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Abstract: Cellulose is an abundant natural polymer and is thus promising for enforcing biobased
plastics. A broader application of cellulose fibers as a filler in polymer composites is limited because
of their hydrophilicity and hygroscopicity. The recent scientific literature on plasma methods for the
hydrophobization of cellulose materials is reviewed and critically evaluated. All authors focused on
the application of plasmas sustained in fluorine or silicon-containing gases, particularly tetrafluo-
romethane, and hexamethyldisiloxane. The cellulose materials should be pre-treated with another
plasma (typically oxygen) for better adhesion of the silicon-containing hydrophobic coating. In con-
trast, deposition of fluorine-containing coatings does not require pre-treatment, which is explained
by mild etching of the cellulose upon treatment with F atoms and ions. The discrepancy between
the results reported by different authors is explained by details in the gas phase and surface kinetics,
including the heating of samples due to exothermic surface reactions, desorption of water vapor,
competition between etching and deposition, the influence of plasma radiation, and formation of
dusty plasma. Scientific and technological challenges are highlighted, and the directions for further
research are provided.

Keywords: cellulose; hydrophobization; gaseous plasma; PTFE; PDMSO

1. Introduction

Cellulose particles of various sizes and morphology are among the most promising
biobased materials for the reinforcement of polymer-matrix composites [1,2]. The drawback,
however, is inadequate adhesion between the polymer matrix and the cellulose fillers due
to a mismatch in surface energies. Most polymers are at least moderately hydrophobic, and
cellulose is a hydrophilic material. The hydrophilicity is due to the cellulose composition
and structure. The mismatch could be suppressed by hydrophobization, i.e., decreasing
the surface energy of the cellulose materials. Cellulose hydrophobization has attracted
enormous attention from the scientific community as well as users. Several review articles
have been published, and a recent one is [3]. The number of scientific papers focused on the
hydrophobization of cellulose materials is still increasing despite the tremendous efforts to
develop methods for rapid, stable, and ecologically acceptable modification of cellulose
surface properties, which should lead to the appropriate hydrophobic character of treated
samples. Figure 1 represents the number of scientific papers published annually since 2010.

A standard method for tailoring surface properties of polymers is the application of
non-equilibrium gaseous plasma [4-6]. Gaseous plasma is a source of charged particles
and molecular radicals [7] as well as photons with an energy that exceeds the binding
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energy of atoms in the polymer materials [8]. The energetic photons break bonds in
the surface film of all polymers, including the very strong C—F bonds in fluorinated
polymers [9]. The treatment uniformity in large plasma reactors may be questionable
because of significant gradients in the density or reactive plasma species [10]. Furthermore,
the gaseous impurities may influence the properties of gaseous plasma so that the surface
finish may deviate significantly from the desired degree of hydrophilicity. The source of
gaseous impurities may be the desorption of various molecules (usually water vapor) from
the substrates themselves, and this is likely to occur in the case of hygroscopic materials
such as cellulose [11].
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Figure 1. The number of scientific articles on hydrophobization of cellulose (retrieved from the Web
of Science).

Depending on the parameters, gaseous plasma may cause functionalization, etching,
deposition of a coating, and/or modification of the subsurface film. Functionalization
stands for the irreversible bonding of plasma species onto the polymer surface and is
frequently used for the hydrophilization of polymers [12]. Precise dosing of plasma radicals
enables the functionalization of polymers with desired functional groups [13]. Etching is
often a consequence of synergy between neutral radicals and bombardment with energetic
ions from gaseous plasma [7] but also occurs upon treatment with neutral radicals only [7].
Plasma containing condensable radicals will cause the formation of a thin surface film with
a composition related to the type of radicals in gaseous plasma. The thin films could be
either inorganic or polymer-like, and the technique used to synthesize thin polymer films
on substrates is called plasma polymerization [14]. Among the most studied hydrophobic
films deposited by plasma polymerization are those resembling polydimethylsiloxane [15].
Finally, plasma treatment also causes modification of the sub-surface film, usually due
to the absorption of energetic photons. Namely, most plasmas are extensive sources of
vacuum ultraviolet (VUV) radiation, i.e., radiation in a range of wavelengths between about
100 and 200 nm, corresponding to the photon energy between 12 and 6 eV, respectively.
The VUV photons are absorbed in a surface film of a thickness of the order of between
10 and 100 nm and break bonds in the polymer materials. The effect is irreversible if the
bonds are not re-established after absorbing the VUV photons. Hence, the absorption of
VUYV radiation causes structural modifications of the surface film of the thickness, which
corresponds to the penetration depth of the VUV photons.

2. Cellulose Hydrophobization by Gaseous Plasma Treatment

Hydrophobization of cellulose materials by gaseous plasma treatments has attracted
significant attention from the scientific community. Functionalization has rarely been tack-
led, and deposition of thin films by plasma polymerization seems to be preferred. Different
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research groups used various discharges for sustaining gaseous plasma. Traditionally, the
plasma hydrophobization of polymers has been accomplished in low-pressure plasma
reactors, but many authors also utilized plasmas sustained at atmospheric pressure. The
intermediate range of pressures, i.e., between a few mbar and 1 bar, has yet to be tackled.
The authors used various gases or gas mixtures and different discharges to sustain gaseous
plasma appropriate for the hydrophobization of cellulose materials. The recent progress in
this scientific niche is presented, and the results reported by various authors are critically
assessed. Only the scientific literature published in the last 5 years (after 2018) is considered
in this review.

