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NI.C)TEMPLATES FROM POROUS MATERI ALS USI NG SUPERCRI TI d

E RHCT#CN FPRELD OF I NVENTION The present invention relgégsﬁ#ﬁmﬁ%zpﬁ%roved
met hod for the synthesis of porous inorganic materials w dely used as
catal ysts, adsorbents, ion-exchangers, and separation - , nedia.
Particularly, this invention relates to the application of supercritical
fluid ex i S fast, envi ntally safe nd non-destructive

et hod + JBEROIEREHE IRE AN Y EMELE B b bOm GRS ME TR it
freshly synthesi zed porous materials. More particularly, this invention
proves suitable for recSIRERGRINECALELUIDEXTRASHHON ve surfactant
tenplates fromfreshly synthesized MA1 S nesoporous naterials. BACKGROUND
OF THE | NVENTI ON The synthetic porous inorganic materials that are rel ated
to the present invention = are characterized by substantially open

m crostructures. These porous i ani I such as zeolites, are
wi dely used as catal ysts, adsoﬂﬂgigggbﬁgﬁgébﬂﬁﬁ%gers, and separation nedia
for industrial applications. The starting synthesis m xtures of these
porous materials contain a substantial amount of certain organi c conpounds
as tenplating agents for pore structures. Pores are avail able only after
t he t enpl at es Theveesat investiov eclates toran hmpfoved methaly fur s isyrtblestsa o beous
However, these organic tenplates are expensive and represent a major
fracti on indrghrie noaterial wigelpdised iad Rafbsts, alisosbenls, REH-Oxihafi@dredndl SepartdfioRDSt
of these porous materials are used in large quantities in industries, it is
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fast, environnmentally safe, and non-destructive neth
recycle these organic 1 | s, f.rom t h sh nt hesi zed porou
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porous mater.ials_and to nmake these new y-devel oped poroys terial re
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invention, the nost common nethod to effectively renove these organic
cati oni ¢ thismsivertion proyes tvwitabler &5 wspoveaniagsgnet mesyrkingrahe expensive byrfactant

templates from freshly synthesized M41S mesoporous materials.
BACKGROUND OF THE INVENTION

Tile synthetic porous inorganic materials that are related to the present invention
are characterized by substantially open microstructures. These porous inorganic solids,
such as zeolites, are widely used as catalysts, adS(;rbents, ion-exchangers, and separation
media for industrial applications. The starting synthesis mixtures of these porous materials
contain a substantial amount of certain organic compounds as templating agents for pore
structures. Pores are available only after the templates have been removed from the freshly
synthesized samples. However, these organic templates are expensive and represent a
major fraction of the overall production cost of such porous materials. As most of these

porous materials are used in large quantities in industries, it is therefore of great
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r subjsecting the freshly synthesized porous material to high tenperature in
air or in a - controlled oxygen-containing atnosphere to f#@ erpV5?09ff
the organic tenplates fromthe pores. In the art of the synthesis o
nol ecul ar sieve or porous materials, this step of high tenperature
treatnment is comonly referred to as cal ci nati on. However, high tenperature
cal cination basically destroys or oxidhzes the organic tenplates to CO2,
H20, and sone snaller toxic nolecules. Aternatively, aqueous ion-exchange
t echni quesvnomitall wadueutredinda festroemvironmental s riate, cadi rom-destroptpteamsthodr om t he
pores; unfortunately, they are proven ineffective for renoving the organic
t enpl at egecbvarmndayeyoddthesdophhie tempplates Srommther frashly. syAthesizedp&roubatatertals
| 43,879 teaches that a liquid phase extraction nethod, which enploys pol ar

organi ¢ fpbrdePicSsubEne Al Ridlc Rk ipPEHuctieP BOYt B tiad porods ntidal£shd @ Mxkd act
these organic tenplates. However, due to the nature of |iquid phase

properti 0 [ Ta N o8 o VARSI e (11 l.on prove to be
G ooty Fiese PESYIREhpERpotapmaRisksthire gl for PRSI ERET 57145, 79
di scl oses that the |iquid phase extraction requires hours or even days of
oper ati on, | aPger toothe advent of thepesstntdovaitiopf the most c@mtmernd dietliodnia kffsdtaety or
procedures to condense the extracts or to separate the tenplates fromthe

sol vent s réifigheC Bekd B ganitoStonic templiley Groint tHeaporéd bf theedintitici mefifiFE) by S
able to overconme the above shortcom ngs and has been recogni zed as an

i mportan nat.i ' LG QUL s
exanpl o, SLFIAE HEHP SHREARA PO Thilidl BhEn ety if 4 ofdh o
extractiqn," r 22na_.Januar Q0 A i enm. st r 6 1990)
Saan . sapurtedaxyar R Rl Sl bl SF e SARleparf ot e
tenperature and pressure. Supercritical fluids exhibit signjficant solvent
st r engt hPeess N B @rﬁ@i" Hsvirnthpia of mpdspulr slevs op PERYIE Nl 1ALy, Gais glepigfdigh
densities as nolecular interactions are increased by shorter distances

bet ween twhparauestreapenipe camimenly refertad torak calemiationm gHoweverhbigbrtempermairand
tenperature can be used to regulate density which in turn controls the

sol vent palekatioh basisalpedestiols oaloxfdizesdhe brgaatidichipiites © COs, HaO garel some
solubility characteristics, a supercritical fluid possesses certain other
physi cochkgiiigtox R ARELIEESAlBALIAIE dqfedus Sorbidhagdd MENEGSes ORI BRXABRKE,
even though it possesses a liquid-like density over much of the range of

i ndustri J e i & ..axht bi | p It f

it usi v i Plaanle pBRC I aES Tl Bod DORSE RARIBRAES, %0 proxet on
wi th Superctit.ical Fluid ses", .p. 165, Verl em.e..1980]. In fact, the
G £ ust vibg v R mityine e deqmid terptaten VS PO Red s b droportis PRy
factor of several hundreds. This neans that mass transfer in a

super cri el U Bell 3 B33 tepchen dhatp liqydiphassyextretian methode thich qmploys
viscosity of a supercritical fluid is about 100 tines |ower than a |iquid.
W t h si nipolar ofganid sojvents anidetertain catipnig dpagrs,tdeuld baapplied tncexdiacithpsel gsganie
devel op turbulent flow in tubings of systens using supercritical fluids,

pr event i ngmplatasndfovidvery die s dresiature of ligaid phatequtopatips) tlenpractidebuses of this
inmportantly, the very |ow surface tension of supercritical fluids allows

faci | e panpgid plhdseRxirAdtRnPrévORIBOHRad niled AR O US shetRhidds F& cxafiple, Al |
of the above factors favor the overall mass transfer in extraction using

super cri tyk gap..f k yi : : kol i I QAN
colvent s Uapat 5 did378 QisbBscdtfifhio Haad phibelREHRIERr BB orictl] Says of
of fer

operation, large volume of solvent consumption, ‘and additional steps or procedures to

condense the extracts or to separate the templates from the solvents and cationic donors. .

Supercritical fluid extraction (SFE) is able to overcome the above shortcomings

and has been recognized as an important alternative to extractions using liquid solvents

£

[see, for example, S. B. Hawthorne, “Analytical-scale supercritical fluid extraction,’



* hi gher throughput than |liquid solvent extraction systens. As a result, SFE

has several advantages over the conventional |iquid phas X | 9593
Firstly, SFE is fast (its operation usually requires 1 t?% ?%ﬁ“'(ré‘s‘% goecause

of faster mass transfer characteristics caused by higher solute
diffusivities and | ower I 22"d January 2003 4 viscosities of
supercritical fluids than those of |iqgid solvents. Secondly, the solvent

o e oS S SR HEF B LA TERRAB RS

l'iquid phase extraction could hardly be changed. Thirdly, many commonly
used superitieal t¢rapgrature)intk prgsmire;a SupRreritigall Suidsrixhibif sigyfigantiselysnt grenethe
sol ute separation-and concentration processes after SFE are greatly

si mpl i fi ed.soRating hpower Sivhenusheyy asugemprassddc & 11Q0RI-like alensnes o meletwlht y
safe process as it elimnates toxic gas em ssions associated with

cal ci nat ifdéractidns02€ Sndtdsed dyeshaiter URtapeesab@wetn afoldculpy] MByvaptmtingliv el S,
and the exposure of operators to toxic solvents can be avoi ded. Based on

these SUBﬁ{iéé?rr%%Bﬁ’HﬁE P}e%aue %H@%:ﬁﬁg’;&th&adanfdeyuséd e fdpfatd s F%waﬁmuappl i ed

in numerous I ndustrial applications [extensive review of SFE patents was

done by M A Hugh and V. 1. _Kr i " SuUp Fl Ul et | on:
Pri nci pl 83“%9‘!51%% ﬁ(gltvfliepqwefnojr aEglll %%%ﬁlcabgp ﬁgr %%@%&lbfg%elﬁa%&%@ﬁﬁﬁ%or
exanpl es, SFE process has, been .ysed for separations.of, m xtures af

subst anc SRarpeiersticsey $“P§F‘§¥§@?11@‘B# ,pog‘gﬁegg?rit%?, oﬁ‘Fr Eﬁ)fsll‘&ch‘gml"f‘loﬁ’ﬁoe?ﬁ‘?%@abean s
[US. Pat. No. 4,247,570], extraction of fat from starch-containing
“veget abl eddrta itepttfackignesnt Fornxampleg ggemtbppgh K popsgstes @rliawd-Hke densify qvebm
tobacco [CJ. S. Pat. No. 4,153,063], densification of ceramc nmaterials

[U. S. Patmuchoof 4h&52nge867¥ ,indwstrivdt intamestf itt exmnbigmaigestikadrangeirt ipnopertidsi nf
arrays [U. S. Pat. No. 4,610,863], inpregnation of polyner into wood to

i mprove  RFREHMESS a1 Gis&dsit e fdréx@mpRaSchd¥ader 4t 89 2E 204 ion GHETB Ggdrertdadr
deposition for .making thin filmsuperconductors [U.S. Pat. 4,970,093J, etc.
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sol vent. Supercri e nost commonl y used Supercritical

e
supercr| ttia(rzlgfler 1%) 212 s&psttrc%it%glo&uiﬁ)fst t[agt%E ith%pl aqﬁl(ljllldu tr)?/ ’]cch%rsame a%c;tc()jr. Jﬁnre]:uve%sr%si%p gfg a °
supercritical fluid is about 100 times lower than a liquid. With similar density to that of a
liquid, the lower viscosity helps to develop turbulent flow in tubings of systems using
supercritical fluids, preventing laminar flow dispersion of separated components. More
- importantly, the very low surface tension of supercritical fluids allows facile penetration
into microporous and mesoporous materials to occur. All of the above factors favor the
overall mass transfer in extraction using supercritical fluids to be faster than in the systems

using liquid solvents. This is the reason why supercritical fluid extraction systems offer

higher throughput than liquid solvent extraction systems.

