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Abstract
Activation of polymeric surfaces, i.e. formation and/or modification of the functional 
groups on the surface of a material, is essential prior to the further processing of polymers, 
especially in applications where wettability plays a crucial role. In this study, an atmos-
pheric pressure ambient air plasma treatment of poly(styrene) (PS) and poly(ethersulfone) 
(PES) foils using diffuse coplanar surface barrier discharge is presented. The plasma 
treatment for 0.5  s resulted in a decrease of water contact angle from the original value 
of 83°  to  26° for PS and from 76° to 32° for PES. No significant changes in wettabil-
ity were observed for prolonged treatment times. Better wettability was correlated with 
decreasing carbon to oxygen ratio resulting from an incorporation of oxygen-containing 
functional groups C–OH, C=O and O–C=O on the surface. X-ray photoelectron spectros-
copy was employed to study details in the changes of the surface chemistry following the 
plasma exposure. We used atomic force microscopy to study the formation of low molecu-
lar weight oxidized material (LMWOM) during the plasma treatment. After dissolving the 
LMWOM in water, we observed roughening of the plasma-treated surfaces at the nanome-
tre level due to etching induced by plasma treatment.

Keywords  Ambient air plasma treatment · DCSBD · Flexible foils · Polyethersulfone 
(PES) · Polystyrene (PS) · LMWOM

Introduction

Polymers are ubiquitous in industrial and scientific applications and are generally among 
the most widely used materials. The reason is their versatility and durability combined with 
rather low price and weight. The bulk and the surface properties of polymers depend on the 
type of the material. Pristine polymers often have low surface energy, resulting in hydro-
phobic nature of their surface [1, 2]. This suggests that polymers typically require bulk or 
surface modifications prior to specific applications to achieve desirable properties [3–6]. 
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For instance, poly(ethersulfone) (PES) is a promising material for medical applications and 
waste-treatment membranes providing good properties in wide range of environments [7, 
8]. The biggest disadvantage, and the limitation of PES, arises from the hydrophobicity of 
its surface, which makes the membranes prone to fouling by an adsorption of nonpolar sol-
utes, hydrophobic particles or biofilm [9]. The fouling of membranes for water purification 
reduces the filtration capabilities, thus shortening their lifespan and increasing the opera-
tional costs [10–12]. Another emerging field for the application of polymers is microfluidic 
devices. Microfluidics are capable of highly sensitive, fast, high-throughput and low-cost 
analysis by manipulation of a fluid using micro-structured channels and chambers [13]. 
Various thermoplastics can be used to fabricate microfluidic chips, including poly(styrene) 
(PS) [14, 15]. The natural hydrophobicity of PS renders the handling of the fluids in micro-
fluidic devices problematic [16].

The hydrophobicity and low wettability are linked to the low surface energy of a mate-
rial. For hydrophilization of a polymer, the polar component of the surface energy should 
be introduced. Increasing the hydrophilicity of a polymer can be realized by chemical alter-
ing of the bulk properties [17]. On the other hand, surface treatment is faster and simpler 
process for alteration of the surface properties. Numerous techniques have been studied 
and practically applied, however, plasma treatment is usually used for tailoring the surface 
properties and enhancing wettability of polymers [18–23]. Plasma-processing achieves a 
high quality of the resulting treatment and represents an environmentally-friendly alterna-
tive over the wet chemical treatment [1]. Oxygen-containing plasma treatment can induce 
functional groups on the treated surface, such as hydroxyls (C–OH), ethers (C–O–C), car-
bonyls (C=O) or carboxyls (O–C=O). The formation of the functional groups is a result 
of an interaction between energetic reactive species in plasma (electrons, excited and 
metastable atoms and molecules, positive and negative ions, etc.) with the treated surface. 
Functional groups containing oxygen increase the polar component of the surface energy, 
which leads to better wettability and adhesion [5, 19]. The same reactive species can lead 
to scission of polymer chains. The plasma-induced chain scission leads to formation of 
highly oxidized oligomers on the surface. These lighter species are often referred to as 
low molecular weight oxidized material (LMWOM). LMWOM can be removed from the 
surface by polar solvents such as water and are regarded as a form of degradation of the 
plasma-treated surface [24, 25]. Besides the functionalization, etching of the surface can 
occur during the plasma treatment. It can additionally influence the wettability changes as 
it increases the surface roughness and has been previously used for creating nanostructures 
on the surfaces of polymers [26, 27].

