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METHODS FOR INTEGRATED NATURAL GAS PURIFICATION AND
PRODUCTS PRODUCED THEREFROM

[001] This application claims the benefit of U.S. Provisional Patent
Application Serial Number 61/448,441, filed on March 2, 2011, which is herein

incorporated in its entirety.

Technical Field

[002] The present invention is generally directed toward natural gas
processing and, more specifically, toward novel process coupling and integration
for natural gas recovery and separation along with chemical conversion to provide a

relatively purified natural gas stream and further to produce higher value products.

Background

[003] Natural gas consists primarily of methane, approximately greater than
ninety mole percent (>90 mol %). Raw natural gas extracted from a well commonly
exists in mixtures with other hydrocarbons, principally ethane, propane, butanes,
and pentanes. In addition, raw natural gas contains water vapor, hydrogen sulfide
(H2S), carbon dioxide, helium, nitrogen, and small quantities of other compounds.

[004] Natural gas processing involves separating all of the various
hydrocarbons and fluids from the raw natural gas, which is primarily methane, to
produce what is known as “pipeline quality” dry natural gas. The owners of major
interstate transportation pipelines, as well as local distribution companies, usually |
impose restrictions on the make-up of the natural gas that is allowed into the
pipeline. Thereforé, natural gas is typically purified before it is transported from its

origin to remove, e.g., to remove water, hydrogen sulfide, and carbon dioxide. As a
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term of art in the natural gas industry, “pipeline qualify” gas has come to mean
natural gas that (1) has a heating value within five percent (+/-5%) of the heating
value of pure methane, or 1,010 Btu per cubic foot under standard atmospheric
conditions, and (2) is free of water and toxic or corrosive contaminants. See The
Natural Gas Industry: Evolution, Structure, and Economics, Arlon R. Tussing and
Bob Tippe, Pennwell Books, 1995. However, each pipeline operator individually
determines the applicable quality specifications based on the particular supply
sources, operational constraints, and end user requirements. See Interstate
Natural Gas — Quality Specifications & Interchangeability, Michelle Michot Foss,
Center for Energy Economics, Institute for Energy, Law & Enterprise, University of
Houston Law Center (December 2004) available at
http://www.beg.utexas.edu/energyecon/ing/documents/CEE_Interstate_Natural_Ga
s_Quality_Specifications_and_Interchangeability.pdf. There is not a single
specification that applies to all natural gas pipelines, although most pipelines have
similar quality requirements and all must meet certain baseline requirements to
ensure safe pipeline operation and comply with government regulations.
Therefore, as used herein, “pipeline quality” natural gas means gas that meets the
general range of gas specifications giving rise to this requirement within the U.S.
gas transportation industry.

[005] While certain amounts of the ethane, propane, butanes, and pentanes
typically are removed from natural gas, this does not mean that fhey are all “waste
products.” In fact, those associated hydrocarbons are typically very valuable by-
products of natural gas processing and can be sold separately. Those

hydrocarbons have a variety of different uses, including enhancing oil recovery in
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oil wells, providing raw materials for oil refineries or petrochemical plants, and as
sources of energy. For example, the liquefied petroleum gas (“‘LPG”) used in home
heating, cooking, and transportation engines is a combination of propane and
butanes obtained from natural gas processing. However, the actual practice of
processing natural gas to pipeline dry gas quality levels is quite complex and
energy intensive.

[006] Natural gas streams require a number of pre-processing and
processing steps before the components, e.g., dry natural gas and Natural Gas
Liquids (“NGL"), attain specifications that permit their transport and sale as
commercially viable products. Large classes of natural gas wells can generate
processed gas streams in which the ethane content is too high to recover optimal
value of the dry natural gas product, yet too low to justify economically its removal
from the natural gas product. In some of these cases, NGL pipelines can safely
and effectively transport the heavier hydrocarbons (e.g., propane and butanes), but
cannot safely transport gaseous ethane streams. In these cases the ethane
becomes stranded at the gas processing or well-source location. With limited or no
attractive economical purification, transport, or use options, the only viable option is
to burn the natural gas stream for fuel value. A process that can remove the
problems presented by stranded ethane gas within natural gas source areas will
provide economic and potential environmental advantages.

[007] Additionally, one option for natural gas processing is to convert
certain constituents obtained from natural gas into olefins, which have a variety of
uses. This is typically accomplished by the non-catalytic thermal or steam cracking

of saturated hydrocarbons, such as ethane and/or propane and/or butanes, or the
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catalytic dehydrogenation of ethane and/or propane and/or butanes. A typical
ethylene plant using steam cracking Qf ethane achieves an ethylene selectivity up
to about 80-85 % calculated on a carbon atom basis at a per pass ethane
conversion of about 65-60 %, respectively. But steam or thermal cracking
processes, as well as catalytic dehydrogenation processes, for olefin production are
highly endothermic. Therefore, these processes consume a large amount of
energy and require large, capital-intensive, and complex cracking furnaces to
supply the requisite heat. Steam or thermal cracking processes also typically
produce a large number of by-products, including propylene, butenes, higher
olefins, diolefins, benzene, toluene, xylenes, and acetylenes, as well as higher
alkanes and other higher hydrocarbons. Therefore, cracking processes require
extensive refining to separate the by-products into useful components for sale or
manufacture of other products. Currently, over 90% of the ethylene produced in
the world is derived from naphtha steam cracking, with the balance of about 10%
being from ethane, propane, and butane steam cracking.

[008] Naphtha steam cracking is a highly endothermic process, requiring
large energy input and large, capital-intensive, and complex cracking furnaces.
Naptha steam cracking also produces a variety of products other than ethylene,
including propylene, propane, butenes, butanes, higher olefins, diolefins, benzene,
toluene, xylenes, and acetylenes. These byproducts are costly to separate from
ethylene, which is usually done by cryogenic distillation, extractive distillation,
and/or selective hydrogenation to the corresponding mono-olefin, e.g. acetylene to

ethylene.
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[009] Steam cracking facilities, with the supporting infrastructures and
processes, are among the most complex projects in the petrochemical industry,
requiring a tremendous initial investment to construct a plant on an economically
viable scale. Additionally, upstream refining, separation, and purification
processes, e.g., distillation or adsorption, are typically capital and energy intensive
processes. Storing and transporting high purity hydrocarbon feedstock, particularly
gases like ethane, presents substantial environmental and safety risks, requiring
further capital and energy intensive processes. In order to make a steam cracking
process capital efficient, it is typically conducted on an extremely large scale, e.g., a
typical plant may produce about 2 billion pounds of ethylene per year.

