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1. Introduction

In 1998, ANASTAS and WARNER formulated the 12 principles of green chemistry, a framework
for reducing or eliminating the generation of hazardous substances during chemical activities. !
These principles include among others preventing waste, reducing consumption of hazardous
chemicals, reducing the use of auxiliary chemicals and derivatives, enhancing energy efficiency
and using renewable raw materials.") Being a biobased material, paper is a promising
replacement for plastics in manifold applications due to its good recyclability, low cost, easy
availability and biocompatibility. It further features high specific strength, low thickness and
weight as well as good flexibility and can be produced in-line at large length and width scales
and with high throughput rates.”>* In 2022, the worldwide production of paper and board was
420 million tons," and thus even higher than that of plastics with a production of 400 million
tons.® 65% of paper production are accounted for by the sector of packaging papers, 22% by

graphic papers, 11% by hygiene papers and 2% by specialty papers (Figure 1)."

Graphic papers (91 Mt)

—— Hygiene papers (44 Mt)

\— Specialty papers (10 Mt)

Packaging papers (275 Mt)

Figure 1: Worldwide production of the main varieties of paper and board in 2022.15]

Raw paper is an intrinsically hydrophilic and porous material and thus permeable to both
gaseous and liquid media. This can be taken advantage of, for instance to develop materials
with filtration characteristics such as coffee filters or laboratory filter paper, or to produce

water-absorbent materials like paper tissues.!?!

However, paper’s susceptibility to water uptake is a great shortcoming for many other
applications in which water resistance and durability are required. Considering the dominant
sector of packaging, not only the penetration of humidity poses a problem with respect to
protecting the content, but additionally the high porosity of paper allows easy transgression of
gases and odors that may spoil the content or pollute the surrounding environment. With
respect to graphic papers, the porosity can have adverse effects on printability and print image
quality.”?! Furthermore, hydrophilicity and porous structure facilitate the colonization with
bacteria or fungi, leading to material loss and health hazards.”® Finally, the dimensional

stability and tensile strength of paper deteriorate rapidly when the material becomes humid,




which for instance poses an issue for hygiene papers, as well as packaging papers and

construction applications.™*!

Hence, the paper industry has developed various sizing and coating strategies to endow paper
with properties that directly reverse its original characteristics in terms of porosity and
hydrophilicity. Whilst thus, good barriers against water, water vapor, grease and gases have
been achieved, these processes are disadvantageous from the material-economic and energetic
point of view, as current finishing strategies generally rely on wet-end processes.*'% Not only
can this lead to the application of excessive amounts of coating material, but the amount of
generated solvent, which has to be recycled or discarded, is significant. Furthermore, this
approach requires subsequent drying with a high energy demand, which is especially
challenging as for instance in Germany the paper industry already suffers from high energy
prices.!'!! Finally, durability, if it is not achieved through high coating amounts, needs to be
attained through permanent attachment of the coating agent to, or around, the fiber. This is
accomplished either through covalent bonding or post-coating crosslinking, which is
challenging at industrial scale, especially considering the high process speeds characteristic for

paper production.

Notwithstanding, in view of the sustainable development goals adopted by the United Nations
in 2015"?! and green chemistry principles that may help in achieving the former, the need to
transform paper finishing and coating processes is evident. As such, reducing the amount of
coating material and finding alternatives to solvent-based coating methods is crucial for
reducing not only waste production, but also the use of auxiliary chemicals and excessive
material consumption. Solvent-free processes are additionally needed to lower energy
consumption. New approaches are required to enable replacement of hazardous substances
with non-toxic biobased coating materials. In this frame, the present work suggests various
strategies on the route towards more sustainable paper coatings using biobased coating

materials in solvent-free processes.




2. State of the art

2.1. Conventional strategies for paper finishing

Paper applications are manifold and continuously expanding, especially with respect to the
search for a more sustainable lifestyle, while specific usages also require specific properties. For
instance, tissue and hygiene papers need to show high wet-strength.!**! Microfluidic devices for

medical applications require good fluid control and target-dependent adhesion properties,"*

while biomedical applications such as wound dressings have to resist biofilm formation.!"*!
Printing papers demand good ink printability, high smoothness and fine gloss.™® Construction
papers require barriers against moisture and mold, while packaging papers similarly need to
protect their content from any ingression of foreign substances, chemical modification,

microbial colonization or damage through handling.!”!

Paper features excellent qualities like high strength, low weight, low cost, good availability,
recyclability and biodegradability. However, some properties, which can be advantageous in
certain applications, are highly disadvantageous with respect to others. Especially, paper’s
hydrophilicity and porosity generate an excellent capillary system with a high absorbency
capacity, that however makes for instance controlled printing impossible.!"® On top of
implementing water resistivity to overcome this issue, special requirements with respect to
individual applications need to be taken into account. These challenges can be addressed either
by using modified fibers, incorporating active agents during the sheet forming process or by

different post-sheet formation finishing strategies, as will be discussed herein.

Sizing is a strategy for preventing liquid imbibition and uptake through paper.''” The first
attempts to size writing paper after sheet formation were made in ancient China by using plant-
based gelling paste that filled all pores and interfibrillar spaces on the surface and thus impeded
capillary water uptake.!'® After the papermaking technology reached Europe, bone and leather
residues, which were more easily applicable on the pre-formed paper, were introduced as
surface sizing agents.!®! A significant improvement was the invention of internal sizing by ILLIG
in 1806, which enabled performing paper production and sizing in one step on the newly

e.!'820 Herein, the sizing agent was added to the pulp prior to sheet

patented paper machin
formation and drying, and thus greatly simplified paper finishing. The process consisted of
adding a saponified rosin dispersion to the pulp suspension and precipitating it onto the fibers
using alum, which enabled obtaining a homogeneous sizing distribution throughout the pulp
before sheet forming. Instead of the previous approach of closing the capillaries in paper
through gelling agents, this new technique relied on partial hydrophobization of the paper

surface.'®2% However, the overall acid character of the alum-based rosin sizing process reduced




the storage durability of the paper and complicated the incorporation of fillers. As an answer to
those difficulties, alkaline and neutral sizing approaches were developed starting from the
1970ies.'*” Today, apart from rosin, alkyl ketene dimers (AKD) and alkenyl succinic anhydride
(ASA) are the most important sizing agents.® AKD is based on a four-membered lactone ring
as common functionality to which two aliphatic chains of C14 to C18 aliphatic fatty acids are
attached. The lactone ring can form (-keto ester bonds with cellulose during the drying process.
The hydrophobic tail accordingly orients away from the cellulose surface and thereby leads to
hydrophobization.?* ASA is formed by reacting maleic anhydride with a mixture of C16 to
C22 fatty acids, and can also attach covalently onto cellulose via esterification during the drying
process.®” The exact extent of the attachment of sizing agents is however unclear, as recent
research has for instance shown unbound ASA to contribute significantly to paper
hydrophobization.® Finally, polymeric materials have emerged as novel sizing agents in the
second half of the 20™ century.* Both internal and surface sizing as well as accordingly used

sizing agents have been extensively reviewed.*** Innovative sizing approaches using AKD and

[25] [26]

ASA on paper include vapor deposition'*>! and coatings from supercritical CO, solution,'> while
novel biodegradable sizing agents are under development.?”! Furthermore, attempts are made
to produce existing sizing agents, especially ASA, at least partly from renewable resources using

vegetable oils as feedstock for the fatty acid chain.*®!

Whilst the initial goal of sizing was to improve paper writability, modern-day paper applications
comprise a much larger scope of demands. Amongst those are printability, certain optical or
tactile properties as well as durability and barrier properties. One shortcoming of sizing is its
inability to maintain dimensional stability in paper independent of surrounding humidity
conditions, as hydrophobization only takes place on the outer surface of fibers, but does not
prevent water vapor from entering the fibers and making them swell. Thus, sized paper also
loses its strength when soaked in water for a longer period of time.*”! Considering these and
other disadvantages with respect to certain applications, alternative surface modification
approaches are required that endow paper with good barriers against liquid water and water
vapor as well as all other target functionalities. This can for instance be achieved through
lamination, sealing or impregnation. Also, various coating methods such as extrusion coating,
bar coating, blade coating, curtain coating and spray coating are being used for paper surface
modification. Coatings can be applied as solutions, emulsions or dispersions from aqueous

media, but also from organic solvents.[1%2%30]

In the construction and packaging sector, besides good durability, one crucial requirement is
control over penetration of liquids, gases and other substances. Therefore, barrier properties

against water vapor, oxygen, aromas, but also liquid water and grease have to be established."




Such barriers have until now mostly been produced from materials relying on fossil-based or
synthetic materials. They often include, but are not restricted to, polymers like poly(ethylene),
poly(vinylidene chloride), poly(ethylene terephthalate) and poly(butylene terephthalate).!**3!
Polyfluorinated materials have found many applications due to their ability to repel both oil
and water, combined with good mechanical properties, but give rise to great environmental and
health concerns.®?! Silicon-containing coatings, for instance based on tetraethoxysilane or
(poly)dimethylsiloxane and silica particles, also result in superhydrophobic surfaces.*>%

Examples for manifold materials and approaches used to endow cellulose or paper with

hydrophobic properties are shown in Figure 2.

Non-renewable products Biobased products
Vinyl Polystyrene Styrene-maleic anhydride Ammonium salts AKD Fatty acids
PE Styrene butadiene Styrene-maleimide Succinic anhydride Rosin Carnauba Wax
Hydroxypropyl Hexanoate Epoxy Amines ASA Triglycerides
: e (Vegetable oils)
Acrylate Chemical modification " physico-chemical modification | .
Acrylonitrile _ graﬂ!ng fom s Rk oioiing) Chitosan
i - grafting onto polymerization/patterning
Aliphatic Hydrocarbons | - layer-by-layer - (electro)spraying Cellulose whiskers
- solution treatment - laser
Polyisoprene S - UV/Vis Cellulose microfibrils
urface coating :
Poly(carboxylic acid) - sol/gel L-electrowettlng Alginate
Poly(acrylic acid) - atomic layer depos_,ltlon Kaoline CaCo, Wheat
- magnetron sputtering | Tal
Poly(allyl)amine - thermal flame Groanockay - Tale Whey protein
’ ~/ Montmorillonite
Poly(ethylene oxide)  Organic Nanoparticles Silsesquioxane Polylactide
: ; : : Silane/Siloxane ALO, SiO
Poly(diallyldimethyl-ammonium chloride) (derivatives) ZnOz '3I'i02 ErOz Polyhydroxyalkanoate
Fluorine
PTFE (derivatives) Carbon Nanotubes Polycaprolactam Polyhydroxybutyrate

Figure 2: Methods and products for cellulose and paper hydrophobization. Adapted with permission from Springer
Nature from work by Samyn et al.[3>l © 2013, Springer Science Business Media New York.

With emerging new paper applications and an increased awareness of requirements for
sustainability, the use of renewable raw materials for paper barriers, especially but not only
with respect to food packaging applications, is gaining increasing interest and has been
extensively reviewed.?°?1:%] One approach for tuning cellulose’s properties is the direct
39]

modification of cellulosic fibers or nanocelluloses,>*”-*! for example through crosslinking

or through (trans)esterification reactions using vegetable oils or fatty acid chlorides. "’

Furthermore, a wide range of biobased materials for directly coating readily made paper has
been investigated into, with each material showing distinct advantages and disadvantages with
respect to processing, applications and degradability. For instance, the application of lignin, an
important biopolymer and paper production byproduct, is challenging due to bad compatibility

with polymers and aggregation.?”! Polysaccharide-based coatings show good barriers against




grease, CO, and oxygen, but due to their hydrophilicity their ability to resist water and moisture
is generally poor. Similar observances are made for protein-based coatings. Lipid-based coatings
on the other hand are hydrophobic and therefore show good water and moisture repellency,
but they are brittle and often inhomogeneous.?**! Paperboards bar-coated with biodegradable
poly(lactic acid), although displaying decreased water vapor permeability and water
absorptivity as well as increased contact angles compared to uncoated paperboards, however
still do not achieve actual surface hydrophobicity."*?! Many approaches therefore combine the
advantages of different biomaterials and biopolymers, for example as blends, fillers or through

functionalization, to achieve both good processability and the desired functionality.

Derivatizating lignin through esterification not only makes it more easily applicable, but also
results in hydrophobic coatings with water contact angles of 120°, using for instance linseed
0il™ or oleic acid." A paperboard coating from lignin esterified with tall oil fatty acids and
applied through bar coating showed reduced water vapor transmission rates and oxygen
transmission rates. Even better barrier properties were obtained using a pure tall oil fatty acid
coating, but its water contact angle decreased rapidly over time, contrary to that of the lignin
ester coating. Overall, the oxygen transmission rate values were still unsatisfactorily high
compared to established materials, which was attributed to insufficient coating homogeneity.**!
Hydrophobicity of paper cationized with starch was improved through adsorption of lignin in
the shape of granules.'*®! Blends of biodegradable polymers and bio-fillers are desirable for
reducing production costs and improving mechanical and thermomechanical properties whilst
maintaining biodegradability. For example, lignin was esterified with palmitoyl chloride to
improve lignin dispersibility in a hydrophobic polymer matrix of biodegradable poly(butylene
adipate-co-terephthalate) and applied onto paper through blade coating. Thus-obtained papers
showed improved wet strength, decreased oxygen, water and oil permeability and an increased
water contact angle (WCA).”!

Both plant- and animal-derived proteins have been used for paper coatings. Casein, a milk

protein, both improved mechanical properties and water vapor barriers, **

while whey protein,
incurring during cheese production, showed enhanced resistance against grease penetration'*’’
and water vapor transmission when combined with beeswax.®® A wheat gluten coating
simultaneously decreased water and oil wettability and absorption'®" and enabled formation of
oxygen barriers similar to those of conventional polymer-based coatings through application by

[52

compression molding.®?! Soy protein and corn zein coatings led to grease barriers similar to

those produced by poly(ethylene).>*

Amongst biobased polysaccharides, starch is commonly used as a sizing agent, but needs to

undergo modification to be used as a coating material.”®! Chitosan can show barrier properties

6



against lipids similar to those obtained by fluorocarbons when combined with alginate,™* as
well as excellent oxygen barriers.® Chemical modification enables chitosan’s use as
hydrophobic and even multifunctional coating. For instance, papers coated with chitosan-
palmitic acid emulsions and palmitic acid-grafted chitosan were, despite showing either
unchanged or decreased water vapor barriers, able to maintain liquid water resistivity whilst
equally showing lipid barrier and antimicrobial properties.® Native cellulose, unlike chitosan,
has poor film-forming properties and therefore requires modification for use in coatings, which
then can lead to hydrophobic or superhydrophobic surface properties. For instance, cellulose
stearoyl ester (CSE) imparted different degrees of hydrophobicity on paper depending on the
coating method. Dip coating from a solution of CSE in toluene led to WCAs above 120°, while
spray coating of CSE nanoparticles resulted in surfaces with WCAs above 150° and self-cleaning
character.® Such nanostructured coatings were further enhanced through incorporation of
ethylene glycol distearate (EGDS),"”! based on which targeted introduction of hydrophilic
domains shows potential for application in fog harvesting.®® The approach used to generate
these superhydrophobic and superhydrophobic-hydrophilic hybrid surfaces is displayed in
Figure 3.

a)

EGDS /CSE
coating
Paper substrate

Si0, particle € _Br
implementation
Paper substrate

Figure 3: Generation of superhydrophobic and hybrid paper surfaces through a cellulose stearoyl ester (CSE)/
ethylene glycol distearate (EGDS) coating and introduction of hydrophilic particles. Reproduced from Breuer et al.l8],
which was published under CC BY 4.0 International open access license. © 2024 The Authors. Advanced Materials
Interfaces published by Wiley-VCH GmbH.

Other approaches for imparting hydrophobicity directly onto paper using fatty acid-based
materials include crosslinking reactions. For instance, cis-9,10-epoxy-18-hydroxyoctadecanoic
acid, isolated from birch bark, was first polymerized using lipase as catalyst. The resulting
polyester was mixed with curing agents tartaric or oxalic acid, applied to cotton linters cellulose
by impregnation and cured through compression molding, which resulted in WCAs above
100°.5%" Superhydrophobic and self-cleaning paper was prepared through thiol-ene click
reaction between thiolated castor oil and 2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane by spray coating a solution of the reactants and modified SiO-

nanoparticles, followed by crosslinking with ultraviolet (UV) light. "




Waxes are also suitable for producing superhydrophobic surfaces. For instance, bar coating
mixtures of carnauba wax and beeswax increased the water contact angle of sized copy paper
from 110° to 167° through suitable choice of coating composition and annealing temperature.'®!
Superhydrophobic coatings were further obtained through spray coating of a hot solution of
rice bran wax and candelilla wax. The coating showed good durability and repellency of a large
variety of liquids such as honey, yoghurt and orange juice.'®” Aqueous emulsions of beeswax
using chitosan as emulsifier were applied to copy paper through bar coating to obtain both

liquid water and water vapor barriers.'**!

This large variety of examples is evidence of the high interest in coating papers with biobased
precursors to improve barrier properties. However, the coating processes still show some
shortcomings with respect to sustainability. Frequently, chemical derivatization is needed to
obtain suitable coating materials, and coatings are deposited from organic solutions or
emulsions. When coating is performed from aqueous solutions, an energy-intensive drying
process is required, and water must be purified for re-use. A more sustainable way of modifying
material surface properties is plasma-induced surface modification. Amongst these approaches,
in view of the aim to deposit crosslinked coatings in a single step and without the use of
supplementary chemicals, plasma-enhanced chemical vapor deposition, also known as plasma

polymerization, is the method of choice to be examined within this work.




2.2. Plasma-based strategies for surface modification

2.2.1. Plasma polymerization using biogenic precursors

Plasma-enhanced chemical vapor deposition (PECVD), also known as plasma polymerization,
is a promising coating technique for manifold applications. It bypasses many disadvantages of
conventional coating methods, as it does in principle not require solvents and does not generate
waste, but instead is highly versatile and applicable to a large variety of materials. Unlike other
coating techniques, PECVD relies on the use of plasma, the fourth state of matter. Plasma is
formed when a sufficient amount of energy is supplied to a gas. Collisions between electrons
and gas atoms or molecules lead to the formation of radicals, ions and other metastable species,
which are accordingly highly reactive.!®*®! Thus, the coating precursor, which can be
introduced into the reactive chamber in gaseous state, or as an aerosol carried by a neutral gas,
is excited to the plasma state. The highly reactive plasma deposits on the substrate’s surface,
where reactions both among the coating molecules themselves and with the substrate surface
take place.'®® The result is a highly irregular, crosslinked structure covalently attached to the
substrate, which would not be accessible by conventional coating chemistry. Although these
structures are commonly referred to as “plasma polymers”, it is important to note that, contrary
to conventional polymers, plasma polymers do not have regular repeating units and are not
accessible through typical polymerization reactions like chain-growth or step-growth
polymerization.'”? While plasma polymerization has been widely employed for depositing
coatings using fossil-based or environmentally harmful precursors,® depositing biobased
precursors is of crucial importance for the strife towards a more sustainable world. The most
recent developments in this field feature the plasma-assisted deposition of silk fibroin and
chitosan, which widens the scope of biobased polymers applicable through PECVD, and has not

yet been addressed in the present review article.®”!

This section first gives an introduction to plasma technology and plasma-assisted surface
modification and will then focus on the state of the art in plasma polymerization of biogenic

precursors.
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1 | PLASMA

The term “plasma” was first used by Langmuir et al. in
the 1920s to describe the central region of an electrical
gas discharge.[” Plasma is formed when gases are
supplied with such a high level of energy that their
outer electrons overcome their orbital binding energy.
The resulting ionized gas condition is nowadays often
considered to be the fourth state of matter. It is assumed
that ~99% of the universe consists of plasma.'?! In
addition to stars, such as our sun, which are entirely in
the state of plasma, ionized gas with much lower density
also fills the space between all celestial objects.!”!
Furthermore, plasma formation can be observed with
aurora borealis, when charged particles of the solar
winds interact with Earth's atmosphere and become
trapped near the poles, as well as at the moment of a
lightning strike.!*!

Prerequisite for plasma formation is the sufficient
supply of energy to a neutral gas.[S] Methods for
generating plasmas in a laboratory environment include
the supply of mechanical (adiabatic compression),
thermal, chemical, radiant, nuclear, or electrical energy.
The most common method for producing plasmas on a
lab scale is the use of electrical fields.!®! Highly energetic
electrons and photons collide with neutral gas species in
both elastic and inelastic collisions. Elastic collisions only
change the kinetic, but not the internal energy of the
neutral species. Through the inelastic collision,
the electronic structure of the neutral gas particles can
be modified. If the colliding electrons or photons have
sufficiently high energy, electrons, ions and neutrals
(atoms, molecules, and radicals) are formed in funda-
mental and excited states.”®! A plasma therefore
contains free charge carriers and is electrically conduc-
tive, while at the same time showing both collective
behavior and quasi-neutrality.'”’

Due to their significantly lower mass, electrons are
accelerated much faster than ions or neutral gas species.
This may lead to disparate temperatures for the various
species contained in plasma, so that two basic types of
plasma can be distinguished. Thermal plasmas, or “hot
plasmas,” which include solar plasma, are characterized
by the kinetic energy and temperature of the heavier
plasma particles reaching that of the high-energy
electrons. Energy and degrees of freedom are therefore
equally distributed between the particles, giving rise to
the term of local thermal equilibrium (LTE) plas-
mas.'*!!! Opposed to this are nonthermal plasmas or
“cold plasmas,” also referred to as non-LTE plasmas. In
this case, the electrons and part of the ions have a much
higher kinetic energy than the main gas fraction.
Consequently, the electron temperature (up to

10,000K) is significantly higher than the overall gas
temperature, which may well still be at room tempera-
ture. Ionization and chemical processes are therefore
determined by the electron temperature. Nonthermal
plasmas are less powerful but more easily controllable
than thermal plasmas."'®'?' Due to their low heat
generation they are well suitable for processing organic
compounds.'®! Decisive for the formation of LTE and
non-LTE plasmas is the efficiency of energy exchange
induced by frequent collisions between electrons and
heavier particles, which is enabled by a low mean free
path with respect to the discharge length. High pressures
and high plasma powers therefore enhance LTE plasma
formation, while non-LTE plasmas are preferentially
induced by lower pressures or low energy input.!'¥
Nevertheless, various methods exist to generate non-LTE
plasmas even at atmospheric pressure.

1.1 | Plasma generation

For nonthermal plasmas, various categories exist for
classification depending on their generation mechanism
(direct current [dc] vs. alternating current [ac], radio
frequency [RF] versus microwave frequency [MW]),
pressure range (low pressure vs. atmospheric pressure)
or electrode geometry.[w] Eliasson et al. suggested the
categorization displayed in Figure 1, whose four main
constituents will be briefly described in the following.!*"!
However, it should be noted that due to ongoing research
in plasma generation, nowadays manifold combinations
of these discharge types under varying conditions exist.[*!
Nonetheless, this scheme is very useful to describe the
basic functioning of these methods.

1.1.1 | Glow discharge

The term glow discharge is derived from the glow that
can be observed during radiation emission of excited
species that are formed in the plasma. The ions generated
by inelastic collisions are accelerated toward the cathode,
where an ion-induced secondary electron emission
occurs on impact. The electrons released in this process
can then in turn initiate further ionization. These
processes of ionization and electron emission sustain
the glow discharge plasma. The potential difference and
resulting electric field strength are unevenly distributed
in the discharge area, leading to the identification of
different spatial regions (e.g., cathode dark space,
negative glow, and anode zone) within the discharge. A
prerequisite for sustaining dc glow discharges is the
presence of two conducting electrodes. In the case of
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Pulsed discharge

N O EN

t
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- Not temporally stationary
- Low pressure

Dielectric barrier
discharge/
Silent discharge

- Inhomogeneous
- Not temporally stationary
- Atmospheric pressure
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Glow discharge

- Homogeneous
- Temporally stationary
- Low pressure

Corona discharge

- Inhomogeneous
- Temporally stationary
- Atmospheric pressure

FIGURE 1 Categorization of discharge types depending on their temporal behavior, pressure, and appearance as proposed by

Eliasson et al.[**]

nonconducting electrodes or in the presence of a
dielectric layer, an alternating current is applied to avoid
excessive electrode charging and extinction of the glow
discharge. Usually, radio frequencies are used to generate
alternating voltages. Pulsed glow discharges can be
considered as very short dc glow discharges with a long
afterglow time. They have the advantages of facilitating
the generation of non-LTE plasmas and allowing higher
peak voltages and currents, while achieving better
efficiencies and avoiding excessive sample heating.
Atmospheric pressure glow discharges face the challenge
of excessive cathode and gas heating and arcing due to
high pressure. This can be overcome by changing the
device dimensions as well as by covering at least one of
the electrodes with a dielectric and operating at
alternating voltages. Operation is possible both in
homogeneous and filamentary mode, respectively. Pro-
cessing at atmospheric pressure is technologically less
challenging than operating at vacuum conditions and
allows treatment of a wider range of materials.''*!

1.1.2 | Dielectric barrier discharge

Dielectric barrier discharges (DBDs), also called “silent
discharges” are very similar to atmospheric pressure
glow discharges.[14] DBDs were first introduced by
Siemens in 1857 for the ozonation of air.l'>! DBD devices
consist of two planar or cylindrical electrodes with a
discharge gap width between 0.1 mm (or even smaller)
and up to 100 mm. The characteristic feature is the
presence of one or two insulating layers (dielectric
barriers) in contact with the discharge in the gap
(Figure 2a). Materials for the insulating layer include
glass, quartz, ceramics as well as thin coatings from
enamel or polymer on the electrode itself. For the
subsequent plasma treatment, the substrate in question is
placed on top of the insulation layer unless it acts itself as
a dielectric layer.[lé] As direct current cannot pass the
insulating layer, alternating current has to be used.!'”!
When an electrical field is applied to a DBD device,
electron avalanches develop and initiate streamers,
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(a) DBD configuration

alternating
voltage circuit

high voltage )
electrode

discharge area

dielectric layer
ground electrode

(b) Corona discharge configuration

(C) APPJ configuration

gas inlet

o—m— wire electrode carrier

——— ionization region "

drift region high voltage electrode
ground electrode

plasma jet

FIGURE 2 Examples of device configurations for (a) dielectric barrier discharge (DBD), (b) corona discharge, and (c) atmospheric

pressure plasma jet (APPJ).

leading to the formation of a conducting channel of
weakly ionized plasma and allowing the flow of an
electron current.!®! Charge accumulates on the dielectric
layer until the voltage polarity (and thereby anode and
cathode) reverses, leading to the formation of new
avalanches and streamers on that spot. These can
macroscopically be observed as filament or micro-
discharge.[lz] Because of the charge accumulation this
local electric field eventually breaks down and the micro-
discharge stops.'®! The filaments formed during the
discharge are nearly cylindrical plasma columns with a
lifetime in the range of several nanoseconds.”®! The
dielectric barrier prevents arc formation by limiting the
current flow through restriction of the amount of energy
in a single micro-discharge and distribution of the micro-
discharges across the electrode area.l'"! However, the
filamentary character of the discharge makes the plasma
inhomogeneous, which limits the DBD applicability in
deposition and etching to smooth surfaces.”") Under
certain conditions, an alternative approach is therefore
using the more homogeneous glow discharge for surface

treatment or thin film deposition.w

1.1.3 | Corona discharge

Corona discharges differ from the previously named
setups by the cathode, which is shaped like a wire, sharp
tip or rough edge, while different anode geometries
exist.??! An example is given in Figure 2b. The discharge
mechanism is like that of a dc glow discharge. Corona
discharges operate at atmospheric pressure at dc and in
nonequilibrium state in pulsed form."'* The ionization is
controlled by the electrode geometries and its zone is
confined to a very small space around the cathode
(ionization zone). In contrast to other plasma generation
methods, there is a large low-field drift region of low
conductivity between the cathode and the anode (low-
field zone). The discharge is therefore highly
inhomogeneous. Yet, this array stabilizes the discharge

and prevents arc formation. Due to the high number of
inelastic collisions occurring in the ionization zone, the
species reaching the drift region have energies lower
than ionization energies, so the drift region is character-
ized by neutral chemistry. Depending on the electrode
polarity, positive and negative coronas are differentiated,
although some other types also exist.!*1*1321]

1.1.4 | Device configurations

For industrial applications, atmospheric pressure plas-
mas are more suitable than low-pressure plasmas due to
the simplicity of device setup, cost-effectiveness, control-
lability, and in-line applicability.**! Corona discharges,
atmospheric pressure glow discharges and DBD are
frequently used for atmospheric pressure plasma proces-
sing.**! The challenge of treating complex 3D objects is
addressed by atmospheric pressure plasma jets
(APPD).?! They consist of an inner needle-shaped
electrode connected to the power source and a grounded
outer electrode (Figure 2c). Frequently, the outer
electrode is covered on the inside by an insulating layer.
Carrier and reactive gases at atmospheric pressure and
room temperature flow between the electrodes and
become ionized. The plasma exits the device through a
nozzle and is directed onto the substrate.*®! The plasma
is most commonly generated via DBD, as neither corona
discharges are suitable due to their discharge heteroge-
neity, nor glow discharges because of the low pressure
required.*”l A high variety of different device setups,
component materials, and potential applications
exist.”*?*) The main advantages of APPJs are their
ability to create a homogeneous high plasma flux and the
possibility of using compact, low-cost plasma sources. A
downside of this design is the pronounced point
discharge characteristic which requires scanning or array
mounting for treatment of larger areas.!*” As the plasma
is not generated directly at the substrate surface, high
processing speeds are possible, however, plasma species
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can react with their surroundings on their way to the
surface, causing a decrease in efficiency. The high
process gas consumption, the relatively low treatable
surface area and the need for cooling limits the
profitability of APPI.?°! Other setups have been recently
designed to address such challenges, such as the disc jet
developed by Bellmann et al.l*!

1.2 | Plasma-assisted surface processing
Plasma is an increasingly important tool for surface
processing to tune chemical and physical properties of
various materials ranging from metals and glasses to
polymers, which this review is concerned with. An
enormous range of applications from agriculture to
medicine, smart surfaces, electronics, optics, and so on
arises therefrom.!**>!! Depending on their impact on the
substrate surface, plasma processing methods can be
divided into different categories (Figure 3).

Plasma cleaning and plasma etching both refer to
plasma treatment techniques in which material is
removed from a substrate surface, only differing by the
extent of the removal.*'*?! Plasma cleaning refers to the
removal of contaminants such as oil, dust, oxides, or even
bacteria from a substrate surface. Plasma etching
describes the gradual removal of exposed surface layers
of a bulk material. As only the material surface is
exposed, the influence of etching on the physical and
chemical properties of the substrate is limited, especially
since UV light and the resulting radicals have a limited

penetration depth.[*33* Plasma etching enables for
instance targeted surface roughening to generate
nanostructures.”

AND POLYMERS

Plasma functionalization or activation is used to
modify substrate surface functionalities via reaction of
the plasma species with the substrate surface.*®! The
resulting functionalities and properties depend on the
nature of the plasma, which makes this method highly
useful both for tuning of surface properties and for
surface pretreatment followed for instance by grafting
approaches.[34’37] Typically used gases include noble
gases such as Ar and He, but also O,, N,, NH;, and
CF,.*73%! For instance, an oxygen treatment leads to an
increase in oxygen-containing functionalities and thereby
to improved surface hydrophilicity, while hydrophobicity
can be enhanced by using fluorinated compounds like
CF, or SF¢ as reactive gas.[39] Nonreactive gases do not
introduce functional groups but induce radical formation
and thereby create reactive sites that can induce cross-
linking (crosslinking via activated species of inert gases,
CASING),*?! lead to activation or ablation, or be used for
posttreatment functionalization. Upon exposure to air or
oxygen, autoxidation reactions form (hydro)peroxides,
which can be used for subsequent conventional grafting
from polymerization.*7")

Alternatively, monomer adsorption to the substrate
can be combined with plasma treatment if the precursor
is not volatile enough to be transferred to the gas phase.
In this case, the coating is performed via conventional
methods, while surface binding is ensured with plasma
treatment.

In the context of biogenic precursors, plasma
treatment approaches have been used with copaiba
oil,'*!! oleic acid,'*?! lavender and tea tree oil,'**! and
limonene and myrcene.!**!

In the following, this review will focus on plasma
polymer deposition. During plasma polymer deposition,
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FIGURE 3 Plasma-assisted surface processing methods include plasma cleaning, etching, functionalization, and deposition.
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single molecules do not only react with and attach to the
substrate surface, but they also react with each other,
creating an entire material layer. Plasma polymer
deposition is therefore a process in which the application
of a coating completely changes the surface properties
while leaving the characteristics of the base material
unaffected. Various methods using plasma exist, the best
known among which is plasma polymerization.[34] The
term is derived from the occurrence of successive
plasma-activated radical initiation, propagation, and
termination reactions that lead to the deposition of a
polymeric coating. Contrasting with conventional poly-
mers, plasma polymers do not comprise regular repeating
units, but form irregular, highly crosslinked networks of
monomer fragments.*”! Another term is “plasma-
enhanced chemical vapor deposition” (PECVD). Just like
in conventional chemical vapor deposition (CVD), a
gaseous precursor reacts with a solid substrate surface
forming a solid reaction product while simultaneously
releasing gaseous byproducts.

Early research on the formation of polymeric
structures in plasmas was conducted in the first half of
the 20th century!*®*’! and intensified starting from the
1950ies.*!1 1t was found that when gaseous com-
pounds are subjected to plasma, insoluble solids are
formed in the gas phase!*’! and films can be deposited.!*!
The resulting structure only partly corresponds to that of
the precursor,!®"! while crosslinking is usually observed.
Different rates for film formation were observed for
different precursors.!*®! Yasuda et al. examined the effect
of pulsed discharge on plasma polymer formation,
showing that during plasma off-periods addition polym-
erization occurs exclusively, while competing with
delamination processes during plasma on—periods.[szl

Due to the high energy input, the polymers formed
during plasma polymerization are partially fragmented
and thus deposition and ablation continuously compete
with each other. The process can be tuned by many
parameters, such as the nature of the plasma, the energy
generation and device geometry and the deposition
conditions including flow rate, use of a carrier gas,
pressure, and plasma power as well as the substrate
material, roughness, and temperature.>2*°>7>% Initially
plasma polymerizations were described by these partly
interdependent parameters, which do not allow compar-
ing different polymerization systems or monomers.
Indeed, up to now it is difficult to reproduce plasma
polymers if not exactly similar deposition conditions are
used. To address these challenges, in the 1970ies Yasuda
et al. developed a new parameter for describing the
conditions of plasma formation, depending on (1)
the power input W, which is highly dependent of the
monomer chosen, (2) the monomer flow rate F, which

correlates to the pressure in a closed system, and (3) the
monomer molecular weight M. The W/FM parameter, or
Yasuda parameter, therefore describes the energy input
per mass unit of monomer transferred to the monomer
molecule crossing the active plasma zone and governs
the formation of reactive intermediates.>°! However, the
Yasuda parameter can only be applied under limited
circumstances, as it does not take into account the type of
discharge, possible precursor dilution in inert gases or
varying precursor reactivity.[*”!

Yasuda et al. also produced important findings with
respect to the mechanism of plasma polymer formation,
showing that certain precursor functionalities favor
decomposition, such as oxygen-containing groups, chlo-
rine atoms, and aliphatic or cyclic hydrocarbons, while
other functionalities, such as aromatics, C=C double
bonds, amine, and Si-containing groups favor polymer
deposition.[®® Polymerization was found to occur via
radical formation, either by hydrogen abstraction or
opening of multiple bonds or cyclic structures.!*”’

Much further research has been conducted into the
mechanism of plasma polymerization, frequently con-
firming these observations. Plasma fragmentation gener-
ally follows bond dissociation energies, with the weakest
bonds breaking most readily.l°®! Therefore, the presence
of double bonds leads to increased retention of other
precursor functionalities in the resulting polymer, since
the m-component of C=C double bonds possesses a
relatively low binding energy.l°!! Using mass spectros-
copy, Mertens et al. showed that the presence of double
bonds leads to formation of rather large fragments and
even oligomerization via double bond opening, while
homologous monomers containing no double bonds
show very strong fragmentation into small molecules.*3!
Double bond opening has been ascribed to the formation
of biradicals with a strong recombination tendency.>¢%
Nisol et al. conducted manifold investigations into the
energetics and mechanistic processes of a wide range of
monomers such as esters, hydrocarbons, and so on.!®*
Friedrich et al. reviewed the mechanisms of plasma
polymerization, identifying the main reaction pathways
taking place following fragmentation such as chemical
chain-growth polymerization (radical or ionic), ion-
molecule reactions, and (poly-)recombination leading to
linearly or irregularly structured materials and copoly-
mers. Plasma polymerization processes performed in
continuous wave mode are the least similar to conven-
tional polymerization mechanisms and can best be
described with a fragmentation-(poly)recombination
mechanism. Due to the immense energy input, precursor
molecules are strongly fragmented, with subsequent
fragment (poly)recombination creating a structurally
inhomogeneous product.[®?!
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For tailoring applications, retaining precursor function-
alities has gained increased attention in recent years.
Functional group preservation has been obtained, for
instance, by maintaining a low substrate temperature, using
low plasma powers, or pulsing the plasma discharges.[64]

Pulsing plasma has various advantages: The plasma
can be operated at higher instantaneous power and peak
voltages, while the average power is unchanged. The
process can be more easily controlled and film
inhomogeneity can be reduced.l®! At atmospheric pres-
sure, the formation of thermal equilibrium, overheating,
and arc/spark formation can be prevented.”! Pulsed
discharges can be produced with different device
configurations and include radio frequency (RF) and
microwave frequency (MW) discharges mostly operating
at 13.56 MHz and 2.54 GHz respectively.['*!

The key parameter in pulsed plasma polymerizations
is the duty cycle, which is defined as the plasma on-time
ton divided by the total pulse duration (¢,, and plasma
off-time t,¢) (Equation 1):

fon

Duty cycle = ————.
fon + Loff

(5]

During t.,, electrons, photons, radicals, ions, and
metastable states are created and initiate reactions, but
most of them react quickly during f.¢. Radicals are more
stable and can at atmospheric pressure induce free
radical polymerization during t.s Long f.; periods
therefore result in better monomer and polymer struc-
tural retention.!®® For instance, in this way the
preservation of hydroxyl-functionalities was tunable
during PECVD of allyl alcohol, which allowed tailoring
of surface properties.'°®!

