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15 cracking at elevated temperatures in a pyrolysis furnace. The cracked effluent from
the pyrolysis furnace contains gaseous hydrocarbons of great variety (from 1 to 35
carbon atoms per molecule). This effluent contains hydrocarbons that are aliphatic,
aromatic, saturated, and unsaturated, and may contain significant amounts of
molecular hydrogen. The cracked product of a pyrolysis furnace is then further

20 processed in the olefin plant to produce, as products of the plant, various individual
product streams such as hydrogen, ethylene, propylene, mixed hydrocarbons having
four or five carbon atoms per molecule, and pyrolysis gasoline.

Crude C4 hydrocarbons can contain varying amounts of n-butane, isobutane,
C, olefins, acetylenes (ethyl acetylene and vinyl acetylene), and butadiene. See

25  Kirk-Othmer Encyclopedia of Chemical Technology, online edition (2008). Crude C,4
hydrocarbons are typically subjected to butadiene extraction or butadiene selective
hydrogenation to remove most, if not essentially all, of the butadiene and acetylenes
present. Thereafter the C, raffinate (called raffinate-1) is subjected to a chemical
reaction (e.g., etherification, hydration, or dimerization) wherein the isobutene is

30 converted to other compounds (e.g., methyl tert-butyl ether, tert-butyl alcohol, or
diisobutene) (see, e.g., U.S. Pat. Nos. 6,586,649 and 4,242,530). The remaining C4
stream containing mainly n-butane, isobutane, 1-butene and 2-butenes is called

raffinate-2. Paraffins (n-butane and isobutane) can be separated from the linear
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cat al ysisomerization catalyst (see, e.g., U.S. Pat. Nos. 4,217,244 and 5,134,103).
Methods for regenerating MgO-containing catalysts are known. U.S. Pat. No.
3,962,126 teaches a method for reactivating a carbonized magnesium oxide catalyst
that has become carbonized when it is in a phenol alkylation reaction, which

20 comprises burning carbon from the catalyst by exposing the catalyst to heat in-an
oxygen containing gas, to form a partially reactivated catalyst, the improvement
which consists essentially of contacting the partially reactivated catalyst with a
sufficient amount of water at a temperature below 300°C to restore the activity of the
catalyst.

25 U.S. Pat. No. 4,217,244 describes a regeneration method of a olefin
isomerization catalyst containing magnesium oxide. The regeneration involves
purging the catalyst with an inert gas, and then treating the catalyst with an oxygen-
containing gas at a temperature not to exceed about 1000° F (538°C).

U.S. Pat. No. 5,134,103 discloses a regeneration method of a spent

30  magnesium oxide isomerization catalyst that involves calcining the catalyst at 425 to
590°C.

U.S. Pat. Appl. Pub. No. 2003/0004385 teaches decoking a deactivated

magnesium oxide catalyst with a flowing gas containing a dry inert gas (e.g.,
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15 DETAILED DESCRIPTION OF THE INVENTION
In the present disclosure, the catalyst is referred to as a fresh catalyst before

it is used in a chemical process. After the catalyst is used in the process for a period
of time and loses part of its original activity, the material is referred to as a used
catalyst.

20 The invention is a method for regenerating a used catalyst mixture comprising
(i) an isomerization catalyst comprising magnesium oxide and (ii) a metathesis
catalyst comprising an inorganic carrier and at least one of molybdenum oxide and
tungsten oxide, said method comprising: (a) decoking the used catalyst mixture in
the presence of an oxygen-containing gas to produce a decoked catalyst mixture;

25 and (b) contacting the decoked catalyst mixture with steam at a temperature in the
range of 100 to 300°C to produce a regenerated catalyst mixture. The catalyst
mixture may be used to react ethylene with 1-butene and/or 2-butenes to produce
propylene (U.S. Pat. No. 5,300,718).

The isomerization catalyst comprises magnesium oxide (magnesia). The

30 isomerization catalyst can catalyze the double-bond isomerization of olefins, e.g.,
the conversion between 1-butene and 2-butenes. Many available magnesium
oxides may be used as the isomerization catalyst. The isomerization catalyst may

comprise other materials such as silica, alumina, titania, and the like. Preferably,
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inorganic carrier in a high positive oxidation state, e.g., hexavalent molybdenum or
hexavalent tungsten. The proportion of the molybdenum or tungsten oxide
combined with the inorganic carrier can vary, but generally the catalyst contains at
least 0.1 wt% oxides of molybdenum and/or tungsten with amounts from about 0.2

20 wt% to about 30 wt% being preferred. More preferably, the metathesis catalyst

contains 5 to 10 wt% oxides of molybdenum and/or tungsten.

