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WO 2006/019399 PCTJUS2005/002829 ZONE REACTOR
*REFERENCE TO RELATED APPLICATIONS This RFZ7US2005/062829
continuation-in-part application under 37 C.F.R. 1.63 of Application Serial
No. 10/369,148 filed 10 February 19, 29(3:?, currently pending; which is a
continuation application of Application Serial No. 10/114,579, filed April 2,
2002, now. U.S. Patent No. 6,525,230; which is a continuation-in-part
application of Application Serial No. 09/951,570 filed September 11, 15
2001, , now U.S. Patent No. 6,462¢348, rienaingspriority based on
provisional Application Serial No. 60/284,642 filed April 18, 2001. 20
TECHNICAL FIELD 25 This invention relates to zone reactors, and more
patEoBslyREZERENCECIOrS REDATEDSefEbinT pRArBsses for converting
alkanes to alcohols, ethers, olefins, and other hydrocarbons. WO
2006/019399 PCT/US20051002829 -2 BACKGROUND AND SUMMARY
OF THE INVENTI®ON:U SarRatentiNG.c6,462,243 disciogesia aietbod ohder 37
converting alkanes to their corresponding alcohols and

C.F.R. §1.63 of Application Serial No. 10/368,148 filed

February 19, 2003, currently pending; which 1s a,
continuation application of Applica.tion Serial No.
10/314,57%, filed April_ 2, 2002, now. U.S. Patent No.
6,525,230; which is a continuation-in-part application
of Application Serial No. 08/851,570 filed September 11,
2001, , now U.S. Patent No. 6,462,243, claiming priority
based on provisional Application Serial Neo. 60/284,642

filed April 18, 2001.

TECHNICAY, FIELD

This invention zrelates to zZone reactors, and more
particularly to =zone reactors that are wuseful in
processes for converting alkanes to alcohols, ethers,

olefins, and other hydroccarbons.



ethers using bromine. The patent comprises four 5 embodiments of the

warnsesttionaherein disclosed each including a reactor whereinHSi&fHi3805/002829
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reacts with an alkane to form alkyl bromide and hydrogen bromide, a
converter wherein the alkyl bromide formed in the reactor reacts with
metal oxide to form the 10 correspondiﬁé’*alcohol or ether, and numerous

other individual c ogmtﬁ.ﬁp esgat inyRRtieMCRMprises zone

re ZAGRERA m%severa reaict%ns |sc?osed In the co- pending

parent application are carried out in g gingle, 15 vgssels Inthis manperthed of
overall co e‘xit%%ip ﬁ'l%% s;f?e'm fof coﬁv'edft[%ng alkanejg to their °

corresponding alcohals, ethers, olefins, and.gther bydragarbong isohol d
suﬁﬁﬁﬁﬁﬁ@l%éaucaé%?ﬁ] ggdit%bn, Eglat genergted l:)%%{ reacticl)%r?s occ;j)rri?lgS -

in particular zones_withi essel can,be utilizedfe facilis . p
reaClidns Seeurting in ot O Dby bRlgrises  four

P.Cgﬁggég%selggégsz%fs \é%réousi_?%ﬁ@imﬁms ehthednventipnsaeosed each
disclosed.  In accordance with a first embodiment the zone reactor

comprises a countercurrent;systemy ydiesein gasesflowen adissiwirectianh  an
and metal con%pounds flow in the '
alkane to form alkyl bromide and hydrogen bromide, a
converter wherein the alkyl Dbromide formed in the
reactor reacts with metal oxide to form the
corresponding alcohol o©or ether, and numerous other
individual components.

The present invention comprises zone reactors
wherein the several reactions disclosed in the co-
pending parent application are carried out in a single
vessel. in this manner the overall complexity of the
system for convefting alkanes to their corresponding
alcohols, ethers, olefins, and other hydrocarbons 1s
substantially reduced. In addition, heat generated by
reactions occurring in particular zones within the

vessel can be utilized to facilitate reactions ococurring

in other zones.



5 opposite direction. A second embodiment of the invention comprises a

WG YAt Errangement wherein the gases and the metal confpd(iftig0~/002829

travel in the same direction. The first and second embodiments of the

invention are continuous systems as oppesed to the third 10 embodiment

of the invention which is a fixed-bed system that is continual in operation.

In accordange: with thenthicd esbesinent the: metalaogipoundssemaiclosed.

f@xed within the vessel while the gases are directed through the vessel
firstin onesdireciinnand later ia thei appositenrkiidirection dndhe followinga ctox

Detailed Description the invention is described in conjunction with the
conversien of smethanetocrethanot tHovesuer as witldresdppreciated bjlow in

those skilled in the art, the invention is equally 20 applicable to the
conversion of ethanesarnd the higher atiaine$ to tegipcomespontiiiy in  the
alcohols, ethers, olefins, and other hydrocarbons. WO 2006/019399
5PCTHA$S2005/002829e < The following DetsledDeschptivridisgnt of  the
describes the invention in conjunction with the use of a particular halide,

i.e.ibromine cHowevepraswill be apprecizred by thoseEkilktin I‘Ht“léﬁ,in the
the invention
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gases and the metal compounds travel in the same
direction. The first and second embodiments of the
invention are continuous systems as opposed to the thirxd
embodiment of the invention which is a fixed-bed system
that is continual in operation. In accordance with the
third embodiment the metal compounds remain fixed within
the vessel while the gases are directed through the
vessel first in one direction and later in the opposite
direction.

In the following Detailed Description the invention
is described in coﬁjunction with the conversion of
methane to methanol. However, as will be appreciated by
those skilled in the art, the invention 1is equally
applicable to the conversion of ethane and the higher
alkanes To their corresponding alcohols, ethers,

olefins, and other hydrocarbons.



5 is equally applicable to the conversion of alkanes to their corresponding
wa@mahoiszethers, and other hydrocarbons utilizing other halidesrtinstocing2s2s

in particular chlorine and iodine. WO 20061019399 PCT/US200S/002829

-5 BRIEF DESCRIPTION OF THE DRAWINGS A more complete

understanding of the present invention-rhay be had by reference to the

following Detailed Description when taken in connection with _ILhe 5 cribes

accompah{ifiy BraiAs Wherdf FIELIRECERH dRGFAMmatcustahGH

of a countercurrent zone reactor co,mprisin%a first iecmbo imgnt ofthe ¢

invERfion; FIEERE flis amillustiatiah of Bvariatici-of the

countercurrent zone reactor of FIGURE 1; FIGURE 2 is a diagrammatic .

illuBR&dT9EA cobfrtefitzond 'r&'ztctorE e o Loaes %ml‘egr%tll be

domprising a second embo

of the invention; FIGURE 2A is an illustration of a yariation of 1 .
coctRRIt SbAEFEactdr o%lh—?@@Ré}%ﬁ&%RfS %r\égdiaag“rgmmgﬁ% Invention

5 pustration of f,fhed Dol ong [eager CPTSBRAIYESMDGEMEN dhes o

their corresponding alcohols, ethers, and othex

hydrocarbons utilizing other halides, including

particular chlorine and iodine.



FIGURE 3A is an illustration of a variation of the 20 fixed bed zone

WA BIGURE 3: FIGURE 14 is a diagrammatic illustratidi-f &S ne02829

reactor comprising a fourth embodiment of the invention; WO
2006/019399 PCT/US2005/002829 -6 FIGURE 4A is a sectional view of
an apparatus useful in the practice of the émbodiment of the invention

showi HEFlaERE 3R GiFREMD iSrafieisation of an early stage in

the operation of the apparatus of FIGURE 4A; FIGURE 4C is an

illustration,of g |ater st%@l@@eope@{@mggg@p@@rat@% of HEdRB resent

4A; FIGURE 4D is an illustration of a still later stage 10 in the operation of

the apparatus,of RHIGURELAEIGURE 5 is ardiagramamatis illesteation-afl owing
the use of the apparatus of FIGURE 4A in the conversion of mixtures of

alkanes tochemicallyrelated proguets; RIGHURE 6A is-aseetionabyiewith the

diagrammatically 15 illustrating an apparatus useful in practicing a
s variationRf the, embagimantefdheirveatign illustrated in FIGURE 3;

FIGURE 6B is a diagrammatic illustration of the utilization of the

apparatus of FIGRE 6Ais a diagrammatic illustration of a
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countercurrent zone reactor comprising a first
embodiment of the invention;

FIGURE 1A is an illustration of a variation of the
countercurrent zone reactor of FIGURE 1;

FIGURE 2 is a diagrammatic 1illustration of a

cocurrent zone reactor comprising a second embodiment of

the inventicen;

FIGURE 2A is an illustration of a variation of the
cocurrent zone reactor of FIGURE 2;

FIGURE 3 is a diagrammatic illustration of a fixed
bed zone reactor comprising a third embodiment of the
invention;

FIGURE 3A is an illustration of a variation of the
fixed bed zone reactor of FIGURE 3;

FIGURE 14 is a diagrammatic illustration of a zone

reactor comprising a fourth embodiment of the invention;



20 FIGURE 7 is a diagrammatic illustration of an apparatus useful in the
wasaslisefba variation of the embodiment invention shown inpfcrGt3enS002829

WO 2006/019399 PCT/US2005/002829 _7_FIGURE 8 is a sectional

view taken along the line 8-8 in FIGURE 7 in the direction of the arrows;

FIGURE 9 is a diagrammatic illustration-&f-a component part of the

apparatus of FIGURE 7; 5 FIGURE 10 is a diagrammatic illustration of an

apparatus useful in the implementation of a variation of the embodiment

of the invention illustrated in FIGURE 3; FIGURE 11 is the diagrammatic

illustratiorF 3EAREapdratusSusétul ARG EGIce oFHifth @mbddimeRt 4o 2 =1

of the invention; FIGURE 12A is an illustration of a first sﬁgeg in thet of  the

operaadii bf thehapparstus BF RIEURE 11°FIGURE 1281 a‘leiWL?sl}ration of

a later step in the operation of the apparatus of FIGURE 11; 15 FIGURE
134 IR B BmHAICIIbStrAtion eFa Titst step in the operation of an

ST o I e e
ap%ﬂ%uggggggﬁg%EggA%he apparatus of FIGURE 4A;

FIGURE 4C is an illustration of a later stage in
the operation of the apparatus of FIGURE 4A;

FIGURE 4D is an illustration of a still later stage

10 in the operation of the apparatus of FIGURE 434;

FIGURE 5 is a diagrammatic illustration of the use
of the apparatus of FIGURE 4A in the conversion of
mixtures of alkanes to chemically related products;

FIGURE 6A is a sectional view diagrammatically

15 illustrating an apparatus useful in practicing a
variation of the embodiment of the invention iliustrated
in PIGURE 3;
_ FIGURE 6B is a diagrammatic illustratipn of the
utilization of the apparatus of FIGURE 6A;
20 PIGURE 7 is a diagrammatic illustration of an

apparatus useful in the practice of a variation of the

embodiment invention shown in FIGURE 37



20 FIGURE 15A is a diagrammatic illustration of a first step in the

WO@ﬁ%ﬁ‘/gﬁ?ﬁ? of an apparatus comprising a variation of the appgwmﬂ‘:” 002829
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illustrated in FIGURE 11; and WO 2006/019399 PCT/US2005/002829 -8
FIGURE 15B is an illustration of a later step in the operation of the
apparatus of FIGURE 15A. WO 20061019399 PCT/US2005/002829 -9

