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Abstract—Low temperature rf-plasma was used to test the changes in the chemical and physical properties of a
plasma-treated polymeric membrane made frohife; and SiH, two materials that are very thermally, chemi-
cally, and mechanically stable;HGF; and SiH plasma polymers were efficiently deposited to an aluminum oxide
substrate with a pore size of 0J0@. Even though the amount of the monomgiE, increased, there was no
significant change in the permeability of oxygen. However, selectivity of oxygen over nitrogen increased notice-
ably. Also, when the plate distance of the supporter from the cathode head within the reactor was 4 cm, the concen-
tration gradients of ElF; and SiHwere the greatest. This resulted in the maximum value of permeability and selec-
tivity and allowed the creation of a plasma-treated polymeric membrane with such characteristics when the com-
posite permeation coefficient ranged from 4,500-7,500 GJ-s/kg.

Key words: Plasma PolymerizationHgF; and SiH, Permeability, Selectivity

INTRODUCTION a result, current research focuses on maximizing one of the two
characteristics without greatly reducing the other [Mohr et al.,
Gas separation using membranes requires a relatively small991]. A composite membrane created by plasma polymerization
amount of energy with equipment that is rather simple and easys able to have a high selectivity towards small molecules thanks
to operate. The fact that the equipment does not cause phase tran-the molecular sieve by the polymer’s thin film. There still is, of
sition allows it to be used to separate thermally sensitive materieourse, a small loss in the selectivity of the membrane that results
als [Spillman, 1989]. Currently, research and implementation offrom the higher permeability. However, since the selectivity is in-
this process is often used in waste treatment apparatus such @srsely proportional to the thickness of the thin membrane, the
fermentation baths and also at landfills to separatéCE{from decrease in selectivity can be minimized by making the mem-
bio gas. HO/Air and Q/N, are also separated to remove mois- brane as thin as possible [Walker et al., 1997].
ture from the air. There is great interest in the potential economi- Recent methods for manufacturing of gas separation mem-
cal value of the process of separating oxygen and nitrogen beingranes by means of plasma polymerization often use silicon com-
used not only in internal-combustion engines and incineratingoounds because of their good selective qualities and fluorine com-
systems, but also for medical and military purposgbl,Qepa- pounds. This is mainly because they have been found to have a
ration involves transmitting air through a membrane to raise thehigh selectivity of the gases to be separated. Research is being
purity of oxygen and could eventually allow for complete com- conducted to improve selective qualities by using fluorine com-
bustion and greater combustion efficiency in heating boilers angpoounds as monomers that are deposited to porous, inorganic ma-
incinerators. It could also help to reduce incomplete combus-erials such as silica or alumina, which are strong and have high
tion materials such as carbon monoxide from exhaust fumes. Oxyresistance to chemicals. Thus, porous inorganic membranes have
gen condensed in this manner could also be used in medicindjgh permeability and low selectivity, but their selectivity can be
fermentation, and fish farming. The creation of highly efficient improved by coating them with a fluorinated layer using plasma
membranes at normal temperatures and pressures could help pslymerization [Lin et al., 1994].
in various fields such as the environment, medicine, and national In the research conductedHZF; was used because of its ther-
defense. For example, advances in medical equipment and in mifnal and chemical stability during plasma polymerization. This
itary gas masks could come out of gas membrane technologgllowed maximum implementation of the merits of the process.
[Winston ho and Sirker, 1992]. Also used in this research was Sihich is known to have good
The efficiency of a separation membrane relies upon the mempermeability of permeated gases. A nonporous polymeric mem-
brane’s permeability and selectivity. However, permeability andbrane was created by using rf-plasma on the chemically resistant
selectivity counteract each other. If the permeability is increasedubstrate AD.. The relationship between the gas’s rate of per-
