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Investigation of the Wettability Using Contact Angle Measurements of Green Polyethylene
Flat Films and Expanded Vermiculite Clay Treated by Plasma
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Polyethylene (PE) is a polymer that has a low adhesion property, which is related to its low
surface energy. However, the plasma treatment aims the modification of the surface properties
without affecting the polymer structure. In this sense, the objective of this work was to prepare
biocomposite films via flat extrusion with Green PE matrix and Expanded Vermiculite Clay (VMT),
contents of 1, 3 and 6%. The films were treated by plasma in two different ways: Oxygen (O,) atmosphere
(Condition 1); and Argon/Hydrogen (Ar/H,) atmosphere followed by a plasma treatment under
O, atmosphere (Condition 2). The results of the contact angle measurements indicated that the
incorporation of VMT and the conditions used for plasma treatment increased the films wettability
due to the hydrophilic character of VMT and also as a consequence of the plasma. In contrast, the
XRD diffractograms indicated that there were no significant changes in the films structure.
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1. Introduction

Polyolefin polymers, such as polyethylene (PE) and
polypropylene (PP), are of great commercial interest and
represent an important division of the plastics family, with more
than half of commercial polymers manufactured worldwide'>.
Due to the lack of a functional group, the polyolefins have a
low adhesion property®. Polymer films of PE and PP show
weak wettability and low printing efficiency as an effect of
their hydrophobic character, and many surface treatment
techniques are being used to overcome these problems by
doing the surface modification of the films. As a result of
the treatment, the surface free energy and the hydrophilic
character are elevated by the addition of polar functional
groups containing the oxygen on the film surface®.

Plasma treatment has been widely used and has shown
great efficiency in modifying surface properties of several
types of materials®. During the process, this technique does
not use water and chemicals, being considered a technology
that does not harm the environment. It is a versatile technique
that only reaches the initial atomic layers on the surface, not
affecting the properties that depend on the volume®.

The existence of polar and non-polar groups on the surface
directly influences the wettability property, so it can be pointed
out that if the liquid wets the surface of the material at angles
between 0° <0 <90° it is said to be hydrophilic, and hydrophobic
if the angle is between 90° < 6 < 180°”. When a drop of water
comes in contact with a hydrophilic surface it tends to spread,
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causing a low 0 or equal to zero. Conversely, the drop will be
repelled, as there will be minimal contact with the surface,
resulting in a high 6%. The technique used to determine the 0 is
relatively low cost and, for this reason, is easily available, where
the most used method is the sessile drop”!°.

The PE has a limited use due to its low surface free
energy, leading to weak wettability and poor adhesion. For
PE to have a good adhesion property, its surface free energy
must be higher than the material in contact. Thus, for more
efficient wetting by a liquid, the surface free energy must
exceed the surface tension of the liquid'!.

According to TUNNEY and DETELLIER (1996)%, the
polymers can interact with the clay minerals outer surface,
which makes the addition of Expanded Vermiculite (VMT) in
the Green PE matrix a good alternative, in which the extrusion
processing of the Green PE/VMT would be favorable because it
is a stage of industrial processing that exhibits advantages such
as the low cost of production and to allow the use in a wide
variety of polymers'.

The objective of this work is to prepare a film extrusion
with Green PE matrix in three VMT proportions, 1, 3 and 6%,
after the treatment of its surface by plasma in two different
ways: under oxygen (O,) atmosphere (Condition 1 - C)); and
Argon/Hydrogen (Ar/H,) atmosphere followed by a subsequent
plasma treatment under O, atmosphere (Condition 2 - C)). The
wettability of the films surface was measured before and after
treatment using the contact angle, as well as characterized by
X-ray diffraction (DRX).
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2. Materials and Methods

2.1 Materials

As the polymer matrix was used the Green PE grade
SGM9450F, flow rate (190 °C/5 kg) 0f 0.33 g.10 min’!, density
0f 0.952 g.cm™, in which it was acquired at Braskem-SA,
and as a mineral charge was used the VMT clay supplied
by Mineragdo Pedra Lavrada Ltda. (PB).

