E coatings

Article

Vapor Barrier Properties of Cold Plasma Treated Corn

Starch Films

Marta D. da Fonseca de Albuquerque !, Daniele C. Bastos 2, Stefan Talu 3-*(), Robert S. Matos 4(,

Marcelo A. Pires °, Marco Salerno

check for
updates

Citation: da Fonseca de
Albuquerque, M.D; Bastos, D.C.;
Télu, S.; Matos, R.S.; Pires, M.A.;
Salerno, M.; da Fonseca Filho, H.D.;
Simao, R.A. Vapor Barrier Properties
of Cold Plasma Treated Corn Starch
Films. Coatings 2022, 12, 1006.
https:/ /doi.org/10.3390/
coatings12071006

Academic Editor: Domingo

Martinez-Romero

Received: 22 June 2022
Accepted: 12 July 2022
Published: 17 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

6 8,%

, Henrique D. da Fonseca Filho 7" and Renata A. Simao

Laboratory for Surface Chemistry, Coordination of Process and Mineral Technologies, Centre for Mineral
Technology—CETEM, Av. Pedro Calmon 900, Ilha da Cidade Universitdria,
Rio de Janeiro 21941-908, R], Brazil; mduarte@cetem.gov.br
2 Department of Materials, State University of Rio de Janeiro—UER]J-ZO, Avenida Manuel Caldeira de
Alvarenga 1203, Campo Grande, Rio de Janeiro 23070-200, R], Brazil; daniele_cruz@yahoo.com.br
The Directorate of Research, Development and Innovation Management (DMCDI), Technical University of
Cluj-Napoca, Constantin Daicoviciu St., No. 15, 400020 Cluj-Napoca, Romania
Postgraduate Program in Materials Science and Engineering, Federal University of Sergipe,
Sao Cristévao 49100-000, SE, Brazil; amazonianmaterialsgroup@gmail.com
5 Department of Physics, Federal University of Cears—UFC, Fortaleza 60180-020, CE, Brazil;

pires.ma. fisica@gmail.com
6 Institute for Globally Distributed Open Research and Education (IGDORE), and Institute for Materials Science
and Max Bergmann Center of Biomaterials, Technische Universitit Dresden, 01069 Dresden, Germany;
marco.salerno@igdore.org
Laboratory of Synthesis of Nanomaterials and Nanoscopy, Physics Department, Federal University of
Amazonas—UFAM, Manaus 69067-005, AM, Brazil; hdffilho@ufam.edu.br
Metallurgical and Materials Engineering Program—PEMM/COPPE, Federal University of Rio de Janeiro,
Ilha da Cidade Universitaria, Rio de Janeiro 21941-972, R], Brazil
*  Correspondence: stefan_ta@yahoo.com or stefan.talu@auto.utcluj.ro (S.T.); renata@metalmat.ufrj.br (R.A.S.)

Abstract: The development and efficient production of effective bioplastics is a hot topic, required to
face up to the issue of the difficult disposal of plastics derived from oil. Among the different natural
sources of bioplastics, starch is one of the most promising. However, for most applications, the proper
mastering of the surface properties of bioplastic is necessary. We report about the surface modification
of extruded corn starch films by means of cold plasma based on helium (He) and hexamethyldisilox-
ane (HMDSO). The differently treated surfaces were functionally characterized in wettability and
water absorption. The nanoscale morphology was assessed by scanning electron microscopy and
atomic force microscopy. The obtained images were analyzed by advanced figures describing both
texture and amplitude parameters, including fractal behavior. The combined treatment (He/HMDSO)
resulted in more homogeneous films with smaller, better-distributed grains compared to the case
wherein He was not used. Despite the different morphologies observed, starch coated by HMDSO
alone and by He/HMDSO presented similar hydrophobic character, with contact angles higher
than 110°. Plasma treatment with HMDSO and He/HMDSO resulted in a significant reduction of
absorbed water content without reduction of water vapor permeability. The nanotexture of the films
did not present statistically significant differences, in terms of spatial complexities, dominant spatial
frequencies, homogeneous void distribution, and surface percolation.

Keywords: atomic force microscopy; cold plasma; plasma coatings; helium; hexamethyldisiloxane;
nanostructures; starch; surface morphology

1. Introduction

Problems caused by the disposal of synthetic plastics made from petroleum are prompt-
ing the development of environmentally compatible materials derived from renewable
sources [1-3]. In recent years, there has been great interest in the development of natu-
ral thermoplastic materials mainly composed of starch [4,5], since this polymer has low
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production cost and excellent biodegradability and is available from abundant renewable
sources [6,7]. However, starch-based plastics are highly susceptible to water absorption
because of their hydrophilicity, limiting their applications. Water absorption can result in
the loss of a material’s mechanical and barrier properties [8-10].

