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《解 説≫

THE SCIENCE AND TECHNOLOGY OF SHAPE

SELECTIVE CATALYSISIN ZEOLITES

Shape selectⅣ1ty di恥rentiates between

reactants，PrOducts，OrreaCtion血termediates

accordingtotheirshapeandsize・Onlymole－

cules whose
dimensionsarelessthanacritical

sizecanenterthepores，血訓eaCCeSStOinternal

catalyticsites，andreactthere・Furthermore，

onlymoleculesthatcanleavewillappearhthe
Gnalproduct．

Thefkst halfofthispresentationdiscusses

thephenomenonofshapeselectmty，1tSOrlgln

anditstypes・Thesecondhalfw辻1covernew

typesofshapeselectivities，neWdevelopmints
in
selectlVltyimprovements，几eW reaCtions，

newzeolitesandothershapeselectivematefi－

als，and some recently proposed orimple－

mentedcomercialapplications・
Most cationsin zeolites

are
exch肌geable・

This
allows theintroduction of di払rent

cations with various catalytic properties・

Ifthese sitesareexchangedtoH＋，thezeolite

canhavemanyverystrongacidsites．Inaddト

tion，h短h suぬce area（＞600m2／g），gOOd
thermaland hydrothermalstability，and the

ab血y tosorbandconcentratehydroca∫bons

account fbrthehighcatalyticactⅣ1tyOfzeo－

1ites．TheyhavewelldeGnedcrystalstructure

with pore
diameters ofdiscrete sizes・These

POreSareSimilartomoleculardimensions（＜1

nIm）・Thesepropertiesareresponsible払rthe
shapeselectⅣ1ty・

Shapeselectivecatalysisdependsonthepore

dimensions of tbe zeolite and t九e types of

catalyticallyactivesitespresents，aSWellason

theconGgurationsanddimensionsofreactants，

intermediates，andproducts・The conceptof

Shape selectⅣ1ty has been 鈷st descr払ed

thirtyyearsagobyPaulweiszandcoworkesJ）

SigmundM・Csicsery
（P．0・Box843，Laらyette，Callfbrnla，94549USA）

Pore diametersin
zeolites

depend on the

numberofMO4tetrahedra（whereM＝Si，Al，
Or a heteroatom）in the ring encircling the

POre．Thus，WeCandistingulshsmall一，medlum一，

1arge－，a皿dextra－1arge－POfeZeOlites，depending

onwhether8，10，12，Or18tetrahedra com－

PrlSe the rlng．Maximum possible丘ee
dia－

meters are O．43，0．63，0．8，andaboutl．5nm，

respectkely（Tablel）・In many zeolites，
howevef，the

actualdiameters are・良equently
less than these maximum values

because the

PlaneoftherlngmaynOtbeperpendicularto

theaxisofthepore，Ortherlngmaybepuck－

ered（i・e・，thetetralledra comprisingtherhg

arenotinthesame plane），Ortheringisnot

circular，etC．T九us，払ctorsdeterminlngShape

selectⅣ1tydependnotonlyonthenumberof

tetrahedraofthering，butalsoontheshapeof

thepore（circular，ellipticaユ，PeaトShape，etC・），
thepresenceofintersections，CaVities，OrSide－

POCketsw血intheporesystem，andwhether

theporesystemisone－，tWO－，Orthree－dimen－

sional．

Tablel．Porediametersin zeolites

Numberof MaximumFree

Tetrahedrai几Ring Diameter，nm
五ⅩamPles

くV

8

0

2

8

1

1

1

0．28

0．43

0．63

0．80

1．3～1．5

Erlonite，A

ZSM－5，Ferriedte

L，Y，Morde皿ite

VPト5

SomeHydrocarbonDimensions：

Benzene＝ 0．57nmx O．22nm

n－Hexane＝0．35nmxO．42nm

We can sistlnguish three types of shape

Selectkities（Fig．1）：
In Reactant Selectivity some ofthe mole－
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fig・1Threetypesofshapeselectivities

