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Cellulose is a polymer widely available in nature, however its applications may be restrict due to
its hydrophilic character. The creation of hierarchical structures on the surface is one of the required
factors to obtain the hydrophobicity of this material. In order to compare the morphological and chemical
effects caused by the action of different gases in the creation of nanostructures on the cellulose surface,
samples were exposed to oxygen (O,) and sulfur hexafluoride (SF,) plasma treatments. The changes
in morphology after treatment prove that both the gases were able to create similar nanostructures
in the material. The analysis of elemental composition and identification of functional groups on the
sample surface showed that chemical modifications occurred differently for each treatment. Contact
angle measurements revealed that samples treated by O, plasma remained hydrophilic, whereas low
receptivity to polar (6 > 120°) and non-polar (6 > 100°) liquids was observed for samples exposed to

SF, plasma.
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1. Introduction

Cellulose (CH,,
found in nature, having structural role on the cell wall of

0,), is the most abundant organic compound

plants'. This biopolymer offers several advantages such as
flexibility, biodegradability, good mechanical strength and low
cost, which justifies its intense application in textile, paper
and packaging industries®?, as well as in the production of
sensors*® and reinforcement for composites®’. However, the
use of cellulose in these areas often becomes restricted due to
the hydrophilic characteristic of this material, resulting from
the presence of free hydroxyl groups in its molecule®’. Thus,
the surface modification of cellulose to enable the reduction
of their receptivity to water is essential for the development
of products such as more resistant packaging'®'!, self-cleaning
fabrics'>!* and waterproof clothing'*!5.

The hydrophobic property of a surface depends mainly
on the combination of adequate surface roughness and
low surface energy'®. However, studies reported show that
the roughness factor can contribute more significantly to
obtaining the superhydrophobicity effect'”!'®, wherein the
surface exhibits a water contact angle higher than 150° and
low hysteresis, that can be defined as low adhesion of a
liquid to the surface, so that a drop can easily slide out of
the material'’.

Furthermore, the increase in surface roughness must be
associated with the presence of hierarchical structures in the
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material, i.e., micro- and nanoscale structures'”". Several
methods, such as layer-by-layer®, sol-gel*, electrospinning?
and lithography® have been used in the development of
structures at different scales. In addition to these processes,
another commonly applied method for the creation of these
structures is the plasma etching?*?. The plasma, also known
as the "fourth state of matter", can be defined as an ionized
gas, mainly generated by electrical discharges and containing
aseries of charged and neutral species. The plasma processing
is widely used for surface modification of different materials
because it is environmentally friendly, dry, and clean®. Besides,
this technique promotes the modification of chemical and
morphological properties only in the superficial layers of the
substrate, thus the original bulk remaining intact, since the
plasma species do not penetrate below 10 nm of the surface?’.
The plasma can be classified according to the conditions
in which it is established. In laboratories, the plasma is
generated at a temperature close to the ambient temperature
and is called non-equilibrium thermodynamic plasma or
cold plasma. As only the temperature of the electrons is high
(around 10*K) and the other species presented in the plasma
remain at ambient temperature, including the temperature of
samples, cold plasma is considered feasible in the surface
modification of heat-sensitive substrates, such as cellulose?®.

The plasma etching process occurs by removing the
surface material through chemical interaction between
the reactive components of the plasma and the species of
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the substrate, resulting in volatile products®. The changes
generated on the surface of the material depend on several
factors, such as gas pressure, applied power and exposure
time of the samples to the plasma?. The plasma composition
is another parameter that can strongly affect the properties
of the substrate. In some cases, not only the topography but
also the surface energy can be changed in a single step, by
the choice of a different kind of precursor gas***!. Besides
being a flexible technique, the plasma treatment can also
easily be extended to an industrial scale.

Based on these concepts, this study aimed to compare
the morphological and chemical effects on the cellulose
surface treated by two different gases, oxygen (O,) and sulfur
hexafluoride (SF,), commonly used in plasma processes
for the creation of nanoscale structures. The study of these
effects provides a better understanding of the action of the
gases and assists in the choice of the appropriate precursor
according to the desired application of the material, such as
hydrophobic and superhydrophobic surfaces.

