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- DEHYDROGENATION CATALYST AND PROCESS

This invention relates to a process and catalyst for the dehydrogenation

- of hydrocarbons. More particularly, this invention relates to a catalyst and

process for the dehydrogenation of paraffinic hydrocarbon utilizing a catalyst

.comprising a platinum group metal and zinc on a support component
.comprising borosilicate and an alkali metal, useful for the production of high

oxygen-content fuels blending components (Oxygenates) and chemical
industry feedstocks .
Oxygenates have been part of the United States gasoline strategy since
the fate 1970s. With the recent enactment of the Clean Air Act Amendments of
1990, the demand for oxygenates has increased again such that gasoline is
now being blended to 2.7 weight percent oxygen and is being marketed in

‘numerous metropolitan areas that have failed to meet carbon monoxide

poliution standards. In the near future, it is expected that between 30 and 60
percent of the United States gasoline pool may require oxygenates.
- The most commonly used oxygenates today are methanol, ethanol, and

',Iet'h_ers such as methyl tertiary butyl ether (MTBE). Although methanol and

ethanol have high blending octanes, problems with toxicity, water miscibility,

components. As a resuit of the above, MTBE has become particularly
attractive.
.- Homologues of MTBE such as ethy! tertiary butyl ether (ETBE) and

: ni_ét_hyi tertiary amyl ether (TAME) are also gaining industry acceptance.

Moreover, commercial activity with respect to ETBE and TAME is expected to
increase relative to MT! BE, in view of recent Environmental Protection Agency

. decisions to reduce the RVP requirements for gasolines well below 9 psia, the
30

blending RVP of MTBE. :
. Ether. production capacity, however, is oﬂan lumated by iso-olefin-

fqedstock.qyailabnlny Commercial MTBE and ETBE processes both utilize

isobutylene as a feedstock while TAME processes utilize isoamylene as a

. __fe.edstock-.' :..:-;__..lsobutylene and isoamylene are generally _supplied to a
-.commercial ether process from a fluid catalytic cracking unit (FCC), a fluidized

or delayed coker, or from downstream paraffin isomerization and

_ dehydrogenation facilities. As a result, the availability of hydrocarbons having

- 4 or 5 carbon atoms is limited by constraints such as, but not limited to, crude
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propenieé. FCC catalyst properties and dperating conditions, coking
conditions, as well as by other refinery operating constraints. The chemical
mix of C4 and Cs paraffins, olefins, and aromatics as well as the particular mix

of iso-olefins to normal olefins are similarly constrained.

The relatively high ratio of capital and operating costs to the throughput
of ether product subsequently produced from the construction of new tacilities
for increasing ether process feedstocks further exacerbates oxygenate supply.
These costs are generally attributed to the high degree of complexity and the
sophisticated equipment connected to the operation of dehydrogenation or
isomerization processes such as, but not limited to, desutfurization, catalytic
reactor, and hydrogen supply and recirculation systems. The profitabiiity of
such new facilities is often dependent on the ability of the. refiner to keep
construction costs low and operating throughput high.

Thus, there exists a great need in the petroleum industry for a low cost
method of increasing oxygenate production feedstocks that overcomes or
avoids the obstacles described above and that is economically viable in terms
of construction cost and tacility utilization.

Processes for dehydrogenating paraﬁ'ns in the presence of hydrogen
and a catalyst comprising a platinum group metal on an amorphous alumina
support have been disclosed in the art.

For example, U. S. Patent Nos. 4,190,521, 4,374,046, and 4,458,098 to
Antos disclose a catalyst comprising a platinum group component, nickel, and
a zinc on a porous carrier material such as alumina for dehydrogenating
paraffinic hydrocarbon. _

U. S. Patent No. 4,438,288 to Imai et al. discioses a dehydrogenation
process using a catalyst comprising a platinum group component, an alkali or
alkaline earth component, and optionally a Group IV component such as tin,
on a porous support material such as alumina. The properties and
characteristics of the catalyst generally necessitate periodic catalyst
regeneration in the presence of a halogen.

Processes for dehydrogenating paraffins in the presence of hydrogen
and a catalyst comprising a platinum group metat on an aluminosilicate or
silicalite molecular sieve support have aiso been disclosed in the art.

For example, U. S. Patent Nos. 4,665,267 and 4,795,732 to Barri and U.
S. Patent Nos. 5,208,201, and 5,126,502 to Barri et al. disclose processes for
dehydrogenation of C2 to C1¢ paraffins using a catalyst comprising zinc and a
platinum group metal on a support having the silicalite structure wherein the
framework of the structure consists essentially of silicon and oxygen atoms or
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' of silicon, Zinc, and oxygen atoms The catalyst is generally formed such that it
is. substantlally free of all alkali or alkaline earth metals._

u. S Patent No. 4,727,216 to Miller dlscloses a process for
dehydrogenatmg isobutane in the presence of a sulfur-contammg gasanda
dehydrogenation catalyst The dehydrogenation catalyst comprises a sulfided
L zeolite containing from 8 - 10% by weight barium, from 0.6 - 1.0% platinum,

" and tin at an atomic ratio with t’he platinum of about 1:1. The dehydrogenation
- - catalyst further comprises an inorganic binder selected from the group

consisting of silica, alumina, and aluminosilicates.

A process for dehydrogenating paraffins in the presence of hydrogen
and a catalyst comprising a platinum group metal on a non-zeolitic borosahcate
molécular sieve support has been disclosed in the art.

U. S. Patent No. 4,433,190 to Sikkenga et al. discloses a process for
dehydrogenating and isomerizing a substantially linear alkane using a
dehydrogenation catalyst comprising an AMS-1B crystalline borosilicate-
based catalyst composition and containing a noble metal.

While the above-described processes and catalysts have achieved

'varying degrees of laboratory success, it has been found that in commercial

application, catalysts such as those described above have been prone to early
deactivation and short on-stream run lengths. In order to overcome this
obstacle, the process operator ‘has generally needed to perform the
dehydrogenation reaction in the presence of supplemental hydrogen for

“reducing catalyst coke formation. Supplemenital hydrogen supply facilities are

particularly complex and generally require costly compression and hydrogen
purification equupment. Moreover, supplemental hydrogen addition drives the

:dehydrogenation reaction stouchuometncally away trom dahydrogenatnon and
towards olefin saturation.

Notwnthstandmg the presence of supplemental hydrogen addition and

~ recirculation equipment, the process operator has still generally needed to
30

resort to catalyst regeneration. Catalyst regeneration is generally performed in
large, high temperature catalyst regenérators present in fluidized bed/riser-

~ schemes or through penodnc and’ frequent batch regeneration such as

performed with semi-regenerative fixed bed schemes. Catalyst regeneration

facilities are extremely costly. For fixed bed reaction schemes, an additional

swing reactor must be erected and the' process operated with at least one
reactor off-stream and'in regeneratioh mode all of the time. -

it has now been found that a dehydrogenation catalyst comprising a
platinum group metal and zinc on a support comprising borosilicate and an
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Paraffin Conversion

alkali metal provndes superior dehydrogenatlon performance in terms of
parafﬁn conversion, . olefin selectnvrty, and olefin yield to that of the prior art

‘dehydrogenation catalysts and maintains such level of superior performancs,
.without regeneration, far Ionger than any of the pnor art catalysts tested to

date.

it has also been lound that a dehydrogenatlon catalyst comprising a
plattnum group rnetal and zinc on a support comprising borosilicate and an
alkali metal provides such an extended operating cycle life, that it can be used
with or without supplemental hydrogen addmon while still achieving superior
levels of performance L :

For purposes of the present mvention paraffm conversron olefin
selettivity, and olefin yield shall have the following meanings and shall be
caiculated by mole and in accordance with the tolloWing models:

100 - Mol% HJ.RMHGI - llllol% Paramn DW 1 00
100 MOI% Hz product

Ole ity - Mol% Olefin oroguct
Olefin Selectivity = 150- Mo1% Hz product - MOI% Paraifin proguct ~ '
Olefin _Yleld = M&MM

100

It is therefore an object of the present invention to provide a
dehydrogenation process and. catalyst that eftectlvely dehydrogenate
paraffinic hydrocarbon ,

It is another object ot the present mventlon to. provrde a
dehydrogenation catalyst that reststs deactlvatr_on and prolongs catalyst cycle

~ lite under dehydrogenation conditions.

It is yet another object of the. present tnventron to provide a

_ dehydrogenatlon process.and catalyst that can be eftectively operated in the

absence of supplemental hydrogen addition. . ...

It is still another object of the present invention . to provrde a
dehydrogenatlon process that, in view of its slmplicrty can be adapted to
utilize equipment from any of several existing petroleum refinery. or chemical
plant operating facilities. _

Other objects appear herein.
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The above objects can be achieved by providing ‘a process for
dahydroge_n'ating a hydrocarbon feedstock and producing an olefinic product

- comprising contacting the feedstock at dehydrogenation conditions with a

dehydrogénation catalyst comprising from about 0.01 weight percent to about

.. 5.0 weight percent of a platinum group metal, from about 0.02 weight percent
- 'to:about 10.0 weight percent of zinc, and a suppon component comprising

borosilicate and an alkali metal. .
In another embodiment, the above objects can be achieved by
providing a dehydrogenation catalyst comprising from about 0.01 weight

- .percent to about 5.0 weight percent of a platinum group metal, from about 0.02

o ‘weight percent to about 10.0 weight percent of zinc, a borosilicate molecular
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.sieve, and from about 0.10 weight percent to about 10.0 weight percen't of an
- alkali metal.
15
' ~ provide superior overall dehydrogenation properties and particularly
. extraordinary levels of paraffin conversion closely approaching

- The dehydrogenation catalyst and process of the present invention

thermodynamic equilibrium. . The paraffin conversion and olefin selectivity

- attendant to the dehydrogenation catalyst and process of the present invention
. ge_nerally ‘result in olefin yield levels in excess of 25 percent, typically in
- @xcess of 35 percent, and commonly in excess of 40 percent.

The. dehydrogenation catalyst and process of the present invention

~ provide  the ‘above-described levels of performance ‘while resisting
-deactivation under dehydrogenation conditions, thereby extending catalyst
_cycle life. The dehydrogenation catalyst of the present invention can and has
- achieved olefin yield deactivation loss levels of 0.6 percent conversion per day
-or lees at a reaction temperature of 1050°F and 1.1 percent conversion or less

- at reaction temperatures of 1075°F.

The dehydrogenation catalyst and process of the present invention can
be utilized for on stream periods in excess of 400 hours at a reaction
temperature of 1000°F before raquiring catalyst regeneration or replacement. -
The dehydrogenation catalyst and process of the present invention are so

- effective with regard to catalyst stability and deactivation resistance that the

35

catalyst can be operated in the absence of supplemental hydrogen addition.

- Operating in the absence of supplemental hydrogen addition not only avoids

enormous capital and operating costs connected to the installation and

“operation of hydrogen recovery facilities but also favorably drives the

- SUBSTITUTE SHEET (RULE 26)



WO 96/01239 _ | . - PCT/US95/08322

10

15

20

25

30

35

dehydrogenation - reaction stoichiometrically towards increased

_dehydrogenation and olefin yieid and away from hydrogen saturation.

The dehydrogenation catalyst and orooess of the present invention can
be retrofitted to utilize existing processes and facilities such as, but not limited
to those formerly dedicated to naphtha reforming. A catalytic reformer can

' possess reaction syst'ems andmanifoiding, furnace hardware.' hydrocarbon

separation, and catalyst regeneration equipment partrcularly synergrstlc to use
with the process of the present invention. - :

- The hydrocarbon feedstock suitable for use ‘with about the present
invehtion generally comprises paraffinic hyd_rocarbons having from about 2 to
20 carbon atoms and more preferably from about 2 to 12 carbon atoms for best
results. The preferred hydrocarbon feedstock boils at a temperature of below
700°F at atmospheric pressure and more preferably below 450°F at

atmospheric pressure..

