured at 23 °C
and 50% relative humidity (RH). The testing area of the samples was
5 cm?. Two parallels were measured.

2.6. Cross-cut test

The adhesion of the coating to the substrate was evaluated according
to the ISO 2409 standard. A lattice pattern was cut into the coating using
a cross-cut tool (Byk-instruments, Germany), making six parallel cuts (at
1 mm spacing) followed by six perpendicular cuts. A piece of
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standardized tape (following the cross-cut tool) was placed over the
lattice pattern, parallel to one set of cuts, and smoothed over firmly with
a finger several times to ensure good adhesion between the tape and the
coating. The tape was manually pulled off in a single smooth action at an
angle of approximately 60° to the surface. The cross-cut pattern was
then studied with a microscope to evaluate the coating adhesion. For
each film the test was repeated four times and the results were assessed
by comparing the pattern to the ISO 2409 standard classification, class
0-5, as follows: 0 = the lattice is unaffected, none of the squares of the
lattice is detached; 1 = detachment of small flakes at the intersection of
the cuts, less than 5% of the area is affected; 2 = flaked along the
intersection of the cuts with an affected cross-cut area of 5-15%;
3 =squares are partly or wholly damaged, with a cross-cut area of
15-35% being affected; 4 = squares are partly or wholly detached with
an affected cross-cut area of 35-65%; 5 = any degree of flaking that
cannot be classified under ISO class 4, and has an affected cross-cut area
of more than 65%. Thus, a higher number reflects poorer adhesion be-
tween the coating and the substrate.

2.7. Coating thickness

The coating thickness was measured using a film thickness gauge
(model 543, Qualitest, USA). The measurements were repeated at three
different spots.

2.8. Scanning electron microscopy

Thin films produced by the LbL assembly method were characterized
for surface morphology by scanning electron microscopy (SEM). SEM
imaging was performed with a Zeiss EVO 50 microscope (Carl Zeiss,
Cambridge, UK). Prior to the imaging the films were placed on a carbon
tape and further sputter coated with gold-palladium alloy with a Polaron
SC 7640 sputter coater (Quorum Technologies Ltd, East Sussex, UK).

2.9. Confocal Optical Microscopy

The surface morphology of the films was also investigated by
Confocal Optical Microscopy (COM). The COM measurements were
carried out with a NanoFocus pSurf 3D white light microscope (Nano-
Focus AG, Germany). Images were taken with two objectives, at 20x and
50x magnification, giving imaged areas of 800 um x 772 pm respectively
320 pm x 308.8 um. All images were taken at a resolution of 512 x 512
pixels. Imaging spots were randomly selected.

2.10. Atomic force microscopy

Atomic force microscopy (AFM) images of 5 ym x 5 um (512 x 512
pixels) were taken with a Bruker Multimode 8 in PeakForce™ mode.
NSG30 cantilevers (spring constant k = 22-200 N/m) were used (NT-
MDST, Apeldoorn, Netherlands). Image analysis was done with a
MountainSPIP software (v9.2.9994, DigitalSurf, Besancon, France).

The used roughness parameters were as follows: S, i.e. the RMS
deviation to the mean level of the surface, Sq;, the relative increase in
surface area due to topography, S, the distance over which the auto-
correlation function decreases to 20%, Ssk, skewness, which describes if
the surface is peak (Sg>0) or valley (Ssk<0) dominated based on its
distribution of heights, Sqs, the number of asperities per um? separated
by pixels at a lower height level, and S,, the height between the highest
peak and the deepest valley. The error shown is the 95% confidence
interval of the roughness data. It was calculated with Microsoft® Excel®
2016 (v.16.0.5356.1000).

2.11. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra were obtained with a
Kratos Axis Ultra®" XPS instrument using a monochromatic Al Ka X-ray
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source (1486.6 eV) with the X-ray source operating at 15 kV and 10 mA
at normal emission angle. For survey spectra, 80 eV pass energy was
used. XPS measurements were performed on two separate spots for each
sample. The atomic concentration (at%) of the different elements was
obtained by calculating the area of the peaks and correcting for the
sensitivity factors using CasaXPS software.

