WO 2006/ 079028 PCT/ US2006/ 002296 -1 HYDROCRACKI NG OF HEAVY FEEDSTOCKS W TH
| MPROVED HYDROGEN MANAGEMENT FI ELD OF THE | NVENTI ON [ 00011 An i nproved
process for hydrocracki ng heavy petrol eum f eedst ocks wherein

hydr ogen-cont ai ni ng streams associated with a hydrocracker are subjected to
rapi d cycl e WP2%&{r3828swi ng adsorption having a cycl e tiRE/USROO3WEt han one
m nute unit. BACKGROUND OF THE | NVENTI ON [ 00021 The hydrocracki ng of heavy
petroleum fractions is a very inportant refining process that makes it
possible to increase the refinery yield of lower boiling higher val ue

| i quid products. For exanple, heavy feedstocks that cannot be readily
upgraded are hydrocracked to lighter fractions such as gasolines, jet fuels
and light gas oils. Certain hydrocracking -processes nake it possible to al so
obtain a strongly purified residue that can provide good bases for |ube
oils. Relative to fluid catalytic cracking, an advantage of catalytic
hydrocracking i s to provAypROCRAEKINGOF HEA¢s YEEDSToEeKks and gas oils of

very good quality. Conveyaai iMPROVERBMDROGERMANAGEMENEEd by
hydr ocracki ng has a | ower octane rating an gasorine at is produced from

fluid catalytic cracking. [0003] Hydrocracking is a process that draws its

flexibility fr EOVEE AHE WWERPIGS, Such as the operating conditions used,
the type of ca fact that the hydrocracking of
hydr ocar bon- cof@@hi ng\lflmﬂwémosese&ihméoeﬁ?m&@aﬁnpetrqlwmfn@mﬁksrmre st ages.

On f |
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aci di ¢ anor pho I ca-alumn syc’st ens are WO
2006/ 079028 PCTW 13806l pp2296swilg adsorption havmg a cycle time of less than one

/ minute unit.

BACKGROUND OF THE INVENTION
[0002]  The hydrocracking of heavy petrolewm fractions is a very important

refining process that makes it possible to increase the refinery yield of lower
boiling higher value liquid preducts. For example, heavy feedstocks that cannot be
readily upgraded are hydrocracked to lighter fractions such as gasi)lines, Jet fuels
and light gas oils. Certain hydrocracking processes make it possible to also obtain a
strongly purified residue that can provide good bases for lube oils. Relative to fluid
catalytic cracking, an advantage of catalytic hydrocracking is to provide middle
distillates, jet fuels and gas oils of very good quality. Conversely, the gasoline that
is produced by hydrocracking has a lower octane rating than gasoline that is

g produced from fluid catalytic cracking.

[0003] Hydrocracking is a process that draws its flexibility from several
variables, such as the operating conditions used, the type of catalyst used, and the
fact that the hydrocracking of hydrocarbon-containing feedstocks can be carried out
in one or more stages. One type of conventional hydrocracking catalyst is based on

moderately acidic amorphous substrates, such as silica-aluminas. Such systems are



used to produce quality mddle distillates and optionally |ube oi

basestocks. These catalysts are used, for exanple, in two-stage processes.

[ 0004] In processes such as hydrocracking, the step of recycling a hydrogen-
rich vapor phase separated fromthe reaction zone effluent is comon.
Practical reoasmnm7dng utilizing this step reside in mapaiasiésgiot h the
activity and operational stability of the catalyst used in the process. The
recycl ed hydrogen is typically obtained by cooling the total reaction
product effluent to a tenperature in the range of about 60 F (15.6 C) to
about 140 F (60 C), and introducing the cooled effluent into a vapor-liquid
separation zone. The recovered vapor phase, which contains unreacted
hydrogen, is recycled and conbined with the hydrocarbon feedstock upstream
of the reaction zone. [0005] The art has 7Tong recogni zed the inportance of
inproving the purity (concentration) of hydrogen in the recycle stream of

hydr opr 0Cessi NGl Saguck A5k HORHASAGE BREIGN) IR o lSul! plige Deen the

goal of the art ance ICle CI es rogen u I zation
with li'ttl e addiatalystsare wsedrfgyexamplesinnpo-soge mockssest hout undue del et eri ous
effects on the maintenance or operation of the hydrocracking equipnent. It
has al so been recogni zed that by increasing the efficient use of hydrogen,
exi sting equi prieead] COllh@rdmessedmbmyﬂ@dfdardcmg,emﬁeﬁ&feecyblit{gmlghmgtemof t he

f eedstock resulting in_higher |el ds. A _further advanta to the
more efficient l‘fi’i"gl?oié’?ﬁ? epprat ﬁ)@ﬁ geion; Fge ¢ 1§ ERPTPoR t%f‘f%p“g‘ﬁount of
nmake- up hydr ogeRoedstet uﬁmigttaﬁ sfep Pusidd SfimBMsainif) boRX ME Bty andyRELELN Pl ant or
cryo-unit. [0006] The ty of feedstock to be processed, product quality

requirenents, &HEULE ﬁ@hﬁﬁ%ﬂﬁ%‘?“&qﬂ ip g§\PEqcssso s (—ﬁcycde%}%lgqgep@ tpiealyyst cycl e

life determ “e%bﬁahlﬁd'w%&ﬂa%ﬂhe 136 Iéaékion Pcﬁ%&%’fﬁueﬁ%%‘té@m&t%]ﬁﬁ@ rAperation of
a hydrocracking unit.” The unit's 6/ 079028 PCIT[ US2006/ 002296~ -3
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effluent into a vapor-liquid separation zone. The recovered vapor phase, which
contains unreacted hydrogen, is recycled and combined with the hydrocarbon

feedstock upstream of the reaction zone.

[0005]  The art has long recognized the importance of improving the purity
{concentration) of hydrogen in the recycle stream of hydroprocessing units,
including hydrocracking units. Thus, it has been the goal of the art to provide
enhanced efficiencies of hydrogen utilization with little additional energy
consumption and without undue deleterious effects on the maintenance or operation
of the hydrocracking equipment. It has also been recognized that by increasing the
efficient use of hydrogen, existing equipment could be employed to increase the
throughput of the feedstock resnlting 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.

[0006]  The type of feedstock to be processed, product quality require;hents, and
the amount of conversion for a specific catalyst cycle life determines the hydrogen

partial pressure required for the operation of a hydrocracking unit. The unit's



pressure of the hydrotreating unit. Since there is |limted control over the
conposition of the flashed gas fromthe downstream hydrocracker separator,
the hydrogen conposition of the recycle flash gas limts the hydrogen
partial pres mately delivered to the hydrocrac

relatively I§@E$EQ@3%bhge partial pressure in the recycﬁ@ggggﬁﬁ@ﬁ%ﬁﬁ1
effectively lowers the partial pressure of the hydrogen gas input conponent
to the reactor and thereby adversely affects the operating performance with
respect to product quantity and quality, catalyst cycle life, etc. To

of fset this lower performance, the operating pressure of the hydrocracking
reactor has to be increased. Conversely,sby increasing the efficiency of
hydrogen gas recovery and hydrogen concentration, the hydrogen parti al
pressure of the recycle gas streamis inproved. ThIS results in an overal

i nproved perfor nan of t ured by these
par aneters. tfoJ F%%asﬁér&ﬁggﬁ%yrg%%%géhﬂg’e%ﬁ&proposegér g&n@&ﬁ whi ch have
been conmmer ciradshie qitRchydieiteatibp ahit.Bih@théretilimitat euatrol beerhiydr ogen
utilization efficiency _ _of_ the hydrocracking unit by increasing

concent r at i orfogIPopitien kY thedlpshed gristinm the doyapteeagpltydseqrackst SEB%‘F?’E Bcesses
typically re?ﬂ) géeﬂ coinBBLifibit 8 the gblg'ﬂ%@@ as 1MW tﬁgﬁg&:o atid gés%ereqw re

si gni ficant es I n operating conditions, suc era ure and
pressure, whiutmmbighi dEﬂllel}Gdlt@ﬂlﬂ hyﬂrocmclumgtrmdAadpmeiy losared hgaqlmgm ing costs.

[ 0008] One proc 825 t hat h beep ado ted rove t he h;ﬂ rity of
the recycle RH QFﬁS?‘geé‘b é?ﬁYF r%”‘g %‘Zﬁeréﬂ?(ﬂaﬁ%/ See,
for exanpl e, théhﬁs:og’éat as Nebut fordk ?gnc%% thé?e!d@@réﬁdmm%b &@&&eﬁﬁaﬁé&m Crest,

Inc. However, 1n or e to i ncorporate the PSA unit, the pressure of the
reactor effl mtatlggseﬁdzmm withstspee to enhdwcquhnmmaadquahtz c@ta@spsyc@p (175.8

ka/ t b 24. 6 WO 006/ 07 /USZOOG/ 2296 -4 ka/cn?).
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hydrocracking reactor has to be increased. Conversely, by increasing the efficiency

ﬁ

of hydrogen gas recovery and hydrogen concentration, the hydrogen partial
pressure of the recycle gas stream is improved. This results in an overall improved

performance of the hydrocracking process unit as measured by these parameters.

[0007])  Various methods have been proposed, some of which have been
commercially practiced, that attempt to improve the hydrogen utilization efficiency
of the hydrocracking 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

CcOsts.

[0008] . One process that has been adopted to improve the hydrogen purity of the
recycle stream is conventional pressure swing adsorption (PSA). See, for example,
U.S. Pat. No. 4,457,384 issued Jul. 3, 1984 to Lummus Crest, Inc. However, in
order to incorporate the PSA unit, the pressure of the reactor effluent gas stream
must be reduced from about 2,500 psig (175.8 kg/em’) to about 350 psig (24.6



about 99 nol % the recycled gaseous stream nust be subjected to significant
reconpression to return it to 2,500 psig (175.8 kg/cm before introduction
into the hydroprocessor feed stream The net result is that the capital,
operating an i nce costs are substantially increa t dition
of a large C§WB5@§@%§ﬂ?that is required when using a convéﬁﬂwg%%vmggigunit.

[ 0009] Another nethod is described in U S. Pat. No. 4,362,613 to MacLean

whi ch uses nenbranes with pressure drops up to 150 at nospheres and which

al so incurs substantial capital investnent and operating costs. [0010] It
is therefore an object of the present invention to provide an inproved
process for enhancing the efficiency of hydrogen utilization by nmeans that

are conpatible with existing hydrocracking units. Such neans adversely
affect the hydrocracker throughput or the overall econonm es of the system

i ncl udi ng capj 2 € i : [ I ; ter

i ncl udi ng nai %é/ g%a?hcﬁelﬂgdﬁgh@ﬁlﬁ%ﬁ?ﬁ%{ﬁh@%o@%%ﬁﬂéﬁéﬁ%gr&%?%&éls y not ed,
the overal | ogmnap9 awléf,thereeyndsd gasedisatreloy dmatbanibjactpdpo sigaeanni t can be
increased if the partial pressur hydr as. ., i.n the feed to the
reactor can bECPHEFEHERE ‘%F‘im fio Eﬁ@bé’ﬁ%&ﬁgﬁggf%@r) @S?Iéﬂm@flc‘f%mt"p Bsent

I nvention to hﬁéﬁ%&s%&%‘e&?ﬁfe@ﬁi e RAEQNE REE R ,r(?f%faﬁﬁé'aﬁﬁ process
units by increasing its throughput capacity. W 2006/ 079028

PCTI US2006/ 00@22@6enanés coStgvrRpsiamti dilyEneisagen by O 4d0idioa] of BHarge compressoon
i ncl udes a prgcess for hydrocrackin h car.pon feed, conprising: (a)
contacting a W&EWWBE&‘DEHCSH%@%%S@&% zone with a hydrogen-
containing gas and a catalytically effective anmount of a hydrocracking

catal yst under hydrocracking conditions thereby resulti n% in a | ower
boi l;i ng hydr o@8f¥on Another method is described in U.S. Pat. No. 4,362,613t MacLean

which uses membranes with pressure drops up to 150 atmospheres and which also

incurs substantial capital investment and operating costs.

[0010] It is therefore an object of the present invention to provide an improved
process for enhancing the efficiency of hydrogen utilization by means that are
compatible with existing hydrocracking units. Such means adversely affect the
hydrocracker throughput or the overall economies of the system, including capital
expenditures and operating expenditures, the latter including maintenance and

energy consumption.

{[0011]  Aspreviously noted, the overall operating efficiency of the
hydrocracking process unit can be increased if the partial pressure of hydrogen gas
in the feed to the reactor can be increased. It is therefore another object of the
present invention to improve the operating performance of hydrocracking process

units by increasing its throughput capacity.
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| i qui d phase and a vapor phase containing hydrogen and |ight hydrocarbons;
(b) separating the | ower boiling hydrocarbon |iquid phase and the vapor
phase; (c) renmoving at |east a portion of the |ight hydrocarbons from at

| east a portion of the vapor phase, thereby increasing its _hydrogen
concentrati o0 3086/%7%285i d cycl e pressure swing adsor pti oR¢ %°°€§H%9£i ning a
plurality of adsorbent beds and having a total cycle tinme of |less than
about 30 seconds and a pressure drop within each adsorbent bed of greater
t han about 5 inches of water per.foot of bed |ength; and (d) recycling at

| east a portion of the vapor phase of step c) above having an i ncreased
concentration of hydrogen to the hydroc[%qking zone. [0013] In another
enbodi ment, the hydrogen-containing gas to the hydrotreating zone is
conprised of a purified nmake-up gas produced froma hydrogen-containing
make-up gas i[ | d Lyele pressure swing adsorption unit containing a
plurality of 2He8 WL AHEINVENIION 5 total cycle tinme 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, wherein the purified
make-up gas [0082) t h&hisipivehtiop dicdudes e psencss fonhydroerdeiinge hydroeasban fesd,hi gher

i n hydrogen concentration than the hydrogen-containing gas. WO 2006/ 079028
PCTI | JS2006/ 002218 6 [0014] In another enbodinent, is a process for

hydr ocracki ng a hyylégfssiiaga hyliRestbor ¥R & hdroclasling 86tcAsitt MBydiogendr ocar bon
feed in a hydrocracking zone with a hydrogen- contalning gas and a

cat al yti cal | ycostginiagispe anthbeatlytimally cffpetfwsamant pie bulretryaking agtdust
hydr ocracki ”%ﬁpg&&o%% E4Eoxs %&éﬂéﬁj di%%%liiﬂ%@relofga\g%{ %ﬁgﬁé i."%? 5 pcar bon

i quid phase a vapor phase conpris ar ocar bons;
{ liquid phase and a vapor phase containing hydrogen and light hydrocarbons;

(b) separating the lower boiling hydrocarbon liquid phase and the vapor
phase;

(c) removing at least a portion of the light hydrocarbons from at least a
portion of the vapor phase, théreby increasing its hydrogen concentration, in a rapid
cycle pressure swing adsorption unit containing a plurality of adsorbent beds and
baving 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

(d) recycling at least a portion of the vapor phase of step c) above having an

increased concentration of hydrogen to the hydrocracking zone.

{ {0013]  In another embodiment, the hydrogen-containing gas to the
hydrotreating zone is comprised of a purified make-up gas produced 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, wherein the purified make-up gas
from the rapid cycle pressure swing adsorption unit is higher in hydrogen

concentration than the hydrogen-containing gas.
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wherein the purified make-up gas is produced from a hydrogen-contai ni ng
make-up gas 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 secaﬂﬂﬁ,@ngﬁg pressure drop within each adsorbent bed of greater
than about 5" REY ¥ water per foot of bed Iength, whePETHSPRYORES; i ed
make-up gas fromthe rapid cycle pressure sw ng adsorption unit is higher

i n hydrogen concentration than the hydrogen- containing gas.; (b) separating
the | ower boiling hydrocarbon |iquid phase and the vapor phase; and (c)
recycling at least a portion of the vapor phase of step to the hydrocracking
zone. [0015] In another preferred enbodigent, the total cycle tinme for rapid
cycle pressure swing adsorption is |ess than about 10 seconds and the
pressure drop of each adsorbent bed is greater than about 10 inches of

wat er per fo be : m@]ﬂ%; f odi nent
the total cyglhgﬂ{]i mﬂ}%‘?’ﬁ%gﬁ cycﬁgls %&gé&é‘s&r’fe W ngadgg] (??{a{dfogﬁgjs? | ess t han

about 5 second&d,aegpiikiagpr essure drop of each adsorbent bed is greater than
about 20 inches of water. per foot of bed | ength. WO 2006/ 079028

PCT/ US2006/ 0022968) contaptinghygrogahanfee\ngh pqkangyone WitheAlydesiRE 1
hereof is a H{%kﬂ | EILR : {'ﬁq{ acking unit
of the pri orsdgr t‘%ggd%@gh notﬁfe\cﬁg*?)@wfpgg%qcyc fgarﬂ reoscgalﬂ%%g\%\n%

absor ption. RQé&SdydrdcEhdRing’cdnditiond theseby resuitjylgi if iadoweardivdlivet Hydrackdbust r at i ng

one oo meny L FUBLOXLL0,LaPL 0, £ e Besaute St abectpiien.in the
FI GURE 3 her egfferdif tif pilrfRUinhdk@ Sl fBbdfeedl Iolts hidrbpa- ORGPk IRyt
g 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, wherein the purified make-up gas from the rapid cycle pressure
swing adsorption unit is higher in hydrogen concentration than the hydrogen-
containing gas.;
(b) separating the lower boiling hydrocarbon liquid phase and the vapor
phase; and
(c) recycling at least a portion of the vapor phase of step to the hydrocracking

zone.

