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2. The catalyst of Claim 1 whereln the iron compound is iron oxide or potassium
ferrite.
3. The catalyst of Claim 1 wherein the alkali metal source is a sodium or

potassium compound, such as potassium carbonate.

4. The catalyst of Claim 1 wherein the alkali metal source is selected from the
group consisting of an alkali metal oxide, nitrate, hydroxide, carbonate,
bicarbonate, and combinations thereof.

5. The catalyst of any one of Claims 1 to 4 wherein the noble metal is selected
from the group consisting of platinum, palladium, iridium, rhodium, and
ruthenium in particular.

6. The catalyst of any one of Claims 1 to 5 further comprising from 0.5 to 25.0
weight percent of a cerium compound calculated as CeO,.

7. The catalyst of any one of Claims 1 to 6 further comprising from 50 ppm to
4.0 weight percent of a chromium compound, calculated as Cr,0s.

8. The catalyst of any one of Claims 1 to 6 further comprising from 0.5 to 25.0
weight percent of a cerium compound calculated as CeO, and from 0.5 to 10.0
welght percent of a molybdenum or tungsten compound calculated as MoO; or
WO;.

-9, The catalyst of any one of Claims 1 to 6 and 8 further comprising from 0.5 to
25.0 weight percent of a cerium compound, calculated as CeO, and 0.5 to 10.0
weight percent of a molybdenum or tungsten compound calculated as MoO; or
WO;3; and from 0.2 to 10.0 weight percent of a calcium or magnesium
compound, calculated as an oxide.

10. '~ The catalyst of Claim 9 further comprising from 50 ppm to 4.0 weight percent
of a chromium compound, calculated as Cr,0s.

11. The catalyst of Claim- 9 further comprising from 10 ppm to 2000 ppm of a
source for titanium calculated as TiO,.

12. The catalyst of any one of Claims 1 to 11 further comprising from 0.1 weight
percent to 10.0 weight percent of a source for at least one of the following
elements selected from the group consisting of aluminium, silicon, zinc,
manganese, cobalt, copper, vanadium and combinations thereof, all weight
percents calculated on an elemental basis.
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14. The catélyst of Claim 13 further comprising from 100 ppm to 2000 ppm of a
chromium compound.

15.  The catalyst of Claim 13 further comprising from 0.2 to 10.0 weight percent of
a calcium or magnesium compound, calculated as an oxide.

16. The catalyst of Claim 13 further comprising from 10 ppm to 1000 ppm of a
source for titanium, calculated as TiO,.

17. The catalyst of Claim 13 further comprising from 100 ppm to 1200 pbm of a
chromium compound, calculated as Cr,03; and from 10 ppm to 1000 ppm of a
source for titanium, calculated as TiO,.

18. The catalyst of any one of Claims 13 to 17 further comprising less than 10.0
weight percent of a source for at least one of the following elements selected
from the group consisting of aluminium, silicon, zinc, manganese, cobalt,
copper, vanadium, and combinations thereof, all weight percents calculated on
an elemental basis.

19. The catalyst of any one of Claims 1 to 16 and 18 comprising from 40 to 90
weight percent iron oxide calculated as Fe,Os;, from 5 to 20 percent of a
potassium compound calculated as potassium oxide, from 4.0 to 12.0 weight
percent of a cerium compound calculated as CeO,, from 100 ppm to 2000 ppm
of a chromium compound calculated as Cr,0; and from 10 ppm to 1000 ppm of
a source for titanium calculated as TiO,, wherein all weight percents are based
on the total weight of the catalyst.

20. A process for dehydrogenating a mixture of primarily steam and an
alkylaromatic feed stream comprising passing the steam/alkylaromatic feed
stream over the catalyst of any one of Claims 1 to 19.
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A catalyst for the production of alkenylaromatics from alkylaromatics, wherein the catalyst is predominantly iron oxide, an alkali
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WO 96/ 18458 di scl oses a nethod of preparing an iron 10 oxi de catal yst
conpri si Ng wi@sd/a0ks Ng-an iron oxide with a . addi ti ve POWVDSI%0668F an
el ement selected froma | arge group of elenments on the periodic

chart, heating that iron oxide m xture to a tenperature of at |east
about 600[err], to afford structural rearrangenment of the particle

habt o SonckEad s e Gab LSRR bt WEHE L,

Pat ent No. T6’-668 075 di scl oses the preparatlon of I mproved
selectivity Iron oxi deBackg Hleici-88 OBat al ysts- ~based on
reconstructed iron 20 : OXIdeS. The reconstruction of the oxides
conpri ses Thecofiteld | f . anti con wirdicke thiish invepien spértains is
conpri sing el enents selected froma | arge group of conmponents of
the " depwdragjenatdlar tcataiydvsat i ng -t he doped iron oxide to a
tenperature of at |east about 600[err]C, preferably 800[err]C and

3 5 WO190/ 4968 catalytic .dehydrogenation of alkylaromatic
_PCT/US99/06603 1100[err]C. AS in the previous references,

-rearrangemgplyQcarbons to. alkylarematic hydrocarbons, e.g., the

dehydrogenation. of  ethylbenzene to. styrene, considerable
efforts have been - expended to develop catalysts which
exhibit high conversion combined with high selectivity and
10 increased stability. | |
| - Promoted -j.ron--oxide catalysts have been found i:o be
especialiy useful in the dehydrogenaticn of alkylaromatic
hydrocarbons to alkylaromatic hydrocarbons. | Typical
::ommercial iron .oxide-based . dehydrogenation -catalysts are -
15 generally promoted.. with the addition of other metal
compounds, in the form of, but not limited to, oxides,
h}}droxides, cairbénat:es, nitrates, etc. Often one of the
promb,ters is an alkali metal compound with potassium being
preferred. Other components may also be added to the
20 dehydrogenation  catalyst to provide further promoction,
activation or stabilization. In all._such dehy_drogenat-ion.
catalysts, minor amounts of modifiers are also typically
prasent,- such as -orgaﬁic: burn-out- agenté:- carbon black, .
graphlte, methylcellulose, :.....,ét'c.., which- can beneficially

25 effect the pore structure and/or other physical properties



particle habit is induced in iron oxide prior to it .being -f or med

to about 25 percent by weight of an alkali metal oxide, from
about 1 to about 10 percent by weight of a rars earth metal

oxide, and from about 0.1 to about 10 percent by:weight

-into catal wadeoagobt al additives, disclosed in the - 't epehusDRees t he
-patent, are solely and specifically used to 5 pronot e the physi cal
transformati on of the iron oxide and not the chem cal properties of
the catal yst formed based on t he oxi de. ' Anot her
dehydrogenation catalyst, .which .cqntains, smgl.l.er ampunts qf iron
oxi de and r%#a?b%e??t?§¥§Er ahBuhbe 8i5cu531gp ESrFBﬁrgiﬁggrﬁﬁﬁ &ssi um
~carbonate, is disclosed in U S. Patent No. 4,758, 543. Cat al ysts
havi ng goodgxeepdi t the refergpgegovdlielRet bfisef aPB deer iy iIHPHCS,
pat ent No. 3,904,552. These catalysts are nade with iron oxide and .
al kal i et ahovatiles @f ushempshitedion ttadbdde. and cerium oxi de. 15 Simlar
catal ysts utilizing tungsten oxide in place of : nol ybdenum oxi de are
descri bed in U Srypa¢£htcdimlybtbl41sbd in  dehydrogenatRekhy difo gatatriated
catal ysts which maintain high activity and selectivity over
ext ended pepi@HScQEbEhIE Ll At uraR@d hydrocarbbrsd,S afalieBt1baed in
4,467, 046. hese catal ysts contain iron 20 oxi de, ~an alkali netal
compound, g geri YOLGRAPOMBD, 23ges, 790, MRkubdenum campaund apd gdeal ci um -
conpound. S°T1H | nprovi ng stéb?Pfty o% Fe?KﬁEe%%g% /ﬁ%’o}?.e : '
catal ysts ._by incorparation, of |l amount s .af chrom um,(;1Q0 to 5000
oom 1 nto tFEOFHHR et Ao o R L g 58, ¥ stRi 2
- and a small amount of potassium compound as . promoter. -
Improved catalysts according to this patent are made from
10 . iron_oxidé (39 to 47 weight percent),'chromium oxide (1 to
10 weight percent), and pctassium carbonate”(si to 59 weight
percent) .
Dehydrogenation catélysts having good physical strength v
Jafe described in U.S. Patent No. .2,866,791. These catalysts
15 are made from 51 to 59 weight percent potassium fluoride, .%
1.0 to 10 weight percent chromium oxide with the balance |
being iron oxide (39 to 47 weight percent). |
Catalysts designed for the dehydrogenation of
alkylbenzenes, at elevated temperatures in the presence of
20 steam, comprising iron oxide and as a promoter from about 1

calcium oxide, are disclosed in U.S.-Patent No.. 4,749,674.
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4 : WD 99/ 49968 ' PCT/ US99/ 06603
“taught in we9smemeent No. 5,023, 225.. The addi ti eaTafses/ndeesni um
also results -in inproved ) act|V|ty and selectivity of iron

oxi de/ pot assi um oxi de catal ytic systens, for ethylbenzene

to styrene 5 . dehydr ogenati on, accordlng to U.S. Patent No.

5,190, 906.° ati | yst from iron

oxi de, APOHREH Ei?éggggg kao?f’ﬁl t e “Pfus &ﬁhg'?gli% RGIRR ar £F

di sclosed in S Pat ent No. 4, 134,858. The catalysts can al so
contain at ?EQH BRESBRi dECof SEVERRS , VeFRERSRE Zhc,U.90 Patemgnd¥um

manganese, nickel, cobalt, bismuth, tin, or anti nony.

U. S. Patent5NB0, 55224F°mglalt$da3:515a5|12203ee idiorecdxitle, at least one -
dehydrogenation catal ysts which consist essentially of i ron oxi de,
a mnor anvhihtanborate) katidereim hykmnodedoDpotdssium catdyatdesiand . a -
m nor amount of transition .netal, preferably ruthenium cobalt,

“or nbckel. an oxide, ca%bﬁhﬁét .S.rfiQ:rratth-e Behykyeoperadd o Of cerium, a
par a- et hyl t ol uene ' - ' L o
' hydraulic cement, from about 0.2 to about .10 percent of a
sodium oxide and from about 1.5 to about 20 percent calcium
oxide.
WO 96/18453.disclbses a method of preparing an iron
10 . oxide catalyst comprising Contacting an iron oxide with é
additive comprising an element selected from-a- large group -
of elements on the periodic chart, heating that iron oxide
mixture to a temperature of at least about 600°, to afford
ftructuralnrearrangement.of.the_particleuhabityof.said iron
15 oxide, and then forming it into the catalyst. See also WO
96/18594 and WO 96/18593
“ Similarly, U.S. Patent No. 5,668,075 discloses the
preparation of improved . selectivity iron oxide
dehydrogenation catalysts_ based on | reconstructed iron
20 'oxides.-f The = reconstruction of the oxides . comprises
contacting an iron oxide with a dopaﬁt substance comprising
elements selected from a large group of components of the
periodic chart and- heat*ng the doped iron oxide to a

temperature of ac,least about-600~cr-preferablynaoofc'andm”:. 



to para-nethylstyrene are described in U S. Patent Nos. 4,404,123,

- 4, 433, 186; wh badeda62; and 4, 628, 137. These " 20 - cat al.pgirfusdéBeconde
with iron oxide and potassium carbonate, . pl us chrom ¢ oxide,
“galliumtrioxide, or nagnesium oxide. Each patent al so di scl oses
that the catal ysts can optionally - cont ai n conpounds of cobalt,
cadm um al um num ni ckel, - cesium and rare earth elenments as
stabili zer $1CC-vat Bes in the previous references, rearrangegment of
WO 99/ 49968 o PCT/ US99/ 06603
and - pronotparticle Gidlmit dehimdoegedainofrovnabaiget prisgwd to it being -
procedures for their use and manufacture are shown in U. S _ Pat ent

- Nos. 2, 408, fidhied?, #ldo 58atadydt0, Skt 38dd27Tvegnddisclosedd ID8HR3. . 5 '

Dehydr ogenation reactions are normally conducted at the hi ghest

practical tdyQuEhRiy oFatRE Hatekt Al &@F&él@i? Wil dpecifically 8kddi o
dependent upon conversion and selectivity of the . catal yst.

3L 5L, Bl e G 184) LSandELedchor bhe Mhon cRlBPORAACT O
| ' not the chemical properties of the. catalyst formed based on
‘the oxide.
Another dehydrogenation catalyst, which contains
smaller amounts of iron oxide and relatively larger amounts
10 of cerium oxide .and potassium carbonate, is disclosed in
'~ U.S. Patent No. 4,758,543. Catalysts having good activity
and good selectivity are described-. in U.S. patent No.
3,904,552, These' cai:aly'si:s are made with iron oxide and
alkali metal oxides plus molybdenum oxide and-cerium oxide.
‘15 Similar catalysts utilizing tungsten oxide in place of
.molybdenum oxic;e a_:_re- described in U.S. Patent No. 4,144,197.
| Dehydrogenat;_ion cat:alys.f:s which maintain high activity
and selectivity over extended pericds of time are described
in U.S. Patent No. 4,467,'046. ‘These catalysts contaiﬁ iron
20 c’x:i_.dé, an alkali metal compound, a cerium compouﬁd, a
molybdenum COmpoﬁnd .and a calcium compound.:
Improving stability of Fe/K/Ce/Mo/Ca/Mg oxide catalysts
- by incorporation of small, amounts of chromium (100 to 5000 ..

‘ppm) into the iron oxide prior to forming the catalyst is



to the total anobunt of feedstock, e.g., ethylbenzene,

converted. waeda99ss y .or conversion is that portion of the  PCT/USI%0§6a¥st ock
which is converted to the desi red product and by- . products. -15

| nprovements in either selectivity or activity can result in
substantially inproved operating efficiency. Hi gher activity

cat al yst s, Efﬁéﬁﬁeﬁﬁnﬁenfl x@gﬁg N ||§N623 225. operation at | ower

tenperature y-avarla Ie catalysts for any given
conversion. Thus, in additio (o] ener ffici enc t he

catal yst woul d behex AR S Ib °tf tlta’i”a‘é"f‘ %}C/Fl EnelBt & EE‘E%v?q'\errral
by- products. The ratio of benzene to toluene, B/T ratio

the - apthuityr ot SSLeFGREY cPEt ebFant oo%bdeéeetaﬁsaemerwﬂr%g
ef fectiveness of the catal yst. The benzene by- product WO
99/ 49968 catalytic systems, - for ethylPEF(4d889/ 06603 styrene

produced can be recycled for | at er processing. Tol uene can - - not be

easi sy recyakhgidadgenationsi decetdingupdesisabbatéyt No. 5,1popdost. Thus
catal ysts yielding higher B/ T by-product ratio, all other factors

the same, will bﬁeﬁ&@%@ééﬁﬂtloﬁ ‘catalystihefgades thysma NeRh f Wxfde,
dehydr ogenati on catal yst " ' '
chromium oxide and kaolinite plus potassium oxide are
disclosed in U.S. Patent No. 4,134,858. The catalysts can
also contain at.least_one_oxide of copper, wvanadium, zinc,
10 'magnesium, manganese, nickel, cobalt, bismuth, tin, or
antimony.
ﬁ;s. Patent Nos. 3,424,808 and 3,505,422 are direcﬁed
to dehydrogenation.catalysts which consist essentially of
ﬁiron“oxide,.a_minoreamountwofaanwalkaii metal hydroxide. or
15 - carbonate, and a wminor amount of transition metal,
preferably ruthenium, cobalt, or nickel.
' Catalysts for the dehydrogenation of para-ethyltoluene
to para-methylstyrene are described in U.S. Patent Nos.
4,404,123; 4,433,186; 4,496,662; and 4,628,137. | These
20 catalysts are made with iron oxide and potassium carbonate,
plus chromic oxide, gallium_trioxide, or magnesium oxide.
Each patent also discloses that the catalysts can optionally .
‘contain c0mpeunds of cobalt, cadmium, aluminum,. nickel,

