WO 2008/143940PCT/US2008/006244 62178P/G506 PROCESS FOR CONVERTING
HYDROCARBON FEEDSTOCKS WITH ELECTROLYTIC RECOVERY OF HALOGEN 5 FIELD OF
THE INVENTION 100011The present invention is directed to a process for converting natural gas and

other hydroc ocks into higher-value products, such as fuel-grade hydrocarbons, methanol,
and aromatica{:%?n&é?gng§5. 10 BACKGROUND OF THE INVENTION 10085?@%‘."3’3?@%1“Application

No; 11/703%3bfkfAhssg858 application.”), entitled "Continuous Process for Converting Natural Gas to
Liquid Hydrocarbons", filed February 5, 2007, based on U.S. Provisional Application No. 60/765,115,
filed February 3, 2006, describes a continuous 15 process for reacting molecular halogen with a

hydrocarbon feedstgoc [ e hi hydrocarbons. In one embodiment, the process includes the
steps of alkane haﬁ%%§r¢§%%§gé§%r§§§%}&%¥gﬂﬁﬁmm% BRGNS LRESS M se the
amount of monohalides that are:formedGligererizatomters GorRing ) ofalkyl halides to form higher

carbon number products, separatio of from hydrogen halide, continuous regeneration of
hafogen, and recovery of 20 molecular halogen from water. Hydrohalic acid (e.g., HBr) is separated

from Imwdﬁié%g%%ﬁg}#V%Q%%}\gwd phase splitter, and then converted into molecular halogen

(e.g., bromine a source of oxygen in the presence of a metal oxide catalyst. The ‘358

applicatiorgsgngorporaiegaykeiavenceharairindis s niingt.JQ0R3] They 378 anplicatin represants a

significant advance in the art of C-H bond activation 25 and industrial processes for converting a
hydrocarbBrifeesswciepieitighartoahighproalnet s Thesisreseht anviontigratu ity onahen358 application
by employjigg gl&%ggp%%%%éggenerate molecular halogen (e.g., Br2, Cl2) from hydrohalic acid (e.g.,
HBr,HCI). ' '

if}

BACKGROUND OF THE INVENTION
[0062] U.S. Patent Application No. 11/703,358 (“the 358 application."), entitled "Coniinucus
Process for Converting Natural Gas to Liquid Hydrocarbons", filed February 5, 2007, based on
U.S. Provisional Application No. 60/765,115, filed February 3, 2006, describes a continucus
15 process for reacting molecular halogen with a hydrocarbon feedstock to produce higher
hydrocarbons. In one embodiment, the process includes the steps of alkane halogenation,
"reproportionation” of polyhalogenated compounds to increase the amount of monohalides that are
formed, oligomerization (C-C coupling) of alkyl halides to form higher carbon number products,
separation of products from hydrogen halide, continuous regeneration of halogen, and recovery of
20 molecular halogen from water. Hydrohalic acid (e.g., HBr) is separated from hquid hydrocarbons
in a liquid-liquid phase splitier, and then converted into molecular halogen (e.g., bromine) by
reaction with a source of oxygen in the presence of a metal oxide catalyst. The 358 application is
incorporated by reference herein in its entirety, _
[5063] The '358 application represents a significant advance in the art of C-H bond activation
25 and industrial processes for converting a hydrocarbon feedstock into higher value products. The
present invention builds on the '358 application by employing electrolysis to regenerate molecular

halogen (e.g., Bry, Cly) from hydrohalic acid (e.g., HBr, HCI).
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WO 2008/143940PC1/US2008/006244 162178P/G506 [0004]Electrolysis of agueous solutions to
produce hydrogen and oxygen is a known way of producing hydrogen with electrical energy. Similarly,
halogens have been produced by electrolysis 50f halide brines or metal halide vapor. Conventional

hydrogen prggugction rglies on reforming of hydrocarbons with water (ste%g? ﬁ%fjﬂégﬁbj carbon
monoxide and molecular hydrogen: CH4 + H20 -> CO + 3H2 AH = +206 kJ/mo y xH20 ---? XCO +

(x4y/2)H24d raf)dedanol [0005]The energetically unfavorable reforming reaction can be compared to
the exothermic 10complete oxidation of hydrocarbons in oxygen to produce the low-energy products
water and carbon dioxide' CH4 + 202 -> CO2 + 2H20 AH=-882 kJ/ mol C,Fly + (x+y/2)02xCO2 +

y/21-120 055 kJ/ 006] icall reformin process Is coupled with complete oxidatio
provide erfergy 15to r|ve ?}%gr |se& en§ %‘}smf’cﬁéa&,g gb‘#ﬁ%g?gsﬂmd GO0 AN $e2ATEh Pré dlices
both carboRJaxicles Wd@g r@gﬁ Rbdicanhe gperaternearisergicaltf X087 daiddlsn

(n-m)CO0 + mCO2 + (m12+y)H2 [0007]Alternatively, hydrogen can be produced by dissociation of
water: of halide brines or metal halide vapor. Conventional hydrogen production relies on reforming of

hydrocarbons with water (steam) to produce carbon monoxide and molecuiar hydrogen:
CHy + HoO — CO+3H,  AH =+206 ki/mol
CiHy + xHoG — xCO + (x+y/2)HZ  AH >> § k¥/ mol
[6005] The energeticaily unfavorable reforming reaction can be compared to the exothermic
10 complete oxidation of hydrocarbons in oxygen to produce the low-energy products water and
carbon dioxide:
CHy +20; — CO; + 2HO  AH=-882 kJ/ mol -
CyHy + {x+y/2)0a — xCOy + y/2H,0 AH << 0 kl/ mol
10006} Typically, the reforming process is coupled with complete oxidation to provide energy
15 o drive the otherwise endothermic reaction. The resulting overall reaction produces both carbon
oxides and hydrogen and can be operated nearly isoergically:
CiHm + xO; + yH>O — (n-m)CO + mCO; + (m/2+y)H,
{0067} Altematively, hyvdrogen can be produced by dissociation of water:
Hy0 — 1720, +Hy  AH= 286 kI/ mol H,
20 [0008] Although energetically unfavorable, the reaction can be driven by electrolysis using
2%10° Coulombs per gram-mole Ha. Water is the source of both the hydrogen and the oxygen, and
the high activation energy for oxygen production requires over potentials of approximately 1.6
Volis and a stoichiometric current. In practice, the electrical energy required is approximately 300
kJ/ mol Ho.
25 - [0009} In halogen production by electrolysis of halide salts, e.g. the chloralkali process,
halogen (Cl;) and alkall base (NaOH) are produced from the haloanion and water in an aqueous

solution of salt (NaCl). Water is again the source of the hydrogen. Similarly, bromine can be
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H20-* 1/202 H2 AH= 286 kJ/ mol H2 2010008]Although energetically unfavorable, the reaction can be
driven by electrolysis using 2x105 Coulombs per gram-mole H2. Water is the source of both the
hydrogen and the oxygen, and the high activation energy for oxygen production requires over
potentials of [ y 1.6 Volts and a stoichiometric current. In practice, the electrical energy
required is a?p%%{%glt%%dsoo kJ/ mol H2. 25[0009]In halogen productionBy &lEERIER4bF halide salts,
e.g. the chiprgtkalirprggess, halogen (ClI2) and alkali base (NaOH) are produced from the haloanion
and water in an aqueous solution of salt (NaCl), Water is again the source of the hydrogen. Similarly,
bromine can be WO 2008/143940PCT/US2008/006244 62178P/G506 produced from bromine salts

(NaBr). In tged[‘iaét%rﬁnstagrc%,the g{g(ﬂéﬁc&%% oé mﬁlecular,halogen from the haloanion is energetically
and kinetidally Advantageous coniparedits’ xygehprot cuA SrebtinFry ackrnetiovelesptentapesn v
versus 1.6¥)nt20Q haNaBbor>iBederzkiZa)NaRHAQRL0MMID2x105 Coulambs ner gram-mole H2 and
the required electrical energy reduced significantly (coir%ygared to H20 alor%? togcgp(tg;(r}g%% %%%b%! kJ/lg
mol H2. 1007 TVRMIP e ASPRtE Hdér Mateste HEVRIop economically viable hydrogen production

10 processes. In princi y arbans beé\gir tly oxidized electrochemically using oxygen (as
in a solid oxide fuel cell éggi/gggﬁgtﬁo% rgfgﬁé i ogen; however this typically leads to complex,

difficult to pEp@gate intetmediatascangdissnatesoneminali useiun ARQiheLMaans of Nguced

hydrogen from hydrocarbons is by stepwise partial oxidation with a halogen, (preferably bfomine). The
major advasEFeFnsrEBRaTsIdie bridatiie obrpdrosanstaiytdtéabemaibXide 15cannot occur and the

pyose (A M R LEr e Tonan, S e e v,
10 processes. In principle, hydrocarbons can be directly oxidized electrochemically using oxygen (as
in 2 solid oxide fuel cell) and/or water to produce hydrogen; however this typically leads to
complex, difficult to separate intermediates and is not economically useful. Another means of
removing hydrogen from hydrocarbons is by stepwise partial oxidation with a halogen, (preferably
bromine). The major advantage is that complete oxidation of hydrocarbon to carbon dioxide
15 cannot occur and the hydrogen is transferred to the less stable HBr (AHgmmion = -36 kJ/ mol)},
rather than water (AHfomation = -286 kJ/ mol):
CoHpm +p/2Brz — CpHuy,Brp +pHBr
CoH,Br, + x/2Bry — C,H,Br, +xHBr
{0612] Final products after removal of HBr depend on the reaction conditions and may consist
20 of mixtures of coke and brominated and perbrominated hydrocarbons: CitCyH,Bri+C;Bry.
Combustion of these final products in an oxygen atmosphere containing trace water may be used to
produce heat and carbon oxides and to convert the residual bromine to HBr: |
Cx + CHeBry + CBrg + /20y + (1+q)/2H,0 — (x+y+r=n)CO; + (1+q)HBr
16013] Ancther process for making hydrégen, based on HBr electrolysis, reportedly vields
25 cnergy savings of about 25% relative to water electrolysis. However, this process requires that

brqmine produced in electrolysis be converted back to HBr, and this conversion step is a major

disadvantage of the HBr electrolysis route to hydrogen. In contrast, the present invention uses the
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CoH,Bra + x/2Br2 CoHzBro +xHBr 100121Final products after removal of liBr depend on the reaction
conditions and may consist 200f mixtures of coke and brominated and perbrominated
hydrocarbons:Cx+C),11,13r,+CrBrg. Combustion of these final products in an oxygen atmosphere
containing trace water may be used to produce heat and carbon oxides and to convert the residual
bromine to HBr: C" + CyHzBrt + CrBrq + n1202 + (t+q)/2H20 (x+y+i=n)CO2 + (t+q)HBr 100131Another
process for making hydrogen, based on HBr electrolysis, reportedly yields 25energy savings of about
25% relative to water electrolysis. However, this process requires that bromine produced in electrolysis
be converted back to HBr, and this conversion step is a major disadvantage of the HBr electrolysis
route to hydrogen. In contrast, the present invention uses the bromine generated in electrolysis to
producéwatiable-pratdcis, father ibansipphCONSIING ifhacklo 1413r . SUMMARY o%he.
present disclosure combines the thermal (non-electrochemical) reactivity g?aﬁa%%xgﬁé {f%?g e glﬁi
broming)ﬁa‘ ity Fi%rocarbons to produce hydrogen halide (preferably HI3r) and reactive alkyl halides or
other carbon-containing intermediates that may be converted to subsequent products, more readily
than the original hydrocarbon, with the facile electrolysis of hydrogen halides or halide salts to create
an overdidigedd’ with significantly higher efficiency. The use of halogens prevents the total oxidation
of the hydrocarbon to carbon dioxide and allows subsequent production of partial oxidation products.
100145@%1%3 fifSF REpERt diprdoars prBbidecis dommaliows-provess:fo-convetting arhydrocarbon

feedstagidptahigherhydiocarbans, 6omprising: reacting molecular halogen with a
hydrocarbon feedstock go as to fgrn% alkyi %aﬁgyeﬁsméﬁ%ﬁ‘{i/}%igﬁﬁ Qhaa halide (prefyebmadingute alkyl

halides%¢ithvs elitdljstiéo as thtorrarbigherdydiogasbensantbbydrogen halides . ieq 1o subsequent

products, more readily than the origmal hydrocarbon, with the facile cle

ctrolysis of hydrogen
halides or halide salts to create an overall process with significantly higher efficiency. The use of
nalogens prevents the total oxidation of the hydrocarbon to carbon dioxide and allows subsequent

production of partial oxidation products.

[801 4a] In a first aspect, there is provided a continuous process for converting a hvdrocarbon

feedstock into higher hvdrocarbons, COmprising:

(a) reacting molecular halogen with a hydrocarbon fesdstock so as 1o
form alkyl halides and hydrogen halide;

(b)  contacting the alkyl halides with a catalyst s0 as to form higher
hydrocarbons and hvdrogen halide;

(c) separating the higher hydrocarbons from the hydrogen halide;

{d) electrolytically converting the hydrogen halide inio hvdrogen and

moiecular halogen; and

{e) repeating steps (a) through (d) a desired number of times, wherein

the molecular halogen in step (d) 1s used in repeated step (a).

{0014b) In a second aspect, there is provided a continuous process for converting a

hydrocarbon feedstock into methanol, comprising:



(c) separating the higher hydrocarbons from the hydrogen halide; (d) electrolytically
converting the hydrogen halide into hydrogen and molecular halogen; , (e) repeating steps (a)
through (d) a desired number of times, wherein the molecular halogen in step (d) is used in repeated
step (a). 0014blIn a second aspect, there is provided a continuous process for converting a
hydrocarbon feedstock into methanol, comprising: (a) reacting molecular halogen with a
hydrocarbon feedstock so as to form alkyl halides and hydrogen halide; (b) contacting the alkyl
halides with aqueous alkali so as to form methanol and alkaline halide; (c) separating the
methanol from the alkaling halide; (d) electrolytically converting the alkaline halide into
hydrogen, molecular haloéén, afi@-agecoobalkaliyaden wit, 4 £€ E,roec%&f):ltin%?fsteps a) through (d) a
desired nuniben ofitjiriesidetharein the,molegylar halogen in step (d) is used i %ﬁ@‘é stefr(a).
10014clin a third aspect, there is provided a continuous process for converting a hydrocarbon
feedstock into an alkyl amine, cOgfisiigthe alky! ta)ireacting mpleguar halogen with a hydrocarbon
feedstock s8A&aAstond dliglihaliges.and hydrogen halide; “(b) contactitty Hie'alkgrhalides with
agueous alkali amine so(g)s to form alkyl amines and alkaline halide; (e) separating the alkyl amines
from the alkaline halide: separaling the methanol from the alkaline halide:
{d) electrolytically converting the alkali - .
molecular halogen, and aqueous aflcal g alkaline halide into hydrogen,

{e)

the molecular hat

1; and

repeati ' - i
. beatng steps (a) through (d) a desired number of times, wherein
ogen m step (d) is used in repeated step (a) | |

[0614¢] in a third aspect, there is

provided a continuous proce ;
ss for conve
hydrocarbon feedstock into an alkyl riing a

amine, COmprising:

{a) reacting molecular halogen with a hvd

rocarbon feedstock
form alkyl halides and hydrogen halide; X SO as 1o

(b) contacting the alkyl halides wit}

| ‘ 1 aqueous alkali amine s
form alkyl amines and alkaline halide; e

(c) separating the alkyl amines from the alkaline halide:
{d) electrolytically converting the alkal

ine halide into hy
molecular halogen; and ydrogen and

(e) repeating steps (a) through (d) a desired number of times wherein

the molecuiar halogen in step (d) is used in repeated step (a).

¢
100144 In a fourth aspect, there is provided a method comprising:

(a) reacting molecular halogen with oil or gas pumped from a well at

an oil or gas production facility so as to form alky] halides and hydrogen halide:
w y = n

{b) contacting the alkyl hal

ides with a catalyst 50 as to form hi
h
hydrocarbons and hydrogen halide; o

(c) separating the higher hyvdrocarbons from hydrogen halide; and

(d) electrolytically converting the hydrogen hal ,
molecular halogen using electricity provided by an electrical
power supply.

ide into hydrogen and

generator or electrical
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(d) electrolytically converting the alkaline halide into hydrogen and molecular halogen; and (e)
repeating steps (a) through (d) a desired number of times wherein the molecular halogen in step (d) is
used in repeated step (a). 10014d]In a fourth aspect, there is provided a method comprising:

(a) reacting molecular halogen with oil or gas pumped from a well at an oil or gas production facility so
as to form alkyl halides and hydrogen halide; (b) contacting the alkyl halides with a catalyst so
as to form higher hydrocarbons and hydrogen halide; (c) separating the higher hydrocarbons

from hydregaadpalide; ama fifth aspeét ielecl ehyiinrily.aasieningdiheiydrogen halide into hydrogen and
molecular halogen using electricity provided by an electrical generator or electrical power supply.
10014elln a fifth aspedt)ther&rs e VRIderElfhdHBEEOTB Sty drocarbon {egdaaetisg Bfolecular

halogen with.a hydreaarhon, fegdstock saias to form alkyl halides and hydrogen halide; (b)
contacting the alkyl halides with aqueous alkali s as to form methanol and alkaline halide; (c)

separating the methanéPirom ¥FRIIEGHEhARGY; halides Wil dlaeadiyrisnl convertind@re alkaline
halide intarhyshegendmalecilash@logen, and aqueous alkali using electricity provided by an electrical
generator or electrical power supply at an oil or gas production facility.

(c) separating the methanol from the alkaline halide;

(d) electrolytically converting the alkaline halide into hvdrogen,
molecular halogen, and agueous alkali using electricity provided by an electrical

generaior or electrical power supply at an il or gas production facility.