culesinareactantmixturearetoolargetodif一
転seintothecatalystpores・

In Product Selectivity only product mole－

cules with su爪ciently smalldimensions
can

dif払se out and appear as products・Bulky

molecules 払rmed within theinterior of the

zeolitemaynotbeabletodi払1SethfOugha皿d

appearasobservedproducts・Theyareeither

convertedtolessbulkymoleculesbyisomeri－

zatlonorcracking，OreVentuallydeactkatethe

catalystbyblockingthepores・
In Restricted Transition State Selectivity，

certain托aCtionsarepreventedbecausethecoト

responding transitio爪 State fequlreS mOre

spacethanisava止血1elnthecavitiesorpores・
Neither reactant nor product molecules

are

PreVented丘om di払1Sing through the pores・

Reactions proceeding through smaller transi－

tionstatesmayproceedunhindered・

Reactant andproduct selectivitiesaremass

trans鎚rlimited and therefbre af砧cted by

crystallite size，Whereas restricted transition

sねte
selectivltylSnOt．Thisisaveryuse払1

wayto distinguishbetweenthese shapeselec－

tlVltleS．

Thecracklngofc6Para払nsIsanexample

Of both reactant and product selectivities2）

Both 3－methylpentane and n－hexane
react

oversdica－aluminabutonlynJleXaneCanreaCt

intheshapeselective，Small－POreZeOliteCaA・

Theisoノnormalratlos of butanes and pen－

tanesproducedshowproductshapeselectivlty：

Whereasmoreisobutaneandisopentanethann－
butaneandn－PentanearePrOducedovers山ca－

alumina，theiso－PrOductsarepracticallyabsent

拉omtheproductmadeiれCaA（Table2）．

OtherexamplesofreactanttypeselectlVlty

arethecompetitkehydrogenationsofhexene

and4，4－dimethylhexene－1andstyreneand2－

methylstyrene
over pt－ZSM－5タ）andofcyclo－

Pentene and methylcyclohexene
over Rh－

zeoktesチ）In thelast example，nOn－Shape－

selectkeRhsiteslocatedontheoutsidesur払ce

Of the zeollte crystals
were poISOned with

P（Bu）3．［Notethatp（Bu）3islargerthanthe

POreSOfzsM－5andthere払rea脆ctsonlythe

Rhontheoutsideofthecrystals．Themuch

smauer P（Me）3WOuld enter the pores and

POisonaはRh・】Anotherinterestingaspectof
thiswofkisthatshapeselectⅣ1tyWaSincreased

about ten一払1d by九ydratlng the zeolite to

aboutone－thkdofitswateradsorptlOnCaPaC－

1tyPrlOrtOthereaction・SuぬcesitepoISOn－

ingandalteringpored血enslons（byhydration

inthiscase）areexamplesofenhancingshape

Selectivity（Fig．2）・Otherexampleswillfbllow
below．

An
example of restricted transition state

SelectlVltyistheacidcatalyzedtransalkylation

Table2・ReactantandproductselectlVltylnthecaseof

3－methylpentanecrackingat5000c2）

Catalyst 3－Met血ylpentane NormalHexane

Crackimg Cracking 虻4 iCs

洛 瀦 nC4 nCs

Silica＿alumina 28 12 1．4 10

Li几deca＿A ＜1 9．2 ＜0．05 ＜0．05
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Fig・2・Enhancement
of shape selectⅣ1tyby

