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SUPERCRI TI CAL FLUIDEXTRACi’J!l mwﬁl | NVENTI he®pResent T'nventi on B
relates to'an inproved nethod for_the synthesis of Pgaous inofganic

materiafs wi dély used as catal yEtS, adsorbents, ion-éXchi§er¥” and
separati on dia. Particularly, this invention relates to the application

of supercriticalsfluid ext tion as a fast, environnmentall af e nd
non: dost MRS PYERE Ol OREANE s ils eRimur QRS BT BRUL TSN t he
pores of such freshly synthesized porous materials. Mrg particularly,

this invention proves s8UPERERIGCALFSLIID BXTRACTHINA i ng t he expensive

surfactant tenplates fromfreshly synthesized Mi1l S viesoporous material s.
BACKGROUND OF THE | NVENTI ON The synthetic porous inorganic materials that
are related to the present invention are characterized by substantially

open mcrostructures. These po i I lids, such as zeolites, are
wi dely used as catal ysts, adso&@gﬁPéﬂpﬁgﬁQQigﬁgngers, and separation . nmedia
for industrial applications. The starting synthesis m xtures of these
porous materials contain a substantial anmpbunt of certain organic conpounds
as tenplating agents for pore structures. Pores are available only after

t he tenpl at es Thapeesoetemvensionvistitdsrtorant ineproyessimethod Sontheesyinthesis sd myiress.

However, these organic tenplates are expensive and represent a
inorganic materials widely used as catalysts, adsorbents, ion-exchangers, and separation

media. Particularly, this invention relates to the application of supercritical fluid extraction
as a fast, environmentally safe, and non-destructive method to recover organic templates
efficiently from the pores of such freshly synthesized porous materials. More particularly,
this invention proves suitable for recovering and recycling the expensive surfactant

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

The 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, adsc;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

- IR

- AGOO00D*



major fraction of the overall production cost of such porous materials. As
nost of these . porous materials are used in |large quantities in industries,
it is therefore of great 11111111 (111 VIIL VL VI VELLE LEEE BT *rg
nnnm* - 3 2 economcal value to find a fast, environnentally safe, and
non-destructive nethod to recover and recycle these organic tenplates from
the freshly synthesized porous materigls in order to substantially reduce
t he production cost of these porous materjals and to make these

newl y- desenrgpidl peluede gt arfaah snysrunstally safe.ornd Samdpushve rethed &

Prior to the advent of the present invention, the nost common nethod to

ef f ect i wetgrer prdrinescleHesse osgagimtempladgsi fovm dhe Eapilnswshgsizsthporaispettedalsps ¢ he
synthetic material is by subjecting the freshly synthesized porous

mat er i alintoaddritghubsampialiatreduee e @bduaionicnsteof themtpoodusadatenalgend comiake ni ng

at nosphere to slowy burn off the organic tenplates fromthe pores. In the

art of tesesiMiNgsvetorell poRh 8 Ghlteal SinBieevighle P cBHEndrBibESroddsSes. t hi s step of
high tenperature treatnent is conmonly referred to as cal cination.

However, high tenperature calcination basically destroys or oxjidizes the
or gani ¢ t enpl BEasdo ths adyont ofply, prageat wypriions Hgimest corgmion ngthediig edlsctively

Al ternatively, aqueous ion-exchange techni ques could be used to renove the
or gani ¢ reafoverthese targpliatcasoric tamplates ponethe pores of unaswithetic meterial & py oven
ineffective for renoving the organic tenplates fromlayered and ot her.

por ous n&ibRictiag She ALK, sydtiSsizEBtpordus 13teB8a19td @phhespehabreain higuirdinphase
extraction nethod, which enploys polar organic solvents and certain

cati oni c.HABAES oxyRH cdnBfifPRINoSshetOtoXSWIR Wur HEHR: QL0 knplateSRbAL@S .
However, due to t'he nature of liquid phase properties, the practical uses

g];]of, Pi:z n?okésg] uflﬂl(})l? ggiog rtrg%( %}{n%e%isod} ﬂglg&ﬁarts(?exgeoryoﬁﬁ}sl Matk}im,ttﬁg s‘iiébeoiilﬂgfxt S
temperature treatment is commonly referred to as calcination. However, high temperature
calcination basically destroys or oxidizes the organic templates to CO,, H,O, and some
smaller toxic molecules. Alternatively, aqueous ion-exchange techniques could be used to
remove the organic cationic templates from the pores; unfortunately, they are proven
ineffective for removing the organic templafes from layered and other porous materials.
Also, U.S. Pat. 5,143,879 teaches that a liquid phase extraction method, which employs
polar organic solvents and certain cationic donors, could be applied to extract these organic
templates. However, due to the nature of liquid phase properties, the practical uses of this
liquid phase extraction prove to be greatly limited due to its shortcomings. For example,
U.S. Pat. 5,143,879 discloses that the liquid phase extraction requires hours or even days of

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,”



U S. Pat. 5,143,879 discloses that the |iquid phase extraction requires
hours or even days of operation, |arge volune of solvent consunption, and
addi tional steps or procedures to condense the extracts or to separate the
tenpl ates fromthe solvents and cationic donors. Supercritical fluid
extraction (SFE) is able to overcone the above shortcom ngs and has been
recogni zed as an inportant alternative3to extractions using |iquid solvents
[see, for exanple, S. B. Haw horne, "Analytical-scale supercritical fluid
extract i Onatytical Glieanstry. 621 (1098 3341y ?Uwcrcti@g%jil%éswqmrggﬁs‘f &% thAISF | ui d
is a conpressed gas above its «critical tenperature and pressure.

Super cri ¢fitéeal tgrpgrefyreestisi pressusd. ghirereriticel Huidy exbibytsigmeant splverioitigagihng
power when they are conpressed 'to liquid-like densities as nol ecul ar

i nt er act bonslvatieg iposveeasksh ltheys her tenpetbst atc diguiddikee densiixdse asi negecuByr
operating in the critical. region, the pressure and tenperature can be
used tO [REHLEINS e MidréddedBl Ghoitér distaicesQeiEddl SolddelesolBiebperpivein de a
supercritical fluid. In addition to its unique solubility characteristics,

a super CLiifidGdeibd, Yhd pRASSE SRE R nfRIdGE RaR bEGkePRY R hEaeRIbiEAWhRhIR I €S
that add to its attractiveness. For exanple, even though it possesses a

that © ad . | ven though It ‘possess:
exci bi 1 s T oy Hoaef U8 A Aprl PRATRAR, P WA 10 25 JRERELERIOIY, e,

for exanpl e, Schneider et..al,." traction Wt ses",
"Rty el

_ széif)er criet i.géal Ecl Ui
p. 165, FIReE R WPILHET TUHGPPSESSS CRBIHPPFEPFIPEIGHCE RREVS I cal
fluid is higher than that of a liquid by a factor of several hundreds.
Thi s neafdd thigs atraeizvenessa fior xamplegevenbough; it pesesses ailiguidslikedsnsity oKgin a
liquid by the same factor. The viscosity of a supercritical fluid is about
100 ti meswicbwef thehaanga ff dndustrialVintaresi, nit | ghibdengastjket rangpart ofopartiesi efui d,
the I ower viscosity helps to develop turbulent flow in tubings of systens
usi ng sdffarsbuiiyt dndatisdokity fkee, for exenmple NSchinaidienetralf 1 owradiiop evithi Supeodritical
separated conponents. Mre inportantly, the very |ow surface tension of
super cri Fhgalgabdstl §151 63! Versy ErGhiee1 wuenetd sict, @k diffusivity of a supercritical fluid
is higher than that of a liquid by a factor of several hundreds. This means that mass
transfer in a supercritical fluid is faster than a liquid by the same factor. The viscosity of 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



into microporous and nesoporous materials to occur. Al of the above
factors favor the overall mass transfer in extraction using supercritical
fluids to be faster than in the systens using liquid solvents. This is the
reason why supercritical fluid extraction systens offer higher throughput
than liquid solvent extraction systens. As a result, SFE has several

advant ages over the conventional |iquig phase extraction. Firstly, SFE is
fast (its operation usually requires 1 to 3 hours) because of _faster nass
t r ansf er viseasitigst ofr supercgisicelaflaidy than hogeef lipndiselvantss uSsopndvesheaselvewer 4
viscosities of supercritical fluids than those of liquid solvents.

Second| ystrangth fod supetcritsal @widtchn efsily mupatotled becalisd thaisdlubdity dapéndy obe
controll ed because the solubility depends on the pressure and tenperature,
wher eas thHegsessode dnbleerhpdetatuek, phasas ehdse af thediyuidphade learalitipn weulddinadiged.
Thirdly, many commonly used supercritical fluids are gaseous under anbient
condi ti ofgangadd Thivalys Phdsl SoBRAIR tuse saeeerRRAL A0IdE &d QRseBh GBSt asmiibiter SFE
are greatly sinplified. Fourthly, SFE using supercritical CO2 is an
envi ron : | l.J, o i 6S]

associ a?gﬁd\?\é(%rﬁ’ %‘Z‘f ?fegg?%%?p??tl%gg@r?gl{igegg%\tz(%ak)g%%%?%gﬁelg?rrogidtng%? eaItllyqui d
wast e sol.vent.s nd_t.he osure of .o ors.to.toxic l.ven n. he
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have been_ applied . in nunerous industrial applicati.ons [extensive review of
SFE pat ePHBINES @BifestyCINISSIANS afforiFi ) Slcinatiogy akgﬂ?i not gERFIAIE rIptECCal
Fluid Extraction: Principles and Practice", 2nd Edition,

But t er woRmpuHedfnlivach wastegghientsiand dieagiposire oSEpepiess ég doxiasolysrts casdy f or
separations of mxtures of substances [U S. Pat. 3,969,196], extraction of
caf f ei neafaided. cof fee beans [U. S. Pat. No. 4,247,570], extraction of fat
fromstarch-contai ning vegetable matter [U S. Pat. No. 3,939, 281],

extraction of Bgée(c:loc;[nl trlllgsef sruggr]iotropt%cafge%ges[, léjl'lpse'rcrll::laégl ﬂll}{%' extraction have been applied

in numerous industrial applications [extensive review of SFE patents was done by M. A.
McHugh and V. J. Krukonis, “Supercritical Fluid Extraction: Principles and Practice”, 2nd
Edition, Butterworth-Heinemann, 1994]. For examples, SFE process has been used for
separations of mixtures of substances [U.S. Pat. 3,969,196], extraction of caffeine from
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 strengtﬁ [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



4,1532063], densification of ceramic materials [U S. Pat. No. 4,552, 786],
formation of transparent aerogel insulating arrays [U S. Pat. No.