2.1. Deposition of PDMSO-Iike Coatings

Polydimethylsiloxane is renowned for its hydrophobicity, so numerous authors re-
ported increased hydrophobicity of cellulose after treating it with plasma, which enables
the deposition of such coatings. Yang et al. [16] reported a super-hydrophobic surface
finish of cotton fabrics after treatment with atmospheric pressure plasma powered by a
radio-frequency (RF) discharge operating at 18 kHz. The cotton fabrics were mounted 4 cm
below the plasma nozzle to prevent overheating of the samples during treatment. They
used either oxygen or nitrogen and added hexamethyldisiloxane (HMDSO) vapor mixed
with argon into the discharge zone. The plasma treatment resulted in 150° and 160° water
contact angles when the carrier gases were nitrogen and oxygen, respectively. The authors
have not reported the treatment time but rather the speed of the plasma jet moving over
the cotton fabrics, which was fixed at 5 m/min with a raster offset of 2 mm. Considering
these data, the treatment time can be estimated to be approximately 0.1 s. Plasma treatment
caused the deposition of nanoparticles containing oxygen, silicon, and probably carbon and
hydrogen. The deposition of nanoparticles is explained by the formation of dusty plasma.
The HMDSO precursor dissociates partially upon plasma conditions, and the radicals tend
to form negatively charged clusters in the gaseous plasma. The clusters grow by conden-
sation of radicals on their surface and finally form nanoparticles, which are deposited
on the cotton substrate. The nanoparticles are hydrophobic, and the rich morphology
adds to the water contact angle, thus making the fabrics almost super-hydrophobic. The
effect was permanent, and the nanoparticles persisted on the surface of cotton fibers also
after washing.

Cerny et al. [17] treated cotton fabrics with a plasma sustained by an atmospheric-
pressure gliding arc operating at a peak voltage of 10 kV, a frequency of 50 Hz, and an
input power of 750 W. Plasma was sustained in the air with an admixture of HMDSO.
The non-treated samples were highly hydrophilic. A water droplet was absorbed in a
fraction of a second, so the authors could not measure the contact angle of untreated
cellulose. The samples were placed several cm away from the glowing plasma and treated
for several minutes. The water contact angle (WCA) on many samples was about 140° after
the treatment. No absorption of a water droplet was observed for some samples because
the water droplet evaporated instead after storing the samples for prolonged times. The
distance between the glowing plasma and the cellulose samples of 8 cm, the gas flow rate
of 14 slm, and the treatment time of 30 min were found particularly beneficial for stable
hydrophobization of the cotton samples. Scanning electron microscope (SEM) analyses
revealed the deposition of nanoparticles on the textile fibers, while Fourier-transform
infrared spectroscopy (FTIR) revealed a composition resembling polydimethylsiloxane with
excessive SiOx compound. Washing, however, caused a partial release of the nanoparticles
from the fabric surface, so a water droplet deposited onto the washed samples was slowly
absorbed into the textile. The residence time of the water droplet was about 2 min after the
first washing and about a minute after the third washing.

The gas-phase reactions in the atmospheric-pressure methods used for the deposition
of hydrophobic coatings by Yang et al. [16] and Cerny et al. [17] are illustrated in Figure 2.
The gaseous precursors enter the gaseous plasma, which is sustained by an electric field
between the electrodes. The plasma plume is not limited to the volume between the
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electrodes but expands towards the cellulose substrates because of the gas flow and the
peculiarities of the discharges (plasma jet in [16] and gliding arc [17]). The HMDSO
molecules entering the plasma are radicalized by electron-impact dissociation, and the
intensity of radical formation is the highest in the region of the highest electric field,
i.e., between the electrodes. Once the radicals become dense enough to start colliding with
each other, the oligomerization is triggered. The oligomerization proceeds along the gas
flow and the oligomers start forming particles, which represent condensation seeds for
adhesion of more HMDSO-radicals. The particles grow in size along the gas flow and
finally rich the cellulose substrates where they adhere. The effect is illustrated in Figure 2.

electrodes
Yy Ty mm zone of HMDSO-radicals
gas A P g formation
flow A (/A B zone of HMDSO-radicals
TII AP oligomerization

H zone of dust formation

plasma plume

N Y Y I I
R R L

substrate

Figure 2. Illustration of HMDSO-radicals kinetics in atmospheric pressure plasmas.

In another paper [18], the same group as [17] used a completely different experimental
setup to obtain highly hydrophobic organosilane-functionalized cellulose. They used a
low-pressure plasma reactor powered by a microwave discharge operating at the power of
500 W. The cellulose fibers with an average length /width of 65 um/33 um were placed into
a dish equipped with a stirring device. They were first treated with argon, oxygen, or air
plasma sustained at the pressure of 100 Pa and the plasma treatment time varied between
15 and 90 min. After this plasma treatment, the experimental chamber was evacuated,
and HMDSO vapors were leaked into the plasma reactor at the flow rate of 5 sccm during
continuous pumping. No significant agglomeration occurred in the gas phase due to the
low-pressure conditions. The pre-treatment with argon plasma did not enable significant
hydrophobization of the fibers after plasma polymerization. However, the pre-treatments
with air and oxygen plasma enabled gradual hydrophobization with increasing treatment
time, so the final WCA after 90 min of plasma treatment was 139° and 143°, respectively.
The difference between argon and oxygen or nitrogen is in the formation of O or N atoms
which activate the polymer surface. The oxygen plasma pre-treatment caused a faster
hydrophobization. The experimental setup used by Cerny et al. [18] is schematically
presented in Figure 3. The gas inlet and pump duct position prevented most HMDSO
molecules from reaching the zone of intensive plasma, which was limited to the volume
next to the waveguide, as shown in Figure 3. The zone is limited to a small volume due to
the small penetration depth of microwaves in a conductive medium, i.e., dense plasma. The
HMDSO molecules are therefore subjected practically only to the weak diffusing plasma
which occupied the entire volume of the discharge chamber. The formation of HMDSO
radicals in the weak plasma is poor, which explains the long treatment times needed to
hydrophobize the cellulose surface. The pre-treatment with air or oxygen plasma was
essential for binding poorly radicalized HMDSO precursor. Oxygen plasma caused the
formation of more polar groups on the cellulose materials than air plasma, which explains
the shorter HMDSO-plasma treatment time to achieve the desired surface finish.
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Figure 3. Schematic of the low-pressure plasma reactor for cellulose hydrophobization used by
Cerny et al. [18].

