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[0001] This application 1s a continuation-in-part of U.S.
patent application Ser. No. 13/474,598, filed May 17, 2012,
which claims priority to U.S. Provisional Patent Application
No. 61/488,079, filed May 19, 2011; U.S. Provisional Patent
Application No. 61/499,499, filed Jun. 21, 2011; U.S. Provi-
sional Patent Application No. 61/515,4°74, filed Aug. 5, 2011;
U.S. Provisional Patent Application No. 61/546,461, filed
Oct. 12, 2011; U.S. Provisional Patent Application No.
61/552,701, filed Oct. 28, 2011; U.S. Provisional Patent
Application No. 61/597,404, filed Feb. 10, 2012; and U.S.
Provisional Patent Application No. 61/617,390, filed Mar. 29,
2012, all of which are incorporated herein by reference 1n
their entireties 1n the present disclosure.

BACKGROUND

[0002] In many chemical processes, caustic soda may be
required to achieve a chemical reaction, e.g., to neutralize an
acid, or bullfer pH of a solution, or precipitate an 1nsoluble
hydroxide from a solution. One method by which the caustic
soda may be produced 1s by an electrochemical system. In
producing the caustic soda electrochemically, such as via
chlor-alkali process, a large amount of energy, salt, and water
may be used.

[0003] Polyvinyl chloride, commonly known as PVC, may
be the third-most widely-produced plastic, after polyethylene
and polypropylene. PVC 1s widely used in construction
because 1t 1s durable, cheap, and easily worked. PVC may be
made by polymerization of vinyl chloride monomer which in
turn may be made from ethylene dichloride. Ethylene dichlo-
ride may be made by direct chlorination of ethylene using
chlorine gas made from the chlor-alkali process.

[0004] The production of chlorine and caustic soda by elec-
trolysis of aqueous solutions of sodium chloride or brine 1s
one of the electrochemical processes demanding high-energy
consumption. The total energy requirement 1s for instance
about 2% 1n the USA and about 1% 1n Japan of the gross
clectric power generated, to maintain this process by the
chlor-alkali industry. The high energy consumption may be
related to high carbon dioxide emission owing to burning of
fossil fuels. Therefore, reduction in the electrical power
demand needs to be addressed to curtail environment pollu-
tion and global warming.

SUMMARY

[0005] In one aspect, there 1s provided a method, compris-
ing contacting an anode with an anode electrolyte wherein the
anode electrolyte comprises metal 1on; oxidizing the metal
1ion from a lower oxidation state to a higher oxidation state at
the anode; contacting a cathode with a cathode electrolyte;
reacting an unsaturated hydrocarbon or a saturated hydrocar-
bon with the anode electrolyte comprising the metal 10n 1n the
higher oxidation state, in an aqueous medium to form one or
more organic compounds comprising halogenated hydrocar-
bon and metal 1on 1n the lower oxidation state 1n the aqueous
medium, and separating the one or more organic compounds
from the aqueous medium comprising metal 1on 1n the lower
ox1idation state.
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[0006] Insomeembodimentsolthe aforementioned aspect,
the method further comprises forming an alkali, water, or
hydrogen gas at the cathode. In some embodiments of the
alorementioned aspect, the method further comprises form-
ing an alkali1 at the cathode. In some embodiments of the
aforementioned aspect, the method further comprises form-
ing hydrogen gas at the cathode. In some embodiments of the
alforementioned aspect, the method further comprises form-
ing water at the cathode. In some embodiments of the afore-
mentioned aspect, the cathode 1s an oxygen depolarizing
cathode that reduces oxygen and water to hydroxide 1ons. In
some embodiments of the atorementioned aspect, the cathode
1s a hydrogen gas producing cathode that reduces water to
hydrogen gas and hydroxide ions. In some embodiments of
the aforementioned aspect, the cathode 1s a hydrogen gas
producing cathode that reduces hydrochloric acid to hydro-
gen gas. In some embodiments of the atorementioned aspect,
the cathode 1s an oxygen depolarizing cathode that reacts with
hydrochloric acid and oxygen gas to form water.