In this study we performed an atmospheric pressure plasma treatment of PES and PS 
(Fig. 1) foils in ambient air. Ambient air plasma at atmospheric pressure has the signifi-
cant advantage as no expensive vacuum systems or additional working gases are required, 
rendering the operation simpler and cheaper compared to low-pressure plasmas. We used a 
proprietary dielectric barrier discharge (DBD) with a coplanar arrangement of electrodes: 
diffuse coplanar surface barrier discharge (DCSBD). The DCSBD generates a diffuse, 
macroscopically homogeneous and thin layer of plasma, as displayed in Fig. 2. It can pro-
duce plasma with very high power density up to 100 W cm−3 [2]. The thin layer in which 
the plasma is generated in DCSBD enables an efficient utilization of the full potential of 
the discharge, including charged species, radicals and UV radiation, unlike volume DBD 
setups where plasma is generated in a thicker volume between electrodes [28]. Further-
more, the generation of plasma on the surface of the dielectric eliminates any restrictions 
on the thickness of the treated sample. The filaments of the discharge propagate parallelly 
to the treated surface eliminating possible damage by pinhole effect [29]. It has proven 
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very effective for treatment of temperature-sensitive materials like polymers [30], as its 
operational temperature is around 70 °C. A great advantage of this system is the ability to 
treat large surfaces and its compatibility with roll-to-roll processing, which is highly desir-
able by the industry [31].

Experimental Section

Materials and Plasma Treatment

A transparent PES foil with thickness of 25 µm and transparent biaxial-oriented PS foil 
with a thickness of 125  µm were purchased from Goodfellow Cambridge Ltd. (United 
Kingdom). The supplier has labelled both foils as amorphous, which will be discussed fur-
ther in the context of the plasma etching of the surface. The samples were cut into approxi-
mately 1 × 1 cm pieces.

The plasma treatment of the foils was performed by atmospheric-pressure ambient 
air plasma generated by diffuse coplanar surface barrier discharge (DCSBD), which was 
commercialized by Roplass s.r.o (Czech Republic), displayed in Fig.  2. DCSBD oper-
ated at continuous-wave AC with frequency of 15 kHz. It generates plasma with an area 

Fig. 1   Schematic structure of 
PES and PS polymers

Fig. 2   Diffuse coplanar surface barrier discharge (DCSBD) a two plasma units operating at full power 
400 W/plasma unit under ambient air conditions, b scheme of a cross section of the plasma unit
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of 160 cm2 and a thickness about 0.3 mm. The total power in plasma was 400 W, i.e. the 
surface power density and the volume power density were approximately 2.5 W cm−2 and 
83 W cm−3, respectively [32]. The power dose can be calculated as an energy delivered to a 
unit of area during the treatment time [33, 34]. The treatment time varied between 0.5 and 
16 s, i.e. power doses in the interval between 1.25 and 40.0 J cm−2. The distance between 
the sample and the surface of the DCSBD unit was kept at 0.3 mm during the treatment, to 
ensure a contact with the diffuse part of the discharge. Furthermore, the holder onto which 
the samples were mounted was moving over the plasma region of DCSBD to ensure homo-
geneous plasma treatment.

Surface Analysis

The wettability of the PES and PS foils was evaluated by a measurement of the water con-
tact angle (WCA) using SeeSystem (Advex Instruments, Czech Republic). Water droplet 
with volume of 1 µl was deposited onto the surface using a micropipette. The images of the 
droplets for analysis were taken approximately 3 s after the deposition. The average WCA 
was calculated from approximately 15 measurements.

