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The present invention relates to a process for converting lower

molecular weight, gaseous alkanes to olefins that are useful as monomers
and intermediaries in the production of chemicals, such as lubricant and fuel
20 additives, and higher molecular weight hydrocarbons, and more particularly,
to -a process wherein a gas containing lower molecular weight alkanes is
reacted with a dry bromine vapor to form alkyl bromides and hydrobromic acid
which in turn are reacted over a crystalline alumino-silicate catalyst to form
olefins and higher molecular weight hydrocarbons.
25
DESCRIPTION OF RELATED ART:

Natural gas which is primarily composed of methane and other light
alkanes has been discovered in large quantities throughout the world. Many
of the locales in which natural gas has been discovered are far from

30 populated regions which have significant gas pipeline infrastructure or market
demand for natural gas. Due to the low density of natural gas, transportation
thereof in gaseous form by pipeline or as compressed gas in vessels is
expensive. Accordingly, practical and economic limits exist to the distance
over which natural gas may be transported in gaseous form exist. Cryogenic

35  liquefaction of natural gas (LNG) is often used to more economically transport
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20  Also, significant capital cost and large amounts of power are required for

compression of oxygen or air to these high-pressure processes. Thus, due to

the high temperatures and pressures involved, synthesis gas technology is

expensive, resulting in a high cost methanol product which limits higher-value

uses thereof, such as for chemical feedstocks and solvents. Furthermore

25  production of synthesis gas is thermodynamically and chemically inefficient,

producing large excesses of waste heat and unwanted carbon dioxide, which

tends to lower the conversion efficiency of the overall process. Fischer-

Tropsch Gas-to-Liquids (GTL) technology can also be used to convert

synthesis gas to heavier liquid hydrocarbons, however investment cost for this

30 process is even higher. In each case, the production of synthesis gas

represents a large fraction of the capital costs for these methane conversion
processes.

Numerous alternatives to the conventional production of synthesis gas
2
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15 catal yst and at a tenperature sufficient to form

ol efins and hydrobrom c acid vapor. Hydrobromc acid
vapor is renoved fromthe olefins by reacting the

hydr obrom ¢ acid vapor with a netal oxide to forma

metal brom de and steam 20 BRI EF DESCRI PTI ON OF THE
DRAW NGS The acconpanyi ng drawi ngs, which are
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specification, illustrate the enbodi nents of the
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vapor. Hydrobromic acid vapor is removed from the olefins by reacting the
hydrobromic acid vapor with a metal oxide to form a metal bromide and

steam.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in and form a part
of the spedification, illustrate the embodiments of the present invention and,
together with the description, serve to explain the principles of the invention.

In the drawings:

FIG. 1 is a simplified block flow diagram of the process of the present
invention;

FIG. 2 is a schematic view of one embodiment of the process of the
present invention;

FIG. 3 is a schematic view of another embodiment of process of the
present invention;
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present invention illustrated in FIG 5A depicting an
al ternative processing schene which may be enpl oyed
when oxygen is used in lieu of air in the oxidation

st age; FIG 6A is a schematic view of
anot her enbodi rent of the process of 15 the present
i nventi on; FIG 6B is a schematic view of the

enbodi ment of the process of the present invention
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is a skEIteMB isca sbiematic iewtdiane @marﬁ@ﬁttofqﬁetsd?@ess of the
process. of the present, invention;, . FIG 8is a
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20xifldionsstage;a schematic vi ew of another enbodi nent of

Dok R Ba SPrRAEAiRY df e Biidim ol 1 e Brocess of the
t Presegihipvention; ilusieedes InpFliGo A with the flow' throwgh the Ineatall axide

\Aﬁ‘%mei Kgy&g&ja.refers to met hane, ethane, propane,
but ane, Pentane or nixtures thereof. As also utilized

t hr oudH Gu 5Bt Isi & schesnaticptiéw rof theleknbodimentiafdbé pradess ©f the

+ o8B vt ilstdrba 31,3761 B BBt 3R airitve preosrsing
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FIGS.,. 2 and 3, respectively, is preferably natural gas
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car borFiGi e ife sdheniitiy visie of anbthet embGEPASADF thePpiRebSs of
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BB LNVl an 5 pe tolerated in the feed gas to

the prreess igfa sdenititRSAW of & BiibdBIment of the process of the

present invention illustrated in FIG. 6A depicting an alternative processing
scheme which may be employed when oxygen is used in fieu of air in the
oxidation stage;

FIG. 7 is a schematic view of another embodiment of the process of the
present invention;

FIG. 8 is a schematic view of the embodiment of the process of the
present invention illustrated in FIG. 7 with the flow through the metal oxide
beds being reversed; and

FIG. 9 is a schematic view of another embodiment of the process of the
present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

As utilized throughout this description, the term “lower molecular weight
alkanes” refers to methane, ethane, propane, butane, pentane or mixtures
thereof. As also utilized throughout this description, “alkyl bromides” refers to
mono, di, and tri brominated alkanes. Also, the feed gas in lines 11 and 111
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A bl ock flow di agram generally depicting the process

of the present invention is illustrated in FIG 1,
whi | e specific enbodinents of the process of the
present invention are illustrated in FIGS. 2 and 3.
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| Phd itk of BWRF hitiétifar Wéigitt dliRanes and dry bromine vapor is fed
to reactor 30. Preferably, the molar ratio of lower molecular weight alkanes to
dry bromine vapor in the mixture introduced into reactor 30 is in excess of
2.5:1. Reactor 30 has an inlet pre-heater zone 28 which heats the mixture to

a reaction initiation temperature in the range of about 250° C. to about 400° C.