[0015]  In another preferred embodiment, the total cycle time for rapid cycle
{ pressure swing adsorﬁtion 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.

[6016]  In yet another preferred embodiment, the total cycle time for rapid cycle
pressure swing adsorption is less than about 5 seconds and the pressure drop of

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



enpl oying rapid cycle pressure swing absorption in the hydrogen-contai ning
recycle gas streamto a hydrocracking reactor. DETAILED DESCRI PTI ON OF THE

| NVENTI ON (0017] The process of the present invention is particularly useful
for hydrocr ggkinge@gydr ocar bonaceous oi |l contai ni ng hydpegashmesosvad/ or
other organic materials to produce a product containing hydrocarbons and/or
other organic materials of |ower average boiling point and | ower average
nol ecul ar wei ght. The hydrocarbonaceous feedstocks that nay be subjected to
hydrocracki ng by the nethod of the present invention includes all mneral
oils and synthetic oils (e.g., shale oil, tar sand products, etc:) and
fractions thereof. Illustrative hydrocarbonaceous feedstocks include those
cont ai ni ng conponents boiling above about 500 F (260 C), such as

Fi scher-Tropsch |iquids, atnospheric gas oils, vacuumgas oils,

deasphal ted, WOEIMDESCRIPTIONOENRE WMeURES hydrotreated or mldly
hydrocracked resiaual ol1sS, COoKer distilrates, straight run distillates,

so: vent - Feas;ﬂﬂ&l’ﬂ ed BGURE b?ﬁ?b?@?@ph?&ﬂ@@h@mt@ Oflﬁ:cfbiw éwggnamrgfxynt Eet ic
Peedstock 1 Dsdgppd Bhi S AE bt rdubl e el RS el sbeesvag "

hydr ocar bon f g tion. havi ng at | east 50% by wei ght, and nost usually at
| east 75% by weight, of its conponents boiling at tenperatures above the
end point of the desired product. One of the nost preferred gas oil

f eedst ocks wi | I F (260
O wi th best 0I8ET" FEURMEREER BRNHATRA Rk ieoathe o AR

percent by volempbyﬁﬂ‘g rhyid c?ﬂﬂ'@m&lﬁ’eSwutghbbtrpﬁorbﬁtmehj?d:aﬁﬂuéon@ﬁﬁnfn{aﬂ&-5 C) and
1000 F (538 C). A pref erred heav feedstock boils 1n the range from about
350(t0 about PS8 §repByip@thydPE X%“’%B‘Hut 565 C). 100181 Heavier |inear
paraffl ns and waxes such as Fi scher Tropsch waxes,

[0016] FIGURE 3 hereof is a simplified schematic illustrating one embodiment
employing rapid cycle pressure swing absorption in the hydrogen-containing

recycle gas stream to a hydrocracking reactor.

DETATLED DESCRIPTION OF THE INVENTION

[0017]  The process of the present invention is particularly useful for
hydrocracking a hydrocarbonaceous oil containing hydrocarbons and/or other
organic materials to produce a product containing hydrocarbons and/or other
organic materials of lower average boiling point and lower average molecular
weight, The hydrocarbonaceous feedstocks that may be subjected to hydrocracking
by the method of the present invention includes all mineral oils and synthetic oils
(e.g., shale oil, tar sand products, etc.} and fractions thereof. Ilustrative
hydrocarbonaceous feedstocks include those containing components boiling above
about 500 °F (260 °C), such as Fischer-Tropsch liquids, atmospheric gas oils,
vacuum gas oils, deasphalted, vacoum, and atmospheric residua, hydrotreated or
mildly hydrocracked residual oils, coker distillates, straight run distillates, solvent-
deasphalted oils, pyrolysis-derived oils, high boiling synthetic oils, cycle oils and
cat cracker distillates. A preferred hydrocracking feedstock is a gas oil or other



waxes from sol vent dewaxi ng, slack waxes, and waxy crudes may al so be
upgraded to lighter products via hydrocracking processes. Hydrocracking
catal ysts and process conditions as utilized for distillates and heavy gas

oils may be Wd%dog,gfguisn for hydrocracki ng of heavy | i neapcpaksflbdsesand
waxes. (0019] The active netals enployed in the preferred hydrocracking
catalysts of the present invention as hydrogenation conponents are those of
Goup VIIl of the Periodic Table of the Elenments, i.e., iron, cobalt,

ni ckel, ruthenium rhodium palladium osmum iridiumand platinum One or
nore pronoter netals can also be present. Preferred pronoter netals are
those from Goup VIB, e.g., nolybdenumagd tungsten, nore preferably

nol ybdenum The anmount of hydrogenation nmetal conponent in the catal yst can
vary within wi de ranges. Broadly speaking, any anmount between about 0.05

percent and 3QyRR¥&®6h fla¥ioniveipiat TERNOS0Y% B9 Freidhh dnl rdiBSRalY allBgt no%l €
netals, it is preferred to use about 0.05 to about 2 weight percent of such

metal s. The pbeivesighidolitstdesyponents boilinp aptempenages dreveind endpeiat ¢igthe net al

conponent is t,Q.contact eQl teri. it aqueous sol ution of
o suitabl e cogute afic R géii’ér‘gﬂaﬁgﬁﬁr%sﬁ%?%gﬁgﬂb@w%‘ézooal 002296
-9 wher ei n t haydRcaboh Sofp@fatstthitboil abavd S0U F (£60 10), with beswiratgltabéelhg i on of

the sel ected hydrogenation netal or netals, the resulting catal yst powder
i s then filtereRicveryihfeeccheantaipipg ahlepst 23 peEant Ribvolwas PSthe GPRARRStSOr  t he

like if desired:; i I {11 m f 0-1200 F
(371-648 CO) i ﬁg%]#l e%(rgw'{t;%h% I \(%)PEF ﬁnlg ? fa%‘lfl S?/s aﬁg%ﬁb%%%fgggdaﬁ% iumions.
Al t er nati vel y feedbieck boild ihehecranpofremtaboaty3 S0ito aboutr @ 05W (abdred 77 PEGltb owed by t he
addition of the hygrg enati ng conponent and activation by calcining. The

f or égoi ng cat 3\’%9 3 %r be enployed in undiluted form or the powdered
zeolite catalyst may be m xed and copelleted with other relatively | ess
active catalysts, diluents or binders such as alumna, silica gel,

silica-al um n§018] Heavier linear paraffins and waxes such as Fischer Tropsch waxes,

waxes from solvent dewaxing, slack waxes, and waxy crudes may also be upgraded
to lighter products via hydrocracking processes. Hydrocracking catalysts and
process conditions as utilized for distillates and heavy gas oils may be utilized in

for hydrocracking of heavy linear paraffins and waxes.

{0019]  The active metals employed in the preferred hydrocracking catalysts of
the present invention as hydrogenation components are those of Group VI of the
Periodic Table of the Elements, i.e., iron, cobalt, nicke], ruthenium, rhodium,
paliadium, osmium, iridium and platinum. One or more promoter metals can also
be present. Preferred promoter metals are those from Group VIB, e.g.,
molybdenum and tungsten, more preferably molybdenum. The amount of
hydrogenation metal component in the catalyst can vary within wide ranges.
Broadly speaking, any amount between about 0.05 percent and 30 percent by
weight may be used. In the case of the noble metals, it is preferred to use about
0.05 to about 2 weight percent of such metals. The preferred method for
incorporating the hydrogenation metal component is to contact a zeolite base

material with an agueous solution of a suitable compound of the desired metal



cogels, activated clays and the |like in proportions rangi ng between 5 and 90
wei ght percent. These diluents may be enpl oyed as such or they may contain
a mnor proportion of an added hydrogenating nmetal such as a Group VIB
and/or Goup WVIII netal. [00201 Additional netal pronoted hydrocracking
catal ysts nmd¥O MWWEE&9B8 utilized in the process of the PEREERAWG/HPRYEeNt i on

whi ch conprises, for exanple, alum nophosphate nol ecul ar si eves,
crystalline chronosilicates and other crystalline silicates. Oten at | east
two catalysts are utilized for hydrotreating the feed to renmove sul fur and
nitrogen and to hydrocrack the feed into lighter products. Optionally a
catal yst is enployed to hydrotreat the product fromthe hydrocracking
reaction (i.e., a post hydrotreating catglyst bed). Crystalline
chronosilicates are nore fully described in U S. Pat. No. 4,363,718 to
Klotz. [00211 Hydrocracking is typically perfornmed at a tenperature from
about 450 F (gRérefr) éeleapfag}eséﬂ fcaﬁéﬁé ik, F%ﬁlo@m@%&ﬁﬁdﬂ&‘tﬁés@f&ﬁ@om 500
psig (3.6 MPa) to a out psi g MPa), at iquid hourly space

vel ocity (LHsvyydrﬁmtlcan@l @n@taﬂ@ﬂab@amng@athb'stlpovvdﬁds then Bltirod doed

circulation r -10

st andard cubi g{’?egt per gﬂ“éﬁ%@%@“norna‘%%%?%@ outegglg%ggto st andard
cubic feet Eett:rdpalramd:s c(fAer’fQ&eerﬁ&_ ! PFWI&R?”C)Imommmmmdhwatdiystthlgl pr esent

i nvention, the, term suost. ntia onversi pn tao. | ower roducts" is

meant to connofEOTRESe TFIONUM jons ﬁerg%nv @a@’?z chte i, Ongng?’(%ﬁ?stg? the fresh

feedstock to Ipamredbﬁ)ilbwagby the @dﬁilﬁnnmftﬂerhya:qgemmg C(ﬁﬂboﬁé‘m@ﬁﬂ aeibtiont he per

pass conversion in.the d ocr acki zone is in the n from about 15%to
B Dout 4% " Nor & FeHBEa S oliretie spaits B Be rpiidon sndi T T ¥hge 1 rom
about 20%t0 apsterclidoliteiRbtRlyt mdyhe nifddind chydlleRg afith othef RREvely Reselef i ned as a
refinery, chemcal or, other industrial plant streamthat is conprised of

hydr ocar bons i #&reertysts diinents ordindsrs wpedyasifming, pilica gel, silica-alumina

cogels, activated clays and the like in proportions ranging between S and 90 weight

percent. These diluents may be employed as such or they may contain a minor
proportion of an added hydrogenating metal such as a Group VIB and/or Group
VIII metal.

[0020]  Additional metal promoted hydrocracking catalysts may also be utilized
in the process of the present invention which comprises, for example,
aluminophosphate molecular sieves, crystalline chromosilicates and other
crystalline silicates. Often at least two catalysts are utilized for hydrotreating the
feed to remove sulfur and nitrogen and to hydrocrack the feed into lighter products.

. Optionally a catalyst is employed to hydrotreat the product from the hydrocracking
reaction (i.e., a post hydrotreating catalyst bed). Crystalline chromosilicates are
more fully described in U.S. Pat. No. 4,363,718 1o Kiotz.

[6021]  Hydrocracking is typically performed at a temperature from about 450
°F (232 °C) to about 875 °F (468 °C), at a pressure from about 500 psig (3.6 MPa)
to about 3000 psig (20.8 MPa), at a liquid hourly space velocity (LHSV) from
about 0.1 to about 30 hr™, and at a hydrogen circulation rate from about 2000



| evel s (Il ess than 5 wt/0) of non-hydrocarbon contam nants such as, but not
limted to, sulfur, water, ammonia, and netals nay be present in the

hydr ocarbon feed. [0022] One specialized formof hydrocracking is shape
sel ective hy%&bﬁﬁ%ﬂzﬁg- In addition to nol ecul ar wei ght pcEUsIOé/@R298Nd
het er oat om renoval , shape sel ective hydrocracking my also be utilized to
reduce the pour point of a distillate or a lubricating oil basestock.
Distillate and lubricating oil basestock shape selective hydrocracking is
typically carried out by utilizing a nedium pore sized, shape selective
zeolite such as ZSM5. In this process, linear and slightly branched
paraffins in the feed are hydrocracked t-d0l-i ghter conponents, while the nore
branched paraffins in the feed are not converted. In addition, a

hydr odesul furi zation catalyst is included in the hydroprocessing reactor,
whi ch  r educestanBardsubik feetperibaid (3Mfanrnainhbm’) af atone23,6estajdatbabicAs an

exanple, disti]late dewaxing via s e sel ective hydrocracking  praqocesses
are typically f%ppq‘@dre\évaﬂ{ZOQtn IP%BSI@,“%WGB’@%%%PBWWW%B% ®arti al
pressure, 1 tQqg, &Ry ?&fte?sz& t%qoé&%om%ﬂﬁawﬁ HE8ht ¢ EGtib@lhon rate.

I n shape sel ective di Stlall at e dewaxi ng, a Iower sulfur, |ower pour point

di still at e WOcaiNxbdity 8D23edCT MalRRGE{@OCHABe freshlfepdstmtitdd Jovambodingow sul f ur
not or gasoline are ohtained. Typically, the distillate, yield is over 85%
with 5-12% noPHdughs. R REFIGires hoadipert s PR %Vﬁﬁlqﬁ@ﬁﬁl@a@ King, shape
sel ective | ubgoflerax iaGand HAWEhostU'sHio-abb@3s. MK pedbrablyl thder pR@sest ock or
product is produced with an inproved viscosity index. Lubé dewaxing via
shape sel ect i venteyzienisriadiemgngs Sowsbes 280 etotapputcii™.yHergmm, thedemut at 500 to

750F, 400 to 2P0 i 500. 1.0.4000 scf/bbl, and, 0, 2.t0 V. [ 0024]
Figure 1 hereo yqqggaibdﬁ %B‘?ilfidggne%eaﬁlaég TRATE R A ?rdﬂ%ﬁljggp of a
conventional Rirehn® tHaddzloRpridéDE: obAfbond fRludH@esch Sfeati¥RiRyeid stapi d cycl e
pressure sw n? adsorption unit. The hydrocarbon feed 10 to be hydrocracked
is evels (less than 5 wt%) of non-hydrocarbon contaminants such as, but not Iimited

to, sulfur, water, ammonia, and metals may be present in the hydrocarbon feed.

[0022]  One specialized form of hydrocracking is shape selective hydrocracking.
In addition to molecular weight reduction and heteroatom removal, shape selective
hydrocracking may also be utilized to reduce the pour point of a distillate or a
lubricating oil basestock. Distillate and lubricating oil basestock shape selective
hydrocracking is typically carried out by utilizing a medium pore sized, shape
selective zeolite such as ZSM-5. In this process, linear and slightly branched
paraffins in the feed are hydrocracked to lighter components, while the more
branched paraffins in the feed are not converted. In addition, a
hydrodesulfurization catalyst is included in the hydroprocessing reactor, which

reduces the sulfur and nitrogen content of the feed.

[0023]  As an example, distillate dewaxing via shape selective hydrocracking
processes are typically carried out at 260 to 455C, 20 to 50 kg/cm2 hydrogen
partial pressure, 1 to 2.5 LHSV, and 250 to 425 Nm3/m3 hydrogen circulation rate.

