Hydr ophobi ¢ magnetic particles Technical Field The present invention

rel ates to hydrophobic magnetic particles, their synthesis and their use.
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20 There are generally three ways to immobilize enzymes onto solid inorganic

supports: encapsulation, covalent bonding and entrapment. However, the separation of
such catalysts from a reaction mixture would generally require high-speed centrifugation.
There is a need to develop catalytic materials with open, interconnected and ultralarge
pores to facilitate substrate diffusion to catalytic sites, while incorporating attributes that

25 would allow for the easy separation of the catalytic material from the reaction mixture.
Methods of incorporating the magnetic characteristics in mesoporous silica have
been reported recently. They include the electrochemical synthesis of magnetic
nanoparticles within the walls of the silica supports, and the synthesis of y-Fe,O3; within
SBA-15, MCM-41 and MCM-48 channels via impregnation and exposure to organic
30  acids. However, such synthesis methods commonly lead to pore blocking. To overcome
this problem, Lu and his co-workers fabricated magnetically separable mesostructured
silica with an open pore system, whereby the magnetic cobalt nanoparticles were
selectively deposited on the surface of SBA-15 support (Lu, A.-H.; Li, W.-C.; Kiefer, A.;
Schmidt, W.; Bill, E.; Fink, G.; Schiith, F. J. 4m. Chem. Soc. 2004, 126, 8616). This
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In a broad form of the invention there is provided a process for making a particulate
20 material comprising mesoporous particles having granules of a metal containing species
in at least some of the pores thereof, said process comprising:

e allowing a compound of the metal to enter pores of hydrophobic mesoporous
particles, said compound being thermally decomposable at a decomposition
temperature to form a metal containing species and said particles being

25 substantially thermally stable at said decomposition temperature; and

o heating the hydrophobic mesoporous particles having the compound in the pores
thereof to the decomposition temperature so as to decompose the compound and
to form the mesoporous particles having granules of the metal containing
species in at least some of the pores thereof;, and

30 e optionally rendering the pore surfaces of the hydrophobic mesoporous
hydrophilic.

The metal may be iron, or it may be some other metal. It may be a transition metal.

It may be cobalt. It may be platinum. It may be palladium. It may be a combination of

more than one, for example 2 or 3, metals (e.g. transition metals). The granules may be
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accelerating the high temperature decomposition of the iron compound. It may be a
20 compound capable of stabilising the granules. It may be a surfactant. It may be a
carboxylic acid. It may be an alkanoic acid or an alkenoic acid.

The iron compound may be an iron carbonyl complex. It may be iron
pentacarbonyl. The magnetic granules may comprise magnetic y-Fe2Os. The magnetic
granules may be substantially spherical.

25 The decomposition temperature may be about 250 to about 350°C.

The process may comprise the additional step of cooling the hydrophobic magnetic
particles. It may comprise the additional step of treating the cooled hydrophobic magnetic
particles with a decomposing agent, e.g. an oxidising agent. In the event that the iron
compound is iron pentacarbonyl, the oxidising agent may be an amine oxide, for example

30 trimethylamine N-oxide. The step of treating the cooled hydrophobic magnetic particles
with the oxidising agent may comprise heating the hydrophobic magnetic particles with
the oxidising agent.

The hydrophobic mesoporous particles may be hydrophobic mesoporous silica. The

process may comprise reacting mesoporous silica particles with a hydrophobing agent so



process may conprise reacting nesoporous silica particles with a

hydr ophobi ng agent soas to produce the hydrophobi c nesoporous particles.
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20 pentacarbonyl and to form the hydrophobic magnetic particles having magnetic

granules in at least some of the pores.
In another embodiment there is provided a process for making a particulate material
comprising hydrophobic magnetic particles, said process comprising:
o allowing a facilitation agent to enter the pores of mesoporous silica particles;
25 e allowing iron pentacarbonyl to enter the pores; and
¢ heating the hydrophobic mesoporous particles having the iron compound in the
pores thereof to about 250 to about 350°C so as to decompose the iron
pentacarbonyl and to form the hydrophobic magnetic particles having magnetic
granules in at least some of the pores.
30 In another embodiment there is provided a process for making a particulate material
comprising hydrophobic magnetic particles, said process comprising:
» treating mesoporous silica with a hydrophobing agent so as to produce

mesoporous silica particles;



mesoporous silica particles; allowi ng iron pentacarbonyl to enter the
pores of the nesoporous silica particles; heating the hydrophobic
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'comprising a plurality of magnetic particles, said particles comprising mesoporous

particles having magnetic granules in at least some of the pores thereof. The magnetic
particles and the mesoporous particles may both be hydrophobic.

20 More broadly there is provided a particulate material comprising a plurality of
particles, said particles comprising mesoporous particles having granules of a metal
containing species in at least some of the pores thereof. The metal containing species may
be a metal. It may be a metal oxide. It may be some other metal containing substance. It is
preferably a solid. The metal may be iron or cobalt or platinum or palladium. It may be a

25 transition metal or a mixture of transition metals.

The following options may be used in conjunction with the second aspect, either
individually or in any suitable combination.

The mesoporous particles may be hydrophobic mesoporous silica particles. The
pores may have surfaces comprising hydrophobic groups such as trialkylsilyl groups.

30 The mesoporous particles may have a structure comprising pores connected by
windows, wherein the mean diameter of the windows is smaller than the mean diameter
of the pores. The magnetic granules may have a mean diameter between the mean

diameter of the pores and the mean diameter of the windows.
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said particul ate terial being as described in the second aspect and said
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may be used in conjunciion with the fourth aspect, either individually or
in any Slgrfl{rglgpfeofgwq{gt pyticles, said particles comprising mesoporous particles having

magnetic granules in at least some of the pores thereof and the pore walls thereof having
an enzyme immobilised thereon.
In a third aspect of the invention there is provided use of a particulate material as a
catalyst, said particulate material being as described in the second aspect and said
25 particulate material having a catalytic species immobilised in the pores of the particles.
The invention also provides a particulate material when used as a catalyst, said particulate
material being as described in the second aspect and said particulate material having a
catalytic species immobilised in the pores of the particles.
In a fourth aspect of the invention there is provided a method for converting a
30  starting material to a product, said method comprising exposing the starting material to a
particulate material comprising a plurality of magnetic particles, said particles comprising
mesoporous particles having magnetic granules in at least some of the pores thereof and

having a catalytic species immobilised in the pores of the particles, wherein the catalytic



The starting material may be dissolved in a solvent during the step of
exposing said starting material to said particulate nmaterial. The sol vent
may be a worepalseanosol vent. The step of exposing may coRrpTiSSeomwdi«s t he
particulate material to a solution of the starting material in the solvent.
The nethod may conprise the step of separating the particulate materi al
fromthe starting material and the product. The step of separating may
conprise exposing the particulate material to a magnetic field. The nethod
nmay al so SPesigsrip sapableokeasglysrg thewenyrysion of the stirting araerinh tethe girodust.alhe

catal yst i . i i may convert the
starting Iflrr%n gtrllé '?%Ht et}%ﬁ-@%&%@‘&ﬁ%ﬁ@lﬁgﬁ§%¥i ﬂ%eeﬁ}?;%@gg[&' of the
subsequent r daetfobowireyoftenatmiehs tis@DM obnjtubeion with thd faurth mpectyeithér om

t he pr evi.o&{sidr elifti.on. | n. aqrf e oditrrent there is provided a nethod for
converti A AL 5 MG A rOPE MY oduct, sai d met hod conpri sing addi ng
a par i cul at €hestetinginatepiabmag betdissslved i Heolsémrduking 1HBGHES bBdxpobing said

non- pol ar  sol vent,, said, particul ate terial comprising a plurality_ of

hydr opholSTPEEGA top*&%qo pafigate maieriahathe solvent mssrheiaiomgpHyrdrobysmbbihe

