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Decomposition of gaseous CF,CIBr by cold plasma method
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Abstract—— The paper presented the results regarding the decomposition of gaseous CF:ClBr by
cold plasma method, After two minares discharge, the maximum decomposition rate of 2560 Pa
CF3CIBr pure and 266¢ Pa CF;CIDr pius 7980 Pa O; reached 60% and 80% , respectively. The pa-
per also studied the cold plasma ges phasc chemistry reaction mechanism of CF;ClBr at low pres-
sure, and the pressure effects of CF;ClBr and added gas (He, Nz, (J;and dry zir) on the CF,CIBr
decomposition respectively by cold plasma method. These studies will be helpful 1o application of
cold plasma method in the treatment of hazardous gasecus wastes.
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1 Introduction

Cold plasma is also called nonthermal equilibrium plasma in which the electrons have a
much higher energy or temperature than the heavier particles like ions, the neutral gas parti-
cles ete. This means that the whole system can be kept at a low temperature, even at room
temperature , while the electrons have enough energy to give rise to the excitation, ionization
and dissociation of the gaseous molecules, which result in the production of many chemically
active species such es atoms, molecules, radicals, ions, electrons and so on. The interaction
of these species can lead to the destruction of a chemical substance, and the production of a
new one. So plasma chemistry method can be used for aimed destruction or removal of cer-
tain undesired substances.

The application of the cold plasma method in the treatment of the environmental pollu-
tants has been paid more and more attentions in recent years. The cold plasma method is
known as an effective, easily obtained, low costing, and low energy consuming method in
treating some environmental pollutants. We used this method to decompose gaseous
CF,ClBr, which (also called Halon 1211 or Freon 12B1 or BCF) is a typical example of

Halons substances, After delivered to the stratosphere, Halons will release Br radical under
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UV irradiation. The chain reaction of Br and O, plays one of the most important roles for O,
depletion in the stratosphere and therefore the studies on the decomposition of CF.CIBr by

cold plasma method has practical significance.

2 Experimental

The purity of CF,CIBr is 99, 95%. It is not further purified before uses, He, N,, O, and
air are commercial gases. The purities of He, N, and Q, are all 99. 99%.

The cold plasma apparatus is shown in Fig. 1. A cylindrical sample tube, the middle of
which is a hollow, is made of glass. The tube is 19.5 cm long. Its outside diameter is 2 cm
and inside diameter is 1. 2 cm. A layer of aluminum foil i1s kept close to the inside wall of the
sample tube and is well grounded. The coils of the high frequency generator, whase frequen-
cy is lower than 20 MHz and whose voltage is about 1. 5—3 kV, are evenly winded on the
outside wall cf the sample tube. An induced electric field is occurred in the tube when the
high frequency generator works, that is, when discharge works. The clectrons will eertainly
impact with gas molecules to make the molecules ionize during the process of their being ac-
celerated by the induced field. A cold plasma is thus formed in the volume of the sample
tube.

The main analysis methods in our study are Fourier transform IR spectrophotometer and
gas chromatography. The parameters of gas chromatography are shown as follows. Detec-

tor: thermal conductivity cell; Carrier gas: N;; Chro-

Valve .

ayr l v
digh frequency coiis matography column; 2-meter long stainless steel column
= - containing G.D. X-105 80— 100 mesh; Column tempera-

~~ Aluminum foil ‘ . .
Sample ~ (grounded)  ture: 170°C; Vaporization temperature: 190°C; Flowing
velocity of N,: 18 ml/min; Current of thermal conduc-
Fig. 1 The cold plasma apparatus tivity cell; 120 mA,

3 Results and discussions

3.1 The cold plasma volume gas phase reaction of CF,CIBr at low pressure

The GC and IR spectrum of 2660 Pa CF,CIBr after 5 minutes discharge are shown in
Fig. 2 and Fig. 3 respectively . In Fig. 2,there are 5 new peaks and these new peaks are re-
spectively labeled as 1, 2, 3, 4 and 5 according to their order of peaks’ presenting. Fig. 3
shows that the new products are CF,, CF,Br, CF,Cl,;, CF,Br,, CFCl; and CFCl,Br. Through
the careful analysis, it is attributed peak 1, 2, 3, 4 and 5 of Fig. Z correspond respectively to
CF,, CF;Br, CF,Cl,, CF,Br,(compared with these materials’s GC spectrum) and the mixture
of CFCl; and CFCl;Br. The changes of CF,ClBr and the products with the discharge time are
shown in Fig. 4 and Fig. 5 respectively. In Fig, 4, the decomposition rate of CF,ClBr increas-
es with the discharge time first. The decomposition rate is 44 % when the discharge time be-

ing 2 minutes. And then it reaches a constant, 80% with 10 minutes or longer discharge
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Fig. 3 a: The IR spectrum of 2660 Pa CF;CIBr before discharge