{00141] In a sixth aspect, there is provided a continuous process for converting coal
into coke and hydrogen, comprising:

(a) reacting crushed coal with molecular halogen so as to form
brominated coal intermediates and hydrogen halide;

(b) reacting the brominated coal intermediates over a catalyst so as to
form coke and hydrogen halide;

() separating the coke from the hvdrogen halide found in step (a)
and/or step (b);

(d) electrolytically converting the hydrogen halide found in step (a)
and/or step (b) into hydrogen and molecular halogen; and

(e) repeating steps (a) through () a desired number of times, wherein
the molecular halogen in step (d) is used in repeated step (a).
[0014g] In a seventh aspect, there is provided a continuous process for converting
coal or biomass-derived hydrocarbons into polyols, comprising:

(a) reacting molecular halogen with coal or a biomass-derived
hydrocarbon feedstock so as to form alkyl halides and hvdrogen halide;

(b) contacting the alkyl halides with aqueous alkali so as to form
polvols and alkaline halide;

{c} separating the polyols from the alkaline halide;

{d} electrolytically converting the alkaline halide into hydrogen and

molecular halogen; and
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1001411In a sixth aspect, there is provided a continuous process for converting coal into coke and
hydrogen, comprising: (a) reacting crushed coal with molecular halogen so as to form
brominated coal intermediates and hydrogen halide; (b) reacting the brominated coal
intermediates over a catalyst so as to form coke and hydrogen halide; (c) separating the coke
from the hydrogen halide found in step (a) and/or step (b), (d) electrolytically converting the
hydrogen halide found in step (a) and/or step (b) into hydrogen and molecular halogen; and

(e) repeating steps (a) through (e) a desired number of times, wherein the molecular halogen in step
(d) is used in repeated ste )(ga). [0014g]In a seventh aspect, there is provided a continuous process for
converting coal or biomass=terivesgdayid FogaraQns;| lyols. comprising: (a)reacting molecular
halogen witﬁf@bmmcala;@m%&iqgr%ed( yd%ga%gﬂrfg Pﬁd@)@@é‘% to:fober alkybhalides.and
hydrogen haék%%%g ”contéct?ng ﬁ%”é%l%jdm&wm;a@eous alkali so as to form p%lyols and
alkaline halide; b () sepagaiiing1he, pELYOLS g%r‘jr\ dthde alkaline halide; (d) electrolytically
converting thedatkatiog hialide-intg hvdrogen and molecifar %3?86@\%?%rmﬂéesﬂefoeaﬁﬂ@§;§g§ (a)
through (d) a desired nwg er of times ﬁe%ﬁ‘i%f’ébﬁﬁlé@maﬁha@gen in step (d) is used in repeated

itfHth a§6@6t?m@mamﬁHﬁygj@g€§ g\gg}ig%ous process for convening a

step (a). [0014h1In an ei
form alky! ydrocarborn feedstock so as 1o

halides and hydrogen halide-

(b) contacting the alkyl haj

ides with ¢
hydrocarbons ang hydrogen halide: -

¥st 80 as to form higher

{c) separating the higher
(d) electrolytical)
molecular haj i
| 0gen in an electrolytic cel] of cells equipped wit
o Guipped with gp Oxygen depolarized

(e) Tepeating steps (a) throy

¢ .
he molecular halogen in Step (d) is used in rep

001 4; .
J G14if ina ninth aspect, there ig

hydrocarbon feedstock into methanol compri

(a) reacting molecular hal

‘ Ogen with
form aliyl halides and hydrogen halide: @ hydrocarbon feedstock so ag 10
(b contacting
g the alky] hajig i
methano! and alkafine bafide. 2 € with aqueous ajjaj; 50 as 10 form

{c) Separating the methano) from the ali

ali ide:
{(d) electrolvtical] I

Y converting the alkaline haljde into

halog
8en and aqueous alkal; in an electrolytic cej

molecular

| el £
e . OF cells equipped with an oxygen
o
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the molecular haj ) e e

. d number of
. im i
Ogen in step (d) is used in Tepeated step (a) e
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hydrocarbon feedstock into higher hydrocarbons. comprising: (a)reacting molecular halogen with a
hydrocarbon feedstock so as to form alkyl halides and hydrogen halide; (h)contacting the alkyl halides
with a catalyst so as to fonn higher hydrocarbons and hydrogen halide; (c) separating the
higher hydrocarbons from the hydrogen halide; (d) electrolytically converting the hydrogen halide into
water and molecular halogen in an electrolytic cell or cells equipped with an oxygen depolarized
cathode: and (e) repeating steps (a) through (d) a desired number of times, wherein the
molecular halogen in step (d) is used in repeated step (a). [0014qIn a ninth aspect, there is provided a

continuokj%s%ﬁ)rocess for convening a hydrocarbon feedstock into methanol, comprising: @)

reacting MOIEURPHABGEsH Wtk a topdrocashomfeciistocksa formaliyl halides and hydrogen
S By
ith aqueous alkali so as to form methanol and alkaline

nale: o0 EODRSING e Al les i
! ore Il . ; : .
halide: (c) separating the methaho %ﬁ%‘?ﬁ"é SfRAEFaifleforming aligd) lelbdtrohpticaltying
convertigakeuikalivedalits intydnalessiardaalegan.and anmequs.allaliinan glectrolytic cell or cells

equpew!&h an (%;gren depolarized cathode; and ) LY.

1des an ogen nahiae, preferably with substantially complete consumption of the molecular

halogen; (b) forming higher hydrocarbons and hydrogen halide by contacting the alkyl halides with

a first catalyst under process conditions sufficient to form higher bvdrocarbons and hydrogen

- &

halide; (¢) separaing the higher hvdrocarbons from hydrogen halide; (d) converting fhe hydrogen

halide into hydrogen and molecular halogen electrolytically, thereby aliowing the halogen to be

reused; and (e) repeating steps (a) through (d) a desired number of times., Thess steps can be

carried out in the order presented or, altemnatively, in a different order, Electrolysis 5 carried out in

aqueous media, or in the gas phase. Optionally, the alkyl halides are "reproportionated” by reacting

some or all of the alky] halides with an alkane feed, whereby the fraction of monohalogenated

bydrocarbons present is increased. Also, in some embodiments, hydrogen produced in the process

15 used for power generation.
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(e) repeating steps (a) through (d) a desired number of times, wherein the molecular halogen in step
(d) is used in repeated step (a). 100151 In one embodiment, a continuous process for converting a
hydrocarbon feedstock into one or more higher hydrocarbons comprises: (a) forming alkyl halides by
reacting molecular halogen with a hydrocarbon feedstock under process conditions sufficient to form
alkyl halides and hydrogen halide, preferably with substantially complete consumption of the molecular
halogen; (b) forming higher hydrocarbons and hydrogen halide by contacting the alkyl halides with a
first catalyst under process conditions sufficient to form higher hydrocarbons and hydrogen halide; (e)
separating the higher hydrocarbons from hydrogen halide; (d) convening the hydrogen halide into
hydrogen and molecular halogen electrolytically, thereby allowing the halogen to be reused; and (e)
repeatin@@@p%n(%} ghrgop‘%%g %d)fa desired number of times_. These steps can be carried out in the order
presented or, alternative Vi t’é‘ﬁfﬁ@'?é‘ﬁ%?&@ﬁsﬁﬁc%ﬁewm&mm:@m in agueous media, or in the

gas phageqptionally, dhe.alkyl halides are “reproportionated” by reacting some or all of the alkyl
halides with an alkane feed, Wher%%%%ﬁizaﬁg%ﬁglﬁ]b hBHMsY ERareatingvedarbbns presentis, o

increas@ddmigobin Jomist@ibadismernisy dogeARRoduesdn the process is used for power
generatﬁ?aﬁti 10016) Jn an embodiment, a continuous process fo%c@r%rﬁggfahﬁ%}é%c%‘?gﬁd@%%tock
into methano! CoATHISES ) StHmde Ak prrel descop rempting nfoleciiardhalagen Wi b abyglkagarbon
feedstoastngley] RERCeBS RNditions sufficient to form alk Ig‘alides and hydrogen halide, preferabl§ with
substantially complete consumptioﬁ?yof t ﬁgaﬁsl%%cu ar%jo ERAth i Rgemsthlins] andealkelineshalide
by contﬁﬁﬁ%éﬂm‘ésﬁﬁmﬁalitﬂeﬁlwﬂhmmmm&mk@kéﬁ&!&?h%%e capdifions sufficient to, form methanol
and alkgm%n%agg& e(c) F§}(:,\1parating the methanol from the alkaiir?lij haﬁ%g;@?d? %’6’%%‘ |ﬁﬁ%§“§§k§?ﬁ1e
halide into Nydrogar: of mBIEXGTArRatbyeikaig akftigbuiosticaly eleptrolysicallyicthereby. aljawing the
halogeamrthihelidkadi de-he ke -.-.":-‘: LieRsating steps (a) through (d) a desired number of times.
These steps can be carried out in the order preRs%é% ggao%;a%i?é ﬁﬁ@éﬁ’f? ﬁ&%iﬁé?@m@@m@r.@@mbany,
the poljfatigendted m)diseutboi ardetieptopoitienatasinby regelingspme,on.allof the alkyl halides
with anopélégngiég&gegvh%reb tépne fraction of monohalogenated hydrocarbons presentis Mer8aéd.
[0017)The production of iethanar by Thidhrécsedireeiirasderat thersantioy oftelkybhalides.ith
aqueobydikatitoRCartiecpripdnsieizalkaline condit Howeyer, the electrolysis process yields alkali
and ac%g in stoichiometrically equivalent g}re]ounts e%gci:%% glrmp yorfe%’g i fisst ¥ithamratliveith all of
the acitf WollltFFERuesinel moRmo Tretpidoens desiibedaareinpayides for
dispropggtigpatiop,of thesacid and base such that more than sufficient alkali is available to react with
the alkyl b?bpmides toﬁrai:m‘rjiiev(éxgﬁ?filﬁlr?e§1 gg#d%b > THECERd FaTSvdbian thiver disprapor tidiaditionistep is
later réedniinectwithkihichexcasealkali after metharolang:other Broducts nge been formed and

Separ%ﬁ%gds[(éﬂ(]ﬁ?]ln som embodiments it may be necessary to maintain theeaﬁ%ﬁ;féﬁﬁﬁs%icpd%’ess
condition, which miay ?&ﬁﬂfés‘é‘j SFRGEY &9 iciel ot benadded. Hhe-separatioaobanenion of the
acid car:haiascamplished &y adiguid.plasepragess or, alternatively, by the use of a regenerable solid
reactant Or adsorbent. Acid can also be provid%% ?rélr%ugﬁ& e%ﬂgé‘fh%'sﬂ%éﬁr@ﬂ?ﬁéréﬁéwﬁbﬁ:ﬂémm
off-sit&Gatftatieh Sxrernatiasigtion ofefall svdessdobacidsean beachieves hy Iemoval of a smal

: ; ! t
amougt of alkal system. 100191 In an embodiment, a continuous process toF cn rihg a
hydrocarbon fe‘geflé“%i%élgl%llﬁt%lcara]&g?’lgy "SMHES dBifiHeRs alkgiiorrmimgisitid. naldesiay-eaastiagmelecular

halogéismwithraihyelionatse isfeedstackimacle: RIRCESS ggdit' ns syfficient to form alkyl halides (e.qg.,
ethyl promide) and hydrogen halide, preferably with selfbsfgr?% §/%%%Elé APBh R HeT st dhets
molecUiar %M%ﬁ&m‘*ﬁf@l amines and alkaline halide by contacting the alkyl halides with
ammemea )" aqueQus ammoRia under process conditions sufficient to form alkyl amines and alkaline
halide; (c) separating the alkyl am{%%e% %8%%%3&5@&%%%@% Bemarsting theadkalinadialige into
hydrotfelstard nmeteds arsnalt gencete atralyiicallys mgpy@pggg}' g.ihe halogen to be reused; and (e)
repegfing %%Qs.&.g%&hgougt}%%g desired number of times. These &}steps? cg% L PSR S BRe order
presented o, alternatively, T A R PBIRE. Sphdamig the,ablyy Hralidesor 2 regenerabie solid

reactant or adsorbent. Acid can also be provided from an external source

sither from on-site oy



are "reproportionated" by reacting some or all of the alkyl halides with an alkane feed, whereby the
fraction of monohalogenated hydrocarbons present is increased. 100201 In an embodiment, a
continuous process for converting coal into coke and hydrogen is provided and comprises the steps of
(a) forming brominated coal intermediates and hydrogen halide by reacting crushed coal with
molecular halogen under process conditions sufficient to brominate and dissociate sigdficant elements
of the coal skeleton, thereby forming a mixture of brominated coal intermediates (e.g., polybrominated
hydrocarbons); (b) forming coke and hydrogen halide by reacting the brominated coal intermediates
over a catalyst under process conditions sufficient to from coke and hydrogen halide; (c) separating
the coke from the hydrogen halide; (d) converting hydrogen halide formed in step (a) and/or step (b)
into hydrogen and molecular halogen electrolytically, thereby allowing the halogen to be reused; and
(€) repea F@tgﬂ@hr@%wa_)mg,@irgd@%p@g@g &mg%% ghe§g steps can be carried out in the
order pr&gg&&q@p@ge&natg}ely, in a different order. The coketfa Ts%%?ﬁf“ébﬁﬁtm@e*aﬁsﬁd Eniall
generate electrical power ?ﬁéfsiﬁ%cess (via combustion, steam generation, and production of
electricit$y1¥r toHeetacbaint8okth10 embodiment, a continuous process for convening coal
or biomflsg derived hydrocarbons irﬁ?ﬁo}%%%%n(g {3}}1 Fé&%%}ﬁ#‘@m@wm comprises: (a) forming
alky! halfGEE w5 i b ecuter habegenswith gqalor 3 higmass-derived hydrocarbon feedstock
under p@&egﬁ%gitiggns f[.'sgéﬁcient to form alkyl halides anc&y%%a%ﬁ%m@ﬁ@iab@m&ﬁhgm
substantially compléte congdmptiorraFt Fecsrsiecatatitaloger o) f 95mRing, ROlY9ls and alkaline halide
by contacting¢heusdkyljaadisles with;aauequs alkali under process conditions sbéﬁflcai‘eI £1d TémitBsiyols
and alkaline halide; (c) separating the poé%;of's Ford e S&W%?ﬁ-ﬁ'@%lid@n@)m@na@mmﬁgggnalgpl@g
halide RES Y@ obEAZEAd ofeuutag malopenelaciolytigally, thereby allowing the halogen to be reused;
and (e)ﬁﬁgpgg.}}g&l%e&saéaééhrou h (d) a desired number %‘% times 1heSeefsHazdhehelicdrnisitout in
the order presented or, altérn W%RR‘W Mﬁ%ﬁ@ﬂPM%Hﬁﬁﬁﬁ@&Hﬁiéﬁ%ﬂgyﬁgg@!id s are .
"reproBuiorabetiihy dpagiingsome 2iall.of the aékgé halides with an alkane feeda;ﬁ( whetSRFi&@4raction
of mon%pgleo enated hydrocarbons present Is incres &t i’é@?ﬁqhﬁim;i@@ﬁamw@g@m&%g

present disc %@f@ﬂ%ﬁy@%m@pw@mwwﬁwﬁg ingthe elc(aé&(%)lyze:, and electrolysis of
RN bl giolds be

) . , toereb
hydrogandalige V; q,%l[gﬁlecul r halogen and water, and el ctro?ys@
molecular halogerqéin a gﬁ%ﬁ%%?fd%)%ﬁ@ﬂ%‘%h@hh&#ﬁhg&ﬁ@gﬁ&&@§ variationpas the advantage- of
greatI93@(‘%@h@%m%yﬁggﬁfg&r@pﬁ%g&g&g%g%l}é}i egg{lllt(i)rd An imp(oved eTectro‘T%c,C %’éﬁ{ehaving
an oxygeq-depolatized electrode is also et. Optionally, the alky] halides
“proportionated” by reaciing some or al] of the alky! halides with an alk. feed
fracH ane teed, whereby the
fraztion of monohalogenated hydrocarbons present ig nereased.

