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[57] ABSTRACT

Reduction of carbon oxides products in oxidative pyrol-
ysis of halogenated methanes in gas phase halogen-cat-
alyzed oxidative-pyrolytic, non-flame, conversion of
methane to higher molecular weight hydrocarbons is
carried out in the presence of oxygen-containing gas
which is primarily introduced in a latter portion of the
process sequence reducing the oxygen requirement for
effective suppression of formation of carbonaceous de-
posits thereby reducing carbon oxides product. Conver-
sion of halogenated methanes to high yields of ethylene
by conduct of the reaction in the presence of methane
further reduces oxygen requirements and results in in-
significant solid carbonaceous deposit formation.

26 Claims, No Drawings
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REDUCTION IN CARBON OXIDES IN
OXIDATIVE PYROLYSIS OF HALOGENATED
METHANES

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to reduction in carbon oxides
products in oxidative pyrolysis of halogenated meth-
anes in gas phase halogen-catalyzed oxidative-
pyrolytic, non-flame, conversion of methane to higher
molecular weight hydrocarbons carried out in the pres-
ence of oxygen-containing gas which is primarily intro-
duced in a latter portion of the process sequence to
reduce the oxygen requirement for effective suppres-
sion of the formation of carbonaceous deposits and
carbon monoxide.

2. Description of the Prior Art

Natural gas contains varying quantities of methane,
typically about 75 weight percent, and thus constitutes
an important raw material for the synthesis of higher
molecular weight hydrocarbons. Various processes are
known for the conversion of methane into acetylene,
ethylene and hydrogen using high temperature pyroly-
sis. However, thermal decomposition of methane results
in solid carbonaceous deposits which reduces the yields
for desired hydrocarbon products. The reduction of
formation of carbonaceous deposits, such as tars, solid
carbon and soot, while maintaining high yield for the
desired hydrocarbon products, is obtained by oxidative
pyrolysis of halogenated methanes in the gas phase and
under non-flame conditions in the presence of oxygen as
described in U.S. Pat. No. 4,714,796, which is incorpo-
rated herein by reference in its entirety. The 4,714,796
patent teaches that as halogenated methane conversion
is increased, the molar ratio of ethylene to acetylene in
the product decreases at long reaction times. However,
since the feed initially did not contain any ethylene its
concentration must have earlier increased in the pro-
cess. Under the conditions of Example 1 of that patent,
ethylene to acetylene molar ratio changed from less
than about 2 to less than about 1 along the reactor
length. Similar molar ratios of ethylene to acetylene
product are reported in “Conversion of CHy into C:H»
and C;H4 by the Chlorine-Catalyzed Oxidative-Pyrol-
ysis (CCOP) Process 1. Oxidative Pyrolysis of CH3Cl”,
A. Granada, S. B. Karra, and S. M. Senkan, Ind. Eng.
Chem. Res., Vol. 26, No. 9, pgs. 1901-1905 (1987) and
in “Converting Methane by Chlorine-Catalyzed Oxida-
tive Pyrolysis”, S. M. Senkan, Chemical Engineering
Progress, pgs. 58-61, December 1987. The 4,714,796
patent teaches that carrier gases or mixtures may be
used to reduce the concentration of the active reactants
and that inert carrier gas may be used, or other gases
which do not contain interfering compounds may be
used. The 4,714,796 patent teaches that methane or any
gaseous source of methane may be used as a carrier gas.
Although the 4,714,796 patent teaches the production
of ethylene and acetylene from methane by oxidative
pyrolysis of halogenated methanes, the carbon oxides
also formn in the process. Since ethylene is presently a
much more valuable product, development of a process
providing lower carbon oxides production while main-
taining low levels of carbonaceous deposits is desirable.

In a related investigation, Weissman and Benson stud-
ied the kinetics of high temperature non-oxidative py-
rolysis of methyl chloride under non-flame conditions
reporting formation of significant amounts of carbon.
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Weissman and Benson also teach that increase in meth-
ane presence causes significant increase in carbon for-
mation. Weissman, M. and Benson, S. W. “Pyrolysis of
Methyl Chloride, a Pathway in the Chlorine-Catalyzed
Polymerization of Methane”, In. J. Chem. Kinetics,
Vol. 16, p. 307-333 (1984).

