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In this work we report the surface modification of different engineering polymers, such as, polyethylene 

terephthalate (PET), polyethylene (PE) and polypropylene (PP)  by  an atmospheric pressure plasma jet 

(APPJ). It was operated with Ar gas  using 10 kV, 37 kHz, sine wave as an excitation source. The aim of this 

study is to determine the optimal treatment conditions and also to compare the polymer surface modi- 

fication induced by plasma jet with the one obtained by another atmospheric pressure plasma source – 

the dielectric barrier discharge (DBD). The samples were exposed to the plasma jet effluent using a scan- 

ning procedure, which allowed achieving a uniform surface modification. The  wettability assessments 

of all polymers reveal that the treatment leads to reduction of more than 40◦ in the water contact angle 

(WCA).  Changes in  surface composition and chemical bonding were analyzed by  x-ray photoelectron 

spectroscopy (XPS) and Fourier-Transformed Infrared spectroscopy (FTIR) that both detected incorpora- 

tion of oxygen-related functional groups. Surface morphology of polymer samples was investigated by 

Atomic Force Microscopy (AFM) and an increase of polymer roughness after the APPJ treatment was found. 

The plasma-treated polymers exhibited hydrophobic recovery expressed in reduction of the O-content of 

the surface upon rinsing with water. This process was caused by the dissolution of low molecular weight 

oxidized materials (LMWOMs) formed on  the surface as a result of the plasma exposure. 

 
 
 
 

1.  Introduction 

 
Non-equilibrium atmospheric pressure plasmas [1–4] have 

attracted considerable attention because they require low  capital 

cost,  can  be  easily implemented in  a continuous production line 

and also  due to  their ability to  generate highly reactive chemi- 

cal species at ambient gas  temperature [5]. Plasma jets, or plasma 

plumes are a kind of atmospheric pressure gas discharges where the 

plasma (usually obtained from a noble gas) is extended beyond the 

plasma generation region into the surrounding ambience [4,6,7]. 

The plasma plume length can extend up to several centimeters and 

can be adjusted by an electric field, a gas flow or a pressure gradient 

[8,9]. The interaction between the plasma plume and the surround- 

ing  atmosphere  gives rise  to  different reactive species that may 

not be  present in  the discharge region [10,11]. The  gas  tempera- 

ture of plasma jets was estimated by various diagnostic methods 

[12,13] showing that  if  jet  operation conditions were properly 
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chosen the gas temperature at the tip of the plasma plume could be 

quite low  (around room temperature). The plasma jets are  partic- 

ularly useful for material treatment, since the gas flow from the jet 

guides the reactive species close to  the surface where they cause 

surface etching and functionalization [14,15]. Another advantage 

of the atmospheric pressure plasma jets (APPJs) is  that they are 

not confined by  physical walls, thereby making the treatment  of 

irregular-shaped 3D objects possible [16].  However, one limiting 

factor is the size  of the treatment area, which in most APPJ treat- 

ments is around 1 cm2 [17]. To overcome this shortcoming arrays of 

many individual plasma jets have been developed [18,19]. Another 

manner for achieving a uniform surface modification is the manip- 

ulation of the jet  and/or the sample [20,21]. On  the other hand, 

a localized treatment extended over a limited area is desirable for 

applications in medicine, where for example, only cancer cells have 

to be targeted without destroying the surrounding healthy tissue. 

Also, plasma jets in the micrometer scale can  be a very useful tool 

for surface engineering in different fields such as light emission in 

display panels, lithography, micro and nanotechnology [22–24]. 

However, still   there exist great challenges in  understanding 

the plasma jet  physics and chemistry that impede the widespread 

application of APPJs as a surface modification tool. First  of all, jet 
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dynamic is  not quite understood yet  because besides the elec- 

tromagnetic interaction it  also  involves the gas  flow dynamics, 

thermal instabilities etc.  Also,  many different plasma jet  config- 

urations with power sources operating over a very large frequency 

range (1 kHz–50 MHz)  are  reported in the literature  [25–29]. The 

most common characteristics of plasma jets are  summarized in a 

recent review paper [4]. 

Operating the  jet   in  ambient air   implies collisions, recom- 

bination and plasma chemical reactions with the surrounding 

atmosphere. Therefore, the distribution of  the active species in 

the discharge region, in  the effluent, and close to  the target may 

be   significantly  different  [30–32].  For  applying the  APPJ  as   a 

material-processing tool, it is essential to understand the interac- 

tion between the active species in the jet  downstream point with 

the surface and determine the size of the modified region as a func- 

tion of jet parameters [33].  In this work we  investigate the surface 

modification of different polymers by an Ar plasma jet  at different 

operation conditions to  find out the optimal process parameters. 

Comparison between the polymer surface modifications induced 

by a plasma jet  and a DBD treatment has  been conducted and the 

conclusion is that the APPJ is an efficient tool for surface modifica- 

tion. Of course, for obtaining good results the treatment parameters 

and the plasma jet operation conditions have to be optimized. 
 

