WD 2006/ 079023 PCTI US2006/ 002291 -1 | MPROVED HYDROGEN MANAGEMENT'  FOR
HYDROPROCESSI NG UNI TS FI ELD OF THE | NVENTI ON [ 0001] This invention rel ates
to i nproved hydroprocessing processes for upgrading refinery streans via

t he use of | e pressure sw ng adsorption having | me of

| ess than oﬁgpﬁgﬂﬁﬁgkfor I ncreasi ng the concentration ofpgﬂg%@@g%%bfor use

I n hydroprocessing units. BACKGROUND OF THE | NVENTI ON [ 0002] Hydroprocessing
processes are used by petroleumrefiners to inprove the properties and
hence val ue of many refinery streans. Such hydroprocessing units include
hydrotreating, hydrocracking, hydroi sonrkrizati on and hydrogenati on process
units. Hydroprocessing is generally acconplished by contacting a

hydr ocar bon feedstock in a hydroprocessing reaction vessel, or zone, with a
sui t abl e hydr opr ocessi TMIPROVED'HYDIPOGEN MANXCEMENTCONdi tions of

el evated tenperature and pf PROCERSERETERITS @ nydrogen-contai ni ng
treat gas to yield an up TNy t I red product
properties, such as sulfur and nitrogen levels, boiling point, aromatic
concentration our point and viscosity index. The operating conditions and
t he hydropE@Qﬁ%T EYY dwill influence the quality of the
resul ti ng hydroprocessing products. [0003] Several types of hydroprocessing
operations are practiced commercially in refining operations. For exanple,
hydr ot r eat gmmms mmsﬁﬁbﬁﬂomemw@%ahﬁ%ﬁb@@sm@m&s@&ﬁ? sul fur and
ni trogen, from hydrocarbon feedstreans such as naphtha, kerosene, diesel,
gas oi |, vapguadingrsfinéry stre@a} viathd vse of tipid cyvje POsA00 SMITOAEBrption
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: aving a cycle time of less than one minute for increasing the concentration of

hydrogen for use in hydroprocessing units.

BACKGROUND OF THE INVENTION

{0002] Hydroprocessing processes are used by petroleum refiners to improve the
properties and hence value of many refinery streams. Such hydroprocessing units
include hydrotreating, hydroc;rackjng, hydroisomerization and hydrogenation
process units. Hydroprocessing is generally accomplished by contacting a
hydrocarbon feedstock in a hydroprocessing reaction vessel, or zone, with a
suitable hydroprocessing catalyst under hydroprocessing conditions of elevated

{ femperature and pressure in the presence of a hydrogen-containing treat gas to yield
an upgraded product having the desired product properties, such as sulfur and
nitrogen levels, boiling point, aromatic concentration, pour point and viscosity
index. The operating conditions and the hydroprocessing catalysts used will

influence the quality of the resulting hydroprocessing products.

[0003]  Several types of hydroprocessing operations are practiced commercially
in refining operations. For example, hydrotreating is typically used to remove
heteroatoms, such as sulfur and nitrogen, from hydrocarbon feedstreams such as

naphtha, kerosene, diesel, gas oil, vacuum gas oil (VGO), and residua, by



-2 contacting the feedstreamw th hydrogen and a suitable hydrotreating
catalyst, at hydrotreating conditions of tenperature, pressure and flow
rates to result in the heteroatons being converted to hydrogen sulfide.
Hydr ot r eat er, o enployed to inprove other propert] f rocar bon
streans int %%rog/??lr]\%ry. Hydrocracking 1is typically use%bflgjsﬁgﬁw/%lsul fur
and nitrogen, and to reduce the boiling point of heavier nolecules by
converting theminto |ighter nolecules, by contacting the feedstreamwth
hydrogen and a suitabl e hydrocracki ng catal yst, at hydrocracking process
condi tions. Hydrodewaxi ng and hydroi sormeri zation of distillate and

| ubricating oils nodifies the nol ecular structure and hence the pour point
of these nolecules, by contacting the feedstream w th hydrogen over a

sui t abl e catcmtacting th feetigtrhantiwithybiydrpgen dnd pdunitalde hedratedatiog catabist 26

condi tions. dr opr oces&j&igg fgr ol efin and ar Og?{toi Cc saturation t.fleduces t he
concent r at i Birefreating con 8 AGCHMETItHES, Blessug and dlophiateste reBlgethe am wi t h
hydr ogen o |t hc/ ' r.add itions.
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and the anpuimprede dilielpropertieeafhydrdcdrbor pedanisintthe sefitey¢lr Hydawesckingg units
has greatly increased for several reasons. Regulatory pressure in the

United St atietypigaibyoied to rameve suligr and aitfasen, antoreduget the bpiling noimed t o

i ncreasi nglyy _severe and/.or selective .hydreprocessin rocesses o form
hydr ocar bo rﬁésylga}]‘to?%cuﬂeg\hyncgonygﬁglgﬁgg%%%)g}ggl?gfm&:e&l'ﬂpgrﬂ%’aqpﬁ 51115? ailored
properties,feﬁimaﬁs‘,, o d e R ki e d V. dﬁﬁy j nt and
vi scosity index. Theﬁﬁngge ggﬁprocgglga%ﬁtgzﬁg‘?mg% edaf)mﬁ*’% ﬁgla't e&k?@duced
mar ket f or proedss obhditiens. nidydredewaxihp and dgdroisomdrizdtion ofidistitigte aadai n | eadi ng
to ‘a hi gher, hydrogen demand. _As the qualities gf | ubricating oils inprove,
the need tBbhAIBZOllS hey heguolecplar stawetire and bengs the porypeist oLlEsY npr ove
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Further, many
hydrodewaxing and hydroisomerization process conditions. Hydroprocessing for

olefin and aromatic saturation reduces the concentration of aromatics and olefins by
contacting the feedstream with hydrogen over a suitable catalyst at aromatic/olefin

saturation conditions.

[0004]  All of these hydroprocessing operations require the use of hydrogen, and
the amount of hydrogen required to operate these hydroprocessing units has greatly
increased for several reasons. Regulatory pressure in the United States, Europe,

: Asia, and elsewhere has resulfed in a trend to increasingly severe and/or selective
hydroprocessing processes to form hydrocarbon products having very low levels of
sulfur and other tailored properties, such as reduced aromatics levels, and improved
pour point and viscosity index. The move to process heavier crude oils and the
reduced market for fuel oil is increasing the need for hydrocracking, again leading
to a higher hydrogen demand. As the qualities of lubricating oils improve, the need
to remove even more sulfur, reduce aromatics levels, and improve pour point and
viscosity index have increased the need for hydroprocessing. Further, many
refineries receive large amounts of hydrogen as a by-product of catalytic reforming

on their site. However, current treads to reduce aromatics in gasoline are



refineries receive |l arge anobunts of hydrogen as a by-product of catalytic
reformng on their site. However, current treads to reduce aromatics in
gasol i ne are WO 2006/ 079023 PCT/ US2006/ 002291 -3 constraining the use of

catalytic ref ] nd thus renoving a source of hydrogen. . Thus, there is
an ever gro%@@%@%&ﬁfor I nproved hydrogen managenent asggyiug%ogﬂ(thh t he
various process units. [0005] Hydroprocessing units use relatively large
guantities of hydrogen that are often obtained from process units that
generate hydrogen, either as a main product streamor as a side product
stream The vapor phase product stream-Brom hydroprocessing units typically

contai ns unreacted hydrogen that is recycled to the hydroprocessing
reaction zone. Since hydrogen is an inportant reactant in hydroprocessing,

econom ¢ negipstrai@inpihiefuge bY citalyeio reformingrapdahmcrnidiing A gowst bEBydropgeed as
feed streans and/or as recycle streans is desirable. A greater i
concent r at i Bimsotheng israsgeyer groveing meed fir impeaedthydrogepananggement associated

hydr ogen- cont ai.ning. streans_allows for a nore efficient process with higher
feed thr oquﬁtheY%Wé]pr"T‘l‘?éS% of feed to be processed, product quality
requirenents, yield, and the anount of conversion for a specific catalyst
cycle life determnes the hydrogen partial pressure required for the

oper ati on di085]hy dHygdraprexsssing unis tise rélativelyriatgesquaptitied oflgydeogenstsaearand t he
recycle gas purity determ ne the_ hydrogen partial pressure of the

hydr opr oces¥iergbidined frommprocessamits ithat gepgratedydsorats pitkaras amaln nEedsési t i on
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relatively I ower hydrogen partial pressure in the recycle gas stream
ef f ect i vel yhydropspeessing regrdionizane.pSinse hiydrogen ihan ppioréand neagéant imput  conponent

to ther ea(ify%op%ggesgljﬁg @ %omic means to purify hydrogen in hydrogen-containing

streams used as feed streams and/or as recycle streams is desirable. A greater
concentration of hydrogen in either of these two types of hydrogen-containing

streams allows for a more efficient process with higher feed throughput.

. [0006]  The type of feed to be processed, product quality requirements, yield,
and the amount of conversion for a specific catalyst cycle life determines the
hydrogen partial pressure required for the operation of a hydroprocessing unit. The
unit's operating pressure and the recycle gas purity determine the hydrogen partial

L pressure of the hydroprocessing unit. Since there is limited control over the
composition of the flashed gas from the downstream hydroprocessor separator or
flash drum, the hydrogen composition of the recycle flash gas limits the hydrogen
partial pressure ultimately delivered to the hydroprocessor reactor. A relatively
lower hydrogen partial pressure in the recycle gas stream effectively lowers the
partial pressure of the hydrogen gas input component to the reactor and thereby
adversely affects the operating performance with respect to product quantity and
quality, catalyst cycle life, etc. To offset this lower performance, the operating
pressure of the hydroprocéssor reactor has to be increased, which can be

undesirable from an operational point of view. Conversely, by increasing the



adversely affects the operating performance with respect to product quantity
and quality, catalyst cycle life, etc. To offset this | ower performance,
the operating pressure of the hydroprocessor reactor has to be increased,
whi ch can be undesirable from an operational point of view ersely, by
i ncreasi ng MOF'UA™Bd6/ 079023 PCT/ US2006/ 002291 - 4 effi%&éﬂ &%@¥zzﬁ§drogen
gas recovery and hydrogen concentration, the hydrogen partial pressure of
the recycle gas streamis inproved. This results in an overall inproved
performance of the hydroprocessing process unit as neasured by these
paranmeters. [0007] Sonme conventional nmet-hods have been proposed that attenpt
to inprove the hydrogen utilization efficiency of the hydroprocessing unit
by increasing the concentration of the hydrogen-in the recycle gas stream

Such pr ocesggfderdcytiftddrogen’ s tedovery &idtiidrdEenbonoesitdtical Ble 18dgeENt COSt's
and/or require significant changes 'in operating conditions,” such as
t enper at ur @adialipressge of the sehjyeln gay ptream {syimpeeved: SThimresnlts irearseverathpi t al and

operating costs. ,[0008] One ocess that .has been adopted taq . nprove the
el ogen’ pdPiy e porAtecE G b R PRt PSP R e G S SR HE L Y et
convention%r}[.]{e@e}gure swi ng adsorption (CPSA). See, for exanple, U S. Pat.
No. 4,457, I ssued Jul. 3, 1984 to Lummus Crest, Inc. However, in order
to incorporate the PSA unit, the pressure of the reactor effluent gas

stream nust be reduced from about 2,500 psig (175.8 kg/cnR) to about 350
psi g (24. 6[0097Enp Soms ecanyentionah methodsthave beampropesadcthat attesmt de improveeam can

be increased.to about..99.nol .%. the cycled gaseous .siream nust. be
subj ect ed &5’ t@' é‘é&’l%ﬁ“?’aeﬂ@%ﬂ%qfﬁﬁ? %Y‘JZO r@%"ﬁé‘f%@%ﬁ“ﬁ"?ﬁ%f bef or e
| ntroducti 96hdeﬁﬁ&idd1§ftm¥%:¥awg%ﬁ%§%&%§&€ afifeARN SUdlFprdesseSGicallyS t hat
the capital, operating and mai ntenance costs are substantial 'y I ntreased by
t he addi t i casulbfin significant additional equipment costs and/or require significant changes in

operating conditions, such as temperature and pressure, which typically results in

increased capital and operating costs.

[0008] One process that has been adopted to improve the hydrogen purity of the
recycle stream in a hydroprocessing unit is conventional pressure swing adsorption
(CPSA). See, for example, U.S. Pat. No. 4,457,384 issued Jul. 3, 1984 to Lummus
Crest, Inc. However, in order to incorporate the PSA unit, the pressure of the
reactor effluent gas stream must be reduced from about 2,500 psig (175.8 kg/em?)
to about 350 psig (24.6 kg/cm®). Although the purity of the recycle hydrogen
stream can be increased to about 99 mol %, the recycled gaseous stream must be
subjected to compression to return it to 2,500 psig (175.8 kg/cm®) before
introduction into the hydroprocessing feed stream. The net result is that the capital,
operating and maintenance costs are substantially increased by the addition of a

large compressor that is required when using a conventional PSA unit.

[0009] Another method is described in U.S. Pat. No. 4,362,613 to MacLean
which is incorporated herein by reference. MacLean uses membranes with pressure
drops up to 150 atmospheres and which also incurs substantial capital investment
and operating costs.



| arge conpressor that is required when using a conventional PSA unit. [0009]
Anot her nethod is described in U S. Pat. No. 4,362,613 to MacLean which is
i ncorporated herein by reference. MacLean uses nenbranes with pressure
drops up to pheres and which al so incurs substa

I nvest ment va?%’oﬁ%?atlng costs. WD 2006/ 079023 PCT/USZOg%bgsgégﬁa%?S [ 0010]
There is therefore a need for an inproved process for enhancing the

ef ficiency of hydrogen utilization by neans that are conpatible with

exi sting hydroprocessing units. It is desired that such a process woul d not
adversely affect the hydroprocessor t#roughput or the overall econonies of
the system including capital expenditures and operating expenditures, the
| atter including maintenance and energy consunption. [0011] In other words,
al though various hydroprocessing processes are practiced comrercially,
there is still a need in the art for inproved hydroprocessing processes

t hat can bi0WOhct Thext isthereford ane@fdrymalﬂlprwcdlprmegh&r enbanciog thehr oughput

Egdfggtr)logleg&%gp ¥£§Ernts toh"?}/ Ql%a% recgver and g@]el fli cat i on \évlr';gd
embodi ment y, ﬁfo%eésﬁlcggﬁrﬂ%é' qes c?esﬂé&’ﬁﬁf?ucth{ p:‘ég %&’(%1{1& not a&%?éegw?ﬁff d&” feed in

a hydroproc% unit, actin rocar bon

feed in a ﬂy:dfydﬂj mgorrtbroughpummthe ohatﬁnewihmlas potHel @@teﬁ{ m&umhgl S
obtained froma hydr ogen-contai ni ng make-up gas, and a catalytically

ef fective exmpishexpendiuney anépperetiog ﬁngendsttlmSy lafter mglud@grm@@tﬁgaw

condi tions t ereby resul |ng in aliquid phase and a vapor phase product;
€nergy consumptio

[0011]  In other words, although various hydroprocessing processes are practiced
commercially, there is still a need in the art for improved hydroprocessing
processes that can be practiced more efficiently and with higher reactor throughput
by combining improvements to hydrogen recovery and purification with

hydroprocessing units.

