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POROUS MATERIAL INTERACTIONS
WITH RF PLASMA

The impact of plasma on the material is carried out as a result of a number of complexes, interrelated
processes of energy, mass and charge exchange of plasma particles with the substrate. The result of such
interactions are desorption of atoms and molecules from substrate, sputtering and evaporation of the
particulate material, structure and phase state changes. During the plasma treatment, materials interact
with active and inactive plasma particles, having high kinetic or potential energy. There are physical and
chemical interaction of particles. Physical interaction of the particles is mostly by kinetic energy, which
can exceed the heat by several orders of magnitude. The charged particles also have a high potential
energy - the energy of recombination. In this regard, the particles upon collision with a physically solid
material can spray the solid material.

The paper presents the study of low-temperature surface modification interactions with a porous
material. These are low energy sources of induction and capacitive radio-frequency discharges at a pres-
sure of 0.1 - 2 torr, are used. The objects of research are the useful creation of modified carbon sorbents.

Key words: low pressure discharge, surface modification.
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KeyekTi MaTepraAAbIH, XOFapbl XHIAIKTI NAa3MamMeH apekeTTecyi

[NAa3MaHbIH, MaTepMaAFa acepi 3Heprus, Macca >koHe GOALIEKTEpPIH TOCEMMEH KaiTa 3apsiaTay
Gipkarap KeleHAl e3apa 6anAaHbICTbI MPOLIECTEPIHIH HOTUXKECIHAE XKY3ere acbipblaaabl. MyHAal ©3apa
BPEKETTECYAIH HOTUMXKECI aTOMAAP MEH MOAEKYAAAApPAbIH TOCEMHEH Aecopbums Mpoueci, wallblipay
KoHe OeAlleKTep TYPIHAE MaTepuaAAblH OyAaHybl, COHAAM-aK OHbIH KYpPbIAbIMbI MeH a3aAbik,
KYMiHiH e3repyi 60AbIin TabblraAbl. [1Aa3MaAbIk, 6HAEY Ke3iHAE MaTeprasAap >KOFapbl KMHETMKAABIK,
HeMece MOTEHUMAAAbBIK, SHeprusicbl 6ap GeAceHAl >kaHe GeACeHAI eMec MAasMaAblk, GeAllekTepmeH
apekeTTeceTiHi 6eAriai. beawekTepaiH apacbiHAQ (DUM3UKAABIK, XKOHE XUMMSIAbIK, SpPeKeTTeCcyAep
6GOAATbIHbI KOT 3epTTeyAepMEH ABAGAAEHTEH XoHe arkbiH. HerisiHeH (usmKablk e3apa apekeTTecy
KMHETUKAABIK, SHEPTUSHbIH, 8CepiHeH 60AaAbl, COHAbIKTAH OA XKbIAY SHEPIUSICbIHbIH KOAEMiHEH GipHelue
peT achin Tyceai. 3apsATaAraH GOALLEKTEp >KOFapbl MOTEHUMAAABIK SHEPruscbiHa e ekeHi GeAriai,
MYHbI pEKOMOUMHALMS 3Heprusachl aen atanabl. OcbiFaH GanAaHbICTbl GeALIEKTED (DU3UKAABIK, KATTbl
MaTepUaAMeH COKTbIFbICKAHAQ KATTbl MaTEPMAAABI LUALLLIPATYbl MYMKIH.

ByA yCbiHbIAFAH Makaraaa 6i3 KeyekTi MaTepuaAMeH TOMEH TemrepaTypaAblK, MOAMMUKALMSABIK,
apeKeTTeCYAl 3epTTey HaTMXKeAepiH KeATipaik. 0,1 - 2 Topp KbICbIMbIHAAFbl MHAYKTUBTI >KoHe
CbIbIMABI PAAMOXKMIAIK pPa3psATapbiHbiH, TOMEH 3HEPrus KesAepi KOAAAHbIAAAbl. 3epTTey HblCaHbl
GOAbIN ©3repTiAreH kKemipTeri Cop6eHTTepiHiH Ty3iAyi TabblAaAbl.