 
2.  Experimental setup and  diagnostics methods 

 
2.1.  Materials 

 
Prior the routine surface modification of polymers a preliminary 

plasma jet  treatment was conducted. It was aimed to evaluate the 

size  and the location of the plasma-modified spot on  the polymer 

surface as a function of plasma jet  parameters and process condi- 

tions. This  investigation required a large number of samples that 

had to  be  cheap and easy to  handle. For this purpose we  selected 

a  commercial PET (0.3-mm-thickness) cut  from colorless plastic 

bottles. The  results from this initial study were used to  establish 

a procedure for  the following APPJ treatments that can  provide a 

uniform surface modification over a selected area. To evaluate the 

surface chemical modification, induced by the APPJ treatment, two 

typical engineering polymers – polyethylene (PE) and polypropyl- 

ene (PP), with a simple structure and a high chemical purity, were 

used. They  were provided in  the form of 0.1-mm-thick films by 

Goodfellow, Brazil.  Before the plasma processing, the polymeric 

material were cut   into pieces with 20 × 15 mm2  size.   All  sam- 

ples were ultrasonically cleaned twice, first in distilled water and 

after that in isopropyl alcohol for removing surface contaminants. 

Finally, the samples were dried for  2 h  in  ambient atmosphere. 

Upon the plasma treatment some polymer samples were rinsed 

for  1 min in  distilled water, dried for  1 h  in  ambient atmosphere 

and after that subjected to further analysis. 
 

 
2.2.  Plasma jet 

 
The  APPJ used in this work is basically a one-electrode device, 

which consists of  a  standard  glass syringe (10 ml),  whose inner 

diameter is  15 mm with a  nozzle inner diameter of  1.0 mm. An 

insulating cap,  through which the working gas  can  be  admitted 

to  the system, closes the syringe end. Argon was introduced into 

the syringe at controllable flow rate between 0.2  and 2.5 l/min. 

A 0.65-mm-thick Ni–Cr  wire is installed on  the syringe axis  and 

served as a high voltage electrode. The distance between the tip  of 

the wire electrode and the nozzle entrance was about 2 mm. The 

device was installed vertically using a dielectric support. A metallic 

platform (13.0 × 13.0 cm2 ), equipped with a moveable stage that 

can   provide controllable displacements  in  x–y   directions, was 

 
 

Fig.  1.  Schematic diagram of the experimental setup. 

 

 
situated under the syringe nozzle and acted as a ground electrode. 

To avoid accidental arcing the whole platform was covered with 

a 3-mm-thick glass layer (Fig. 1). A Minipuls 4 high voltage power 

supply (GBS Elektronik GmbH, Dresden, Germany) generates high 

AC voltages (up  to 24 kV peak-to-peak) within the frequency range 

of 20–40 kHz.  A high voltage divider and a serial resistor of 10 Q 

were used for  monitoring the applied voltage and the discharge 

current. The  voltage drop  across a  serial capacitor of  10 nF  is 

proportional to the transferred charge. The signals were displayed 

on a digital oscilloscope (Tektronix TDS 2024B, 200 MHz). 

 
 
2.3.  Polymer treatments 

 
The  samples to  be  treated had rectangular shape (dimensions 

of  2.0 × 1.5 cm)   and were placed on  the glass that covered the 

grounded platform. Before starting the plasma treatment each sam- 

ple  was aligned central and perpendicular to  the syringe axis  at a 

selected distance from the nozzle exit. Argon gas was admitted into 

the syringe with a controlled flow rate and consequently the plasma 

jet was ignited and directed onto the sample. Depending on applied 

voltage and gas  flow rate, the length of the Ar plasma plume can 

extend up to 2.5 cm. As far as the Ar flow remains in laminar regime 

(Re < 2300) the plasma plume length scales with the gas flow rate. 

However for turbulent gas flow the plasma column easily mixture 

with the ambient air and as a result the jet became instable and its 

length is reduced [33]. For our  experimental conditions (Ar gas and 

syringed orifice diameter of 1.0 mm) the transition between lami- 

nar and turbulent regime happens at gas flow around 1.5 l/min and 

above this value the Ar jet  length was actually reduced. Therefore 

to  ensure the maximal extension of the plasma plume (∼ 2.5 cm) 

for all material processing we  used gas flow rate of 1.3 l/min. 

Two   series of  experiments were conducted to  evaluate the 

degree of  polymer surface modification induced by  the plasma 

jet.  First,  at a  fixed jet  length (maintained 2.5 cm  for  all  exper- 

iments), the sample was static and the distance to  the syringe 

nozzle was varied from 2.0  to  3.5 cm.  During the second series 

of  treatments the sample-nozzle distance and the jet  extension 

were kept constant while by using the movable stage the samples 

were displaced perpendicularly under the plasma jet  with a 

constant velocity of about 6 mm/s. The scanning route consisted of 

4 consecutive parallel paths (along the sample’s larger dimension) 

spaced at 3 mm distance. Using these scanning parameters an 
area of approximately 200 mm2 (17 mm × 12 mm) can  be covered 

for  about 15 s. This  series of treatments was aimed to  achieve a 

uniform surface modification over the internal part of the sample. 
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After  establishing the optimal jet  operating conditions PE and PP 

samples were treated by APPJ to assess the process efficiency. 

