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METHOD FOR STABILIZING CATALYST
ACTIVITY DURING MTO UNIT OPERATION

FIELD OF THE INVENTION
[0001] This invention relates to methods for preserving the activity of

molecular sieve catalysts used during oxygenate-to-olefin conversion processes.
In particular, this invention relates to methods for preserving the activity of

silicoaluminophosphate molecular sieve catalysts.

BACKGROUND OF THE INVENTION

foo02] Oxygenate to olefin conversion reactions typically involve contacting

an oxygenate feedstock with a formulated molecular sieve catalyst. As the
reaction proceeds, coke (a carbonaceous material) builds up on the molecular
sieve catalyst. This coke is removed by passing the catalyst through a regenerator.

[0003]  During the conversion reaction the molecular sieve serves as a catalyst
and therefore is not directly consumed by the oxygenate conversion Teaction. The
molecular sieve, however, can become damaged or degraded for a variety of
reasons. Damaged or degraded molecular sieve is less effective at catalyzing an
oxygenate to olefin reaction. Due to the cost of replacing degraded catalyst,
~ reducing or eliminating degradation of molecular sieve within an oxygenate to
olefin reaction system is desirable.

[0064]  U.S. Patent Application Publication 2003/0163010 (Xuetal) déscdbes
amethod for performing an oxygenate to olefim reaction. In Xu et al., platinum or
another CO oxidation metal is added to the regenerator. _

[0005]  Publication WO 2005/017073 (Martens et al.) describes a method for
maintaining a particle size distribution in a reaction system, such as an oxygenate
to olefin reactor, by addition of co-catalyst particles. In Martens et al., particles of
a combustion promoting co-catalyst can be added to a reaction system, such as
particles composed of platinum or another Group VIII mgtal supported on

alumimm oxide.
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[0006]  What is desired are methods that allow for more efficient conversion of
oxygenates to olefins. In particular, mefhods are desired that allow for prdtecﬁon

of catalyst used in such conversions during periods of extended use.

SUMMARY OF THE INVENTION o
[0007] In an embodiment, the invention provides a method for'regeléeraﬁng

molecular sieve catalyst. The method includes receiving SAPO catalys, ‘having at
least 5 wit% coke relative to the weight of molecuiar sievé in the catalyst, from a
reactor in an oxygenate to olefin reaction system. The received SAPO catalyst is.
regenerated in a regenerator at a temperature of 730°C or less to. -prbdilcé
regénerated catalyst having at least 0.2 wit% coke relative to the -”Wei}ghi: of
molecular sieve in the regenerated catalyst. Preferably the regenerated _'c_:a't'alyst'
has at least 0.4 wi%, or more preferably 0.6 wi% coke relative to the weight of
molecular sieve in the regenerated catalyst. During regeneration, the regenerator
produces a steady state afterburn of 200°C or less and a steady state CO
concentration in a regenerator flue gas of 10,000 ppmv or less. Preferably, the
afterburn is 100°C or less. Preferably, the CO concentration in the regenerator
flue gas is 1000 ppmv or less. As the reaction system operates, particles
containing a CO oxidation metal are added to the reaction system at a rate of 10
ppmw of CO oxidation metal per total weight of unit catalyst inventory in the
reaction system per day or less. Preferably, the CO oxidation metal addition rate
is 0.35 ppmw or less, The concentration of CO oxidation metal in thé added
particles is at least 1 ppmy, f)referably at feast 10 ppmv.

[0008] In another embodiment, the invention provides a method for

.regenerating molecular sieve catalyst. The method includes receiving SAPO

catalyst, having at least 5 wi% coke relative to the weight of molecular sieve in
the catalyst, from a reactor in an oxygenate to olefin reaction system. The SAPO
catalyst is regeneraied in a regenerator at a temperature of from 540°C to 730°C

and at a pressure of from 5 to 100 psig. This produces regenerated catalyst having

from 0.4 wi% coke to 2.2 wi% coke relative to the weight of molecular sieve in

the catalyst. Preferably, the regenerated catalyst has 0.6 wi% coke relative to the
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- weight of molecular sieve in the catalyst. During regeneration, the regenerator

produces a steady state afterburn of 200°C or less, a steady state CO concentration
in a regenerator flue gas of 10,000 ppmv or less, and a steady state of O; in the
regenerator flue gas of at least 2.0 vol%. Preferably, the afterbum is 100°C or
less. Preferably, the CO concentration in the regenerator flue gas is 1000 ppmv or
less. As the reaction system operates, particles containing a CO oxidation metal
are added to the reaction system at a rate of 10 ppmw of CO oxidation metal per
total weight of catalyst in the reaction system per day or less. Preferably, the CO
oxidation metal is added to the reaction system at a rate of 0.35 ppmw or less.

[0009] In another embodiment, the invention provides a method for
regenerating molecular sieve catalyst in a continnous or semi-continuous
oxygenate-to~olefin reaction system, comprising: (i) receiving molecular sieve
catalyst, having at least 50% of a pre-determined average coke level in an
oxygenate-to-olefin reaction system, relative to the weight of molecutar sieve in
the catalyst, wherein the reaction system comprises at least a reactor and a
regenerator, and wherein, at any given tiﬁ';e, the reactor has an inventory (RxI) of
molecular sieve catalyst and the regenerator has an inventory (Rgl) of molecular
sieve catalyst; (ii) regenerating the molecular sieve catalyst in the regenerator to
produce regenerated catalyst having at least 0.1 wi% coke relative to the weight of
molecular sieve in the regenerated catalyst, the regenerator producing a steady
state afterburn of 200°C or less and a steady state CO concentration in a
regenerator flue gas of 10,000 ppmv or less, wherein the ratio of the regenerator
inventory to the reactor inventory (Rgl/RxI) is from about 0.1 to about 0.8; and
(iii) adding particles containing a CO oxidation metal to the reaction system at a
rate of 10 ppmw of CO oxidation metal per total weight of unit catalyst inventory
in the reaction system per day or less, the concentration of CQ oxidation metal in
the particles being at least 1 ppmw. In a preferred embodiment, the steady state
activity of the reaction system catalyst inventory is maintained at greater than 50%

of fresh catalyst activity when making up catalyst for inventory catalyst losses.
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BRIEF DESCRIPTION OF THE FIGURES B
[0010) FIG 1 depicts data modeling a regeneration process unde'if several

conditions. el
[0011] FIG 2 depicts data modeling a regeneration process und_éf_"several
conditions. ' .
[0012) FIG 3 depicts data modeling a regeneration process undérvse'veral
conditions. -
[0013] FIG 4 depicts data modeling a regeneration process u:idé: several
conditions. | _
[0014] FIG 5 depicis data modeling a regeneration process under .several
conditions. B ,
[0015] FIG 6 depicts data modeling 2 regeneration process un.der-'several
conditions, _

[0016] FIG 7 depioté data for platinum addition to a regeneration ﬁrocess
according to an embodiment of the invention.

[0017]  FIG 8 depicts data for platinum addition to a regeneration process
according to an embodiment of the invention, " _
[0018] FIG 9 depicts data modeling a regeneration process mdér'séveral
conditions. : |
0019}  FIG 10 depicts data modeling a regeneration process under- several

conditions.

DETAILED DESCRIPTION OF THE EMBODIMENTS
L Protecting Catalviic Activity of a Silicoaluminophosphate Molecular Sieve

[0026]  This invention is djr_ected to methods for protecting moleéular sieve
catalyst in an oxygenate to olefin reaction system. It an embodiment, the
invention provides a method for regenerating molecular sieve catalyst. using
conditions that reduce or minimize damage to the molecular sieve while providing -
a sustainable steady state process. This is achieved by regeneraiing the particles
under a targeted range of operating conditions, The catalyst is regenerated at a
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temperature of less than 730°C, preferably less than 700°C, for example less than
650°C, in the presence of a CO oxidation metal while maintaining a coke level on
the regenerated catalyst of at least 0.4 weight percent relative to the weight of
molecular seive after regeneration. -Preferably, the coke level 611 the regenerated
catalyst is at least 0.6 weight percent. The amount of CO remaining in the gas
stream exiting the regenerator is also controlled, as is the afterburn temperature of
the pas stream exiting the regenerator. The afterburn temperature refers to the
change in the temperature of the gas stream, relative fo the temperature of the
finidized bed, as the gas stream enters the volume above the regenerator flnidized
bed and flows into the cyclones or other flue gas piping. In the discussion below,
afterburn will be used to refer to both dilute phase burning of coke on entrained
catalyst as well as additional combustion of CO after regenerator flue gas leaves
the regenerator fluidized catalyst bed. In an emnbodiment, the targeted conditions
allow the activity of the total catalyst inventory in a reaction sysiem to be
maintained at greater than 50% of the activity of fresh catalyst inventory.
Preferably, the activity of the total catalysf inventory is maintained at greater than
60% of the activity of fresh catalyst inventory. The activity of catalyst inventory
refers to a measurdble reaction rate for the catalyst inventory, such as the reaction
rate for converting methanol to olefin product.

[0021] In a preferred embddiment, molecular sieve catalyst is regenerated
under conditions where platinum is infroduced into the regenerator at a controlled
rate. By controlling the rate of platinum addition to account for losses of the CO
oxidation metal due fo attrition, sufficient CO oxidation metal can be provided for
a sustainable steady state reaction while reducing or minimizing the total amount
of CO oxidation metal needed.

