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B pabome noxazana 603mMoiuCHOCHb UCROIB306AHUA OUITIEKMPULECKO20 DAPLEPHO20 Pa3-
PAOA 0115 0ca)scoeHUs NOTUMEPHBIX HIIEHOK HA NOBEPXHOCHLL HONUYPEmaH08bIX nood0xceK. Ina-
HApPHbLIL dapbepHbLil Pa3pa0 ammocheprozo 0asieHus 8030yHcoaICa 6 NPOMOYHOI Kamepe 6 am-
Mocghepe Imunena npu puKkcuposanHom pacxode 2aza. B kauecmee zaza-nocumensa gvicmynan
zeauii. Pacxoowl 2aza-nocumens u pabouezo 2aza oviau puxcuposanuvimu u cocmaesasanu 10 mn/c.
Yacmoma ouznekmpuueckozo dapvepnozo paspaoa cocmasnana 50 I'uy, cpednuit mox pazpaoa
ob111 2 MA npu noaHOI MOWHOCIU, 6K1a0bleaeMOll 6 pa3pad 16 BA. Bpemsa ocajxcoenusn eapbvupo-
eanoce 6 ouanazone om 30 0o 1200 c. Ilokazano, umo ¢ uccied06aHHBIX YCI0BUAX PA3PAO UMEECH
ougpgysnyro popmy. Hccnedosanue mopghonozuu nogepxHocmu u 31eMeHmHO20 COCMAga oca-
HCOCHHOI NIEHKU 8LINOTHANU MEMOOOM CKARUPYIOUell I1eKMPOHHOU MUKPOCKORUU U MEMOOOM
IHEP200UCHEPCUOHHOI CREKMPOCKORUU, A MAKMCE C UCNOTAb306AHUEM AMOMHO-CUTIO80II MUKPO-
cxkonuu. CmMauueaemocms HOGEPXHOCU ONPEOEIANU MEMOOOM KPAEBLIX Y2108 CMAYUBAHUA Me-
mooom pomogpuxcayuu kanenv. Memoo Kpaegvix yeno6 cCMaiusanus no HOJAAPHLIM (OUCHULTIU-
POBAHHAA 800a) U HENOTAPHBLIM (OULIOOOMEMAaH, cAUyepuUH, MUHEPAIbLHOE MACI0) HCUOKOCHIAM
ROKa3ail, YMo CMAYUBAEMOCHD OCANCOCHHBIX HOKPLUMUIL Gblule, YeM Y UCXOOHOU NOONONCKU.
Pocm nonumephoil njieHKu 8 HU3KOMEMNEPAMYPHOIL A3 Me COCHOUmM U3 mpex IManoe — oopa-
308anue pagHOMEPHOIl NAeHKU, NOBMOPAIOUEll pelbedh nOGEPXHOCHU, POCH MAKPOMOJIEKYAAD-
HbIX KOHYCO08 HA NOGEPXHOCHU YXHce 00PA308A6ULE20CA NOKPLIMUA U 0eCPYKUUA U MpAsieHue
naenku. Ilokazano, umo 6 Hautem ciiyuae oca)xcoeHHAA NIEHKA UMeem 0CIPOEKO8blil Xapakmep,
«OCMPOBKU» PAGHOMEPHO PACHPEOeNeHbl RO NOBEPXHOCHIUL, PACNOTIONHCEHBL DIUIKO OpY2 K Opy2y U
UMem NPaAKMuYecKu 00UHAKOB8bLIL pamep.
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The paper demonstrates the possibility of using a dielectric barrier discharge for the depo-
sition of polymer films on the surface of polyurethane substrates. A planar barrier discharge of
atmospheric pressure was excited in a flow reactor in an atmosphere of ethylene at a fixed flow
rate. Helium as the carrier gas was used. The carrier gas and working gas flow rates were fixed at
10 ml/s. The frequency of the dielectric barrier discharge was 50 Hz, the average discharge current
was 2 mA at a total power put into the discharge of 16 VA. The deposition time varied in the range
of 30-1200 s. It was shown that under the conditions studied, the discharge has a diffuse form. The
study of the surface morphology and elemental composition of the deposited film was carried out
using scanning electron microscopy and energy-dispersive spectroscopy, and atomic force micros-
copy. Surface wettability was determined by the contact angle method and the method of photofix-
ation of drops. The contact angle method for polar (distilled water) and non-polar (diiodomethane,
glycerol, mineral oil) liquids showed that the wettability of the deposited coatings is higher than

that of the original substrate.