As a result, SFE has several advantages over the conventional liquid phase
extraction. Firstly, SFE is fast (its operation usually requires 1 to 3 hours) because of

faster mass transfer characteristics caused by higher solute diffusivities and lower



rnonpol ar and noderately polar species, it is less suitable for nore polar
conpounds. Organic nodifiers (also called cosolvent) are wally a into
the flow ng stream of supercritical fluid COZ in order toi?~27{5'%5‘(/gg?$s
polarity and extraction strength when extracting pol ar conmpounds.
Particularly, the present invention enploying supercritical fluid CO2 is
uni quely beneficial in extracting the tgenplated surfactants froma
particul ar enbodi ment of synthetic porous materials, which particular
enbodi nerviscpsitiese PE suptcriticah dhids tan dhosgsoftiquid seheats. alSeco the rpatvent al s,
a series of nesoporous nol ecul ar sieve materials recently discovered by
Mbbi | scistramngth tof a[sup&crifie flusd Chirea@D% pe chaivalleddregausaitficosaiubibyofeperds ¢mi t h
pore dianmeters adjustable from 13 to 100 Angstrons) and have very high

surface akepsdure IndRehpeFdE:; wiEesLthoRSENAE Hsid PALSY dxtdaStidrovculdBardBdbe
wor |l d-wi de attention as potential catalysts and adsorbents. Synthesis of

MI1 S na i alis Lr : f i gents
For the S T R e R A e SRk e ED
wei ght of the freshly s hesi zed MCM 41 r | al f h 1S
a1y, iegnifiant 5ol the SHIAL SEbES byr b hnoPRbfich troo S TAIRE SHE el
expensi ve, chem cal, the esent invention provides a fast, non-destructive,
andl envi SERRERG) T, S i SR e cQb 5 ST yBr AT EEErS 46
expensive surfactant fromthe nesopores of MA1 S materials, hence reducing
subst ant ickimipatesh goxie s camistionsossogiptefywitls caleinatipy B dags ugiNgeRsraty largE

| NVENTI ON The present invention provides a nethod to renove and recover a

t enpl at i rgncut oéi digaid wagesolventonarml fhe exhbsures pfibpasioreth ®yitt Srdvdents paor bels
materi al having said h 22nd January 2003 6 tenplating agent sorbed wthin
pores of [saidddsynthetic porous material conprising the steps of: (a)
contacting said freshly synthesized synthetic porous material with a flow
of supercritical fluid with or without contairiing a certain anount of

or gani ¢ nodi f i Based ghdhese rsupm@rfpr@mesip@rcn@aalcthga gutractionibasg beananpliadd
organic nodifier are controlled by high pressure Iiquid punps as shown in
FIG 1 arid muneroapendbstrig dpphpetioas (exteraive rpyiewsafrSFhapatents wasalohe dytM. Beep
said supercritical fluid and organic nodifier in the supercritical state.
(b) hol dingHsgh end VNI aukeniporSuperdrticalr Flaid, Exdakdor: IPeinGipts agd Pesceitd’t, Raal
fluid and organic nodifiers at said el evated tenperatures and pressures for

a period @fiibi By hﬁiﬁﬁﬁ@ag%’ﬂp Fott H@ARpIA! SFEFstbeeds RAS bbQMuld R d

tenpl ati ng agent from sa |y synthesized synthetic porous material.

]gfz)msgg?:]sae%grg or?sagfd melwe%c&fesglbétgn%ls Etbi§gf’a?.g?,589,?§5q, gﬁia%ti&[l %?Qiaffeiggqiréniler
coffee beans [U.S. Pat. No. 4,247,570], extraction of fat from starch-containing vegetable
matter [U.S. Pat. No. 3,939,281], extraction of nicotine from tobacco [U.S. Pat. No.
4,153,063], densification of ceramic materials [U.S. Pat. No. 4,552,786], formation of
transparent aerogel insulating arrays [U.S. Pat. No. 4,610,863], impregnation of polymer

into wood to improve hardness and strength [U.S. Pat. No. 4,992,308], chemical vapor

deposition for making thin film superconductors [U.S. Pat. 4,970,093], etc.

The current invention employs supercritical fluid CO, as the extraction solvent.
Supercritical fluid CO, is the most commonly used supercritical fluid because it is
inexpensive, nontoxic, nonflammable, and has relatively low critical temperature (31.3°C),

and pressure (72.9 atm). Although pure supercritical CO, is a good extraction medium for



‘syntthetic porous material at atnospheric pressure and a predeterm ned
tenperature and collecting the said extracted tenpl ating ent and i d
organic nodifier using a collector. Suitable supercritica f??ﬁ%%gggﬁ as
extracting solvent in the present invention may __ ' be any supercritical
fluids wwth noderate critical tenperature and pressure, preferably
supercritical fluid CO2 because it is cheap, non-toxic, easy to handle and

has low critical te rat.ure and pressure. e i tenperature is

br of o1 abPYnPaLE ks TSELAH G SRRt ol o B BPleni) HOFABYAL Cappinds.
Operating pressure_is preferably from 150 bar t¢ 400 bar, nore preferably
at about Usgapc pagdifiqns alsp fatlpd CH%Yfmt)e?renWa%ﬁ%?qu@t%fheaﬂww greagy ghni c
sol vents, preferably nethanol or ethanol. This invention is particularly
benef i ci ahpéreriticel rihud i (. tiergyilext fonynpravé dtst poleritigand: extfaction tsteengibr whewf a
type of nesoporous materials, referred hereinafter as M1 S material s,
22a Januakgtaid@dolarpafipoandsar | y MCM 41 nmaterials. MCM 41, one of the
menbers of this extensive famly, is a porous inorganic material having
uni form hexagonal | y-aryranged pores. with pore di angte adj ust abl e from
about 13 to 13“@%% dhe PEEnteRNERSIon; W@Ylﬁ&f&@%ﬁ%ﬁlcaﬁf@tf@e i YUY i on
pattern that can be indexed with a dioo value greater than 18 Angstrom
Units. Pdenéfradlain extratting ithey demploted c surfastantsy ifteas at Iperticulap| embadgmentr ohct ant
agents extracted out fromthe pores of said porous materials by nmeans of
t her mal gyateti®poroas matdrints, sthidhi fatthrubrtehiodinteat ivakfeased ko Bérsinafierf 4savigtiS
spectroscopy, and gas chromat ograph/ mass spectroscopy. The present

inventi onnsbions tiNals SRAEHAXK! 4 a6hi@dot RRRIpAtRMARENEr SleVainesidls esvesayd SFE
process retain the sane chem cal structure as the fresh surfactant, proving

said SFE j.pr - : kv ! ' ed
R R U e S T e KT LA A Rt S G e
adsorption data prove that sai or, terial ,treated.by saj.d SFE process
retains iR%® ﬁ%@f‘gs §%P§f&‘€lﬁrfg°.m %%%Clﬁﬁ@’ FERs) 6&5&%\?)@%‘@1‘ iurlrrage aregp gﬁr am
of the experinental set-up for supercritical fluid extraction. FIG 2 are
(a) nitrogelP miedr PiesnmeprposuisgRpeTigh havg epiashivorldrwide atipationaasstentiabn:
enpty mark- desorption) and (b) BJH pore size distribution of the calcined
product cfatapsdvRhE ddsofbe@s. 3 Santheys refy MHiLS materialsnregairese enkargyf afogny @Y
freshly synthesized and (b) cal cined product of EXAMPLE 1. FIG 4 is a

t her mal  gsuafactantsras ceraplatiys agensfot thidireaifont dfehd mesdpoyess infabe siere ghapr S0d6ct  of
EXAMPLE 1. -

of the overall weight of the freshly synthesized MCM-41 material, a member of the M41S
family, is due to the templated surfactant. As the surfactant is an expensive chemical, the
present invention provides a fast, non-destructive, and environmentally safe extraction

process to recover and recycle the expensive surfactant from the mesopores of M41S

materials, hence reducing substantially the production cost of M41S materials.

»

SUMMARY OF THE INVENTION

The present invention provides a method to remove and recover a templating

surfactant agent from a freshly synthesized synthetic porous material having said



r22"dvJanuary 2003 8 FIG 5 is a differential thermal analysis spectrum of
the freshly synthesized product of EXAMPLE 1. FIG 6 are ﬁﬁnghﬁr 3983
adsorption and desorption isotherns (filled mark adsorption; “enp 8 mar k-
desorption) and (b) BJH pore size distribution of the cal ci ned product of
EXAMPLE 2. FIG 7 are X-ray diffraction patterns of the (a) fleshly

synt hesi zed and (b) cal ci ned product of6 EXAMPLE 2. FIG 8 is a thernal
gravinetric analysis spectrumof the freshly synthesi zed product of EXAVPLE
2. FIG ¢melating EGPEF‘EE?CIC WIIDROFGHQ Sé‘ﬁéb’&}‘g?é" E‘%@\‘ft matsrighcopgisiied b pigps
synt hesi zed product of EXAMPLE 2. FIGS. 10-13 are thermal gravinetric
anal ysi so&éind differential thermal analysis spectra of the extracted
products of EXAMPLE 4, EXAMPLE 8, EXAMPLE 9, and EXAMPLE 11, respectively.

FIG 14 is an X-ray diffracti R r.n of the extracted .product -of EXAMPLE
o FIG 15 ardd hiainegh Rl edly REbEIRC bl SO RCHERPRL A Ry &7
anal ysi s spectra of .the extracted product of EXAMPLE 12. FIG 16 is_an
X-ray di PPPAER{GH f{lja{itwh St WitheuteRaraEg e fiegatic fmarnteaapEgasioy modties, 17
are infrared spectra of the solid sanples prepared frommxing KBr with the
sol i d sarwheeeinfthg dlovaates/Pl saidsupergrifipgl fiuidpd Praanic modifier girg cenigelied by
chromat ograph spectra detected by flane ionization detector on (a) the
extract dfigpeaddardliQuidpdmpb hs shivevmint Fighdl andaheiopevatingf teinperagot hull psqpire of
EXAMPLE 14. A 22"d January 2003 9 FIG 19 are nmass spectra recorded at

the peak BO&ktioMes td R&¥PhidZdpsicAdic fludtbnddisai@inedifRp ih B eGdréficahawr. i n
FIG 18 on (a) the extract of EXAMPLE 9 and (b) the nethanol sol ution of

the solid sanpl.e of EXAMPLE 14. c¢ DETAI LED DESCRI PTION In the [)re_sent
i nvention, supb) dplding saidfsypihgtie poravstheariglssay flawseabeneseritiosl duidignd
environmental -friendly, and non-destructive nethod to efficiently extract
t enpl at i nggatic fracdifiots atg eaitl selévaded ttdreparsamp oaels pofssuviédl f& mmpeaiddalo$ . tihe one
enbodi nent of the

sufficient enough to extract at least a portion of said templating agent from said freshly

synthesized synthetic porous material.

(c) separating said extracted templating agent and said organic modifier from said
synthetic porous material at atmospheric pressure and a predetermined temperature and

collecting the said extracted templating agent and said organic modifier using a collector.

Suitable supercritical fluid used as extracting solvent in the present invention may
be any supercritical fluids with moderate critical temperature and pressure, preferably
supercritical fluid CO, because it is cheap, non-toxic, easy to handle and has low critical
temperature and pressure. Operating temperature is preferably from 45 °C to about 125
°C, more preferably at about 85 °C. Operating pressure is preferably from 150 bar to 400
bar, more preferably at about 350 bar. The organic modifier may comprise of any polar

organic solvents, preferably methanol or ethanol.