Matouk et al. [19] exposed cellulose nanocrystalline films to atmospheric pressure plasma
sustained in a mixture of argon and silane (0.02 vol.%) to create the super-hydrophobic surface
finish. Plasma was sustained by a standard parallel-plate dielectric barrier discharge (DBD)
discharge powered by an AC generator operating at the peak voltage of 6 kV and the frequency
of 5.5 kHz. The treatment times were between 1 and 3 min. The water contact angle on the
as-synthesized cellulose nanocrystalline films was 53° and increased with increasing plasma
treatment time. The WCA was 60°, 70°, and 150° after treating the films for 1, 2, and 3 min,
respectively. The nonlinearity of the WCA versus the treatment time was explained by
different chemistry of deposited silicon, which was studied by XPS. While a 1-min treatment
caused the predominant formation of Si—5i and Si—H bonds on the sample surface, prolonged
treatment favored the formation of SiO, bonds. The relative concentration of Si, as deduced
from survey XPS spectra, remained constant at about 60 at.% for all deposition times. The
authors attributed the oxidation of silicon to the water vapor, which slowly desorbed from
the nanocellulose films. The low concentration of silane in argon definitely suppresses the
formation of agglomerates in the gas phase, as illustrated in Figure 2.

Leal et al. [20] used tri-chloromethyl silane (TCMS) to deposit hydrophobic coatings
on membranes synthesized from bacterial cellulose. The membranes were first treated with
oxygen plasma sustained by a radiofrequency discharge which operated at the frequency of
40 MHz and the power of 100 W. A low-pressure reactor was used, and the oxygen pressure
during treatment was 100 Pa. The oxygen-plasma treatment resulted in nanostructuring and
activation of the membrane surface, which was helpful for the adhesion of the hydrophobic
coating. The coating was deposited by the standard (without plasma) chemical vapor
deposition (CVD) technique. The oxygen plasma-treated membranes were exposed to
the TCMS vapors for an hour at 95 °C. The oxygen plasma treatment alone did not cause
a measurable modification of the membrane wettability since the water contact angle
remained at about 25°. After depositing the coating, however, the membrane assumed
the WCA as large as 133°. The hydrophobic character of the membranes also persisted
after prolonged storage in distilled water, but the WCA slowly decreased with increasing
storage time. The effect of oxygen plasma pre-treatment was therefore beneficial, the same
as reported by Cerny et al. [18].

Yao et al. [21] fabricated highly hydrophobic cellulose films by treating cellulose
fibers with oxygen plasma, followed by the condensation reaction with TriSilanollsobutyl-
Polyhedral oligomeric silsesquioxane (TS-POSS). The final water contact angle was as large
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as 153°. The oxygen plasma treatment of the cellulose fibers was performed to activate
the hydroxyl groups on the surface of the fibers. Plasma-treated fibers were dipped into
the TS-POSS solution, and a thin hydrophobic coating was formed by the condensation
reaction between the cellulose and TS-POSS hydroxyl groups. The materials were treated
again with oxygen plasma for 500 s to etch the TS-POSS. The oxygen pressure was 25 Pa,
and the discharge power was 100 W. According to the authors [21], the amorphous areas
were etched preferentially, so nanostructured surfaces were obtained. Without treatment
with oxygen plasma, the materials exhibited only a moderate WCA of 107°.

Babaei et al. [22] reported plasma deposition of hydrophobic coatings on porous
cellulosic substrates using a standard DBD discharge operating at 20 kHz to sustain the
plasma in a mixture of helium and HMDSO at atmospheric pressure. The treatment time
was 30 min. The He flow rate was 4500 sccm, and HMDSO was admixed at 120 mg/h. The
substrates were porous hand sheets made of bleached, unrefined softwood Kraft pulp. The
treatment caused the static water contact angle of 140-150°, and the water adsorption time
was immeasurably long (over 300 s). The gas phase kinetics in the experimental setup used
by Babaei et al. [22] were similar to that illustrated in Figure 2.

Table 1 summarizes process parameters, such as pressure, power, time, and gas, used
for the deposition of PDMSO-like coatings for hydrophobization purposes, and the final
water contact angle.

Table 1. Summary of methods and results used to deposit PDMSO-like coatings.