4,610, 863], inpregnation of polyner into wood to inprove hardness and
strength [U. S. Pat. No. 4,992,308], chem cal vapor deposition for naking
thin filmsuperconductors [U. S. Pat. 4,970,093], etc. The current invention
enpl oys supercritical fluid CO2 as thesextraction solvent. Supercritical
fluid C2 is the nost commonly used supercritical fluid because it is

i nexpenstwolas gidospderatshn Prlaintaenies, iaid lasasuiahiatpy aope 1polsr cqontougss.
tenperature (31.3C), and pressure (72:9 atm. Although pure supercritical
C2 is aOwsod wwtifes (dsp palliidurasolyentl areosially saaddedh antardbie dlaveng sisednarof
species, it is less suitable for nore polar conpounds. O ganic nodifiers
(al so casdpettricieslolv@nCD, aiheordsiual lippaddeits ipolactyt hed fexouttiop stangemvdfen
supercritical fluid CO2 in order to inprove its polarity and extraction

st rengt heWhRhng pXlbrf Sthpdu@dpol ar conpounds: Particularly, the present

i nvention enpl oying supercritical fluid CO2 is uniquely beneficial in
extracting the tenplated surfactants froma particul ar _enbodi nent_ of

synt heti ¢ por Bugicwtarer thal psesephinyaniiey employing wwewsatiag nffuif COrisepnighely o
hereinafter as M41 S materials. Mi1l S materials, a series of nesoporous
mol ecul abergtieiat imaéxracihs thecemplajed dindatangs dbrpya Npbiidulacemhodigtest [df. S.
Pat. 5, 057,296], have very uniform nesopores (with pore dianeters

adj ust abkytidtiePoichstriatditds, A patid)larcsnebddaent Vereyerhidgb heteifafiecaaivEas (>
1,000 n2/g). These nesoporous naterials have gai ned worl d-wi de attention as

pot enti afy,f@faal %c&h% Aadriads aroRas 8¢ n%ggl%&@&é sho®fcul¥t LicSe RARF 41| ecdn@gUi T es

a |large anmount o surfactants as tenplating agents for the creation of the
TeSopOr o3 e B L AR P BT oA gl Ay ShekBecuanll
tenpl at egorseu igrg&g%%%jusé%let ftr]gmslgrt]; 6}((\)6 nr}gsérgms nd H2ee %!er\g/ 1iglbes'\trlrrif§c%la’rezfsqg
1,000 m%/g). These mesoporous materials have gained world-wide attention as potential
catalysts and adsorbents. Synthesis of M41S materials requires a large amount of
surfactants as templating agents for the creation of the mesopores; in fact, more than 50%
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



present invention provides a fast, non-destructive, and environnentally
safe extraction process to recover and recycle the expensive surfactant
fromthe nmesopores of MA1 S materials, hence reducing substantially the
production cost of M4l S materials. SUMVARY OF THE | NVENTI ON The present
invention provides a nethod to renove and recover a tenplating surfactant
agent froma freshly synthesized synthgtic porous material having said 6
tenpl ati ng agent sorbed within pores of said synthetic porous materi al
conpri si B PlABgSgeysorhsd withy Pershehiaid sgthesie gofous grtsrial OMARURS g SIPAt het i ¢
porous material with a flow of supercritical fluid wth or w thout
containiefg a certain anount of organic nodifier, wherein the flow ates of
said supercritical fluid and organic nodifier are controlled by high

pressure |iquj u as._. in El h ratl . re and
pressure ar e{agcgﬁfl{r;gﬁrll ed 1? g{r) q\%@gpsyg E}egT Z%%S r;&g(rat}ct ?%@P%& E‘%rgig ﬁlm%ﬁﬁ;&g
nodifier in the sypercritical state. §$3 hol di ng sai d synt het.i ¢ por.ous
mat er i al SUPSEFICR] Sid Sfiths ap ayithopt icenpinge,aqgc Boyahiot Sredie i BPUSE said
el evated tenperatures and pressures for a period of time sufficient enough
to extrawhemgin theallewmtes gritsashsweraical flaidpang: prggniggeedifiey s coafrglled dxhl y
synt hesi zed synthetic porous material. (c) separating said extracted
t enpl at i highpgesstre diqdids@ingbsasghowe inBHGS 1 end the operetingl tenaperativetand ppessergs
material at atnospheric pressure and a predeterm ned tenperature and -
col | ecti s@ cbhgolkali td ke fac tip@rdrigiapll fatid agd agenit neodifiqdn thesugamtitcaindid. i er
using a collector. Suitable supercritical fluid used as extracting sol vent
in the present-invention may be any supercritical fluids w.th erate
critical tenp@Padtaldiag $ad HrEesiGrROTOYsy @P@f!&bﬁgld wérOéﬁUP?r&atw%hfﬂBg ae%z
because it is cheap, non-toxic, easy to handle and has low critical

organic modifiers at said elevated temperatures and pressures for a period of time

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

synthesized synthetic porous material.

(¢) separating said extracted templating agent and said organic modifier from said
synthetic porous material at atmospheric pressure and a predetermined tempeérature 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,



tenperature and pressure. Qperating tenperature is preferably from45 Cto
about 125 C, nore preferably at about 85 C. Operating pressure is
preferably from 150 bar to 400 bar, nore preferably at about 350 bar. The
organic nodifier may conprise of any polar organic solvents, preferably
met hanol or ethanol. This invention is particularly beneficial in
extracting tenplating surfactant agents fromthe pores of a type of
nmesoporous materials, referred hereinafter as M1 S materials, 7 .

part i culpartioplakeNeM b mesterigls . Mitwiadd 1 onegpfethey mepthersiaf s extegsive fnailasis ensi ve
famly, is a porous inorganic material having uniform

hexagonal Ipgrcas r enocpadicp orageiahi lidvingo ueifoohh,a bretagpsal hdjrusigad | poréy omtlalppt 13 to
100 Angstronms and exhibiting a hexagonal electron diffraction pattern that
can be ididgeed adjustibi GdHAbyal LBetodii@ak gstrbfa And 8xAB T raomaxbipbrias electron
Particularly, this invention characterizes the tenplating surfactant agents
extract efefr@Hbn FJ&% hecRXBERdSed SRith PQF Qe SrBAEY thah $8 Mg SRV, t her mal
gravinetric analysis, differential thermal analysis, infrared
spectroscopy, and gas chromat ogr aph/ nass spectrpsco%y. The present

i nventi on shdestiubasty, $lip dnvertiomehaserierigep thet temglatige surfadiantiagents expragiedai d
SFE process retain the sane chem cal structure as the fresh surfactant,

pr ovi ng ous dioin FEpores afesarl poroon nokesialsuby imveane ot rtharmab gravembiod amatyssai d
extracted tenplating agent viable for recycle. Additionally, X-ray

di ffractdi@ereaiid Neera@pOiMlysR) Hifateddr Prdsb@ly, Sahdl gROrdsSmaBERbhalast r eat ed
by said SFE process retains its porous structure. SCRI PTI ON DRAW NGS

FIG 11 eardiglﬁg. ag%gﬁrgggg iVEREEH SR Sdhas §lid ¥Rrd@dd SHREIHG ddef@bbihinkd d

extraction. ) nitrogen adsorption and desorption I sotherns

(filled rk-.asq._s%r tion.. enpty rk- ' n b .Sl ze

R o e g e
said SFE process a non-destructive extraction method and said extracted templating agent

viable for recycle. Additionally, X-ray diffraction and N, adsorption data prove that said

porous material treated by said SFE process retains its porous structure.

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.



FIG 3 are X-ray diffraction patterns of the (a) freshly synthesized and
(b) calcined product of EXAMPLE 1. FIG 4 is a thermal gravinetric

anal ysis spectrum of the freshly synthesized product of EXAMPLE 1. 8 FIG
5is adifferential thermal analysis spectrumof the freshly synthesized
product of EXAMPLE 1. FIG 6 are (a) nitrogen adsorption and desorption
isotherns (filled mark- adsorption en@ty mar k- desorption) and (b) BJH

pore size dis ution_of t cal ci ned. product EXAMPLE. 2 are
Bty a1t ackiChs Ak B ruia)fherl 7y siy BEf g o) e fES My c oL el med
product ofpEXMRLE(2. FIG 8 is a thernal gravimetric anal ysis spectrum of
the freshly synthesized product of EXAMPLE 2. FIG 9 is a differential

t hermal anal ysi s spectrum of the freshly synthesized product of EXAMPLE 2.

FI GS. 10-13 arg. ther ra trlc a t her ma
enalysis  spebl-d B (PR el o et B ki e 5.
EXAVPLE Qisofpidn; W&dﬁkﬂasox?ﬁ&ﬂﬁﬁfdl (BEBYH pbleGizeldisttibutash of-tha@yaléiinkd r act i on
pattern of the extracted product of EXAMPLE 9. FIG 15 are thernal

gr avi met PREUGRAEFANPRER- di fferential 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
sol i d. sanpl esFI§¥.épare edrdyrdffraciizm paftac®y ofwhe Ifa) freshly synthesized and (b) calcined

product of EXAMPLE 2.

FIG. 8 is a thermal gravimetric analysis spectrum of the freshly synthesized product
of EXAMPLE 2.

