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ABSTRACT 

In this paper, an atmospheric pressure plasma jet (APPJ) in air that is expected to be useful 

for polymer surface modification has been reported. The plasma jet was produced by 

applying (10  30) kHz, (0  20) kV AC source. The electrical and optical measurements 

have also been reported. The use of solenoid as an external electrode has been found to be 

more effective in boosting the jet to a distance up to 30 mm even with a small flow rate of 

air. The characteristic of the proposed APPJ was investigated by measuring the effect of 

treatment on a PE film on the jet for different exposition time and distance from the nozzle. It 

has been confirmed that the jet can modify polymer film with a work distance of over 25mm. 

This plasma jet can be useful for the treatment and cleaning of objects having large structures 

and could be used in wider areas of application.  
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INTRODUCTION 

In the last one decade, the atmospheric pressure cold plasma research is highly increased due 

to its important applications in various fields. These types of plasma are non-equilibrium 

systems, where electron temperature is much higher than ion temperature. Atmospheric 

plasma cold plasma treatment of materials is a promising technology that is simpler to set-up, 

easier and economical to operate and does not require vacuum equipments.  

 

Among the various applications of the atmospheric pressure cold plasmas, there are 

sterilizations of living tissue without damage and blood coagulation [1], modulation of cell 

attachment [2], biological and chemical decontamination [3-5], water decontaminations and 

pollution control [6-7], nanotechnologies [8], surface cleaning, etching, thin film deposition, 

surface modification and material processing [9-13]. 

 

In an atmospheric pressure plasma jet, plasma constituents are expelled through an orifice of 

a long nozzle along a gas flow. This type of plasma can be operated under high gas flow rate 

and can flow out plasma in space. In 2003, Toshifuji et al. reported a relatively cold arc-

plasma jet produced under atmospheric pressure having potential application for surface 

modification [14]. Quite recently, Takemura et al. developed an atmospheric pressure plasma 

jet with long flame. In this work it has been reported that the flame of N2 plasma jet has been 

elongated to about 200mm length. It has been confirmed that the long flame plasma jet can 

modify polymer film with a work distance of over 200 mm [15]. Similarly, Choi et al. have 

recently reported a double layered atmospheric pressure which is expected to improve 
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conventional single layered atmospheric pressure plasma jets [16]. In the same line, the 

objective of the present work is to develop the conventional APPJ and use of air to produce 

the plasma jet for polymer surface modification.  

 

EXPERIMENTAL DESCRIPTION 

Schematic diagram of the plasma jet is depicted in Fig. 1. A copper needle electrode of 

diameter 1mm was placed inside a glass tube of inner diameter 4 mm and outer diameter 6 

mm. The outer electrode was an aluminum foil wrapped around the outer surface of the glass 

tube.  The clearance around the central electrode was 1.5 mm. The electrodes were connected 

to a high voltage (0-20 kV) power supply operating at a frequency of 10-30 kHz. Air was 

passed through the inter-electrode space using an air pump.  The temperature of the jet was 

measured by an IR thermometer. The gas temperature was in the range 26-28ºC which shows 

that the plasma is non-thermal in nature. In order to evaluate the efficiency of the present 

APPJ, hydrophilicity test was performed. The contact angles are measured from the sessile 

drops of water made on the surface of PE films treated at different distances from the nozzle 

of the jet for different exposure times. Each contact angle presented in this paper is an 

average of at least 4 measurements made on different place of the film.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Working gas is fed in to the annular space between two electrodes and air flows linearly at 

30L/min. After passing air in the inner volume of the reactor, plasma jet is spread out the 

nozzle with long frame. The input power has been maintain constant. The treatment is carried 

out by exposing the samples in the plasma jet flame with the help of rotating belt attached in 

the electric motor having 20rpm as shown in Fig. 2. 
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Fig.1 Experimental setup for arc plasma jet generation and characterization 
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CONTACT ANGLE ANALYSIS  

The most common method of quantifying wetting is the contact angle measurement. 

Furthermore, the measurement of contact angle on a solid surface is the most practical way to 

obtain information about surface energy: solid-vapor and solid-liquid surface tension. The 

contact angle  is defined as the angle between the solid surface and the tangent to the 

surface of the drop at the point of contact of the two as shown in Fig. 3.   

 

 

 

 

 

 

 

 

 

 

 

 

 

The contact angle of a liquid drop on a solid substrate is related to interfacial tensions, which 

is given by Young´s equation as. 
 
 

 

slsvlv cos       [1] 

 

where, sv is the surface free energy of the solid substrate, sl is the interfacial tension 

between the solid and the liquid and 1v is the surface tension of the liquid.  