2. Experimental procedure

Pulp kraft cellulose plates (supplied by Votorantim
Celulose e Papel) in A4 format and 0.2 mm thick were cut
into small rectangles with 20 mm x 10 mm. The samples
were exposed to oxygen (O,) and sulfur hexafluoride (SF,)
plasmas as received.

The system used for the treatments is basically composed
by a cylindrical glass chamber (5L) containing two circular
parallel plate electrodes, described in detail in previous
work®. The upper electrode consists of a metallic grid,
through which the gas flows into the reactor while the lower
electrode acts as a sample holder. The gas admission in
the chamber is controlled by high precision needle valves
and the pressure of the system is monitored by the Pirani/
capacitive membrane gauge. The chamber is evacuated by
a rotary pump. The electrical signal for plasma generation
is provided by a radiofrequency power supply (Tokyo Hy-
Power, operating with 13.56 MHz) connected to an impedance
matching circuit (Tokyo Hy-Power).

For the treatments, the samples were first placed on the
lower electrode and then the system was evacuated to the
desired base pressure.

In treatments involving the oxygen gas (O,), the base
pressure was set at 0.015 Torr and the work pressure at 0.1 Torr,
with the treatment time varying from 5 to 60 minutes. The
radiofrequency signal with a power of 150 W was applied to
the lower electrode (sample holder), while the upper electrode
remained grounded. In oxygen plasma, neutral, negative and
positive species are formed by the dissociation and ionization
of the molecules of the gas by the collision with electrons®.
Since the cross section for the formation of positive ions
is about 100 times higher than for negative ions?, the first
can act more intensely in assisting the chemical reactions

on the surface®. The application of radiofrequency to the
sample holder generates a negative DC bias that attracts these
positive ions, causing ionic bombardment on the surface of
the substrate and reactive ion etching?®3,

For the sulfur hexafluoride gas (SF,) treatments, the
base pressure of the system reached 0.05 Torr, and the work
pressure was set to 0.5 Torr. Unlike the oxygen treatment,
a radiofrequency signal was applied to the upper electrode,
with a power of 135 W while the lower electrode remained
grounded. In the plasma phase, the breaking of the SF,
molecules produces F atoms and SF_radicals®”. On the
grounded electrode, the ion bombardment is very weak,
since positive ions are attracted in the opposite direction.
Then, the chemical etching occurs by the action of fluorine
species diffused in the plasma region near the sample surface.
In this treatment, the time was varied from 2 to 20 minutes.

The treatment time from oxygen gas and SF gas was
defined based on the work of Li et al.*® and Kamlangkla
et al.’!, respectively. In these works it is verified that each
type of precursor gas acts differently in the modification
of the morphology of the substrates, which influences the
time spent on the treatment. Thus, in treatments involving
fluorine, the removal of material from the surface is more
aggressive and the alteration in its topography occurs more
quickly, requiring shorter treatment times. In treatments using
oxygen, the time required to obtain the same effect caused
by fluorine is significantly higher, which implies longer
treatments, in which the etching rate is lower.

The effect of plasma treatments on the morphology of
the cellulose surface was analyzed by Scanning Electron
Microscopy (SEM) with a microscope JEOL JISM-6010 LA
using a detector of secondary electrons. In samples subjected
to the O, plasma, an incident energy of 3 kV was applied.
In samples exposed to SF, plasma, the incident energy was
2.5 to 10 kV. For the analysis, the untreated and treated
samples were first coated with an Au-Pd thin layer, to avoid
charging on the surface.

The presence of chemical elements on the surface of
the treated samples was determined by Energy Dispersive
Spectroscopy (EDS), from a detector Dry SD Hyper coupled
on the scanning electron microscope, using energy of 3 kV.
For each sample, five different regions of the surface with
area of 90 x 125 um? were analyzed, and the final results
correspond to the mean of the collected values.