Cold plasma technology has been widely used to modify the surface of polymeric
materials, mainly because it is a clean method that does not alter the bulk properties of
the material [11-13]. An inert gas plasma, such as helium or argon, is generally used for
pretreatment to clean substrates before the application of reactive gases [14]. Treatment
with hexamethyldisiloxane (HMDSO) plasma can be used, in turn, to provide the materials
with a hydrophobic coating or corrosion protection layer, to make barrier films for food
packaging and pharmaceutical products, among other applications [15-17]. To modify
starch film surfaces, Bastos et al. [6] employed a surface-modification method based on two
precursor gases, HMDSO and SF4, and combined treatments using HMDSO followed by SFg
(HMDSO/SFg) and the reverse order (SFg/HMDSO). The results indicated that the induced
surface morphology determined the contact angle. It was reported that all films became
hydrophobic and that films initially treated with SFs showed the greatest hydrophobicity
when no further coating was applied or when the treated surface was further coated
using HMDSO. Under both treatment conditions, the contact angle was greater than 110°.
Albuquerque et al. [18] compared helium (He) plasma treatment and HMDSO plasma
coating as different means for the hydrophobization of thermoplastic starch (TPS) surfaces
obtained by casting. The TPS surfaces were treated with He plasma, He plasma followed
by HMDSO, and HMDSO plasma alone. The results indicated that He plasma treatment
was not able to induce changes in surface wettability, but HMDSO coating led to surface
hydrophobization, both in as-prepared starch films and the He-modified surfaces.

As for many other technological materials, the morphology of the starch films char-
acterized here can be of critical importance in view of its consequences on the chemical
and physical functional properties of the respective surface. It is well-known that the best
tool for assessing this 3D surface morphology directly in real space and in reliable manner
is the atomic force microscope (AFM). Following raw-data collection by AFM, the next
step for deeper understanding is advanced image analysis. Among the many parameters
used in the past to accurately describe the 3D surface properties are height-distribution
figures [19-24], power spectrum density [23,25,26], and fractal [27-29] and multifractal
figures [30-32]. These methods of advanced image analysis have also recently been applied
to investigating the surface of films based on polymeric macromolecules [21,33-36].

In this study, extruded TPS films were modified by plasma in two different ways:
(i) using a reactive gas (HMDSO) as precursor and (ii) using a non-reactive gas (He) fol-
lowed by HMDSO (He/HMDSO) as precursors. The film surfaces were characterized before
and after the plasma treatment by scanning electron microscopy (SEM), AFM, contact angle
measurement, water vapor permeation (WVP) testing, and water absorption testing. We
hypothesize that hydrophobic coatings are a barrier for water vapor permeation and that
both surface wettability and water vapor permeation are affected by surface morphology.

2. Material and Methods
2.1. Films Extrusion

Commercial corn starch composed of 26%-30% amylose and 74%—70% amylopectin
with less than 0.5% gluten and 12% moisture content was supplied by Corn Products Brazil
Ltda. (Sao Paulo, Brazil). Extruded films were obtained by mixing the corn starch and
glycerol in a ratio of 70:30 [37]. The mixture was processed in a single-screw extruder
(AX Plastics, Sao Paulo, Brazil) with a single feed and three heating zones, where tempera-
tures were kept at 80, 95, and 115 °C from the feed zone to the exit of the die, with a screw
speed of 30 rpm. Corn starch was extruded in strip form and cooled to room temperature.
Then it was placed in a desiccator.
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2.2. Plasma Modification

Corn starch substrates were placed on the cathode of a glow discharge reactor operat-
ing at 13.56 MHz. The chamber vacuum was set below 8 Pa. Two different surfaces were
produced: (i) TPS coated by hexamethyldisiloxane (HMDSO) and (ii) TPS modified by
He plasma followed by coating with HMDSO (He/HMDSO). The same cathode self-bias
voltage, Vi, = —60 V, and the same treatment time, 20 min, were used for each treatment
with HMDSO, while Vy, = —100 V for 10 min was used for every treatment with He.

