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INTRODUCTION

　Since　the　“Oil　Crisis“　in　1973,　how　to　save　ener9y　becomes　the　most　important

subject　i　n　the　chemi　cal　i　ndustri　es,　and　catalysts　attract　interests　as　would　have　the

keys　to　sol　ve　the　problems｡　Thus,new　catalytic　systems　to　save　ener9y　have　been

desired　to　be　developed　and　the　subject　treated　in　this　thesis　is　one　part　of　these

studies　on　the　development　of　the　ener9y　savin9　processes.　　The　method01o9y　of　the

development　of　catalysts　has　sometimes　depended　on　the　chance　meetin9　with　catalysts,

therefore,a　new　methodolo9y　to　desi9n　catalysts　with　hi9h　efficiency　is　now　desired.

Another　int9rest　of　this　study　is　how　to　use　the　pr09ram　of　the　catalyst　desi9n　in　an

actual　development　of　new　catalysts.

Oxidative　De nation　of　Et lbenzene

St　rene　roducti　on

　lmpetus　for　the　comercial　production　of　styrene　in　the　uni　ted　States　was　stimulated

by　the　critical　need　for　a　substitute　for　natural　rubber　which　developed　suddenly　durin9

World　war　n　after　crude　rubber　sources　from　Southeast　Asia　were　cut　off｡　From　many

proposals　to　solve　this　problem,a　decision　was　made　to　launch　a　major　effor　to　develop

and　produce　a　copolymer　of　styrene　and　butadiene,a　rubber-1　1　ke　substance　whi　ch　coul　d

replace　the　natural　material.　ln　Japan,　styrenemonomer　had　been　fjrst　produced　in

1960.　As　shown　i　n　Fi　9,　1　,　the　production　of　styrene　monomer　in　Japan　increases　steep-

ly　at　about　100　times　durin9　these　two　decades､　and　styrene　is　now　one　of　the　basic

products　in　the　petrochemical　industry　as　a　raw　material　for　polystyrene,synthetic

rubber,unsaturated　p01yester｡　A.BS　resin　and　s0　0n.　Catalyst　research　for　styrene

synthesis　has　been　of　interest　to　many　chemical　manufacuttlrers　because,　as　mentioned

above,　styrene　monomer　is　such　a　lar9e-VOlume　chemical　and　a　steady　9rowth　of　styrene



-2-

7
j　120

　
　
○

　
　
1

§
§
[
)

0
　
　
0
　
　
0
　
　
0

8
　
　
6
　
　
4
　
　
2

c
o
f
}
U
『
‘
η
P
a
　
Q
c
t
`
{
‥
5 0

1960　1965　1970　1975　1980　1985

　　　　　　　　Year

FIGURE　I　　Production　of　Styerne　monomer　in　Japan

market　is　predicted　[1､2,31.Styrene　Monomeris　now　produced　�a　ethyl　benzene.　FOr　the

production　of　ethylbenzene　in　a　industrial　scale,details　are　summarized　elsewhere[21.

De dro nation　of　et lbenzene

　　The　industrial　production　of　styrene　depends　on　the　dehydro9enation　reaction　of

ethyl　benzene　[1,2,3].　The　dehydro9enation　reaction　on　a　commercial　scale　is　9enerally

conducted　in　the　vapor　phase　at　850　-950　K　wi　th　a　l　ar･9e　amount　of　superheated　steam9

just　below　the　temperature　re9ion　where　themal　crackin9　becomes　si9nificant｡　The　by-

productsare　benzene　and　tol　uene　in　the　liquideffluents､and　smal　l　amounts　o　fCO'　C02'

CH4'　C 2H4'and　C2H6　are　formed　as　9aseous　products‘

As　the　catalysts　for　the　dehydro9enation　process゛　50ZnO‾40A1203‾10CaO゛　74'4ZnO゛7'6

A120

0.7AI

3'7゛4C80‘4‘7M90‾2'8K2C゛04゛2‘8K2S04(L"144)･゛d　85Fe203‾7‘7Z｢10‾O‘5KOH‾O.3K2C゛04‾

203“O'　5CaO“O　'　5M90‾O'3KS04　were　developed　by　LG゛　Farben　Co"　and　also　72'4M90゛18‘4

Fe203‘4'6C“O'4'6K20(St8rldar`d]707)゛d　89Fe203‾2C903‾9K2C03(She11105)“e゛e　de゛eloped

and　are　now　widely　used.　The　improvement　of　catalystshas　al　so　been　devoted　and　Fe203“

C゛203゛V205゛Co203'K20(She11)'Fe203‘Mo203‾CeO‾K20‾cele"t(GirdleO　'　Fe203‘K2C03'K2C｢207

゜V205“celerlt(Do`)and　so　on　have　been　reported[21.1n　them,　She1　1　1　0y　catalyst　i　s

widely　used　and　its　catalytic　performances　are　as　follows;　conversion=60　Z　and　selec･

tivity　°　84　Z゛under　reaction　temperature　°　893　K'　LHSV　°　l　h‘1　'H20/ethylbenzene　°　12

1n　molar　ratio[2,4]or　conversion　°40　Z　and　selectivity　=90　Z　under　reaction　temp-
erature　°933　K'H20/ethylbenzene　°13'reajction　pressure　°　0''4　k9/cm2゛9[5]゛

　ln　spite　of　such　improved　conversion　and　selectivity,　the　distribution　of　products

is　limited　by　equilibrium.The　equilibriu!Tl　constants　of　this　reaction　areshown　in

Table　l　and　the　equilibrium　conversion　curve　is　shown　in　Fi9.　2[5].　As　these　datas



TABLE　I

Equilibrium　Constants　for　the　dehydro9enation　of　ethylbenzene

Temperature　△H゜kcal/mol‘　AF°kcal/mol　lo910K
　　[K]

298　j　6

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

28j00

28j　07

28.612

29.021

29.322

29.511

29.712

29.824

29.891

29.920

29.910

29.870

29.810

29.73

゛100
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(
j
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o
(
‘
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0

19.892

19.843

16.999

14j〕66

1L024

　7.949

　4.858

　L751

-L　383

-4.510

-7.620

,iO｡760

-13.880

-16.990

500

-14　3386

-14.4522

-9　2891

-6j477

-4.0160

-2.4817

-L　3269

-O｡4252

　0.3022

　0.8961

　L　3877

　L　8090

　2j667

　.2.4752

1000 1500

S“

2.61　×　10‾15

3､53×　10‾15

5.14　×　10‾10

7.21　×　10‾　7

9.65×10‾　5

3.30×10‾　3

4.71×10‾　2

3.75×10‾　1

2.00

7.87

2.44×101

6.44×101

1.44　×　102

2.99×102

-3-

　　　　　　　　Temperature(K)

FIGURE　2　Equilibrium　conversion　curve　of　dehydro9enation　of　ethylbenzene
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show,　this　is　an　endothemic　reactjon　effected　by　an　equlibrium　whicb　favors　the　pro-

ducts　as　the　temperature　is　increased　and　the　pressure　reduced｡　A　lar9e　amount　of

super-heated　steam　i　s　used　as　the　addi　ti　ve　to　provide　heat　needed　for　the　reaction,to

reduce　the　partial　pressures　of　ethylbenzene　and　hydro9en　,and　to　keep　the　catalyst

clean　and　active｡　These　requirements　for　hi9h　temperature　and　superheated　steam　do

not　meet　the　savin9　ener9y,and　the　oxidative　dehydro9enation　process　is　thusly　in―

creasin9　in　importance｡Performances　of　them　in　the　practical　scaleare　listed　later　in

the　case　of　butene　to　butadi　ene　｡

Oxidative　deh　dro　enation　reaction

　　Oxidative　dehydro9enation　reaction　represented　by　equation　(1)is　an　exothemic

1‘C2H5　　゛　　1　02　'‾→φ‘C2H3　　゛　　H20　;　△H=-30　kcal/mol　｡(1)

reaction　and　there　is　no　limitation　by　theequilibrium｡　　This　can　lower　the　reaction

temperature　and　feed　of　super-heated　steam　is,theoretically｡not　requi　red　｡　Throu9h

put　of　an　existin9　or　new　plant　could　be　substantjally　increased　with　a　correspondin9

reaction　in　capital　and　operatin9　costs｡　Operation　more　nearly　under　isothermal

conditions　could　aid　the　yield　and　conversion　[1]･Thus,　the　oxidative　dehydro9enation

reaction　can　well　meet　the　currently　desired　requirement　of　process　deveiopment　and

is　attractin9　considerable　attetntion　[4゛11]゛　The　use　of　ha]09en　'　S02　and　S　as

oxidants　is　also　possible　and　9ood　results　have　been　reported　and　sumarized　elsewhere

[6゛7'12]゛however'the　hi9h　costs　of　hydro9en　acceptors　such　as　halo9en　and　S02'the
corrosion　of　apparatus,and　incorporation　of　hydro9en　acceptors　into　the　products　such

as　sulfides　and　halides　make　it　difficult　to　use　them　in　the　lar9e　scale　production

such　as　styrene　and　butadiene･　The　direct　oxidation　of　hydrocarbons　to　oxy9･en　con-

tainin9　prOdIUCtS　haS　been　deVelOped　aS　have　OxidatiOn　prOCeSS　SUCh　aS　amOxidatiOn　and

oxichlorination,　These　situations　su99est　the　possibility　to　realize　the　oxidative

dehydro9enation　process　by　air　or　oxy9en.　Actually,Some　oxidative　dehydro9enation

process　of　butene　to　butadiene　have　been　developed　on　a　commercial　scale　by　Phillips

Petroleum　Co.　and　Petro　tex　Co｡[13,141,but　that　of　ethyl　benzene　to　styrene　has　not　｡

　　ln　Table　2,catalysts　for　oxidative　dehydro9enation　of　ethylbenzene　recent91y　re‐

ported　are　sumarized　to9ether　with　their　catalytic　perfomances.　The　selectivity

is　not　sufficient　on　the　bismuth-molybdenum　catalyst[15]which　is　one　of　the　typical

mild　oxidation　catalysts　for　the　production　of　the　commercial　base.　　ln　the,recentヽ

studies,Mn､Co,Ni｡and　Ni-W　oxides　supported　onA1203[16'17]゛d　M9'Mo　8"d　M9Mo‘MO

oxide　catalysts　[18､19]have　been　examined　but　only　insufficient　conversion　and　selec-

tivity　such　as　5　-　6　Z　and　70　Z　at　733　K[17]､･and　30　S　and　70　Z　at,　773　K[181,re-

spectively,are　obtained｡　Better　results　are　reported　in　the　recent　patents[41.

1n　the　most　attractive　catalytic　systems　which　appeared　in　the　recent　review[4]｡Fe-

Cr-K〔201,Ce-P[21]､abd　Bi,U-AI　[22]systems　required　hi9h　reaction　temperature　above

773　K｡　Zn-P-Si[231,and　Zn-SI-AI[24]systems　show　sel　ectivitjes　lower　than　80　Z.



LIST Perfomances　of　practically　used　catalysts　for　butene
　　　　　　　　　　　　　　　　　　　　　　　　w-w〃.〃w.wL〃.=w･〃6〃a･･

R･eaction

Temperature

　　　(K)

866

-5-

dehydro9enation　and

Conversion　Sel･ectivity　Steam/Butene　　Butene

　　　　　　　　　　　　　　　　　　　　　　　　　　　SV

　)z)　　　　(s)　　(molar　ratio)(h゛1)

27-33

18　-　36

20　-　30

26　-　28

　　-40

　77.1

55　-　70

69-76

65　-　80

70　,80

73 -75

90

90

80

2

;73Fe203‘　5Cr203　‾2K20

;72゛4M90　゛18゛4Fe203　‾4゛6CuO‘　4'6K20

;93Fe203‾5Cr203　'2KOH

;She11　'105+K2C03

;96C°8Ni(P04)6　'2C゛203　゛2G9phite

　9

15

12

20

300-400

200　-　800

　　500

　　500

125-175

　35]

94　,　156

-

10-18

　　8

18-20

r
D
　
{
/
･
･

1
.
}

oxidative　dehydro9enation　in　an　industrial　scale

Catalysts

DEHYDROGENATION　CATALYSTS

Philips　1490　　894　-　950

Standard
　　　　　-　1707　　　　922

Shc!11　-　　105　　894　-　950

Sh{!11　-　205　　894　-　950

Dow　Type　-　5　　866　-　950

OXIDATIVE　DEHYDROGENATION　CATALYSTS

Philips

BP　Chemicals　　673　-　723

CATALYSTS

Philips-1490

Standard　-　゛　1　707

She11-105

She11　-　205

Dow　Type　B

Philips　Petroleum;　P-Sn-O　or　P,Sn,Li-O　or　Al　or　Ga　promoted　P-Fe-O　or　P-Fe-0

　　　　　　　　see　ref,　4　Table　3.　　Scale;　50.000　t/yr　or　100,000　t/yr｡

BP　Chemi　cal　s　　　;　Sn,Sb　?　see　ref｡　4.　Scal　e　;　730　t/yy≒

These　values　are　summarized　from　data　shown　in　references　4　and　5



Table　2

Catalysts　for　Oxidative　Dehydro9enation　of　Ethylbenzene

Catalyst

Fe203'Cr203゛K20

Ce-P

Fe-Activ｡Carbon

Zn'P'O'Si02

Cr203‘NiO‘A1203

ZnO゛Si02゛A1203

Bi　‘U゛O“A1　203

Pd'Y゛A1203

Pd゛KBr゛a'A1203

Pd゛KBr'Y゛A1203

Co'Cr-AI-M9-SI

Reaction

Temperature

　　　(K)

883

824

644

733

723

723

923

563

558

553

Relative　partial　pressures

Oxy9en　　Nitro9en　　Steam
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--

Results(S)

EB-conv｡　ST-select｡
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　On　Cr-Ni-Ai　[25]and　Pd-KBr-AI　[26]catalysts,the　partial　pressure　of　oxy9en　shoul　d
　be　limitted　to　lower　values　than　the　stoichiometric　pressure,in　other　words｡h19h

　yield　of　styrene　cannot　be　expected｡　Thus､it　is　difficult　to　obtain　styrene　selec-

　tively　with　hi9h　conversion　at　lower　temperature　on　the　above　catalysts.　The　cata-

　lysts　which　satisfy　these　requirements　are　only　Fe-activated　carbon　[27]and　Pd-AI

　[28,291,but　Pd-Al　system　is　not　so　stable　and　for　the　continUous　stabjllity,a　con-

　tinuous　flow　of　HBr　is　required｡

　　Considerin9　the　difficulty　of　the　investi9ation　of　catalysts　for　the　oxidative

　dehydro9enation　of　ethylbenzene　as　stated　above､the　first　tar9et　should　be　settled

　down　at　the　conversion　as　hi9h　as　40　Z　with　the　selectivity　as　hi9h　as　90　Z　under　the

　reduced　pressure　of　steam　and　at　a　lower　temperature　below　723　K､such　performances

　can　be　obtained　in　the　dehydro9enation　process　at　hi9her　temperature　with　a　lar9e

゛amount　of　steam,　lf　such　tar9et　could　be　realized,then　the　further　investi9ations

　to　jmprove　the　catalytic　perfomances　should　be　devoted　and　this　sholud　be　the　second

　tar9et　of　this　investi9ation｡

ln　the　Develo

　　Althou9h　catalysis　is　a　subject　of　tremendous　industrial　importance,it　has　lon9

been　re9arded　by　the　9eneral　scientific　population　as　bein9　the　last　stron9hold　of

alchemy,　The　reasons　for　this　seem　to　ori9inate　with　the　complexity　of　the　subject,

Most　catalysts　are　inor9anic　materials　that　catalyze　or9anic　reactants　by　acceleratin9

the　rate　of　a　themodynamically　favourable　process｡　As　a　result｡knowled9es　of　in-

or9anic　and　physical　chemistry　is　requred　as　well　as　or9anic　chemistry,　　ln　addition,

since　many　catalysts　are　porous　solids,　familiarity　with　solid　state　chemistry　and

wjth　chemical　en9jneerin9　pronciples　o'f　mass　and　heat　transfer　are　also　desirable[301

　　These　attitudes　are　intensified　in　the　context　of　catalyst　desi9n.　ln　deaPin9　even

with　other　catalytic　scientists,comments　ran9e　from　the　polite　statement　that　it　is

very　interestin9　-　but　will　never　be　of　any　use,thou9h　the　recommendation　as　to　where

to　buy　a　crysal　ball,to　the　extreme　statement　relatin9　monkeys,typewri　ters　and

Shakespear.　Nonetheless,it　is　clear　that　the　basis　of　a　method　of　desi9n　does　exist,

and　that　゛　alothou9h　the　desi9n　methods　are　far　from　perfect　-　they　can　lead　to　the

development　of　improved　catalysts　in　shorter　times.