DETAILEE BESCRIPTION Ofe BHEINYENFIQN Theyyesentdventiore line
comprises zone reactors wherein three sequential chemical reactions
ocgug in sepaEtezones withiz: adingie vessel dp Zone koxygen 5 is
reacted with a metal bromide to form bromine gas and the corresponding
metal oxidecBranine gasdrom Zoae dg passes-toZonel2 where then  of  a
second chemical reaction occurs. In Zone 2 methane gas is introduced at
anciniprmediateppaint infthehessel Methiame reacts ®ithE0/the bromine
from Zone 1 to form methyl bromide and hydrogen bromide. The latter
gasses passima Zohe 3 iwhere this third=streatidal reattiorscaasesometiyi an
bromide and hydrogen bromide to react with metal oxide to form
methpaalntsmets Brdmide. WMethdmu lstemieiedan the 15 lijarigiasen of
by condensation and is recovered from the

the embodiment of the invention illustrated in FIGURE 37

FIGURE 11 is the diagrammatic illustration of an
apparatus useful in the practice of a fifth embodiment
of the invention;

FIGURE 122 is an illustration of a first step in
the operation of the apparatus of FIGURE 11;

FIGURE 12B is an illustration Qf a2 later step in
the operation of the apparatus of FIGURE 11;

FIGURE 13A is a diagrammatic illiustration of a
first step in the operation of an apparatus comprising a
variation of the apparatus illustrated in FIGURE 11;

FIGURE 13B is an illustration of a later step in
the operation of the apparatus of FIGURE 13A;

FIGURE 15A is a diagrammatic illustration of a
first step in the operation of an apparatus comprising a

variation of the apparatus illustrated in FIGURE 11; and



reactor vessel as a liquid. Excess gasses, mostly methane, are separated
wargeritiei¥covered methanol and are returned to the zone réf&XO/-aRM02829

with fresh methane. Metal oxide from Zone 1 is transported to Zone 20 3

where it proceeds from Zone 3 through Zone 2 to Zone 1 thereby

completing the cycle. WO 2006/019399 BCT/US2005/002529 -10 _

Reac“or%%éz‘&%e ]%%e endothermic, therefare; Jpeans to supplyReat o, 5y,

are provided. Zone AhdZoné 3 |nv<%1ve exothermic reactions; therefore,

means (0 remove heatare proyided . The sspagaiania! 20ngs is not

necessarﬁ)y a sharp” one since thiere is no physical barrier between zones.

Therefore, some overlap of reactions may occur. The important element,

however, is that all the oxygen is converted to metal oxide in Zone 1 so

that little or no 10 oxygen remains to react with methane in Zone 2. In

Zone 2 other bromides, i.e., higher brominated species, in addition to

methyl bromide may form and result in products other than methanol in

Zone 3, such as various ethers. Any by-products are separated from

methanol in 15 various isolation/purification steps. Any unreacted

methane in Zone 2 will pass through Zone 3 and be



W recg/cled in Zone 2. Other unreacted brominated species are returned to

3
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20

Y %ither for reaction or to suppress further formation oftR& HighEy002829
brominated 20 species by satisfying chemical equilibrium. WO
2006/019399 PCT/US2005/002829 -11 The zone reactor operates at
essentially atmospheric pressure and at temperatures up to about 750F.

ThepiiacipabagdyaniageevYenciveptienakipeiranel process lies in the
simplicity of the system. The zone 5 reactor achieves the synthesis of

methanolima single: yegsel wheteasttheconventiiopakprocesseguiresactors
multiple vessels to first produce synthesis gas followed by catalytic

reagtiemcfurthemiere thezenereastor epriates:at slighllyebe¥e occur in
atmospheric pressure whereas 10 the conventional process requires

presspresalie:toz200- atmaspheses: Aswill be appresiated by these:skilledxygen

in the art, the zone reactors of the present invention can be used with

ethase anddigheralkanes tanproglce cotespondingf dbralcohets,rethefss and

olefins, and other hydrocarbons. The zone reactor also has advantages

overlegemuli= steprpnodessyutitizingltheosame branimeichemisiey. ®nem Zone 1

advantage is that one step replaces several. In
passes toc Zone 2 wnere the second chemical reaction
occurs. In Zone 2 methane gas is introduced at an
intermediate point in the wessel. Methane reacts with
the bromine from Zone 1 to form methyl Dbromide and
hydrogen bromide. The latter gasses pass into Zone 3
where tThe third chemical reaction causes methyl bromide.
and hydrogen bromide to react with metal oxide to form
methancl and metal bromide. Methanol is converted to the
liguid phase by condensation and ig recovered from the
reactor wvessel as a liguid. Excess gasses, mostly
methane, are separated from the recovered methanol and
are returned to the zone reactor along with fresh
methane. Metal oxide from Zone 1 is transported to Zone

3 where it proceeds from Zone 3 through Zone 2 to Zone 1

thereby completing the cycle.



addition, bromine gas remains in one vessel and need not 20 be

wocmoglensed and re-vaporized. WO 2006/019399 PCTIUS2008{00R 8295412829
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Figure 1 shows a countercurrent system employing the zone reactor of
the present invention. In this embodiment gasses flow upward through a
bed of solids which is moving downwardil ©xygen is introduced at the 5

bottom of the vessel and reacts with a metal bromide tﬁg form bromine ﬁ%algore
and the dore8pdAGIAG Metal BRI, This t6p entaiRTégeNaration of the '

metal oxide, which was expended in Zone 3. B ogﬂnezfrorg Zgnea%‘id Zone 3
ProcEsys t& Zone RRMYerd Aftthaht Yad Iihtr6dhced” The methane

reacts 10 with the bromine to form methyl bromide and hydrogen
brémidel The FatidrtfoTyHSseS procksd p\/\}%\% 0] g S fregp Temove

ore;
oné‘3 where fresh
metal oxide reacts with these gasses to form methanol and metal

bréifirfe. ThE rBGETErafed-metal oxide from Zone 1 is returned to Zone 3
thereby completing the 15 cycle, The reaction in Zon requi 5
heat. If sof ¢ sﬁ%ﬁé&to%pﬁﬁl e %&&;@é Ypg sharp

_ _ azp%%?astus Is provide In"Zone 2 the_
e e A e
mq¥he:efore, some overlap of reactions may occur. The

important element, however, is that all the oxygen 1is
converted to metal oxide in Zome 1 so that little or no
oxygen remains to react with methane in Zons 2. In_Zone
2 other bromides, i.e., higher brominated species, in
sddition to methyl bromide may form and result 1in
products other than methancl in Z%one 3, such as various
ethers. Any by-products are separated from n@thanol.in
various isolation/purification steps. Any unreacted
methane in Zone 2 will pass through Zone 3 and be
recycled in Zone 2. Other unreacted brominated specles
afe returned to Zone 2 either for reaction or to

suppress further formation of the higher brominated

species by satisfying chemical equilibrium.



require the removal of heat; therefore, a suitable heat removal apparatus

WOSHRAIRASY. WO 2006/019399 PCTIUS2005/002829 - 13 THEFHie05/002829
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reactor of FIGURE 1 comprises a unitary vessel. Referring to FIGURE IA,
the zone reactor of FIGURE 1 may alsglcomprise a vessel having
multiple components which are secured one to another by suitable 5

fastenersyThis allgwssemoyaloficompongpis of the vesse! for dleaningially
and/or repair. Figure 2 shows a cocurrent system employing the zone

regglor concept.dn this sysiem gasses and soligs procaed fogetheris thabout

same direction. in addition the 10 solids are suspended in the gas flow in

a way, suchrthat the gasses transpett the=salidsThisemhodimenal methanol

combines the reaction steps with the physical movement of the solids.

The,chemical 1eagtion stepseare agpdeseribed fof Figire 2y5dihe zOhe zone

reactor of FIGURE 2 comprises a unitary vessel. Referring to FIGURE

2A; the-zone reastos ef FIGUIREs2ntay=al$e caniprisecaiwesdel having single

multiple components which are secured one to another by suitable

fasteneysi Thisallowsskemovaleof camponents ofithe 20vessekfor reguires

cleaning and/or repair. '
multiple vessels to first produce synthesis gas followed

by catalytic reaction. Furthermore the zone reactor
operates at slightly above atmospheric pressure wheraas
the conventional process reguires pressures up to 200
atmospheres.

As will be appreciated by those skilled in the art,
the zone reactors of the present invention can be used
with ethane and higher alkanes to produce corresponding
alcohols, ethers, olefins, and other hydrocarbons.

The zone reactor also has advantages over a multi=-
step process uwtilizing the same bromine chemistry. One
advantage :is that one step replaces several. In
addition, bromine gas remains in one vessel and need not

be condensed and re-vaporized.



Figure 3 shows a fixed-bed system comprising a third embodiment of the

woinw@niessdVhereas Figures 1 and WO 2006/019399 PCT/US2005/002829
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PCT/9820051002829 -14 2 describe continuous systems, Figure 3
descr_lbes a continual system. In the system of Figure 3 the metal
bromide/oxide solids remain fixed withinlthe vessel while gasses are

passed through the_ vessel. The 5 ti tep i ; : _
by reversing th& flow of 3B%Es tﬁr(;i%%gfi oy 8}153%% Isccarsréggt%% Iné?tlld%q_%ylng

e system. The steps involve

and the order in which they are performe cri in. Figure 3. ThiS +p
m5§‘§of 588l%tioﬁeda|§tﬁﬁc§rl}/isr?e%s itéEe byggséc)%dgﬁg mg\%d‘rrnéglng%&éélidsﬂ- Igs chie
in the embodiments of 10 Figures 1 and.2. |n aqditi y carefully setti (d
thé Si8I5 Bt ea%?lss?ee& thgjlh%‘glt g%eer%t%d ir(1ill Zgﬁggg agnd%?%EJ Jé{an be g%oll °

least parially algued 16 eiss (e, Iempeialyis gf e be Theguuben at. e

movi
flo versed and Egne ecomes Zoneé 1, the heat stored in the

solids can 1%?6%59 19 provide the reactionheat peedediaZonedsdide to

this way the Qverall effect is a direct transfer of heat from the exothermic

.Zor’cl%;tt:?nt!}?rzo%%\gh%rgét iénﬂeeg‘?éj WM@Q@Q&%@U%&@l oxide. This

intermediate step such as steam generation. However, since the heat

geg%%ede%%&%%nefe%gﬂg§§§:U!S%|y(tﬁb%ﬁéeaﬁ%ﬁﬁa;n that de, which was
expended in Zone 3. Bromine from Zone 1 proceeds to Zone
2 where methane gas ig introduced. The methane reacts
with the bromine to form methyl bromide and hydrogen
bromide. The latter two gasses proceed upward to Zone 3
where fresh metal oxide reacts with these gasses to form
methanol and metal bromide. The regenerated metal oxide
from Zone 1 is returned to Zone 3 thereby completing the
cycle.

