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PROCESS FOR THE PRODUCTION OF ALKENES AND/OR AROMATIC
COMPOUNDS

FIELD

[0001] The present invention relates to the use of methane in the production of alkenes

and/or aromatic compounds.
BACKGROUND

[0002] The economic viability of any manufacturing business relies, a least to some
extent, on the ability to convert low cost starting materials to higher value products.
Particularly in the large scale manufacture of commodity chemicals, a difference in material
cost of under a dollar per unit, or even pennies per unit, can determine whether a process is
economically viable or not. Maximization of the difference between materia cost and

product value can also render acostly process more economically attractive.

[0003] One example of aclass of such processes includes processes for the production of
higher alkanes and/or alkenes, e.g., those including from three to ten (C3-C10) carbon atoms.
Propene, for example, can be used in the production of high performance garments for use by
athletes and the military, and is also used in the production of other functional monomers,
such as propylene oxide, acrylic acid, alyl chloride, and epichlorohydrin. And, alkanes and

alkenes having from three to ten carbon atoms can be used in the production of gasoline.

[0004] Many conventional processes for the manufacture of these alkanes and akenes
comprising from three to ten carbon atoms (C;-C, ), utilize propane as a starting material.
Propane may typicaly cost between twenty and sixty cents per pound. And, processes for
the conversion of propane to C,-C, alkanes and alkenes are generally conducted a extreme
temperatures, e.g., of 600°C or greater, and typicaly require the use of a catalyst. Such
process conditions are not only expensive in utility and material cost and capital equipment,

but can also generate safety concerns.

[0005]  Furthermore, gas phase processes conducted a such high temperatures may result
in large amounts of reactant, byproduct and/or product decomposition relative to lower

temperature processes. Decomposition, in turn, can take the form of carbonaceous deposits
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forming within the process equipment, which can shorten the time required between reactor
cleaning and thereby increase reactor downtime. Catalysts used in high temperature
processes may aso experience a shortened active lifetime when operated a extreme
temperatures, as compared to the lifetimes they may exhibit a lower operating temperatures.

While catalyst regeneration is possible, it requires additional capital and operating cost.

[0006]  Processes for the production of C,-C1, alkanes and alkenes would thus desirably be
provided that make use of cost effective starting materials. Such processes would be further
advantageous if the materials utilized were capable of utilization a operating conditions less
intense than conventional materials and/or that require lesser capital expenditure to use.
Elimination of the need to employ catalysts would not only provide further material savings,
but also capital cost savings via elimination of the need to purchase catalyst regeneration
equipment.

BRIEF DESCRIPTION

[0007]  The present invention provides such processes. More particularly, the present
processes utilize a feedstream comprising methane, which is one third the cost of propane, as
astarting material. Furthermore, the process does not require the use of solid/ heterogeneous
catalyst and so capital and operating cost savings are provided. Finally, methane may be
converted to alkenes and/or aromatic compounds using lower intensity process conditions

than propane, and so, utility and capital cost savings are provided.

[0008]  In one aspect, there is provided aprocess for the production of one or more alkenes
and/or aromatic compounds, using a feedstream comprising methane. The feedstream is
reacted with a least one monochloroalkene, which in some embodiments may be vinyl
chloride. The reaction optionally takes place in the presence of a catalyst, such as a free
radical initiator. The process is carried out a low process intensity conditions, eg.,
temperatures of less than 700°C, or less than 600°C, and pressures of less than 4000 psig, or
3000 psig, or 2000 psig, or 1000 psig, or 500 psig, or 400 psig (2757.9 kilopascals gauge
(kPa gauge)), or less than 300 psig (2068.4 kPa gauge), wherein "psig" is used as an
abbreviation herein for pounds per square inch gauge. The process may be used to produce

C;-C1, alkenes and/or c5-Cl, aromatics. In some embodiments, the process may be used to



WO 2013/096706 PCT/US2012/071102

produce ca.ce akenes, and in some of these, may be used to produce propenes, butenes
and/or pentenes. The processes may aso include the step of converting any akenes

produced, to alkanes, if desired.