It is well known that in the case of thin films the DBD processing 

can  ensure fast  and uniform surface modification over a large area. 

However for some specific applications involving complex-shaped 

targets and/or small areas of treatment (as in the microelectronics 

and some bio  and medical applications) the APPJ may turn out to 

be more attractive as a surface modification tool [23].  Therefore it 

would be interesting to compare the surface modification efficiency 

of the APPJ described above with the efficiency of a typical DBD 

process. In this work for surface modification of the same polymers 

(PE and PP) we  employed the air DBD system described elsewhere 

[34]. The chemical and morphological modifications of the polymer 

surface, induced by the APPJ and DBD processes, are compared and 

discussed in the following section. 
 

 
2.4.  Diagnostics 

 
To evaluate the effect of  plasma on  the polymer surface, the 

water contact angle was measured by the sessile drop method on a 

standard Ramé-Hart goniometer, model 300  using the DROPImage 

software. In the case of plasma jet  the dimension of the modified 

area was investigated in longitudinal scans along the long side of 

the sample. Sequences of water droplets were deposited on  the 

polymer surface in  three parallel lines (3 mm apart). The  volume 

of  each water drop was 0.5 fLl. The  distance between two sub- 

sequent drops in  each line  of measurements was also  3 mm. The 

longitudinal distributions of WCA were used to obtain an  average 

WCA value, which represented the degree of surface modification 

of every sample. 

The  plasma-induced changes in  the surface morphology were 

studied by  atomic force microscope (AFM)  performed by  a  Shi- 

madzu SPM9600 Scanning Probe Microscope. During the analysis, 

the microscope was operated in  tapping mode with a  scanning 

rate of  0.5 Hz  for  all  scanning sizes using etched silicon probe 

(NSG30  series; k = 50 N/m). The  operating point (potential differ- 

ence applied between the sample and the cantilever, which in 

tapping mode determines the oscillation amplitude) was set  to 

0.172 V. From the AFM topographic profiles on 10.0 × 10.0 fLm2  area 

the root mean square (rms) roughness of the surface was calculated 

using the freeware software Gwyddion 2.25. 

Photoelectron spectra were recorded on  a  Kratos XSAM 800 

spectrometer operated in fixed analyzer transmission (pass energy 

80 eV for wide scans and 40 eV for detailed regions), using Mg Ka1,2 

(1253.6 eV)  excitation. The  electron take off  angle was 90◦  that 

gave depth of information between 10  and 12 nm.  The  pressure 
of the analysis chamber was lower than 10− 7 Pa. The spectra were 

referenced to  the C 1s  line  (binding energy, BE = 285.0 eV) of the 

hydrocarbon type carbon. Data acquisition and processing were 

performed with the Kratos Vision 2 program. 

The  change in  the surface chemical composition of polymers 

upon plasma exposure was also analyzed by attenuated total reflec- 

tion infrared spectroscopy ATR-FTIR, using a Perkin Elmer, model 

Spectrum 100  instrument with diamond as reflection element. The 

spectra were collected at 4 cm− 1 resolution and signal averaging of 

8 scans. 
 

 
3.  Results and  discussion 

 
3.1.  Plasma treatment 

 
Fig. 2 shows a photograph of the Ar plume taken at a gas  flow 

rate of 1.3 l/min, a signal frequency of 37 kHz  and voltage ampli- 

tude of 10 kV. The sample was positioned under the plasma jet at a 

distance of 2.0 cm.  Inside the syringe the gas  breakdown occurred 

 

 
 
Fig. 2.  Photograph of the Ar plasma plume using applied voltage with amplitude of 

10 kV and frequency of 37 kHz. The Ar gas flow was 1.3 l/min. 

 

 
in  the form of multiple filaments that originated from the pow- 

ered Ni–Cr electrode and terminated to the inner wall of the glass 

syringe. However, more intense discharge activities always devel- 

oped between the electrode tip and the syringe nozzle, from where 

the plasma jet was launched to the air. 

The  typical waveforms of  the applied voltage and the corre- 

sponding discharge current have the usual form for an APPJ device 

and were presented in our  previous work [35].  Since  the discharge 

power is consumed in several short current pulses it is not a trivial 

task to calculate the power dissipated in the discharge. The method 

commonly employed for  obtaining the discharge power is based 

on the charge–voltage Lissajous figure. The area of the closed Q-V 

loop for  one period of the applied voltage is equal to  the energy 

dissipated per one cycle  [11,15]. The mean discharge power is then 

simply the energy per cycle  multiplied by the working frequency 

[27].  A typical Q–V Lissajous figure of the plasma jet  is shown in 

Fig. 3. It was obtained for applied voltage amplitude of 10 kV, 37 kHz 

signal frequency, gas flow of 1.3 l/min and 2.0 cm distance between 

the syringe nozzle and the substrate. At these operating conditions 

the area of the Lissajous figure shown in Fig. 3 was 120 fLJ giving a 

power of 4.4 W. The same set  of parameters (voltage amplitude of 

10 kV, 37 kHz signal frequency, gas flow of 1.3 l/min and 2.0 cm dis- 

tance between the syringe nozzle and the substrate) was employed 

 

 

 
 
Fig. 3.  Lissajous Q-V diagram of APPJ for  signal frequency of 37 kHz and sample-to- 

nozzle distance of 2.0 cm. 
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Fig. 4.  Plot of mean discharge power versus nozzle–substrate distance. The applied 

voltage has amplitude of 10 kV and frequency of 37 kHz. Gas  flow rate was 1.3 l/min. 