by using a membrane with large pores, the selectivity will be de-meability and its selectivity was examined in order to identify the
creased. On the other hand, if a membrane having small pores éfects that varying the plasma polymerization time, the rf-power,
used, the selectivity and the permeability will tend to reverse. Ashe dilution ratio of the monomer, and the position of the plate
had on the membrane’s permeability and on the membrane’s abil-
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EXPERIMENT in the cell, and permeability was calculated according to the fol-
lowing formula.
The rf-plasma reactor used in this experiment had a frequency
of 13.56 MHz, and a maximum electrical output of 600 W. The P/I:Lx[%]
reactor was a stainless steel one of the bell-jar type and it used a PP LA
rotary pump to create a pressure of up to 10 mTorr. Its diametewhere, R/is the gas permeability [¢@TP)/cnis cmHg], g/t is
was 29 cm and it stood 24 cm high. It was designed to keep ththe flow rate of the permeated gas {(®TP)/s],| is the mem-
levels of reflective waves to under 5%, thus preventing reproducbrane thickness [cm], jand p are the pressures [cmHg] applied
ibility problems. A convectron vacuum gauge was used to meagto the upstream and downstream part of the permeant cell, re-
ure the pressure inside the plasma reactor and the gas flow wapectively, and A is the actual permeant surface arépvjtrich
adjusted by using a mass flow controller (MFC, Hitachi Co.). is represented by the effective membrane area. Selectivity was cal-
The substrate used in the plasma polymerization was the widesulated by using the ideal separation factgyRE), which is a
ly used aluminum oxide membrane filter (0.08, 47 mm, What-  ratio of the permeability coefficients of the two gases. The per-
man Co.). The experiment was divided into two parts: The firstmeant experiment was conducted at room temperatuite (3
part involved plasma polymerization and the second dealt withusing a water bath, and measurement of the permeated gases was
gas permeation. In the plasma polymerization experiment, thelone after a sufficient amount of time had passed in order to get
pressure of the reactor was lowered to 30 mTorr by using a rotargnore accurate results. The permeant cell consisted of an inlet
pump, and then the remaining gases and moisture were removeaiate and an outlet plate, and a porous supporter was installed to
by using argon gas for about 5 min. Then, the monont&FC prevent damage to the lower portion of the cell.
(benzotrifluorid, Fluka Co., 99%) was injected through a ring near
the plate, Siklwas injected from head, and plasma was generat- RESULTS AND DISCUSSION
ed in the reactor at a pressure of 90 mTorr. Polymerization time,
rf-power, etc. were left as variables gbl{E, and SiH plasma- Fig. 2 shows the FT-IR transmittance of th&l, and SiH
treated polymeric membranes were created. plasma-treated polymeric membrane when the polymerization
To examine the functional group in the membrane, a KBr disctime was 60 min, the rf-power 120 W, the flow rate gfi€,
was created and treated by using the plasma polymers, and thevas 12 sccm, and the flow rate of Sivas 4 sccm. As shown
it was analyzed by FT-IR (Shimadzu, 8501). Also, to examine thein the results, the GBand reaches its peak at the 1,100 am
morphology of the polymeric surface according to different pro- terval. Generally, band broadening of plasma-treated polymers at
cess variables of the plasma, SEM was used. the 950-1,250 cm caused by fluorine monomers usually means
Gas was passed through a permeant section that maintaineat cross-linking has occurred in the ®&nd. The increase of
normal pressure. The variable volume method, which involvescross-linking level results from the greater amount of fluorine in
measuring the permeated gas by means of a flow meter that waise fluorine compound. Therefore, high levels of cross-linking
set up on the permeant section, was used to measure the resultgere confirmed in the creategHz- and SiH plasma polymeric
The permeated gases, pure oxygen and nitrogen, were sent fromembrane. In addtion, OH bonding is shown in the 3,200-3,400
the gas cylinder by using a pressure controller. The pressure wasn* band interval. This was caused by oxygen molecules in the
then fixed to a constant value by using a pressure gauge. Gas thetmosphere bonding with the free radical, activated species form-
entered from high-pressure regions passed through the mened by the high activation energy released when the monomer
brane of the permeant cell and came out though the permeart
section, which maintained normal pressure. Fig. 1 shows, for thit

