WD 2006/ 079024 PCTI US2006/ 002292 -1 HYDROTREATI NG PROCESS W TH | MPROVED
HYDROGEN MANAGEMENT FI ELD OF THE | NVENTI ON [ 0001] This invention relates to
an i nproved hydrotreating process for renoving sulfur from naphtha and
distillate fQgfmbieosg. This inproved process utilizes aphydéBbdidor NY
zone, an acid gas renpval zone, and a pressure swing adsorption zone having
a total cycle tinme of | ess than about 1 mnute for increasing the
concentration of hydrogen utilized in the process. BACKGROUND OF THE

| NVENTI ON [ 0002] Hydrotreating processes are used by petroleumrefiners to
renmove heteroatons, such as sul fur and_nitrogen, from hydrocarbonaceous
streans such as naphtha, kerosene, diesel, gas oil, vacuumgas oil (VQ,
and reduced crude. Hydrotreating severity is selected to bal ance desired
product yield against the dgsyDROTREATENE EROUCHSSt eroatons. | ncreasing
regul atory pressure |M@Mﬁg@§ﬁ@ﬁ@og@wm§¢mN@sul ted in a trend

to increasingly severé& an Serective hydroireating processes to form
hydr ocar bon products havi ng very | ow | evel s of sulfur. [0003) Hydrotreating
is generall ymhbmjmmummti ng a hydrocarbonaceous feedstock in a

hydrotreatin n ves ui.tabl e h otreating

cat al yst undg‘w’oﬁfjl AT néﬁlﬁ{ﬁff %JH?PB‘%"CEPW& 8?ffmgtpé é%lg’f ure and
pressure in }éﬁ%vﬁ)ﬁgeﬁﬁﬂﬁfﬁoﬁina%hﬂ}i%@ﬂﬁﬂﬂﬁ@%adtﬁhﬂﬁ trhRam ﬂﬁ%dbfbcb!dse| d a
product having the desired |evel sul fur. The operating conditions and the

hydr ot r eat i nyfilizes alhydrodregiingozone 4n aicwfgaaeqwai reneqapd 4 pryssgfe e r esul ti ng

hydrotreat ed, BN GhRe ndlh P00 YA the %%SQ%%QQ%&Q%%& for increasing

the concentration of hydrogen utilized in the process.

BACKGROUND OF THE INVENTION

[0002]  Hydrotreating processes are used by petroleum refiners to remove

heteroatoms, such as sulfur and nitrogen, from hydrocarbonaceous streams such as
naphtha, kerosene, diesel, gas oil, vacuum gas oil (VGO}, and reduced crude.
Hydrotreating severity is selected to balance desired product yield against the
desired low levels of heteroatoms. Increasing regulatory pressure in the United
States and abroad has resulted in a trend to increasingly severe and/or selective
hydrotreating processes to form hydrocarbon products having very low levels of
sulfur.

' [0003]  Hydrotreating is generally accomplished by contacting a
hydrocarbonaceous feedstock in a hydrotreating reaction vessel, or zone, with a
suitable hydrotreating catalyst under hydrotreating conditions of elevated
temperature and pressure in the presence of a hydrogen-containing treat gas to yield
a product having the desired level of sulfur. The operating conditions and the
hydrotreating catalysts nsed will influence the guality of the resulting hydrotreated

products.



-2 [0004] It is conventional, i.e., known to those skilled in the art of
hydrotreating and other fornms of hydroprocessing, to separate and recycle
at least a portion of the wunreacted hydrogen in the hydrotreated product so
that it can weoenb9ned With the fresh treat gas (al so kuewkassoiRke- up
gas) and the hydrocarbon feed. This separation is acconplished in, for
exanple, a flash drum or separator vessel downstream of the hydrotreating
reactor. It is also desirable to inprove the purity (concentration) of
hydrogen in the recycle stream Thus, it has been the goal of the art to
provi de enhanced efficiencies of hydr@gen utilization with little additional
energy consunption and w thout undue del eterious effects on the nai ntenance
or operation of the hydrotreating equipnent. It has al so been recogni zed
that by indbesidi nglt isweneddtionaleid., kimenab thugel slafedin thears of hydreegakipgent coul d
be enpl oyed t i ngrease, the throughput of the feedstock resulti i n hi gher
product Vi e|ﬂa§.°thﬂr §Wﬁpﬁé¥£%9%§ﬁ'&§éots@¥4ﬁ%aﬁ£¢éy‘§? ?‘ile?%ﬁpomorl|°f§§ti on of
hydrogen is ha b nmust be
provi ded by, fo?{eggg%%?g{}néﬁb%{/‘%?%%?#ﬂg{)%lﬁﬁ%@gﬁﬁﬁﬁ. ioo‘%@f&%he type of
f eedst ock t diesle pataase Edsecknopmad maece g las)tapnd tlechyidranathondeed. yThéd d, and t he
anount of conversian for A S eCitIgi C caiialy t g%cl e life determ nes the
hydrogen partRaftian s aeormlished iy ioncsagile pdlesh &m SEPHRIOR VESHr ot r eat i ng

unit. The | RivhsiPeadPENBE hfolPERRE YeRIRNH if IS0 Eésﬁ%lp@@ﬁnsﬂld%ﬂ%pdﬂﬁrefm ne the
hydrogen partial pressure of the hydrotreatlgg unit. Since theré is [imted

control over(cansentrationheldivdiagen ot the wecytlesghag. , ftrhasrbednethel 50w of theam
hydrotr eat eraﬁstg gg&ﬁ&eognpgﬁctea lgﬁﬁcri]e ol %gh)b&gggelngﬁl Z QR Wit HRf%Sa![d%lfILrig{faIOf t he

recycle flas Fim ydroge pressure ul ely delivered

to the hydr ehéggiconsurpach anid withen uhégy/ddl@ericus @ffecls ofl the Mhiatenyirk yr | ower
hydr ogen parti al, prlgilsure in the recycle gas streameffectively Ilowers the

partial predPffREOHP ﬁéyq‘%?%@gﬁqgiagﬂ_% gt asc"é??ﬂt?ﬁ’ér‘ﬁcog’b‘z?dn@a‘rté’act or and
thereby advefgelsheahl 8ffcRnl i PRGEAELT) IxiRkEd QuifRRG cYhih Be eEPREd td O Praduct

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 or cryo-unit.

[0005]  The type of feedstock 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 hydrotreating unit. The
unit's operating pressure and the treat gas purity determine the hydrogen partial
pressure of the hydrotreating unit. Since there is limited control over the
composition of the flashed gas from the downstream hydrotreater separator or flash
drum, the hydrogen composition of the recycle flash gas limits the hydrogen partial
pressure ultimately delivered to the hydrotreater reactor. When recycle is used, 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



WD 2006/ 079024 PCTI US2006/ 002292 -3 quantity and quality, catalyst cycle
life, etc. To offset this | ower performance, the operating pressure of the
hydrotreati ng reactor has to be increased, which can be undesirable from an

oper ati onal \QBizﬂﬁﬁm%oz?/i ew. Conversely, by increasing thed’ﬁé@ﬁ““ﬁ@%ﬁ g}‘

hydr ogen gas recovery and hydrogen concentration, the hy

pressure of the recycle gas streamis inproved. This results in an overal

i mproved performance of the hydrotreating process unit as neasured by these
paranmeters. [0006) Sonme conventional methods have been proposed that attenpt
to inprove the hydrogen utilization efficiency of the hydrotreating unit by
increasing the concentration of the hydrogen in the recycle gas stream
Such processes typically result in significant additional equipnent costs

and/ or requi gganfibedid quaBB! cA41pR gf@e 1ife, e@PqoAHsBAnE WMrigeBtmartt the aS
tenperature and pressure, which typically results in incr eased capital and

oper ati ng cospesatifgQuespare©f theghydratrsstingmpactoralsas e bhingreegsdewhich campe ove t he

hydrogen purity of .the recycl.e stre i.n_a hydroprecessin it is

Convent i onal esBiblt Bomaniiatibnd phRER Rws cOHERRL BTG ' oY o

4, 457, 384 i seffieiéndybf hydrogkl §4s feemlewﬁm}&@ﬁh,condcnﬁaﬁdrpﬂ@h@amgbm order to
t

incorporate the PSA unit, the pressure of e reactor _effluent gas stream
nust be redupdHalinrenmirgiodthe recysivoeap sirepy S7mpeOvRe/ This yesuls isaverallso psi g

(24. 6 Kol o2, & GGRLLIE PR bBladil S Y BLETMERARRyShipam oo e

increased to gaseous stream e subjected
to conpresspamntersteturn it to 2,500 psig (175.8 kg/cnR) before
introduction into the hydroprocessing feed stream The net result is that
the capital, operating and nuaintenance costs are substantially increased by

the additionjggheR | 8bAAE cHRRIiGHE Retholib Blvel boed gn%gi/ﬁc@%%&&nﬂﬁb B¥pfove
conventional PSA unit. WO 2006/ 079024 PCT/ US2006/ 002292
the hydrogen utilization efficiency of the hydrotreating unit by increasing the
concentration of the hydrogen in the recycle gas stream. Such processes typically
result in 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.

[0007] One process that has been adopted to improve the hydrogen purity of the
recycle stream in a hydroprocessing unit is conventional pressure swing adsorption.
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 umit, the pressure of the reactor
effluent gas stream must be reduced from about 2,500 psig (175.8 kg/cm®) to about
350 psig (24.6 kg/em®). 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.



-4 [0008] Another method is described in U S. Pat. No. 4,362,613 to MacLean
whi ch uses nenbranes with pressure drops up to 150 atnospheres and which

al so incurs substantial capital investnent and operating costs. [0009]
There is theyghes fyeed for an inproved process for en%r}ﬁ{'

efficiency ofghyd?gggén utilization by means that are conpati S?@d\i/]\n&t?%z
existing hydrotreating units. It is desired that such a process woul d not
adversely affect the hydrotreater throughput or the overall econom es of
the system including capital expenditures and operating expenditures, the
| atter including maintenance and energy consunption. [0010] In other words,
al t hough various hydrotreati ng processes are practiced commercially, there
is still a need in the art for inproved hydrotreating processes that can be
practi ced nmjoe08gf f i Ahstbdrlnyethoiis dedchibbd mHé:S. Paalib ot,362)6 13ugNiadeariBUMVARY OF
THE 1 NVENTI ON . [,0011] In one epbodi mnent, the present .invention. includes a
process for WHEhEEE MmOTATCs WIth RECSHHIR SFOPR 8P &9 430 Ymesthernhand ¥ bon f eed,
conpri sing: ; : : - i a hydrotreating zone with
hydr ogen ar@%§%§%2ﬁ%}:E%gfar]%vg%{?%@%‘%\ggggﬁgﬁgt&%# a hydrotreating catal yst
under hydrotreating conditions thereby resulting in a hydrotreated product

conpri sed of i quj,d phase and a or .phase ,cont ai ni ng hydrqgen and | i ght
hyg}rjocar bons{(,)&)gh)) q?@&é‘?ﬁ{ﬁ%‘%ﬂ@ﬁcﬁ X a%vgdgmfefsrfér Vg’ﬁ'ﬂgm%ﬁ%se from tﬁe
hydr ot r eat e@fﬁd@é&?l&hydrﬁéeﬂmuﬁdlﬂg] nedHs that dfeOsoRiaapE wittoskidthe vapor phase

in arapid cycle pressure swing a sorBti on unit containi nlg a plurality of
adsor bent bdudrofetngnniis0 b/indeied ttromchsanowsOBoRid 2ot adyersely affect the

hydrotreater throughput or the overall economies of the system, including capital
expenditures and operating expenditures, the latter including maintenance and

energy consumption.

[0010]  In other words, although various hydrotreating processes are practiced
commercially, there is still a need in the art for improved hydrotreating processes

that can be practiced more efficiently and with higher reactor throughput.

SUMMARY OF THE INVENTION

[0011] In one embodiment, the present invention includes a process for

removing sulfur and other heteroatoms from a bydrocarbon feed, comprising:
a) contacting the hydrocarbon feed in a hydrotreating zone with hydrogen
and a catalytically effective amount of a hydrotreating catalyst under
hydrotreating conditions thereby resulting in a hydrotreated product
comprised of a liquid phase and a vapor phase containing hydrogen and light
hydrocarbons;
b) separating the liquid phase and the vapor phase from the hydrotreated
product;
¢) removing light hydrocarbons from the vapor phase in a rapid cycle

pressure swing adsorption unit containing a plurality of adsorbent beds and



having a total cycle tinme of |ess than about 30 seconds and a pressure drop
wi thin each adsorbent bed of greater than about 5 inches of water per foot
of bed length to produce a purified recycle gas with a higher hydrogen
concentratiopn by vol % than the vapor phase; and d) recycling at | east a
portion of twg%ﬁ‘?"?wzéd recycle gas to the hydrotreating PGEHR0§ORI] | n
anot her enbodi nent, |ight hydrocarbons are renoved froma

hydr ogen- cont ai ni ng nake-up gas in a rapid cycle pressure swing adsorption
unit containing a plurality of adsorbent beds and having a total cycle tine
of less than about 30 seconds and a pé(_assure drop within each adsorbent bed
of greater than about 5 inches of watér per foot of bed length, to produce
a purified make-up gas w th a hi gher hydrogen concentration by vol %t han

the hydr ogen- contyal RlnGolRkRI. Hile 9ffss ARTAEsOUALABRAU AR  he
hydrotreai ng zone 1Ts~conprised of a east A portion of *the puritied
make- up gas. [ 0053ihih Bac ddsdrbantded ef grembodiameidut 5tithepoBwaat per fsceof i on

i ncl udes a process for .  renoving sylfur and other heteroatons froma
hydr ocar bon feed?beém@imequca p&ﬂh@ﬁwyﬂ@gw@%@g@% ®feed in a

hydrotreating zor&%?a!nhlaﬁs%gyr paﬁg;tga&ﬁgevg?‘?}ﬂ%gg&%&al ly effective amount of a

hydrotreating catal yst under rotr conditions thereby resulting in
a hydrotreated prdydecyclingahieastsedrimh of thei pppmifietd pérasle gantd the iradrotreaphase

cont ai ni ng hydr o%gn hydrogen sul fide and |ight hydrocarbons; wherein at

| east a portion Il%‘he hydrogen is a purified nmake-up gas produced by
renmovi ng | i ght hydrocarbons froma hydrogen-containing mnake-up gas in a
rapid cycle ﬁ]r essure swi ng adsorption containing a plurality of adsorbent

beds and havi8¥Zla t & anotkerembodimept, ghy hydrocarhons atsaemovsd s/ 079024
PCTI US2006/ Ol%%i%@g%n—c'o‘i\ltaining make-up gas in a rapid cycle pressure swing adsorption umnit
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, to produce a purified make-up gas
with a higher hydrogen concentration by vol% than the hydrogen-containing make-
up gas, and the hydrogen utilized in the hydrotreaing zone is comprised of at least a

portion of the purified make-up gas.

