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IMPROVED CATALYTIC REFORMING

CROSS-REFERENCE TO RELATED APPLICATIONS
18001} Not applicable.
STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[56832] Not applicable.
FIELD OF THE INVENTION

10663} The present disclosure relates generally to arorsatization of hydrocarbons
with a reforming catalyst. Particularly, the present disclosure relates to a catalytic
reforming process 1o terms of improving the benzene production over the run-length of
the reforming catalyst.

BACKGROUND OF THE INVENTION
166064} The catalytic conversion of hydrocarbons into aromatic compounds, referred
to as aromatization or reforming, 15 an important industrial process. The aromatization
reactions may inchide dehydrogenation, isomerization, and hydrocracking the
hydrocarbons, cach of which produces specific aromatic compounds. These reactions
are generally conducted in ome or more aromatization reactors containing an
aromatization catalyst. The catalyst may increase the reaction rates, production of
desired aromatics, and/or the throughput rates for the desired aroroatic coropounds.
[3005] The cconomics of a chemical process are affected by many factors,
including capital cost, plant efficiency, and margin of the product. In the catalytic
reforming process, the cost of the catalyst, the run-length of the catalyst and the
throughput of the plant play an important role in determining the economics. Given
their comumercial importance, an ongoing need exists for improved methods of

catalytic reforming processes.
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SUMMARY OF THE INVENTION

10606} Insclosed herein 1s a method of catalytic reforming compusing feeding a
feedstream comprising Ce-convertibles to one or more reactors; contacting the
feedstream with a reforming catalyst; selecting values for a LHSVY, a H2/HC ratio, and a
conversion of Cs-convertibles from a deactivation kinetic model so as to maximize a net
present amount of benzene produced over a run-length of the reforming catalyst;
operating the one or more reactors at the selected LHSV, the selected H2/HC ratio, and
the sclected conversion of Cg-convertibles; andrecovering an effiuent from the reactor,
wherein the efftuent comprises at least about 40 wt % benzene.
10807} Also disclosed herein 18 a method of catalytic reforming comprising
kinetically modeling a deactivation of a reforming catalyst with a deactivation kivetic
model to determine a run-length of the reforming catalyst as a function of a LHSV of a
feedstream, a H2Z/HC ratio of the feedstream, and a conversion of Cg-convertibles in the
feedstreany; caleunlating a net present amount of benzene that is produced over the run-
length of the reforming catalyst; and sclecting values for the LHSV, the H2/HC ratio,
and the conversion of Cs-convertibles that maximize the net present amount of benzens
produced over the run-length of the reforrming catalyst.
[3838] Also disclosed herein is a catalytic reactor comprising a feedstream and a
reforming catalyst wherein the reactor is configured to produce a net present arnount of
benzene over a run-fength of the reforming catalyst; wherein the run-length is

ctermined as a function of a LHSV of the feedstream, a H2/HC ratio of the feedstream,
and a conversion of Ceconvertibles in the feedstream by kinetically modeling a
deactivation of the reforming catalyst with a deactivation kinetic model; and wherein
values for the LHSY of the feedstream, the H2/HC ratio of the feedstream, and the
conversion of Ce-convertibles in the feedstream are selected to maximize the net present
amount of benzene produced over the run-length of the reformung catalyst.
13839} Also disclosed herein is a computer system comprising one or more
processors; a non-transtiory memery coupled to the processor, wherein the non-
fransitory memory corprises executable instructions that, when executed, cause the one
or mmore processors to) kinetically model a deactivation of a retorming catalyst with a
deactivation kinetic wodel to determine a run-length of the reforming catalyst as a
function of a LHSV of a feedstream, a HZ/HC ratio of the feedstream, and a conversion
of Cs-convertibles in the feedsiream; calculate a net present amouont of benzene that is

produced over a run-length of the reforming catalyst; and select values for the LHSVY,
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the H2/HC ratio, and the conversion of Cg-convertibles that maximize the net present
aroount of benzene produced over a run-length of the reforming catalyst,

0816} Also disclosed herein 18 a systern, which may optionally be utilized in
combination with any of embodiments 1 to 77, cowprising a catalytic reactor
comprising a feedstream and a reforming catalyst; and a computer system coupled to
the catalytic reactor and having a deactivation kinctic model to:  kinctically model a
deactivation of the reforming catalyst with a deactivation kinetic model to determine a
runi-iength of the reforming catalyst as a function of a LHSVY of a feedstream, a H2Z/HC
ratio of the feedstream, and a conversion of Cs-convertibles in the feedstream; and
calculate a net present amount of benzene that is produced over the run-length of the
reformuing catalyst; wherein the catalytic reactor operates at values for the LHSVY, the
H2/HC ratio, and the conversion of (g-convertibles that maximize the net present
amount of benzene produced over a run-length of the reforming catalyst.

6611} Also disclosed herein is a non-transitory computer readable medium, which
may be optionally be utilized in combination with any of ersbodiments 1 to 92,
comprising a moedel unit to: kinetically model a deactivation of a reforming catalyst
with a deactivation kinetic model to determine a run-length of the reforming catalyst as
a function of a LHSV of a feedstrcam, a HZ/HC ratio of the feedstream, and a
conversion of Cg-convertibles in the feedstreamy and calculate a net present arnount of

benzene that is produced over a ran-length of the reforming catalyst.
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BRIEF DESCRIPTION OF THE DRAWINGS
18612} For a more detailed description of the embodiments of the disclosure,
reference will now be made to the accompanying drawings, wherein:
19613} Figure 1 1s a schematic of one embodiment of a catalytic reactor system,
the operation of which may be improved in accordance with the disclosure.
6014} Figure 2 illustrates a computer system suitable for implementing one or
more embodiments of the disclosure.
[6015] Figure 3 lustrates a coraputer system and catalytic reactor systern suitable
for implementing one or more embodiments of the disclosure.
0016} Figure 4 15 a plot of fouling curves predicted by a deactivation kinetic
model and an analytical solution of Equation (12} fit to each of the fouling curves.
{6617} Figure 5 is a plot of Ay in units of hr™' as a function of H2/HC ratio and
conversion of Ce-convertibles for an isothermal reactor.
6018 Figure 6 is a plot showing kg(T.) as a function of H2/HC ratio for an
isothermal reactor, as given by Equations (9) and (13} for the average over the reactor.
[6019] Figure 7 18 a plot of fouling curves predicted by a deactivation kinctie
model and analytical solutions f{it to the fouling curves under various process
conditions for a serics of adiabatic reactors.
(6028 Figure 8 is a plot of the linear correlation of tu,, with tas{iso) when the
fatter 1s obtained from Equation (18) under the same process conditions and when tya
ts determined by fitting Equation (17) to fouling curves predicted from a deactivation
kinetic model for a series of adiabatic reactors.
16621} Figure 9 15 a plot of T, as a function of ¢ obtained when a second order
polynomial represented by Equation (22), i.c., second order with respect to @, is fitted
to values of T, determined by fitting Equation (17) to the fouling curves predicted by
a deactivation kinetic model.
166221 Figure 10 1s a plot of iy« as a function of ,{1s0) found by repeating full
calculations with a deactivation kinetic model using the correlation in Equation (23)
and fitting Equation (17) to the results.
[3023] Figure 11 is a plot of T, as a function of ¢ determined by repeating full
calculations with a deactivation kinetic model using the correlation in Eguation {(23)

and fittimg Equation (17} to the resulis.
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DETAILED DESCRIPTION OF THE EMBODIMENTS

10624} Ihsclosed herein are methods, systerus, and reactors for improving catalytic
reforming processes. “Aromatization”, “aromatizing”, and “reforming” as used herein
vefer to treatuent of a hydrocarbon-containing feedstrearn to provide an aromatics
enriched product (i.e., a product whose aromatics content is greater than in the
focdstream).  Catalvtic reforming may comprise the production of reformate i a
catalytic reformer {¢.g., a reactor), the reformate having a high aromatic content and
very low olefing content (alkences). Vartous catalytic reforming proccsses and catalysts
{¢.g., silica-bound KlL-type zeolite supporting platinum, chloride, and fluoride, and
alumina supported platinum, tin, and chloride) arc described herein. The methods as
disclosed herein improve the catalytic reforming process by maxivoizing the production
of benzene per unit of catalyst. The broader cconomics can be evaluated by using this
knowledge and factoring wn product margin, unit cost of the catalyst and other
commercial variables such as the economic value of the hydrogen produced.

(6625} The catalytic reforruing processes which may be improved using the
disclosed inventive subject matter are described in more detatl below, including both
isothermal and adiabatic reactor designs.  In genceral, the disclosed inventive subject
matter may comprise kinetically modeling the deactivation of the reforming catalyst
with a deactivation kinetic model.  The run-length of the reforming catalyst as a
function of the percentage of C¢ hvdrocarbons that are convertible under the employed
catalytic reforming process conditions (hercin referred to as “conversion of Ce-
convertibles”) in the foedstream, the hydrogen~to-hydrocarbon mole ratio (hereinafie
referred to as “H2/HC ratio”) of the feedstream, and the liquid hourly space velocity
{(heremafier referred to as “LHSV”) of the feedstrearo may be determined from the
deactivation kinetic model. The amount of benzene produced per unit of catalyst during
the life cycle {e.g., run-length) of the reforming catalyst may then be determined from
the run-length and the benzene vield per month. A catalytic reforming process may be
fruproved by selecting values for LHSV, HZ/HC ratio, and conversion of Cs-
convertibles that maximize a net preseut amount of benzene produced per unit of
catalyst over the run-length of the catalyst,

18826} The catalytic reforming processes which may be improved according to the
mventive subject matter may comprise one or more reactors. A feedstream comprising
Ce-convertibles may be fed to the one or more reactors.,  Within the one or more

reactors, the foedstream may be contacted with a reforming catalyst under reaction
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conditions {¢.g., temperature, flow, and pressure) and improved conditions as disclosed
heretn for reforming of one or more components 1o the feedstrearn. Particularly, the
reactor may be operated at the selected LHSY, the sclected H2Z/HC ratio, and the
selected conversion of Ce-convertibles determined as disclosed herein. The efftuent of
the reactor may comprise at least about 40 wt % benzene by weight of the effluent.
18027} “Reactor”, “catalytic reactor”, and “aromatization reactor” as used herein
refer interchangeably to the reactor vessel, reactor internals, and associated processing
equipment, including but not limited to the catalyst, mert packing materials, scallops,
flow distributors, center pipes, reactor ports, catalyst transfer and distribution system,
furnaces and other heating devices, heat transfor equipment, and piping.  Any suitable
reactor configuration and associated processing equipment may be used to carry out the
mmproved catalytic reforming process as disclosed herein. In various embodiments, the
catalytic reforming process may comprise a fixed bed system, a moving bed syster, a
fluidized bed system, or combinations thereof. The catalytic reforming process may be
batch or confinuous. In an embodiment, the catalytic reforming process may cormprise
a fixed bed system comprising one or more fixed bed aromatization reactors in series.
In a fixed bed systern, the feed may be preheated in furnace tubes and passed into at
feast one reactor that contains a fixed bed of the catalyst. The flow of the feed to such a
system can be upward, downward, or radial through the reactors.

18028} {ne or more embodiments of the inventive subject matter may be used for
or with a catalytic reactor system: comprising at least one catalytic reactor and its
corresponding processing equipraent.  Alternatively, one or more embodiments of the
mventive subject matter may be used for or with a catalytic reactor system comprising a
plurality of catalytic reactors in series.

18629} Figure 1 illustrates one embodiment of a catalytic reactor system 100 to be
mproved via the disclosed mmventive subject matter.  In the cmbodiment shown
Figure 1, the catalytic reactor systern 100 may comprise four catalytic reforming
reactors in series: reactors 10, 20, 30, and 40. However, the catalytic reactor system
100 may comprise any suitable number and configuration of aromatization reactors, for
example one, two, three, five, six, or more reactors in serics and/or in parallel.  As
aromatization reactions are highly endothermic, large temperature drops occur across
the reactors. Therefore, cach reactor 10, 20, 30, and 40 in the scries may comprise a
corresponding furnace 11, 21, 31, and 41, respectively, for preheating components to a

desired temperature for maintaining a desired reaction rate. Alternatively, one or more
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reactors may share a common furnace where practical. In embodiments, oxygenate
and/or nifrogenate roay be added within reaction zone 120 to increase/maintain catalyst
activity, as further discussed hereinbelow.

15830} fo Figure 1, hydrocarbon feed 101 may be combined with recycle stream
119 to form combined feedstream 102, which may be fed into purification process &{.
The purification process 80 employs known processes to purity the hydrocarbon feed,
which may include fractionation and/or treating the hydrocarbon feed. Treating as used
herein mcludes removing impuritics, such as oxygenates, sulfur, and metals, from the
hydrocarbon feed. Fractionation as used herein includes removing heavy (e.g., Co')
hydrocarbons and light {c.g., Cs') hydrocarbons. The resulting purified feed 103 may
be corabined with a dry hydrogen recyele 116 to produce hydrogen rich purified feed
104, which may be combined with oxygenate and/or nitrogenate 105 to produce reactor
feedstream 106, as will be described in more detail herein. Reactor feedstream 106 may
be pre-heated in a first furnace 1, which heats the hydrocarbons to a desired
temperature, thereby producing first reactor feed 107, First reactor feed 107 may be fed
into reactor 18, where the hydrocarbons are contacted with an reforming catalyst under
suitable reaction conditions (C.g., temperature and pressure} for aromatizing one or
more components in the feed to increase the aromatics content thereof. First reactor
effluent 108 comprising aroruatics, unrcacted feed, and other hydrocarbon compounds
or byproducts is recovered from first reactor 10. Hydrocarbon feed 101 and any
process piping or process vessels upstream that supply said feed, hydrocarbon recycle
stream 119, corobined feedstream 102, punification process 80, purified feed 103, dry
hydrogen recycle 116, reactor feedstreanm 106, the furnaces, and the reactor vessels are
all within the reaction zone 120 to which oxygenaie and/or nitrogenate may be added.
In various embodiments, one or more reactor feedstreams of the type shown in Figure |
arc feedstrearns upon entering the reactor, and such fecdstreams may be further
characterized as described herein.

16031} First reactor effluent 108 may be pre-heated in second furnace 21, which
heats the hydrocarbons to a desired temperature, thereby producing second reactor feed
109. Second reactor foed 109 may be then fed mto reactor 20, where the hydrocarbons
are contacted with a reforming catalyst under suitable reaction counditions for
aromatizing one or more components in the feed to increase the aromatics content
thereof. Second reactor effluent 110 comprising arorsatics, unreacted feed, and other

hydrocarbon compounds or byproducts is recovered from second reactor 20.
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168032] Second reactor effluent 110 may be pre-heated in third furnace 31, which
heats the hydrocarbons to a desired temperature, thereby producing third reactor feed
111, Third reactor feed 111 may be then fed mto reactor 30, where the hydrocarbons
are contacted with a reforming catalyst under suitable reaction counditions for
aromatizing one or more components in the feed fo increase the aromatics content
thereof. Third reactor effluent 112 comprising aromatics, unreacted feed, and other
hydrocarbon compounds or byproducts is recovered from third reactor 30.

0833} Third reactor effluent 112 may be pre-heated in fourth furnace 41, which
heats the hydrocarbons to a desired temperature, thereby producing fourth reactor feed
113, Fourth reactor foed 113 may be then fod mnto reactor 40, where the hydrocarbons
are contacted with a reforroing catalyst under suiable reaction conditions for
aromatizing onc or more components in the feed to increase the aromatics content
thereof. Fourth reactor efffuent 114 coroprising aromatics, unrcacted feed, and other
hydrocarbon compounds or byproducts is recovered from fourth reactor 40.

6634} Fourth reactor effluent 114 may be fed mto hydrogen separation process 50
that uses one or more known processes to separate hydrogen recycle 115 from
retormate 117, In some embodiments, pure hydrogen may be also produced as g
product. Reformate 117 may comprise aromatization reaction products from reactors
10, 20, 30, and 40 (c.g., sromatic and non-arorsatic compounds) in addition to any
unreacted feed and other hydrocarbon compounds or byproducts.  In embodiments, the
cffluent from the catalytic reforming process may comprise at lcast about 40 wt %
benzene by total weight of the effluent.  In other embodiruents, the effluent from the
catalytic reforming process may comprise from about 40 wt % to about 60 wt %
benzene by total weight of the effluent.

16835} Hydrogen recycle 115 may be dried in dryer 60, thereby forming dry
hydrogen recycle 116, which may be reeycled mnto purified feed 103, Hydrogen is
preferred as diluent as it serves to not only lower the partial pressure of the cyclic
hydrocarbon, but also suppresses the formation of hydrogen deficient, carbonaceous
deposits, commonly referred to as “coke,” on the catalytic composite.

0836} Retormate 117 18 fed to purification-extraction process 70, which separates
ratfinate recycle 119 {¢.g., unrcacted feed) and reactor byproducts (not shown) from
aromatics 118, In some embodiments, raffinate recycle 119 may be not combined with
hydrocarbon feed 101 to form combined feedstream 102, but may be instead produced

as a product. Hydrogen separation processes 50 and purification-cxtraction processes
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76 are well known in the art and are described in numerous patents, including U.S.
Patent 5,401,386 to Morrison ef al. cutitled “Reforming Process for Producing High-
Purity Benzene,” U.S. Patent 5,877,367 to Witte entitled “Dehydrocyclization Process
with Downstream Divoethylbenzene Removal”, and U.S. Patent 6,004,452 to Ash et al.
entitled “Process for Converting Hydrocarbon Feed to High Purity Benzene and High
Purtty Paraxylene,” each of which 1s incorporated herein by reference in its entirety.
Raffinate recycle 119 may be then recycled into feed 101 and aromatics 118 are sold or
otherwise used as desired. For the sake of simplicity, Figure 1 does not illustrate the
byproduct streams that are removed from catalytic reactor system 100 at various points
throughout the systera. However, persons of ordinary slall in the art are aware of the
coraposition and location of such byproduct strearus.

[8637] The composition of the feedstream {e.g., any of strearns 101, 102, 103, 104,
106, 107, 108, 109, 118, 111, 112, and/or 113} may be a consideration when designing
catalytic reforming systems. In an cmbodiment, the feedstream may comprise non-
aromatic hydrocarbons contaiung at least six carbon atoms.  In embodiruents, the
feedstream may feed to the catalytic reactor {e.g., aromatization reactor), and may
comprise any cornbination of hydrocarbons having from about five to about nine carbon
atoms. In embodiments, the feedstream to the catalytic reforming system may comprise
a mixture of hydrocarbons coraprising G to Cg hydrocarbons containing up to about 10
wt % of (s and lighter hydrocarbons {(Cs) by weight of the feed; alternatively, up to
about 15 wt % of Cs and lighter hydrocarbons (Cs'), and containing up to about 10 wt %
of Co and heavier hydrocarbons (Cs") by weight of the feed. Low levels of Co' and Cs
hydrocarbons may maximize the yield of high value aromatics. Coke formation may be
affected by the coke forming components in the feedstrearn such as cyclopentane and
(9" compounds. In some embodiments, the feedstream maximizes the percentage of
Cs hydrocarbons. Such a feedstream can be achicved by separating a hydrocarbon
feedstock, such as a full-range naphtha, into a light hydrocarbon feed fraction and a
heavy hydrocarbon foed fraction, and using the hight fraction in the feedstream. In
erobodiments, the feedstream may maximize the conversion of Ce-convertibles. In
embodiments, the feedstreamn may comaprise up to about 50 wt % Cyconvertibles;
alterpatively, up to 60 wt % Ce-convertibles; alternatively, up to 70 wt % Cs-
convertibles by weight of the feedstream.