[0007] Insome embodiments of the aforementioned aspect
and embodiments, the method further comprises recirculat-
ing the aqueous medium comprising metal 10n 1n the lower
oxidation state back to the anode electrolyte. In some embodi-
ments of the alorementioned aspect and embodiments, the
aqueous medium that 1s recirculated back to the anode elec-
trolyte comprises less than 100 ppm or less than 50 ppm or
less than 10 ppm or less than 1 ppm of the organic compound
(s).

[0008] Insome embodiments of the aforementioned aspect
and embodiments, the aqueous medium comprises between

5-95 wt % water, or between 5-90 wt % water, or between
5-99 wt % water.

[0009] Insome embodiments of the aforementioned aspect
and embodiments, the metal 1on includes, but not limited to,
iron, chromium, copper, tin, silver, cobalt, uramum, lead,
mercury, vanadium, bismuth, titantum, ruthentum, osmium,
europium, zinc, cadmium, gold, nickel, palladium, platinum,
rhodium, 1ridium, manganese, technetium, rhenium, molyb-
denum, tungsten, niobium, tantalum, zirconium, hatnium,
and combination thereof. In some embodiments, the metal
ion includes, but not limited to, 1ron, chromium, copper, and
tin. In some embodiments, the metal 1on 1s copper. In some
embodiments, the lower oxidation state of the metal 1on 1s 1+,
2+,3+, 4+, or 5+. In some embodiments, the higher oxidation
state of the metal 10on 1s 2+, 3+, 4+, 5+, or 6+. In some
embodiments, the metal 10n 1s copper that 1s converted from
Cu* to Cu**, the metal ion is iron that is converted from Fe**
to Fe’*, the metal ion is tin that is converted from Sn** to
Sn**, the metal ion is chromium that is converted from Cr** to
Cr’*, the metal ion is platinum that is converted from Pt** to
Pt**, or combination thereof.

[0010] Insome embodiments of the aforementioned aspect
and embodiments, no gas 1s used or formed at the anode.

[0011] Insome embodiments of the aforementioned aspect
and embodiments, the method further comprises adding a
ligand to the anode electrolyte wherein the ligand interacts
with the metal 10n.

[0012] Insome embodiments of the aforementioned aspect
and embodiments, the method further comprises reacting an
unsaturated hydrocarbon or a saturated hydrocarbon with the
anode electrolyte comprising the metal 10n 1n the higher oxi-
dation state and the ligand, wherein the reaction 1s 1 an
aqueous medium.
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[0013] Insomeembodiments of the aforementioned aspect
and embodiments, the reaction of the unsaturated hydrocar-
bon or the saturated hydrocarbon with the anode electrolyte
comprising the metal 10n in the higher oxidation state is
halogenation or sulfonation using the metal halide or the
metal sulfate i the higher oxidation state resulting in a halo-
hydrocarbon or a suliohydrocarbon, respectively, and the
metal halide or the metal sulfate 1n the lower oxidation state.
In some embodiments, the metal halide or the metal sulfate in
the lower oxidation state 1s re-circulated back to the anode
clectrolyte.

[0014] Insome embodiments of the aforementioned aspect
and embodiments, the anode electrolyte comprising the metal
ion 1n the higher oxidation state further comprises the metal
ion 1n the lower oxidation state.

[0015] Insome embodiments of the aforementioned aspect
and embodiments, the unsaturated hydrocarbon 1s compound
of formula I resulting 1n compound of formula II after halo-
genation:

Xq

—- |

R)m = Cullon(mg))

R)m— CHH(2H—FH)

11

[0016] wherein, n1s 2-10; m 1s 0-5; and q 15 1-5;

[0017] R 1s independently selected from hydrogen, halo-
gen, —COOR', —OH, and —NR'(R"), where R' and R" are
independently selected from hydrogen, alkyl, and substituted
alkyl; and

[0018] X 1s a halogen selected from chloro, bromo, and
10do.
[0019] Insomeembodiments, mis0;n1s2;qi1s 2; and X 1s

chloro. In some embodiments, the compound of formula I 1s
cthylene, propylene, or butylene and the compound of for-
mula II 1s ethylene dichloride, propylene dichloride or 1.4-
dichlorobutane, respectively. In some embodiments, the
method further comprises forming vinyl chloride monomer
from the ethylene dichloride and forming poly(vinyl chlo-
ride) from the vinyl chloride monomer.