In shape selective distillate dewaxing, a lower sulfur, lower pour point distillate



i ntroduced to the hydrocracking reactor R along with a hydrogen-containi ng
recycle treat gas 15 and hydrogen-contai ni ng nake-up gas 11. The feed and
hydr ogen- cont ai ni ng gas streans flow concurrently through the hydrocracker
reactor R th%ﬁrgﬁ ETFkurality of beds C of suitable hydrogragkidigeiddsal ysts.
The product e fERP®exits the hydr ocracki ng reactor R and is sent via line
20 to a separator S where a liquid product fraction having a lower initial
boiling point than the feed is recovered via line 22. This |iquid product
fraction is normally sent to additional processing equi pment or processing
units for further refinement. A hydrogen-containing vapor fraction 12 exits
the separator S and is conducted to recynl-e conpressor RC where at |east a
portion of the streamis reconpressed and returned to the hydrocracking
reactor R A purge stream 16 nay be taken off if to elimnate a portion of
bui 't up |i ghtprbsieh 368 R6RSuldir AL EassliheABobRHeA TTHFBAIDY, i diguitd a

buil d-up of these conponents in the system The term"light hydrocarbons”
used herei n ne&sld isovey 86 %e #ith Snl 3 maierezasdingrvidd dh beirpBahtconpounds

of about Ito about ar . at inweight (i ., ,Cl - Wei,ght

hydr ocar bon &?ﬁ%odﬂ%%a)%? S&%a?%d%%é%%?ﬂ“tﬁéb‘g’éf ]ﬁgrfﬁbgm%%ﬁ%f 025]
Returning to Magesterkbr pibdaey it pevdiuedd Wik ak b esisastobiytindee MTube dewaiihi
vapor fraction is recycled to reactor R as hydrogen-containing recycle gas

15 and a por tiid#hape selentiye dydrgoragiong gropgerenaie ynically craiediay arf094o quench gas
14. Since the agdl } r I ! thermc, the quench
gas 14 is typi@gﬁ@dﬁg%{)pgaﬁ’ce itﬁ%ﬁ@ﬁﬁ'ﬁ%ﬂéiﬁ%@gﬁ%ns et ween t he
hydrocracki ng reactor's catalyst beds to prevent reactor run away

(overheating). Although varijous types_of quench gase can. be used, it is
prefierred t hatl0¥3#d qu%ﬁ%‘l’? eqids 3 s Sé‘?PI?ﬁé'Ffﬁna‘?‘h?f?gﬂ%‘l’ BSRM 0 Hm t he

separator . [QR2RHoFSifcfachh bock RADA ot foRhBIAY § BiEERAMI Tont of the

process of

pressure swing adsorption unit. The hydrocarbon feed 10 to be hydrocracked is
introduced to the hydrocracking reactor R along with a hydrogen-containing
recycle treat gas 15 and hydrogen-containing make-up gas 11. The feed and
hydrogen-containing gas streams flow concurrently through the hydrocracker
reactor R through a plurality of beds C of suitable hydrocracking catalysts. The
product effluent exits the hydrocracking reactor R and is sent via line 20 to a
separator S where a liquid product fraction having a lower initial boiling point than
the feed is recovered via line 22, This liquid product fraction is normally sent to
additional processing equipment or processing units for further refinement. A
hydrogen-containing vapor fraction 12 exits the separator S and is conducted to
recycle compressor RC where at least a portion of the stream is recompressed and
returned to the hydrocracking reactor R. A purge stream 16 may be taken off if to
eliminate a portion of built up light hydrocarbons or other stream contaminants to
avoid a build-up of these components in the system. The term "light hydrocarbons”
used herein means a hydrocarbon mixture comprised of hydrocarbon compounds of
about 1 to about 5 carbon atoms in weight (i.e., C, to Cs weight hydrocarbon

compounds).



present invention wherein a rapid cycle pressure sw ng adsorption (RCPSA)
unit is wused to increase the concentration of hydrogen in the
hydr ogen- cont ai ni ng nake-up gas 11 to hydrocracking reactor R Al nunbered

items are id ical to that of Figure 1 hereof except int r
enbodi nent agwiﬁ KA0H Fi gure 2, the hydrogen-containing Pﬁﬂﬁlé?@ﬁfo@géﬁ 11 is

sent to a rapid cycle pressure svm' ng adsorption unit RCPSA wherein |ight
hydr ocar bons and ot her gaseous inpurities are renoved as a tail gas 24.
Dependi ng on the specific RCPSA design, other contam nants, such as, but
not limted to COZ, water, ammoni a, and H2S may al so be renoved fromthe
hydr ogen- cont ai ni ng make-up gas. The purjfzi_ed make-up gas stream 17 | eaves
t he RCPSA unit having a higher concentration of hydrogen than the

hydr ogen- cont ai ni ng make-up gas stream 11 enteri ng t he RCPSA unit. The

purified make- rea 7..1S onduted oth ere r and

concurrent  wi [ﬁﬂz ﬁ'ﬁ J&%\T}’u% eapT 1R, 04 F&’é‘?ﬁ %ﬁeﬁicﬁﬂéa?né%cl e gas
15. A portion yg ?Brﬁmohwfeegﬁadﬁq@a@mww@ks ngbnidsing dechEly gy PGSl 4 he
RCPSA unit via Tine 18 if desired. WD 2006/079028 PCT/ US 00 /002296 -13
100271 Fi gureP@I’mlé@bﬂdlwﬁﬂdégﬂlﬂ@dﬁ)%@&t@rrﬁ@dmeﬁm)ﬂlﬂmga&ﬂ4 tHecgihecess of
the present invention in e R B3 SULSHSE i on
(RCPSA) unit i'€3¢ ugéltljapgdl%c ‘rﬂggg a?ﬁg%c%ﬁgjlec i raﬁl G&P qgﬁ%lr%}

hydr ogen- cont ahteddiged ainaltiple lﬁaﬁloﬁﬁbémebﬂdfquaaﬁMCHQgmaa:tr'obataysv%ds nurrber ed
itens are identical to that of Figure 1 hereof except in the current

embodi nent as '@ pEwARt reagte R 8way (veeheatiygly dYtheugiyyarions fypgs P%‘é‘iﬂép}égﬁ‘ﬁ% 15 is
sent to a rapid r. t éé'g;&lr gin i ght
hydr ocar bons a%@i%ﬁ%{df Rglg %@dﬁ%%?@@%@rﬂg Feno \ﬁtelc]i%% a gas 24.
Dependi ng on tffeen theesepdrator RCPSA design, other contanminants, such as, but
not limted to CO2, water, and ammonia nay al so be renoved fromthe

hydr ogen- cont ai ni ng nmake-up gas. The purified recycle gas

[0026]  Figure 2 hereof represents a preferred embodiment of the process of the

present invention wherein a rapid cycle pressure swing adsorption (RCPSA) unit is
used to increase the concentration of hydrogen in the hydrogen-containing make-up
gas 11 to hydrocracking reactor R. All numbered items are identical to that of
Figure 1 hereof except in the current embodiment as shown in Figure 2, the
hydrogen-containing make-up gas 11 is sent to a rapid cycle pressure swing
adsorption unit RCPSA wherein light hydrocarbons and other gaseous impurities
are removed as a tail gas 24. Depending on the specific RCPSA design, other
contaminants, such as, but not limited to CO,, water, ammonia, and H,S may also
be removed from the hydrogen-containing make-up gas. The purified make-up gas
stream 17 leaves the RCPSA unit having a higher concentration of hydrogen than
the hydrogen-containing make-up gas stream 11 entering the RCPSA unit. The
purified make-up gas stream 17 is conducted to the reactor and flows concurrent
with the hydrocarbon feed 10 and hydrogen-containing recycle gas 15. A portion
of the hydrogen-containing make-up gas 11 may bypass the RCPSA unit via line 18
if desired.



stream 16 | eaves the RCPSA unit having a higher concentration of hydrogen
than the hydrogen-containing recycle gas stream 15 entering the RCPSA unit.
The purified recycle gas stream 16 is conducted to the reactor and fl ows
concurrent vw)g Oﬁyot;ﬁnpydr ocarbon feed 10 and hydr ogen- conper/ns20gs/0uedee- up gas
11. A portio posioNE hydr ogen- cont ai ni ng recycle gas stream 15 may bypass
the RCPSA unit via line 19 if desired. [00281 In another enbodi nent, two
RCPSA units are installed in a single hydrocracking unit wherein a RCPSA
unit is installed to purify the incom ng hydrogen-containing nake-up gas to
t he hydrocracking reactor as shown as RSPCA in Figure 2 and a RCPSA unit is
installed to purify at |east a portion ofji.he hydrogen-containing recycle
gas stream of the hydrocracking reactor as shown as RSPCA in Figure 3. In
yet anot her enbodi ment, RCPSA may be applied to a two stage hydrocracking

unit. In this [g(ri]jlpﬂgi nng%guﬁg hgfggﬁ??féﬁgntts IR RRdIRbbainien of the phdiSss of the

hydr ogen- cont ai reamto the first stage hydrocracking
reactor, the Iprebengmmentoont wherting ragil eyelp preasirs swingmdsaptidne(R€ERSFYdmgtinge

hydr ocracki ng reactor, the hydrogen-caqatai ni n e | e gas, tao the first
Stage VD 2006/%%0128¢ise59 BeSHERESaSE Py arpgen ihe BYdioRTpRANBE Bt ne
hydr ogen- cont 8301 5o hfdr¥&labkidg feabor RN AP RGAPG S 188 are HIGHOA 8 ek BY reactor.
I n ot her enbodl nents,” any conbi nati on of these four streans nay be

subj ected to thigurRdRSreqescept in e pametit egbagiorent ssshewndmFiguer 3.tthe  and

hydr ogen concentration needs anq ec m.cs. 1002d‘91 il(n Convent.i onal Pressure
Swi ng Adsor pt iTSAT9EPRERTEMISIFAY 5%%%553%5%56@% G RPN B duct ed under
pressure for &dﬂﬂ{)ﬁ&duﬂi RIOFBA ¥iéreindight hpdrofgBorfand attee basdosintpiitied hat i s
selective or relatively selective for one or nore conBonent_s, usual I'y

regarded as a aviemaTedane tathgas 24s Depensting emibespediioR(CPRA dgsignath@am 1t is
possible 10 reapve: i M0 WelR HutBPATLIRES,, Sl LAY nfiardoPe

conveni ence,
removed from the hydrogen-containing make-up gas. The purified recycle gas

stream 16 leaves the RCPSA unit having a higher concentration of hydrogen than
the hydrogen-containing recycle gas stream 15 entering the RCPSA unit. The
purified recycle gas stream 16 is conducted to the reactor and flows concurrent with
the hydrocarbon feed 10 and hydrogen-containing make-up gas 11. A portion of
the hydrogen-containing recycle gas stream 15 may bypass the RCPSA unit via line
19 if desired.

[0028] In another embodiment, two RCPSA units are installed in a single
hydrocracking unit wherein a RCPSA unit is installed to purify the incoming
hydrogen-containing make-up gas to the hydrocracking reactor as shown as
RSPCA in Figure 2 and a RCPSA unit is installed to purify at least a portion of the
hydrogen-~containing recycle gas stream of the hydrocracking reactor as shown as
RSPCA in Figure 3. In yet another embodiment, RCPSA may be applied to a two
stage hydrocracking unit. In this embodiment an RCPSA unit may be installed in
the hydrogen-containing make-up gas stream to the first stage hydrocracking
reactor, the hydrogen-containing make-up gas stream to the second stage

hydrocracking reactor, the hydrogen-containing recycle gas to the first stage



t he conponent or conponents that are to be renoved will be referred to in
the singular and referred to as a contam nant. The gaseous m xture is
passed over a first adsorption bed in a first vessel and energes fromthe
bed depl et edydhdobifroomont am nant that remains sorbed in therheshweafzbrr a
predetermned tine or, alternatively when a break-through of the
contamnant is observed the flow of the gaseous mxture is switched to a
second adsorption bed in a second vessel for the purification to continue.
Wil e the second bed is in adsorption service, the sorbed contam nant is
removed fromthe first adsorption bed by a reduction in pressure, wusually
acconpani ed by a reverse flow of gas to .dgsorb the contam nant. As the
pressure in the vessels is reduced, the contam nant previously adsorbed on
the bed is progressively desorbed into the tail gas systemthat typically
conprises a | 38R crdoRinyg ratford bk hyBE&SntHthind rétyele Yt # the ¥stbdtggsi gned to
m nimze pressure flucCtuations to downstream Sysfens. The contam nant can
be col |l ect ed fhydrectaekingtreddiorgds oﬁ;esmehodmemwnwpmbmaéomﬁthese fawrd pr ocessed

further or disposed of VWen d sorption i t he
sorbent bed nﬁ§ %’8“6‘&’888“%‘5% %Ptfw ?‘?PEF#%&%"’S% SN e SR ﬁxe%ﬁ%gxg%yo
purified streanlafdiopér fimeMbftioddedsPbtdi@niiey be facilitated by the use

of a higher tenperature purge gas stream WD 2006/ 079028 PCT/ U82006/ 002296
-15 [0030] After, e.g., breakthrough in the second bed, and after the first

bed has  been hpaEnerleshsaid A brekbud S BIARORIBATEHdRbnABSALTL O

service, the aseous m xture rom he [ cond bed to

the first bedgasods tnlfbftu&eﬁemﬂuctwdmda pregasdored paiod Bf¢inieaivat a fiyscbal 6fl me i s
the | ength of ti”(‘f from when the awiaous mxture_is first conducted to the
fir$t bed in &Sph gqroeatthat 15 splegtive or pratifply yeleptiie ‘f‘gag%?fsfnﬁw)e?ﬁpmle first

conducted to %e‘g mj;gﬁl qﬁﬁﬁ] , after
a single reget,ﬁ]gl%lﬁl %&% th fulhlr?l?%l'jjf . E@h%ﬁ%neé%? ﬁ%%ag%{oél?ﬁ hIlt lsf| fth,
etc. vessel s ipnssitdelid ieorwve dwod benmecamthmirasetimulianevugybubfer nemdsidnashen

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. Afier 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
contaminant is removed from the first adsorption bed by a reduction in pressure,
usually accompanied by a reverse flow of gas to desorb the contaminant. As the
pressure in the vessels is reduced, the contaminant previously adsorbed on the bed
is progressively desorbed into the tail gas system that typically comprises a large
tail gas drum, together with a control system designed to minimize pressure
fluctuations to downstream systems. The contaminant can be collected from the
tatl gas system in any suitable manner and processed further or disposed of as
appropriate. When desorption is complete, the sorbent bed may be purged with an
inert gas stream, e.g., nitrogen or a purified stream of the process gas. Purging may

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



adsorption tinme is short but desorption tinme is long, wll serve to increase
cycle tinme. [0031) Thus, in one configuration, a pressure swng cycle wll
include a feed step, at |east one depressurization step, a purge step, and
finally a regigeadiibiati on step to prepare the adsorbent popusaéo2iser

rei ntroduction of the feed step. The sorption of the contam nants usually

t akes pl ace by physical sorption onto the sorbent that is nornally a porous
solid such as activated carbon, alumna, silica or silica-alum na that has
an affinity for the contam nant. Zeolites are often used in many
applications since they may exhibit a significant degree of selectivity for
certain contam nants by reason of their -déntrolled and predictable pore
sizes. Normally, chemi cal reaction with the sorbent is not favored in view
of the increased difficulty of achieving desorption of species which have

becone chem qod30) boAfter, &g, braktesipbrih thdxstoralted] swrafier tie first begd hao means to
be excluded if the sorbed terials may be_ effectively desorbed during the
desor ption poerPlngéﬂefatP‘Plé‘) g?‘ ités aE@WCP%Qd ﬁ’ﬁédmmé‘fseﬁ"%ge f @t ures

coupled with t aele sw?hearﬂm tﬂeesec gw&em%ﬁ,a&a%@ééc&m

processing is scrl nore tTully In the entitl Pressure Sw ng
Adsor ption, byedis Iwgemtdzeﬁetﬁtalﬁymi@tme& ﬂl{e leBgthkofaimefrom(WiGH thu bl | shers

1994 WO 2006/ 079028 PCTI 0 003 |
poss)esses Si gﬁF?qOB%ﬂ’ExWHégé% ?és%ﬁ’[eé‘ﬁég’e&é?aﬁm\‘i&[‘l?g‘i@‘ glf“a ons For
exanpl e, convesy iRERs ruefrs! it first RLBuGASloltie it bBad ihdhamsnedeRat e and are

significantly larger in size for the sane anount of hydrogen that needs to

be recovered fsummgl eydeni-ec aferd singlg rmsergmretaﬁfhe Hest bedhp blrecpe 106 thi®CPSA,

