Available online at www.sciencedirect.com

ELSEVIER Catalysis Today 89 (2004) 109-115 ———————
www.elsevier.com/locate/cattod

AVQOL|

CATALYSIS
TODAY

Abatement of perfluorocarbons with combined plasma catalysis in
atmospheric-pressure environment

Moo Been Chang How Ming Lee

Graduate Institute of Environmental Engineering, National Central University, Chung-Li 320, Taiwan, ROC

Abstract

Perfluorocarbons (PFCs) are widely used in semiconductor industry. However, they intensely absorb infrared radiation and consequently
aggravate the greenhouse effect. A combined plasma catalysis (CPC) technology is developed to destroy PFCs. For practical purpose the CPC
is designed to function at room temperature and atmospheric pressure. In addition, this study compares three kinds of operations, i.e. catalysis,
plasmas and CPC. Results indicate that CPC achieves the highest PFC destruction efficiency. Complete destructions are achiandd for SF
NF;. Removal efficiencies for GRand GFs are 66 and 83%, respectively. The products formed in CPC process f@drG Fgs are mainly
CGO, and a little CO. In contrast, the products formed in plasma process inclugeGtI) COR, and CHR. In brief, this study demonstrates
that CPC is of a higher efficiency and less-toxic products for PFC removal compared with plasma technology at the given conditions.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Perfluorocarbons (PFCs); Combined plasma catalysis (CPC); Air pollution control technology; Global warming

1. Introduction high global warming potentials (GWPs) compared to,CO
The atmospheric lifetimes and G\Wig (global warming po-
Along with the rapid growth and high profits of semicon- tential with time horizon of 100 years) of PFCs are greatly
ductor industries nowadays, various kinds of air pollutants larger than that of traditional greenhouse gases such as CO
are also inevitably generated and possibly released fromCH,4, and NO (seeTable J).
semiconductor manufacturing processes. As the manufac- In the semiconductor manufacturing processes, the ex-
turing processes becomes more sophisticated for makinghausted gases can be treated either before or after the vac-
larger wafers, the chemicals used and the pollution asso-uum pump; namely be treated at either low pressure or at-
ciated also become more complicated. Gaseous pollutantanospheric pressure. The major disadvantage of implement-
emitted from semiconductor manufacturing processes can beng low-pressure abatement (i.e., treatment upstream of the
generally classified as volatile organic compounds (VOCS), vacuum pump) is possible damage or malfunction of the
acid gases and perfluorocompounds (PFCs). PFCs are povacuum pumps due to acid formation and particle accumu-
tential contributors to the global warming, which is adverse lation. To minimize the corrosion to vacuum pumps, the bet-
to the global environment and has caused much public ter way is to treat exhausted gases downstream the vacuum
concern. pump. Technologies available for abating PFC emissions
PFCs including Ck, CoFg, C3Fg, CHF3, Sk, and NF; from semiconductor industries include combustion, catalytic
are extensively used as etching and cleaning gases in semiexidation, and plasma processing.
conductor manufacturing processes. These PFCs are chem- Combustion is the most developed technology for PFC
ically inert and noncorrosive gases that intensely absorb in- control on the end-of-pipe treatment basis. A combustor
frared radiation with relatively long lifetimes in the atmo- equipped with natural gas or hydrogen injection system has
sphere. Therefore, once released into the atmosphere thepeen demonstrated a greater than 90% abatement efficiency
would aggravate the earth’s greenhouse effect with relatively for C;Fg, NF3 and Sk, but poor for Clz abatement possibly
due to its high stabilityf1]. The cost associated with fuels
mspondmg author. Tel./fax:886-3-4226774. gnd soluti'on needeq'for §crubbing py—products such as 'HF
E-mail addresses: mbchang@ncuen.ncu.edu.tw (M.B. Chang), is expensive. In addition, it has the side effects of generating
hmlee@cc.ncu.edu.tw (H.M. Lee). NO, and incomplete combustion products.
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Table 1
Atmospheric lifetimes and GWRy of greenhouse gasg$8]

respectively. Reaction rate constants of O and OH are es-
sentially high for organic chemicals; however, very low for

Greenhouse gases Atmospheric lifetime (year) GWP PFCs. The critical pathway for PFC decomposition relies
co, 50200 1 on electron-impact reactions. Therefore, increase of electron
CFs 50000 6500 energy and electron density favors PFC abatement by NTPs.
CoFs 10000 9200 In plasma chemistry of decomposing air pollutants, the
Sk 3200 23900 first step is generally through electron-impact reactions.
CsFe 2600-7000 7000 For instance, one major channel fosRg decomposition is
CHP 250-390 11700 through electron-impact dissociations:

CaFs 3200 8700 g P '

CHy 12 21 e+ CoFs - CF3+CFRs +e 1

N2O 120 310 + %2k R+ CR+ @)

NF3 50-740 8000 e+ CoFg —> CoFs + F+e (2)

Another channel for gFg decomposition is through the dis-

Catalytic oxidation offers a low-cost alternative com- Sociative recombination of & ions with electrons:

pared with combustion technology. It is also proposed as ag 1 C,F5 — C,Fg™ + 2e (3)
technology for destroying low concentrations(000 ppm)
of halogen-containing organic compounds in ff. The e+ CoFst — CR3 + CRs 4)

effectiveness of destroying chlorine-containing organic
molecules with platinum group metals on an aluminum ox-
ide support has been demonstrated without significant loss

In the meantime, recombinations of gas-phase radicals (F
and CR) formed by plasmas take place:

of reactivity [2,3]. However, catalysts developed to oxidize CFs+ CFR — CyFg (5)
fluorine-containing organic molecules are less successful

due to deactivatiof4—8). It is possibly attributed to three CoFs +F — GoFe 6)
causes, i.e.: (1) platinum group metals can form volatile CF3+F — CF4 )

halide compounds and are not tolerant of halogens at tem-

perature >400C [5]; (2) aluminum oxide transforms to
AlF3 [5]; and (3) presence of SjFn the gas streams poi-

It is noticeable that reaction rates of radical recombinations
are essentially fast. In addition, @5 also a greenhouse gas

sons the catalysts, necessitating the feed flow be scrubbedseeTable ) and needs further treatment. Therefore, regen-

upstream the catalyst b¢@l].

eration of GFg and CR needs further consideration because

Plasma technology has the advantages of high electrontheir formations may greatly reduce the overall abatement
temperature which is of great potential to PFC abatement. efficiency. To avoid this disadvantage, existence of active
Nonthermal plasma technologies (NTPs) including surface species which can rapidly react with PFCs’ fragments in the
wave plasma, arc power plasma, microwave plasma, dielec-gas streams is a reasonable approagh.Hp, H20Og) and
tric barrier discharges (DBDs) have been investigated in the hydrocarbons are good candidates for these reactions. As
last decade as alternate technologies for controlling PFCthey are collided by energetic electrons, O, H, OH and CH
emissions[10-15] However, the by-products from NTPs are formed and react with PFC fragments speedily. These
are complex and sometimes parts of them are even noxiousactive radicals not only prevent the regeneration of PFCs but
to human health or harmful to the environment. In recent also react with the fragments to form final products. In other
years, the concept of combining catalysis with plasma haswords, destruction efficiency of plasma technology can be

attracted great research interests worldwide.
Destruction of gaseous pollutants in NTP is mainly at-

enhanced by inhibiting recombination of PFC fragments.
The objective of consuming F and Cradicals can also

tributed to two elements, i.e. electrons and radicals. The elec-be achieved with catalysis. Fluorine atoms can be lost on
trons are generated by high electric field strength which is surfaces by adsorption followed by recombinatjb6], e.g.,

either formed by high voltage or induced by high frequency.
For DBDs, the driven voltage is typically in the range of sev-
eral kilovolts to tens of kilovolts. On the other hand, the fre-
guency is typically within 50—20,000 Hz. The mean electron
energy and electron density are 2-5 eV antf200'° cm~3,

F:S+F:S— Fyg +2S ®)

The behavior of Ck radicals on catalyst surfaces is com-
plicated. On nonactive surfaces, £Fadicals can be ad-
sorbed without dissociation and desorbs asg @idicals.

respectively. Such electron energy is capable of decompos-However, on active surfaces, gFadicals are generally dis-

ing toxic gases. For instance, typical bond energy of chem- sociatively adsorbed, producing a carbon atom and three flu-
icals is ca. 3-5eV (N-F, C-C, S-F, and C-F are 2.89, 3.59, orine atoms that each bonds to the active site. In addition,
4, and 5.04 eV, respectively). In addition to electrons, radi- CF; radicals can be oxidized by oxygen atoms (and, possi-
cals are intensively generated by electron-impact dissocia-bly, O, molecules) on the surfac§s6]. On the other hand,
tion. O and OH are the most important radicals that generally gas-phase oxygen atoms abundantly generated by plasmas
form in electron-impact dissociation withGand HOy), are beneficial to activation of n-type cataly§t¥]. Based
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Fig. 1. Possible pathways of,€; abatement by CPC. The top one shows the major pathways of processtpdyplasmas (A); while the bottom one
by catalysis (B).