Author Ref. Pressure Power [W]  Carrier Gas Precursor tireatment WCA [°] M;}t,;r;al
Yang [16] 1 bar N/A Oxygen HMDSO 01s 160 Textile
Yang [16] 1 bar N/A Nitrogen HMDSO 0.1s 150 Textile

Cerny [17] 1 bar 750 Air HMDSO 30 min 140 Textile
Cerny [17] 5 Pa 500 None HMDSO 90 min 140 Powder

Matouk [19] 1 bar N/A Argon SiHy 1 min 53 Film

Matouk [19] 1 bar N/A Argon SiHy 2 min 60 Film

Matouk [19] 1 bar N/A Argon SiHy 3 min 150 Film
Leal [20] Plasma pre-treatment only TCMS 133 Membrane

Yao [21] Plasma pre-treatment only TS-POSS 153 Film

Babaei [22] 1 bar N/A Helium HMDSO 30 min 140 Paper

Babaei [22] 1 bar N/A Helium HMDSO 30 min 140 Paper

2.2. Deposition of Fluorine-Containing Coatings

Fluorinated polymers are renowned for their hydrophobic character, so surface fluo-
rination is a natural choice for the hydrophobization of any polymer, including cellulose.
Samanta et al. [23] used atmospheric-pressure plasma sustained in helium with an admix-
ture of tetrafluoroethane (TFE) to treat viscose fabrics. The DBD discharge was sustained
with an RF generator operating at the voltage of 6 kV and frequency of 17.4 kHz. The
gas flow rates of He and TFE varied between 300-1700 and 5-500 sccm, respectively, and
the treatment time was 1-8 min. The WCA on non-treated samples was immeasurably
low, but even a 1-min plasma treatment caused the WCA to be 127°. The WCA increased
with increasing treatment time and reached 153° after treating the viscose fabrics for 8
min. High-resolution XPS Cl1s spectra revealed the appearance of CFy functional groups on
the cellulose substrates. The main peak was attributed to C-C and C-H bonds rather than
C-O, and it persisted even after treating the cellulose samples for 8 min. The high WCA
was explained as a combined effect of sample morphology and coating with a thin film
resembling polytetrafluoroethylene.

Oberlintner et al. [24] treated films synthesized from nanocellulose fibers. They used a
low-pressure plasma reactor to deposit a thin film of fluorinated carbon onto the cellulose
surface by plasma polymerization. The plasma reactor was a glass tube with a diameter
of 4 cm. Plasma was sustained in tetrafluoromethane (CF4) with inductively coupled
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RF discharge powered by an RF generator, which operated at the standard frequency of
13.56 MHz and output power of 80 W. The CF, flow rate of 80 sccm was reported, so the
pressure should be of the order of 10 Pa. The WCA gradually increased from the initial
46° to about 90° after 10 s and 130° after 55 s of plasma treatment. The major peak in
the high-resolution Cls XPS spectrum for untreated samples was attributed to the C-O
bond, and its relative intensity decreased with increasing plasma treatment time. XPS also
confirmed the presence of C-Fy bonds on the surface of treated cellulose.

In another paper, Oberlintner et al. [25] used the same discharge tube for sustaining
plasma in CF4. Unlike most other authors, they also reported the ultimate pressure achieved
in the vacuum system, which was 1 Pa. In this paper, the authors chose the output power of
the RF generator of 150 W, but the samples were placed 7 cm away from the RF coil, where
the diffusing plasma was sustained. The CF, pressure was 50 Pa, and the pumping speed
of a rotary vacuum pump was 80 m3/h. The samples were chitosan/cellulose nanocrystals
composite in the form of thin films. The plasma treatment time varied between 0.5 and
30 s. The WCA of untreated samples was 105° and increased to about 120° even after 1 s of
plasma treatment. Prolonged treatment caused a slow increase in the WCA, which assumed
127° after treating the films for 30 s. The hydrophobic surface finish was found to be
permanent since the WCA did not change significantly even after a month of aging. In this
paper, Oberlintner et al. [25] reported the overlapping of the peaks corresponding to C-O
and C-C-F which makes the interpretation of the high-resolution C1s spectrum complicated.

Kawano et al. [26] also utilized CF; plasma to coat cellulose with a thin film of
fluorinated carbon. They used regenerated cellulose to synthesize thin films. A cellulose
film was then exposed to plasma sustained in a vacuum chamber at the pressure of 67 Pa
with a capacitively coupled RF generator. The discharge power was varied from 10 to 80 W.
The discharge power of 40 W enabled the highest degree of hydrophobization. The initial
WCA was 40° and increased to about 115° after treatment with CFy plasma for 30 s and
120° after 60 s of treatment. After that, however, the WCA decreased with further plasma
treatment and dropped down to 25° after 240 s of treatment. The hydrophobization was
explained by etching with ions and functionalization with fluorine-containing functional
groups. The authors explained the decreasing WCA with prolonged treatment time by the
saturation of the chemical bond between fluorine and cellulose, as well as an increased
number of defects. XPS revealed increased fluorine concentration after treatment for 60 s
and much smaller after treatment for 240 s.

Ioannou et al. [27] reported a super-hydrophobic surface finish of cellulose acetate
membranes. The membranes were first treated with low-pressure oxygen plasma sustained
by a capacitively coupled RF discharge. The oxygen plasma caused controlled etching and
surface activation. After treating the membranes with oxygen plasma, the samples were
transferred to another system, where the plasma was sustained by an inductively coupled
RF generator operating at a power as high as 900 W. Octafluorocyclobutane was introduced
at the flow rate of 25 sccm during continuous pumping, so the C4Fg pressure was 5.33 Pa.
The C4Fg plasma treatment time of 4 min enabled the WCA above 160°. SEM images
revealed rich morphology, which was explained by etching of the membranes during the
first treatment with oxygen plasma. The morphology was preserved during the deposition
of a thin CFy film by plasma polymerization.

