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In this paper, the polystyrene (PS) film surface was treated using DC glow discharge nitrogen (N,) and

Accepted 27" Sep. 2018 arg0n (Ar) plasma to improve the wettability and antibacterial properties. The untreated and plasma
treated surfaces were characterized by contact angle, FTIR, XRD and SEM analysis. The antibacterial
activity of untreated and plasma treated PS films was evaluated using optical density (OD) technique
against Staphylococcus aureus bacteria. The results of the PS film surface treated in both N, and Ar
showed a noticeable increase in the wettability due to the increase in the roughness and the introduction
of oxygen-containing polar groups as corroborated with SEM, weight loss calculations and FTIR
spectra. The results of antibacterial activity showed that the treated samples inhibit the bacterial
growth. The Ar treatment created more oxygen-containing polar groups and increase roughness on the
PS film surface and extensively modified the polymer surface than the N, treatment.
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Introduction

Polystyrene (PS) is one of the most widely used
polymers today, it has a wide range of applications
such as foam packaging, kitchen appliances, toys,
drinking cups, computer industry, surgical and
domestic instruments [1-3]. Also, PS has excellent
physical properties and low cost [4]. Despite these
excellent properties, PS is rigid and hydrophobic
polymer [5]. Certain applications such as cell
culture discs [6] required hydrophilic surface,
without affecting the good bulk properties of the
polymers. According to statistical data from the
American Disease Control and Prevention Center,
from each 35 million patients, 1.8 million patients
in America suffer from bacterial infection caused
by medical polymer tubes. Consequently, this
limits the use of PS in medical applications. To
overcome these limitations, surface modification
techniques have been used in the last decades to

improve the hydrophilicity and to give PS
antibacterial activity [3].

There are various surface modification techniques
such as corona treatment, UV, flame, gamma ray,
ion beam, electron beam irradiations, laser
treatments and glow discharge plasma treatment
[7-11]. Among these techniques, glow discharge
plasma treatment technique is considered to be the
most promising method for the modification of the
surface properties of polymeric materials. Glow
discharge plasmas contain charged and neutral
particles, such as electrons, ions, atoms, molecules
and radicals. Depending on the gas composition
and treatment conditions, the energetic plasma
species (electrons, ions, fast atoms, free radicals
and UV photons) participate in polymer surface
treatment, resulting in three main effects:(i)
etching, (ii) activation and (iii) cross-linking [12].
The advantages of this technique is that plasma
treatment changes the properties of the material
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only a thin near-surface layer typically with depth
0.005 to 0.05 um [13]. In addition, it is a rapid and
environmentally friendly process [14].

The effect of plasma treatment depends on a verity
of parameters such as type of plasma (DC, radio
frequency (RF) or microwave (MW)), the plasma
power, the pressure of the working gas, flow rate
or gas mixture (type of working gas), as well as
treatment time [15]. In the present study, PS films
were treated by DC glow discharge plasma with
two different working gases (Ar and N,) at low
pressure to improve the hydrophilicity and
antibacterial activity properties of the films. To
evaluate the extent of the modifications by the two
different working gases (Ar and N,), the untreated
and plasma treated samples were investigated by
contact angle measurements, SEM, XRD and FTIR
analyses. The antibacterial activity of the modified
films was investigated using optical density (OD)
technique.

Materials and Methods

Samples preparation

The studied PS samples were fabricated by the
casting method. Polystyrene (PS) of molecular
weight of 135,000 in the form of grains and
toluene with purity of 99.998 % were supplied by

Sigma-Aldrich company. The desired amount of
PS was dissolved in 20 ml toluene and the mixture
was stirred using a magnetic stirrer at room
temperature for one hour to get the complete
dissolution. The obtained solution was then poured
into a clean glass Petri dish. The evaporation of
toluene was carried out by placing the samples in a
dust free chamber at room temperature for one
week. The films thickness was in the range of
0.22-0.25 mm, thickness was determined using a
digital micrometer at different places in each film
and an average thickness was taken.