Pro ram　of　catal st　desi n

　　As　mentioned　aboves　the　complexity　in　the　catalyst　deve10pement　stin　exisits　and

this　easily　combines　to　the　reco9nition　that　"･experimental　efforts　is　essential　in　the

chemical　research.　　0ver　estimation　of　this　leads　to　re9ard　it　impposible　to　desi9n

catalysts･Thus.　the　catalyst　development　today　still　depends　on　the　chance　meetin9

wi　th　catalysts　durin9　the　numerous　number　of　experimental　works　｡　Under　these　situa-

ti　ons　l　the　new　method　,　to　choose　a　catalyst　for　a　9iven　reaction　by　applyin9　estab-



　　　　　　　　　　YES

DESIGNED　CATALYST　FOR　PRACTICAL　USE

FIGURE　3　Pro9ram　of　catalyst　desi9n
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lished　conepts　with　hi9h　efficiency､　has　been　requi　red　alon9　with　the　recent　advances

in　catalytic　chemistry　and　surface　chemistry,　Some　proposal　has　been　done　on　the

methodolo9y　of　catalyst　desi9n　[30　-　38]｡

　　ln　Fi9･　3,　0ne　of　them,whi　ch　i　s　expected　to　be　wi　dely　used､　is　summarized　[32　-　331.

The　purpose　of　this　pro9ram　is　to　describe　the　methods　that　form　the　basis　of　the

scientific　desi9n　of　catalysts　on　the　view　point　of　en9ineerin9,　1t　must　be　emphasized

that　this　subject　is　in　the　course　of　development｡and　that　this　pro9ram　must　be　re9ard-

ed　as　a　si9npost　rather　than　a　final　position･　　Catalyst　desi9n　can　be　re9arded,in

many　ways,as　a　lo9ical　application　of　available　informations　to　the　selection　of

cataiyst　for　a　tar9et　reaction.0ver　the　years　it　has　been　possible　to　formalrise　a

procedure　for　doin9　this　and　this　is　what　Fi9.3　shows.

　　The　first　step　is　the　determinat10n　of　the　tar9et　re∂ction,considerin9　all　availa‐

ble　stoichiometric　reactions　to9ether　with　their　equilibrium　constant.　　The　second

step　is　to　make　up　the　working　hypothesis　which　is　constructed　by　all　available

informations　related　to　the　tar9et　reaction｡　The　selction　and　preparation　of　catalyst

based　on　the　above　hypothesis　are　fo110wed｡　The　test　of　the　catalytic　performance　is

conducted　and　the　feed　back　of　the　results,as　a　new　infom∂tion,to　the　step　of　makin9

the　workin9　hypothesis　can　serve　further　improvement　of　catalysts｡　On　the　catalysts

which　meets　the　desiered　perfomances　by　repeatin9　the　feed　back　cycles､　the　desi　9n　of

co-catalyst　and　support　is　conducted　by　the　same　feed　back　cycles　used　in　the　desi9n　of

the　primary　components｡　After　satisfied　all　steps,　the　test､　as　the　final　step､　of　the

catalyst　life　is　conducted　to　jud9e　the　practical　use,

　　ln　the　construction　step　of　workin9　hypothesis,　the　chemistry　of　catalysis　plays　an

important　roles･　Especially9　the　reaction　mechanism　elucidated　for　the　tar9et　reaction

directly　9ives　the　plan　of　catalyst　desi9n,　0f　course,the　use　of　the　feed　back　cycle

da　the　workin9　hypothesis　is　the　stron9est　ams　for　the　elucidation　of　the　reaction

mechanisms,　ln　order　to　clarify　the　reaction　mechanism　and　to　predict　the　activity　and

selectivity,　the　f0110win9　tems　should　be　usefu11;　,

(1)informations　from　the　reaction　which　resembles　to　the　tar9et　reaction｡

〈2)selection　of　resemble　atoms　in　the　periodic　table,

〈3)heat　of　formation　of　oxides,

(4)Zd　characters｡

〈5)l　atti　ce　constants　,

(6)acid　and　base　properties｡

lncludin9　above　six　properties,the　detemination　of　the　surface　char∂cters　al　so　plays

important　r01es　in　the　pro9ram　shown　in　Fi9.　3.　The　roles　of　characterization　of

catalysts　in　the　desi9n　and　improvement　of　catalysts　are　sumarized　in　Fi9.　4[391.
The　correlation　between　physical　characters　of　known　catalyst　and　the　catalytic　per-

formancess　to9ether　wi　th　the　supposed　reacti　on　mechani　sms　､　91ves　the　workin9　hypothesis



-

FIGURE　4　The　roles　of　characterization　of　catalysts　in　the　catalyst　desi9n

H-

to　predict　the　factors　which　controll　the　activity　and　selectivity｡　The　improved

catalysts　are　prepared　and　characterized　on　the　basis　of　the　hypothesis　which　plays

an　important　roles　in　the　desi9n　sta9e,　The　feed　back　infomations　from　the　desi9n

st･a9e　can　9ive　a　new　plan　for　characterization,workin9　hyothesis9　and　mechanism

estimation.Thus,the　characterization　of　catalysts　incorporated　in　the　fe･ed　back

loop･
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　　As　stated　in　the　previous　section,theyelucidation　of　reaction　mechanism　plays　an

important　role　in　the　desi9n　of　catalysts｡This　also　may　apply　in　the　desi9n　of　the

catalysts　for　the　oxidative　dehydro9enation　of　ethylbenzene｡

　　A　lot　of　studies　have　been　done　and　reviewed　about　the　reaction　mechanism　of　the

oxidation　reactions,　as　the　oxidation　reaction　occupies　an　jmportant　position　both　in

the　scientific　field　and　the　practical　field｡　　This　section　summarizes　th　e　avajlable

informations　about　the　reaction　mechanism　of　oxidaitve　dehydro9enaiton　reaction.

　　The　reaction　mechanisms　includin9　allylic　intemediates　have　been　determined　in

detail　in　the　oxidation　of　olefiniccompounds[401.Stu`dies　of　13C　labeled　propylene

o"　BDMo　[41]･BDMo“P[42]゛d　C"20　[43]stj99ested　the　sy°etric　811yl　irlte"edi8tes'

The　product　distribution　obtained　in　the　reaction　of　deuterio　propylene[44,45､46]on

Cu20゛　BFMo'　and　U･Sb　also　indicated　the　same　intemediate　ofpropylene､the　a-hydro-

9en　of　which　had　been　abstracted｡　The　same　intemediate　was　assumed　by　the　oxidative

dehydro9enatjon　of　deuterio-butene　on　BDMo　[47]and　the　allylic　intemediates　was

al　so　detected　on　ZnO　[48]wi　th　spectroscopic　methods　.　Moreover,the　rate　deteminin9

step　was　proved　to　be　in　the　abstraction　step　of　the　a-hydrogen[45.49,50]｡　ln　spite

of　this,few　studies　have　been　done　on　the　mechanism　of　the　oxidative　dehydro9enation

of　alkylarom∂ti　c　compounds　[51]

　The　active　oxy9en　species　for　the　oxidative　dehydr09enation　of　butenes　is　said　to

be　the　iattice　oxy9en　of　Mo-containin9　oxides[521,the　oxy9en　double-bonded　to　the

metal　ion　(M=O)[53,54,55]and　the　adsorbed　oxy9en　species　(i｡e.0‘)[53,54,56]on　the
ferrite　spinel　catalysts｡Many　studies　have　been　done　on　the　adsorbed　oxy9en　species

with　the　aid　of　ESR　[57]and　the　activity　of　the　adsorbed　oxy9en　species　(i.e.0;,0“,
0;)was　also　studied　in　the　oxidation　of　hydrocarbons[58,59,60].　　0nly　in　the　case
that　uv-○r　Y-irradiation　was　perfomed　on　the　sample,was　the　adsorbed　oxy9en　species

(i｡e｡O;)observedon　the　irls“18to゛s･　s"ch　8s　Si02'A1203　[57]･A1203[57]･“rld
ze01ites[57､61],0n　the　other　hand,　the　base　catalyst　such　as　M90　was　observed　to

activate　oxy9en　to　form　o;　ion　without　prior　irradiation　but　only　with　heat　treatment
[62]｡

Role　of　Acid　and　Base　Sites　on　the,　0xjdation　Re∂ction

　　The　overall　scheme　of　the　oxidation　of　a　hydrocarbon　can　often　be　modeled　upon　that

su99ested　by　Mars　and　van　Krevelen　[63],so　called　as　the　reduction-oxjdation,or　redox｡
mechanism･　This　redox　cycle　depends　upon　the　ability　of　catalyst　surface　sites　to

accept　and/or　donate　electrons｡　ln　the　fomalism　of　molecular　orbital　theory｡aredox

reaction　involves　transfer　of　an　electron　to　fill　a　bondin9　orbita1　0f　one　reactant

(to　be　reduced)from　a　partly　f111ed　antibondin9　orbital　of　the　reactant　to　be　oxidized｡

This　is　similar,　but　not　equivalent｡　to　an　acid-base　reaction　in　the　Lewis　sense,since

a　Lewis　acid　accepts　electron　pairs　from　a　nonbondin9　orbital　of　a　Lewis　base.　lt　is

convenient9　therefore,to　treat　the　acidity　and　basicity　of　a　catalyst　to9ether　with
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the　reaction　mechanism　of　partiai　oxidation　reactions[64]｡　The　investi9∂tion　of　the

detailed　role　of　acid　and　base　sites　in　the　oxidative　dehydro9endtion　of　ethylbenzene

will　then　show　not　only　the　reaction　mechajsm　of　the　present　reaction　but　also　the

9eneral　role　of　acid　and　base　sites　in　other　partial　oxidation　readionE　Some　results

in　the　studies　of　the　oxidation　reactions　su99est　the　participation　of　acid　sites　[65､

66]and　of　base　si　tes　[67]in　the　partial　oxidation　reactions　such　as　oxidation　of

l　-butene　on　Mo-Al　kai　earth-As　catalysts　[65]､oxidation　of　isobutene　on　Bi　containin9

catalysts[66]､and　oxidation　of　propyleneon　Na-　andP-S"02　c“t81ysts　[67]'　The

selectivity　of　the　oxidation　reactions　is　also　said　to　be　effected　by　the　acid　and

base　properties　of　the　catalysts[68　-　72]､For　example,oxidation　of　propylene[69]

shows　a　dependence　of　selectivity　on　the　acidity,the　selectivity　o･f　oxy9en　incorpora-

tion　and　of　oxjdative　dimerization　depends　on　the　acidic　nature　of　the　co-(atalyst　in

the　oxidation　o･fpropylene[70],　and　oxidation　of　butene　to　butadiene,　ofphen01　to　C02

and　of　n-hexane　toC02[71]‘Correlations　between　the　oxidationactivity　and　the

amount　of　acid　and/or　base　sites　has　been　reported　in　many　reactions　by　Ai,　and　this

is　reviewed　jn　references[71.73]｡　　However､the　details　of　the　role　of　the　acid　and

base　sites　in　a　nlolecular　aspect　is　still　not　clear[74,751,

The　Aim　and　Sco of　the　Present　St

　The　catalytic　systems　to　9et　styrene　selectjvely　with　savin9　ener9y　from　ethyD

benzene　by　oxjdative　dehydr09enation　is　now　required　with　9reat　ur9ency,　The

difficulties　in　the　separation　of　products　from　ethylbenzene　requires　the　catalytic

process　of　100　Z　conversiol　with　hi9h　selectivity,　However,the　present　processes

shown　in　Table　2　could　not　realize　this　because　the　selectivi　ty　of　thenl　wi　l　l　decrease

steeply　with　increased　conversion.　Thus､the　desi9n　of　catalysts　to　realize　the

100　Z　conversjon　with　hi9h　selectivity　is　desired　from　another　view　point　such　as

the　process　desj9n｡

　As　mentioned　in　the　previous　section｡the　detailed　mechanism　for　the　oxidation　of

aromatic　compounds　is　required　to　understand　the　actjvity　and　selectivity　of　the　9iven

catalystE　　How　to　utilize　the　nlechanism　to　the　catalsyst　desi9n　is　now　under　develop,

ment･　　Thus,the　application　of　these　informations　to　the　deve10pment　of　the　catalysts

for　the　oxidative　dehydro9enation　of　ethylbenzene　attracts　interest　both　form　the

industrial　stand　point　and　from　the　scjentific　stand　point,　as　stated　in　the　previous

sedions.