The elemental composition and the surface bonding states were determined from XPS 
spectra obtained by AXIS Supra spectrometer (Kratos Analytical Ltd. United Kingdom). 
The instrument uses AlKα spectral line (1486.6 eV photon energy) and an electron flood 
gun was utilized for charge compensation. The acquisition of narrow regions of the spec-
trum was performed with the pass energy 20 eV. For analysis of the spectra CasaXPS soft-
ware was used. The spectra were calibrated to C–C/C–H peak of C 1 s at 284.8 eV binding 
energy. The U Poly Tougaard background type was used and the components in the XPS 
spectra were fitted with a symmetrical mixed Gauss-Lorentzian lines. The measurement 
was performed on two spots for each sample and the data are presented with a relative 
uncertainty of 5%.

The surface roughness and the morphology of the surface were measured by AFM 
instrument Ntegra Prima (NT-MDT, Russia). The root mean square (RMS) roughness was 
determined from 5 × 5 µm scans with 512 dpi resolution and scanning rate between 0.5 and 
0.7 Hz in semi-contact mode.

To study the degradation of the surfaces by LMWOM, the plasma-treated surfaces were 
washed in deionized water in ultrasonic bath for 5 min. It was shown by Strobel et al. [25] 
that even shorter washing is sufficient to remove most of the LMWOM. The selected rinsed 
samples were analysed by AFM.

Results and Discussion

Wettability

The results of wettability measurement by WCA analysis for PES are shown in Fig. 3a 
as a function of treatment time and power dose. The pristine PES displayed the WCA of 
75° ± 2°. A significant decrease in WCA was observed after just a short treatment time 
of 0.5  s, after which the WCA dropped to 32° ± 5°. For PES, the effect of the plasma 
treatment became quickly saturated and prolonged exposure (higher power doses) lead 
to no further decrease of WCA. Similar effect of increased wettability was observed by 
other authors after plasma treatment of PES films [18, 20, 35] or membranes [36–38] 



845Plasma Chemistry and Plasma Processing (2021) 41:841–854	

1 3

with various types of atmospheric-pressure and low-pressure discharges, however, 
either treatment times in the order of minutes, use of noble gases or vacuum systems 
were required. Significantly shorter treatment times and the operation at ambient condi-
tions is a huge benefit of this approach.

Ambient air plasma-treated PS foil displayed similar increase in wettability. In 
Fig. 3b the WCA rapidly dropped from 83° ± 2° for untreated sample to 26° ± 2° after 
0.5  s treatment. Similar trend has been previously observed after cold oxygen plasma 
treatment in RF discharge at reduced pressure [39, 40]. Atmospheric pressure DBD 
[41] and plasma jet [42] were also tested for hydrophilization of PS surfaces, how-
ever, longer treatment times (minutes) were needed and the effect was local, therefore 
not suitable for large area processing. As can be observed in Fig.  3b, after the initial 
decrease of WCA, higher power dose results in slightly worse wettability and higher 
WCA, 34° ± 2° after 2 s treatment. This effect was observed in the study of Bitar et al. 
[41] and was attributed to removal of the initially induced functional groups by reac-
tions with plasma, until an equilibrium is reached between these two opposing effects.

Fig. 3   Water contact angle (WCA) and C/O ratio of a PES and b PS foil as a function of plasma treatment 
time and power dose

Fig. 4   Changes in the water 
contact angle (WCA) on the 
surface of PES and PS foil 
plasma-treated for 2 s after stor-
ing in ambient conditions for up 
to 170 h
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To study the aging effect of plasma-treated surface of PES and PS foils, samples were 
treated for 2 s and stored in ambient conditions for up to 168 h. Results presented in Fig. 3 
clearly demonstrate that after 2 s the effect of plasma treatment on the wettability of the 
surface is already saturated for PES as well as for PS. Changes in the wettability over time 
are presented in Fig. 4, where the WCA of PES and PS is shown as a function of storage 
time. The WCA of PS surface increased significantly after just six hours of storage from 
34° ± 2° to 43° ± 3° and then saturated at 51° ± 1° after approximately 72 h. The diminish-
ing of the effect of plasma treatment of the surface of PES was less significant and the 
WCA saturated at 35° ± 2° from the initial 29° ± 3° after approximately 72 h of storage. 
The hydrophobic recovery of plasma-treated polymers depends on the treatment and stor-
age condition [43] as well as on material properties like glass transition temperature [44] 
and the degree of crystallinity [45]. As both materials were treated and stored in the same 
conditions and they both had amorphous structure, the difference in glass transition tem-
perature could be related to higher stability of plasma treatment of PES because it has 
higher glass transition temperature than PS.