[010] There are existing processes that utilize purified hydrocarbon
feedstock, particularly ethane, derived from natural gas. Those processes typically
require a high purity feedstock (e.g., approximately greater than ninety-nine percent
(>99 %)) that involves upstream refining, separation, purification, and supply
infrastructure. The processes for converting a high purity, natural gas-derived
hydrocarbon feedstock, particularly ethane, to a more valuable commodity
chemical, particularly ethylene, acetic acid, ethylene oxide, and/or vinyl acetate
monomer (“VAM”"), do not facilitate or incorporate value from the back-integrated
use of impure hydrocarbon feed streams, such as ethane derived from the
processing of natural gas. Some processes have been described for some limited
integrated production of ethylene, acetic acid, and VAM from high purity ethylene,
but those processes similarly do not facilitate or incorporate value from the back-

integrated use of impure ethane feed streams. In addition, even the limited
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integration described does not fully utilize all of the possible forward or downstream
process integration.

[011] For example, U.S. Patent Nos.: 4,250,346; 4,524,236, 4,899,003, and
5,162,578, which are incorporated herein by reference, disclose ethane
oxydehydrogenation (“EODH”) processes whereby ethane and an oxidant, typically
oxygen or air, is converted into ethylene and/or acetic acid. EODH is an
exothermic process and, therefore, requires diluents to control the heat produced
during the reaction. Typically, the best diluents are those gases with a high heat
capacity. For example, U.S. Patent Nos.: 5,155,262; 5,183,936; and 5,198,578,
which are incorporated herein by reference, demonstrate the effects of diluent heat
capacity on the performance of catalytic oxidation processes, particularly the
conversion of propylene and isobutylene to acrolein and methacrolein, respectively.

[012] The existing EODH processes are also not able to take full advantage
of the exothermic nature of the EODH process, because they do not allow for
downstream integration. Some of those processes are exclusively focused on
producing ethylene from ethane and, thus, do not enable the benefits of integration
with downstream and upstream processes, which can benefit from the heat
generation. Similarly, those processes that lack downstream integration do not
benefit from the advantageous generation of acetic acid as a by-product of the
EODH process. Likewise, some processes focus on producing acetic acid from
ethane and, thus, do not enable the benefits of integration with upstream and
downstream processes, such as those that benefit from the advantageous
generation of ethylene. Some of those processes enable the co-production of

ethylene and acetic acid from ethane, but they do not enable the benefit of back-
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integration for upstream use of methane and other high heat capacity diluents from
impure ethane-containing natural gas streams.

[013] EODH is only one type of a catalytic oxydehydrogenation (“ODH")
process that is specifically applied to ethane, but other alkanes can also be
converted to alkenes and alkene derivatives by ODH processes. For example, U.S.
Patent Nos.: 5,639,929; 5,780,700; 5,902,918; 6,072,097, 6,235,678; 6,355,854,
6,576,803; 6,756,517, 6,846,773; 6,858,768; and 7,067,455, which are
incorporated herein by reference, disclose ODH processes for converting
hydrocarbons into olefins. Those processes suffer from the same deficiencies as
the previously described EODH processes, specifically they require feedstocks that
have been previously purified to remove the non-reactant alkanes and other
impurities. Therefore, the previously described processes do not enable backward
(or upstream) integration with raw natural gas streams and they are not integrated
with forward or downstream processes.

[014] Vinyl acetate monomer (VAM) is manufactured from the oxidative
reaction of ethylene and acetic acid. U.S. Patent No. 5,821,384 and the like
describe processes for converting ethylene and acetic acid in the presence of an
oxidant and a catalyst into VAM. Furthermore, U.S. Patent Nos.: 6,040,474;
6,605,739: 6,040,474; and 7,491,843 describe processes for the integration of an
EODH process for manufacturing ethylene and acetic acid with a downstream
process for manufacturing VAM. However, those processes do not enable the
benefits of integration of further downstream and upstream processes, particularly

utilization of impure natural gas feedstocks and further derivatization or
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polymerization of VAM. In addition, those processes do not integrate the removal
of carbon oxides and their subsequent utilization in further downstream processes.

[015] Ethylene and vinyl acetate may be copolymerized to prepare a range
of useful products that vary in properties and performance, depending on the ratio
of ethylene to vinyl acetate in the polymer. Ethylene vinyl acetate (“EVAC”)
copolymer is manufactured by the free radical polymerization of VAM and ethylene
at high pressure and temperatures. As used herein, EVAc is meant to represent
any and all copolymers of ethylene and vinyl acetate, regardless of the ethylene-
vinyl acetate ratio. Previously described processes for producing EVAc and its
copolymers do not include the integration of ethane-containing feedstocks (e.g.,
unpurified natural gas), ethylene production, VAM production, or the ability to derive
these products alone from ethane-containing feedstocks. In addition, those
processes do not include the ability to integrate with upstream processes for
producing ethylene, VAM, and/or acetic acid, such as the EODH process.
Particularly useful integration steps disclosed herein include, without limitation,
carbon dioxide utilization, heat and energy utilization, and compression.

[016] There is a need for a process that enables the use of ethane to
capture higher value products while integrating by-product utilization and energy

recovery to provide lower cost and reduced environmental impact.

SUMMARY OF CERTAIN EMBODIMENTS

[017] The present invention satisfies the needs discussed above as it is
generally directed toward natural gas processing and, more specifically, toward

novel process coupling and integration for natural gas recovery and separation
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along with chemical conversion to provide a relatively purified natural gas stream
and further to produce higher value products.