experiment, the apparatus of the bubble flow meter used fo
measuring the amount of permeated gas.
A water bath was used to maintain a constant temperature witk T T
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Fig. 1. Schematic diagram for experiment of gas permeation. 4600 4000 2000 1500 1??0 400cm
1. Gas cylinder 5. Water bath Wavenumbers [cm ]
2. Pressure regulator 6. Permeation cell Fig. 2. Typical FT-IR spectra of plasma polymerized GH.F; &
3. Micro valve 7. Bubble flow meter SiH, on KBr (60 min, 120 W, CH:F;=12 sccm, SiH=4
4. Pressure gauge sccm).
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Fig. 3. SEM pictures of the plasma polymer of @H;F; & SiH, Fig. 4. SEM pictures of the plasma polymer of ¢HF; & SiH,
deposited on porous aluminum oxide membranes. deposited on porous aluminum oxide membranes.
(@) aluminum oxide surface, (b) plasma polymerized surface (@) aluminum oxide cross-section, (b) plasma polymerized
cross-section

C,HF;, was treated by using plasma, after the reaction had been

completed. The effect of plasma polymerization time on the permeability
Cross-linking as a result of the plasma treatment of &ibld and selectivity of the membrane was examined withs and

be confirmed by using the Si-C and Si-O bands in the 840-87(iH,. Membranes were deposited by using different polymeri-

cnT?* interval and Si-H bonding at 2,120 ¢nas evidence. In  zation times ranging from 30-120 min. Fig. 5 shows the effects of

conclusion, bonding between deposited fluorine and Si in the

CHsF; and SiH plasma polymeric membrane was confirmed. 12 1

Figs. 3 and 4 show the SEM results of the surface and cross ® 025 ngcmz
sectioned inner structure of aHzF; and SiH plasma polymeric -m- 0.50 kg/em
membrane (polymerization time 60 min, rf-power 120 W, flow "k 4100 kg/cmz

rate of GH4F,12 sccm, flow rate of SiHt sccm) placed on an v 150 kg/em

aluminum oxide substrate with a pore size of U2 As shown

in Fig. 3(a), the aluminum oxide used as the substrate had un
form pores. Fig. 3(b) shows that the surface of the membrane we
effectively deposited into a fine structure as a result of plasme
polymerization, and that the pores of the aluminum oxide usec
as the supporter were completely clogged off. As in the researc
results of Huber and others [1997], the membrane surface de
posited by plasma-treating G, and SiHin this experiment 81
also had hemispherical structures of various sizes. Also, frorr

the SEM results shown in Fig. 4(a), it is obvious that the cross-

section of aluminum oxide used in the experiment had well-or- 7

Oxygen Permeability
[1x10%em*(STP)cm?s cmHg]

L L | . I
. . . . . 20 40 60 80 100 120 140
ganized, conical straight pores. SEM results, in Fig. 4(b), from & Plasma polymerization time[min]

cross-section of the,B.F; and SiH plasma polymeric mem-
brane show that the plasma polymers were uniformly deposited ation of oxygen on composite membrane by the plasma
to the aluminum oxide’s surface barrier in layers that were ap- polymer of CHsF; & SiH, (120 W, GH4F.=12 sccm, SiH
proximately 2-2.Jum thickness. =4 sccm).

Fig. 5. Plasma polymerization time dependence of gas perme-
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Fig. 6. Plasma polymerization time dependence of selectivity of  Fig. 7. rf-power dependence of gas permeation of oxygen on
oxygen for a nitrogen on composite membrane by the composite membrane by the plasma polymer of 85F,
plasma polymer of GH:F; & SiH, (120 W, GHF,=12 & SiH, (60 min, GH:F;=12 sccm, Sik=4 sccm).
sccm, SiH=4 sccm).

1.67 ——
2

polymerization time on the permeability of oxygen bHE, & 222 Eg*j o

and SiH plasma polymeric membrane (rf-power 120 W, flow . o0 kg/cmz

rate of GH,F, 12 sccm, flow rate of SiH sccm). In case of films 4 100kg/em’

1.66 | | -w 1.50 kg/em e

Selectivity[P o,/Py,]

prepared by plasma CVD, the membrane’s permeability of oxy- tﬁ = e

gen generally increases with reaction time. However, the perme ——

ability was especially good at 60 min but it decreased at 90 mir P

and increased at 120 min. The highest level of permeability oc- 165t / - -

curred when the pressure of the permeated gas was/trirkg ' - )
Fig. 6 shows the selectivity of oxygen over nitrogen by-aFe '

and SiH plasma polymeric membrane having the same condi-

tions as the membrane in Fig. 5. The selectivity rapidly increase: 164l / ol

for 60 min, but moderately increases from 60 min to 90 min. ' /

Until 60 min, the content of £.F; and SiHincreases because

more of the activation species was generated in the plasma ¢

the polymerization time increased. On the other hand, after 60 mil

163 L . L

passed, there was relatively little increase in the content of the 40 80 120 160
monomers. In general, a variety of other reactions occur in plasm_ rf-power{W]

during plasma polymerization. In this experiment, the occurrenceFig. 8. ri-power dependence of selectivity of oxygen for a nitro-
of sputtering and chemical etching resulted in removing and ablat- gen on composite membrane by the plasma polymer of
ing polymeric material that was already attached to the thin mem- CHsF3& SiH ., (60 min, GH-F;=12 sccm, Sik=4 scem).