The interaction between plasma sustained in fluorine-containing gases and cellulose
materials is complex and still inadequately understood. Namely, unlike the HMDSO
or similar precursors, fluorine-containing gases will produce a significant concentration
of F atoms upon plasma conditions, and the fluorine atoms will etch many materials,
including the cellulose samples and the chamber walls if the chamber is made of glass.
At the atmospheric pressure, the F-containing precursor will partially dissociate, and the
resultant radicals will either interact with an F atom or between each other, thus forming
the radical dimers and oligomers, which will stick together in the gas phase and form CxFy
nanoparticles. The nanoparticles will adhere to the surfaces and cause the formation of
a film of rich morphology and Teflon-like composition, thus making the substrate super-
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hydrophobic, as disclosed by Samanta et al. [23]. The treatment of cellulose materials with
a fluorine-containing plasma sustained by a DBD discharge at atmospheric pressure is
illustrated in Figure 4.
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o WD DI
Eesssesasase cellulose
=

Figure 4. Illustration of the Teflon-like nanoparticle deposition when using atmospheric pressure
plasma sustained by a dielectric barrier discharge in F-containing precursor. (a) Soon after turning on
the discharge, (b) after prolonged treatment.

The illustration of the interaction between a fluorine-containing plasma and the cellulose
material under low-pressure conditions is more complex. While some oligomerization in
the gas phase occurs even at the pressure of about 1 mbar [28], the low collision frequency
suppresses the formation of the CxFy nanoparticles, so the deposited films are smoother. This
fact explains moderate water contact angles reported by authors who used low-pressure
plasmas for the hydrophilization of cellulose materials (see Table 2). Low-pressure plasmas
sustained in fluorine-containing precursors contain a significant concentration of F* ions.
Fluorine is an electronegative gas, so there is a large concentration of F~ ions in the plasma.
The negative charge is compensated by F* (as well as CF*) ions. The F* ions accelerate in
the sheath next to the plasma-facing material and acquire a significant kinetic energy. The F*
ions will etch the material-facing plasma, so the net effect of the plasma-substrate interaction
is a competition between the deposition of CFy radicals and the etching of deposited films.
Furthermore, although not as reactive as ions, the F atoms are also likely to etch the deposited
films, as explained in the classical paper by Booth [28]. The balance between etching and
deposition depends significantly on the concentration of gaseous impurities, as well as the
discharge power [29]. Adding an F-scavenger (the best is H atoms) into the plasma will ensure
predominant deposition, but a hydrogen admixture has not been adopted by authors whose
results are summarized in Table 2 despite it having been known for decades [29]. On the
contrary, the addition of oxygen and/or water vapor will favor etching [11]. The interaction
of low-pressure plasma sustained in the fluorine-containing precursor with a cellulose sample
is illustrated in Figure 5.
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Table 2. Summary of methods and results used to deposit PTFE-like coatings.
. o Material

Author Ref. Pressure Power [W] Carrier Gas  Precursor ttreatment WCA [°] Type

Samanta [23] 1 bar N/A Helium CyFy 1 min 127 Textile

Samanta [23] 1 bar N/A Helium CyF, 8 min 153 Textile
Oberlintner [24] A few 10 Pa 80 None CFy 10s 90 Foil
Oberlintner [24] A few 10 Pa 80 None CFy 55s 130 Foil
Oberlintner [25] 50 Pa 150 None CF, 1s 120 Composite
Oberlintner [25] 50 Pa 150 None CFy 30s 127 Composite

Kawano [26] 67 Pa 40 None CF, 30s 115 Film

Kawano [26] 67 Pa 40 None CF, 60s 120 Film

Kawano [26] 67 Pa 40 None CFy 240 s 25 Film

Ionanou [27] 5.33 Pa 900 None C4Fg 240's 160 Membrane

plasma
F F <« CF_ particles
| CF | N :
OV o P CRe  sheath
( < thin teflon-like film
- cellulose

sample hold r

Figure 5. Interaction of a low-pressure plasma sustained in a fluorocarbon gas with cellulose materials.
The F* ions are accelerated perpendicularly to the cellulose surface and bombard it with a significant
kinetic energy. The flux of neutral species (CFyx and F radicals) is random. VUV radiation (not shown
in the illustration) adds to the complexity of plasma-cellulose interaction.

2.3. Deposition of Hydrocarbon Coatings

Matouk et al. [19] also exposed cellulose nanocrystalline films to plasma sustained
in a mixture of argon and methane. The concentration of CHy in Ar was 2 vol.%, and
plasma treatment was performed at atmospheric pressure. The WCA slowly increased with
increasing treatment time and stabilized at 100° after treating the samples for 18 min. The
concentration of the C—C/C—H peak, as deduced from high-resolution XPS C1s peaks,
followed the behavior of the WCA. The concentration of C=0/0O—-C—O peak dropped
from the original 17 to 11 at.% after a minute of plasma treatment and dropped even further,
below the detection limit, for treatment times 8 min and above. Interestingly, the C—O
groups persisted even for the longest treatment time of 30 min. The authors explained the
improved hydrophobicity by the formation of a polyolefin-like coating on the cellulose
nanocrystal films. The CH4 molecules were transformed to CHy radicals upon plasma
conditions, and the radicals were stacked on the substrates. Formation of CxHy particles in
the gas phase (Figure 2) might have occurred as well, and the particles might have adhered
to the substrates, although the atomic force microscope (AFM) images did not reveal any
modification of the topography, at least not on the 5 um x 5 um scale.