"cesium; and rare earth elements as stabilizers, activators



whi ch has good selectivity and activity. It is, therefore; an

obj ect- of tyagobmeegEti on to provide: a novel dehydr ogepat 18606603
catal yst. It is another object of the invention to provide an
10 i nproved dehydrogenation catal yst having both hi gh ‘activity

and selectivity. - It is another object of this invention to
provi de an I nproved catal yst for the conversion of ethyl benzene to
styrene, wefid hippgrertexs+y anfthegh sehydrpgenptions catalystg gnd

anot her object of the invention to provide an I'nmpr oved

dehydr ogengtricwedvates yisir ddvetiai niseg aatd Ineasifdatorre are shaowi din @S al kal |
nmetal oxide, and a noble netal as a pr onot er . It is

anot her objpaglenef Nbi.S2i, aueplaon 2papaPy8sle AB6@B79; 3 /PEOYEW7; and
dehydr ogenati on catal yst containing at |east iron oxi de, an al kali
netal oxidg, oaad72R0di um and/or ruthenium and/or iridium and/or
r heni um and/'or osmi um as a pronot er. It is another object of

this invention tay ?;d%g@ﬁaﬁﬁlon reactléﬁg)réwee%omiqg/ogi;ﬂaﬁbegdcg{ alyst

contai ning at-|éas
VO 99/ 4996%_1ghest practical throughput rates to ob tC;-J/.I%J Sa:'Jgp9 J(.)n(?t?nq?’yield

Yield is dependent upon conversion and selectivity of.the
catalyst.
Selectivityl'of the catalyst is defined as the
10 proportion 0f.the desired product, e.g., styrene, produced
to the total amount of feedstock, e.g., ethylbenzene,
converted. Activity or conversion is that portion of the
feedstock which is converted to the desired p:oduct and by-
- products.-
15 Improvements in either selectivity or activity can
result in supst;gtially improved operating efficiency.
Higher activity ;catalysts, .for example, would allow
operation at lower temperatures than currently available
catalysts, for any given cOnversion. 'Thué, ih addition to
20 . high energy efficiency, the catalyst would be expected to
last longer and generate lass thermal by-products.
' The ratio of beﬁzeﬁe to toluene, B/T ratio, in the
" final product is another criteria tb'be}ﬁééa”ih'detérminihg"” -

effectiveness of 'the ‘¢atalyst.  The benzerne by-product




oxi de, an al kali nmetal oxide and a noble netal, wherein the anount

" of the nobW® 9949948 present in the catalyst is |less tCHRAUR996€03 1000
ppm preferably | ess than 100 ppm and nost preferably less than 20
ppm 5 It is still a further object of this invention to

provi de an i nproved process for the productlon of olefinic

d |
ggg?ﬁgdsb %ﬁﬁell %lfio ué%/ é:reer'gfccess e prti@gen Qé&ﬁé %8%1\1/%% 8ﬁn 10
'S f the.l L t
aﬁmmirﬁp?o@e&ebe”gggﬂaeﬁsarsbﬁﬂamnlﬁa?am%erﬁeﬁr%%sfs?%se 75 the

dehydr ogenati on of ethyl benzene to sty he catal yst of
this i nvenBE®RYSE -comFtiuse a2 hyete gg.elgg.ng highepo®/ 'IbobﬁepﬁﬁiiuﬁErcent
of at |east one iron conpound, ' about 1 to about 50 weight percent
of a conpowatiss| @dtledpther factrsmtiiee sgmeupwddisiost prgfefrned.de,

hydr oxi des, carbonates and bi carbonates of alkali netals, and about
0.15ppmto Thereahisit thQ80 appmead Hbrl eaa:lelqnia:dg‘_endlﬂdsmbbatamyats, _
wherein 20 sai d weight percents are based on the total catalyst _
wei ght . which R=ef & Wellet® iRARNeE afel alctiisitRedi um rutheni um rhenium

It is, therefore, an object of the invention to provide

- a novel dehydrogenation catalyst.
It is another object of the invention to provide an
10 improved dehydrogenation catalyst having both high activity
and selectivity.

It is another bbject of .this invention to provide an
improved catalyst for the conversion of ethylbenzene to
Etyrene,rwith.high-activitysand.highwselectivity;--

15 It is another objeét of the invention to provide an
improved dehyd ogenation catalyst containing at least iron .
oxz.de, an alkali metal ox:.de, and a noble metal as a
promoter.

It is another object. of this invention ﬁo'prdvide an

20 improved dehydrogenation catalyst containing at least iron
oxide, an alkali metal oxide, and rhodium and/or ruthenium

and/or iridium and/or rhenium and/or osmium as a promoter.

It is another object of this invention to provide an -

improved dehydrogenation catalyst containing at-least .iron. .. . .



osmum iridium platinumor paltadium ~Preferably, the - amount of

- the nobl e npbabusegsent in the catalyst is |ess _ t hanpetyosde/ndedd ppm -

For pall adium rhenium and rhodi-um -WD 99/ 49968

PCT/ US99/ 06603 preferably the anount of netal present is |ess
than 100 ppm ' and nost preferably less than 20 ppm In

addi tion, - preferably, .the catal yst al so contains one or .nore of the

conpaunds Qﬁﬂdﬁﬁ(ﬂ?-ﬁ#&ﬁﬂéeWFEﬁi °ﬁ%¢?bﬂ@ﬁuﬂ18@blﬁn@§Féﬁ whereinpghfesi um
or calcium a Goup 4 netal, preferably titanium and chrom um

The i nvent iamwount 0% otiie r aobbe metalppressoti dn the ‘catalyet pisdéesdon of -

ol efinic conpounds by dehydrogenati on, utilizing the X
‘above- descritead aixtwt Y5000 ppihe prafertalily ikesd Ochan boef ppabhpdamoshpr oved

process for the production of styrene from et hyl benzene utilizing

t he above- qessfdRasly dads WHan 20 ppm. o Brief Description of
the Draw ng Figure 1 shows the effect of the anpunt of

pal I adi um | oadi ng. o gt h&-jper f ar MANGG;A 8 &é&alaisttmbt irkentiosheys the
average difference in ethyl benzene COHVEF%IOH bet ween cat al yst

W.th and w Oxhooyldevaéﬁ Oﬂﬁpf%f%f@éégysfgé the prod&&&gg' 4P BRekbfic

catalyst b

compounds, particularly styrene. These and other objects are
obtained by the 'product and process of the present
invention.
10 " Summary of the Tnvention
This invention is .directed | toc an  improved
dehydrogenation catalyst, preferably for use in the
- dehydrogenation of ethylbenzehé to styrene.
N The catalyst- of this#invention,is*comprised ofwébout 30
15 to about 90 weight percent of at least one iron compouﬁd,
about 1 to abopt'§0 weight percent of a compdund selected
ffom the group céﬁsisting of oxide, hydroxides, garbonates
and bicarbonates of alkali metals, and about 0.1 ppm to
about IOOO”ppm of at least one of the noble metals, wherein
- 20 said.weight'percent3~are.based'on the total catalyst weight..
Preferably, the noble mgtal is rhodium, ruthenium, rhenium,
osmium, iridium, platinum or palladium. Preferably, the
amount of the nocble. metal présent in the catalyst is less

" than about 300 -ppm. For palladlum, rhenium and rhodium



Description of the Invention The catal ysts of this invention

are made bWQWA®Ei ng .20 - - an ..iron conmpound, such as PGHEFP908Bde
or. a ferrite; _ preferably potassiumferrite, with an alkali netal
sour ce, which can be in the formof, but is not limted to, oxides,
hydr oxi des, carbonates, nitrates or bicarbonates, preferably -

sodi um or LYy dehévéﬁlbﬂﬁt AN ¢S pr ¥t ¥ss th 100 |
9 . BEeRRr Rty o6hs ° PE TETIESS BhAn 5T ¥B6) 06603
pot assi um ce I The ce for
The nobl o otk RERE | BRHca- A8 Dot lﬁ%’ 20" oI %%%ﬁf?%éﬁ
containing th l.e nbi n eof For oses of -
t he presen®P¥ ﬁ%%&fnﬁﬁﬁa?%ﬁ %F a SOnSBPEalﬂﬁtﬁFe né%ﬁﬁ%s P ®i num
pal I adium rhodi um rut heni um rhenl@éﬂ |r|d|un1and osn1un1 Wi th
rhodi um  compounds héﬁﬂ-aﬁfeﬁl Hromncardupal |8 XRRHER eCFh| EUBESEE 0N
performance al one. Based on cost and product avail ability factors

onl 5, pal | avigmesant oot kedcdnmar 8 @voeppt cheradd préferabiyt hipaniumum
rhodi um and rhenium and to an even greater
‘and chromium. :

The invention'is also directed.to_a process for.
the'produCtion of olefinic compounds by dehydrogenation,
utilizing the above-described catalyst. The invention is

10 preferably an improved process for the production of styrene
from ethylbenzene utilizing the above-described catalystf
Brief I s f the T .
Figure 1 shows the effect of the amount of
Palladiumhloadingmonﬁthe,performancewoﬁLamcatalyst.~-It;.
15 shows the average difference in ethyl benzene conversion
between catalyst with and without various concentrafions of
_palladlum on the catalyst body. .
D ripti f the I X
The catalysts of this invention are made by combining
20 ~ an iron compound;. such as iron oxide or. a ferrite,
preferably potassium ferrite, with an alkali metal source,
which can be in the form of, but is not limited to, oxides,
-hydroxides,-carbpnates,.niFrapes or bicarbonates, preferably

- a --sodium -or potassium derivative, . and most preferably



extent, iridiumand osmumless preferred. In add|t1on to the

above- descwiggesggnponent s, the cat al yst pr ef er abl yoajiumoonesod udes
as pronoters an oxi de or salt of the | anthani des having atonic

nunber of 57 to 62, 15 most preferably "cerium The catalyst
preferably al so I ncl udes nDbedenun1 or tungsten conpounds,
preferably oxi des nost pyreferabl bdenum_oxi de. The -

cat al yst pOtassHﬂQﬁQQéhﬂ%FQSTH?q ot udRYr ?kgP n@ &9k mRtAL conbBBinds,
nost preferably ﬁB%ﬂESLUH]OXIde or calciumoxjde. The 20 catal st nay
al so i ncl ud@urcasoufes fEie t RERAPUMCEHr OFRYm BRclude elegientedn Beble -~
al um num preferably an oxide or salt. The : catal yst may also

i ncl ude a swmatrade fcompauntdsastnbatndhgt bigee noble mébal ovirngowbinehiens

i ncludi ng zinc, manganese, copper, cobalt and vanadi um and

conblnatlomméﬁuaﬁxﬁ For purposes of the present inventionOthe term
WO 99/ 49968 PCT/ US99/ 06603

In & prefgdad egbesimnincihhes C%tléltﬁ.%hm of pdiiadium, rhbAY@ALiON is
conposed of about 30 to about 90 wei ght percent i ron oxide

cal cul at ed zﬂﬁ:{}f&l ﬁfd-x‘i rlmnf'ﬂ‘bo‘i'n?iﬁh% agﬂﬁt 38miEhINt with rhoBi*ﬁﬁe”t of

t he oxi de, r oxl car onat’e i car bonat e

- ruthenium, platinum and- palladlum preferable based on
perfbrmance alone. Based on cost and product afallablllty
factors only, palladium and ruthenium are more preferred

10 | with platinum, rhodium and rhenium, and to an e've.n greater
extenﬁ,' iridium .and osﬁlium'less' preferred.

In addition to the above-described components, the
catalyst preferably also includes as promoters an bxide or
salt of the-lanthanides having .atomic number of 57 to- 62y -

15 most | preferably ceriurﬁ. The catalyst _preférably also
includes molybdenum or tungsten compounds, prefe;:ably
o:’.cides, most préferably molybdenum oxide. The catalyst
preferably also include; alkaline earth metal compounds,'
most preferably magnesium oxide or calcium oxide. .The

20 cataijr_s_tﬁ may also 1nclude a source for titénium, .chrorf\ium. oxr

B silicdn or. égluminum_,' preferably an oxide or salt. The
catalyst may also inclﬁde a source for at least one of ﬁhe
Follow1ng elements’ 1nc1ud1ng zinc,’ marganese, ‘copper; ccbalt -

“and vanadlum a.'Ld comblnatlons t:qerm;w=

10



5 of an alkali metal, cal cul ated as an oxide and from | ess t han

about '1000Wn9I%49968a nobl e net al .. wherein the nobl e RGTHYSY9496603 -
preferably rhodium platinum palladium ruthenium - or iridium -
wherei n said wei ght percents are based on-the total catal yst

wei ght. More preferably the ambunt of the 10 nobl e netal present- is

| ess -t han about 300 _pp | ad [ anderh m
preferably the é%ouﬁat ?rrefelx'—:‘i-"ed r?emPgFlfngﬁFéssh%{E]an ngg‘foogﬁpm%%%d nost

Pont ai s adrvencion iacbMBPe, BE boy clte mbks SowrRaeResBbneeRtr,

~about 15 25 wei ght ercent cerl um oxi de cal cul at ed as Ce®2, from about :
0.5 to abodirom. VLIRE gFRLP #8| FBddnuRbeHitdd dro . about 5P ,H8iEBR oxi de
cal cul ated as Mo err] or V\Qerr] from about 0.2 to about 10.0

~vei ght per gaucent akathimeoxtdeh medadxbd¢ decarbonate, pexf bigekchonatignesi um
or calcium oxide. Addi tional 20 conponents of the catal yst may
i ncliude fraf sdoualk8lppmetal,  calculsrmd als Oaneioglitiepensenfrofi tksem um:
oxi de cal cul ated as Cr[err]derr] and from about 10 ppmto about

2000 ppm Ofthdn t&HdWEN 1000 pprPxbfe aCHdBllat gdtas, TwHediein tH&eneblal yst .
may al so include from about 0.1 to about 10.0 wei ght percent of the

E’%l'l' ; Ugrgg;))(()g%g:3l is prefera¥®y99h48968, platinum, palladium,  ruthenium
or iridium, wherein said weight percénts_are based on the
total catalyst weight...More“preferably the amount of the_

10 noble metal present is less than about 300 ppm. For.
| palladium, zrhenium and rhodium preferably the amount  of
metal is less than about 100 ppm, and most preferably less
than 20 ppm{ Preferably, the catalyst also contains as
q?romoters.--.one..;or...-more.pf~theffoliowing.:pabouta0-.-5 to.abouﬁ
15 25 weight percent cerium oxide calculated as Ce0Q,, from ébout-
0.5 to about 10.0 weight percent molybdenum oxide or
_tﬁngsten oxide céiculated as MoOQ, or.WOS, from about 0.2 to
about 10.0. weight percent an_alkaline earth metal oxide,
preferably magnesium or calcium oxide. Additional
20 components of the cataint may include from about 50 ppm to
about 4.0 weight percgntéof,chfomium 6xide-calculated as
Cr,0, and from about 10 ppm to about 2000 ppm of titanium
“oxide calculated.as_TiGQ,_'The'catalyst'may'also include from

about 0.1 to about-10.:0-weight percent of the salt or oxidem .

11



of one or nore of the follow ng: alumnum silicon, zinc, . .

