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A non-thermal, atmospheric pressure plasma with a titanium dioxide catalyst were combined to destroy difluorochloromethane,

CCl2F2, (CFC-12) in gas streams of nitrogen and air using two configurations; one where the catalyst was incorporated directly into

the plasma and the other where the catalyst was downstream of the plasma. The single stage reactor, in both gas streams, gave

significant enhancement of the CFC-12 destruction with high energy efficiency. Both configurations decreased NOx production

when processing in air. No loss in catalyst surface area or activity was observed.
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1. Introduction

Halogenated volatile organic compounds, such as
chlorofluorocarbons, CFCs, released into the tropo-
sphere pose a real environmental threat as greenhouse
gases and ozone depleting chemicals. This has forced
researchers to identify new methods and technologies to
allow the safe and economic destruction of such waste
gases. Most studies on the decomposition of CFCs have
used thermal or catalytic methods [1]. Several groups
have used catalysts such as c-alumina, [2,3], TiO2 [4,5],
TiO2 mixes [6–8] and zeolites [9–12]. Others have tried to
overcome the problems associated with these methods,
such as the large energy requirement for producing high
temperatures and the possible formation of dioxins by
looking at alternatives including the use of plasma dis-
charges. Thermal plasmas using a plasma-arc torch have
been employed [13] to convert CFC-12 into the less
environmentally damaging CFC-13, CClF3, and a
microwave plasma torch has also been used [14] to
destroy CFC-12 in atmospheric pressure air. A surface-
induced plasma discharge has been shown [15] to
achieve 93% decomposition of CFC-12. Gal et al. [16]
examined the chemical transformations of low concen-
trations of CFCs using non-thermal plasma processing
in nitrogen gas streams. We have also studied the
removal of CFC-12 by non-thermal plasma processing
at atmospheric pressure in both air and nitrogen gas
streams [17].

It has been demonstrated that the use of a plasma
discharge in conjunction with a catalyst gives a syner-

gistic effect due to plasma-activated catalysis when
applied to the destruction of gaseous pollutants such
as VOCs, halogenated solvents and NOx [18–20].
Recently, Ogata et al. [21,22] have studied the destruc-
tion of CFC-13, CClF3, in atmospheric pressure argon
using a surface plasma discharge packed with different
catalysts. In this letter, we show that the combination of
plasma and catalysis methods using TiO2 gives enhanced
destruction of CFC-12, CCl2F2, in nitrogen and air at
atmospheric pressure and demonstrates selectivity in the
end-products.

2. Experimental

The experimental arrangement is a modification of
that used previously [17]. The baseline measurements,
termed plasma-alone, used a dielectric pellet-bed plasma
reactor consisting of a glass tube of 24 mm internal
diameter with two electrodes 25 mm apart, packed with
12 cm3 barium titanate beads (3.5 mm diameter)
through which the gas mixture passed. An AC voltage of
16.5 kVpk-pk at a frequency of 10.25–13.25 kHz was
applied between the electrodes. Using a digital storage
oscilloscope (Tektronix TDS 3012), current and voltage
waveforms were recorded for the discharge by using a
calibrated high voltage probe and measuring the current
across a 1 kW resistor in the return earth path from the
reactor. This indicated an electrical input power of
1.1 W and a plasma energy density of 66 J litre)1.

The TiO2 catalyst (Alfa Aesar) was prepared by being
ground and sieved. The 500–850lm fraction was used in
the experiments and the surface area was determined as
137 m2 g)1 using nitrogen BET (Coulter SA 3100). In
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the one-stage plasma-catalysis reactor, 5 mL of catalyst
was added to the BaTiO3 beads giving a 8:1 Ba-
TiO3:catalyst ratio and a slightly reduced electrical input
of 0.90 W (54 J L)1). A two-stage reactor configuration
was also used where 0.5 mL of the TiO2 catalyst was
placed directly downstream after the plasma with a 96:1
BaTiO3:catalyst ratio. The operating temperature of the
plasma and catalyst is �150�C in the single stage reactor
and �140�C for the catalyst in the two-stage arrange-
ment. The carrier gas, pure nitrogen or synthetic air
(80% nitrogen with 20% oxygen) was used as supplied
(BOC Gases). The flow of the carrier gas and CFC-12
(Argo International) was maintained by mass flow
controllers (MKS Mass Flo) and passed through the
reactor at a pressure of 1 bar. No attempt was made to
dry the gases. The residence time was 0.25 s for a total
flow rate of 1 L min)1. The space velocities were 10,000
and 120,000 h)1 GHSV for the one-stage and two-stage
reactor configurations, respectively. The degree of
destruction of CFC-12 and the identity of the end
products of the plasma processing were monitored on-
line by infrared spectroscopy using a long-path gas cell
(2.76 m Venus Series) and a FTIR Spectrometer (Shi-
madzu 8300) with a resolution of 1 cm)1. In the plasma
reactor, the concentration of the end-products reached a
stable level after about 20 min of processing and the
results presented were recorded after 1.5 h. Infrared
spectra of the catalyst surfaces before and after pro-
cessing were taken using ATR-IR (Perkin Elmer, Spec-
trum One with ATR Sampling Accessory).