MBS OPOT OYfepRAekpEiRS AR CbAGriSPEHIRd Gie DA BS maferidf o aﬁﬁﬁﬁﬁoaomh@&?hﬁ% pores
t hereof and having a catal ytic specieS imobilised in the pores of the
parti cl esnated inthe sohenkat al ytic species is capabl e of catal ysing the

conver si on of i I t. ther odi nent
there is pr O\}}hﬁ?ﬁe@&%aﬁ% nmgfrsg(%cﬁ%tg‘é t8 f%qu%éggn%g@% if %glc%at%;% a la% g[%g’ glreoduct ,
sai d wet istadingnptérsl rgd thadotodugt. allpastep cofl seperatiap ensdyakomeprise sopasirigotheof t he
starting terial jn a non-pol.ar ent .. said rticul.ate material .
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exposing the particulate material to a magnetic field so as to Separate the
partiiul agastipat erial fromthe product and, if present, the starting

material; an i t] rd al cat.alyst in.
subsequent - r Shab OO POl GHAR € s LT ot Bt antBidue s
react i on prasluat, shidant¢th8deompridiheaddind & paftictifae: paeeblci o sobutionhef the stuitinigs
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r ef er enc @ylphbisic apmagnedirn phriigled! 8yl NEEiWRE T ®InfBrising hydrophobic mesoporous

20  particles having magnetic granules in at least some of the pores thereof and having a

 catalytic species immobilised in the pores of the particles, wherein the catalytic species is
capable of catalysing the conversion of the starting material to the product.
In another embodiment there is provided a method for converting a starting material
to a product, said method comprising:

25 e adding a particulate material to a solution of the starting material in a non-polar
solvent, said particulate material comprising a plurality of hydrophobic magnetic
particles, said particles comprising hydrophobic mesoporous particles having
magnetic granules in at least some of the pores thereof and having a catalytic
species immobilised in the pores of the particles, wherein the catalytic species is

30 capable of catalysing the conversion of the starting material to the product;

e exposing the particulate material to a magnetic field so as to separate the
particulate material from the product and, if present, the starting material; and

e reusing the particulate material as a catalyst in a subsequent reaction;



Figure 1 shows SEM i nages of catalyst D supported on Y-Fe O3 C 18- MCF

m croparticles; Figure 2 shows TEM i nages of catalyst D supported on

7- Fe203 GvO2eMaBencr oparticles; Figure 3 shows a powdePCXRD20st00@&B3H

O Y-Fe20 ZC 18-MCF microparticles; Figure 4 shows nitrogen

adsor ption-desoi ption isothernms of (a)®Cl -MCF, (x) g- Fe23zZC 18- MCF, and
(D) catalyst D, Figure 5 shows PA-FTIR spectra of 7-Fe O ZCs-MCF (a) before
and (b) after enzynme entrapnent; Figure 6 shows a graph of conversion of

1- pheny| ehdrabpotheggeld of drecproduct of thei swbsagwent rejctivatisbileast R0%( of) the aiedd p6t B,

(A) cat St d () catalyst and (o) free CALB; Figure 7 is Nitrogen
adsor pt iatﬁ}%paoégfﬁ?@&ﬁePrseg{%érer%gt?%r%. () catalyst A (D) catalyst B, (x)
catalyst C, and (o) cat al Bsief Deserniptiongof theSDsavwinrgsa gr aph of conver si on of
1- phenyl et hanol. as a function.qf tine for Catalyst over . nsecut i.ve
runs. Det ai ﬁ%rﬁfeﬁ'@gcer‘?@i‘%ﬁm%f’f ﬁ??eermm‘iGBHO%ﬁ“ﬁrﬂ?WEP%?ﬁmg?‘ﬁt eWBY 8l ent
inven{i Oékafrfﬁlélbﬁ? ith kdreref¥doBS A offpafn g ldrd e RSHhéreinhly dr ophobi c,
siliceous mesoce ular foam (MCF) and its application in _enzyme |

i nmobi | i Bigaseonshoms SEM imegesaicaalystPrsuppartesion t-HeQalrmMGE gietaparticles;  aken
to referg: I : (S qts | N ; cted by
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cat ahy st Be, Ok :-380R) adi(ANcphlysiuzh cat al ysts fromthe reaction m xture
general ly requires high-speed centrif i r filtration. ch procedures
are t edi Big8eanshare fplpc‘%lﬁlg tSBG%Tﬁ‘p‘Pf;VTlFSﬁQ? Q%‘ Rf%ﬁr)é@ é@lﬁ eea%f/)ﬂ%) sen8¥me

phar rraceéﬁt}a%g&eﬁt.and fine chem cals. The present inventors have successfully

i ntroduced gne’ti c attributes to the hydrophobic MCF support to facilitate
t he recobignye abows assapy ofegenyersioncofclaphenyiathanotps 8 fwesiion oftpecven@er i al

can al so ppl A S i ld zJ | ok g\ 1g8.0ani c

cat al yst%ﬁﬁgge‘gfh(‘gﬁggag\gﬁa%&%i% %rdaﬁdgﬁ.) 9%1%2 cata y(s?geguppor’t ed on
magnet i cFidofe aiseNitmipas hdsmpticmadsdsbrption liosledrad of iy) easalyst Af(A catalyiseB, 9 or
reuse. The presently described.synthesis of magnetic MCF is novel, as the
magnet i ccaé?lgﬁf?’é’éldéhcagaﬁta{%ﬁ@é in the mesopores, and the resulting

mat er i al Flufegssivwieh lgraiaf bneduvdriioe efdi-phasianalol perodsndionust tine. fofhi s

i nvention provides a facile and i nexpensive nethod for the preparation of
magnet i cC st DAY6F P SORBEUENEdUBS ef fi ci ent and reusabl e catal yst systens.

In particular, the int rpggféijegrbgéc,rfﬁgaﬁtdfqhgqh{,bhﬂbﬁs does not disrupt the
t hr ee- di nensi onal porosity of .
20 An embodiment of the present invention relates to the synthesis of novel magnetic,
hydrophobic, siliceous mesocellular foam (MCF) and its application in enzyme
immobilization. In the present specification, the term “magnetic” is taken to refer to a
material that is “capable of being magnetised or attracted by a magnet” (definition from
the Macquarie Dictionary, 2nd Edition, The Macquarie Library Pty Ltd 1991). Many
25 enzymatic catalysts have been immobilized on siliceous and other inorganic supports.
Although they are more mechanically robust and thermally stable than polymer-supported
catalysts, the separation of such catalysts from the reaction mixture generally requires
high-speed centrifugation or filtration. Such procedures are tedious and difficult to‘apply
towards large-scale synthesis of pharmaceuticals and fine chemicals. The present
30 inventors have successfully introduced magnetic attributes to the hydrophobic MCF
support to facilitate the recovery and reuse of enzymatic catalysts. This novel support
material can also be applied towards immobilizing organometallic and organic catalysts to
enhance catalyst separation. The catalysts supported on magnetic MCF are robust and

easily collected, by means of a magnet, for reuse. The presently described synthesis of



mesoporous silica. The magnetic MCF may al so be tailored easily in terns of
m crostructure, pore size, surface chem stry and magnetic granul e | oadi ng
for partiwol2aro/&pbi cati ons. The magneti c granul es nmay RPETSEIOISL00E@I3S
nanoparticles. The present invention describes a process for naking a
particul ate material conprising hydroéhobic magnetic particles. In the
process an iron conpound is passed into the pores of hydrophobic mesoporous
particles. The hydrophobi ¢ nesoporous particles having the iron conpound in
t he por esagaric Mehisheatbds the magnetie goamplesiaré enrappedbiy the mesopares, faad fheon

conpound so.as to .decanpose m magnetic
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passing a vapour or a liquid conprising the iron corrpound into the pores.
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may conprise es —and ing t he vapour or
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embodi mehto, ﬂ?%é’oﬁsoﬁg Mﬁ%@ﬂ@c @e%&lftﬂ’é?}lsagalgcﬁéaﬂ? d@drﬂpho?ﬁe 8RB tpound
may be 3%%1@& hgvmgtth& ir8h c%ﬁ%kﬂmé- it ﬂl@P@ME abe ml hdQd ©F te defcoﬂnxédﬁlﬁ@ﬂnobl c
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particl or a o 4 or to 3mol /g, e. bout