10638} In certain embodiments, the feedstream wiay cormprise naphtha.  The

naphtha feed may comprise a light hydrocarbon, with a beiling range of about 70 °F to
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about 450 °F. The naphtha feed may contain aliphatic, naphthenic or paraffinic
hydrocarbons. These aliphatic and naphthenic hydrocarbous way be converted, at Jeast
m part, to aromatics in the catalytic reactor systern. While catalytic aromatization
typically refers to the conversion of naphtha, other feedstocks can be treated as well to
provide an aromatics enriched product. Therefore, while the conversion of naphtha
may be onc embodiment, the present disclosure can be useful for the conversion or
aromatization of a variety of feedstocks such as paraffin hydrocarbons, olefin
hydrocarbouns, ascetylene hydrocarbons, cychic paratfin hydrocarbons, cyelic olefin
bydrocarbons, and mixtures thereof, and particularly saturated hydrocarbons.

16639] In an embodiment, the feedstock may be substantially free of sulfur,
nitrogen, ruetals, and other kovown poisons for reforming catalysts. To an erbodioent,
the feedstock contains less than 100 ppb of sulfur. If present, such poisons can be
removed using methods known to those skilled 1o the art. In some embodiments, the
feed can be purified by first using conventional hydrofining techniques, then using
sorbents to remove the remaining poisons, as is known to those of skill in the art. Such
hydrofining techniques and sorbents may be part of the improved catalytic reforming
process herein below.

(56848} The reforming reactions may occur under process conditions that
thermodynamically favor the dehydrocychzation reaction and hmit undesirable
hydrocracking reactions. Operating ranges for a typical catalytic reforming process,
such as an aromatization process, may inchude reactor inlet teraperatures between 700
°F and 1050 °F; a system pressure between § pounds per square 1nch gauge (psig) and
about 500 psig; a recycle hydrogen rate sufficient to yield a hydrogen to hydrocarbon
mole ratio for the feed to the reforming reactor zone between 0.1 and 20; and a Hquad
hourly space velocity for the hydrocarbon feed over the reforming catalyst of between
0.1 and 10. The operating fomperatures gencrally may mclude reactor et
temperatures from about 700 °F to about 1050 °F. The subject matter disclosed herein
may be used to kinctically model a reforming process {e.g., an aromatization process) in
order to enable selection of improved operating conditions for benzene production.
0841} The reforroing catalyst may comprise an inorganic support, a group VIHI
metal such as platinum, and one or more halides such as fluorine, chlorine, iodine,
bromine, or combinations thereof. In some embodiments, the catalyst may comprise
Group VHI metals on an morganic support such as platiourn on alursina, PY/Sn on

alumina and Pt/Re on alumina. In other embodiments, the catalyst may comprise Noble
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Group VI metals on a zeolitic support such as Pt, P/Sn and Pt/Re on zeolitic supports
which roay comprise a binder and zeolites such as L-zeolites, ZSM-5, silicalite and
cta; and Noble Group VI metals on alkali- and alkalinc-carth exchanged L-zeolites.
The catalyst may comprise a large-pore zeolite as the inorganic support, charged with at
feast one Group VHI metal. In embodiments, the Group VI metal may comprise
platinum, which roay be more selective for dehydrocyclization and which may be more
stable under reforming reaction counditions than other Group VIH metals. In other
cembodiments, the catalyst may comprise a Group VI metal such as thenium, or a
Group IV metal or metalloid such as tin,
6642} In an cmbodiment, the catalyst may comprise g non-acidic catalyst which
may comprise a non-acidic zeolite support as the inorganic suppott, a group VIHI metal,
and one or more halides. Suitable halides include chloride, fluoride, bromide, iodide, or
combinations thereof,  Suitable Group VIHI metals include tron, cobalt, nickel,
ruthenium, rhodmm, palladiam, osmium, iridium, platinum, or combinations thereof.
6843} Inorganic supports for reforming catalysts {c.g., aromatization catalysts) can
generally include any inorganic oxide. These inorganic supports inchude bound large
porc alununostlicates {(zeolites), amorphous morganic oxides and mixtures thereof.
Large pore aluminostlicates include, but are not limited fo, L-zeolite, Y-zeolite,
mordenite, omega zeolite, beta zeolite and the like.  Amorphous inorganic oxides
mclude, but are not limited to, aluminum oxide, silicon oxide and titania. Swuitable
bonding agents for the inorganic supports include, but are not himited to, silica, alumina,
clays, titania, magnesium oxide, and combinations thercof.
10844} The morganic support may be an aluminosilicate, for example a zeolite. In
erabodiments, the reforming catalyst may cowpunse a zeolitic catalyst.  Feolite
materials, both natural and synthetic, are known to have catalytic properties for many
hydrocarbon processes. The terrm “zeolite” generally refers to a particular group of
bydrated, crystalline metal aluminosilicates. These zeolites exhibit a network of Si(ly
and AlQy tetrahedra in which aluminum and silicon atoms are crosshinked in g three-
dimensional framework by sharing oxygen atoms. The cavities and channels
throughout the crystalline matenial of zeolites are interconnected and generally can be
of a size to allow selective separation of hydrocarbouns.  In the three-dimnensional
framework, the ratio of oxygen atoms to the total of aluminum and silicon atoms may
be equal to 2. The framework exhibits a negative clectrovalence that typically i3

balanced by the inclusion of cations within the crystal such as metals, alkali metals,
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alkaline carth metals, or hydrogen. Thus, zeolites are a group of natural or synthetic
hydrated alominosilicate minerals that typically contain alkali and alkaline oetals.
Zeolites are characterized by a framework structure that encloses interconnected
cavities occupied by ion-exchangeable large roetal cations such as potassiom and water
molecules permitting reversible debydration. The actual formmula of the zeolite may
vary without changing the crystalline structure. In an ernbodiment, the mole ratio of
stficon to aluminum (S/Al) in the zeolite may vary from about 1.0 to about 3.5,
[0845] In embodiments, the reforming catalyst may comprise a large pore zeolite,
The term “large-pore zeolite” may be defined as a zeolite having an effective pore
diameter of from about 6 Angstroms (A} to about 15 A; alternatively, from about 7 A to
about 9 A, Exarples of large pore crystalline zeolites are type L-zeolite, zeolite X,
zeolite Y, omega zeolite, beta zeolite, ZSM-4, Z8M-5, ZSM-10, Z8M-12, Z8M-20,
REY, USY, RE-USY, LZ-210, LZ-210-A, LZ-210-M, LZ-210-T, S87-24, 77A-26,
SSZ-31, 887-33, S82-35, S82-37, S8Z2-41, 887-42, §887-44, MCM-58, mordenite,
mazzite, fanjasite, and combinations thereof. In an embodiment, the large pore zeolite
may comprise an isotypic framework structure. In an embodiment, the reforming
catalyst roay comprise L-zeolite.
[3846] L-zeolite, its X-ray diffraction pattern, its properties, and methods for its
preparation are described in detail in, U.S. Pat. No. 3,216,789, the content of which 1s
hereby incorporated by reference. Zeolite X is described in U.S. Pat. No. 2,882,244,
Mazzite is described in U.S. Pat. Nos. 4,503,023 and 4,021.447. Mordenite 1s described
i U.S. Pat. No. 4,503,023, Zeolite Y is described in UK. Pat. No. 3,130,607, U5, Pat.
MNos. 3,216,789; Z,882244; 4,503,023; 4,021,447, and 3,130,007, arc hereby
mcorporated by reference to show zeolites useful for reforming processes.
168471 In embodiments, the reforming catalyst may comprise a large pore L-zeolite.
L-type zeolite catalysts are a sub-group of zeolitic catalysts. Typical L-type zeolites
contain mole ratios of oxides in accordance with the following formula:
I\/EQ/HQ%ALQQQ*XSiOzﬁByH,zQ
wherein “M” designates at least one exchangeable cation such as bartur, calcium,
cerium, lithium, magnesium, potassium, sedium, strontium, and zinc as well as non-
metallic cations like hydrontum and ammonium tons which may be replaced by other
exchangeable cations without causing a substantial alteration of the basic crystal

structure of the L-type zeolite. The “n” in the formula represents the valence of “M”,
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“x” may be 2 or greater; and “y” is the number of water molecules contained in the
channels or intercounected voids with the zeolite.

[0848] Bound potassium L-type zeolites, or KL zeolites, have been found o be
particularly desirable. The termn KL zeolite as used herein refers to L-type zeohies in
which the principal cation M incorporated in the zeolite may comprise potassium. A
KL zeolite may be cation-exchanged or impregnated with another metal and one or
more halides to produce a platinum-impregnated, halided zeolite or a KL supported Pt-
halide zeolite catalyst. In an crobodiment, the zeolite may corprise type L zeolite, In
embodiments, the reforming catalyst may comprise a potassium L-type zeolite,
hereatter referred to as KL-zeolite, which refers to L-type zeolites wherein the principal
exchangeable cation M incorporated 1n the zeolite 18 potassium,

6849} One or more Group VI metals may be added to the catalyst support to
form a roetallized catalyst support. The metal may be added to the catalyst support by
employing a variety of known and conventional techniques, c¢.g., ion-cxchange,
meipient wetness, pore fill, iapregnation, vapor deposition ctc.  In crabodiments, the
platinum and optionally one or more halides may be added to the zeolite support by any
suitable method, for example via opregnation with a solution of a platinum-containing
compound and one or more halide-containing compounds. In an embodiment, the
metal may be added to the catalyst support by impregnation with a mctal-containing
solution. The metal in the metal containing sohition may comprise at least one Group
VI metal; alternatively, Pt, Pd, Rh, Iy, Ru, Os, or combinations thereof. In an
embodiment, the metal may comprise platinum that may be added to the catalyst
support via contact with a metal-containing solution containing at least one platinum-
containing compound.  Examples of suitable platinuro-containing cormspounds for
contact with the catalyst support include without Himitation platinum compounds that
form positively charged platinura complex ions i solution such as for example
platinum salts such as chlorides and nitrates; platinum complexes with amines; or
combimations thereof. For example, the platinum-containing corapound can be any
decomposable platinum-containing compound including, but not Hmited to, ammonium
tetrachloroplatinate,  chloroplatinic  acid, diamomineplativure (1) nitrite,  bis-
{cthylenediaromelplatinam (1) chloride,  platmom () acetylacetonate,
dichlorodiammine platinum, platimom (I} chlonde, tetraammineplatimum (1)
hydroxide, tetraammineplatinum chloride, and tetraammuneplatinam (II) nitrate. In an

embodiment, the platinum source may comprise tetraamine platinum chloride (TAPC).
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The amount of platimam in the metallized catalyst support may range from about 0.1 to
about 5§ wi %o, alternatively, frora about 0.1 to about 3 wit %; aliernatively, from about
0.3 to about 1.8 wt %.

[3858] In an embodiment, the catalyst may coraprise a large pore zeolite support
with a platinum-containing compound and at least one halide. One or more halides may
be added to the catalyst support by contact with a halide-contamning corapound to form
a halided catalyst support. The halides may be added into the catalyst support
separately; alternatively, the halides may be added to the catalyst support at the same
time. Such halides may be incorporated during addition of a metal, alternatively, the
halides may be mcorporated in 4 separate step that may be pre- or post-addition of the
metal, to form a halided, woctallized catalyst support.  Examples of suitable halides
nclude without limitation fluoride, chloride, bromide, iodide, or combinations thereof.
Such halides may be ntroduced as the aromonium halide compound.

0851} in an embodiment, the catalyst may comprise a large pore zeolite support
with a platinom-containing compound and at least one amroonium halide compound.
The ammonium halide compound may comprise one or more compounds represented
by the formuls N{RLX, where X may comprisc a halide and where R represents a
bydrogen or a substituted or unsubstituted carbon chain molecule having 1-20 carbons
wherein cach R may be the same or different. In an cmbodiment, R may comprise
methyl, ethyl, propyl, butyl, or combinations thereof. Examples of a suitable organic
ammonium compound represented by the formula N(RWX may include ammonium
chloride, ammoniure  fluoride, and  tetraalkylammonium  halides  such  as
tetramethylammonium chloride (TMAC), tetramethylammonium fluoride (TMAF),
tetracthylaroroonium  chloride, tetracthylaromonium  fluoride, tetrapropylammiomium
chioride, tetrapropylammonium fluoride, tetrabutylammeontum chloride,
tetrabutylaromoniom fluoride, racthyltricthylammonium chloride,
methyltriethylammonium fluoride, or combinations thereof.

6852} In an embodiment, the ammonium halide compound may comprise at least
one acid halide and at least one ammonium hydroxide represented by the formula
N{R"}OH, where R” may comprise hydrogen or a substituted or unsubstituted carbon
chain molecule having 1-20 carbon atoms wherein each R™ may be the same or
different.  In an cmbodiment, R’ may comprise methyl, ethyl, propyl, butyl, or
corabinations thercof. Exarples of a suttable aromontom hydroxide represented by the

formula NR'LOH may mchude ammonium  hydroxide, tetraalkylammonium
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hydroxides such as tetramethylammonim hydroxide, tetracthylammonium hydroxide,
tetrapropylaramoniom hydroxide, tetrabutvlammonium hydroxide, and combinations
thereof., Examples of suitable acid halides may include HCI, HF, HBr, Hi, or
combinations thereof,

13853} In an embodiment the ammoniom halide compound may comprise (a) a
corapound represented by the formula N(RX, where X may coruprise a halide and
where R represents a hydrogen or a substituted or unsubstituted carbon chain molecule
having 1-20 carbons wherein cach R may be the same or different, and (b) at lcast one
acid halide and at least one ammonium hydroxide represented by the formula
N(R")}4OH, where R’ may comprise hydrogen or a substituted or unsubstituted carbon
chain wolecule having 1-20 carbon atoms wherein cach R’ way be the same or
different.

8854} The halide~-containing compound may further coroprise an ammonium
halide such as ammonium chloride, ammonium fluoride, or both in various
cornbinations with the amroonium halide compounds described previously.  More
specifically, ammonium chloride, ammonium fluoride, or both may be used with (a} as
described previously, a compound represented by the formula N(R )X, where X may
comprise a halide and where R represents a hydrogen or a substituted or unsubstituted
carbon chain molecule having 1-20 carbons wherein cach R may be the sarme or
different and/or (b} as described previously, at least oune acid halide and at least one
organic anynonium hydroxide represented by the forrmula N(ROH, where R’ may
comprise a substituted or unsubstituted carbon chaim wolecule having 1-20 carboun
atoms wherein cach R’ may be the same or different. For example, a first fluoride- or
chlonide-~containing corapound can be jotroduced as a tetraaltkylammoniurg halide with
a second fluoride- or chloride-containing compound introduced as an ammonium
halide. In an embodiment, totraalkylammonium chloride may be used with aramonium
fluoride.

(0855} In an crobodiment, the reforming catalyst may coroprise s metallized,
halided sapport and the amount of halide in the catalyst ranges from about §.05 wt % to
about 5.0 wt %. In an embodimacnt, the halided catalyst support may comprise chloride
preseot 1o an amount of from about 0.1 wi % to about S wit %; alternatively, fror about
0.1 wt % to about 3 wt %; alternatively, from about 0.3 wt % to about 1.8 wt %. Inan
erabodiment, the halided catalyst support may comprise fluoride present in an awouunt

of from about 0.1 wt % to about 5 wt %; alternatively, from about 0.1 wt % to about 3
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wt %%, alternatively, from about 0.3 wt % to about 1.8 wt %. In an embodiment, the
halided catalyst suppott may comprise both chloride and fluoride, which may be present
in a CLF ratio of from about 1:10 to 10:1; alternatively, from about 15 to 5:1;
alternatively, from about 1:21t0 2:1.

13856} In embodiments, the catalyst may comprise a low-acidity silica-bound
potassium L-type zeolite support, platinurg, chloride, and fluoride. In embodiments, the
reforming catalyst may readily convert near-linear Uss (i.e., Cs hydrocarbons with no
more than one branch), but may net readily convert Cs hydrocarbons having more than
one branch, ¢.g., dimethylpentane. Such readily converted C¢ hydrocarbons are referred
to herein as “Cg-convertibles.” In crabodiments, the process to be fmproved via the
disclosed method may comprise a low~acidity silica-bound potassivm L-type zeolite
support, platimim, chloride, and fluoride. In embodiments, the process to be improved
via the disclosed wethod may comprise a conversion of Cg-convertibles greater thau
about 75 %; alternatively, greater than about 80 % alternatively, greater than about 83
Ye.

68571 Examples of catalysts and reactor systems suitable for use with the methods
described herein are the AROMAX® Process and catalyst technologics available from
the Chevron Phillips Chemical Company of The Woodlands, Texas. A specific
example of a suitable commercially availabie reforming catalyst is the AROMAX® 1T
Catalyst available from Chevron Phillips Chemical Company LP of The Woodlands,
Texas. Suitable reforming catalysts are also disclosed in U.S. Patent 7,153,801 to Wu
entitled “Aromatization Catalyst and Methods of Making and Using Same,” and US.
Patent 6,812,180 to Fukunaga entitled “Method for Preparing Catalyst,” cach of which
is incorporated herein by reference as if reproduced 1o thew entirety.

6658} In embodiments, the reforming process to be improved via the disclosed
method may comprise a scries of adiabatic Aromax™ Reactors with inter-stage
beating.  Alternatively, the process to be mmproved way comprise isothermal
Aromax”™ Reactors in which a bank of isothermal reactors is heated in a firc box. In
an embodiment, the process may comprise six adiabatic Aromax”™ Reactors with inter-
stage heating; alternative cmbodiments may comprise scven adiabatic Aromax®
Reactors with inter-stage heating.

(3859} Figure 2 illustrates a computer system 200 suitable for implementing all, or
a portion of, one or more embodiments disclosed herein.  All of, or a portion of, the

systern 200 may be implemented on any particular machine, or machines, with
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sufficient processing power, memory resources, and throughput capability to handle the

prt

weessary workload placed upon the coraputer, or computers. The compuier system
200 includes a processor 202 (which may be referred to as a central processor unit or
CPU) that is in communication with memory devices melading secondary storage 204,
read only memory (ROM) 206, random access memory (RAM) 208, input/output {1/}
devices 210, and network connectivity devices 212, The processor 202 may be
imiplemented as one or more CPU chips.

0868} it is understood that by prograraming and/or loading cxecutable instructions
onto the computer system 200, at least one of the TPU 202, the RAM 20X, and the
ROM 206 are changed, transtorming the computer systern 200 1 part into a particular
machine or apparatus having the novel functionality taught by the present disclosure. It
18 fundamental to the electrical cngineering and software congineering arts that
functionality that can be implemented by loading executable software into a compute
can be converted to a hardware implementation by well-known design rules. Decisions
between iraplementing a concept in software versus hardware typically hinge on
considerations of stability of the design and numbers of units to be produced rather than
any issues involved in translating from the software domain to the hardware domain.
Generally, a design that is still subject to frequent change may be preferred to be
froplemented in software, because re-spinming & hardware implementation 18 more
expeusive than re-spinning a software design. Generally, a design that is stable that will
be produced in large volume may be preferred to be mmplemented in hardware, for
example 1 an apphcation specific infegrated cwcuit (ASIC), becanse for large
production runs the hardware implementation may be less expensive than the software
iroplementation.  Often a design may be developed and tested i a software form and
fater transformed, by well-known design ndes, to an equivalent hardware
mplementation in an gpplication specific mtegrated circuit that hardwires the
mstructions of the software. In the same manner as a machine controlled by 2 new
ASIC is a particular machine or apparatus, hikewisc a computer that has been
programmed and/or loaded with executable instructions may be viewed as a particular
machine or apparatus.