[0009] Some embodiments of the process may result in the formation of the byproduct
HC1, which can then be used to generate the vinyl chloride utilized by the process, by
reacting the same with acetylene. The acetylene, in turn, can be generated by partialy

oxidizing the methane feedstream.

[0010] DESCRIPTION OF THE FIGURES

[001 1] FIG. 1shows aschematic representation of one embodiment of the process;

[0012] FIG. 2 isagraphical depiction of conversion of methane, vinyl chloride and carbon
tetrachloride to monochloropropane, 1,4-pentadiene, and propene as a function of
temperature a 260 psig (1792.6 kPa gauge) and a 3.6 molar ratio of methane to vinyl

chloride;

[0013] FIG. 3 is agraphical depiction of the selectivity of the reaction of methane, vinyl
chloride and carbon tetrachloride to monochloropropane, 1,4-pentadiene, and propene as a
function of temperature a 260 psig (1792.6 kPa gauge) and a 3.6 molar ratio of methane to

vinyl chloride;

[0014] FIG. 4 isagraphical depiction of conversion of methane, vinyl chloride and carbon
tetrachloride to monochloropropane, 1,4-pentadiene, and propene as a function of residence

time at 260 psig (1792.6 kPa gauge) and a 3.6 molar ratio of methane to vinyl chloride;

[0015] FIG. 5is agraphical depiction of the selectivity of the reaction of methane, vinyl
chloride and carbon tetrachloride to monochloropropane, 1,4-pentadiene, and propene as a
function of percent vinyl chloride conversion at 260 psig (1792.6 kPa gauge) and a 3.6 molar

ratio of methane to vinyl chloride;

[0016] FIG. 6 is a graphical depiction of the conversion of methane, vinyl chloride and
carbon tetrachloride to monochloropropane, 1,4-pentadiene, and propene as a function of

reactor pressure at 420°C and a 3.6 molar ratio of methane to vinyl chloride;
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[0017] FIG. 7 isagraphica depiction of the selectivity of the reaction of methane, vinyl
chloride and carbon tetrachloride to monochloropropane, 1,4-pentadiene, and propene as a

function of reactor pressure at 420°C and a 3.6 molar ratio of methane to vinyl chloride;

[0018] FIG. 8is ais a graphical depiction of the conversion of methane, vinyl chloride
and carbon tetrachloride as a function of the molar ratio of methane to vinyl chloride a 400°C
and 450 psig (3102.6 kPa gauge); and

[0019] FIG. 9is agraphica depiction of the selectivity of the reaction of methane, vinyl
chloride and carbon tetrachloride to monochloropropane, 1,4-pentadiene, and propene as a
function of the molar ratio of methane to vinyl chloride a 400°C and 450 psig (3102.6 kPa

gauge).
DETAILED DESCRIPTION

[0020] The present specification provides certain definitions and methods to better define
the present invention and to guide those of ordinary skill in the art in the practice of the
present invention. Provision, or lack of the provision, of a definition for a particular term or
phrase is hot meant to imply any particular importance, or lack thereof. Rather, and unless
otherwise noted, terms are to be understood according to conventional usage by those of

ordinary skill in the relevant art.

[0021] The terms "first", "second", and the like, as used herein do not denote any order,
guantity, or importance, but rather are used to distinguish one element from another. Also,
the terms "d' and "an" do not denote a limitation of quantity, but rather denote the presence
of at least one of the referenced item, and the terms "front”, "back”, "bottom", and/or "top",
unless otherwise noted, are merely used for convenience of description, and are not limited to

any one position or spatial orientation.

[0022] Asused herein, percent (%) conversion is meant to indicate change in molar or
mass flow of reactant in areactor in ratio to the incoming flow, while percent (%) selectivity
means the change in molar flow rate of product in areactor in ratio to the change of molar

flow rate of areactant.
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[0023] Reference throughout the specification to "one embodiment” or "an embodiment”
means that a particular feature, structure, or characteristic described in connection with an
embodiment is included in at least one embodiment. Thus, the appearance of the phrases "in
one embodiment” or "in an embodiment" in various places throughout the specification is not
necessarily referring to the same embodiment. Further, the particular features, structures or

characteristics may be combined in any suitable manner in one or more embodiments.