3. Discussion

The survey of recent literature reveals that the deposition of either silicon- or fluorine-
containing thin films remains a hot topic of hydrophobization of cellulose materials. The
recent results do not deviate much from early reports. For example, Zanini et al. elab-
orated on the influence of thin hydrophobic films prepared by plasma polymerization
using HMDSO as a precursor on the evolution of surface wettability of various polymer
materials [30]. Mahlberg reported a hydrophobic surface finish of lignocellulosic materials
after treatment with HMDSO plasma [31]. Inagaki et al. used various mixtures of CF,
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with hydrocarbons to synthesize highly hydrophobic films by plasma polymerization [32].
Hochart et al. [33] probed several fluorocarbons as precursors in plasma polymerization
and found rapid deposition of polytetrafluoroethylene-like films, which caused a significant
decrease in the surface free energy. The critical scientific challenge remains the description
of the surface kinetics upon hydrophobization of cellulose materials, and the technological
challenge is the invention of methods for rapid hydrophobization on an industrial scale.

3.1. Hydrophobization versus Precursor Pressure and Plasma Treatment Time

Plasma could be sustained at any pressure between less than 1 Pa and several bars. As
revealed in Tables 1 and 2, the recent authors used either the low-pressure range between
5.33 and 67 Pa or the atmospheric pressure (10° Pa). There is a significant difference in
the plasma physics sustained in the low-pressure range and at the atmospheric pressure.
Namely, the plasma properties are governed predominantly by the surface effects at low
pressure [34] and the gas-phase reactions at atmospheric pressure [35].

Low-pressure hydrophobization of cellulose materials is usually performed by dosing
pure precursors into the vacuum system. The atmospheric-pressure hydrophobization,
however, is performed by using a carrier gas. There are several reasons for using a carrier
gas. The trivial one is the natural limitation of the saturated vapor pressure. HMDSO'’s
saturated vapor pressure is 100 mbar at 310 K and 1 bar at 373 K [36]. Pure HMDSO at
atmospheric pressure will condense spontaneously at temperatures below 373 K, so either
the experimental system must be heated to prevent this effect, or a carrier gas should be
used to keep the partial pressure of HMDSO below the saturated vapor pressure at a given
temperature. This limitation is obsolete for CF; because its vapor pressure is 1 bar at a
temperature just below 150 K, so well below room temperature.

Another reason for using a carrier gas is to suppress the frequency of collisions between
the precursor radicals upon plasma condition. The effect is explained in Section 3.2.

Figure 6a represents the reported WCAs versus the pressure during plasma deposition
of hydrophobic coatings. The lack of correlation indicates that both low-pressure and
atmospheric-pressure plasmas provide similar results, so the pressure is not the decisive
parameter governing the hydrophobicity of treated cellulose materials. The same applies
to the treatment time. Figure 6b shows the WCA versus the reported plasma treatment
time. Figure 6b reveals that a similar surface wettability is achievable in a broad range of
treatment times between 0.1 s and an hour. The shortest treatment time, which enabled
the WCA of 150-160°, was reported for plasma jet, which is spatially limited and thus
suitable for the treatment of products like foils, textiles, and membranes, and not for
three-dimensional objects, let alone powder materials such as nanocellulose.

O O
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— 100+ Cerny, 2019 —100 t O Matouk, 2020
~ O O Matouk, 2020 EC) O Babaei, 2020
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Figure 6. The static water contact angle on cellulose surfaces after deposition of a hydrophobic film by
plasma polymerization. (a) Versus the pressure, and (b) versus the plasma treatment time [16,17,19,22-27].
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3.2. The Influence of Gas-Phase Reactions

Hydrophobization of cellulose materials by plasma polymerization using HMDSO
or similar precursors is illustrated in Figures 2 and 3. The precursor molecules are par-
tially dissociated by electron impact. The resultant radicals diffuse in the gas phase and
eventually reach the surface where they condense, thus representing building blocks for a
hydrophobic coating. This effect is predominant at low pressures.

The radicals in the gas phase also collide with each other. If the collision frequency is
large so that numerous collisions occur in the gas phase, some radicals will stick to each
other in the gas phase. Numerous collisions will cause oligomerization of the radicals in the
gas phase, and the oligomers may form clusters. This effect is predominant at atmospheric
pressure. Any cluster in the gas phase will charge negatively against plasma due to the
attachment of slow plasma electrons.

The negatively charged particles will levitate in the gas phase following the Brownian
motion and will not reach the surfaces of the plasma reactor or the substrates because the
surfaces facing plasma are also charged negatively. Instead, the negatively charged clusters
will serve as gas phase condensation objects for radicals and will grow with time and finally
cause the formation of dusty plasma [37]. The dust particles will diffuse in the plasma
until reaching the sheath next to the surface, where they will feel the drag forces caused
by positively charged ions, which accelerate toward the surface in the voltage drop across
the sheath. Finally, the dust particles will adhere to the surfaces and represent the building
blocks for a hydrophobic layer.

The formation of nanoparticles in the gas phase is unavoidable at atmospheric pressure
plasma sustained by continuous discharges because of a considerable collision frequency
and very short mean free path of gaseous molecules compared to the geometrical dimen-
sions of a plasma reactor. It may also occur in low-pressure plasmas, especially when
plasma is sustained by capacitively coupled RF discharge [38]. The nanoparticles were
explicitly reported by some authors who recently used atmospheric pressure plasmas for
the hydrophobization of cellulose materials [16,17]. The kinetics of nanoparticle formation
in the gas phase upon plasma condition is still a subject of scientific research [39]. How-
ever, the size of the nanoparticles increases with increasing pressure and plasma duration.
The effect is suppressed by pulsed discharges or pulsed injections of the precursor [40].
The nanoparticles deposited from dusty plasma may not adhere well to the cellulose
substrates due to the lack of adhesion forces, as explained by Cerny et al. [17]. On the
other hand, the rich morphology on the sub-micrometer scale is a necessary condition for
super-hydrophobicity. Namely, smooth polymers do not exhibit water contact angles above
130° [41]. Dusty plasma sustained at elevated pressures in HMDSO or similar precursors
will, therefore, assure a rich morphology of the hydrophobic coating and thus enable the
super-hydrophobic surface finish regardless of the morphology of virgin samples. The
adhesion force of the nanoparticles on the cellulose substrate may be questionable, though.