[0013]  In still another embodiment, the present invention includes a process for

removing sulfur and other heteroatoms from a hydrocarbon feed, comprising:
a) contacting the hydrocarbon feed in a hydrotreating zone with hydrogen

‘ and a catalytically effective amount of a hydrotreating catalyst under

hydrotreating conditions thereby resulting in a hydrotreated product
comprised of a liquid phase and a vapor phase containing hydrogen,
hydrogen sulfide and light hydrocarbons;
wherein at least a portion of the hydrogen is a purified make-up gas
produced by removing light hydrocarbons from a hydrogen-containing
make-up gas in a rapid cycle pressure swing adsorption 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 I ength; and wherein the purified
make- up gas has a hi gher hydrogen concentration by vol%than the

hydr ogen- conyghiishSegirke- up gas; b) separating the liQUiq(Hﬂﬁﬁ 6@&99 he
vapor phase fromthe hydrotreated product; and c) recycling at 1€east a
portion of the vapor phase to the hydrotreating zone. [0014] In one
preferred enbodi nent, the total cycle tine of the rapid cycle pressure

SW ng adsorption process is |less than about 10 seconds and the pressure
drop is greater than about 10 inches of.-water per foot of bed |ength. [0015]
I n anot her preferred enbodinent, the total cycle tine of the rapid cycle
pressure swi ng adsorption process is |less than about 5 seconds the pressure
drop is greater 30kacondbantd a pRsiuie e within\eich hdgpebent Bed otfredi@dhdrengt h.
100161 In still another preferred epnbodiment, the hydrotreating catalyst

contains at | eastabeite ipshes b wiater per forkf bed lgngthy apd  al uni na, silica,

silica-alum na, i . ml M.: Sl LR | ON OF THE
FI GURES [0017] ey ?ieit‘@“g‘%g?“r?%f:ﬁp B s B higHer ?SgdrSE&oEdeicpre errg}-e[d
enbodi nent of t heol%ptiemahd hydrogen-dontainilemakerug ghdCPSA application is utilized

in the hydrogen- containing recycle gag stream of Si e, st age
hydrotreating uni .SePfﬁétfﬁt%Fﬂ‘@ﬁ@thSei@aéh%YWPW% O%ﬁghﬁ‘i’%‘e"g‘?‘i one
preferred embodi menf@fcttda@ Present invention wherein a RCPSA application
is utilized in the hydrogen- containing make-up gas stream of a single stage
hydr ot reati ng unic) .redpcliz &6 a6t 9 pantioRCf theS200q/hagRdhe hydrotBETIAE LEFD.

DESCRI PTI ON OF THE | NVENTI ON [ 0019] In an enbodi nent, a process is provided

for hydrotr eﬁio'hiﬁg @In one preferred embodiment, the total cycle time of the rapid cycle
pressure swing adsorption process is less than about 10 seconds and the pressure

drop is greater than about 10 inches of water per foot of bed length.

[0015]  In another preferred embodiment, the total cycle time of the rapid cycle
pressure swing adsorption process is less than about 5 seconds the pressure drop is

greater than about 20 inches of water per foot of bed length.

[0016}  In still another preferred embodiment, the hydrotreating catalyst
contains at least one of cobalt, nickel, tungsten, alumina, silica, silica-alumina, a

zeolite, and a molecular sieve.

BRIEF DESCRIPTION OF THE FIGURES
[0017) FIGURE 1 is a simplified schematic of one preferred embodiment of the

present invention wherein a RCPSA application is utilized in the hydrogen-

containing recycle gas stream of a single stage hydrotreating unit.

[0018] FIGURE 2 is a simplified schematic of one preferred embodiment of the
present invention wherein a RCPSA application is utilized in the hydrogen-

containing make-up gas stream of a single stage hydrotreating unit.



hydr ocarbon feed. Non-limting exanples of a hydrocarbon feed include both
napht ha and/or distillate boiling range hydrocarbonaceous feeds.
Non-limting exanples of such naphtha feedstreans are those containing
conmponent s b&i ling in the range from about 50F to about 450F 2éabout 10 to
about 232 C) WOANYYPHAspheric pressure. The naphtha feedsPOURSYMHL2? |
contains one or nore cracked naphthas such as fluid catalytic cracking unit
napht ha (FCC catal ytic naphtha), coker naphtha, hydrocracker naphtha, resid
hydrotreater naphtha, debutanized natural gasoline (DNG, and gasoline

bl endi ng conponents from other sour cg§_wher ei n a naphtha boiling range
stream can be produced. In another enbodinent, the feedstream may be

conpri sed of kerosene and jet fuel fractions boiling in the range of about
300 to about AjiE}é %&ﬁd@omﬁ%ﬁ%*n still another

enbodi nent, ' eated, such as those
boiling in tiEe19RNgdn af embodimedt 8 prazessiopiovRiad fér HydindreatnAB2 t o about 427 O,
e.g., atnospheric, ga ils, . vacuum gas oils, ~deasphal ted vacuym and

at nospheri c hydreraaben eﬁﬁfIHP?hBP’alEﬁ(%?@th i v dgranbon fesn Sronfediof | ot es,

strai ght run,giist. : tm-ng% i is-derived oils,
hi gh boili ngn?ﬁ%dhi{&hﬁ%%ih}l??%%g%?e O@g}&gﬁ@%&e b‘%??%%ﬂ?%‘@??‘?gat es. A

pref erred hyexappliesatiisnch fapbthatfomlstréansareg thwsocdntoning compendnyscrodlomgibon

fraction havi t t 5Q9 i ght ... and st t least 75%b
wei ght of 1t BedesdHEneon i thgba b, ahaw s shutaseicBbut -s00F (315 O
and 1000F (5§ﬁ%glfeﬁa%rés§:!irm THY ﬁﬂé}f[ﬂ?ai’ fEQd}thﬁ%@ﬁerﬁWc%H&ﬁa%sﬁé diforff Nore

refinery, chemc or other ind al plant strieans that is conprised of

hydr ocar bons ¢racked| naghthgs swk hs Stideatalytistrecking usitmaphthe RIG cqthlyis than 5 wt %
of non-hydrocarbon cont am nant.,s such as,.but .not.ljmted , sulfur, water,
amoni a, anb? ail“&Eﬁ‘sR?P 8, y&o&m&fwapht&aﬁwﬁ BedrhBeT Bl 2006) 079094

PCT/ US2006/ 08ebthdized Sathd 20doliftt QUNE) Jand @h&dhe blehiigk cainsnatis £oth Qdicfrent

wherei n Rapid Cycle Pressure .
sources wherein a naphtha boiling range strecam can be produced. In another

embodiment, the feedstream may be comprised of kerosene and jet fuel fractions
boiling in the range of about 300 to about 500 °F (about 149 to about 260 °C). In
still another embodiment, distillate feedstreams can be hydrotreated, such as those
boiling in the range of about 450 to about 800 °F (about 232 to about 427 °C), e.g.,
atmospheric gas oils, vacuum gas oils, deasphalted vacuum and atmospheric
residua, mildly cracked residual oils, coker distillates, straight run distillates,
solvent-deasphalted otls, 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 usﬁally at least
75% by weight of its components boiling at temperatures between about 600°F
(316 °C) and 1000°F (538°C). The term "hydrocarbon feed" encompasses one or
more refinery, chemical or other industrial plant streams that is comprised of
hydrocarbous, including such streams wherein small levels (less than 5 wt%) of
non-hydrocarbon contaminants such as, but not limited to, sulfur, water, ammonia,

and metals may be present in the hydrocarbon feed.



Swi ng Adsorption ("RCPSA") is utilized in the hydrogen-containing recycle
gas streamof a single stage hydrotreating unit. The hydrocarbon feed to be
treated is conducted via line 10 to hydrotreating reactor HT where it is

contact ed Wiy§4d38700p4r i fied recycle gas streamvia line
hydr ogen- cont ai ni ng nake-up gas via line 110 and a hydrot rgjastzq()g/gozg%zt al yst

at hydrotreating conditions. The term "hydrotreating" as used herein refers
to processes wherein a hydrogen-containing treat gas is used in the
presence of suitable catalysts which are primarily active for the renova

of heteroatons, such as sulfur and nigFQgen and for sonme hydrogenation of
aromatics. Suitable hydrotreating catalysts are those effective for the
catal ytic hydrotreating of the selected feed under catal ytic conversion

condi tions, | di | : fyﬂﬁz% I tal,
preferably !dri%h}j cob ??g‘ﬁﬁsﬂ)@?ﬁ@%‘%ﬁ&ﬂé@g?{% y C lgwcgr?ééscs)%%ni ckel
and at | east Swing Alsogpion\\TRGRSAT),is prikifed imthe\hydmigyb demsiningrecyiclenggst en, on a

hi gh surface area su rt terial., such_as um.na,. sjlica, d the like.
Dependi ng onsq%@%%@’g@%i‘a&%@@?mfmﬁw -E@‘?ﬁﬁ‘?ﬁamj’_ncfﬁ‘fdatﬁ’?t%?a%aés suitabl e
as well as nghidacie® vl lieADditd hpidfempabacidr HT wWhelelflistontabted ¥ihes € t he nobl e
netal is selected frompalladiumand platinum In an enbodi nent, nore than

one type of byriffieskreexcls grg soeama vipdinei 120 kyigoden-canigining wake-wmegas valinessel . The

G oup VI | Si.typi cal sent .| n_anount r I n fromabout 2 to
about 20 wt Tnﬂq Lnﬁirae]%‘%f%qa?n# }(%%&gtggg%(drgﬂfagm%%ﬁﬁﬂn} \?@ t;%% The G oup VI
netal will tYpidestdaiingeaspseblentinirsfedno proeessts wherginathyldicpehabatdining t 0  about
25 wt % preferably fromabout 2 to about 25 wt. % Non-limting _exanples

of hydr ot r eatPaigat Hruard Sithpressren pEsuitable qaelystsiydieh amm pERerily #6Vy Benum
o LI RIS g o AL TR el ) O
t enper at ur eshydrogmafisroof aredaatits. SAble(BddDeating ettt £0 @hosé éfecve dbrt h
Pressures T o il hydotesting of the selotiod fool undor Catdlylo conversion

conditions, including those 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, on a high surface area support

material, such as alumina, silica, and the like. Depending on the selected feed,

zeolite-containing catalysts are suitable as well as noble metal-containing catalysts

including those where the noble metal is selected from palladium and platinum. In

an embodiment, more than one type of hydrotreating catalyst is used in a single

reaction vessel. The Group VIII metal is typically present in an amount ranging

from about 2 to about 20 wi. %, 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. %. Non-limiting examples

of hydrotreating catalyst materials include cobalt, nickel, molybdenum, platinum,

tungsten, alumina, silica, silica-alumina, a zeolite, or a molecular sieve.

[0021]  As previously mentioned, typical hydrotreating temperatures range from
about 400°F (204°C) to about 900°F (482°C) with pressures from about 500 to



about 2500 psig (about 3.5 to about 17.3 MPa), preferably from about 500 to
about 2000 psig (3.5 to about 13.8 MPa), and a liquid hourly space velocity
of the feedstreamfromabout 0.1 hr-1 to about 10 hf1l. [00221 The resulting
hydrotreater_effluent 20 | eaves the hydrotreating reactor HT is conducted
to a separat PPUHEY4  preferably operated at a tenperat BEFEUFRH22Pout 300
F (149 C) to about 800 F (426 C) to produce a first vapor phase stream
cont ai ni ng hydrogen, hydrogen sul fide and |ight hydrocarbon conpounds and a
| i quid phase product stream containing substantially |ower |evels of sulfur
than the feedstream which collected vig line 70. The term "l i ght

hydr ocar bons" neans a hydrocarbon m Xt'ure conprised of hydrocarbon
conmpounds of about 1 to about 5 carbon atons in weight (i.e., Cl to C5

via T ne 30 PR Ao BRESHINEL S i iR 1A S e R BB SR ot on o

het er o- at om gpeEpEs (3 5eharfut 1Y.8 MRIY Nendl ligueleh@ply spacetveldqeitpdiitke a scrubbed
vapor stream_This scrubbed vgggr streamw ||l generally contain from about

40 vol . % to &sgeireagpirom aboptf) b embowti Whrt he remmi nder being primarily
| i ght hydrocarbons. Any suitable basic solution can be used in the acid gas
scrubbi ng zone AS that will absorb the desired | evel of acid gases,

preferably pg022pgerTisitedultivg hyideareateh effluam®0 1sdves g hyimtrebting feactigr exanpl es
of such basi %él;ﬁsol u&lﬁ%ﬁs are the am ngs, %r%f er ab[@% di et hanol agi ne,

mono- et hanol Pai3fERAUAEH ReSCPATRRAR ZOBF 8y EHETCAAPFHCY & H5PECHME? 8PFed. The
H2S-rich scr ybhitBepsPE| 1ol °€?to ML ECED0° RAF2EH A6 BRAUES 2 iRBSdpoRpRAET T ON,
preferably substantially all, of the hydrogen sulfide, is conducted to a
regener at i onsteaRecqREgningdyiogen, dgdiggen enlBdemanddight hydrgcazban epmpoleds hydr ogen
sulfide is str] therefr se of .a strij ppi age rably steam
The H2S-ri ch%%(% ?g@%d )l%g%esp r(r)&e{lmé%%era a c(;%rn & \glébg{aﬁﬁﬂ@glggg%%gel%gfﬁﬁ%pi cally be

sent to a stiahile feedseamywhitinedllected ol 1o 78. Ghawgmollight hydfdvardda8- | ean
scrubbing solution will _be recycled ,tqQ acid gas scrubbing zone AS via |line
60. WD 2006/ Dranmyhyshrgeatkorgnitnt sergprised of hydrocarbon compounds of about 1 to

about 5 carbon atoms in weight (i.e., C, to C; weight hydrocarbon compounds).
The first vapor phase stream is conducted via line 30 to an acid gas scrubbing zone
AS to reduce the concentration of betero-atom species such as hydrogen sulfide so
as to produce a scrubbed vapor stream. This scrubbed vapor stream will generally
contain from about 40 vol.% to about 80 vol.% hydrogen, with the remainder being
primarily light hydrocarbons. Any suitable basic solution can be used in the acid
gas scrubbing zone AS that will absorb the desired level of acid gases, preferably
hydrogen sulfide, from the vapor streamn. Non-limiting examples of such basic
solutions are the amines, preferably diethanol amine, mono-ethanol amine, and the
like. Diethanol amine is more preferred. The H;S-tich scrubbing solution, which
has absorbed at least a portion, preferably substantially all, of the hydrogen sulfide,
is conducted to a regeneration zone REG via line 40 where substantially all of the
hydrogen sulfide is stripped therefrom by use of a stripping agent, preferably steam.
The H,S-rich stream exits regenerator REG via line 50 and will typically be sent to
a sulfur recovery plant, such as a Claus plant. The H,S-lean scrubbing solution will

be recycled to acid gas scrubbing zone AS via line 60.