2.3. Contact Angle Measurements

Water contact angle measurements were carried out with a goniometer NRL A-100-00
(Ramé-Hart, Succasunna, NJ, USA). Each measurement consisted of n = 4 Values being
acquired and averaged, with the standard deviation assumed as the respective uncertainty
of the means. The time evolution of the water droplet (2.5 mL) shape was recorded using
video image capture every 15 s for a total time of 150 s.

2.4. Water Vapor Permeation Analysis

Water vapor permeation (WVP) tests were conducted according to ASTM D1653 (2013)
with some modifications. Each sample was placed in a Teflon permeation cell, sealing
a circular opening with diameter of 34 mm, and then stored at 25 °C in a desiccator. To
maintain a 75% relative humidity (RH) gradient across the film, phosphorus pentoxide
(0% RH) was placed inside the cell and silica gel was used in the desiccator. The RH inside
the cell was always lower than outside, and water vapor transport was determined from
the weight gain of the permeation cell. After steady-state conditions were reached (in about
2 h), eight weight measurements were performed at intervals of 30 min from the first to
the second hour. After that, the intervals used were 0, 30, 60, 90, 120, 180, 240, 300, and
360 min. In this case, it was not possible to perform the tests for a total time of 24 h, because
the starch films cracked. Changes in the weight of the cell were recorded to the nearest
0.0001 g and plotted as a function of time. The slope of each line was calculated by linear
regression (R? > 0.99), and the water vapor transmission rate (WVTR) was calculated from
the slope of the tangent line (g-s~!), divided by the cell area (m?). After the permeation tests,
film thickness was measured, and the WVP coefficient (g-Pa~!-s71-m~!) was calculated
according to the following equation:

WVTR x d
WVP = — —— 1
S(R1 —R2) M
where S is the saturation vapor pressure of water (Pa) at the test temperature (25 °C); R; is
the RH in the desiccator; R; is the RH in the permeation cell, and 4 is the film thickness (m).
All tests were conducted in triplicate.

2.5. Water Absorption

The water absorption tests were performed based on ASTM D570-98 (2010). However,
since the plasma treatments were performed on only one side of the starch films, it was
necessary to adapt the standard to the characteristics of the samples used for these tests.
Hence, only a 0.8 cm? area of the film was placed in contact with a column of distilled
water, i.e., the samples were not completely immersed in water. The samples were dried
for 24 h in an oven at 50 °C and then cooled to room temperature in a desiccator containing
silica gel. After cooling, the samples were weighted and then were arranged in an acrylic
holder and fastened one-by-one to small acrylic plates. This was done so that the samples
were well secured and there was no leakage of the distilled water. The samples were placed
in contact with the column of distilled water for 2 min, so that the structural integrity of
the starch films was maintained. Excess water was then removed from the samples with
absorbent paper, and the samples were weighted.

According to this protocol, after immersion and weighting, the samples need to be
reconditioned for the same time and at the same temperature as before. This should be done
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for samples having an appreciable amount of water-soluble ingredients, to determine the
mass of soluble material. However, after repackaging, the samples became brittle, as also
observed by [8]. Thus, the water absorption rate WAI (%) was calculated by the increase of
mass during contact with the water column, according to the following equation:

(Mawet = Mgry)

Muet

WAI = x 100% 2)
where 1t is the sample mass after contact with the water column, and mg;,, is the sample
dry mass. For plasma-treated films, the reduction of absorbed water content AWR (%) was
calculated by the following Equation (3):

WAIrecover - WAIsubstmte)

(
AWR =
WAIsubstrate

x 100% @)

where WAIecover (%) and WAI, pstrare (%) are the water absorption index of a starch film
with and without treatment, respectively.

2.6. SEM Imaging

SEM micrographs at 1000 x and 5000 x magnification of untreated starch film and of
the films produced by the different treatments were obtained with a JEOL JSM (model
6460 LV, San Jose, CA, USA) and Inspect S50 operated at 12.5 and 15 kV, respectively. The
samples were coated with 25 nm of gold.

2.7. AFM Imaging and Data Processing
2.7.1. AFM Measurements

An AFM 1M Plus (JPK Instruments, Berlin, Germany) was used to obtain images of the
samples, working in amplitude-modulation dynamic mode in ambient air. We used a probe
NSC14/Al BS (MikroMasch, Berlin, Germany), with nominal resonance frequency and a
spring constant of 160 kHz and 5 N/m, respectively. The typical scan sizes were 20 pm (for
preliminary inspection) and 5 um (for high-resolution mapping), with line scan rates of
1 and 2 Hz, respectively. In all cases, the images were 256 x 256 pixels. For each film, four
regions were imaged, at the two difference scan sizes mentioned, to ensure a statistically
significant sampling of the actual surfaces. In no case were major defects or anomalies
of the surfaces found, and the overall look appeared comparable, on each sample, on all
acquired images.