3. Results and discussion
3.1. Preparation and optimization of the coatings

For LbL assembly, aqueous systems are often reported in the litera-
ture [18-21]. Typically, aqueous solutions of polyelectrolytes and NC
are used [19-21]. The aqueous system helps to achieve exfoliation of the
NC [27]. However, aqueous solutions do not wet plastic substrates very
well. In our case, the equilibrium water contact angle on pristine PLAb
substrate was 102°, which indicates a relatively poor wetting of the
substrate. Previously, UVC-treatment has been demonstrated to reduce
the water contact angle values and improve the adhesion by increasing
the bond strength between a substrate and the coating material. [28,29]
Thus, the PLAbD substrate was treated with UVC for 1, 5 and 10 min and
the water wettability of the substrate improved with equilibrium water
contact angles decreasing to 88°, 80° and 79°, respectively. To further
improve the wetting of the PLAb substrate, the surface tension of water
was decreased with the addition of ethanol. The surface tension values
of 72, 56.2, 47.8 and 41.6 mN/m for pure water, 10%, 20% and 30%
ethanol, respectively, are reported in the literature at 25 °C [30]. Mixed
solvents with different ratios of water and ethanol were prepared and
their contact angles were measured on the PLAb substrate (Table 1). As
expected, a significant drop in contact angle values were observed, from
102° for water to 80° for 30% ethanol. Similarly, the contact angle values
for PEI also dropped when the solution was made in 30% ethanol
compared to water only (Table 1). Further, the combined effect of
UVC-treatment and mixed ethanol-water solvent was studied on the
wettability of the PLAb substrate. The contact angle of only 58° was
measured after 10 min of UVC-treatment with 30% ethanol in water.
After these optimization steps, multilayered films of polyelectrolytes
and NC were deposited on the PLADb substrate using the LbL assembly
approach. For comparison purposes, the films were deposited on the
PLAD substrate using two separate procedures. In procedure 1, the PLAb
substrate was treated with UVC and the surface tension of the dipping
solutions was decreased by using mixed solvents of water and ethanol
(80%). For procedure 2, untreated PLAb substrate was used in combi-
nation with aqueous solutions. The two different procedures are sche-
matically described in Fig. 1.

3.2. Oxygen barrier properties and morphology of the coatings

The oxygen barrier properties were measured and related to the
morphology of the films, as visualized with optical microscopy. Fig. 2
shows the oxygen transmission rate (OTR) values of the films produced
by procedure 1 and 2. In addition, the OTR values are reported in
Supplementary Table ST1. While 4, 8, 12 and 20-trilayer films show a
reduction of 17%, 70%, 87% and 93% in the OTR values compared to

Table 1

Equilibrium contact angle (CA¢q) of water/ethanol mixtures, and of PEI dis-
solved in water/ethanol, on PLAD substrate. Comparison of untreated and UVC-
treated samples.

Water: CAeq  CAgq after 10 min CAcqof  CAgq of 0.1% PEI after

Ethanol UVC-treatment 0.1% 10 min UVC-treatment
PEI

10:0 102° 79° 99° 76°

9:1 93° 74° 94° 75°

8:2 84° 69° 82° 64°

7:3 80° 63° 72° 58°
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Fig. 2. Oxygen transmission rates (OTR), at 23 °C and 50% RH, for the trilayer
coatings prepared by the two different procedures (1 and 2) as a function of the
number of trilayers. The shown error is the standard deviation.

pristine PLAb when produced by procedure 2, the % reduction in the
OTR value for trilayer films produced by procedure 1 was more pro-
nounced and the values of 94%, 97%, 97% and 99.7% were obtained.
The OTR value for the 20-trilayer film is 0.3 cc/(mz-day) which can be
classified as a high oxygen barrier coating. A typical value of a high
oxygen barrier coating for food packaging applications is below 1 cc/
(m2-day), where for example 1 mm thick polyethylene terephthalate
(PET) is in the range of 1.2-2.4 cc/(m2~day) [31]. Further evaluation of
the 20-trilayer films produced by the two different methods reveal that
the optimized film has a more uniform and compact surface structure
than the control film, as presented by microscopy images in Fig. 3. As
expected, on microscale the coating on the control film is formed as
patches due to the lack of adhesion between the coating and the sub-
strate (Fig. 3b).