-10 [0023] The resulting scrubbed vapor stream which is now substantially
free of hydrogen sulfide, is conducted fromacid gas scrubbing zone AS to a
rapid cycle pressure swing adsorption unit (RCPSA) via line 80 where |ight
hydr ocar bon r ved. Depending on the specific RCP i her
cont am nant :Yvﬁszﬁ%%(ﬁgug? but not limted to C02, water, aﬁ?ﬂ@h‘%@gn%y al so
be renoved froma feed. A portion of the scrubbed vapor stream nay bypass
the RCPSA unit via line 90 if desired. [0024] A tail gas stream conprised

of light hydrocarbons and contam nants is renoved fromthe RCPSA zone via
line 100. The resulting purified recycje gas stream 120 will be richer in
hydr ogen on a volune basis than the scrubbed vapor streamto the RCPSA
unit. That is, in this application, the hydrogen content of the purified
recycle gas streamfromthe RCPSA will be preferably at |least 10 % greater
in hydrogen by vol % than the inlet streamto the RCPSA, nore preferably at

| east 20% gr 231 i Theyeubipgrschpbedyaor stradme whichrip new subkstantially fremef | east 30%
greater in hydrogen vol % .The, purifi.ed recycl e gas r eam,may, be conbi ned
o th any' por BrREGTsuiie B haviles Siiharo 58 MR rIR A AR D Hisna 1
bypassed ar gRéiré BenBReESRApEEH iniVIRCPSANS/id fne SOheR MphiI8frddattiont B | ncom ng
hydrogen- containi ng make-up gas via line 110 and the incom ng hydrocarbon
feed via |inemayedt %eb@déw &ledpemﬁc RGPS A desen, other pemaminants, e es.eat i ng
reactor AT. . Fi hereof . il [ n er igent, wherein a
RCPSA appl i Eégttorl?oghm{gggé I@p%,z%aﬁéri, %nq %@n@%r oé’g"?i“’-"?’c?%%a%‘idﬁ rrglégée%fjﬁd‘ gas stream
of a single péitiagef hedeaibbediipod stdaid may-Byss the MOPSAgedt cialibhabmiing make- up
streamis prqocessed in a RCPSA unit to increase its hydrogen concentration

and/ or rermvée%rﬁéci fic contam nants. The hydrogen-contai ni ng nmake-up stream
to the inlet of the RCPSA WD 2006/ 079024 PCTI US2006/ 002292 -11

[0024] A tail gas stream comprised of light hydrocarbons and contaminants is
removed from the RCPSA zone via line 100. The resulting purified recycle gas
stream 120 will be richer in hydrogen on a volume basis than the scrubbed vapor
stream to the RCPSA unit. That is, in this application, the hydrogen content of the
purified recycle gas stream from the RCPSA will be preferably at least 10 %
greater in hydrogen by vol% than the inlet stream to the RCPSA, more preferably
at least 20% greater in hydrogen by vol%, and even more preferably at least 30%
greater in hydfogen by vol%. The purified recycle gas stream may be combined
with any portion of the scrubbed vapor stream that has been optionally bypassed
around the RCPSA unit via line 90, and combines with the incoming hydrogen-
containing make-up gas via line 110 and the incoming hydrocarbon feed via line 10

to be combined for introduction into the hydrotreating reactor HT.

[0025]  Figure 2 hereof illustrates another embodiment wherein a RCPSA
application is utilized in the hydrogen-containing make-up gas stream of a single
stage hydrotreating unit. Here, a hydrogen-containing make-up stréam is processed
in a RCPSA unit to increase its hydrogen concentration and/or remove specific

contaminants. The hydrogen-containing make-up stream to the inlet of the RCPSA



unit can conducted fromoutside the refinery or fromone or nore process
units wthin the refinery that generates hydrogen either as a side product
or as a predom nant product, such as, but not |limted to, a reform ng unit
or a hydroge Al'l elenments in Figure 2 have the s Lanality
as in Figure“%’g&@gggu that in Figure 2, an RCPSA unit isﬁgﬁpgﬁﬁgkgﬁ?ed in
the recycle stream downstream of the acid gas scrubbing zone AS as i s shown
in Figure 1. Instead, as shown in the enbodinent of Figure .2, the scrubbed
vapor stream 80 returns to be conbined with a hydrogen-containing purified
make-up gas streamvia line 130 and thg.i ncom ng hydrocarbon feed via |line
10. 100261 Continuing with Figure 2, the incom ng hydrogen-containing
make-up stream 110 is passed through a rapid cycle pressure sw ng

adsor ption ughit can( Rehfed fbarcatsideght rofiveiyQs Eoboate difore pricass et s are
renoved via line 100. The resulting purified make-up gas stream 130 wl| be

richer in hyWitbiehe refiagryiihet geperatshpgosspribhgicas-aidh BIPAYGH §T Meke- up stream to

the inlet of Emi3S it [JE-FTI : e purified
make- up gas gﬁepeam E&%‘r’n esugtﬁéﬁﬁtﬂvﬁ}1@%@%%2?@321@;&9%&?%5@{%% % gr eat er
i n hydrogen pintv AlVeleineamnts ithBighyedd loaye the @aietfanationgjitprak r Fipwetirexaeptt o t he
inlet of the RCPSA and nor referably at | east 20% greater in hydrogen by
vol % Howevethat ’int%é%lﬁ?)gi_"ﬂl é g%t“é‘ﬂ is petanstatled in, the gecygle; sirearp JaWBSEA T ur i ty i s
dependent Upgfyn b B dchiboilp A3 A 580D REjire D! fflicallBMMhown inthe

hydr ogen- cont al ni ng nake-up gas systens are often of high hydrogen purity,
often as hi ghbam8t of Figse Jahesdnyilred yepor sthem 80 ortems do RORBAbitgdewitment of a

B, Bl e PR P

hydr ogen- congyirédatidnfedEria Uige 30.r €am nay al so bypass the RCPSA unit and be
conducted directly to the hydrotreater HT via line 140 if desired. WO
2006/ 079024 PCTI US2006/ 002292 -12

[0026]  Continuing with Figure 2, the incoming hydrogen-containing make-up

stream 110 is passed through a rapid cycle pressure swing adsorption unit
(RCPSA) where light hydrocarbons and contaminants are removed via line 100.
The resulting purified make-up gas stream 130 will be richer in hydrogen than the
incoming hydrogen-containing make-up stream to the inlet of the RCPSA unit.
That is, the hydrogen content of the purified make-up gas stream from the RCPSA
will be preferably at least 10 % greater in hydrogen by vol% than the hydrogen-
containing make-up stream to the inlet of the RCPSA and more preferably at least
20% greater in hydrogen by vol%. However, it should be noted that the increase in
bydrogen purity is dependent upon the purity of the stream to be treated. Many
hydrogen-containing make-up gas systems are often of high hydrogen purity, often
as high as 80 to 95 vol% hydrogen. Therefore, a RCPSA treatment of a make-up
gas may be beneficial for less than 10% increase in hydrogen purity where high
hydrogen purity is required. A portion of the incoming hydrogen-containing make-
up stream may also bypass the RCPSA unit and be conducted directly to the
hydrotreater HT via line 140 if desired.



10027] In another enbodi ment, two RCPSA units are installed in a single
hydrotreating unit wherein a RCPSA unit is installed to purify at | east a
portion of the recycle gas streamof the hydrotreating unit (i.e., the
scrubbed vapab ®édiesyzl as shown as RSPCA in Figure 1 ante@rfRGheogit is
installed to purify the incom ng hydrogen-containing make-up gas to the
hydrotreating unit as shown as RSPCA in Figure 2. In yet another

enbodi ment, RCPSA may be applied to a two stage hydrotreating unit, In this
enbodi nent an RCPSA unit may be installed in the hydrogen-containing
make-up gas streamto the first stage lydrotreater reactor, the

hydr ogen- cont ai ni ng make-up gas streamto the second stage hydrotreater
reactor, the scrubbed vapor streamrecycled to the first stage hydrotreater
reactor, or [0627] scﬁmhﬁﬂcﬁmmbo«hmﬁt e ROPSACIrtd atedin$thidedsie actiighlst age

hydr ot reat er react or. th r i ments, apy conbination of these four
streans nmay B BEP%‘EIW Brei%R%%gSﬂ“r}? E’é@g’é‘{%éb‘é‘%?ﬂﬁa%ﬁ@ﬁﬂloﬁ@ stream
purity and hbﬁ@& Bg%?%é%ﬁf&ﬁﬁéﬁfﬁroﬁ'@a@ﬂ EGROQTL dv&ﬂ&%ﬁl g);seous

Conventional Pressure Sw ng Adsorption ? glventl onal PSA™)
mxture is cdm&umse!tsmmngqgmsbmd@RGPSAupéns metaﬁﬁdmlpnafjothsnn@miﬁg st bed of

a solid sorb t hat s se tive or ivel. ive f or nore
conponent s, ﬁ%ﬁnl'cs?“ 3%3%5‘86%&‘3%\'% gwg{aqsihomag bued from
the gas strepfgured, InSet :B{éﬂﬁk BhmBodifhehi£ ROPS AL By BY applie® te-ORIAShgANt S

si mul taneously but for convenience, "the conponent or conponents that are to

be renoved mh)rdromtm@ﬂ@utrbdhxs@mhqdmt a REFEAamitapay bedingtpllediintthe as a

cont am nant . us mxture i r adsor ti,on bed in a
Porem, pagel B AR RO ikt gl R ARG et sae plrfobbaRERRLEL " Do
remai ns sor beglirbgentdoftalifitl mékd-ep gas sueeniab eienedind stigsydrotreater fegdtarat i vel y
when a break-throuE();h of the contam nant is observed, the flow of the

gaseous ni xt the oqubbes yaperigamagecycled dp Hie fiststies iy SUBHEr feActar, S68¥nd vessel

Servi ce, [ ne 2iea e SrBRIE IS Rk Db ORRT BB OGS feckior BT P 0"

embodiments, any combination of these four streams may be subjected to the

RCPSA process depending upon the stream purity and hydrogen concentration

needs and economics.,

[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

purification to continue, While the second bed is in adsorption service, the sorbed



-]13 contamnant is renoved fromthe first adsorption bed by a reduction in
pressure, usually acconpanied by a reverse flow of gas to desorb the
contam nant. As the pressure in the vessels is reduced, the contam nant

previ ously a%ﬁ(}g&ﬁs’&q the bed is progressively desor bed‘é{jﬂbﬁ’gﬁﬁv‘&f%ﬁi ; gas

systemthat typicallTy conprises a large tail gas drum t

control systemdesigned to mnimze pressure fluctuations to downstream
systens. The contam nant can be collected fromthe tail gas systemin any
sui t abl e manner and processed further or disposed of as appropriate. Wen
desorption is conplete, the sorbent beg 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 [0029]

ATter, e 0., oBiealih i YeHiodd dohFs 2 AsalSn FthyAl fictoS bkl Do Nas

been regenerated so t i'S agai n prepare sorption service, the
fl ow of the ugmilgavsnmpaniedby airsvesse fleoh efigdsrio dedolieths eomantinaet Acothehe fir st

bed, and the second . bed is.regenerated. The total cle.tine js the length
of 1 o1 1 onPURGRG PSSR IS B COTram R GON csebed O S st o

inafirst Ciéﬁir@gr%&i&éi‘?désbfﬁd%@ﬂw thil Ba %&%ﬁat"f}rﬁ&ﬂ[ﬁo}ﬁprifsésr sSlargeonducted to
the first bed in"the imrediately succeeding cycle, i.e., after ‘a single

r egener at i ontadtfgas idearf,i tpgathdyedth aiiestrobsysisi designed to higimizh pressfre h, et c.
vessels in agddition to.the second vessel s .m.gh e eded when
adsorption tﬁ Cmiatéongh%fj?w%sﬁrtearﬂégs ?r%%' isﬁl%ue ‘%Olngaém%rg F%%g? Cc{/q\}%f’ﬁegggfpvtg‘et 0 i ncrease
cycle tine. taflQ336Ystekh s anyl shitshle manhdria@d haicksed fidthpf eSdisjoedufa3g cycle will
include a feed step,_at |east one depressurization step, a purge step, and
finally a repRRESRIALS-z Whes desogtiop it eprplelsothe serhent Hed sy bs purssd avitham f or

{akes pl ace By gy S, S il ol By AR e e drBfeef B FIAERRY 2 Dor bus
solid such abe facilitatad byltheas®ofy higheremperatatd purge gas sté2006/ 079024
PCTI US2006/ 002292
[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 activated carbon, alumina, silica or



-14 silica-alumna that has an affinity for the contamnant. Zeolites are
often used in nmany applications since they may exhibit a significant degree
of selectivity for certain contam nants by reason of their controlled and

predictable ¥8 2&]6?)17%%? Normal Iy, chemical reaction w't '}cﬁﬂ%z %&gg i s not

favored in view o increased difficulty of achieving desorption of
speci es which have becone chemcally bound to the sorbent, but

chem sorption is ny no neans to be excluded if the sorbed materials nay be
effectively desorbed during the desorption portion of the cycle, e.g., by
the use of higher tenperatures coupledith the reduction in pressure.
Pressure swi ng adsorption processing i's described nore fully in the book
entitled Pressure SMnng Adsorption, by DD M Ruthven, S. Farouq & K. S

Knaebel (VCH E’ %ﬂ%}ﬁni@%ﬁ;& cSAEMERR. %%}ue?% BRASESS:

significant erent di sadﬁ\}}ant age variety of reasons. For exarrpl e,
conventi onal nﬁﬁﬁaplphdaaormrsmoeohéyl ryayt exhitit d gigmificant d@eabﬁse&mﬂv@r for

signifi cantly | arger ipn si e for t samne hydrogen that needs to
be recover ed ¥ TR} W@@tﬁ ¥ EPASAR ?ﬁh‘ﬁ@‘ @Pﬁé‘é&%‘%@ %grﬂ%‘i’ﬁaesto RCPSA.
Al'so, a convepih ch&ﬁt%ﬁﬁ‘dé&mﬁ%ﬂ%@&b?ﬁ’én?ﬁéxiEHﬁyfél%&éd Wvidw g‘?ﬁgr ally have

cycle times in excéss of one mnute, typical I n excess to 4 mnutes
due to ti neidcreasededitforuty of gcliievin desomptibmof shietics whivh have bévermeonponent s

t hrough the | bed onventional PSA and the e nment
bont oo st oFESBA R 40 e shibE e bt ChAEBRIPR Y i A el 6. swi ng

adsor ption lﬁtyésdrbz@ﬂateﬂhﬁ%ag%%efmm d‘exex*beda the ledoBstiontdaibnre m nute.
The total cycle tinmes of | ess t han seconds preferably |ess

t han 15 secoiti:wspycwm: - b]f@lfeeusabf bagh@wnmdnmewoulslefbwnhﬁhe redentionisr e preferably
| ess than 5 g nds her, the
rapid cycle Bfegﬁg I()amsvm eh%wmgg Bﬁ r]imh fstl%g n%%%n}?g?ﬁlﬂyn%the PO]E

subst anti al | gnitidifResnte &Q’E’:Q@Mhﬁ'pﬂ&i}@? Dasd. muhvemps Faroid K. .19 Knsdbetict ur ed

materi als such_as nonol i
(VCH Publlshers, 1994)

[0031]  Conventional PSA possesses significant inherent disadvantages for a
variety of reasons, For example, conventional PSA units are costly to build and
operate and are significantly larger in size for the same amount of hydrogen that
needs to be recovered from hydrogen-containing gas 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. In contrast, rapid cycle pressure swing adsorption is utilized which has
total cycle times of less than one minute. The total cycle times of RCPSA 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.



WD 2006/ 079024 PCTI US2006/ 002292 -15 [0032] The overall adsorption rate of
t he adsorption processes, whether conventional PSA or RCPSA, is
characterized by the mass transfer rate constant in the gas phase (Tg) and
the mass transfer rate constant in the solid phase (r,). A material's nass
transfer rat %9 WPY* %4t erial are dependent upon the adsor BeHPS2004822924sor bed
conpound, the pressure and the tenperature. The nmass transfer rate constant
in the gas phase is defined as: 'rg = Dg / R82 (in cnZ/sec) (1) where Dg is
the diffusion coefficient in the gas phase and Rg is the characteristic

di rension of the gas nedium Here the s diffusion in the gas phase, Dg, is
well known in the art (i.e., the convenfional value can be used) and the
characteristic dinension of the gas medium R is defined as the channel

wi dth between two |ayers of the structured adsorbent material. [0033] The
mass transfer rate constant in the solid phase of a material is defined as:
Ts = D. / Rs20032] cnPhseverall 2jsorptioa irate bY the adddpgtiont frbeessesywhatledrf i ci ent in the
solid phase and R, .is t@g CR&E’S terjstic. dinepsion of }he solid medi um
Here the gas WPYFRHOPRITR/AEF nis charagterdzed by the MAssITADSIeEate GISRRAIR known i n

the art (1. . to BAGHONMON WAL HHEILAR RRsiial Bl phRe (RRakact eri st ©

di mensi on of thé solid hedi um is defined as the w dth of adsor bent
| ayer. WO 20084teridd 2dasPCHniS2066 b00a2RHal ard GefefdSu ipdh thvaddRubbdnydie & C.