on previous discussions, a possible simple pathway $66C  gas streams could then be accurately controlled. The gas
abatement by a technology integrating plasmas with cataly- streams of all tests were kept at a gas flow rate of 600
sis is illustrated irFFig. 1. As described, combining catalysis standard-cubic-centimeter-per-minute (sccm) and under at-
with plasmas could possibly enhance the consuming rate ofmospheric pressure. The objective of this study is to develop

free radicals and prevent recombinations gfgand Ch, a technique which can function at room temperature, there-
resulting in a higher overall efficiency compared with each fore the temperatures of feeding gases and the reactors were
individual process. not controlled and close to ambient temperature (cAC5

This study is motivated to develop an innovative technol-  The DBD reactor was made of a quartz tube with an inner
ogy named combined plasma catalysis (CPC) which inte- diameter of 40 mm, a wall thickness of 2.0 mm, and a length
grates two important features including high selectivity of of 265mm. The inner electrode, made of a stainless-steel
catalysis technology and high efficiency of plasma technol- rod with diameter of 3.4 mm, was aligned horizontally along
ogy. CPC consists of a DBD reactor and catalysts. CPC isthe centerline of the reactor. The outer electrode was made
designed to operate at room temperature and under atmoof stainless-steel mesh and was wrapped around the outside
spheric pressure, which means without impacting the semi- of the crystal quartz tube. The length of the outer electrode,
conductor manufacturing process and with an energy-savingbeing equal to discharge length, was 170 mm. The discharge
feature. This study aims to investigate the performance of gap was 18.3 mm and the effective discharge volume was
PFC abatement with three operation modes, i.e. catalysis212 cny.
only, plasmas only, and CPC. The end-products in process- The CPC reactor was constructed by packing catalysts into
ing PFCs are discussed as well. a DBD reactor. Each columnar catalyst was 5.4 mm long,
5.2 mm in diameter, and with a density of 1.25 gfcrihe
commercial catalysts consisted of CuO/ZnO/MgQ(ad

2. Experimental with a mass ratio (%) of 64/24/2/10. The void fraction of
the CPC reactor was ca. 0.48.

Fig. 2 shows the laboratory-scale experimental system An alternating-current power supply with variable voltage
designed and constructed to evaluate the effectiveness ofand frequency was used as the power source. The voltage
DBD and CPC for PFC abatement. The simulated gas streamfrom power source was increased 150 times by a step-up
was provided by compressed gas cylinders including N transformer (Jui-Hsiang Pty Co. Ltd.). The final output volt-
07, PFCs, and Ar. A set of mass flow meters (Teledyne age to generate plasmas was within 0-26 kV. The power
Hastings-Raydist, HFC 202) were used to regulate the flow consumption of the whole system was determined by in-
rates of feeding gases. Composition and flow rate of the tegration of voltage and current (both in root-mean-square
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Fig. 2. Schematic of the experimental setup of the CPC for PFC abatement.

value) which were measured by a power meter installed in  where_ Coyt is the total carbons measured in outlet gas

the power supply (Chen-Hwa, 2700P). streams (mol), and " Cj, the total carbons fed in reactor
Identification and measurement of PFCs and associated (mol).

end-products were carried out by an on-line Fourier trans-

form infrared (FT-IR) spectrometer (Bio-Rad, FTS-165).

The IR spectra spanning wavenumber ranging from 400 to

4000cnt® were recorded with a resolution of 2cm. Each 3. Results and discussion

data point represents the average of 16 times’ scans. A

gas chromatograph (GC-TCD/FID, China Chromatography  Three kinds of tests including catalysis only, plasmas only

9800) was used to check the accuracy of the IR analysis. (DBD) and CPC are performed in this study. A CPC reac-
The removal efficiencyr), products’ selectivity §), and tor is constructed with catalysts being packed into a DBD

carbon balance valu@{) are defined as follows: reactor. Experiment of catalysis is carried out with a CPC
o reactor without discharge. This study first focuses on CF
* Removal efficiency: abatement because £ the most stable gas among the
. [PFCln — [PFClut PFCs. One might reasonably anticipate that |_ﬁ@5uld be
n (%) = [PFC] x 100 decomposed, all other PFCs would be effectively destroyed
n

under the same conditions.
where [PFC}, is the concentration of PFCs in influent Fig. 3shows the performances of g&batement by catal-
(ppmv), and [PFGJ,tthe concentration of PFCs in effluent  ysis only, DBD only, and CPC, respectively. The gas flow