10861} The secondary storage 204 is typically coraprised of one or move disk drives
or tape drives and 18 used for non-volatile storage of data and as an over-flow data
storage device if RAM 208 1s not large enough to hold all working data.  Secondary

storage 204 may be used to store programs which are loaded into RAM 208 when such
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programs are sclected for execution. The ROM 206 is used to store instructions and
perhaps data which are read during program execution. ROM 206 is a non-volatile
memory device which typically has a small memory capacity relative to the larger
memory capacity of secondary storage 204, The RAM 208 1s used to store volatile data
and perhaps fo store instructions. Access to both ROM 206 and RAM 208 1s typically
faster than to sccondary storage 204, The sccondary storage 204, the RAM 208, and/or
the ROM 206 may be referred to in some contexts as computer readable storage media
and/or non-fransitory coraputer readable media.

18062} V0 devices 210 may include printers, video monitors, hiquid crystal displays
(LCDs), touch screen displays, keyboards, keypads, switches, dials, mice, track balls,
voice recogmzers, card readers, papet tape readers, ot other well-known input devices.
[6063] The network connectivity devices 212 may take the form of modems,
modem banks, Hthernet cards, universal serial bus (USB) interface cards, senal
mterfaces, token ring cards, fiber distributed data interface (FDDI) cards, wircless local
area network (WLAN) cards, radio transceiver cards such as code division multiple
access {CDBMA), global system for mobile communications (GSM), long-term
evolution (LTE), worldwide mteroperability for microwave access (WiMAX), and/or
other air interface protocol radio transceiver cards, and other well-known network
devices. These network connectivity devices 212 may cnable the processor 202 to
communicate with the Internet or one or more intranets. With such a network
connection, it is contemplated that the processor 202 nught receive mformation from
the network, or might output informuation to the network in the course of performung the
above-described method steps.  Such information, which is often represented as a
sequence of mstructions to be executed using processor 202, may be received from and
outputted to the network, for example, in the form of a computer data signal embodied
I & Carrier wave.

18864] Such information, which may include data or instructions to be executed
using processor 202 for exaruple, may be received from and outputted to the network,
for example, in the form of a computer data baseband signal or signal embodied in a
carricr wave. The bascband signal or signal embedded in the carricr wave, or other
types of signals currently used or hereafter developed, may be generated according to
several methods well known to one skilled in the art. The bascband signal and/or signal

erobedded 1o the carvier wave may be referred to tn some contexts as a fravsitory signal.
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[3865] The processor 202 executes instructions, codes, computer programs, Scripts
which i accesses fromn hard disk, floppy disk, optical disk (these various disk based
systermns may all be considered secondary storage 204), ROM 206, RAM 208, or the
network connectivity devices 212, While only one processor 202 is shown, multiple
processors may be present. Thus, while instructions may be discussed as executed by a
processor, the instructions may be executed simultancously, serially, or otherwise
executed by one or multiple processors.  Instructions, codes, computer programs,
scripts, and/or data that may be accessed frorn the secondary storage 204, for cxample,
bard drives, floppy disks, optical disks, and/or other device, the ROM 206, and/or the
RAM 208 may be referred to in sorne contexts as non-transitory instructions and/or
non-transitory information.

(6866} in an cmbodiment, the computer system 200 may comprise two or more
computers in commurnication with cach other that collaborate to perform a task., For
example, but not by way of limitation, an application may be partitioned in such a way
as to permit concurrent and/or parallel processing of the instructions of the application.
Alternatively, the data processed by the application may be partitioned in such a way as
to permit concurrent and/or parallel processing of different portions of a data set by the
two or more computers. In an embodiment, virtualization software may be employed
by the computer systern 200 to provide the functionality of a number of scrvers that is
not directly bound to the number of computers in the computer system 200. For
cxample, virtualization software may provide fwenty virtual servers on four physical
computers. In an embodiment, the functionality disclosed above may be provided by
exccuting the application and/or applications in a cloud computing environment. Cloud
coraputing rmay comprise providing coraputing services via a network connection using
dynamically scalable computing resources.  Cloud computing may be sapported, at
feast 1o part, by virtualization software. A cloud computing environment may be
established by an enterprise and/or may be hired on an as-needed basis from a third
party provider. Sorne cloud computing environments may comprise cloud computing
resources owned and operated by the enterprise as well as cloud computing resources
hired and/or leased from a third party provider.

18867} fn an embodiment, some or all of the funchionality disclosed above may be
provided as a computer program product. The computer program product may
coraprise one or more computer readable storage roedium having computer usable

program code embodied therein to implement the functionality disclosed above. The
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computer program product may comprise data structures, exccutable instructions, and
other compuier usable program code. The cowputer program product may be
embodied in removable computer storage media and/or non-removable computer
storage media.  The removable computer readable storage medivm may comprise,
without imitation, a paper tape, a magnetic tape, magnetic disk, an optical disk, a solid
state memory chip, for example analog magnetic tape, compact disk read only memory
{CIROM) disks, floppy disks, jump drives, digital cards, multimedia cards, and
others. The computer program product may be suttable for loading, by the computer
system 200, at feast portions of the contents of the computer program product o the
sccondary storage 204, to the ROM 206, to the RAM 208, and/or to other non-volatile
memory and volatile mewory of the computer system 200. The processor 202 may
process the executable instructions and/or data structures in part by directly accessing
the coraputer program product, for example by reading from a CD-ROM disk inserted
mto a disk drive peripheral of the computer system 200. Alternatively, the processor
202 may process the executable mstructions and/or data structures by romotely
accessing the computer program product, for example by downloading the executable
mstructions and/or data structures frorn & remote server through the network
connectivity devices 212, The computer program product may comprise instructions
that promote the loading and/or copying of data, data structures, files, and/or executable
instructions to the secondary storage 204, to the ROM 206, to the RAM 208, and/or to
other non-velatile memory and volatile memory of the computer system 200,

16068 fn some contexis, the secondary storage 204, the ROM 206, and the RAM
208 may be referred to as a non-transitory computer readable medium or a computer
readable storage roedia. A dynamic RAM erobodiment of the RAM 208, likewise, may
be referred to as a non-transitory computer readable medium in that while the dynamic
RAM rcceives clectrical power and 18 operated in accordance with its design, for
example during a period of time during which the computer 200 is tuned on and
operational, the dynamic RAM stores information that is written to it Simularly, the
processor 202 may comprise an internal RAM, an internal ROM, a cache memory,
and/or other internal non-transitory storage blocks, sections, or compouncents that may be
referred to 1 some contexts as non-transitory comwputer readable wedia or compute
readable storage media.

10669} In an embodiment, the computer systern 200 (through, e.g., the network

connectivity devices 212} 18 capable of facilitating commumications between the
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processor 202 and components of the catalytic reactor system 100 of Figure 1, including
reactors 10, 20, 30, and 40; furnaces 11, 21, 31, and 41; hydrogen separation process
50; dryer 60; purification-extraction process 70; purification process 80; other
components such as puraps and value, or corabinations thereof. In an embeodivoent, the
network connectivity devices 212 may be wired devices such as Ethernet cards, USB
interface cards, ete., or combinations thereof, and the communications between the
processor 202 and the components of the catalytic reactor system 100 may be wired
network commmunications. Alternatively, the network connectivity devices 212 may be
wircless devices such as WiFi, Bluctooth, etc. and the commumications between the
processor 202 and the components of the catalytic reactor system 100 may be wircless
network communications.

186761 in an embodiment, components of the catalytic reactor system 100 {(c.g.,
reactors 10, 20, 30, and 40; furnaces 11, 21, 31, and 41, hydrogen separation process
50; dryer 60; purification-cxtraction process 70; and purification process 80; valves;
pumps; ¢tc.) may be coupled to the computer system 200 such that data obtained from
one or more components may be stored and/or used by the computer system 200, In an
embodiment, the run-length and net present amount of benzene recovered may be
kinetically modeled as a function of the H2/HC ratio, LHSY, and/or conversion of Cs-
convertibles using the computer systern 200, After kinetic modeling, the H2/HC ratio,
LHSV, and conversion of Ce-convertibles which maximize the run-length and/or net
present amount of benzene recovered may be selected by a user of the computer system
200 or by the computer systera 200 uself {e.g., under system or uvser-defined
guidelines), for example. The computer system 200 may communicate with one or
more components of the catalytic reactor systern 100 so as to set or adjust operating
parameters o maximize the run-fength and/or net present amount of benzene.

18671} Figure 3 illustrates the deactivation kinctic model 310 as disclosed herein
utilized in conjunction with a computer systern 300 (for example, computer system 200
as described hereiny and a catalytic reactor system 330 (for example, as shown i Figure
1 and described beremn).  All or a portion of the deactivation kinetic model 310 as
disclosed herein may be located on computer system 300 or on a combination of
computer systems 300 (e.g., a distributed comoputing system). A control prograr 320
nay also be located in whole or in part on the computer system 300. The deactivation
kinetic model 310 and/or control program 320 may commoumcate with the catalytic

reactor system 330 through the computer system 300 as described herein.



WO 2014/035888 " PCT/US2013/056632
Lod.

16672) In an embodiment, the deactivation kinetic model 310 may comprise an
fput, an output, a model unit 312, a selection unit 314, and a sensitivity anit 316, The
mput and output may move data into and out of the kinetic model 310, and may occur
auntomatically {e.g., n computer systern 300) or manually (e.g., through user mput).
The deactivation kinetic mode] 310 may predict run-fength and/or net present amount of
benzene of the catalytic reactor systern 330 as a function of H2Z/HC ratio, LHSV, and/or
conversion of Ce-convertibles in model unit 312, The selection unit 314 of the
deactivation kinetic roodel 310 may then be used to select {either automatically or
manuallyy H2/HC ratio, LHSV and/or conversion of Ce-convertibles which maximize
run-length and or net present aroount of product {e.g., benzenc).  Scusitivity of the
values predicted by the roodel unit 312 may be determined n the sensitivity unit 316
{c.g., utilizing Equation 23}, and the values calculated in the sensitivity unit 316 may be
output {e.g., to a display of the computer system 300, to external storage 302, or
combinations thereof). The values of H2Z/HC ratio, LHSY, and/or conversion of Cy-
convertibles may be output to other coraponents of computer system 300 (e.g., ROM,
RAM, internal hard drive, external storage 302, a display, combinations thereof, etc.},
or the values may be output through computer system 300 to the catalytic reactor
system 330,

6673} In onc or more embodituents, the computer systera 300 may have a control
program 320 which comprises one or more control routines, such as a fuzzy logic
control routine 324 and/or a PID control routine 322. The contrel program 320 may
conirol the values of H2/HC ratio, LHSY, and/or conversion of Cs-convertibles sclected
by the deactivation kinetic model 310. The control program 320 may alternatively or
additionally control other parameters of the catalytic control system 330 s0 as to
maintain the system 330 with the values selected by or with the deactivation kinetic
model 310, In Figure 3, the control program 320 may control (¢.¢., open, close, adjust g
degree of operation, or combinations thereof) componeunts 332 and 334 {e.g., punmps or
valves) to control the operating conditions {e.g., pressure, temperature, flow rate) of the
HC stream and H2 siream enfering reactor 338 through feedstream 331, For example,
the fuzzy logic control routine 324 and PID control routine 322 of the control program
320 may communicate analog mput (Al and analog output (AD) with components
(e.z., components 332 and 334) of the catalytic reactor system 330, Data from the
control program 320 may be stored in the computer systern 300, the external storage

302, or combinations thereof. The effluent stream 336 of the catalytic reactor system
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330 may contain the desired product produced according to the selected vahie of
H2/HC ratio, LHSV, and/or conversion of Cs-convertibles which maximize run-length
and/or net present amount of product produced in catalytic reactor system 330.

18874} fo an embodiment, the computer systern 300 may comrounicate with the
catalytic reactor system 330 inchuding reactor 338 and components 332 and 334, Inan
ernbodiment, components 332 and 334 and/or reactor 338 of the catalvtic reactor
system 330 may be coupled to the computer syster 300 such that data obtained may be
stored and/or used by the computer system 300,

13875] In embodiments, components or conditions of the catalytic reactor system
330 may change or be modifiecd. The run-length and net present amount of benzene
may be again kivetically modeled to account for changes n the catalytic reactor system
330. For example, the catalytic reactor system 330 may change as a result of addition
of fresh catalyst, regeneration of deactivated catalyst, or the addition or use of co-
catalysts to the system 330. In such scenarios, coefficients and values in the equations
of the disclosed deactivation kinctic model may be calibrated and/or adjusted o more
accurately predict the run-length and/or net present amount of benzene for the catalytic
reactor systern 330, The computer system 300 may be utilized to adjust the equations,
to kinetically model the changed system 330 as a function of H2Z/HC ratio, LHSV, and
conversion of Ce-convertibles, and to predict new run-lengths and/or net present arount
of benzene scenarios. A user or the computer system 300 may then select new values
H2/HC ratio, LHSY, and conversion of-convertibles which maximize the production of
benzene and/or run-length in the catalytic reactor system 330 under changed
components or conditions. In alternative embodiments, none or only a portion of the
disclosed erobodiments may be utilized ou the computer system 300 so as to account
for changes in the catalytic reactor system 330.

0876} In an embodument, the computer system 300 may kinctically model different
catalyst systerns to predict which catalyst system has improved LHSY, H2Z/HC ratio,
and conversion of Cg-convertibles for operating conditions which are available at a
given site where a reactor system {e.g., catalytic reactor systern 330} may be located.
For example, catalyst systems which require high H2/HC ratios for maximum run-
fength and/or net present amount of benzene {as determined via the deactivation kinetic
modeling disclosed herein) may not be suitable for sites which have limited access ©
required amounts of hydrogen: thus, other systems may be kinetically modeled {e.g., by

adjusting coefficients and values in the equations of the disclosed deactivation kinetic
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model} to find a suitable catalytic reactor system which does not require unobtainable
aroounts of hydrogen. In aliernative embodiments, none or only a portion of the kinetic
modeling associatd with changes and/or modifications may be utilized on the computer
systera 300 so as o kinctically model different catalyst systeros.

18877} The computer system 300 may be capable of receiving internal data and/or
external data and gencrating and delivering signals to components of the catalytic
reactor system 330. For example, the computer system 300 may receive automated
mstructions and/or manual instructions from a user input, and roay send signals to, for
example, the reactor 338, components 332 and 334, or combinations thereof of the
catalytic reactor systern 330 based on the kinetic modeling performed according to the
disclosed subject matter. Thus, the computer sysiern 300 may be coupled to the
catalytic reactor systermn 330, and may display the selected and operating values for
H2/HC ratio, LHSY, and/or conversion of Cg-convertibles.  As such, the compuier
system 300 may be capable of affecting various functions of catalytic reactor system
330, In alicrnative cmbodiments, the catalytic reactor system 330 may be controlled
manually or by a system(s) in addition to or other than computer systern 360.

0878} As disclosed herein, mmproverncnt of the catalytic reforming process may
comprise kinetically modeling the catalytic reforming process. Typically, one or more
coraponents of the feedstream undergoes one or roore reforming reactions to produce
aromatics. Some of the hydrocarbon reactions that occur during the reforming
operation  include the dehydrogenation of  cyclohexanes to aromatics,
dehydrosomerization of alkyleyclopentanes to aromatics, and dehydrocyclization of
acyclic hydrocarbons to aromatics. A number of other reactions also occur, inchuding
the dealkylation of alkylbeunzenes, isomerization of parathns, and hydrocracking
reactions which produce light gascous hvdrocarbons, e.g., methane, ethane, propane,
and butanc. These reforming reactions may be kinetically modeled in a deactivation
kinetic model as described herein, for example, by using one or more aromatization
reaction ratc equations.  While catalyzing the forcgoing reforming reactions, the
reformuing catalyst itself may be subjected to a vurober of reactions that cause the
catalyst to deactivate. These deactivation reactions of the reforming catalyst may be
kanetically modeled in a deactivation kinetic model as described herein, for example, by
using one or more catalyst deactivation cquations.  Also, the overall process may be
subject o heat balance, for example by using a heat balance equation. Kiuetic models

mcluding catalyst deactivation equations are referred to herein as deactivation kinetic
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models. Accordingly, in an embodiment, the deactivation kinctic model may comprise
one or more equations of at least three basic types, naroely aromatization reaction rate
cquations, heat balance equations, and catalyst deactivation equations.

18879} fo an embodiment, a single rate equation roay be used to represent the
aromatization reaction. For example, an irreversible first order aromatization rate
equation for a plug flow reactor may be written as:

k() = p(exp(-E/RT) = 0[(1 + &) In(l ) + ) (1)
wherein E, 15 the activation cnergy of the reaction, p{t) is the pre-exponential factor of
the Arrhenius rate constant (which is the intrinsic catalyst activity}, T is the reaction
temperature, v s the gas hourly space velocity (GHSV), fis the fraction conversion of
the convertibles, and 3 18 a dimensionless parameter that accounts for the change in the
number of moles of gaseous species as a result of the aromatization reactions, Note that
p is a function of tivae because of catalyst deactivation.

3088} The conversions of paraffins, isoparaffins, and napthenes as a combined
focdstream are all lumped mto a single equation in Equation (1}, In embodiracnts, the
deactivation kinetic model may be more complex, including separate rate equations for
the various components of the feedstrear. For exaraple, separate rate cquations simoilar
to Equation (1) may be written for the Cs-convertibles as well as for the C; and Cs-
convertibles.  The term “Cy-convertibles” as used herein refers to those componcents
containing x carbons that are readily converted to aromatics via a catalytic reforming
process. For example, when the reforming process utilizes a catalyst having platinum
dispersed oun a zeolitic catalyst support, the Ce-convertibles can be all Cg hydrocarbons
excluding the highly substitited hydrocarbons, such as the dimethylbutane isomers. By
utilizing separate rate oquations for the various components of the feedstream, the
model can be run to target certain conversion of Ug-convertibles as it may be often
practiced m a4 plant.  As the catalyst deactivates during the catalytic reforming
processes, the inlet temperature of the reactor(s) may be raised to maintain the overall
conversion at the process outlet, e.g., reactor offluent. By fitting the model to plant or
laboratory data, kinetic parameters may be revised. locluding hydrocracking reactions
and separate kinetic cquations for the various components of the feedstream aliows for
a better description of the catalytic reactor temperature profile over the run-length of the
catalyst. Accordingly, in another embodiment, a plurality of rate equations such as

Equations {2}, (3), and (4} may be used to represent the aromatization reaction.
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18081} An irreversible first order aromatization reaction rate equation of the
conversion of Ce-convertibles in a plug flow reactor roay be written as:

po(t) exp(-Ero/RT) = -u[{1 + &) In(1 - fo) + d¢fe] (2)
where Es 15 the activation energy of the reaction, pe 18 the pre-exponential factor, v is
the GHSV, £ is the fraction of conversion for the Us-convertibles, and & accounts for
the change n the nurober of rooles of gascous species as a result of the arornatization of
the Cg-convertibles. psis a function of time due to catalyst deactivation.

0882} A rate cquation sitnilar to Equation (2) for the €y & Cg-convertibles may be
written as:

Pras(t) exp(-Eorge/RT) = -0[(1 + 87gs) In{l — frga) + Srefras] (3
where Ep7gx is the activation encrgy of the reaction, prgs is the pre-expouential factor, ©
is the GHSV, figs 18 the fraction conversion of the Cy and Cg-convertibles, and $r42
accounts for the change m the uraber of moles of gasecous species as a result of the

aromatization of the C; and Ce-convertibles. prgg is @ function of time due to catalyst

deactivation.
18083} In embodiments, the deactivation kinctic model also accounts for the

exothermic hydrocracking reaction, which may be significant near end of run (EOR)
conditions, and for accurately determining the run-length of the catalyst. An equation
describing the cracking of a paraffin molecule info two smaller molecules 1s:

Pr{texpl-Eu /RT) = -oln(l - /} {4)
where Ep. 18 the activation enecrgy of the hydrocracking reaction and py. 18 the
preexponential factor of the hydrocracking reaction. The hydrocracking of paraffins
does not alter the number of molecules in the product. In embodiments, it may be
assumed that hydrocracking does not alier the aroount of convertibles and that all
hydrocarbons in the feedstream can be hydrocracked.