The reaction in Zone 1 may regquire heat. If so, a
suitable heat supply apparatus 1is provided. In Zone 2
the reactions are exothermi;. Heat from the Zone 2
reactor is allowed to raise the temperature of the
gasses formed. Zone 3 involves reactions that may

reguire the removal of heat; therefore, a suitable heat

removal apparatus is provided.
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needed in Zone 1, it may still be necessary to remove some heat from the
SN0 2006/019399 PCT/US2005/002829 -15 The zdife fESHbTHRE2
FIGURE 3 comprises a unitary vessel. Referring to FIGURE 3A, the zone
reactor of FIGURE 3 may also compris? a vessel having multiple
components which are secured one to'ar?o“ther by suitable 5 fasteners.

This allows, kemgyal of companentsof thesyessehforeaningand/gr unitary

repair. Referring to FIGURE 14, the zone reactor of the present invention

may.alse compriseseparale vessels: ddiilization of separaienesselstotor of
define the zone 10 reactor allows the use of pumps to control the pressure

at whighkthe reaction withis achvinsividual vesseb dakeas placei bigilizatidrriple
of separate vessels also allows the use of valves to prevent outflow from

a padisylavessehunththereaciionibetinhas heeraifcampleted and table
to thereafter facilitate transfer of the action products to the next zone. The

physical-sepasation afitbe chamisakspeeiesvioimedtduringoperation obf the
the zone reactors disclosed herein is accomplished by conventional
meadsswith 20-valuable jptgdacts and byeproducts recovered and other

FPigure 2 shows a cocurrent system employing the
zone reactor concept. In this system gasses and solids
proceed together in the same direction. In addition the
solids are suspended in the gas flow in a way such that
the gasses transport the solids. This embodiment
combines the reaction steps with the physical movement
of the solids. The chemical reaction steps are as
described for Figure 1.

The zone reactor of FIGURE 2 comprises a unitary
vessel. Referring to FIGURE 23, the =zone reactor of
FIGURE 2 may also comprise a vessel having multiple
components which are secured one to another by suitable
fasteners, This allows removal of components of the
vessel for cleaning and/or repair.

Figure 3 shows a fixed-bed system comprising a

third embodiment of the invention. Whereas Figures 1 and



useful species returned to the appropriate zone for conversion or

WOSHRSHAERSH of chemical equilibrium. WO 2006/019399 PCT/US2005/002829
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PCT/US2005/002829 16 Referring to Figure 4A an apparatus 20 is
diagrammatically illustrated. The appa[altﬂs_ 20 comprises an imperforate
cylinder 22 formed from an appropriate metal, an appropriate polymeric

materigl, & 5:00th. Theeyhndar22 Bas clased ends@A-and 26. describes a
passageway 28 extends through the end 24 of the cylinder 22, a

passagema30 extends thrayghihe end 26 ohthercylinge22, andcde metal
passageway 32 extends to the central portion of the cylinder 22 between

the,engls 34 apd26: 10:theienf. Thempparatys Redurthergomprisase filgtssel
zone 34 which is initially filled with metal halide. A second zone 36

locatechat theygppesite end:of the: eylingder 22 fromgizone: 84 is initialyefilled The
with metal oxide. A 15 third or central zone 38 which is centrally disposed
betweemthedirstzonet34antkthe seeandizane:36iia ipilialleenpty. reversing
Referring to Figure 4B, a first stage in the operation of the apparatus 20 is
shewe. @xygencdr ajh 26sis dhresteshintaithedipsttzane Zhihraugiptheinvolved

opening
and the order in which they are performed are described
in Figure 3. This mode of operation distinguishes itself
by avoiding movement of sclids as in the embodiments of
Figures 1 and Z. In addition, by carefully setting the
duration of each step the heat generated in Zones 2 and
3 can be at least partially allowed to raise the
temperature of the bed. Then, when flow 1g reversed and
Zone 3 becomes Zone 1, the heat stored in the sollds can
be used to provide the reaction heat needed in Zone 1.
In this way the overall effect is a direct transfer of
heat from the exothermic zone to the =zone where it is
needed without geing through an intermediate step such
as steam generation. However, since the heat generated
in Zones 2 and 3 i; likely to be greater than that
neaded in 2Zone 1, it may still be necessary to remove

some heat from the system.



28. The oxygen or the oxygen from the air reacts with the metal halide to

W%?%ﬁﬂ@é’ etal oxide and halide. The WO 2006/019399 PCT/US2005/002829
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PCT/US2005/002829 -17 halide flows from the first zone 34 into the
central zone 38. Simultaneously with the introduction of oxygen or air
into the first zone 34 through the opening 28, a 5 selected alkane is

directed intedhe; cepntral-zane 38 thequghr thgsepening ZmYithinthea unitary
central zone 38 halide reacts with alkane to produce alkyl halide and

hydregen halide xEve alkyhbalide anditberydregen tialidezpass frometheor of
central zone 38 to the second zone 10 36. Within the second zone 36 the

alkyriralicle and the yhydrogen halige reaet with metabexidentosproducenl tiple
products which are recovered through the passageway 30. The reaction
withisrthersecond zane 36 atso preducesd 1ometd halide.tReferring teuitable
Figure 4C, the foregoing reactions in the first zone 34, the central zone

38, fankthessecond  Zonies 36adontinee urginsubstantially alimgfehemistal of  the
halide that was originally in the first zone 34 has been 20 converted to

meted oxigle. Simultireausly, subdtantiathepair.

Referring to FIGURE 14, the zone reactor of the
present invention may also comprise separate vessels.
Utilization of separate vessels to define the zone
reactor allows the use of pumps to control the pressure
at which the reaction within each individual vessel
takes place. Utilization of separate vessels also
allows the use of wvalves to prevent outflow Ifrom a
particular vessel until the reaction therein has been
completed and to thereafter facilitate transfer of the
action products to the next zone.

The vphysical separation of the chemical speciles
formed during operation of the zone reactors disclosed
herein is accomplished by conventional means, with
valuable products and by-products recovered and other

useful species returned tc the appropriate =zone for

conversion or satisfaction of chemical equilibrium.



all of the metal oxide that was originally in the second zone 36 is

WCHearEd%o metal halide. At this point the WO 2006/019399FCT/US2005/002829
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PCTIUS2005/002829 -18 reaction is stopped and the central zone 38 is
_evacuated_. The next stage in the operation of the apparatus 20 is
illustrated in Figure 4D. The reactions dekeribed 5 above in conjunction in

conjunction with Figure 4B are now reversed, with_oxygen or.air pbeing
admitted %hELedAd zdite 36 thibiidh thg %pen?r% 30??%%%&%5; or20 ®

oxygen from the air reacts with the metal halide in the,secon

pr %@lﬁ%.lﬁ‘ﬁ' & hnd ?r?@tgl oxiargﬁfﬁrgi&%%de from tr?eﬁ%act%g?i)n%%hgegﬁg ‘
second zone 36 passes.to_the.central zon re if yea ith,al
Leccéﬁf%lrfh?gﬁgh fie oﬁénﬁﬁé%%rt%%&odﬁf% jﬁ%?ﬁali eéan%térfleac%%g:fggm
alide. Alkyl halide and_hydrogen hali I I jthi :
corfPi SN bASSod 15 A el 15 e 34 whero thoy Jomat with s 27

mefel,oide copiained, fhgrgin to prodice producLandmetdl halidgnihere.
u

reactions continue until substantially all of the metal halide in the second

égir:ﬁ?a%%fﬁ%%%agﬁggftsﬂé%ﬁfa%takﬁéigsgqndé@sma@a alhef theametal i ndex

e irst zone 34 has been converted to metal halide at
22, a passageway 30 extends through the end 26 of the

-

o

i)

It

cylinder 22, and a passageway 32 extends to the central
portion of the cylinder 22 between the ends 24 and 26
thereof.

The apparatus 20 further comprises a first zone 34
which is initially filled with metal halide. A second
sone 36 located at the opposite end of the cylinder 22
from zone 34 is initially filled with metal oxide. iy
third or central zone 38 which is centrally disposed
between <the first zone 34 and the second zone 36 1is
initially empty.

Referring to Figure 4B, a Iirst stage in the

operation of the apparatus 20 is shown. Oxygen or air

20 is directed into the first zone 34 through the opening

28. The oxygen or the oxygen from the alr reacts with

the metal halide to produce metal oxide and halide. The



which time the apparatus 20 is returned to the configuration of Figure 4A.

WORPREBGAL the central WO 2006/019399 PCT/US2005/0028587Uaa93/pes2
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38 is evacuated and the above described cycle of operation is repeated.
Referring to Figure 5 there is shown an apparatus 40 useful in the
practice of the third embodiment of the 5’invention as illustrated in Figure

3 and degcribed hereinapgverip conjundtion therewithy Magy of thge  centra)

component parts of the apparatus 40 are identical in construction and
fungtiea tagomponent parts of the apparatus 20 illustrated in Figures
4A-4B, inclusive, 10 and described hereinabove in conjunction therewith.

Such idenficah cempenertpartyare degignaigd-indtigure; orwiththe-samen or
reference numerals utilized in the foregoing description of the apparatus

205 The apparatus 40 eamprisesdifst and seconshdh cylindersAhand 448, a
The cylinders 42 and 44 are each identical in construction and function to
theseylindee 2 iiListrated s Figures 4A=4D, inclasiveh and-geserdbed zone 38
above in conjunction therewith. The cylinder 42 receives a mixture of

alkenesyuigsluding methanen 20 ethane, prapane; etchéhraugh-thel =zone 38
opening 32 thereof.
halide reacts with alkane to produce alkyl halide and
hydrogen halide. The alkyl halide and the hydrogen
halide pass from the central zone 38 to the second zone
36.

- Within the second zone 36 the alkyl halide and the
hydrogen halide react with metal oxide to produce
products which are recovered through the passageway 30.
The reaction within the second zone 36 also produces
metal halide.