Al so, a conve n pressure sw rptio wll ae Ly have

el fi oa e Rl BluP e s 1 foR SO B Bedond viel ot igne BE RELRy Wpell v ®,

?Ee toh :Ih meI lndl$Birpiain tﬁ'ﬁ§1srsﬁﬂﬂ. bhedesbiptioh kige isliong UsilDRnef totilRez0 BRAOENt S
roug e arger

[0031]  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
silica~alumina that has an affinity for the contaminant. Zeolites are often used in
many applications since they may exhibit a significant degree of selectivity for
certain contaminants by reason of their controlled and predictable pore sizes.
Normally, chemical reaction with the sorbent is not favored in view of the
increased difficulty of achieving desorption of species which have become
chemically bound to the sorbent, but chemisorption is my no means to be excluded
if the sorbed materials may be effectively desorbed during the desorption portion of
the cycle, e.g., by the use of higher temperatures coupled with the reduction in
pressure. Pressure swing adsorption processing is described more fully in the book
entitled Pressure Swing Adsorption, by D. M. Ruthven, S. Faroug & K. S. Knaebel
(VCH Publishers, 1994).



beds utilized in conventional PSA and the equi prent configuration and
valving involved. In contrast, rapid cycle pressure swing adsorption is
utilized which has total cycle tines of |less than one mnute. The total
cycle tines WO ROPEA2¥ay be |ess than 30 seconds, prefer EEMPSPOEE022%6an 15
seconds, nore preferably | ess than 10 seconds, even nore preferably |ess
than 5 seconds, and even nore preferably less 2 seconds. Further, the rapid
cycle pressure swing adsorption units used can nake wuse of substantially
di fferent sorbents, such as, but not limted to, structured materials such
as nonoliths. [00331 The overall adsorptign rate of the adsorption
processes, whether conventional PSA or 'RCPSA, is characterized by the mass
transfer rate constant in the gas phase (t8) and the nass transfer rate
constant in the solid _phase (i A material's mass transfer rates of a

material are d@Fhdento hoﬁahééé(}?%@ﬁﬁgn%ﬁ%m iphrrentidesadvesiAsSt g 2 t he

pressure and ur f 14 gt he gas
phase is defi tg&ﬁet&?@%@r&s @r F I@ﬂ?'}%ﬁviﬂr%?éec A@%%%ﬁgggk%g&h}dsﬁﬁdhe

di f f usi on coebperaiecmid arasiphificgdly lpigasia simedoRhe isame hmowitaf hydregénsthatc

di rension of the gas nedium _Here the gas, diffusion in the ga hase, Dg, is
Wl | VID 2006/ 875558 pEFPUES SomosEn torA G i SR %ﬂqp%ﬁ%.tg., t he

conventional yaipie C o?@c&ﬁ%ﬂ&oﬁﬁﬁeﬁsﬁﬁé&Rﬁ%ﬁ@éo%ﬂo%tdnﬁwiﬁig@ﬁé}ﬂilyoﬁhv@f the gas

medium Rg is defined as the channel w dth between two |ayers of the
struct ured adsyelbéntes imexnessdf.onf 0GGAE, (Yhicallpnmexeesant P ¢ 4 mapwescdiesoant in the

solid phase of. a rial is fi pdS. Ts.= D5 [ 1 i /sec) (2)
where b is ¢ RECdrRrdiondrededad i althocfRon AL sPrmopt Gl R
characteri sti GedsditiliZes irDfor@Entidel BSW had thRdqtifinchedafiphatgnandivdlfitgi on
coefficient in the solid , ) L )

involved. In contrast, rapid cycle pressure swing adsorption is utilized which has

total cycle times of less than one minute, The fotal 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 menoliths.

[0033]  The overall adsorption rate of the adsorption processes, whether
conventional PSA or RCPSA, is characterized by the mass transfer rate constant in
the gas phase (tg) and the mass transfer rate constant in the solid phase (15). A
material's mass transfer rates of a material are dependent upon the adsorbent, the
adsorbed compound, the pressure and the temperature. The mass transfer rate

counstant in the gas phase is defined as:
1, =D, /R, (in cra*/sec) 6))

where Dy 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



phase, Ds, is well known in the art (i.e., the conventional value can be
used) and the <characteristic dinmension of the solid nmedium R, is defined
as the wwdth of the adsorbent layer. [0035] D. M Ruthve Thaeron,

Per f or mance WO 0¢P¥8| el Passage Absorbent Contactor, SES?P%OP%@Q%%
Purification Technology 12 (1997) 43-60, which is incorporated by
reference, clarifies that for flow through a nonolith or a structured
adsorbent that channel width is a good characteristic dinension for the gas
medium Rg. U S. patent 6,607,584 to Moreau et al., which is incorporated by
reference, also describes the details forycalculating these transfer rates
and associated coefficients for a given adsorbent and the test standard
conpositions used for conventional PSA. Calculation of these nass transfer

rate constants, | 2 0. 0 _one. I nar Ny L..and may

al so be deri v§8‘°§“y“ l\éﬁiéé%‘%ﬂ‘e% %Ogyﬁﬁéoﬁ%ﬂ‘%jgn%r% u%%cp aflcrlgh%cs?%ﬁ%%%n& testing
data. [0036] G@ineasibn ofte gaShetibi, ®Sisaiefihttbasthe chdnnaldsidtbstivediatdd of
particul ate gdsorb nts. Additionally, due to construction constraints,
conventi onal P&¥rs 8f the stryeiired AdsprpenbEspiai@b 006/ 002296 - 18 usual |y conpri sed
of 2 or nore separate beds that cycle so that at |east one or nore beds is
fully or at least partially in the feed portion of the cycle at any one tine
in order to |[0634} di Theptasowsnsar rate copstant in thheolid plasedf pmeterialds A¢fmed
However, due to the relatively large size of conventional PSA equi pnent,

the particle &°ze of the adsorbent material is general limted particle
si zes of about 1 pm-gydpabove. g}laglméoﬂ;e, excessi ve pressure drogy
i ncreased cycle tines, limted desorption, and channeling of feed materials

willi result. [00371 In an enbodi ment, RCPSA utilizes a rotary valving system
to conduct t - iﬂ:ﬁ[ r ]59[ %M .aj ns a
nunber of sepg’?%eggﬁsfééd@gr en%g%&ﬂig%%%r ?reoﬁ'{ &F u gss@%ﬁé%%ﬁtgéﬁiCMi chis
successi vel y daimkrdon of the solid medium. Here the gas diffusion coefficient in the solid
phase, D, 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.

[0035]  D. M. Ruthven & C. Thaeron, Performance of a Parallel Passage
Absorbent Contactor, Separation and Purification Technology 12 (1997) 43-60,
which is incorporated by reference, clarifies that for flow through a monolith or a
structured adsorbent that channel width is a good characteristic dimension for the
gas medium, R,. U.S. patent 6,607,584 to Moreau et al., which is incorporated by
reference, also describes the details for calculating these transfer rates and
associated coefficients for a given adsorbent and the test standard compositions
used for conventional PSA. Calculation of these mass transfer rate constants is
well known to one of ordinary skill in the art and may also be derived by one of
ordinary skill in the art from standard testing data.

[0036] Conventional PSA relies on the use of adsorbent beds of particulate

adsorbents, Additionally, due to construction constraints, conventional PSA is



t hrough the sorption and desorption steps as the rotary nodul e conpletes the
cycle of operations. The rotary sorber nodule is normally conprised of

mul tiple tubes held between two seal plates on either end of t@ &%ary
sorber modul ¥YQHEFRET982% he seal plates are in contact withCAUSE ?’8 6
conprised of separate manifolds wherein the inlet gas is conducted to the
RCPSA t ubes and processed purified product gas and the tail gas exiting the
RCPSA tubes is conducted away fromrotary sorber nodule. By suitable
arrangenment of the seal plates and manifolds, a nunber of individual
conpartnments or tubes may pass through thg characteristic steps of t he
conplete <cycle at any one tine. In contrast with conventional PSA, the flow
and pressure variations required for the RCPSA sorption/desorption cycle

changes in a f. i er

cyel o whi'ch HNRRcufiREREa S Brosk SERRLNR ks LtSe AR din PRI EROTL o o
by the conpr esisddets fallgl oy al I¢adt partiatly iv the faed pbftidnrifshéd eycha attahye oK IOdUl €

i ncl udes vaIving el enents angularly spaced around the circul ar, path taken

by the rotati riRfa&dp pirribdisptoneorsyTaen &t the Fested prosppdiove oV eres e & bevel v
passed 1o a 9agiah\ay1Rgh Bk Bf LR eARMAPPSA S Sipflht® el fARticl0diss PSS € 10

achi eve one of the enental pressurelfl directi'on steps in the
2006/ 079028 PGiHstiBRQ064t004 29 Generd Simidphuicke skePSAabout 1 eom@ne abase. advant age

of the RCPSA technal o is a significantly nore efficient. use .of the
adsor bent  mat oA SO AKCSTTEA PIEEB £1oP S EPISE o lp SERFey BRI (4FoRERR D
technol ogy canhRnePifbbf fecimiabriNewil reeit@t required for conventional PSA
technol ogy to achi eve the sane separation quantities and qualities. As a

r esu! t, the footpri nt, | nvest ment, and t he anpunt of active adsor bent
a0 or B | SyshAOALAL KPSyl SrAERIED TS,
bed | engt h unithe gasefisutieowfhopmotary ot mddul @ tdmocqitiiona aambetiof isgarat@nd
mechant cal - conat L el bed bompariments or Mubes® back of which  sucessively 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
seal plates are in contact with a stator comprised of separate manifolds wherein the
inlet gas is conducted to the RCPSA tubes and processed purified product gas and
the tail gas exiting the RCPSA tubes is conducted away from rotary sorber module,
By suitable arrangement of the seal plates and manifolds, a number of individual
compartments or tubes may pass through the characteristic steps of the completé
cycle at any one time. In contrast with conventional PSA, the flow and pressure
variations required for the RCPSA sorption/desorption cycle changes in a number
of separate increments on the order of seconds per cycle, which smoothes out the
pressure and flow rate pulsations encountered by the corupression and valving
machinery, In this form, the RCPSA module includes valving elements angularly
spaced around the circular path 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



the rotating beds in RCPSA), prevent the use of many conventional PSA
adsorbent bed materials, in particular adsorbents that are in a | oose

pell etized, particulate, beaded, or extrudate form In a preferred

embodi ment, WdsWeGENe28materials are secured to a support PRFUSHEEPE6uct ure
material for use in an RCPSA rotating apparatus. For exanple, one

enbodi nent of the rotary RCPSA apparatus can be in the form of adsorbent
sheets conprising adsorbent material coupled to a structured reinforcenent
material. A suitable binder may be used to attach the adsorbent material to
the reinforcenent material. Non-limting exanples of reinforcenent nmaterial
I ncl ude nonoliths, a mneral fiber matrixl,?'(such as a glass fiber matrix), a
nmetal wire matrix (such as a wire nmesh screen), or a netal foil (such as
aluminum foil), which can be anodi zed. Exanples of glass fiber matrices

i ncl ude woven CaﬁwletﬁBﬁT%ﬁé(ﬁlegI%Wiagﬁﬂ@ﬂfﬁtﬁR%g PlBEVIS &sheets can be

made by coati [ | as zeolite
Crystal s w th Rty ke fc Rt MU EHRRE R B NE Bhans Y ER, 0
non-woven fi beds@bassedidret With ROPSA techiblofy Eatiid diy a &actiaxqfahaeetuaded i num
foils. In a particular enbodi nent, adsorbent sheets or material are coated

onto ceranic dongEveRiongld S trshnologyty ashicvedEcere Gepmalin quaniiies@ag1 An
Lo sera . . . . !
absorber 1n a qg%’é% %’érc%gg'}t%?ﬁb%nﬁemektﬁﬁﬁg%gd ﬁ{ésa%&ﬁf‘%ﬁ okt Susoftfaase

formed from on r nore a t "materials a perneabl e gas phase

t hrough whi ch redqered dscRCPSA hiesigmfiemslyddwel then fhiabfor blcenventienal PSAtdmt out | et of
the adsorber, with a substanti al tgqr);_tion of the conmponents desired to be
removed from W?F&S%W@h?ﬂ"ﬂfzwmﬁg 8%t he solid phase of the adsorbent.
This gas phase may be <called "circul ati ng gas phase", but nore sinply "gas
phase". The solid phase includes a network of pores, the nean size of which

i s usual |y betl(f38h agpnexbedindny, RCBSA bad lengthamitpressareairepsprequined a net wor k
Of Sven STl | ohe OSSR 28 radth O 2h Eikained (o2 o it BASBMRL Gl T
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 materiais are
secured to a supporting understructure material for use in an RCPSA rotating
apparatus. For example, one embodiment of the rotary RCPSA apparatus can be in
the form of adsorbent sheets comprising adsorbent material coupled to a structured
reinforcement material. A suitable binder may be used to attach the adsorbent
material to the reinforcement material. Non-limiting examples of reinforcement
material include monoliths, a mineral fiber matrix, (such as a glass fiber matrix), a
metal wire matrix {such as a wire mesh screen), or a metal foil (such as aluminum
foil), which can be anodized. Examples of glass fiber matrices include woven and
non-woven glass fiber scrims. The adsorbent sheets can be made by coating a
slurry of suitable adsorbent component, such as zeolite crystals with binder
constituents onto the reinforcement material, non-woven fiber glass scrims, woven

metal fabrics, and expanded aluminum foils. In a particular embodiment, adsorbent

sheets or material are coated onto ceramic supports.



adsorbents or zeolites. The solid phase may be deposited on a non-adsor bent
support, the primary function of which is to provide nechanical strength for
the active adsorbent materials and/or provide a thermal conduction function
or to store Wweoea06/07H28 phenomenon of adsorption conpri sesPEWHSHEVHZPbeps,
nanel y passage of the adsorbate fromthe circul ati ng gas phase onto the
surface of the solid phase, followed by passage of the adsorbate fromthe
surface to the volune of the solid phase into the adsorption sites. [0040]
In an enbodi nent, RCPSA utilizes a structured adsorbent which is
incorporated into the tubes utilized in the RSPCA apparatus. These
structured adsorbents have an unexpecteﬁﬁQf hi gh mass transfer rate since
the gas flows through the channels forned by the structured sheets of the
adsor bent which offers a significant iqgrovenent in mass _transfer as

i)

conpared to a (0938 t i Anabsqbenied RGESAunibbpically sergpmass en adsothept solidd i n
tional PS$A._Ih Lo af t . d
Che. mmss ¢ randtare Pl Bkl opitfe MBHEhpelill anfh pbiifealiRBabbARE L10) AN

greater than XBsouph @fheshotht gasgs Gebecsephrard % fromitee let tethalbiet oftieat er t han
50. These extraordinarily high mass transfer rate ratios allow SA WO
2006/ 079028 PawFYBHBEhGOEbERtial partio of thsrerwoRTEHASsIET IO baTFRPEHENCE! r eans

at high recov e : j L

dsor bent vol st aisblidl Gith heolh Bt heasirtnts i B el e

adsor bent enbedlletiticunting gasgshakd"sbutimere gimfly Egentphyse” gThasedid ghasssur e dr ops
to be achi eved through th?{é)?dsorbtgnt t han ci)n%/jggti on ‘Eﬁ?@ W t hout the
detrimental efPuR eéaéé‘%‘ﬁ?:‘i S8 THMYER FIER B HEED B Pdyy. The

adsor bent bed%gﬁ%&h’ﬁ@ce%gzbﬂﬁkﬁ%&‘zbfﬂnﬁdﬁ%cpﬁ%bg’gge%ﬁ of BRAMaNESRRY! © drops

of ‘greater than 5 inc of water per foot of d length, nore preferably

greater than calied tmict4pordst, thiaheing eaeoumtsred, foratempls| in micomormus chdan 20 i n.

o0l TS s ey APARRk. thi RnfRMENGhP B2 oot & Sonifbebe adsor bent
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,
followed by passage of the adsorbate from the surface to the volume of the solid

phase into the adsorption sites.