Fig. 2 The gas chromatogram of 2660 Pa b: The IR spectrum of 2680 Pa CF,CIBr after 5-minute dis-

CF,CIBr after 5-minute discharge charge
time. In Fig. 5, the changes of CF,Br, CF,Rr;and the mixture of CFCl; and CFCl,Br are like
that of CF,ClBr in Fig. 4. But the changes of CF, and CF,Cl; are competing , with one increas-

ing while the other decreasing.
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Fig. 4 The change of CF;ClBr with the discharge time Fig.5 The change of the products with the discharge time

In order to explain the changes of CF,ClBr and the products with discharge time, the
plasma chemistry reaction mechanism is presented as follows.

Only the gas-phase reactions occurring in the volume part of the plasma is discussed
here, not including the surface reaction. Plasma chemistry results from the complex impacts
between the chemically active species such as electrons, ions, atoms, radiczls and molecules
in the plasma form. We suppose that the main chemically active species taking part in the re-
actions in the CF,CIBr cold plasma are the radicals Br, Cl, F, CF, CF;, CF;Cl and the ions
Br~, ClI-, F~, CF*, CF,", CF,Cl*". The concentration relation of these species is Br>Cl>
F, CF,C1>CF,>CF, B >Cl >F, CF,CI*>>CF," >>CF™ because the bond energy of C-F
in CF,CIBr is stronger than that of C-Br and the bond energy of C-Cl is stronger than that of
C-Br (Driscoll, 1992). These species are produced by the ways as follows:

CF.,ClBr + e — CF.,Cl + Br + ¢; CF,ClBr + e — CF,Cl +Br~;

CF.CIBr + e — CF,CI"+ Br 4+ 2¢; Br +e¢— Br~

s
¥
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CF.Cl"+ ¢ — CF,Cl; CFLCl +e—CF,+ Cl 4+ &;
CF,+ e—CF;+ Cl7; CF,Cl 4+ e — CFy + Cl + 2e;
Cl+e—Cl; CF,"+ e —— CFy;
CF,+e—CF + F +e; CF,+e—CF + F7;

CF,+ e—=CF"— F + 2¢; . F+e——F".

Because Br, Cl and F are elements having great affinity and so the step, Br(Cl,F) + e
—= Br* (CI*,F*) + 2e, is negligible. It is believed the concentration of Br*, CI™, F* are
very low and these particles may be negligible compared with Br, Cl, F on discussing the

mechanism. The main reactions worthy to be considered are as follows:

CF.Cl + Br— CF,Clbr, CF,Cl* + Brm— CF.ClBr (D
CF.Cl + Cl— CF,Cl,, CF,Clt+ ClI/— CF.Cl, (2)
CF.Cl + F — CF,+ Cl, CF,ClI"+ F— CF;+ (I (3)
CF,+ Br-—— CF,Br, CF.;*+ Br—— CF,Br (4
CF,;+ Cl— CF.Cl, CF,"— ClI=— CF.Cl (3)
CF,+ F — CF;, CF,"— F —CF,. (6)

The reason that CFiCl is not to be produced in step (3) are; (a) CF;Cl is not found in
the product analysis through IR spectrum; (b) the loss of the kinetic energy of F(F7) is
small during the impact between F(F~ ) and other species in the electrical field because F is a
light element. So F(F~) can easily amass its energy when being accelerated by the induced
electric field and pass its energy to CF,Cl (CF;CI") to make Cl dissociated from CF,Cl
(CF,Cl™); (¢) in view of the bond energy relation, C-F > C-Br, step (3) is exothermic,
permitted to occur by thermal dynamics. In addition, the mechanism is also analyzed from
the products.

