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Abstract: Decomposition of carbon tetrachloride was investigated in an RF inductively
coupled thermal plasma reactor in inert CCly-Ar and in oxidative CCly-O,-Ar systems.
The exhaust gas mixtures were analyzed by GC-MS. Kinetics of CCly decomposition at
the experimental conditions was modeled in the temperature range of 300 K — 7000 K.
Kinetic analysis was performed on the basis of atom fluxes.
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1. Introduction

Because of their many advantages the halogenated
hydrocarbons had been widely used in the industry
and in the household until the 70s when it turned out
that these materials were dangerous for the environ-
ment. After realizing this fact international treaties
banned to use them. Since the 80s several papers have
been published on this topic using incineration tech-
nology like burning, catalytic oxidation or plasma
technology. Most of these papers are experimental
work [1-19]. In our previous papers the decomposition
of CCl, in thermal RF plasma was investigated in inert
(CCls-Ar) [20] and in oxidative (CCls;-O,-Ar) [21]
environments. We pointed out that the kinetic model-
ing is essential because at lower temperatures the most
commonly used thermodynamic calculations cannot
give good results [20].

2. Resultsand discussion

In this work the concentration profiles of the most
important species have been recalculated during the
thermal plasma decomposition of the CCly in inert
(CCl4-Ar) and in oxidative (CCly-O,-Ar) environ-
ments. The experimental conditions applied for the
simulations were the same as in the experiments [21,
22] that were carried out in thermal RF plasma where
argon was used as the plasma and the cooling gases.
Therefore, it was possible to compare the efficiency of
the decomposition in the two cases and also to com-
pare the experimental and the simulation results.

The inductively coupled plasma was generated at
atmospheric pressure in a 150 mm long, 26 mm di-
ameter quartz tube by an RF generator operating at
27.17 MHz. The initial gas mixture contained 0.24 n%

carbon tetrachloride and 99.76 n% argon in the case of
CCly-Ar, and 0.93 n% carbon tetrachloride, 0.73 n%
oxygen and 98.34 n% argon in the case of CCls-O,-
Ar. The exhaust gases were analyzed immediately
with GC-MS. A Perkin-Elmer 1750 type FT IR was
used for the calibration.

The first step of the simulations was creating a reac-
tion mechanism. For the simulations it was assumed
that only species containing one and two carbon atoms
play important role in the mechanism. It was a good
assumption because according to the experiments no
higher products were formed during the process. Solid
products were also formed in the experiments; how-
ever, in the simulation it was not possible to model the
heterogeneous reactions. On the other hand, their mole
fraction was much less than the mole fraction of the
gas phase products, therefore their absence did not
change significantly the distribution of the most im-
portant products.

For the CCl;—O,—Ar mechanism 25 reactive species
and the inert argon were considered. The full mecha-
nism altogether contained 134 irreversible reactions of
25 reactive species. The CCl—Ar mechanism was
constructed from the CCl;—O,—Ar mechanism by
eliminating the reactions of the oxygen containing
species. In this way a 34 irreversible reaction and 12
reactive species (and the argon) containing mechanism
was created.

For the simulations a time dependent temperature
profile was created in the centerline of the RF thermal
plasma reactor (Fig. 1).

The symbols represent the points of time for kinetic
analysis. The mole fractions were calculated with
CHEMKIN [23] and SENKIN [24], respectively. The



results are shown in Figs. 2 and 3. Simulations re-
vealed that CCly; decomposes at the very beginning of
the reaction in both cases. In oxidative environment,
its re-formation does not take place at lower tempera-
tures, while in the inert case 33 % of the original car-
bon tetrachloride is re-formed. Therefore, in oxidative
environment the decomposition is more effective.
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Fig. 1 Time dependent temperature profile
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Fig. 2 Concentration profiles of the most important
products in the CCl,—Ar system

As it is seen from Figures 2 and 3, Cl, is the most
important product in both cases. In inert atmosphere,
besides Cl, C,Cl, and C,Cly are formed in higher

mole fraction than 10”, while in oxygen-argon atmos-
phere those products which have bigger final mole
fraction than 107 are the Cl,, CO, CO, and COCL,. All
of these are toxic materials except the CO,. It is inter-
esting that species containing two carbon atoms are
forming in very small quantity only (their mole frac-
tion is always smaller than 10™).
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Fig. 3 Concentration profiles of the most important
products in the CCl,—O,—Ar system

The simulated results could be directly compared
with the experimental ones in the oxidative case be-
cause calibration was carried out only for this system.
Note that no calibration was done for CO. Therefore,
the quantity of the CO formed in the experiments is
uncertain. On the other hand, the phosgene is formed
in small quantity and its quantitative measurement
was not possible. According to the calculations in oxi-
dative system the most possible products are the Cl,,
CO,, CO and COCl, in smaller amount, while in inert
system are the Cl,, C,Cl, and C,Cl,. Tables 1 and 2
show a good qualitative agreement between the theory
and the experiments: the same gas phase products
were formed (the + sign labels the products which
could be identified during the experiments).