Referring to Figure 4C, the foregoing reactions in
the first zone 34, the central zone 38, and the second
zone 36 continue until substantially all of the metal
halide that was originally in the first zone 34 has been
converted toc metal oxide. Simultaneously, substantially

all of the metal oxide that was originally in the second

zone 36 1s converted to metal halide. At this point the



The several reactions that occur within the cylinder 42 produce products

w@apehanethane which are initially WO 2006/019399 PCT/US20B5/0028@9/662829

5

10

15

20

-20 recovered through the opening 30. The methane resulting from the
reactions which occur within the cylinder 42 is separated from the
products resulting from the reactions withfh-the 5 cylinder 42 by
conventional techniques_such as distillation, The metl—g;me is then direct
intd 7" Ty fiRder %3 thrdogRT% opeEHilﬁg 35 hereof Withiti the gcc))}i}iﬁder§g
44 the methane is converted to products utilizing the same reactions
desec‘ﬁ%%‘éaécﬁ?oc%/'e in 10 conjunction with the apparatus 20. Products

resulting d&rom the reactions occurring within linder 44.are Jnitially, "
recovere t%?ou%%xt%esppaé%?ngléb tn}g?ec{)g ; %é%%llg%e Sﬁger%srt%éodégé rue 20
reference, n {he foregoing, desgripton of he opgrglion.albe Apparaliocr ibea
20,715 operation o the allp.parat IS continues until substantially all of the
metgl halide {hat wa u?{@&g%!y in the firstzanes 34-0f fhe cylindersA2 45 are

and 44 has been converted to metal oxidé and until substantially all of

the metal ox| Qrigi ' ;
Cyliﬁggrsa%és}g% d%%} ,\r'lvsflovf@m@ﬂx;&@ﬂn the second,zangs 36@ftheed to the

second zone 36 through the opening 30. The oxvgen or

ig

oxygen from the air reacts with the metal halide in the
second zone 36 to produce halide and metal oxide. The
halide from the reaction in the second zone 36 passes to
the central zone 38 where it reacts with alkane received
through the opening 32 to produce alkyl halide and
hydrogen halide. Alkyl halide and hydrogen halide from
+he reaction within the central zone passed to the first
zone 34 where they react with the metal oxide contained
therein to produce product and metal halide. The
reactions continue until substantially all of the metal
halide in the second zone has been converted to metal
oxide and substantially all of the metal oxide within
the first zone 34 has been converted to metal halide at
which time the apparatus 20 is returned to the

configuration of Figure 4A. At this point the central



been converted to metal halide. At this point the direction of flow through

WQTSEARHE s 42 and 44 is WO 2006/019399 PCTIUS2005/0FEF7052485/002829
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reversed. That is, oxygen is directed into the cylinders 42 and 44 through
the passageways 30, products and methgne are recovered from the
cylinder 42 through the passageway 28,"and products are recovered from

the z5gylingler 44 theanghtheassageway £8 JRefesringde Hawe b s vele of
there is shown an apparatus 50 useful in the practice of a variation of the

third pembedimentof the éneation as illustrated in Figure 3 and described
hereinabove in conjunction therewith. 10 Many of the component parts of

the apparatas &frdregsubstaniigiy-idertticakineonstsucipa@nd &nctignpicatus

component parts of the apparatus 20 illustrated in Figures 4A-4D,

inclésive satia desceribgdeharemabove ino Lonjuaction therewithbaSuemt of the

substantially identical 15 component parts are designated in Figures 6A

andieB withi the same reldrente nuaeralsrutilizédrabeve in thend  described

description of the apparatus 20 but are differentiated there from by means

of ahprimer(designation. The apparatos 50'differs\iom the apparatus 20 the

of 20 Figures 4A-4D, inclusive, in that the cylinder 22' of
component parts of the apparatus 40 are identical in
construction and function to component parts of the
apparatus 20 illustrated in Figures 4R-4B, inclusive,
and described hereinabove in conjunction therewith.
Such identical component parts are designated in Figure
5 with the same reference numerals utilized in the
foregolng description of the apparatus 20.

The apparatus 40 comprises first and second
cylinders 42 and 44. The cylinders 42 and 44 are each
identical in construction and function to the cylinder
22 illustrated in Figures 4A-4D, inclusive, and
described above in conjunction therewith. The cylinder
42 receives a mixture of alkanes, including methane,
ethane, propane; etc., through the opening 32 thereof.

The several reacticons that occur within the cylinder 42

produce products and methane which are initially



the apparatus 50 includes additional zones 52 and 54 therein. Each of the

woZanes1z»and 54 receives a WO 2006/019399 PCT/US2005a028250282829
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catalyst the function of which is to facilitate coupling of the alkyl halide
molecules produced by the reaction occurring within the central zone 38

thereby producing products comprisingigher numbers of carbon atoms
than 5 would otherwise be the case. Preferably the catalyst that is
CONENATE WRRIN-hE A He s B ar® 83589 Slected zeolite. However, the

catalyst received within the zones 52 and 54 may a’ilslo cor%";gris a rrqetal which
halide/oxFRE If &FebAHalidefiokide s ¥ploy €8 10 Within 1€ Zones 52

and 54, it preferably comprises a , different metal halide/oxide as .
coffpftdd withthé metd? Shalfteroxtas fhat{é utiiZed FERaZones 3d &g ¢
o aoEern o PPl S0 pccesgs HenlEall 1 L SPEICA <o
Az 2ones 2 410 S selies b oL e AR .
T R Rt e L
cylinder 44 through the oﬁening 32 thereof. Within the
cylinder 44 the methane is converted to products
utilizing the same reactions described above in
conjunction with the apparatus 20. Products resulting
from the reactions occurring within the cylinder 44 are
initially recovered through the opening 30 thereof.

As will be understood by reference to the foregoing
description of the operation of the apparatus 20,
operation of the apparatus 40 continues until
substantially all of the metal halide that was
originally in the first zones 34 of the cylinders 42 and
44 has been converted to metal oxide and until
substantially all of the metal owxide that was originally
in the second zones 36 of the cylinders 42 and 44 has

peen converted to metal halide. At this point the

direction of flow through the cylinders 42 and 44 is



i ures(3 and described hereinabove in conjunction therewith. The
P&t and operation of the WO 2006/019399 PCT/USB665/582824252

-23 apparatus 60 is similar in many respects to the construction and
operation of the apparatus 50 as shown é? Figures 6A and 6B and
described hereinabove in conjunction th&tewith. 5 The apparatus 60
compysss.aarrel 62having aplurallyeisylindess 4 maunted thergigo  che
The cylinders 64 are imperforate except that each cylinder 64 has a
cenital poflan;6§ whighds perforated, Hkanes ikpeeiveda e barrekizoduct s
through an inlet 68 and 10 passes from the barrel 62 into the cylinders 64
thrugh the-perierations copyyisingLthe podians 66 theyeafndehe 42 through
pressures of the alkane within the barrel 62 is maintained high enough
sughbatalkane daws inte theagyingars fdowhilegrreverdngthe egtflowon  the
of reaction 15 products therefrom. The cylinders 64 of the apparatus 60

s aredyrther diusirated incigurec A A tndlicededralbovs, each cylinder 64 is
imperforate except for the perforated portion 66 thereof. The cylinder 64
has end walls £8:20gnd 70 Bityated atthe apposite endsithersokEaghfiratus

F
Wk

50 useful in the practice of a variation of the third

embodiment of the invention as i1llustrated in Figure 3

and described hereinabove in conjuncticon therewith.

10 Many of the component parts of the apparatus 50 are

substantially identical in constructien and function to

component parts of the apparatus 20 illustrated in

Figures 4A-4D, dinclusive, and described hereinabove in

conjunction therewith. Such substantially identical

15 component parts are designated in Figures ©A and 6B with

the same reference numerals utilized above in the

description of the apparatus 20 but are differentiated
there from by means of a prime (') designation.

The apparatus 50 differs from the apparatus 20 of

20 Figures 4A-4D, dinclusive, in that the cylinder 227 of

the apparatus 50 dincludes additional zones 5Z and 54

therein. Each of the =zones 52 and 54 receives a



the end walls 68 and 70 is provided with an oxygen or air receiving

wopmesagenay 72 and a product discharge WO 2006/019399 PCT/US2005/002829

PCP/US2005/002829 -24- passageway 74. Each cylinder 64 comprises a

first zone 76 which initially contains metal halide and a second zone 78

which initially contains metal oxide. A thigd er 5 central zone 80 receives

halide through the perforations comprising the perforated portion 66 of ,
thec@ImdEF B4 FrendeBo tdite @ beliledrthd Toh8s 78Ght 7@ te coupling
respectively, and the zone 80 contain a catalyst. The catalyst ¢

. ontained _
withif théSorfer 82 1 0 e b ESMBHSES a BERBRT L bofie. f‘rlbee reaction

catalyst may also comprise a metal halide/oxide. If employed, the metal
halffefoRide o7 thaZdmes 894§ pleterabia Zd‘ﬁ%eerer?fér?\et )(‘I%I

compared with the metal .halide/oxjde com ﬁr'géggghegonegg%gnd 78. 15
OpBAtOHGFth & 8PP arhtdd 8o & Stibetantiaiy’ S

the apparatus 50 as. illustrated iggiggrese6A angr6erggg gfscripﬁg

telodte 557179

Of rHhon atoms. than
entical t6 the operation of

lyst
5 her&frtabove i Gonjdiction thereiith “O%Jgen or aif s initially directed atalys

10

15

inta the, cylinder 64, thraugh fhe, 2 passageyay 72,0 yoen ey 15 a
(0)4Y} Aromthe air

selected zeolite. However, the catalyst received within
the =zones 52 and %4 may also comprise a metal
halide/oxide. If a metal halide/oxide 1is employed
within the =zones 52 and 54, it preferably comprises a
different metal halide/cxide as compared with the metal
halide/oxide that is utilized in the =zones 34 and 36.
Operation of the apparatus 50 proceeds identically to
the operation of the apparatus 20 as described above
except that the presence of a catalyst in the zones 52
and 54 facilitates coupling of the alkyl halide
molecules produced within the zone 38 to products.
Referring now to Figures 7, 8, and ¢, there is
shown an apparatus 60 useful in the practice of the
third embodiment of +the invention as illustrated in
Figures 3 and described hereinabove in conjunction

therewith. The construction and operation o©f the



reacts with the metal halide within the zone 76 to produce halide and

WQI84{%%d8. The halide passes into WO 2006/019399 PCTUS2005/002829

PCT/US200S/002829 25 the central zone 80 where it reacts with the

alkane therein to produce alkyl halide and hydrogen halide. The alkyl

halide and hydrogen halide pass througt¥the catalyst within the zone 82

which facilitates coupling 5 of the molecules comprising the alkyl halide

intd PRGIEEUTBS ha\éij(rgg Igrsger ﬁ&%ﬂ%%%lof c%t?bon“%t%%s. Jfﬁépr%cdlrggento the

halide and the. now-coupled alkyl halide next jpass into the zone where
nc pled alky 8 ¢

the%?/%?od:eancﬁél?dje ant c%ﬁ%le% a{ll?yrf hélide TeactWith tHe metal oxids shown

therein 10.to produce.product and water. The product and the water are .
recé%erégjfg&?ﬁgt ef;SllEi{ndé;} 4thgr§ﬁgha{h% om?t?aest 74, Cgfg}gécﬁ%aa ove An

proggﬁén%%er%%%@fsutmié §g9?@ﬂti3”y all of the metal halide within the zone

761scC o metal oxide and substantially all of the metal oxide

sin the Zongy(8 isa c\ffzgt@wgstp r@@talctb%c?fiéégﬁsa p%@ﬁ@%ﬂir%\’}ior}ﬁfv' ng a

10

20

flow through the cylinder 64 is reversed with oxygen or air being receive

thr €3 ppening: 72 gé}i‘fn%éo ofdhe cylinder 4 andprodugts 20 pyye

and water being recovered through the opening 74 formed
cylinders 64 are imperforate except that each cylinder

64 has a central portion 66 which is perforated. Alkane
is received in the barrxel 62 through an inlet 68 and
passes from the barrel 62 into the cylinders 64 through
Lhe perfoxa‘tions comprising the portiong 66 thereof.
The pressures of the alkane within the barrel 62 is-
maintained high enough such that alkane flows into the
cylinders 64 while preventing the outflow of reaction
products therefrom.

