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Abstract. Atmospheric pressure plasma processing of textile has both ecological and 
economical advantages over the wet-chemical processing. However, reaction in atmospheric 
pressure plasma has important challenges to be overcome before it can be successfully used for 
finishing applications in textile. These challenges are (i) generating stable glow plasma in presence 
liquid/gaseous monomer, and (ii) keeping the generated radicals active in the presence of 
contaminants such as oxygen and air.  
   In this study, a stable glow plasma was generated at atmospheric pressure in the mixture of 
gaseous reactive monomer-1,3-butadiene and He and was made to react with cellulosic textile 
substrate. After 12 min of plasma treatment, the hydrophilic surface of the cellulosic substrate turned 
into highly hydrophobic surface. The hydrophobic finish was found to be durable to soap washing. 
After soap washing, a water drop of 37 µl took around 250 s to get absorbed in the treated sample 
compared to < 1 s in the untreated samples. The plasma modified samples showed water contact 
angle of around 1340.   Both top and bottom sides of the fabric showed similar hydrophobic results in 
terms of water absorbency and contact angle. The results may be attributed to chemical reaction of 
butadiene with the cellulosic textile substrate. The surface characterization of the plasma modified 
samples under SEM and AFM revealed modification of the surface under <100 nm. The results 
showed that atmospheric pressure plasma can be successfully used for carrying out reaction of 1,3-
butadiene with cellulosic textile substrates for producing hydrophobic surface finish. 
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1. Introduction 

Hydrophobic finishing of textile substrates is desirable in many applications because we regularly 
come in contact with liquids in the form of rain, food and beverages. Interaction of these liquids with 
textile substrates causes unwanted staining or wetting. Due to the ecological and economical 
advantages of plasma processing over wet-chemical processing of textiles, plasma processing is 
gaining interest in the research community [1]. Cold plasma, which is a partially-ionised gas, 
containing a mixture of ions, electrons, neutral molecules, and photons, is being used for surface 
modification of organic substrates including textile materials. Plasma etching/cleaning of textile 
substrates increases wettability of the hydrophobic textile substrates [2-3]. The generated radicals on 
textile substrates may subsequently be used for plasma polymerization or grafting to impart new 
functionality [4-6]. High-value added finishes such as water and oil repellency, permanent 
hydrophillicity, printability, abrasion resistance, and bio-compatibility can be achieved by nano-scale 
modification of fibre and fabric surfaces [5,7-12]. Low pressure plasma is generally used for such 
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applications, however, the process has not yet been successfully commercialized because of the 
requirement of low pressure environment, high operational cost, and the batch treatment of textile [8, 
13]. These limitations may be overcome using atmospheric pressure plasma. However, there has been 
a limited success in carrying out reactions in atmospheric pressure cold plasma because of various 
challenges. The important challenges are (i) generating stable glow plasma in presence liquid/gaseous 
monomer, (ii) keeping the generated radicals active in presence of contaminants such as oxygen and 
air.  

   This study was aimed at generating stable glow cold plasma at atmospheric pressure in a mixture of 
1, 3 butadiene (an industrial monomer) and He gas. Subsequently, the reaction of 1,3-butadiene in 
plasma zone with cellulosic substrate was investigated with a goal to produce durable hydrophobic 
finish on textile substrates.  

 

2. Materials and methods 

2.1 Material  

100 % cellulosic fabric of 160 g/m2 (warp and weft -2/40 s) was used for this experiment. The fabric 
was washed with 3 gpl Lissapol N soap and 0.5 gpl sodium carbonate (m: l = 1:40) at boil for 45 min. 
and dried in air before use.  