3.3. Adhesion of a Hydrophobic Coating and Pre-Treatment with Oxygen Plasma

As early as 1994, Parker [42] stressed the importance of the adhesion of polymer
films synthesized by plasma polymerization using HMDSO as a precursor on polymeric
substrates. Later, numerous authors used various plasma pre-treatments to improve
coating adhesion on the cellulose substrate. The industrial reactors for the deposition of
PDMSO-like coatings always employ a pre-treatment with a plasma sustained in oxygen,
air, and/or argon [43]. The VUV radiation from gaseous plasma will break bonds in the
surface film of the polymer and cause increased surface energy, which is beneficial for the
initial adhesion of precursor radicals [44]. Furthermore, chemically reactive species with
a high oxidation potential, like O and OH radicals, will interact with surface impurities
and remove traces of organic impurities by oxidation and formation of molecules such as
CO; and HyO. The pre-treatment of cellulose samples by plasma sustained in oxygen, air,
or moist argon was reported by all authors who employed HMDSO for the deposition of
hydrophobic coatings, as indicated inTable 1. The pre-treatment was also found helpful



Polymers 2024, 16, 789

12 of 16

for the deposition of hydrophobic coatings by standard CVD reactions, i.e., without using
plasma conditions [20,21]. The surface oxidation could be performed simultaneously with
plasma polymerization using a mixture of oxygen and HMDSO [16]. Still, the surface
properties of the deposited films will deviate significantly from polydimethylsiloxane
because of extensive oxidation, which occurs during the growth of the hydrophobic film
when mixing HMDSO with oxygen [45].

The pre-treatment of cellulose materials with plasma seems unnecessary when using
fluorocarbons for cellulose hydrophobization, as indicated in Table 2. The reason is that flu-
orine atoms formed upon dissociation of fluorocarbon precursors exhibit a high oxidation
potential. The interaction of plasma sustained in fluorocarbon gases will cause both the
etching and deposition of Teflon-like coatings. The etching of cellulose (which is rich in
oxygen) will result in the formation of volatile molecules containing carbon, fluorine, and
oxygen [46]. Known molecules include oxy (x = 1) and peroxy (x = 2) radicals of formulae
CF;0y, FC(O)Ox, CF3C(0)Oy, and CF30C(O)Ox. Such moieties are implicated in the deple-
tion of the ozone layer, so their formation should be suppressed. Other molecules likely
to be synthesized upon the interaction of F atoms with cellulose materials are hydrofluo-
roethers [47]. The etching is suppressed by the addition of hydrogen or a hydrocarbon gas
to the fluorine-containing precursor. The H atoms act as scavengers for F atoms because
the heterogeneous surface association leads to the formation of HF molecules.

3.4. The Influence of Water Vapor and Other Gaseous Impurities

The etching of cellulose materials upon treatment with a plasma sustained in CF; is
enhanced due to the presence of water vapor in the low-pressure plasma reactor. When the
partial pressure of water vapor is significant compared to the partial pressure of tetraflu-
oromethane, the etching prevails [11]. The optical emission spectroscopy of CF, plasma
loaded with cotton textiles revealed extensive etching because the CO bands were by far
more intensive than the CFyx continua [11]. Unfortunately, the recent authors who reported
hydrophobization of cellulose materials by fluorocarbon plasma (Table 2) did not report
the partial pressure of water vapor during plasma treatment. Only Oberlintner et al. [25]
mentioned the ultimate pressure achieved after evacuating the plasma reactor loaded with
cellulose-containing composite. Water vapor is the most abundant gas in hermetically tight
vacuum systems operating at room temperature. The cellulose materials are often hygroscopic,
so they will likely release water upon vacuum conditions. Namely, the saturated water pres-
sure at room temperature is several 1000 Pa, so it is likely to desorb from cellulose evacuated
to the range of pressures used in reviewed articles, i.e., 5-67 Pa (Figure 2 and Table 2).

The desorption of water vapor from cellulose (or any other material) increases with
increasing temperature, and the sample temperature increases with increasing plasma
treatment time. Namely, all surface reactions upon treatment of solid materials with non-
equilibrium gaseous plasma are exothermic, so a cellulose sample will likely be heated
upon plasma treatment. The list of highly exothermic surface reactions includes the
weak bombardment by positively charged ions, which accelerate in the sheath between the
unperturbed plasma and the sample, the neutralization of charged particles, the oxidation of
cellulose materials upon chemical interaction with radicals of high oxidation potential (F, O,
OH), and surface association of atoms to parent molecules (often referred as heterogeneous
surface recombination [48]). Unfortunately, the authors of the review paper did not report
the temperature of cellulose samples upon treatment with gaseous plasma. Extensive
desorption of water may explain some non-expected results, for example, the highly
hydrophilic surface finish obtained after prolonged treatment with CF4 plasma. Namely,
Kawano et al. [26] reported optimal hydrophobicity (WCA 120°) after treating a cellulose
film for a minute, but the WCA dropped to as low as 25° after treating the same material
for 4 min.

