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《解 説≫

SynthesisofFibrousZeoliteanditsÅpplications

YongGunShul，KyeongTaekJung，andDuSoungKim＊

Def〉t．OfChem．EngリYonsei．Univリ120－749，Seoul，Korea

＊DaelimEng．Co．Ltd．，YeoidodongYeongdungI）Ogu，150－010，Seoul，KOREA

Fibrous zeolite has been f〉rePared ftom titanium silicalite（TS－1）particleswithlessthan
150nmindiameter．Theformationofnbroustitanium silicalite（FTS－1）zeolitewasmainly

af托ctedbytheparticlesizeofTS－1zeolite．FTS－1isfbrmedbyboththecapillaⅣぬrceand

the dehydroxylation among the TS－1particles during the drying and evaI）Oration process

Ofthe dispersed TS－1particlesinaqueoussolution．Theaveragelengthandtheaspectratio

（＝1ength／diameter）ofFTS－1are2．2mmand50～70，reSI）eCtively．TheobtainedFTS－1shows
two dimensioIlally aligned surぬce．A允ercalcinatiollat7500C，FTS－1stillex血ibited characl

teristics of MFI－tyPe StruCture With orthorhombic symmetry．Thismethod ofFTS－1fbr－

mation may suggest a novelmethod for the preparation ofvarioustypesofzeolite．Upto

now，餌brousZSM－5（FZSM－5）wasalsoobtainedusingnanosizedZSM－5crystals．
Key words：Fibrou・S ZeOlite，Morphologicalchange，FTS－1，FZSM－5，Nano sized zeolite，

CapillaⅣ払rce．

1．Introduction

Zeolite are crystalline tectoaluminosilicates

that areconstructedftomTO4tetrahedra（T＝

Si，Al），aIld that each apicaloxygen atomis

Sharedbetweentwoadjacenttetrahedra．They

enableustousemolecularsievestorecognlZe，

discriminates，and organize molecules wit血

precisionthatcanbelessthanlÅbecauseof
the close connectionbetweenthemicroscopIC

structure and the macroscopIC PrOPertyナ‾3）
Nowadays，this area of zeoliteis stillex－

Pand血g，and resultingin the discovery of

SyntheticzeolitewithnewtoI）010giesandnew

Catalytic，SOrPtion，and sef〉∬ation properties．

Uf）tOllOW，血undreds of爪01ecular sieves，

COrreSPOnding to the nearly75structures，are

knownタ However，mOStOfthoseresearches

On ZeOlites have beenlimitedI）rlmardytothe

Syntbesis of zeolite with new stm・Cture Or tO

the reactionuslngPelletizedorgranularねrms

Of zeolite．For如dher advanced aI）Plication

SuCh as noveloI）tical，electronicandmagnetic

materials，ZeOlite requires the morphological

Change血various forms．Figurelshowsthe

Statisticalstatusofstudiesonthemorphologi－

Calchanges ofzeolite such as flber，仙m，and

monolith ftom1988 to1996．It shows re一

markableincrease血1the number of studies at

the beginning of1990．Itis safb to assume

morp血010gicalc血ange ofzeolite willcont血ue

to expand strongly，and theinterestin this

neldwillgrow．

2．W血y凸brous血〉mOfzeolite？

For the practicalutilization of zeo拙ein

COmmerCialI）aCkedbedreactorsystem，ZeOlite

POWders are usually converted to relatively

large f）articulate bms bygranは1atioilOrf〉eト

1etiれg f〉rOCeSSeS．Inthes¢CaSeS，dif紬sionrate

Ofreactantsaswellasproductsintothezeolite

Pellet are usually reduced as the diameter of

仏e f〉elletiJICreaSed，alld tbe selectivity of

PrOductsis also changed．In recent years，

many s仙dies on themorphologicaldesign of

ZeOlite such as凸ber，Blm，andmonolithhave

been ref）Orted（Fig．け Toovercome仙edis－

advaIltageSOfzeolitepellet orpowders，ZeOlite

membrane have been made byin－Situ crystal－

1ization orzeoliteonsubstratesorbyincorpo－

rating the zeolite crystalsinf〉01ymericmatrix

SuCh as silicone rubber orin a glassy silica

matrixタ‾16）The monolithic zeolite has been

also preI）ared by coating zeolite particles on

t血e preshaf〉ed monolith fbr the fuelcom－
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Fig．1Number ofpublishedf）aI）erSrelatedto

