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INTRODUCTION:

Methane is available in large quantities in natural gas, thus consti-
tutes an important raw material for the synthesis of higher molecular
weight hydrocarbons. Processess exist to convert methane into acetylene,
ethylene, and hydrogen using high temperature pyrolysis. However, at the
high temperatures needed for the thermal decomposition of methane, the
yields of more valuable liquid and gaseous products are too low due to the
, formation of excessive amounts of carbonaceous solids (see (1) and referen-
; ces therein).

In an earlier patent Gorin (2) proposed a chlorine-catalyzed process
in which methane conversion was achieved via CH, chlorination, followed by
the pyrolysis of chlorinated methanes (CM) ana formation of C,+ products
and HC1. The HC1 produced can either be converted into chlorfne via the
well-known Deacon reaction, or can be used to convert CH, into CH,C1 via
oxychlorination process, thus completing the catalytic cyé]e for cﬁ]orine.
Recently, Benson (3) patented a process similar to that of Gorin (2), in
which the flame reactions of C1, and CH, were involved. Later, Weissman and
Benson (4) studied the kinetics®of CH3C1 pyrolysis.

As expected from bond dissociation energy considerations, the decomposi-
tion temperatures for CM would be lower than that for methane, thus the
destruction of valuable pyrolysis products, which include acetylene and
ethylene would be suppressed. However, in spite of the lower temperatures
required for CM pyrolysis, the formation of carbonaceous solids still is a
problem (2,4), and this renders the direct pyrolysis of CMs unattractive
for practical applications.

The Chlorine-Catalyzed Oxidative-Pyrolysis (CCOP) process developed
ameliorates the problem of formation of solid products, while maintaining
high yields for acetylene and ethylene (5,6). The CCOP process exploits the
high-temperature, non-flame reactions of methane, chlorine, and oxygen, and
forms an important bridge between combustion chemistry, halogen inhibition
processes (7,8) and chemical reaction engineering. ‘Although some carbon
monoxide forms in the CCOP process, CO is a gaseous product thus can be
handled easily. In addition, CO can itself be used to synthesize higher
molecular hydrocarbons as well.

EXPERIMENTAL :

‘ The experiments were conducted in a 2.1 cm ID quartz tube which was
| about 100 cm long, and was placed in a 3-zone Lindbergh furnace. A small
: amount of CH3C1/0 mixture was injected directly into pre-heated argon
) carrier gas. Expériments were reasonably isothermal as determined by
thermocouples. Although laminar flow conditions were present, the deviation
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from ideal plug flow behavior was determined to be in the range 10-15%, by
the measurements of the concentration profiles in the radial direction.

Species profiles were determined by withdrawing gases through a water-
cooled quartz sampling probe positioned centrally at the downstream of the
reaction zone, followed by gas analysis by on-line mass spectrometry.

RESULTS AND DISCUSSION:

The experimental conditions investigated are presented in Table I. It
should be noted that under these conditions, homogeneous gas-phase kinetics
would dominate the reaction processes, with minor contributions from sur-
face induced reactions (4,9).

TABLE I
‘Experimental Conditions Investigated.
T=980C, P=515 Torr, v=150 cm/s, res. time=50-250 ms

Mixture A Mixture B

Mole percent Mole percent
Species CCOP Process St. Pyrolysis

CHyC1 7.32 7.47
0 2.05 :
AP 90.6 92.5

It was possible to conduct experiments with Mixture A indefinitely
without any visible signs of formation of solid deposits at the exit of the
transparent quartz reactor. Use of mixture B, however, immediately resulted
in the formation of dark solid deposits, which rendered the quartz reactor
opaque. The formation of solid deposits in the absence of oxygen, however,
is an expected result, consistent with the findings of previous investiga-
tors (2,4).

In all the experiments the major species quantified, other than the
reactants and argon, were: CZH , H,, C H6’ CZH C1, CH,, HC1, and CO.
Minor species identified, but nGt qugnﬁifiea were: EGHG’ ﬂzo, COZ’ and
HCHO. .

In Figure 1 the mole percent profile for CH,C1 and temperature are pre-
sented as a function of axial position. In add?tion, the percent for unac-
counted carbon (UC) is also presented. UC is defined as the percent of
carbon unaccounted for by the measurements of major gaseous species, thus
it represents a measure of extent of formation of solid products.

As seen from the UC profiles in Fig 1, the formation of high molecular
weight products, which cannot be quantified by mass spectrometry, is indeed
a problem in the absence of 0,. This result is consistent with our qualita-
tive observations noted earligr and the results of Gorin (2), and Weissman
and Benson (4).