[018] In order to address the high costs and inefficiencies associated with
large scale natural gas processing systems, the present invention seeks to
implement a more flexible and efficient processing system, involving the integration
of natural gas purification and production of higher value hydrocarbon-based
products. The present invention provides for a process that can also be
implemented at a relatively smaller scale with fewer select products, fewer by-
products, and lower cost. The integrated chemical conversion processes of the
present invention allow for the recovery of a predominantly methane product
natural gas stream, which may be “pipeline quality” dry natural gas or could be
mixed with other natural gas sources, e.g. natural gas that is rich in Co+
hydrocarbons, to make the resulting mixture “pipeline quality” dry natural gas.

[019] In one embodiment, the present invention enables the direct utilization
of natural gas streams, including raw or minimally purified natural gas streams, in
the production of higher value hydrocarbon-based products, particularly ethane-
based products. Higher value hydrocarbon-based products typically are produced
from ethylene, propylene, and other olefins that are traditionally obtained from
steam crackers. For example, the present invention enables the flexible utilization
of ethane through the downstream and/or backward integration of processes for
producing ethylene and/or acetic acid with processes that consume those products
in the production of vinyl acetate (“VAM”), ethylene-vinyl acetate copolymers
(“EVAC”), ethylene-vinyl alcohol copolymers (“EVA”), polyvinyl alcohol (“PVA”),

and/or polyvinyl acetate (“PVAc"). Further integration enables production of
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polyethylene (“PE”), ethylene oxide (“EO”), other ethylene derivatives, acetic acid,
and/or their derivatives.

[020] One aspect of the present invention includes a process for removing
at least one hydrocarbon component(s) from a natural gas stream. This component
can include ethane, propane, butanes, and/or pentanes. The component may be
substantially completely removed from the subject natural gas stream or only a
fraction of the component may be removed from the natural gas stream.
Accordingly, in one embodiment, the present invention enables a process involving
removing some fraction of ethane or other hydrocarbons from a natural gas stream,
converting the ethane or other hydrocarbons into higher value products, recovering
those products, and returning the unconverted ethane or other hydrocarbons to the
natural gas stream for further recovery, processing, and/or distribution and sale.

[021] For example, ethane can be removed from a natural gas stream by
converting the ethane to acetic acid, ethylene, ethylene derivatives such as
ethylene oxide, acetic acid derivatives, and/or other derivatives. In addition,
methane can be removed by converting it to ethane, which can then be converted
to acetic acid, ethylene, ethylene derivatives such as ethylene oxide, acetic acid
derivatives, and/or other derivatives. If propane is removed from a natural gas
stream, it can be removed by converting it to propylene, acrolein, acrylic acid,
acrylates, polypropylene, propylene oxide, propylene glycol and/or other
derivatives. When butanes are removed, they can be removed by converting the
butanes, which typically refers to a mixture of n-butane and isobutane, to butenes,

butadiene, methacrolein, methacrylic acid, methacrylates, and/or other derivatives.

10
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[022] This aspect of the present invention can also include the creation of a
substantially methane-rich stream which is recovered as a product from a natural
gas stream after removal of ethane, propane, butanes, and/or pentanes by a
combination of chemical conversion as well as conventional separation techniques.
In another aspect of the present invention, this substantially methane-rich stream
can also be subjected to reactive conversion processes, e.g., oxidation, oxidative
coupling, or gas-to-liquids processes, integrated with other processes according to
aspects of the present invention. Integrated methane reactive conversion
processes produce methane-derived products, e.g., methanol or formaldehyde, that
can be further utilized in integrated processes or separated and sold. Further,
ethylene, acetic acid, vinyl acetate monomer, and ethylene-vinyl acetate
copolymers can be additional products of the process.

[023] Still another aspect of the present invention involves removing all or a
portion of the ethane contained in a natural gas stream by an EODH process, with
subsequent recovery of products. The ethane can be converted to ethylene, acetic
acid, and/or VAM. The ethylene and the acetic acid can be produced in a ratio
such that they are substantially consumed during the production of VAM followed
by recovery of the vinyl acetate monomer, which can then be recovered or further
utilized in the integrated process of the present invention. Alternatively or
additionally, the ethylene and vinyl acetate monomer can be produced in a ratio
such that they are substantially consumed during ethylene-vinyl acetate
copolymers, which can then be recovered or further utilized in the integrated
process of the present invention. Further, the water and carbon dioxide by-

products of the EODH process can be used at least in part in an ethane conversion
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process. The carbon dioxide can also be used to aid in the refining ethylene, VAM,
and various polymers and foams, including EVA and EVAc. Further, the carbon
dioxide can be recovered for sale.

[024] Further, another aspect of the present invention involves the
production of polymers such as PVA, PVAc, EVAc, EVA, and/or ethylene in a
process that is integrated with the production of ethylene and acetic acid from
ethane. One aspect of the present invention is the production of those polymers
from an ethane-containing stream. The ethane-containing stream may be an
unpurified natural gas stream, an ethane-enriched natural gas stream, or a
substantially pure ethane gas stream. The invention further enables the integrated
utilization of water and/or acetic acid by-products to stop the polymerization
reaction in the preparation of PVA, PVAc, EVA, or EVAc. In addition, the invention
enables the utilization of excess heat and energy produced in the exothermic
polymerization reaction in endothermic aspects of an integrated process according
to the invention. Likewise, the invention enables the integrated utilization of
compression throughout the process from the natural gas supply through the
downstream processes for producing polymers.

[025] The foregoing and other features of the present disclosure will be
more readily apparent from the following detailed description of exemplary
embodiments, taken in conjunction with the attached drawings. It will be noted that,
for convenience, many of the illustrations of devices herein show the height
dimension exaggerated in relation to the width.

[026] ltis to be understood that the present disclosure and the various

embodiments of the described invention is not limited in its application to the details
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of the construction and arrangement of parts illustrated in the accompanying
drawings. The invention is capable of other embodiments and of being practiced or
carried out in a variety of ways. It is to be understood that the phraseology and
terminology employed herein are for the purpose of description and not of

limitation.

BRIEF DESCRIPTION OF THE DRAWINGS

[027] Figure 1 is a process flow diagram generally demonstrating the
integrated removal.of components of a natural gas stream and further conversion
and/or utilization of the respective components according to one aspect of the
present invention.

[028] Figure 2 is a process flow diagram showing an embodiment
according to one aspect of the present invention in which ethane is removed from a
natural gas stream by converting it into ethylene, acetic acid, VAM, ethylene oxide,
and other ethylene derivatives.