3. Results

The results for the destruction of � 500 ppm of CFC-
12 are shown in figures 1 and 2 for plasma-catalysis
processing in nitrogen and air, respectively. The
destructions and concentrations of the end-products are
given in table 1. The baseline gas-phase result for the
CFC-12 destruction with plasma alone is 21 and 12%
for processing in nitrogen and air gas streams, respec-
tively. The products as detected by FTIR are CO, CO2,
COF2, HCl and N2O in nitrogen gas streams and CO,

CO2, COF2, HCOCl, NO, NO2 and N2O in air. The
oxygenated species produced during the processing in
nitrogen are due to an intrinsic source of oxygen in the
BaTiO3 beads which is an accepted phenomenon [23].
We believe that the source of hydrogen in the HCl and
HCOCl products comes from trace amounts of moisture
in the gas streams or adsorbed onto surfaces and that
HCl and HCOCl are not primary products of the
decomposition but arise from secondary reactions of
water with reaction intermediates or end-products.

In the nitrogen gas stream (figure 1), the destruction
of CFC-12 is enhanced to 27% using plasma in com-
bination with the TiO2 catalyst in a one-stage reactor
configuration, whereas the destruction in the two-stage
configuration is comparable to the plasma-alone value
of 21%. In the air gas stream (figure 2), the one-stage
plasma-catalysis reactor configuration more than dou-
bles the CFC-12 destruction to 27% from the plasma-
alone value of 12%. A modest increase is observed for
the two-stage reactor configuration with a CFC-12
destruction of 14%. The concentration of the undesir-
able NOx by-product from plasma processing in air is
also decreased from 468 ppm, to 368 and 336 ppm in the
one- and two- stage reactor configurations, respectively
(table 1). This reduction in NOx comes from the elimi-
nation of NO which is completely removed in the two
stage configuration with the amount of NO2 remaining
unchanged.

ATR-IR shows modification to the catalyst surfaces
had occurred after 8 h of processing with less parent Ti–
O bonds present especially in air streams. Due to the
high absorbance of bulk Ti–O and Ti–O2 bonds below
1200 cm)1, possible chlorine and fluorine bonds cannot
be identified successfully. Nitrates and NOx are thought
to be present in the region between 1225 and 1575 cm)1

with no other significant new peaks visible on the
spectra.

Studies were also made for a range of other catalysts
(c-alumina and the zeolites, HZSM-5, NaZSM-5, NaA
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Figure 1. Chart showing the percentage destruction of CFC-12 in a

nitrogen gas streams using one- and two-stage plasma-catalysis reactor

configurations with TiO2.
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Figure 2. Chart showing the destruction of CFC-12 in an atmospheric

pressure air stream using plasma-catalysis with titanium dioxide in

both one- and two-stage reactor configurations. The percentage

destruction of CFC-12 is designated by solid bars and the NOx

concentrations (in ppm/10) by open bars.
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and NaX). The combination of plasma and catalyst
failed to enhance the destruction of CFC-12 in air
streams in either configuration although NOx was
reduced in all cases particularly when using NaX in a
one-stage configuration. Ogata et al. [21] report that
plasma-catalysis using Al2O3 catalyst does not enhanced
the destruction of CFC-13 whilst TiO2 does.