In the literature, the improvement in the gas barrier properties using
LbL assembly has been explained by the formation of brick wall struc-
ture [19-21]. This structure is produced when the substrate is evenly
covered by the NC platelets. The deposited NC provides a physical
hinderance towards the diffusion of the gas molecules. With the brick
wall structure, the gas molecules are compelled to adopt a tortuous path,
which significantly decreases their diffusion rate hence improving the
gas barrier properties [15]. The formation of a homogeneous structure is
therefore critical for the improvement in the gas barrier properties. The
bentonite NC used in this study has a high swelling capacity [32], and
thus forming a large surface area in solution. In dry state, prior to
exfoliation, the sheets form sphere-like aggregates (Supplementary
Figure SF1). Prior to the deposition of the NC on the PLAb-substrate, the
NC-suspension was treated with ultrasonication to disperse the NC
platelets and improve the NC exfoliation. As presented in Fig. 2, the
reported method in this paper is promising for the improvement of the
gas barrier properties of hydrophobic plastic substrates. Interestingly,
even though the water-based coatings (procedure 2) form patches on the
PLAb-substrate (Fig. 3), the OTR-value can be greatly improved with
increasing number of layers (Fig. 2).

3.3. Adhesion test of the coatings

Coating with a good adhesion strength to its substrate is of funda-
mental importance for most applications. However, this has mostly been
neglected in published studies related to LbL coatings. Here, the adhe-
sion of the LbL coatings on the PLAb substrate was evaluated using the
cross-cut test, according to the ISO 2409 standard. In this test the
coatings are classified on a scale between 0 and 5, by comparing the
cross-cut pattern to the standard classification, where a higher number
reflects poorer adhesion between the coating and the substrate. The
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Fig. 3. Optical microscopy images of PLAD films coated with 20 trilayers according to (a) procedure 1 and (b) procedure 2. The insets show zoomed images.

cross-cut test was performed on the 20-trilayer films produced by both
methods, procedure 1 and 2. During the cross-cut test the films were
analyzed with optical microscopy to assure high-resolution images and
thus precise evaluation. Representative images are shown in Fig. 4. The
PLAb-substrate coated according to procedure 1 showed a very good
adhesion in the cross-cut test, where the lattice pattern is completely
unaffected, resulting in a class O classification. Contrary, the coating
made by procedure 2 showed a very poor adhesion rate (Fig. 4b). For
each film the test was repeated four times (Supplementary Figure SF2)
and the results were assessed based on an average of the tests. The
coating prepared by procedure 2 was categorized as class 4, since large
parts of the cross-cut area was damaged due to the weak adhesion. The
coating had flaked along all the edges of the cuts and some squares were
partly detached from the substrate. These results point to the fact that
the pre-treatment of the substrate, as well as the optimization of the
surface tension of the solvents, is critical for ensuring good coating
adhesion.

3.4. Surface morphology of the optimized films

The microstructure and surface morphology of the films obtained by
coating procedure 1 was examined with scanning electron microscopy
(SEM), confocal optical microscopy (COM), and atomic force

microscopy (AFM). For SEM, various surface sections of the pristine and
the 4, 8, 12 and 20-trilayer coated films were imaged to investigate the
dispersion quality of NC on the surface. Randomly chosen areas were
scanned to investigate possible defects in the coating layer. Represen-
tative images at different magnifications are shown in Fig. 5, where
Fig. 5a presents the pristine PLAb substrate. Significant differences are
observed for the 20-trilayer film compared to the other films. Images at
the magnification of 500 show aggregated morphology for the 20-tri-
layer film (Fig. 5e). These aggregated structures are densely packed
and provide uniform coverage of the surface (Fig. 5f). However, for 4, 8,
and 12-trilayer films (Fig. 5b—d), the aggregates are relatively smaller in
size and are scattered at the surface. In addition, the inset images reveal
the sheet-like structure of the NC. It can be further seen that the NC
coverage of the PLAb substrate improves with increasing number of
trilayers from 4 to 20. Micro-cavities can be seen for the 20-trilayer film,
but no cracks were observed. The thickness of the trilayer coatings were
approximately 5 um, 7 um, 15 um, and 20 um for 4, 8, 12 and 20 tri-
layers, respectively, as evaluated with a film thickness gauge (Supple-
mentary Figure SF3).

