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Abstract: The article investigates the effect of diffusion plasma exposure time (30 s, 60 s) on the physi-
cochemical surface properties of the natural rubber-based composite. X-ray photoelectron spectroscopy 
(XPS), scanning electron microscopy (SEM) with dispersive X-ray spectroscopy (EDS) were used to as-
sess the properties. Wettability and surface free energy tests were also performed. The application of 
plasma leads to surface oxidation (EDS). The obtained properties did not change for 21 days, and the 
plasma exposure time had no significant effect on the physicochemical changes of the composite surface.
Keywords: diffused plasma, natural rubber, composites, surface modification.

Modyfikacja powierzchni kompozytu na bazie kauczuku naturalnego 
za pomocą plazmy dyfuzyjnej
(Komunikat szybkiego druku)
Streszczenie: W artykule zbadano wpływ czasu oddziaływania plazmy dyfuzyjnej (30 s, 60 s) na wła-
ściwości fizykochemiczne powierzchni kompozytu na bazie kauczuku naturalnego. Do jej oceny za-
stosowano spektroskopię fotoelektronów rentgenowskich (XPS), mikroskopię skaningową elektronową 
(SEM) z dyspersyjną spektroskopią rentgenowską (EDS). Przeprowadzono również badania zwilżalno-
ści oraz swobodnej energii powierzchniowej. Zastosowanie plazmy prowadzi do utleniania powierzch-
ni (EDS). Uzyskane właściwości nie zmieniały się przez 21 dni, a czas ekspozycji plazmy nie miał istot-
nego wpływu na zmiany fizykochemiczne powierzchni kompozytu. 
Słowa kluczowe: plazma dyfuzyjna, kauczuk naturalny, kompozyty, modyfikacja powierzchni.

Elastomeric composites have found applications in 
emerging markets and technologies due to their spe-
cific properties, including in fields such as electronics, 
technical manufacturing, chemistry, medicine, tires, and 
more. A crucial component in the assembly of elastome-
ric composites is rubber, whether natural or synthetic [1]. 
For some manufacturers, it is important to consider not 
only the processing properties of elastomeric composites 
but also their surface properties. Nowadays, atmospheric 
plasmas are frequently used as modification processes 

to activate the surface of materials, for example, by gra-
fting different kinds of chemical groups onto the surface. 
[2–5]. For instance, Vaziranasab et al. [4] used the atmo-
spheric plasma to achieve a superhydrophobic surface of 
HTV silicone rubber, while Rufaza-Silvestre, C. et al. [5] 
employed atmospheric plasma to improve adhesion. 

Elastomeric composites have found application in 
emerging markets and technologies due to their specific 
properties, including such fields as electronics, technical 
production, chemistry, medicine, tires, and others. The 
key component in the assembly of elastomeric composi-
tes is natural or synthetic rubber [1]. For some manufac-
turers, it is important to consider not only the processing 
properties of elastomeric composites but also their sur-
face properties. Nowadays, atmospheric plasma is often 
used as a modification process to activate the materials 
surface, for example by grafting different types of che-
mical groups onto the surface. [2–5]. Vaziranasab et al. [4] 
used atmospheric plasma to obtain a superhydrophobic 

1) Department of Materials Technologies and Environment, 
Faculty of Industrial Technologies in Púchov, Alexander Du-
bček University of Trenčín, I. Krasku 491/30, 020 01 Púchov, 
Slovak Republic.
2) Department of Technology and Polymer Processing, Faculty 
of Mechanical Engineering, Lublin University of Technology, 
ul. Nadbystrzycka 36, 20-618 Lublin, Poland.
*) Author for correspondence: silvia.durisova@tnuni.sk



POLIMERY 2024, 69, nr 7–8 451

surface of HTV silicone rubber, while Rufaza-Silvestre 
et al. [5] used atmospheric plasma to improve adhesion.

Therefore, this work focuses on the influence of atmo-
spheric pressure plasma on the surface chemistry, ele-
mental distribution on the surface, wettability, and sur-
face free energy of a natural rubber-based composite.

EXPERIMENTAL PART

Materials

Natural rubber-based composite was obtain by using 
natural rubber (NR SMR 10, Kuala Lumpur, Malaysia), 
carbon black N339, and silica (MAKROchem, Lublin, 
Poland), zinc oxide (SlovZinc, a.s., Košeca, Slovakia), 
sulfur (Istrochem a.s., Bratislava, Slovakia), Dusantox® 
6PPD (Duslo, Šaľa, Slovakia), residual aromatic oils (Shell, 
Slovakia, s.r.o.), bezothiazyl-2-dicyklohexyl sulfonamide 
DCBS (Akrochem, Akron, Ohio, USA). Amount of com-
ponent used is listed in Table 1.