The source of CF:Br is:

CF.Cl 4+ F —» CF,+ Cl

CF,Cl*4+ F— CF,+ Cl

CF,+ F— CF,

CFy+ F — CF;

The source of CF,Br; is;

CF,+ Br— CF,Br

CF}+ Br~—— CF,Br

CF,Cl, CF,, F, Br and CF,Cl~, CF,", F~, Br™ in the CF,CIBr plasma will increase

with the increase of discharge time first and then keep unchanged after a period of discharge

CF;+ Br— CFBr

CF,Br + Br — CF,Br,

time. So the changes of products CF,Br, CF,Br, produced from the impacts between these
species with the time (Fig. 5) take on the same as those of these species.

The competing mechanism of CF, and CF,Cl; is:

CF,+ F— CF,;, CFf 4+ F—CF,

CF,Cl + F — CF,+ Cl, CF,Cl' + F— CF;+ Cl

CF.Cl + C1— CF.Cl,, CF,Cl™ + Cl™— CF,Cl,

CF,+ F—CF,
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When discharge begins, in addition to its reacting with Br{Br™ ) to return to CF,ClBr,
the main reaction of CF,Cl{CF,Cl*) is that it reacts with CI{Cl™) to produce CF,Cl; because
the concentration of C1(Cl™) is greater than that of F(F~) in the sample tube. Because the
concentration of Br(Br™) is far greater than those of CI(Cl7) and F(F7). CI(C17) and F
(F~) will not compete with Br{Br™), and the reaction between CF; and Br will restrain the
reaction between CF, and F to produce CF,. So at the beginning of the discharge, CF,Cl, in-
creases while CF, decreases as shown in Fig. 5. With the continuing of discharge, CI(Cl7) is
soon depleted because of the rapid reaction between CF,Cl(CF,C1") and Cl1(Cl™). Then
CF,CI(CF,CI") reacts with F(F~) to produce CF; and Cl. CF; increases because of the reac-
tion. Besides the reaction between CF; and Br, CF; will react with F to produce CF,. So CF,
increases but CF,Cl, decreases. Then CI{Cl~ ) begins to increase and F(F~) is depleted with
the discharge time. When the concentration of CI(Cl™) is greater than that of F(F~) again,
the reaction between CF,CI{CF,Cl*) and CI(Cl ) plays a leading role. So the competing re-
action takes place circularly as above discussed.

The production of CFCl, and CFCL;Br connects with CF(CF*) whose concentration is
low in the CF,ClBr plasma. So the concentration of CFCl; and CFCL,Br is also low and their
change is slow. The reaction mechanism is not discussed in detail in our paper.

3.2 The pressure effects of CF,CIBr and added gases (He, N., O, and air} on the CF,CIBr
decomposition respectively by the cold plasma method

Fig. 6 shows the pressure efiect of CF,CIBr 64 R
34
a3

= 42
36

on the CF,CIBr decomposition. Fig. 7 shows the
pressure effects of added gases (He, N;, O; and

Decomposition rate of

-
air) on the CF,CIBr decomposition. = ;3
Fig. 6 and Fig. 7 show the decomposition §& 18
) ) 12
rate of CF,CIBr decreases with the increase of 6
. ) o ) o
the gas pressure. The change of the CF,CIBr de- 266 505 7.45 4.8 12.24 14.63
gas p € LIB 386 6.25 865 1104 1343
composition rate is mainly decided by the two Pressure, CF,CIBr, x103ra
kinds of reactions as follows : Fig. 8 The pressure effect of CF:ClBr on the CF:ClBr
CF.CIBr + e CF.Cl + Br + e decomposition with the discharge time being 2
CF.,ClBr + e — CF,Cl + Br~ (7 minutes

CF,CIBr + e — CF,Cl*+ Br + 2e
CF,Cl + Br + M — CF,CIBr + M 4 energy
CF,Cl-+ Br + M— CF,CIBr + M + energy

In step (7), the energy of the electrons is an important factor. CF,CIBr will be dissoci-

(8

ated only when its energy is greater than the bond energy of CF,;CiBr. In the plasma, the en-
ergy of the electrons is dependent on the intensity of the induced electrical field and the im-
pacts with the gas molecules (Eliasson, 1991). In step (8), M, the gas, is also an important
factor. The pressure effects of gases on the decomposition of CF;CIBr are discussed in detail

as follows.
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*F 106 3.2.1 CF.(CIBr