1.5, 2, temeragire dfshe on 4omp@md5$m%ﬂ vogdecm@oget@ﬁ 1 Wélaiquﬁ SPr?é Ry phobl c
mesopor AN (BipGRUPaY PO @S iR Reapofind
decorrposnxLiig‘%Iﬁ(f’i &lr??%solﬁﬁglﬁbﬁgshgg dc?;%l?%] l'y lfméi“d():o c? ed |n1t he prﬂgsence of
a deq:sorrpﬁsybgfa&@ﬁaﬁedd:ma&bcblhtaubndgmbnpoa ng the iron compound. In the event

the iron co ou d |ron entacarbon STy be an
ani ne oxi de el? P? ?nlrﬁ’B W“é‘imti)?ﬁs %Q% @8@&;@@%&%@% agent
i s addedpaké 6f htl’aﬂ é}&w&bh @Bm@burid) ThBjature tof tiok rmdyeddpagdlehlth:e pa‘uta elges have
formed, commonly after the partl cl eg have beeﬁh ﬁ i’]-ﬁ%artl al cool ed.
The heat YalgilisiOfithe fron somppynh lemay be passer {718 ?B?ﬁs% g %Y"‘H‘Pé{z bd

bet ween ghaytco kO HadiRbedH c(ﬁggoﬁ@ iRé tﬁ@?)bﬁes 19Qist Map MmpHIO 16€utidQCGhe 200 t o
400, 300 0 400 or 250 to 3500 e.g. about 100, 150, 20 250, . 300, 350 or

400 oC. fehticlee it thegvamayr drdiquid,dirfit meswomprise eassing the vapour or liquid past or
through said particles. It may comprise forming a bed of the particles and passing the

vapour or liquid through the bed. It may comprise passing a vapour into the particles. The
vapour or liquid may comprise a carrier. In the case of a vapour this may comprise an
inert gas e.g. nitrogen, carbon dioxide, argon, helium etc. In the case of a liquid it may

25 comprise a solvent for the iron compound that does not react with the iron compound. In a
particular embodiment, the iron compound is added as a neat liquid. The iron compound
may be used at a ratio of about 1 to about 5 mmol per gram of hydrophobic particles, or
about 1 to 3,3 t0 5, 2 to 4 or 2 to 3mmol/g, e.g. about 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 or
5mmol/g.

30 The step of heating the hydrophobic mesoporous particles having the iron
compound in the pores so as to decompose the iron compound may optionally be
conducted in the presence of a decomposing agent capable of decomposing the iron
compound. In the event the iron compound is iron pentacarbonyl, the decomposing

compound may be an amine oxide e.g. trimethylamine N-oxide. In some cases the



2 or 3 stages, each of which may independently be at one of the

t enperatures or ranges above, or the heating may be in a single stage. The
t enrper at Wwe 2oeyosem®pend on the nature of the iron conmpoumrdl/Senaseass3snl so
depend on the presence or absence of a deconposing agent. The inventors
have found in one exanple of the proce$¢ of the invention that iron

pent acarbonyl: oleic acid conplex in the pores of nmesoporous silica
particles is deconposed at about 3000C. The conpl exes start to format a

t enper at uiceorpasisg agrmiis 41300 GfterTihe fomationl ofdthe anaity of dit Bhgidie feRméeX
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conmopl y for mee iHeddies Watd foun@iif ond RRaMPR SHO PtsccSRSOMO RN BA thitGlES MaY
conprise silica, or a nmetal, or a netal oxide or m xed metal oxide. The
met al napep@cabpndoleip| eoid r enmplex timnithan Poresy c¥nmgsensrous witioai particlseis

hydr opholby b 0 ed
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cel | ul ar 1084 ThEFniterl dOUnpositias afe er ichmglexn le8dhno dtheWarketioet ofalseed

Sci ence, 54 L ow.et a Langui r 000 Fan et al,
Angew  CREMge/arailer- thi S8 PagBhes R TG mefichor T o 300 o lf 1R8BwSHA ng < 0
PCT appl haat famdRRd (562 0RR MO IPdontidh éhec anb@iits eafrapeid Ghagietic ighaRIRdyat ed
herei n by .crgss referencgh The hydggpﬂobic nmesopor ouys particles_may have a

particl e 2dIUsEng the, Raenm 9f don RepRRAY20d qlpie askisused ip tipaprocesse Diffstenthay be

bet ween 2h@ufstsSRRH Be dshaddohaViy Gifren® bnRShNEREnARMNI ha AR WandQ Afad 200,
50 and 200 LSI100 gﬂd 3)8% 1 andrpg’rloo,m{1 and 50 or nl and 1%@% c%g?]ns or between

about | OGHisraRcPore eizerPEMETS It is elsamoasible 10 eniran ether, metatyrsurciaindo therpasesoel or
500nm an ) - he ! 00, 800
or 900 mﬂ?:erlgﬁlgg&‘%?“%%g%? W“% c%%%g%e é,&%%’, %@?c}%%%g,belg?edzg?%%?}%g%,f 0. 60,
70, 80, 9Ovenko® find1bat it Roprefeible fotOse GFMctahBOwith Ashoft&BrbohO¢hait t2&irap
mcrons. actglﬁégsrfﬁ)%ri]z% Irganggasrgagsr %' hf %E)%elsccl)fe Sall pore size particles. To entrap

magnetic nanoparticles in the small pores of FDU-12 (5 nm window pore, 8§ nm cell

pore), hexanoic acid was used instead of oleic acid. Other than when FDU-12 was used,
magnetic granules were commonly formed using oleic acid.

25 The hydrophobic mesoporous particles may comprise silica, or a metal, or a metal
oxide or mixed metal oxide. The metal may be for example iron, titanium, zirconium or
aluminium. The hydrophobic mesoporous particles may be a foam, for example open
celled foam, or may be sintered or otherwise porous. It may be mesostructured cellular
foam (MCF) or FDU-12, as described in Schmidt-Winkel et al, Science, 1999, 548,

30 Lettow et al, Langmuir, 2000, 16, 8291 and Fan et al, Angew. Chem. Int. Ed., 2003, 42,
3146. It may be a silica foam according to PCT application PCT/SG2005/000194, the
contents of which are incorporated herein by cross reference. The hydrophobic
mesoporous particles may have a particle size between about 100nm and 200 microns.

The particle size may be between about 500nm and 200 microns, or between about 1 and



may have a narrow particle size distribution. There may be | ess than about
50% of particles having a particle size nore than 10% different from
(great er wbaniomséioess t han) the nean particle size, or POESS200R00085] ess

t han about 45, 40, 35, 30, 25, 20, 15, 10 or 5% of particles having a
particle size nore than 10%different ¥romthe nean particle size, and may
be about 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45 or 50% of particles
havi ng a particle size nore than 10% different fromthe nean particle size.
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0.5 and the effestiyggony, size, pe-thepige of the rgrrowsst rergon %ﬂaWd:hemz? dirovgiptieand
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The hydr Oﬁb&b}bﬁgalagﬁatandﬁ@nma)r between about 2 and 20, 2 and 10, 5 and 20, 5 and 10, 10
and 40, 10 and 30, 10 and 20, 20 and 50, 30 and 50, 40 and 50, 20 and 40 or 20 and
30nm, and may have a mean pore size about 2, 3,4, 5, 6, 7, §, 9, 10, 11, 12, 13, 14, 15,
25 20,25, 30, 35, 40, 45 or 50nm. The actual pores may have a mean diameter of about 10 to
about 100nm, or 10 to 50, 10 to 20, 20 to 100, 50 to 100 or 20 to 50nm, e.g. about 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 5-, 60, 70, 80, 90 or 100nm. The
hydrophobic mesoporous particles may have a pore volume between.about 0.5 and
5cm’/g, and may have a pore volume between about 0.5 and 2,0.5and 1,1 and 5, 3 and 5
30 orland3 cmS/g, and may have a pore volume between about 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4,
4.5 or 5 cm’/g. They may have a void volume of between about 50 and 90%, or between
about 50 and 70, 60 and 70, 70 and 80, 80 and 90 or 75 and 85%, and may have a void
volume of about 50, 55, 60, 65, 70, 75, 80, 85 or 90%. They may have a bulk density of

between about 0.2 and 1g/ml, or between about 0.5 and 1, 0.2 and 0.5, 0.2 and 0.4, 0.2