　The　main　aim　of　the　present　study　is　a　systematic　investi9ation　of　the　reaction

mechanism　of　the　present　reaction　on　the　basis　of　quantitative　r01es　of　acid　and　base

sites　in　a　m01ecular　aspects,and　its　application　of　the　catalyst　desi9n　with　respect

to　the　ox･idative　dehydro9enation　of　ethylbenzene･

　ln　Chapter　2,　a　systematic　screenin9　0f　the　catalysts　are　described,　The　detans

of　the　resul　tedSn02`P205　catalysts　are　investi9ated　and　reported　in　Chapter　3゛　Chapter
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4　and　Chapter　5　are　concerned　with　the　determination　of　the　reaction　mechanism　of　the

present　reaction　usin9　Na　treated　SiOyA1203　on　the　basis　of　thequantitative　roles　of
acid　and　base　site　in　a　molecular　aspect｡　The　extension　of　the　reaction　mechanism

to､various　catalysts　are　conducted　and　it､is　applied　to　the　catalyst　des19n　in　Chapter

6.　　The　desi9n　of　supports　are　described　in　Chapter　7,and　the　details　of　the　resulted

Sn02/Si02　catalystare　described　inChapter　8.　1n　Chapter　9､A　new　method　to　support

metal　oxides　on　the　solid　support　from　9as　phse　is　developed　and　applied　to　the　prepa-

ration　of　vapor　Phase　Supported　Sn02/Si02　catalyst'　The　appoicatiorlof　thevPScatalysts

to　the　oxidative　dehydro9enation　are　studied　comparin9　with　impre9nated　catalysts　on

the　basis　of　the　reaction　mechanism　and　the　supported　models　is　described　in　Chapter

10. Chapter　ll　summarizes　the　above　results　and　discussions｡
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SCREENING　OF　CATALYSTS　FOR

THE　OXIDATIVE　DEHYDROGENATION　OF

ETHYLBENZENE
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SYNOPSIS

　The　oxidative　dehydro9enation　of　ethylbenzene　to　styrene　on　various　oxide　catalysts

has　been　investi9ated｡The　catalysts　examined　are　classified　into　six　types,　consider-

in9　their　catalytic　behaviors｡ln　9eneral,　acidic　catalysts　show　hi9h　selectivity･

The　most　effectivecatalysthas　been　found　to　be　theSn02“P205　catalyst　prepared　from

Srl(OH)2　arld　phosphoricacid｡　The　effects　ofpartial　pressures　and　reaction　temperat-

ure　have　been　studied　and　suitable　reaction　conditions　for　theSr102゛P205　cat゛lyst

have　been　deter¶Tlined｡

INTRODUCTION

　　ln　Chapter　l　｡　the　present　state　of　styrene　production　was　reviewed　and　this　can　be　suma,

rized　as　follo6:　Styrene　is　produced　on　a　comercial　scale　from　ethylbenzene　by　a　dehydro-

9enation　reaction　in　the　vapor　phase　at　850　-　950　K,just　below　the　re9ion　where

themalcrackin9　becomes　s19nificant｡This　is　an　endothemic　reaction　effected　by

an　equilibrium　which　favors　the　products　as　the　temperature　is　increased　and　the

pressure　reduced　[1]｡Superheated.steam　is　used　as　the　additive　to　provide　the

heat　needed　for　the　reaction,to　reduce　the　partial　pressures　of　ethylbenzene　and

hydro9en,　and　to　keep　the　catalyst　clean　and　active｡　To　s01ve　these　problems　in

the　dehydro9enation　process.　the　oxidative　dehydro9enation゛of　paraffins,　mono-olefi　ns

and　al　kyl　benz=enes　h･as　attracted　considerable　attentlon　and　is　currently　increasin9

i　n　importance　[2-22]｡The　direct　oxidation　of　hydrocarbons　to　oxy9en　containin9

products　has　been　devel　oped　.　as　have　oxidation　processes　such　as　amoxidation　and

oxychlorination.　Some　oxidative　dehydro9enation　processes　of　butene　to　butadiene

have　also　been　deve'loped　on　a　comercial　scale[7.8〕,but　that　of　ethyl　benzene　to

styrene　has　not.　MOreover,　the　selectivity　is　not　sufficient　in　the　oxidative

dehydro9enation　of　ethylbenzene　on　the　bismuth-molybdenum　catalyst　[9〕which　is　one
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of　the　typic£l　mild　oxidation　catalysts　for　production　on　a　commercial　basis｡

ln　the　recent　studies､Mn､Co,Ni､andNi-W　oxides　supported　on　A1203　[5'10]and

M9-Mo,　and　M9Mo-Mo　oxide　catalysts　[6,11]have　been　examined　but　only　insufficient

conversion　and　selectivity｡suchas5-6Zand70Zat733K[10]､and　t　30　Z　and

t70Zat773K[6]､respectively,are　obtained｡　The　selection　of　suitable　catalysts

and　appropriate　reaction　conditions　for　improved　styrene　yield　and　selectivity　is

then　requ　i　red　.　however.　the　systematic　screenin9　studies　have　not　yet　been　reported.

　ln　this　study,the　screenin9　0f　the　catalysts　was　carried　out　with　a　continuous

now　techniqueand　suitable　reaction　conditions　for　the　Sn02“P205　catalyst　are　also

discussed｡

EXPERIMENTAL

Materials　and　Catal ts

　　A　9Uaranteed　rea9ent　of　ethylbenzene　was　used　after　purification　by　a　silica　9el

column.　Guaranteed　rea9ents　of　bromobenzene　and　the　raw　materials　for　catalysts

were　used　without　further　purification｡

　　General　procedure　for　the　preparation　of　catalysts　was　as　follows:　the　startin9

materials　and　a　small　amount　of　water　were　mixed　in　a　mortar｡dried　at　380　K　and

pressed　into　tablets　which　were　crushed,sieved(20　-　48　mesh)and　calcined　at　773　K

for　7.2　ks　in　a　flow　of　air｡　Nitrates　of　bismuth　and　lead｡antimony　oxide,potassium

carbonate,lithium　hydroxide,　and　phosphoric　acid　were　added　to　the　tin(II)hydroxide

9el　forSr102‘Bi203(S“‘Bi)'Sn02'PbO〔Sn'Pb)'S102“Sb205(Srl゛Sb)'S102420(S"“K)･

S"02`Li20(Srl'Li)･8｢ld　S“02‘P205　(S"'P)'゛`espectWely.　Ti"(II)hydr`o`ide　9el　゛s

prepared　by　addin9　more　than　an　equivalent　amount　of　amonium　hydroxide　to　a　tin　(II)

chloride　solution　in　order　to　precipitate　it　and　then　by　washin9　with　water　until

pH　7　was　obtained｡　Phosphoric　acid　was　added　to　the　hydroxide　9el　prepared　from

nitrates　of　lead,chromium,iron,and　cadmi　um,　a　chloride　of　man9anese,an　ammonium

sal　t　of　molybdenum,　and　tun9stic　acid　for　PbO‘P205(Pb゛P)･C｢203゛P205(C゛P)･Fe203゛

P205(Fe゛P)･CdO'P205(Cd“P)･M｢102“P205(M｢1゛P)･Mo03‘P205(Mo‾P)･8rld　W03゛P205　(W‾P)･

゛especti゛ely.　C゛d�so)(ide(CdO)゛"d　ti"　o`ide(S"02)゛ere　pyep゛ed　fy`ol　the

hydroxide　9el　of　cadmium　and　tin,　respectively.　Solid　phosphoric　acid　{Solid-P)

(Ni　kki　Chemical　s　CO｡　LTD｡,N-50i)was　used　after　the　sievin9　and　calcination｡A

conlpound　of　ti　n　and　phosphorus　(Sn-P　COMPD)was　prepared　bythe　reaction　of　SnC12　゛

(NH4)2HP04'

Procedure

　The　continuous　flow　reaction　was　carried　o･ut　with　a　conventional　fixed　bed　reactor

at　atmospheric　pressure.　The　catalyst　particles　(4.59)were　packed　i　n　the　Pyrex

reactor　which　was　instaned　in　a　fluidized　sand　bath｡　A　stream　of　ethylbenzene

vapor,､steam　and　oxy9en　was　fed　after　dilution　with　nitro9en.　A　contact　time(W/F)

77.8　9　ks　mol゛≒and　a　reaction　temperature(T)of723　K　were　used　in　t､heseexperiー
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ments｡　Other　reaction　co“ditio“s･　s`Jch　8s　pa'^tial　pressures　of　ethyl　be"zene　(P[B)'

o゛y9e｢1(P02)'a"d　ste゛　(PH20)゛｢e　i“dic8ted　ir`therespecti゛e　fi9『es゛　The　l　iquid

products　were　trapped　in　an　ice　bath　and　a　dry　ice‐acetone　bath｡　The　9aseous　products

were　samDled　at　the　outlet　o･f　the　reactor｡

　　Conversion｡yield｡and　selectivity　are　shown　in　the　followin9　equations:

ST-selectivity={ST　fomed/EB　reacted)

EB-conversion　=(EB　reacted/EB　fed)

ST-yield　　　=〈ST　fomed/EB　fed)

CO　゛　C02'yield　゛　〈CO　゛　C02　fo°ed/EB　fed　x　8)

B-yield　　　　=(B　fomed/EB　fed)

X

X

X

X

X

where　ST　=styrene｡EB=ethyl　benzene　,　and　B=benzene｡

100

100

100

100

100

100

(1)

(2)

(3)

(4)

(5)

FIGURE　I　Comparison　of　various　oxide　catalysts(1)in　a　conventional　fixed　bed
flow　reactor゛　T　°　723　K°W/F　°　77‘8　9　catalyst　ks　mol‘1　'P02　゛　10゛l　kPa'　PH20　°

31‘7　kPa゛PEB　°10j　'　20.3　kPa.　Atomic　ratio　of　thecatalysts(Sn/M)=10/1.

Analysis

　The　analysis　of　the　products　was　carried　out　by　9as　chromato9raphy.　The　analysis

of　9aseo`Js　p゛^odtJcts(02･　N2'　CO　arld　C02)`as　per`fomed　bythe　intemediate-cell　method
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[9､23]with　a　25　cm　silica　9el　+25　cm　activated　carbon　column　at　383　K　and　a　2　m

MS　13x　column　at　room　temperature.　The　liquid　products　were　analyzed　by　a　2　m　DOP

column　at　383　K　with　bromobenzene　as　an　internal　standard｡

RESULTS　AND　DISCUSSION

Catalytic　activitv　of　various　catal ts

　　The　flow　reactjon　was　carried　out　atPEB　of　10'1'13'5and　20.3　kPa　with　the

other　conditions　remainin9　constant｡ST-selectivity　was　plotted　a9ainst　EB‐conversion

for　comparison　of　the　catalysts　in　Fi9Ures　l　and　2.The　catalysts　sj　tuated　on　the

top　r19ht　sjde　of　the　fi9ures　can　produce　styrene　selectively　with　hi9h　EB-conversion.

The　acidic　catalysts　showed　hi9her　ST'selectivity　than　the　basic　catalysts,　as　a

9eneral　tendency･
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FIGURE　2　Comparison　of　various　oxide　catalysts(2Dn　a　conventional　fixed　bed

now　reactor.　Atomic　ratio　of　the　catalysts　(M/P)=10/l　except　for　W-P,　Mn-P,

Pb-P,Cr-P,Fe-P,Bi-P(100/8.5)and　Mo-P　(3/2)｡For　reactio･n　conditjon･s,see

F19ure　l｡

ln　our　previous　study　of　this　reaction｡ST-selectivity　was　not　sufficient　with

the　Bi02゛Mro03　catalyst　〔9]which　is　typical　of　mild　oxidationcatalysts,hence･　the

catalyticbehaviour　ofSn02゛　whjch　was　expectedto　be　a　milder　oxidationcatalyst,



0 10

P02

20

　【kPO】

30

-21-

with　various　additives　was　examined｡As　shown　in　Fi9ure　l　s　the　Sn02　catalyst　shows

low　EB-conversion　and　low　ST-selectivity　because　of　combustion　which　makes　the

conversion　of　oxy9en　100　1　and　which　produces　a　con､siderable　amount　of　carbon　oxides｡

The　cataTlyst　which　displayed　the　hi9hest　conversion　and　the　hi9hest　se】ectivity

is　the　Sn-P　catalyst｡The　addition　of　antimony　and　bismuth　oxides　improved　the

catalytic　properties　of　the　Sn02　cata}yst･　thou9hthe　effect　was　smaner　than　that

of　phosphorous.The　Sn-Sb　catalyst　is　known　to　be　active　for　the　oxidative　dehydro-

9enation　of　butene　and　iso-pentene,　but　did　not　9ive　9ood　results　in　the　case　of

ethylbenzene｡Better　results　were　obtained　on　the　Sn-Pb　catalyst｡　The　addi　tion　of

lithium　and　p･otassium　lowered　the　EB-conversion　while　the　total　oxidation　was　9reater

than　the　oxidative　dehydro9enatlon,which　caused　the　low　selectivity.　lt　is　s19niF

icant　that　the　addition　of　acidic　components　enhances　the　ST-selectivity　while　the

basic　components　diminish　it.

fss∽¶
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FIGURE　3　Effect　of　oxy9en　partial　pressure　on　Sn-P　(Sn/P;　10/1)catalyst　calcined

at　773　K　for　7.2　ks｡　PEB　°　20.3　kPa｡　For　other　reaction　condit10ns,see　Fi9ure　l　｡

□･ST゛selecti゛ity;&･EB'corl゛e'`sio";●･ST'yield;　○･　CO　゛　C02　yield'

　As　the　addition　ofphosphoricacid　to　a　Sn02　catalyst　has　been　shown　to　enhance

the　ST'selectivjty　with　hi9h　EB'converslon｡the　catalytic　behavior　of　various　catalysts

with　or　without　phosphoric　acid　was　studied｡　As　shown　in　Fi9ure　2,　the　solid

phosphoric　acid　showed　hi9h　selectivity,since　only　traces　of　carbon　oxides　were
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produced,　but　the　activi　ty　was　low,　The　Pb-P　catalyst　(Sn　and　Pb　are　both　Iva

series)showed　very　low　selectivity.　The　Cd-P　catalyst　(the　electronic　state　of

Cd2゛resembles　that　of　Sn4゛)showed　hi9h　activity　and　relativelyhi9h　selectivity.

The　Sn-P　COMPD　catalyst,　which　was　prepared　by　the　reaction　of　tin(H)chloride

and　phosphoric　acid,　showed　q.uite　low　activity｡　Even　activity　per　unit　surface　area

was　lower　than　that　of　the　Sn-P　catalyst｡

　These　catalysts　can　be　classified　as　follows:

1)hi9h　selectivity　and　hi9h　conversion　-　Sn-P

2)hi9h　selectivity　and　relatively　low　conversion-　solid　phosphoric　acid(Solid-P)

3)hi9h　selectivity　and　low　conversion　-　Sn-P　COMPD

4)relatively　low　selectivity　and　relatively　hi9h　conversion　-　Sn-Pb｡Sn-Bi,Cd0,

　Mn゛P゛　Cr゛P゛　W゛P゛　U03　and　U″P

5)relatively　low　selectivity　and　relatively　low　conversion　-　Sn02`Sn'Sb`Mo゛P

　and　Fe-P

6)low　selectivity　and　low　conversion　-　Sn-Li　,　Sn-K　and　Pb-P.
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FIGURE　4　Effect　of　ethylbenzene　partial　pressure　on　Sn-P　(Sn/P;　10/1)catalyst

calcined　at　773　K　for　7.2　ks｡FOr　the　reaction　conditions　and　symbols,see　Fi9ures

l　and　3,respectively｡

The　byproducts　of　this　reaction,　which　lowered　the　ST-selectivity,　are　carbon　oxides,

but　a　considerable　amount　of　benzoic　acid　i　s　al　so　produced　only　on　the　MoーP　catalyst｡

　As　a　9eneral　tendency,shown　in　Fi9ure　l　,　the　addition　of　acidic　components　(i｡e.P)
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increases　the　selectivity,　whereas　the　addition　of　basic　components　(K　and　Li)

decreases　it.　This　tendency　will　provide　an　interestin9　point　of　view　that　the　､acid-

base　properties　of　the　catalyst　control　the　catalytic　behavior｡
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FIGURE　5　Effect　of　reaction　temperature　on　Sn-P　(Sn/P;10/1)calcined　at　1273　K

for　14.4　ks｡P EB　°20'3　kPal　P02　°20゛3　kPa゛PH20　゛o゛00　kPa゛For　other　r5action

conditions　and　symbols,see　Fi9ures　l　and　3､respectively

　　Effects　of　feaction　conditions　on　the　Sn-P　catalyst　(the　most　effective　catalyst)

were　also　studied.The　effect　ofoxy9en　partial　pressure　at　20゛3　kPa　of　pEB　is

shown　in　Fi9ure　3.ST-selectivity　decreased,despite　a　sli9ht　increase　in　the　ST-

yield｡This　tendency　was　apparent　above　20.3　kPa　of　P02　because　the　increase　in

the　CO　゛C02　yield　surpassed　that　in　the　ST'yield‘　The　effect　ofethylbenzene

partial　pressure　at　10.1　kPa　ofP02　is　shown　in　Fi9ure4.Yields　of　carbon　oxides

and　styrenedecreased　with　increase　in　PEB゛　STsselectivityincreased　with　increase

in　PEB゛ because　the　decrement　in　CO　+C02　yield　surpassed　that　in　ST゛yield゛　The

effect　of　reaction　temperature　at　20'3　kPa　of　PEB　and　P02　without　steam　is　shown

in　Fi9ure　5.　ST-yield　increased　with　increase　in　the　reaction　temperature｡　Above

723　K｡　the　yields　of　carbon　oxides　and　benzene　increased　so　that　the　ST-selectivity

decreased　to　a　9reat　extent.

