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Abstract 

In this work, surface properties of PET (Polyethylene Terephthalate) modified by Plasma Immersion (PI), and Plasma 

Immersion Ion Implantation (PIII) were studied. Nitrogen and sulfur hexafluoride plasmas were used in a vacuum system 

coupled to a radiofrequency (rf) generator (13.56 MHz). Infrared spectroscopy (ATR-FTIR) detected the presence of new 

molecular groups on the PET surface after the treatment. Measurements of the contact angle, Ɵ, revealed a strong 

dependence of the surface wettability on the plasma parameters, control of which allows the production of hydrophilic or 

hydrophobic surfaces. The ion fluence was modelled as function of the penetration depth using suitable software (SRIM 

2008) and is useful to understand the damage caused by ion implantation of the PET (ρ = 1.39 g/cm3). The optical 

transmittance of the treated material in the visible region, T (λ), depends on the gas used and the electrical configuration 

of the plasma. Water-vapor transmission rate (WVTR) revealed an increase in the barrier properties of the treated PET. 

PIII technique and N2 bombardment are more appropriate than plasma immersion and SF6 bombardment to increase T 

(λ) of PET in the visible region.  
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Abbreviations: PET: Polyethylene Terephthalate; PI: 
Plasma Immersion; PIII: Plasma Immersion Ion 
Implantation; WVTR: Water-vapor transmission rate. 
 

Introduction 

Polymers  have wide range  of applications in  
different  manufacturing  areas,  such  as food packaging,  
surgical  implants  and  automobile production. This  is  
mainly  due  to  properties, such as  excellent  thermal  
stability, low density and  low cost [1]. The low surface 
energy of polymeric materials, however, negatively affects 
their use in many applications. This has been remediated 
using different techniques, such as chemical, thermal or 
electrical surface treatment [2]. The growing interest in 
ion-implanted polymeric materials is due to increasing 
demand in various areas such as optical waveguides, 
nanocomposites, shielding materials in satellites, space 
crafts, semiconductors, high energy particle accelerators, 
etc. [3]. Compared with conventional methods, plasma 
treatment has many advantages, such as requiring a lower 
consumption of reagents and energy, producing no waste 
water, being non-hazardous, dry, fast and 
environmentally friendly. Moreover, bulk properties are 
unaffected [4-6]. In addition, it is possible to produce 
functionalized surfaces using low pressure plasmas. The 
top 10 to 50 Å of a polymer surface may be altered, 
without affecting the bulk properties [7]. The study of the 
induced changes is important for new and advanced 
technological fields, such as optoelectronics, microelectro
nics, filters, electrochemical sensors, medicine, etc. [8]. In 
this sense, glow discharge plasma-based treatments are of 
particular interest because they allow surface 
hydrophilization without producing bulk modifications. 
However, the instability of the modified surfaces limits 
their use in many applications [9,10]. Investigations have 
shown that ions are the most efficient species in the 
plasma for modifying polymer surfaces. Since the 
penetration depth of low energy ions in a solid is 
extremely small, ions seem to be very important for 
modification of the first few nanometers of the polymer 
during plasma treatment. Using plasma, one can increase 
the surface energy of polymeric substrates in an 
environmentally friendly process without the use of wet 
chemistry. Plasma activates polymeric surfaces by 
producing free radicals in the polymeric chain and thus 
creating new functional groups [11]. There are many 
techniques that can be used to modify or alter the surface 
properties of materials by the addition of coatings and 
functional groups [12,13]. The effects of ion implantation 
on polymeric materials is of intrinsic scientific interest 