- manganese, wobsdses cadni um vanadi um and copper, aI one or- i rPCTUSYY/06603
conbi nati on, calculated on an el enental basis. A particularly
effective dehydr ogenation catalyst 5 contains from about 40 to about
90 wei ght percent iron oxide calculated as Fe[err](err], from

-about 5 to_about 20 wei ght of_.an .al kal i_.net al . conpo -
cal cul at ed®as °&f ngg\ol%n&f Ene” r%tcllm"d‘%gde MW‘E S By s 34K about

300 ppm of a source of a noble netal, wherein the noble netal is.
“preferabl ymaESanesepa??%}%mcq%ﬂ“hmvapﬁéa%‘n?n@u?ﬂ%ﬂ?ﬁm alpng iSfunkTor
i ridium For pall adi um rhenium and rhodi um preferably the anmount
of cembinapiesencaisulatedt panancel ppentabspapidferably less

t han about 20 ppm The source for the noble netal is ~sel ected
fromthe group Anclpaditigudheisnt &if fectliveredahydrogenatiopr efeatailyst

el enent al pal | adi um el enent-al r hodi um ' el enental ruthenium

el esental pbathnis SpEmedlosENt4l to about OOI Welight coePeettisitomt@tiiay
nobl e metals, preferably conpounds containing palladium and/or

rut heni um cam%%ted as Fe o100k Lo ashy Pl | Wuaand Geidrtdipupant
conbi nati ons t her €of . ~The cat al yst al so preferably incl udes from

222;E)unds cal cQﬂ gatlte 1212%}%%%&4%#%%%%.?{'% f?%%?ﬁ%ﬁ?]“}@ qﬁegﬂngsten

oxide and preferably less than about 300 ppm of a source of
a noble metal, wherein the noble - metal is - preferably

10 palladium, rhenium, rhodium, ruthenium, platinum or iridium.
For palladium, rhenium and rhodium preferakly the amount of
metal present is less than 100 ppm} most preferably less
than about 20 ppm. The séu:ce for the noble metal is -
§elected“from“theugroup_includingmelemental_nobleumetals,u

15 preferably elemental palladium, elemental rhodium,
elemental rut@eniym, elemental platinum and elemental
ir;dium, compouné% _containing noble ﬁetals, preferably
compounds containing palladium and/or xruthenium and/or
rhodium and/or platinum and/or iridium and combinations

20 thereof:. The catalyst also préferably includes- from about
0.5 to about 10.0 weight percent of a molybdenﬁm or tungsten
compounds calculated as Mo0O, or WO,, and from about 4.0 to
about 12.0 weight'percent;pf-a cerium compound, calculated

as Ce0,, wherein all weight- percents are based-on the total

12




about 12. 0 wei ght percent of a cerium conpound, calcul ated as
Ceerrl, wmxeedonssal | wei ght percents are based on the t ot alPCT/US99/06603

12 - WD 99/ 49968

PCT/ US99/ 06603 wei ght of the catal yst . Addi ti onal pronoters
may be ' included with this catal yst as di scussed above.

A most -pre%gg_gﬁ]ce fhy@x{é)g%&s;t geatal ¥ g&:.EQB Qﬂ.nspromfter frﬂg}f?b@éjt 40

to about 9 rcent iron oxi a cul ate err]Jer about

5 to about 20 ent . of _apn_al k und preferably

pot assi-um 6?%@8‘3 b%f’ﬁ €1§Oc%g%£¥g§2as dlscusf)%$ gﬁ? of ceri um oxi de

cal cul ated as CeQ2, about g 6%9 about ., 10.0 %E nt ;

mol ybdenum or 2t JiRst eRrebgrable dehydl?%%{ﬁ%&% g8t ?f&rr?°%‘f'am err],

_ preferably nol ybdenum oxi de, about 10 0.2 to about 10.0 percent of

“cal ci um or ExagnabPum 49 g, about 90 PeaTenih iy aralnifgn sakrulatrditasao ppm

to about 1000 ppm of titani um oxide cal culated as Tierr], about

1005ppm t oFaboyt about 52000 ppowbf 2hr peraentxicf eal calkadd asetal : o
Cr[err]derr], and less than about 20 ppm of a source for a noble

met al , \Aheb@xpauhhe piéferabhphper 488 Alm i sk ief edishby 920 | edi abour 12
r ut heni um rhodi um

' percent of cerium ox:.de calculated as CeO,, about 0.5 to

about 10.0 percent of molybdenum or - tungsten oxide

calculated as MoO, or WO;, preferably molybdenum oxide, about

10 0.2 to about 10.0 percent of calcium or magnesium oxi_de,

preferably calcium oxide, about 10 ppm to about 1000 ppm oﬁ

'titanium oxide calculated as TiO,, about 100 ppm to about

2000 ppm of chromium oxide calculated as Cr,0,, and less than

ebout.. .20. ppm. of a..source for a noble metal, wherein the

15 .-noble metal is preferably palladium, rutheniur-r.\,ﬂ. rhodium,

platinum and/or iridium, and whereiﬁ the percentage is

cﬁa;.lculated on .‘an-';elemental basis. Additional components

that can be added to this catalyst: include £rom about 0.1 to

about 10.0 weight percent of an oxide. of aluminum, silicon,

20 _ mahganese, coppei'-,_ _zinc, 'cadmium,' _vanadium, aﬁd coba:lt .
‘calculated on an elemental basis.

| It is advé.ntageous to pr_eﬁa:e the catalyst using one or

a combination of the fol_lpwing'methods; co-preciipitation, :

deccmposition, impregnation. and mechanical mixing or any

13



pl ati num and/or iridium and wherein the percentage 1is ~cal cul at ed

con-an el engid 9d/4998$1 S. Addi ti onal conponent's - that- perrus®noseided to
this catalyst include fromabout 0.1 to about 10.0 wei ght percent
of an oxide of aluminum silicon, 20 ° manganese, copper, zinc,

cadmi um vanadium and cobalt, cal cul ated on an el errent aI basi S.

It is advantageous to prepare the cat al yst using one or
conbi nat | orPEHe¥ h@SHAbw #§ MAHEHsPe cFSHBD pEPrgRiated by Those

deconposition, inpregnation and mechanical m xing or any _
13 ' skil oamogdes art. The method chosen should guarantee

PCT/ US99/ 06603 ot her nethod as woul d be readily appreciated by
those intHhatd enixing radaniniforfheisttibhtdbasel sheulcdompoaecansee :
intimate m xing and uniformdistribution of the conponents. It

is well establishedis wdlle eddailiaihed fibeteet ah@r ¥hatddiffefknitr Eorasi de,
red, yellow, brown and bl ack, can be used for preparation of the

CRL S 2oL SEISLAR )Gt brown. 03 S b Wt o
materials, BP&&P&%%&' ofnghe dehydrogenation catalyst. Likewise, it
is known in the art that the iron_oxides can be derived from
a variety of precursor materials, both natural and
gsynthetic, using a number of processes. Generally, iron is
10 - added to the catalyst compositions as red iron oxide, Fe,0,,
or yellow iron oxide, Fegg-ng, but others can be readily
utilized as would be ap?reciated by those skilled in the
art. Particularly suited are pigment grades of the.iron
(JoXides. . Ferrites. may . also . be. used,  such..as -potassium
15 ferrite.
Likewise, the catalyst promoter can be any material
taught by the art, for example, an alkali metal cémpound(s).
Potassium compeunds: are the preferred alkali metal
promoters.7The'promoter can be added to the catalyst in
20 various forﬁs.- Alkali-metal oxides, hydroxides, carbonates,
bicarboriates, and ‘the like, and miktures thereof are
preferred, witﬁ potassium carbonate' or a mixture of

"potaSSIun carbonate w1th potaSSLum ‘oxide is most preferred.

" The~ catalyat ‘compositions of the- present invention also

14



synthetlc using a nunmber of processes. Generally, ironis 10 added
to the catWD\W8M9%8npositions.as red iron oxide, Fe[err]d er PET/US9/06603 or
yellowiron oxide, Fe[err](Jerr].Herr]O but others can be readily
utilized as would be appreciated by those skilled'in the art.
Particularly suited are pignent grades of the iron oxi des.

Ferrites us tass t
errit a%%?ﬁa ] n%f@ 210 85 bHH%:a%ﬁ c?mpaﬁﬁag 8f cerium

Li kew se, yst pro e any materia aug y the
art, for exanpl al 0 S npounds
are the g?@ﬁ?ﬁge §P kSl h aP%9@%‘£¥KeQ§%HiE¥ qé§§f$§n§ggt%%én be
added to the cata | various . EF Ey netal oxi.des, :
hydr oxi desSO ¥ Cerlum, Bifc #5966 e gatalygt compesitigns

m xtures thereof are preferred, mnth pot assi um carbonate or a

m xture ofof the prpgeatsioNeBhipBnaratwibeh assied sfanthei gatrdvassin
preferred. The catal yst conpositions of the present invention
al sb - the form of cerium. oxide or in tHe form of otkEro¥esrdeEs

PCT/ US99/ 06603 may contain, and preferably do contain conpounds

of ceriumcompounds, as for example, cerium carbonate, cerium nitrate,
cerium hyaroxide, or any combination thereof.
Other known catalyst additives can be included in the
catalysts of the present invention, but are not essential.
10 A chromium compound, which can serve as a stabilizer for the
active catalytic components, is illusﬁrative of an optiomnal,
but preferred, additivé. Chromium compounds are added to
alkali-pfomoted iron oxide catalysts to extend their life
%ndAimprove;stability.at_low.steam»t0~oil-cénditionS-of-
15 operaticn. Chromium, as ﬁsed in the compositions of the
present invention, canﬁbe added to the catalyst in the form
cf'a chromiumﬂoﬁide or in the form of a chromium salt.
Préferably, chromium is added by spiking of the iron oxide
used in catalyst preparation as taught in U.S. Patent No.
20 5,023,225..
The addition of titanium is taught in U.S. Patent No.
5,190,906._ Other optional components, used to improve
selectivity of thé-catélystj-include-mglybdenum.or tungstén,

- which can~be:added-as-respectivenoxides"orxsaltspuincluding___

15




to enhance conversion and/ or selectivity depending on the - .
 CO- pr onot effo 99/498s UM i f used in the catalyst conpositions permusosnesds the

present invention, can be added to the catalyst in 5 t he form of
ceriumoxide or in the formof other cerium conmpounds, as for
exanpl e, cerium carbonate, ceriumnitrate, cerium hydroxi de, or any
.conbi nation thereof. ' Q her known catalyst additives can be

i ncl uded | AegA¥atives of; goarespongdng,oxpr ésds | Hirdht iiyhdates ot
essential. 10 A chram um conmpound, which can serve as a stabilizer for
the = tungstasesat egpectivapyhent Sn addiltios,r & inehsr 0Ff (prhemal |

but preferred, additive. Chrom um conpounds are added to
- alkal i - prometed | compounde cmiyal pet saddedextaendptdmotetrsfe - These ol

i nprove stability at |ow steamto oil conditions of 15 operati on.
Chrom um aaclsee, iheageMmt t10Asted the compoundd €sENtaluviriiin,On, can
be added to the catalyst-in the form of a chrom um oxide or in the

formg of a GRrARiWM,SAdbalt, cadmitht’ Yopled, CUIMTUHD ivagddetddy & ki ng
of the iron oxide used 1 n catal ySt preparation as taught in U S

Pat ent No. 5,023, 225. - The addition of titaniumis
taught in ﬂaé%aﬁ%?gﬁt No. 5, 190, 906. Ot her optional conponents,
used to inprove .selectivity of the catal yst, jnclude nol enum or
Lungst en, The, BhyRLERh BEEeRRy RSTECHR (iR sl St B e et S

I ncl udi n :
g catalyst compositions of the present invention can be

improved by adding certain bihding-agents. Binding agents
10 can include, but are.not limited to, hydraulic cements,
calcium aluminate or Portland cement. These agents can be =
added individually or in cbmbination.
The density of the catalyst compositibn can be modified
-py.the.addition,ofwvariouswfiller.substances, for.éxample,w
15 combustible materials such as graphite and methyl cellulose.
Sucﬁ; materials‘ can be added to the compositions during
p;eparation, but-Sre burned out after the catalyst pellets.
have been formed during the calcining step. Porosity
promoting aids can also facilitate extrusion of catalyst
20 - pellets.
'The catalyst components can bé mixed in various ways .
kﬁéwn to the art. One method comprises ballmillipg.together
a mixture of-desired=compounds, adding a small amount of -

water, and extruding the composite to produce small-pellets, - -

16



15 . . WD 99/ 49968

PCT/ US99/ O i9749968 . derivatives of correspondi ng oxo acRCEHU$I/06603
nol ybdat es or tungstates, respectively). ’In addition, a nunber of
ot her metal conpounds may be added as pronoters. These can '
I nclude, but are not limted to, conpounds of alumnum 5 vanadi um

cobal t, cagiiig £ Whtlen, t%IQJ#'F; Tha"BIIEPHU - Albener merHB b

The physicdf and~se Tvity o

conpositions of the present invention can be . i nmproved by addi ng
Certain bi HhCABRARSICE; HABREASGEMALE 1OEeT, ARYinITHRN DAt TaFB Aot

limted to, hydraulic cenents, cal ciumal um nate or ‘Portl and
cenent. Thepewdgrent andatabdeting andydpddimidialitheal Fgbbetsn comoitied on.
The density of the catalyst conposition can be nodified by the
" addi ti on ofpwacedurse f ihivelveabstixings theorcamzonEns tdgetherowhtkbt iam e
materials such as graphite and nethyl- cellul ose. - Such materials can
be asided t cekdessoBfosidtdeans gartiglly dryinglepaiditthen Rubswguentiyed out
after the catalyst pellets "~ have been forned .during the cal cining
st ep. PooShiding, drying, and calcining the resulting pellets. The
choice of the mixing method depends on the preference of the
skilled artisan.
A preferred method of preparing the catalyst is to
10 - blend the catalyst ingredients together in the presence of
. sufficient water to make a moist extrudable mixture. This
mixture is then extruded to produce extrudates of desired
shape and size, typically cylindrical pellets having a
diametex .of .about .3. mm.. The  extrudates-are-then calcined.
L)
15 undex conventional_ calcining conditidns, Calcination
temperatures can range from about 500°C to about 1200°C,
pfeferably from- about 600°C to about 1000°C. After
calcination, the extrudates are ready for use as catalysts.
Known methods can be used to form the catalyst mass.

20 Preferred forming methods are pelletizing, extruding and
tableting, in which the use of inorganic. or o:ganic_
auxiliaries as slubricants to improve plasticity during
extrusion is-recqmmended{ Forming can also be undertaken -

v

both before and after calcination.
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pronoting aids can also facilitate extrusion of catalyst 20
.. The - cat al ys§o spgpggnents can be m xed in various ways
art. One nmethod conprises -ballmlling together

conpounds,

adding a smal |l anount of wat er, and extruding the

conposite to produce snmall pellets,
WD 99/ 49968 _ ) L . . PCT/ US99/ 06603
whi ch are then @heedfiichrenied fde nadehmetadt Additioni k$ njndependenthe

conponent s

together with water, drying themto forma powder

-pel l ets.

- pdeGN9 b3 t he

a m xture of desired

and

‘tabl eting afidthel mebhod ¢headdist s .or Arhee lppyint in thpe oethuf actiumicig/es
conponents together with an 5 . excess of water, partially
—drying, angrbbeBssabselemtity is incorpoxated.NgTher fbDVowing &2é Cddmey t he

m xi ng the

resulting pellets. The : choi ce of the m xing nethod depends on the

16

preference @inbhg for 'deli%i'ﬁ{ L@E’i%l{é if¥he metal promotey Pred &humgsksret hod

of preparing the catalyst is

bl end the "catal yst ingredient

tog%t_her i’ %nf1t )%%ﬁ:%é: %?hrlﬁrg?r{ethods woﬁ%_fﬁgi'gmix\@é ercot %n%aké?cﬁﬂzi szi.n

ext rudabl e

10

' components. AlternaﬁiVely, the noble metal, preferably

15

-20

~ catalyst - blend, immediately prior ~tec ~mulling and

the art. -

The noble"metal, preferably palladium, platinum,
ruthenium, rhodium or iridium, additives can be directly
added to the iron oxide and the mixture can be pre-fired at

about 300°C to about 500°C prior to blending with the other

palladium, ruthenium, rhodium, platinum or iridium, can be

co-precipitated with iron oxide prior to the iron oxide

S

being blended.. In yet another embodiment, .the .noble-metal, .

preferably palladium, zruthenium, rhodium, platinum or

iridium, additives can be impregnated onto the surface of

the finished catalyst followed by drying and re-calcination

‘at a temperature adequate to drive-off water and decompose

the impregnated salt. However, addition of the-noble metal,

preferably .palladium, zruthenium, rhodium, platinum or

iridium, metal additives in the form of an agueous solution

of appropriate salts, preferably nitrates, directly to the

pelletizing, is preferved. -
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m xture is then extruded to produce extrudates of desired shape and -
- size,  typwambd/aeees/| i ndrical. pel |l et,s having a di ametBCT/US99%08603t 3
nm The extrudates are then calcined 15 under conventional calcining
condi tions. Cal ci nation : tenperatures can range from about

500[err] Cto about 1200[err]C, preferably fromabout 600[err]C

to about 1000] calci.nation, ,t he ex es_are ready
for use as cat al}fﬁ‘ﬁ"]s treéai:ment or CRAGHE ﬁéf’ﬁlo&saﬁc%e ‘éoﬁé g?é the -

cat al yst nass. ‘Preferred form ng nmet hods are _pelletizing, extruding
and" ' S’-’t%‘ét"n%’ﬁilt%‘%‘\‘-ﬁmﬁé’ﬁ' eKREPlgse 1P EFARY Sﬁﬁpéceer OxXoMgSREC
auxiliaries as lubricants to inprove plasticity during extrusion
i s recomeriigBnior torAdibiorg so schunde t dena | rotaryhoitilsef or e Thed - _
after cal ci nation. _ 17 VO
99/ 49968 temperatures and residence times aPET/AeSSIMAGEI for each

The efficacy of the noble netal addition is independent of the

et hod of  adel ixridur ﬁ}ggeppﬁrﬁaﬂﬂygrg manufacturing =~ process at
which it is incorporat The following are sone" met hods for
delivery of the ﬂ?@'@aﬂﬁﬂt_a"%@ah}‘% '&‘é%?.:r as moldings, especially ..
in the form of spheres, pellets, rings, tablets or extruded.
products, in which they are formed as éolid_ or hollow
- objects in order to achieve a high geometric surface with a
10 simultaneously low _re_sistance to ﬁlow.
The BET  surface area of the catalysts is typically
about 0.5 to about 12 m?/g, and preferably, about 1.5 to
about 4 w/g. The BET surface is_' determined = by N,
hadsorp.ti-on-,. as described--, J_'.n.._AS'I‘M._ D3663-92.