[0040] In an embodiment, RCPSA utilizes a structured adsorbent which is
incorporated into the tubes utilized in the RSPCA apparatus. These structured
adsorbents have an unexpectedly high mass transfer rate since the gas flows
through the chanmels formed by the structured sheets of the adsorbent which offers
a significant improvement in mass transfer as compared to a traditional packed
fixed bed arrangement as utilized in conventional PSA. The ratio of the transfer
rate of the gas phase (1) and the mass transfer rate of the solid phase (1,) in the
current invention is greater than 10, preferably greater than 25, more preferably

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



drops are generally limted to bel ow about 5 in. H20/ft dependi ng upon the
adsor bent used, with nost conventional PSA units being designed with a
pressure drop of about 1 in. H20/ft or less to mnimze the probl ens

di scussed t D 2006879028 soci ated with the | arger beds, | ongP@yei2e6{0p3E6 and
particul ate absorbents of conventional PSA units. The adsorbent beds of
conventional PSA cannot accommodate hi gher pressure drops because of the
risk of fluidizing the beds which 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 natirials. These mar kedl y hi gher
adsorbent bed unit |ength pressure drops‘2 'l ow RCPSA adsorbent beds to be
significantly nore conpact, shorter, and efficient than those wutilized in
conventi onal PSA. [0042{ I n an _enbodi nent, high unit |ength pressure drops
al | ow hi gh vajprodyes eh prrity hydrogen sfegams\ab ighdeepysrymies stitheatia Eectifsor bent
beds. This re ts | eaker n t ; t,he process
fluids and t hg’%glgse {r@ghaept %&a‘f’ gfll&gfgsm?%lu&% unl%osg(?{ct%flﬁegh\fqﬁagr?séén be achi eved
by conventional PSA. This results in shorter bed |engths, higher gas phase

transfer rates (r5) and inproved hi;drogen recovery. WD 2006/079028
PCT/ US2006/ 00 17 othe sipetyredinds bent gmbodimgnts glsatssiisdn sigaicathgt hs, t ot al

pressure drop f R cat) ' - n be
mai nt ai ned at ﬁf%feéﬁj%%@?gdég éﬁ?éejﬁdh?ﬁ? gé}(e"? ﬁ%?gd%tﬁﬁgﬁ?he eﬁ%ﬁgl;g%e of
about 0.5 to 5Gthpst the dprieafeatabbffactd ssacistbdiwitBPartivalaty, baditedhaolveni Thei ng t he
| ength of the actjve beds to.normally |less than 5.feet. in |epgth,
preferably | e& Sofmb?ﬁf"é’éi’e fl?ﬂ@gadﬁlﬁ" %iﬁﬂr%&’étrl?ad'ﬁt lepgth REEUE gpslc’ff oot in
length. [ 0043]eakRea2Siabnk 0f RakS gwﬁoi &"b%h%n%@ﬁ"nﬂ%@?w@ﬁéﬂlggréaﬁ?ﬂ%PSA

ed that the

process are not critical. In pracCtice, provi essure
differential Bbetimdba/ mmd euctomompreferabidgmdateothpn 2O m. $1,00% This &uhficient to
cause a change i.n the adsorpat fraction | oading on the.adsaorbent thereby
roviding a qEvieel AR RRTREPp ARy ieke B8 SbbeRlodd huferh R

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
accommodate higher pressure drops because of the risk of fluidizing the beds which
results in excessive attrition and premature unit shutdowns due to accompanying
equipment problems and/or a need to add or replace lost adsorbent materials.

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

utilized in conventional PSA.

[0042] In an embodiment, high unit length pressure drops allow high vapor
velocities to be achieved across the structured adsorbent beds. This results in a
greater mass contact rate between the process fluids and the adsorbent materials in

a unit of time than can be achieved by conventional PSA. This results in shorter
bed lengths, higher gas phase transfer rates (1) and improved hydrogen recovery.



separating the stream conponents processed by the RCPSA unit. Typical
absolute operating pressure |evels range from about 50 to 2500 psia.
However, it should be noted that the actual pressures utilized during the
feed, depresswo iopaoioaes, purge and repressurization stage®CHUS20p6/¢MALY
dependent upon many factors including, but not limted to, the actual
operating pressure and tenperature of the overall streamto be separated,
stream conposition, and desired recovery percentage and purity of the 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 processéd-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, all of which are incorporated herein by reference, disclose

various aspeciWitiotheROHg®i ficadtyhshottergyed 1¢npthndtotal presaure dtapd iofthetR AN an
le, th Ld,. W d ti t h t ot al |
Ciner CTom 1 ooty PE e HrERR e h et pY BRIl OiRARARR 3 018 Yel e
hydrogen-enri @Me@ldl@d\ﬁlﬂéétﬂ?f@db?&é of SH00A0ISt) 50Sig, préfrdbbf Recthagsmer al | y
uctin

includes the steps of condu g1 he feed gas having a hi‘/?ér ogen purity WO
2006/ 079028 PE¥igUBhUO BYiORZng the lometirof themetre teds t narmaliplesethpngdecdin t he feed

bed that sl olCRyRPE- LSS P2 for YRR AR SERRENS a1\ IR B 0L T

gas out of the bed, for tine, tp, 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 hydi¥Héh r ethe sheeluterpressaredetsdf rpleyrd dieng fsREPRA PrOtgE g en
avai labl e in ?’Pﬁ‘i},&f(}gﬁyﬁ Shick o8t ihﬁti t&@'g%%ﬁ@&fffe}’enﬂﬁﬂkﬁééﬁrth@ed for a

timg, tco, fo ounter-current pressurizing the bed for a tine,
tcN, wher ei nadesptidradne des@ptiomgstspsar suffibieuistb cgass)a dhangeahdlaseidotbatem t he bed

oL 2 PreSSUr e o g oRl Stk I Lo SR kRl o UalEShitg o AR, O

tine, tp, typ
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
repressurization stages are highly dependent upon many factors including, but not
limited to, the actual operating pressure and temperature of the overall stream to be
separated, stream composition, and desired recovery percentage and purity of the
RCPSA product stream. The RCPSA process 1s not specifically limited to any
absolute pressure and due to its compact size becomes incrementally more
economical 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, all of
which are incorporated herein by reference, disclose various aspects of RCPSA

technology.

[0044] In an embodiment and an example, the rapid cycle pressure swing
adsorption system has a total cycle time, tror, to separate a feed gas into product
gas (in this case, a hydrogen-enriched stream) and a tail (exhaust) gas. The method
generally includes the steps of conducting the feed gas having a hydrogen purity



o

portion of the hydrogen product gas. Subsequently the bed is repressurized
for a time, tRp, typically wwth a portion of hydrogen product gas or feed
gas, wherein the «cycle tinme, troT, is equal to the sum of the individual
cycle tines ‘ggmﬁj@gﬂw the total cycle tinme, i.e.: tTOl PCWysRisO®R20E N4
tP+t RP (3) [0045] This enbodi ment 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, PUF¥% 1.1, and/or the rate of recovery, R¥®%
90% for a product purity to feed purity ratio, 0 < PUF% < 1.1. Results
supporting these high recovery & purity ranges can be found in Exanples 4
t hrough 10 herein. O her enbodi nents w-I28-include applications of RCPSA in
processes where hydrogen recovery rates are significantly | ower than 80%
Enbodi ments of RCPSA are not limted to exceeding any specific recovery

rate or purityof RiRePkbe pBchiafe HRhEfecdRRY WhIth & the WRERySYorbafles and/ or
purities as low as desired or econom cal Ig ustifiable for a particular
appl i cati on. \Wydeags) ovopRenRATd @82086h@O at sefegtiyedp adjorhsithe g o8l al so be

noted that it is within co f _this .nvwent] t hat { tco, tcN, or
tp of equati o™ @388 sg%‘\a/@%gﬁgrbg%gﬁ?qtgﬁamtoggkﬂ;et%gf foggn}ehéa‘ﬁ?/&eﬁﬁ% vi dual

conbi nation. Hodyey&l protudt$aphaf £p ofmedldra&to@p@obcrgtdﬁwabm@vaqlmti on
(3) be perfornmed or that only one of steps tco or trN be omtted fromthe

total cycle. %isieseatio of gmornefdydeasen seteined il thepieduct deithe amouni ¢f a RCPSA

cycle to aid | Lig [ ry of . nhancenent
coul d be praé??rggé){]%agéﬂ?é}\gg% flg%d g@%@ﬁg%’g%gsuasée&ﬁenﬁﬁg%g%ﬁ&gﬁﬁeon of
absor bent needsas, tcgNfdlicwed by conteradurththptieppessafizing thabgd forundied, tgf, stationary
valves utilized in _conventional PSA appljcat.i O?igrg{[y?tgﬂéd I n an enbodi nent,

thel tail gas Pewisdespibstediaibeas or sKaapsgpsHs Teleds 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
tiae, trp, typically with a portion of hydrogen product gas or feed gas , wherein the
cycle time, troT, is equal to the sum of the individual cycle times comprising the

total cycle time, ie.:
tror =tF+tCO+tCN+tP+tRP (3)

[0045]  This embodiment encompasses, but is not limited to, RCPSA processes
such that either the rate of recovery, R% > 80% for a product purity to feed purity
ratio, P%/F% > 1.1, and/or the rate of recovery, R% > 90% for a product purity to
feed purity ratio, 0 < P%/F% < 1.1. Results supporting these high recovery &
purity ranges can be found in Examples 4 through 10 herein. Other embodiments
will include applications of RCPSA in processes where hydrogen recovery rates are
significanily 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 econofrﬁcally justifiable for a

particular application.



hi gh enough so that the tail gas may be fed to another device absent tai
gas conpression. More preferably the tail gas pressure is greater than or
equal to 60 psig. In a nost preferred enbodi nent, the tail gas pressure is
greater thary@sogeisals to 80 psig. At higher pressures, tag/usaib/gas can be
conducted to a fuel header. [00481 Practice of the present invention can
have the foll ow ng benefits: (a) Increasing the purity of

hydr ogen- contai ni ng strean(s) avail able as nake-up gas, or of streans which
nmust be upgraded to higher purity before they are suitable as nmake-up gas.
(b) Increasing the purity of hydrogen-containing recycle gas streans
resulting in an increase in overall hydrdfen treat gas purity in the

hydr ocracki ng reactor recycle and quench gas streans to allow for inproved
hydrocracking severity or additional product treating. WO 2006/ 079028

PCT/ US2006/ 00RR96] - Bshbid aldecbelrntediBatiieis vty the sooperuf dii frvestiasthaly pur ge
gases, either where significant concentrations of H2S are present (before

gas scrubbi ng§terfricattnepr s equationiB) #hgve egnbecmitiod togoBey PiofmapPsS) . [ 0049] In
hydr ocr acki ng: . LACr . ! i

p)altrt ial pr esgltﬂlfmevg&}%?\é em%ti/b&r' g%%ﬁ%f?ﬁé%%?&%gmag?.ﬁ Is%sleg tggfﬂgﬂ v?%@?aé’adées t he
reaction ki n@fibe perdsrthed et ties orly dueef sepet-gbr igababyditeddenn thevtatal cyvle. The

benefits of hjgher H2  partial pressuyres,can he oited in.a variety of
ways, such ashgﬁ’ﬁ‘éﬁf’aﬁ%ﬁﬁg’%{ﬁ%\ﬁg? Qg’éﬁaﬁiedt‘%ﬁ%la rsécloﬁﬂ?wl‘?@quces gner gy
costs, decre %ig%ﬁ%t?zhd ?&%GBHg‘@%&%ﬁ%ﬁnﬁnﬁéﬁHﬁfé&n%t@h% life;

i ncreasing unit processi ng re sour (higher sulfur) feedstocks;
processi ng hiprheticalip ackaentedan ROFS Aobedaas\af dire snfedlaustiacddsbsonbpntoeededpr oduct

color, particularl ear. end. of ryn; debottleneckin exi sti conpr essor
and/ or Ito r ealt %’a‘tisdu(‘??{? ﬂﬁi#@"ﬂ%‘r‘l’@r"é&g%@eEwgﬁffégﬁemgﬁlﬁfé({@f;ﬁa%fIg\rf)v, 3? s:trre
scf H2 at | ownviioahl B3 D WhplicaéhsOt her nmeans that woul d be apparent

[0047] 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
psig. In a most preferred embodiment, the tail gas pressure is grcétcr than or equal

to 80 psig. At higher pressures, the tail gas can be conducted to a fuel header.
[0048]  Practice of the present invention can have the following benefiis:

(a) Increasing the purity of hydrogen-containing stream(s) available as
{ make-up gas, or of streams which must be upgraded to bigher purity before they are

suitable as make-up gas.

(b) Imcreasing the purity of hydrogen-containing recycle gas streams
resulting in an increase in overall hydrogen treat gas purity in the hydrocracking
reactor recycle and quench gas streams to allow for improved hydrocracking

severity or additional product treating.



s S s

to one skilled in the art. [0050] Increased H2 recovery also offers
significant potential benefits, sone of which are described as follows: (i)
reduci ng the demand for purchased, nanufactured, or other sources of H2

wi thin the rwbizomryso2§ii) increasing hydrocracking feed rECEES2006/002286t ant
(exi sting) makeup gas demands as a result of the increased hydrogen
recovery; (iii) inproving the hydrogen purity in hydrocracking reactions for
i ncreased heteroatomrenoval efficiencies; W 2006/ 079028 PCT/ US2006/ 002296
-26 (iv) renoving a portion of the H2 fromrefinery fuel gas which is
detrinmental to the fuel gas due to hydrogen's | ow BTU val ue which can
present conbustion capacity limtations2and difficulties for sonme furnace
burners; (v) Qher benefits that would be apparent to one know edgeable in

the art. 10051] The follow ng exanples are presented for illustrative

pur poses only andc) s el fdr Hptecbeery fioarhyaisopgrecasging pmtigbigan;s,iailtha:rwhmy.
EXAMPLES Exanple 1 [00521 Thi s rrpl e ill rates t nve tional or
prior art. A i5eRtgeReirations; of; f%?ﬁ%%?&@sew TEAT di f ferent

sources i.e. gﬁ?@e?z n purity froma rrenbrane unit, 11.4
MSCFD @ 95% H2 pur‘ﬁ? ro ﬁ ‘Lrbggen [ant and 7.2 MSCFD 95% H2 purlty from
a cryogenic unit. Based on the capacity of the hydrocracker a purge stream
of 1.2 MSCFD | noye o avaid bUI|d ydrocarb ns in.the
before the co@“ﬁﬁd ﬁ%gﬁél(:"r‘r&f’lﬁgg?cﬁss% ESPW'%W SIEEF 19 r}b‘?hqrﬁzdl rected
to the hydr ocwﬁlﬂeﬂress{n%s%megrg%(y E:ﬁﬁﬁ%acto%ég ThilB6Iné Base PR ¥ERH0ANd 2

o H

recycle stream of 4 I's created
kinetics and decreases the rate of catalyst deactivation. The benefits of higher H,

i 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 heavier
feedstocks; improved product color, particularly near end of run; debottlenecking
existing compressors and/or treat gas circuits (increased scf H; at constant total
flow, or same scf H, at lower total flow); and other means that would be apparent

to one skilled in the art.

[0050]  Increased H;recovery also offers significant potential benefits, some of

which are described as follows:

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

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

(iii) improving the hydrogen purity in hydrocracking reactions for increased

heteroatom removal efficiencies;



Exanple 2 [0053] This exanple illustrates one enbodi nent of the invention. A
hydr ocracker unit is fed with hydrogen streans fromdifferent sources. One
source is a nmenbrane unit supplying 14.5 MSCFD @ 97% hydrogen purity. In
the enbodi myas2006/07b08 present invention, the hydrogen freorwbmogengngeni c
and hydrogen plant streans cited in Exanple | are supplied first to an
RCPSA unit. The product fromthe RCPSA unit conprising 19.1 MSCFD @ 99% H2
purity is WO 2006/ 079028 PCT/ US2006/ 002296 27 bl ended with the hydrogen
fromthe nenbrane unit and supplied (33.6 MSCFD @ 98.1 H2 purity) . This
hi gher purity hydrogen stream enabl ed by the use of the RCPSA upstream of
t he hydrocracker permts enhanced operati2n of the hydrocracker, consum ng
31.3 MSCFD (vs. 28.9 MSCFD for the base operation). This unexpected
enhanced operation of hydrocracker results in producing nore products
(e.g., gasoline) (iwbmdm@epuﬂﬁen of medhtﬁ:mkmﬁnE@aﬁupl gas WHid5 4tritentahi s
exanpl e, the refi streami ai | as at 65 psig

wher eby the prt‘ég?[}%%ly%dﬂﬁtngy 02e8 “?:B’gi‘}&i enéﬁam YSHQres are
typical of refchlsh%h_y/1&&%5%5&9&%&&@&%@%@@9@&&%% in hydroprocessing
or hydrotreating applications. In this exanple typical hydrocarbons are
descri bed by t hei(v) Otheb benafisbetr would be @pparentie treknowlRigeahde hetheawt c. The

RCPSA i s capable of producing hydrogen at > 99 %purity and > 81 % recovery
over a range of flow rates. Tables 1 a and I b show the results of conputer

simul ation of [6¢%) chﬁfeM@wﬁé‘@caﬁ@%hﬁ@seﬁ%%ﬂlﬁ@f&ﬁﬁ@bﬂﬁb@&es%&ﬁﬁ

di fferent corrponents for this exanple. Tables la and |Ib"also show how the
hydrogen puri shoudépeilsseitedas beingdimuting ingmyiwayr eased from89.7 %to 91.7 %
for{a 6 MVBCFD stream at 480 psig and tail gas at 65 psig.