Plasma treatment

Figure (1) presents a schematic diagram of the DC
plasma unit used for surface treatment of the PS
films and its details were described in previous
studies [16]. The samples were inserted inside the
plasma reactor at the interface between the cathode
fall region and the negative glow region and
supporting them on a glass rode. The treatment
conditions in both N, and Ar were kept constant,
as the working gas pressure was 0.4 Torr, the
plasma power was about 3.5 W and the treatment
time was varied from 15 to 60 minutes. The size of
the treated samples was (1 x 2 cm).
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Fig. (1): A schematic diagram for (a) The experimental

equipment and (h) The electrical circuit
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Characterization techniques

Scanning electron microscope (SEM)

For surface morphology investigation, the
scanning electron microscope quanta fei 250, was
used to reveal images of the surfaces before and
after treatment with N, and Ar plasmas.

Weight loss analysis

In order to quantify the plasma-etching effects on
the surface of PS films, a microbalance was used
to measure the weight of the samples before and
after the plasma treatment. The plasma-etching
effect in terms of weight loss was calculated by the
following equation [17]:

Weightloss (%6) = [W} <100 (1)

Where W, and W, are the weight of pristine and
plasma treated samples, respectively.

The surface roughness of a solid surface plays an
important role in the wettability property of the
surface. Wenzel [18] was the first one who
discovered the effect of surface roughness on the
wettability property (contact angle) of a surface.
For the contact angle on a rough surface, the
surface roughness was calculated using the
following equation [18]:

= [ Cos(&,,) ] (2)

Cos(4g,)

Where 6, and 6, are the contact angles of pristine
and plasma treated film surfaces, respectively.

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra were taken for pristine and
plasma treated PS samples to determine the
chemical functional groups which may be formed
on the surface of the PS films upon plasma
treatment. The samples were examined using an
infrared spectrometer device, Vertex 70 Bruker
Optics.

X-ray diffraction (XRD)

To investigate the crystalline structure of untreated
and plasma treated PS films, the XRD patterns
were taken using a Bruker-AXS D8 advanced
diffractometer in the 20 range (5° -80°). X-ray
tube with CU anode (A = 1.5406 A°) was operated
at 40 kV and 40 mA.

Contact angle measurements
The improvement in the hydrophilicity of the PS
films was examined by measuring the water
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contact angle using a travelling microscope.
Measurements were performed with deionized
water at room temperature. The volume of the
deionized water drop was about 5 ul using a
microsyringe. Measurements were repeated eight
to ten times at different points on the surface of the
same PS sample and the average value was taken.

Antibacterial properties of PS films

The antibacterial activity of untreated and plasma
treated PS films against Staphylococcus aureus
bacteria as Gram-positive bacteria were examined
by applying the optical density (OD) technique as
described elsewhere [19]. The N, and Ar treated
samples and the untreated samples were inserted in
bacterial suspensions that were incubated at 37 °C
for 24h. After incubation, the washing process of
PS samples was carried out with 20 ml of 0.87%
NaCl solution containing polysorbate 80 at pH 7
[20]. Afterwards, the OD of growth was measured
in a spectrophotometer at A = 600 nm to assessed
the growth of the bacteria and its adherence to PS
films.

Results and Discussion
Plasma-etching effect

The removing process of low-molecular
contaminants such as additives, processing acids,
and adsorbed species due to the interaction of
active plasma species (ions, electrons, radicals, and
UV photons) with the surface of polymer films is
known as plasma etching. After plasma etching,
ablation of polymer chain starts. This is due to the
breaking up of bonds, chain scission, and the
processes of degradation [21]. This causes a loss in
the weight of the film and alters the surface
morphology resulting in an enhancement in
wettability of the treated samples.

Figure (2) displays the weight loss % as a function
of the treatment time for the plasma treated PS
films using nitrogen and argon. It is obvious that
by increasing the treatment time, the weight loss %
of the PS surface was increased in both nitrogen
and argon plasma treatments. The weight loss %
for the Ar plasma-treated PS surface was higher
than for the N, plasma-treated PS surface. This can
be explained as follows: the etching process during
plasma treatment depends on the density of active
plasma species bombardment towards the surface.
Argon plasma contains more electrons and ions
than in the case of the nitrogen plasma [16].This
results in _more bond scission in the argon plasma
treatment and consequently more weight 10ss.
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Fig. (2) Weight loss % of plasma-treated PS films as a
function of the treatment time