Thaeron, Perf rrrgn e of a P%ral | el Pads age Absorgﬁnt Cont aft or, Separation
and Purifi catd®H ﬁ‘g%?m%qu&ﬂyt §PrEHBDH ti%-e@&erat\ﬁﬁi © masy RS At ed by
reference, cl@nithites tHehdk phave if el BE:ough a monolith or a

1,=Dg /R, (in cm?/sec) (1)

where D, is the diffusion coefficient in the gas phase and R; is the characteristic
dimension of the gas medium. Here the gas diffusion in the gas phase, D, is well
known in the art (i.e., the conventional value can be used) and the characteristic
dimension of the gas medium, R, is defined as the channel width between two

layers of the structured adsorbent material.

[0033]  The mass transfer rate constant in the solid phase of a material is defined
as:

1,=D, /R (in cm¥/sec) )

where D, is the diffusion coefficient in the solid phase and R; is the characteristic
dimension of the solid medium. Here the gas diffusion coefficient in the solid
phase, Dy, is well known in the art (i.e., the conventional value can be used) and the
characteristic dimension of the solid medium, R, is defined as the width of the

adsorbent layer.



structured adsorbent that channel width is a good characteristic di nension
for the gas nmedium Rg. U S. patent 6,607,584 to Moreau et al., which is
incorporated by reference, also describes the details for calculating these

transfer ratwg@R@e@psoci ated coefficients for a given gegardRRhoBnd the
test standard conpositions used for conventional PSA. Calculation of these

mass transfer rate constants is well known to one of ordinary skill in the
art and may al so be derived by one of ordinary skill in the art from
standard testing data. [0035] Conventional PSA relies on the use of

adsor bent beds of particulate adsorbergs. Additionally, due to construction
constraints, conventional PSAis wusually conprised of 2 or nore separate
beds that cycle so that at |east one or nore beds is fully or at |east

partial ly in[od3d] f eeol MORuthoen &FC.{Theerey,dh o&ﬁ:aﬁd’&)/of@lmr&ﬂldm’akdhge order to
limt dlsruptlons or_surges _in the treated process_ flow However, due to the

rel atively | dbserbent Longaciarodenaration aad Pma@q%ﬂsmoﬂtlﬁélwﬂﬂf’@e SI ze of
the adsorbeg,; qaL ﬁ{cogtlorééd gﬁfé‘?&@ﬂcel élﬂdﬁﬁq}méi‘q’&tﬂﬂ &r@ﬁ% rPBquﬁl?f?}’é mm and

above. O herw se, essive pre p, i nNncrease nes, limted
desor ption, andcturet adseoebdnn thaothaheddvidthties gadcschudctensﬁsd:trﬁembﬂ@@&]m In an

enbodi nent, RCPSA utilizes a rotary valving syst o, conduct the gas flow
t hrough a rotgasr?e@BF]bgis %@P@“‘té@g 7,860 Mgreauet ﬂ’ﬁE’F h fyincporpted by adsor bent

bed conpart Ml @nQ, aish dp&sibes e aBtal fo%AI&ha REEGRASTN Bl agiCl €d  through

the sorption and désorption steps as the rotary nodul e conpletes the cycle
of oper at i onsssotiatedrcotficiensdobe givemaldsobentsanddhersbi spandardonpesitiofis nmul ti pl e

tubes held between two.se es,an el r ot .sor ber

nmodul e wher eiuﬁedtvﬁﬁcweﬁt%’éfgggo% W@ﬂoﬁﬁgﬁé? %@%@?Sfai e%@é%" 'ates are in
contact w thyal1nawaito 6RTBN draeryokilSRREE A1 SndREY h10) 8 dvhRa®yonkBe 1 nl et gas
is conducted to the RCPSA tubes and processed purified product gas and the

tai | gas exi ordigary RellRoHsart fige stapdard tastug ddel away fromrotary sorber
nmodul e.

[0035]  Conventional PSA relies on the use of adsorbent beds of particulate
adsorbents. Additionally, due to construction constraints, conventional PSA is
usually comprised of 2 or more separate beds that cycle so that at least one or more
beds is fully or at least partially in the feed portion of the cycle at any one time in
order to limit disruptions or surges in the treated process flow. However, due to the
relatively large size of conventional PSA. equipment, the particle 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] In an embodiment, RCPSA utilizes a rotary valving system to conduct
the gas flow through a rotary sorber module that contains a number of separate
adsorbent bed compartments or "tubes”, 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 multiple tubes

held between two seal plates on either end of the rotary sorber module wherein the



By suitable arrangenent of the seal plates and manifolds, a nunber of

i ndi vidual conpartnents or tubes nmay pass through the characteristic steps
of the conplete cycle at any one tine. In contrast with conventional PSA,
the fl ow and [ variations required for the RCPSA sqrptiaon/desorption
cycle changeﬁé%’%@h‘ﬁﬁ%ﬁf‘ber of separate increnents on the EFHLUP2984/0%EE onds
per cycle, which snoothes out the pressure and flow rate pul sations
encountered by the conpression and valving machinery. In this form the
RCPSA nodul e includes valving el enents angularly spaced around the circul ar
path taken by the rotating sorption module so that each conpartment is
successively passed to a gas flow path in the appropriate direction and
pressure to achi eve one of the increnental pressure/flow direction steps in
the complet qoiidiRe fYeh Contbdh St WuAhv@RiAEE: K schhific Ao SRl AQY 1S 2
significantly re efricrent use of the adsorbent material. The quantity of
adsor bent r eduliet gad isveoriluBRERBAthE RORSA mbys adpromssedipyrified padtdt@as add t hat

required for, conventional P chnol o t chi eve the sape separation
quant i es. ar PG gar prias heRChSA GO 15 O aTotas o oW JEQERBARIE and ¢ he
amount  of aCtBWé%litﬁE’l%%ﬁ{ﬁﬁ menft ﬁﬂﬂibrs@a‘ilgfa% aRPmaRitbRls 3 Aithtet 68AkIvIadaPWer than

that for a cornventiona SA unit processing an equi val ent anount of gas.

[ 0037] | n an cempadingms oy (REPSAY berd threngjt the ghiractpristic stepe ofithe gempletequi r ed
adsorption actiVities nd chani cal., const r.ai (due,to centrifugal

accel erat i on GF° aE He ‘?nc?tatﬂ?ﬁf'% %8%§S?fvﬁmﬁ&b‘§ﬂfl?n%?§@éﬂieeq% B  rany
conventi onal vRS#icdsefudeatfor the ROPEA&Rios/debdiphdd dyichidhangeaths @hbk@bérs that are
in a |loose pelletized, particula beaded, or extrudate form In a

preferred entSéasnsEe _?ﬂcﬁf‘d%"éht%@fﬂhc%gie’éiaf srandsmer el Which smooties apiIbe t i ng
dnder 2L BB TRSd o 08000 AOOEERA BETUDEIOLIRRIAAOZ!
RCPSA appar atmeshmary. e this fortd) ¢hef REPS A moddizandledds valvigf deraanpaipgslanly adsor bent
material cou gllaaec%d taroou([ﬂu.’t %ﬁer cgrcctuﬂ:& %gth taken by the rotating sorption module so that each

compartment is successively passed to a gas flow path in the appropriate direction

and pressure to achieve one of the incremental pressure/flow direction steps in the

complete RCPSA cycle. One key advantage of the RCPSA technology is a

significantly more efficient use of the adsorbent material. The quantity of

adsorbent required with RCPSA technology can be only a fraction of that required

for conventional PSA technology to achieve the same separation quantities and

qualities. As a result, the footprint, investment, and the amount of active adsorbent

required for RCPSA is 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



rei nforcenent material. A suitable binder nmay be used to attach the
adsorbent nmaterial to the reinforcenent material. Non-limting exanpl es of
r ei nf or cenent rrateri al include nonoliths, a mneral fiber matrix, (such as
aglassfib r|x a netal wre matrlx(such as a Wi r reen), or
a netal foil ?3 aI um num foil), which can be anodlpfgrél%@?@ﬁé%s of
glass fiber matri ces I ncl ude woven and non-woven gl ass fiber scrins. The
adsor bent sheets can be made by coating a slurry of suitable adsorbent
conponent, such as zeolite crystals with binder constituents onto the

rei nforcenent material, non-woven fibefg gl ass scrins, woven netal fabrics,
and expanded alum numfoils. In a parti cuI ar enbodi nent, adsorbent sheets
or material are coated onto ceram c supports. [0038] An absorber in a RCPSA
unit typical r c%lfyg Q:Qﬁﬁﬁc or nore
adsor bent rra%%{?a?%ffg E%?gﬁ@g?gr%a eag‘é";ﬂ%ﬂg‘s"é throﬁg%%réﬁgggﬁg&ggses to be
separated fl dw ibrm wf adserbent steets compmsingiédsetbenf mithsal catpled bea stuhirkd a

subst anti al on of the compan s desir dto be r from the stream
adsor bi ng on ‘Hn @%F?’&teﬂﬁ]as‘gg‘ﬂ?agg%n éﬁ't"ed tﬂﬁ“@‘gbnﬁ g%‘i’é%*?@ may be
called "ci rC‘rﬂa@éria'i‘% ﬁi@?elﬂﬂ?&ﬁlent QMErlﬂD'i\f‘onﬁhﬁi%% SAflePbBRitorcdignt SOl 1 d phase
I ncl udes a network pores, the nean size of Ich 1s usually between

appr oxi mat el mrm:nﬂmlnmmhﬂls dlinieral fibgroeataix n@Etskoaska gl$SSéibenmstIaer por es,
called "mcro i Nng_encountere for e i n mcroporous
car bon adsoF%g"r‘t"E‘reorPa?égﬂ"ﬁ@%gwﬁ’?én? SF7ge h%rsaemﬁtgi;%ﬁg(swg Sumigungy, o

non- adsor bentpil)sWhARAChn bé AbdRiel MBk¥mpleEf %lm fibler MireBs mSlulde wRk &Y hnthe

mechani cal strength for the active adsorbent materials and/or provide a

t her mal condue®-wsven ghagt fileps serimy. ol ket agdperbetshests mmdbeghadedyenatingd adsor pti on

conprises t nanel 0 m t he
circul ati ng“‘égl@pqﬁgééﬁ’?%%%@ﬁ%f %E’S’?‘z%nggsﬁfh ?%“2% .'zdﬁ% g@el%] 2006/ 079024
PCT/ US2006/ 0Q@2uentsléhtd @k reiniecebienpaseagensi-wohe flsis @ldat@inis, amvehe surface

to the volunme of the solid
metal fabrics, and expanded aluminum foils. In a particular embodiment, adsorbent

sheets or material are coated onto ceramic supports.

[0038]  An absorber in a RCPSA unit typically comprises an adsorbent solid
phase formed from one or more adsorbent materials and a permeable gas phase
through which the gases to be separated flow from the inlet to the outlet of the
adsorber, with a substantial portion of the components desired to be removed from
the stream adsorbing onto the solid phase of the adsorbent. This gas phase may be
called "circulating gas phase", but more simply "gas phase". The solid phase
includes a network of pores, the mean size of which is usually between
approximately 0.02 pm and 20 pm. There may be a network of even smaller pores,
called "micropores”, this being encountered, for example, in microporous carbon
adsorbents or zeolites. The solid phase may be deposited on a non-adsorbent
support, the primary function of which is to provide mechanical strength for the
active adsorbent materials and/or provide a thermal conduction function 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,



phase into the adsorption sites. 10039] In an enbodi nent, RCPSA utilizes a
structured adsorbent which is incorporated into the tubes utilized in the
RSPCA appar atus. These structured adsorbents have an unexpectedly high nass
transfer rate since the gas flows through the channels forned by the
structured sWEEAMS/HPUHhe adsorbent which offers a signi fPEER20992%8% enent
in mass transfer as conpared to a traditional packed fixed bed arrangenent
as utilized in conventional PSA. The ratio of the transfer rate of the gas
phase (rg) and the mass transfer rate of the solid phase (is) in the

current invention is greater than 10, pgeferably greater than 25, nore
preferably greater than 50. These extraordinarily high mass transfer rate
ratios all ow RCPSA to produce high purity hydrogen streans at high recovery

Cost of convenneae bV BSR ol g Ra0 SRR it To B RRRMAAINT: °00

resul ts in siphaseintathé hisorgiopaites; pressure drops to be achi eved through the
adsor bent than conventional PSA wthout the detrinmental effects associated
with particul ate bed technol ogy. The adsorbent beds can be designed with

adsorbent bedopidy! | BNAdINIERGHIIECEYLBRLAL o EERB iR WhldAghes of water

per foot of eng more prefer y greater 20 ft, and
even nore pr eficrpdrhted grte dteembdshiitiz&Dinithe RSPOA fappardtug.s These stuctaredt r ast wit h

conventional BSA uniis where the sqr bent, bed unit. | th pressure drops
are general | fdfqépr?’{%%fﬁavtec?nﬁlﬁwtﬁﬁ@&‘g A % i %’é‘:ﬁgﬁ%g% WPon the

adsor bent USQﬂoughth'écmﬁels%ﬂﬂﬁrﬁ 188 3trudtéd SKbetsof iR dadorteftivei@rofiirt h 2
pressure drop of about 1 in. H20/ft or less to mnimze the problens

di scussed t hatsignifcanhinpeyementininess tanefer asrqpapatedde » taditignal packedt i ne, and
Convent i onal TREARL ARSI S8 08T B 2 s Bste 6255 B 88 o et e
hi gher pressuyite ofltifeRhs PR ¢EPardl thé hRsd trfkfedtaté beihgsalidyhatdi@,)deeR Whi ch

current invention is greater than 10, preferably greater than 25, more preferably

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

to produce high purity hydrogen streamns at high recovery rates with only a fraction

of the equipment size, adsorbent volume, and cost of conventional PSA.