The build-up of the first trilayer coating was imaged with COM at the
different stages in the coating procedure. Representative images are
shown in Supplementary Figure SF4. The roughness average (S,) and the
root mean square roughness (Sg) of the samples were calculated from the

Fig. 4. Representative optical microscopy images of cross-cut areas on 20-trilayer films deposited with (a) procedure 1 and (b) procedure 2.
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Fig. 5. Scanning electron microscopy images of (a) pristine PLAb substrate and (b) 4, (c) 8, (d) 12 and (e) 20-trilayer films at 500 times magnification with inset
images at 15,000 times magnification. The 20-trilayer film is homogenous with no visible cracks, as shown in (f) at lower (200 times) magnification.

COM images at different cutoffs. The calculated values are listed in
Supplementary Tables ST2-ST9. Fig. 6 presents the cut-off dependency
for the trilayer coating, while the results for the pristine PLAb and the
first PEI and PEI/NC coatings are presented in Supplementary Figures
SF5-SF6. The results in Fig. 6 show how the S, roughness of the trilayer
coating increases with increasing cut-off. The S of the trilayer coating
also increases, up to an Sy of approx. 380-400 nm from a cut-off of
200 um. At the same cut-off, the S, roughness is slightly lower, 280 nm.
It has been shown that sampling interval influences the calculated
roughness. The parameters Sy and autocorrelation length have been
particularly highlighted, with said parameters increasing in size as
growing wavelength features are included in the image analysis. In this
case, the plateauing of Sq at 380-400 nm could thus be attributed to the
wavelength limit of the surface [33]. Such an analysis shows that the Sq
roughness of the PLAb substrate is on a similar level, from COM images
at a cutoff of 300 um, both before and after coating with PEI and PEI/NC
(493, 470, and 463 nm, respectively, as shown in Supplementary Fig-
ures SF6. The PAA layer smoothens the film to an Sq of 404 nm. The

a)

350 = Sa (20)() i
e Sa (50x)
300 4 Sa(AFM) } J
_ 250 ; E
£ !
£200¢+ E
@ ¢
150 E
100 E
50 g
0 50 100 150 200 250 300

Cut-off (um)

multilayer coatings could unfortunately not be analyzed with COM due
to the light absorptive and reflective character of the sample. This was
likely due to the increasing amount of NC on the surface.

However, AFM was applied to further analyze the assembly of NC
platelets with the polyelectrolytes on a lower length scale. Representa-
tive images can be seen in Supplementary Figure SF7, and the calculated
roughness values are presented in Fig. 7 and Supplementary Table ST10.
The S4 value, indicating height variations, for films without NC was
comparatively low and homogenous (as seen by the low error), for
pristine PLAb S; 39 nm and for PLAb with a PEl-layer 19 nm with
relative error of approximately 22-36%. The addition of the NC layer
increased the roughness significantly, to 94 nm with a relative error of
50%. For completed trilayer coating, the Sq did not change significantly,
and it remained around the same level as additional trilayers were added
(Fig. 7A). All coatings with NC appeared heterogeneous on this level
(5 um x 5 um images) with high relative errors due to the height vari-
ations. The Sq; parameter also showed an increase with the addition of
NC to the surface. Addition of a PAA layer or further multilayers did not

b) 500 T T T T

= Sq (20x)
o Sq (50x)
400| & Sq(AFM) ; 1
300+ i ;
£
& 200 - i ]
100 1
O 1 1 1 1 1 1
0 50 100 150 200 250 300
Cut-off (um)

Fig. 6. The cut-off dependency of the S, and S, roughness of a single trilayer coating, from COM images at two magnifications, 20x (black) and 50x (red), as well as
AFM data (blue), approximating the AFM image size as being equal to cut-off. The shown error is the standard deviation.
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Fig. 7. Surface roughness of the coatings on the PLAb substrate as described by the parameters a) Sq, b) Sq;, ) Sa;, d) S, €) Sgs, and f) S,. All parameters were

obtained from 5 pm x 5 pm images. The error shown is the 95% confidence level.