In first reactor 30, the lower molecular weight alkanes are reacted
exothermically with dry bromine vapor at a relatively low temperature in the
range of about 250° C. to about 600°C., and at a pressure in the range of
about 1 bar to about 30 bar to produce gaseous alkyl bromides and
hydrobromic acid vapors. The upper fimit of the operating temperature range
is greater than the upper limit of the reaction initiation temperature range to
which the feed mixture is heated due to the exothermic nature of the
bromination reaction. In the case of methane, the formation of methyl
bromide occurs in accordance with the following general reaction:

CH4(g) +Bra(g)  —» CHaBr(g) + HBr (9)
This reaction occurs with a significantly high degree of selectivity to

methyl bromide. For example, in the case of bromination of methane, a

7



10

15

20

25

30

25 which the feed m xture is heated due to the
exotherm c nature of the brom nation reaction. In the
case of nethane, the formation of nethyl bromn de
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IR racsosab i, Poraaen Ry B i Bl anc
V"%ﬁﬁ%dﬁﬁgtthé qa@eahﬁ@uhﬂ of %sfe) heat gérﬁerafedlﬁl trar fymation of
di oxi de rom al’kanes. The effluent that contains alkyl

bicarRafed Wcﬁ"@iﬁémc acid is withdrawn fromthe

first ﬂ'ﬁé‘céfﬂueﬁ{'tﬁa{ IcBRtats ANl 'bﬁorﬁﬂééléﬂd Yyapramict acid is
tenperature in the range of about 150 C

cwithdrayen frogx dhe el renztoseyia: g Bdwang i oo%l’f'é&: Sﬂ@eg o a
r ?&ﬁ?@ranﬁé in 1 r%ﬁ@? gfjal")&ﬁqts@‘ Og‘ﬂo ab&l& 450% 0. u?ﬂeat exchanger

es are reac exot her m cal y at a terrp
r 8&gkefore flowing 40 cusectrul Kgactos 34pbodh KeONE. 'eafét%% “the alkyl

PiSSHIYeE dr8 rbiGed WRMePhicaiy 4t altdntpet@tubiitange of from about
250° C. to about 500° C., and a pressure in the range of about 1 to 20 bar,
over a fixed bed 33 of crystalline alumino-silicate catalyst, preferably a zeolite
catalyst, and most preferably an X type or Y type zeolite catalyst. A preferred
zeolite is 10 X or Y type zeolite, although other zeolites with differing pore
sizes and acidities, which are synthesized by varying the alumina-to-silica
ratio may be used in the process of the present invention as will be evident to
a skilled artisan. Although the zeolite catalyst is preferably used in a protonic
form, a sodium form or a mixed protonic/sodium form, the zeolite may also be
modified by ion exchange with other alkali metal cations, such as Li, Kor Cs,
with alkali-earth metal cations, such as Mg, Ca, Sr or Ba, or with transition
metal cations, such as Ni, Mn, V, W, or to the hydrogen form. These various
alternative cations have an effect of shifting reaction selectivity. Other zeolite
catalysts having varying pore sizes and acidities, which are synthesized by

8



10

15

20

25

30

over a fixed bed 33 of crystalline alum no-silicate
catal yst, preferably a zeolite catal yst, and nost
preferably an X type or Y type zeolite catalyst. A
preferred zeolite is 10 X or Y type zeolite, although
other zeolites wth differing pore 25 sizes and
acidities, which are synthesized by varying the

alum na-to-silica ratio may be used in the process of

t bﬁrymgeﬂ@alummmslm fsioWhay beeuspdi ldethé segord sedckdredt as
artisan. h the zeolite catal

o BBy vidant do dnpilech afeaR: o dn i IPURYdhe AR Bidniabs are
prréé&éw ¢ PRIYuEEd Aibfitiret &eoléﬁ@ Al vafdusAhigRedRosedlaf wbm

% Ion exchange with other alkali mnetal cations, such
adydrocarbons, Yl adglitianal RydipRegmic agidivapaket al cat | ons,
such a

cati onih Ngﬁwe?é“’ﬁi at lch\}%revémec:?rﬁdt {?%Ftrsqlétdn“y%r gg% ed is an

1; ?hﬁ?}rt???ﬂi&?amafér ?u Sjet)értnlemngtthev @eb@tmtynef inevreastioretd elefins
sni 1N eac e

C anaupus Rabeogols ol Weahh PUarotaibShst st etLto operated

w@éé&hoafe%cﬁ:v R eathebatuf® wmh yhen eartg@a)f about 250° to 500° C.
alum na-to-silica ratio my

P B SratyBeAbaNP BbogL 50T Goi theesoat fedetar By Buincraaged
tplegisr &HClight HyBfocaltons, R @es uﬂ&@snfa%%?trﬁéthbﬁe and also

uce a mxture of ol efins and various higher
mdep@sm@n ofvepksh twheyerslomen deraperghiios infreassnyiglds of ethylene,

W ButfiEhe P Rbavier molecular weight hydrocarbon products.
Also it is noted that methyl bromide appears to be more reactive over a lower
temperature range relative o methyl chioride or other substituted methyl
compounds such as methanol. Notably, in the case of the alkyl bromide
reaction over the preferred 10 X zeolite catalyst, cyclization reactions also
occur such that the C7+ fractions contain substantial substituted aromatics. At
increasing temperatures approaching 400° C., methyl bromide conversion
increases towards 90% or greater, however selectivity towards Cs+ products
decreases and selectivity towards lighter products, particularly olefins
increases. At temperatures exceeding 550° C., a high conversion of methyl
bromide to methane and carbonaceous, coke occurs. In the preferred
operating temperature range of between about 300° C and 450° C, as a
byproduct of the reaction, a lesser amount of coke will build up on the catalyst
over time during operation, causing a decline in catalyst activity over a range
of hours, up to hundreds of hours, depending on the reaction conditions and
the composition of the feed gas. It is believed that higher reaction
temperatures above about 400° C, associated with the formation of methane
favor the thermal cracking of alkyl bromides and formation of carbon or coke
and hence an increase in the rate of deactivation of the catalyst. Conversely,
temperatures at the lower end of the range, particularly below about 300° C.
may also contribute to coking due to a reduced rate of desorption of heavier
products from the catalyst. Hence, operating temperatures within the range of
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5The tenmperature at which the second reactor 34 is
operated is an inportant paraneter in determning the
selectivity of the reaction to olefins and various