 

This equation shows that a perfect wetting i.e. cos   tending to unity is favored by a high 

energy surface solid, low interfacial free energy and low liquid surface free energy.  

sl 

lv 

 

sv 

 

 

Vapor 

Liquid 

Solid 

Fig. 3 Schematic diagram of the contact angle and interfacial tensions of the three 

surfaces at the three-phase boundary 

Fig. 2 Schematic diagram of PE treatment and showing the low temperature nature of 

the plasma jet being exposed to finger. 
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The contact angle of a liquid on solid is strongly influenced by a number of factors such as 

surface roughness, chemical heterogeneity, sorption layers, molecular orientation and 

swelling. These effects have to be considered when contact angle measurements are used to 

calculate the solid surface tension.  

In this study the contact angle of drops with the surface of the flat plate of PE was measured 

using a rame'- hart Contact Angle Goniometer model 200. This unit is equipped with 

standard software to analyze the drop image for the calculation of surface energy. The system 

offers a high level of computer aided precision in measuring contact angle and therewith 

facilitating the calculation of surface energy using different model equation. 

 

RESULTS AND DISCUSSION  
Effect of treatment time 

The change in wettability of PE surface after 1-10s treatment times in APPJ in air was 

quantitatively investigated by measuring contact angles with water. The graphical 

representation between treatment time verses contact angle and images of water drop on the 

surface of untreated and plasma treated PE surface and are depicted in Fig. 4. The water 

contact angle on PE after treatment in APPJ at power 12 W is plotted as a function of 

treatment-time in Fig. 4. The contact angle decreased rapidly from the original value of 104° 

to about 44° already after 5s of treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of distance 

The effect of distance of the nozzle of APPJ in PE treatment was clearly represented by the 

Fig. 5. When the constant treatment time 10s was fixed, contact angle was increased rapidly 

from 20mm distance to PE substrate and increase in contact angle was saturated from the 

distance 30mm to PE substrate. This result shows that for the surface treatment of PE 

substrate suitable distance is less than 15mm form nozzle of APPJ to substrate. 

Fig. 4 Contact angle of water drop on PE film as a function of 

treatment time for RAPP.  The distance from the nozzle was 5mm. 
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Current and voltage measurement 

Fig. 6 shows the typical oscillographic waveform of the discharge current and voltage with 

corresponding image of that discharge. This waveform gives measurement of current (I) and 

voltage (V) in the present of steamers in APPJ. And, apparent power was calculated from 

multiplying voltage by current. In the traced waveform, we have seen current is more fluctuated 

than voltage with respect to time. And, current leads the voltage. That is why; in our high voltage 

power supply capacitive load of APPJ is more than inductive load in side the power supply. 
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Fig. 5 Contact angle of water drop on PE film as a function of distance of 

the nozzle of RAPP in air.  The treatment time was 10s. 
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 Fig. 6 Electrical measurements of APPJ 
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Optical spectrum analyses 

Fig. 7 shows optical emission spectra (OES) measured from the plasma jet produced in air. A 

Yovin Yvon optical emission spectrometer was used for the purpose. As seen from the graph 

the OES was dominated by the second positive system (SPS) of N2(C 
3

u –B 
3

g). The first 

negative system (FNS) of N+2(B 
2

+u –X 
2

+g) was also visible in violet range. No spectra 

from water vapor, oxygen and nitrogen oxide are observed within the wavelength range (200-

800 nm) due to sensitivity limitation of the monochrometer. Table 1 show that the significant 

spectral lines and the corresponding identified transition. The identified transitions were 

calculated based upon vibrational constants [17] 
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Table 1. Significant spectral lines in atmospheric pressure air discharge. 

Excited 

species 

Wavelength 

(nm) 

Electronic transition Vibrational 

transition 

Peak 

(%) 

N2 297.5 N2(C 
3

u–B 
3

g) 2–0 6.7 

N2 311.5 N2(C 
3

u –B 
3

g) 3–2 15.4 

N2 315.6 N2(C 
3

u –B 
3

g) 1–0 45.5 

N2 337.0 N2(C 
3

u –B 
3

g) 0–0 100 

N2 353.6 N2(C 
3

u –B 
3

g) 1–2 19.3 

N2 357.6 N2(C 
3

u –B 
3

g) 0–1 53.9 

N2 370.9 N2(C 
3

u –B 
3

g) 2–4 5.5 

N2 375.4 N2(C 
3

u –B 
3

g) 1–3 15.6 

N2 380.4 N2(C 
3

u –B 
3

g) 0–2 23.6 

N+2 391.1 N+2(B 
2

+u –X 
2

+g ) 0–0 5.6 

N2 399.7 N2(C 
3

u –B 
3

g) 1–4 6.7 

N2 405.8 N2 (C 
3

u –B 
3

g) 0–3 7.1 

Fig. 7 Optical emission spectra of APPJ in the wavelength range of 250-450 nm 

where the observation position was 10 mm from the nozzle.  
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CONCLUSION 

An atmospheric pressure plasma jet in air has been developed for PE surface modification. 

APPJ to improve the wettability of PE film has been tested successfully in this laboratory. It 

was found that the hydrophilicity of the PE film surface is linearly dependant on distance 

effect, while the effective exposure time can be as brief as 4 second. The characteristics of 

electrical and optical properties in our studies are similar to low temperature plasma.  
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