[6620] In an embodiment

hydrogen halide by reacting crushed cos] with molecular

sufficient o brominate

steps (a) through (d) a desired number of times,

These steps can b .
¢ carmed out §
presented or, alternatively, : i m the order

i a diffe i I
fierent order. The coke that is produced can be used o generate
| &
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provided as yet another embodiment of the present disclosure. 100231 A number of elements are
common to various embodiments of the present disclosure, including: (1) halogenation of a
hydrocarbon feedstock in the presence of molecular halogen to produce hydrogen halide and an
oxidized carbon-containing product; (2) further reaction of the oxidized carbon products to produce
final products; (3) separation of carbon-containing products from bromine.. containing components; (4)
electrolysis of the remaining halogen-containing components (e.g., |-E3r, Nal3r) to form halogen and
hydrogen in an electrolytic cell (or, alternatively, use of an oxygen-depolarized electrode to yield
halogen, and water, or halogen and alkaline hydroxide, instead of 'hydrogen). Hydrogen that is
produced can be used to power one or more process components, or compressed and sold.
10024lg}§¢%9resent conventional commercial process for utilizing methane, coal, and other
hydrocartio §§|§’f3§e§f%ﬁ§ @T=sH); whichucaarbereanvaned.io higher value producés, such as |
methangj &gg&@g%gg&%es. The intermediate syngas is exn-ernely expenswe%%f?ﬁ, %@%ﬁ’nearly

fully oxidized carbon must be reduced to form useful products. When compared to the conventional
syngas%%@eé@ﬁﬂ"@lﬁ)t@ﬁﬁfﬂuﬁ%&ﬁmﬁ@é%rﬁrggﬂ%@tﬂérc%spgzpé}soand has at least the following
advant%geg:a/ Use of alkyl halide intermediates to produce hlgaher vafﬁ%gsﬁroducts, including fuels and
higher Yalue cHEMiRGE sy BPeTAS et e ¢  sRatkn \@}d%%m&. _Lower peak operating
tempem&gs(@gméﬁgél%&b clJiloo?(l)@% _No need for pure oxygen No fire e S?m%aﬁ; gﬁﬁ’fﬂ%%ﬁéater
safety when used on offshore pﬁra orme. @mm%&@demmmg%é&m@%@
converigPceNo catalysisnesessary ¥s. (f@,%ﬁ{qu%%]edggfor rgforming gnd for syngas conversion.
Fewer @é—égrodé?ts and thus simpler methanol purification &P rdfGegen halide, preferably with
antially complete consumption of the molecular hal © B Torens
aiogen; (b) forming polvols and alkaline

halide by contacting the alky! halides with aqueous alkali uvnder process conditions sufficient o
form polyols and alivaline hajide; (c) separating the polyols from the alkaline halide; {d} convertine
the alkaline halide into hydrogen and molecular halogen electrolytically, thereby allowin thj
halogen tg be reused; and (e) repeating steps (a) through (d) a desired number of timeg ':hﬂsw
Steps can be carried out in the order presented or, alternatively, in a different order., Optiox;ali ; t;:
alkyl halides are ‘reproportionated” by reacting some or all of the alkcyl halides with an aik&nc}r: d
whereby the fraction of monohalogenated hydrocarbons bresent is increased -
{0022] In an important variation of the present disclosure, an oxygen-depolarized ;electrode is used in

the electrolyzer, and electrolysis of hydrogen halide vields molecniar halogen and water, and
electrolysis of alkaline halide vields molecular halogen and alicaline hydroxide rathcr’t::n
hydrogen. This varation has the advantage of greatly reducing the power require;nems of the

electrolyvtic cell(s). An improved electrolytic cell, having an oxygen-depolarized elecirode ; 1
e is also

provided as vet another embodiment of the present disclosure,
{8023] A number of elements are common to various embodiments of the present disclosure, mciuding: (1)
halogensation of 2 hydrocarbon feedstock in the presence of molecyular nalogen to produce bydrogen
_ halide and an oxidized carbon-containing product; (2) further reaction of th&A oxjdized- car;m
products to produce final products; (3) separation of carbona-oontajning pmdﬁcts from bromine

containi : i I '
taiming comiponents; (4) electrolvsis of the remaining halogen-containing components
& s {e.g.,

.-



a No stemn supply for reforming is needed. Hydrogen is produced on a separate electrode as a
relatively pure product. The reaction is pushed to completion in the final step by the removal of
products from the reaction vessel. 10025) According to the present disclosure, molecular halogen
used to form alkyl halides is recovered as hydrogen halide-and recycled to the electrolytic cell, and the
alkyl halides are conve,Led to higher value products. Examples include the conversion of methyl
bromide over a zeolite catalyst to aromatic chemicals and HBr, and conversion of mono allcyl
bromides (e.g. ethyl bromide) over a catalyst to olefins (e.g. ethylene) and HBr. Alternatively, the alkyl
halides are readily converted to oxygenates, such as alcohols, ethers, and aldehydes. Examples
include the conversion of methyl bromide in an aqueous solution of NaOH to methanol and NaBr, and
the convergign Rﬁg@r% methane in NaOH to ethylene glycol and N tr. In still another embodiment,
the alkyl halides are’ readily c 8da%i§?ﬁﬁﬁmmmle&£ﬁ%g% tgajcp&vear} ion of bromobenzene
in an aquesks:seldficiarpbanamonia do,phenal and aniliﬁrtlmeé_ and the conversion of & Wﬁ%ﬂﬁﬁf‘e G an
he ;?r%?é |s%§£lr@ff|Mk}@&ftl@g&a@g@i%y@&&&%used

ammonia.to ethylarnine and NaBr. 1002 I

on-site at SHGH G g%‘@iﬁ‘ﬁ%ﬁ}ctilin’dfagﬂﬁyﬂﬁuqb ﬁ%g&g&fs‘%&gr oil or gas rig, or at a wellhead locatéd

on land. Thg,GQMipUQuS | rocesses described herein can be utfliz& N EIHITSERIE veithetive progkigtion

of oil and/or gas, using € ectrid gaé’ﬁie‘%‘ﬁf%d on-site to power the electrolytic cell(s). BRIEF

DESCRIFMIN OFIEHE-RRAWINGSf0027]Various features, embodiments, and advantages of the

invention will become bEértter l}%l%jerstoc%%gvheﬁl%gﬁ%ﬁﬁ%?ﬁsv@w vfitherdetaiikehdescption, gﬂ}dmby
% em tic diagram of a continuous

referring to the AppEnteddraning s @hetein: +RORSIEIG, lcﬁn@ﬂsl%ep ‘BORESEChiBMETastorte. such
BUCh as

process ﬁﬁmeﬁ@giwd carborn feedstock into higher ydrocar
embodiment of the invention; 9]FTI%$. @?@@%h@maﬁg@iagr@mﬁﬁfggg%g%s pracess for
t iB0tifTEntst the

convertiRgealhyfocarbbrete egsiork.into bishgr, hydrocarbons according to another em

tm useinl products. When comparzsd o the

foilowing_ advantages:
®  Use of alkyl ha{ide intermediates to produce higher valye
higher vaiue chemjcals.
¢ Lower operating pressuree.g., ~1-Sammn vs ~80atm)
*  Lower peak operating temperature (e.g., ~50°C vs. ~] 060°Cy
®  No need for pure oxygen
N
o fired reformer, and thus greater safety when used on offshore platforms
e Szmp]e reactor desigm v, complex syngas-to-methano! copver
er.
e No catalvst e i
Y8l necessary vs. catalysts required for reforming and for Syngas conversi
| ersion.
® Fewer by-products and thug simpler methano] purification operationg

®  No steam supply for reforming is needed.

f=3 2 i t{? v

hb« etidg ; s har
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00301FIG. 3 is a schematic diagram of a continuous process for convening a hydrocarbon feedstock -
into methanol according to one embodiment of the invention, in which a membrane-type electrolytic
cell is used to regenerate molecular bromine; WO 2008/143940PCT/1JS2008/006244 62178P/G506
100311FIG. 4 is a schematic diagram of a continuous process for converting a hydrocarbon

feedstock into methanol according to another embodiment of the invention, in which a
diaphragm-5type electrolytic cell is used to generate molecular bromine; 100321FIG. 5 is a schematic
diagram of a continuous process for converting a hydrocarbon feedstock into higher hydrocarbons in
which an oxygen-depolarized cathode is provided, according to one embodiment of the invention;
100331FIG. 6. is a schematic illustration of an electrolytic cell according to one embodiment of | Othe
invention; [0034]FIG. 7 is a schematic illustration of a continuous process for converting coal into coke

and hydipgenyaccording.to ﬁg odiment of the invention; [00351FIG. 8 is a schematic illustration
of a process for cogvertlng coa ?oma}g% |E‘ﬁ!§b %WST%E%@W?@@@T@U%Wd@gﬁﬁﬁ%@,@gtment
ect|v1 bromlnatlon of methane

of the if0EntBAdSIBEBEIF G %rﬁ@ﬁd&féﬂ%%{@ﬂ ghiblgn St e

accordlnr]gr atp (% bodlment of the invention; [0037]FIG. 101s a | ChAFt ?I s%r EFBHH@%%‘I@%&VW

for couphis 0 ﬂg}’ ene} and HBr. Altemaﬁve:iy, the alkvi halides are readily converted 1o
Oxygenates, such as alcohols, ethers, and aldehiydes. Examples include the conversion of methyl
bromide in an agueous solution of NaOH to methano! and NaBr, and the conversion of
dibromomethane in NaOH to ethylene glyeol and NaBr. In siill another embodiment, the alicy)
halides are readily converted to amines, Examipies include the sonversion of bromobenz;:mc m an
aqueous solution of armmonia to phenol and aniline, and the conversion of ethyl bromide in

ammonia to sthylamine and NaBr.

1 5 1 t:h

facility, such as an offshore oil or gas rig, or at a wellhead jocated on land. The continuous
processes described herein can be utilized in conjunction with the production of oil and/or gas,

wsing slectricity crenerated on-site {0 power the e electrolytic cell(s)

BRIEF DESCRIPTION OF THE DRAWINGS

{6027] Various features, embodiments, and advantages of the invention will become better
understood when considered in view of the detailed description, and by referring to the appended
drawings, wherein:

[6028] FIG. 1is a s.,h&vmatlc diagram of a continuous process for converting & hydrocarbon
feedstock into higher hydrocarbons according to one embodiment of the invention;

[6029) FIG. 2 is a schematic diagram of a confinuous process for converting & hydrocarbon
feedstock inio higher hydrocarbons according to another embodiment of the invention;

{06630} F1G. 3 is a schematic diagram of a continuous process for converting a hydrocarbon
feedstock into methanol according to one embodiment of the i mvention, in which a membrane-type

electrolytic cell is used 1o regenerate molecular bromine:

9.



according to one embodiment of the invention; and 10038]FIG. 11 is a chart illustrating product
selectivity for coupling of methyl bromide 20according to another embodiment of the invention.
DETAILED DESCRIPTION OF THE INVENTION [0039JThe present invention provides a chemical
process for %vl%%ﬂgsg%drocarbon feedstocks into higher value products, such as fuel-grade
hydrocarbons, methariol, aromatics, 25 amines, coke, and polyols, using' bl fEitgen to
activate C1 pepdsindhe feedstock and electrolysis to convert hydrohalic acid (hydrogen halide) or
halide salts (e.g., sodium bromide) formed in the process back into molecular halogen. Nonlimiting
examples of hydrocarbon WO 2008/143940PCT/US2008/006244 62178P/G506 feedstocks
appropriat%é%rﬁ se lg Elj;)e present invention include alkanes, e.g., methane, ethane, propane, and even

larger alka! lefins-ndtitdt GEEERE DHRF Ak QfréCorFerBT AFB6s, BiofvasstiB geriyeitocarbon

nydrocarbanssaRd pskGRHAINAILGRIRER RrefeRseR YRl Janiydipsaihon sireams (Sp-cl

called
"light-ends"), typically a mixture of C1-C3 hydrocarbons, w can be used with or Wi hoﬁ?‘pé%%%{a"

méthane d3nhelbRfrotarbon fesddtogienitle thelexdertiombfegoal, in most cases the feedstock will be

primarily alj ic in.nature, [0040]The hydrocarbon feedstock is converted into higher products by
reaction vﬁ@} r?ﬁ&)lecula ‘1%) Hatotf ?‘5&%&?&%’6@&5&&%@%%@% EWreRYSTHE (Chggraparbon

preferred, adthvbraminenbeinomoest pieferad, n-nart p,g%ﬂs:[ e @a_ggg% g%/ﬁ% é'gg%erg\%i{ie to convert BY
- or .

to Br2 is significantly lower than that required to conver o0 C12 (1. Vs, 136V for CI5. Itis
contempldietithartodiataidiodinent@n;be used, though not necessarily with equivalent results.
Some of t?&;@% blemf(?%sociaterg with flixlorjne_,can ikely be addressed by using dilute streams of
fluorine (e'g.. 15 fluorine gas carrad By HeTIR AR F8 crsthar srilarssiiredeseeeabrdimeveeithat
mone vigorbkiigteacton conditions will be required for alkyl fluorides to couple and form higher
hydrocarbons, due to the strength of the fluorine-carbon bond. Similarly, problems associated with
iodine (sut#f'adithe EHdotHermiehsameie Bheeran iptinewntiactionsycasslifkelydreadotesatthhy eawying

out the halagen Pc? a %/oracou ling reactions at higher temperatures and/or pressures. In 20general,
the use of brorf){ig?leé%r t;%w orine. Q%Pe%{éﬁg ?%\I/ﬁﬁ%tr%%?ﬁé peing Most preferred. 100411 As used

herein, th¢oessa "higher sydracathensticefRisdeadiydrgcarhensshayingaareate-pumbeasof.carhan,
atoms than one or more components of the hydrocarbon feedstock, as well as olefinic hydrocarbons

having thé’%ﬁﬁ{éaﬁﬁie{‘&% ﬁﬁ?ﬁ@%&&%@ﬁ‘ﬁ?@iﬁ@&é’éﬁ@ &rversiencomponents of the hydrocarbon
fe??fiStOCkid@@]nStaﬁf@.’ éﬁ@%ﬁ&-@ﬂﬁ%‘&%&%‘:&%Eléznti}(ﬁ’é)‘% %(l)l:ybromination of methane according to

one embodiment of the invention;
[6037) FIG. 10 is a chart illustrating product selectivity for coupling of methyl bromide

according to one embodiment of the invention; and

[0038] FIG. 11 is a chart illustrating product selectivity for coupling of methyl bromide

20 according to another embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0039] The present invention provides a chemical process for converting hydrocarbon

feedstocks into higher value products, such as fuel-grade hydrocarbons, methanol, aromatics,
25 amines, coke, and polyols, using molecular halogen to activate C-H bonds in the feedstock and

electrolysis to convert hydrohalic acid (hydrogen halide) or halide salts {e.g., sodium bromide)

formed in the process back into molecular halogen. Nonlimiting examples of hydrocarbon

«10-



25 a mixture of light hydrocarbons, predominantly methane, with lesser amounts of ethane, propane
and butane, and even smaller amounts of longer chain hydrocarbon such as pentane, hexane, etc. --
the "higher hydrocarbon(s)" produced according to the invention can include a C2 or higher WO
20(18/1439%95%&@&?9%908/006244 162178P/G506 hydrocarbon, such as ethane, ‘Propane, butane,
C5+ hydrocarbons, aromatic hydrocarbons, etc., and optionally ethylene PSPyt aHdor longer
olefins. Thgsterge,dight hydrocarbons” (sometimes 5 abbreviated "LHCs") refers to C1-C4
hydrocarbons, e.g., methane, ethane, propane, ethylene, propylene, butanes, and butenes, all of
which are normally gasses at room temperature and atmospheric pressure. Fuel grade hydrocarbons
typically h?ve 5 or more catbon; and are liguids at room temperature. [0042]Both in this written

description ZAd I th&-EIRE Sy RSN Sficthith STBEHBLE RS rétehidel 1646 the plaediasmgihare.
referents asealse, ineluderiAnd viggversasnlessine %&%@J&%ﬂé&ﬂ@é&%?&%&%@&sF&%ﬁ{%@p'e’

"alkyl halides" includes one or more alkyl halides, which can be the same (e.g., 100% methyl bromide)
or differentigg gd Msieghthemidedana dibotmomatidne)y thighhershydeitghohstinaltidessoaamar(more

higher hydrocarhons, whi be th ., 100% octane) or different (e.g., hexane, pentane,
ant octond)) BoURL TS, TERNY G HoW LS AT e P OGREAn g AP e Tout
embodimenis-af ignimeeations inpahichvuhyRiasarhon eedstackis allpwegrtosgact with malecular

halogen (e.g., bromine) and converted into one or more higher value products. Referring to FIG. 1, one
embodimeftdterkistbls fomerdkiabmigheinhpdiocarbons from natural gas, methane, or other light

hydrocarb is depjcted. The feedsto .g., natural gas) and molecular bromine are _carried by 20
separate I%%%é% 2 ﬁ%eég %r?r%?’jﬁgé)t?o%ﬁaﬁé%{ée%%%Cgﬁgegﬁ%ﬁgé %@éegé’{oé%ﬁtﬁ?@ WIBPRati Brofsiias,
optwnally eiefins), anttpessibhewweasioa Rrdmcpraans.exliterpaciorand are.qarrieduading 4
into a carbon-carbon coupling reactor 5. Optionally, the alkyl bromides are first routed to a separation

unit (not SASRNYIHHESS fRoPEbssARER B D Bar BB FB rtarecosprarB doBm jsoNbrdwindged
hydrocarb ' | i i inati t
T L R o oL P P s

"reproportionation” with methane and/or o arbons, as‘describe
WO 2008/b48946RERIERANG @41 24468 kESRIGRAGHQ44HN tharceyplngreasiond, manobromides

and possibly other alkyl bromides and olefins
problems associated with fluorine can likely be addressed by using dilute streams of fluorine (e.g.,
15 fluorine gas carried by helium nitrogep, or other diluent). It is expected, however, that more
vigorous reaction conditions will be required for alkyl fluorides to couple and form higher
hydrocarbons, due to the strength of the fluorine-carbon bond. Similarly, problems associated with
iodine (such as the endothermic nature of certain iodine reactions) can likely be addressed by
carrying out the halogenation am'ji/or coupling reactions at higher temperatures and/or pressures. In
20 general, the use of bromine or chlorine is preferred, with bromine being most preferred.
[0041] As used herein, the term "higher hydrocarbons” refers to hydrocarbons having a greater
number of carbon atoms than one or more components of the hydrocarbon feedstock, as well as
olefinic hydrocarbons having the same or a greater number of carbon atoms as one or more
components of the hydrocarbon feedstock. For instance, if the feedstock is natural gas -~ typically
25 a mixture of light hydrocarbons, predominantly methane, with lesser amounts of ethane, propane

and butane, and even smaller amounts of longer chain hydrocarbon such as pentane, hexane, ete. -

the "higher hydrocarbon(s)" produced according to the invention can include a C» or higher

~11-



react in the presence of a coupling catalyst to form higher hydrocarbons. Nonlimiting examples of
5coupling catalysts are provided in the '358 application, at 761-65. The preparation of doped zeolites
and their use as carbon-carbon coupling catalysts is described in Patent Publication No, US
2005/017139‘90,6\216(;as;tipa es 4-5, which is incorporated by reference herein in its entirety. 10045]HBr,
higher hydrotatBohs. and (possibly) unreacted hydrocarbons and alkyl bFSMiHERE@kE coupling
regctor ang arepardgd by a line 6 to a hydrogen bromide absorption unit 7, where 10 hydrocarbon
products are separated from HBr via absorption, distillation, and/or some other suitable separation
technique. Hydrocarbon products are carried away by a line 8 to a product recovery unit 9, which
separates %jﬁ%;ll q&e&él hgdrocarbon products from any residual natural gas or other gaseous species,
e

which can DETVE HSUGH SRS T 956 (R s £ o ARSI GasTo POt alkatieaarheasche and
e ackiihe emaAtIR isRcic RS AINE M aATOYIDIE SDARIEY ATEDR I R Aa RO
m.

generation unit and used to generate heat and/or electricity for the syst gueous sodium
hyéroxide drigtheated kS €arneiibyta heChllintocthebBy absomptidrit:hierejtaautalizssthe
HBr, and forms aqueoys sodiurg(gromide. he aguequs sodium bromide and minor amounts of

hydrocarbglﬁoﬁ%e&ubts KRG otART SPYERTE: spiocils AHER Atfe BB 4 Ih 826550 3 SBpHrdABRTAMRE35Which
operates viarbigstiatiopeleid-bauidedtaction. 48sh: 20y ang ZAIoN, PL.30MS BINE SHitable method to

separate the organic components from the sodium bromide. The organics are either routed away from
the systemid@ratg@psittEeproduct cleanup unit or, in the embodiment shown, returned to the HBr

absorptio it 7 through a line 14 and ultimately exit the system via line 8, [0047)Aqueous sodium
bromide ig%%%?ged fr%ﬁwg]tﬁnedﬂsé ﬁ%feélagnﬁ%%iggﬁgr’gﬁgﬁ’ ﬁ%ﬁtﬂ%%%] whAechbgmigdsuivanssa slgreieandie,

having an ende:d phang aathederddnAnieleldine1Rsoravided Jardhe agdition.of water, @%%H'g@na'
ther

electrolyte, and/or acid or alkali for pH control. More preferably, a series of electrolytic cells, ra
than a sin§lé'eEh adegdsrad emearserisly 2dkyhkelidesltérplative o/ @ more alkyl halides, which can be

2008/143%QP T/US2008/0062 178P/6506 eral series of cells can_be connected in parallel.
Nonlimiting efé%ﬁ%%é%ﬁﬁé%%ﬁﬁgggq sn}}ft{:ﬁ de é%éﬁ% ﬁi,g‘mrélreﬁﬁgi?é?rﬁf?ﬁ r?{ﬁir)éw?i}oﬁ%‘m‘%ﬁ?@ﬁ)tan
be mono-phigharididpaiatofive exRasbroatesiahiiowninit: 18sReG R MakeR Walek slecliplyte, and
other process features will vary with the type of cell used. Aqueous sodium bromide is electrolyzed in
the electrdiYHi¢ QSIRES) Gt fferent (e.g., hexane, pentane, and octane).