SUMMARY OF THE INVENTION

This invention provides a process for producing
higher molecular weight hydrocarbons from a gas con-
taining halogenated methanes by oxidatively pyrolyz-
ing halogenated methanes under non-flame conditions
in the presence of oxygen-containing gas which is pri-
marily introduced in a latter portion of the process
sequence thereby reducing the oxygen requirement for
effective suppression of formation of carbonaceous de-
posits and reducing carbon oxides, primarily carbon
monoxide, product. A minor portion, less than 50 per-
cent, and preferably less than 20 percent, of the total
oxygen introduced to the process may be introduced
prior to (upstream to) maximum ethylene production.
The major portion of the oxygen is introduced to the
process at about the stage of maximum ethylene produc-
tion and downstream therefrom.

The oxygen requirement for effective suppression of
formation of carbonaceous deposits may be further
reduced by conducting the oxidative pyrolysis of halo-
genated methanes in the presence of methane to in-
crease ethylene product selectivity while decreasing
acetylene product selectivity. This reduced oxygen
requirement is due to a shift of maximum ethylene pro-
duction to a later time in the reaction sequences with
increasing CH4/CH3Cl ratio. In this embodiment of the
process of this invention, methane is present in an initial
molar ratio of methane/halogenated methanes of at
least about 0.5 to an upper amount which is limited by
practical considerations of gas separation, recompres-
sion, and recycling costs in the overall process. Present
practical considerations suggest the upper limit of the
initial molar ratio of methane/halogenated methanes to
be about 10. Preferred initial mole ratios of methane/-
halogenated methanes should be as high as practical
governed by overall process economics and are in the
order of about 3 to about 7.

The process of this invention reduces the process
oxygen requirements while reducing product gas sepa-
ration requirements. In one embodiment of the process
of this invention, selectivity for ethylene formation is
increased while selectivity for acetylene formation is
decreased with increasing initial molar ratio of me-
thane/halogenated methanes in the reaction system.
High ethylene selectivity is economically desirable due
to much greater market demand for ethylene than for
acetylene and is process-wise desirable since acetylene
precursors are also precursors for formation of carbona-
ceous deposits. Further, the process of this invention
introducing a minor portion of oxygen at early process
stages and a major portion of the oxygen at later process
stages and using increased initial molar ratios of me-
thane/halogenated methanes does not result in forma-
tion of significant amounts of carbonaceous deposits.

DESCRIPTION OF PREFERRED
EMBODIMENTS

In the process of this invention, oxygen is principally
introduced to the reaction system separate from reac-
tant halogenated methane and methane. It is desired to
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introduce a minor portion, less than about 50 percent,
and preferably less than about 20 percent, of the total
oxygen introduced to the process significantly prior to,
or upstream to, the point of maximum ethylene produc-
tion. A minor portion of oxygen introduction to early
stages of the reaction system includes no introduction of
oxygen with the initial reactants. The process of this
invention generally is carried out in a tubular flow
through reactor with halogenated methanes and meth-
ane reactants introduced at one end and product gases
removed from the opposite end. A small fraction of the
oxygen, required to suppress formation of carbonaceous
deposits, preferably less than about 20 percent of the
total oxygen may be introduced with reactant haloge-
nated methanes or in an early stage of the process signif-
icantly upstream to the point of maximum ethylene
formation. Generally in the conduct of the process of
this invention ethylene production will peak along the
length of the reactor and then begin to fall. Under these
conditions, “maximum ethylene formation” means
throughout this description and in the claims the area
from the peak of ethylene formation and upstream for
about 20 percent of the length of the reactor. Under
some conditions ethylene product production may still
be increasing at the exit of the reactor. Under these
conditions of continuing increase of ethylene produc-
tion, “maximum ethylene production” means through-
out this description and in the claims the area from the
reactor exit and upstream for about 20 percent of the
length of the reactor. When ethylene production does
peak along the length of the reactor, it is desired to
introduce the major portion of the oxygen to that por-
tion of the reactor from about 10 percent of the reactor
length prior to the ethylene peak to the reactor exit..