in solution. It may be dissolved in a solvent. The hydrophobi ng agent may
have a group capable of reacting with the porous support, and may al so have
at | east woeotwdsmphobi ¢ group. For exanple, if the pre®arscr0BANMBE] es
conprise silica, then the hydrophobi ng agent nmay conprise a hydrol ysabl e
group, such as a chlorosilyl group, ar2al koxysilyl group, a silazane group
or sone other suitable group. The hydrophobic agent may be a silane, for
exanpl e a hal osilane, a silazane or an al koxysilane or sone other type of
hydrolysami@3513aﬂ@O@&ndh&ﬁamh@3ayﬁﬂnxysmbHMWpa&mﬂodﬁmﬂybﬁ&h&ﬁO&hOlS,
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may CONPEio$€ than three hydrophobic groups per molecule. It may for example have a formula
RuSiXy, or RMesSiCl, where R is the hydrophobic group, X is the hydrolysable group
and n is 1, 2 or 3. Alternatively the hydrophobing agent may comprise a siloxane or a
25 cyclosiloxane. Suitable hydrophobing agents may include chlorodimethyloctylsilane,
chlorodimethyloctadecylsilane, = methoxytrimethylsilane,  dimethyldimethoxysilane,
hexamethyldisilazane, hexamethyldisiloxane, decamethylcyclopentasiloxane (D5) or
other cyclosiloxanes. The process of hydrophobing may comprise exposing the precursor
particles to the hydrophobing agent, optionally together with a catalyst, for between about
30 1 and 48 hours, for example between 1 and 24, 1 and 12, 12 and 48, 24 and 48 or 12 and
36 hours (e.g. for about 1, 2, 3, 4, 5, 6, 12, 18, 24, 30, 36, 42 or 48 hours) at a temperature
between about 10 and 80°C. The temperature may be between about 10 and 60, 10 and
40, 10 and 20, 20 and 80, 40 and 80, 60 and 80, 20 and 60 or 40 and 60°C, and may be
about 10, 20, 30, 40, 50, 60, 70 or 80°C. The catalyst may depend on the nature of the



i mrersing the precursor particles in a solution of the hydrophobi ng agent
in the solvent, and may conprise stirring, swirling, shaking, sonicating or
ot herwi sewagntossaeg t he sol ution with the porous suppor PCTISeR@ismp043s it may
conprise passing the solution through the porous support, and optionally
recircul ating the solution through thelporous support. It may be a vapour
phase or gas phase hydrophobi sing reaction. The precursor particles may be
degassed and/or dried before being hydrophobed. They may be heated to a
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sol vemt , Imymmmpmewgmaﬁmy&epmwdﬁngﬁwm sol vent. The sol vent
may be aqueo&ﬁx‘%ﬂﬂaélr be or ani c.. The organi c sol vent. may. be pol ar or

non- pol ar IRPEIAES Ty Bsdesage rand ﬁétdﬁléﬁd%eforéth?%hydrPBW@panoI
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be any m sci bl é conbination of suitable solvents. After any o
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the iron conpound to enter said res. The facilitation age

capabl e OFCSPWE Of 1188 1B eboRbo] t it oF d9s6 thasnabeppSiiH éo?rgrﬁnlﬁ)hae
gr anul es.joht SR, be?, qa@@b bﬁ@ﬁ tJr@%!nh it AtiRe ahfassoq!aeg%@&fetdf%@w@éen%ﬁe(@t ed

tenperat ure: imy ‘be capabl e of reacting, or associating, or conplexing,
wi th 2he 10r @ﬁddﬁrrmmm! betyvesn aboutf HE| anidt 1k etol:rhlao dewbhosrt, 16 .and 10 torr,

102 and 10~ torr or 10 and 107 torr, and may have a pressure of about 5* 103, 1073,
5%10™, 107, 510, 10%, 5%10°° or 10°° torr.
After being hydrophobed, the hydrophobic mesoporous particles may be washed

one or more times. Each wash may be with a different washing solvent, or some of the

25 washes may be with the same solvent. The solvent may be aqueous or may be organic.
The organic solvent may be polar or non-polar. Suitable solvents include water, methanol,
ethanol, isopropanol, acetone, dichloromethane, ethyl acetate, toluene and xylene, and
may also be any miscible combination of suitable solvents. After any or all of the washes
the porous support may be dried. The drying may comprise for example heating (for

30 example as described above), passing a gas through the hydrophobic mesoporous
particles, or exposing them to a vacuum (for example as described above). The gas may
be air, nitrogen, carbon dioxide or some other gas, and may be heated or may be not
heated.



It may forman iron conpound-facilitation agent conplex, which subsequently
deconposes at high tenperature to formthe granules. The facilitation agent
may be capekbm/s6208t abilising the granules fornmed i n t heCpsGeas@hosBhe
particles. The facilitation agent may be a surfactant. It may be an anionic
surfactant. It may be a cationic surfddtant. It nay be a non-ionic
surfactant. It may be a zwitterionic surfactant. In sonme cases nore than
one facilitation agent, or nore than one type of facilitation agent, nay be
used. The f athd ifratdsorofagenpresent bevefibon emgnwompais¢ dhg sémiof dldewmpgasi d. |t

may be satyrated or it nmay be unsaturated. Lt.may be for ex le a to
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allowing the surfactant to enter the pores may comprise immersing the hydrophobic

mesoporous particles in the solution, or it may comprise passing the solution through
25 and/or past the particles. It may comprise forming a bed of the particles and passing the
solution through the bed. The passing may be under gravity or it may be under an applied
pressure. The applied pressure may be sufficient to cause the solution to enter the pores of
the particles. The solution may be dried following entering the pores. This may comprise
heating the particles having the solution in the pores thereof. It may comprise applying a
30 vacuum to the particles having the solution in the pores thereof. It may comprise both of
these. The temperature and pressure and time may be sufficient to remove substantially
all of the moisture in the solution. These three factors will of course be interdependent, so
that, for example, the lower the pressure, the shorter the time may be, and will also

depend on the nature (in particular the volatility) of the solvent and of the surfactant.



may take less tinme, e.g. 1, 2, 3 or 4 hours. As discussed earlier, the iron
conpound may be an iron carbonyl conplex. It may be iron pentacarbonyl. It
may be sOW® 20t0s6200r on conmpound provided that it is stalpCe/SiGaomsogaas c
solution at roomtenperature and is deconposabl e at el evated tenperature,
optionally in the presence of a facilitation agent as described el sewhere
herein. The nmagnetic granules nay conprise iron oxide, for exanple nmagnetic
7-Fe O . They may be substantially spherical. They nay not be el ongated.
They may Thete fastorsnginwild prefembly. beTdudfciamytoremove stbsantiatly \wilt dfithe tivdstper es  of
the particles. The e, of a sultable. sh that they do not

subst ant :bg* 1S rle?%)g% S‘q‘?%{adﬁ)ab?mau‘#f ﬂf ﬁ‘etsﬁfefﬁffaﬂafp 5 HE29Q feap %?ﬂ]retg RFosTralie

Wi ndows  jabbutti 300tot dbeup®°€S or Ab@y 308y 5025 1686 ioZ @0 tth B, S . . nibeutEHi4at 80,

bet ween that7 of é&&\g{indom of the particlegs and the pores of the particles
so that OHeyVd¥e hegpressurg may e plpu sl humbabio ghew WYt mber.t Reartimier ough

the wisndosMired B8ayPhOEESE STBLERIMY haifs, I d?ebadds td omalo Bt RPor030 fOM higst he

hydr ophobi ¢ magnetic particles. The cooling nmay be to a tenperature of
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12Q0C, e qu"lcq)ﬁ : .1 40 , 100, 110, 120, 130, 140 or 1500C It
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particles with The am né oxide to a suitabl nper at u y "be for

exanpl e awstantizlly spherigsdTheysmeL noe by . elettgstad. They mBOnotl WO magndtBOpdes. or | t
may be hi r f.0r - I e t . 4 C, or
about - 10065 0e TR PO B THP uBreiGH BE RGN, J3 AOEHE B ntgRR,
abouti1s 106hapt5Bhat tROPdo 26Osub3tftialB5khperie 4I0006E a b themiph nige pays bed thnoughr e

t han one st age, each.stage bei at a different tenperature, optionally
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f or deconmgeswitdotve dif hedparii¢leNartai® pord of fidtpaidded Wi thxaBey SeGBReTR e t he
el evat ed teegg)eratures. The process may conprise washing the particles

havi ng t RereaRyheetinasypundthsan thioughthe Windowsof . Thi s may serve to renove
residual reaggp s B faghitiohait 4 LY ;cas any
magneti c granul soc{ehaglag;ée&gg?? Ehc ?agntqog}as%%] ? not1 tng 3&%%%?%%0@?? fn\gg%é% thin
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about 50 to 100, 100 to 150 or 70 to 120°C, e.g. about 50, 60, 70, 80, 90, 100, 110, 120,