adsorbed water
h the case ofhydro－

genation of cyclopentene and 4－

methylcyclolleXeneOVerRh－ZSM－11at
600c4）

ofdialkylbenzenes・This reactioninvolvesa

bimolecular diphenylmethane－tyPe tranSition

state．ProductsafeamOnOa肱y払enzeneand

v訂ious trialky払enzeneisomers・At equ血

brium，Symmetricall，3，5－trialky払enzenesare

themaincomponentsoftheisomermixtures・

0verH－mOrdenite，however，the symmetrical

trialky払enzenes are almost absent丘om the

reactionproductbeca皿Sethereisnotenough

space fbr their bulky transition states・The

othertrialky払enzenescanfbrmbecausethek

tra皿Sitionstatesa∫eSmaller5，6）

Thepresenceor止senceofrestrictedtransL

tion state type selectⅣ1tyin
dialky払enzene

reactionsmaybeusedtomeasurevoidspace

訂Ou．mdacidsitesi皿unknownzeolites7）
In ZSM－5and other pentasilzeolites，代－

stricted transitionstate－selectⅣ1tya恥ctsiso－

mer血tiona几dcrackingoflowMWpa∫a鈍ns，

transa址ylationofxylenes，andcoking・Coke

deactivateslargeporezeolitesandamorphous

materials by fbrmlnginside the pores・

However，inpentasilsandsomeothermedium

andsmaユporezeolites，itfbrmsalayeronthe

OutSideofthecrystals，almostlikeaneggshell

aroundanegg（Fig・3）・Electronmicroscopy

PrOVidedtheevidence．Itshows丘1amenト1ike

COkeinHYzeoliteandexternaleggshelltype

coke over H＿ZSM＿5 and H＿0払etite a錠er
n＿

heptanecrackingat4500Cタ）Thestructureof

the f辻ament」辻e coke resembles pentacene

誕璽
C

ノ†爪

B．Mordenit号（andOlhせrbr9¢Por●Z●OI伽き）

Deia肘e，合taL，J．Ca也し70，123（19さ1〉．

Fig・3 Di脆renttypesofcoke払rmation

whereas the eggshell－tyPe COkeis morelike

COrOnene．

Low coking fate，andtherefbrelongerli鎚
is perhaps the mostimportant advantage of

PentaSd zeolites over othef CfyStalllne and

amorphouscatalysts・Thislongerlif盲madethe

commercializion of
a
number of pentasil

zeolite－basedpmcessespossible・

New Type ofShape Selectivity

RestrictedGrowthShapeSelectivitymaybe

either restricted transitionstateselectⅣ1tyOr

PrOductshapeselect刑ty・Itlimitsthenumber

of coれSeCutive reactionsin oligomer辻ations，

POlycondensations，and other reactionsin

whicllareaCtantSmaアreaCtaSeCOndorthird

time with the product ofthe鈷st reaction・

Typicalexamples are base－Catalyzed aldoI

condensatlon and the production of
mono－

and dimethylamines丘om methanoland am－

monia・In base－CatalyzedaldoIcondensation

the end－PrOduct丘om acetoneoverxandY

ZeOlitesisisophorone（atr血er）・0verNaKL

thereactionstopsatmesityloxide（adimer）P）
WhereasoveramorphouscatalyststhecH30H
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＋NH3reaCtion glVeS mOStly trimethylamine，
0Vef SiC14treatedNa－mOrdenitetheyieldof

themorevduablemono－anddimethylamines

surpasses99解（Table3）JO・11，12J3，14）

New Deve10PmentSin EIlhanclng Shape

Selectivity

ShapeselectlVltymaybeincreasedbyelimi－

natlngthenon－Shape－Selectivecatalyticsiteson

theoutsidesur払ceofthezeolitecrystals・We
have
already

discussed the useofp（Bu）3tO
POISOn“eXternal”Rhsitesチ）Anotherrecent

exampleis the deactivation ofexternalacid

Sites off盲rrierite with2，4－dimethylqulnOline・

2，4－dimethylqulnOlineislargerthanthepores

offbrrleriteandthere払recannotpenetratethe

crystalsandneutralizeinternalacidsites（Table
4）J5）Restricted transition state type selec－
tivlty allows only the

fbrmation of pa∫a－

diethy払enzeneinside the pores．Non－Shape－

Selectiveexternalacidsitesisomerizethepa∫a－
isomer to the other twoisomersinuntreated