abut has also attracted attention owing to potential 
applications in waveguides, shielding materials, etc. [3]. 
SRIM/TRIM software provides information on the 
thickness of the modified layer determined by the 
penetration depth of the ions and their spatial 
distribution in the polymer matrix. SRIM may also be used 
to estimate the predicted thickness of implanted layers 
[14]. The agreement between simulation and experiment 
is very good in the keV region [15]. Moreover, the flexible 
substrate materials should meet specific requirements to 
be integrated to the production of FEDs, such as high 
optical transparency and high barrier properties against 
permeation by, for example, oxygen and water vapor. 
These properties are determined and controlled by the 
bonding structure of the polymer substrates, the surface 
nanostructure and chemistry, which controls the 
functionality of the subsequent functional layers that are 
developed on the polymer substrates, and finally on the 
film substrate adhesion [16-18]. Therefore, detailed 
knowledge of the bonding structure of the samples is 
necessary. Among the most suitable polymer materials, 
PET is an excellent material for the production of FEDs, 
since it is easy to process, has good mechanical 
properties, and is shows a reasonably high resistance to 
oxygen and water vapor penetration [19,20]. The 
evaluation of the water-vapor barrier is also necessary in 
food packaging applications because many food products 
are susceptible to humidity [19]. Recent results obtained 
with PET treated by plasma at low temperature plasma 
were presented by Nováket [20]. In this work, PIII was 
used with nitrogen to modify the surface of PET. The aim 
was to study the effects of PIII on the new chemical 
surface structures, transparency to visible light, and 
barrier properties relevant to packaging requirements. 
 

Experimental Procedure 

The PET samples were cleaned in an ultrasonic bath 
(Cristofoli USC 3881) in three steps using: (i) 100 mg 
detergent DET LIMP S32 + 100 ml deionized water; (ii) 
100 ml deionized water; (iii) 100 ml isopropyl alcohol. 
The experimental setup used consists of a stainless steel 
vacuum chamber with two internal electrodes [21]. The 
system was evacuated by a rotary pump (18 m3/h) down 
to 10-1 Pa. Needle valves were employed to control the gas 
feeds and a Barocel pressure sensor to monitor the 
chamber pressure. The total pressure of the reactor was 
constant at 100 mtorr (13.33 Pa). The temperature during 
the treatment was maintained at 298 K and the treatment 
time, t, was 300 s. PET from 2l CokeTM bottles was placed 
on the stainless steel electrode, and exposed directly to 
the nitrogen or sulfur hexafluoride plasma environment. 
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Radiofrequency power (13.56 MHz) of 25 W was applied 
to the upper electrode; negative pulses at -1000 V and 
300 Hz were applied to the lower electrode at cycle times 
of 1, 30, 100 and 500 µs. Another procedure was achieved 
when the cycle time was fixed in 30 µs while high voltage 
was changed from 500 V to 2000 V. The pulsed voltage 
was monitored by a digital oscilloscope (Tektronix TDS 
2014). Effects of the plasma treatment on the chemical 
composition of the white PET surface were investigated 
using Attenuated Total Reflection Fourier Transform 
Infrared Spectroscopy [22,23], FTIR, performed using a 
Jasco 410 Spectrometer. A similar approach was reported 
by other authors in previous studies [23,24]. Water 
contact angle measurements, Ɵ, were obtained 
immediately after treatment, using a Goniometer (100-00, 
Rame Hart). The sessile drop technique was employed 
[25]. Transmittance spectra were obtained in the 190 nm 

to 3300 nm wavelength range, using a Perkin Elmer 
spectrometer (Lambda 750 UV-vis-NIR). Water-vapor 
transmission rate (WVTR) of the PET was determined by 
following the ASTM gravimetric protocol [26]. 
 

Results and Discussions 

Infrared Spectroscopy (FTIR) 

FTIR is well-established for the elucidation of 
structural chemical changes [27,28]. Figure 1 (a) shows a 
spectrum of virgin PET, and (b) shows a spectrum of 
implanted PET. The N2 pressure was 13.3 Pa; the applied 
power 25 W, the treatment time 300s. The cycle time was 
30 s and the applied voltage ranged from -500 V to -
2500 V. 
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Figure 1: Infrared Spectra of virgin PET for the identification of functional groups in (a) virgin PET (b) implanted PET. 
The treatment parameters were 13.33 Pa of N2 for 300 s, at 25 W for different high voltages and a cycle time of 30 µs 
at 300 Hz.  