One manner of achieving the desired oxygen intro-
duction according to this invention is to conduct the
process in two stages with the first stage up to maximum
ethylene production being carried out in a separate first
reactor or a separated first portion of a reactor and the
second stage of the process including and following
maximum ethylene production being carried out in a
second reactor or a second portion of a reactor to which
a major portion of the oxygen is introduced. The major
portion of the oxygen is preferably introduced in a
continuing manner from the area of maximum ethylene
production to the product gas exit from the reactor.
This may be achieved by any gas manifold introduction
system known to the art. Radial introduction of oxygen
in a manner to provide a layer of high oxygen content
gas along the reactor walls is preferred to prevent reac-
tor wall contact with precursors of carbonaceous de-
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posits. One preferred embodiment is to introduce oxy-

gen through a porous reactor wall, such as porous ce-
ramics as are available, thereby introducing the oxygen
radially and maintaining a layer of oxygen along the
inner reactor wall at locations where precursors of
carbonaceous deposits are present in the product gas
stream. In preferred embodiments introduction of oxy-
gen may be increased in specific regions of the reactor
where the formation of precursors of carbonaceous
deposits takes place as determined by knowledge of
kinetics of process reactions.

The process of the present invention may advanta-
geously be carried out in the presence of methane to
increase ethylene selectivity while reducing acetylene
selectivity, acetylene precursors also being precursors
to the formation of carbonaceous deposits. Reduction in
precursors to formation of carbonaceous deposits re-
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4
duces the oxygen requirement for suppression of forma-
tion of such deposits. This embodiment of the present
invention provides ethylene selectivity, conversion to
ethylene, as high as in the order of 60 percent ethylene
at 50 percent conversion of chloromethane.

A preferred embodiment may comprise a one or two
step process wherein a feedstock gas comprising meth-
ane is first converted into halogenated methanes, and
oxidative pyrolysis of halogenated methanes is then
carried out in the gas phase and under non-flame condi-
tions.

The halogenated methanes used in the oxidative py-
rolysis of the invention may include, mono-, di-, tri- and
tetra-halogenated methanes. Halogenated methanes
may be produced by any suitable method known to the
art, such as those referred to in U.S. Pat. Nos. 2,320,274,
2,488,083 and 4,199,533. The halogenation of methane
may be carried out in the same reaction vessel or in a
reaction vessel separate from the oxidative pyrolysis of
this invention.

The oxidative pyrolysis of halogenated methanes
according to this invention is carried out at tempera-
tures of about 500° C. to about 1500° C., preferably
about 900° C. to about 1200° C., and under pressures of
about 0.1 atmosphere to about 50 atmospheres, prefera-
bly about 1 atmosphere to about 5 atmospheres. Suitable
reaction times are about 0.05 to about 10 seconds, about
0.1 to about 0.5 seconds being preferred. Suitable reac-
tion chambers capable of withstanding the temperature
and pressure requirements of the present invention are
well known to the art.

The oxidative pyrolysis of halogenated methanes is
carried out in the presence of methane which enters into
the reaction system to increase selectivity of product
ethylene while decreasing selectivity of product acety-
lene while achieving high halogenated methane conver-
sion without formation of carbonaceous deposits. Suit-
able initial methane/halogenated methanes molar ratios
are greater than 0.5 up to an upper amount limited by
considerations of separation, recycle and recompression
costs. A practical upper limit of initial methane/-
halogenated methanes molar ratios s about 10. Pre-
ferred initial molar ratios of methane/halogenated
methanes are about 3 to about 7. Feedstock gas contain-
ing methane, in addition to that required for production
of halogenated methanes, suitable for use in the process
of this invention may comprise any methane containing
gas which does not contain interfering compounds.
Preferably, the methane containing gas suitable for use
as a feedstock in the process of this invention comprises
at least about 25 percent by weight methane and may
comprise up to 100 percent by weight methane. Sources
of methane containing gas include natural gas, synthetic
natural gas (SNG), product gas from gasification of
carbonaceous materials, such as gasification of coal,
peat, shale, and the like, as well as products of anaerobic
digestion of various biomass materials. These gases
principally comprise methane and may contain other
gases such as ethane, propane, acetylene and ethylene,
which produce corresponding chemical reactions to
those of methane in the process of this invention. Purifi-
cation of such mixed gases comprising principally meth-
ane is not usually necessary. These sources of methane
containing gas and processes for producing methane are
well known in the art.