2.2 Obtaining the system

In order to prepare the systems, a Single Screw Extruder
was used (L/D = 26), model AX-16 by AX Plastics,
operating with temperatures varying from the first to the
third zone, respectively, between 200, 205 and 210 °C and
screw speed of 50 rpm. Initially, the Green PE matrix was
extruded without presence of VMT (PPure) and then the
systems were processed incorporating 1, 3 and 6% of VMT
in the polymer matrix, forming the P1V, P3V, and P6V, P
corresponding to the Green PE; 1, 3 and 6 means the % of
clay and V refers to VMT.

2.3 Flat film extrusion

The obtained systems were oven-dried at 60 °C for 24
hours and used in the production of the flat films, by means
of an extruder with a flat die and cylindrical cooling rollers.
The temperature condition varied from the first to the third
zone, respectively, between 205, 210 and 180 °C and screw
speed at 60 rpm. The films thickness data were obtained by
a thickness gauge, 0.12 mm (PPure), 0.23 mm (P1V), 0.25
mm (P3V) and 0.35 mm (P6V), with an average of 7 films.

2.4 Plasma treatment of the film surface

The size of the Plasma-treated films was 14 x 16 cm?,
in which their surfaces were treated in a continuous reactor
by SDS Plasma in two different conditions. In the first
condition, the films were treated only under O, atmosphere,
as shown in Table 1.

Table 1. Plasma treatment condition 1 (C)) of the films.

Treatment under O,atmosphere

Gas o,
Flow (cm’.min™") 10
Pressure (mBar) 0.4
Temperature(°C) 60
Time (min) 10 and 20

Table 2. Plasma treatment condition 2 (C,) of the films.
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In the second condition, the pre-treatment under the
mixture of Arand H, was used and then the treatment under
O, atmosphere was performed, as shown in Table 2.

2.5 Films characterization
2.5.1 Contact Angle

For the contact angle analysis, the films samples were
used in the dimensions of 3 x 1 cm?. The wettability of the
films surface was based on the sessile drop method, from
which a 16 pL drop of ultra-pure water was softly deposited
on the surface, and the angle formed between the drop and
the surface was determined by image analysis via Software
CAM 2008/KSV Instruments. The contact angle was reported
through the mean of 20 measurements in each film.

2.5.2 X-Ray Diffraction (XRD)

The analyzes were performed on a SHIMADZU XRD-
6000 X-ray diffractometer, operating in the angular range
(20) between 4 and 28°, using K-a of cooper as incident
radiation, a voltage of 40 kV and current of 30 mA. The
analyzes were carried out at the Interdisciplinary Laboratory
of Advanced Materials (LIMAV) at UFPI.

3. Results and Discussion

3.1 Contact Angle

The wettability is a phenomenon resulting from the
molecular interactions between two fluids'#. Thus, the
existence of polar and non-polar groups on the surface
directly influences the wettability property’. The Figure 1
shows the wettability behavior for PPure films as well as
for P1V, P3V, and P6V films that were treated through C,.

Initially, it was observed that the PPure film surface
(untreated) exhibited characteristics of a hydrophobic
surface with a contact angle of 104.12°. For the untreated
biocomposites, it was observed that the incorporation of
VMT clay into the pure polymer matrix decreased the contact
angle, since P1V, P3V, and P6V presented the contact angle
values equal to 88.39°, 70.79°, and 83.04°, respectively, in
which the P3V film reached the lowest value for contact
angle. Therefore, it’s evident that the addition of VMT to the
pure matrix resulted in a decrease in the contact angle, even
without the use of O, plasma treatment. This contact angle
reduction occurred due to the hydrophilic character of VMT.

Pre-treatment

Treatment under O,atmosphere

Gases 50%Ar / 50%H, Gas o,
Flow (cm’.min™') 10 Flow (cm’.min™) 10
Pressure (mBar) 1.3 Pressure (mBar) 0.4
Temperature (°C) 60 Temperature (°C) 60
Time (min) 20 Time (min) 10 and 20
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Figure 1. The contact angle of flat films treated according to C,.

The hydrophilicity of clay hinders the mixing and interaction
of natural silicates with non-polar polymers®. In addition, the
VMT clay presents negative charges, such as substitutions in
the tetrahedral and octahedral networks, so it is expected that the
water will be attracted to the surface by the hydration capacity,
involving the ion-dipole attraction of the involved ions'.

