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15 number of large scale petrochemical separations to recover high purity para-xylene (PX)

from mixed xylenes. As used herein, “mixed xylenes” refers to a mixture of Cg aromatic
isomers that includes ethyl benzene (EB), para-xylene (p-xylene or PX), meta-xylene
(MX) and ortho-xylene (OX). High purity para-xylene is used for the production of
polyester fibers, resins and films. Para-xylene typically is converted to terephthalic acid
20 (TPA) or dimethyl terephthalate (DMT), which is then reacted with ethylene glycol to
form polyethylene terephthalate (PET), the raw material for most polyesters.
[0003] The general technique employed in the performance of simulated moving bed
adsorptive separation processes is widely described and practiced. Generally, the process
simulates a moving bed of adsorbent with continuous counter-current flow of a liquid feed
25 over the adsorbent. Feed and products enter and leave adsorbent beds continuously, at
nearly constant compositions. Separation is accomplished by exploiting the differences in
affinity of the adsorbent for para-xylene relative to the other Cg aromatic isomers.
[0004] Typical adsorbents used in simulated moving bed adsorption processes generally
include crystalline aluminosilicate zeolites and can comprise both the natural and synthetic
30 aluminosilicates. Suitable crystalline aluminosilicate zeolites for use as an adsorbent
selective for para-xylene include those having aluminosilicate cage structures in which

alumina and silica tetrahedra are intimately connected with each other in an open three
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30 alum nosilicates. Suitable crystalline alum nosilicate zeolites for use
as an adsorbent selective for para-xylene include those having
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adsor bent tenid thettrodsf particles such as extrudates, aggregates, tablets, macrospheres such as
25 beads, granules, or the like.

[0007] The binder is typically inert and does not contribute to any adsorption. Efforts

have been made to improve adsorbent productivity by increasing the selective part (zeolite

volume) within adsorbents by converting the binder into selective zeolite in a conversion

process referred to as “zeolitization”, while maintaining the strength and macroporosity of

30  the zeolitic adsorbent. This conversion process results in a “binderless” zeolitic adsorbent.

While this conversion process has resulted in an increase in adsorbent productivity, still



recover high purity para-xylene fromm xed xylenes in a |iquid-phase
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30 The weight percentages of Zeolite X, inert clay binder, cornstarch, K, and Ba are on a

volatile-free basis.



BRI EF DESCRI PTI ON OF THE DRAW NGS 25 [0012] The present invention w ||

herei nafter be described in conjunction with the follow ng drawi ng figures,
wherei n Iwbkeonumemal s denote |ike el enents, and wherei nPCrAB2@p/oF@ 1 is a
flow chart of methods of producing a binderless BaKX zeolitic adsorbent
according to exenplary enbodi ments of the present invention; 30[0014] FIG
2 is asinplified illustration of an exenplary four zone adsorbent chanber
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BRIEF DESCRIPTION OF THE DRAWINGS

25
[0012] The present invention will hereinafter be described in conjunction with the
following drawing figures, wherein like numerals denote like elements, and wherein:
[0013] FIG. 1 is a flow chart of methods of producing a binderless BaKX zeolitic
adsorbent according to exemplary embodiments of the present invention;

30 [0014] FIG. 2 is a simplified illustration of an exemplary four zone adsorbent chamber
of an adsorptive separation unit used in the process of FIG. 1 according to an exemplary

embodiment of the present invention;



WO 2011/ 011190PCT/ US2010/ 041011 20 wt % of the bi nderl ess BaKX zeolitic
adsorbent, and (100-x) wt% Zeolite X (a crystalline alumnosilicate

zeol i te) wot2b11201$19bi ca: alumina nolar ratio of 2.5 0. 5pcBaisand/okioar e at
cationi c exchangeabl e sites within the binderl ess BaKX zeolitic adsorbent,
with the Kin the range of 0.25 to 0.9% by weight and the Ba greater than
31.6% by weight of 5 the binderless BaKX zeolitic adsorbent. Further, the
inert cla id - ' ] it Lot to
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bi nder | esqoéﬂg BaicX 76914 gk@haééﬁls t (e RSN o Y H1bihd¥bss BARXP QLSRR Iy
is between 0.25 cc/g and 0.35 cc/g. [0025] According to exenplary
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crystalline alum ,Li.cate. zeolite for use in the adsorbent. In hydrated
form Zeol "?(ger Ssclgﬁégé‘oragf)orrg?ﬁnt ed interms of nole oxides as foll ows: 15

0. 90. V21, 00]208i2. s Sk ¥bRPaMIet: pMddui®ifl of @aShdaNE: GAKODHAI NY a
val ence of not nore than 3, which bal ances the el ectroval ence of the

t et r ahedr @dagrécntsn geepsdaiceywithepie pmbedimsniel tg pessenlaimyettisngodhe prduetiaty
site, "n" [repr l.epnce the cation, and "y" represents the

nol es of m?af?goru? e@%@%@%‘?‘%g@% %(fc%g%)egtépendi ng upon the identity of M and

t he degreq0of8lhyEiGatd nawbvéded coyualpldt ifhstrafiaglant @ptitipas sesdBResisarbent
relatively well-defined pore structure. As the Zeolite Xis initially
prepar ed, PHBUlaEIN BEIONMY | s usual |y predoni nately sodi umand thus is
referred t a j um, tiyype ' : ' ' tio
of | Zeol 1 t 40X R R e e ey it

t he Zeol i tadsotbbiats iaclsdingcthe bihderiass Bak arzaoltic adsorbtiteinr angedaice 2wihtam 2. 7,
and nost preferably_.is 2.5. .[r10026 FIG 1 is a flowchart of a nmethod 10
for preparS Rentiof Higdipseatt zeolitic adsorbent in accordance with an

exenmpiary [goRAdi FRNE. is Th@camthetkihesonst Mt%lratﬁh%)%fl%s ﬁﬁ'&t) QbrsadzIRERt

aggl onerates (step 12) conprised of the Zeolite and inert binder. 30 The

Zeol i te X (Ws%agy thoneinderbds BaKX aepditic sdmerboea ds acsirdrgce mathi areembdydimgeat ofby
m xi ng at gnbi ent .tenperature with water. In a preferred enbodi nent, the
inert bind $p{§5?p6llqvgg %%aolin cl ay with a silica: alumna nolar ratio in

the range [0028. OFI® Ris?a pit fFehcbliry s@)r&simmj 285h1k Oh 121 BRRETHBRKI0 706121 1
Kaolin clay is available fromU. S. Silica Co., Berkeley Springs, W, for

exanpl e. Tdsoberidarepaigd dthc eerpsiresh dn gicceidensegpith xgmplrwecatoogtednits ef sheand
10 t 0,20 9 . | I ' ) vol atil e-free basis). The kaolin
cl ay %(l?ndﬁgfre/%g{1328?193%3?3?%0&5&3@%?%ﬁ’gangowder t oget her to form adsorbent
beads wi t Hoe2jarFiG| @ si z @oivnciahteillustgigothe Gr8caginstcps GorBuse dfthartdndealiessng

i ncreased nechani ¢cal strength as shown by water attrition tests as .
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descr | bed o LRI NUERLRR DIORAL iR The Zeolite X mmy be

aggl onerated into other torns particles such as extrudates, aggregates,
tabl ets, macrospheres, granules, or the like. [0027] In an exenplary

Zeol i Th X nd i nert binder dur it LRG HOESENRT O orm ng step 12,
Cor nst ar chpo23] The following detailed description of the invention is merely exemplary in nature
and is not intended to limit the invention or the application and uses of the invention.
Furthermore, there is no intention to be bound by any theory presented in the preceding
background of the invention or the following detailed description of the invention.
30 [0024] In accordance with exemplary embodiments of the present invention, a
binderless BaKX zeolitic adsorbent comprises a binder-converted zeolite portion formed

from x weight percent (wt%) inert clay binder, wherein x is in the range of 10 wt% to
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may be added in an anobunt fromO to 5.0 wt% (on a volatile-free basis) of
the total conbined weight of the binder-converted zeolite portion and the
starting Wweabitweai1dof or pur poses as herei nafter descri be#CT@shewaditives
may include polynmers and fibers. [0028] To convert the kaolin clay binder
to a binder-converted zeolite, the agglonerates 15 are activated at 625C or
hi gher to convert the kaolin clay binder into neta-kaolin clay binder (step
13) . The kgalfo n e Y dfHx o
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of from2.0 to 2.2, pre erably 2.0 (step 14). 1 g of neta-Kaolin clay
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lts i 5%. t det
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form ng | i rise
(o0 19, PRETLSR” WAPR kR SBRLhoRSAdR, roRCRALEY: AE iRy eRIpr

nmol ar 10 at iBaKX ztbi&id aiRgdenf rn2asﬁred03y5Hg piitedstorapdrysitelry iabetwdén 0126 cc/g and

bi nder - converted zeolite portion with a silica: alumna nolar ratio in the
range of 0.3 ¢¥2-2. 2, preferably 2.0. Wile the conversion of a kaolin clay

bi nder to er ted ] i not
so lim tec}@b%r é?(cgﬂrrp g e éﬁﬁlh{;f;y ?%@%ﬁ gk %st%l %ﬁllgg ﬂtC%1 ;{’U%%BQ%/ (53(4511011
may be coreermiriecs taos;wcﬁicndets‘eaﬁumvelrunénbsﬂmatei zeonlitddfior [useni i thg adsangihesin

i ncl ude cI b g hal | oysite fam Ly. In . addit] while the
uoe of a JBuTH K BRite NeoR Gera R R T el bRt s ot |
solution for binder conversion, the invention is not so limted. In
addition to sodi um hydroxi de, other aqueous al kali mnetal hydroxide 5
sol uti ons h280. Da3éddP:04.5cbmviéksith®. Non-1imiting exanpl es include a
sol ution of potassium hydroxide or a m xture of sodi um hydroxi de and
pot assi um hydr oxi de [0030] The binderl ess zeolitic adsorbent beads are then
exposed t aviRae "Patis eNBadfe cbiioCRbviRNS vhieficd @frhcﬁmham 3, vl B GRe et AR

