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Abstract This work presents a study of superficial properties of polyacrylonitrile
(PAN) films obtained by extrusion process. This innovative material was submitted
to microwave plasma treatment generated at low pressure. The contact angle was
measured with and without treatment in nitrogen and argon plasma, by the pendant
drop technique. The work of adhesion was calculated by the Young-Dupré equa-
tion. The surface energy was calculated by the harmonic and geometric average
methods, through the technique of two liquids proposed by Fowkes and Wu. The
results showed an increase on the surface wetting, for films of plasma treat under
nitrogen and argon, which indicated a modification in the surface of the PAN
polymeric film.

Keywords Polyacrylonitrile - Extrusion - Contact angle - Surface energy -
Plasma treatment

Introduction

Acrylonitrile was first synthesized by the French chemist Moureau at the end of the
nineteenth century. All commercial acrylonitrile polymerization processes from
precursors to acrylic fibers are free radical processes, and they are done mainly by
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anionic polymerization. Nearly all acrylic fibers are made from acrylonitrile
copolymers containing one or more additional monomers that modify the properties
of the fiber [1, 2]. For more than 50 years the use of polyacrylonitrile (PAN)
polymer has been limited to use in the textile industry and in the aeronautical
industry, as precursor of carbon fibers. Since then, the only way to process PAN was
in the form of fibers by wet-spinning or dry-spinning methods. The PAN and its
copolymers when heated at temperatures above its glass transition temperature starts
the process of degradation before reaching the melt point, which is in the range of
317-330 °C [3-5]. Several attempts have been made along the years to process
PAN by using conventional thermoplastic extrusion technology. In this way, some
processes were patented, mainly from BASF and Dupont, but they were not
commercially viable because the need for water at high temperature (200 °C) as a
melt carrier [6-8]. Besides, the extrusion process has to be accomplished at high
pressure (3—7 MPa), and as a consequence robust equipment is required for
continuous extrusion.

Others attempts have been made trying to obtain meltable PAN copolymers for
fiber manufacture, which were later patented under trade names of Barex and
Amilon [9, 10]. In this case, the acrylonitrile polymerization was done by emulsion
and the high cost of comonomers has threatened the economic viability of the
products. In another work, Bortner [4] demonstrated the success of using
supercritical carbon dioxide as a plastifier for PAN, which reduces the glass
transition temperature, leading to a melt viscosity reduction. The result was a
reduction in the PAN melting point, avoiding its degradation, but the injection
process has to be done at high pressure (6 MPa) with liquid CO,, in a pressure
vessel (17.2 MPa), at 120 °C, to accomplish the saturation with acrylonitrile.

In 2006 after an experimental event, Alves demonstrated that 1,2,3-propanetriol,
which melts at 17.8 °C and boils with decomposition at 290 °C, could be used as
plastifier for PAN [11, 12]. In relation to acrylic fiber production this approach lead
to a substantial cost reduction in relation to the traditional wet- and dry-spinning
processes and its need of using solvents with low toxicity during spinning, which
delayed the degradation process [1]. On the other hand, the possibility of melting
PAN without degradation opened interesting perspectives in obtaining molded
products, such as plates and films for example, by using traditional thermoplastic
processes such as extrusion, injection, or blow molding.