[0022] . In another embodiment, catalyst in an oxygenate to olefin reaction
system is regenerated under a controlled set of conditions in order to reduce or
eliminate damage or degradation of the catalyst while providing a sustainable,
steady state process. In order to achieve the reduced degradation in a sustainable

process, the following conditions are simultaneously implemented in the
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regenerator: a regeneration temperature of from 500°C to 650°C, preferably at
least 590°C; excess Oy in the tange of 0.5% to 2.5% by volume; a catalyst hold-up
time in the regenerator of less than 180 minutes, preferably, less than 30f:x;_n_'inu_tes,,
more preferably at least 5 mimutes, and still more preferably from 20 to 25
minutes; a coke level on the regenerated catalyst of at least 0.6 wi% ‘relaﬁi_r_'c to the
weight of molecular sieve; a regenerator pressure of from 20 to 30 p51g,aud aPt
addition rate to the regenerator of up to 10 ppmw per unit weight of umt '6at‘a]yst
inventory per day. Preferably, the Pt addition rate to the regenerator is up to 0.35
ppmw per unit weight of unit catalyst inventory per day. These conditié;is taken
together aliow for removal of up to 6 wt% of coke from 2 catalyst pafﬁ&léhwli.ﬂé
producing an afterburn of 200°C or less and a CO concentration in thé' ﬂu'égas
exiting the regenerator of 10000 ppmyv or less. Preferably, the conditions taken
together prodice an afterburn of 100°C or less. Preferably, the CO concentration
in the flue gas exiting the regenerator is 1000 ppmv or less. In the regeneration
conditions provided for this embodiment, the coke level on the catalyst 'ovérall,
the afterburn, and CO concentration in the flue gas can be maintained:at'steady
state during operation. In this embodiment, selection of some variables while
allowing others to vary can result in an unstable operating condition that are not
operable, possibly due to excessive afterburn, inability to maintain a desired coke
level on the catalyst particles, or a loss of conirol of other. factors which wm_ﬂd
lead to catalyst damage or deactivation.

[0023] In a preferred embodiment, the invention provides a method for
regenerating molecular sieve catalyst in a continuous or semi-continuous
oxygenate-to-olefin reaction systein, comprising: (i)} receiving molecular sieve
catalyst, having at least 50% of a pre-determined average coke level in an
oxygenate-to-olefin reaction system, relative to the weight of molecular sieve in
the catalyst, wherein the reaction system comprises at least a reactor and a
regenerator, and wherein, at any given time, the reactor has an inventory (RxI) of
molecular sisve catalyst and the regenerator has an inventory (Rgl) of molecular

sieve catalyst; (ii) regenerating the molecular sieve catalyst in the regenerator to
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produce regenerated catalyst having at least 0.1 wi% coke relative to the weight of
molecular. sieve in the regenerated catalyst, the regenerator producing a steady
state afterbum of 200°C or less and a steady state CO concentration in a
regenerator ﬂué gas of 10,000 ppmv or less, wherein the ratio of the regenerator
inventory to the reactor inventory (Rgl/RxI} is from about 0.1 to about 0.8; and
(iii) adding particles containing a CO oxidation metal to the reaction system at a
rate of 10 ppmw of CO oxidation metal per total weight of unit catalyst inventory
in the reaction system per day or less, the concentration of CO oxidation metal in
the particles being at least 1 ppmw. In a preferred embodiment, the steady state
activity of the reaction system catalyst inventory is maintained at greater than 50%
of fresh catalyst activity when making up catalyst for inventory catalyst losses.
[0024]  Although, in some embodiments, the molecular sieve catalyst is
identified as a silicoaluminophosphate (SAPO), it should be understood that the
SAPQs are exarples of molecuiar sieve catalysts but that other small-pore (i.e.,
pore size of about 5A or less, preferably between about 5A and about 3.5A)
molecular sieve catalysts (such as aluminophosphates, aluminosilicates, and the
like, intergrowths thereof, and combinations thereof), and/or molecular sieve
catalysis characterized as 12-ring or less (preferably from about 6-ring to about
12-ring, more preferably of about 8-ring), whether zeolitic or non-zeolitic, can be-
substituted for the SAPOs disclosed herein, with the appropriate adjustments to
one or more of the process conditions, as would be known to those of skill in the
art aud/or would be readily determinable through experimentation.

[0025]  Further, as described herein, it is contemplated that embodiments listed
separately, even in different aspects of the invention described herein, may be
combined together with one or more other embodiments, provided that the

embodiments do not have features that are mutually exclusive.

L. Regeneration of Molecular Sieve Catalyst

[0026] In an embodiment, the invention provides a method for reducing or

minimizing the degradation of molecular sieve catalyst during regeneration.
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- During an oxygenated to olefin reaction, an oxygenate feedstock is contacted with
a'molecular sieve catalyst in a reactor. This produces the olefin prc_)dﬁct,’__’;v({high' is
separated from the catalyst in one or more disengaging vessels. Durmg the
conversion reaction, coke is deposited on the catalyst as a by—prodﬁét. ’I The
buildup of coke on the catalyst is controlled by passing the catalyst through a
regenerator. o o
[0027] In an embodiment, at least a portion of the coked catalyst cofﬁposition
is withdrawn from one or more of the disengaging vessels and introdqéé&._itb. the
regeneration system. The regeneration system comprises a regenerator '_wl:iéré the
coked catalyst composition is contacted with a regeneration medium, pféféﬁbljr a
gas containing oxygen, uwnder conventional regemeration condiﬁons ~of
temperature, pressure and residence time. In an embodiment, a gas—so_iids ﬂbw
exiting a regenerator may be passed through cyclones configured according to the
invention. Alternatively, at least a portion. of the catalyst can be flowed to bypa'Ss
the regeneration system. The catalyst bypassing the regenerator can be flowed to
another desired portion of the reaction system, such as flowing th.e. 'catalyst'
directly into a catalyst cooler or allowing the catalyst o rejoin a fhuidized bed in
‘the reactor. Non-limiting examples of suitable regeneration media incl;it_ie one or
more of oxygen, Oz, SOz, N2O, NO, NO3, N2Os, air, air diluted with ﬁittogen or
carbon dioxide, oxygen and water (UU.S. Patent No. 6,245,703), catbon monoxide
and/or hydrogen.

[0028]  Suitable regeneration conditions are those capable of burning coke
from the coked catalyst composition to a desired level. Coke levels on the catalyst
composition are measured by withdrawing the catalyst composition from the
conversion process and determining its carbon content. In an embodiment, an
increased level of coke remains on the catalyst after regeneration. Maintaining a
higher level of coke both reduces the required regeneration time for catalyst to
reach a desired coke level and increases the coke burning rate. Preferably, the
regeneration conditions remove coke to less than 1.0 weight percent based on the

total weight of the coked molecular sieve catalyst composition entering the
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regeneration system, and more preferably to less than 0.75 weight percent.
- Preferably, the regeneration conditious allow 0.3 weight percent or greater of coke
to reméin on the catalysf relative to the total weight of catalyst after regeneration,
or at least 0.4 weight percent, or at least 0.5 weight percent, or at least 0.6 weight
percent. In another embodiment, the regeneration conditions can allow 0.1 weight
percent or greater of coke to remain on the catalyst relative to the total weight of
catalyst afier regeneration, or 0.2 weight percent or greater. Note that allowing at
least 0.1 weight percent or greater of coke to remain on the catalyst, preferably
greater than 0.2 weight percent, and more preferably greater than 0.3 weight
percent, can allow for improved circulation between the regenerator and the
reactor. The weight of coke on catalyst can be alternatively expressed in terms of
the amount of molecular sieve present within the catalyst. The weight of
molecular sicve within a catalyst will be a fraction of the total catalyst weight.
The weight percent of coke relative to the weight of molecular sieve can be
determined by starting with the weight percent of coke relative to the total catalyst
weight, and then di\fiding by the weight fraction of molecular sieve. Ina i:referred
embodiment of the invention, the weight fraction of molecular sieve within the
SAPO catalyst is 0.45.
{00291 In various embodiments, operating at an increased level of coke on
regenerated catalyst can lead to reduced degradation of catalyst, in part due to a
lower catalyst residence time in the regenerator for burning a desired coke load.
However, operating at increased levels of coke on regenerated catalyst requires
selection of targeted regeneration conditions so that the increased coke level is
maintained without causing excessive afterburn or other undesired side effects.
Additionally, the targeted regeneration conditions should maintain the desired
coke level during steady state operation of the reaction system, i.e., the average
coke level on catalyst in the reactor should stay at a desired level, and the amount
of coke remaining on catalyst particles exiting the regenerator should remain ata .
desired level. In an embodiment, the average coke level on catalyst in the reactor
is at least 2.25% by weight relative to the total weight of catalyst, or at least 3%
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by weight, or at least 5% by weight, or at Ieast 6% by weight. In prefexred
embodiments, the coke content of the catalyst at the point where the (oxygenate)
feedstock contacts/mixes with the regenerated catalyst is at least about 0.5 wi%, as |
measured on the molecular sieve, and/or at least about 1 wi%, as meaSU:_rérl 6ﬁ the
catalyst composition (e.g., including binder, matrix, etc.). In other j:@ijeféned_
embodiments, the coke content of the catalyst at the point where the (6xyé_enate)
feedstock contaété/mixes with the regenerated catalyst may addifidn‘z-ally. or
alternately be no greater than about 2 wt%, for example no greater than ‘abbui: 1.2
wit%, as measured on the molecular sieve, and/or no greater than abont 4 Wt%, for’
example no greater than about 2.4 wt%, as measured on the catalyst composmon
(e.g., mcludmg binder, matrix, etc.).