The metathesis catalyst may comprise minor amounts alkali metals. Suitable
alkali metals include lithium, sodium, potassium, rubidium, cesium and mixtures
thereof. Sodium and potassium are preferred. The alkali metal may be present in

25 the form of hydroxides, such as NaOH, KOH, and the like. The amount of alkali
metal may be in the range of 100 ppm to 1 wt%, preferably from 1000 to 5000 ppm.

The isomerization and metathesis catalysts can be in any conventional
shape, e.g., spheres, pellets, granules, extrudates, tablets, and the like. Preferably,
their sizes are in the range of from 0.5 to 10 mm, more preferably from 1 to 5 mm.

30 A fixed-bed reactor is preferably used. The reactor preferably is operated in a
downflow fashion.

A mixture of the isomerization catalyst and the metathesis catalyst is used.

The two catalysts may be blended before they are charged to a reactor.
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and cycloalkyl and aryl derivatives thereof; cyclic mono and polyenes having at least
four carbon atoms per molecule and alkyl and aryl derivatives thereof; mixtures of
two or more of the above olefins; and mixtures of ethylene with one or more of the
above olefins. Many useful reactions are accomplished with such acyclic olefins
20 having 3 to 10 carbon atoms per molecule and with such cyclic olefins having 4 to 10
carbon atoms per molecule. The preferred feedstock for the reaction comprises a
linear olefin with at least four carbon atoms and ethylene. A particularly preferred
feed stock is a mixture of a liner butene and ethylene. Propylene is produced from
such a feedstock.
25 Before the feedstock is introduced to the reactor, the catalyst mixture may be
activated in a suitable manner such as, for example, by heating in a flowing stream
of an oxygen-containing gas for about 0.5 to 30 h at 250°C to 600°C, preferably at
300°C to 500°C. The catalyst mixture may be treated with a reducing gas such as
carbon monoxide, hydrogen or a hydrocarbon at a temperature in the range of about
30 400 to about 700°C to enhance its activity. Such reducing treatment is carried out
preferably at 500 to 650°C. Such optional reducing treatment can suitably be
carried out for a period of time ranging from about 1 min to about 30 h. After
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Generally the decoking temperature is in the range of from 350 to 1000°C,
more preferably from 450 to 800°C. The decoking step preferably takes place under
‘ conditions sufficient to assure relatively uniform temperature and uniform removal of
20 coke and organic deposits.
The pressure at which the decoking is performed is not critical. Typically, it is
carried out at atmospheric or slightly higher pressure.
The decoking step may be carried out in a stationary furnace, a fixed-bed
reactor, a rotary kiln, or a belt calciner. See A. B. Stiles, Catalyst Manufacture,
25  Marcel Dekker (1983), pp. 51-57. A rotary kiln is a cylindrical vessel, inclined slightly
to the horizontal, which is rotated slowly about its axis. The material to be processed
is fed into the upper end of the cylinder. As the kiln rotates, material gradually
moves down towards the lower end, and undergoes a certain amount of mixing. Hot
gases pass along the kiln, sometimes in the same direction as the catalyst (co-
30 current), but usually in the opposite direction (counter-current). In a belt calciner, the
catalyst may be loaded onto a belt where it is spread out in a uniformly thin layer.
The catalyst then moves with the belt through a heating zone where the temperature

and the composition of the atmosphere are controlled. Preferably, the catalyst
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at nosphere are controlled, Preferably, the catal ystm xture is decoked in
the Bane reaSalalvsiRigagtivafiony) ef j n- produci ng reaction is perforned.