ZeOlitef弛er，和m，andmonolith．

bustion・1ト25）Fibrouszeoliteishighlydesirable

for the practicaluse becauseit can provide

high di軌sion rate withlow pressure dropln

the reactor．

directly used

as a matrix

ÅtI）reSent，

AIso凸bertyf〉eOfzeolitecanbe

as aI・eiれ1brcement mateI・ialand

ofv訂iousshapesand sizes子6‾29）

most of comI）OSite fibers con－

tainmg zeolite have been made byin－Situ

CryStallization onto the mullite，Carbon，and

alumina凸ber under hydrothermalconditions．

As an alternative metllOd，the zeolite crystals

Wereincorporatedinto the polymeric matrix．

In thisincorporationmethod，ZeOlitef〉articles

Were thoroughly mixed with f〉01ymer pre－

CurSOrS and sf血ed out to make a comI）OSite

f弛er containing zeolite．When the zeoliteis

embedded within the polymer or ceramic

matrix，the zeolite contentis relativelylow

（＜10wt繁）and／orthe efTective su也ce sub－

Stantially decreasesbecausethezeolitesurねce

COuldnotbe fullyutilized．Inthissense，ZeO－

1ite抗ber made uI）Of the crystalthemselves

may be more effective than compos祉e ones

and provide a new opportunityin advances

apI）1icationofzeolite．

3．Synthesisof餌brouszeolite

3．1Syn仇es由ofnanosizedzeolite

TS－1zeolite was preI）訂ed by

method givenin aliteratureタ0・31）
nano sized cⅣ鈍als，TS－1zeolite

lized at800C underatmosl）heric

the similar

To obtain

WaS CryStaト

PreSSure fbr

50～200 hoursタ1） Tetraethylorthosdicate，

titanium butoxide，and 20飽 aqueous tetra－

PrOf〉ylammonium hydroxide solution were

used fbr Siand TiI）reCurSOrS，and template，

resI）eCtively． The comf〉OSition ofinitial

reaction mixturein tems ofmolarratiosisas

follows；

Ti：SiニH20：TPAOH：isoI）rOPanOl

＝0．03～0．05：1：25：0．32：0．77

Theclearmixturewasheatedinpolyf〉rOPylene

bottle submergedin a silicone oil－bath f〉re－

heated at800cwithsti汀血gunderrefhxcon－

dition． Du血g the crystallization of TS－1

ZeOlite，theparticlesizeofTS－1wasmonitored

by using the dynamiclight scatte血g（DLS）

method．To obtain a TS－1solid phase，eX－

tracted mother solution was centr汀uged with

a15，000rpm．

3．2Syn仇esisoffibrouszeo址te

After sef〉aratimg the nano sized TS－1Ⅰ）arti－

Cle，the TS－1particles were redispersedinde－

ionized wateI・With the concentration of O．01

～50．O wt解． The dispersed solution was

transfe汀ed to glass test tube and dried at

drying oven atlOOOc to fbrm FTS－1．To

modi吋the morphology of TS－1aggregates，

TS－1particles were redispersedin de－ionized

Water With thelow solid concentration（＜2．O

Wt繁）after obta血血gnano sizeTS－1Ⅰ）articles．

UnderthisconditionTS－1f〉articleswereeasily

redisI）erSedin de－ionized water．The TS－1

P訂ticlesshowednoI）reCipitationduetohomo－

geneousredisf〉erSion ofnano sizedTS－1parti－

Clesin aqueousI）hase．As the drying ofthe

disI）erSed solution contahhg TS－1particles

PrOCeededin the glasstesttubeatlOOOC，the

motionofnanosizedf〉articlesbecomeunstable

and morerestricted．ThoseI）訂ticlesadsorbed

Ontheinnersurfaceofglasstesttubetomake

aI）訂ticle－Particle contact．

attractive fbrceis greater

ねrce among the particles．

titanium silicalite（FTS－1）

At this condition

than the reI）ulsive

Then the抗brous

Started to grow

什om uI）Side to downward as the drying was

PrOgreSSed．Figure2shows anoI）ticalmicro－

Photograph of a 餌brous TS－10btained．

Averagelengt血and the aspect ratio（1ength／
diameter）ofFTS－1were2．5mmand50～70，

resf〉eCtively．Figure3shows SEMimages of
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（a）