[0030] The regeneration is conducted at temperatutes that are des1gned to
effectively remove coke in an industrially practical amonnt of time while reducing
the likelihood of catalyst damage or degradation. In an embodiment, the
regeneration temperature is 730°C or less, or 700°C or less, or 675°C or less, or
650°C, or 625°C or less. In another embodiment, the regeneration teﬁp_erahue
can be 500°C or greater, or 540°C or greater, or 590°C or greater, or"600°C or
greater, or 625°C or greater. o
[0031] In one eﬁlbodiment, the regeneration pressure may be in the range of
from about 5 psig (69 kPaa) to about 60 psig (828 kPaa). Preferébly, the
regeneration pressure is at least 15 psig (207 kPaa), or at least 20 psig (242 kPaa),
or at least 25 psig (275 kPaa). Preferably, the regeneration pressure is 30 psig
{414 kPaa) or less. The precise regeneration pressure is generally dictatéd by the
pressure in the reaction system. Higher pressures are typically preferred for
lowering equipment size and catalyst inventory; however, higher pressures also
increase air blower power and cost. Nevertheless, the regeneration pressure may
additionally or alternately be in the range from about 30 psig (414 kPaa) to about
150 psig (2.08 MPaa), for example from about 45 psig (621 kPaa) to about 120
psig (1.65 MPaa) or from about 60 psig (828 kPaa) to about 120 psig (1.65 MPaa).
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[0032]  Inanother embodiment, the residence time (or catalyst holdup) of the
catalyst in the regenerator is at least 10 minutes, or at least 15 minutes, or at least
20 minutes. Alternatively, the residence time in the regenerator can be 30 ntinutes
or less, or 25 nﬁnutes or less.

[0033] In one embodiment, the rate of catalyst, comprising molecular sieve
and any other materials (such as matrix materials, binders, fillers, etc.),
recirculated to recontact the feed within the reactor system is from about 1 to
about 100 times, more desirably from about 10 to about 80 times, and most
desirably from about 10 to about 50 times the total feed rate, by weight, of
oxygenates to the reactor. '

[0034]  In another embodiment, a portion of the catalyst, coniprising molecular
sieve and any other materials (such as matrix materials, binders, fillers, etc.) can
be removed from the reactor system for regeneration and for
recirculation/reinfroduction back to the reactor at a rate (catalyst weight/hour)
from about 0.01 times to about 5 times, more desirably from about 0.025 times to
about 2 times or from about 0.1 times to dbout 0.5 ﬁmeé, and most desirably from
about 0.1 to about 0.3 times the total feed rate (oxygenate weighthour) of
oxygenates to the reactor system. These rates pertain to the formulated molecular
sieve catalyst composition, including non-reactive solids.

[0035]  Preferably, the amount of oxygen in the regeneration flue gas (j.e., gas
which leaves the regenerator) is at least 0.5% by volume, or at least 1.5% by
volume, or at least 2.0 %, or at least 2.2%, or at least 2.5%. In another
embodiment, the amount of oxygen in the regeneration flue gas is not greater than
6.0% by volume, or not greater than 4.0% by volume, or not greater than 3.0% by
volutie. The amount of oxygen in the gas used to regenerate the coked catalyst
(i.e., fresh or feed gas) is typically af least about 15 mole percent, preferably at
least about 20 mole percent, and more preferably from about 20 mole percent to
about 30 mole percent, based on total amount of regeneraiion gas fed to the
regenerator. Note that an excess of oxygen in the regenerator is desirable when

regenerating SAPO type catalysts in order to prevent degradation of the catalyst.
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It is believed that coke on catalyst will react with oxygen in the SAPO'_ﬁloiécu]ar
sieve at high temperatures if no other source of oxygen is present. Sucha teaicﬁén
leads to degradation of the molecular sieve. o

[0036] In an embodiment, a CO oxidation metal is present in the regé_ﬁe:ator
during regeneration. Preferably the CO oxidation metal is platinum, but other -
metals such as palladium, vanadium, rhenium, iridium, ruthenium, rhodmm,
oxmium, chromiuni, or manganese can also be used. The CO oxidaﬁ&p"-ﬁlétal
may also be present in an oxidized state, such as in an oxide, sulfide, or other
form. During operation of the regenerator, CO oxidation metal is added .af least
periodically to the reaction system. Periodically or continually addmgﬂle o
oxidation metal to the reaction system allows losses of the CO oxidatipﬁ metal to
be replaced, such as losses due to atirition or deactivation of the CO o;(idaﬁoﬁ
metal. _ |

[0037] A CO oxidation meial such as Pt can be added to a particle, _such as a
silica/alumina carrier particle, a clay carrier particle, or a SAPO catalyst, by aﬁy
convenient manner. For example, the CO oxidation metal can be 'added by
impregnating a particle with an aqueous or organic solution containing the desired
CO oxidation metal, such as a solution of chloroplatinic acid o_1f piaﬁnum
acetylacetonate. In an embodiment, Pt can be selected as the CO oxidéﬁo_n mé_tal
and added to the regenerator in the form of SAPQ catalyst particles impi'_egnated
with Pt. In such an embodiment, the concentration of Pt in the SAPO particles
can be at least 1 ppmw, or at least 10 ppmw, or at least 50 ppmw, or at least 100
ppmw, or at least 500 ppmw, or at least 1000 ppmw. Alternatively, the
concentration of Pt in the SAPO particles can be 5000 ppmw or less, or 1000
ppmw or less, or 500 ppmw or less. In a preferred embodiment, only a fraction of
SAPOQ catalyst particles are impregnated with Pt. In such an embodiment, the
concentration of Pt in the SAPO particles can be at least 700 ppmw, or at least 750
ppmw, or at least 800 ppmw. Alternatively, the concentration of Pt in the SAPO
particles can be 5000 ppmw or less, or 1000 ppmw or less.
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[0038] Due to the high attrition resistance of SAPQ particles, relatively few
SAPO particles containing Pt will be lost. This allows the Pt addition rate to be
0.1 ppmw or less pér unit of catalyst in the catalyst inventory per day of the
overall reaction system, or 0.05 ppmw or less. In another embodiment, the Pt can
be added as a separate catrier particle, such as Intercat COP-850, Grace Davison
CP-3, or any other similar commercial Pt additive. These particles have higher
attrition rates than SAPO catalysts. In embodiments where the attrition rate of the
Pt-containing particles is higher, the Pt addition rate can be 10 ppmw or less per
it catalyst inventory per day, or 1 ppmw or less, or 0.5 ppmw or less, or 0.35
ppmw or less, or 0.25 ppraw or less, or 0.20 ppmw or less.

[0039]  The burning of coke in the regeneration step is an exothermic reaction.
When some amount of coke remains on the catalyst after leaving the regenerator
fluidized catalyst bed by entrainment, additional coke can be consumed in the
region above the regenerator fluidized catalyst bed after the catalyst leaves the
regenerator bed if excess oxygen is present. This can be referred to.as dilute
phase buming of the coke. Similarly, any CO present i;l the gas leaving the
fluidized bed and/or exiting the regenerator can also undergo combustion to form
CO;. These two processes causing additional combustion outside of the
regenerator fluidized catalyst bed will be referred to as afterburn. The additional
combustion of coke and/or CO afier leaving the regenerator fluidized catalyst bed
results in additional heating of the catalyst, creating the potential for additional
damage or degradation. In varions embodiments, the combined temperature rise
due to afterbum is maintained at 200°C or less, or-at 100°C or less, or at 50°C or
less.

[0040]  Regenerating particles to leave coke on the surface of 0.4 wi% or more
can also lead to excess CO remaining in the regenerator flue gas. If the level of
excess CO is too great, the flue gas will require additional processing before being
allowed to exit the reaction system. In various embodiments, the level of CO in
the regenerator flue gas is 10,000 ppmv or less, or 1000 ppmv or less, or 500

ppmv or less, or 200 ppmv or less, or 100 pprav or less.
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{0041]  In an embodiment, the temperature within the regeneration sj{s'te__m__c:anrl :
be further controlled by various techniques in the art including feediﬁg_ ﬁ-cd'olé,d'
gas to the regenerator vessel, operated either in a batch, continﬁou's_',;or' semi-
continuous mode, or a combination thereof. A preferred technique“involves
withdrawing the regenerated catalyst composition from the regeneratib;_zj_ sj:rstmn
and passing it through a catalyst cooler to form a cooled regenerate.d:‘ic_:atalystl
composition. The catalyst cooler, in an émbodiment, is a heat exchajige_f.__t.hat-is
located either internal or external to the regeneration system. Other mefhblcis'for '
operating a regeneration system are disclosed in U.S. Patent No. _'6,_290,9-16
(controlling moisture). ‘ R
[0042]  The regenerated catalyst composition withdrawn from the régeneratiOn
system, preferably from the catalyst cooler, is combined with a fresh'iholécular
sieve catalyst composition and/or re-circulated molecular sieve cétal_yst
composition and/or feedstock and/or fresh gas or liquids, and returned to the
reactor(s). In one embodiment, the regenerated catalyst composition w1ﬂ1drawn
from the regeneration system is returned to the reactor(s) directly, preferably after
passing through a catalyst cooler. A carrier, such as an inert gas, feedstbck vapor,
steamn or the like, may be used, semi-continuously or continuously, fo Vfacilitate the
introduction of the regenerated catalyst composition to the reactbr. system,
preferably to the one or more reactor(s).