~ In one embodiment, the process can be provrded for. dehydrogenatmg
hydrocarbon for direct or eventual upgrade to ethers such as, but not limited to,

MTBE, ETBE, and TAME. Feedstocks for use with the present invention and

suitable for providing etherification feedstocks will generally comprise aliphatic -
or alicyclic hydrocarbon having from 3 to 7 carbon atoms. The preferred
feedstocks generally comprise at least 5 weight percent paraffinic hydrocarbon
and more preferably at least 10 weight percent paraffinic hydrocarbon to justify

the capital and operating costs to perform dehydrogenation. Since most

etherification processes convert iso-olefins to ethers, the feedstock to such
processes often requires: isomerization prior to etherification. The feedstock
suitable for use with the present invention can effectively dehydrogenate
isoparaffing as well as normal paraffins therefore providing the flexibility to

. incorporate the process upstream downstream or concurrent Wlth an

isomerization step. -
In a second embodnment the process can be prowded for-

| dehydrogenating hydrocarbon for improving gasoline research and/or motor

octane. Generally, olefinic hydracarbon boiling in the gasoline or naphtha

- boiling point temperature range has a higher research and motor octane than

its paraffinic counterparts. At least a portion of such feedstocks will generally
comprise paraffinic hydrocarbon having from 4-to 12 carbon atoms and the:
paraffinic hydrocarbon can be normal, isomeric, or a combination thereof.

SUBSTITUTE SHEET (RULE 26)



10

- 18

20

25

30

35

' WO 96/01239 - | | | PCT/US95/08322

In a third embodiment, the process can be provided to dehydrogenate
hydrocarbon for feed to a petroleum refinery alkylation process. Feedstocks
suitable for dehydrogenation in accordance with the present invention and for
providing alkylation unit feedstock preferably comprise paraffinic hydrocarbon
having from 3 to 6 carbon atoms and more preferably from- 3 to 5 carbon
atoms. The paraffinic fraction of the feedstock can be normal, |somenc. ora
combination thereof. ' : :

in still another embodiment, the process can be provided to
dehydrogenate hydrocarbon as feed for commercial chemical manufacture.
Feedstocks having from 2 to 4 carbon atoms can be dehydrogenated into

" olefinic feedstocks for the subsequent production of polyethylens,

polypropylene, polybutene, or other chemical compositions that are commonly
sold in solid or liquid forms. - : .

The above feedstocks can be processed through the process of the
present invention neat or can be combined with recycled portions of the

_product stream from the dehydrogenation process. Similarly, combinations of

the above-described feedstock embodiments can be directed to the process of
the present invention and the products subsequently fractionated to individual
product pools. The process of the present invention can also be operated in
“blocked out” mode where only one feedstock is processed through the facility
at any one time. Blocked out operation simplifies processing capital

. requirements but can also increase tankage capital and inventory holding

costs. Other feedstock combinations and methods to comport the process of
the present invention to individual needs will be known to those skilled in the
- The process of the present invention comprises a dehydrogenation

catalyst comprising a platinum group metal and zinc on a support component

comprising a- borosilicate molecular sieve and an alkali metal. The

borosilicate molecular sieve-containing support can also comprise an

inorganic oxide binder. :

_ The preferred crystallme borosmcate molecular sieves are of the AMS’
type and have the following compaosition in terms of mole ratios of oxides:

0.9 £ 0.2 MamO:B203:ySiO2:2H20

Whér_ein M is at least one éation having-a 'valence_ of n, y ranges from about 4
to about 600, and z ranges from 0 to about 160, and provide an X-ray
diffraction pattern comprising the following X-ray lines and assigned strengths:
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.Spacing (A) | ' Assianed Stren

112102 W-v§ -

7 10.0.£0.2 - W-MS

- 5.97+0.07 ' W-M
3.82+005 . VS
3.70 £ 0.05 ' 'MS

~ 3.62£0.05 - o " M-MS
2,97 £0.02 WM

1.99 £ 0.02 : VW-M

- For ease of reporting X-ray diffraction results, relative intensities
(relative peak heights) were arbitrarily assigned the following values:

Relative Peak Height . Assigned Strenath
‘lessthan 10 . VW, (very weak)
10-19 W (weak)
20-39 : M (medium)
40-70 | MS (medium strong)

greater than 70 VS (very strong)

The preferred borosilicate molecular sieve, by virtue of its superior
stability and selectivity, is the AMS-1B type which is in the sodium form as
synthesized. The original cation in the AMS-1B ‘crystalline borosilicate
molecular sieve, which usually is sodium ion, can be replaced all or in part by
ion exchange with other cations including other metal ions and their amino
comploxes. -alkylammonium .ions, ‘hydrogen ions; and mixtures thereof.
Preferred replacing cations are those which render the crystaliine borosilicate
molecular sieve catalytically active, particularly for hydrocarbon conversion.
Suitable catalytically active ions include hydrogen, metal ions of Groups IB,

1A, 1B, NIA, VIB, and VIiI (IUPAC), and-ions of ‘manganese, vanadium,

chromium, uranium, and rare earth elements. The preferred form of AMS-1B is
the hydrogen form, HAMS-1B, which can be prepared by ammonium

- exchange followed by calcination. Further details with respect to these

crystalline borosilicate molecular sieves can be found in commonly assigned

U.S. Patent No. 4,269,813 to Klotz, which is herein incorporated by reference.
The AMS-1B borosilicate molecular sieve useful in this invention can be

prepared by crystallizing an aqueous mixture of cation sources, an oxide of
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pH.

- Typically, the mole ratios of the various reactants can be varied to
produce the clystauine borosilicate molecular sieve of this invention.
Specifically, the mole ratios of the initial reactant concentrations are indicated

. below: :
| o : Most
: Broad Preferrad Preferred
SiO2/B203 5-400  10-150 = 10-80
R2O*[R20*+M2n0]  0.1-1.0  0.2-0.97 0.3-0.97

OH/SIO2 - 0.01-11  0.1-2 0.1-1

‘wherein R is an organic compound and M is a least one cation having a

valence n, such as an alkali metal or an alkaline earth metal cation. By
regulation of the quantity of boron (represented as B203) in the reaction

_mixture, it is possible to vary the SiO2 molar ratio in the final product.

More specifically, the material useful in the present invention is
prepared by mixing a cation source compound, a boron oxide source, and an
organic template compound in water (preferably distilled or deionized). The

-order of addition is generally not critical aithough a typical procedure is to

dissolve sodium hydroxide and boric acid in water and then add the template
compound. Generally, after adjusting the pH, the silicon oxide compound is

- added, with intensive mixing, such as that performed in a Waring biender.

After the pH is checked and adjusted if necessary, the resuiting slurry is

transferred to a closed crystaliization vessel for a suitable time.. After

crystallization, the resulting crystalline product can be filtered, washed with
water, dried, and calcined.

- During preparation, acidic conditions should be avoided. When alkali
metal hydroxides are used, the vaiues of the ratio of OH"/SiO2 shown above
should furnish a pH of the system that broadly falls within the range of about 9

. to about 13.5. Advantageously, the pH of the reaction system falls within the -

range of about 10.5 to about 11.5 and. more preferably ‘between about 10.8
and about 11.2 for best results.

- Examples of oxides of silicon useful in tms mvemion include snliclc acid,
sodlum silicate, tetraalkyl silicates, and Ludox, a stabilized polymer of silicic

. acid manufactured by E. 1. DuPont de Nemours & Co. The silica source is

preferably a low sodium content silica source containing less than 2,000 ppm

- sodium and more preferably less than 1000 ppm sodium, such as Ludox HS-
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40 which contains about 40 wt% SiO2 and 0.08 wi% NazO or Nalco 2327
which has similar specifications. The oxide of boron source is generally boric
acid although equivalent species-can be used such as sodium borate and
other boron-contammg ‘compounds. - - -

Catlons useful in formation of AMS-1B include alkalu metal and alkaline

‘earth metal cations such as sodium, potassium, lithium, calcium, and

magnesium. Ammonium cations may be used alone or in conjunction with

“such metal cations. Since basic conditions are required for crystallization of

the molecular sieve of this invention, the source of such cation usually is a
hydroxide such as sodium hydroxide. Alternatively, AMS-1B can be prepared
directly in the hydrogen form by replacing such metal cation with an organic
basé such as ethylenediamine.

- Organic templates useful in preparing. AMS-1B crystallme borosilicate
molecular sieves include alkylammonium cations or precursors thereof such
as tetraalkylammonium compounds. A useful organic template is tetra-n-
propylammonium bromide. Diamines, such as hexamethylenednamme, can
aiso be used. . : . o :

it is noted that the preferable amount of alkylammonium temiplate
compound used in the above-described preparation method is substantially
less than that required to produce AMS-1B conventnonally usmg an alkali
metal cation base. S .

The crystalline borosihcate molecular sieve' prepared by the above-

~described method typically contains at least9, 000 ppm boron and less than

about 100 ppm sodium and is designated as HAMS-1B-3. The HAMS-1B-3
crystalline  borosilicate molecular sieve has a higher boron content and a
lower sodium content than crystalline borosilicates formed using conventional
techniques. : _

in a more detailed descriptnon of a typical preparatlon of the borosilucate -
used in the catalyst and process of the present invention, suitable quantmes of
sodium hydroxide and boric acid {H3BOg3) are dissolved in distilled or.
deionized water followed by addition of the organic template. The pH may be "
adjusted between about 11.0 £ 0.2 using a compatible base or acid such as
sodium bisulfate or sodium hydroxide. After sufficient quantities of silicic acid

polymer (Ludox HS-40) are added with intensive mixing, the pH can again be

checked and adjusted to a range of from about 11.0 £ 0.2. The resutting slurry

is transferred to a closed crystallization vessel and reacted usually at a

pressure of at least.the vapor pressure of water for a time sufficient to permit

crystallizatioh. This time period generally ranges from about 6 hours to about
SUBSTITUTE SHEET (RULE 26)



WO 96/01239 o : PCT/US95/08322

10

.18
20
.25

30

11

20 days, typically from about 1 day to about 10 days, and preferably extends
from about 5 days to about 7 days. The temperature for crystallization is

. generally maintained at from about 212°F to about 482°F, preferably from

- about 257°F to about 392°F, and more preferably at about 329°F for best
" results. - The crystallizing material can be stirred or agitated as in a rocker

.. bomb. Preferably, the crystallization temperature is maintained -below the

decomposition temperature of the organic template compound. Samples of

_material can be removed during crystallization to check the degree of

crystallization and determine the optimum crystallization time. _
The crystalline material formed can be separated and recovered by

~ well-known means such as by filtration with washing. This material can be

mildly. dried for anywhere from a few hours to a few days at varying

~ temperatures, typically ranging from about 77°F to about 392°F, to form a dry

cake. The dry cake can then be crushed to a powder or to smali particles and
extruded, pelletized, or made into forms suitable for its intended use.

- Typically, materials prepared after mild drying contain the organic template
- compound and water of hydration with the solid mass and a subsequent

activation or calcination procedure is necessary if it is desired to remove this
material from the final product. Caicination is generally performed at
temperatures ranging from about 500°F to about 1562°F and preferably from

- about 977°F to about 1112°F for best results. Extreme calicination

temperatures or prolonged crystallization times may prove detrimental to the
crystal structure or may destroy it. Generally there is minimal benefit in raising
the caicination temperature beyond about 1112°F in order to remove organic
material from the originally formed crystalline material. The molecular sieve
material can then be dried in a forced draft oven at about 329°F for about 16

“hours prior to calcination in air in a manner such that the temperature rise
- does not exceed 225°F per hour. Once a temperature of about 1000°F is

reached, calcination tamperature is generally maintained for about an
add‘nlonal 4 to 16 hours.’ S
‘The dehydrogenation metals in accordance with the present invention -

| generally include a zinc ccmponent in combination with one or mcre platinum

- . group metals.