Polymer films, whatever the process used to produce them, needs surface
treatment for adhesion purposes. However, polymers surfaces are, in general,
chemically inert, have low surface energy (<100 mN/m), and are characterized by a
weak adhesion to other materials [13]. Commercially available surface treatment
methods used for surface modification are oxidation, solvent, flame or thermal,
ultraviolet, corona discharge, laser, and plasma treatment (radio frequency and
microwaves) [14]. The activation of polymer surfaces by any of these methods is
sensitive to environmental and storage conditions. In many cases, the surface
properties after-treatment can be ineffective even after a few hours, which is a direct
consequence of the tendency of polymeric chains rearranged at the surface of the
polymer, looking for a chemical stability with the environmental conditions [15]. In
the past three decades, the modification of the polymer surfaces with plasma has
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been widely investigated and it is important for many important industrial areas
[16]. According to Tran et al. [17], plasma treatment is a convenient technique for
improving the hydrophilicity of polymeric surfaces. The particles formed by the
cold plasma can penetrate into the top of several nanometers of the polymer surface
to form a fairly uniform surface having distinct properties. The interactions between
the ionized medium and the polymer surface lead to different reactions onto the
surface, such as cross-linking, degradation, functionalization, and radical formation
[18]. Depending on the type of polymer film, polar groups such as hydroxyl,
carboxyl, and amine can be formed over the surface of the film, keeping the volume
properties of the materials [14, 19]. Also, by changing the process parameters of the
plasma treatment, such as type of gas, treatment pressure, and time length of
treatment, the surface properties of the polymers can be controlled [16]. Changes in
the surface energy of materials lead to changes in wetting properties. Wetting is a
physical-chemistry phenomenon that has a great technological importance in
various industrial processes, such as for painting, printing, or adherence to other
films, and also for biological processes [20]. Wetting is usually evaluated by
measuring the contact angle between a liquid drop formed over any solid surface.
The contact angle (0) is a parameter that evaluates the solid-liquid interaction, from
the thermodynamic equilibrium among the interfacial energies involved. These
interfacial energies are the solid-liquid surface tension (ysp), the solid—vapor
surface tension (ysv) and the liquid—vapor surface tension ()1 v), according to Eq. 1
proposed initially by Young [14, 21]:

Jsv = Ysi + YLy cos 0 (1)

The objective of the present work was to evaluate microwave low temperature
plasma treatment generated at low pressure, to modify the surfaces of the PAN films
obtained by melt extrusion process. The surface energy and work of adhesion were
evaluated according to models of Young—Dupré, Fowkes and Wu [22-24].

Experimental
Materials

A PAN polymer was obtained by suspension polymerization, whose composition
was 94%/mass of the acrylonitrile monomer (AN) and 6%/mass of vinyl acetate
(VA). The material will be designated as PAN AN/VA throughout the paper. The
film was obtained by continuous dry extrusion with 25%/mass of glycerol and the
final thickness was 10 pm. The extruded PAN film was washed in warm water at
40 °C for 80 min for complete removal of plasticizer. The films were then properly
layered over a glass sheet forming a smooth surface for plasma treatment.

Plasma treatment equipment

The PAN AN/VA film surface studies were performed on rectangular samples of
7.5 x 1.5 cm. Plasma treatments were performed in a homemade aluminum
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Fig. 1 Experimental apparatus for microwaves plasma generation

rectangular 2.45 GHz microwave excited plasma reactor, schematically shown in
Fig. 1. A microwave oven magnetron with nominal power of 1 kW was used. The
available microwave energy in the magnetron cathode region is launched in a short
waveguide that reflect it into the plasma chamber through a fused silica window.
The waveguide is similar to the one used in domestic microwave oven. For
simplicity, the plasma system does not have any system to measure the incident and
reflected microwave power, neither a coupling system to minimize the reflected
power. The plasma chamber with internal dimensions of 23.1 x 7.8 x 49.3 cm was
pumped by a mechanical vacuum pump, and the experiments were performed in the
26.7 Pa, gas flow rate of 25.0 sccm. The gases used in the PAN AN/VA film surface
treatment were nitrogen, 99.999% purity, and argon, 99.999% purity. The treatment
times were set as 5, 10, 30, 60, and 120 s.

X-ray diffraction

A PANalytical, X’Pert PRO MPD 3060 X-ray diffractometer with Ni-filtered CuKa
(A = 0.1541837 nm) radiation was used to determine the structures of PAN AN/VA
films. Samples were tested with a voltage of 40 kV and an electric current of
45 mA. The scanning speed was 0.42°/s with the scanning step of 0.0167°. For the
calculation of the lattice spacing the equation of Bragg was used.

2-d-sinf=n-1 (2)
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where n = 1, A = 0.1541837 nm, d is the lattice spacing for the group of planes hkl
(index of Miller) of the crystalline structure, and 0 is the half of the diffraction
angle.