（b） ×135

Fig．2 0pticalmicrophoto許aPh of fibrous

titaniumsilicalite（FTS－1）．

the surねce of FTS－1and the change ofthe

surねce morphology with calc血ationtempera－

ture．As shownin the photograph（Fig・3a），

TS－1p訂ticles fbm highly ordered state・

Therefore，We namedit two－dimensionally

aligned aggregatesin contrasting to threedi－

mensionalag訂egateS・Whenwe comparethe

photograph（Fig．3a）withthe血ageorTS－1

p訂ticlesseparatedbycentr血gation（Fig・3c），

itprovestheimportanceorproI）erredispersion

and alignment of particles by suitable treat－

ment．Here we used moderate drying con－

ditionin glass test tube・Fig・3b shows that

the changeorFTS－1sur払cemorphologywith

calcinationat7500C．No crackorbreakageof

the fibrous structure ofthe zeolite was fbund

a托erheattreatment（Fig．3b）．Astheincrease

ofcalciれationtemperature，thesurねceofFTS－

（a）

（b）

（c）

Fig．3 SEMimagesofthesurねceof（a）FTS－1，

（b）calcined 姐mf〉1e（a）at7500C and（c）

TS－1powder（1cm＝0．3ノ上m）．
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1become smoothduetothesinter血gofTS－1