[0040]  The structured adsorbent embodiments also results in significantly
greater pressure drops to be achieved through the adsorbent than conventional PSA
without the detrimental effects associated with particulate bed technology. The
adsorbent beds can be designed with adsorbent bed unit length pressure drops of
greater than 5 inches of water per foot of bed length, more preferably greater than
10 in. H;O/ft, and even more preferably greater than 20 in. HO/ft. This is in
confrast with conventional PSA units where the adsorbent bed unit length pressure
drops are generally limited to below about 5 in. H,O/ft depending upon the
adsorbent used, with most conventional PSA units being designed with a pressure
drop of about 1 in. H;O/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



results in excessive attrition and premature unit shutdowns due to
acconpanyi ng equi pnent problens and/or a need to add or replace |ost
adsorbent materials. These narkedly higher adsorbent bed unit |ength

pressure dr SA adsorbent beds to be signifi %k% onpact,
shorter, angwéfzﬁliﬁ@?yegﬁ than those wutilized in conventiona ‘R%f’g%fu] n

an enbodi nent, high unit length pressure drops allow high vapor velocities
to be achi eved 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.pg- achi eved by conventional PSA This
results in shorter bed |engths, higher gas phase transfer rates (-rg) and
i nproved hydrogen recovery. Wth these significantly shorter bed | engths,
total pressuragcdh@pdat®highéiprEssiRArombietiuge bt Ve rigk of Neidiigsthe bedsrwgel | on can
be maintained at total bed pressure differentials during the feed cycle of
about 0.5 toTSWltpan excessiveratifitipn pnd pematursyniBehutdong dugfn FCEOWMPHPME i ng t he
length of th ' I ' L th,
preferably | ?g@ﬁ%rk\éﬁp@ﬁ%@g%ﬁ?/ﬁp{x g%&t‘ﬁ ag(ﬁglsrgéﬁg(ﬂ%% Jdg(gﬁbF%tggatrrﬁzg% 1 foot in
| engt h. [ 004ReselinarkadlyMighiceadrbeieatived unéivedgth prepduey édpsaliowBCPEA RCPSA
process are not_critical. Jn practice, provided that the pressure
differential a8erhey hedsie be saificantiyrogrompactshorien snd eljsdent thag these cj ent to

cause a chan Pg‘é‘i’fﬂ%amgﬁ%’?’%& fraction | oading on the adsorbent thereby
providing a delta loading effective for separating the stream conponents

processed by the RCPSA unit. Typical absolute operating pressure |levels
range from a 50 to 2500 .psia. .However, it shoyld b oted that the
et al | presedP o s SRl tigfhltiEhen pissre bioes 2w B BaPhe. and
repressuri zatyeRRitit a08Sadhicved hdbisthd GRRAVENIdsRAL HERSY Ths #ésalt$in 1C! udi ng,
but not limted to, the actual operating pressure and tenperature of the

overal | strezieates mass Wt 08¢ batseon the@rycesibody goitheadsorlent wejseelaied, stream
conposi tion, Ang G4Sid hh (AT MRhtvat Sl A Rna 5 £ Wik Yeslhts I\ Rorter

bed lengths, higher gas phase transfer rates (t;) and improved hydrogen recovery.

With these significantly shorter bed lengths, total pressure drops of the RSCPA
application of the present invention can be maintained at total bed pressure
differentials during the feed cycle of about 0.5 to 50 psig, preferably less than 30
psig, while minimizing the length of the active beds to normally less than 5 feet in

length, preferably less than 2 feet in length and as short as less than 1 foot in length.

[0042]  The absolute pressure levels employed during the RCPSA process are
not critical. In practice, provided that the pressure differential between the
adsorption and desorption steps is sufficient to cause a change in the adsorbate
fraction loading on the adsorbent thereby providing a delta loading effective for
separating the stream components processed by the RCPSA unit. Typical absolute
operating pressure levels range from about 50 to 2500 psia. However, it should be
noted that the actual pressures utilized during the feed, depressurization, purge and
repressurizatiﬁn stages are highly dependent upon many factors including, but not

limited to, the actual operating pressure and temperature of the overall stream to be



RCPSA product stream The RCPSA process is not specifically limted to any
absol ute pressure and due to its conpact size becones increnentally nore
econoni cal than conventional PSA processes at the higher operating
pressures. U S. Patent Nos. 6, 406,523; 6,451, 095; 6,488,747; 6,533,846 and
6, 565, 635, aMO WP ch are i ncorporated herein by ref er BES2006/00202 o
various aspects of RCPSA technology. [0043] In an enbodi nent and an
exanple, the rapid cycle pressure swing adsorption systemhas a total cycle
time, tTOI, to separate a feed gas into product gas (in this case, a
hydrogen-enriched stream) and a tail (gxhaust) gas. The nethod generally

i ncl udes the steps of conducting the féed gas having a hydrogen purity F%
where F is the percentage of the feed gas which is the weakl y-adsorbabl e
(hydrogen) c t....1nt .ads t bs the
tarl gas andoPaREderpil ol Mo Bk RalcihpRBUalE L RRARTRE 2 e,
wherein the RORNAOg@Auits@dan! THa ROREA propess iid ot @pecicatintindted ad anyof recovery
of R% Recovery R %is the ratio of ambunt of hydrogen retained in the
product to t FBSCAWE BrRsSUSE anthgie 18 dle SORpRGt Sk becamestpraeigntelly AN t he bed i s

co-currently Q&R{ an;& I tAl : -currently
depressuri zi r?g t n@é%gﬁ fogv%l%f} P%’,SA[éﬁﬁfeéé\%ﬁ%%ﬁ#ﬁ%\é‘?&rﬁ%ﬁg@ﬂﬁ%ﬁﬁ gas or
exhaust gas) U.S. Padmt 2&ed6 4060523t HAS hOaS;at 488, 14706,533,846 grdenitS;635hahobr equal
to 1 psig. The.hed i.s purged for a tine, tp, typically w't ortion of
e hyer ogen HEATE g RS, berch b8 bt biad Parens pinell of REESR or o 01 e,
t Rp, typical kypwhibhya portion of hydrogen product gas or feed gas , wherein
the cycle tinme, tTOI, is equal to the sumof the individual cycle tines
conprising the total cycle tinme, i.e.: WO 2006/ 079024 PCTI US2006/ 002292
L22_ tT0T -t 'fOﬂ-ESS O In %rge\lmgoéinaelﬁ atngp an e&a?’r}nple, the rapid cycle pressure swing

adsorption system has a total cycle time, tyor, 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, inte an adsorbent bed that selectively adsorbs the tail gas
and passes the hydrogen product gas out of the bed, for time, tr, wherein the
hydrogen product gas has a purity of P% and a rate of recovery of R%. Recovery R
% is the ratio of amount of hydrogen retained in the product to the amount of
hydrogen available in the feed. Then the bed is co-currently depressurized for a
time, tco, followed by counter-currently depressurizing the bed for a time, tcy,

f wherein desorbate (tail gas or exhaust gas) is released from the bed at a pressure
greater than or equal to 1 psig. The bed is purged for a time, tp, typically with a
portion of the hydrogen product gas. Subsequently the bed is repressurized for a
time, trp, typically with a portion of hydrogen product gas or feed gas , wherein the
cycle time, tyor, is equal to the sum of the individual cycle times comprising the

total cycle time, i.e.:



[ 0044] Thi s enbodi nent enconpasses, but is not limted to, RCPSA processes
such that either the rate of recovery, R¥% > 80%for a product purity to feed
purity ratio, PW¥F%> 1.1, and/or the rate of recovery, Ro> 90%for a

product puri feed purity ratio, 0 < PUF% < 1.1. Results supporting

t hese high rgﬁ)o‘}ogq/vm%? purity ranges can be found in ExanﬁfFTéESZ&“(fﬁ Bagh 10
herein. O her enbodinents wll include applications of RCPSA in processes
where hydrogen recovery rates are significantly |ower than 80% Enbodi nents
of RCPSA are not limted to exceeding any specific recovery rate or purity
t hreshol ds and can be as applied at r(_a?f)_very rates and/or purities as |ow
as desired or economcally justifiable Tor a particular application. [0045]
It should also be noted that it is within the scope of this invention that
steps tco, tcN, or tp of equatiqn (3 0 C omtted together or in
any individual combination. Ho&kverlﬁf%f’\é-etﬁlfg?‘éf(rﬁgd that all steps in the
above equati ori3) (3) be performed or that only one of steps tco or tcN be
omtted fromthe total cycle. However, additional steps can al so be added
within a RCPSA cycle to aid in enhancing purity and recovery of hydrogen.

Thus, enhancem g oulfPennRiACk hebsSShbR et IREREAGEERYSRagLy Lhe

smal | portion of absorbent nee Sdue to the elimnation of a
nunber of st atshcnthebeithat the satebf decavedy,iRVe >ROW fontai ppodaict REARY dpfeked patiiyons.

[0046] In an enbodj t he tai s Js also preferably rel eased at a
pressure hi gﬁaté%gu/byﬁ%s%léh "crﬁgée ’t%gel qfrﬁffge%&/‘b%9?@3{)’{%1’%???8‘5@@?‘%6 vi ce
absent tail gq&dﬁ@iﬂspfaﬁa,smem%wﬂmqie@ﬁl&%%?rarh%tmbémgﬁ&oavﬁwe i's
greater than or equal to 60 WD 2006/ 079024 PCTI US2006/ 002292 - 23 psig. In

a nost pref er matityorhgesicar he found én Exarmplesad thoeugbsl@rherdin. githsaembodimgntsor equal
to 80 psig. At .hi.ghe ressures tall gas can be.conducted to a fuel
neader - So0arylEle BRREFORSErRrRS i brortaR FEte BRSRAVESORE HBs i ng
benefits: significantly lower than 80%. Embodiments 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 tco, 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 tg or tcy be omitted from the total cycle.
However, additional steps can also be added within a RCPSA cycle to aid in
enhancing purity and recovery of hydrogen. Thus enhancement could be
practically achieved in RCPSA because of the small portion of absorbent needed
and due to the elimination of a large number of stationary valves utilized in

conventional PSA applications.

[0046] In an embodiment, the tail gas is also preferably released at a pressure
high enough so that the tail gas may be fed to another device absent tail gas

compression. More preferably the tail gas pressure is greater than or equal to 60



(i) Increasing the purity of hydrogen-containing streams) avail able as
makeup gas, or of streanms which nust be upgraded to higher purity before
they are suitable as make-up gas. (ii) Increasing the purity of

hydr ogen- cont,aj i cycle gas streans resulting in an | L3, 0veral |
hydr ogen tregﬁ%gg&gﬁzrgi ty in the hydrotreating reactors {)(gﬁg%%\?yﬂ?%% hi gher
hydrotreating severity or additional product treating. (iii) Use for H2
recovery from hydroprocessi ng purge gases, either where significant
concentrations of H2S are present (before gas scrubbing) or after gas
scrubbing (typically <100 vppm H2S). 10038] | n hydroprocessing, increased H2
purity translates to higher H2 partial pressures in the hydroprocessing
reactor(s). This both increases the reaction kinetics and decreases the
rate of cat al ysig. deaanést prefered elibedipeemt fthe @il ghs priegnes is igreatep thanicalequal essur es
can be exploited.in a yvariety of S, .such . _operating.at, | qwer reactor

t enperat ure, \M)“ggﬁsge&;gl&hméﬁrg?sw\é%g{aél,sgaag@}aﬁ%g uc"ﬁ‘itoaffq@lgthe&ggcti vati on,
and extends catalyst life; increasing unit feed rate; processing nore sour
(higher sulfur) feedstocks; processing higher concentrations of cracked

f eedst ocks; i Mp#Nled Preiresf thegiresent ipuentiop hmhave thefollowing henefitgn;
debot tl enecki ng existing conpressors and/or treat gas circuits (increased
scf H2 at constant total WD 2006/ 079024 PCT/ US2006/ 002292 -24 flow, or sane
scf H2 at |ower tqfalIntleasidg tharpdri@tdfea@d@a:m@oﬁtﬂatng\mﬁhﬁ@@vaaaﬂaraent to one
skilled in the art. [0049] Increased H2 recovery al so offers_significant

pot enti al bend&akedp gasoApoisfreampwhich pust breupgradsddo higheraryrigykefors tgesr #duci ng
the demand for, puichasad, ufactured, or other sources of H2 wthin the
refinery; (ii) 1ncreasing lﬂ%?opr ocessing feed rates at constant (existing)
makeup gas

(i1) Increasing the purity of hydrogen-containing recycle gas streams
resulting in an increase in overall hydrogen treat gas purity in the hydrotreating

reactors to allow for higher hydrotreating severity or additional product treating.

(iii) 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,

L

partial pressures can be exploited in a variety of ways, such as:

operating at lower reactor temperature, which reduces energy costs, decreases
catalyst deactivation, and extends catalyst life; increasing unit feed rate; processing
more sour (higher sulfur) feedstocks; processing higher concentrations of cracked
feedstocks; improved product color, particularly near end of run; debottlenecking

existing compressors and/or treat gas circuits (increased scf H; at constant total



demands as a result of the increased hydrogen recovery; (iii) inproving the
hydr ogen purity in hydroprocessing for increased heteroatomrenoval
efficiencies; (iv) renoving a portion of the H2 fromrefinery fuel gas which

i's detrimentyghods@rdehe fuel gas due to hydrogen's | ow BTctalstghsodthen can
present conbustion capacity l[imtations and difficulties for sonme furnace

burners; (v) QG her benefits that would be apparent to one know edgeable in
the art. [0050] The followi ng exanples are presented for illustrative

pur poses only and should not be cited as being limting in any way.
EXAVMPLES [0051] Exanples 1 through 3 skow the benefits of inproved hydrogen
purity through the use of a rapid cycle pressure sw ng adsorption (RCPSA)
to treat a portion of a hydrotreating unit's recycle gas stream Using the
"base case" [Iipw; ot samwtschH: efdewar fotnh flawdirasd other mepiscthatyvedudd e eppstent swi ng

adsorption unit is.not.. used, the follow ng cases illustrate several
exanpl es of tlti%orbeeﬁlfaﬁdtlg Ell'%QCPSA in conjunction with a hydrotreating

process. In Exanples 1 through 3, the treat gas WO 2006/ 079024
PCT/ US2006/ 002292 - 25- (recycle gasz rate = 30.0 Mscf/D, the RCPSA feed
rate = 6.0 Msd#048) t Hacregsed Foaespusty ajsproffers sigmificanhpotential el semeplduct

purity = 95% “ﬁp&r@gae%{g‘%&éﬁsﬁk%@gt his exanple, RCPSA is used to treat 6.0

Mscf/ D of recycle gas ‘'of the total recycle streamvolunetric
flow). RCPSA per f Q) redicigg the deansd foruichaded, Mateiiiured o \odiey sovrtds Do H2
purity in the product._ The RCPSA exhaust stream now renoves |ight end
inpurities frdHHBerdReRtUl ating gas | oop, and the conventional

Pyt a1 U O SR Bkl SRR Bl e
demands as a result of the increased hydrogen recovery;
(iif) 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]  The following examples are presented for illustrative purposes only and

should not be cited as being limiting in any way.