[0084] In an cmbodiment, a single heat balance cquation roay be used for the
reactor, for example:

CAT = fCoH, (5
wherein Cp, is the heat capacity of the stream, AT is the change in the reactor
temperature as the result of the reaction, Ty is the mlet concentration of the convertibles
in the stream, and H, is the heat of the aromatization reaction.

3885} in a similar manner to the use of separate kinetic cquations for the various
components of the feedstrearn, separate heat balance equations may be written.

Accordingly, in an embodiment, a plurality of heat balance equations such as Equation
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{(6). The heat balance for the aromatization reactions of Oy convertibles, wherein x =
Ce, C7, or Gy roay be given by an eqguation analogous to Hguation (5):

CoAT, = fOH, (&)
where C;, 18 the heat capacity of the stream, AT, s the change in the reactor temperature
as the result of the aromatization reactions, Cy is the mlet concentration of the €,
convertibles i the stream, and H, is the heat of reaction for the aromatization reactions.
6886} A similar equation may be written for the hydrocracking reaction:

CoAAThe = fxHne (7)
wherein ATy 15 the change in the reactor temperature as the result of the hydrocracking
reaction, C, is the concentration of C, hydrocarbons in the feedstream, and Hy, 18 the
heat of reaction for the hydrocracking reaction
6887} Predictions of the kinetic models above (Equations (1} - (7} or Equations
(23, (3}, (4), (6), and (T}, 1.2, kinetic models without catalyst deactivation, are resiricted
to those of start of run (SOR) conditions, and may be used, for example, to determine
SOR temperature, heremafter referred to as To. In order to project reactor and catalyst
performance over time in plant conditions and to predict the run-length of the catalyst,
catalyst deactivation may be mcluded in the kinctic modeling herein disclosed for the
determination of improved reforming process conditions, and use of such deactivation
kinetic models 1s disclosed further herein.

6088 In embodiments, the decay of reforming catalyst activity with on-stream
time t {i.c., catalyst deactivation) may be described by a first order rate equation:

da(ty/dt = -ka(Tha(t) (8}
wherein a(t) is the normalized catalyst activity which is defined as po{t)/p.{t=0) with
x=6 or 7&8 and ka(T) s the deactivation rate constant. In embodiments, it may be
assumed that Equation (8} applies to T, O and g aromatization and that the
hydrocracking reaction can also be deactivated but at a much slower rate.  The
deactivation of the hydrocracking may be described as a(t)” where o is much smaller
than unity and is one of the fitting parameters.

[0089] The deactivation rate counstant of Equation (8), ka{T), can be expressed n
the Arrhenius form:

k a ( T) == ,Ad f:Xp(-Ed / RT) (9)
where T is the catalyst temperature, Eqg is the activation encrgy of the reaction that

leads to catalyst deactivation, and R 1s the gas counstant. The deactivation amplitude
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Ay 18 a function of HZ/HC ratio. In embodiments, Ay and H2/HC ratio may be
Hucarly correlated.

G606} Equations {1} to (%) arc disclosed herein. In one or more embodiments, a
deactivation kinetic moodel may comprise Equation (1), Hquation (2), Eqguation (3),
Equation (4), Equation {3), Equation {6}, Equation {7}, Equation (8}, Hquation (9}, or
cornbinations thercof. In an emboditacnt, a deactivation kinetic model may comprise
Equations (1) to (9). In an additional or alternative embodiment, a deactivation kinetic
model may coraprise Equations (1), (4), (5}, (7). and (8). The deactivation kinetic
model may be represented by first order rate equations for the conversion of light
naphtha to aromatics, and hydrocracking, two heat balance cquations, and a catalyst
deactivation equation represented by a first ovder decay of the catalyst activity. In an
additional or alternative embodiment, a deactivation kinetic model may comprise
Equations (2}, (3), (4), (5), (7), and (8). The deactivation kinetic model may be
represented by a rate equation for the conversion of Ce-convertibles, a rate equation for
the C; and Cg-convertibles, a rate cquation for exothermic hydrocracking, a heat
balance for the aromatization reactions, a heat balance for the hydocracking reaction,
and a catalyst deactivation equation. Deactivation kinetic medels, such as those
disclosed herein, may be applied to a single reactor vessel, or may be applied to a
plurality of reactor vessels, for exaraple, a series of reactors.  Individual paramcters
within a given equation {(e.g., E., p, Cp, H,, etc.) may be adjusted independently for each
reactor in a plurality of reactors to provide a more accurate representation of the
performance of each reactor.

6891} A deactivation kinetic model may be used to calculate a fouling curve for a
given reforming catalyst. A fouling curve may be defined as the catalyst temperature,
T, for maintaining a given conversion of Ce-convertibles as a function of on-stream
time, t. The intersection between the fouling curve and the prescribed end-of-run
(EOR} catalyst temperature gives the catalyst run-length.  The EOR catalyst
temperature may be g function of catalyst and/or process equipment {e.g., reactor
metaliurgy ) maximum operating temperatures. For example, the EOR temperature roay
range from about 200 °F to about 1100 °F; altcrnatively, from about 950 °F to about
1050 °F; alternatively, from about 1000 °F to about 1020 °F. In an emobodiment, the
EOR may be about 940 °F. The run-length of the catalyst may be further determined as
a function of the conversion of Cs-convertibles in the feedstream, LHSV of the

feedstream, and H2/HC ratio in the feedstrean.
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16892} After setting up the three dimensional process variable space spamned by
conversion of Ce-convertibles, LHSY and H2Z/HC ratio, one may calculate the fouling
curve for cach point in that space with a deactivation kinctic model {e.g., a simplified
wodel eroploying Equations (1), (4), (5), (7}, and (8) or a more coraplex model
employing Equations (2), (3}, (4), {5}, (7}, and (8}]. For a given EOR temperature, the
run-lengths of the reforming catalyst may be read frorn the various fouling curves.
Accordingly, the run-length of the catalyst may be established as a function of the
LHSV of the fecdstream, the H2Z/HC ratio in the fecdstream, and the conversion of Cy-
convertibles in the feedstream.

16693} For a given reactor system {(¢.g., a plurality of reactors in series), the
equations of a deactivation kinetic model may be coupled and solved numerically using
methods recognized by those of skill in the art with the aid of this disclosure, for
example, using a Visual Basic Language equation solver application with an Excel
spreadsheet interface.  As one can see, just a fow discrete values of cach process
variable {e.g., LHSV, H2Z/HC ratio, and conversion of Cs-convertibies) would
mushroom into over hundreds of separate runs by a deactivation kinetic model. Sucha
brute force approach, while cffective, 18 tedious and time consuming. Therefore, the
fouling curve(s} generated by a deactivation kinetic model may be approximated with
an analytical solution{s) to the deactivation kinetic roodel, for example, using an
approximated analytical equation. In embodiments, solving of a deactivation kinetic
model may be simplified via an approximated analytical equation depending on the
systern reactor configuration, for example, an isotherral reactor system or a series of
adiabatic rcactors, as described in more detail below.

10694} Ouce the run-length of the reforming catalyst has been determived, the
amount of benzene produced per unit of catalyst {c.g., pounds of benzene per pound of
catalyst) during the life cycle (e.g., run-length) may be calculated from the run-length of
the catalyst and the benzene yield per month.

(0895} In an embodiraent, the amount of benzene produced per unit of catalyst roay
coraprise calculating the net present amount of benzene produced.

[0896] In an embodiment, calculating the net present amount of benzene produced
way comprise using the run-length of the reforming catalyst and a benzene yield per
month of the reforming catalyst to calculate an amount of benzene produced over the
run-length per unit of the reforming catalyst.  Calculating the net present amount of

benzene produced may further comprise discounting the amount of benzene produced
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over the run-length of the reforming catalyst per unit of reforming catalyst to determine
the net present amount of benzene produced per unit of reformung catalyst over the run-
fength of the reforming catalyst.
18897} fo an additional or alternative embodiment, calculating the net present
amount of benzene produced may comprise calculating the mumber of pounds of
benzene produced per pound of rveforming catalyst per hour, N, which may be
calculated by:
N=0907f W LHSY (d;f/ dc)
(10)
where dyy, d., /. and weg are, respectively, the density of the feedstream, the density of
the reforming catalyst, the fraction representing conversion of Cs-convertibles, and the
weight fraction of Cs-convertibles in the feedstream. The factor of 0.907 may represent
the contraction in the molecular weight as a Cs paraffin converts to benzene. The total
armount of benzene produced per pound of catalyst in the run-length of the catalyst may
then be calculated by multiplying N by the catalyst run-length m hours.  In an
embodiment, N may be greater than about 1, alternatively, greater than about 1.5;
alternatively, greater than about 2; alternatively, greater than about 2.5; alternatively,
greater than about 3; alternatively, greater than about 3.5; alternatively, greater than
about 4; alternatively, greater than about 4.5; aliernatively, greater than about 5
alternatively, greater than about 3.5; alternatively, greater than about 6. In an
embodiment, N may be in a range from about 1.5 to about 6; alternatively, from about 2
to about S.
16698) In an additional or alternative embodiment, calculating the net present
aroount of benzene product way comprise calculating the net present pounds of benzene
produced per pound of reforming catalyst over the run-length of the reforming catalyst,
NPPB, which may be calculated by:
NPPB = (N/720) {1~ (1-D, )" /Dy
(i1)
where D, 18 the monthly discouut rate and n s the run-length of the refornung catalyst
m units of months. The monthly discount rate D, 1s related to the yearly discount rate
by (1 — Dy = (1 — yearly discount rate). To an embodiment, NPPB may be greater
than about 14,000; alternatively, greater than about 16,000; alternatively, greater than
about 18,000, In an cmbodiment, NPPB way be in a range of about 14,000 to about

30,000; alternatively, about 16,000 to about 24,000, A time-value formula may be used
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to correct future benzene value to a present value. Because the value of one pound of
benzene at the present 18 worth ruore thau that a fow years from now, the time value of

enzene must be taken into account. Alternatively, one can consider that one pound of
benzene produced wn the foture would have been actually less than one pound of
benzene had it been produced today. The percent reduction may be the same as the
discount rate n the value of the benzene.
[6099] in an embodiment, the deactivation kinetic model may be simplified for a
catalytic rcforming proccss comprising an isothormal reactor systern.  The
deactivation kinetic model may be modified for isothermal calculations by setting all
the heats of reactions to zero. Because at hugh conversions the H2/HC ratio in an
isothermal reactor increases significantly as one moves toward the reactor outlet, Ay
may be treated as an implicit function of the distance from the reactor inlet. Also, Ag
at each location along the reactor axis may be a weak function of the on-stream time,
t, because the HZ/HC ratio at a given location changes as the catalyst deactivates. The
simplification follows from the fact that the fouling curve calculated with Ay varying
along the reactor can be represented by the analytical solution of an isothermal reactor
with a single A, for the whole catalyst bed. Accordingly, the change of the fouling
curve with on-stream time, t, for a fixed conversion may be given by the analytical
solution represented by

7ty = —— d o -
1+ {RT, E, Ml —(E, / B, Yk, (T )]
(12)

where &, represents the average of ky across the reactor; B, is the average activation

energy of the aromatization reaction of the Ce-, Cy- and Cy-convertibles; and T, i the
start-of-run (SOR) temperature in Kelvin, T, way depend on LHSY, H2/HC ratio, and
conversion of Ce-convertibles. For example, T, may be calenlated as a function of
GHSV (v} and conversion of convertibles () using Equation (1); alternatively, T, may
be calcuiated as a function of GHSV (v) and conversion of Cyg-convertibles (f} using
Equation (2); alternatively, T, ruay be calculated as & function of LHSV (v} and
conversion of Cr- and Cye-convertibles () using Hquation (3); alternatively, T, may be
calculated as a function of GHSV (v) and conversion of converiibles (/) using
Equation (4). According to Equation (9}, ;?d may depend on Ay, which is the average

of Ay across the reactor and may be determined as a function of H2/HC ratio and
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conversion of Cy-convertibles. For cxample, Ay may be calculated from the H2/HC
ratio and coonversion of Cs-convertibles by the following equation:

As=1.343x 10" -5.282x 10" 7-1.456x 10" (H2/H)imier (13)
where f1s the fraction representing conversion of Cg-convertibles and (H2/HC ) 18
the hydrogen-to-hydrocarbon mole ratio in the inlet of a reactor.  Without being
limited by theory, it is believed the dependence of Ay on conversion of Ce-
convertibles may be due to the increase of H2/HC ratio in the reactor when more
arornatization reaction occurs.

[68108] In embodiments, the run-length (t) of the reforming catalyst may be
calculated as a function of conversion of Ce-convertibles (), LHSV, and HZ/HC ratio
asing Equations (123 and (13) and the values of T, from the isothermal reactor
cactivation kinetic model. For cxample, for a given conversion of Cs-convertibles,
H2/HC ratio, and LHSV, Equation (13) may be substituted for A4 (e.g., in Equation (9),
where fia may be calculated), EOR temperature may be selected for T, and the run-
fength of the reforming catalyst (t) may be calculated from Hquation (12) when T, is
calculated from, for example, one or more of Eguations (1)3-(3). The process of
determining the run-length of the catalyst for each point in the process variable space is
educed to the calculation of T, at that point. Using a different correlation between Ay
and H2/HC ratio may result in a different Hnear function for Equation {13). However,
the deactivation kinetic model calculations for T, need not be repeated in order to
recalculate the run-length of the catalyst because, by definition, T 1s independent of Ay
or Ag.
168101} As shown in Example 1 bereinbelow, several trends can be established.
First, for a given H2/HC ratio and LHSVY, a lower conversion of Cg-convertibles may
give a larger NPPB. When a reactor is operated at a lower conversion, the run-length of
the catalyst may be longer. The longer run-length may be more than sufficient to
compensate the tirme-value discount. However, there may be a limit on how low the
conversion can be attained because of other operational requirements such as mogas
octane mumber or the loading of the separation units downstream of the reactor. The
results in Example 1 bereinbelow suggest a greater NPPB may be attained by operating
the reactor at the lowest conversion that is consistent with other plant requirements. In
embodiments, mproving the reforming process may coraprise selecting the lowest

conversion of Cs-convertibles consistent with other plant requirements.
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[68102} Sccond, for a given conversion, it is advantageous to run the catalytic
reforming process at high LHSV. Although running at a higher LHSV mcans operating
the reforming catalyst at a higher temperature, thus a shorter catalyst life, the amount of
benzene produced per month 18 also proportionally higher. The end result is a larger
NPPB. In practice, there s an upper limit on the LHSVY because the aromatization
reaction likely will becorne diffusion hmited at high LHSV. More imaportantly, a high
LHSV can lead to short run-length and frequent catalyst replacement. The cost of the
associated down time as well as the lead time for the manufacture of the fresh catalyst
may put a cap on high LHSV values.

106103}  In torms of logistics, it may be feasible to have a catalyst replacement cycle
with a frequency of one year or longer. Using the run-length of the refornung catalyst
of one year as a cut-off, according to Example 1 hereinbelow, a high NPPB may be
achieved with a LHSV as high as 4, so long as mass transport does not become the rate
imiting step at this LHSV. In embodiments, diffusion limitation occurs at a LHSV of
about 5. In embodiments, the reforming process may be iraproved in terms of NPPB by
running at a LHSVY of about 4. In embodiments, the conversion of Ce-convertibles may
range from about §3% to about 93% and sclected values of LHSV of the fecdstream
and HZ/HC ratio may be about 4.

1801047  Surprisingly, as shown in Example 1 hereinbelow, in embodiments, there
is little advantage to using a high H2/HC ratio unless it is larger than 3. Although
mtuitively a higher H2/HC ratio may be thought to lead to a lower fouling, it does not
necessarily translate nto a longer run-length. As shown n the resulis i Example 1
hereinbelow, run-lengths of the catalyst for HZ/HC ratios between 0.5 and 2 are
stmilar. For an isotherroal reactor, a higher H2/HC ratio results in a higher overall
gas-hourly-space-velocity in the reactor, which requires a higher reactor temperature
to maintain the conversion.  In embodiments, for a given conversion of Ce-
convertibles and LHSV, a higher value of NPPB is attained by sclecting a H2Z/HC
ratio of greater than 2 or less than about [, In embodiments, improving the reforming
process may comprise selecting a H2/HC ratio of greater than about 3; alternatively,
improving the reforming process may comprise selecting a H2/HC ratio of about 4.
[88105]  Catalyst activity may be expressed as a function of Ay, Eg, By, and To. A
very simple equation for normalized catalyst activity, a(t), can be derived using the fact

that, at a fixed conversion:
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a{t) = exp { (E/RY T - Vo)

(14)
Substituting Equation (14) into Equation (12}, the normalized catalyst activity a{t) of an
tsothermal reactor over time is given by

a(t) = {1-{Cea(To) tya))”

(15}
where o= £,/Fq and kqis given by an equation similar to Equation (9) except that Ay is
replaced by Ay The run-length is, therefore, dictated by ka(To). That is, a larger
ka(T.) leads to a shorter run-length. Referring to Hquation (9), ko(T,} is a product of
Ag and the Arrhenius factor exp(~E¢/RT,). An mcrease in the H2Z/HC ratio reduces Ay
but increases the Arrhenius factor because of a higher T, These two opposing factors
govern whether kg('T,) increases or decreases with the H2/HC ratio, as further
discussed in Example 1 hereinbelow.
[68106] In an cmbodiment, the deactivation kinetic model may be simplified for a
catalytic reforming process comprising a scries of adigbatic reactors to improve
benzene production per catalyst usage. As for the isothermal reactor design discussed
hereinabove, the deactivation kinetic model 18 used to generate the run-length of the
catalyst as a function of conversion of Cg-convertibles, LHSV and H2/HC ratio. The
run-length 15 in turn used to determine the amount of benzene produced per catalyst hife
cycle after factoring in the time value of the benzene.
[68187] The deactivation kinetic model as described above is used to generate the
fouling curve, which for a series of adiabatic reactors is defined as the nlet temperature,
T, of the first reactor for maintaining a given conversion of Ce-convertibles at the last
reactor outlet as a function of run-fength, t. In ebodiments, equal julet temperatures
are assumed for all the reactors. The following discussion is for a six-reactor
configuration with catalyst voluroe ratios of 10:10:10:20:20:30, although it 18
understood that the disclosed subject matter of kinetically modeling the catalytic
reforming process 18 equally applicable to alternative numbers of reactors having
different catalyst volume ratios.
(8018681 To extend the deactivation model to run conditions with various H2/HC
ratios, a corrclation between the deactivation amplitude, Ay (in units of hr'“), of cach
of the six reactors with the H2/HC ratio to cach of the reactors may be represented by:

Ag= 123110 15075 10" (H2/H e

(16)
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Because the heat capacity of the gas mixture in the reactor is also affected by the
H2/HC ratio, i may be approximated by a hincar combination of the heat capacities of
the hydrogen and hydrocarbons.
[0810%]  As mentioned above, to determine the run-length of the reformiog catalyst,
one first calculates the fouling curve. The intersection between the fouling curve and
the prescribed end-of-run (EOR) miet temperature gives the run-length of the catalyst.
However, instead of repeating the time consuming calculations of the fouling curve for
varigus process conditions, one can seck an approximated asnalytical solution to the
model describing the fouling curve. In an embeodiment, an approximated analytical
solution may be used to predict the fouling curve ot a series of adiabatic reactors. Asin
the isothermal embodiment, the approxiroation greatly rveduces the number of
calculations required. Once the parameters in this analytical solution are established as
a function of the process variables, determoination of the various run-lengths and
benzene yields is reduced to the determination of these parameters.
[06110] When comparing the fouling curves of an isothermal reactor to an adiabatic
reactor under the same process conditions, one notices that the fouling curve of the
fatter has a smaller initial slope, namely a smaller initial fouling rate at the start of run
(SOR). However, near EOR the fouling rate of the adiabatic reactors increases much
more rapidly, and the fouling curve reaches EOR carlicr. Without mntending to be
Himited by theory, this difference can be explained as follows. Because of the large
endothern in an adiabatic reactor, only a small part of the catalyst bed 1s used at a given
time. Initially, only the part of the catalyst bed vear to the reactor inlet 1s utilized, and i
is the first to be deactivated. The deactivation front moves down the bed with on-
strearn time. As long as the front is not close to the reactor cutlet, one does not “sense”
the catalyst deactivation and the catalyst fouling rate appears to be small. As the front
moves close to the reactor outlet, there is not much catalyst activity Ioft in the entire
reactor, and rapid increases m the inlet teruperature are necessary to maintain the
conversion. An analytical solution describing this type of behavior may be represented
by:

Ty =T, P/t In(1-/4,.)

where T(t} is the inlet temperature of at least one adiabatic reactor, t 1S on-stream time,
tmax tepresents the theoretical voaximuro run-length of a catalyst (e.g., the time at which

the catalyst has near zero activity and the reactor temperature approaches infinity), §/
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tmax 18 the inttial siope of the fouling curve and T, is related to the SOR T hy T, =Tt =
0y —B. B is an adjustable pararocter describing the fouhing of the catalyst near start-of
runt {SOR}, and P may be adjusted to fit the analytical solution {¢.g., Equation {17}) to
the fouling curve(s) {(see, ¢.g.. Figure 7). Ouce SOR T 1s known, there are only two
independent parameters in Equation {17}, For an isothermal reactor, tna{(is0} is given
by:
tonan{ 1900 ~ (B, expl{Ey/R T W EaALD
(18)
where E, and Hy are respectively the activation energy of the aromatization reaction
{average of those of Cg, Cr and Cg) and the deactivation reaction. T, is the SOR
temperature of the isothermal reactor.
[68111] In order to cstablish the relationship between these three parameters and
the process variables, full calculations with the deactivation kinetic wodel for the
process variables that span a wide range of run-lengths and SOR temperatures are
performed. Equation (17) is fitted to the resulting fouling curves to determinge the tha
and T.. In embodiments, tu,y is correlated linearly to tnadiso} when the latter is
obtained from Equation (18) under the sarae process conditions as follows:
fra = 0.9101 ta{is0)
(19)
This relationship is expected because, under similar process conditions, the maximum
run-iengths should be about the same between the isothermal and adiabatic reactors.
108112} Because T, or f reflects the slope of the fouhing curve, such are expected to
be a complicated function of LHSY, H2Z/HC ratio, conversion of Cy-convertibles and
tmax. Accordingly, a new process variable ¢ is defined as:
0= B b (H2/ HOP e s o (LHSV P +C T (¢ = 0)F
20
and a second order polynomial of ¢ is fit to the T, obtained from the sample
calculations. In Equation (20), T{t = 0} and ty. are, respectively, in units of Kelvin and
day. The coetlicients B and C as well as the exponents a, b and ¢ are varied to obtain
the best fit. In embodiments, the best fit may be achicved with ¢ given by:
¢ = 70 tmax (H2/ HOY " ittet s sescor (LHSVY 4+ T = 0
ey

and T, may be found to correlate with ¢ by the equation:



WO 2014/035888 PCT/US2013/056632

37
T, =6.643x 107 -1.013x10° 9 +1.265x 107 ¢ 7
(22)
Incorporation of the conversion of the Cg-convertibles f into Equation (20) leads to a
zero exponent for £, which leads to the belief that T, 18 not a function of £,
[88113]  In order to determine the sensitivity of Hquations (19}, (21} and (22} to the
correlation between the deactivation amplitude and H2/HC ratio, a shightly different
equation for Ay may be examined in another analytical solution:
Ag=1.505x10" - 2.010x 10" (H2/H Javerage
(23)
i which Ay of cach reactor in the series s determined by the average H2/HC ratio in
that reactor. The results are summarized in the Example 3. The hnear correlation
between thay and tux{ise) remains valid although the proportionality constant is
shghtly different. Hquation (21) remains unchanged and the coefficients o Hquation
(22} are shightly modified.
[66114] The SOR inlet temperatures Tt = ) for various process conditions are
calculated directly from the deactivation kinetic model of the adiabatic reactors.
Since SOR temperatures are independent of the correlation between Ay and H2/HC
ratio, SOR T only needs to be calculated once and at t = 0.
[068115]  With T(t = 0), ta. and T, determmined, the fouling curve according to
Equation (17} for the adiabatic reactors is fully defined. The run-length of the
reforming catalyst as a function of conversion of Ce-convertibles £, LHSV, and H2/HC
ratio to the 1% reactor is then determined from Equation (17) by setting T equal to the
sclected EOR temperature. Thus, the run-length for a series of adiabatic reactors is
calculated using Equations (173, (19}, (21} and (22} and the values of SOR T from the
deactivation kinetic model of the adiabatic reactors.
168116  The net present pounds of benzene produced per pound of catalyst during
the run-length of the catalyst (NPPB) may be calculated from the Equations (10) and
{11}, as for the isothermal reactor embodiment,
EXAMPLES
[98117]  The mventive subject matter having been gencrally described, the following
examples are given as particular embodimoents of the inveotive subject roatter and to
demonstrate the practice and advantages thereof. {t is understood that the examples are

given by way of ilfustration and are not intended to hmit the specification of the claims
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to follow in any manner. The data in the Examples is computer generated using
Equations 1 to 9 as the erobodiment for the deactivation kinetic model.
EXAMPLE 1
[80118] The asbove-described deactivation kinetic model was used fo determine
process parameters which improve a catalytic reforming process utilizing an
isothermal reactor. The relevant deactivation kancetic parameters, EOR condition, and
feedstream composition for an isothermal reactor embodiment are summarized below
in Table L.
TABLE 1

Kinetic Parameter Feed Properties
Co £, = 71.90 kcal/mole Composition, wi%
C7 & CE £, =71.02 kcal/mole C6 convertibles = 49 4
C6 Py =3.58x10" hr! C7 & C& Convertibles = 36.1
C7T&C8Py=2.74x10 I Others = 14.5
E,;= 50 keal/mole Density o= 0.675 g/ce
A= 1.2308x10" — 1507410 (HY/HO), e ! Average mol weight = 91 41
& ~ =715 keal/mole
Reactor Pressure = 79.7 psia Catalyst density . = (.70 g/cc
Foad-of-run 7' =940 F Yearly discount rate for benzene = 10%

[0811%]  An end-of-run (EOR) catalyst temperature of 940 °F (777 K) was used,
which translates to a reactor skin temperature of about 1000 °F. E, in Bquation (12,
which is the average activation energy of the aromatization reaction of the Ce-, Cr-
and Cs-convertibles, has a value of 71.5 kcal/mole. T, 1s the start-ofsrun (SOR)
terperature, which depends on LHSV, HZ/HC ratio, and conversion of
Ce~convertibles,

[68128] Figure 4 s a plot of fouling curves predicted by the deactivation kinetic
wodel (i.e., the shaped data points) and the fit of Hquation (12) to the deactivation
kinetic model (i.c,, the solid lines). The deactivation kinetic model calculations are
based on a teedstream composition shown in Table 1, a conversion of Ce-convertibles
of 85% and a EHSV of 1.6, 1t is clear that the fits are exceptionally good. Figure 5
shows Ay as a function of the inlet H2/HC ratio for different values of conversion of
Cs-convertibles for an isothermal reactor. The results in Figure 5 can be reduced to a
single equation, Equation (13} hercinabove, which was used in Equation (12). In
Figure 4, Equation {12} was fitted to the fouling curves of the deactivation kinetic

model, t.¢., the curves made by the series of data-points gencrated with Equations (1)
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to (9.

(861217  With an EOR temperature of 940 °F, LHSV of 1.6 and conversion of
Ce-convertibles of 83%, it can be scen in Figure 4 that the run-length for the mlet
H2/HC ratios of 0.5, 1, 2, 3, and 4 are about 28.8, 27.7, 27.6, 30.6, and 3X.8 months,
respectively. Plots like Figure 4 may be made for different combinations of
conversion of Cs-convertibles, LHSVY, and inlet H2Z/HC ratio values. However,
instead of reading run-length off sumerous plots of Equation (12) {e.g., Figure 4) for
numerous combinations of conversion of Ce-convertibles, LHSY, and inlet HZ/HC
ratio vahues, the run-length of the reforming catalyst was calculated as a function of
conversion of Cg-convertibles, LHSV, and inlet H2/HC ratio as described above using
Equatious (12} and (13} and the values of T, from the deactivation kinetic wodel
utilizing an isothermal reactor. The results are shown in Table 2, with run-length in

units of months rounded to the nearest tenth.
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TABLE 2
Catalyst Life, months
Convarsion of Cy- LHSY
Convartibles = 83% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 37.8 30.4 25.5 221 18.5 18.5 14.6 12.0
1 36.3 29.1 24.4 21.1 18.6 17.6 13.8 11.3
H2HC 2 36.3 28.9 242 20.8 18.3 17.2 13.4 10.9
3 40.2 31.9 26.5 227 19.9 18.7 14.4 11.6
4 50.8 40.0 33.1 28.3 24.8 23.14 17.6 14.0
Conversion of Cg- LHSV
Convertibles = 85% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 35.9 28.8 242 20.9 18.5 17.5 13.7 11.3
1 34.6 277 23.2 20.0 17.6 16.6 13.0 10.7
H2/HC 2 34.7 27.6 231 16.8 17.4 16.4 12.7 10.3
3 38.7 30.86 25.4 21.8 16.0 17.9 13.7 10.9
4 49.2 38.8 32.1 27.3 23.7 22.3 16.8 13.3
Conversion of Cg- LHSY
Convertibles = 87% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 359 27.2 22.8 19.7 17.4 16.4 12.9 10.6
1 32.8 286.2 21.9 18.9 16.6 15.7 12.2 10.0
H2/MC 2 33.1 28.3 21.9 18.8 16.4 15.5 11.9 9.6
3 37.1 29.3 24.3 20.7 18.1 17.0 12.9 10.3
4 47.7 37.5 31.0 26.3 22.8 21.3 16.1 12.86
Convarsion of Cs- LHSY
Convartibles = 88% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 32.0 25.6 21.4 18.5 16.3 15.4 12.0 9.8
1 30.9 24.7 20.8 17.7 15.08 14.7 11.4 9.3
H2HC 2 314 24.9 20.7 17.7 15.5 14.5 11.2 9.0
3 35.4 27.9 231 19.6 171 16.0 12.1 9.6
4 48.1 36.1 29.7 252 21.8 204 15.2 11.8
Convarsion of Gy LHSY
Convartibles = §1% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 29.8 23.8 19.9 17.1 15.1 14.2 11.1 9.0
1 29.0 23.0 19.2 16.5 14.5 13.6 10.5 85
H2/HC 2 29.5 23.3 194 168.5 14.4 13.5 10.3 8.2
3 33.5 26.3 21.7 18.4 16.0 15.0 11.2 8.8
4 44 1 34.5 28.3 23.9 20.8 18.2 14.2 11.0
Conversion of G- LHSY
Convertibles = 83% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 27.5 21.9 18.3 15.7 13.8 13.0 1.1 8.2
1 26.8 21.3 17.7 15.2 13.3 12.5 9.6 7.7
H2HC 2 27.4 21.6 17.9 15.2 13.2 12.4 .4 7.4
3 313 24.8 20.2 17.1 14.7 13.8 10.2 8.0
4 418 32.86 26.6 22.4 16.2 17.9 13.0 9.9




WO 2014/035888 " PCT/US2013/056632

[66122} NPPB was calculated from Equations (10} and (11) using the results from
Table 2. The NPPB values as a function of conversion of Ce-convertibles, LHSY, and
mlet H2/HC ratio are shown in Table 3. The units of NPPB shown m Table 3 are

expressed in pounds of benzene produced per pound of catalyst.
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TABLE 3
Net Present pounds of benzene / pounds catalyst-catalytic lifs
Conversion of Cg- LHSY
Convertibles = 83% 1.2 1.8 2 2.4 2.8 3 4 5
(.5 10,177 | 11076 | 12,203 | 12602 | 13480 | 13,110 | 14,756 | 14,947
1 9,722 10,752 1 11,360 { 12,081 12,861 13,110 | 13,831 13,761
H2/HC 2 9,722 10,752 | 11,360 | 12.081 12,236 | 12435 + 12,899 | 13,761
3 10,624 | 14716 | 12,619 | 13,119 1 13480 | 13,780 1 13,831 14,947
4 12,049 | 14,166 | 15,039 | 15637 | 16,497 | 16,399 17,481 17,289
Conversion of Cg- LHEY
Convertibles = 85% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 9,956 11,011 11,634 | 12,372 & 12531 12,735 | 14,164 | 14,092
1 9,720 10676 | 11,196 | 11,833 | 12531 12,735 | 13,208 | 14,082
H2/HC 2 9,720 10676 | 11196 | 14,833 | 11,886 | 12,037 | 13,209 2,867
3 10,652 | 11672 | 12067 | 12,8068 | 13,171 13,426 14,164 | 14,092
4 12,845 | 14203 | 14998 | 155608 | 16287 | 18,133 | 16,980 | 18,512
Conversion of Cg- LHSY
Convertibles = 87% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 9,958 10,682 | 11460 | 12111 12,165 | 12320 | 13,520 | 14424
1 9,459 10,233 | 11,008 | 11,855 | 12165 | 12320 | 12534 | 13170
H2/HGC 2 9,459 10,233 | 11,008 | 11,555 | 11499 | 11,600 | 12534 | 13,170
3 10,430 | 11270 | 11,907 | 12663 | 12,826 | 13,034 | 13520 | 13170
4 12,831 14223 1 149033 | 15349 | 16044 | 15829 | 16427 | 16,900
Conversion of Cp- LHSY
Convertibles = 88% 1.2 1.6 2 2.4 2.8 3 4 5
0.5 9,422 10,468 | 10,795 | 11,246 | 11,763 | 11,867 | 12822 | 13472
1 9,166 10,108 | 106,795 | 11,246 | 11,763 | 11,867 | 11,805 | 12,178
H2/HC 2 9,166 10,108 | 10,795 | 11,246 | 11076 | 11,867 | 11,805 § 12178
3 10,177 | 11179 | 11,723 | 12380 | 12445 | 12804 | 12,822 | 13,472
4 12,782 | 13,899 | 14,846 | 15,162 | 15,768 15,487 | 15822 | 16,028
Conversion of Cg- LHSY
Convertibles = 81% 1.2 1.6 2 2.4 2.8 3 4 5
{.5 9,108 9,964 10,557 | 10,907 | 11,324 | 11,373 | 12070 | 12451
8,841 9,589 10,072 1 10,309 | 10815 + 11,373 + 12070 1 12,451
H2MC 2 9,108 9,585 10,072 | 16,907 | 10815 | 11,373 | 11020 | 11,118
3 9,893 10,703 | 11,514 | 11499 | 12028 | 12133 | 12070 | 12,451
4 12,604 | 13,874 | 14287 | 149046 | 15453 | 15108 | 15,164 | 15,087
Conversion of Ce- LHEBY
Convertibles = 83% 1.2 1.6 2 2.4 2.8 3 4 5
(.5 8,761 9,414 9,793 10,536 | 10,848 | 10,838 | 11282 | 11,360
1 8,484 9,024 9,793 9,820 10,117 10,049 | 11,262 | 11,360
H2/HC 2 8,484 9,414 9,793 9,820 10,117 | 10,048 10,180 $.,984
3 9,578 10,662 | 10,789 | 11147 1 11573 | 11623 | 11,262 | 11,360
4 2397 | 13,481 14,139 | 14 121 14 411 14,690 | 14,453 | 14078
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(86123} From Tables 2 and 3, values for LHSV and inlet H2/HC ratio which
fmaprove the process are about 4, for a desived run-length of the reforroing catalyst of
at least 12 months and for a conversion of Cs-convertibles between about 83% and
93%. It can be seen there 1s hitle advantage to using a high H2Z/HC ratio unless it is
greater than about 2. Higher values of NPPB are obtained when the catalyst is
operated at lower conversion of Co-converiibles and high LHSV. For a given
conversion of Cy-convertibles and LHSVY, higher NPPB i3 obtained with a H2/HC
ratio greater than 2 or below 1.
180124] Figure 6 shows an example of how ky('T.} varies with the H2Z/HC ratio for
isothermal reactor, as given by Equation (9). The curve in Figure 6 18 for an LHSVY
of 1.6 and a conversion of Cs-convertibles of €5%. Because the deactivation kinetic
model used in this Example 1 emaploys a linear correlation between Ay and H2Z/HC
ratio, the NPPB in Table 3 arc sensitive to the uncertainties in the correlation. A
change in the correlation can affect the shape of the hump in ky(T,) shown in Figure
6 or the miniroa in the run-length 1o Table 2, making thern more pronounced or
shallower. The trends deseribed above have been found to remain valid for different
corrclations.

EXAMPLE 2
[881258] The above-described deactivation kinetic model was used to determine
process parameters which improve a catalytic reforming process comprising a series of
adiabatic reactors. The process has a six reactor configuration with catalyst volume

vatios of 10:10:10:26:20:30. The relevant kinetic parameters are histed in Table 4,

TABLE 4
Kinetic Parapeters Feed Properties
Reactor #1 #2 #3 4 #S #6 Composition, wtbe
ool 694 720 722 722 722 722 C6 convertibles = 49.4
Peg| 1.16x10% | 3.67x107 | 367107 | 3.67x107 | 3.99x10% | 3.99x107 7 & C8 Convertibles = 36.1
E.craes| 694 71.2 712 712 71.2 712 Others = 14.5
Perges | 135107 1 200x10% | 2.90x10% | 2.90x107° | 290107 | 200107 | Density dp=0.675 g/ec

¥, {(average of C6, C7 & C8) = 71.5 keal/mole

Average mol weight = 91.41

£,= 50 kealroole

Ay according to equation (16 or (23)

1* Reactor Inlet Pressure = 107.6 psia

Catalyst density d, = 0.70 g/ce

End-of-run 77 = 546 °C

Yearly discount rate for benzene = 10%

{66126} Figure 7 is a plot of fouling curves (1.e., the shaped data points), predicted
by the deactivation kinetic model and fits of Equation (17) to the model (i.¢., the solid

tines). The four curves in Figure 7 are based on model calculations with four different
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combinations of values for conversion of Ce-convertibles, LHSV, and H2/HC ratio.
Particularly, one of the curves represents a LHSV of 1.6, an H2/HC ratio of 3, and a
conversion of Ce-convertibles of .87, Another of the curves represents a LHSV of 2,
an HZ/HC ratio of 2, and a conversion of Ce-convertibles of 0.85.  Another of the
fouling curves represents a LHSY of 1.2, an H2/HC ratio of 4, and a conversion of
Ce-convertibles of 0.83.  Another of the curves represents a LHSV of 4, an H2Z/HC
ratio of 4, and a conversion of Ce-convertibles of 8.9, The fits of the data generated
by the deactivation kinetic model it the data guite well, even for series of adiabatic
reactors)

[06127] In Figurc 7, with an EOR temperature of 540 °C, it can be seen that when
the LHSV of 1.6, an H2/HC ratio of 3, and a conversion of Ce-convertibles of $.X7 is
used, the run-length is about 26.6 months. When a LHSV of 2, an HZ/HC ratio of 2,
and a conversion of Cy-convertibles of 0.85 15 used, the run-length is about 20.6
months. When a LHSV of 1.2, an H2/HC ratio of 4, and a conversion of (-
convertibles of 0.83 1s used, the run-length is about 46.5 roonths. When a LHSV of 4,
an H2/HC ratio of 4, and a conversion of Cy-convertibles of $.91 is used, the run-
fength is about 12.3 months.

