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THERMODYNAMIC STUDY OF DECOMPOSITION OF
DICHLORODIFLUOROMETHANE IN THERMAL PLASMA
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Decomposition of dichlorodifluoromethane in thermal plasma was investigated theoretically by computing the equilibrium composi-
tion of the gas mixtures involving carbon, chlorine and fluorine in presence of argon (which is assumed to be the main plasma gas)
and/or in addition of hydrogen and calcium together with hydrogen. The calculations were carried out for the temperature range be-
tween 500 and 6000 K and for the total pressure of the system of 1 bar. Use is made of the fact that a thermal plasma is a plasma in (lo-
cal) thermal equilibrium, which makes possible the theoretical determination of its equilibrium composition at definite temperature by
employing Gibbs free energy data for the compounds present in the system and assuming that the equilibrium of the system corre-
sponds to its minimum energy state. The results of calculations show that toxic molecules and radicals can be, under convenient condi-

tions (appropriate temperature and amount of added substances), converted into stable non-toxic species like CaF, and CaCl,.
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Introduction

Dichlorodifluoromethane is one of chlorofluorocarbon
compounds (CFCs) — freons. Chlorofluorocarbons
were synthesized in 1928 and since then, being gener-
ally low toxic and chemically inert compounds, they
were widely used as the cooling mediums in refrigera-
tors, in spray bottles, etc.. In 1974 Molina and
Rowland [1] (with Crutzen, Nobel Prize winners in
chemistry for 1995) found that stratospheric ozone
layer has been depleted due to chemical reactions of
chlorine or fluorine radicals, originating from chloro-
fluorocarbons (gradually transported up to the ozone
layer), with ozone. Since then, the investigations con-
cerning the decomposition methods of chlorofluoro-
carbons have gained on importance. Among the ap-
plied methods, the thermal plasma method is very
efficient because of its high temperature; it gives also
the opportunity to remove highly toxic products of de-
composition (chlorine or fluorine containing molecules
or radicals) by introducing into the plasma the gases
(besides chlorofluorocarbons) like hydrogen, oxygen,
etc., and via chemical reactions which involve chemi-
cal species present in the plasma [2, 3].

In this paper decomposition of dichlorodifluoro-
methane in thermal plasma was investigated theoreti-
cally by computing the equilibrium composition of
the gas mixtures involving carbon, chlorine and fluo-
rine in presence of argon (which is assumed to be the
main plasma gas) and/or in addition of hydrogen and
hydrogen together with calcium. The calculations
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were carried out for the temperature range between
500 and 6000 K and for the total pressure of the sys-
tem of 1 bar. Use is made of the fact that a thermal
plasma is a plasma in (local) thermal equilibrium,
which makes possible the theoretical determination of
its equilibrium composition at definite temperature by
employing Gibbs free energy data for the compounds
present in the system and assuming that the equilib-
rium of the system corresponds to its minimum en-
ergy state. The results of calculations show that toxic
molecules and radicals can be, under convenient con-
ditions (appropriate temperature and amount of added
substances), converted into stable non-toxic species
like CaF, and CaCl,.

Method of calculation of equilibrium
composition

Two basic approaches are used to determine the com-
position of the complex mixtures at high temperatures.
In the first one the thermodynamic equilibrium con-
stants for the decomposition and ionization reactions
together with the mass conservation law and electrical
neutrality are employed to determine equilibrium com-
position [4]. The second method based on minimiza-
tion of the Gibbs free energy was used in this paper.
The calculation of the equilibrium gas mixture compo-
sitions under condition of constant pressure is carried
out using the method of White ez al. [5], extended for
the mixtures containing charge particles [6]. It is based
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on the fact that the equilibrium of the system corre-
sponds to its minimum energy state. The free energy G
of the system is the sum of the chemical potentials, p;,
multiplied by the mole fractions, x;, of its components,

G=xn, (1)
i-1

where n and x; are the numbers of chemical species
and their mole fractions that has to be determined.
The set of x; values leading to the equilibrium can be
obtained by solving the equation