[0043] By controlling the flow of the regenerated catalyst composition or
cooled regenerafed catalyst comaposition from the regeneration system to the |
reactor system, the optimum level of coke on the molecular sieve catalyst
composition entering the reactor is maintained. Thel_'e are many techniques for
controlling the flow of a catalyst composition described in Michael Louge,
Experimental Techniques, Circulating Fluidized Beds, Grace, Avidan and
Knowlton, eds., Blackie, 1997 (336-337).

[0044] In one embodiment, the catalyst regenerator can have certain design
parameters that facilitate the regeneration of catalyst particles in the catalyst

- regenerator, in addition to providing desirable flow characteristics in the
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separation zone for increasing entrained catalysention. The catalyst
regenerator can preferably include a regeneratinoa mto which a regeneration medium
and an at least partially coked catalyst from atoeacan be fed. The regeneration zone
typically has a first lower end, a first upper eadd a first major length therebetween.
The catalyst regenerator also typically includeseparation zone provided to separate
entrained catalyst from gaseous componerdscombustion products of a regeneration
process, and to return the entrained catalystéaegeneration zone. The separation
zone typically has a second lower end, a seconerwgql, and a second major length
therebetween. The separation zone can includegedwegion adjacent the second lower
end of the separation zone, and the second lowkca&m advantageously be in fluid
communication with the first upper end. The catalygenerator also typically includes a
catalyst return into which regenerated catalystosafed from the regeneration zone and
from which the regenerated catalyst can be direiieithe reactor. According to one
embodiment, the ratio of the second major lengthedirst major length can be greater
than 1.0, greater than 1.25, greater than 1.5tegrd@an 2.0, greater than 3.0, greater
than 4.0 or greater than 5.0. Where indicated hetleese ratios are exclusive of the
swaged region. If not so indicated, then thesegalie inclusive of the swaged region,
which will be factored into the second major lendi providing a catalyst regenerator
having these characteristics, desirable regenereliaracteristics that minimize entrained
catalyst loss can be achieved, as disclosed, fam@g, in U.S. Patent Application
Publication No. 2005-0043577 Al.

[0045]In an embodiment, the separation zone can advantalyeinclude a swaged
region and an upper separation region. The swaggohrcan typically include a narrow
end and a broad end and can increase in latess-sextional area from the narrow end
to the broad end. The narrow end is generally et the proximal end of the
swaged region, while the broad end is generallgrieid adjacent the distal end of
the swaged region. The broad end of the
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swaged region is generally adjacent to, and in fluid communication mth, the :
upper separation region. The narrow end is generally oriented adjacent to, and i is
in fluid communication with, the regeneration zome. The increase m CIOSS'r.
sectional area in swaged region can be provided in order to reduce the superﬁcial '
velocity of entrained catalyst as the catalyst passes from the narrow e}iﬁ td. the
broad end of swaged region. The upper separation region prefefably is formed of
a hollow cylinder, e.g., a tubular member, having a uniform or suhété;nﬁéﬂy
uniform lateral cross-sectional area, to provide uniform sﬁperﬁcial';'_ velocity
characteristics for entrained catalyst contained therein. i

[0046] - In one embodiment, the ratio of the height of the separation zone to the
height of the regeneration zone is greater than about 1, preferably greaier than
about 1.25, greater than about 1.5, greater than about 2.0, alternately grcater than
about 3.0, greater than about 4.0, or greater than about 5.0,

[0047]  Optionally, the regeneration zone has a first average diameter, and the
separation zone has a second average diameter. The ratio of the second average
diameter to the first average diameter can be at least about 1.1, at least 'about‘ 1.4,
at least about 1.7, at least about 2.0, at least about 2.3, at least about 2.6, or at least
about 2.9. Where indicated herein, these ratios are exclusive of thé .'sWaged
region, If not so indicated, then these ratios are inclusive of the swaged regioﬁ,
which will be factored in determining the second average diameter. |
{0048]  In terms of cross-sectional areas, the regeneration zone can have a first
average cross-sectional area, and the separation zone can have a second average
cross-sectional area, and the ratio of the second average cross-sectional area to the
first average cross-sectional area optionally can be at least about 1.2, at least about
2.0, at least about 3.0, at least about 4.0, at least about 5.3, at least about 6.8, or at
least about 8.5. In one embodiment, the ratio of the average cross sectional area
of the separation zone to the average cross sectional aréa of the regeneration zone
is from about 1 to about 8.0, preferably from about 1.5 to about 3.0, and most
preferably from about 2.0 to about 2.5. Where indicated herein, these ratios are

exclusive of the swaged region. If not so indicated, then these ratios are inclusive
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of the swaged region, which will be factored in determining the second average
cross-sectional area. These parameters are particularly well-suited for receiving at
least partially coked catalyst from a methanol-to-olefin reactor.

[0049] - In one embodiment, the ratio of the flow rate of catalyst entering the
catalyst regenerator to the length of the regeneration zone and/or the length of the
separéﬁon zone is greater than about 0.3 Ib/sec/ft (0.45 kg/sec/m), optionally
greater than about 1.0 Ib/sec/ft (1.5 kg/sec/m), and optionally greater than about
6.0 Ibs/sec/ft (9.0 kg/sec/m), based on the total lengths of the regeneration and
separation zones.

[0050] In another embodiment, the present invention is directed to a process
for regenerating catalyst. The process can include the steps of: (a) receiving a
coked 'catalyst in a regeneration zone from a reactor; (b) contacting the coked
catalyst with a regeneration medivin in the regeneration zone at a first superficial
velocity and under conditions effective to convert at least a portion of the coked
catalyst to regenerated catalyst and forming gaseous products; (c) directing the
gaseous products and entrained catalyst from the regenefation zone to a separation
zone, wherein the entrained catalyst flows in the separation zone at a second
superficial velocity; (d) separating a majority of the gaseous products in the
separation zone from a majority of the entrained catalyst in the separation zone;
(e) returning the majority of the entrained catalyst to the regeneration zone; and (f)
directing the regencrated catalyst from the regeneration zone to the reactor,
wherein the ratio of the first superficial velocity to the second superficial velocity
is at least about 1.2, at least about 2.0, at least about 3.0, at least about 4.0, at least
about 5.3, at least about 6.8, or at least about 8.5. Where indicated herein, these
ratios are exclusive of the superficial velocity of the swaged region. If not so
indicated, then these ratios are inclusive of the superficidl velocity in the swaged
region, which will be factored info determining the second superficial velocity.
The second superficial velocity optionally is less than about 1.0 meters per

second, less than about 0.5, less than about 0.25, or less than about 0.1 meters per
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second. If so indicated, these velocities are exclusive of the superﬁcia]; veloclty in
the swaged region. .
[0051]  In another embodiment, the present invention is directed to 'a'jirdcess :
for regenerating catalyst, which comprises the steps of: (a) recelvmg a coked
catalyst in a regeneration zone from a reactor; (b) contacting the coked catalyst
with a regeneration medium in the regeneration zone at a first superﬁmal velomty
and under conditions effective to convert at least a portion of the coked catalyst to
regenerated catalyst and forming gaseous products; (c) directing the géSEOus '
products and entrained catalyst from the regeneration zone to a sepaxatlon zone,
wherein the entrained catalyst flows in the separation zone at a second superﬁclal '
velocity, the second superficial velocity being less than the ﬁrst superﬁclal '
velocity; (d) separating a majority of the gaseous products in the separatlon zone
from a majority of the entrained catalyst in the separation zone; (&) returmng the
majority of the entrained catalyst to the regeneration zone; (f) releasing a ﬂ_ue gas
stream comprising the majority of the gaseous products from the separ_aﬁbn zone,
wherein the flue gas stream contains less than about 0.5, less than about 0.05, or
less than about 0.005 weight percent entrained catalyst, based on the-téfal weight
of the flue gas stream; and (g) directing the regenerated catalysi from the
regeneration zone to the reactor. Optionally, the ratio of the first 'éu_perﬁcial
velocity to the second superficial velocity is at least about 1.2, at least abg_iut‘ 2_;0,
at least about 3.0, at least about 4.0, at least-about 5.3, at least about 6.8, or at least
about 8.5, The second superficial velocity can be less than about 1.0 meters per |
second, less than about 0.5, less than about 0.25, or less than about 0.1 meters.per
second. Preferably, the reactor is a methanol-to-olefin reactor, and the process
includes the step of contacting methanol in the reactor with a molecular sieve
catalyst under conditions effective to convert at least a portion of the methanol to
light olefins and to form the coked catalyst.

[0052] In another embodiment, the regenerator conditions in an oxygenate-to-
olefin reactor system can be described by a dimensionless variable, termed
Rgl/RxI, which represents the ratio of the catalyst inventory of the regenerator to
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the 6atalyst inventory of the reactor. As used herein, the inventory ratio, Rgl/RxI,
éan represent a weight ratio (wt/wt) or a time ratio (s/s), as the catalyst inventory
of both the regenerator and the reactor are changing at known flow rates.
RgU/RxI, unless otherwise specified herein, is expressed as a steady state variable,
e.g., as measuted on average over an appropriate sample period of time on a
continuous (e.g., oxygenates-to-olefins) process, although the inventory ratio can
also be used to represent non-steady state reactor/regenerator conditions herein.
[0053] 1In one embodiment, Rgl/RxI can range from about 0.1 to about 0.9,
preferably from about 0.1 to about 0.8, for example from about 0.15 to about 0.75,
from about 0.2 to about 0.7, or from about 0.25 to about 0.7. In alteruate
embodiments, Rgl/RxI can range from about 0.1 to about 0.6, from about 0.15 to
about 0.5, from about 0.3 to about 0.9, from abount 0.35 to about (.85, from about
0.4 to about 0.8, or from about 0.4 to about 0.75.