"bi nderl ess BaKX zeolitic adsorbent™ (st e{a In a pr eferred enbodi nent,
subst ant i aﬂlﬁtciffroﬁtﬂpn@f oft the t@%&ésacqt@nlge&wé Racferred o af ap achrogesbiaiertioniss
zeol itgc or " i.ght
per et o ke RORATR e o FaEL ARSI PRSl Ty S b BT
t han 0. 3%vatmst1p o ef depdalding esen tHa:aﬂieﬁ)tltSzlot%\/( and ahe/@lle@xteelce“ liydesidnast she The

bariumand p Ssi umlons are exchan ed in relative amounts so that Kis in
the range %Ystti?@@ £eploe Sopasyesiss grelabyela Welrdefinpdpere sBugiyes &s thipfeqlite Kudi ng

wat er), pr %
31. 6% by \kglrﬁ{tﬁwo% ‘%hgd %?en%grg? e%\@x%\gﬁ&g?tepo@ﬁ%ﬁgg S orlggln%lﬁg[]%gé %felfr%@%ne
exenpl ary aerd)srdilmenype Zhﬂlte%hﬁmgéefwd SJ@z i/ ALE; srnmiglretusbéﬂemiitew{as m xteur e

of Ba nd K suc t evvm ag e bi nderl ess
Barx Zool (TP SROrnbt op PIeHE SPAEmEo 5. ZRHE et 4 igeelhimina moiar

Al ternati gliyin thB@arR¥eRanas. mand hdkepefddty seasient | ally, vv'th each step
exchangi ng an appropriate anount of ions to 20 produce a binderl ess BaKX

zeolitic a[ﬁ@lfr]beFﬂtG Hawlarfh)vmehlagh@f pecthedtlddes prspaBi thadinderlondBakX zhelitic

above- descr, b ranges. . The S e st and, a tern ive seguenti al e
exchange arde0 Ut F5CRIaRcY %t eglvgpf%/mlfq ryF?rf‘Pocji mi% %‘t?tné ‘Ylﬁletdtegn
exchange Ifsnﬂamrdfbesbra@t@gguﬁfetm (stkp @p) ag@mm bathecmoﬁte X hed Zeel vihderX and
after conversion, the invention is not so |limted. The exchang}g wth Ba and

K may3®ccukhepfsadite Xoiszgglommasitad iin agsorbers tragdy nyiae sthomerDindar by mbying alg
aggl oner at V n e[ Si on
oy otii © p AldeRpaghs, SARTSREL M BittorRA b Rlin e BACAS: Hid iy, SORHRLS

met a- kaol ikaotin cmotmthe sila: |ahmlﬁx¢ﬂnﬂmg&tloapah¢ range alf QU &b CAnprdiferalllgol.0t e X
are described in "Zeolite Ml ecular Sieves: Structure, Chem stry, and Use"
by Donald W Breck, John Wley & Sons, }974. 30[0032] Next, the binderless
BaKX zeolitic adsorbent is dried to fix its water content (step 18). In
this regard, the binderless BaKX zeolitic adsorbent is activated by washing
and drying the beads to 4 to 7% Loss on Ignition (LO at 900C). The drying
is generally WD 2011/ 011190PCT/ US2010/ 041011



carried out by thermal activation, preferably at tenperatures of from 175C
to 250C. The water content of the adsorbent is expressed herein in terns of
t he recogwpDzed/109t est at 900C. The LA test is descri lpea/uspolg@PoTest

Met hod No. UOP954-03 (avail abl e through ASTM International, 100 Barr Harbor
Drive, PO Box C700, West Conshohocken, PA, 519428-2959 USA). [0033] As

not ed above, cornstarch nay be added to the Zeolite X and the cl ay bi nder

m xture dygj : HEardn t it iQn: i eases
The meso- o A A S, R (B an b T ST St T o e
detai | beltwads fsy bsedmipesai of God §otov¥NKvilodldeplite" Xrmad d0po20sit’apekadi ned

as pores havi a pore dianeter greater 10.than 50 n d "nmeso-pores" are
ot Pned: ad BoPOgeHIR paCliES dbinere Helinagy BR4HANEg® i SRRERoE-olid
Mes0- Por 0Sjolef Rfpkthict &t B8m GAMBER ;[blefms%tﬁ DealicRAdese ih)fh@ﬁggé bt @).Egnrhh@ ogodi um

hydr oxi de conversion solution to flow throughout the binder. The nmacro- and
meso- por esnal god Hevipgi moreosasl tivehanasd sticagibf ey shawe boyf watee diriiver festssasBakX

zeolitic adsorhent,, 1 0 .. The, bhi nderl ess BaKX.zeo] i,ti c,adsor bent
ol mg AN dest Db Sl e an SRS e BRARr PERbhb f SR Rt Mo 1 1
a si mul at iiRgentoM i i8thoped REaed. P/ ZeSIaRax ahhp be MpdtRsEatt@rinfohsthe€ EaURr of of

para-xyl ene from m xed xyl enes. The adsorbents are sel ective for
par a- xy| erartiqles syl aserysptes \agarasah rfablets anagpyharas ngrppudes, epthetlike. process

40 . (i ) i qui .
condi 1 ondouy o & St Bis BluHhhe WRRS, Shi o) SUhBaRIE SR ATOROHIRR
par a- Xy | engitli eheb2caids or bedinett Bihder kiunidg rthe agglBalkvdte foomirty stemd3oCbertardhst ep

44), causing | ess sel ectively adsorbed portion of the mxture to be
removed f oM Bo e Tt Foione! bR 8r Pes 8 BarXORds Y BRI DItEARE BY fofal
raffinate shi@m (ShufPof . bifidt-RUUEde AGIANolkiBf MR DYk, PASIA: Wlrsne bY
desorption wth a desorbent at desorption conhditions (step ). Tﬁe

desor bent mhirpptacdsr¢ihatqacserib2d. Cthbeatklitives mayhecladispolpents.anddiborspt i on

condi ti on i ncl ude t ergture range .of from 148 | sjus to 177
ooel st 3067 T bR e A A b ek St cpRTr by, thinat Bmsfles ur o
range;of fhrom@pRISRNEPC ctrqlri]gtfeﬂo KBy PR 191if)clAShih &G Uinfoefhetalk BNA WIE

| i qui d phase operations, with pressures of 690 kPa (100 psig) bel}gﬁ '
giton,

pref err ed Yidsr efstepr &erlhedkacdinaslay | binddrdunsleagnes aas endwithasmic dallydrd

Preferred ca/i.l e ti.nes ar et20-§4 H] ngt es, 301Des§rspti§n cotnd' tions preferably
i ncl ude t H&* TR FerParat (F & TRy P rd STEpEaQ RRaT- #5 O RyeE ot FORTMRGSY
2011/ 01119Q06d /itiseslorr AddRd thi{ #985] I n the sinul ated noving bed adsorptive
separation 8rocess, t hese ste?s are perforned in se(garate zones (as

18

her ei naf t dPVscNPHethe mictaHiaglindider bader ehgs crettisrHerstadnaton &ergperafirceof
adsorgtio . Fl . . i [ U{ - t. nmber
50. 1 B0 § RS CLHIPE Stjur Farci T B S e ER B bTAGTS BTG iR
adsor pti orcoandtdd zhosipd hoeme atsiladae abminiha muduss Faiot mkihn gapdcacte frasi 2§ tohe2,
cont i nuous %tlpow of feed F_and desofr bent sélrleflms D and al | ows cgnti nuous

product i oPTeieraRl &9 (sieet 14t Bergl & ofanstergeln staydipdan 41 8 Afueh M7 e PROEhTS i ¢t

is the pr ) ! P41 9o &y ‘nQj
ndsor bent o e e Ve ned

in the adsordstenminckdahivegh 20cBal [03a3p3cith meashemenfs & pgoidalb tengefdturedSuar s
are used in describing the, siml ated noving.bed processes. .The term, " feed
ot reant ormupgggennisafsiia i 2l Staild S et SRS SRl U dugh
which a fasghald XWUEcAasRas Waley g 86S0rent ThihetcesdhoBokt WesdsC eFmpiises
one or nore extract conponents and one or nore raffinate conponents. An
"extract cohpanahy" 10050 zcobiepwithdnaegligibypanat bewstepolomaringhabinderlassr @colitic

sel ectively retaine th 5 sor.bent whi | raf finat e. conponent” or
TFar 11 nat opul B Plhd Moheaf SRt ot Zedlisg ofirgH R frg e 3G Ine

sel ecti velZeoliet X) nell.a dik¢L alunkifa hgd rafixinithe reQefises 08, xecfckplyenesandAs
stated previously, as used herein "m xed xylenes" refers to a mxture of C8
aromadl ¢ itBoRdsr-eqyertpdatalide BorEPRYYithhe sisteal prmp mojar gtigyin dieranpxpf 2.0

nmet a- xyl e hQo . £ O y e and
Tot o and BANG RPN E 058 e AR kgh i hion SECLEBN bfls RERASA R 0
are raffi navktcdaspesreddseribdal the ipamaxy lieime s Pitdds Fodwxaapla, adier clapbariert .
The term "desorbent” shall mean generally a material capable of displacing
an extract conponent. A suitable desorbent for the process described herein
conprises p-diethyl benzene (PDEB), but the invention is not so limted

