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-1- . PROCESS FOR | SOVERI ZI NG LI NEAR OLEFI NS

TO | SOOLEFI NS This invention relates to struct urLaPoS
[ somarLzat ion of linear olefins to nethyl . branched i sool efi ns using zeolite
corrposr’tj ons as isonerizing catalysts. I ncreasi ng

demand.for high octane gasol ijne hl ended with I ower aliphatic alkyl ethers
such ast octane boosters and suppl enmentary fuels has created a significant
denmend for isoal kyl et hers, especially the Clerr] to (Jerr] nethyl,

et hyl . and i sopregndess FORy ISOMERI BINCALENEAR MUBFINShere i s an i ncreasing
demand for the corresponding isoal kene starting materials such as

i sobut ene, isoanyl enes and T&HAROOLEFINS In many instances, it
is desirable to convert an al kene such as normal butene, to a met hyl
branched al kene, for exanple isobutylene, by nechanisns such as structural
I somerization. Such converted isoal kenes then can be reacted further, such
as -

~ This invention relates to structural isomerization of linear olefins to methyl
branched isoolefins using zeolite compositions as isomerizing catalysts.

Increasing demand for high octane gasoline blended wnh lower aliphatic
alkyl ethers such as octane boosters and supplementary fuels has created a significant
demand for isoalkylethers, especially the Cs to C, methyl, -ethyl and isopropyl-t-alkyl
ethers. Consequently, there is an increasing demand for the corresponding isoalkene
starting materials such as isobutene, isoamylenes and isohexenes.

| In many instances, it is desirable to convert an alkene such as normal
butene, to 2 methyl branched alkene, for example isobutylene, by mechanisms such as
 structural isomerization. Such converted isoalkenes then can be reacted further, such as
by polymerization or oxidation, to form useful products. Normal alkenes containing four
carbon atoms (1-butene, trans-2-butene and cis-2-butene) and five carbon atoms (1-
pentene, trans-2-pentene, and cis-2-pentene) are relatively inexpensive starting
compounds. Convenﬁonaﬂﬁ--butenes and amylenes, including to a minor extent
isobutylene and isoamylene, 2 are obtzmed as a by-product from refinery and petmchemml
processes such as mtalyuc and thermal cracking units.

_Zeolite mi_eﬁals. both natural and synthetic, are known to have catalytic

properties for many hydrocarbon processes. Zeolites typically are ordered porous .
crystalline aluminosilicates having a definite structure with cavities interconnected by
- channels. The cavities and channels throughout the crystalline material generally can be
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merization or oxidation, to formuseful products. Nornal al kenes
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| Malabari#Floridar(3988)ces are known in the art as "nol ecul ar sieves"

d, in addition to catalytic prop'erties, for certain selective

I ve processes. Zeolite nol ecular sieves are discussed in great

in D.W Br geerali Othe témiVPleplitek dicliies W abide Paiy bf both'fah#flind

of

t hese
and

i ng Conpany, _Malabar, Florida (1984). Gener aI ly, the

cyRthetic pasitive ineeontziningierystalline alpminosilisate mesarialsainchdinggyolecular

ar
networks of S$iO, and AlQO, tetrahedra in which silicon and aluminum atoms are cross-

linked in a three-dimensional framework by sharing of oxygen atoms. This framework
structure contains channels or interconnected voids that are occupied by cations, such as
sodium, potassium, amm_on'ium, hydrogen, magnesium, calcium, and water molecules.
The -watcr may be removed reversibly, such as by heating, which leaves a crystalline host
structure available for catalytic activity. The term “zeolite” in this specification is not
limited to crystalline aluminosilicates. The term as used herein also includes
silicoalu'minophosphates (SAPQO), metal integrated aluminophosphates (MeAPO and

Sidvell" TREY BLadtdiy dré Yidrlndeh g o2'cHflhatR ddofidb i chids Sl o U

- ELAPO), metal integrated silicoaluminophosphates (MeAPSO and ELAPSO). The

MeAPO,.M_pAPSb, ELAPO, and ELAPSO families have additional elements included
in their framework. For example, Me represents the elements Co, Fe, Mg, Mn, or Zn,
and El repré_sents the elements Li, Be, Ga, Ge, As, or Ti. An alternative definition

- would be "zeolitic type molecular sieve” to encompass the materials useful for this

invention.

Developments in the art have resulted in formation of many synthetic
zeolitic crystalline materials. Crystalline aluminosilicates are the most prevalent and, as
described in the patent literature and in the published journals, are designated by letters

~ or other convenient symbols. Zeolites have been specifically named and described as

Zeolite A (U.S. Patent No. 2,882,243), Zeolite X (U.S. Patent No. 2,882,244),
Zeolite Y (U.S. Patent No. 3,130,007), Zeolite ZSM-5 (U.S. Patent No. 3,702,886),

i ng



sieves. They generally are characterized as crystalline alumnosilicates
whi ch conprise networks of SiO4 and Al04 tetrahedra in which silicon and
al um nun?’atorns are cross- linked in a three-dine STHﬂSng % y
shari ng .0f oxygen atons. This framework structurg concgfézgg 5 or
mterccrnnect ed voids that are occuprbd by cationg dium

pot assi im anmoni um hydrogen, magnesi um cal cium and water nol ecul es. The
wat er nieolise ZSMlle(U.Se\Ratanit ONg., 351021979) Beolite ASMJ2 WhiSc Paen\MNe. a
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zeolitic crystal line materials. _Crystal]i i aigl'%om |icates are the nost

pr eval efatalyftsarcdeseribed in Furopean PatentoA PR,IWP re and in the published

journals, are designated by letters or other convenient synbols. Zeolites
‘have been specifically named and described as Zeolite A (U.S. Patent No.-

2,882, 243), Zeol iUp until hovG. calystnfor Nuructaralg dsqraetizingzallries,cpagtiquiprly.  Pat ent
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interconnecting channels, together with an associated datalytic metal such as platinum,

)

palladium, boron or gallium. Continuing problems with present methods using such
zeolites are coking of the catalyst pore spaces and undesirable by-product formation, in
particular dimers, trimers and -aromatics.

In the methods of this invention, a linear olefin is converted under
isomerizing conditions to a methyl brahched olefin using an isomerizing catalyst
composition made up of a zeolite having only in one dimension a pore structure having
a pore size small enough to retard by-products and retard the formation of coke and its
ﬁrecursors and large enough to permit entry of the linear ole'ﬁq and diffusion of the
isoolefin product. Generally, zeolites having in one dimension a pore structure with a
pore size ranging from more than about 0.42 nm to less than about 0.7 nm are useful for
the processes of this invention. Zeolites with this specified pore size are typically
referred to as medium or intermediate pore zeolites and typically have a 10-member (or
puckered 12-member) ring channel structure in one dimensioh and an 8-member or less
(small pore) in the other dimensions, if any. For purposes of this invention, a one-
dimensional pore structure is considered one in which the channels having the desired
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Zeolite ZSM 11 (US Patent No. 3,709, 979), Zeolite|#$
3,832,449), Zeolite ZSM 23 (US Patent.No. 4,076, 84
Patent 1. 4,016, 245), Zeolite ZSM 48 4(US Patent I
NU- 1. (US"Patent No. 4, 060590) and others. Various ferrieri es,

i ncl wWdin 0 f I hfiaf | Ll e .ent  Nos.
5 033, 0o A0 te Do RhER Y ot LREE of &l BP A Rimerions BT, po
cat al yst s be densidéried cilternatiifelyas e ichadmel pored Sinichire (seA\RLS: Patent Naal yst s
are descr, |} US Pat.ent, Nos. 4,544 143 gnd 587,.029: APQ cat al ysts
are descr#'gégzﬁi VsupAE °';¥.s‘°1,°50é?@5f? W@@S@%ﬂ?ﬁﬁ’%t@rﬁ%

descr.i bectatalysEUdoRiRERoRA ippeVide NiRtrbaad | lechiiy @lthe isomerizdtionArédeddi}08
di scl oses_an isonerization catalyst forpged froma zeolite of the pentasil

fam |y slegreased dimen and-grimes by-psedust fosmation, and deereased pokingef the catalyst. Up

until now, catalysts for structurally isonerizing al kenes, particularly
butene to isobutene, have utiltized |large pore zeolites having two or
t hr ee- di nensi onal iZeblites that eostaingsnealiapored @,e. § legsethar raboutt 42 mag sdoondtat ed

o obl o 2R ittt Bt e pe R mihen dfpolkBn PAER. £ 2- SRhinls; iK' ' ¢
cat al yst 2eglies Sﬂ%ﬁﬁaiﬂflﬂ'gb' @dﬁi i(r.a.bgmﬁvm%uﬁt 0.7a1 ia&lgl,oné dirheénsioncul ar
diners, triners and aronati cs. SOMMARY OF THE | NVENT] In the

met hods e shjest isubstaniial by-produstfarmatiarr and qokinge fvakingcls believed to Boter i zi ng
condi 1 1 0f3ahP of! olfEinbatlaBh ARG Hofyirhtich, bRGiAReh,S fatibf) of The!'feed!

conposi tion nade ng onl'y I n one 'di nension a pore structure
havi ng a paraffin ©r pdefimbydrocartongh Zeolites tofl this fiveptionishoutd contain @t least onee '

formati on of .coke and.its precursors_ang |ar en h to permt entry of
the 1| nediore iesion Tt he sbied e fre A nE R ARl RRE ol ! oo
have |in Q@Qingithegetified PoRNiR Widld pérdiiCsubsthmial cOMi’ of thedsdnidl léfigm nor e
than 0.42 nmto l'ess than 0.7 nm Zeolites with this specified pore size

are typi cadtherely faciisate pawapied dimerization anditameEZatiONIeOBS. 20| i't es and

typically have a 10-nmenber (or puckered 12-nenber) ring channel structure

i n.one dinmension and an 8-nenber. or |ess (small pore) in the other

di nensi ons, if any Thegrogussesafchisdfventios areokaradterized cbyosetectivities) wihighal por e
structure. is gonsider ong In which the ¢ ne, havi ng,th esired pore

51 76 do ranes fomrabnt it %059 % bk lengths S 12D ndits, B 1soGiehR Sk

of between about 25% to 40% at the beginning of a run and 12% to 40% at the end of

run conditions. Under preferred conditions with temperatures at least about 370°C,

selectivities generally exceed 70% over run lengths of 48 to 120 hours.

Lower temperatures, such as in the i'ange of 340°C to about 370°C at
WHSV of about 2 to about § hr?, and at aunosphexié pressures, generally yield lower
selectivities, but yet still provide unexpectedly good selectivities ranging from about S50%
to 65% for run lengths of about 59 to about 70 hours. ’

Further, use of catalysts made with pressed zeolite powders of various
silica to alumina ratios, without added binders, show dramatically improved yields over
time as compéred to similar catalysts made with binders.
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4 channels of simlar or larger dinensions; it nmay also be considered
alter.natively as a channel pare structure (see US pat BTN

uni - di r"Qet i onal sieve. Such one-di nensional, interned a
cat al yst “conpositions provide increased sel ect ivity d ] ; n
reacti on, decreased dimer and trinmersby-product fornation, —ard<dEcreasgd

coki ng 6f the cat al yst. Zeolites that contain snall pores '
| ess than about 0. 42 BRERE oA g AWIRGSof the net hyl br anched
i sool efin product, e.g., yl ene; mhlle zeolrtes that contain |arge
pores (i.e., greater than about 0.7 nn) I n any one di nension are subject to

substanti al by- prggscq isfa Ivagki | @{,%Hu be the
result of oligneri zat%on ?#b@rl zat1 on, onaqrﬁgma za i on ?or eﬁtl yl ation
of the filhestrative ef fiprocess ofelhs m@domaaﬂinngsan Befernidrits cathlyshatsumﬂent i on
shoul d ¢ Ie ore . di.nensi onwrth the specified pore size. A
two or t%ﬁﬁg?‘&l F%igla?’ﬂ%% mOSRhEHE BFESSYeryi ng t he speci fi ed pore size
woul d pernmit substantial contact of the isonerizing olefins and thereby
facilitate unwanted dinerization and trimnerization reactions, The

processes of thi sFIGw24As & @mplyef isohutylenteyickdoversys ma) time flipsiatise ot ch range
from 509 ng;i{y ebh I el ds
of bet M@@&gﬁ F’ %%g?ﬁiﬁf“ﬂ%“% a%rad‘pn&gs tgpgg%}) at t%e end

of run @babbut atmosphdriccpresspreef erred conditions with tenperatures at |east
370[err]C, selectivities generally exceed 70% over run |l engths of 48 to 120

hour s. Lower tenperatures, such as in the range of 340[err]Cto
370[ er r] C at WHSVFRS. Fisla@raphufli®bitylend bohvatsici iSRRIV viefsas full tifie
general ly yield | ower selectivitieS, but: yet st| ] F‘eow de unexdgect edly
good sell tive 63 pregess Af this investion, wilising,an H-fersier

WHSYV of 4.5 hr, and at about atmospheric pressure.

FIG. 4 is a graph of isobutylene yield over run time illustrative of a
 process of this invention, utilizing an H-ferrierite catalyst, at 340°C, WHSV of 4.5 hr”,
and at about atmospheric pressure.

FIG. § is a graph of isobutylene conversion and selectivity versus run time
illustrative of a process of this invention, utilizing a pressed H-ferrierite powder catalyst,
at 430°C, WHSYV of 7 hr, and 18.7 psia.

FIG. 6 is a graph of isobutylene yield over run time illustrative of a
process of this .invexlltion, utilizing a pressed H-ferrierite powder catalyst, at 430°C,

WHSYV of 7 hr?, and 18.7 psia.

FIG. 7 is a schematic flow scheme of a process of this invention.
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about 50 to about 70 hours. Further, use of cat aI ysts made with

-pressed zeolite powders of various silica to alum na wthewt—added
bi nder s’ >~show dranatically inproved yields over tine as c r SAStBEEY fvi | ar
cat alysts” made with binders. According to th nredt CkDrent i

there is provided a process for strugturally isonerizing a Ilnear otefin
having &t | east 4 car bon atoms to a nethyl branched | sool efin which
conpri ses CcOrPETAILED DES . BRR: ABODIMENTS he hydr ogen
f or m of ferrlerlte or an |sotyp|c structure thereof havi ng a

silicalal um na ratio from42:1 to 300: 1, at isomerization
condi t i Ofadr6CRbYn PdedBtRamenperature from 340 to 600[err]C, an olefin
partial pressure above 0.5 atnosphere (50.66 kPa), and a hydrocarbon wei ght

hour space velocity from1 to 50 hr[err]. BRI EF DESCRI PTI O\I OF THE

DRAW NGS I |
sel ectively versuérhrE hﬁ#‘%‘%@“&%ﬁ%ﬂe‘ﬁ%mﬁ Brggg?as tsgn 'S | nv(!nt I on,

utilizi %@erﬁﬁdﬂyﬁmmkmtwm%hwm tdlwﬁ‘dzﬂubn atdmy. eAlsp, and at
~about at nos herl res Cﬂ(\'lOl kPa) FIG2 is a g?a%n.of

i sobut yl RurpRses of ghis jnvention Hfa compayod Rs
i nventi wsmédezsbgmexﬁ nv.h%foaf {0/t bdrBorCatbmb.y Hlis aénem)&ﬁf Iohg chatiides 7

hr[err], and at about atnospheric pressure. FIG3 is a graph if
i sobut y| alkenes and compayndsenataining long\cheip linearssegments may penetrate the zeolite™

catalyst for a distance effective to allow isomerization. Thus, the entire molecule need
not be small enough to fit entirely within the pore structure of the catalyst. The preferred
feed contains butylene or amylene.

As used herein, n-butylene includes all forms of n-blitylene, for example -
1-butene and 2-butene, either trans-2-butene or cis-2-butene, and mixtures thereof. As
- used herein, n-amylene or n-pentene, includes 1-pentene, cis- or trans-2-pentene, or
mixtures thereof. The aébutylene or n-amylene used in the processes of this invention
is generally in the presence of other substances such as other hydrocarbons. Thus, 2
feedstream used in the process of the invention containing n-butylene or n-amylene also
can contain other hydrocarbons Such as alkanes, other olefins, aromatics, hydrogen, and
‘inert gases. Typically, the n-butene feedstream used in this invention contains about 40
to about 100 wt.% n-butene. For example, a hydrocarbon feedstream from a fluid
catalytic cracking effluent stream generally contains about 40 to about 60 wt. % normal
butene and a hydrocarbon efﬂueﬁt‘ from an ether processing unit, such as a methyl-tert-
butyl ether (MTBE) processing unit generally containing from 40 to about 100 wt.% n-
butylene. |

As used herein, the term "alkene" can be alternatively referred to as
"olefin"; the term "linear” can be altemati.vely referred to as “normal®; and the term
*isoolefin® can be alternatively referred to as "methyl branched isoolefin.” Similarly,
butene and butylene refer to the same four carbon alkene; and pentene and amylene refer

to the same five carbon alkene.
-
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illustrative of a process of this invention, utilizing an Hferrierite
cat al: ;yst, at 340[err]C, WHSV of 4.5 hr[err], and at about atnospheric
pressures FIG4 is a graph of |sobutyl ene yield over run tlme
illustrative of a process of this invention, utilizingTRR B
catalys:i at 340[err]C, WHSV of 4.5 kr[err], and at

pressur é. " FIG5 is a graph 0 |sobutyl ene corwelsi 0% )
sel_ectimtﬁﬁg%&#{]tlmlllustratlve of a process of this i Touh,
utilizing a presse ferrierite powder catalyst, at 430[err]C, WHSV of 7

hr{err], and 18.7 psia (129 kPa). FIG6 is a graph of isobutylene

yi el d over run ti tive cess T.hJS |nvent|0.n utilizing
a pressed Hferri l"S‘oﬁS’g Sté’é?fo allhgpgﬁ é \FOFWPISS A [ orr]
aﬂd 18. Zeqmmvmgonedlmdfﬁﬁafmr&sﬁuaﬁﬂ&?mh@ofdwﬁﬂéiﬂgﬂoﬂgr&t&*tﬁﬁ?ss of
this inventio

DETAI LERPQSES:4R nmjand legs %EW&E’RRED 'E\Bwilmmst memmn%ed Stream

The hydg ge‘ﬁ%& s?écfﬁ gﬂa‘&{ tially
| i near a kene Tytﬂfca ,Mhh{hg near a ene gjgﬁtaal ns ?our 'tléy en tar bon
at ons. pme@malmbn&as Oﬂmmateesnmepﬂﬂe malnmméatomanuﬁw 6liginerizition, .

cont i nfiRgaiot e i bEhEod Bt ABRREGH. Facthoy o e S Rt ol 1<

bel i eveHavifigia porenizecgreater tham 042 xﬁhkxeaﬂﬁox&ﬁdxe@mmﬁqxﬁﬁaummd ong Chal n

i near . se nents nay penetrate the zeolite catalyst for a
trimerization of the alkene. Hence, zeolites having a poré diameter bigger than about

0.7 nm in any dimension or having a two or three-dimensional pore structure in which .
any two of the dimensions has a pore size greater than about 0.42 nm are excluded as
part of this invention. "

Examples of zeolites that can be used in the processes of this invention,
which have one-dimensional pore structures with a pore size between about 0.42 nm and -
0.7 nm, include the hydrogen fqnﬁ of ferrierite, SAPO-11, SAPO-31, SAPO-41, FU-9,
NU-23, NU-10, ZSM-12, ZSM-22, ZSM-23, ZSM-35, ZSM-48, ZSM-50, MeAPO-11,
MeAPO-31, MeAPO-41, MeAPSO-11, MeAPSO 31, and MeAPSO-41, ELAPO-11,
ELAPO-31, ELAPO-41, ELAPSO-11, ELAPSO-31, and | ELAPSO-41, laumontite,
clinoptilolite, cancrinite, offretite, hydrogen form of heulindite, hydrogen form of stilbite,
and the magnesium or calcium form of mordenite. The isotypic structures of these
frameworks, known under other names, are considered to be equivalent. An overview

" describing the framewofk compositions of many of these zeolites is provided in New
in Zeoli ience Technology, *Aluminophosphate Molecular Sieves and
the Periodic Table," Hanigen et al. (Kodansha Ltd., Tokyo, Japan 1986).

Many natural zeolites such as ferrierite, heulindite and stilbite feature a
one-dimensional pore structure with a pore size slightly smaller than the desired 0.42 nm
diameter. These same zeolites can be converted to- zeolites with lé:ger pore sizes by

_ removing the associated alkali metal or alkaline earth metal by methods known in the art,
such as ammonium ion exchange, optionally followed by calcination, to yield the zeolite
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di stance effective to allow isonerization. Thus, the entire nolecule need
not ke small enough to fit entirely within the"g:ﬁ're—sﬁhuet—u-pe—oi_.the

catal yst~ The preferred feed contains butyl ene Saﬁb'f%TnélAS BEEN | As used

herein, n-butylene includes all forns of n-butyl ene, RERLACE)Xanpl e/ 1- but ene
and 2- bzutene either trans-2-butene Qr cis-2-butene; and mxtur t her eof .
As used therein, n- arryl ene or n- pente e, includes 1 -pentene, cis- or
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process he 1 nvention cont ai ni ng n- butyl ene g‘rlsn- a J]ng al so can
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I nventi For exanpl e, a hydrocarbon
f eedst r exlerhativelyy :ﬁhmldzeohbalwﬂu toodargeka porecsize, such as masdenitge 6ot BE | v

contains 40 to 6 %no en nd a rom an
et her praliseedshy,su ﬂ@&"ﬁ’%ﬂ‘ﬁﬂ/ﬁ’%‘&‘?’%% g%?aggﬂ %H’%E) processi ng
uni t ger}ﬂﬁﬁs 'Wr&lﬁ&ﬁthb f&lierﬂﬂllﬁﬁ besordisehl forthe piveéssésaufahis invention. As used
herein term’ alkene can be alternatively referred to as "olefin"; the
term"linear" can be alternatively referred to as "nornmal"; and the term

"i sool efin" can b}ﬁ@}f?ﬁﬁ?‘{ene angﬁgxghf,ﬁgeﬁ,pf&% Yels o thidd iakkétion

i soolefin". Siml ene refer the sane four carbon

al kene; incldd@ZSMsSperionite azepliters, h;ei'@entformlaénmmlmm feviesiten al kene.
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The zeolite catalyst used in the isomerization processes of this invention
can be used alone or suitably combined witha refractory oxide that serves as a binder
material.  Suitable refractory oxides include natural clays, such as bentonite,
montmorillonite, attapulgite, and kaolin; alumfna; silica; silica-alumina; hydrated
alumina; titana; zirconia and mixtures thereof. The weight ratio of binder material and
zeolite suitably ranges from 1:9.5 t0"9:1, preferably 1:4.

Catalytic compositions comprising the éqsﬁﬂhe zeolite material of the
invention and a suitable binder material can be formed by blending a finely divided
crystalline zeolite with a binder material. The i'esulting mixture is thbroughly blended
and mulled typically by adding water and/or a volatizable acidic 'material such as nitric
acid or acetic acid. The resulting gel can be dried and calcined, for example, at
temperatures between about 450°C and 550°C, preferably between about 500°C and
520°C, to form a composition in-which the crystalline zeolite is distributed throughout the
matrix of binder material. ' Additionally, the catalyst composition can be extruded to form
pellets, cylinders, or rings, or shaped into spheres, wagon wheels or polylobe structures.
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| soreri zi ng Cat al yst The zeolite catal yst useful in the processes of
this.invention conpri-ses a zeolite having a one-d 5 H@SIEE ucture
W th a'@-ere si ze rang|ngfromgreater9than042 nnand\‘féz%\ a 7 nm
The zeolite catalyst preferably conpri'ses substan GEBeolitls. with
t he §pwlﬁm in one di mension. Zeolites having pore sizes
greater ! susceptible to unwanted aromati zati on, .

ol iginerization, alHfdrfieni®is uwtumreamﬁu -catabyiti for diserinahe isomefizationer , two
or three-. dinensignal zeoplit a

t 0.42 i
two or nORTRCEESGHOR This iy lfl-fatrt%' nf?&st‘% %ﬁ'fém ea 2t a%F“?w& glmkiaze.
Hence, Zephiifs examéaymengaares Soﬂh&f%ﬂiné)b&ﬂﬁhaimm@ caaﬂsdma naany

di mensi on or having a two or three-di"nmensi onal pore structure in which any

two of tmpmlrﬂmmyomgﬁho!pofmligr eater than about, 0.42 nmare

excluded as part of-this in 0 ecific zeolites that can

be used in the processes of Yﬁﬁ&g’:’tﬁ%‘eﬁt“l%ﬂ q;?%’ ‘hey hydrogen form of

ferrierite and isotypic structures thereof, such as FU-9, NU- 23 and ZSM 35.

The isotypic structures of ,these fra rks .upder. ot.h narres are
Mgp cPFb

consi der ed to be e exhetitf o foyng
conposi ti &&ﬁ&kiﬂﬁ&du&ﬂ-ﬁﬁbﬁ@ﬁﬂn@wwmemnﬂams in

Zeolite Sc enc o ogy, " Alum nophosphate M] ecul ar Sieves and the
Peri odi c whichare muahtygaéhpmal inl crogsreoctinns 122e of two sizes:y larges shannelsdying

St 1 ot ur SR AR B3 873 4Rha CHA By Sl AR R Ring D ©

di amet er . mijoeand swiner Desloft4e8 andm Sk, mpaoawelgd Conveesion bf ferrietite todtsger por e
Sizes by re SSQCI at al kal i net al al.kal i npe earth netal
et hods KPBER ORIl APR e, o PR Mk A HEDRER s 3 s g
foll owed mﬁcﬁeé.cnaatmemmﬁ ?néﬁl%d h&ﬁﬁg&?ﬂiﬂn& @eject multiple branched chain and
cyclic hydrocarbon molecules and retard coke formation. According to the purposes of

this invention, H-ferrierite is.considered to be comprised substantially of a one-

. dimensional pore structure having an elliptical pore size (> 0.54 nm and > 0.42 nm)
large enough to permit entry of the linear olefin and diffusion of the methy! branched
isoolefin and small enough to retard coke formation. The one-dimensional feature is
satisfied because there are no other interconnecting channels which have diameters similar
to or greater than the primary (> 0.54 nm and > 0.42 nm) channel.

Various methods are provided which teach procedures for preparing H-
ferrierite, including U.S. Patent Nos. 4,251,499, 4.795,6_23 and 4,942,027, incorporated
herein by reference. In making the H-ferrierite, the H-ferrierite will typically have a
silica (Si0,):alumina (A1,0;) glolar ratio of greater than about 5:1, suitabl'y have a ratio
of between 5:1 and 500:1, desirably have a ratio between about 5:1 and about 300:1
and preferably have a ratio of betieen about 10:1 and about 100z1.