The identification of chemical functional groups present
in surface of treated and untreated samples was performed
by Fourier Transform Infrared Spectroscopy (FTIR) with a
Jasco FT/IR-410 spectrometer in attenuated total reflectance
mode (ATR). The spectra were obtained in the wavenumber
range of 4000-600 cm™, in a total of 128 scans with a
resolution of 4 cm™.

The wettability of cellulose samples was measured by
the sessile drop technique in a Ramé Hart goniometer (model
100-00) with deionized water and diiodomethane. For each
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sample, three droplets of liquid have been deposited on
different points of the surface, each with 10 measurements
of'the contact angle. The results correspond to the average of
the 30 measurements. In order to verify the air aging effect,
the contact angle measurements were performed immediately
after treatment (named 0 week) and in the following 1,2, 3
and 18 weeks. For each measurement, a new sample (that
had not yet been in contact with liquids) was used.

3. Results and Discussion

3.1 Morphology

The micrographs of the untreated cellulose and the
samples exposed to O, plasma treatment for different times
are shown in Figure 1. It is noted that even for short times
(Figure 1b), the surface morphology was altered after being
exposed to oxygen plasma, compared to the morphology of
cellulose as received (Figure 1a), in which homogeneous
and smooth surface fibers are shown. The alteration in the
morphology is the result of the etching process promoted
by oxygen plasma species on the cellulose surface. For
treatment times shorter than 15 minutes, the presence of
nanostructures on the fibers surface is still subtle, because
the time employed was not sufficient to promote substantial
removal of material from the substrate.

On the other hand, an accentuated removal of material of
the sample is evidenced by the appearance of grooves on the
surface of the fibers for 30 minutes of etching time, as seen
in Figure 1d (highlighted by the circle). After 60 minutes of

Figure 1. SEM micrographs of cellulose (a) untreated and the
samples exposed to O, plasma treatment for (b) 5 minutes, (c) 15
minutes, (d) 30 minutes and (e) 60 minutes
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etching, the grooves become deeper (Figure 1e, highlighted
by the square) and the fibers become thinner, compared with
cellulose as received, which can be better seen in Figure
2b (indicated by arrows). This effect is characteristic of
treatments involving reactive gases like oxygen®*. In these
treatments, energetic plasma particles chemically interact
with the species of the sample, removing them and forming
volatile products, such as water vapor, carbon monoxide and
carbon dioxide®**, that are then eliminated by pumping from
the reactor. There is also the possibility of recombination
of the removed species, favoring the formation of polar
groups (e.g., hydroxyl and carboxyl groups), which if were
not removed from the system, can remain in the discharge
and be reincorporated into the sample®’.

According to Balu et al.”, the etching process with oxygen
can be described according to the Equations 1, 2 and 3.

R+0-R+0H 0
R+OH - R +H0 )
R-+0 —R'O+CO+ CO, 3)

where R is the backbone of the cellulose and O represents
radical or excited oxygen produced in the plasma processes.

The morphological change caused by the action of
plasma is similar to that reported by Sapicha et al.*, Balu
et al.”® and Xie et al.*®. These authors attribute the creation
of nanostructures to the crystalline phase revealed after the
preferred reaction of plasma species with the amorphous
phase of the microfibrils. Although it is necessary to apply
other techniques for a better understanding of this effect,
this hypothesis is corroborated by previous studies that
demonstrated that the amorphous regions are more susceptible
to chemical and ion etching®.

The micrographs of the untreated cellulose and the
samples exposed to SF plasma treatment for different times
presented in Figure 3 show once again that the treatment time
is a factor which affects significantly the morphology of the
material. The presence of nanostructures on the surface of
the fibers within the first two minutes of treatment (Figure
3b, highlighted by the circle) is consequence of the high
reactivity of fluorine plasma that acts by removing species
of the substrate and promoting surface functionalization
simultaneously. With the increase in exposure time of
samples to plasma treatment, grooves arise on the surface
of'the fibers, which become thinner as can be seen in Figure
2c (indicated by arrows). This pronounced change in the
surface morphology can be associated with weight loss
due to removal of species from the cellulose surface by the
action of fluorine. In their work, Hodak et al.?° observed this
weight loss in treatments involving silk and related it to an
etching process, which is similar to treatments from oxygen
plasma. The process of etching with fluorine occurs when
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F atoms interact with the surface and abstract hydrogen
atoms and hydroxyl groups, producing volatile species
which are easily removed by the vacuum system. In addition
to eliminating these species, the F atoms recombine with
carbon atoms present on the cellulose surface by covalent
bonds. This recombination may result in the reduction of the
surface energy of the material, contributing to the desired
hydrophobicity effect. The mechanisms of abstraction and
recombination from the model proposed by Hodak et al.*°
can be described by Equations 4, 5 and 6.