Keywords: gas discharge plasma, barrier discharge, deposition, ethylene

INTRODUCTION

Current environmental issues include the in-
creasing amount of industrial oil-containing wastewater,
such as from oil refineries. In addition, frequent leaks
of organic solvents are observed during various indus-
trial processes [1, 2]. In recent decades, selective re-
moval of oils and non-polar organic solvents from wa-
ter resources has been considered as an effective strat-
egy for cleaning/restoring water resources [3]. An ex-
ample is the approach that involves the use of func-
tional materials with simultaneous superhydrophobic
and superoleophilic properties (having a water contact
angle of more than 150° and an oil contact angle of less
than 10°), that is, materials with sharply opposite wet-
tability in relation to water and oils, as well as to non-
polar organic solvents [4-6].

Highly porous three-dimensional (3D) struc-
tures with high absorption capacities are used as
sorbents [7-9]. However, to impart selectivity to such
materials with respect to liquids of different chemical
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nature, as a rule, it is necessary to change the chemical
composition of its surface and its morphology. Various
methods, mainly of a purely chemical nature, are used
to functionalize the surface.

Today, low-temperature gas discharge plasma
has become widely used as a tool for processing and
modifying the surface of various materials [10-12].
Some studies have shown the significant potential of
atmospheric pressure plasma for effective modification
of the surface of three-dimensional porous materials
[13-21]. This paper proposes a method for depositing
coatings on the surface of glass substrates in an atmos-
pheric pressure dielectric barrier discharge in an at-
mosphere of ethylene vapor and helium carrier gas.

EXPERIMENTAL SETUP
AND EXPERIMENTAL PROCEDURE

A plane-parallel dielectric barrier discharge
(DBD) system consisting of two parallel electrodes
separated by a dielectric glass barrier was used in the
work (Fig. 1). A high-voltage alternating voltage with
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a frequency of 50 Hz was applied to the upper and
lower electrodes (electrode size 25 x 25 mm), due to
which a dielectric barrier discharge was excited in the
dielectric gap (d = 2 mm). Alkaline-aluminosilicate
glass with a thickness of 0.97 mm was used as a die-
lectric barrier. The geometric dimensions of the glass
were selected in order to prevent discharge leaks by-
passing the dielectric barrier.

Glass cover glasses were used as a substrate
and were placed on the lower electrode of the DBD

cell. A mixture of helium (grade B, Khimreaktiv, Rus-
sia) and ethylene (CzHa, high purity (99.99%), Khim-
reaktiv, Russia) was used as a plasma-forming gas. The
helium and ethylene flows were 10 ml/s. Before the
deposition process, the sealed chamber was purged
with pure helium for 2 min at a flow rate of ~45 ml/s.
Two minutes after the start of the purging and the es-
tablishment of the working gas flows, the discharge
was excited. The deposition time varied in the range
from 30 to 1200 s.

00O

K GarwioHy (GH;)

Fig. 1. The scheme of the experimental setup. 1 - step-up transformer, 2 — ballast resistance, 3 - current shunt, 4 — voltage divider,
5 — copper electrodes, 6 — substrate; 7 — glass dielectric; 8, 9 — He and C2Hs U-shaped pressure gauge; V1, V2 — current and voltage os-
cilloscope channels
Puc. 1. Cxema ycTtaHOBKH: 1 — BBICOKOBOJIBTHBIH TpaHC(opMaTop, 2 — OamIacTHOE COMPOTHBIICHUE, 3 — TOKOBBIH LIYHT, 4 — AEIHUTENh
HAMpPsDKEHHS, 5 — MEITHBIC DJICKTPOIbL, 6 — oOpaselr, 7 — AudJIeKTpuueckue 0apbepsbl, 8, 9 — U-00pasHeiii MaHOMeTp, 10 — Kanumsp,
V1 — mepBbIii KaHat ocuniorpada (u3MepeHne Toka paspsna), Va2 — BTopoid kaHai ocuuuiorpada (M3MepeHUe HAIPSKCHU )
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Fig. 2. Oscillograms of voltages (a) and currents (b) during the deposition process
Puc. 2. OcuuorpaMmel HanpsbkeHuit (a) 1 TokoB (b) ropeHnst pa3psija B MPOLecce 0CAKACHHS

Within 1 hour after the deposition process was
completed, the contact angle of the test liquids on the
deposited coatings was measured. The test liquids were
deionized water (as a polar liquid), diiodomethane (as
a strongly non-polar liquid), glycerol (as a weakly non-
polar liquid), and VM-6 mineral oil. The angles were
determined using the ImageJ add-on — Axisymmetric
Drop Analysis
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The surface morphology and elemental com-
position of the deposited film were studied using a
TESCAN VEGAS3 SBH scanning electron microscope
(Czech Republic) with an Aztec EDS elemental energy
dispersive analysis attachment (Oxford Instrumental,
England). The surface was also studied using a Solver
P-47 Pro scanning probe microscope (NT MDT, Russia).