[G0128]  Plots like Figure 7 may be made for different combinations of conversion
of Cg-convertibles, LHSV, and H2/HC ratio values. However, instead of reading run-
fength off numerous plots of Equation (17) {e.g., Figure 7) for sumerous
combinations of conversion of Cs-convertibles, LHSVY, and H2Z/HC ratio values, the
run-length of the reforming catalyst was calenlated as a function of cooversion of
Cs-convertibles, LHSV, and H2/HC ratio as described above using Equations (16} to
{19}, (21) and (22). Catalyst fouling is accounted for by Equation (16). The results

are shown in Table 5, with run-length in units of months rounded to the nearest tenth,
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TABLE 5: Catalyst Run-length, Months
Ag=1.231x10"" - 1.507x10"(H2/HC e

Conversion of Gy~ LHSY
Convertibles = 83% 1.2 1.6 2 2.4 2.8 3

8.5 322 1 254 1 211 18.8 1 167 1 147

{5t ; 1 317 251 20.9 17.¢ 15.6 146
st reactor =
inlet H2ME 2 329 28 .1 21.8 8.7 16.4 15.4
3 37.40 284 | 245 21.0 18.4 17.3
4 48.5 366 | 303 25.9 226 21.2 16.3 13.0
Conversion of Og- LHSY

Convertibles = 858% 1.2 1.6 2 24 2.8 3
8.5 302 1238 1 197 | 167 1 145 | 136

1st . 1 29.6 238 19.5 18.7 14.5 13.86
st reactor =
infet M2/HC 2 312 248 1 208 17.6 5.4 14 .4
3 354 28.0 | 233 18.9 17.4 16.4 12.
4 448 3521 280 247 21.5 20.2 15.4
Conversion of Cs- LHBY

Convertibles = §87% 1.2 1.8 2 2.4 2.8 3
0.5 302 {222 | 182 | 154 | 132 | 123

1st ¢ 1 280 221 18.2 5.4 13.3 12.5

st reactor ;

inlet HIME 2 29.6 234 19.4 16.5 14.3 1:?.4
3 337 2686 | 221 18.8 16.4 15.4
4 43.0 337 | 277 23.5 20.4 19.1

Conversion of Cs- LHBY

Convertibles = 88% 1.2 1.6 2 24 2.8
0.5 2682 1205 | 187 14.0 12.0

1st ¢ 1 26.2 205 16.8 4.2 12.2

st reactor : ,

injet H2MHEC 2 27.8 219 18.1 15.4 13.3
3 32.0 252 | 208 17.7 15.3
4 41 .1 324 26.3 22.3 19.3

Conversion of Cg- L

Convertibles = 81% 1.2 1.6 2 2.4
0.5 242 | 188 | 152 12.6
243 {1 190 | 154 | 129
26.1 1 204 | 168 | 14.2
301 1 2386 | 194 | 165
390 | 303 248 | 208

1st reactor
inlet HAHC

a2 IR

Convarsion of Cg-
Convertibles = 83% 1.2 1.6 2

05 1 221 17.0 1 138
223 1173 ) 140
242 1189 | 154
281 1 220 | 188
36.7 | 284 | 232

1st reactor
inlet HA/HC

P | et

RSN

[06129] NPPB was calculated from Equations (10) and (11} using the results from

Table 5. The NPPB values as a function of conversion of Cs-convertibles, LHSV, and
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H2/HC ratio arc shown in Table 6. The units of NPPB shown in Table 6 are expressed

in pounds of benzene produced per pound of catalyst.
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TABLE 6: Net present pounds of benzence /pound catalyst-catalytic life

Ag=1.231x10" - 1.507x10"(H2/HC e

Conversion of G- LHBY
Convertibles = 83% 12 16 2 7.4 78 3
0.5 8,687 | 9319 | 9953 | 10,360 | 10,845 | 10940
st 1 8,687 | 9319 | 9953 | 10,368 | 10,845 | 10,940
"ﬁiﬁz’r 2 8021 | 9651 | 10,382 | 10,808 | 10,845 | 10,940
MG 3 9,837 | 10,870 | 11,230 | 11,943 | 12,097 | 12,202
4 11,784 | 13,116 | 13,887 | 14477 | 15,131 | 14,929 | 15,493 | 15030
Conversion of Cg- LHSY
Convertibles = 85% 1.2 1.6 2 2.4 2.8
0.5 8410 | 9201 | 9.748 | 10,072 | 9802
1st 1 8410 | 9201 | 9748 | 10,072 | 9802
r"iiﬁfr 2 8654 | 9,544 | 10,192 | 10,619 | 10,457
HHE 3 9600 | 10554 | 11,069 | 11,698 | 11,750 3
4 11,954 | 12,812 | 13,607 | 14,316 | 14,885 | 14623 | 14939 | 15133
Conversion of Cg- LHSY
Convertibles = 87% 1.2 1.6 2 2.4 2.8
0.5 8410 | 5706 | 9057 | 9.174 | 9356
1st 1 8402 | 8706 | 9057 | 9,174 | 9356
“";i;:‘;" 2 8608 | 9083 | 9519 | 10,309 | 10,033
HIHE 3 9594 | 10,461 | 10,883 | 11,423 | 11,368
4 11,680 | 12,792 | 13,504 | 14,128 | 13,9689
Conversion of Cg- LHSY
Convertibles = 89% 1.2 1.6 2 2.4 2.8
0.5 7762 | 8.166 | 8,788 | 8797 | 8873
1st 1 7762 | 8538 | 8788 | 8797 | 8873
*":;‘;‘E”gfr 2 8288 | 8906 | 9265 | 9385 | 9571 | 9507
MM 3 9315 | 9993 | 10,672 | 11,418 | 10,949 | 10,996
4 11,496 | 12,420 | 12,936 | 12,350 | 13,624 | 13,808 | 13,673
Conversion of G- LHBY
Convertibles = 81% 1.2 1.6 2 2.4 y 3 4
0.5 7388 | 7066 | 7007 | 83388 | hohy | Nam o navn vy
st 1 7388 | 7966 | 7,097 | 8388
“:i?i;“ 2 7936 | 8349 | 8985 | 8995 | 9073
M2 3 9004 | 9850 | 9957 | 10,192 | 10,494 | 10,485
4 11,974 | 12005 | 12772 | 13,094 | 13,263 | 13,478
Conversion of Cg-
Convertibles = 33% 1.2 1.6 2
0.5 AOB0 | 7,346 | 7.660
st 1 £080 | 7,348 | 7.660
rii?;fr 2 7550 | 8441 | 8472
HIHE 3 8,661 | 93068 | 9682 10,001 | 9,934
4 11,022 | 11548 | 12110 | 12211 | 12,856 | 12.259
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EXAMPLE 3
{00130] The sensitivity of the results to the Ay vs. H2Z/HC ratio corrclation was
cstimated by using another analytical soluation for Ag, Equation (23). Run-lengths and
WPPB were again calculated for the same values of conversion of Cg-convertibles,
LHSVY, and H2/HC ratio, except that Equation (23) was used for Ay instcad of Equation

{16). Tables 7 and R display the results,
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TABLE 7: Catalyst Lifc, months
Ag = 1.505x10" — 2.010x10 " (H2/HC )average

Conversion of (e LHSY
Convertibles = 83% 1.2 1.6 2 2.4 2.8 3

05 12781 222 1 186 | 159 | 439 | 131

sst ; 1 27641 220 | 184 | 158 | 139 13.1
st reacior : o
inlot H2HC 2 129021 233 | 185 | 168 | 148 13.9
3 13421 273 1 228 1 198 | 172 16.2
4 14691 369 | 305 | 261 227 | 214 16.3 13.1
Conversion of G- LHSY

Convertibles =85% | 1.2 1.6 2 2.4 2.8 3
05 12631 209 | 173 1 148 | 129 | 121

ist roact U264 T 208 T 478 1148 T 429 23
5t reactor 7 | 2781 222 | 185 | 150 | 139 | 134
inlet H2MHC - :
3 13281 264 | 217 | 186 | 163 | 153
4 | 454 | 356 | 204 | 950 | 248 | 204 | 155 | 124
Conversion of Gy LHSY

Convertibles = 87% 1.2 1.6 2 2.4 28

05 12631 185 | 1641 13.7 1 118
2461 195 | 162 | 13.8 | 120
2641 210 | 175 | 148 | 130
31.31 248 | 206 1 176 | 164
438§ 342 | 381 | 239 | 207

ist reacior
inlet HAHC

o KR D | e

Conversion of Gy
Convertibles = 88% | 1.2 1.8 2

05 1230 181 14.9
2301 182 { 150
2491 197 | 164
2981 235 | 185
4201 327 | 2868

ist reacior
inlet HA/HC

R G0 |

Conversion of Gy~
Convertibles =81% | 1.2 1.6 2

05 12131 166 | 136

1st reactor 11214 168 | 138
injet HZHC  |—2— 2341 184 | 152
3 28141 2241 183
4 4311 314 254
Conversion of Cg- Y

Convertibles = 83% 1.2 1.6 2

05 11951 1581 12.2
1981 154 | 125
2171 171 14.0
2831 207 1 170
4 13791 293 1 238

ist reactor
injet HZMHC

oINS} =
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TABLE 8: Net Present pounds of benzene /pounds catalyst-catalytic life
Ag = 1.505x10" — 2.010x10"(H2/HC Javerage

Conversion of O~ LHSY
Convertibles=83% | 12 | 16 | 2 | 24 | 28 | 3 4 5
0.5 7730 8306 9082 9296 9571 9,564
45t ] 1 7730 8306 8641 9296 9571 9,564
sireactor
inlat HOHE 2 7972 8647 9518 89835 10,211 10,255
3 9153 §8980 10,808 11423 11474 11,820 12,7582 ;
4 11,991 13,118 14,084 14,477 15,131 14829 15493 15939
Convarsion of $g- LHSY
Convertibles = 85% 1.9 1.6 2 24 1 28 | 3
0.5 7413 81454 8,383 8863 9,141 9,080
1st reactor 1 7413 81454 8,383 8963 9,141 8,080
kot %-;2’5%2 2 79216 8,506 9,301 9520 98802 87%4
' 3 9136 9884 10,632 11,161 11,107 11,204
4 11,854 13,123 13,607 14,318 14,885 14823
Conversion of $4- LHSY
Convartibles = 87% 1.2 1.8 2 24 | 28
0.5 7413 7616 8,120 8588 8674
st reactor 1 7326 7616 8120 8588 8674
inlat HOHE 2 7587 8346 8581 9174 9356
3 8858 9768 10,432 10,868 10,703
4 11,912 12782 13504 14126 14605
Conversion of Cu- LHSY
Convertibles = 88% 1.2 1.8 2 24 | 28 3 4 5
0.5 6954 7412 7821 8204
15t reactor 1 6954 7412 7821 8204
inlet HIHE 2 7495 8166 3307 B797 8873
3 8806 9634 9738 10546 10,263 10,99¢ iGbH
4 11,728 12754 13377 13,907 14280 13,898
Conversion of G4 LHSY
Convertibles = 81% | 1.2 1.6 2 | 24 1 23 5
0.5 6,547 7183 7498 7159
45t reactor 1 6,547 71838 7498 7777
inlet HIHC 2 7,410 7,579 7997 8388
3 8475 9,106 9473 10,1982 978 ,485
4 11515 12353 12,772 13,084 13263 13478
Conversion of Cg- LHSY
Convertibles = §3% 1.2 1.6 2
0.5 6,106 6,538 §,623
15t reactor 1 6,400 6,538 7,144
inlet H2HO 2 6,980 7,348 7,660
3 8110 8921 9,183 8193 9272
4 11273 11,910 12,683 12,799 12856
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{00131} Figurc & shows the lincar correlation of {y,y with ty.{iso) when the latter is
obtained from Equation (18) under the samec process conditions and when fhay 1S
determined by fitting Eguation (17} to fouling curves from the full calculations with the
deactivation kinctic model for a series of adiabatic reactors.
{00132} Equation {22) was plotied for the data in Example 2, and the results are shown
jn Figare 9 with an R” value of 0.9551. ¢ was given by Equation (21). Figare 9 shows T,
as a function of ¢ obtained when a second order polynomial represented by Equation
(223, 1.e., second order with respect to o, 18 fitted to values of T, determuned by fitting
Equation (17} to the full calculations with the deactivation kinetic model.
[00133] To compare the results of Exarople 2 1 Figures 8 and 9 so as to determine
sensitivity, full calculations with the deactivation kinetic model using the correlation in
Equation (23} instead of Hquation (16} were performed.  Fitting Equation {17) to the
resulis provides the following equation:

fmax = 0.9591 tnadis0} (24)
a plot of which is shown in Figure 10 (R” value is 0.9796), and the equation:

Te= 6.959% 107 -1.101x 107¢ +1.323x 1079 (25)
a plot of which is shown in Figure 11 (R? value is 0.9893). ¢ was again given by
Equation {21}, Figure 10 shows tma 88 a function of tp{iso} found by repeating foll
calenlations with the deactivation kinetic model using the correlation in Hquation (23}
and fitting Equation (17) to the results, Figure 11 shows T, as a function of ¢ determined
by repeating full calculations with the deactivation kinetic model using the correlation in
Equation (23) and fitting Equation {17} to the results. The higher R” values for Figures
18 and 11 indicatc a better fit for the curves in Figures 10 and 11 than the curves in
Figures 8 and 9.
{06134]  As can be scen, Table 5 and Table 7 have different values as do Table 6 and
Table 8. The different values between Tables 5 and 7 and between Tables 6 and 8 may
serve as indicators of the magnitude of the uncertainty in the values given in the tables.
The average difference in the benzene yields between Table 6 and 8 is about 7%, with a
standard deviation of about 5%. This provides an cstimate of the uncertainty and

sensitivity in the numbers in these tables.
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{001358]  The results in Tables 5-8 indicate more benzene may be produced per catalyst
lifc cycle (c.g., run-length) when the catalyst is operated at lower conversion of
Cs-convertibles. There is no significant advantage to using a high H2/HC ratio unless it
is greater than about 2. At low to moderate conversions of Cg-convertibles, there are
maxima in benzene vicld as a function of LHSV. For a run-length greater than 12
roonths, LHSV values are from about 3 io abouwt 4. For a given conversion of
Cs-convertibles and LHSVY, improved NPPB may be attained with H2/HC ratio of less
than 1 or greater than 2.

[00136]  Scveral trends and correlations have been observed.  Specifically, more
benzene can be produced in a catalyst Life cyele {(e.g., run-length) when the catalyst s
operated under conditions of low conversion of Ce-convertibles and high LHSV.
Furthermore, more benzene can be produced in a catalyst life cycle when the catalyst is
operated at a H2/HC ratio larger than about 3. Some of the trends that were observed in
the results of the isothermal reactor embodiment of Example 1 can also be found for the
adiabatic reactors embodiment, as shown in Example 2. First, for a given LHSV and
H2/HC ratio to the 1” reactor, a lower conversion of Cg-convertibles gives a larger NPPB.
Second, a higher H2/HC ratio does not necessary lead to a longer run-length unless the
ratio is 3 or larger. There are little differences in the run-lengths and the benzene yields in
terms of NPPB when the H2/HC ratio i3 between 0.5 and 2. An increase in the H2/HC
ratio to the 1% reactor increases the heat capacity of the gas in all the reactors. For a given
conversion of the feedstream, a higher HZ/HC ratio will result in smaller endotherms in
the reactors, which translates to higher average catalyst bed temperatures. The higher
average bed temperature means a larger Arrhenius term in the deactivation rate constant,
Because the deactivation rate constant is a product of Ay and the Arrhenius term, the
higher H2/HC ratio has opposite effects on the deactivation rate, namely reducing the
deactivation amplitude but increasing the Arrhenius factor. These opposing ciffects result
in small changes in the overall deactivation rate of the catalyst when the H2/HC ratio to
the 1% rcactor is between 0.5 and 2. At a BYHC ratio of 3, the reduction in Ag is
significantly large that it outweighs the increase in the Arrhenius factor, It is interesting to
note that although an incrcase in the H2Z/HC ratio increascs the average bed temperature, it

actually lowers the reactor temperature.  Thus, cmbodiments of the inventive subject
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mattcr may comprise sclecting an LHSYVY greater than 3; alternatively, selecting an LHSY
of about 4.
{00137 At low to moderate conversions of Cg-convertibles, there are maxima in the
benzene yield as a function of the LHSY. In embodiments, there are maxima in the NPPB
at a LHSVY of around 3. This may be particularly truc when conversion is high. When
designing a plant, it is important to match the LHSY with the H2/HC ratio and the required
conversion of Cg-convertibles in order to achieve the maximum benzene yield from the
catalyst. Because it 1s difficult to have a catalyst replacement every year logistically and
economically, run-lengths of less than one vear are undesirable. In embodiments, for low
to moderate conversions {83% to 83%;}, the LHSV may be between 2.8 and 3.
[00138] 1t should be noted that the occurrences of maxima are expecied and are
sensitive to the definition of the EOR inlet temperature. When EOR T is set to a high
value, the operation window between the EOR T and SOR T can become so small for a
high LHSV operation that the ren-length of the reforming catalyst will drop precipitously.
{00139  Upon reviewing the data for Example 1 {isothermal reactory and Example 2
(achabatic reactors}, it may be noted that capital savings may be obtained for reforming
processes using a reforming catalyst comprising large-pore zeolite support with a
platimim containing compound and at least one halide by going from an adiabatic design