 

 
in all subsequent polymer treatments except for only few  experi- 

ments where effect of the distance between the substrate and the 

nozzle was investigated. However, in this case,  all other jet  opera- 

tion parameters were maintained the same. 

Since  the moving stage was grounded the device in Fig. 1 can 

be  classified as  a kind of DBD-like plasma  jet,  in  which the dis- 

tance to the sample can significantly influence the device operation. 

Fig. 4 depicts the plasma jet power for different nozzle-to-substrate 

distances. Each point in Fig. 4 is the average value of at least 5 mea- 

surements. As can  be  seen for  gaps beyond 3.0 cm,  the discharge 

power achieved a saturation value of about 1.5 W and the jet oper- 

ated essentially as a one-electrode system. However, at shorter gaps 

the power increased exponentially due to  the capacitive coupling 

between the grounded platform and the high-voltage electrode. 

Although the metallic platform was covered with a dielectric bar- 

rier,  for  gaps shorter than 2 cm  the jet  power grew very high and 

the plasma plume became hot and constricted. The excessive heat- 

ing  in  this case can  cause glass cracking with consequent arcing. 

Moreover, a very intense plasma jet  is not desirable for  polymer 

treatment because it can  melt the substrate. 

The  temperature at the jet  effluent was estimated by  using a 

small thermometer. It was inserted in the tip  of the plasma plume 

at approximately 2 cm  from the nozzle and detected temperature 

under 50 ◦C. This result demonstrated that at 2.0 cm distance the Ar 

plasma jet can be applied for polymer surface modification without 

thermal damage to the surface. 

In the next experiment we  applied the Ar plasma jet for surface 

modification of polyethylene terephthalate (PET) and studied the 

degree of polymer surface modification as  well as  its  spatial dis- 

tribution. PET samples (20 mm × 15 mm) were centered under the 

syringe nozzle and treated with APPJ at different nozzle-platform 

distances. The treatment time was set  to 30s  and the voltage mag- 

nitude and frequency as well as the gas flow rate was fixed at 10 kV, 

37 kHz and 1.3 l/min, respectively. 
 

 
3.2.  Polymer wettability 

 
The main processes responsible for surface modification of poly- 

mers by  atmospheric plasmas are  hydrogen abstraction, surface 

etching and incorporation of polar groups [14–16]. Cross-linking 

of plasma-created radials on  the polymer surface is also  possible. 

The  chemical changes as  well as  the surface roughening lead to 

change of material wetting characteristics, which can  be detected 

by water contact angle measurements [17]. 

Fig. 5  shows the water contact angle (WCA)  as  a  function  of 

the water drop position on  the PET sample treated by  APPJ. The 

untreated PET has WCA of 78◦. Each point in Fig. 5 is the mean value 

of  three WCA  measurements at the same longitudinal position 

 

 
 
Fig.  5.  Longitudinal WCA  profiles of PET samples exposed to Ar plasma jet for  dif- 

ferent distances. The static samples were centered under the plasma jet and treated 

for 30 s. A constant gas flow of 1.3 l/min and signal amplitude and frequency of 10 kV 

and 37 kHz were used. 

 
but 3 mm apart along the short sample side. One  can  see  that the 

polymer wettability was increased mostly in the center of sample 

(at  about 10 cm  from the sample edge), where was the position of 

the plasma jet  effluent. At 3.5 cm  distance between the substrate 

and the nozzle the polymer surface modification is  insignificant 

because the active species recombined before reaching the PET 

surface. However at 3.0 cm  gap  the WCA in the central part of the 

sample was reduced substantially. Since the plasma plume visually 

did  not touch the substrate a  possible modification agent is  the 

VUV/UV radiation produced by the Ar discharge. Since  the UV 

photons propagate preferentially along the plasma column they 

would rather interact only with the target surface that is located 

just under the plasma jet [33]. As shown in [36] besides the VUV/UV 

radiation the long-lived active species, like  O3  can  also  reach the 

surface and spread radially over a large area of the sample. As can 

be  noted in  Fig. 5  the characteristic width (FWHM) of  the  WCA 

longitudinal distribution is much bigger than the diameter of the 

Ar plasma column. Therefore one can conclude that in this case the 

ozone produced by the jet-air interaction is the major modification 

agent responsible for the enhanced surface hydrophilicity. 