hi gher nol ecul ar wei ght hydrocarbons. It is preferred
to operated second reactor 34 at a tenperature within
the range of about 250 to 500 C. Tenperatures above
about 450 C. In the second reactor result in increased
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34 via line 70 at a pressure1@dn the range of about 1
bar to about 5 bar at an elevated tenperature in the
range of about 400 C. to about 650 C. Carbon dioxide
and residual air or inert gas is 15 vented from
reactor 34 via line 75 during the regeneration peri od.
The effluent which conprises olefins, the higher

nol ecul ar wei ght hydrocarbons and hydrobromic acid is
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20 hydrocarbon stripper 47, which contains feed gas
and residual hydrocarbons stripped-out by contact with
the feed gas in hydrocarbon stripper 47. The conbi ned
vapor mixture is passed to a scrubber 38 and contacted
with a concentrated aqueous partially-oxidized netal
brom de salt solution containing netal hydroxide

and/ or netal oxide and/or metal oxy-brom de 25 species

, (i B?*hndsaddééﬁé mq&ﬁ%ﬁ&mn@@ng&ﬁe roduct necoviry JMESZ
preferred netal of the brom de salt ?\ ﬁ:(%
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ﬁ@&ﬁ’éﬂz&@ :gmhé Aisthl Hﬁ%kfébzénd?br st oxlsammmmn BXy-

e range C. to about, 180 C \%
tbmrmde SmC@BetQ#l(F‘ﬁrf'éﬁTablbfqm@@r%ﬁﬂI r&qluth"n%d water Wihich is

C%%\W?rﬂ %\;‘?Uﬂﬁbr%\hé)m Dt'h“ 1), M(11), V(Il),

ansition-netals 30 which form
oxi di zqhé eeénmﬁposphase Malhmgtdeﬁhs and tre higheeswlazilar

the present invention. At t | K h
i oS e S i SatBed g
a?or%rc{éd' via Qihe'\éﬁ id Hehjaide sesRtremdvel Suwtaih’ually aII water via
% rocar bons condensed in scrubber 38 {pla%‘ be sk

a

e v#3 Heamavihei Yapoy sreana. 37hgnWaleldied |r¢'aav fom the
hﬂ@ﬁ&gr%fo? %93/& Eﬁé 589 TSR sfré&rﬂVﬁn!anhiﬂg toldtidsidhd the

romc acid is dissolved in the aqueous
s bigher mlmrmhtmydmfwsﬂﬁ duriher prssRdiYig:linge 1aldraduct
"Skdlof 520 B0 B Y B G5, SRRTESaih Hyitarr
r énatiend 45 @mlighid peodusbein fide VB4 | iARY aqnvemgnalemeﬂhm of

+SBBf B So R AR, ASCbcel iy ausarpton
efrcsucmdt by rrefrigetated monbibesaties, icryogenitaexpamsiona ari ejeculaiing
| eSS BLAY ot SRS TR Ptnd do Bt s
{j%t‘fégm\d; éngcg)msfetmgvéﬂoléﬂitmmydtamrmfsvaa will he evRlentkea skilled
vy 2P, 08 IR ol BneodesS: i et Posglf Aigh. e
Lirﬁﬁﬁ?‘?:"; vggmpéfgdétlﬁtfrdrﬁ PROLRICY recovéryaitt 52 isahew splitdntefa perge
oo B Sl o e B39 11 IR 68 ARS8 3 e
- residual vapor which is compressed via compressor 58. The recycled residual
vapor discharged from compressor 58 is split into two fractions. A first
fraction that is equal to at least 2.5 times the feed gas molar volume is
transported via line 62 and is combined with dry liquid bromine conveyed by
pump 24, heated in exchanger 26 to vaporize the bromine and fed into first
reactor 30. The second fraction is drawn off of line 62 via line 63 and is
regulated by control valve 60, at a rate sufficient to dilute the alkyl bromide
concentration to reactor 34 and absorb the heat of reaction such that reactor
34 is maintained at the selected operating temperature, preferably in the
range of about 300° C. to about 450° C. in order to maximize conversion
versus selectivity and to minimize the rate of catalyst deactivation due to the
deposition of carbon. Thus, the dilution provided by the recycled vapor
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dehydration and |iquids recovery, such as solid-bed
dessi cant adsorption 15 foll owed by refrigerated
condensati on, cryogeni c expansion, or circulating
absorption oil or other solvent, as used to process
natural gas or refinery gas streans, and to recover

ol efinic hydrocarbons, as will be evident to a skilled
artisan, may be enployed in the process of the present

| ReRBhi ﬁérmn’é%ldcﬁﬁtydéfairomm%n f ﬂwbmtreéétmmmﬁwmmroued

recovery unit hen split into a e 20 stream
5in addiien mo@ﬁramg mezt@mlpgsatmr@én SeeANd 1gac '%F Btess and a

comr et ctaiing FER R st i ATRERRCh K Fmoved from

f sEIbBenss eRsline HBisipassed id hydrbcarbwm sfrippet 4Dmderein resxdual
tion  that to. at | eas

+ olsgolyad TigiogAmngR are SroPeR b i asions ofne bl PoRist itn
I m@ﬁm@ ?ué frasbporied At ﬁnebn cvmm @tﬂmecyaquéqusz@lunon is