Surface Chemistry

Elemental Composition

The surface chemistry and the changes in the surface chemistry of PES and PS foils 
induced by ambient air plasma treatment were studied by XPS. The elemental composition 
of the surface of polymers is summarized in Tables 1 and 2, for PES and PS, respectively. 
In Fig.  3 the carbon to oxygen (C/O) ratio is plotted as a function of plasma treatment 
time together with the WCA. The pristine PES and PS polymers exhibited C/O ratio of 4.3 
and 14.0, respectively. After the 0.5 s treatment time the C/O ratio on the surface of both 
polymers dropped significantly to 1.8 and 5.3, for PES and PS respectively, and remained 
relatively stable with prolonged exposure to plasma. The common trend in the evolution of 
WCA and C/O ratio with prolonged treatment times indicates, that oxidation of the surface 
during the plasma exposure was a significant reason for the improved wettability of the 
surface. 

PES has a chemical formula (C12H8O3S)n and its structure (Fig.  1) consists of aro-
matic rings linked alternatively by ether and sulfone groups. The C/O and C/S ratios from 
Table 1 for pristine PES 4.3 and 18.0, respectively, are slightly higher than the expected 
ratios according to the chemical formula 4 and 12, respectively. This excess of carbon on 
the surface can be attributed to contamination on the polymer’s surface. Interestingly, the 
concentration of sulfur on the surface decreases slightly over the duration of the plasma 
treatment, which was attributed by Feng et  al. [20] to the loss of some readily-volatile 
sulfur-containing products during the plasma treatment. The ambient air plasma treatment 
resulted in incorporation of around 2% of nitrogen.

PS (Fig. 1) has a chemical formula (C8H8)n and thus only carbon was expected to be 
visible in the XPS spectrum. However, even the surface of pristine PS was contaminated 
by around 6.3% of oxygen, which can be explained by samples not being handled in ultra-
clean environment. Traces of fluorine were present in the spectrum as well, although the 
signal was very low, and it disappeared completely after the plasma treatment. The surface 
also contained around 5% of silicon, which remained the same after plasma treatment, pos-
sibly a signal from a tape used to fix the samples on the holder.
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Surface Functionalization

Figure 5a shows the narrow region of C 1s in the XPS spectra of PES. The C 1s peak con-
sisted of a main peak at 284.8 eV binding energy, corresponding to C–C/C–H bonds in the 
phenyl groups of PES, a peak at approximately 286.5  eV, representing the ether groups 
of PES, two peaks at around 287.3 and 288.8 eV binding energy corresponding to C=O 
and O–C=O groups, respectively, and a π → π* shake-up satellite peak at around 291.6 eV, 
associated with the aromatic rings [20, 35]. It is a known problem of sulfur-containing 

Table 1   Elemental composition 
of the surface of the untreated 
and plasma-treated PES foil

Treatment time C [%] O [%] S [%] N [%] C/O ratio C/S ratio

0 s 77.8 17.9 4.3 0 4.3 18.0
1 s 60.9 33.1 4.2 1.8 1.8 14.6
2 s 61.7 32.2 4.2 1.9 1.9 14.7
4 s 60.4 34.1 3.7 1.8 1.8 16.5
8 s 55.5 39.2 3.5 1.8 1.4 15.8
16 s 55.0 39.4 3.4 2.2 1.4 16.1
Theoretical 75.0 18.75 6.25 0 4.0 12.0