The reaction mechanism was reduced with KINALC
[25, 26] by identifying the unimportant species and
selecting the unimportant reactions from the principal
component analysis of matrix F [26, 27, 28].

Table 1. Comparison of simulated and experimental results for the CCl—Ar case

Conversion / % C,Cl, C,Cly Cl,
Theory 67.0 x=6.5-10" x=4.7-10" x=2210"
Experiment 60.6 + (uncertain) uncertain + (uncertain)

Table 2. Comparison of simulated and experimental results for the CCl,—O,—Ar case

Conversion / % CO CO, Cl, COCl,
Theory 97.9 X=3.910" X=5.0-10" x=1.9-10" x=1510"
Experiment 92.5 uncertain C=1.2-10" mol-dm™ | ¢=2.5-10"mol dm™ | + uncertain

In both cases the reduction was carried out in nine
time points between 107 s and 0.500 s. The reduced
CCl4-Ar mechanism contains 29 irreversible reactions
of 12 reactive species and the reduced CCl,—O,—Ar

mechanism contains 65 irreversible reactions of 23
reactive species. The mole fractions were recalculated
with the reduced mechanisms, too. Good agreement
was obtained between the results by the full and re-



duced mechanisms (0.1 %). This is seen in Figures 2
and 3.

The kinetic analysis was performed by investigating
the fluxes of C-, Cl- (and O) atoms. Flux analysis re-
vealed the change of inter-conversion rates among
species during the process [29]. It was concluded that
significant fluxes appear only at high (6000-7000 K)
temperatures and that at the beginning of the reaction
the CCl and its direct fragments (CCl;, CCl,, CCl)
were mostly consumed by thermal decomposition.

The main characteristics of the two systems studied
in this work can be summarized as follows.

CCl4-Ar system: Above 6000 K the reactions are
fast enough and the system is in thermodynamic equi-
librium. The forward and backward reactions have
about the same reaction rates. This is the reason why
no significant net species production can take place.
After 2-10” s (when the temperature is still 7000 K)
the decomposition is almost complete and only the
equilibrium reactions between Cl and CCl are signifi-
cant. Below 6000 K no significant carbon tetrachlo-
ride is present because it was almost totally consumed.
The concentration decrease of the CCl, CCl, and CCl;
species is reasoned by their production reactions being
more important below 4000 K.

CCl4-Oo-Ar system: From the O atom fluxes it be-
came clear that the O, molecule is in equilibrium with
both the O and ClO radicals. This is valid even at
lower temperatures. The important role of the CIO
radical is not questionable because it has significant
fluxes in each time point. The COCl — COCI, reac-
tion becomes slower below 5000 K. Therefore, the
slow production rate of phosgene is not surprising.
With decreasing temperature the thermodynamic equi-
librium falls and the kinetics becomes more important.
The reactions are slow but the original O, concentra-
tion is high enough and comparable with that of CCl,.
There is still a lot of oxygen in the system which gives
a reasonable chance for the CO, CO, and phosgene
production. It is interesting that below 1400 K the
COCI radical decomposes to CO and Cl instead of
forming COCl,.

3. Conclusions

The decomposition of CCl, was investigated in inert
and in oxidative environments. The decomposition
was kinetically modeled and detailed kinetic analysis
including mechanism reduction and atom fluxes
analysis was also carried out. Good qualitative agree-
ment was obtained between the experimental and
simulation results. According to both the theory and
the experiments, in CCly-Ar system the most impor-
tant products are the Cl, and C,Cl, and in CCly-O,-Ar
system the Cl,, CO, CO, and COCIl,. We can conclude
that decomposition is more effective in oxidative envi-
ronment than in inert one.

Acknowledgement
The authors acknowledge the helps of 1. Gy. Zsély.
This work has been supported by the Hungarian Sci-

entific Research Fund (OTKA) Grant Nos. F029734,
T043770 and T047360.

References

[1] H. Sekiguchi, T. Honda, A. Kanzawa, Plasma
Chemistry and Plasma Processing 13, 463 (1993).

[2] NATO ASI Series G. 34 Non-Thermal Plasma
Techniques for Pollution Control. Editors: B.M.
Penetrante, S.E. Schultheis, ISBN 3-540-57174-4
/0-387-57174-4 (1993)

[3] K. Tokuhashi, Y. Urano, S. Horiguchi, S. Kondo,
Combustion Science and Technology 72, 117
(1990).