The  WCA values become increasingly smaller when the treat- 

ment distance is further reduced. Also,  at distances shorter than 

3.0 cm  the surface modification spanned over much larger area. 

Two  effects can  explain these findings. First,  as can  be seen in the 

Fig. 4 for  distances less  than 3.0 cm  the jet  power increased sig- 

nificantly resulting in  production of more active species. Second, 

at these operating conditions the Ar plasma plume (2.5 cm  long) 

actually touched the surface forming a wide spot (Fig. 2).  In this 

case,  the gas  flow reflected from the surface and dispersed radi- 

ally outward thus spreading the plasma and the active species over 

larger area of the sample [17].  Now  not only the ozone but also 

some short-living active species, such as,  atomic oxygen and OH 

radical may interact with the central part of the substrate lead- 

ing to an enhanced hydrophilicity. As shown in [14,36] the atomic 

oxygen can actually spread up to 2.0–2.5 mm way from the plasma 

column. The computer modeling of active species generated by Ar 

plasma jet  in [31]  predicted that along the gas  flow oxygen atoms 

could cover even larger distances (∼  cm). Of course as a long-living 

species, the ozone will  spread over even larger area of the sample. 

Therefore for  jet-to-sample distances of 2.0  and 2.5 cm  the mod- 

ified area of the polymer surface was much bigger than the APPJ 

cross-section [32,33]. 

For the next set  of treatments, the distance to the platform was 

fixed and using the movable stage the sample was displaced under 

the jet. For the sample scanning conditions described in the Section 
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Polymer Treatment O at% C at% N at% O/C 
PE None 1.5 98.5  0.02 

 DBD 15.0 83.5 1.5 0.18 
 DBD-washed 7.0 92.0 1.0 0.08 
 APPJ 27.0 73.0  0.37 
 APPJ-washed 19.5 76.5  0.25 

PP None 2.0 98.0  0.02 
 DBD 13.5 84.5 2.0 0.16 
 DBD-washed 5.5 92.5 1.0 0.06 
 APPJ 27.0 73.0  0.37 
 APPJ-washed 12.5 85.5  0.15 

 

 

 
 

Fig.  6.  Effect of the sample reciprocation on the PET wettability. The samples were 

placed 2.0 cm under the nozzle and treated for  30 s (2 scans). The treatment param- 

eters were the same as in Figure 5. 

 

 
 

Fig.  7.  Variation of PET water contact angle with APPJ treatment time for  two dif- 

ferent distances to the substrate. 

 
2.3 an area of approximately 200 mm2 can be covered for about 15 s. 

The APPJ treatments with sample reciprocation were conducted for 

15, 30, 60 and 90 s, which corresponded to 1, 2, 4 and 6 scans of the 

selected sample area. The mean value of WCA along the long side 

of the PET sample is presented in Fig. 6. The values of WCA in the 

Fig. 6 are  quite close, except for  a slightly bigger deviation in the 

left side of sample, which is probably caused by a small sample mis- 

alignment. As can  be seen when the sample was moved during the 

APPJ treatment only two scans were sufficient to provide quite uni- 

form PET surface modification over the selected area of the sample. 

From the WCA longitudinal distribution in Fig. 6 an  average angle 

of about 35◦ was calculated. This value is considered as the contact 

angle of the polymer surface. For all subsequent treatments of poly- 

mers (conducted at the above describe sample scanning conditions) 

the average WCA value was calculated by the same procedure and 

used for further comparison and analysis. 

In Fig. 7 is shown the average WCA of PET samples as a function 

of the treatment time (or  the surface scans) using two different 

distances from the syringe nozzle. Samples treated at the shorter 

distance exhibit slightly smaller WCAs because larger amount of 

reactive radicals can reach the surface and interact with it. The poly- 

mer wettability tends to increase with the time of plasma exposure. 

However, after four  scans of the surface (or 60 s plasma exposure) 

the WCA achieved a steady value, which did  not further decreased 

with the time of  treatment. This  kind of  behavior is  typical for 

the plasma-treated polymers and it is caused by the saturation of 

grafting sites on the polymer surface. Beyond some critical time of 

treatment the polymer surface exhibits more or less  stable WCAs. 

Therefore, one way to assess the efficiency of different plasma pro- 

cesses is to compare the steady WCA of polymer surface that was 

obtained as a result of the treatments. As it will  be  shown below 

 
Table 1 

Water contact angles of PE and PP polymers treated by  APPJ or DBD. 
 

Polymer Treatment WCA (deg) 
PE None 93.7 ± 1.2 

 
DBD 49.0 ± 2.3 

 
APPJ 36.2 ± 2.5 

PP None 102.3 ± 2.3 
 

DBD 63.1 ± 3.0 
 

APPJ 52.0 ± 2.6 
 

 
the steady WCAs of polymer surfaces depend also  on what kind of 

plasma source (APPJ or DBD) was used for the treatment. 