This invention is particularly beneficial in extracting templating surfactant agents

from the pores of a type of mesoporous materials, referred hereinafter as M41S materials,



. invention, the efficiency of extraction is increased by changi ng SFE
‘operating conditions, such as tenperature, pressure, flo"ﬂZEﬁ}a%uangi)(%BOf
organic nodifier, and by changing material conposition, such as or AL
framewor k content. In another enbodi ment of the invention, the nesoporous
structures of the freshly synthesized and surfactant-extracted MA1l S
materials are characterized by various_characterization techniques to
ensure the stability of MA1 S nesoporo@s structures under SFE process. In a
further psgeGlarPMCP-41 hftdralke NMCBA 1 1dMR of g nemberS bF tHid eterssi @S falrlil, is
extracted tenplating surfactant and of the fresh surfactant are

charact eg| g@x@u? 1n8x?5+ ieUthafdial aabfig! Eﬁrférﬁraitﬂ?%g&aﬂ?%?rahge ?Bfésr Wltthhggre

stabili ty f chem structures fact under
Pvent : ot difraRE R ”??uééi?q'ailbﬁ Sisricte’ ! 8L SRR FEdbutng e

the fres urfactan n t he sy S mate 22nd January
2003 10 Q ﬁfﬁ?t&ﬁ W&e g’ﬁﬂ%‘?lﬂe X Iaaf{limﬁ’d‘f“@&r?aé?t {51 Angstrom Ugith type of
or gani ¢ conpound mhlch fills the pores of the freshly synthesized porous

material s. Th?’faﬁfbﬁﬁx?l fhi$ fivEndRa %c@?z% lh%lt§m faﬁ rr€ %ﬁac%@%%&it?leﬁr&fté@r the

tenpl ating surfactants are renoved conpletely pore

t | at f t t hul k
Ofgg n? CI lrégt rlcj){'n f? Cﬁon %ﬁg g%%% éor}o&sh ﬁﬁ&%{l@f hl? ?h ags( %nﬁal@ra@fm&nc a%arlle)"fsxsu y
rryristyltr met h um dec trlrreth nmoni etc nt hetic
Por ous l")s[ %Wémgllr e"é’éﬁi’ﬁ \?é‘)ﬁfqdoﬁp PSEPYus t%‘sprc ‘%Péo%{ﬁp}gg@??om cal
met hod to recover tenpl ati ng surfact ants fromthe freshly synthesized

por ous mapeatios¢epy- i Heel prasang iInvention shpvrbatotafb exteicted) templeting @gentrobdinsde
material s. Additional nolecular sieve materials which may be purified in
accor dandmnws4il SHkeprpcess eathin the eane chemeel sideturShd the(fBrshtsusfactBatt prdiing
1,117,568); ZSM5 (U.S. Pat. Nos. 3,702,886 and 4,100, 262);

al uni nopheigire Q@Ceﬁ,tacmﬁ&es&haﬁe%xtr\daimﬁnemba an@Bdld exirhctepleniplanRhnasahat es,
such as SAPO 5, SAPO 37 SAPO- 40, and SAPO-41 (which are variously taught

in US Rable h!ﬁ‘srecy%l g@i? anal& g@gyy]cﬁ?fr ﬂm@gﬁd &Z%dscﬁ'ﬁﬁjon‘ld&gf %r(g/%?t%}at My e

particul arly, the netho esc in t I's invention Is preferre

recovering._surf m .t 1 S nesoporous
mat eri al mf'ﬁénasen tgg%gfsaﬁﬁ%rﬁées%y%?%ﬂés graf) ‘ésrsgr s e taught in U S
Pat. Nos. 5, 057, 296, 5,098, 684; 5, 108, 725 5,143,879 and ot her sources

[ see, for exarrpl e Beck et al., "A New Fam |y of Mesoporous Ml ecul ar Si eves
Prepared with Liquid Crystal

DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram of the experimental set-up for supercritical fluid extraction.

FIG. 2 are (a) nitrogen adsorption and desorption isotherms (filled mark-
adsorption; empty mark- desorption) and (b) BJH pore size distribution of the calcined
product of EXAMPLE 1.

FIG. 3 are X-ray diffraction patterns of the (a) freshly synthesized and (b) calcined
product of EXAMPLE 1.

FIG. 4 is a thermal gravimetric analysis spectrum of the freshly synthesized product
of EXAMPLE 1.



. Tenpl ates”, Journal of American Chem cal Society, 1992, volunme 114, p
'10834] . The 22"d January 2003 11 M41 S m~sopor ous nat\t/a# mfa,nug\?arid&ul arly
MCM 41 has the follow ng conposition: M/ qg(WaXbyczd~h) rein wWis a
divalent elenent; X is a trivalent elenment, such as alumnium iron; Yis a
tetraval ent elenent, preferably silicon; Z is a pentaval ent el enent, such
as phosphorus; Mis one or nore ions, §uch as ammonium Goup IA IIl1A and
VIIBions; nis the charge of the conpdsition excluding M expressed as

oxi des; ¢ is FIE. 3% DHFRELNARI MErmaN ahdgsds Wketneftie Mshly syntitesizBE produger of
noles or nole fraction of M a, b, c and d are nole fractions of W X Y
and Z, r@pEANMPEEY: h is a nunber from1 to 2.5 ; and (at+b+c+d) =1. In the
freshly synthesized form the nesoporous nmaterial has a conposition, on an
anhydrous basis, expressed enpirically as follows: rR M~q(VWaxXbY~ZdGCh)
wherein R is {@. 6 ateah) nitrggen adsomtion iaad desotptiondéatickeohsi (fillbdl &sarken i on, and r

is the coefficient for R i.e., the of nol es.or, no fraction of R
The M1 SIERERT: SMPLEmAT -é‘e%ﬂrgtfqrﬁaaﬁi @ﬁﬁﬁ%ﬁ%&f ﬂ’éfF‘bb‘HPBBEt eaicgsdi ¢ sol i ds
by the regihelbiyxRMpIiS2! arge_open pores, whose pore dianeter is in the
range of "13 to 200 Angstronms. These nesoporous materials show

characteristic X-ray diffraction pattern with a few distinct nmaxima in the

t | ' ich reflects th | : t of. t
cxireme | on anglesfeokon, hbchd SUSEE AN bR Sy RIS TTR gLk
super cri thrgdict bf EXKAMPIE acti on, sol uble analytes are partitioned fromthe

matrix of the porous material into the supercritical fluid, then they are
swept 22nd January 2003 12 through the back-pressure regulator into an

oxTact cofl eyt o iU b B DG BB

extraction termperaturé. I on,

fluid extof @IAMPLEYStemis quite sinple as it consists of only a few

equi pnent [see, for exanple, Saito et al., "Fractionation by Packed- Col um
SFC and SFE: Principles and Applications,” VCH, 1994]. ~ liquid punp

supplies an exijagti Rgiffdrehefll HRrAkl BX518 ShcHNVHSHE bredly SyitRATA ProddcpW

rate and pressure. Another |iquid punp (optional)
of EXAMPLE 2. '

FIGS. 10-13 are thermal gravimetric analysis and differential thermal analysis
spectra of the extracted products of EXAMPLE 4, EXAMPLE 8, EXAMPLE 9, and
EXAMPLE 11, respectively.

FIG. 14 is an X-ray diffraction pattern of the extracted product of EXAMPLE 9.

'FIG. 15 are thermal gravimetric analysis and differential thermal analysis spectra of
the extracted product of EXAMPLE 12.

FIG. 16 is an X-ray diffraction pattern of the extracted product of EXAMPLE 12.

FIG. 17 are infrared spectra of the solid samples prepared from mixing KBr with
the solid sample of (a) EXAMPLE 13 and (b) EXAMPLE 14.

FIG. 18 are gas chromatograph spectra detected by flame ionization detector on (a)
the extract of EXAMPLE 9 and (b) the methanol solution of the solid sample of
EXAMPLE 14. ‘



* supplies organic nodifiers into the flowng streamof the extracting fluid
at a constant flow rate and pressure. An extraction vesse nch_?én(a§r¢£|@03
freshly synthesized porous material and is placed in a heater or in a water
bath to maintain the extraction tenperature above the critical tenperature
of the extracting fluid. A back-pressure regulator maintains the system at
the supercritical pressure. An extract9gcollector separates the extracted
anal ytes fromthe supercritical fluid, and collects the extracted anal ytes
into a glass vial. The supercritical fluid extraction systemof this
invention is | | gﬁg;% U- 980
liquid punp fgmwrﬁérrgg%%%m??gﬁg |eg§§b&§?,%&aﬁ%ﬁﬁr?g%o?é%?§gm e é"g) for

| i quefyi nigro@@ggraph dpSAmim GBSk BVFIChd & opmythé extrachof BHAMPIGE Qand(lgahé c

nodi fi er, 10-m. extracti vessel ath (Techne) for controlling
the extr 2l ﬁoé‘llﬁ?é‘rorftatﬁ? @?ﬁéaﬁﬁ%fpﬁ&%&g]ﬁggul ator (JASCO 880-81 BPR),
and an extract collector. The SFE process of this invention is perforned as
foll ows. The extraction vessel, |oaded with 1.0 gramof the freshly

synt hesi zed porous nmaterial, is connected into the SFE system The
extraction vessel and the m xer ' yh a water bath, which

t enperature has been set at the I#esﬁ@?%ﬁﬁ?lgui d C2 is then punped
into the systemat a flowrate of 1.0 m/mn. The organic nodifier, if
required to nodify the polarity of the supercritical fluid, nmay al so be
punped into a mxer to mx wth the supercritical fluid 22"d January 2003
13 C02. The supercritical fluid C02, together with the organic nodifier,
passes t hr oughn thfePresant mientien. superetiticah Juidextraetian (k)i simplaved gs afastact ant
fromthe porous materials. The extracted surfactant dissolved in the

super cr i eheiadnnidntalefriendly hand seqradestrodivier onethade te (gfBeientlyt i exédact tenpla® at
the outlet of the back-pressure regulator and is collected at the extract
col | ect osurfdhignteagensacresl thaanegoberes ofdvides radterilom IhesireembodithehDof the
overnight and stored in a vial for further characterization.

Char act eriweaﬁbmheteff@i'éﬁc?qiféﬂfréc@ﬂq_s RREQYS B%Hddgﬂigssﬁ@ opsthtifebordifidtat rat e
that the SFE process of this invention is a non-destructive nethod for

extracti n I 0 (o] i al. t he
oxt 1 act it tf (BHEHARRE beel HE A falel T 6 ROEEE: Rodiie? 4o ), Shhie

t hrough the SEE process are apal by several characterization

t ochnt quatiedal SalpgRRPR.ALEh 40 S ALAMPRS TSGR RARIREraohdffhs of the
mesopor ous structure of the freshly synthesi zed and surfactant-extracted
por ous naRwEnfignsthe mesoparous Strpetyes ‘tfhté? fesehdy ygthesiged) ands syrdactaphegactede
pore structure of the porous materials. X-ray difftaction pattern of this
i nvent i orM#ES meateniale @reo nharacberized odbyu vXRIIsGBGacHirizhtiere teshniques ¢ ienspreitha

radiation (~, = 1.5418 !~) and a scan speed of 2 degrees/mn at 40 kV and
30 mMA.  Pevibility SANM ES mesepossysdutReesamdanSBE prddesd) ninsa fptter kalbdéimend of

measurenent. Due to the Iimtation of the nmachine, scanning degree is

started fhOmvbnRotl®ME @Bemical structures of the extracted templating surfactant and of the
fresh surfactant are characterized by various characterization techniques to confirm the
stability of chemical structures of templating surfactants under SFE process at various
operating conditions. In a preferred embodiment of the invention, the extracted surfactant

template is recovered and recycled as the fresh surfactant in the synthesis of M41S

materials.