[029] Figure 3 is a process flow diagram showing an embodiment
according to one aspect of the present invention that is set forth in Example 1 in
which an ethane-containing natural gas stream provides the feedstock for a
process that produces relatively purified, i.e. methane-enriched, natural gas, acetic

acid, VAM, EO, and EVAc.

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS

Definitions
[030] The term, “selectively extracting” or “selective extraction” means

removing a component of a gas stream and leaving the remainder of the gas

13
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stream unaffected. The means of effecting this “selective extraction” may be any of
the standard separation technigues in practice in the field of chemical engineering,
including, for example, distillation, absorption, adsorption, metal-complexation,
condensation, extraction, scrubbing, stripping, and the use of membranes.
“Selective extraction” also includes novel separation techniques, such as those
disclosed herein, involving selectively converting particular components from the
full gas stream into one or more products of the components.

[031] The term, “selectively converting” or “selective conversion” means
performing a chemical reaction on a gas stream in which one or more selected
components of the gas stream are converted into one or more products of the
components, and leaving the remainder of the gas stream unaffected.

[032] The term, “substantially consumed” means that less than or equal to
about fifty percent (50 %) of the reactants in‘ a chemical reaction remain in the
crude product stream after the reaction is conducted.

[033] The term, “reactive conversion” means a process whereby
components of a gas stream are selectively extracted from the gas stream by
selective conversion, as defined herein. Exemplary reactive conversion processes
include catalytic dehydrogenation, oxidation, and oxydehydrogenation.

[034] The term, “refining” means a process of purifying a natural gas stream
to remove impurities and other undesired components, e.g., water vapor, H»S,
carbon dioxide, helium, nitrogen, and other compounds.

[035] The term, “pipeline quality” means natural gas that meets the typical
industry requirements for introduction into a major natural gas pipeline. Typically,

“pipeline quality” dry natural gas (1) has a heating value within five percent (+/-5%)
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of the heating value of pure methane, or 1,010 Btu per cubic foot under standard
atmospheric conditions, and (2) is free of water and toxic or corrosive
contaminants.

[036] The term, “higher value products” or “higher value hydrocarbon
products” means derivatives of a feedstock, particularly a hydrocarbon feedstock,
that have a higher economic value than the feedstock.

[037] The term, “downstream integration” means the integration of
processes that utilize a product derived from a reference process with the reference
process, e.g., the integration of processes that utilize ethylene derived from an
EODH process with the EODH process, wherein EODH is the “reference process.”
As used herein, “downstream integration” and “forward integration” are
Synonymous.

[038] The term, “back integration” means the integration of processes that
lead to the production of a product by a reference process with the reference
process, e.g., the integration of processes that produce ethane for use in an EODH
process with the EODH process, wherein EODH is the “reference process.” As
used herein, “back integration,” “backward integration,” and “upstream integration”
are synonymous.

[039] The term, “NGL” means natural gas liquids, and generally refers to
the C, and higher-carbon hydrocarbon components of natural gas (primarily
ethane, propane, butane, isobutane, and pentane). Natural gas is comprised
predominantly of methane once the NGL have been removed.

[040] The term, “LNG” means liquefied natural gas, and generally refers to

the methane gas with some contained ethane, compressed at moderate pressures.
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[041] The term, “LPG” means liquid petroleum gas, and generally refers to
the propane and butane components of natural gas, which are employed in the
heating-fuel markets.

[042] The term, “gas-to-liquids process,” also known as “GTL,” means a
process for converting gaseous hydrocarbons, e.g., methane, into liquid
hydrocarbons, e.g., liquid transportation fuels, such as diesel, kerosene, aircraft
fuel, gasoline, or petrol.

[043] Reference will now be made in detail to the present embodiments
(exemplary embodiments) of the invention, examples of which are illustrated in the
accompanying drawings. Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or like parts.

[044] As illustrated in Figure 1, natural gas streams recovered from well-
sites or from pipelines (100) can be used directly, or with minimal pre-purification, to
produce a variety of chemicals according to the integrated approach of the present
invention. Figure 1 exemplifies various aspects of the present invention by
illustrating the integration that present invention makes possible. According to one
aspect of the present invention depicted in Figure 1, all or a portion of 100 (i.e.,
101) can be subjected to a process in which pentanes and other relatively minor
Cs+ hydrocarbons are removed from 101 and the resultant natural gas stream,
which has a substantially reduced concentration of pentanes and other Cs+
hydrocarbons, (102) can be recovered and combined with 100. For example, the
natural gas stream 101 can be subjected to a reactive process (e.g., a catalytic
reaction with an oxygen source in the presence of an ODH catalyst) that converts

pentanes into pentenes and/or their derivatives, which can be separated from the
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resultant stream 102. Alternatively and/or additionally, 101 may be subjected to a
cryogenic distillation and/or adsorption process as a means of separating Cs+
hydrocarbons and/or the products of any reaction process from the lighter natural
gas fractions (i.e., <Cs). The resultant natural gas stream 102 can then be further
subjected to processes according to the present invention and/or returned to the
gas processing pipelines, streams, or infrastructure (100).

[045] According to another aspect of the present invention, all or a portion
of 100 (i.e., 103) can be subjected to an integrated process for selectively removing
butanes from the natural gas stream. For example, butanes can be selectively
removed from 103 by subjecting it to a conventional separation process such as
cryogenic distillation and/or adsorption, with the resultant natural gas stream (105)
being further subjected to processes according to the present invention and/or
combined with any remaining portion of 100. 105 has a substantially reduced
concentration of butanes, and may be substantially free of butanes. The resultant
butanes stream (104) can be subjected to a butane reactive conversion process
(e.g., a catalytic reaction with an oxygen source in the presence of an ODH
catalyst), whereby 104 can be converted into butenes, butadiehe, methacrolein,
methacrylic acid, and/or methacrylates. The resultant low-butane gas stream (105)
can then be further subjected to processes according to the present invention
and/or returned to the gas processing pipelines, streams, or infrastructure (100).