35

The zinc component can be prasent in its elemental form or as its oxide,
sulfide, or mixtures thereof. The zinc component is generally present in the

dehydrogenation catalySt in an amount ranging from -about 0.02 weight .
- percent to about 10.0 weight percent, preferably from about 0.1 weight percent

to about 5.0 weight percent, and more preferably from about 1.0 weight
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percent to about 4.0 weight percent based on the total weight of the

dehydrogenation catalyst and calculated as oxide, for best results.

The platinum group metal component can include one or more of the
platinum group metals, preferably platinum or palladium, and more preferably
platinum for best results. -The platinum group metals can be present in the
dehydrogenation catalyst.in their elemental form or as their oxides, sulfides, or
mixtures thereof. The platinum group metals are cumulatively present in an
amount ranging from about 0.01 weight percent to about 5.0 weight percent,
preferably from about 0.1 weight percent o about 3.0 weight percent, more
preferably from about 0.1 weight percent to about 2.0 weight percent, and most
preferably from about 0.1 weight percent to about 1.5 weight percent based on
the fotal weight of the catalyst and caiculated as oxide, for best resuits.

Catalyst dehydrogenation metals concentrations outside of the above-
described zinc and cumulative platinum group metals ranges are generaily
less economic. Higher metals concentrations can require more total

dehydrogenation metal component due 'to_ reduced dispersion and
- hydrocarbon/catalyst contact.. Lower metals concentration can result in
increased support material requirements, catalyst handling, transportatlon

and capital costs.

The zinc and platinum group dehydrogenatlon metal components can
be deposed or incorporated upon the support component by impregnation
empioying heat-decomposable salts of the zinc and platinum group metais or

“through other methods known to those skilled in the art such as ion-exchange,

with impregnation mot_hods_being preferred. The zinc and platinum group
metals can be impregnated onto the support separately, or can be co-

impregnated onto the support. Suitable aqueous impregnation solutions

include, but are not limited to, zinc nitrate, zinc chioride, chioroplatinic acid,

- palladium chloride, tetraamme palladuum ohlonde. and tetraamine platinum

chioride. : :
Impregnation uslng an mprognation solutson oompnsmg zinc mtrate and
tetraamine platinum chloride can. be porfo_rmod by precalcining the

- dehydrogenation support component, in the form of a powder, pellets,

extrudates, or spheres and determining the amount of water that must be
added to wet all of the material. The zinc nitrate and tetraamine platinum

‘chioride are then dissolved in the caiculated amount of water, and the solution

added to the support.in a manner such that the solution completely saturates .

the support. ‘The zinc nitrate and tetraamine platinum-chioride are added in a

manner such that the aqueous solution contains the total amount of elemental
SUBSTITUTE SHEET (RULE 26)



WO 96/01239 S : PCT/US95/08322

10

15

20

25

30

35

13

- 2inc and platinum to be'deposited on the given mass of support. Impregnation

can be performed for each metal separately, inciuding an intervening drying
step between impregnations, or as a single co-impregnation- step. The
saturated 'support is then generally separated, drained, and dried in
preparation for calcining. Commercially,,drair_\ing volumes can be reduced in
order to reduce zinc and platinum losses and waste water handling costs by

providing less than the full amount of aqueous solution (such as from 90% to
- 100% by volume of aqueous solution) necessary to saturate all of the support.
- Calcination generally is performed at a temperature of from about 600°F to

about 1,202°F (315°C to about 650°C), or more preferably from about 700°F to

-about 1,067°F (371°C to about 5§75°C) tor best results.

it has been found that combining zinc and platinum group metal
components in accordance with the present invention provides substantially
improved dehydrogenation stability resulting in longer catalyst cycles between
regenerations and extended overall catalyst life before replacement, The zinc

- and platinum group metals can be added to the catalyst of the present

invention in zinc to platinum group weight ratios extending from 10:1 to 1:10,
preferably from 7:1 to 1:7, and most preferably from 7:1 to 1:1 for best results.

~ It has also been found that during dehydrogenation operation in
accordance with the present invention, post-analysis of the catalyst after
significant hours oh_ stream can show significant reductions in zinc
concentration on the catalyst to levels as low as 50 percent, 25 percent, and
even 15 percent of the level of the. originally impregnated catalyst. This is
believed to be true due to volatilization of the impregnated zinc component
during dehydrogenation operations where operating temperatures can often
exceed 1000°F. While the zinc concentrations and therefore the zinc to
platinum ratio tend to be reduced with on stream time, the catalyst
performance is generally not substantially effected. Zinc volatilization can be

-managed by post incorporation of zinc after a regeneration cycle or by addition

of a Group IVB metal such as zirconium during initial catalyst formulation.
The dehydrogenation catalyst in accordance with the present invention -

~ can and generally comprises various binders or matrix materials depending
- on the intended process use. The base catalyst can be combined with active

or inactive materials, synthetic or naturally-occurring zeolites, as well as

‘inorganic or organic materials which would be useful for binding the

borosilicate. Well-known materials include silica, silica-alumina, alumina,
alumina sols, hydrated aluminas, clays such as bentonite or kaoclin, or other
binders known in the art. | -
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~ Silica is the preferred binder for use with the dehydrogenation catalyst
of the present invention. Dehydrogenation catalysts in accordance with the
present invention-and having silica binders are ‘generally preferable to

alternative bmders in that they do not generally affect overall eetalyst acidity in

centradistmcuon to binders such as alumma and other metal oxldes commonly

used in catalysis. . . o
The borosilicate molecular sieve oemponent is generally present in the

- dehydrogenetlon catalyst of the present invention in.an amount ranging from

about 5.0 weight percent to about 98.0 weight percent, preferably from about
20.0 weight percent to '_about-so.O'Weight percent, and more preferably from
about 40.0 Weight'perc"ent to about 60.0 weight percent for best results.
Crystaliine borosilicate molecular sieve ‘component. concentrations as a
percentage of. the dehydrogenatlon catalyst, in-a range of from about 40.0
weight percent to about 60:0: weight percent, are particularly preferred '-

_because it has been found, that these levels promote an optimum balance of

paraffin conversion and olefin selectivity for producing maximum volume
yields of the desired olefins. Higher percentages of the borosilicate molecular

sieve component can ‘result in a softer and ‘less attrition : resistant

dehydrogenation. catalyst which can reduce catelyst life and increase catalyst
costs. Lower percentages of the borosilicate molecular sleve component can
result in larger catalytic reactor size requirements.

‘Methods: for dispersmg the base catalyst comprising the borosilicate
molecular sieve and -dehydrogenation metal components in accordance with
the present invention within'a- refractory inorganic oxide matrix component are
generally well-known to persons skilled in the art. A preferred method is to
blend the base eetelyst component, preferably in a finely divided form, into a '
sol, hydrosol, or hydrogel of an inorganic oxide, and then add a gelling

. - medium such as ammonium hydroxide to the blend with stirring to produce a

30

35

gel. The resulting ge! 'c_an be dried, dimensionally formed if desired, and
caicined. Drying.is preferably conducted in air at a temperature of about 80°F
to about 350°F (about 27°C to about 177°C) for a period of several seconds to-
several hours.: Calcination is preferably conducted by heating in air at about

932°F to about 1202°F (about 500°C to about 650°C) for a period’ of time
 ranging from about 0.5 hours to about 16 hours.

Another suitable method for prepa_rmg a dispersion of a base catalyst in
a refractory inorganic oxide matrix component is to dry blend particles of each,
preferably in finely divided form, and then to dimensionally form the dispersion

it desired. : o
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The dehydrogenation catalyst support component also comprises a

“particularly targeted alkali metal concentration, calculated as a percentage by

weight of the dehydrogenation catalyst. The preferred alkali metals are
potassium and sodium with sodium being most preferred. The alkali metal
concentration of the dehydrogenation catalyst in accordance with the present
invention generally ranges fram about 0.1 weight percent to about 10.0 weight
percent, caiculated as a percentage of the dehydrogenation catalyst,

preferably from about 0.5 weight percent to about 7.0 weight percent, and

more preferably from about 1 0 weight percent to about 4.0 weight percent for

. best results.

it has been found that a dehydrogenatnon process using a comparable

~dehydrogenation catalyst, but with an alkali metal concentration below the

ranges set forth above, can result in substantial reductions in olefin selectivity
which generally overwhelm small paraffin conversion increases, resulting in
lower olefin yields and inferior- dehydrogenation nerformance. Alkali metal
concentration above the ranges set forth above, can result in reductions in
paraffin conversion that overwheim diminishing marginal benefits in olefin
selectivity, thereby resulting in lower olefin yields and inferior dehydrogenatnon
performance. : :
‘Where the alkaln metal concentration of the support compnsmg a
borosilicate molecular sieve would resutt in a dehydrogenation catalyst having
an alkali metal concentration above the particularly targeted concentration
range described above, the alkali metal is generally removed by replacement

of the alkali metal with ammonium ions followed by decomposition of the

ammonium form by calcination.
| Where the alkali metal concentratnon of the support comprising a
borosilicate molecular sieve is below the. particularly targeted alkali metal

. concentration, the alkali metal is generally back-added to the support by

impregnation employing the heat-decomposable salts of the alkali metal or by

~ other methods known to those skilled in the art such as ion-exchange, with

impregnation being preferred. Suitable aqueous sodium impregnation -
soh.mons can include, but are not limited to sodium nitrate and sodium acetate.
| lmpregnatloa. such as with sodium, using sodium nitrate or sodium

i acetate, can begin by precalicining the support component in preparation for

using incipient wetness techniques. Under conventional incipient wetness
techniques, a determination is generally made as to the amount of water
required to saturate and fill the pores of the support component. A solution is

-then prepared utilizing the predetermined amount of water and a sufficient
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amount of the sodium salt to' provide a dehydrogenation catalyst having the
desired ooncentratlon of sodium. The impregnated support component is then
separated, drained, and’ dned in. preparation for calcining. Calcination is
generally performed at a temperature ranging from about 600°F to about _
1,202°F, and preferably from about 700°F to about 1067°F.

The dehydrogenation process of the present invention can begm with a
hydrocarbon feedstock preheating step. ‘The feedstock can be preheated in
feed/reactor effluent heat exchangers prior to entering a furnace or contacting
other high temperature waste heat means for final preheating to a targeted
catalytic reaction zone inlet temperature. Suitable final preheating means can
include, but are not limited to waste heat from Gther refinery processes such as
a fluid catalytic cracking unit, a fluidized or delayed coking unit a catalytic
hydrocracker, a crude distillation unit, a catalytic reformmg unit, and/or
hydrotreattng units found in convenhonal petroleum refineries.

' The teedstock can be contacted with a hydroaen stream prior to, during,
and/or after preheating, before the'catalytic dehydrogenation reaction zone, in
any one or more of the reactors in the reaction zone, or between reactors in a
multiple reactor reaction zone. The process may also be operated in the
substantial absence of supplemental hydrogen addition. A fundamental and
invaluable aspect of the present invention is that the subject dehydrogenatlon
catalyst can -be effectively utilized without the addition of supplemental

" hydrogen in addition to that inherently released through the dehydrogenation

reaction. The addition of supplemental ‘hydrogen in the process can reduce

_ the rate of catalyst deactivation, resulting in reduced catalyst regeneration

requirements. However, hydrogen addition may also adversely affect olefin

-yield by directing the reaction stolchiometrlcally away from dehydrogenatton
* and toward olefin saturation. '

-Where a supplemental hydrogen stream is added, the hydrogen stream
can be pure hydrogen or can be in admixture with diluents such as low-boiling
hydrocarbons, carbon monoxide, carbori dioxide, nitrogen, water,. sulfur
compounds, and the like. The hydrogen stream purity should be at least about"
50% by volume hydrogen, preferably at least about 65% by volume’ hydrogen,
and more preferably at least about 75% by volume hydrogen for best resuits.
Hydrogen can be supplied from a hydrogen plant, a catalytic reforming facility,
or other hydrogen-producing or hydrogen-recovery processes o

The reaction zone can mclude, but is not limited to, one or more fixed
bed reactors contarnmg the same. or. dutferent catalysts. a moving column
reactor and catalyst regeneratlon system, or a fluldlzed bed reactor and
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regenerator, with a fixed bed reactor process being preferred. The feedstock
may be contacted with a catalyst or a catalyst bed in either upward, downward,
or radial flow fashion with downflow being preferred. The reactants may be in
the liquid phase, admixed liquid and vapor phase, or the vapor phase, with the
best resuits obtained in the vapor phase.