To test further the efficiency of APPJ in material surface mod- 

ification, experiments were conducted with polyethylene PE and 

polypropylene PP. The plasma jet was operated at the same condi- 

tions – 10 kV, 37 kHz, gas flow rate of 1.3 l/min and the distance to 

the sample was set  to 2.0 cm.  The polymer substrates were recip- 

rocated at the same conditions of scanning as the PET samples in 

the preliminary study using treatment time of 60 s. As evidenced 

by the Fig. 7 his treatment time is more than enough to saturate the 

polymer wetting properties. For comparison the same polymers (PE 

and PP) were treated by the DBD system described in [34]. As it was 

shown there, the DBD processing of polymers is also  characterized 

by a critical treatment time (10–20 s) beyond which there is no fur- 

ther reduction of WCA. Therefore to make sure that the WCA of the 

polymer surface achieved its steady value the treatment time was 

set to 30 s. The other DBD treatment parameters were: peak voltage 

of 12 kV, signal frequency of 20 kHz, inter-electrode gap  of 3.0 mm 

and power per unit area of about 1.0 W/cm2 . The WCA values of PE 

and PP polymers for both treatments are  shown in the Table  1. 

It can  be noticed that the polymer wettability was improved by 

the APPJ treatment in higher extend as by the DBD treatment. The 

wettability is strongly influenced by the surface chemical composi- 

tion. As it will be shown by the XPS analysis presented below, in the 

case of APPJ processing more O atoms were attached to the polymer 

chain, which led  to an enhancement of the surface hydrophilicity. 

 
3.3.  Surface  chemical composition 

 
The  surface chemical composition of the plasma-treated poly- 

mers was evaluated by XPS analysis. The elemental composition of 

PE and PP polymers treated by DBD and APPJ is shown in Table  2. 

Uncertainty in at% values presented there depends on intensity of 

signal – for  strong signals is ∼ 10%, for  weak signals it  can  go  up 

to 30%. Therefore the last digit in the atomic concentration values 

and the O/C ratios shown in Table 2 is not meaningful and it is only 

shown to indicate a tendency. 

The stability of a modified surface is a serious issue in the field 

of material surface modification. Usually, the plasma-treated poly- 

mers exhibit so-called hydrophobic recovery. It is manifested by a 

partial recovery of the original material wetting properties upon 

 

 
Table 2 

Atomic concentrations obtained from XPS survey spectra of PP and PE films exposed 

to APPJ and DBD. 
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rinsing it with water or  other polar solvent. As inferred in  previ- 

ous  works [21,34] this behavior is caused by the dissolution of low 

molecular weight oxidized material (LMWOM).  It is constituted of 

short highly oxidized polymer fragments, loosely bounded to  the 

surface, which were produced during the plasma exposure. The loss 

of this material due to  dissolution in polar solvent or evaporation 

results in reduction of surface wettability. To investigate this effect 

prior to XPS analysis some plasma-treated polymer samples were 

rinsed in distilled water. 

The pristine PE and PP samples exhibit small amounts of oxygen 

(several at%) due to  surface contamination. After  the treatments 

the polymers became more oxidized and the O/C ratio increased 

significantly, which is in agreement with the enhanced wettability 

of the samples. 

Both  treatments, the DBD and APPJ, added O atoms to the poly- 

mer surfaces, however some differences can  be  noticed. First  of 

all,  it  is  clear, that the APPJ processing led  to  more intense sur- 

face oxidation of all polymer samples. This is in an agreement with 

the WCA measurements, which showed that polymers exposed to 

APPJ exhibit higher hydrophilicity. Moreover, even after rinsing the 

samples in water the polymers treated by APPJ still  exhibit much 

higher oxygen content than the ones treated with DBD. On the other 

hand, the DBD process also attached to the surface small amount of 

N atoms, which did not happen in the case of plasma jet treatment. 

This finding can be explained by the fact that the gas flow in plasma 

jet  carries the active species produced by interaction of Ar plasma 

column with the air to the sample surface where they react with the 

polymer chain. Computer simulations in [31] showed the O-related 

active species produced by  the interaction of Ar plasma jet  with 

humid air  could propagate downstream the jet  up  to  2.5–3.0 cm. 

On the other hand the excited and ionized nitrogen species have 

short lifetime and cannot reach the surface in the case of the APPJ 

treatment. Of course in  a DBD process, where the plasma is in  a 

direct contact with the surface some N atoms can  be also  attached 

to the surface. 

The decomposition of C1s peak can  be used to gain insight into 

the nature of polymer surface modification caused by the plasma. 