15 ' The specific pore volume is determined ac__'cording to the
'mercury penetration method described in .J. Van Brakel, et
ai., Powder Tec'ﬁnology, 29, p.1 (1981). In this method,
mercury is pressed up to a pressure. of about 4000 bar into
the catalyst moldings, au_ring which-the volume reduction of

20 the mercury is plotted as a furiction -of pres_s_ur_e. - A curve
is obtained from which the pore distribution can alsp_be
determined. According to this mercury penetration method,

. ‘only the volume and ;distﬁ;‘ibution of pores with a diameter of -

‘>3.6 nm can be-dete—rmine.d.,Generally,---é:atalysts with larger

19



5 of alternative methods woul d be obvious to one skilled in - .. the

art. . wooomessgTNe noble netal, preferably palladium pl gicdixdossos

rut heni um rhodiumor iridium additives can be directly added to
the iron oxide and the m xture can be pre-fired at™ 10 about 300[err]C
to about 500[err]C prior to blending with the other conponents.
Alternatively, the noble netal, preferably ' pal | adi um . r ut heni um
- rhodi,um plipstenyelomei apdi bigheamddian pore diameteri preapeefarrediasn

oxi de prior to the iron oxide bei ng bl ended. In yet another

enbodi ment taughtndhl §.8et Bat NA5 5, 68 prefr ayipd calapbadi wollumeubficthem
rhodium platinum or iridium additives can be inpregnated onto

‘the surfaces¥alysts of ttige fpréshed cavehysénl okl ewedHyy Mindeofnda.
re-cal cination _ at a tenperature adequate to drive-oftf water and

deconpose 4 19 to &g PYeMnated salt. However, addition of the noble '~
nmetal, 20 -preferably palladium ruthenium rhodium platinum or

g el S R AR SRS A G0, ROUERNS SO Al el
Blgpg?redﬁqgfé é@%?%.ea?r 8£aiqpoggL$é£EkeE§gé pcrelgolgﬁglggg%kggﬁtign
can be adjusted with proper manufacturing techniques to get
optimum performanée for any given catalyst composition.
This'.not withstanding, the promotional effect_ of  noble
10 metalsf preferably palladium, ruthenium, rhodium or iridium,
addition to the foimulations will still be unmistakable.
The catélysts of the present invention are effective as
dehydrogenation catalysts and especially effective in
promoting"tha-dehydrogehation of:ethyibenzene to produce
is styrene. Such dehydrogenation reactions are generally
carried out at reaction temperatures from about 480°C to
aSout 700°C, prefe?ably about 535°C to about 650°C. The use
of subatmospheric,  atmospheric, or superatmospheric
pressures are suitaﬁle for the reactions. However, based on
20 equilibrium and sélectivity.considerations, it iszpreféfred
to operate at as low a pressure as is feasible. Therefore;
atmospheric - or subatmospheric pfeséure' is preferred.
Typically the déh?drcgeﬁaﬁién:procéss using the catalysts of

this invention is conducted as  a’ cdontinuous operation = -

20
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Heat treal“@ﬂﬁ“&%scaIC|nat|on can.be conducted under

condi ti ons,

conditions,

for exanple, in a;{ray furnace, or under dynam c
such as in a rotary kiln. The t enperature

residence tinmes are determned for each 5 L ndi vi dual type of cat
The cataly
of spheres,

high geomed B BEsd %%@'eg%a?%s e sang @2#2%&%&”%53?@ e, Shouye

flow.

about' 0.5 PF JABYtE f?aﬁ§P§s -and OF

n2/ g.

The

ﬁEilFﬂ% grabfoQ&% a8 HaR9%on %%%ﬁl laysz.n?O sthe! 68

rngs, Iets or xtru UCtS In

he BET surfac rea of the catalysts is t |caI
?‘\S—Fer%{ﬂ’%ﬁ ou’Feﬁc ¥y and eaabsa

BET surface is determ ned by : adsor ption,

descri bed cAnASINEREBAEBS992n Rg used for Yhe @%z@woe%%onopn%essg

determ ned according to the

mercury penetration nmethod descri

- J. Van Brakel, é@n the dehydrogenmaticon Terdoessgusing, thel qagslyst of

net hod,

mercury is pressed up to a pressure of about 4000 bar

PCI{US9p/96603

s and
al yst.
form
whi ch
e a

t 4
as

bed in
this.
|nto

t he catal yshigolidvegsiodyr stgamhishadded viod utike r kgdebcanboh fe8dstockhe
nmercury is plotted as a function of pressure. A curve i's obt

from whi chelhea N@r endittid | PeibPAL CRE aHbditaceous residues from the

10

15

20 .

catalyst and to furnish heat for the reaction. Steam to
hydrocarbon molar ratios from about 3 to about 18 or higher

can be used. However, in order to conserve energy in the

ai ned

operation of the process,. steam to hydrocarbon molar ratios

(8/0) of 12 or lower are preferred.

The contact time of the reactant-containing gas with

the catalyst. is..expressed. in..terms. of liquid-hourly-space.
L]

vélocity {LHSV) which is defined as the volume of liguid

‘hydrocarbon reactant per volume of catalyst per hour. The

LHSV of the organic. reactants can vary between about 0.1

hour™ and about 5 hour™.

It has been surprisingly discovered that extremely

- small quantities of noble metals when added to the_catalyst

result in enhanced performance and selectivity. In fact, it
has been surprisingly discovered that smaller quantities of

the noble metals (less than 1000 ppm) are more effective

than larger quantities of noble metals. (greater than 5000

21



determ ned. According to this nmercury penetration nethod, - only the

~vol ume andwd sw49pdsut i on of pores with a dianeter of - - PETNEEIN660BN be

determ ned. Cenerally, catalysts with |arger .

19 WD 99/ 49968

PCT/ US99/ 06603 pore vol unme and hi gher nedian pore dianeter are

preferred as taught -in U S. Pat No. 5,689, 023. Typical por.e vol unme
P ot he o BEm) oot & et iRy RS, SHEANYAG §% HARaded D op
0.10 to 0.45 cc/g. 5 . | One skilled in the art will readily

appr eci at e thigat quantity sQff gelee areatakyital isor 488 ukBaBNd1 P8P e RBTuNE

di stribution can be adjusted with proper nmanufacturing techniques

‘to get prefegabilyunesss fthamni@0 f ppmany Fgirv galdaddlupst whatpiost tamd.
This not w thstanding, the pronotional effect of noble 10 met al s,
preferabl y rhdiat the anbhasi of mebali present riglipreaferably légklithan to
the formulations will still be.unm stakabl e. The catal ysts- of

~ the spresent gonyght, | addamesel beEEE¥ELEF less tha&eﬁw%ﬁﬂ.enai& & H Py St S
and especially effective in pronoti ng the dehydrogenati on of

ethyl benzepg b0 (prRdYEengly discovered that extremely small quantities

(from 0.01 ppm to about 20 ppﬁ)-perform as well as laréer
quantities, such as quantities greater than about 1000 ppm.
When used in the continuocus process of dehydrogenéting

10 ethyl benzene to styrene, the catalysts of this invention -
exhibit better performance, i.e. higher conversioﬁ, improved
yield and higher B/T ratio, than similar catalysts which do

not contain noble metals. |

135 The following examples describe the invention in more
detail. Parts apd percent;ges are by weight unless otherwise
d;éigﬁated. I?on oxide used in all the following
preparations is a commercial product that may contain ppm

levels of Ti and Cr and may also contain minor amounts of

- 20 - other elements such as Si, Al, Mn, Mg, S, Cl, 2n, V, Cu,
atc.
© " Comparative’ dehydrogenation catalyst 1, with a

" composition of 11.2% potassium oxide (K;n, 88.8% iron oxide’

22



15 .styrene. Such dehydrogenati on reactlons are generally
“carried ouswawy/geeesct i on tenperatures from about 480[err]C t OPCT/US99/06603b0OUt -
700[ err] C, preferably about 535[err]C to about 650[err]C. The use :

of subat nospheri c, at nospheri'c, or super at nospheric

pressures are suitable for the reactions. Fbmever, based on 20

equilibriu 8 sel ectivit nsi der.ati ons, Is preferred : to
oper at e at r?gie? b’w"éasbr esqﬁlreecg % e. Theref ore at nospheri c
or subatnospheric pressure _is preferred ypically the

dehydr ogenat i on fpr JEEREITR | RE t HR at BRI TR amounts tﬁﬁs PRSFSALIEN s
conducted as a continuous operation

20 - carbanat® aggisgnhydrated iron oxide were dry blended with a

PCT/ US99/ 06603 utilizing a fixed bed which may consist of a single
stage or small aamennes off strg@aesc ofl ublrd caanty poredickinerentmiztédl with in
one or nore reactors. = Qther types of reactors and reactor ,
~confg gur at |v&H1§e1€aBobefdﬁ@daﬁ0reJédﬁdiﬁwrpﬂgﬂét i1y PeBedSSformed into 1N
t he dehydrogenati on process using the catal yst of this invention,

steam i S addeth @ {die1 Myd1 9eREbRR T Pefil Qamecer. WAl e flet B0 wkgaDVal

of car bonaceous resi dues fronlt e
dried several hours and then calcined (at 600°C)[

Example 2

The catalyst of Example 2 was prepared according to the
10 - procedure of Comparative Example 1, excepﬁ that a paliadium
niﬁrate'solution sﬁfficient'to prodﬁce a ceﬁeentration of
0.072% Pd in the final catalyet was added to the water used

to prepare the extrudable paste.
N The.catalysts~of.ComparativeﬁExamplerlaendexampleuzn
15 were tested for ethylbenzene dehydrogenation performance in
an externally heated'_tubﬁlar. reactor of 1" internal
diameter. A veporized, .preheated. mixture of steam and
ethylbenzene (with a molar ratio of about 12/1) was
introduced to the catalyst at controlled throughput and
20 . .pressure (LHSV = l.aﬁd pressure = 1_etm.) over a range of
temperature from 540°C to 570°C. . Dehydrogenated preduct
exiting the reactor was collected and analyzed.to determine
"_.con_-v'ersi'on '(%.C)""" of ethylbenzene and seleetivity (%s) to
rstyfene;r:Tabie;frsﬁeQe?the”effeeﬁ eﬁrperfefﬁence of the
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catal yst and to furnish heat for the reaction. Steamto

. hydr ocar. boRy@9d/496g at i os from about 3 to about 18 or hi gher péé)usggmsgn@n be
used. However, in order to conserve energy in the operation of the
process, steamto hydr ocarbon nol ar ratios - (S/IO of 12 or |ower
are pref erred "The contact tine of the reactant-containing gas
W th the catalyst is expressed in _terms of |iquid-hourly-space.

15 . vel cedtdlysHaverared aecadinedashednMant#orof |iquid

hydr ocar bon reactant per .volune of catalyst per hour. The B "LHSV of
the organic reactants can vary bet wedlaBAlEot 0.1 hour and about' 5
hour[err]. It has been surprisingly discovered that extrenely
20 smal | quantities of nobl'e netGonparenivagdded to the catal yst

‘result in erheacgsk perfornmance and sstfgdlierity. In fact Exddmple 2 has
beenssurprisingly discovered that smaller quantities of - . ° the noble"
metals (less_.than 1000 ppn. are._mre _effective_________than.lac geL_-_
quantrtres Plipoblgnnetal s (greater t han 5000 .

Pat£375% o

PCT/ USQQ/\ON% drogenatxor? nT; Thus, a better perform ng cacta%yst is

proqaced erformance _ %C %S %C %S
'570°C 46.86 94.62 50.10 S4.27
540°C ~ 25.62 96.15 33.30 96.04
15
The dehydrogenation catalyst of Compa;a;ive EXample 3
having the following nominal composition on oxide basis:
: _ 9.89% K,0
20 9.97% CeO,
2.53% MoO,
. 77.61%. Fe,0,
was prepared as follows:

25 _ A mixtu?e of the required ~amounts of potassium
carbonate, cerium carbonate, molybdenum  oxide, and
unhydrated iron oxide were dry blended with a small amount
of organic lubricant/poreformer, mixed with water to form an
extrudable paste, and then formed into cylindrical pellets

30 of 3 mm diameter. The pellets were dried several hours and

then calcined at 900°C.
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~the quantity of the catalyst is less than 1000 ppm
- pref er abl yW@e94996fan- 300 ppm .. For . pal | adi um rheni um and  PCT/US99/0§6f3i um

the anpbunt of netal present is preferably less than 5 100 ppm and
most preferably less than 20 ppm It has also ‘been surprisingly
di scovered that extrenely small quantities (fromO0.01 ppmto about

20 ppm performas well as largqﬁﬁmngles_ﬁ_%ﬁﬁfﬂities’ such as quantities
great.er than about 1000 ppm en_used in the continuous
process of dehy ogena th benzene t tyrene t he catal ysts
of this inventi EE%&% bPE. b*g‘ﬁ%?l r for o3 | WS h.BﬁSPareg
conversion, inpraoved ield and_higher B/ T ratlo than siml ar

catal ysts WRCOFddRg to therﬂﬁgﬁﬁéhQﬁrFQRJ he jRatalyst of Comparative
EXAMPLES 15 - The follow ng exanples describe the invention in nDre
detai|l. Pafxampie aeegéﬁpﬁg%baﬁrmaﬂsa@mrgmmmt@§0éuﬁepms@xample 4,
desi gnat ed. Iron- oxide wused in all the followng
pregarati o idiral tomodisme red gﬁatmnumtéumutmqn;xﬂxampﬂmpﬂ) suff1c1énuels of .
Ti and Cr and may al so contain mnor anobunts of . 20 other el enents such
as Si, , £t pidiiude éjcodﬁhndfaﬂlbn of 200 ﬁﬁﬁ palladium or 368 ppm
Cbnparatlve Exanple 1 . -Conparative dehydrogenation catalyst

1;OnW'Ot h de@latmum 1910'EHQ5H—zb@@ceivé103Y&Pﬂééséh5519§tge GKberaheh, £88. 8%
[ Xi
the water used ' to prepare . the ”extrudable paste for

pelletizing the'qatalysts,

10 The catalysts of Comparative Example 3 and Examples 4

and 5 were granulated (to a size of 0.85 to 1.18 mm) and- - - - -

evaluated for ethylbenZene'dehydrogenation performance in a

differential type'feaCtor (steam/0il=12 molar, p=1 atm.,

Eatalyst weight/feed. rate=14.7 times. (g. cat..x hr..+ mol).
15 Dehydrogenation performance data are shown in Table ITI along
with the indicated concentration of Pd or Pt. As in

—’.