3G=0 (2)
at the fulfilled mass balance condition
Yax, =b; j=1,2,...m (3)
i=1

where m represents the number of elements in the sys-
tem, ¢; is the number of atoms of element ; in the mol-
ecule i, and b; is coefficient proportional to the per-
centage (or mole fraction) of the element j in the
system. The quasineutrality of a system containing
also charge species is ensured by the condition

Zq x; =0 4)

i=1
where ¢; represents the charge of species i. According
to the method of White ef al., the mole fractions x; are
calculated by an iterative procedure. One starts with
any set of positive numbers x;p which satisfy Eqgs (3)
and (4) and builds the 0™-order approximation for G.
The free energy is then expanded into a Taylor series
up to the quadratic terms in x;—x;p. The conditions (3)
and (4) are taken into account with help of Lagrange

Table 1 Properties of the gas mixtures

multipliers 7j. A minimization of the free energy leads
to a system of linear equations that determine the im-
proved values for x; and thus a new approximation for
G. The procedure is repeated until convergence is
achieved. It should be noticed that the dimension of the
system is (m+1), i.e. it depends only on the number of
the elements in the system. The concentrations of the
species in traces can be calculated using the equation:

z, =exp{—[RGT) —1np+Zai7tJ1 (5)

where p, T, R are total pressure in the system, temper-
ature and gas constant, respectively.

Applying the method described the equilibrium
compositions of Ar/C/CIV/F, Ar/H/C/CI/F and
Ar/H/Ca/C/CI/F gas mixtures were calculated in the
temperature range between 500—-6000 K, at total pres-
sures of 1 bar. Ar/C/CI/F gas system should relate to
thermal plasma obtained introducing dichlorodi-
fluoromethane into argon as main gas plasma;
Ar/H/C/CI/F and Ar/H/Ca/C/CI/F gas systems relate
to argon/hydrogen (Ar/H,) thermal plasma in addition
of dichlorodifluoromethane and of dichlorodifluoro-
methane with calcium (Ca), respectively. Mole
amounts of the elements present in the system [b;
from Eq. (3)] and their ratios were chosen in order to
simulate particular plasma in present of dichlorodi-
fluoromethane. The properties of the systems (ele-
ments present, mole amounts and mole ratios, species
considered in the calculations) have been summarized
in Table 1. The equilibrium partial pressures (what is
equal numerically to the mole fractions under total
pressure of 1 bar) of up to 85 species (atoms, ions,
molecules, molecular ions, radicals) (Table 1), whose

Chemical elements
present in the system

Chemical species
considered in calculations

Mole fractions of the
elements present in the system

e,C,C,C,C,y,C,,C,Cs Cy, Cs, Cg, Ar, Ar', F, F, Fy, Cl, CI', Ar/0.95
Ar. C.CLF CI', Cl,, Cl,, CIF, CIFs, CIFs, CCl, CCIF;, CCl,, CCI,F,, CCls, C/0.01
> h CCI5F, CCly, CF, CF,, CF3, CF,4, C,Cly, CoCly, C,Clg, CoF,, CoF,, C1/0.02
CyFg F/0.02

e,C,C,C,CyC,,C,Cs Cy, Cs, Co, Ar, Ar', F, F, F,, C1, CI',
CI, Cl;, Cl,, CIF, CIF;, CIFs, CCl, CCIF;, CCl,, CCL,F,, CCl;, Ar/0.87
CCI5F, CCly, CF, CF,, CF3, CF4, C,Cl,y, CoCly, C,Clg, CoF,, CoFy, H/0.08
Ar,H, C, CL F C,F,, HF, HCI, CHCI, CHCIF,, CHCLF, CHCly, CHF, CHF, C/0.01
CH,CIF, CH,Cl,, CH,F,, CH;Cl, CH;F, C,HCI, C,HF, CH, CH,, C1/0.02
CHs, CH,, C,H, C,H,, C,H,, H, H, H', Hy, H;, CH', C,H;, C,Hs, F/0.02