[0024] "VCM" may beused herein as an abbreviation for vinyl chloride, "M4" and "CC14"
may be used as abbreviations for carbon tetrachloride, "1,4-Ptd=" may be used as an
abbreviation for 14-pentadiene. "psig" is used as an abbreviation herein for pounds per
square inch gauge, and "kPa" is used as an abbreviation for kilopascals. "CX", wherein X is
an integer, is used herein to indicate a molecule having X carbon atoms. An "aromatic"
compound, is meant to indicate a compound comprising a conjugated ring of unsaturated
bonds, lone pairs of electrons, or empty orbitals, such that the compound exhibits a

stabilization stronger than would be expected by the stabilization of conjugation aone.

[0025]  The present invention provides processes for the production of alkenes and/or
aromatics, and in some embodiments, alkenes having from 3to 10 carbon atoms, or from 3 to
6 carbon atoms and/or aromatic compounds having from 5 to 10 carbon atoms, using a
feedstream comprising methane. Methane is a lower cost starting material than, eg.,
propane, and furthermore, may be available in some locations via pipeline, thereby avoiding
shipping costs. Furthermore, with the proposed process methane may react a lower intensity
process conditions that of conventional process using other alkane starting materials. For
example, whereas propane often is processed a temperatures of 700°C or higher, the present
processes are conducted at temperatures of less than 700°C, or less than 600°C, or even less
than 500°C.

[0026] The methane feedstream is desirably reacted with a monochloroalkene having the
formula rRi-cc1=CH-Pv2 where rRi and R2 may each independently be hydrogen or an akyl
group having from 1to 4 carbon atoms. Suitable monochloroalkenes thus include, e.g., vinyl
chloride. As mentioned above, the reaction may advantageously take place a temperatures
of less than 700°C, less than 600°C or even less than 500°C. Furthermore, elevated pressures

are not required, and in fact, a some level, increased pressure may have little, or no, impact
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on the conversion of methane and vinyl chloride. And so, pressures of less than 400 psig, or

less than 300 psig may beused, if any pressure above ambient is to be used.

[0027]  The reaction between methane and vinyl chloride will proceed under the stated
reaction conditions, but may benefit from being conducted in the presence of a catalyst. In
embodiments wherein such advantages are desired, a catalyst may beused. Any free radica
catalyst or initiator is believed to be suitable, and those of ordinary skill in the art are aware
of many. Any of these may be utilized and examples include, but are not limited to,
compounds comprising one or more azo-groups (R-N=N-R') such as azobisisobutyronitrile
(AIBN) or |,I'-azobis(cyclohexanecarbonitrile) (ABCN), organic peroxides such as di-tert-
butyl peroxide, benzoyl peroxide, methyl ethyl ketone peroxide, and acetone peroxide. Since
the reaction of methane and vinyl chloride is a chain reaction involving chlorine radicals,
chlorinated compounds, such as carbon tetrachloride and hexachloroacetone may aso be
utilized, and in fact, may be preferred. UV or visible light may also be utilized to catalyze
chlorinations that proceed via a free radical mechanism. Combinations of any number of

these may also beutilized.

[0028] The amount of any free radical initiator will depend upon the particular catalyst
chosen as well as the other reaction conditions. Generally speaking, in those embodiments of
the invention wherein the utilization of a catalyst is desired, enough of the catalyst should be
utilized to provide some improvement to reaction process conditions (e.g., a reduction in
required temperature) or realized products, but yet not be more than will provide any

additional benefit, if only for reasons of economic practicality.

[0029]  For purposes of illustration only, useful concentrations of each free radical initiator
will range from 0.001% to 30% by weight each with respect to vinyl chloride or from 0.01%
to 20%, or from 0.1% to 10 wt%, or from 1% to 6 wt%, inclusive of endpoint, intermediate
values, and all subranges therebetween. Any endpoint and/or intermediate values are also

independently combinable.