Comparative Exampie 1, catalyst performance was determined
by analysis of the dehydrogenated product exiting the
reactor.

20
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22 WD 99/ 49968

© PCT/ US99/ 049749968 (Fe[err]derr]) was prepared as folrtcmasswossos

A mxture of the required anmounts of potassium car bonat e and
unhydr at ed iron oxide were dry blended with a smal | anount of
organi c lubricant/porefornmer, mxed wiith 5 water to form an extrudable
paste and then fornmed into gél i ndrical pellets of 3 nmdianeter.
The pellets were drie hours and then cal ci ned (at

600[err] C). , Exanpl e 2 : . The
cat al yst FreCat-tH-fre—6- t.ﬁ“ 45 procedure of
Conparatije Exarrpl e 1, agﬁg z 2 ?’e ¥ pEaiﬁElI“l Ellgu - mpr%i?r ht e sol ution
sufficien *8 B8 rum,b e .n.m.cr of 59 ~+—0—0-F2Rd— n the final
“catal yst . io:':o HEd—t-o—t-he—water—dses ¥ CM;W S—+hel ext rudabl e
pas e. .The|catal ysts of r é ¢ Ex % and - Exanpl e 2
5 rS"’E‘%%;ft&?‘tf'SP ¢t hyl benzene dehy r88 |on%g§ ?%rmhnce in
an exter o B e SF=0= 1= S ST =3 ‘ : .
di anet er. D_pA vapori zed] picehgated riget ur g (of st aam anoLs
10 600°C 30.73 98.41 35.94 | 98.21 35.54 98.51
585°C ’ 21.60 | 98.77 . . 28.56 98.63 27.59 98.50
15 570°C ' 14.23 98.96 21.94 98.89 21.41 . 99.13
§55°C l .9.15 '} 99.09 16.32 99.08 16.‘15 99.25
540°C 5.54 89.13 11.72 99.20 12.]:6 . 99.35
20 *Dehydrogenation Performance
Comparative Example 6
The dehydrogenation catalyst of Comparative Example 6 :

having the following nominal composition, on oxide basis:

25 9.89% K;0
N - 9.97% CeO,

2.53% WO,
77.61% Fe,0,

30 | Qés prepared as_folloWs:
A mixture of the required amounts of potassium
- carbonate, cerium éarbonate, tungsten oxide, and unhydrated
iron oxide were dry.blended with a small amount of organic
lubrlcant/poreformer, mlxed with water to form an extrudable
35 - paste, and then formed mlnto cylindrical pellets. of 3 mwm
diameter. The pellets were dried several hours and then

" calcined at 900°C.
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ethyl benzene - (With a nolar ratio of about 12/1) was
i ntroduced W@9¥4986% at al yst at controlled throughput and 20 PCT/U&%EQ‘Ere

(LHSV =1 and pressure = 1 atm) over a range of " tenperature from
540[err]C to 570[err] C. Dehydrogenated product exiting the reactor
was col |l ected and anal yzed to determ ne conversion (%) of
et hyl benzene and sel ectivity (ﬁﬁbﬂﬁies_l_and_ﬁFyrene Table | shows the
- effect on performance of the 23
WD 99/-49968 _ CT S 9/ 06603
catalyst prepar BiSacERFRIYEER, The FIBASHn7 0 § 5% 9588 -
TABLE | aratlve _ Cat al yst -
Exanpl e 1 accordlng tgxgﬁﬁ‘gq?quure for thg %g% of comﬁﬁﬁﬁﬁ&Y%Ilon
wt . % 0.072 - Deh dr ogenation 10- :
- Perforrranc@xample 6 except m)&;at pallmh.um nitrate gplutiog, Example 7,
570[err] C. 46. 86 94.62. . ... .50.10. 94,27 . .
540[5err] C or dinitrpgligmings pimtinum solutid®,3Ex0GIet 8, lﬁlfflcz.ent_.
Conparati ve Exanple 3 N The dehydrogenation catal yst of

_Corrpar ati veoEpaophee3a concentratlon of 200 ppm pallad:.um or 368 ppm"' '
platq.num in the respectlve ‘calcined catalysts, was’ added to
the -watér- used to prepare the ' eXtruciab’lé p'aét.e fo"r
pelletizing the catalysts.

10 “The 'ca.talys'ts of Comparative Exémple 6 and Example"s 7
-and -8 were -granﬁla'ted (to- a size ‘of 0.85 to 1.18 mm) -'and_- '

evaluated for ethylben.zene dehydrogenation performance in

the manner described in Exan{pl'e 3. Dehydrogenation
Eerformanc.e . data are shown in...Table-..III:'-..albng---. with. the .

15 indicated concentration of Pd or Pt.
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havi ng the foll ow ng nom nal

+9.-89% K[ er ildyoridoss
-2.53% Mo err]

was prepared as foll ows:

25

conposition on oxide basis:
"9. 97% Ce( erpdr/u:

$99/06603

77.61% Fe[err]Jerr]

A mxture

of the requ

i red

anounts of potassium car bonat e, cerium carbonate,
nol ybdenum oxi de, and ,unhédrat ed iron oxide were dry bl ended,
with.,a small anmount of org i cant/ porefornmer, mxed with
~water to form an _ extrudable paste. and then forned into . _
cylindri iial pellets 30 of 3 mmdiapeter. Thelpellets werejdried
several hours and t hettmgagdegrened] atam@O0[ er r | Gexample s
24 . WO 99/ 49968 - BN
PCT/ US99466663 | Exauple 6 Exarpl-es—4—ane—5
The _catalysts of Exanples W and 5 wefe prepare¢ accprding to
t he %)r oce¢dmmetetor the catalyst of ®amarhtiyve?d Efanple 3 _¢xcept that-
pal'l adi ugn nitrate sol ution, Bxanple 4, _ : ' .
o ‘ Promoter Concentration wt. % --- 0.0200 0.0368
) D.P.* 3C %S %C %S %C %S
10 -
§00°C .30.18 98.55 43,04 97.87 37.12 98.58
585°C 21.10 98.89 34.60 98.43 28.79 .98.95
15 570°C 14.39 99.05 27.08 28.32 22.16 99.15
555°C 9.49 99.;5 .20.55 99.00 16.78 .99.28
540°C . 5.91 99.19 14.99 99.17 12.74 99.37
20
*Dehydrogenation Performance
Comparative Example 9
. The dehydrogenation catalyst of Comparative_Example 9
- having the following nominal composition, on oxide basis:
25 9.5% K,0
2.2% MgO
.5.0% C=0,
2.5% MoO,
2.0% Ccao
30 78.8% Fe,O,
was prepared as follows:
A - mixture of “the required amounts of potassium
carbonate, magnesium carbonate, cerium carbonate, molybdenum
- 35 oxide, calcium hydroxide ‘and unhydrated iron'cxidé-were‘dry--~

blended with a small amount of organic. lubricant/porefcrmer, ... ..

28



5 or dinitrodiam ne platinumsolution, Exanple 5, sufficient to

.produce a owoewssst ion. of 200. ppm pal | adl um or 368 ppm PCT/URYRAGKOBUM. | N
the respecti-ve cal cined catalysts, was added to the water used
to prepare the extrudable paste for ' pell etizing the catal ysts.
10 The catal ysts of Corrpar ative Exarrpl e 3 and Exarrpl es 4 -

d s | at, 0.85 t | uat ed
For ot hyl bEPCEHL ASRYarATaE: Fon T oPf O THHAPLe Basteq; (3nd oFFER 1t ype

react or (steam 0|I-12 nol ar, c{) cat al yst. wei ght/feed
rate=14. 7 t§owmgdy. igkp, sy Hm 1{3&‘?1] HBHetslf?f 3 mehydisgessti-on The

performance data are shown in Table Il al ong - Wi th theindicated
- concent r at ipel gt sPd wereptdrieds seweral hougymeadat thenbxcadtndd datal yst
per formance was determ ned -+ - by analysis of the. dehydrogenated
product eX|Goaf’g:)t he reactor. 20 - o

The catalyﬁts of Exaﬁples 10, 11, 12 -an& 13 were
prepared according to the procedure for the CAtalyét'of
Comparativé Example.g excebﬁ that_amouﬁﬁs_of a palladium
nitrate solution, - sufficient to -éroduce tﬁe target

10 concentration of palladiﬁm in the calcined catalyst, were
added to.the water gsed.;q prepare the éxtrudable'paste“fo?j
pelletizing.

The‘gatalysts of Comparative'Example 9 and Examples 10
$hroughul3mwere granuléted-(tduassize of 0.85-to 1.18 -mm):

15 - and evaluated for ethylbenzene dehydrogenation perfofmance
in the manhe¥ described"in Example 3. Dehydrogenaticn
pérformance daté; are shown in Table IV along with the

indicated concentration of Pd.
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TABLE Il wo 99/49968 Conparative Exanple 4 ° Epemoke/iscos
Exanmple 3 - Pr onot er _ none - Pd - Pt
Pronmoter 5 " Concentration ---- 0. 0200 0. 0368 W .
% D. P* ”UwC U5 %5 % % 10 60[err]C
30.73 98.41 35.94 098.21 35.54 98.51 585C . 21.60 98.77
28. 56 98.63 27.59 - 99.90 I8RBELN C ~ 14.23 98.96 21.94
.98 .89 21.41 99.13 15 555[err]C : 9.15 99.00 16, .32
99.08 16.{5 99.25 540[prr] C 5.54 .99.13 11.72 '99.20 12.116
99.32 20 * Dehydr pgaiaativon Ppepéeremance | example 1 Example 12 Example 13
Conparativ Example 9 " The delydr ogenat ijon cat al yst of '
Comparati VEs —hpviTgthe ffortow g Tjont TTat— compost T on, jon
" oxi de ‘basi 5 Concenpgption 0.12 995489% K[ er’r’fO 9.010
9. 97% Ced prH AN T O
77 _61% Fe[ ELE’]-q er I‘] 3§Q ws VAP I EPY ed 8%5._ fq !%EOWE ‘3¢ L] ' AC Q‘*s
‘mxture 0 Ted] anopmts [ of ot asgrum —carponare,
cerjgum car popate, tupgsfen]gxjd 344.é‘njsWhﬁ1QE§t 8o | 408 LN Py delyer g
dry bl endegd with a spall apount of ofgani : N A
585°C 24.1 .93.9% 36.4 98.5 34.7 98.3 33.0 98.3 39.2 98.1
570°C 16.2 - 99,1 28.8 $8.7 26.6 88.4 25.7 98.5 30.9 - 98.6
15
855°C 1 10.3 99.1 21.4 98.9 19.4 - 98.5 19.0 . 58.8 23.5 98.9
540°C 6.4 99.1 15.8 98.9 13.85 98.5 13.5 98.9 17.0 . 99.2
20 *Dehydrogenation Performanca
) : ' .
‘Examples 14, 15, 16, 17
- The catalysts of Examples 14, 15, 16 and 17 were prepared
aécording to the"brocedure of Comparative Example 9 except
- 25 that amounts of zruthenium nitrate, chloroiridic acid or
rhodium chloride, sufficient to produce the indicated
concentrations of each noble metal promoter in the final
catalyst, were added to the water used to prepare the
extrudable paste.
- --30 ~ .- - The c_ataljrs‘-:. of Comparative Example 9 and Examples 14,

15, 16 and 17 .were granulé.ted (to a size of 0.85 to 1.18 mm)
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| ubri cant/por.eformer, m.xed with water to form an extrudable 35 past e,

~and then f oyorpakooés o cylindri-cal pellets of 3 nm di aPET/E899/05503
pellets were dried several hours and then cal cined at 900[err]C
26 . WD 99/ 49968 . '

PCT/ US99/ 06603 ~ Exanples 7 and 8

The catalysts_ of anples 7 and 8. were pre ed . ccording to |
t he proced ft(?rsr‘feﬁ: 18‘a{:§f"-yr§ qns) il &%ﬁnﬁqtiiérpq{omparaé%g&lﬁa@p& cgpt t hat
pal | adium nitrate sol ution, or dinitrodi am ne plati num

( ] Eﬁag_glae 7, . 5 _
sol uti on, Bekpsiregsnasiry ppepprmance datg BrEdgREVR dBndBRLEali 84°BF 200

ppm pal | adi um or .368 ppm platinumin the respective_cal cined
catal ysts, wih ddedrespective conrentgatgions efj Reo IprepaRbk imheach
extrudabl e paste for pelletizing the catalysts. 10 The
cat al ysts dfatGdgsar.ati ve Exanple 6 and Exanples 7 and 8 were granul ated
(to a-size of 0.85to 1.18 mm) and eval uated for ethyl benzene
dehyslr ogenat i on performance in: . Tablleev manner described’ in Exanple
3. Dehydrogenation ' '
Comparative Example 14 Example 15 Example 16 Example 17
Example $ . : L .o )
Promoter None . Ru Ir Rh Rh
10 Promoter
Concentration . .
we. % ~=== 0.02 ) 3.005 0.00 " 0.01
15 D.P.* ¥C %8 3C ¥S C *S . 3C ¥S xC XS
600 Deg. C 34.8 58.4 36.33 98.52 37.65 98.4 40.48 98.28 42.19 97.7%
585 Deg. C 24.1 98.9 27.68 98.9 27.42 98.86 30.41 98.77 33.99 98.01
20 570 Deg. C 16.2 99.1 | 20.73 | s0.09 | 19.32 | 99.08 | 22.23 | 9s5.02 | 26.08 93.1;
555 Deg. C 10.3 99.1 15.23 99.21 .13.3 '99.2 15.73 99.18 19.52 98.36
540 Deg. C ‘6.4 89.1 10.74 99.29 8.83 98.29 10.88 99,27 14.48 98.65
© 25 '

gDehydrcgenation Performance

Comparative Example 18
30 : The dehydrogenation catalyst of Comparative Example 18
having the following nominal composition, on oxide basis:

9.4% K,0

2.2% Mgo -

. 9.9% CeO,

- 35 : - : 2.5% MoO,
1.9% Cao
74.1% Fe,0,

was prepared as follows:
A mixture of .the ,required . amounts of potassium

carbondte, magnesium carbenate, cerium carbonate, molybdenum -

31




performance data are shown .in Table III along with the 15 i-ndi cat.ed

. concentr aty@@g/ggoss’d or Pt. : S * PCT/US99/06603
27 WD 99/ 49968 - :
PCT/ US99/ 06603 : "TABLE I 11
Conmparative Exanple 7 Exanpl e 8
Exanpl e 6

oxide, calcium hydroxide and unhydrated iron oxide was dry

blended with a small amount of orgénic lubricant/poreformer;'

Water was mulled into the mixture to form an extrudable .

‘paste. The paste was formed into'cylindrical pélleté of'3

5 . mm diametéx. The pellets were dried several hours and then_
calcined at ca. 840°C.

Examples 19, 20, 21, 22
The catalysts of Examples 19 through 22 were prepared
in the manner of the catalyst of Comparative Example 18

10 except that amounts of a palladium nitrate solution
sufficient to prqduce'fhé'target concentrations of Pd, in.
the calcined catalyst, were added to the water used to .
prepare the extrudable paste for pelletizing eachféxample
‘gatalyst. -

15 The cataiysts of Comparative Example 18 and Examples 19
thvough 22 were t°sted for dehydrogznation performance in
the manner described in axample 3 except that the range of
temperature was 538-593°C. Dehydrogenation performance data
are shown in Table VI élong with the indicated conéentration

20 of Pd. A%C is the absolute. deviatioﬁ in % ethylbeﬁzene
conversion of the invéntibn example catalysts versus that of

- the comparative examplé catalyst..A%S“ is the absolute
deviation in styrené' sgléctivity"'atﬂ'Gd% 'ethylbenz=ne'-

" conversion of 'theTinventidn“EXample'c&t&letsfversus ‘that

32



" Pronot er

5 Pr.onot er-

D-P. *

30.18 98.55 43.04 97.87 37.12°
21.10 98.89 34.60 098.43 28.79

Cav@R 29149968 | on.