C,H,, C3H, C4H, CsH, C¢H, C5H,, C4H,

e,C,C,C',CyC,,C,Cs Cy Cs, Co, Ar, Ar', F, F, F,, Cl, CI',
CI, Cl,, Cl,, CIF, CIF;, CIFs, CCl, CCIF;, CCl,, CCL,F,, CCl;, Ar/0.89
CCI5F, CCly, CF, CF,, CF3, CF4, C,Cly, CoCly, C,Clg, CoF,, CoFy, H/0.04
Ar.H. C.CLF. Ca C,F¢, HF, HCI, CHCI, CHCIF,, CHCI,F, CHCl3;, CHF, CHF3, C/0.01
Ein i i CH,CIF, CH,Cl,, CH,F,, CH;Cl, CH;F, C,HCI, C,HF, CH, CH,, C1/0.02
CH,, CH,, C,H, C,H,, C,H,, H, H, H', H,, H;, CH', C,H;, C,Hs, F/0.02
C2H6, C3H, C4H, C5H, C6H, C3H2, C4H2, Ca, Ca+, CaCl, CaClz, Ca/0.02

CaF, CaF,, CaH
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Gibbs (free) energy data were available [7], were cal-
culated in the temperature range between 500—-6000 K
for gas phase system. Gibbs free energy data and
other thermodynamic properties of substances can be
obtained experimentally like in [8] or can be com-
puted theoretically as in [9].

Results of calculations

The equilibrium composition of Ar/C/CI/F gas mixture
presented in Figs 1—4 relates to the particular mixture
that consists of 0.95 moles of Ar, 0.01 moles of
C, 0.02 moles of CI and F each, at the total pressure
of 1 bar. These mole numbers and their ratios were
chosen in order to simulate Ar thermal plasma with 1%
of dichlorodifluoromethane. In the calculation 44 spe-
cies (atoms, molecules, radicals, ions, electrons) are
taken into consideration. The equilibrium partial pres-
sures of some stable chlorofluorocarbons (CCI,F,,
CCIF;, CCI5F, C,Cly), as a function of temperature, are
shown in Fig. 1. In Fig. 2 are shown partial pressures of
carbon in atomic and molecular forms (C,, C;..) and
partial pressures of some radicals (CF, CCI, CF,..).

Temperature/K
0 0 1000 2000 3000 4000 5000 6000
] CCIF3
o 4
S
a
-6
CC\GF
-8 ccl,
C,Cl,
-10 C,Cly

Fig. 1 Equilibrium partial pressures of some
chlorofluorocarbon compounds in Ar/C/CI/F gas
system, as a function of temperature; Ar=0.95 moles,
C=0.01 moles, C1=0.02 moles, F=0.02 moles, p=1 bar

Temperature/K
0 0 1000 2000 3000 4000 5000 6000 7000
2 C
2, -4
£ CF
& 6 C,
CCl1
-8 CIF
CFy C
-10 CF,

Ce Ca

Fig. 2 Equilibrium partial pressures of carbon in atomic and
molecular forms and of some carbon, chlorine and
fluorine containing radicals in Ar/C/CI/F gas system, as
a function of temperature; Ar=0.95 moles,

C=0.01 moles, C1=0.02 moles, F=0.02 moles, p=1 bar
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Equilibrium partial pressures of fluorine and chlorine
in atomic (F, Cl) and molecular forms (F,, Cl,) are pre-
sented in Fig. 3 and partial pressures of ions are shown
in Fig. 4. From the results presented in Figs 14 it can
be seen that practically the only one existing com-
pound at 500 K is CCL,F, molecule. At 1000 K differ-
ent chlorine and/or fluorine containing methane and
ethane derivatives (CCIF3, CCL3F, C,Cly, CCly) as well
as chlorine in molecular (Cl,) and in atomic form (Cl)
appear in the gas mixture. Among of them CCIF; and
Cl, are of the highest partial pressures. It can be noticed
from Fig. 2 that up to 1500 K carbon and chlorine or
fluorine containing radicals, carbon in atomic and mo-
lecular forms are present in the gas mixture in a very
small amounts. At 2000 K CCIF; still exists in the sys-
tem with considerable partial pressures besides CF,
and CFj, the last one being present in the system, com-
paring to CF,, in smaller amount. At 7>2000 K chlo-
rine is present in the gas mixture in atomic form (CI).
At temperatures between 2500 and 4000 K dominant
carbon containing forms (with respect to their concen-
trations in the gas mixture) are atomic carbon and car-
bon containing molecules (C,, Cs, C¢). CF radical also
appears but with lower partial pressure. At 7>3000 K