Advantages of PECVD over CVD include processing
at much lower temperatures and allowing use of more
sensitive precursors and substrates such as cellu-
lose.[**”] PECVD can be performed using low frequency,
corona, DBD, radio frequency and microwave frequency
plasma sources at both low and atmospheric pressure.[ﬁg]
Atmospheric pressure PECVD (AP-PECVD) is gaining
increasing attention as its advantages are manifold, such
as the enablement of continuous processing using open
systems. No expensive vacuum pumping systems are
required, which reduces cost and energy consumption. A
large variety of precursors are accessible. The method is
suitable for homogeneous treatment of large surfaces as
well as for deposition of micro- and nanoscale struc-
tures.!*>*°! However, AP-PECVD also faces some down-
sides caused by the relatively short mean free paths and
resulting high gas phase reaction rates induced by
atmospheric pressure. Secondary reactions occur in the
gas phase and mass transport is limited, which leads to

AND POLYMERS

the formation of powder contaminating the substrate
surface as well as poor film uniformity and properties./**

AP-PECVD can be operated in direct or remote mode.
In direct mode, the substrate is placed between the
electrodes and the active species are created in the
discharge area, leading to full precursor decomposition
and requiring precise control of process parameters. In
remote mode (APPJ), the precursor is injected down-
stream from the discharge area in the post-glow, yielding
larger precursor fragments. This process extends the
possible substrate selection to complex 3D substrates, but
increases difficulty in achieving a uniform layer distribu-
tion.?>¢%7°1 Examples of AP-PECVD include deposition
of silicon compounds such as hexamethyl disiloxane
(HMDSO) and tetraethoxy silane (TEOS)!”!! as well as
deposition of fluorine compounds such as C,F,, CsFg, or
C5Fg!7! for instance with the aim of substrate hydro-
phobization. Another example is the use of hexamethyl
disilane (HMDS) and tris(trimethoxysilyloxy)vinylsilane
(TTMSVS) as antireflective coating layer for poly(ethy-
lene terephthalate) (PET)."*! Even superconductive films
have already been deposited.l”*

Plasma polymerization is also receiving great atten-
tion in the biomedical field. Tetraglyme has been
deposited with an atmospheric plasma torch for obtain-
ing protein-repellent coatings,[75] while biocompatible
coatings were produced from tetraethylene glycol
dimethyl ether and lactic acid.’®! Various reviews on
the use of PECVD at both low and atmospheric pressure
for manifold applications have been published.!*®””!

With the focus of research interests shifting toward
sustainability, the implementation of green chemistry in
coating strategies has become of primordial importance.
PECVD is expected to play a key role because of its low
coating material consumption, no solvent use, cost-
effectiveness, adjustability, and possibility to apply
complex multi-layered systems. Biogenic precursors are
of key relevance in replacing fossil-based resources,
while at the same time offering exciting new features for
functional materials. Of special interest are precursors
that not only occur in nature, but additionally show
inherent special properties to be transferred to the
coating, such as biodegradability or bioactivity. Other
biogenic precursors have already been plasma polymer-
ized for their electrical properties, making them suitable
for organic electronic devices. However, the structures of
biogenic precursors are often very complex, which
increases the difficulty in tuning plasma deposition
conditions to ensure structural and functionality reten-
tion as well as film stability to suit the desired
applications. Post-deposition auto-oxidation processes
must equally be taken into account concerning both
short-term and long-term property analysis.

d ‘01 “€20T ‘6988191

sdyy wouy papeoy

ASULOI'T suowoy) dANear) d[qesridde ayy £q pourdA0S a1e SO[ANIE YO (95N JO SO[NI J0J AIRIqIT AUI[UQ AJ[IA\ UO (SUOT)IPUOD-PUL-SULIG)/ WO AA[1M " ATeIqrjauruo//:sdny) suonipuoy) pue swd [, 3yl 998 “[$70Z/90/L7] U0 Areiqry aurjuQ AS[IA\ “IPBISULIE(] JRISIOATUN dYISIUYdd [ £q 91000£Z0Z dedd/z001°01/10p/wod Kapim"



8 of 23 PLASMA PROCESSES

LOESCH-ZHANG ET AL.

AND POLYMERS

Obviously, the number of chemical substances that can
be found in nature is extremely vast and greatly exceeds the
scope of this work. In the following chapter, we will
therefore focus on the most prominent biogenic chemical
substance classes that have been plasma polymerized to
obtain specific functionalities. An initial focus will be
placed on essential oils, which are the first biobased
precursors to have been plasma polymerized, followed by
plant-based extractives such as terpenes, equally being
essential oils’ main constituents, which allow clear attribu-
tion of plasma polymer properties to individual chemical
components. A second class of plasma polymerized
materials are amino acids and enzymes. Here, the
preservation of the required bioactive center is especially
challenging. Finally, the plasma polymerization of lactic
acid and its derivatives is reviewed, as these polymers are of
interest due to expected ease of biodegradability.

2 | PECVD OF BIOGENIC
PRECURSORS

2.1 | PECVD of essential oils

Essential oils, formed as secondary metabolites by many
plants, have been extracted from natural compounds for
centuries and used for example for their antiseptic
properties as well as their fragrance. In modern industry,
they are used in cosmetics, sanitary and medical products
as well as in agriculture and food industry./”**°! While
about 3000 different essential oils are known, only 10%
are of commercial relevance. Essential oils are mixtures
of about 20-60 different components, with the main
groups being (1) terpenes and terpenoids as well as (2)
aromatics and aliphatics, which all possess different
biological properties.”**! In nature, essential oils
protect plants against bacteria, viruses, fungi, insects,
and herbivores. They are easily available from biological
sources, at low cost and in commercial quantities. On the
other hand, they show very low human toxicity (i.e.,
harmful potential for humans).”*"! These factors make
essential oils very interesting starting materials for new
“green” functional coatings, as can be obtained through
plasma polymerization (Figure 4).

The first to plasma polymerize essential oils were
Sakthi Kumar et al, using lemongrass oil and
eucalyptus oil. Polymerization was performed at radio
frequency under reduced pressure to obtain metal-
insulator-metal structures and analytics were focused
on the electrical properties and conduction mechanism
of the resulting thin films, which was found to be of the
Schottky type in both cases.®**2! The eucalyptus oil
plasma polymer was further examined after deposition

FIGURE 4 Examples of plants serving as sources for essential
oils that have already been used for plasma polymerization.

on glass substrates using IR spectroscopy where reduc-
tion or lack of C-H and C-C bending modes indicated
the formation of highly crosslinked structures. The
optical band gap was found to be at 1.53 eV.[5?!

Jacob et al. initiated a wide range of investigations on
the plasma polymerization of essential oils at RF power
and reduced pressure with the goal of obtaining new
materials for organic electronical and optical applications
by plasma polymerizing lavender oil. Deposition times
of 5-90 min at 25 W RF power enabled the preparation of
transparent, very smooth films with thicknesses in the
range of 200-2400 nm characterized by an energy gap of
2.93 eV, a refractive index of 1.565 (500 nm) and an
extinction coefficient of 0.01 (500 nm).'**!

Extensive research on plasma polymerized thin films
from lavender oil was continued by Easton et al., wherein
the influence of plasma power on the resulting films was
examined. The films were deposited on precleaned glass
substrates in a glow discharge at reduced pressure and at
RF plasma powers ranging from 10 to 75W. The
retention of the precursor structure, especially of C=C
double bonds, decreased with plasma power, while
fragmentation increased.'®*! Except for the optical band
gap, which was slightly higher than that observed by
Jacob et al.,, optical parameters were found to be
independent from the plasma power.’®*! Solubility tests
showed the plasma polymer's insolubility in various
solvents. Water contact angles ranged between 82° and
91° increasing with RF power.l®®! Aging effects were
associated to oxidation and etching processes.[87]
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Al-Jumaili et al. examined the properties of plasma
polymerized geranium oil thin films as a function of
plasma power. Refractive index, extinction coefficient, and
optical band gap were generally independent from the
plasma power, while the surface roughness, hardness,
elastic modulus, wettability, and solubility resistance
increased with plasma power. A higher degree of cross-
linking resulting from higher plasma powers impedes the
reorientation of functionalities at the interface and
increases the film rigidity, resulting in more stable contact
angles over time. The authors examined the biofilm
formation of Staphylococcus aureus, Pseudomonas aerugi-
nosa, and Escherichia coli on films deposited at 10 and
50 W. Decreased bacterial attachment and biofilm forma-
tion on plasma polymer films deposited at 10 W as opposed
to those deposited at 50 W was attributed to the combined
effects of retention of the structural integrity of the bioactive
precursor, surface morphology and chemistry (especially
the presence of hydroxyl groups).[88] Electrical properties
were investigated by incorporating plasma polymer thin
films derived from geranium oil into metal-insulator-metal
sandwich structures with aluminum electrodes. The
conductivity values were typical for insulating materials.
The optical band gap decreased slightly from 3.67 to 3.60 eV
for higher plasma powers, which was explained by the
increased presence of dangling chains that might lead to
formation of additional intermediate energy levels and/or
defects decreasing the optical band gap.!®”!

Hennekam et al. analyzed the fragmentation occurring
in the plasma phase during PECVD of sandalwood oil at
reduced pressure and 2-50 W RF power. The gas phase was
characterized using mass spectrometry (MS) and optical
emission spectroscopy (OES), while the resulting films were
characterized with X-ray photoelectron spectroscopy (XPS),
Time-of-flight Secondary Ion MS (ToF-SIMS) and atomic
force microscopy (AFM). Oligomers were formed at low
plasma powers, with a relatively good stability being
assigned to the bridged cyclic ring structure of santalol.
With increasing RF power, hydrogen abstraction, and
crosslinking were enhanced, while the incorporation of
oxygen-containing groups was reduced. At the same time,
an increased formation of smaller fragments was observed,
which were detected for example in the form of carbon
monoxide and ethylene in the plasrna.[%]

Mol et al. examined the optical absorption and
emission properties of plasma polymer films made
from tea tree oil. Depending on the irradiation wave-
length, photoluminescence emissions occurred in the
yellow spectral region (465-695nm) and IR region
(850-1090 nm) and were attributed to the presence of
chromophore units and polaronic transitions as well as
interchain emission respectively. UV-Vis absorption sig-
nals at 332 and 558 nm were attributed to C=0O groups

AND POLYMERS

inducing m-m*-transitions of the aromatic ring as well as
interchain 7m-m stacking interactions respectively. IR
spectroscopy showed that band maxima shifted depending
on the substrate used, indicating a variation in bond
lengths depending on the substrate and showing that
amorphous glass substrates are better scaffolds for plasma
polymer growth than crystalline silicon substrates.!!
Bazaka et al. were the first to examine the effects of
plasma treatment with Ar APPJ on thin films from tea tree
oil plasma polymers upon PET substrates. Compared to
as-deposited plasma polymers, APPJ-treated plasma poly-
mers showed increased surface oxidation, with three
potential oxygen sources being: fragments of oxygen
moieties from retained precursor molecules, coating
exposure to ambient air and reactions between Ar plasma
and ambient air. Slight changes in surface roughness were
observed and primarily attributed to the removal of loosely
attached low molecular weight fragments by the plasma.
Contact angles decreased nonlinearly with plasma treat-
ment from >70° to ~57° after 5s and <40° after 60 s due to
surface oxidation. The bioactivity against S. aureus was
partially and temporarily improved due to easy release of
antimicrobial low molecular weight fragments.”?! Jacob
et al. are among the researchers using PECVD for
deposition of graphene from natural substances, focusing
on tea tree oil as a carbon source. They produced
multilayered graphene by introducing volatile tea tree oil
vapors into an H, gas-filled plasma chamber, inside which
precursor dissociation and deposition occurred at 0.2
mbar, 800°C and 500 W RF power. The resulting films
were nearly free of structural defects and mainly consisted
of sp>- and some sp>-hybridized C atoms as well as some
C-O bonds. The contact angle was 135° due to combined
effects of material hydrophobicity and nanoscale surface
morphology. Suitable electrical properties also showed the
possibility to use the films as functional component in
memristors. !

Romo-Rico et al. compared plasma polymerization of
oregano oil onto glass slides at reduced pressure in
continuous wave and pulsed mode. Water contact angles
of 45° and 7° were obtained respectively. The plasma
polymers showed antibacterial activity against S. aureus
and P. aeruginosa whilst supporting human dermal
fibroplast adhesion.!**

Considering essential oil-based plasma polymers, it is
important to remember that essential oils are natural
products whose composition may vary from batch to
batch. Results from different research works can
therefore not be easily compared and may not always
be entirely reproducible with materials from different
suppliers or batches.

Table 1 gives an overview of frequently analyzed
parameters of plasma polymerized essential oils.
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2.2 | PECVD of extractives

In contrast to the use of essential oils, the functionality
and structure of plasma polymer thin films obtained
from pure extractives can be attributed to defined
precursor molecular patterns. Extensive research has
been performed on the plasma polymerization of
terpenes (Figure 5), which constitute 90% of the
components in essential oils, and many of which
are known to be antimicrobial agents.”®*°! They can be
extracted from crude essential oils and are therefore
relatively easily accessible.

Very early research was performed by Linder et al. in
1931, who examined the effect of a glow discharge on 57
different hydrocarbons in the gas phase, amongst them
being the terpenes limonene and pinene. Analysis of the
evolution of the formation of gaseous and solid species
and their chemical composition showed very similar gas
compositions regardless of the original feedstock. The
comparatively high amount of unsaturated species
contained in most of the formed gases was attributed to
relatively mild discharge conditions compared to other
works of the time.!*”]

Bazaka et al. plasma polymerized terpinen-4-ol, a key
component of tea tree oil, using a glow discharge device
with RF power at reduced pressure. In agreement with
comparable studies, the film thickness was found to
increase with deposition time.[*®! Continuing these investi-
gations, Kumar et al. found that the chemical structure of
the films depends on the substrate temperature, because it
affects the balance between adsorption and desorption on
the surface, leading to the formation of different chemical
functionalities and surface morphologies.*”!

The fragmentation behavior of terpinen-4-ol in
plasma was examined by Grant et al. using residual gas
analysis and positive ion mode mass spectroscopy. Both
techniques showed precursor fragmentation to increase

(-)-Borneol Carvacrol Carvone

T g

Linalool Linalyl acetate Menthol

cis-B-Ocimene
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with RF power, with a significant amount of precursor
being retained at relatively low plasma power up to 10 W
(Figure 6).1°7

Accordingly, the optical, physical, and chemical
properties of terpinen-4-ol thin films, such as optical
band gap, refractive index, extinction coefficient, hard-
ness, chemical stability and contact angle, are tunable
with plasma power. Films deposited at higher RF power
showed a surface with more, narrower and sharper
peaks, while there was no significant change in surface
roughness parameters R,, Ry, and R > AFM further
showed the surface to be smooth and pinhole-free,
indicating the polymerization to have occurred directly
on the substrate surface and not in the gas phase, which
would result in “dust” on the surface.!®!

Samples were stored in ambient conditions for
almost 50 days to examine the effects of aging.
Refractive index measurements showed the main
material property degradation to take place within the
first week after deposition. Its origin was found in
oxidation processes as well as volumetric relaxation in
the material.'°) Due to their relatively good retention
of the precursor chemistry during the deposition
process, films deposited at 10 W showed antimicrobial
properties against S. aureus and P. aeruginosa, contrary
to those deposited at higher plasma power.['®) Kumar
et al. were additionally able to demonstrate antifouling
properties of these coatings in the marine environment
for a limited period of 1 week.!'*! Jacob et al. examined
the suitability of terpinen-4-ol thin films for use in
flexible organic electronics by incorporating them as
insulating layer in metal-insulator-metal structures and
organic field-effect transistors.'>*! In this context, the
films’ ability to simultaneously block the transport of
electrons and enable the transport of holes, which is of
interest for organic light-emitting diode applications,
was demonstrated.['%4!

T A g A

1,8-Cineol

Citronellol Isoprene Limonene
7/ i : EOH :
a-Pinene Terpinen-4-ol  y-Terpinene

FIGURE 5 Examples of terpenes deposited via plasma-enhanced chemical vapor deposition.
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FIGURE 6 Electron impact ionization residual gas analysis mass spectra of (a) neutral terpinen-4-ol species and the plasma phase at

(b) 5W, (c) 25W, and (d) 50 W show increased fragmentation for higher plasma powers, the peak at m/z = 154 representing the terpinen-4-
ol monomer.””! Reproduced from Grant et al.l””! (CC BY 4.0). Copyright 2021 by the authors.

While continuous wave deposition had been used
previously for producing films from terpinen-4-ol, Kumar
et al. used pulsed plasma deposition to decrease
precursor fragmentation and functionality loss with the
aim of retaining the precursor's antimicrobial activity. To
this end, plasma polymers were deposited at a peak
power of 10 W and four different duty cycles (10%, 20%,
40%, 100%, resulting in effective plasma power of 1 W,
2W,4W, and 10 W) and a total deposition time of 15 min
at reduced pressure with a pulse repetition frequency of
500 Hz. Chemical radical chain reactions were found to
dominate at lower duty cycles and plasma polymeriza-
tion at higher duty cycles. As a result, films deposited at
higher duty cycles showed a higher degree of precursor
fragmentation and crosslinking, making them more
stable in contact with water. Both the highest bacterial
attachment of P. aeruginosa due to the highest

hydrophobicity as well as the highest antimicrobial
activity were detected on films deposited at 40% duty
cycle.10!

A far more mechanistic approach was chosen by
Ahmad et al., in which the fragmentation and oligomer-
ization behavior of y-terpinene during plasma polymeri-
zation was analyzed by gas phase MS. Precursor
fragmentation was augmented with increasing plasma
power, as shown by the decrease in higher molecular
weight fraction peak intensities and increase in lower
molecular weight fraction peak intensities. It is interesting
to note that oligomeric species [M + H]* and [2M + H]*
(M being the precursor molecule) were observed, with
equally decreasing intensity at increasing plasma power.
Ion deposition was an important part of film formation at
all plasma powers, but a small amount of unfragmented
precursor was also incorporated. The authors identified a
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number of fragments and suggested fragmentation path-
ways (Figure 7).11%¢)

To evaluate the suitability of plasma polymers from
plant-derived secondary metabolites as encapsulation
materials for organic photovoltaics, y-terpinene was
plasma polymerized at different deposition rates onto
glass substrates and onto organic solar cells, respectively,
followed by investigation of the stability of the resulting
films under UV irradiation. Encapsulation of the solar
cell with plasma-deposited y-terpinene led to a signifi-
cantly slower decrease in device efficiency. UV
irradiation-induced degradation of the plasma polymer
thin films manifested itself in photooxidation of the films
with the degradation pathway and velocity depending on
the UV light wavelength and dose.!'*”)

Getnet et al. examined the suitability of carvacrol-
based plasma polymers deposited in atmospheric pres-
sure dielectric barrier discharge as antimicrobial coatings
for stainless steel, which is frequently used as an implant
and prosthetics material in underdeveloped countries.
They observed antibacterial activity against E. coli, S.
aureus, P. aeruginosa, and C. albicans. Good antimicro-
bial activity was attributed to high hydroxyl content,
surface roughness, and hydrophilicity. The coatings were
further stable under UV light irradiation for 1 h and to air
exposure for 120 days and reduced the corrosion rate of
the underlying steel substrate,!**51%%]

Antibacterial properties of 1,8-cineole plasma poly-
mer films deposited at reduced pressure and 20 W RF
power were examined by Pegalajar-Jurado et al. S. aureus
and E. coli attachment to 1,8-cineole plasma polymer
coated glass slides were reduced by 63% and 98%
respectively compared to hydrophilic glass slides. No
leaching of bioactive substances from the films into the
media was observed. Preliminary experiments also
indicated that neither the plasma polymer films nor
potential leachables were harmful to mammalian
cells.['0)

Mann et al. closely correlated surface properties and
antibacterial activity of plasma polymerized 1,8-cineole
films while varying plasma power (50—150W) and
pressure (15—100 mTorr). The plasma phase was
analyzed with OES, while the film surface chemistry

+ Plasma ——
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was examined with XPS and IR spectroscopy. Increasing
pressure leads to less oxygen incorporation in form of
alcohol/ether/carbonyl functionalities. Water contact
angles correspondingly ranged from (54.3+4.1)° to
(85.6+1.1)°. Bacterial attachment assays showed
decreased bacterial attachment and growth for E. coli
after 24 h incubation and 5-day incubation compared to
reference samples (Figure 8).''!)

By plasma polymerization of carvone, Chan et al.
deposited films with an average surface roughness R, of
0.11nm and a water contact angle of 78.8° on glass
substrates. IR spectroscopy indicated that the ring
structure of the precursor was destroyed by fragmenta-
tion. Bacterial adherence of E. coli and S. aureus was
decreased compared to untreated glass coverslips, along
with bacterial growth which was reduced by over 80%.
No cytotoxicity toward human cells was observed.!'?!

Tone et al. compared the suitability of different
plasma polymerized terpenes, namely L-menthol, (S)-
(-)-B-citronellol, (1S)-(-)-borneol, and R-limonene for
ultrafiltration membranes made from cellulose acetate
for separation of racemic amino acids. They found that
the coating deposition not only depends on deposition
time, but also on the precursor structure and reactivity,
with ring tension and double bonds leading to increased
deposition rates. All membranes showed similar partition
coefficients toward separation of racemic amino acid
mixtures. When comparing membranes with the same
degree of coating fixation at the same volume flux, those
with citronellol-based coatings showed the highest
separation factor.[!*3!

Research toward production of synthetic rubber thin
films has been performed by Giirsoy et al. by plasma
polymerizing isoprene at reduced pressure and 5-35W
RF power. The characterization of the obtained films
showed a basically good preservation of the precursor
structure together with a decrease of the C=C double
bond content. The stretching resistance of plasma
polymerized isoprene deposited on an elastomer was
evaluated using contact angle measurements and the
material was shown to withstand up to 1000 stretching
cycles of 25% elongation and showed only small contact
angle decreases at 125% elongation. Plasma polymerized

C5+H8 + C5H8
or fragments

FIGURE 7 One exemplary step of the fragmentation pathway for y-terpinene during plasma polymerization as suggested by Ahmad
et al. Reproduced and adapted with permission from Ahmad et al.l"%l @ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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E. coli attachment (24 h incubation)

E. coli biofilm growth (5 days incubation)

= 5 1 o

93.7+14°

543+ 4.1° u 85.6+1.1°
- : v .-

~
FIGURE 8 Fluorescence microscopy images (left, viable attached bacteria depicted in green, dead ones in red) and bright field
microscopy images (right, samples stained with crystal violet) presented by Mann et al. show the attachment of Escherichia coli after 24 h

and 5 days respectively on (a) control glass slides, (b) reference glass slides coated with plasma polymerized 1,8-octadiene, (c, d) plasma
polymerized 1,8-cineole (low and high pressure and plasma power). Adapted with permission from Mann and Fisher.[''!] Copyright 2017

American Chemical Society.

isoprene deposited on bamboo fibers showed contact
angles of up to 146.8° that could be maintained after
three washing cycles with liquid detergent for 30 min
each."¥

Further
plasma deposition are linalool,'**! cis-B-ocimene,
D-limonene,”! and linalyl acetate.!'*®! Table 2 presents an
overview of plasma polymerized terpenes and their com-
monly examined properties.

To the best of our knowledge, the only nonterpene
extractive that has been plasma polymerized so far is
eugenol. In line with their research of antimicrobial
coatings based on carvacrol for steel-based implants,
Getnet et al. plasma polymerized eugenol on a stainless
steel substrate in an atmospheric pressure dielectric
barrier discharge at effective discharge powers of around
1.2 W. At these conditions, the electron temperature was
1.5eV assuming LTE. Initially, the film thickness
increased with the applied voltage until ablation pro-
cesses eventually dominated over deposition. No signifi-
cant precursor fragmentation was observed in OES. IR
spectroscopy of the plasma polymer film revealed that
the aromatic and hydroxyl functions were retained, but
the vinyl groups disappeared, and ketone groups were
formed, the latter possibly due to oxidation processes
after deposition. By means of IR spectroscopy, it was
further demonstrated that the films are resistant to aging
for 120 days in air and under UV irradiation. S. aureus
and E. coli adhesion was reduced by 78% and 65% on
these surfaces.l'?”! Antibacterial properties were equally

terpenes that have been wused for
[116]

observed for P. aeruginosa and C. albicans, as were
anticorrosive effects.'%°!

2.3 | PECVD of amino acids

Contrary to essential oils, which only occur in plants,
amino acids can be found in all living beings. Apart from
plasma-assisted two-step functionalization approaches in
which suitable anchor groups are first placed on the
surface and the amino acids are subsequently grafted on,
direct deposition is possible, even if it results in less
defined layers. Alongside some work that has used
sputtering techniques for direct deposition of amino
acids,!'*®! PECVD of histidine and tyrosine has already
been described.

For biometallization, Anderson et al. used PECVD to
deposit coatings from tyrosine on silicon wafers, PET,
and cellulose nitrate substrates. Tyrosine was chosen for
its ability to reduce noble metal nanoparticles such as
gold from solution and bind them onto surfaces. The
precursor was transferred into the gas phase via
sublimation at up to 300°C in the PECVD chamber at
reduced pressure followed by deposition at 60 W RF
power. The obtained plasma polymer films were optically
transparent in the visible wavelength range, resistant to
mechanical stress and tolerated immersion in the
aqueous gold chloride solution. IR spectroscopy con-
firmed crosslinking with high retention of tyrosine
monomer functionality required for gold reduction. The
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deposition of a patterned tyrosine PECVD coating was
achieved successfully as well and enabled the selective
growth of gold nanoparticles on the substrate surface.!'?”)
Tyrosine was also used to investigate the plasma
“copolymerization” of amino acids with other organic
and inorganic monomers frequently used in synthetic
materials, showing the possibility to obtain biologically
active coatings by incorporating biomolecules into
organic or inorganic matrices with the help of plasma
deposition methods.'?*!

Histidine was plasma polymerized by Anderson
et al. onto single crystal Si wafers and 3D substrates as a
precursor for enabling titania reduction and nanoparticle
growth directly on the substrate. Histidine was trans-
ferred into the gas phase by sublimation at 200°C at
reduced pressure, followed by plasma deposition at 50 W
RF power. Immersion of the resulting film in water lead
to partial dissolution, whilst the remainder of the coating
was sufficient for titania reduction. IR spectroscopy
showed sufficient monomer structure retention to enable
titania nanoparticle formation. The latter was successful
on Si wafers with a surface coverage of ~75% as well as
on 3D substrates, indicating a potential use in tailoring
photonic structures and creating hybrid organic-
inorganic multilayer systems with highly varying refrac-
tive indexes.'?!

2.4 | PECVD of proteins

When it comes to the matter of functionality retention
across the plasma polymerization process, there is one
class of biogenic substances posing even more challenges
that those discussed previously: Proteins and enzymes
are biological macromolecules consisting of amino acids
linked by peptide bonds which possess highly specific
functionalities closely linked to their structure. This leads
to the double challenge of not only preserving functional

o A .

— ¥ g

Aerosol
generation

Precursor
solution

. Carrier gas

groups, but also the bonding sites and cavities linked to
biological functionality.

Heyse et al. investigated the deposition of sprayed
liquid precursors at very mild plasma conditions and
atmospheric pressure to obtain maximum retention of
the precursor structure and functionality for protein
plasma deposition."*°! By dissolving the precursors in an
aqueous carrier solution followed by atomization, they
were able to deposit precursors within a polymer matrix
produced by the carrier gas (C,H, or pyrrole), a method
referred to as aerosol-assisted PECVD (AA-PECVD)
(Figure 9). The water shell formed around the precursors
makes the droplets act as shuttles while serving as
protection against reactions with the plasma. This
enables deposition of intact proteins within the growing
polymer network, and for enzymes additionally preserves
their catalytic activity.!*>!!

Using this method, the authors were the first who
immobilized proteins in organic coatings in a single-step
procedure, by simultaneously polymerizing proteins and
acetylene in an atmospheric pressure dielectric barrier
discharge. They used fluorescein-isothiocyanate labeled
bovine serum albumin (BSA-FTIC) and allophyco-
cyanin, an auto-fluorescent protein found in cyanobac-
teria and red algae. Confocal and fluorescence
microscopy proved a homogeneous fluorescence distri-
bution, contrary to aggregate formation observed by
conventional protein immobilization procedures. The
autofluorescence of allophycocyanin further enabled
proving successful intact molecule entrapment as its
fluorescence emission is strongly dependent on retention
of its quarternary structure (Figure 10)."*! Apart from
the allophycocyanin protein, the authors further depos-
ited glucose oxidase, lipase, and alkaline phospha-
tase enzymes using plasma.l*>!!

Alkaline phosphatase was also embedded into plasma
polymer matrices from acetylene and pyrrole by Ortore
et al, using an enzyme buffer solution aerosol and

e

. . Plasma I . I ”

Droplet
shuttling

Precursor deposition and
solvent evaporation

FIGURE 9 [Illustration of the principle of aerosol-assisted plasma-enhanced chemical vapor deposition showing the water droplets
functioning as shuttles protecting the proteins during plasma deposition.
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FIGURE 10 Fluorescence microscopy images prove the preservation of the fluorescent structure of BSA-FITC after plasma deposition

by showing (a) pure plasma polymerized acetylene coating, (b) plasma polymerized BSA-FITC with acetylene, and (c) covalently
immobilized BSA-FITC on glass as reference. Reproduced with permission from Heyse et al.'*? © 2008 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim.

atmospheric pressure DBD plasma polymerization.
Grazing-incidence small X-ray scattering (GISAXS) was
established as a new method to analyze the scattering
patterns of the plasma polymer taking into account the
various contributions from the polymer matrix and the
embedded enzyme. This new technique enabled proving
the protein incorporation and determining their concen-
tration as well as the microdomain size.!'**!

Palumbo et al. used the AA-PECVD technique to
deposit films consisting of a plasma polymerized ethylene
matrix with incorporated aqueous lysozyme solution using
a DBD reactor. The authors were the first to examine the
integrity of the embedded enzymes and the potential
damage occurring during plasma deposition using Matrix-
Assisted Laser Desorption/Ionization Time-of-Flight
(MALDI-ToF), using a-cyano-4-hydroxycinnamic acid as
matrix, and high-pressure liquid chromatography (HPLC)
release monitoring. Both analytical methods indicated the
absence of smaller peptide/protein fractions, meaning no
substantial damage took place during plasma polymeriza-
tion. The peaks for the intact lysozyme molecule were
present, although somewhat widened compared to the
reference, indicating that on individual lysozyme amino
acids some limited degradation or modification reactions
occurred in the plasma phase. The retention of the
lysozyme biological activity could nevertheless be con-
firmed by the agar diffusion test. The release from the
coating into water was found to occur within 1 day, making
the material interesting for applications in drug
delivery.!*!

The principle of AA-PECVD was combined with an
APPJ producing corona discharge by Malinowski et al. to
deposit laccase, an oxidoreductase enzyme forming part
of the biosynthesis in plants, insects, fungi, and bacteria.
Bioactivity was found to be retained to a greater extent

than in coatings deposited by conventional methods, due
to monomer crosslinking and covalent binding to the
glass surface. Reduction of bioactivity compared to the
untreated laccase enzyme was attributed to the fragmen-
tation of monomers during the plasma process. It was
found that reactions with the plasma mainly occur in the
outer region of the protein while the center of the
molecule remains unaffected.!'>*! The applicability of
this method for producing laccase-based biosensors
from corona discharge was found to be promising, as it
could greatly decrease biosensor construction times
compared to conventional methods while maintaining
comparability of analytical parameters.!'**! The authors
further examined the binding mechanism of laccase
during corona jet plasma deposition onto graphene. They
demonstrated that laccase is both polymerized and
simultaneously bound to solid substrates. Preservation
of the molecule's active center allowed the coating to
retain its bioactivity.!*>”!

Further enzymes and proteins polymerized via AA-
PECVD in DBD include lipase,'*®! elastin,'*! and
collagen.!'**1*1) An overview of plasma polymerization
of proteins and enzymes is given in Table 3.

2.5 | PECVD of lactic acid-based
precursors

Besides the large groups of essential oils and their
components as well as proteins and their components,
there is a great variety of other biogenic molecules that
have been used for plasma polymerization, which cannot
all be cited here. The most prominent group, and
therefore the only one that we will focus on, is certainly
that of lactic acid and its derivatives. Poly(lactic acid) has
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TABLE 3 Plasma-polymerized proteins and (potential) applications thereof.

Precursor Deposition device Carrier gas/matrix gas (Potential) Applications Literature
Alkaline phosphatase Dielectric barrier discharge (DBD) He/Acetylene, pyrrol Analytics [133]
Allophycocyanine DBD He/Acetylene Protein immobilization [132]
BSA DBD He/Acetylene Protein immobilization [132]
DBD He/Ethylene Biosensors [142]
Collagen Custom-built He Polystyrene labware [140]
Custom-built He Wound treatment [141]
Elastin DBD He, N,/Lactic acid solution Bioactive biodegradable surfaces [139]
Laccase Atmospheric pressure plasma jet He Biocoatings, biosensors [135-137]
Lipase DBD He/Ethylene Protein immobilization [138]
Lysozyme DBD He/Ethylene Drug delivery [134]
DBD Protein immobilization [143]

recently been of great interest to the scientific commu-
nity due to its biogenic origin, biocompatibility in
application and biodegradability.

Pistillo et al. deposited L-lactic acid at reduced
pressure in a radio frequency discharge by sublimating
the precursor at 110°C, with plasma power from 2 to
150 W and deposition times of 2-80 min. Plasma power
was the key parameter influencing the chemical struc-
ture, as shown by previously mentioned studies. Success-
ful deposition of COOH-rich coatings at low plasma
power that were stable in water showed the material's
potential for use as a platform for cell cultures.[!*¥

Another method, plasma-assisted vapor thermal
deposition (PAVTD) was used by Krtous et al. for
depositing thin films from poly(lactic acid) (PLA). A
polymer is used as a precursor and heated at reduced
pressure to its chain decomposition temperature. The
resulting species are then activated and fragmented by a
plasma initiating polymerization. PAVTD is considered
to yield polymers with properties intermediate between
those of a conventional polymer and those of a plasma
polymer obtained by PECVD. In agreement with studies
already mentioned, it was found for PLA that the
structural integrity of the precursor decreases with
increasing deposition power, as films deposited at higher
plasma powers showed a decreased oxygen and increased
methyl and ether group content. The average amount of
intact PLA chain units was up to 4 for films deposited at
low powers. At increasing powers, the PLA unit chain
length decreases down to almost monomeric lactic acid
units that are statistically separated by CHs;/CH, or ether
groups. The resulting polymer network can be described
as a statistical block-copolymer network from PLA,
hydrocarbon units, and poly(ethylene-oxide)-like units,

which confirms the ability of PAVTD to combine both
characteristics of conventional polymerization and
PECVD.!"*! Plasma polymerized poly(lactic acid) coat-
ings further showed controlled drug release properties
and biodegradability, making the material highly inter-
esting as a platform for biomedical devices. The drug
release was studied using nisin, an antibacterial peptide,
showing a clear relationship with the discharge power.
At low powers, nisin passed through micro-scale pores,
and drug release was delayed for hours or days, while at
high powers, the drug was released within minutes
through buckling instabilities. Bactericidal activities
against M. luteus correlated with the observed drug
release kinetics.!'°!

Ligot et al. found that plasma power has the greatest
influence among plasma deposition parameters on ethyl
lactate plasma polymers deposited at reduced pressure.
XPS and chemical derivatization experiments showed
that higher power leads to increased fragmentation of the
precursor and a consequential decrease in COOX
functionalities. At the same time, ToF-SIMS and
mechanical profilometry demonstrated a higher degree
of crosslinking for polymers deposited under these
conditions. Tuning the degree of crosslinking, the
water/gas diffusion rate and the amount of ester bonds
via controlling the plasma parameters shows the poten-
tial to enable the precise design of (bio)degradable barrier
coatings.l'*”! Moreover, films with a higher degree of
crosslinking show improved mechanical properties such
as hardness, viscoelastic recovery (i.e., self-healing
ability), creep, wear, and fracture resistance since plastic
contributions (e.g., viscoplasticity) decrease.'**! In
addition, the ester content within the plasma phase was
examined by combining residual gas analysis mass
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spectroscopy with in situ FTIR spectroscopy and Density
Functional Theory calculations. It was shown that an
increase in plasma power generally leads to a decrease in
ester species in both the plasma and the resulting
polymer.14!

Furthermore, Nisol et al. investigated the energetic
parameters of atmospheric PECVD of ethyl lactate in a
DBD reactor. Plasma polymers with energies per mole-
cule ranging from 21 to 42eV/molecule and varying
amounts of ester functionalities and crosslinking were
observed. The degradation rate of these polymers in
aqueous media could likewise be predicted from
employed flow rates and resulting energies per
molecule.[*"!

The influence of the carrier gas on the resulting
plasma polymer was shown by Laurent et al. in a study
on plasma polymerized ethyl lactate deposited in an
atmospheric pressure dielectric barrier discharge using
either N, or Ar as carrier gas. They found that polymers
deposited with N, carrier gas mainly contain isolated
hydrophilic functionalities leading to fast degradation in
aqueous environments. Polymers deposited with Ar
carrier gas not only degrade more slowly, corresponding
more closely to the behavior of conventional lactide-
based polymers, but additionally show a greater struc-
tural retention of the ethyl lactate precursor and are
mainly composed of a hydrocarbon structure containing
comparably low amounts of ester moieties.!'>

Different dielectric barrier discharge modes at atmo-
spheric pressure have been examined by Milaniak et al.,
who compared the deposition characteristics of ethyl
lactate in PECVD in the glow and filamentary dielectric
barrier discharge using FTIR spectroscopy. The degree of
polymerization, homogeneity, and competition between
deposition and etching depend on the discharge mode.
The deposition further depends on bond dissociation
energies and fragment stability, as stable fragments and
bonds with high dissociation energies are best
preserved.!'5?!

Overall, the precise inquiry into the process of plasma
polymerization of lactic acid derivatives may lead toward
new functional polymers with both tunable ester content
and biodegradability.