W .

e

none Pd Pt
C e 0. 0200 . 0. PCHBS99/06603
%5 W U5 %C %S 10 : GOOC
98. 58 ~585[err]C
98.95 15 570[err] C

14,39 99. 0% Zgg-gg%oggggg%igg%@am%gg-zéaalyst' SHSHd 1 G coluene, .,

90.19 14.99 99.17 12.74 9.3 yd t P f
Comparat | v Sanie e Weight  Hefg &éfhy’a%a%ﬂat.%ogaﬂa ARG S

Conparative Exanple 9 havi ng the follomﬁng nom nal conp05|t|on
on oxi de badgkydrggenated products. = . . 9.5% K[ err] O

2.2% MgO , 5.0% Ce( err]

2. 5% Mo err] - TABLE VI - 2.0% CaO 30

78.8% Fe[err]Jerr] was prepared as follows: A
m xtfire cashlyst he r eciery: eBk .18 arfxample. 19 ofExampled a8SiBxample 21 Example 22
car bonat e, magnesium carbonate, cerium carbonate, nolybdenum 35

oxi de, cal ci um hydroxi de and unhydrated iron oxide were dry

tz)igended vmdth a srmll anmount _of or ggniy 82 ubri c%%és%orefo A= 0.06a
D.P*. at
10 Temp. °C - A%C B/T -~ A%C - B/T A%C B/T A%C B/T . A%C B/T
593 _ 0 .29 2.0 .30 1.6 .30 0.9 .30 2.5 .32
565 , o .34 4.4 .37 4.0 .36 3. .37 4.7 .40
538 0 .50 7.6 .55 6.8 .50 6.3 .56 6.5 .57
DSg, 0 -0.2 . 0.1 -0.2 -0.2
15 * Dehydrogenation Performance
. - Comparative Example 23
The dehydrogenation catalyst of Comparative Example 23
having the following nominal composition, on oxide basis:
9.5% K,0
20 2.2% MgoO
5.0% CeQ,
2.5% MoOQ,
2.0% Cao
78.8% Fe,0,
25 _
was prepared as follows:
A mixture of the required amounts of potassium carbonate,
magnesium carbonate, molybdenum oxide, calcium hydroxide and’
30 unhydrated iron oxide WEre"dfy’blendédfwith“aNSmall'amcuntfof'"
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WO 99/ 49968 ' PCT/ US99/ 06603 .
- m xed wW.t hwigdopsoodso f or m an extrudabl e paste, and then rCT/USO/O&R3 | Nt O
cylindrical pellets of 3 nmdianeter. The - pel l'ets were dried
several hours and then cal cined (at 600[err]C). 5
Exanmpl.es 10, 11, 12, 13 - The catalysts of Exanples 10, 11, 12

and 13 were epar ed ording o the edure for t he catalyst of
Conpar at PreaRkarhir Fa AT S megmLRES BrIuLh |%tEﬁ"tFFﬁ an agegiE e

solution, sufficient to produce the target, concer]tratlon of

pal | adi uRPiNtieR & CeFadTC MisTpse Was amlled ln%sdd'élae-t BrYhaigsuEe §9ed to
prepare the extrudabl e paste for pel |l eti zi ng. The

cat al yst fooit &onemetrudalsl eopagiie ThenpaBtanplaes £rdmed inta lydugidrigaler e
granul ated (to a size of 0.85 to 1.18 mm 15 and eval uated for

et hyl benpebtetehyfr eagmmatiiameperf orhenpellets werien dried aeveraledoiidged in
Exanpl e 3. Dehydrogenation performance data are shomn in Table IV

al osg W hHgt BBen ca1c1néadK§@t€@0Q9ncentrat'On of Pd.

The catalysts of ﬁ#amples 24 and 25 were prepared according
té the procedure for the catalyst of Comparative.Example 23
except palladium nitrate solution, Example 24, or dinitrodiamine
10 platinum solution, Example 25, sufficient to produce a
concentration of 640 ppm palladium or 1170'ppm piatinum in the
respective calcined catalysts, was added to the water used to

prepare the extrudable paste for pelletizing the catalysts.
. The catalysts of Comparative Example. 23 and-Examples 24 and
15 25 were tested in the manner described in Comparative Example 1.
: Dehydrogenatlon performanc= data are shown in Table VII along

Wluh the indicated concentratlon of Pd or Pt in the example

catalysts.
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29 . WO 99/ 49968

- PCT/ US99/ O &l 9/49968 _ e L TARLT7US96/06603 :
- Conparative - Exanple 10~ Exanple 11 . Exanpl e 12 Exanpl e 13
Exanpl e 9 Pal | adi um 5 Concentration ----
0.12 0. 064 0.031 0.010 w. %
D.P.* uC *S uC %5 %C ”9s %5 uC %5
10 . 600[err] C .+ 348 IRBIFRVAL 44 5 98.0. 43.1. 97.8
40. 8 97.9 47.7 97.3 585[err] C 24. 1 98.9
36.4 98abalys34. 7 98.3 .C93.0Ex 198 3  Ezgmple 2¢3 1 . Example 25
570[err]C ' 16. 2 99.1 28. 6 98. 7 26. 6 98. 4 25.7
98.5  3@rgmotes. 6 . none . Bd . . BE
' Promoter '
5 Concentration, wt. % = --- _ 0.064 . 0.117 -
D.P*. at
Temp. °C | o asc  a%C o A%C
500 - S : 0.1 0.5
570 O 5.3 - a1
10 540 0 ' 9.5 7.3
A% Sg, _ 0 : 0.12 : 0.0
Comparative Example 26

The dehydrogenation catalyst of comparative Example 26

15 haying the. following.nominal. composition, on oxide basis:
9.2% K20
2.1% Mgo -
9.7% Ce02
20 3.9% Wo3
1.9% CaO
73.2% Fe203
25 was prepared as follows:

A mixture of the required amounts of potassium carbonate,
magnesium carbonate, ammonium metatungstate, calcium hydroxide
and unhydrated iron'dxide.We;e blended together with enough water

“to  form ‘an ‘extrudable paste. The paste was formed into
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15 555[err] C . 10.3 99.1 21. 4 98.9 '19.4 .98.5

. 190 . 98 98.9 540[err] C" T pBrifian 99.1
Ioo o JrOMARE 00 oo ggo 17.0 99.2 - FCribsmissns
*Dehydrogenatlon Per f or mance Exanpl es 14,
15, 16, 17 The catal ysts of Exanples 14, 15, 16 and 17 were
pr epar ed according to the procedure of Cbnparatlve Exanple 9

-except clindricaflhgeldmmsntef f mut dbaneweni t r The, pedhilefrsniwexh cdwigdl or
rhodi umchloride, sufficient to produce the indicated

concent r glgv@ialohovaeh andbkBenetal cpnedoaer absuthe4di Aal

catal yst, were added to the water used to prepare the extrudabl e
paste. 30 The catalyst of tn ve Exanple 9 and Exanples
14, 15, 16 and 17 were granulated (toa size of 0.85"

1.18 mm . The catalyst of Example 27 was prepared asSQQllows ' A

5; : portlon of the catalyst prepared as Comparatlve Example 26 was

- post impregnated with palladium nitrate, to a level of 0.02% Pq,
using standard incipient wetness techniques.
The catalysts of Comparative Example 26 and Example 27 were

tested in the manner described in Comparative 'Example 18.

10 Dehydrogenation performance data are shown in Table VIII.
L
Catalyst Com. Ex 26 Example 27
'Pd Concentration, wt. % - 0.02
15 _ . _
D.P*. at
Temp. °C - _ A%C  B/T . A%C B/T
593 0 .16 1.6 .23
20 | | _ _
565 0 .16 4.7 .27
538 - 0 N/A 7.0 .42
*D.P. = Dehydrogenation Performance
. £ 2 ]
Comparative dehydrogenation catalyst having the following
30 ‘nominal composition, on Qxide basis:
9. 0% K20
2.1% Mgo
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WO 99/ 49968

PCT/ US99/ QWD %/49968 . and, tested in the manner descR$¢HEPY 94603
Conpar ative Exanple 3. Dehydr ogenati on perf-ormance data are
shown in Table V al ong with the respective concentrations of

Ru, Ir or Rh in each ~ catalyst. 5

Table V s%qggﬂgratlve Exanple 14 Exanpl e
15 . Exanpl e 16 Example 1 4% MoO3 - . Exanmple 9

Pr onot er None . . 1% C Ir Rh

Rh 10 Pr onot er » w4 8% %%qgentratlon W, % :
S 0. 02 . 0.001 Be U IS -
WS us us U - L UB 600 Deg. C

34.8 98.4 36.33 98.52  37.65 98.4 40.48 98.28 42.19 97.75
585 Deg.w&s prepared asgfgllowses 98.9 27.42 98.86 30.41 98.77
33.99 98.01 20 570 Deg. C 16.2 99.1 20.73  90.09
19.32  99.08A m22t2%e ofothe reg@ided a@g®uits of potassium SbddareC -
10.3 99.1 15.23 99.21 13.3° 99.2 ~ 15.73 99.18 19.52 98.36
540 Deg. mégnesiul. darb&atle, Meridm c2¥bddate, Sm8Bybd@Rum9%xide, SSalcin 27

14. 48 98. 65 25 *Dehydr ogenati on Perfornmance
Conpar at hy&r&x£d® £hd &inhydrd@ed iron oxide Wi @@ymaaaaat wQEhcatéfh.mt of
Conpar ati ve Exanple 18 havi ng the foll owi ng nom nal

Sozafiiééﬁ?ﬁFen oPXbE§alAS| Ribricant /poreformer, mixed with wg?ggbi%c§°rm

0
9. 9% Cegéeé£lrudable paste and then formed into “ribbed” extrusions with

a diameter of 2.8 mm (as described in US Patent 5,097,091).
The pellets were dried several hours and then calcined (at ~840 --
15 °0).
Example 29

. The catalyst of. Example.. 29 was p;epared as. follows. A
pértion of the éatalyst prepared as.Comparétive Example.28 was
poSt—imprégnated with pailadium'nitrate,.to a level of 50 ppm Pd,

20 usiné standard incipient wetness techniqués.

The catalysts of Comparative Example 28 and Example 29 were

tested in the manner described in Comparative -Example 18.

'Dehydrogenation performanée data are shéwn_in Table IX.
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35 : 2. 5% M err]

- 1.9% Ca0O - wo 99149968 - o 74. WOPCE?([@%&@B err]
was prepared as foll ows: 40 - A mxture of the

required amounts of potassium carbonat e, nmagnesi um
carbonate, cerium carbonate, nolybdenum

31 WD 99/ 49968 o . o

PCT/ US99/ 06603 oxi de, cal HARRERIE oxi de and unhydrated iron oxide
was dry bl ended with a small amount of - organic

| 'ubr i cantCaadeistr ner . Vat €omuaExampled2Bnt o t he n1Exam9150290rn1an
ext rudabl e paste. The paste was forned into cylindrical pellets of .

3 5 pANcdneeteatiohhatpdl | et s were dri-ed several hours andoshen

calgg ned at ca. 840[err]C. Exanpl e 19, 20, 21, 22
The catalg/$t. s @ Exanpl es 19 through 22 ver e pr epar ed ~ - in the manner -
of the catal yst of Conparative Exanple 18 10 except that anounts of
a  palladium {ptra solution . - agduf figisgnt to prodyge t heglarget
concentrationg%®P Pd, in t he caIC|ned égtalyst mérg addez%to t he
ggg Igsed to.593 prepare the exterabIe quge for peIEg%|2|ng’§§ch

565 0 0.31 4.5 0.36

538 0 0.40 . 8.7 0.50
15 | |

AS60 | | 0 - - -0.17

*D.P. = Dehydrogenation Performance

20 _ : )
The catalysts of the present invention display improved

‘activity, when compgred to its unpromoted counterpérts, as
- evidenced by increased convérsion at otherwise identical
co;ditiohs as shown in Figure 1. This Figure 1 shows the effect
25 - of palladium concentration on the catalyst on ethyi'bénzene
conversion with détaiysts prepared in the manner of Examples 19-
21 (palladium added during pellet formation). A%C numbers are
the average differences in ethyl benzéne conversion at 593°C,
565°C and 538°C between‘a catalyst with and Qithout_various
30 concentrations of palladium. ?his _Figure éﬁows ihproved
performance when the'coﬁcentration.of.palladium is less thaﬁ 100

ppm  {0.01%). The impro&ed .conversibn is achieved_ aﬁ_ no _ 

substantial loss in selecﬁivity. Moreover, the by-products - - - -
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catalyst. 15 The catal ysts of Conparative Exanple 18 and Exanpl es
19° WOPHE8 22 were t-est-ed for dehydrogenation perfor RERHUE99/46603 :
t he manner described in Exanple 3 except that the range of

tenperature was 538-593[err] C. Dehydrogenation performance data are
shown in Table VI along wth the indicated concentration 20 of Pd.

[err]%C. ' |on exaf&:xuﬁélﬁ £41@hi 6P FEa?f‘hﬁhW'ﬂi%?r&ﬂ%‘a catalys€&VEESLARsOf

t he i.nven e cata ysts versus that “of t he conparatlve
I t I d t]
cxamle oghal .V.o%x; SV G g e, A GRS By

i nvention e at al yst er.
32 er proéﬂg) g@?ﬁ%%GQE % e non-promoted catalysts, Examples. 19

PCT/ US99/ 06603 of the conpar ative exanple catan Benzene to
t ol uene, through 287 27| én@ha9msgmcqmﬂr@téﬁrebmeﬁol ol 26nanfn2ghe
dehydr ogenat ed products. TABLE VI 5

Cat af yst respectiGmy Ex 18 Exanpl e 19 Exanpl e 20 Exanple 21 Exanple 22
Higher activity of the promoted catalysts is evidgnt'across
the temperature range of the process, as demonstrated by the
'results of differential tests, Examples 4 and 5, 7 and 8, and 10
‘through 17 versus Comparative Examples 3, 6 and 9 réséectively.
10 By definition the conversions achieved in this type of_testing.
are lower than typical for commercial operaﬁion. The advantgge
of the differential, micro-reactor tests is.that it probes the
catalyst performance in  kinetic regime, free of diffusion
 inerferenceT“thusﬁprovidingpbetterw-fundamental,~insight:into
15 promoter effects. On the_other hand, wholé particle, integral,.
isothermal reactor tests, such as Examples 18 on, reflect better
thef expected comm;rcial opération .of the catalyst. The
" isothermal testé indicate that the activity increase in promoted
catalysts is highest at the lower fangé of typical operating
20 températﬁres_in tﬁe ethylbenzene to styrene dehydrogenation,
Examples 19 through 26. = However, this is probably due to
diffusional limitations of 3.00 mm pellets and not to lack of
.ipromocer effect. Analogoué.;gsuité, 6f integral tests on smaller

size,; shorter diffusion path, 2.8 mm ribbed extrusions styrene ... . .



Pd con., wt. % --- 0. 0023 0. 0050 0. 020 0. 064

D.P*.- at  Yooodegp- [err]C [err]%C B/I'T [err]0/£ B/ T pdeusdofocdds T
[err]CB/T [err]% BT 593, . 29 2.0 .30 1.6
. 30 0.9 .30 2.5 .32 565 : _ O .34 4.4 .37 4.0
. 36 3.9 37 4.7 .40 538 0 .50 7 6 .55 6.8
. 50 6.3 6. 5 S e £ 0.2
0.1 Ca??%ZSt demoﬂ???aththls*PBék§dr05 ﬁﬁ??oﬁc§%V+BYnaﬁﬁeeV1denced
The dehydr ogenation catalyst of Conparative Exanpl e 23 havi ng t he
fol | owi ngPodhazRassdpAnVareiah oxfdeobserved for Pd-promoted 2.8 mm
9.5% K[ err] O-20 2.2% MO
5. 0% Ceeibhed extrus;ons ‘as compared to unpropok¥d\b@kesidn of the
2.0% CaO 78.8% Fe[err]Jerr] 25
was prepatgchbgst Ol Eoavdiple 29 and CompaphiivéecERimpbe peguiresgeamnualg. of
pot assi um car bonat e, magnesi um car bonate, nol ybdenum oxi de,

cal Cs um hyelr %5&@% e dentunbydEat efei E@cﬁb&iﬁtﬂ?ré’\’efﬁgg y d ededaneth a

smal | amount of

' Notwithstanding, 1ncreased low temperature conversion of Pd
promoted 3.00 mm pellets is_especiallf beneficial in an adiabatic
system that by default has part of the bed operating at the lower

-end of the process temperature spectrum. The low temperature

10 operation, for anf'givep set conversion, in addition, brings
eﬁéﬁtmektended"éata1Yét'life and reduces fouling in the process

as compared to the unpromoted catalyst. Advantages fesulting

from increased conversion of oﬁly a few tenths of a percent, not
tq, -mention. on .- the oxder -of several percentage~ points.-as-j

15 ‘demonstrated in this invention, are extremely significant in
--cemmercial process which may produce maﬁy millions of pounds of
product per day.