[0020] Insome embodiments of the aforementioned aspect
and embodiments, the saturated hydrocarbon 1s compound of
formula III resulting 1n compound of formula IV after halo-
genation:

Xs

(R)r——C Hean+2)-(k+s)
I11 IV

R)r—CHop2pr —

[0021] wherein, n 1s 2-10; k 1s 0-5; and s 1s 1-5;

[0022] R 1s independently selected from hydrogen, halo-
gen, —COOR', —OH, and —NR'(R"), where R' and R" are
independently selected from hydrogen, alkyl, and substituted
alkyl; and

[0023] X 1s a halogen selected from chloro, bromo, and
10do.
[0024] Insome embodiments, the compound of formula III

1s methane, ethane, or propane.

[0025] Insome embodiments of the aforementioned aspect
and embodiments, the one or more organic compounds com-

Dec. 4, 2014

prise ethylene dichloride, chloroethanol, dichloroacetalde-
hyde, trichloroacetaldehyde, or combinations thereof.
[0026] In some embodiments of the aforementioned aspect
and embodiments, the step of separating the one or more
organic compounds from the aqueous medium comprising
metal 1on 1n the lower oxidation state comprises using an
adsorbent.

[0027] Insomeembodiments of the aforementioned aspect
and embodiments, the adsorbent 1s selected from activated
charcoal, alumina, activated silica, polymer, and combina-
tions thereof. In some embodiments of the aforementioned
aspect and embodiments, the adsorbent 1s a polyolefin
selected from polyethylene, polypropylene, polystyrene,
polymethylpentene, polybutene-1, polyolefin elastomers,
polyisobutylene, ethylene propylene rubber, polymethy-
lacrylate, poly(methylmethacrylate), poly(isobutylmethacry-
late), and combinations thereof. In some embodiments of the
alforementioned aspect and embodiments, the adsorbent 1s
activated charcoal. In some embodiments of the aforemen-
tioned aspect and embodiments, the adsorbent 1s polystyrene.
[0028] In some embodiments of the aforementioned aspect
and embodiments, the adsorbent adsorbs more than 95% w/w
organic compounds.

[0029] Insome embodiments of the aforementioned aspect
and embodiments, the method further comprises regenerating
the adsorbent using technique selected from purging with an
mert fluid, change of chemical conditions, increase 1n tem-
perature, reduction in partial pressure, reduction in the con-
centration, purging with inert gas or steam, and combinations
thereof. In some embodiments of the atorementioned aspect
and embodiments, the method further comprises regenerating
the adsorbent by purging with an inert fluid. In some embodi-
ments of the alorementioned aspect and embodiments, the
method further comprises regenerating the adsorbent by
purging with mert gas or steam at high temperature.

[0030] Insome embodiments of the aforementioned aspect
and embodiments, the method further comprises providing
turbulence 1n the anode electrolyte to improve mass transier
at the anode. The method to provide turbulence has been
described herein.

[0031] Insome embodiments of the aforementioned aspect
and embodiments, the method further comprises contacting a
diffusion enhancing anode such as, but not limited to, a
porous anode with the anode electrolyte. The diffusion
enhancing anode such as, but not limited to, the porous anode
has been described herein.

[0032] In one aspect, there 1s provided a system, compris-
ing an anode 1n contact with an anode electrolyte comprising
metal 1on wherein the anode 1s configured to oxidize the metal
ion from a lower oxidation state to a higher oxidation state; a
cathode 1n contact with a cathode electrolyte; a reactor oper-
ably connected to the anode chamber and configured to react
the anode electrolyte comprising the metal 1on 1n the higher
oxidation state with an unsaturated hydrocarbon or saturated
hydrocarbon 1n an aqueous medium to form one or more
organic compounds comprising halogenated hydrocarbon
and metal 10n 1n the lower oxidation state in the aqueous
medium, and a separator operably connected to the reactor
and the anode and configured to separate the one or more
organic compounds from the aqueous medium comprising
metal 10n 1n the lower oxidation state.