O her suitable desorbents include toluene and tetralin. The term "desor bent
streant or 25 "desorbent inlet streant indicates the streamthrough which
desor bent passes to the adsorbent. The term "raffinate streant or
"raffinate outlet streani’ neans a stream through which nost of the

Y Y o . o o o o o " o Y M



[0037] The term "sel ective pore volune" of the adsorbent is defined as the
vol ume of the adsorbent which selectively retains extract conponents from
t he feed wOnremmi11iPhe term "non-sel ective voi d vol une" ofCrhs2adseorbent is
the vol une of the adsorbent that does not selectively retain extract
conponents fromthe feed stream This volunme includes the 5 cavities of the
adsor bent, which are capable of retaining raffinate conponents, and the
interstiti i e . ﬁgé_ﬁlab . Re [EVEE) re
vol ume andﬁ%yhéen%ﬁl?ggﬁ%eg)t ?\%ﬁ\@eglr&g VO urr%% g?i%g%ﬂngﬂglg[ﬁgy&ghgnpé gésgfeégld:énd%

vol umet r i detpnantg to te leabldysitee fanfilyi. Mo ratiditioe, whildeheusd of ngsadnen prydpsidef | ow
rates of fluid req%ire to be passed .into .an_.operational zone for efficient
oper at | onsoliyop es bpirdescrsd a F GatiG aaRiPE JorandRiSBR ERSHP™ T 11SPHE] hen
adsor bent nopagsigfited. Th AdaRioAPH iR &y dARIR, CRRE &l R&TUs ellk A MR thydRtkide
described) its non-selective void vol une together with its sel ective pore
vol uned carselugion$ [nudyd bee nased t fleatconwersion TiNonrdonitivgl ewniples wsiwlevolsahgionsof
utilized in,determning the anount. of. fl.uid that should pass i.nto the sane
Sone 1 a TSORCEH Rk S paIRE s S iRl e 1 b
present i1Mod3®E NOk: BiaHaEsk veolRi MsydbatBradd hretthén Expbisell fd BW' catighspags(ng 15
into a zone is smaller than the non-sel ective void volune rate of adsorbent

material FAYSRSIGr jairexchinge to prrsluce ter dindsrigssdiak e Aealigicrmdearbenst (stergl®dlni nt o
the zone by }Qgrr@cg.seg‘{b%aP‘Eent,S's@gs?aﬁlttigll aﬂFtofe{Ner ?o'nf‘él%ﬂe%n%'eéblg 1l Wifds P<§feﬁ{%”t 'n
a non-sel ective void volune of the adsorbent, I'n nos nstances, i
conpr iGes Himdkslesekatitic ilsyrbest bdadedrd eathacguapeitkBasand BOSGh thet thHeeweight
si mul at ed novi ng. bed process, four Iiﬁguid access poi ni s. are active at any

Z

20 one ti Rsreephef N aythie bmgderlgs BaleX zepltisradserdentireferably isdeps thaws -3 Bamest
outlet str t t . i i &1.0 . S
i hes. may TEeRtapRffbsEtthh 3k1 el valddIE R, HGER L IvAfitm AMGGHLONA iRE SRS
of the soldxdhagsdibesistivesarhdmntsrey drae it isah théeange @diiOR SocUPYd byg wiehght woiad

T 1 oA B Ll BT SRR Sy T B,
actives | i qlbdlerdRaPGLESSHyPREiBAt STANEBInHEHQYBAKEK £X¥6li€addobidhnt i S, fromthe top

of the adsorbent chanber to the bottom the chanber circulation punp 30
moves t hr d0ghl]di fof enepxeplaes cmhodmenedhé caclding¢ sperite il awingde esp with a

d fl h b i ded . d
Phose 11 owrraPbef BRabRty ThniBin RUM nlfhedf LAY KPR s PhadO PYRAE Ui G

t he adsor bepliti€ basoagdnt iwillobe3th SRPAIEEnHOBRSH racd) Alterditively, NBS eacldinféer ent
function. In this enbodi mnent of the process, three separate operational
zones typiTedy tale ptase seqsanally, wiky epsh sfaprexchangiost aRPIORY i3t REOPNtR{dons to

al t hosigh i I; G i .

2011511195088 DU BTEROATES e OBle o Rph AT FEOR, ey BBt 5 alicions e
22 i s defiinelt @®vt-escaibsd rdngns. Tho calghdstéeinedriadiec kaepdntidllsep sthagoasnd
the raffinate outlet stream_1In this zone, the feed stream contacts the
adsor bent ,lg%f tsellepivhipB it b & ﬁ@paifﬁewhﬂsnt&edwaﬁﬁfhmﬁés Pl &

Wi thdr awn. o g), ke aheﬁa%a@&ahoﬁ bOWe tzlasgtggbag@mer 28nicsibl, AR FiEn G nSt dotam

whi ch passes 5 into t one to the r I nate stream whi ch passes out of

t he zone, liri¢cd: Toweckahatgk with BaendK mepscdempedr tooadgtomerazordaiths ZeelamX or

di rection en.proceeding fromthe feed inlet. to.the raffinate outle

St eatb . [BOAT edeEP BT Cpep BHOR CAPYESBROO Gy g 1 PGURTE oher
adsor pt i 0noPASioR fndySstiBl RUEHEitdalisOfiugORRIrédde Eh8ePl dohl &@tHcARetd RAS iRt 1 S
defined as the adsorbent between the 10 extract outlet stream and the feed
i nl et streaniteTheates cxchopes atpasiy cbtkiatignplimdeolily Xoire dqricrdred nheeolite

di spl ace . from.t he non-sel ective, voi ol,ure pf sqr hent of _apy
o Fi nat o 0isHAER IS MO Cht Sl ot 5 RE Bk 5 2BELMEAAEY e o
t hi s zone Suvag, t9714. di spl acenent of any raffinate conponent retained wthin
the sel ective pore volune of the adsorbent. Purification _is achieved by

passi Y a [B033]i oNewf thexbinderless Bakamzaeltticr adgorlicahis Aiged  Hxdissvrist icontcslone
26 (discu rei.paf Nt t - ; y to
o fect  haeal JaT AR ARR bR, HEWMAERR BACR zcblifc SRR RIMBE R AT
24 is i n andamiap tieabnads tedto 0% Losomntipeition (LACht WH°CetThwtdremmis gertelelyf eed
inlet stream The paraxylene is further enriched as the desorbent pushes
the raffinate conponents fromthe nonselgctive void volune of the adsorbent
and the selective void volune into zone 22. 20 [0043] | nmedi ately upstream
of zone 24 with respect to the fluid flowing in zone 24 is the desorption
zone 26. The desorption zone 26 is defined as the adsorbent between the
desorbent inlet and the extract outlet streanms. The function of the
desorption zone 26 is to allow a desorbent which passes into this zone to

s o, o g, B . o o o o



inlet stream if used, is located inmediately upstreamw th respect to the
fluid flow to zone 30 26. Zone 28 can be utilized to conserve the anmount of
desor bentwotoivaedoi n t he desorption step since a porti eaTafS2ateme4roaf fi nate
stream which is renoved fromzone 22 can be passed directly into zone 28 to
di spl ace present desorbent and cause it to flowto the desorption WO

2011/ 011190PCT/ US2010/ 041011 zone 26. Zone 28 contai ns enough desorbent so

that raffinat 4 [ £l t i 3 one
o ok o BT AhaPLERE R H A0, SIS S DR pastiee
cont am natwategr tdméeng 0t tieecddsstbeatm axpressedchef¢ionm rayms of4he tagoghiecd hOl &ntcets i n

whi ch opti n 8 is pot.uti.li t raffi m flowi.ng from
one 22t S GofBe 26Tt dietritiran L T oMbt S0 PR O il S tabedte | y
from zone Z2rOI#3RRiAEI, CA0 BT HLPREOHWISID HIR' €706 WostaPRIBEhRREE PA,
quantity of raffinate material present in the raffinate stream passing from

zone 22 int9928-3A89 PSA)0 prevent the extract outlet stream from being

cont am nat [ 0045 VPLES 1 046] ,The, fol | gw re ex | es of

bi ndor | eod OB oI Lou St Mae st S 2RRES PR Binder

( For nul at ipieurédiving e beh@indif: FAR-Ehd ab@itiowof EdnaeehifROGEs the tiesexafp! ary

enbodi nents. The exanples are provided for illustration purposes only, and
are not nEBHTOtREIPSiEY af thgyadspeienbbeadsmssapleeddn sfore Hetayh beloshAsiusg@ Aetctn i n

I e

rati ol®f 2hén shdmkaal infesoipayesbiardddtinel @0481cs haBng alpdre dimtcadribetwetad aride,

wt % Kaol | nSOcrllr?l.yMbaicpoq Gnd nvl\gs(gepco:%sri]tglt f%gi(f'tc]dtesv%oc)ﬁ)vléfsiovr\{t g/fo t%g’bime%byaﬁerr\{l\qtg{%? tl?ez
sodium hydroxide conversion solution to flow throughout the binder. The macro- and
meso-pores also help improve the mass transfer rate of the binderless BaKX zeolitic
adsorbent.