FIG. 9 is a differential thermal analysis spectrum of the freshly synthesized product

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.

IF1G. 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.



the solid sanple of (a) EXAMPLE 13 and (b) EXAMPLE 14. FIG 18 are gas
chromat ograph spectra detected by flane ionization detector on (a) the
extract of EXAMPLE 9 and (b) the methanol solution of the solid sanple of
EXAMPLE 14. 9 FIG 19 are nmass spectra recorded at the peak positions
(about 20 m n) of gas chromat ograph spectrumshown in FIG 18 on (a) the
extract of EXAMPLE 9 and (b) the nethgnol solution of the solid sanple of
EXAVPLE 14. DETAI LED DESCRI PTION In the present invention, supercritical
fluid extraction (SFE) is enployed as a fast, environnental-friendly, and
non-destructi L C] lat r ant agents
fromthe nesogﬁ'g?%?%%%gﬁgﬁgﬁgaepé&Fﬁ)@%ﬁ%osg%é?&ﬁggt% gﬁﬁbt({]fgagi nven'?i on,
t he effi chrencyogodphespeetach sloown ;1 HIGc il @ as €4) thy exatrangi HYASHE HPendb)nbe

conditions, such as tenperature r u flowrate, type of organic
modi fi er MeYRFO I‘E%ngiﬂvg%”l‘ﬁé?@ﬂ%ﬁ@mgﬁlﬁon, such as Si or Al framework
content. |In another enbodi nent of the invention, the nmesoporous structures

of the freshly synthesized and surfactant-extracted M1 S materials are
characterized by various characterization techniques to ensure the

stability of M4l S nesoporous st f process. In a further
enbodi nent of -the invention, tﬁgygégﬁgzgﬁﬁgﬁggigﬁﬁes of the extracted

tenpl ati ng surfactant and of the fresh surfactant are characterized by
various characterization techniques to confirmthe stability of chem cal
structures of tenplating surfactants under SFE process at various
operating conditions. In a preferred,ecgoginent,of .invention, the
extracted sur tAtCANESENt BIYSNURAT SHRETSTEGEY B cFXéfﬁEP‘}“e@? dyemeloypd ag p dash

surfactant in the synthesis of M1 S materials. _ .
environmental-friendly, and non-destructive method to efficiently extract templating

surfactant agents from the mesopores of M41S materials. In one embodiment of the
invention, the efficiency of extraction is increased by changing SFE operating conditions,
such as temperature, pressure, flow rate, fype of organic modifier, and by changing
material composition, such as Si or Al framework c'ontent. In another embodiment of the
invention, the mesoporous structures of the freshly synthesized and surfactant-extracted
M41S materials are characterized by various characterization techniques to ensure the
stability 6f M41S mesoporous structures under SFE process. In a further embodiment of
the invention, the chemical 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 thel fresh surfactant in the synthesis ot M41S

materials.



10 Tenplating Surfactants A tenplating surfactant is a certain type of
organi ¢ conpound which fills the pores of the freshly synthesized porous
materials. The pores of said porous materials are only accessible after
the tenplating surfactants are renoved conpletely fromthe pores. The

tenpl ating surfactants used in the syntheses of M1 S materials are bul ky
organi ¢ bases, such as cetyltrinethyIHinnDniun1(CTMM
nyrlstyltrlnethylannonlun1(C14 %@% rlnethylannonlun1 etc. Synthetic
Porous Materials The present ?? ‘%%‘%sed to provi de an econom cal
met hod to recover tenplating surfactants fromthe freshly synthesized

porous materi a| t%mpnd%ﬁg%dff&garm@a t&i®sin t\ﬂié%f%fréh%[c édnmduﬁa WHNIEGIY @k porQve
mat erials. Additional nolecular sieve materials which nay be purified in

‘fi‘r‘i%d?e”sgfthwzé%i@hf‘yﬂ%%g@ poldl¥ Bt P R SRS ?o“"@%déz‘?‘%“ﬁ@tm bty
T oo ek Shisr et layink e s B oM Heighn By the Reresadiesy

(which are variously taught .in U S 4,440,871, 4,554,14
4, 666, 87 EMRipiNesuripstapaysed i e iy&“ﬁs‘éﬁﬁ’%MO“JS ‘Pﬁ%“%@tal:f‘ohul&%é’égqn‘b‘é A% thi s

|nvent|on is preferred for recovering surfactants fromthe freshly

synt hesi zedh M1 c8yhesepotanmonipet dCTMA), Theisyinnstydanspnivm SCraelddpor ous
materials are taught in U S. Pat. Nos. 5, 057,296; 5,098, 684; 5,108, 725;
5, 143, 87 deadinattindsmswouivcestd. see, for exanple Beck et al., "A New Fam |y
of Mesoporous Ml ecul ar Sieves Prepared with Liquid Crystal Tenpl ates”,
Journal of American Chem cal Society, 1992. volune 114, pl0834]. The 11

Synthetic Porous Materials

The present invention can be used to provide an economical method to recover
templating surfactants from the freshly synthesized porous materials, including zeolites
and otlier similar molecular sieve materials. Additional molecular sieve Lﬁaterials which
may be buriﬁed 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



‘M4l S mesoporous materials, particularly MCM41 has the follow ng
conposition: WM/ q(WaXbYcZdOb) wherein Wis a divalent elenent; X is a
trivalent elenent, such as alumnium iron; Y is a tetraval ent el enment,
preferably silicon; Z is a pentaval ent elenent, such as phosphorus; Mis
one or nore ions, such as amonium Goup IA II1A and VIIBions; nis the
charge of the conposition excluding Migxpressed as oxides; q is the

wei ghted nol ar average val ence i.s the nunber of noles or nole
fract i on6t> gpesgporpus @atﬁﬂ SPapiicu arHMM g‘é&‘?? thgdolbewirg compesipy
respectively; his a nunber from1l to 2.5 ; and (a+b+c+d) =1. In the
freshly synthgsized koym,)the mesoporous material has a conposition, on an
anhydr ous basi §, expressed enpirically as follows: rR M/ g(WaXbYczdQ )
wherein Ris the total organic material not included in Mas an ion, and r
is the coeffwbéremtWrior dRyaléntelementieX fmiivelest clambets sush ayslleniiuetiron of R
The MA1 S materials can be distinguished from ot her porous inorganic solids
by the veguhateirhyal@ft ¢lemehtangefempbn sitieors Z whasperporatendi derpémey sich ias t he
range of 13 to 200 Angstrons. These nmesoporous materials show

char act efHospicrusi-May ot &if he@tib) st dsbdindMit, GeoupaW, diAS&idUlIBexs;Meisi n t he
extrenme | ow angle region, which reflects the regul ar arrangement of the

crystal _[!.‘gt h%&?l &t <5st1t5(ﬁla\l:xcﬂdr'r}%ﬂlt\)/{5§§ﬂr@s% d 9Dofpe cgs e v H@Bmolar

supercritica ext action ana ytes aré artltloned fromthe

tri f th ] id, | t
suept 12O R e e’ Mg BHRBE ol rion ol Yo R °

operating at nbi en e
P r%ole fractlons otI WpS( %(Sand Z, respectively; his a number from 1 to 2.5 ; and (a+b+c+d)

=1

In the freshly synthesized form, the mesoporous material has a composition, on an

anhydrous basis, expressed empirically as follows:
R Mn/q(WaXbYchOh)

wherein R is the total organic material not included in M as an ion, and r is the

coefficient for R, i.e., the number of moles or mole fraction of R.

The M418S 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 angle 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



and a tenperature above the extraction tenperature. Based on this sinple
operation, a supercritical fluid extraction systemis quite sinple as it
consists of only a few equi pmrent [see, for exanple, Saito et al.,
"Fractionation by Packed-Columm SFC and SFE: Principles and Applications,"”
VCH, 19941. A liquid punp supplies an extracting fluid to an extraction
vessel at a constant flow rate and pregsure. Another |iquid punp (optional)
supplies organic nodifiers into the flow ng streamof the extracting fluid
at a condtrepgh the back-peesuira rrgupsiterssioran extjaciesallegier PRialigsdaAmtignt PsesshE
freshly synthesized porous material and 1is placed in a heater or in a

wat er batihd hoempemtuae aboveethexdxtractidnotentpergtae atBased apothis simple epdratiqgala
tenperature of the extracting fluid. A back-pressure regul ator naintains
the syst efer@itichhfuititxeheidn dye@n Rr(@ss Yirgple AR itexohsia tof oalyl £&twoequippartat es
the extracted analytes fromthe supercritical fluid, and collects the

extract e?se@ Nk ¥k &aple N B0t A 2S9Fadtiddhtion! ?‘ P&KREIOlihrhh SAC dnldUdk: Pfinkatds on
systemof this invention is shown in FIG 1. The SFE system consists of a

JASCO PU_ax?(? OA;Lp%llgrglii(ﬂ':sgﬂ g‘bﬁ’g 59%%[2 ,r %g E\ﬁﬂ‘;@%ghx%g S%H)ﬁ& %xtx@ctiﬂg‘ il o an

(Pol ysci ence) syringe punp for

introducing an organic nodjfjer. a 10-ml extracgtign ssel . bat h
(Techne) e?“g‘?cué’ﬁ n‘feﬁ%‘?lait ﬁgcqrﬁgn{ gk%"r IUG B SRSy AngimsT Y‘?“ba[%‘i%@gr(\é’@iﬁa@

regul ator (JASCO 880-81 BPR), an& an extrac% COlleﬁéﬁﬁ“ The SFE process of
this i nvemRRlEh orandpedfipesdnigdhs dovipgstrean ot tigexyagh %%%F?“Stﬁnggaad Wi th
1.0 gram of the freshly synthesized porous material, is connected into the
SFE systamandipecsexer dot ¢xdractiers sesseldioddst the figblde syathesizedaroroupivpiseal and o

wat er bath, which tenperature has been set at the desired values. Liquid
COx2 i s t heplapedines heaeoort inea syt dath @t mainfairovher atctodn kn(perdtungi abovd e
organic nodifier, if required to nodify the polarity of the supercritical
1_fL I3ui d, MRyiisdiSenpaRFREe bittRtiAg MuXerA backirsssoid Rgtlh®r siapasis e syatent | ui d

at the supercritical pressure. An extract collector separates the extracted analytes from the

supercritical fluid, and collects the extracted analytes into a glass vial.