24, heated in exchan

b irahearteshfTome AYARERIDAN; SHIPF prr‘%a&? o‘f'a 358 664 'Ld[etsoﬁamed o a

f "télﬁf.uérﬁfhré% ﬁfeﬂ%?é’ﬁf a%ut' 0°NS, 16 Ab6UR709 OinGikaesichahger 46
regul at ed cont valve 60, at a rate sufficient to

diandtteen na.S%adww ahspther 48 ip oyhierasiduab Rrarging ds, igcgversdl from
aREnPEr &R ih ife At TRE AqbLS YoNitidh erileH: ffoRf GeRibber 48 is

transported via line 49 to a heat exchanger 40 to be preheated to a
temperature in the range of about 100° C. to about 600° C., and most
preferably in the range of about 120° C. o about 180° C. and passed to third
reactor 16. Oxygen or air is delivered via line 10 by blower or compressor 13
ata pressure in the range of about ambient to about 5 bar to bromine stripper
14 to strip residual bromine from water which is removed from stripper 14 in
line 64 and is combined with water stream 53 from dehydrator 50 to form
water effluent stream in line 56 which is removed from the process. The
‘oxygen or air leaving bromine stripper 14 is fed via line 15 to reactor 16 which
operates at a pressure in the range of about ambient to about 5 bar and at a
temperature in the range of about 100° C. to about 600° C., but most
preferably in the range of about 120° C. to about 180° C. so as to oxidize an
agueous metal bromide salt solution to yield elemental bromine and metal
hydroxide and/or metal oxide and or metal oxy-bromide species. As stated
above, although Co(ll), Ni(ll), Mn(i), V(l), Cr(ll) or other transition-metals
which form oxidizable bromide salts can be used, the preferred metal of the
bromide salt is Fe(lll), Cugll), or Zn(ll), or mixtures thereof, as these are less
expensive and readily oxidize at Jower temperatures in the range of about
120° C. to about 180° C., allowing the use of glass-lined or fluorpolymer-lined
equipment. Alternatively, alkaline-earth metals which also form oxidizable
bromide salts, such as Ca (ll) or Mg(ll) could be used.

Hydrobromic acid reacts with the metal hydroxide and/or metal oxide
and/or metal oxy-bromide species so formed to once again yield the metal
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34 is maintai ned at the sel ected operating
tenperature, preferably in the 30 range of about 300
C. to about 450 C. in order to maxim ze conversion
versus selectivity and to mnimze the rate of

catal yst deactivation due to the deposition of carbon.
Thus, the dilution provided by the recycled vapor
effluent permts selectivity of bromnation in the
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brom de salt and water. Heat exchanger 18 in reactor
16 supplies heat to vaporize water and brom ne. Thus,
the overall reactions result in the net oxidation of
hydr obrom ¢ acid produced in first reactor 30 and
second reactor 34 to elenental brom ne and steamin
the liquid phase catal yzed by the netal 5
brom de/ metal oxide or nmetal hydroxide operating in a
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and recycled within the process. The residual oxygen
or nitrogen 25 and any residual brom ne vapor which is
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nekhis reaction @scurs! with ensignifieantlydugh viggege pEsel e&m&o methyi

T GRERP qfoi%Qé@ﬁ% ¥ fhe!da38 ofrér&i‘ﬁiﬂe ré‘éét@@%ﬁ\da hidi? excess of

stripper anot her enbodi nent of "t he 1 nvention,
r ehethane @it teo NItiGINE3 fo freyninesratio soh €8k, 8 Mgy seleadyity to the

MO S hAbg et MRS ordhiiR" | 358l MsiKfal © aftfoudits  of

dibromomethane and tribromomethane are also formed in the bromination
reaction. Higher alkanes, such as ethane, propane and buiane, are also
readily brominated resulting in mono and multiple brominated species such as
ethyl bromides, propyl bromides and butyl bromides. If an alkane to bromine
ratio of significantly less than 2.5 fo 1 is utilized, substantially lower selectivity
to methyl bromide substantially occurs and significant formation of
undesirable carbon soot is observed. Further, the dry bromine vapor that is
feed into first reactor 130 is substantially water-free. Applicant has discovered
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feed gas plus a recycled gas streamat a pressure in
the range of about 1 bar to about 30 bar, is
transported or conveyed via |line, pipe or conduit 162,
m xed with dry bromine liquid transported via punp 124
and passed to heat exchanger 126 wherein the liquid
brom ne is vaporized. The m xture of |ower nol ecul ar
wei ght al kanes and dry broni ne vapor is fed to reactor
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20 metal cations, such as Ni, Mn, V, W, or to the hydrogen form. These various

alternative cations have an effect of shifting reaction selectivity. Other zeolite

catalysts having varying pore sizes and acidities, which are synthesized by

varying the alumina-to-silica ratio may be used in the second reactor 134 as

will be evident o a skilled artisan. In this reactor, the alkyl bromides are

25 reacted to produce a mixture of olefins and higher molecular weight
hydrocarbons and additional hydrobromic acid vapor.

-\-

The temperature at which the second reactor 134 is operated is an
important parameter in determining the selectivity of the reaction to olefins
and various higher molecular weight liquid hydrocarbons. it is preferred to

30 operate second reactor 134 at a temperature within the range of about 250°
C. to 500° C. , but more preferably within the range of about 300° C. to 450°
C. Temperatures above about 450° C. in the second reactor result in

increased vields of light hydrocarbons, such as undesirable methane and
15
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an al kane to bromne ratio of significantly |ess than
2.5to 1 is utilized, substantially |ower selectivity
30 to nmethyl brom de substantially occurs and
significant formation of undesirable carbon soot is
observed. Further, the dry brom ne vapor that is feed
into first reactor 130 is substantially water-free.
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15 carbonaceous coke, whereas |ower tenperatures

i ncrease yields of olefins such as ethyl ene, propyl ene
and butyl ene and heavi er nol ecul ar wei ght hydrocar bon
products. Notably, in the case of al kyl brom des
reacting over the preferred 10 X zeolite catal yst,
cyclization reactions occur such that the 5 C7+