15 [0643] FI1GS. 1-5 are schematic flow diagrams generally depicting different embodiments of
the invention, in which a hydrocarbon feedstock is allowed to react with molecunlar halogen (e.g.,
bromine) and converfed into one or more higher value products. Referring to FIG. 1, one
embodiment of a process for making higher hydrocarbons from natural gas, methane, or other light
hydrocarbons is depicted. The feedstock (e.g., natural gas) and molecular bromine are carried by

20 separate lines 1, 2 into a bromination reactor 3 and allowed to react. Products (HBr, alkyl
bromides, optionally olefins), and possibly unreacted hydrocarbons, exit the reactor and are carried
by a line 4 into a carbon-carbon coupling reactor 5. Optionaliy, the alkyl bromides are first routed
{0 a separation unit (not shown), where monobrominated hydrocarbons and HBr are separated from
polybrominated hydrocarbons, with the latter being carried back to the bromination reactor io

25 undergo "reproportionation” with methane and/or other light hydrocarbons, as described in the 358

application.
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bromide ion being oxidized at the anode (2Br-Br2 + 2e) and water being reduced at the cathode (2H20
+ 2eH2 -1- 20H1. Aqueous sodium hydroxide is removed from the electrolyzer and routed to the HBr
absorption unit via line 11. 1010048)Bromine and hydrogen produced in the electrolyzer are
recovered, '.%%ggﬁi@g&being recycled and used again in the process. Specifically, wet bromine is
carried by a ihe 28°to"% dryer 21, and dry bromine is carried by a line 22 #§A/HE¥¥809&44nd then by
ling 2 backginioghaREmination reactor 3. In instances where the amount of water associated with the
bromine is tolerable in bromination and coupling, the dryer may be eliminated. Hydrogen produced at
the 15 anode of the electrolytic cell can be off-gassed or, more preferably, collected, compressed, and

routed throﬁg h a line 24 to a power generation unit, such as a fuel cell or hydrogen turbine.
Alternatively; %%rog%hﬂfﬁ?c%fﬁﬁaﬂgc%% redBRPERPTBIdsa 8 nesEY \ISEIET hikpl detriciap ewkpittfatsis

generatedgan be; 10LS Pl i t employed in the continuous process,
including the eIect?tﬁ%%ggﬁles\?{g%\160048%&%%%5{?{%%% g%%@g‘??’e%g %%%Ml |8Sﬁ;&?é’ Kg%ﬁfﬁ%ﬁ&’@?@%&ére,
terAperatufeiréisigentastiteretpp fidddramihatinng Gpelicouphing: FERIOPOItionatinR, MRRMCE doped
separation HF;tr clean-up, and corrosion-resistant materials are provided in the ‘358 application at
111139-42 Broming i%‘ﬁ% 4% 89 GRS FURERIBIn G £265y66-© <oaphngjnaBms Brodusiosdpartiion),
82-36(HBrolEorpianduholagapdiesa eyl A0d 4 90EAToTon-esisiant matsrials) which

paragraphs are incorporated 25 herein in their entirety. Anodes, cathodes, electroly es,yand other
features oftfSélectidinicimitshaie selestactbadedseitia) numberoffacorsbadessioatayibasiiled
person, such. as throughput, current power levels, and the chemistry of the electrolysis reaction(s).
Nonnmitin%%?g?n% 3u§‘a“r€ r%%’ﬁ’é%%%ﬂﬁ%&ﬁ%%@m%&a@@ﬁ% Peabes piignd i 0. ShPatent
Nds 4,110;486:0Nigelg-etiabkand G3AHA0LGRSIeRNANN rloShimiza M Miyra, N, Yamazoe
Gas-Phase Electrolysis of Hydrocarbonic Acid Using PTFE-B(?rIi%ed 5E elct%alé’, Ié’r?t. ?I—?ﬁglr%é}gﬁer
Energy, VB 18leNED 82895 3499088 Dirvearhtel zenditid angemkiampyiy MorytussehioP, Milingion,

HBr Elect 5| spara,Mark I3A Elue Gas Desulphurization Process: Electrolysis in a DEM Cell,
J. Applied%%@é?rg::%%%’s%%}r\bosl‘?%?%gf)-ﬁﬁg’ f%g ?§§?§ FASEIPERT, Fome resickateatrilesarmer,
RecyclingBfioginedusnpiyeogeaiChlordecTibe ElecgpshaminabSosialy Jnte U?ﬁﬁnfafi‘%%%%oé%%’

each of which is incorporated 10by reference herein in their entirety. 100501In one embodiment of the

invention, HfifSfrenEe ! pIcsnd cAistsabrstistntisdueatintorarphetpfiow temotiranadenttithib ligscics
ALGOR, aba E@%Qtfe& @9'&4%@89%@%&9811%1?%@ IES%r trglgr}:%c?ate heat and/or electricity for the system.

[6046] Agqueous sodium hydroxide or other alkali is carried by a line 11 into the HBr

absorption unit, where it neutralizes the HBr, and forms agueous sodium bromide. The aqueous
sodium bromide and minor amounts of hydrocarbon products and other organic species are carried
by a line 12 to a separation unit 13, which operates via distillation, liguid-liquid extraction, flash
20 vaporization, or some other suitable method to separate the organic components from the sodium
bromide. The organics are either routed away from the system to a separate product cleanup unit
or, in the embodiment shown, returned to the HBr absorption unit 7 through a line 14 and
ultimately exit the system via line 8.
[0047] Agueous sodium bromide is carried from the NaBr-organics separation unit 13 by a line
25 15 to an electrolytic cell 16, having an anode 17, and a cathode 18. An inlet line 19 ig provided for
the addition of water, additional electrolyte, and/or acid or alkali for pH conirol. More preferably,

a series of electrolytic cells, rather than a single cell, is used as an electrolyzer. As an alternative
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introduced at a rate of 0.50 moles/second with a total residence time of a 60 seconds at 425C. The
major hydrocarbon products include methyl bromide (85%) and dibromomethane (14%), and 0.50 15
moles/s of HBr is produced. The methane conversion is 46%. The products are carried by a line 4 into
a coupling regct ‘Which is a packed bed reactor containing a transition metal (e.g., Mn)
ion-exchangef ;%{;Jﬂr%fr%\g@gupported ZSM5 zeolite coupling catalyst at 4258 e 5(%981’1’?9 reactor 5, a
distributiorsof yeghetdydrocarbons is formed, as deterrnined by the space time of the reactor. In this
example, 10 seconds is preferred to produce products that are in the gasoline range. HBr, 20 higher
hydrocarbons, and (trace) unreacted alkyl bromides exit the coupling reactor and are carried by a line

6toa hydrgo%giff]l bgeomidefseﬁgiaratiogjunit 7, Whgr.e HBr js partially separated b¥ distillation. Aqueous
sodium hydroxide &t o dte s AR QIR o T 8h 8P 50 M IHE & SHRRR BT othiele s icopbls

from the Fiteianelsipseagled:alkubaiRidless & be AUPQUS ANK.A'GANIE APB0IES AR Gaflied iy allne 12
co

to a separation unit 13, which operates via distillation to separate the organic 2 ponents ffom the
sodium braaiers Apreoutisoia romidesis wairied deon the MdBrbeganicsssdpatasioniniA3o line

15to an e#%%trtol ficcell 16, havi %%nuano e 17, and a cathode 18. An inlet line 19 is provided for the
addition of water, additionaf elec¢trblyte: and the ?ﬁq 15 StRsAE%D BrRUE ST IeZAUs). with

62178P/Gh@matiustastics beiessdthen2-hyaddition-ofacid Eieciolvsis ispgrianmad in @x%l%ﬁ?géea”e

cell type. Aqueous sodium bromide is electrolyzed in the electrolytic cell, with-bromide ion being
oxidized at%ehb ad6de(IB( BAPH 2e-Yanerimterivsinyy fedtided atdhe caitiode (BHAOtRezdd antd

20H1. Aqueois §o&iyg§1y roxide is removed from the electrolyzer and routed to the HBr absorption
unit via line 11. B?omine gﬁ%dsg?i?gﬁ%}g%fﬁ{g?g %rr}g gc‘:ed in the electrolyzer. [00511Referring to FIG. 2, an

altétnate g0Ua6HimeBtdoneoRve HilgRAIU L EASAREINBRE RLOET Q@é!@é%@é&%[‘aiﬁ&di%&%%eiﬂé%%
n

higher hydrocarbons, such as fuel grade hydrocarbons and 10 aromatic compounds, is depicted.
this embofiRYEHE Q@&FS@%&&%% pIEES P a PRt ARedlin evaidaiarm Produdts! frorm line 2ouplintyyreactor

(i.e., highesshydrogarbons and,HBp) are carri line 6 to an HIBr absorptjon unit 7, where
hydrocarbon produ?:y:s are sepiarated fro él%?leg tzéart?e%i ﬁaéﬁe%?zé%n?@%()aﬁn%o r\’t‘%ea?e%%dg@dtﬁ%m

the HBr inbeoseipatiatiorachit 53, fichragueaus B iscaminthbyming LadeiheLloaialiic sl 1b;
Make-up water. electéolyt‘e, or acid/base for pH 15 control, if needed, is provided by a line 19. The
aqueous FrbladRy SR LGRS ARA P MBI ERE HeotYRiaanberslimdpiad AdiBimra TG ethet the

removed amdh eledialesitheRonsenlravep.of H Br in the H%?é:%ﬁgz,re LdfoRs, The resultig;lg legn

I
aqueous HBr, along with some bromine (Br2) entrained or dissolved therelin, is caried ry"sg% toa
bromine steigipérti®ugiieHisepitates romingsBrajifronmiganm e ueausublBviadisiliation anspme
other suitgple sgﬁ‘%rlatign ogeration 20('irhe I§an aqueous HBr is carried back to the HBr absorption unit
by a line 27 W&t Bromimne: EEARTEH S5 LR S 2518 tHE el OWHEFE Fts diecaenes Hevendiner
embodimentaicihis PeREES GidNe BYRBEORNRLIEAYB DA R ployed in the continuous process,
including the electrolytic cells.

20 [0049] Exemplary and preferred conditions (e.g., catalysts, pressure, temperature, residence
time, etc.) for bromination, C-C coupling, reproportionation, product separation, HBr clean-up, and
corrosion-resistant materials are provided in the '358 application at 9939-42 {(bromination), 43-50
(reproportionation), 61-65 (C-C coupling), 66-75 (product separation), 82-86(HBr clean-up and
halogen recovery), and 87-90 (corrosion-resistant materials), which paragraphs are incorporated

25 herein in their entirety. Anodes, cathodes, electrolytes, and other features of the electrolytic celi(s)

are selected based on a number of factors understood by the skilled person, such as throughput,

current power levels, and the chemistry of the electrolysis reaction(s). Nonlimiting examples are
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methane, or another hydrocarbon feedstock is converted into higher hydrocarbons, and halogen (e.g.,
Br2) is recovered by gas phase electrolysis of hydrogen halide (e.g., HBr). Products from the 25
coupling reactor (i.e., higher hydrocarbons and HBr) are carried by a line to an HBr absorption unit,
where hydro%gg&ﬂ%%lcts are separated from HBr. After residual organic components are removed
from the HBr in & separation unit, gaseous HBr is carried by a line to the Big¢HAVRILEH* wo
2098/1439%40R & Ak52008/006244 162178P1G506  The gaseous HBr is electrolyzed, forming
molecular brotnine and hydrogen. Wet bromine is carried by a line to the dryer, where it is dried.
Optionally, if dry HBr is fed to the electrolysis 5cells, the dryer can be eliminated. 100531FIG. 3 depicts

one embodiment O{Jaén%ghter ag‘pect of the invention, in which natural gas, methane, or another
hydrocarbon feedstock 18 E8hied inth b iRaRdPVia thh htePrbBiits (Rretwmeramide Skairal Yas

and gasequs.Bromine;ars,catried RyrasRarate lings,201,Ang &m%r%zgﬂ%g feﬁ%ﬁgéu%%%g%@d

allowed to react. The products (e.g., methyl bromide and HBr), and 10 possibly unreacte
hyélrocarbéfsare.cdrfied bilpdlives20dmingyugha. heat dkechangers208, Witeh)owersdheirdesperature.

If necess the,gasses arge further cool assing through a cooler 206. A portion of the gasses
206 are ci%fx %y aqine‘%%agsﬁ#g;'a@@@?rﬁ B4 e FETRBIRHIET By feasiMias B b46rbwF and
are carriecbbyL@hine:209-directlysto Mg raaginriabserber @Qﬁ@-ﬂ'}%ﬁﬂéﬁ RAQPPSHRNS; AL dgtermyngsl by

the acid/base disproportionation needed to achieve the proper 15pH in the reactor alisorber.
[0054]Wats (ptnang SrevirsaratiinDe Mala Bvinsie osnbsisnemitR Lo mitimizessalvcaienteis

provided t ;m)g. ethang! reactor 210.via line 212. In a§:d' i0 separate Iin68¢213_ carries water to the
HBr absor%er 2@%’. % egofai% Wiy grcfir?é‘{j%lxﬁ]t%ﬁj%cﬁ rﬁﬁb@c)g?%e%gg% e A wighie ARy g ed
stripper 215 2:fehere:anganicsaraseparated by stripping or other means) and then sent to the
reactor/absorber 210 via a line 216. Gasses from the HBr absorber join the by-passed stream from the

cooler 208%81are EammerByefimen ob ety vatienoilisgeitbir il HBmetheio s fromdhesdthipper
oy o Y e i A RO IOIBR &P R bIEREE S AT ELRIAN 65 55
introduced at a rate of 0.50 moles/second with a total residence time of a 60 seconds at 425°C. The
major hydrocarbon products include methyl bromide (85%) and dibromomethane {(14%), and 0.50
I5 moles/s of HBr is produced. The methane conversion is 46%. The products are carried by a lne 4
into a coupling reactor 5, which is a packed bed reactor containing a transition metal (e.g., Mn) ion-
exchanged alumina-supported ZSMS zeolite coupling catalyst at 425°C. In the coupling reactor 5,
a distribution of higher hydrocarbons is formed, as determined by the space time of the reactor. In
this example, 10 seconds is preferred to produce products that are in the gasoline range. HBr,
20 higher hydrocarbons, and (trace) unreacted alkyl bromides exit the coupling reactor and are carried
by a line 6 to a hydrogen bromide separation unit 7, where HBr is partially separated by distillation.
Aqueous sodium hydroxide is introduced and allowed to react at 150°C, forming sodium bromide
and alcohols from the HBr and unreacted alkyl bromides. The agueous and organic species are
carried by a line 12 to a separation unit 13, which operates via distiliation to sepa,ré.te the organic
25 components from the sodium bromide. Aqueocus sodium bromide is carried from the NaRr-

organics separation unit 13 by line 15 to an electrolytic cell 16, having an anode 17, and a cathode