As an  example the C1s peaks of two PP samples are  presented in 

Figs. 8(a  and b). Since  the C1s peaks of the PE samples present the 

same features they are  not shown here. The pristine polymers are 

characterized by quite narrow C1s peaks. They  were decomposed 

into two peaks: C1 (C   H and C  C bonds) at 285.0 eV and a small 

component C2 (C   O bonds) at 286.5 eV due to  slight surface con- 

tamination. However, after the polymer treatment a broad shoulder 

emerged at the high binding energy side of the C1s peak indicat- 

ing oxygen incorporation. The spectra of plasma-treated polymers 

were deconvoluted into four  components as follows: C1 – hydro- 

carbons C  H or C  C at 285.0 eV; C2 – carbon atoms singly bounded 

to oxygen (C   O at 286.5 eV); C3 – carbon atoms with single or dou- 

ble  bonds to  oxygen atoms (O   C  O or C  O at 288.0 eV) and C4 – 

carboxyl group  COOH at 289.0 eV. Details of surface chemical com- 

position of plasma-treated PP and PE polymers are presented in the 

form of bar-plots in Fig. 9(a)  and 9(b),  respectively. It can  be noted 

that the APPJ process produced higher amount of triply oxidized 

carbon species (O   C  O group) than the DBD treatment, suggest- 

ing more intense surface oxidation. In fact, the plasma chemistry in 

DBD and APPJ processes is quite different. In DBD the active species 

are mostly produced by collisions with energetic electrons while in 

the APPJ the O species are  produced by interaction of Ar metasta- 

bles  with the air  molecules. Apparently, the plasma jets are  very 

efficient in producing long-living oxygen species [31,32] that being 

carried by the gas flow can  reach the surface and interact with it. 

For  the samples treated by  APPJ and DBD, rinsing with water 

led  to  a reduction of the oxygen content on  the surface. As a rule 

the most oxidized carbon components (C4 and C3) are  removed 

from the surface (Fig. 9). This is consistent with the dissolution of 

 
 
Fig. 8.  Curve-fitted C 1 s peaks of (a)  pristine PP and (b)  PP treated by Ar plasma jet. 

 
 
 
 

 
 
Fig.  9.  Bar-plot presenting surface chemical composition of (a)  PP and (b)  PE poly- 

mers obtained from the decomposition of XPS C1s  peaks. 
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 PE PE washed PP PP washed 
0 8.5 ± 0.4 8.5 ± 0.4 5.1 ± 0.3 5.1 ± 0.3 

15 41.6 ± 1.5 30.9 ± 1.3 18.3 ± 0.7 13.9 ± 1.3 
30 39.6 ± 3.3 42.9 ± 3.7 21.1 ± 2.0 28.3 ± 4.0 
60 57.8 ± 5.3 61.2 ± 6.1 62.1 ± 7.0 66.4 ± 5.0 

 

 

some LMWOM formed on the surface during the plasma processing. 

However, the washed PP and PE surfaces still  posses more O atoms 

than  the pristine samples, which indicates that  the oxygen is 

not only localized in  dissoluble LMWOM,  but some O atoms are 

bounded to  the polymer chain. Also, as indicated by the XPS ele- 

mental analysis, in  the case of  APPJ treatment the amount of  O 

atoms left on the surface of the washed PE and PP samples is more 

than twice higher compared to the O on the samples treated with 

DBD. 

When polymers are  treated by  atmospheric plasma an  amor- 

phous layer, composed by LMWOM, some impurities and adsorbed 

gas  molecules, is formed on  the surface. Therefore, to  bind to  the 

polymer oxygen atoms should first get  through this outmost sur- 

face  layer. So, only a part of the active species that approached the 

surface can  be actually attached to the polymer chain. Most of the 

oxygen moieties are concentrated in the LMWOM, which is formed 

on  the surface during the treatment. However, in the case of APPJ 

treatment two effects probably help to add more oxygen atoms on 

the surface. First, the gas flow from the jet carries the active species 

close to the surface helping them penetrate through the interface 

layer. Also, the gas stream may partly remove the viscous LMWOM 

from the surface uncovering the polymer chain below, where more 

O atoms can  be attached. 

The results from XPS analysis are  further corroborated by ATR- 

FTIR analysis. The plasma treatments at atmospheric pressure affect 

only the utmost layer of the surface that is way it is not an  easy 

task to  observe surface chemical modification by  FTIR analysis. 

However, in the case of heavy surface oxidation of polymers their 

infrared spectra may present some new characteristics. 

Fig. 10(a) and (b)  and show the Fourier transformed infrared 

spectra of polyethylene and polypropylene before and after plasma 

treatment, respectively. The polymers were treated using the same 

plasma conditions described in experimental methods with 4 com- 

plete scans of the sample surface. The  spectra of pristine PE and 

PP  basically present  only the characteristic vibration modes of 

CH2      and   CH3      groups. Exposure of polymers to  APPJ causes 

the appearance of  several new features in  the infrared spectra. 
The  broad band between  3100 and 3600 cm− 1 is due to  the O   H 

stretch of alcohols. The plasma-treated PE and PP polymers exhibit 

bands around 1640 cm− 1 and 1730 cm− 1 that are related to the C  O 

bond. The band at 1640 cm− 1 is assigned to C  O stretch of hydrogen 

bonded carboxylic acid group. Furthermore, the band at 1730 cm− 1
 

is associated to C  O stretch of ketone. In addition, the spectrum of 

PE exhibits a band around 1150 cm− 1 that can be attributed to O   C 

stretch in C  OH groups [37]. 