2.7.2. Height Distribution Analysis

AFM images were processed using the MountainsMap Premium software trial version
8.4.8872. The most relevant height-distribution parameters were extracted according to
ISO 25178-2: 2012 [38], namely root mean square (RMS) S;, skewness S, and kurtosis Sy, .
Additionally, textural parameters such as furrows and contour lines were obtained and
quantitatively analyzed to provide an accurate determination of the general nature of the
films” nanotexture. The interpretation of these parameters was based on [24,38,39].

2.7.3. Power Spectrum Density and Fractal Parameters

To evaluate the films spatial complexity, fractal theory was applied, using three fractal
parameters: fractal dimension (FD), fractal lacunarity (FL), and fractal succolarity (FS).
Before this, we computed the power spectrum density (PSD) in accordance with the theory
described by Jacobs et al. [40] using the following equation:

2
PSDlD(qx) = L;l [/Lxh(x,y)eiq“xdx 4)
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where Ly is image pixels number per line; h(x,y) represents the AFM values of relative
height, and gy is the wave vector linked to x coordinate. The average PSD spectra were
obtained by linearized graphics using the software WSxM 5.0 [41]. The Hurst coefficient
(H) was also computed, using the curve slopes of linear fits applied on the average PSD.
FD was obtained from MountainsMap using the box counting method. FL was obtained
according to the model proposed by Salcedo et al. [42]. For the quantitative assessment of
the surface texture homogeneity, according to Matos et al. [21], we calculated the lacunarity
coefficient (B) using the following equation:

L(r) =axrP ®)

where L(r) is lacunarity; « is a constant, and r is the box size. This parameter was obtained
from a height matrix extracted from the AFM topographic maps. This same matrix was used
to compute FS. However, FS was obtained using the model proposed by Heitor et al. [43],
according to the following equation:

FS(T(k),dir) = k=t POTR) X PRT(K), pe) o

Y 1 PR(T(k), pc)

where dir is liquid entry direction; Py(T(k)) is occupation percentage; T(k) are boxes of equal
size T(n); PR is occupation pressure, and p. is centroid position (x,y). FS and FL were
computed using algorithms developed in R and FORTRAN 77.

2.7.4. Surface Uniformity Analysis

Uniformity measures are useful to characterize the distribution of asperities over the
surface. In this respect, we computed two measures. The first one is the Shannon-based
topographic entropy (E), which was computed following the formula described in ref. [44]:

E@2) _ E(z)
E=lo 0 @
Emax - Emin
where the factors Er(ii)n and Er(i)ix enabled working with a normalized measure, being the
information-theory entropy:
N N
E®) = =) i Z]‘:l pij X 10g pij ®)

where pj; is the probability that a matrix term h;; provides a contribution to the total
uniformity. Complementarily, we computed a measure that considered local information.
Borrowing ideas from other scientific fields that use spatial analysis [45—-47], we computed
the local RMS distribution (LRMS), as:

[1
LRMS(x,y) = EZ ey )
XY

where the neighborhood prescribes n = 9, indicating that the sum is reached considering
each local set encompassing a focal pixel located at (x,y) and its 8 neighbors. Next, to
quantify the level of local uniformity, we computed the fraction of outliers (f,,) in the
LRMS(x,y) distribution. We developed codes in the R programming language, to estimate
both global and local uniformity.
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3. Results and Discussion
3.1. Contact Angle Measurements

To assess the effect of the observed surface roughness on the wetting behavior of the
starch films before and after plasma treatment, the water contact angle was measured and
is reported in Figure 1. The untreated film showed such a strong wetting that it was not
possible to measure the contact angle, since the drop placed on the surface of that sample
was completely spread on the surface. Obviously, the pristine extruded corn starch film is
very hydrophilic. On the other hand side, both the extruded films coated with HMDSO
and treated with He/HMDSO became hydrophobic, showing water contact angles above
110°, higher than the values found for the treatments performed on starch films obtained
by casting [18]. The time evolution of the measurements showed stable values, with only a
minor trend of decreasing.