[0033] Insomeembodiments of the aforementioned aspect
and embodiments, the separator further comprises a recircu-
lating system operably connected to the anode to recirculate
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the aqueous medium comprising metal 10n 1n the lower oxi-
dation state to the anode electrolyte.

[0034] Insome embodiments of the aforementioned aspect
and embodiments, the anode 1s a diffusion enhancing anode
such as, but not limited to, a porous anode. The porous anode
may be tlat or corrugated, as described herein.

[0035] Insomeembodiments of the aforementioned aspect
and embodiments, the separator comprises an adsorbent
selected from activated charcoal, alumina, activated silica,
polymer, and combinations thereof.

[0036] Insomeembodiments of the aforementioned aspect
and embodiments, the system further comprises a ligand 1n
the anode electrolyte wherein the ligand 1s configured to
interact with the metal 1on.

[0037] In some embodiments of the aforementioned sys-
tem aspect and embodiments, the cathode 1s a gas-diffusion
cathode configured to react oxygen gas and water to form
hydroxide 1ons. In some embodiments of the atorementioned
system aspect and embodiments, the cathode 1s a hydrogen
gas producing cathode configured to form hydrogen gas and
hydroxide 10ns by reducing water. In some embodiments of
the aforementioned system aspect and embodiments, the
cathode 1s a hydrogen gas producing cathode configured to
reduce an acid, such as, hydrochloric acid to hydrogen gas. In
some embodiments of the aforementioned system aspect and
embodiments, the cathode 1s a gas-diffusion cathode config-
ured to react hydrochloric acid and oxygen to form water.
[0038] In some embodiments of the alorementioned sys-
tem aspect and embodiments, the anode 1s configured to not
form a gas.

[0039] Insome embodiments of the aforementioned aspect
and embodiments, the system further comprises a precipitator
configured to contact the cathode electrolyte with divalent
cations to form a carbonate and/or bicarbonate product.
[0040] Insome embodiments of the aforementioned aspect
and embodiments, the metal 10n 1s copper. In some embodi-
ments of the aforementioned aspect and embodiments, the
unsaturated hydrocarbon 1s ethylene. In some embodiments
of the aforementioned aspect and embodiments, the one or
more organic compounds are selected from ethylene dichlo-
ride, chloroethanol, dichloroacetaldehyde, trichloroacetalde-
hyde, and combinations thereof.

[0041] Insome embodiments of the aforementioned aspect
and embodiments, the separator 1s one or more of packed bed
columns comprising polystyrene.

[0042] Insomeembodiments, the treatment of the metal 10n
in the higher oxidation state with the unsaturated hydrocar-
bon 1s 1nside the anode chamber. In some embodiments, the
treatment of the metal 10on 1n the higher oxidation state with
the unsaturated hydrocarbon 1s outside the anode chamber. In
some embodiments, the treatment of the metal 1on in the
higher oxidation state with the unsaturated hydrocarbon
results 1n a chlorohydrocarbon. In some embodiments, the
chlorohydrocarbon 1s ethylene dichloride. In some embodi-
ments, the method further includes treating the Cu>* ions with
cthylene to form ethylene dichloride. In some embodiments,
the method further includes treating the ethylene dichloride to
form vinyl chloride monomer. In some embodiments, the
method further includes treating the vinyl chloride monomer
to form poly (vinyl) chlonde.

-

BRIEF DESCRIPTION OF THE DRAWINGS

[0043] The novel features of the invention are set forth with
particularity 1n the appended claims. A better understanding,
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ol the features and advantages of the present invention may be
obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the prin-
ciples of the invention are utilized, and the accompanying
drawings of which:

[0044] FIG. 1A 1s an illustration of an embodiment of the
invention.