Moving column reactors and regeneratcr systems such as that

~described in U. S. Patent No. 3,647,680 to Greenwood et al. are known in the

art and commoniy used in processes such as catalytic reforming. The system
generally ccmprises a vertical elongated reaction vessel comprising moving
annular columns of catalyst wherein hydrocarbon is passed in out-to-in radial
flow towards the center of the reaction vessel. Portions of the moving bed of
catalyst are continuously directed to a regeneratlon system for regenerating

~ the catalyst through combustion of coke components.

15

20

25

30

Fluidized bed reactors, which are commonly used in lluldlzed catalytic

cracking and fluidized coking processes, fiuidize the catalyst directly within the

hydrocarbon feedstock, separate. the catalyst from the reaction products, and

{_dlrect the spent catalyst back to a regeneration zone for regeneration. The

heat of reaction from the bumlng of coke from the catalyst generally supplies

~_the heat requirements for sustaining the particular process reactions.

~ The pteferred reaction zone la_cll_iti_es for use with the dehydrogenation
process of the present invention are fixed bed reactors. It is preferred that the

~ dehydrogenation reaction zone comprlse at least two fixed bed reactors so as

to facilitate on stream regeneration of the catalyst. The fixed bed reactors are
generally equnpped ‘with proper mamtoldmg to. permit removal of each reactor

from operation in a manner.so as to prcvnde for regeneration of the catalyst in

that reactor while the other reactor or reactors sustain process operations.

_ lead bed reactors in accordance with the present invention can also comprise
- @ plurality of catalyst beds The plurality of catalyst beds in a single fixed bed
-reactor can also comprise the same or dlfferent catalysts.

Since the dehydrcgenatson reacticn is generally endothermic,

'mterstage heating, consisting of heat transfer devices between fixed bed-
- reactors or between catalyst beds in the same reactor shell, can be employed.

. | Heat sources can include ccnventlcnal prccess heaters such as one or more

35

process furnaces or can mclude mternally produced heat such as that
produced from catalyst regeneratlcn wnthm a fluidized catalytlc process.

Heating requirements may also be met from heating sources available from

other refinery process units such as trcm a fluid catalytic crackmg process ora
fiuidized coker. Multiple reactcr processes can provide reduced temperature
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endotherm per reactor shell and more effective temperature control but
generally cost more in terms of caprtal requirements.. :

~ The dehydrogenation reaction zone effluent is generally cooled end the
effiuent stream is directed to a separator device such asa stnpper tower where
light hydrocarbons and hydr_og__en formed durrng the reaction step can be |
removed and directed to more a‘ppropriate hydrocarbon pools. Where the

'process is performed in the presence of supplemental hydrogen or sufficient
: mternally generated hydrogen is produced a separate hydrogen separatron

step can be performed upstream of and prior to light hydrocarbon separation.
Some of the recovered hydrogen can be recycled back to the process while

refinery fuei. The hydrogen purge rate can be controlled to maintain minimum
hydrogen purity. Recycled hydrogen can be compressed, supplemented with
make-up hydrogen, and rernjected into the process for further
dehydrogenation where supplemental hydrogen is added.

- The strrpper quurd efftuent product is then generally conveyed to
downsteam’ processmg facilities. The olefin product can be directed to an

- isomerization process for isomerization and thereafter drrected to an ether

facility for conversion, in the presence of alkanol, to._an ether. Where at least a
portion of the olefin from the process of the present invention is iso-olefin, the

“stream can be sent dlrectly to an ether facility. Prior to drrectron to an ether

facility, the product stream can be punﬁed by removing unconverted paraffinic
hydrocarbon from the product This unconverted product can be recycled back
to the reactron zone or further manrpulated in other process units. The olefin
product can be directed to an alkylatron process for reaction wrth rsoparaffrn to
form higher octane, lower volatlllty gasolrne blending components The olefin
product can be directed to a chemicel manufacture process for conversion to

other commodity chemical products ‘or process streams. Methods for

integration of the process of the present invention with other conventional
refinery or chemical plant processes or products will be generally known to _
those skilled in the art. '

Notwrthstandrng the supenor stabrlrty properties of the dehydrogenatron

' 'catalyst of the present rnventron, periodic catalyst regeneratron may be

required dependrng on the seventy of operatron and other process

parameters It is anticrpated that the catalyst’ utrlrzed in the process of the

present lnvention mey requrre regeneratlon as often as once every 6 months, |

as often as once every 3 months, and, on oocasron. as often as once or twice

every month. The dehydrogenatron catalyst of the present rnventron is
SUBSTITUTE SHEET (RULE 26)
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particularly suited for regeneration by the oxidation or burning of catalyst
deactivating carbonaceous deposits with oxygen or an oxygen-¢ontaining gas.
Moreover, catalyst performance is not generally diminished from periodic

" regeneration, in contradistinction to comparison catalysts tested. The term _
~ “regeneration,” for purposes of the present invention, shall mean the recovery
of at least a portion of the molecular sieve initial activity by combusting the

coke deposits on the catalyst with oxygen or an oxygen-containing gas.

The: prior art is replete with catalyst regeneration techniques that may
be employed in the process of the present invention. Some of these
regeneration techniques involve chemical methods for increasing the activity

~ of deactivated molecular sieves. Others, including the preferred methods,

relat® to processes: or methods for regenerating carbon (ailso known as coke)
deactivated catalysts by the oombustnon of the coke with an oxygen-containing
gas stream. -

. For example, U S. Patem No. 2,391,327 discloses the regeneration of
catalysts contammatod with carbonaceous deposlts with a cyohc flow of
regeneration gases. - :

U.- S. Patent No. 3,755, 961 relates to the regeneration of coke-
con_tammg crystalline zeolite molecular sieves which have been employed in
an absorptive hydrocarbon separation process. The process invoives the
continuous circulation of an inert gas containing a quantity of oxygen in a
closed loop arrangement through the bed of molecular sieve.

- U. S. Patent No. 4,480,144 relates to the use of a circulating gas to
regenerate a coke deactivated zeolite-containing catalyst.  The circulating gas
is maintained at a low moisture level by purging wet gases from the loop while

- simultaneously introducing dry gases into the-loop. ‘This method is particularly

useful with zeolitic catalysts smce zeolitic catalysts can be detnmentally
effected by the presence of water.

The conditions and methods at which a catalyst may be regenerated by
coke nombustion can vary. It is typically desired to perform coke combustion at
conditions of temperature, pressure, gas space velocity, etc. which are least -
damaging thermally to the catalyst being regenerated. It is also desired to
perform the regeneration in a timely manner to reduce process down-time in
the case of a fixed bed reactor- systam or equipment size, in the case of a
continuous regeneration process. -

.~ Optimum regeneration conditions and methods are generally disclosed
in the prior art as mentioned hereabove. Catalyst regeneration is typlcally '
accomplished at conditions including a temperature range of from about 550°F
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to about 1300°F, a pressure range of from about 0 psig to ébout 300 psig, and

.a regeneration gas oxygen content of from about 0.1 mole percent to about

23.0 mole percent. The oxygen content of the regeneration gas is typically

‘increased during the course of a catalyst regeneratlon procedure based on

catalyst bed outlet temPeratur_es. in order-to: regenerate the catalyst as quickly

‘as possible while avoiding: catalyst-damaging process conditions.

~The preferrad catalyst regeneratlon conditions include a temperature
rangmg from about 600°F to about 1150°F, a pressure ranging from about 0
psig to about 150 psig, and a regeneration gas. oxygen content of about 0.1
mole percent to about 10 mole percent for best results: '

-Additionally, it is important that regeneration be accomplished in the
presence of an oxygen-containing gas. The oxygen-containing regeneration

gas typically: comprises nitrogen and carbon combustion products such as

carbon monoxide and carbon dioxide, to which oxygen in the form of air has

‘been.added. However, it is possible that the oxygen can be introduced into

the regeneration gas as pure oxygen, or as a mixture of oxygen diluted with
another gaseous component. Air is the preferred oxyg‘an-containing Qas.
Operating conditions to be used in the dehydrogenation process of the
present invention include an average catalytic reaction zone temperature of
from about 500°F to about 1300°F, preferably from about 700°F to about
1200°F, and more preferably from. about 850°F to about 1100°F for best
results. Reaction temperature's;below these ranges can result in reduced

‘paraffin conversion and lower olefin yield. Reaction temperatures above these

ranges can result in reduced olefin selectivity-and lower olefin yields.
‘The process of the present invention generally operates at catalytic
reaction zone pressures ranging from as low as substantially vacuum pressure

(about 0 to about 27.6 inches of water vacuum) to about 500 psig, preferably

from about vacuum pressure to about 300 psig, and more preferably from

‘about vacuum pressure to about 100 psig for best results. Where the process
operates in the presence of hydrogen, hydrogen circulation rates generally

range from about 1 SCF/Bbl to about 12,000 SCF/Bbl, preferably from about 1
SCF/Bbl to about 6,000 SCF/Bbl, and most preferably from about 1 SCF/Bbl to
about 1,000 SCF/Bbl for best results. .- Reaction pressures and hydrogen
circulation rates below these ranges can result in higher catalyst deactivation
rates resulting in increased energy intensive regeneration cycles. Excessively
high reaction pressures increase energy and equipment costs and provide
dnmmnshmg margmal benems Excessively hugh hydrogen circulation rates
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can also influence reaction equilibrium and drive the reaction undesirably
towards reduced paraffin conversion and lower olefin yield.'

The process of the present invention generally operates at a weight
hourly space velocity (WHSV) of from about 0.1 hrlto about 100 hr1,
preferably from about 0.5 hr-t to about 40 hr1, and most preferably from about
0.5 hr1 to about 20 hr? for best results. Feed space velocities exceeding the
levels described herein generally result in a decline in paraffin conversion

-which overwhelm any gain in olefin selectivity, thereby resulting in lower olefin

yield. Feed space velocities short of the levels described herein are generally
costly in terms of capital requirements. -

The dehydrogenation catalyst and process of the present invention
provides superior overall dehydrogenation properties closely approaching

thermodynamic equilibrium. The dehydrogenation catalyst of the present

invention can reach paraffin conversion levels in excess of 25 percent,
typically in excess of 35 percent, and commonly in excess of 40 percent.

- Olefin selectivity levels are generally maintained in excess of 80 percent,

typically in excess of 85 percent, and commonly exceed 90 percent. These
levels of paraffin conversion and olefin selectivity result in olefin yield levels
which generally exceed 25 percent, typically exceed 35 percent, and
commonly exceed 40 percent.

The dehydrogenation catalyst and process of the present invention
provides the above-described levels of performance while resisting catalyst
deactivation, thereby extending catalyst cycle life under dehydrogenation

- conditions. The dehydrogenation catalyst of the present invention can and

has achieved olefin yield deactivation loss levels of 0.6 percent per day or less
at a reaction temperature of 1050°F. At reaction temperatures of 1075°F, the
dehydrogenation catalyst of the present:invention has maintained olefin yield
deactivation loss at levels of 1.1 percent conversion or lower. The catalyst of

‘the present invention has operated with negligible olefin yield loss (and

actually a slight increase) over an on: stream period in excess of 1100 hours
with only 3 regenerations. During this scenario, paraffin conversion actually -
increased at a rate in excess of the rate of loss of olefin selectivity, resulting in
an actual increase in olefin yield.

' The dehydrogenation catalyst and process of the present invention can
be utilized for on stream periods in excess of 120 hours, 310 hours, 400 hours,
and even in excess of one t0 several months at a reaction temperature of
1000°F before requiring catalyst regeneration or replacement. - As deactivation
Ievels increase over time on stream, olefin selectivity may be reduced, thereby
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resulting in lower  olefin yield and necessitating increased- reaction
temperatures. - increasing reaction tempera’tures to maintain olefin yield levels

- generally accelerate the deactivation process...