A hydrogen exchanged ferrierite powder with a molar silica (SiO,) to
alumina (A1,0,) ratio of about 19, a sodium content less than 0.01 wt.% and a surface
cet Has Beén Replacedd
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in_its hydrogen form ,See e.g., US Patent Nos. 4,795,623 and 4,942, 027.
Repl aci ng the associ ated alkali or alkaline earth mefa—w-t.h the hydrogen
f orm cotr espondi ngly enl arges the pore dianeter. H’STEHEEJEHJL\S <

catal yst used in the isomerizing processes of thi s ijnvent 'REPL :
alone ar suitably conbined with a bi.ggler, typically a Tefraste
Sui tabl & refractory oxides include natural clays, such as bentonite,

MONt MOT i {ebDBK 420 sqidrk Abidriliphin Wacludked @ pRpart|theTéaidyst O THE Bainkwoid dfithi! um na;

silica; silica- alumna hydr at ed al um na; tltanla zirconia and m xtures

t her eof zEnlitedontgined bathi Sansk 10,T-athm rings aranged msmbﬂd qnepaggﬁ ¢nd,65,anges

Ihgmcrlysé} {h? t?roeo 7o I %J?ﬁe’t?ﬂsﬁcmfre tTP(B“r n\%?:l‘gh an a sw%lab :)rr]rgreirsi ng

mat er i al Butteowbrthsf a.mlrfﬂniam, wagndrhugpmﬂlmmbxpnsjoﬁfﬁxdschndrmsr-aﬂom nngszmol ite

i ed (R Ay nmec s Ay A Ak R T3 A% A4, el T Such

as ni triRofFatidding tiiichdpordsity of tHeeslfts, Uhé Hishdida stieidigiiiiénc al ci ned,
for exarrp? at Tenperatur es@bet ween 450[err] C an gaeer r ! pr ef er ably
bet ween laompmurs] mMHM[qu@ xntmnrrgmt[hap@gm

ﬁ;tyZ? ?LH‘&W Zh‘gr*ﬁ“"gfﬁ gf@a% corrpoem{hl on can e exHudﬂgﬂFo form

pel | et s, topydbduce ¢/16” cyllmktsmja H-Gexneﬂirerwdlystrwm thp fiellowdng nm@uredvnhgatzi or
pol yl obep str uct ures.

K

Loss On Ignition @ 1100°C 6.7 wt%

SiO, (anhydrous w/o binder) - 91.7 wt%
Al O, (anhydrous wlo binder) 8.5 wt%
‘Na,O 0.01 wt% .
Ca0 0.01 wt%
‘MgO . 0.01 wt%
Fe,0, 0.05 wt%
Compacted Bulk Density

(finished catalyst) - 40 Ib/fe
Surface Area

(zeolite powder, P/Po) 420 m%gram
Surface Area ‘

(finished catalyst) 376 m*gram

Binder 20 wt%

H-Ferrierite Catalyst No. 2 _

‘The H-ferrierite powder as described above (Si0,/Al,0; = 19), without
added binder, was pressed, crushed and sieved into 6-20 mesh particles. The particles
were then calcined for two hours at 500°C to produce a catalyst with the measured
physical properties listed in Table 1.

- H-Ferrierite Catalyst No, 3
Hydrogen exchanged ferrierite with a molar silica to alumina ratio of 42

(Si0,/A1,0, = 42), was pressed, crushed and sieved into 6-20 mesh particles.. The
particles were then calcined for two hours at S00°C to produce a catalyst with the
measured physical properties listed in Table 1.

This Sheet Has Been Replaced




9 . .HFerrierite Catalyst Hferrierite is the preferred zeolite
catakyst for use in the isonerization processes of this invention.
Hferri‘erite is derived fromferrierite, a naturadll [ oess ng zeolite
m neral having a conposition varying sonmewhat with spSHEEITcH ayrce. A
typi cal: el emental conposition of ferlidrerite is : > BEE

Na[err] ¥Wolerr][AL[err]Si[err] Jerr]] [err] 18 Herr]O .
pr om ned=ESEOCTUR LaIYSIEINGt4ires of ferrierite found by x-ray crystartography
are parallel chan ale] RSP I¥mind 1856 nnel s,
whi ch are roughl yﬂgh%Fptlc&%\ﬁqcros?‘?gb:??%ﬁdgre of two sI zegfzgrlparger
channel {Si03/A1R0; =aj83), wasdpmssnd),rcmsmd apfl sieved dnto 620 mesh gapislasi vEhg, and

cepoct PR STRBRL FaRact 1w e BP0 U5 othE S S W e’ PO o

repl aCG%&ﬁﬂWﬁhﬁsﬁ&lﬁWh&WﬂfWh ons in the crystal structure. Both
the al kali netal and hydrogen forns reject nmultiple branched chain and
cyclic hydrocarbon m)l ecul es and retard coke formation. According to the

pur poses; ) §, Hferrierite is considered to be conprised
subst an irrensi onal pore structure having an elliptical pore
size (> 0.54 nm aﬁdmmnlsﬂdmmfemge vethoalgmluosmam aluphing gatigfof B | i near

Cetard A0 ALOha 0, ves pRiSarE i TSGR CibpaRf, G doRtreRtERe, vEC 0, ©

“there a@nmtmrmdeﬁﬁﬁiﬂﬁﬁn agaﬁinwmﬁhsommngaw anmmng andinmilar to
or greater, than the prlmary (>0 nd Q.42 gi@ chan

Vari ous dﬁﬂ'&oﬁ‘& HNHef W tedRVdsRiYas B ﬁ‘?"&‘l,e@dﬂ}de mesh 1
Fer 1 ef g1 ddSe i calbied e RRHIARD 0t 007G 23 ana 4 847, 027,
erei’n by re

I ncor porate erence. In making the Hferrierite, the
Hferrierite will have a silica (Sigerr]): alumna (Al[err]derr]) nolar
ratio from42:1 to LO0GL gr 300: 1. H-Ferrierite Catalyst No. 1
( Conpar ydrogen exchanged ferrierite powler with a nol ar
silica (Sigerr]) H.-ﬁm‘iétiwbﬁlalyst(ﬁ»{déf (Sldﬁn{o,)—rm)las dekcritied ubotdwas sodi um
content less than 0.01 wt. 9%.and a surf 8

" combined with 20 wt. % silica binder (silica grade 951 obtained from W.R. Grace Co.).

The mixture was pressed,_ ccrushed and sieved into 6-20 mesh particles. The resulting

particles exhibited a higher crush strength than the pressed zeolite material alone, i.e.,

H-ferrierite catalyst No. 2.

TABLE 1

PHYSICAL PROPERTIES OF THE
CATALYSTS NO. 1 THROUGH 6

1 2 3 4 5 6

H-Ferrierite 19 19 42 8 16 19

. Si0,/ALO, '
Sodium (ppm) 2 32 0 30 150 83
Surface Area (m¥/g) 376 - 404 222 326 323 415

Bmder Content (wt. %) 20 0 0 0 0 2

Sheet Has Been Replaced
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| 0.. area of 420 square neters/gramwas used to prepare the catal yst. The
framework of this zeolite contained both 8 gad 10 T-atomrings arranged as
descri bed on pages 64 and 65, of the book "Atlas of~ZegQlite Structure
Types” by WM Meier and D.H Jd son, Butterworths, SypeRiTten,_1987.
The pore dinensions of the 8 and 10 Ji2atomrings i ; 1AS 8EEN ¢ are
slightly larger than 3.5[err] x 4.8[err] (0.35 x 0.%48 RIAGED. 2[erf] x
5.4[err] ng. i , respectively. Not including the m cropexekity of
the zeolite, the finished catalyst pore size distribution by nercury

i ntrusi on was bi -andQF H‘?Peﬁsﬁhﬂféﬁ\ﬁ'{‘}‘f’"&@&ké hydrogaraen, Siream CPPPESINg 2 5 nn)

and 11505369 SéIeRNS Bicel) with Nd byedti amgﬁ e W th

al um na and c‘?;ll Ci ngg&gt 50081@2&?)#0&%@{5 ﬁiéé eu(lg 1 g‘% c§|%grlllggira§gof a

H f er ri efenesallytinthesprogesses oftthisrinvdntion,the hypdrocarbon stream isaiontactod avithi es .

Loss On b r . o B, 7 WO . . Sigerr
(anhydr og%%gg?%%%o%ﬁ&é@gvﬁ% gapor\%& ata smtabkr %?QW@%TE’F}‘in hydr ous
W 0 bi ndpressure éhdspade¥elocity. Generally, suitabRlredctibfconditions include a temperature

0.01 wt % _ - 0. 01 w%
MyO of about 250°C to .aboutC%?O‘C, more typically figmabout 340°C to about 6pQCe am) Oq err]

0,95 1t i s of RSN G sy ol prass of v 03

Surf ace #yahout 16/.0 atmospheres or higher, a hydrogen/hydrpcarkbar molpy rtip of H20 abPutr r | / gr am
30 or higher, substantially free of water (i.e., less than about 2.0 wt% of the feed), and
a hydrocarbon weight hourly space velocity (WHSV) of about 1.0 to about 50 hr'. The
hydrogen can be added directly to the feed stream prior to introduction of the

iscmerization zone, or the hydrogen can be added directly to the isomerization zone. In -
a typml process scheme, an olefin-containing hydrocarbon vapor stream is contacted

" with such catalyst in a reactor at about 340°C to about 475°C, at an olefin partial pressure
of about 10 psia to about 20 psia and a total pressure of about 15 to about 30 psia,
without added hydrogen, and at a hydrocarbon based WHSV of about 2 to about 28 hrt.
Preferred isomerizing conditions are carried out at a temperature of between about 370°C
to 440°C, at atmospheric pressures, and a hydroczrboxi based WHSV of between about
7 to about 15 hr'.

The process according to the present invention can be carried out in a
packed bed reactor, a fixed bed, fluidized bed reactor or a moving bed reactor. The bed
of the catalyst can move upward or downward.

During the process, some coke will be formed on the catalyst. Therefore,
it is advantageous to regenerate the catalyst. The catalyst can be regenerated by
subjecting it to heat treatment with air, nitrogen/oxygen gas mixture, or hydrogen. A
continuous regeneration, similar to the regeneration carried out in a fluidized catalytic
cracking process may be useful.

This Sheet Has Been Replaced
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Surface Area ' (finished catal yst) 376 nferr]/gram

Bi nder : 20 % H-Ferrierite Catal yst No. 2
(Conparative) The Hferrierite powder as described above '
(Sigerr]/Aferr]derr] = 19), wthout added binder, was pressed, crushed

and Sieved into 6-20 nesh particles.-1¥he particles were then calcined for
two hourss at 500[err]C to produce a catalyst with the nmeasured physical
properties |isted Jhe peEigrmance of therzeplite catalyst caatbg)affected by controlling the

Hydr oge f@.{ggf i e0eh t | bty keC ) Egﬁ' of 42
(Si qerr|§§i err| ggr?@sﬁzﬁﬂ&%n%?@s@é@#ﬁs e%gaaanh‘y?ligge |6n4%0 6- 20
mesh parsuch ke eddingwatep to thedbasisonbeyr directip adding wtee tb the redctor. [Calvisativh

PO0L o1 1] GonlioR SAlt S0 BmER VA ke hchdhe b fre HBRRE " FfesP MeiodE areeRBRA' ' S5
H Ferri etol ds *ohldlied)ifidrdion of the catalyst. Hydr ogen exchanged ferrierire
with a nolar silicato alumna ratio of 87 (Sigerr]FtA[err]Jerr] = 87),
was pressed; crushed and sieved into 6-20 nesh particles. The particles
ver e t hepedehion '6EhE TestitbPARM s &t S00[err] C to produce a catalyst with
t he neasured pny Propert! listed in Table 1. H Ferrierite Catalyst
No, 5 (Conpar ative)

The laboratory pilot unit was a semi-automated unit that can control flow,

temperature, and pressure. It can also collect samples for analysis and record process
variable data. The process variable data was collected with an analog to digital (A to D)
input/output converter. The A to D converter was connected to a personal computer
(PC) which runs a process control software package. 'fhis software package allowed the
operator to monitor the process variable data and control the unit using
proportional/integral/deri-vative (PID) control blocks for flow and pressure. It also
archived the process variable data on magnetic media.

The pilot reactor occupied three separate hoods: The feed hood contained
the feed system where the feed was stored in a five-gallon cylinder. The feed tank rested
on a load cell that was used to monitor the weight of the feed cylinder. The feed tank
was pressurized with a 60-80 psig nitrogen blanket. This nitrogen pressure fed the
hydrocarbon feed containing butylenes to the system. The feed flow rate was controlled
by PID control block in the process control software. This control block consisted of
two flow meters, an instrument to pneumatic signal converter, and a flow control valve
located downstream of the flow meters. The two flow meters were used independently
and were calibrated for different flow rate ranges. The feed system also had an
additional connection for bottled gas addition or water injection with the feed. |

The reactor hood contained the reactor and heating furnace. The reactor
was a 2 inch 0.d. and 1.6 inch i.d. stainless steel pipe with 2-inch flanges welded to each
end. The pipe also had 1/4 inch feed and effluent lines welded on 6 inches from the
bottom and top of the reactor respectively. The top sealing flange was fitted with a



Potassi unmf Sodium ferriente with a nolar silica to alumna ratio of 16
(Sig-err]/Af[err]derr] = 16) was obtained from TOSOH Cor poration. The

K/ Na-ferdierite was converted into the anmmoni um form by anmoni um i on
exchange. After washing and drying, Hm NH -ferrierite powder was pressed,
crushed: and sieved into 6-20 mesh pafticles. The particles were then

CCompar e Elbet 48 e 43, gne ol g g€ bl habecoconple wen
(Si O erryéidéd airéddyl @M the centerl & thRNALS Halt anwgm@,ag{gr@oda heh 20 wt. %

silica binder (silica grade 951 obtained from e mxture

was pr esEacior pipe yvhen apached,i The dhermpeoupleswelhwana 42 inch stainlessistect tbel t i ng
| i . _ o
Dot or | o WSl dit P Eneerd G0 onGldd dighl bE RO HASoMAIE PSS The SRtor " ©

TABLE 1 pipe was enclosed with a Lindberg thRie\fbtOidatifiREinacE! dontaldfingl three heating -
' 1 2 3
SATAL YgTz%noNs%utéoxJ)"_' Wﬂo& e, V35, ysed to preheat the butylengfeed to the reagtion g7 -

16 1Section. TheVufilaoé whi Gbrkiolléd 6 @iéel controllers coroKikintya PP Bdntrol block

42 32 700, 300 150 83 . -~Surface Area (nferr]/g) 376
404 22 Aor mgpigoringyangd controlling the tempergfurniinsidehe: reagtor ateactygone. zl]emted 0
0 O on the effluent fifle was tubing and equipment for the sampling system. The sampling

system included an air actuated valve and a steam traced line of helium that carried the
sample to the gas chromatograph (GC) for direct injection.

The product hood contained the effluent cboler, the condensables collection
tank, and the effluent pressure transmitter. The effluent condenser consisted of a coiled
tube that contained the effluent line as the inner tube. Cooling water flowed through the
outer tube to cool the effluent containing inner tube. Downstream of the condenser was
the 5 gallon condensables collection tank. The effluent préssure was controlled by a PID
ooﬁtrol block in the process control software. This control block consisted of a pressure
transducer (located upstream of the condenser), ‘an instrument to pneumatic signal
eonvérwr, and a pressure control valve (located downstream of the collection tank). A
vent for the noncondensables was located downstream of the pressure valve.

" For the pentene isomerization examples, 1-pentene was pressurized with-
nitrogen in a 4-liter feed tank to about 60 psig and then fed to reactor consisting of a
stainless steel tube with inside diameter of 1'inch. Flow to the reactor was controlled
with a mass flow controller, positive-displacement flow meter and control valve. The
outside of the reactor was heated with three Glas-Col heating mantles with corresponding
temperature controllers. Feed was introduced into the top of the reactor through 1/4 inch
feed lines with tubing connections. A thermowell in the bottom of the reactor contained

six thermocouples to measure temperature at various points in the reactor.



12 . I sonerizing Conditions . In the processes of this invention, a
hydr ecar bon stream conprising a linear olefin is contacted with the

cat al yst< zeolite under isonerizing conditions. Cenerally, in the processes
of this invention, the hydrocarbon sfjseamis contacted with the
above-descri bed zeolite catalyst i'n a vapour phase at a suitable reaction
t enper ature, pr essArrefrigerted Rircalatig) tadi with sielinad albeheatexitangdravas @selt i on
condi tions i%ude a tenperature from 340 err%c to 600[ew C an i)l efin
partial [ Seadense the MO0 frons the FICIOR At AtISIPhRC |pEsspure, n PULNg SRMPle, essur e -
of 0.5 teoﬂ&ggl,giq[mgﬁa&ﬁree &ﬁé&%ﬂ@w@fdﬁ#ﬂ@@iﬁnﬁséﬂ%i%ﬂ%ﬂﬁﬁr bon

nolar rati o 30%or higher, substantially free water (t.e., less

t han abothea2anglyzed/ oofan exsernalegds chromategraph rwith alvinavpiog reoluganyr ISmallpace

velocity .0 h r C lrectly to
the f eeda@%\/ﬁf g%%”é‘?s Mﬁ?’%gg?#oﬁmﬁﬁtﬁ%hﬁﬁgﬁ @%ﬁ%@%ﬁ‘g’"ﬂ%{ -the
hydr ogenflowl Swnplebisfahigiphoid product wege tolleoted i gis amplehngs, dnalysed yrdi cal
process schene, an ol efin-contai.ni ng hydrocarbon vapour streamis contacted
Wi th sucmcé@g%&eﬁqﬁfa uctangysist 340{err]C to 475[err]C, at an olefin |
partial pressure of 10 psia to 20 psia (69 to 138 kPa) and a total pressure
of ‘15 to 30 psia (103 to 206 kPa), w thout added hydrogen, and at a

hydr ocar bon based Vius\liguid 2reacsions produetsr }Yer@rmbﬂe‘gdﬂﬂmgorﬁerslﬁmhggﬁondi tions

are carrigd out yre. of en 3.7 r . , at -

at mosphe "é’“%#’@hr@hagﬁgé‘? ﬂg@?@?&&%ﬁﬁ?&@dﬂﬁw&&@ﬁ%ﬁ[ﬁgkg o 15 hr'.
The pr oc Gaseous saipleswert andlyued nsiag aHach grsdhiromatograph theouphrarmedt-coluinn N a
packed bed reactar, a fixed bed, fluidized be eactor or novi ng bed

r eact or . SYfan yElizing betha 5‘?‘5‘5 Fenduchiity deieetar iopizaaReteeior.

During the process, sonme coke will be fornmed on the catalyst. Therefore, it
i s advant ageous to regenerate the catalyst. The catal yst can be regenerated
by subj edesting Procedureheat treatnent with air, nitrogen/oxygen gas m xture,
or hydrogen. A .

The reactor was first loaded with an inert packing material in the
preheating zone. The inert packing materials used were either a small mesh corundum
or inert clay catalyst support balls. The inert bed depth varied depending on the thermo-

| couple points the catalyst was to occupy. A typical loading depth was about 30 inches
of inert material. Above the packing material a weighed amount of catalyst is added to
‘coincide with thermocouple points for reading temperature during the experiment. The
amount of catalyst used for the test varied depending on the weight hourly space velocity
desired and the flow rates attainable with our equipment. A typical loading consisted of
97 grams of catalyst which corresponded to a loading of about 4 inches in the reactor.
Above the catalyst another layer of packing material was added to form a distinct zone
of catalyst.

_ Two different feed streams were used during the séreening. One feed
 stream used was an MTBE processing effluent and comprised about 30-50% butene-2,
25-45% butene-1, and 20-30% n-butane. The other feed stream used for testing

d comprised about 90% butene-2 and 9% butene-1 (termed herein "butylenes feed”).



continuous regeneration, simlar to the regeneration carried out in a
fluidized catal ytic-cracking process may be useful.

- 13- @ The perfornmance of the zeolite catal yst can be affected
by controlling'the water content in tae catal yst. Water content of the
catal'yst can be adjusted by nethods such as adding water to the feed or by

directly addi ng snd C tvEakdin lofed Lan. condi i ons will al so
affect the mter%ﬁ?‘e‘%?’%&t% cat aFy .tﬁér%ggnteot go@‘sﬁ}gg@ Pm%d to as
contr ol | tampesaturgtusuallyogreatee thant 200/€% . The Dermirnigpitem was fpeifbaneieaiided &

tus. ; . The | at or ilot unit was a sem -automated -
ﬁgip?r ?h;@trggﬁn B%’ﬁfr°£|al’?‘i°6w,‘aq€‘¥ﬁ%ﬁ%&eb@ﬁ&%@%w warmed, the flow col I eg]t
| es - tantrohvalvg Was openkd toCnErodRE FEASD tHé rdadiok, CaridPthd nitfdpen variabl e
32?21 \i/;s col tym'th an .anal ougééto digital (Ato D?nilnput. 0 S‘S?s
converteF“.""eliJn‘%E %mm’%ﬂ ‘%ﬁgdﬂmﬁ'@t@&ﬂzoﬁepmfgﬁtxdbmpm?ser (PC)
whi ch : : | t Wqr ackage
1 oved RS 0P M @St et o £ ﬁ?ﬁ%@%géﬁé%ﬁafﬁaﬁﬁaﬁmfol the
it usi fegtops,dpcinding rthe Activitygofathe dhatalyst.atTheepréstiiey wehd eORktingf Or ow
gzld plrjzlsm..dp rch'.vg;i‘_gttls rYStcLess \%ri ab%é'dﬁtgogn magnetgi c nedi a.
The pil ot re%%%g%%ﬁ%h?‘ﬁ w %&.@éﬁtéﬂﬁl}m‘f’ dhetSSHPENA ai ned
performed with the pressure control valve open to the atmosphere. The recorded values

of the effluent pressure, however, were in a range of about 15-45 psia.

Samples of the reactor effluent were manually sampled using the sampling
system and gas chromatography. Sampling was performed manually rather than on an
automatic specific time interval in order to have specific operating conditions fdr the
process variables. The analysis was performed with a boiling point separation column
or an alumina column.

Many different techniques were attempted to regenerate the catalysts. One
technique was to burn the “coke” off the catalyst by putting a weighed amount in the
muffle furnace at about 500°C to 550°C for approximately 12 hours. In situ catalyst

_ regeneration was also successful. Both methods restored catalyst activity.

The testing procedurefor the n-pentene stream was essentially the same
as for the n-butene stream, except that flow through the reactor was from the top down
with the following additional differences:

1. The catalyst extrudate was diluted with alundum available fron Norton.

2, Typical loadings included 3 inches of Smm diameter glass beads at the
bottom of the reactor. Next was loaded 3 inches of 3mm glass beads. A mixture
containing catalyst extrudate diluted to 240cc with alundum was then loaded on top of the
3mm gléss beads to a depth of 21 inches. Last was loaded 12 inches of alundum on top.



- the feed systemwhere the feed was stored in a five-gallon cylinder. The
feed-tank rested on a load cell that was used to nmonitor the weight of the
feed cyld nder. The feed tank was pressurized with a 60-80 psig nitrogen

bl anket. This nitrogen pressure fed_the hydrocarbon feed containing

- butylernes to the system The feed féw rate was control l.ed by PID control

bl ock i+ the, progess control .software. This contrql block c i sted of two
flow meters,3-an i ‘P@?ﬁ@hm Gnﬁlﬂémﬁ W@l@ﬁ%ﬁm@ﬁgb%&éfh t%ﬂﬁism ow
cont r ol goVingee hﬂ&ﬁ@_%ﬂ?%ﬁ%&@dﬁoﬁfof&ﬁﬂeﬂé @thdRlals.. The two flow neters

were used i ndependently and were calibrated for different flow rate ranges.
The feed system al so had an additional connection for bottled gas addition

or water injgcti i t A . . or. hoaqd

cont ai ned thg‘ regg‘f%ﬂrgt g‘ﬁﬁﬁ%@@% ?&?’ntggewse%%%{]g?%aﬁfniaﬁch o.d.
and 1. Gteinpefatires] pressure iahé pentedecfetd pitowessi honitdrédanid retordgbby aelAppld t 0 each
end. The pipe also had 4 i,ncg feed and effluent |ines welded on 6 inches
from t he® éﬁ?‘ﬁﬁd"‘ﬁbfﬁl Cinerfaceact or respectively. The top sealing flange
was fitted with a -14-
pressure gauge and rupture disk. The bottom sealing flange had a

t her nocGalgelations| | wel ded directly in the center of the flange that extends
up through the mddle of the reactor:pipe when attached. The thernocoupl e
well was a 1/2 inch stainless steel tube welded shut at one end and

cont ai ned ei ght dConversiontdndrselectivityl fre zalicokated foheacheaaply dyringatesting encl osed

with a Lindber ree.foqt heating furnace containin ree heating zones
but | on| 7% B0 15ed 4 PERRTIIRI-OL e arigu ot s WA et furdte ths | e
react i OoMmes4ation an LYEilibHOMAS AchiEved WeideR | DufieNYandtrfe 268 wwmﬁfé

comprising a PID control block for nmonitoring and controlling t

t enper aThareforathe galculption efeonyersign and selectiyity reflegtthe fepd (FD) and effluent
(EFF) concentrations of butene-1 (Bl) and butene-2 (B2) and isobutylene (IBI).

Conversion is calculated as:
% Conversion = (wt% Bl + B2)FD - (wt% Bl + wt% B2) X 100
(wt% Bl + wt% B2)FD
selectivity is calculated as:
% Selectivity = (wt% IB1)EFF - (wt% IB1)FD X 100

‘(wt% Bl + wt% B2)FD - (wt% Bl + wt% B2)EFF

and yield is calculated as

% Yield = (wt% IB1) EFF - (wt% IB1) FD X 100
(wt% Bl + wt% B2) FD



on.the effl uent

| ine was tubing and equi pnent for the sanpling syste'm The

sanpking systemincluded an air actuated valve and a steamtraced |ine of
hel i um t:hat carried the sanple to the gas chronmatograph (GC) for direct

i njection.

The effl-uent condenser

ef fl uent
tube to cool

| ine as the inner tube.
the effluent containing inner tube.