Temperature/K
0 0 1000 2000 3000 4000 5000 6000 7000
) Cl
= y
-6
-8 Cly
] )
-10-

Fig. 3 Equilibrium partial pressures of chlorine and fluorine in
atomic and molecular forms in Ar/C/CI/F gas system, as
function of temperature; Ar=0.95 moles, C=0.01 moles,
C1=0.02 moles, F=0.02 moles, p=1 bar

Temperature/K
0 0 1000 2000 3000 4000 5000 6000 7000
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-10
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Fig. 4 Equilibrium partial pressures of electrons and some
ions in Ar/C/CI/F gas system, as a function of
temperature; Ar=0.95 moles, C=0.01 moles,
C1=0.02 moles, F=0.02 moles, p=1 bar
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fluorine is present in the gas mixture in atomic form (F)
and at 7>4000 K all carbon containing species are con-
verted into atomic carbon. Partial pressures of ions and
electrons are quite low even at 6000 K (~10* bar),
Fig. 4, reflecting the fact that the atoms considered
(C, Cl, F) have high ionization energy, among of them
carbon is of the lowest one (11.2 eV) and practically all
electrons (under conditions estimated) are due to ion-
ization of carbon atoms.

The equilibrium composition of the Ar/H/C/CI/F
gas mixture presented in Figs 5—7 relates to the particu-
lar mixture consisting of 0.87 moles of Ar, 0.08 moles
of H, 0.01 moles of C, 0.02 moles of Cl and 0.02 moles
of F and at the total pressure of 1 bar. With chosen
mole numbers and their ratios we simulate Ar/H, ther-
mal plasma with 1% of dichlorodifluoromethane. In
calculation 78 species (atoms, molecules, radicals,
ions, electrons) are taken into consideration. The equi-
librium partial pressures of dichlorodifluoromethane
(CCLLF,), chloromethane (CH;Cl), fluoromethane
(CH5F), some hydrocarbons (CH4, C,H,, C,Hy), car-
bon in atomic and molecular forms (C, C,, Cs...), as a

Temperature/K
00 1000 2000 3000 4000 5000 6000 7000

-10
C,H, c, CoH

Fig. 5 Equilibrium partial pressures of some hydrocarbons,
their chlorine and fluorine containing derivatives and
carbon in atomic and molecular forms in Ar/H/C/Cl/F
gas system, as a function of temperature;

Ar=0.87 moles, H=0.08 moles, C=0.01 moles,
CI1=0.02 moles, F=0.02 moles, p=1 bar

Temperature/K
0 0 1000 2000 3000 4000 5000 6000 7000

1 H

-2 Cl
=4 n, F HF

e ] H
6] cl
-8 Cl,

] /\F2

-104

Fig. 6 Equilibrium partial pressures of hydrogen, chlorine and
fluorine atomic and molecular forms in Ar/H/C/CI/F gas
system, as a function of temperature; Ar=0.87 moles,
H=0.08 moles, C=0.01 moles, CI=0.02 moles,

F=0.02 moles, p=1 bar
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Temperature/K
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Fig. 7 Equilibrium partial pressures of some ions and
electrons in ArH/C/CI/F gas system, as a function of

temperature; Ar=0.87 moles, H=0.08 moles,
C=0.01 moles, C1=0.02 moles, F=0.02 moles, p=1 bar