130
—O— He/HMDSO
—— HMDSO
125
— 120 -
|-
o () — :I‘-“‘:J_"-‘:-..____' _
§ 115 O —0—0—0—
< O—0——0—p__ e L
& TO—qp
c 1104
o
[&]
105
1m ’ 1 . T . I ’ 1 1

— T T T T T
o 20 40 60 80 100 120 140 160

Time (s)
Figure 1. Time evolution of the water contact angle of TPS films after plasma treatments.

3.2. Water Vapor Permeation Analysis

Table 1 shows the WVP values of the treated and untreated starch films (average and
standard deviation of triplicates). In addition, Table 1 also presents the values of thickness
and water vapor transmission of each film.

Table 1. Water vapor permeation of the untreated and treated starch films.

Samole Thickness WVTR wvpP
P (mm) (x1073 g-s~1.m—2) (x10710 g.Pa—1.5-1.m~1)
untreated 1.30 £ 0.08 2.11 £ 0.38 8.64 +1.47
HMDSO 1.10 + 0.09 245 £0.16 8.49 £0.12
He/HMDSO 1.41 £ 0.26 1.23 + 0.67 9.74 £1.16

The WVP values for both untreated and treated films were very similar. Obviously,
in respect of this film functionality, the plasma had neither significant matter-subtractive
(‘cleaning’) effect on the surfaces, nor matter-additive effect due to coating (for HDMSO
treatments). Additionally, we also conclude that the vacuum that is operated in the treat-
ment chamber did not have any effect, which is in agreement with the results reported
in Mali et al. [48] for corn starch films produced by casting. It should be noticed that
the WVP values obtained here are one order of magnitude lower than those obtained by
Rodriguez-Castellanos et al. [49] for extruded sorghum starch films.
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The permeation of gases and vapors through intermolecular spaces is expected to occur
in three stages: (i) the sorption and solubilization of the permeant on the material surface,
(ii) the diffusion of the permeant through the material, because of the concentration gradient
action, and (iii) the desorption and evaporation of the permeate on the other side of the
material [1]. According to Al-Hassan and Norziah [50] and Garcia et al. [51], permeation
to water vapor also depends on several factors, such as the degree of crystallinity, the
mobility of the polymer chains, and the interaction between the functional groups of
the polymers and the gases (or vapors) in the amorphous phase. When the degree of
crystallinity increases, the WVP of the starch films decreases, since permeation occurs
through the amorphous zones of the film [48,52]. Other factors, such as temperature,
humidity, thickness, and plasticizer concentration also influence the WVP of films [53],
wherein the hydrophilic character of glycerol favors the absorption and desorption of water
molecules [54]. According to Mali et al. [1], films with low permeability can be used for
packaging dehydrated products. In the case of starch films, which are very permeable, they
can be used as packaging for fresh vegetables.

3.3. Water Absorption

The values of water absorption rate obtained in water absorption tests were:
4.10 £ 0.66 (untreated), 0.86 + 0.12 (HMDSO), and 1.02 + 0.12 (He/HMDSO), % by
weight. The values of the reduction of absorbed water content were: 78.82 + 3.91 (HMDSO)
and 74.81 £ 3.25 (He/HMDSO), % by weight. Obviously, there was a significant reduction
of the absorbed water content of the plasma-treated starch films. Due to their hygroscopic
nature, untreated starch films are more prone to moisture and water absorption, since water
molecules can act as a natural plasticizer [55,56]. According to Matsuda et al. [57], this
action of water as a plasticizer weakens the internal hydrogen bonds between the polymer
chains, resulting in an increase in the molecular space. Glycerol, which is a hydrophilic
plasticizer, interacts with the starch chains, also increasing molecular mobility, causing an
increase in the flexibility and hydrophilicity of the films [58].

The water absorption results indicated that He/HMDSO and HMDSO plasma treat-
ments probably formed a physical barrier against water absorption. According to the
literature [15-17], treatments performed with HMDSO plasma can be used to form hydropho-
bic layers and produce barrier films for food packaging and pharmaceutical applications.

3.4. SEM Analysis

For the untreated extruded corn starch film, it was not possible to obtain a representa-
tive SEM micrograph without cracking. Figure 2 shows the TPS micrographs after plasma
treatments. It was possible to observe a plasticizing effect of the glycerol in the extruded
TPS, besides some residues of starch grains and a relatively rough surface. Observing
Figure 2¢,d, it can be seen that the treatment performed with He followed by HMDSO
plasma was more homogeneous, with smaller HMDSO granules when compared to the
coating done only with HMDSO plasma, this result being similar to that obtained for the
treatments made in thermoplastic starch films obtained by casting [18].
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Figure 2. Surface morphology, obtained by SEM, of the TPS after plasma treatment: (a) HMDSO,
1000x; (b) HMDSO, 5000x; (¢) He/HMDSO, 1000 x; e (d) He/HMDSO, 5000 ..