- The produd8- hood contai ned the effluent cooler,
t he condensabl es col lection tank, and the effl uent pressure transmtter.
consi sted EXAMRI® led tube that contained the

Cool i ng water flowed through the outer
*Downstream of the

condenser was the GAFALY®ST:condensabl gsFeRRIFATEQQOL #nk. The effl uent

pressure was controhirad Y& eHRRGE:ont 460

sof t war e. .ck consi steqlsqg

upstream of the c

This co

al

"BRESS

fa%
A

er an

instru

nt

Rhack in the process control
pRiaPr essure transducer (Il ocated-:

to pneunatic signal converter,

and a pressure control ‘val ve (l ocat ed downstream of the collection tank). A
vent for the noncondensabl es was | ocated downstream of the pressure val ve.
For the pentene isonerjzation exanples, 1l-pentene was pyessurized with
ni t r ogen CONDITIGNS &t er [ eerkEDank t ®FRboyt @BEpsilg &rd then Emd th reactor
consi st.i IPMFONBNTR ai n| bsswsk eel @UbER Wil téhS.5 HBS Je@dis #REt @ 3SfHRS | nch. Fl ow
to the reac s confrolled mth a nmgss tlowjcontrollr,
posi ti ve-rgivpf nt |low met gr gpe cqntigeic vl vgss.a'he oyjggdef of the
react or was—freated—wrtir—three—pras—Cotfihreatrroranttes respondi ng
t enper at MEFHANBt rol | erp. ¥¥d Ywas®tht r gdule it o 0Re tpp %0 the reactor
t hrough Xraangch feed |ingg W {h §oi nd ceppect]i oy A f heygiowe]l in the
bottom of _t he reactor fontainegl six th‘érrm)coupl es to nmepsure tepperature at
vari ous poPnteE n the feaktlor.| 020 0.17 0.33 025
-15- PROPANE 0.00 3.14 0.08 - 0.03 0.10
CYCLO PROPANE 0.00 0.00 0.00 0.00 0.00
PROPYLENE 0.15 - 2.02 069 | o052 0.95
ISO-BUTANE 0.01 1.18 0.17 - 0.06 0.17
N-BUTANE 0.09 4.97 1.50 1.11 1.54
METHYL CYC-PRO- 0.00 .0.00 0.00 0.00 0.00
PANE
TRANS 2-BUTENE 57.67 3.46 10.95 20.17 10.43
-. BUTENE-1 11.37 1.45 3.56 7.84 4.52
ISOBUTYLENE 0.02 7.69 16.10 12.57 19.50
~ CIS 2-BUTENE 29.45 238 745 14.21 747 ]
" 1,3 BUTADIENE 0.01 0.00 0.00 0.00 0.00
HEAVIES (C5+) 0.05 73.30 59.32 - 43.15 55.36



A refrigerated circulating bath with shell and tube heat exchanger was used
to cendense the vapors fromthe reactor at atnospheric pressure. During
sanpl e collection, liquid sanples are collected in a cooled 1-liter

stainl ess steel sanple bonb and then anal yzed on an external gas
chromatograph with alum na plot colums. Snall anounts of gaseous product
were vented through a small bubble neter used to nonitor flow Sanples of

t hi s gaseous product were col | ecEXAMPLB2s sanpl e bags, anal yzed and

included in the final product analysis. The liquid reaction
products were anal yzed using a Signa gas chromat ograph t hrough a J&W
al um na- pl ot col UBATALYSE N9 a fl| amiFERRIRRIA NG tlect or . Gaseous sanpl es

were anal yzed usi gg § through a mul ti-col urm system
utilizing both a &,h%%on uch%&gor and flame ionization
detector. Testing Procedure The reactor was first | oaded
with an inert packing material in the preheating zone. The inert packing
materials used were ejther a small nesh corungum or inert clay catalyst
support CoNDISIONSlae | ngr tFEBRd MepEFF val i eBFRlepgndiERp oa t IBBFt hg@r no- coupl e
poi nts tCRMRONENTYSt WRS Wtk oclc Uy HRR\ | Wp21cHNS | amdi HRF JepuhHB®d about 30

i nches. of 1| mater acki ng npterral wel gheq anount of
cat al ystrihprpdees: t 0 er nggeup| e ppict ¢ f gdi-¢ €4di ng
terrperaturewgsvl ng th e anpunt | of gatallystisuseq for the test

vari ed W TSpace VE gnd the flow
rates at e with A t%Yi ca

_ jed of 97
grans of exraiNgl yst whi § [ 0 gaoz2l oafli

iinches in the

Foactor e 1o ol Mg O” | el prcio gy el fues added to
streans RROPANEIsed dur{n@.oohe jscroa@ni ng. 6ase f pedo.grredm ased Jas an MIBE
processi & FRoBSE a1d 08 MPr i sethoabopt 3R 50_ o bybened2, o.00

PROPYLENE | o015 | o6 131 041 | 366

ISO-BUTANE | oot | om 1 o1 | o07 1 oss

N-BUTANE ] 00 | 124 12 | osm | a0

CH,CYCPROPANE | 000 | o000 | o000 | o000 | o.00

TRANS 2-BUTENE | 5767 | 1249 | 9.74 23.13 18.58

BUTENE-1 | 1137 43 | a3 | sss 1 1021

ISOBUTYLENE 002 | 148 | 1794 | 1129 26.95

CIS 2-BUTENE [ 2945 | s6s | 6o 1572 | 1.6

13BUTADENE | oot | o000 | oo | 000 | oo

HEAVIES (CS+) | oos | s7.24 s194 | 3s0s | 2156




25-45% but ene-1, and 20- 30% n- but ane.

The ot her feed stream used for

testl <ng conpri sed about 90% but ene-2 and 9% butene-1 (termed herein

"butyl enes feed").

-16-

Testing began by warm ng up the reactor to a mninmum operating tenperature
usual'ly- greater than 200[err] C. The -gew nmi.ng step was perfornmed under a
ni trogen: purge of approxi mtely 15-50 psia. Once the reactor was warned,

the flow control”
t he,

nitrogen purge was turned off.

val ve was opene®&XAMPLErPduce feed to the reactor,
VWHSVs varied from1l to 30 during the

and

testing. The operating tenperatures used for the testing varied in a range

from 200[err]C to ¢
activity of the c
response to restri
testing was perfor
at nosphere. The re

AEYSTC and depengoskiaareeny NG

sur

omt e cata

ymd va

a .range of about 15-45 psia.

ef fluent were manual |y sanpled us

chr onat ogbRPMIONS @
speci f i c COMPGNENTSEr

t he proce€ss
separati Q
t echni ques—
bun1the 3@5H¢N50ff

ETHANE
ETHYLENE
PROPANE

CYCLO
PROPANE

PROPYLENE
ISO-BUTANE
N-BUTANE

METHYL CYC-
PROPANE

TRANS 2-
BUTENE

BUTENE-1
ISOBUTYLENE
CIS 2-BUTENE
1,3 BUTADIENE
HEAVIES (C5+)

h 69-Q9at d

0.01
1.17
0.00
0.00

015
0.01
0.09
0.00

57.67

11.37
0.02
29.45
0.01

CO

rs, incl

udi ng t he

d durlng the testing varied in

d

reactor.

Mbst al

however ,

| of the

i the pressuise cBhtrol valve open to the
| ues of the effluent pressure,

were in

Sanpl es of the r eact or

0.05

ing the,sanpling systgm and gas .
S Epeef irmﬂmmﬂd’y r egF@r| t BER@o} an autonatic
r ddRst ¢ icHRS §$pAGRSI ¢ MRS af | IFRSojdi ti ons for
anal ySi{s was pertormgd wthfa boilijng point
Joptect dle | ane | ame | Y Y, e s to
LIyQSQO b) Mtlmgoé’OV\/elgIQéel ahouH0 i the
0.01 002 .| o.01 co1 | o.1
0.60 o1z | oss | om0 0.84
0.04 005 | o003 0.02 0.01
0.00 0.00 0.00 0.00 0.00
0.19 1.25 0.81 0.70 0.57
| 0.02 012 | o006 0.03 0.02
| oar 1.22 0.86 0.72 0.55
0.00 0.00 0.01 0.04 0.02
40.93 20.76 26.05 28.33 32.28
17.60 9.59 13.95 414 | 1647
2.65 23.53 3189 | 2697 21.72
26.20 14.67 1823 - | 2015 23.48
000 | 0.00 0.00 0.00 0.00
11.29 28.02 7.55 8.09 4.03



muf fl e furnace at about 500[err]C to 550[err]C for approximtely 12 hours.
In sity catalyst regeneration was al so successful. Both nethods restored
catal yst: activity. . - The testing procedure for t’he n-pentene
stream was essentially the sane as fgr t he n-butene stream except that
flow through the reactor was fromth "top down with the follow ng

addi tiorral differences: Jﬁ# The catal yst extrudate was dil uted

wi th al undum avail abl e fron Nort AMPLE 2. Typi cal | oadi ngs incl uded
3 inches_of 5nm di aneter ass beads at the bottom of the reactor. Next was
| oaded 3TheRpesatingrconditipny g’sshmagxpenmwmumearesﬁf@msm cat al yst extrudate
diluted to 240cc with alundum was then. |l oaded on top of the 3nmm gl ass beads
to a depth of 21 i nche€ATAKYSThas | oaded F-FerrghitsNof 1al undum on t op.

3. The catal yst was RBEDed under flow n@utylenesgen at 400[err]C for 8 to
10 hours to renove noi QATALYSTWTLo0 i ntr@Fygamen of pentene to the
reactor. 4. . RUNTIME HOURS:Xperi mgothas. runs, the various reaction

paranmeters such as tengRLETUEMPSRI essur e god4pertene feed rate were
noni tored and recorded ywpseg Appl e conput g5 systemw th | SAAC interface.

PRESSURE: 18 psia avg.
CONVERSION: 26.6%.
SELECTIVITY: 70.1%

For this experimental run, 97.7 grams of fresh catalyst was loaded in the
reactor. During this experimental run kydrogen gas' was added to the feed via the
auxiliary feed lige for 8-20 hours périodimlly over the 180 hour run time. The hydrogen
was added to the feed in an attempt to decrease “coking”. The gasoline went from pale
green to near water white in appearance in contrast to the pale green gasoline produced

in runs without hydrogen. -



Cal cul ati ons Conversion and selectivity are cal cul ated for
each-sanpl e during testing runs and used for conparison of the various
catalystss. It is believed that during the isonerization an equilibriumis
achi eved between butene-1 and trans and cis butene-2. Therefore the

cal cul ation of conversion and selectpyity reflect the feed (FD) and

ef fl uent: (EFF) concentrations of butene-1(Bl) and butene-2 (B2) and

i sobut yl ene (IBl). Conversi on i s B3oAMPLE $£d as: % Conversion =(wm % B

Wt % B2) FD - (Wt % B +wt%BZ)EFFX1OO
(wt % Bl + wt % B2) Hiy enwéyam e%ﬁ*‘@d&&i régen ferrierité N8B! $GQddsVi ty =
(Wt% | B1) EFF - (wt%IBl) A Rfd errert f?\/\?ts%Bl +

% 8) sl B U, LA S e e

O 0
( Wt A) Bl &h% /Ob%))ummg off the "coke". The catalyst returned from the regeneration with a
white color similar to the original material. The catalyst sample was loaded into the

reactor and charged with a butylene stream.

CATALYST: H-FERRIERITE NO. 1 (REGENERATED)
CATALYST CHARGE: 97.70 grams

PRESSURE: 17-24 psia

WHSV: ' 15 _

| exFe | eFF@ | EFFe | EFF@ | EFFQ
CONDITIONS & FEED | 2HRS | 12HRS | 24HRS | 48HRS | 67HRS
COMPONENTS wt % wt % w % wt % wt % wt %
INLET - .

TEMPERATURE (C) 390°C | 402'c | 398°Cc | 405°C 400°C
METHANE 0.00 0.02 0.01 000 | ow3 000
ETHANE 0.01 0.04 0.01 0.01. 0.00 0.01
ETHYLENE 0.86 .0.07 0.63 0.67 0.02 0.87
PROPANE 0.00 0.00 0.00 0.00 0.01 0.01
CYCLO PROPANE © 0.00 0.00 0.00 0.00 0.00 0.00

_ PROPYLENE 0.12 2.67 1.21 077 | 036 0.54
ISO-BUTANE 0.00 0.25 0.08' 005 | 0.02 0.06
N-BUTANE 0.04 1.91 1.07 0.79 0.48 0.82
METHYL CYC-PRO- 0.00 0.00 0.00 0.00 0.00 0.00
PANE

TRANS 2-BUTENE 57.88 18.75 24.12 27.83 32.56 36.09
BUTENE-1 10.74 9.70 12.72 13.89 18.68 21.07
ISOBUTYLENE 0.00 34.14 34.70 30.62 21.05 12.73
CIS 2-BUTENE 30.26 13.78 17.46 2002 | 23.84 | 2599
1,3 BUTADIENE 0.01 0.00 0.00 0.00 0.00 0.00
HEAVIES (C5+) 0.08 18.68 7.99 -5.34 2.95 1.81




-18- EXAMPLE 1 CATALYST:

H FERRI ERI TE NO. 1° CATALYST CHARGE: 400 grams
PRESSURE: 15-17 psia VHSV:

2  CONDITIONS & FEED EFF EFF EFF

EFF COMPONENTS W % 23- [err] 1 HR [err] 1HR [err] 5.6
HRS [err] 16 HRS [err] 36 HRS TEMPERATURE -

370[err]C 295iher following Examples, (§-3€ feature datag illystrating, isobupytene

8. 82 oonvetaloféxsmganMT@EBTcessmg eﬂﬂﬁnbffed Thetes 0. OOPWETHA{i {EN Iﬂéoced
1.17 0.33 o 25 PROPANE

0. Q0 w‘.’mqg'fz%i“‘mdm%oaéme' 0.03 0.10 CYCLO PROPANE
0. 00 0. 00 0. 00 EXARPOE 6 0. 00 PROPYLENE

0.15 2.02 0. 69 0.52 0.95 | SO BUTANE
0.01 1.18 CATALYSTY7 OHGFERRIERITE(NQ.71 N- BUTANE

0. 09 4. 97 CATALYSTCHARGE: 19420 grams 1. 54 METHYL CYC PRO-
0. 00 0.00 PRESSURE:00 Orff8psia  0.00 PANE TRANS 2- BUTENE
57. 67 3. 46 INLET TEOMPERATURE: 2@0@& 10. 43 BUTENE- 1

1137 1.45 wgsv: 3. 56 84 4.52 | SOBUTYLENE

0. 02 7. 69 16. 10 12.57 19. 50

INITIAL INI- FEED EFF@ | FEED EFF@ | FEED Ei"F e
{1 FEED TIAL Q@ 12 HRS @ 24 HRS @ 48 HRS

COMPO- wt% EFF |12HRS wm% 24 HRS w % 48HRS wt %
NENTS wt % wt % w % fmt%
METHANE | 0.08 0.06 0.08 005 ] o0.01 001 | 0.1 0.00
ETHANE . 0.00 0.02 0.00 0.00 0.00° 0.00 1 0.00 0.00
ETHYLENE 0.00 0.0 0.00 0.01 0.00 0.01 1 0.00 0.00
PROPANE 1 0.00 0.06 - 0.00 0.00 0.00 0.00 0.00 0.00
CYCLO 1 0.00 000 | 0.00 -0.00 1 0.00 001 | 0.00 0.01
PROPANE .

PROPYLENE | 000 077 | 0.0 033 | o0.00 026 | 000 0.5
ISO-BUTANE | 289 275 | 290 280 | 3.5 304 | 3.4 3@
N-BUTANE | 2598 2549 |2599 2620 {1995 2011 |19.88 20.05

METHYL 0.06 0.16 0.05 0.16 0.07 0.17 0.07 0.17
CYC-PRO-

PANE :

TRANS 2- ] 2438 18.16 | 24.39 21.54 | 16.54 25.00 | 16.46 28.09
BUTENE ' :

BUTENE-1 1 28.31 9.90 2829  12.01 49.00 1441 | 49.19 .16.10
ISOBUTY- 0.24 20.66 0.23 17.64 0.26 15.17 0.25 10.61
LENE ' '

CIS2-BUT- | 1790 13.12 17.88 1532 ] 10.78 18.16 | 10.74 20.40
1,3BUTA- | 0.00 0.01 0.00 0.01 0.07 0.01 0.08 0.01
DIENE | :

HEAVIES EERAY 8.80 0.17 394 0.18 3.04 0.17 1.39

G5+)




Cl S 2- BUTENE 29. 45 238 7.45 14. 21 7.17
1, 3 BUTADI ENE 0.01 0. 00 0. 00 0. 00 0. 00
HEAVI ES { C5+) 0. 05 7330 59. 32 43. 15 55. 36
-19- EXAMVPLE 2 |
- CATALYST: H FERRI ERLTE NO 1 CATALYST
CHARCGE: = 400 grans PRESSURE: ’ 15-17 psia
CONDI TI ONS & FEED EXAMﬁ.Ff7 EFF - EFF
EFF COVPONENTS - [er r] 9 HRS [err] 21 HRS @31 HRS
@49 HRS I NLE, 295] err] C
350[err]C Sy CHARGE'161 ‘?b W \&
3 8 PRESS . .0.00
0. 00 0.01 goé?j ETHANE 0.01
0.01 0. 02 INLET L ETHYLENE 1.17
0. 22 0. 28 WHSV: d484 PROPANE 0.00
0. 07 0. 15 0. 64 CYCLO PROPANE 0. 00
0. 00 0. 00_ 0. 00
|NITIAL INI- | FEED EFF@ | FEED EFF@ | FEED EFFQ@
FEED TIAL| @ 1RHRS| @ 24HRS| @  48HRS
COMPO- - wi% EFF |12HRS w% |24HRS w% |48HRS w %
NENTS w% | m% w % w %
METHANE 0.00 0.07 0.00 0.0} 0.01 0.02 0.01 0.01
ETHANE 000 005 | 0.00 000 | 0.0 000 | 0.00 0.00
ETHYLENE 001 026 | o0.01 002 | 0.00 0.01 | 0.00 0.00
PROPANE 000 027 | 0.0 002 | 000 o001 | 0.00 0.00
CYCLO 0.00  0.00 0.00 0.00 0.00 000 | o0.00 0.00
PROPANE
PROPYLENE | 000 251 | 0.00 0s3 | 0.00 0.48 | 0.00 0.27
ISOBUTANE | 341 384 | 3.41 277 | 349 334 | 338 3.31
NBUTANE |21.81 23.88 [2181. 2055 [2200 2245 |2215 2252 .
METHYL 000 000 | 0.0 000 | 0.00 000 | 0.00 0.00
CYC-PRO- '
PANE
TRANS2- | 1768 1547 }1768 1808 |1747 2266 | 1724  26.06 .-
BUTENE ! : C : :
BUTENE-1 | 43.69 7.56 | 43.69 843 |4387 1045 |43.8 1212
ISOBUTY- 041 2792 | 041 2021 | 035 2023 | 044 1495
LENE
CIS 2- 1267 1084 |1267 1292 J1251 1593 | 1267 1822
BUTENE -
13BUTADI- | 002 000 | 0.02 000 | o.01 000 | 002 0.00
ENE '
HEAVIES 029 731 | 029 17239 | o029 442 | 027 2.54
(Cs5+)



PRGPYLENE 0.15 0. 69 1.31 0.41 3. 66
| SO BUTANE 0.01 0.13 0.17 0. 07 0.55
N- BUTANE 0.09 1.24 1.42 0.97 3.08
CH err] CYC PROPANE 0.00 0.00 0.00 0.00
0. 00 TRANS 2- BUTENE 57.67  -25- 12.49 9.74 23.13
18. 58 BUTENE- 1 11. 37 4.43 4.13 . 8. 86
10. 21 | SOBUTYLENE 0. 0OEXAMPLE 84. 83 17. 94 11. 29
26.95 CI' S 2- BUTENE 29. 45 8. 65 6. 89 15.72
13.69 1, 3 BUTADI ENE 0.01 0. 00 0.00 0.00
0. 05 HEAVI ES (CSt) 0. 05 57. 24 57.94 39. 05
21.56 CATALYST: H-FERRIERITE NO. 1 - 20-
EXAMPLE 3 CATALYSCOHARGE:  97.70 grams H FERRIERITE NO. 1
CATALYST CHARGE: PﬁﬁngRES 17_22 SURE 15- 17
psi a TEMPERA . CONDI TI ONS & FEED
EFF [err] EFF W‘l’ EFF [err E%F [err] EFF [err]
COVPONENTS % 2 HRS 12 HRS 24 HRS 31_ HRS 39 HRS
INITIAL INI- | FEED EFF@ | FEED EFF@ |FEED@ EFF@
FEED TIAL|{ @ 12HRS| @ 24HRS | 48HRS 48HRS

COMPO- { % . EFF |I2HRS w% |[24HRS w% | mt% w%

NENTS w% | m% w % ‘

METHANE 011 008 | 0.08 0.0s | o008 0.02 0.05 0.02

ETHANE 000 001 | 000 000 | 000 000 | 000 000

ETHYLENE 000 004 | 0.00 002 | 0.00 0.01 0.00 0.01

PROPANE 000 003 | 000 0.01 0.00 0.00 0.00 0.00

CYCLO 000 000 | 0.00 000 | 0.00 0.00 0.00 0.00

PROPANE

PROPYLENE | 000 08 | 000, 046 | 0.00 0.26 0.00 0.18

ISO-BUTANE | 324 325 | 347 342 | 3.50 3.35 3.29 321

N-BUTANE | 29.63 30.09 |23.69 - 2446 |23.71 2425 | 2297 23.40

METHYL 000 000 | 000 060 | 000 000 | 000 000

CYC-PRO- :

PANE

TRANS 2- 2738 1659 | 2230 2070 |2229 2327 | 2357 2512

BUTENE | ; '

BUTENE-1 | 1939 953 |33.49 1206 |3346 1356 | 30.83 1358

ISOBUTY- 0.19 2181 | 027 2120 | 027 1672 | 036  15.16

LENE - :

2-BUT- 19.84 1212 | 16.48 1510 | 1650 1698 | 1873 1798

ENE _ :

1,3 BUTA- 0.00 0.1 0.00 001 | 0.0 0.01 0.00 0.01

DIENE |

HEAVIES 022 5.62 0.22 2.51 0.20 1.57 0.22 135

(C5+)




371[err]C

TEMPERATURE 251[ err]C 319[err]C :
372[err] C 371[err] C METHANE 0. 00 0. 00 0.01 .
0. 00 = .0.00 0. 00. ETHANE 0.01 0.01 0.02
0.01. 0.01 0. 01 ETHYLENE 1.17 0. 60 0.72
0.55 080 0. 84 PROPANE 0.00 - 0.04 0. 09
0. 03" 0. 02 0.01 CYCLO -26- 0.00 . 0.00 . 0.00
0. 00 0. 00 0. 00 PROPAN R E 0. 15 0.19
1.25 0.81 0.70 %&%@%TANE 0.01 0.02
0.12 0. 06 0.03 O 02 N- BUTANE 0. 09 0. 47
1. 22 0.86 CATALXST: 55 NO.1 ¢ oo 0. 00
0. 00 0.01 CATALYST CHARﬁE}z Pﬂb?ﬂmwmANs 2- _ 57.67
40. 93 20. 76 PRESSURE: 28. 33 24-25psig2. 28 BUTENE BUTENE- 1
11. 37 17. 60 INLET TEMPERATURED5425°C 14. 14 16. 47 | SOBUTYLENE
0.02 2. 65 WHSV:53 31.89 1426.97 _ 21. 72 Ct'S 2- BUTENE
.29. 45 26. 20 - 14. 67 18. 23 20. 15 23.48 1, 3 BUTADI ENE
0.01 0. 00 0. 00 0. 00 0. 00 0. 00 HEAVI ES (C5+)
0. 05 11. 29 28. 02 7.55 8.09 4.03 ‘
-21- _ _ EXANPLEEF?"@ The Peratl ng condit
for the next expq Pﬁ%ﬁt g“f‘;_"ﬂ n"%ﬁbe@ : %Ff{g)l 5‘5@. g @

COMPONENT | wt% EFF |I12HRS w% |24 HRS w% |48 mzs w.%

S wt % wt % wt % wt %

METHANE 002 004 | 000 003 | o002 002 | o003 0.02

ETHANE 0.00 0.01 0.00 0.00 | 0.00 0.00 | 0.00 0.00

ETHYLENE | 000 004 | 0.00 002 | 000. o000 | 000 0.00

PROPANE 000 002 | 000 000 | 0.00 000 | 000 o000

CYCLO .0.00  0.00 0.00 0.00 000 - 000 | 0.0 0.00

PROPANE _ g |

PROPYLENE { 0.00 068 | 0.00 02 | o0.00 0.10 | 0.00 0.04

ISOBUTANE | 3.1 328 | 3.02 319 | 3.24 314 | 324 3.09

© NBUTANE |23.09 2363 |23.17 ° 2337 |2295 23.01 |2035 ~ 2034

METHYL 007 o001 | 007 001 | 0.06 0.01 0.07 0.01

cYc- ' . .

PROPANE

TRANS 2- 1981 1893 |2010 242 |1958 2676 1643  30.10

BUTENE . ' ,

BUTENE-1 3865 11.80 |3s.12 1404 |3925 1681 |4828 192

ISOBUTYLEN 0.23 24.14 0.25 18.21 0.22 9.38 0.34 4.28

E .

CIS 2- 1484 1415 | 1506 1670 | 1449 2001 |11.02 2264

BUTENE .

13 000 001 | o001 0ot | 000 o001 | 005  0.02

BUTADIENE '

HEAVIES 019 300 | 020 154 | o.1s 56 | 0.8 09

€59

i ons



CATALYST: H-Fenerite No. 1 FEED:

But yt enes CATALYST W.: 97 grams

RUNTI ME HOURS: 180 hrs. | NLET TEMPS. :
310[err]-420[err]C * ) VWHSVs: 15
PRESSURE: 18 psia a®%. CONVERSI ON:
26.6% - SELECTI VI TY: 70. 1%

For this experinental run, 97.7 BKAMPILE 10resh catal yst was | oaded in the
reactor. During this experinental run hydrogen gas was added to the feed
via the auxiliary feed line for 8-20 hours periodically over the 180 hour

run ti e, The hydrggearyeses added to HIFERRIBRITEND Rttenpt to decrease

"coking". The gas@ATALYSTCHARGEP2! 697,90 pRfst © near water white in
appear ance i n contppisdsyfps:t he pale gr%mol i ne produced in runs wthout

hydrogen. FEED: MTBE processing effluent
ISOBUTYLENE YIELD :
(grams isobutylene formed per grams normal butenes in feed)

REACTOR @12 o2 | e @2 | ess | @9% |@120
INET |wis |INITIAL | HRs | HRs | Hrs | Hrs | HRs | HRs | HRs
TEMP v

390°C “ | 217 | 2491 [2060 |13.84

400°C 14 | 3150 | 2010 [2726 2016

agt00c |14 | 2625 | 2797 [23.06 [2063 -

425°C 14 | 328 | 207 |1276 | ss0

woc 7 | 183e] wm {nst | sse

asc | 7 | sosme| 27 |33 [1904 1669 1603 1464 Jom
“at0c | 7 3577 | 337 |4 | |83 |ues '

% SELECTIVITY
(grams isobutylene formed per grams normal butenes consumed)

REACTOR . | ] @12 |@24 | @48 | @72 | @8 | @96 | @ 120
INLET wiHs | NTIiAL | HRs | HRs | HRs | HRs | HRS | HRs | HRs
TEMP v | _

30°c |14 | 6946 | s03 [s279 |[s175

400°C 14 | 6848 | 61.89 |[s0.12 |83.74

410°C 14 | 7620 | sess |e93a | 937

a25°C 14 | se13s | ss2¢ [sar6 037

400°C 7 | s246¢ | 66.10 |08 |se6.12 ,
425°C 7 | 72600 | 557 [sess |9019 |sv0s [s0.46 [ss.ss ps.oo
440°C 7 | 7147 | o161 |osos |97.86 [99.00 [99.83

« 1.7 HOURS

*s 2.47 HOURS



-22- EXAMPLE 5 For this
experinent, a sanple of "coked" hydrogen ferrierite No. 1 was placed in
the nuffie furnace for about 12 hours at 500 C in order to regenerate the
catal yst by burning off the "coke". The catal yst returned fromthe
regeneration with a white color sin@8ar to the original material. The
catal yst: sanpl e was | oaded into the reactor and charged wth a butyl ene

stream  CATALYST: EXAMPIERRI ERI TE NO. 1 ( REGENERATED)
CATALYST CHARGE: 97. 70 grams PRESSURE: 17-24 psia WHSV:
15 EFF [err] EFF [err] EFF [err]
EFF [err] EFF [err] CONDI TI ONS & FEED 2 HRS 12 HRS 24
HRS 48ckiB§LYs&'7 HRS COVPOMERERRIERITE NO.’ % W % W % w
% STCHXRGE: |§ly§§ '{EMDERATURE (C) . 390[err]C
402[ e”]ﬁ!ESSlﬁgé:[ err] C 4 C 400[ err] C METHANE 0. 00
0. lL 0. 00 ETHANE 0.01
0. 04 0. 01 ETHYLENE 0. 86
0. 07 63 0. 67 0 02 0. 87 PROPANE 0. 00
0. 00 O. 00 0. 00 0.01 0.01 CyCLO® PRCPANE 0. 00
0.00 0.00 0. 00 . 0.00 0. 00, PROPYLENE . 0,12
2.67 1.21 | rEBp@ EFF@®I6FEED Ef: @4 FBED BUEANE | FEED  EFF @0 00
0. 25 0.08 | 29HRS 25HRS.[02@ R.HS @ JTANE HRS @ 48 HRS. D4
1.91 COMPONEN | Oom7® wt @ JCI2HRS Ow8% CYECXPROI HRS w(® Op
0. 00 IS0 00 Q.00 0.Joge % 0. 00l PaASE | »%
' METHANE | 0.7 005 | 0.07 0.03 | o0.03 0.03 | 005 0.01

ETHANE | 000 001 | 0.00 0.02 | 000 001 | 000 001

ETHYLENE | 0.0 004 | 0.00 000 | 0.00 000 | 0.00 0.00

PROPANE | 0.00 004 | 0.00 001 | 000 000 | 000 000 .