The supercritical fluid extraction system of this invention is shown in FIG 1. The
SFE system consists of a JASCO PU-980 liquid pump for introducing liquefied CO,, a
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



CO2. The supercritical fluid CO2, together with the organic nodifier,
passes through the extraction vessel and extracts the tenplating
surfactant fromthe porous naterials. The extracted surfactant dissolved
in the supercritical fluid is then separated fromthe supercritical fluid
CO2 at the outlet of the back-pressure regulator and is collected at the
extract collector. The extracted sanplesis dried at roomtenperature for
overnight and_ stored .ina.vial for further character.i.zation.

Char act eﬁOZatT}E?rF”@FrCSHF?IafH%ﬁa@% g}g@thpbwggst[lm{g@mca}pgdlﬁigr, PR diropgh i r at e
that the SFE process of this invention is a non-destructive nethod for
extract i myraciien sigsfehend skiracssnieatemplatiom suHectprly amdhe poraigsuagHas alle t he
extracted surfactant sanples and the porous materials which have gone

t hr ough thteacSiE suffaaares dissrlecdanal the edipbrerisealeflaid chadhenctseparatad | fspm  the
techniques. X-ray diffraction pattern is used to characterize the

MESOPOr OYgpedritit@l HuRI QD, hehe dutiles bf theshaok-pesire degudlos aiid Bododiettedt tirct ed
porous nmaterials in order to prove that SFE process does not danage the

pore strugtith @ofbctbNeTROT QU 1OBESAHIR!IS dridd ladYodhh fréhAaGhtuRN forPRleh @M &fd t hi s
invention 1s recorded on a Shinmadzu XRD- 6000 diffractonmeter using Cu I{

radi at i ogto@a = alxii§4f$§f1@ﬂ1ef3‘5}gréacte? wepeed of 2 degrees/min at 40 kV and 30
mA. Powdér ~sanpl es are supported on an al um ni um sanpl e hol der for

measurenent. Due to the limtation of the machine, scanning degree is
started from 1.5 degree. Nitrogen adsorption at 77 Kis used to
characterize the surface area and pore size distribution of porous

materials. Based on t ni t roogen sorption ta optained in the partial
pressure range of 0.0Eﬁ@ﬁw@PQ%Fmt g”?%&?@ééggg?%ﬁsg&n?' porous material is
cal cul ated wusing a nmethod devel oped by Brunauer, Emmett and Tell er (BET)

[S. Brunauer, & h!‘rth!:%lind%ﬂ%t fhat BROSEE pf&deb€bf 1h9UANAtioR s ANRSA-g&Ruhe cal
Soci ety, 1938, volunme 60, p309].

method for extracting the surfactant template from the pores of porous materials, the

extracted surfactant samples and the porous materials which have gone through the SFE

process are analyzed by several characterization techniques.

X-ray diffraction pattern is used to characterize the mesoporous structure of the
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.



BET has been widely used for characterizing the surface areas of porous
materials. As the porosity of porous materials is reflected by the changes
of adsorption-desorption isotherns, pore size distribution of porous
materials can be derived using certain adsorption nodels to simulate pore
filling by nitrogen adsorbate. The pore size distribution of porous
materials calculated in the present inwention is based on the nethod

devel oped by Barrett, Joyner _and Hal enda (BJ [E. P._Barrett, L.

Joyner ak@neett, pnd i Telgn Toygal ?rfaﬁ“t‘iflc%PF’wﬁf—%@i@Pﬁ 1938, aplyag 00, PP&?!
volunme 73, p373]. Desorption isothermis preferably used in the

cal cul at BEA heb begrwidsheussidAer efiasactarizing b surdacetareas iof pPioys Magiiialh eAs Hise

vol une of adsorbate, a lower relative pressure than the adsorption

i sot her nporosiswbf pargud matariblowerefltctedbetherchyngss at edsogrtiontdesaptivmisbtheems,

t hernodynami c stability. In the present invention, nitrogen adsorption is
carried pife spR dstRU@MnasTHoRsEs mdAds B deniaty dsihg coaPh@SHtdnGRodRisltogr ans)
are pretreated in flowing nitrogen at 300C (or at other tenperatures) for

1 hour pEfﬂflatE%gFe“ﬁlliﬂ%%?ﬁ%&é%ﬂ AAEEBAE EMBBhore AISALRLURSH 8NFbroesRaREHaRN
i sotherns are asured in the partial pressure (P/P) range of 0.05-0.95.

surf ace 3003 1S EBRISR Gl 6T TSRS LA FLR A Rt o pressyr

range of Ing multi-porn e Istribution is

or e et pic v SB0) B K Qe LSk 2808 B0 T nE KT Rl (AR ¢

has been extracted fromthe freshl¥ synt hesi zed por ous te 'als;.tqis i's
done by Chemjsat Sagetyhs?)lod8lumto(mi34i] LFPHECAAtOtST B PHECRPWSYSF in the

synt hesi zed porous materials and those after supercritical fluid

extract i enlculmypi efBJly porevizestistpbutidn agdt gHitibisofasdie spame vadwse ol adposhpte.esh| y
synt hesi zed pure siliceous M1 S materials, while three steps of weight

| osses at@vahsativegdressuré thaahhy adspritivassabanmaresniting-isial Iowenirse dktgBstate
materials. The first 15

or closer to true thermodynamic stability.

In the present invention, nitrogen adsorption is carried out on a Quantachrome
NOVA 1000 analyzer. Samples (0.02-0.1 grams) are pretreated in flowing nitrogen at
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 M41S materials, while three steps of weight

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



step weight | oss obtained at tenperatures below 140 Cis due to the |oss of
water fromthe pores. The second-step weight | oss obtained at tenperatures
bet ween 150-380 Cis due to the renoval of the tenplating surfactants
associated wth the surface silanol groups of the nmnesopores. The
third-step weight | oss obtained between 380 and 700 C, which is observed
only with alumno-siliceous MA1 S matesials, is due to the renoval of the

tenpl ating surfactants. agsoci ated wit e A Based n t hese
resul ts, e webt aooaie amwﬁtattr%@qwﬁé{t@éés ‘I‘F‘e“’a{h‘bﬁ’ﬁf Shates fiogLihent
tenplated in the pores of pure siliceous M1 S materials, and the sum of

t he secopatest Eje smdnd-kiep dvesghe poseebigined hosswsratmrasbatesert he)-3 &htfumt dugfto
surfactant tenplated in the pores of alum no-siliceous M1 S materials. The

extracti @ refbl i FNGy teuplatthgShaseib askotiatedxpittedradrfase figopgloagnbage of
t he anmpbunt of surfactant that has been extracted fromthe nmaterials to the

total n}?l'é%po%s SYf at‘ﬁ ra% ep ?va%p? l%sfsr@oﬁl?}e c% %%tg{&ﬁ%%egné 3p! ‘fq \-micﬁ

cal cul ation base anount of i ca an

alumna in th npl mai ns .const ur|n her gravimetric alysis
nmeasur en® r"eg Wﬂi’t‘é{ﬁ%o%%rf‘y’ocséltfﬁlogﬁwltsﬁ ntaheé I1S vi Oné}ter lr%n%vr?él(ifa
differential _thermal analysis, which is based on the exot herm c or

endot her Wltt%r%‘ﬁﬁac@ﬁéﬁg@ﬁlaﬁdtwth %‘Efﬁﬁ‘él"‘étslﬁ‘?ses&é?d P Ehege S SR eethi ¢ or

i norgani c species fromthe pores, is especially wuseful for identifying the
types of stspmieighe lespesiaageatht actveat éfrsutthgapdemplateldnn theepqreesianire siigesisi on,
thermal gravinetric analysis and differential thernal analysis are

per f or meM4diSmuhteasie sl tiie sieh g te sShondedepiarddliGird Gtepheeipht lofsrayaeures Tiee
flowrate of air to the systemis set at 40 m/mn and the tenperature of

the sanmpl@oiiit éfhﬁlrfaﬁt%ﬁpte%lﬂﬁbcﬂ%{ theSpéradBedluvdtind sflidbusOV1429 hdtbiidls.f ri@ room

tenperature to 800 C. Al pha- alumna is used as a standard reference during
differen 0, f L, ature
ool psmbyanplacies o realostes o sbncrl i

under st O(s)t(ljrfatcpaaﬁ thap Eas g‘e\ég ré%(tracted tsromrt'he t%a'wV\%Xlsl H] ne tgtal 51801511@ ?gur?gc‘:f‘z(t:r{t flrll ﬁte

freshly synthesized sample. This calculation is based on the fact that the total amount of
silica and alumina in the sample remains constant during thermal gravimetric analysis
measurement.  Simulianeously coupled with thermal gravimetric analysis, differential
thermal analysis, which is based on the 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 specitfic