3.5. AFM Measurements
3.5.1. Evaluation of Morphology

The main morphological characteristics of the starch films extruded in three different
conditions can be observed by looking at three representative surface topography images
obtained by AFM, as selected and presented in Figure 3. In the first column, 2D top-view
topography projections are reported, whereas in the second column, the same height maps
are rendered in a 3D perspective. For all images, the brightness and contrast have equalized
to the color palettes, meaning that the lowest height level is in all cases the darkest one,
while the highest level is the brightest one. Given the different ranges of values used
in the three cases (~460 nm for Figure 3a,b, ~490 nm for Figure 2¢,d, and ~260 nm for
Figure 3e,f), obviously the untreated starch film (Figure 3a,b) was the roughest of all. This
is probably due to the presence of starch granules non-coalesced during the extrusion
process. This result is different from those obtained by [59,60] but similar to those for films
developed with other plasticizers by [61,62]. For the film coated with HDMSO (Figure 3c,d),
a heterogeneous surface like that of the untreated film was observed, composed of grains of
HDMSO forming thick structures on the surface. However, the starch film modified by He
plasma followed by coating with HMDSO (He/HDMSO) (Figure 3e,f) had the smoothest
surface, with smaller HMDSO grains compared to the coating done with HMDSO-only
plasma. This particular result was similar to that observed by treating thermoplastic starch
films obtained by casting [18].
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Figure 3. AFM relevant images of the untreated and treated TPS thin films: (a,b) untreated,
(c,d) HDMSO-treated, and (e,f) He/HDMSO-treated.

The morphological changes due to treatments were more clearly analyzed through
the quantitative evaluation of the height distributions, resulting in some figures showing
a statistically significant difference (p < 0.05); see Table 2. According to the previously
observed qualitative effect of apparent surface roughness, the He/HDMSO films resulted
in the lowest value of S;, while the untreated films had the highest S;. However, all films
exhibited roughness higher than that observed by [63] (59 ~ 8 nm). However, HDMSO
treatment led to a smoother surface, showing a decrease in roughness of about 30% as
compared to the untreated films, while He/HDMSO treatment induced the appearance
of modified small starch granules on the surface and a more homogeneous surface, with
Sq =37 & 8) nm.
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Table 2. Height surface parameters of the untreated and treated starch films, according to ISO 25178-2:2012,
(n=4).

Parameter Unit Untreated HDMSO He/HDMSO

Sq [nm] 97 £ 15 60 + 13 37+8

Ssk [-1 0.0£0.1 —04+0.1 0.1+£03
St [-] 35407 3.74+05 32403
Sp [nm] 389 + 15 238 + 36 131 £+ 23
Sy [nm] 316 £ 15 233 +£43 123 + 33
S, [nm] 706 £ 0 471 £ 77 254 + 45
Sa [nm] 76 + 15 46 + 10 29+6

Additionally, maximum peak height (S,), maximum valley depth (S;), and maxi-
mum height of surface (S; = S, + Sy) decreased after the modification by He plasma
followed by coating with HMDSO. This decrease in roughness suggests the formation
of a more homogeneous surface due to the plasma treatment and can be associated with
the organization of the apolar HMDSO groups on the film surface. Another hint of the
morphological changes associated with plasma treatment is the behavior of the third cen-
tral moment of the height distributions, namely skewness Sg, which describes deviation
from symmetry; compared to the value around zero for the untreated film, Sy had a
negative value (i.e., a predominance of valleys versus mountains) for the HDMSO-coated
film, while it was larger than zero (i.e., a predominance of mountains versus valleys) for
the He/HDMSO film. As for the fourth central moment, namely kurtosis (Sk,)—which
describes peakedness—it also decreased with He/HDMSO treatment, while staying higher
than three (i.e., leptokurtic behavior) for all films. The reduction of all other roughness
parameters can explain the increase in the contact angle of the He/HMDSO-coated surface
as compared to the HMDSO-coated one, as also reported by Bastos et al. [6].

3.5.2. Evaluation of Nanotexture

Figure 4 shows application of qualitative rendering tools carried out onto the AFM
topographic maps using MountainsMap Premium software trial version 8.4.8872. These
tools allow for more detailed insight into the surface microtexture of the films, like the
contour lines of the surface elevation height, the appearance of furrows, and the weight of
feature directions present in the images.