function of temperature, are shown in Fig. 5. In Fig. 6
are presented partial pressures of hydrogen, chlorine
and fluorine atomic and molecular forms and partial
pressures of ions (C*, H'...) are shown in Fig. 7. Ac-
cording to Figs 5 and 6, CH,4 is molecule of the highest
partial pressures up to the 1000 K, Fig. 5; HCI, HF and
H,, Fig. 6, are molecules of the highest partial pressure
from 1000 to the 3000 K exhibiting stability at high
temperatures and in broad temperature region. In this
temperature region practically total amounts of chlo-
rine and fluorine introduced into the system are in the
form of HCI and HF. Between 1000 and 3000 K car-
bon is present in the gas mixture in the form of acety-
lene (C,H,). Its partial pressure is almost constant in
this temperature range. Some carbon containing mole-
cules (Cy) appear in the system but with lower partial
pressures, Fig. 5. At 7>3000 K, practically all amount
of chlorine introduced into the system is present in
atomic form. Fluorine and hydrogen containing spe-
cies are almost completely converted into fluorine and
hydrogen atoms at 7>4000 K, Fig. 6. Partial pressures
of electrons and ions (~10~* bar at 6000 K) are similar
to those in the Ar/C/CI/F gas mixture because in the
both cases the main source of electrons is ionization of
carbon atoms.

The  equilibrium  composition  of  the
Ar/H/Ca/C/CI/F gas mixture presented in Figs 8—11 re-
lates to the particular gas mixture consisting 0.89 moles
of Ar, 0.04 moles of H, 0.02 moles of Ca, 0.01 moles of
C, 0.02 moles of Cl and 0.02 moles of F at the total pres-
sure of 1 bar. With chosen mole numbers we simulate
Ar/H, thermal plasma with 1% of dichlorodifluoro-
methane and 2% of calcium. In calculation 85 species
(atoms, molecules, radicals, ions, electrons) are taken
into consideration. The equilibrium partial pressures of
calcium containing compounds, as a function of temper-
ature, are shown in Fig. 8. The equilibrium partial pres-
sures of some hydrocarbons (CHy4, C;H,, C,H,), carbon
in atomic and molecular forms (C, C,, Cs,...) and
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Temperature/K
O0 1000 2000 3000 4000 5000 6000 7000
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Fig. 8 Equilibrium partial pressures of calcium containing
compounds in Ar/H/Ca/C/CI/F gas system, as a function
of temperature; Ar=0.89 moles, H=0.04 moles,

Ca=0.02 moles, C=0.01 moles, C1=0.02 moles,
F=0.02 moles, p=1 bar

Temperature/K
0 0 1000 2000 3000 4000 5000 6000 7000
C
C
Cs
CoHy

Fig. 9 Equilibrium partial pressures of some hydrocarbons,
their fluorine containing derivatives and carbon in
atomic and molecular forms in Ar/H/Ca/C/CI/F gas
system, as a function of temperature; Ar=0.89 moles,
H=0.04 moles, Ca=0.02 moles, C=0.01 moles,
CI=0.02 moles, F=0.02 moles, p=1 bar

fluoromethane (CH;F), as a function of temperature, are
shown in Fig. 9. In Fig. 10 are presented partial pres-
sures of hydrogen, chlorine and fluorine atomic and mo-
lecular forms and the equilibrium partial pressures of
ions (C', Ca’, H'...) are shown in Fig. 11. According to
the Fig. 8, at temperatures between 500 and 2800 K,
practically total amounts of chlorine, fluorine and cal-
cium introduced into the system are present in the form
of CaCl, and CaF,. Partial pressures of CaF and CaCl
radicals are low but increase with temperature. At ap-
proximately 3000 K their partial pressures become
equal to the partial pressures of CaCl, and/or CaF,.
Chlorine and fluorine are completely atomized at tem-
peratures 724600 K, Fig. 10. At temperatures higher
than 4000 up to the 5200 K, calcium is present in the
system predominantly as atomic calcium, Fig. 8 and
at 5700 K partial pressures of calcium in atomic (Ca)
and ionic form (Ca") are equal, Fig. 11. Partial pressures
of electrons and ions (~1-107 bar at 6000 K, what
is 50% of total calcium) in this system (Ar/H/Ca/C/CI/F)
are higher than in the former cases due to the presence
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Temperature/K
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Fig. 10 Equilibrium partial pressures of hydrogen, chlorine
and fluorine atomic and molecular forms in
Ar/H/Ca/C/CI/F gas system, as function of
temperature; Ar=0.89 moles, H=0.04 moles,
Ca=0.02 moles, C=0.01 moles, C1=0.02 moles,
F=0.02 moles, p=1 bar

Temperature/K
0 1000 2000 3000 4000 5000 6000 7000

Fig. 11 Equilibrium partial pressures of some ions and
electrons in Ar/H/Ca/C/Cl/F gas system, as a function
of temperature; Ar=0.89 moles, H=0.04 moles,
Ca=0.02 moles, C=0.01 moles, CI=0.02 moles,
F=0.02 moles, p=1 bar

of calcium that is the element with relatively low ioniza-
tion energy (6.11 eV). All the electrons under the tem-
perature range estimated are due to ionization of cal-
cium atoms.