The principles, preferred embodiments and modes of operation

of the.present invention have been described in the foregoing

20 specificatienL The inﬁentien which is iﬁtended to be prétected
" herein, however, is not to be construed as limited to _the
particulaf fetms dieclosed, eince these are to be regarded as
'1llustrat1ve rather than restrlctlvem"Variations'aﬂd”changes may -

“be wade by those skllled in the art - without” departlng from' the
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or gani ¢ | uwo sguségor.ef or mek. _The. required amount of an aqueREBUSI9/06603
solution of ceriumnitrate was nmulled into the dry mxture to forman
extrudabl e paste. The paste was fornmed into cylindrical pellets of 3
mm di aneter. The pellets were dried several hours 5 and then cal cined
(at 600][ err, : Exanpl es 24 and 25

The cat a|SF§%r ofOfExtg"nepllengeﬁ SRd 25 were pr epar ed accor di ng to the
procedure for the catalyst of Conparative Exanple 23 except pall adi um
nitrate .solution, Exanple 24, or dinitrodiamne -10 pl ati num solution,-
Exanple 25, sufficient . to produce a concentration of 640 ppm

pal | adi um or 1170 ppm plati num-in the : - respective cal cined catal ysts,-
was added to the water used to prepare the extrudable paste for
pelletizing the catal ysts. e The catal ysts of Conparative Exanple
23 and Exanples 24 and 15 25 were tested in the manner described in
Conpar ati ve Exanpl e 1. , Dehydr ogenati on performance data are shown in .
Tabl e VII al ong ©with the indi cated ‘concentration of Pd or Pt in the
exanpl e catal ysts. : :

/
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- PCT/-US99/ 0668 39/49968 This Sheet Has Been Replaced TABL EP M’ IbS99/06603
e TN =
Pr onot er none Pr onot er
5 Concentration, w. 0. 064 0.117 .
D. P*. at Tenp. [err]C : ) . lerrluC [err] %C
600 . 0 Whal‘—lS—Cl@—lmed—IL 0.5 570
0 - 5.3 4.1 10 540 ' 0

. 9.5 : 17.3A dehy@n¢g?ng§§qmr¢atalyst for an alkyleromatlc feed

0.14 0.0
T ' stream containing steam comprising about 30 to about 90 weight -

percent of an iron compound calculated as an Fe,0,, about 1 to
5 ~ about 50 weight percent of an alkali metal source caléulatedias'”
an alkéli metal oxide, about.o.l ppm to about 1000 ppm of a noble -
metal source sélected from the gréup consisting of elemental .
noble metals, compounds containing noble metals and combinations -
thereof, wherein all weight percents are based on'the tétal.
10 weight of the catalyst.
2. The dehydrogenatioﬁ catalyst cf Claim 1 wherein the
iron compound is iron oxide.
3. The dehydrogenation catalyst of Claim 1 wherein the
irQn.cohpound,is.awpotassium ferrite.
15 4. The catalyst of Claim 1 wherein the alkali meéal souxce
is a sodium ér pgtassium compound.

ES. The dehyéfogenatiqn catalyst of Claim 1 wherein the
alkali metal source is selected from the group consisting of an
alkali metal oxide,,nitrate;,hydrdxide, carbonate; bicarbonate,

20 - and combinations thereof. |

. 6. The catalyst of Claim 1 wherein the alkali metal -source-
is potassium carbonate. -

7. - The catalyst*oflglaim 1 whérein the.noblemetél'is

selected £rom . the group consisting of 'platinum, palladium, = -

N 00 AR




‘Conpar ative Exanple 26 The dehydrogenatlon cat al yst of
~conpar-at i vevaoumMepés: 26 . 15 havn ng.the foll owi ng nom nal cdAGEEUSIBI66A3 on

-oxi de basi s: - 9.2% K20

2. 1% MgO 9. 7% Ce( err] 20

3.9% WJerr] 1. 9% CaO _
73. 2% Felerr err 5 ared as foll ows: o A m xture
of the re’tﬁﬁ‘i’gﬂ“ r#ﬂﬁﬁ]su“bf %@a@%&%ﬁ%ﬁ? ‘bonat e, - . magnesi um car bonat e,
~anmmoni um net at ungst ate,. cal ¢i um hydr and unhvdrated iron_oxi de
ver e bl ended thget Hee V\F?Faiﬁﬁﬁgﬁf\/\/ﬁol@rlm 1 whegeipgihe, PoBle u'B%B?% is ..
paste. - The paste was fornmed into

35 selectegD Sppwobhg group consisting of platinum, palladium and
PCT/ US99/ 06603 cylindrical pellets of 3 nmdiameter. The pell ets
wer e dri esbmbinatimverhermaffis and then cal cined at about. 840 [err]C
Exarrpl e 27 . The catal yst-of Exanple 27 was prepared as follows.
A 5 - 9., . The catalyst of Claim 1 further comprising from about

0.5 to about 25.0 weight percent of a cerium compound calculated
as CeQ,. | |
10. The catalyst of Claim 1 further comprising frorﬁ-about
- 50 ppm to about 4.0 weight percent of a chromium compound,
10 calculated as Cr,0,.
11. The catalyst of Claim 1 further comprising from about
0.5 to about 25.0 weight p_,ercent-of a cerium compound calcu.?.ated,_
as Ce0Q, é.nd from about 0.5 to about 10.0 weight; percent of a
mctlybdenum -Or. ;.tungéten : c_ompound-..-calcui ated -as -MoQ; .or WO;..
15 12. The catalyst of Claim 1 further comprising 'ijom about
0.5 to abbut 25.0 weiéht percent of a cexrium compound, calculated
as 'Ceoz,- from abC)-I}E 0.5 to about 10.0 weight percent of a
mélybdenum or tungsten compound, calculated as MoO, or WO,, and .
from about. 0.2 _.to about 10.0 weight percent of a calcium or
20 ‘magnesium compound, cé.lculate._d as an oxide.
13. - The catalyst of Claim 12 further comprising from about
50 ppm to about 4.0 -we'ight. percent of a chromium compou_nd,

calculated as Cr,Q,.
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_ o m——
5 portion of the catalyst prepared as Conparative Exanple 26 was
_.post i mpr eg%dﬁ%ygst h pal | adi um ni tThisiSbset B9 BaenlREMELg Of 0. 02%pR4js90/06603 .-
I NCl

usi ng standar pi ent wetness tec The catal ysts of
Conpar ati ve Exanpl e 26 and Exanpl e w‘Uwested i n the manner
descri bed in Conparative Exanple 18. ogenati on performance

data are shown in Table VI11. . _ TABLE VI | |
Catalyst - - 14. The catalysCopf Ghaie 1 further Eympmpleing from almuit
Concentration, wt. %  _ - 0.02 15 D. P*. at
- Tenp:. [erm.6 to about 25.0 weightA@erddnE of a cerium compeunii%€alci@ dted
593 | B 0 .16 ' : 1.6 .23 20 .
.. 965 as .Ce0,, from about 0.9 to.a3Bout 10.0 weifht perddnt of 238
0 N A 7.0 .42 25 Jerr]Serr] '
0 derum or Ludh 1 pBubd zaPedragenal iid,PeL! qpma ’
_ vbd t d : )
Conpar atl\r/uéJ:I"I%‘;?ar%:l;‘luttatl fSr : ES =n comeorrpar acta‘l ve %ehydrogenafl on cgf al ystm

Do, Rl 940 Hour "I HPBULLAL o2"2O8hGRbIISEr calctun

36 - compound, and from about 10 ppm to about 2000 ppm of a source for

titanium calculated as TiO,, all weight percents calculated as
oxides.

.15. The catalyst.of Claim 1 further comprising  from about
10 0.1 weight percent to about 10.0 weight percent of a source for
at least one of thé fdllo&ing elements selected from the group
consisting of aluminum, silicon, zinc, manganese, cobalt, éopper;
vanadium and combinations thereof, ali weight percents calculated

oR an élemental-basisu=
15 ' 16. A dehydrogenation catalyst for an alkylaromatic feed
.stream containing ;teém comprising from about 40 to about 90
weight percent iron oxide calculated as Fe,0,, from about 5 to
about 20 weight,percené of an alkali metal compound calgulated
as an élkgli metal oxide, from. about 1 ppm to about 100 ppm df:
20 a source of noble'metal.sdurcé selected from the group conéis;ing
" of an elemental noble metals, éompounds'containing'a noble metal
and ¢ombinations thereof, from about 0.5 to about ld.o.weight
"”péréént of a m6iybaenﬁﬁ-o# tﬁhgéten compound, calculated as Moo,

“df”WQ3“andmfrch”éﬁcut“lld"ﬁd”aBOdt”lz.O weight percent of a

LT .




WO 99/ 49968 . PCf/U899/06603
‘9. 5% Ce2 WO 99/49968 = e e Thls Sheetia4 BocnBepa ced PCT/US99/06603

2. 1% CaO l was prepared as
fol |l ows: A mixture of the ts of potassium
car bonat e, magnesi um car bonat e, cerl um car bonat e, nol ybdenum oxi de,

calcium 10 hydr oxi de, and _.unhydrated iron oxjde were dry blended with a
smal I. cer’d%ylﬁﬂmﬁﬂ ungh g Saik E"‘Eéﬁ? caRt /et UFﬁEFlnn?‘&%d”%S}ht \REXGEnRtS
form an extrudabl e paste and then forned into "ri bbed" extrusions
with - are brsefier bhe 2tGtadn veiohiesof ithel ¢atalysmtent 5, 097, 091) ..

The peIIets were dried several hours and then calcined (at ~840 15

[err] Q). 17. The catalyst of Claim IExawhéee?fl . the alkaliTh@tal
catal yst of Exanple 29 was prepared as follows. A ' portlon of the _
cat al yst qumpeued bs L£ospdiatioe ;Exwgéﬂnﬁ&dtﬁﬁound post-inpregnated with
palladiumnitrate, to a level of 50 ppm Pd, u3|ng standard I nci pi ent

. wetngss technipwes.The catalystTBe @qta%ysﬂss vﬁ{e)!%gﬁp SbEéaEBL:QJ.Z% and
Exanpl e 29 were : tested in the manner descr d rrpara

‘Exanple  d&ected ﬂQ%ﬂYdEHQeﬂgééﬁg‘l&%hs&%@ﬁE&F data 5Hf%é§¥§”1lﬁlégy%d%,yx
1r1d1um, rhodium and ruthenlum.;
12. The catalyst. of Claim 16 wherein the nobie.metal is- - *
'rseleéted from the group consisting of platinum, palladium and
10 combinations thereof. |
'20. The catalyst of Claim 186 fﬁrther comprising from about
100 ppm to about 2000 ppm of a chromium compound.
21. The catalyst of Claim 16 further comprising from about
0.2 to about :10.0 weight percerit-=- .of- a -calcium- or magnesium-
15 compound, calculated as an oxide.
22. . The catalvsc of Claim 16 further comprising from about
10 épm to about 1000 ppm of a source for titanium, calculated as
TiO,.
23. The catalyst of Claim 16 further comprising from about_
20 -+ 100 ppm to about 1200 ppﬁ of a chromiuﬁ compdund, calculated as
Cr,0, and from aboﬁt_lo ppm to about 1000.ppm of a source for
titanium, calculated as TiO,. |
'24l""mhe catalysb oF Claim 16 furﬁher comprlslng "less than

. about '10.0 welght percent of- a source bo* at least one or the
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37 WD 99/ 49968 |

PCT/U899/0 . . - "TABLE I gﬁgalyst
Com Exanplem% 19968 " Exanpl e 29 Pd concentrati on>6‘v$/twus°%9/0 '
--- _ 0.005 5 D.P.* at o Temp [err]C
[err] %C B/ T [err] %C BIT 10 593 . _ 0
0. 26 2.5 0.31 - 565 ' 0 0.31
4.5.. 0fR4lowing elemepgg selected from the (group gomgisting of 7
0. 50 15 [err] S60 : 0 -0.17

- *D. P.. Ralurd hame nai l broke rfiorayamaegafiése, cobalt, cHppexst aystiunf ahd
present I nvention display inproved activity, when conpared to its

UNpr onot eGbnIwaaoRR t gher@sf, all evedgReedpbyceREs eaRad IR Sban &t
ot herwi se identi cal _ o
' elemantal basis.
5 S 25. A.dehydrogenation*catalyst fof.an alkylaromatic_feed
- gtream containing steam comprising froﬁ.about'407to-about 90
‘weight percent iron oxide calculated as=Fe;%,_from about 5 to
about 20 percenﬁ of a potassium compbund calculatad as potaSsigm
oxide, from about 0.1 ppm to about 20'ppm'of a noble metal source
10 selected from the group consisting of an elemental noble metal,
compounds containing a noble metal and combinations thereof, from.
about 0.5 to about: 10.0 weight parcent of a molybdenum or
tungsten compound calculated as McO, or WO,, from about 4.0 to
ahput 12.0 weight. percent of a-Cerium.cbmpound-calculated as
15°° Ce0,, from about 0.2 to about 10.0 weight percent of a calcium or
magnesium compound calculated as an oxide, from about 100 ppm to
aboat 2000 ppm of a'chromium compound calculated as Cfgk, and
from'about 10 ppm to about 1000 ppm of a source for'titanium.
calculated as Tioz,.wherein all weight percents are based on the
20 _total weight of the catalyst |
26. The catalyst of Clalﬁ 25.where1n the noble metal is
Selacted -;rom the._group copslstlng of palladlum,. platlnum,

‘rhodium, ruthenium and iridium.'

i . e
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.condltlons as. shown in Figure-1. This Figure -1 shows the effect 25  of
“pal | adi um wwoegesesat i on. on the catal yst on et hyI benzene  PCT/USIWSE03 ON
with catal ysts prepared in the-mnner of Exanples 19- 21 (pal | adi um
added during pellet formation). [err] % nunmbers are - the average '
differences in ethyl benzene conversion at 593 C, .565[err] C and

538[ err] C bet en cat al w th_and w t hqut |ous concentrations
of palladiu %’f #%ll}fset Qﬁov@a’r%%gve ected %‘?nﬁ e WRXPthe

concentration of palladiumis |less_than 100 ( 01% . = _ The
|nproved°°E§h§E%§90ﬁf PiatiputeyRgllagiugoand comgﬁﬁéFhﬁﬂﬁthP§§§frn

selectivity. Mor eover, the by-products .
38 e 28v[)§b¢4gggglyst of Claim 25 further comprlslng from about

PCT/ US99/ 06603 - formed with palladiumor platinumpronoted
cat al yst 8, 1oweidgints percentapm | atadutorn, 0 Hawee igigh epetmnpenef tp s@hrenetoB/ T,
ratio than by- products fornmed with the non-pronoted catal ysts,

Exafpl esat19east onkhoZUdthe?Zo1bwing 29 etented HACHESE REHMLIRS u;26
and 28, 5 respectively: ‘Hi gher activity of the pronoied '

Catalysté°h§ EEhﬂﬁnt:@C 29¥Minum, éff&é&ﬂpeHaﬂﬁéiééygeCBLaﬁEel%éﬁﬁ??

denonstrate
vanadium, and combinations thereof, calculated on an elemental

basisf
29. A process for dehydrogenating a mixture of primarily
3'10 "steam and an alkylaromatlc feed stream comprlslng passing the
steam/alkylaromatlc feed stream over the catalyst of Claim 1.