change the Sq4; parameter to a significant level. However, the 20-trilayer
film gave rise to a slightly smaller value which in combination with the
smaller error for the Sy, parameter indicated a more homogenous sur-
face with less relative increase in surface area due to topography
(Fig. 7B). The autocorrelation length, S,, which can be used as a mea-
sure of lateral roughness, was fairly similar for all surfaces (0.4-0.6 pm,
with a relative error typically around 10%), as seen in Fig. 7C. Fig. 7D
presents the surface skewness, Sk, which corresponds to the asymmetry
degree of the surface heights to the mean plane, i.e., a value of zero
indicates a symmetrical surface. The S value for the 20 trilayer film is
similar to the Sg value for uncoated PLAD, indicating a uniform

distribution of the NC. Further, the density of summits, Sqs, indicating
number of peaks per unit area, was between 14 ym2 and 21 ym2 for the
pristine PLAb, PLAb/PEI and PLAb/PEI/NC. From this it decreased to
around 5-9 pm 2 for coatings with PAA, with a clear decrease in the error
for the 20-trilayer film (Fig. 7E). These results can be explained by the
relatively uniform distribution of NC, especially for the 20-trilayer film.
Additionally, the S, parameter, which presents the height between the
highest peak and the deepest valley, increased from 128 nm for PLAb/
PEI to approximately 535-772 nm for the different trilayer samples
(Fig. 7F).

These results obtained on the nanoscale are in good agreement with
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the microscale analysis acquired by COM and SEM. The datasets ob-
tained by COM and AFM can describe the roughness over a range of
length scales from the scale of individual NC platelets (AFM) to the
overall roughness of the film (COM), as shown in Fig. 6.

3.5. Evaluation of the surface composition of the optimized films

X-ray photoelectron spectroscopy (XPS) is considered a highly sur-
face sensitive technique in which the elemental composition of solid
surfaces can be studied to a depth of about 10 nm [34]. The atomic
concentrations of the detected elements at two different spots for each
sample is shown in Table 2. XPS measurements were performed on
pristine PLADb, PLAb coated with PEI (PLAb/PEI), further coated with NC
(PLAb/PEI/NC), and at the completion of the cycle with PAA (PLAb/-
PEI/NC/PAA), to study the variation in the surface composition of PLAb
upon completion of one trilayer cycle. Furthermore, spots at films with
4, 8, 12 and 20-trilayer cycles were also measured. It can be seen in
Table 2 that the atomic concentration of carbon (C) and oxygen (O) for
PLAD substrate is very similar for the two separate spots, confirming the
uniform composition of the PLAb material. Furthermore, small amounts
of silicon (Si) and calcium (Ca) were detected, which might have orig-
inated from silica and calcium carbonate, which are commonly used
fillers. In addition, the NC is likely to have small impurities of Ca.
Negligible amount of sulfur (S) possibly related to contamination is also
detected. For PLADb coated with PEI, an increase in the atomic concen-
tration of nitrogen (N) was observed confirming a successful deposition
of the PEl-layer (Table 2). However, there is little change in the con-
centration of N from 4-trilayers to 20-trilayers. Since the detection depth
is only around 10 nm, the amount of N is not changing much as addi-
tional trilayers are built up. Furthermore, detection of aluminum (Al)
and multifold increase in the atomic concentration of Si from the
PLAb/PEI/NC samples compared to PLAb and PLAb/PEI samples
confirm the presence of NC at the surface. This is in agreement with the
literature as Si and Al are the two main components of the bentonite
(NC) used in this study [35]. However, a significant variation was
observed in the Al, C, O and Si concentrations from the two different
spots, which implies that the NC coverage at the surface was not uni-
form. At the end of the cycle, the PLAb substrate was dipped into anionic
PAA. This was done to facilitate the filling of the exposed regions be-
tween the NC [20]. These regions are formed where PEI has not inter-
acted with NC. Since the pH of PAA solution is much lower (pH 4), when
dipped, the exposed PEI will be at highly charged state, promoting the

Table 2

Compilation of surface analysis data listing the atomic concentrations of the
detected elements (Al: Aluminum, C: Carbon, Ca: Calcium, N: Nitrogen, O: Ox-
ygen, S: Sulfur, Si: Silicon). The two rows for each sample present parallel
measurements. PLAD: polylactic acid based material, PEIL: poly(ethylene imine),
NC: nanoclay, PAA: poly(acrylic acid).