3 | CONCLUSION AND FUTURE
CHALLENGES

Plasma polymer coatings derived from natural precursors
show exciting potential for application in biomedicine,
organic electronics, packaging, and many more areas.
Fundamental research has proven basic applicability and
properties in laboratory conditions and at small scales.
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However, for real-life use, process adaption to industrial
scales remains a challenge, as many devices still operate
at low pressures or can only treat small areas. To make
use of PECVD's low chemical consumption, molecules
need sufficient volatility for easy transfer into the gas
phase, which greatly restricts the precursor choice. For
biomedical applications, further insight into compatibil-
ity with human organisms is required, while for
packaging solutions, biodegradability and barrier proper-
ties need to be explored in more detail. At the same time,
model substrates must be replaced by scaffolds relevant
to applications, which is often challenging due to
manifold interactions between substrates and plasma.
Further, to date results obtained by plasma polymeriza-
tion strongly depend on the choice of plasma device and
can hardly be considered universally applicable. Better
chemically defined deposition could be achieved by
combining plasma polymerization by techniques suitable
for separation into single molecules such as electrospray-
ing. While proof of concept experiments focusing on
applications have been performed, there is still little
insight into the actual processes occurring in the plasma
phase and during the polymerization process. The
influence of individual plasma parameters, precursor
functionality, and polymerization mechanisms are poorly
understood and polymer structural characterization
remains an unsolved challenge. Gas phase analysis and
structural elucidation combining conventional or invent-
ing new analytical methods therefore is imperative to
understanding structure-property relationships and to
selecting the most suitable precursors with respect to the
desired applications. In-depth examination of the auto-
oxidation process and the resulting matter of long-term
consistency of physicochemical properties additionally
needs to be conducted. In the field of biogenic precur-
sors, these challenges are intensified by the natural
variance in the already complex material composition
and properties. Nonetheless, biogenic precursors remain
of indispensable importance for replacing non-
regenerative, fossil-based resources. Ultimately, low
material consumption of plasma deposition is a key
factor in the implementation of sustainable, green
chemistry processes. Plasma polymerization of biogenic
precursors can therefore be expected to play a leading
part in future coating applications.
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2.2.2. Plasma-induced paper surface modification

Both plasma polymerization and plasma modification have been used to tailor the properties of
cellulosic surfaces to specific needs. While plasma polymerization provides entire coatings with
a wide range of functionalities, plasma modification is used to modify functional groups at the
substrate surface or incorporate functional groups from the plasma into the surface.®” Unlike
conventional cellulose functionalization strategies, the wuse of plasma enables the
functionalization not only of the hydroxyl group, but of all carbon and oxygen species present
in cellulose.”” Such modifications in functionality can be initiated by simple radical generation
through the use of so-called inert process gases, such as noble gases, O, or N2. Those then may
lead to subsequent grafting of further species either through post-treatment functionalization
or exposure to ambient air. Alternatively, functionalization can be performed directly through

so-called reactive gases like NH3, SiCls, CF4 or SFe.[7%72]

Plasma surface treatment shows prospects for use in a wide range of applications, from paper
restoration, where the possibility to clean surfaces, deactivate bacteria and increase paper
stability'”®! is of importance, to paper-based microfluidic devices, where selective surface
hydrophobization and etching are required.'”#”®! This chapter first focuses on the plasma-
induced modification of lignocellulosic materials in general and then specifically on the
modification of paper surfaces through plasma treatment with inert gases that do not introduce
novel chemical species into the paper, but rather modify the existing ones. Finally, an outlook
into the possibilities of modifying finished paper through plasma modification using either inert
or reactive gases will be given.

Plasma treatment has been performed to modify the properties not only of paper but of manifold

[70,76

lignocellulosic materials. I Examples of natural cellulose-containing fibers that have been

[77.78.79-821 linen®® and jute.’® Furthermore, pulps

submitted to plasma treatment are cotton,
and handsheets produced from a wide range of woods including eucalyptus, aspen and spruce,
as well as bleached and unbleached variants have been examined.”>*>*"' The influence of
plasma treatment on bulk properties depends on the respective material. For instance, no bulk
degradation was observed for treatment of different pulps derived from cotton, flax and several
kinds of wood.” In the case of cotton fibers, plasma treatment only affected the top surface

layer, the cuticle and the primary cell wall, while the secondary cell wall remained unaltered.®

In some cases, however, changes in the bulk properties have been observed after plasma
treatment. For instance, one group demonstrated the tunability of cotton fabric’s degree of
crystallinity by argon plasma treatment and the influence thereof on cellulosic crystal unit cell

parameters. Formation of strains in the glycosidic linkages of the cellulose and in hydrogen
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bonds were observed. The changes in crystallinity as well as fiber etching and smoothing
showed good accordance with changes in wetting properties. Different sets of parameters
varying input power, plasma exposure time and gas pressure were found to interact with each
other in their influence on wicking height through a Design of Experiments approach

(Figure 4).18
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Figure 4: Argon microwave plasma treatment of cotton fabric was studied using a Design of Experiments approach,
where different combinations of input power, exposure time and gas pressure were found to affect the wicking
height. Reprinted and adapted from work by PragHU et al.[8%], Copyright (2016), with permission from Elsevier.

Air plasma treatment decreased the degree of polymerization from 200 to 120 for
microcrystalline cellulose and from 1,000 to 160 for a-cellulose. Initially, plasma treatment
was assumed to cause a reaction between cellulosic water and OH radicals, leading to
depolymerization by cleavage of the glycosidic bonds. When the cellulose water content was
sufficiently low, the thus formed fragments reassembled into branched glucans.”* However,
other studies also hypothesized the cellulosic water to react with NOy species formed inside the

plasma,®! leading to acid formation and resulting in acidic cellulose hydrolysis.”®

Treatment with plasma from noble gases, air or O, often leads to surface oxidation resulting in
an increase in O/C ratio and hydrophilicity. This has been observed for the substrates
mentioned above,?8:82858% byt also for pure cellulosic materials such as argon-treated o-
cellulose, helium-treated cellulose nanofibrils and air-treated nanocellulose sheets.[**+?>! It was
hypothesized that these changes might be caused by post-treatment oxidation reactions.** On
the other hand, increased hydrophobicity was reported for N, plasma treatment of bacterial

cellulose.

Being based on the same materials, the observations made during plasma modification of
lignocellulosics are generally well in accordance with those made after modifying paper surfaces
with plasma. As such materials usually contain significant amounts of hemicelluloses and lignin,

it is important to note these are primarily removed by plasma treatment, as indicated by X-ray
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photoelectron spectroscopy (XPS). This results in increased surface porosity and increased
fibrillation.®>% The dependence of the paper surface properties on the choice of plasma gas
has been shown in a study of plasma treatment on filter paper. In this example, H, plasma
decreased the amount of hydroxyl groups and thereby decreased water absorption, with WCAs
of 115° after 8 min treatment time, while O, plasma both oxidized and reduced the surface,
leading to presumed cellulose degradation as well as oxygen incorporation into carboxylic acid

groups.””]

Similarly, low pressure oxygen plasma treatment of sheets from different chemical pulps at
200 W improved water sorption. The amount of extractives had a strong influence on water
permeation, with a somewhat smaller contribution from lignin. Both lignin and extractives were
oxidized by plasma treatment. Oxidation reactions also occurred on cellulose itself. However,
even more prolonged treatment times again led to O=C-O decomposition.®™ The surface
properties of papers from bleached softwood chemical pulp treated with an atmospheric
pressure dielectric barrier discharge (DBD) at 0, 1 and 5 W-min-m™? were shown to depend on
the power input. Papers treated at low power showed increased wetting and surface energy,
while higher treatment power led to decreased wetting and surface energy. O/C ratios increased
with plasma power due to oxidation reactions resulting in carbonyl and carboxyl formation.!5°!
Another study examined the surface properties of air plasma-treated handsheets from spruce,
aspen, bleached and unbleached kraft pulp. Contrary to sheets made from kraft pulp, aspen and

spruce fiber-based sheets displayed a strong increase in O/C ratio as well as in oxidation

reactions and a decrease in surface lignin and extractives content. ®”!

Furthermore, plasma treatment can influence the macroscopic properties of paper. For instance,
wet- and dry-strength can be improved by plasma treatment due to crosslinking, as observed
on various paper sheets after air plasma treatment.®®°) On papers from bleached softwood
chemical pulp, wet-tensile and wet-stiffness indices increased with higher treatment power and
were associated to covalent crosslinking. Contrastingly, low treatment intensities primarily led
to oxidation and surface cleaning effects.!®® A comparison between bleached kraft pulp and
unbleached softwood thermomechanical pulp papers showed different tensile properties
depending on the selected substrate. For handsheets from bleached kraft pulp, enhanced wet
tensile indices are accompanied by a decrease of Young's modulus and wet strain and attributed
to fiber crosslinking. For handsheets from unbleached thermomechanical pulp, wet strain
remained constant while Young's modulus increased, which was attributed to fiber surface
lignin protecting fiber-to-fiber bonds.®”! Improved wet-tensile strength has also been observed
for eucalyptus handsheets after DBD treatment!® as well as after air plasma treatment on

aspen, spruce, bleached and unbleached kraft pulp handsheets.®”
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Finally, plasma treatment can also be used to modify sized papers with respect to a target
application, like to tune wetting properties. For instance, hydrophobic AKD coated ink-jet paper
was rendered hydrophilic under oxygen plasma treatment at 200 W and 1 s to 200 s treatment
time, which was attributed to degradation of the AKD sizing agent and its subsequent removal
through vaporization.””®! Hence, plasma treatment enables creating hydrophobic-hydrophilic
structures, which may be applicable in paper-based microfluidic analytical devices."”*”> For
example, microfluidic channel structures in paper were produced making use of locally confined
DBD microdischarges within the paper pores. Herein, hydrophilic and hydrophobic patterns
were generated in two approaches, either by etching hydrophobic AKD-sized paper or by

depositing a C4Fs-based plasma polymer onto hydrophilic paper.

Furthermore, the effect of aging on pigment coated and surface sized papers submitted to
plasma treatment has been examined. Plasma treatment was shown to directly increase the
surface energy and oxidation level. However, aging for 3 months led to a decrease in surface
energy, especially of its polar component and most prominently during the first weeks of storage,
while the oxidation level did not change significantly. Thus, this aging effect was not attributed
to ongoing chemical reactions, but rather to the rotation of polar groups back into the material
and re-contamination of the plasma-cleaned surface.!'® An extensive study on the surface
composition and wetting properties of security paper treated with SiCl4, O, and CF4 plasma was
conducted using XPS and WCA measurements, including statistical evaluation of the parameters
pressure, power and treatment time. Decisive effects however varied depending on the selected
treatment gas. Both for SiCl4 and O., short treatment times and low plasma power led to high

wettability.”?!

Other works on modification of cellulosic substrates rely on combined strategies of plasma
activation or treatment before or after applying hydrophobizing agents through conventional
coating methods, most frequently impregnation or spray coating."””1°%:1%! Using this approach,
some biobased precursors have been applied to improve durability of cellulosic materials. %04
For instance, eucalyptus paper sheets were coated with limonene and myrcene using plasma
treatment. Three different methods were used to apply the coating. To this end, the two crucial
steps, plasma activation or treatment and impregnating the paper by immersing it in the
precursor solution, were performed in different order, namely (1) impregnation — plasma
activation, (2) plasma activation — impregnation and (3) impregnation — activation -
impregnation. These were followed by Soxhlet extraction performed to remove any unbound
residues. Successful precursor attachment was confirmed through XPS. Best results concerning
hydrophobization were achieved with the impregnation — activation — impregnation method,

yielding WCAs of 105° and 107° for limonene and myrcene respectively. Water penetration was
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greatly decreased and the polar contribution to the surface energy was close to zero."®! Cotton
fabric was likewise hydrophobized using oleic acid in an activation — immersion — treatment
approach, wherein cotton fabric was first activated with argon microwave frequency plasma at
reduced pressure, then immersed into an ethanolic solution of oleic acid and treated again with
argon plasma afterwards. The concentration of the oleic acid solution and thus the amount of
grafted material greatly influenced the resulting water penetration into the fabric as monitored
through WCA measurement. Relatively stable contact angles over time with values over 150°
were obtained at oleic acid concentrations between 0.1 M and 0.2 M.['%! Similarly, oleic acid
was grafted onto unbleached and bleached kraft pulp fibers through immersion into a solution
of oleic acid in acetone followed by plasma treatment and Soxhlet extraction. Successful oleic
acid grafting was proven through XPS by an increase in the C1 and C4 peak intensities
(indicating C-C/C-H and O-C=0 bonds respectively), which are characteristic for the fatty
acid, relative to the C2 and C3 peak intensities (indicating C-O and C=0/0-C-O bonds

respectively), which are present in cellulose (Figure 5).!'%%
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Figure 5: XPS spectra, recorded on (a) untreated unbleached kraft pulp fibers, (b) untreated bleached kraft pulp
fibers, (c) oleic acid-treated unbleached kraft pulp fibers and (d) oleic acid-treated bleached kraft pulp fibers, prove
successful oleic acid grafting through an increase in C1 and C4 peak intensities relative to C2 and C3 intensities.

Reprinted from work by Popescu et al.['%], Copyright (2011), with permission from Elsevier.
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These strategies combining plasma treatment and conventional coating techniques however still
have the disadvantage of being multi-step processes and frequently containing excessive coating
amounts that are often removed through extraction. A more material-economic approach is the
direct introduction of the coating material within the coating process through plasma-enhanced

chemical vapor deposition.

2.2.3. Plasma polymerization for paper hydrophobization

Besides the possibility to modify the outmost paper surface by introducing new functional
groups or to modify already present ones with the help of plasma, it is equally possible to deposit

thin polymer-like coatings using plasma polymerization.

In 1971, LIEPINS et al. examined the suitability of sixteen monomers to produce water vapor
barriers on filter paper, notably aromatic hydrocarbons, nitriles, chlorine-containing
compounds, isoprene, hexane and a silane, using a radio frequency low pressure glow discharge
at 80-300 W and varying deposition times. Water vapor barriers depended on treatment time
and reached a plateau after 20 min. The highest barriers were achieved with the precursors
styrene and toluene. For certain materials, higher power levels or prolonged treatment times
led to a deterioration of barrier properties. All coatings were proven resistant to rubbing as well
as water and silicone oil penetration during 6 h of testing. A decrease in dry tensile strength
was attributed to either dehydration of the sample in plasma or to partial cellulose oxidation or
degradation. Wet strength, however, increased. Staining experiments showed the coating
penetration depth to range between 5 and 25 um."%! In a two-step process, a gas and water
vapor barrier coating was achieved on a kraft fiber mat, while at the same time preserving
combustibility. First, surface pores were covered through spray coating with a colloidon solution
that did not provide barrier properties itself but served to avoid penetration of the actual barrier
material into the paper pores. Second, a nonporous barrier layer was applied through low

pressure glow discharge plasma polymerization of styrene. %!

Nowadays, with respect to endowing paper with barrier properties, most precursors deposited
through PECVD are based on fluorine- and silicon-containing compounds. For instance,
permanent hydrophobization of paper with CsFs and C4Fs in a DBD at reduced pressure was
achieved through 200 nm thick coatings, while the WCA decreased within 30 min at lower
coating thickness. WCAs ranged between 117° and 128° and showed no clear dependency on
plasma power in the examined range of 25 W to 1000 W. In contrast, using C2F» narrowly failed
to create a hydrophobic surface, with WCAs ranging between 83° and 89°.!'%! Plasma polymer

coatings from 1H,1H,2H,2H-perfluorodecyl acrylate endowed filter papers with a WCA of 129°
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to 151° as well as oleophobic and antifouling properties. Field emission scanning electron
microscopy images showed the conformal coating on the substrate, wherein the fibrous
structure was maintained, but fiber coverage with the coating was clearly visible."''”! Another
study took advantage of the ability of plasma to perform surface roughness modification
through etching, taking into account that not only surface chemistry but also surface roughness
has a decisive influence on wetting behavior. Low pressure PECVD of pentafluoroethane for
2 min at 120 W using argon carrier gas produced sticky, near superhydrophobic surfaces on
laboratory handsheets with a WCA of 145° and hysteresis of 79°. However, preliminary creation
of nanoroughness by removal of amorphous cellulose domains through exposure to oxygen
plasma at 150 W for 30 min, combined with paper’s inherent microscale roughness, resulted in
roll-off superhydrophobic surfaces with a WCA of 167° and hysteresis of 3.4°.!*'!! In another
approach, hierarchical structuring on sized paper was created through helium-oxygen plasma
etching at atmospheric pressure, which removed cellulosic material and left calcite filler
particles behind. Subsequent fluorocarbon coating with octafluorocyclobutane resulted in
superhydrophobic properties.""'?! A further study examined the penetration depth of a glow
discharge-based PECVD of perfluoromethoxycyclohexane on a stack of five filter papers through
water absorption time measurements on the top and bottom of each paper in the stack. The
plasma penetrated more deeply into the stack with increasing treatment time. While after 2 min
only the outmost surface was hydrophobized, after 15 min the entire stack showed hydrophobic
behavior. Fluorine presence was further evidenced in all layers and at varying content using

XPS.[UB]

Amongst silicon-based precursors, hexamethyldisiloxane (HMDSO) has received a lot of
attention, not only as paper coating,!"'* but also for instance in wood finishing.!'** An early
study examined the deposition of HMDSO onto filter paper through microwave frequency low-
pressure plasma at 0.1 W-cm™ power density and deposition times between 5s and 120 s,
resulting in a coating thickness between 0.17 um and 1.59 um. The coating was applied on the
fiber and fibril surface, so at increasing coating amount, the fiber diameter increased and
interfibrillar spaces were filled, whereby further coating penetration into the bulk material was
prevented. No coating was deposited within the fibers or in the bulk material.'''® Another study
analyzed the penetration depth and the influence of the substrate position with respect to the
helium gas flow inlet for plasma-polymerized (pp) HMDSO deposited in a DBD at atmospheric
pressure. Fourier-transform infrared (FTIR) spectroscopy bands indicating coating presence, as
well as increased hydrophobicity were observed on all four layers of a stack of bleached kraft
laboratory papers. However, the water absorption time was highest for the paper on top of the

stack and when measured on the position placed closest to the gas inlet.[''”! Paper coatings
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based on pp(HMDSO) were further examined with respect to their suitability for packaging
applications using model liquids, notably water, acetic acid, ethanol and heptane, as food
simulants. The hydrophobicity of the paper sheets was not significantly changed by immersion
into these liquids for up to 24 h except for immersion in heptane.!"*®! Films of fibrillated
cellulose coated with pp(HMDSO) were highly hydrophobic, but showed no improvement in
water vapor and oxygen transmission rate compared to an uncoated substrate. Coating with a
bilayer of carboxymethyl cellulose (applied through spray coating) and pp(HMDSO) not only
generated hydrophobicity, but additionally decreased the water absorbency by 98%, oxygen

transmission rate by 95% and water vapor transmission rate by 66%. %]

In a similar setup, a stack of four layers of bleached unrefined kraft paper was coated with
pp(2,4,6,8-tetramethylcyclotetrasiloxane). Hydrophobization was achieved throughout the
stack and both at the top (F) and on the bottom (B) of each paper sheet with all WCAs ranging
above 125° (Figure 6). Those sheets covered by a thick coating layer showed good stability after

immersion in water for 20 h.[!2”
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Figure 6: Water contact angles measured on bleached unrefined kraft paper after dielectric barrier charge plasma
deposition of 2,4,6,8-tetramethylcyclotetrasiloxane. Four papers were stacked on top of each other within the plasma
chamber and WCAs were measured on the top (F) and bottom (B) of each of the four (1-4) sheets. Reprinted from
work by ProriLl et al.['?%, Copyright (2020), with permission from Elsevier.

Hexamethyldisilazane-based plasma polymer coatings deposited on filter paper were conformal
with WCAs above 100° and showed good stability against strong acids and bases as well as
exposition to UV light.!"?!] A coating from pp(octamethylcyclotetrasiloxane) on spruce bleached
kraft paper reduced water absorptivity by 44% and air permeability by 41%. Scanning electron
microscopy (SEM) images showed varying morphology depending on applied wattage, from

smooth covering to increased particle deposition at higher plasma powers (Figure 7).
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Figure 7: SEM images of pp(octamethylcyclotetrasiloxane) deposits on bleached kraft paper reveal a clear influence
on the surface morphology. Comparative images show (a) the plain substrate and (b-d) the paper coated at 10 W,
25 W and 100 W plasma power. The change from smooth coatings to increased particle deposition at higher power
is clearly visible. Unfortunately, the authors only provide the magnification (1000 X), but no scale bars. Reprinted
and adapted from work by SaHIN et al.['?2], Copyright (2013), with permission from Elsevier.

Comparison of different plasma modification approaches with respect to hydrophobization of
paper using y-methacryloxypropyltrimethoxysilane showed differences in WCAs depending on
the selected meethod: PECVD at reduced pressure led to a WCA of 82°, while plasma activation
followed by immersion into the precursor resulted in 76° and impregnation with precursor

followed by plasma treatment led to 100°.!"°%I The authors do however not give any information

on the amount of coating deposited in either case.

Despite the research on paper hydrophobization using PECVD, biobased precursors have not
yet been used for paper hydrophobization in this material-effective approach of directly
depositing the precursor material during the plasma polymerization process. Vegetable oils as
intrinsically hydrophobic materials have never been directly plasma-polymerized in PECVD at
all. Therefore, the plasma polymerization of vegetable oils in general and for paper
hydrophobization in particular are promising novel approaches for obtaining more sustainable

coatings.
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3. Aim and Strategy

Sustainably produced, durable, moisture-proof paper-based materials are urgently needed to
replace conventional plastics in manifold applications. Thus, the aim of this work is to establish
hydrophobic paper coatings based on vegetable oils, with a focus on coating strategies foregoing
solvent- and drying energy-intensive processes, and consuming a minimal amount of

supplementary chemicals.

The initial focus is placed on established coating strategies to increase paper hydrophobicity
with vegetable oils as main coating component, considering either the use of crosslinking agents
or covalent coating attachment onto cellulose. Subsequently, vegetable oil-based coatings that
are both crosslinked and covalently attached to the substrate are to be applied through plasma-
enhanced chemical vapor deposition (PECVD), also known as plasma polymerization. This
process is equally solvent-free and will first be studied on glass slides as simple hydrophilic

model surfaces and then transferred to porous paper substrates.

Focusing on the aim of achieving hydrophobic paper coatings based on vegetable oils, the

following questions are addressed:

I Is it possible to hydrophobize paper through crosslinked vegetable oil-based
coatings using a conventional coating technique while maintaining a solvent-free
single-step process?

II Can elevated temperatures induce covalent attachment of vegetable oils onto
paper to achieve hydrophobization?
III Is atmospheric pressure plasma polymerization able to produce crosslinked,
covalently attached hydrophobic coatings using vegetable oils?
IV To what extent do vegetable oil-based plasma polymer coating properties depend

on the paper substrate properties?

The approaches for addressing these questions will be presented in the following and are

schematically displayed in Figure 8.
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Figure 8: Approaches for enhancing paper hydrophobicity using vegetable oils. (I) Photoinduced crosslinking of
dithiols with vegetable oil; (1) Covalent attachment of vegetable oil through thermal treatment; (Ill) Plasma
polymerization of vegetable oils on glass and smooth paper substrates; (1V) Plasma polymerization of vegetable oils
on papers with different porosity. () and (IV) adapted from referencel'3], which was published under Creative
Commons License CC BY 4.0, Attribution 4.0 International; © 2024 The Author(s). Advanced Materials Interfaces
published by Wiley-VCH GmbH.

| Thiol-ene photocrosslinking as a conventional solventfree method for

hydrophobizing paper with vegetable oils

When crosslinked coatings are targeted, the challenge consists in the deposition and subsequent
crosslinking of the individual components, as fully crosslinked coatings can generally not be
directly deposited from solution due to their insolubility in organic solvents and water. Instead,
the coating material, possibly pre-functionalized with a suitable crosslinkable moiety, is first
deposited, and crosslinks are introduced after coating deposition, for instance using light or
heat as stimulus to initiate the crosslinking reaction. Inherent disadvantages of such processes
are the need for solvents and the necessity to introduce crosslinking agents or crosslinkable

moieties, often through multiple chemical derivatization steps performed prior to coating.
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This work targets providing crosslinked vegetable oil-based hydrophobic coatings in a single-
step solvent-free process. Based on the principle of in-situ crosslinking, the first research

question is:

Is it possible to hydrophobize paper through crosslinked vegetable oil-based
coatings using a conventional coating technique while maintaining a solvent-free

single-step process?

To investigate the possibility to hydrophobize paper with a crosslinked vegetable oil-based
coating without prior derivatization steps, using the thiol-ene click reaction is a promising
approach considering the presence of unsaturated carbon-carbon bonds in many vegetable oils.
The coating consists of a commercial dithiol mixed with olive oil, which are then deposited
through dip coating and crosslinked by UV light, thereby fulfilling the requirements of a solvent-
free process without further derivatization steps (Figure 8a). Reaction monitoring through
observation of carbon-carbon double bond conversion enables establishment of suitable

conditions for paper hydrophobization.

1l Covalently attached hydrophobic vegetable oil-based paper coatings through

thermal treatment

Sizing is the traditional technique for increasing paper’s water resistivity through covalent or
electrostatic attachment of the hydrophobizing agent. However, it does not endow paper with
durable water resistance and moreover, the synthesis of sizing agents relies on non-renewable
and non-environmentally friendly materials. Despite attempts to replace at least part of the raw
materials with renewable feedstock such as vegetable oils, the need to functionalize the latter
is still disadvantageous for green chemistry-based approaches. Ideally, the coating agent would
be able to react with the cellulose by itself without the need for prior derivatization. It is known
from literature that cellulose can undergo transesterification reactions with vegetable oils when
exposed to elevated temperatures. Considering that such a process might possibly also impart

paper with hydrophobic properties, the second question is:

Can elevated temperatures induce covalent attachment of vegetable oils onto

paper to achieve hydrophobization?

A simple process of impregnating paper with olive oil by dip coating, followed by thermal
treatment at 70 °C for one month and subsequent Soxhlet extraction, shows the potential to

obtain covalently attached hydrophobic coatings without the use of additional chemicals during
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the coating step. Substrate storage under different conditions enables elucidation of the

processes occurring during aging of vegetable oil-coated paper (Figure 8b).

Il Hydrophobic vegetable oil-based coatings deposited through plasma

polymerization

Compared to conventional coating techniques, plasma-enhanced chemical vapor deposition
(PECVD), also known as plasma polymerization, has several advantages. It is versatile with
respect to the selected coating material and substrate and allows deposition of highly
crosslinked coatings. Simultaneously, the coating is covalently attached to the substrate. PECVD
consumes very small amounts of chemicals and can be operated without generating waste. It is
cost-effective and industrial scale-up is considered possible when plasmas are operated at
atmospheric pressure. In view of the large amounts of generated waste and drying energy
required for conventional coating processes, plasma-assisted coating application shows a great

potential for process improvement within the paper industry.

With respect to green chemistry principles, PECVD is a highly interesting approach for avoiding
the use of solvents, additional chemicals, multi-step reactions and extraction processes. It
therefore promises a truly single-step, waste-free process from deposition to end-use, with
minimum consumption of chemicals. So far, vegetable oils have not been used for direct aerosol-
based deposition at atmospheric pressure in a PECVD process. Accordingly, the third research

question is:

Is atmospheric pressure plasma polymerization able to produce crosslinked,

covalently attached hydrophobic coatings using vegetable oils?

PECVD, performed operating a jet-induced sliding discharge device (DiscJet) at atmospheric
pressure, enables deposition of vegetable oil-based plasma polymer coatings by means of an
aerosol. Initial studies use chia oil and tung oil as precursors, and glass slides as simple model
substrates, to examine the influence of the plasma power on the coating properties. Thus-
obtained parameters are used for coating deposition onto smooth glassine paper substrates

(Figure 8c).

IV Vegetable oil-based plasma polymer coatings on varying paper substrates

One advantage of performing PECVD using a jet-induced sliding discharge device at
atmospheric pressure is its suitability for coating sensitive, rough substrates such as paper.

Having proven the basic suitability of plasma-polymerized vegetable oil for hydrophobization
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of smooth paper substrates, further enquiries into the coating of porous papers are needed for

gaining insight into the scope of applicability. Accordingly, the fourth research question is:

To what extent do vegetable oil-based plasma polymer coating properties depend

on the paper substrate properties?

To examine the influence of substrate porosity, three cotton linter papers calendered with
different line pressures are compared, using glassine paper as relatively smooth reference
substrate. The influence of mere paper surface modification through plasma treatment is
examined, followed by PECVD of chia oil at constant plasma parameters but different coating
amounts. Finally, proof of concept examinations of the suitability of other plasma-polymerized

vegetable oils for paper hydrophobization are conducted (Figure 8d).
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4. Methods

4.1. Cellulose fibers - the raw material for paper

Cellulose is the most abundant biopolymer on earth, as it is the main constituent of the plant
secondary cell wall, binding about 40% of the world's plant-based carbon and amounting to
approximately 265 billion tons.['** Its molecular structure was determined by PAYEN in
1838,"2% while its polymeric characteristic was described by STAUDINGER in 1920.!'2¢! Cellulose
is composed of linearly bound B-(1,4)-linked D-anhydroglucose units which, due to the
stereochemistry of the 1,4-glycosidic bond, are rotated 180° in plane with respect to their
neighbors. Two adjacent anhydroglucose units form a cellobiose unit, which is considered the
repeating unit of the cellulose polymer (Figure 9a)."?”) The degree of polymerization of
cellulose depends on its origin and is strongly influenced by the applied pulping method. For
wood-based cellulose, the degree of polymerization can range between 300 and 1,700 while

that of cotton, plant fibers and bacterial cellulose ranges between 800 and 10,000. "2

Linear cellulose chains are the smallest building blocks of the hierarchical structure forming
cellulose fibers. The chains are arranged into elementary fibrils of 1.5-3.5 nm diameter, that in
turn form microfibrils of 10-30 nm diameter, which are arranged into macrofibrils that

constitute part of the cell wall of the plant fiber (Figure 9a).?>!28!

The architecture of plant fibers depends on their origin, as for instance wood fibers differ from
cotton fibers (Figure 9b and c). They have in common their concentrical multilayered structure,
wherein the cellulose microfibrils vary in orientation in each layer of the cell wall. The
microfibrillar arrangement depends on the plant origin and endows each material with its
characteristic properties like strength and elasticity.'>>'2°) Wood can be considered a composite
material made from cellulose, hemicellulose and lignin. Fibers are glued together by the middle
lamella (ML), which is rich in lignin but barely contains any cellulose. This is followed by the
primary wall (P), the secondary walls 1 and 2 (S1 and S2), with the latter containing the largest
amount of cellulose, the tertiary wall (T), also referred to as secondary wall 3, and sometimes
a coverage of the luminal surface with warts (W)."?* The secondary wall 2 is the thickest and
responsible for tensile resistance due to the steep fibril arrangement, while the fibrils in the

secondary wall 1 are sloped more gently and thus induce compression resistance. !4

Raw cotton linter fibers feature an intrinsically high cellulose content of 73%, while the
components of the fiber’s protective cuticle (C), waxes and pectins, as well as fats, proteins and
ash are to be named amongst the most important impurities.!”*” The primary wall (P) below
the cuticle is very thin (below 1 um) and contains mainly pectins and waxes with only 5%

cellulose. In the secondary wall 1 (S1), the cellulose is arranged in a criss-cross helical way,
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while it is more directed in the secondary wall 2 (S2).?°! The combination of the network-like
arrangement of the cellulose fibrils in the primary wall with the more regular orientation of the

fibrils in the secondary wall has a decisive influence on the fibers’ swelling behavior.

The supramolecular structure of cellulose is characterized by an extensive hydrogen bonding
network, in which intramolecular hydrogen bonds stabilize the linear chain conformation and
intermolecular hydrogen bonds link individual cellulose chains (Figure 9d)."*®! This hydrogen
bonding network, combined with the high degree of chain linearity, enables formation of highly
ordered, crystalline regions, which are surrounded by amorphous regions, an arrangement
which HEARLE described by the fringed fibril model.'**1 Out of five crystalline allomorphs

8] naturally occurring cellulose only features two distinct crystalline cellulose

known,
modifications. Their proportion depends on the cellulose’s origin, as cellulose I, is primarily
produced by lower forms such as bacteria and algae, while cellulose I is produced by higher

plants such as cotton and therefore relevant for paper production. 3%

The fiber is held together by comparatively long cellulose chains that form part of several
crystalline regions. The strong intermolecular chain bonding in the crystalline areas leads to
high fiber strength and bad solubility in most solvents. As the hydrogen bonding is weaker in
amorphous areas, these are more easily accessible to water, which is the reason for paper
swelling through penetration of moisture. However, this also allows access for solvents and
chemical reagents, which is a requirement for certain chemical modifications that enable paper
to be used in manifold applications.*®12%!33 Additionally, fiber-fiber interactions contribute to

paper strength. While for a long time these interactions were thought to be hydrogen bonds,**

it is now assumed that many different forces interact thereupon.'**

The choice of raw material to be used for paper production depends largely on the desired
properties.”® This work uses cotton linter fibers, refined at 100 kWh-t* specific refining energy
to a refining degree of 21.5 °SR. Cotton linters cellulose mainly consists of a-cellulose and is
therefore highly crystalline.***13¢! It features a high degree of polymerization and a fiber length
of 3.5-5 mm, which is well suitable for papermaking and results in high paper strength and
good resistance to aging."” Raw cotton linter fibers contain about 80% cellulose, while after
bleaching, the cellulose content reaches up to 99%."% Thus, it is especially interesting for
research in which a low degree of contamination from other constituents such as hemicellulose
and lignin is required. With respect to the plasma polymer coatings and staining experiments
targeted in this work, it was of key importance to use very pure cellulose in order to obtain

reliable results and reduce the risk of contamination-induced artefacts.
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Figure 9: (a) Hierarchical structure of cellulose ranging from the cellulose macrofibril to cellobiose as monomeric
building block; (b) Wood fiber,['?4] and (c) Cotton linter fiber!'2%'37] showing the characteristic fiber structure (C =
cuticle, L = lumen, ML = middle lamella, P = primary wall, R = reversal of the fibril spiral, S1 = secondary wall 1, 52 =
secondary wall 2, T = tertiary wall, W = wart layer); (d) Supramolecular structure of cellulose with hydrogen bonding

network.[38!

50



4.2. Paper production and finishing

The first cellulose-based substrate humankind used to write on was papyrus produced in ancient
Egypt in about 3,000 B.C. To make papyrus sheets, two layers of thin papyrus plant stripes were
positioned perpendicular to each other and fastened through beating, using the leaking sap as
binder."*®! Despite being its namesake, papyrus was actually different from today’s paper, being
more similar to a plant stripe-based mat and not made from fiber suspension.™**! The first sheet
forming process based on pulp was developed in China in the second century A.D. and has been
the basis of paper production to this day. Both the first paper-based newspaper and the first use
of sizing agents were seen in China during the fourth century A.D.!'*®! From there, the
papermaking technique was spread over the world, first reaching Japan, then Arabia, from
where it was brought to Europe in the eighth century A.D. The invention of movable type
printing in the 15™ century by GUTENBERG greatly increased the demand for paper. This led to
novel developments with respect to the scale-up of paper production. For example, rags as
material stock got replaced by wood-based fibers. In 1799 ROBERT invented the first paper
machine, known as FOURDRINIER machine after its patent owners, thus forming the basis of
today’s papermaking process.!'**'*) Since then, paper consumption and application fields have
continuously increased, with an annual paper production of 420 million tons worldwide in

2022.5

Today, wood is the main raw material for paper, making up around 94% of industrial paper
production. Depending on their origin, however, the suitability of wood materials for paper
production varies. The length of the fibers is one amongst many relevant factors, as the use of
longer fibers leads to higher paper strength. Therefore, softwood, which has fibers of 2-5 mm
length, is generally preferred to hardwood, with fibers of 1-2 mm length. Furthermore, the
wood’s composition equally influences its suitability for paper production. Amongst softwoods,
spruce and pine are the materials of choice, while birch, beech, poplar, aspen and eucalypt are
the most suitable hardwood-based materials. Besides wood, annual plants such as straw, sugar

cane bagasse, bamboo, cotton linters, flax and hemp are also used."'”

With regard to the production of pulp for paper manufacturing, a basic distinction can be made
between chemical and mechanical pulping, with several hybrid processes combining certain
features thereof. Chemical pulping aims at isolating the cellulose from the lignin matrix, while
keeping the fibrillar structure intact. The sulfate or kraft process and the sulfite process are the
two predominant processes for chemical pulping. Contrastingly, during mechanical pulping, the
wood is defibrated by means of grinding or refining. Unlike during chemical pulping, lignin is
temporarily softened to enable fiber disintegration, but remains in the pulp. This leads to lower

paper strength and restricts the applicability of thus-obtained papers compared to those made
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from chemical pulp. Furthermore, grinding or refining reduces the pulp’s long fiber content.
However, the overall yield (including lignin) is much higher than for chemical pulping.'*!”
Both the raw material and the pulping process are selected according to the targeted paper
application. Following pulping, pulp fibers are fibrillated in the refiner through mechanical
treatment, again in view of the desired paper properties. In the approach flow section, the pulp
is degassed and diluted to the desired concentration, contaminants are removed and a uniform

suspension flow into the wet section of the paper machine is ensured. !

The paper machine itself consists of several components and processing steps (Figure 10),
wherein only the most central ones to sheet formation will be described here. The initial wet
section consists of the headbox, the wire section and the press section. In the headbox, the
suspension is delivered onto the wire with a uniform distribution across the machine width.
Subsequently, the fiber web formation from suspension takes place in the wire section, where
the first water removal step is performed. For dewatering, the paper suspension is poured
onto a sieve. Drainage occurs through the continuously growing filter cake and the wire and is
driven by gravity, foils, and finally vacuum.'?! After sheet forming, the sheet dry content is 16—
22% and is increased to 40-55% by mechanical pressing in the press section. The sheet then
reaches the final dryer section, where the dry content is further increased to 90-96%.! Drying
is usually performed through contact drying, where the paper passes over a series of steam
heated cylinders. Drying felts ensure transportation and press the paper against the cylinders.
Alternatives to contact drying are convection drying and infrared drying.''® This last step is also
the most energy-intensive one, requiring 20 times the energy needed for the sheet forming step,
mostly in the form of steam energy.?! Herein, in addition to water removal by evaporation, the
hydrogen bonds are formed that endow paper with its high strength.™ Finally, the paper is
rolled up in the reel section.'?! Sheet forming is the decisive process for many bulk properties
of paper. Although paper is of homogenous thickness, stiffness and porosity vary across the
transverse section due to different drying velocities across the machine width.""® Furthermore,
because of the high processing speeds, the fibers are aligned along the machine direction, which
leads to anisotropic properties that differ between machine direction and cross direction.!

Additionally, the sieve structure is “imprinted” on the paper.!®

Industrial-scale paper
production from pulp is a highly sophisticated process, wherein process speeds of 2000 m-min™

and sheet widths of 11 m can be achieved.!4”
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Headbox  Former Press Dryer section Reeler

Figure 10: Schematic display of the most important sections of an exemplary paper machine.!