SUMMARY OF THE INVENTION

[0012] In a preferred embodiment, there is provided a process for upgrading a
hydrocarbon feed in a hydroprocessing process unit, comprising:

a) contacting said hydrocarbon feed in a hydroprocessing zone with
hydrogen, a portion of which is obtained from a hydrogen-containing make-up gas,
and a catalytically effective amount of a hydroprocessing catalyst at
hydroprocessing conditions thereby resulting in a liquid phase and a vapor phase
product;

b)  separating said lignid phase and said vapor phase, which vapor phase
contains hydrogen and light hydrocarbons;

c) removing at least a portion of the light hydrocarbons from the
hydrogen-containing make-up treat gas, the vapor phase product, or both, in a rapid
cycle pressure swing adsorption unit containing a plurality of adsorbent beds and



b) separating said |liquid phase and sai d vapor phase, which vapor phase
contai ns hydrogen and |ight hydrocarbons; c) renoving at |east a portion of
the Iight hydrocarbons fromthe hydrogen-containing nmake-up treat gas, the
vapor phase 530r both, in a rapid cycle pressur ption
uni t contalﬂﬁggga p urallty of adsor bent beds and V[)ZOO‘?%@%% 25

PCTI US2006/ 002291 -6 having a total cycle tine of |ess than about 30
seconds and a pressure drop within each adsorbent bed of greater than about
5 inches of water per foot of bed length; d) recycling at |least a portion
of the vapor phase of step c) above haﬁ%ng a higher concentration of

hydr ogen to the hydroprocessing zone. [0013] In another preferred

enbodi ment, the hydrocarbon feed is selected from the group consisting of
napht ha bohavingatetabeycletine, ofdessabansboans0 sedontlsiahd beiréssae droprdthid eeds,
distillate boiling range feeds, resides and crudes. 100141 In yet another

preferred etbadsorbentb greatsr thap abeut;5 inghesrofiwater pgrifgot ofkaddengthssur e

SW ng adsorptiogn ste 1 1 ti.ll anot her
preferred enbo mentt Q?@“%%ﬁ?agg@@?@"ﬁ%m ga%ﬁgﬁﬁas[ehtg{ﬁep %}pvaﬁ ‘ggféonds and
the pressug rgﬁéf’@oﬂ&nﬂétﬁﬁiﬁhi&@ BerfdQHé b ogﬂfégéﬁn Psomater per foot of bed
length for the rapid cycle pressure swing adsorption step. DETAILED

DESCRI PTI ON OF THE INVENTI ON [0016] It has been recogni zed that by

I ncreasi ng

eggljgg;ad f@&lﬁl; g‘qe %rﬁjr%%ﬁ%bﬁg‘ﬁgrd&g ﬂj‘ &é&%@%@ef%g@%nécﬁé l :ilhi§hg][
ﬁydrogeny| S Eélie ﬁfbegdig{spﬂ r?flﬁnﬁl?tﬁé%gﬁ%‘gq?ﬁ%e&%geﬁkg%flwogé# hglﬁlﬁrmst be

prqvi ded byangt feeds dsillate beilingd e, adtidesany @rudest or reformer. [0017]
The instant |nvent|on Is applicable to any unit in a petroleumrefinery

[0014] In yet another preferred embodiment, the total cycle time or the rapid

cycle pressure swing adsorption step is less than about 15 seconds.

[0015] In still another preferred embodiment the total cycle time is less than
about 10 seconds and the pressure drop is greater than about 10 inches of water per

foot of bed length for the rapid cycle pressure swing adsorption step.

DETAILED DESCRIPTION OF THE INVENTION

[0016] It has been recognized that by increasing the efficient use of hydrogen,
existing equipment could be employed to increase the throughput of the feedstock
resulting in higher product yields. A further advantage to the more efficient
utilization of hydrogen is the reduction in the amount of make-up hydrogen that

must be provided by, for example, a hydrogen plant, cryo-unit or reformer.

[0017]  The instant invention is applicable to any unit in a petroleum refinery
that uses hydrogen as a treat-gas stream, or as a recycle stream, or produces
hydrogen as a primary product or as a side product stream. It is particularly
applicable to those process units that use hydrogen as a reactant to upgrade or to



that uses hydrogen as a treat-gas stream or as a recycle stream or
produces hydrogen as a primary product or as a side product stream It is
particularly applicable to those process units that use hydrogen as a
reactant to r to WO 2006/ 079023 PCT/ US2006/ 002 - rt a
hydr ocar bon“’élf:%"z&ng?zg | ower boiling products. Such procglgé”ﬂ%z?@a%ﬁ
typically referred to as hydroprocessing units. The art has |ong recogni zed
the inportance of inproving the purity (concentration) of hydrogen in the
recycle stream of hydroprocessing units. Non-limting types of
hydr opr ocessing that are included herefm are: hydrotreating wherein |ight
hydr ocar bon, naphtha, diesel, distillate, atnospheric and vacuum gas oils,
kerosene, jet, cycle oils, |lubestock and waxes, atnospheric and vacuum
resi dua, pyonkysizhydarattionstreamdodoweebailing prodfuatse Such gpracbesiubiys arhe r enoval
of heteroatons, hydrogenation wherein double bonds are converted to olefins
and par af f ithBicabiyirefemerhio asdhygreproeessimgiumifs; dhe aprhas dongregagniged theas t he

| of .at | t . t ki in high
boi 11 ng ot PoRpRERRoOpaing IS GO 2hERTm Y BYAERE M b eR e
hydr oi sonergegadl @hyﬁftﬁ)”r@ée@ﬂﬁg A ftd.] Nioﬁ_-lﬁﬁf%@_ @'h?df@?&@ﬁs&ﬁ@ thét are
| soparaffins, hydrofinishing, which is a mld hydrotreating process used

par ti cul ar ligclnded kgrbincre:ohydretrpatingrwheretd hghtthydotcarbpnyhaphtba, diedel, and waxes.
Q her hydroprQcessin rQces that are ipcorporated within this_ inyention

i ncl ude cat‘ﬁ’ftﬁfafee aﬁggﬁ’ﬁf"ﬁﬁ VeqHum 235 oifs, ﬁqos‘»‘g’?eeﬂ‘iy@fc pil% E‘Eﬂ?ﬁjtoﬁl‘&e ss that
uses nol ec | ; ' Sy fsent in a
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wher ei n wapgrided blyake rmsovabof Beterdtdns, hydrugbaatiomwhereiredouble bendsatrel yti c
redction and converted intqQ high VI lubricants. [0018] Al so, lubricating
and/ or spe&payerieddpolefinsang 8.3n¢ arpnties peesabirpiedde sankthenestas vesll

di Stil 1 at ey qliQhY 6166t & Bokish d4RferBhdbods ) dr B GRing Wi 1

boiling streams are converted to more valuable lower boiling streams,

hydroisomerization wherein paraffinic compounds are converted to isoparaffins,
bydrofinishing, which is a mild hydrotreating process used particularly to replace or
supplement clay treating of lube oils and waxes. Other hydroprocessing process
that are incorporated within this invention include catalytic dewaxing which is a
catalytic hydrocracking process that uses molecular sieve catalysts to selectively
hydrocrack waxes present in a feedstock into lighter hydrocarbon fractions; wax
hydroisomerization wherein wax molecules are converted to branched molecules in

{ a catalytic reaction and converted into high VI lubricants.

[0018]  Also, lubricating and/or specialty oil stocks such as deasphaited oil
stocks, lube oil distillates, and solvent extracted lube oil raffinates can have their
viscosity indexes increased by hydrotreating, employing specific bulk metal sulfide
hydrotreating catalysts selected from the group consisting of bulk Cr/Ni/Mo sulfide
catalyst, bulk Ni/Mo/Mn sulfide catalyst and mixtures thereof wherein the catalysts
are prepared from specific metal complexes and wherein the Ni/Mn/Mo sulfide
catalyst is prepared from the oxide precursor decomposed in an inert atmosphere

such as N, and subsequently sulfided using H,S/H; and the Cr/Ni/Mo sulfide



viscosity indexes increased by hydrotreating, enploying specific bulk netal
sulfide hydrotreating catalysts selected fromthe group consisting of bulk
Cr/Ni/M sulfide catalyst, bulk Ni/M/M sulfide catalyst and m xtures

t hereof wherein the catalysts are prepared fromspecific netal conpl exes
and wher ei n YOEORPPRE Mo sul fide catalyst is prepared f PERUBHECHR9e
precursor deconposed in an inert atnosphere such as N2 and subsequently

sul fided using H2S/H2 and the C/N /M sul fide WD 2006/ 079023

PCT/ US2006/ 002291 -8 catalyst is prepared fromthe sulfide precursor and
deconposed in a non-oxidizing, sulfur-&ontaining atnosphere. [0019] Herein,
the term "hydrocarbon feed" is defined as a refinery, chemcal or other

i ndustrial plant streamthat is conprised of hydrocarbons including such

streanms Whehaiyh aro8 0P el R BracurBl ar deRBpBycH PP SRExiGRARE nant s

such as, but "not Timted to, sulfur, water, amonlfa, and netals may be
present i n shlfer cdntainingaatmospeeeed. The term "l i ght hydrocarbons" neans a
hydr ocarbon m xture conprised of hydrocarbon conpounds of about 1 to about
5 carbon atons in weight (i.e., C to C5 weight hydrocarbon compounds). It

Used i nt or 0Tl cattisrefth s ermh phiocerBy U iPGtneAS o (BHAES PhiBRAFSO S o
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i nvention are any hydrocarbonaceous feedstreans that are upgraded by
hydr opr ocesgéams wiiorein smiall levglscflessthans5%) of narrhydredarbon snutaminantsisudhi ght
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pyrol ysis comprised of hydrocarbon compounds of about 1 to about 5 carbon atoms in weight
(i.e., C, to Cs weight hydrocarbon compounds). It will be understood that the terms
“hydrocarbon” and “hydrocarbonaceous” are used interchangeably herein when

referring to feedstreams.

[0020] Feedstreams that can be hydroprocessed in accordance with the present
invention are any hydrocarbonaceous feedstreams that are upgraded by
hydroprocessing. Non-limiting examples of such feedstreams include light
hydrocarbon boiling range feedstreams, naphtha boiling range feedstreams,
kerosene and jet boiling range feedstreams, diesel and distillate boiling range

‘ feedstreams, cycle oils produced from the Fluid Catalytic Cracker (FCC),
atmospheric and vacuum gas oils, atmospheric and vacuum residua, pyrolysis
gasoline, Fischer-Tropsch liquids, raffinates, waxes, lube oils, and crudes, as well

as heavier gas oil and resid boiling range feedstreams.

[0021] For example, in the case of hydrotreating, heteroatoms such as sulﬁr and
nitrogen are typically removed from the aforementioned feed streams, whereas in
the case of hydrocracking heavier boiling range gas oil and reside type streams are
converted to lower boiling product streams. Non-limiting examples of naphtha

feedstreams that can be treated in accordance with the present invention are those



gasol i ne, Fischer-Tropsch liquids, raffinates, waxes, |lube oils, and crudes,
as well as heavier gas oil and resid boiling range feedstreans. [0021] For
exanple, in the case of hydrotreating, heteroatons such as sul fur and
nitrogen are tﬁfically renoved fromthe aforenentioned feed streans, whereas
in the casé"Qf)EPTcr acki ng heavier boiling range gas BFI/USHESARWge type
streans are converted to |ower boiling product streans. Non-limting
exanpl es of naphtha feedstreans that can be treated in accordance with the
present invention are those WD 2006/ 079023 PCT/ US2006/ 002291 -9 cont ai ni ng
conponents boiling in the range from ab8ut 50F to about 450F, at

at nospheric pressure. The naphtha feedstream generally contains cracked
napht ha which usually conprises fluid catalytic cracking unit naphtha (FCC

catal ytic aaehkigloonlieitBRRiNA WA iE5u PRt Bhourasek fiydr ot reat er

napht ha, debutanize tural gasoline G, and gasol i ne bl endi ng

conmponent s 4tmospledrivepressues) r Thsnaphdiefendsireaappénesalyocdniaigs cravked sdphetlam can be
produced. Non-limting exanples of distillate feedstreans that can be

treated in Whichpgeaibecompmses g eatalytie crackingumibpaphithe ((ds eatbytici ng in t he
f ab 288 550k h her i. il ils,
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pyrol ysis-derived oils, high boiling synthetic oils, cyCle oils and cat
cracker di soutdeswderein apraphtharbedingmnget stecan nan bepusinoek Nendimjsingoi | or

e O R LA hl 83Al o
acor dance oy Giiopece Uibeg BB I deng oF Py 288, RS BrctEes UG ocar bon
f eedst r eanmtibgiheficgak pils, atedui)zab vils Aeagshalted vacuum and atmospheric
residua, mildly cracked residual oils, coker distillates, straight run distillates,
solvent-deasphalted oils, pyrolysis-derived oils, high boiling synthetic oils, cycle
oils and cat cracker distillates. A preferred hydrotreating feedstock is a gas oil or
other hydrocarbon fraction having at least 50% by weight, and most usually at least
75% by weight of its components boiling at temperatures between about 316°C
(600°F) and 538°C (1000°F). Crude oils can also be feed in accordance with the

present invention.