 
 
The following attributions of the observed absorptions 

were made: Hydrogen on the aromatic ring associated 
with the band located in 724 cm-1 (15), characteristic of 
out-of-plane vibrations; the presence of R2C=CHR related 
to angular deformation of C-H out-of-plane vibration near 
792 cm-1 (14); and also at 872 cm-1 (13) related to the 
angular deformation of R2C=CH2; at 970 cm-1 (12) related 
to the angular deformation of -CH=CH- groups; at 1017 
cm-1 (11) related to S=O (conjugated sulfoxide). An 
absorption caused by C-O in carboxyl ester groups is 
observed at 1094 cm-1 (10), binding the O-C from the O-
CH2 groups. The band located at 1240 cm-1 (9) is caused 

by the stretching of C=O groups. A band located at 1338 
cm-1 (8) is associated with the asymmetric angular 
deformation of sulfone (SO2). The presence of sulfur-
containing groups can indicate the presence of additives 
in the material or cleaning processes. In addition, more 
bands were detected, at 1407 cm-1 (7), associated with the 
axial deformation of CH2; at 1460  cm-1 (6) associated 
with the axial deformation of -(CH2)-n; at 1504 cm-1 (5) 
associated with the axial deformation of N-H; at 1580 cm-1 
(4) associated with the symmetric axial in-plane 
deformation; at 1715 cm-1 (3) associated with the C=O 
bond stretching in the carbonyl group; and also at 2965 
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cm-1 (2), associated with the axial deformation of C-H 
(stretching), and finally, at 3430 cm-1 (1) associated with 
stretching of the hydroxyl group. 
 

After the ion implantation at low voltages (-500 V and 
-1000V), weak absorptions were generally observed, 
while at high voltages (-1500 V and -2000V), absorption 
increased. The band centers do not shift significantly in 
wave number. The band observed at 740 cm-1 (I) was 
maintained, associated with the angular deformation of 
the chain -(CH2)-n (for n>3), which configures an 
aromatic ring. The band observed at 1740 cm-1 (II) is 
associated with carbonyl groups. A new group appeared 
close to 1900 cm-1 (III), associated with -C=C=C- alene. 
This double bond may constitute crosslinking between 
chains. The origin of another new band, which appears 
between 2000 and 2200 cm-1 (IV), may be SC≡N 
(thiocyanate), to -N=N=N (azides), or to -C=C=O- 
(ketones). Unsaturated bonds are present in each of these 
possibilities. A new band at 2340 cm-1 (V) is associated 
with amine groups. The band near 2965 cm-1 (VI) is 
associated with C=O stretching in carbonyl groups. And 
finally, the band near 3430 cm-1 (VII) is associated with 
stretching of the hydroxyl group. In all cases, the bands 
were narrow.  
 

These results are in agreement with recent studies of 
the plasma treatment of PET [29]. The presence of the 
new groups after ion implantation explains the 
hydrophilization of a shallow surface region of the 
material, by diffusion of water vapor and oxygen from the 
atmosphere. This diffusion mechanism occurs more 
intensely in the amorphous regions of the material, or 
even on the surface on which the atoms have greater 
mobility. Similar results can be found in current studies 
[27,28].  
 

Contact Angle Measurements 

The contact angle of a liquid on a solid surface, which 
is closely related to the surface free energy, can be 
evaluated by means of the sessile drop technique using 
deionized water at room temperature [30]. Measurement
s were made immediately after each plasma treatment. 
Table 1 shows the contact angle as a function of the cycle 
time, showing that nitrogen PIII increases hydrophilicity. 
When the cycle time increases, the water contact angle 
decreases from 70° on the untreated sample to 19º on the 
samples treated for 500 µs. Our results are consistent 
with preview studies, showing that ion bombardment is 
an effective technique for modification of the surface 
contact angle [31,32]. 

PET contact angle (°) Cycle time (µs) 
70.0 0 (untreated) 

51.3  ± 1 1 
46.0  ± 1 30 
31.1  ± 2 100 
19.1  ± 1 500 

Table 1: Contact angle as a function of the cycle time for 
PET samples treated with (13.33 Pa) 100 mtorr of N2 for 
300 s, 25 W of RF power for different Ion Implantation 
cycle times. Pulses of -1000 V at 300 Hz were used. 
 

The table includes Ɵ values for the condition (-1000 V, 
30 µs), that produced new molecular groups (I to VII) 
according to the FTIR analyses. These groups are 
probably responsible for the improvement in the 
wettability. It seems that polar groups formed by the 
recombination of free radicals contributed to the decrease 
in the contact angle of PET samples.  