On the other hand, with the application of C, on the
PPure film surface, there was a change in the surface
characteristic, from hydrophobic to hydrophilic, since
there was a marked reduction of the angle from 104.12°
to 76.01° in 10 min of treatment. When treated for 20 min,
the contact angle of the PPure film decreased to 51.35°,
therefore, there was a greater reduction when increasing
the time of plasma exposure. This fact is related to the
surface free energy of the films, which increased with the
longer time of plasma exposure, as a result, the contact
angle decreased. This condition is associated with the
high free energy of solid surfaces since water has a high
surface tension and spreads with low contact angle on
these surfaces''. MACEDO et al. (2012)" indicated that
the wettability is altered by the presence of polar and
non-polar surface groups, thus, the decrease in angle is
indicative of the addition of hydrophilic groups on the
surface. WANG et al. (2012)"® also stated that the increase
of the surface polar molecules in the material causes the
reduction of the contact angle.

For the P1V film, a reduction of the contact angle with
the plasma treatment was observed from 88.39° to 65.96°
after 10 min of treatment, and when applied for 20 min,
the angle was reduced to 46,91°. For the P6V film, there
were moderate reductions, in which, with the application
of 10 min of treatment the angle reduced from 83.04° to
69.59°, and with 20 min, to 60.37°. The P3V film when
treated during 10 min did not present a significant reduction
of contact angle, however, after the treatment for 20 min,
it was noticed that there was an expressive reduction from
70.79° to 53.9°.

In sum, the contact angle was reduced with the application
of plasma under O, atmosphere (C,), probably due to the
incorporation of oxygenated species after treatment, increasing
the surface wettability of the films'®. LE and HSU (2010)*
stated that the duration of plasma treatment directly affects
the contact angle and surface wetting of the material, in what
way the longer treatment leads to a lower contact angle.
The contact angles are not stable and will vary over time to
stabilize, though. According to the authors, PPure films and
biocomposites treated for 20 min showed the lowest contact
angle values. The literature reports that O, is probably the
gas most widely used for surface modification of plasma-
treated polymers due to the addition of polar groups on the
polymer surface, thus improving wettability>'.

The Figure 2 shows the wettability behavior of PPure,
P1V, P3V and P6V films that were exposed to C,, where
time 0 (zero) refers to films that did not receive plasma
treatment, and the time of 10 and 20 min refers to the films
treated in that condition.

Figure 2. The contact angle of flat films treated according to C,.

It was verified through Figure 2 that a progressive
reduction of the contact angle values happened as a function
of the increased time of plasma exposure, this reduction is
related to the pre-treatment applied. Accordingly, with only
10 min of treatment was verified a great efficiency in the
results, however, it can be noticed that with 20 min there
was little change when compared to the treatment with 10
min. This statement is more evident when the values of
contact angle for the PPure were presented, which without
treatment showed the contact angle of 104.12° and after
treatment for 10 min, it reduced to 58.61°, when applied for
20 min, the angle reduced to 58.75°. A possible explanation
for these equivalent values may be related to the longer time
of exposure to plasma, which may have saturated the films
surfaces with 10 min of treatment after the pre-treatment,
consequently when applied the 20 min treatment, possibly,
the surface was already activated.
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In relation to the biocomposites, when the treatment was
applied for 10 min, the contact angle of the P1V film was
reduced from 88.39° to 60.88°, in the application for 20 min,
the angle was reduced to 55.4°. Similarly, the P6V film was
reduced from 83.04° to 63.39° after 10 min and to 54.47° after
20 min. Only the P3V film presented different behavior, in the
application for 10 min the contact angle reduced from 70.79°
t0 59.23°, and after application of the treatment for 20 min the
angle, was practically unaffected, presenting values similar to
the PPure film. These results with significant reductions when
using the VMT clay may be related to the modification in the
clay interlayers, according to results obtained by VALDRE et
al. (2007)?, after the VMT treatment with Ar and H, plasma at
room temperature, the authors concluded that the plasma gases
induced several modifications in the clay layer, since the chemical
analysis showed a significant reduction in the interlayer cation
content, especially for samples treated under H, atmosphere.