15 [0034] The binderless BaKX zeolitic adsorbents, according to exemplary embodiments
of the present invention, may be used in a simulating moving bed adsorptive separation
process for the recovery of para-xylene from mixed xylenes. The adsorbents are selective
for para-xylene. In one exemplary embodiment as shown in FIG. 10, the process 40
comprises contacting the mixture xylenes at liquid phase adsorption conditions with a

20  binderless BaKX zeolitic adsorbent (step 42), causing para-xylene to be adsorbed on the
binderless BaKX zeolitic adsorbent (step 44), causing a less selectively adsorbed portion
of the mixture to be removed from contact with the binderless BaKX adsorbent by means
of a raffinate stream (step 46), and purifying and recovering the para-xylene by desorption
with a desorbent at desorption conditions (step 48). The desorbent displaces the para-

25 xylene from the adsorbent. Adsorption conditions can include a temperature range of from
148° Celsius to 177° Celsius (300 degrees Fahrenheit to 350 degrees Fahrenheit), and a
pressure range of from atmospheric to 3447 KPa (500 psig) as required to ensure liquid
phase operations, with pressures of 690 kPa (100 psig) being preferred (herein referred to
as “liquid phase adsorption conditions”). Preferred cycle times are 20-34 minutes.

30  Desorption conditions preferably include the same temperature and pressure as used for

adsorption.
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[0035] In the simulated moving bed adsorptive separation process, these steps are
performed in separate zones (as hereinafter described) within adsorbent beads retained in
one or more adsorption chambers. FIG. 2 shows a simplified four-zone adsorbent chamber
20. In the simulated moving bed adsorptive separation process 40, the adsorption and
displacement are continuously taking place using the continuous flow of feed F and
desorbent streams D and allows continuous production of an extract E and a raffinate
stream R. In such a system, it is the progressive movement of multiple liquid access points
down an adsorbent chamber that simulates the upward movement of adsorbent contained
in the adsorbent chamber 20.

[0036] A number of specially defined terms are used in describing the simulated moving
bed processes. The term "feed stream” or “feed inlet stream” indicates a stream in the
process through which a feed mixture passes to the adsorbent. The feed mixture comprises
one or more extract components and one or more raffinate components. An "extract
component" is a compound or type of compound that is more selectively retained by the
adsorbent while a "raffinate component" or “raffinate material” is a compound or type of
compound that is less selectively retained. Here, the feed mixture comprises mixed
xylenes. As stated previously, as used herein “mixed xylenes” refers to a mixture of Csg
aromatic isomers that includes ethyl benzene (EB), para-xylene (PX), meta-xylene (MX)
and ortho-xylene (OX). Accordingly, ethyl benzene (EB) and meta- and ortho- xylene
(MX and OX, respectively) from the feed stream are raffinate components while para-
xylene (PX) is the extract component. The term "desorbent” shall mean generally a
material capable of displacing an extract component. A suitable desorbent for the process
described herein comprises p-diethylbenzene (PDEB), but the invention is not so limited
Other suitable desorbents include toluene and tetralin. The term "desorbent stream" or
“desorbent inlet stream” indicates the stream through which desorbent passes to the
adsorbent. The term "raffinate stream"” or “raffinate outlet stream” means a stream through
which most of the raffinate components are removed from the adsorbent. The composition
of the raffinate stream can vary from 100% desorbent to essentially 100% raffinate
components. The term "extract stream”" or “extract outlet stream” shall mean a stream
through which an extract material, which has been displaced by desorbent, is removed
from the adsorbent. The composition of the extract stream can vary from 100% desorbent

to essentially 100% extract components.

10
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[0037] The term "selective pore volume" of the adsorbent is defined as the volume of
the adsorbent which selectively retains extract components from the feed stream. The term
"non-selective void volume" of the adsorbent is the volume of the adsorbent that does not
selectively retain extract components from the feed stream. This volume includes the
5 cavities of the adsorbent, which are capable of retaining raffinate components, and the
interstitial void spaces between adsorbent particles. The selective pore volume and the
non-selective void volume are generally expressed in volumetric quantities and are of
importance in determining the proper flow rates of fluid required to be passed into an
operational zone for efficient operations to take place for a given quantity of adsorbent.

10 [0038] When adsorbent "passes" into an operational zone (hereinafter defined and
described) its non-selective void volume together with its selective pore volume carries
fluid into that zone. The non-selective void volume is utilized in determining the amount
of fluid that should pass into the same zone in a countercurrent direction to the adsorbent
to displace the fluid present in the non-selective void volume. If the fluid flow rate passing

15 into a zone is smaller than the non-selective void volume rate of adsorbent material
passing into that zone, there is a net entrainment of liquid into the zone by the adsorbent.
Since this net entrainment is a fluid present in a non-selective void volume of the
adsorbent, in most instances, it comprises less selectively retained feed components.
[0039] In the simulated moving bed process, four liquid access points are active at any

20 one time: the feed inlet stream, desorbent inlet stream, raffinate outlet stream, and extract
outlet stream access lines. Additional access lines may be used as needed. Coincident with
this simulated upward movement of the solid adsorbent is the movement of the liquid
occupying the void volume of the adsorbent. So that countercurrent contact is maintained,
a liquid flow down the adsorbent chamber may be provided by a pump. As an active liquid

25 access point moves through a cycle, that is, from the top of the adsorbent chamber to the
bottom, the chamber circulation pump 30 moves through different zones which require
different flow rates. A programmed flow controller (not shown) may be provided to set
and regulate these flow rates.

[0040] The active liquid access points effectively divide the adsorbent chamber into

30 separate zones, cach of which has a different function. In this embodiment of the process,
three separate operational zones typically are present in order for the process to take place,

although in some instances an optional fourth zone may be used.

11
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[0041] Referring to FIG. 2, an adsorption zone 22 is defined as the adsorbent located
between the feed inlet stream and the raffinate outlet stream. In this zone, the feed stream
contacts the adsorbent, an extract component is retained, and a raffinate stream is
withdrawn. Since the general flow through zone 22 is from the feed stream which passes
into the zone to the raffinate stream which passes out of the zone, the flow in this zone is
considered to be in a downstream direction when proceeding from the feed inlet to the
raffinate outlet streams.

[0042] Immediately upstream with respect to fluid flow in adsorption zone 22 is a
purification zone 24. The purification zone 24 is defined as the adsorbent between the
extract outlet stream and the feed inlet stream. The basic operations taking place in zone
24 are the displacement from the non-selective void volume of the adsorbent of any
raffinate component carried into zone 24 by the shifting of adsorbent into this zone and the
displacement of any raffinate component retained within the selective pore volume of the
adsorbent. Purification is achieved by passing a portion of extract stream material leaving
a desorption zone 26 (discussed hereinafter) into zone 24 at the zone 24 upstream
boundary to effect the displacement of raffinate material. The flow of liquid in zone 24 is
in a downstream direction from the extract outlet stream to the feed inlet stream. The para-
xylene is further enriched as the desorbent pushes the raffinate components from the non-
selective void volume of the adsorbent and the selective void volume into zone 22.

[0043] Immediately upstream of zone 24 with respect to the fluid flowing in zone 24 is
the desorption zone 26. The desorption zone 26 is defined as the adsorbent between the
desorbent inlet and the extract outlet streams. The function of the desorption zone 26 is to
allow a desorbent which passes into this zone to displace the extract component which was
retained in the adsorbent during a previous contact with the feed stream in zone 22 in a
prior cycle of operation. The flow of fluid in zone 26 is essentially in the same direction as
that of zones 22 and 24.

[0044] In an optional exemplary embodiment, a buffer zone, zone 28, may be utilized.
This zone, defined as the adsorbent between the raffinate outlet stream and the desorbent
inlet stream, if used, is located immediately upstream with respect to the fluid flow to zone
26. Zone 28 can be utilized to conserve the amount of desorbent utilized in the desorption
step since a portion of the raffinate stream which is removed from zone 22 can be passed

directly into zone 28 to displace present desorbent and cause it to flow to the desorption
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adsor bent chanber of 70 cc volume having inlet and outlet portions at
opposite ends of the chanber was enpl oyed. The chanber was contained within

a tenperatupe 2‘60%59'2@?&{@%%%9015%@@&%&{ QY thfl & & nfRH rngres%HH LP RN
was used to operate the chanber a constant predeterm ne ressure.
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2011/011190P LU 20%0/ 041011 |line of the chanber d used_.to a alyze,

" on- st earfone helEEPY GRHEMEEHRE MY SR e R e Ra BEROBR 2D NC (HEBETS A

pul se t estiy pREK SpABEI %hé‘QStlb indt a@maamésramté Bi8eabiP hbwngoﬂleﬂﬁﬂ’eaiz to
procedure, was used to determne selectivities, mass trans and ot her
dat a fdr tdeac Y&miwstibe eatsitlgaminitored so that the flow dlrectly from zone 22 to zone 26 can
be stopped when there is an appreciable quantity of raffinate material present in the
raffinate stream passing from zone 22 into zone 26 to prevent the extract outlet stream
from being contaminated.
[0045] EXAMPLES
10 [0046] The following are examples of binderless BaKX zeolitic adsorbents having
various formulations (Formulations A-K), as shown in TABLE 1 below, in accordance
with exemplary embodiments. The examples are provided for illustration purposes only,
and are not meant to limit the various embodiments of the present invention in any way.
[0047] These examples were prepared according to the steps described above using

15 13X1 zeolite powder with a silica: alumina molar ratio of 2.5 and kaolin clay binder.