Paper production on a laboratory sheet former consists of the same steps as on a paper machine
and is performed in accordance with DIN EN ISO 5269-2.4! First, the pulp dispersion is diluted
to the desired concentration and stirred continuously for 30 min to avoid fiber entanglement.
The pulp (this work using 2 L of 0.16 wt% cotton linter fiber dispersion for sheets with a
grammage of 100 g'm™) is transferred into the sheet forming column, while water (4 L) is
injected from below. The mixture is swirled for 5 s, then the water drops to the level of the filter
cake followed by vacuum suction for 10 s. Through couching, the paper is transferred onto a
couching board. To this end, the couching board is placed onto the sheet and couched twice
using a couch roll. The wet sheet is then removed from the sieve by knocking it against a rubber
base. Afterwards, the wet sheet is covered by a cover sheet and dried under reduced pressure
(93 °C, 10 min). Immediately after drying, the grammage is determined by the bone dried paper
weight. In contrast to machine paper, the fiber orientation and thus also the mechanical

characteristics of laboratory hand sheets are isotropic in the sheet plane.

While on the laboratory scale, paper production, calendering and finishing are usually
performed as separate steps, paper machines can be equipped to further modify the paper

directly on the machine before reeling.!**"!

After sheet formation, paper finishing endows paper with the desired properties. Surface sizing
aims at improving paper’s resistivity to water intake and thus printability without significantly
modifying the surface itself. Coating covers the surface and smoothens its texture.>!4% Its aim
is to improve optical properties, tactile properties and printability or to form barriers against
fluids and gases, and finally to functionalize paper for specific applications.**'4>143! After
surface sizing or coating, papers are again submitted to a subsequent drying step.'? In this work,
dip coating and size press coating have been used to apply coating material onto paper, and

will therefore be described in more detail.

Size press coating is used to coat paper on both surfaces, contrary to film press coating, which
can cover either one or both sides, with the film being applied via a pre-metered roll.""** During
size press coating, the paper is transported through a pond of sizing solution, passing between

two rolls that press the liquid from the pond into the paper. The sizing agent thus penetrates
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into the paper due to a combined effect of capillary forces and hydraulic pressure.!** The
distance between the rolls as well as the paper transportation speed are decisive for the amount
of coating applied. An advantage of size press coating is its relatively easy incorporation into

the paper production line."

Contrarily to traditional paper coating and sizing techniques that have been adapted for large-
scale and in-line processing such as size pressing, dip coating allows for coating of
comparatively small substrates. It is a helpful alternative in the laboratory, when the available
amount of coating material is not sufficient for large-scale processing. Herein, the substrate is
immersed into the coating liquid at controlled speed, kept in the liquid for a defined time and
then withdrawn at controlled speed. Thus, immersion time and withdrawal speed,
concentration of the coating solution as well as paper properties and finally temperature are
decisive for coating thickness and morphology."** Dip coating has been used previously for

coating paper at small scale using different silica-based precursors. >4

Finally, different finishing approaches modify the surface quality of paper, such as smoothness,
gloss or density. One of those is the calendering approach used in this work. The paper is
transported between two rolls made of steel or elastic material (paper, cotton or plastics such
as rubber or resin), whereby pressure and temperature compact the paper and plastically level
the surface, while the interior remains elastic.'’”’ The smoothening effect of calendering is
determined by many factors. Increasing the temperature of the rolls and the paper as well as
the pressure exerted by the rolls leads to higher smoothness, while increasing the calendering
speed leads to lower smoothness. Elasticity and surface quality of the rolls as well as the paper
humidity are equally relevant.!'*®! The polymeric properties and especially the glass
temperature (Ty) of cellulose are decisive for the calendering process. The paper’s T, depends
on the humidity, which acts as plasticizer, and can be modified through heating, applying
pressure or modifying the humidity distribution. Such T, gradients are created during the
calendering process and allow for smoothening the paper surface whilst maintaining the bulk
volume of the paper.'*! However, calendering may also intensify inhomogeneities — such as
areas of increased flocculation — present in the paper. As such, thicker parts of the paper are
subjected to higher pressure and will therefore become denser, which is observable by increased

gloss and even blackening. %!

Similar effects are observed when calendering round laboratory handsheets. In this case, the
paper sheets are smaller than the calendering rollers, which has the same effect as thickness
inhomogeneity, especially around the paper edge. Therefore, the handsheets are denser, more

glossy and appear darker around the edge than in the center. This has to be taken into account
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for experimental design and interpretation. As a consequence, usage of the outer parts should

be avoided.!*®!

4.3. Vegetable oils

Vegetable oils can be obtained from the fruit, seeds or kernel of manifold plants such as olives,
safflower, chia, rapeseed, soy beans and coconuts.!'*”!*8] They are not only used in human diet,
but additionally are highly relevant for example in the cosmetics industry, such as in skincare,
in the pharmaceutical industry, like as laxative or for transporting lipophilic active agents, in
binders, for example in wood varnish, as well as in lubricant and biodiesel production. 474
The most important vegetable oils worldwide in the trading year 2023/2024 were palm oil,

soybean oil, rapeseed oil and sunflowerseed oil.[*>"’

Vegetable oils are triesters of glycerol and fatty acids, and thus also known as
triacylglycerols.[**15!) The fatty acids differ in their respective chain length, which can range
from 4 to 26 carbon atoms, and degree of saturation, both of which are decisive for the oils
physical properties and scope of application. For instance, depending on their degree of
saturation, oils can be solid or liquid at room temperature.'**"! Beyond that, minor components,
such as antioxidants, also have a great influence on the vegetable oil’s final properties."> Note
that vegetable oils are a natural product and thus their composition varies depending on growth

and harvesting time and location. >

Humankind has been exploiting vegetable oils for around 6,000 years, with the to date oldest
findings originating from Egypt and Babylonia. Even in ancient times, different methods were
used to obtain olive oil, that epoch’s most important vegetable oil. The oil was cold-pressed
using the olives’ own weight, or with the help of a stone or a wooden beam, which resulted in
oils of the best quality. Pouring hot water over the olives also enabled producing high quality
oils. Finally, by first pressing the olives, then adding hot water followed by another pressing

step, several oil batches with decreasing quality were obtained.'*®

Nowadays, vegetable oil can be produced either through mechanical pressing, chemical
extraction or combination thereof, preceded by precleaning and crushing. The process is
selected depending on the desired properties and applications.!'*®! Pressing refers to application
of mechanical pressure to remove the liquid, while preserving the properties of the oil and its
constituents, without use of other chemicals.">® The use of the thus-obtained cake as animal
feedstock constitutes an additional valorization of the residual material.'**® To improve yields,
several pressing steps can be performed subsequently. The first cold pressing produces oil with

the highest quality, also known as virgin oil, while subsequent pressing steps can be performed
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at higher temperature to improve rupture of the oil cell walls, which results in inferior oil quality
but higher yields.*®

Extraction refers to the removal of liquids with the help of a solvent. Compared to pressing, the
yields are higher,>*! but the cake cannot be used as animal feedstock anymore.™*® The oil
quality is often inferior as many valuable extractives may also be removed through
extraction,'*® but it can be preserved for a longer period of time.!***! Extraction is nowadays

mostly performed using hexane. "]

Afterwards, unwanted substances and contaminants can be removed through refining. Amongst
these are for example phospholipids, which can be converted into lecithin, free fatty acids,
pesticides, mycotoxins, pro-oxidative substances and finally unwanted coloration, odors and

flavors.[147]

Extensive encyclopedias summarize the characteristics of an enormous variety of vegetable oils.
The following descriptions of the oils central to this work are based on the encyclopedias by

KrisT!™!! as well as ROTH and KORMANN. 148!

The chia plant (Salvia hispanica) was widespread in Mesoamerica before the Spanish conquest
and valued as staple food, probably with similar importance as corn. Chia requires an arid,
frost-free climate and is nowadays grown in Central and South America. Both the seeds and the
plant itself contain a high amount of a-linolenic acid. With respect to the plant, it has however
been found that the a-linolenic acid content decreases as the plant becomes older. The oil can
be extracted from chia seeds through pressing, solvent extraction or extraction with
supercritical carbon dioxide. Chia oil can be used as drying oil, in paints and varnish and for
food consumption. Interestingly, it has been found to increase the content of unsaturated fatty

acids in meat after the corresponding animals had been fed therewith. "

Olive oil is obtained through pressing of olives, the fruits of the olive tree (Olea europaea). Olive
trees grow best in Mediterranean climate and can survive heat, but dislike frost and extreme
climate in general. Most of the worldwide olive production is located around the Mediterranean
Sea. The variety of olive oil quality grades is vast, with the best quality one being virgin olive
oil. Note that not all quality grades are fit for human consumption. Like many other oils, olive

oil can also be used for pharmacological applications, in cosmetics or as lubricant. !

Safflower (Carthamus tinctorius) was mainly used to produce a red dye during the Medieval
Age and even in Ancient Egypt, until natural dyes were replaced by synthetic dyes in the
19" century. Today, safflowers for oil production mostly grow in the USA, Australia, Greece,
Turkey and India, where the weather is warm and not too humid. Safflower oil is produced

from safflower seeds through pressing or extraction, which is usually followed by refining.
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Although the fatty acid composition is subject to variation, safflower oil generally features an
extraordinarily high content in linoleic acid. It is rather stable despite its high degree of
unsaturation. However, it is not very resistant to heat. It is used in medicine against high
cholesterol levels and arteriosclerosis, but can also for instance be used to replace linseed oil in

linoleum production or in varnishes, 481>

Tung oil is obtained from the tung tree (Aleurites ssp.), which originates from China and
Southeast Asia. The seeds are separated from the peel and afterwards, the oil is extracted
through hot or warm pressing. It features a characteristic smell of lard oil."*%*! Its main
component is a-elaeostearic acid, which results in extremely fast drying properties and thus
makes tung oil an excellent drying oil for wood varnish. On heating, its viscosity rapidly

increases until gelation. 415"

All four vegetable oils used in this work feature C18 fatty acid chains as main component and
were selected based on the degree of unsaturation. Olive oil, safflower oil and chia oil are
characterized by especially high contents in oleic acid, linoleic acid and a-linolenic acid
respectively. Oleic acid contains one, linoleic acid contains two and a-linolenic acid contains
three isolated carbon-carbon double bonds. Contrarily to these three oils, tung oil mainly

features a-elaeostearic acid with three conjugated carbon-carbon double bonds.

Olive oil, with its main component oleic acid, promised to be a good research subject for
understanding the processes involved in conventional paper hydrophobization, as not only the
oil but also the constituting fatty acid is well available for use in simplified model systems.
Contrarily, chia oil’s a-linolenic acid can only be purchased at high costs and was therefore not
considered for extensive studies. However, chia oil, featuring three unsaturated carbon-carbon
double bonds, was regarded as a promising precursor for plasma polymerization with the
potential for interesting comparisons to more saturated safflower and olive oil as well as the

constitutional isomer tung oil.

4.4. Atmospheric pressure plasma polymerization on sensitive 3D substrates

Compared to substrates commonly used for plasma-assisted surface modification, paper is
rather challenging. It is not only far more sensitive than glass or silica wafers with respect to
disintegration, breaking or surface property modification, its surface is also characterized by its
high roughness, which makes depositing a homogeneous coating more difficult. Established
paper coating techniques are used in-line, even often directly integrated into the paper
production line and proceed at extremely high speeds. For large-scale industrial application, a

PECVD device should ideally be adapted to this process. Therefore, low temperature plasma-
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based coating processes at atmospheric pressure that are applicable across large substrate

surface areas, ideally the entire width of the paper roll, are needed.

Unfortunately, the most commonly used volume dielectric barrier discharge (DBD) devices are
disadvantageous when it comes to treating larger surfaces. Usually, the space in the discharge
gap between the electrodes is limited and so is the thickness of the substrate to be placed
between the electrodes. In the case of thicker substrates, rather high voltages are a prerequisite
for a successful discharge, leading to working safety issues.'™>¥ Additionally, microdischarges
tend to form in the same channels as the footpoint of previously ignited microdischarges, which
leads to inhomogeneous surface treatment and ultimately to material damage.">> Further
development of DBD has led to the invention of the surface DBD, where the electrodes cover
two sides of a planar dielectric, as well as coplanar arrangements frequently seen in plasma
displays, both of which do no longer impose volume restrictions. > The persisting problem of
discharge stability and homogeneity as well as the desire to treat larger surfaces has been
further addressed by the introduction of the diffuse coplanar surface barrier discharge
(DCSBD)."”) DCSBD devices comprise parallel electrodes embedded in an alumina dielectric
layer (Figure 11a)."*”) The electric current and the plasma are not generated between the
electrodes, but in a 0.3 mm thin layer between the electrodes and the substrate surface.'™*® The
plasma is highly homogeneous and therefore ideal for the treatment of and coating deposition
onto larger flat surfaces.['>”:1°81>%] However, the width of the discharge gap, in this case between
the dielectric layer and the substrate, is restricted by the need to maintain discharge stability,
which calls for extremely precise process conduction and may be challenging with inherently

rough substrates such as paper.

Another method for generating uniform plasmas at low temperatures for material processing is
the atmospheric pressure plasma jet (APPJ), which features a large variety of different device
setups, component materials and potential applications.® Usually, the plasma is generated in
an open electrode arrangement and the plasma is expulsed onto the substrate surface through
the process gas flow (Figure 11b).["®" The source geometry with both electrodes arranged
above the substrate enables coating of thick materials and tolerates relatively large discharge
gaps, but the point-discharge characteristic limits the treatable surface, requiring surface

scanning or array mounting of electrodes to treat larger areas. %
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Figure 11: (a) Schematic display of the DCSBD based on referencel'>®; (b) Schematic display of the APPJ, adapted
from referencel'®], published under Creative Commons License CC BY 4.0, Attribution 4.0 International;
https://creativecommons.org/licenses/by/4.0/; © 2023 The Authors. Plasma Processes and Polymers published by
Wiley-VCH GmbH.

Besides the necessity to coat large surface areas at atmospheric pressure, the high process
speeds during paper production remain an issue due to a significant influence of drag air. This
can induce turbulences, which may lead to heterogeneous coating deposition and impair
coating properties. Therefore, a plasma polymerization device that is able to coat large areas

homogeneously and at the same time insensitive to drag air is required.

A device that combines both the advantages of DCSBDs and APPJs and tries to address the issue
of drag air is the jet-induced sliding discharge device, called DiscJet, developed by VIOL et al.'***
(Figure 12), which enables both surface modification and PECVD on flat as well as rough
surfaces. The DiscJet is a rotationally symmetrical device wherein the high voltage electrode,
3D-printed from titanium, is placed in the center of the discharge chamber, and the mass
electrode, made from copper, concentrically surrounds it (Figure 12a). The mass electrode is
covered by a dielectric made from aluminum oxide ceramic, which creates a dielectric barrier.
Besides plasma generation, the high voltage electrode further functions as gas mixing device.
The process gas is fed into a space between the inner and the outer shell of the electrode and
flows into the discharge gap through tangential bores in the outer shell, which equip the process
gas with a spin. The high voltage electrode further contains a second gas inlet for the carrier
gas transporting the precursor. The carrier gas passes through the space generated by the inner
shell of the electrode and only encounters the plasma when exiting the electrode into the
discharge zone. This arrangement avoids premature plasma polymerization within the
electrode, as plasma and precursor only mix directly before reaching the substrate surface. The
process gas, flowing out of the electrode with a spin, takes up the carrier gas emerging from the
center of the electrode. This rotating gas flow ensures uniform transportation to the substrate
and coating deposition across the entire device width. Additionally, it leads to the formation of
a gas cushion between the substrate and the plasma source that enables working under almost
full exclusion of ambient air. When the plasma encounters the surface of a nonconductive

substrate, a floating potential is generated, offering a counter-potential to the mass electrode
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and thereby closing the discharge circuit. The discharges slide across the surface to return to
the mass electrode, which is why this concept is referred to as a sliding discharge concept.
Combining APPJ and DCSBD features thus enables coating thick nonconductive, sensitive
substrates independent of their geometry. Furthermore, the DiscJet can operate at substrate-
source distances of several centimeters and coat surfaces in the width of several centimeters.
Additionally, the gas cushion has the potential to reduce the effects of drag air at elevated

process speeds. 164165

The DiscJet may be used both for plasma-assisted surface treatment and plasma-enhanced
chemical vapor deposition. The system used in this work relies on liquid precursors, which are
introduced into the system as aerosol produced by the carrier gas flowing through a nebulizer
unit, which is connected to the high voltage electrode by tubes (Figure 12b). Precursors with
higher vapor pressure can also be introduced by bubbling the carrier gas through a gas washing
bottle containing the liquid precursors instead of using a nebulizer unit. Finally, the whole
device can be moved across the substrate surface by a portal system to coat larger areas or to

perform multiple coating runs.

Many parameters can be varied to modify plasma characteristics and surface properties and it
is important to note that numerous aspects of such variations have not yet been fully explored
and understood. Amongst these are for example the interactions of plasma power, substrate-
source distance, the choice and flow rate of plasma and carrier gas as well as the speed and
multiplicity of transportation across the substrate.'®>!%®! Within the frame of this work, focus
is placed on examining the influence of plasma power, carrier gas flow rate as well as the

number of transportation and thus coating runs.
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Figure 12: (a) Cross-section of the DiscJet device; (b) Setup of the Disclet during operation. (a) and (b) are adapted
from referencel'®’], which was published under Creative Commons License CC BY 4.0, Attribution 4.0 International;
© 2024 The Authors. Plasma Processes and Polymers published by Wiley-VCH GmbH.
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5. Results and Discussion

5.1. Thiolene photocrosslinking as a conventional solvent-free method for
hydrophobizing paper with vegetable oils

Application of crosslinkable materials is one approach for obtaining durable paper coatings.
Generally, the coating formulation — frequently containing materials derivatized with a
crosslinkable moiety, as well as a crosslinking agent — is deposited in a wet-end process,

followed by applying a stimulus that induces the actual crosslinking reaction.

In an initial step, this traditional approach was to be modified with the aim of achieving a
greener process, focusing on waste prevention and reduction of derivatives. Thus, a solvent-
free system achieving paper hydrophobization through crosslinked coatings without performing
prior derivatization steps was examined. Herein, vegetable oils represented a suitable starting
material due to their intrinsic hydrophobicity and functionalization potential at the carbon-

carbon double bond.

Several previous works have crosslinked vegetable oils after derivatizing the carbon-carbon
double bonds.®® Yet, to forego the need for derivatization reactions, the ability of unsaturated

dt1%170 can be

vegetable oils to undergo photopolymerization at the carbon-carbon double bon
considered a promising starting point. For instance, ZHAO et al. have shown that in a system
containing solely linseed oil and 1,6-hexanedithiol, photocrosslinking was possible at

wavelengths below 275 nm without the use of neither photoinitiator nor solvent.!””

Based on these findings, a thiol-ene photocrosslinking system was selected to examine the
suitability of conventional, crosslinked vegetable oil-based coatings for paper hydrophobization.
Thiol-ene photocrosslinking was conducted through ultraviolet (UV) irradiation at a
wavelength of 254 nm and without the use of photoinitiator or solvent. Olive oil was chosen as
vegetable oil component, because both the triglyceride and its main constituent, oleic acid, are
easily available and thus enable in-depth examination of the selected system. 1,8-octanedithiol
(1,8-ODT) was selected as crosslinking agent due to its good miscibility with olive oil. To
determine optimal irradiation conditions, hydrophobized glass slides were used as model

substrates, while cotton linter laboratory handsheets were used as paper-based substrates.

Initially, oleic acid and 1,8-ODT were linked on hydrophobized glass slides to find suitable
reaction conditions, as the resulting dimer was still soluble in solvents for 'H-nuclear magnetic
resonance (NMR) spectroscopy and therefore enabled reaction monitoring. Varying the
irradiation dose from 5 J-cm™ to 50 J-cm™ revealed a maximum carbon-carbon double bond
conversion of (85.2 = 1.2)% at an irradiation dose of 20 J-cm™. Water contact angles (WCAs)

on paper increased significantly to (80.2 + 1.8)° at 20 J-cm?, contrary to immediate absorption
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on uncoated paper, and did not show any further significant increase at even higher irradiation
dose. The successful thiol-ene reaction was confirmed by attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy through the disappearance of the signal associated
with the carbon-carbon double bond. Furthermore, ATR-FTIR spectra demonstrated that the
oleic acid-1,8-ODT dimer was not covalently attached to the paper, as the characteristic bands

vanished after Soxhlet extraction.

In accordance with these observations, the optimized irradiation dose of 20 J-cm™ was used for
crosslinking olive oil and 1,8-ODT. To facilitate analytics using simple model substrates, the
mixture was again applied to glass slides through dip coating. After UV irradiation, the coating
was insoluble in various organic solvents, which is a good indicator for successful crosslinking.
ATR-FTIR spectra again showed consumption of the carbon-carbon double bond. Differential
scanning calorimetry (DSC) measurements displayed changes in the original olive oil melting
peak at —10 °C, notably peak broadening and a peak maximum shift to higher temperatures.
This, as well as the appearance of a second melting transition around 11 °C, was indicative of
the formation of olive oil-thiol compounds, dimers and oligomers. The decreased overall
melting enthalpy revealed the formation of a crosslinked network that did not melt in the

examined range up to 100 °C.

Based on the thus-obtained understanding of the crosslinking process, cotton linter papers were
size press coated with the olive 0il-1,8-ODT mixture and irradiated with UV light. While the
surface roughness did not change significantly, hydrophobicity was greatly enhanced from
(62.7 = 2.9)° for a purely olive oil-coated paper to (120.7 = 2.1)° for papers covered with the

crosslinked coating.

Thus, thiol-ene photocrosslinking proved to be a successful approach for hydrophobizing paper

using olive oil without the use of solvents or subsequent derivatization steps.
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Abstract: Hydrophobic coatings are of utmost importance for many applications of paper-based
materials. However, to date, most coating methods demand vast amounts of chemicals and solvents.
Frequently, fossil-based coating materials are being used and multiple derivatization reactions are
often required to obtain desired performances. In this work, we present a solvent-free paper-coating
process, where olive oil as the main biogenic component is being used to obtain a hydrophobic
barrier on paper. UV-induced thiol-ene photocrosslinking of olive oil was pursued in a solvent-free
state at a wavelength of 254 nm without addition of photoinitiator. Optimum reaction conditions
were determined in advance using oleic acid as a model compound. Paper coatings based on olive
oil crosslinked by thiol-ene reaction reach water contact angles of up to 120°. By means of Fourier
transform infrared spectroscopy and differential scanning calorimetry, a successful reaction and the
formation of a polymer network within the coating can be proven. These results show that click-
chemistry strategies can be used to achieve hydrophobic polymeric paper coatings while keeping the
amount of non-biobased chemicals and reaction steps at a minimum.

Keywords: vegetable oil; coatings; paper; thiol-ene; hydrophobicity; barrier; food packaging

1. Introduction

Due to the increasing importance and demand of circular and sustainable materials,
paper has gained increased attention as a packaging and versatile light-weight construction
material. The advantages of paper in such applications include high specific mechanical
strength, the possibility to add further properties by simple coatings, the availability
from renewable resources, and finally technologically well-developed recycling processes.
However, with paper, some important challenges exist, such as a lack of protection against
water penetration and associated changes in dimension and strength, potential damages
by microorganisms, permeability to gases, absorption of odors, and sensitivity to abrasion
under continuous mechanical loads. While some of these challenges can be addressed
using functional additives already during paper sheet production, other aspects are tackled
by subsequent finishing of readily prepared paper.

There are already several reports addressing this highly complex set of demands
for paper applications. Some have focused on applying vegetable oil-based precursors
onto cellulosic materials using various methods for obtaining increased hydrophobicity.
For instance, cotton with low water absorbance and increased contact angle (up to 80°)
was obtained via deposition of soybean oil from an organic solvent followed by thermal
treatment [1]. In jute and sisal fibers coated with an emulsion of rice bran or neem oil
and a phenolic resin, transesterification reactions between the triglycerides and cellulose
were induced by thermal curing, resulting in increased hydrophobicity, tensile strength
and durability of the fibers [2]. Chemical reactions were employed for direct covalent
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attachment of fatty acids to cellulosic materials via transesterification reactions using
fatty acyl chlorides [3-5]. Ring-opening polymerization enabled crosslinking of epoxidized
soybean oil onto filter paper with the cellulose hydroxyl groups acting as initiators, resulting
in contact angles of up to 145° [6]. In a very interesting work, Onwukamike et al. directly
grafted sunflower oil onto cellulose without any supplementary activation or derivatization
steps using a 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)-CO; solvent system [7]. Samyn
et al. applied dispersions of different vegetable oils incorporated into poly(styrene-maleic
anhydride) particles onto paper and paperboard substrates, obtaining porous coatings
chemically stable against water and exhibiting static contact angles above 90° [8]. Entirely
new structures can be obtained by plasma treatment, which was used by Cabrales et al. to
graft oleic acid from ethanolic solution onto cotton fabric, obtaining contact angles above
150° with long-term stability [9].

Apart from covalent attachment to or physical deposition onto substrates, intensive
research has recently been focused on using fatty acids or vegetable oils as sustainable
resources for polymer production through crosslinking reactions [10-16]. Altuna et al.
produced a network from epoxidized soybean oil crosslinked with an aqueous citric acid
solution without the use of additional solvents or catalysts [17]. Wuzella et al. photocured
acrylated epoxidized linseed oil with three different photoinitiators using a polychromatic
ultraviolet (UV) lamp with a maximum light intensity at 365 nm, correlating resulting
properties to cure evolution and double bond conversion [18]. Wang et al. esterified castor
oil with 3-mercaptopropionic acid, which in the following allowed crosslinking of the
derivatized oil films deposited on glass substrates without further addition of solvent or
initiator using UV light [19].

To date, most of these strategies require various reaction steps, which again renders
them rather sophisticated. Hence, more simple one-step procedures are increasingly in
focus. An example for the latter is the well-known thiol-ene click reaction, as it can be
performed on unsaturated fatty acids and vegetable oils without further derivatization.
Thiol-ene reactions enjoy high popularity due to their good uniformity, controllability
and insensitivity towards oxygen inhibition [20]. Thiol-ene polymerizations proceed via
step-growth radical polymerization (Figure 1). The olefin structure has a decisive influence
on the kinetics and conversion rates. While terminal double bonds react rapidly and
quantitatively, internal enes react more slowly and without full conversion, which is due to
steric effects induced by 1,3 interactions of the substituents. Internal cis-configured double
bonds first isomerize to trans bonds in an insertion-isomerization—elimination process,
while in the following the thiyl radical adds on the trans-configured double bond [21]. The
rate-determining step of the thiol-ene-reaction is the hydrogen transfer from the thiol to the
carbon-centered radical leading to product formation [22].

Step 1: Addition + Isomerization
R R R R R
* RS. ——u-— \-€< —_— \:\Q+ R'S.
— SR’

Step 2: Hydrogen transfer | + R'SH

Figure 1. Propagation steps of the thiol-ene reaction, the first step including thiol addition via cis—
trans isomerization comprising an addition-isomerization—elimination process, the second step being
the rate-determining hydrogen abstraction from another thiol molecule.

Due to their good controllability and simplicity, thiol-ene reactions often serve for
introducing new, sometimes complex, functionalities into vegetable oils [23,24]. Several
authors made use of thiol-functionalized vegetable oils to produce organic-inorganic hy-
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brid crosslinked coatings for wood, paper and cotton textiles with (super-)hydrophobic or
flame-retardant properties [25-28]. Because of the high reaction rates for terminal olefins,
vegetable oils used as biobased materials for thiol-ene chemistry have frequently been
functionalized with terminal double bond-containing moieties (e.g., acrylates) to allow
for easier crosslinking [29-31]. Other research, however, has been directed towards pro-
ducing crosslinked networks directly from fatty acids or vegetable oils without additional
derivatization. Moser et al. synthesized linear aliphatic poly(thioether-esters) based on
fatty acids by connecting C10 fatty acids and alcohols via ester chemistry followed by
photoinitiator-catalyzed thiol-ene crosslinking at the unsaturated chain ends [32]. Samuels-
son et al. compared reactivities and reaction rates of two different trithiols with the olefinic
double bonds in methyl oleate and methyl linoleate in the presence of a photoinitiator.
They found that the addition to methyl oleate occurs more quickly, which was attributed to
higher cis-trans isomerization rates due to less restricted rotation, and higher reactivity of
the resulting trans unsaturation compared to cis unsaturation [33]. According to Bouaziz
et al., who monitored photopolymerization of olive oil with and without the presence of a
thiol crosslinker, under UV irradiation thiol-ene photocrosslinking occurs much faster than
oxopolymerization (under ambient air), enabling the formation of crosslinked films within
only 20 s [34]. Zhao et al. produced films from linseed oil applied onto glass and metal sub-
strates and photocrosslinked them with different thiols (both miscible and immiscible with
linseed oil). Interestingly, neither photoinitiator nor solvent were required for crosslinking
at irradiation wavelengths below 275 nm, with a ratio of 0.5 equivalents of thiol per double
bond being sufficient for successful crosslinking [35].

The latter examples in particular show that thiol-ene chemistry has been evolved to
produce networks from fatty acid or vegetable oil precursors without the use of solvents or
supplementary chemicals. To date, however, the focus was mostly on the organic reactions
themselves, while only in rare cases paper has been used as substrate. Coatings on paper
using fatty acids or vegetable oils without the use of further derivatization or supplementary
components and applying thiol-ene crosslinking reactions in solvent/catalyst-free states
have yet not been reported. The latter is of great interest as by such a strategy hydrophobic
surface properties can be implemented in paper with a high degree of sustainability.

Given this motivation, in this contribution, we focus on a fundamental understanding
of the thiol-ene crosslinking process and its applicability with respect to biobased paper
coatings. In a first step, oleic acid-based thiol-ene reactions will be examined as a model
system to establish suitable crosslinking parameters. In a second part of our presented
work, olive oil, containing primarily oleic acid chains, will be used to obtain polymeric
hydrophobic paper coatings, and the resulting surface properties will be analyzed.

2. Materials and Methods
2.1. Materials

1,8-Octanedithiol (1,8-ODT) (99%) was purchased from Acros Organics (Geel,
Belgium). Oleic acid (>99%) was obtained from Carl Roth (Karlsruhe, Germany). 1,1,1,3,3,3-
Hexamethyldisilazane (>98%) was obtained from Merck Schuchardt (Hohenbrunn, Germany),
and isopropanol and chloroform (>99%) from Fisher Scientific (Loughborough, UK).
Deuterated acetone (99.8%) was purchased from Deutero (Kastellaun, Germany). Olive oil
was purchased from Oelmuehle Solling (Boffzen, Germany).

2.2. Methods
2.2.1. Glass Wafer Hydrophobization

The glass substrate hydrophobization procedure was adapted from a procedure by
Xiao et al. [36]. Glass substrates were precleaned with dish soap and distilled water
followed by rinsing with isopropanol. Glass substrates were then cleaned in an ultrasonic
bath by immersion into isopropanol and chloroform (7.5 min each). They were then treated
by ultrasonication in a solution of 1,1,1,3,3,3-hexamethyldisilazane in chloroform (5 wt%)
(15 min).
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2.2.2. Paper Making

Paper sheets with a grammage of 100 g/m? were produced from aqueous cotton linters
dispersion (2.2 wt%) using a HAAGE sheet former BBS (Haage, Peissenberg, Germany),
compliant with DIN EN ISO 52692. Prior to sheet forming, the cotton linters dispersion
was diluted to 0.16 wt% and stirred for 30 min to avoid entanglement of the long cotton
linter fibers and obtain homogeneous paper sheets. After drying at 93 °C under reduced
pressure for 10 min, grammage was determined by the bone dried paper weight. Papers
were stored at norm climate conditions (23 °C, 50% relative humidity) at least for another
24 h prior to further use. This equilibration procedure is important for paper sheets to reach
equilibrium water content in the sheet at the given norm climate condition.

2.2.3. Coating Preparation and Crosslinking

Coatings were prepared by mixing oleic acid (10.0 g, 35.4 mmol) with 1,8-ODT (3.16 g,
17.7 mmol, 0.5 eq., corresponding to a stoichiometric C=C to SH ratio) and stirring for
30 min. Similarly, olive oil coatings were prepared from olive oil (12.0 g, 8.68 mmol)
and 1,8-ODT (2.37 g, 13.2 mmol, 1.5 eq., corresponding to a stoichiometric C=C to SH
ratio). Glass substrates and paper substrates used for reaction progress monitoring were
coated via dip coating (home-built device) with a withdrawal speed of 2 mm/s. Paper
substrates for surface analytics were impregnated with a Mathis SP 6513 size press (Mathis,
Oberhasli, Switzerland) at 2 m/min speed and 0.5 bar, resulting in a final oil pick-up
of (50.9 & 0.8) wt%. UV crosslinking was performed in a Bio-Link 254 (Vilber Lourmat,
Eberhardzell, Germany) at 254 nm wavelength and an irradiation dose of 20 ] /cm?. Samples
were stored overnight at ambient conditions before further analytics to ensure uniform
reaction completion.

2.2.4. TH-NMR Spectroscopy

NMR measurements were conducted on a Bruker DRX 500 NMR spectrometer at
500 MHz, apart from measurements shown in the supporting information, which were
performed on a Bruker Avance II NMR spectrometer at 300 MHz (Bruker BioSpin GmbH,
Rheinstetten, Germany). Crosslinked samples were removed from the glass substrate.
Samples were dissolved in deuterated acetone. Chemical shifts were calibrated to the
deuterated solvent signal. Data processing was performed using MestReNova 11.0 software
(Mestrelab Research S. L., Santiago de Compostela, Spain). Double bond conversions were
calculated from the mean values of integrals at = 0.88 ppm (m, 3H, CH3) and 6 = 5.39 ppm
(m, 2H, CH=CH), integrated from three different samples. Errors were calculated from
standard deviations.

2.2.5. FTIR Spectroscopy

FTIR measurements were performed on Perkin Elmer Spectrum One FTIR spectrome-
ter (PerkinElmer Instruments, Waltham, USA) in the spectral region of 650 to 4000 cm ™!,
using 4 scans with a nominal resolution of 4 cm~!. Spectra were recorded directly from the
paper substrate or from coating material removed from the glass substrate. Data processing
and background correction were performed using PerkinElmer Spectrum software.

2.2.6. DSC Measurement

For DSC measurements, sample material was removed from the glass substrate and
placed into 40 pL aluminum crucibles closed with a perforated lid. DSC measurements
were performed using a Mettler Toledo DSC 3 apparatus (Mettler Toledo, Giefsen, Germany)
and data evaluation was performed using STARe software. Two heating cycles were carried
out under nitrogen atmosphere in a temperature range between —75 °C and 150 °C at
a heating and cooling rate of 10 K/min, with the second heating cycle being used for
data evaluation.
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2.2.7. Contact Angle Measurement

Coated paper samples were stored at norm climate conditions for at least 24 h prior
to contact angle measurement. Static contact angle measurements were performed using
a Dataphysics OCA35 device (Dataphysics, Filderstadt, Germany) at standard climate
conditions with 2 puL droplets of ultrapure water (Milli-Q-, Advantage A10, Millipak
Express 20, (Merck Millipore, Billerica, MA, USA)). Drop shape fittings were performed
using Dataphysics SCA20 software and applying the Young-Laplace fitting mode. A total
of 10 measurements were performed for mean value determination for each sample, with a
total of 3 samples per data point. Time-dependent contact angles were determined for a
total of five measurements. Errors were calculated from the standard deviation from the
mean for each sample followed by Gaussian error propagation.

2.2.8. Surface Roughness Measurements

Tactile profilometry was performed on a DektakXT stylus profiler by Bruker (Bruker
Nano Surfaces Business, Tucson, AZ, USA) with a 2.5 um-diameter stylus and a stylus
force of 3 mg. Measurements were performed over a z-scan range of 65.5 um, a length of
1000 pm and a resolution of 0.111 pm/pt. A total of 10 measurements were performed
per sample in two perpendicular directions to exclude any potential effects caused by
sample preparation. Roughness parameters R,, Rq and R, were calculated by the software
according to ISO 4287 standard. Three samples were measured in total, with the mean value
and the standard deviation from the mean being determined for each sample, followed by
Gaussian error propagation to determine the overall error.

Optical profilometry was performed on a Sensofar PLu neox optical profiler (Sensofar-Tech,
Terrassa, Spain) using a Nikon EPI 20 objective, a 850.08 x 709.35 pm scan area, a resolu-
tion of 0.69 um/pixel, a z-scan range of 160 um and 3 images per measurement. Surface
roughness parameters S,, Sq and S, were determined according to ISO 25178 standard. A
total of 5 measurements were taken per sample for a total of 3 samples. The mean value
and the standard deviation from the mean were determined for each sample, resulting from
which the overall mean value and error, using Gaussian error propagation, were calculated.

2.2.9. Optical Microscopy

Images of paper samples were obtained with a Keyence digital microscope VHX-1000
(Keyence GmbH, Neu-Isenburg, Germany) equipped with an objective VH-Z250R. Depend-
ing on the reflectivity of the specimens, a selection was made between the ring light and
coaxial light modes as optimal illumination.

2.2.10. SEM

For SEM measurements, samples were sputtercoated with a Pd/Pt (20/80) layer of
10 nm thickness using a Cressington Turbo 208HR sputter coater (Tescan GmbH, Dortmund,
Germany). Measurements were performed on a Philips XL 30 FEG scanning electron
microscope at 2 kV beam voltage, 66 A current and 250 x magnification.

3. Results and Discussion

In a first step, the crosslinking efficiency of dithiol linking agent 1,8-octanedithiol
(1,8-ODT) for fatty acid chains was examined. Oleic acid, being the most common monoun-
saturated fatty acid, was chosen as a model compound, as it can at maximum form dimers
when undergoing thiol-ene reactions with dithiols. This enables monitoring effects such
as double bond conversion while retaining access to a higher range of analytical methods
due to maintaining the solubility of the resulting compounds. The model system of oleic
acid and 1,8-ODT helped to determine suitable crosslinking conditions and highlighted the
significance of the thiol-component as compared to using the pure monomer at identical
conditions. Secondly, the crosslinking of olive oil, a vegetable oil containing mainly oleic
acid triglycerides, with 1,8-ODT was examined. The coating was applied to handsheets
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made from cotton linter fibers and the resulting surface morphology and water contact
angles were analyzed.

1,8-ODT was chosen as thiol for its good miscibility with both oleic acid and olive
oil, contrary to various commercially available tri- and tetrathiols used in preliminary
experiments, while still allowing for network formation when combined with olive oil. A
stoichiometric ratio of thiol functionalities to double bonds was used to ensure maximum
double bond conversion. Preliminary experiments have shown that 254 nm is a suitable
irradiation wavelength for crosslinking without requiring the use of curing agents or
solvents, in accordance with observations made by Zhao et al. [35].

In the first part, a mixture of oleic acid and 1,8-ODT was applied onto both glass
substrates and cotton linters paper and photocrosslinked at varying irradiation intensities
(Figure 2a) in order to examine optimum reaction conditions and analyze the thiol-ene
reaction process in detail.