R-C—-H-=

R—-C-+HF (4)
Abstraction
R—C—-OH——R-C+F+0H- (5)

Adsorption/Recombination R —C-——=R—CF (6)

where R is the backbone of the cellulose.

However, the excess of fluorine incorporated into the
material may adversely affect its properties. According to
Jinkarn et al.*!, the fluorine can promote both etching and
deterioration of the fibers. The accentuated removal of
material from surface (etching process) causes the appearing
of pits on the cellulose fibers, seen in Figures 3d and 3e
(highlighted by squares), for treatment times longer than
15 minutes. The deteriorated morphology can impair the
role of the created nanostructures on the achievement of
the desired surface properties.

When comparing the structures produced with the
precursors oxygen (Figure 1) and fluorine (Figure 3), it is
possible to observe that a similar morphology (Figure 1d
and Figure 3c) could be obtained for both gases choosing
the appropriated combination of the plasma treatment
parameters. The obtained nanostructures associated with the
microstructure characteristic of the cellulose fibers promote
the hierarchical roughness on the surface of the material,
necessary in modifying the surface wettability.

3.2 Composition

In order to investigate the effect of O, plasma treatment
in the composition of the material surface, the samples

were analyzed by Energy Dispersive Spectroscopy (EDS).
Figure 4 presents the relative intensity O/C of detected
characteristic photons for the cellulose samples treated
with different exposure times. The point presented in the
zero of the abscissa in the graph represents the result for
cellulose as received.

The few variation in the relative intensity O/C shown
in the figure suggests a balance between removal and
incorporation of species, i. €., groups are reincorporated
in the same proportion as they are removed. This behavior
can be better observed in Figure 5 that presents a map
of elemental distribution obtained from a region of the
cellulose sample exposed to the oxygen plasma for 60
minutes. Although there are some more deteriorated points
in the sample due to the long treatment time (highlighted
in Figure 5a), it is possible to notice that the damage in the
morphology cannot be directly associated with elemental
concentration of carbon and oxygen (regions also highlighted
in Figures 5b and 5c).

From the semi-quantitative EDS analysis, the changes
on the composition of the material surface after SF, plasma
treatment were also investigated. The results showed on
Figure 6 confirm the incorporation of fluorine at the surface
of cellulose and also indicate a trend of increase in relative
intensity of F/C with the treatment time.

The EDS map in Figure 7 illustrates the relation between
the damage in the fibers and the distribution of elemental
concentration in a region of the cellulose surface submitted
to the SF, plasma. It can be noted that the most damaged
regions of the surface, evidenced by the formation of clusters
of damaged fibers (pointed out in Figure 7a), correspond to
the areas with higher fluorine concentration (higher color
intensity in Figure 7d) and lower concentration of carbon
and oxygen (indicated in Figure 7b and 7c). This observation
suggests that the fluorine etching promotes functionalization
at localized points on the surface where the removal of
material occurs.

Thus, even though it is possible to obtain a very similar
morphology independent of the precursor used, as discussed
above, it is evident in the comparison of the maps of Figure
5 and Figure 7 that the concentration of the elements on the

Figure 2. SEM micrographs of cellulose (a) untreated and the samples exposed to (a) O, plasma treatment for 60 minutes and (c) SF,

plasma treatment for 20 minutes
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Figure 3. SEM micrographs of cellulose (a) untreated and the
samples exposed to SF plasma treatment for (b) 2 minutes, (c) 10
minutes, (d) 15 minutes and (e) 20 minutes

Figure 4. Relative intensity O/C of detected characteristic photons
in the surface of cellulose samples treated as a function of the
variation of the exposure time to O, plasma treatment. Points in
zero correspond to results for untreated cellulose

surface of the samples does not present the same distribution
behavior for the two gases studied, which can be determinant
in the performance of a surface.