A reactor (3/4 inch in outside diameter and 16 inch in length) is charged with
7.5 g fresh MgO cylindrical pellets (5 mm in diameter and 5 mm in length) at the top,
and a blend of 22.5 g fresh MgO pellets and 7.5 g fresh WOs/silica cylindrical pellets
(5 mm in diameter and 5 mm in length) at the bottom. A feed gas containing 2-
20 butenes and ethylene in a molar ratio of 1:1 is fed at the top of the reactor. The
weight hourly space velocity of 2-butenes relative to WOa/silica is 10 h™'. Reaction
temperature is increased to 500°C and maintained at 500°C. The pressure is 5 psig.
High reaction temperature is used to accelerate the catalyst deactivation. The
catalyst bed loses greater than 50% of its activity in 30 h. The feed gas is stopped

25 at30h.

Decoking of Deactivated Catalyst

The above reactor is depressurized to atmospheric pressure. The catalyst

bed is purged with nitrogen at 450°C for 15 min. A gas mixture containing about 75

30  mol% nitrogen and about 25 mol% air is fed to the reactor at a flow rate of 0.9 liter
per min. During this time, temperature rise of about 50°C is observed. The flow is
maintained for 1 h. The content of the gas mixture is changed to about 50 mol%

nitrogen and about 50 mol% air, and the calcination continues for another hour.



The decoked catal yst m xture generally contains less than 0.5 W% nore
preferably less than 0.1 wt % carbon. The regeneration nmethod conprises
cont act i nyotzhw/demeked catal yst m xture with steam at aPCEmsesmaosie’ i n t he
range of 100 to 3000C to produce a regenerated catal yst m xture (steam ng
step). Preferably the steamng step is perforned at a tenperature in the
range of 150 to 25CQ0C. Cenerally, a mxture of a carrier gas and steamis
used. Siinalyl theceonterl olgtheeaas Atuceeisnchanegerio ahaut 2&n@°l‘92>&'ﬁ99;93" 8Rér eof .
N L1 09ebfit 75 R ShE ShatAk bR InagA cotlif ARy ahotile; RLEATTHE BGKalR) B4 Ve L0
the carrier gas I's ndt cri ner al the nolar ratio of the steamto
t he car ii$ evoledhto 260°C: Undenalm’@og@(ﬂdWLE 1 Cat al yst Deactivation A reactor
(3/4 inch in outside diameter and 16 inch in length) is charged with 7.5 g
fresh MgO cylindrical pellets (5 mmin dianmeter and 5 mmin length) at the
t op, sand a bB&mﬂnlﬁﬁ o2 Deboked CagdiyshhO pel l ets and 7.5 g fresh WO'silica

cylindrical Iets nmm | I amet n mm, i n h t the, bottom A
feed gas con tﬁf l‘?g'né' dB%ﬁAeR’e&' a?ﬁ}ag(%s?(gﬁg% Wt%oﬁg?’dﬂt %ﬁ' uBfu N3 s fed
at the tpampPhhidg nitﬁi};@hqrow FE'E@lsW@w at abewtrd.9 liEP3ee nve! gtk ¥teairg,iné enes
relative to Wxs/silica ijs . Reaction ten‘s_ﬁrgrure i s i ncreafsed to

5000C agtabst hediisoyread w@'@@érogmeatp%@%% it yshing shepghafiths

t enper atr@gs&néréteusrﬁggﬁ@s.@fﬁ%h@é Yefletshén 3R %b’%iorﬁiﬁ‘%f 'trYé‘%bQ Ns Mbgsradal yst
bed | oses greater t %of its activity i eed gas i s stopped
at 30 h(insEemRNYgChHAtilaeacModat ekbOcddal yAn WaQQOVé|U¢eQEt@’FJSh sstrength
depress e catalyst bed is purged with
nltrogew%%%%#mé%%&qsg gg{ﬁ??’%ﬁre cont ai ni ng about 75 nol %

ni trogen and about 25 nmol % air is fed to the reactor at a flowrate of 0.9

liter per mmd_gﬁ tenperature rise of about 50Q0C is
observed. Th Brodlofiort 145

A catalyst mixture regenerated by the above method is crushed to mesh 18-

15 30 and charged to a reactor (3/4 inch in outside diameter and 16 inch in length) and
tested for producing propylene under the same reaction condition as described
above, except that the reaction temperature is maintained at 340 to 450°C. The test
lasts for 5 h. The 2-butenes conversion and selectivity to propylene is shown in
Table 1.

20

COMPARATIVE EXAMPLE 2
The procedure of Example 1 is repeated except that steaming step is omitted.
The crushing strength of the regenerated magnesium oxide pellets on the top of the
bed is 9 psig.