The cylinders 64 of the apparatus 60 are further
illustréted in Figure 9. As indicated above, each
cylinder 64 1is imperforate except for the perforated
portion 66 thereof. The c¢ylinder 64 has end walls 68
and 70 situated at the o¢opposite ends thereof. Each of
the end walls 68 and 70 is provided with an oxygeh or

air receiving passageway 72 and a product discharge



in the end 68 of the cylinder 64. Referring to Figure 10, there is shown an

WOappeinatazsWO 2006/019399 PCTIUS2005/002829 -26 90 ud€fuftin2fies/ao2829
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practice of the third embodiment of the invention as illustrated in Figure 3
and described hereinabove in conjunction therewith. The apparatus 90
comprises the barrel 92 having a heat tré@dsfer fluid 94 5 contained
therein. The barrel 92 further comprises a bromination manifold 96
sitiit8d 2¥B1E enlithereof and a pair of oxygen receiving /product

discharge manifolds 98 and 100 situated at the oppg%ite end thereof7% whi eh
baffle 102XRTentrAIl dE55sed WithiRTHE “TFBarrel 925 2 plurafif of

tubular passageways 104 are situated on.one side of the baffle 102 and
extéﬁﬁitpﬁ n %’8%@?1 ré%eemsrg/ %%%Jgtedis%ﬂgrgg mgﬁi?&aé%zone 78

and the brominatiaon anifoldgg. %E)Iuralit of .tubular assageways :l,%6
) . ) T d or

extBAd BRowadh le‘ﬂa‘rﬁ;:'l%a?ﬁ|f0f%10 *5*%nd %getr%%inlfcﬁéjl 0 The tibes 104
are initegy packed wifh metal. ballde. OX/088 oL AL SnfgcelMel BNG oracsons
mahniold through a'passageway 103. The oxygen of the oxygen from
the@'&?%é%ﬁ% the meé%l? Al Sé’é‘é\?'” e WBES 484 20 1QPLOAUCE: nder 64.
hallde &nd metal oxide. ‘Halide flows from

7ones 82 located between the =zones 76 and 78,

respectively, and the zone 890 conﬁain a catalyst.

The catalyst contained within the zone 82
preferably comprises a selected zeolite. The catalyst
may also comprise a metal halide/oxide. If employed,
the metal halide/oxide of the zones 82 is preferably a
different metal halide/oxide as compared with the metal
halide/oxide comprising the zones 76 and 78.

Operaticon of the apparatus 60 is substantially
identical to the operation of <the apparatus 50 as
‘illustrated in  Figures 64 and 6B and described
hereinabove in coniunction therewith. Oxygen or air 1is
initially directed into the cylinder €4 <through the
passageway 2. The oxygen or the oxygen from the air

reacts with the metal halide within the zone 76 to

produce halide and metal oxide. The halide passes into
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th{e t‘ube% 104 into the manifold 96 where it reacts with alkane which is
BC&VEEh the manifold 96 through a WO 2006/019399 ~ PCT/US2005/002829

PCT/US2005/002829 -27- passageway 110. The reaction of the halide
with the alkane within the manifold 96_%)guces alkyl halide and hydrogen
halide. The tubes 106 are initially filled with metal 5 oxide. The alkyl halide

and the hydrogen halidg.resutingyfeon theyeagtion-within, theymanitold Bbcane
pass through the tubes 106 thereby converting the metal oxide contained

therein to metabhalideand-produsing preducts: Thewprodigisaien  halide.
received in the manifold 100 10 and are recovered there from through a

paggageway,1121As indicatediaboyerthefeaction hetweensthe oxygeryh the
or the oxygen from the air and the metal halide may be endothermic.
Convesselyithefeaction ehthe allkyd halidevand-the ydrogenaiadisle wathpling
the metal oxide may 15 be exothermic. It is also possible that, under
cegain tlieumsianees; tbe oxication 0f they metaldalidé isyan éxathietenic into
reaction and/or that the halide/metal oxide reaction is endothermic. The
heattransfes Huith &4 iwithin thesbarrel @@ftovvs ardunddhebafflei0Rsas The
20 indicated by the arrows 114 thereby transferring heat
hydrogen halide and the now-coupled alkyl halide next
pass inte the =zone 78 where the hydrogen halide and
coupled alkyl halide react with the metal oxide therein
to produce product and water. The product and the water
are recovered from the cylinder 64 through the outlet
T4.

The foregoing process continues until substantially
all of the metal halide within the zone 76 1is converted
to metal oxide and substantially all of the metal oxide
in the zone 78 is converted to metal halide. At this
point the direction of flow through the cylinder 64 is
reversed with oxygen or air being received through the
opening 72 in the end 70 of the cylinder 64 and products
and water being recovered through the opening 74 formed

in the end 68 of the cylinder 64.

Referring to Figure 10, there is shown an apparatus



between the exothermic reaction and the endothermic reaction and in this
womasmaeeeach achieves thermodynamic WO 2006/019399  PCT/US2005/602829

PCT/US2005/002829 -28- equilibrium. The reaction of the oxygen or the

oxygen from the air with the metal halide within the tubes 104 continues

until substantially all of the metal halide Kas been 5 converted to metal

oxide. Similarly, the reaction of the alkyl halide and the hydrogen haljde

N

withtheFfétat ohite-Rithin TS titiss 106 Eotftinbes iStpRttally &1° =
eSO BHw Hrbugh 181 Datut 00 & 18VSed Wit geRar L7
e dtvERA g b ReRAbEY L0 IREETHG 18 Figule 1T P T °°
i PR n A ROr TG i enla St uctred in POt 3 apd 1ot o
5 ncHea Bromita e Shambel 192 AR cided Lt hest asd SSear®
A b o Sy Eitond 8. Aaaled S0 2ORRCUNElY ERRYEB: ana
a pair of oxygen receiving/product discharge manifolds

98 and 100 situated at the oppesite end thereol.
2 baffle 102 is centrally disposed within the
10 barrel 92. A plurality of tubular passageways 104 are
situated on one side of the baffle 102 and extend
between the oxygen receiving/product discharge manifold
98 and the bromination manifold 96. A plurality of
tubular passageways 106 extend between the manifold 96

15 and the manifold 100.

The tubes 104 are initially packed with metal
halide. Oxygen or alr is received in the manifold 98
through a passageway 108. The oxygen or the oxygen from
the air react with the metal halide within the tubes 104
20 to produce halide and metal oxide. Halide £flows from

rhe tubes 104 into the manifold 96 where 1t reacts with

alkane which is received in the manifold 96 through a



through a passageway 132 into the portion 124 of the chamber, or directs

Wthéj% \/V products outwardly from WO 2006/019399 PCT/US2005/002829
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PCT/US200S/002829 -29 the apparatus 120 through a passageway 134.
Oxygen or air entering the apparatus 120 through the passageway 132
and the valve 130 passes through a passdgeway 136 into a chamber 138
whi gé'r%igglgﬁg tains metal 5 halide. Within the chamber 138 the oxygen
or the oxygen from the air reacts with the metal halide to produce halide

and metal-gxide  Halide passes froguthe chapber, 188 thrgugha yvane within
passageway 140 into the portion 124 of the chamber 122. 10 Alkane is

receiyed inihe partion k24 otthe ychamaber,h22 through a passageway ydrogen
142, a valve 144, and a passageway 146. Within the portion 124 the

alkang feacts with halidgproduced by the reactionvithincthe: ebamhen wetal
138 to produce alkyl halide and hydrogen halide. 15 As the reaction

congnties the alkyhhalidg mnghthe rhydiegen halide force the pistendz8 thalide
move rightwardly (Figure 11) . This process continues until all of the
metakbalide withintbe chamber:l3f-has.becn-ednvetind taanataboydes pass

and the piston 128 has been forced to the 20 extreme right hand end

(Figtine ddyof theechamlker 1226 thereby converting the metal oxide
contained therein to m@talb halide and producing
products. The products are received in the manifold 100
and are recovered there from through a passageway 112.

As indicated above, the reaction between the oxygen
or the oxygen from the air and the metal halide may be
endothermic. Conversely, the reaction of the alkyl
halide and the hydrogen halide with the metal oxide may
be exocthermic. It is also possible that, under certain
circumstances, the oxidation of the metal halide is an
exothermic reaction and/or that the halide/metal oxide
reaction 1is endothermic. The h@ét transfer fluid 94
within the barrel 82 <£lows around the baffle 102 as
indicated by the arrows 114 thereby transferring heat

hetwsen the exothermic reaction and the endothermic

reaction and in this manner each achieves thermodynamic



At the beginning of the procedure just described the portion 126 of the

wockhmamos®22 was filled with alkyl WO 2006/019399 PC [U52803/06 282862829
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-30 halide and hydrogen halide. As will be appréciated by those skilled in
the art, the presence of alkyl halide and hydrogen halide in the portion
126 resulted from a flow of oxygen or aif ough a passageway 148, a
valve 5 150, and a passageway 152 into a chamber 154 which was
initE@Y Filldd Wit metal halide. Reaction of the oxygen or the oxygen from

the air witly the metal halide (p}go%tgggd O%%%ee%ndolpe@il}gxigf;q%haﬂiggm the

h
flowed throughraeﬁacssageway 156 Into theportion 126 of the amber

122 wh lid ted,with, : | continues
v e e Jlgiefeaceopdhalens (rashedibrowgilieros cont

way alve 158, and a passageway 160. Within the

portion 126 gngn} r, 122 the halide reacted witththe alkape tonas been
pro\éﬂ‘géglk;%ﬁ%ﬁf e ang%y(%rogen halide. The production of alkyl 15

halide and hydro halide yithin the portio 126 efithe chambert2Ztion of

continued until substantially the entire content of the chamber 154 was

converted from metal ; halidg ta mefal oxider Beferring paicularlyto the metal

Figure 12A, rightward 20 movement of the piston 128 forces the alkyl

I“mgﬁfﬁg within the tubes 106 continues until substantially
211 of the metal oxide has been converted to metal
halide. At this point the direction of flow through the
apparatus 90 is reversed with oxygen or air being
received through the passageway 112 and products being
recovered through the passageway 108.

Referring to Figures 11, 12A, and 12B, there 1is
shown an apparatus 120 which is useful in the practice
in the third embodiment of the invention as illustrated
in Figure 3 and described hereinabove in conjunction
therewith. The apparatus 20 includes a bromination
chamber 122 which is divided into first and second
portions 124 and 126 by a plston 128. A valve 130
selectively controls the flow of oxygen or alr received

through a passageway 132 into the portion 124 of the

chamber, or directs the flow of products outwardly from



the hydrogen halide outwardly from the portion 126 of the chamber 122

WQRPBHIGI T8 passageway 156 into the WO 2006/019399 ~ PCT/US2005/602829

5

10

13

PCT/U52005/002829 -31 chamber 154. At this point the chamber 154 is
filled with metal oxide. The alkyl halide apd the hydrogen halide from the
portion 126 of the chamber 122 react with the metal oxide in the chamber

154 i praguea-aphieduct @nd waiek he produetangiwater pass thtoughen or
the passageway 152, the valve 150, and a passageway 162 and are
recoyerecdiWben the piston 4@84hasreachéd the righthghd ehat: opthesageway
chamber 122, substantially all of the alkyl 10 halide and hydrogen halide
havesbeearfdrcedhoutwafthe padion £26 séthe chambehn 122 arscbhageway 136
been converted to product by reaction with metal oxide within the

chambier 154. Atthagipeint substantidllycall of the. troefal pxidecwithintise metal
chamber 154 has been converted 15 back to metal halide. The positioning

of the Vahie. 150 istielersdtethebeybadmitting oxXygenxy @@ninterthehe oxygen

chamber 154 through the passageway 148, the valve 150, and the

passagmwdyEs 2 aMean@hild, thevgdsitioning ofeeienalvenldgiss likewigeroduce

reversed thereby facilitating 20 the recovery of product resulting from the

reabfigi-gf and metal oxide. Halide passes from the chamber
i38 through a passageway 140 into the portion 124 of the
chamber 122.