[0030] The methane and vinyl chloride will react under the described conditions a any
molar ratio, and any molar ratio of the two reactants may thus be utilized. Relatively equal

molar ratios may be utilized, and a preponderance of one reactant relative to the other is also
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suitable. And so, in some embodiments, the ratio of methane to vinyl chloride is desirably
1:1, while in others the ratio may desirably be 1.2, or 1:3, or 1:4, or 1.5, or, in other
embodiments, may be 2:1, or 3:1, or 4:1, or 5:1. Since vinyl chloride is the limiting reactant
in the reaction, excess methane may be present to improve the selectivity to propene and in

some embodiments, this may be preferred.

[0031] The reaction between methane and vinyl chloride proceeds quickly, and conversion
of vinyl chloride, can be seen at the above described reaction conditions in residence times of
less than 8 hours, or less than 6 hours, or less than 4 hours, or less than 2 hours, or less than 1
hour, or less than 30 minutes, or less than 15 minutes, or less than 10 minutes, or 5 minutes,
or less than 200 seconds, or less than 100 seconds, or less than 50 seconds, or even less than

40 seconds.

[0032] When conducted at temperatures of less 700°C, less than 600°C or even less than
500°C, pressures of less than 4000 psig, or 3000 psig, or 2000 psig, or 1000 psig, or 500 psig,
or 400 psig (2757.9 kilopascals gauge (kPa gauge)), or less than 300 psig (2068.4 kPa gauge),
and either with or without afree radical catalyst, the reaction of methane with vinyl chloride
is expected to produce propene, monochloropropene, 1,4-pentadiene and higher hydrocarbons
and aromatics. The sdlectivity to any particular product may be adjusted by controlling the

conversion of vinyl chloride, and in some embodiments, the same is contemplated.

[0033] For example, when the production of a greater proportion of pentadienes and
aromatic hydrocarbons is desired, the conversion of vinyl chloride is maximized, e.g., to 40%
or greater. On the other hand, if lower akenes, e.g., propenes and monochloropropanes, are
desirably produced in greater proportions, the conversion of vinyl chloride may desirably be
limited to, e.g., less than 40%. Vinyl chloride conversion may be increased by increasing
one or more of reaction temperature, reaction pressure, reactor residence time, and/or the
molar ratio of methane to vinyl chloride, while vinyl chloride conversion may be decreased

by decreasing one or more of these.

[0034] Particular examples of embodiments wherein the vinyl chloride conversion is
maximized to increase the production of pentadienes and aromatic hydrocarbons would

include processes wherein the molar ratio of methane to vinyl chloride is 3.5, 3.6, 3.7, 3.8,
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39, 4.0, 4.1, 4.2, 4.3, 4.4, 45 or greater, the reaction temperature is 400°C, 440°C, 445°C,
450°C, 455°C, 460°C, 465°C, 470°C, 475°C, 480°C, 485°C, 490°C, 500°C, or greater, reaction
pressure is 10, 100, 150, 250, 255, 260, 265, 270, 275, 280, 285, 290, 295, or 300 psig or
greater (1723.3, 1757.8, 1792.3, 1826.7, 1861.2, 1895.7, 1930.1, 1964.6, 1999.1, 2033.5, or
2067.9 kPa gauge) and reactor residence time is 0.1, 1, 10, 11, 12, 13, 14, 15, 20, 25, 30, 45
or 60 minutes or longer, wherein each individual parameter is independently combinable with

every other individual parameter and subparameter in between.

[0035] Particular examples of embodiments wherein the vinyl chloride conversion is
limited to increase the production of propenes and monochloropropanes would include
processes wherein the molar ratio of methane to vinyl chloride is 3.5, 3.4, 3.3, 3.2, 3.1, 3.0,
29, 28, 2.7, 2.6, 25, or 2.4 or lower, the reaction temperature is 440°C, 435°C, 430°C,
425°C, 420°C, 415°C, 410°C, 405°C, 400°C, 395°C, 390°C, 385°C, or lower, reaction
pressure is 4000, 3000, 2000, 1000, 500, 400 300, 250, 245, 240, 235, 230, 225, 220, 215,
210, 205, or 200 psig or lower and reactor residence time is 10, 9, 8, 7, 6,5, 4, 3,2, or 1
minute, or 50 seconds, or 40 seconds or less, wherein each individual parameter is
independently combinable with every other individual parameter, including endpoints and

intermediate values.