TyHiH ce3aep: TOMeH KbICbIMABI pa3psA, 6eTTiKk MoAMdUKaLms.
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B3aumoaericTBMe NOpUCTOro martepmaisa C BbICOKOHAaCTOTHOM MAA3MOM

Bo3aeiicTBMe nAasmMbl Ha MaTepraA OCYLLECTBASIETCS B pPe3yAbTaTe psAa KOMIMAEKCOB, B3aMMO-
CBS13aHHbIX MPOLLECCOB 3HEPrO-, MACCO- U MNepe3apsAKM YaCTUL, MAa3Mbl C MOAAOXKKOM. Pe3yAbTaTom
TakuX B3aMMOAENCTBUI SBASIETCS AECOpPOLMS aTOMOB M MOAEKYA C MOAAOXKM, PACrbIAEHUE U
MCrapeHne MaTeprasa B BMAE 4acCTWL, a TakKe M3MEHeHWe CTPYKTypbl M (hpa3oBOro COCTOSHMS.
Bo Bpemsi naasmeHHolt 06paboOTKM MaTepuanbl B3aMMOAEMCTBYIOT C aKTUBHbIMW M HEAKTWMBHbIMM
YacTMLLaMM NMAA3Mbl, UMEIOLLMMM BbICOKYIO KMHETUMYUECKYIO MAM MOTEHLMAAbHYIO 3Hepruio. AokasaHo,
UTO CYLLECTBYIOT (PM3NYECKOE U XMMUUYECKOE B3aMMOAENCTBME YaCTUL, TAe Npu 3ToM (pmsmyeckoe
B3aMMOAENCTBME YACTUL, MPOUCXOAMT, B OCHOBHOM, 3a CHET KMHETUYECKOM SHEPrUM, KOTOPas MOXKeT
Ha HECKOAbKO MOPSIAKOB MPEBbIlLATh TEMAOBYIO 3HEPruio. 3apsiKeHHble 4acTuUbl TakxKe 006AaAAIoT
BbICOKOWM MOTEHUMAABHON 3HEpPruei, Tak HasblBaeMoW 3Hepruen pekombuHaumm. B cBg3M ¢ 3Tum
4acTHLLbl MPU CTOAKHOBEHMM C (DN3MYECKN TBEPABIM MAaTEPUAAOM MOTYT PacrbIASTb TBEPAbIN MaTEPHAA.
B AaHHOWM cTaTbe mnpeACTaBAEHbl pPe3yAbTaTbl MCCAEAOBAHMS HU3KOTEMMEepaTypHbIX MoAMMKa-
LLMOHHbIX B3aMMOAENCTBMIA C MOPUCTbIM MaTEPUAAOM. MCMOAB3YIOTCS MAaAOIHEPTreTUYECKME MCTOYHMKMN
MHAYKUMOHHBIX M EMKOCTHbIX PaAMOYaCTOTHbIX PaspsiAoB npu aaBaeHnn 0,1 - 2 topp. Ob6bekTamm

MCCAEAOBAHMIN 9BASIOTCS O6paSOBaHVI§I MOAMCbVILI,MpOBaHHle YIrA€POAHbIX COp6eHTOB.
KAroueBble cAoBa: pa3psaA HU3KOro AaBAeHU4, MOAM(bMK&LLVIH NMOBEPXHOCTU.

Introduction

This paper is focused on the changes of the
properties of solid materials with porous structures
after their interaction with the low-pressure plasma.
As the object of study is carbonaceous sorbents made
from agricultural waste [1-2] and designed by the
authors for several advantageous uses. The surface
modification capabilities range from differently
charged carbon to additive chemistries for specific
adsorbent applications.