[046] In yet another aspect of the present invention, all or a portion of 100
(i.e., 107) can be subject to an integrated process for selectively removing propane
from the natural gas stream. For example, propane can be selectively removed

from 107 by subjecting it to a cryogenic distillation and/or adsorption process, with
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the resultant natural gas stream (106) being further subjected to processes
according to the present invention and/or combined with any remaining portion of
100. 106 has a substantially reduced concentration of propane, and may be
substantially free of propane. The resultant propane stream (108) can be subjected
to a propane reactive conversion process (e.g., a catalytic reaction with an oxygen
source in the presence of an ODH catalyst), whereby 108 can be converted into
bropylene, acrolein, acrylates, acrylic acid, propylene oxide, polypropylene,
propylene glycol, and other Cs-derived compounds. The resultant low-propane gas
stream (106) can then be further subjected to processes according to the present
invention and/or returned to the gas processing pipelines, streams, or infrastructure
(100).

[047] In yet another aspect of the present invention, all or a portion of 100
(i.e., 109) can be subject to an integrated process for selectively removing ethane
from the natural gas stream. For example, 109 can be subjected to an EODH
process (110) whereby the ethane in 109 is combined with an oxidant, e.g., oxygen
or air, and converted into ethylene or acetic acid and steam. The resultant natural
gas stream (118) can then be combined with any remaining portion of 100. If
propane, butanes, and other heavierthydrocarbons and any impurities have been
substantially removed from 118, e.g., according to aspects of the present invention
described above, 118 may be considered “pipeline quality” dry natural gas. The by-
products of the EODH process, particularly carbon dioxide, carbon monoxide, and
water, can be recovered for use in other processes of the present invention.

[048] A variety of process conditions can be employed in the foregoing

aspects of the present invention. Those skilled in the art of the present invention
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can select the appropriate conditions to employ in a particular process. Typically,
the foregoing processes are operated at a temperature in the range of about 250 to
500 °C, such as about 250 to 400 °C, or even about 250 to 350 °C, and a pressure
in the range of about 1 to 40 atm, such as about 1 to 25 atm, or even about 3 to 15
atm. Exemplary operating conditions are provided in U.S. Patent Nos.. 4,250,346;
4,524,236 4,899,003; 5,162,578; 5,639,929, 5,780,700, 5,902,918; 6,072,097,
6,235,678; 6,355,854; 6,576,803; 6,756,517, 6,846,773; 6,858,768, and 7,067,455,
which are incorporated herein by reference. Particularly useful conditions are
provided in U.S. Patent Nos. 4,250,346 and 4,899,003.

[049] Depending on the conditions employed in the EODH process, e.g.,
reaction temperature, total pressure, gas hourly space velocity, and the steam
partial pressure, the process can be adjusted to favor the production of ethylene
(111) or acetic acid (112), or a particular blend of ethylene and acetic acid. All or a
portion of the 111 and 112 streams can then be combined in a reactor that
produces VAM (114). All or a portion of the resultant VAM can then be converted
to PVAc or EVAg, if combined with ethylene, in a polymerization process (115). All
or a portion of the recovered carbon dioxide from the EODH process (117) can be
used as a blowing agent in the PVAc or EVAc polymerization processes. Carbon
dioxide may also be recovered from other processes integrated with EODH, such
as oxidation reactions of ethylene to ethylene oxide or propylene to acrylic acid and
further purified as a combined stream. Alternatively or additionally, all or a portion
of acetic acid stream 112 can be used to produce acetic acid derivatives (116).
Further, alternatively or additionally, all or a portion of the ethylene from L can be

subjected to further chemical processes (113) to produce ethylene oxide and/or its
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derivatives, ethylene glycol and/or its derivatives, ethylene amines, and/or
polyethylene. The resultant natural gas stream (118) can then be combined with
any remaining portion of 100. If propane, butanes, and other heavier hydrocarbons
and any impurities have been substantially removed from 118, e.g., according to
aspects of the present invention described above, 118 may be considered “pipeline
quality” dry natural gas. In another aspect of the present invention, this
substantially methane-rich stream can also be subjected to reactive conversion
processes, e.g., oxidation, oxidative coupling, or gas-to-liquids processes,
integrated with other processes according to aspects of the present invention.
Integrated methane reactive conversion processes produce methane-derived
products, e.g., methanol or formaldehyde, that can be further utilized in integrated
processes or separated and sold.

[050] Another advantageous aspect of the integrated process depicted in
Figure 1 is the ability to improve energy efficiency by redistribution of heat within
the overall integrated process. In particular, the ODH processes, e.g., EODH, are
exothermic and the excess heat generated by those processes can have multiple
uses in the overall integrated process. In one aspect of the integrated process,
such excess heat is applied to generate steam, which may be combined with steam
produced as a EODH reaction by-product , and subsequently used to generate
electricity. In another aspect of the integrated process, such excess heat is utilized
to provide energy to an endothermic process, e.g., distillation or a reactive process.

[051] An additional embodiment of the present invention is illustrated in
Figure 2. Figure 2 depicts an integrated process for the conversion of ethane into

higher-value chemical products, particularly ethylene, acetic acid, VAM, ethylene
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oxide, and their derivatives and polymers, from an ethane-containing natural gas
stream (201). Table 1 summarizes the process steps shown in Figure 2. In this
integrated process, 201 is combined with an oxidant, e.g., oxygen or air, (202A)
and subjected to an EODH process in the presence of an EODH catalyst (A), which
produces a product stream comprising ethylene and acetic acid (203). The product
stream from A (i.e., 203), which contains ethylene and acetic acid is then separated
in a suitable process separation facility (B) to produce an ethylene-containing

stream (204) and a stream consisting substantially of acetic acid (205).

TABLE 1:

Process Description
EODH Catalytic Reaction System
Scrubber
Acetic Acid Refining
Acetic Acid Derivatives
Compressor
CO to CO, Convertor
Absorber
Stripper
Methane Separator
C2 Splitter
Vinyl Acetate Reactor
Vinyl Acetate Refining
Ethylene Oxide Reactor
Ethylene Derivatives

ZZr X~ —ITOmMmoow>

[052] All or a portion of stream 205 may be subjected to a further acetic
acid refining process (C), and the resulting substantially purified acetic acid stream
(206) may be directly sold (228) and/or conducted into subsequent processes (D)
that produce acetic-acid derived chemicals (229). Alternatively or additionally, all or
a portion of the resultant acetic acid (207) may be combined with ethylene (222)
and oxygen (202C) in a vinyl acetate reactor (K) to produce VAM. The resultant
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product stream (225) can then be separated in a vinyl acetate refining facility (L)
into a stream containing the gaseous reactants (226), which can be fed back into
the vinyl acetate reactor, and a stream containing the VAM product (227), which
can be sold and/or incorporated into other products, such as ethylene-vinyl acetate
copolymers.