18. An inlet line 19 is provided for the addition of water, additional electrolyte, and the pH
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25by a line 219. A weak NaBr/water solution is also delivered to the methanol reactor 210 by a line
220. WO 2008/143940PCT/US2008/006244 62178P/G506 100571In the methanol formation reactor,
methyl bromide reacts with water in the presence of strong base (sodium hydroxide), and methanol is
formed, alo i iple byproducts such as 5 formaldehyde or formic acid. A liquid stream
containing rﬁ?ﬁ%@gﬁﬁiﬁroduct& aqueous sodium bromide, and aqueo&)g Laardny (%‘i%xide is carried
away fromgthe gagiqisvia a line 221, to a stripper 222. A portion of the bottom liquid from the
reactor/absorber 210 is circulated via a line 223 through a cooler 224 to control temperature in the
reactor/absorber 210. 100581 The stripper 222 is equipped with a reboiler 225 and, optionally, a partial

reflux. 10 Agueous odf&um ro i%g{ ang sodium hydroxide are removed with most of the water as the
"bottoms" & %%ﬁ#lg?sﬁ?e %‘ﬁi%@r. e ’ﬁgpgégﬁgth@%%%ﬁﬁé%ﬂ?b%@m@éﬁﬁiwfﬁﬁ@ﬁé%
another digiilatian sRitR2%sanipped with araheilpe 228300 CaNdEnser229. k@ﬁ%%gﬂg?mi?&igéa ypit

i

227, by-products are separated from methanol, and the methanol is removed from the distillation unit
227 via a li#fe2280s tARsUgh Bioodolsr 281 woiarsteragestankd282hd hehralpdf Hebn-ttie 15 distiflatigiunit

227 (which, contains hy-products) is carried via a line 233 through the condenser 229 and then through
ek S e A A e

produced aiaditheit belingiRomSs hyaetBanatdpayibe-tpkenas adistidiate while by-products are
recovered as bottoms. 100591 The effluent stream removed from the distillation unit 222 and reboiler

225 contalfi833¢ watrlanitadoddts sodiupkivreinidebrtinetidon hydrotide fFhisisearnedhanayfrom

2 Sodium by NOTRE A S35 1 BArAd 4 TVRFThe ot S T (O orREs o

. . prytin)
a sodium bromi olding tan tis des lower pH of this Sa

acobmplishethiycroetgsingdhe delivriydf aguasusibiBEfam hehylmgenkroynidehaldingtank218
via a line 239 to a pH control device 240 coupled to the sodium bromide holding tank 238. 25 100601
With the pRECEFRe SERAURTEFEMIE FPHREHOIGRTdhR-2BgsoRigheterhea et 8@ R vet @miedhgraly

acidic), aqueog%sggi%rbggg&lg&iﬁ [}gmq,v%gr%rﬂ he lank and ar{ied via a ”Qedzfﬁféh% h afilter
242, and delivered to an electrolytic cell 243, havirig an an%ndgrﬁa "and a cathode ? ‘Qf{cr
2008/143940R Gl 320 @BIAPGRAL G2d B8R GE0G45hd RiBtilie s iscprentidadiia pROtest HagdnanHmanes
in the electrolyti_cédcells. Preferably, a series of electrolytic cells, rather than a single cell, is used as an
el ectrolyzésr_cam by a line 15 1o the electrolytic cell 16.” Make-up water, electrolyte, or acid/base for pH
15 control, if needed, is provided by a line 19. The aqueous HBr is elecirolyzed, forming molecular
bromine and hydrogen. As Br; is evolved and removed from the electrolyzer, the concentration of
HBr in the electrolyzer drops. The resulting lean agueous HBr, along with some bromine (Brs)
entrained or dissolved therein, is carried by a line 25 to a bromine stripper 26, which separates
bromine (Brp} from lean aqueous HBr via distillation or some other suitable separation operation.
20 The lean aqueous HBr is carried back to the HBr absorption unit by a line 27. Wet bromine is
carried by a line 28 to the dryer 21, where it is dried.
[0052]) In another embodiment of this aspect of the invention (not shown), natural gas,
methane, or another hydrocarbon feedstock is converted into higher hydrocarbons, and halogen
(e.g., Bry) is :egovered by gas phase electrolysis of hydrogen halide {e.g., HBr). Products from the
25 coupling reactor (i.e., higher hydrocarbons and HBr) are carried by a line to an HBr absorption

unit, where hydrocarbon products are separated from HBr. After residual organic components are

removed from the HBr in a separation unit, gaseous HBr is carried by a line to the elecirolytic cell.
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100611Aqueous sodium bromide is electrolyzed in the electrolytic cell(s), with bromide ion being
oxidized at the anode (2B(Br2 + 2C) and water being reduced at the cathode (2H20 + 2CH2 20H-).
This results in the formation of sodium hydroxide, which is carried away from the electrolyzer as an
agueous solwg%&mg;%Z% to a holding tank 247. The sodium hydroxide solution is then routed to
the methanol reactor 210 via a line 219. 10100621Molecular bromine is ramoved ot e electrolyzer
vig a line 248 igm@eampressor 249, and then to a dryer 250. The bromine is returned to the
bromination reactor 203 by passing it through a heat exchanger 205 and, if necessary, a heater 251.
Molecular bromine that is dissolved in the anolyte is also removed from the electrolytic cell(s) 243 by

carrying the anolyte fram the cell(s).via a line 252 to a stripper 253, where bromine is removed by
stripping Wi er%afé&?)éﬁgg%é% ng (%%55%@'& a@ﬁﬁ@%éﬂ?%?%&%gﬁ‘&?mfﬁ& FrEGEElec Vs BRSMIRR 18

carried by @1ing 255 tRdh e 0eMBFRSSQr249 ,ﬂd{y%g@,eﬁiﬁmﬁg@ e Reingeturagd: o dheuampination

reactor as described above. 100631Hydrogen generated in the electrolyzer is removed by a line 256,
compressétiin Beenpressbr o5piapiddoptionally, routed to a power generation unit 258. Residual

nethane ol 200 desoes G S SN e me gL fomaln e v e 250

The methane of natural gas’can be route e power ge
generatiormAgditionaldaaier abgasabomethiar qan bersupplietdaibeiail via ddine280ihnegdad

10064]in a laboratory implementation of elements of the process depicted in FIG. 3, methane is
reacted witFPgHSeoUSIEMERS 20450EhPa blasknesecorerittativnseeactsr livith 20épack Hindieans

60 secon ] t romide, HBr, and dibromomethane, with a methane conversion
ot a3 e e T R R A B B A L mE

wdter in the piesenceaisbiidndyssoxide-tedeisd methanobandhdn 2 heat exchanger 205, which
2008/143940PCT/US2008/006244 162178P/G506 formaldehyde (from the dibromornethane). It is

further demSisst- A&y WWFSTH&WE‘H%@% RfEnEEFte fdth Ao st fottriesicRicedaice,
overall, thﬁMOQ%ﬁéﬁmomﬁ@%Qé@%%%r%%'gy a line 287 to an HBr absorber 2068. The remainder

by-passes the HBr absorber and are carried by a line 209 directly to the reactor/absorber 218, The

split proportions are determined by the acid/base disproportionation needed to achieve the proper
15 pH in the reactor absorber.

[0054] Water, optionally pre-treated in, e.g., a reverse osmosis unit 21} to minimize salt

content, is provided to the methanol reactor 230 via line 212. In addition, a separate line 213

carnes water to the HBr absorber 208.

[0055] HBr solution formed in the HBr absorber 208 is sent via a line 214 fo a stripper 215
20 {where organics are separated by stripping or other means) and then sent to the reactor/absorber

210 via a line 216, Gasses from the HBr absorber join the by-passed stream from the cooler 206

and are carried by a line 209 to the reactor/absorber 210. HBr solution from the stripper 215 is

carried by a line 217 to an HBr holding tank 218

{0056] Aqueous sodium hydroxide (e.g., 5-30 wt %) is provided to the methanol reactor 210
25 by a line 219. A weak NaBr/water sclution is also delivered to the methanol reéctor 210 by a line

220.
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[0065]The process shown in FIG. 3 employs membrane-type electrolytic cells, rather than
diaphragm-type cells. In a membrane cell, sodium ions with only a small amount of water flow to the
cathode compartment. in contrast, in a diaphragm-type cell, both sodium ions and water proceed into
the cathode c_omgartment. In an alternate embodiment of the invention shown in FIG. 10 4, diaphragm
cells are used résultingih continuous depletion of the anoiyte with respeBF TEUSHBH %G 4eplenish the
NaBr, depletegdoanelye is taken through a line 252 to a bromine stripper 253 where bromine is
removed and carried to a compressor 249 and then a dryer 250. NaBr solution from the stripper 253 is
carried by a line 270 to the NaBr holding tank 238, where it combines with a richer NaBr solution.
Other featyres of the process are similar to those in FIG. 3. 15[0066]In another aspect of the invention,

molecular H&BGen ideRpILEaNY DIRRFERSISShJ e hshoRyaide srproniibifgieniRdte prasman of
oxygen degplarzad.catheds. which;significant - ower. copsumpti roducing water
instead of hydr%gen. §IG. 5 dlz%nhictslokr?é embo%%%ﬂgﬁﬁo%%%ggﬁ%%% %géﬁggo%%%g%gg%w s
inviolving thepeddilictiorvofhigheaddradarbons: e flowidiagramtisssinilaptodbat showsuinsF G,
with the digerer:gcﬁes noted 20below. [0067]Bramine and natural gas, methane, or another light

hydrocarb8i AP8 % st e ARE Y8R SO U P TiNEAE 1T SABISE S8 aRaToibHERHG avebapling féactsr 305.
The organigs e 181 alpeeRAaIH B AN KRS ARHAR R A AGEC Y S RAHEL RIS Sine

carried via line 315 to an electrolytic cell 316 equipped with an anode 317, oxygen depolarize
cathode 3183 #iaush expglen ZBirtetontinifolimirines32 0 Optivnadilysabielittdnal water or electrolyte or
Eéo.the cell via a line 319. WO 2008/143940PCT/US2008/006244

pH control @ical re carried | ] .
162178P 10508 100581 RHBRRLTIAF BromTHE B oridit o SR e afetenoaererdoas), Btines et
bromine isaquestariegwia BlRsR2010 a.8nver Bakolough a-heater 323, andithengouisd backta the

bromination 5reactor 303. At the cathode, oxygen is electrolytically reduced in the presence of water

(1/202 + HPottome2 ey merictis aiFtpprrionbearapeapidinaweatasdduestysadiummhstiboxidaedadine
another distillation unit 227 equipped with a reboiler 228 and a condenser 229. In the distillation

unit 227, by-products are separated from methanol, and the methanol is removed from the
distillation unit 227 via a line 230, through a cooler 231, to a storage tank 232. The vapor from the

15 distillation unit 227 (which contains by-products) is carried via a line 233 through the condenser
229 and then through a line 234 to a by-product storage tank 235. Optionally, depending on the
particular by-products produced and their boiling points, methanol may be taken as a distillate
while by-products are recovered as bottoms.
[0059] The effluent stream removed from the distillation unit 222 and reboiler 225 contains

20 water and aqueous sodium bromide and sodium hydroxide. This is carried away from the
distillation unit via a line 236 and cooled by passing through a cooler 237 before being delivered to
a sodium bromide holding tank 238. It is desirable to lower the pH of this salt solution. This is
accomplished by metering the delivery of agueous HBr from the hydrogen bromide holding tank
218 via a line 239 to a pH control device 240 coupled to the sodium bromide holding tank 238.

25 [G060) With the pH of the sodium bromide in the holding tank 238 brought to the desired level
(e.g., slightly acidic), aqueous sodium bromide is removed from the tank and carried via a line 241

through a filter 242, and delivered to an electrolytic cell 243, having an anode 244 and a cathode
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311, to the HBr absorption unit 307. 100691The invention also provides an improved electrolytic cell
for converting halides into molecular halogen, one embodiment of which is shown in FIG. 6. The cell
400 includes a gas 10 supply manifold 401, through which oxygen gas, air, or oxygen-emiched air can
be introducegﬂeazmgjggésion cathode 402, which is permeable to oxyg Eégj)[ %9“% en- contalnlng
gas); a cation exchange membrane 403; a cathode electrolyte chamber &lspose between the
cation exchapgermgmbrane and the gas diffusion cathode; an anode electrolyte chamber 405; and an
anode 406, extending into the anode electrolyte chamber. When operating under basic (alkaline)
conditions, 15 water is introduced into the cathode electrolyte chamber through a port 407, and
agueous Sf ur? g{tgglderqos re vegot%% the ch%mber Vi ther ort 408. Slmllarl%aqueous
sodium broniide is’in c}ugec}lln?o ANShE SIEES %ﬁséﬁ% ﬁ%ﬁ%%rlpﬁ@gﬁr PGTEEUR A

bromine |S@r@ith=@§itﬁ;\%ausfrwm§hﬁzﬁrﬂ@§i@§€€éfp|ﬁé@s§ﬁ%§@§éi¥@@% 410. The anode and cathode
can be connected to an electrical power supply (not shown), which may include equipment for

corverting 89 E€ to M@G%W%‘ﬁ W@H@rﬁ%@@@éﬁh@ﬁdm@t@ﬂ@?@&m%@ﬁﬂ@mmdmmmdea@hﬂer

synchron onyer and com nen 01In eratlo ter is introduced into the
cathode ;Il%é%? I?}%(e%i%% berthr ougE e wate mletF}1 a%%u g"d g Eﬁﬁ%ﬁ%ﬂﬁﬁéz@ng
introducedintesthn amﬁe‘glemt@mlwaﬂﬁb@fﬁ%ﬂbﬁ%&ﬁ% ARGou¥oRn: e tireiahdhe 888

supply manifold 401 is commenced and the power 25 to the cell is turned on. Sodium bromide is

reduced atthé! mﬁz%r@ﬁﬁﬁwé%@% W&%EW@@M%lM@W afidsoetiimmibnbarse
carried th@ﬁlg@cmg gation e catho ectrolyte chamber. At the cathode,
oxygen is electrolytically re rg%él?c@é? roxy ?gﬁ é% ‘86@/% PCT/U82008/006244

6217 8P 1GEBE N thé@e@ﬁaﬁeroﬁmtesrraﬁmtm@o&@dwl&ld@ﬁ@!?%&é@;@@ﬁx@@@@@@@rﬁﬂﬁé‘%@}ﬁ@%
chamber throu h port 408 u%§071 The electrolytic cell described herein can be used in conjunction

with vanoﬂgdp ER et dpETutilg t e@ﬁﬁﬁm%@rﬁ?‘ﬁ?@eﬁﬂé@a@@%nﬁwﬁmﬁﬂﬁd@vam&geoUs
when powgf ERRSYIANaR InARISTe.AN BRI SiRsliaPiR MOl IR [ITMYRgRN % R

where the risk of fire warrants extra precautions, such as on an offshoré drilling rlg ough
the inventiorifcaanéytesedainoarventety difdnd detriddseiingscqiisticdmbyadag g the anoiyte from the

cell(s) via a line 252 to a stripper 253, where bromine is removed by stripping with natural gas
15 (supplied via a line 254) or by other means. The molecular bromine is carried by a line 255 to the
compressor 249, dryer 250, etc., before being returned to the bromination reactor as described
above.
[0063] Hydrogen generated in the electrolyzer is removed by a line 256, compressed in a
compressor 257 and, optionally, routed to a power generation unit 258. Residual methane or other
20 inert gasses can be removed from the methanol formation reactor via a line 259, The methane or
natural gas can be routed fo the power generation unit 258 to augment power generation,
Additional natural gas or methane can be supplied to the unit via a line 265 if needed.
[0064] In a laboratory implementation of elements of the process depicted in FIG. 3, methane is
reacted with gaseous bromine at 450°C in a glass tube bromination reactor, with a space time is a
25 60 seconds. The products are methyl bromide, HBr, and dibromomethane with a methane
conversion of 75%. In the methanol formation reactor, the methyl bromide, HBr, and

dibromomethane, react with water in the presence of sodium hydroxide to form methanol and
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10 realized where a continuous process as described herein for making, e.g., higher hydrocarbons or
methanol, is carried out at an offshore oil rig or drilling platform, or at a facility located onshore in a
remote location. Part of the utility lies in the conversion of a difficult to transport material (e.g., natural
gas) into a more g@ag%igé‘ﬂgnsported liquid material, such as higher hydrocarbons or methanol. Another
utility resides in the U< of the production facility's existing electrical 15geheFatiBAleap@adity, such as an
elegtrical ggnergsprgsother power supply. [0073]According to one embodiment of this aspect of the
invention, an improved production facility where oil or gas is pumped from a well and thereby extracted
from the earth is provided, the facility having an electrical generator or other electrical power supply,

the improvement comprising: (a) footling alkyl halides by reacting molecular halogen with oil or gas

pumped fréRrFYHY el HRdRC JHoEesess ns Suffiéisfretodenrratigibhdlide thardrmaidoyele is
halide, optigaatywith.stdstantiaiy.camplete conspmption of the molecular halogen; (b) forming higher
hydrocarbons and hydrogen halide by contactinxg #u%%ll?é}e %ﬁid%‘ém\ﬁ#& tﬁ%il%ocggéﬁy%t u%‘ﬁé%ﬁ&@@gs
coriditions Sufficienitito form higher hydrocarbons and hydrogen halide; (c) separating the higher
hydrocarb?]&?ég m h?é%rogen halide; and %%) converting the hydrogen halide into hydrogen 25and
molecular halogen eld&rBIgHesI UL hPefdtidiPrisi cacmprredimeriiertydnbratet priatbetribat
power suppypiharehy-llowinaihe halngen:tode Jausat, W, 2008(143040PCTIUS2008/006244
62178P1G506 10074%%%|another embodiment,ea’n improvgd prcl)%u%%é’;aFﬁﬁﬁy&%ﬂ%?fs%ﬁwoarmgrggrfg fo
pumped fréih gatbeficancrthereypextinctedtifreimithe eduphiscprayvigedsithedaciitvinayingaarlestiigal 5
generator or other. electrical pgwer supply, the improvement comprising: (a) forming alkyl halides by
reacting n%%%egéirn%}a%e SR %‘-"Wf@g o8B QLRI RSP procRsal dhn iBrics MR TNt 6 Y6 rm

gen wi
allag halidas anghhiiogen hialidedopuenallyinithienhsianiahurorplaie sonaumalion atihe majecular
halogen; (bc_égformm‘g methanol and alkaline halide by contacting the alkyl halides with aqueous a Kali
under proces¥esattidNaRficispletadenl vivethaitoh dndughaline: alde a(b)olise patpfingiiewhere
methanol the. k'alir‘]’,e alide; (d) converting the line halide jnto hydrogen, molecular halogen,
and aqueégl%%%f% ér%(t)r(jelél?gﬁﬁ/&%é{lﬁ%) 818¢ rP%?ﬁSB‘E?\%%%?‘o tHé l‘é’E&%ﬁr ART st Eefentiba
power supphptezabysaiondndthelhelogernand thaalialiie herepsed, 1075 Lnantherasneg of the

invention, the general a%)roach described above, including the
NaBr solution. Other features of the process are similar to those in FIG. 3.