[0022] Iliustrative hydrocarbon feedstreams that are upgraded by hydrocracking
include those containing components boiling above about 260°C (500°F), such as
Fischer-Tropsch liquids, atmospheric gas oils, vacuum gas oils, deasphalted,
vacuum, and atmospheric residua, hydrotreated or mildly hydrocracked residual
oils, coker distillates, straight run distiliates, solvent-deasphalted oils, pyrolysis-
derived oils, high boiling synthetic oils, cycle oils and cat cracker distillates. A
preferred hydrocracking feedstream is a gas oil or other hydrocarbon fraction
having at least 50% by weight, and most usually at least 75% by weight, of its
components boiling at temperatures above the end point of the desired product. One
of the most preferred gas oil feedstreams will contain hydrocarbon componens that

boil above 260°C (500°F), with best results being achieved with feeds containing at



i ncl ude those contai ning conponents boiling above about 260C (500F), such as
Fi scher-Tropsch |iquids, atnospheric gas oils, vacuumgas oils, deasphalted,
vacuum and at nospheric residua, hydrotreated or mldly hydrocracked

resi dual oi distillates, straight run distill ates

sol vent - deas‘%ﬁg?ot%@ %?1 |'s, pyrolysis- derived oils, high {5’ TUSAYs/29PPthet i ¢
oils, cycle oils and cat cracker distillates. A preferred hydrocracking
feedstreamis a gas oil or other hydrocarbon fraction having at |east 50%
by wei ght, and nost usually at |east 75% by weight, of its conponents
boiling at tenperatures above the end d0int of the desired product. One of
the nost preferred gas oil feedstreans will contain hydrocarbon conponents
that boil above 260C (500F), with best results being achieved with feeds
cont i ni 1 1s: YOpaRRH Ky HORMTTHL BB MRS ng bIAdBABbL RS PEGONE) by

vol une of the cofponent’s boiling between about %15C (600F) and 538
(1000F) . AapdSBEIC EDINERN A prefatsad keany feedbtseann boliein tegangde fromabout 93C to

about 565C 0- 1050F. ) ' ri i.on feedstreaps are typically

ar af 11t ¢ 360an bt geec (O HSORS, hidipibimeriationneriomeaps vt Bkely and
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processes erern’ a hyd?ogen-coh alning"treat gas 1s used In the presence
of suitabl agdfiad.ysts which are prinmarily active for the renoval of

het er oat ons, such as sul fur and nitrogen and for some hydrogenation of
aromatics. Suitable hydrotreating catalysts for use in the present

[ ti ti | hydy.ot t] t al yst d includ
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al umi na. O her _suitable . . . .
some hydrogenation of aromatics. Suitabie hydrotreating catalysts for use in the

<1

present invention are any known conventional hydrotreating catalysts and include
those which are comprised of at least one Group VIII metal, preferably iron, cobalt
and nickel, more preferably cobalt and/or nickel and at least one Group VI metal,
preferably molybdenum and tungsten, either as a bulk catalyst, or supported on a
high surface area support material, preferably alumina. Other suitable
hydrotreating catalysts include zeolitic catalysts, as well as noble metal catalysts
where the noble metal is selected from palladium and platinum, It is within the
scope of the present invention that more than one type of hydrotreating catalyst be
used in the same reaction vessel. The Group VIII metal is typically present in an
amount ranging from about 2 to about 20 wt. %, preferably from about 4 to about
12 wt. %. The Group VI metal will typically be present in an ’amount ranging from
about 1 to about 25 wt-%, preferably from about 2 to about 25 wt. %. As
previously mentioned, typical hydrotreating temperatures range from about 204°C
(400°F) to about 482°C (900°F) with pressures from about 3.5 MPa (500 psig) to
about 17.3 MPa (2500 psig), preferably from about 3.5 MPa (500 psig) to about
13.8 MPa (2000 psig) and a liquid hourly space velocity of the feedstream from
about 0.1 hr' to about 10 hr™.



hydrotreati ng catal ysts include zeolitic catalysts, as well as noble netal
catal ysts where the noble netal is selected frompalladiumand plati num It
is within the scope of the present invention that nore than one type of
hydrotreating. catal yst be wused in the sanme reaction vessel. The G oup VIII
netal is tybﬁgtbéqof’@? esent in an anount ranging from ab8GTUS2PEMIFIut 20
w. % preferably fromabout 4 to about 12 wt. % The Goup VI netal wll
typically be present in an anount ranging from about 1 to about 25 wt-%
preferably fromabout 2 to about 25 wt. % As previously nentioned, typical
hydrotreating tenperatures range from abbut 204C (400F) to about 482C
(900F) with pressures fromabout 3.5 MPa (500 psig) to about 17.3 MPa (2500
psig), preferably fromabout 3.5 MPa (500 psig) to about 13.8 MPa (2000
psig) and ajgoRdpi dTheuétive ﬁa@ﬁ%ﬁemglo?@d ivthefprédfeged ﬁg@!ﬁicfa%k[ﬂg{daﬁryst@bﬂm 0.1
hr- to about 10 hf'. WD 2006/ 079023 PCT/ OS2006/ 002291 -11 100241 The active
met al s enpl g gdesent inMentponedschyrdeogenation compriengs aratthdsesofGroup Viikofthesent
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VIB, e.g., bepreyddePferediptoni@si siRtalsmeehevedfon @byp MIBybggnum The anmount
of hydrogenati on netal cong;;ent in the catal yst can vary within w de
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corftact a zeolite base” material, preferably a“zeolite with the Faujasite or
Bet a zeol i tweight may be @sedai Inthegase of the noble metals, it is preferred to use about

0.05 to about 2 weight percent of such metals. The preferred method for
incorporating the hydrogenation metal component is to contact a zeolite base
material, preferably a zeolite with the Faujasite or Beta zeolite structure, with an
aqueous solution of a suitable compound of the desired metal wherein the metal is
present in a cationic form. Following addition of the selected hydrogenation metal
or metals, the resulting catalyst powder is then filtered, dried, pelleted with added
lubricants, binders or the like if desired, and calcined in air at temperatures of, e.g.,
371° -648°C. (700°-1200°F.) in order fo activate the catalyst and decompose

ammonium ions. Alternatively, the zeolite component may first be pelleted,

followed by the addition of the hydrogenating component and activation by
calcining. The foregoing catalysts may be employed in undiluted form, or the
powdered zeolite catalyst may be mixed and copelleted with other relatively less
active catalysts, diluents or binders such as alumina, silica gel, sitica-alumina
cogels, activated clays and the like in proportions ranging between 5 and 90 weight
percent. These diluents may be employed as such or they may contain a minor
proporiion of an added hydrogenating metal such as a Group VIB and/or Group
VIII metal. Additional metal promoted hydrocracking catalysts may also be
utilized in the process of the present invention which comprises, for example,

aluminophosphate molecular sieves, crystalline chromosilicates and other



aqueous solution of a suitable conmpound of the desired netal wherein the
nmetal is present in a cationic form Follow ng addition of the sel ected
hydrogenation nmetal or netals, the resulting catal yst powder is then
filtered, dr] Belleted with added |lubricants, binders or the |ike if

desi r ed, andW§§?8 & in air at tenperatures of, e.g., §?Iﬂ"@ﬂg%?”
(700-1200F.) in order to activate the catal yst and deconpose ammoni um i ons.
Alternatively, the zeolite conmponent may first be pelleted, followed by the
addi tion of the hydrogenating conponent and activation by calcining. The
foregoi ng catal ysts may be enployed in-1diluted form or the powdered
zeolite catalyst may be m xed and copelleted with other relatively | ess
active catalysts, diluents or binders such as alumna, silica gel

silica-al ur@rgaallﬁlegﬁicatesa@:&ygmﬂécﬁf@ﬂ&lﬁéa@eédierﬁdrkﬁn d&%ﬁaeamgms rangi ng
between 5 and 90 weight percent. These diluents nmay Be enpl oyed as such or
they may capdataNo. 4363,708 (Klatz)porti on of an added hydrogenating netal such as
a Goup VIB and/or Goup VIII nmetal. Additional netal pronoted
hydrocracki ng catal ysts may also be wutilized in the process of the present
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"substantial conversion to lower boiling products” is meant to connote the

conversion of at least 5 volume percent of the fresh feedstock to lower boiling
products. In a preferred embodiment, the per pass conversion in the hydrocracking
zone is in the range from about 15% to about 45%. More preferably the per pass

conversion is in the range from about 20% to about 40%.

[0026) The hydroisomerization of the hydrocarbon feedstock is performed in a
hydroisomerization zone which includes a hydroisomerization catalyst, the
presence of hydrogen, and which is operated under hydroisomerization conditions
sufficient to hydrogenate diolefins to mono-olefins and to isomerize mono-olefins,
Preferably, the hydroisomerization conditions include a temperature in the range of
from about 0° F to about 500°F, more preferably from about 75°F to about 400°F,
and most preferably from 100°F to 200°F; a pressure in the range of from about
100 psig to about 1500 psig, more preferably from about 150 psig to about 1000
psig, and most preferably from 200 psig to 600 psig; and a liquid hourly space
velocity (LHSV) in the range of from about 0.01 br! to about 100 hr', more
preferably from 1 hr”! to about 50 hr”', and most preferably from 5 hrl to 15 hr'!,
Hydroisomerization of paraffinic hydrocarbons typically employs a catalyst
composed of a noble metal, alumina and chlorine, said catalyst prepared by treating



"substantial conversion to | ower boiling products” is neant to connote the
conversion of at |east 5 volune percent of the fresh feedstock to | ower
boiling products. In a preferred enbodi nent, the per pass conversion in the
hydr ocr acki n zone is in the range from about 15%to about 45% Mbre
preferably tHR2PPPss conversion is in the range fronfGHEROEF 0 about
40% [00261 The hydroi sonerization of the hydrocarbon feedstock is perforned
in a hydroisonerization zone which includes a hydroi sonerization catalyst,
the presence of hydrogen, and which is operated under hydroi sonerization
conditions sufficient to hydrogenate él3l efns to nono-olefins and to

| soneri ze nono-olefins. Preferably, the hydroisonerization conditions
include a tenperature in the range of fromabout 0 F to about 500F, nore

preferably {esipeiRuf aifbld Mmefld ohd aligiif withtth BEanfty Hoppadit ¥alt 6pm 100F to
200F; a pressure in the range of fromabout 100 psig to about 1500 psig,

nmor e pr ef eralbinynuim,referahly alvtinpmi njtrate, edlcininglthe treatedicgmpasite amdt pref erabl y

from 200 psjg tQ 600 psjg;,and a Liquid hourly spa .velocit, LHSV) in the
range of fr%%eégﬁiﬁoﬂ%@%ﬁhe coIgpesits ith p GoRyention n‘i%’”é’ﬁ’@?ﬁ%g 8fHom | hr-"
to about 50 hf', and nost preferably from5 hf' to 15 hf'.

Hydr oi soneri zati on of paraffinic hydrocarbons typically enploys a catal yst

conposed of[082Tjob| Waxdiydreistherigationds 8ls6 h dmpbAantgRbekss, alspeaisity whepar ed by
treati ng WO 2006/ 079023 PCT[ US2006/ 002291 -13 a conposite of ‘a noble netal
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mixtures thereof. The reaction is conducted under conditions of temperature

between about S00°F to 750°F, preferably between about 570°F to 680°F, and

pressures of from about 500 to 3000 psi H, preferably from about 500-1500 psi H,,

at hydrogen gas rates from 1000 to 10,000 SCF/bbl, and at space velocities in the

range of from 0.1 to 10 v/v/hr, preferably from 0.5 to 2 v/v/hr. Following

hydroisomerization, the isomerate is fractionated into a lubes cut and a fuels cut.

The lubes cut can then be dewaxed to recover unconverted wax.

[0028] In Conventional Pressure Swing Adsorption ("conventional PSA") a

( gaseous mixture is conducted under pressure for a period of time over a first bed of
a solid sorbent that is selective or relatively selective for one or more components,
usually regarded as a contaminant that is to be removed from the gas stream. Itis
possible to remove two or more contaminants simultaneously but for convenience,
the component or components that are to be removed will be referred to in the
singular and referred to as a contaminant. The gaseous mixture is passed over a
first adsorption bed in a first vessel and emerges from the bed depleted in the
contaminant that remains sorbed in the bed. After a predetermined time or,
alternatively when a break-through of the contaminant is observed, the flow of the

gaseous mixture is switched to a second adsorption bed in a second vessel for the



typically hydroi sonerized using a catal yst containing a hydrogenating netal
conponent-typically one fromGoup IV, or Goup VIII of the Periodic Table,
or mxtures thereof. The reaction is conducted under conditions of
tenperature _between about 500F to 750F, preferably between about 570F to
680F, and pPre&YVEPEL%¢ from about 500 to 3000 psi H2 pr ECEUEHG2ZYm about
500- 1500 psi H2, at hydrogen gas rates from 1000 to 10,000 SCF/ bbl, and at
space velocities in the range of fromO0.1 to 10 v/v/br, preferably fromO0.5
to 2 v/v/hr. Follow ng hydroisonerization, the isonmerate is fractionated
into a Tubes cut and a fuels cut. The-ldbes cut can then be dewaxed to
recover unconverted wax. 10028] In Conventional Pressure Swi ng Adsorption
("conventional PSA") a gaseous mxture is conducted under pressure for a

period of t L meRQ¥eh t@fcéﬁﬁﬁe. bdilethe acsd bel B3h BESY ﬁB@&eyrkzﬁe,Sﬁb%fﬂeae or

relatively selective for one or nore conponents, usually regarded as a
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over a first adsorption rges om t he bed
depl eted i nis esspvil pdesuabéd int@thertailnghs system ded typicdliecdigshisedhlifpe a
predeterm ned timnme or, alte(natlvely when a break-through of the
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reduced, the contam nant previously adsorbed on the bed .
inert gas stream, e.g., nitrogen or a purified stream of the process gas. Purging may

be facilitated by the use of a higher temperature purge gas stream.

{0029]  After, e.g., breakthrough in the second bed, and after the first bed has
been regenerated so that it is again prepared for adsorption service, the flow of the
gaseous mixture is switched from the second bed to the first bed, and the second
bed is regenerated. The total cycle time is the length of time from when the
gaseous mixture is first conducted to the first bed in a first cycle to the time when
the gaseous mixture is first conducted to the first bed in the immediately

[ succeeding cycle, i.e., after a single regeneration of the first bed. The use of third,
fourth, fifth, etc. vessels in addition to the second vessel, as might be needed when
adsorption time is short but desorption time is long, will serve to increase cycle

time,

[0030] Thus, in one configuration, a pressure swing cycle will include a feed
step, at least one depressurization step, a purge step, and finally a repressurization
step to prepare the adsorbent material for reintroduction of the feed step. The
sorption of the contaminants usually takes place by physical sorption onto the

sorbent that is normally a porous solid such as alumina, silica or silica-alumina that



I's progressively desorbed into the tail gas systemthat typically conprises
a large tail gas drum together with a control systemdesigned to mnimze
pressure fluctuations to downstream systens. The contam nant can be
collected f tail gas systemin any suitabl e nmann ssed
further or &V.O"g}p“h@@a‘”af as appropriate. \Wien desorption FéT@gﬂ%‘P@?%? t he
sorbent bed may be purged with an inert gas stream e.g., nitrogen or a
purified stream of the process gas. Purging may be facilitated by the use
of a higher tenperature purge gas stream [00291 After, e.g., breakthrough
in the second bed, and after the first-lfed has been regenerated so that it
I's again prepared for adsorption service, the flow of the gaseous m xture
is switched fromthe second bed to the first bed, and the second bed is
regener at edyas TRe P orahs bonthini®ant S Zbbifed ARWVen Used _Eﬂ'ﬁmh? fa?bl\i\'ﬁh%né he
gaseous m xture 1s tirst conducted to the first bed in a first cycle to the
time when dite theprmyexhibit aisignificaht depreecafisdlectieity far ¢enairf cortamivadtsi n t he

i mmedi ately succeedjng cycle,. i.e., .after a sjngle regeneration of the
First bed. bHEaoldher kpraolled wid predictable pore sizes. Neoowally, Ghemiehli ¢i on to ¢ he
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has an affinity rt ontamn Ites are en used in many
applications since they may exhibit a significant degree of selectivity for

certain contan nants . . . . ) i
{0031] Conventional PSA is not suitable for use in the present invention for a

variety of reasons. For example, conventional PSA units are costly to build and
operate and are much large in size for the amount of hydrogen that needs to be
recovered from such streams as compared to RCPSA. Also, a conventional
pressure swing adsorption unit will generally have cycle times in excess of one
minute, typically in excess of 2 to 4 minutes due to time limitations required to
allow diffusion of the components through the larger beds utilized in conventional
PSA and the equipment configuration and valving involved. Instead, rapid cycle
pressure swing adsorption'is utilized which has cycle times of less than one minute.
The total cycle times may be less than 30 seconds, preferably less than 15 seconds,
more preferably less than 10 seconds, even more preferably less than 5 seconds,
and even more preferably less 2 seconds. Further, the rapid cycle pressure swing
adsorption units used can make use of substantially different sorbents, such as, but

not limited to, structured materials such as monoliths.