W3B. By30B. Xumus u xum. TexHosorus. 2025. T. 68. Bem. 11



MAIN RESULTS AND DISCUSSION

Fig. 2 shows the oscillograms of current and
voltage during discharge combustion. As in the case of
discharge in the He/HDMS mixture, studied in [22],
the discharge is diffuse. The root-mean-square current
of discharge combustion was 1.5-2 mA. The total
power input into the discharge, at which the deposition
process was carried out, was 16 VA. The power was
determined by integrating over the period of the prod-
uct of current and voltage.
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Fig. 3. Kinetics of water (1) and mineral oil (2) contact angles
changes. Lines — the contact angle of original substrate
Puc. 3 Kunerrnka nsmeHenus KpacBoOro yrijia CMa4iuBaHUA 110
Boze (1) u maciy (2). JIuHMK — BEJIMYUHA YIiIa CMAYMBAHUS UC-
XOJIHOM ITOJJTOKKH

Fig. 3 and 4 show the results of measuring the
contact angles of wetting of the substrate surface with
deposited coatings depending on the deposition time.
As can be seen from Fig. 3, deposition leads to a sim-
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ultaneous increase in both the hydrophilicity and oleo-
philicity of the surface. Wettability with non-polar liquids
(Fig. 4) also increases with increasing deposition tim.
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Fig. 4. Kinetics of glycerol (1) and diiodomethane (2) contact an-
gles changes. Lines — the contact angle of original substrate
Puc. 4. Kunerrka usmMeHeHust KpaeBoro yrija cMaiuMBaHUs 110 I'JIA-
uepuny (1) u muuomomerany (2). JIMHUK — BETMYHHA yTrila CMaYyH-
BaHUA PICXOI[HOﬁ TIOJIOKKHU

Using the measured wetting angles of the ob-
tained coatings, the polar, dispersion and total surface
energies were calculated. The total surface tensions of
water and diiodomethane, their polar and dispersion
components, and known relationships [23] were used
for the calculation. The calculation results are given in
Table. It can be noted that both the total energy and its
components increase with increasing deposition time.
At the same time, the dispersion component of energy,
which is usually associated with surface roughness,
tends to a quasi-stationary value.

Table

Surface energy calculation results for coatings
Tabnuya. Pe3yabTaThl pacyeTa NOBEPXHOCTHOM IHEPIHH JUIsI MOKPLITHIA

Coating Contact angle of | Contact angle of | Polar component, Dispersion Total surface
application time, s H.0, deg. CHaly, deg. mJ/m? component, mJ/m? |energy, mJ/m?
0 94.1+1.8 58.3£1.9 1.7+£0.3 27.9+0.5 29.6
600 87.1£2.1 42.5+£2.0 2.5+0.2 36.342.1 38.3
1200 66.31£2.0 36.0£1.9 11+£0.9 34.3+3.7 45.3

Fig. 5. SEM (a) and AFM (b) images of coatings. Treatment time 5 min
Puc. 5. COM- (a) u ACM- (b) n306paxeHust MOIy4EHHOTO OKPBITHS. Bpems ocaxaeHus 5 Mun
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Images of the coatings obtained using scan-
ning electron and atomic force microscopes are shown
in Fig. 5.

It should be noted that due to the small thick-
ness of the coatings (~10 nm, Fig. 5) and the penetra-
tion depth of the probing electrons of ~1 pm, the ele-
mental analysis showed the composition of the sub-
strate rather than the coating.

The growth of a polymer film in low-tempera-
ture plasma consists of three stages: the formation of a
uniform film repeating the surface relief, the growth of
macromolecular cones on the surface of the already
formed coating, and the destruction and etching of the
film [24]. It can be assumed that the small light inclu-
sions in this picture are those same macromolecular
cones. These “islands” are evenly distributed over the
surface, are located close to each other, and are almost
the same size.

CONCLUSION

The paper demonstrates the possibility of de-
positing a polymer film in a planar dielectric barrier
discharge of atmospheric pressure in a helium-ethylene
medium. It has been established that the deposited
coating leads to an increase in the wettability of the
surface of the original substrate by both polar (distilled
water) and non-polar (glycerin, diiodomethane, min-
eral oils) liquids.

The work was carried out with the financial
support of the Russian Science Foundation, project No.
24-22-00364.

The authors declare the absence of a conflict
of interest warranting disclosure in this article.
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