'H-NMR spectroscopy (Figure 2b) allowed the quantitative examination of the double
bond conversion during irradiation, as the integral associated to the two olefinic protons at
5.29-5.47 ppm decreases relative to the integral associated to the terminal methyl group
at 0.80-0.92 ppm following double bond conversion. Further, the isomerization from
cis double bonds (centered at 5.35 ppm), primarily present in oleic acid, to trans double
bonds (centered at 5.41 ppm) can be observed as described in the literature. The latter
is caused by reversible addition of thiol radicals to the double bond and results in the
majority of non-reacted double bonds showing trans character [21-23]. 'H-NMR spectra of
coatings deposited on glass substrates showed increasing double bond conversion with
irradiation intensity, reaching a maximum of (85.2 & 1.2)% at an irradiation intensity of
20 J/em? without significant changes at higher irradiation doses (Figure 2c), indicating
that with this energy input, almost all accessible double bonds have reacted and no further
crosslinking occurs at higher irradiation doses. Water contact angle (WCA) measurements
of coatings deposited on cotton linters paper show similar behavior, with an augmentation
of WCA values from (72.8 £ 2.5)° at 5]/cm? to (80.2 & 1.8)° at 20 J/cm? and insignificant
increase at higher irradiation intensities (Figure 2d). This confirms the results obtained by
'H-NMR spectroscopy and indicates that the main part of the reaction including a rise of
the fluid’s viscosity takes place until this point. A value of 20 J/cm? was therefore selected
as irradiation intensity for all future experiments.

FTIR spectroscopy was used to qualitatively assess the thiol-ene reaction (Figure 3a).
The bands of main interest (Table S1) are those characterizing the double bonds, in par-
ticular the C=Cs stretching mode at 3009 cm~ !, which disappears after the thiol-ene
reaction, as well as the newly appearing C=Cirans bending mode at 967 cm~! caused by
cis—trans isomerization during the reaction, and the disappearing C=C; bending modes
at 722 cm~1,934 cm~! and 1412 cm~! [23,37]. A low amount of conjugated C=C bonds is
also observed for the crosslinked sample at 998 cm 1 [33]. Theoretically, the observation of
the diminishing S-H bond and forming C-S bond could also be expected, but can in reality
not be observed due to its low intensity [23].

Comparison of the FTIR spectra of coated cotton linters paper before and after Soxhlet
extraction shows that the coating was not covalently bound to the paper sheet. (Figure 3b).
After extraction no signals are present that can be assigned to oleic acid. The latter is not
unexpected as there are no double bonds in the pure cotton linters paper that would allow
for direct reaction and the dimers are most likely too small to physically anchor in the paper
fiber network.

The decisive relevance of the thiol as radical initiator for the oleic acid double bond
conversion was also proven, as pure oleic acid coatings on glass submitted to the same
irradiation conditions showed only (2.2 & 0.5)% double bond conversion as opposed to
(82.5 £ 1.2)% for the mixture. This confirms that oxidation reactions with air oxygen
radicals play no significant role during the irradiation process, but may occur to a very
low degree, as previously described by Zhao et al. [35]. Corresponding observations were
made during WCA measurements of pure oleic acid coatings on linters paper, with a



Polymers 2022, 14, 1773

7 of 13

slight contact angle increase from (22.9 & 3.0)° for untreated paper coatings to (41.3 £ 1.9)°
after UV treatment, whilst a significant increase into the almost hydrophobic range at
(80.2 £ 1.8)° took place after and due to UV treatment of the oleic acid/thiol mixture
coating. Performing the photoinitiated thiol-ene reaction between oleic acid and 1,8-ODT
allowed using a simple scaffold for determining suitable reaction conditions and ruling out
significant environmental influences on the reaction.
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Figure 2. (a) Reaction scheme for crosslinking oleic acid with 1,8-octanedithiol and coating application;
(b) TH-NMR spectrum for untreated and crosslinked reactant mixtures as basis for calculating the
double bond conversion; (¢) double bond conversions at different irradiation intensities; (d) water
contact angles on paper correlating to different irradiation intensities.
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Figure 3. (a) FTIR spectra of pure oleic acid, the untreated oleic acid /thiol mixture and the crosslinked
coating highlighting the transformations characterized by double bond conversion; (b) FTIR spectra
of uncoated cotton linters paper, cotton linters paper coated with crosslinked oleic acid /thiol mixture
and the same after Soxhlet extraction show that the coating is not permanently linked to substrate.

The resulting knowledge was used in a second step for producing crosslinked polymer
networks based on olive oil and 1,8-ODT and examining the surface properties of such
coatings applied to cotton linters sheets (Figure 4a).
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Figure 4. (a) Reaction scheme for thiol-ene reaction of olive oil with 1,8-ODT; (b) comparison of the
FTIR spectra of fresh olive oil, the untreated olive 0il/1,8-ODT mixture and the crosslinked mixture;
(c) DSC curves of the olive 0il/1,8-ODT mixture before and after crosslinking with different UV
intensities showing decreasing integrals for the combined melting transitions.
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'H-NMR spectroscopy (Figure S1) revealed the olive oil batch used contained
3.03 C=C double bonds per triglyceride, as calculated from olefinic and methyl proton
signal integrals, and thereby allowed calculation of the required amount of thiol to obtain a
precise stoichiometric functionality ratio.

Following UV irradiation, the resulting coatings on glass substrates proved insoluble
in a wide range of organic solvents, so successful network formation can be assumed.
Qualitative proof of thiol-ene reaction is given by FTIR spectra (Figure 4b) of the crosslinked
coating after removal from the glass substrate, as compared to pure olive oil and to the
untreated olive oil/thiol mixture, showing the disappearance of the C=C band at 3005 cm ™!
as well as trans bond formation caused by reversible thiol addition at 967 cm~!. DSC
measurements (Figure 4c) equally point towards a successful crosslinking reaction. The
thermograms show the melting peak of the untreated olive o0il/thiol mixture at —10 °C
prior to the crosslinking reaction. This very sharp peak represents the structurally uniform
olive oil triglycerides with their rather defined melting temperature, as 1,8-ODT shows
no thermal transition in the examined temperature range. After crosslinking, a strong
broadening of the melting peak is observed combined with a slight shift of the maximum
to —7 °C, while a second melting transition at 10-11 °C becomes visible. These changes
originate from the formation of triglyceride dimers and oligomers not yet integrated into the
polymeric network. The peak intensity and sum of the integrals of both melting transitions
decreases with increasing irradiation intensity from —69 J/g for the untreated mixture to
—19]/g after 20 J/cm? UV treatment. The decreasing integral proves that the amount of
liquid low molecular weight monomer and oligomer molecules decreases. More and more
olive oil molecules become integrated into the solidified crosslinked polymer network,
which accordingly does not have a melting point. The main part of the reaction occurs
already after submission to very low irradiation intensities below 5 J/cm?, as indicated
by the melting transition integral, which shows the strongest decrease in that area. This
corresponds to the observation made during 'H-NMR analysis of the oleic acid-based
model system. Reference experiments of UV treatment of pure olive o0il confirmed the
necessity of thiol presence for successful double bond consumption reactions as equally
observed in the case of oleic acid.

Following the chemical characterization, the surface properties of olive oil/1,8-ODT
coatings applied onto cotton linters sheets using size pressing were examined. Optical
microscopy (Figure 5a,d) and scanning electron microscopy (SEM, Figure 5b,e) allowed
comparison of the sheet surface before and after coating. For uncoated cotton linters paper,
individual fibers and the characteristic porous structures of the paper sheet are clearly
visible and well defined both in optical microscopy and SEM, respectively. Imaging of the
coated samples shows complete coverage of individual fibers with coating material, and
levelling out of the entire substrate surface due to pore filling. The optical profilometry
images (Figure 5¢,f) show that although the fiber structure gets less distinct, the overall
maxima and minima do not significantly change. Measuring roughness parameters using
both tactile and optical profilometry showed that interestingly, there was no significant
difference between coated and uncoated substrates, with an average roughness (R,) of
approximately 6 pm, a root mean square roughness (Rq) of approximately 8 pum and a
z-scale roughness (R;) of approximately 40 um. The surface roughness parameters (S,, Sq
and S;) were generally slightly higher, with the most prominent difference in the z-scale area
roughness that amounts to approximately 125 um (Table 1) due to the inherent roughness
of the paper surface.

Static water contact angle measurements were performed in sessile drop configuration
both on coated hydrophobized glass and cotton linters paper (Figure 6). Due to the
high hydrophilicity and porosity of uncoated cotton linters paper, the water droplet is
immediately absorbed and does not allow for contact angle investigation. Although coating
with olive o0il and crosslinking already lead to a significant increase in contact angles,
hydrophobicity was only observed after coating with and crosslinking of the thiol-oil
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mixture, with the contact angle finally increasing to approximately 120°. The contact angle
remained stable for at least two minutes, showing good absorption inhibition (Figure S2).

Cotton linters paper, £}
no coating

Cotton linters paper,
crosslinked coating

A
N e
¢

T

B8 mmnan :\',:

Figure 5. Surface characterization of uncoated (a—c) cotton linters paper and (d-f) cotton linters paper
coated with olive 0il/1,8-ODT using (a,d) optical microscopy, (b,e) SEM and (c,f) optical profilometry.

Table 1. Roughness parameters determined from tactile profilometry (profile roughness values) and
optical profilometry (surface roughness values).

R, (um)  Rq (um) R; (um) Sa (um) Sq (um) Sz (um)

Cotton linters
paper, uncoated
Cotton linters

paper, olive 61+06 78+08 408+55 6.8+06 9.3+1.0 126.3 +10.8

oil coating

63+£07 8009 398+48 76+£06 100£0.7 1242+120
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Figure 6. Static water contact angles (sessile drop) measured on (a) cotton linters paper coated with
pure olive oil; (b) cotton linters paper coated with pure olive oil and submitted to UV irradiation;
(c) cotton linters paper coated with the olive oil/thiol mixture and submitted to UV crosslinking;
(d) glass coated with the olive oil/thiol mixture and submitted to UV crosslinking as a smooth
reference substrate for comparison.

As a smooth reference substrate, coated glass showed a contact angle increase from
(82.5 £ 1.1)° to (112.5 & 3.5)°. This is significantly higher than for instance the contact angle
below 90° observed for a crosslinked glass coating based on tung oil and a dithiolated
isosorbide [38]. However, the superhydrophobic contact angles, approximately 160°,
observed for hybrid organic-inorganic coatings are far from being attainable [25]. Covalent
attachment of fatty acids or oils onto cellulosic substrates lead to similar or lower contact
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angles, with the exception being the metathesis polymerization resulting in contact angles
of up to 145° [1,3-6].

As the surface roughness did not change significantly after coating, the increase
in hydrophobicity can be attributed solely to the modification of the cellulose surface
chemistry by thiol-ene photocrosslinking. These results clearly demonstrate the potential
of polymer networks based on vegetable oils for use in hydrophobic paper coatings.

4. Conclusions and Outlook

Our report shows that it is possible to generate hydrophobic barriers on paper by
applying a coating based on natural olive oil and a dithiol followed by UV-induced pho-
tocrosslinking polymerization in bulk without prior derivatization of any of the components
nor the addition of a photoinitiator. The latter conclusions have been drawn from model
studies using 1,8-octanedithiol as crosslinker for the natural oil. Crosslinking of the olive
oil results in smooth films that exhibit contact angles well above 100° and therefore show
water-repellent properties.

Avoiding the use of solvents and photoinitiators allows reducing the consumption
of supplementary chemicals to an absolute minimum. Yet in our model studies, the
crosslinker is not a biobased precursor. In upcoming steps, the latter will be replaced by
natural, ideally low-odor or odorless, biogenic thiols. In addition, future steps will also
account for investigations into material-efficient applications, barrier properties, ageing
effects, recyclability and biodegradability, in order to assess a possible transfer of these
model barrier films into barriers useful for packaging or construction materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14091773/s1, Table S1: Attribution of IR spectral bands of
oleic acid/thiol mixture to functional groups; Figure S1: 'H-NMR spectrum of olive oil; Figure S2: Time-
dependent evolution of contact angles on cotton linters paper coated with crosslinked olive oil/1,8-
ODT mixture.
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5.2. Covalently attached hydrophobic vegetable oil-based paper coatings through
thermal treatment

Well-established strategies for covalent attachment of hydrophobization agents to paper have
been used at industrial scale for many decades. The most prominent materials used therein are
alkyl ketene dimer and alkenyl succinic anhydride, which feature fatty acid chains as
characteristic hydrophobic moiety. However, their raw materials mostly originate from fossil-
based resources. Covalent attachment of fully biobased hydrophobizing agents, like vegetable

oils, to paper, however remains a challenge.

A system where the interaction of vegetable oils and paper has been well-examined are
transformers, which use paper as insulation and vegetable oil as insulation and coolant.”"]
During prolonged use in transformers, paper and oil undergo transesterification reactions,
whereby fatty acids are covalently attached to the cellulose. These processes have also been
simulated through long-term immersion of paper into vegetable oils at elevated
temperatures.'’”"'?l Beyond that, vegetable oil has previously proven favorable for enhancing
cotton fabric hydrophobicity.!'”?! Hence, this section aims at exploring the possibility to
hydrophobize vegetable oil-coated paper through simple exposure to high temperature and at
understanding the mechanisms thereof. Besides, the changes taking place in coated papers both
at elevated and room temperature are of crucial importance with respect to long-term stability

of such coatings.

Samples were prepared by dip coating cotton linter laboratory handsheets into olive oil and
subsequent storage under defined conditions (at 70 °C or under norm climate or under argon
at room temperature) for four weeks followed by Soxhlet extraction. The papers were analyzed

both prior to and after extraction, as was the extracted oil.

While freshly olive oil-coated papers only showed a WCA of 66°, the WCA increased to 97° after
storage at 70 °C for four weeks. Soxhlet extraction even resulted in a WCA of 138°, indicating
covalent attachment of the oil onto cellulose. This assumption was supported by ATR-FTIR
spectra weakly depicting the carbonyl band at 1736 cm™, which hinted at the presence of an
ester bond that was neither observed on uncoated nor on freshly coated and extracted paper.
Further proof was delivered through fluorescence imaging, where coated, extracted paper
showed fluorescence of a fat-selective dye after staining, which indicated oil presence and was

not at all detected on a stained uncoated paper.

In order to understand the aging processes in olive oil, to which both temperature and oxygen
accessibility contribute, the storage of the olive oil coated papers for four weeks at 70 °C was
compared to storage at norm climate or under argon. While the papers’ WCAs increased after

storage at all conditions, the highest values were obtained for storage at 70 °C. Further, water
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droplet absorption times increased from 6 s for freshly coated paper to 11 s for paper stored
under argon, to 35 s for paper stored at norm climate and to 240 s for paper stored at 70 °C.
Surface roughness measurements showed that these differences were not due to a change in
wetting regime, as the surface roughness did not change significantly during storage at any
examined condition. It was instead dominated by the intrinsic paper roughness. Confocal laser
scanning microscopy (CLSM) of coated papers, stained with a cellulose-selective and an oil-
selective staining agent, showed a comparative increase in the cellulose staining agent’s
fluorescence intensity, which possibly indicated oil migration from the surface of the fiber into

the fiber wall.

Chemical analytics provided various clues that finally enabled an insight into processes taking
place in the olive oil coating itself during aging. For instance, 'H-NMR spectra of oil coatings
stored at 70 °C showed a decrease in integrals of all hydrogens in close vicinity to carbon-carbon
double bonds, indicating the consumption of the latter, while the integrals of aliphatic
hydrogens and those neighboring ester groups increased. These changes were observed to a
very small extent after storage at norm climate and not at all after storage under argon. Size
exclusion chromatography (SEC) revealed an increase in low molecular weight fractions for all
storage methods and of high molecular weight fractions for storage at 70 °C, as well as to a very
small extent after storage at norm climate. ATR-FTIR spectra showed the disappearance of the
=Ceis—H bond at 3005 cm™ and formation of a C=Qacia shoulder at 1709 cm™ after storage at
70 °C, but no such modification for storage at room temperature. DSC cooling curves evidenced
no changes after storage under argon. Yet, after storage at room temperature, the characteristic
crystallization peak of unsaturated triacylglycerols was replaced by an extended crystallization
range, which shifted to higher temperatures after storage at 70 °C. Further, a decrease in
crystallization enthalpy reflected the hindrance in crystallization through smaller or larger

molecules.

Together, chemical and morphological analytics permitted drawing conclusions on the aging
processes of olive oil coated paper stored under different conditions. No chemical or
morphological changes were observed after storage under argon, making the slight WCA
increase the exclusive product of coating penetration into the paper. Thus, oxygen accessibility
was found to be strictly necessary for chemical aging reactions that led to significant
hydrophobization. Oxidation reactions occurred to a low extent during storage at norm climate
and led to the formation of a small number of species with higher and lower molecular weight
than the original olive oil. These inhibit crystallization, but are not evident in less sensitive
characterization methods such as ATR-FTIR spectroscopy. However, after storage at 70 °C, the

full consumption of the carbon-carbon double bond, as well as the products of these oxidation,
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di- and oligomerization or crosslinking processes were clearly visible across the selected
analytical methods. In addition, an interplay of heat and paper-intrinsic moisture led to
transesterification reactions liberating fatty acids that became covalently attached to the

cellulose and thus caused permanent hydrophobization.

Finally, different storage times were examined to improve understanding of the time scales at
which the observed changes took place. Water droplet absorption times increased with storage
time both at norm climate and at 70 °C, accompanied by an increase in oxidized species content,
displayed through DSC curves. However, water repellency developed more slowly when papers
were stored at norm climate. Therein, a paper storage time of three months resulted in a water
droplet absorption time around 100 s, which was also reached after one week of paper storage
at 70 °C. The latter paper showed a stable WCA around 130° after Soxhlet extraction, thus
achieving similar properties as the paper stored for four weeks and showing the potential of
good paper hydrophobization through extremely low amounts of covalently attached vegetable

oil.
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Abstract: Enhancing paper hydrophobicity is of key importance for many paper-based applications.
Fatty acids or vegetable oils and their derivatives replace environmentally harmful conventional
coating materials but still require challenging chemical reactions for covalent attachment onto paper.
Here, we show that simple storage of olive oil-coated cotton linter paper at 70 °C and subsequent
Soxhlet extraction is able to endow paper with hydrophobic properties, reaching water contact angles
above 130°. In-depth chemical and morphological analytics show the relevance of temperature and
air accessibility during the aging process compared with aging at ambient temperature and under the
exclusion of oxygen, underlining the importance of assessing a coating’s long-term performance and
stability under diverse storage conditions. Simple storage of vegetable oil-coated paper at elevated
temperatures followed by extraction proves to be an easy way to produce stable covalently attached
hydrophobic paper coatings with exceptionally low coating amounts.

Keywords: aging; dip coating; hydrophobicity; olive oil; paper; water contact angle

1. Introduction

In view of the global challenge to reduce consumption of fossil-based resources, plant-
based materials have shifted into focus, e.g., for the application of (super)hydrophobic
paper coatings. (Super)hydrophobic coatings are required in manifold applications such as
packaging, biosensing, textiles and membranes. As such, fatty acids and plant-based oils
have shown great potential for improving surface hydrophobicity [1]. Fatty acid-derivative-
based hydrophobization approaches for cellulosic materials include esterification reactions
based on fatty acyl chlorides such as stearoyl chloride, oleoyl chloride and palmitoyl chlo-
ride [2-4], which even give access to superhydrophobic coatings [5-7]. Transesterification
can also be performed under supercritical solvent conditions, e.g., using sunflower oil [8].
Further approaches include grafting processes such as ring-opening polymerization [9],
crosslinking processes [10-12], plasma polymerization [13] or application as part of hybrid
organic nanoparticles [14] using a large variety of oils such as derivatives of soybean, castor,
chia oil and olive oil. A simple process of immersing cotton substrates in organic solutions
of soybean oil and subsequent heating to 120 °C for 1 h followed by acetone rinsing im-
parted water contact angles (WCAs) of up to 80°, while fully hydrophobic properties could
not be achieved despite the use of a rather rough substrate [15].

In consideration of their importance in food industry, the aging process of fatty acids
and vegetable oils has been extensively examined [16-22]. It is well known that vegetable
oils undergo oxidation and hydrolysis processes during storage and that air accessibility,
light exposure and high temperature accelerate this process [16-18]. Oxidation processes are
induced by radical mechanisms wherein initially, a hydrogen radical is abstracted from the
vicinity of a C=C double bond [23,24]. Concurrently, hydrolysis leads to the liberation of free
fatty acids that in turn autocatalyze hydrolytic reactions [23-25]. Aging processes in paper
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equally have been extensively examined and reviewed [26], but the work focused on the
aging of the fibers rather than the coatings. To the best of our knowledge, the only research
conducted on the aging of paper in combination with vegetable oils so far has focused on
cellulosic materials used as insulators in transformers [24,27-30]. In this context, cellulosic
materials, such as pressboard immersed in vegetable o0il, were found to depolymerize
during aging due to the presence and liberation of water, as indicated by an increase in
2-furfuraldehyde content [23,24,31]. The vegetable oil showed hydrolysis, oxidation and
oxidative polymerization processes, resulting in increased viscosity and increased acid
number that can, among others, be attributed to ester scission and polymerization [23,30].
Finally, a transesterification reaction occurs, in which free fatty acids formed as hydrolysis
products react with cellulosic hydroxyl groups to form covalent ester bonds [24,29,32].

Not only the processes required to produce (super)hydrophobic paper coatings are still
relatively complicated, but especially, the modifications occurring in coatings subjected to
thermal stress or aging processes are still poorly understood—despite their relevance with
respect to long-term performance and stability. In this work, we show that it is possible
to obtain hydrophobic coatings with WCAs above 130° through the simple process of
thermal storage of olive oil-coated paper followed by Soxhlet extraction. To elucidate the
underlying mechanisms, we further examine aging processes at norm climate and under
argon for comparison using chemical and surface analytics.

2. Materials and Methods
2.1. Materials

Olive oil was purchased from Oehlmuehle Solling (Boffzen, Germany) and determined
to contain 77% oleic acid, 13% palmitic acid and 5% linoleic acid as well as some minor
component fatty acids by GC-MS/FID (for the procedure, see Supplementary Information).
Acetone and ethanol (analytical grade) were purchased from Merck (Darmstadt, Germany),
Fluorescent Brightener 28 (Calcofluor White) from Sigma-Aldrich (St. Louis, MO, USA),
Sudan III powder (dye content >75%) from Carl Roth (Karlsruhe, Germany) and Sudan
III staining solution (2.5 g/L in ethanol (99.0%, denatured)) from Morphisto (Offenbach,
Germany). Argon (99.999%) was obtained from Westfalen (Muenster, Germany).

2.2. Methods

e  Cotton linter handsheet production

Cotton linter laboratory handsheets (100 g/m?) were produced from aqueous cotton
linter dispersion (2.2 wt%, diluted to 0.16 wt%) after stirring for 30 min to avoid fiber
entanglement. Sheets were formed on a Haage sheet-former BBS (Haage, Preissenberg,
Germany) in accordance with ISO 5269-2 [33]. The sheets were dried under reduced
pressure (93 °C, 10 min), and sheet grammage was determined by bone-dried paper weight.
To allow for the papers to reach equilibrium water content, the sheets were stored at norm
climate conditions (23 °C, 50% relative humidity) for 24 h before use.

e Coating preparation and aging

Cotton linter handsheets were cut into stripes of 7.5 x 2.5 cm and dip-coated with
olive oil on a custom-built device at a withdrawal speed of 2 mm/s.

For aging experiments performed at norm climate, samples were stored in an open
Petri dish under controlled climate (23 °C, 50% relative humidity). For thermal aging,
samples were stored in an open petri dish at 70 °C in a Heraeus function line T12 incubator
(Heraeus, Hanau, Germany). For aging under argon, samples were stored in Schlenk vials
from which air was removed by triple application of vacuum to 10~2 mbar followed by
argon purging. The storage time was 4 weeks unless stated otherwise.

Soxhlet extractions were performed with acetone (300 mL) for 6 h.

e  Staining with Calcofluor White and Sudan III

To examine the coating penetration into the paper during aging using confocal laser
scanning microscopy (CLSM), the cotton linter papers were first immersed into an aqueous
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Calcofluor White solution (100 1M, 15 min), after which excess dye was removed by gentle
shaking in distilled HyO (15 min). The stained papers were dried under reduced pressure
at (40 °C, 1.5 h). The papers were then dip-coated with olive oil, which was mixed with
Sudan III (25 pg/g oil) for staining.

For the fluorescence imaging of the extracted papers, Calcofluor White staining was
performed as described. For Sudan III staining, the papers were first immersed in ethanol
(10 s) and then immersed in an alcoholic Sudan III solution (10 vol% in ethanol, 5 min),
after which excess dye was removed by gentle stirring in ethanol (3, 15 min). The stained
papers were dried under reduced pressure (40 °C, 1.5 h). Reference papers were equally
extracted prior to staining.

e  Attenuated total reflectance-Fourier transformation infrared (ATR-FTIR) spectroscopy

ATR-FTIR spectra were recorded with a Spectrum 3 spectrometer (PerkinElmer,
Waltham, MA, USA) between 4000 cm~! and 650 cm ™! at a nominal resolution of 4 cm ™!
and 10 scans directly on the paper substrate. Background correction was performed using
Spectrum software (Version 10.7.2).

e  Confocal laser scanning microscopy (CLSM)

CLSM images were taken on a Leica TCS SP8 microscope (Leica Microsystems,
Mannheim, Germany) with an HC PL APO CS2 20x /0.75 DRY objective. The samples
were fixed in the sample holder without the use of coverslips and marked to reproduce the
measurement position before and after aging. CFW fluorescence was excited at 405 nm,
and emission was detected between 424 nm and 496 nm. Sudan III fluorescence was excited
in a separate channel at 552 nm, and emission was detected between 561 nm and 681 nm.
At each marked position, 3D image stacks were recorded with a plane-to-plane distance
of 2 um to capture the entire depth of said position. For presentation, maximum intensity
projections were generated from the 3D stacks using Image]2 (Version 1.54b) [34].

e Differential scanning calorimetry (DSC)

DSC curves were measured both on coated paper and extracted oils using a Mettler
Toledo DSC 3 calorimeter (Mettler Toledo, Giefsen, Germany), and the data was evaluated
using STARe software (Version 16.30a). Two cooling and heating cycles from 25 °C to
—90 °C, and vice versa, were carried out at a cooling and heating rate of 5 K/min under
nitrogen atmosphere (30 mL/min). The second cooling cycle was used for data evaluation.
Crystallization enthalpies were determined for olive oil extracted from paper from the
integral between —60 °C and —10 °C (5 °C for the thermally aged sample).

e  Fluorescence imaging

Fluorescence images were recorded on a Vilber Fusion FX7 Edge Imager (Vilber,
Eberhardzell, Germany) using (365 & 20) nm and (530 £ 20) nm illumination combined
with UV and orange emission filters, respectively. Due to its low depth discrimination (in
contrast to CLSM imaging), this device is well suited to compare the emission intensities
between samples.

e 'H-Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were measured on a Bruker Avance II NMR spectrometer at 300 MHz,
(Bruker BioSpin GmbH, Rheinstetten, Germany) in deuterated chloroform. Chemical shifts
were calibrated to the deuterated solvent signal. MestReNova 11.0 software (Mestrelab
Research S. L., Santiago de Compostela, Spain) was used to process the spectra.

e  Optical profilometry

Surface roughness data was obtained by optical profilometry using a Sensofar PLu
neox optical profiler (Sensofar-Tech, Terrassa, Spain) equipped with a Nikon EPI 20 x
objective ((850.08 x 709.35) um scan area, 0.69 um/pixel) using a 140 pm z-scan range.
Measurements were repeated in triplicate, and surface roughness parameters S,, Sq and S,
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were determined according to ISO 25178 [35]. Errors were calculated based on the standard
deviation of the mean.

e  Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) was performed using an Agilent Technologies
system (Agilent Technologies, Santa Clara, CA, USA) equipped with an Agilent Technolo-
gies 1260 Infinity II G7129A autosampler, an Agilent Technologies 1260 Infinity I G7110B
pump, an Agilent Technologies 1260 Infinity G1362A RI detector and a HP 1050 series UV
detector and a PSS SDV 5 pm column. THF was used as a mobile phase at a flow rate of
1 mL/min and with an analyte concentration of (1.5-2) g/L.

e  Water contact angle measurement

The coated papers were stored at norm climate conditions overnight before water
contact angle measurements. Contact angles were measured on a Dataphysics OCA35
device (Dataphysics, Filderstadt, Germany) at norm climate conditions using the sessile
drop method with 2 uL droplets of ultrapure water. Drop shape fittings were performed
using Dataphysics SCA20 software and applying the Young-Laplace fitting mode. In-
dividual data points were based on five different measurements, while time-dependent
measurement series were repeated in triplicate. Advancing and receding contact angles
were calculated as mean values of water contact angles measured during an increase of
a 2 uL droplet by 10 uL at a speed of 1 pL/s and the subsequent decrease in that same
droplet with the same parameters, also performed in triplicate. Errors were calculated from
the standard deviation of the mean.

3. Results

In this work, we applied olive oil onto cotton linter laboratory handsheets via dip-
coating and stored them for 4 weeks at either 70 °C, under norm climate (23 °C, 50%
relative humidity) or at room temperature under argon (Figure 1). Afterward, excess oil
was removed by Soxhlet extraction. Both the coated and extracted papers as well as the
extracted oils were analyzed.

Dip-coating of
cotton linter paper

j'k/\/\‘/\/:\/‘\/‘\/'\/ Soxhlet
% extraction
)J\AW/\N
o >
“\J(\//\/\/E/\/\/\/\
Olive oil Analytics Analytics

Norm climate vs. 70°C vs. Ar
4 weeks

Figure 1. The approach used to examine the aging processes with olive oil as a coating material.
Coated papers were stored for 4 weeks at norm climate, at 70 °C or under argon.

The olive oil-coated paper aged at 70 °C for 4 weeks shows a significantly enhanced
water contact angle (WCA) of (97.4 = 1.6)° compared with (66.0 & 0.7)° for coated surfaces
measured the day after coating. Soxhlet extraction leads to an even higher static water
contact angle of (137.7 £ 1.2)°, which is stable for at least 5 min (Figure 2a), as well as
advancing and receding WCAs of (137.9 £ 6.4)° and (122.9 + 23.8)°, respectively. This
is a strong indication that olive oil has in some way been covalently attached to the
paper surface. Contrastingly, both the uncoated cotton linter paper and freshly coated
paper submitted to subsequent Soxhlet extraction absorb water immediately, so WCA
measurement is not possible. While the possibly covalently attached coating amount is too
low to be detected in differential scanning calorimetry (DSC) measurements, attenuated
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total reflectance-Fourier transformation infrared (ATR-FTIR) spectroscopy shows a weak
signal at 1736 cm ™! that is not present in the cotton linter paper or in the freshly olive
oil-coated extracted paper (Figure 2b, full spectrum in Figure S1). This band is indicative
of C=0 ester bonds [36] and indicates that transesterification has taken place, covalently
linking a fatty acid chain of the oil to the cellulose hydroxyl groups, as has previously
been observed [24,29,32]. Due to an overlap of the CHj vibration modes of fatty acids and
cellulose in the region between 3000 cm ! and 2800 cm ! [36], this area cannot be taken
into consideration for the current discussion. The low intensity of the characteristic olive
oil bands compared with the cellulosic bands shows that the retained coating amount is
very low. Furthermore, both the olive oil-coated and uncoated cotton linter papers were
stained with Calcofluor White, a fluorescent dye that has a high affinity for cellulose, and
Sudan III, a fat-soluble staining agent. Fluorescent imaging of the stained papers and an
unstained reference proves the presence of fat in the aged paper after Soxhlet extraction, as
Sudan III excitation yields much brighter images for the coated paper than for those not
supposed to contain aliphatic species (Figure 2c). Notably, Calcofluor White emission is
lower in the presence of either olive oil or Sudan III than without the hydrophobic coating.

T T T T T T
70°C, extracted cotton linters b
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Figure 2. (a) WCA evolution for extracted thermally aged cotton linter paper over 5 min showing
permanent hydrophobization. (b) Excerpt of FTIR spectra from 1625 cm™! to 1825 cm~! measured
on extracted cotton linters after varying aging processes and showing a small C=0 band indicating
esterification exclusively after thermal aging. (c) Fluorescence images comparing coated stained,
uncoated stained and uncoated unstained papers exciting either Calcofluor White or Sudan II. While
CFW is observed in both stained samples, Sudan III is only present in the coated ones, proving the
presence of fatty acids. All images of one channel were taken simultaneously and cropped for better
display without further modification, original size of approximately (7 x 10) mm.
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While these observations are convincing proof that transesterification leading to the
covalent attachment of fatty acids onto cellulose occurs when paper ages at 70 °C, further
inquiries into the aging process would deepen the understanding thereof and accordingly
help to explain the increase in the WCA after thermal aging and Soxhlet extraction. As it is
well known that both temperature and oxygen accessibility influence the aging of olive oil,
we compared the aging processes occurring at 70 °C to those occurring during storage at
norm climate and under argon.

Initially, we compared surface properties for the three aging processes. The water
contact angles increase under all aging conditions, from (66 £ 0.7)° for the fresh sample
to (77.8 £ 0.6)° after aging under argon atmosphere and to (82.9 & 1.4)° after aging at
norm climate, even to the aforementioned hydrophobic range with (97.4 £ 1.6)° after aging
at 70 °C (Figure 3a). Complete water droplet absorption into the paper is slowed down
compared with the uncoated paper and takes place within 15 s after deposition for the fresh
and argon-aged samples, within 30 s for the samples aged at norm climate and around
4 min for samples aged at 70 °C (Figure 3b). Surface roughness measurements show no
significant change in roughness parameters independent of the aging conditions, indicating
that the water contact angle modification is not caused by a change in the wetting regime.
Instead, the paper roughness is defined by the roughness of the cotton linter paper substrate
and is not significantly modified by the vegetable oil coating (Figure 3c).
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Figure 3. (a) Static and (b) time-dependent static WCA measurements showing increasing WCAs with
air accessibility and temperature. (c) Surface roughness parameters show no significant modification
with aging. (d) CLSM images showing the comparison between fresh and aged samples indicating a
migration of oil from the fiber surface into the fiber wall, especially at 70 °C (cellulose stain in cyan,
oil stain in red). Images were recorded with the same settings for excitation and emission (power and
detector gain) and at the same position between fresh and aged samples.
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The same fluorescent dyes for cellulose and oil, which were used above for fluores-
cent intensity imaging, were also used for confocal microscopic examinations. Images
were taken at the very same positions on each paper sample before and after aging. The
comparison between these time points reveals a marked increase in the Calcofluor White
fluorescence intensity after storage (Figure 3d). An increased intensity of the Calcofluor
White fluorescence in the absence of a Sudan Ill-stained oil coating was similarly observed
in the aforementioned analysis with the fluorescent imager (Figure 2c). It is therefore
reasonable to assume that the proximity of the coating and Calcofluor White on the fiber
surface right after staining and dip coating—and before aging—causes the latter dye to
fluoresce less. More importantly, the increase during aging then strongly points to a sepa-
ration between Calcofluor White and the coating. This separation could be the result of a
progressing migration of the oil from the fiber surface into the fiber wall. The observation
that the increase in Calcofluor White fluorescence intensity is even stronger for paper aged
at 70 °C supports this migration hypothesis, as temperature decreases the o0il’s viscosity,
which facilitates migration.

Chemical analytics show the processes occurring within the coating during aging. To
perform 'H-nuclear magnetic resonance (NMR) spectroscopy and size exclusion chromatog-
raphy (SEC), unbound coating material was extracted from the paper through Soxhlet
extraction, and the oil residue obtained after solvent removal was analyzed. When perform-
ing ATR-FTIR spectroscopy and differential scanning calorimetry, both the coated paper
and the extracted oil were examined, and the results were in good agreement with each
other. The data shown is that of the coated paper.

'H-NMR spectroscopy shows strong modifications for the samples stored at 70 °C.
Integrals of all peaks indicating hydrogens in vicinity to double bonds decrease, namely,
those at (5.50-5.30) ppm (R-CH=CH, decrease to ~2% of its original value), (2.10-1.93) ppm
(CH,-CH=CH, decrease to ~4% of its original value) and (2.85-2.70) ppm (CH=CH-CH;-
CH=CH, complete disappearance). Simultaneously, the integral of the peak indicating
aliphatic chains at (1.45-1.15) ppm increases, as do all peaks indicating hydrogen groups in
the vicinity of oxygen-containing groups, namely, those at (5.30-5.20) ppm (CH-O-CO-R),
(4.35-4.10) ppm (CH,-O-CO-R), (2.40-2.25) ppm (CH»-CO-O-R/H) and (1.70-1.15) ppm
(CH,-CH,-CO-O-R/H). Peak attribution was in good accordance with the literature [37].
These changes indicate that oxidative processes take place during thermal aging. For the
coatings aged at norm climate, similar changes are observed, but to a lower extent, with,
for instance, the integral at (5.50-5.30) ppm decreasing by ~6%. No changes are observed
for samples aged under argon atmosphere, whereby these results indicate that both the
presence of oxygen and temperature is crucial to the chemical aging process (Figure 4a, all
spectra shown in Figure S2).

SEC curves show the main peak for fresh olive oil at ~1300 Da relative to the calibra-
tion standard polystyrene. The intensity of a tiny shoulder at ~400 Da increases during
aging in the order argon < norm climate < 70 °C. An additional peak appears at ~2600 Da
after norm climate aging but not after argon aging, and reaches almost the same intensity
as the fresh olive oil peak after aging at 70 °C. An overall widespread content of higher
molecular weight fractions is observed for the thermally aged sample, indicating that
di-/oligomerization and other intermolecular reactions such as crosslinking lead to molec-
ular weight increase. However, reactions that lead to lower molecular weight fractions
occur under all aging conditions (Figure 4b). Note that the values given for SEC-based
molecular weights are not absolute due to the use of polystyrene standards and can only be
compared relative to each other, which nonetheless allows for qualitative molecular weight
evolution assessment.
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Figure 4. (a) 'H-NMR spectrum of olive oil, inset indicating trends after aging for individual
hydrogen integrals. (b) Normalized SEC curves show the formation of lower molecular weight
compounds and of higher molecular weight compounds especially after thermal aging. (c) Excerpts
of FTIR spectra normalized to C=0 peak intensity showing the disappearance of =Cs-H bond in the
spectral area from 2775 cm ! to 3025 cm ™! and C=0,q shoulder formation in the spectral area from
1625 cm ™! to 1825 cm ™! after aging at 70 °C. (d) DSC cooling curves showing the disappearance
of the original triglyceride peak and the emergence of higher and lower molecular weight species.
(a,b) were measured on oil after its extraction from paper; (c,d) were measured directly on paper, and
the results were in accordance with those measured on oil after extraction.
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ATR-FTIR spectroscopy highlights interesting properties in the areas of aliphatic and
carbonyl vibration bands. While no modifications are observed for the coated samples
aged at ambient temperature, the samples aged at 70 °C show several changes. The band
indicating =C-H vibrations at 3005 cm~! disappears completely [36]. The bands at
2956 cm ™1, 2923 ecm~! and 2853 cm~! can be attributed to asymmetric CHj stretching,
asymmetric CHj stretching and symmetric CH; stretching, respectively [36]. Their intensity
relative to the carbonyl band at 1745 cm ! is lower for the thermally aged sample, indicating
an increased oxygen content relative to the aliphatic chain content. Further, the peak
indicating the carbonyl bond shows a slight shift to lower wavenumbers for the coating
aged at 70 °C and also features a supplementary shoulder at 1709 cm~!. While the main
C=0 peak is attributed to the stretching mode of the ester bond present in vegetable oils,
the shoulder belongs to the C=O stretching mode of free fatty acids [36], indicating their
formation at elevated temperatures as described in the literature (Figure 4c, full spectrum
shown in Figure S3) [24,29].