Al2p Cls%  Ca2p N1s Ols S2p Si2p

% % % % % %
PLAb 77.4 1.266 0.39 20.1 0.3 0.5
77.6 0.52 1.1 19.7 0 1.1
PLAb/PEIL 80.8 0.67 2.44 14.8 0.16 1.04
79.5 0.67 2.49 15.9 0 1.38
PLAb/PEI/NC 1.2 72.3 0.98 2 18.9 0.33 4.25
3.4 54.7 0.96 2.89 27.3 0.1 10.5
PLAb/PEI/NC/ 2.6 60 0.86 1.6 24.8 1.3 8.7
PAA
3.55 56 1.08 1.21 26.2 1.9 10
4 -trilayer 1.6 59.6 0.8 7.44 24.2 0.68 5.6
2.2 57 0.4 7.8 25.8 0.8 5.8
8-trilayer 1.45 60.4 0.47 8.65 23.5 0.61 4.9
2.44 55.7 0.59 8.16 25.9 0.36 6.76
12-trilayer 2.25 53.8 0.5 9.1 26.8 0.4 7.1
2.51 54.54  0.44 8.98 25.9 0.4 7.15
20-trilayer 1.8 56 0.5 8.6 28 0.3 5.2
1.82 55 0.5 8.9 27.4 0.5 5
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attraction with PAA. The aim is to have a more uniform negatively
charged surface at the end of the trilayer cycle. The effective deposition
of PAA at the end of the first cycle was further confirmed. The atomic
concentration of N, which is related to PEI, decreased for PLAb/-
PEI/NC/PAA sample compared to PLAb/PEI/NC sample as shown in
Table 2.

Moreover, the formation of uniform NC structure with increasing
trilayer cycles (from 4 to 20) was confirmed with XPS. Substantial
variation in the atomic concentration of Al was observed from two
separate spots for 4 and 8-trilayer cycles with standard deviation of 0.4
% and 0.7 %, respectively, indicating heterogeneous structures
(Table 2). On the other hand, the variation in the atomic concentrations
of Al for 20-trilayer cycles was negligible (standard deviation of 0.01 %)
suggesting the formation of a more homogeneous structure. The XPS
spectra for PLAb substrate and coated substrates can be seen in Sup-
plementary Figures SF8-SF15.

4. Conclusions

In this paper we reported an improved method for the deposition of
NC and polyelectrolytes on a PLAb substrate using LbL assembly. The
substrate was treated with UVC to improve the surface free energy, and
the surface tension of the dipping solutions was reduced by mixing
ethanol with water. The good wetting of the dipping solutions with the
UVC-treated substrate was confirmed with contact angle measurements,
where an equilibrium contact angle of 58° was measured. The resulted
films had uniform surface structure as compared to the films produced
by dipping the substrate in the aqueous solutions, and the adhesion
between the coating and the substrate was greatly improved. The XPS
results confirmed the successful deposition of polyelectrolytes and NC.
Furthermore, XPS results showed very low standard deviation in the
atomic concentration of the detected elements at the substrate surface
after 20-trilayer cycles, confirming the formation of homogeneous
structures. SEM further confirmed that the 20-trilayer film produced
with the modified method was uniform. No cracks or pinholes were
observed. In addition, AFM analysis revealed a relatively homogeneous
surface of the 20-trilayer film even on the nanoscale. The coating pro-
duced by the optimized method led to a substantial improvement of the
oxygen barrier properties of the PLAD substrate, as confirmed with OTR
measurements. This is a proof-of-concept study, showing that uniform
NC structures with good adhesion strength can be produced on hydro-
phobic substrates by surface treatment of the substrate and optimization
of surface tension of the dipping solution. However, the process pre-
sented here is laborious. In the future studies, we will explore the pos-
sibility of utilizing easily up-scalable methods to improve the gas barrier
properties of environment-friendly green packaging materials.
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