Catalysts・Thus，ethylation ofethylbenzene
OVer the untreated catalyst produces alldi－

ethylbenzeneisomers．Oncetheexternalsites

arepoISOnedwith2，4－dimethylqulnOline，Only

theparaisomerisfbrmed．

Shapeselectivltymaybeenhancedbynar－

Table3・Restrlctedgrowthtypeshapeselectivlty

NH3＋CH30H－CH3NH2→（CH3）2NH→（CH3）iN

ThecatalyticactⅣ1tyandselectivityfbrmethylaminesァnthesisonvarious

syntheticzeo払tes・14）

Catalyst siO2／A1203
InitialRatea Selectivity／mole港b

／10‾5molg‾1s－1 MMA DMA TMA

SiO2－A1203

A1203

弘
M
椚
m

l

H－FE

Na－M

H－M

SC－Na－MC

H＿SC＿Md

Na－ZSM－5

H－ZSM－5

6．3

2

8

2
つJ

つJ

1

4

5

2

2

1

1

8

∩フ

7

nフ

0フ

q′

0

0

1

1

0

0

5

5

2

2

4．01 6．3 14．2 79．5

6．86 8．6 17．0 74．4

5

8

1

1

8

5

0

′0

っJ

1

1

0

5

0

4

3

2

8

4

亡J

8
nフ

0

0

っJ

O

4

7

7

1

3

0

5

5
′0

0

1

8

5

2

0

∠U

81

∩フ

7

1

5

7

4

′b

′0

1

1

2

2

7

4

1

′hU

0

8

∩フ

／
h
）

3

つJ

1

3

4

2

1

1

2

3

5

5

7

4

9

5

2

7

5

つん

7

5

つJ

Oフ

l

（Uノ

l

l

′hU

′hU

1

3

0

ノーU

8

2

2

0

7

1

5

′0

9

∩フ

2

9

1

／hU

7

3

8

8

∩フ

‘U

4

2

5

1

8

7

aReactiontemperature：673K・

bSelectivitieswereobtainedatlOO瀦conversionofcH30H．

eSC－Na－M：Na－MwastreatedwithsiC14VaPOrat973Kfbr3h・

dH－SC－M：SC－Na－Mwasion－eXChangedbyNH√，andcdcinedat773K・

Table4・SelectivepoISOnlngOfacidsitesonexternalsurらces15）

Diethyl－ Fractionb偶 1，3，5－TIPB

Catalyst benzene Converslond

Ylelda／黎 0－ m－ P－ ／黎

HZSM－5 26．3 1．7 59．1 39．2 51．1

HZSM－5c 16．9 0 42．8 57．2 0

H一転rdedte l．5 19．8 32．7 47．5 11．8

H一転rderiteC O．4 0 0 100．0 0

aReactlontemperature，673K；Wげ，7．14g・h・mOl‾1．

bFractionofeachisomerindiethylbenzeneproduced・

CPoisonedwith2，4－dimethylquinoline・

dcrackingofl，3，5－tdisopropylbenzene・
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rowmg the pores or
partially blocking pofe

entrances・Thismaybedonebyhydration叫

〈seeabove），Or by treating the zeohte wlth
Si2H6J6）Ⅹenon adsorptlOn data show that