[0045] FIG. 1B 1s an 1llustration of an embodiment of the
mnvention.

[0046] FIG. 2 1s an illustration of an embodiment of the
invention.

[0047] FIG. 3A 1s an illustration of an embodiment of the
ivention.

[0048] FIG. 3B 1s an 1llustration of an embodiment of the
ivention.

[0049] FIG. 4A 1s an illustration of an embodiment of the
invention.

[0050] FIG. 4B 1s an 1llustration of an embodiment of the
invention.

[0051] FIG. 5A 1s an illustration of an embodiment of the
mvention.

[0052] FIG. 5B 1s an 1llustration of an embodiment of the
mvention.

[0053] FIG. 5C 1s an 1llustration of an embodiment of the
invention.

[0054] FIG. 6 1s an illustration of an embodiment of the
invention.

[0055] FIG. 7A 1s an illustration of an embodiment of the
ivention.

[0056] FIG. 7B 1s an illustration of an embodiment of the
invention.

[0057] FIG. 7C 1s an 1llustration of an embodiment of the
invention.

[0058] FIG. 8A 1s an illustration of an embodiment of the
imnvention.

[0059] FIG. 8B 1s an 1llustration of an embodiment of the
mvention.

[0060] FIG. 8C 1s an 1llustration of an embodiment of the
invention.

[0061] FIG. 9 1s an illustration of an embodiment of the
imnvention.

[0062] FIG. 10A 1s an 1llustration of an embodiment of the
invention.

[0063] FIG. 10B 1s an 1llustration of an embodiment of the
invention.

[0064] FIG. 11 1s an 1llustration of an embodiment of the
ivention.

[0065] FIG. 12 1s an 1llustration of an embodiment of the
mvention.

[0066] FIG. 13 1s an 1llustration of an embodiment of the
imnvention.

[0067] FIG. 14 1s an illustrative graph as described 1n
Example 2 herein.

[0068] FIG. 135 1s an illustrative graph as described 1n
Example 3 herein.

[0069] FIG. 16 illustrates few examples of the diffusion
enhancing anode such as, but not limited to, the porous anode,
as described herein.

[0070] FIG. 17 1s an illustrative graph for different adsor-
bents, as described 1n Example 5 herein.

[0071] FIG. 18 1s an illustrative graph for adsorption and
regeneration, as described in Example 5 herein.

[0072] FIG. 19 1s an illustrative dynamic adsorption col-
umn, as described in Example 5 herein.
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[0073] FIG. 20 1s an illustrative graph as described 1n
Example 5 herein.

DETAILED DESCRIPTION

[0074] Disclosed herein are systems and methods that
relate to the oxidation of a metal 10n by the anode 1n the anode
chamber where the metal 1on 1s oxidized from the lower
ox1idation state to a higher oxidation state.

[0075] As can be appreciated by one ordinarily skilled 1n
the art, the present electrochemical system and method can be
configured with an alternative, equivalent salt solution, e.g., a
potassium chloride solution or sodium chloride solution or a
magnesium chloride solution or sodium sulfate solution or
ammonium chloride solution, to produce an equivalent alka-
line solution, e.g., potassium hydroxide and/or potassium
carbonate and/or potassium bicarbonate or sodium hydroxide
and/or sodium carbonate and/or sodium bicarbonate or mag-
nesium hydroxide and/or magnesium carbonate 1n the cath-
ode electrolyte. Accordingly, to the extent that such equiva-
lents are based on or suggested by the present system and
method, these equivalents are within the scope of the appli-
cation.

[0076] Belore the present mnvention 1s described in greater
detail, 1t 1s to be understood that this invention 1s not limited
to particular embodiments described, as such may, of course,
vary. It 1s also to be understood that the terminology used
herein 1s for the purpose of describing particular embodi-
ments only, and 1s not intended to be limiting, since the scope
of the present invention will be limited only by the appended
claims.