[0032)  The overall adsorption rate of the adsorption processes, whether
conventional PSA or RCPSA, is characterized by the mass transfer rate constant in
the gas phase (1) and the mass transfer rate constant in the solid phase (z;). A

material’s mass transfer rates of a material are dependent upon the adsorbent, the



by reason of their controlled and predictable pore sizes. Normally, chem cal
reaction with the sorbent is not favored in view of the increased difficulty
of achi eving desorption of species which have beconme chem cally bound to
the sorbent but chem sorption is ny no nmeans to be excluded if the sorbed
materials 3200078928 ect i vel y desorbed during the desor pP¢HHESIAHRBH of the
cycle, e.g., by the wuse of higher tenperatures coupled with the reduction
in pressure. [0031] Conventional PSA is not suitable for use in the present
invention for a variety of reasons. For exanple, conventional PSA units are
costly to build and operate and are mygh large in size for the anount of
hydr ogen that needs to be recovered fromsuch streans as conpared to RCPSA.
Al so, a conventional pressure swing adsorption unit will generally have

cycle tinmes.in,excess of e .0 tvpi cal i B, exc 2 4 m nutes
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t hr ough th%ohﬁﬁgﬁﬁﬂgggg]ﬂﬁﬁéigagﬁﬂgaagpnventional PSA and t he equi pnent
configuration and valving involved. Instead, rapid cycle pressure sw ng
adsorption is utilized which has cycle times of |less than one mnute. The
total cycle tines pe |l ess than,30.seconds, preferably |ess than 15
seconds, nDreT$ngQ¥%bly | esSIB #8589 seconds, even nore prefefkbbly I|ess
than 5 seconds, and even nore preferably less 2 seconds. Further, the rapid
cycle pressure swing adsorption units used can nmake use of substantially
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as nmonoliths. [O 32f] The overall adsorption rate of "the adsorption
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[0033] The mass transfer rate constant in the solid phase of a material is defined
as:

1,=D, /RS (in cm?/sec) 2

where D is the diffusion coefficient in the solid phase and R, is the characieristic
dimension of the solid medium. Here the gas diffusion coefficient in the solid
phase, D;, is well known in the art and the characteristic dimension of the solid
medium, R, is defined as the width of the adsorbent layer.

[0034] D.M. Ruthven & C. Thaeron, Performance of a Parallel Passage
Absorbent Contactor, Separation and Purification Technology 12 (1997) 43-60,
which is incorporated by reference, clarifies that for flow through a monolith or a
structured adsorbent that channel width is a good characteristic dimension for the
gas medium, R,;. U.S. patent 6,607,584 to Moreau et al., which is incorporated by
reference, also describes the details for calculating these transfer rates and
associated coefficients for a given adsorbent and standard stream composition for

conventional PSA. Calculation of these mass transfer rate constants is well known



adsor bed conmpound, the pressure and the tenperature. The nmass transfer rate
constant in the gas phase is defined as: 'rg = Dg / Rg2 (in cnR/sec) (1)
where Dg is the diffusion coefficient in the gas phase and Rg is the
characteristic dinension of the gas nmedium Here the gas diffusion in the
gas phase, D¥029%6/078823 { known in the art and the characPEFUSENEM P Hensi on
of the gas nedium Rg is defined as the channel w dth between two | ayers of
the structured adsorbent material. [00331 The mass transfer rate constant
in the solid phase of a material is defined as: is = D5/ R52 (in cnR/sec)
(2) where DS is the diffusion coefficijgnt in the solid phase and RS is the
characteristic dinension of the solid nedium Here the gas diffusion
coefficient in the solid phase, D5, is well known in the art and the
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Technol ogy 12 (1997) 43-60, WwWhich is incorporated by reference, clarifies
that for flow through a nonolith or a structured adsorbent that channel

width is a characteri stic dimension for. the s ,medi um . U S.
patent 6, 6(5&,?3%34 t@%?@%ﬁi’ls%fefheﬁﬁpw pse qf@égqrpgt.%;{ega Ogyaﬂ&c ence, also
descri bes I ASyaf | el At ssoci at ed
coeffici en%@%‘ggﬁtg' 6?91§ﬁ{nggg’or éﬁ%bgﬁﬂi@g%ggé%@’%gﬁ%%%%gg fAI %n for
convent i On&hudi’lg%onﬁz‘p’tﬁswbﬂzi@ﬁn@% sep&aR beds that c9¢le k6 thai at Rastdieti@ihorei s wel |
known WO 2006/ 079023 PCTI US2006/ 002291 -17 to one of ordinary skill in the
art and mapedd isdulle orat e paniallyrin the fesd portionofghe cycle at anhenetimerin om

ndar I Ng,. . . .
St a( dard t %?&elr 18 hg‘!ell% gisruptlons or surges in the treated process flow. However, due to the

relatively large size of conventional PSA equipment, the particie size of the
adsorbent material is general limited particle sizes of about 1 mm and above.
Otherwise, excessive pressure drop, increased cycle times, limited desorption, and

channeling of feed materials will result.

[0036) RCPSA utilizes a rotary valving system to conduct the gas flow through
a rotary sorber module that contains a number of separate compartments each of
which is successively cycled through the sorption and desorption steps as the rotary
module completes the cycle of operations. The rotary sorber module is normally
comprised of tubes held between two seal plates on either end of the rotary sorber
module wherein the seal plates are in contact with a stator comprised of separate
manifolds wherein the inlet gas is conducted to the RCPSA tubes and processed
purified product gas and the tail gas exiting the RCPSA tubes is conducted away
from rotary sorber module. By suitable arrangement of the seal plates and
manifolds, a number of individual compartments may be passing through the
characteristic steps of the complete cycle at any one time. In contrast with
conventional PSA, the flow and pressure variations required for the
sorption/desorption cycle may be changed in a number of separate increments on
the order of seconds per cycle, which smoothes out the pressure and flow rate

pulsations encountered by the compression and valving machinery. In this form,



100351 Conventional PSA relies on the use of adsorbent beds of particulate
adsorbents. Additionally, due to construction constraints, conventional PSA
is wusually conprised of 2 or nore separate beds that cycle so that at | east
one or nore geds is fully or at least partially in the feed portion of the
cycle at any"BAYSY M in "order to linit disruptions or §GF§J§§°"?’H°2?%e
treated process flow. However, due to the relatively |large size of
conventional PSA equi pnment, the particle size of the adsorbent material is

general limted particle sizes of about 1 mm and above. O herw se,
excessive pressure drop, increased cyctg-tines, limted desorption, and
channeling of feed materials will result. 10036] RCPSA utilizes a rotary

val ving systemto conduct the gas flow through a rotary sorber nodul e that
contains a {BHReES R mcReiRReS PVl deiférhis 8AENa] spRl GRodrl BLCRERE Vel Y
cycl ed throﬂt}g the sorption aﬁd desgi ption stepgﬂggpthe%?%t ary nodul e
conpl et es tputh takeh dydhe oyistizg soppison fodulesbahat each bempartmhehtisi s nor nal |y
conprised of tubes held between two seal plates on either end of the rotary
sorber nodyreessivelypasset e asgas flqy paiadn fheappiopisie dectipn andipresane o

ROPOA © ube T pPB R ST ot pEHS BT Mg R S oS RBGHE € Png the

RCPSA t Ubeq{@ﬁs&%@}&t&ﬁe?‘é@b’anﬁgé%}‘tﬁémm&ﬁbﬂﬁ‘d]o@?ﬁbﬂ fuckBYotl tabl e
arrangenent of thé seal plates and nmanifolds, a ntnber of individual

conpar t nentefficient wre qfdbes adagpridnt outgrial hSince e quantity of adsoshenp sequiiretihe

conpl ete cycl.e n ne tinme. . In contrast wih canventional PSA the flow
and pr essurvé‘thlgﬁpg é’ﬁgﬂﬁﬁ@% FRLbe Py at‘%’i%‘““?d’r\? ?t(fﬁﬁlﬂgéio‘gBPP’an@?E? may be
changed in n i ; S nds per

cycl e, whi gﬁ’%%@ﬁ@@@éﬁ?@%@%ﬁé@%?%@’f owtt]lrﬁg gﬁ&iﬁﬁlgﬁftsi g*ri\lg encount er ed
by the comibepsinginvddtmest] Mdihe ABRUNDSF Activeadbdrbent reqiired for KIOEB Q79023

PCTI US2006/ 002291 - 18 . _ _
significantly lower than that for a conventional PSA unit processing an equivalent

amount of gas.

[0037] In an embodiment, RCPSA bed length unit pressure drops, required
adsorption activities, and mechanical constraints (due to centrifugal acceleration of
the rotating beds in RCPSA), prevent the use of many conventional PSA adsorbent
bed materials, in particular adsorbents that are in a loose pelletized, particulate,
beaded, or extrudate form. In a preferred embodiment, adsorbent materials are
secured to a supporting understructure material for use in an RCPSA rotating
apparatus. For example, one embodiment of the rotary RCPSA apparatus can be in
the form of adsorbent sheets comprising adsorbent material coupled to a structured
reinforcement material. A suitable binder may be used to attach the adsorbent
material to the reinforcement material. Non-limiting examples of reinforcement
material include monoliths, a mineral fiber matrix, (such as a glass fiber matrix), a
metal wire matrix (such as a wire mesh screen), or a metal foil (such as aluminum
foil), which can be anodized. Examples of glass fiber matrices include woven and
non-woven glass fiber scrims. The adsorbent sheets can be made by coating a
sharry of suitable adsorbent component, such as zeolite crystals with binder

constituents onto the reinforcement material, such as nonwoven fiber glass scrims,



t he RCPSA nodul e includes val ving el enents angul arly spaced around the
circular path taken by the rotating sorption nodule so that each
conpartment is successively passed to a gas flow path in the appropriate
direction and pressure to achieve one of the increnmental pr Seu 2{?flow
di rection 5%8’0?’?‘7994% conplete RCPSA cycle. A key advaﬁ?ﬁﬁ% %6?100? & RCPSA
technology is a much nore efficient use of the adsorbent material. Since
the quantity of adsorbent required wth RCPSA technol ogy can be only a
fraction of that required for conventional PSA technology to achieve the
sanme separation quantities and qualitige. The footprint, investnment, and
t he anobunt of active adsorbent required for RCPSAis significantly | ower
than that for a conventional PSA unit processing an equival ent anount of

gas. [0037] i , Epﬁﬂin : | Wi , required
adsor ption vg\c}:‘{‘l’ln\a/}:ﬂ ?t:g@,ggggﬁg'_;&ngéﬁ{%q%?a co@?@’gllg'n?ig h%}gﬁ:{ec‘ﬁ?% cer?t(a;lﬁ%ggal
accel er at i QAs@bentIheets Ok tdterial ResIsodiedl BHEE@AEranbit @uppdrtt he use of many
conventi onal PSA adsorbent bed materials, in particular adsorbents that are

in a loose pelletized, particulate, beaded, or extrudate form In a
preferred I mept,, adsor.be erials. are secured t S rting
under st r ucﬁ@&@q mat‘g? PB%OIEWH&%CP%WMEX BRPISRS a“a%%ﬁ&ﬁf‘ﬂ%ﬁl or

exanple, o ' %ﬂﬁaﬂf cgg%si he form of
adsor bent @ﬁg%{@ﬁgg&n?pﬁé?%%nglggfﬁ%éweﬁﬁer| a cgﬂ'ﬁ eH tgl slprﬂﬁ%e: ured

r ei nf or ceneirouglivbidipthe phseytotheldeparbicddiw froin the inleetb the catlewsiithé he

adsorbent material to the reinforcement material. Non-limting exanples of
r ei nf or cemefsorbesatherqampaoneatsiiadberemored baing fixad aaike sqlidpehasesllns gas (such as

a glass fiber. matrihx)y.. tal wire,mtrix . ch_as W re nme creen), or
2 Hetal foptselRenl otidties Bt SRt indels e uihsl o TRAAGRES

gl ass fi behndhldsiaGRIiwbACHLSY\ANSeah Size BPWhI¥RS AstdIRSBetiveler scrins. The
adsor bent sheets can be made by coating a slurry of “suitabl e adsorbent

conponent , appronimatelye®02 pm and/20 pis Therdimiay bdearnetwork of even smaller pores,

called "micropores”, this being encountered, for example, in microporous carbon

adsorbents or zeolites. As previously mentioned, the solid phase may be deposited
on a non-adsorbent support, the function of which is to provide mechanical strength
or support, or else to play a thermal conduction role or to store heat. The
phenomenon of adsorption comprises two main steps, namely passage of the
adsorbate from the circulating gas phase onto the surface of the solid phase,
followed by passage of the adsorbate from the surface to the volume of the solid

phase into the adsorption sites.

[0039] In an embodiment, RCPSA utilizes a structured adsorbent which is
incorporated into tubes utilized in the RSPCA apparatus. These structured
adsorbents have an unexpectedly high mass transfer rate since the gas flow is
through the channels formed by the structured sheets of the adsorbent which offers
a significant improvement in mass transfer as compared to a traditional packed
fixed bed arrangement as utilized in conventional PSA. The ratio of the transfer
rate of the gas phase (1;) and the mass transfer rate of the solid phase () in the
current invention is greater than 10, preferably greater than 25, more preferably

greater than 50. These extraordinarily high mass transfer rate ratios allow RCPSA



constituents onto the reinforcement material, such as nonwoven fiber glass
scrinms, WD 2006/ 079023 PCTI US2006/ 002291 -19 woven netal fabrics, and
expanded alum numfoils, In a particular enbodi nent, adsorbent sheets or
material are coated onto a ceram c support. [0038) An absorber in a RCPSA
unit typicalWQ2W6#%%es an adsorbent solid phase formedCEUSHSPR2Yr nore
adsorbent materials and a perneabl e gas phase through which the gases to be
separated flow fromthe inlet to the outlet of the adsorber, the conponents
to be renoved being fixed on the solid phase. This gas phase is called
“circul ating gas phase" or nore sinplygggas phase". The solid phase

I ncl udes a network of pores, the nean size of which is usually between
approximately 0.02 mand 20 m There may be a network of even smaller pores,

lled "m Ty thi ' d, f l,e, 4n.m
carbon  addb PRUES bigh Dy A7AREeR At BRMER o P S TENY b el B ace may
be_deposi { affuinfibrsHONABHREP TRy BRPESst of BRWEHAGRAITS LT whi ch is To

provi de mec strength or support, se to play a thermal
conduction role or to store heat. The phenonenon of adsorption conprises

two main st nanel ass of the dsorbate fromthe ¢ircylatin as
phase onto [6&@]3 urﬁ%‘-‘g@?‘ﬂgg%w’ﬁ emh&&él}ents éﬁ?’ wﬂsasifaaﬂy of t geg
adsorbate f S I ' | e

Sasor pei on SR PIESIHIAPEPd G hitiehll titief g lfioiRin hanRUADEnd P PEAC

adsor bent  whitelt the detriv@enabefécsl assotiatddubids pattichlatsbed t&chﬁtﬂo@ﬁpﬂ% appar at us.

