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Introduction 
 
Plasma treatment has an explosive increase in interest 

and use in industrial applications as for example in medical, 
biomedical, automobile, electronics, semiconductor and tex-
tile industry. A lot of intensive basic research has been per-
formed in the last years, also in the field of textiles and tech-
nical textiles. This has resulted in an increasing knowledge of 
the possibilities of this process regarding demands as wet-
tability, dyeability, printability, coating and washability of 
conventional and technical textile. All day problems of wet-
tability and adhesion, together with the environmental driven 
forces have increased the interest of industry today. This de-
livers new materials with new possibilities, which opens per-
spectives to resolve production or even develop complete new 
applications.  

Production problems are mainly caused by the substitu-
tion of the base material to new materials for example poly-
mers, which have not the correct surface behavior for further 
processing. 

Plasma treatment of textiles is becoming more and more 
popular as a surface modification technique. Plasma treatment 
changes the outermost layer of a material without interfering 
with the bulk properties. Textiles are several millimeters thick 
and need to be treated homogeneously throughout the entire 
thickness. It is known that hydroxyl radicals generated in low-
pressure H2O plasma may be used to incorporate hydroxyl 
functionality onto a polymer surface to increase their surface 
energy and reactivity. Underwater pulse diaphragm discharge 
is an effective tool in the production of hydrated electrons and 
hydroxyl radicals, which can be used for material surface 
modification (bondability, hydrophilicity, surface energy). 

Preliminary results on physical characteristics of pulsed 
underwater diaphragm electrical discharge1,2 have shown that 
the discharges burning in tap water, water-chelaton solutions, 
and some other water based solutions can be used as a poten-
tial atmospheric-pressure H2O − plasma source for surface 
activation of various materials in the form of fabrics, films, 
fibers, etc. The discharge burning at atmospheric pressure can 
substitute low-pressure plasma sources3−6 when atmospheric 
pressure on-line surface treatments of polymer products with 
the low added value in large amounts are required. 

Underwater pulsed corona discharges generated in liquid 
water matrix at atmospheric pressure have been demonstrated 
to be effective in the production of hydrated electrons and 
hydroxyl radicals7−11,13,14. Following the pioneering work of 
Clements et al.7 on pulsed streamer corona generated using 
point-to-plane geometry of electrodes in water, various types 
of underwater electrical discharges producing hydrated elec-
trons and hydroxyl radicals in liquid water-based media have 
been tested for the removal of low levels of non biodegrad-
able organic pollutants from ground water and industrial 
waste water14. Very few results, however, have been pub-
lished on interactions of the active species generated in pulsed 
electrical discharges in water with polymer materials1,15,16. 
Few applications are helpful for fixing metallic atoms on the 
polypropylene (PP) surface for metal coating. 

In contrast to other types of underwater electrical dis-
charges, in diaphragm electrical discharge the discharged 
plasma is in a direct contact with the metallic electrodes. 

While in ref.1 and ref.2 the common features and chemi-
cal effects including promising application of this discharge 
for surface treatment of polymer materials are presented and 
discussed, the main object of the present paper is to report 
a more detailed study of the discharge physical properties. 
Using optical emission spectroscopy the electron number 
densities have been determined from broadening of hydrogen 
lines (Hα) vs. solution conductivity, frequency of high voltage 
pulses, speed of fiber movement for fixed applied voltage, 
length of the slit in dielectric diaphragm, and the diaphragm 
thickness. 

 
 

Experiment 
 
The H2O-plasma treatment was performed using a dia-

phragm discharge apparatus illustrated by Fig. 1. The dis-
charge was generated in a narrow slit of 0.1×1 mm positioned 
between two metallic electrodes at 2 cm mutual distance. 
Both electrodes and the slit (diaphragm) were immersed in 
water medium. Polypropylene nonwoven fabrics of 50 gsm 
and 30 mm width was fed trough the slit with an adjustable 
speed. The electrodes were connected to a pulsed HV power 
supply based on the double rotating spark gap. The maximum 
peak voltage was 40 kV DC. The maximum repetitive rate of 
pulses was 60 Hz. The duration of the electrical pulses was 
given by the water conductivity. Different water based media 
were used in this study: deionized water, Cu2+ solution with 
the concentration C = 0.0075 M of Cu(NO3)2 . 3 H2O; and 

Fig. 1. Experimental arrangement (left) for underwater dia-
phragm discharge: 1 – electrodes; 2 – diaphragm; 3 – polypropylene 
nonwoven fabric; 4 – water-based solution. A detail of the discharge 
treating the textile is also shown (right) 
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CO2 saturated mineral water. Similar experiment was already 
realized in ref.2. 