16 exanples. EXAMPLE 1 A 402.0 gram quantity of cetyltrinmethyl amoni um
hydr oxi de (CTMAOH) solution (20.8 w. %, which was prepared by exchangi ng
20 wt. % of cetyltrinethylanmoni um brom de (CTMABr) solution with a

hydr oxi de-for-hal i de exchange resin and then followed by condensation to
20.8 wt. % was mxed with 17.0 granms of funed silica (Aerosil 200) under
constant stirring to forma slurry. The slurry, after being stirred for
about 6 hours at roomtenperature, was transferred to pol ypropyl ene
bottles SRS then treated at 96 C for -48 hours. The resulting solid was
recovered by centrifuge, washed with deionized water, and dried at 50 C
overnight. The resulting dried solid is referred to hereinafter as freshly
synt hesi zed Si-MCM 41. Part of the freshly synthesized Si-MCM 41 was
calcined in air at 550C for 10 hours in order to thermally renove the
tenplating surfactant fromthe nesoforé¥PLthk 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 AP4@.GadmaqwhtiypiRetlporethydirameniam kiidseXdb(t TMAOR pyolwtioad at
about 30 Angstronms. FIG 2 shows the nitrogen adsorption and desorption

i sot her me2ahavit b, Bhidhpwae pepaed diystxchinging A0 oft. Vhef cetlybnimethyBmivghudl. The
type IV adsorption and desorption isotherns are typical of those

MESOPOr OWfoniaE @@TMASBr%tsdslaﬁo@dJ&ﬁ iyl kil fok-BWlidY dXchangd Wesit Bnd fhen TSINOVal er
adsorption of N2 on the wall of nesopores and on the external surfaces,
and the i / 3 VA ation
of 11 qui & RSB0 wFk, Mpmitged i 17 ppEm) BT NE L TR0

freshly %anetrhc%lsllstgr?‘cdsti?rﬁllgg tcé)atlo(r:Aq e urrS)II._"[%uAf}y, %E[er being stirred for about 6 hours at

room temperature, was transferred to polypropylene bottles and was then treated at 96 °C
for 48 hours. The resulting solid was recovered by centrifuge, washed with deionized
water, and dried at 50 °C overnight. The resulting dried solid is referred to hereinafter as
freshly sy"nthesized Si-MCM-41. Part of the freshly synthesized Si-MCM-41 was calcined
in air at 550°C for 10 hours in order 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 havé 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/PY 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 N3 in the mesopores.

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



are shown in FIG 3. The freshly synthesized Si-MCM 41 shows a very strong
relative intensity line at a d-spacing around 42.1 2.0 Angstrons and a
weak line at a d-spacing around 21.6 1.0 Angstrons. The cal cined

Si - MCM 41 shows characteristic lines at d- spacings around 37.6 2.0
Angstrons and around 19.6 1.0 Angstrons. The d-spacings of the cal cined
Si-MCM 41 are conparatively | ower thanm#those of the freshly synthesized
Si-MCM 41, indicating that the mesopores contracted after the tenpl ated
sur f act apte shawn in | | Jhe Epdhle avathesiaet ma-Melbhbsbays FHETE Hepngarelative
gravinetric analysis spectrumof the freshly synthesized Si-MCM41 is
shown i nifedfSity 4ine Bha d-ipasing stremdai?dl sechAdgstas el ghteak divs e agbsmcingd on
the thermal gravinetric analysis spectrumare due to the | osses of water

and surf ?l%ruﬁ([f'tﬂ.érf%wg‘iﬂgé{%lﬂs. the cdisinéPunSidiMat Mos BAPAREstih EnéOhad-
wei ght of the freshly synthesized Si-MCM41 is attributed to the

tenpl ati ng surfact int mesopores. Fl the differential _
t her mal SHF4INES ia?‘%lggggtérﬁ%d(ﬂgﬂgﬁué’@%ea@ salr‘?ﬁﬂdt%néﬁjgtf g?lg%{go%e DSBS et r i ¢
anal ysis) of the freshly synthesized Si-McM41. The two snmall endothermc
peaks obsthgedlcired: Hri&MitHl raess cqrepgsatiehalewep tiendhescdifdbs ety syatseyi#di on of
wat er and the deconposition of tenplated surfactant. The intense exothermc
peak at SabOCM-850ndcatsmgdthet the rd¢separesrbustacted affer tlemEmtiaidd surdciattamass i n

air. EXAMPLE 2 A 15.6 gramquantity of water was m xed with 1.96 granms of

NaAl 2, Gerfally AFove@ffrohbdethdsbgireaet hyl ammoni um hydr oxi de, 20 wt. %, and
38.4 grans of Ludox (Du Pont, 40%colloidal silicain water). After

stirring the miXthfafbrab R0MRIE SARGEQEMBuMOSE tﬁ@_fre@fil?légﬂt%esiz&ﬂSiQm-ﬂf
cetyl trinmethyl amoni um hydroxi de (CTMAOH) solution (20.8 wt. 18 %

prepar ed i oi\erll LS ”llhevﬁr%t-ggg & ge@or?c[—?tgg \Aie%h? 1306 SBsXAEE %n ek figH! 11 N9

slurry

gravimetric analysis spectrum are due to the losses of water and surfactant, respectively. It
is found that over 50% of the total weight of the freshly synthesized Si-MCM-41 is
attributed to the templating surfactant in the 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.



was stirred for another 2 to 3 hours before it was transferred to

pol ypropyl ene bottles. The reaction mxture was then thernmally treated at
96C for 48 hours. After hydrothermal treatnent, the solid product was
recovered by centrifuge, washed conpletely with deionized water, and dried
at 50 C overnight. The resulting dried solid product (wth a Si/A nolar
ratio of 10), which is referred to herginafter as freshly synthesi zed
Si-A- MCM 41, was stored in sanple hottles for further investigation.

Ot her fr @3 RIPEsFAsHREGXAMPLE; L wps pdod4n deopspintadheumiHuig: fhertesitlting sy np| ar
ratios were simlarly obtai ned using the above synthesis procedures by

adj ust i nyas stareshfor arothdr NeMleprs beforedt wesiranstieyrashtatoRberepylerieotites. Tdem | ar
to EXAMPLE 1, part of the freshly synthesized Si-A -MM 41 sanple was

cal ci nedreattidOmhitufeowasl thehoth@@ndlig Ui GatddatoP6Per fdrotd aomye Ahe hglipthafohalg
surfactant from nesopores; the calcined product is referred hereinafter as

cal ci nedySindhe N &1l pRRASEA wAS febSveat ByOtedtifpRISMhsRAS QLRIIRy alyith7 K,
t he cal ci ned Sl-AI-N(m421 proved to have a BET sSurface area of {292 n2/ g

and a shar.p .BJ ore di ter istributi centered. at Qut , 3 strons.
fG 6 o AR Rr pd R g e, K P Ehl he 5Pl Sl Re B0k
pore size distribution of the calcined Si-A-MM41, Both the isotherns
and t he pofkmylareragpafy IQuivhish srrefamedtq) kersipeftes aspreshbvsynthesizedsPinl-ar  to
those of the calcined Si-MCM 41; all of these isotherns are typical of

MCM 41 Mé8dpdr vias stesgdanisaingle bpittkesXor fythei nvestigation Qher Eesidy o¥nth¢sézeflr eshl y
synt hesi zed and calcined Si-A -MCM 41 are shown in FIG 7. The freshly

synt hesi gedl-SMICMH4 Maplds shiodEfeaent Si/y] sfolangriosrvedratimvitariyndbediséd ysing the at a
d-spacing of 42.1 2.0 Angstrons and weak |ines at d-spacings around 23.3
1.0 and b0 syRhPsid\pasie8QRE by Hafustad ehdn@dowit-AINMIM, 44 tBheMRing synthesis

characteristic lines at d-spacings around 39.4 2.0 Angstrons and around
21.0 1. idSre. Similar to EXAMPLE 1, part of the freshly synthesized Si-Al-MCM-41 sample

was calcined at 600 °C for 10 to 20 hours in order to remove the templating surfactant

from mesopores; the calcined product is referred hereinafter as calcined Si-Al-MCM-41.

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 mz/g and a sharp BJH pore diameter
distribution centered at about 30 Angstroms. FIG. 6 shows the nitrogen adsorption and
desorption isotherms 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 synth-esized Si-Al-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-AI-MCM-41 shows

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



Angstrons. The .contraction of mesopores due to the thermal renoval of
tenplating surfactant was al so observed on the calcined Si-A -MM41,
simlar to the calcined Si- MCM41. The thermal gravinmetric anal ysis
spectrum of the freshly synthesized Si-Al-MCM 41 is shown in FIG 8. Three
steps of weight | osses observed at tenperatures between 40 to 800 C are
due to the | osses of adsorbed water; Sij9associ ated tenplating surfactant,
and Al -associ ated he npl at i ng surfact ant, respectively. ar.ed t.h the
ther mal (MRS i Ehe RBIr3ALR Hemgiaperessduchio e@‘ﬁ?"j}alsﬂfﬁi‘?{ggf’ﬁéﬁngal‘m 41,
freshly synthesized Si-A -MCM 41 obviously needs a higher calcination

t enper at uneactant wabeleo obsgyvet e yhet ¢picinethpi-Al-MIGM-Slusiradaratet the caleinedstipor es.
It is also found that about 50% of the total weight of the freshly

synt hesi 2dAN6H Al - MCM 41 is attributed to the surfactant tenplated in the
mesopores,. simlar to the freshly synthesized Si-MCM41. FIG 9 shows the

differential therdeimagadwatsic2RLGLE ypactunt bthé frRshly kysysdiheissizaMCM-
Si-A-MCM41. The intense exotherm c peak observed at about 350 Cis due to

the comyyski 's Rfn F@@pé atrhn:g sRipE bAGERRE Bskd d%gérvem%@gu%st iset;v@@n 40

differenti al ermal analysis spectrum of the freshly synt hesi zed
Si - MCM 4 ghl S |zed A MM 4%1 h
exot her th pr @eagggggg% hF e?rﬁeésr%ftsalﬁjrs Oerlsbeaﬁvgveé 0%5% Atgé‘: %{Pl%m S%\p%: 1g‘s?ed to
the difficulty in renmoving these tenplating surfactants associ ated wiith Al
sites. EXuveseciged terpplpdngesuifstagt. f?ﬁﬂ?‘élvﬂ}’pe?‘éfflP%rF‘ééﬂlthfthﬁlIEFT’@@}Zgr@W]ﬁfﬁnﬁo
organic nodifier) was used to extract the tenplating surfactant fromthe
mesopor esangfysishiesults @f Hieyfreshlytdyatiesiess SrMODIAM | Atteshtit smithelsized SEANMEM-41 The
extraction was carried out with about 1.0 gramof the 20
obviously needs a higher calcination temperature to remove completely the templating
surfactant from mesopores. It is also found that about 50% of the total weight of the
freshly synthesized Si-AI-MCM-41 is attributed to the surfactant templated in the
mesopores, similar to the freshly synthesized Si-MCM-41.
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-
4] particularly 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 I. The extraction was carried out with about 1.0 gram of the



freshly synthesized Si-MCM 41, with aliquid CO2 flowrate of 1.0 m/mn,
at a tenperature of 85 C, and at a pressure of 350 bar. The chosen
operating tenperature and pressure maintain CO2 in the supercritical fluid
state. After 3-hr extraction, the surfactant- extracted Si-MM 41 was"

unl oaded fromthe extraction vessel. The anount of tenplating surfactant
still left in the nmesopores of the surp@ctant- extracted Si-MCM 41 of this
exanpl e was. neasured by thermal gravinmetric analysis. The extraction

ef fi ci endipshlyssyihssizedt 8gMsA#d, dHith e linwds Cohollay Bite Qir 1 §cMdiminp &t viken