[0077] Where arange of values 1s provided, 1t 1s understood
that each intervening value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated or
intervening value 1n that stated range, 1s encompassed within
the mvention. The upper and lower limits of these smaller
ranges may independently be included 1n the smaller ranges
and are also encompassed within the invention, subject to any
specifically excluded limit i1n the stated range. Where the
stated range 1ncludes one or both of the limits, ranges exclud-
ing either or both of those included limits are also included 1n
the 1nvention.

[0078] Certain ranges that are presented herein with
numerical values may be construed as “about” numericals.
The “about” 1s to provide literal support for the exact number
that 1t precedes, as well as a number that 1s near to or approxi-
mately the number that the term precedes. In determining
whether a number 1s near to or approximately a specifically
recited number, the near or approximating unrequited number
may be a number, which, in the context 1n which 1t 1s pre-
sented, provides the substantial equivalent of the specifically
recited number.

[0079] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials simi-
lar or equivalent to those described herein can also be used 1n
the practice or testing of the present invention, representative
illustrative methods and materials are now described.

[0080] All publications and patents cited in this specifica-
tion are herein incorporated by reference as 11 each individual
publication or patent were specifically and individually 1ndi-
cated to be incorporated by reference and are incorporated
herein by reference to disclose and describe the methods
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and/or materials 1 connection with which the publications
are cited. The citation of any publication 1s for its disclosure
prior to the filing date and should not be construed as an
admission that the present invention 1s not entitled to antedate
such publication by virtue of prior invention. Further, the
dates of publication provided may be different from the actual
publication dates which may need to be independently con-

firmed.

[0081] It 1s noted that, as used herein and in the appended
claims, the singular forms “a,” “an,” and “the” include plural
references unless the context clearly dictates otherwise. It 1s
further noted that the claims may be drafted to exclude any
optional element. As such, this statement 1s intended to serve
as antecedent basis for use of such exclusive terminology as
“solely,” “only” and the like 1n connection with the recitation

of claim elements, or use of a “negative” limitation.

[0082] As will be apparent to those of skill in the art upon
reading this disclosure, each of the individual embodiments
described and illustrated herein has discrete components and
teatures which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
invention. Any recited method can be carried out 1n the order
of events recited or 1n any other order which 1s logically
possible.

Compositions, Methods, and Systems

[0083] In one aspect, there are provided methods and sys-
tems that relate to the oxidation of metal 1ons from a lower
oxidation state to a higher oxidation state 1n the anode cham-
ber of the electrochemical cell. The metal 1ons formed with
the higher oxidation state may be used as 1s or are used for
commercial purposes such as, but not limited to, chemical
synthesis reactions, reduction reactions etc. In one aspect, the
clectrochemical cells described herein provide an efficient
and low voltage system where the metal compound such as
metal halide, e.g., metal chloride or a metal sulfate with the
higher oxidation state produced by the anode can be used for
other purposes, such as, but not limited to, generation of
hydrogen chloride, hydrochloric acid, hydrogen bromide,
hydrobromic acid, hydrogen 1odide, hydroiodic acid, or sul-
furic acid from hydrogen gas and/or generation of halohydro-
carbons or sulfohydrocarbons from hydrocarbons.

[0084] The “halohydrocarbons™ or “halogenated hydrocar-
bon™ as used herein, include halo substituted hydrocarbons
where halo may be any number of halogens that can be
attached to the hydrocarbon based on permissible valency.
The halogens include fluoro, chloro, bromo, and 10do. The
examples of halohydrocarbons include chlorohydrocarbons,
bromohydrocarbons, and 1odohydrocarbons. The chlorohy-
drocarbons include, but not limited to, monochlorohydrocar-
bons, dichlorohydrocarbons, trichlorohydrocarbons, etc. For
metal halides, such as, but not limited to, metal bromide and
metal 1odide, the metal bromide or metal 10odide with the
higher oxidation state produced by the anode chamber can be
used for other purposes, such as, but not limited to, generation
of hydrogen bromide or hydrogen iodide and/or generation of
bromo or iodohydrocarbons, such as, but not limited to,
monobromohydrocarbons, dibromohydrocarbons, tribromo-
hyd<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>