[4] J. Lara, H. Molero, A. Ramirez-Cuesta, W. T.
Tysoe, Langmuir 12, 2488 (1996).

[5] Ch. O. Laux, L. Yu, D. M. Packan, R. J. Gessman,
L. Pierrot, Ch. H. Kruger, R. N. Zare, Ionization
mechanisms in two-temperature air plasmas 30th
Plasmadynamics and Lasers Conference, 28 June-
1 July, 1999/Norfolk, VA (lecture)

[6] B. M. Penetrante, M. C. Hsiao, J. N. Bardsley, B.
T. Berritt, G. E. Vogtlin, P. H. Wallmann, A.
Kuthi, C. P. Burkhart, J. R. Bayless, Physics Let-
ters A 209, 669 (1995).

[7] W-I. Lee, C-Y. Chen, W-C. Ling, Y-T. Wang, C-
J. Chin, Journal of Hazardous Materials 48, 51
(1996).

[8] Y. F. Wang, W. J. Lee, C. J. Chen, Y-P. G. Wu,
G. P. Chang-Chien, Plasma Chemistry and
Plasma Processing 20, 469 (2000).

[9] L. Huang, K. Nakajyo, T. Hari, S. Ozawa, H. Ma-
tsuda, Industrial Engineering Chemical Research
40, 5481 (2001).

[10] M. Tsuji, T. Fanatsu, H. Kouno, Y. Nishimura,
Journal of Chemical Physics 96, 3649 (1992).
[11] C.-T. Li, R. Yang, M. Shih, P.-Jy Tsai, L.-Te
Hsieh, C.-Y. Chen, Chemical Engineering Jour-

nal 4102, 1 (2002).

[12] D. Klar, M-W. Ruf, H. Hotop, International
Journal of Mass Spectrometry 205, 93 (2001).

[13] G. A. Askaryan, G. M. Batanov, A. E. Barkhu-
darov, S. L. Gritsinin, E. G. Korchagina, I. A. Kos-
syi, V. P. Silakov, N. M. Tarasova, Journal of
Physics D: Applied Physics 27, 1311 (1994).

[14] B. Murphy, A. J. D. Farmer, E. C. Horrigan, T.
McAllister, Plasma Chemistry and Plasma Proc-
essing 22, 371 (2002).

[15] S. S. Kumaran, M-C. Su, K. P. Lim, J. V. Mi-
chael, S. J. Klippenstein, J. DiFelice, P. S. Mudi-
palli, J. H. Kiefer, D. A. Dixon, K. A. Peterson,
Journal of Physical Chemistry A. 101, 8653
(1997).

[16]J. Schoonman, Solid Sate lonics 135, 519
(2000).

[17] J.Karthikeyan, Nanostructured Materials 8, 61
(1997).

[18] S.E. Pratsinis, Prog. Energy Combust. Sci. 24,
197 (1998).

[19] LM. Cukrov, T. Tsuzuki, P.G. McCormick,
Scripta Mater ., 44, 1787 (2001).



[20] T. Kovacs, T. Turanyi, K. Féglein, J. Szépvolgyi,
Plasma Chemistry and Plasma Processing 25,
109 (2005).

[21] T. Kovacs, T. Turanyi, K. Féglein, J. Szépvolgyi,
Plasma Chemistry and Plasma Processing 26,
293 (2006).

[22] K. A. Foglein, P. T. Szab6, A. Dombi, J.
Szépvolgyi, Plasma Chemistry and Plasma Proc-
essing 23, 651 (2003).

[23] CHEMKIN  http://www.ca.sandia.gov/chemkin/
http://www.reactiondesign.com

[24]SENKIN E. Lutz, R. J. Kee, J. A. Miller, Sandia
National Laboratories Report 87-8248 (1988)

[25] KINALC http://garfield.chem.elte.hu
/Combustion/kinalc.htm

[26] T. Turanyi, Kémiai K6zlemények 75, 97 (1992).

[27] T. Turanyi, New Journal of Chemistry 14, 795
(1990).

[28] A.S. Tomlin, T. Turanyi, M.J. Pilling, Mathe-
matical tools for the construction, investigation
and reduction of combustion mechanisms in:
”Low temperature combustion and autoignition”
editors: M.J. Pilling and G. Hancock, Elsevier,
1997, pp. 293-437.

[29] Gy. Zsély, 1. Virag, T. Turanyi, Investigation of a
methane oxidation mechanism via the visualiza-
tion of element fluxes. 4th Mediterranean Com-
bustion Symposium, Lisbon, Portugal, 6-10 Octo-
ber, 2005 (poster)