These structured adsorbents have an unexpectedly high mass transfer rate

since the gdsorbémbedscan be designadiwith hdsombeng bed nnié dergh presswerdnepsefed sheet s
of the adsorbent. which offers a signifjcant jnprove t in mass _transfer as
corpar ed t GREh T § F5HE OfWeles et FGOR BLBLIEas TGk RERIFIeRly GieRET 998 | 1
conventi ongly iAo/ Nind' @eh Iadte pri¥erdbifPebff than 20 in. H,0/f. This is in

contrast with conventional PSA units where the adsorbent bed unit length pressure

drops are generally limited to below about 5 in. H;0/ft depending upon the
adsorbent used, with most conventional PSA units being designed with a pressure
drop of about 1 in. H,0/ft or less to minimize the problems discussed that are
associated with the larger beds, long cycle time, and particulate absorbents of
conventional PSA units. The adsorbent beds of conventional PSA cannot
accommodate higher pressure drops because of the risk of fluidizing the beds which
results in excessive attrition and premature unit shutdowns due to accompanying
equipment problems and/or a need to add or replace lost adsorbent materials.

These markedly higher adsorbent bed unit length pressure drops allow RCPSA
adsorbent beds to be significantly more compact, shorter, and efficient than

conventional PSA.

[0041] The achievement and accommodation of the high unit length pressure
drops of the current embodiment allow high vapor velocities to be achieved across
the structured adsorbent beds. This results in a greater mass contact rate between
the process fluids and the adsorbent materials in a unit of time than can be achieved
by conventional PSA. This results in shorter bed lengths, higher gas phase transfer
rates (t,) and improved hydrogen recovery. With these significantly shorter bed



rate of the gas phase (tii) and the mass transfer rate of the solid phase
(ti5) inthe current invention is greater than 10, preferably greater than
25, nore preferably greater than 50. These extraordinarily high mass
transfer rate ratios all ow RCPSA WD 2006/ 079023 PCT[ US20 -20 to
pr oduce higﬁ”%aw?@ymﬁydrogen at a high recovery rate mﬁtﬁgﬁﬁgé%a&Fpgction of
the equi pnent size, adsorbent volune, and cost of conventional PSA. [0040]
The structured adsorbent enbodi nents also results in significantly greater
pressure drops to be achi eved through the adsorbent than conventional PSA
wi thout the detrinental effects associ @jed with particul ate bed technol ogy.
The adsorbent beds can be designed with adsorbent bed unit |ength pressure
drops of greater than 5 inches of water per foot of bed Iength, nore

f er abl in. t
Phan 20 1 o R, Fbtal fiBeurd rdplof SORSEPANHRIENE, OPRE RERRPIARMIOIEER B
t he adsor beptmaiathined 4t thtahBédpesRes differetidpduricethe Fa&I @ldly of akout 8016 0 bel ow

about 5 in. H2Oft dependi ng upon the adsorbent used, wth nost
convent i on$0 p?s@\pmferablsbbsmalauéﬂimlgdvhnetmm&m@uv@ladﬁprbentemds;to | in.

H2O' ft or less,to.mni,m ze, the problens,di gcussed that are , associated with
The | ar ger 1684 o i s, prefErbli- (e e 2akryt el andBnssTD B 65:
convention%q%f ' The adsorbent beds of conventional PSA cannot
accomuodat e |§£%dr{rﬂf)§ezl sl}jre drops because of the risk of fluidizing the beds
which results in excessive attrition and premature unit shutdowns due to
acconpanyin equi pnent probl ens and/or a need to add or replace | ost

adsor bent K8@42); al'Ehe abselite prepsvael levels epplpyetidwingthe RS Apirecass awt h

pressure dr .all - t .Beds .t significantly re conpact,
shorter, af gpgl?&‘}a& %g%?%%r?@ﬁt %gi’géfgﬁ% %}ﬁ%enagﬁb © 8691%6 affﬁérpggﬂi enment and
accommodat degbrfiion SepdisGhffitiedt tb @844 eHahge i fie adsorbate fraction loading on

the adsorbent thereby providing a delta loading effective for separating the stream

components processed by the RCPSA unit. Typical pressure levels range of the
from about 50 to 2000 psia, more preferably from about 80 to 500 psia during the
adsorption step. However, it should be noted that the actual pressures utilized
during the feed, depressurization, purge and repressurization stages is highly
dependent upon many factors including, but not limited to, the actual operating
pressure and temperature of the overall stream to be separated, stream composition,
and desired recovery percentage and putity of the RCPSA product stream. U.S.
Patent Nos. 6,406,523; 6,451,095; 6,488,747; 6,533,846 and 6,565,635, all of
which are incorporated herein by reference, disclose various aspects of RCPSA

technology.

[0043] In an embodiment, the rapid cycle pressure swing adsorption system has
a total cycle time, tror, to separate a feed gas into product gas (in this case, a
hydrogen-enriched stream) and a tail (exhaust) gas. The method generally includes
the steps of conducting the feed gas having a hydrogen purity F%, where F is the
percentage of the feed gas which is the weakly-adsorbable (hydrogen) component,
into an adsorbent bed that selectively adsorbs the tail gas and passes the hydrogen
product gas out of the bed, for time, ty, wherein the hydrogen product gas has a



drops of the current enbodi ment allow high vapor velocities to be achieved
across the structured adsorbent beds. This results in a greater mass
contact rate between the process fluids and the adsorbent materials in a

unit of time than can be achieved by conventional PSA. %ﬁj fﬁﬂ%*’
shorter bed WQHYPA®YBhi gher gas phase transfer rates (tFg)/VaH rzi%'roved

hydr ogen recovery. Wth these significantly shorter bed WO 2006/ 079023

PCT/ US2006/ 002291 -21 lengths, total pressure drops of the RSCPA
application of the present invention can be nmaintained at total bed
pressure differentials during the feed-zcle of about 10 to 50 psig,
preferably less than 30 psig, while mnim zing the active adsorbent beds to
|l ess than 5 feet in length, preferably less than 2 feet in length and as

short as | 0 sQl fﬁ%ﬁﬁ% vel s
enpl oyed dﬁ?’?‘tﬁb??% @% dre Pg{:égg{s?&grbfﬂ% ?ﬂ% ‘lf}? prﬂg)%/ila‘1 t a‘ﬁth?
pressure d Iﬁmmtmwmdtﬁhwmprddiwt tadbe apounrofdidrogbhavailsblein teefesd.i s
sufficient to cause a change in_the adsorbate fractlon | oadi ng on the

adsor bent t¥hendbg bpd iscatrmienilyadepressyazed; fog a dimes &, Yellgvwnd Beepimier ng t he

ange of tHARRREeBRAEIAEE w b ity %ﬁpfﬂg“% hers PR S R B Frout 0 10

500 psia dxhigstlsas) is 28l iFRR 1Rl 1853 at htePHaH! o2 cfBalto30Dsidat t he
actual pressures utilized during the f d de ressurization, purge and

repressuri Zite tweal is tpagged fosa bingeh by typieaikylwahtapmnm ofithe Hydmmsproduﬂtudl ng,
but not limted to, the actual operating pressure and tenperature of the

overal | st @anﬁubsdquesﬂapﬂled:tedds rqm'cssarmadjﬁmpasnme dep, typmalﬂydeﬂh a@orii@covery

t d t th A t tr Pat .
B 406, 529 & ydiogsorodics g8 ouped 6:5a8NBEE BeYEIFSEES Gas; SAMAHO Bhi ch are
| ncor por at ef N&F @k @n&%&hﬁf&fc?é‘ﬁ&es 961%51183& tﬂﬂo‘taﬂ‘é?cl@%ﬁ?é’ﬁ% of RCPSA

t echnol ogy.

tror =tptico tion+ipt+trp (3)

[0044]  This embodiment encompasses, but is not limited to, RCPSA processes
such that either the rate of recovery, R% > 80% for a product purity to feed purity
ratio, P%/F% > 1.1, and/or the rate of recovery, R% > 90% for a product purity to
feed purity ratio, 0 < P%/F% < 1.1. Results supporting these high recovery &
purity ranges can be found in Examples 4 through 10 below. Other embodiments
will include applications of RCPSA in processes where recovery rates are much
lower than 80%. Embediments of RCPSA are not limited to exceeding any specific
recovery rate or purity thresholds and can be as applied at recovery rates and/or

purities as low as desired or economically justifiable for a particular application.

[0045] It should also be noted that it is within the scope of this invention that
steps too, ton, OF tp of equation (3) above can be omitted together or in any
individual combination. However it is preferred that all steps in the above equation

(3) be performed or that only one of steps teo or tey be omitted from the total cycle.



[0043] In an enbodi nment, the rapid cycle pressure swi ng adsorption system
has a total cycle tine, tTOI, to separate a feed gas into product gas (in
this case, a hydrogen-enriched strean) and a tail (exhaust) gas. The nethod
generally includes the steps of conducting the feed gas_having a derogen
purity Fo% WHRFWHR™MT the percentage of the feed gas whFERUSYOE{E291
weakl y- adsor babl e (hydrogen) conponent, into an adsorbent bed that

sel ectively adsorbs the tail gas and passes the hydrogen product gas out of
the bed, for tine, tF, wherein the hydrogen product gas has a WD 2006/ 079023
PCT/ US2006/ 002291 -22 purity of P% ang3a rate of recovery of R% Recovery R
%is the ratio of anmobunt of hydrogen retained in the product to the anpunt
of hydrogen available in the feed. Then the bed is co-currently

depressuri or i A I . C : essuri zing
t he bed foiﬁlg“{]i méIﬁ aﬁlceﬁbvﬂf%’ﬁg?thihgeté@ggg{s? S{Otéjlé Fkt[%ga{g r%]#ﬁsreg%g@%gglges) IS

rel eased f'hi%ﬁéﬂb%gﬁ%@,tﬁéttﬁeﬁﬁeéaﬁ‘ﬁﬁ@lﬁﬁétt@hnbﬁéﬁd&ﬁc@ﬂ%@htﬁﬂg%@ prig. The
bed is purged for atinme, tp, typically with a portion of the hydrogen
product  gaempfasbivagiMore prefenably tie tal grepresswais gredtef dranartequa, tottBp,

Cyel o t1 e P 2 Thestagired STURMTIGHAPb I BRS AR I AROIE,BRR0T PR
conpri si ng Ot ' ' . = tp+ + + (0044]

Thi s enbodF&ngﬁpglghéﬂ(}rfﬁpégégjsr‘?dsgﬁf’ the il ﬁ%ﬁ%@@@@%&%ﬁ%@?@%@s such
that eithegirbdtty foadotiRr préceRy BhlY in £VefineBPoP p@focheicsuchAsBi ty to feed
purity ratio, PUFY% 1.1, and/or the rate of recovery, R¥% 90%for a

product puhydippracessingunisya fefgrming uoit, Dfluidgdromatytic drackessuittar asupporti ng
these high recovery & . putity.ranges, .c be found i.n Exanpl es.4 through 10
bel'ow. O h8¥ éﬁ%ﬁ'ﬁg‘mt‘m&gﬁs Sﬁmatﬂi,iﬁquggﬁgﬁgn@png@gﬁsn processes
where r ecoﬁ%‘ﬁufa?feﬁﬁoﬁfrﬁe@g@clit?% %m?rstéphﬂ ReBRRurP R HEB N So-Shrr&itHRAy.ar € not

limted to exceedi ng any
That is, the counter-current depressurizing step is omitted.

[0047] Practice of the present invention can have the following benefits:

(@) Increasing the purity of hydrogen-containing stream(s) available as
makeup gas, or of streams which must be upgraded to higher purity before they are

suitable as make-up gas.

(b) Increasing the purity of hydrogen-containing recycle gas streams
resulting in an increase in overall hydrogen treat gas purity in the reactor to allow

for higher hydrotreating severity or additional product ireating.

(c) Use for H, recovery from hydroprocessing purge gases, either where
significant concentrations of H,S are present (before gas scrubbing) or after gas

scrubbing (typically <100 vppm H,S).

[0048] In hydroprocessing, increased H, purity translates to higher H; partial
pressures in the hydroprocessing reactor(s). This both increases the reaction

kinetics and decreases the rate of catalyst deactivation. The benefits of higher H,



recovery rate or purity thresholds and can be as applied at recovery rates
and/or purities as |low as desired or economcally justifiable for a
particul ar application. [0045] It should also be noted that it is within
the scope of this invention that steps tco, teN, or tp of equation (3)
above can b&QH0¢R%E3t oget her or in any individual conmbPREPPEPEORBhever it
is preferred that all steps in the above equation (3) be perfornmed or that
only one of steps tco or teN be omtted fromthe total cycle. WO 2006/ 079023
PCT[ US2006/ 002291 -23 10046] In an enbodinent, the tail gas is al so
preferably rel eased at a pressure highgenough so that the tail gas may be
fed to another device absent tail gas conpression. Mire preferably the tai
gas pressure is greater than or equal to 60 psig. In a nost preferred

enbodi ment, the tail gas pressure,is qgreater than ar equal .. to 80 psig. At

i gher " or o ZatALRTeS e £ B GRRSSH A KU pad ccet JBEreriob b

directly t PRI TN NN eTele Eh@Ratioauch as a
hydroprocegesal%%tt%}ﬁ? %,ﬁge’f‘z Syﬁﬁugbﬂﬁﬁrﬁgb%u%ﬁﬁ?gﬁﬁag@% I C g‘rngg’ker uni t

or a et handesiyndsensalystlife] incidasing valtfeed\atd)iprodessing magre sodr (higheri nvent i on
for this partiEuI ar enbodi ment that the only step i.n _depressuring the bed

i s co- cur r S fesgstocks; progessing haghes oncentrationscofi crarked deedstackping step i s
itted [O td f the. t i L h t he. f.ol | i
pene i ts: _{grorR PEidkbfedon paBiRIED Bher kb BT bR e BRMeA R gk irtife o) ™
avai | abl e Génpf@%i‘klﬁn&’ﬁﬁtre_ﬂ’tr gd@kiﬁﬁft@ﬁﬁ&e%ﬂ%ﬁf Ry gt caiRtMPEtadRsy [ hi gher
purity before they are suitable as nmake-up gas. (b) Increasing the purity

of hydr ogesemosifdiyatdgweetoyal Iftlovgasnd othenmeans thstivoinldgbe apparent teomase in

overal | hydr, n treat gas purity in the reactor to allow for higher
hydrotreatglﬁgg‘g%@i% or additional product treating. (c) Use for H2

recovery from hydroprocessi ng purge gases, either where

[0049] Increased H;recovery also offers significant potential benefits, some of
which are described as follows:

(i) reducing the demand for purchased, manufactured, or other sources of H,
within the refinery; ‘

(ii) increasing hydroprocessing feed rates at constant (existing) makeup gas
demands as a result of the increased hydrogen recovery;

(iii) improving the hydrogen purity in hydroprocessing for increased
heteroatom removal efficiencies;

| (iv) removing a portion of the H; from refinery fuel gas which is detrimental

to the fuel gas due to hydrogen's low BTU value which can present combustion
capacity limitations and difficulties for some furnace burners;

(v) Other benefits that would be apparent to one knowledgeable in the art,

[0050] Depending on the specific RCPSA design, other contaminants, such as,
but not limited to CO,, water, and ammonia may also be removed from a feed. A

portion of the scrubbed vapor stream may bypass the RCPSA unit.