150 C and 400 C. The | oss amount of surfactant nmeasured by thernal
gr avi met rtéropearaateysfi 8 1@rand ot prassiae PF 88hbar. skhetdhesdnzepgraingNEnperatugnand he
surfactant-extracted Si-MCM 41 of this exanple is the sanme, indicating

that pur @r&yRenedihtairc@0D, frl the Qufdelritvrab fiiatste| AfteeBbH ghirdction ekt kagictadie
pol ar tenplating surfactant, i.e. cetyltrinmethylamoni um hydroxi de

( CTNACH) e {rh QA SNRICTRSAPRLEiRded REnd the shikaerisy FEdiesi zed Si - MOM 41.

Therefore, supercritical fluid CO2 needs to be nodified with sonme pol ar

|
organi ¢ nodi f I"[Eﬁre | Dot 4 g‘er@@a?r?%glr?a\é?af lgtfilfl ilgfi fx{‘hﬁﬁk%ﬁabie\é otfﬂH? )S§Eur ¢t he

pol ar tenplating a}sntlﬁ‘*néco n m nesopores o nmateria PLES

4-11 In EXAMPLES. 4, -, 11, ercritical flui nmodi fied with a.polar

o gani . XHBHFY PEMGHUEN R Rk iR mentred e hirey ot palfsif
freshly synthesized Si-MCM 41 material of EXAMPLE 1. The organic nodifier
was i nt r satiedipnaticienerwas qaldulaged bagedon Hydosviagwyntwh sriapiant beswpengl ¥k eam of
supercritical fluid C2. In all these exanples, the 3- hour extraction was

carried Qull 400t°0. abigifosd afogitadnNsaffadthe théseRl Ybysierinhie giaAeseic-Malshlfor at a
pressure of 350 bar, and the extract was collected in a glass vial. The

extracti gy, gkfd&h tﬁ’@ﬁe(‘fg%-mﬂtﬁdarﬁa&@@uﬁﬂctmfexqja&g@rS?—Wf@M?Il1 bl 0ss

anount of surfactant uri ng

example is the same, indicating that pure supercritical fluid CO, was not polar enough to
extract the polar templating surfactant, i.e. cetyltrimethylammonium hydroxide
(CTMAOH), from the mesopores of the freshly synthesized Si-MCM-41. Therefore,
supercritical fluid CO; needs to be modified with some polar organic modifier in order to

achieve sufficient polarity to extract the polar templating surfactants from mesopores of

M41S materials.

EXAMPLES 4-11

In EXAMPLES 4 - 11, supercritical ﬂuid' CO, modified with a polar organic.
modifier was used to extract the templating éurfactaxut 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 th¢ extract was collected in a glass vial. The extraction

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



thermal gravinetric analysis on the freshly synthesized and the
surfactant-extracted sanples at tenperatures between 150 C and 400 C
Materials Tenp. nodifier nodifier flow H2O content surfactant surfactant
(O (M/mn) (% (%9 renoved (%9 EXAMPLE 1 - - - 5.8 53.6 - EXAMPLE 4 85
ethanol 0.1 4.4 26.5 70.9 EXAMPLE 5 85 ethanol 0.2 3.3 16.0 85.0 EXAMPLE
6 85 ethanol 0.3 3.3 14.8 86.3 EXAMPLH 7 75 et hanol 0.2 4. 9 30. 2 64. 8

EXAMPLE 8 65 ethanol 0.2 3.9 31.8 6 mat ha 0.1 4.8

92. 6 EXiWﬁE‘EF B BBCST ARMGYS (5’“2% %‘gﬂy >Y§2e %Ze‘ﬁﬂ‘ﬂ he %?“HE’Etﬁa&heé’I 0 3
5.7 13.7 87.1 To dermpnstrate that substantial ampunt of the tenpl ati ng
sur f act apamplgsatyemperapuseroiesvedsyl S0nE aREOREhod of the present invention,
the surfactant-extracted Si-MCM 41 sanpl es of EXAMPLES 4, 8, 9, and 11
were characterized by thermal gravinetric analysis and differenti al
t her mal anatdesd S, asmpNoWAodifler FT taodifidOfowl TH,3 Zonté@nd Judfacth@S PeGhufaceny .
FIGS. 10 - 13 cI eardoy)show t hat bqtﬂmmﬁ)e armua%) of sur(fv@ct antrelh@&tl(%n
t her mat EEARYPITE ] 1: gnal
become %ﬁf S ler d for allhanope surfact ant - ex ract ed I\/CM41 gnpl es of
t hese exanpl es strongly show ng that supercrltl cal UI d rm |f| ed

W th poﬁ%ﬁwlggaﬁl c rfodi fi 8PaRhs sucdessful in éxtractllﬁ m)st 81Vt he

t enpl at EXgMRISE @ct ardd f r ontherleé nesofdres of the freshllyigsynt hesB&éd Si - MCM
41. ThepXanaiLeli ffrasti onegalol ern ofpot he surfagt ant - exjoroact ed Sks4 pOCM 41 of

EXAMPLE 8 65 ethanol 0.2 3.9 31.8 626
EXAMPLE 9 85 methanol 0.1 4.8 8.5 92.6
EXAMPLE 10 85 methanol 0.2 3.7 21.2 92.5
EXAMPLE 11 85 methanol 03 5.7 13.7 87.1

To demonstrate that substantial amount of the templating surfactant had been
removed by the SFE method of the present invention, the surfactant-extracted Si-MCM-41.
samples of EXAMPLES 4, 8,9, and 11 were ;:haracterized by thermal gravimetric analysis
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 siénal become much smaller for all the
surfactant-extracted Si-MCM-41 samples of these examples, strongly showing that
supercfitical 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 \.vith 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



EXAMPLE 9 (FIG 14) is in good agreenent with those of the freshly
synthesized Si- MCM41. (FIG 3). The X-ray diffraction data show t hat

MCM 41 nesoporous structures were not damaged under SFE processing
condition. In accordance with the present invention, it has been found in

t hese exanples that 22 the addition of a small amount of either ethanol or
nmet hanol to supercritical fluid CO2 gpgatly enhances the extraction

efficiency, w.th nmethangl being a hetter organi¢ nodifier than_ ethanol. In
addi t§ on % a44iHi0R M b AROUR 21 thex effagel Gnmethenel t@nwewﬂsﬁg%lmic@&
nodi fiers, many other SFE operating paraneters (such as tenperature,
pressur e greatly enfperes itee eftrastion affejengrnywih seethyaol belng radbedigh argapict pedifier
extraction efficiency. For an exanple, wunder a constant flow rate of

et hanol (tBar2 ethahati Ay, additenesat thec entonceidnit gifethe yexwastiomefieasey by roogand2. 6 %
to about 85 % when the extraction tenperature was increased from65 C
(shown i Md&XAMEL maB) 6tBeBSFE §iehaig paramietdPlducd)as shipeiange] badssirbeand
solvating power of the supercritical flui.d CO2 nodified with ethanol

i ncr easesnyMitiby S tREE halsé SOREUAL YA MRt AN EERSN q*or%hw@lqggui te

di fferent extracting behavior when their flow rates weré changed. Ethanol

G e R i e e

rate was 1 Nncrease rom reas nethano

reverse trend, Ipn fact, nethanol had the highest extraction efficiency when
its floWRaod-Gues I@OULS J° VAR e ﬁxzr%wgﬁnﬁermmae B§reaser drqm gﬁ%e
extraction efficiency for freshly synthesized Si-McM 41 was found to be
92. 6 % ur{sterwit meEXPEBMBREr&tto 8§ °Cchdwh iin AKX AMPEXANPKEOWing EXAMRE Bolvatigne
gram of the freshly synthesized Si-A-MM 41 material of EXAMPLE 2 was

| oaded i giowemﬂ @t Jupeictifbal VRGiaeC O, FHRRFEd ivithC 8lhahélUindreaxds’ a4thi &radAsn

performed on this
temperature. -Methanol and ethanol showed quite different extracting behavior when their
flow rates were changed. FEthanol showed a monotonous increase of the extraction
efficiency when its flow rate was increased from 0.1 to 0.3 ml/min, whe_reas methanol
showed the reverse trend. In fact, methanol had the highest extraction efficiency when its
flow rate was set at 0.1 ml/min (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 the freshly synthesized Si-AI-MCM-41 material of EXAMPLE 2 was
loaded into the extraction vessel. Supercritical fluid extraction was performed on this
sample under the following operating condifions: sample'amoum — 1.0 gram, liquid CO,
flow rate - 1.0 ml/min, methanol flow-rate - 0.2 ml/min, temperature - 85 °C, and pressure

- 350 bar. After 3-hour extraction, the surfactant-extracted Si-Al-MCM-41 was collected



sanpl e under the foll ow ng operating conditions: sanple anmount - 1.0 gram
liquid CO2 flowrate - 1.0 mM/mn, nethanol flowrate - 0.2 m/mn,
tenperature - 85 C, and pressure - 350 bar. After 3-hour extraction, the
surfactant-extracted Si-A -McM 41 was collected 23 fromthe extraction
vessel . material Tenp. nodifier nodifier flow H 20 content surfactant
surfactant (C) (mM/mn) (%9 (% renmoved (% EXAMPLE 2 - - - 4.2 44.3 -
EXAMPLE 12 85 nethanol 0.2 3.4 22.3 65.1 The thermal gravinmetric analysis
and di f f &ioehtegrtragionvgsschnal ysi s spectra of the surfactant-extracted
Si-Al-MCM 41 of this exanple are shown in FIG 15. Conpared wth the
relative | oss anobunt of surfactant of the freshly synthesized and
surfactant- extracted Si-MCM 41 (FIGS. 4 and 12), and based on the | oss
anount of surfactant from the freshly synthesized Si-A -McM41 (FIG 8),
t he surf ambt@anil- ext régied Shedifier MCedifier fifw t H,S cextamp| surfactattai mgfacwhat i vel y
| ar ger anmount of ungxty acted tenpl dmil/mgn)surfact®@nt in e negepoveds.