Table 2   Elemental composition 
of the surface of the untreated 
and plasma-treated PS foil

Treatment time C [%] O [%] N [%] F [%] Si [%] C/O ratio

0 s 88.9 6.3 0.0 0.4 4.4 14.0
1 s 78.8 14.9 0.9 0 5.4 5.3
2 s 77.6 16.4 1.2 0 4.8 4.7
4 s 80.0 13.9 0.8 0 5.3 5.8
8 s 75.7 17.1 1.5 0 5.7 4.4
16 s 75.5 17.6 1.1 0 5.8 4.3
Theoretical 100.0 0 0 0 0 ∞

Fig. 5   Changes in the structure of the a C 1 s and b O1s peaks in the XPS spectra of PES induced by the 
ambient air plasma treatment for different duration
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polymers, that the C–S peak occurs at a similar binding energy as the C–C/C–H com-
ponent, around 285.3  eV [20], and is therefore difficult to distinguish in the XPS spec-
trum. The deconvolution of the C 1s peak shown in Fig. 5a was therefore performed using 
only five synthetic components mention above, as the C–S components was not well pro-
nounced. The shares of the individual components can be followed in Table 3. The pris-
tine PES consists mostly of two components, C–C/C–H and C–O–C, in a ratio of 6.8 to 1, 
which is higher than the expected ratio of 6 to 1, given by the structure of PES monomer. 
This discrepancy is caused by signal from C–S bonds contributing to the overall intensity 
of the C–C/C–H component. The relative intensity of the C=O and O–C=O components 
was below 2%. With increasing plasma treatment time, we observed a significant growth of 
the signal representing the carboxyl O–C=O component to 7.0% after 1 s and up to 27.6% 
after 16 s. Simultaneously, the relative intensity of the C–C/C–H component reduced by 
28.6% after 16 s treatment. The increase in the signal from the C=O component were 1.1% 
after 16 s, and the C–O–C component remained almost unchanged.

It was suggested by Gonzalez and Hicks [22] and Gonzalez et al. [35] that oxidation of 
PES surface by oxygen plasma results in formation of carboxylic acid. This is in accord-
ance with the results presented here. Similar behavior was also observed by other authors 
[18] after treatment of PES in RF inductively coupled oxygen plasma at reduced pressure. 
In their case, the relative intensity of the O–C=O component became quickly saturated 
and did not increase with prolonged exposure to plasma. The difference in our results can 
be possibly explained by gradual increase of the effective surface area resulting from the 
roughening of the surface. This will be discussed in the following section.

The narrow region of O 1s transition in the XPS spectrum of PES is shown in Fig. 5b. 
The untreated sample displays two peaks at 531.6 and 533.3  eV binding energy, corre-
sponding to the oxygen bound to sulfur in O=S and oxygen bound to carbon in O–C–O, 
respectively [46]. They are in a ratio of roughly 2 to 1, which corresponds well with 
the structure of PES. After the plasma treatment the peak at the higher binding energy 
increases significantly. This is related to the appearance of carboxyl functional groups on 
the surface. Similar results were obtained by other authors after oxygen plasma treatment 
of PES [35].

Similarly, the narrow region of C 1s of PS foil was studied and the changes in its struc-
ture with progressively longer plasma treatment are displayed in Fig. 6a. The evolution of 
the shares of individual components can be followed in Table 3. The untreated surface of 
PS consisted of a slightly asymmetrical peak composed 91.8% of C–C/C–H component 
at 284.8 eV binding energy and 5.9% of C–O/C–OH component around 1.5 eV towards 

Table 3   Evolution of the shares 
of individual components of the 
C 1 s peak in the XPS spectrum 
of PES and PS foils

Treatment time C–C/C–H 
[%]

C–O–C/C–
OH [%]

C=O [%] O–C=O 
[%]