Whenusedat250C，Si2H6PenetrateSthepores

and makes them narrower．Ⅰ仁
however，

Si2H6is applied atlOOOC，mOStOfit reacts

With sur払ce
hydroxyles nearpore entrances・

The Nest Effbct

The‖NestEf鎚ct，，1sanewconceptinshape

Selectivecatalysis・Accordingtothisconcept，

the代aCtlng mOlecules andits environment

tend to recIPrOCally optlmize their
van der

WaalsinteractionsJ7） Molecules which can

eas辻yadaptthelrgeometry（i．e．，“neSt”within
Channels

or

cavities）willadsor・beasier than

thosewhichcannot・Thesestructuredepend－

entsuぬcecurvatureef砧ctscanactsepa∫ately

Oraddtoacidstrength・王ⅩamPlesincludethe
disproportionationof払PentanetObutaneand

hexane over H－ZSM－418）（Table5），andthe

Selective conversion of butyrlC aCid to4一

九eptanonovererioniteJ9）

Table5．The nest e恥ctin the pentane

disproportionationover汁ZSM－418）

2C5H12→C4HlO＋C6H14

Catalyst RelativeRateat2400c

H－ZSM－4 100

H－Mordenite 4．6

REX O．5

H－ZSM－4

Probablyinvolvestwocarbeniumionsina句acent
SlteS．

Has one－dimensionalpores，and therefbrelimited

coking．

New Materials

Over a hundred new
molecula∫Sieves

have

been synthetizedin thelast decade・Some

contaln
heteroatoms on thei∫ 鈷amework，

othershaveentirelynewcrystallatticeornew

chemicalcomposition（AIpo’s，SAPO’s，etS・）・
Shape selectⅣ1tyhasbeendemonstratedover

manyofthese newmaterials．Aninterestlng

exampleisTトsdicalite，uSed commerciallyto

PrOducedihydroxyphenoIsftomphenol（Table
6）．Thereactionisdoneintheliquidphase

Table6．ShapeselectiveoxidationofphenoI

withH2020VerTi－Silicalite（Si／Ti＞
40）at60～1000c20）

参∴02∵壷十蔚H
OH

Solvent pa柑，添 濁Oht山rO

Methano1 65

Aceto皿e 43

5

7

つJ

5

With
H202 aS the oxidant・The plantln

Ravenna，Italy，PrOduces aboutlO，000t／yr
hydroqumone，Or

about one一触h of the

World’s demand・Product p訂aノ0血o ratios

areslgni色cantlyhigherthanthoseincompet－

1ngPrOCeSSeSチ0）
A fさw

non＿ZeOliotic
new materials also

ex＿

hibit sha夕e Selective catalysis．Mostnotable

拡ePilla∫edclaysア1，22）‖Pillars，，maybebudt

i叫o certain hydrated clays bylnterCalating

（usua山y positively ch∬ged）inorganic or

Organic substances
between thelayers．sub－

Sequentdehydrationmayleave evenlyspaced

Pillars・These separate the claylayers ftom

eachother・Advantagesaretha‥heporesize

may be tailored between O．6 and
4nm．

Disadvantages are払stdeactivationbycoking

and poor thermalor hydrothermalstabilitiy・

王Ⅹal¶Ples ofsh呼eSelectivereactionsarethe
disproportionation

oftrimethylbenzenesinto

l，2，4，5－tetramethylbenzene，andthedimerka－

tionofoleicacid・AclaycontalnmgO・8nm

aluminapiua∫SCatalyzesthe鈷stfeaCtion．The
latter reaction has been demonstratedin

montmor出onite crosslinked with（CH4）N＋

Pdlars・D血erization selectlVlty Peaks at a

Pillar
density of o・28 electron cha∫酢／（Si，

Al）4010・Ifthepillardensityismuchlower

than this value，01igomerization proceeds to

trimers・托however，thepdla∫densltyisabove

thiscriticalvalue，thereactioncannotproceed

because therels not enough space払r the

reactionintermediate・（Thisisanexampleof
both restricted transitlon state and restricted

growth type selectivities．）Apotentialcom－
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mercialapplicationisthealkylationofbenzene

withl－dodecenetoproduceintermediatesfbr
biodegradable detergents・Hf■－alkylationpro－

duces auisomers
but over Al－Pilla∫edmonト

mori止onite the product contains mostly the

mostde血able2－Phenyldodeceneア3）

New CommercialApplications

Most applications of shape selectlVlty
involve either cracking of undesirable mole－