The contour lines revealed connected regions likely associated with the agglomeration
of non-coalesced starch granules. These regions appeared to a lesser extent in Figure 4g
(He/HDMSO film), as compared to Figure 4d (HDMSO film) and Figure 4a (untreated
film), which was already expected based on the former analysis of height distributions. In
addition, the furrows maps and the respective quantitative figures extracted (see Table 3)
revealed that HDMSO film (Figure 4b) and untreated film (Figure 4e) had deeper channels
than the He/HDMSO film (Figure 4h), suggesting the lower wettability of the latter. In
fact, HDMSO and untreated films exhibited the highest values for maximum furrow depth
(MFD) and average furrow depth (AFD) (Table 3), which is in accordance with the spatial
roughness pattern. However, the average furrow density (AFDsty) increased significantly
for He/HDMSO film compared to untreated and HDMSO films, because He/HDMSO
film exhibited abundant smaller starch granules in the surface, which promoted a greater
distribution of nano-furrows along the surface (Figure 4h).
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(c)

50 100 150°

2

Figure 4. Contour lines (a,d,g), furrows (b,eh), and dominant texture directions (c,f,i) of (a—c)
untreated, (d-f) HDMSO-treated, and (g—i) He/HDMSO-treated TPS films.

Table 3. Texture parameters of the untreated and treated starch thin films, according to ISO 25178-2:2012.

Parameter Unit Untreated HDMSO He/HDMSO
MFD [nm] 193 + 54 140 £+ 14 53+ 6
AFD [nm] 71 + 18 47 +£7 21 +3

AFDsty [em/cm?] 25,040 £ 992 26,883 + 537 38,408 + 1383
TI * [%] 35+12 49 £+ 21 48 +15
Sa* [nm] 0.47 +0.03 0.47 £ 0.04 0.48 £ 0.05

Sty [-1 0.6 £0.2 03+0.1 0.28 0.1
Sta * [°] 165 +9 134 + 39 117 £ 14
1st direction * [°] 144 +£9 117 £ 30 101 £ 19
2nd direction [°] 159 + 3 74 + 38 113 £ 39
3rd direction * [°] 121 + 64 83 + 47 119 +£ 23

* Samples without significant difference after one-way ANOVA (p < 0.05).
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The results of this analysis revealed a similar nanotexture for all starch films. This was
observed for texture isotropy (T1), autocorrelation length (S,;), and texture direction (Syy).
Therefore, we can conclude that, although the roughness of the films was different, the
physical properties and the spatial frequency components remained unchanged. However,
the texture—aspect ratio (S;y) decreased from the untreated film to the He/HDMSO film,
showing that, although the surfaces exhibited a similar texture, there was a tendency to
obtain a more anisotropic texture (i.e., S, tending to 0) [21] with treatment. Again, although
there was no significant difference, S;; also seemed to confirm this tendency towards
more a anisotropic texture, because the angles decreased from the untreated film to the
He/HDMSO film. This can be an important characteristic, since more isotropic textures
(with the second dominant direction deviating more from the first one, as is the case for
the HDMSO film; see Table 3) are likely to make the surfaces more resistant to random-
oriented stress. However, since the films exhibited a similar texture, this suggests that the
film structure was not significantly altered by the surface treatment, resulting only in a
decreased roughness mainly for the He/HDMSO treatment, indicating that the main surface
features of the starch films were preserved. This can explain the large decrease in water
permeation, even though no change in water vapor (humidity) permeation was observed.
All changes induced by the plasma were local changes that mainly modified the chemistry
of the starch substrate without any major change in the starch molecules’ configuration.

3.5.3. Advanced Fractal and Power Spectral Density Analysis of the Nanotexture

The spatial complexity of the film surfaces was evaluated using mathematical tools
from fractal theory. FL curves are shown in Figure 5a—c, which revealed that the starch
films had fractal behavior, as the lacunarity decreased according to the increase in the box
size. Likewise, the average spectra of the PSD are displayed in Figure 5d—f, which show
that all films exhibited similar dominant frequency signals.