130, 140 or 150°C. It may comprise the additional step of treating the cooled hydrophobic

magnetic particles with a decomposing agent, e.g. an oxidising agent. In the event that the
iron compound is iron pentacarbonyl, the oxidising agent may be an amine oxide, for
25 example trimethylamine N-oxide. Other related amine oxides may also be used, e.g.
triethylamine N-oxide, and mixtures of such amine oxides are also suitable. The amine
oxide may be suitable for decomposing the iron pentacarbonyl to form iron oxide. This
may be conducted at elevated temperature, and the process may comprise heating the
particles with the amine oxide to a suitable temperature. This may be for example about
30 120 to about 150°C (e.g. about 120, 130, 140 or 150°C), or it may be higher. It may be for
example between about 100 and about 400°C, or about 100 to 300, 100 to 200, 200 to
400, 300 to 400 or 250 to 350°C, e.g. about 100, 150, 200, 250, 300, 350 or 400°C. The
heating may be in more than one stage, each stage being at a different temperature,

optionally also for a different length of time. The oxidising agent may be useful for



have a dianmeter smaller than that of the windows of the particles, and are
therefore readily renoved. The solvent used for the washing is conmmonly an
or gani ¢ swbverwose®0 as to be capabl e of readily penetraPCmgGrims/opases and
wi ndows of the particles and of dissolving residual reagents. It may be
capabl e of wetting the nagnetic granul¥s so as to be capabl e of washing out
the very small particles as descri bed above. The process may additionally
conprise the step of imMmobilising a catalytic species in the pores of the
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enzymes in mesoporous silica would be ideal for enzyme immobilization since the

mesoporous silica supports could be tailored with large surface areas, high pore volumes,
and well-defined pore and window sizes. In particular, MCF possesses ultralarge,
25 interconnected, cage-like mesopores that can entrap enzymes while facilitating the
diffusion of substrates and products. The cage and window sizes of such materials can

also be tailored to host specific enzymes, according to their molecular diameters.
The catalytic species may be immobilised in the pores by virtue of its size: the
catalytic species may be unbound to the pores but may be immobilised therein by virtue
30  of being too large to pass out of the windows of the pores. Thus they may be immobilised
physically. Alternatively the catalytic species may be bound to the pore walls, for
example covalently bound, optionally by means of linker groups. Commonly in the latter
case the pore walls will be hydrophilic (which may be obtained from the hydrophobic
magnetic particles by removing hydrophobic groups on the pore walls). Suitable catalytic



support. This problemcan be resolved by grafting | ong-chain hydrocarbons
onto the surface silanol groups of siliceous supports. Such hydrophobic
surface fwocbiooseloogr oups have been shown to boost the @sTSG2063®ae43Hn
activity of the immbilized |lipases in organic nedia by 5 orders of

magni tude, as conpared to free enzymes!Tn solution. The access of the
substrates to the catalytic sites was pronoted by the hydrophobicity of the
support, and the hydrophobic interactions between the enzyne and the
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J IV g .
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particles of the invention.

The catalytic species may be an enzyme. This may comprise passing the catalytic

species (e.g. enzyme) through the particles, optionally recycling the species through the

25 particles, under high pressure. The high pressure may depend for example on the particle
size and pore size of the particles. It may be greater than about 10MPa, and may be
greater than about 15, 20, 25, 30, 35, 40, 45 or 50MPa, and may be between about 10 and

50, 20 and 50, 25 and 50, 30 and 50, 40 and 50, 10 and 40, 10 and 30, 10 and 20, 25 and

40 or 25 and 30MPa. It may be about 10, 15, 20, 25, 30, 35, 40, 45 or 50MPa. The

30  passing, or recycling, may be for a period of at least 30 minutes, or at least 1, 1.5, 2, 2.5,
3, 3.5, 4, 4.5 or 5 hours, and may be for between about 0.5 and 5 hours, or between about
0.5and2,0.5and 1, I and 5, 2 and 5 or 1 and 3 hours, and may be for about 1, 1.5, 2, 2.5,

3, 3.5, 4, 4.5 or 5 hours. It may be for sufficient time to achieve the desired loading of

catalytic species. A low temperature such as 0°C may be used during the passing or



an aqueous liquid. The catalytic species may be dissol ved, suspended,

enmul sified or dispersed in the fluid. The concentration of the catalytic
speci es iwothw/isbaood wi || depend on the nature of the ca&CalSglims/s@BEi es.
The concentration may be between about 1 and 50nmg/m, or between about 1
and 25, 1 and 10, 1 and 5, 5 and 50, 1B and 50, 25 and 50, 5 and 25 or 5
and 10 ng/ M, and may be about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25,
30, 35, 40, 45 or 50 ng/m . The fluid nmay al so conpri se other species, for
exanpl e, r&gklisg, paticularly, whentthe eathlytie specichh limhitealf statlikityf The hwriynpdespered on
the nature of the catal vtic gai es, .and shouyl d be such at t catal ytic
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2 and 7, aidd 8%, Sand4m@nse Qoouf 0256110 081 5%C.aTik dataliél spRieshaxeb@ aRjrbtedn, about
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pores thereof. oroader sense; Invention provides a particulate
mat erd al theorfidmgiatgyne spepiss pas graar of particlelaorignepterahan 7r QUL 2S 150, 475, east
sone of t eQf annl terial ,ay .be used a catalyst, in
parti cul gpﬁ’a%f%ro blg}z%eogussoocg%é@;@%. may Vé tbegw - gbOU% $ an& %Oﬁmg/g, ot
between about 100 and 300, 150 and 300, 200 and 300, 250 and 300, 50 and 250, 50 and
100, 100 and 250 or 150 and 200mg/g, and may have about 50, 75, 100, 125, 150, 175,

200, 225, 250, 275 or 300 mg/g. The particles may have a higher loading of catalytic

25 species immobilized thereon than the porous support would have if it were loaded with
the catalytic species under atmospheric pressure. It may be at least about 10% higher, or
at least about 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100%
higher than the porous support would have if it were loaded with the catalytic species
under atmospheric pressure. It may for example be about 15, 20, 25, 30, 35, 40, 45, 50,
30 55,60, 65,70, 75, 80, 85, 90, 95, 100, 110, 120, 130, 140 or 150% higher than the porous
support would have if it were loaded with the catalytic species under atmospheric
pressure. The catalytic species may be physically adsorbed into and/or onto the porous
support. It may be immobilised, e.g. physically immobilised, in the pores of the porous

support (i.e. the particles of the particulate material).



magnetic material so as to facilitate separation thereof froma reaction

m xture. The nmesoporous particles may be hydrophobi ¢ nesoporous silica
particl eswOTh®/q36208es may have surfaces conprising trial PgrsiGeeds/ogesdsips. The
al kyl groups of the trialkylsilyl groups may be C to C24 al kyl or bigger
than C24 al kyl. The pores may have surlPaces conprising triarylsilyl,
aryltrialkylsilyl or diarylalkylsilyl groups. The aryl group may be for
exanple C6 to Cl2 aryl. Ot her suitable hydrophobic groups nay be present on
the silyl grohgp.inWigioal Kgd govdps reapatireukite anghtialc banprising br habkly ohai n,

and may have between 1.and 24 carbon atons r between 1 and 18, 1 and 12,
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20 The mesoporous particles may have a structure comprising pores connected by
windows, wherein the mean diameter of the windows is smaller than the mean diameter
of the pores. The magnetic granules may have a mean diameter between the mean
diameter of the pores and the mean diameter of the windows. The pore size and window
size has been described earlier herein. The magnetic granules may have a mean diameter

25 of about 5 to about 100nm, or about 5 to 50, 5 to 20, 5 to 10, 10 to 100, 20 to 100, 50 to
100, 10 to 50, 10 to 20 or 20 to 50nm, e.g. about 5,6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 20, 25,
30, 35, 40, 45, 50, 60, 70, 80, 90 or 100nm, depending on the pore and window size of the
particles. They may be present in the particles at about 1 to about 20 wt%, or about 1 to
10, 1to 5, 1 to 2, 2 to 20, 5 to 20, 10 to 20, 2 to 10, 2 to 5 or 5 to 10wt%, e.g. about 1, 2,

30 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20wt% although on occasions
they may be present at an even higher loading.

The magnetic granules may comprise magnetic iron oxide, e.g. y-Fe;Os.