Research methods

In the first stage of research RF discharge plasma
surface activation is performed on carbonaceous
sorbents. The sorbent matrix is based on carbon and
silicon compound (C-Si) or carbon and potassium (C-K)
and represent the longitudinal size of the granules 2 - 7
mm and a thickness of 1 mm. The matrix of the sorbent
is treated in the different zones of plasma discharge. In
case of ICP (inductively coupled plasma) the matrix
passed through the discharge zone or introduced into the
plasma jet. In the case of capacitive discharge, matrix
is processed in a rotating drum, or in the interelectrode
space (between flat electrodes). Also, the potential exists
to have a “free space’ processing vessel.

Research background

The impact of plasma on the material is
carried out as a result of a number of complexes,

interrelated processes of energy, mass and charge
exchange of plasma particles with the substrate.
The result of such interactions are desorption of
atoms and molecules from substrate, sputtering and
evaporation of the particulate material, structure and
phase state changes. During the plasma treatment,
materials interact with active and inactive plasma
particles, having high kinetic or potential energy.
There are physical and chemical interaction of
particles. Physical interaction of the particles is
mostly by kinetic energy, which can exceed the
heat by several orders of magnitude. The charged
particles also have a high potential energy - the
energy of recombination. In this regard, the particles
upon collision with a physically solid material can
spray the solid material.

The chemical reaction of the active particles is
due to a high potential energy defined by the presence
of unsaturated chemical bonds. The interaction
of these particles with the treated material leads
to the formation of chemical compounds. During
plasma processing it is impossible to separate the
physical and chemical interactions and specify
any one process that is responsible for the effect
of exposure to the plasma. Each process depends
on each other. The result of processing is usually
caused by simultaneous action on the material and
it is determined by various factors and parameters
generated by the reaction energy potential.
Depending on the properties of material and low-
temperature plasma parameters, the main mechanism
of interaction and type of charged particles are
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Porous Material Interactions with RF plasma

contributing the most significant contribution to
surface modification. Selection of induction and
capacitive discharges allow to compare the influence
on the sorbent characteristics (grain size, the volume
of pores, etc.) at different operating conditions:
energy of ions and electrons, concentration, heat
flux, etc. ICP discharge has a higher gas temperature
compared with CCP discharge, which generate non
— equilibrium plasma, i.e the electron temperature
is higher than ion temperature. After the plasma
exposure, we analyze particle size distribution (laser
granulometry), the structure of the volume of material
based on an organic compound with the definition
of the characteristics of the bulk structure (high
resolution X-ray microtomography), the elemental
composition (X-ray fluorescence spectroscopy), the
surface morphology of the particles of the sorbent
(scanning electron microscopy), and characteristics
of the surface wettability with the definition of
potential adsorption (scanning electron microscopy
in the natural environment mode ESEM) and with
ASTM equivalent molecule adsorption testing with
iodine. Comparison matrix characteristics before
and after the plasma treatment allows to define
and optimized plasma treatment process based on
maximum surface activation.

Experiments and discussion of the results

Experiments were performed in the RF power
range of 0.1 - 3.0 kW (discharge power of 0.1 - 1.5
kW). The pressure in the reactor of below 2.0 Torr,
plasma processing gas — Argon at suitable flow rate
for the reaction chamber [3]. Variation of external
parameters of inductive and capacitive discharges,
various treatment zones allowed to create plasma
conditions in a wide range: the concentration of
charged particles 10''-10" cm?, the ion energy
between 10 and 60 eV, the electric field strength
of 500 V/m. A significant difference between
electron temperature and gas temperature within
the investigated pressure range allowed to get the
positive effects of plasma surface modification at
temperatures ranging from room temperature up to
130-170 ° C. This is an optimal processing range
for sorbent’s matrix. Modification of the surface of
the sorbents leads to an opening of the meso space
structures (Fig.1).

Activation of the surface, which will increase
the sorption capacity for hydrocarbon products.
Treatment of sorbent matrix type C-K at reduced
pressure show significant re-distribution of average
pore size: middle (meso) size pores are transferred
to some large ones and the appearance of consider-
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able amounts of small pore size (Fig.2). The mini-
mum pore size is reduced to 3 um, the maximum
rose to 33 microns.