The dehydrogenation catalyst and process of the present lnventicn are
so effective with regard to catalyst stability and deactivation resistance that the
catalyst can be operated in the absence of supplemental hydrogen addition.
This is an extraordinary advantage of the process of the present invention for
several reasons. Operating in the absence of supplemental hydrogen addition
can avoid enormous capital and operating costs connected to the instaliation
and operation of hydrogen recovery facilities which generally include
hydrogen gas compressors and separation facilities such as high pressure
process towers and membranes. Operating in the absence.of supplemental

 hydrogen  also favorably drives the dehydrogenation . reaction
stoichiometrically towards dehydrogenation and away from hydrogen

saturation, in contradistinction to: the prior art dehydrogenation processes

~ which generally must be conducted in the presence of supplemental hydrogen
‘addition in order to maintain a viable catalyst run length.

The dehydrogenation catalyst and process of the present invention can
be retrofitted to utilize existing processes and facilities such as, but not limited
to, those previously dedicated to naphtha reforming. The reaction pressure
requirements are generally low and therefore, suitable reactor vessels may be
located from any of several sources. A catalytic reformer may also possess
furnace hardware, hydrocarbcn separation, and catalyst regeneration
equrpment particularly synergistic to use wrth the process of the present
invention. Catalytic reforming is also particularly suited for retrofit with the

.present invention in view of recent environmental mandates to produce

gasolines containing lower aromatic concentrations. (a fundamental product of

catalytic reforming). o :
The present invention is descnbed in further detail in connection with

- the following examples, it being understood that the same are for purposes of

illustration and not limitation.

EXAMPLE 1 :
. A paraffin dehydrogenatlon catalyst in accordance with the present

“invention and comprising about 57.50 percent by weight of a borosilicate

molecular sieve, 38.30 percent by weight of a silica binder, 2.10 percent by
weight of scdlum 1.78 percent by weight of zinc; and about 0.32 percent by
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weight of platinum was prepared for comparison with catalysts not in
accordance with the present invention. '

The dehydrogenation catalyst was prepared by first syntheslzmg a
quanmy of an ammonium exchanged HAMS-1B-3 borosilicate molecular sieve
in a manner similar to that described in European Patent No. 0184461 to
Haddad et al. and U.S. Patent No. 4,725,570 to Haddad et al., the disclosures
of which are hereby incorporated by reference.

The dehydrogenation catalyst was prepared by incipient ‘wetness
impregnation of 25.0 grams of the ammonium exchanged HAMS-1B8-3
borosilicate molecular sieve with a solution containing 2.7 grams of zinc
acetate (Zn(OOCCHg *2H20)) and 30.0 grams of water. The zinc impregnated
borosilicate molecular sieve was dried and calcined in air at 1000°F for a
period of 6 hours. The calcined particulate was impregnated using incipient

- wetness techniques -with a solution containing 0.22 grams of platinum

tetraamine nitrate (Pt(NH3)4(NOg3)2) and 30.0 grams of distilled water. The
platinum and zinc impregnated borosilicate molecular sieve was dried and

- 20.7 grams of the dried particulate mixed with 13.8 grams of CAB-O-SIL EH-5

silica (manufactured By Cabot Corporation) and 100.0 grams of distilled water
in a small Waring blender for a period of 5 to 10 minutes. The mixture was
dried at 250°F for 16 hours in a forced air oven, crushed, and sized to 12 to 20

~ mesh (U. S. Sieve Series). The crushed and sized base catalyst (23.3 grams)

was further impregnated with a solution containing 1.7 grams of sodium nitrate
and 22.0 grams of distilled water and dried. The catalyst was designated as

‘Catalyst 1. The properties of the HAMS-1B-3, the CAB-O-SIL EH-5 silica, and

Catalyst 1 are provided in Table 1.
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J— N L CAB-0-SIL
% Sleve - sts0 9992 = -
%so, s  — . 100
%Pt R 0.32 L - - _ —
%Zn j 1.78 = -
%Na - 210 . o008 . —
% Crystalinky . 48 Lo 95 - R
BETSAmMY 217 317 339
Cum Pore Vol, ccig 078 0.07 1.23
Micropore Area, m2/g 142 | 278 : 12
Micropore Vol, cc/g 0086 0125 0.006
EXAMPLE 2

A comparison paraffin dahydroganatron catalyst slmnlar to Catalyst 1 but
without back-added sodium was prepared for comparison with the
dehydrogenation catalyst in aocordanca with the present mventton The
comparison catalyst comprised about 58.7 percent by weight of a borosilicate
molecular sieve, 39.2 percent by weight of a silica binder, 1.8 parcant by
weight of zinc, and about 0.3 percent by weight of platinum.

The dehydrogenation catalyst was prepared by first synthaslzmg a
quantity of an ammonium exchanged HAMS-1B-3 borosilicate molecular sieve
in a manner similar to that described for Catalyst 1. The dehydrogenation
catalyst was prepared by incipient wetness impregnation of 25.0 grams of the |
ammonium exchanged HAMS-1B-3 borosilicate molecular sieve with a
solution containing 2. 7 grams of zinc acetate (Zn(OOCCHg » 2H20)) and 30.0 -
grams of water. The zinc impregnated borosilicate molecular sieve was dried
and calcined in air at 1000°F for a period of 6 hours. The calcined particulate
was impregnated using incipient wetness techniques with a - solution
containing 0.22 grams of platinum tetraamine nitrate (Pt(NH3)4(NO3)2) and
30.0 grams of distilled water. The platinum and zinc impregnated borosilicate
molecular sieve was dried and 20.7 grams of the dried particulate mixed with
13.8 grams of CAB-O-SIL EH-5 silica and 100.0 grams of distilled water in a
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small Waring blender for a period of 5 to 10 minutes. The mixture was dried at
250°F for 16 hours in a forced air oven, crushed, and sized to 12 to 20 mesh
(U. S. Sieve Series). The catalyst was designated as Catalyst 2.

_ EXAMPLE 3
A comparison paraffin dehydrogenation catalyst similar to Catalyst 1 but
without zinc was prepared for comparison with the dehydrogenation catalyst in
accordance with the present invention. The comparison catalyst comprised

.. about 58.6 percent by weight of a borosilicate molecular sieve, 39.1 percent by
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weight of a silica binder, 2.0 percent by welght of sodium, and about 0.3

. percent by weight of platinum.

The dehydrogenation catalyst was preparad by first synthestzmg a
quantity of an ammonium exchanged HAMS-1B-3 borosilicate molecular sieve
in a manner similar to that described for Catalyst 1. The dehydrogenation

. catalyst was prepared by incipient wetness impregnation of 25.0 grams of the

ammonium exchanged HAMS-1B-3 borosilicate molecular sieve with a
solution containing 0.22 grams of platinum tetraamine nitrate
(Pt(NH3)4(NO3)2) and 30.0 grams of distiled water. The platinum
impregnated borosilicate molecular sieve was dried and 20.0 grams of the
dried particulate mixed with 13.3 grams of CAB-O-SIL EH-5 silica and 100.0
grams,of distilled water in a smalil Waring blender for a period of 5 to 10
minutes. The mixture was dried at 250°F for 16 hours in a forced air oven,

. crushed, and sized to 12 to 20 mesh (U. S. Sieve Series). The crushed and

sized base catalyst (20.0 fgrams) was further impregnated with a solution
containing 1.5 grams of sodium nitrate and 19.0 grams of distilled water and
dried. The catalyst was deslgnatad as Catalyst 3.

EXAMPLE 4
. A comparison parafl‘n dehydrogenation catalyst similar to Catalyst 1 but
with a sodium-containing alumina support in lieu of a sodium, borosilicate, and
silica-containing support was. prepared for comparison with the .

. dehydrogenation catalyst in accordance with the present invention. The

comparison catalyst comprised about 95.9 percent by walght' of an alumina

- support, 2.0 percent by weight of sodium, 1.8 percent by weight of zinc, and

about 0.3 percent by weight of platinum.
The dehydrogenation catalyst was prepared by incipient wetness _
impregnation of 138.0 grams of Versal 450 Alumina, manufactured by

LaRoche Chemicals, with a soiution containing 10.1 grams of zinc acetate
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(Zn(OOCCH3* 2H20)) and 97.0 grams of water. The zinc impregnated

. alumina was dried and calcined in air at 1000°F for a period of 3 hours. The

caicined particulate (40.0 grams) was impregnated using incipient wetness
t’echniques'with a solution containing 0.40 grams of platinum tetraamine
nitrate (Pt(NHz)4(NO3)2) and 40.0 grams of distilled water. The piatinum and
zinc impregnated alumina was dried and 40.0 grams of the dried particulate
mixed with a solution containing 2.9 grams .of sodium carbonate and 40.0

-grams of distilled water. The zinc, platinum, and sodium impregnated alumina

was dried and 30.0 grams of the particulate mixed with 15.0 grams of distilled
water and compacted into 2 inch pellets. The pellets were dried, crushed, and '
sized to 12 to 20 mesh (U S Sieve Series) The cetalyst was designated as

Catalyst 4.

- ' | EXAMPLE 5
A comparison paraffin dehydrogenation catalyst similar to that disclosed
in U. S. Patent No. 4,438,288 to Imai et al. (i.e. platinum, tin, and alkali or
alkaline earth metals on an alumina support) was prepared for comparison

~ with the dehydrogenation catalyst in accordance with the present invention.

The comparison catalyst comprised about 96.8 percent by weight of an
alumina support, 1.8 percent by weight of sodnum 1.2 pefcant by weught of tin,
and about 0.3 percent by wenght of platinum

‘The dehydrogenation catalyst was prepared by incipient wetness
impregnation of 70.0 grams of Versal 450 Alumina, manufactured by LaRoche
Chemicals, with a solution containing 2.3 grams of tin (I1) 2-ethylhexanoate
(Sn(OOCC7H15)2) and 37.0 grams of n-hexane. The tin mpregnated alumina
was dried and calcined in air at 1000°F for a penod of 3 hours. The calcined
particulate (51.4 grams) was impregnated using incipient wetness techniques

" with a solution containing 0.31 grams of platinum tetraamine nitrate

(Pt(NH3)4(NO3s)2) and 50.0 grams of distilled water. The platinum and tin
impregnated alumina was dried and 50.0 grams of the dried particulate mixed
with a solution containing 3.7 grams of sodium carbonate and 50.0 grams of
distilled water. The tin, platinum, and sodium impregnated alumina was dried
and 33.0 grams of the particulate mixed with 17.0 grams of distilled water and
compacted into 2 inch pellets. The pellets were dried, cmshed and sized to
12 to 20 mesh (U. S. Sieve Series). The catalyst was designated as Catalyst

SUBSTITUTE SHEET (RULE26)
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EXAMPLEE
A feedstock containing 99.5 weight percent isob_utane was
dehydrogenated over dehydrogenation Catalysts 1 - 5 from Examples 1 - 5.

. All catalysfs were tested using a quartz bench-top reactor unit having a quartz

tube reactor containing a packed bed. Operation was downfiow with once-
through hydrocarbon flow. Catalysts of 12 to 20 mesh size (U.S. Sieve Series)

 were used for testing and the catalysts were positioned between a top and

bottom bed of 30 to 50 mesh size (U.S. Sieve Series) alpha alumina. All

- catalysts were activated by heating under a hydrogen flow from room

temperature to 900°F at a heating rate of S5°F/hour, held for 2 hours at 900°F,
and then heated to 1000°F under a nitrogen purge. The isobutane feedstock
was processed through the quartz bench-top unit at varied experimental run
lengths. All dehydrogenation reactions were conducted at a pressure of less
than 1 psig. Gaseous products were analyzed on a Carle Refinery Gas
Analyzer gas chromatograph.