The main consequence of plasma treatment under Ar
atmosphere is the transfer of energy from plasma species to
the polymer surface since it is an inert gas and consequently
there is no possibility of chemical reactions between it and the
organic surface®. On the other hand, PELAGADE et al. (2012)*
reported that the film exposure to Ar discharge is sufficient to
break the chemical bonds C-C and C-H, leaving free radicals on
or near the surface. In relation to the use of H,, it has probably
also been active in the formation of reactive species, as reported
by MACEDO ez al. (2010)* that applied the plasma under
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H, atmosphere in chitosan membranes for biomedical purposes,
it was confirmed the formation of active sites on the surface
changing the roughness, texture, and wettability.

The pre-treatment application causes a high reactivity on
the samples surface and, consequently, a noticeable reduction
of the contact angle occurs. This process occurs because
the gas mixture causes the acceleration of the plasma ions
towards the polymer surface, providing a higher reactivity
of the exposed surface, according to PASCU et al. (2003)%,
this is possible due to the disruption of different bonds and
subsequent formation of free radicals.

The films of PPure, P1V, and P3V presented the highest
reductions of contact angle when treated in the C, condition
for 20 min, whereas the P6V film exhibited a greater reduction
when exposed to C, for 20 min. These results evidenced the
efficiency of the longer exposure time to the plasma under
02 atmosphere for the films, in which the best results were
obtained. Therefore, the surface functionalization of the films
by the formation of free radicals is really important, since
the Green PE does not hold groups containing the oxygen
in its chemical composition® (PRAT et al., 1997).

3.2 X-Ray Diffraction

The Figure 3 shows the diffractograms of PPure films and
of films with the addition of 1, 3 and 6% of VMT. The results
obtained are related to the films that did not receive plasma
treatment and the films that were treated according to C,.

Figure 3. Diffractograms of PPure, P1V, P3V, and P6V films: no treatment (A); treated through C, in the time of 10 min

(B) and 20 min (C).
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Onwards the Figure 3 it is possible to observe some of
the characteristic spike of the PE around 21.72° and 24.18°.
These diffraction spikes are related to the orthorhombic
structure of the PE, which represent the reflection planes
(110) and (200), respectively?’?%. It was noted that the
plasma treatment under O, atmosphere did not modify
significantly the crystalline structure of the films, hence,
considering the wettability results that evidenced the
surface hydrophilicity of the films, it is assumed that the
plasma treatment reached only the initial atomic layers
on the surface.

With insertion of VMT, new spikes occurred in 20, equal
to 6,48° and 7,37°, 18,05° and 24,29°%%, It was observed
that with the higher incorporation of VMT content there
was an increase in the intensity of these spikes, which
indicated the presence of charge in the material structure.
In the application of C,, were observed small movements of
the spikes attributed to the load. It was also verified that the

greatest movements occurred for the films with the highest
content of VMT, more significant for the P6V film, which may
indicate that small changes occurred in the crystallographic
plane structure of this film.

The diffractograms of Figure 4 depict the results
obtained for the PPure films and for the P1V, P3V, and
P6V systems without the treatment and after treatment
by means of C,.

The diffractograms of PPure film indicated that despite
the increase of a pre-treatment, there were no significant
changes in the structure of the films, a similar result using
C,.For the P1V, P3V, and P6V films the characteristic VMT
clay spikes were observed around 6.48°, 7.37° and those
that appeared or intensified due to the higher VMT content
at 18.11°,24.83°, and 25°. Thus, with the application of C,,
small movements of these spikes occurred, in comparison to
C,, in a subtler way. However, similar to C, the movements
were more evident with the higher VMT content.

Figure 4. Diffractograms of PPure, P1V, P3V, and P6V films: no treatment (A); treated through C, in the time of 10 min (B) and 20 min (C).
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4. Conclusions

The results obtained in this work allowed to conclude
that the incorporation of VMT and the conditions used for
the plasma treatment increased the wettability of the films
without changing their structure. Therefore, it was verified
that the untreated PPure presented a hydrophobic surface,
and the addition of the VMT clay caused an increase in
hydrophilicity. The C, exhibited more efficiency in the
surface treatment of films. The diffractograms indicated that
there were no significant changes in the structure of the films
with the plasma treatment application in the two studied
conditions. Hence, the P1V, P3V, and P6V films acquired a
hydrophilic character without compromising their structure.
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