30. A process for dehydrogenating a mixture of primarily
steam and an élkylaromatic fééd stream ccmprising passing the
stgam/alkylaromaticffeedwstieamnaver=thencétalyst of..Claim 16.

15 -~ 31. A process for dehydfogenating a mixtﬁré of primarily
steam and an alkylaromatlc feed stream compr131ng passing the -

-

steam/alkylaromatic feed_stream over the catalyst of Claim 16.

_—
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results .of differential tests Exanples 4 -and 5, 7 and 8, and 10:

_.through 17 W%ryg)@%g:orrpar ative Exanples 3, 6'and 9 respecti Veb&mys@é?ossoﬁy
definition t

t han typical for commerci al operati on. Thqﬁmhmwnage 7 of. the
differential, micro-reactor tests.is that it probes the catalyst
performance in kinetic reginme, free of di f f usi on i nterference,
thus .providing better, -fundanmental, insight into 15  pronoter effects...On
- the other hand, whole particle, integral,, ‘i sothermal reactor tests,
such as Exanples 18 on, reflect better - the -expected..comercial -
operation of the cataIySt The . ~ isothermal .tests indi-cate that
- the act|V|ty i ncrease in pronoted catal ysts is highest at the |ower
range of typical operafing- 20 tenperatures in the, ethylbéhzene tto. -

e conversions achieved in ‘this type of testing- . are | ower . . ..

styrene dehydrogenatlo , Exanpl es 19 through 26. wever, fthis is

pr obably due to iffusional limtatiofg of 3.00 mmpellets and.not to
| ack of - pronDter ef fect. - Anal ogous resylts, of intggral testls on .
smal | er size, shorter diffusion path, 2.8 nmri bbed fext rusi ons
styrene- cafal yst denonstrate this int. Higher activijty, as
evi dence by incr¢ased conversion, is obseyved for Hd-pronotgd 2: 8 nm
ri bbed extrusions as c¢npared to unpronoted versian of thg -

Figure 1
Pd _Concentratign, Wt. % (log scale)

Delta % EB Conversion vs Pd Concentration
Average Performance at §937 5657 538° C-
Compared to Un-promoted Catalyst

-
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o o =) o 2 o =
8 3 8 8 8 S S =] e o 8 S
< ~ © 0 - « ™ - ° - o

O % Bied



P-882/PCT

, Exanple 29 and' Conpa 28, respectively,, 5, 4

effect i s evident across the tenperature rarnggs pste 5 isfgr:;]Cs R

. Notwi t hst andi-ng, increased | ow tenperature qon!er'giooﬁ'-o ‘B .. CePrgytoted
3. 00 myapalietsdemonspeatal khiibepefinti.al Higher atitibatyc, as evidencesdt hat

by default has part of the bed operating at the |ower. end of the

procesgpyt efREreases TRfldrElonheikowbsspasdt Gog Hd-prameredi aig frm any
gi ven sét conversion, in addition, brings about extended catal yst

life andpipducesttagibhe ids! kempa3eFSto unpPEméLERaRAs S hefunphenot ed
catal yst. Advantages resulting- fromincreased conversign of only a

fe“/teQEQ%fyséiFﬁ&é@é§é1%9ta d'Com.Qrgﬁggkp@ﬁémblé'ﬁ%fﬁfﬁ%peéﬁi§@Y§[a|

per centage “poi’'nt’s enmonstrated inthis invention, are extrenely

Son RN elee 3o SSARIRECHALRLORRES UNEEIATRLPLANGE TRNETELLRENS of

uct aay. princi preferre
enbodi nent s, %{m m)(gfs of .operati %51 of the Bresent "I nvent i (_)n.fhaigg been
descr | BIRFY I HSHARG RG0i g CTARS p 4O | ESRPSTACUTRe GORVART IR WhtchERs
i ntended to be profected *  -herein, however,  is _not to be, construed
as | i ninxamoted: e 00 mm pepletscis sesperhal iy Renpfdeiadi e aphadéaRptifo be
"regarded as illustrative rather than restrictive. Variations.and . -
changesysnem that byedefidelbyhadogarskof [the ibed pexat ing BSuthgepaweirng
‘fromthe- . © 40 N
.end of the process temperature spectrum. The low temperature
10 operation, for an& given set conversion, in ad&itionc brings
about extended catalyst life and reduces fouling in the process
as compared to the unprbﬁoted catalyst. Advantages resulting
from.increésed cénversion of only a few tenths of a pércent, not
Eo mention on the order of several percentage points as
15 demoqégrate&;iﬁ'this invention, are extremely significant -in
. .commercial process which .may prodheé many millions of pounds of
product per day.
The-principles, preferred embodiments and modes of operatioq
-of the'pfesent'invgntion have been described .in the foregoing
20  specification. The invention which is intended to be protec;ed'
herein, however, 1s noét to be construed as limited to the.
particular - forms disclosed, since .these are to be regarded as
1llustrative rather than restrictive. Variations and changés may

be made by those skilled in the art without—depewting—fTom CTHe

40
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A dehydr&:@eﬂ%ﬁ% catal yst for an al kyl ar omat |.e Jeelestreantedttai ntag®ss
. stedam :

‘cal cul
met al.

42 Anmended d ai

conprising 30 to '90. wei ght percenn 03 ansi.tan® éoﬁﬁ&hnﬂ. ‘s

of a'noble netal source sel écted frEkaims group consi sting of
el enental noble netals, conpounds containing-noble metals and
conbi nati.ofs t hek edehydiogenatipn ves gl ysler dent-samr alkydetapiattie feed-

t ot al-

wei ght of -the catal yst. .2. The catalyst of aim1l wherein the

i'ron anmmomrstaiming)m‘deamrcgmpaisinm 30.to f9@r meight percent of -an

iron compound calculated as an Feﬂh, 1-to 50 welght percent of an

-alkali metal source calculated as an alkali metal ox1de, 0 1 ppm to

1000 ppm of a noble metal source selected. from the group con51st1ng

of elementa1~noble metals, compounds containing noble metals and -

comblnatlons thereof, whereln all weight percents are based on. the

10-

total welght of - the catalyst.-*

2. The catalyst of Claim 1 wherein the iron compound is'iron-

"-oxide. or potassium ferrite.

15

thereof. -

3. The catal&st.of Claim 1 wherein the alkali metal source

is a-* sodlum or potassium compound, such as potassium carbonate. -

4.- The catalyst of Claim 1 whereln the alka11 metal source’

is selected from the -group con51st1ng of an alka11 metal ox1de,

n1trate, hydroxide, carbonate,_ blcarbonate, and comblnatlons—.'

-

5. . The catalyst bf'any'one of Claims 1 .to 4 wherein:the

-noble metal is selected from the group conslstlng of platlnum,

20

palladlum, iridium, rhodlum, and ruthenlum in partlcular.

6. The catalyst . of. any -one of Claims .1 to 5 further

-_comprlslng from 0. 5 to 25 0 welght percent of a cerium compound

-

'calculated as Ce0,.
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ated as an "Fe[err]Jerr], 1 to 50 wefght® p&tcent® 8f* an I k&l i
source cal cul ated as an alkal i metal oxide, 0.1 ppmto 1000 ppm




pot assi UPTR®&PBCRd, such as potassium car bonat.e se 4% - Jha®ta™H yst.af.

-(:at al yst of Claim1l wheress rret al source is a sog

. Calm1 wherein the alkali netal source is seI.e?:t.ecE f:r._df‘ra tie s **°, ® tgrtdurt
consisting of an alkali metal oxide, nitrate, hydroXidé&’ cafbdiate, i
. bicar bonate and conbi nati ons thereof. 5. The.catal yst of any one of

Cdaims 1 to/4 whErei Fatalysbl ofeany igneelaftt €daims  1f rom the fyrdier
consisting of platinum palladium ‘iridium rhadium and rutheni um.in .
parti ceomprisbng fmam c0al ppm ofo arf. bnwedh€l apercénto &ff w t lohromium

conprising from0.5 to 25.0 wei ght percent of a cerium corrpound
cal cul cerpburd Cechleunlated as Thgycatal yst of any oneé of Claims 1 to 6

further conptising from50 ppmto . 4.0 weight percent of "a chrom um -

conpound, ¢ cul'Bbed catadnyfsdr r pd eany. omfe . offh€ladind Y3t ©6 -a@y ferehelr

Cains 1 to 6 further ¢onprising. fromO0.5 to_25.0

a5 cer | compobpingdfremnc 0l 5t db 25 @ Cle hght f p@liﬂc@ni ig¥ 14 Berium co 'd
percent of -'a nbl.ybdenum.dr tungsten conpound cal cul.ated.as MoQferr] or

WJ'er r¢alc@latedhasced,ysnd)f faoyw ore, Dft6l aiTe. ¢ hél@h@”fb&ééﬁﬂ het a -

conprising-from0.5 to - 25.0 weight percent -of a cerium cenpound,

cal culms EebdeniGe @r ansh@s Sk OcdfpOund calcwehebl ernsag & wo ol ydenym or
.- tungsten conpound cal cul ated as Mo(Jerr] or .

Wei ght per'cent ‘ofhél €atslyst Ob£MBEPEShdMo s c1amFsorm06&J<51de §akCH! #Lednas an .
10. The catal yst of Cairm9 further -conprising fromb50 ppm+to 4.0

wei ghtcqfseisiing from 5 " @Y 0Ty gRRU Bl rceRlC Bka%e@eﬁuﬁr [:%\8%%35”
0 ppm of

_ The catal yst of Cla|m9 further conprising from

: 1e9sEsd f @is tEkeni u | culpteede@as Ti r t st, of
. onceaof e | fto ?{I Freal cCulpigedegs Tiid g %re'il.gh%_ g%JPEeﬁ@ adﬁ/ ta ont

oxi de.

J11.
20"

ppmto

further comprising Trom

t 0 10.fb MR dEHund i eRhgat e - Eeﬂbﬁﬁn&mcé‘icu éd%»ﬂotéﬁ IIJ? %Wd}(:from

el enents selected from't he group con5| sting of alumni

-mengangsge, t§0balgt..0 GRIRM
percents cal cul at ed on an e errenta

15 -

20

CO[’], Zl nc

calculated as an oxide. . _ L ’ -

10. The cata'lyst of Claim 9 further comprising. from 50 ppm -

to 4.0 .weight percent of a chromium compound, calculated as Cr203

11, The catalyst of Claim 9 further comprlsz.ng from 10 ppm to
2000 ppm of a source for tltanlum caLculated as TioO,.

12. The catalyst of any one - of Claims 1 to 11 further
comprising from 0 1 we:.ght percent to 10 0- we:.ght percent of a
source for at least one of the follow:.ng elements selected from the ‘
group consisting of .alum::.num, s:.l:.con,_ zinc, manganese,_ cobalt;
copper, vanadium-‘and_. 'c.om'bi_nations" théreof, -all weight per.cents_.

calculated on an elemental baeisf

* C L H. s  *
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NT SHEET 43 13. %
cat al ys?-$82(BFTone of Cainms I'to 6 conpri si ﬁg‘.lro'rhéﬁ',to.’%’%él gbMte %%
. percent iron oxide cal culated as Fe[err]qerr Fronis®o 200 W, ghl pérgent

of an al kali met al conpound ‘cal cul at ed s an B kE i et & oxi%te,®*Hf rom
1 ppmto 1000 ppm- of a noble metal source selected fromthe group
.consi sting 16¥. elTheemedialysh of any omet afsCledmpolintie. 6oabmpniagng fiobine
net al. and conbi nations thereof, from 0.5 to 10.0 wei ght percent of a
ol ybdénte o020t ungghbnpeanpntlnd;onabr;mdet edlculatedsadbBpy;; | foomWObeto]
and--from4.0 to 12.0 .eight percent -of a cerium conpound, - " cal cul.at ed
as Ce@®, weight nparbemal @ift greratkaliametadsecompotiie talaulatieghtas an of
the catalyst. 14. "Thé catalyst of Caim 13 .furt her conpti-sing from 100
ppm.t @12@0d petal exide, frbmoni urd cppmoted. 106! ppﬁhefcai aloisle Ohethai M.
"13 further conprising frromO0.2 ta 10..0 wei ght percent of - . a calciumor
rfagnesmaa)npeﬂladtedal £xorat dthensgaoupxi clensidbing Thef callahmgnta0f fbbie 13-
further- conprising from10 ppmto 1000 ppm of a *_ source for titani um
cal cumaited s5s Tofdfpeurfds - téntaihénegat al yabblE Ghet a1 135 haf t&'@fﬁb&ﬂg’@ibﬁ‘sng

. from 100 ppmto 1200 ppmof a .. chrom.um conpeund, cal cul ated as .
Cr [ er-thelreof], afwbrfir 0r0.50 PEM t1D . 100Re PPAL Obecent of OH! & fydddridm@nbym
~calculated as Tiderr]. 18. The catalyst of any one of (ai'ns 13 to 17

f urt heungemeni. congouads t£A2BulLLed as Mo@frlc&htvvdgeaﬁ&n*freﬁ agsguege-191 oat
- least one of the follow ng el enents sel ected . from'the group.

consi selightolpeatdetitnidina i BN, campGundPNEaIeSEat£Qbakt , ce0,, wROPESA
.- vanadi um and conbinations thereof, all weight, percents cal eufated -on . -

" @ el %flﬂnin%'lghﬁsgérceﬁes aIEebﬁééé| Mﬁttﬁé %ﬂa?“ﬁe?% n‘éhé +9t&gy§*9d .18
conprising. from40 to . wei ght “percent 1ron 0xi de ate

"Fe[err]( enyl;, - fMheMcatb2ysP Bf’f?ﬁim of3 3furt{12er %h@%%s&%‘?@%ﬂ“”ﬂoo PRE- .

cal cul.at ed as’-pot assi u+m Oxi de rrom4.0 percent;

ceri, u%comngpgalogjlaat&&ﬁ&ugpg@[mé{({% 100 .ppm t o 2000. ppm of .a

chrom um conpound cal cul at ed- as ‘err] and from'10 ppmto 1000 ppru

of ¢ m@wma%mw%mawﬁw%%@@%$%ﬁ?w§ﬂ&wb%wm

percents are based ton t t.otal .welg

procesy - bowedgh¥dpagenati

- -al kyl ar emat Fc%f gegest rggmagorrpr | %%%gtﬁpg%s@%gﬁﬁ&%{t%%@&}%w arona lat? eed’
Bt reansower otxq_@ecat al yst of any one of C-ains 1 to 19,

-16";. The catalyst of Claim 13 further comprJ.sJ.ng from 10 ppm.
.to 1000 ppm of a source for tltanlum, calculated as T102 '
'1_7. The catalyst of Claim 13 further comprls:l.ng from 100 ppm

to 1200 ppm of a chromlum compound, calculated .as, Cr,0; and - from

20. 10 ppm . to 1000 ppm of a source for tltanlum, calculated as. TlOz.
. ‘18-. The catalyst of any one of Clalms 13 to 17 further

_comprisihg less than 100 weight percent “of a source for .-at least.

*‘one of-the following elements selected from'-th'e 'group consisting cf
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aluminum, s-ilicon,. zinc, manganese, _c'obalt',--copper, -vanadium, ‘and
coml:inatlons thereof,_ all_ ueioht percents calculated on an '
elemental ‘basis._- - . | | L . .

TS The.’cataly;:at of any one of - Cla-lmsf-l ‘to 16 and 18

comprising from 40 to. -90 weight percent iron 'oxide ¢alculated.as

‘-Fezol, from 5 to 20 percent of a potass:.um compound calculated as

-potass:.um ox:.de, from 4.0 to 12 0 weight percent of a- cerlum'

compound calculated as CeOz,_ from 100 ppm t'o 2000 ppm of .a

'chromlum compound calculated as Cr,0;, and from 10 ppm to 1000 ppm
_of a .source- for tltanlum calculated- as TlOz, whereln all ‘weight

. percentS'are based. on the’ total weight of the catalyst.

20. A process for dehydrogenatlng a m:.xture of prlmarlly )

'steam and an alkylaromatlc feed stream comprlslng pass:.ng the

. steam/alkylaromatlc fe.ed stream over the 'cat_alyst of - a_ny one .of

Claims 1 to 19.°
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