(ppmv). rate was kept at 600sccm. The feeding gases contained
e Selectivity: 300 ppm CHk, 40% Ar, 20% Q, and balanced N All exper-
imental runs were conducted under room temperature and
S (%) = Ci % 100 atmospheric pressure. For the tests of DBD and CPC, a volt-
' age of 15kV with a frequency of 240 Hz was applied to gen-

erate plasmas. For the tests of catalysis only, the experiment
was conducted with a CPC reactor without voltage being ap-
plied (without plasma). As shown iRig. 3, performance of
CF4 abatement is in the order of CPEDBD > catalysis.
Catalysis is ineffective in Cfabatement (Clremoval effi-
ciency is lower than 3%). The reason is mainly attributed to
> Cout the low activity of catalysts being operated at room temper-
3" Cin ature. When a high voltage is supplied to the CPC reactor,

where C; is the concentration of the carbon-containing
product of interest in effluent (ppmv), ar@ the con-
centration of total carbon-containing products (excluding
residual reactant) (ppmv).

e Carbon balance value

BC=
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Fig. 3. Abatement of Cfat room temperature and atmospheric pressure Fig. 5. CF; abatement by DBD and CPC as a function of applied fre-
by catalysis, DBD, and CPC, respectively. The inlet gas streams contain quency. The inlet gas streams contain 300 ppm,@P% Ar, 20% Q,

300 ppm Ch, 40% Ar, 20% Q, and N as balance. The gas flow rate is  and Ny as balance. The gas flow rate is kept at 600 sccm. The voltage of
kept at 600sccm. For CPC and DBD, applied voltage and frequency are g c. power is set to 15kV.

15kV and 240 Hz, respectively.

the plasmas are induced, £Femoval efficiency increases and applied frequency were kept at 600 sccm and 60 Hz, re-
instantly and 60% Cfis removed. On the other hand, CF  spectively. For the case of DBD, gFannot be removed
removal efficiency achieved by DBD is only 43%. In other until the applied voltage is higher than 7kV because the
words, CPC achieves 17% higher removal efficiency than plasmas are not yet induced. As applied voltage is increased
DBD. These facts demonstrate that enhancement of CF from 9 to 21 kV, Ck removal efficiency increases linearly
abatement is achieved by packing catalysts into a plasmafrom 1 to 28%. Similar trend is observed for CPC experi-
environment. ment. However, the efficiency of CPC is about 5% higher
The operation parameters of catalysis generally include than that of DBD. In brief, CkFremoval efficiency increases
gas temperature and pressure. In contrast, the adjustable pawith increasing applied voltage for both DBD and CPC. It
rameters of nonthermal plasmas include applied voltage, fre-is attributed to that a higher electric field is induced when
guency, and gas pressure. The aim of this study is to developa higher voltage is applied. Electrons accelerate in elec-
a technology that is functional at room temperature and at- tric field and their kinetic energies increase in the mean-
mospheric pressure. Therefore, the following experimental time. These energetic electrons are suitable to decompose
tests are conducted to evaluate the influences of applied volt-PFCs.
age and frequency on DBD and CPC for L&batement. In addition to applied voltage, another important parame-
Fig. 4 shows the dependence of £Femoval efficiency on  ter for nonthermal plasmas is applied frequency. As applied
applied voltage. The feeding gas streams contained 300 ppnfrequency is increased, more power is deposited into the
CFy4, 40% Ar, 20% @, and balanced N The gas flow rate  plasmas, resulting in a greater electron density and higher
electron-impact reaction rates, which in turns of a higher de-
struction efficiency. In other words, a higher PFC removal
efficiency can be achieved when a higher frequency is ap-
plied. Experimental results agree with this interpretation
as shown inFig. 5. The experimental conditions are kept
the same as that shown Kig. 4 except for applied volt-
age and frequency. The applied voltage was kept at 15kV,
while the frequency varied from 60 to 240 Hz. Difference
of CF4 removal efficiency between DBD and CPC is get-
ting larger with the increase of applied frequency. For ex-
ample, 5% difference is found between CPC and DBD op-
erated at 60Hz, and 15% at 240Hz. This result implies
LR R that CPC being operated at a higher frequency favorg CF
0 5 10 15 20 abatement.
Applied Voltage (kV) Fig. 6shows the dependence of pfemoval efficiency on