Addi tionally, conpared with the exothernm c peak of the different%hal

t her mal EXAMBISH 3 spectra of the freshly synthedi2zed ant4.3 -
surfactant-extracted Si-McM41 (FIGS. 4 and 12), and based on the

exot her gk appeak0f the freshlyosynthgsi zed Si-Alys MCM 4L {FIG & the
surfactant-extracted Si-Al-MCM 41 of this exanple simlarly contains

relatinvely larger ampunt of unextracted tenplating surfactant in the
mesopores (FIG 15). These results show that the tenplating surfactant
associated with Al sites is also harder to extracted by the SFE process.

The results ofpLhgGX 3RiSelcCanal)sHOQH AGELRGTRhetthdiNrhRRCRECFSAMRIE 2.

surfactant-extracted Si-AI-MCM-41 of this example are shown in FIG. 15. Compared
with the relative loss amount of surfactant of the freshly synthesized and surtfactant-
extracted Si-MCM-41 (FIGS. 4 and 12), and basea 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-.AI-MCM—41 of this example similarly
contains relatively larger amount of unextracted templating surfactant in the nmesopores
(FIG. 15). These results show that the templating surfactant associated with Al sites is also
harder to extracted by the SEFE 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-AI-MCM-41 is found to be about 65.1%, which is



wherei n higher calcination tenperature was needed to thermally renove the
tenpl ating surfactant associated with Al-sites. In agreenent with this
observation, the extraction efficiency on the freshly synthesized
Si-Al-MCM41 is found to be about 65.1 % which is 24 nuch |ower than the
extraction efficiency on the freshly synthesized Si-MCM41. This is not
surprising as the tenplating surfactantg are nore strongly connected to the
frameworks of Si-Al-MCM 41, Sim|ar results were al so re t ed by,Schm(ﬁ
et al fofmychqawer hamshe exgﬁsﬁl%qfﬁelﬁncmms fershly sypthgiged asMdYlatleglhis 1s
surfactant tenplates were successfully renmoved fromthe freshly

synt hesi AeUsUBPHising MO AdmplFtingsusfaaiapisare MOusstonaly easnectprbigeihe frameworks
supercritical fluid CO2 nodified with organic nodifiers (other than ethanol
or met hawnbISj-AlMChedlle Bimdacenpteweleyalex tapagtd bheSchangsl etal igr Equifl gdasnt
fromAl sites of the freshly synthesized Si-A-MM41. The X-ray

di ffract iiadddht $hBre0dnly RBarRhisdciatdt suePsttaCleidlabes- WereMubtdbdfu(ll I rémod&)
agrees wel | with those of the freshly synthesized Si-Al-MCM41 (FIG 7).

Qovi ousl ¥pom LRERHESHIT s E?(%h@stlfédcéluﬁﬁfvlcq\ﬁﬂtlr UG hisQkaipld Hwal thl ndeMpdertat eri al
during SFE process. 13 Nine milliliters of the extract of EXAMPLE

it e BB PO O PO 4R O oy s,
O b o e b S AL SRS SR ™

Evacuation of the extract for about 30 m nutes produced about 0.24 gram of
dried soﬁV@'ﬁﬁﬁﬂUﬁt -MsM#li s the tenplating surfactant extracted out from
t he nesopores of the freshly synthesized materials. The solid sanple was
stored for furkheet-rat didfyactids patiernarf glanswfactadi-€xteactedorut All-MENrdpFd €. BY) a
liquid nitrogen trap placed between

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 e\./acuated 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 o.f 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



the punp and the flask, this exanple shows that the organic nodifier could
be easily collected and recycled as a fresh organic nodifier. Hence no
organi ¢ solvent waste is 25 <created, offering the SFE process of this
invention an environnental -friendly recovering method for the tenplating
surfactant in M1 S materials. EXAVPLE 14 Ten granms of the

cetyl trinmet hyl ammoni um hydroxi de (CTMAGKH) solution ( 20.8 %in water)

prepared as i \VPLE s evacuated under the sane conditjons as.those
sanpl e. icﬁea@&Ngégn&ghﬁ %F %?P&%Cres% ayﬁmvsme%a% SPY/‘éCan‘f(‘%g’[%BFI)J.IY AFOUE2E 0
grans of the resulting solid sanple, which is pure cetyltrinmethyl anmoni um
hydr oxi dengirhRoM)e tempipsing suriacist mhd | \arateridsl as a ref erence surfactant in
the characterization of the extracted surfactant. EXAMPLE 15
Characterization by infrared spectroscopy One of the nost inportant ai m of
this invention is to recover and to recycle the organic tenplating agents.
To further illustrate that the extracted surfactant has the sane chenical
structure as the fresh surfactant, ERKMMPEE 14ransform i nfrared spectroscopy
(FTIR) was used to characterize the chem cal structures of the extracted
conpounds. Two solid sanples of this exanple were obtained from sanpl es of

the extract ed TeaQirhdls s1lp ey itamebXxAMPhini @ 13/debxEANAINEA DH) By lution i g.8and
grinding themwith KBr in order-to have a sanpl e/ KBr weight ratio of

1/100. Eagh, Reldfirepaedad AretAMBLEERaUERRERLA Wader RIERARDnbiYioRE &5Hbeg 0. 4
gram of m xed sanple under a pressure of 4 26 tons. Infrared spectra were

recorded sgrr}lp%_ 1§@ﬂ9ﬁ"ﬂ§l@ ilr:\; o§&eq %Me%po%ttﬁ@ Wbk (\ivglext).h%bout 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
organié 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



range of 400-4000 cmt at a resolution of 4 cm1l. FIG 17 shows the FTIR
spectra of both sanples. The excellent agreenent between the infrared
spectra of the sanples nade fromthe sanpl es of EXAMPLE 13 and EXAMPLE 14
confirms their structural consistency. Unfortunately, the npst
characteristic bands for tertiary am nes, which have the antisymetric and
symmetric CN stretching nobdes, are ordy Raman active as suggested by

Bel | any (se f or exanple L. J. Bella e Infrared spectra. of
conpl ex Secmﬁégﬂ SREGIra Fergrepoptd Orbﬁ;%wﬁd@nﬁmfa@ﬂOlMoﬁPaatﬁometiwsthezss)

and were not characterlqed by infrared spectroscopy. EXAMPLE 16

Char act eFanggof 400-400¢em e waeltbe althcm nass spectroscopy To even further
illustrate that the extracted surfactant maintains its chem cal structure
under SFE proc&3€, 1§ashostsr teab OOt apévtra ofdsths pauplenstop gx¢aBenivByreemetni que
was al so used to characterize the chem cal structures of the extracted

sur f act abttweefEXREMARALpe e & thEk{apleRehatd fioth P sEBBRs GEEMAMYEEEID a@ui pped
with a standard HP- 5MS capillary colum (5% phenyl nethyl siloxane, 30.0m

X 250m X e APLE W& nms Ql\éﬁrbtﬁl@tﬁ%'&@igslxﬂi&cwgnﬁ)%nﬁ%lylag o RAarthberigRy ri er

gas (He) flowrate was set at /mn. Cenerally, a single injection
{gﬂf'zgfls b?fnd&e@fr %ﬂuﬂw %1 %)%Mﬁgh 'iia%’ 'd?et §nd’é§ﬁﬁe§“n€%x& %%?ﬁ{ehﬁbe Igl %%(re%(})lm al”gn

was obt ai ned dlre from.t he extr LE ut

et hanol TEEyaRT ORI AR UK PR eer e Weg?lfaﬁ@?@ﬁ%ég ST B oLt nano
sol ution_of the SO|Id sanpl e of EXAMPLE 14 prepared by dissolving 1.0 gram
of 27 puie IaGried seaataa wmntsxampleeulss. ival 20319 g arkensranandnidalb Condpe, 18

shows the GC chromatograns of both the extract and the reference sanple.
The i nt el8@5,388k aad wgre 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 methy! siloxane, 30.0m x 250pum x 0.25pum). 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



retention tine of about 1.2 mnutes for both sanples was anal yzed by mass
spectroscopy and was found to be due to solvent (nethanol). Beside

nmet hanol peak, another peak at a retention tine of about 20 m nutes was
observed on both spectra, which mght indicate the presence of the sane
surfactant in both sanples. In fact, FIG 19 shows that the nass spectra
derived fromthese two peaks (at a retention tine of about 20 m nutes) for
both sanples are identical. The simlarity in the GC._retention tinme and
t he massPYiseetid & TRGAOH pfdsRAMId- ke Ot i of et | BYG shiygessdhsblongl y
that they are of the same surfactant. Based on the FTIR results of EXAMPLE
15 and GchivBatagsans of dotlt Hies extragineng, the trefesence sagiplede d hehiatensh @ealuref fct ant
extracted fromthe nesopores of Si-MCM 41l of EXAMPLE 1 naintains its

ori gi nal raentfoaciranbf sbhautidtumeutavien bafht empilds wasamgbized bhirmasyhspecteygcdpy of
synthesis as a tenplate and extraction by SFE. Al of the results of the

above exanphes faadAYBefRe ko sdi@intqhRaianyl)s Beside iaéthidee pes anphec pssk ffa this

invention offers a non_destructive extraction nethod to extract the

tenpl ati ng. SiGfBGEE dbod ﬁ@rﬂiﬁﬁesc\p%{'%t%@ve& B}Ex‘f)%ﬁijgﬁaﬂ.réltﬁﬁéh fh gnihdiesgagopor es

of MCM41 materials. Hence, SFE ers a fast environnental -friendly

cur  act antPerant Sreh SEEhy e NERHRE L OF SEEPRIT T G U8 W0 e
ot her oeRcla GoF BLEORIER S PG ROUBE S BE FAAEPH 13 THEHEREA! SOt he
commercial application of MA1 S materials.or other new porous materials
coul d besamplas preeident@l. Ehasiglarity An ik G&dresmtion June ppd theamasy gpegtra for
extraction for renoving at |east part of the total tenplating agent froma
porous symsheve peakatod theatwohswiphes sigizebts gropicht thagthagerst of the same surfactant.