EXAMPLES

Example 1
[0052])  This example illustrates the conventional or prior art, A hydrocracker

unit is fed with hydrogen streams from different sources i.e. 16.2 MSCFD @ 97%
hydrogen purity from a membrane unit, 11.4 MSCFD @ 95% H2 purity from
hydrogen plant and 7.2 MSCFD 95% H; purity from a cryogenic unit. Based on the
capacity of the hydrocracker a purge stream of 1.2 MSCFD is removed to avoid
build up of hydrocarbons in the loop before the combined feed (total 33.6 MSCFD
@ 95.9 % H, purity) is directed to the hydrecracker. In the hydrocracker, 28.9
MSCFD is consumed and a recycle stream of 4.2 MSCFD @ 80% H; is created.

Example 2
[0053]  This example illustrates one embodiment of the invention. A

hydrocracker unit is fed with hydrogen streams from different sources. One source
is a membrane unit supplying 14.5 MSCFD @ 97% hydrogen purity. In the
embodiment of the present invention, the hydrogen from the cryogenic and
hydrogen plant streams cited in Example 1 are supplied first to an RCPSA unit. The
product from the RCPSA unit comprising 19.1 MSCFD @ 99% H, purity is



WD 2006/ 079028 PCT/ US20061002296 -28 Tables la & I'b Conposition (nol % of
I nput and out put from RCPSA (67 ff) in H2 purification. Feed is at 480
psig, 122 deg F and Tail gas at 65 psig. Feed rate is about 6 MVSCFD. Tabl e
la. Hi gher pwoidys2b@p Tinmes in seconds are tF=1, tco =0.#6TysioeddozBs tp
=0.333, ttF =0.5 H2 at 98.6 %pud , 89.7 %recovery food product Tall-Gas
H2 88.0 98.69 45.8. d 6.3 1.28 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 | botal (MVBSCFD) 6. 162
4,934 1.228 480 psig 470 pslg 65 psig Table 1b. Hi gher purity Step Tinmes
In seconds are tF=l, tco =0.333, tCN =0, tp =0.167, tap =0.5 H2 at 97.8 %
purity, 91.7 %recovery feed product Taid27Gas H2 O 6.3 2.14 25.0 C2 0.2
0.02 1.0 C3 2.6 0.02 12.3

blended with the hydrogen from the membrane unit and supplied (33.6 MSCFD @
98.1 H, purity) . This higher purity hydrogen stream enabled by the use of the
RCPSA upstream of the hydrocracker permits enhanced operation of the
hydrocracker, consuming 31.3 MSCFD (vs. 28.9 MSCFD for the base operation).
This unexpected enhanced operation of hydrocracker results in producing more

products (e.g., gasoline) from the heavier feedstocks.

{ Example 3
[0054]  In this example, the refinery stream is at 480 psig with tail gas at 65 psig

whereby the pressure swing is 6.18. The feed composition and pressures are
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 1a and 1b show the results of computer simulation of the RCPSA and
the input and output percentages of the different components for this example.
Tables 1a and 1b also show how the hydrogen purity decreases as recovery is
increased from 89.7 % to 91.7 % for a 6 MMSCFD stream at 480 psig and tail gas
at 65 psig.

i,



C4+ 2.9 0.00 14.9 H20O 2000 vm 131 vm 10016vmtal (MVSCFD) 6.160 5085 1.074
480 psig 470 psig 65 psig [00551 The RCPSA' s described in the present

i nvention operate a cycle consisting of different steps. Step | is feed
duri ng whi ch v aghd@teoks produced, step 2 is co-current JdeETASICKIOERDE ON,
step 3 is counter-current depressurization, step 4 is purge, usually
counter-current) and step 5 is repressurization wth product. In the

RCPSA' s described here at any instant half the total nunber of beds are on
the feed WO 2006/ 079028 PCT/tJS2006/ 002296 -29 step. In this exanple, tTOT
= 2 sec in which the feed tine, tF, is one-half of the total cycle. Exanple
4 10056] In this exanple, the conditions-3 e the sane as in Exanple 3. Table
2a shows conditions utilizing both a co-current and counter-current steps
to achieve hydrogen purity > 99 % Table 2b shows that the counter-current
depressurization step rmay be el im nélabdes lar& 1k hydrogen purity of 99% can
still be maintained. In fact, this s hat. by increasing the tinme of the
purge cycle, tp, by the diPmRo °“r(3w€9 \ f‘PW%‘_@Bﬂ%&@P—current
depressurization step, tcN, tBEPROPSHin Heprxiicationsn, be increased to a

| evel of 88% Tables 2aFeedils atrBlpsigolZideg¥ ang Tail gasated Psigpurity and
recovery froman RCPSA (67 ft) .Fee@aate isohomttG MMSE@EDTabl e 1. Feed is at 480
psi g, 122 deg F and Tail gas at 65 psig. Feed rate is about 6 MMSCFD. Tabl e
2a. Wth countEabléeuns Higherquuriggs, | nternedi ate pressure = 105 psig purity
recovery (r tco t CltdpPrind®s in seconds are tp =1, too =0.167, tey =0, tp =0.333, tgp =0.5

H2 at §8.6 % purity, 85.7 % recovery

. feed product ‘F:H-Ga-
{ H2 88.0 98.60 458,
ci 6.3 1.28 35.1
c2 0.2 0.01 1.0
c3 26 0.01 12.3
Ca+ 2.8 0.00 14.8
20 2000 vppm 65 vppm 9965 vppm
ftotal (MMSCED) 6,162 _4.834 1.228
430 psig 470 psig 65 psig

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

H2 at §7.8 % purity, 91.7 % recavery

feed product " Tai-Gas
H2 o6.0 “57.80 45,9
c1 6.3 2.14 250

c2 0.2 0.02 10
c3 2.6 0.02 12.3
C4+ 2.9 0.00 14.9
{ H20 2000 vppm 131 vppm 10016 vpm

ot (MMSC D) B.160 5,085 1.074

480 psig 470 psig 85 psig

[0055] 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 are on the feed



%s ss SIS 98.284.310.283 0.050.167 0.5 98.3 85 1 0.166 0.167 0. 167
0.5 99.9 80 1 0.083 0.25 0.167 0.5 Table 2b. Wthout counter-current
depress purity recoverytr tco tCNtPtRP %% S s s SS 97.8 91.7 1 0.333 0
0.167 0.5 S§0kof@79020. 166 0 0.334 0.5 99 88 1 0.083 0 OrEUS206B06

2006/ 079028 PCT/ 0s2006/ 002296 -30- Exanple 5 [0057] This exanple shows a 10
MVBCFD refinery stream once again containing typical conponents, as shown
in feed colum of Table 3 (e.g. the feed conposition contains 74 % H2). The
streamis at 480 psig with RCPSA tail gas at 65 psig whereby the absolute
pressure swing is 6.18. Once again the RCPSA of the present invention is
capabl e of produci ng hydrogen at > 99 %r-ity and > 85 % recovery from

t hese feed conpositions. Tables 3a and 3b show the results of this exanple.
Tabl es 3a & 3b Conposition (nol % of input and output from RCPSA (53 ft) in
H2  purificatisep, Hrégslexsngls, 1136 Psdcdn which e Golf tidegltrTRione-dalf ofithe@btapst g.
Feed rate is about 10 MMSCFD. Table 3a. Higher purity Step Tinmes in seconds
are tF=0.583, %¥el§- =0.083, tcN =0, tp =0.25, tRp =0.25 H2 at 99.98 % purity
and 86 %recovery

Example 4
[0056] In this example, the conditions are the same as in Example 3. Table 2a

shows conditions utilizing both a co-current and counter-current steps to achieve
hydrogen purity > 99 %. Table 2b shows that the counter-current depressurization
step may be eliminated, and a hydrogen purity of 99% can still be maintained. In
fact, this shows that by increasing the time of the purge cycle, tp, by the duration
removed from the counter-current depressurization step, tey, that hydrogen

recovery can be increased to a level of 88%.

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

Table 2a. With counter-current depress, Intermediate pressure = 105 psig

purlty | recovery I teo ten te tre
% % S s § s 5 S
98.2 B84.3 1 0283 ]| 005 | 04167 1 05
( 98.3 85 1 0.166 § 0.167 | 0.167 0.5
99.9 80 1 0.083 § 025 R 0.167 0.5

Table 2b. Without counter-current depress

purity | recovery i teo ten te trp
% % $ s s s s

87.8 91.7 1 0.333 0 0.167 0.5

98.7 80 1 0,166 0 0.334 0.5
g9 88 1 0.083 0 0.417 0.5




feed product Tall-Gas H2 74.0 99.98 29.8 Cd 14.3 0.02 37.6 C2 5.2 0.00
13.8 C3 2.6 0.00 7.4 C4+ 3.9 0.00 11.0 H20 2000 vpprn 0.3 vp 5387 v pm
total MMSCFD 10. 220 6.514 3.705 480 psig 470 psig 65 psig Table 3b. Lower
purity Step wwioeesdrooseconds are tF=0.5, teo =0.167, tCN pOr/Us200602083, t Rp
=0.25 H2 at 93 % pudty and 89 % recovery feed product Tail-Gas H2 74.0 :
93.12 29.3 d 14.3 6.34 31.0 C25.20.5016.6 C3 2.6 0.02 8.9 A+ 3.9
0.00 13.4 H20 2000 vppM 142 v in 6501 v in otal (MVBCFD) 10.220 7.240 2.977
480 pslg 470 psig 65 psig WO 2006/ 079028 PCT/ US2006/ 002296 -31 In both
cases shown in Tables 3 a and 3b above, although tail gas pressure is high
at 65 psig, the present invention shows30kRat high purity (99 %9 my be
obtained if the purge step, tp, is sufficiently increased. [0058] Tables
2a, 2b and 3a show that for both 6 MVSCFD and 10 MVSCPD

Example 5
[0057] This example shows a 10 MMSCFD refinery stream, once again

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

] example.

Tables 3a & 3b
Composition (mol %) of input and output from RCPSA (53 ft*) in H2
purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig.
Feed rate is about 10 MMSCFD.

Table 3a. Higher purity
Step Times in seconds are t;=0.583, tog =0.083, tey =0, tp =0.25, tge =0.25

B2 at 99.98 % purity and 86 % recovery

feed product Tall-Gas
H2 740 69.08 298
C1 14.3 0.02 376
cz 5.2 0.00 138
C3 2.6 0.00 74
Ca+ 3.9 0.00 11.0
H20 2000 vppm 0.3 vppm 5387 vppm
{ |total {MMSCFD) 10.220 6.514 3.705
480 psig 470 pslg 65 psig

Table 3b. Lower purity
Step Times in seconds are tg=0.5, tco =0.167, toy =0, tp =0.083, tgp =0.25

H2 at 93 % purity and 89 % recovery

e
feed product Tail-Gas
H2 " 74.0 8312 20.3
C1 14.3 6.34 31.0
c2 5.2 0.50 16.8
C3 286 0.02 8.9
Ca+ 3.9 0.00 13.4
H20 2000 vppm 142 vppm 8501 vpm
Eotal {MMSCFD) 10,220 7.240 2.977

480 pslg 470 psig 65 psig



flowrate conditions, very high purity hydrogen at -99 % and > 85 % recovery
Is achievable with the RCPSA. In both cases the tail gas is at 65 psig.
Such high purities and recoveries of product gas achieved using the RCPSA
with al | thewoestsaasms produced at hi gh pressure have not %%@Hs@a@@ﬁwﬁred
before and are a key feature of the present invention. [0059] Table 3c
shows the results for an RCPSA (volunme = 49 cubic ft) that delivers high
purity (> 99% H2 at high recovery for the sane refinery stream discussed
in Tabl es 3a and 3b. As conpared to Table 3a, Table 3c shows that simlar
purity and recovery rates can be achi eved by sinultaneously decreasing the
duration of the feed cycle, tF, and the plrge cycle, tp. Table 3c. Effect of
step durations on H2 purity and recovery froman 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 tAP % %s s s
s s 95.6 87. lndoth gasesshoymoin(bips 38 and3h gboge, itheugh teil BaopBssus3is bighst 99, 7

o (00601 I ¢ PRl gl etert éEdr g R0 i i 80 o0 oE M O

RCPSA' s oper ahege itép, a5 ¢ondHeieptlynnkRadeie | nventi on being described here. In
this exanple, the feed is a typical refinery streamand is at a pressure of

300 psig. The RCPSA of the present invention is able to produce 99 % pure

hydr ogen prod t 8 %Yo I | ' mmﬁﬁ% ed at

40 psig. Int Hlﬁéssgase agoée?izaaill’ ?ngcgﬁ%%ln eté}é{a?\ t%cl)\;[giéqugz%ﬂdﬁ)um or ot her

separat or or didveratelcomiBtiorsavery dighperisy inevsgenant99 % and > 85 % recovery is
achievable with the RCPSA. In both cases the tail gas is at 65 psig. Such high

purities and recoveries of product gas achieved using the RCPSA with all the

{

exhaust produced at high pressure have not been discovered before and are a key

feature of the present invention.

[0059] Table 3¢ shows the resulis for an RCPSA (volume = 49 cubic fi) that
delivers high purity (> 99%) H, at high recovery for the same refinery stream
discussed in Tables 3a and 3b. As compared to Table 3a, Table 3¢ shows that
similar purity and recovery rates can be achieved by simultaneously decreasing the

duration of the feed cycle, tr, and the purge cycle, tp.

Table 3¢c. Effect of step durations on H2 purity and recovery from an RCPSA
(49 ft%). Feed is at 480 psig , 101 deg F and Tail gas at 65 psig. Feed rate is
{ about 10 MMSCFD. Without counter-current depress

purity [ recovery t tco ten tp trp
% % 4 5 8 s [ s
95.6 87.1 ] 05 0.167 O AT 0.25
97.6 86 ] 05 0.117 0 0.133 0.25
9.7 859 F 05 0.083 01 0.167 0.25




W t hout further conpression requirenent. Another inportant aspect of thi
invention is that the RCPSA al so renbves COto < 2 vppm which is extrenely
desirable for refinery units that use the product hydrogen enriched stream
Lower | evelwocbos@®measure that the catalysts in the down®§ 6(fq

operate w thout

Conventi onal PSA cannot neet this

deterioration in activity over extended |engths.

nmeet the condition of exhausting all the tail gas at the higher pressur
such as at typical fuel header pressure or the high pressure of other

equi pnment that processes such RCPSA exhaust. Since all the tail gas is
avail abl e at 40 psig or greater, no additi2onal conpression is required f
integrating the RCPSA with refinery equipnment. Table 4 Conposition (nol

of input and output from RCPSA (4 f?) in carbon nonoxi de and hydrocarbo
removal from hixhmple® Feed is at 300 psig, 101 deg F, and Feed rate is

3,033, top ~0.WBRY o BRwBERly LAY TR ibabaes BegvtbGRraRarRehERY i
0 392 99. 98 dhbrid hodondufeOft B SreilorPodi 0eRLBA 1hre B afipl) 10. 2

G4+ 2.6 0.00 1

2006/ 079028 Pdi fisd doshprabminerystreamagfhy a apressure of 300 psig.

.2 total 0.971 0.760 0.211 300 psig 290 psi %h4IO{C gjlkng\D
e 0

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

deterioration in activity over extended lengths. Conventional PSA cannot meet this

CO specification and simultaneously also meet the condition of exhausting all the

tail gas at the higher pressure, such as at typical fuel header pressure or the high

pressure of other equipment that processes such RCPSA exhaust. Since all the tail

gas is available at 40 psig or greater, no additional compression is required for

integrating the RCPSA with refinery equipment.