;
tih s
(LA

15 [0966] In another aspect of the invention, molecular halogen is recovered by electrolysis using
2 non-hydrogen producing cathode, ie., an oxygen depolarized cathode, which significantly
reduces the power consumption by producing water instead of hydrogen. FIG. 5 depicts one
embodiment of this aspect of the invention, in this case involving the production of higher
hydrocarbons. The flow diagram is similar to that shown in FIG. 1, with the differences noted

20 below.

160671 Bromine and natural gas, methane, or another light hydrocarbon are caused to react in a
bromination reactor 303, and followed by a coupling reactor 305. The organics and HBr are
separated in an HBr absorption unit 367. Aqueous sodium bromide is carried via line 315 to an
electrolytic cell 316 equipped with an anode 317, oxygen depolarized cathode 318, and an oxygen
25 inlet manifold or line 324. Optionally, additional water or electrolyte or pH control chemicals are

carned into the cell via a line 319,
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steps of halogenation, product formation, product separation, and electrolytic regeneration of 15
halogen is used to make alkyl amines. Thus, in one embodiment, natural gas, methane, or another
aliphatic hydrocarbon feedstock is converted into alkyl amines via intermediate alkyl bromides. The
feedstock and gaseous bromine are carried by separate lines into a bromination reactor and allowed to
react. The bf%fzﬁqg’ﬁ&ﬁgﬁpoducts (e.g., methyl bromide and HBr), and poJ&iBr/SAira4eeat
hyqrocarb%rﬁqgﬁﬁﬁdged by a line through a heat exchanger, which lowers their 20 temperature The
alkyl bromides are then carried by a line to an amination reactor. Ammonia or aqueous ammonia is
also provided to the amination reactor by a separate line. The alkyl bromide and ammonia are allowed
to react under process conditions sufficient to form alkyl amines (e.g., RN2) and sodium bromide,

which are #8A%epatdtieries braniver aReHE A n area e d-aBove With reséfecd themine is
production ' romide. rre a line to an 25electrolytic, cell or cells,
where it is %%ﬁg%égd%?gﬁqé%%%g}e?gﬁ?‘z n?b%}(}!ﬁg}? %r%%%ﬁﬁé& & é&?{gfﬁ/ ?é}aﬁ?ﬁt?é)égﬁae%)}%ﬁ%%\}?ﬁmmn
brémine torbeieldd in.theenexheys|ex 40 R0A8IASILILPECTIS2008d 06244 GR178B/@RO6

100761Reé£gar{%i)nﬁ Qw tg FIGS. 7 and 8, two other aspects of the invention are presented, in which coal
is convert ig%em%fa’é coR¥ BV LAY b ATaSETReCoMRYaY Insg NedivalUwrpoiolsia line

(poly-alcohgls)snd ﬁ@rlagég%q[hhjﬁgg ip4he process is regenerated electrolytically. In the
embodiments shown in FIG. 7, crushed coal is allowed to react with molecular bromine at elevated
temperatuf@¥$8imind eokeydiBopanisb iromidated coakinterndediatesid"GIBror e arminmed soal
intermediatez ar cq_g{yerted into cake by allowing them to contact a catalyst, therebg forming

additional BYAFEGEN BrORTHE e SR P drugR Asoiiiad mrd thén sBisaratbd0frinciges a gas
';g’glgwmp@g{ by gdi ; ctrplyti r ~similar. to that. described
above, thereby allowing molecular romin?% %ge@{?eggégh%?é)téggb gg%ﬁe#ﬂe%%@%&?%&é 9 lg%%é%%lg% a
similar pro&essi ffisiviictréede otiBionTads id avvadabidto carhind arerbrenoated dhensghsafnrming alky|
bromines %rg}llagxl g;gyiﬁl%%ag I‘,—|aBréLt h&chlar then process Egji .a manner analogous to that
described above: e.q., the AlkyT Bromides and %reaé?}?ggg f@ﬁ%‘?ﬁ%ﬁl?%‘é’ﬁ%‘?é@&%tﬁ@%ﬂ?P
bromides areniteineshtd tRagisvikiiialicali c4e:8desadidnddy draxidiethrishyfeuBing sodiunn romide,

water, and poly-alcohols ("C"Flyi(OH)q"). The poly-alcohols are separated from sodium bromide, and
the aqueoBS &SRB SHsidaadscarsagiily shmebe-a dre vptyatnectindecbiisicvbrbinnb lenditions,
bremine isagenesated and subsequently separated and reused. 20[00781The following nonlimiting
examples illustrate various émbod?qments %F featuits ?)l?t é} erst%mugg & port J&e anc aquebus sadium
hydroxide is removed from the chamber via another port 408. Similarly, aqueous sodium bromide

is introduced into the anode electrolyte chamber through a port 409, and molecular bromine is
carried away from the anode electrolyte chamber via a line 410. The anode and cathode can be.
connected to an electrical power supply (not shown), which may include equipment for converting
20 AC to DC current (e.g mechanical rectifier, motor-generator set, semiconductor rectifier,
synchronous converter, etc.} and other components.
[0876) In operation, water is introduced into the cathode electrolyte chamber through the water
mlet port 407, and aqueous sodium bromide is introduced into the anode electrolyte chamber 405
through port 409. Oxygen flow through the gas supply manifold 401 is commenced and the power
25 to_therceli is turned on. Sodium bromide is reduced at the anode, bromine gas is evolved and
carried away by line 410, and sodium ions are carried through the cation exchange membrane into

the cathode electrolyte chamber. At the cathode, oxygen is electrolytically reduced to hydroxyl ion
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invention, including methane bromination, C-C coupling to form higher hydrocarbons, e.g., light olefins
and aromatics (benzene, toluene, xylenes ("BTX")), hydrolysis of methyl bromide to methanol,
hydrolysis of dibromomethane to methanol and formaldehyde, and subsequent disproportionation to
formic acid. %gg&g ample 1 Bromination of Methane Methane (11 sccm, 1.0atm) was
combined with nitrogen (15 sccm, 1.0atm) at room temperature via a mimr%%s @ﬁ’geﬁé‘%‘sed through
anil8C bubpiesfult@fdromine. The CH4/1\12/13r2 WO 2008/143940PCTAIS2008/006244
62178P/G506 mixture was passed into a preheated glass tube (inside diameter 2.29 cm, length,
30.48 cm, filled with glass beads) at 500C, where bromination of methane took place with a residence
time of 60 5seconds, producing primarily brgmomethane, dibromomethane and HBr: CH4 + Br2 -P
it o e R S e e R A A e e
containinggtv M80H, which neutralized the HBr and hexadecane (containing octadecane as an
internal standard) to dissolve as much of the hydrocarbon products as possible. Volatile components
likeé methaHWeére cohesteeiol 1hacgR sl e wridiense 9By iy drot arison] tregson/Afer the bropmiration,

reaction, th (gg%o carbgnaceous deposits yete burn goﬁ‘in a.flaw of heated air (5sccm) at 500C
lgcﬁl lt e%eo n?bocgrne %s eS¢ ttc&N agove % aiﬁu%aﬁgfa%%ggpa ea BW&%?O b!g gﬁnpcwer

for 4 hours, an was captured with a saturated

carbonate cérbprpeisatss weresgupnitied:by GG dhe-amount of tekenlawasdetgrminadibasad.omthe
CO2 evolution from decoking. The results are summarized in FIG. 9, Example 2 CH3Br Coupling to
Light Olefii§05 g Staarsws RiGRIBIsea Aom.- 5t BYBDauy Hakite Willinsaidad in a tubular quartz

reactor (1. D), whigh,was prebeat 0C before the reaction. CH3Br, diluted by Nz was .
pumped into tfhé 20 reacto\t%{gt a flow rastgé gﬁ%%er%ierif?f%rv &Iﬁ%?? (i:%%: ?gﬁaé%%iylgsm%%}%%ﬁ%dvﬁﬁ%ﬁ
antP93.3miAtindemi2. TheGH3Rr poupling reactivad oeleplate averhe:Gatalysi-padamithadesidence

255

time of 0.5sec and a CH3By partial pressure of 0.1 based on this flow rate setting.
methanol, is carmed out at an offshore oil rig or drilling platform, or at a facility located onshore in

a remote location. Part of the utility lies in the conversion of a difficult to transport material (e.g.,
natural gas) into a more easily transported liguid material, such as higher hydrocarbons or
methanol.  Another utility resides in the use of the production facility's existing electrical
15 generation capacity, such as an electrical generator or other power supply.
[6073] According to one embodiment of this aspect of the invention, an improved production
facility where oil or gas is pumped from a well and thereby extracted from the earth is provided,
the facility having an electrical generator or other electrical power supply, the improvement
comprising: (a) forming alkyl halides by reacting molecular halogen with oil or gas pumped from
26 the well, under process conditions sufficient to form alkyl halides and hydrogen halide, optionally
with substantially complete consumption of the molecular halogen; (b) forming higher
hydrocarbons and hydrogen halide by contacting the alkyl halides with a first catalyst under
process conditions sufficient to form higher hydrocarbons and hydrogen halide; (c) separating the
higher hydrocarbons from hydrogen halide; and (d) converting the hydrogen halide into hydrogen
25 and molecular halogen electrolytically, using electricity provided by the electrical generator or

electrical power supply, thereby allowing the halogen to be reused.
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After one hour of reaction, the products left the reactor and were collected by a series of traps
containing 4M NaOH, which neutralized the HBr and hexadecane (containing octadecane as an
25internal standard) to dissolve as much of the hydrocarbon products as possible. Volatile
components,j ne and light olefins were collected in a gas bag a r/hydrocarbon
traps. WO ?%%g}%%hﬁeﬁCT/U82008/006244 62178P1G506 After the c%%%ﬂ‘%%@é%ﬁi‘:%%ﬁ, the coke or
cagbonacepysgiepesits were burned off in a flow of heated air (5sccm) at 500C for 4hours, and the
CO2 was captured with a saturated barium hydroxide solution as barium carbonate. products were
guantified by GC. The amount of coke was determined based on the CO2 evolution from decoking.

The result summarized in F%)G. 10. Even at such a shart residence time, CH3Br conversion
reached 9@%/0} "gﬁga?ﬁgl%foﬁ 0§ ot EBYE° rﬁf(éﬁ‘?m}%r THEMAISF S PO Bt 2 Sl PHHBREEm of
them contrigpted e50% of cathpRIRLQVE BT X-0thet hydiRrasbeng,brame M@ﬁ%@ﬁ@&&%é tiny
amount of coke made up the balance of the converted carbon. 10 Example 3 CH3Br Coupling to BTX
Péllets of Mndmivexe vy ateZS M awelitepoByVde Athecemritnicrgtn) vege (oalieaing aliud tlalidpartz
reactor (ID, 1.0cm), which was preheated to, 425C before the reactign. CH3Br, diluted by 15 N2, was
B T S e oS o TS  HEAD B R

pumped inl'% i‘t%a‘e@}e%c Orat 4
7.8ml/mirdan M2y Theilk381 saupliag renastionioskiplacaoesthaicatahs hed %m&{ﬁ%%%éime
of 5.0 sec and a CH3Br partial pressure of 0.5 based on this flow rate setting. After one hour of
reaction, tHegreliticaiterth® yéaetonmaihere! colletiedity zolidribs ofttapmechtaiting liMaGH;,
which neutralized the HBr and hexadecane (containing octadecane as, an 20 internal.standard) to
dissolve s och SR e oo s TR e RAN ar g
olefins weserenlipgiestimaigasibegmiter ihelBraydocarbonans: Allente.couphpgeasiphzcihe

coke or carbonaceous deposits were burned off in a flow of heated
molecular halogen, and aqueous alkali electrolyiically, using electricity provided by the electrical

generator or electrical power supply, thereby allowing the halogen and the alkali to be reused.
16075] In another aspect of the invention, the general approach described above, including the
steps of halogenation, product formation, product separation, and electrolytic regeneration of
15 halogen is used to make alkyl amines. Thus, in one embodiment,‘ natural gas, methane, or another
aliphatic hydrocarbon feedstock is converted into alkyl amines via intermediate alkyl bromides.
The feedstock and gaseous bromine are carried by separate lines into a bromination reactor and
allowed to react. The bromination products (e.g., methyl bromide and HBr), and possibly
unreacted hydrocarbons, are carried by a line through a heat exchanger, which lowers their
20 temperature. The alkyl bromides are then carried by a line to an amination reactor. Amrmonia or
aqueous ammonia 18 also provided to the amination reactor by a separate line. The alkyl bromide
and ammonia are allowed to react under process conditions sufficient to form alkyl amines (e.g.,
RIN3) and sodium bromide, which are then separated in a manner analogous to that described above
with respect to the production of methanol. Aqueous sodium bromide is carried by a line to an
25 electrolytic cell or cells, where it is converted intoc hydrogen and molecular bromine

electrolytically, thereby allowing the bromine to be reused in the next cycle.
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air (5sccm) at 500C for 4hours, and the CO2 was captured with a saturated barium hydroxide
25solution as barium carbonate. All products were quantified by GC. The amount of coke was
determined based on the CO2 evolution from decoking. The results are summarized in FIG. 8. WO
2008/143943&%:%9%%QQ"SIOOGZM 62178P/G506 With this BTX maximum operation mode, CH3Br can
be converted completaly, BTX yield reached 35.9%. Other hydrocarbonsPGrOHTAHEG 06244
bramohydrgearberss@nd coke contributed to the  carbon recovery of 51.4%, 4. 8%,1.0%, and 6.9%
respectively. Propane is a major components of 5the "other hydrocarbons," and can be sent back for
reproportionation followed by further coupling to boost the overall BTX yield even higher. Example 4

Caustic H gborl%/}sis O&Biromomethane to Methanol CH3Br + NaOH -> CH30H + NaBr 10 In a 30m1
stainless steel VCR reactoreqdibped with d Sifarta S§eTmesstiuft My iaxrasuy asopssoladon

(13.2mmokygind 339 i@r@&ﬁ%@@éﬂﬁiéﬂxé%‘ﬁkpQ@W&rgr%%gij%ﬁ}%@qgemxb%&%aﬁm ¥ Vz%?eg%ggnl}é
S

purged with nitrogen to remove the upper air before closing the cap. The closed reactor placed in
an‘aluminui ¥éatipy biderhpleheaddtit b 4500 andl thetveaction:stana:simtdtosieatsiy Hie. reaction

was run fo urs. at this tem ture with stirring. 15After stopping, the reaction, the reactor was
placed in 3512% f%l?’e%;brv“ae{ztﬁ %?W?&ﬁ@a%t?ﬁéﬁ@@%? ﬁé%r‘ﬁ%ﬁﬁ§ ?ﬁ%d@?tﬂﬁé}%ﬁ@ﬁﬁ’f&fﬁé@r@a@%ﬁt%e
reaction liqetichwas:isamsiaimedika vessekand:diiegepy.caldinatessThe yesssl wasgonpegied with a

gas bag used to collect the un-reacted bromomethane, if any. The reaction liquid was weighed and the
product coiteb i SHBRE s rer arriy gead ity 2B CHTI Bldwind ibhrarcagueaus: injessisn thppheableing
capillary colimn was installed, 20The g roduct a is shows that there was no bromomethane
remaining, indicéﬁ%ng%1 %%%Podr%)ﬁ%% 'anzﬁ’vgag%gn%rte %38%6&599?* A8l S thaceartehuarothe

méésurenigdtson thedigisidspreduat-iheypethaned vield dachidingtiny. agauntef dimethyl gther, was

calculated to be 96%. Example 5 Caustic Hydrolysis of Dibromomethane to Formaldehyde Followed
by DisprofBhiSndrPiorNestinetepkisalEorrATainglg be regenerated and reused. |

[0677} FIG. 8 depicts a similar process in which coal or biomass-derived hydrocarbons are
brominated, thereby forming alkyl bromines or alkyl bromides and HBr, which are then processed
in a manner analogous to that described above, e.g., the alkyl bromides and HBr are at least

i5 partially separated and the alkyl bromides are allowed to react with alkali, (e.g., sodium
hydroxide), thereby forming sodium bromide, water, and poly-alcohols ("CxHy.q(OH),"). The poly-
alcohols are separated from sodium bromide, and the agueous sodium bromide is carried by a line
to an electrolytic cell or cells, where molecular bromine is regenerated and subsequently separated
and reused.

20 0078} The following nonlimiting examples illustrate various embodiments or features of the
invention, including methane bromination, C-C coupling to form higher hydrocarbons, e.g., light
olefins and aromatics (benzene, toluene, xylenes ("BTX")), hydrolysis of methyl bromide to
methanol, hydrolysis of dibromomethane to methanol and formaldehyde, and subsequent
disproportionation to formic acid.