To investigate the plasma the etching effect on the
surface morphology of PS films, SEM was
performed for the untreated and plasma-treated
samples. Figure (3) presents the SEM images for
(@) the untreated and (b) and (c) for plasma-treated
films under nitrogen and argon with treatment time
one hour, respectively. By comparing Figure (3a)
with (3b) and (3c¢), it is clearly noticed that plasma
treatment changes the surface morphology of the
PS films. Figure (3) demonstrates that the
untreated PS surface is smooth, while many pores
and scratches can be observed on the PS surface
after the plasma treatment. The appearance of

these pores and scratches on the PS surface after
the plasma treatment increase surface roughness,
which, in turn, enhance the wettability of the
plasma treated samples [22]. Also, it is observed
that Ar treatment alters the surface morphology of
the PS film more than N, treatment.

The surface roughness (R) of the PS films was
determined using the measured values of deionized
water contact angle according to equation 2. Figure
(4) displays the surface roughness as a function of
the treatment time for the plasma treated PS films
under nitrogen and argon. It can be seen that by
increasing the treatment time, the surface
roughness of the PS surface was increased in both
nitrogen and argon plasma treatment. Also, the
surface roughness for the Ar plasma-treated PS
surface was higher than for the N, plasma-treated
PS surface. The increase in the surface roughness
with the increase of the treatment time is an
indication of the enhancement in the wettability of
plasma-treated samples.

Fig. (3): SEM micrograph of untreated and plasma treated PS film surfaces (a) untreated
plasma treated (c) Ar plasma treated PS.

(b) N
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Fig. (4):Variation of surface roughness with the treatment
time for N2 and Ar plasma-treated PS films

Structural analysis

XRD results

XRD is a useful analysis technique used to
investigate the effect of plasma treatment on the
crystalline structure and bulk properties of PS
films. Figure (5a), displays the XRD spectra for
the untreated and nitrogen plasma-treated PS film
for different treatment times. The figure clearly
reveals that PS film is amorphous in nature since
the diffraction pattern is characterized by halos
(humps) extending over the 20 range 10° to
24°[23]. It is clearly observed that the only
significant difference between the untreated and
nitrogen plasma-treated samples is reflected in the
intensity of the diffraction peaks. Increasing the
treatment time increase the intensity of diffraction
peaks in systematic manner.

Figure (5 b) shows the XRD spectra for plasma-
treated PS film under nitrogen and argon for
treatment time of one hour. It is clearly observed
that the diffraction peaks of Ar plasma- treated
sample were more intense than those treated
samples under nitrogen. Hence, the Ar plasma
treatment increases the crystalline nature of the PS
film than the N, plasma treated one. The obtained
results of XRD confirm that the plasma treatment
improves the crystalline nature of PS film surface
without affecting the bulk properties [12].

FTIR analysis

In order to identify the formation of new chemical
functional groups on the surfaces due to plasma
treatment, the FTIR was employed. Figure (6)
shows FTIR-spectra for the pristine sample and N,
plasma treated samples for different treatment
times. As obviously demonstrated in Fig. 6, the
main characteristics absorption bands of PS are
five peaks over the 2800-3100 cm™range, assigned
to the stretching mode of C-H bonds in the main
chain and benzene rings, and the peaks at 1601,
1492, 1451, 1027, 757 and 698 cm™ are identified
as the deformation and skeletal vibrations of C-H
bonds in PS [23]. By comparing the FTIR spectra
of N, plasma treated PS samples with the pristine
sample, it is obvious that the only difference
between them is in the appearance of a broad peak
in the range 3200 - 3700 cm™*which was observed
for all the samples. This region belongs to
hydroxyl group (-OH) [24]. Also, increasing the
treatment time increases the intensity of the
hydroxyl group.
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Fig. (5):X-ray diffraction spectra for untreated and plasma treated PS films (a) under N2 at different treatment times and

(b) under N2 and Ar at treatment time 60 min
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Fig. (6): FTIR spectra for untreated and N2 plasma treated PS films at different treatment times

Figure (7) shows the FTIR-spectra of plasma
treated PS samples under N, and Ar for treatment
time one hour. It has been found that the
remarkable difference between them is in the
intensities of the main characteristics absorption
bands of PS and of the broad peak. The Ar
treatment reduces the intensities of the main
characteristics absorption bands of PS than N,
plasma treatment. This may be attributed to high
etching rate of Ar than N,. Also, the intensity of (-
OH) in Ar treated samples is higher than N, treated
samples. This explains the higher efficiency of Ar
treatment in enhancing the wettability of PS films
than N, treatment.