fractions produced contai n substantial substituted
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pr rso%rar ons is I?L?rtﬁe%n ess(e)gl vnaab 1%1 t%g Irpréc?uct recovery unit 152 to
recover olefins and the Cs+ gasoline range hydrocarbon fraction as a liquid
product in line 154. Any conventional method of dehydration and liquids
recovery such as solid-bed dessicant adsorption followed by, for example,
refrigerated condensation, cryogenic expansion, or circulating absorption oil,
or other solvents as used to process natural gas or refinery gas streams and
recover olefinic hydrocarbons, as known to a skilled artisan, may be employed
in the implementation of this invention. The residual vapor effluent from
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about 5 bar and an el evated tenperature in the range

of 400 C. to 650 C. 16 Carbon dioxide and residua

air or inert gas are vented fromreactor 134 via |line
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The dissolved hydrobromic acid that is contained in the aqueous

solution effluent from scrubber 148 is transported via line 149 and is
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5 at least 2.5 tinmes the feed gas volune is

transported via line 162, conbined with the |iquid

brom ne conveyed in |ine 125 and passed to heat

exchanger 126 wherein the liquid bromne is vaporized
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in the oxidation reactor 11718an be utilized as a
concentrat ed aqueous solution or preferably, the
concentrat ed aqueous salt solution may be inbibed into

a porous, high surface area, acid resistant inert

support such as a silica gel. 15 Mire preferably, the

oxide formof the netal in a range of 10 to 20% by
wei ght is deposited on an inert support such as



25 acid reacts wth the netal hydroxide, netal
oxy-brom de or netal oxide species and is neutrali zed,
restoring the netal brom de salt and yielding water.
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phase.
124 to a pressure sufficient to mix with vapor stream 162. Thus the bromine

is recovered and recycled within the process. The residual air, oxygen
enriched air or oxygen and any bromine vapor which is not condensed exits
three-phase separator 122 and is passed via line 123 to bromine scrubber
30 148, wherein residual bromine is recovered by dissolution into hydrobromic
acid solution stream conveyed to scrubber 148 via line 165. Water is
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25 Liquid bromne is punped fromthree-phase separator
122 via punp 124 to a pressure sufficient to mx with
vapor stream 162. Thus the bromine is recovered and
recycled within the process. The residual air, oxygen
enriched air or oxygen and any brom ne vapor which is
not condensed exits three-phase separator 122 and is
passed via |line 123 to brom ne scrubber 30 148,
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whi ch are synthesized by varying the alumna-to-silica
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evident to a skilled artisan. In this reactor, the

al kyl brom des are reacted to produce a m xture of

hi gher nol ecul ar wei ght hydr ocarbon products and
addi ti onal hydrobrom c acid vapor. 25The tenperature

at eliminatinghtheslacgen amotiat iofrwasiléd Heat generiied in sheformation of

i npor t ant. r anet in determning the selectivity of
Ithng:alr%‘ﬁ'f)gae?@"bﬁgﬁq% and var: ogs hi gher rm: \e”cu%/ar

i ght k4guj d [ .
Socond L8 EuSHCIRE ToRblis divt ol add hypRUGRIS b8 is
of witherawre fomchet firstiteagtor 5280 da line &3 1namck isppastialiyatdoled to a

Bl I g gt 505, 193 CoR Beforgr 2o

r edefarei flowing e s selcondetaistarf 234. glin Segdma ceadiom234,stiehalkyl

' | h ke, wh
o AR A8 1 BaftRl PlheRRlieh] o H ERGRARET fod A HBAT abou
ng ?5';)% C. tmél&:tﬁ Isao‘; Ceiaglita ;Isr]gdsflnﬁm therapge otiabcut 1tbar to 80 bar,
a s go ] S€ Ol Q ., Qrom qges reac .

o 99t Befoled bt of Frvfie, Slymitncs blicatd Ghealyet. bifeizhb o zeolte
101 ezatdlysnareonost siefefaly) ain X Bery fyha ZbbRe Takdyat UAgiteferred

cont ,n_,su%{st antial substituted aromatics, At =

i n&Pé’& iR g% EiRieY dYRE eeolignrithaugh piherozedtites With ejffering pore

br @fFed CaritP BYItISE OWhichCARASHRNESVE BF \ERHEG the re(ﬁ%ﬁbto%ilica

however selectivity towards C5+ product’s decreases an
selr@lia may @ ussddn the progesseef the prerant inveatian asiwilk g evident to
ol gfd | i | - i
0 800 e 255l SN B 1R 88T Eprotonc
15 neforema ng éaen ofce ixed priotantic/sqstivh demna dhe zeefile oay also be

b . . 4 .
oy £iceiicRtby BRRAEARANS b e fiblafoatols tbnaq | 7R & .
wi withialkaliccanth metabeatione, sucteds bg, GacSr of Ba, with tragsition metal

o Pafths” Spofi N MR, oWl U b oS hiliat Rl eS8 Rlous

r eali¢rnativeccatitnsihane aareffelct efishifiing ceaqtioniselagtivityl. t Other zeolite

20 58813, 0 S S0 SR i B MR8 oy

W varyingr thietaluminaftosliich vatiauntayhise ased inctheasezand headtat 234 as

of ctivation of..th 5 catal yst. nver se .