[0051] The following examples are presented for illustrative purposes only and

should not be cited as being limiting in any way.



significant concentrations of H2S are present (before gas scrubbing) or
after gas scrubbing (typically <100 vppm H2S). 100481 I n hydroprocessi ng,
increased H2 purity translates to higher H2 partial pressures in the
hydroprocessing reactor(s). This both increases the reaction Kkinetics and
decreases t YEOPWFB798I3 cat al yst deactivation. The benefit BCHUSHOGMRIIH2 WO
2006/ 079023 PCT/ US2006/ 002291 -24 partial pressures can be exploited in a
vari ety of ways, such as: operating at |ower reactor tenperature, which
reduces energy costs, decreases catal yst deactivation, and extends catal yst
life; increasing unit feed rate; procegsging nore sour (higher sulfur)

f eedst ocks; processing higher concentrations of cracked feedstocks;

i nproved product color, particularly near end of run; debottl enecking

exi sting conpressors and/or treat gas circuits (increased scf H2 at
constant t I or sane sef H2 at lower total flow); and other neans

t hat mouldaégigggéﬁ%nt to one skilled in the art. [0049] Increased H2
recovery also offers significant potential benefits, sone of which are
descri bed dxzmpledws: (i) reducing the demand for purchased, manufactured,
or other sources of H2 wthin the refinery; (ii) increasing hydroprocessing
feed rates at constant (existing) nmakeup gas demands as a result of the

i ncreased hygs9ernitis exanyle, fid definbtRu M0 af 450 ﬁéfg WAEERIIYAE at §5 bél

hydr opr ocessing for increased heteroatomrenoval” efficiencles; (|v§

renovi ng a wiwerehyothe pfessire siing isoiml 8.e The feed donplosition anidipressisesdet ri nental  to
the fuel gas .due to_hydrogen',s | ow BTU val ue whi ch can present conbustion
capaci ty | itYRIE3HQf SHANEEY BTosessing Uity %‘%Cgfaé s faund i aeiopacssig or

{ hydrotreating applications. In this example typical hydrocarbons are described by
their carbon number i.e. C; = methane , C, = ethane etc. The RCPSA is capable of
producing hydrogen at > 99 % purity and > 81 % recovery over a range of flow
rates. Tables 1a and 1b show the results of computer simulation of the RCPSA and

- the input and output percentages of the different components for this example.
Tables la and 1b also show how the hydrogen purity decreases as recovery is
increased from 89.7 % to 91.7 % for a 6 MMSCFD stream at 480 psig and tail gas
at 65 psig. '



(v) Oher benefits that woul d be apparent to one know edgeable in the art.
[ 0050] Depending on the specific RCPSA design, other contam nants, such as,
but not limted to CO2, water, and ammonia may al so be renoved from a feed.
A portion of the scrubbed vapor stream may bypass the RCPSA unit. £0051]
The fol | owi NYPSYUEMH%Y are presented for illustrative puf§dadEet§8391and
should not be cited as being limting in any way. WD 2006/ 079023

PCTI US2006/ 002291 - 25- EXAMPLES Exanmple 1 [0052] In this exanple, the
refinery streamis at 480 psig with tail gas at 65 psig whereby the
pressure swing is 6.18. The feed conposzg4.i on and pressures are typical of
refinery processing units such as those found in hydroprocessing or
hydrotreating applications. In this exanple typical hydrocarbons are

described by their carbon nunber i 8. i: = thane , C2 = ethane etc. The
RCPSA i s capable of producing hyM % purity and > 81 % recovery
over a rangeoRipokition niélt%ioﬂiﬂﬁitﬁﬁld]mﬁpﬁﬂﬁ'ohPKﬂMK@ftp}*ﬁims of conputer
simul ati onﬁﬁﬁgpﬁm?&%ﬁdwd@gﬂu g%ewﬁ es of the

di fferent nent s .for e. abl'es Ta®an aPso show how t he
hydr ogen p % ﬁlsr%lﬁg’é $ ery is increased from89.7 %to 91.7 %
for a 6 MMSCFD stream at 480 psig and tail gas at 65 psig. WO 20061079023

PCT/ US2006/ 002291 -26 Tabl es |Xableda tHighenpurityon (nol % of input and
output from RCPSA (67 ft) in H2 purification. Feed is at 480 psig, 122 deg

F and Tail gas Ssép Times igseconds are tp=1, tco = 0.167, toy =0, tp = 0.333, tgp = 0.5

H2 at 98.6% purity, 89.7% recovery

{ FEED PRODUCT TAIL-GAS
H2 88.0 98.69 45.8
C1 6.3 1.28 25.1
C2 0.2 0.01 1.0
C3 2.6 0.01 123
C4+ 29 0.00 14.8
H20 2000 vppm 65 vppm 9965 vppm
TOTAL (MMSCFD) 6.162 4.934 1.228
480 psig 470 psig 65 psig

Table 1b - Higher purity

Step Times in seconds are tg=1, tco = 0.333, tcn = 0, tp = 0.167, tgp = 0.5

H2 at 97.8% purity, 91.7% recovery

f FEED PRODUCT TAIL-GAS
H2 88.0 97.8 459
C1 6.3 2.14 25.0
C2 0.2 0.02 1.0
C3 2.6 0.02 12.3
Ca+ 2.9 0.00 14.9
H20 2000 vppm 131 vppm 10016 vpm

TOTAL (MMSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig

[0053] The RCPSA's described in the present invention operate a cycle
consisting of different steps. Step 1 is feed during which product is produced, step 2

is co-current depressurization, step 3 is counter-current depressurization, step 4 is



Feed rate is about 6 MMSCFD. Table la - Higher purity Step Tinmes in seconds
are tF =1, tco = 0.167, tcN =0, tp = 0.333, tgp = 0.5 H2 at 98.6% purity,
89. 7% recovery FEED PRODUCT TAIL-GAS H2 88.0 98.69 45.8 C 6.3 1.28 25. 1
C20.20.01 1.0 C32.60.0112.3 C4+ 2.9 0.00 14.8 H20 2000 m 65 y

9965 m TOTAWQ MOSEMPE3 6. 162 4.934 1.228 480 psig 470 ps?ﬁW?“Bé&g”lTabl elb
- Higher purity Step Tines in seconds are tF=1, tco = 0.333, tCN =0, tp =
0.167, tpp = 0.5 H2 at 97.8% purity, 91. 7% recovery FEED PRODUCT TAI L- GAS
H2 88.0 97.8 45.9 Cl1 6.3 2.14 25.0 C2 0.2 0.02 1.0 C3 2.6 0.02 12.3 C4+
2.9 0.00 14.9 H20 2000 yppm 131 pm 100#6 m TOTAL (MVSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig [0053) The RCPSA's described in the present

i nvention operate a cycle

purge, usually counter-current) and step 5 is repressurization with product. In the
RCPSA's described here at any instant half the total number of beds are on the feed
step. In this example, tror = 2 sec in which the feed time, tp, is one-half of the total

cycle.

Example 2

{ [08654] In this example, the conditions are the same as in Example 1. Table 2a
shows conditions utilizing both a co-current and counter-current steps to achieve
hydrogen purity > 99 %. Table 2b shows that the counter-current depressurization
step may be eliminated, and a hydrogen purity of 99% can still be maintained. In
fact, this shows that by increasing the time of the pﬁrge cycle, tp, by the duration
removed from the counter-current depressurization step, tcy, that hydrogen

recovery can be increased to a level of 88%.

Tables 2a and 2b
Effect of step durations on H2 purity and recovery from an RCPSA (67 ft}),
‘ Same conditions as Table 1. Feed is at 480 psig , 122 deg F and Tail gas at 65
{ psig. Feed rate is about 6 MMSCEFD.
Table 2a

With counter-current depress, Intermediate pressare = 105 psig.

Purity Recovery ty tco ton tp tre
% % 8 S 5 S S
98.2 84.3 1 0.283 0.05 0.167 0.5
98.3 85 1 0.166 0.167 0.167 0.5
99.9 80 1 0.083 0.25 0.167 0.5




consisting of different steps. Step 1 is feed during which product is
produced, step 2 is co-current depressurization, step 3 is counter-current
depressuri zation, step 4 is W 2006/ 079023 PCT/ US2006/ 002291 -27 purge,
usual ly counter-current) and step 5 is repressurization with product. In the
RCPSA' s desWa WBe07A®Be at any instant half the total nuntfelUHPOI8E are on
the feed step. In this exanple, tTOl = 2 sec in which the feed tine, tp, is
one-half of the total «cycle. Exanple 2 10054] In this exanple, the
conditions are the sane as in Exanple 1. Table 2a shows conditions
utilizing both a co-current and countepgcurrent steps to achieve hydrogen
purity > 99 % Table 2b shows that the counter-current depressurization

step may be elimnated, and a hydrogen purity of 99%can still be

mai ntained. In fact, this shows tha&¥gﬁ éﬁcreasing the tinme of the purge
cycle, tp, by the duration renoved f counter-current
depressurization step, tcN, that hydrogen recovery can be increased to a

| evel of 88% Tables 2a and Without counter-caregntdlepaessons on H2 purity and
recovery froman RCPSA (67 ft). Sanme conditions as Table 1. Feed is at 480

psi g, 122 deg [Puitfl | Raicbvegd at 65 [psitep Feedtgmate[is tgbou 6 tVECFD. Tabl e
2a Wth countier ""”mﬂ depress—HiterFediate '"M:ure =34D5-ps+g—- Purity
Recovery tF t % o %8 s &s &g lag. 3 180.2B3 0505 D 167 0.5
98.3 85 1 0. 16878 81)7_16r o & 0.333 0 0.167 0.5
98.7 1 0.166 0 0.334 0.5
99 88 I 0.083 0 0.417 0.5
( Example 3

[0055] This example shows a 10 MMSCEFD refinery stream, once again
containing typical components, as shown in feed column of Table 3 {e.g. the feed
composition contains 74 % H;). The stream is at 480 psig with RCPSA tail gas at
65 psig whereby the absolute pressure swing is 6.18. Once again the RCPSA of the
present invention is capable of producing hydrogen at > 99 % purity and > 85 %
recovery from these feed compositions. Tables 3a and 3b show the results of this

example.

o,



99.9 80 1 0.083 0.25 0.167 0.5 WD 2006/ 079023 PCTI US2006/ 002291 -28 Tabl e
2b Wthout counter-current depress Purity Recovery tF tco tcv . tptxp s S
S Ss 978917103330016705 98.7 90 1 0.166 0 0.334 0.5 99 838 1
0.083 0 0.417 Exanpl e 3 10055] This exanple shows a_10 MVSCED refinery
stream oncé"%ﬂ’ﬁ?"ﬁ””’éont ai ning typi cal conponents, as shBWHUAYEET col um
of Table 3 (e.g. the feed conposition contains 74 % H2). The streamis at
480 psig with RCPSA tail gas at 65 psig whereby the absol ute pressure sw ng
Is 6.18. Once again the RCPSA of the present invention is capable of
produci ng hydrogen at > 99 %opurity angg> 85 % recovery fromthese feed
conpositions. Tables 3a and 3b show the results of this exanple. WO

2006/ 079023 PCT/ US2006/ 002291 -29 Tables 3a and 3b Conposition (nmol % of

i nput and out put from RCPSA (53 fg!!eis; Eﬁ lﬁyrification. Feed is at 480
psig, 101 deg F and Tail gas at 6 rate is about 10 NIVBCFD.
Table 3a -Maher purity Step Tinmes in seconds are tF = tco = 0.083,

tcN = 0, t[Cemposition (el %bofzsput and output from RCPSA (53 fi m H
purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig. Feed rate is
about 10 MMSCFD.

Table 3a - Higher purity
Step Times in seconds are ty= 0.583, tco = 0.083, ten = 0, tp = 0.25, tpp = 0.25

H2 at 99.98 % purity and 86 % recovery

FEED PRODUCT TAIL-GAS
m 74.0 99.98 29.8
C1 143 0.02 37.6
C2 52 0.00 13.8
C3 2.6 0.00 74
Ca+ 3.9 0.00 11.0
H20 2000 vppm 0.3 vppm 5387 vppm
TOTAL (MMSCFD) 10.220 6.514 3.705
480 psig 470 psig 65 psig

Table 3b - Lower purity

Step Times in seconds are tg= 0.5, {cg = 0.167, ten = 0, tp = 0.083, tgp = 0.25

H2 at 93 % purity and 89 % recovery

{ FEED PRODUCT TAIL-GAS
n2 74.0 93.12 29.3
C1 14.3 6.34 31.0
C2 5.2 0.50 16.6
C3 2.6 0.02 8.9
Ca+ 39 0.00 13.4
H20 2000 vppm 142 vppm 6501 vyppm
TOTAL (MMSCFD) 10.220 7.240 2.977
480 psig 470 psig 65 psig

[0056] In both cases shown in Tables 3a and 3b above, although tail gas
- pressure is high at 65 psig, the present invention shows that high purity (99 %) may
be obtained if the purge step, tp, is sufficiently increased.



H2 at 99.98 % purity and 86 % recovery FEED PRODUCT TAIL-GAS H2 74.0 99.98
29.8 C 14.3 0.02 37.6 C2 5.2 0.00 13.8 C3 2.6 0.00 7.4 C4+ 3.9 0.00
11.0 H20 2000 yppm 0.3 pm 5387 pm TOTAL SCFD) 10.220 6.514 3.705 480 psig

470 psi g 65 le 3b - Lower purity Step Times in ﬁg@@ tF =

tco 8R£%@mw%ﬁ% tp = 0.083, ttP = 0.25 H2 at %?purlty and 89
@6recovery FEED PRODUCT TAIL-G%S 132 74.0 93.12 29.3 Cl 14.3 6.34 31.0 2
5.2 0.50 16.6 C3 2.6 0.02 8.9 C4+ 3.9 0.00 13.4 H20O 2000 vp m 142 yppm
6501 vppm TOTAL ( MVSCFD) 10.220 7.240 2.977 480 prig 470 psig 65 psig
[ 0056] In both cases shown in Tables 3&0and 3b above, although tail gas
pressure is high at 65 psig, the present invention shows that high purity
(99 %9 nay be obtained if the purge step, tp, is sufficiently increased. WO
2006/ 079023 PCT/ US2006/ 002291

[0057] Tables 2a, 2b and 3a show that for both 6 MMSCFD and 10 MMSCFD
flow rate conditions, very high purity hydrogen at ~99 % and > 85 % recovery is
achievable with the RCPSA. In both cases the tail gas is at 65 psig. Such high
purities and recoveries of product gas achieved using the RCPSA with all the
exhaust produced at high pressure have not been discovered before and are a key

feature of the present invention.