The DSC cooling curve of fresh olive oil shows two exothermic transitions, the first
one at ~—14 °C associated with the crystallization of mostly saturated triacylglycerols and
the second one at ~—40 °C with the crystallization of unsaturated triacylglycerols [38—40].
Storage under argon atmosphere does not result in significant changes. After storage at
norm climate, the crystallization peak of the unsaturated triacylglycerols is not visible
anymore, but the crystallization offset is delayed to ~—61 °C. Both hydrolytic degradation
and oxidative processes have been described for the auto-oxidation of olive oil at extended
storage times, and especially, auto-oxidation can be attributed to the observed extended
crystallization range [41,42]. The presence of thus-formed different smaller and larger
molecules hinders crystallization, which is reflected in a decreased crystallization enthalpy,
which is approximately 48 J/g for the freshly coated oil and decreases to 31 ]J/g after
norm climate and 18 J/g after thermal aging [43]. As for the paper aged at 70 °C, the
crystallization enthalpy is still further reduced compared with the other samples, while
the crystallization onset shifts to slightly higher temperatures of —10 °C. This shift and the
further increased crystallization range can be attributed to additionally enhanced oxidation
and resulting coating heterogeneity (Figure 4d) [41].

The different analytical methods allow for drawing conclusions on chemical processes
occurring during the storage of olive oil-coated paper. During aging in argon atmosphere,
no significant chemical or morphological changes are observed. The slightly increased
WCA can therefore be attributed exclusively to the penetration of the coating into the
paper during storage. During aging at norm climate, additional small chemical changes
happen, for which oxygen accessibility is a prerequisite. These include oxidation reactions
discernible in 'H-NMR spectroscopy by an increase in oxygen-adjacent hydrogen peak
integral and a decrease in C=C-adjacent hydrogen peak integrals but not visible in less
sensitive ATR-FTIR spectroscopy. SEC and DSC also indicate the formation of oxidation
products of higher and lower molecular weight than the native olive oil triglyceride that
inhibits crystallization. During thermal storage, these effects are strongly intensified and the
C=C double bond is nearly fully consumed, as evidenced by both 'H-NMR and ATR-FTIR
spectroscopy. A significant amount of native olive oil triglycerides is transformed into lower
and higher molecular weight fractions, as reflected in SEC. These factors indicate that in
addition to oxidation, crosslinking or dimer-/oligomerization reactions consume the C=C
double bond [16,44]. Oxidation products can be intermediate conjugated dienes, peroxides
and finally, aldehydes and other low-molecular-weight compounds [18,20]. Furthermore,
transesterification reactions are induced by the combination of heat and paper-intrinsic
moisture [24,29] that lead to the liberation of free fatty acid evidenced through ATR-FTIR
spectroscopy and the covalent attachment of fatty acids onto the hydroxyl groups of
cellulose that ultimately results in paper hydrophobization.

To extend the scope of understanding, the coated papers aged at norm climate were ex-
amined at different storage times ranging from fresh samples to papers stored for 6 months.
The analytical focus was placed on water contact angle measurements to show the effect on
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water absorption and on DSC as the strongest indicator for chemical changes. While the
initial water contact angle upon droplet deposition does not change significantly with aging
time, water absorption speed decreases, initially taking place within less than 10 s and
taking more than 3 min after storage for 6 months (Figure 5a). DSC cooling curves reflect the
increase in the formation of oxidized species with storage time (Figure 5b). Similar effects
were observed for aging at 70 °C for 1 day and 1 week. Water absorption time decreased
with storage time and did so much faster than during norm climate aging (Figure 5c).
Stable hydrophobization with water contact angles around 130° on the Soxhlet-extracted
papers can already be achieved within 1 week of aging (inset Figure 5¢), while 1 day proved
insufficient for permanent hydrophobization, as droplet absorption was still immediate
and water contact angles could not be measured. Similarly, the DSC curve measured after
1 day of storage does not indicate significant chemical modifications, while the DSC curve
after 1 week looks very similar to that obtained after 4 weeks (Figure 5d), indicating that
the hydrophobization process can be further tuned by time and temperature. Thus, not
only storage conditions but also storage time can have a crucial influence on the physical
and chemical properties of vegetable oil-based paper coatings.

Norm climate
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Figure 5. (a) Time-dependent WCA measurements show decreasing water absorbance speed with
norm climate aging. (b) DSC cooling curves show the disappearance of the original triglyceride
solidification peak and the occurrence of lower and higher molecular weight species with increasing
aging time at norm climate. (c) Time-dependent WCA measurements showing absorption after
varying aging times at 70 °C and (c-inset) on Soxhlet-extracted paper aged for 1 week. (d) DSC
measurements indicate significant chemical modification even after 1 week of storage.
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4. Conclusions and Outlook

In this work, we have shown that it is possible to produce olive oil-based paper
coatings with water contact angles of more than 135° through a 4-week thermal treatment
process followed by extraction of unbound vegetable oil, leaving behind an extremely low
amount of coating attached covalently to the paper substrate. While this actual procedure is
surely not immediately relevant for industrial application, it shows the potential to produce
biobased hydrophobic coatings in an extraordinarily simple manner. Choosing a less
material-consuming coating method, such as spray coating or gas-phase deposition, would
be required to forego the extraction process, while careful tuning of treatment temperature
and moisture exposition could greatly accelerate the covalent attachment process. Inquiries
into both the recyclability of the coated papers as well as the reusability of the extracted
oil are equally relevant for potential industrial applications. Analyzing the modifications
occurring both during the thermal aging process and during the practically relevant storage
at ambient conditions has proven the cruciality of storage time, temperature and oxygen
accessibility for the properties of fatty acid-based coatings. Research in the field of fatty acid-
based paper coatings must therefore consider these factors to allow for the reproducibility
of results and to be able to account for the long-term stability of the coating.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings14030364/s1, Protocol for gas chromatography-mass
spectrometry/flame ionization detector (GC-MS/FID); Figure S1: Full ATR-FTIR spectrum of ex-
tracted cotton linters after varying aging processes showing a small C=0 band indicating esterification
exclusively after thermal aging; Figure S2: Full NMR spectra of olive oil extracted from cotton linters
(fresh and after aging); Figure S3: ATR-FTIR spectra normalized to C=0 peak intensity of freshly
olive oil coated cotton linter paper and aged under different conditions.
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5.3. Hydrophobic vegetable oil-based coatings deposited through plasma
polymerization

Plasma-enhanced chemical vapor deposition (PECVD), also known as plasma polymerization,
is a promising method to deposit highly crosslinked, covalently attached polymeric coatings
through radical reactions. Plasma polymers can be obtained from a wide range of precursors
without the use of solvents or supplementary derivatization steps. Vegetable oils are considered
to be promising precursors for hydrophobization, as their use is well-established in hydrophobic
finishing of wood surfaces.!'”* Furthermore, their high degree of unsaturation promises good
structural retention and suitability for crosslinking in plasma polymerization. '’ Thus, two oils
containing a high amount of triple unsaturated fatty acids were used in this study, namely chia
oil and tung oil. Chia oil mainly consists of a-linolenic acid, which comprises three isolated
carbon-carbon double bonds, while tung oil mainly consists of a-elaeostearic acid, which
features three conjugated carbon-carbon double bonds."*!! The plasma polymerization device
used within this work was the DiscJet, which combines the concepts of plasma jet and sliding
discharge in one versatile device that is able to treat and coat nonconductive substrates
independent of their thickness, roughness or material sensitivity. The precursor was applied as
an aerosol transported by N, as carrier gas, while argon was used as plasma process gas. As
vegetable oils have previously not been deposited with PECVD, first enquiries into their
suitability for plasma polymerization in general were performed using glass slides as model

substrates, while in a second step their ability to hydrophobize paper was evaluated.

Plasma polymer coatings were first deposited on glass slides to examine the influence of plasma
power, which was varied from 50 W to 300 W. A coating deposited without plasma ignition
served as reference sample. Furthermore, plasma polymer deposition was conducted at
different N, flow rates because the amount of generated aerosol was much higher for chia oil

than for tung oil due to its lower viscosity.

The coatings’ surface morphology was visualized through reflected light microscopy, optical
profilometry and atomic force microscopy (AFM). For chia oil coatings deposited without
plasma ignition, thus-obtained images showed individual droplets. Upon plasma ignition a
closed layer was observed whose topology varied depending on the applied plasma power. The
surface roughness was determined on two scales by optical profilometry and AFM. Plasma
polymerized (pp) chia oil coatings’ large scale roughness, determined by profilometry, showed
a decreasing trend with deposition power and improved layer closure. The small scale
roughness, measured by AFM, increased with power and was accompanied by formation of dust
particles. WCAs for pp(chia oil) were highest at 50 W and 3 L-min™ N, flow rate, as well as
100 W and 5 L-min' N flow rate, reaching (72.1 = 11.6)° and (86.0 + 7.9)°, respectively.
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TUKEY’s test showed a significant influence of the plasma power especially at 5 L-min™ N, flow
rate. Additionally, a significant increase in WCA was observed for all plasma-polymerized
coatings compared to the non-polymerized ones. Moreover, coating thickness and WCA
correlated well with each other. All thicknesses for coatings deposited at 5 L-min™ were above
100 nm, with the coating deposited at 100 W showing the highest thickness at (467 *= 34) nm.
ATR-FTIR spectroscopy showed changes in chemical bonding after plasma polymerization of
pp(chia oil) compared to untreated oil. The intensity of the =C.sH stretching mode at
3011 cm™ decreased with increasing plasma power, indicating double bond consumption as
expected from literature.!"””! However, no correlation between ATR-FTIR spectra and water

contact angles was observed.

In contrast, the WCAs measured for pp(tung oil) showed either no dependence on whether the
coating was deposited with or without plasma ignition, or even decreased upon plasma
application. Surface imaging showed incomplete layer closure even despite the higher flow rate
of 10 L-min™. The coating thickness of pp(tung oil) was below one tenth of that of pp(chia oil),
only ranging between 4 nm and 25 nm, and surface roughness values were in the same order
of magnitude. These observations indicated that, presumably due to the comparatively low
coating amount, the coating layer is not sufficiently closed to show an advantageous influence
on WCAs. Hence, the precursor viscosity and the resulting coating amount have a decisive effect
on the plasma polymer coating properties. Tung oil was therefore not deemed suitable for

achieving hydrophobization through plasma polymerization under the selected conditions.

Finally, the suitability of pp(chia oil) for paper hydrophobization was examined, using the
parameters that previously yielded best results, notably 100 W and 5 L'min' N, flow rate.
Glassine paper was used as model paper substrate because of its high smoothness generated by
extensive pulp refining. It is thus still relatively well comparable to glass, in contrast to common
laboratory handsheets. Moreover, it is extremely pure, so the risk of contamination through

impurities affecting the plasma process is reduced.

Uncoated glassine paper and glassine paper coated with chia oil aerosol showed similar WCAs
of around 40°. However, coating with pp(chia oil) enabled achieving a WCA of (75.2 = 10.6)°.
Whilst the high error indicated a certain coating inhomogeneity across the width of the
discharge area, WCAs measured in the central discharge area reached 90° and showed good

stability over time, thus proving the basic suitability of pp(chia oil) for paper hydrophobization.
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Soxhlet extraction not only removed superfluous unbound oil, but also proved the covalent

coating attachment to the paper substrate with a WCA of (90.2 = 4.4)°.

Ultimately, this chapter shows the suitability of pp(chia oil) for application in plasma

polymerization for improving hydrophobicity of glass and smooth paper substrates.

In the frame of this work, I was involved in conceptualization, writing and creating artwork
depicting results, as well as investigation (optical profilometry for surface roughness and coating
thickness, ATR-FTIR-spectroscopy and Soxhlet extraction) and data evaluation. Martin Bellmann
was involved in conceptualization, investigation (aerosol flow, coating deposition, WCA and AFM
measurements), writing and creating the artwork depicting the device. Dennis M. J. Mock was
involved in conceptualization, investigation (viscosity, GC-MS/FID and optical microscopy
measurements), and writing. All authors were involved in proof-reading. Further, Jorn Appelt,
Andreas Geissler and Wolfgang Vil were involved in supervision. Martin Bellmann, Andreas

Geissler and Jorn Appelt were responsible for funding acquisition.
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1 | INTRODUCTION

Coatings are a significant area of application of synthetic
polymers present in all sectors of industry. Their main
asset is their versatility and tunability with respect to
complex requirements in terms of appearance, haptics,
barrier effect, and durability as well as flawlessness,
homogeneity in thickness, and surface adhesion of the
thin layers. Compared to the substrate itself, the individual
mass fraction of a coating is certainly small, but in view of
the wide variety of coated surfaces, the overall mass of
coating materials used globally is enormous. As the general
awareness of limited fossil-based resources and limited
recyclability of synthetic polymer coatings has increased,
the use of biobased raw materials and the adaption to more
efficient coating processes has shifted into focus. A
particularly promising single-step coating method that
does not require additional drying energy and critical
solvents and does not generate any superfluous waste,
while being accessible to an extraordinarily wide range of
coating raw materials, is plasma-enhanced chemical vapor
deposition (PECVD).

The use of atmospheric pressure plasma for industrial
pretreatment of all kinds of surfaces to improve adhesion
has been an integral part of high quality joining and
bonding for several decades. Plasma source concepts range
from plasma jets based on thermal arc discharges to direct
and indirect dielectrically impeded discharges and corona
discharges." ! All these discharge concepts can be adapted
relatively well to industrial processes for plasma-assisted
surface activation, which for example allows surface
hydrophilization. In the course of plasma-assisted surface
activation, an additional process gas can often be emitted
at high process speeds, since the entrained air constantly
supplies new charge carriers, which, in interaction with
the surface, can result in the desired hydrophilization.

Compared to plasma activation, PECVD or plasma
polymerization is a significantly more complex system
wherein many parameters interact.[*! While the range of
accessible properties is vast and ranges for instance from
hydrophilic to hydrophobic surfaces, processing parame-
ters need to be closely controlled to obtain reproducible
coatings.[S] During industrial coating processes, drag air
represents a decisive interference factor. While for plasma
surface activation only compressed air is required, the
composition of which largely corresponds to that of the
drag air, PECVD processes usually require inert gas
mixtures of argon and nitrogen, which are additionally
enriched with a precursor such as hexamethyldisiloxane or
hexamethyldisilazane.>*®! Contamination with drag air
may then impede reproducibility and must therefore be
avoided. To realize a stable and reproducible discharge
volume and to counteract the adversities of industrial

inline processes, we apply a novel discharge concept in the
context of the studies discussed here. This concept
combines the principles of a jet plasma with those of a
sliding discharge, which results in an efficient symbio-
sis.2?1% A detailed description of the plasma source
concept can be found in the materials and methods section
in Section 2.2.

Using conventional paper coating processes, hydro-
phobic barrier properties are achieved either by extrusion
coating, by lamination with petroleum-based plastic foils
or by coating with aqueous polymer dispersions.l'!™**!
The application of petroleum-based foils hinders recy-
cling and worsens the sustainability of the paper.!'!
When using dispersion paints, additionally energy-
intensive subsequent drying is necessary.'"*! In contrast,
the use of plasma coatings eliminates wet chemistry
processing, especially the drying step, and allows the
application of very thin layers.

Plant-based drying oils have been used since ancient
times in the protection and hydrophobic finishing of
wood surfaces. Their key feature is a high content of
unsaturated fatty acids, whose C=C double bonds are
crosslinked in an autooxidation process on contact with
oxygen, forming a solid solvent-resistant film. Typical
drying oils are linseed oil, tung oil, and safflower oil.[****]
The number and position of double bonds have a
decisive effect on drying. The triple unsaturated fatty
acids linolenic acid (isolated double bonds) and
a-elaeostearic acid (conjugated double bonds) are con-
sidered to dry particularly well. Conjugated double bonds
in particular have a positive effect on the drying behavior
of the fatty acids. With its high content of conjugated
double bonds, tung oil is therefore considered to be one
of the best drying oils available.!'*1%!

Although the successful application of drying oils
appears highly interesting with respect to application for
plasma polymer-based hydrophobic coatings, literature
shows only few examples of plasma used to apply
vegetable oil- or fatty acid-based hydrophobic coatings,
all of them referring to plasma treatment. Coatings are
usually applied by substrate immersion into the fatty acid
or vegetable oil solution and combined with plasma
treatment, frequently followed by Soxhlet extraction to
remove unbound material. Oleic acid, butyric acid,
sunflower oil, and olive oil have been applied this
way, 18] while butyric acid was also directly distilled
into the reactor.!*®! Spray coating combined by plasma
treatment has also been reported.l19J However, these
processes all have in common that they require either
pretreatment or consecutive workup, thereby not only
increasing the consumption of chemicals but also
foregoing the advantage of a one-step process. Whilst
manifold research has been conducted into plasma
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polymers based on extractives, essential oils, and other
biobased precursors,*’! vegetable oils have to the best of
our knowledge not yet been used as PECVD precursors
for hydrophobic coatings.

Considering the urgent need for more sustainable
coating processes and coating materials especially in the
paper industry, we herein propose a solvent-free coating
method based on a novel atmospheric pressure plasma
source concept. This technical approach takes advantage
of the geometric nature of the source and enables defined
and reproducible coatings on almost all nonconductive
materials. For the first time, vegetable oils are used as
precursors and deposited directly onto the substrate in
a PECVD process with a focus on varying deposition
powers. Surface properties are examined using reflected
light microscopy, optical profilometry, atomic force
microscopy, and water contact angle measurements,
while structural retention is analyzed by FTIR spectros-
copy. The resulting coatings are covalently attached to
the substrate and endow glass and paper surfaces with
improved hydrophobic properties.

2 | MATERIALS AND METHODS

2.1 | Materials

Tung oil was obtained from Lignea (DICTUM GmbH; lot
number 705286) and chia oil from Wallitzer Miihlen Ol
(Wallitzer Tiernahrungs GmbH; lot number 100323).
Microscope glass slides (grounded edges, frosted border,
manufactured according to ISO 8037/1.) were purchased
from Gerhard Menzel GmbH and cleaned directly before
use with lint-free disposable wipes and isopropanol.
Glassine paper (Pergamyn WIN HT 60g/m?) was
obtained from Glatfelter Oberschmitten GmbH. Argon
(299.996%) and nitrogen (299.8%) were purchased from
Linde GmbH.

2.2 | Plasma device setup and
parameters

Commercially available coating concepts act either as
punctual jet discharges or as so-called Diffuse Coplanar
Surface Barrier Discharges (CSBD). Their discharge regions
are punctual or linearly shaped, which makes homoge-
neous coating application on flat substrates challenging.
Due to their punctual plasma flame, the jet systems
generate a treatment profile (e.g., water contact angle,
layer thickness, layer characteristics, etc.) that is very close
to a Gaussian distribution. The greatest challenge in a
two-dimensional application is to transfer the punctual
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Gaussian character into an almost two-dimensional layer
system by intelligently arranging an array of several plasma
flames. The linear CSBD system, on the other hand, allows
discharge widths of up to several meters, but requires
extremely precise manufacturing of dielectrics for perfect
surface flatness and perfect plane-parallel arrangement to
the counter-electrode over the entire electrode width. Tiny
deviations can lead to turbulence of the process gas or
variations in the electric field and consequently to
inhomogeneities in the layer. However, both concepts are
very susceptible to drag air, which in the worst case can
have a negative effect on the homogeneity of the deposited
layer system. The plasma source concept presented in this
work (Figure 1a), called DiscJet, addresses these challenges
based on a combination of CSBD and a plasma-jet, which
has been introduced by Bellmann et al. elsewherel®'°! and
uses a rotationally symmetrical electrode arrangement. The
resulting plasma can be described as a jet-induced sliding
discharge, which is dielectrically hindered on one side via
an aluminum oxide ceramic (1). Internally, it generates a
dielectric plasma jet between the titanium high-voltage
electrode (2) and the dielectrically hindered copper heat
sink (3), which acts as the ground electrode. The argon
process gas (supplied via inlet (4)) is expelled from the
discharge channel and thus enables a “cold” plasma jet
with a gas temperature of approx. 360K and an electron
energy of ~1eV, which were determined using optical
emission spectroscopy. This plasma jet hits the substrate
surface (5) and glides over it—hence referred to as “floating
potential” (7)—before being picked up by the ground
electrode. This closed discharge circuit enables a homoge-
neous discharge on any nonconductive substrate indepen-
dent of the surface geometry. An essential property of this
rotationally symmetrical source is that, depending on the
discharge distance between the bottom of the source and
the substrate surface, a kind of dynamic pressure or gas
cushion is formed. This gas cushion ensures a process area
that is almost free of ambient air at blow-out distances of up
to a maximum of 4 mm and is thus a good preventive tool
against the influence of drag air. The high-voltage electrode
made of titanium via 3D printing functions accordingly
both as high-voltage electrode and gas mixing device.

The electrode features a vertical bore in the center
through which the nitrogen carrier gas, supplied via inlet
(6), is transported into the discharge zone (7) without
encountering the plasma. This prevents premature polym-
erization and reduces agglomeration of the precursor inside
the source. The process gas argon is fed in laterally and
flows into the discharge gap (8) between the high-voltage
and ground electrode via tangential holes in the outer shell
of the electrode. The resulting gas spin ensures a particularly
flat exit angle at the nozzle outlet. The carrier gas flow
emerging simultaneously in the center is captured by the
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FIGURE 1 Experimental setup showing (a) a cross-section of the plasma source and its components and (b) the device setup during the

plasma-enhanced chemical vapor deposition process.

process gas flow and transported uniformly and rotationally
symmetrically to the outer bottom edge of the plasma
source. This mechanism ensures the gas cushion character-
istic, which is responsible for the almost complete displace-
ment of ambient air from the process area and constitutes
the unique feature compared to commercially available
plasma coating concepts under atmospheric pressure.

The experimental setup for coating deposition is
shown in Figure 1b. The coating module consists of the
discharge concept (I), the nebulizer unit “IN 500
(Medisana GmbH) (II) and a holding module (III),
which combines all components compactly. The carrier
gas nitrogen flows into the bottom of the nebulizer unit
containing the precursor oil, which is entrained through
hoses of decreasing diameter (length X diameter: subse-
quently 50x12mm, 600X mm, 50 x mm) (VI) before
entering the high-voltage electrode and encountering the
argon plasma flow.

For coating deposition on glass, five microscope slides
(IV) were positioned seamlessly on the treatment base of
the plasma system transverse to the coating direction.
Three supplementary buffer slides (V) on each side were
intended to prevent flow turbulence when passing over the
substrate edges. Reversal of the movement direction took
place after passing the outer edge of the last buffer slide.
Transportation of the source across the substrates was
ensured by the traversing table of the portal system “ISEL
Gantry OverHead M20” (Isel Germany AG). The high

voltage components (generator “HV-X20” and transformer
“HT-X1-340il,” Tantec A/S) supply the plasma power.
All power settings made on the Tantec generator were
compared to the actual output power using the UI method.
The obtained power levels generally correspond to the
specified power levels of the generator (Supporting
Information S1: Figure S1). Samples were coated at an
input power of 0, 50, 100, 200, and 300 W (this corresponds
to an average power density of 0, 2.1, 4.2, 8.3, and
12.5kW/L), a plasma gap of 3mm, an Ar flow rate of
15L/min, an N, flow rate of 3, 5, or 10 L/min and five
subsequent coating runs at 1 m/min coating speed. For a
stable and homogeneous discharge, a ratio of process gas
(Ar) to carrier gas (N,) of 3:1 has proven to be effective. By
varying this ratio, the different viscosities of chia and tung
oil are taken into account. In case of the test parameters
“0W,” the tests were carried out without switching on the
plasma generator. The samples were stored for 1 day at
23°C and 50% relative humidity before characterization.

2.3 | Characterization methods

2.3.1 | Viscosity

The kinematic viscosity of tung and chia oil was
measured with a Ubbelohde viscometer according to
DIN 51 562 at different temperatures (chia oil: 293.15,
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296.15, 298.15, 313.15 K; tung oil: 293.15, 296.15, 298.15,
323.15, 343.15 K). Depending on the temperature and the
viscosity the viscosimeter I11/907715 (tung oil: 293.15,
296.15, 298.15K) or 11/48629 (chia oil: all temperatures;
tung oil: 323.15, 343.15K) was used with a heating bath
and automatic lead time measuring system from Schott-
Geriite GmbH (CT62, AVS 350, and AVS/S). The
viscosity-temperature dependence was calculated with
the measured values according to DIN 51 563. The
dynamic viscosity was calculated by dividing the
kinematic viscosity by the oil density, which was
measured with a pycnometer (Isolab boro 3.3, 10 mL)
from ISOLAB Laborgerite GmbH.

2.3.2 | Plasma power measurement
according to voltage-current (UI) method

For the plasma power measurements according to the
UI method, a 1000:1 voltage probe “PA6015A” from
Tektronix GmbH, a wide band current monitor with an
amplification of 1 V/A from Pearson Electronics, Inc. and
an Oscilloscope “RTB2004” from Rohde & Schwarz
GmbH & Co. KG were used. The current monitor served
as a current probe. Each power measurement consisted
of at least 100 measurement runs. After determining
voltage and current, the apparent power was calculated
by multiplying both signals. The apparent power is
the sum of reactive power and active power. As the
reactive power equals zero on average, the active power,
which corresponds to the plasma power, remains as
the result.

2.3.3 | Gas chromatography-mass
spectrometry with flame ionization detector
(GC-MS/FID)

The fatty acid composition of tung and chia oil was
determined by GC-MS/FID using an Agilent “HP 6890”
gas chromatograph, “HP 5975C” mass spectrometer and
flame ion detector (Agilent Technologies Deutschland
GmbH) equipped with a “VF 5MS-60M” column (Agilent
Technologies Deutschland GmbH) with an inner diameter
of 0.25 mm and a film thickness of 0.25 um. The “HP PTV”
injector temperature was 573.15K and the split ratio was
15:1 with an injection volume of 1 pL. Helium was used as
carrier gas (2 mL/min flow rate).

The oils were mixed with dichloromethane (5.59 mg oil
per mL dichloromethane), 100 uL. dichloromethane con-
taining fluoranthene as internal standard (2008 mg/mL)
and 400 uL trimethylsulfonium hydroxide for the online
methylation of the fatty acids, which was required to
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enable transfer of the fatty acids into the gas phase and
thus their measurement.

The measurement program was performed as follows:
Holding at 318.15K for 4 min; heating at 3 K/min up to
478.15K; holding at 478.15K for 13 min to separate the
fatty acids and the internal standard, further heating at
3 K/min to 598.15K; holding at 598.15K for 20 min.

The FID signals for methylated palmitic acid, linoleic
acid, oleic acid, linolenic acid, and stearic acid were
calibrated against methylated standards. For methylated
a-elaeostearic acid the same response factor as for
methylated linolenic acid was used, as no standard was
available. The mass fractions of the methylated fatty
acids were calculated relative to unmethylated fatty acids
based on the molecular weight.

2.3.4 | Amount of generated aerosol

The amount of aerosol generated at 293.15K was
measured by weighing the aerosol generator before and
after 20 min perfusion by N, using a precision scale of the
designation “MSE324S-100-DU” from Sartorius Lab
Instruments GmbH & Co. KG with an accuracy of
0.1 mg. The material loss was determined at different N,
flow rates (1, 3, 5, and 10 L/min) and the aerosol amount
calculated to mg/min.

2.3.5 | Water contact angle measurements
The wetting properties of the deposited layers were
determined by sessile drop method using the Drop Shape
Analyzer “DSA100E” from Kriiss GmbH and the
associated “Advance” software. This enables the auto-
mated application of any number of water drops of a
defined quantity. At least 10 water drops each with a
volume of 2puL were applied to the substrates in two
offset rows with five drops each. Significance levels
(p-values) between individual parameter sets were
calculated by Tukey test using R software.

2.3.6 | Attenuated total reflectance-FTIR
(ATR-FTIR) spectroscopy

ATR-FTIR spectra were measured on a PerkinElmer
“Spectrum Three” FTIR spectrometer at a wavenumber
range of 4000 to 650cm™" with a resolution of 4cm™
averaging across 10 scans. Spectra were recorded directly
on the substrate. A background correction was per-
formed using PerkinElmer “Spectrum” software. To
allow for easier comparison, spectra were then
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normalized to the maximum of the C=0 band between
1800 and 1600 cm ™" for coatings deposited on glass, and
to minima and maxima for coated paper samples.

2.3.7 | Atomic force microscopy (AFM)

The topography of the substrate surfaces was examined
applying an atomic force microscope “Nanosurf Easyscan
2.0” and the associated software “Easyscan 2.0” from the
company Nanosurf GmbH. For this purpose, cantilevers
“ACLA-10” from “Applied NanoStructures, Inc.” were
used in tapping mode.

2.3.8 | Optical profilometry

Optical profilometry was performed on a “PLu neox”
optical profilometer from Sensofar Metrology using a
Nikon EPI 20X objective across a 850.08 X 709.35 um?
scan area, a Z-scan range of 60 um and with a resolution
of 0.69 um/pixel. Surface roughness parameters accord-
ing to ISO 25178 standard as well as the coating thickness
were determined by “SensoScan 6.7” software after plane
correction and averaged over three measurements. To
determine the coating thickness, a scratch was manually
made into the coating using a cutter blade and the
surface profile measured as above. The thickness was
determined in triplicate by the difference between the
averaged heights of the bottom of the scratch and the
unscratched coating.

2.3.9 | Reflected light microscopy

Reflected light microscopy images were taken with a
“VHX-7000” digital microscope, a “VH- S30K” universal

stative and a “VH-Z100UR RZx100-x1000” universal
zoom lens from Keyence Germany GmbH (Neu-
Isenburg) at 1000x magnification.

3 | RESULTS AND DISCUSSION

Chia oil and tung oil were selected as precursors due to
their high degree of unsaturation in the fatty acid acyl
chain, as C=C double bonds have shown good structural
retention during plasma polymerization.!*!

Chia oil and tung oil samples were analyzed by GC-
MS (Table 1) to examine the exact fatty acid composi-
tions, which were in good accordance with literature
data.l**?¥! The main difference between the two oils is
the different content of the triple unsaturated fatty acids
linolenic acid (70.1 wt. % in chia oil, not present in tung
oil) and a-elaeostearic acid (63.7 wt. % plus 11.8 wt. %
isomers in tung oil, none in chia oil) (Figure 2a,b).

From the kinematic viscosity and density respectively
of chia oil (46.7mm?/s, 0.930g/cm®) and tung oil
(328.4mm?/s, 0.938g/cm®) at 293.15K, the dynamic
viscosity at this temperature was calculated to be
43.4mPas for chia and 308.04 mPas for tung oil. The
measurements at other temperatures enabled calculating
the temperature viscosity dependence according to DIN
51 563 (Figure 2c), with measured values being in
accordance to literature.”* Overall, tung oil has a much
higher viscosity compared to chia oil and the viscosity of
both oils decreases with increasing temperature. The
difference in fatty acid composition, with chia oil
containing a high amount of isolated triple unsaturated
linolenic acid chains and tung oil containing conjugated
triple unsaturated chains of a-elaeostearic acid, explains
the much higher viscosity of tung oil as conjugated
double bonds strongly increase the viscosity compared to
isolated ones.!**!

TABLE 1 Content of fatty acids present in chia oil and tung oil as determined by gas chromatography-mass spectrometry.

Fatty acid
Saturated fatty acids Palmitic acid
Stearic acid
Monounsaturated fatty acids Oleic acid
Polyunsaturated fatty acids Linoleic acid
Linolenic acid
a-Elaeostearic acid
Isomers of a-Elaeostearic acid

Identified total fatty acids

Content in chia Content in tung

Chemical formula oil (Wt. %) oil (wt. %)
C16H3,0, 8.1 3.0
C1sHs60, 3.2 22
Ci5H340, 1.8 7.9
Ci5H3,0, 16.5 6.7
C1sH3005 70.1 -
C15H300, - 63.7
Ci5H300, - 11.8

99.7 95.3
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FIGURE 2 (a, b) Chemical structures of the main components of chia and tung oil showing isolated (Z) and conjugated (E) triple

unsaturations respectively. (c) Comparison of the kinematic viscosities of chia oil and tung oil. (d) Amount of produced aerosol depending

on applied N, flow rate at 293.15K.

Gravimetric measurements show a strong correlation
of viscosity and aerosol production. At equal N, flow
rates, the amount of tung oil aerosol generated per
minute is significantly lower than that of chia oil
(Figure 2d). Due to its much higher viscosity, tung oil
was deposited at 10 and 5 L/min flow rates, while chia oil
was processed at 5 and 3 L/min to roughly approximate
the aerosol production rates of both precursors and to
avoid excessive coating amounts. The fact that the
amounts of plasma polymer deposited on glass slides
are too low to be determined gravimetrically, is an
important indication of the economic nature of this
coating approach.

Surface imaging shows the morphology of both
plasma-polymerized chia oil (pp(chia oil)) (Figure 3a)
and plasma-polymerized tung oil (pp(tung oil))
(Figure 3b) coatings deposited at 5 and 10L/min N,
flow rate, respectively. Reflected light microscopy, optical
profilometry, and atomic force microscopy show the
surfaces’ optical appearance and roughness both at large
and small scale.

Depending on the applied plasma power, different
surface morphology phenomena can be observed. In the
case of pp(chia oil) (Figure 3a), the reference coating
deposited without plasma ignition (0 W) shows single
individual droplets well separated with inter-droplet

distances of 10-20um and diameters ranging mainly
from 2 to 9 um, while diameters of 1 um and below are an
exception. At lower plasma powers (50 and 100 W) a
closed layer starts to form as these large droplets merge
and fully disappear at higher plasma powers (200 and
300 W). Additionally, starting from 100 W deposition
power, smaller particles appear within the layer, which
have diameters at submicron scale and occasionally up to
3 wm. While at 100 W, they still appear to be part of the
coating layer, they seem to rest on the surface at higher
powers. Interparticle distances are around 4-6 um and
decrease to submicron scale at higher powers. These
particles might indicate that dust formation is a more
prominent side effect at higher plasma powers. Other
researchers have also found different surface morpholo-
gies depending on plasma power, ranging from broader,
round peaks at lower power to narrow pointed peaks at
higher power.*®! Both profilometry and AFM images
also show the occasional accumulation of droplets into
large splashes of 10 um diameter at higher plasma
powers that might indicate oil aggregation during the
deposition process.

Compared to pp(chia oil), the pp(tung oil) layers
(Figure 3b) on glass slides show fewer individual
droplets but appear more uniform and flat even without
plasma application. During plasma polymerization, the
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(@) Chia oil, 5 L/min N, flow rate

Spm ¥ 4 [ Sum

(b) Tung oil , 10 L/min N, flow rate

FIGURE 3 Surface characterization of (a) plasma-polymerized chia oil and (b) plasma-polymerized tung oil at different deposition
powers featuring microscopic imaging, optical profilometry, and atomic force microscopy (from top to bottom respectively). Optical
profilometry images were cropped to enable displaying with same scale as microscopy images.

individual deposited droplets fuse and appear only as
slight buckles, while increasing plasma power leads to
formation of a closed polymer layer.

Apart from the selected input power, another
important influence on the surface morphology is most
likely the continuous sinusoidal voltage characteristic of
the plasma discharge. A continuous plasma seems to
result in a larger proportion of the monomer dissociating
into volatile fragments which are not being incorporated
into the layer but instead settle on the layer surface and

have a significant influence on the surface topography
and layer thickness growth,'®?”! which is in accordance
with the observed morphology especially at increased
plasma power (200, 300 W).

In agreement with other studies,!*®! the roughness
measurements yielded significantly different roughness
parameters depending on the methodology used and the
examined area, with AFM roughness values being
approximately one-tenth of those obtained by surface
profilometry. Apart from the variation associated with
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BELLMANN ET AL.

different measurement methods, it is likely that these
differences are caused by two different types of rough-
ness. For pp(chia oil) (Figure 4a), the merging of droplets
with increasing deposition power is accompanied by
lower large-scale surface roughness parameters mea-
sured by profilometry. Furthermore, small-scale rough-
ness increases at high plasma power (200 and 300 W) and
is characterized by the formation of small particles whose
roughness is well resolved by AFM measurements. As
previously observed,*®! the small-scale AFM roughness
increases with the N, flow rate due to enhanced particle
aggregation at higher deposition rates. This extraordinary
combination of large-scale and small-scale roughness
and the order of magnitude thereof are in the case of pp
(chia oil) in accordance with the idea of producing
biomimetic surfaces for improved hydrophobicity.*!

The pp(tung oil) profilometry (Figure 4b) based
surface roughness is in the same order of magnitude as
the film thickness, so it should be considered with
caution. In particular, for non-closed layers, the rough-
ness only reflects the height of the individual droplets
and cannot be directly compared to the surface
roughness of the rather thick chia oil layers. AFM
roughness values are in the same order of magnitude as
those measured for pp(chia oil) and can equally be
attributed to the formation of small particles.

Water contact angles of pp(chia oil) produced at both 3
and 5L/min N, flow rates reach their maximum at low
plasma powers of 50 and 100 W, respectively (Figure 5a,b),
for which a combination of effects is likely responsible.
One factor is better structural retention at lower plasma
powers, while at higher powers precursor fragmentation
and occurrence of post-deposition oxidation processes
increase.*!! Further, the decrease in water contact angles
and simultaneous increase in particle agglomerations with

(a) Chia oil
80 i’rofilbmetl:y rou'ghne'ss I
70 I - 5 L/min
60
50 =
ol .
30, i

U e ——
35EAFM roughness

301? T

Average surface roughness S, (nm)

10 - o ]
[ ]
5F ° [ ] b
0 ' L 1 L 1 1 1
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rising plasma power indicates overtreatment and decreas-
ing conversion of the monomer into layer components as
well as increased generation of volatile fragments.[”] The
comparatively good results at 50 and 100 W imply that the
reduction of plasma power in the present setup counteracts
these undesirable phenomena of continuous wave tech-
nology. For plasma polymerizations conducted in pulsed
mode instead of continuous wave mode, it is known from
the literature that varying the pulse-pause ratio has a
decisive influence on structural retention of the precursors,
on the layer formation (layer thickness, layer topography,
etc.) and thus on the efficiency of the coating!”**! as well as
polar group formation.[”®! Therefore presumably with
appropriate pulsing, good hydrophobicity can be achieved
even if a significant increase in plasma power is performed.