[0048] TABLE I

Formulation Zeolite, wt% | Kaolin clay | Cornstarch, K, wt% Ba, wt% Na, wt%
binder, wt% | wt%
A 82 18 0 0.3 32 0.1
B 88 12 0 0.3 32 0.2
C 82 18 5 0.3 33 0.1
D 88 12 5 0.3 33 0.1
E 82 18 0 1.0 32 0.2
F 88 12 0 1.0 32 0.1
G 82 18 5 1.0 32 0.1
H 88 12 5 1.0 32 0.1
1 85 15 2.5 0.7 33 0.1
J 85 15 2.5 0.7 33 0.1
K 85 15 2.5 0.7 33 0.1

[0049] Pulse/dynamic performance evaluation experiments, known in the art, were
conducted with a particular feed mixture to measure adsorptive capacity and selectivity of
20 the various formulations. A dynamic testing apparatus consisting of an adsorbent chamber
of 70 cc volume having inlet and outlet portions at opposite ends of the chamber was
employed. The chamber was contained within a temperature control means and, in
addition, pressure control equipment was used to operate the chamber at a constant

predetermined pressure. Chromatographic analysis equipment was attached to the outlet
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[ 0055] TABLE 2 Formul ati onPX/ EB Sel PX/ MX Sel PX/ OX Sel PCT/US2010/041011
Adsorb. Cap. PX/PDEB Sel A 1.84 5.09 4.55 11.46 1.36 B 1.84 5.32 4.75 11.08
1.39 C 1.\80 2611181190 PCT/US2010/041011

[0052] Selectivity (B) for an isomer can be expressed not only for one feed mixture
component as compared to another, but can also be expressed between any feed mixture
component and the desorbent. Relative selectivity is shown in the equation below:
Selectivity (B) = [vol. percent C/vol. percent D]a/[vol. percent C/vol. percent D]y
5  where C and D are two components of the feed stream represented in volume percent and
the subscripts A and U represent the adsorbed and unadsorbed phases, respectively. Thus
Ca and Cy represent the concentrations of component C in the adsorbent (adsorbed phase)
and feed stream (unadsorbed phase), respectively, and D and Dy represent the
concentrations of component D in the adsorbent and the feed stream, respectively.
10 Equilibrium conditions are reached when the feed stream passing over a bed of adsorbent
does not change composition after contacting the bed of adsorbent. In other words,
equilibrium conditions are reached when there is no net transfer of material occurring
between the unadsorbed (feed stream) and adsorbed phases (adsorbent).
[0053] Where selectivity of two components approaches 1.0, there is no preferential
15 adsorption of one component by the adsorbent with respect to the other; that is, they are
both adsorbed (or nonadsorbed) to the same degree with respect to each other. As the
selectivity (B) becomes less than or greater than 1.0, there is a preferential adsorption by
the adsorbent for one component with respect to the other. When comparing the selectivity
by the adsorbent of one component C over component D, a (B) larger than 1.0 indicates
20  preferential adsorption of component C within the adsorbent. A (B) less than 1.0 would
indicate that component D is preferentially adsorbed, leaving an unadsorbed phase richer
in component C and an adsorbed phase richer in component D. While separation of an
extract component from a raffinate component is theoretically possible when the
selectivity of the adsorbent for the extract component with respect to the raffinate
25 component just exceeds a value of 1.0, it is preferred that such selectivity have a value
approaching or exceeding 2. The higher the selectivity, the easier the separation is to
perform. Higher selectivities permit a smaller amount of adsorbent to be used in the
process. Ideally, the desorbent should have a selectivity equal to 1 or less than 1 with
respect to all extract components so that all of the extract components can be extracted as
30 a class and all raffinate components rejected into the raffinate stream.
[0054] The selectivity and capacity results of the pulse/dynamic performance evaluation

experiments for each formulation in Table 1 are shown in Table 2 below:
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4.65 11.37 1.41 D 1.86 5.28 4.88 10.61 1.35 E 1.80 5.12 4.59 11.34 1.28 F
1.84 5.37 4.95 10.93 1.30
WO 2011/011190 PCT/US2010/041011

[0055] TABLE 2
Formulation PX/EB Sel PX/MX Sel PX/OX Sel Adsorb. Cap. PX/PDEB Sel

A 1.84 5.09 4.55 11.46 1.36
B 1.84 5.32 475 11.08 1.39
5 C 1.87 5.18 4.65 11.37 1.41
D 1.86 5.28 4.88 10.61 1.35
E 1.80 5.12 4.59 11.34 1.28
F 1.84 5.37 4.95 10.93 1.30
G 1.84 5.30 4.70 11.01 1.32
10 H 1.84 5.42 5.03 10.51 1.30
I 1.83 5.17 4.76 10.52 1.33
J 1.83 5.31 4.77 10.51 1.33
K 1.84 5.20 4.70 10.58 1.29
15
where:

PX/EB Sel = para-xylene/ethyl benzene selectivity
20 PX/MX Sel = para-xylene/meta-xylene selectivity
PX/OX Sel = para-xylene/ortho-xylene selectivity
Adsorb. Cap. =Adsorptive capacity
PX/PDEB Sel = para-xylene/p-diethylbenzene (desorbent) selectivity
25 [0056] Based on acceptable data from these experiments, equilibrium SMB process
modeling was developed to predict process performance and adsorbent productivity of the
binderless BaKX adsorbent in accordance with exemplary embodiments of the present
invention. The results of this modeling are shown in FIGS. 3-7. More detailed information
about process modeling for calculating productivity is provided in Marco Mazzotti, etc.
30  “Robust Design of Countercurrent Adsorption Separation Processes: 2. Multicomponent
Systems”, AIChE Journal, November 1994, Vol. 40, No. 11.
[0057] FIG. 3 illustrates the correlation between the level of K in Formulations A-K of
the binderless BaKX adsorbent and the desorbent/feed ratio (herein “D/F ratio”). The D/F
ratio is an important process parameter that has a strong impact on the operating cost of an
35 adsorptive separation process. The D/F ratio is the ratio of the flow rate of the desorbent to
that of the feed stream in the simulated moving bed separation process. The D/F ratio
translates into the amount of desorbent required to process a given amount of feed stream.
The lowest D/F ratio is preferred. The lower the D/F, the less desorbent is required to
displace the adsorbed para-xylene from the adsorbent, i.e., there is a significant reduction

40 of desorbent demand (relative to feed processed). This translates to reduced operating
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G1.84 530 4.70 11.01 1.32 H1.84 5.42 5.03 10.51 1.30 | 1.83 5.17 4.76
10.52 1.33 J 1.83 5.31
WO 2011/011190 PCT/US2010/041011

costs, in addition to significantly improving productivity of the adsorptive process. While
it is desirable to lower the D/F ratio, it is important that the amount of feed that can be
processed not be affected.
[0058] As shown in FIG. 3, the D/F ratio was unexpectedly reduced with increasing

5 levels of K, particularly in Formulation C. Formulation C has both high productivity as
hereinafter described and low D/F, both important adsorbent characteristics. A
Regression/Design of Experiment (DOE) analysis table follows:
[0059] The regression equation is:
D/F = 1.09065 - 0.101838 K (wt%)

10 S=0.0323172 R’=50.5% R’ (adj) =45.0%.

Analysis of Variance:

Source DF SS MS F P

Regression 1 0.0095911 0.0095911 9.18338 0.014
15 Error 9  0.0093996 0.0010444

Total 10 0.0189907

where:

S=source=indicates the source of variation, cither from the factor, the interaction or the
error;

20 R’ = regression coefficient;

R’ (adj) = regression coefficient (adjusted);

DF = degrees of freedom from each source. If a factor has three levels, the degrees of
freedom are 2 (n-1). If there are a total of 30 observations, the degrees of freedom are 29
(n-1);

25 SS = sum of squares between groups (factor) and the sum of squares within groups (error);
MS = mean squares that are determined by dividing the sum of squares by the degrees of
freedom;

F = is calculated by dividing the factor MS by the error MS; and
P = P can be used to determine whether a factor is significant. It is typically compared

30 against an alpha value of 0.05. Therefore, low p-values suggest the predictor is a

meaningful addition to the model. This value tests the null hypothesis that the coefficient

is equal to zero (no effect). Therefore, when P is <0.05, it means there is less than 5%
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[0061] As shown in FIG. 4, the D/F ratio of the binderless BaKX adsorbent (referred to
in FIG. 3 as “Formulation C”) with a silica: alumina molar ratio of 2.5 was calculated to
be lower than the D/F ratio of the binderless BaKX2.0 adsorbent (with the silica: alumina

15 molar ratio of 2.0). More specifically, the D/F ratio of the binderless BaKX adsorbent
(Formulation C) is shown to be 1.0 as compared to the D/F ratio of the BaKX2.0
adsorbent of 1.75. Thus, the amount of desorbent required to process a given amount of
feed is less when using the binderless BaKX adsorbent with a silica: alumina molar ratio
of 2.5 than when using the binderless BaKX2.0 adsorbent.