CYCLO | o.00 0.00 { 0.00 0.00 | 0.00 0.00 | 0.00 0.00

PROPANE : : -

PROPYLENE.| 0.00 0.75 0.00 0.34 0.00 023 | 0.00 0.16
ISO-BUTANE 2.99 2.87 299 291 2.94 292 | . 311 3.00
N-BUTANE | 21.43 21.42 | 2143 21.89 | 21.46 21.80 | 2206  22.39

. METHYL 0.06 000 | 0.06 0.00 | 0.6 000 | 0.07 0.00
cYc- : :

PROPANE

TRANS 2- | 2441 19.71 | 24.41 278 |2455. 2515 |25.14 2692
BUTENE | | .

BUTENE1 | 3261 953 |3261 11.09 | 3231 1207 | 3025  12.88
ISOBUTYLE 033 2347 | 033 2189 | o3s 1787 | 025 1440
NE _

CIS 2- 1 17.94 13.86 | 17.94 1601 }18.13 1762 |1900 18.80
BUTENE {

13 1 o000 . o000 | o0.00 000 | 0.00 0.00 | 0.00 0:00
BUTADIENE _ .

HEAVIES 0.16 8.25 0.16 3.03 | 0.17 2.30 0.07 1.44

C5+)




36. 09

TRANS 2- BUTENE .57. 88 18. 75 24.12 27. 83 32. 56
BUTENE- 1 10. 74 9.70 12.72 13. 89 18. 68 21. 07
| SOBUTYLENE 0. 00 34.14 34.70 30. 62 21. 05 12.73
Cl S 2- BUTENE 30. 26 13. 7829 17 46 20. 02 23. 84 25. 99
1, 3 BUTADI ENE 0.01 0. 007" 0 00 0. 00 0. 00
HEAVI ES { C5+) 0. 08 9 .34 2.95 1.81
-23- The foll Wgéggﬂpqcé’gzguéb feat ure data illustrating
i sobutyl ene conversion using an MIBE processing effluent feed. The testing
apparatus and procedure were the sane as descrjbed above.
EXAMPLE 6 FEED GATAFY®'| FEED@ EFF@ | FEEDGERREERR TE NO. 1
CATALYST CHARGE: Y2ZHRS Qr72HRS | 96 HRS %mR:SﬁbJBEs 120 HRS
17-18 pSCGMPONENTS wt %| NLE#t FENPERATURE: W8 %0C wt % w% w3 WSV
14 TNIfTC 'N gEEQ EFF Jaerr EED ,qEFF} [ €1 1]
FEED EYFHANE, 62 oot A", oo, [er"ﬁF 0o HRbE lerr]
24HRS  ETHANErr] | 4®00HRS @GWVPO{ 0.00 000 % . 120(HRS w % 24
HRS  Wprfvien8 HAS o % 0.00 000 000 000 0.0

PROPANE 0.00 0.00 0.00 0.00 0.00 0.00

CYCLO 0.00 0.00 0.00 0.00 -0.00 0.00

. PROPANE

PROPYLENE 0.00 0.14 0.00 0.11 0.00 0.10

ISO-BUTANE 3.29 3.19 3.26 3.21 3.27 3.18

N-BUTANE 1836  18.71 18.56 18.99 18.59 18.85

METHYLCYC- | 007 0.0 007 000 0.07 0.00

PROPANE

TRANS 2- 18.19 29.04 1848 3037 18.68 30.74

BUTENE '

BUTENE-1 4741 13.95 46.61 14.58 4634 14.86

ISOBUTYLENE 0.24 13.24 0.25 11.62 0.24 10.19 -

CIS 2-BUTENE 12.28 2030 1260 2101 12.63 21.59

1,3 BUTADIENE | 0.00 0.00 0.01 0.00 0.01 0.01

HEAVIES (C5+) 0.14 1.41 0.14 0.1 0.15 0.47




%

NENTS oW % wt w % w %
METHANE. 0. 08 0. 06 0.08 0. 05 0.01 - 0.01 0.01
0. 00 "-ETHANE- 0. 00 0.02 0. 00 0. 00 0. 00 0. 00 0. 00
0. 00 ETHYLENE 0. 00 0..05 0.0 0.01 0.00 0.01 0. 00
0. 00 PROPANE 0. 00 0. 06 0. Og)_ 0. 00 0. 00 0. 00 0. 00
0. 00 CycCto 0.00 - 0.00 0. 00 0. 00 0.01 0. 00
0. 01 PROPANE PROPYLENE  0.00 WLE 9200 0. 33 0. 00 0. 26
0. 00 0. 15 | SO BUTANE 2.89 . 2. 2.90 2.80 3.15 3.04
3.14 . 3,02 N-BUTANE 25.98 25.49 25. 99 26. 20 19. 95 20. 11
19. 88 20. 05 METHYL 0. 06 0.16 0. 05 0.16 0. 07 0.17
0.07 PRO PANE T - 4,38 -18.16 =~ 24. 39 21.54
16. 54 g} ¥§T 28. %%ﬂé IEL?éNE- 1 28.31 9.90 28.29
12.01 YSTl GE-49 70 8RS 0 | SOBUTY- 0.24- 20.66 0.23
17. 64 PRESSURE: 5 77 0. ¥Ppsia10. 61 LENE O S 2- BUT- 17.90 13.12
17. 88 4 ’ '184% 10. 74 20. 40 ENE 1, 3 BUTA- 0. 00
0.01 WEISV: 0.01 0.97 0.01 0. 08 0. 01 DENE HEAVI ES
0. 17 8. 80 0.17 3.94 0.18 3.04 0.17 1.39 (CS+)
FEED@ EFF@ | FEED@ EFF@.| FEED@ EFF®

. INITIAL INITIAL | 12HRS 12HRS | 24HRS 24 HRS

COMPONENTS w% Wk | wm% wt% | wm% wt %

METHANE 0.07 0.08 0.07 0.04° 0.10 0.05

ETHANE 0.00 0.04 0.00 0.01 0.00 0.00

ETHYLENE 0.00 0.26 0.00 0.04. . 0.00 0.03

PROPANE 0.00 0.17 0.00 0.00 0.00 0.0

CYCLO 0.00 0.00 0.00 0.00 0.00 0.00

PROPANE ' '

PROPYLENE 0.00 1.66 0.00 0.36 0.00 0.23

ISO-BUTANE 344 . 329 3.44 338 3.39 3.26

N-BUTANE 2073 2094 | 2073 209 2102 2125

METHYL CYC- 0.06 0.00 0.06 0.00 0.06 - 0.00

PROPANE _ _ '

TRANS 2- 21.76 16.22 2176 19.86 22.82 2171

BUTENE | .

BUTENE-1 37.78 9.50 7 1285 35.21 13.94

ISOBUTYLENE 0.25 27.20 0.25 25.70 - 0.25 22.34

CIS 2-BUTENE 15.80 1192 15.80 1484 | 17.04 16.18

13BUTADIENE | 000 001 000 002 000 002

HEAVIES Cs+) 0.11 8.71 0.11 1.94 0.11 0.99




- 24- EXAVPLE 7 CATALYST:

H FERRIERITE NO. 1 - CATALYST CHARGE: 97.70 grans
PRESSURE: 17 psia | NLET TEMPERATURE: 400C
VHSV: 14 -31- I NTIAL I NI - FEED EFF
[err] .FEED EFF [err] FEED EFF [err] FEED TIAL
[err] ~ » 12 HRS [err] EXAh/ﬁfi.-é"Bﬁ(Conﬁn{:&igr] 48 HRS COWPO
wt % EFF 12ZHRS W% 24 HRS w % 48 HRS wt % NENTS
w % w % w % wt % METHANE 0. 00 0. 07
0. 00 0.01 0.01 0.02 0.01 0. 01 ETHANE 0. 00
0. 05 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 ETHYLENE
0.01 0. 26 0.01 0. 02 0, 00 0.01 0. 00 0. 90 PROPANE
0. 00 0. 27 0.0(q reep@ OZEFF@0O} GFBED @ EFF@ | FEED@O0 EFF@). 0O CYCLO
0. 00 0. 00 0.0(J 48HRS. O%8HRSOp (B HRS NHBS | BHBRS 92HRY. (0 PROPANE
PROPYL ENEOMPONENGS Mm% w%00| wt%® 0.98% | 0w8 w¥3 | 0.00
0.27 ISQuBHIOME 13- dds 0084 | dofl o002 2:[7700s 3.4%0s $.34  3.38
331 N- BUTANE 1. 81 23.88 121.81 20. 55 22.00 22145 22.15
22.52 NEFFIANE | %0 09900 ] %800 0% (. jo0%0t .08 10.00 0.00 -
" 0.00 CYGCERRENEANE [TROMS 2- 002 117068 1147 | 83 68 0d8.08 17.47
22. 66 17.24 6. 06 BUTENE BUTENE- 1/ 43 69 7.56 43. 69 8. 43
43.87 TPROANE 43 8% PIO5 ) SBRYTY- 000 1 % 7% | 0.41
20.21  c¥cIidb 2(. 2800 0.004 140805 0.00 0.00 0.00
PROPANE ] | -
PROPYLERE | o000 o012 | 000 007 | o000 0.04
'ISOBUTANE | 337 321 | 343 329 | 3am 3.22
NBUTANE | 2071 20.87 2013 2022 | 214 22.18
METHYLCYC- | 007 000 | 007 000 0.07 0.00
PROPANE - _
TRANS 2- | 2220 2518 2013 27.47 17.63 2138
BUTENE | _'
BUTENE-1 | 3662 1622 | 4186 1.7 42.58 18.34
ISOBUTYLENE | 025  15.17 025  10.40 0.44 783
CIS2-BUTENE | 1652  18.78 1401 2048 1351 20.60
1,3 BUTADIENE | 0.00 004 | 0.0 0.06 0.00 © 0.07
HEAVIES(CS+) | o1 . o038 | 610 o019 | o2 0.26

FIG. 1 is a graph of the conversion and selectivity wt% versus run time
depicting the results of this example. FIG. 2 is a graph of isobutylene yield and

isobutylene wt% versus run time for the results of this example.



LENE CI S 2- 12. 67 10. 84 12 67 12. 92 12.51 15.193 12. 67

18."22 BUTENE 1, 3 BUTADI - - 0.02 0. 00 0. 02 0. 00 0.01 0. 00
0.02 . 0.00 ENE HEAVI ES 0. 29 7.31 0. 29 17. 39 0. 29

4.42 0. 27 2.54 (CS+) 32- _

- 25- ; EXAMPLE 8 :
CATALYST: _ H FERRARIE 13O 1 CATALYST
CHARGE: 97.70 grans PRESSURE: 17-22 psia

| NLET TEMPERATURE: 410C 14

: VHSV:
| NI TI AL | -EED  EFF [ge : FF [err] FEED.[err] EFF [err]
CAYALYST: . F
- CATALYST CHARGE: 160.00 grams ) :

PRESSURE: 14.9 - 15.3 psia
INLET TEMPERATURE: 340°C
WHSV: 45
FEED@ EFF@ | FEED@ EFF@ | FEED@ EFF@

. 37HRS 3.7HRS| 12HRS I12HRS | 24HRS 24 HRS
COMPONENTS wt% wt % wm% - wm% | w® wt %
METHANE 1 o.01 0.01 0.01 0.00 0.01 0.01
ETHANE { o.00 001 | 0.00 000 | 0.0 0.00
ETHYLENE '_ 10.00 006 | o0.00 002 | 0.00 - 0,01
PROPANE { o0.00 0.14 0.00 0.03 . 0.00 0.02
CYCLO 0.00 000 | o0.00 000 | 0.0 0.00
PROPANE 1 :
PROPYLENE 0.00 138 ] 0.0 0.70 0.00 0.53
ISO-BUTANE | 3.18 3.2 | 38 2.61 3.18 2.65
N-BUTANE | 04 236043 23.04 2090 | 23.04 20.88
METHYLCYC- | o.08 0.00 . 0.08 0.00 0.08 0.00
PROPANE :
TRANS 2- 19.59 15.27 19.59 14.93 19.59 16.68
BUTENE |
BUTENE-1 | 39.77 7.66 39.77 7.80 - 39.77 838
ISOBUTYLENE |. 078 2460 | 078 2189 | o0.78 20.47
CIS 2-BUTENE 13.29 10.81 13.29 10.95 13.29 11.92
1,3 BUTADIENE | 0.01 000 | o001 000 | o001 0.00
HEAVIES (C5+) | 0.00 1299 | 0.0 1992 | 0.00 18.21




err]

FEED TIAL [ | 12 HRS [err] 24 HRS 48 HRS 48 HRS
COVPO- . wt % EFF 12HRS w % 24HRS w % - W %
w % NENTS _ . _Wt % w % w % METHANE
0.11 0.08 0. 08 0. 05 0. Q8. 0.02 0. 05 " 0. 02 ETHANE
0. 00 ~0.01 0. 00 0. 00 0.0 0. 00 0. 00 0. 00 ETHYLENE
0. 00 0 04 0. 00 0. O%XAMIQJQ% (Contﬁu&ié 0. 00 0. 01 PROPANE
0. 00 0. 03 0. 00 - 0.0 0. 00 0.0 0. 00 0. 00 CyCLO
0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 PRCPANE
PROPYLENE 0. 00 0.82 0. 00 0. 46 0. 00 - 0. 26 - 0.00
0. 18 | SO BUTANE 3.24 3.25 3.47 3.42 3.50 3.35 3.29
3. 21 N-BUTANE -r29. 63 30. 09 23. 69 24. 46 23. 71 24. 25 22.97
23. 40 NETHYL D@ EF SO0 FEEP@I0 EFF@ 0} GBeD@ 0. (FF@ |0. 00
0.00 ° 0. 00 CYC- PRCs6 HRSNE 3BEMRSIY 248 HRS Q@ HRS3! T0HRS59 70 HRS 3( 20. 70
22. 29 CDNPONENTS 2B. 5% % 2 ¥ BUMESE BUMERE-{I wt® 190 89% 19 53 33.49
12. 06 T3 564, 3083 | 43155 008U op 0o, 21. 81
0. 27 ﬁg_’%"ﬁ 0.p7°" 16. 7°§ é % 45 16 M\ as équUT- 19. 84
12.12 ETHARE 15{ 1000 16049 - 16998 °'_°98.. 78 000 17 980.6NE ] , 3 BUTA-
0.00 O, 0.0D ooo O-Qlor P 88 o101 | 0800 o001 0.41 DI ENE
HEAVI ES 0. 22 5.62 0.p2 2.51 0.20 1.57 0.22
1.35 ( CSPROPANE 0.00 00t | “o.00 0.01 0.00 0.01

CYCLO 0.00 0.00 0.00 0.00 0.00 0.00

PROPANE

PROPYLENE 000 043 0.00 037 0.00 0.28

ISO-BUTANE 3.18 2.69 3.18 274 3.18 2.88

N-BUTANE 23.04 2130 804 2190 23.04 22.38

METHYL CYC- | 0.8 0.01 0.08 0.00 0.08 0.01

PROPANE

TRANS 2- 19.59  18.56 1950 2011 19.59 23.18

BUTENE o

BUTENE-1 39.77 9.35 39.77 10.16 29.77 1131

ISOBUTYLENE 0.78 19.05 0.78 18.20 0.78 15.30

CIS 2-BUTENE 1320 13.26 1329 1435 13.29 16.34

1,3 BUTADIENE | o0.01 0.00 0.01 0.00 0.01 0.00

HEAVIES (C5+) | 000  15.10 000  11.89 0.00 8.05

FIG. 3 is a graph of the conversion and selectivity wt% versus run time depicting
the results of this example. FIG. 4 is a graph of isobutylene yield and isobutylene wt%

versus run time for the results of this example.



- 26- ' : EXAMPLE 9 CATALYST:

H FERRI ERI TE NO. 1 CATALYST CHARGE: 97.70 grans
PRESSURE: . 24-25 psia | NLET TEMPERATURE: 425C
VHSV: . 14 _ INI TIAL | NTTIA FEED
EFF [err] FEED EFF [err] FEE4- EFF [err] FEED L
[err] ¥ 12HRS [err] 24HRS [err] 48 HRS COVPONENT
wt % EFF 12HRS wt % 2EXAMPLE \l¢ o 48HRS w % S
w % w % w % wt % METHANE . 0.02 0. 04
0. 00 0.03 0.02 0.02 0.03 0. 02 ETHANE ) 0. 00
0.01 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 ETHYLENE
0. 00 OATALYST?. 00 0. @RFERRIERKAE NO. 10. 00 0. 00 0. 00 PROPANE
0.00  OCATALYSTOCHARGE: 0. 00.33 griind)0 0.00  0.00 0.00 CYCLO
0.00  BPRESURED. 00 0. 44.7- 15.9 8@ 0.00  0.00 0. 00 PROPANE
PROPYLENRLET SENPERAPURE: 370°C- 00 0. 29 0. 00 0.10  0.00
0.04 | SCY%{EANE 3.1 3. 3.02 3.19 3.24 3.14 3.24
3.09 N-B E 23.09 . 63 23. 17 23. 37 22.95 23.01 20. 35
20. 34 METHYL 0. 07 0.01 0. 07 0.01 0. 06 0.01
0. 07 0.01 CYC PRODANE
'  FEED@ EFFQ@ | FEED@ EFF@ | FEED®@ EFFQ@
S HRS SHRS | 25HRS 25HRS | SOHRS SO HRS
COMPONENTS wt% wt % wt % wt% w % w %
METHANE 0.01 0.02 , 0.01 001 | om 0.01
ETHANE { o0.00 0.03 0.00 001 | o0.00 0.00
ETHYLENE 1 o0.00 015 | o.00 0.04 0.00 0.02
PROPANE 0.00 033 | o.0 0.07 0.00 0.04
cYcLo 1 o0.00 000 { 0.00 oo | 000 0.00
PROPANE | '
PROPYLENE | o.00 242 | 000 1.06 0.00 0.80
ISO-BUTANE | 321 354 | 32 2.65 321 2.60
N-BUTANE 23.01 2582 | 23.01 20.02 23.01 20.10
 METHYLCYC- | 0.08 0.00 0.08 000 | o.08 0.00
PROPANE '
TRANS 2- { 1955 1257 | 1955 177 | 1955 12.58
BUTENE _ - _.
BUTENE-1 | 39.84 600 | 39.84 5.47 39.84 6.07
39.84ISOBUTYLE | 0.79  26.4 0.79 2845 .| 079 24.39
NE | | : .
CIS 2-BUTENE | 13.25 874 | 1325 8.26 13.25 9.06
13BUTADIENE | 001 o000 | o001 o000 | o0 0.00
HEAVIES (C5+) | o0.00 13.69 0.00 26.98 0.00 24.11




TRANS 2- 19. 81 18. 93 20. 10 22.42 19. 58 26. 76 16. 43

30. 10 BUTENE BUTENE-1 | 38. 65 11. 80 38.12 14.04 . 39.25 16. 81
48. 28 . 19. 22 | SOBUTYLEN 0.23 24. 14 0.25 18. 21 0.22
9. 38 0.34 4.25 ECS 2-. : 14. 84 14. 15 15. 06 16. 70
14.49 - 20.01 11.02 . 22.64 BUTESE 1, 3. 0.00 0.01 0.01
0.01 .00 0.01 0. 05 0. 02 BUTADI ENE HEAVES 0.19
3.09 0. 20 1.54 0. BXAMPLE. B6(Contiflued .09 (CS+)
-27- EXAMPLE 10
CATALYST: H FERRI ERI TE NO. 1 CATALYST
CHARGE: 97.70 grans PRESSURE: 17-25 psia
FEED: MIBE processi ng effl uent
| SOBUTYLENE YI ELD (gnqans i sobutyl epe formed per grgns nor nal
but enes in f eed) _ FEED @ EFF @ FEED @ EFF@ | FEED @ EFF @
75HRS 75HRS | 100HRS 100HRS| 147HRS 147 HRS

COMPONENTS | w% wt®% | W% wt % w % m%

'METHANE 1 oo 000 | oot 000 | oo01 0.00

ETHANE - | 0.0 0.00 0.00 000 | o.00 0.00

ETHYLENE | o000 o002 | 000 o001 | o000 0.00

PROPANE -1 o.00 002 | o.01 000 | 0.0 0.01

CYCLO | o.00 000 | 000 0.00 0.00 0.00

PROPANE _ __

PROPYLENE | 0.00 0.60 0.00 048 | 0.00 0.36

ISOBUTANE | 3.1 263 | 321 271 3.21 2.96

N-BUTANE | .01 2061 23.01 2118 23.01 23.08

METHYL CYC- 008 0.0 008 0.0 0.08 0.00

PROPANE 1 ) .

TRANS 2- 1955 1405 | 1955 1575 19.55 19.71

BUTENE ‘ ' ._ ‘

BUTENE-1 | 98¢ 67 | 3984 s 39.84 9.43

ISOBUTYLENE 0.79  24.96 079 2469 | 079 23.69

CIS2-BUTENE | 1325 1005 13.25 11.19 13.25 13.93

1,3 BUTADIENE | 0.01 000 | 0.01 000 | o0.01 0.00

HEAVIES (C5+) | 000 2007 | 000 . 1621 { 0.00 6.56




REACTOR [err] 12 [err] 24 [err] 48 [err] 72

[err] 84 [err]96 @120 | NLET VHS I NI TIAL HRS HRS
HRS HRS HRS HRS HRS TEMP V 390[err]C 14
29. 17 24.91 20. 60 13.84 400[err]C 14 37.50 29. 10
27.26  20.16 410[err]C 14 36 26.25 27.97 23.06 20. 63
425[err]<T 14 32. 83 24.77 12.76 5.59 400[err]C 7
18. 37[ err] 14.73 11.51 ERRMIEH e51] C 7 30. 87**
28.76 23. 36 19. 04 16. 69 16. 03 14. 64 2.81 440[err]C 7
35.77 33.79 29. 42 19. 78 13. 35 11. 03
% SELECTIVITY , (grans isobutylene forned per grans nornal
but enes ¥eq) REACTQR rrn . [err] 12 @ 24 @
48 [ éﬂ? vSTIG ARG Cﬁ . P et WHS  INITIAL HRS
HRS X g -5 RS TEMP vV 390[err]C - 14
69. 46 - . i 79d5.3B% err]C 14 68.48  61.89
80.12 7 76. 20 86. 83 89. 34 89. 37
425[ er r WHSV: 14 - 841 83 89.24 94.16 103.76 400[err]C
7 52. 46* 66. 10 70. 88 66.12 425[err]C 7 72. 64**
85. 97 86. 95 90. 19 89. 05 90. 46 96. 86 5.00 440[err] C 7
71. 47 91.61 I5efhe e | MDE0 D I3rmrrol 7EH%JR‘> 2. 47
HOURS | INTIAL INITIAL | 12HRS 12HRS | 24HRS

COMPONENTS wt% w% | wm% wt % wt % wt %

METHANE = | o001 om 001 ool 0.01 0.00

ETHANE 1 o0 003 | 000 oot | 000 = 000

ETHYLENE | 0.0 013 | o0.00 005 | o0.00 0.01

PROPANE ] o.00 020 | o0.00 005 | o0.00 0.01

CYCLO 1 o0.00 000 | 0.0 000 | o0.00 0,00

PROPANE : _ .

PROPYLENE | 0.00 172 | 0.00 103 | 0.00 0.39

ISOBUTANE | 3.19 247 | 3.9 261 | 3.9 3.05

NBUTANE | 23,06 1833 | 23.06 19.82 23.06 23.10

METHYL CYC- | 0.08 0.00 0.08 0.00 0.08 0.00

PROPANE __ |

TRANS 2- 19.59 976 | 19.59 122 19.59 21.33

BUTENE I

BUTENE-1 1 3.1 499 | 3911 6.30 39.71 7.62

ISOBUTYLENE | 078 1902 | 078 2398 | 078 20.56

CIS2BUTENE | 1332 707 | 1332 871 | 1332 137

1IBUTADIENE | o001 - 000 | o001 o000 | oo 0.00

HEAVIES (C5+) | 000 3593 | o000  25.00 0.00 9.90




-28- EXAMPLE 11 CATALYST:
H FERRI ERT NO 1 CATALYST CHARGE: 97. 88 granms PRESSURE:
17-18 psi a | LET TEMPERATURE: 425C WHSV: 7
FEED [err] EFF [err] FEED EFF [err] FEED EFF [err] FEED
EFF f[err] 2.S HRS 2. 33%4RS [err] 12 HRS [err]
24 HRS * [err] 48 HRS COVPONEN : w % w % 12 HRS w %
24 HRS wt %  48HRS Wt BXAMPLE 15 (Continued) W% w %
wt % METHANE . 0. 07 0. 05 0. 07 0.03 0.03 0.03
0. 05 0. 01 ETHANE 0. 00 0.01 0. 00 0.02 0. 00
0.01 0. 00 0. 01 ETHYLENE 0. 00 0.04 0. 00 0. 00
0. 00 0. 00 0. 00 0. 00 PROPANE 0. 00 0.04 0. 00
0.01 0. 00 0, 00 0. 00 0. 00 CyCLO 0. 00 0. 00
0. 00 0. 00 O.PCEED@ EFF)® | FEEDP@) EFF@ {0 FBED BROPAIRE@P YLENE
0. 00 0.75 0. 043 HRS 43 HR§ . T2HRSO) 72HRSQ| 22 HRS (. @®HRS 0. 16
| SO BUTAREBMPONENTS wk > w® | owE wi% o) w% g4 wt% 219D 3.11
3. 00 METHANE 0.01 0.01 0.01 001 0.01 0.07 '

ETHANE 0.00 0.01 0.00 0.00 0.00 ©0.00

ETHYLENE 0.00 0.02 0.00 0.01 0.00 001

PROPANE 0.00 0.02 0.00 0.01 0.00 . *0.02 .