" Nitrogen adsorption at 77 Kis used to characterize the surface area and
pore size distribution of porous nmaterials. Based on the jyind

adsorption data obtained in the partial pressure range ofﬁo {fg%ggl %)0% t he
surface. area of the porous material is cal culated using a nethod devel oped
by Brunauer, Emrett and Teller (BET) [S. Brunauer, P.H. 22nd January 2003
14 Emrett, and E. Teller, Journal of A®erican Chem cal Society, 1938,

vol ume 60, p309]. BET has been .ﬁn ﬁ\{ $ })afnr characterizing the surface
areas of porous materials. %“@% Usry Yorous materials is reflected
by the changes of adsorption desorption isothernms, pore size distribution

of porous mat AHE:@F&UEQ@u@&tQMd ¥ B&ktdis typa df%'iél_ ic!'c(ﬁl‘ﬁ%ﬁh&twm&h ARSaleSdr&
simul ate pore filling by nitrogen ads~bate he pore size distribution of

por ous i S t hod
dovel ope @E fgﬂsﬁlf@nﬁ{églgéﬁ ?fogl?] %erFHlsf:‘ g‘ﬂ% BS"E’«% %Féhﬁ;bdr sbﬁﬁéﬂal‘a"aré g‘ﬁlﬁe ner
and P. P. n.Chem c voI 73
p37a] . CSSERBTF after U5 ReplaiRs B aFE R REtbGE .%Pﬁ%ee‘zaﬁm § PaSor ey
pore size d| stribution as it exhibits, for the sanme volunme of adsorbate, a
| ower r elemplafingprustastants ysadin thresyRthessof M 1S ypelREslmarg Bglémqraﬁn? Rases| ower
free energy state or closer to true thernmobdynamc stabilit In the present
i nvent i osychnias r oggltrimddylammeniuins (€AMA )R d mymistydinimetiQlemman i nt 1 KKMA)1000
anal yzer. Sanples (0.02-0.1 granms) are pretreated in flow ng nitrogen at
300C ( or dadylteibdeeliyldrampaiuai, etces) for 1 hour prior to the adsorption

nmeasur enent. Adsorption and desorption isotherns are neasured in the
partial pressure (P/P) range of 0.05-0.95. Surface area is deternm ned from
the adsorption data in the partial pressure range of 0.05-0.25 using
mufti-point BET nethod. Pore size distribution is determned fromthe
desorption isotherm using BJH qeihied poligNIRkrigsavi metric analysis is used
to characterize the anmobunt of surfactant that has been extracted fromthe
freshly synthesized porous materials; this is done by conparing the |oss
anount of sur The peséntfinemivhearf beestetyo pyovideesi ecenbmicrlousthndterecaves and
those after supercritical fluid extraction. Typically, two steps of weight

| osses ateppdaafr seefcantsfifions teyrashigtsythesiod Ju16€s mhtetigleauslulith z8oles eri al s,
while three steps of weight | osses are observed on freshly synthesized

al um no- ghd bhEOUMiNFhoRcIBE SielAniteridli® Add'it?&nal mgt% &la?é’l%hXteﬁQ@%vtﬁ@n step

wei ght | oss obtained at tenperatures bel ow 140 is due to the loss of
water fr L b@%urlﬁed in accordance with the present invention include ZSM-4 (British Pat. No.

1,117,568); ZSM-5 (U.S. Pat. Nos. 3,702,886 and 4,100,262); aluminophosphates, such as
ALPO-5, VPI-5, etc; and silicoaluminophosphateg, such as SAPO-5, SAPO-37, SAPO-40,
and SAPO-41 (which are variously taught in U.S. Pat. Nos. 4,440,871; 4,554,143,
4,666,875; and 4,742,033). More particularly, the method described in this invention is
preferred for recovering surfactants from the freshly synthesized M41S mesoporous

materials.

The syntheses of M41S mesoporous materials are taught in U.S. Pat. Nos.
5,057,296, 5,098,684, 5,108,725; 5,143,879 and other sources [see, for example Beck et
al., “A New Family of Mesoporous Molecular Sieves Prepared with Liquid Crystal

Templates”, Journal of American Chemical Society, 1992, volume 114, p10834]. The



" pores. The second-step wei ght | oss obtained at tenperatur es bet ween 1S0- 380
Cis due to the renoval of the tenplating surfactants as fa]tn%d()}y\‘izé&the
surface silanol groups of the nesopores. The third-step Foss

obt ai ned between 380 and 700 C, which is observed only with

alum no-siliceous Md1 S materials, is due to the renoval of the tenplating
surfactants associated with surface Allkites. Based on these results, the

d f f I d h
por o5 of MISaTPphroug TR B gy MM I S Rl R Cme SRS n st op and

third-step weight | osses neasures the anount of surfactant tenplated in the
pores of al UMQ(WLXJY%%Q@@ MI1 S materials. The extraction efficiency using
SFE method is expressed as the percentage of the ampunt of surfactant that
has been extracted fromthe materials to the total anount of surfactant in
the freshly syhereisWVzish dixaenteelementsXda pduyalent slement sueleds Pnminiemi iew; t hat
the total anpbunt of silica and alumna in the sanple remains constant
during tHNeisral tegrasalente tleimeng npiefsatly nehem; éfeinta pehtavdleanelemehy suwohpised
with thermal gravinmetric analysis,_differential thermal analysis, which is

based onphdphepuei MEK Bhé o ot idas, ma‘emathm Grbap DRI MMahd VIEFRRIsgh i es of
t he desorbl ng organi c or inorganic species from the pores, is especially

usef ul gl ddgntéf ek raegfghﬁuwraﬁa}l@mgwe& SsedPRY Slagﬁéa%eﬂcl el holROT €S-

In the pr esent i nventi t her ma avi r| C ana rentl al

%Egiﬁ.gl HarSie et fm%ea. Fied f‘?l%yl 3&122?“%‘%’?‘1 % Z?r?f’%% -
of 20 & FAE FRHARE Es&?,t)é%ewi%ép«%cﬁvé@%h B Byrabed e i 5 B0 G e

standard reference during differential thernal anal ysi s measurenment. To
further Fllustrate the nature of this invention, the follow ng exanpl es are
presented. It should be understood that the |nvention isinno way limted

to these SpeCI f h}e fres?nlé{] ‘Eh 2, ¥orm Ql;f’e mgsoef))é n% as a coppgsﬁu?x%?smgarg ram

quantity of cert1 A amoni um’ hydro solu

%, which repar ed b xchan . % of cetyl tri met hyl ammoni um

br oni de (’@%ﬁ‘i‘ﬁ% asi5t ‘amr%‘% ‘gﬁ’fflﬂlrlﬁgl:l&gsréﬁf’ﬁ%-for- hal i de exchange resin and
then foll owed by condensation to 20.8 wt. % was mxed with 17.0 grans of
funed silica Qﬁ%mwaxg?%o,mder constant stirring to forma slurry. The
slurry, after bein Stirred for about 6 hours at roomtenperature, was
transferred to pol ypropyl ene bottles and was then treated at 96 C for 48
hours. The resdietdim® &othie doiahorganicometeral hot inelnded fnulyeas amsdie cndirtik the

dei oni zed water, and dried at 50 C overnight. The resulting dried solid is
r ef er r ed cheffidienefon &, i.er, tieumber of moles or mole fraction of R.

The M41S materials can be distinguished from other porous inorganic solids by the
regularity of its large open pores, whose pore diameter is in the range of 13 to 200
Angstroms. These mesoporous materials show characteristic X-ray diffraction pattern with
a few distinct maxima in the extreme low ar'lgle region, which reflects the regular

arrangement of the crystal lattice.

Supercritical Fluid Extraction

Generally, during supercritical fluid extraction, soluble analytes are partitioned

from the matrix of the porous material into the supercritical fluid, then they are swept



"freshly synthesized Si-MCM41. Part of the freshly synthesized Si-MM41
was calcined in air at 550C for 10 hours in order to ther hﬁgmfa?)ﬂ??ﬁbthe
tenpl ating surfactant from'the nmesopores; the calcined solid is referred to
herei nafter as calcined Si-MCM 41. Based on the data of nitrogen adsorption
at 77 K, the calcined Si-McM 41 proved to have a BET surface area of 1295
n2/g and a sharp BJH pore dianeter dist2ibution centered at about 30
Angstrong. FI shows the nitrogen adsorption and desorptian isotherns
and tho fEPYEHG Bafk BRIt FRERTOR o PHECLo BB AP SRR AT g PFeRSURy pe |V
adsorption and desorption isotherns are typical of those nesoporous

mat er i al 8ad aHempergtirprboye te ¢xpaciyrptampegaieret oBasad orpthisl HpPle apRIafiqe, jaon of
N2 on the wall of nesopores and on the external surfaces, and the steep

i ncr easesuterd?itiRabfloidnekti@ctdon systtueist quitesenjple lav iitconsistd efi oaty @ fevotquipmantd NZ
in the nesopores. The X-ray diffraction patterns of the fleshly synthesized
and cal ciseedoPexdhledaito 1l d“Frastithatior 0P Badkéd LB SWT dnd SHES Minciphés
freshly synthesized Si-MCM 41 shows a very strong relative intensity |ine

at a d-spaci AhIREQMRS 4TH, 199 .A'}BgsifqﬁRfTBuﬁBﬁ/s[l%PH@salénléx@t‘ﬁcﬂg Fuit I N9

around 21.6 .0 AngStrons. The catcined Si- 41 shows characteristic

| i nes at spaci ngs.around ) 2.0 Angstromns .e ar, 19. .0

Anget r onEXAREN RS o Bonstan v B TSR R heZIRURE pAp Jopdom) | over
than those of the freshly s ntneai zed Si- 41, indi cating that t?]g
mesopor e SURASGE PEEApIccmadifigrs 1piodhe Baying strgam of theqxiraetinguit Bbe asant foNbyed
fromthe mesopores. The thermal gravinetric analysis spectrumof the
freshly sinendpressuteSIAmexrastion sessplody the freshly synthpsizad paspusmaisrighend
"second-step wei ght | osses observed on the thernal gravinetric analysis

spect r umsaplecaum 4 besthieot ds5s eatafbattatoemamtnin sher &xaactot tempespmetdbogt yhe 1t i s
found that over 50% of the total weight of the freshly synthesized

Si - MCM 4 §ritial ddrhpértute st the ekfosting MakEt A Baclspretaed @Btlatod nidi@aiie sRpgERn Fl G
5 shows the differential thermal analysis spectrum (coll ected

si mul tan?f’ﬂ%}sﬁp@t%riﬁ@fﬁr sud! %ie'f?rﬁ&ic%ll@aﬁlls%ghﬂes%e EhgaclelieblyYes Yot hgsi zed

Si - MCM 4 e tw s endot herm ¢ pea served at tenperatures | ower
t han 200C are.due.to th sorption of ter.and the deconposition of
tonpl at eduRriGt ghit ME eSS AU BB RL iR E IOt Ta%0 ¢ 1 s due to
t he conbustion of tenplated surfactants in air. EXAMPLE 2 A 15.6 gram

quantity of wathersup@sritital ehhidvettihclioR ysgingd 6B tHd inNad dddis sBow® i FE@HL. 0Thel EACH
(tetraet hyl ammoni um hydroxi de, 20 wt. %, and 38.4 granms of Ludox (Du Pont,

40% col | aipgtalysjin) c6/%i4t 0@l RIICO AU-980 Sighid putdh FoleinfFbAIHEL 1i§heflAOND,, a
tenperature for 30
chiller (Polyscience) for liquefying CO,, an ISCO 100DM syringe pump for introducing an
organic modifier, a 10-ml extraction vessel, a water bath (Techne) for controlling the

extraction temperature, a back-pressure regulator (JASCO 880-81 BPR), and an extract

collector.