o pefIERS cavidint 39 2 bghietf adRafiot My HES reamth e, B propaides are

parddctad ao! grodaceva apptiire30P Kighayy nedisculdrr waigt hydrocarbon
he reduged rate of desorption of

king, likely.
ﬁ;dﬁﬂaﬁ%we ol B/ArORIAEIC A IRARY ng ¢ enper at ur os
250 of er ab, {TPHRLAS o Jaith i sEporf retitor 2041 ofefed is an

t himpartanh ghararaetenin 2éterinixding de 36lectivityeaisthd reaction to olefins

o o, o0, EE e 4 Wkl 6 bicRafiRis. s prstape o

f ooperateosecongacasior R4 latn empeeatarcowitifinthe asisge vhalodut 250°

m Qi mozes the ntity of catalys ecycl e e d
ccfit Fhagut 308 & Siimdre PrefBbuWihip 8 G of SbSiR Y c. 1o
30 peabadi 4?;'4{@% r'ﬁ@ﬂpﬁmured eiblmvei dbout bﬁﬁfC}’ <l iat thegsetiond reactor
react or rgmthe nor rocess W, purging W t
iR Matessed Yeidsof Vo PugfosaPassaicd Hs Mdediratle fhéthane
?faﬁdmja:rbohab_ééué{ %oﬁ&omeﬁee]tcbaﬂogaé??t A (??%@Ve:’ﬁ ﬁﬁbtr)easte isecl)ds of
e rature in the range Q ou . to a )
C. gigg"ﬁ @%\%‘éaﬂﬁfr @Q&Cﬁ@g HRIGHT NYdrogasknn, R dYeist h&‘l’tab , in the
catal yst insofar as is practiagal, and then
subsequent |y oxidi zing the deposited carbon to CO2 by
addition of air or inert 30 gas-diluted oxygen via
line 270 to reactor 234 at a pressure in the range of
about 1 bar to about 5 bar and an el evated tenperature

in the range of about 400 C. to about 650 C. Carbon
di oxi de and residual air or inert gas are vented from

L — p—

(9]]



The effluent which conprises olefins, the higher

nmol ecul ar wei ght hydrocarbons and hydrobromc acid is

wi t hdrawn fromthe second reactor 234 via line 235 and
cooled to a tenperature in the range of about 100 C.

to about 600 C. in exchanger 236. As illustrated in
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Reactors 240 and 246 may be operated in a cyclic

fashion. As 30 illustrated in FIG 4A, valves 238 and

219 are operated in the open node to permt
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ef fl uent which conprises ol efins, the higher nolecul ar
wei ght hydrocarbons and hydrobrom c acid is wthdrawn
fromthe second reactor 234 via line 235, cooled to a
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obvi ated. Conpressor 213 is not illustrated in FIG 6B

as substantially all comrercial sources of oxygen,

such as a conmercial air separator unit, will provide
oxygen to line 210 at the required pressure. If not, a
conpressor 213 could be utilized to achi eve such

pressure as wll be evident to a skilled 10arti san.
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achieve such pressure as will be evident to a skilled artisan.
in the embodiment of the present invention illustrated in FIG. 6A, the
beds of solid metal oxide particles and solid metal bromide particles contained
30 in reactors 240 and 246, respectively, are fluidized and are connected in the
manner described below to provide for continuous operation of the beds
without the need to provide for equipment, such as valves, to change flow

direction to and from each reactor. In accordance with this embodiment, the
28



The gas stream contai ning | ower nol ecul ar wei ght
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and a recycled gas stream is transported 10 or

conveyed via |line 262, heat exchanger 352, wherein the
gas streamis preheated to a tenperature in the range
of about 150 C. to about 600 C, valve 304 and |line 302
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Li kewi.se, valv 0 |P h
substantlally complete reactno of the solid metal bromide with oxygen in
reactor 246 are withdrawn via a weir or cyclone or other conventional means
of solid/gas separation, flow by gravity down line 264 and are iniroduced at or
near the bottom of the bed 298 of solid metal oxide particles in reactor 240. In
30 this manner, reactors 240 and 246 can be operated continuously without

changing the parameters of operation.
In the embodiment illustrated in FIG. 6B, oxygen is utilized as the
oxidizing gas and is transported in via line 210 to reactor 246. Accordingly,
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10 in the open node to permt brom ne vapor from
reactor 246 to be transported to reactor 320, while
valve 326 is operated in the open node to permit
residual air or oxygen to be vented fromreactor 320.
Once significant conversion of the reduced netal

brom de and oxi di zed nmetal bromde in reactors 320 and
310, respectively, to the correspondi ng oxidi zed and
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In aecordance with another embodiment of the process of the present
invention that is illustrated in FIG. 7, the alkyl bromination and alkyl bromide
conversion stages are operated in a substantially similar manner to those
corresponding stages described in detail with respect to FIG. 4A except as
discussed below. Residual air or oxygen and bromine vapor emanating from
reactor 246 is transported via line 247, valve 248 and line 242 and valve 300
to heat exchanger or condenser 221 wherein the bromine-containing gas is
cooled to a temperature in the range of about 30° C. to about 300° C. The
bromine-containing vapor is then transported via line 242 to vessel or reactor
320 containing a bed 322 of a solid phase metal bromide in a reduced
valence state. The metal of the metal bromide in a reduced valence state is
selected from copper (Cu), iron (Fe), or molybdenum (Mo). The metal is
selected for the impact of its physical and thermodynamic properties relative
to the desired temperature of operation, and also for potential environmental
and health impacts and cost. Preferably, copper or iron are employed as the
metal, with copper being the most preferred. The solid metal bromide is
preferably immobilized on a suitable attrition-resistant support, for example a
synthetic amorphous silica, such as Davicat Grade 57, manufactured by
Davison Catalysts of Columbia, Maryland. More preferably the metal is
deposited in oxide form in a range of about 10 to 20 wi% on an alumina
support with a specific surface area in the range of about 50 to 200 m2/g, In
reactor 320, bromine vapor is reacted with the solid phase metal bromide,
preferably retained on a suitable attrition-resistant support at temperatures
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resul tant brom ne vapor to be transported with the gas
stream cont ai ni ng | ower nol ecul ar wei ght al kanes vi a
lines 324 and 330 and heat exchanger 226 prior to
bei ng i ntroduced into al kyl brom nation reactor 230.
In addition, valve 300 is opened to permt. brom ne
vapor emanating fromreactor 246 to be transported via
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oxCdialists ofeCeilimbiay Matiand Mbre preferatly te mesi fd@éﬁosnted in an
oxide state in a range of 10 to 20wt% supported on an alumina support with a
specific surface area of about 50 o 200 m2/g. The temperature of the gas
stream is from about 150° C. to about 600° C., and preferably from about 200°
C. to about_450° C. In second reactor 310, the temperature of the gas stream
thermally decomposes the solid phase metal bromide in an oxidized valence
state to yield elemental bromine vapor and a solid metal bromide in a reduced
state in accordance with the following general formula wherein M? represents
the metal:

2M?Br,.y — > 2M?Br, + Bro
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20 support due to the substantially conplete reaction
of the reduced netal brom de with brom ne vapor in
reactor 320 are withdrawn via a weir, cyclone or other
conventional neans of solid/gas separation, flow by
gravity down |line 359 and are introduced at or near
the bottom of the bed 312 in reactor 310. In the
enbodi ment illustrated in FIG 9, the gas stream
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CLAIMS 1. A process for converting gaseous al kanes to
ol efins and |iquid hydrocarbons conpri si ng:

reacting a gaseous feed having | ower nol ecul ar wei ght
al kanes with brom ne vapor to form al kyl brom des and
hydr obrom ¢ aci d; and reacting said al kyl

brom des and hydrobrom c acid in the presence of a
synthetic crystalline alum no-silicate catal yst and at

a tmeneaabw gres ératéldeiﬂt thisOmafhéh OhtﬂfSIg?ﬁf o’ﬁﬁtj conversuon of the

hyg 8 ? %Ff a ag 2. The ocess claim1
eds of £eduged mapiah Rromide and<oxidizad metal ahrwy"ctﬁ i reactors 310
t hghg @eoampeemnyt 'f&trfé%&?és} dmg ddistd M@Péqg"c@a Redtes has

di oxi de along with said m des.
pr 9§@§§dofanél 'fé’ith mm@rﬁ g@a &yqaﬁehﬁﬁk iedheifiow schematic

STEIBEURISEFe 4 DI  OTHLD oc
t he caltr bon dn ?b(e dmba?iﬁhémloz lﬂ’ge pmsmunda\ﬂohemwﬁtra@éa in FIG. 9,
r ct | ai.d broni ne_va
b a5 72 ad 8od bhplaigin JgRdoRcHIRS 320 fesPRribiply. are
abﬂu‘dlz35Qar@ aﬁeoc@’ﬁ@étetﬁﬁpﬂﬁ mahner Bés@fﬁéﬁ%ﬁ@o@fm‘?bl@vﬂb for

5 wherein said erature is from about

abEORTINKGYS ePefPt'OITr% "ﬁﬁ beds withpuicthgineed taiuewde ferequipment,
10¢Cr ¥§éh’i|a|s' VMived, UB1 Beange! isw! &ire”c%bﬁ' t‘ésénd Srotn Z&8h Eé%lc’tor. In

cat al yst 8. The process of claim7 wherein sai
z eawqr@ar@@tvmrytbts enbodimgnt fthe(btoymee-,@@mmng @28 withdrawn from

th-Ehr%a%lf’ gﬁé ¥ f‘oﬁ@?: 282 FEI Sootbgis ‘rl Qerﬁﬁér%i%@qqﬁﬁg range of of about

al yst te cata
of 3@1 &i ta abouiB0RR C. do epehasigers 370 and 378nend myrcxtmped mto the

Y BOR W 6ad $20 3Py LRI el 4480 184 222 in & fucized

ization reaction w ous soflu
15 cosiaha nT hegflove atthisointrpdeabddisd mnhaem’dne payticies oh tn‘dwmzm flow

U RGP A BT P B B el ucec
Cumela brémaideGenteriig tHéh boftemasf Byl B221in tlee manner as described
above with respect to FIG. 7. At or near the top of the bed 322, the particles
which contain substantially oxidized metal bromide on the attrition-resistant

20 support due to the substantially complete reaction of the reduced metal
bromide with bromine vapor in reactor 320 are withdrawn via a weir, cyclone

or other conventional means of solid/gas separation, flow by gravity down line

359 and are introduced at or near the bottom of the bed 312 in reactor 310. In

the embodiment illustrated in FIG. 9, the gas stream containing lower

25 molecular weight alkanes, comprised of mixiure of a feed gas (line 211) and a
recycled gas stream, is transported or conveyed via line 262 and heat
exchanger 352 wherein the gas stream is heated to a range of about 150° C.

to about 600° C. and introduced into reactor 310. The heated gas siream
thermally decomposes the solid phase metal bromide in an oxidized valence

30 state present entering at or near the bottom of bed 312 to yield elemental
bromine vapor and a solid metal bromide in a reduced state. The flow of this
introduced gas induces the particles in bed 312 to flow upwardly within reactor

310 as the oxidized metal bromide is thermally decomposed. At or near the
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11. The process of claim 1l wherein said brom ne vapor

i's produced by oxidizing an aqueous metal brom de salt
solution, the netal of said netal brom de salt being
selected fromcCu, Zn, Fe, Co, Ni, Wi, Ca, or My. 12

A process for converting gaseous |ower nolecul ar .

wei ght al kanes to ol efins conprising: reacting a

gaseous feed containing |ower nolecul ar wei ght al kanes
Wlt&a dPrRg1 R squhetparﬁmsmmdwbornamnsm@rwnﬂv reduced solid

oabsnesshiie, AHGPeED, Sl ByErycie, ibamay
‘%ﬁ{ﬁé b tE?r()n?él td@ggft’rg&sng%rg%i g%a\zcﬁél?iiw ard wathmamnovlafa weir or
acnydlone o otfienconventionak nma@@egf;g' r}g%ng a?éﬁicgrh ?@ﬁ g?}oqlv by
&g{.{f&% lu?eﬁ gﬁ& '(I:rgrﬂ)oﬁl?g@ a@b?hbahsthe%ttomwef the deels322 of
¢ perties o mcmem oin ShS ARG SERRPES 2D it 22 B be
E;c? g g@@ﬁ@doouglg‘%lfhlbh%ﬂpﬁlgﬁﬁé ©amdteRbf opatatiohs omi ne