2.2 Plasma treatment 

In-situ plasma modification of fabric was carried out in a small indigenously developed atmospheric 
pressure cold plasma reactor. Both plasma electrodes were covered with dielectric glass sheets. The 
discharge gap was kept at 2 mm. Glow plasma was generated in a mixture of 1, 3 butadiene and He 
gas at a voltage of 17 kV and frequency of 19 kHz. The reactor along with the substrate was flushed 
with He gas before the treatment was started.  The plasma reaction was carried out for a total time of 
12 min (6 min on each side of the fabric sample) while keeping the flow rates for He at 2.5 l/min and 
for 1, 3 butadiene at 500 ml/min.  After the plasma modification sample was cured at 1400 C for 150 s.  
The surface of the treated fabric which faced the top electrode in the first 6 min of plasma treatment 
was marked “top surface” and the other surface as “bottom surface”.  

2.3 Water absorbency 

Water absorbency of the samples was measured on both top and bottom surfaces using a method 
similar to AATCC 39-1971. A 37µl water droplet was placed on the fabric, which was held horizontal 
in a frame. The time for the water droplet to get fully absorbed by the fabric was recorded.  

2.4 Contact angle measurement 

Contact angle of water on samples was measured on both surfaces by taking the photograph of the 
water droplet using Cannon 40 D SLR camera. A light source was kept behind the droplet to enhance 
the boundary of water droplet for precise measurement of the angle. The volume of the water droplet 
was kept at 3.4 µl. Contact angle values for a sample was determined by averaging five readings 
obtained at different positions on the sample.  

2.5 Surface Characterization  

A. Scanning electron microscopy (SEM): The top surface of the samples was analyzed using scanning 
electron microscope, Steroscan 360 from Cambridge Instrument at a magnification of 10 kX. The 
samples were coated with silver before the analysis. 
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B. Atomic force microscopy (AFM): The top surface of the samples was analyzed using atomic force 
microscope model Nanoscope IIIa from Veeco Metrology Group (USA) in contact mode. The surface 
scan of 4µ × 4µ was carried out for the surface analysis. 

2.6 Durability to wash  

To measure the durability of the applied finish to soap washing, as-prepared samples were washed 
with 1 gpl Lissapol N soap solution at 300 C for 15 min and were evaluated for water absorbency, 
contact angle, and surface morphology using the above methods. 

 

3. Results and Discussion 

3.1 Water absorbency and contact angle 

Table 1 shows the water absorbency and water contact angles of the untreated and plasma modified 
cellulosic fabrics. In the untreated cellulosic fabric, a water drop of 37 µl took less than a second to get 
absorbed by the fabric. The picture of absorbed coloured water is shown in Figure 1(a). Whereas, in 
the plasma modified sample, water droplet did not get absorbed even after 60 min by the top surface of 
the fabric. Also, the water droplet did not leave any impression or wet mark when it was removed after 
60 min of the testing. Similarly, on the bottom surface of the fabric, water droplet did not get absorbed 
by the fabric even after 60 min, except for one place where the water absorbency time was 
approximately 49 min. To evaluate the degree of hydrophobicity of the plasma modified samples, 
water contact angle was measured by putting a water drop of 3.4 µl. The picture of coloured water 
droplet used for measuring contact angle on the fabric is shown in Figure 1(b). Both top and bottom 
surfaces of the fabric showed similar kind of water contact angles as given in Table 1. Water contact 
angle was not measurable in untreated samples due to their high water absorbency. These results imply 
that plasma treatment time of 12 min in presence of 1,3-butadiene modified the highly hydrophilic 
cellulosic substrate to a highly hydrophobic substrate.  

    To measure the durability of the hydrophobic finish, plasma modified sample was taken for soap 
washing. After washing, there was a significant decrease in water absorbency time from > 60 min to 
250 s for the top surface and 180 s for the bottom surface. The decrease in water absorbency time in 
soap washed sample implied that part of the reacted butadiene was superficially deposited on the 
textile substrate. This got washed-off subsequently during soap washing. However, water absorbency 
times of 250 s (top surface) and 180 s (bottom surface) in washed samples were still significantly 
higher than <1 s measured for the untreated sample. Also, there was only a small decrease in water 
contact angle in the soap washed samples compared to as-prepared modified samples [Figure 1(c)]. 
This further implied that a significant amount of butadiene could successfully react with the cellulosic 
substrates during the plasma treatment under atmospheric conditions. The values of water absorbency 
and contact angles of plasma modified samples after washing are also given in Table 1.  
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Table 1. Water absorbency and contact angle in the untreated and plasma modified samples. 