Any source of halogen containing gas which does not
contain interfering chemical compounds may be used in
the process of this invention. It is preferred that the
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halogen containing gas contain at least about 25 percent
and may contain up to 100 percent by weight halogen
selected from the group consisting of chlorine, bromine,
iodine, and mixtures thereof. The amount of halogen
required depends upon the methane to halogenated
methane ratio in the mixture used in the oxidative pyrol-
ysis step. Chlorine is a preferred halogen for use in this
invention. Halogen containing gas may be largely sup-
plied by recycle of gas obtained by recovery of the
halogen acid which forms in the oxidative pyrolysis
process. Such halogen recovery may be by any method
known to the art, such as taught by U.S. Pat. Nos.
2,320,274 and 4,199,533. Make-up halogen may be
added as required. According to the process of this
invention, the gaseous mixture comprising halogenated
methanes and oxygen is fed to the oxidative pyrolysis
reaction zone in the halogenated methanes/oxygen
mole percentage ratios of about 1 to about 100, prefera-
bly about 5 to about 20.

Any oxygen containing gas which does not contain
interfering chemical compounds and can provide the
above specified halogenated methanes/oxygen mole
percentage ratios in the particular reaction system are
suitable for use in the process of this invention. Also,
any oxygen containing precursor compound, such as
steam, which under conditions of this process provides
oxygen, may be suitable for use in this invention. The
term “oxygen containing gas” as used throughout this
disclosure and claims refers to gas containing oxygen,
such as air or steam, and gases having an oxygen con-
tent of up to 100 percent. It is preferred to use oxygen
containing gas comprising over about 50 volume per-
cent oxygen.

It is a further requirement of the oxidative pyrolysis
process of this invention that the reaction be carried out
under non-flame conditions. These non-flame condi-
tions are maintained by selection of temperature, pres-
sure and specific gas ratios which do not lead to flame
formation. These conditions can be ascertained by one
skilled in the art in view of the above parameters. utili-
zation of broad operating conditions, as set forth above,
is rendered possible due to the known flame inhibiting
characteristic of halogens and halogenated compounds.
Carrier gases or mixtures may be used to reduce the
concentration of active reactants. Inert carrier gas may
be used, or other gases which dg not contain interfering
compounds may be used.

In the process system for formation of ethylene in
oxidative pyrolysis of halogenated methanes in the pres-
ence of oxygen-containing gas under non-flame condi-
tions, increased presence of methane is necessary to
increase product ethylene selectivity. I have found that
under the conditions for non-flame oxidative pyrolysis
of halogenated methanes in the presence of oxygen-con-
taining gas that methane reacts with the chlorine radical
to form precursors to form increased amounts of ethyl-
ene. I have found that the presence of methane in the
reaction system under the above specified reaction con-
ditions has not caused formation of carbonaceous de-
posits. Ethylene selectivity may be increased to greater
than about 25 mole percent, based upon halogenated
methanes reacted by conducting the process in the pres-
ence of methane present in an initial molar ratio of me-
thane/halogenated methanes of greater than about 2.
By increasing the initial molar ratio of methane/-
halogenated methanes to about 3 to about 7, ethylene
selectivity is increased to greater than about 30 mole
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percent while acetylene selectivity is reduced to less
than about 20 percent.

The following specific example sets forth details of a
preferred embodiment of the process of the present
invention for oxidative pyrolysis of monochlorome-
thane in the presence of oxygen and methane. This
example uses methyl chloride obtained by chlorination
of methane in a first step by any suitable process. The
specific example is intended to be illustrative only and is
not intended to limit the present invention in any way.