Particles and many holes are found by the

decomposition ofremammgorganicmater血1s．

Thisis similartothesinteringbehaviorofthe

oxide materials at high temperature32）and

POlymer仙m formation orcolloidalf〉articles

byparticlecoalescencewithheattreatmentタ3）

In colloidsystem，POlymerpadicleswhichare

contacted each other were coalescenced and

showed clear托1m sur払cewith heattreatment．

It shows the decreasiれg the grains－boundary

uI）Onheat血glikeasshteringbehaviorofmetal

OXides and polymer仙m fbmationofcolloid

P訂ticles．We believe that this kind of struc－

turalre血1forcement can be utilized for re－

taini爪gitsstructureofFTS－1．

To know the ef托ctingI）arameterS On the

ねrmation or nbrous zeolite，We Changed the

Particle size，TS－1solid content，Si／Tiratio，
andsurfacechargeofTS－1Ⅰ）a什icles．

3．3E蝕cthgparameters

3．3．1Particles近eofTS－1zeolite

Toconf汁mthee汀ectofparticlesizeonthe

ねrmation of FTS－1，different size of TS－1

Particleswere f〉reI）aredand then dispersed h

de－ionized water at the concentration of O．5

wt繁．WhenthesizeofTS－1particleislessthan
150nm，We COuld obtain FTS－1．However，

when theI）訂ticle size orTS－1isgreaterthan

thecriticalsize，theI）訂ticleswereI）reCiI）itated

and fomed 3－dimensionalaggregate on the

bottom oftheglasstesttubeasshowninFig．

3c．It may be due to theincreased contri－

bution of gravitationalforce acting on the

ParticlesbeねrethefomationofFTS－10nthe

dasswall，anditdemonstratestheimportance

of nano size of TS－1for the fomation of

FTS－1．

The nano sized TS－1zeolite padicles show

highsurねcereac仙北y・WhentheTS－1particles

disperse h de－ionized water，thebehaviorof

TS－1particlesin de－ionized water may be

similar to the padicles behavior血colloidal

system・Owing to the Brownian motion or

nano sized particles，TS－1particleswere we山

dispersedhtheaqueoussolutionandbehaved

likeasTS－1colloidalsolution．However，TS－1

Particleshaveatendencytoformaggregateby

（4）

Fig．4 Transmission electron micrograI）h of

theTS－1nanop∬ticles．

disturbing the stable equilibrium conditions．

Drying processiscriticaltomanifestthemo卜

PhologicalmodificationofTS－1particles（Fig・

4）．Thisisquitesimilartothesi山eringofsolid

ParticlesobseⅣedintheliquid－Phasesintering

processタ4）This result shows that the nano

sized TS－1f〉訂ticles have the high surface

reactivityandfomag訂egateSlikeascolloidal

Particles when the repulsion fbrceisreduced

intheliquidmedium．

3．3．2TS－1sol姐content

Figure5 shows the change of the aspect

ratio（＝1ength／diameter）with
hcreasing the

TS－1solid content． When the TS－1solid

COntentis neitherlower than O．01wt繁nor

higher than20wt繁，FTS－1was not fbmed．

Åt the 5wt繁 solid content，the yellowish

COlor on the FTS－1af〉Peared afler drying at

lOOOCduetotherema血ingTPAOHonFTS－1．

Theincrease of TS－1solid content resultsin

250

20

15

100

50

L／D

0 1 2 3 4 5 6

TS－1solldcontent（wt％）

Fig．5 Change ofasI）eCtratiowithTS－1solid

COntent．
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the random aggregatioIlOfTS－1padicle．As