4. Discussion

We have shown that the combination of plasma and a
TiO2 catalyst has a particular synergistic effect on the
destruction of CFC-12 in both nitrogen and air streams
giving similar levels in both cases in contrast to plasma-
alone where processing in air is much less effective than
in nitrogen as we observed previously [17]. The
destruction of CFC-12 in air is increased by 125% by
incorporating a TiO2 catalyst directly into the plasma
discharge. An additional benefit of combining plasma
and catalyst is that there is also a reduction in the yield
of NOx when processing in an air stream. In considering
the nature of plasma-activation of a catalyst, it is clear
that the identity of the plasma-generated species avail-
able to the catalyst will influence its ability to destroy
CFC-12. In the one-stage reactor configuration where
the plasma and catalyst are in intimate contact, there is
the possibility of contributions from electron- and
photon-induced processes, surface-discharges and short-
lived radicals and excited species whereas only long-
lived radicals, reaction intermediates and products can
activate the catalyst in a two-stage configuration. The
nature of the active sites and the surface-adsorbed spe-
cies will also be important.

The reaction mechanism for the gas-phase plasma
destruction of CFC-12 in air has been outlined in a
previous paper [17]. The main reaction routes are
summarised in figure 3. CFC-12 has a large cross-sec-
tion for dissociative electron attachment [16,17] and
this is the primary step in the decomposition of CFC-
12 together with a minor participation by collision
dissociation by metastable nitrogen, N2(A

3P
u
+) in the

case of processing in pure nitrogen. The CF2Cl radical

recombine with O2 to form a peroxy-radical which
then is converted into COF2 and further oxidised along
with other intermediate species into CO and CO2. In
dry systems, the halogen end-products are assumed to
be Cl2 and F2 as confirmed by Wang et al. [1] in their
plasma study. Our FTIR system cannot detect F2 and
Cl2.

In a plasma discharge in air, NO, NO2 and N2O are
commonly produced [17,24] and are undesirable end-
products. They arise because excited-state nitrogen
atoms formed in the plasma discharge react with
molecular oxygen to form NO, which is further oxidised
by atomic oxygen and ozone to NO2

N�ð2DÞ þO2 ! NOþO: ð1Þ

Further reaction of atomic nitrogen with NO2 gives rise
to N2O,

N�ð2DÞ þNO2 ! N2OþO ð2Þ

which can also be formed by the following reaction

N2 A3Rþu
� �

þO2 ! N2OþO: ð3Þ

These reactions of nitrogen species in the discharge
containing oxygen account for the reduction in the

Table 1

The concentrations of the initial CFC-12 and the end-products after processing in ppm and the percentage destruction of the CFC-12

Configuration Plasma-alone in N2 1-Stage N2 2-Stage N2 Plasma-alone in air 1-Stage air 2-Stage air

CFC-input 509 517 513 515 504 517

% Destruction 21 27 20 12 27 14

CO 1 2 2 0 0 0

CO2 2 31 11 13 44 18

COF2 13 0 13 25 0 0

HCOCl 0 0 0 42 88 62

HCl 0 58 0 0 47 0

NO 0 0 125 32 0

NO2 0 0 343 336 336

N2O 34 15 30 180 15 16

CCl2F2 CO2
+ Cl2 + F2

CF2Cl 

e-N2 (A
3Σu

+
)

COF2

CF2ClO2

CO

O, O2
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NO 
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Figure 3. A schematic diagram of the reaction pathways for the gas-

phase decomposition of CFC-12 in air. The species in boxes are

detected by FTIR.
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plasma-alone destruction of CFC-12 seen in air com-
pared with a nitrogen gas stream (21–12%) as they
occur with greater efficiency than decomposition reac-
tions of CFC-12. In the plasma-catalysis experiments,
the catalyst provides additional decomposition path-
ways that enhance CFC-12 destruction and remove the
distinction between processing in air or nitrogen.

TiO2 is a well known photocatalyst and has Schottky
defects giving n-type semiconductive properties and a
band gap of 3.2 eV. It is suggested that photocatalysis
occurs as photons can activate the catalyst�s band gap of
3.2 eV [25,26]. Absorption of near-UV light at wave-
lengths <385 nm is followed by electron–hole pair
generation which produces radical cations, OHÆ) from
any chemisorbed water and O2

Æ) in aerated systems, with
oxidative activity attributed mostly to valence-band
holes, O2

Æ)/ÆO2H and H2O2 [27]. Degradation of the
CFC-12 occurs through combined reductive and oxi-
dative processes on TiO2 [28]. The use of TiO2 in this
way operates at atmospheric pressure and reaction
products are usually CO2, H2O or HCl in the case of
chlorinated organic compounds [25]. Our packed bed
plasma reactor is a weak source of UV light but the
electrons in the discharge have a mean energy of 3–4 eV
and it is suggested [29] that the impact of plasma-gen-
erated electrons on the TiO2 surface in the one-stage
configuration can produce electron–hole pairs in the
same manner as photon absorption

TiO2 þ eð3:2 eVÞ ! hþ þ e� ð4Þ

Nakamura et al. [30] have shown that oxygen vacancies
are created by plasma excitation of TiO2 and that elec-
trons can be trapped on these vacancies. Ogata et al. [22]
have suggested that plasma action on TiO2 directly
activates lattice oxygen and OH in the TiO2. It is those
species which dissociate the CFC and account for the
equal destruction efficiency observed in both N2 and air
in contrast to the pure plasma dissociation of CFC-12
where the destruction in nitrogen was more efficient than
in air [17].