Contact angle measurement

Contact angle technique was used to characterize the surface properties of untreated
and treated samples of the PAN AN/VA film. Contact angles were measured by
dropping deionized water and diiodomethane over the PAN AN/VA film as soon as
the treatment was completed. The properties of the deionized water and
diiodomethane are shown in Table 1 and they were taken from the literature [21].
An appropriate syringe set a drop over the film surface.

An aging test of the PAN AN/VA film was performed on samples treated under
nitrogen and argon plasma atmospheres. Temperature and humidity can alter the
surface activity of the PAN film. The plasma treated PAN films were aged for
12 days at ambient air, for better representing the environmental exposure of the
PAN film during shelf life, instead of exposing the samples in special controlled
humidity and temperature environment. The air humidity and temperature data were
recorded during the period of aging, as shown in Figs. 2 and 3, respectively [25].

Several mathematical methods have been proposed to evaluate the work of
adhesion and the surface energy of solid, using values of contact angle of different

Table 1 Energy properties of deionized water and diiodomethane used in the contact angle
measurements

Polar component Dispersive Surface
(mN/m) component (mN/m) energy (mN/m)
Deionized water 50.7 22.1 72.8
Diiodomethane 6.7 44.1 50.8
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Fig. 2 Air relative humidity (a) and temperature (b) during the period of environmental aging for the
nitrogen plasma treatment for the PAN AN/V A film. Data were collected from 03/12/08 until 15/12/08 [25]
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Fig. 3 Air relative humidity (a) and temperature (b) during the period of environmental aging for the
argon plasma treatment for the PAN AN/VA film. Data were collected from 07/04/09 until 21/04/09 [25]

liquids with their respective known surface tensions. One of these methods used
Eq. 1 from the work of adhesion proposed by Dupré and suggested a new
relationship, named Young—Dupré equation [26]. In the Young—Dupré equation, the
liquid surface tension and the contact angle of the liquid over the surface are
considered in the calculations.

Wap = Ly - (cos 0 + 1) (3)

If the contact angles made by two liquids of known ¢ and 9P are measured, it is
possible to solve Eq. 4 (geometric mean) or 5 (harmonic mean) and calculate yg and
1% for the solid. From the contact angle of deionized water and diiodomethane over
the PAN AN/VA film, the surface energy was calculated using Eqs. 4 and 5 [21, 24]

1 1
Jv(l +cos0) =2 {(Viv?g)z"‘(yiv?’g)z] (4)
d .d P P
YLvYs YLvs
Y (1—|—c050):4[( )—I—( >] (5)
= v + 78 v + 9%

Results and discussion
X-ray diffraction analysis

The X-ray diffraction plot of the PAN AN/VA film is shown in Fig. 4. Two strong
characteristic peaks can be observed at 20 = 17.3° and 29.9°, which correspond to
the (100) and (110) planes, respectively, of the unit cell of PAN. Coexistence of
crystalline and amorphous phases is characteristic of PAN materials. According to
Bragg equation, d values of the two characteristic diffraction peaks of PAN films at
20 = 17.3° and 29.9° are d;75 = 0.5123 nm and d»99 = 0.2987 nm, respectively.
These results were similar to the results obtained from He et al. [27], which were
found for PAN fibers that have been synthesized using acrylonitrile/itaconic acid,
and obtained by the wet-spinning method using dimethylsulfoxide as a solvent.
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Fig. 4 X-ray diffraction of the PAN AN/VA film obtained by extrusion process
Contact angle and work of adhesion

The results regarding the contact angles of the PAN AN/VA film without and with
treatment in nitrogen and argon plasma atmosphere are shown in Figs. 5 and 6. It is
observed that diiodomethane gives rise to a lower contact angle in relation to the
deionized water over the PAN AN/VA film, regardless the plasma treatment
atmosphere. This is due to differences in liquid surface tensions, i.e., diiodomethane
has a higher dispersive component (44.1 mN/m) of surface tension compared to
deionized water (22.1 mN/m).