The Tukey test confirms that the applied plasma
power indeed has a highly significant influence on the
water contact angle especially at low plasma powers
(p-values given in Supporting Information S1: Table S1).
Its significance decreases with power until, especially at
low N, flow rates, it is not significant anymore.

For coatings applied without plasma ignition (0 W),
the water contact angles are very low, since the coating is
still fluid and the surface coating is not closed, as
observed in microscopy images. After Soxhlet extrac-
tions, glass slides coated with pp(chia oil) at 100 W and
5 L/min N, flow still show contact angles of (89.5 + 1.6)°,
indicating covalent coating attachment. The durability
thereof was also rather good, as the static water contact
angle decreases only to (78.8+1.3)° during the first
3min after droplet deposition (Supporting Information
S1: Figure S2).

Pp(tung oil) (Figure 5c,d), on the other hand, shows
much lower contact angles than pp(chia oil), ranging
between 30° and 50°. A decrease in the water contact

(b) Tung oil

30 .brofilbmetr'y rou'ghne'ssole/miﬁ 3
e * A10 L/min
£ 25F i 3
U)m 20F r Y -
] &= [ ] 3
8 15§ Py z
£ 108 i
> Oh 4 4 4 4 } 4
© 10FAFM roughness 1
S ef & Al
7} é °

o 4 ° ® ]
g I

g 2f ]
< 0L
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Power (W)

FIGURE 4 Average surface roughness values determined for (a) chia oil and (b) tung oil using optical profilometry and atomic force

microscopy for roughness determination.
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FIGURE 5 Water contact angle measurements of plasma-polymerized chia oil coatings deposited at (a) 3 L/min and (b) 5 L/min N, flow
and plasma-polymerized tung oil coatings deposited at (c) 5 L/min and (d) 10 L/min N, flow including p-values determined through

Tukey testing.

angle at 5 L/min N, flow rate compared to the reference
is observed at all powers and found highly significant
through Tukey testing, while the significance of the
parameter power is lower for coatings deposited at
10 L/min N, flow rate. This decrease can most likely be
attributed to the fact that due to the high viscosity of tung
oil, a much lower amount of oil is vaporized and
transported onto the glass slide. Thus, no closed oil layer
is formed on the substrate and the influence of the glass
on the water contact angle as well as the amount of
coating deposited is more significant.

Interestingly, in the case of pp(chia oil) the contact
angles correlate with the coating thickness (Figure 6a) as
well as the macroscopic surface roughness (Figure 4a).
The thickest coating is observed for the pp(chia oil)
coating deposited at 5L/min N, flow and 100W
deposition power, which also shows an extraordinarily
high water contact angle. This significant difference
between the two carrier gas flows only occurs at 100 W.

As replicate experiments show similar results, it can be
assumed that this is not due to artifacts, but rather shows
an extraordinarily favorable interaction between plasma
power and carrier gas flow. It is well known, that the
influence of plasma parameters on coating properties is
not necessarily linear."*?! For instance, the decrease of
thickness at higher deposition rates is presumably due to
a competition between coating deposition and ablation,
with the latter dominating at higher plasma powers.!*?)
Due to the high viscosity of tung oil, the coating
thickness of pp(tung oil) (Figure 6b) is only one-tenth of
that of the chia oil coating, ranging between 4 nm and
25nm for depositions performed at 300 W and 50 W
respectively with a N, flow of 5L/min. The coating
thickness decreases with N, flow (Supporting Informa-
tion S1: Figure S3) and could not be measured at all for
samples coated at 10 L/min N, flow. It can be assumed
that the combination of low aerosol formation and
additionally the fragmentation of already generated
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FIGURE 6 Comparison of (a) plasma-polymerized chia oil and (b) plasma-polymerized tung oil coatings formed by different plasma

power and carrier gas flow in terms of coating thickness.
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FIGURE 7 Sections of Fourier transform infrared spectra of plasma-polymerized chia oil deposited at 3 L/min and 5 L/min N, flow
show a decreasing signal for the carbon-carbon double bond with increasing plasma power. Spectra are normalized to the intensity of the

C=0 band at 1746 cm™ .

polymer chains lead to an inadequately closed layer from
the coating process and the hydrophilic glass surface
being exposed. The hydrophobic character of the layer is
thus only inadequately reflected via the contact angles,
which leads in particular to high standard deviations and
to inhomogeneous surface properties.

ATR-FTIR spectroscopy enables chemical characteri-
zation of plasma polymer coatings. While the common
penetration depth of ATR-FTIR spectroscopy is about 1
um, coating thickness measurements on glass indicate
a coating thickness of several tens to hundreds of
nanometers for pp(tung oil) and pp(chia oil) respectively.

Therefore, signals of plasma-polymerized oils are only
detected with extremely low intensity, especially in the
case of pp(tung oil) coatings (Supporting Information S1:
Figure S4). As a result, only spectra of pp(chia oil)
coatings deposited both at 3 L/min and 5 L/min N, flow
rate are shown here (Figure 7, full spectrum shown in
Supporting Information S1: Figure S5).

Although the glass signal covers most coating ATR-
FTIR signals in the fingerprint area, characteristic bands
of chia oil are clearly visible despite their relatively low
intensity: these are the =C_-H stretching mode at
3011 cm™", the antisymmetric CH; stretching mode at
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2960 cm™', the antisymmetric CH, stretching mode
at 2926cm™', the symmetrical CH, stretching mode
at 2854cm™' and the C=O stretching mode at
1746 cm™.** The spectra of pp(chia oil) coatings
deposited at 3 L/min N, flow rate clearly show a decrease
in the intensity of the =C.-H vibration at 3011 cm™*
with increasing plasma power, indicating C=C double
bond consumption during plasma polymerization, as has
been described in literature.l**3* Additionally, lower
plasma powers correlate with lower substrate and plasma
temperatures that facilitate the absorption and conden-
sation of unfragmented species, resulting in IR spectra
showing better structural retention. Furthermore, the
relative intensity of the CH group signals also decreases
slightly relative to the C=0 signals as the applied power
increases, hinting at oxidation processes becoming more
prominent at higher plasma powers.[g] Although a
similar trend can be observed for coatings deposited at
5L/min, the effects are much less pronounced, most
likely due to the higher flow rate not allowing for as
much contact of individual molecules with the plasma.
The smallest C=C band occurs in this case for the coating
deposited at 200 W. Yet, the consumption of C=C double
bonds or the oxygen incorporation do not directly
correspond to the water contact angles, indicating that
these factors do not correlate quantitatively. Rather, the
effect on the water contact angle appears to be dominated
by surface morphology.

Chia oil, being the more promising of the examined
coating materials with respect to obtaining hydrophobic
coatings, was additionally selected to perform first
hydrophobicity tests on paper. Glassine paper was

a
( )90 | Glassine paper
Chia oil
_. 80}
o 70}
(o))
S 60}
s 50}
c
S 40 —=
L 30
©
; 20+
10}
0
No ow 100W 100W
coating 5 L/min 5 L/min 5 L/min
Extracted

chosen as a substrate due to its high purity compared
to other papers and to its low surface roughness obtained
by intensive pulp refining. Plasma polymerization was
performed at the previously determined conditions of
100 W and 5 L/min N, flow rate. Contact angles did not
increase significantly when no plasma power was applied
but increased to (75.2 +10.6)° on the deposited pp(chia
oil) coating (Figure 8a). The large error herein is due to
the measurement taken all across the 7cm wide
discharge area, while contact angles measured in the
central discharge area reach up to 90° and good stability
over time (Figure 8b). The static water contact angle is
therefore slightly higher and the droplet absorption
much slower than for coatings on glass, which is
attributed to the inherent roughness of paper. After
Soxhlet extraction, the water contact angle even
increased to averaged (90.2 +4.4)°, indicating chia oil
covalent attachment to the paper substrate just like on
glass slides.

Topographic measurements show no significant
change in the paper surface roughness after aerosol
coating and plasma polymerization compared to
untreated glassine paper, indicating that the roughness
is dominated by the paper properties. As with the glass
samples, ATR-FTIR spectroscopic detection of the coat-
ings on paper is challenging because the deposited thin
polymer layer provides only low signal intensities
compared to the substrate. In the case of the paper, this
is complicated by the fact that the cellulose signals
overlap those of the oil (Supporting Information S1:
Figure S5), so that no reliable evaluation of the spectra
is possible. Nonetheless, the possibility to achieve

Glassine papér_
Chia oil

a oo N ©
o O O o o

Water contact angle (°)

= N W H
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FIGURE 8 (a) Comparison of water contact angles on uncoated, chia oil coated, plasma-polymerized chia oil (pp[chia oil]) coated and

pp(chia oil) coated extracted glassine paper, averaged across entire paper surface; (b) time-dependent water contact angle measurements in

central discharge area show hydrophobic behavior and good durability after coating.
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covalently attached hydrophobic paper coatings by
plasma polymerization of chia oil has been proven.

4 | CONCLUSIONS AND
OUTLOOK

In this work, the plant-based precursors tung and chia oil
were deposited on glass and paper surfaces for the first
time using a single-step PECVD process. The novel
plasma source used for this purpose combines the
technological advantages of jet plasma and sliding
discharge and allows coating deposition at atmospheric
pressure while displacing the ambient air in the plasma
gap. The oils introduced as aerosols into this reactive
zone were proven to be crosslinked and covalently
attached to the respective substrates, with layer thick-
nesses of 4-470 nm being achieved, depending on the gas
flow and the plasma power. Multiscale surface morphol-
ogies were observed. Specifically, the plasma polymer-
ized chia oil coatings exhibited hydrophobic properties
with static water contact angles of up to 90° at 100 W
plasma deposition power. Even better hydrophobization
is expected to be achievable by further investigating into
the various plasma parameters and by introducing pulsed
discharge modes. Nonetheless, the findings presented
herein are already of great interest to all industries
performing solvent-based coating processes, such as
those required in paper finishing, for shifting their
production toward biobased and green chemistry-based
production principles.
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5.4. Vegetable oil-based plasma polymer coatings on varying paper substrates

The feasibility of depositing hydrophobic vegetable oil-based coatings on smooth glassine paper
through plasma polymerization using the DiscJet device has been successfully proven. In view
of practical applications, its suitability for coating topographically more challenging paper
substrates needs to be examined. With respect to wetting behavior, both surface chemistry and
surface roughness are crucial factors. Thus, the influence of paper porosity in particular is of
decisive importance for determining suitable plasma polymerization conditions to endow paper
with hydrophobicity. The final section of this investigation therefore examines plasma

polymerization of vegetable oils on various porous paper substrates.

Cotton linter laboratory handsheets were chosen as substrates due to their high cellulose
content and high purity.™*® They were calendered with three different line pressures
(5 N'mm?, 50 N'mm”, 300 N-mm™) to obtain different porosity and surface roughness.

Glassine paper was again selected as a smooth reference substrate.

Initially, the influence of mere plasma treatment on the surface properties of cotton linter
papers calendered at 300 N-mm™ (CL-300) was examined varying the parameters plasma
power (10 W to 400 W), substrate-source distance (1.5 mm to 6 mm) and number of plasma
treatment runs (1 to 5). WCAs decreased from 28° for untreated paper to less than 20° after
plasma treatment independent of the selected parameters. The only observable trend was a
decrease in WCA with increasing plasma power. Neither surface roughness parameters nor
surface morphology displayed by scanning electron microscopy (SEM) images showed
significant changes upon plasma treatment. Only for the parameter set of 100 W, 3 mm
substrate-source distance and five treatment runs, ATR-FTIR spectra showed a low intensity
carbonyl band at 1720 cm™. Hence, it was assumed that oxidation reactions were caused by
plasma treatment and led to paper surface hydrophilization. However, the extent of these
modifications was in most cases too small compared to the unmodified bulk paper to manifest
a significant change in surface topology, or to be detectable by the relatively large penetration

depth of ATR-FTIR spectroscopy.

The parameters selected for PECVD of vegetable oil were based on previous results, namely
100 W, 3 mm substrate-source distance, 15 L-min! argon flow rate and 5 L-min? N; flow rate.
Only the number of coating runs was varied between one and five, in order to account for the
porosity of paper samples and the possible need for different coating amounts to achieve good

pore coverage. Chia oil was used as hydrophobizing precursor material.

All cotton linter papers showed slower water droplet absorption after coating with pp(chia oil).

Droplet absorption times increased with increasing coating amount and increasing paper
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porosity. The most porous paper, calendered with a line pressure of 5 N-mm™ (CL-5) displayed
a median droplet absorption time of 45 s after five coating runs, with some values reaching
almost 5 min, which correlated with the largest coating amount as visualized by ATR-FTIR
spectra. However, large deviations between individual values indicated that the coating was
not homogeneously distributed across the substrate. Surface roughness was determined by
intrinsic paper roughness, as roughness measurements showed no significant change
independent of the applied coating amount. CLSM allowed visualization of the coating on the
paper substrate, which in top-view mode was observed filling the pores between the fibers both
after coating with one and five coating runs. The cross-sectional view additionally displayed

wm-thin paper surface coverage after five coating runs.

X-ray photoelectron spectroscopy (XPS) evidenced the coating presence through the C1s peak,
where the integral indicating the content in C—-C and C-H bound carbons increased dramatically
after coating with pp(chia oil). No large differences were observed comparing coatings with
one and five coating runs, due to the restricted penetration depth of XPS that was inferior to
the coating thickness. After Soxhlet extraction, the C-C/C-H content decreased only slightly
while the O-C=0 content increased slightly, which was most likely due to minor surface
chemistry modifications during extraction or storage. However, the largest part of the

detectable coating remained covalently attached to the surface.

Additionally, covalent pp(chia oil) attachment was evidenced after Soxhlet extraction, both
through ATR-FTIR spectra showing the carbonyl bond, as well as through SEM images depicting
fiber coverage with an equalizing layer most likely originating from pp(chia oil). Moreover,
droplet absorption times were further lowered compared to unextracted papers, with individual
measurements showing droplets that were stable with WCAs above 100° for more than 5 min

on all papers after five coating runs. Again, however, the coating inhomogeneity was visible.

On smooth glassine paper, improved hydrophobicity was also observed, with WCAs ranging
between 80° and 90° independent of the number of coating runs. Like on cotton linter papers,
the surface roughness was no decisive factor influencing hydrophobicity. CLSM imaging

enabled visualization of the coating’s presence but also of its shortcomings in homogeneity.

Finally, the suitability of pp(chia oil) for hydrophobizing glassine paper was compared to that
of two other vegetable oils, safflower oil and olive oil. These feature a slightly higher viscosity
and further differ from chia oil in their fatty acid composition, as safflower oil usually mainly
contains diunsaturated linoleic acid, while olive oil mostly contains monounsaturated oleic acid.

It was found that after two coating runs, which overall proved to be the best number of runs,
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both pp(safflower oil) and pp(olive oil) coatings yielded significantly higher WCAs than pp(chia
oil), featuring (92.2 = 14.7)° and (101.0 % 7.3)° respectively.

Thus, it has been shown that pp(chia oil) is suitable for improving water repellency on papers
of different porosity, while additional vegetable oils have proven the potential to do the same.
Despite a certain coating inhomogeneity requiring process optimization, this is a good proof of
concept for the potential of plasma-polymerized vegetable oils to hydrophobize porous paper

substrates.

In the frame of this work, I was involved in conceptualization, data acquisition and interpretation
(paper production, coating deposition, staining, SEM imaging, optical profilometry for surface
roughness, WCA and water absorption times measurements, ATR-FTIR spectroscopy, CLSM),
writing and creating artwork. Martin Bellmann was involved in coating deposition and data
evaluation. Kristina Lachmann was involved in data acquisition and interpretation (XPS). Andreas
Geissler was involved in data acquisition and evaluation (viscosity measurement, mercury intrusion
porosimetry), as well as conceptualization, interpretation, supervision and funding acquisition.

Markus Biesalski was involved in supervision. All authors were involved in proof-reading.
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Paper finishing, in particular, coating paper with desired barrier functions is
well-developed as of today. However, due to large amounts of material and
process energy as well as the use of non-renewable resources for such
coatings, common technologies are not sustainable. Given the increasing
importance of paper in manifold applications, more sustainable routes with
low-energy processes as well as biogenic material alternatives are highly
needed. To address this challenge, a solvent-free and material-efficient
approach is proposed to bio-based paper coatings by depositing chia
oil-based plasma polymers using a jet-induced sliding discharge concept at
atmospheric pressure. Depending on the amount of coating and the paper
porosity, this treatment retards water absorption. Coating visualization is
enabled through confocal laser scanning microscopy (CLSM) and scanning
electron microscopy (SEM). Like chia oil, safflower oil, and olive oil show the
ability to hydrophobize paper and the great potential within plasma

1. Introduction

For many applications in the packaging
and lightweight construction sectors, pa-
per offers notable advantages such as
high specific strength, good availability,
and well-established recyclability. How-
ever, the material has one shortcoming,
namely its sensitivity to humidity. On
water ingression, paper loses its stabil-
ity and further falls victim to microbial
colonization, leading to further deterio-
ration in the long term.[!! Accordingly,
strategies are required to either make
paper wet-strength or hydrophobic and
thus protect it from moisture. In indus-
try, water barriers are achieved through
sizing or coating approaches, whose com-

polymerized vegetable oils to make the paper coating more sustainable.
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ponents are usually based on inorganic
or fossil-based organic materials. Suit-
able thermoplastic polymers for water
barrier production are increasingly be-
ing applied from dispersion in order to
minimize coating quantities and meet
legal recycling requirements. This, of course, is accompanied
by an increased demand for drying energy to remove super-
fluous water.?! Replacing fossil-based coatings with bio-based
materials is crucial in the quest for a more sustainable econ-
omy and challenges many scientists.*l Therein, using long-
chain aliphatics such as waxes is a promising approach for
achieving hydrophobic paper surfaces.’] Fatty acids and veg-
etable oils have equally been utilized for paper hydrophobiza-
tion, either as crosslinked coatings,®’! as components in hybrid
organic nanoparticles!®! or covalently attached to the cellulosic
substrate.[19) However, these processes require either multiple
reaction steps, large amounts of solvent, supplementary chemi-
cals, or elevated temperatures.

Plasma-enhanced chemical vapor deposition (PECVD), also
known as plasma polymerization, performed at atmospheric
pressure offers the possibility to forego these disadvantages, as
it does not require any solvents, supplementary chemicals, nor
subsequent drying processes, but is nonetheless able to deposit
highly crosslinked, covalently attached coatings, thus opening up
a large variety of applications.!!]

PECVD has been explored for paper hydrophobization with
silicon- and fluorine-based precursors, achieving both hydropho-
bic and superhydrophobic properties.['>!3] For instance, hexam-
ethyldisilazane coated filter paper showed conformal coating and

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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static water contact angles (WCAs) above 120°.['*] In an example
focusing on fluorocarbon-plasma polymer coated papers, a coat-
ing thickness above 200 nm was required to achieve permanent
hydrophobization, while scanning electron microscopy (SEM)
images showed no distinct changes on the fiber surface even at
2.4 um coating thickness.!*>) However, bio-based hydrophobizing
agents such as vegetable oils have not yet been utilized in PECVD.
Indeed, the use of biogenic precursors in PECVD has so far been
focused on essential oils, extractives such as terpenes and phe-
nols, amino acids, proteins, and enzymes as well as derivatives
of lactic acid,"®! with recent research including silk fibroin and
chitosan.['”]

With respect to vegetable oils or fatty acids, the only use re-
lated to plasma has been the precursor application through spray
coating or impregnation combined with plasma treatment. For
instance, cotton fabric showed WCAs above 150° after oleic acid
was grafted onto its surface. The process consisted of three steps,
namely the fabric activation with argon microwave frequency
plasma at reduced pressure, immersion into an ethanolic solu-
tion of oleic acid and a subsequent argon plasma treatment.!8]
Similarly, oleic acid, sunflower oil, and olive oil were grafted onto
softwood kraft pulp fibers and Spanish broom fibers through sub-
strate immersion into precursor solutions in acetone and plasma
treatment followed by extraction of unbound material.[*] A mix-
ture of copaiba oil and silicone oil was intended to produce an-
tibacterial and hydrophobic properties on vegetable ivory and ap-
plied through spray coating combined with atmospheric pres-
sure plasma jet treatment using ambient air. The pure copaiba
oil-based coating yielded WCAs of (83.6 = 3.5)° and the mix-
ture (94.6 + 2.4)°, compared to (31.5 + 8.7)° for the uncoated
substrate.["]

Recently, we reported the first study of the deposition of veg-
etable oils in PECVD. Therein, two oils with a high degree of un-
saturation, namely chia oil and tung oil, were compared with re-
spect to their suitability for generating hydrophobic plasma poly-
mer coatings. While tung oil-based plasma polymers showed no
hydrophobizing effect under the examined plasma parameters,
chia oil-based plasma polymers improved the hydrophobicity of
both glass slides and glassine paper with WCAs up to (86.0 +7.9)°
and (75.2 + 10.6)° respectively.”!] While these two substrates are
characterized by their smoothness, roughness is known to signif-
icantly contribute to surface-wetting behavior. In this work, we
explore the potential of plasma polymerized (pp) chia oil to im-
prove hydrophobicity of paper substrates with varying porosities
and improve understanding of the deposition of plasma polymer-
based coatings on porous substrates. After the initial characteri-
zation of the various base papers and the influence of plasma
treatment on one exemplary base paper, coatings on papers of
varying porosity with plasma-polymerized vegetable oil will be
analyzed. Finally, an outlook on plasma polymer coatings with
different oil-based precursors will be given.

2. Results and Discussion

Two different kinds of base paper were used to examine the suit-
ability of PECVD to coat porous substrates. Cotton linter labora-
tory handsheets were used as the coarser material. Their poros-
ity and smoothness were adjusted by calendering with three
line pressures (5 N mm™' (CL-5), 50 N mm™' (CL-50), and

Adv. Mater. Interfaces 2024, 2400507 2400507 (2 of 13)
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300 N mm™! (CL-300)). Glassine paper (GP) was selected as
smooth and dense substrate for comparison, with its smooth-
ness and low porosity caused by a high refining degree as well
as densification. All substrates were characterized with respect
to their surface morphology, porosity and water absorption time
(Figure 1). Scanning electron microscopy (SEM) showed the den-
sification produced by calendering, with quite loose fiber arrange-
ment and many loose fibrils observed for CL-5 to large flat-
tened fibril-free areas for CL-300. Contrarily, GP is extremely
smooth and barely shows any individual fibers and no fibrils at
all (Figure 1a). A similar trend is observed for surface roughness.
Average surface roughness S, values decrease from (5.7 + 0.2) um
for CL-5 through (3.2 + 0.7) um for CL-50 to (2.7 + 0.2) pm for
CL-300. Finally, GP only shows an average surface roughness of
(1.33 + 0.11) um (Figure 1b). Similarly, the porosity decreases
from (52.7 = 1.6) % through (35.3 + 0.9) % to (24.7 = 0.5) %
for cotton linter papers with increasing degree of calendering.
Glassine paper has an even lower porosity of only (4.5 + 1.1) %
(Figure 1c). The available pore space in the paper influences the
water absorption capacity, so that the water absorption times in-
crease with the degree of calendering. Still, the water absorption
time for all cotton linter papers is well below 1 s, whereas it is in
the range of several minutes for glassine paper (Figure 1d). How-
ever, this cannot be determined with accuracy, as glassine paper
shows strong swelling in the imbibed area which renders the sub-
strate contours unclear. At the same time, water evaporation takes
place, which makes a precise measurement impossible.

Plasma treatment without the use of any precursor was per-
formed to examine the influence of plasma processing on pa-
per surface properties. The modifications occurring on vari-
ous plasma-treated cellulosic substrates under the influence
of different treatment conditions have been well-examined by
others!?*?5-27l and measurements shown here are intended as
reference compared to plasma polymer-coated samples. Thus,
based on the subsequently used parameters of 100 W plasma
power and 3 mm substrate-source distance, variations of 10 to
400 W and 1.5 to 6 mm were carried out.

Furthermore, the number of treatment runs was varied from
1to 5 as in the subsequent coating process. CL-300 was chosen
as substrate because it is smooth and dense enough to enable 0 s
water contact angle measurements (contrary to CL-50 and CL-
5, where water absorption is too fast) and its surface properties
range in the middle of the four examined substrates.

Water contact angle measurements show an immediate de-
crease in water contact angles from (28.2 + 1.2)° for untreated pa-
per by at least 10° for treated paper. Whilst variation of substrate-
source-distance and number of treatment runs show no clear
trend with respect to hydrophilization, increasing the plasma
power decreases the WCA, from (15.6 + 3.8)° obtained after
treatment at 10 W to (5.0 + 1.1)° after treatment at 400 W
(Figure 2a—c). Note that errors may be caused by the non-
homogeneous compression of the paper, which influences den-
sity and resultingly water absorbance and roughness, as it is
most likely the case for the diverging low WCA for 25 W treat-
ment. Neither surface roughness (Figure 2d—f) nor SEM imag-
ing (Figure 2g,h) show any significant morphological change, in-
dicating that the change in WCA is of purely chemical nature.
Increased fibrillation after plasma treatment as reported else-
where was not observed under the selected parameters and shows
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Figure 1. Characterization of the uncoated base papers using (a) scanning electron microscopy, (b) optical profilometry, (c) mercury intrusion porosime-
try and (d) droplet absorption time measurement, showing that increased line pressure when calendering cotton linter paper shows increased fiber
flattening, decreasing roughness and porosity and increased water absorption times, while glassine paper is still smoother, less porous and droplet

absorption times cannot be determined precisely.

the non-aggressive nature of the plasma source used herein.
Finally, Attenuated Total Reflectance - Fourier Transform In-
frared (ATR-FTIR) spectroscopy shows the formation of a small,
yet clearly observable carbonyl band at 1720 cm™! after 5 treat-
ment runs, while otherwise, no significant changes were ob-
served (Figure 2i; Figure S1, Supporting Information). The for-
mation of carbonyls is attributed to the generation of radicals
during plasma treatment and the subsequent oxidation with oxy-
gen from the ambient air. It is likely that such processes occur in
all samples, as they show increased hydrophilicity which is usu-
ally attributed to the presence of an increased number of polar
species. The penetration depth of ATR-FTIR spectroscopy does
not allow for the detection of such minute differences in surface
chemistry, but the phenomenon itself has been well described
previously.[26:27]

Plasma polymerization was performed using chia oil as coat-
ing material, which was considered a promising precursor to im-
prove surface hydrophobicity in our recent investigations.?!l In
this study on papers with varying porosity, most PECVD param-
eters were kept constant. Only the number of coating runs was
varied, as porous substrates were expected to require different
coating amounts to achieve sufficient coverage for surface hy-
drophobization. In a first step, the three calendered cotton linter

Adv. Mater. Interfaces 2024, 2400507 2400507 (3 0f13)

papers were compared with respect to their surface properties af-
ter coating with pp(chia oil) with one, two or five coating runs.

Generally, an increased water absorption time was observed
for all pp(chia oil) coated papers. Water absorption times in-
crease with growing coating amount and paper roughness. In-
deed, the highest water absorption time of up to 300 s was ob-
served for sample CL-5, which was coated five times (Figure 3a).
The initial paper roughness therefore has a fundamental in-
fluence on the hydrophobization effect. However, profilometric
measurements indicate that the coating itself does not signifi-
cantly change the paper roughness (Figure 3b). ATR-FTIR spec-
troscopy shows increasing bands characteristic for vegetable oils,
notably the =C—H vibration at 3011 cm™!, the CH; and CH, vi-
brations at 2924 and 2854 cm™! as well as the C=0,,, vibration
at 1743 cm 1281 Although it is not a quantitative method, the in-
crease in band maxima and integrals is a strong indicator of the
increased coating amount deposited with an increased number
of coating runs (Figure 3c, full spectra in Figure S2, Supporting
Information).

With respect to the absorption kinetics, the large scattering of
values, especially present on CL-5, is unfortunately indicative of
an inhomogeneous coating distribution on the paper substrate.
Hence, the extremely low water absorption time for the coating
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Figure 2. Plasma treatment of CL-300 paper varying either power, substrate-source distance, or number of treatment runs. (a—c) Plasma treatment
decreases water contact angle, only power has a significant effect; (d—f) Surface roughness does not change significantly; (g,h) SEM images comparing
surface morphology after one and five treatment runs show no significant changes; (i) ATR-FTIR spectroscopy shows the formation of a small carbonyl

band after five treatment runs not present at other parameter settings.

applied with two runs is assumed to be an outlier. Nonetheless,
we consider these results to give valid indications of the influence
of paper porosity on water absorption.

Confocal laser scanning microscopy (CLSM) enables visualiza-
tion of the coating covering the substrate surface. To this end,
coated paper samples were stained in two steps, first with the
cellulose-selective staining agent Calcofluor White (CFW, herein
depicted in cyan), and second with the fat-selective staining agent
Sudan III (S3, herein depicted in magenta).””) A difference in
fluorescence intensity between coated and uncoated areas was

Adv. Mater. Interfaces 2024, 2400507 2400507 (4 0f13)

accordingly expected to indicate the presence of the pp(chia
oil) coating on the papers. On CL-5 coated with five runs, this
was indeed the case, as the cross-sections show a micrometer-
thin purely magenta-stained layer indicating the presence of oil,
which is not at all visible on the uncoated and once-coated sam-
ple. Similarly, the gray values of both CFW and S3 stains start
increasing at exactly the same paper position for the uncoated
and single-coated sample. For the five runs-coated sample, an off-
set between the gray values of the two staining agents is visible,
with the S3 gray value increasing directly at the paper surface and
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Figure 3. Examination of the modification of cotton linter papers calendered with different line pressure (increasing from CL-5 to CL-50 to CL-300)
coated with pp(chia oil) at one, two, and five coating runs. (a) Absorption times of 2 pL water droplets increase with number of coatings runs and are
highest for the most porous paper CL-5; (b) Surface roughness does not change significantly; (c) Characteristic ATR-FTIR bands increase with number

of coating runs, measured on CL-5 but similar on all samples.

the CFW gray value just increasing slightly below (Figure 4a). Al-
though it can be argued that the surface of the two other sam-
ples also appears to be slightly more rough, top-view images
support the assumption that stain intensity change is indica-
tive of the coating presence. Indeed, both the integrated inten-
sity of CFW fluorescence and the CFW/S3 ratio decrease with
increasing coating amount. Accordingly, the presence of an S3-
stained oil-based coating leads to decreased detection of CFW
fluorescence, as has been observed previously.'%l Furthermore,
stained individual fibers and empty pores are clearly visible for
the uncoated sample in both CFW and S3 channels, whilst for
both coated samples the inter-fiber space is also stained, prov-
ing the presence of oil after both one and five coating runs
(Figure 4Db).

The pp(chia oil) coated papers were Soxhlet-extracted to exam-
ine covalent coating attachment to the paper substrate and re-
move possible superfluous unbound molecules.

X-ray photoelectron spectroscopy (XPS) measurements and
deconvolution of the C1s peak display changes in surface chem-
istry of coated/non-extracted and coated/extracted papers com-
pared to uncoated cotton linter papers (Figure 5; Figure S3, Sup-
porting Information). For an uncoated paper, the predominant
peaks are the C2 peak at 286.4 eV and the C3 peak at 287.7 eV,
which are attributed to C—O moieties, as present in the cellulosic
hydroxyl group, and to O—C—O moieties, resulting from the cel-
lulosic acetal group, respectively. Additional C1 and C4 peaks at
284.8 and 289.2 eV represent C—C/C—H and O=C—0-bound car-
bons respectively, and originate from impurities such as lignin,
extractives or fatty acids frequently present in natural cellulose
such as obtained from cotton linters.[?>3%32] The untreated pa-
per contains 60 at.-% C and 39 at.-% O, resulting in an O/C ra-
tio of 0.66, which is lower than the theoretically expected value
for pure cellulose of 0.83. Again, this is due to impurities in cot-
ton linters.3%3233] After coating, the carbon content increases to
86 at.-% C and 13 at.-% O (O/C ratio of 0.15) both for one and five
coating runs. The intensity of the carbons in the paper, notably
the C2 and C3 peaks, decreases relative to the C1 and C4 peaks
indicating the presence of the oil’s aliphatic fatty acid chain with

Adv. Mater. Interfaces 2024, 2400507 2400507 (5 of 13)

C—H and C—C bonds, and the ester group with O=C—O bond,
respectively. The O/C ratio increases slightly to 0.21 after Soxhlet
extraction, as does the C4 peak indicating carboxylic acid pres-
ence, while the integral of the C1 peak decreases slightly. This
shows that the largest part of the coating is covalently attached to
the substrate and therefore still present after extraction. Further-
more, the extraction process and storage can also slightly con-
tribute to surface chemistry modification, for instance through
oxidation reactions or molecular rearrangement.[1%34] Interest-
ingly, the C1 content does not increase with a higher number of
coating runs. As XPS penetration depth is less than 10 nm, this
might either be for the paper roughness being too high to detect
possible differences, or because the layer thickness, especially on
the topmost fiber surface, surpasses the penetration depth after
one coating run and further modifications in coating thickness
are accordingly not visible.

Besides clear indications obtained through XPS, covalent
pp(chia oil) attachment is further well-proven through ATR-FTIR
spectroscopy. Whilst for one and two coating runs, the character-
istic CH; and CH, bands cannot be clearly distinguished from
those present in cellulose, their presence at 2925 and 2854 cm™!
is evident after extracting the coating formed through five coating
runs, and even a slight trace of the =C—H vibration at 3006 cm™!
is still detectable. Additionally, the C=0,,, band at 1742 cm™
is well visible in all three samples and increases with number
of coating runs (Figure 6a, full spectrum in Figure S5, Sup-
porting Information).[?8] After extraction, water droplet absorp-
tion times increase significantly compared to unextracted sam-
ples. Again, trends are similar, with the slowest absorption for
the most porous substrate, CL-5, and the highest number of
coating runs (Figure 6b). As the large deviations in absorption
times show again, the coating is not distributed perfectly ho-
mogeneously across the substrate surface. Time-dependent wa-
ter contact angles were measured in the position with the high-
est absorption times and show good droplet stability over time
as well as static water contact angles above 100° for CL-50 and
CL-300 and above 120° for more porous CL-5 (Figure S4, Sup-
porting Information). Although the coatings are not completely
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Figure 4. CLSM images of CL-5 showing CFW-based cellulose stain, S3-based oil stain, and overlay of the two channels. (a) Cross-sections displayed in
maximum intensity z-stack projection comparing uncoated paper to papers coated with one and five coating runs; squares indicate the area from which
gray values were calculated. The coating presence is clearly visible only for the sample coated with five runs both in cross-section view and through
plotting gray values against image line for marked area. Images taken with the same settings and not further modified. (b) Top-view CLSM images
displayed in sum slices z-stack projection and bar plots show the integrated intensity of the fluorescence of both staining agents. CFW intensity and
CFW/S3 intensity ratio decrease with coating amount. Inter-pore filling stain in S3-channel indicates presence of pp(chia oil) in both coated samples.
Images taken with the same settings and not further modified.
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Figure 5. Deconvolution of C1s peak in XPS spectra of (a) uncoated CL-300; (b) CL-300 coated with one coating run and (c) CL-300 coated with one
coating run and extracted; (d) comparison of content of differently bound carbon atoms shows the presence of vegetable oil functional groups after

coating and after extraction.

homogeneous, their potential to hydrophobize surfaces of vary-
ing roughness is evident.

SEM images enable visualization of pp(chia oil) on cellulose
fibers present after Soxhlet extraction. Independent of the applied
calendering pressure, uncoated papers show single fibers with
microfibrils at their surface. No significant changes are visible on
papers coated with one run. However, after five coating runs, the
cellulose fibers and fibrils are covered with an equalizing layer
that fills the interfibrillar spaces and can be interpreted as evi-
dence for the presence of pp(chia oil) (Figure 6¢). Similar cov-
erage effects have been observed on deposition of fluorocarbon-
and silicon-based plasma polymers.[1*3°] Considering these ana-
lytical methods altogether, it is clear that covalent pp(chia oil) at-
tachment occurs already after one coating run. This already leads
to improved resistance to water penetration and is evidenced
through ATR-FTIR spectroscopy, but a larger coating amount is
required for permanent hydrophobization.

To study the possible impact of the substrate’s surface topology,
pp(chia oil) was applied onto glassine paper, a rather smooth pa-
per substrate, for comparison. Significant improvements in wa-
ter contact angle were observed comparing uncoated paper (WCA

Adv. Mater. Interfaces 2024, 2400507 2400507 (7 of 13)

~40°) to coated paper (80-90°). No significant modifications were
observed between different numbers of coating runs, with the
exception of four runs (Figure 7a). Whether this is a true signif-
icance or an outlier cannot yet be ascertained, as five runs do
not lead to a significant modification anymore. Nonetheless, it
seems possible that too many coating runs deteriorate the coat-
ing quality due to an excess amount of possibly unattached oil.
The surface roughness does not change significantly comparing
uncoated and coated papers, like observed for cotton linter papers
(Figure 7b).

On coated glassine paper, CLSM images clearly demonstrate
the presence of pp(chia oil), which is detectable even after one
coating run. The non-visibility of CFW stain is evident after both
one and five coating runs in cross-section images, respectively.
The spatially resolved gray values show that the intensity of the
CFW peak at the paper surface decreases greatly upon coating.
However, individual stained spots are still visible. Interestingly,
CFW cannot penetrate deeply into either coated or uncoated glas-
sine paper (Figure 8a). Top-view images confirm these observa-
tions. The CFW stain, which is homogeneously distributed on
the surface of the uncoated paper, is only visible in certain spots,
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Figure 6. (a) FTIR spectroscopy indicates pp(chia oil) presence through characteristic bands, especially for five coating runs; (b) Water absorption times
for 2 uL-sized droplets increase compared to unextracted paper and with increasing porosity and number of coating runs; (c) SEM images show the
presence of a closed smooth layer on individual fibers and interfibrillar spaces after five runs as opposed to uncoated papers, but no distinct modification

after one coating run.

while most of the surface does not fluoresce anymore. The S3
stain, on the other hand, is well-distributed across the entire pa-
per surface independent of coating presence. The CFW/S3-ratio
decreases with an increase in integrated S3 fluorescence intensity
after coating (Figure 8b). Again, this is vivid proof of the presence
of pp(chia oil) on paper.