Alkane is received in the portion 124 of  the
chamber 122 through a passageway 142, a wvalve 144, and a
passageway 146, Within the portion 124 the alkane
reacts with halide produced by the reaction within the
chamber 138 to producé alkyl halide and hydrogen halide.
As the reaction continues the alkyl halide and the
hydrogen halide force the piston 128 to move rightwardly
(Figure 11). This process continues until all of the
metal halide within the chamber 138 has been converted
to metal oxide and the piston 128 has been forced to the
extreme right hand end {(Figure 11) of the chamber 122.

At the beginning of the procedure Jjust described

the portion 126 of the chamber 122 was filled with alkyl



the alkyl halide and the hydrogen halide within the portion 124 of the

wOclaérihesys22 with the metal oxide WO 2006/019399 PCTIUS2005082823829
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20

-32 within the chamber 138. Thus, the process is continuous with the
piston 128 moving back and forth within the chamber 122 to force
previously produced alkyl halide and hy%ﬂdgen halide outwardly through

O oAt Gpnedn lherasseciated chamber 190 AgiddOiaced by

igures 13A and 13B, there’is shown an

apparatus 170. All of th f .
idegﬁl‘éﬁfeto %5&@0%%nt]§%0(1:‘%~1ﬁe%28§ ép%’ o tg&mtu%y%%%’l halide

pparatus 120 as illustrated in Figures

L1120 ang A8 and descrived harginabayedn GonugiopaIaniin. £ron o

e componeént parts are identified in Figures 13A and 13B

with the sg Zi%é%fgg%gxce&unaa@'stwésqhabgv inthe description of the vaive

apparatus e apparatus 170 employs duplicate chambers 138

f‘o”gr%c?“ along with duplicate companents gantralling,the, Sew of materials was

from the chapmt_)ers 138 and 154. The use of duplicate chambers
138 angd 154-and duplicate components ancillan; tereto isusefulion of the

increasing the 20 throughput rate of the apparatus 170 as compared with

oxygen or the oxygen from the ailr with the metal halide
produced halide and metal oxide. The halide flowed
through a passageway 156 into the portion 126 of the
chamber 122 where the halide reacted with alkane
received through the passageway 142, ‘and valve 158, and
a passageway 160. Within the portien 126 of the chamber
122 the halide reacted with the alkane to produce alkyl
halide and hydrogen halide. The production of alkyl
halide and hydrogen halide within the portion 126 of the
chamber 122 continued until substantially the entire
content of the chamber 154 was converted from metal
halide to metal oxide.

Referring particularly to Figure 12a, rightward
movement of the piston 128 forces the alkyl halide and

the hydrogen halide outwardiy £rom the portion 126 of

the chamber 122 through the passageway 156 into the



that of the apparatus 120 and/or in balancing the kinetics of the reactions

WOREEHHAY Within the chambers WO 2006/019399 PCT/US2085/155#98/062829

5

10

15

-33 138 and 154. Referring to Figures 15A and 15B, there is shown an
apparatus 172. All of the component partg;of the apparatus 172 are

identical to components of the 5 apparatus 120 as illustrated in Figures

11, ddgtead 1284 and describeds heseitaboviehia cehjanstion therewith. filled
Such duplicate component parts are identified in Figures 15A and 15B
withvthehsamee- referencedeumerdi atilizéd vabove inithe deseriptior oftieircgen
apparatus 120. 10 The apparatus 172 employs duplicate chambers 122

alohg Witkeduplicate ddmpopemntsicontrdlfing thé flowef niadetials toldid react
from the chambers 122. The use of duplicate chambers 122 and

duphicate cémponeats: hncittabyithereto is-lisefutiminbrasingthe to  produce
throughput 15 rate of the apparatus 170 as compared with that of the

apparadis A0/ 0f - Balancifd therkiissties tof e resctions pecurringhrough
within the chambers 122. Although preferred embodiments of the

invéritfonP RAVE BREH Tlustrated i thevadctinparlyingDddwingearsd Zeway 162

described in the foregoing Detailed Description, it will
and are recovered. '

When the piston 128 has reached the right hand end
of the <chamber 122, substantially all of the alkyl
halide and hydrogen halide have been forced out of the
portion 126 of the chamber 122 and have been converted
to preoduct by reaction with metal oxide within the
chamber 154. At this point substantially all of the
metal oxide within the chamber 154 has been converted
back to metal halide. The positioning of the wvalve 150
is reversed thereby admitting oxygen or air into the
chamber 154 through the passageway 148, the valve 150,
and the passageway 152. Meanwhile, the positioning of
the wvalve 130 1s likewise reversed thereby facilitating
the recovery of product resulting from the reaction of
the alkyl halide and the hydrogen halide within the

portion 124 of the chamber 122 with the metal oxide



be understood that the invention is not limited to the embodiments
wdmselagesPhut is capable of numerous WO 2006/019399 PCT/US2005/002829

PCTIUS2005/002829 34 rearrangements, modifications, and

substitutions of parts and elements without departing from the spirit of

the invention. 35 - THE CLAIMS 1. A metfied of converting alkanes to

corresponding hydrocarbons including the steps of: providing a vesse

! ..
havitg AT UnseGregatdiPRdlicty fhteri ining i fildF 2678 %a d6congh tinuons
zone, and a third zone; reacting meta| halide and oxygen jn the first.zane
of tﬁé@éss%??o %Jrﬁtrﬁgtallté%%e%vdlﬁglidg;arggctiﬁégcﬁle%ﬁ?cefrg%n fe? the
first zone with alkane_in the second zong of the vessel to form alkyl .
P TER g Aty FRICE T (1 SEa Tane S S odad Fndia e

third zone of the vessel ta form at least one hydrocarbon corres Ing L4
0 R QoD SFING G 5blR b1 RE ) bl TRSCIARE and e e,

aﬁde reacta% metal halide;

transporting the metal halide from,the. third zone, of essg/do the firsfc, .
SZonCe(g:%é?elg]f?(gndl r%cyglgﬁ% m%ﬁaﬁ%?(ljd%t rgzm tr‘?é’ ﬁ%%%z%ne of the vess§ ©
to the 5@{9 éoggﬁr& eQf. 2. A method of converting alkanes to their

cor%‘%ponﬁm ydrocarbons including the steps of: providing a vessel

having an yngegtegaiec ol puerr dafnigg  frsk7ons 8 secend o o

zone, and a third zong; reac metal halide and oxygen in the first zone

of the vessel;to foymymetal oxide apd halige; reagting halide from-the first  the

zone with alkane in the second zone of the vessel to form alkyl halide;

reacina,alkyl halide from the, second zone.and mgtal eydgdatiathirdos  the
zone of the vessel to form at least one

10 apparatus 120 as illustrated in Figures 11, 12A, and 12B
and described hereinabove in conjunction therewith.
Such duplicate component parts are identified in Figures
13A and 13B with the same reference numerals utilized
above in the description of the apparatus 120.

15 The apparatus 170 employs duplicate chambers 138
and 154 along with duplicate components controlling the
flow of materials to and from the chambers 138 and 154.
The use of duplicate chambers 138 and 154 and duplicate
components anéillary thereto is useful in increasing the

20 throughpﬁt rate of the apparatus 170 as compared with

that of the apparatus 120 and/or in balancing the

kinetics of the reactions occurring within the chambers



hydrocarbon corresponding to the product of the reaction of the alkyl
W(}iéﬁ@@]f@%tant and metal halide; transporting the metal oxideftoAAta/002829
first zone of the vessel through the vessel to the third zone thereof; and
recycling metal halide from the third zone_gf the vessel to the first zone
thereof. 3. A method of converting alkanes’to corresponding hydrocarbons
inclydimgahe steps of: providing a vessel having an unsegregated hollow
interior defining a first zone, a second zone, and a third zone; initially
reacting metaldatideandoxygen #xterfirat zoneg of the vesseltofarmyoun an
metal oxide and halide; reacting halide from the first zone with alkane in
the seeendizage of the vesselto foiwt alkyhbalide; reaecting-alkyhalide o +he
from the second zone and metal oxide in the third zone of the vessel to
fornagpleast ose hydrocaehon carespopnding to the preguglefdhies of the
reaction of the alkyl halide reactant and metal halide; subsequently
Srevensingrthedftowl D gasesiwithis thenvessel and thereafter: teacting metad 128

halide and oxygen in the third zone of the vessel to form metal oxide and
halidedreactisg idiige frame theet third zome with alkane)inrthe second zenewith .
of the vessel to form alkyl halide; reacting alkyl halide from the second
zon&wrid rMetal bridesin thefirstzohe phthes 36rvessehta fofied reactiBhgures
product corresponding to the alkyl halide reactant and metal halide. 4. A
method okoshveiing aikanestercorespondingdyerocarbomscomprisingilized
the steps of: a. providing a substantially imperforate chamber having first
andesEeBRdidhdsiandlevmiprizinga firsst rédantesermngzdridlocated at
the first end thereof, a second reactant receiving zone located at the

10second enditferebPand @identtdlly dispBssyy feadtivn z6ad focatbgnbers 122
between the first reactant receiving zone and the second reactant
recéivingZoté £h. (Fovitifra quaitiipenseiat haRie €2 pbsMieniigehel Low of

quantity of metal
materials to and from the chambers 122. The usze of

duplicate chambers 122 and duplicate components

ancillary thereto is useful in increasing the throughput

15 rate of the apparatus 170 as compared with that of the

apparatus 120 and/or in balancing the kinetics of the
reactions occurring within the chambers 122.

Althoﬁgh preferred embodiments of the invention

have been illustrated in the accompanying Drawing and

20 .descri‘bed in the foregoing Detailed Description, it will

be understood that the invention is not limited to the

embodiments disclosed but is capable of numerous



halide in the first reactant receiving zone of the chamber; d. providing a
wOquaesitityaob metal oxide; e. positioning the quantity of metal oR{TFSUR2{I9E/ 002829

second reactant receiving zone of the chamber; f. providing an oxidizing

gas; g. reacting the oxidizing gas with the metal halide and thereby

producing gaseous halide and metal ode%;"ln. providing a quantity of .

“alkane; i. directing the alkane inte.th ion zo f th i) :

'rea%%%alfﬁ‘g gﬁwa%éﬁ With thné%ials%ﬂéﬁ%%%%%{eg ’prod%%eg in s%e%gg%g rons o

reaction zong and NgreRy preduaing.elkddiaieeindeastin thealkipirie of

hafide produced in'step J. with the metal oxide and thereby producing a

non-alkan bon and metal halide; and I. recovering the

nor?—%ﬁ(a}hlg‘}%rg%%gbon produced in step k. from the chamber. 5. The

method of claim 4 wherein the halide comprising the metal halide of step

b. is selected from the group consisting of bromine, chlorine and iodine.