Such a mechanism cannot operate in the two-stage
configuration as photons and electrons will not pene-
trate beyond the discharge to the downstream catalyst
and the plasma-activated species will be reactive inter-
mediates and long-lived species (e.g. ozone [22]) giving
reduced enhancement in the CFC-12 destruction. Kar-
makar and Greene [5] investigated the thermal decom-
position of CFC-12 on TiO2 at 200–400�C without UV
excitation and found the catalyst to have the maximum
activity and stability compared with others tested pre-
viously including zeolites. They observed conversion to
CO2 and halogen acids and interestingly a 75% reduc-
tion in surface area after 4 days, most of which (50%)
took place during the initial 1–1.5 h of reaction. We do
not observe any surface reduction with our surface areas
remaining essentially unchanged at � 137 m2 g)1. Their

explanation of the decreased surface area was fluorina-
tion of the surface i.e. replacement of surface oxygen
and/or hydroxyls by fluorine. Deactivation of the cata-
lyst was due to the loss of TiO2 as halides and oxyhalides
and production of TiOF2 as a solid in the reactor and
the activity deteriorated due to loss in catalyst weight
and surface area. It would seem that under our plasma-
catalysis condition, the TiO2 catalyst does not undergo
such degradation suggesting that plasma-generated
species are more effective than those generated ther-
mally. Karmakar and Greene [5] found that if water was
added to the feed gas then the surface area was not
affected to the same extent. This agrees with photocat-
alytic work by Alberici et al. [25] who found that the
titania surface becomes partially dehydroxylated as the
processing proceeds and if hydroxyl radicals are con-
sumed in the heterogeneous oxidation reactions, then
the surface must be continuously rehydrated if long-
term catalytic activity is to be maintained.

Titanium dioxide is used often in conjunction with
other metal oxides such as V2O5 for the selective cata-
lytic reduction (SCR) of NO to N2 by ammonia.
Hashimoto et al. [31] have studied the photocatalytic
oxidation of NO on TiO2 where the NO reacts with the
O2

) to give nitrate, NO3
), on the titania surface. Dors

et al. [32] have examined the SCR of NOx with
ammonia on plasma-activated TiO2 and suggest that
trapped electrons formed by the mechanism suggested
by Nakamura et al. [30] can form O2

) in dry air steams
giving trapped nitrate ions, NO3

) upon adsorption of
NO. This suggests a mechanism for NO removal on
plasma-activated surfaces and it is noteworthy that we
observe NOx reduction that is essentially brought about
by NO removal. ATR-IR indicates the presence of
nitrates on the surface of the catalyst supporting this
mechanism for NOx removal.

5. Conclusion

Plasma-assisted catalysis using TiO2 shows particular
effectiveness for the destruction of CFC-12. The one-
stage packed-bed reactor configuration, in both gas
streams, gives significant enhancement of the CFC-12
destruction to 27% at a relatively low energy con-
sumption (� 54 J L)1). In contrast, Ogata et al. [21] get
a �34% destruction of 1% CFC-13 in argon with an
energy efficiency using a surface discharge plasma-
catalysis configuration with an energy input of
1200 J L)1. In both plasma-catalysis configurations for
processing in air, there is a decrease in the yield of the
unwanted NOx by-product. The mechanism of plasma-
catalysis destruction is thought to be due to the plasma
activating the TiO2 by electron-impact and photon
absorption in a one-stage configuration with degrada-
tion occurring through combined reductive and oxida-
tive processes on the catalyst surface. In the two-stage
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configuration, reactive intermediates and long-lived
species created in the discharge enhance the destruction
on the TiO2 surface. No loss in surface area or activity
was observed during plasma-catalysis processing in
contrast to studies with only a catalyst although ATR-
IR indicates that the catalyst surface does appear to
have been slightly modified.
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