The Catalyst testing conditions, product composttlon, and pedormance
criteria in terms of isobutane conversion, isobutylene selectivity, and
isobutylene yield (defined hereabove) were determined for ascending time on
stream. The dehydrogenation results for Catalysts 1 - 5 are set forth in Tables
2-6. - .
~ Deactivation rates for Catalysts 1 - 5 in terms of conversion loss per day
were calculated based on development of a regression line of the isobutylene
yield data presented in Tables 2 - 6. The slope of the line was calculated from
the regressed line for each of Cataiysts 1 - 5§ and is presented in Table 7 as the
percent of initial conversion loss per day through deactivation.
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cocssasussscanan

Temperature, °F
Isobutane WHSV, hr-!
Time on Stream, hrs

Product Composition
(mol %)

Hydrogen
Methane
Ethane
Ethylene
Propane |
Propylene
Bulane
isobulane -

1,3-Butadiene
Isobutylene+1-Butene
C5+ '

isobutane Conv.(%)
iscbutylene Sel.(%)
Isobutylene Yid.(%)

. 1003

29
4.2

0.75
0.17
0.00

. 0.54

0.28
-0.66
1.77

0.01
27.40
0.00

41.94
90.82
38.09

1003
29
71

28.32

0.73
0.15

0.00
0.41
0.18
0.65

41.99

0.39
0.01

2717

41.42
91.50
37.90

1003 -

29
249

28.07
0.63

43.35

0..01
26.34
0.00

39.73

92.18
36.62

TABLE 2

1004
29
323

28.26
0.60
0.08
0.00
0.34
0.18
0.63
43.31

034

0.01
26.25
0.00

39.63
92.34
36.59

037

1004
2.9
47.8

~ 28.11
. 0.55

0.07
0.00

0.17

0.64

43.40
0.38
0.00
26.33
0.00

92.42
36.63

1005

27.77
054
1 0.06

0.14
0.66

' 43.57

0.36
0.01
26.69
0.00

39.68
93.14
36.96

1005

2.9
731

27.95

0.05 -
© 0.00

- 0.44

0.15

0.67

43.33

0.36
-0.01

92.32
36.80

1004
2.9
798

2745

0.05
-0.00

. 0.45
017
- 0.69
4337
037

0.01
26.94
0.00

40.21
92.35
37.13

1003

2.9
95.4

27.54
0.47
0.04
0.00

. 0.52

0.46
0.71

43.10

-0.36
0.01

26.79

40.52
91.25
36.97

1004
29

121.2

28.24

043
0.04.

. 0.39
. 0.07

0.71
42.81
0.37
0.01
26.93
0.00

. 40.34

93.02

37.53

8¢
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Process Conditions

Isobutane WHSV, hr-1
Time on Stream, lvs

Product Composition
(mol %)

Hydrogen
Mo_lhahe
Ethane
Ethylene
Propane
Propylene
Butane

. Iscbutane

2-Butenes
1.3-Butadiene
isobutylene
C5+
Results

Isobutane Conv.(%)
Isobutylene Sel.(%)
Isobutylene Yid.{%)

1005
29

1454

28.37

0.44

0.05
0.00
0.3

0.14

0.79
42.08
0.45
0.00
27.34
0.00

41.28
92.46
38.17

1050
3.0

152.2

32,12
0.63

0.10

- 0.46

0.19
0.89

34.02

0.74
0.06
30.79
0.00

49.88
9093
45.36

- 1050

29

169.0

32.19
0.64
0.12
0.01
0.43
0.19
1.05

33.22
0.85
0.07

31.23
0.00

51.01
9029
46.05

TABLE 2 (continued)

1050
3.0
176

32.61
0.63
0.13
0.01
0.48
0.30
1.13

32.61
0.91
0.10

arn
0.00

51.61
89.45
46.16

1050
2.9
191.4

33.05
0.58

Com

0.01
0.41
0.18
0.96
32.71
0.81
0.07
31.11
0.00

51.14
90.86
46.47

1050
29
199.7

J32.55

057

0.1,
0.01
0.41
0.19
0.99
33.02
0.82
0.07
31.26

51.04
90.79
46.34

1050
29
216.1

32.35
0.56
0.18
0.01

038

0.20
0.97
33.28
0.82
0.07
31.18
0.00

50.81
90.72
46.09

1050
2.9
222.2

32.73
0.54
on
0.00
0.41
0.20
0.95

33.13
0.82
0.07

31.04

50.75
90.92
46.14

1050
29

- 2417

32.42
0.54
0.11

- 0.01
0.38

0.17
0.94

"33.82

0.82
0.07
30.72

0.00

49.96
91.00
45.46

1050

29
248.2

32.66
0.52
0.1
0.01
0.40

0.20

0.91
33.78
0.81
0.07
30.53
0.00

49.84
90.97

© 45.34

62
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Process Conditions

Temperature, °F
Isohutane WHSV, hr-1

" Time on Stream, lvs

Product Composition
(mol %) -

Hydrogen |

“OMHWQ

Emg -

Ethylene

Pf_on__,ﬁr_no

Propylene

Butane

 Isobutane

24§ui6nu
1,3-Butadiene
Isobutylene
o5 -
Results

tsobutane Conv.(X)
Isobutylene Sel.(%)
Isobutylene Yid.(%) -

1050
3-0
266.6

0.14
0.01
0.42
0.19
1.09
34.12
091
0.07
30.26

49.68
89.85
44.684

1050
3.0
289.6

31.93

0.59
0.12
0.01
0.37
0.21
1.00

34.75
0.91

48.95

90.13
44.12

1050 .

318

31.44
0.73
0.12
0.01
0.40
0.19
1.00

0.91
0.08
29.76
0.00

48.42
89.64
43.40

TABLE 2 (continued)

1078

3.0
3193

1.00
0.20
0.01
0.55
0.33
0.99

32.05
115

0.13
30.75
0.00

52.28
87.58
45.79

1078
3.0

32.713
0.95
10.20

0.02 -
0.52

0.32
0.94

32.69
1.11

0.13

51.40
87.88
45.17

1077
3.0

343.7

' 32.79
0.95

0.21

0.51 .
0.32

32.66
1.14

0.13
30.32
0.00

51.41
87.7¢6
45.12

- 1076

3.0
359.7

32.13

0.92.
0.21

- 0.02
0.51

0.34
0.93
33.67
1.13

.-0.13 _

30.01

50.39
87.75
44.22

1077
2.9

367.9

- 31.63

1.12
0.22

-~ 0.02

0.51
0.51

1.05
34.03

1.22
0.18

-29.53

50.23

85.99 -
43.19

1077

3.0

384.1

31.79
1.10

0.22

0.02

0.52.
0.37
091

34.63

1.15

0.14
29.15
0.00

49.23
86.81
42.74

1077
29

1 391.7

© 31.49

1.1

- 0.22

0.02
10.53
0.39
0.91-

3487

1.15
0.14
29.17

0.00

48.10
86.71

4258 -

1076
3.0
406.3

31.04

1.06

- 0.22

0.02
0.52

- 0.39
- 0.87

35.84
1.11
0.14

28.77
0.00

48.03
86.87
41.72

1076
29
4145

30.95
1.09
0.23
0.02
0.54

0.39 -

0.86
35.99

- 112

0.15
28.66
0.00

47.88
86.69
41.51

08
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Process Conditions

Dt L e et

Temperature, °F
Isobutane WHSV, hr-1
Time on Stream, hrs _

Product Composition
(mol %)

Sowecanansssscsvncn

Methane
Ethane
Ethyione
Prop'ane
Propylene
Butane
Isobutane
2-Butenes
1.3-Butadiene
Isobutylene+1-Butene
C5+

Resuits

Sosasetatbansansan

Isobutane Conv.(%)
Isobutylene Sel.(%)
Isobutylene Yid.(%)

1000

s'a
217

30.06
0.69
2.85
0.07
1.16
0.34
6.50

29.62
3.57
0.00

2512 -
0.02 -

57.65

62.30
35.92

1000
5.9
10.25

30.50
1.07
1.68

0.05

0.97
0.29
5.75

30.28

3.21
0.00
26.01
0.01

56.46
66.28
37.42

1000
6.0
21.97

32.21
0.82
1.15
0.03
0.81
0.26
4.80
31.03
2.69
0.00
26.20
0.00

 54.23

7.27
38.65

TABLE 3

1000
5.9

34.13

30.27

1.13
0.03
0.82
0.25
5.21
32.16
2.80
0.00
26.45

70.40
37.93

42.75

30.49
0.79
0.95
0.02
0.69
0.21
4.87

32.33
2.68

26.97
0.00

53.49
72.54
38.80

30.85
0.72
0.85
0.02
0.79
0.26

4.60

32.85
2.48
0.00

26.58
0.00

52.49
73.22

38.44

996
6.0
66.83

29.24
0.69
0.73
0.01
0.70
0.19

4.70

36.19
2.15
0.00

24.40
0.00

48.08
73.47

35.90

998
5.9
7433

32.09
0.78
0.84
0.02
0.80
0.25
4.7

32.52
2.41
0.00

25.58
0.00

52.11
72.28
37.67

1005
6.0
90.75

28.53
0.59
0.54
0.01
0.63
0.18
4.18

38.82
1.84
0.00

24.68
0.00

45.68

75.59
34.53

LE
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Process condltlohs

Temperalure, °F

' lsoblna_ne WHSV_._N'-‘
“Time on Stream, Ivs
_Product Composition

. cescessssnnesnmmme

Methane

" Ethane
- Ethylene

Propane

Propylene

Butane

isobutane

2-Bulenes
1,9-Butadiens
isobutylene+1-Bulene
CS{_- _ :

Resuits.

Isobutane Conv.(%)
Isobutylene Sel.{%)
Isobutylene Yid.(%)

- 997

28
3. 1 .

22.04
3.24
1.14
0.07
1.46
0.90

1.36°

46.02
1.44
0.13

22,16

0.02

41.00
69.44
28.47

. 8.7

- 20.64

1.84
0.64

52.77

1.09
0.10
20.49
0.01

33.51
77.08
25.82

TABLE 4

1002
29
6.6

20.84
1.76
0.63
0.22

0.74

0.62
0.70

53.42

1.05
0.12
19.90
0.01

32.52
77.31
25.14

1010
2.9
219

6.78
0.26
0.06
0.03
0.28
0.28
0.16
84.42
0.14
0.05
7.54

9.44

1014

2.9
28.2

3.73
0.14
0.02
0.02

- 0.26

0.24
0.16
90.27
0.06
0.04
5.06
0.00

6.23

84.32

5.25

4>
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Pf“"i Condu_lom

Temperature, °F
isobutane WHSV, hr-1

Time on Stream, hrs
Product Composition

(mol %)

Hydrogen
Methane
Ethane
Ethylens
Propane
Propylene
Bulane
isobutane
2-Bulenes
1,3-Butadiene
iscbutylene+1-Bulene
CS+

isobutane Conv.(%)
Isobutylenie Sel.(%)
Isobutylene Yid.(%)

1000
29
4.1

30.20
0.15

" 0.01

0.00
0.23
0.15
0.30
40.42
0.13
0.01
28.40

42.09
96.67
40.68

1000
29
6.5

29.91
0.14
0.01
0.01
0.24
0.19
0.27

© 41.54

0.12
0.00
28.17

41.24
96.62
39.85

TABLE 5

1000
2.9
232

21.72

0.15

0.01

0.01

0.16
0.11

0.22
44.59
0.06
0.00
26.97
0.00

38.31
97.41

3732

1000
2.9
30.8

25.86
0.13
0.01
0.01
0.20
0.14
0.18
47.95
.10
0.00
25.42
0.00

35.32
97.07

34.29

1000
2.9
47 .4

25.15
0.15
0.01
0.01
0.17
0.11
0.16

50.43

0.00
23.76

32.62
97.30

31.74

1000
29
53.4

23.85
0.15
0.37
0.02
0.27
0.24
0.15
52.24
0.05
0.00
22.68
0.00

314
94.83
29.78

1000
2.9
‘71.0

21.09
0.15
0.29

© 0.01

0.21
0.19
0.14
57.55
0.08
0.00
20.29
0.00

27.07
94.97

25.71

€t
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Process Conditions

Temperature, °F
Isobutane WHSV, tw-!
Time on Siream, hrs

Product Composhion

(mol _9"5)