increasmg仇e TS－1solid content什om O．02

Wt骸to5．Owt％，t血e aspect ratioincreased

什om30to200andt血easpectratioorFTS－1

exhibited the maximum value atl．5wt飽and
dropped rapidly withincreasing the TS－1

COntentS．These results suggest仇at仇esolid

COntent OfTS－1許eatly afrects仇efbrmation

OfFTS－1．

3．3．3Si／Tiratio

Toinvestigatethee的ctormolarSi／Tiratio

OnthefbrmationofFTS－1，theSi／Tiratiowas
Changed什om5toく泊and nano TS－1hav血g

different Si／Tiratio wasI）reP訂ed byatmos－

Phericsynthesis．W血entheTS－1bastheSi／Ti
ratiooflO～∞，FTS－1wasfbrmed．Thisresult

SuggeStS that Si／Tiratiois notcdticalfbrthe

fbrmationofFTS－1．

3・3．4Su血cecha唱eOfTS－1Ⅰはrticles

3．3．4．1E蝕ctofwa血血g

TS－1particles血ould conta血organic tem－

Plate（TPAOH）a托er centri仙gatio皿 什om

mothersolution．Tochangethesurねcecharge

Of TS－1particles，TPAOH attached onto the

TS－1p訂ticles was removed by was血ingwith

de－ionized water．The wa血ed sampleturned

OuttOformpowdertypeaggregates（血erea托er

re托汀ed as‘PTS－1’）a托er the drying pmcess．

It shows that TS－1Ⅰ）a托icles are randomly

ag許egated eachothertoformlargesecondary

P訂ticleswithlO／Jm血s由e as shownin Fig．

3c．ContraⅣtOtheimageofsur払ceofFTS－1

as shownin Fig．3a，PTS－1mayfbmnamely

3－dimensionalaggregates什omthewashedTS－1

Particles．This払ctsuggeststheimportanceof

Surねce charge of

mation ofIFTS－1．

WaShing stef〉On

Particle，the size

TS－1Ⅰ）articles fbr the foト

ToiれVeStigatetheef托ctof

the disper由on state orTS－1

0fTS－1Ⅰ）訂ticles was meas－

uredbydynamiclightscatter血g（DLS）befbre

and after the wasb．ing．Comp訂mg With the

血itialsize ofTS－1f〉a托icle（70－80nm），the

Size ofwa血ed TS－1p訂ticleiれCreaSedto140

－200nm．The pH ofthe TS－1disI）erSedso－

1utiondecreased什om8．1to7．2afterwasbing．

Theseresultssuggestthatthesur払ceI）rOPerties

Of TS－1p訂ticle could be changed by the

WaShing steI）．Therefbre，it can be assumed

that adsorbed TPAOH on the TS－1sur払ceis

animportantねctor払rthefbmationofFTS

－1．TomeasuretheamouIltOffヒeeandbonded

TPAOHinTS－1particles，DTAwasca汀iedout．

PTS－1samI）1e showsno f〉eak at3150Cw血ich

WaS aSSigned tolooselyoccluded TPAOH or

什eeTPAOHinTSこ1zeolite．FreeTPAOHmay

be mostly distrib山ed on the su地ce ofTS－1

CryStal．These払ctsimf〉1iedt血attheadsorbed

TPAOH on t血e surねce of TS－1af托cts the

Sur払ce charge of TS－1Ⅰ）訂ticle andI）1aysan

importantroleintheformationofFTS－1．

3．3．4．2E蝕ctofsolvents

T血e sur払ce charge ofTS－1zeoliteparticles

WaS also changed by disper由ng TS－1particles

血to various solvents．When TS－1p∬ticles

Were disI）erSedin f〉01ar solvents such as fbr－

maldehyde（HCHO）andn－PrOPanOl（C3I170H），
TS－1Ⅰ）articles were also welldispersed aIld

払rmedFTS－1afterdryingatlOOOC．However，

TS－1f，articleswerenotdis壬〉erSedinnonpolar

SOlvent（nrhexane）and oIlly formed PTS－1．

It cleady shows theimportance of solvent

POlarityfbrthefbmationofFTS－1．Solvents

Wit血highI）01arity（払rmaldehyde＞Water＞n－

PmPanOl＞methanol）seem toI）rOmOte tbe

fbrmationofFTS－1．

Allt血ese data show 仏eimI）OrtanCe Of

Suぬce charge on TS－1particles and suitable

dry血gconditiontofbrmFTS－1．

4．C血aractedstics

4．10pticdtraエーSP訂enCy

From the nano range ceramicparticles，R．

Daganis suggested that 払止1y transp∬ent

Ceramic disk could be obtained because these

SamI）1es do not scatter muchlight duetothe

sizeタ5）In血organic－Organiccomposit¢SyStem，
H．SchmidtalsosuggestedthathightransI）訂ent

PrOPerty COuld be obtaiれed by usmg nano－

SCaled metals or ceramics asinorganicmateri－

alsタ6）In our case，tranSP∬ent PrOPerty Of

ZeOlite托ber result ftom theuse ofIlanO－Sized

TS－1zeolite（Fig．2b）・T血esizeofTS－1Ⅰ）arti－

Cles（80nm）are below the wavelength of

Visiblelight（400－700nm）and there are no

SeCOndarylarger pores，Which make zeolite

凸b町OPaque，duetothedensef〉aCkingofparti－
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Cles（Fig．3a）．There払re，thezeolite凸berdoes