Table 4
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 0.97 MMSCEFD.,
Step Times in seconds are t=0.5, tco =0.1, tcy =0, tp =0.033, tgp =0.066

H2 at 89.98 % purity and 88 % recovery

total

fﬁd: product Tail-Gas
H2 89.2 99,08 488
C1 33 0.01 13.9
c2 2.8 0.01 13.¢
c3 2.0 0.00 i0.2
Ca+ 26 Q.00 13.2
0971 0.760 0211

300 psig 230 psig 40 pslg

S

CO specification and sinmul taneously al so

€,

or
7

n

tp
- Gas



10061] Tabl es 5a and 5b conpare the performance of RCPSA' s operated in
accordance with the invention being described here. The stream bei ng
purified has lower H2 in the feed (51%nol) and is a typical

refinery/ pelypsliiogal stream In both cases (correspongcngstwesdatises 5a
and 5b), a counter current depressurization step is applied after the
co-current step. In accordance with the invention, Table 5a shows that high
H2 recovery (81 % is possible even when all the tail gas is released at 65
psig or greater. In contrast, the RCPSA where sone tail-gas is available as
|l ow as 5 psig, |oses hydrogen in the counter-current depressurization such
that H2 recovery drops to 56% In addit3on, the higher pressure of the
streamin Table 5a indicates that no tail gas conpression is required.
Tables 5a & 5b Effect of Tail Gas Pressure on recovery Exanple of RCPSA
applied to a Esagpleit h 132 concentration (51.3 mol % Conposition (nol %

L L A i el A il 11,
seconds are tffox%aéoe%ﬁ%%g \%ﬁﬁ@n%&ﬁgd cﬁﬁgdhérp THE s&eam bk eg i é@ﬁas[ a] Tail

gas avai l abl rom?2; 11 H You" and 81 ecov u t Tail-Gas
H2 51.3 99. 7Jo®er H, irChe 3845 o 280lpandlis a@ﬁwldaISemmp@rdaher@@aQs@am ® 3.8 C4+

3.7.0.00 6.4 bola12cc:)asg'9 correspong.m7 to T61§1f3'53 Saand | 5b3ta COUII\I@ gcllzzrg') d%]f}%ss%ﬁ%‘a 1:<Lm3' 001
step is applied after the co-current step. In accordance with the invention, Table 5a
shows that high H; recovery (81%) is possible even when all the tail gas is released

( at 65 psig or greater. In contrast, the RCPSA where some tail-gas is available as
low as 5 psig, loses hydrogen in the counter-current depressurization such that H,
recovery drops to 56%. In addition, the higher pressure of the stream in Table 5a

indicates that no tail gas 6ompression is required.

Tables Sa & Sb
Effect of Tail Gas Pressure on recovery
Example of RCPSA applied to a Feed with H2 concentration (51.3 mol %)
Composition (mol %) of imput and output from RCPSA (31 ft’) in H2
purification.
Feed is at 273 psig, 122 deg F and Feed rate is about 5.1 MMSCFD.

Table 5a. Step Times in seconds are tz=0.5, tco =0.083, tony =0.033, tp =0.25,

trp =0.133
{ {&] Tail gas avallable form 65-83 psig, H2 at 59.7 % purity and 81.% recovery
feed product Tail-Gas
H2 51,3 99.71 20,1
c1 3B.0 0.29 61.0
cz 48 0.00 8.0
c3 22 0.00 3.8
Ca+ 37 0.00 6.4
H20 4000 yppm 0.7 vppm, 5643 ypom
[otal ﬁmsc@ 5,142 _2.441 3.001

273 psig 263 psig B5-83 psig



273 psig 263 psig 65.83 psig WO 2006/ 079028 PCT/ US2006/ 002296 -34 Tabl e 5b.
Step Tines in see. are tp=0.667, tco =0.167, tcly =0.083, tp =0.083, tap
=0.33 [b] TO gas available tomS at99 d d 56 % rscov d product Tal Gas H2
51.3 99, 99 3403006 790288. 0 0.01 48.6 C2 4.8 0.00 6.9 C3 BANK20/082296 CA+
3,7 0.00 6.2 H20 4000 v 0.0 MDM 5630 vx~ | MFD 5.142 1.490 3.651 273pslg
263psi g 5-65peg Exanple 8 [00621 In this exanple, Tables 6a and 6b conpare
the perfornmance of RCPSA's operated in accordance with the invention being
described here. In these cases, the feed pressure is 800 psig and tail gas
I s exhausted at either 65 psig or at 100 psig. The conposition reflects
typical inpurities such H2S, which can b&4-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
depr essuri zat [fabld Sb. SsepThnek inlsec, aké Ly+dH67,0up F0.36T, bins=00831 —8.08%nt t 0 ot her
beds in the cycle. Tail gas only issueg,@a33ng the countercurrent purge
step. Table 6¢ shows the case for an RCPSA operated where sone of the tai

gas is also exhalsdeiabibioR Gl rization step following a

co-current depressurizatidn - bikde  C O- CUI’I’elﬂﬂﬁg
depressurization is ef sufffi clentsts 9999
c1 38.0 0.01 4aa
cz2 4.8 0.00 6.9
c3 22 0.00 34
C4+ 37 .00 6.2
H20 4000 vppm 0.0 vopm 5630 vppm
[?ﬁl (MMSCF DY 542 1.480 3.651
273 psig 263 psig 5-65 psig

Example 8
{0062] In this example, Tables 6a and 6b compare the performance of

RCPSA's operated in accordance with the invention being described here. In these
cases, the feed pressure is 800 psig and tail gas is exhausted at either 65 psig or at
100 psig. The composition reflects typical impurities such H2S, which can be
present in such refinery applications. As can be seen, high recovery (> 80% )} is
observed in both cases with the high purity > 99 %. In both these cases, only a co-
current depressurization is used and the effluent during this step is sent to other
beds in the cycle. Tail gas only issues during the countercurrent purge step. Table
6¢ shows the case for an RCPSA operated where some of the tail gas is also
exhausted in a countercurrent depressurization step following a co-current
depressurization. The effluent of the co-current depressurization is of sufficient
purity and pressure to be able to return it one of the other beds in the RCPSA vessel
configuration that is part of this invention. Tail gas i.e., exhaust gas, issues during

the counter-current depressurization and the counter-current purge steps.

[0063] 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 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
count er-cur r\ggao(}%gﬁgﬁ steps. [0063] In all cases the entiggasidnbzzef tail
gas is availabl'e at” el evated pressure which allows for integration with

ot her high pressure refinery process. This renoves the need for any form of
requi red conpression while producing high WO 20061079028 PCT/ US2006/ 002296
-35 purity gas at high recoveries. In accordance with the broad cl ai ns of
this invention, these cases are only to be considered as illustrative
exanpl es and not limting either to theskefinery, petrochem cal or
processing | ocation or even to the nature of the particular nolecul es being
separated. Tables 6a, 6b, & 6c Exanple of RCPSA applied to a high pressure
feed Conposi ty #gg 9 LAQU sl kifAn 112
purification. tpEﬁQ i s“zli1 é%%"%@%g?" %g%d%%maéﬁé%@ee a??‘fgﬁlﬁuss l%%%lﬁ}? ™10. 1
MVBCFD. 6a. $®wpcdeses only ®dwondsideredad plusirdive ekaopleQar@mot liplitug, eithpr =0. 33,

t =0. 33 a ail_gas a 5 psi,g, H2 at 99.9 %u ' nd 87 %recave feed
PP tact Jal che Beppistay, pelrgchrion b progesoing lacafion pf grends eeaire b B80 14 0. c3

g. 263 00 7.4 peditufdr shofbclids 0ind sepdbare?0 v 0 55 VPPM tal MVBCFD 10. 187 6.524

Tables 6a, 6b, & 6¢
Example of RCPSA applied to a high pressure feed
Composition (nel %) of input and output from RCPSA (18 ft%) in H2
{ purification.
Feed is at 800 psig, 122 deg ¥ and Feed rate is about 10.1 MMSCFD.

6a. Step Times in seconds are tp=0.91, tco =0.25, tey =0, tp =0.33, typ =0.33

fa] Tait gas at 65 psig, H2 atr_gi.s % purity and 87 % recovery

r—
feed product Tall-Gas
H2 74.0 99.99 29.5
C1 143 0.09 376
c2 52 0.00 14.0
c3 28 0.00 74
C4+ 3.9 0.00 10.9
H2S 20v D 55 l
E;tai (MMSCFD) 10.187 6.524 3.663
800 psig 790 psig 65 pslg

6b. Step Times in seconds are tp=0.91, {0 =0.25, ten =0, tp =0.33, tgp =0.33

[b} Tall gas at 100 psig, H2 at 88.93 % Eurlu and 80.3 % Iscovery
feed groduct TalkGas

R — R

H2 74.0 989,83 38.1

ct 14.3 0.07 32.8

cz 5.2 0.00 12.5

C3 2.8 0.00 6.5

Ca+ 3.9 0.00 8.6
H28 20 vppm 0 vppm 49 vppm
¥otal (MMSCFD) 10.187 8.062 4,126

800 psig 790 psig 100 psig



800 psig 790 psig 65 psig 6b. Step Tines in seconds are tr=0.91, too x.25,

tcy =0, tp =0.33, tRp =0.33
80.3 % recovery feed product Tal JGas

C2 5.2 0.00 2.6 0.00 6.5 C4+ 3.9 0.00 9.6 H28
vppm ot al NR%%‘—’??’T%@?S? 6.062 4.125 800 psig 790 psig 1
2006/ 079028 PCT( US20061002296

tco =0.083, tCN O 25, tp -

[b) Tail

-36 6¢C.
0. 167, tpj
at 99.8 %uri and 84 %recovery feed product Tail Gas

gas at 100 psig ,

[c] Tail

H2 at 99.93 % ud and
H2 74.0 99.93 38.1 d 14.3 0.07 32.8

Bgﬂ'ugfb@ ggPPM 49

psi g

Step tines in seconds are tF=0.91,
gas from65-100 I , H2
H2 74.0 99.95728:9 C1 -

14.3 0.05 39.0 C2 5.2 0.00 13.7 C3 2.6 0.00 7.2 C4+ 3.9 0.00 10.6 H2S 20
m 0. 601 m 53 motal MVSCFD 10. 187 . 373 34814 800 prig 790 psig 65-100 psig
Exanpl e 9 10064] Tables 7a, 7b, and 7c conpare the perfornmance of RCPSA' s

operated in

6¢. Step times in seconds are ty=0.91, tco =0.083, tcy =0.25, tp =0.167, tgp =0.41

[e] Tak gas from 65-100 psig, H2 at 99.8 % purity and 84 % recovery —
feed product TailGas
H2 74.0 9p.85 288
C1 14.3 D.05 38.0
c2 5.2 0.00 13.7
c3 2.6 0.00 7.2
C4+ 3.9 0.00 10.8
H2S 20 vppm 0.01_ VppmM 53 vppm
fotal GAMSCRD) - | 10.187 8.373 3514
800 psig 790 psig 65-100 psig
{
Example 9

[0064] Tables 7a, 7b, and 7c compare the performance of RCPSA's operated in
accordance with the invention being described here. The stream being purified has
higher H; in the feed (85 % mol) and is a typical refinery/petrochemical stream. In
these examples the purity increase in product is below 10 % (i.e. P/F < 1.1). Under
this constraint, the method of the present invention is able to produce hydrogen at >

90% recovery without the need for tail gas compression.

Tables 7a, 7b, & 7¢.
‘ 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.

7a. Step Times in seconds are t=0.5, too =0.33, tcy =0.167, tp =0.167, tgp =1.83
recovery =85 %

feed product Jiai!-(‘:‘es
H2 B5.0 82,40 57.9
c1 8.0 4,56 17.9
c2 4.0 1.79 13.1
C3 3.0 1.16 104
Cda+ 0.0 0.00 0.0
H20 2000 8(?‘-6:‘5 6915
lt-otaﬂMMSCFD) 6.100 4.780 1.320

480 psig

470 psig

65 psig



purified has
refinery/ petrochemni ca

of the present
W t hout the need for tai
RCPSA applied to a Feed with 132 concentration (85 not
i nput and output from RCPSA (6.1 ft)
and Feed rate is about 6 MMSCFD. 7a. Step Tinmes in seconds are tF=0.5,
tin =1.83 rmcovery = 85 % feed product
H2 85.0 92.40 57.9 d 6.0 4.56 17.9 (C2 4.0 1.79 13.1 C3 3.0
MVSCFD 6. 100 4. 780 1.320
-37 7b.

tcN =0. 167,
Tal | - Gas
1.16 10A C4+ 0.0 0.00 0.0 H20 2000 866.5 6915 tal
480 psig 470 psig 65 psig WO 20061079028 PCT/ US2006/ 002296
Times in sec. -qr = L 0. Q4 5 17
= 90 % feed pr@dg‘(":e g&ﬁgﬁ%ﬁm%rag%gs’g%ﬁ@?g 1

accordance with the invention being described here.

The stream bei ng

hi gher H2 in the feed (85 % not) and is a typical

stream In

0, %w(i.e. PPF < 1.1).
O%W%%Ogaqé%on is able to produce hydrogen at >
gas conpression.

tp =0.167,

T 8k i

Tables 7a, 7b, & 7c.

t hese exanples the purity increase in
this const pajgkaeedide2sget hod
90% r ecovery
Exanpl e of
Conposi tion (not
135 deg F

Feed is at 480 psi g,

feed proguct Tail-Gas
H2 25.0 80.90 582
1 8.0 5.47 18.1
c2 4.0 2.23 129
C3 3.0 1.29 10.1
C4+ 0.0 0.60 0.0
H20 2000 1070.5 6623
ltotal (MMSCFD) 8.120 5.150 0.960
480 psig 470 psiy 65 pslg

7c. Step Times in sec. are ty=2, tcg =0.667, toy =0.333, tp =0.167, tgp =0.833

recovery = 90 %

feed ~ product Tail-Gas
H2 85,0 90.19 §5.2
c1 8.0 6.21 18.8
G2 4.0 2.32 13.8
c3 3.0 117 11.3
Ca+ 0.0 .00 0.0
H20 2000 1103.5 7447
Eota! {MMSCFD) 6.138 5.208 0.93
480 psig 470 psig 85 psig

recovery




C2 4.0 2.23 12.9 C33.01.29 10.1 Gl+ 0.0 0.00 0.0 H20 2000 1070.5 6823
total (MVSCFD) 6.120 5.150 0.969 480 psig 470 pslg 65 psig 7c. Step Tines
in sec, are tp=2, tco =0.667, tCN =0.333, tp =0.167, tRP x.833 recovery =
90 % feed product Tail-Gas H2 85.0 90.19 55.2 C 8.0 6. 4.0
232 15,9 RO 735 54000070, 00 0.0 Ho0 2000 TEEGMAC: o)
MVSCFD 6.138 5.208 0.93 480 psig 470 psig 65 psig WD 2006/ 079028

PCT/ US20061002296 -38- CLAIMS: 1. A process for hydrocracking a hydrocarbon
feed, conprising: a) contacting a hydrocarbon feed in a hydrocracki ng zone
with a hydrogen-containing gas and a catalytically effective anbunt of a
hydr ocr acki ng catal yst under hydrocrackinag._conditions thereby resulting in a
| ower boiling hydrocarbon Iiquid phase and a vapor phase containi ng

hydrogen and |ight hydrocarbons; b) separating the | ower boiling hydrocarbon

i qui d phase WAM&

1. A process for hydrocracking a hydrocarbon feed, comprising:

a) contacting a hydrocarbon feed in a hydrocracking zone with a
hydrogen-containing gas and a catalytically effective amount of a
hydrocracking catalyst under hydrocracking conditions thereby resulting in a
lower boiling hydrocarbon liquid phase and a vapor phase containing
hydrogen and light hydrocarbons;

b) separating the lower boiling hydrocarbon liquid phase and the

b,

vapor phase;

c) removing at least a portion of the light hydrocarbons from at least a
portion of the vapor phase, thereby increasing its hydrogen concentration, 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; and

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

having an increased concentration of hydrogen to the hydrocracking zone.

{ 2. The process of claim 1, wherein the hydrocarbon feed is selected
from those boiling above about 350 °F (177 °C).