{0 an isothermal one.
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ADDITIONAL DESCRIPTION
{60148] The following arc nonlimiting, specific embodiments in accordance with the
present disclosure.
{60141} Embodiment 1 is a method of catalytic reforming comprising feeding a
feedstream comprising Cg-convertibles to one or more reactors; contacting the feodstream
with a reforming catalyst selecting valoes for a LHSV, a H2/HC ratio, and a conversion of
Ce-convertibles from a deactivation kinetic model s0 as to maximize a net present amount
of benzene produced over a run-length of the reformung catalyst; operating the one or more
reactors at the selected LHSYVY, the selected H2Z/HC ratio, and the selected conversion of Ce-
convertibles; and recovering an cffluent from the reactor, wherein the effluent comprises at
least about 40 wi % benzene,
{10142] Embodiment 2 18 the method of embodiment 1 wherein the selected H2Z/HC
ratio 18 greater than 2 or less than 1
{30143] Embodiment 3 is the method of any of embodiments 1 through 2 wherein the
selected LHSV is from about 3 to about 4 and the selected H2/HC ratio is about 4.
{10144] Embodiment 4 i3 the method of any of embodiments 1 to 3 wherein the
reforming catalyst comprises a silica-bound L-type a zeolite support, platimim, chloride,
and fluoride.
{001458] Embodiment 5 1s the method of any of embodiments | to 4 wherein selecting
valucs comprises calculating a fouling curve and determining the run-length of the
reforming catalyst at a time at which the fouling curve reaches a preseribed end of run
temperature.
{60146] Embodiment 6 is the method of embodiment S wherein calculating the fouling
cwve comprises numerically solving a plurality of cquations representing  three
dimensional process variable space spanned by the conversion of Ug-convertibles in the
feedstream, the LHSVY, and the H2Z/HC ratio.
{66147] Embodiment 7 is the method of any of embodiments S to 6 wherein sclecting
values further comprises approximating the fouling curve with an analytical solution to the
deactivation kinetic model.
{00148] Embodiment 8 is the method of embodiment 7 wherein the analytical solution is

represented by
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where R is the gas constant; Ey is an activation energy of a deactivation reaction; E, is an
average activation energy of a conversion of Cg-, Cr- and Cg-convertibles; T, is a start-of-
run temperature; and kd (Ty) is represented by Ad expi-Ey / RT) with zid being the
average of Ay along at least one isothermal reactor and further represented by:
where fis the fraction ropresenting conversion of Ce-convertibles.
{00149] Embodiment 9 18 the method of any of embodiments 7 to § wherein the
analytical solution is represented by:
T= Ta, _B!/(t’/tmax) }—n(i‘t’/tmax,}

where T, is the inlet temperatare of at least one adiabatic reactor, t 18 on-sfream IMe, fyay 1S
the time at which the reformuing catalvst has near zero activity and the reactor teraperature
approaches infinity, and P is an adjustable parameter describing the fouling of the catalyst
near start~of~run, whereimn P is adjusted fo it the analytical solution to the fouling curve.
[30188]  Embodiment 10 s the method of any of embodiments 1 to 9 further comprising
calculating a net present amount of benzene produced and a benzene vield per month of the
reforming catalyst to calculate an amount of benzene produced over the nm-length per unit
of the reforming catalyst and then discounting the amount of benzene produced over the
run-length of the reformung catalyst per umit of reforming catalyst to determine the net
present amount of benzene produced per unit of reforming catalyst over the run-length of
the reforming catalyst,
{00153} Embodiment 11 is the method of any of cmbodiments 1 to 10 further
comprising calculating a net present amount of benzene comprises caleulating 2 number of
pounds of benzene produced per pound of the reforming catalyst per hour, N, which is
given by

N=0.907F wes LHSV ¢di/ do)
where dig, de. /. and weg are, respectively, the density of the feedstream, the density of the
reforming catalyst, the fraction representing conversion of Ce-convertibles, and the weight

fraction of Cs-convertibles in the fecdstream.
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{00152] Embodiment 12 is the method of embodiment 11 whercin N is greater than
about 1.
{00153] Embodiment 13 is the mcthod of any of embodiments 1 to 12 further
comprising calculating a net present amount of benzene comprises calculating a net present
pounds of benzene produced per pound of the reforming catalyst over the run-length of the
reformung catalyst, NPPB, which is given by:

NPPB ={(N/720) {1 — (1-Dy)"} Dy
where 1, 15 the monthly discount rate and v 18 the run-length of the reforming catalyst in
units of months.
[00154] FEmbodiment 14 is the method of erabodiment wherein the NPPB is greater than
about 14,000,
{10155] Embodiment 15 15 the method of any of embodiments 11 to 14 wherein N i
greater than about 1 or the NPPB is greater than about 14,000,
[30186] Embodiment 16 is a method of catalytic reforming, and optionally the method
of any of embodiments 1 to 15, comprising kinetically modeling a deactivation of a
reforming catalyst with a deactivation kinetic model to determine a run-length of the
reforming catalyst as a fimction of a LHSV of a feedstream, a HZ/HC ratio of the
feedstream, and a conversion of Ce-convertibles in the feedstream; caleulating a net present
amount of benzene that is produced over the run-length of the reforming catalyst; and
sclecting valuges for the LHSY, the H2/HC ratio, and the conversion of Ce-convertibles that
maximize the net present amount of benzene produced over the run-length of the reforming
catalyst.
{06157 Embodiment 17 is the method of any of embodiments 1 to 16 wherein the
deactivation kinetic mode! comprises at least one aromatization reaction rate cquation, at
lcast one catalyst deactivation equation, and at least one heat balance equation.
{00158] Embodiment 18 is the method of cmbodiment 17 wherein the reforming
catalyst comprises a Group VI metal and at least one halide on an inorganic support and
wherein the catalyst deactivation equation is a first order rate equation accounting for the
deactivation of the reforming catalyst via coking.
{00159] Embodiment 19 is the method of any of embodiments 17 to 18 wherein a

deactivation rate constant {ky (7)) for the first order catalyst deactivation cquation is:
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ki (T) = Agexp(-E4/ RT)
where 7 is a tempoerature of the reforming catalyst, £, 15 an activation energy of onc or
maore catalyst deactivation reactions, and R 1s a gas constant.
{00168] FEmbodiment 20 s the method of any of embodiments 16 to 18 wherein
kinetically modcling the deactivation of the reforming catalyst with the deactivation kinctic
model comprises calculating a fouling curve and deternuning the run-length of the
reforming catalyst at a time at which the fouling curve reaches a preseribed end of ran
temperature.
{00161} Embodiment 21 is the method of any of embodiments 5 and 20 wherein
calculating the fouling curve comprises nuroerically solving a plurality of equations
representing three dimensional process variable space spanved by the conversion of
Ce-convertibles in the feedstream, the LHSV, and the H2/HC ratio.
[00162] Embodiment 22 is the mwethod of any of embodiments 16 to 21 wherein
kinetically modeling the deactivation of the reforming catalyst with the deactivation kinetic
model further comprises approximating the fouling curve with an analytical sohition to the
deactivation kinetic model.
{00163] Embodiment 23 is the method of any of embodiments 7 and 22 wherein the
analytical sohution is represented by:
i

T{t) = —— = 3
v 1+ {RT, 1 E, }in[} —{E, 1 E T, )f,J

where R is the gas constant; Eq is an activation energy of a deactivation reaction; E, is an
average activation energy of a conversion of Cg-, Cy- and Cg-convertibles; T, is a start-of-

i temperature; and k {7y} is represented by Ed exp{-Eq / RT) with /iu, being the

average of Ay along at least one isothermal reactor and further represented by:
Ay =1.343x 10" -5.282x 10" £-1.456x 10"(H2/HC)intes
where fis the fraction ropresenting conversion of Ce-convertibles.
{0¢164] Embodiment 24 is the method of any of embodiments 7 to ¥ and 22 to 23
wherein the analytical solution is represented by:
T = Ty P ) I{1-te)
where T, 18 the inlet temperature of at least onc adiabatic reactor, t is on-stream 1ime, tyay 18

the time at which the reforming catalyst has near zero activity and the reactor temperature
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approaches infinity, and B is an adjustablc parameter describing the fouling of the catalyst
near start-of-run, wherein  is adjusted to fit the analytical solution to the fouling curve.
{00165] Embodiment 25 the method of any of embodiments 1 to 24 further comprising
determining a sensitivity of the analytical solution by calculating another analytical
solution where Ay is represented by
Ag=1.505210"- 2.0105 10" (H2HC huverage
where (H2/HC)ayarge 18 the average H2/HC ratio in the at least one reactor.
[00166] FEmbodiment 26 is the method of any of embodiments | to 25 further
coraprising determuning a sensifivity of the analvtical solution by calculating another
analytical solution where Ag is represented by
Ag= 123110 1507x 10" (HYH bt
where (H2/HC b 18 the H2/HC ratio in the inlet of at least one reactor,
[001677 Embodiment 27 is the method of any of embodiments 10 to 26 wherein
calculating the net present amount of benzene produced comprises using the run-length of
the reforming catalyst and a benzene yield per month of the reforming catalyst to calculate
an amount of benzene produced over the run-length per unit of the reforming catalyst and
then discounting the amount of benzene produced over the nun-length of the reforming
catalyst per unit of reforming catalyst to determine the net present amount of benzene
produced per unit of reforming catalyst over the ran-length of the reforming catalyst.
{30168] Embodiment 28 is the method of any of embodiments 10 to 27 wherein
calculating a net present amount of benzene comprises calculating a number of pounds of
benzene produced per pound of the reforming catalyst per hour, N, which is given by:
N=0907 /" wes LHSV ¢dy/ do)
where dig, de. /. and weg are, respectively, the density of the feedstream, the density of the
reforming catalyst, the fraction representing conversion of Ce-convertibles, and the weight
fraction of Cs-convertibles in the fecdstream.
{06169] Embodiment 29 is the method of any of embodiments 11 to 28 whercin N i
greater than about 1.
{00178] FEmbodiment 30 5 the method of any of embodiments 10 to 29 wherein

calculating a net present amount of benzene comprises calculating a net present pounds of
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benzene produced per pound of the reforming catalyst over the run-length of the reforming
catalyst, NPPR, which is given by:

NPPB =(N/720} {1 —{(1-Dy)"} /Dy,
where £, 15 the monthly discount rate and n 18 the run-length of the reforming catalyst in
units of months.
{08171] FEmbodiment 31 is the method of any of embodiments 13 to 30 wherein the
NPPB is greater than about 14,000,
{08172] FEmbodiment 32 is the method of any of cmbodiments 28 to 31 wherein the
NPPB is greater than about 14,000 or N 1s greater than about |,
[08173] FEmbodiment 33 18 the method of any of erobodiments 1 to 32 wherein, for a
given conversion of the Ce-convertibles in the feedstream and the LHSY, a hugher value for
the net present amount of benzene produced is attained by selecting a H2/HC ratio of the
feedstream of greater than about 2 or less than about |,
{10174] Embodiment 34 i3 the method of any of embodiments 1 to 33 wherein, for a
given conversion of Ce-convertibles in the feedstream, the LHSYV selected is about 4.
{18175] Embodiment 35 i3 the method of any of embodiments 1 to 34 wherein, for a
given conversion of Cg-convertibles in the feedstream, the H2/HC ratio of the feedstream s
about 4.
{08176] Embodiment 36 is the method of any of embodiments 1 to 35 wherein the
conversion of Cg-convertibles in the feedstream is from about 83% to about 93%, wherein
the LHSY is about 4 and the H2/HC ratio of the feedstream is about 4.
{00177} Embodiment 37 is a catalytic reactor, which may optionally incorporate any of
the methods of embodiments 1 to 36, comprising a feedstream and a reforming catalyst
wherein the reactor is configured to produce a net present amount of benzene over a run-
length of the reforming catalyst; wherein the run-length s determined as a function of a
LHSVY of the feedstrecam, a H2/HC ratio of the feedstrcam, and a conversion of
Ce-convertibies in the feedstream by kinetically modeling a deactivation of the reforming
catalyst with a deactivation kinetic model; and wherein values for the LHSV of the
feedstream, the H2/HC ratio of the feedstrecam, and the conversion of Ce-convertibles in the
feedstream arc sclected to maximize the net present amount of henzene produced over the

run-length of the reforming catabyst,
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{00178] Embodiment 38 is the catalytic reactor of embodiment 37 wherein the
deactivation kinctic model comprises at lcast one aromatization reaction rate cquation, at
least one catalyst deactivation equation, and at least onc heat balance equation.
{66179  Embodiment 39 is the catalytic reactor of any of embodiments 37 to 38 wherein
the reforming catalyst comprises a Group VI metal and at least one halide on an inorganic
support and wherein the catalyst deactivation equation comprises a first order rate equation
to account for the deactivation of the reforming catalyst via coking.
{00188] Ermbodiment 40 is the catalytic reactor of any of embodiments 37 to 39 wherein
a deactivation rate constant (&, (7)) for the catalyst deactivation equation is:
kg (T} =Agexp(-Eq/ RT)

where 7 is a temperature of the reformung catalyst, £, is an activation encrgy of one or
more catalyst deactivation reactions, and R is a gas constant.
{00181} Embodiment 41 15 the catalyiic reactor of any of embodiments 37 to 40 whercin
the deactivation of the reforming catalyst is kinctically modeled with the deactivation
kinetic model by caleslating a fouling curve and determining the run-length of the
reforming catalyst at a time at which the fouling curve reaches a prescribed end of nm
femperature.
{30182] Embodiment 42 is the catalytic reactor of embodiment 41 wherein the fouling
curve 1s caleulated by mumerically solving a plurality of equations representing three
dimensional process variable space spanned by the conversion of Ce-convertibles in the
feedstream, the LHSY of the feedstream, and the H2/HC ratio of the feedstream.,
{00183] Embodiment 43 is the catalytic reactor of any of embodiments 37 to 42 whercin
the deactivation of the reforming catalyst is kinectically modeled with the deactivation
kinetic model by approximating the fouling curve with an analytical solution to the
deactivation kinetic model.
{00184] Embodiment 44 is the catalvtic reactor of cmbodiment 43 wherein the analytical
solution is represented by:
Lo n

F(RT, /B, Yinll (B, | E Y Ty )|

Tty

where R is the gas constant; Eq is an activation energy of a deactivation reaction; E; 18 an

average activation energy of a conversion of Cg-, Cr- and Cg-convertibles; T, is a start-of-
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run temperature; and i;c, (Ty) 1s represented by f!a expi-Hy / RT) with 1, being the

average of Ag along at least one isothermal reactor and forther represented by:
where fis the fraction representing conversion of Ce-convertibles.
{00185] Embodiment 45 is the catalytic reactor of any of embodiments 43 to 44
wherein the analvtical sohation is represented by:
T o= Ty B/ ) {1t an)

where T, is the inlet temperature of at least one adiabatic reactor, 1S on-stream me, fyux I8
the time at which the reforming catalyst has near zero activity and the reactor temperature
approaches infinity, and P is an adjustable parameter describing the fouling of the catalyst
near start-of-run, wherein §§ is adjusted to fit the analytical solution to the fouling curve.
{60186] Embodiment 46 is the catalytic reactor of any of embodiments 37 to 45 wherein
the net present amount of benzene produced over the run-length of the reforming catalyst is
calculated per onit of the reforming catalyst by using the run-length of the reformung
catalyst and a benzene vicld per month of the reforming catalyst and then discounting the
amount of benzene produced over the run-length of the reforming catalyst per unit of
reforming catalyst.
{08187 Embodiment 47 is the catalytic reactor of any of embodiments 37 to 46 wherein
the net present amount of benzene produced over the run~length of the reforming catalyst is
calculated as a number of pounds of benzene produced per pound of the reforming catalyst
per hour, N, which is given by:

N o= 0907f Wiy LEHSYV (d}f/ dc)
where dys, de, £, and wgg are, respectively, the density of the feedstream, the density of the
reforming catalyst, the fraction representing conversion of Ce-convertibles, and the weight
fraction of Cs-convertibles in the feedstream.
[30188] Embodiment 48 1s the catalytic reactor of embodiment 47 wherein N is greater
than about 1.
{0018%9] Embodiment 49 is the catalytic reactor of any of embodiments 37 to 48 whercin
the net present amount of benzene produced over the run-length of the reforming catalyst is
calculated as net present pounds of benzene produced per pound of the reforming catalyst

over the run-length of the reforming catalyst, NPPB, which is given by
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NPPB=(N/720} {1 —{(1-Dy)"} /Dy
where £, 15 the monthly discount rate and n 18 the run-length of the reforming catalyst in
units of months.
{00190] Embodiment 50 is the catalytic reactor of embodiment wherein the NPPB is
greater than about 14,000,
{00191] Embodiment 51 1s the catalvtic reactor of any of embodiments 47 to 50 where
the NPPB is greater than about 14,000 or N 18 greater than about |,
[08192] FEmbodiment 52 is the catalvtic reactor of an of embodiments 37 to 51 wherein,
for a given conversion of the Ce-convertibles in the feedsircam and the LHSVY, a higher
value for the net present amount of benzene produced is attained by selecting a HZ/HC
ratio of the feedstream of greater than about 2 or less than about 1,
[30193] Embodiment 53 is the catalytic reactor of any of embodiments 37 to 52
wherein, for a given conversion of Ce-convertibles in the feedstream, the LHSV selected 13
about 4.
{08194] Embodiment 54 is the catalvtic reactor of any of embodiments 37 to 353
wherein, for a given conversion of Ce-convertibles in the feedstream, the H2/HC ratio of
the feedstream is about 4.
[30195]  Embodiment 55 is the catalytic reactor of any of embodiments 37 to 54 wherein
the conversion of Cg-convertibles in the feedstream is from about 83% to about 93%,
wherein the LHSY is about 4 and the H2/HC ratio of the feedstream is about 4.
{60196] Embodiment 56 is the catalytic reactor of any of embodiments 1 to 55 whercin
the reforming catalyst comprises a large pore zeolite, platinum, and optionally one or more
halides.
{00197] Embodiment 57 is the catalytic reactor of any of embodiments 1 to 57 whercin
the reforming catalyst comprises a silica-bound KL-zeolite support, platinum, chloride, and
tluoride.
{06198} Embodiment 5¥ is the catalytic reactor of any of embodiments 37 to 57, further
comprising an ctfluent having at least about 40 wt % benzenc.
{60199  Embodiment 59 is a computer system, which may optionally be used in
combination with any of embodiments 1 to 58, comprising one or MOrc processors; a non-

transitory memory coupled to the processor, whercin the non-transitory memory Compriscs
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cxecutable instructions that, when executed, cause the onc or more processors oo
kinctically model a deactivation of a reforming catalyst with a deactivation kinctic model to
determinge a run-length of the reforming catalyst as a function of a LHSV of g feedstream, a
H2/HC ratio of the feedstream, and a conversion of Ce-convertibles in the feedstroany
calculate a net present amount of benzence that 8 produced over a run-length of the
reformung catalyst; and select values for the LHSVY, the H2/HC ratio, and the conversion of
Co-convertibles that maximize the net present amount of benzene produced over a ron-
length of the reforming catalyst.
[00206] Embodiment 60 is the computer system of embodiment 59 whercin the
deactivation kinetic model comprises at least one aromatization reaction rate equation, at
least one catalyst deactivation equation, and at least one heat balance equation,
{10208} Embodiment 61 is the computer system of embodiments 59 to 60 wherein the
reforming catalyst comprises a Group VIHI metal and at least one halide on an inorganic
support and wherein the catalyst deactivation equation is a first order rate equation.
{06202 Embodiment 62 is the computer system of embodiments 59 to 61 wherein a
deactivation rate constant (&, (7)) for the first order catalyst deactivation equation is:

kg (Th = Agexpl-Eyg/ RT}
where 7 is a temperature of the reforming catalyst, £, 13 an activation energy of one or
more catalyst deactivation reactions, and R is a gas constant.
{30283] Embodiment 63 is the computer system of any of embodiments 59 to 62
wherein kinetically model the deactivation of the reforming catalyst with the deactivation
kinetic model comprises caleunlate a fouling curve and determine the run-length of the
reforming catalyst at a time at which the fouling curve reaches a preseribed end of run
temperature.
{60264] Embodiment 64 is the computer system of embodiment 63 wherein calculate
the fouling curve comprises numerically solving a plurality of equations representing three
dimensional process variable space spanned by the conversion of Ug-convertibles in the
feedstream, the LHSVY, and the H2Z/HC ratio.
{60205] Embodiment 65 is the computer system of any of cmbodiments 59 to 64

wherein kinetically model the deactivation of the reforming catalyst with the deactivation
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kinctic model further comprises approximate the fouling curve with an analytical solution
to the deactivation kinetic model.
{00206] Embodiment 66 i3 the computer sysiem of cmbodiment 65 whercin the

analytical solution is represented by:

A E— L S——
L+ (RT B, Vil —(E, 1 E, Y, (T )]
where R is the gas constant; Eg is an activation energy of a deactivation reaction; E, is an
average activation energy of a8 conversion of Cg-, Cr~ and Cs~-convertibles; T, is a start-of-
run temperature; and A(, {7y} 18 represented by E,,,, exp{-Eq / RT) with Ad being the
average of Ag along at least one 1sothermal reactor and further represented by:
where f'is the fraction representing conversion of Cs-convertibles.
[80267] Embodiment 67 18 the computer system of any of ermnbodiments 65 to 66
wherein the analvtical solution is represented by:
T =T, B/t Itz
where T, is the inlet temperature of at least one adiabatic reactor, {18 on-stream IMe, fyay 1S
the time at which the reforming catalyst has near zero activity and the reactor teraperature
approaches infinity, and f 15 an adjustable parameter describing the fouling of the catalyst
near start~of-run, wherein B is adjusted to fit the analytical solution to the fouling curve.
[30208] Embodiment 68 is the computer system of any of embodiments 59 to 67
wherein calculate the net present amount of benzene produced comprises use the run-length
of the reforming catalyst and a benzene vield per month of the reforming catalyst to
calcnlate an amount of benzene produced over the run-length per unit of the reforming
catalyst and then discount the amount of benzene produced over the run-length of the
reforming catalyst per unit of reforming catalyst to determine the net present amount of
benzene produced per unit of reforming catalyst over the run-length of the reforming
catalyst.
{30209] Embodiment 69 is the computer system of any of embodiments 59 to 68
wherein calculate a net present amount of benzene comprises calculate a number of pounds
of benzence produced per pound of the reforming catalyst per hour, N, which 1s given by:

N=09077 wes LHSV (dy/ do)
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where dig, de, /. and weg are, respectively, the density of the feedstream, the density of the
reforming catalyst, the fraction represeunting conversion of Ce-convertibles, and the weight
traction of Ce-convertibles in the fecdstream.
{60218 Embodiment 70 is the computer system of cmbodiment 69 wherein N is greater
than about 1.
{00211] FEmbodiment 71 is the computer system of any of embodiments 59 to 70
wherein calculate a net present arnount of henzene comprises calculate a net present pounds
of benzene produced per pound of the reforming catalyst over the run-length of the
reforming catalyst, NPPR, which is given by:

NPPB = (N/720) {1 —{(1-Dp)"} D
where D, is the roouthly discount rate and n s the run-length of the reforming catalyst in
units of months,
[00212] Embodiment 72 18 the computer system of embodiment 71 wherein the NPPB is
greater than about 14,000,
{002131 Embodiment 73 1s the compuier system of any of embodiments 69 to 72
wherein the NPPB is greater than about 14,000 or N is greater than about 1.
{00214] Embodiment 74 1s the compuier system of any of embodiments 539 to 73
wherein, for a given conversion of the Cs-convertibies in the feedstream and the LHSV, a
higher value for the net present amount of benzene produced is attained by selecting a
H2/HC ratio of the feedstream of greater than about 2 or less than about 1.
{606215] Embodiment 75 is the computer system of any of embodiments 59 to 74
wherein, for a given conversion of Cg-convertibles in the feedstream, the LHSV sclected is
about 4.
{00216] Embodiment 76 is the computer system of any of embodiments 59 to 75
wherein, for a given conversion of Cg-convertibles in the feedstream, the H2/HC ratio of
the feedstream is about 4.
{66217] Embodiment 77 is the computer system of any of embodiments 59 to 76
wherein the conversion of Ce-convertibles in the fecdstream is from about 83% to about
93%, whercin the LHSV is about 4 and the H2/HC ratio of the fecdstream is about 4.
{00218] Embodiment 78 is a system, which may optionally be utilized in combination

with any of embodiments 1 to 77, comprising a catalytic reactor comprising a feedstream
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and a reforming catalyst; and a computer system coupled to the catalytic reactor and having
a deactivation Kinctic model to: kinctically modcl a deactivation of the reforming catalyst
with a deactivation kinetic model to determine a run-length of the reforming catalyst as a
function of a LHSV of a fecdstream, a H2/HC ratio of the feedstream, and a conversion of
Cs-convertibles in the feedstream; and calculate a net present amount of benzene that is
produced over the run-length of the reformung catalyst; wherein the catalvtic reactor
operates at values for the LHSYVY, the HZ/HC ratio, and the coonversion of Cg-convertibles
that maximize the net present amount of benzene produced over a run-length of the
reforming catalyst.
{00219]  Embodiment 79 18 the system of embodiment 78 wherein kinetically model the
deactivation of the reforming catalyst with the deactivation kinetic model comprises
calculate a fouling curve and determine the run-length of the reforming catalyst at a time at
which the fouling curve reaches a prescribed end of run temperature.
[30228] Embodiment 80 is the system of any of embodiments 78 to 79 wherein
kinetically model the deactivation of the reforming catalyst with the deactivation kinetic
model further comprises approximate the fouling curve with an analytical solution to the
deactivation kinetic model.
{30221] Embodiment 81 is the system of embodiment 80 wherein the analytical solution
is represented by

7,

7(t) =—— P N —
L (RT, VB, inll - (B, / B, Y, (T )t

where R is the gas constant; By is an activation energy of a deactivation reaction; E, is an
average activation cnergy of a conversion of Ce-, C7- and Cg-convertibles; T, is a start-of-
run temperature; and ?d (70} is represented by /Eu, exp{-Ey / RT} with Ea being the
average of Ay along at least one isothermal reactor and further represented by:

where /s the fraction representing conversion of Ce-convertibles.

{00222] Embodiment 82 is the system of any of embodiments 80 to 81 wherein the
analytical solution is represented by:

1= Id —B-’/(t/tmax) 'hl(i_t’/tmax,s
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where T, 18 the inlet temperature of at least onc adiabatic reactor, t is on-stream 1ime, tyay 18
the time at which the reforming catalyst has near zero activity and the reactor temperature
approaches infinity, and B is an adjustablc parameter describing the fouling of the catalyst
near start-of-run, wherein  is adjusted to fit the analytical solution to the fouling curve.
{00223] Embodiment 83 is the system of any of embodiments 78 to 82 wherein calculate
the net present amount of benzene produced comprises use the run-length of the reforming
catalyst and a benzene vield per month of the reforming catalyst to calculate an amount of
benzene produced over the run-length per unit of the reforming catalyst and then discount
the amount of benzene produced over the ran-length of the reforming catalyst per unit of
reformung catalyst to determine the net present amount of benzene produced per unit of
reforming catalyst over the run-length of the reforming catalyst.
{10224]  Embodiment 84 is the systern of any of embodiments 78 to 83 wherein calculate
a net present amount of benzene comprises calenlate a nuraber of pounds of benzenc
produced per pound of the reforming catalyst per hour, N, which is given by:
N=0907 1 wes LHSV ddy/ do)

where die, de, /) and wes are, respectively, the density of the feedstream, the density of the
reforming catalyst, the fraction representing conversion of Ce-convertibles, and the weight
fraction of Ce-convertibles in the feedstream.
{06225] Embodiment &5 is the system of embodiment 84 wherein N is greater than
about 1.
{60226] Embodiment 86 is the system of any of embodiments 7& to 85 whercin calculate
a nct present amount of benzene comprises calculate a net present pounds of benzene
produced per pound of the reforming catalyst over the run-length of the reforming catalyst,
NPPB, which is given by:

NPPB = (N/720) {1 ~(1-Dp)"t /Dy,
where D, is the monthly discount rate and n is the run-length of the reforming catalyst in
units of months.
{00227} Embodiment 87 15 the system of embodiment 86 wherein the NPPB is greater
than about 14,000.
{00228] Embodiment 88 is the system of any of embodiments 84 to §7 wherein the

INPPB is greater than about 14,000 or N is greater than about 1.
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{00229] Embodiment 82 is the system of any of embodiments 78 to 88 wherein, for a
given conversion of the Ce-convertibles in the fecdstream and the LHSY, a higher valuc for
the net present amount of benzene produced 18 attained by selecting a H2/HC ratio of the
feedstream of greater than about 2 or less than about 1.

{002380] Embodiment 90 is the system of any of embodiments 78 to §9 wherein, for a
given conversion of Cy-convertibles in the feedstream, the LHSY selected 1s about 4.
{00231}  Embodiment 91 is the system of any of embodiments 78 to 90 wherein, for a
given conversion of Cy-convertibles in the feedstrears, the H2/HC ratio of the feedstream 1s
about 4,

[00232] Embodiment 92 1s the system of any of embodiments 78 to 91 wherein the
conversion of Ce~convertibles in the feedstream is from about 839 o about 93%, wherein
the LHSV 1s about 4 and the H2/HC ratio of the feedstream is about 4.

{00233} Embodiment 93 5 a non-transttory computer readable medium, which may be
optionally be utilized in combination with any of embodiments 1 to 92, comprising a model
unit to: kinetically model a deactivation of a reforming catalyst with a deactivation kinetic
model to determine a run-length of the reforming catalyst as a function of a LHSV of a
feedstreamn, a H2Z/HC ratio of the feedstream, and a conversion of Cg-convertibles in the
feedstream; and calculate a net present amount of benzene that is produced over a run-
length of the reforming catalyst.

{30234] Embodiment 94 is the non-transifory computer readable medium  of
embodiment 93, further comprising a selection unit to sclect values for the LHSV, the
H2/HC ratio, and the conversion of Cy-convertibles that maximize the net present amount
of benzene produced over a run-fength of the reforming catalyst.

{30235] Embodiment 95 is the non-transitory computer readable medinm of any of
embodiments 93 to 94, further comprising a sensitivity unit to determine a sensitivity of the
values selected by the selection unit,

{606236] Embodiment 96 is the non-transitory computer readable medium of any of
cmbodiments 93 to 95 whercin kinctically model the deactivation of the reforming catalyst
with the deactivation kinetic model comprises calculate a fouling curve and determinge the
run-length of the reforming catalyst at a time at which the fouling curve rcaches a

prescribed end of run temperature.
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{00237} Embodiment 97 is the non-transitory computer readable mediom of any of
cmbaodiments 93 to 96 wherein kinctically modcl the deactivation of the reforming catalyst
with the deactivation kinetic model further comprises approximate the fouling curve with
an analytical solution to the deactivation kinetic modcl.

{00238] Embodiment 98 is the non-transitory computer readable medium of
embodiment 97 wherein the analviical sohution is represented by:

| T
F(t) = e [y
L+ (RT,VE, Yl — (B, E Y, (T

where R is the gas constant; Eq is an activation energy of a deactivation reaction; E, is an
average activation energy of a8 conversion of Cy-, Cr- and Cg~-convertibles; T, is a start-of-
run temperature; and 1;(, {7y} 1s represented by E,,,, exp{-Eq / RT) with Ad being the
average of Ag along at least one 1sothermal reactor and further represented by:
Ag=1.343x 10" -5.282x 106" -1.456x 10"°(H2/HC Y inter
where fis the fraction representing conversion of Cs-convertibles.,
[00239] Embodiment 99 15 the non-transitory computer readable medium of any of
embodiments 97 to 98 wherein the analytical sohution is represented by:
T=T, _B!/(t’/tmax} 'in(_l‘t’/?max,}
where T, is the inlet temperature of at least one adiabatic reactor, {18 on-stream IMe, fnay 1S
the time at which the reforming catalyst has near zero activity and the reactor temperature
approaches infinity, and B 1s an adjustable parameter describing the fouling of the catalyst
near start~of~run, wherein B is adjusted to fit the analytical solution to the fouling curve.
{30248] Embodiment 100 is the non-transitory computer readable medium of any of
embodiments 93 to 99 wherein calculate a net present amount of benzene comprises
calculate a number of pounds of benzene produced per pound of the reforming catalyst per
hour, N, which is given by
N = 0907){’ Wes LHSY ( i/ dc}
where dig, do, /, and weyg are, respectively, the density of the feedstream, the density of the
reforming catalyst, the fraction representing conversion of Ce-convertibles, and the weight
fraction of Cg-convertibles in the feedstream.
{00241} Embodiment 10! is the non-transitory computer readable medium of

embodiment 100 wherein N is greater than about 1.
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{00242] Embodiment 102 is the non-transitory computer readable medium of any of
cmbodiments 23 to 101 wherein calculate a net present amount of benzene compriscs
calculate a net present pounds of benzenc produced per pound of the reforming catalyst
over the run-length of the reforming catalyst, NPPB, which is given by:

NPPB ={IN/720) {1 — (1-D,)"} Dy,
where £, 15 the monthly discount rate and v 18 the run-length of the reforming catalyst in
units of months.
{00243] FEmbodiment 103 is the non-transitory computer rcadable mediom of
embodiment 102 wherein the NPPB 1s greater than about 14,000,
{00244] FErmbodiment 104 is the non-transitory computer readable medium of any of
embodiments 100 to 103 wherein the NPPB is greater than about 14,000 or N is greater
than about 1.
[80245] While several embodiments have been provided in the present disclosure, it
should be understood that the disclosed systems and methods may be embodied in many
other specific forms without departing from the spirit or scope of the present disclosure.
The present examples are to be considered as tlustrative and not restrictive, and the
intention is not to be limited to the details given herein.  For example, the various
clements or components may be combined or integrated in aunother system or certain
features may be omitted or not implemented.
{00246] Many variations and modifications of the inventive subject matter disclosed
herein are possible and arc within the scope of the inventive subject matter. Where
numerical ranges or limitations are expressly stated, such express ranges or limitations
should be understood to include iterative ranges or limitations of like magnitude falling
within the cxpressly stated ranges or limitations {e.g., from about 1 to about 10 includes,
2, 3, 4, cte.; greater than 0.10 includes 0.11, (.12, .13, ¢ic.). Use of the term
“optionally” with respect to any clement of a claim 18 intended to mean that the subject
clement is required, or alternatively, is not required. Both alternatives are intended to be
within the scope of the claim. Use of broader terms such as comprises, includes, having,
cte. should be understood to provide support for narrower terms such as consisting of,

consisting cssentially of, comprised substantially of, ete.
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{00247} The ordering of steps in the various methods are for iHlustration purposes and do
not necessartly reflect the order that various stops must be performed. The steps may be
rearranged in different orders in different embodiments to reflect the needs, desires and
preferences of the cntity implementing the systems.  Furthermore, many steps may be
performed simultancously with other steps in some embodiments.

[00248] Also, technigues, systems, subsystems and methods described and illustrated
in the various embodiments as discrete or separate may be combined or integrated with
other systems, roodules, technigues, or methods without departing from the scope of the
present  disclosure.  Other items shown or discussed as divectly coupled or
communicating with cach other may be coupled or communicating through some
interface, device, or intermediate component such that the wems may no longer be
considered divectly coupled to cach other but may still be indirectly coupled and in
communication, whether electrically, mechanically, or otherwise with onge another. Other
examples of changes, substitetions, and alterations are ascertainable by one skilled in the
art and could be made without departing from the spirit and scope disclosed.

[0024%] Accordingly, the scope of protection is not limited by the description set out
above but is only himited by the claims which follow, that scope including all equivalents
of the subject matter of the claims. FEach and every claim is incorporated into the
specification as an embodiment of the inventive subject matter. Thus, the claims are a
further description and are an addition to the preferred embodiments of the mmventive
subject matter. The discussion of a reference in the disclosure is not an admission that it
is prior art to the inventive subiect matter, especially any reference that may have a
publication date after the priority date of this application. The disclosures of all patents,
patent applications, and publications cited herein are hereby incorporated by reference, to
the cxtent that they provide exemplary, procedural or other details supplementary to those

set forth herein.
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CLAIMS
What is claimed is:
i A method of catalytic reforming comprising:

feeding a feedstream comprising Ce-convertibles to one or more reactors;

contacting the feedstream with a reforming catalyst

selecting values for a LHSV, a H2/HC ratio, and a conversion of Cs-convertibles
from a deactivation kinetic model so as to maximize a net present amount of benzene
produced over a run-length of the reforming catalyst;

operating the one or more reactors at the selected LHSV, the selected H2/HC ratio,
and the selected conversion of Cs~convertibles; and

recovering an efffuent from the reactor, wherein the effiuent comprises at least

about 40 wi %% benzene.

2. The mecthod of claim 1 wherein the selected H2/HC ratio is greater than 2 or less
than 1.
3. The method of any of claims 1 through 2 wherein the selected LHSV is from about

3 to about 4 and the selected H2/HC ratio is about 4.

4. The method of any of claims 1 to 3 wherein the reforming catalyst comprises a
silica~-bound L-tvpe a zeolite support, platinam, chloride, and fluonide.

3. The method of any of claims 1 to 4 wherein selecting values comprises calculating
a fouling curve and determining the run-length of the reforming catalyst at a time at
which the fouling curve reaches a prescribed end of run temperature.

6. The method of claim 5 wherein calculating the fouling curve comprises numerically
solving a plurality of equations representing three dimensional process variable
space spanned by the conversion of Cg-convertibles in the feedstream, the EHSV,

and the H2/HC ratio.

7. The method of any of claims 5 to 6 wherein selecting values further comprises
approximating the fouling curve with an analytical solution to the deactivation
kinetic model.

&. The method of claim 7 wherein the analytical solution is represented by:

T ]
LH{RT, VE Vil —(E, 1 E, Y, (T, )]

r(0) =
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where R is the gas constant; Ey is an activation energy of a deactivation reaction; E,
is an average activation encrgy of a conversion of Cg-, Cy- and Ce-convertibles; T,
is a start-of-run temperature; and igd {T) is ropresented by ng exp{-Eg/ RT) with
;fd being the average of Ay along at least one isothermal reactor and further
represented by
Ag=1.343x 10" -5.282% 10" £-1.456x 10"°H2/HC s
where fis the fraction representing conversion of Ce-convertibles.
The method of any of claims 7 to 8 wherein the analvtical solution is
represented by
T Ty PA ey} (a0
where T, s the inlet tomperature of at least one adiabatic reactor, t is on-stream
time, .y i the time at which the reforming catalyst has near zero activity and the
reactor temperature approaches infinity, and B is an adjustable parameter describing
the fouling of the catalyst near start-of-run, wherein § 1s adjusted to fit the analytical
solution to the fouling curve.
The method of any of claims | to 9 further comprising calculating a net present
amount of benzene produced and a benzene yield per month of the reforming
catalyst to calculate an amount of benzene produced over the run-length per unit of
the reforming catalyst and then discounting the amount of benzene produced over
the run-length of the reforming catalyst per unit of reforming catalyst to determine
the net present amount of benzene produced per unit of reforming catalyst over the
run-length of the reforming catalyst.
The method of any of claims | to 10 further comprising calculating a net present
amount of benzene comprises calculating a number of pounds of benzene produced
per pound of the reforming catalyst per hour, N, which is given by:
N=0.907 f wes LHSV {dy/ do)
where dis, do, £, and weg are, respectively, the density of the feedstrear, the density
of the reforming catalyst, the fraction representing conversion of Ce~convertibles,
and the weight fraction of Cg-convertibles in the feedstream.

The method of ¢laim 11 wherein N is greater than about 1,



WO 2014/035888 PCT/US2013/056632

74

13. The method of any of claims | to 12 further comprising calculating a net present
amount of benzene comprises calculating a net present pounds of benzene produced
per pound of the reforming catalyst over the run-length of the reforming catalyst,
NPPB, which is given by:

NPPB = (/7203 {1 — (1-Dui"} Dy
where D, is the roonthly discount rate and v is the run-length of the reforming
catalyst in units of months,

4. The method of claim wherein the NPPB is greater than about 14,000,

The method of any of claims 11 to 14 wherein N is greater than about 1 or the

-
(¥

NPPR is greater than about 14,000,
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