[0054] It has been noted that RgV/RxI can vary with, inter alia, catalyst
activity and regenerator temperature, as well as with desired level of coke on
catalyst exiting the regenerator. |

[0055]  For instance, FIG 9 shows a plot modeling the variation of inventory
ratio {(RgI/RxI) with regenerator temperature at constant (in this case, 50%)
catalyst steady state activity in a methanol-to-olefin reaction system. From this
plot, a relationship of regenerator temperature, inventory ratio, and steady state
catalyst activity was determined. Such relationship can be expressed generally
with steady state catalyst activity (Acae) being exponentially related to
temperature (T), with the pre-exponent “constant” (X) being a linear function of
mventory ratio (RgURxI), as follows: Acug = K¥exp(-E*T);, where K =
(M*Rgl/Rx)+b). Under the conditions of -about 0.3% per day of inventory
catalyst loss (e.g., due to atirition, catalyst withdrawal, or the like, or corbinations
thereof), approximately 2.5% flue gas oxygen content, and about 4 psia
regenerator water/moisture partial pressure, the constants E, M, and b above fit to
about 0.0037, about -17.7, and about 25.7, respectively, when temperature is
expressed in degrees Kelvin. In FIG 9, it is believed that higher activities yield
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curves on this plot below the 50% activity curve, while lower acﬁﬁﬁéé yield:
curves on the plot above the 50% activity curve. L

[0056]  Further, FIG 10 shows overlaid plots of modeling done on steady state '
catalyst activity, varymg regcnerator temperature and inventory ratio (RngRxI)
The same methanol-to-olefin reaction system conditions were used for the
modeling in FIG. 9 as were used in FIG 10 to generate muitiple plots of constant
mventory ratio (RgI/Rxl) while varying (normalized) steady state catalyst acnvlty
and regenerator temperature. The modeling fit calculated for 50% catalyst actmty
in FIG. 9 was used for each of the multiple plots. of constant mventory ratlo

(Rg/RxD).

I Molec:_u;_ar Sieve Material L
[0057]  The molecular sieves used in the present invention are preferably
silicoaluminophosphate (SAPO) molecular sieves, aluminophosphate (AIPO)

molecular sieves, aluminosilicates (e.g., high-silica CHA-type materials), metal
substituted versions thereof, and/or combinations thereof. In an embodiment, the
etal is an alkali metal of Group IA of the Periodic Table of Elements, an éﬂ{ah'ne
earth metal of Grroﬁp TA of the Periodic Table of Elements, a rare earth metai of
Group IIB, including the Lanthanides: lanthanum, cerium, praSedd_jzmium,
neodymium, samarium, evropium, gadolinium, ferbium, dysprosium, holmmm,
erbium, thulium, ytterbium and lutetium; and scandium or yttrium of the Periodic
Table of Elements, a transition metal of Groups IVB, VB, VIB, VIIB, VDIB, and
IB of the Periodic Table of Elements, or mixtures of any of these metal species. In
one preferred embodiment, the metal is selected from the group consisting of Co,
Cr, Cu, Fe, Ga, Ge, Mg, Mn, Ni, Sn, Ti, Y, Zn, and Zr, and mixtures thereof. In
another preferred embodiment, these metal atoms discussed above are inserted
into the framework of a molecular sieve through a tetrahedral unit, such as
[MeQ,], and carry a net charge depending on the valence state of the metal
substituent. For example, in one embodiment, when the metal substituent has a
valence state of +2, +3, 4, +5, or +6, the net charge of the tetrahedral unit is
between -2 and +2.
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[_0058] In one embodiment, the silicoaluminophosphate molecular sieve is
represented, on an anhydrous basis, by the formula:

mR:(8i,ALP,)O;
wherein R represenis ai least ome templating agent, preferably an organic

 templating agent; m is the number of moles of R per mole of (SixALyP,)O; and m

has a value from 0 to 1, preferably 0 to 0.5, and most preferably from 0 to 0.3; %,
y, and z represent the mole fraction of Al, P and Si as tetrahedral oxides. In an
embodiment, m is greater than or equal to 0.2, and x, y and z are greater than or
equal to 0.01. In.another embodiment, m is greater than 0.1 to about 1, x is
greater than 0 to about 0.25, y is in the range of from 0.4 to 0.5, and z is in the
range of from 0.25 to 0.5, more preferably m is from 0.15 to 0.7, x is from 0.01 to
0.2, yis from 0.4 to 0.5, and z is from 0.3 to 0.5.

[0059] In one embodiment, the silicoaluminophosphate molecular sieves have .
an Si/Al ratio of not greater than about 0.5, preferably not greater than about 0.3,
more preferably not greater than about 0.2, still more preferably not greater than
about 0.15, and most preferably not greater than about 0.1. In another
embodiment, the Si/Al ratio is sufficiently high to allow for increased catalytic
activity of the molecular sieve. Preferably, the silicoaluminophosphate moiecular
sieves contain Si and Al at a ratio of at least about 0.005, more preferably at least
about 0.01, and most preferably at least about 0.02. ”

[0060] Non-limiting examples of SAPO molecular sieves useful herein
include one or a combination of SAPO-5, SAPO-8, SAPO-11, SAPO-16, SAPO-
17, SAPO-18, SAPO-20, SAPO-31, SAPO-34, SAPO-35, SAPO-36, SAPO-37,
SAPO-40, SAPO-41, SAPO-42, SAPO-44, SAPO-47, SAPO-56, and metal
containing molecular sieves thereof. Particularly usefil molecular sieves include,
but are not limited to, one or a combination of SAPO-18, SAPO-34, SAPO-35,
SAPQ-44, SAPQO-56, AIPO-18, AIPO-34, and metal contajniﬁg derivatives
thereof, such as one or a combination of SAPO-18, SAPQ-34, AIPO-34, AIPO-18,
and metal containing derivatives thereof, and especially one or a combination of
SAPQ-34, AIPO-18, and metal containing derivatives thereof.
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[006] Other non-limiting examples of zeolitic and non-#&o molecular
sieves include one or a combination of the follgyiBeta (U.S. Patent No.
3,308,069), ZSM-5 (U.S. Patent Nos. 3,702,886, 428 and 5,783,321), ZSM11
(U.S. Patent No. 3,709,979), ZSM-12 (U.S. Patent 3y832,449), ZSM-12 and
ZSM-38 (U.S. Patent No. 3,948,758), ZSM-22 (U.SeRaNo. 5,336,478), ZSM-23
(U.S. Patent No. 4,076,842), ZSM-34 (U.S. Patent 4086,186), ZSM35 (U.S.
Patent No. 4,016,245, ZSM-48 (U.S. Patent No. 489j), ZSM-58 (U.S. Patent
No. 4,698,217), MCM-1 (U.S. Patent No. 4,639,334 ;M-2 (U.S. Patent No.
4,673,559), MCM-3 (U.S. Patent No. 4,632,811), MGNU.S. Patent No. 4,664,897),
MCM-5 (U.S. Patent No. 4,639,357), MGM-9 (U.S. iRatdo. 4,880,611), MCM-10
(U.S. Patent No. 4,623,527), MCM-14 (U.S. Patent4/619,818), MCM-22 (U.S.
Patent No. 4,954,325), MCM-41 (U.S. Patent No. §,684), M-41S (U.S. Patent
No. 5,102,643), MCM-48 (U.S. Patent No. 5,198,208}3M-49 (U.S. Patent No.
5,236,575), MCM-56 (U.S. Patent No. 5,362,697), 8tP1 (U.S. Patent No.
4,310,440), titanium aluminosilicates (TASOs) sashTASO-45 (European Patent
No. EP-A-0 229 295), boron silicates (U.S. Patemt M,254,297), titanium
aluminophosphates (TAPOs) (U.S. Patent No. 4,500,68ixtures of ZSM-5 and
ZSM-11 (U.S. Patent No. 4,229,424), ECR-18 (U.&r®do. 5,278,345), SAPO-34
bound ALPO-5 (U.S. Patent No. 5,972,203), thoselabgd in International
Publication No. WO 98/57743 published Dec. 23, 1@88lecular sieve and Fischer-
Tropsch), those disclosed in U.S. Patent No. 658%,(MFI-bound zeolites),
mesoporous molecular sieves (U.S. Patent Nos. (984 5,098,684,
5,102,643 and 5,108,725), and the like, and ireuttps and/or combinations thereof.
[0062] In an embodiment, the molecular sieve is an intexgin material
having two or more distinct crystalline phases witlone molecular sieve
composition, such as a molecular sieve composibotaining SAPO-18, which has
an AEI framework-type, and SAPO-34, which has a Cti#mework-type.



WO 2007/021382 PCT/US2006/025297

-23-

Thus, the molecular sieve used herein may comprise at least one intergrowth
phase of AEI and CHA framework-types, especially where the ratio of CHA
framework-type to AEI framework-type, as determined by the DIFFaX method
disclosed in U.S. Patent Application Publication No. 2002-0165089, is greater
than 1:1.