EXAMPLE 1

Oxidative pyrolysis of monochloromethane was car-
ried out in a pressure of about 0.7 atmosphere in a trans-
parent quartz reactor 100 cm. long and having an inner
diameter of 2.1 cm. placed in a three zone electric tube
furnace. Methane and monochloromethane were intro-
duced into the furnace in the amounts indicated in Table
1 with 2.5 mole percent oxygen and the mixture rapidly
heated to about 900° C. The reactant gas mixture of
methane, monochloromethane, and oxygen were passed
through the reaction zone at a velocity resulting in a
mean reaction time of 0.4 seconds.

The products were withdrawn from the reactor and
subsequently analyzed by a gas chromatograph, the
major species quantified being C,Hj, C,H4, C2Hs, and
CO. Several runs were conducted at the methane/-
monochloromethane ratios indicated in Table 1.

TABLE 1
Feed Product Selectivity*
CH4/CH;Cl CaHy CyH3 CcO
191 25 22 5
3.62 37 18 10
9.22 50 17 30

*Product selectivity based upon CH;Cl reacted.

Table 1 clearly shows the increase in product selec-
tivity for C;H4 and the decrease in product selectivity
for C2H3 with increasing CH4/CH3Cl ratios in the feed.
Remaining carbon forms primarily CH4 and to a lesser
extent C;Hg. No visible signs of formation of carbona-
ceous deposit was observed at the reactor exit after a
period of four hours operation.

I have found that oxygen concentration in the process
system of this invention has essentially no affect upon
ethylene product and acetylene product selectivities
and results in an approximately directly proportional
increase in carbon monoxide formation. Oxidative py-
rolysis of monochloromethane was carried out under
the conditions set forth in Example I except a constant
feed CH4/CH3Cl ration of 3.62 was maintained, the
mean reaction time was 0.45 seconds, and the amount of

oxygen in the feed varied as specified in Table 2 which
shows the results.
TABLE 2
Product Selectivity
Feed Unaccounted
O Mole % CHy, CHy CO Carbon*

0 34 16 0 50

L5 35 17 8 40

2.5 37 18 10 35

3.5 40 18 15 27

4.5 36 i8 20 26
*Predominantly CH; and small of carb deposits at lower Oy

leveis.
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Table 2 clearly shows that reduced oxygen require-
ments of the process system exhibit a proportional re-
duction in carbon oxides, carbon monoxide product.

Table 2 also shows that unaccounted carbon, that is
carbon that cannot be accounted for by the measure-
ment of C;Hy, CoHj, and CO, decreases with increasing
O:. Since unaccounted carbon also is a measure of the
extent of the formation of carbonaceous deposits, it is
clear that increasing Oz concentration decreases the
likelihood of such deposits.

While in the foregoing specification this invention has
been described in relation to certain preferred embodi-
ments thereof, and many details have been set forth for
purposes of illustration, it will be apparent to those
skilled in the art that the invention is susceptible to
additional embodiments and that certain of the details
described herein can be varied considerably without
departing from the basic principles of the invention.

I claim:

1. A method of reducing product carbon oxides in a
process oxidatively pyrolyzing halogenated methanes
under non-flame conditions in the presence of an oxy-
gen containing gas to produce higher molecular weight
hydrocarbons with effective suppression of formation
of carbonaceous deposits, said method comprising in-
troducing only a minor portion of oxygen to said pro-
cess upstream of maximum ethylene formation.

2. A method of reducing product carbon oxides in
accordance with claim 1 wherein less than about 50
percent of said oxygen introduced to said process is
introduced upstream of maximum ethylene formation.

3. A method of reducing product carbon oxides in
accordance with claim 1 wherein less than about 20
percent of said oxygen introduced to said process is
introduced upstream of maximum ethylene formation.

4. A method of reducing product carbon oxides in
accordance with claim 1 wherein greater than about 50
percent of said oxygen introduced to said process is
introduced to the reactor in which said process is con-
ducted in the area from maximum ethylene formation to
the product gas exit of said reactor.