EXAMPLES

[0051]  Examples 1 through 3 show the benefits of improved hydrogen purity
through the use of a rapid cycle pressure swing adsorption (RCPSA) to treat a
portion of a hydrotreating unit's recycle gas stream. Using the "base case"
hydrotreating operation wherein a rapid cycle pressure swing adsorption unit is not
used, the following cases illustrate several examples of the benefits of RCPSA in

conjunction with a hydrotreating process. In Examples 1 through 3, the treat gas



at the same feed rate and sul fur renoval severity, (a) the treat gas purity
at reactor inlet has increased from80 to 91.5 nole% H2; (b) the required
makeup gas flow rate has decreased from 12.07 to 11.28 Mscf/D;, and (c) H2

purged from %emi&;%@g}%](l ost to fuel gas) has been reducﬁgrrﬁ%ﬁ{@/o]mg? to 0.3

Mscf/ D. Exanple In this exanple, again, RCPSA is use o treat 6.0
Mscf/ D of recycle gas (about 1/5 of the total recycle stream volunetric
flow) with 95% H2 recovery and 95% H2 purity in the product. The results
are shown as Case 02 in Table 1. In this case, the unit feed rate was
increased until the original 13.1 Mscf.D-nmakeup gas rate was required. The
increase in H2 purity at the sane H2 nake-up rate resulted in (a) an
increase from 30,000 to 32,150 B/D at a constant sul fur renoval

speci fi cat i or(recftly gas) ratapr W@ NstiBathe &P Spulieed sateot 69 MaciidthddlH2; and (c) H2

purged fromthe system(l ost. to_fuel gas). has beel duced from1.06 to 0.3
Mscf/D. WD 266%?"6%6%4‘%1’7WéiBEBFggéég&sz’%?P%ﬁg?ﬁe [0054] In this
exanple, the original 30 kB/D feed rate and 12. 07 Mscf/D make- up gas rate

are mai ntained. The results are shown as Case 03 in Table 1. Again, RCPSA
is used to triExamme®d Mscf/D of recycle gas (about 1/5 of the total recycle

stream vol u ic fl . W th Y r.ecover 5% H2 .puri.ty in the

o oduct | Herb0sdy e BifhisSxedole ROBEA TRy R 4R BRNRAD B RETE fesbsa

applicati on QEERLISUT thdtotal ret9ElkisREamfollietricelong! RCIEA pérfodnahdedws (a) the

sulfur in the feed to increase by 0.18% while naintaini ngﬁ%%ml pr oduct
[

sul fur speci faseEraddnbe 887 Herepeicsy wi 85% Huridy indhe sxdustd
hydr ogen con i j . j j j ncrease in
make- ap gas. QTR AREHE AR, LT Rl Bolidne LRG0 007 1 0
be reduced f randtle @avémiofalhylkstiebiihg pudfbSteatias beanalveyed teRBMMbetD df and 2
woul d al so r%ful_[thin bout .15 to _40%. . )
2. The results are shown as Case 01 in Table 1. Compared to the base operation

at the same feed rate and sulfur removal severity, (a) the treat gas purity at reactor

inlet has increased from 80 to 91.5 mole% H»; (b) the required makeup gas flow

rate has decreased from 12.07 to 11.28 Mscf/D; and (c) H, purged from the system

(lost to fuel gas) has been reduced from 1.06 to 0.3 Mscf/D.

Example 2
[0053] In this example, again, RCPSA is used to treat 6.0 Mscf/D of recycle gas

(about 1/5 of the total recycle stream volumetric flow) with 95% H; recovery and
95% H, purity in the product. The results are shown as Case 02 in Table 1. In this
case, the unit feed rate was increased until the original 13.1 Mscf/D makeup gas
rate was required. The increase in H, purity at the same H, make-up rate resuited
in (a) an increase from 30,000 to 32,150 B/D at a constant sulfur removal
specification; (b) an improved treat gas purity of 91.4 mole%s H,; and (c) H, purged
from the system (lost to fuel gas) has been reduced from 1.06 to 0.3 Mscf/D.



| onger run | engths between catal yst change-out.

condi ti ons

operation and Cases 01

and projected run lengths of this unit's "base" current

The various operating

t hrough 03 are summari zed in Table 1 bel ow. WO

2006/ 079024 WEThddoRRes/ 002292 27 9°Co NE J C N N Npiriushhoshézzean m m m
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Example 3
[0054]  In this example, the original 30 kB/D feed rate and 12.07 Msci/D make-

up gas rate are maintained. The results are shown as Case 03 in Table 1. Again,
RCPSA is used to treat 6.0 Mscf/D of recycle gas (about 1/5 of the total recycle
stream volumetric flow) with 95% H, recovery and 95% H, purity in the product.
Here, the increase in H, purity as a result of the RCPSA application operation on a
portion of the recycle gas flow allows (a) the sulfur in the feed to increase by
0.18% while maintaining the same product sulfur specifications as the base case;
(b) a corresponding overall hydrogen consumption increase of +26 scf/B with no
corresponding increase in make-up gas demand, and (c) H, purged from the system

(lost to fuel gas) to be reduced from 1.06 to 0.3 Mscf/D.

[0055)  Additionally, Examples 1 and 2 would also result in about 15 to 40%
longer run lengths between catalyst change-out. The various operating conditions
and projected run lengths of this unit's "base" current operation and Cases 01

through 03 are summarized in Table 1 below.
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0O00OOO0O20OO0ONO ILMMCO MMM (co- NU NOG) U mU UtooO38
0 0 WD 2006/ 079024 PCTI US2006/ 002292 28 Exanple 4 [0056] In this exanple,
the refinery streamis at 480 psig with tail gas at 65 psig whereby the

pressure sw‘ggzb&m@%}g. The feed conposition and pressur g3 AfSonsoyRbLal 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.e. Cl= nethane , C2 = ethane etc. The
RCPSA i s capable of producing hydrogen at > 99 %opurity and > 81 % recovery
over a range of flow rates. Tables 2&8and 2b show the results of conputer
sinmul ati on of the RCPSA and the input and output percentages of the

di fferent conponents for this exanple. Tables 2a and 2b al so show how t he
hydr ogen purEiamplecr eases as recovery is increased from89.7 %to 91.7 %

for a 6 MV5 tream at 480 i nd tail gas t .65.psi.g. Taples 2a & 2b
Conposi t 1 on 1RSS! o5 Tojtis misenbieh e TefesvFoemues sedesie wish il of 6o b
purificati ongh t@r&%ﬂ%@i&% 8.18 138, fieg cgmﬁaﬂtiaiﬁéﬂd [#ésult aRS Psi g. Feed
rate i s about 6 D.

typical of refinery processing units such as those found in hydroprocessing 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 2a and 2b show the results of computer simulation of the RCPSA and

the input and output percentages of the different components for this example.

Tables 2a and 2b 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.

Tables 2a & 2b

Composition (mol %) of input and output from
RCPSA (67 ft*) in H2 purification,
Feed is at 480 psig, 122 deg F and Tail gas at 65 psig.
Feed rate is about 6 MMSCFD.

Table 2a. Higher purity
Step Times in seconds are ty=1, tep =0.167, tey =0, tp =0.333, tge =0.5

H2 at 88.6 % purity, 89.7 % recovery

feed product Tail-Gas
H2 ‘ 88.0 98.69 45.8.
c1 6.3 128 75.1
c2 0.2 0.01 1.0
c3 26 g.01 12.3
Ca+ 2.9 0.00 14.8
H20 2000 vppm 65 vppm 9565 vppm
kotal (MMSCFD) §.162 4.934 1,228

480 psig 470 psig 65 psig



Tabl e 2a. Higher purity Step Tinmes in seconds are tF =1, tco =0.167, teN =0,
tp =0.333, tRp =0.5 H2 at 98.6 %purl , 89.7 %recovery feed product
Tail-Gas H2 88.0 98.69 45.8. d 6.3 128 25.1 (C2 0.2 0.01 1.0 C3 2.6 0.01
12.3 C4+ 2.9 0.00 14.8 H20 2000 vppm 65 vppm 9965 vppm jotal (MVSCFD 6. 162
4.934 1.228 WABHIHEPIR4470 psig 65 psig WO 2006/ 079024 PCTPEEYEIEYWRY2092 29
Tabl e 2b. H gher purity Step Tinmes in seconds are tF =1, tco =0.333, tcN =0,
tp =0.167, tRP =0.5 H2 at 97.8 %opurity, 91.7 %recovery feed product
Tail-Gas H2 68.0 97.80 4.9 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 2000v m 1_%%\1 m 10016vm ot al (MVBCFD) 6. 160
5.085 1.074 480 psig 470 psig 65 pslg [0057] The RCPSA' s described in the
present invention operate a cycle

Table 2b. Higher purity
Step Times in seconds are ty =1, tcp =0.333, tey =0, tp =0.167, tgp =0.5

H2 at §7.8 % purity, 91.7 % recovery

feed product Tail-Gas
H2 86.0 97.80 459
C1 6.3 214 250
G2 0.2 0.02 10
c3 26 0.02 12.3
Ca+ 2.9 0.00 149
H20 2000 vppm 131 vppm 10016 vom
fotal (MMSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig

i [0057] 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
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 is on the feed
step. In this example, tror = 2 sec in which the feed time, tg, is one-half of the total

cycle.

Example 5
[0058] In this example, the conditions are the same as in Example 4. Table 3a

shows conditions utilizing both a co-current and counter-current steps to achieve
hydrogen purity > 99 %. Table 3b 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 purge cycle, tp, by the duration
removed from the counter-current depressurization step, tcy, that hydrogen

recovery can be increased to a level of 88%.



consisting of different steps. Step 1 is feed during which product is
produced, step 2 1is co-current depressurization, step 3 is counter-current
depressuri zation, step 4 is purge, usually counter-current) and step 5 is
repressuriz product. In the RCPSA's described I nst ant
hal f the tot b%ﬁﬁﬁ%&?4of beds is on the feed step. In tHQ§%§¥§wQﬁ§¥ t ToT =
2 sec in which the feed tine, tF, is one-half of the total cycle. Exanple 5
[00581 In this exanple, the conditions are the sanme as in Exanple 4. Table
3a shows conditions utilizing both a co-current and counter-current steps
to achieve hydrogen purity > 99 % Tabbe 3b shows that the counter-current
depressurization step may be elimnated, and a hydrogen purity of 99% can
still be maintained. In fact, this shows that' by increasing the tine of the
purge cycle, tp, by the duration r'fmvﬂh &r3ym t he counter-current

depr essuri zat i DffedofBtep idubatidnain HY Yusitieind FR60M9 TYorh Ak IEPSAGEEAYEd to a
evel of 83% MROQRAMAIN: TaBsT, HEL0l Q@@g&g 1220e F%ﬁsrﬁpga&a%SEffeCt of

step durations on H2 purity FEEEAELaD ﬁp S . Sane
conditions as Table 1. Feedlﬁgyat 480 Sgﬁg eg F and Ta|I gas at 65

psig. Feed rate is about 6 MMSCFD. Tabl e 3a VVth counter-current depress,
I nternmedi ate Htﬂssww:thlc@ﬁnmcgrrqawepmsy Mmed&ateﬁm:mn eMOSRpsigRP s Ss s s

98.2 84.3 1 0. 283—0=Bp—0—tGF—6——08 o -467 0.5 99.9 80 1
0.083 0.25 0. 16k | ELy ko b i reedr ess

% % s s ] s s

98.2 84.3 1 (0.283 0.05 0.1§ 0.5

98.3 85 1 0.166 0.167 0.167 0.5

09.9 80 1 0.083 0.25 0.167 0.5

Table 3b. Without counter-current depress

purity | recovery te teo ten tp tre
% % S 5 s [ s
97.8 91.7 1 0.333 0 0.167 0.5
98.7 90 1 0.166 0 0.334 0.5
99 88 1 0.083 0 0.417 0.5
Example 6

[0059] This example shows a 10 MMSCFD refinery stream, once again
containing typical components, as shown in feed column of Table 4 (e.g. the feed
composition contains 74 % Hy). 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 4a and 4b show the results of this

example.



purity recovery tP too tcNtPtRP %S s s s s 97.8 91.7 1 0.333 0 0. 167
0.5 98.7 90 1 0.166 0 0.334 0.5 99 88 1 0.083 0 0.417 0.5 Exanple 6

[ 0059] This exanple shows a 10 MMSCFD refinery stream once agai n

cont ai ni ng typi cal corrponents as shown in feed columm of Tabl e %z'g' t he
feed conposi™d YHEBMai ns 74 % H2). The streamis at 480"52’%20%/‘{0 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 fromthese feed conpositions. Tables 4a and 4b
show the results of this exanple. WO.3906/ 079024 PCTI US2006/ 002292 -31
Tabl es 4a & 4b Conposition (nol % of input and output from RCPSA (53 ft3)
in H2 purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig.
Feed rate is about 10 MVBSCFD. Tabl eraesltﬁM purity Step Tines in seconds

are tF=0.583, tCeonfhodfiidn (HolosQf iput=hddn ﬁtﬁFomQ{(ZFSAE& Y P8 % puri ty
and 86 %recovery[jfgﬂ-%aﬂ%sq%gg Tﬁl4ho§§% e@FQn@&'aﬁ%a @Sp@ 14. 3
0

37.6 C2 5.2 0.00 ratk i6 ‘aBout 10 MMSCFD.

Table 4a. Higher purity
Step Times in seconds are ty=0.583, tco =0.083, tcy =0, tp =0.25, trp =0.25

H2 at 99.98 % purity and 86 % recovery

feed product Tall-Gas
H2 740 60,08 29.8
C1 14.3 0.02 3a7.e
c2 5.2 0.00 13.8
c3 28 0.00 74
Ca+ 38 o.00 11.0
H20 2000 vppm 0.3 vppm 5387 vppm
[total (MMSCFD) 10.220 6.514 3.705
480 psig 470 psig 65 pslg

Table 4b, Lower purity
Step Times in seconds are tz=0.5, tco =0.167, tey =0, tp =0.083, tgp =0.25

H2 at 93 % purity and 89 % recovery

feed product TallGas
H2 74.0 9312 293
c1 14.3 6.34 o
cz 5.2 0.50 16.6
C3 26 0.02 8.9
Cé4+ 3.9 0.00 13.4
H20 2000 vppm 142 vppm 6501 vpm
Eotal {MMSCFD) 10.220 7.240 2.977
480 psig 470 psig 65 psig

-

In both cases shown in Table 4a and 4b 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.

[0060] Tables 3a, 3b and 4a 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



C4+ 3.9 0.00 11.0 H20 2000 vppm 0.3 vppm 5387 vppm otal MVSBCFD 10.220 6. 514
3.705 480 psig 470 psig 65 pslg Table 4b. Lower purity Step Tines in
seconds are tF =0.5, tco =0.167, tcN =0, tp =0.083, tRF =0.25 H2 at 93 %
purity and 9 ry feed product Tall-Gas H2 74.0 14. 3
D 3100 OB T e B L 00 B0 car 3 0 0. CE TSRS 000+
m 142 v m 6501 v mtotal (MMSCFD) 10.220 7.240 2.977 480 psig 470 psig 65
psig In both cases shown in Table 4a and 4b above, although tail gas
pressure is high at 65 psig, the present invention shows that high purity
(99 %9 may be obtained if the purge sB2p, tp, is sufficiently increased.