CYCLO 0.00 0.00 0.00 0.00 0.00 0.00

PROPANE | :

PROPYLENE 0.00 0.60 0.00 0.34 0.00 0.20

ISO-BUTANE 3.19 2.95 3.19 2.84 3.19 2.98

N-BUTANE 23.06 2229 23.06 267 | 23.06 2.82

METHYLCYC- .| o0.08 0.00 0.08 0.01 0.08 0.01

PROPANE

TRANS 2- 19.59 15.49 19.59 18.51 19.59 21.88

" BUTENE

BUTENE-1 39.71 7.76 39.71 9.80 39.71 11.24

ISOBUTYLENE 078  27.99 078  25.08 0.78 20.39

CIS 2-BUTENE 13.32 10.93 13.32 13.22 13.32 15.51

1,3 BUTADIENE .| 0.01 0.00 0.01 0.01 0.01 0.01

HEAVIES (C5+) | 0.00  11.69 0.00 7.24 0.00 4.70



N- BUTANE ' 21. 43 21. 42 21. 43 21. 89 21. 46 21.80 22.06

22.39 MAETHYL 0. 06 0.00  0.06 0.00  0.06 0. 00
0.07  :0.00 CYC PROPANE TRANS 2- 24. 41 19.71  24.41  22.78
24.55, 25.15  25.14  26.92 BUTENE BUTENE- 1 32. 61 9.53

32. 61 11.09  32.31 12.07 .38.25 12. 88 | SOBUTYLE - 0. 33
23.47 $0.33  21.89 0.35 17.87 0.25 14.40 NE 'S 2-

17.94  13.86 17.94  16.01 EXAMPOB1S 17.62 19.00 18. 80 BUTENE
1,3 0. 00 0.00  0.00 0. 00 0. 00 0.00  0.00
0.00 BUTADI ENE HEAVI ES 0. 16 8.25  0.16 3.03 0.17
2.30  0.07 1. 44 (CS+) :

- 29_

m@:}]&g 31 (Conti nued)
FEED [ergﬁ gt err] " EFF @ FEED [err] _ EFF
TALY Eﬁi&ﬁéﬁ "HRS 96 HRS 96 HRS 120 HRS

[err] . S cia
120 HRS dopsia © TS o W % W % wt
i éﬁé?%%ﬁﬁﬁﬁﬂmxrunE. ‘

FEED@. EFFQ | FEED@ EFFQ@ | FEED@ EFF@
| 24HRs  24HRS | 12HRS 12HRS | 2¢HRS 24 HRs
‘COMPONENTS - w% wt % wt % wt % wt % wt %
METHANE | o002 o003 § o002 o002 | oo 0.02
ETHANE | o0 o003 [ 0w oot | oo 0.01
ETHYLENE | 000 021 | 000 009" 0.00 0.07
PROPANE 1 o0 o1 | 00 003 | o000 0.02
cYcLo ] o0 o000 | 000 000 | o000 0.00
PROPANE | ;
PROPYLENE | 000 17 | o033 104 | o000 0.50
SOBUTANE | 291 2713 | 291 230 2.90 2.81
NBUTANE | 2281 2704 | 22;t 2810 | 72 282
METHYLCYC- | 007 o001 | 007  oo01 0.07 0.00
PROPANE |
TRANS 2- 21.51 11.35 21.51 1462 | 2150 15.13
BUTENE _. |
BUTENE-1 | 313 161 |33 sss 31.36 8.83
ISOBUTYLERE | 050 2436 | 050  27.55 049 2824
CIS2BUTENE | 1562 ° 955 | 1562 1059 | 1565 103
13BUTADIENE | 000 o001 | 000 oo1 | o.00 0.00
HEAVES(C5+) | 001 1258 | oot 635 | 000 . 467




METHANE ~0.02 - 0.01 0.02 0. 00 - 0.02 0.01

ETHANE 0. 00 0. 00 . 0.00 0. 00 0.00 0. 00
ETHYLENE _ " 0. 00 0. 00 0.00 0.00 0. 00 0. 00
PROPANE ) 0. 00 0.00 0. 00 - 0.00 0. 00 0. 00
CYyCLO 0. 00 0. 00 : 0. 00 0. 00 0. 00 0. 00
PROPANE PROPYLENE N 0. 00 0.14 0. 00 0.11 . 0.00
0.10 | SO BUTANE 3.29 3. 189- 3.26 3.21 . 3. 27
3.18 N- BUTANE 18. 36 18.71 18. 56 18. 99 18. 59
18. 85 METHYL CYC- 0. OEXAMPIE 0% (Continued)0. 07 0. 00 ~0.07
0. 00 PROPANE TRANS 2- ' 18.19  29.04 18. 48 30. 37
18. 68 30. 74 BUTENE BUTENE- 1 . 47.41 13. 95 : 46. 61 14. 58
4634 14. 86 | SOBUTYLENE 0.24 . 13.24 0. 25 11. 62
0.24 10. 19 A S 2- BUTENE 12.28 2030 12 60 21.01
12. 63 21.59 1,3 3UTAD§NEEFF@ D. 00 ° l(i)lfqo(z FEED@ 0. 00
0.01 0. 01 HEAV +) o} FEED 1 O 0.11
0 15 0dt E@Elgts 2HRS . T2HRS glﬁms " 30-
EXAVPLE Fg wt % wt % wt % wt % _

METHANE 0.00 0.01 0.01 001 | oo 0.01 '

ETHANE | o000 0.01 0.00 0.01 0.00 0.01

ETHYLENE 0.01 0.05 0.00 0.04 0.00 0.04

" PROPANE 000 0.1 000 - 001 0.00 0.01

cYCLO 000 0.0 0.00 0.00 0.00 . 0.00

PROPANE

PROPYLENE 0.00 0.61 0.00 0.51 0.00 0.44

1SO-BUTANE 289 27 290 = 280 2.82 272

N-BUTANE 27.86 2834 2787 2841 27.91 28.50

METHYL CYC- 0.07 0.01 - 0.08 0.01 008 001

PROPANE _ | .

TRANS 2- 21.58 15.54 21.56 1585 | 21.66 16.17

BUTENE o : , :

BUTENE-1 31.20 9.07 ] 3125 9.27 31.02 .9.46

ISOBUTYLENE 048  28.56 050  28.60 0.49 28.37

CIS 2-BUTENE 1571 11.26 1565 1146 - | 1584 11.67

1,3 BUTADIENE 0.00 0.01 000 001 000 001

_ HEAVIES (C54) | 0.1 3.53 0.00 290 | o000 2.41

FIG. 5 is a graph of the conversion and Selectivity wt% versus run time depicting
the results of this example. FIG. 6 is a graph of isobutylene yield and isobutylene wt%
over run time for the results of this example. Surpﬁsiﬂglj, the selectivities achieved with
this pressed powder catalyst were better than the selectivities resulting from the same
catalyst with binder run at similar isomerizing conditions; see, e.g., Example 11.



- CATALYST: H FERRI ERI TE NO. 1 CATALYST CHARCE: 97.70

gr ans PRESSURE: 16 psia | NLET TEMPERATURE: 440[err]C
VWHSV: - 7 FEED [err] EFF [err]
FEED [err] - EFF [err]. FEED [err] EFF [err]
I NI TI AL i I NI.TI AL 12 HRS 12 HRS 24 HRS 24 HRS COVPONENTS
W% W % W % wt %_40_ w % wt % METHANE
0. 07 0.08 0.07. 0.04 0.10 0. 05 ETHANE
0. 00 0. 04 0.00 0. Oftw AMPLE 3600 0.00 ETHYLENE
0. 00 0. 26 0. 00 0. 04. 0. 00 0. 03 PRCPANE
0. 00 0.17 0. 00 0. 00 ' 0. 00 0. 00 CYyCcLO
0. 00 - 0. 00 0. 00 0. 00 0. 00 0. 00 PROCPANE PROPYLENE
0. 00 0.0 ! 0 .23 | SO- BUTANE
3. 44 Cg_ %T cm%gﬁa,. H’%@%‘mm N§ g 3.26 N BUTANE
20. 73 3 155} emyns 21.02 21.25 NMETHYL CYC-
0. 06 WRE: 0.06 14 '{0' Bolpsia o o6 0. 00 PROPANE TRANS 2-
21.76 INIEDTEMPERATURE: 43Q°C g6 22.82 21.71 BUTENE BUTENE- 1
37.78 < WHSW%Q 37.78 7 12.85 35.21 13. 94 | SOBUTYLENE
0. 25 27. 20 0. 25 25.70 0. 25 22.34 CI'S 2- BUTENE
15. 80 11. 92 15. 80 14. 84 17 04 16. 18 1, 3 BUTADI ENE
0. 00 0.01 ﬁg &82 &%&s 02 gﬁ_@%l S (C5+)
E FEED @

0.11 8.71 A 24!41259L 12 HRS O Hllg 994 HRs |

COMPONENTS | w% : w %

METHANE 1 0.0 0.03 000 - 0.01 0.00 0.01

ETHANE 0.00 004 | 0.00 002 | o0.00 0.01

ETHYLENE 000 o060 | 000 014 | 000 005

PROPANE 1 o.00 048 | 0.0 009 | 000 0.02

CYCLO | o.00 000 1 o0.00 000 | o0.00 000

PROPANE | .

PROPYLENE | o0.01 929 | oo1 384 | o.01 1.64

ISO-BUTANE 327 343 | 325 32 | 335 3.16

N-BUTANE 1970  18.33 1973 1979 | 198 19.83

METHYL CYC- 0.08 0.00 0.08 0.01 0.08 0.01

PROPANE :

TRANS 2- | 1860 3808 | 1668 1468 16.68 17.82

BUTENE |

BUTENE-1 1 4617 447 | 46.04 819 | 4604 9.9

ISOBUTYLENE | 090 1429 | o088 2423 | 0.88 25.53

CIS2BUTENE | 10.99 5.81 1107 1053 11.07 12.76

1,3 BUTADIENE | 0.06 001 1 o.0s 0.01 0.06 0.01

_ HEAVIES (C5+) | 000 3495 | 201 1508 | 201 8.95




EXAMPLE 12 ( Conti nued)

-31- :
FEED [err] EFF [err] FEED [err] EFF [err] FEED [err] EFF
[err] - 48 HRS 48 HRS "~ 72 HRS 72 HRS ~ 92 HRS 92 .
HRS COVPONENTS w % w % w % w % w % wt
% METHANE 0. 06 0.01 0.02 0.02 0. 08 0.06
ETHANE * 0. 00 0.00 -410. 00 0. 00 0.01 0.01
ETHYLENE 0. 00 0. 02 0. 00 0.01 0. 00 0.01
PROPANE 0. 00 OEYAMPLE 16{Coftinued) O- 00 0. 00 0. 00
CYCLO 0.00 0.00 0. 00 0.00 0. 00 - 0.00
PROPANE PROPYLENE 0. 00 0.12 0. 00 0.07 0. 00
0. 04 | SO BUTANE 3. 37 3.21 3.43 '3.29 3.33
3. 22 N-BUTANE 20.71 20. 87 . 20. 13 20. 22 22.14
22.18 METHYL CYC 0. 07 .00 0.0/ 0. 00 0. 07
0. 00 PROPANE TRANS ?-FEED@ EFP®. 29FEED @5. EfF @ 20. 13 27. 47 17. 63
27.38 BUTENE BUTENE]136HRS 36 BRE 248 HRS| 6. #&HRS 41. 86 17.79 42. 58
18. 34 | S(IMPONENES wH 25 wmE 1 1|E w® 2b 10. 40 0. 44
7.83 C S \eTRARENE o8- 52 001 18] 7%00  ogb? OL  20.48 13. 51
20. 60 ' :
ETHANE 0.00 001 | 0.0 0.00-
ETHYLENE 0.00 0.02 0.00 0.01
PROPANE 0.00 0.01 0.00 0.00
CYCLO 0.00 0.00 0.00 0.00
PROPANE
PROPYLENE 0.01 0.67 0.01 0.34
ISO-BUTANE 324 3.09 3.24 3.07°
N-BUTANE 1973 19.81 1973 19.62
METHYLCYC- | 0.08 0.01 008 0.1
PROPANE '
TRANS 2- 1876  21.29 1876  23.84
BUTENE
- BUTENE-1 4595 1215 4595  13.34
CISOBUTYLENE | 0.8  21.82 088 17.9
CIS 2-BUTENE 1L10 1530 .10 17.19
1L3BUTADIENE | -0.06 0.1 006 002
HEAVIES (C54) | 0.00 5.59 0.00 3.93




1, 3 BUTADI ENE 0. 00 0. 04 0. 00 0. 06 0. 00 0. 07
HEAVI ES ( C5+) 0.11 0. 38 0.10 0.19 0.21 - 0. 26
FIG 1 is a graph of the conversion and selectivity w% versus run tine
depicting the results of this exanple. FIG 2 is a graph of isobutylene
yield and | sobutyl ene wt % versus run tinme for the results of this exanple.

-32- -42- EXAMPLE 13 CATALYST:
H- FERRI ERI TE NO 1 CATALYST CHARGE: 160. 00 granms PRESSURE:
14.9 - 15.3 psia | NLET TEMPERATUREAMM® £7 1] C WHSV:
4.5 FEED [err] . EFF [err] FEED [err] EFF
[err] FEED [err] EFF [err] 3.7 HRS 3.7 HRS
12 HRS 12 HRS 24 HRS 24 HRS -
CATALYST: H-FERRIERITE NO. 3
CATALYST CHARGE: 75.71 grams
PRESSURE: 14.6 - 15.2 psia
INLET TEMPERATURE: 430°C
WHSV: 7
FEED@ EFFQ | FEED@ EFF@ | FEED@ EFF@
_ 33HRS 33HRS| 12HRS 12HRS | 24HRS 24 HRS
COMPONENTS wt® wt % wt % we wt % wt %
METHANE | 000 003 001 003 | 00 0.03
. ETHANE | o0.00 003 | 0.0 003 | 0.00 0.02
ETHYLENE | 000 027 | 000 o017 | 000 0.12
PROPANE 1 0.0 014 | 0.00 007 | o0.00 0.04
‘CYCLO 1 0.00 000 | 0.00 000 | 0.0 0.00
PROPANE _ - 1
PROPYLENE | 0.00 2.56 000 171 | o000 1.25
ISO-BUTANE 1 284 2.95 | 28 2.88 2.85 2.90
N-BUTANE 27.97 28.96 2798  28.83 2798 . 28.67
METHYLCYC- | o008 0.01 0.08 001 | 0.8 0.01
PROPANE : | :
TRANS 2- | 2161 13.66 | 21.59 1442 | 2158 14.86
BUTENE
BUTENE-1 1 30.90 .77 30.91 833 | 3095 8.59
ISOBUTYLENE | 051 2560 | 050 2704 | o050 28.39
CIS 2-BUTENE | 15.87 9.82 15890 1041 | 15.84 10.72
1,3 BUTADIENE 0.00 0.01 0.00 oot |} o000 0.01
HEAVIES (C5+) 0.00  08.01 0.00 5.88 0.00 4.73




COVPONENTS Wt % W % W % W % W% wt
METHANE 0.01 . 0.01 0.01 0. 00 - 0.01 0
ETHANE -« 0. 00 0.01 0. 00 0. 00 0. 00 0.
ETHYLENE - 0. 00 0. 06 0. 00 0.02 0. 00 0
PROPANE 0. 00 0.14 0. 00 0. 03 0. 00 0
CYCLO * 0. 00 0. 00 43- 0. 00 0. 00 0. 00 0
PROPANE PROPYLENE 0. 00 1.38 . 0. 00 0.70 0. 00
0.53 | SO BUTANE 3. 18EXAMPLE 17 (Continuéd)18 2.61 3.18
2. 65 N- BUTANE 23. 04 23. 6943 - 23.04 20. 90 23.04
20. 88 METHYL CYC- - 0. 08 0.00 0. 08 0. 00 0. 08
0. 00 PROPANE TRANS 2-- 19. 59 15. 27 19. 59 14.93
19. 59 16. 68 BUTENE BUTENE- 1 39.77 7. 66 39.77
7.80 - 39.77 8. 38 | SOBI UT'YLENE 0, 78 24. 60 0.78
21. 89 0.78 FEED@ A7/EFH @ P-HBEDIGNE EFF@ [L¥FEBD @  1EFFGH 13. 29
10. 95 13. 29 48|HRSO? 48 HRSBUUTZRMRSNE 72 HRS D, $HRS (P6BIBS 0.01
0.00  Co B30 HEAE ES (ef) W@ ob w2 ggw % 0. 00
19.92  wMerHRNEO | ob8- 21001 | o.01 0.01 001 oo1 |
- 33- : | EXAMPLE 13 ((pinti nued)

ETHANE | oo0 = o002 0.00 0.01 0.00 0.01

ETHYLENE | 000 007 | 000 o005 0.00 0.03

PROPANE 1 o.00 002 | 0.0 0.01 0.00 .0.01

CYCLO | 000 - o000 | 0.0 0.00 0.00 0.00

PROPANE * -

PROPYLENE | 000 080 | 000 o055 | o000 " 036

BO-BUTANE | 2.8 282 | 2 284 | 230 2.82

N-BUTANE 2797 2892 | 2794 2851 | 27.9 28.46

METHYL CYC- 0.07 oot | o008 0ot | o.8 001

PROPANE : _

TRANS 2- | 2159 1558 21.60  15.84 21.63 16.61

BUTENE .

BUTENE-1 30.90 9.07 30.95 9.29 . 30.82 9.81

ISOBUTYLENE | 051  28.94 051 2880 | o051 27.98

CIS 2-BUTENE 15.91 121 | 1s.88 11.53 15.96 12.10

1,3 BUTADIENE | 0.00 001 | 0.00 001 | 000 ~  0.01

HEAVIES (C5+)'| 0.01 232 | 000 236 | 0.00 1.61

%

.01

00

.01
.02
. 00



FEED [err] EFF [err] FEED [err] EFF [err] FEED [érr] EFF

[err] 36 HRS 36 HRS 48 HRS 48 HRS 70 HRS 70
HRS COVPONENTS w % w % w % w % w % w
% METHANE - 0.01 0.00 0.01 0.00 0.01
0. 00 ETHANE 0.00 0.00 0. 00 0.00 0. 00
0. 00 ETHYLENE 0.00 0. 0144- 0. 00 0.01 0. 00
0. 01 PROPANE 0. 00 0.01 0.0 0.01 0. 00
0.01 CYCLO | 0. 00 EXAMPLE 18 o 00 0. 00 0. 00
0. 00 PROPANE PROPYLENE 0.00 0. 43 0.00 0. 37 0.00
0. 28 | SO BUTANE 3.18 2.69 . 3.18 2.74 3.18 '
2. 88 N-BUTANE - 23.04 21. 30 23.04 21.90 23.04
22. 38 MHIARALYST: 0. OH-FERRIERITE NO. 4 0. 08 0.00 0. 08
0. 01 PREEATALYSANCHARGE: 97.73 gfanisO 18. 56 19.59 - 20.11 19.59
23. 18 B\ PRESSUREEENE- 1 14.73952/psia 9. 35 39.77 10. 16 39.77
11. 31 | SSBETHEMPERATURE: 7480°C 19. 05 0.78 18. 20 0.78
15. 30 Chg&VWBUTENE — 13. 29 13. 26 13. 29 14. 35 13. 29
1634 1, 3 BUTADI ENE 0.01 0. 00 0.01 0. 00 0.01
0. 00 HEAVI ES (C5+) 0. 00 15. 10 0. 00 11. 89 0. 00
8. 05 FIGy, 3 is a graph,of the conversion and selectivity w %
versus run tinme deqi EEEn@ t IBFFia2JUFEED @©f (BFF® qXEEED@. FEKE@4|i s a graph of-
i sobutyl éne vyiel d gnd-3iHRSbuBPHRAd IRWRSer JAHRS yn 24HR® f oM HRSe |results of
this exaﬁw NENTS wt® w % wt % wt % wt % wt %

METHANE {1 o.02 003 | o.02 0.01 0.02 0.01

ETHANE | 000 002 | 000 000 .| o000 0.00

ETHYLENE 0.00 0.22 . 0.00 0.05 0.00 0.03

PROPANE 1 o0.00 008 ] o0.00 001 | o.00 0.00

CYCLO | o.00 000 | o000 o000 | o0.00 0.00

PROPANE '

PROPYLENE | 0.00 213 | 000 o2 | o000 0.35

ISOBUTANE | 320 3.0 3.20 3.06 3.20 3.03

N-BUTANE 1 30 24 | 230 22.88 23.0 22.96

METHYL CYC- 0.08 001 | 0.8 0.01 008 001

PROPANE

TRANS 2- 19.5 1443 | 195 1652 | 195 17.07

BUTENE

BUTENE-1 1 39.90 884 | 39.90 9.67 | 39.90 10.00

ISOBUTYLENE | o080 2654 | 08 2041 | 0.80 3008

CIS2BUTENE | 1320 1078 | 1320 12,02 13.20 12.43

1,3 BUTADIENE 0.01 001 { o.01 0.01 0.01 0.01

HEAVIES (C5+) | 0.00 11.21 0.00 5.37 0.00 3.74




- 34- "EXAMPLE 14 CATALYST:

H FERRI ERRI TE NO. 1 CATALYST CHARGE: -400. 33 gr ams PRESSURE: _
14.7 - 15.3 psia | NLET TEMPERATURE: 370C WHSV: 1.8
FEED [err] EFF [err] FEED [err] . EFF [err] FEED [err]
EFF [err] . . 5 HRS 5 HRS 25 HRS 25 HRS 50 HRS
50 HRS COVPONENTS w % A4%. % w % w % w %
w % METHANE 0.01 0. 02 0.01 0.01 0.01
0. 01 ETHANE 0. 0GEXAMPL.EOR (Contmuﬁ) 00 0.01 0. 00
0. 00 ETHYLENE 0.00 0. 15 0.04 0.00
0. 02 PROPANE 0. 00 0.33 0. 00 0.07. 0. 00
0.04 CYyCLO 0. 00 0. 00 0. 00 0. 00 0. 00
0. 00 PROPANE PROPYLENE ' 0.00 2.42 0.00 1.06
0.00 0. 80 | SO4BUTANE 3.21 3. 54 3.21 2. 65
3.21 2.60 N-BYTFF§P @ EFF@ |2BEEDI@ EF5@3] FEED@23. BEF@ P0.02 .
23.01 - 20.10 METHYBHRSC 48HRS | 7pHB8 T72HRS JO9HRS (9CRS | 0.00
0.08 COMPOENBropanpt®  wi% | wi% 2w | w& mE

METHANE | o2 oo | oo 0.01 0.02 0.02

ETHANE 0.00 0.00 0.00 0.00 0.00 .0.00

ETHYLENE 0.00 02 | 0.0 002 | 000 002

PROPANE | o000 0.00 0.00 0.00 0.00 0.00

CYCLO 0.00 0.00 0.00 000 | o000 0.00

PROPANE | |

PROPYLENE 0.00 o2 | o000 016 | 0.0 0.13

ISO-BUTANE 3.20 306 . | 320 3.04 - 3.20 3.07

N-BUTANE 23.0 22.38 2.0 2.82 23.0 22.87

METHYLCYC- | o.08 o001 | o008 .001 | 0.8 0.01

PROPANE . '

TRANS 2- 19.5 1731 ] 1950 1744 | 1950 17.79

BUTENE :

BUTENE-1 39.90  10.47 3990  10.63 39.90 10.80

ISOBUTYLENE | 0.08  29.88 008 29.64 0.08 29.34

CIS2-BUTENE | 1320  12.68 1320  12.83 13.20 13.01

13BUTADIENE | 001 . o001 | 0.1 oot . | o0 0.01

HEAVIES (C5+) | 0.00 318 | 0.00 3.2 | 0.00 2.68




TRANS 2- 19.55 12. 57 ' 19.55 11. 77 19.55 12. 58

BUTENE BUTENE- 1 39. 84 6. 00 39. 84 5.47 39. 84
6. 07 39. 841 SOBUTYLE 0.79 26. 4 0.79 23. 45 0.79
24.39 NE CI' S 2- BUTENE 13. 25 8.74 13. 25 8. 26 13. 25
9.06 1,3 BUTADI ENE 0.01 0. 00 0.01 0. 00 0.01.
0. 00 HEAVI ES (C5+) 0. 00 13. 646- 0. 00 26. 98 0. 00
24. 11 -35-
EXAMPLE 14 ( Conti nued) EXAMPLE 19 FEED [err] EFF [err]
FEED [err] EFF [err] FEED [err] EFF [err] 75
HRS 75 HRS 100 HRS 100 HRS 147 HRS 147 HRS COVPONENTS
w % w % w % w % w % w % NMETHANE
0.01  CATALYST: 0.01 H-FERRIERITE NO. 6. 01 0. 00 ETHANE
0.00  CARTRPYST CHARGEO 97.7 0.00 0.00 ETHYENE
0.00 p . 0.00 1470 @3 psia  0.00 0.00