Based on the FTIR results of EXAMPLE 15 and GC-MS results of this example, 1t 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.

lAll of the results of the above exambles (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.



sorbed within pores of said synthetic material conprising: a. providing a
stream of supercritical fluid at a predeterm ned tenperature and a
predeterm ned pressure; b. contacting said porous synthetic material with
said supercritical fluid with or wthout a nodifier or cosolvent for a
predeterm ned period of time in a manner such that at |east part of the
tenpl ati ng agent is detached fromthe gprous synthetic material; and c.
separating said extracted tenplating agent with or without said nodifier or
cosol vent from sai d porous syntheti ClwdM¥ial. 2. The nethod of claim1,
wherein said tenplating agent is a surfactant. 3. The method of claim?2
wherein said surfactant is an alkyltrinmethylanmoniumsalt. 4. The nethod of
any one of t ke npilededi negpeedraicals fluidhetactidre f@oremosiggy at feasti partraf eéhd &ital | s
MA1l S material. 5. The nethod of clai mhg wherei}said |vg,1 S fmterial is
pure Si - MOV icThRIREHg 3pent fgom 1 ROt 1FRMEHC CPAFTAl 12 Vil FRY JETH NRE S8Rt er i al
is Si-A-MM ¢ . iaPEYMSAEN )f the preceding clains,
wherein the séggngﬁoéfs ?fl%gaa%y??%gglﬂ%fgﬁ di oxi deg.) 8. The nethod of any
one of the preceding clains, wherein said nodifier or cosolvent is a polar

[ | t. 29..9 T » ' , ' ' [
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cl aims, wherein ?)add@tetmﬁ@e@adswre; is between 45 and 125C, preferably 85C.
11. The method of any one of the preceding clainms, wherein said pressure is
bet ween

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 M4IS material is Si-AI-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.



150 and 350 bar, preferably 350 bar. 12. The nethod of any one of the
precedi ng clainms, wherein said period of contact tinme between said
supercritical fluid, said nodifier or cosolvent and said porous synthetic
material is fromO0.5 to 6 hours. 13. The nethod of any one of the preceding
clainms, wherein the liquid flowrate of said supercritical fluidis 1
m/mn. 14. The nethod of any one of tjwe preceding clains, wherein the flow
rate of said nodifier or cosolvent is fromO0.1to 0.3 m/mn. 15. The

nmet hod of any one of the preceding clains, wherein said nodifier or

cosol veny | §,PLRERAL kL §P85?N?19re§'psé‘id ﬂ&%%éﬁf@ﬁ&i%t i OhefMREbIfor 8lhaRb1.

cosol vent to supercritic he“met hod of any one of the
pr ecedi ng clalns wherein said nodifier. cosolvent is separated from

extracte Iat ent b vacuat.i on, tra ed in cold tra and
Focyct ea 017 ThaMeditr s SR pre HriBe PIeng Blrih ARG g Fereosies i Brearsdh

synt hetic naug@hghzyay ng@aggu@%penplatlng agent sorbed within pores of
said synthetic materi a conprising: a. contacting said porous synthetic

mat eri al mnth a supercritical fluid at a predeterm ned tenperature and

pressure, Q“h? ?rl)ﬁt}gd g‘f %%JO ?lgewglﬂ]hq Lf?%e(aﬂ% d;c:‘lgxrr"l]ish %&He?elm&? \}Jr@sul%nig pebén

supercrltlcal I €ef or coso in contact for
a period of tborendsdsd barjmaferdbdy 38kbarb at | east a portion of said

tenpl ating agent fromthe said synthetic material; and c. separating the
desorbed tenplating agent with or without said nodifier or

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 | 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 supercritical

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



cosol vent fromsaid porous synthetic material. 18. The method of claim 17,
wherein said tenplating agent is a surfactant. 19. The nethod of claim 18,
wherein said surfactant is an al kyltrinmethylammoniumsalt. 20. The net hod
of any one of clainms 17 to 19, wherein said synthetic porous material is
MI1 S material. 21. The nethod of claim 20, wherein said M1 S matenal is
pure Si-A-McM 41 material. 22. The n®i hod of claim 20, wherein said M1 S
material is Si- 41 material . 23. The nethod, of. .any one of .claims 17 to
25 “whor ef n Sai d PSliH SR (oLt pYTS) SeERPh A SidoRPaETsn. KR Fod o
any one of clai mMeyithbut 8 HRHIWNET &sBlver & COAect it a Peri6d DOkinRNéuffisient topol ar
organi c solvent. 25. The nethod of claim 24, wherein said polar org&nic

sol vent is met hadesorbrat deashroportionef stk toraplAhRE @em nyjorBnibe gRid F¥thelic17 t o
25, wherein saidn&ﬁggﬁgghure is between 45 and 125C, preferably 85C 27.
The met hod of any one of clains 17 to 26, wherein said pressure is between
150 and 31 350 bar, preferably 350 bar. 28. The nethod of any one of

claims 17 to 27, wherein said period of contact.gine ,Petmee saj.
supercritical f | GPRRratE grendigPiope rteplatng SRVt ] WHReHtp¥ih ROAENAT: Plet i ¢

material is fromcBsgpyd® il QW SorodsyntiREc HRkhRH of any one of clainms 17 to
28, wherein the liquid flowrate of "'said supercritical fluidis 1 m/mn.

30. The nethod of any one of clains 17 to 29, wherein the flow rate of said
modi i er lgr 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



cosolvent is from0.1 to 0.3 mM/mn. 31. The nethod of any one of clainms 17
to 30, wherein said nodifier or cosolvent is present from5 to 30%

vol une/ vol ume, of nodifier or cosolvent to supercritical fluid. 32. The
met hod of claim 17, wherein said nodifier or cosolvent is separated from
tenpl ati ng agent by evacuation, trapped in a cold trap, and recycled. 33.
The nmet hod of claim 32, further conprigging separating the nodifier or

cosol vent from extract ed tenpl ati ng agent and recycling the recovered

nodi fier or é8%buvBigfera)y 3e@Rttacti ng step (a). 34 The purified porous
synthetic material when obtained by the extraction or desorption nethod as
claimed in any one of the previous clainms. 35. Purified MA1 S material when
obt ai ned2by Qﬁhe mﬁﬂmﬁbbf any one € otaifk i ld’ntorréi heberam satd @blr'nmﬂ oifrttoatrayt ome of

clainms 1 to urified 1S ter accordin aim

Combr 1 si ng_ SHRFENENR SPHIHER Trid SUpTOREET PTEGONEH S HEPTRR HEH i ng t o
cl aim 34, coHﬂkk§1@gh§ﬁoﬁqy%4%uﬂgter|aI. 32 38. Tenpl ati ng agent when
separated and recovered fromthe extraction or desorption nethod as cl ai med

in any one of clains 1 to 32. 39 A nmethod for renoving tenpl ating agent

froma pg °“?h§¥&£$cfbﬁ %ﬁék@kmn?EWQSexaﬁp eh&ni@ 2&@%{@%§;9#§09§§8r'bed

and |IIus Tated W rence

super cri ti cakugeldtitidalefiid &ct mdimihor renoving tenpl ating agent froma porous
synthetic material, substantially as hereinbefore described and illustrated
with reference to the exanples.

30. The method of any one of claims 17 to 29, wherein the flow rate of said modifier or

cosolvent is from 0.1 to 0.3 ml/min.
31. The method of any one of claims 17 to 30, wherein said modifier or cosolvent is
present from 5 to 30%, volume/volume, of modifier or cosolvent to supercritical

fluid.

32. The method of claim 17, wherein said modifier or cosolvent is separated from

templating agent by evacuation, tfapped in a cold trap, and recycled.
33. The method of claim 32, further comprising separating the modifier or cosolvent
from extracted templating agent and recycling the recovered modifier or cosolvent to

contacting step (a).

34  The purified porous synthetic material when obtained by the extraction or desorption

method as claimed in any one of the previous claims.

35. Purified M41S material when obtained by an extraction or desorption method as

claimed in any one of claims 1 to 32.
36. Purified M41S material according to claim 34, comprising Si-AI-MCM-41 material.

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



39

40

32
Templating agent when separated and recovered from the extraction or desorption

method as claimed in any one of claims 1 to 32.

A method for removing templating agent from a porous synthetic material,
substantially as hereinbefore described and illustrated with reference to the

examples.

A method of supercritical fluid extraction for removing templating agent from a
porous synthetic material, substantially as hereinbefore described and illustrated with

reference to the examples.