20 [0062] FIG. 5 shows the productivity (feed rate) comparison between Formulation C and
the binderless BaKX2.0 adsorbent using a predicted m;-m, plane. The m;-m, plane
represents the feed that can be processed over a fixed bed of the adsorbent in zones 22 and
24 (FIG. 2). The feed flow rate (and thus the productivity) is proportional to m; (mass
flow rate ratio in zone 22) —m;, (mass flow rate ratio in zone 24)) as represented by the

25 equation: F oc m, —m,. The y axis of FIG. 5 represents m,, the mass flow rate ratio (net

fluid mass flow rate /adsorbed phase mass flow rate) in zone 22. The x axis of FIG. 5
represents my, the mass flow rate ratio (net fluid mass flow rate /adsorbed phase mass flow
rate) in zone 24. If there is a higher flow rate in zone 22 relative to the flow rate in zone
24, more feed can be processed and the productivity increases. Thus, the higher the
30 difference between m; and m,, the greater the productivity of the adsorbent, i.e., the more
feed can be processed per unit volume of adsorbent under adsorption conditions of 148-

177° Celsius (300-350° Fahrenheit) and a cycle time of 20-34 minutes. Productivity
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variables, K level (wt%) and wt% of Zeolite X. The third factor, or variable, cornstarch
level, was set at a fixed level, and in FIG. 6, cornstarch level was set at its highest level
(5%). The region 30 in FIG. 6 is where the two variables of weight percent of K level and
Zeolite X overlap. This region represents the optimized binderless BaKX zeolitic
20 adsorbent formulations that result in simultaneous high values of productivity and mass
transfer rates. It can be seen that Formulation C (from Table 1) falls closest to this region.
[0064] Referring to FIG. 7, the mass transfer rate of various adsorbents was assessed by
conducting PX HETP analysis of pulse/dynamic test results. The adsorbents assessed
included a reference non-binderless zeolitic adsorbent that is commercially available for
25 use in liquid phase adsorptive separation processes (referred to in FIG. 7 as “Ref”),
Formulation C (Table 1) of the binderless BaKX adsorbent which was tested multiple
times for purposes of analysis, as well as all Formulations A-K collectively. Box plot
analysis of the mass transfer rates (HETP) shows that the median mass transfer rate of
Formulation C of the binderless BaKX adsorbent is substantially equal to the median mass
30  transfer rate of Formulations A-K (tested collectively) and lower than the median mass

transfer rate of the reference commercially available non-binderless zeolitic adsorbent.

The mean mass transfer rate of Formulation C was lower than the mean mass transfer rates
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[ 0060] Referring to FIGS. 4 and 5, respectively, the DDF ratio and
productivity of the binderless BakKX zeolitic adsorbent (as represented by
For mul at iwo 20 1/maoconpared with the DIF rati o and prod®ecTivszaig/oefo1n

bi nderl ess BakKX2. 0 adsorbent prepared by the sane 10nmet hod as descri bed
above, the 2.0 referring to the silica: alumna nolar ratio of the zeolite
X in that conparison adsorbent. [0061] As shown in FIG 4, the DF ratio of
t he bi nder e ] L o] o] )

W th a s 19can G R RESRE PR LA FOibAb B o T o I oty

t he D/ F r atansfeofat¢smee bientBed wih aBakX2. 0 adsorbent (with the silica: al um na

15 | f bi nder]
sakr adsor D] Okt shie e RpGLalighhe st At ol R gfsbatt (EomeRer
ratio of tygyeyRakdeBedaRspPant thofwid Jﬁzeom@ﬁ of ‘FB?mﬁH@MBtA-(K ofiﬁl%Qﬁlm%ﬂEss

required to process a given anmount of is less when usin
bi nderd es §3%©X>@dad@@ntbem Ipyeshgae sattlrlltloa ofath@nbméenimls aBakk ¥t ra® ltif: azlserbtentan

when usin bi nderl ess r bent 2] F ws, t he
o oduct i v Hinedl FhrEiRe SRR RS TS SRR At b gl S Rt
bi nder| ess @at@é ebfoels@ rRMttrifioh i the Pdsdeicat 86l Silbsbdicht Alkise BhEnsdldurthgp| ane
representsethe fzpeeg that can be processed over a flg%eed bedS%f tﬁe adsogrobent
in zones Zdtrafien was @Fﬂe@edzihe Tovecrftbe derceninge af énearibe (o thaattpienat thoyi ty)
is proport] A & rate
a0 Bty Pufhed EROR RURERN, (o RickE IO S R B
axis o Flda aEshaleq:)lta&ﬁcenTISe matertehﬂ aderbeht ewre ahgkehadti amioet tepetadumrasasl f 1 ow

rate /adsorbed ase nmss W ra in zone, 22. The x axis of FIG 5

r epr esent PIHBUEE ‘Eé 39@%@1@ t?ratfeimgt ths et mﬁt@ﬂ s Bavae dromdsor bed
phase ”assadgtl)t‘%‘ﬁtrl?} AtrdtfdnZ AN Rbs Mllet:ﬂ%gr\@eﬂfasdt‘?edhhlﬁh‘%fel He@Wo! @k&nlift fpne 22
relative to the flowrate in zone , nore can rocessed and the
product i vifteycentage edidews gthersteds teprdsethe ontthe y34kislof FféGeRcW db@t aterionnibssand
n2, the greater t of th e., the m)ref ed. can

h roducti vi ads ent :
e or oceastr Pt e BrdHEIer Yt BEAR OB nduBitEE Bhos SRl £1teohr
148- iy7 Qﬁécﬁhﬁh@al(s%@ﬁ% 59051: AIBOARlotDenf Mo hCH Gt RN trbdts O irkPeadéd HppstiRS -
Productivity WO 2011/ 011190PCT/ US2010/ 041011 (EQT) is defined as the anount
of feed tmﬁtS@adtsle‘teéradwb@édhf@er unit volune of adsorbent to achl eve 100%

para-xyl e Y the xtrac Fornul ation C w ¢t

o foa? angits T BRTEY Sintiordeu A A TG P B R R S st frvi ¢y
perfornana;eataca(mbage meﬂ)hﬁlbio/mdfezécgﬁéxBaKXZ O zeolitic adsorbent.
5[0063] The overlaid gontour u]gg ot of FIG 6 was constructed by specifying

an accept abT 8- 85844t Kot SpSoduBt(adDPIEGT), i.e., feed rate based on

equi I hbrium properties, which is to be maxi mzed, of 0.27 to 0.28 g/cc, and
an accept abl e range of PX HETP (Hei ght Equivalent to a Theoretical Plate),
which is tanddsisnwfiVadaneet, of 5.08 cmto 6.604 cm (2.0 to 2.6 inches). The
definition, of the_hei gh% eCM val ent to a theoretical plate (HETP) is

expl ai ned 0¥ 1P er at Such fas theP wor k by Dougl as Ruthven in
"Principl q@eg(pgssfggsqrpggm @@@4?@%‘2@9"0307 Processes"” (John Wley & Sons,

Inc., 1984). Is used to estimate and conpare the mass transfer rate of
di fferent Fadzror ben?s.6.89000FB6HETP val ue nmeans a better nmass transfer rate.

There e per advant age of an adsorbent with a | ow HETP val ue
Wil %g maWi tai nedﬁmﬁe SMB process is operated at a shorter cycle

time. 15 Sy Jaldeedrer aérﬁtglstrgteEhagnﬁicahtt&)rfe@emoﬁrbeEerehsNattétemfrﬁaﬁIatati 8edIRGIXON i N
terns of the two factors or variables, K level (W% and wt% of Zeolite X
The t hi rd doatsnbrlheesris Vﬁﬁ%aﬂ@hﬁdeml’fhﬁéﬁmf@h a qeyiglationas set at a fixed |evel,
and in FI cofr ar.ch Ie |ts h| hes ey

regi on 30 &I'—]I é\?h ml &% ?t? ‘t"\/\%la{jarl ab p%rce”n 5§Zre(9elnet/%(ofn %el evel
and Zeol i ttﬁnéérl@&/sﬁBhIﬁK zetstin& all @UbD iHREISES aﬁt atutnh@a Rt mmreae@ti Wtadéuhetisr BakX
zeolitic 20 adsorbent fornulations that result in sinultaneous high val ues

of prductVay @y t%mtaaqkﬁsvéax badser sivelyintthe binderlesyBakeX eelifia #lsorbest ingroassdon C
(from Tablf?on]f)l f’/altd § 9?ee§ttrlt§091 fo@é egrg 'e&) nthel[egg &4 dlcﬁﬁlf ehEﬂbQ&dtrﬁ ﬁaﬁcaﬂ?

t he nass trans er ra vari ous adsor en’ts asses conductin

HETP anal ywsicsgthfofphié aédodb'amarai; ¢hd esbuntesfbihder 1ﬂ'dfreasadl.swlﬂhemt1$a@dsmsdmd1cal

i ncl uded a reference non-binderless zeolitic adsorbent that is comrercially
avai l abl e for 20