　ln　this　studyi　various　phosphorous　containin9　composite　oxides　and　tin　containin9

composite　o,xides　have　been　studied　and　an　Sn-P　catalyst　was　found　to　be　the　most

active　and　most　selective,whereas　there　has　been　no　study　of　the　appi　icat10n　of
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Sn-containin9　catalysts　to　the　oxidative　dehydro9enation　of　ethylbenzene｡　SUitable

reaction　conditions　for　the　Sn-P　catalyst　are　then　determined.The　same　resul　ts

which　were　obtained　by　a　typical　dehydro9enation　reaction　at　about　900　K　with　an

H20/ethylbenzene　ratio　of　15'　can　beobtained　at　the　10wer　reactiontemperature

of　723　K　with　a　lowerH20/ethylbenzeneratio　of　l｡5bythe　oxidativedehydro9enation

process　on　a　Sn-P　catalyst[1]｡As　the　oxidative　dehydro9enation　of　ethylbenzene

is　currently　increasin9　in　importance,　many　catalytic　systems　have　been　developed

[2-6,9-22]ln　the　most　attractive　catalytic　systems　which　appe∂red　in　a　recent

review[41,Fe-Cr-K[13]､Ce-P[14]and　Bi-U-AI　[19]systems　required　hi9h　reaction

temperatures　｡　above　773　K.　Zn-P-Si[15]and　Zn-Si-AI[18]systems　show　selectivities

lower　than　80　Z.　0n　Cr'Ni`AI[16]and　Pd-KBr-AI　[21]catalysts,the　partial　pressure

of　oxy9en　should　be　limitled　t0　1ower　values　than　the　stoichiometric　pressUre｡　in

other　words　,　a　hi9h　yield　of　styrene　cannot　be　eypected｡Thus,it　is　difficult　to

obtain　styrene　selective‘ly　with　hi9h　conversion　at　lower　temperatures　on　the　above

catalysts.　The　catalysts　which　satisfy　these　requirements　are　only　AI-P　[171,

Fe゛activated　carbon　[12]and　Pd-AI　[20].The　Sn-P　system,　developed　in　this　study｡

is　one　of　the　catalysts　which　meets　the　above　requirements.　A　recent　patent　reported

that　conversion　and　selectivity　depend　stron91y　on　the　catalyst　composition　in　a

complex　system　of　Co'Cr`AI　'M9sSi　oxides　[22]｡Therefore,the　effects　of　chan9es

in　the　catalyst　composition　and　preparation　method　on　the　activity　and　selectivity

are　also　of　interest.　Those　on　the　Sn-P　catalyst　have　been　studied　and　are　discussed

in　Chapt3　of　our　investi9ation　into　the　oxidative　dehydro9ena,tion　of　ethylbenzene｡

concernin9　the　source　of　the　catalytic　activity　[24].
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Clzapter　　J

CATALYTIC　BEHAVIOR　OF

Sn02‾P205　CATALYsTs

SYNOPSIS

　The　oxidativedehydro9enation　of　ethyl　benzene　¨to　styrene　on　Sn02‘P205　catalyst　was

investi9ated　and　the　effect　of　catalyst　composition　and　calcination　temperature　were

studied｡Elimination　ofphosphoricacid　fromSn02‾P205　catalyst　by　nitric　acid　treat-

ment　and　phosphoric　acid　treatment　of　the　Sn02surface　result　in　an　increase　of　activ-

ity　and　selectivity,　The　catalyticbehavior　ofSn02‾P205　catalysts　is　compared　with

that　of　crystal　l　ine　tin(IV)phosphate.The　interdependence　of　catalytic　activity　and

selectivity,　catalyst　crystanine　structure,　and　BET　surface　area　is　also　discussed.

These　indicate　that　a　type　of　tin-phosphorus　compound　is　the　active　component｡　Also

an　increase　in　activity　with　reaction　time　and　by　calcination　is　explained｡　A　mecha-

nism　consistin9　0f　the　abstraction　of　hydro9en　from　ethylbenzene　by　surface　oxy9en　to

form　styrene　and　the　re9eneration　of　oxy9en　from　9as　phase　to　the　catalyst　surface　is

proposed,with　consideration　for　the　role　of　tin　and　phosphorus,on　the　basis　of　kiー

netic　data　in　a　differential　flow　reactor.

INTRODUCT10N

　As　stated　in　the　previous　chapter9　the　oxidative　dehydro9enation　process　is　cur-

rently　increasin9　in　importance　and　a　catalyst　which　shows　hi9h　activity　and　selectiv‐

i　ty　i　s　now　desi　red[1]･　The　direct　oxidation　of　hydrocarbons　to　9et　oxy9en　contai　ni　n9
products　has　been　developed　as　have　some　oxidation　processes　such　as　ammoxidation　and

oxych10rination　which　have　been　used　on　the　industrial　scale,　These　situations　su9-

9est　the　possibility　of　producin9　styrene　by　the　oxidative　dehydro9enation　process,

thus　savi　n9　ener9y,　However､　the　selectivity　is　not　sufficient　in　the　oxidative

dehydro9enation　of　ethylbenzene　on　the　bithmuth-molybdenum　catalyst[2]which　is　one　of

the　typical　mild　oxidation　catalysts　for　the　production　of　the　commercial　base.
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　　ln　the　screenin9　study[3E　the　activity　and　selectivity　of　various　oxide　catalysts

were　exami　ned　､　andSn02`P205　catalystwas　found　to　show　both　hi9h　yield　and　hi9h　se-

lectivity　to　styrene.　ln　the　present　chapter　further　investi9ations　were　carried　out

on　Sn02‾P205　catalyst‘　The　state　and　the　role　of　thephosphorus　was　investi9ated　by

x-ray　diffraction　and　chemical　treatment　of　the　catalyst｡　The　active　component　is

discussed　comparin9　it　with　crystalline　tin　phosphate｡　The　mechanism　of　the　acti､

vation　of　oxy9en　and　ethylbenzene　on　the　catalyst　is　also　discussed　on　the　basis　of

kinetic　data　in　a　differential　flow　reactor　and　by　the　pulse　reaction　technique,

EXPERIMENTAL

941_y4t1

　Ti゛　o)(ide(Sr`02)･solid　phospho゛゛ic　8cid　c°t81yst(Solid“P)･8"d　S"02‘P205(S"゛P)were

prepared　by　the　method　stated　in　the　screenin9　study[3]｡A　crystalline　tin(㈲　phos-

phate(c-SnP)was　prepared　by　the　method　of　Costantino　and　Gasperonl[4],Anhydrous

tin(IV)chloride　was　added　to　L　6　1　0f　8MH3P04　and　3M　HN03until　the　P　:　Sn　ratio

reached　30　and　then　the　solution　was　renuxed　for　100　h｡　The　product　was　then　washed

with　distilled　water　until　pH　4　was　obtained｡dried　under　vacuum　at　room　temperature

for　several　days,　pressed　and　sieved｡The　BET　surface　areas　of　c,SnP　were　13　j　and

5.9　after　bein9　calcined　at　room　temperature　and　550　oC,　respectively･　The　x-ray　dif-

fra･ction　pattern　of　the　c‘SnP　thus　obtained　was　jn　9ood　a9reement　with　that　previously

reported[4〕.

FIow　reactjon

　The　continuous　flow　reaction　was　carried　out　with　conventional　fixed　bed　equipment

at　atmospheric　pressure　usin9　a　Pyrex　reactor　with　an　i.d｡of　10　m､　at　the　center　of

whjch　a　Pyrex　tube　with　an　o｡d｡of　4　m　was　installed　as　a　cover　for　the　themocouple,

The　catalyst　paFticles　were　dispersed　in　fused　alumina　particles　to　prevent　a　local

increase　of　the　temperature　and　packed　in　the　reactor｡The　reactor　was　installed　in

an　electrically　heated　fluidized　sand　bath　in　order　to　heat　the　catalyst　bed　unifomly｡

A　stream　of　ethyl　benzene　vapor,　steam,　and　oxy9en　was　fed　after　dilution　with　nitro9en･

A　contact　time(W/F)of　2L6　9,h/mol,and　a　reaction　temperature(T)of　450　°C　were

used　in　these　experiments　unless　otherwise　stated｡Other　reaction　condjtions,　such　as

c6t81yst　“e1　9ht　(W)'p8｢゛ti“l　pressres　of　ethyl　ber12e｢'e(PEB)'o゛y9e"(P02)8rld　stear"

(PH20)a゛e　irldic8ted　l"　therespecti゛e　fi9『es　8rld　t°bles'　The　l　iqlJid　pr°dlJcts　we゛e

trapped　in　an　ice　bath　and　a　dry　ice-acetone　bath.　The　9aseous　products　were　sampled

at　the　outlet　of　the　reactor｡　Peroxides　in　ethylbenzenewere　removed　by　a　silica　9el

column｡

　Conversion･yield,　and　selectivity　are　shown　in　the　fo110win9　equations:



-28-

ST　sel　ecti　vi　ty　=(ST　fomed/EB　reacted)x　100.

EB　conversjon　=(EB　reacted/EB　fed)x　100.

ST　yield　　　=(ST　formed/EB　fed)x　100､

CO　゛　C02　yield　°(CO　゛C02　fo゛ed/EB　fed　゛8))(100･

B　yield　　　　　=(B　formed/EB　fed)x　100､

　　ST=styrene,　EB=ethyl　benzene　,　B=benzene｡

Analysis

　　The　analysis　of　the　products　was　carried　out　with　9as　chromato9raphy,　The　analysis

of　9aseous　products　(02'　N2゛　CO'　and　C02)was　perfomed　bythe　intermediate-cell　method

[2,5]with　a　25　cm　slDca　9el　+25　cm　activated-carbon　column　at　110　°C　and　a　2　m　MS

13　x　column　at　room　temperature,　The　liquid　products　were　analyzed　by　a　2　m　DOP　column

at　110　°C　with　bromobenzene　as　an　internal　standard.

Pul　se　Reaction

　　Pulse　equipment　shown　in　Fi9.　1　was　used　with　oxy9en-free　helium　as　the　carrier　9as

(Cu-Zn　catalyst,　Ni　kki　Chemical　Company'　Ltd'　N'211　'　reduced　by　H2　was　used　at　300　°C

to　remove　oxy9en)[6]･　The　pulse　size　was　l　μl　and　the　analysis　of　recovered　ethyl゛

benzene　and　the　products(styrene'benzene'toluene'CO゛and　C02)was　perfomed　by　the

intermediate-cell　method[5]with　a　2　m　PEG〈30　Z　on　C-22)+O｡5　m　DOP(30　Z　on　C-22)
column　and　a　l　｡5　m　activated-carbon　column　with　an　adequate　empty　tube　to　control　the

retention　time｡Another　TCD　cell　was　installed　to　detemine　the　amount　of　ethyl　benzene

pul　sed　before　the　relctor　｡

RESULTS

　　As　shown　in　Table　l　｡　the　Sn-Pcatalyst　showed　hi9her　yield　of　styrene　than　the　Sn02

and　S01id-P　catalysts‘　Sn02　showed　hi9h　yield　of　CO　and　C02　but　poor　yield　of　styrene'

SOlid-P　showed　hi9h　selectivity　but　poor　activity･

Effect　of　Composition　of　the　Sn-P　Catalyst

　　The　effect　of　amounts　of　phosphoric　acid　in　the　Sn,P　catalyst　on　the　catalytic　ac-

tivity　and　selectivity　was　studied｡　As　shown　in　Fi9.2,the　EB　conversion　and　ST

yield　increased　for　values　of　phosphoric　acid　below　9　Z,decreased　above　i　t　,　and　was

constant　for　val　ues　above　15Z'while　the　CO+C02　yielddecreased　for　val　ues　ofphos-

phoric　acid　below　15　S　and　remained　constant　for　va`lues　above　it.　Thus,the　ST　selec-

tivity　increased　from　36j　to　90　S　be10w　9　at｡i　of　phosphoric　acid　and,above　9　at.Z｡

remained　constant　at　90　Z｡The　chan9e　of　surface　area　resemb'led　that　of　ST　yield.

Eff t　of　Calcination　T rature

The　effect　of　calcination　temperature　is　shown　in　Fi9.3.　The　Sn･P(P,9　at｡Z)
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FIGURE　I　Rea,ctor　system　for　the　pulse　studies.(1)Reduced　Cu-Zn　catalyst　for　re-

movin9　oxy9en,　(2)themal-conductivity　detector,　(3)sample　inlet,　(4)reactor　con-

tainin9　250　m9　of　catalyst　in　an　electrically　heated　Pyrex　91ass　tube　wi　th　an　i　｡　d｡of

5m,(5)chromato9raphic　column,　PEG(2m)+DOP(O｡8m),(6)chromato9raphic　column,

acti　vated　carbon　(1.5m),(7)empty　tube｡

TABLE　I

Acti　vi　ty　and　Sel　ecti　vity　of　Sn'P　Compared　with　Sn02　and　Solid‘Pa

Catalystb

Sn02

Sn-P

　(P｡9　at｡Z)

Solid-P

●

b

PEB

　　　ST

selectivity

　　　(Z)

39

83

1

3

88.5

Yieid　of

CO+C02

　〈%)

4

2

6

1

0.7

　　EB

conversion

　　(n

17

32

7

1

16.5

P02　:　PH20　s　0.133　:　Oj00　:　O｡313　atm｡

Catalysts　are　the　same　as　those　screened　elsewhere　[3]

Ξ
C02

0

0

09

95

0.86
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FIGURE　2　Effect　of　phosphoric　acid　contents　on　ST　selectivity　(◇)｡EB　conversion
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9　°t.　Z)c8t81yst'　PEμO‘200

see　Fi9ure　2.
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was　calcined　at　500　°C　for　2　h　in　air｡and　then　calcined　a9ain　at　600,700,and　1000　cC

for　2　h.　Hi9h　calcination　temperatures　resulted　in　low　yields　of　carbon　oxides　and

benzene｡On　the　other　hand　,　the　ST　yield　and　BET　surface　area　increased　unti1　700　°C

and　decreased　above　700　oC｡The　ST　selectivity　also　sli9htly　increased,

Effect　of　Reaction　Condjitions

　The　effect　of　steam　co-feedin9　1n　the　now　reaction　is　shown　in　Table　2.　The　pres-

ence　of　steam　reduced　the　total　oxidation　to　one-third　of　that　observed　in　the　absence

of　steam.　A　correspondin9　amount　of　styrene　was　recovered　in　the　presence　of　steam,

which　increased　the　selectivity　without　reducin9　the　conversion　of　ethylbenzene.

　The　effect　of　the　total　feed　rate　(F)under　the　condi　ti　ons　,W　2　4゛5　9゛PEB　°　O‘20　atm゛

and　P02　°　O‘25　atm゛is　shown　in　Fi9゛4゛　The　decrease　in　W/F　to　zero　resu]ted　in　ST

selectivity　as　hi9h　as　100　Z.