The process of the present invention is less expensive than
conventional process since it operates at low pressures in the range of about
1 bar to about 30 bar and at relatively low temperatures in the range of about
20 © C. to about 600 ° C. for the gas phase, and preferably about 20 ° C. to
about 180 © C. for the liquid phase. These operating conditions permit the use
of less expensive equipment of relatively simple design that are consiructed
from readily available metal alloys or glass-lined equipment for the gas phase
and polymer-lined or glass-lined vessels, piping and pumps for the liquid
phase. The process of the present invention is also more efficient because
less energy is required for operation and the production of excessive carbon
dioxide as'an unwanied byproduct is minimized. The process is capable of
directly producing a mixed hydrocarbon product containing various molecular-
weight components in the liquefied petroleum gas (LPG), olefin and motor
gasoline fuels range that have substantial aromatic content thereby

| significantly increasing the octane value of the gasoline-range fuel
components.

While the foregoing preferred embodiments of the invention have
been described and shown, it is understood that the alternatives and
modifications, such as those suggested and others, may be made thereto
and fall within the scope of the invention.
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15. A process for converting gaseous al kanes to

ol efins conprising: reacting a gaseous feed having

| ower nol ecul ar wei ght al kanes with brom ne vapor to

form al kyl brom des and hydrobrom c acid; reacting

said al kyl brom des and hydrobromic acid in the
resence of a synthetic crystalline alum no-silicate

Qgﬂﬂﬂﬁyst and at a tenperature sufficient to form

ol efins and hydrobrom c acid vapor; and renoving said

hydr obrom ¢ acid vapor fromsaid olefins by reacting

gai dAhibij%dé'%,ofﬂrC c@lé\"/éhi?{g'lp@ése%‘s hafkafiBs alo Qe aAd AT
a metal brom de and steam 16. The process of claim 15
Widrosarhogacampriginget al  of said netal oxide is

magnes,) ' j - ' .
" on. ey BTy RETBEUHE lofe Abldthar TRAGEN AfEncs wih
brasias yapér tolfainmatk§l rbmidesansdiydrobromic acitand s

SUPD TG S 35 b FRES 458 nudBreHlE sBPF9RE sRlsghb bl
spathéto crystalline alumino-silicate catalyst and at a temperature sufficient to
form olefins and hydrobromic acid vapor.
2. The process of claim 1 wherein said bromine vapor is substantially dry,
thereby avoiding the formation of significant carbon dioxide along with said
alkyl bromides.
3. The process of claim 1 wherein said gaseous feed is natural gas.
4. The process of claim 3 wherein said natural-gas is treated to remove
substantially all of the carbon dioxide and sulfur compounds therefrom prior o
reacting with said bromine vapor.
5. The process of claim 1 wherein said temperature is from about 250° C. to
about 500° C.
6. The process of claim 5 wherein said temperature is from about 300° C. to
about 450° C.
7, The process of claim 1 wherein said crystalline alumino-silicate catalyst is
a zeolite catalyst.
8. The process of claim 7 wherein said zeolite catalyst is an X or Y type
zeolite catalyst.
9. The process of claim 8 wherein said zeolite catalyst is a 10 X zeolite
catalyst.
10. The process of claim 1 further comprising:

removing said hydrobromic acid vapor from said olefins by
neutralization reaction with an aqueous solution containing reaction products
obtained by oxidizing an aqueous solution containing a metal bromide salt,
the metal of said metal bromide salt being selected from Cu, Zn, Fe, Co, Ni,
Mn, Ca or Mg bromide.
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19. The process of claim 15 further conprising:
reacting said metal bromde with an oxygen containing
gas to obtain a netal oxide and said brom ne vapor.
20. The process of claim 19 wherein said bronne vapor
is used in the step of reacting said gaseous feed
havi ng | ower nol ecul ar wei ght al kanes.
11. The process of claim 1 wherein said bromine vapor is produced by
oxidizing an aqueous metal bromide salt solution, the metal of said metal
bromide salt being selected from Cu, Zn, Fe, Co, Ni, Mn, Ca, or Mg.
12. A process for converting gaseous lower molecular weight alkanes to
olefins comprising:
reacting a gaseous feed containing lower molecular weight alkanes
with bromine vapor to form alkyl bromides and hydrobromic acid;
reacting said alkyl bromides and hydrobromic acid in the presence ofa
synthetic crystalline alumino-silicate catalyst to form olefins and hydrobromic
acid; and
converting said hydrobromic acid to bromine.
183. The process of claim 12 further comprising:
dehydrating said olefins.
14. The process of claim 12 further comprising:
recycling said bromine that is converted from said hydrobromic acid to
said step of reacting with said gaseous feed, said bromine being recycled as a
vapor.
15. A process for converting gaseous alkanes to olefins comprising:
reacting_ a gaseous feed having lower molécular weight alkanes with
bromine vapor to form alkyl bromides and hydrobromic acid;
reacting said alkyl bromides and hydrobromic acid in the presence of a
synthetic crystalline alumino-silicate catalyst and at a temperature sufficient to
form olefins and hydrobromic acid vapor; and
removing said hydrobromic acid vapor from said olefins by reacting
said hydrobromic acid vapor with a metal oxide to form a metal bromide and
steam.
16. The process of claim 15 wherein said the metal of said metal oxide is
magnesium, calcium, vanadium, chromium, manganese, iron, cobalt, nickel,
copper, zinc or tin.
17. The process of claim 15 wherein said metal oxide is supported on a solid
carrier.
18. The process of claim 15 wherein said metal oxide is contained in a bed in

a reactor.
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19. The process of claim 15 further comprising:
reacting said metal bromide with an oxygen containing gas to obtain a

metal oxide and said bromine vapor.
20. The process of claim 19 wherein said bromine vapor is used in the step of

reacting said gaseous feed having lower molecular weight alkanes.
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