. N .
Fig. 4. CR abatement by DBD and CPC as a function of applied voltage. oxygen content varylng from 0 to 200/0 by volume. The inlet
The inlet gas streams contain 300 ppm4CE0% Ar, 20% Q, and N gas streams contain 300 ppm £.R0% Ar’ select @ con-

as balance. The gas flow rate is kept at 600sccm. The frequency of a.c.t€nt, and balanced NThe gas flow rate is kept at 600 sccm.
power is set to 60 Hz. For CPC and DBD, applied voltage and frequency are kept

CF4 Abatement (%)
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Fig. 6. Influence of oxygen content on £Bbatement by catalysis (Cat.),
DBD, and CPC. The inlet gas streams contain 300 ppm, @B% Ar,
select Q content, and balanced;NThe gas flow rate is kept at 600 sccm.
For CPC and DBD, applied voltage and frequency are kept at 15kV and
240 Hz, respectively.

at 15kV and 240 Hz, respectively. For the case of @bate-
ment by catalysis only, removal efficiency is relatively low
regardless oxygen content. On the other hand, removal ef-
ficiency increases with increasing oxygen content for both
DBD and CPC. In plasmas, O atoms are generated via ‘ .
electron-impact reactions,,3- e -~ O+ O+ e. Hence, the CO, coO COF; CF,
m-ore oxygen content _m the fegdmg gas, the more O at(_)mSFig. 8. Products’ selectivity for GHa) and GFs (b) abatements by DBD
will be fprmed. Chemma”y active O atoms can react With  and CPC. The inlet gas streams contain 300 ppr @FC,Fs, 40% Ar,
CF;3 radicals to inhibit the recombination to form ger 20% O, and balanced N The gas flow rate is kept at 600sccm. The
C,Fg (Reactions (5)—(7))ig. 6also demonstrates that ¢F applied voltage and frequency are kept at 21 kV and 60 Hz, respectively.
abatement by CPC is greater than that by DBD. This result
|nd|caftes that the packed catalysts do not suffer adverse ef-of PECs is in the order of NF> SFs > CoFs > CFa.
fect with the presence of oxygen. . .

. This sequence is in the reverse order of bond energy of

Previous results demonstrate that,;Gbatement by CPC . .
) I N-F < S—-F < C-F. A weaker bond is easier to decompose.

can be functional under room temperature. In addition, CPC The maximum removal efficiency achieves 66% for .CE
has better performances than DBD. The latter part of the y 4

study is going to evaluate the performance of CPC for other i(t)r?vgri?ctjr?sn;)r/eoatczh‘ilgvlga f;vrrg;n?:f) Qfgzzf?}ezﬁgqnpclstsf
PFCs (sed-ig. 7). The operation conditions are controlled 150 Hz
the same as previous tests. Concentration of each PFC is ) - . .
fixed at 300 ppm. The destruction efficiency of four kinds The selectivity of products formed in destroying £Jth
' DBD and CPC is shown ifrig. 8@). The carbon balance

value was 0.98. The gas streams contained 300 ppm CF

Selectivity (%)

100 40% Ar, 20% Q, and balanced N The major products
formed in DBD process include GQCOR, and CO. The
9 80 carbons of Ckare converted to C&£and COR, correspond-
= I ing to 48 and 45%, respectively. Formation of GO&spec-
g 60 ulated through gas-phase radical reactions, e.g.40B —
ié 5 COR, + F; CR, + O, — COR, + O. Carbon monoxide is
< mainly formed by electron impact with GGand/or COER,
E 5 | e+C0O, - CO+0+¢€; e+ COFR, — CO+Fy+e.Fig. §a)
| = CF, also shows the selectivity of products in the CPC experi-
0 g , R TR ment. The carbon balance value was 0.93. Major products
" 156 20 - include CQ and a little CO. Interestingly, CQRwhich had
) a high selectivity in DBD experiments was not found in CPC
Applied Frequency (Hz) experiments.
Fig. 7. Abatement of CE CoFs, SFs and NFs with CPC. The inlet gas Fig. 8b) shows the selectivity of products gchieved with
streams contain 300 ppm PFCs, 40% Ar, 20% @nd balanced N The DBD and CPC for GFg abatement. The major products

gas flow rate is kept at 600sccm. The applied voltage is kept at 15kV. identified by FT-IR include C@ COR,, CO, and Ck. These