[0036] A schematic illustration of such a process is shown in Figure 1. As shown in
Figure 1, process 100 would make use of reactor 102, quench and purification unit 104,

separation units 106, 108, 110, 112, 114, and 116, and a dehydrochlorination reactor 120.

[0037] In operation, a feedstock comprising methane and vinyl chloride is fed to reactor
102 and reacted at a pressure of from 200 psig to 400 psig and atemperature of from 400°C
to 500°C to produce to produce monochloropropene, pentadiene, propene, and HCl. This
product stream from reactor 102 is provided to a quench and separation unit 104 where the
product can be either fully or partially condensed before an overhead stream thereof is fed to

separation unit 106.

[0038] Separation unit 106 is operated at conditions effective to provide HCI, unreacted
methane, and some propene in an overhead stream, recycled to reactor 102, and HCl and

propene in abottom stream that is fed to separation unit 108. Separation unit 108 is operated
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a conditions effective to provide anhydrous HCl in an overhead stream, and propene and

heavier byproducts in abottoms stream that is recycled to separation unit 104.

[0039]  The bottom stream from separation unit 104, comprising unreacted vinyl chloride,
propene, 14-pentadiene and monochloropropene is provided to separation unit 110.
Separation unit 110 is operated a conditions effective to provide purified propene in an
overhead stream, and vinyl chloride and byproducts in a bottoms stream that is fed to
separation unit 112. The overhead of separation unit 112, comprising vinyl chloride, is then
recycled to reactor 102, while the bottom stream from separation unit 112, comprising 1,4

pentadiene and monochloropropene, is sent to separation unit 114.

[0040] Separation unit 114 provides purified 1,4-pentadiene in an overhead stream, and
monochloropropene and heavier byproducts in a bottoms stream. This bottoms stream is
provided to a separation unit 116 that provides purified monochloropropene in an overhead
stream and heavier byproducts in the bottom stream. The by products are appropriately

disposed of, and the monochloropropene isomers are fed to dehydrochlorination reactor 120.

[0041] Dehydrochlorination reactor 120 may preferably be a gas-phase reactor operated at
temperatures of from 400°C to 500°C so that at least a portion of the monochloropropene
isomers are converted to propene and HCl. The product stream from dehydrochlorination

reactor 120 isrecycled to separation unit 108 to recover propene and HCI.

[0042]  Propenes produced by the present process may typically be processed to provide
further downstream products including polypropylene, allyl chloride, acrolein, acrylic acid,
and propylene oxide. Since the present invention provides an improved process for the
production of propene using a lower cost starting material it is contemplated that the cost
savings provided will these downstream processes and/or products. Improved methods for

the production of the same are thus also contemplated.

[0043] Some embodiments of the invention will now be described in detail in the

following examples.
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[0044] Example 1.

[0045] A 50 cc reaction tube, having an effective reaction length of 25.34 cm, is
isothermally heated to a temperature of 400°C to 500°C and charged with a mixture of 3.6
molar ratio of methane to vinyl chloride monomer, with 5.7mole% carbon tetrachloride as
initiator. The residence time is approximately 32 seconds at 260psig (1792.3 kPa gauge),
420°C and aflow rate of 757 SCCM. The expected conversion of the limiting reagent, vinyl
chloride, is 10%, as shown in Figure 2. Figure 2 also shows that higher conversions of the

reactants are expected at higher temperatures.

[0046] Figure 3 shows that at temperatures below 440°C and vinyl chloride conversions
of less than 40%, selectivity to propene and monochloropropane is >50%. Here the
selectivity is defined as moles of product produced per moles of VCM consumed.
Conversions are increased at higher temperatures, asis selectivity to 1,4-pentadiene (14Ptd=)
and other hydrocarbon aromatics. Figure 3 thus shows that reaction temperature can be used
to adjust the relative production rate of propene versus pentadiene and hydrocarbon aromatic

compounds.
[0047] Example 2.