Hydrogen
Methane
Ethane
Ethylene
Propane
Propylene

Isobutane

2-Bulenes
1,3-Butadiene
Isobutylene+1-Butene
C5+ o
Results

Isobutane Conv.(%)
Isobutylene Sel.(%)
isobutylene Yid.(%)

1000
29
4.0

28.17
0.13

~0.01

0.01
0.24
0.17
0.22

43.23

0.14
0.00
27.68
0.00

39.82
96.78
38.54

1001
29
5.6

27.48
0.12
0.01
0.00
0.22
0.15
0.19

44.14
0.13

~0.00

27.56
0.00

39.13

97.11

TABLE 6

1001
2.9
218

0.00
0.24-
0.35
0.27
51.27
0.12
0.00
23.97

32.81
95.73
31.41

1001
29
29.5

23.29
0.09

0.00
0.25
0.37
0.25

53.30

0.03
0.00

- 22.44

30.52

95.86

29.26

1001
2.9
45.8

19.93
0.09
0.00
0.00
0.18
0.13
0.12
59.38
0.03
0.00

20.14

25.84

97.34
25.15

1002
29
52.8

19.36
0.10
0.00
0.00
0.19
0.15
0.12
61.02
0.02
0.00
19.04
0.00

24.33
97.04
23.61

4
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Catalyst 1, in accordance with the present invention and comprising
platinum and zinc on a support comprising sodium, borosilicate, and silica,
provided superior isobutane conversion, rsobutylene ‘selectivity, and
isobutylene yields at a reaction temperature of about 1000°F with isobutane

“conversion actually increasmg slightly over time. After 150 hours, the reaction

temperature was increased to about 1050°F and isobutane conversion was
increased substantially resumng in an |sobutylene yield improvement of about
6108 percent. There was only minor deactivation noticed. After 315 hours on

‘stream, the reaction temperature was increased again to about 1075°F and

isobutane conversion was increased slightly just offsetting a slight loss in
isobutylene selectivity. Overall, rsobutane dehydrogenation with Catalyst 1

resutted in an isobutylene yreld averagrng m excess of 40 percent for an on-

stream period of in excess of 400 hours. Over thns 400 hour period, Catalyst 1

‘deactivated at a negligible percent conversion loss per day at a reaction

temperature of 1000°F, a 0.6 percent conversion loss per ‘day at a reaction
temperature of 1050°F, and a 1.1 percent conversion less per day at a reaction
temperature of 1075°F :
Catalyst 2, a comparison catalyst comprismg platmum and zinc on a
support comprising borosilicate and silica and absent the sodium of Catalyst 1,
provided higher isobutane.conversion but substantially lower isobutylene
selectivity than Catalyst 1, resulting in a substantially lower isobutylene yield of

) 37 percent. Moreover, Catalyst 2, without the sodium component, deactivated

at a conversion loss per day of 3.1 percent at a reaction temperature of
1000°F, far exceeding the deactivation rate of the catalyst of the present
invention. .

Catalyst 3, a comparison catalyst comprising platinum on a support
comprising sodium, borosilicate, and silica and absent the zinc of Catalyst 1,

provided generally lower isobutane conversion and substantially lower

isobutylene selectivity than Catalyst 1, resulting in a substantially lower
isobutylene yield of 28 percent. Of Ied_ual importance, the maximum
isobutylene yield was only maintained for a matter of hours. Overall, Catalyst -
3, without the zinc component, deactivated at a conversion loss per day of 33.3
percent at a reaction temperature of 1000°F, far exceedmg the deactivation
rate of the catalyst of the present lnventuon

Catalyst 4, a companson catalyst compnsmg platinum and zinc on a
support comprising alumina and sodium and absent the borosilicate and silica
of Catalyst 1, provrded reasonable initial- lsebutane conversion, isobutylene

~ selectivity, and isobutylene yield. The initial isobutane conversion and the
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initial Isobutylene yield slightly exceeded.40 percent at a reaction temperature
of 1000°F. However, within 71 hours, the isobutane conversion plummeted to
less than 30 percent rasultlng in an lsobutylene yleld of less than 30 percent.
Overall, Catalyst 4, substrtutmg alumrna for the support of the present
mventnon, deactivated ata conversion loss per day of 5.4 percent, agam far
exceedmg the deactrvatron rate of the catalyst of the present invention.
Catalyst 5 a companson catalyst comprislng platinum and tin
(substrtuted for the zrnc of Catalyst 1)on a support comprising alumina and
absent the borcsilicate and srllca of Catalyst 1, provided reasonable initial
rsobutane conversion, tsobutylene selectivity, and isobutylene yield. The
initial rsobutane oonversrcn and the initial |sobutylene yield were between 38
and 39 percent ata reactlon temperature of 1000°F. However, within 30

__hours, the lsobutane conversron plummeted to less than 31 percent resulting
in an |sobutylene yletd of less than 30 percent. Overall Catalyst 5, substituting

tin for the zlnc of the present mvention and turther comprising alumina in place
of the support ot the present mventton. deactivated at a conversion loss per
day of 7.6 percent at a reaction temperature of 1000°F again far exceeding
the deactivation rate of the catalyst of the present invention.

TABLE 7
. : o C o Deactivation,
Catalyst ~_  Temperature, °F _WHSV, hr.! % _Conversion/Day
Catalyst1 1000 29 NN
’ o 1050 29 ' 0.6
__ 1075 2.9 | 1.1
Catalyst 2 . 1000 . 6.0 3.2
Catalynt 3 1000 29 333
 Catalyst 4 1000 29 . 5.4
Caayms 1000 2.9 7.6
* No apparent deactivation |
_ EXAMPLE 7

A dehydrogenatlon catalyst in acccrdance with the present invention
was regenerated for evaluation of catalyst pertormance after exposure of the
catalyst to regeneratron conditions. After dehydrogenatrng isobutane with
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Catalyst 1 for a period of 127 hours under the conditions set forth in Example
6, a portion of Catalyst 1 was regenerated ex-situ by placing it in an oven at
750°F under a 0.5% oxygen/99.5% nitrogen atmosphere for a period of about
72 hours. The regenerated catalyst was designated as Catalyst 6. Isobutane
was dehydrogenated over Catalyst 6 in a manner similar to that described in
Exampile 6. The dehydrogenatron results are set forth in Table 8.

'EXAMPLE 8
Regenerated dehydrogenatron Catalyst 6 was regenerated again after

- dehydrogenating isobutane for an additional on stream period of 158 hours.
.The catalyst was regenerated under the regeneration conditions of Example 7.

The twice regenerated catalyst was designated as Catalyst 7. isobutane was
processed over Catalyst 7 in a manner similar to that described in Example 6.

" The dehydrogenation results are set forth in Table 8.
15

EXAMPLE 9
Twice regenerated dehydrogenation Catalyst 7 was regenerated again
after dehydrogenating isobutane for an additional on stream period of 400
hours. The catalyst was regenerated under the regeneration conditions of

‘Example 7. The thrice regenerated catalyst was designated as Catalyst 8.

Isobutane was processed over Catalyst 8 in a manner similar to that described
in Example 6. The dehydrogenation results are set forth in Table 8.
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Process Conditions

Temparature, °F 1000 1000 1000

isobutane WHSV, hr-1 2.7 29 2.9
Time on Stream, hrs 2.3 6.0 22.4
Catalyst No. 6 Y 6

. Product Composition '

~ (mol %)
Hydrogen - 2753 2689 . 27.59
Methane 0.21 019 0.168
Ethane ‘ 003 002 - 002
'Ethylene = 001 001 0.0
Propane ' 035 040  0.25
Propylene 0.18 042 0.1
Butane . 051 0.9 0.46 .
Isobutane . ' 4447 4454 4456
2-Bulenes : 025  0.50 0.21"
1.3-Buladiene 0.00 0.00 0.00
Isobutylene+1-Butene . 2648 2633 26.63
CS+ 000 000 000
Results | '
isobutane Conv.(%) 38.65 39.08 38.46
isobutylene Sel.(%) 9452 9214 9563

isobutylene Yid.(%) - - 3653 3801 36.78

TABLE 8

1000
2.9
47.0

26.76
0.16
0.02
0.01
0.36
0.38
0.74

- 44.58

0.48
-0.00

39.14
92.45
36.19

1000

3.0
725

27.04

0.14

10.02
0.02
0.41
0.52

45.02
0.27

.0.00

25.91
0.00

38.29
92.75
35.51

1000
2.9
953

27.85
0.09
0.02
0.01

. 0.47

0.13
0.68
44.29
0.30
0.00

26.45

38.61
94.95
36.66

1000
29
118.8

27.52
0.18

0.02

0.01

0.32

- 0.81
. 43.93
0.41 .
0.00

39.39

92.82

36.56

1002
3.2
145.9

30.55

1 0.10

0.01

- 0.00

0.21
0.13

. 0.37

39.02

- 0.21

0.00
29.40
0.00

43.01
96.63
42.33

1002
3.2

1723 °

30.52

0.1

0.01

© 0.00
022
0.14
042
'38.93
0.23.
- 0.00

29.41
0.00

43.96
96.29
42.33

8t
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Process Conditions

Temperatwre, °F
Isobutane WHSV, h-!
Time on Stream, hrs
Catalyst No.

Product Composition
(mol %)

Hydrogen
Methane
Ethane

 Ethylene

Propane

Propylene

Butane

isobutane

2-Butenes
1,3-Butadiene
Isobutylene+1-Butene

‘ C5+

Isobutane Conv.(%)
Isobutylene Sel.(%) -
Isobutylene Yid.(%)

1003
3.2
183.9

23.07
0.04

0.32

31.04
97.36
30.22

- 213.7

31.04
0.13
0.01
0.00
0.22
0.07
0.54
37.96
0.26

- 0.01

29.75
10.00

44.95
95.99
43.15

TABLE 8 (continued)

1002
3.2

237.3

7

30.54
0.14

0.01 -

- 0.23

0.08
0.59
38.72
0.28
0.01
29.41

0.00

44.20

42.34

1005
3.2
261.2
7

© 30.81

0.16
0.02
0.00
0.25
0.09
0.66
38.18
0.32
0.01
29.51
0.00

44.82
95.14

4265

998
32
284.9

30.15
0.17
0.02

-0.00
0.26
0.09
0.72

39.1§
0.33
0.01

- 2911
0.00

43.95
84.83

41.68

- 32

3525

31.06
0.15
0.02

0.24
0.09
0.65
38.47
0.31
0.01

" 29.01
- 0.00

44.19
95.21
42.07

1002
3.2
376.4

30.74
0.16

1 0.02

0.00

. 0.25
- 0.09

0.70
38.73
0.33
0.01

- 28.97

44.07
94.91
41.83

1002
3.2
400.2

30.75
0.18

- 0.02

0.00
0.25
0.09
0.74
38.57
0.41
0.00
29.00

44.31
94.52
41.68

1003
32

426.3 -

-30.57
0.21

0. 03

- 0.00

0.27

0.09

0.87
38.89
0.47

0.00
28.60
0.00

43.98
93.68

41.19

6¢
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Process Conditions

Temperature, °F
Isobutane WHSV, hr-1

- Time on Stream, hrs

P_l'dducl Composition

(mol %)
Hydrogen
Methane
Ethane .
Ethylene.
Propane
isobutane
2-Butenes

' 1,3-Butadiene

Isobutylene+1-Butene
C5+
Results

Isobutane Conv.(%) |
isobutylene Sel.(%)
Isobutylens Yid.{%)

1002
3.2
448.2

30.79
0.29
0.03

0.00
0.27

0.09
0.83

0.46
0.00
28.68

44.14

93.63
41.4

1002

3.2
519.7

30.48
0.25
0.04

0.31

- 0.10

1.00
38.49
0.55

28.78
0.00

“.“
92.76
41.40

1003
3.2
540.4

30.40
0.28 -
0.05 -
~ 0.00
- 0.31
- 0.10
- 1.09.