The incorporation of O, functionalities on the
sample's surfaces is an indication of surface
activation by N, and Ar plasma treatments and the
formation of free radicals site on the PS film's
surfaces. The activated surface either adsorbs
moisture from ambient air just after removing from
the plasma chamber or abstract residual O, in the
plasma chamber [25]. The formation of hydroxyl
functional groups on the surface of plasma-treated
samples is the main reason of wettability
enhancement

The extent of the surface hydrophilicity
(wettability) improvement of plasma treated PS
films was evaluated by measuring the surface
contact angle. Figure 8 displays the variation in the
deionized water contact angle of the plasma treated
PS films for different treatment times in N, and Ar
plasmas. It can be noticed that the deionized water
contact angle for the pristine PS film is 83°. As the
treatment time increases the deionized water
contact angle decreases in both N, and Ar
treatments. The noticed enhancement in the
wettability of PS films due to N, and Ar treatments
was attributed to the formation of oxygen
containing groups and the increase in surface
roughness which have been confirmed by FTIR
and SEM analysis in the above section [26]. Also,
it is clear that the Ar plasma treatment is more
efficient than N, plasma treatment in enhancing the
wettability of the PS films. This may be attributed
to the higher plasma density and low energy of
electrons or ions in Ar plasma than N, plasma at
the same treatment conditions [16].

Antibacterial properties

The antibacterial activity analysis for PS films was
carried out for pristine and plasma-treated samples.
The experiment was performed against

Arab J. Nucl. Sci. & Applic. Vol. 52, No. 1 (2019)



240

O. F. FARAG

Staphylococcus aureus bacteria and analyzed by
the optical density (OD) technique. The results in
Table 1 reveal that the growth of tested S. aureus
was decreased by increasing of plasma treatment
time compared with the untreated one. The highest
inhibition was obtained after a treatment time of 30
min. for both N, and Ar treatments compared with
the untreated samples. The antibacterial activity of
PS films decreased by further increasing the
treatment time up to 60 min., but still lower than
the untreated one. The antibacterial activity (the
inhibition of bacterial growth) of plasma-treated
PS films could be attributed to the introduction of

oxygen containing groups such as (-OH) group
onto the surface of PS by N, and Ar treatments as
confirmed from FTIR analysis [27,28]. Also, the
results of optical density of growth indicated a
higher antibacterial activity of the treated PS
samples with Ar plasma than N,-treated samples.
This could be attributed to Ar plasma
incorporating  more  hydrophilic  (oxygen
containing) groups onto the surface of PS thanN,
plasma, which contributes to the enhancing in
wettability and antibacterial activity properties.
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Ny Treatment E
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Fig. (7): FTIR spectra for plasma treated PS films under N2 and Ar at treatment time 60 min
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Fig. (8) Variation of the water contact angle of untreated and plasma treated PS films at different treatment times under
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Table (1): Effect of N, and Ar plasma treatments at different exposure times on growth of S. aureus 15 strains

Optical Density (OD) (at 600nm)

Treatment time (min.)

N, Treatment Ar Treatment
0 0.459 0.459
15 0.420 0.389
30 0.409 0.365
40 0.410 0.375
50 0.411 0.379
60 0.411 0.381
Conclusion 10- W. Zhang, P. K. Chu, J. Ji, Y. Zhang, and Z. Jiang;

DC glow discharge N, and Ar plasma was
employed to improve the surface wettability and
antibacterial properties of PS films. The
enhancement in the surface wettability of the
plasma treated samples is confirmed by FTIR
spectroscopy, contact angle studies and SEM
analysis. The results of optical density (OD) of
growth confirm the antibacterial activity of plasma
treated samples. Finally, the Ar plasma-treatment
enhances the surface wettability and antibacterial
properties of PS films more than N, plasma-
treatment.
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