[0048] A 50 cc reaction tube, having an effective reaction length of 25.34 cm, is
isothermally heated to atemperature of 420°C and charged with a mixture of 3.6 molar ratio
of methane to vinyl chloride monomer, with 5.7mole% carbon tetrachloride as initiator. The
residence time is approximately 32 seconds to 8 minutes a 260psig (1792.3 kPa gauge),
420°C and aflow rate of 757 SCCM. The expected conversion of the limiting reagent, vinyl
chloride, is higher than 40%, as shown in Figure 4.

[0049] Figure 5 shows the impact of percent vinyl chloride conversion on product
selectivities. Figure 5 thus shows that residence time can be used to adjust the relative

production rate of propene versus pentadiene and hydrocarbon aromatics.
[0050] Example 3.

[0051] A 50 cc reaction tube, having an effective reaction length of 25.34 cm, is

isothermally heated to atemperature of 420°C and charged with a mixture of 3.6 molar ratio

10
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of methane to vinyl chloride monomer, with 5.7mole% carbon tetrachloride as initiator. The
pressure is increased from 260 psig (1792.3 kPa gauge) to 450 psig (3102.0 kPa gauge) a a
residence time of 32 seconds, 420°C and a flow rate of 757 SCCM. Figure 6 shows that

reactant conversions are expected to increase with reactor pressure.

[0052]  Figure 7 shows that reactor pressure has little impact on product selectivity, so long

as the limiting reagent conversion is maintained below 40%.
[0053] Example 4.

[0054] A 50 cc reaction tube, having an effective reaction length of 25.34 cm, is
isothermally heated to atemperature of 400°C and charged with a mixture of from 1:1 to 3.6
molar ratio of methane to vinyl chloride monomer with 5.7mole% carbon tetrachloride as
initiator. The residence time is approximately 32 seconds at 450psig (3102.0 kPa gauge) and
aflow rate of 757 SCCM. Figure 8 shows the impact of varying carbon tetrachloride vinyl

chloride molar ratio a these pressure and temperature conditions.

[0055]  Figure 9 shows that the selectivity to monochloropropene and propene is up to
70% or higher a these conditions, particularly at methane to vinyl chloride molar ratios

greater than two.

11
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CLAIMS:

1. A process for the production of one or more alkenes and/or aromatic compounds,

comprising reacting a feedstream comprising an alkane with at least one monochloroa kene.

2. The process of claim 1, wherein and the reaction is carried out in the presence of a

free radica initiator.

3. The process of clam 1 or 2, where the monochloroalkene comprises vinyl
chloride.

4, The process of claim 1or 2, wherein the alkane is methane.

5. The process of claim 2, wherein the free radical initiator comprises carbon

tetrachloride, hexachloroacetone, hexachloroethane, or combinations of these.

6. The process of clam 1 or 2, wherein the process is carried out a atemperature of
less than 700°C.
7. The process of claim 1or 2, wherein the process is carried out at apressure of less

than 4000 psig (27579 kPa gauge).

8. The process of claim 1 or 2, wherein the one or more alkenes comprise from three
to 10 carbon atoms and/or one or more aromatic compounds comprise from 5 to 10 carbon

atoms.

9. The process of clam 8, wherein the one or more akenes comprise propene

and/orl ,4-pentadiene.

10. The process of claim 9, further comprising converting a least one of the one or

more akenes to one or more akanes.

11. The process of clam 1or 2, wherein a least a portion of the monochloroalkene is

generated within, or upstream of, the process

12. The process of clam 3, wherein the vinyl chloride is generated by reacting

acetylene and HC1, wherein the HC1 is generated by the process.

12
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13. The process of clam 1 or 2, wherein the process produces one or more
monochloroalkanes comprising from three to 10 carbon atoms.

14. The process of clam 13, wherein the monochloroalkane comprises
monochloropropane.

13
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