Reaction　in　the　Differential　Reactor

Oxy9en　partial　pressure　was　variedwi　th　constantPEB　atOj　5　atm　andethyl　benzene

partial　pressure　was　variedwith　constant　P02　at　O‘20　atm　under　the　followin9　condi'

tions:　reaction　temperature=450　°C,　total　feed=290　mol/h,　and　catalyst　wei9ht　=

O,50　9(Sn-P,P=9　at｡Z　calcined　at　1000　°C　for　24　h)｡The　catalyst　was　diluted

with　8,0　9　of　fused　alumina,　The　partial　pressure　was　varied　at　random　to　avoid　the

influence　of　the　chan9e　of　catalytic　activi　ty　wi　th　time｡　Under　these　co･ndi　tions　,　the

conversion　is　so　low　that　the　partial　pressure　in　the　catalyst　bed　can　be　re9arded　as

constant.As　shown　in　Fi9.　5,the　apparent　reaction　orders　with　respect　to　the　pres-

sure　of　ethylbenzene　and　oxy9en　were　O,60　and　O.47,respectively.　Considerin9　that

the　oxi　dati　on　and　oxi　dati　ve　dehydro9enation　of　olefins　on　the　Bi,Mo　catalyst　have　been

reported　to　show　reaction　orders　of　L　O　and　O｡0,respectively,wi　th　respect　to　the

pressure　of　01efin　and　oxy9en9　the　covera9e　of　oxy9en　on　Sn'P　can　be　considered　to　be

not　so　hi9h　in　the　present　reaction｡　This　is　similar　to　that　reported　on　the　oxida-

tion　of　propylene　on　Sn,Sb　catalyst,　which　too　was　said　to　depend　on　the　oxy9en　par-

tial　pressure[71.

C of　Activit wi　th　Reaction　Time

　The　activity　increased　9radually　with　time　in　these　experiments　on　th'e　Sn-P　cata-

lysts.This　increment　differed　with　P　content,calcination　temperature,and　reaction

conditions｡　Fo,r　example,under　the　conditions:　reaction　temperature　°　450　°C,W/F　°'

34゛5　9‘cat'h/mol　'　PEμO'14　atm'　POy　O゛10　atm'　PNμO゛44　atm'　and　PH20　゛　O'32　atm　on
Sn-P　catalyst(P,9　at3　.calcined　at　600　°C　for　2　h)､the　ST　yield　increased　from

19.5　Z　at　l　h.　to　23.0　Z　at　ll　h,althou9h　the　ST　selectivity　did　not　chan9e　asrnuch｡



TABLE　2

Effect　of　Steam　on　the　OxidativeDehydro9enation　of　Ethyl　benzenea
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PH20b
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Catalyst:　Sn-P(P,9　at,　Z〉calcined　at　500　°C　for　2　h｡4.59

PEB P02 =　O｡200　:　Oj00　atm｡
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　　F19ure　6　shows　the　competitive　reaction　of　ethylbenzene　with　other　aromatic　hydro゛

carbons,　The　rate　of　styrene　fomation　in　the　presence　of　hydrocarbons　was　compared

with　th,at　in　the　absence　of　hydrocarbons　as　a　function　of　the　mo}ar　ratio　of　the

hydrocarbon　added　to　ethyl　benzene｡　Alkylbenzenes,such　as　isopropylbenzene.　o-xylene.

toluenel　and　p‘xylene,reduced　the　rate　of　styrene　fomation　to　one-half　of　that　in

their　absence,whne　the　presence　of　benzene　did　not　chan9e　the　rate｡　These　resul　ts

su99est　the　importance　in　this　reaction｡of　al　ky1　9roups　which　possess　hydro9en　at　the

a　posltlon｡

Pulse　Reactions

　　Styrene,　benzene,　and　carbon　oxides　were　fomed　when　only　ethylbenzene　was　pulsed

o"S“02　゛d　SI`P(P･9　1tヽn　which　were　calcined　at　500　°C｡　ln　the　helium　carrier

which　contained　a　sli9ht　amount　of　oxy9en(about　20　ppm),st､yrene　and　the　other　prod-

ucts　were　formed　by　every　pul　se　of　ethylbenzene｡　However､as　shown　in　Fi9.7,1n　the

oxy9en-free　hel　ium,　products　became　undetectable　after　some　pul　ses　of　ethyl　benzene　had

been　performed,　but　a　pui　se　of　oxy9en　(tO　ml)re9enerated　the　activity,　　ln　the　cases

of　Bi-Mo　shown　in　F19,　8　and　other　oxide　catalysts,　the　fomatiorLof　styrene　did　not

decrease　steeply　as　thes.e　catalysts　were　reduced　with　pulses　of　ethylbenzene　in　the

oxy9en‘free　helium,　This　was　simnar　to　the　case　of　oxy9en-containin9　helium｡

　　On　the　Solid-P　catalyst｡　products　from　ethyl　benzene　pul　se　were　not　det･ected　even

after　a　pulse　of　oxy9en　00　ml),1　rrespective　of　the　presence　or　absence　of　about　20

ppm　of　oxy9en　in　the　carrier　9as.　However,the　recovery　of　ethylbenzene　was　insuffi`

cient　and　the　amount　unrecovered　was　about　15　Z　for　each　pulse　of　ethylbenzene｡

Effect　of　Treatment　ofSn02　with　Phosphoric　Acjd

　Tin　dioxide　was　calcined　at　1000　°C　for　4　h　and　impre9nated　with　phosphoric　acid｡

boiled　for　4　h｡　washed,and　calcined　at　500　°C　for　2　'h｡　As　shown,in　Table　3,this

catalyst　showed　hi9h　ST　yield,　hi9h　ST　selectivity,and　little　combustion,　similar　to

the　S"゛P　c°t゛lyst　p゛ep8゛ed　f゛o･　S"(OH)28｢ld　phospho゛`icacid.Asx-ray　diffract10n

pattern　and　BET　surface　area　of　this　catalyst　showed　little　chan9e,　thi　s　treatment

with　phosphoricacid　is　considered　tomodifythe　surface　ofSn02'

Effect　of　various　Treatments　of　the　Sn-P　Catalyst

　The　various　methods　of　chemical　treatment　of　Sn-P(P,15　at.　Z)calcined　at　500　°C

and　the　results　of　the　reaction　on　these　catalysts　are　shown　in　Table　4　alon9　with

their　sp･ecific　surface　areas.　Styrene　yield　and　ST　selectivity　were　not　chan9ed　after

bein9　1eft　in　water　for　3　days　but　increased　a　little　after　bein9　1eft　in　b0111n9

water　for　ll　h｡　Such　increments　in　ST　yieid　and　ST　selectivi　ty　were　apparent　after

bein9tr､eated　inboilin9　3'6　N　HN03for　10　h.　These　resul　ts　are｡considerin9　the　in-



-36-

1.0

　
J
　
　
　
£
　
　
　
‘
'
{
　
　
　
J

c
o
{
}
o
E
o
l
`
“
5
}
O
S
i
i
Z
【
}
{
l

I

0 　　　　　･0,4　　　　　　　0,8　　　　　　　1.2

Molor　R(】tlo　of　Hydrocorbon　to　Ethylbenzene

FIGURE　6　Competitive　reaction　on　Sn-P(P｡9　at｡Z)catalyst　calcined　at　1000　°C　for
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o,339　atm.　Hydrocarbons:　benzene　(○),isopropylbenzene(△)｡p-xylene(□),toluene

〈●〉,p-xylene(■)｡
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TABLE　3

Chan9e　of　Tin　Dioxide　Surface　Properties.by

PhosphoricAcid　Treatmenta

Untreated

15

　4

　5

　5

32

　4

3

92

09

24

2

1

Sn02b

Treated　by

　H3P04

17

14

　0

　1

85

　4

4

9

64

68

6

0

EB　conversion(Z)

ST　yield(Z)

B　yield(Z)

CO　゛　C02　yield(Z)

ST　sel　ecti　vi　ty　(S)

Surface　area(m2/9)

a　W/F　=　15.5　9･h/mol,T　=　450　゜C,

PEB :P02

ー
t PN2　:　PH20　°Oj4:Oj4:O゛40:O゛32　atm゛｢

b　Precalcined　at　1000　oC　for　4　h,W=4.59

TABLE　4

Effect　of　Elimination　of　Phosphoric　Acid　by　various　Treatmentsa

Treatment

Untreated

ln　water　for　3　days

ln　bonin9　water　for　ll　h

ln　boiling　3゛6　N　HN03　for　10　h

　ST

yield

　㈲

13

13

15

21

0

2

7

9

　　　ST

selectivi　ty

　　　(Z)

87

87

89

92

5

7

4

1

Surface

　area

　(m2/9)

4

5

5

6

65

04

61

38

-39-

a　Catalyst:　Sn-P(P,15　at｡Z)calcined　at　500　°C｡

W/F=　15.5　9'h/mol　｡　PEB　:　P02　:　PN2　:　PH20　゛　O｡071:Oj4:0.47:O｡32

atm｡
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crease　of　BET　surface　area　and　elution　of　phosphoric　acid　from　the　catalyst　detected

by　ma9nesia　mixture,attributable　to　the　elimination　of　excess　phosphoric　acid　which

covered　the　active　surface｡

　　The　resul　ts　of　treatment　of　Sn-P　(P,9　at.Z)calcined　at　600　and　700　°C　are　shown

in　Table　E　The　treatment　inboil　in9　3゛6　N　HN03　increased　ST　yieldfrom　13.2　and　14.2

S　to　16j　and　17,2%on　the　catalysts　calcined　at　600　and　700　°C､respectively｡

Styrene-yield　on　the　samplecalcined　at　700　°C　was　still　hi9her　after　the　HN03　treat‘

ment　than　that　on　thesamplecalcined　at　600　oC｡　The　effect　ofHN03treatment　before

the　reaction　and　that　after　the　reaction　for　ll　h　were　relatively　the　same.

X- Diffraction　E iment

　Irl　the　x゛y`ay　diff9ctio"p゛tte゛rls　of　Sr102　8rld　Sr1゛P(P･9　“t.　Z)c°t81ysts　c゛lci"ed

atvari　ous　temperatures　｡　linesother　thanSn02　couldnot　be　observed　andchan9es　in

the　lattice　constant　were　not　observed｡　The　crystal　size　D　and　strain　n　calculated

from　the　diffraction　patterns　are　shown　in　Table　6.　When　the　Sn-P　catalyst　was　calcin,

ed　at　700　°C,　the　crystal　size　did　not　chan9e　appreciably,　but　the　strain　decreased

and　the　specific　surface　area　increased　as　shown　in　Fi9･　3.　When　･calcined　at　1000　°C,

the　crystal　size　increased　and　the　surface　area　decreased.　ln　the　case　of　theSn02

catalyst,the　9rowth　of　the　crystal　was　9reater　and　the　strain　was　less　than　those　of

the　Sn-P　catalysts｡

Fl　uorescent　x- EX eriment

　　The　intensity　of　phosphorus　in　the　fluorescent　x-ray　spectra　of　Sn-P(P｡9　at｡Z)

catalysts　calcined　at　600　°C　is　shown　in　Table　5.　The　amount　of　phosphorus　decreased

after　the　HN03　treatment　to　80　Z　of　the　fresh　state｡andthe　same　amount　of　the

decrement　was　observedby　the　HN03treatment　of　the　sample　after　bein9　used　in　the

f1　0w　reacti　on　.

Behavlor　of tall　ine　Tin　Phos te

　FOr　further　investi9ation　on　the　cooperative　effect　of　tin　and　phosphorus､oxidative

dehydro9enation　of　ethylbenzene　on　the　crystalline　tin〈Ⅳ)phosphate(C-SnP)was　car-

ried　out､　The　activity　of　c-SnP　was　a　little　iower　than　that　of　the　Sn‐P　catalyst　and

the　selectivity　was　as　hi9h　as　that　of　the　latter｡　As　shown　in　Fi9.　9､the　ST　yield　on

the　uncalcined　c-SnP　increased　with　time｡　Reoxidation　of　cーSnP　r･esul　ted　in　a　further

increase　in　the　ST　yield,　0n　the　other　hand,the　ST　yield　on　cーSnP　calcined　at　550　°C

for　2　h　remained　constant　and　was　almost　equivalent　to　that　on　the　uncalcined　c-SnP

after　the　reoxidation.

DISCUSS10N

Reaction　Mechanism

A7T-allyl　mechanism　is　9enerally　accepted　in　the　oxidation　of　olefins.　Sachtler　and



TABLE　5

Chan9e　of　Catalysts　by　Nitric　Acid　Treatme6ta

Calcination

　　　(゜C)

600

700

Treatment

Untreated

Boilin9　in　3゛6　N　HN03　for　23　h

Boilin9　in　3゛6　N　HN03for　23　h　after　ll　h　reaction

Untreated

Boilin9　in　3'6　N　HN03　for　23　h

a　Cat゛lyst:　Srl‘P(P･　9　゛t･　Z)･T　゛　450　°C･　W/F　°　15'5　9゛h/･ol　･　PEB

b　lntensity　of　phosphorus(PKa)inthe　n　uorescentx-ray　spectrum･

ー
4 P02 PN2

ST　yield

　(S)

13

16

14

14

17

2

1

2

2

4

ST　selectivity

　　(Z)

94

88

89

1

6

9

4
'
『
/

r
{
J
　
6
!

q
″
Q
)

PH20　'Oj4　:　OjO　:　O‘44　:　o'32　a`tm‘

P　amountb

(a｡u｡)

1801

1436

1520

―

―

|

t
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TABLE　6

Size　and　Strain　of　Sn02　Crystals　in　Catalystsa

Catalyst

Sn-P

　(P､9　at｡Z)

Sn″02

Caicination

　Temp,

　(゜C)

　500

　700

1000

　500

1000

　500b

Crystal

Size,D

　　(Å)

170

180

350

　280

2600

　240

Strain

　　n

O｡0045

0.0019

0.0010

O｡0022

0.0006

0.0040

a　x-Ray　diffraction　pattern.s　were　obtained　by　Ri‐

9aku　Denki　diffractometerl　Mode]Gei　9erfl　ex　wi　th

CuKa　radiation｡

b　Boiled　in　H3P04゛
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DeBoer　have　reported　that　the　rate　determinin9　step　of　propylene　oxidation　is　the　disso-

ciative　adsorption　of　propyl　ene　by　the　cleava9e　of　the　C-H　bond　in　the　methy】9roup　of

propylene　in　the　14C'tracer　studies[8]'Simn　ar　resuns　have　been　obtai　ned　on　Cu20

catalyst[9]andφosphorus-containin9　Bi-Mo　catalyst[10,111.The　reactions　of　deuter-

ated　propylene　on　Cu20'　Bi`Mo　s　and　U'Sb　al　so　su99estthe　existence　of　the　Tr-allyl　in-

termediate[]2-14]｡Such　an　inter　mediate　has　also　been　observed　on　ZnO　catalyst　by　lr

studies[15].　A　similar　al]ylic　intermediate　has　been　proposed　in　the　oxidative　de-

hydro9enation　of　butenes　on　BI　Mo[16]and　ferrite　catalystsD7〕and　the　abstractlon　of

a　hydro9en　in　the　allyl　position　has　been　concluded　to　detemine　the　rate　of　this　re-

action｡

　The　competitive　reaction　also　su99ests　the　importance　of　the　a　hydro9en　of　ethyl-

benzene･　As　shown　in　Fi9,6,the　relative　rate　of　ST　formatlon　in　the　inhibition　of

the　reaction　decreased　with　some　aromatic　compounds　but　not　with　benzene｡　The　relative

rate　decreased　with　the　increment　of　the　amount　of　the　inhibitor　and　decreas･ed　in　the

order:　None　°benzene)isopropylbenzene〉∂“xylene≫toluene)P-xylene･　This　order

of　inhibition　is　in　90od　a9reement　with　the　enthalpies　of　heterolysis　of　hydro9en　as

follows(kcal/mol):phenyl(3oo)>benzyl(247)≫p-methyl　benzyl　(240)[18],lnhibitors,

such　as　toluene　and　xylenes　do　not　react　in　this　reaction,　showin9　that　this　inhibition
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is　due　to　the　competitive　adsorption　of　ethylbenzene　and　the　inhibitor｡　These　results

su99est　that　ethylbenzene　is　adsorbed　by　the　adstraction　of　a　hydro9en　on　the　catalyst｡

　　ln　the　oxidative　dehydro9enatjon　of　ethylbenzene､one　of　th､e　most　probable　mecha-

nisms　is　one　which　consists　of　abstraction　of　hydro9en　from　ethylbenzene　by　the　lattice

oxy9en　on　the　surface　to　form　styrene､and　reoxidation　of　the　catalyst　by　9as-phase

oxy9en[19E

EB　+[O]∠]

[D{‘o2

r2

in

r　=

1
1
r ―

-

゛k2P02

k2

ST+[]､

[O]､

y

､
J
　
ー

1
1
　
　
{
/
』

C
　
C

ー
　
ー
z

(
j
　
　
　
4

C
　
~
x

〈5)

(6)

F19.10

a9ainst

where[O]represents　the　lattice　oxy9en　at　the　surface　layer　of　the　cata'lyst　because

the　bulk　oxy9en　has　been　reported　to　be　inactive[20],which　is　in　9ood　a9reement　with

the　results　of　pulse　reaction　shown　in　Fi9,　7,　The　rates　of　(1)and(2)are

rl　°klPEBO'

(1-e)

the　steady　state,　the　rate　of　styrene　fomation　is　9iven　as

klK2PEBP02

KI　PEB　4'　k2P02

+m
klPEB

Effect　of　Steam

∠L

k2P02

The　reciprocal　relationship　between　l/r　and　l/P　is　shown　in　Fi9.　10,The　rate　con-

stants　kl　and　k2　calculated　from　the　slope　of　the　pl　ot　of　l　/r　a9ai　nst　l　/P

were　108　and　101　,　and　were　101　and　109　(mol/9-cat9tm･h)from　the　plot　o

1/PEB'　The　rate　constants　from　both　plots　a9reed　very　well　wi　th　one　another　and　oxida-

tive　dehydro9enation　of　ethyl　ben2ene　proceeds　alon9　the　proposed　reduction-oxidation

mechanism.