[0058] Table 3c shows the results for an RCPSA (volume = 49 cubic ft) that
delivers high purity (> 99%) H; at high recovery for the same refinery stream
discussed in Tables 3a and 3b. As compared to Table 3a, Table 3¢ shows that
similar purity and recovery rates can be achieved by simultaneously decreasing the

duration of the feed cycle, 1, and the purge cycle, tp,

Table 3¢

Effect of step durations on H2 purity and recovery from an RCPSA (49 ft’).
Feed is at 480 psig, 101 deg F and Tail gas at 65 psig. Feed rate is about 10

MMSCFD.
( Without counter-current depress.
Purity | Recovery ty tco ten tp try
% % 8 S S S s
95.6 87.7 0.5 0.167 0 0.083 0.25
97.6 86 0.5 0.117 0 0.133 0.25
99.7 85.9 0.5 0.083 0 0.167 0.25




-30 [00571 Tables 2a, 2b and 3 a show that for both 6 MMSCFD and 10 MVSCFD
flowrate conditions, very high purity hydrogen at -99 % and > 85 % recovery
is achievable with the RCPSA. In both cases the tail gas is at 65 psig.
Such high purities and recoveries of product gas achieved using the RCPSA
with all the"O8M4A0%¢ produced at hi gh pressure have notPSEEﬁNH%QFSVered
before and are a key feature of the present invention. 10058] Table 3c
shows the results for an RCPSA (volune = 49 cubic ft) that delivers high
purity (> 99% H2 at high recovery for the same refinery stream discussed
in Tables 3a and 3b. As conpared to Talyije 3a, Table 3c shows that simlar
purity and recovery rates can be achieved by simultaneously decreasing the
duration of the feed cycle, tF, and the purge cycle, tp. Table 3c Effect of
step duratipns 2 purity and recovery froman RCPSA (49 fe). Feed is at
480 psig,l@ﬁﬁﬁgégﬁfgnd Tail gas at 65 psig. Feed rate is about 10 MVSCFD.
Wt hout counter-current depress. Purity Recovery tF tco tcNtFtap s S S s
s 95.6 87.7 0.5 0.167 0 0.083 0.25 97.6 86 0.5 0.117 0 0.133 0.25 99.7
85.9 0.5 0090 (nlhis exaple/DableChfinitedlRiskates tnaformanedef RCBRBA'Exanpl e 4

[00591 In this exanple, Table 4 further jllustrat eg t he_per.f ormance of
RCPSA' s operated in accordance with the invention being described here. In this example,

the feed is a typical refinery stream and is at a pressure of 300 psig. The RCPSA of
the present invention is able to produce 99 % pure hydrogen product at 83.6 %
recovery when all the tail gas is exhausted at 40 psig. In this case the tail gas can

{ be sent to a flash drum or other separator or other downstream refinery equipment
without further compression requirement. Another important aspect of this
invention is that the RCPSA also removes CO to < 2 vppm, which is extremely
desirable for refinery units that use the product hydrogen enriched stream. Lower
levels of CO ensure that the catalysts in the downstream units operafe without
deterioration in activity over extended lengths. Conventional PSA cannot meet this
CO specification and simultaneously also meet the condition of exhausting all the
tail gas at the higher pressure, such as at typical fuel header pressure or the lhigh
pressure of other equipment that processes such RCPSA exhaust. Since all the tail
gas is available at 40 psig or greater, no additional compression is required for

integrating the RCPSA with refinery equipment.



operated in accordance with the invention being described here. In this
exanple, the feed is a typical refinery streamand is at a pressure of 300
psig. The RCPSA of the present invention is able to produce 99 % pure
hydrogen product at 83.6 % recovery when all the tail gas is exhausted at
40 psig. | nWhge/RReE the tail gas can be sent to a fl| aBRI/HPIPAG/WR2%¢ her
separator or other downstreamrefinery equi pnent wthout further

conpressi on requirenent. Another inportant aspect of this invention is that
the RCPSA also renpbves COto < 2 vppm which is extrenely desirable for
refinery units that use the product hygsogen enriched stream Lower |evels
of CO ensure that the catalysts in the downstream units operate wthout
deterioration in activity over extended | engths. Conventional PSA cannot
nmeet this CO specification and sinultaneously also neet the condition of
exhausting all the tail gas at the I-i&!éﬁ pressure, such as at typical fuel
header pressure or the high pressure of other equipnment that processes such
RCPSA exhatempdsithee(abl %)uf input andjestput feomiREBSA @tft26n paitpior gr eat er,

no addi ti ofiynoKRIERP hy@Fodasbéif Béinoexl fi-6sn h di'bg&i 2FeéWist dt300@sH) 101t h
refinery eg P”Eﬂﬁ Fe rafR/aB6308.97 REl 02291 -32- Table 4
Conposi ti on | nput and oufput from RCPSA (4 fe) in carbon
nonoxi de and car.bon r epoval hydr 00 101
deg F, and F‘§&é’ & joseq G@?% gt (?ﬂgiet dlg&&of’?e tF=
0.5, tco = teN = 0, tP = 0.033, tRP—0.066 H2 at 99.99 %purity and
88 %recover!ﬂzFﬂE%9 Peomuity and$4 %apeovemp 89 2 00,98 48 8 Cl 3.3 0.01 13.9
FEED PRODUCT TAIL-GAS
( H2 89.2 99.98 48.8
C1 3.3 0.01 13.9
C2 ' 2.8 0.01 13.9
C3 2.0 0.00 10.2
Ca+ 2.6 0.00 13.2
CO 50 1.1 168.4
TOTAL 0.971 0.760 0.211
300 psig 290 psig 40 psig
Example 5

[0060] Tables 5a and 5b compare the performance of RCPSA's operated in
accordance with the invention being described here. The stream being purified has
lower H, in the feed (51% mol) and is a typical refinery/petrochemical stream. In
both cases (corresponding to Tables Sa and 5b), a counter current depressurization
step is applied after the co-current step. In accordance with the invention, Table 5a
shows that high H, recovery (81%) is possible even when all the tail gas is released
at 65 psig or greater. In contrast, the RCPSA where some tail-gas is available as
low as 5 psig, loses hydrogen in the counter-current depressurization such that H,
recovery drops to 56%. In addition, the higher pressure of the stream in Table 5a

indicates that no tail gas compression is required.



C2 2.8 0.01 13.9 C3 2.0 0.00 10.2 <4+ 2.6 0.00 13.2 CO50 1.1 198,4 TOTAL
0.971 0.760 0.211 300 psig 290 psig 40 psig Exanple 5 [0060] Tables 5a and
5b conpare the perfornmance of RCPSA's operated in accordance with the
i nvention being described here. The stream being purified has |ower
the feed (SYWQ%WP?”QHH is a typical refinery/petrochem cBFTABI0M22%
cases (corresponding to Tables 5a and 5b), a counter current
depressurization step is applied after the co-current step. In accordance
with the invention, Table 5a shows that high H2 recovery (81% is possible
even when all the tail gas is rel eased33at 65 prig or greater. In contrast,
the RCPSA where sone tail-gas is available as |low as 5 prig, |oses hydrogen
in the counter-current depressurization such that H2 recovery drops to 56%
I'n addition, the higher pressure 2£big§ E gﬂg]in Tabl e 5a indicates that
no tail gas conpression is requir 79023 PCTI US2006/ 002291 -33
Tabl es 5a and 5b Effect of Tail Gas Pressure on recovery. Exanpl e of RCPSA
appl i ed t oEffectefTailiGas Bassuxsrnyeracouenyo Exanple of RCPSA @nhﬂdstptai fepd (ol 9
of i nput amdttoHZmencertrativiR(FE2 nid ). I ompoditibn(mal (%} af input abdaditpat at 273
psi g, 122 gean REPSA (Feed) ifHR piifiGieish. FebdWREPTS plighbi 22 Geg Btamd Ti nes in
seconds ar fekd ratels Abohf 5.1 MMSERD,

Table 5a

H2 in
bot h

Step Times in seconds are ty= 0.5, tco = 0.083,
ten = 0.033, tp = 0.25, tgp = 0.133

[A] Tail gas available from 65-83 psig, H2 at 99.7% purity and 81% recovery

FEED PRODUCT TAIL-GAS
H2 51.3 95.71 201
Cl1 38.0 0.29 61.0
C2 4.8 0.00 8.0
C3 22 0.00 38
Cé4+ 3.7 0.00 6.4
H20 4000 vppm 0.7 vppm 6643 vppm
TOTAL (MMSCFD) 5.142 2.141 3.001
273 psig 263 psig 65-83 psig
Table 5b

Step Times in sec. are ty=0.667, tcg = 0.167, toy = 0.083, tp = 0.083, tgp =0.33

[B] Tail gas available from 5-65 psig, H2 at 99.9 % purity and 56 % recovery

F¥EED PRODUCT TAIL-GAS
H2 513 99.99 342
C1 38.0 0.01 48.8
C2 4.8 0.00 6.9
C3 22 0.00 3.4
Ca+ 3.7 0.00 6.2
H20 4000 vppm 0.0 vppm 5630 vppm
TOTAL (MMSCFD) 5.142 1.490 3.651
273 psig 263 psig 5-65 psig




teN = 0.033, tp = 0.25, tRp = 0.133 [A] Tail gas available from 65-83 psi
,1-12 at 99. 7% purity and 81% recovery FEED PRODUCT TAIL-GAS H2 51.3 99.71
20.1 Cl1 38.0 0.29 61.0 C2 4.8 0.00 8.0 C3 2.2 0.00 3.8 4+ 3.7 0.00 6.4
H20O 4000 v[Tm 0.7 yppm 6643 pm TOTAL (MVSCFD) 5.142 2.141 3.001 273 psig
263 psig 65VE32096PH023Tabl e 5b Step Tines in sec. are t F=POTAEP6/HR2YI= 0. 167,
tcN = 0.083, tp = 0.083, ttP =0.33 [B] Tail gas available from5-65 psi g,
H2 at 99.9 %purity and 56 % recovery FEED PRODUCT TAIL-GAS H2 51.3 99. 99
34.2 Cl1 38.0 0.01 48.8 C2 4.8 0.006.9 C32.20.003.4 4+ 3.7 0.00 6.2
H20 4000 yppm 0.0 vpRM 5630 vppm TOTAL éMle SCFD 5. 142 1.490 3.651 273 psig
263 psig 5-65 psig WO 2006/ 079023 PCTIPJ 2006/ 002291 -34- Exanple 6

Example 6

{0061] In this example, Tables 6a and 6b compare the performance of RCPSA's
operated in accordance with the invention being described here. In these cases, the
feed pressure is 800 psig and tail gas is exhausted at either 65 psig or at 100 psig.
The composition reflects typical impurities such H2S, which can be present in such
refinery applications. As can be seen, high recovery (> 80% ) is observed in both

( cases with the high purity > 99 %. In both these cases, only.a co-current
depressurization is used and the effluent during this step is sent to other beds in the
cycle. Tail gas only issues during the countercurrent purge step. Table 6¢ shows
the case for an RCPSA operated where some of the tail gas is also exhausted in a
countercurrent depressurization step following a co-current depressurization. The
effluent of the co-current depressurization is of sufficient purity and pressure to be
able to return it one of the other beds in the RCPSA vessel configuration that is part
of this invention. Tail gas i.e., exhaust gas, issues during the counter-current

depressurization and the counter-current purge steps.

[0062] In all cases the entire amount of tail gas is available at elevated pressure
which allows for integration with other high pressure refinery process. This
removes the need for any form of required compression while producing kigh
purity gas at high recoveries. In accordance with the broad claims of this invention,
these cases are only to be considered as illustrative examples and not limiting either
to the refinery, petrochemical or processing location or even to the nature of the

particular molecules being separated.
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to the refinery, petrochem cal

1able b2

Thi s

processin

nature of th&tepZimecin seconds araires0.88; tag GBSy taw
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renoves the need for

| ai ne of this invention,

tive exanpl es and not
| ocati on or
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-35 Tabl es 6a, 6b, and 6c¢c Exanple of RCPSA applied to a

any
t hese
limting
even to the

hi dh pr essur §Afl ¥eitl gas@o 5P psip DA J0A%k plifity ahd 87% petovémd out put from RCPSA (18

ft's) in H2 purification. Feed I's @mtg PST BRODUCT TAIL-GAS

H2 74.0 99.99 29.5
Cl1 14.3 0.01 37.6
C2 5.2 0.00 14.0
C3 2.6 0.00 74
Ca+ 3.9 0.00 10.9
H20 20 vppm 0 55 vppm

TOTAL (MMSCFD) 10.187 6.524 3.663

800 psig 790 psig 65 psig

Table 6b

Step Times in seconds are tp=0.91, tco = 0.25, tcy = 0, tp = 0.33, tgp = 0.33

( [B] Tail gas at 100 psig, H2 at 99.93% purity and 80.3% recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.93 38.1
C1 14.3 0.07 32.8
Cc2 52 0.00 12,5
C3 2.6 0.00 6.5
C4+ 3.9 0.00 9.6
H28 20 vppm 0 vppm 49 yppm
TOTAL (MMSCFD) 10.187 6.062 4.125
800 psig 790 psig 100 psig



122 deg F and Feed rate is about 10.1 MVBCFD. Table 6a Step Tines in seconds
are tF=0.91, tco = 0.25, tcN=0, tp =0.33, tap = 0.33 [A] Tail gas at 65
psig, H2 at 99.9% purity and 87%recovery FEED PRODUCT TAIL-GAS Hz2 74.0
99.99 29.5 Cl1 14.3 0.01 37.6 C25.2 0.00 14.0 C3 2.6 0.00 7.4 4+ 3.9
0.00 10.9 PMRPPHYIM30 55 vppm TOTAL (MVBCFD) 10. 187 6. 5P4T/ESHEHE02H0 pri g
790 psig 65 psig Table 6b Step Tines in seconds are tF = 0.91, tco = 0. 25,
tcN=20, tp =0.33, tRp = 0.33 [B] Tail gas at 100 psig, H2 at 99.93%
purity and 80. 3% recovery FEED PRODUCT TAIL-GAS H2 74.0 99.93 38.1 d 14.3
0.07 32.8 C2 5.2 0.00 12.5 C3 2.6 0.89g.6.5 C4+ 3.9 0.00 9.6 H2S 20 pmO
yppm 49 vppm TOTAL (MVBCFD) 10.187 6.062 4.125 800 psig 790 psig 100 psig
WO 2006/ 079023 PCT/ US2006/ 002291

Table 6¢

Step times in seconds are ty= 0.91, {co = 0,083, tcn = 0.25, tp = 0,167, tgy = 0.41

[C] Tail gas at 65-100 psig, H2 at 99.8% purity and 84% recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.95 28.9
C1 14.3 0.05 39.0
C2 5.2 0.00 13.7
C3 2.6 0.00 7.2
’ C4+ 3.9 0.00 10.6
{ H2S 20 vppm 0.01 vppm 53 vppm
TOTAL (MMSCFD) 10.187 6.373 3.814
800 psig 790 psig 65-100 psig
Example 7

[0063] Tables 7a, 7b, and 7¢ compare the performance of RCPSA's operated in
accordance with the invention being described here. The stream being purified has
higher H; in the feed (85 % mol) and is a typical refinery/petrochemical stream. In
these examples the purity increase in product is below 10 % (i.e. P/F < 1.1). Under
this constraint, the method of the present invention is able to produce hydrogen at >

. 90% recovery without the need for tail gas compression.