Traces of sodium (Na) and silicon (Si) were also detected
on the sample surface from the analysis, since these atoms
were removed from the glass reactor by the action of the
oxygen and fluorine plasmas and were also incorporated into
the cellulose. However, the intensity of these contaminants
on the surface was less than 2%.

The identification of chemical functional groups on
the surface of the substrates exposed to the longest time
condition, both in O, plasma and SF, plasma can also be

Materials Research

Figure 5. Micrograph of (a) treated cellulose sample for O, plasma
treatment; and elemental maps of the major detected elements: (b)
carbon and (c) oxygen. The highlighted areas in (a) correspond to
the most deteriorated regions. The pointed out areas in (b) and (c)
correspond to the elemental concentration of carbon and oxygen,
respectively, in these same deteriorated regions

Figure 6. Relative intensity O/C and F/C of detected characteristic
photons in the surface of cellulose samples treated as a function of
the variation of the exposure time to SF  plasma treatment. Points
in zero correspond to results for untreated cellulose

verified in the spectra obtained by FTIR-ATR, shown in
Figure 8. In the spectrum presented in Figure 8a, which refers
to the untreated cellulose sample, it is possible to observe
the main absorption bands of the material: the intense band
located approximately in 3400 cm™ is characteristic of OH
stretch bonds; the band at about 2900 cm! is assigned to CH
symmetric bonds and the absorption bands located in the
region of 1200-1000 cm™ are attributed to C-O and C-OH
stretch bonds*.

After exposing the substrate to oxygen plasma for 60
minutes, in addition to the characteristic bands of cellulose,
it is also observed the appearance of a new absorption
band in the region around 1700 cm’, as highlighted in the
spectrum of Figure 8b. The emergence of this band confirms
the formation of new unsaturated chemical groups on the
surface, such as carbonyl groups (C=0)*#. This result
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Figure 7. Micrograph of (a) treated cellulose sample in SF, plasma
treatment and elemental maps of the major detected elements: (b)
carbon, (c) oxygen and (d) fluorine. The highlighted areas in (a)
correspond to the most deteriorated regions, in (b) and (c) correspond
to the lower concentration of carbon and oxygen, respectively, and
in (d) correspond to higher fluorine concentration

reinforces the hypothesis regarding a balance on the chemical
composition of the surface, discussed from the EDS results.
Oxygen plasma promotes bond breaking and H abstraction,
which may result in the formation of unsaturated bonds, with
balance in the elemental concentration.

The presence of a new band is also evident in the samples
submitted to treatment with SF , as highlighted in the spectrum
of Figure 8c. This absorption band in the region about 725 cm'!
is attributed to C-F stretch bonds***, which confirms once
again the occurrence of the abstraction and recombination
processes characteristic of fluorine plasma etching.

3.3 Wettability

In the treatments involving O,, the interaction of the
plasma with the surface promotes the removal of species,
producing free radicals. The recombination of the species
may then favor the formation of polar groups in the substrate,
which contributes to the increase in surface energy of the
material and consequently to its hydrophilic character*’.
In samples submitted for this process, the contact angle
measurement cannot be performed since the droplets of both
liquids (water and diiodomethane) deposited on the surface
were immediately absorbed. In this way, the contact angle
was considered as 0°. On the other hand, the samples exposed
to treatment with SF, presented quite different behavior and
this can be confirmed in Figure 9, that depicts the results of
contact angle in cellulose surface with (a) deionized water
and (b) diilodomethane as a function of the treatment time
in SF, plasma. Only the results obtained on measurements
performed immediately after treatment (named 0 week) and
after 18 weeks of the treatment are shown in the figure. The
other measurements presented compatible values considering
the error bars.