Examples



Racem ¢ M xture (R)-1-Phenyl ethylAcetate (S)-1 -Phenyl et hanol of
1- Phenyl et hanol Synthesis of Magnetic Hydrophobic MCF Y-Fe O3 nanoparticles
wer e ent rasippet/issophe pores of spherical hydrophobi c MCPCTrse2as®hé4as ar
siliceous foam particles. Figure 1 illustrates the size and shape of the
MCF microparticles, which were renderel hydrophobic by the reaction of the
surface silanol groups wth hexanethyl di silazane (HVDS),
di met hyl chl orooctyl sil ane (Cg) or dinethyl chl orooctadecyl silane (Cl ).
TMS- capped MCThe eaisapyhdn iofi ethghsticapoparfitlas e e pbtdsrod hydtvphdbit esksbeelalarer y
hi gh | oadi n f 49 .mm f,TMS groups/qg..Figure 2 ows very uniformy
o Sed gt ek fdrRbed dnérven e Bt Mrd hEcoBRRlLE el it PiRg 1 he
synt hesi smebblizERRORf W andide amm&zeﬁgm@osi (CAB R THee 4S8N, oM eRORAGLInG! €S
were formed in the pores of hydrophobic MCF, This was aided by the presence
of ol ei ceBEiRF Qirlysicvamiested forthe aeationelc kphenyletbanal it isapropgiyé geetate
facil it a&s%g seMdrophobi c interactions with the hydrophobically nodified
silica surface. Strong interactions have previously been reported between
t he hydr Sphebe d. Kinetia Besolution af d-Phenydethanelt with- tseppepenyh gieetite over
nanoparti(]cA]gﬁ. The hydrophobicity of MCF and the formation of iron-oleic
aci d conpl'exes during the reaction also prevented the deconposition of
Fe(CO 5 on MCF surface. The nanoparticles were then entrapped in the pores
of MCF, and subsequeg was/thg was used t A({ enove excess ol eigy acid

i

surfactant and the sgaller {C acid-stabilized g-Fe2C3 nandparticles. In
the present systemy'the g- Fezzﬁ nanogaryf ches coutd not 3 romthe
support, as they were |arggg; £ about L nm than the w ndow.kize of MCF
(about 10 nm)_. These relatively | - F nanopar f.i s facilitated the
nmagnet i c sep%ﬁ%ﬂ?ﬁ@%&t he cat al gﬁf-g—%l@@%g%ﬂ? rom tﬁ%ﬂ'p Eegﬁlf'g%lﬂf

medi um even at a lTow loading of about 5 wt% of 7-Fe O on MCF. The | oading
of nmagnetic nanoparticles on MCF could be easily controlled by adjusting

the amounts of, Fe(CO 5 .and ol ei ¢, acid added during the synthesis. The TMS
groups i RVEHHESERE! ﬂﬁ@ﬁll&ﬂﬂl‘?@g’éﬂég ily renoved by calcination, after the

entrapment of o[RIOChidopR@tRRANdrE ShiBihped e t1eAhdredSspliefied thydfdpbbic WIRET T
could then be used for the imobilization of° honbgeneous catal ysts xxx The
mat eri al (@hwseluix sigeoys feanacnardties Kimuye palinsirates thesipoand figpe of twdMgFre20
hase (Fi The: r : s and
PR R N R S R e R B
magnesi cardups nowith | ddxaithpldisdazaby (HMBS), e dintethyldi@bostyisilame €fga @nd t he

pore si Z%in%th%d@ﬁlogc?osc %E}%’i ange(t(%)! a[lMS-Ichp%%nM(ﬁ*s %asto%?aige%rby vapor-phase
grafting, which led to a very high loading of 1.49 mmol of TMS groups/g.

Figure 2 shows very uniformly sized magnetic nanoparticles entrapped within the

pores of MCF. During the synthesis of y-Fe,O3 via thermal decomposition of Fe(CO)s,

20 nanoparticles were formed in the pores of hydrophobic MCF. This was aided by the

presence of oleic acid surfactants around the nascent nanoparticles, which facilitated

hydrophobic interactions with the hydrophobically modified silica surface. Strong

interactions have previously been reported between the hydrophobic silica surface and the

surfactant-capped magnetic nanoparticles. The hydrophobicity of MCF and the formation

25 of iron-oleic acid complexes during the reaction also prevented the decomposition of

Fe(CO)s on MCF surface. The nanoparticles were then entrapped in the pores of MCF,

and subsequent washing was used to remove excess oleic acid surfactant and the smaller

oleic acid-stabilized y-Fe,O; nanoparticles. In the present system, the y-FexOs

nanoparticles could not leach from the support, as they were larger (about 15 nm) than the

30 window size of MCF (about 10 nm). These relatively large y-Fe,Os; nanoparticles

facilitated the magnetic separation of the catalytic materials from the reaction medium,



surface area and pore volune of the present Cl1 -MCF material were only
slightly reduced from238 n2/g to 228 nvg and from1.22 cnvg to 1.17 cnB/g,
respect i webyp10a560 t he | oadi ng of about 5 w % Fe2O3 namopsiGRiosioest3s Fi gur e
4 shows the N2 adsorption-desorption isothermof C18-MCF, before and after
the incorporation of nmagnetic nanopar t3lcl es. The pore and w ndow si zes of
C18- MCF renmai ned al nost unchanged after the entrapnent of nmagnetic
nanoparticles. Enzyme |Immobilization The inventors have i nmobilized CALB
ont o t he evaagae ilew Hyatling b aboutVERytis ofi g-Fe. 05 @asMIGE- dilievieadingtdfadagmtic

described in 006/ 32,,.t.he cqontent f. whi.ch.are i ncor ein
by cross P é?tv%é FRUIA PEqPasHE c8’f1tr‘?¢[l B Adiggne %}H'E ﬁ%@% and
129 o/ ga0d o0 BEHidd&L dul¥bl the spntRaly, ahedrNSagoapslin ﬂ{él TN@J@H@ theviepzyne
| oadi ng was not as hlg as that reported for Cs- I\/CF( ng/g), it _was

still coNsreasty WnﬁY calpination, giteithe gnirapment:pf, tIH%gI@Bﬁ\PéWH%WAPS dterring
met hod (%%cﬁsgég @M@F) su]p%&g LOYR" tRAZ W Jse@didid R #RAPEiL&idS-JCr as

conpared to - ue to the reduction of support pore volune
associ at éadmvxgetmogﬁmms Imdl ng. The | oadi ng of magnetic nanoparti cl es | n

catal yst A WIlaRgle Whaled Raby hBRIA! MBtD el L SN LRML 6l

enzyne | oadi n or mer magne P ha opartlc?eé for

cat al yst @hﬁeaﬁ@uﬁ 3)eThe powdscdXRD fatems gisoeconsisted tof atbiheadsizme (Bhzylite299adi ng
in these two, c taI sts TabI 1. Enzyne Loading and Characteristics of the
Cat al yst 855y PHBees Séﬁ‘iayrre | oadi ng Pore size Wndow size (rmg/g) (nm

(nm 6\ 5. 05 \A@%v?mﬁeéiﬁﬂs #08erddng n&gﬁ&&aﬂ@&n&cﬁﬁ@@)ﬁ/{@%\r&s YafteR#dBtheB 143
22.1 8.4 C8-MCE (5 nm) 4.75 wt%g-Fe208/ C 143 21.4 8 él?b?m% 5.43
t

Wt % Y- Fe2ata) supfagp greppamsl ghespaessizgret 15 WMAJOPOERUS| Braterip). \Xzascoatré%» ed to
ni trogen (SRt O GNREACoBAR hOFre Bt €F EMEIEInAl Bl were only slightly reduced

from 238 m*g to 228 m%g and from 1.22 cm®/g to 1.17 cm’/g, respectively, after the
loading of about 5 wt% Fe,O3 nanoparticles. Figure 4 shows the N, adsorption-desorption
15  isotherm of C;g-MCF, before and after the incorporation of magnetic nanoparticles. The
pore and window sizes of C;3-MCF remained almost unchanged after the entrapment of
magnetic nanoparticles.
Enzyme Immobilization.
The inventors have immobilized CALB onto the magnetic hydrophobic MCF using
20  a pressure-driven method as described in WO2006/096132, the contents of which are
incorporated herein by cross reference. Enzyme loadings of 143-200 mg/g of magnetic
Cs-MCF and 129 mg/g of magnetic C13-MCF were achieved (Table 1). Although the
enzyme loading was not as high as that reported for Cs-MCF (275 mg/g), it was still
considerably higher than that attained via the conventional stirring method (92 mg/g of
25 Cg-MCEF). The lower enzyme loading on magnetic Cs-MCF as compared to Cg-MCF was
likely due to the reduction of support pore volume associated with y-Fe,Os loading. The
loading of magnetic nanoparticles in catalyst A was higher than that in catalyst B, which
resulted in a lower enzyme loading for the former. The loadings of magnetic
nanoparticles for catalysts B and C were the same; this gave rise to the same enzyme