In Fig. 5a, it can be seen that only 30 s of plasma treatment under nitrogen is
necessary to reduce the contact angle from 65° to 20°, when measured with water,
and from 45° to 11°, when measured with diiodomethane. Similarly, Fig. 6a, only
30 s of plasma treatment under argon is necessary to induce a reduction of the
contact angle from 65° to 28°, when measured with water, and from 45° to 17°,
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Fig. 5 a Contact angle and b work of adhesion of PAN AN/VA film treated by nitrogen gas plasma
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Fig. 6 a Contact angle and b work of adhesion of PAN AN/VA film treated by argon gas plasma

when measured with diiodomethane. This 45° and 37° reduction in water contact
angle shows that surface wettability of PAN AN/VA film is increased significantly
following plasma treatment under nitrogen and argon, respectively.

The plasma treatment introduces the formation of polar groups in the film
surface. As dipole—dipole intermolecular forces (van der Waals) exists among polar
molecules, then one of the reasons for the reduction of the deionized water contact
angle is the interactions among the strong dipole of the molecule of water with the
dipole of the nitrile group (C=N) in the PAN polymer. Also, interactions with OH,
COOH, and CONH, which are introduced in the composition of the surface of PAN
film are also possible [14, 19]. This increase in interaction, the so called adhesive
forces (intermolecular forces between dissimilar molecules), which emerges from
electrostatic attraction between electron clouds and atomic nuclei from the new
groups, overcome the cohesive forces (intermolecular forces between similar
molecules) from the liquid. As a consequence, the surface of the liquid has an
increase attraction to the surface of the film. The reduction in the contact angle of
diiodomethane, which is apolar, onto the film, is due to induced dipole forces. The
nitrile group induces an instantaneous dipole in the molecule of the diiodomethane
leading to the wetting of the film surface.

In fact, contact angle is also influenced by the surface roughness. Plasma surface
treatment was done on commercial PAN fibers having ~ 15 pum, under nitrogen
atmosphere [19]. For surfaces having a contact angle lower than 90°, increasing
roughness will decrease the contact angle. But, according to Liu and Lu [19] at an
average surface roughness below ~ 100 nm there is no influence on the contact
angle. In Liu’s work, a surface for a commercial PAN fiber treated for 3 min, under
a 300 W power plasma, resulted in a surface energy of 65.1 mN/m equivalent to
30.17 nm average roughness [19]. In our work, a maximum 2-min treatment, under
1 kW nitrogen plasma resulted in a surface energy of 70 mN/m. So, even using a
high power plasma, similar results of surface energy were found, which is possible
within the range of roughness that do not have influence on contact angle.

From the contact angle measurements, the work of adhesion was calculated using
the Young-Dupré equation. The change in chemical surface activity of the PAN
AN/VA film increased the surface energy due to the creation of active sites leading

@ Springer



Polym. Bull. (2011) 66:277-288 285

to a more polar character. The nitrogen plasma treatment can enhance the formation
of nitrile group over the surface of the film. Probably, the carbonyl (C-O) groups
can be formed because VA is part of the film formulation. Figure 5b also shows that
the work of adhesion of deionized water over the PAN AN/VA film after 30 s of
treatment increased by 35%. On the other hand, for diiodomethane the increase was
approximately 14%.

The effect of plasma treatment on surface energy

Tables 2 and 3 show the results obtained by the harmonic average and for the
geometric average for plasma treatments under nitrogen and argon. It is observed
that before the plasma treatment, the dispersive component (y°) of the surface
energy of the PAN AN/VA film is higher than the polar component (yP). The plasma
treatment changes the dispersive component only slightly, while in the polar
component a steady increase is observed as a function of treatment time. These
results show that the main contribution to the increase in surface energy is due to the
polar component and consequently a good wettability is obtained when the polar
component of the surface energy is high.