Figure 8. Infrared spectra of (a) untreated cellulose and cellulose
samples treated by (b) O, plasma for 60 minutes and (c) SF, plasma
for 20 minutes

In Figure 9a, it is observed that the cellulose became
hydrophobic immediately after exposure to plasma for
all treatment time conditions established. The effect of
hydrophobicity obtained by the material can be explained by
the removal of hydroxyl groups by fluorine plasma, providing
the diminishment of the hydrophilicity property of cellulose,
as demonstrated by Hodak et al.*” and Kamlangkla et al.*'.
Furthermore, according to Vaswani et al.*%, the presence of
fluorine on cellulose surface contributes to the reduction of
the surface energy, thereby promoting increased contact angle
values, as the values obtained with water and exceeding 120°.

The low receptivity can also be observed in measurements
with a non-polar liquid, in which high contact angle values
(6 > 100°) were obtained regardless of the treatment time
condition, as can be seen in Figure 9b. This reduction
of wetting to both the polar (water) and the non-polar
(diiodomethane) liquids may be associated with the
establishment of called Cassie-Baxter state*” by cellulose
surface. In this state, the droplet of liquid deposited on a
substrate remains suspended in the surface by air bubbles
contained between nanostructures present on the material,
thus preventing the spreading of the liquid. Several reports
indicate that the presence of hierarchical structures, i.c.,
micro- and nanoscale structures on the material surface,
contributes to the generation of an adequate roughness, which
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Figure 9. Contact angle in cellulose surface with (a) deionized
water and (b) diiodomethane as a function of treatment time in SF,
plasma, in measurements performed immediately after treatment
(named 0 week) and after 18 weeks of treatment. The point in zero
represents the contact angle of untreated cellulose

is an essential factor to achievement of this state'*. Even
for samples exposed for less time to treatment, the level of
surface modification due to the removal of species on the
substrate was sufficient to create such structures, which are
clear in the micrographs shown in Figure 3 and which were
responsible for the observed contact angle values with both
liquids of different polarities. These results demonstrate that
plasma treatment of SF, is capable of generating a suitable
topography, with reduced surface energy and which is stable
after aging time.

Despite not being possible to directly compare such results
with oxygen treatment, since it has the effect of enhancing the
hydrophilic behavior of cellulose, it is important to note that
O, gas is widely used in the generation of superhydrophobic
surfaces in plasma processes performed in two steps®>36-1-52,
In this case, oxygen is responsible for creating the necessary
roughness of the surface of the material, which then receives
a thin coating on it. Although it is a slightly more complex
process, the use of oxygen reduces the costs of treatment and
can be considered more environmentally correct.

Materials Research

4. Conclusions

In this work, the effects promoted by the use of different
gases on the cellulose surface plasma treatments were
presented and discussed. The plasma treatment significantly
affects the surface morphology of the cellulose. Thus, by
the appropriate combination of treatment parameters, both
gases, O, and SF,, were able to create similar nanostructures
in the material, essential for obtaining a superhydrophobic
surface. Treatment times greater than 30 minutes for O,
and 15 minutes for SF, caused deterioration of the samples.

The chemical modifications observed on the samples
surface exposed to plasma are distinguished according to
the gas precursor used. In oxygen treatment, the formation
of new unsaturated functional groups (C=0) on the surface
and the slight variation in the concentration of the chemical
elements present in the material suggested a balance between
the mechanisms of removal and incorporation of species
during the plasma process. For SF, plasma, the incorporation
of fluorine on the cellulose surface confirms the occurrence
of'the abstraction and recombination processes, characteristic
of fluorine etching. Moreover, the surface functionalization
was promoted preferentially in regions with greater removal
of material, in which a marked deterioration of fibers was
observed.

Distinct behaviors were also observed in relation to the
wettability of the treated surfaces. For samples submitted
to O, plasma, the hydrophilic character of the substrate
remained, but in treatments involving SF, the cellulose
surface presented a diminishment of the receptivity to both
polar and non-polar liquids, with contact angle values higher
than 120° for deionized water and 100° for diiodomethane,
which remained stable after aging time.
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