30 loading in these two catalysts. .
Table 1. Enzyme Loading and Characteristics of the Catalysts

Catalyst Support Enzyme loading Pore size Window size
(mg/g) (nm) (nm)
A 5.05 wt% y-Fe,Os/ 200 22.3 8.3
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C s faster reaction rate as conpared to catalyst B. Catalysts A and B were
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surface and attlBued 2y MRSy gdﬂfph@b@rﬁé&ﬁéhﬁbﬁ%f@ﬁﬂﬂ@%!rﬁ@e over time. Leaching
was not a preval ent. problem for catalyst A possi bI}/ due to the crowded

envi r onm&alpiced ety gadaSalectivity ubflzengqz{eqkesolutwn of 1-Phenylethanol
15 A fixed amount of CALB was introduced for the acylation of 1-phenylethanol

with isopropenyl acetate. Catalysts A-D all achieved complete conversion (50%) of (R)-
1-phenylethanol to (R)-1-phenylethylacetate in 8 h. After 1 h, catalysts D and A achieved
superior conversions and catalyst C showed similar conversion, as compared to CALB
entrapped in MCF. Nitrogen sorption experiments were performed on all 4 catalysts, and
20 it was found that the pore and window sizes of all 4 catalysts were quite similar. Catalyst
D (Cis-modified) was observed to have a higher catalytic activity than of Catalyst A (Cs-
modified), and the difference could be due to the difference in the hydrophobicity of the
silica support. The same trend was observed previously. Catalysts C and B have similar
enzyme loading, but the former has a smaller particle size; the shorter diffusion distance
25 for the substrate might account for catalyst C’s faster reaction rate as compared to catalyst
B. Catalysts A and B were similar in size and surface hydrophobicity, but the former has
a higher enzyme loading, which translates to a higher catalytic activity. This was also true
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20  reaction.
Conclusions
Novel magnetic hydrophobic MCF has been synthesized and used for enzyme
entrapment. This support material incorporated maghemite nanoparticles into the
siliceous MCF without disrupting the three-dimensional pore connectivity of the latter.
25 The magnetic nanoparticles were not embedded. or grafted onto the pore walls, but were
rather entrapped in the pore cages like a ball in a rattle. The resulting system was
effectively used as a solid support for the immobilization of CALB enzyme catalysts
using a pressure driven method. The immobilized catalysts demonstrated excellent
activity and enantioselectivity in the kinetic resolution of the acylation of 1-phenylethanol
30  with isopropenyl acetate. The heterogenized catalysts could be easily separated from the
reaction medium via magnetic force for reuse. This magnetic support can be broadly used
for immobilization of homogeneous organometallic and organic catalysts. The entrapment
method for magnetic MCF can also be employed in the synthesis of other magnetic

nanoparticles that are useful for biological applications.
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catalystg cY\gce%one &g{oﬁ‘éﬁg‘éﬂ b&XreCdrymg uny epl Véacrlll%n}/ %R material was characterized by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) using
a JEOL JSM-7400F (5 kV) and JEOL JEM-3010 (300 kV) electron microscopes,

respectively. Nitrogen sorption isotherms were obtained using a Micromeritics ASAP

25 2020M system, and the samples were degassed at 100°C for 24 h before analysis.
Analysis of Fe;Os content in the materials was performed at the Chemical, Molecular, and
Materials Analysis Centre, National University of Singapore.

Entrapment of CALB. CALB was entrapped using the pressure driven method
reported previously (Han, Y.; Lee, S. S.; Ying, J. Y. Chem. Mater. 2006, 18, 643). The

30 magnetic hydrophobic MCF was dispersed in 2-propanol and packed in a high-
performance liquid chromatography (HPLC) column (100 mm x 4.6 mm) using a slurry
packer. 2-propanol was flushed thoroughly from the column with water, before the
enzyme stock solution (0.8 mg/mL, 50 mL) was cycled through the pre-packed magnetic
hydrophobic MCF column for 2 h under a pressure of 4000 psi with a slurry packer. After
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reaction was monitored with gas chromatography until complete conversion was

20  obtained, as indicated by the disappearance of the (R)-1-phenylethanol peak. At the end
of 8 h, the reaction mixture was analyzed by HPLC for enantiomeric excess (% ee) using

a chiral Daicel® OD-H column. ‘
Recyclability of Catalyst D. In a typical recycling experiment, an appropriate
amount of catalyst D containing a total CALB loading of 10 mg was dispersed in 7.5 mL
25 of dry toluene. 7.5 mL of 1-phenylethanol in toluene (1.44 mmol/mL, total amount
equivalent to 10.8 mmol) was added at room temperature. 17.4 mmol of isopropenyl
acetate was then added, and a small aliquot of the reaction mixture was withdrawn every
hour. The reaction was monitored with gas chromatography (GC) over 6 h. At the end of
6 h, the reaction mixture was analysed by HPLC for enantiomeric excess (ee) using a
30  Daicel® OD-H column. The catalyst was filtered and washed 6 times with 30 mL of
toluene, and dried under vacuum at room temperature for 40 h, before being reweighed

and used for subsequent runs.
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to formthe nmesoporous particles having granules of the netal containing
species in at |east sone of the pores thereof. 2. The process of claim!l
sai d partwoubrywseeat eri al conprising hydrophobi c magnet iPCT[s&20M80b@S5 sai d
process conprising: allowing an iron corrpound to enter pores of

hydr ophobi ¢ mesoporous particles, said2¢ron conmpound bei ng thermal |y
deconposabl e at a deconposition tenperature and said particles being
substantially thermally stable at said deconposition tenperature; and
heat i ng tClgimhstdr ophobi ¢ nesoporous particles having the iron conpound in

the pores thereof,to the.dec 0siti.o e ture so as to deco e the
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t he poreé’r?ﬂ’esﬁ orous particles prior to allowing the iron to enter

said pores. 4. JiSvBEACESEANd USRS H P SR HBRNOMAIGRAbyd S 2

carboxylic acid. 5. imc[i)rocess of any one of clains
i ron conpound i Baréiplep,r sid campowyd beimepthesmally, dgemenpnsalless wfleetrapasition
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of clains 1 to erein the deconposi era ure
about 350Q0C. 8. subseanfialtictsmnally stabje airnmdﬂecohmosrﬂoﬂtdmpe?atmnmd SI ng t he

addi tional steps, of | i t he particles ating the c articles
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10. The process of any one of clains 9 wherein t granul es conpri se

magnetic g- Fe2d® fam the Wf‘éomra‘é%%“@esawl%&@%‘@%ﬁ Qfﬁ]@e mety gentiREte; n

the mesoporous patfeds el SSeRE Sorhy 6 1BPBORE ShdFESOPOr ous silica. 12. The process
of claim 11 conprising reacting nesoporous silica particles with a

hydr ophobi ng %gerﬁhesmoa@smf griot U saidhpartigdetsphnetsiiel wemppsing lydsephiobir.  13.
The proces %ng{lcg s fﬂeprgée%%néﬂgu’@% 12 wherein surfaces of the pores of

the o nesoporou par S conpri i met hyl silyl groups,
di mettyl oct ylesi hljdwmg(anpn@n cdinpetit/tocmtadecss «fiHydtophobidpsesopordustpxitiolee, of

any two or all Ofd t Qon compound being thermally decomposable at a decomposition
temperature and said particles being substantially thermally stable at said
decomposition tempefature; and
e heating the hydrophobic mesoporous particles having the iron compound in the
20 pores thereof to the decomposition temperature so as to decompose the iron
compound and to form the hydrophobic magnetic particles having magnetic
granules in at least some of the pores.
3.  The process of claim 1 or claim 2 comprising the step of allowing a
facilitation agent to enter the pores of the mesoporous particles prior to allowing the iron
25 to enter said pores.
4. The process of claim 3 wherein the facilitation agent is a carboxylic acid.
5. The process of any one of claims 1 to 4 wherein the iton compound is an iron
carbonyl complex.
6.  The process of claim 5 wherein the iron compound is iron pentacarbonyl.
30 7.  The process of any one of claims 1 to 6 wherein the decomposition
temperature is about 250 to about 350°C.
8. The process of any one of claims 1 to 7 comprising the additional steps of

cooling the particles and treating the cooled particles with an oxidising agent.