　The　fraction　of　oxidized　site　(0)was　about　O｡5　so　that　the　surface　of　the　catalyst

was　more　reduced　than　that　of　the　Bi―Mo　cata゛lyst,e　of　which　has　been　reported　to　be

about　l｡

　The　apparent　effect､　shown　in　Table　2.　0f　the　presence　of　steam　is　to　release　the

styrene　fomed　to　th･e　9as　phase　without　side　reactions｡Steam　may　inhibit　the　re-

adsorption　of　styrene　on　the　catalyst　which　results　in　the　inhibition　of　further　reac-

tion　of　styrene　to　increase　the　selectivity｡
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FIGURE　10　Reciprocal　relations　between　rate　and　partial　pressure｡FOr　the　reaction

condi　tions　ahd　the　symbol　s　,　see　Fi9ure　8,
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Effect　oflMjjlllrMΣ-

　One　of　the　reasons　for　hi9h　activity　of　Sn-P　is　the　inhibition　of　the　9rowth　of　Sn02

crystal　by　the　addition　of　phosphorus　as　shown　in　Table　6.　The　crystal　si　ze　of　Sno
　　　　　　　　　　　　o　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2

1rlc゛e゛sed　"p　to　280　8｢ld　2600　A･　゛herlSr'(OH)2was　calcined　at　500　and1000°C｡respec-

tively.　With　an　addition　of　9　at.S　ofphosphoric　acid'　the　crystal　size　of　Sn02　was
　O　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　O

170　A　when　calcined　at　500　°C　and　was　only　350　A　after　calcination　at　1000　°C

　On　the　other　hand,　not　only　the　catalytic　activity,　but　also　the　yield　of　byprod-

ucts　and　the　CO/C02　ratio　were　different　between　Sn-P　andSn02　catalysts‘

　As　is　shown　in　Fi9,　4,decreasin9　W/F　to･　zero　results　in　100　Z　ST　selectivity　on　the

Sn‘P　catalyst,but　the　selectivity　do･es　not　appear　to　reach　100　Z　on　the　Sn02　catalyst゛

This　shows　that　one　of　the　effects　of　phosphorus　is　to　inhibit　the　reaction　to　form　by-

products　from　ethylbenzene,　because　the　byproducts　are　formed　from　ethylbenzene　and

styrene　in　the　case　of　the　Sn02　catalyst゛but　mainly　from　styrene　in　the　case　of　the

Sn-P　catalyst,These　results　show　the　essential　difference　between　the　effective　sites

of　the　Sn02　and　Sn゛P　catalysts゛

　Thex-raydi　ffraction　studies　showed　thatphosphorusdoes　not　exist　in　theSn02

crystalbut　rather　on　the　surface　of　theSn02　crystal　'　because　other　di　ffraction　peaks

except　for　Sn02were　not　detected:　Nor　was　any　chan9e　in　the　lattice　constant　in　any

Sn-P　catalyst　detected｡

　The　increase　of　activity　and　selectivity　by　water　or　nitric　acid　treatments　indi-

cates　that　the　effective　site　did　not　dissolve　into　the　water　or　the　nitric　acid,whne

an　inactive　substancecoverin9　the　catalystsurface　is　removed｡　S｢120(P04)2　p゛`ep8｢`ed

from　tin〈n)chloride　treated　by　phosphoric　acid　is　known　not　to　be　dissolved　in　nitric

acid[21]｡The　excess　methaphosphoric　acid　is　eliminated　into　the　liquid　phase　which

was　detected　by　ma9nesia　solution　and　the　amount　of　phosphorus　decrease･d　was　about　20　Z

as　shown　in　Table　5.Thephosphoricaci　d　treatment　ofSn02'　prepared　by　the　caldnatjon

of　Srl(OH)2･　ch8｢19ed　the　selecti゛ity　despite　the　constantval　ue　of　the　BET　surface　area

(Table　3)and　the　catalytic　action　resembles｡but　is　a　little　iower　in　yield　and　selec-

tivity,that　of　catalysts　which　were　prepared　by　addin9　the　phosphoric　acjd　directly

into　S"(OH)2.The　c8t81ytic　8cti゛ity　of　S"'P　COMPD　pr`ep8゛ed　f゛orrl　ti　rl　(n)chloMde　゛d

phosphoric　acid　was　not　so　hi9h,　while　the　selectivity　was　satisfactory[31.Moreover｡

the　increase　in　activity　and　selectivity　by　the　remova1　0f　free　phosphoric　acid　shows

that　the　free　phosphoric　acid　on　the　catalyst　surface　is　not　the　active　component｡

From　these　results｡the　effective　active　site　of　Sn-P　catalyst　can　be　attributed　to　the

surface　Sn‘P　compounds　such　as　tin　phosphate｡

　Reasons　for　the　increase　of　activity　wi　th　time　in　the　reaction　or　with　the　calcl-

nation　temperature　could　be　(1)thevaporization　of　free　phosphoric　acid　on　the　surface

to　make　the　active　siteexposed　and　(2)the　reaction　ofSn02　with　phosphoric　acid　to
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increase　the　amount　of　the　active　Sn-P　compounds　on　the　surface,

　　Styrene　yield　on　fresh　catalyst　was　13.2%and　nitric　acid　treatment　increased　the

value　to　16.0　1.　Nitric　acid　treatment　of　the　catalyst　which　had　been　used　for　ll　h　in

the　flow　reaction　9ave　a　16j　Z　ST　yield｡　This　is　in　9ood　a9reement　with　the　P　content

determined　by　nuorescent　x-ray　studies　as　sho'wn　in　Table　5.　These　results　indicate

that　the　activity　increases　due　to　reason　O),but　that　the　reaction　ofSn02　wi　th　phos'

phoric　acid　to　form　active　compounds　does　not　occur　durin9　the　oxidative　dehydro-

9enati　on　for　l　l　h｡

　　Comparin9　the　catalysts　calcined　at　600　and　700　°C{Table　4》,the　crystal　sj　zes

were　constant　and　the　latter　catalyst　showed　a　hi9her　ST　yield　even　after　the　removal

of　free　phosphoric　acid　by　nitric　acid　treatment｡　This　increment　with　the　increase　of

calcination　temperature　is　attributable　to　reason(2)and　will　be　discussed　in　the

fol　l　owi　n9　secti　on｡

Behavior　of　C tal　l　i　ne　Ti　n　Phoste

　As　the　effective　active　site　on　the　Sn-P　catalyst　is　attributed　to　surface　compounds

such　as　tin　phosphate｡the　detai　l　s　of　the　c,atalytic　behavior　of　c-SnP　were　studied.

　The　results　of　the　c‘SnP　catalysts　shown　in　Fi9.9　1ndicate　that　the　increase　in

the　ST　yield　on　the　uncalcined　c-SnP　is　caused　by　the　chan9e　of　the　structure　of　the

c‘SnP　durin9　the　reactlon.Thi　s　chan9e　coul　d　be　assumed　not　to　be　caused　by　the　10ss

of　free　phosphoric　acid　due　to　the　followin9　reasons:《1}c-SnP　is　considered　not　to

contain　excess　phosphoric　acid　on　the　surface,　(2)loss　of　phosphorus　is　little　in　the

case　of　c-ZrP　catalyst[22]｡The　x-ray　diffraction　pattern　of　the　uncalcined　c,SnP
used　in　the　reaction　was　different　from　that　of　the　fresh　c-SnP｡　but　identic∂l　to　that

of　the　calcined　c“SnP.　The　specific　reaction　rate　of　styrene　formation　on　the　calcined

c-SnP　was　O｡30　and　O｡38　mmob　h“1　゛m“2　at　450　and　480　oC　,　respecti　vely･　These　val　ues

　　　　　　S

are　in　9ood　a9reement　with　those　on　Sn-P　catalysts　calcined　at　600　°C:　O｡27-032　moP

h‘1･m‾2　at450　°C｡　Thi　s　resul　t　shows　that　the　surface　structure　ofSn-P　catalyst　is

similar　to　that　of　the　calcined　c-SnP｡

　At　present､　the　crystal　structure　of　c-SnP　is　not　clear,　but　the　similarities　in

the　preparation　method　and　the　x-ray　diffraction　pattern　su99est　that　the　structure　of

c-SnP　also　is　similar　to　that　of　c-ZrP[231.Crysta111ne　zirconium　phosphate　is　dehy-

drated　in　two　steps[22,24]the　crystalline　water　is　dehydrated　at　130　°C　and　the　struc-

ture　water　is　dehydrated､　at　500-600　゜C｡DSC　measurement　was　carried　out　to　examine　the

dehydration　process　of　c-SnP｡　The　first　mole　of　water　was　dehy･drated　at　130　°C　simi-

larly　to　c-ZrP,　But　the　dehydration　of　the　second　mole　of　water　appeared　to　start　at

a　lower　temperature　than　c‐ZrP.　The　dehydration　was　almost　complete　at　550　oC｡　Usual-

ly,the　d=ehydration　of　orthophosphate　is　accompanied　by　the　condensation　of　phosphate

to　fom　pyrophosphate.　However,the　x,ray　diffraction　pattern　of　the　calcined　c-SnP

was　different　from　that　of　tin　pyrophosphate,　but　similar　to　that　of　the　unidentified
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phase　of　c-ZrP　obtained　by　the　calcination　of　c-ZrP　at　600　°C[22.241.Thus､c-SnP

calcined　at　550　°C　can　be　re9arded　as　the　dehydrated　but　noncondensed　state.　Such　an

unstable　state　would　result　in　the　formation　of　new　active　sites｡

　As　described　el　sewhere[22]both　uncalcined　and　calcined　c-ZrP　have　the　acid　site

wi　th　the　acid　stren9th　of+4‘8≫HO≫+L3　and‘3゛O≫HO>‾E6'and　the　acidity　is　at‘

tributed　to　the　phosphate　9roup,　Thus､　the　calcination　does　not　appear　to　modify　the

phosphate　9roup,　The　same　would　be　true　in　the　c∂se　of　c-SnP.　The　calcination　of

c゛SnP　would　not　modify　the　phosphate　9roup　which　is　the　ori9in　of　the　acidity,but

would　modify　the　state　of　the　tin　atom　to　form　the　new　active　site　which　may　be　active

oxy9en,

Role　of　Tin　and　Phos　horus　Com　onent

　As　mentioned　above,styrene　was　formed　from　the　pulse　of　ethylbenzene　without　gas-

phase　oxy9en,　and　styrene　was　notformed　after　several　pul　ses　of　ethyl　benzene　on　Sn02

and　Sn-P　catalysts　in　oxy9en-free　hel　i　um｡　These　facts　show　that　the　active　oxy9en

species　are　held　on　the　catalyst　even　in　the　absence　of　9aseous　oxy9en　and　that　the

surface　oxy9en,　once　consumed　by　the　reaction,　is　not　supplied　by　th･e　diffusion　of

bulk　oxy9en,0n　the　other　hand,　the　fomation　of　styrene　by　every　pulse　of　ethyl-

benzene　in　the　oxy9en-containin9　helium　carrier　shows　that　the　surface　oxy9en　once

consumed　by　the　reaction,　ls　supplied　by　the　adsorption　of　9aseous　oxy9en　and　that

these　catalysts　can　activate　oxy9en　at　very　low　partial　pressure　such　as　20　ppm,　This

is　probably　rela　ted　to　the　】ar9e　values　of　70.4　and　62.7　kcal/mol　in　the　ch∂n9e　of

enthalpy　and　Gibbs　free　ener9y゛　respectively9　in　the　chan9e:　SnO→Sn02゛

　On　the　SOlid‐P　catalyst,reaction　did　not　occur　but　the　constant　amount　of　unrecov‐

ered　ethylbenzene　was　observed　with　every　pulse　of　ethylbenzene｡　This　shows　the　rela-

tively　stron9　reversible　adsorption　of　ethylbenzene　and　the　weak　adsorption　of　oxy9en

[25]｡
　ln　the　flow　of　oxy9en`free　helium,combustion　as　well　as　styrene　fomation　was　ap'

parent　in　the　first　pulse　of　ethylbenzene　on　Sn02　catalyst'　but　the　activi　ty　di　sappear`

ed　by　the　next　pUlse　of　ethylbenzene.　0n　the　other　hand｡　styrene　was　formed　selective,

ly　in　the　several　pu]ses　of　ethylbenzene　on　the　Sn-P　catalysts｡　These　resul　ts　a9ree

with　the　results　of　the　differential　conditions.　That　is,the　total　oj(idation　occurs

from　styrene　once　formed　by　the　oxidative　dehydro9enation　on　Sn-P　catalysts　while　it

occurs　bo･th　fromstyrene　and　ethylbenzene　on　Sn02　catalyst゛　These　resul　ts　su99est

that　the　addition　of　phosphorus　not　only　produces　an　enhancement　of　the　activation　of

ethylbenzene　but　is　also　effective　in　controllin9　the　nature　of　the　active　oxy9en　which

is　related　to　basicity'　The　stron91y　activated　oxy9en　on　the　Sn02　catalyst'　which　is

active　enou9h　for　the　total　oxidat10n｡would　be　weakened　for　suitable　stren9th　to　ab-

stract　the　hydro9en　from　ethylbenzene　and　not　stron9　enou9h　for　combustion　by　the　addi‘

tion　of　phosphorus.