6. The method of claim 4 wherein the oxidizing gas of step f. is selected

from the group consisting of oxygen and air. 7. The method of claim 4

wherein the alkane of step h. is selected from the group consisting of

methane, ethane, propane, butane, and isobutane. 8. The method of claim

4 wherein the step of providing an alkane is carried out by providing a

mixture of at least two alkanes. 9. The method of claim 4 further including

the subsequent steps of reacting the metal halide produced in step k. with

oxidizing gas and thereby producing gaseous halide and - 37 metal oxide

and reacting the metal oxide produced in step g. with alkyl halide and

thereby producing a non-alkane hydrocarbon and metal halide. 10. The

method of claim 4 further characterized by: providing a first catalyst

receiving zone between the first reactant receiving zone and the reaction

zone; providing a second



catalyst receiving zone between the reaction zone and the second

reactant receiving zone; providing first and second quantities of a

predetermined catalyst; positioning the first quantity of the catalyst in the

first catalyst receiving zone; positioning the second quantity of the

catalyst in the second catalyst r'ecg\/iﬁg zone; the catalyst facilitating

coupling of the alkyl halide molecules produced in the reaction zone. 11. A

THE ReHSof converting alkanes to corresponding hydrocarbons comprising

the steps of: a. providing a substantially imperforate chamber having first

1. Fametbedsh gwasiahalkebrs A SiPGeE TR SERsaBYAMGEBeRANCLEHY IBeatiapach

protheriy sterddherasd, & secend gtractagideaaiing eanthios dietehthe second

zongo 2% S tereal a.ceniially disbosed Keaclion, fane pealedARkeRLe o
e first reactant receiving zone and the second reactant receiving zone,

form firstat aitigserdcealiity Basbnedhtebdidaven the first rearrait é&éﬂﬁrﬁ@ the

seogg?ezﬁédﬁhﬁlé%@@méqaﬁn aegrag;]ar%ei@@nade@@tms;wcamﬁ@ zomethecatednd
etween the reaction zone and t econd reactant receiving zone:.h.

2O BTG & ety OF G M 1 Sa e e A e arson

cortrsliedinttie frebredutart thecwivingzohboplbEhehéniBastant srsifanig falids:

traKBiRRAEHY Bfdmeial Wre; Romasiiontagtie enanditkeldnelahconigezthéereot,

e B ng e oL e hambers  pravido 1ol

d
i
3'predéidrmined catalyst: g. positioning the %geto

quantity of the catalyst in the first catalyst receiving zone; h. positioning
2. he-secandrauantinef the sataly shii thereasansheatghebEeEaIingRONS] the
e D 8o SR O YD 025, S T o
-a sevidingna, quanditiof atkenesdctiveotigtgl thelidikane mieehetdbetibpt zone of
theOfdbige: GhasRReR-M: seacting g akanawith-hr gasrous hafide Rseatcikane
o SR S ien i ST PRn RIS, o e
se@atalmnm@@bj/in@mmiaﬁdqﬁémﬁyrﬁi@ﬁmi@@ the vessel to form at least one
hydrocarbon corresponding to the product of the reaction of the alkyl halide reactant and
metal halide: transporting the metal oxide from the first zone of the vesse! through the
vessel to the third zone thereof, and recycling metal halide from the third zone of the

vessel to the first zone thereof.

3. A method of converting alkanes to corresponding hydrocarbons including the steps of:
providing a vessel having an unsegregated hollow interior defining a first zone, a second
zone, and a third zone; initially reacting metal haiide and oxygen in the first zone of the
vessel to form metal oxide and halide; reacting halide from the first zone with alkane in
the second zone of the vessel to form alkyl haiide; reacting alkyl halide from the second
zone and metal oxide in the third zone of the vessel to form at least one hydrocarbon
corresponding to the product of the reaction of the alkyl halide reactant and metal halide;
subsequently reversing the flow of gases within the vessel and thereafter. reacting metal
halide and oxygen in the third zone of the vessel to form metal oxide and haiide; reacting
halide from the third zone with alkane in the second zone of the vessel to form alkyl

halide; reacting alkyl halide from the second zone and metai oxide in the first zone of the



coupling of the alkyl halide molecules; o. reacting the alkyl halide
produced in step m. with the metal oxide and thereby producing a
non-alkane hydrocarbon and metal halide; and p. recovering the
non-alkane hydrocarbon produced iR gtep o. from the chamber. - 38 12.
The method of claim 11 wherein the halide comprising the metal halide of

vess%?f?) Bodf, SEISEIRH, hf%ﬂJH%QF%‘%B&R{WFH%QQPJWHQ%%@E 159 aRd metal

lodine. 13. The method of claim 11 wherein the oxidizing gas of step i. is
halidg|ected from the group consisting of oxygen and air. 14. The method of
clalm 11 wherein the alkane of step k, is selected from the group

ﬁ‘\%&ntg 8%1’(“&1% k&ﬁ@é@ﬁ ’CBH%BBQI?@IP& rb%@é}gdﬁQQHmﬂ%tﬂgsthE@eps

of claim 11 w erein the step of ing an alkane is carried out
of: %yprﬁnwmrﬁg %‘?ﬁiﬂfﬁ&%‘bf’&?@é@ﬁtﬁw‘amﬂeéa‘f89ﬁ'ﬁé RRSHSG8°0F RER PDd
confhithey mltwlr@ﬁmsumqu@rﬁoa@mfa@aatmg thetneetathhadide 2 second

readi Ql#ggew] é%E& ?'H@%Q@én%n&ﬁ‘%s roAMCiNg. GASROUR nosed

Alide and reactln the metal oxide produced in Step J.

reagipn &R lﬁaﬂ‘@é Bﬁﬂ"ﬁﬁ?@rﬁﬁ;ﬁrﬁ?éﬁ%ﬁﬁ BHOHIRIESRE ﬁ%?B%a?ﬁfSﬁ%F?d’Ctam
recd@iglZoabde. dravmng methoashofioleina; hhiwbeteindhiecatatystconiprisesatal

hahgareelg ter d['rea %ﬁrngc Bflﬂrgszrgr%hoq(?h%f O#Yt%pr}g %&Q%@?q&am:ty of metal

orres on ocar comprising t steps roviding a
oxn%mtw&ma@@mamiaqfwmﬁérwgt@ fnﬁt%ﬁar@er@@ﬁtﬁ@ﬁa@é‘eﬁaﬁgﬂe of

the aRdrabRerfopaterdiagrirabsesiian ard @ommm@gua fisstitgactant waoeivingetal
zone Ipcated in _the first end se t f r
el et b S e P s e ARSI SRS SRy of

alkgmaictiotireeing Iﬁt%tt@&ﬁ?@tﬁ@%é?ﬁ)fﬁ?é@%ﬁm g%é%mﬁ@%f b rescing the
alkdHOVIEHINGNR GaBdbity (Pfaﬂé@t@rbw@;rc spgsidoningdhestigantityaf anetalsreby

proggégg% ”Lafl}.'ﬁaf[lr L reargg% S Igllkﬁ h?g%ee Ofc}QS-‘ch am eepr | dwx%r%/é%a‘ﬁf‘oxide
and thereby producing a non-alkane hydrocarbon and metal halide; and 1. recovering the

non-alkane hydrocarbon produced in step k. from the chamber.

5. The method of claim 4 wherein the halide comprising the metal haiide of step b. is

selected from the group consisting of bromine, chlorine and iodine.

6. The method of claim 4 wherein the oxidizing gas of siep f. is selected from the group

consisting of oxygen and air.

7. The method of claim 4 wherein the alkane of step h. is selected from the group

consisting of methane, ethane, propane, butane, and isobutane.

8. The method of ciaim 4 wherein the step of providing an alkane is carried out by
providing a mixture of at least two alkanes.

8. The method of claim 4 further including the subsequent steps of reacting the metal

halide produced in step k. with oxidizing gas and thereby producing gaseous halide and



metal oxide; e. positioning the quantity of metal oxide in the second
reactant receiving zone of the chamber; f. providing an oxidizing gas; g.
reacting the oxidizing gas with the metal halide and thereby producing
gaseous halide and metal oxide; h3 roviding a quantity of alkane; i.
directing the alkane through the pérforations of the central section of the

met%"k?mQ%Bt%@&ﬁS%%%é@f‘%xldéeﬁF&méB‘%@'L‘%Beg}"”\'}htﬁhsl SERYE and

produce in Step g. in the reaction zone and thereby producing alkyl
thergby|RredKCiRsR (g e RYFRIRIBBr 6RH ERFh &5, with the metal oxide

and thereby producing a non-alkane - 39 hydrocarbon and metal halide;

10. ﬁp rjnet%%(a\/&r I0gii0e A9t m?a@éqr%&mﬁrgmH§%dﬁ@t%Qi%tf@é@nvmg

he chamber. 19. The method of claim 18 wherein the halide comprising
zonqiheRAB R e BB e MR IS NS TR RS RRHG Y @ second
catalyeomineang sherinew26n Tie rettod afreladnm i8aviereid theaidizngiving

zong%m%a ffrs fa'% %eg%famﬂ 9rqup sonsising af xasR apdak the

e me a|m whereln e alkane of step In. is sélected from
first @mswcehgf@uﬁ@t«’aﬁhétﬁaﬁeﬁr%tﬁa%?évsbﬁ@ﬁaw%maﬁePaﬂaogaadi‘&n%emd
quaddy Bheraeiagaf elaia i8catereiniite stephaipravidirntganadkandasiitating

couSIBAOULIN RIRIANGA TR At least fuRplkangs. 23. The method

er including t equent steps of reacting the metal
halide produced in step k. with oxidizing gas and thereby producing

11. 0RSEOYS brlisle affidg metakexideoasdpeatitio gibe metahoxideppsoducedsiaps
ste W|th alk Ihal and t | I [ 0
o SRS s A R e et

by:
corrwmmlr?grﬁﬁré@%ﬁwym@wmﬁ@n%oiﬁé%%%m?éetﬁ%ﬁé'% iréffefidsi. @ second
read@BENRGEANEoRRddhadeactianszena: praviditga seeandlly disposed reaction

zone located between the first reactant receiving zone and the second reactant receiving
zone, a first catalyst-receiving zone located between the first reactant recelving zone
ang the reaction zone, and a second catalyst receiving zone located between the
reaction zone and the second reactant receiving zone; b. providing a quantity of metal
halide; c. positioning the guantity of metal halide in the first reactant receiving zone of
the chamber: d. providing a quantity of metal oxide; e. positioning the quantity of metal
oxide in the second reactant receiving zone of the chamber; f. providing first and second
quantities of a predetermined catalyst; g. positioning the first quantity of the catalyst in
the first catalyst receiving zone; h. positioning the second quantity of the catalyst in the
second catalyst receiving zone; 1. providing an oxidizing gas; . reacting the oxidizing gas
with the metal halide and thereby producing gaseous halide and metal oxide: k.
providing a quantity of alkane; |. directing the alkane into the reaction zone of the
chamber; m. reacting the alkane with the gaseous halide produce in siep j. in the
reaction zone and thereby producing alkyl halide; n. directing the alkyl halide into
engagement with catalyst in the second catalyst receiving zone and thereby facilitating
coupling of the alkyl halide molecules; o. reacting the alkyl halide produced in step m.
with the metal oxide and thereby producing a non-alkane hydrocarbon and metal halide;

and p. recovering the non-alkane hydrocarbon produced in step o. from the chamber.