[ 00601 Tables 3a, 3b and 4a show that for both 6 MMSCFD and 10 MVBCFD fl ow
rate conditions, very high purity hydrogen at -99 % and > 85 % recovery is
achi evabl e wieaxhaushprad@egd/at high pressire hawemot bhen disdtdvend befose and BS5apey g. Such

high purities and recoveries of product gas achieved using the RCPSA with
all the WO 206855 BuPISEERf WESHIS/ 002292 - 32 exhaust produced at hi gh

pressure have not been discovered before and are a key feature of the
present 1nvenpyée]-  Table 4c 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 4a and 4b. As compared to Table 4a, Table 4¢ shows that
similar purity and recovery rates can be achieved by simultaneously decreasing the

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

Table 4c. Effect of step durations on H2 purity and recovery from an RCPSA
(49 1t%). 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 tr tco ten te tre
% % s $ s 5 5
056 87.1 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
Example 7

[0062] In this example, Table 5 further illustrates the performance 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 operate without



[ 0061] Table 4c shows the results for an RCPSA (volume = 49 cubic ft) that
delivers high purity (> 99% H2 at high recovery for the sane refinery
stream discussed in Tables 4a and 4b. As conpared to Table 4a, Table 4c
shows t hat Il rity and recovery rates can be ach
sinultaneousﬁ&p%%gégﬁéing the duration of the feed cycleﬁgﬁﬁ§£§%%2?ﬁe pur ge
cycle, tp Table 4c. 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 MVSCFD. Wt hout counter-current depress purity
recovery tF tco tcNtP trP %s s s s 3.95.6 87.1 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 Exanple 7
[0062] In this exanple, Table 5 further illustrates the perfornmance of
RCPSA' s oper @dt@ibrativndt aetideneer etitided hdgthl VEsivieitiodse PRA cdfisot kebiellishere. I n
this exanple, the feed is a typical refinery streamand is at a_pressure of

300 psig. TheCRepesafigationand sispdansously alse machtheicondipr of exhgusing B thyo o pur e
hydr ogen pro 9 % alql ' ' xhaust ed at
a0 parg. |n rhnEeEh B RER Siok St A B el s tpof e BEATHC! P
separ at or or mtisere afoihes eqwamenisthatpesogsses sichRCRS A witidnstuSinteiall the tail
conpression require ' .aspect of .this inyention is that

t. ot.her i ort ant.
PP ropen a1 i maTREe e ShasaReRO fis CoRRr SRt o B M abl o T or

refinery unitipebihdin gﬁq{@pgA%gg@ﬁﬁe,gggﬁﬂg%_ enri ched stream Lower |evels
of CO ensure that the catalysts in the downstreamunits operate w thout WO

2006/ 079024 PCT/ US2006/ 002292 -33 deterioration in activity over extended
| engt hs. Conventional PSA cannot neet &‘gﬁi)lgs

Composition (mol %) of input and output from RCPSA (4 ft))

in carbon monoxide and hydrocarbon removal from hydrogen.
Feed is at 300 psig, 101 deg F, and Feed rate is about 6.97 MMSCFD.
Step Times in seconds are ty=0.5, tco =0.1, toy =0, tp =0.033, tgp =0.066

{

H2 at 89.99 % purity and 88 %6 recovery

feed product Tail-Gas

H2 89.2 99.98 43.8

C1 a3 0.01 13.9

C2 2.8 0.01 13.9

C3 2.0 0.00 10.2

Ca+ 26 0.00 13.2

Co 20 1 o84

toial 0.971 0,760 2]
300 psig 290 psig 40 psig

Example 8
[0063] Tables 6a and 6b 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 6a and 6b), a counter current depressurization
step is applied after the co-current step. In accordance with the invention, Table 6a
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,



CO specification and sinmultaneously also neet the condition of exhausting
all the tail gas at the higher pressure, such as at typical fuel header
pressure or the high pressure of other equipnent that processes such RCPSA
exhaust. Singe Bbdoehddg tail gas is available at 40 psig gFr/Gé:8/1085292 NO
addi tional conpression is required for integrating the RCPSA wth refinery
equi pnent. Table 5 Conposition (nmol 9% of input and output from RCPSA (4
ft3) in carbon nonoxide and hydrocarbon renoval from hydrogen. Feed is at
300 psig, 101 deg F, and Feed rate is about 0.97 MVSCFD. Step Tines in
seconds are tF=0.5, tco =0.1, tcrl =0,-3#p =0.033, t12F =0.066 H2 at 99.99 %
purity and 38 % recovery feed duct Tail-Gas H2 89.2 99.98 48.8 Cl1 3.3 0.01
13.9 C2 2.8 0.01 13.9 (C3 2.0 0.00 10.2 C4+26000132tota|0211 300
psi g 290 psi gremyeastﬂrgps Ex%llé‘@d{t@%@f hiphen presseee ofiiee Brsamongable 6ghe
performance o G e wth the invention being
descri bed her]iélle%e & reamgl% gﬂr@s&}o%f Eg&gﬁ&g lower H2 in the feed (51%
nol) and is a typi caI refinery/ petrochem cal stream In both cases
(corresponding to Tables 6a and 6b) counter current depressurization
step is applied after the co currenT‘@F &I‘ﬁ’ accordance wth the invention,
Tabl e 6a shows that Hitfect e '\';@FF"‘E&B ¢ op ¥e68YEIY| e even when all the
tail gas is relkxasnle O%ﬁCQQArﬁJiI@eéltﬁ aXeed with H congemiratien (3kmpi49A wher e
sone tail-gas i sCawmpiositiondmat %) of input and output from RCPSA (31 ft") inH2
purification.
Feed is at 273 psig, 122 deg F and Feed rate is about 5.1 MMSCFD.

Table 6a. Step Times in seconds are tz=0.5, tco =0.083, ton =0.033, tp =0.25,

trp =0.133
[4) Tah gas available from 8583 psig H2 at 99 7 % pusity and B1 % recovery
fesd product, —TailGes

H2 51.3 8871 20.1

C1 38.0 0.20 61.0

c2 4.8 0.00 8.0

C3 22 0.00 3.8

C4+ a7 0.00 64

12 4000 vppm 0.7 vppm_ 6643 vpom
hotal {MMSCFD) 5.142 2.141 3.001

273 psig 263 psig 65-83 psig

Table 6b. Step Times in sec. are ty=0.667, tco =0.167, tcn =0.083, tp =0.083,

trp =0.33
[b] Tall gas avallable from 565 psig, H2 a199.9 % purity and 56 % recovery
feed product Tail-{as
H2 51.3 8959 H2
c1 38.0 0. 43.8
c2 48 0.00 6.9
c3 2.2 0.00 3.4
C4+ 3.7 0.0 6.2
H20 4000 vppm 0.0 vopy 5630 vppm
kiotat (MAMSCFD) 5.142 1.490 3,651
273 psig 263 pslg 5-65 psig

Example 9
[0064] In this example, Tables 7a and 7b compare the performance of

RCPSA's operated in accordance with the invention being described bere. In these



|l ow as 5 psig, |oses hydrogen in the counter-current depressurization such
that H2 WD 2006/ 079024 PCT/ US2006/ 002292 -34 recovery drops to 56% 1In
addition, the higher pressure of the streamin Table 6a indicates that no
tail gas co | | S required. Tables 6a & 66 Effect of Tail S _Pressure
on recoveryn&cg%@ﬁgﬂgif‘ RCPSA applied to a Feed with H2 cohEEHP A 9“6‘??2(51.3
nmol 9% Conposition (nol % of input and output from RCPSA (31 ft) in H2
purification. Feed is at 273 psig, 122 deg F and Feed rate is about 5.1
MVBCFD. Table 6a. Step Tinmes in seconds are tF=0.5, tco =0.083, tcN =0.033,
tp =0.25, tap =0.133 [a] Tall gas avaiskable ton 65%$3 s( H at 99.7 % udt and
81 %recove feed Product Tail-Gas H2 51.3 99.71 20.1 Cl1 38.0 0.29 61.0 (2
4.8 0,00 8.0 C3 2.2 0,00 3.8 C4+ 3.7 0,00 6.4 H20 4000 v mO0.7 v 6643 v

otal MVBCFD Sadek2thé fdelilpréssid@ls sCUAdigadrail gds 9 ekhhubled 8Beifhet @5 psight & 6b. Step
Times in sec. are tF=0,667, tco =0.167, tcN =0.083, tp =0.083, tRp =0.33 ]Db]
Tai | gas avail08usie. (Thecompgsition rflggts bipical yoppritiss swh Hf&a weidrsanpeed or oduct
Tail-Gas 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

7¢ 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.

[0065] 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 high
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 tﬁe refinery, petrochemical or processing location or even to the nature of the

particular molecules being separated.



H2 51.3 9989 34,2 d 38.0 0.01 48.8 C2 4.6 0.00 6.9 Ca 22 D.OD 3.4 C4+
3.7 0.00 6.2 H20 4000 v 0.0 Wrn 5630 v MM SC FD 5.142 1,490 .651 273 pslg
263 psig 5.65 psig Exanple 9 100641 In this exanple, Tables 7a and 7b
conmpare the pgyfopgimeaee of RCPSA's operated in accor dancgemiéBosiddSoz

I nvention being described here. In these WO 2006/ 079024 PCTI US2006/ 002292
-35 cases, the feed pressure is 800 psig and tail gas is exhausted at either
65 psig or at 100 psig. The conposition reflects typical inpurities 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
i ssues during the countercurrent gablgs78:@p & Table 7c shows the case for an
RCPSA oper at ed where s&xemple off RCPSA lapplied iosa highpresnhafeeded in a

count ercurrent dEpmpasitivh {abl %) of irgat hod lbavputdrean RCRSA (8H) in H2
depressurization. The effluent of thmirificatiéns ent depressurization is of
sufficient puri FeediRGtBIEHSE R2idRgFearrbF ed \atd Rlabont 10.1 MWSefFD. he 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 count ey, Gl 6 P ARk GRS 1 HOACTL. L2l S3eS0 bl eDpsge amount

of tail gas is aval & B ereva e~ whfthaf Tows Ror T ntegration
with other hi Jh'Predepe pass

feed ’ proguct Tall-Gas
H2 74.0 99.89 29.5
1 14.3 0.01 376
c2 5.2 0.00 14.0
c3 26 0.00 T4
C4+ 39 0.00 10.9
H28 20 vppm 0 55 vppm
fotal (MMSCFD) 10.187 5.524 3.663
800 psig 790 psig 65 psig

7h. Step Times in seconds are ty=0.91, tco =0.25, tey =0, tp =0.33, tgp =0.33
[b] Tail gas at 100 psig, HZ at 89.93 ﬁ Erisx and 80.3 % [ecovery

A
feed roduct Tail-Gas
H2 74.0 98.93 38.1
c1 14.3 0.07 328
c2 5.2 0.00 125
c3 2.6 0.00 6.5
Ca+ 3.9 0.00 9.6
H28 20 vppm 0 vppm 49 vppm
fotal (MMSCFD) 10.187 6.062 4.125
800 psig 790 psig 100 psig

7c. Step times in seconds are ty =0.91, tco =0.083, toy =0.25, tp =0.167, tgp =0.41
[c] Tait gas from 65-100 psig, H2 at 89.8 % purlty and 84 % recovery

foed proguct Tall-Gas
H2 T4.0 89.05 289
c1 14.3 0.05 38.0
c2 5.2 0.00 13.7
c3 26 0.00 7.2
C4+ 3e 0.00 ] 10.6
M28 20 vppm .01 vppm 53 vppm
[!olal {MMSCFD} 10.187 £.373 3.814

800 psig 790 psig 65-100 psig



This renoves the need for any formof required conpression while producing
high purity gas at high recoveries. In accordance with the broad clai ns of
this invention, these cases are only to be considered as illustrative
exanpl es and t,.limting either to the refinery, petrochem cal or

processi ng Id@gﬁw%ﬁﬁ%ﬁieven to the nature of the parti culBF/e06002%s peing
separated. WD 2006/ 079024 PCT/ 1JS2006/ 002292 -36 Tables 7a, 7b, & 7c
Exanpl e of RCPSA applied to a high pressure feed Conposition (nmol % of

i nput and out put from RCPSA (18 ft3) in 132 purification. Feed is at 800
psig, 122 deg F and Feed rate is about.3%Q.1 MVSCFD. 7a. Step Tines in
seconds are tF=0.91, tco =0.25, tCN =0, tF =0.33, tRp =0.33 ]a] Tail gas at
65 psig, H2 at 99.9 % ud and 87 % recovery feed Pnduct Tall-Gas H2 74.0
99.99 29.5 (hyspl10.01 37.6 C2 5.2 0.00 14.0 C3 2.6 0.00 7.4 C4+ 3.9
0.00 10.9 H2S 20 m OQ_55 vppm hotel MVSCED 10. 187 6.524 3.663 800 psig 790
psi g 65 psig [PR66]st epTahlqﬁe@, S a5d 8o perapae theeeigrmance of BCEGABperated i, t F

=0. 33, tap =0 Jorihiainl : . : Yo : % recove
0 L Ol G oA 1k BBl O

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.

{ Tables 8a, 8b, & Sc.
Example of RCPSA applied to a Feed with H2 concentration (85 mol %) .
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.

8a. Step Times in seconds are tz=0.5, tco =0.33, ton =0.167, tp =0.167, tgp =1.83
recovery =85 %

feed product Tail-Gas
Hz 85.0 92.40 £7.9
C1 8.0 4.56 17.8
c2 4.0 1.79 13.1
Cc3 3.0 1.16 10.4
Cé4+ 0.0 0.00 0.0
H20 2000 866.5 6915
fiotal (MMSGFD) £.100 4.780 1,320
480 psig 470 psig 65 psig

8b. Step Times in sec. are tp=1, tcp =0.333, tcny =0.167, tp =0.083, trp =0.417
recovery = 90 %

feed product Tail-Gas

H2 85.0 90.90 58.2
ci 80 5.47 18.1
c2 4.0 2.23 12,9
ca 3.0 1.29 10.1
Ca+ 0.0 0.00 0.0
H20 2000 1070.5 6823
ftotai (MMSCFD) 6.120 5,150 0.969

480 psig 470 psig 65 psig



Cl 14.3 0.07 32.8 C2 5.2 0.00 12.5 C3 2.6 0.00 6.5 C4+ 3.9 0.00 9.6 H28
20 vppm O vppm 49 vppm oaf MVSCFD 10.187 6.062 4.125 800 psig 790 psig 100
psig 7c. Step tines in seconds are tF =0.91, tco =0.083, tcN =0.25, tp

=0. 167, t RF w0.2d¢ki07de84 Tail gas from 65. 100 sin, H2 at 9%,1%9 JodpoANd 84
% ecovery feed product Tall-Gas H2 74.0 99.95 28.9 C1 14.3 0.05 39.0 (2
5.2 0.00 13.7 C3 2.6 0.00 7.2 C4+ 3.9 0.00 10.6 H2S 20 v m0.01 v m53 v
m otal MMVSCFD 10. 187 6.373 3.814 800 psig 790 psig 65-100 psig WO

2006/ 079024 PCT/ US2006/ 002292 -37 Exanple 10 100661 Tabl es 8a, 8b, and 8c
conpare the performance of RCPSA s opéBated in accordance with the

i nvention being described here. The stream being purified has higher H2 in
the feed (85 % nol) and is a typical refinery/petrochem cal stream In

t hese 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 hydr ogess, Step THdedinr R6.Qe ty=2) i Mb67, the=0833 tf 0.167a1x) ~01833

conpr essi on. recovery“-=90%
feed ~ product Tail-Gas

H2 850 90.18 55.2
C1 8.0 821 18.8
c2 4.0 2.32 13.8
C3 3.0 1.17 11.3
Ca+ 1X1] 0.00 0.0
H20 2000 1103.5 7447

Jtotal (MMSCFD) 6.138 5.208 0.93

480 psig 470 psig 65 psig



Tabl es 8a, 8b, & Sc. Exanple of RCPSA applied to a Feed with H2
concentration (85 nol % . Conposition (nmol 9% of input and output from
RCPSA (6.1 ft) . Feed is at 480 psig, 135 deg F and Feed rate is about 6

MVBCFD. 8a. Step Tinmes in seconds are tF=0.5, tco =0. 33, = tp
=0. 167, tRp wp %6’07?(360very = 85 % feed product Tail-Gas g%&%’g@? 40 57.9

d 8.0 4.56 17.9 C24.01.79 13.1 C3 3.0 1.16 10.4 ¢C4+ 0.0 0.00 0.0 H20
2000 866.5 6915 total MVSCFD 6.100 4.780 1.320 480 psig 470 pslg 65 psig
8b. Step Times in sec. are tF=1, tco =0.333, tcta =0.167, tp =0.083, tRp
=0.417 recovery = 90 % feed product Tal-Gas H2 85.0 90.90 58-2 d 8.0
5.47 18.1 C2 4.0 2.23 12.9 (C3 3.0 1.29 10.1 4+ 0.0 0.00 0.0 H20 2000
1070.5 6823 total MVSCFD 6.120 5.150 0.969 480 psig 470 psig 65 pslg WO
2006/ 079024 RYHAtWSEGHED32292

1. A process for removing sulfur and other heteroatoms from a
hydrocarbon feed, comprising:

a) contacting the hydrocarbon feed in a hydrotreating zone with hydrogen
and a catalytically effective amount of a hydrotreating catalyst under hydrotreating
conditions thereby resulting in a hydrotreated product comprised of a liquid phase
and a vapor phase containing hydrogen and light hydrocarbons;

i b) separating the liquid phase and the vapor phase from the hydrotreated
product;

¢) removing light hydrocarbons from the vapor phase 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 to
produce a purified recycle gas with a higher hydrogen concentration by vol% than
the vapor phase; and

d) recycling at least a portion of the purified recycle gas to the hydrotreating

zone.