[053] The ethylene-containing product stream (204) is compressed to a
higher pressure by a compressor (E). The resultant high pressure ethylene-
containing stream (208) is then combined with additional oxygen (202B) and
subjected to a CO-to-CO, conversion process (F) to remove any carbon monoxide
by-product from A by converting it to carbon dioxide. The resultant product stream
(209) is then subjected to an absorber (G) and a stripper (H) to remove carbon
dioxide (232). The carbon dioxide may be recovered or incorporated into other
parts of the process, such as being used as a blowing agent in the formation of
ethylene-vinyl acetate foams.

[054] The resultant product stream (210) is then subjected to a methane
separation process (I) in which the ethylene and ethane are separated from the
light gases, which predominantly comprises methane, as well as minor amounts of
unreacted oxygen, carbon monoxide, and other light-boiling gases. The resultant
methane-enriched natural gas stream (213) can be then introduced into a natural
gas stream (219) for subsequent processing and/or transmission. Alternatively or
additionally, all or a portion of 213 (i.e., 214) may also be added to stream 218 to
be recycled to the EODH reactor. Alternatively or additionally, all or a portion of
213 (i.e., 215) may be further utilized in integrated processes according to aspects

of the present invention, e.g., methane-enriched gas stream 215 may be used as a
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diluent in an integrated ethylene oxide reaction (M). In many cases, 219 will be
sufficiently pure to be considered “pipeline quality” dry natural gas.

[055] The resultant ethylene-containing stream (216) is subjected to a
separation process to remove any remaining ethane from the stream in a C2
Splitter (J). The resultant predominantly ethane stream (217) may be recycled to
the EODH reactor (218), and the resultant predominantly ethylene stream (220) can
be used in a variety of processes. All or a portion of 220 may be sold directly as
substantially pure ethylene (i.e., 221). Alternatively or additionally, all or a portion
of 220 (i.e., 230) may be subjected to a conversion process (N) that may produce a
variety of ethylene derivatives (231). Alternatively or additionally, all or a portion of
220 (i.e., 223) may be combined with oxygen (202D) and subjected to an ethylene
oxide reaction (M) to produce an ethylene oxide product stream (224), which may
be sold directly or used in subsequent processes for producing ethylene oxide
derivatives, e.g., ethylene glycol, and/or other derivatives. Alternatively or
additionally, all or a portion of the 220 (i.e., 222) may be combined with oxygen
(202C) and acetic acid from the EODH process (207) in a catalytic vinyl acetate
reactor (K). The resultant product stream can then be separated in a vinyl acetate
separator (L) into stream containing the gaseous reactants (226), which can be fed
back into the vinyl acetate reactor, and a stream containing the VAM product (227),
which can be sold and/or incorporation into other products, such as ethylene-vinyl
acetate copolymers. Alternatively or additionally, all or a portion of 227 may be
utilized in a subjected to a conversion process in which VAM is combined with

ethylene, e.g., to produce ethylene-vinyl acetate copolymers.
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[056] While certain embodiments have been described with a certain
degree of particularity, it is manifest that many changes may be made in the details
of construction and the arrangement of components without departing from the
spirit and scope of this disclosure. It is understood that the invention is not limited
to the embodiments set forth herein for purposes of exemplification.

EXAMPLES

[057] The following examples provide one of ordinary skill in the art with
additional details about implementing exemplary embodiments of the present
invention. These exemplary embodiments are not intended to limit the scope of this
disclosure.

Example 1

[058] Various models of the embodiments of the present invention were
created using ASPEN to simulate the reaction conditions and composition of the
product streams. The modeled processes are summarized below in Table 2. The
conditions of the modeled process and the relevant compositions of the various
reactant and product streams indicated in Figure 3 are summarized below in Table
3. Overall, the modeled process achieved percent selectivities toward VAM and
EO of approximately 94 % and 86 %, respectively.

TABLE 2:

Process Description
EODH Catalytic Reaction System
Vinyl Acetate Reaction System
Ethylene Oxide Reaction System
Ethylene-Vinyl Acetate Copolymer Reaction System
Compressor
CO to CO, Convertor
CO,; Removal System
Methane Separator

Si<|c|H|»n|x|io|T
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C2 Splitter

Acetic Acid Separation

N[ <X

Vinyl Acetate Refining
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[059] As shown in Table 3, the modeled process may yield a variety of
process streams. For example, product stream (327) comprises a substantial
quantity of vinyl acetate, product stream (324) comprises a substantial quantity of
ethylene-vinyl acetate, and product stream (323) comprises a substantial quantity
of ethylene oxide. Alternatively or additionally, all or a portion of the acetic acid
produced may be recovered as a product stream (i.e., 306). However, in this
example, the acetic acid product stream (307) is directed to vinyl acetate reaction
system (Q) and substantially cohsumed in the production of vinyl acetate stream
(325).

[060] Economic modeling suggests the process is advantaged for
economies of scale. For example, the capital cost to implement the process for
production of EO and VAM can be reduced by up to approximately 75 % at smaller
scale while remaining cost competitive to world scale facilities producing the same
products. Production costs, including capital payback, are about 10 % lower for
VAM and about 23 % lower for EO while consuming all ethylene produced for like
scale comparisons.

[061] In another example, one process configuration for producing EVA and
VAM according to an aspect of the present invention has an initial capital cost that
is approximately 44% lower than a world scale facility producing the same products.
Production costs for this process configuration are approximately 11 % lower for
EVA and approximately 5 % lower for VAM than the costs of producing those
products at a world scale facility. Furthermore, as compared to traditional steam

cracking processes, the required energy input is approximately 80 % lower and/or
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carbon dioxide output is approximately 88 % lower for processes that implement
the present invention.