Material Type 1 Material Type 2

Figure 1 — Modification of the surface of the sorbents

12 4 v

A | 4:20:12PM | 15ps | 3.00kV | 128ym | 4.1 mm

SMA Helios 650

Figure 2 — The microstructure of the matrix after plasma
treatment.

Gravimetric studies show increasing sorption
capacity of the sorbent at 15 - 17%. This is
collaborated by hydrocarbon sorbency testing, as
shown in Figure 3 for commercial motor oil as
based upon ASTM F726. The subject materials
are 3 types, a commercial sorbent available at any
retail outlet, the Type 2 as shown in Figure 1, and
the Type 1 also shown in Figure 1. The Type 1 has
been treated in 3 different ways, first, a crushing of
the granular) to exemplify the importance of the
larger spaces (like meso spaces) in the collection
and holding power for hydrocarbons. Then the
modified Type 1 to indicate that processing
differences can create enhanced benefits; modified
and max modified.

Plasma treatment of matrix based on C-Si leads
to similar results for the chem-adsorption. The
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difference in this case are only the parameters for
the small and large pore size. The minimum pore
size for the C-Si matrix after exposure to plasma
is 17 microns, the maximum — 73 microns. The
effectiveness of the surface activation is confirmed
by the results from impregnation of the matrix [4].
At the same time coating on the activated surface or
to introduce (impregnate) different substances into
the matrix allow to obtain the new sorbents selective

properties. Plasma modified matrix allow to attach
to the surface or into the pores of the matrix various
elements, for example phosphorus (Fig. 4). Thus, it
is possible to change the composition and properties
of the matrix and dramatically increase the sorption
properties for different and specific elements
from solution (Table 1). Experiments showed that
sorption capacity is about 8.1 mg/g, and specifically
for Vanadium is about 4.8 mg/g.

6.00

Comparitive
Mass Ratio: Qil Captured to Sorbent

Commercial
Sorbent

Type 2

5.00

4.00

3.00

2.00

1.00 .

0.00 - T - T 1 T

Crushed Type Modified Type Max Mod Type
1 1 1

Figure 3 — Sorption capacity of the sorbent

a

b

a) the composition of the matrix before impregnation, b) the composition of the matrix after impregnation

Figure 4 — The result of impregnation of phosphorus on the surface of the treated plasma sorbent matrix:
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In another implementation, impregnation of
the sorbent matrix type C-Si by nano-powder (SiO,
particle size between 20 and 50 nm) was performed.
The presence of silicon in the lattice of the matrix,
adding Silicon Oxide powder to the surface of the

matrix and into pores, generate a stable structure
of homogeneous Si based materials. In case of
bio-sorbents, different microorganisms are used
and tested. The mechanism of impregnation on the
surface and in the bulk material, is almost similar.

Table 1 - Reduction of the impurities after cleaning the solution by activated sorbent

Element Mn Ni W In Cu Cr Mb Re
% Reduction 9 24 35 40 62 62 72 90
Hydrocarbon ETB TOL XYl BEN
% Reduction 67 30 62 78

[ETB - Ethylbenzene; TOL - Toluene ; XYL — Xylene ; BEN — Benzene]

Formation of different phases, which have their
own characteristics that determine the nature of the
processes. Surface phases appear in many surface
phenomena. Therefore, the choice of sorbent
surface as the object of the plasma exposure gives an
extensive information about the processes occurring
with a porous structure in the plasma.

Conclusions

1. Response of changes in the properties of
porous surfaces of the body, its inter-porous and
surface space from the impact of low-temperature
plasma stream with specific parameters allows for the

implementation and use for physical and chemical
processes utilizing the same subject material, and to
develop a physical model of plasma interaction with
a porous structure.

2. Modification by thermal plasma or plasma-
chemical methods allows to add to the surface and
into the pore space of the matrix various reagents
and thus change the composition and properties of
the matrix and increase the sorption properties and
specific selection of different element extraction
from solutions.

3. Low temperature RF plasma at pressures of
0.1 — 2.0 Torr can be successfully used to solve
various environmental problems.
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