[0063] The molecular sieves are made or formulated into catalysts by
combining the synthesized molecular sieves with a binder and/or a maftrix material
to form a molecular sieve catalyst composition or a formulated molecular sieve
catalyst composition. This formmlated molecular sieve catalyst composition is
formed into usefil shape and sized particles by conventional ‘techniques such as
spray drying, pelletizing, extrusion, and the like. '
[0064] In an embodiment, a molecular sieve catalyst can be characterized
according to an Atirition Rate Index (ARI). The ARI methodology is similar to
the conventional Davison Index method. The smaller the ART, the more resistant
to atirition; hence, the harder the catalyst. The ARI is measured by adding 6.0 +
0.1 g of catalyst, having a particle size ranging from 53 to 125 microns, ito a
hardened steel attrifion cup. Approximately 23,700 scc/min of nitrogen gas is
bubbled through a water-containing bubbler to humidify the nitrogen. -The wet
nitrogen is passed through the attrition cup, and exits the afirition apparatus
through a porous fiber thimble. The flowing nitrogen removes the finer particles,
with the larger particles being retained in the cup. The porous fiber thimble
separates the fine catalyst particles from the nitrogen that exits through the
thimble. The fine particles remaining in the thimble represent catalyst that has
broken apart through attrition.

[0065]  The nitrogen flow passing through the aitrition cup ié maintained for 1
hout. Fines collected in the thimble are removed from the unit, and a new thimble
installed. The catalyst left in the atirition unit is attrited for an additional 3 hours,
under the same gas flow and moisture levels. The fines collected in the thimble
are recovered. The collection of fine catalyst particles separated by the thimble
after the first hour are weighed. The amount in grams of fine particles divided by
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the original amount of catalyst charged to the attrition cup expressed onper hour
basis is the AR, in wt %/hr. [
= [C/(B+C)/D] x 100%

. wherein

B = weight of catalyst left in the cup after the attrition test;

C = weight of collected fine catalyst particles after the first hour of
attrition treatment; and ' _

D = duration of treatment in hours after the first hour atfrition treatment
In an embodiment, the molecular sieve catalyst of this invention has an ARI of not’
greater than about 0.6 wi%/hr. Preferably, the molecular sieve catalyst _has an ARI
of not greater than about 0.5 wit%/hr, more preferably not greater than ébout‘
0.4 wi%/hr. o

IV.  Oxygenate to Olefin Reaction Systems

[0066] An example of a reaction system that benefits from this invention i is an
oxygenate-to-olefin process. Conventionally, oxygenate-to-olefin processes are
carried out in a fluidized bed, fast fluidized bed, or l'isér reactér C6niﬁgi1raﬁon
where .a fluid (gas) flow of a feedstock is passed through a bed of solid. catalyst
particles. More generally, the processes of this invention are applicaﬁle to gas-
solids reaction systems where the solids are separated from the gas ﬂcm} at some

point during the reaction process, including systems where the gas is mert The

~ examples below describe an oxygenate to olefin reaction system that can be -

improved using the separation process of the invention.

[0067}  Oxygenates used in this invention include one or more organic |
compound(s) containing at least one oxygen atom. In the most preferred
embodiment of the process of invention, the oxygenate in the feedstock is one or
more alcohol(s), preferably aliphatic alcohol(s) where the aliphatic moiety of the
alcobol(s) has from 1 to 20 carbon atoms, preferably from 1 to 10 carbon atoms,
and most preferably from 1 to 4 carbon atoms. The alcohols useful as feedstock in
the process of the invention include lower straight and branched chain aliphatic
alcohols and their unsaturated counterparts. Non-limiting examples of oxygenates
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include methanol, ethanol, n-propanol, isopropanol, methyl ethyl ether, dimethyl
ether, diethyl ether, diuisdpropyl ether, formaldehyde, dimethyl carbonate,
dimethyl ketone, acetic acid, and mixtures thereof. In the most preferred
embodiment, the feedstock is selected from one or more of methanol, ethanol,
dimethyl ether, diethyl ether or a combination thereof, more preferably methanol
and dimethyl ether, and most preferably methanol. |

[0068]  The feedstock, in one embodiment, contains one or more diluent(s),
typically used to reduce the concentration of the feedstock, and are generally non-
reactive to the feedstock or molecular sieve catalyst composition. Non-limiting
examples of diluents include helium, argon, nitrogen, carbon monoxide, carbon
dioxide, water, essentially non-reactive paraffins (especially alkanes such as
‘methane, ethane, and propane), essentially non-reactive aromatic compounds, and
mixtures ﬂxéreof. The most preferred diluents are water and nitrogen, with water
being particularly preferred.

[0069]  The diluent is either added directly to a feedstock entering into a
reactor or added directly into a reactor, or added with a molecular sieve catalyst
composition. In one embodiment, the amount of diluent in the feedstock is in the
range of from about 1 to about 99 mole percent based on the total number of
moles of the feedstock and diluent, preferably from about 1 to 80 mole percent,
more preferably from about 5 to about 50, most preferably from about 5 to about
25. In another embodiment, other hydrocarbons are added to a feedstock either
directly or indirectly, and include olefin(s), paraffin(s), aromatic(s) (see for
example U.S. Patent No. 4,677,242, addition of aromatics) or mixtures thereof,
preferably propylene, butylene, pentylene, and other hydrocarbons having 4 or
more carbon atoms, or mixtures thereof.

[0070] In a conventional oxygenate fo olefin reaction, a feed containing an
oxygenate is contacted in a reaction zone of a reactor apparatus with a molecular-
sieve catalyst at process conditions effective to produce light olefins, ie., an
effective temperature, pressure, WHSV (weight hour space velocity) and,
optionally, an effective amount of diluent, correlated to produce light olefins.
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Usually, the oxygenate feed is contacted with the catalyst when the oxygenate 1s m
a vapor phase. Alternately, the process may be carried out in a liquid: or a mlxed
vapor/liquid phase. When the process is carried out in a Hquid phase_ or arml,xe_d
vapor/liquid phase, different conversions and ‘selectivities of feed—to—pfdduci _méy
result depending upon the catalyst and reaction conditions. As used héreih,‘the :
tepm reactor includes not only commercial scale Teactors but also p]lot sxzed
reactor mmits and lab bench scale reactor units.

[6071]  The conversion of oxygenates to produce light olefins may be camed _'
out in a variety of large scale catalytic reactors, including, but not Inmted to ﬂmd
bed reactors and concurrent riser reactors as described in Fhudxzatlon
Engineering, D. Kunii aund O. Levenspiel, Robert E. Krieger Publzshmg Co NY, -
1977. Additionally, countercurrent free fall reactors may be used in the conVcrsmn "
process. See, for example, U.S. Pat. No. 4,068,136 and Fhuidization and Fluid-
Particle Systems, pages 48-59, F. A. Zenz and D, E. Othmer, Reinhold Pubhshmg
Corp., NY 1960.

[0072] In one embodiment of this invention, the gas and sohid parhcles are
flowed through the gas-solids reactor system at a weight hourly space valocxty
(WHSYV) of from about 1 tr” to about 5,000 hr , preferably from ab@t’_if 5hr to
about 3,000 hr™", more preferably from about 10 hr” to about 1,500 hr, and most
preferably from about 20 hr! to about 1,000 hr!. In one preferred ernbb.dimeﬁt, _
the WHSV is greater than 25 hr', and up to about 500 hr’. In this invention,
WHSYV is defined as the total weight per hour of the gas flowing between reactor
walls divided by the total weight of the solids flowing between the same segment
of reactor walls, The WHSV is maintained at a level sufficient to keep the catalyst
‘composition in a fluidized state within a reactor. |

[0073) | In another embodiment of the invention directed toward use of
cyclones in conjunction with a riser reactor, the gas and solid particles are flowed
through the gas-solids reactor system at a gas ‘superﬁcial velocity (GSV) at least 1
meter per second (m/sec), preferably greater than 2 m/sec, more preferably greater
than 3 m/sec, and most preferably greater than 4 m/sec. The GSV should be
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suiﬁf_:ient to maintaining the solids in a fluidized state, particularly in a fast
fluidized state.

[0074] In still another embodiment, cyclones configured according to this
invention can be used with a fixed fluidized bed reactor. In such an embodiment,
the GSV can be as low as 0.03 m/s.

[0075]  In yet ancther embodiment of the invention, the solids particles and gas
are flowed through the gas-solids reactor at a solids loading of at least 0.1 Ib/f®
(1.6 kg/m®), or at least 0.5 b/ft® (8 kg/m®); or at least 1.0 Ib/f® (16 kg/m), or at
least 2.0 To/f° (32 kg/m®), or at least 4.0 Ib/ (64 kg/m’). Alternatively, the solids
loading can be 5 /& (80 keg/im®) or less, or 4.0 Ib/f® (64 kg/m®) or less, or 2.0
Ib/f8 (32 kg/m®) or less.

[0076] In one practical embodiment, the process is conducted as a fluidized
bed process or high velocity fluidized bed process utilizing a reactor system, a
regeneration system and a recovery system. In such a process the reactor system
conveniently includes a fluid bed reactor system having a first reaction region
consisting of varions fast fluid or dense fluid beds in series or parallel and -a
second reaction region within at least one disengaging vessel, comprising two or
more cyclones configured and/or operated according to varions embodiments of
the invention. In one embodiment, the fast fluid or dense fluid beds and
disengaging vessel are contained within a single reactor vessel. Fresh feedstock,
preferably containing one or more oxygenates, optionally with one or more
diluent(s), is fed to the one or more fast fluid or dense fluid beds reactor(s) into
which a molecular sieve catalyst composition or coked version fhereof is
introduced. In one embodiment, prior to being introduced to the reactor(s), the
molecular sieve catalyst composition or coked version thereof is contacted with a
liquid and/or vapor, preferably water and methanol, and a gas, for example, an
inert gas such as pitrogen.