In Figure 2 the mole percent profiles for HC1, 0,, and CO are presen-
ted. The HC1 mole percents were calculated from ch?orine atom balances,
from the measurements of the overall conversion of CH,C1, and by assuming
that no chlorine is associated with UC. The conversion”of 02 was quite Tow,
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less than about 10%, consistent with the formation of low levels of CO, and
by the absence of quantifiable amounts of CO2 or H20.

In Figure 3 the profiles for H, and CH, are presented. The mole frac-
tions for H, were obtained from ﬁydrogen atom balances. In Figure 4 the
profiles for E H,, C H4, and C H3C1 are shown. These profiles suggest the
eventual estagl?shmeﬁt of pseuao-stationary values for C,H, and C H4 at
higher CH,C1 conversions, consistent with the non-chain Ehgracter 3f the
process. Ag seen from these profiles, the levels of these products were not
sensitive to 02.

REACTION MECHANISM:

Detailed chemical modeling of the CCOP process suggests that CM pyroly-
sis starts with the well known initiation step (10):

CH3C1 === CH3 + C1 1)
as well by the following route in the presence of 02:

CH3C1 + 02 === CH2C1 + HO2 2)

These reactions are followed by:

Cl + CH3C1 === CH2C1 + HC1 3)
Once formed, HC1 undergoes the following fast reaction:

CHy + HC1 === CH4 + C1 4)
regenerating C1, and forming CH, as an inevitable by-product of CM pyroly-
sis. Reaction 4 also rapidly conéumes the CH3, therefore rendering CHZCI as
the most important C1 radical in the system.

The chemically activated recombination of CH,C1, as well as CH,C1 and
CH, then determine the major product distribut?ons in the CCOP Erocess.
Thése reactions are the following:
*
CH2C1 + CH2C1 === [1,2-C2H4C12] 5)
*
CH3 + CH2C1 === [C2H5C1] 6)
*

where [ ] denotes the chemically activated adduct. The CH3+CH3=[C

Hel
reaction 1is unimportant because of the lower concentrations “of the2 EH3
radicals.

The energized adducts [1,2-C,H,C1 ]*, and [CZH C]]* then undergo the
following parallell stabilization gnﬂ dgcomposition rgactions:

[1,2-C2H4C12]* +M ---> 1,2-C,H,C1, + M (Stabilization) 7)

2412

....... > CoH,Cl + €1 8)

....... > CoHyCl + HCI 9)
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[c2H5c1]* + M -e-> CHCl + M (Stabilization) 10)

------- > CoH, + HO 11)

2
------- > CHe + C1 12)

As apparent from these reactions gas density (M) has a significant impact
on the nature of the ultimate product distribution. For example, at higher
pressures and/or lower temperatures where M is high, collisional stabiliza-
tion of the chemically activated intermediates is enhanced, thus the forma-
tion of recombination products would be favored. Conversely, at low pres-
sures and/or higher temperatures where M is low, HC1 and C1 elimination
channels would gain greater significance.

These radical combination reactions are then followed by the fo1]owiqg,
again pressure-dependent, unimolecular reactions leading to the formation
of C HZ’ and C2H4:

2
C2H3C1 + M === CZHZ +HC1 + M 13)
C2H4C1 + M === C2H4 +Cl +M , 14)
1,2-CH,Cly + M === CoHaCl + HCT + M 15)
C2H561 + M === C2H4 + HCl + M 16)

Reaction 13 is the major channel for the formation of C H2 and for the
destruction of C,H,C1. The formation of C H4 occurs primari?y via reaction
11, and to a 1es§e§ extent by reactions 13, and 16.

Ethylene also undergoes the following destruction processess:

CZH4 + C1 === C2H3 + HC1 17)
C2H4 + CH2C1 === C2H3 + CH3C1 18)

and form one of the most important C, radicals in the system, C,H,. Similar
destruction channels for CZHZ would Ee too slow to be of any sian?figance.

In the absence of oxygen, the primary reaction pathways available for
CZH3 are its polymerization:

C2H3 + CZHZ === CHZCHCHCH 18)
and to a lesser extent:
C2H3 + CZH4 === CHZCHCHZCH2 19)
or its highly-endothermic, thus slow decomposition to acetylene:
C?_H3 === CZHZ +H 20)
The CHZCHCH CH, and CH,CHCHCH radicals subsequently undergo dehyd-

rogenation, hydgoggnation, %urther addition reactions with C_H, and CH,,
cyclize and ultimately result in the formation of high mo]egu?ar weggﬁt
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carbonaceous solids. Although the detailed chemical kinetic steps leading
to the formation of solid products are not fully known at present, the pro-
cess nevertheless is well known to be extremely rapid (11), and reaction
18 is believed to play a pivotal role (4,12, 13).