Finally, the suitability of chia oil to hydrophobize glassine pa-
per through plasma polymerization was compared to that of
other vegetable oils, namely safflower oil and olive oil. These
two differ from chia oil in the degree of unsaturation of the
fatty acid chains, as safflower oil contains mainly double unsatu-
rated linoleic acid chains, and olive oil’s key fatty acid component

Adv. Mater. Interfaces 2024, 2400507 2400507 (8 0f13)

are mono-unsaturated oleic acid chains, while chia oil mainly
contains triple unsaturated linolenic acid chains (Figure 9a).l°]
Moreover, the oils differ slightly in their viscosity (Figure 9b), but
not so much as compared to the previously examined tung oil,
which was deemed unsuitable for plasma polymerization with
the setup and parameters used herein.[?!] Plasma polymers based
on all three oils were deposited with the same parameters and dif-
ferent numbers of coating runs, whereof two coating runs show
the best and most homogeneous results across all examined oils
(Figure S6, Supporting Information). Indeed, water contact an-
gle measurements of papers coated with two runs show the suit-
ability of all oils to improve paper hydrophobicity. Interestingly,
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Figure 7. Comparison of uncoated glassine paper and pp(chia oil) coated paper with one to five coating runs; (a) water contact angles, p-values show
significances according to Tukey’s test, non-indicated values are not significant; (b) surface roughness does not change significantly.

water contact angles increase from pp(chia oil) to pp(safflower
oil) and were highest for pp(olive oil) with ~100° (Figure 9c).
Based on a previous study by MerTENs et al.,’”] a higher double
bond content had initially been expected to lead to an increased
degree of crosslinking while enabling good structural retention.
As the current results show opposing behavior, it is possible that
instead of the supplementary double bonds supporting crosslink-
ing, oxidation reactions preferentially occur at the sites of the
double bonds and lead to incorporation of an increased num-
ber of hydrophilic groups. Alternatively, the precursor viscosity,
which was previously found to play a decisive role in aerosol gen-
eration and formation of closed layers,/?!] might be relevant even
though the difference between the three oils is not large. Further-
more, the presence of minor components in the oils is another
potential influencing factor whose specific effect has not yet been
investigated. These research questions need to be answered to,
in the future, fully exploit the potential of hydrophobization with
plasma-polymerized vegetable oils shown here.

The majority of paper products, with the exception of tissue
and filters, have some form of water-repellent coating or are hy-
drophobized in order to meet the respective usage requirements.
Depending on the area of application, this functionalization can
be implemented to very different extent. This ranges from low
sizing degrees, such as those required to control the absorption of
liquid in printing or coating processes, through products that are
in use for a few minutes, such as paper straws, to extremely mod-
ified papers that can be exposed to weathering for longer periods
or even used as liquid packaging material. Compared to these
permanent liquid barriers, which are often realized by means of
plastic coatings, the approach presented here is of course not yet
competitive in terms of long-term stability. However, it should
be noted that the contact angles of #100° achieved with pp(olive
oil) are already in the same dimension as with the usual indus-
trial alkyl ketene dimer sizing of packaging papers or with surface
coatings using polymer latex-based formulations.*l However, in-
dustrial sizing agents like alkyl ketene dimer and alkenyl suc-
cinic anhydride as well as polymer latices are produced through
multi-step reactions based on non-renewable materials and be-
yond that, sizing processes require large amounts of material

Adv. Mater. Interfaces 2024, 2400507 2400507 (9 of 13)

and drying energy. Thus the properties obtained can not sim-
ply be compared to the results presented herein without taking
green chemistry principles into account. Material consumption
is indeed an issue that can also be found in several works of
recent research using fatty acids or vegetable oils for paper hy-
drophobization. For instance, grafting of oleic acid to cotton fab-
ric resulted in WCAs of 150°, but demanded, besides two plasma
treatment steps, immersion into an ethanolic solution of oleic
acid as well as subsequent rinsing.['®] Although the coatings pre-
sented herein are inferior in terms of hydrophobicity, their pro-
duction requires only one step instead of multiple ones. Other
examples of works aiming at solvent-free vegetable oil-based coat-
ings through thermal curing or photocuring achieved WCAs of
97° and 121° respectively using olive 0il.[*1%] However, in these
cases the paper was fully impregnated with the coating, contrary
to this work where the coating was more economically deposited
only on the substrate surface. Use of tung oil and a photoini-
tiator achieved WCAs of 127° and a Cobby, value of 17 g m™2,
but entailed more than 6 g m~? coating pick-up on papers of
79 g m~2 grammage.®] Therefore, although process optimiza-
tion is needed for coatings based on plasma polymerized veg-
etable oils to achieve the same water repellency as conventional
ones, and cost and complexity of the plasma technology need to
be assessed, many aspects of the method presented herein are
well in accordance with green chemistry principles®! and in this
respect a promising alternative to well-established but less sus-
tainable technological processes.

3. Conclusion

This work examines bio-based plasma polymer coatings for hy-
drophobization of paper with varying porosity using chia oil, saf-
flower oil, and olive oil. The pp(chia oil) coatings improve wa-
ter repellency on all examined substrates, favored by higher pa-
per porosity and larger coating amounts. The coating presence
was evidenced through CLSM and SEM images and its covalent
bonding to the cellulose was confirmed by ATR-FTIR and XPS
spectroscopy. While the coatings are not perfectly homogeneous,
the possibility to significantly improve water barrier properties
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Figure 8. CLSM images of glassine paper showing CFW-based cellulose stain, S3-based oil stain, and overlay of the two channels. (a) Cross-sections
displayed in maximum intensity z-stack projection comparing uncoated paper to paper coated with one and five coating runs; squares indicate the area
from which gray values were calculated. The coating presence is clearly visible both in the cross-section view and through plotting gray values against
image line for marked area, the latter showing a decrease in CFW gray value with increased number of coating runs. Images taken with the same settings
and not further modified. (b) Top-view CLSM images displaced in sum slices z-stack projection and bar plots showing the integrated intensity of the
fluorescence of both staining agents. CFW intensity and CFW/S3 intensity ratio decrease with coating amount. Inter-pore filling stain in S3-channel
indicates the presence of pp(chia oil) in both coated samples. Images taken with the same settings and not further modified.
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Figure 9. (a) Chemical structures of the main components of chia oil, safflower oil and olive oil, differing in their C=C double bond content; (b) Shear-
rate dependent viscosity of the three examined oils increases from chia oil through safflower oil to olive oil; (c) Water contact angles on glassine paper
increase significantly from pp(chia oil) through pp(safflower oil) to pp(olive oil), with all coatings deposited at the same parameters and with two coating

runs.

is clearly evidenced. Subsequent improvement of coating homo-
geneity and optimization of plasma parameters are however re-
quired. For industrial scale-up, it is necessary either to increase
the dimensions of the DiscJet or to operate it in arrays, which
would additionally enable the option for multi-layer coatings. Al-
ternatively, a change of the plasma source concept would be re-
quired, whereby investigations into the influence of drag air as a
function of process speed would be essential. Despite the need for
further development, this work shows the potential of vegetable
oil-based plasma polymers as a solvent-free and material-efficient
coating strategy to improve current paper coating technology, for
instance with respect to packaging or lightweight construction
applications.

4. Experimental Section

Materials:  Glassine paper (Pergamyn WIN HT 60 g m~2) was pro-
vided by Spezialpapierfabrik Ober-Schmitten GmbH (Nidda, Germany).
Glass slides were obtained from Epredia (Breda, Netherlands). Chia oil
was purchased from Wallitzer-Tiernahrungs GmbH (Rheinsberg, Ger-
many), safflower oil and olive oil from Oelmuehle Solling (Boffzen, Ger-
many), acetone and ethanol (analytical grade) from Merck (Darmstadt,

Adv. Mater. Interfaces 2024, 2400507 2400507 (11 Of13)

Germany), staining agent Fluorescent Brightener 28 (Calcofluor White)
from Sigma Aldrich (St. Louis, MO, USA) and Sudan Ill staining solution
(2.5 g L™" in ethanol) from Morphisto (Offenbach, Germany). Nitrogen
(>99.8%) and argon (>99.996%) gases were obtained from Linde GmbH
(Pullach, Germany).

Plasma-Enhanced Chemical Vapor Deposition (PECVD): PECVD was
performed on a jet-induced sliding discharge device (“Discet”) at atmo-
spheric pressure as described elsewhere.[222] In brief, the precursor was
introduced into the plasma source as an aerosol carried by N,-gas. Argon
was used as process gas and introduced into the plasma source through a
separate inlet. Plasma was generated using generator HV-X20 and trans-
former HT-X1-340il (Tantec A/S, Lunderskov, Denmark). Ar process gas
and N, gas carrying the precursor were mixed at the high voltage elec-
trode outlet, where the discharge generated a floating potential between
the plasma source and the substrates placed below and caused plasma
polymerization to occur directly on the substrate surface. Substrates were
placed seamlessly next to each other and transversal to the coating direc-
tion with three buffer substrates on each side to prevent turbulences. The
plasma source was moved across the substrates at T m min~! using an
ISEL Gantry OverHead M20 portal system (Isel Germany AG, Eichenzell,
Germany) with a varying number of coating runs.

Plasma polymerization of vegetable oils was performed with pa-
rameters that were previously found to be promising for surface
hydrophobization.?'] The plasma power was kept at 100 W, the substrate-
source-distance at 3 mm and the argon process and nitrogen carrier gas
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flow rates at 15 and 5 L min~" respectively. Only the number of coating
runs was modified in order to identify the interactions of varying amounts
of coating with different porous paper substrates. For reference measure-
ments of mere plasma treatment on paper, the base parameters were kept
at 100 W, 3 mm, and 1 run, while one parameter out of these was modi-
fied. The power was varied between 10 and 400 W, the distance between
1.5 and 6 mm and the number of treatment runs from 1to 5.

Paper Making and Sample Preparation: To produce cotton linter lab-
oratory handsheets, aqueous cotton linter dispersion (2.2 wt.%) was di-
luted to 0.16 wt.% and stirred for 30 min. Handsheets were formed from
this dispersion in accordance with ISO 5269-2 on a Haage sheet-former
BBS (Haage Anagramm Technologien GmbH, Preissenberg, Germany),
followed by drying under reduced pressure (93 °C, 10 min) and deter-
mination of sheet grammage (100 g m~2) by bone-dried paper weight.
Calendering was performed using a CA5/300 laboratory calender (Sumet
Systems GmbH, Denklingen, Germany) equipped with two steel rolls at
0.5 m min~', at room temperature and under line pressures of 5, 50, and
300 N mm~'. Glassine paper was used without further modification. Pa-
per strips (70 x 20 mm) were glued onto microscope slides (75 X 25 mm)
along the edges, leaving the central part of the samples untouched to en-
able measurements.

Absorption Time and Water Contact Angle (WCA) Measurement: Paper
samples were stored under controlled climate conditions (23 °C, 50% RH)
for at least 24 h before measurement. Both absorption time and water con-
tact angles were measured by placing 2 pL droplets of ultrapure water on
the substrate surface, using the sessile drop method on a Dataphysics
OCA 35 device (Dataphysics, Filderstadt, Germany) and processed with
Dataphysics SCA20 software. Static water contact angles were measured
immediately after droplet deposition. Absorption time measurements and
time-dependent WCA measurements were based on the recorded videos,
wherein the frame rate was adapted to the absorption times (14 frames s™'
for uncoated paper, 3.58 frames s~ for coated papers and 1frame s~ for
extracted papers). A total of at least 5, 18, or 3 absorption time measure-
ments was performed on uncoated, coated, and extracted cotton linter
papers, respectively. The number of WCA measurements on glassine pa-
per is shown in the respective graphs. Significance levels (p-values) were
determined through Tukey’s test using R software.

Optical Profilometry:  Surface roughness parameters were determined
according to 1SO 25 178 standard through optical profilometry us-
ing a PLu neox optical profilometer (Sensofar Metrology, Barcelona,
Spain) equipped with a Nikon EPI 20x objective measuring across
850.08 x 709.35 um? scan area in a 100 um z-stack and at a resolution
of 0.69 um pixel~". Surface roughness parameters were determined after
plane correction through SensoScan 6.7 software and averaged across five
measurements (three for uncoated glassine paper).

Mercury Intrusion Porosimetry: Mercury intrusion porosimetry was
performed on a Poremaster 60 GT (Quantachrome Instruments Inc.,
now Anton Paar, Graz, Austria) and evaluated using Poremaster for Win-
dows 8.11 software. Measurements were performed based on ISO 15901-
1:2026-04 standard.

Scanning Electron Microscopy (SEM): SEM samples were fixed onto
conducting carbon tape and sputtercoated using a Cressington Turbo
208HR sputter coater (Cressington Scientific Instruments, Watford, UK)
with a 10 nm layer of Pd/Pt (20/80). SEM images were recorded
on a Philips XL 30 FEG high-resolution scanning electron microscope
(SEMTech Solutions, Inc., North Billerica, MA, USA) at beam voltage 5 kV,
spot size 5, and 500% or 5000x magnification.

Confocal Laser Scanning Microscopy (CLSM):  Paper samples intended
for CLSM measurements were Soxhlet-extracted (acetone, 300 mL, 6 h)
prior to use to remove any trace materials that might influence the stain-
ing behavior. Staining was performed in two steps after plasma polymer
deposition. First, samples were stained with Calcofluor White (CFW) by
immersion into aqueous CFW solution (100 pm, 15 min), removal of ex-
cessive staining agent through shaking in distilled water (15 min) and dry-
ing under reduced pressure (40 °C, 1.5 h). Second, samples were stained
with Sudan Il (S3) solution by immersion into ethanol (10 s) followed by
immersion in ethanolic S3 solution (10 vol.% in ethanol, 5 min), removal
of excess dye through shaking in ethanol (3 X 15 min) and drying under
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reduced pressure (40 °C, 1.5 h). Uncoated reference paper was subjected
to the same procedure.

To obtain cross sections, paper samples were cut using a razor blade
from bottom to top and placed on a microscope slide with the cut side
pointing toward the bottom and held by adhesive putty. Top view images
were recorded by placing the samples between two coverslips. All mea-
surements were performed in air.

CLSM images were recorded on a Leica TCS SP8 microscope (Leica Mi-
crosystems, Mannheim, Germany) using an HC PL APO CS2 20x / 0.75
DRY objective. The plane-to-plane distance in image stacks was 2 um. CFW
and S3 excitation and emission detection were performed in two separate
channels, with excitation at 405 and 552 nm and emission detection at
(424-496) and (561-681) nm, respectively. Measurements from the same
dataset (cross-sections or top-view images) were taken with the same set-
tings. Image)2[23] software (Version 1.54b) was used for image processing
and calculations. For cross-sections, maximum intensity images were gen-
erated from the 3D stacks and gray values were calculated therefrom in the
indicated region of interest. For top view images, images and integrated
intensities are based on sum slices of the entire stack.

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spec-
troscopy: ATR-FTIR measurements were performed on a Perkin Elmer
Spectrum 3 FTIR spectrometer (Perkin Elmer, Waltham, MA, USA) directly
on the paper substrate between 4000 and 650 cm™! using a resolution of
4 cm™" and 10 scans. Baseline correction was done using Spectrum soft-
ware (Version10.7.2). For easier comparison, spectra were normalized to
minimum and maximum intensity.

Rheology:  Viscosity measurements were performed on a MCR 302
rheometer (Anton Paar, Graz, Austria) between parallel plates of 50 mm
diameter and at a measuring gap of 0.5 mm. The shear rate was increased
linearly with 10 measuring points each being placed in the range between 1
and 100 s~" and from 100 to 21000 s~ Directly afterward, the shear rate
was reduced in identical gradual steps, so that finally 40 individual mea-
surements per sample were recorded.

X-Ray Photoelectron Spectroscopy (XPS):  XPS measurements were per-
formed on a PHI 5500 Multi-Technique System (Perkin Elmer, Waltham
MA, USA) with MgKa radiation at 1253 eV and a photoemission angle of
45° with a measured area of 1-2 mm. Spectra were analyzed using Mul-
tiPak V5.0A software. Origin 2022b software was used for deconvolution
based on the data received by spectra analyses.
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6. Summary and outlook

In the strife for a more sustainable world, replacing fossil-based plastics with biobased materials
is of utmost importance. In this context, paper shows a high potential to serve as substitute,
since it is not only easily available and biocompatible, but additionally its recycling process is
well established. However, the need to finish paper to make it durable against moisture leads
to incorporation of non-sustainable components into this sustainable material. Therefore,
innovative finishing strategies are required that are in line with the principles of green
chemistry. Renewable materials should be selected as raw materials and the use of sometimes
hazardous chemicals and complex derivatization reactions must be minimized. At the same
time, it is essential that new processing methods become more energy and material efficient in

order to reduce the amount of generated waste.

Penetration of moisture into paper can be prevented through durable, non-water-soluble
coatings. Conventional hydrophobization strategies usually rely on sizing agents that adsorb or
covalently attach to the fibers or form a crosslinked network, or on polymeric or inorganic
coatings. Generally, the material is first applied to the paper and then crosslinked or attached
to the fibers through an external stimulus such as light or heat. However, such approaches
usually require multi-step reactions, derivatization or hazardous chemicals and mostly rely on

non-renewable resources.

Thus, the aim of this work was to find simple, solvent- and derivatization-free processes for
producing biobased paper coatings that are either crosslinked, covalently attached or both.
Unsaturated vegetable oils were selected as raw materials due to their good availability from
widespread resources, their intrinsically hydrophobic character and the presence of carbon-

carbon double bonds that can take part in simple chemical reactions.

In a first step, a conventional approach for obtaining crosslinked coatings on paper was
examined. Herein, a mixture of olive oil, or its main component oleic acid, and 1,8-octanedithiol
was applied onto cotton linter laboratory handsheets through dip coating and crosslinked using
UV light, making use of the thiol-ene click reaction. Oleic acid was used as simple model
material to monitor crosslinking and optimize reaction conditions on glass slides. An irradiation
dose of 20 J-cm? at 254 nm wavelength showed best double bond conversion. Using these
parameters for crosslinking olive oil-dithiol coatings on paper, water contact angles up to 121°

were obtained.

Secondly, an approach for covalently attaching vegetable oils to cotton linter paper substrates
through thermal treatment at 70 °C was evaluated. After four weeks, papers showed a water

contact angle of 97°, which was further increased to 138° through Soxhlet extraction. The aging
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process was extensively examined by comparison to storage at norm climate conditions and
under argon atmosphere. Aging effects were attributed to a combination of oxidation and
transesterification reactions, whereby the fatty acid chains were covalently attached to the
paper substrate. The decisive influence of time and temperature was shown. A storage time of
one week already proved to be sufficient for good hydrophobization and thus shows the

potential for further acceleration of the aging process.

Plasma polymerization, or more precisely plasma-enhanced chemical vapor deposition, was
selected as third approach for depositing covalently attached, highly crosslinked coatings. First,
chia oil and tung oil, which have a similar degree of unsaturation but differ greatly in viscosity,
were examined with respect to their ability to hydrophobize glass model substrates and in terms
of their coating characteristics. Surface morphology and chemistry were shown to depend on
the applied plasma power. Tung oil was found to be not at all suitable for hydrophobizing glass,
but plasma polymerized chia oil increased the water contact angle of the initially highly
hydrophilic glass substrate to (86.0 = 7.9)°. Therefore, chia oil was used for further studies on
the hydrophobization of paper, using cotton linter papers of different porosity as well as smooth
glassine paper for reference. Here, water absorption was slowed down significantly, especially
on the most porous paper and using a higher coating amount, but overall the coatings were
rather inhomogeneous. After Soxhlet extraction, the best measurements showed that water
absorption was retarded for more than five minutes with stable water contact angles of over
100° on all cotton linters substrates. Coating presence and covalent attachment were evidenced
through various analytical and imaging methods. Finally, water contact angles of coatings from
plasma polymerized chia oil were compared to those from safflower oil and olive oil deposited
on glassine paper, ranging from (83.6 + 11.3)° through (92.2 + 14.7)° to (101.0 = 7.3)°
respectively. Thus, although the plasma polymer coatings are not satisfactory in terms of

homogeneity, their potential for paper hydrophobization is clearly evident.

While each of these methods is an interesting approach for producing water repellent coatings
from vegetable oil, several shortcomings need to be considered. The first issue to be addressed
concerning sustainable development is most certainly the use of food-grade oils within the
frame of this work. With regard to olive oil, a replacement with qualities not intended for the
food sector is conceivable, although the use of completely different vegetable oils that do not
compete with human nutrition at all would be preferable. This is especially valid for the plasma
polymerization approach, where the fundamental usability of different unsaturated oils has
been proven, taking into account the limitation through viscosity. Additionally,
hydrophobization through thermal curing promises versatility in the choice of vegetable oil or

fatty acid, as it proceeds in large parts via an esterification reaction.
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The thiol-ene reaction-induced photocuring of vegetable oils and thiols is an interesting strategy
to forego the use of solvents and derivatives. However, the current approach certainly has
shortcomings with respect to many other green chemistry principles, such as atom economy,
where a more material-economic coating approach than dip coating or size press coating is
imperative, or safer chemicals, amongst which the dithiol used herein cannot be counted.
Although the use of natural thiols is thinkable, their odor remains an issue. Hence, investigation
into other photocrosslinkable agents with good sensitivity towards alkene groups would be
required. Nonetheless, this approach shows that in principle, hydrophobic crosslinked vegetable
oil-based paper coatings can be achieved without solvents, photoinitiators or supplementary

derivatization steps.

With respect to the approach based on thermal attachment, the dip coating method requiring
rather large amounts of material, the subsequent Soxhlet extraction step, the energy needed for
maintaining elevated temperatures and the long storage time are issues that need to be
addressed. Dip-coating can relatively easily be replaced by more material-economic methods
such as spray coating. Reducing the amount of coating material to a minimum might further
render the extraction step obsolete. However, more extensive research is required to find
optimal conditions under which the transesterification takes place faster and at lower
temperatures. Here, transesterification might be accelerated for instance either by adapting the

ambient humidity or by choosing an oil with higher acid number.

Finally, plasma polymerization also bears some hazards that are not yet fully understood and
must be addressed in near future, such as the formation of radicals and ozone during plasma
ignition. Additionally, oil particles are liberated during aerosol generation and the gas
consumption of the current setup is rather high. Nonetheless, this is certainly the most material-
economic approach, it generates only gas phase waste and the coating does not demand any
chemical workup. A quantitative assessment of the overall energy consumption, comparing
plasma polymerization to a conventional paper coating process, would additionally enable
evaluation of the potential to improve energy efficiency. With respect to current results, issues
with heterogeneity can be addressed through continuous optimization of the plasma source.
The range of applicable plasma parameters should be explored to enhance coating properties,
using Design of Experiments as a valuable addition for a better understanding the effects and
interactions of individual parameters. Moreover, the use of pulsing in plasma polymer
deposition is very promising for better structural retention of the precursor and maintaining

discharge homogeneity and stability.

So far, none of the hydrophobization strategies suggested herein has been evaluated at

industrial scale. While dip coating can likely be replaced by other coating techniques, scale-up
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of the plasma polymerization process is more difficult. On the one hand, drag air is a challenge
with respect to the high processing speeds of paper machines, and on the other hand, the
dimensions of the plasma source used herein are far below the width of a paper roll. Thus,

further development steps towards technology optimization are required.

Not only the production and usage, but also the end of life of a material needs to be considered
when evaluating its sustainability. The biodegradability and recyclability of the obtained
coatings have not yet been analyzed for any of the proposed solutions and thus remain open to

investigation.

In summary, each of the coating approaches discussed above, the thiol-ene crosslinking method,
the thermally induced covalent attachment and finally plasma polymerization, addresses some
green chemistry principles while at the same time displaying some shortcomings in other
respects, with the plasma polymerization approach likely being the most environmentally
benign one. Only life cycle assessment, however, will allow to quantify these effects.
Nonetheless, the potential of vegetable oils to hydrophobize paper with either crosslinked,
covalently attached or crosslinked and attached coatings in a solvent-free manner is

undisputable.

131



7. Zusammenfassung

Fiir die Schaffung einer nachhaltigeren Welt ist der Austausch aus fossilen Rohstoffen erzeugten
Kunststoffes durch biobasierte Materialien von hochster Bedeutung. Papier besitzt in diesem
Kontext aufgrund seiner guten Verfligbarkeit, Biokompatibilitit und Rezyklierbarkeit
erhebliches Potential als Substitut. Fiir einige Anwendungen muss jedoch die Bestandigkeit des
Papiers gegeniiber Feuchtigkeit erh6ht werden, was hédufig zur Verwendung nicht nachhaltiger
Additive oder Kompositmaterialien fithrt. Neuartige Strategien zur Veredelung von Papier,
welche auf erneuerbaren Rohstoffen basieren und im Einklang mit den Prinzipien der Griinen
Chemie stehen, stellen einen vielversprechenden und notwendigen Losungsansatz fiir dieses
Problem dar. Dazu gehoren insbesondere Prozesse, die energieeffizient sind, unnotigen Abfall
vermeiden und den Verbrauch von zuséatzlichen sowie umwelt- oder gesundheitsschédlichen

Chemikalien und Derivaten reduzieren.

Dauerhafte, wasserunlosliche Beschichtungen dienen dazu, das Eindringen von Feuchtigkeit in
Papier zu verhindern. Konventionelle Hydrophobierungsstrategien basieren dabei
iiblicherweise entweder auf Leimungsmitteln, welche adsorbiert oder kovalent an die Fasern
angebunden werden oder ein Netzwerk um die Fasern bilden, oder auf anorganischen
beziehungsweise polymerbasierten Beschichtungsmaterialien. Haufig wird die Beschichtung
erst auf das Papier aufgebracht und anschliefend durch einen externen Stimulus, wie
beispielsweise Licht oder Hitze, vernetzt oder an die Fasern angebunden. Diese Ansitze
erfordern jedoch meist mehrstufige Reaktionen, Derivatisierungen oder schédliche Chemikalien

und beruhen tiblicherweise auf fossilen Rohstoffen.

Daher ist das Ziel dieser Arbeit, auf den Prinzipien der Griinen Chemie basierende Anséitze zur
Herstellung vernetzter, kovalent angebundener oder kovalent angebundener vernetzter
biobasierter Papierbeschichtungen zu finden. Die hierzu herangezogenen Prozesse sollen
moglichst einfach sein, ohne Losungsmittel auskommen und keine zusétzliche Derivatisierung
der Naturstoffe erfordern. Als Ausgangsstoffe wurden aufgrund ihrer guten Verfiigbarkeit und
intrinsischen Hydrophobie ungeséttigte Pflanzenole gewahlt. Weiterhin kann die darin
vorhandene Kohlenstoff-Kohlenstoff-Doppelbindung leicht fiir chemische Reaktionen genutzt

werden.

Zu Beginn wurde ein konventioneller Ansatz zum Erhalt vernetzter Papierbeschichtungen
untersucht. Dazu wurde eine Mischung aus Olivenél, oder seinem Hauptbestandteil Olsiure,
und 1,8-Oktandithiol auf Baumwolllinterpapier mittels Tauchbeschichtung aufgebracht.
Anschliel3end erfolgte die Vernetzung iiber eine durch UV-Belichtung induzierte Thiol-En Click-

Reaktion. Olsiure diente dabei als einfaches Modellmaterial, um den Vernetzungsprozess auf
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Glassubstraten zu wuntersuchen und die Reaktionsbedingungen zu optimieren. Eine
Belichtungsdosis von 20 J-cm™ bei einer Wellenléinge von 254 nm fiihrte zum hochsten Umsatz
an Doppelbindungen. Die so ermittelten Parameter wurden fiir die Vernetzung einer Olivenol-
Thiol-Beschichtung auf Papier genutzt, wodurch Wasserkontaktwinkel von bis zu 121° erreicht

werden konnten.

Im zweiten Schritt wurde die kovalente Anbindung von Pflanzendlen an Baumwolllinterpapiere
durch thermische Behandlung bei 70 °C untersucht. Nach vierwochiger Inkubation wiesen die
Papiere einen Wasserkontaktwinkel von 97° auf, welcher durch Soxhlet-Extraktion auf 138°
gesteigert werden konnte. Der Alterungsprozess wurde genauer untersucht, indem die
Lagerung bei 70 °C mit der bei Normklima und unter Argon verglichen wurde. So konnte die
Alterung auf ein Zusammenspiel aus Oxidations- und Umesterungsreaktionen zuriickgefiihrt
werden, auf welche Zeit und Temperatur einen entscheidenden Einfluss ausiiben. Erste
Versuche zeigten, dass bereits eine Lagerungszeit von einer Woche zur Hydrophobierung

ausreichend ist und diese gegebenenfalls sogar weiter reduziert werden kann.

SchlieBlich wurde die Papierhydrophobierung mit Pflanzendlen durch plasmaunterstiitzte
chemische Gasphasenabschneidung, auch bekannt als Plasmapolymerisation, untersucht. Diese
ermoglicht die Abscheidung hochvernetzter, kovalent an die Substratoberflache angebundener
Schichten. Chiadl und Tungol wurden als erste Ausgangsstoffe verwendet, da sie einen
dhnlichen Sattigungsgrad besitzen, sich jedoch stark in ihrer Viskositdt unterscheiden. Mithilfe
von Glas als Modellsubstrat wurden sowohl die Eignung beider Ole zur
Oberflachenhydrophobierung als auch die Eigenschaften der entstehenden Beschichtungen
untersucht. Die Oberflichenmorphologie und -chemie der Schichten zeigten sich dabei
abhéngig von der eingestellten Plasmaleistung. Tungol erwies sich als vollig ungeeignet zur
Glashydrophobierung. Die Beschichtung mit plasmapolymerisiertem Chiadl hingegen erhohte
den Wasserkontaktwinkel der Glassubstrate auf bis zu (86.0 = 7.9)°. Daher wurde zunéchst
nur Chiadl fiir weitergehende Untersuchungen zur Papierhydrophobierung eingesetzt. Als
Substrate wurden Baumwolllinterpapiere verschiedener Porositdt sowie Glassinepapier als
vergleichsweise glattes Referenzsubstrat verwendet. Die Wasseraufnahmegeschwindigkeit
dieser Papiere konnte durch die Plasmabeschichtung bedeutend verringert werden, vor allem
auf dem Papier hochster Porositdt und bei Abscheidung gesteigerter Beschichtungsmengen.
Insgesamt wiesen die Beschichtungen jedoch eine starke Inhomogenitdt auf. Nach Soxhlet-
Extraktion zeigten die besten Messwerte auf allen Baumwolllintersubstraten eine Verzégerung
der Wassertropfenaufnahme fiir mehr als fiinf Minuten bei stabilen Wasserkontaktwinkeln iiber
100°. Das Vorhandensein der Beschichtung und ihre kovalente Anbindung wurden durch

verschiedene chemisch-analytische und bildgebende Verfahren nachgewiesen. Schlieflich
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wurden Beschichtungen aus plasmapolymerisiertem Chiadl auf Glassinepapier mit solchen aus
plasmapolymerisiertem Distelol und Olivenol verglichen, wobei die Wasserkontaktwinkel von
(83.6 = 11.3)° bei Verwendung von Chiaol iiber (92.2 * 14.7)° fiir Distelol bis hin zu
(101.0 = 7.3)° bei Einsatz von Olivenol reichten. Auch wenn die Homogenitit der
Plasmapolymerbeschichtungen noch nicht zufriedenstellend war, konnte die grundsatzliche
Machbarkeit der Papierhydrophobierung durch plasmapolymerisierte Pflanzendle so

zweifelsfrei nachgewiesen werden.

Obwohl jede dieser Methoden einen interessanten Ansatz zur Herstellung wasserabweisender
Beschichtungen auf Basis von Pflanzenélen darstellt, sind einige Nachteile nicht von der Hand
zu weisen. Das erste Problem im Hinblick auf Nachhaltigkeit ist zweifelsohne die Verwendung
von Pflanzendlen in Lebensmittelqualitdt. Im Fall von Olivendl ist hier der Einsatz einer nicht
zum menschlichen Verzehr geeigneten Qualititsstufe denkbar. Die Nutzung anderer
Pflanzenole, welche nicht in Konkurrenz zur menschlichen Nahrungsmittelproduktion stehen,
wiare jedoch vorzuziehen. Das gilt insbesondere fiir den Einsatz dieser in der
Plasmapolymerisation, fiir welche die grundsatzliche Nutzbarkeit verschiedener ungesattigter
Ole unter Beriicksichtigung der Viskositit nachgewiesen wurde. Auch die Hydrophobierung
mittels thermischer Anbindung ist unter Verwendung verschiedener Pflanzendle oder

Fettsduren denkbar, da sie in grol3en Teilen auf einer Veresterungsreaktion basiert.

Auch wenn die Photovernetzung von Pflanzendlen und Thiolen unter Nutzung der Thiol-En-
Reaktion eine interessante Strategie zum Verzicht auf Losungsmittel und
Derivatisierungsreaktionen darstellt, ist der Prozess in Bezug auf viele andere Prinzipien der
Griinen Chemie problematisch. Dazu gehort beispielweise die Atomokonomie, welche eine
weniger materialintensive Beschichtungsmethode als die Tauchbeschichtung oder die
Leimpresse zwingend erforderlich macht, oder die Verwendung unbedenklicher Chemikalien,
zu denen das hier verwendete Thiol nicht gezdhlt werden kann. Obwohl die Verwendung
natiirlicher Thiole denkbar wéare, bleibt das Problem des charakteristischen Thiol-Geruchs
bestehen. Alternativ ist daher die Untersuchung anderer Photovernetzer in Erwidgung zu ziehen.
Nichtsdestotrotz zeigt dieser Ansatz, dass die Herstellung hydrophober vernetzter
Papierbeschichtungen auf Pflanzenolbasis ohne die Verwendung von zusétzlichen

Losungsmitteln, Photoinitiatoren oder Derivatisierungsschritten moglich ist.

Im Hinblick auf die thermische Anbindungsmethode stellen der hohe Materialverbrauch der
Tauchbeschichtung, die anschlieffende Soxhlet-Extraktion, die Energie, die fiir hohe
Lagerungstemperaturen notwendig ist, sowie die langen Reaktionszeiten Probleme dar, die der
Nachhaltigkeit des Prozesses entgegenstehen. Die Tauchbeschichtung konnte leicht durch

materialsparende Methoden wie die Spriihbeschichtung ersetzt werden. Die Verringerung der
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Beschichtungsmenge auf ein Minimum konnte gleichzeitig die abschlieRende Soxhlet-
Extraktion iiberfliissig machen. Um effizientere Umesterungsbedingungen, beispielsweise
hinsichtlich der Temperatur, zu identifizieren, sind weiterfilhrende Untersuchungen
erforderlich. In diesem Kontext konnten beispielsweise auch Anderungen der
Umgebungsfeuchte sowie die Verwendung eines Ols mit hoherer Sidurezahl die Umesterung

beschleunigen.

SchlieBlich beinhaltet auch die Plasmapolymerisation einige noch nicht vollstdndig erforschte
Risiken, wie die Bildung von Radikalen und Ozon wihrend der Plasmaentladung. Weiterhin
werden durch die Aerosolbildung Olpartikel freigesetzt und der Gasverbrauch ist beim aktuellen
Verfahren sehr hoch. Nichtsdestotrotz ist die Plasmapolymerisation der Ansatz mit dem
geringsten Materialverbrauch, es entstehen nur gasformige Restprodukte und eine chemische
Aufarbeitung der Beschichtung ist nicht nétig. Ein quantitativer Vergleich des Energiebedarfs
der Plasmapolymerisation im Vergleich zu einer konventionellen Papierbeschichtung konnte
zuséatzlich der Evaluierung von Moglichkeiten zur Energieeinsparung dienen. Die aktuell
problematische Inhomogenitét der Beschichtung kann durch kontinuierliche Verbesserung der
Plasmaquelle beseitigt werden. Weiterhin ist die Vielfalt der moglichen Plasmaparameter zu
variieren, um optimale Beschichtungseigenschaften zu erzielen. Hierbei wére der Einsatz von
statistischer Versuchsplanung vorteilhaft, da sie ein besseres Verstdndnis der Effekte und
Wechselwirkungen der einzelnen Parameter ermoglichen wiirde. Zuséatzlich ist die
Plasmapulsung ein weiterer vielversprechender Ansatz, um die Strukturretention des

Prakursors sowie die Entladungshomogenitdt und -stabilitdt zu verbessern.

Fir keinen der untersuchten Hydrophobierungsansitze wurden bisher Versuche im
industriellen Mal3stab durchgefiihrt. Wahrend die Tauchbeschichtung voraussichtlich gut durch
andere Beschichtungsmethoden ersetzt werden konnte, gestaltet sich das Hochskalieren der
Plasmapolymerisation schwieriger. Nicht nur sind die hohen Prozessgeschwindigkeiten der
industriellen Papiermaschinen aufgrund des moglichen Einflusses von Schleppluft
herausfordernd, auch die Dimension der bisher genutzten Plasmaquelle ist deutlich geringer als
die bliche Breite einer Papierbahn, sodass weitere Entwicklungsschritte zur

Technologieoptimierung erforderlich sind.

Neben seiner Herstellung darf in der Nachhaltigkeitsbetrachtung eines Materials natiirlich auch
das Ende seines Lebenszyklus nicht aufder Acht gelassen werden. Die Bioabbaubarkeit und
Rezyklierbarkeit sind leider bisher fiir keine der hier vorgeschlagenen Beschichtungen
untersucht worden. Thre Ermittlung stellt einen weiteren unerlasslichen Baustein auf der Suche

nach nachhaltigeren Papierbeschichtungen dar.
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Zusammenfassend adressieren die drei in dieser Arbeit vorgestellten Ansédtze zur
Papierhydrophobierung (die Photovernetzung mittels Thiol-En-Chemie, die kovalente
Anbindung durch thermische Behandlung und die Plasmapolymerisation) jeweils einige
Prinzipien der Griinen Chemie, weisen aber auch Schwichen in anderen Bereichen auf. Die
Plasmapolymerisation ist insgesamt als am vorteilhaftesten einzuschétzen. Schlussendlich kann
hier jedoch nur eine umfassende Lebenszyklenanalyse eine verldssliche und quantitative
Aussage treffen. Nichtsdestotrotz konnte das grof3e Potential der Verwendung von Pflanzendlen
zur losungsmittelfreien Papierhydrophobierung durch Netzwerkbildung beziehungsweise

kovalente Anbindung unbestreitbar belegt werden.
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PECVD
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uv
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XPS

1,8-Octanedithiol

Atomic Force Microscopy
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Atmospheric Pressure Plasma Jet
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Confocal Laser Scanning Microscopy
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