The values found for FD, FS, B, and H are shown in Table 4. For all parameters, there
was no significant difference among the differently treated starch films. This behavior
is consistent with film texture isotropy. Basically, the treated and untreated starch films
exhibited low spatial complexity (FD < 2.5) and similar dominant wavelength, in addition to
uniformly similar textures, because H and 8 showed no significant difference, respectively.
Furthermore, the films exhibited similar near-ideal surface percolation (F5~0.5) [43]. When
FS is close to ideal, there is a 50% probability that fluids can penetrate films through the
upper bands and reach the lower bands, showing a balance in starch film percolation [21,64].
Therefore, these results revealed that, while the surface roughness decreased due to the
surface treatment, the surface texture was not significantly affected, which is in accordance
with texture direction parameter Sy;.

Table 4. Advanced fractal parameters of the untreated and treated starch films.

Parameter Untreated HDMSO He/HDMSO
FD* 2.11 £ 0.03 2.13 +£0.01 2.12 +£0.01
FS* 0.49 £+ 0.02 0.46 £+ 0.01 0. 50 £ 0.02
1Bl * 0.05 £ 0.03 0.06 £ 0.05 0.09 £ 0.05
H* 0.990 + 0.111 0.996 + 0.004 0.985 4+ 0.090

* Samples without significant difference after one-way ANOVA (p < 0.05).
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Figure 5. Log-log plots of (a—c) lacunarity versus box size and (d—f) PSD versus g, including linear
regressions that allowed us to estimate the lacunarity coefficient (| 8 1) and the Hurst coefficient (H)
of (a—d) untreated, (b—e) HDMSO-treated, and (c—f) He/HDMSO-treated TPS films.
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3.5.4. Uniformity Analysis

The results are reported in Table 5. It appears that all samples exhibited high values of
Shannon-based topographic entropy (E~1) [65] associated with the height matrix z(x,y) of
the AFM images. This means that all untreated and treated starch films had high global
uniformity of the arrangement of surface asperities. This is in line with the small fractions
of outliers (fo,+ << 1) in the LRMS(x,y) distribution, indicating that, on a neighbor-based
scale, there is also a high level of uniformity of the roughness arrangement on the surface.

Table 5. Normalized entropy (E) and fraction of outliers (f,¢ ) in the LRMS(x,y) of the untreated and
treated starch films.

Parameter Untreated HMDSO He/HMDSO
E* 0.97 4+ 0.02 0.96 4+ 0.02 0.98 4+ 0.00
Sout * 0.017 £ 0.017 0.025 4+ 0.017 0.010 £ 0.003

* Samples without significant difference after one-way ANOVA (p < 0.05).

Taken together, the high magnitude of the information-theory-based measure E~1
and the low magnitude of the statistical parameter f,,; << 1 provide evidence that the
topographic organization of the asperities remained robust with different surface treatments.
This is in accordance with the previously discussed statistical robustness of the texture
isotropy (T1), autocorrelation length (S,), and texture direction (Sy;), despite the changes in
the roughness of the films.

4. Conclusions

The He/HMDSO combined treatment on the extruded corn starch films resulted
in a surface with a more homogeneous coating and smaller granules compared to the
coating with HMDSO-only plasma. The contact angle measurements demonstrated that
the treatments with HMDSO and He/HMDSO plasma destroyed the hydrophilicity of the
films obtained by extrusion, converting their wetting response to a hydrophobic character,
with water contact angle values higher than 110°. The roughness created by He plasma
was not effective in increasing the water contact angle of the modified surface. The values
of water vapor permeation obtained for both untreated and plasma-treated films were
very similar and all high, indicating that, even after plasma treatment, the starch films
have potential for use in packaging fresh vegetables. The water absorption assays showed
that a significant reduction in the absorbed water content occurred for the plasma-treated
starch films, indicating that the treatments with both He/HMDSO and HMDSO probably
formed a barrier to water absorption of approximately 80%. The plasma coating with
HMDSO appeared on average to be more suitable to make the surface hydrophobic, acting
as a physical barrier to water and allowing permeation to water vapor, even if there was
no substantial difference with the combined treatment (He/HMDSO) film. Thus, using
HMDSO plasma coating alone would optimize the preparation of the desired surfaces,
saving time and energy and reducing the cost, since He is a relatively expensive gas. The
changes observed in the film morphology according to the type of surface modification
were consistent with the observed behavior of the measured physical properties, mainly
in relation to the roughness, flatness, and asymmetry of the height distribution. However,
the texture of the films did not present significant differences, as texture directions, spatial
complexity, dominant spatial frequency, homogeneous void distribution, and surface
percolation were all similar for all films. Therefore, we did not confirm our null hypothesis,
and we conclude that these coatings did not show a direct correlation between morphology
and barrier properties.
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