brane. After a certain point, the thin membrane’s growth rate be-
comes as slow as the chemical etching rate rather than the macriocreases the electrical energy and the density inside the plasma.
molecule polymerization rate. Therefore, the membrane’s perMonomers collide with high-energy patrticles such as electrons,
meability and selectivity towards oxygen for 60 min is dominat- ions, and photons inside the plasma and increase the energy-ab-
ed by chemical etching, not macromolecule polymerization.  sorbing activation specimens. This results in a large increase in
Fig. 7 shows the £1.F; and SiHplasma polymeric membrane’s the amount of fluorine and silicon contained in the plasma poly-
(polymerization time 60 min, flow rate ofld;F;12 sccm, flow mers coated on the substrate. An increase in the fluorine content
rate of SiH4 sccm) permeability of oxygen at different levels of caused selectivity to increase, and an increase in the silicon con-
rf-power. The permeability level tended to increase as the rf-powetent raised the permeability level towards oxygen. In this exper-
increased, but there was no great change overall. Fig. 8 shows tlient, it was confirmed that permeability and selectivity increases
selectivity of oxygen over nitrogen by aHGF; and SiHplasma  with rf-power.
polymeric membrane having the same conditions as the mem- Figs. 9 and 10 show thel€F;, and SiHplasma polymeric
brane in Fig. 7. As shown in the diagram, permeability increas-membrane’s (polymerization time 60 min, rf-power 120 W, flow
ed when rf-power increased. Generally, an increase in rf-powerate of SiH4 sccm) permeability of oxygen and its selectivity of
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9. CH4F; dilute ratio dependence of gas permeation of oxy-
gen on composite membrane by the plasma polymer of

C,HsF;& SiH, (60 min, 120 W, SiH=4 sccm).
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Fig. 10. CH4F, d

C,H,F, dilute ratio[sccm]

ilute ratio dependence of selectivity of oxygen

for a nitrogen on composite membrane by the plasma
polymer of CHgF;& SiH , (60 min, 120 W, SiH=4 sccm).

oxygen over nitrogen when the flow rate gHgF; was rang-

ing from 12 sccm to 18 sccm. As shown in Fig. 9, the permeabi-

lity of oxygen don’t almost changed in.

Generally, fluorine compounds had almost no effect on the
membrane’s permeability levels of the permeated gas. The de
crease in permeability from 16 sccm to 18 sccm was affected b
chemical etching more than it was by plasma treatment. The de
crease in permeability is seen as being a result of changes in the ¢
posited Si bonding within the plasma polymer. Fig. 10 shows tha

the selectivity in

results were what they had been predicted to be. However, when
the flow rate of CH.F; is 16-18 sccm, the increase in the mem-
brane’s permeability of oxygen abates. Monomers in the plasma

creased as the flow rate #1.E; increased. The
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state become excited because of the plasma. However, most of
them fail to participate in the reaction and are simply released,
since they are in the vacuum state. Therefore, there is a limit on
the number of monomers that can participate in a reaction at any
certain polymerization time and rf-power.

In the experiment conducted, an increase in selectivity was ob-
served when the number ofHGF, monomers was increased,
and the plasma polymerization time and rf-power were set at cer-
tain values. However, it was also confirmed that the degree of
increase grew smaller when thg-g=; value passed 16 sccm.

Figs. 11 and 12 show the effect of varying the plate distance
between the supporter and the cathode head within the reactor.
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Fig. 11. Substrate distance of gas permeation of oxygen on com-
posite membrane by the plasma polymer of EiF; &
SiH, (60 min, 120 W, GHsF;=12 sccm, Sik=4 sccm).
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Fig. 12. Substrate distance of selectivity of oxygen for a nitro-
gen on composite membrane by the plasma polymer of
CHF; & SiH, (60 min, 120 W, GH:F;=12 sccm, Sik}=

4 sccm).
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The conditions of the BlsF; and SiH plasma polymeric mem- 1.70
brane were as follows: polymerization time 60 min, rf-power b .
120 W, flow rate of @HsF; 12 sccm, Sikd sccm. The experiment 168 - ® o
was conducted with plate distance ranging from 2 cm to 6 cm. °
Fig. 11 shows that the permeability was the greatest when th 166 & .
plate distance was 4 cm, and it also shows that the permeabilit ®
was higher when the distance was 2 cm than 6 cm. This is see o
as a result of the SjHyradient being concentrated towards the o 184y
head within the reactor, and the gradient being especially highe & °
4 cm. In Fig. 12, it is shown that the selectivity of oxygenwas ~ § 182}
also the greatest when the distance was 4 cm, and that therew & L
a slight decrease when the distance was 6 cm. It was confirme 1.60
that the concentration gradient gHgF; was the greatest in the
plasma reactor when the distance from the head was 4 cm, ar 158
for distances greater than 4 cm, the concentration dééfeased. ?
In the experiment conducted, we found that the concentratior 156 ! .
gradients of @HsF; and SiHH monomers were the greatest when 1 2 3 4 5 6

the plate distance was 4 cm. Activation energy[1x10° Jimol]