catalyst receiving zone between the reaction zone and the second
reactant receiving zone; providing first and second quantities of a
predetermined catalyst; positioning the first quantity of the catalyst in the
first catalyst receiving zone; positionin fihe second guantity of the
catalyst in the second catalyst receiving zone; the catalyst facilitating

12. SQURliDG f theialivi halideamalecHigs Produced n fhe FRagtitR@oBes®s b. is
The method of claim 18 including the ad(illtl,onal sliell%jof providing an

selegitq JAm &N SIRHE SREHIRMBLP BRtIS & tHERATAMT Bfoviding a quantity

of alkane within the enclosure whereby alkane from the enclosure flows

13. Hirgugbthe pedorationspEibe fhamhekifthedeastion 2088ecdl Rfin Ane

method of converting alkanes to corresponding hydrocarbons comprising
JroR S REFUNY T EXYIETI AN enclosure having first and second ends; b.
providing a baffle within the enclosure which segregates the enclosure

14, WIQ firshand sesand Zongsr&n RrRviding.& oheatfransfel fllid tiom the group

substantially filling the enclosure with the heat transfer fluid; e. providing a
conpistipgid MiRRDT D8R BREHaH BHEGRIFESPPHIRNAding an oxidizing gas

receiving manifold at the second end of the enclosure; g. providing a

15, Bpdyctraceiving; manifold af the.saeand SRt R iDEANGRSS Mirried out by

providing at least one first imperforate tube; I. exténding the first tube
ProvigingrRiBIRK SO 1S DXRANG Ss receiving manifold through the first

zone of the enclosure to the reaction manifold; j. providing at least one

16. ﬁ%@%&@%&fa@ﬁ? ybesk extendinaie secondk i %?eﬁe%i RuQUSly {ﬁgrﬁhe‘cal

. romination manifold through the second zone of the enclosure to the
haligfoRaetFeediviner matifoRKZ5ta Ry d BiFAFRIGPERINERS PRiRRySHalide and
me@ﬂ)sﬁi@eﬁlw Mé@cﬁiugmﬁéynﬁﬁtﬁhet_a_ﬂel”t_a&dedadthedi@tjtwm; aik)pr!m_ﬁdérg\d thereby
proﬂb‘é}ﬂé' @%@%@%Q%@@j&@a@%'gﬁ&Hﬂ%t&*ﬂ%é%h&%ﬂ“ty of metal oxide in the

second tube; p. providing an oxidizing gas; . directing the oxidizing

17. The method of claim 11 wherein the catalyst comprises a predetermined zeolite.

18. A method of converting alkanes io corresponding hydrocarbons comprising the steps
of: a. providing a chamber having substantially imperforate first and second end sections
and a perforated central section and comprising a first reactant receiving zone located in
the first end section thereof, a second reactant receiving zone located in the second end
section thereof, and a centrally disposed reaction zone located in the perforated central
section thereof; b. providing a quantity of metal halide; c. positioning the quantity of
metal halide in the first reactant receiving zone of the chamber; d. providing a quantity of
metal oxide; e. positioning the quantity of metal oxide in the second reactant receiving
zone of the chamber; f. providing an oxidizing gas; g. reacting the oxidizing gas with the
metal halide and thereby producing gaseous halide and metal oxide; h. providing a
quantity of alkane; i. directing the alkane through the perforations of the central section
of the chamber intc the reaction zone; j. reacting the alkane with the gaseous halide
produce in step g. in the reaction zone and thereby producing alkyl halide; k. reacting the

alky! halide produced in step |. with the metai oxide and thereby producing a non-alkane



gas into the oxidizing gas receiving manifold and from the oxidiz.ing gas
receiving manifold into the first tube; r. reacting the oxidizing gas with the
metal halide in the first tube and thereby producing gaseous halide and

metal oxide; s. providing a quantity gf, alkane; t. directing the alkane into
the reaction manifold; u. reacting the alkane with the gaseous halide

nydrBEOAIAGE SIRRY-HRithe teRcticn-maniiglehandtharaby praeieiRgaliddduced
_halide; v. directing the alkyl halide produced in step u. into the second
in stepde MM daR ARFHTE alkyl halide produced in step u. with the metal oxide

in the second tube and thereby producing a non-alkane hydrocarbon and

19, TRetAlRGS; XM actinadhenas-lifaaechydracainenHaaduard & siep W.is

into the product receiving manifold; and y. recovering the non-alkane
SEEQWHr%BQrH@rQ%ﬁ%ﬁwgt%b\ﬁ?”%%aﬂ%cﬁgﬁpﬁe product receiving

manifold. 27. The method of claim 26 wherein the halide comprising the

20. Metalhalideotatep {sisvssiastad frpmiihe YaupcansistingLiliemingn the

and chlorine. 28. The method of claim 26 wherein the oxidizing gas of step
groyp Gensistiede YRRt GRup consisting of oxygen and air. 29. The

method of claim 26 wherein the alkane of step s. is selected from the

21, 3&%%@9%8%9;;91‘ {8eifans, aihangREoRane , butang. aRd dspltanse group

11 30. The method of claim 26 wherein the step of providing an alkane is
congiging 4'SueBe pretianty ARG S YR 4R 183 (3R @R8mes. 31. The method

of claim 26 further including the subsequent steps of reacting the metal

oo, halide pradugedin stenwewithxidizing:9asaaddheremapoducingd out by

gaseous halide and metal oxide and reacting the' metal oxide produced in
Pro\aging 2 MtV ke ByalRigby producing a non-alkane hydrocarbon
and metal halide.

23. The method of claim 18 further including the subsequent steps of reacting the metal
halide produced in step k. with oxidizing gas and thereby producing gaseous halide and
metal oxide and reacting the metal oxide produced in step g. with alkyl halide and

thereby producing a non-alkane hydrocarbon and metal halide.

24. The method of claim 18 further characterized by: providing a first catalyst receiving
zone between the first reactant receiving zone and the reaction zone; providing a second
catatyst receiving zone between the reaction zone and the second reactant receiving
zone; providing first and second quantities of a predetermined catalyst; positioning the
first quantity of the caialyst in the first catalyst receiving zone; positioning the second
quantity of the catalyst in the second catalyst receiving zone; the catalyst facilitating

coupling of the alkyl halide molecules produced in the reaction zone.

25. The method of claim 18 including the additional step of providing an enclosure
having the chamber enciosed therein and providing a quantity of alkane within the
enciosure whereby alkane from the encidsure fiows through the perforations of the
chamber into the reaction zone.



32. A method of converting alkanes to corresponding hydrocarbons
comprising the steps of: a. providing a first substantially imperforate
reactant receiving chamber; b. providing a second substantially
imperforate reactant receiving-chamber; c. providing a substantially
imperforate reaction chamber; d. providing a piston within the reaction
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gaseous halide produce in step r. in the reaction manifold and thereby producing alkyl
halide; v. directing the alky! halide produced in step u. into the second tube; w reacting
the alky! haiide produced in step u. with the metal oxide in the second tube and thereby
producing a non-alkane hydrocarbon and metal halide; x. directing the non-alkane
hydrocarbon produced in step w. into the product receiving manifold; and y. recovering
the non-alkane hydrocarbon produced in step w. from the from the product receiving
manifold.

27. The method of claim 26 wherein the halide comprising the metal halide of step L is

selected from the group consisting of bromine and chlorine.

28. The method of claim 26 wherein the oxidizing gas of step p. is selected from the

group consisting of oxygen and air.

29. The method of claim 26 wherein the alkane of step s. is selected from the group

consisting of methane, ethane, propane, butane, and isobutane.



- 42 34. The method of claim 32 wherein the oxidizing gas of step i. is
selected from the group consisting of oxygen and air. 35. The method of
claim 32 wherein the alkane of step k. is selected from the group
consisting of methane, ethane, propane, butane, and isobutane. 36. The
method of claim 32 wherein the s%p of providing an alkane is carried out
by providing a mixture of at least two alkanes. 37. The method of claim 32

rther including the subsequent s ing t hali
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proviféiligle aeuin et osadeupalvaaeting the metal oxide produced in step j.

 with alkyl halide and thereby producing a non-alkane hydrocarbon and
31. ﬂ\%t%%e[%ﬁcl)i %‘f claim 26 further including the subsequent steps of reacting the metal
nalide produced in step w. with oxidizing gas and thereby producing gaseous halide and
metal oxide and reacting the metal oxide produced in step r. with alkyl halide and

thereby producing a non-alkane hydrocarbon and metal halide.

32. A method of converting alkanes to corresponding hydrocarbons comprising the steps
of: a. providing a first substantially imperforate reactant receiving chamber; b. providing
a second substaniially imperforate reactant receiving chamber; ¢. providing a
substantially imperforate reaction chamber; d. providing a piston within the reaction
chamber, said piston dividing the reaction chamber into first and second zones and
moveable within the reaction chamber ic expand and contract the first and second
reaction zones relative to one another; e. providing a guantity of metal halide; f.
positioning the quantity of metal halide in the first reactant receiving chamber; g.
providing a quantity of metal oxide; h. positioning the guantity of metal oxide in the
second reactant receiving chamber; i. providing an oxidizing gas; j. reacting the oxidizing
gas with the metal halide and thereby producing gaseous halide and metal oxide; k.
providing a quantity of alkane; |. directing the alkane into the first reaction zone of the
reaction chamber: m. reacting the alkane with the gaseous halide produced in step |. in
the first reaction zone and thereby producing alky! halide; n. the production of alkyl
halide in the first reaction zone causing movement of the piston within the reaction
chamber resulting in expansion of the first reaction zone and contraction of the second
reaction zone; o. the contraction of the second reaction zone resulting from movement of
the piston in the reaction chamber causing previously produced alkyl halide to flow from
the second reaction zone into the second reactant receiving chamber; p. reacting the
previously produced alkyl halide with the metal oxide in the second reactant receiving
chamber and thereby procducing a non-alkane hydrocarbon and metal halide; and ¢.

recovering the non-aikane hydrocarbon from the second reactant receiving chamber.

33. The method of claim 32 whersin the halide comprising the metal halide of step e. is

selected from the group consisting of bromine, chlorine, and iodine.
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34. The method of claim 32 wherein the oxidizing gas of step i. is selected from the

group consisting of oxygen and air.

35, The method of claim 32 wherein the alkane of step k. is selected from the group

consisting of methane, ethane, propane, butane, and isobutane.

36. The method of claim 32 wherein the step of providing an alkane is carried out by

providing a mixture of at least two alkanes.

37. The method of claim 32 further including the subsequent steps of reacting the metal
halide produced in step p. with oxidizing gas and thereby producing gaseous haiide and
metal oxide and reacting the metal oxide produced in step |. with alkyi halide and thereby

producing a non-alkane hydrocarbon and metal halide.