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

4, The process of claim 3, wherein the hydrocarbon feed is selected

from the group consisting of Fischer-Tropsch liquids, lube stocks,



vapor phase; c) renoving at |east a portion of the |ight hydrocarbons from
at least a portion of the vapor phase, thereby increasing its hydrogen
concentration, in a rapid cycle pressure swi ng adsorption unit containing a
plurality of adsor bent beds and having a total cycle ti n about
30 seconds VEQAEOHPBSsure drop within each adsorbent bg?&bsg(@ég 2té#}’at han
about 5 inches of water per foot of bed length; and d) recycling at |east a
portion of the vapor phase of step c) above having an increased
concentration of hydrogen to the hydrocracking zone. 2. The process of
claim1l, wherein the hydrocarbon feed is selected fromthose boiling above
about 350 W (177 C). 3. The process of Q?QLWIZ, wherei n the hydrocarbon feed
is selected fromthe group consisting of naphtha boiling range feeds,
kerosene boiling range feeds and distillate boiling range feeds. 4. The

Consisting of ‘Fi scher - Fopeh TR atey howReh 8 Jf SEbE el "C OO

PCT/ US2006/ 002296 - 39 déaérp hifed, @5cuuhie and/athesitea sesidila]WEiRbtedated ogas oi | s,
vacuum gas oils, deasphalted, vacuum and atnospheric residua, hydrotreated

or mldly hydrocrackeanildiy hpdrapragkadgesidusk ails, GP'SqfldIl‘»iﬂH@T@& strgighiuBht run

distillates, solvent-d igh boiling
synt hetic oi | s, cycle gfﬁ%@g%%f e& %e?:a%q%}%@{ﬁssk)ﬁ ﬁgﬁsg&?ﬁg&b{}ﬁ@%‘r ocess of
claim2, wherein the t(hbﬂing%yﬁtlheud oilecyde oilsrind cayerheker gistiaes. e swi ng
adsorption is | ess than about 15 seconds. 6. The process of claiml, wherein
the total cycle tinme is |less than about 10 seconds and the pressure drop of

each adsorbent bed is greater

{

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 |, 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.

7. The process of claim 5, wherein the total cycle time is Iess than about
5 seconds.
! 3. The process of claim€, wherein the pressure drop of greater than

about 20 inches of water per foot of bed length.

q. The process of claim 1, 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.



t han about 10 inches of water per foot of bed length. 7. The process of
claim5, wherein the total cycle tine is |less than about 5 seconds. $. The
process of claim®6, wherein the pressure drop of greater than about 20

i nches of wa ot of bed length. 9. The process of i erein
the cycle ti %@&Pg’é@ t han about 10 seconds and the pr eg@hﬁ]’gfﬂg&go& 'S

greater than about 10 inches of water per foot of bed I ength. WO

2006/ 079028 PCT/ US2006/ 002296 -40 10. The process of claimS. wherein the
cycle tinme is |l ess than about 5 seconds and the pressure drop is greater
t han about 20 inches of water per foot of bed length. 1.1. The process of
claim1, wherein said hydrogen-containingggas is conprised of a purified
make- up gas produced from a hydrogen- containing nake-up gas in a rapid
cycle pressure swing adsorption wunit containing a plurality of adsorbent

beds and havi ng a,# ot al4cycl k ve. h . Q nd a
pressure drop wt Hlsn ea%eyp(‘fgge (s)?’gé(;iﬁ][n?%,e\gfegfméhre:c% %&ﬂ#%lasﬁgsgg}ga%ta@gﬁl%ches of
wat er per foot of bed deesi@lshand dhareistreldicp 13 grdatar eshnablsat 2(inglas of watex t he
rapid cycle pressure swing adsorption unit is higher in hydrogen

concentration than thePeRfRnt@fbed k88thai ni ng gas. 12. The process of claimlt
, Wherein the hydrocarbon feed is selected fromthe group consisting of

naphtha boiling range f cet8 bOAGRE 1, WiRIrdih 84d hpldBed- _ﬁnin%@dsﬁi stillate
boiling range feeds. 13. The process of claim11l”, wherein the cycle tinme is

| ess than about 10 seconygsisethdf 4 pariffedasaerp gs ppdusedyfremtadiydtdgam about 10

i nches of water o : . : .
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, wherein the purified make-up gas from the rapid cycle
pressure swing adsorption unit is higher in hydrogen concentration

than the hydrogen-containing gas.

12. 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.

13. The process of claim 1|, 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.

14. The process of claim I3, 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.

5. The process of claim 1, wherein a portion of the vapor phase is not

treated in the rapid cycle pressure swing adsorption unit to remove



per foot of bed length. 14. The process of claim 13, wherein the cycle tine
is less than about 5 seconds and the pressure drop is greater than about 20
i nches of water per foot of bed |ength. 15. The process of claiml1l, wherein
a portion of Whgodies Phase is not treated in the rapi dpeyekRoqndessure

sSwWi ng adsorption unit to renove WD 20061079028 PCT/ US20061002296 -41 |i ght
hydr ocar bons and which portion is also recycled to the hydro cracking zone.
16. The process of claim 10, wherein a portion of the vapor phase is not
treated in the rapid cycle pressure swing adsorption unit to renove |ight
hydr ocar bons and which portion is also recycled to the hydro cracking zone.

- 17. A process for hydrocrackng a hydragcarbon feed, conprising: a)
contacting a hydrocarbon feed in a hydrocracking zone with a

hydr ogen- contai ni ng gas and a catal ytically effective anount of a
hydrocrackng catal yst Hﬁﬂ@ﬁy&%&ﬁ&ﬁﬁ%ﬁhWﬂﬂdﬁﬂﬂﬂbﬁk@ﬂér&ﬁ@kﬁh&ﬁu!?5U|t'ng na
| ower boiling hydrocarbon Iiquid phase and a vapor phase conprised of
hydrogen and |ight hydriydeocmsking zomerein the purified nmake-up gas is
produced from a hydrogen-containing make-up gas in a rapid cycle pressure
SW ng adsor ption it I Nl : ar=1me ]5$g§ havi ng a
total cycle tine%%f Ié@%ﬂ%ﬁgﬁégﬁg%Png“?g%%%gg&gﬁg%gﬁgﬁggg e %%ggtmﬁthin
each adsorbent bed of tgaedtiethd iapid cybiepresbure swhgadedrpticd amnit peembont of bed

| ength, wherein the purjfied make-up gas.fromthe rapid cycl pressure
swi ng adsorption unit ilghﬁh&ke?afbwwa ERRTLIE AP AEVE o the
hydrocracking zone. .

{ 17. A process for hydrocracking a hydrocarbon feed, comprising:
a) contacting a hydrocarbon feed in a hydrocracking zone with a
hydrogen-containing gas and a catalytically effective amount of a
hydrocracking catalyst under hydrocracking conditions thereby
resulting in a lower boiling hydrocarbon liquid phase and a vapor
phase comprised of hydrogen and Light hydrocarbons; wherein the
purified make-up gas is produced 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, wherein the purified make-up gas from the rapid cycle
pressure swing adsorption unit is higher in hydrogen concentration
than the hydrogen-containing gas.;
b) separating the lower boiling hydrocarbon liquid phase and the
vapor phase; and
¢) recycling at least a portion of the vapor phase of step to the
hydrocracking zone.



t han the hydrogen-containing gas.; b) separating the |ower boiling
hydr ocarbon |iquid phase and the vapor phase; and c) recycling at
portion of the vapor phase of step to the hydrocracking zone. WO

2006/ 07902%59&%}6%9@61002296
ee

is selected fromthose boiling above about 350 F
phase is not

hydr ocar bon

19. The process of claim 17, wherein a portion of the vapor

treated in the rapid cycle pressure swi ng adsorption unit to renove
hydr ocar bons and which portion is also recycled to the hydrocracki
20. The process of claim17, wherein the hydrocarbon feed is selected from
the group consisting of Fischer-Tropsch4kiquids, atnospheric gas o

vacuum gas oils, deasphalted, vacuum and atnospheric residua, hydrotreated

or mldly hydrocracked residual oils, coker distillates, straight

distillates, soly&nt- dERSRbsS 614 16, whyfetd the h§drod@bbry fdd @ defectedi gh boi | i ng

synthetic oils, cycle oils and cat cracker diostl | lates. 21. The pr
ciaim 17, wherein the fromgthosedeiling abaye abput33pi'8 (LA7CC2  pressure swing
adsorption is |l ess than about 15 seconds. 22. The process of claim

wherein the total

cycle tinme is less than

| east a

-42 18. The process of clmimuskbosoedres ei n t he

(177 ).

i ght
ng zone.

ils,
run
ocess of

20,

about 10 seconds and the pressure

drop of each ads{.bentTHegtodess ofpldai ¥, whsiin #patibn d0the vep@phade madter per
foot of bed length. 23. The &r@oce_ss of claim2l, wherein the total

time is less than

20.

2.

22.

23.

abdinated iy

dAR|e cycle pressure swing adsorption unit to remove
light hydrocarbons and which portion is also recycled to the
hydrocracking zone.

The process of claim 17, wherein the hydrocarbon feed is selected
from the group consisting of Fischer-Tropsch liquids, atmospheric
gas oils, vacuum gas oils, deasphalted, vacuum, and atmospheric
residua, hydrotreated or mildly hydrocracked residual oils, coker
distillates, straight run distillates, solvent-deasphalted oils, pyrolysis-
derived oils, high boiling synthetic oils, cycle oils and cat cracker

distillates.

The process of claim 17, wherein the total cycle time of rapid cycle

pressure swing adsorption is less than about 15 seconds.

The process of claim 20, 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.

The process of claim 21, wherein the total cycle time is less than

about 5 seconds.

cycle



WO 2006/ 079028 PCT/ US2006/ 002296 -43 2+. The process of claim 22, wherein
the pressure drop of greater than about 20 inches of water per foot of bed
| ength. 25. The process of claiml, wherein the hydrocracking process is
shape sel eciphgesibiggei N the feed is selected froma di spit/bsbesmengs a

| ubricating oil basestock and the pour point of the feed is reduced and the
catalyst is conprised of a zeolite. 26. The process of claim 23, wherein the
zeolite is ZSM5. 27. The process of claim 17, wherein the hydrocracl dng
process is shape selective, wherein the feed is selected froma distillate
and a lubricating oil basestock and the pour point of the feed is reduced
and the catalyst is conprised of a zeol-B8e. 29. The process of claim 27,
wherein the zeolite is ZSM5. 29. The process of claiml, wherein the
hydrocracki ng process is a shape selective distillate dewaxing, carried out
at reaction condi24.0ns THe p26dess dRx1DE12, wherehnthe Grésgire dtbpofdrege thanar t i al
pressure, 1 to 2.5 LHSV, and 250 to 425 / nB hydraogen circulation rate
wherein a |lower sul fura,bol“(ﬂﬁelﬂdﬁé@fwﬁﬁﬁ?r Pts(tﬁheﬂi?”&bproduct i s produced.
30. The process of claim 17, wherein the hydrocracking process is a shape
selective distillate dewaxing, carried out at reaction conditions of 260 to
455C, 20 to 50 kgZxn? Iherpooress @aoiditmal, whereis thechydfoctaokidg prot€ss2i0 Slpe 79028
PCT/ US20061002296 -44 LHSY, and 258l t.o . 425 Nnﬁc{ﬂﬁ hydr ogen gi rculation rate
wherein a |ower sul f useleFie PhgisHr the fedds shlected roma ¥&9@s produced.
31. The process of cl aijgBoatifI6i BhddstbOiCadifle BERAINRG Y BEER SeduBeFRRPE

the catalyst is comprised of a zeolite.

26. The process of claim 2%, wherein the zeolite is ZSM-5.

27. The process of claim 17, wherein the hydrocracking process is shape
selective, wherein the feed is selected from a distillate and a
lubricating oil basestock and the pour point of the feed is reduced and

the catalyst is comprised of a zeolite.

x. The process of claim 27, wherein the zeolite is ZSM-5.

29. The process of claim 1, wherein the hydrocracking process is a shape

)

selective distillate dewaxing, carried out at reaction conditions of 260
to 455C, 20 to 50 kg/cm?2 hydrogen partial pressure, 1 to 2.5 LHSV,
and 250 to 425 Nm3/m3 hydrogen circulation rate wherein a lower

sulfur, lower pour point distillate product is produced.

30. The process of claim 17, wherein the hydrocracking process is a
shape selective distillate dewaxing, carried out at reaction conditions
of 260 to 455C, 20 to 50 kg/cm2 hydrogen partial pressure, 1 t0 2.5



sel ective | ube dewaxing, carried out at reaction conditions of 500 to 750F,
400 to 2000 psi, 1500 to 4000 scf/bbl, and 0.2 to 2 LHSV to produce a | ower
sul fur, |ower pour point |ube basestock is produced wth an inproved
viscosity index. 32. The process of claim17, wherein thechydtweoredsi ng
‘process is §ﬁ%ﬁ@“¢ggwective t ube dewaxing, carried out at reaction
conditions of 500 to 750F, 400 to 2000 psi, 1500 to 4000 scf/bbl, and 0.2
to 2 LHSV to produce a |lower sulfur, |ower pour point |ube basestock is
produced wth an inproved viscosity index. 33. The process of claim1,
wherein the hydrocracki ng process is shape selective |ube dewaxing, carried
out at reaction conditions of 500 to 75Q%- 400 to 2000 psi, 1500 to 4000
scf/bbl, and 0.2 to 2 LHSV to produce a |lower sulfur, |ower pour point |ube
product is produced wth an inproved viscosity index. 34. The process of

claim 17, wherein the byd§QCaRLX010 405 NedI®3 h§doBaR GircuifioRGhie Wheteitbe
dewaxi ng, carried out at reaction conditions of 500 to 750F, 400 to 2000

psi, 1500 to 4000 scf/ blower alfhrJower poup poinslistiliate producideprdiesder sul fur,
| ower pour point |ube product is produced wth an inproved viscosity index.
WD 2006) 079028 PCT/ US2006/ 002296 -45 35. The process of claim®6, wherein

the vapor stream g scroRiadcss bhclaim Daftieteis Sielbdirdigackalgrbéess Behgpel sed of
an amine prior to being conducted to the rapid cycle pressure sw ng
adsorption unit. 36. THelesHse bbb dewaxingcamipg oulgapastian corditensof 584 foeam i s

scrubbed with 2 bast e AGEURS ROGRELUL 19 G0RS LA 9aBD ATARPL O 1O

being conducted to the raprd cyc pt essure sw ng adsorption unit.
produce a lower sulfur, lower pour point lube basestock is produced

with an improved viscosity index.

32. The process of claim 17, wherein the hydrocracking process is shape
selective lube dewaxing, carried out at reaction conditions of 500 to
750F, 400 to 2000 psi, 1500 to 4000 scf/bbl, and 0.2 to 2 LHSV to
produce a lower sulfur, lower pour point lube basestock is produced

with an improved viscosity index.

33. The process of claim 1, wherein the hydrocracking process is shape
selective lube dewaxing, carried out at reaction conditions of 500 to
750F, 400 to 2000 psi, 1500 to 4000 scf/bbl, and 0.2 to 2 LHSV to
produce a lower sulfur, lower pour point lube product is produced

with an improved viscosity index.

34 The process of claim 17, wherein the hydrocracking process is shape
selective lube dewaxing, carried out at reaction conditions of 500 to
750F, 400 to 2000 psi, 1500 to 4000 scf/bbl, and 0.2 to 2 LHSV to
produce a lower sulfur, lower pour point lube product is produced

with an improved viscosity index.



37. The process of claim®6, wherein the rapid cycle pressure sw ng
adsorption unit renoves contam nants selected fromthe group consisting of
C02, water, ammonia, and H2S. 38. The process of claim22, wherein the rapid
cycl e pressyabasks adsorption unit renoves contani nanPETAEI0@R03W6f r om t he
‘group consisting of C02, water, ammonia, and H2S. 3 9,. The process of
claim6, wherein at |east one reactor contains a hydrotreating bed. 40. The
process of claim 22, wherein at |east one reactor contains a hydrotreating
bed.

_45.

35. The process of claim 6, wherein the vapor stream is scrubbed with a
basic scrubbing solution comprised of an amine prior to being

conducted to the rapid cycle pressure swing adsorption unit.

36. The process of claim 22, wherein the vapor stream is scrubbed with a
basic scrubbing solution comprised of an amine prior to being

conducted to the rapid cycle pressure swing adsorption unit.

37. The process of claim &, wherein the rapid cycle pressure swing
adsorption unit removes contaminants selected from the group

consisting of CO,, water, ammonia, and H,S.

33. The process of claim 22, wherein the rapid cycle pressure swing
adsorption unit removes contaminants selected from the group

consisting of CO,, water, ammonia, and H,S.

. The process of claim b, wherein at least one reactor contains a
hydrotreating bed.
{
40. The process of claim 22, wherein at least one reactor contains a

hydrotreating bed.