[6077]  In an embodiment, the amount of fresh feedstock fed as a liquid and/or
a vapor to the reactor system is in the range of from 0.1 weight percent to about

99.9 weight percent, such as from about 1 weight percent to about 99 weight
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percent, more typically from about 5 weight percent to about 95 wei'gﬁt »peté_'gnt '
based on the total weight of the feedstock including any diluent contaiﬁeé therein.
The liquid and vapor feedstocks may be the same composition, or may contam '
varying proporiions of the same or different feedstocks with the same ﬁr-"'diﬁ:érent
diluents. ‘ o '
[0078}  The process of this invention can be conducted over a Wlde range of
temperatures, such as in the range of from about 200°C to about 1000°C for
example from about 250°C to about 800°C, including from about 250°C to a‘bout '
750 °C, conveniently from about 300°C to about 650°C, typically. from about
350°C to about 600°C, and for example from about 350°C to about 550°C _
[0079]  Similarly, the process of this invention can be conducted over a _wld_e
range of pressures including autogenous pressure. For instance, light b__leﬁii’s,will
form, though not necessarily in optimal amounts, at a wide range of pressures
including, but not limited to, pressures from about 0.1 kPaa to about 5 MPaa, such
as from about 5 kPaa to about 1 MPaa, and conveniently from about,;,_’(.)_kPaa to
about 500 kPaa. The foregoing pressures do not include that of a dilneﬁt- if any,
and refer to the partial pressure of the feed as it relates to oxygenate compounds
and/or mixtures thereof. Pressures outside of the stated ranges may be used and
are not exciuded from the scope of the invention. Lower and upper extremes of
pressure may adversely affect selectivity, conversion, coking rate, and/or reaction
rate; however, light olefins will still form and, for that reason, these extremes of
pressure are considered part of the present invention.

[0080] In embodiments mvolwng a riser reactor, the solids partwles and gas
are flowed through the gas-solids reactor at a solids to gas mass ratio of about
0.5:1 to about 75:1. Preferably, the solids particles and gas are flowed through the
gas-solids reactor at a solids to gas mass ratio of about 8:1 to about 50:1, more
preferably from about 10:1 to about 40:1.

[0081] During the conversion of a hydrocarbon feedstock, preferably a
feedstock containing one or more oxygenates, the amount of olefin(s) produced

based on the total weight of hydrocarbon produced is greater than 50 weight
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percent, typically greater than 60 weight percent, such as greater than 70 weight
percent, and preferably greater than 75 weight percent.  In one embodiment, the
amount of ethylene and/or propylene produced based on the total weight of
hydrocarbon pi'oduct produced is greater than 65 weight percent, such as greater
than 70 weight percent, for example greater than 75 weight percent, and
preferably greater than 78 weight percent. Typically, the amount of ethylene
produced in weight percent based on the total weight of hydrocarbon product
produced, is greater than 30 weight percent, such as greater than 35 weight
percent, for example greater than 40 weight percent. In addition, the amount of
propylene produced in weight percent based on the total weight of hydrocarbon
product produced is greater than 20 weight percent, such as greater than 25 weight
percent, for example greater than 30 weight percent, and preferably greater than
35 weight percent. '

[0082]  The feedstock entering the reactor system is preferably converted,
partially or fully, in a reaction region into a gaseous effluent. In an embodiment,
the reaction region is closely coupled to a plurality of separation devices, such as
-cyclone separators. In another embodiment, the gaseous effluent enters a
disengaging vessel along with the coked catalyst composition. In such an
embodiment, the disengaging vessel includes cyclone separators configured
and/or operated according to the invention. In still another embodiment, the
disengaging vessel also includes a stripping zone, typically in a lower portion of
the disengaging vessel. In the stripping zone the coked catalyst composition is
contacted with a gas, preferably one or a combination of steam, methane, carbon
dioxide, carbon monoxide, hydrogen, or an inert gas such as argon, preferably
steam, to recover adsorbed hydrocarbons from the coked catalyst compositién.
After exiting the separation devices and/or disengaging vessels, some or all of the
catalyst can then be introduced to the regeneration system.

[0083)  The gaseous reactor effluent is withdrawn from the disengaging system
and is passed through a recovery system. There are many well known recovery

éystams, techniques and sequences that are useful in separating olefin(s) and
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purifying olefin(s) from the gaseous effluent. Recovery systems:. 'g@riera]ly-- '
comprise one or more or a combination of various separation, ﬁ'actionéiic':)ﬁ-ahd/ér
distillation towers, columns, splitters, or trains, reaction sysil:éms:-; such as
ethylbenzene manufacture and other derivative processes such as 'é:.idehydes,
ketones and ester manufacture, and other associated equipment, for exainple
various condensers, heat exchangers refrigeration systems or ch111 u‘ams
compressors, knock-out drums or pots, pumps, and the like. L
[0084] Non-limiting examples of these towers, columns, sp]itters:.b'r trains
used alone or in combination include one or more of a demethanizer, ﬁfeférébiy a
high temperature demethanizer, a dethanizer, a depropanizer, a wash tower often
referred to as a caustic wash tower and/or quench tower, absorbers, -a'_dsorbex.‘s,‘:
membranes, ethylene (C,) splitter, propylene (Cs) splitter and butene (Cs) sphtter
[0085]  Generally accompanying most recovery systems is the ﬁroductibn,
generation or accumulation of additional products, by-products and/or
contaminants along with the preferred prime products. The preferred prime
produgcts, the light olefins, such as ethylene and propylene, are typical‘ly.'puriﬁed
for use in derivative manufactaring processes such as polymerization processes.
Therefore, in the most preferred embodiment of the recovery system, the recovery
system also includes a purification system. For example, the light. olefin(s)
produced particularly in a MTO process are passed through a purification system
that removes low levels of by-products or contaminants. T&pica]ly, in converting
one or more oxygenates to olefin(s) having 2 or 3 carbon atoms, a minor amount
of hydrocarbons, particularly olefin(s), having 4 or more carbon atoms is also
produced. The amount of Cst+ hydrocarbons is normally less than 20 weight
percent, such as less than 10 weight percent, for example less than 5 weight
percent, and particularly less than 2 weight percent, based on the total weight of
the efflyent gas withdrawn from the process, excluding water, Typically, therefore
the recovery system may include one or more reaction systems for converting the

Cyt+ inipurities to useful products,

V. Examples
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[0086]  FIGS. 1 - 6 show data from a regenerator model for several conditions
corresponding to embodiments of the claimed invention as well as one
comparative example ouiside of the claimed invention. The regenerator model
was developed using data from a pilot plant to incorporate experimental coke burn
and CO burn rates/kinetics into the model. In the pilot plant experiments, a SAPO
catalyst was used with a molecular sieve weight fraction of 0.45.

[0087] In the data shown in FIGS. 1 — 6, regenerator simulations were carried
out to model a constant coke yield (amount of coke bumed per unit time), an
excess O, amount of 2.3 vol%, and a constant regenerator catalyst holdup of 21
minutes at 5 wt% delta coke (regenerator inlet coke on catalyst minus regenerator
outlet coke on catalyst). Simulations were run at temperatures ranging from
575°C to 650°C, with the simulations at temperatures of 590°C and greater
corresponding to embodiments of the invention. The amount of CO in the fiue gas
was controlled by controlling the addition rate of new Pt to the reaction sysiem.
Note that temperatures in the model were based on an adiabatic regenerator that
did not lose heat to its surroundings, This approximates the low heat loss (2— 5%
of heat generated) that would be expected for a regenerator that is part of a
commercial scale reaction system. A catalyst cooler was used to control the
regenerator catalyst bed temperature. A CO level of less than 200 ppm CO was
produced by using an add rate of 0.33 ppmw Pt per total weight of unit catalyst
inventory per day, while a CO level of Iess than 1000 ppm was achieved using an
add rate of 0.15 ppmw Pt per total weight of unit catalyst inventory per day. Note
that the Pt add rates are based on using a separate carrier particie for the Pt that
has an atirition resistance similar to the resistance for an FCC catalyst particle.
[0088) FIG 1 shows the results for 6 different combinations of Pt addition
rates and bed temperatures in the regenerator. For Pt addition rates of 0.33 ppmw
Pt per total weight of unit catalyst mventory per day, all of the operating -
conditions produced an afterbum of 150°F (80°C) or less. By contrast, when a
finidized bed temperature of 575°C was used at a Pt add rate of 0.15 ppmw, a
substantially higher afterbum of more than about 500°F (or more than about
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275°C) occwred in the steady state. This substantial change in the aﬁerbum '
temperature at bed temperatures below 590°C was not expected based on
conventional understanding of the regemeration process. This promdes one
example of how departing from the conditions of the claimed invenﬁo_ﬁf‘ean'lead
to either an undesirable process (large afterburn or high CO in flue gaé)-"er an
unstable process (i.e., desired coke level or regenerator temperature cannot be
maintained). FIG 2 shows that under the same conditions, the s:mulatlons
corresponding to the claimed invention produced coke levels on the regenerated
catalyst of fiom 0.4 wi% to 0.7 wi%. However, the simulation hav@ngl'fhe bed
temperature of 575°C resulted in a coke level of 1.3 wi% on the regeﬁerated
particles. o
[0089]  FIGS. 3 and 4 show data from the same simulations, but with the
amount of CO in the regenerator flue gas being used as an axis instead of the
aftertburn temperature. As shown, the'embodiments according to ther,in'v_entiqh
produce CO flue gas contents corresponding to the desired levels of less than 200
ppm and less than 1000 ppm, respectively, based on the add rate of Pt. Note that
for the comparative example having a bed temperature of 575°C; ihe co
concentration is greatly reduced from the expected level near 1000 ppm CO, due
to the additional afterburn converting CO into CO,. R o
[0690] FIGS. 5 and 6 show data from the same simulations regardmg the
catalyst activity. In various embodiment, the invention provides a method for
maintaining the activity of SAPO catalyst in a reaction system relative to the
reactivity of fresh catalyst. FIGS. 5 and 6 show catalyst activity that is maintained
at from 60% to 75% of fresh catalyst activity. As shown in the figures, the higher
the bed temperature, the greater the deactivation of the catalyst due fo
regeneration. In a preferred embodiment, the regenerator is openﬂed using
conditions that maintain the reactivity of the reaction system catalyst inventory at
greater than 50% of the reactivity of fresh catalyst inventory, or at greater than
60%.
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[91] FIG. 7 depicts how, in an embodiment, the pericaficlition of Pt
contributed to steady state operation of a pilabhptegenerator with a controlled CO
level. The pilot plant data was obtained by oparpa regenerator in conjunction
with an oxygenate to olefin process. The regeneveds operated at 1150°F (621°C)
and a pressure of 25 psig (275 kPaa), with an exae2.5% Q in the regenerator
flue gas. The coke level on the regenerated catatys maintained at 0.5% coke by
weight relative to the catalyst weight. In FIG.a7Pt add rate of 0.33 wppm Pt per
total weight of unit catalyst inventory per dayuksd in steady state operation for 5
days with a CO level below 100 wppm. Similarly,teaBd rate of 0.15 wppm Pt per
total weight of unit catalyst inventory per day gwoed steady state operation for 11
days with a CO level below 1000 wppm.