The SFE process of this invention is performed as follows. The extraction vessel,
loaded with 1.0 gram of the freshly synthesized porous material, is connected into the SFE
system. The extraction vessel and the mixer aré then immersed in a water bath, which
temperature has been set at the desired values. Liquid CO, is then pumped into the system
at a flow rate of 1.0 ml/min. The organic modifier, if required to modify the polarity of the

supercritical fluid, may also be pumped into a mixer to mix with the supercritical fluid



‘mnutes, .84 grans of cetyltrinmethylamoni um hydroxi de (CTMACH) sol ution
(20.8 wt. 22"a January 2003 18 9% prepared as in EXAWP “;Jﬂ%% agg&g in
drops into the mxture. The resulting slurry was stirred Tor qhother to 3
hours before it was transferred to pol ypropyl ene bottles. The reaction

m xture was then thermally treated at 96C for 48 hours. After hydrothermal
treatnent, the solid product was recovesed by centrifuge, washed conpletely
wi th deiagnized water,, and dried at 50 C Overnight. The resulting dried
solid pr&dlet Thepupgrezitispl thpid ffPaa together yvitdy the gyganigymedifies, nasyes thiogeh ghe

herei nafter as freshly synthesized Si-Al MCM 41, was stored in sanple

bott| es fwtradtiont vessel iand exxtriagiatthe remplrtingr surfagioht frogy the posousediatrialsl - MM 41
sanples with different Si/Al nolar ratios were simlarly obtained using the
above sywkfigsed sprfaceatuidesolbyd dedj thet bupgrdritiealafithtis aherNadpd}atetd Nfrbe the
starting synthesis mxture. Simlar to EXAMPLE |, part of the freshly

synt hesi zggbrafiticdl TMMEH] a8 MPORIHRS ticibdek JRcksare 8Hator bR isléblfetted Gyt iRUrs in
order to renove the tenplating surfactant from nesSopores; the cal cined
product i f h i . Gy L Al . dat a

eXtrA& J,gﬂléagr. Ghe %Et%,ﬁ smfé% Cdriréﬁdaé $gorﬁ'AtFr_'§{%gﬁel fcﬁaé&‘e‘i’xggﬁtoﬁ

of nitrogen adsorption at cal cine [ prove ave a

BET surface area .of . 129 nd sharp BJH pore dianeter distribution
centered® ecg'&ﬁﬁflals%r ?%%%%&erﬁagonﬁ shows the nitrogen adsorption and

desorption i ~othernms and the BJH pore size distribution of the cal cined
Si-A-MCM41. Both the isotherns and the pore size distribution of the
calcined Si-Al-MCM 41 are simlar to those of the calcined Si-MM41; all
of these isotherns are typical of MCM 41 nesoporous materials. The X-ray
diffraction patterns &thatasterizagerhofiSusipntanssind Egrons Madetiads ned Si - Al - MCM 41
are shown in FIG 7. The freshly synthesized Si-A -MM41 shows a very

ven Di nes. at . SRR Ashale iy S5 BGSLIR B i Fention tah, OOPIHEATE™

cal ci ned Sihgi-kcm44l,shqgs C aracteri§}|? |I@QS at d-spacings around 39.4
2.0 Angst?% PracxiFasting 19a sriactary tempintey frpm, (i porsy@f PsOYE BeterBfs therne
contraction of mesopores due to the thermal renoval of tenplatin

Sur f act arvKiragied aubetatsemplsd a0 thiporos sivRsialavbiah-eneane Uspvgh e SEE ( he
calcined Si MCM 41. The thermal gravinetric analysis spectrum of the
freshly gyodchesiczaaysid A sdvEil diaracdersdatomtechniflds 8. Three steps c~f-wei ght
| osses observed at tenperatures between 40 to 800 C are due to the | osses

of adsorbed er, .Si.-associated tenpl ati ng, surfactant, and Al -assqcj at ed
Cempl at i ng surtast diracaao Pl vopgrd Bt Zhith TERSOrHS, HEIUGE QB r |

freshly synthesized and surfactant-extracted porous materials in order to prove that SFE
process does not damage the pore structure of the porous materials. X-ray diffraction
pattern of this invention is recorded on a Shimadzu.XRD-6000 diffractometer using Cu K,
radiation (A = 1.5418 A) and a scan speed of 2 degrees/min at 40 kV and 30 mA. Powder
samples are supported on an aluminium sample holder for measurement. Due to the

limitation of the machine, scanning degree is started from 1.5 degree.

Nitrogen adsorption at 77 K is used to characterize the surface area and pore size
distribution of porous materials. Based on the nitrogen adsorption data obtained in the
partial pressure range of 0.05 to 0.25, the surface. area of the porous material is calculated

using a method developed by Brunauer, Emmett and Teller (BET) [S. Brunauer, P.H.



.analysis results of the freshly synthesized Si-MCM 41, freshly synthesized
Si - Al - MCM 41 obvi ously needs a higher cal cination tenperaj i e f9 JE e
conpletely the tenplating surfactant from nesopores. It i's al'so Potind t hat
about 50% of the total weight of the freshly synthesized Si-A-MCM41 is
attributed to the surfactant tenplated in the nmesopores, simlar to the
freshly synthesized Si-MCM41. FIG 9 ows the differential thernal

anal ysis spectrum of the freshly synthesized Si-A -MCM41. The intense
exot her mEenrpegland dhSkilieg doatnahbbH Aime3idn ChemichiiSotietyt 1838 ovbuiae 60p3I9].
tenplating surfactants in air. Conpared wth the differential thernmal

anal ysi s BHIEkdsHéBh Niddly Bsddr f3f Bhatadidrivinetie 38Hacdl arddsMfpbrouk neidtials. sy kesi zed
Si-A -MCM 41 particularly shows sonme exot herm c processes at tenperatures

above 50 - whi SR AP bl i i

tenpl ati aggﬁ%ggé}gﬁ{ @ageglégé?gfggteg\ngy hﬁ%}ﬁgé{seog%%{&%f%& ?ﬁrcl’ﬂt Qlttlgbprglghrrpl e,
pure supercritical.fluid. C02 (w.th ng organic. nmodifier. s used xtract
Phe “t omnPatd vty SaPRLI L PP e Bt oS PRk s i e tiontds B
Si-MCM 41 material _Qf EXAVMPLE 1. The extraction was.carried out with about
1.0 gr amS Bl gore fé@ma%yamﬁaw issEbaiso e §12& hstrihutipn @ pefougmaterils wi t h
aliquid @2 flowrate of 1.0 mM/mn, at a tenperature of 85 C, and at a
pressur e calculdBg ipdhe presentcinyertivnopdasad ery theempidipd tdgrelopasdby Bewsiiy oymar nt ai n
C02 in the supercritical fluid state. After 3-hr extraction, the surfactant
ext r act edn®biHal4oh 4BJHAa$E.UP| Badat I[f.r@ndoyher axit P.ale.t Hadendag deehal dihAmerivamt of
tenplating surfactant still left in the mesopores of the surfactant

ext r act edthehriddE¥bdidtyo 198 hivehexanp| B 79R SDeRas nEsothymt igiremtablf 8sedTRkd C
anal ysis. The extraction efficiency was cal cul ated based on the | oss anmount
of surfa : . and: . f

measur ed%@ﬂfta ‘g’?tﬁgﬁg ?zla)\%) SF%%[ ?‘?glbﬁﬁg? gg/% Sllt -swl?lgirtgg?)rt tﬁé‘?ﬁgé ?@ggﬁlﬁf ag%tgﬁ%’s? zed
Si-MCM 41 and the surfactant-extracted Si-MCM41.0of. this example is the
sane, 1 ndy Bak el Ve REBE BN DE AP it B s ot BB AR ARG ¢ o
extract the polar tenplating surfactant, i.e. cetyltrinethylamoni um

hydr oxi d@r closamortiue thermedyprmnigstabiddy.es of the freshly synt hesi zed

Si -MCM 41. Therefore, supercritical fluid CO2 needs to be nodified with
sonme pol ar or i i i . t Y=Y i Gl | .arl

extract the pgﬁgbgtpg%gwg%n?%%ﬁds}lﬁ%gc egn%s? fr ggnlséggg%gr%lste&g# a%‘iﬁg c“rr%%%‘?i al s.
EXAUPLES (ot | Sbo RS hoipidslio GBS S S8 rbdedhh RORUREY Bl " 2

300°C (or at other temperatures) for 1 hour prior to the adsorption measurement.
Adsorption and desorption isotherms are measured in the partial pressure (P/P°) range of
0.05-0.95. Surface area is determined from the' adsorption data in the partial pressure
range of 0.05-0.25 using multi-point BET method. Pore size distribution is determined

from the desorption isotherm using BJH method.

Thermal gravimetric analysis is used to characterize the amount of surfactant that
has been extracted from the freshly synthesized porous materials; this is done by
comparing the loss amount of surfactant from the freshly synthesized porous materials and
those after supercritical fluid extraction. Typically, two steps of weight losses are
observed on freshly synthesized pure siliceous MA41S materials, while three steps of weight

losses are observed on freshly synthesized alumino-siliceous M41S materials. The first-



"nmodifier was used to extract the tenplating surfactant fromfreshly

synt hesi zed Si-MCM 41 material of EXAVMPLE 1. The organi ¢ ypdifi
introduced at a certain flowrate and mxed with the rovmﬂr?gHsr{ur%fFeyagn\?O(}
supercritical fluid C02. In all these exanples, the 3 hour extraction was
carried out with about 1.0 gramof the freshly synthesized Si-MCM 41 at a
pressure of 350 bar, and the extract wes collected in a glass vial. The
extraction effici enc% was cal cul at ed based on the difference of the |oss
amount ofteR etk deps Obtained 7y tempesatyres helawr W06 0is dig ta the dopsiof yrassrifiame thec
anal ysis on the freshly synthesized and the surfactant-extracted sanpl es at
t enper at goes. Dhé weond-skp weightdoss @BtahedMa temipedtarte bptweenl il 50-08000ii§ des to

fl owHZO contentsurfactantsurfactant(C)(m/mn) (% (% renoved (% EXAMPLE

1---5. 853 SEXOVELE A8 Rahane surfaltahfh: AeRiatdPwREMVRlrEce silanol f th
585et hanol 0. 23, 316. 055. o‘%%i“é B hanal 0. 35 314 886° SEXAVBLEDs ot the

775et hanal 0. 24, 930.,264. 8EXAMPLE .865et hanol 0..23. 931,862, MPLE . . .

085 et haMSPRoEEs. gar S0 REIANMEEEH] (B BrAmsg S rucri 380 263 A Gpppich is
1185net hanpol 0.3 'S. 713.787.1 To denonstrate that substantial anmount of the
t enpl at i AhsesvRd aetyamithhalyminassiliceons\MA1pymatadalsris dus o dhe frempualpel dlmt

i nvention, the surfactant-extracted Si-MCM 41 sanpl es of EXAMPLES 4, 8, 9,
and 11 wésrepletiuzg sirfaetansedsdpjatedeithalirfapeadi sites. r Based walthesk sesalts, tHe sécendnt i al
thermal analysis, as shown in FIGS. 10, 11, 12, and 13, respectively. FIGS.