PES PS PES PS PES PS PES PS

0 s 84.5 91.8 12.4 5.9 1.6 1.6 1.5 0.7
1 s 76.2 79.0 13.4 12.0 3.4 5.4 7.0 3.6
2 s 70.9 79.9 14.1 10.8 3.1 6.0 11.8 3.3
4 s 63.7 83.8 13.0 8.0 4.3 5.3 19.0 2.9
8 s 56.7 80.2 12.8 10.0 2.3 6.0 28.1 3.8
16 s 55.9 80.3 12.4 9.2 2.7 6.6 27.6 3.9
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higher binding energies. A small intensity, bellow 2% of C=O and O–C=O components at 
3 and 4 eV towards higher binding energies was attributed to surface contamination. A sat-
ellite peak from π → π* shake-up at around 291.6 eV was also visible. With longer plasma 
exposure the C=O and O–C=O components increased from 1.6 and 0.7 to 5.4 and 3.4% 
after 1 s and remained at stable intensities for longer treatment times. This was a result of 
oxidation of the surface and was consistent with findings of other authors [39–41]. Interest-
ingly, the relative intensity of the C–O/C–OH component initially grew after 1 s treatment 
and then decreased slightly with longer treatment times. This finding brings together the 
wettability results with the XPS results, where the slight increase of WCA for exposure 
longer than 1 s was ascribed to the removal of the initially induced polar functional groups 
by reactions with plasma.

Compared to the gradual increase in the intensities of the oxygen-containing functional 
groups that was observed for PES surface with prolonged plasma treatment, the shape of 
C 1s peak of PS remained relatively unchanged with treatment times longer than 1 s. This 
can be possibly explained by a slower, or more uniform etching of the surface of PS com-
pared to PES and therefore unchanged effective surface area of the surface of PS. This will 
be discussed further in the context of the changes in the morphology of the surface in the 
following section. The narrow region of O 1s showed in Fig. 6b displayed a broadening of 
the initial peak as well as a shift towards higher binding energies caused by an increased 
amount of O–C=O and O–C–OH, which is consistent with the results of PES treatment 
and a treatment of different polymers with the same DCSBD discharge [30].

Structure and Morphology of the Surface

Plasma treatment of the surfaces of materials, including polymers, can influence the mor-
phology of the treated surface. AFM was employed to study the changes in the morphology 
induced by the removal of material in an etching process, which roughens the surface of 
the polymer. Plasma treatment of polymers is also known to cause chain scission and for-
mation of low-molecular weight oxidized material (LMWOM) [25]. LMWOM also causes 
surface roughening manifested by “bumps” on the surface.

In Fig. 7 are shown images of AFM scans of untreated and ambient air plasma-treated 
PES and PS samples. The untreated samples displayed very smooth surfaces with RMS 

Fig. 6   Changes in the structure of the a C 1 s and b O1s peaks in the XPS spectra of PS induced by the 
ambient air plasma treatment for different duration



850	 Plasma Chemistry and Plasma Processing (2021) 41:841–854

1 3

roughness of 1 nm and 2 nm, respectively (Table 4). The treatment of PES resulted in a 
visibly increased roughness of the surface to 3 nm and 49 nm after 1 s and 16 s plasma 
treatment, respectively. In Fig. (7b, c) a peaky structure that formed on the surface of PES 
can be seen. Oppositely, PS samples treated by plasma (Fig. 7e–f) showed no significant 
change in the roughness of the sample or the surface morphology. The increasing surface 
roughness that was observed for PES and not for PS can also explain the different trend 
in the changes of the structure of C 1s peak in Figs. 5a and 6a. Increasing surface area 
associated with higher roughness probably caused the gradual increase in the intensity of 
oxygen-containing functional groups. This was not observed for PS, where the surface was 
saturated by functional groups after initial treatment and because of stable surface area the 
intensity in XPS spectra did not increase further. 