M.B. Chang, H.M. Lee/Catalysis Today 89 (2004) 109-115 115

chemicals, except for GF-formed in GFg processing are  Acknowledgements
the same as the products formed insQ#tocessing. Ck
are generated from recombination of £&nd F radicals. The authors express their gratitude for the National
The major products formed in DBD process includesCO Science Council of the Republic of China for fund-
COR,, CO and CH, corresponding to 45, 43, 10, and 2%, ing under grant numbers NSC 90-2211-E-008-030 and
respectivelyFig. 8b) also shows the selectivity of products NSC-91-2211-E-008-039.
in the CPC experiment. Again, neither CORor Ck can
be found in CPC experiment.
In brief, the major products formed in DBD process are References
COy, COR and a little CO. A little CE is also formed in
C,Fs abatement. COFis a toxic gas (TLV= 2 ppm), and [1] L. Beu, P.T. Brown, Proceedings of the IEEE/CPMT Interna-
CF, is a greenhouse gas. These unwanted chemicals must tional Electronics Manufacturing Technology Symposium, 1998,
be further treated. In contrast, the major products in CPC __ PP- 277-285. ,
. . [2] W.B. Feaver, J.A. Rossin, Catal. Today 54 (1999) 13.
process are CPand a little CO, which are less harmful to [3] H. Windawi, M. Watt, Plat. Met. Rev. 37 (1993) 186
human health and the environment. [4] S. Imamura, Catal. Today 11 (1992) 547.

[5] M.M. Farris, A.A. Klinghoffer, J.A. Rossin, D.E. Tevault, Catal.
Today 11 (1992) 501.
4. Conclusions [6] J. Fan, J.T. Yates, J. Phys. Chem. 98 (1994) 10621.
[7] S. Karmakar, H.L. Greene, J. Catal. 151 (1995) 394.

. . . [8] R.S. Brown, J.A. Rossin, K. Aitchison, Solid State Technol. 44
This study investigates the enhancement of PFC abate-  (2001) 189.

ment by combining catalysis with plasma technologies. CPC [9] J. Kiplinger, L. Richmond, C. Osterberg, Chem. Rev. 94 (1994) 373.
is functional to PFC abatement at room temperature and at-[10] D.T. Chen, M.M. David, G.V.D. Tiers, J.N. Schroepfer, Environ. Sci.
mospheric pressure. PFC destruction efficiency achieved by __ Technol. 32 (1998) 3237. _
CPC is greater than that achieved by either catalysis only or[ll] J:S. Chang, K.G. Kostov, K. Urashima, T. Yamamoto, Y. Okayasu,
o . Y. Kato, T. Iwaizumi, K. Yoshimura, |IEEE Trans. Ind. Appl. 36

plasma only. In addition, products in CPC process are less  (2000) 1251.
harmful to human health and the environment compared with [12] B.A. Wofford, M.W. Jackson, C. Hartz, J.W. Bevan, Environ. Sci.
the products formed in DBD process. Experimental results Technol. 33 (1999) 1892. _
demonstrate that CPC is a good means for PFC abatement13] M-B. Chang, S.J. Yu, Environ. Sci. Technol. 35 (2001) 1587.

. . . [14] S.J. Yu, M.B. Chang, Plasma Chem. Plasma Proc. 21 (2001) 311.
Complete destructions ar,e ,aChI,eved for processingasie [15] M. Makkee, A. Wiersma, E.J.A.X. van de Sandt, Catal. Today 55
NF3 by CPC. Removal efficiencies for gand GFg are 66 (2000) 125.
and 83%, respectively. Although the efficiencies foy@Rd [16] M.A. Lieberman, A.J. Lichtenberg, Principle of Plasma Discharges
CyFgs abatements are not high enough, it must be pointed  and Materials Processing, Wiley, New York, 1994, pp. 497-502.
out that the current CPC system has not been optimized.[17] G.C. Bond, Heterogeneous Catalysis: Principles and Applications,

. . 2nd ed., Clarendon Press, Oxford, 1990, p. 46.

Studies Or_' _CP_C operation at elevated tempera_tu_re and r(':"[18] J.T. Houghton, L.G. Meira Filho, B.A. Callander, N. Harris, A. Kat-
actor modification to enhance PFC removal efficiency are tenberg, K. Maskell, Climate Change 1995—The Science of Climate

on going. Change, Cambridge University Press, New York, 1996, p. 121.



	Abatement of perfluorocarbons with combined plasma catalysis in atmospheric-pressure environment
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