5. A method of reducing product carbon oxides in
accordance with claim 4 wherein said oxygen is intro-
duced radially into said reactor.

6. A method of reducing product carbon oxides in
accordance with claim 4 wherein said oxygen is intro-
duced through a porous sidewall into said reactor.

7. A method of reducing product carbon oxides in
accordance with claim 2 wherein temperatures are
maintained at about 500° C. to about 1500° C.

8. A method of reducing product carbon oxides in
accordance with claim 2 wherein temperatures are
maintained at about 900° C. to about 1200° C.

9. A method of reducing product carbon oxides in
accordance with claim 2 wherein pressures are main-
tained at about 0.1 atmosphere to about 50 atmospheres.

10. A method of reducing product carbon oxides in
accordance with claim 2 wherein pressures are main-
tained at about 1 atmosphere to about 5 atmospheres.

11. A method of reducing product carbon oxides in
accordance with claim 2 wherein the mole percentage
ratio of halogenated methanes to oxygen is about 1 to
about 100.

12. A method of reducing product carbon oxides in
accordance with claim 2 wherein the mole percentage
ratio of halogenated methanes to oxygen is about 5 to
about 20.
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13. A method of reducing product carbon oxides in
accordance with claim 2 wherein the gas residence time
is about 0.05 to about 10 seconds.

14. A method of reducing product carbon oxides in
accordance with claim 2 wherein the ga residence time
is about 0.1 to about 0.5 seconds.

15. A method of reducing product carbon oxides in
accordance with claim 2 wherein said halogenated
methanes principally comprise monochlioromethane.

16. A method of reducing product carbon oxides in
accordance with claim 2 wherein said oxygen-contain-
ing gas comprises over about 50 volume percent oxy-
gen.

17. A method of reducing product carbon oxides in
accordance with claim 2 wherein said oxygen-contain-
ing gas comprises steam.

18. A method of reducing product carbon oxides in
accordance with claim 1 wherein said process is con-
ducted in the presence of methane present in an initial
molar ratio of methane/halogenated methanes of
greater than about 0.5 thereby increasing ethylene prod-
uct selectivity.

19. A method of reducing product carbon oxides in
accordance with claim 18 wherein said initial molar
ratio of methane/halogenated methanes is about 0.5 to
about 10.

20. A method of reducing product carbon oxides in
accordance with claim 18 wherein said initial molar
ratio of methane/halogenated methanes is about 3 to
about 7.

21. A method of reducing product carbon oxides in
accordance with claim 18 wherein said initial molar
ratio of methane/halogenated methanes is about 0.5 to
about 10; temperatures are maintained at about 500° C.
to about 1500° C.; pressures are maintained at about 0.1
atmosphere to about 50 atmospheres; the initial mole
percentage ratio of halogenated methanes to oxygen is
about 1 to about 100; and the gas residence time is about
0.05 to about 10 seconds.

22. A method of reducing product carbon oxides in
accordance with claim 18 wherein said initial molar
ratio of methane/halogenated methanes is about 3 to
about 7; temperatures are maintained at about 900° C. to
about 1200°* C.; pressures are maintained at about 1
atmosphere to about 5 atmospheres; the initial mole
percentage ratio of halogenated methanes to oxygen is
about 5 to about 20; the gas residence time is about 0.1
to about 0.5 seconds and said halogenated methanes
principally comprise monochloromethane.

23. A method of reducing product carbon oxides in
accordance with claim 22 wherein greater than about 50
percent of said oxygen introduced to said process is
introduced to the reactor in which said process is con-
ducted in the area from maximum ethylene formation to
the product gas exit of said reactor.

24. A method of reducing product carbon oxides in
accordance with claim 23 wherein said oxygen is intro-
duced radially into said reactor.

25. A method of reducing product carbon oxides in
accordance with claim 18 wherein greater than about 50
percent of said oxygen introduced to said process is
introduced to the reactor in which said process is con-
ducted in the area from maximum ethylene formation to
the product gas exit of said reactor.

26. A method of reducing product carbon oxides in
accordance with claim 18 wherein said oxygen is intro-

duced radially into said reactor.
* »  J * »