25

COMPARATIVE EXAMPLE 3
The Propylene Production Test procedure in Example 1 is repeated except
that the catalyst bed consists of 7.5 g fresh MgO granules (mesh size 18-30,
prepared by crushing fresh MgO pellets) at the top, and a mixture of 22.5 g fresh

30 MgO granules and 7.5 g fresh WOag/silica granules (mesh 18 to 30) at the bottom of
the reactor. The 2-butenes conversion and selectivity to propylene is shown in
Table 1.
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cat abystmagnesiuheoxidg withbat sifedingtitseperfoavianc®t hod i s crushed to nmesh 18- 30

and charged to a reactor

(3/4 inch in outside dianmeter and 16 inch in

| ength) and tested for producing propyl ene under the sane reaction

condition as descri bed above,

exceptapi@at the reaction tenperature is

mai nt ai ned_at 340 to 45Q0C__The test lasts for 5 h  The 2-hutenes

conver s| BX2@A® sel ectivity to propyl ene | s dhowh i@ ZFab] eCt3 COVPARATI VE
EXANPLE_égxyﬁﬁﬂﬁﬂgﬁﬁngﬁﬁtrﬁxd”p'e s TeppRtedexgepty th St eam ng step
is omtte e crushing®strength of the| regenefated magnesi unj oxi de
pellets E{Butérmstccqmvefsmmé%bed is 9 psig. CGE’R%RATI B8 EXAVBLER 3| The

Propyl ep 2 A Teqs procedure—n—Exa -S—fep a*“q except that

t he cat aF{f’sf)tyeS@oseé '§|%§b§) of 7.5 g fresh I\/BE) grdnﬁ?eg (me?g' si e 18- 30,

prepared by crushing fresh MJO pellets) at the top,

and a mxture of 22.5 g

fresh MgO granules and 7.5 g fresh WD'silica granules (nmesh 18 to 30) at
the bottom of



the reactor. The 2-butenes conversion and selectivity to propylene is shown
in Table 1. The present invention produces a regenerated catal yst m xture
cont ai ni nyopO/t1aassng t he same crushing strength as theprCraskodywipel | et s.
The regenerated catal yst m xture has nearly the sane activity and
selectivity as the fresh catal yst m xture. The invention reduces the
attrition of the catalyst mxture, particularly the nagnesi um oxi de w t hout
af f ect i hglaims performance. Table lclaim 1. A method for regenerating a
used catalyst m xture conprising (i) an isonerization catalyst conprising
magnesi um oxi de and (ii) a netathesis catal yst conprising an inorganic
carrier and atAlmettodofiw cégensirstinge aumsed i chatalystd mixtogs teampisinge,()san d

0F " o TPzl ool ER % Mifrdatih SR8 438 (I £ HeEriSd SRS th)
cont act anggb?gmmb?itngmt?ggﬁggmtemsecralgnra bhggﬂygmg?m ?x%e)?gitgngmeni n the
o Pod G0 SRR ThOREd oSomDRSNET () ESTRRG Thousatl Ttistarer In fihe { e
range Obrélééﬂcé%fe%@gs 9 gen- co'ﬁlf@nlﬁgtdﬁédtooéroﬁh@é @ded&k@d%altbl SafABEdre2bh@n

cat al yst conpris of magnesi um oxi de. 4. The net hod. of claim1

wher ei n m%‘&‘géh%%ﬁ‘?'ﬁﬁé’t Cetalp b ewiiyeieam @ wapesatur in thetrABEe of
cl ai m 4 5ph66 &4 ﬁoéob;eto' d‘r@&@@é‘é?eé}élfferrét%ﬁ da%a|§4tlnh.se@re 6. The nethod of claim1

wherein the used catalyst mxture Is recovered froma process for making
prop9l ene 4.r otha methed of plaire fewhergirestep|(ehie performed at a temperature in the

range of 150 to 250°C
3. The method of claim 1 wherein isomerization catalyst comprises 95 wt% of
magnesium oxide.
4. The method of claim 1 wherein metathesis catalyst comprises tungsten
15 oxide.
5. The method of claim 4 wherein the inorganic carrier is silica.
6. The method of claim 1 wherein the used catalyst mixture is recovered from

a process for making propylene from a linear butene and ethylene.
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