10 - 13 glepardightIbeuhédiares Bt dinduhe opsmfadtantlentpliiédit the ole® 8t pure siliRbod |
gravinetric analysis and the differential thernmal analysis signal becone

much sna I al.l f - ; gf;:we I se
exanpl es II\}pgltsr %‘ﬁ%{lﬁis’sﬁ%ﬂﬁﬁé%hﬁﬁﬁfﬂ%g’?%???%{gﬁﬁ“ﬁ Suti d tﬁrr%%igi%frﬁ%ég{ﬂs? pol ar
organic nmodifie s, succes l. in extragcting. most . of tenmpl.atin

ourt act antrappbf eHERARLIFERAE dp' s 201 AT i uTiesBls MRS SRRl "o
X-ray diffraction_pattern of F;Ehe t\%lp”ta(:t ant -(gxtract ed Si- 41 of EXAMPLE
9 (FIG fiyastion;qifigispey URip@ SRENPCRPE is PHREEECHRS fh%@@?@aﬂeﬁ@ﬁ@w&eﬁ Si
MM 41. (FIG 3). The X-ray diffraction data show that MCM 41 nesopor ous

st r uct ur surfpgiant thasthag berncpxiraciad lemshe mpteadssteo) theytota gaopniorf surfactaptdatiance
with the present invention, it has been found in these exanpl es that 22nd
January ZR6Ry2@nthesizatstiniplen Tofs alaimion isbasedtonahe dadt lteat thed todal almoomt of

met hanol to supercritical fluid C02 greatly enhances the extraction

ef fi ci engilicavdridhaliBiRARO theb&iniide defigihé RbnddirdadiirigBeinid] SiratibRBicchhapas . | n
addition to the enhancenent of the extraction efficiency by organic

modi {1 er gyeq hefll hegimﬁfﬁ%aggaé@&dp%ﬁnﬁk i ués@amtﬁé shBIREY i Etial

pressure, and nodifier te) may al so ~0 enha
extractl qgergiat 'at?ah?ﬁ&ywhi(':: is Bdlef éﬁ”ﬂ% Exothermic or endothermic thermal changes with

temperatures of the desorbing organic or inorganic species from the pores, is especially

useful for identifying the types of surface species attached in the pores.

In the present invention, thermal gravimetric analysis and differential thermal
analysis are performed simultaneously using a Shimadzu DTG-50 Thermal Analyzer. The
flow rate of air to the system is set at 40 ml/min and the temperature of the sample in the
sample holder is ramped at a rate of 20 °C/min from room temperature to 800 °C. Alpha-

alumina is used as a standard reference during differential thermal analysis measurement.

To further illustrate the nature of this invention, the following examples are

presented. It should be understood that the invention is in no way limited to these specific



under a cpnstant flow rate of ethanol (0.2 nmUmin), the extraction

ef ficiency was increased frome62.6 %to about 85 % when 5 &N
tenperature was i ncreased from65 C (shown in EXAMPLE 8) TZ?O Jgéhé&qdr?%vm in
EXAMPLE 5), showi ng that the solvating power of the supercritical fluid C02
nodified with ethanol increases with extraction tenperature. Methanol and
et hanol showed quite different extractigg behavior when their flow rates
wer e changed. Ethanol showed a nonotonous increase of the extraction

effici ene¥amileh its flowrate was increased from0.1 to 0.3 ni/nin, whereas
met hanol showed the reverse trend. In fact, nethanol had the highest
extraction efficiency when its flowrate was set at 0.1 mM/mn (shown in
EXAMPLE 9); the highest extraction efficiency for freshly synthesized
Si-MCM 41 was found to be 92.6 % under the SFE operating conditions of
EXAMPLE 9. EXAMPLE 12 One gram of theEXAdMPIE1synt hesized Si-Al - MCM 41

mat eri al of EXAMPLE 2 was | oaded into the extraction vessel. Supercritical
fluid extraction was performed on this sanple under the foll ow ng operating
condi tions: sampdeo gfmgﬁamitylgﬂcegﬂﬁmthylmnmzhﬁdr@xvdé SC?MAOHQSJM%:{L

met hanol flowrate - 0.2 m/mn, tenperature - 85 C, and pressure - 350

bar. Aft £10.8A0), WHi A GhY ggbé)&eh%ysei&%éiﬁgtm% bﬂ%*f%@@ig}%‘_nﬁﬁﬁ%%é&i S

col l ecte n anuary 2 23 fromthe extraction v terial Tenp.

nodi fier nodifi content sur.fagtant. rfactant. (m,/,n % , (99
renoved P%m%wgw-sgﬁl% i X’."% ahdg()mm&di%%gn%ﬁe ﬂg%{%ﬁi ﬁff’n%%g&?fgckz 3
65.1 The thernmal gravi ric anal ysi s an ifferential thermal analysis
spectra &F coRdensaliignio %-"‘éx({/‘}’éﬁ@ﬁéﬁxﬁ Wl{g-l s gf ft“i‘?leé Sﬁ%%?@s 0% hown
in FIG 15. Conpared with the relative :l oss anount of surfactant of the
freshly spdergosstanistariog suforaca slary ekher dempdiisr bapyistireq far@goutd6 hewrs 2p) |
and based on the | oss anobunt of surfactant fromthe freshly synthesized

Si - Al - MClvbdih térdipépatud, wadsheansfeiedtsd polyppyleac botleSand\wabidndieatdd Atlies°C
exanpl e contains relatively larger anount of unextracted tenplating

surfact ant, hé‘_t#op?s. nﬂ%?fé@ﬁl?ﬁgrsﬁgﬁi&ésoﬁ%‘}é‘ed 69 BeAt é{"i&ei}h%ch%viﬁfgéiﬁﬁffz% c

peak of the differential anal ysis spectra of the fres

synt hesi zed and, surfac -extract Si - 41 (Fl GS. a 2) .. d based
on"t he' exBiHo SPLAGI pREidE, Ty Rsyllohitios sh & sferiine hetoindtl a3,

t he surfactant-extracted Si-A -MCM41 of this exanple simlarly contains
rel at i velffeshlyrsyathesipesiPi-M§IM i e Bartpf e freship syathasigzed Si-MeMahk wan calpiaed
nmesopores (FIG 15). These results show that the tenpl ating surfactant
associ at énlaisat B50RC for 1 @ hours imbsier to thermally remove the templating surfactant from the

mesopores; the calcined solid is referred to hereinafter as calcined Si-MCM-41.

Based on the data of nitrogen adsorption at 77 K, the calcined Si-MCM-41 proved
to have a BET surface area of 1295 m?g and a sharp BJH pore diameter distribution
centered at about 30 Angstroms. FIG. 2 shows the nitrogen adsorption and desorption
isotherms and the BJH pore size distribution of the calcined Si-MCM-41. The type IV
adsorption and desorption isotherms are typical of those mesoporous materials; the
adsorption at low P/P° is due to the monolayer adsorption of N, on the wall of mesopores
and on the external surfaces, and the steep increase at P/P® around 0.3 is due to the Kelvin
condensation of liquid N, in the mesopores.

The X-ray diffraction patterns of the freshly synthesized and calcined Si-MCM-41



. harder to extracted by the SFE process. The results of this exanple are in
good agreenent with those of EXAMPLE 2, wherein higher c 4 i
tenperature was needed to thernmally renove the tenpl ati n?%u%&@%ﬁ?‘”
associated with Al-sites. In agreenent with this observation, the
extraction efficiency on the freshly synthesized Si-A-MCM41 is found to
be about 65.1% which is 22"d January 2003 24 nuch | ower than the
extraction efficiency on the freshly sli/7nt hesi zed Si-MCM 41. This is not

sur pr i i 39 sASwhlIR FETB ety LARRARES ANACIRYE Shbkond 99@5@2541@% o the

f ramewor Si-Al-McM41. Simlar results were also reporte chm dt

et al for |igquid phase extractiagn only silapol -associ ated surfactant
Cenpi at i il Bt A eswiing Hromiuid Fraf APReoris afl § YR IR of pafissacing
Si-Al-~vICM41. This exanple shows that nore powerful supercritical fluid
COZ nodi drowad &4 Bht d0gAngsromsdi Theealciped BeMGMa shonerblaragterisie hineoat)d4 s
needed to conpletely extract the tenplatiilg surfactant from Al sites of

the fresifa¥ingy atduagizzept 3i0- Ahgddoisihd afand?9.6¥ 1dh Anpaedhd NTRAELBAdIGS the
surfactant-extracted S|-AI-I\/C%/L41 (FIG 16) agrees well with those of the

ot ruct ur S BRERMEESUCEI Al i I RN TG B e,
EXAMPLE ' 1Ll LE 9, i ni
the vol oSt M e ChBBRSRD M Eart s e fspe EL R A et

surfactant), was transferred to a glass flask. ' The glass flask containing
t he ext r heimaltisrempoyed frostthgsnesgpesrechani cal punp to renove the vol atile
organic nodifier fromthe extracted surfactant. Evacuation of the extract
for about 30 Fheticemabgadinede abaysis Sptrugr afithe ffredhly esynthesizetl Bi-MiMt41 whi ch
is the tenplating surfactant extracted out fromthe nesopores of the

freshly gysbWashZC. qut e fdsssteg Btd se2bhdl sep Rdight WassesdizeRdd foarthé dekher
study. As the organic nodifier could be trapped by a liquid nitrogen trap

pl aced b : t LSO FO¥REHN t . ofgani c
modi fi er g%\gﬁﬁ‘grll%g&ggésiiglp%&ggﬂ 2ggtd Ié%l%;tﬁg l(%sgécs)slocl ed asgaS§f res 3 %rg%eghp‘?y' ®
nodi fi er nGe,.no gahy, C | vent e | " ar 0 creat ed,
of feri ngist ﬁ)‘gunglltl};—_lgtprog%:regégﬁ’o?fsﬁﬁi {S%Q}l n‘)\ggg ti 8#1ﬁ1aenfr§§1\} rsgﬁtﬁgsﬁ%%jl § ’f'&kelﬁg?ly 18

recovering.nethod. for the tenplating surfactant in M1 S nateri al s.
at%ibute to the templat?ng sur;rglctant 1the mesopores.

FIG. 5 shows the differential thermal analysis spectrum (collected simultaneously
as thermal gravimetric analysis) of the freshly synthesized Si-MCM-41. The two small
endothermic peaks observed at temperatures lower than 200°C are due to the desorption of
water and the decomposition of templated surfactant. The intense exothermic peak at

about 350 °C is due to the combustion of templated surfactants in air.

EXAMPLE 2

A 15.6 gram quantity of water was mixed with 1.96 grams of NaAlO,, 37.6 grams
of TEAOH (tetraethylammonium hydroxide, 20 wt. %), and 38.4 grams of Ludox (Du
Pont, 40% colloidal silica in water). After stirring the mixture at room temperature for 30

minutes, 84 grams of cetyltrimethylammonium hydroxide (CTMAOH) solution (20.8 wt.