 
Polymer chains have a high degree of flexibility and 

mobility, which allows the reordering of polar and non-
polar groups on the surface of the material through 
translational and vibrational motion. These processes 
explain why hydrophilicity also varies with the post-
treatment time [33]. Hence, structural changes caused by 
high energy ions improve the wettability, surface 
chemical activity, cross-linking and other properties. The 
structural transformations in the ion-implanted polymers 
are based on chemical reactions of free radicals which 
appear as the result of the dangling bonds and displaced 
target atoms. Reactions occurring in irradiated polymers 
were considered in a previous publication [34].  

 
Recent studies associated the improvement of 

wettability with an increase in the concentration of 
oxygen groups on the PET surface after plasma treatment 
[35]. The changes in wettability observed after plasma 
treatment of polymer surfaces after storage of the 
modified material are explained by mobility of the 
macromolecules on the top surface level [36]. Accepted 
models of the surface energy decrease and recovery of 
hydrophobicity with time in these plasma-treated 
polymers involve the rotation of high energy surface 
functional groups back into the polymer bulk. Surface 
energy is, thereby, reduced and hydrophobicity increased. 
Such rotations seem unlikely to give the highly carbonized 
structure associated with high fluence modification. 
Independently of the efficacy of the treatment, the 
reduction of Ɵ, is a transient effect, as observed in [37].  
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In recent studies, FTIR spectral analyses indicate that  
the  carbon  content  decreases  and  the  oxygen content  
increases  on the  surface  of PET, and  a large 
concentration of  oxygenated polar functional groups is 
introduced  into  the  surface by plasma treatment, which 
is responsible for  improving  its  wettability [38]. Recent 
studies reveal the wettability issues related to PET. For 
example, the partial hydrophobic nature of PET results in 
poor uptake and adhesion of dyes, particles and 
microcapsules [39]. 
 

Plasma Effect on the Polymeric chain and 
Oxygen Incorporation 

Considering that the roughness of the non-treated PET 
is 1.8 nm, one can see by comparison with the value given 
in ref [40] that this is a typical value for conventional 
polymers. It has already been noticed in previous studies 
that polymers with low roughness respond well to plasma 
treatment, finding a number of applications, as reported, 
for example, by Hudis [41]. According to Figure 2, it is 
possible to observe, for instance, the change of the 
structure of the polymeric chains after the treatment. 
Hence, some structural changes were proved by infrared 
analysis to correlate the improvement in wettability, the 
increase in roughness, and the changes of optical 
transmission of the PET samples treated by PIII.  
 
 

 

Figure 2: Plasma effects on polymeric chains a due to 
ionic bombardment: Ion impacts on the carbon 
backbone cause (a) cross-linking; (b) insaturation. On 
the other hand, nuclear collisions can dissociate 
polymeric chains (c) inducing volatile species, which 
can be removed by the vacuum system. 

 
 

In one of these studies [42], some polymers, including 
polyethylenes, were treated with argon and nitrogen 
plasmas. It was found that nitrogen plasma treatment led 
to the incorporation of both oxygen and nitrogen 
functionalities. Plasma immersion, which in turn can be 
explained by the presence of hydrogen and oxygen 

incorporated onto the surface, as previously reported, 
increases the number of species with the same chemical 
affinity, leading to the formation of hydrogen bonds. To 
become stable after the treatment, the surface tends to 
reorient the migration of short chain molecules and the 
oxidized diffusion of oxidized functional groups into the 
interior of the material [43].  

 
By the mechanism of oxygen incorporation it is 

possible to explain the wettability behavior of samples 
treated with nitrogen. Polymer chains have a high degree 
of flexibility and mobility that allows the reordering of 
polar and non-polar groups inside the material through 
translational and vibrational motion which causes the 
hydrophobic or hydrophilic character to probably vary 
depending on the time aging [33]. It is concluded that, as 
the fluctuations in the values of the contact angle in the 
aging time can be much smaller for polymers that contain 
many links cross, they limit the mobility of polymeric 
chains [44], and therefore; the reorganization of polar 
groups on the surface is attenued.  

 
Carbon atoms can also be ejected and O addition can 

be observed. The presence of oxygen in the reactor, either 
as residual gas or gas released from the glass chamber 
near the electrode region, may also account for this 
process. Therefore, the wetting of the bombarded surface 
is attributed to the electrostatic attraction between 
dipoles formed by O-containing groups on the PET 
surface and water molecules in the droplet [45]. In 
addition, among other effects from the plasma to the 
polymers during the treatment, plasma consisting of 
hydrogen, nitrogen and oxygen is used to optimize the 
radiation of the plasma on the required wavelength 
ranges based on the results of basic investigations as 
performed in ref [46-48]. Moreover, the results of plasma 
sterilization allow for a process time of only 5s, to be in 
compliance with regulations of FDA [47-49] for aseptic 
packaging applications.  