notscattermuchlightandshowstransI）arenCy．

5．Fomationmedlanism

Formation of FTS－1was mainly a的cted

by theぬctors su血asTS－1particle size，仇e

Sur払ce charge of TS－1and solid content of

TS－1．From these results，it can be assumed

SeVeralsteps fbr 仏e fbrmation of FTS－1：

（Ⅰ）preparation and disI）erSion of nano TS－1

Particlehanaqueoussolution；（ⅠⅠ）aggregation

and deposition of nanoI）∬ticles；（ⅠⅠⅠ）2－

dimensionalag訂egation and suitable removal

Ofliquid什omsolid－1i叫idinterねce；（ⅠⅤ）FTS

－1払mation什omthe2－dimensionalaggregates
during t血e dryingsteI）；and（Ⅴ）rein払rcement

OfFTS－1by仙econdensationofTS－1Ⅰ）articles

upomthemaltreatment．Nanosizeisneces姐ry

COndition

act血g on

Particles

Particles

tational

tominimizetheねrceofgrav祉ation

theTS－1pa托icle．WhennanoTS・1

disI）erSedin aqueous solution，TS－1

Show that contribution of gravト

fbrceisless dominant than t血at

Brownianmotionatroomtemperature．Upon

血eati昭 the di呼erSed TS－1solution，TS－1

Particlesareag許egated each otherduetothe

reduced repulsive forcesamong TS－1particles

and start to growIlear仇e solid（glass
test

tube）－1iquid（disI）erSedTS－1solution）interねce

to fom aggregate by the 如rong hydrogen

bonding 什om hydroxylbondinteractions

betweenTS－1particles．

AsthedryingofthedispersedTS－1solu・tion

PrOgreSSed，P訂ticlesarep訂tiallyimmersed血a

hquidonthetopofthesolidJiquidboundary．

When meれiscifom arouIld the f汀Ot川d血g

toI）SOfhydrophilicparticlesinthenucleus，an

htensive water h什ux c訂ries the suspended

TS－1Ⅰ）訂ticlestowards・the nucleusduetot九e

action of caI）dlary force between particles・

Namely，SuCCeSSive2－dimensionalgrowthand

mdtilayerstackingofTS－1particlescouldbe

occu汀ed bywater nux caused by the evapo－

rationofwater．Inthismoment，WeCOuld凸nd

a highly densiBed particles on the glasswall

sur払ceasaTS－1nlm．

Asthe dryiれgOft血eTS－1凸1m f〉rOgreSSed，

it start to crack v訂tically什om the top to

bottom on the sur払ce ofglass test tube．It

may be due tothe stress dif王もrencebetween

the horizontaland verticaldむection 血1the

TS－1和masobseⅣedin血organic凸1mタ7）Åt

the蝕1alstage of drying，the caf山1aⅣ払rce

COuldbesubstitutedbythe血ydrogeれboれding

and／orchemicalbonding・Itismanifもst叫by
the hydroxylgroup on the sur払ce ofTS－1

Particles due to the decrease ofbondlength

between TS－1nano particles． TPAOHis

knowntoacceleratethecondensationreaction

h the TS－1zeoliteタ阜） More conden姐tion

reactionofsurねcehydroxylgroupsisexpected

uI）Onheat血gthe姐mf〉1eonFTS－1．Theuseof

29siCP／MASn．m．r．techniquemakesitpossト
ble to follow the condensation change of

血y血0Ⅹylgro叩S Ollt血e silico皿atOmSW血ic血

arelocated on the su地ce ofTS－1particles．

The ratio of29siMAS n．mr．pe止訂ea Of

－102ppm
to－113Ⅰ）Pm are a血own血Fig．6．

Peak at about－102Ⅰ）Pm and－113ppmin
29siMÅSn・m・r・SPeCtraCanbeassigntode托ct

hydroxylgrouI）S，Si（3Si）OfI（Q3）and Si（4Si）

（q4），reSPeCtivelyタ9・叫InFTS－1and heat

treated FTS－1at血短h temI）erature，We Can

expect the decreasing the concentration of

Sur払ce hydroxylgroup by co皿densation

reactionandreinforciれg仇e凸brous什amewo止

by the more condensation reactionofsur払ce

hydroxylgroup onTS－1f〉訂tides．The peak

area ratio（Q3／Q4）of TS－1particlesdried at

lOOOCshowsh短herthanthatofFTS－1，Which

血ows the hig血er concentration of hydroxyl
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WithtemI）erature．
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groupin TS－1particlesbefbreformiれgFTS－1．

The decrease of peak area ratio suggeststhe

loss of hydroxylgroup concentration uI）On

dryiれg and heating process as mentionedin

mechanism（Ⅴ）．After heating the FTS－1at

7500C，the decrease of Q3（hydroxylgroups

OfTS－1）maycome什omsinteringbehaviorof
TS－1particlesin FTS－1structure．Thisres山t

COincideswiththesur払cesmoothingofFTS－1

With calcination temperature and particle

merging as discussediれthe Fig．3and4，re－

Sf〉eCtively．Inthiskindorstructurereinfbrce－

mentofTS－1particlescanmai山aint血eflbrous

TS－1morphologyupto7500C．

These results suggest that the formation

mechanism ofFTS－1is also aI）Plicable tothe

Othertypesofcrystallinezeoliteprovidingone

CanPreP訂enanOrangeZeOlite．

Recently，凸brous ZSM－5 zeolite was also

Obtained byusingnanosizedZSM－5padicles．

TheirI）rOI）erty and reaction willbereported

SOOn．
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