 
 

Results and discussion 
 
Initially the plasma starts within the air bubbles trapped 

inside the porous structure of nonwovens. After the air voids 
are filled with water a different discharge breakdown mecha-
nism takes place. The high intensity electrical current flowing 
through the narrow slit is capable of initiating the water va-
porization. The discharge starts in the water vapour bubbles 
created by that vaporization. The discharge manifests itself as 
thin plasma filaments propagating along the textile surface up 
to the distance where the metallic electrodes are positioned. 
The length of propagation is given by the conductivity of 
water solution and amplitude of the applied voltage.        

       Typical profiles of Hα are shown in Fig. 2a. To de-
termine electron temperature and density the standard 
Griem’s table (which takes into account the impact broaden-
ing by electron and quasi-static broadening by ions) of Hα line 

profile17 and the procedure for data processing presented in 
ref.1 were used. Note, that all profiles were symmetrical. In 
our case (rectangular discharge slit) the electron density 
changes from 1⋅1022 m−3 to 2⋅1024 m−3 while the electron tem-
perature was practically constant ≈ 4⋅104 K in all experimental 
conditions studied. The same results were obtained as in the 
previous experiments (for diaphragm discharge). This is an 
interesting phenomenon and it means that comparable high 
density of electrons can be reached in the rectangular configu-
ration. The error of the measured electron density was less 
than 5 %. The error of electron temperature was much higher, 
which is due to the weak dependence of the line profile on the 
electron temperature. 

In Fig. 2b, the change of electron number density vs. 
conductivity of Cu2+ solution is presented. Taking into ac-
count the possible dispersion in the electron number density 
(for example, the corresponding error is always about 5 %), it 

Fig. 2a. The typical Hα line profile fitted with a model based on 
Stark broadening 

Fig. 2b. The typical dependence of electron number density vs. 
conductivity for different Cu2+ solutions 

0 2 4 6 8 10 12
1E17

1E18

1E19

n e[c
m

-3
]

σ [mS/cm]

 

 

0 20 40 60 80 100
1E17

1E18
n e[c

m
-3
]

velocity [a.u.]

 

 

Fig. 3a. The electron number density (ne) vs. speed of the polypro-
pylene nonwoven fabrics through the discharge for deionized 
water 
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Fig. 3b. Dispersion of ne for different solutions during time inter-
val of more than 1 hour is presented 
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seems that the conductivity does not influence significantly 
the electron number density in the specified conductivity 
range. 

In Fig. 3a, there is shown that the electron number den-
sity remains constant while the statistics presented in Fig. 3b 
demonstrate an interesting effect of CO2 bubbles − the unex-
pected decrease of ne in several cases. This phenomenon was 
also manifested on character of the discharge (suddenly, the 
intensity was higher, its colour became different). However, 

in this moment this is only a stochastic effect. 
A practical application of diaphragm plasma treatment 

of PP is shown in Fig. 4a,b. 
The textile was treated in water solution of Cu2+ in the 

same conditions as described above. The treatment was re-
peated after 1 minute on the same sample. Furthermore, we 
washed the sample in a detergent solution in Ultrasonic Bath 
for 15 minutes to see how much of copper attached to the 
textile material. The SEM photographs reveal a presence of 
copper microcrystals attached to the PP fabrics (Fig. 4a). 
More than 60 % of these crystals were still attached even after 
intense washing (Fig. 4b). This implies a strong chemical 
interaction between the crystals and PP. The chemical 
(copper) nature of crystal was confirmed by the EDX analysis 
of the sample. At this moment we are not able to confirm if 
the crystals are made from Cu only. 

 
 

Conclusion 
 
The determination of ne in case of selected quantities at 

optimized parameters show that their values do not influence 
significantly electron density and its fluctuation is almost 
covered with the confidence interval. It was found that the 
effect of CO2 bubbles as well as the role of Cu2+ solution (or 
other metallic atoms) can bring interesting application. Fur-
ther research is necessary in order to fully understand the 
influence of the double treatment and washing on the PP fiber 
and to compare these results with the case of single treatment 
applied to the PP fiber. By performing diaphragm plasma in 
the water solution of copper salt we were able to immobilize 
copper crystals on the PP surface. 
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During the last two decades functionalization of polymer 

surfaces has been recognized as a valuable tool to improve 
their adhesion properties. Underwater pulse diaphragm dis-
charge is an effective tool in the production of hydrated elec-
trons and hydroxyl radicals, which can be used for material 
surface modification (bondability, hydrophilicity, surface 
energy). For efficient material treatment it is necessary to 
identify operational key parameters controlling the discharge 
plasma characteristics and to establish some appropriate diag-
nostic methods and models for plasma characterization. The 
plasma parameters − electron number density, temperature of 
electrons, excitation temperature, have been measured by 
optical emission spectroscopy completed by the voltage, and 
current measurement. The sampling optical fiber was installed 
directly in the slit to minimize the water absorption of light 
emission. The electron number density will be estimated pref-
erable from spectral line profile of Hα. Our contribution will 
summarize the results of our experiments. 