 

Sample type 

Top surface results Bottom surface results 

Water absorbency time Contact angle Water Absorbency time Contact angle 

Untreated < 1 s * < 1 s * 

Plasma modified 

(As-prepared) 

 

>  60 min 

 

1420 

 

~ 60 min 

 

1380 

Plasma modified 

(Soap washed) 

 

250 s 

 

1340 

 

180 s 

 

1320 

* Value is low and could not be measured 

 

                        

(a)                                                                          (b) 

 

(c) 

Figure 1. Shape of water droplet in (a) untreated, (b) plasma modified (as-prepared; top surface) and 
(c) plasma modified (soap washed; top surface). 

 

3.2 Surface characterization  

A. Scanning electron microscopy (SEM) 

Figure 2 shows surface morphology of the untreated, 60 s He plasma treated (without butadiene), and 
plasma modified samples under scanning electron microscope. It can be seen from Figure 2 (a) that 
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untreated sample has a serrated morphology with some grainy features. These features are 
characteristics of man-made cellulosic substrate used in this study. After 60 s of He plasma treatment, 
these features became more prominent [Figure 2(b)]. These features became even more prominent in 
the plasma modified samples [Figure 2 (c)], where the samples were subjected to 12 min of plasma 
treatment in the presence of butadiene. After washing, the features did not change as shown in Figure 
2(d). Since these features are similar in all samples, it is likely that they are a result of roughness 
produced by etching effect of plasma and not due to the deposition of butadiene.   

        

(a)                                                                              (b) 

          

(c)                                                                                    (d)               

Figure 2. Surface morphology of the cellulosic fabrics: (a) untreated, (b) 60 s He plasma treated, (c) 
plasma modified (as-prepared) and (d) plasma modified (soap washed). The magnification is 10,000. 

 

B. Atomic force microscopy (AFM) 

Figure 3 shows the surface morphology of the untreated, 60 s He plasma treated, and plasma modified 
(soap washed) samples. It can be seen from Figure 3(a) that untreated sample has large scale serrated 
surface characteristic i.e. feature of the cellulosic substrate. These serrations are of the order of ~500 
nm in height. New features consisting of hills and valleys appeared superimposed on the serrated 
structure after the sample was treated for 60 s of in He plasma [Figure 3 (b)]. The new features are of 
smaller size of <200 nm. However, the surface of the plasma modified sample shows further 
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development of the features of size <100 nm indicative of extensive surface etching or deposition 
during the prolonged period of plasma treatment [Figure 3 (c)].  

                  

(a)                                                                            (b)         

  

(c) 

Figure 3. Surface morphology of the cellulosic fabric (a) untreated, (b) 60 s He plasma treated, (c) 
plasma modified for 12 min (soap washed). 

 

Conclusions 

Glow type cold plasma was successfully generated at atmospheric pressure in a mixture of 1,3-
butadiene and He gas. The generated radicals in the plasma could be used for in-situ reaction of 1,3-
butadiene with cellulosic textile substrate. After plasma modification, highly hydrophilic cellulosic 
substrate was turned into hydrophobic substrate. Water absorbency time was found to increase to 
around 250 s for the washed substrates compared to < 1s for the untreated sample, indicating 
significant reaction of butadiene with the cellulose surface. This modification led to a water contact 
angle of ~1340 compared to near zero degree for the untreated sample. Surface characterization using 
SEM and AFM of the plasma modified sample revealed structural changes at <100 nm and no 
noticeable deposition of poly(1,3-butaidene). This study showed that atmospheric pressure cold 
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plasma can be effectively used for carrying out reaction of 1,3-butadiene to produce durable 
hydrophobic finishes for textile substrates. 
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