25 16679] Example I Bromination of Methane

Methane (11 scem, 1.0atm) was combined with nitrogen (15 sccm, 1.0atm) at room

temperature via a mixing tee and passed through an 18°C bubbler full of bromine. The CH4/N2fBI2

24



25CH2Br2 + 2NaOH --0 HCHO + 2NaBr + H20 HCHO + 1/2H20 1/_ZCH3_OH + 1/2HCOOH WO _
2008/143940PCT/US2008/006244 62178P/G506 Caustic hydrolysis of dlbromom_ethane was carried
out according to the same procedure as in Example 5, with the exception that a high NaOH/CH2Br2

[ ing the reaction liquid, a sufficient quantity of concentrated
ratio (2.26) W&%%ﬂ{}@'%&d- After collecting q q

hydrogen chibride Solttion was 5 added to neutralize the extra sodium hyBf8aEgevaHeeditify sodium

[ i indicating that hydrolysis to
formate. Mgth @abglformic acid were observed to be the only produ_cts, indicating t
mert!;1anol aghd ef}(grb'i’i’rrhaddehyde was followed by complete disproportionation of formaldehyde to
(additional) methanol and formic acid. The GC analysis shows that the conversion of dlbromomgthane
reached 99.9%; while the yields of methanol and formic acid reached 48.5% and 47.4% respectively.

10ExampléB A SR EHRHSASR RS Pt ersmhsestrdincloniipdisoivplictealy hzdrbl?j@hdlt%ﬁemetx_ﬁﬁbehnd
dib h y -methanol and formic acid, under mild caustic

R o oA A A A L R LT AT
62$78P/G 568 bl A Gaupsticydiobysisof EHAB andoeiiaBd ard.Sulgsequent Disproportionation of

HCHO CHjy + Bry — CH;Br + CH,Br, + HBr

As products left the reactor, they were collected by a series of traps comtaining 4M NaOH, which
neutralized the HBr and hexadecane (mntaimng octadecane as an internal standard) to dissolve as
much of the hydrocarbon products as possible, Volatile components like methane were collected in

10 a gas bag afier the HBr/hydrocarbon traps.

After the bromination reaction, the coke or carbonaceous deposits were burned off in a flow of

heated air (Ssccm) at 500°C for 4 hours, and the CO; was captured with a saturated barinm

hydroxide solution as barium carbonate. All products were quantified by GC. The amount of coke
s was determined based on the CO, evolution from decoking. The results are summarized in FIG. 9.

Example 2 CH3Br Coupling to Light Olefins

2.27g of a 5% Mg-doped ZSM-5 (CBV8014) zeolite was loaded in a tubular quartz reactor (1.0cm
ID), which was preheated to 400°C before the reaction. CH;Br, diluted by N;, was pumped into the
20 reactor at a flow rate of 24ul/min for CH;Br, controlled by & micro liquid pump, and 93.3m!/min

for Ny. The CH;Br coupling reaction took place over the catalyst bed with a residence time of

0.5sec and a CH3Br partial pressure of 0.1 based on this flow rate setting,

After one hour of reaction, the products left the reactor and were collected by a series of traps
containing 4M NaOH, which neutralized the HBr and hexadecane (containing octadecane as an
25 internal standard) to dissoive as much of the hydrocarbon products as possible. Volatile
components like methane and light olefins were collected in a gas bag after the HBr/hydrocarbon

traps.
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5 Starting from CH3BrCH2Br2 Na01-1/CH3Br or CH2Br2 1.05 2.17 Temperature (C) 150 150
Reaction time (hr) 2

i

10

15

20

25

WO 2008/143940 PCT/US2008/006244

62178P/GS06

Afier the coupling reaction, the coke or carbonaceous deposits were burned off in a flow of heated
ar {5scem) at 500°C for 4hours, and the €O, was captured with a saturated barium hvdroxide
solution as barium carbonate. All products were quantified by GC. The amount of coke was

determined based on the CO; evolution from decoking. The results are summarized in FIG. 10.

Even at such a short residence time, CH3;Br conversion reached 97.7%. Among the coupling
products, C3Hg and C,H, are the major products, and the sum of them contributed to 50% of carbon
recovery. BTX, other hydrocarbons, bromohydrocarbons and a tiny amount of coke made up the

balance of the converted carbon.
Example 3 CH3Br Coupling to BTX

Pellets of Mn ion exchanged ZSM-5 zeolite (CBV3024, 6 cm in length) were loaded in a tubular
quartz reactor (ID, 1.0cm), which was preheated to 425°C before the reaction, CH;Br, diluted by
No, was pumped into the reactor at a flow rate of 18ul/min for CH;Br, controlled by a micro Heuid
pump, and 7.8ml/min for No. The CH;Br coupling reaction took place over the catalyst bed with a

residence time of 5.0 sec and a CHaBr partial pressure of 0.5 based on this flow rate setting.

After one hour of reaction, the products left the reactor and were collected by a series of traps
containing 4M NaOH, which peutralized the HBr and hexadecane {containing octadecane as an
internal sténdard} to dissolve as much of the hydrocarbon products as possible, Volatile
components like methane and light olefins were collected in a gas bag after the HBr/hydrocarbon

traps.

After the coupling reaction , the coke or catbonaceous deposits were burned off in a flow of heated
ajr (Sscem) at 500°C for 4hours, and the CO» was captured with a saturated barium hydroxide
solution as barium carbonate. All products were quantified by GC. The amount of coke was

determined based on the CO; evolution from decoking. The results are summarized in F 1G. 8.
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210 Conversion (%) 100.0 99.9 CH3OH yield (%) 96.0 48.5 HCOOH vyield (%) 47.4

W 2008/143940 PCT/UIS2008/006244

1 62178P/(506

With this BTX maximum operation mode, CH3Br can be converted completely. BTX yield
reached 35.9%. Other hydrocarbons, aromatics, bromohydrocarbons, and coke contributed to the
carbon recovery of 51.4%, 4. 8%,1.0%, and 6.9% respectively, Propane is a major components of

3 the “other hydrocarbons,” and can be sent back for reproportionation followed by further coupling
to boost the overall BTX yield even higher.

Example 4 Caustic Hydrolysis of Bromomethane to Methano!
CH;Br + NaOH — CH30H + NaBr

In a 30ml stainless steel VCR reactor equipped with a stir bar, 13.2g 1M sodium hydroxide
aqueous solution (13.2mmol) and 1.3g bromomethane (12.6mmol) were added in sequence. The
reactor was gently purged with nitrogen to remove the upper air before closing the cap. The closed
reactor was placed in an aluminum heating block preheated to 150°C and the reaction started
simultanecusly. The reaction was run for 2 hours at this temperature with stirring.

15 After stopping the reaction, the reacior was placed in an ice-water bath for a start time to cool the
products inside. After opening the reactor, the reaction liquid was transferred to a vessel and
diluted by cold water. The vessel was connected with a gas bag used to collect the un-reacted
bromomethane, if any. The reaction liquid was weighed and the product concentrations were

analyzed with a GC-FID, in which an agueous injection applicable capillary column was installed.

20 The gas product analysis shows that there was no bromomethane remaining, indicating that
bromomethane was converted completely. Based on the concentration measurements for the liquid

product, the methanol yield including tiny amount of dimethy! ether, was calculated to be 96%.

Example 5 Caustic Hydrolysis of Dibromomethane to Formaldehyde Followed by

Disproportionation to Methanol and Formic Acid

25 CH;Br, + 2NaOH — HCHO + 2NaBr + H,O

HCHO + 1/2H,0 — [/2CH;0H + 1/2HCOOH
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100801The invention has been described with reference to various representative and preferred 15
embodiments, but is not limited thereto. Other modifications and equivalent arrangements, apparent to
a skilled person upon consideration of this disclosure, are also included within the scope of the
invention. [O%ﬁfg&}gﬁxample, molecular bromine can also be removed from the electrolytic cell(s)
using a concurrént exfraction technique, wherein an inert organic solvent?%@ﬁ@gsé‘yfﬁ%r“éform, 20
carbon tetggshigridssgether, etc. is used. The solvent is introduced on one side of a cell; bromine
partitions between the aqueous and organic phases; and bromine-laden solvent is withdrawn from
another side of the cell. Bromine can then be separated from the solvent by distillation or another
syita}gle technigjuehgaeb g setarnech ltﬁxﬁtﬁaﬁﬁsm &&Tﬁs@&ﬂn P@&%@ﬁ@g&%%@%ﬁﬁ@ Bé’o@égmg;gss in
significant ubility in_solvents such. nd car trachloride, a

com paredl%o wgtegrcggﬁaaétig}% i%}{t%agé?wg;} }s%ﬁivaeég @?d l%ﬂ%%@%%g? 1t %agﬁaééég B"?ﬁgfr%wg(ﬂ‘ﬁeéar fof & of
bromine tHA B Breasitdiguidr oBficiaphiruiy nsenbiatstiiorsasic phlassy sridivmtows
brémine tebéedancentraied tndeasiysepaiaieskiferaihesianiciniagefe:es, BeR8noVMEY formic
2008/14340P LAY SAA0RIONGZ44 E4BERSBR aulStiRIoM, R IMAl IR Xtiachion fas el

as for sep ratioR% f bromine bﬁf?eatlng bro -containing aqueous solution in agastlow)is p

15--the pHATHIEN e ¥ohJOHEEEEN BorHBREs A Bremimbomsiopisodt fnritesdaseotisiiend
other bronmiméspeiciad fAHO82LiAs Bnothe nexbniplbofmbdifications:icdhe pitcess disclosedherin,

various pusnps,valyesiheatess o@?&g{a%&%ﬁ&?&Q%ﬂ%e&%ﬁ%%)&%ﬂ%%@é%é% B0

d
equipment in addition or in the alternative to that shown in the figures can be emplo to gptimize the
processes. In addition, other features and embodiments, such as described in the ‘358 application and
els@wherekExamples 4 and 5 demonstrate that bromomethane can be completely hydrolyzed to methanol, and -

dibromomethane can be complleteiy hydrolyzed to methanol and formic acid, under mild caustic

conditions. The results are surnmarized in Table 1.
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10can be utilized in the practice of the present invention. The invention is limited only by the
accompanying claims and their equivalents. 15 20 25 WHAT IS CLAIMED IS I.A continuous process
for converting a hydrocarbon feedstock into higher hydrocarbons, comprising: (a) reacting
molecular h%&%%b%}'ﬁ? %}hydrocarbon feedstock so as to form alkyl halides and hydrogen halide;

(b) contacting the alky! halides with a catalyst so as to form higher hydrod4rB&R&SHPHdrogen halide:
(c)iseparating e drgrizer hydrocarbons from the hydrogen halide; (d) electrolytically
converting the hydrogen halide into hydrogen and molecular halogen; and ‘ (e) repeating steps
(a) through (d) a desired number of times, wherein the molecular halogen in step (d) is used in
repeated step (a). 2. A continuous process as tagited in claim 1, wherein the hydrocarbon
feedstock comprises natural gas. . A.continuou SS ited jn claim |, wherein the
hydrocarbon feedstock comprises %aé% %@Ie%y ropiy‘ﬂ? if g)%ciﬁ%ﬁ%dl?é %ﬁ%&?gé as recited in claim I,
wherein step (d) is carried out in.aquisbiEEHEIsPropgtiansgatimidUSHFocess as recited in claim |,

wherein step (d) is carried out

Starting from

CH:Br CH.Br,

NaOH/CHBr or CH,Br, 1.08 297
Temperature (°C) 150 180
o Reaction time (hr) 2 2
Conversion (%) i00.0 889
CHzOH vield (%) 96.0 48.5

HCOOH vield (%) 47 .4

o [05803 The invention has been described with reference to varicus representative and preferred
embodiments, but is not limited thereto. Other modifications and equivalent arrangements,
apparent to a skilied person upon-consideration of this disclosure, are also included within the
scope of the invention.

(0081} As one example, molecular bromine can also be removed from the electrolytic cell(s)

2 using a concurrent exiraction technique, wherein an inert organic solvent, such as chloroform,
carbon tetrachloride, ether, etc. is used. The solvent is introduced on one side of a cell; bromine
partitions between the agqueous and organic phases; and bromine-laden solvént is withdrawn from
another side of the cell. Bromine can then be separated from the solvent by distillation or another
suitable technique and then returned to the system for reuse. Partitioning is favored by bromine's

”s significantly enhanced solubility in solvents such as chloroform and carbon tetrachlonde, as
compared to water, Extraction in this way serves a dual purpose: it separates Br, from other forms
of bromine that may be present (e.g., Br , OBr , which are insoluble in the organic phase}; and it

allows bromine to be concentrated and essily separated from the organic phase (e.g., by

20,



in the gas phase. 6. A continuous process as recited in claim I, wherein the higher hydrocarbons
comprise fuel grade hydrocarbons and/or aromatic hydrocarbons. 7. A continuous process as
recited in claim 6, wherein the aromatic hydrocarbons comprise benzene, toluene, and xylenes. 8.
A continuousw%%%g S g(g)gﬁconverting a hydrocarbon feedstock into methanol, comprising: (@)
reacting molecular afogen with a hydrocarbon feedstock so as to form af&§FRafefESHa# hydrogen
halide; 62178k eanitacting the alkyl halides with aqueous alkali so as to form methanol and alkaline
halide; (c) separating the methanol from the alkaline halide; (d) electrolytically

converting the alkaline halide into hydrogen, molecular halogen, and aqueous alkali; and (e)
repeating ste throygh (d) a desired number. of times, wherein the molecular halogen in step (d) is
used in rep&ei%@égsgi%% (;‘1%% O(pggfai%n?g‘ﬁu%ﬁ?ﬁr‘%e@é J¢ e dte@inseramignviicresmine hydraganpon

bromine-containing aqueous solutions in a gas flow} is pH 3.5--the pH at which the concentration

5 of molecular bromine (Bry) is at its highest, as compared to other bromine species.
[0082) As another example of modifications to the process disclosed herein, various pumps,
valves, heaters, coolers, heat exchangers, control units, power supplies, and equipment in addition
or in the alternative to that shown in the figures can be employed to optimize the processes. In
addition, other features and embodiments, such as described in the 358 application and elsewhere,
10 can be utilized in the practice of the present invention. The invention is limited only by the

accompanying claims and their equivalents.
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feedstock comprises natural gas. 10. A continuous process as recited in claim_ 8, v_vhere.in the
hydrocarbon feedstock comprises methane. 11. A continuous process as recited in cle}lm 82
wherein step (d) is carried out in aqueous media. 12. A continuous process as reC|ted‘|n claim 8,
wherein step (d) is carried out in the gas phase. 13. A continuous process for converting a _
hydrocarbon feedstock into an alkyl amine, comprising: (a) reacting molecular halogen with a

hydrocarbo 0 as to form alkyl halides and hydrogen halide; _ (l:_)) contacting the
alkyl halidemﬁﬁgﬁém Hine so as to form alkyl amines and alkqllne halide; . (c) .
separating the alkyl amines:frainuhe alkalne balidaiering a h{d)elestodicalbconverting the alkaline

halide into h ggggﬁg and molecular halogen; and (e)repeating steps (a) through (d) a desired number
t

of times wherein regrrﬁ%lgé%mg}sﬁﬂ%bgen in step (d) is used in repeated step (a).

(&) reacting molecuiar halogen with a hydrocarbon feedstock so as to
form alky! halides and hydrogen halide;
(b} contacting the alkyl halides with a catalyst so as to form higher
hydrocarbons and hydrogen halide;
{c) separating the higher hydrocarbons from the hydrogen halide;
(d) electrolytically converting the hydrogen halide into hydrogen and
molecular halogen; and
(e} repeating steps (a) through (d) a desired number of times, wherein
the molecular halogen in step (d) is used in repeated step (a).
2. A continuous process as recited in claim 1, wherein the hydrocarbon
feedstock comprises natural gas.
3. A continuous process as recited in claim 1, wherein the hydrocarbon
feedstock comprises methane.
4, A continuous process as recited in claim 1, wherein step (d) is carried out
in aqueous media.
5. A continuous process as recited in claim 1, wherein step (d) is carried out
in the gas phase.
6. A continuous process as recited in claim I, wherein the higher
hydrocarbons comprise fuel grade hydrocarbons and/or aromatic hydrocarbons.
7. A continuous process as recited in claim 6, wherein the aromatic
hydrocarbons comprise benzene, toluene, and xylenes.
8. A continuous process for converting a hydrocarbon feedstock into

methanol, comprising:
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14.A continuous process as recited in claim 13, wherein the aqueous alkaline amine comprises
NaNH2. 15.A continuous process as recited in claim 13, wherein the alkyl halides comprise ethyl
bromide and the aqueous alkaline amine comprises NaNHi. 16.A method comprising: (@)
reacting molecular halogen with oil or gas pumped from a well at an oil or gas production facility so as
to form alkyl halides and hydrogen halide; (b) contacting the alkyl halides with a catalyst so as
to form higher hydrocarbons and hydrogen halide; (e)separating the higher hydrocarbons from
hydrogen halide; and (d)electrolytically converting the hydrogen halide into hydrogen and molecular

halogen using electricity @rovideddsin amelesitigal geperalonor %%?Hé&ﬂ!c&oﬂﬁé&b'%?lsy' 1{,Jhe method
as recited i@n%‘?‘iﬂk} \/K\{Qeesregagpedoi!yor}ga}s roduction facility is located offshore. S.Aethod
comprising: %ﬁ reacatlng moleculat Hi tfogen with a hydrocarbon feedstock so as to form alkyl
halides and hydrogen hélide; contactir(p)icontasting:thralkylhalides,with.agugous alkali so as to form

methanol aﬂgtgégghiggdrgﬂ%e@Qﬁggaraﬂng the methanol from the alkaline halide;
{c) separating the methanol from the alkaline halide;
(d) electrolytically converting the alkaline halide into hydrogen,
molecular halogen, and aqueous alkali: and
(e) repeating steps (a) through (d) a desired number of times, wherein
the molecular halogen in step (d) is used in repeated step (a).
9, A continuous process as recited in claim 8. wherein the hydrocarbon
feedstock comprises natural gas.
10. A continuous process as recited in claim 8, wherein the hydrocarbon
feedstock comprises methane.
I1. A continuous process as recited in claim 8, wherein step (d) is carried out
in agueous media.
12, A continuous process as recited in claim 8, wherein step (d) is carried out
in the gas phase.
13. A continuous process for converting a hydrocarbon feedstock into an alkyl
amine, comprising:
(a) reacting molecular halogen with a hydrocarbon feedstock so as to
form alkyl hatides and hydrogen halide:
(b) contacting the alkyl halides with aqueous alkali amine so as to
form alkyl amines and alkaline halide;
{c) separating the alkyl amines from the alkaline halide;
(d) electrolytically converting the alkaline halide into hydrogen and

molecular haiogen; and



(d )electrolytically converting the alkaline halide into hydrogen, molecular halogen, and aqueous alkali
using electricity provided by an electrical generator or electrical power supply at an oil or gas
production facility. 19.The method as recited in claim 18, wherein the oil or gas production facility is
located offshore. 20.A continuous process for converting coal into coke and hydrogen. comprising:
(a)reacting crushed coal with molecular halogen so as to form brorninated coal intermediates and
hydrogen halide; (h)reacting the brominated coal intermediates over a catalyst so as to form coke and

hydrogen halide; (c) separating the coke from the hydrogen halide found in step (a) and/or
step (b); (d) eleetrolytieptyriegnvesting theshyrregerdbalide Jg%grieﬁﬁﬂpeﬁgg%r Steg (b)
e) a desire

into hydrog ular hago on; and . (e) repeating steps (a) throug
number of t?ﬂ%qg&wg@gégﬁn kﬂ Mo gg’fﬂﬁ%&%ﬁe@ﬂﬁe& SIS $8kd in repeated step (a). 21.A

continuous proces§for cénvartingoceairmebmmmﬁfyemhydm@ﬂ{m.%ﬂ{ggmg%fggmprising:

(@) reacting%g%ﬁbgggggﬁﬁmth coal or a biomass-derived hydrocarbon feedstock so as to form
alkyl halides and h}ydrogen halidé; (b) contacting the alkyl halides with agueous alkali so as
to form 5. A continuous process as recited in claim 13, wherein the alkyl halides

comprise ethyl bromide and the aqueous alkaline amine comprises NaNH;.
16. A method comprising:
(a) reacting molecular halogen with oil or gas pumped from a well at
an otl or gas production facility so as to form alky] halides and hydrogen halide;
(b contacting the alky] halides with a catalyst so as to form higher
hydrocarbons and hydrogen halide;
(c) separating the higher hydrocarbons from hydrogen halide; and
(d) electrolytically converting the hydrogen halide into hydrogen and
molecular halogen using electricity provided by an electrical generator or electrical
power supply.
I7. The method as recited in claim 16, wherein the oil or gas production
facility is located offshore.
18. A method comprising:

(a) reacting molecular halogen with a hydrocarbon feedstock so as to

form alkyl halides and hydrogen halide;

(b) contacting the alkyl halides with aquecus alkali so as to form

methanol and alkaline halide:

Led
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: : . . L d)
Is and alkaline halide; (c) separating the polyols from the alkaline halide; _(
glc()-:!)c/?rolytically converting the alkaline halide into hydrogen and molecular haloggn; and (e)repeagr!g
steps (a) through (d) a desired number of times, wherein the molecular halogen in st.ep (d) is used in
repeated step (a). 22.A continuous process for converting a hydrocarb_on feedstock into higher _
hydrocarbons, comprising: (a) reacting molecular halogen with a hydrocarbon feedstocic so

as to form alkyl halides and hydrogen halide; (b) contacting the alky! halides _with a catalyst
so as to form higher hydrocarbons and hydrogen halide; (c) separating the higher

hydrocarbons from the hydrogeschaligiei the methar)RIGCHRIVIIGAIY. anyerting the hydrogen halide

[ i depolarized
i lecular, halogep in an electrolytic cell or cells equipped with an oxygen _
cathode: and | (8] rop et SHpL t HHGRE( cHSHatEnaRier 1 mesmiercin the

molecular héiggewin %w@fgégiimepaﬁked stepgableciricity provided by an electrical
generator or elecirical power supply at an oil or gas production facility.
19. The method as recited in claim 18, wherein the ojl or gas production
facility is located offshore.
20. A continuous process for converting coal into coke and hydrogen,
comprising:
(a) reacting crushed coal with molecular halogen so as to form
brominated coal intermediates and hydrogen halide;
(h) reacting the brominated coal intermediates over a catalyst so as to
form coke and hydrogen halide;
(e separating the coke from the hydrogen halide found in step (a)
and/or step (b);
(d) electrolytically converting the hydrogen halide found in step (a)
and/or step (b) into hydrogen and molecular halogen; and
{e) repeating steps (a) through (¢} a desired number of times, wherein
the molecular halogen in step (d) is used in repeated step (a).
21. A continuous process for converting coal or biomass-derived
hydrocarbons into polyols, comprising:
(a) reacting molecular halogen with coal or a biomass-derived
hydrocarbon feedstock so as to form alkyl halides and hydrogen halide;
{(b) contacting the alkyl halides with aqueous alkali so as to form
polyols and alkaline halide:
{c) separating the polyols from the alkaline halide;
(d) electrolytically converting the alkaline halide into hydrogen and

molecular halogen; and



[ rocess for converting a hydrocarbon feedstock into methanol, cor_nprising:
(Zj)éeg?:?itr:gurﬁglsegucl)gr halogen with a ﬁydroycarbon feedstock so as .to form alkyl halides and hydrogen
halide; (b) contacting the alkyl halides with aqueous alkali so as to form metha}nol and
alkaline halide; separating the methanol from the alkaline halide; N (d) electrolyt_lcally |
converting the alkaline halide into molecular halogen and aqueous alkal! in an electrolytic Ci” (C)jr cells
equipped with an oxygen depolarized cathode; and _ (e) repeating steps (a) through (d) a A
desired number of times, wherein the molecular halogen in step (d) Is used in rlepeated step (a). 24.
continuous process as regited ime@@'ﬁmés%@(gj@gﬁ@@{%ﬁg%@g%g}ﬁ%@ ,q%gegg/_ %%ré\lgertmg the

ide | [ ‘Iectro?;l/?ic cell
hydrogen halide into hydrogen and molecular halogen with an electrolytic cell, t 2 € :
cz)/mp?isingz?ljlaéj gla{}si,egﬁlﬁ%ﬁl}%rgi%%ﬁfaﬁlﬁ?ré%dﬁ WWRicH B3R7gEH 8§48, @ir, or oxygen-enriched air can be

introduced; a gas diffusiof cathiodeywirietis prrmeabie.o:OXYGRRAEAN RXYUEH: FARtAIRING gas;
hydrocarbons, comprising:

(a) reacting molecular halogen with a hydrocarbon feedstock so as to
form alkyl halides and hydrogen halide:

{b) contacting the alkyl halides with a catalyst so as to form higher
hydrocarbons and hydrogen halide;

(c) separating the higher hydrocarbons from the hydrogen halide;

{d} electrolytically converting the hydrogen halide into water and
molecular halogen in an electrolytic cell or cells equipped with an oxygen depolarized
cathode; and

{e) repeating steps {a) through (d) a desired number of times, wherein
the molecular halogen in step (d) is used in repeated step (a).

23. A continuous process for converting a hydrocarbon feedstock into
methanol, comprising:

(a) reacting molecular halogen with a hydrocarbon feedstock so as to
form alkyl halides and hydrogen halide;

(b} contacting the alkyl halides with aqueous alkali so as to form
methanol and alkaline halide;

(c) separating the methanol from the alkaline halide;

{d) electrolytically converting the alkaline halide into molecular
halogen and aqueous alkali in an electrolytic cell or cells equipped with an oxygen
depolarized cathode; and

(e) repeating steps (a) through (d) a desired number of times, wherein

the molecular halogen in step (d) is used in repeated step (a).
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a cation exchange membrane; a cathode electrolyte chamber disposed between the cation
exchange membrane and the gas diffusion cathode; an anode electrolyte chamber; and an anode
extending into the anode electrolyte chamber. 25.A continuous process as recited in claim 8, wherein
step (d) comprises electrolytically converting the alkaline halide into hydrogen, molecular halogen, and
aqueous alkali with an electrolytic cell, the electrolytic cell comprising: a gas supply manifold
through which oxygen gas, air, or oxygen-enriched air can be introduced; a gas diffusion cathode,
which is permeable to oxygen or an oxygen- containing gas; a cation exchange membrane; a

cathode electrolyte¢hamheradispassdibeiveen theication axshande,nemiiane and e gas diffusion
cathode; ane%rag‘g)??rgleﬁtrolgte clz,pamgeg; nd an anode extending into the anode electrolyte chamber.
Olca_ conve %n the 1%% kﬁ?‘i

26.A continuous process as recited i Caim 4% WHErdH S BT eshhrsdec e dublgticatijhconverting
the alkaline#iatidelintsinydiogencandeholeculacdhategan;with an electrolytic cell, the electrolytic cell
comprising: a gas supply manifold through which oxygen gas, air, or oxygen-enriched air can
be introduced; a gas diffusion cathode, which is permeable to oxygen or an oxygen- containing gas;



a cation exchange membrane; a cathode electrolyte chamber disposed beMeen the ca(t::on
exchange membrane and the gas diffusion cathode; an anode electrolyte _char.nber,.anf6an :;:no i?}
extending into the anode electrolyte chamber. 27. The mgthqd as recited in cl(ajum | , V\{ ?rhealo o
step (d) comprises electrolytically converting the hy_drogen halide into hydrogen ar_1f Ir(glohecu ah whic?q
with an electrolytic cell, the electrolytic cell comprising: agas s_upply manifo h_t kr]o_ug

oxygen gas, air, or oxygen-enriched air can be introduced; a gas diffusion cathode, which is

permeable to oxygen or aft By JERDCBAMAIRIAGGRRE Vb wesashargeamembranes-enriched a cathode

i ' d the gas diffusion cathode;
lectrolyte chamber disposed between theagqgégrbg&%pgd}ggdpembrane an
zn anogi/e electrolyte chamber; gnd an anode extending into the anode electrolyte chamber. 28. The

method as recited in claim £8° WHEFERT s‘E@‘B?ﬁ?9cWH%B’Fis‘;ésp@é@@?é%/ﬁ@aqug@mveﬂmgdhﬁgmdrqg_en'
halide into Hydtegenzagad: molecular halogen with an electrolytic ceII,_the ele_ctrolytlc c_eII compns-lng.
a gas supply manifold thrgggtpo}évg}i{cqa%{%ggg as, air, or oxygen-enriched air can be introduced; a gas
diffusion cathode, which is permea% e to"0xyg {'6r an oxygen-

a cathode electrolyte chamber disposed between the cation exchange

membrane and the gas diffusion cathode;
an anode electrolyte chamber; and
an anede extending into the anode electrolyte chamber.

25. A continuous process as recited in claim 8, wherein step (d) comprises
electrolytically converting the alkaline halide into hydrogen, molecular halogen, and
aqueous alkali with an electrolytic cell, the electrolytic cell comprising;

a gas supply manifold through which Oxygen gas, air, or oxygen-enriched
air can be introduced:;

a gas diffusion cathode, which is permeable to oxygen or an oxygen-
containing gas;

a cation exchange membrane;

a cathode electrolyte chamber disposed between the cation exchange
membrane and the gas diffusion cathode;

anit anode electrolyte chamber: and

an anode extending into the anode electrolyte chamber.

26. A continuous process as recited in claim I3, wherein step (d) comprises
electrolytically converting the alkaline halide into hydrogen and molecular halogen with
an electrolytic cell, the electrolytic cell comprising:

a gas supply manifold through which OXygen gas, air, or oxygen-enriched
air can be introduced:

a gas diffusion cathode, which is permeable to OXygen or an oxygen-
containing gas;

a cation exchange membrane;

a cathode electrolyte chamber disposed between the cation exchange

membrane and the gas diffusion cathode:



ini ; a cation exchange membrane; a cathode electrolyte chamber disposed
Eg?vt/aelglr??hgasétion exchange m?—:-mbrane and the gas diffusion cathode; an qnode electrolyte chamber;
and an anode extending into the anode electrolyte chamber. ‘ 29. A contlnuous‘ process as recited
in claim 20, wherein step (d) comprises electrolytically converting the hydrogen halide four_1d in step (a)
and/or step (h) into hydrogen and molecular halogen wi_th an electrolytic c_eII, the electrolyt_lc cell _
comprising: a gas supply manifold through which oxygen gas, air, or oxygen-enrlc_hgd air c-an
be introduced; a gas difftSigH’ ‘éﬂll?fd@’,lif%@ﬁ%bﬁérﬁﬂéable to oxygen or an oxygen- containing gas; a

cation exchange membrameinode extenaiﬁgﬁhﬁdﬁa%la%%(ﬁ@M@c%@@@?%&%ﬁ%&%she;mbbeéyzﬂé tgr(]a ;ﬁggg
exchange membr and-the gasg diffusion cathode; an anode e ectrolyte « ; k _
extendigg into thea%}r?odeclg]%c %oe@t dfékf'érrfﬁéﬁego.‘ﬂ colttiRudds prbesss axaeci®d vohiise21, wherein

step (d) comprisel eledlyclyticatly ¢ onveyting:¢the alkaling m@@g@ggggjmg@g&na@%%%@g%ﬁr halogen

[ ' i ising: ' hrough which
with an eleciro , the.electrplytic, cell comprising: o a gas gupply manifold t .
oxygen gasc% %f!r),g%%rr%@lfféé’@éi]gr‘f*c%%%“&l?’%%ﬁ ?géﬁm%ré‘ﬂﬁed; a gas diffusion cathode, which is

permeable to oxygen or argexggeny manifold through which oxygen gas, air, or oxygen-enriched

air can be introduced;

a gas diffusion cathode, which is permeable to OXygen or an oxygen-
containing gas;

a cation exchange membrane;

a cathode electrolyte chamber disposed between the cation exchange
membrane and the gas diffusion cathode;

an anode electrolyte chamber; and

an anode extending into the anode electrolyte chamber.

28. The method as recited in claim 18, wherein step (d) COmprises
electrolytically converting the hydrogen halide into hydrogen and molecular halogen with
an electrolytic cell, the electrolytic cell comprising:

a gas supply manifold through which oxygen gas, air, or oxygen-enriched
air can be introduced;

a gas diffusion cathode, which is permeable to OXYgen or an oxygen-
containing gas;

a cation exchange membrane;

a cathode electrolyte chamber disposed between the ecation exchange

membrane and the gas diffusion cathode;

ay]

1 anode electrolyte chamber; and
an anode extending into the anode electrolyte chamber.

29. A continuous process as recited in claim 20, wherein step (d) comprises
clectroiytically converting the hydrogen halide found in step (a) and/or step (b) into
hydrogen and molecular halogen with an electrolytic cell, the electrolytic cell comprising:

a gas supply manifold through which oxygen gas, air, or oxygen-enriched

air can be introduced;
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containing gas; a cation exchange membrane; a ca_tthode electrolyte chamber disposed o
between the cation exchange membrane and the gas diffusion cathodg; an anode electrolyte_ cham er;
and an anode extending into the anode electrolyte chamber. 31.A continuous process as recited in

claim 22, wherein the electrolytic cell comprises: agas supply manifolq th_rough Whiclh oxygen
gas, air, or oxygen-enriched air can be introduced; a gas diffusion cathode, which is permeable to

ini ; [ brane; a cathode electrolyte
oXxygen or an oxygen- containing gas; a cation exchange mem ’. B |
chg?nber disposed betwe%rg?ﬁegb‘g%ﬂ"eﬁéﬁ@%e‘Pﬂi‘é@hblﬁamrmffdhheigamggéusmnaﬁaﬂi@g@man anode
electrolyte chramabéngane; an anode extending into the anode elecftrolyte chamber. 32.A contmuqt;sld
process as recited in claim 23, wherein the electrolytic cell comprises: a gas supply manifo

through which oxygen ga® & bPR7G8n BHFEREE:air can he introduced:

a cathode electrolyte chamber disposed between the cation exchange
membrane and the gas diffusion cathode;

an anode electrolyte chamber; and

an anode extending into the anode electrolyte chamber.

30. A continuous process as recited in clajm 21, wherein step (d) comprises
electrolytically converting the alkaline halide into hydrogen and molecular halogen with
an electrolytic cell, the electrolytic cell comprising:

a gas supply manifold through which oxygen gas, air, or oxygen-enriched
air can be introduced;

a gas diffusion cathode, which is permeable to OXygen or an oxygen-
containing gas;

a cation exchange membrane;

a cathode electrolyte chamber disposed between the cation exchange
membrane and the gas diffusion cathode:

an anode electrolyte chamber; and

an anode extending into the anode electrolyte chamber.

31. A continuous process as recited in claim 22, wherein the electrolytic celi
comprises:

a gas supply manifold through which OXygen gas, air, or oxygen-enriched
air can be introduced:;

a gas diffusion cathode, which is permeable to OXygen or an oxygen-
containing gas;

a cation exchange membrane:

a cathode electrolyte chamber disposed between the cation exchange
membrane and the gas diffusion cathode;

an anode electrolyte chamber: and

an anode extending into the anode electrolyte chamber.



iffusi ichi - taining gas; a cation
a gas diffusion cathode, which is permeable to oxygen or an oxygen- con _
ex%hange membrane; a cathode electrolyte chamber disposed between the cation exchange
membrane and the gas diffusion cathode; an anode electrolyte chamber; and an anode extending into

the anode electrolyte chamber.

32. A continuous process as recited in clajm 23, wherein the electrolytic cell

comprises:

a gas supply manifold through which Oxygen gas, air, or oxygen-enriched
air can be introduced;

a gas diffusion cathode, which is permeable to OXygen or an oxygen-
containing gas;

a cation exchange membrane;

a cathode electrolyte chamber disposed between the cation exchange
membrane and the gas diffusion cathode:

an anode electrolyte chamber; and

an anode extending into the anode electrolyte chamber.
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