Fig. 13 shows permeability of oxygen in relation to activation Fig. 14. Effect of activation energy of selectivity of oxygen for a
energy. It shows the permeability of oxygen for different vari- nitrogen on composite membrane by the plasma poly-
ables when the temperature was@0and the permeant pres- mer of C;HF;& SiH.,
sure was 1 kgent in relation to activation energy. Gas perme-
ability can be represented by the following formula, and the for-Diffusion of gas molecules through a nonporous membrane gen-
mula can be used to calculated the activation energy of the peerally occurs because of consecutive jumps by the permeated mole-

meability of oxygen.

~E/RT

Q=QE

where, Q is the rate of gas permeationisBhe activation en-

cules between the polymer molecules. Mutual interaction in the
polymer chain is the dominant force behind these jumps. If the
flux of energy is under a certain level, the distance between the
polymer chains is not sufficient for jumping to occur. Therefore,

ergy, R is the ideal gas constant, and T is the temperature. Figesistance forms against the permeability of gases through the
13 shows that as the activation energy increased, the permeabilifyolymeric membrane and this results in a lower quantity of per-
generally increased. Fig. 14 shows the selectivity values againsheated gas.

the activation energy. The selectivity increased up until the acti- In the experiment that was conducted, as the activation ener-

vation energy value reached approximatelyxa®? J/mol, but

gy increased, the permeability and the selectivity generally had

after that it decreased. Generally, the permeability and selectivithigh values. It was confirmed that permeability and selectivity had

were high when the activation energy was 3.2<43¥ J/mol.
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Fig. 13. Effect of activation energy of gas permeation of oxy-
gen on composite membrane by the plasma polymer of

4

5

6

especially high values when the activation energy was in the 3.2
-4.0x10% J/mol range.

Figs. 15 and 16 show the overall permeability of gas by the
CHsF; and SiH plasma polymeric membrane in relation to (W/
FM)/t, the composite permeability coefficient representing the in-
flow of energy in the reactor per every unit of gas inflow. Here W,
F, M, t are the rf-power, the flow rate of the monomers, the mole-
cular weight of the monomers, and the polymerization time, re-
spectively. In Figs. 15 and 16, permeability and selectivity do not
increase simultaneously with the increase in (W/FM)/t. However,
we can see that permeability and selectivity generally have high
values when the value of (W/FM)/t was high. From this, it can
be said that in the experiment most of the energy that flowed in
was consumed in the plasma polymeric reaction dff; and
SiH,. Plasma polymers are created by a combination of things
such as excite monomers, their participation in reactions, and var-
ious reactions such as etching. Therefore, plasma polymers rely
on the degree to which those reactions occur. The composite per-
meability coefficient represents the overall flow of energy involv-
ed in all the reactions within the plasma. Low composite perme-
ation coefficients result in plasma polymerization playing a dom-
inant role, while high coefficients result in the etching process
playing a dominant role.
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12 brane (polymerization time 60 min, rf-power 120 W, flow rate of
CHsF;12 sccm, flow rate of SiiHl sccm) on an aluminum oxide
substrate with a pore size of 0j@2 resulted in the plasma poly-
" mers being uniformly deposited to the aluminum oxide’s surface
barrier in layers that were approximately 2421 thick.

2. As the number of BsF; monomers used in the creation of
the GHsF; and SiHplasma polymeric membrane was increas-
° ed, there was no significant change in the permeability of oxygen,

° but there was an increase in the selectivity of oxygen over nitrogen.
° 3. The GHsF; and SiHmonomers had the greatest concen-
trations when their distance in the plasma reactor from the cath-
ode head was 4 cm. This is also when they had the highest values
of permeability and selectivity.

4. CHJF; and SiHplasma polymeric membranes that had the
\ ‘ J \ ‘ highest levels of permeability and selectivity were created when
0 2000 4000 6000 8000 10000 12000 14000 (W/FM)#t, the composite permeability coefficient representing the

(WIFM)t [GJ sikg] inflow of energy in the reactor per every unit of gas inflow, was

Fig. 15. Effect of (W/FM)t of gas permeation of oxygen on com-  in the 4,500-7,500 GJ-s/kg range.
posite membrane by the plasma polymer of {£ElF; &

Oxygen Permeability
[1x10™*cm*(STPYem? s cmHg]

7
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1611 T : temperature
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