In the presence of oxygen, however, the C H3 radical has an additional
fast reaction channel which effectively competGS with the above processes:

CZH3 + 02 === HCOH + HCO 21)
This elementary reaction have only recently been isolated and studied (14),
and was shown to have no activation energy barrier. Consequently, oxygen
has a profound influence on the processes of formation of high molecular
weight hydrocarbon solids and carbon by directly intercepting the C,H
radicals. The HCOH and HCO formed by reaction 21 subsequenly are conver%ea
into CO. '

As evident from the above reaction mechanism, although 0, interrupts
the processess that ultimately lead to the formation of solid aeposits,

it does not directly interfere with the reactions responsible for the
formation of ethylene and acetylene. This is supported by the experimental
measurements presented in Figure 4, in which the mole percents for C_H, and
c H4 remained nearly the same both in the presence and absence of ox§an at
tﬁe same extent of conversion of CH3C1.

It is most important to note that the success of the CCOP process
depends on the presence of the following combustion inhibition reaction,
which also is the major route for H2 formation:

H + HCl === H2 + C] 22)

Reaction 22, because of its lower activation energy, efficiently removes
the H radicals from the system, and renders the following important combus-
tion chain branching reaction:

H + 02 === 0H + 0 23)
ineffective in building up the concentrations of 0 and OH radicals (7,8).
Consequently the formation of flames, thus the destruction of CM and valua-
ble products are prevented.

ACKNOWLEDGEMENTS: This research was supported, in part, by funds from the
U.S. Environmental Protection Agency, Grant No:R812544-01-0, and the I11i-
nois Institute of Technology.

REFERENCES:

1. Back, M.H., and Back, R.A., in Pyrolysis: Theory and Industrial Prac-
tice, Albright, L.F., Crynes,B.L., and Corcoran,W.H., Eds., Academic Press,
New York, NY 1983,

2. Gorin, E., US Patent 2,320,274, 1943, \
3. Benson, S.W., US Patent 4,199,533, 1980.

303



4. Weissman, M., and Benson, S., lnt. J. Chem. Kinetics., v.16, p.307
(1984).

5. Senkan, S.M. "Production of Higher Molecular Weight Hydrocarbons from
Methane", U.S. Patent Application in Progress.

6. Granada, A., Karra, S.B., and Senkan, S.M., Ind. Eng. Chem. Research,
submitted, 1987.

7. Chang, W.D., and Senkan, S.M., Combust. Sci. Tech., v.43, p.49 (1985).

8. Chang, W.D., Karra, S.B., and Senkan, S.M., Combust. Sci. Tech., v.43,
p.107 (1986). -

9. Rotzoll, G., Combust. Sci. Tech., v.47, p.275 (1986).

10. Karra, S.B., and Senkan, S.M., "Detailed chemical kinetic modeling of
the CCOP process", manuscript in preparation.

11. Trimm, D.L., 1in Pyrolysis: Theory and Industrial Practice, Albright,
L.F., Crynes,B.L., and Corcoran,W.H., Eds., Academic Press, New York, NY
1983.

12. Frenklach, M., Clary, D.W., Gardiner, W.C., and Stein, S.E., Twentieth
Symposium (International) on Combustion, p.887, The Combustion Institute,
Pittsburgh 1984,

13. Colket, M.B., Twenty First Symposium (International) on Combustion, The
Combustion Institute, Pittsburgh in press 1987.

14. Park, J.Y., Heaven, M.C., and Gutman, D., Chem. Phys. Lett., v.104,
p.469 (1984).

304

e it i




‘0d ANo YLOH 404 S3(L40dd 2 aunbiry

wy ‘4032034 buoye aduwIsLd

st et s2 22 si
T T T 2’9
S
o9
oo
(¥) 03 4 56
-4 9}
\:
m % \q\b 51
e 0 O A o m\d m
i o D'I\!I.. |Anwul — 5
Amv 1JH \@ d\
o} .
—Y "o 4 ez
\m\
{ 9 — (¥) 1M
A\
52

juaouad 90y

Jemperature, C

-aanjedadwa) pue Jn “19%H) 404 salisoad 1 3dnbld

wy “403dead buole 3dueisig

St Bt se 22 S

o (v)on o o o

=
o
=2
<
juddded a|oy

o n
< J mw

& w (v) 0%

= N e
— —y g =80
<.||||.<.||||Av.;||||||||l L
© R ey § 9

006 (8) 1ot
056 L
0001 8




Mole percent

1S 20 258 30 35

Distance along reactor, cm

Figure 3. Profiles for xN and nxa.
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