The surface energies calculated by the harmonic average and for the geometric
average in both gases of N, and Ar, the increment values that are obtained in the
nitrogen plasma treatment (30 mN/m) are somewhat higher than the one in argon

Table 2 Surface energy of PAN AN/VA film treated by nitrogen plasma

Time of treatment (s) Harmonic average Geometry average

y¥ (mN/m) * (mN/m) yg mN/m) % (mN/m) ° (mN/m) ps (mN/m)

Untreated 26.96 18.45 45.41 24.94 15.31 40.26
5 31.22 30.77 61.99 24.15 33.28 57.43
10 34.03 33.43 67.46 26.09 36.60 62.69
30 34.76 38.12 72.88 24.84 43.68 68.63
60 34.65 39.90 74.55 24.16 46.47 70.63
120 34.66 40.53 75.19 23.93 47.44 71.37

Table 3 Surface energy of PAN AN/VA film treated by argon plasma

Time of treatment (s) Harmonic average Geometry average

74 (mN/m) 9° (mN/m) ps (mN/m) ¢ (mN/m) 7 (mN/m) pg (mN/m)

Untreated 26.96 18.45 45.41 24.94 15.31 40.26
5 30.47 27.49 57.96 24.76 28.30 53.06
10 32.34 32.66 65.00 24.57 3593 60.51
30 34.08 35.53 69.61 25.26 39.89 65.14
60 34.48 37.35 71.83 24.95 42.59 67.54
120 34.60 38.31 7291 24.70 44.03 68.73
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plasma treatment (27 mN/m). These values are related to the untreated film. The
increase of surface energy is mainly due to the presence of hydrophilic groups on
the film surface after plasma treatment.

According to Liu and Lu [19], the formation of amide (-CONH,) and carboxyl
(~COOH) groups occurs mainly through the elimination of the cyanogens and ester
groups. These polar groups are prone to moisture absorption through hydrogen
bonding, which can effectively enhance the surface energy and wettability of the
PAN AN/VA film.

Environmental aging of the PAN AN/VA film

The tests of environmental aging were performed on PAN AN/VA films treated for
2 min, under nitrogen and argon plasma treatment, as shown in Fig. 7. After 2 min
of treatment on the PAN AN/VA film surface, no significant change is found in the
value of the contact angle and in the work of adhesion as the time of treatment
increase, as can be seen in Figs. 5 and 6.

During aging, a sharp increase in the contact angle is observed in the first 24 h,
reaching a value of 20-25° for the nitrogen and argon plasma treated samples. After
this period the increase in contact angle was 40% for the nitrogen plasma treated
PAN AN/VA film, and for the argon plasma treated PAN AV/VA the increase in
contact angle was 50%. During the argon plasma treatment of PAN films, roughness
and active sites are created mainly by chain scission, and then the water contact
angle exhibits a significant increase. On the other hand, during the nitrogen plasma
treatment of PAN AN/VA films, besides the creation of roughness and the active
sites by chain scission, also introduces other polar groups in the PAN AN/VA film
surface, which can interact with water, resulting in a smaller increment in the
contact angle in relation to the argon plasma treated film [15, 18].

The increase in the contact angle leads to a decrease in the work of adhesion as a
function of time of exposure to ambient. The work of adhesion measured by water
over the PAN AN/VA film treated by nitrogen plasma and argon plasma reduced
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Fig. 7 Variation of the water contact angle according to time of exhibition to the atmosphere after
plasma treatment of nitrogen (a) and argon (b), for a period of 12 days
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from 144 mN/m to 136 mN/m, and from 143 mN/m to 130 mN/m, respectively.
These results are still far above the work of adhesion from the AN/VA untreated
film (103 mN/m).

Conclusions

Polymeric films of PAN/VA obtained by the extrusion process were submitted to
microwave plasma treatment under nitrogen and argon atmospheres. These plasma
treatments, up to 120 s, induce significant changes onto the surface energy of the
PAN/VA extruded films, in relation to the untreated film. The treatment is more
effective when it is done up to 40 s. The total surface energy increases from 40 mN/m
to 70 mN/m, either for treatment under nitrogen or argon atmospheres.

Contact angles of the untreated and treated PAN/VA extruded films were
measured by using goniometry. Polar and dispersive surface energy were calculated
for untreated and treated films by using the harmonic and geometric averages.

The environmental aging of argon and nitrogen plasma treated PAN films, after
12 days, have values of contact angle that are still far the untreated PAN AN/VA
film (65°), i.e., 37° for the aged nitrogen plasma treated sample, and 28° for the aged
argon plasma sample treated sample.

The results indicate that the technology of microwaves plasma, for surface
treatment of polymeric surfaces, are a potential alternative to improve the adherence
of polymeric films.
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