culestosmaller，eaSilyremov止1e丘agments，Or

avoidingundesir止1ecompetlngreaCtionssuch

ascokingandtransalkylationasshowninTable

7．

In most casesisopara爪ns crack andlso－

mer転emush払sterthannormalpara爪ns・This

orderisreversedinshapeselectiveacidcataly－

sis・Thatis，nOrmalpara爪nsreact払sterthan
branched ones，Which sometimesdonotreact

atall．Thlsreversaloftheusualorderofreac－

tionratesistheessenceofmostapplicationsin

the鈷st group・Examples aredistillate and

lube oildewaxlng，Selecto払rmlng，and
M一

払rmlng・The production of para一Ⅹylene，

ethy払enzene，Pa∫a－ethyltoluene，and
hァdro－

qulnOne，the methanolィ0－gaSOline，methanol－

to－01eGns，andoleGns－tO－gaSOline一肌d－distdlates

processes and
dehydrocyclodimer辻ation are

some
of the applicationsin the second

CategOry・

ReseafChtoexploitshapeselectivecatalysis

is active．Selected examples of
new shape

selective reactions and commercialprocesses
are the already mentioned production of

hydroqumoneoverTi－Sdicalite，yieldimprove－

mentin adiponitrde productionoverNa－P－B－

pentasdタ4）yieldimprovementin n－Para爪n
aromatization over PトBaKLタ5）and the fbrth－

coming dehydrocyclod血erization（“Cyclar”）

PlaIltinScotland．

Conclusions

Some
of the

beneGts of shape selectke

catalysis：
Higher yields

due to betterselectivities．

More
e爪cient

use
of available resources

becauselesslow一Vduebyproducts・

Env止onmentallymor♂acceptableproces－

SeS．

Elimination of costly separation steps

becausethereactionsaremoreselective．

The Geldofshapeselectivezeolitecatalysis

isveryactive．Thenumberofpatentapplica－

tions coverlng ZeOlite processes has been

Table7・ProcessapplicationsofshapeselectⅣ1ty

TypeofselectⅣ1ty

Reactant

Process

Product
Transition

State

Number

of
Plants

Ⅰ．UndesirableMoleculesarecrackedtoRemovableFragmelltS・

DistlllateDewaxmg

LubeDewaxmg

Selectofbrmlng

M－Formlng

FCC

＋

＋

＋

＋

＋

＋

＋

9

4

Many

ⅠⅠ・Coking，HighMWProducts，andundesirableIsomersareAvoidedorMinimized・

Ethylbenzene

P－Ethyltoluene

XyleneIsomedzation

TolueneAlkylatlon

ToheneDisproportionatioII

Methanol＿tO＿Gasoline

MethanoltoOle丘ns

Ole色nstoGasolineandDistillates

Dehydrocyclodimerization

Phenoloxida．tion

＋

＋

＋

＋

＋

＋

＋

＋

＋

」・

＋

＋

6

13

2

1

l

l
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increaslng eVery year Ofthelast twenty一員ve

yearsア6）wemayexpectthistrendtocontinue・

Zeolite catalystshavebeen鈷stusedcom－

mercia皿yinthenineteen－Sixties・Mostofthose

applications werein petroleum processlng・

Theseventiessawtheuseofzeolitecatalysts

払rlargevolumepetrochemlcals．Intermediate

volume，＝specialty＝chemicalshavebeen鈷st

PrOCeSSed commerciallyln the eighties．We

maypredictthatintheninetieszeolltecatal－

ystswillbeused払rGnechemicalsandmaybe
払r the processlng and upgrading of

heavy

PetrOleum鈷actions・Biochemicalmaterials，

Perhapsevensomechiralcompoundsmaybe

PrOducedwithshapeselectivezeolitecatalysts

iれthe払出owlngdecade．

Mostlikelyareasofんturedevelopmentsare

new
chemicalcompositions，neW CryStalline

structures，heteroatom substitutionin丘ame－

work，better controlof

crystalsize and shape，

macropores，etC．），better
distribution ofactivesites，

andcompositec如alysts．

morphology（i・e・，
crystalaggregates，

controlof spatlal

andpoly払nctional
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