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

and distillate boiling range feeds.

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



-38 8c. Step Tines in sec. are tF=2, tC0 =0.667, tcN =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 CFD 6.138 5.208 0.93 480 psig 470 ' .9, WO
2006/ 079024 \BE%"%IQZ%/ 002292 -39- \Wat is claimed is: Efd‘%ﬁﬁ“&@g?g’for
renmovi ng sul fur and ot her heteroatons froma hydrocarbon feed, conprising:
a) contacting the hydrocarbon feed in a hydrotreating zone with hydrogen
and a catalytically effective amount of a hydrotreating catal yst under
hydrotreating conditions thereby resudgdng in a hydrotreated product
conprised of a liquid phase and a vapor phase containi ng hydrogen and |i ght

hydr ocar bons; b) separating the liquid phase and the vapor phase fromthe
hydrotreated protluckhe prjceseofalaing, whgiein thy tydoaarbomfeed iscndistiltateyagor phase

in arapid cycle  pressure_sw ng adsorption unit, containing, a urality of
adsor bent beé@g%bplh%gﬁaﬁéc fegd peiecigd fxqrathe EI‘PHEC‘BWSISF’%%gfa‘E)‘I‘PkquE% ucgtg seconds

and a pressupe (o ;)yta'agﬁggﬂmﬁegﬁm?%{osﬁﬁ%%d%&alnegastoh@,“ about 5

i nches of water per
atmospheric and vacuum residua, pyrolysis gasoline, Fischer-Tropsch liquids and

waxes, lube oils, and crudes.

5. The process of claim 2, wherein the total cycle time of rapid cycle

pressure swing adsorption is less than about 15 seconds.

6. The process of claim 5, wherein 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,

7. The process of claim 6, wherein the total cycle time is less than about 5

seconds,

8. The process of claim 7, wherein the pressure drop of greater than about

20 inches of water per foot of bed length.

9. The process of claim 1, wherein 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.

10. The process of claim 9, wherein the cycle time is less than about 5
seconds and the pressure drop is greater than about 20 inches of water per foot of
bed length.

11. The process of claim 1, wherein hydrogen sulfide and ammonia are

removed from said vapor phase with a basic scrubbing solution prior removing



produce a purified recycle gas with a higher hydrogen concentration by vol %
than the vapor phase; and d) recycling at | east a portion of the purified
recycle gas to the hydrotreating zone. 2. The process of claim1l, wherein

t he hydrocarbon feed is selected from the group consisting of naphtha

boi i ng rang®Or28WH!2ker osene boiling range feeds, and fSYYYPU%E223%i | i ng
range feeds. 3. The process of claim?2, wherein the hydrocarbon feed is a
napht ha boiling range feed selected fromthe group consisting of straight
run naphtha, cat cracked naphtha, coker naphtha, hydrocracker naphtha,
resid hydrotreater naphtha. W 2006/ 079Q24 PCT/ US2006/ 002292 -40 4. The
process of claim2, wherein the hydrocarbon feed is a distillate and higher
boiling range feed selected fromthe group consisting of cycle oils produced

from the Fl ulight&tRciiboss fPoRGKEVapol-flake irPd ABRIIRIE ek sWAGLANTLGESN Oi | S,

at nospheric and vacuum residua, pyrolysis gasoline, Fischer-Tropsch |iquids
and waxes, Pwbe oils, and crudes. 5. The process of claim2, wherein the
total cycle time of rapid cycle pressure swing adsorption is |ess than

about 15 seconds.qi6: f e L le tine is
12 Thlisgoncgés%g%%’%tuq 1, Whakid ke togﬂg gg&b Brdeh§lebOthdh 206t

| ess than about 1 se he’ pressure IS greater than about 10
i nches of wai@secprds @nddhe pressuiediop erggedter than dtivet pif icksssof ofataripar fmo6, wherei n
the total cycle ti is less than about 5 seconds. 8. The process of claim
7, wherein t bcﬂrl re drop of greater than about 20 inches of water per
foot of bed length. 9. The process of claim1l1l, wherein the total cycle tine
is | ess than abouB. TBe process of claim 12, wherein the total cycle time is less than about 5

seconds the pressure drop is greater than about 20 inches of water per foot of bed

length.

14. The process of claim 1, wherein light hydrocarbons are removed from a
hydrogen-containing make-up gas 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, to produce a purified make-up gas
with a higher hydrogen concentration by vol% than the hydrogen-containing make-
up gas, and at least a portion said hydrogen is comprised of at least a portion of said

purified make-up gas.

15. The process of claim 14, wherein the hydrocarbon feed is selected from
. the group consisting of naphtha boiling range feeds, kerosene boiling range feeds,

and distillate boiling range feeds.

16. The process of claim 15 wherein the total cycle time of rapid cycle
pressure swing adsorption is less than about 10 seconds and the pressure drop in

each adsorption bed is greater than about 10 inches of water per foot of bed length.



seconds and the pressure drop is greater than about 10 inches of water per
foot of bed length. 10. The process of claim9, wherein the cycle tine is
| ess than about 5 seconds and the pressure drop is greater than about 20

i nches of V\B?,%r o&%gﬁ?m of bed length. 11. The process lgé fﬁ§2ﬂ$dfﬂo 2wher ein
ul ic% M

hydr ogen s e and ammonia are renoved from said vapor phase w a basic
scrubbi ng solution prior renoving WO 2006/ 079024 PCT/ US2006/ 002292 -41

| i ght hydrocarbons fromthe vapor phase in a rapid cycle pressure sw ng
adsorption wunit. 12. The process of claim1ll, wherein the total cycle tine
is less than about 10 seconds and thed4pressure drop is greater than about
10 inches of water per foot of bed length. 13. The process of claim12,
wherein the total cycle tine is |l ess than about 5 seconds the pressure drop
is greater than about 20 inches of water per foot of bed I|ength. 14. The
process of claim1, wherein |ight hydrocarbons are renoved froma

hydr ogen- cont ai ni ng make-up gas in a rapid cycle pressure sw ng adsorption
unit containing a plurality of adsorbent beds and 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 | ength, to produce
a purified make- uli- gaprocegstipr wmevigsulieraned othen hetsrratoms @men by vol % t han

t he hydrogenhgﬁgéa?i)&'ﬁg?’r’%ﬁg%irsﬁbgas, and at | east a portion said hydrogen

is conprised ea n of said purified make-up gas. 15. The
process of clai m 14a) wogtaeting the byipcibeefebd in 4 Bpltotrcatiagzegd ®ith f rom t he

group consi s'ili é]rg of r&apht ha boil | n%_ range feeds, kerosene boiling range
f eeds, ydrogen and a catalytically effective amount of a hydrotreating catalyst under
hydrotreating conditions thereby resulting in a hydrotreated product comprised of a
liquid phase and a vapor phase containing hydrogen, hydrogen sulfide and light
hydrocarbons;
wherein at least a portion of the hydrogen is a purified make-up gas
produced by removing light hydrocarbons from a hydrogen-containing make-up
gas in a rapid cycle pressure swing adsorption 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; and
wherein the purified make-up gas has a higher hydrogen concentration by
vol% than the hydrogen-containing make-up gas;
b) separating the liquid phase and the vapor phase from the hydrotreated

product; and

¢) recycling at least a portion of the vapor phase to the hydrotreating zone.

18. The process of claim 15, wherein the hydrocarbon feed is selected from
the group consisting of naphtha boiling range feeds, kerosene boiling range feeds,

and distillate boiling range feeds.



and distillate boiling range feeds. 16. The process of claim 15 wherein the
total cycle tine of rapid cycle pressure swng adsorption is |ess than
about 10 seconds and the pressure drop in each adsorption bed is greater

t han about 18, ig@b}ﬁa} f water per foot of bed | ength. WO 20061079024

PCT/ US2006/ 002282 "2%%% 17. A process for removing sul fur HidU$3p05ep2292

het eroatons froma hydrocarbon feed, conprising: a) contacting the

hydr ocarbon feed in a hydrotreating zone with hydrogen and a catalytically
effective anount of a hydrotreating catal yst under hydrotreating conditions
thereby resulting in a hydrotreated pggduct conprised of a I|iquid phase and
a vapor phase contai ni ng hydrogen, hydrogen sulfide and |ight hydrocarbons;
wherein at |east a portion of the hydrogen is a purified nake-up gas
produced by renpovfinphd probdss bf claide 46, vheseil therhyardayBon ged-ic o naphitei ng nmake- up
gas in a rapid. cycl eq{gressure swWi ng adsorption containing a plurality of
adsor bent  hodinggareefsed sedected fsem thegyeynconpifange! sraight rundRphBsfet 30 seconds

and a press i 1.4l 0 out 5

i nches of vvaq"{r%rk g%g&h%%gb%mgp n%ingﬁh, ?‘gﬁg%ﬁ&%gﬁﬁﬁ'\%aé%esﬁl t @*"'Sﬁ%?&% “make- up
gas has a higher hydrogen concentration by vol%than the

Vhpor “phase T romPl ERErSE PEQFEHTO N SHUE LS HRCEPoR Bt b REIE Meast o
portion of tyheyBRfhe PRAS FecdQelchd YA @ e ORkiARBRS cydBoildredRiacess of
claim 15, \Ahe@léei n th%piri:l?;dr c?ca?bon feed %gﬁggl ectlelggf r8¥n ?Ihseﬂgr oSp

consi sti ng dfommtheffiid CatalytioGracken JECE) etissphezicomdvecibmn Basglsy ange f eeds,
S ELTE %.S:rgost]))%rlié g vasne rés?cﬁl%,sf)yrolysis gasoline, Fischer-Tropsch liquids and

waxes, lube oils, and crudes.

2\ . The process of claim 16, wherein the total cycle time or rapid cycle

pressure swing adsorption is less than about 15 seconds.

22. 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.

23. The process of claim {4, wherein the total cycle time is less than about 5

seconds.

24, The process of claim 20, wherein the pressure drop of greater than about

{ 20 inches of water per foot of bed length.

25. The process of claim 2! , wherein the 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. |

26. The process of claim 22, wherein the cycle time is less than about 5
seconds and the pressure drop is greater than about 20 inches of water per foot of
bed length.



WO 2006/ 079024 PCTI US2006/ 002292 -43 1q. The process of claim 16, wherein
t he hydrocarbon feed is a naphtha boiling range feed selected fromthe
group consisting of straight run naphtha, cat cracked naphtha, coker

napht ha, hyQ@®sdoaslesss naphtha, resid hydrotreater naphth rocess
of claim 16, wﬁ{ar g‘{gn t he hydrocarbon feed is a distillat gcgﬁgmo%{ibgﬁggr

boiling range feed selected fromthe group consisting of cycle oils produced
fromthe Fluid Catalytic Cracker (FCC), atnospheric and vacuum gas oils,

at nospheri c and vacuum resi dua, pyrolysis gasoline, Fischer-Tropsch |iquids
and waxes, |ube oils, and crudes. 2t.44The process of claim 16, wherein the
total cycle tine or rapid cycle pressure swng adsorption is |ess than
about 15 seconds. 2Z. The process of claim 19, wherein the total cycle tine

is less than abouy. TAOpoeesdeslanh 7 Wikréih A5&abeh dilfde 4d Lagthiaseor bent bed
is greater than about 10 inches of water per foot of bed length. 23. The

process of clegionedfromsaidaiapon phase with p basie peubbingsqlutignapyior feBeViRbHout 5

han about ST REREEER i Ehf B B Eh iy bTe BeRRRORRRE] 0P P Bee o

claim 21, whalseiptioh agit.cycle tinme is |ess than about 10 seconds and the
pressure drop is greater than about 10 inches of water per foot of bed

I th. 26. Th f cl.aj ,_Wherein t le, ti is.l th
abodt 5~ seconds 2Andbt HESPF 65 QAR 2y giFria ti ot 6 ek il hehes o
wat er per fogj se@bndsaRd tedfeiste dEY BRRGHE 1A% HTT ihsil 6 422 38 %ot 44

of bed length.

24 . The process of claim 2§, wherein the total cycle time is less than about 5
seconds the pressure drop is greater than about 20 inches of water per foot of bed

length.

30. The process of claim 6, wherein the hydrotreating catalyst contains at
least one of cobalt, nickel, molybdenum, platinum, tungsten, alumina, silica, silica-

alumina, a zeolite, and a molecular sieve.

31. The process of claim 16, wherein the hydrotreating catalyst contains at
least one of cobalt, nickel, molybdenum, platinum, tungsten, alumina, silica, silica-

alumina, a zeolite, and a molecular sieve.

32. The process of claim 22, wherein the hydrotreating catalyst contains at
least one of cobalt, nickel, molybdenu, platinum, tungsten, alumina, silica, silica-

alumina, a zeolite, and a molecular sieve.

32. The process of claim 6, wherein the liquid phase is blended into a fuel
product.

34. The process of claim 16, wherein the liquid phase is blended into a fuel

product.



27. The process of claim 17, wherein hydrogen sulfide and amonia are
renmoved from said vapor phase with a basic scrubbing solution prior renoving
| i ght hydrocarbons from said vapor phase in a rapid cycle pressure sw ng
adsorption unit. 28. The process of claim 27, wherein the total cycle tine
is less thanVQ8MWO™02d seconds and the pressure drop i s gPEHPEPOHIBRA2 about
10 inches of water per foot of bed length. 2N . The process of claim 23,
wherein the total cycle tine is |l ess than about 5 seconds the pressure drop
is greater than about 20 inches of water per foot of bed I|ength. 30. The
process of claim6, wherein the hydrotgeating catalyst contains at |east
one of cobalt, nickel, nolybdenum platinum tungsten, alumna, silica,
silica- alumna, a zeolite, and a nolecular sieve. 31 . The process of claim
16, wherein the hydgpt ﬁﬁ@&és@ﬁcﬁ%@%’@ﬁerﬁﬁmﬁidﬁd Pase Isieide@ Mo Qfuegobal €,

ni ckel, mol ybdenum platinum tungsten, alumha, silica, silica- alumna, a
zeol ite, andpradumbl ecul ar sieve. 32. The process of claim 22, wherein the
hydrotreati ng catal yst contains at |east one of cobalt, nickel, nolybdenu,
pl ati num tungsten, alum na, silica, silica- alumna, a zeolite, and a

nmol ecul ar sieve. 33. The process of claim®6, wherein the |liquid phase is

bl ended into a fuel product. 34. The process of claim 16, wherein the

| iquid phase is blended into a fuel product. WO 2006/ 079024

PCT/ US2006/ 002292 -45 35. The process of claim 22, wherein the |liquid phase
is blended into a fuel product.