[062] Unless otherwise indicated, all numbers expressing quantities of
ingredients, reaction conditions, and other properties or parameters used in the
specification are to be understood as being modified in all instances by the term
“about.” Accordingly, unless otherwise indicated, it should be understood that the
numerical parameters set forth in the following specification and attached claims
are approxirﬁations. At the very least, and not as an attempt to limit the application
of the doctrine of equivalents to the scope of the claims, numerical parameters
should be read in light of the number of reported significant digits and the
application of ordinary rounding techniques.

[063] Other embodiments of the invention will be apparent to those skilled
in the art from consideration of the specification and practice of the invention
disclosed herein. It is intended that the specification and examples be considered
as exemplary only, with a true scope and spirit of the invention being indicated by

the following claims.
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WHAT IS CLAIMED IS:

1. A process comprising selectively extracting at least one natural gas
component from a natural gas stream by (a) contacting the natural gas stream with
a catalyst under conditions that selectively convert the natural gas component into
at least one product and (b) separating the product from the remaining components
of the natural gas stream.

2. The process of claim 1, wherein said at least one natural gas
component is selected from the group consisting of ethane, propane, butanes, and
pentanes.

3. The process of claim 1, wherein at least one of said natural gas
components is ethane.

4. The process of claim 1, wherein said at least one product is selected
from the groUp consisting of ethylene, acetic acid, vinyl acetate, ethylene oxide,
propylene, propylene oxide, propylene glycol, acrylates, acrolein, acrylic acid,
butenes, butadiene, methacrolein, methacrylic acid, methacrylates, and derivatives
thereof.

5. The process of claim 1, wherein at least one of said natural gas
components is ethane and at least one of said products is ethylene.

6. The process of claim 5, wherein at least one of said products is acetic
acid.

7. The process of claim 6, further comprising (a) reacting said ethylene
with said acetic acid to produce vinyl acetate monomer and (b) separating said vinyl

acetate monomer from the rest of the product stream.
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8. The process of claim 7, wherein the ethylene and the acetic acid are
produced in a ratio to be substantially consumed in the production of vinyl acetate
monomer.

9. The process of claim 6, further comprising (a) reacting said vinyl
acetate monomer to produce a polymer selected from the group consisting Qf an
ethylene-vinyl acetate copolymer and polyvinyl acetate and (b) separating said
polymer from the rest of the product stream.

10.  The process of claim 9, wherein the polymer is an ethylene vinyl
acetate copolymer and the ethylene and vinyl acetate monomer are produced in a
ratio to be substantially consumed in the production of ethylene vinyl acetate.

11.  The process of claim 3, wherein the ethane is removed from a natural
gas stream from which at least one natural gas component selected from the group
consisting of propane, butanes, and other C4+ hydrocarbons has previously been
removed.

12.  The process of claim 4, wherein the propane, butanes, and other C4+
hydrocarbons are removed from the natural gas stream by (a) contacting the
natural gas stream with a catalyst under conditions that selectively convert at least
one natural gas component selected from the group cohsisting of propane,
butanes, and other C4+ hydrocarbons into at least one product and (b) separating
the product from the remaining components of the natural gas stream.

13.  The process of claim 1, wherein said catalyst comprises an
oxydehydrogenation catalyst.

14.  The process of claim 13, wherein said oxydehydrogenation catalyst -

comprises a catalyst that has an ethylene selectivity of at least about fifty percent
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(50 %) when used for ethane oxydehydrogenation with an ethane-containing
natural gas stream.

15.  The process of claim 13, wherein said oxydehydrogenation catalyst
comprises a catalyst that has a propylene selectivity of at least about fifty percent
(50 %) when used for propane oxydehydrogenation with a propane-containing
natural gas stream.

16.  The process of claim 1, wherein water and carbon dioxide are
produced as by-products and further comprising utilizing at least a portion of these
by-products in a process selected from the group consisting of reactive conversion
of ethane to ethylene, reactive conversion of ethane to acetic acid, refining of
ethylene, refining of vinyl acetate, polymerization of ethylene vinyl acetate, and
polymerization of polyvinyl acetate.

17.  The process of claim 16, wherein at least part of the carbon dioxide is
recovered for use in the production of ethylene vinyl acetate copolymers and
foams.

18.  The process of claim 1, wherein carbon dioxide is produced as a by-
product and further comprising injecting at least a portion of the by-product carbon
dioxide into a natural gas or crude oil well.

19.  The process of claim 1, wherein at least one of said natural gas
components is propane and said at least one product is selected from the group
consisting of propylene, polypropylene, propylene oxide, propylene glycol, acrolein,
acrylic acid, acrylates, and other propane derivatives.

20.  The process of claim 1, wherein at least one of said natural gas

components is butanes and said at least one product is selected from the group
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consisting of butenes, butadiene, methacrolein, methacrylic acid, methacrylates,
and other butanes derivatives.

21.  The process of claim 1, further comprising recovering a natural gas
stream primarily comprising methane.

22. The process of claim 21, comprising recovering “pipeline quality” dry
natural gas.

23.  The process of claim 1, wherein carbon monoxide is produced as a
by-product and further comprising utilizing at least a portion of the by-product
carbon monoxide in a process for producing methanol and other products derived
from carbon monoxide.

24.  The process of claim 1, wherein said natural gas is raw natural gas
obtained directly from a well. |

25.  The process of claim 1, wherein said natural gas has been pre-
purified to remove non-inert and non-hydrocarbon components from the natural
gas.

26.  The process of claim 1, wherein a fraction of said natural gas
component is removed from the natural gas stream and the balance of the natural
gas component is returned back to the natural gas stream.

27.  The process of claim 5, wherein a portion of the ethylene is selectively
removed by at least one process selected from the group consisting of adsorption
and metal-complexation.

28.  The process of claim 1, further comprising subjecting a natural gas
stream primarily comprising methane to a methane reactive conversion process

that produces a methane-derived product.
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29.  The process of claim 28, wherein the methane reactive conversion
process is selected from the group consisting of oxidation, oxidative coupling, and
gas-to-liquids processes.

30. The process of claim 1, wherein at least a portion of the natural gas
components within the natural gas stream is converted to at least one product
chosen from alcohols, olefins, gasoline and diesel.