 
Therefore, an industrial plasma process can be a good 

alternative for methods based on toxic chemicals 
exhibiting major problems, e.g. residues of the sterilants 
in the package or chemical reactions with the materials 
[47].  To add or enhance the desired functions, coating 
processing on polymeric substrates was developed. Since 
their melting points are considerably lower than those of 
inorganic materials, low-temperature processing, such as 
wet coating or plasma deposition, is usually employed. 
However, adhesion of a deposited layer to a polymeric 
substrate is not strong enough. Ion implantation 
technique on polymeric films is an effective means for 

(a)

(c)

(b)

(a)

(c)

(b)
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solving this delaminating problem and several promising 
results with ion beam modification on polymeric 
materials have been reported [50].  
 

SRIM Simulation 

The use of ion beams to modify polymer properties 
opened a wide  area  of  research  and  utilization  in  
various  fields, such as industry,  agriculture,  ecology, 
microelectronics and nanotechnology [51,52]. However, 
the mechanisms responsible for the observed changes are 
not fully understood. Hence, to analyze the structural 
changes caused by ion bombardment, a simulation was 
made using the Stop Range Ions in Matter (SRIM/TRIM 
Calculation) software. The program was run to associate 
the changes in surface properties of implanted polymers 
with the ion-energy loss mechanisms (-dE/dx). The 
property improvements (mainly attributable to 
crosslinking) were related to electronic energy transfer 

(excitation and ionization), and the degradation in 
properties (as result of scission) to nuclear energy 
transfer (displacement reactions). When an energetic ion 
impinges on a polymer, its orbital electrons are stripped 
off and the nucleus becomes almost naked until the ion 
velocity slows down below the Bohr electron velocity of 
the medium [53]. Figure 3, shows respectively, histogram 
of N2 atoms penetrating the PET surface at 1 keV, and the 
range of (a) fluorine and, (b) nitrogen atoms as function of 
target depth. 

 
It is believed that sulfur hexafluoride treatment 

promotes F+ ions in plasma, whilst nitrogen treatment 
promotes N+ ions in plasma. Although the ionization of 
SF6 causes SFx radicals, the software does not recognizes 
SFx as input ion data. After irradiation, it is considered 
that there is a normal distribution of the free radicals with 
depth. 

 
 

 

Figure 3: (a) Depth (Angstroms) of incident ions (F+) for the PET, using incident energy of 1 keV (b) Depth 
(Angstroms) of incident ions (N+) for the PET, using incident energy of 1 keV. The histogram represents the range of 
values average and maximum. 

 
 
The fluence of atoms (number of ions injected per unit 

area) as a function of depth depends on the ion kinetic 
energy and the cycle time. SRIM results indicated a short 
penetration of ions at low fluence (down to 106) 
distributed in the polymeric matrix, owing to inelastic 
collisions. The penetration was in the range 0 to ~170 A. 
A Gaussian curve was used to fit the data. 

 

It is assumed that at the same kinetic energy N+ ions 
penetrate more than F+. Straggling is taken as the mean 
square root of the variance, being about ~ 0.15 % of the 
total range of ions penetrating (< 30 angstrom; non-
extreme). Considering the PET target as low density 
material, (ρ = 1.39 g/cm3), those straggling values are 
relatively larger, but non-extreme. Skewness presented 
(dimensionless) positive and small values, thus, indicating 
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that all the peaks are a bit away from the surface, and the 
most probable depth is bit smaller than the mean. 

 
After N+

 implantation of the polymer, new functional 
groups could appear and be located up to a depth of few 
hundred angstroms. It is suggested that a physical 
structure on the polymer surface is changed and that 
seems to be one of the reasons for the enhancement in gas 
barrier properties in PET bottles [54]. Moreover, The 
Linear Energy Transfer (LET) was calculated on the basis 
of nitrogen ion penetration into the PET raw material. 
Simulating 1 keV of nitrogen ion energy, the maximum 
ions penetration is less than 200 Angstrom (target depth), 
owing to the energy loss, which can be estimated by the 
application of a modified Kinchin-Pease model of recoils 
[55,56], and a phenomenological model based on 
formulas from Lindhard, Scharff and Schiott (LSS) and 
Brandt-Kitagawa theories for electronic stopping [57].  