[92] FIG. 8 depicts the predicted change in the amoftiRt that needs to be
added to achieve a desired level of CO output enflile gas based on the attrition
resistance of the particle containing the Pt. I6.R3, the separate additive particle
used in the examples for FIG 7 is compared with SARrticles as the carriers for
the Pt. As shown in FIG 8, the rate of Pt additmachieve the same level of CO in
the regenerator flue gas is reduced by a facteowghly 5 when using the harder,
SAPO particle carrier.

[93] The principles and modes of operation of this itken have been
described above with reference to various exempladypreferred embodiments. As
understood by those of skill in the art, the oMa@madention, as defined by the claims,
encompasses other preferred embodiments not spadigifenumerated herein.

[94] For the avoidance of doubt, the tei@O oxidation metal'used herein,
indicates that the metal functions as a CO oxidatieetal catalyst and does not
participate in the oxidation as a reactant.
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CLAIMS
What Is Claimed Is:

L.

A method for regenerating molecular sieve catalyst, comprising:

receiving SAPO catalyst, having at least 5 wt% coke relative to the weight of
molecular sieve in the catalyst, from a reactor in an oxygenate to olefin
reaction system;

regenerating the SAPO catalyst in a regenerator at a temperature of 730°C or less
to produce regenerated catalyst having at least 0.4 wt% coke relative to the
weight of molecular sieve in the regenerated catalyst, the regenerator
producing a steady state afterburn of 200°C or less and a steady state CO
concentration in a regenerator flue gas of 10,000 ppmv or less;

adding particles containing a CO oxidation metal to the reaction system at a rate
of 10 ppmw of CO oxidation metal per total weight of unit catalyst
inventory in the reaction system per day or less, the concentration of CO

oxidation metal in the particles being at least 1 ppmw.

The method of claim 1, wherein the particles containing the CO oxidation metal

comprise SAPO particles containing Pt.

The method of claim 1 or claim 2, wherein the particles containing Pt are added to
the reaction system at a rate of 0.35 ppmw of Pt per total weight of catalyst in the

reaction system per day or less.

The method of any of the preceding claims, wherein the temperature of the

regenerator is at least 590°C.

The method of any of the preceding claims, wherein a residence time of the

catalyst in the regenerator is from 1 minute to 180 minutes.

The method of any of the preceding claims, wherein the afterburn is 100°C or

less.
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The method of any of the preceding claims, wherein the amount of coke on the
catalyst after regeneration is at least 0.6 wt% relative to the weight of molecular

sieve in the regenerated catalyst.

The method of any of the preceding claims, wherein the amount of coke on the
catalyst after regeneration is 2.2 wt% or less relative to the weight of molecular

sieve in the regenerated catalyst.

The method of any of the preceding claims, wherein the regenerator flue gas

contains a steady state concentration of O, of at least 0.5 vol%.

The method of any of the preceding claims, wherein the regenerator flue gas

contains a steady state concentration of CO of 1,000 ppmv or less.

The method of claim 10, wherein the regenerator flue gas contains a steady state

concentration of CO of 200 ppmv or less.

The method of claim 11, wherein the concentration of CO oxidation metal in the

particles is at least 10 ppmw.

A method for regenerating molecular sieve catalyst, comprising:

receiving SAPC catalyst, having at least 5 wt% coke relative to the weight of
molecular sieve in the catalyst, from a reactor in an oxygenate to olefin
reaction system;

regenerating the SAPO catalyst in a regenerator at a temperature of from 540°C to
730°C and at a pressure of from 5 to 100 psig, to produce regenerated
catalyst having from 0.4 wi% coke to 2.2 wt% coke relative to the weight
of molecular sieve in the catalyst, the regenerator producing a steady state
afterburn of less than 200°C, a steady state CO concentration in a
regenerator flue gas of 10,000 ppmv or less, and a steady state of O, in the

regenerator flue gas of at least 2.0 vol%;



14.

15.

16.

17.

18.

19.

20.

21,

22.

- 36 -

adding particles containing a CO oxidation metal to the reaction system at a rate
of 10 ppmw of CO oxidation metal per total weight of catalyst in the

reaction system per day or less.

The method of claim 13, wherein the particles containing the CO oxidation metal

comprise SAPQO particles containing Pt.

The method of claim 13 or claim 14, wherein the particles containing the CO

oxidation metal comprise particles containing Pt that have an Aftrition Rate Index
(ARI) of Iess than 1.0.

The method of any of claims 13-15, wherein the particles containing Pt are added
to the reaction system at a rate of 0.35 ppmw of Pt per total weight of catalyst in

the reaction system per day or less.

The method of any of claims 13-16, wherein a residence time of the catalyst in the

regenerator is from 5 minutes to 60 minutes.

The method of any of claims 13-17, wherein the amount of coke on the catalyst
after regeneration is at least 0.6 wt% relative to the weight of molecular sieve in

the regenerated catalyst.
The method of any of claims 13-18, wherein the afterburn is 100°C or less.

The method of any of claims 13-19, wherein the regenerator flue gas contains a

steady state concentration of O, of 3.0 vol% or less.

The method of any of claims 13-20, wherein the regenerator flue gas contains a

steady state concentration of CO of 1000 ppmv or less.

The method of claim 21, wherein the regenerator flue gas contains a steady state

concentration of CO of 200 ppmv or less.
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The method of claim 22, wherein the steady state activity of the reaction system
catalyst inventory is maintained at greater than 50% of fresh catalyst activity

when making up catalyst for inventory catalyst losses.

A method for regenerating molecular sieve catalyst, comprising:

receiving SAPO catalyst, having at least 5 wt% coke relative o the weight of
molecular sieve in the catalyst, from a reactor in an oxygenate to olefin
reaction system;

regenerating the SAPO catalyst in a regenerator at a temperature of 730°C or less
to produce regenerated catalyst having at least 0.2 wt% coke relative to the
weight of molecular sieve in the regenerated catalyst, the regenerator
producing a steady state afterburn of less than 100°C and a steady state
CO concentration in a regenerator flue gas of 1000 ppmv or less;

adding particles containing a CO oxidation metal to the reaction system at a rate
of 0.35 ppmw of CO oxidation metal per total weight of unit catalyst
inventory in the reaction system per day or less, the concentration of CO

oxidation metal in the particles being at least 10 ppmw.

A method for regenerating molecular sieve catalyst in an oxygenate-to-olefin

reaction system, comprising:

receiving the molecular sieve catalyst, having at least 50% of a pre-determined
average coke level in the oxygenate-to-olefin reaction system, relative to
the weight of molecular sieve in the catalyst, wherein the reaction system
comprises at least a reactor and a regenerator, and wherein, at any given
time, the reactor has an inventory of molecular sieve catalyst and the
regenerator has an inventory of molecular sieve catalyst;

regenerating the molecular sieve catalyst in the regenerator to produce
regenerated catalyst having at least 0.2 wt% coke relative to the weight of
molecular sieve in the regenerated catalyst, the regenerator producing a
steady state afterburn of 200°C or less and a steady state CO concentration

in a regenerator flue gas of 10,000 ppmv or less, wherein the ratio of the
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regenerator inventory to the reactor inventory is from about 0.1 to about
0.8; and

adding particles containing a CO oxidation metal to the reaction system at a rate
of 10 ppmw of CO oxidation metal per total weight of unit catalyst
inventory in the reaction system per day or less, the concentration of CO
oxidation metal in the particles being at least 1 ppmw,

wherein the steady state activity of the reaction system catalyst inventory is
maintained at greater than 50% of fresh catalyst activity when making up

catalyst for inventory catalyst losses,

The method of claim 25, wherein the ratio of the regenerator inventory to the

reactor inventory is from about 0.2 to about 0.7.

The method of any of the previous claims, wherein the temperature of the

regenerator is between 590°C and 650°C.

The method of any of the previous claims, wherein adding particles containing a
CO oxidation metal to the regenerator at a rate between 0.15 ppmw and 0.5 ppmw
of CO oxidation metal per total weight of unit catalyst inventory in the reaction

system per day.