Among hydrocarbons CH4 is molecule of the
highest partial pressures up to the 1000 K and in this
temperature region all amounts of carbon and hydro-
gen present in the system are in the form of CHy,
Fig. 9. Between 1000 and 3000 K carbon is present in
the system in the form of acetylene (C,H,) and hydro-
gen in the form of molecular hydrogen (H,) and acety-
lene (C,H,). Fluorine and chlorine containing meth-
ane derivatives, except CH;5F, appear with very low
partial pressure and cannot be presented in figure
within the scale chosen.

Conclusions
From the results of the calculation it can be concluded

that in Ar/C/CI/F gas mixture under chosen condi-
tions (C:Cl:F=1:2:2, 1% of C, 2% of Cl and F, total
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pressure of 1 bar) chlorine is completely atomized at
7>2000 K, fluorine at 7>3000 K and carbon is com-
pletely atomized at 7>4000 K, Figs 2 and 3. In the
temperature range between 2000 and 3000 K different
radicals (CF, CF,, CF3) and carbon containing mole-
cules (C,, Cs, Cy) are formed, Fig. 2 and at tempera-
tures between 1000 and 2000 K CCF; and Cl, are of
considerably high partial pressures, Figs 1 and 3.

In presence of hydrogen, Ar/H/C/CI/F gas mix-
ture, as a most stable molecules, CH,, C,H, and C,Hy,
HCI and HF are formed, Figs 5 and 6. Under chosen
conditions (C:CL:F:H=1:2:2:8, 1% of C, 2% of Cl and
F, 8% of H, total pressure of 1 bar) at lower tempera-
tures (up to the 1000 K) carbon is present almost com-
pletely in the form of CH, followed by smaller amount
of C,Hy. At higher temperatures, from 1000 to 3000 K,
dominant carbon containing species in respect to its
amount in the mixture is C,H,, Fig. 5. It is in the agree-
ment with [10] where it was found experimentally that
the decomposition (conversion) products of dichloro-
difluoromethane and 1,2-dichloroethane introduced
into Ar/H, plasma jet are mainly acetylene (C,H,), eth-
ane (C,H,) and methane (CH4). In the temperature
range between 1000 and 3000 K chlorine and fluorine
are present almost completely in the form of HCI and
HF, Fig. 6. Although these results suggest that addition
of H; in stoichiometric amount in respect to CCLF,
leads to the formation of HCI and HF in broad tempera-
ture region (Cl, and F, are, according to the calcula-
tions, in negligible amounts) it was found experimen-
tally in [2] that the excess of H, to the stoichiometric
amount is effective in eliminating Cl,. It illustrates the
fact that thermodynamic calculations can be very use-
ful for understanding the basic processes in particular
thermal plasma processing but they can not explain all
the details arising during experiment, because some
steps during plasma processing are, or can be, far from
equilibrium. Chlorine and fluorine, in this gas mixture
are completely atomized at 7>4000 K.

In the gas mixture containing calcium besides hy-
drogen, Ar/H/Ca/C/CI/F, in the temperature range be-
tween 1000 and 3000 K, CaCl, and CaF, molecules are
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formed instead of (toxic) HCI and HF, Figs 8 and 10.
To achieve replacement of HCI (HF) by CaCl, (CaF,)
definite amount of calcium should be added into the
system (stoichiometric one) as it was ensured in the
calculation with chosen mole amounts ratios of the ele-
ments present in the system (C:CL:F:H:Ca=1:2:2:4:2).
Important carbon containing species (with respect to
their partial pressures) are similarly to the
AI’/H/C/C]/F, CH4, C2H2 and C2H4.
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