Thanks to the homogeneous plasma treatment, the etching effect should be also homo-
geneous over the whole surface of the sample. However, previous studies have shown, that 
the degree of crystallinity of the polymer affects the homogeneity of the etching. Plasma 
treatment of semi-crystalline poly(ethylene terephthalate) has shown a faster etching of 
the amorphous parts compared to the crystalline, creating a surface with a ordered peaky 

Fig. 7   AFM images displaying the morphological changes induced by the ambient air atmospheric pressure 
plasma on the surface of a–c PES and d–f PS foils. PES surface treated for 16 s in c is displayed in larger 
10 × 10 µm2 image to better showcase the size of the bumpy structure

Table 4   RMS roughness of 
untreated and plasma treated PES 
and PS foils evaluated from AFM 
measurement

Treatment time PES RMS roughness 
[nm]

PS RMS 
roughness 
[nm]

0 s 1 2
1 s 3 1
16 s 49 1
16 s (washed) 4 1
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structure [19, 47]. On the other hand, plasma treatment of amorphous PET resulted in more 
homogeneous etching and smaller changes in the roughness of the surface [48]. Both PES 
and PS foils used were amorphous, thus the structure that was formed on the surface of 
PES cannot be a result of non-uniform etching. It seems that the degradation of the surface 
by chain scission and formation of LMWOM on the surface could explain the difference 
between PES and PS surfaces.

To verify, PES and PS samples treated in plasma for 16 s and subsequently washed in 
water were analysed by AFM. Figure 8 shows the AFM scan for the washed 16 s plasma-
treated surfaces. We clearly see the removal of the bumps that formed on PES after plasma 
treatment shown in Fig.  7c. The water dissolved the LMWOM from the surface which 
resulted in the lower RMS roughness around 4 nm (Table 4). 2D AFM profiles shown in 
Fig. 9 indicate that the smooth bumps were removed from the surface. However, compar-
ison with the reference sample showed that the roughness increased and some trenches 
were formed on the surface, which coud be attributed to plasma etching. Material that was 
removed from these places on the surface might have been the source of the LMWOM that 

Fig. 8   AFM scan of the 16 s plasma-treated surface of a PES and b PS after washing in water

Fig. 9   2D AFM scans comparing 
the profiles of the a reference, b 
16 s plasma-treated and c 16 s 
plasma-treated and washed PES 
surface
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agglomerated in the bumps on the surface and was later washed away by water. The struc-
ture of the surface of PS after washing in Fig. 8b did not change compared to the surface 
prior to washing in Fig. 7f. This correlates with the stable RMS roughness of the surface of 
PS during plasma treatment, which suggests either more uniform formation of LMWOM 
or no formation of LMWOM during plasma treatment.

Conclusion

In this work, atmospheric pressure ambient air plasma treatment was performed on 
poly(ethersulfone) and poly(styrene) polymer foils. The results presented in this work show 
that rapid (0.5  s) surface treatment by the DCSBD leads to an improved wetting of the 
surface, with longer treatment times having little or no effect on further improvement of 
the hydrophilicity of the surface. The XPS analysis and deconvolution of the C 1s peaks 
showed that rapid functionalization of the surface is responsible for the increased hydro-
philicity. The decreased water contact angle was directly correlated with a carbon to oxy-
gen ratio, which was set as an good indicator of the functionalization of the surface as the 
C=O and O–C=O functional groups created during the oxidation of the surface are respon-
sible for increase in the surface energy of the studied polymers. The plasma treatment 
resulted in formation of low molecular weight oxidized material on the surface. Washing of 
the plasma-treated surfaces with water resulted in dissolving of LMWOM. While on PES 
AFM revealed that ordered bumps with high RMS roughness formed, suggesting agglom-
eration of the LMWOM, on PS the effect of plasma was more uniform, and the roughness 
did not increase after treatment. The agglomeration of the LMWOM into bumpy structure 
on the surface of PES led to a gradual increase of the relative intensity of the oxygen-con-
taining functional groups with longer plasma exposure detected in the narrow XPS region 
of C 1s. The surface of the PS, where the agglomeration was not observed was quickly sat-
urated with oxygen-containing functional groups and their intensity in the XPS spectra did 
not increase further. After dissolving the LMWOM by washing in water an etching effect 
on the nanometer scale was observed, which could also have an effect on the wettability of 
the surfaces.
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