-36 Table 6¢c Step times in seconds are tF = 0.91, tco = 0.083, tcN = 0. 25,
tp = 0.167, tgp = 0.41 [C] Tail gas at 65-100 psig, H2 at 99.8% purity and
84% recovery FEED PRODUCT TAIL-GAS H2 74.0 99.95 28.9 d 14.3 0.05 39.0
C2 5.2 0.00_13, 7 2.6 0.00 7.2 C4+ 3.9 0.00 10.6 { 1 pm 53
vp m TOTALW 2310. 187 6.373 3.814 800 psig 790 p§?§f@§%°§%9232i 9
Exanpl e 7 10063] Tables 7a, 7b, and 7c conpare the perfornmance of RCPSA's
operated in accordance with the invention being described here. The stream
being purified has higher H2 in the feed (85 % nol) and is a typical
refinery/petrochem cal stream In thes® exanples the purity increase in
product is below 10 % (i.e. P/F < 1.1). Under this constraint, the nethod
of the present invention is able to produce hydrogen at > 90%recovery

wi t hout the need for tail gas c%‘!?zé% aWp 7006/ 079023 PCT/ US2006/ 002291

-37 Tables 7a. 7b, and 7c Exanpl ied to a Feed with H2

concentration (85 | 99 .. ositiqn, % of input_and put from
RCPSA (6. 1@9}11.111?@@%@%@%@@%3% & ,08 w&%@ncamamésg &!‘E%}i- about 6
MVSCFD. Composition (mol %) of input and output from RCPSA (6.1 ft*), Feed is at

480 psig, 135 deg F and Feed rate is about 6 MMSCFD.

Table 7a

Step Times in seconds are tp= 0.5, tco = 0.33, tcny = 0.167, tp =0.167, tgp = 1.83
recovery =85 %

¥EED PRODUCT TAIL-GAS

H2 85.0 92.40 : 579

Cl 8.0 4,56 17.9

C2 4.0 1.79 13.1

C3 3.0 1.16 104

C4+ 0.0 0.00 0.0

H20 2000 866.5 6915
TOTAL (MMSCFD) 6.100 4.780 1.320
480 psig 470 psig 65 psig

Table 7b

Step Times in sec. are tg= 1, top = 0.333, tey = 0.167, tp = 0.083, tgp = 0.417
recovery = 90 %

FEED PRODUCT TAIL-GAS

H2 85.0 90.90 58.2

C1 8.0 5.47 18.1

C2 4.0 2.23 12.9

C3 3.0 1.29 10.1

Cé+ 0.0 0.60 0.0

H20 2000 1070.5 6823
TOTAL (MMSCFD) 6.120 . 5.150 0.969

480 psig 470 psig 65 psig



Table 7a Step Tinmes in seconds are tF= 0.5, tco = 0.33, tq = 0.167, tp =
0.167, tRp =1.83 recovery = 85 % FEED PRODUCT TAIL-GAS H2 85.0 92.40 57.9
Cl 8.0 4.56 17.9 C2 4.0 1.79 13.1 C3 3.0 1.16 10.4 C4+ 0.0 0.00 0.0 H20
2000 866.5 6915 TOTAL ( MVBCFD 6. 100 4.780 1.320 480 psig 470 psig 65 psig
Tabl e 7b St FOPPWELZH sec. are tF=1, tco = 0.333, t01 = RETMUS20060P22% 0. 083,
tap = 0.417 recovery = 90 % FEED PRODUCT TAIL-GAS H2 85.0 90.90 58.2 C1
8.05.47 18.1 C2 4.0 2.23 12.9 C33.01.29 10.1 ¢4+ 0.0 0.00 0.0 H20
2000 1070.5 6823 TOTAL (MVBCFD 6.120 5.150 0.969 480 psig 470 psig 65 psig
WO 2006/ 079023 PCT/ US2006/ 002291 -38 _33.

Table 7

Step Times in sec. are ty=2, tcp =0.667, toy =0.333, tp =0.167, tgp =0.833
recovery =90 %

FEED PRODUCT TAIL-GAS

H2 85.0 90.19 55.2

C1 8.0 6.21 18.8

C2 4.0 2.32 13.9

3 3.0 1.17 11.3

{ C4+ 0.0 0.00 0.0
H20 2000 1103.5 7447

TOTAL (MMSCFD) 6.138 5.208 0.93

480 psig 470 psig 65 psig



Table 7c Step Tinmes in sec. are tF =2, tco 0.667, teN =0.333, tp =0.167, tap
=0. 833 recovery = 90 % FEED PRODUCT TAIL-GAS H2 85.0 90.19 55.2 d 8.0
6.21 18.8 C2 4.0 2.32 13.9 (C3 3.0 1.17 11.3 C4+ 0.0 0.00 0.0 H20 2000

1103. 5 7447 J65dkokMSCFD) 6.138 5.208 0.93 480 psig 47Q R | % ig WO
2006/ 079023 PCT/ US2006/ 002291 -39- CLAIMS: 1. A procesngEfrdsg’B ?"&gﬁ%ng a

hydr ocarbon feed in a hydroprocessing process unit, conprising: a)
contacting said hydrocarbon feed in a hydroprocessing zone with hydrogen, a
portion of which is obtained froma hygﬁogen-containing make-up gas, and a
catalytically effective anobunt of a hydroprocessing catal yst at

hydr opr ocessi ng conditions thereby resulting in a liquid phase and a vapor
phase; b separating said |liquid phase product and said vapor phase, which
vapor phase product contains hydrogen and |ight hydrocarbons; c) renoving
at least a pefldifs.0of the light hydrocarbons fromthe hydrogen- containing
make-up trealgas, the vapor phase product, or both, in a rapid cycle
pressure swi ng adsorption unit containing a plurality of adsorbent beds and

havi ng 1. A process for upgrading a hydrocarbon feed in a hydroprocessing process
unit, comprising:

a) contacting said hydrocarbon feed in a hydroprocessing zone with
hydrogen, a portion of which is obtained from a hydrogen-containing make-up gas,
and a catalytically effective amount of a hydroprocessing catalyst at
( hydroprocessing conditions thereby resulting in a liquid phase and a vapor phase;

b separating said liquid phase product and said vapor phase, which vapor
phase product contains hydrogen and light hydrocarbons;

¢) removing at least a portion of the light hydrocarbons from the hydrogen-
containing make-up treat gas, the vapor phase product, or both, in a rapid cycle
pressure swing adsorption unit containing a plurality of adsorbent beds and having
a total cycle time of less than about 30 seconds and a pressure drop within each
adsorbent bed of greater than about 5 inches of water per foot of bed length;

d) recycling at least a portion of the vapor phase of step ¢) above having a

higher concentration of hydrogen to the hydroprocessing zone.

({ 2. The process of claim 1 wherein the hydrocarbon feed is selected from the
group consisting ‘of naphtha boiling range feeds, kerosene and jet fuel boiling range

feeds, distillate boiling range feeds, resides and crudes.

3. The process of claim 2 wherein the hydrocarbon feed is a naphtha boiling
range feed selected from the group consisting of straight run naphtba, cat cracked
naphtha, coker naphtha, hydrocracker naphtha, resid hydrotreater naphtha.



a total cycle tinme of |l ess than about 30 seconds and a pressure drop within
each adsorbent bed of greater than about 5 inches of water per foot of bed
I ength; d) recycling at least a portion of the vapor phase of step c) above
having a hi entration of hydrogen to the hydroprqc zone.

The pr ocess“g?%éf@%ﬁ%%l wherein the hydrocarbon feed is SEE@SQ%I@Fﬁ’hthe
group consi sting of naphtha boiling range feeds, kerosene and jet fuel
boiling range feeds, distillate boiling range feeds, resides and crudes. 3.
The process of claim2 wherein the hydrocarbon feed is a naphtha boiling
range feed selected fromthe group consfpsti ng of straight run naphtha, cat
cracked naphtha, coker naphtha, hydrocracker naphtha, resid hydrotreater
napht ha. WD 2006/ 079023 PCTI US2006/ 002291 -40 4. The process of claim 2

et ad oty TREPEOAGs b e 2 Phdtbii'the hidBoABin OIS ailad iy T ange 1 eed

sel ected fromthe group consis cyc s pro he Fl uid
Catal ytic G bmlin@@ﬁa)l eﬁdemssl@btedlfﬁbmm g+aap uonGSingoof! Srcle dilsrediedi ¢ and
vacuum r esi pl}/rol sis gasoline, Fischer-Tropschliquids, raffinates,
waxes, | ubefrmrl@ I3} @ﬁabd@sCrask C;),ramr@gghemc agidNaenumgasiodin t he

hydr opr oces roce otreat i he, renoval of
het er oat orrf;‘lg??%’rlﬁ ’Pﬁéﬂ i“bgb‘#‘('af Bér(‘f Ysmsmgépw%ﬁﬁ?wéﬁ ligptds; ge i s al so
a conponent, fegew%gogor bR wherein at least a portion of the

hydr ogen su?i?lfn e is remglvegﬂﬁn an acl d gas scrubbing zone prior to having

| i ght hydrocarbons renoved by rapid cycl e pressure swi ng adsorption. 6. The
process of clal m 5 wherein the_total cle time or rapid cycle pressure
swi ng adsoPpt i oAl Brcesssof ¢laim &b’b‘lﬁeﬂi bx,(bﬁﬁr@cessmg]mcﬁsmge@g of claim®6

wh?r eint h%y&:%ttr%hnﬁél ﬁllo%eés' 15 theSrehfoval o£ 1% BR8Hs H0m the hydrocarbon feed
and wherein hydrogen sulfide is alsc a component of the vapor phase and wherein
at least a portion of the hydrogen sulfide is removed in an acid gas scrubbing zone
prior to having light hydrocarbons removed by rapid cycle pressure swiﬁg

adsorption.

6. The process of claim 5 wherein the total cycle time or rapid cycle pressure

swing adsorption is less than about 15 seconds.

7. The process of claim 6 wherein the total cycle time is less than about 10
seconds and the pressure drop of each adsorbent bed is greater than about 10 inches
of water per foot of bed length.

8. The process of claim 7 wherein the total cycle time is less than about 5

seconds.

9. The process of claim 8 wherein the pressure drop of greater than about 20

inches of water per foot of bed length.



seconds and the pressure drop of each adsorbent bed is greater than about 10
inches of water per foot of bed Iength. 8. The process of claim7 wherein
the total cycle tinme is less than about 5 seconds. 9. The process of claim
8 wherein t drop of greater than about 20 in r per
foot of bed%%ﬁ’ﬁ%\% 2006/ 079023 PCT/ US2006/ 002291 -4%@5’3}.5%?{@%?0%55 of
claim1 wherein the cycle tine is | ess than about 10 seconds and the
pressure drop is greater than about 10 inches of water per foot of bed

| ength. 11. The process of claim 10 wherein the cycle tine is |less than
about 5 seconds and the pressure drop-4ls greater than about 20 inches of
wat er per foot of bed Ilength. 12. The process of claim1l wherein the

hydr opr ocessi ng process is hydrocracki ng wherein a hydrocarbon feed is
converted t19, | ove pe@ddss B8 cRiAdUghsiein thed cycld Eini¥ 19G&EThA] akidudil (sdcbnaber ei n
the total cycle tifme or rapid cycle pressure sw ng adsorption is |less than
about 15 sendrbkspressure Ghep raveatesthen abowdil hinchesiof vesiter pemdoetarfdedcycl e tine
is |less thqqﬁﬁﬁput 10 seconds and the pressure drop of each adsorbent bed
is greater 't about 10 inches of water per foot of bed Iength. 15. The
process of claim 14 wherein the total cycle tinme is |less than about 5
seconds. 16. The process of claim 15 wherein the pressure drop of greater
than about 130 Thelpescest ofeladh 10avher€in theodydketimeds ddsb thah/abolih$ s¢gopdess of

claim1l wherein the hydroprocessing process is
and the pressure drop is greater than about 20 inches of water per foot of bed

length.

—

12.  The process of claim 1 wherein the hydroprocessing process is

hydrocracking wherein a hydrocarbon feed is converted to lower boiling products.

13.  The process of claim 12 wherein the total cycle time or rapid cycle pressure

swing adsorption is less than about 15 seconds.

14.  The process of claim 13 wherein the total cycle time is less than about 10
seconds and the pressure drop of each adsorbent bed is greater than about 10 inches

of water per foot of bed length.

15.  The process of claim 14 wherein the total cycle time is less than about 5

seconds.

16.  The process of claim 15 wherein the pressure drop of greater than about 20
inches of water per foot of bed length.

17.  The process of claim 1 wherein the hydroprocessing process is

hydroisomerization wherein molecules of the hydrocarbon feed are isomerized.



hydr oi soneri zati on wherein nol ecul es of the hydrocarbon feed are isonerized.
-42- 18. The process of claim 17 wherein the total cycle tine or rapid
pressure swing adsorption is |less than about 15 seconds. 19. The process of
claim 18 wherein the total cycle tine is |l ess than about 10 seconds and the
pressure drop of each adsorbent bed is greater than about 10 inches of

wat er per foot of bed |length. 20. The process of claim 19 wherein the total
cycle tinme is | ess than about 5 seconds. 21. The process of claim 20
wherein the pressure drop of greater than about 20 inches of water per foot
of bed length. 22. The process of claiaml wherein the hydroprocessing
process is hydrogenation wherein unsaturates and aromatics are

hydr ogenat ed. 23. The process of claim 22 wherein the total cycle tine or

rapi d pressyre 1 | i : .. . The
process of Sigl ai %%@oﬁggéfﬁﬁ Z?f‘% 5%&2@(:1{0@@{&@3%‘3 ﬁggagﬁfﬁ%gﬁg%gﬁ%nglo
seconds ang@didiption fslesy thafl abeutdls seaskisadsor bent bed is greater than about 10

i nches of water per foot of bed | ength. 25. The process of claim24 wherein
the total cycle tinme is |less than about 5 seconds.

19.  The process of claim 18 wherein the total cycle time is less than about 10
seconds and the pressure drop of each adsorbent bed is greater than about 10 inches

of water per foot of bed length.

( 20.  The process of claim 19 wherein the total cycle time is less than about 5

seconds.

21.  The process of claim 20 wherein the pressure drop of greater than about 20

inches of water per foot of bed length.

22.  The process of claim 1 wherein the hydroprocessing process is

hydrogenation wherein unsaturates and aromatics are hydrogenated.

23.  The process of claim 22 wherein the total cycle time or rapid pressure swing

adsorption is less than about 15 seconds.

24.  The process of claim 23 wherein the total cycle time is less than about 10
seconds and the pressure drop of each adsorbent bed is greater than about 10 inches

of water per foot of bed length.

25.  The process of claim 24 wherein the total cycle time is less than about 5

seconds.