31.  The process of claim 30, comprising producing olefins by methane-
coupling.

32.  The process of claim 5, comprising using an ethane
oxydehydrogenation catalytic process to produce ethylene.

33.  The process of claim 32, further comprising converting at least a
portion of said ethylene to at least one ethylene derivative selected from the group
consisting of ethylene oxide, ethylene glycol, polyethylene glycols, glycol ethers,
ethylene amine, ethylene diamines, other derivatives of ethylene oxide, an
ethylene-containing elastomer, polyethylene, ethylene dichloride, ethanol and other
alcohols, acetaldehyde, propionaldehyde, crotonaldehyde and other C4+
aldehydes, acids, ethyl benzene, styrene, styrene derivatives, and ethylene dimers.

34.  The process of claim 6, comprising using an ethane
oxydehydrogenation catalytic process to produce acetic acid.

35.  The process of claim 34, further comprising converting at least a
portion of said acetic acid to at least one acetic acid derivative selected from the
group consisting of acetaldehyde, acetic anhydride, ethanol and other alcohols,

crotonoaldehyde and other C4+ aldehydes, and acids.
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36. The process of claim 1, wherein at least one component of the natural
gas stream is used as a non-reactive diluent in a catalytic oxidation or
oxydehydrogenation reaction.

37.  The process of claim 36, wherein the at least one component of the
natural gas component stream used as a non-reactive diluent is methane.

38.  The process of claim 36, wherein at least one product of the catalytic
oxidation reaction is selected from the group consisting of ethylene oxide, ethylene
glycol, ethanol, propylene oxide, propylene glycol, propanol, polypropylene, vinyl
acetate, propylene, acrylates, acrolein, acrylic acid, butenes, butadiene,
methacrolein, methacrylic acid, and methacrylates.

39. The process of claim 36, wherein the oxydehydrogenation reaction is
an ethane oxydehydrogenation reaction.

40. The process of claim 38, wherein the feed stream to the catalytic
oxidation reaction comprises the product stream from an ethylene
oxydehydrogenation reaction, from which any acetic acid and other less-volatile
components have been removed, but from which the ethylene has not been
removed.

41.  The process of claim 1, wherein step a is an exothermic process and
further comprising integrating heat recovery and recapture of the excess heat to
provide a heat source for at least one other integrated process.

42.  The process of claim 41, wherein the at least one other integrated
process is selected from the group refining, distillation, gas compression, heating,

and electricity co-generation.
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43.  The process of claim 41, wherein at least one of the integrated
processes is providing the heat required for polymerization of vinyl acetate
monomer.

44. A method for producing vinyl acetate monomer and/or ethylene oxide
through oxydehydrogenation and oxidation reactions utilizing oxygen, said method
comprising integrating the oxygen supply source for supply to the
oxydehydrogenation and oxidation reactions for vinyl acetate monomer and/or
ethylene oxide.

45. A process comprising downstream integration of processes for
producing olefin-based derivatives with a reference process, wherein the reference
process is selected from the group consisting of processes for producing an olefin
from a saturated hydrocarbon, producing an acid or acid derivative from a saturated
hydrocarbon, and producing an aldehyde from a saturated hydrocarbon.

46. A process of claim 45, wherein the saturated hydrocarbon‘is ethane,
the olefin is ethylene, the acid is acetic acid, the acid derivative is vinyl acetate, and
the aldehyde is acetaldehyde.

47. A process of claim 45, wherein the saturated hydrocarbon is propane,
the olefin is propylene, the acid is propionic acid, and the aldehyde
propionaldehyde.

48. A process of claim 45, wherein the olefin-based derivative is selected
from the group consisting of vinyl acetate, ethylene oxide, propylene oxide,
propylene glycol, acrylates, acrolein, acrylic acid, butadiene, methacrolein,
methacrylic acid, methacrylates, ethylene glycol, polyethylene glycols, glycol

ethers, ethylene amine, ethylene diamines, other derivatives of ethylene oxide,
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ethylene dichloride, ethanol and other alcohols, acetaldehyde, propionaldehyde,
crotonaldehyde and other C4+ aldehydes, acetic acid, propionic acid, crotonic acid
and other C4+ acids, ethyl benzene, styrene, styrene derivatives, ethylene
dimmers, ethylene-containing elastomers, polyethylene, ethylene vinyl acetate,
ethylene vinyl alcohol, polyvinyl acetate, polyvinyl alcohol, and polypropylene.

49. A process of claim 45, wherein the reference process is
oxydehydrogenation.

50. A process of claim 45, wherein the reference process produces
ethylene and acetic acid.

51. A process of claim 50, wherein the ethylene and acetic acid are used
to produce vinyl acetate monomer.

52.  The process of claim 51, wherein the ethylene and the acetic acid are
produced in a ratio to be substantially consumed in the production of.vinyl acetate
monomer.

53.  The process of claim 51, wherein the ethylene and vinyl acetate
monomer are produced in a ratio to be substantially consumed in the production of
ethylene vinyl acetate.

54.  The process of claim 45, wherein water and carbon dioxide are
produced as by-products and further comprising utilizing at least a portion of these
by-products in a process selected from the group consisting of reactive conversion
of ethane to ethylene, reactive conversion of ethane to acetic acid, refining of
ethylene, refining of vinyl acetate, polymerization of ethylene vinyl acetate, and

polymerization of polyvinyl acetate.
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55.  The process of claim 54, wherein at least part of the carbon dioxide is
recovered for use in the production of ethylene vinyl acetate copolymers and
foams.

56.  The process of claim 45, wherein carbon dioxide is produced as a by-
product and further comprising injecting at least a portion of the by-product carbon
dioxide into a natural gas or crude oil well.

57.  The process of claim 45, wherein the reference process is an
exothermic process and further comprising integrating heat recovery and recapture
of the excess heat produced by the reference process to provide a heat source for
at least one other integrated process.

58.  The process of claim 57, wherein the at least one other integrated
process is selected from the group refining, distillation, gas compression, heating,
and electricity co-generation‘.

| 59.  The process of claim 58, wherein at least one of the integrated

processes is providing the heat required for a polymerization reaction.
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