25 use in liquid phase adsorptive separation processes (referred to in FIG
7 as Formul ation C (Table 1) of the binderl ess BaKX adsorbent which was

t est ed mwoOizpligitiones for purposes of analysis, as wel | pag/uskétoBaoromul ati ons
A-K col lectively. Box plot analysis of the nass transfer rates (HETP) shows
that the nedian mass transfer rate of Fornulation C of the binderless BaKX
adsorbent is substantially equal to the nedian mass 30 transfer rate of

For mul at i t est ivel. OUEL. di.an

transfer (r)sgi’é Iéé ggﬂ{eh@%r(g?tgrg ga!rﬁi(g:%%%lgrﬁ%rg{écﬁegﬁaﬁyﬂeavm% gﬂ@%\rgﬁp gignécl@r ?lg%itﬁlg

zeol i tic adsoripentll a¥keblrgancessepethtiamss fTans, rthd binderléssrBak atzeaticGdsabehtower

than the nean nmass transfer,.rates ) 2011/ 011190PCT/ US2010/ 041011 of both
tha" b or rihe T HeR e 2l &5 £ e P Gt 0l bR ap g e s | Tfos
Lrans er 1 B5nahtor GABbI LAY kD) 8l resb QBRI FhG, 8 111 ustrates the

correlation between attrition of the adsorbent (as neasured by % of
adsor bent [006ds)Peradotunee meagirsimengsodnidiracax e Fioe mehauréroerss weik¢ mfdda vie the

bi nderl ess 5 Ba adsorbent . To investigate attrition of the bi

Baix_zeol IPREI BT rorueisH RS T d Ry b ddR kb B L RERSREE
i nvent i on,(aailaBROMASPMYASTMM entdtratibhdl ON00 Skr Washop aDfiay, edl.Bokhe780,t Wicki on
of the adsorbent and subsequent rel ease of fines during filtration was

assessed. Gashehagken, thfe &2 AJES AR Mergery, Infrygion ROEQSIMBEY MA@PYIES H19SOf t he
adsor bent . IS 4t i I rai . D rl i 6o
adsor bent Hoggmag]tderrﬁgo%ﬁ'pgﬁeg’ay@%aoﬁ @{‘?m%@gﬁggwﬁf Iggsgaailﬁlgpsrg%?%%g n&%@ |§§ éohaken
at anbi entzebRPEL)AAWr eorafigkchr @Hu(rindlatidh @) nutles. biAddress BukkX nglsoibbst

wat er including fines was renpved . fromthe adsorbent by filtration. The
fines col INEeR3EE WetheSri %ﬁ‘@haen”gzw%ﬂ@dcqraster@ dF IR ati¢ib AdeWeiEntuRis st 1 i nes
gener at ed,; : : L r It

or T caponda B e Sl s e T B e o
from a | ackneinciSheadsarticotlAsshe pregtune whae ssraased drethadsacignthe tieraug began
attrition resulfs in increased operatjng costs and shorted sorbent |ife.
[0066] | The® nbileces TSpeHie TP (15 Bpigh ot erdSBedn Biiiotron nges t th
regressi 0“0@%&3}%5@&6‘/‘@§ th\BcSur@tdnipdd i%}n'_slight? aBetatBosphbhc ¥ @fmAgRlt € X
S = 0.858229 = 57.3% R2 (a_.dj&d = 52.6% 20 Analysis of Variance: WD
2011/ 011190PGB/A88210P0(0001 11515 tdatntpghrdingh thel infesutf intivded dstsub @rassirs was

i ncreased resuyl ti in |ower capital, .and operatin osts, as well as .stable
orocoas. opelattrdf Aty Fas BRSO RRRIA shfhdiRat RuedPutfier aff a%,

| ower wt %tefal ze@birtevofudBdnaudddofiet Peticientage vak dinkeesdt caoMBE tredl peR) i te
(fromthe conversion of kaolin clay binder) is nore resistant to attrition.

5[ 0068] PofodINQ| HaeENeraBeing b acagnePraehpmeier e Ticzesusagigr dwstmt 51 {EFedmade

viat 1 i [ t r4 i n:

Vet ot ho. COREIR " Bl SRRl RSB ¥ ol a0 PR SRR Dot WOty o,
Drive, PO BwithGdiOhmiésh shionsho hovad estal fae vbRkRSBe AR cdIA)1G. Dedlaushpws a

I nt rusi on Porosi metry. neasures nesopores and macro-pares, but not

mi cr o- por d&geTRRlUBIeHfeMpsts g JBHTHPRCS R PR~ VIED 9B L8 S| o8 Y 594
cor nst ar ch, s Fip 'EHE”e_Icﬁhfb%Ht Gih&Rbotnspirfdern i &ssr ﬁ@ﬁ%@d&%@%tﬁﬂ aRas€ed
with 82% zeolite (£ wthout cornstarch (Fornulation A) were subjected to

i ncr easi ngongschmaud 9% of theespare eobimeais ol meacod-pores.c Thy nigantpoes pemetar ométeer ,
whi ch,al so contai ned the adsorbent. As the pressure was increased on the
mor cutd, - SR carBgaRTEg | Poih et oL B e b e BRBET gF Ui
adsor bent ,adkiBchiak Bt BRIs@cH (1641 ig).f IhsthigHer (g IS uhRVBEIheP pERIHY )PandAS
the pressure ranped fromslightly above atndspheric to a maxi num of 413, 688
kPa (60, 0dergespore sgatvall resydritiarfgsteaasydrapsicyratht P8 dixisds subpgdpes sepetonas
col | ect ed.r hc% tltljer][eelslstﬂro?ﬂ\l/\e/axsa)g:lg)nverted into equivalent cylindrical pore

di ameter and the tota nercury volune intruded in a specific range was
converted [0069 thent teafordpoimg, wok Usde dpbeechilanthbethrGxthii e @mbpaihtents of
dianeter. The results are shown in FIG 9. 20 Formulation C with cornstarch

showed a tthe hindgdess Red{meoliic wlspdeatdepeiihed Berpigr ingicats e prodictiniéyof the
cornstarc r I I : hows
a | arger \r}lc()1 %%IS @pr?%ag%g% %{hg S?rn?g?g{egrg%{%s natﬁ{%epoasﬁgbo}? %éelgg I%Stqﬁi Sczrggﬁrllt:‘fqléf ch
as conpar desswidsbriichos€hd adidneenadsquibsnicssvdeuobidnt caronitian cper tbh%Oprddoet por e
volune is from nesopores and 89% of the pore volunme is from nmacro-pores.
The mean pore dianeter in the 21



25 adsorbent with cornstarch is 166 nm which is greater than the nean pore
di aneter in the adsorbent w thout cornstarch (164 nm. The higher pore

vol ume (hwghert/q@omresity) and | arger pore size will resulPCTius2@0f0aier nass
transfer rate. The X axis is in log formso as to reduce the length of the
X axis. [0069] Fromthe foregoing, it is to be appreciated that the

exenpl ary embodi nents of 30 the binderless BakKX zeolitic adsorbent

descri bed égﬁ{ﬁféa 'td‘gafn%?saﬁt t€oBERALUEbiv¥ ftci)és&t)er}th&r&ﬂl RIPHc4fs 518\99{ ailign
process an ecrease operating costs y using [ ess a sorbent and | ess

desor bent .coithengdsopdreton ofeprodnas Higles Inledm:ltlbﬂyntmemns qnndnatpam—xpmnetctan laef

product WO 2011/ 011190PCT/ US2010/ 04101 [ t rior ar ents
o tes RBOHES TR GerbriohgaRy Y ORBE. I8 Taipc ae sy BaR Rl

product . 'ﬂdg&%ént%hé’\ﬁiyﬁétteY'rﬁaXs ff@@s@& PO Rtifidng rffééh@rﬂ@al%%@n E. pr OdUCGd with a
fixed adsorbent volune. In addition, the binderless Ba zeolitic adsorbent
shows bet t[@67(}iaswlml|eaimé¢a@t oy @;ﬁemnla@sermmhmgdﬁamb@am pmsm@n@mh thesfooEpiie
While at | egast 0 Xenp enbod |ne h een res t he faregoing
ot o 1 ou B R ERPOR I ROBRMAr e o febBaSEE IhEch hut Ml 4001 0s
nunber of Mﬁﬁh@ﬁs' eRist. exi Stould tal®howl @bpaé&ae@eth@tpﬂ{ee@kahﬁldr;x Ratboldhent or
exenpl ary enbodi nent or exenplary enbodi nents are only exanples, and are
not i nt end&empliry |embpdtm@t% eupenlyapismnieshiand taje net 1@*@&¢ng tir &b fhcopcophe

or ovi de. ABRLA P LRy b A A0APKEL, RAULE GERSEGAL R

|nplen@ntI&@bﬂﬂmﬁXﬁ@$l@bY@6ﬁ@ﬁﬁimﬁmkdOﬁlEM£ann%@mta0annkhbiWﬂgimm@ematood
t hat variqus, changes nay be nade in the function and. arrangenent of
el enent s dBRLMPEFHE 2R eéﬁﬂ%%fnim imentis dasrEmention, Hosinedwgsintood dhat vafiPthe

scope of tdigntdVagt inMuade 38t AldichlydderapRERAPAr Ghdhdfh, a8dribbelih Jegal
equi val ents. ~ WO 2011/ 011190PCT/ US2010/ 041011 CLAI V&: 1.A{E erl ess BakKX
zeolitic aaztsmpkaeylbmbodmreinsmitgom departingafrdrh mhi@seoperm\feluet 'mdelzteml ast et ffotlt inon