EXAMPLE 14 Ten grans of the cetyltrinmethyl ammoni um hydroxi de ( CTMACH)
“solution ( 20.8 in water) prepared as in EXAMPLE 1 was e@m&hggr%r t he
sanme conditions as those sanple in EXAMPLE 13 in order to renove 't he
solvent (water). About 2.0 grans of the resulting solid sanple, which is
pure cetyltrimethyl anmoni um hydr oxi de (CTMACH), was obtai ned and was used
as a reference surfactant in the characterization of the extracted
surfactant. EXAMPLE 15 Characterizati oMby infrared spectroscopy One of the

£ : . ; A S , . . ¢
or gani o (arparterd 8 S EXRMPLEY S ded & delod BEPUE m AR, Bnf GRUEIE i
factant h hem cal t t he f h fact ant, i
Cr ant or et Aeve B <GR0E: £ BERBGS By iadratietef & belipabYiend balfy ot "
chemical structures of the extracted conmpounds. Two solid sanples of this
exanpl e WRackom BriNiuRReWas then hemphlds tigated e I6XE rfae t8 dhove. | dhficahyfethesmal
EXAMPLE 13 and EXAMPLE 14 by m xing and gr.inding themw th KBr in order

t o have &eaaient,efHéBrolwkipgbduct awaso réfovéded 0By deatifuges| Washed s esmpletely- Tith
measur enent was prepared by pressing 0.4 gram of m xed sanple under a

Pressur e ggionfred witddanPBHE %t 8908 ARliANS THeNeh iR dSEESSLHMRLE (WREHOL ded
on a Shimadzu FTIR 81 O 1 M spectroneteér in the range of 40%-4000 cml at a

resol uti Qp, ,of cm.l. Fl 7. Sho t he FTI R. spectr f. both sanples., The
excel | entuad b et ATk iRl B APErels RERREr gt Hemtly SHheS RSt ¢ om
the sanples of EXAMPLE 13 an MPLE 14 confirnms, thejr structural |

consi st e%éM-ﬁhst@ma@ 4] Wllﬁﬁ Boiee or fprhes dp vestigation- Siheratreshly Pathesized)

am nes, which have the antisymetric and symetric G N stretching nodes,
are onl y SRidayiCit#i samples suthghiffersat $iyAlBaplanrafios sees simalarly phiapried using the

Bel l any, " The Infrared spectra of conplex nol ecules”, vol 1, 3rd ed.,

Chapman abévd-nthesisoprdosiurdsObib adjn8iig, tharmhouat of NaAlOh &t et sarting dyhhesis
infrared spectroscopy. EXAMPLE 16 Characterization by gas chronat ograph -

NMBSS SpPeghikRrEOBYmilA 8 FS0AMPTIENEl pdrd btk TRERy I AthedinQl SEA-RAININ ISHniRET ant
mai ntains its chem cal structure under SFE process, gas chromatograph -

Chom ool PR Rk i 0 0 SSEET T 20 g i B ol o R A o e
O ngesaro s T B St alSns- el BRIy ool o
Based on the data of nitrogen adsorption at 77 K, the calcined Si-Al-MCM-41
proved to have a BET surface area of 1292 m*/g and a sharp BJH pore diameter
distribution centered at about 30 Angstroms. FIG. 6 shows the nitrogen adsorption and
desorption isptherms and the BJH pore size distribution of the calcined Si-Al-MCM-41.
Both the isotherms and the pore size distribution of the calcined Si-Al-MCM-41 are similar
to those of the calcined Si-MCM-41; all of these isotherms are typical of MCM-41
mesoporous materials.
The X-ray diffraction patterns of the freshly synthesized and calcined Si-Al-MCM-
41 are shown in FIG 7. The freshly syntl;esized Si-AlI-MCM-41 shows a very strong
relative intensity line at a d-spacing of 42.1 + 2.0 Angstroms and weak lines at d-spacings

around 23.3 + 1.0 and 21.0 + 1.0 Angstroms. The calcined Si-Al-MCM-41 shows

characteristic lines at d-spacings around 39.4 + 2.0 Angstroms and around 21.0 + 1.0



oven tenperature was set at 120 C and the carrier gas (He) flow rate was
set at 1 m/mn. CGenerally, a single injection requires d f. L Laad d
sanpl e. Products were anal yzed either by a flanme ionizat i52022 ?jae@g(r: gg&l( FI D)
or by a mass spectronmeter. The extract solution was obtained directly from
the extract of EXAMPLE 9 (wi thout having nethanol solvent renoved).

Mor eover, the reference solution was alfethanol solution of the solid
sanpl e of, EXAMPLE .14 prepar.ed hy di ssolving 1,0 gram of 22nd January 2003
37 bur e AR BT ERHRIE MRS (5 e s TS Rmlotematel of ETEPAgBE s hov
the GC chromatograns of both the extract and the reference sanple. The

i ntense pWARCtant Vas, s AbsesYed ohEheosalinrd Bi-Al-MGMrdh, similasy tofbe salsined| ¥s was
anal yzed by nass spectroscopy and was found to be due to sol vent

( met hanoMCMBéki de nmet hanol peak, another peak at a retention time of about
20 m nutes wa~,.s observed on both spectra, which m ght indicate the
presence of t Mtheshéfnat gravaaéttiotanalysibgpatuang e freblily fsqgthesizddBi-ARMEININS

that the mass spectra derived fromthese two peaks (at a retention tine of
about 20 4M;i9Wh&H irf PIG D! Th&@@&b@%-%ﬁght ARMsi sb&drved Qﬁeﬁﬁ)&‘ d befwkdh e CC
retention tinme and the mass spectra for these two peaks ofat e two sanpl es
suggests., s Rgl y tha h ar f the sane.surfactant. Based on the FTIR
Fosuits & SR auEh e esdl & Rsaryt wRfE iAo e el ocbant Pite
that the surfactant extracted fromthe nesopores of Si-MM 41 of EXAVPLE 1
mai nt ai nélrassocitedsfamplating sustactant respeciveli: eCompaad yvithehe thermakerguimettior ough
a cycle of synt.hesis as a tenplate and extraction by SFE. Al of the

resul ts @halybie resully of thedrashlysyqthizsingd $iMCM-4#6) freshbasyinghesizod\Si-AdMENE4 BFE
process of this invention offers a non=destructive extraction nethod to
extract tobeicuslyphezts nghighed edléiaationvdnipetdtdreaberinoat coinpletélyrtfe ittthplating r om
the nmesopores of MCM41 materials. Hence, SFE offers a fast and

envi r onmepradiade fr&Mdh¥sdpbidsact ii9A1sFelbRd tha AbEGOY®): &me g@ﬁy WStk B the

expensive tenplating surfactant in the synthesis of nMesopor ous

mat eri al i FE. net th resent invention, .fhe _production
cost of %I\ﬁffh{% %g?té?sﬁzaeﬁs E(l)' rfmbh?ﬁg/[r'ﬂr e’% a?tgﬁ: ug%d‘raé(ﬁjsthﬁa%éiaf:%fﬁs opleldn &y tb%
substantially reduced, and.the commercial | jcation of MA1 S materials
.or ot her‘“‘?f@é?rﬁﬁrsﬁﬂgarrfﬁtaﬂéﬁr%ﬁ e/ ealzﬁig‘r@w'z d. 22"d January 2003 28
CLAI M5

FIG. 9 shows the differential thermal analysis spectrum of the freshly synthesized
Si-Al-MCM-41. The intense exothermic peak observed at about 350 °C is due to the
combustion of templating surfactants in air. Compared with the differential thermal
analysis spectrum of the freshly synthesized Si-MCM-41, freshly synthesized Si-Al-MCM-
41 particglarly shows some exothermic processes at temperatures above 500 °C, which are

attributed to the difficulty in removing these templating surfactants associated with Al

sites.

EXAMPLE 3

In this example, pure supercritical fluid CO, (with no organic modifier) was used to
extract the templating surfactant from the mesopores of the freshly synthesized Si-MCM-

41 material of EXAMPLE 1. The extraction was carried out with about 1.0 gram of the



1. A nethod of supercritical fluid extraction for renoving at |east part of
the total tenplating agent froma porous synthetic materighd L i d
tenpl ati ng agent sorbed within pores of said synthetic naz?er#gpbggzncgﬁ si ng:
a. providing a streamof supercritical fluid at a predeterm ned tenperature
and a predeterm ned pressure; b. contacting said porous synthetic materi al
with said supercritical fluid with or y4thout a nodifier or cosolvent for a
predeterm ned period of tine in a manner such that at |east part of the

t enpl at i frigstdyesynthesizgdt SicMEM 1 owitthe paviduSOsyfevierate ofat.8r mminant « .
separating said extracted tenplating agent with or without said nodifier or
cosol ventenipegdtufead B 5P, @ud aby pteigire of BS0 Birl Ahe cRoschiperitind eémpératitarand 1,
wherein said tenplating agent is a surfactant. 3. The nmethod of claim?2

wher ei n gfésglﬁé W AsEAR0, | @@%@r&ﬁ]&r hiRLme, AR WSl chion 4he TG diihod of

any one e preceding clai ere the porous synthetic matertal is Mil

S material,. 5..4d. thaod of .claim4 . wherei.n said M1 S material is pure
5 Vo S S e gt Bpr R OR R8N Sa o s materi al Fi s
Si - Al - MCVA1 erial. 7. The1 met hod of  an oige gf@ t he recoﬁgbng %I ai ns,
wherein the sUp&ra@qunt of ttemplating sudactant stifl kfh g e mesopqss abdhe serfagtantny one
of the precedi ng_ clains, wherein said nodifier or cosolvent is a polar

or gani ¢ s¥iracsed Si-MCMd fthisgrgmploomsageagured by thasmpberavimedtia pralpsis. whleg ei n
sai d pol ar organic solvent is nethanol or ethanol. 10. The nethod of any
one of t bgtrgvteaediidcignd! wismiculdiel Rised smild losmamuat of Sirfastabicictwesn 159 whd
125C, preferably 85C. 11. The nethod of any one of the preceding clains,
wher ei n i oS [ e r f . ren,. 12.
The. met ot 3POSES Hicdlohf BRI bul Bt ettt WL AR e Sehy B8 o

contact fti bet ween sai d. sype itical, flui sai d nodifier or cosqlvent
Sna. oai d Dol e i maticeizd SEMGM-H S B rsce g S MGM-4E 6t At hod
of any one of the preceding clainms, wherein the liquid flowrate of said
super cr i ekaableris thedsdnee, inditatimgrihatppre wunereriticAbluid fCQNYyadaet pelan enouph deedi ng
clainms, wherein the flowrate of said nodifier or cosolvent is fromO.1 to
0. 3 nml / mertracdt5.thdheolxet hadplafingnyurfaceangf itehe cepybdmdihglpnoheninm, hydes:dde sai d
nodi fier or cosolvent is present from5 to 30% vol unel volunme, or nodifier

or cosol YeTMAOHIUBRhT thd hfe8dpdrésibfl thel Greshiesyitdiasl Si-MTYI-PNe THerdfbe,
precedi ng clains, wherein said nodifier or cosolvent is separated from

extract ed, é;rBB?ﬂA@atln;ﬂtﬁ Og@t‘igntree@to%\é?rﬁb'ﬁhk@Withtsfoﬂf&%‘?a:id?%%ifﬂloﬁiﬁér%)orc&"ﬂ‘i‘o

recycl ed. _ _ renoving a tenplating age roma porous _
:)}im Egi : %c@%/eglrs{l 1cieglg\lébﬁ?ﬁgs olggxt%a%g?t{ea[txl)lQIgte%ﬂ)?anngss%t%gtgnt\é“tlror}r'l rr]néjsgf)grses %i“ sai d

M41S materials.