INLET TEMPERATURE: 430°C

WHSV: 7

FEED@ EFF@ | FEED@ EFF@ | FEED@ EFFQ
| 45HRS 4SHRS| 9HRS 9HRS | 12HRS  12HRS

COMPONENTS w% w% w % w% . w% w %

METHANE 0.01 oo1 | o001 001 | oo 0.01 -

ETHANE | 000 o001 | o000 0.01 000  0.0i

ETHYLENE | o0.00 011 | 0.00 009 | o000 0.08

PROPANE 1 o.00 0.13 0.00 0.10 0.00 0.08

CYCLO | o.00 000 | o0.00 000 | 0.0 0.00

PROPANE | _ - . |

PROPYLENE | 0.00 147 | o000 139 | o000 1.24

ISO-BUTANE | 3.20 209 | 320 228 | 320 2.21

N-BUTANE 23.04  16.06 204 1772 | 23.04 17.39

METHYL CYC- 0.08 000 | o.08 oo1 | o008 0.00

PROPANE ! i

TRANS 2- | 19.53 9.3 | 1953 1054 | 19.53 10.56

BUTENE - |

BUTENE-1 39.76 452 | 39.7 529 | 39.76 5:29

ISOBUTYLENE | 080 1734 | 080 1995 | 0.80 19.84

CIS2-BUTENE | 1332 650 | 132 152 | 1332 7.57

1,3 BUTADIENE | o.01 000 | o.01 0.00 0.01 0.00

HEAVIES (CS+) | 0.00 4245 000 348 | 0.0 35.52




PROPANE 0. 00 0.02 0.01 0. 00 0. 00

0. 01 CYCLO 0. 00 - 0. 00 0. 00 0. 00 0. 00
0. 00 PROPANE PROPYLENE 0. 00 0. 60 0. 00 0. 48
0. 00 . 0.36 | SO BUTANE 3.21 2.63 3.21 2.71
3.21 . 2. 96 N BUTANE 23. 01 20. 61 23.01 21.18
23.01 -23.08 METHYL CYC- 4% 08 0. 00 0. 08 0. 00
0. 08 0. 00 PROPANE TRANS 19. 55 14. 05 19. 55
15. 75 19. 55 19. 7&"6@%&1%@@&@“@ © 39.84 6.76
39. 84 . 7.53 39.84 9. 43 | SOBUTYLENE 0.79 24. 96
0.79 24. 69 0.79 23.69 CI S 2- BUTENE 13. 25 10. 05
13.25 - 11.19 13. 25 13.93 1, 3 BUTADI ENE 0.01 0. 00
0.01 0. 00 0.01 - 0.00 HEAVI ES (C5+4) - 0. 00 20. 07
?ég? 16.21 2:8% o P l;iﬁxl{)kg ]
1
H FERRI EBbﬁEoﬁg‘ml AR A ST &ﬁﬁiq:. w % 4000 of ang #PRES
14.7 - 15—3-pst=a
, METHANE | om oo1 { oo 001 - | o.01 0.01
ETHANE { o000 oot | 600 o001 | 000 001
ETHYLENE | o.00 007 | 0.0 007 | 0.0 0.06
PROPANE | o0 008 | o000 007 | o000 0.06
CYCLO | o.00 0.00 0.00 000 1 o0.00 0.00
PROPANE | .
_ PROPYLENE £ 0.00 1.24 0.00 1.22 0.00 1.17
ISOBUTANE | 320 239 3.20 2.50 - 3.20 2.57
N-BUTANE { B0s4 1823 | 23064 1940 | 23.04 20
METHYL CYC- | o0.08 000 | o.08 000 | o.08 0.00
PROPANE ‘
TRANS 2- { 1953 1124 1953 1214 19.53 12.67
BUTENE _
BUTENE-1 | 39.% 5.70 39.76 6.18 39.76 6.46
ISOBUTYLENE . { 0.30  21.19 0% 278 | o.s0 3.7
CIS 2-BUTENE 13.32 8.03 13.32 8.65 13.32 9.07
13BUTADIENE | 001 000 | o.01 000 | o1 0.00
" HEAVIES(C5+) | 000 3162 | 000 2677 | 0.00 23.98




| NLET TEMPERATURE: 400C WHSV: 1.8

EFF

2

FEED [err] EFF @ FEED [err] EFF [err] FEED [err]
[err] . I NI TI AL I NI TI AL 12 HRS 12 HRS 24 HRS
24 HRS COVPONENTS wt % w % w % w % w %
wt % NET!_-lANE 0.01 0.02 0.01 0.01 0.01
0. 00 ETHANE 0. 00 0. 0’§8' 0. 00 0.01 - 0.00
0. 00 ETHYLENE 0. 00 0. 00 0. 05 0. 00
0.01 PROPANE 0. 00 %’éﬁ“"’-ﬁ 20 5. 00 0. 05 0. 00
0.01 CYyCLO 0. 00 0 00 0 00 0. 00 0. 00
0. 00 PROPANE PROPYLENE 1. '0.00 1.03 = -
0. 00 CATAIXST:SO BUTANE SAPO-H (B"owed by ULmoWCarblde Cgpamtion) 261
3.19 CATALYST\CBARGE: 400 gram93. 06 18. 33 23. 06 19. 82
23. 06 INLEB TEMRERAYUREYC300°C 0.08 0. 00 0.08 0. 00
0.08 - PRESSUREPROPANE TRANZ-2D-psia 19. 59 9.76 19. 59 12.
19. 59 WHSV:33 BUTENE BUTENE2 1 39.71 4,99 39.71 6.
39.71 7.62 | SOBUTYLENE 0.78 19. 12 0.78 23.98
0.78 20.56.- CI S 2- BUTENE 13. 32 7.07 13. 32 8.71
13. 32 13.76 1, 3 BUTADI ENE "10. 01 01 00 10. 01 Q4. 00
0.01 0. 00 HEAVI EY ( C5+) d.00_ - 35.p3 0. 00 2. 00
0. 00 9. 90 EFF @ EFff @ EFF @
_ 1.5 HRS 4.7 HRS 16.0 HRS
COMPONENTS FEED wt % wt % w % wt %
METHANE | 0.00 0.01 0.00 0.00
| ETHANE 0.00 ; 0.01 o 0.00 0.00
ETHYLENE 0.00 _ 0.08 . ~0.03 1 o001
‘PROPANE " 0.00 0.31 0.08 1 o1
| CYCLO PROPANE 0.00 | 0.0 - 0.00 - . 0.00
PROPYLENE 0.00 2.14 _ 1.66 | o35
{ ISO-BUTANE ] 2.61 _; 3.66 2.15 1 293
| N-BUTANE 26.28 1 1734 15.78 1 2083
METHYL CYC- 0.06 ' 0.00 0.00 0.00
PROPANE _ _ :
TRANS 2BUTENE | 13.61 T332 - 8.01 20.84
{ BUTENE-1 48.67 1.44 1 3.6 { w22z
| 1s0BUTYLENE . 0.42 ] eos 10.12 1 593
| CIs 2-BUTENE 6.90 2.29 571 1 1438
13BUTADIENE | 126 0.00 | o000 1 o006
HEAVIES (C5+) 0.18 | 6335 52.85 | 29




-37-

[err] 'EFF[érr]

EXAMPLE 15 (Conti nued)

* The SAPO-11 catalyst was regenerated by heating it to 500°C in a muffle furnace.

FEED FEED [err] EFF [err] FEED [err]
EFF[ err]- 48 HRS 48 HRS 72 "HRS 72 HRS
92 HRS COVPONENTS w % w % w % w %
w % IVETHANE 0.01 0.01 0.01 0.01
0. 07 ETHANE 0. 00 0. %_ 0.00 0. 00
0. 00 ETHYLENE 0. 00 0. 0. 00 0.01
0. 01 PROCPANE 0. 00 0. 00 0.01
0. 02 CYCLO 0. 00 EX%_I\@%.E 21 0. 00 0. 00
0. 00 PROPANE PROPYLENE 0.00 0. 60 ~0.00
0. 00 0.20 | SO BUTANE 3.19
3.19 2.98 %@'“ (REE’%@‘ATED) *23. 06
. 23.06 22.82 WNK-SE@ARGE 9%7%grams (. oo 0. 08
0.08 0.01 MPRESSURErRANS 2- 27psia 19 59 15. 49
18. 51 19. 59 WHSV: 21.88 BUTENE BUTENE- 1 39.71
39.71 9. 80 39.71 11. 24 | SOBUTYLENE 0.78
0.78 25.08 0.78 20. 39 C'S 2- BUTENE 13 32
13. 32 13. 22 13. 32 15.51 41, 3, DI BN 41
0.01 0.01 0.01 0. 01 HEAVIES (&5t 4lo.cgq,oc
0.00 cobwdfents  0- 00 FEfDédx | Hes '
. : : w % wt.%
METHANE 0.00 0.01 0.00
ETHANE 0.01 0.01 0.01
| ETHYLENE 0.86 0.80 0.92
PROPANE 0.00 . 0.00 0.00
CYCLO PROPANE 0.00 0.00 0.00
! PROPYLENE 0.12 62.07- 0.81
ISO-BUTANE 0.00 0.19 0.08
N-BUTANE 0.04 0.94 0.70
| METHYL CYC-PROPANE 0.00 0.00 0.00
TRANS 2-BUTENE 57.88 30.26 36.47
| BUTENE-1 10.74 . 1651 19.31
ISOBUTYLENE 0:00 15.85 11.10
CIS 2-BUTENE 30.26 21.79 626:61
1,3 BUTADIENE 0.01 0.13 " 0.16
{ HEAVIES (C5+) 0.08 11.44 3.83

92 HRS

w %
0.01
0. 00
0. 00
0. 00
0. 00

. 34

2. 84
22. 67
0.01
19. 59
7.76
27.99
10. 93
0. 00
11. 69



- 38- ' EXAMPLE 15 CATALYST:
H FERRI ERI TE NO. 2 CATALYST CHARGE: 97.75 grms PRESSURE:

18.7 psia | NLET TEMPERATURE: 430[err] C VHSV: 7
FEED [err] EFF [err] FEED [err] EFF [err] FEED [err] EFF
[err] 2.4 HRS 2.4 HRS 12 HRS 12 HRS 24 HRS
24 HRS COVPONENTS w % R dyt % w % w %
wt % METHANE . 0.02 0. O% 0. 02 0.02 0. 01
0.02 ETHANE 100
0. 01 ETHYLENE Examplesgzgg show eg)egﬁ'uenml results the la:%r g»ére hydrogetg
0. 07 PRGRéddenite. In companian,OBxample.Ozi and 26 showChxﬁéhmental&cﬁiits mﬂeclm@ 00
0. 02 CYCLO 00
0. 00 PROPEVeARESHIf gk jgobutyicne selctiyligg using the smpler pore magngstum mordenifs
0. 00 0. 80 | SO BUTANE 2.91 2.73 2.91 2.80
2.90 2.81 ) '
EXAMPLE 22
CATALYST: HYDROGEN MORDENITE
CATALYST CHARGE: 97.70 grams
PRESSURE: 22-26 psia
WHSV: 15
EFF @ EFF @
FEED wt % 03 HRS & 26HRS & 347 | °
COMPONENTS - : 327°C C
1 wt % W%
METHANE . 0.00 0.00 0.01
ETHANE . 0.01 0.02 .0.02
ETHYLENE 0.86 0.76 ' 1.11
| PrOPANE o : 0.00 0.09 | 0.03
CYCLO PROPANE 0.00 : 0.00 | 0.00
| PROPYLENE ;- 0.12 ' 1.97 . 1.79
ISO-BUTANE : 0.00 0.35 £ 0.19
N-BUTANE . . 0.04 1.04 ' 1.10
| METHYL CYC-PROPANE 0.00 0.00 ©0.00
TRANS 2-BUTENE | s7.88 . | 2520 : 32.40
BUTENE-1 . - 10.74 ] 1439 18.12
ISOBUTYLENE 0.00 2.51 ' 1.17
CIS 2-BUTENE ' 30.26 18.12 | 2360
1,3 BUTADIENE ; 0.01 ; 0.00 . 0.00
HEAVIES (C5+) 0.08 35.56 20.48



N- BUTANE : 27.81 27.04 27.81  28.10 27. 82 28. 27

METHYL CYC- 0. 07 0.01 0. 07 0.01 0. 07 0. 00
. PROPANE TRANS 2- 21.51 . 11. 35 21.51 14. 62 21. 50
15. 13 BUTENE BUTENE- 1 3137 7.67 31. 37 8.58
31. 36 ) 8. 83 | SOBUTYLENE 0.50 24. 86 0.50 27.55
0. 49 * 28.24 CI'S 2- BUTENE 15162 9. 55 15. 62 10. 59
15. 65 10. 23 1, 3 BUTADI ENE 0. 00 0.01 - 0.00 0.01
0. 00 0.00 HEAVIES (C5+) EXAMIPOE23 12.58 0.01 635
0. 00 4. 67 - 39-
EXAMPLE 15 (Conti nued) FEED [err] EFF[ err] FEED
[err] EFF caffAlLYsT-EED [err] ygypk MORD 48 HRS
48 HRS 72 HRS A iNST CHAMGERS o7 MORPEMITR: w % - ow
0.01 0.01 V‘%l . 0.01
WHSV: 14 .
| @3HRrs @ S5 HRS @7HRS | @ 8.6HRS
FEED | & & & &
COMPONENTS w% | a00°C 05°c | an*c 419° C
: ] wms | w% w% | w%
METHANE | o004 | o003 | o003 003 | o0
ETHANE 0.00 | o000 0.00 | 0.0 0.00
ETHYLENE 000 | o001 0.00 000 | o.00
PROPANE 0.00 | o.00 0.00 ° 000 | 0.0
CYCLOPROPANE | 0.00 0.00 0.00 000 | o0.00
| PROPYLENE | o000 | oa 0.30 02 | o
ISO-BUTANE 329 | 324 | 326 | 324 | 13325
N-BUTANE | 2100 | 2104 21.02 202 | 21.04
METHYL CYC- 006 | o000 | o000 000 1| o000
PROPANE = . .
| TRANS 2.BUTENE | 2364 | 3091 3156 | 314 31.64
{ BUTENE-1 1 3413 | 1748 17.22 1 v 17.74
| ISOBUTYLENE 0.25 1.57 | 128 128 1.15
CIS2BUTENE | 1739 | 2244 26 | 27 22.86
I3BUTADIENE | 000 | oo1 | oo | oo 0.01
HEAVIES (C5+) 010 | 287 2.65 2.22 2.05




ETHANE 0. 00 0.01 0. 00 0.01 0. 00 " 0.01

ETHYLENE | 0.01 0. 05 0. 00 0. 04 0. 00 0. 04
PROPANE « 0. 00 0.01 0.00 0.01 0. 00 0.01
CYCLO ' 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00
PROPANE PROPYLENE 0.00  0.61 0. 00 0.51 0.00

0. 44 | SO° BUTANE 2.89 2. 78¢5 2. 90 2. 80 2.82

2.72 N-BUTANE 27.86 2834 27.87  28.41 27.91

28.50 METHYL CYC- 0. 07 0.08 0.01 0.08

0.01 PROPANE TRANS 2- 2iEg§Rﬁqlﬁ%f54 21.56 . 15.85 21. 66
16. 17 BUTENE BUTENE- 1 31. 20 9. 07 31.25 - 9.27 31. 02
9. 46 | SOBUTYLENE 28. 56 0. 49

28.37 OIS 2- BUTEN ATAL%?,B '8 HYP%@SEN M@D%g“mi 15. 84

11.67 '1,3 BUTADI E 77Ognm@ 00 0.01 0. 00

0. 01 HEAVI ES (Cc5+PRES 3 53 ' 2329 Psizy. 00 2.90 0. 00

2. 41 FI G Vs a graph of th® conversion and selectivity wt %

versus run tinme depicting the results of this exanple. FIG 6 is a graph
of isobutylene yield and isobutyl ene wt % over run time for the results of

this ex3dnple. Surprisingly, tlhe selecti .o.tiﬂtstﬁ‘i s pressed
powder 3at al yst were better tihan gpg sel #kﬁ t es resﬂﬁetl ng fromthe sane
catal ys cmn:buh;rfyier run at qim |ﬁl’% i SO rqul;-ng copdl tﬁp@, See, e.g.,
Exampl e w % _
METHANE : 0.00 0.00 0.00
ETHANE . 0.01 0.02 0.01
ETHYLENE _ 0.86 0.82 0.76
PROPANE 0.00 1 o9 - 0.02
{ CYCLO PROPANE : 10.00 . 0.00 - 0.00
PROPYLENE 02 | 13 | 130
ISO-BUTANE _ _ 0.00 ' 0.46 : 0.15
N-BUTANE 0.04 1 1 | o
| METHYL CYC-PROPANE 0.00 0.00 0.00
TRANS 2-BUTENE 57.88 1 30.06 3286
BUTENE-1 10.74 14.28 18.95
ISOBUTYLENE . | o000 1 22 '- 1.05
| Cis 2-BUTENE 30.26 | 2n 23.16
1,3 BUTADIENE . oot 0.00 : 0.00
HEAVIES (C5+) 0.08 2838 20.99



- 40- EXAMPLE 16 . CATALYST:
H FERRJERI TE NO. 5 CATALYST CHARGE: 75.71 grans PRESSURE:
14.7 - 1511 psia INLET TEMPERATURE: 430[err] C WHSV: '

7 FEED [erT] EFF [err] FEED [err] EFF [err]
FEED [err] EEF [err] 2.4 HRS 2.4 HRS 12
HRS 12 HRS 24 HRS 24 HRS O\IENTS wt % wt %
wt % w % w % THANE ’ 0. 00 0.03
0. 00 0.01 0. 00 0. 00 ' 0. 04
0. 00 0.02 0. 00 gxgkl{WENE 0. 00 0. 60
0. 00 0.14 0 00 0. 05 PROPANE 0. 00 0. 48
0. 00 0. 09 081_ 0.02 0. 00 0. 00
0.00 0.00 0. dé*TALY ﬁe} MERBENETE ENe 0.01
9. 29 0.01 CATALYST CHARGEo 0196 grams 1 64 | SO BUTANE' 3.27
3. 43 3. 25 PRESSURE: 3.2526-32psia3 16 N BUTANE 19. 70
18. 33 19. 7INLET DEMPERATURE:Q. 329° 19. 83
WHSV:
EFF @ EFF @
FEED { o02HRS 2.0 HRS
1 COMPONENTS wt % - wm% %
METHANE 0.00 0.00 0.01
ETHANE 0.01 0.04 ' 0.05
'{ ETHYLENE 0.86 0.44 ' 1.08
| PrROPANE ' 0.00 0.00 ' 0.00
| cYcLo PROPANE _ 0.00 0.00 0.00
| PrROPYLENE 0.12 0.96 2.04
| ISOBUTANE 0.00 1  ous | oz
| N-BUTANE 0.04 0.67 0.85
| METHYL CYC-PROPANE 0.00 1 0.00 0.00
TRANS 2-BUTENE 57.88 | 300s 1 3657
BUTENE-1 10.74 6.25 19.97
ISOBUTYLENE _ 1 o000 1 109 3.38
| CIs 2-BUTENE | 3026 20.87 29.71
1,3 BUTADIENE 0.01 0.00 0.00
HEAVIES (C5+) ' 0.08 29.94 6.09 .




METHYL CYC- 0.08 0. 00 0.08 - 0.01 0.08 |

0. 01 PROPANE TRANS 2- 18. 60 8/ 08 16. 68 14. 68
16. 68 < 17.82 BUTENE BUTENE-1 46. 17 4. 47 46. 04
8.19 "46. 04 9.96 | SOBUTYLENE 0. 90 14. 29 0. 88 .
24. 23 0. 88 25.53 CI'S 2- BUTENE 10. 99 5.81 11. 07
10. 53 T11. 07 12. 76 1, 3 BUTARILENE 0. 06 0.01 0. 06
0.01 0. 06 0. 01 HEAVI ES (CS+) 0. 00 34. 95 2.01
15. 08 2.01 8. 95 E 26
-41- E’%&E&LEZ 16 (Conti nued) :
FEED [err] EFF [err] FEED [err] EFF [err] 36 HRS
\ 0, 0 0
o0 MRS 48 TS AR aTYSrY VPNENTS! M oNEsTii MorpeNfTE %% w
CATALYST CHARGE: 97.73 grams
PRESSURE: 19-20 psia
INLET TEMPERATURE: 348° C
WHSV: 15
: FEED EFF @ EFFQ@ .
COMPONENTS wt % 0.2 HRS 2.6 HRS
| METHANE ) 0.00 0.01 0.00
| ETHANE 1 oo 0.02 - 0.01
ETHYLENE : 0.86 0.12 © 043
PROPANE | 0.00 g 0.00 0.00
CYCLO PROPANE ' 0.00 0.00 0.00
| PROPYLENE _ 0.12 , 2.16 1.19
ISO-BUTANE . 0.00 ‘ 0.28 012
N-BUTANE __ 0.04 | 0.79 0.69
METHYL CYC-PROPANE ' 0.00 | 0.00 0.00
TRANS 2-BUTENE | s7.88 32.24 38.09
| BUTENE-1 074 | 1879 19.54
| SOBUTYLENE _' 0.00 © 4.47 _, 2.29
CIS 2-BUTENE 30.26 1 25 27.25
1,3 BUTADIENE 001 0.00 0.00
| HEAVIES (C5+) _ ' 0.08 { 1860 10.69




METHANE 0. 00 0.01 0. 00 0. 00 ETHANE

0..00 0.01 0. 00 0. 00 ETHYLENE 0.00 0.02
0.00  -0.01 PROPANE 0. 00 0.01 0. 00 0.00 CYCLO
0. 00 0. 00 ~0.00 0. 00 PROPANE PROPYLENE . 0.01 . 0.67
0. 01 0. 34 | SO BUTANE 3.24 3. 09 3.24 3.07 N-BUTANE
. 19.73  "19.81 19.73  19.62 MSIHYL CYC- 0.08 0. 01
0.08  0.01 PROPANE TRANS 2- 77 18.76  21.29 18.76  23.84
BUTENE Bffitffolfowling Examples 2729 SHow expkBméhtal resultsf isdpentenelcdnvidsion @5%” YLENE
0.88  21.82 ~0.88  17.90 OIS 2-BUTENE . .11.10  15.30
11.10 4 ﬂﬁa&% feed. %@Qﬁ@% atusandrocedufs wete th a0ddiibed ealfieP2 HEAVI ES
(Csy). TOF00 T el eg GG ‘rooegui: ke the same e
- 42- for the n-pentene stream. EXAMPLE 17
EXAMPLE 27
CATALYST: H-FERRIERITE NO. 1 L
CATALYST CHARGE: 30 grams of extrudate diluted to 240 cc with alundum
PRESSURE: 1atm
FEED: : 1-pentene
Sample Start Time | 1.7hs | 3.2hrs 48hrs | 6.2hrs I
Sample Stop Time 1 2.3 hrs 3.7 hrs . 5.3 hrs 7.4 hrs
WHSV (1/hr) 1 AU B A0 7.1 4.0
Average Temp ' { 416°C { 401°C | 430°C 430°C
Cé- _ - 7.6 89 | 81 | 103
3-methyl-1-butene 3.6 4.0 4.1 2.9
trans-2-pentene 13.4 129 | 135 | 139
, 2-methyl-2-butene 1 a1 41.1 40.6 410
| 1-pentene _ | 43 | 43 4.7 3.7
| 2-methyl-1-butene 204 | 209 21.3 18.9
I cis-2-pentene 68 | 65 | 70 7.6
ﬁ c6+ 1.8 14 07 | 17
isoamylenes 625 | 620 61.9 59.9.
1 @m1b + 2m2b) |




CATALYST: . H FERRI ERI TE NO. 3 CATALYST CHARCE: 75.71

grans PRESSURE: 14.6 - 15.2 psia | NLET TEMPERATURE: 430C
VWHSV. - : 7 FEED [err] = EFF [err]
FEED [err] ‘EFF[ err] FEED[ err] EFF [err] ' 3.3 HRS
3.3 HRS 12 HRS 12 HRS 24 HRS 24 HRS COVPONENTS Wt %
Ww % T ow % W% vﬁﬁ% W % METHANE 0. 00
0. 03 0.01 0. 03 0.03 ETHANE 0. 00
0. 03 0. 00 0. 03 .d‘:}éGMPLE?-sO 02 ETHYLENE . 0.00
0.27 0. 00 0.17 0. 00 0. 12' PROPANE 0.00
0. 14 0. 00 0. 07 0. 00 0. 04 CYCLO 0. 00
0. 00 0. 00 0. 00 0.00 - 0. 00 PROPANE PROPYLENE
0.00 CATABYST: 0.00 H-FERRIERITENG.DO 1.25 | SO BUTANE
' 2.84  CATABYST CHARGES 30 grafS of extrudat: &futed to 240%c Wt \aIBMUMNE
27.97 PRESSORE: 27.98 1a@B. 83 - 27.98 28.67 METHYL CYC
0.08  FEEMI1 0.08 1pa, 0. 08 0. 01 PROPANE TRANS 2- -
21. 61 13. 66 21.59 14. 42 121.58 14. 86 BUTENE BUTENE- 1
30. 90 7.77 30.91 8. 33 -30. 95 8.59 | SOBUTYLENE
0.51 2566 50—z Od Q0 L0 22 20
15.87 { SaiphStart Timé5. 89[ err| 11®ndl | 2084 | 3.8Hs 73 14
0. 00 Samigle Stop Time 0. 00 010hrs | 3288 | 4.1Hs0] HEAMES | CSH)
0.00 HORHSYV (1/hr) 0.00 .| 518% 1§00 16.04 -
Average Temp 417°C 416°C | - 414°C
C4- o | 75 | 26 1.9
{| 3-methyl-1-butene 4.3 33 2.9
trans-2-pentene | 132 14.6 14.9
| 2-methyl-2-butene 413 | 458 | 470
1-pentene ' 4.6 4.4 4.3
2-methyl-1-butene 21.6 21.1 20.4
cis-2-pentene 6.8 7.5 7.7 6.9
pC6+ .09 0.6 0.9 0.6
iscamylenes | 629 | 66.9 67.4 64.1
(2mIb 4 2m2b) . : d




EXAVMPLE 17 (Conti nued)

-43- _ .
FEED [err] EFF [err] FEED [err] EFF [err] FEED [err] EFF
[err] = 48 HRS 48 HRS 72 HRS 72 HRS 96 HRS
96 HRS COMVPONENTS Www ot % W % W % W %
Wt % METHANE - . .0.01 0.01 0.01 0.01 0.01
0.01 ETHANE 0. 00 0. 057- 0.00  0.01 0. 00
0.01 ETHYLENE 0. 00 0. 07 0. 00 0. 05 0. 00
- 0.03 PROPANE 0. 00 BEXAMPLE 29 0.00 0.01 0. 00
.0.01 CYCLO 0. 00 0. 00 0. 00 0. 00 0. 00
0. 00 PROCEANAIFYEIYLENE H-FERRIERITE NX.180 0.°00 0.55
0. 00 CATALYST CHARGEANE 10 grams of 3xtﬁ§€ate dﬂu%di?tg 240 cc thh?alﬁﬂlum 2.84
2.80  prESGuRE: NF BUTANE 27. 28.51
27.96  pEEn28. 46 M ETHYL C 0. 07 0 01 0 08 0.01
0. 08 0.01 PROPANE TRX%"?“” © 21.59  15.58 21.60
15. 84  pe—2d-B3 16 61 RUTENE .
§ Sample Start Time l.ihrs |- 24hrs | 34hrs | 4.3 hrs
Sample Stop Time 1.8 hrs 3.1 hrs 3.9 hrs 4.7 hrs
WHSV (1/hr) '16.0 19.0 22.0 25.0
Average Temp 421°C 422°C 421°C 421°C
C4- 3.3 5.5 2.3 1.3
| 3-methyl-1-butene 2.6 4.1 3.2 3.0
' trans-2-pentene 15.1 14.4 16.5 17.1
2-methyl-2-butene 46.9 42.3 442 44.4
1-pentene 4.2 5.0 5.5 5.7
2-methyl-1-butene 19.2 21.2 20.2 19.3
cis-2-pentene 7.8 13 8.2 88
c6+ 1.0 0.2 0.1 0.5
iscamylenes 66.1 63.5 64.4 63.7
@mlb + 2m2b) |
S1htrs | 18.6hrs | 240hrs | 30.7hrs | 374hs | S0.1 n
5.7 hrs 18.9 hrs 244hrs | 309hrs | 37.8 hrs 50.5 -
16.0 16.0  16.0 16.0 16.0 160 |
414°C 414°C 414°C 415°C 415°C 414°C
2.6 1.2 1.3 0.7 1.0 08 |
i
3.3 2.8 3.0 25 2.4 23 |
15.7 18.2 20.3 22.7 24.0 26.8
4.7 427 38.8 35.9 33.8 24.3
53 6.3 8.2 9.6 | 111 19.6
20.3 18.5 18.1 16.6 15.4 12.6
8.1 9.4 10.3 11.5 12.1 13.7
0.1 0.9 0.0 0.3 0.0 0.0 |
65.0 61.2 56.9 525 | . 492 36.9 ||



BUTENE- 1 30. 90 9. 07 30. 95 9.29 30. 82

9. 81 | SOBUTYLENE : 0.51 28. 94 - 0.51 28. 80 0.51

27.98 CI'S 2- BUTENE 15.91 - 11.21 15. 88. 11. 53 15. 96

12. 10 13 BUTADI ENE 0. 00 0.01 0.00 0.01 0. 00

0. 01 HEAVI ES ( C5+) 0.01 2.32 0.00 - 2.36 0.00

1.61 : -58- - 44-

EXAMPLE 18 CATALYST: o H FERRI ERI TE NO. 4 CATALYST
CHARGE: Scienafic fHlowChieF SSURE: . 14.7 - 15.2 psia | NLET
TEMPERATURE: 430C WHSV: 7 -« FEED
[err] EFF [err] FEED [err] EFF [err] FEED [err] EFF
[err] - . FIG.7 de;iictS zHBSw scliexﬂel'ﬁﬁprodui:ﬁgl-ﬁsalkyl-t‘eﬁ-dﬂﬁﬁieﬂler 24 HRS

24 HRS COVREONENTS wt
W % particularly methyl-tert-butyl—ether (MTBE)\A%y means of first i 1somenzmg n-butene to

isobutylene, separating out an isobutylene stream for further processing to produce
MTBE. In the flow scheme, a hydrocarbon stream containing butylene is charged to an |
isomerization zone 4, via conduit 2. The hydrocarbon stream can be charged
continuously. As the butylene feed _entefs the isomerization zone, it is preferentially
vaporized to a gaseous phase. The isomerization zone 4 contains an isomerizing catalyst,

%

preferably the hydrogen form of ferrierite. The isomerization zone is further maintained
at isomerizing conditions so as to maximize the structural isomerization of butylene to
isobutylene. The effluent from the isiimeﬁzatidn zone 4 containing iso'butylene is passed
through conduit 6 to a separation zone 8. Optionally, the isomerizing mtalyst can be
regenerated in the isomerization zone 4.