éj :g i H:2 In Fig. 6, the CF,ClBr decomposi-
EE 10 i tion rate decreases rapidly with the in-
; g ¢ ‘ crease of the CF,ClBr pressure. The de-
Esf.a ::j composition rate decreases from 60%,
E E‘* a0} when CF,CIBr pressure being 2660 Pa,
é.iu 11?)‘- ! to about 0%, when CF,CIBr pressure is
2 - F A_I 14630 Pa, Comparing of Fig. 6 with

CrIeT 3033 sess. 7077 90.%9 . o
20,22 40. 44 60.66  80.88 101.08 Fig. 7, it is concluded the CF,ClBr pres-

Partial e of 108 ..
artial pressure of added geses, 10T sure effect on the CF,CIBr decomposition

Fig. 7 The pressure effects of added gases on the CF.ClBr de- is the greatest as compared to that of He,
composition with CF;ClBr being 2660 Pa and the dis- N,, O, and air.

With the increase of the CF,ClBr

pressure, the electrons will impact with

more CF,CIBt molecules during their acceleration by the induced electric field. Because

charge time being 2 minutes

CF,CIBr is a polyatomic molecule and its distribution of energy level is very complex, the
electrons will easily take nonelastic impact with the CF,CIBr molecules and pass most of their
energy to the CF,CIRr molecules to excite them. The CF;CIBr molecules at excited state will
transfer their energy to the neighboring molecules through the collision with the other
molecules. The high energy contained by the electrons is rapidly averaged by the CF.ClBr
molecules at high pressure and the cold plasma can not be formed. So the electrons amass
their energy with more difficulty and the quantity of the electrons having enough energy to
make CF,ClBr dissociate decreases and therefore step (7) is restrained. This is the reason
that the CF,ClBr decomposition rate decreases with the increase of the CF;CIBr pressure.
3.2.2 He

In Fig. 7. the CF,CIBr decomposition rate decreases slowly with the increase of the Heli-
um pressure. The decomposition rate of 2660 Pa pure CF,CIBr is about 65% and it also
keeps to 45% when the partial pressure of He reaches 94430 Pa. So the pressure effect of
Helium on the CF,CiBr decomposition is the least.

Helium is an inert gas with large ionization energy, 24. 587 eV (Yang, 1983), and light
mass. And it also is a single-atom molecule with relatively simple energy level distribution.
It could he explained that electronic energy is not enough to make Helium ionize in our
experiment conditions and the impact between the electrons and the Helium molecules is
mainly elastic. So Helium does not absorb the energy of the electrons, that is to say, Helium
does not influence the electrons’ amassing their energy in the induced ficld, The pressure ef-
fect of Helium on the CF,CIBr decomposition lies in the fact that the high pressure of Helium
increases the impact frequency between CF,CI(CF.Cl™) and Br(Br™ ) and facilitates step (8),
and this effect is small.

32223 N,

In Fig. 7, the decomposition rate of CF,CIBr decreases rapidly with the increase of N,
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pressure. When the partial pressure of N, reaches 71820 Pa, the CF,ClBr decomposition rate
decreases from 57% , the decomposition rate of 2660 Pa pure CF.CIBr, to 0%. The pressure
effect of N, on the CF,ClBr decomposition is between that of CF,ClBr and that of Helium.

N, will change as follows after impacting with the electrons.

N,+ e — N,*; N;*+e—> N + N + e;

N, + e—> N"} Nt + a.

With the increase of N; pressure, the energy of more and more electrons is absorbed by
N, and more and more electrons lack enough energy 1o make CF,ClBr dissociate, restraining
step (7). So the CF,CiBr decomposition rate decrease rapidly with the increase of the N,
pressure shown in Fig. 7.

3.2.4 O,

In Fig. 7, the plot describing the pressure effect of (), on the CF,CiBr decomposition is
very special , having a peak. The CF,CIBr decomposition increases with the increase of the O,
pressure first and it reaches the maximum, 80% , when O, partial pressure is 7980 Pa. Then
the CF,ClBr decomposition rate decreases rapidly with the continuous increase of the Q, par-
tial pressure and it 1s only 10% when O, partial pressnre is 39900 Pa,

The systems, CF,ClBr-He and CF,ClBr-N,, have the same products as the pure CF,CIBr
after discharge. But CF,CIBr-0, has dillerent products. Through IR spectrum analysis, it is
known the main products of CF,CIBr-O, are CF,0, CF,Cl; and CF,Br when the partial pres-
sure of (;is low and the main product is only CF,() when the partial pressure of O, is high.