　0n　the　Sn-P　catalyst｡　lt　seems　that　Sn,　the　basic　component,　contributes　to　the　in,
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creas･e　of　a£tivjty　by　the　adsorPtion　of　oxy9en　and　the　supply　of　it　to　the　surface　re-

action　and　that　P｡　theatidit　cosponent　｡　contributes　to　the　adsorption　of　ethylbenzene

in　the　active　form　for　this　rea{tion｡　Also､,takin9　1nto　account　the　results　of　c-SnP

catalyst　in　additlon　to　the　above　discussion｡one　may　consider　the　mutual　interaction

of　Sn　and　P　to　effect　an　in{rease　in　the　seiectivity　of　the　oxidative　dehydro9enation

reaction､

　　Thjs　explains､wen　the　djfferente　in　thecatalytkbehavior　ofSn02'　Solid'P'　and

Sn-P　in　the　cGntinuous　flow　reaction｡

　　lt　'is　nDt9orthy　that　in　this　study　as　wen　as　in　the　screenin9　study[3]the　acid-

base　proμ?frties　Qf　t.he　cat31yst　have　been　shown　to　modify　the　activity　and　the　selec,

tivity,　Hence　these　re!ationships　could　help　to　darify　the　reaction　mechanism　and　to

desi§n　effectjve　catalysts[26]･,　The　detans　of　the　relationships　between　the　cata‘

lytic　behavior　and　the　acid-base　properties　wi　n　be　discussed　in　subsequent　chapters　｡

coNCLUsl{m

　　The　addi　tion　ofphosphorus　to　Sn02　catilystjncreasd　theadivity　and　selectivity

and　effected　the　prevention　of　the　side･　reaction　from　ethylbenzene　and　the　inhibition

of　the　9㈹wth　of　the　SnO､crystaL　The　activity　and　selectivity　varied　with　the　cata‘

lyst　composLtion　and　the　caicination　t=emperaturel　and　were　maximized　at　a　104o-I　Sn/P

ratio　and　at　a　calcinatjon　temperature　of　700　°C｡　They　also　increased　with　some　chem,

ica!　treatments｡　HN03solution　djd　not　dissoive　the　actjve　site　but　dissolvedaway

the　,ex£ess　free　phosphoric　acid　which　was　concentrated　at　the　surface　and　convered　the

active　site.　Such　an　active　site　was　als0　9enerated　by　the　phosphoric　acid　tteat㈲!nt

of　the　Sn02surface｡Thesimilarity　of　the　catalytic　behavior　of　Sn,Pcatalyst　to　that

of　crystalline　tin(IV)phosphate　indicates　the　active　component　to　be　a　type　of　Sn-P

compound.　A　reduction-oxidation　mechanism　is　proposed　on　the　basis　of　kinetic　data　in

a　di　fferenti　al　fl　ow　reactor｡　lt　is　su99ested　that　tin,the　basic　component,activates

oxy9en　and　that　phosphorus,　the　acidic　component,　activates　ethyl　benzene,
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C7zapter　　4

CATALYTIC　A.CTIVITY　AND

ACID　AND　BASE　PROPERTIES　OF

NO‾S1021A1203
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SYNOPSIS

　The　oxidativedehydro9enation　of　ethylbenzeneon　a　series　ofSi02‘A1203　catalysts

has　been　carried　out　by　continuous　flow　reaction.The　addition　of　sodium　has　resuUed

in　an　increase　of　activity　and　a　maximum　yie]d　of　styrene　was　observed　at　the　value　of

17　umol　of　Na　exchan9ed/9-cat.The　same　increase　in　activity　was　observed　in　the

pul　se　reaction.　The　pulse　reaction　shows　that　ethylbenzene　is　adsorbed　reversibly　on

the　catalyst　and　that　active　oxy9en　species　is　also　reversibly　adsorbed.　Such　chan9es

in　oxidation　activity　have　been　explained　by　the　cooperative　effect　of　the　acid　and

base　sites　of　the　catalyst｡　The　acid-base　titration　shows　that　the　addition　of　one　Na

ion　increases　the　number　of　new　acid(L5>HO≫-5.6)and　base(17.2〈pKa≪26.5)sites

tremendously｡The　acid　sites　of　Ho　between　l　｡　5　and　-5.6　are　proven　to　be　the　acti　ve

sites　to　adsorb　ethylbenzene　reversibly,　whose　oxidation｡　on　the　other　hand,occurs　on

the　base　sites　of　pKa　between　17.2　and　26.5.The　pulse　and　flow　reactions　indicate

that　these　acid-base　sites　are　still　effective　even　after　carbonaceous　material　s　have

deposited.

INTRODUCTION

　ln　the　previous　chapters　[1　'2]'Sn02゛P205　catalysts　showed　the　h19hest　activity　and

the　hi9hest　selectivity　in　the　oxidative　dehydro9enation　of　ethyl　benzene　to　styrene　,

ln　the　pulse　reactionof　ethylbenzene　on　the　Sn02　catalyst゛　the　non-selective　oxida-

tion　proceeded,　while　on　the　s01id-phosphoric　acid　catalyst､　styrene　was　not　formed

but　instead　the　unrecovery　of　ethylbenzene　was　observed,　The　addition　of　phosphorus

to　Sn02　suppressedthe　total　oxidation　reaction　and　enhanced　the　formation　ofstyrene,

These　resul　ts　su99est　the　cooperative　effect　of　the　acid-base　properties　of　the　cata-

lysts;　the　role　of　the　basiccomponent'　Sn02゛　is　to　activateoxy9en　and　the　role　of

the　acidic　component'　P205'　is　to　adsorb　ethylbenzene　in　a　suitable　activated　fom｡
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　Such　an　activation　of　aromatic　compounds　on　the　acid　site　has　also　been　shown　by

quantum　mechanical　calculations[31.
　1t　is　important,　therefore,to　treat　the　acidity　and　basicity　of　the　catalysts

to9ether　with　the　reaction　mechanism　of　the　partial　oxidation　reactjonE　The　jnvesti-

9ation　of　the　detailed　role　of　acid　and　base　sjtes　in　the　oxidatjve　dehydro9enation　of

ethyl　benzene　wi　l　i　then.　show　not　only　the　reaction　mechanisnlof　the　present　reaction

but　also　the　9eneral　role　of　acid　and　b･ase　sites　in　other　partial　oxidation　reactjonE

Some　results　in　the　studies　of　the　oxidation　reactions　su99est　the　partjcipation　of

acid　sites[4,5]and　of　base　si　tes[6]in　the　partial　oxid∂tion　reactionE　The　se】ectiv-

ity　Of　the　oxidatjon　re∂ctiOns　is　also　said　to　be　effected　by　the　acid　and　base　prGp-

erties　of　the　catalysts[7,8.9jO｡11]｡　Correlations　between　the　oxidation　activity　and

the　amount　of　acid　and/or　base　sites　have　been　reported　in　many　reactions　by　Ai[10]｡
However,the　detail　of　the　role　of　the　acid　and　base　sites　in　a　molecular　aspect　is

stin　not　clear≒

　A　silica-alumina　catalyst　is　a　typical　solid　acid　catalyst　and　shows　an　activity

only　jn　the　oxidative　de'hydro9enation　of　ethylbenzene　and　not　of　olefinic　compounds

[12]･　Therefore,this　catalyst　meets　the　purpose　of　this　study　to　investi9ate　the

role　of　the　acid　and　base　si　tes　on　the　oxidation　reaction　in　a　molecular　aspect｡

　ln　the　present　work,　the　nature　of　the　active　site　in　the　reaction　of　ethylbenzene

on　a　snica‐alumina　catalyst　is　investi9ated'　For　this　purpose'Si02‘A1203　1s　treated

with　sodium　acetne　to　control　the　acid　and　base　properties　of　the　catalyst｡　Then　the

effects　of　sodium　o･n　the　catalytic　activity　and　on　the　acid-base　properties　are　studied

on　such　sodium　exchan9ed　silica　alumina　catalysts.　The　roles　of　the　acid　and　base

sites　in　the　oxiddtion　reaction　are　discussed　and　the　ran9es　of　the　acid　and　base

stren9th　effectjve　for　the　oxidative　dehydro9enation　are　detemined｡

EXPERIMENTAL

c4ns1!〃~〃=4　　･｢

　　Sodium　exchan9ed　silica-alumina　catalysts(Na-SIAI)were　prepared　by　the　jon　ex-

ch8r19e　of　the　Si02'A1203(NikkiChemicalCo'　N632(H)･A1203･　25h`efer`『ed　to　8s　the

ori9inal-SIA】or　O.0Na-SiAI)with　sodium　acetate｡The　ori9inal-SIAl　was　precalcined

at　773　K　for　3　h　in　air,and　was　then　dipped　into　an　aqueous　solution　of　NaOAc　for　3

days　at　room　temperature｡The　content　of　NaOAc　in　the　aqueous　solution　was　varied　in

each　case｡The　resul　tantSi02 ･AI 203was　washedthorou9hly　with　water,　dri　ed　a　t　393　K

for　l　day,and　calcined　at　773　K　for　3　h　in　air｡　The　Na　content　was　determi　ned　by

atomic　absorption　spectroscopy,The　surface　area　was　determined　by　th,e　conventional

BET　method･　　The　Na　content　written　at　the　head　of　the　･name　of　the　catalyst　in

umol/9-cat　corresponds　to　the　i　ncrement　of　Na　content　due　to　the　ion　exchan9e　to　the

amount　of　Na　on　the　or191nal-SiAL　　For　example｡17N∂-SiAl　contains　17μmol　of　Na　in

addi　tion　to　the　24　μmol　of　Na/9-cat　on　the　ori9inal-SiAI｡　The　Na　content　and　the　BET

surface　area　of　the　catalysts　are　shown　in　Table　L
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　　The　catalytic　activity　was　measured　by　usin9　a　conventional　continuous　flow　reactor

at　atmospheric　pressure,The　catalyst　particles　were　dispersed　in　fused　alumina　par-

ticles　to　prevent　a　local　increase　of　the　temperature　and　were　packed　in　a　reactor

made　of　Pyrex　91ass.　The　reactor　was　instaned　in　a　fluidized　sand　bath　which　was

heated　electrically｡　in　order　to　heat　the　catalyst　bed　unifomly｡The　l　iquid　products

were　collected　by　traps　cooled　with　ice　and　dry-ice,　and　analyzed　by　9as　chromato9raphy

with　a　l.5m　PEG　column　and　a　lm　DOP　c01umn　at　383　K｡　The　9aseous　products　were　in,

stead　analyzed　by　9as　chromato9raphy　with　a　80　cm　Polapack　Q　column　and　a　l｡5m　MS-13X

column　at　room　tempe･rature｡　Conversion　of　ethylbenzene　was　calculated　on　the　basis　of

ethylbenzene　fed,　ln　each　of　the　fonowin9　f19ures,　the　reaction　conditions｡　such　as

cata]yst　wei9ht(W),feed　rate(F),reaction　temperature(T)and　partial　pressure　of

ethylber12e"e(PEB)'o)(y9erl(P02)'ste6(PH20)'8"d�t｢`o9e｢1(PN2)゛e　i“dicated゛

Acid-Base rties

　Acid　and　base　distributions　of　the　catalysts　precalcined　at　773　K　for　2　h　in　air

were　determined　by　titratin9　with　n-butyl　amine　[13,14]and　benzoic　acid〔13.15]usin9

the　fol　l　owi　n9　i　ndi　cators　;　Neutral　red　(Ho=6.8),4-benzeneazodiphenylamine(1.5),

benzal　acetophenone　(-5.6),Antraquinone(-8.2),and　2､4-dinitrotoluene　O2.7)for

acidities,and　4-chlorianil　ine　(pKa=26.5),4-chloro-2-nitroanil　ine　(17.2),and　phenol-

phthalein(9.3}for　basicities.

Pul　se　Reaction

　The　pulse　reaction　of　the　oxidative　dehydro9enation　of　ethylbenzene　was　carried　out

wjth　a　conventional　pu゛lse　reaction　apparatus,　Helium　was　used　as　a　carrier　9as　after

bein9　purified　by　the　passa9e　throu9h　a　siHca　9el　trap　at　77　K｡　The　effl　uents　were

analyzed　by　9as　chromato9raphy　with　the　same　columns　as　in　the　ca､se　of　the　flow　re,

action･　O･2　9　of　catalyst　was　packed　in　a　Pyrex　91ass　tubin9　with　an　inside　diameter

of　4　m.　and　was　calcined　at　768　K　for　2　h　in　a　now　of　oxy9en,　then　at　718　K　for　l　h

in　a　flow　of　carrier　9as　in　the　case　of　the　fresh　catalyst｡　imediately　before　the

pul　se　reaction　｡　ln　the　case　of　the　catalyst　used　in　th･e　now　reaction(used　catalyst),,

which　contained　coke,the　calcination　was　performed　only　in　a　flow　of　carrier　9as　at

718　K　for　l　h･　The　pulse　reaction　experiments　were　carried　out　at　718　K　with　a　helium

flow　rate　of　O｡74cm3/s　in　the　fo1　1　0wi　n9`sequence,　(I)l　m3　of　ethyl　benzene　onlywas

injected(EB　Dulse)｡　(n√2　cm3　ofoxvqen　was　injected　and　after　10　minutes｡　lm3　0finjected(EB　pulse)｡(n)2　cm of　oxy9en　was　injected　and　after　10　minutes,　lm

ethylbe"2e｢le　゛s　i"｣ected　(02　EB　pljlse)'(m)2　c.3　of　°゛y9e"　8r'd　l　゛3　of　ethyl　'

benzene　were　injected　simultaneously(EB　゛　02)‘　lnorder　to　remove　the　cokedeposited

on　the　catalyst　the　catalyst　was　reoxidized　after　these　pulse　reactions｡　The

reoxidation　was　perfomed　in　a　f]ow　of　air　at　718　K　for　l　h　and　in　a　flow　of　oxy9en　at

768　K　for　2　h　in　the　case　of　the　fresh　catalyst､and　the　reoxidation　in　the　flow　of

oxy9en　was　prolon9ed　for　an　additiona1　4　h　at　768　K　in　the　case　of　the　used　catalyst
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which　had　been　used　in　the　continuous　flow　experiment　before　the　pulse　reaction.　The

pul　se　reactions　l　,　n,andⅢwere　carried　out　a9ain　on　the　reoxidized　catalyst.

Besides　the　standard　pulse　experiment　mentioned　above,other　pulse　reactions　were

carried　out.　The　procedures　of　the　experiment　are　described　with　their　correspondin9

results｡

RESULTS

FIow　Reaction

　　Fi9ure　l　shows　the　respective　chan9es　in　the　conversion　of　ethylbenzene､in　the

rates　of　fomation　of　sty゛erle(゛ST)and　carbono゛ides(゛CO)wi　th　time　on　stream｡　The
rate　of　styrenefomation　increased9radually　and　reachedxthe　stationary　state,　A

similar　tendencywas　observed　in　the　rate　of　CO　andC02fomatlon｡However､it　is

noteworthy　that,　in　Fi9.　1-a,the　conversion　of　ethylbenzene　remained　constant｡　The

formations　of　coke　on　the　catalyst,a　sli9ht　amount　of　benzene　and　hi9h　boilin9　prod-

ucts　were　also　observed,　Hi9h　boilin9　products　which　may　be　the　oli90mer　of　the　sty‘

rene　formed　may　have　caused　about　4　l　of　incomplete　recovery　in　the　38.4　pmol　/9･　sec　of

ethylbenzene　fed　at　the　stationary　state｡　The　coke　fomed　on　the　catalyst　was　removed

by　the　reoxidation　of　the　used　catalyst　by　air　under　the　conditions　shown　in　Fi9.1-b.