The separation zone 8 is maintained under conditions sufficient to
maximize separation of isobutylene from the lighter olefins, etﬁyléne and propylene, and
from the heavier olefins, aromatics and paraffins. The separation zone 8 can employ
various means known in the art to effect separation of light, medium and heavy olefins,
aromatics or paraffins. For example, the zone may comprise a series of adsorbent beds -
comprising molecular sieves as described in U.S. -Pateni Nos. 4,717,784 and 4,210,771,
incorporated herein by reference. Or the separation zone may conveniently separate the
light, medium and heavy fractions by distillation using processes well known in the art.
The lighter olefins, ethylene and propylene, and lighter paraffins are removed via conduit
10. The higher paraffins and olefins, Cs and above, and aromatics are removed via
conduit. 12, The butylene fraction, comprising isobutylene, is removed from the
separation zone via conduit 14 to an MTBE reaction zone 16 containing an etherification

catalyst. Thereafter, methanol is fed into the MTBE reaction zone 16 via conduit 18.
“The MTBE reaction process can be carried out in any one of a number of ways, such as
for example taught by U.S. Patent No. 4,876,394, in;ﬁorporated herein by reference. The

. MTBE effluent 20 is recovered preferably as a bottoms product and the unreacted



VETHANE 0.02 0.03 0.02 0.01 0.02 .
0.01 ETHANE 0. 00 0.02 0.00 - - 0.00 0. 00
0. 00 ETHYLENE 0. 00 0.22 0. 00 0. 05 0. 00
0. 03 PROPANE 0. 00 0.08 0. 00 0.01 0. 00
0.°00 CYCLO 0.00 0. 689- 0.00 0.00 0. 00
0. 00 PROPANE PROPYLENE 0. 00 2.13 - 0.00 0.72

0. 00 butenefiHbutylenBismeads is recovered andtecycled vid cOmuit 22 to the Bitylene feed. 06
3.20 atc§ N\- BUTANE 23.0 22. 44 23.0 22.88
23.0 " 96 "METHYL CYC- - 0.08 0.01 0.08 0.01
0.08 0. 01 PROPANE TRANS2- 19.5 14. 43 19.5
16. 52 19.5 17. 07 BUTENE BUTENE- 1 - 39.90 8. 84
39. 90 9.67 39.90 10. 00 SOBUTYLENE 0. 80 26. 54
0. 80 29.41 0. 80 30.08 C'S 2- BUTENE ©13.20 10. 78
13. 20 12.02 13. 20 12.43 1,3 BUTADI ENE 0.01 0:.01
0.01 0.01 0.01 0. 01 HEAVI ES (C5+) 0. 00 11.21
0. 00 5. 37 - 0.00 3.74 _ -

- 45- EXAMPLE 18 (Conti nued)



FEED [err] —EBEF@ FEED [err] EF [err] FEED

48 HRS 48 H HRS 96 HRS

£ TR S

0. 02 . - 600.-02 ,

0. 00 o 00 0. 00 0.00 0..00 0.00 ETHYLENE

0. 00 "0.02 0. 00 0.02  CLAIMSHo 0. 02 PROPANE

0. 00 0, 00 0, o

0. 00 0100 A progeg% for sg:xaxé:turallyoi%%nerlslng 8 88“%%2@51BR%YLENE
0. 00 0at_221east: 4 @aQQon at(QnsJ—Q:o its chP@spondlng RetByl ¥>BIJLANE

3.20 3.07 N BUTANE

23.0 ZQsc&ﬂef:Ln, ﬂ’HlGh prOC% 8®mprlse€3c@1tactlng22 Byd1IERBonCYC-
0.08 0.01 0.08 0.01 0. 01. PROPANE TRANS 2-
19.5 1freeqi stream]gonpaining aty least 0119 %‘-d linegy qlefgr pMytbREfFENE- 1
39. 90 10.

0,08 20tipmerisingSpEalyst b s cemperapireor fropdafit pa BEIY FIE
13. 20 . 1%318? 1somer1;§n Ocatalé%tig%omprlsi-x%%g: leastlénglzélolitaumguENE

0.01

0.01 HEAVI ES (C5+)

0. 00 _ 0133 ¥ more oﬁe@@:.men81dha]12pore sr@frure havidlg@ pore size

small enough to retard by-product dimerisation and coke

. formation within the pore structure and large enough to permit

entry of the linear olefin and allow formation and diffusion of

the methyl branched isoolefin.

2.

A process accordihg to claim 1 wherein the zeolite has a

pore size of from 0.42-to 0.7 nm in only one dimension.

3.

A process according to cla:Lm 2 wherein the zeolite has a

10 member or puckeréd 12 member ring channel structure in one

dimens'ion and optionally has an 8 member or less ring channel

structure in the other dimensions.

4.

A process according to claim 1, 2 or 3 wherein the

zeolite is selected from SAPO, MeAPO, MeAPSO, ELAPO, ELAPSO and

ZSM zeolites.

5.

A process accoxrding to claim 1 , 2 or 3 wherein the

zeolite is selected from ferrierite, the hydrogen form of

ferrierite, SAPO-11, SAPO-31, SAPO-41, FU-9, NU-23, NU-10,

ZSM-12, ZSM-22, ZSM-23, ZSM-35, ZSM-48, ZSM-50, MeAPO-11,

MeAPO-31, MeAPO-41, MeAPSO-11, MeAPSO 31, MeAPSO-41, ELAPO-11,

ELAPO-31, ELAPO-41, ELAPSO-11, ELAPSO-31, ELAPSO-41,

laumontite, clinoptilolite, cancrinite, offretite, hydrogen

form of heulindite, hydrogen form of stilbite, and the

This.Sheet Has Been Replaced

Y




ﬁE_FERRl ERITE NO. 6 lmmmnwwll 97. EXQA?E#BE I%%ESS

14.7 - 15.3 psia | NLET TEMPERATURE: .430[err] C WHSV:

FEED [ er mjagnesgpE @ FEED [err] - &FF [err] FEED [err
[err] £ f I§ . 5 HRS 9 HRS 9 HRS _ .
12 HRS ONPERERtY™ form o \M%F enite. "\t o Wt % Wt % W %
wt % METHANE A process Oa&::lordlngotgjany one 8¢ Othe pregegi-ng claim@ Ol
01 ETHANE 0. 00 0.01 0. 00 0.01 0. 00
01 ETH¥iHeMein the linedk Mlefin fsld:r least Ondbf 1-blt6Re, 0. 00
08 PROPANE 0. 00 0.13 0. 00 0.10 0.00
08 CYClads-2-butene, trang(P-butepeg(l-penteng, Ogis-2-pgnpene and (. 00
00 PROPANE PROPYLENE © 0.00 1.47 0. 00 139
00 traps;2-pepF R ANE 3.20 2.09 3.20 . 2.28

woooooosg

23284 7. 2. 2§9B%E¥{ﬁlgwgrding tg%gﬂgne &Eage preceaﬁnoé)%lamé7o7(2)1

0.08 whélé%@ CROPANEr dd¥Mon2 feed stream &Smﬁihses f?oh340 to 109 53
10. 54 19. 53 10. 56

wt.% normal butene or normal pentene.
8. A process according to any one of the preceding claims
wherein the zeolite is combined with a binder.
9. A process according to claim 8 wherein the binder is at
least one of silica, silica-alumina, alumina; bentonite, '
kaolin, bentonite with alumina, montmorillonite, attapulgite,
titania-énd.zirconia.
10. A process according to any one of the preceding claims
'which is carried out at a temperature of from 340°C to 600°C,
an olefin partial pressure of above 0.5 atmospheres, apd a
hydrocarbon based weight hourly space velocity of 1 to 50 hr™
11. A process according to claim 10 wherein the temperature
is from 340°C to 475°C.
12. A process according to claim 11 which is carried out at a
temperature of from 370°C to 440°C, atmospheric pressure, and a
hydrocarbon based weight hourly space velocity of 7 to 15 hr™?
13. A process according to any one of the preceding claims,
. which comprises the further steps of:- .
(1) passihg the isomerisation effluent to an
etherification zone qontaining an algohol and an
etherification caﬁalyst to form a reaction product

comprising an alkyl-tert-alkyl-ether; and

Thls Sheet Has Been Rep laced
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BUTENE BUTENE- 1 39.76 4. 52 39. 76 5.29 [ THIS g0

5.29 | SOBUTYLENE 0. 80 17. 34 0. 80 19. 95

19. 84 CI'S 2- BUTENE 13. 32 -6650- 13. 32 7.52

7.57 .1, 3- BUTADENE 0.01 0. 00 0.01 0. 00 .

0. 00 HEAVIES({{S+)reC°V3an90the ajxylstert-alkgl o@ther 34ag9ion 0. 00

35. 52 -47-

EXAMPLE 19 ( Conti RFEGCt- FEED [err] EFF [err] -

FEED lal L. L, 16

HRS [?64 LRSA ‘Eﬁg’ii R alccwdflgﬁ% %ﬁz}ém }?38 where 5y ‘h%s ORERFEm wt

% 20ineYcomprised ao/(packedV\ber%reactor)/\ch%lng bed Vﬁe@d\f@?"%‘ﬁ

0.01 0.01 0.01 0.01 ETHANE

0.00 flugddzed bed m@aggor. (.01 o.oo 0.01 ETHYLENE

0. 00 0. 07 0. 00 0. 07 0. 00 0. 06 PROPANE

0. 00 0. 08 0. 00 0. 07 0. 00 0. 06 CYCLO

0. 00 0. 00 - 0.00 0. 00 . 0.00 0. 00 PROPANE
-

T

Sheet Has Been Replaced
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PROPYLENE 0. 00 1.24 0. 00 - 1.22 0. 00

1. 17 1 SO BUTANE 3. 20 2.39 3. 20 2.50 3.20

2.57 N-BUTANE 23. 04 18. 23 23. 04 19. 40 23. 04

.20 METHYL CYC- 0.08 - 0.Q0¢g3 - 0.08 0. 00 . 0.08

0.00 PROPANE TRANS 2- 1953 11. 24 19. 53 12. 14

19. 53 12. 67 BUTENE BUTENE-1 ABSTRACT 39. 76 5.70 39. 76

6.18 39. 76 6. 46 ISCBLUYLENE o989 21,19 0. 80
22.78 PRQZESS FOR 3% NG IINFARFOLEF SOOLEEINS 13. 32

S e mven%%@*ﬁ%z@?% e 4 R S

26. 77 alkeneQ Qgch as bﬁ%ﬁﬁﬂil and butene-2 to methyl branched chain -

- 48- EXAMPLE 20 CATALYST:
SAPO 11 A{Ptemeisdsdchyasni spbulylienge u€bng oprgt |d;m)enml(8'm@more 400
.grans | NLET TEMPERATURE: 300[ err] C PRESSURE: < aﬁ%p psi a

VWHSV: zeolite catalysts and:fy?l ar type catalysts such as SAPO’
MeAPOS’s. The pore size for the catalyst should be greater
than 0.42 nm and less than 0.7 nm, preferably with a larger
dimension of between 0.5 and 0.6 nm. This pore size allows the
branched chain alkenes to form and diffuse out of the catalyst
while reducing the formation of unwanted by-products, including
dimers, trimers, aromatics and coke. This invention has been
demonstrated with H-ferrierite, SAPO-11, and magnesium
mordenite in a laboratory scale reactor. Selectivities ranging -
from asout'sot to almost 100% were demonstrated for isobﬁtylene
formation using H-ferrierite, at temperatures ranging from



EFF [err] EFF [err] ' EFF [err]

1.5 HRS 4.7 HRS 16.0 HRS COVPONENTS FEED wt %
W % - W % W %  NETHANE 0. 00

0.01 0. 00 0.00 ETHANE 0. 00

0.01 - 0. 00 0.00 HTHYLENE 0.00

0. 08 . 0.03 .0.01 ANE 0. 00

0.31 0. 08 0.01 CYCLO PROPANE 0. 00

0. 00 0. 00 0. og- YLENE 0. 00

2.14 10 1 66 35l BUTANE . 2.61

3. 66 100 R 15 2.93 BUTANE . 26. 28

17. 34 (M O( 0. 06

0. 00 90 0.l00 PROPANE TRANS 2- BUTENE 13. 61
3.32 y 20. SW T BEREGNTI SEL 48. 67

1. 44 803 10. 23 | SOBUTYLENE 0.42

6. 05 5.93 Cl'S 2- BUTENE 6. 90

2.29 105 14.88 1,3 BUTADI ENE 1.26

0. 00 D. 00 0.06 HEAVI ES (C5%) 0.18

63. 35 60

b2. 85 23.92

WT PERCENT CON

WTPERCENT SELECTIVITY & CONVERSION -
wun
O

0 .20 L0 60 80
RUNTIME (HRS.) 1

38
36
34
32
30
28
26
24
22
20
18
16
14
12

Fig.2.

YIELD/N-BUTENES

WT PERCENT ISOBUTYLENE

WT.PERCENT ISOBUTYLENEZ .

10
8 -
6 ] i 1 H ] i i [ _3
0 2 A I 60 80

RUNTIME (HRS.}



- 49- EXAMPLE 21 CATALYST:
SAPO- 11 ( REGENERATED) * ' CATALYST CHARGE: 97.70 grans
PRESSURE: - 27 psia VWHSV:
15 % o EFF [err]
EFF [err], : 400[err]C & 4
410[err]C & 13 COVPONENTS ZZAQD FEED wt % HRS
HRS  METHANE o 0.01 0. 00
ETHANE 0.01 0.01 0.01
ETHYLENE 0.86 0. 80 0.92
PROPANE 060 000 0.00 CYCLO®
PROPANE ®. 00 0. 009 0.QD PROPYLENE
0.12 62. Q7 3, 0. 81 | SO BUTANEZ | o 0. 00
0.19 0.8 N BUTANZ ' & 0.04 | ° 0.94
0.70 NETHYL CYC- PROPANE 0. 00 0.00 7 0. 00
TRANS 2- BUTENE 1 57. 88 P 30.26 4 36.47
BUTENE- 1 1 10. 74 ¢ 16.51 4 19.31
| SOBUTYLENE i 0. 00 ® 15.85 ] 11.10 4s
2- BUTENE -4B0. 26 - ®1.79 626.61 1,3
BUTADI ENE 4 0.01 4 0.13 0} ¥ HEAVIES
(C5+) 0. 0% 11.84 3. 83_.
it )
'3 () -
[{ ) B
Q )
[{ i ]
[\ ) o
[ (4 - 0 wn
l | i m %
. Tl Q@ Q
m L d ) ] X
- . O\ °\ N ]
(W) A ) =1 . "
> — i f) N =
L o3 > —g— E . 5
™ LD Qm: ,_Z__ - ﬁ D
_" 4 WG | o
3] ® = A '
0 @ 8 “% .
1}
14 o0 -
L¥} -~
KB 1 (‘ll
1 1)
€53y -
«°f i
c'}
vl .
L N -3
[N 'S -4
. 2 mart o
S o =] =4 o R o o
~, oo ~ = w ~¥ m o~ -

IN3J43d



* The SAPO 11 catal yst was regenerated by heating it to 500[err]C in a
muf f1 e furnace. -

Exanpl es=22-24 show experinental results using the |arger pore hydrogen
nordenite. In conparison, Exanples 25 and 26 show experinmental results
reflecting inproved results of isobutylene selectivities using the snaller

pore magnesi um nordenite. EXAMPLE 22
CATALYST: HYDROGEN NI TE CATALYST CHARGE:
97.70 grans PRESSURE: 22-26 psia
VHSV: : 15
EFF [err] EFF [err]
1o
~NO
1
3
" .
L 4
w1
= 1R =
2 . o
~& o i T
o D_DJ !
9N o o 1 ¥
iC > 1 &
= = 4 ¢ o
T o~
—_ .
o2 .
o o l
@ 2 ]
o Q .
{e
RN PR EEE RN A A s s w o IR N o
o Lo [ o o
& m o~ -~

1N3IJY3d



"13S "ANO3 % LM

FEED wt % 03 HRS & 2. 6HRS & 347 COVPONENTS
- 327[err]C C w % w %
METHANE -~ 0. 00 0. 00 0.01 ETHANE
0.01 » 0.02 - .0.02 ETHYLENE 0. 86
0.76 3 1.11 PROPANE 0. 00 0. 09
0.03 CYCLO PROPANE .00 0. 00 0. 00
PROPYLENE 0.12 _ 6 1. 97 1.79
| SO- BUTANE 0.00 0.35 0.19
N- BUTANE 0. 04 1.04 - 1.10 METHYL
CYC- PROPANE 000 0. 00 0 00— :
2- BUTENE 57. 88 25.20 32.40 UTENE- 1
10. 74 14. 33 18. 12 | SOBUTYLENE o 0. 00
2.51 1. d S 2-BUTENE 30. ‘,‘ — 18.12
23.60 1,3 BUTADI ENY 0.01 0. 00 #4 0. 00
HEAVI E  (C5+) 0.08 35.56 " 20. 48
EXAMPLE 23 i |
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CATALYST: HYDROGEN MORDENI TE CATALYST CHARGE:

97.70 grans - PRESSURE: - 17-19 psia
VWHSV: = 14 ' _ [err] 3
HRS ilerr]5 HRS [err] 7 HRS [err] 8.6 HRS '
FEED < & & & &  COVPONENTS
w % 400[err] C 405[err] C 423[err] C 419[err] C
w % wt % ' wt % METHANE 0.04 0.03
0. 03 0. 03 0. 03 ETHANE /6 0. 00 0. 00
0. 00 0. 00 0. 00 ETHYLENE 0. 00 0.01
0..00 0. 00 0. 00 PROPANE 0. 00 0. 00
0. 00 Q0 0 00 _CYd O PROPANE 0.00 ). 00
0. 00 D. 00 0. 00 PROPYLENE ‘ 0. 00 . 41
0. 30 0. 265 0. 23 | SO BUTANE 3 3.24
3.26 3.24 & 3. 25 N BUTANE 1 21.04
21.02 21. @ 21. 04 METHYL CYC- — 0.00
0. 00 . 0. 0§ 0. 00 PROPANE TRANS . 64
30.91 31. 41 31. 64 34. &
17. 48 . 17. 1 17.77 17.74 I3 + 80.24
1.57 [1. 28 1.28 1.15 Cl 17. g
22. 44 22.068 22. 77 22. 86 0.
0.01 . ¢ 0.01 0.01 HEAVI ES (C5+) L 0.18
2. 87 2. Bb 2.22 2.05 '- v
X
SR
=
+
wn
o
. - 2=
O )
. =
R=4 S
L =
Fs @
=
g
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2
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-52- : EXAMPLE 24 _ CATALYST:
M 8 HYDROGEN MORDENI TE ~ CATALYST CHARGE: 97.70 grans
PRESSURE= 23-29 psia | VHSV:

15 % ~ EFF[err] 0.1 HRS EFF
[err] 5 L0 HRS : FEED &

& COMPONENTS é éwt % 317[err]C

224[ err] C w % w %
MVETHANE . 0.00 0. 00 "0. 00 ETHANE
0.01 0. 02 10.01 ETHYLENEX . 0. 86
0.82 0. 76 PROPANE = = 0. 00 0.19

./0.02 CYCLO PROPANE 0.00 % 0. 00 0. 00
PROPYLENE x oI - 1.33 1. 30
| SO- BUTANE < - 0.joo0 0.46 0.15
N- BUTANE = 9. 04 > 1.12 | 0. 75 METHYL
CYC- PROPANE 0.go0 & 00 < 0. 00 TRANS 2- BUTENE
57. 88 30. 06 - 3%%6%LTENE—1 10. 74
14. 28 18. 95 -}—__-&g -

) <
&
Wi
-~ s ;
b = B i =
xa N9 5.t
- =3
0. i
=
=
. 5y
c~ = = _ Y
on A ~ | o
5 .
[ S
[~

ISOMERIZATION
ZONE

BUTYLENE FEED



Food (&L -

| SOBUTYLI ENE 0. 00 2.22 1.05 C'S

2- BUTENE 30. 26 21. 11 23.16 1, 3
BUTADI ENE 0.01 0. 00 0.00 HEAVI ES

( C5+) 0. 08 28. 38 20.99 - -
- 53- ERAVPLE 25 CATALYST:
MAGNES| UM MORDENI TE CATALYST CHARGE: 96 grans

PRESSURE: Zeolite ZSM-11 (US P@&e@@Nqo3789,979), lZeolite ZSMFNL(US RatemeBNRATURE: 320 C

VWHSV: . : . .
EFF[ err] 3,832 449)#1%;%?[-23 (US Patent No. 4,076 842), Zeolite Z3M-35 (USHRatent

0.2 HRS No. 4016543y, £LAMR2EM18 (US Patcnt No.4,375,573), ZeohteVNU-/f’ Us W %
wt % METHANE 0.01
ETHANE Patent No. 4,060590) and othe(s, (Y]_mous femente 2e0litgs mcludmg the hydaigen

form of ferrierite, are descnbed in US Patent Nos. 3 ;933,974 4,000,248 and
4,942,007 and patents cited therem SAPO-type catalysts are described in US Patent
No. 4,440,871. McAPO type catalysts are described in US Patent Nos. 4,544,143
and 4,567,029; ELAPO catalysts are described in US Pafent No. 4,500,651, and
ELAPSO catalysts are described in European Patent Application 159,624.

EP-A-0111808 discloses an isomerization catalyst formed from a zeolite of
the pentasil family such as ZSM-12 and a kaolinite-containing clay mineral.

Up until now, catalysts for structurally isomerizing alkenes, partiéularly
butene to isobutene, have utilized large pore zeolites having two.or three-dimerisionaI
interconnecting channels, together with an associated catalytic metal such as
platinum, palladium, boron or gallium. Continuing problems with present methods
using such zeolites are coking of the catalyst pore spaces and undesirable by-product

formation, in particular dimers, trimers and aromatics.

OF VENTIO

In the methods of this invention, a linear olefin is converted under
isomerizing conditions to a methyl branched olefin using an isomerizing catalyst
composition made of a zeolite having only in one dimension a pore structure having
a pore size small enough to retard by-products and retard the formation of coke and
its precursors and large enough to permit entry of the linear olefin and diffusion of
the isoolefin product. Such zeolites have in one dimension a pore structurce with a
pore size ranging from more than 0.42 nm to less than 0.7 nm. Zeolites with this
specified pore size are typically referred to as medium or intermediate pore zeolites
and typically have a 10-member (or puckered 12-member) ring channel structure in
one dimension and an 8-member or less (small pore) in the other dimensions, if any.
For purposes of this invention, a one-dimensional pore structure is considered onc in

which the channels having the desired pore size do not interconnect with other
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ETHYLENE 0. 26 0. 44 1. 08 PROPANE

0.00, 0. 00 0. 00 CYCLO PROPANE 0. 00

0. 00 - 0.00 PROPYLENE 0.12 0. 96

2. 04 | SG- BUTANE 0. 00 0.19 0.25

N- BUTANE 0.04 4 0.67 0. 85 METHYL
CYC- PROPANE 0. 00 0. 00 TRANS 2- BUTENE

g 7 5 g 8 h@glggé W@&&Wﬁﬁfy ;iso be cons1d6rec6 Blternauvely asa) 1 g 9 4

3.38 C'S 2- Bghdrxel pore structure (see US patentId. 3864 283) or uni-dRctiohal sieve, Such29.71 1,3

BUTADI ENE 0.01 00 0. 00 HEAVI ES (CS+)
0. 08 ong-gugqpsmnal mtetmedietcggre size catalyst composmons provide increased

- 54- . CATALYST:
VAGRES! UM NORPIER ¥ of the isomerization sesion, BOSA0MS e and e hy-produer ATAL
PRESSURE: formation, and decreaséd eckingufki® catalyst, | NLET TEMPERATURE:
348[err] C :

Zeolites that contain small pores (i.c., less than about 0.42.nm) do not allow
for diffusion of the methyl] branched isoolefin product, e.g., isobutylene; while
zeolites that contain large pores (i.e., greater than abbut 0.7 nm) in any one
dimension are subject to substantial by-product formation and coking. Coking is
believed to be the result of oligmerization and polymerization, aromatization, or
alkylation of the feed paraffin or olefin hydrocarbons. Zeolites of this invention
should contain at least one pore dimension with the specified pore size. A two or
three-dimensional pore structure having the specified pore size would permit
substantial contact of the isomerizing olefins and thereby facilitate unwanted
dimerization and trimerization reactions.

The processes of this invention are characterised by selectivities which range
from 50% to 99% over run lengths of 48 to 120 hours, and isoolefin yields of
between 25% to 40% at the beginning of 2 run and 12% to 40% at the end of run
conditions. Under preferred conditions with temperatures at least 370°C,
selectivities generally exceed 70% over run lengths of 48 to 120 hours.

Lower temperatures, such as in the range of 340°C to0 370°C at WHSV of 2
to 5 hr!, and at atmospheric pressures, generally yield lower selectivities, but yet still
provide unexpectedly good selectivities ranging from 50% to 65% for run lengths of
about 50 to about 70 hours.