0O, is very active and may be dissociated to O when impacting with the electrons. The

main reactions in CF,CIBr-Q, system are discussed as follows.

CF,Cl + O;)——...— CF,0 + Cl (®
CFLCl + O —-——CF,0 + (l (am
CF.Cl + Br + M — CF,CIBr (8)

CF.Cl 4+ Cl — CF.Cl,

CF,Cl + F—CF, - Cl

CF,+ O— CF.0 an

CF,+ Br — CF.Br

CF,;+ Cl-— CF,Cl

CF,+ F— CF,

C¥;+ Br—— CF: Br

When the quantity of (), is small, the above reactions all can occur and the products in-

clude CF,0, CF,Cl, and CF,Br. With the increase of the (), pressure, step (8), (10), (11)
play leading roles with step (8) restrained. So the decomposition rate of CFCIBr increases.
With the continuing increase uf the O, pressure, the product is simpler and i CF,0 only, At
the same time, the energy of more and more electrons is passed to O;, restraining step (7)
with the increase of the O, pressure. So the decomposition rate of CF,ClBr decreases rapidly.

In a word, the plot is the synthesis of two effects, (), itself or O dissociated from O; taking
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part in the plasma chemistry reactions, which restrain step (8} and O, absorbing the energy

of the electrons at the same time restrains step (7),

* 100 325 Air
L i. 0y aod N izture :
;g 5 Bl'ry i . In Fig. 7. the plot describing the pres-
74 sure effect of air on the CF,ClBr decomposi-

60 b
s0F
ag
30
20
10_
———— L .

e | e J ibi
T T TR T T describing the pressure effect of Ny and O, on

15. 96 31,92 47. 88 6384 79,80
Partial pressure of added gases, x10-Pa

tion is like that describing O,. The main
component parts of air and N, and Q. whose

velumes accupy 76% and 21% of the total

volume respectively. There are the two plots

<

Decomposition rate of CryCiBr,

the CF,CIBr decomposition multiple 0. 79 and
0. 21 respectively in the paper and then plus

ig. T i FoCl - . .
Fig. 8 a:The pressure effect of air on the CF;CIBr decom the two modified plots 1o one plot shown in

position . .
Fig. 8b. The plot is very alike to that de-
b:The synthetic of the pressure effects of Ny and O, g 8 P 4

on the CF,ClBr decomposition seribing the pressure effect of air on the

CF,CIBr decomposition shown in Fig. 8a. So
the influence of air is may be understood the synthegis of the effects of N, and O,.

4 Conclusions

In this paper. gaseous CF,CIBr using the cold plasma method, is decompesed at low
pressure. The maximurﬁ decomposition rate of 2660 Pa pure CF;CIBr is 0% after 2-minute
discharge; and is 80% after 10-minute discharge. And the decomposition rate of CF,ClBr in
2660 Pa CF,CIBr 7980 Pa O; system is 80% after 2-minute discharge. The main products of
pure CF,CIBr after discharge are CF,, CF:Br, CF,Cl,, CF,Br,, CFCl; and CFCl,Br which al-
s are Freons or Halons having O, depleting potential. But in CF,CiBr-O;, the main product
is only CF,Q which can be easily removed by water steam., So CF,ClBr-O; is the ideal system
in which CF,ClBr is decomposed by the cold plasma method.

We also studies the cold plasma bulk gas phase reaction mechanism of CF,ClBr at low
pressure and analyzes in detail the forming paths and the changing tendency with discharge
time of the products. It can be known how to {facilitate the advantageous reactions and re-
strain the disadvantageous reactions only after learning clearly the reaction mechanism. In
addition, it studies the pressure effects of CF,ClIBr and alien gases (He, N,, (J; and air) on
the CF,ClBr decomposition respectively by the cold plasma method. It is concluded the main
reason that the high pressure is disadvantageous to the CF,ClBr decomposition is that the
frequent impact between the electrons’ and the gas molecules at high pressure influences
greatly the amassing of the electrons’ energy and does not benefit the [orming of the cold
plasma. The impact between the electrons and the gas molecules connects tightly with the
gas character such as energy level distribution, the ionization energy, etc. These studies will

be helpful to the application of cold plasma method in the treatment of hazardous gaseous
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wastes at about atmospheric pressure and the acceptance of the cold plasma method by indus-
try.
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