T a b l e 1. Components of natural rubber- based composite 

Component Amount (phr*))
Natural rubber 100
Carbon black 52.5
Silica 8.0
Sulfur 10.0
6PPD 1.2
DCBS 3.0
ZnO 3.0

*) parts per hundred

Plasma surface modification and surface 
characterization

An atmospheric pressure diffuse plasma reactor 
(Research Institute for Man-Made Fibers, Svit, Slovak 
Republic) was used for the surface modification of an ela-
stomeric composite. The reactor employed a grounded 

electrode embedded in 96% alumina and produced visu-
ally diffuse and homogeneous plasma. The rubber-based 
composite was exposed to diffuse plasma at a power of 
375 W for durations of 30 and 60 seconds. The distance 
between the stationary plasma electrode and the elasto-
meric composite surface was maintained at 0.3 mm. The 
untreated elastomeric composite is referred to as ES0-0, 
the 30-second plasma-treated sample as ES3-0, and the 
60-second plasma-treated sample as ES6-0.

Methods

Surface analysis was performed using X-ray photo-
electron spectroscopy (XPS) with an ESCALAB 250Xi 
system (Thermo Scientific, R&D Centre for Low-Cost 
Plasma and Nanotechnology Surface Modifications 
CEPLANT, Czech Republic), equipped with a 500 mm 
Rowland circle monochromator and a micro-focused Al 
Kα X-ray source.

Following the chemical characterization, scanning 
electron microscopy with energy dispersive X-ray spec-
troscopy (SEM-EDS) was conducted using a Tescan 
VEGA 3 system (Brno, Czech Republic). Additionally, 
surface free energy (SFE) and wettability were measu-
red using a 30DSE Krüss Advance goniometer (Prague, 
Czech Republic) based on the Owens-Wendt method. 
For this analysis, 10 droplets of both polar and non-polar 
liquids were applied to the surface.

RESULTS AND DISCUSSION

Surface chemical analysis 

In Fig. 1, SEM-EDS layered images of chemical compo-
sition obtained from the as-received ES0-0, and plasma 
treated ES3-0, and ES6-0 surfaces are presented. It appe-
ars, that surface of not modified and modified plasma 
composites is mostly consisting of carbon, which corre-
lates with XPS results below. As it can be seen in Table 2, 
the diffuse plasma treatment led to a decrease of carbon 

Fig. 1. SEM-EDS mapping: a) ES0-0, b) ES3-0, c) ES6-0
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T a b l e 2. Elementary composition of natural rubber-based composites using SEM-EDS and XPS 

Element
SEM-EDS, wt% XPS, wt%

ES0-0 ES3-0 ES6-0 ES0-0 ES3-0 ES6-0
C 87.9 83.4 84.4 87.9 92.3 91.5
O 7.0 11.5 10.7 8.3 5.4 5.7
S 1.2 1.5 1.4 0.5 0 0.7
N – – – 1.4 1.9 2.3
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Fig. 2. Wettability of as-received natural rubber-based composite and plasma treated composite

Fig. 3. Plasma activation expressed by SFE within 21 days
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content with shorter treatment time along with the incre-
ase of oxygen. The introduction of oxygen results in the 
presence of surrounding atmosphere during plasma 
modification. According to Table 2, XPS surface analysis 
achieved completely opposite results. Despite this, XPS 
analysis revealed surface oxidation by the formation of 
C=O, O-C=O functional groups on the surfaces of ES3-0 
and ES6-0, and sulfur oxidation was demonstrated by the 
identification of SO4

- and SO3
2- bonds, which correlates 

with SEM-EDS analysis. 
The surface analysis was followed by characterization 

of wettability and surface free energy (SFE) both before 
and after plasma treatment. Measurements were conduc-
ted on day 0 (immediately after plasma treatment), as well 
as on the first day, seventh day, and twenty first day. As 
shown in Fig. 2 and Fig. 3, plasma treatment resulted in 
a significant increase in wettability and SFE, with greater 
exposure time within day zero. This phenomenon is attri-
buted to the introduction of oxygen functional groups on 
the surface, which corelates with the polar component 
of SFE [6–8]. Notably, the durability of plasma treatment 
was remarkable, wettability and SFE values after 21 days 
were comparable with those measured on day zero.

CONCLUSIONS

Atmospheric pressure diffuse plasma was employed 
to modify the surface of natural rubber-based compo-
site to investigate the effect of exposure time on surface 
chemistry. SEM-EDS analysis revealed surface oxidation 
for both 30- and 60-second treatment durations, showing 
a similar degree of oxidation in both cases. A comparable 
trend was observed in the wetting behavior and surface 
free energy (SFE). Consequently, this research indicates 
that varying the exposure time between shorter (30 s) and 
longer (60 s) durations does not significantly affect these 
surface properties. However, the diffuse plasma treat-
ment exhibited exceptional activation durability.
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