 
In this process, among other reactions, hydrogen 

atoms are released from the polymer, and then, cross-
linking formation can occur. It has been found that the 
most important parameter to achieve a high degree of 
cross-linking is electronic (LET), however, nuclear 

collisions tends to cause degradation [58]. For the given 
energy, smaller atoms penetrate deeper and cause fewer 
nuclear displacements than heavier ones. Experimental 
results suggest that effective cross-linking occurs when 
ion pairs in two neighboring chains overlap [59]. 
According to mean values analyzed, N+ ions had higher 
penetrations than F+.  
 

Ultra Violet Visible Near Infrared Spectroscopy 
(UV-Vis-NIR) 

Figure 4 shows the optical transmittance spectra of 
PET treated with plasmas of N2 by PIII. Plasma Immersion 
Ion Implantation and Plasma Immersion were applied for 
300 s at a pressure of 13.33 Pa while the applied radio 
frequency power was 25 W. The pulsed voltage was - 
1040 V at 300 Hz, while the cycle time was changed from 
1, 30, 100 and 500 µs and the temperature was 
maintained at 298 K. As a general trend, it is possible to 
observe that the transmittance remains almost constant 
in the visible wavelength range (400-700 nm) and 
progressively decreases for λ below 400 nm. No great 
differences are observed in the spectra of the untreated 
and treated samples. 

 
 

 

Figure 4: Optical transmittance as a function of the wavelength of PET samples treated with 13.33 Pa of N2 for 300 s, 
at 25 W for different cycle times. The pulsed voltage was -1040 V at 300 Hz. 

 
 
For many applications, transparent materials are 

sought to allow a clear vision of the product. From a 
practical point of view, the “see-through” property, which 

is obtained by reducing the contrast between objects 
viewed through the material, is actually one of the most 
important requirements as it can influence the final 
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choice made by consumers [60]. For opto-electronic 
applications, the transparent substrates must be able to 
maintain their high optical transparency after high 
temperature heating, caused by plasma processes.  This is 
a serious issue for flexible polymer substrates. 
Polyethylene terephthalate (PET) films are colorless, 
transparent (refractive index = 1.8564), and low cost, but 
do not have enough thermal durability for the above-
mentioned high temperature process [61]. In this same 
study, a high transmittance (close to 89%) and low 
reflection (4.5 %) were measured for PET. The procedure 
used in the present study avoids loss of transparency 
caused by high temperatures.  

 
Analyzing Figure 4 reveals that the optical 

transmittance tends to increase with increasing cycle 
time. This may be caused by a decrease in reflectance. A 
reduction in roughness of PET samples implanted with 
nitrogen plasmas may be responsible for this decrease. 
The values of roughness for PET implanted with nitrogen 
plasmas were observed in Sant’Ana (2014) [27]. Strong 
absorption of carbonyl groups and its derivatives, occur in 
the range from 200 nm to 350 nm [62], which explains the 
very low transmittance in this range. Analogously, higher 

surface roughness (2.1 nm < Rrms < 16.7 nm) found for 
treated PET decreased T (λ), due to optical scattering 
caused by rough surface morphology [63]. In agreement 
with other studies, it was found that the decrease in PET 
transparency correlates with the increase in roughness 
[64]. The spectra of samples in the range of wavenumber 
from 650 to 1000 cm-1 show bands very well studied in 
the literature for the characterization of PET [65,66]. 
According Manley and Williams, the intensity of these 
bands is moderately independent of the surface 
roughness of the target material [67].  
 

Water Vapor Barrier Properties 

The evaluation of the water-vapor barrier is necessary 
because many food products are susceptible to humidity 
[20]. Therefore the water-vapor transmission rate 
(WVTR) of the PET was determined by the gravimetric 
method, according to ASTM [26], at a humidity of 75 % 
humidity and a room temperature of 24 ± 1ºC. The results 
are presented in Table 2. Thickness of the PET did not 
demonstrate significant differences (p > 0.05) among the 
treatments. 