EXAMPLES 4-11

In EXAMPLES 4 - 11, supercritical fliid CO, modified with a polar organic
modifier was used to extract the templating surfactant from freshly synthesized Si-MCM-
41 material of EXAMPLE 1. The organic modifier was introduced at a certain flow rate
and mixed with the flowing stream of supercritical fluid CO,. In all these examples, the 3-
hour extraction was carried out with about 1.0 grarﬁ of the freshly synthesized Si-MCM-41
at a pressure of 350 bar, and the extract was collected in a glass vial. The extraction

efficiency was calculated based on the difference of the loss amount of surfactant during



-a. contacting said porous synthetic material with a supercritical fluid at
a predeterm ned tenperature and pressure; and 22nd Jan 5&%@ 28
hol di ng said porous synthetic material and said supercrltlca W 8With or
wi thout a nodifier or cosolvent in contact for a period of tine sufficient
to desorb at |east a portion of said tenplating agent fromthe said
synthetic material; and c. separating $e desorbed tenplating agent with or
Wi t hout said modifier or cosolvent from said porous synthetic material. 18.
The net htherohl @ravimettie, apdpsieion she dresldppsyatliesigedgodt thes surfastant-extraoed
19. The nethod of claim 18, wherein said surfactant is an
al kyl t ri g@hpleh anepperanarsabdtweaD] S0M@Eani4docd. of any one of clainms 17 to 19,
wherein said synthetic porous nmaterial is MA1l S nmaterial. 21. The nethod of
claim 20, wherein said M1 S matenal is pure Si-AI-N(m441 naterial. 22. The

net hod—e%—gflgﬁsrm%e—mher—egﬁw
The methol\éo Te'pof cf)lmsi ni

any S a
is caerfe—gM 3 S ’ %
said no cosolvent i's a polar or ganl C §o| vent The rret hod of

cl ai m 2EXANMBIBS n s#5d poleiendr gani O-5ol vent #¢ net han¥f-S or et hdA81 . 26.
The net EXAMPLESlY orgs of ethandis 17 tm2 25, whensi n sai didg.@nperat 856 i s
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and differential thermal analysis, as shown in FIGS. 10, 11, 12, and 13, respectively.
FIGS. 10 — 13 clearly show that both the amount of surfactant lost in thermal gravimetric
analysis and the differential thermal analysis signal become much smaller for all the
surfactant-extracted Si-MCM-41 samples of these examples, strongly showing that
supercritical fluid CO, modified with polar organic modifier was successful in extracting
most of the templating surfactant from the mesopores of the freshly synthesized Si-MCM-
41.
The X-ray diffraction pattern of the surfactant-extracted Si-MCM-41 of
EXAMPLE 9 (FIG. 14) is in good agreement with those of the freshly synthesized Si-
MCM-41 (FIG. 3). The X-ray diffraction data show that MCM-41 mesoporous structures

were not damaged under SFE processing condition.

In accordance with the present invention, it has been found in these examples that
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The thermal gravimetric analysis and differential thermal analysis spectra of the
surfactant-extracted Si-Al-MCM-41 of this example are shown in FIG. 15. Compared
with the relative loss amount of surfactant of the freshly synthesized and surfactant-
extracted Si-MCM-41 (FIGS. 4 and 12), and baseci on the loss amount of surfactant from
the freshly synthesized Si-Al-MCM-41 (FIG. 8), the surfactant-extracted Si-Al-MCM-41
of this example contains relatively larger amount of unextracted templating surfactant in
the mesopores. Additionally, compared with the exothermic peak of the differential
thermal analysis spectra of the freshly synthesized and surfactant-extracted Si-MCM-41
(FIGS. 4 and 12), and based on the exothermic peak of the freshly synthesized Si-Al-
MCM-41 (FIG. 8), the surfactant-extracted Si;Al-MCM-41 of this example similarly
contains relatively larger amount of unextracted templating surfactant in the mesopores
(FIG. 15). These results show that the templating surfactant associated with Al sites is also
harder to extracted by the SFE process.

The results of this example are in good agreement with those of EXAMPLE 2,
wherein higher calcination temperature was needed to thermally remove the templating
surfactant associated with Al-sites. In agreement with this observation, the extraction

efficiency on the freshly synthesized Si-Al-MCM-41 is found to be about 65.1%, which is
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o )}rom the freshly synthesized Si-AI-MCM-41. This example shows that more powerful

supercritical fluid CO, modified with organic modifiers (other than ethanol or methanol) is
needed to completely extract the templating surfactant from Al sites of the freshly
synthesized Si-Al-MCM-41.

The X-ray diffraction pattern of the surfactant-extracted Si-Al-MCM-41 (FIG. 16)
agrees well with those of the freshly synthesized Si-Al-MCM-41 (FIG. 7). Obviously,

there is no structural destruction of the Si-Al-MCM-41 material during SFE process.

EXAMPLE 13

Nine milliliters of the extract of EXAMPLE 9, containing both the volatile organic
modifier (methanol) and the analyte (extracted surfactant), was transferred to a glass flask.
The glass flask containing the extract was evacuated using a mechanical pump to remove
the volatile organic modifier from the extracted surfactant. Evacuation of the extract for
about 30 minutes produced about 0.24 gram of dried solid product, which is the templating
surfactant extracted out from the mesopores of the freshly synthesized materials. The solid

sample was stored for further study.

As the organic modifier could be trapped by a liquid nitrogen trap placed between
the pump and the flask, this example shows that the organic modifier could be easily

collected and recycled as a fresh organic modifier. Hence no organic solvent waste is
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Ten grams of the cetyltrimethylammonium hydroxide (CTMAOH) solution ( 20.8
% in water) prepared as in EXAMPLE 1 was evacuated under the same conditions as those
sample in EXAMPLE 13 in order to remove the solvent (water). About 2.0 grams of the
resulting solid sample, which is pure cetyltrimethylammonium hydroxide (CTMAOH),
was obtained and was used as a reference surfactant in the characterization of the extracted

surfactant.

EXAMPLE 15

Characterization by infrared spectroscopy

One of the most important aim of this invention is to recover and to recycle the
organic templating agents. To further illustrate that the extracted surfactant has the same
chemical structure as the fresh surfactant, Fourier transform infrared spectroscopy (FTIR)
was used to characterize the chemical structures of the extracted compounds.

Two solid samples of this example were obtained from samples of the extracted
solid samples of EXAMPLE 13 and EXAMPLE 1'4 by mixing and grinding them with KBr
in order to have a sample/KBr weight ratio of 1/100. Each pellet used for FTIR

measurement was prepared by pressing 0.4 gram of mixed sample under a pressure of 4
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bands for tertiary amines, which have the antisymmetric and symmetric C-N stretching
modes, are only Raman active as suggested by Bellamy (see, for example, L. J. Bellamy,
The Infrared spectra of complex molecules”, vol 1, 3rd ed., Chapman and Hall, London,

1975, 288), and were not characterized by infrared spectroscopy.

EXAMPLE 16

Characterization by gas chromatograph - mass spectroscopy

To even further illustrate that the extracted surfactant maintains its chemical'
structure under SFE process, gas chromatograph - mass spectroscopy (GC-MS) technique
was also used to characterize the chemical structures of the extracted surfactant.
Experiments were performed on an HP 6890 GC-MS system equipped with a standard HP-
SMS capillary column (5% phenyl methyl siloxane, 30.0m x 250pm x 0.25um). The GC
oven temperature was set at 120 °C and the carrier gas (He) flow rate was set at 1 ml/min.
Generally, a single injection requires 5 pl of liquid sample. Products were analyzed either

by a flame ionization detector (FID) or by a mass spectrometer.

The extract solution was obtained directly from the extract of EXAMPLE 9
(without having methanol solvent removed). Moreover, the reference solution was a

methanol solution of the solid sample of EXAMPLE 14 prepared by dissolving 1.0 gram of
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Based on the FTIR results of EXAMPLE 15 and GC-MS results of this example, it is
concluded that the surfactant extracted from the mesopores of Si-MCM-41 of EXAMPLE
1 maintains its original surfactant structure, even after it has gone through a cycle of
synthesis as a template and extraction by SFE.

All of the results of the above examples (EXAMPLES 1- 16) clearly show that the

SFE process of this invention offers a non-destructive extraction method to extract the
templating surfactant with its chemical structure intact from the mesopores of MCM-41
materials. Hence, SFE offers a fast and environmental-friendly extraction method to
recover and recycle the expensive templating surfactant in the synthesis of M41S
mesoporous materials. Using the SFE method of the present invention, the production cost
of M41S materials or other related porous materials could now be substantially reduced,

and the commercial application of M41S materials or other new porous materials could be

realized.
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a.  providing a stream of supercritical fluid at a predetermined temperature and a

predetermined pressure;

b.  contacting said porous synthetic material with said supercritical fluid with or
without a modifier or cosolvent for a predetermined period of time in a manner
such that at least part of the templating agent is detached from the porous

synthetic material; and

c.  separating said extracted templating agent with or without said modifier or

cosolvent from said porous synthetic material.
2.  The method of claim 1, wherein said templating agent is a surfactant.
3. The method of claim 2 wherein said surfactant is an alkyltrimethylammonium salt.

4.  The method of any one of the preceding claims, where the porous synthetic material
is M41S material.

5.  The method of claim 4, wherein said M41S material is pure Si-MCM41 material.
6. The method of claim 4, where said M41S material is Si-Al-MCM41 material.

7.  The method of any one of the preceding claims, wherein the supercritical fluid is

carbon dioxide.

8.  The method of any one of the preceding claims, wherein said modifier or cosolvent

is a polar organic solvent.
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9.  The method of claim 8, wherein said polar organic solvent is methanol or ethanol.

10. The method of any one of the preceding clafms, wherein said temperature is between
45 and 125°C, preferably 85°C.

11. The method of any one of the\preceding claims, wherein said pressure is between
150 and 350 bar, preferably 350 bar.

12. The method of any one of the preceding claims, wherein said period of contact time
between said supercritical fluid, said modifier or cosolvent and said porous synthetic

material is from 0.5 to 6 hours.

13. The method of any one of the preceding claims, wherein the liquid flow rate of said

supercritical fluid is 1 ml/min.

14. The method of any one of the preceding claims, wherein the flow rate of said

modifier or cosolvent is from 0.1 to 0.3 ml/min.

15.  The method of any one of the preceding claims, wherein said modifier or cosolvent

is present from 5 to 30%, volume/volume, or modifier or cosolvent to superctitical
fluid. '

16. The method of any one of the preceding claims, wherein said modifier or cosolvent

is separated from extracted templating agent by evacuation, trapped in a cold trap,

and recycled.

17. A method for removing a templating agent from a porous synthetic material having

said templating agent sorbed within pores of said synthetic material comprising:

a.  contacting said porous synthetic material with a supercritical fluid at a

predetermined temperature and pressure; and



» $109B& () -F $109B& () - eFOCF $109BF $109B& ()-F $109B& ()-F $109B& ()-F
$109B& () - &F $109B& ()-F $109B& ()-r S40CF $109B& ()-F $1Q a(-n?;a 2003
$109B&' ()-F $109B& ()-F $109B& ()-5W : 3$r S40CF $109B& () “0O)-F
$109B&' ()-5W: 3$F $109B&' ()-F $109B&' () - YBMOCF $109B& () - 5W. 3$F
$109B&' ()-F $109B& ()-F $109B& ()-F $109B& () - 4 159=BeFOCF $109BF
$109B&' ()-F $109B& ()-F $109B& ()-F $1PUB& ()-F $109B& () -F
$109B&' () - BONQZ”br SA0CF $109B&' ()-F $T09B& ()-F $109B& ()-F

b.  holding said porous synthetic material and said supercritical fluid with or

without a modifier or cosolvent in contact for a period of time sufficient to
desorb at least a portion of said templating agent from the said synthetic

material; and

c.  separating the desorbed templating agent with or without said modifier or

cosolvent from said poroug'"synthetic material.
18. The method of claim 17, wherein said templating agent is a surfactant.
19. The method of claim 18, wherein said surfactant is an alkyltrimethylammonium salt.

20. The method of any one of claims 17 to 19, wherein said synthetic porous material is

M41S material.

21. The method of claim 20, wherein said M41S matenal is pure Si-Al-MCM-41

material.
22. The method of claim 20, wherein said M41S material is Si-MCM-41 material.

23. The method of any one of claims 17 to 22, wherein said supercritical fluid is carbon

dioxide.

24. The method of any one of claims 17 to 23, wherein said modifier or cosolvent is a

polar organic solvent.
25. The method of claim 24, wherein said polar organic solvent is methanol or ethanol.

26. The method of any one of claims 17 to 25, wherein said temperature is between 45
and 125°C, preferably 85°C.

27. The method of any one of claims 17 to 26, wherein said pressure is between 150 and
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36. Purified M418S material according to claim 34, comprising Si-AI-MCM-41 material.

37. Purified M41S material according to claim 34, comprising Si-MCM-41 material.
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