38.41
0.61
0.00

26.76

44.82
92.19
41.32

TABLE 8 (continued)

1002
3.2

564.6

30.14

- 0.31

- 0.05
0.00
0.33
0.11

117

38.84
0.65
0.00

28.40
0.00

44.40
91.56

40.68

1002
3.2
568.6
8

- 30.40
- 0.30

0.05

0.1
1.15
38.32
0.64
0.00
28.70
0.00

44.94
91.74
41.23

1002
3.2

-613.3

30.32.

0.32
0.05
0.00
0.34

. 0.10

1.18
38.48
0.66
0.00
28.55

0.00

44.78
91.49

40.97

1002
3.2
684.9

129.89
£ 0.38

0.07
0.00
0.38

0.12
131

39.01
0.72

0.00
28.12

4436
90.41
40.11

1001
3.2
748.2

30.18
0.22
0.03
0.00

- 0.28
- 0.10

0.89
39.50

0.52

423.43
93.25
40.50

1001
3.2
7735

30.58

0.23

0.03

0.00
0.28
0.10

39.07
0.53

0.00 .
.28.28

0.00

43.73
93.17

40.74

O
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Process Conditions

Tenporahto. °F
isobutane WHSV, iv-1
Time on Stream, hrs

- Calalyst No.

Product Composition
(mod %) .

Hydrogen
Methane -
Ethane
Ethylene

" Propane

- Propylene

- Bulane -
~ Isobutane

2-Butenes
1,3-Butadione

“Isobulylene+1-Butene

CS+
Results

tsobutane Conv.(%)
isobulylens Sel.(%)
Isobutylens Yid.(%)

1002

32
797.5

30.04

0.23

0.03

029
040

0.46
0.00
28.25
0.00

43.27
93.34
40.39

- 1001 '_

3.2
8225

30.00
0.26

©0.04
0.00
- 0.30

0.10

0.94

39.43

0.56
0.00
28.36
0.00

43.66 -

92.78
40.51

TABLE 8 (continued)

1001
. 3.2
8455

30.08
0.26
0.04

0.10

0.92
39.83
0.54

0.00
27.96

43.05
92.88
39.96

1001
3.2
916.3
8

20.87
0.29

- 0.04

- 0.34

0.11

. 0.93

40.18
0.52
0.03

27.70
0.00

42.71
92.46

 39.49

1001
3.2

- 940.3

- 29.50

0.29

0.04
0.00

0.32
0.11
0.92

40.62 -
. 0.55
- 0.00

27.65
0.00

- 42.38

92.52
39.21

1003 ™
a2
964.2

29.63
0.29
0.05
0.00
0.32
0.11
092

"40.44

0.57
0.00
27.67
0.00°

42.52
92.47
39.32

1003

32
988.2

39.39

0.34
0.05
0.00
0.34
0.12
1.00

40.64
0.61
0.00

27.52

42.45
91.82
38.97

3.2
10135
8

39.70
0.33
0.05
0.00
0.35
0.12

0.99
- 40.10.

0.58
0.03

27.78
0.00

42.96
91.88
39.47

1001

32
1084.2
8

29.39
0.35
0.06
0.00

. 0.36

0.13
0.98

- 40.70

0.62
0.00
27.41

- 0.00

42.37
91.63
38.82

1001
3.2
- 1109.1
8

. 29.89

0.36
0.06
0.00
0.36

0.13
0.97
41.26

0.62

0.00
27.35

..0.00

41.98
91.63
38.46

134
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Examples 7 - 9 and Catalysts 6 - 8 illustrate that the dehydrogenation
catalyst in accordance with the present invention -can catalyze
dehydrogenation for a period of in excess of 1100 hours on stream while still

maintaining supenor yields of rsobutylene Additionally, Catalysts 6 - 8

illustrate that a catalyst in accordance with the present invention can undergo
muttiple regeneration sequences while maintaining superior performance.
Over the 1100+ hour span of the test, isobutane conversion actually increased
about 3.5 percent while isobutylene selectivity fell about 3.0 percent resulting
in an isobutylene yield that actually increased about 2.0 percent from 36.5
percent to about 38.5 percent ‘Therefore, the catalyst in accordance with the
present invention provides extraordinary stability advantages compared to the
catalysts of the prior art that permit it to be regenerated over and over while still
maintaining superior olefin ylelds

EXAMPLE 10
A feedstock contasnmg 99.5 woeight percent propane was -

. dehydrogenated over dehydrogenation Catalyst 1 of Example 1 in a manner

similar to that described in Example 6.

" The catalyst testing. conditions, product composition, and performance
criteria in terms of propane conversion, propylene selectivity, and propylene
yield (defined. hereabove) were determined for ascending time on stream. The
results for use of Catalyst 1 with a propane feedstock are set forth in Table 9.

The use of Catalyst 1 for propane déhydrogenation provided lower
paraffin (propane) conversion than for isobutane dehydrogenation at 26

. percent, largely because of the less favorable thermodynamic equilibrium

properties attendant to propane However, olefin (propylene) selectivity was
maintained at 97 percent. Moreover, propane conversion actually increased
over time at a faster rate than propylene selectivity was reduced, resulting in
an actual increased in propylene yield and dehydrogenation performance.
The dehydrogenation catalyst of the present invention maintained this
performance over an on stream run length of over 150 hours. -
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Pydco'ss Conditions

‘_l'enpemmro..‘F _

Propane WHSV, tw-

Tlmg on Stream, hrs

Product Composition

{mol %)

Hydrogen

Methane

Ethane

Ethyleno
Propane
Propylene
Butane
Isobutane
2-Butenes
1,3-Butadiene
lsoblnyléne -
C5+

Resultls

Propane COn\_f.(i)
Propylene Sel.(%)
Propylene Yid.(%)

1004 -

1.9
14

17.80
0.00
0.20
0.01
63.92
17.87

0.10
0.00
0.00
0.02
0.00

. 26.08
99.15
25.84

1004
119
4.0

17.70

0.00
0.20
0.01

 63.96
1785

0.00
0.10
0.00
0.00
0.02
0.00

25.82

25.61

1003.9
1.9
6.2

17.80
0.00
0.19
0.01
64.01 .
17.83
0.00
0.10
0.00
0.00
0.02
0.00

25.71
96.60
24.64

TABLE 9

1003.9

11.9
8.4

17.70
0.00
0.19
0.01

63.99

17.84
0.00
0.10

-0.00
0.00
0.02

2552

98.70
25.19

1003.9

11.9
11.0

17.85
0.00
0.19
0.01

1 83.79

17.94
0.00
0.10
0.00

25.04
97.30
25.14

1004

1.9
16.3

17.60
0.00
0.18
0.01

64.44

17.62

Ovoo

0.10
0.00
0.00
0.02

25.04
96.50
24.45

1004
11.9

26.1

17.75

0.00
0.18
0.01

64.00

17.84
0.00
0.10
0.00
0.00
0.02

25.76
96.20
24.78

1003.9
11.9
36.0

10.30
0.00
0.i8
0.01
62.80
18.43
0.00

0.10 -

0.00
0.00
0.03
0.00

26.26
96.50

2534

1004
11.9
453

13.00
0.00
0.17
0.01

61.68

19.00

0.09
0.00
0.00

27.66
95.00
26.28

1003.9
11.9
55.1

19.27
0.00
0.17
0.01

60.92

"19.39

0.00
0.09
0.00
0.00
0.03
0.00

27.67
96.20

~ 26.62

o}
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Process Conditions

Temperature, °F
Propane WHSV, -
Time on Stream, hrs

Product Composition

. (mol %)

Hydrogen
Methane
Ethane
Ethylene
Propane:
Pmpyl_éne
Butane
Isobutane
2-Butenes
1,3-Butadiens
lsobuty_lano
C5+
Results

Propane Conv.(%)
Propylene Sel.(%) .
Propylene Yid.(%)

1004
19
8.0

20.00
0.00
0.18
0.0

- 59.42

20.14
0.00
0.09
0.00
0.00
0.04
0.00

- 27.75
99.50 -
27.81

1004
19
940

20.05
0.00
0.16
0.01

20.17
0.00
0.09
0.00
0.00
0.04
0.00

28.00
99.50
27.86

1004
1109

20.15
0.00
0.18
0.01
59.25
20.22
0.00
0.09
0.00
0.00
0.04
0.00

27.97
99.50
27.83

TABLE 9 (continued)

1004
1.9

20.10
0.00
0.15

0.01

59.32
" 20.19
0.00
0.09
0.00
0.00
0.04
0.00

27.97
97.30

27.12

108.3

1004
1.9
113.2

20.10

0.15
0.01
59.24
20.11
0.00
0.09
0.00
0.00
0.04

0.00

20.64

94.70

27.12

1004
119

. a1

20.05
0.00
0.1

1 0.01

59.44
20.13
0.00
0.09
0.00
0.00
0.04

28.76
93.00
26.04

1004

119
127.6

20.15
0.00
0.14
0.01

59.36

20147

0.00
0.09
0.00
0.00
0.04

29.04
93.10
27.04

1004
19
1325

20.11
0.00
0.14
0.01
59.45
20.13

0.00
0.09
- 0.00

0.04

28.14
. 99.20
27.91

1004
119
1423

20.07

- 0.00
0.14
0.01
59.34
20.18
0.00
0.09

© 0.00
0.00
0.04
0.00

- 29.14

94.50

27.54

1004 .

1.9

- 1521

-20.00

0.00
0.13
0.01
59.60
20.05
0.00
0.10
0.00

- 0.00

0.04
0.00

29.14
93.50
27.25

144
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Other embodlments of the inventlon wnll be apparent to those skilled in

‘the art from a consideration of this specification or from practice of the - -

 invention disclosed herein. It is intended that this specification be considered
, as exemplary only with the true scope and splrit of the invention being
5 indicated by the followmg claums
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THIS SHEET HAS BEEN
REPLACED

That which is claimed is:

1. A process for dehydrogenatlng a hydrocarbon feedstock and
producing an olefinic product compnsmg contacting said feedstock at
dehydrogenation condmons with a dehydrogenatron catalyst, said

' dehydrogenatuon catalyst compnsmg ‘from about 0 01 weight percent to about

5.0 weight percent of a platmum group metal, from about 0.02 weight percent
to about 10.0 weight percent of zinc, and a support component compnsmg a
borosilicate molecular sieve and an alkali metal.

2. The process of Claim 1 wherein said platinum group metal
comprises platinum.

3. The process of Claim 1 wherein sand alkalr ‘metal compnses'

sodium.

4, The process of Clarm 1 wherein said support component further
comprises an morgamc oxide matrix comprising silica.

5.  The process of Claim 1 wherein said dehydrogenation conditions
comprise a reaction temperature of from about 500°F to about 1500°F, a
reaction pressure of from about vacuum to about 500 psig, and a WHSV of
from about 0.1 to about 100.0.

6. A dehydrogenation c‘atalySt comprising from about 0.01 weight
percent to about 5.0 weight percent of a piatinum group metal, from about 0.02
weight percent to about 10.0 weight percent of zinc, a borosilicate molecular
sieve, and from about 0.10 weight percent to about 10.0 weight percent of an
alkali metal. |

7. The dehydrogenation catalyst of Clalm 6 wherein said platlnum
group metal comprises platinum. _

8. The dehydrogenation catalyst of Clalm 6 whereln said alkali
metal comprises sodium.

S. The dehydrogenation catalyst of Claim 6 wherein said
dehydrogenation catalyst further comprises an morgamc oxide matrix
comprising silica.

10. The dehydrogenation catalyst of Clarm 6 wherein said

dehydrogenation catalyst comprises from about 0.10 weight percent to about
2.0 weight percent of platinum, from about 0.20 weight percent to about 5.0
weight percent of zinc, from about 40.0 weight percent to about 60.0 weight

percent of a borosilicate molecular sieve, from about 0.5 weight percent to

about 7.0 weight percent sodium, and from about 40.0 to about 60.0 weight
percent of silica.

This Sheet Has Been Replaced
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