 
Plasma Parameters Thickness (mm) WVTR (g/m2 day) (σ) 

Virgin PET 0.050 6.12 0.33 
PI     25W  300 s 0.050 0.91 0.19 
PI   100W  300 s 0.049 1.04 0.27 
PI    25W   600 s 0.049 0.95 0.20 
PI  100W   600 s 0.048 0.99 0.17 
PI  150W   900 s 0.048 0.93 0.24 

PIII  25W   300 s    -500 V 0.062 1.05 0.35 
PIII  25W   300 s   -1000 V 0.048 1.05 0.17 
PIII  25W   300 s  -1500 V 0.049 0.88 0.11 

Table 2: Water-vapor transmission rate of PET samples treated with nitrogen plasmas under different conditions. 
 

The use of plastic materials for flexible food packaging 
also poses a challenge in finding appropriate strategies to 
improve their barrier properties [68]. Among rigid 
containers used in the food and beverage industry, PET 
bottles are the most widely studied plastic containers for 
gas barrier enhancement because of their industrial scale 
use. It should be stressed that the demand for high gas 
barrier PET bottles has been increasing because of the 
global trend in weight reduction, where thinner bottle 
walls show poorer gas barrier performance [69], and of a 
gradual increase of the applications of PET bottle formats, 
as reported in recent studies [70]. The results found in 
our studies are characteristic of high barrier material, 
normally associated with laminated films, opaque 

composites of various substrates, which may or may not 
contain aluminum foil or other metalized layers to 
improve the material properties [71]. The results of this 
work are in agreement with studies of plasma deposition 
in polymeric films as observed by Bieder (2005), and 
confirmed by [72-74] Czeremuszkin, et al. (2001). Garcia, 
et al. (1996) and Henry (1999), managed to improve the 
barrier property of materials treated by reducing the 
values of WVTR of films 150 times.  

 
In one study, starch films containing 2% glycerol and 

0.0% chitosan showed a higher permeability to water 
vapor compared to other films [75]. The absence of 
chitosan in the film may have enabled a greater 
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plasticizing action of the glycerol molecule in the starch 
polymer chains, thereby increasing the permeability to 
water vapor. Furthermore, the hydrophilic character of 
glycerol favors the absorption and desorption of water 
molecules, as reported by Mali, et al. [76]. One of the 
suggestions for the completion of the investigation in this 
line of research is the treatment of plasma films 
containing starch or acetate, or other sugars, to give the 
treated packaging selective surface properties.  

 
Although treatment affects only a very thin layer in 

comparison to 'bulk', it is believed that, for the samples of 
the PET investigated, the processing plasma can be 
sufficient to promote the closing of the matrix, stimulated 
by unsaturation processes and anchor points, which are 
inherent condition effects. In fact, one of the effect of 
plasma treatment on polymers is to promote the 
formation of double bonds and anchor points, which 
approximates adjacent chains, causing entanglements. It 
is worth pointing out the best condition was noted for PIII 
at -1500 V, which presented the small WVTR (0.88 g/m2 
day).  Also, plasma treatment may fill voids contained in 
the structure of the polymer chains. Another advantage is 
related to our procedure that fixed the temperature of the 
substrates (25ºC) during the treatment. In this way, it is 
possible to stay below the glass transition temperature, 
and retain the high optical transmittance of the PET 
substrates in the visible range. The glass transition 
temperature for PET is about 60 to70ºC [77].  

 

Conclusions 

Plasma treatment has been effective to improve the 
surface properties of PET samples. FTIR indicates the 
presence of new unsaturated (double or triple) bonds. 
Both atoms and ions have a role in the modification of the 
treated material. The plasma contains C, O, N, and H 
atoms, which usually create polar radicals and O 
containing groups. Thus, the surface contact angle Ɵ, 
decreased owing to the chemical affinity of polar groups 
formed on the surface, and water molecules. Therefore 
surface wettability was increased. Modelling of the depth 
profile of the implanted ions shows a Gaussian 
distribution. In this case, the degree of deviation or 
scattering of these ions occurs randomly. Plasma 
treatment produced cross-linking in the PET surface, 
thereby improving gas barrier properties under all 
treatment conditions studied. Optical transparency was 
not reduced by the treatments. 
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