Further, use of catalysts made with pressed zeolite powders of various silica
to alumina ratios, without added binders, show dramatically improved yields over
time as compared to similar catalysts made with binders.

According to the present invention there is provided a process for structurally
isomerizing a linear olefin having at least 4 carbon  atoms to a methyl branched
isoolefin which comprises contacting said olefin with a catalyst comprising the

hydrogen form of ferrierite or an isotypic structure thereof, having a silica/alumina

REPLAGEMENT SHEET

19 NOV 1939




WHSV: 15 | FEED

EFF [.err] EFF@ COVPONENTS wt %

0.2 HRS . 2.6 HRS METHANE 0. 00 0.01
0. 00 ETHANE 0.01 0.02 0.01
ETHYLENE 0. 86 0.12 0. 13 PRCPANE
0. 00 0. 00 0. 00 CYCLé) PROPANE 0. 00

8 88 | SO BUT A?\tﬂ‘,:oofrgzg 453%) defN at 1somenzauoxbc:0661tlons comprisingga' r%éperamre from g ig

N- BUTANE 340° to 600°C, an oleﬁn pamal PreSstre above 0.5 atmd3plide (50.66 kPa), anda69 METHYL
CYC- PROPANE 00 0. 00 TRANS 2- BUTENE
57. 88 hydrgparban weight hour smwcwme@ 50 hr'. 10. 74
18. 79 19. 54 | SOBUTYLENE 0. 00 4. 47
2.29 C' S 2- BUTENE . 30. 26 22.52 27.25
1,3 BUTADI ENBRIEF Dgscmpm)N OEIIE DRAWINGS 0. 00 0.00 HEAVI ES
(C5+) —18.60 10. 69 .

- 55_

FIG 1is a graph of 1sobutylcne oonversxon and selectwely versus run time
illustrative of a process of this invention, utlhzmg an H-ferrierite catalyst at 440°C,
WHSYV of 7 hr, and at about atmospheric pressure (101 kPa).

FIG 2 is & graph of isobutylene yield versus run time illustrative of a process
of this invention, utilizing an H-ferrierite catalyst at 440°C, WHSV of 7 hr*!, and at
about atmospheric pressure.

FIG 3 is a graph if isobutylene conversion and selectivity versus run time
illustrative of a process of this invention, utiliziﬁg an H-ferrierite catalyst, at 340°C,
WHSYV of 4.5 hr!, and at about atmospheric pressure.

FIG 4 is a graph of isobutylene yield over run time illustrative of & pfocess of
this invention, utilizing an H-ferrierite catalyst, at 340°C, WHSV-of 4.5 hr!, and at
about atmospheric pressure.

FIG $ is a graph of isobutylene conversion and selectivity versus run time
illustrative of a process of this invention, utilizing a pressed H-ferrierite powder
catalyst, at 430°C, WHSV of 7 br, and 18.7 psia (129 kPa).

FIG 6 is a graph of isobutylene yield over run time illustrative of a process of
this invention, utilizing a pressed H-ferrierite powder catalyst, at 430°C, WHSV of 7
hrl, and 18.7 psia.

FIG 7 is a schematic flow scheme of a process of this invention.
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The fol I'owi ng Exanpl es 27-29 show experinmental results of isopentene

conver si on usi ng

were the same as described earlier for the n-pentene stream

a 1l-pentene feed. The testing apparatus and procedure

EXAMPLE 27 CATALYST: H FERRI ERI TE NO. 1 CATALYST CHARGE:
30 granms of extrudate diluted to 240 ccw th al undum PRESSURE:
1 at m FEED: 1- pent ene Sanple Start Tine 1.7
s 3 2s, pEt. PR PREFERREDEMBODIMENTS 2 3 NS

: rs 5.3 h - . . , 7.1
7.1 4.0 Average Tenp 416C 401C 430C
430[err] C C4- 7.6 8.9 8.1

10. 3 3-net hy
trans- 2- pent
2-met hyl -2-b
1- pent ene
2-met hyl -1-b
ci s-2-penten
1.8

62.0

\Hydregerbondeed Stream. 3.6 4.0 4.1
ene . .12, . 13. . 13.9
ut ene The hydrocarbon fee%itlséﬁ;l fqr this é%n%on compnsﬁ)géébstanﬁaﬂy 21.0

linear alkene. Typically, théllisear alkene contding four to ten cérbdn atoms. Mdte 7
ut ene _

2.9

20.4 20. 9 .. 21,3 : 18.9
dhan one such alkene can begresent in the feedg Adso considered adinear alkene forg Co+

é:}lf@ses of this g)g{z:gm(l i3 @mﬁﬂ&%@%ﬁﬂé & fificur alkene segment with

four to ten carbon atoms. It is believed that long chain linear alkenes and compounds
containing long chain linear segments may penetrate the zeolite catalyst fora
distance effective to allow isomerization. Thus, the entire molecule need not be
small enough to fit entirely within the pore structure of the catalyst. The preferred
feed contains butylene or amylene.

As used herein, n-butylene includes all forms of n-butylene, for example 1-
butene and 2-butene, either trans-2-butene or cis-2-butene, and mixtures thereof. As
used herein, n-amylene or n-pentene, includes 1-pentene, cis- or trans-2-pentene, or
mixtures thereof. The n-butylene or n-amylene used in the processes of this
invention is generally in the presence of other substances such as other hydrocarbons.
Thus, a feedstream used in the process of the invention containing n-butylene or n-
amylene also can contain other hydrocarbons such as alkanes, other olefins,
aromatics, hydrogen, and inert gases. Typically, the n-butene feedstream used in this
invention contains 40 to 100 wt. % n-butene. For example, a hydrocarbon
feedstream from a fluid catalytic cracking effluent stream generally contains 40 to 60
wt. % normal butene and & hydrocarbon effluent from an ether processing unit, such
as a methyl-tert-butyl ether (MTBE) processing unit generally containing from 40 to
100 wt. % n-butylene.

As used herein, the term “alkene" can be alternatively referred to as “olefin";
the term “linear" can be altemnatively referred to as "normal"; and the term "isoolefin"
can be alternatively referred to as “methyl branched isoolefin". Similarly, butene and
butylene refer to the same four carbon alkene; and pentene and amylene refer to the

same five carbon alkene.

62.5
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- 56- : | EXAVPLE 28 CATALYST:
H FERRI ERI TE NO. 1 CATALYST CHARCE: 30 grans of extrudate diluted to 240

cc with al undum PRESSURE: 1 at m FEED

- pent ene. Sample Start Tine 1.3 hrs 2.9 hrs 3.8 hrs 4.7
hrs Sanple Stop Tine 1.6 hrs 3.2 hrs 4.1 hrs 5.0 hrs
VWHSV (1/hr)’ 10.0 13.0 16.0 10. 0 Average
Tenp 417C 416[err]§ 414[err] C 421C C4-

7.5 2.6 1.9 5.3 3-net hyl - 1- but ene 4.3

3.3 iz a trans- 2- pent ene 13.2 14.6

14.9 < TyT - 2- but ene 41. 3 45. 8 47.0
42.3 1-pente ne The zeolite catalyst useful in tﬁe Processes of tHis4nvention comprises a 4.8

2- met hyl - 1- but ene 6 21.1 20,4 21.8

ci s- 2- pent ew@hte havinga onc-drmensxqglalporc structmqwgh a pore sizerapging from geatpr
. than 0.42 nm and less than 0.7 nm. Thc zeolite: catalyst preferably- oompnses

substantlally only zeolites with the spcclﬁed pore size in one dimension. Zeolites
having pore sizes greater than 0.7 nm are susceptible to unwanted aromatization,
oligimerization, alkylation, coking and by-product formation. Furfher, two or three-
dimensional zeolites having a pore size greater than 0.42.nm in two or more
dimensions permit dimériétion and trimerization of the alkene. Hence, zeolites
having a pore diameter bigger than about 0.7 im in any dimension or having a two or
three-dimensional pore structure in which an.y two of the dimensions has a pore size
greater than about 0.42 nm are excluded as part of this invention,

The specific zeolites that can be used in the processes of this invention, are
they hydrogen form of ferrierite and isotypic structures thereof, such as FU-9, NU-23
and ZSM-35. The isotypic structures of these frameworks, known under other
names, are considered to be equiw)alent. An overview describing the framework
composition of many of these zeolites is provided in New Developments in Zeolite
Science Technology, "Aluminophosphate Molecular Sievés and the Periodic Table,"
Hanigen et al. (Kodansha Ltd., Tokyo, Japan 1986).

Many natural zeolites such as ferrierite feature a one-dimensional pore
structure with a pore size slightly smaller than the desired 0.42 nm diameter. These
same zeolites can be converted to zeolites with larger pore sizes by renioving the
associated alkali mctal or alkaline earth metal by methods known in the art, such as

ammonium ion exchange, optionally followed by calcination, to yield the zeolite
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C6+ i 0.9 0.6 0.9 0.6

| soanyl enes 62. 9 66. 9 67.4 64.1 (2mM b +
2n2b) ) -57-

EXAVPLE 29 CATALYST. H FERRI ERI TE NO. 1 CATALYST CHARGE: 10
grans of extrudate diluted to 240 cc wi th al undum PRESSURE: 1
at m FEED. . 1- pent ene Sanple Start Tinme - 1.1 hrs
2.4 hrs 3.4 hrs 4.3 hrs Sanple SBop Tine 1.8 hrs 3.1 hrs
3.9 hrs 4.7 hrs WHSV (1/ hr) 16.0 19.0 22.0

25.0 Aver aga itsdygrogen form. See e.g., UMBaigng No3-@,795 622&@:4,942 022.2Replacifng

;12 rln[ef LH ¢ % %‘ﬁ assqgiated alkali or. alka&n%carth metal wAtﬁfhc hydrogen é‘or? correspon%g’f’géy 1.3
t rans- 2 perﬁlﬁﬂgcs thc porcdlamctcr 15 1 14 4 16 5 17 1
2- met hyl - 2- but ene 46.9 - . 42.3 44.2 44. 4 1-pentene
4.2 5.0 The zeoht; qatalyst used usthtr ispmegizing protedses ertbls mvcntlon canbel9. 2

]
21. 2 20 13) Ci S42- rl) /.3
g8 2 ed alone or sutta ly combin mder, typically a refractory oxlde Suxtable

rcfractory oxides include natural clays,_such as bentonite, montmorillonite,
attapulgite and kaolin; alumina; bcntdnite with alumina; silica; silica-alumina;
hydrated alumina; titania; zirconia ar_1d_ mixtures thereof. The weight ratio of binder
material and zeolite suitably ranges from 1:95 to 9:1, preferably 1:4.

Catalytic compositions compriéing the crystalline zeolite material of the
invention and a suitable binder material can be formed by blending a finely divided
crystalline zeolite with a binder material. The resulting mixture can be thoroughly
blended and mulled typically by adding water and/or a volatizable acidic material
such as nitric acid or acetic acid. The resulting gel can be dried and calcined, for
example, at temperatures between 450°C and 550°C, preferably between 500°C and
520°C, to form a comiaosition in which the crystalline zeolite is distributed
throughout the matrix of binder material. Additionally, the catalyst composition can
be extruded to form pellets, cylinders, or rings, or shaped into sphcres., wagon wheels

or polylobe structures.
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C6+ 1.0 ' 0.2 0.1 0.5

| soanyl enes 66. 1 63.5 64. 4 63.7 (2mM b +
2n2b) 5.1 hrs 18.6 hrs 24.0 hrs 30.7 hrs 37.4 hrs 50.1
5.7 hrs . 18.9 hrs 24. 4 hrs 30.9 hrs 37.8 hrs 50.5 16.0
16.0 16.0 16.0 16.0 ) 16.0 414C

414[err] C - 414 err] C 415[err] C 415[err] C 414[err] C
2.6 1.2 1.3 0.7 1.0 0.8 3.3
2.8 . ..3.0. . 2.5 2.4 2.3 15.7 18. 2
20. 3 HzFerricrite Catalys 26. 8 44.7 42.7 38. 8
35.9 33.8 Py ' : : : 2 9.6
111 19 6 H-ferrie, lliﬁ'lc prefezrerﬂ %ghtg catalyst foﬁﬁ% T the xspmc:?%a.%gn 15 4
12. 6 8prbeesses of this ikedtion. H-ferrieritdis derived frond ferfierite, 2 nahizrally 13.7
0.1 0.9 . .0.0 . 0.3, . 0.0 %0 . 65.0
61. 2 og:@rrgng zeolite minengl havmg a cggxpgsmon varyx@g.sgmewhat with the particular

b?g;mmsﬁgean aﬁ( e(%l"@lg{nﬁmfl conwosmon of ferriefitdds 7 depicts a _f | ow schene for
Na,Mgy[AlSi3 0] 18 H,0.

The prominent structural features of ferrierite found by x-ray crystallography
are paralle] channels in the alumino-silicate framcv;rork. These channels, which are
roughly ellipticai in cross-section, are of two sizes: larger channels having major and
minor axes of 5.4 and 4.24, respectively, and smaller parallel channels having major
and minor axes of 4.8 and 3.5A, respectively. Conversion of ferrierite (o its
hydrogen form, H-ferrierite, replaces sodium cations with hydrogen ions in the
crystal structure. Both the alkali metal and hydrogen forms reject multiple branched
chain and cyclic hydrocarbon molecules and retard coke formation. According to the
purposes of this invention, H-ferrierite is considered to be comprised substantially of
a one-dimensional pore structure having an elliptical pore size (> 0.54 nm and >
0.42 nm) large enough to permit entry of the linear olefin and diffusion of the methyl
branched isoolefin and small enough to retard coke formation. The one-dimensional
feature is satisfied because there are no other interconnecting channels which have
diameters similar to or greater than the primary (> 0.54 nm and > 0.42 nm) channel.

Various methods are provided which teach procedures for.preparing H-
ferrierite, including US Patent Nos. 4,251,499, 4,795,623 and 4,942,027,
incorporated herein by reference. In making the H-ferrierite, the H-ferrierite will

have a silica (Si0O,): alumina (Al,0,) molar ratio from 42:1 to 100:1 or 300:1.

H-Ferrierite Catalyst No.1 (Comparative)
A hydrogen exchanged ferrierite powder with a molar silica (Si0,) to alumina

(Al,0,) ratio of about 19, a sodium content less than 0.01 wt. % and a surface
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particularly methyl-tert-butyl-ether (MIBE) by nmeans of first isonerizing
n- butene to i sobutyl ene, separating out an isobutylene streamfor further
processing to produce NTBE. In the flow schene, a hydrocarbon stream
containing butylene is charged to an isonerization zone 4, via conduit 2.
The hydrocarbon stream can be charged conti nuously. As the butyl ene feed
enters the isonerization zone, it is pﬂ%ferentially vapori zed to a gaseous
phase. The isonerization zone 4 contains an isonerjzing catalyst,
preferably 2463 ofifd0 sayers mesersigemm way ysed fq preparg the Cﬁ's‘LYﬁbr efrannvorkeé | s

further maipt: o e | Z] Lt b 0

structural p‘sl%&rrééﬁigcza .vfaéieaggﬁﬁb%wgﬁ%%@ %%ﬂ%cgﬁgh&fﬁgé%ﬁ E@g%?gf romthe
i soneri zat i aid 65 tie OR At dfZeblieiStuptue By pes' peWddoMeler andD.onduit 6 to
a separation zone 8. Opti oQaI'I_y, the i:soneriging,catalyst can .be

r egener at ed Olspns Buttersorbs, 25 Rditinn, }38e The pore-dimensions of the 8 andd Ucksptomt i on

" oobut yl ene. PROR PR TaRe FRA AR RSB R L OB T ot ne

heavi er ol eftiadex SaA0ORRIxs54umnd), ppedivelys Nofineludingahemicvoporesity of tean enpl oy
vari ous neans ,kno in the art to effect separation.of |Light, nmediym and
heavy ol efi ﬁ%?lltﬁ-rtgn?rﬁiuﬁ@"é YSERORs F%&‘?‘“&’B °"E%'a‘ﬁ‘f)q°l¥,y 1RSI ‘?fﬁ?miagrrpri se a

seri es of am&tﬁwigbﬁaﬁs &%gg{fg@aggy g?ﬁﬁh‘njn?ﬁncﬁi ﬁ%g.%&x%nﬁfﬁ gshiggd in U.S.

Patent Nos. 4,717, 784 and corporate ein by reference. Or
t he separ at iThis Hdemiermpoedenen extrided widpaluming andl ealtinghat S00BAttaum and heavy

fractions by djstillatio sing,pro es, wel | gﬁownin e art. The

| i ghter ol ePF ,ceéhﬁyi‘t?@“&ﬁ“ﬁﬁiﬁbﬁcﬁ%‘?mﬁﬂﬁcﬁa t wpth B’&réap‘?‘i‘”t‘i‘g are renoved
via condui t Qe /THShIN&G fagaffins and olefins, Cferr] and above, and
aromatics are rerrm\?e%ivrgﬁgon uit 12. The butylene fraction, conprising

| sobutyl ene, is renoved fromthe separation zone via conduit 14 to an -MIBE
reaction zone 16 containi an. etherification catalyst. Thereafter,

met hanol is fed into tf Qﬁ%@‘q%a@figgﬁcgone 13(&2]%0nduit 18. The MIBE
reaction process can S {anhyideaus §gie binder ny on 1di%& nunber  of ways, such as

for exanpl e taught by ALGs(anbydrons wiebinderB76, 398,35 Wieor por at ed herein by
reference. The MIBE efNa@ent 20 is recovered $r@fwtably as a bottons

product and the unreadciad 0.01 wt%

MgO 0.01 wt%
Fe,0, 0.05 wWt%
Compacted Bulk Density

(finished catalyst) 40 [b/ft3° (640 kg/m?)
Surface Area

(zeolite powder, P/Po) 420 m¥gram
Surface Area

(finished catalyst) 376 m¥*/gram
Binder 20 wi%

H-Fermijerite Catalyst No, 2 (Comparative)

The H-ferrierite powder as described above (Si0,/AL,0; = 19), without added
binder, was pressed, crushed and sieved into 6-20 mesh particles. The particles were
then calcined for two hours at 500°C to produce a catalyst with the measﬁred
physical properties listed in Table 1.

H-Ferrierite Catalyst No, 3

Hydrogen exchanged ferrierite with a molar silica to alumina ratio of 42

(Si0,/Al,0, = 42), was pressed, crushed and sieved into 6-20 mesh particles. The

particles were then calcined for two hours at S00°C to produce a catalyst with the

measured physical properties listed in Table 1. REPLACEMEN;T SHEET
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-59- butene/isobutylene streamis recovered and recycled via conduit 22 to
t he butylene feed at conduit 2.

- 60- CLAI M5 1. A process for
structurally isonerzing a linear olefin of at |east 4 carbon atons to

anmet hyl branched isool efin which corrpri.i?s contacting said olefin with a
catal yst conprising the hydrogen formof terrierite or an isotypic stucture
t her eof ha\ﬂfﬂﬁiﬁ@sﬂ&ﬂ@na ratio from42:1 to 300:1, at isonerization
conditions conprising a tenperature from340 [err]C to 600[err]C, an olefin
partial pressure -abovdiydregeaerbanged ferienn. wigh & molarailita 40 kinriox sativost $®i ght

hour space V@@,?kﬁ}b,féoieﬁg,rlw%fgég I Eidned l-ana-sieved 'ﬁu@?%??ﬁﬁgﬁ?%%rgﬁ'sn e

claim 1l wherei-n the'lin lefinis at |east one
ci s- 2- but enebartisles ere. Bgn caglsined for e heurs @it S09°CH e producarpdeatalypst swidh pient ene.

3. A pro%@éupac&{%gﬁ%{%gﬁ%a@_ﬁblgl.\/\herei n t'he hydrocarbon feed
L 0

stream conprises fro Yonornal butene or normal pentene. 4.
A process according.to any one of the preceding clains wherein the zeolite

i's combined pig éi‘n &R« No 5 (Comparative) _ _
. Potassium/Sodium feﬁeﬁte with a2 molar silica to alumina ratio of 16
(S10,/A1,0; = 16) was obtained from TOSOH Corporation. The K/Na-ferrierite was
converted into the ammonium form by ammonium ion exchange. After wﬁshing and

dry_ing., the NH,-ferrierite powder was pressed, crushed and sieved into 6-20 mesh
particles. The particles were then calcined for two hours at S00°C.

H-Ferrierite Catelyst No. 6 (Comparative)

H-ferrierite catalyst powder (SiO,/AL,O, = 19) as described above was
combined with 20 wt. % silica binder (silica grade 951 obtained from W.R. Grace Co.).
The mixture was pressed, crushed and sieved into 6-20 mesh particles. The resulting
particles exhibited a higf\er crush strength than the pressed zeolite material alone, i.e.,
H-ferrierite catalyst No. 2. - |

TABLE 1

PHYSICAL PROPERTIES, OF THE
CATALYSTS NO. 1 THROUGH 6

1 2 3 4. 5 6.

H-Ferrierite - 19 19 42 87 16 19

Si0y/Al,0,

Sodium (ppm) 2 32 700 300 150 &3
-Surface Area (m¥g) . . 376 404 222 326 323 415

Binder Content (wt. %) 20 0 0] 0 0 20

I mm mm A e e S S M e i e S e e T e AMm Shm o T A e e e T Mt e = o mew
SN S N S N N S S T S s S S S T S SR E S S E e s e
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5. A process according to claim4 wherein the binder is at |east one of
silica, silica-alumna, bentonite, kaolin, bentonite with alum na,

nontnorillonite, attapulgite, titania and zirconia. 6. A process
according to any one of the preceding clains wherein the tenperature is
from340[err]C to 475[err]C 7. A process according to any one of the
precedi ng clains wherein the tenperatufg is at |east 370[err]C 8. A
process according to any one of the preceding clains wherein the

t enper at ur edosnedibi Sty [err]C. 9. A process according to any one
of the precéding clal erein the tenperature is from400[err]Cto

440[err] C. 10. thhprpmm aﬂhmnmemyott,ahadmcarbm sﬂeahm:xmmmgedmegr cl ai ns
wher ei n sai d, ¢cat.al i se SM 9 or NU-23. ocess
accordi ng t8le gﬂ)} %éa%‘?do‘gﬁé F@%éﬁlzﬁé‘tﬁ @Sﬁmt“;i@m?'?yﬁ@&@hbion wei ght
hourly spac Pédat tRbfbbn stheéam cordi ng to
any one of ?hegebrece%fhgm?%+ﬁs%ﬂ?elﬁaconpr| ges tﬁoe?urtﬁer steps of:

-61- ajove-des@itedizaglite betalys imevapoat plase atfdf suitable reactiamtentpermtiré, cat i on

zone contain al cohol d an, et he |f|cat| n catalyst to
forma reac?%ﬁ‘rﬁ%wv"l“ﬂy %mml?-éwn@?w?mn&ﬁn PR%‘“?&&EaaI kyl - et her

and - ( l&érﬂpcrit@ﬂ:%ﬂ awa # %o@*ckxa olteﬁﬁ batﬁhmkssﬁwb?rabé&a&s hﬁ%sﬁ% gguct .

A process according t laim 12 where the isonmerization zone cohprises a
(50.66 kPa), and a total prcss_ure of0.5t0 IO 0 atmospheres (1013 kPa) or higher, a

hydrogen/hydrocarbon molar ratio of 0 to 30 or higher, substantially free of water
(i.e., less than about 2.0 wt% of the feed), and a hydrocarbon weight hourly space
velocity (WHSV) of 1.0 to 50 hr!. The hydrogen can be added directly to the feed
stream prior to introduction of the isomerization zone, or the hydrogen Ean be added
directly to the isomerization zone. In a typical process scheme, an olefin-containing
hydrocarbon vapour stream is contacted with such catalyst in a reactor at 340°C to
475°C, at an olefin partial pressure of 10 psia to 20 psia (69 to 138 kPa) and a total
pressure of 15 to 30 psia (103 to 206 kPa), without added hydrogen, and ata
hydrocarbon based WHSV-of 2 to 28 hr'. Preferred isomerizing conditions are
carried out at a temperature of between _370°C to 440°C, at atmospheric pressures,
and a hydrocarbon based WHSV of between 7 to 15 hr'.

The process according to the present invention can be carried out in a packed
bed reactor, a fixed bed, fluidized bed reactor or a moving bed reactor. The bed of

| .tt-1.e catalyst can move upward or downward.

During the process, some cokc' will be formed on the catalyst. Therefore, it is
advantageous to regenerate the catalyst. The catalyst can be regenerated by
subjecting it to heat treatment with air, nitrogen/oxygen gas mixture, or hydrogen. A
continuous regeneration, similar to the regeneration carried out in a fluidized

catalytic cracking process may be useful.
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packed Bed reactor, noving bed reactor, or fluidized bed reactor. 14. A
nmet hyl branched iso-olefin of at | east 4 carbon atons whenever prepared by
a process as clainmed in any one of the preceding clains.

-60-
CLAIMS

1. A process for structurally isomerizing & linear olefin of at least 4 carbon
atoms to a methyl branched isoolefin which comprises contacting said olefin with a
catalyst comprising the hydrogen form of fgrﬁedté or an isotypic structure thereof,
having a silica/alumins ratio from 42:1 to 300:1, at isomerization conditions
comprising & tcnipcramre from 340°C to 600°C, an olefin partial pressure above 0.5
atmosphere (50.66 kPa) and a hydrocarBon weight hour spacé velocity from 1 to 50
hrt,

2. A process according to claim 1 wherein the linear olefin is at least one of 1-

. butene, cis-2-butene, trans-2-butene, 1-pentene, cis-2-pentene and trans-2-pentene.
3. A process according to claim 1-or 2 wherein the hydrocarbon feed stream
comprises from 40 to 100 wt. % normal butene or normal pentene.

4. A process according to any one of the preceding claims wherein the zeolite is
combined with a binder.
S. A process according to claim 4 wherein the binder is at least one of silica,

silica-alumina, bentonite, kaolin, bentonite with alumina, montmeorillonite,
attapulgite, titania and zirconia.

6. A process according to any one of the preceding claims wherein the
temperature is from 340°C to 475 °C.

7. A process according to any one of the preceding claims wherein the
temperature is at least 370°C.

8. A process according to any one of the preceding claims wherein the
temperature is at least 400°C.

9. A process according to any one of the preceding claims wherein the
temperature is from 400°C to 440°C.

10. A process according to any one of the proceeding claims wherein said
catalyst comprises ZSM-35, FU-9 or NU-23.

11. A process according to any one of the preceding claims wherein the
hydrocarbon weight hourly space velocity is at least 7 hir.

12. A process according to any one of the preceding claims which comprises the
further steps of:-
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()  passing the isomerization effluent to en ctheﬁﬁcat{on zone containing
an alcohol and an ctherification catalyst to form a reaction product
comprising an alkyl-tert-alkyl-ether; and

Gi)  recovering the alkyl-tert-alkyl-ether reaction product

13. A process according to claim 12 where the isomerization zone comprises a
packed bed reactor, moviﬁg bed reactor, or fluidized bed reactor.

14. A methyl branched iso-olefin of at least 4 carbon

atoms whenever prepared by a process as claimed in any
one of the preceding claims.
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