14. The process of any one of clainms 1 to 13 additionally conprising the
step of immbilising a catalytic species in the pores of the particles. 15.
The procewe 20fo/sbmbm 14 wherein the catal ytic species i PCUSGROBPNBI3SS 16.
The process of claim 15 wherein the particles are hydrophobic and the step
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7- Fe20 . digethylpetagepyisilylizrovps pid mixtare affngivo onall of thefai ms 19 to 25, said
particul ate t erd.al | t | ect Hﬁgﬁg} L sed: | por es of
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cat al yti a:mrmb;hs&gaeataiyrtuewrmmmsppﬂéh@fﬂwpamdbat e materi al of claim 27
bores. and T ha e aRe A e B L RABhASAB® SCRgt AP cul ate

mat erisal accoedi Mhe peocesyofodginofs derfeth A8 paickeseat Y ddphobd®andhpatdp ¢ful at e

mat eri al _according. to any one of clai.ns 19 to 28 en_used as .a
inunog{lisinggthe enzyr}lle comprises passing a f?uid compriswﬂlg the enzyme through the

hydrophobic particles under high pressure.

17. The process of claim 16 wherein the pressure is between about 25 and about

50MPa. | L
20 18. The process of claim 16 or claim 17 wherein the fluid is an aqueous liquid.

19. A particulate material comprising a plurality of magnetic particles, said
particles comprising mesoporous particles having magnetic granules in at least some of
the pores thereof.

20. The particulate material of claim 19 wherein the magnetic particles and the

25 mesoporous particles are both hydrophobic.

21. The particulate material of claim 19 or claim 20 wherein the mesoporous
particles are mesoporous silica particles.

22. The particulate material of any one of claims 19 to 21 wherein pores of the
mesoporous particles have surfaces comprising trialkylsilyl groups.

30 23. The particulate material of any one of claims 19 to 22 wherein the
mesoporous particles have a structure comprising pores connected by windows, wherein

the mean diameter of the windows is smaller than the mean diameter of the pores.



catalyst. 31. A nethod for converting a starting material to a product,
sai d nethod conprising exposing the starting material to a particul ate

mat eri al wocorwdisezyot o any one of clains 19 to 28, wher eiPATiSIGROSA@BYt i C
species is capable of catalysing the conversion of the starting material to
the product. 32. The nmethod of claim338wherein the starting material is

di ssolved in a solvent during the step of exposing said starting materi al
to said particulate material. 33. The method of claim 32 wherein the

sol vent is a2don-Ihel partiodateensteriddof dthien @8 twisateinf thanyagmetic @fanulagittwed 1 to

33 conpri sing.th of separati.ng the.particul a material fro he
starting %@e@lﬁlggtegaoggyﬁg %F fefopies: éla.%%t.er oh gherrB?rI‘?B dméﬁh?: e cggfn%ﬁ% Btlﬁﬁg t he
step of sepdsws.i ng conprises exposing the particulate material to a
magnetic fi elrzg. . The net hod of gny one of clains 3 1 to 35 conprising
the step of reusimg REFLYalF maatemal of ahy eB? Phrlaimgs 49 da 24| whareipthe magpaticquent

react ison.grailes dogpiBe AREnedc £Fajoy 36 wherein the subsequent reaction
converts gtrhe startpiﬂrglg naterigl ejtcf)?the product, and the yield of the product

of the subsedfentlhechrstipeate; material @4smyoons of daimsyl%lte 25% selde ppitioulatt f rom
t he previ . 4o : ' . : ' ri.shng a plurality of
particl es@ﬁ%ﬁl?ﬁ%&%% irbgfazgucc@rer%rglg }s‘{“ﬁg‘!’@%@&%ﬁf# %Eér%%)gf@%[ﬂétgd%avi ng granul es

of a netal ca@it ailienparspdeicemaianiahtof| dzint 26owherefn tine cpialytis dpeeicsedf.80. The
parti cul at e rreaterial of claim38 wherein the granul es of the netal

cont ai ni n&z%éci es and the nmesoporous particles are both hydrophobic. 40.

The particul @a8e Mhkerdridul@t dtadiah cF&ldin 27 ahered? thhlattickertdfahdreanRes fuUs
parti cl eiqeare ngéoporg,us silica particles. 41. The particulate material of
any one dEMEeRithgmsan digmeger ol dhedioresraddhe mean digmetes ob dheowidpwsti cl es have

surfaces ConpoI Sig dtiabortatd hslerSl QUBRIAR anl e RRNDIS o) 81 £odtBler @l of
any one of clainms 38 to 4 1 wherein the mesoporous particles ﬁav a
structure corfri ¢} pytigletesmaterinleascerndingytownmn donef clatras &9 to 2hwhemaseddisanet er
of the wiy BB is smaller than the nmean dianeter of the pores. 43. The
particul ate ‘nmaterial of claim 38 wherein the granules of the netal
cont aisni ng spéci &s rhethed doreanveltiaget atarted weseridlhe aeprddétaneide metiiod he
pores and the ne j . The aﬁarti ul at e materﬁ']al of
g

any one (?Pm@pﬁi?lﬁ%’rg%%li&q%&%{?ﬂ%g ’té]ig%”%@da?ﬁm%m}ﬁ%g mgtetig) gocarding T amy aRs9
speci es Uik 1960 28} kWit itlcatEYE@d species is capable of catalysing the conversion of
the starting material to the product.
32. The method of claim 31 wherein the starting material is dissolved in a solvent
20  during the step of exposing said starting material to said particulate material.
33. The method of claim 32 wherein the solvent is a non-polar solvent.
34. The method of any one of claims 31 to 33 comprising the step of separating
the particulate material from the starting material and the product.
35. The method of claim 34 wherein the step of separating comprises exposing
25 the particulate material to a magnetic field.
36. The method of any one of claims 31 to 35 comprising the step of reusing the
particulate material as a catalyst in a subsequent reaction.
37. The method of claim 36 wherein the subsequent reaction converts the starting
material to the product, and the yield of the product of the subsequent reaction is at least
30 90% of the yield of the product from the previous reaction.
38. A particulate material comprising a plurality of particles, said particles
comprising mesoporous particles having granules of a metal containing species in at least

some of the pores thereof.



45. The particulate material of any one of clains 38 to 44, said

particul ate material having a catalytic species inmobilised in the pores of
t he partiwDes10/046200The particul ate material of clai m 45PamsSGaias/o0kias

catal ytic species is an enzyne. 47. The particulate material of claim46
wherein the dianeter of the enzyne is B8t ween the mean dianeter of the
pores and the nean dianeter of the wi ndows. 48. The particulate nateri al
according to any one of clains 38 to 47 further conprising magnetic

granul es. 49.3%heTlamaitiulae enateiadr ofakclagh 3§ avirares theegmiules hd thagmetal ¢

Sceor di gt ainy SpRBENH e hosdrB ol ratitespELA BARHLRE, o0l B e mteri al
accordi ng to 4y Dine pafticalatd ABite3Rl 06 ABMVBR 0r uddith 88 whegéit athy Shesoporous
particles are mesoporous silica particles.
5 41. The particulate material of any one of claims 38 to 40 wherein pores of the
mesoporous particles have surfaces comprising trialkylsilyl groups.

42. The particulate material of any one of claims 38 to 41 wherein the
mesoporous particles have a structure comprising pores connected by windows, wherein
the mean diameter of the windows is smaller than the mean diameter of the pores.

10 43. The particulate material of claim 38 wherein the granules of the metal
containing species have a mean diameter between the mean diameter of the pores and the
mean diameter of the windows.

44, The particulate material of any one of claims 38 to 43 wherein the granules of
the metal containing species comprise a transition metal.

15 45. The particulate material of any one of claims 38 to 44, said particulate
material having a catalytic species immobilised in the pores of the particles.

46. The particulate material of claim 45 wherein the catalytic species is an

~enzyme.

47. The particulate material of claim 46 wherein the diameter of the enzyme is

20  between the mean diameter of the :pores and the mean diameter of the windows.

48. The particulate material according to any one of claims 38 to 47 further
comprising magnetic granules.

49. The particulate material of claim 48 wherein the magnetic granules comprise
magnetic y-Fe;0s.

25 50. Use of a particulate material according to any one of 38 to 49 as a catalyst.

51. A particulate material according to any one of claims 38 to 49 when used as a

catalyst.