 
3.4.  Surface  morphology 

 
For plasma processing at atmospheric pressure the sputtering 

is  negligible and the changes of  surface morphology are  mainly 

due to  etching by reactive species. In the case of plasma jets, the 

exited and ionized argon atoms from the discharge create reactive 

species (mostly atomic oxygen, ozone and OH radical [32,36]) by 

reaction with the ambient air.  These highly reactive species can 

etch polymers and roughen their surface [14,36]. The AFM images 

of the untreated PP and the polymer samples treated by  APPJ at 

different processing time are  presented in  Fig. 11.  Considerable 

topographical changes due to the plasma exposure can be observed. 

Kind  of  grain-like structures, whose size  tends to  increase with 

the time of treatment, are  formed on  the polymer surfaces. AFM 

 
 
Fig.  10. Infrared spectra of (a)  PE and (b)  PP before and after plasma treatment. 

 

 
a soluble LMWOM.  This  finding is in  an  agreement with the XPS 

analysis that indicated a reduction of the surface oxygen content 

upon rinsing. The washed surfaces exhibit only small-size irregu- 

larities that are  result from surface etching [38].  Table  3 shows the 

roughness of PE and PP after the plasma treatment alone and in the 

case of polymer treatment followed by sample washing. Basically, 

the polymer roughness tends to increase with increasing the treat- 

ment time, which is related to the prolonged surface etching effect. 

Upon washing the polymer roughness slightly increases in  com- 

parison to  the plasma-treated  samples. Rinsing basically removes 

from the surface short polymer fragments and amorphous phases 

that were agglomerated in large and smooth structures on the sur- 

face in that way uncovering many protrusions and deep craters on 

the surface. 

 

 
Table 3 

Polymer roughness before and after the treatment with APPJ. Some samples were 

rinsed after the plasma exposure. 

images of  plasma-treated PE samples (not shown here) exhibit 

very similar characteristics. The nodules on intrinsically hydropho- 

bic  polymer surfaces can  be  explained by  the formation of polar 

LMWOM, which agglomerates into spherically shaped structures. 

Upon washing the samples in distilled water the large structures 

disappear, which confirms that, they were, in fact,  constituted by 

Time of APPJ 

treatment (s) 

RMS roughness (nm) 
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Fig.  11. AFM  images of  PP (a)  untreated; (b)  30 s treated; (c)  30 s treated and washed; (d) 60 s treated; (e)  60 s treated and washed. All treatments were conducted with 

sample reciprocations using signal amplitude 10 kV, frequency of 37 kHz and Ar flow of 1.3 l/min. 

 
Comparing the  morphology of  the samples treated by  APPJ 

with the one of  polymers treated by  DBD in  our  previous work 

[34]  it appears that both processes produce LMWOM. However, it 

seems that the DBD-treated polymers exhibit much larger nodule- 

like  structures on  their surfaces. This  enhanced  accumulation of 

oxidized material on  the surface is  probably due to  the more 

intense polymer degradation during the DBD processing. In  this 

case, besides the attack of oxygen-related active species, the surface 

also is subjected to charged particles and energetic UV photons that 

can  cause extensive breakage of the polymer chain. On the other 

hand in the APPJs treatments the effect of UV-photons and charge 

particles on  the surface is greatly reduced. Therefore the surface 

structural modification in APPJ treatments is mostly caused by the 

active oxygen related species that are  brought to  the surface by 

the gas  stream. The  latter may also  disperse radially outward the 

LMWOM  formed on  the surface, so that the O atoms produced in 

the plasma plume, can  reach and effectively etch and/or attach to 

the polymer chain. 
 

 
4.  Conclusion 

 
The wettability of PE, PP and PET polymers has  been enhanced 

using an  atmospheric pressure argon jet  in air.  If the process con- 

ditions, such as,  jet-to-sample distance, kind of treatment (static 

substrate or process with sample scanning) and the time of plasma 

exposure are  properly chosen the APPJ can  uniformly modified a 

selected area of the sample. For  comparison, the same polymers 

were treated with a  conventional air  DBD system. The  XPS and 

FTIR analysis reveal that both processes led to formation of alcohols, 

carbonyls and carboxylic acids on the surface of each polymer sam- 

ple.  Furthermore, the plasma exposure results in alteration of the 

surface morphology mostly through formation of polar LMWOM, 

which agglomerates into nodule-like structures. Upon rinsing the 

samples in  water the soluble LMWOM  was removed from the 

surface resulting in  decrease of  oxygen content. In  all  cases the 

polymers processed by APPJ exhibited higher oxygen content and 

better hydrophilicity that the ones treated by DBD. This finding can 

be  attributed to  two effects: First  is the very efficient chemistry 

of the Ar plasma jet,  where the interaction of Ar metastables with 

air  molecules results in the production of a large amount of reac- 

tive  species. Secondly, the gas  stream of the plasma jet  carries the 

active oxygen species near the surface. Also the stream may partly 

displace the LMWOM  formed on  the surface thus uncovering the 

polymer chain below. The results from this work suggest that atmo- 

spheric pressure plasma jet  is an  efficient tool in polymer surface 

modification, which can be useful in some applications that require 

small area of treatment. 
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