On the contrary, the addition of hydrogen or hydrocarbons to plasma sustained
in fluorinated precursors will suppress the etching of cellulose materials and favor the
deposition of hydrophobic films, as reported in the classical paper by D’Agostino et al. [49],
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or Oehrline et al. [29]. The plasma sustained in pure hydrocarbons may also lead to the
hydrophobic surface finish of cellulose materials [19], but the hydrophobicity is inferior to
that obtained by plasma treatment in fluorine or silicon-containing gases.

3.5. Nanostructuring and Hydrophobization

The etching of polymer materials with gaseous plasma often leads to rich morphology
on the sub-micrometer scale. Numerous authors reported nanostructured surfaces after
treating a polymer sample with plasmas sustained in different gases by various discharges.
Recently, Ioannou et al. [27] reported the WCA of cellulose acetate membranes of 160°. The
recipe is as follows—The samples are first treated with a plasma, which causes etching.
The etching causes very rich morphology and often a superhydrophilic surface finish.
In the next step, the etched samples are coated with a thin hydrophobic film by plasma
polymerization. This recipe never fails because the etching and the deposition steps
are separated. It is highly recommended for obtaining the super-hydrophobic surface
finish of two-dimensional objects like foils and membranes. Namely, such thin electrically
non-conductive samples can be exposed to energetic positively charged ions by biasing
the surface highly negatively against the plasma. This is performed by placing the thin
cellulose material onto the powered electrode of a capacitively coupled discharge sustained
at low pressure. The technique is known as reactive ion etching and is widely used in
microelectronics for etching of photoresists [50].

3.6. Scientific Considerations and Roadmap

The deposition rate of any coating depends on the flux of radicals capable of serving
as building blocks of the hydrophobic film and the deposition time. From this perspective,
the hydrophobicity should increase with the increasing treatment time. Such behavior was
reported by some authors [19,23-25], but Figure 2 reveals little correlation between the
treatment time and the reported WCA. The paradox is explained by the fact that the WCA is
independent of the thickness of the hydrophobic film once the surface is uniformly covered.
Also, the substrate roughness on the sub-micrometer scale influences the hydrophobicity
significantly.

The flux of radicals or the thickness of the deposited hydrophobic film was not
reported in the reviewed articles. Scientists rarely report these parameters. Still, Gosar
et al. [48] thoroughly characterized HMDSO plasma in an industrial reactor and estimated
the dissociation fraction of precursor molecules to about 10%. In another study, the same
group reported the deposition rates at various conditions, including the position of samples
in the large plasma reactor [10]. The deposition rates in an industrial-size reactor were
between 1 and 15 nm/min. The deposition rates in smaller reactors where plasma is
sustained at a relatively large power density may approach 100 nm/min [51]. Supposing
that a uniform coating on a smooth surface represents a 1 nm thick coating, the theoretical
limit of treatment time will be roughly a second.

The WCA also depends on the surface roughness. Some authors measured it and
reported various results. The surface roughness depends on the type of cellulose materials
and the etching kinetics. Since the reviewed articles reported various materials and etching
procedures, the reported results are not comparable.

Taking into account the upper considerations, there is a need for a more systematic
investigation of the hydrophobization of cellulose materials. Smooth samples like cellulose
foils should be used to determine the dose (flux times treatment time as long as the
flux is constant) of radicals suitable for saturation of the WCA at the level typical for
smooth hydrophobic polymers like polytetrafluoroethylene or polydimethylsiloxane. The
doses will represent the directions for the calculation of the required treatment times for
cellulose samples of more complex geometry. The flux of radicals could be evaluated by
mass spectrometry.

The hydrophobization of powder cellulose remains a scientific as well as a technologi-
cal challenge. Cerny et al. [18] reported encouraging results on the hydrophobization of
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cellulose fibers in low-pressure plasma sustained in HMDSO. The activation of the fibers by
pre-treatment with oxygen plasma was found absolutely necessary for the desired surface
finish. The treatment time, however, needed to be shorter to make the methods useful for
mass application. Namely, about 100 g of cellulose fibers were stirred in a dish and placed
into the plasma reactor, and the required treatment time was about an hour. The result is
not surprising if one considers the required treatment times reported by other authors who
used foils, membranes, and textiles. Namely, the surface of three-dimensional samples like
fibers and powders increases with the square of the linear dimension.

Finally, adding F-scavengers to gaseous plasma is recommended when the gaseous
precursors are fluorocarbons, and rapid hydrophobization is the goal. The effect has been
known for decades [29], but none of the recent authors employed it in order to increase the
growth of Teflon-like films on cellulose samples.

4. Conclusions

Recent literature on the hydrophobization of cellulose materials by treatment with
gaseous plasma was reviewed, and correlations between the degree of hydrophobization as
deduced from measured static water contact angles and processing parameters were drawn.
Despite significant efforts, knowledge in this niche is still very limited. The exact mecha-
nisms governing the hydrophobization kinetics are not well explained. In particular, there
is a lack of information on the fluxes of reactive plasma species onto the cellulose materials.
Almost all authors focused on the deposition of a hydrophobic coating using HMDSO
or fluorinated carbon precursors. Both low-pressure and atmospheric-pressure plasmas
were probed, but no significant difference in the evolution of the cellulose wettability is
noticeable from the reviewed literature. Still, plasma methods remain promising for the
hydrophobization of cellulose materials because of the low precursor consumption and be-
cause they are regarded ecologically acceptable when using fluorine-free precursors. Finally,
it should be mentioned that plasma polymerization is one of many methods for achieving
highly hydrophobic cellulose materials. A brief review of other methods for attaining the
super-hydrophobic surface finish of cellulose paper was published recently [52].
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