f or med frog1 4ﬁiﬂert cI mTereln X is in the range of 10 to 20%
by wei ght '0f 2RHYE @Qﬁﬁ@gé f@BP’ B adsorbent; 5(100-x) wt % Zeolite X
with a silica: alumna nolar ratio of 2.5 0.5; and barium (Ba) and
pot assium (K) at cationic exchangeable sites within the binderless BaKX
zeolitic adsorbent, wherein Kis in the range of 0.25 to 0.9% by wei ght and
the Ba is greater than 31.6% by wei ght of the binderless BaKX zeolitic
adsorbent. 102. The bi nderl ess BaKX zeolitic adsorbent of claim11, wherein
in wei ght percentages of the binderless BakKX zeolitic adsorbent, Zeolite X
conprises 82% the binder-converted zeolite conprises 18% the Ba conprises
33% the K conprises 0.3% and Na conprises .11% 153. The bi nderl ess BaKX
zeolitic adsorbent of claiml1l, wherein Na at cationic exchangeable sites

wi thin the binderless BaKX zeolitic adsorbent is |less than 0.3% by wei ght

of the binderless BaKX zeolitic adsorbent. 4. The binderl ess BaKX
zeolitic adsorbent of claim1l1, wherein the total pore 20vol une of the

adsor bent neasured by Hg intrusion porosinetry is between 0.25 cc/g and
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0.35 cc/g. 5. The binderl ess BaKX zeolitic adsorbent of claimd4,
wherein a majority of the total pore volune of the binderless BaKX zeolitic
adsor bentwp=ofwaamopor es si zed greater 25than 50 nm PET/US20me0lnmdl1 ( 10)
for produci ng an aggl onerated bi nderl ess BaKX zeolitic adsorbent

conpri si ng: form ng aggl onerates having i on-exchangeabl e sites,
the aggl onerates forned 30from Zeolite X with a silica: alumna nolar ratio
of 2.5 0.&, h? lin clay binder, and cornstarch (12); WO

2011/011190ﬁ%T S2010/ 041011 activating the agglonerates to convert
the kaolin clay binder to neta-kaolin clay binder, the cornstarch

di ssi pating durli.ng thhmbﬂﬁvék%HQZGﬂﬁmad&ﬁbmncompémngng t he nmeta-kaolin

clay binder int blnder-c ver .ed zeol Lte 4

e exchangean B TaShif R EOLE RS kel fiohix BARIART KLY S, syisitiea ¢ ne
aggl oner atiech dak ReRElo 36 132008 BaMijht oF tIRASAILRIS Bmme&lﬂlaadsbﬂ)ehange of 0.25
to O. 9@6by wei ght and Ba is greater than 31.6% by wei ght of the binderless

BaKX z®olitic e(dl@QrPibé’ﬁ% ZeoBie: X aid a silica: alugiiyg mglar heiofq- dmdraedd bi nder| ess
BakX zeolitic a§1urn as V\é] gtlag(mt thiV?ttc%'ﬁ?ﬁ@)exg} ngéab?er g Pefs v&(n]h? the]b(i)l%derless

The method of claim m ng agg

conpri ses B4KizBolit aZﬁ@ﬂbbﬁt@wKeﬁﬂdKlﬁa(ﬂi the rah@yofl). Psley 0.0 Byauighsand the Ba
respectively, of between 80 to 90 weight percent and between 10 and 20

wei ght perig gfatesthapd. %B}’W%Pﬁﬁleﬁvmé@se%@%&@@t%ﬁ?ﬁb% adsor bent, and

m xing with cornstarch in an 15anmount of up to 5% by wei ght of the conbined
wei ght percent of the binder-converted zeolite and the Zeolite X 8.
The mEd hod of d.ai mBie binderddsn BdkeX szteebtic( hﬁsorbénte)fcctiaingilngwlteltm'niinnweight

exchangeabl e sites of t tes. .co Ci Na .at tiqgnic
eXChangeameécentages o? the Emdeggssog%{)% zeohtlc rggsor ent Eeoqyte cornprlses gf%, the
binder-converted zeolite comprises 18%, the Ba comprises 33%, the K comprises 0.3%,

and Na comprises .11%.

15 3. The binderless BaKX zeolitic adsorbent of claim 1, wherein Na at cationic
exchangeable sites within the binderless BaKX zeolitic adsorbent is less than 0.3% by

weight of the binderless BaKX zeolitic adsorbent.

4. The binderless BaKX zeolitic adsorbent of claim 1, wherein the total pore
20  volume of the adsorbent measured by Hg intrusion porosimetry is between 0.25 cc/g and

0.35 cc/g.

5. The binderless BaKX zeolitic adsorbent of claim 4, wherein a majority of
the total pore volume of the binderless BaKX zeolitic adsorbent is from pores sized greater

25 than 50 nm.

6. A method (10) for producing an agglomerated binderless BaKX zeolitic
adsorbent comprising:
forming agglomerates having ion-exchangeable sites, the agglomerates formed
30 from Zeolite X with a silica: alumina molar ratio of 2.5 = 0.5, kaolin clay binder, and

cornstarch (12);

23



20sites wthin the aggl onerated binderless BaKX zeolitic adsorbent to |ess
than 0.3% by wei ght of the agglonerated binderl ess BaKX zeolitic adsorbent.
9. The newbaduafiibai m 6, wherein the step (13) of acti wyariusgomwiog1o11

aggl onerates conprises heating the agglonerates to at | east 625C and the
step of converting the neta- 25kaolin clay binder into binder-converted
zeolite conprises caustic digesting the neta- kaolin clay binder with an
aqueous al kal i a%ﬁ{lft n htlﬁg ra%%l}'oﬂfera?@é 8 dert the kaolinlda ﬁlnﬁélofbeﬁ%ta(léamm P
separating para-xyle e fr a mxture of aronatic xg/ I 'enes ocess
conpri si ngrin@dcbatastary cﬁdsﬁaaﬁhgﬂumi@ mietahti‘aatiln'grstebpr(ll&)ss BaKX zeol itic

adsor bent conpri sed .of .a Zeol Ol?lbéﬁgg rtion having a siljica.to alumna nolar

ratio of 2.5 (CBVHHAE thegheiads dghinge Pﬁ%recoaﬁ?l%qdﬁohm ‘bari um ( Ba)
and potassium (&Lhﬁ@l@%ﬂeoﬂincex‘%ﬁﬁ@@w@%l%ﬁ of MR %@g%@m@%@gy%glﬁ/ 9,41011

sites within the binderl ess BaKX zeolitic adsorbent, wherein Kis in the
range df Q)rQ@cwh@a%i@IbqraWélbgmerlaﬁsdBaEIéXlzsolgtnceatserbenhwnh Klinghe ba}ngmf@h?é of

adsor bed OROvRA VB iy Pt Beds BSE R vy 02 b R RN P RaI Rl A0y B

sel ecti velads@ds@r(bedaforti on of the mixture to be renoved from contact W|th
the binderl ess BaKX zeolitic adsorbent by neans of a raffinate stream (46);

and puri fyi rigyiagdthe ereglemniragd t Hedgless Feokitio gsaicrsi tadex | the svasaIKX
zeolitic acgﬁ%glpﬁglteopmgg'esor ption with a desorbent (48).
10
7. The method of claim 6, wherein the step (12) of forming agglomerates

comprises combining Zeolite X and kaolin clay binder in amounts, respectively, of
between 80 to 90 weight percent and between 10 and 20 weight percent of the
agglomerated binderless BaKX zeolitic adsorbent, and mixing with cornstarch in an

15 amount of up to 5% by weight of the combined weight percent of the binder-converted
zeolite and the Zeolite X.

8. The method of claim 6, wherein the step (16) of exchanging the ion-

exchangeable sites of the agglomerates comprises reducing Na at cationic exchangeable

20  sites within the agglomerated binderless BaKX zeolitic adsorbent to less than 0.3% by
weight of the agglomerated binderless BaKX zeolitic adsorbent.

9. The method of claim 6, wherein the step (13) of activating the agglomerates
comprises heating the agglomerates to at least 625°C and the step of converting the meta-
25 kaolin clay binder into binder-converted zeolite comprises caustic digesting the meta-

kaolin clay binder with an aqueous alkali metal hydroxide solution.

10. A process (40) for separating para-xylene from a mixture of aromatic

xylenes, the process comprising:
30 contacting the mixture with a binderless BaKX zeolitic adsorbent comprised of a
Zeolite X portion having a silica to alumina molar ratio of 2.5 £ 0.5 and a binder-

converted zeolite portion, with barium (Ba) and potassium (K) at cationic exchangeable
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sites within the binderless BaKX zeolitic adsorbent, wherein K is in the range of 0.25 to
0.9% by weight and Ba is greater than 31.6% by weight of the binderless BaKX zeolitic
adsorbent (42);
causing para-xylene to be adsorbed on the binderless BaKX zeolitic adsorbent (44);
causing a less selectively adsorbed portion of the mixture to be removed from contact
with the binderless BaKX zeolitic adsorbent by means of a raffinate stream (46); and
purifying and recovering the para-xylene from the binderless BaKX zeolitic adsorbent

by desorption with a desorbent (48).
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