The　reoxidized　catalyst　showed　the　same　results　as　were　obtained　in　the　case　of　the

fresh　catalyst,　The　hydro9en　treatment　at　723　K　for　l,5　h　after　the　reoxidation　showed

no　effect　on　the　time　course｡　ln　f19.1,c,the　effect　of　the　treatment　of　the　catalyst

by　styrene　is　also　shown｡　After　thestyrene　treatment'　rST　remainedconstant　wi　th

time.

Effect　of　Na　on　the　Flow　Reaction

　The　catalytic　behavior　of　Na　treated　catalysts　was　studied.　0n　each　catalyst,　the

time　course　was　the　same　as　that　on　the　ori9inal-SiAl　catalyst　shown　in　Fi9.　1.The

catalytic　activity　was　varied　with　Na　content　and　the　order　of　the　activity　of　each

catalytyst　did　not　chan9e　wi　th　the　reaction　time　｡

　Fi9ure　2　shows　the　effect　of　Na　content　on　the　rates　of　fomation　of　styrene,CO+

C02and　benzene　at　90　min　after　the　initiation　of　the　reactlon　at　718　K｡　The　rate　of

styrene　fomation　which　increased　with　Na　content､　achieved　a　maximum　at　17　pmol　of

Na/9-cat　and　then　decreased　9radually｡　lt　is　important　that　not　only　the　poisonjn9

effect　but　a]so　the　promot･in9　effect　of　the　addi　tion　of　Na　was　observed　in　the　oxida-

tion　reactlon｡　The　rates　of　the　formations　of　benzene　andCO+C02　respectively　depend“

ed　on　Na-content　in　a　similar　way　to　that　of　styrene　but　to　a　lesser　extent｡　The　same

tendencies　were　observed　at　768　K｡

　Fi9ure　3　shows　the　effect　of　Naーcontent　on　the　apparent　reaction　order　with　respect

to　ethylbenzene　and　oxy9en.　The　react10n　order　was　measured　under　the　differential

reaction　conditions,　i　･e,　the　de9ree　of　conversion　was　about　10　Z　｡　The　reaction　orders

with　respect　to　ethylbenzene　are　on　the　same　order　in　ma9nitude　as　that　with　respect　to
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FIGURE　2　Effect　of　Na　on　the　reaction　rates　at　723　K.�゛rB;　for　the　other　symbols'
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PH20　゛　o゛369　atm　and　PN2　゛　O゛505　atm゛
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FIGURE　3　Effect　of　Na　on　the　reaction　order｡W=O｡20091　T　s923　K゛PNy　O゛390　atm

8"d　PH20　°　O'49o　8t`　The　゛e8ctio"　o゛de゛`゛ith　゛^espect　to　02　(●)“8s　leL』゛ed　゛t　co"'

st゛t　PEB　0　0‘061　8t゛)･8“dthe　reaction　order　wi　threspect　to　ethyl　benzene　(○)was

measured　at　constant　P02　(s　O゛061　atm)'
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oxy9en･　This　implies　that　the　activation　of　both　ethylbenzene　and　oxy9en　have　almost

an　identical　rate　on　ori9inal-SiAI,　The　effect　of　Na-content　on　the　reaction　order

with　respect　to　ethylben2ene　is　not　cleaG　but　that　with　respect　to　oxy9en　decreased

as　the　Na-content　increased,　thereby,　showin9　that　Na　treatment　enhances　the　activation

of　oxy9en,

Acidity　and　Basicity　of　Na'Si02'A1203　Catalysts

　Fi9ure　4　shows　the　dependence　of　the　amount　of　acid　of　a　specified　acid　stren9th　on

Na　content,The　ori9inal-SiAl　has　only　stron9　acid　(Ho≪-8.2)and　weak　acid　(Ho≫1.5)

si　tes　,　but　no　medi　um　stren9th　si　tes　(1,5≫Ho)-8,2}･The　stron9est　acid　sites

(Ho≪-12.7)decreased　abruptly　and　then　disappeared､　while　the　stron9　acid　sites

(-12.7≪Ho≪-8.2)decreased　9radual　ly　wi　th　Na　content｡　The　weak　acid　si　tes　〈Ho≫1,5)

decreased　abruptly　below　the　Na　content　of　8,5　umol/9-cat　and　remained　aimost　constant

above　it･　The　medium‘hi9h　acid　sites　(-5.6≫Ho≫-8.2)lncreased　9radually｡　while　the

medi　um-l　ow　aci　d　si　tes　(1.5>Ho≫-E6)at　first　increased　and　then　decreased　with　the

increase　of　Na-content｡These　results　show　that　the　sodium　10n　not　only　neutralizes

the　exchan9ed　acid　sites　but　also　donates　electrons　to　more　t､han　ten　acid　Sites　to　re-

duce　the　acid･　stren9th,　　The　weak　acid　sites　may　be　weakened　to　such　an　extent　that　a

portion　of　them　cannot　be　detected　by　the　present　method､and　this　results　in　a　de,

crease　in　the　total　acidity｡

　The　basicities　at　various　base　stren9th　of　Na-SiAl　catalysts　are　shown　in　Fi9.　5,

As　the　di　ffi　cul　ty　todetermine　the　total　amount　of　basic　sites　ofS102゛A1203　with

bromothymol　blue　has　been　reported　(16),pheno]phthalein(pKa=9.3)was　used　instead.

The　basic　si　tes　of　pKa　between　9.　3　and　26.5　were　observed.The　amount　of　weaker　si　tes

(9.3〈pKa≪172)did　not　chan9e　9reatly　by　the　Na　treatment,　whi]e　the　more　basic　sites

(17.2〈pKa≪26.S)increased　from　210μmol/9-cat　to　280　umol/9-cat　as　the　Na-content

jncreased　to　17　umol/9-cat.Namely,the　ion　exchan9e　wi　th　Na　affected　not　only　the

distribution　of　the　acid　sites　but　also　that　of　the　basic　sites｡However,the　chan9e

in　the　base　sites　was　not　as　9reat　as　that　in　the　acid　sites.　The　effect　of　one　Na　ion

to　increase　the　number　of　acid　and　base　sites　numerously　indicates　that　the　base　sites

are　9enerated　adjacent　to　the　acid　si　tes　affected　by　the　Na　treatment　･

Pul　se　Reaction

　Fi9ure　6　shows　examples　of　the　results　of　the　pulse　reaction　on　the　fresh　catalyst

and　the　used　catalyst｡　respectively,　Fi9ure　6-a　shows　the　results　on　the　fresh　ori9i-

nal　-SiAl　catalyst,　When　only　ethyl　benzene　was　i　njected　(pulse　l)and　when　it　was　in-

jected　10　minutes　later　than　the　oxy9en　pulse　(pulse　H),benzene　and　ethylene　were

formed　but　not　styrene.　0n　the　other　hand,　when　ethylbenzene　and　oxy9en　were　injected

simultaneously(pulse　m),a　consid･erable　amount　of　styrene　and　benzene　were　fomed｡

No　hydro9en　could　be　detected,　indicatin9　that　styrene　was　fomed　throu9h　oxidative
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dehydro9enat10n,　The　recovery　of　ethylbenzene　was　not　complete　in　all　pulses　l,Ⅱ,

and　m,　that　is,　the　total　amount　of　effluents　was　less　than　the　amount　of　ethyl-

benzene　inje(λed｡　As　shown　in　Fi9.6-a,the　amount　of　unrecovered　ethyl　benzene　was

essential　ly　identical　in　al　l　pul　ses　l　,　n,and　m｡

　　ln　the　case　of　the　used　catalyst､　as　shown　jn　Fi9.　6-b｡styrene　was　fomed　not　only

in　pulse　m　but　also　in　pulses　l　and　n,　and　the　amount　of　styrene　formed　was　lar9e｢

than　that　on　the　fresh　catalyst,　The　amount　of　styrene　formed　increased　sli9htly　as

f01　1　0ws　;　pul　se　l　n　Ⅲ.　However,the　amount　of　unrecovered　ethylbenzene　was　identi-

cal　to　that　on　the　fresh　catalyst.　The　results　obtained　after　the　reoxidatjon　of　the

catalyst　were　the　same　as　those　on　the　fresh　catalyst　shown　in　Fi9.6-a｡　This　is

similar　to　the　effect　of　reoxidation　on　the　continuous　flow　reactions.

　　The　results　on　the　sodium　ion　exchan9ed　catalysts　were　similar　to　those　on　the

fresh　ori9inal゛SiAl　catalyst　shown　in　Fi9.　6“a,but　the　amount　of　the　products　varied

with　the　Na“content.　F19ure　7　shows　the　effect　of　Na‐content　on　the　amount　of　styrene

fomed｡On　the　fresh　catalyst,　styrene　was　fomed　only　in　the　presence　of　oxy9en

(pulse　m)｡The　amount　of　styrene　formed　increased　with　the　Na　content　below　8.5　umol

of　Na/9-cat,reached　the　maximum　at　8.5　t　1　7　Dmol　of　Na/9-cat,　and　then　decreased

9radually.　Such　a　dependence　of　the　activity　on　Na-content　a9rees　well　with　that　ob-

served　in　the　flow　technique　shown　in　Fi9,　2.0n　the　other　hand,0n　the　used　catalyst,

styrene　was　fomed　both　in　the　presence　and　in　the　absence　of　oxy9en,and　the　amount　of

styrene　formed　i　n　al　l　pul　ses　l　,　n,and　m　increased　with　Na-content.　But　it　should　be

noted　that　the　diffefence　in　the　amount　of　styrene　fomed　between　pulses　m　and　n　is

almost　equiva]ent　to　that　fomed　on　the　fresh　catalyst｡

　　Fi9ure　8　shows　the　effect　of　Na　content　on　the　amount　of　unrecovered　ethyl　benzen･e　｡

lt　should　be　noted　that,on　each　catalyst,the　amount　of　unrecovered　ethyl　benzene　re,

mai　ned　constant　throu9hout　the　pul　se　experiments　l　,　II,and　m｡　both　on　the　fresh　and

used　catalysts｡The　amount　of　unrecoverd　ethylbenzene　increased　steeply　with　Na　con､

tent　below　l　,7　pmol/9-cat｡　reached　the　maximum　at　L　7　1Jmol/9-cat　and　then　decreased

gradually･　lt　is　also　worth　notin9　that　the　tendency　of　the　unrecovered　ethylbenzene

is　in　9ood　a9reement　with　the　tendency　of　the　acidity　of　Ho　between　L　5　and　-5.6　as

shown　in　F19.　8,　The　physical　meanin9　0f　unrecovered　ethylbenzene　will　be　discussed

latey≒

DISCUSSION

　ln　order　to　discuss　the　detaFled　role　of　the　acid　and　base　sites　on　the　oxidation

activityl　catalysts　with　varied　acidity　and　basicity　are　required,The　acid　and　base

properties　of　catalysts　were　controlled　by　treatin9　the　ori9inal,SiAl　in　NaOAc　solution

with　various　concentrations｡

　The　results　of　the　flow　reaction　shown　in　Fi9.　2,shows　that　the　activity　is　influ-

enced　by　the　Na-content　of　the　catalysts｡　The　same　depend､ence　on　the　Na-content　was
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observed　in　the　case　of　the　pulse　technique(Fi9.7)｡　Such　tendencies　show　that　the

addition　of　an　adequate　amount　of　sodium　does　not　suppress　but　promotes　the　oxidation

reaction､however､excess　amount　of　sodium　shows　a　poisonin9　effect｡　The　tendency　to

have　maximum　activity　su99ests　the　cooperative　effect　of　the　acid　and　base　properties

of　the　catalysts　which,　decrease　and　increase　with　increasin9　Na-content､respectively｡

　As　shown　in　Fi9s,　4　and　5,chan9es　in　the　acid　and　base　properties　with　the　amount

of　Na　were　observed　and　such　chan9es　can　be　interpreted　as　fonows｡　The　addi　tion　of

one　sodium　ion　weakens　the　acid　stren9th　of　around　ten　acid　sites,　showin9　that　the

sodium　ion　effects　not　only　the　neutralization　of　acid　sites　but　also　the　weakenin9　of

the　acid　stren9th　by　its　inductive　effect[17,181.At　the　same　time　､　the　addi　tion　of

sodium　9enerated　stron9　base　sites　and　such　effect　is　also　understood　by　considerin9

the　electron　donatin9　properties　of　the　sodium　ion[18E　The　result　that　on･e　sodium

ion　weakens　acid　sites　and　enhances　base　sites　su99ests　that　the　acjd　and　base　sites

should　be　situated　in　immediate　neiborhoods｡Therefore､before　the　Na　lon　exchan9e　i　s

carried　out　(ori9inal-SiAI)､the　stron9　acid　sites　exist　alone　and/or　with　weak　base

sites｡　After　the　Na　ion　exchan9e,however,the　stron9　base　sites　are　9enerated　and　the

adjacent　stron9　acid　sites　are　weakened.　Thus　the　Na　ion　can　control　the　acid-base

properties　of　the　catalyst　without　chan9in9　the　BET　surface　area･

　As　shown　in　Fi9.　1　-a,　the　constant　value　of　ethylbenzene　converslon　shows　that　the

active　site　to　react　with　ethylbenzene　does　not　chan9e　durin9　the　now　re∂cti01､The

time　course　of　the　re9enerated　catalyst(shown　in　Fi9.　1-b)in　the　now　reaction　and　the

effect　of　the　reoxidation　of　the　catalyst　in　the　pulse　reaction(shown　in　Fi9.　6-b)also

support　this｡　From　the　results　of　the　styrene　pretreatment(shown　in　Fi9.1-c),the

apparent　increase　of　the　rate　of　styrene　fomation　with　time　can　be　explained　by　the

subsequent　reaction　of　the　styrene　produced　and　will　be　discussed　later､

　ln　the　pul　se　reaction　on　the　used　catalyst,　the　amount　of　styrene　formed　was　lar9est

when　ethylbenzene　and　oxy9en　were　pulsed　at　the　same　time,as　shown　in　Fi9.6-b｡　The

difference　in　styrene　yield　between　pulses　Ⅱl　and　H,which　corresponds　to　the　amount

of　ethylbenzene　oxidatjvely　dehydro9enated　by　oxy9en　species　from　9aseous　oxy9en｡is

neary　equal　to　the　styrene　yield　in　pulse　Ⅲon　the　fresh　catalyst｡　Thus　the　acti　ve

site　on　the　fresh　cata‘lyst　should　still　be　effective　even　after　the　coke　had　deposited

durin9the　flow　reaction｡　Thea9reement　of　the　dependence　of　rST　onNa-content　i　n　the

flow　reaction(Fi9.2)with　that　in　the　pulse　reaction(F19.7)shows　that　the　same　site

is　active　in　each　reaction　condition.　This　a9reement　of　the　results　of　the　flow　re-

actlon　wi　th　pul　se　�but　not　with　l　nor　n,also　shows　that　the　active　oxy9en　is　not

the　latti　ce　oxy9en　(pulse　l)nor　the　stable　adsorbed　oxy9en　(pulse　H)but　the　unstab]e

adsorbed　oxy9en　species　(pulse　m).

　As　mentioned　in　the　results　section｡　the　recovery　of　ethylbenzene　was　incomplete　in

al　l　pul　se　reactions　l　｡　n,and　nl　both　on　the　fresh　and　used　catalysts.　Such　an　incom-

plete　recovery　has　been　observed　on　the　solid　phosphoric　acid　catalyst[I　E　To　clarify
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the　meanin9　of　the　incomplete　recovery,　repeated　pulse　reactions　were　carried　out｡

The　results　are　shown　in　F19.　9.　Two　successive　pulses　of　ethylbenzene　were　injected

at　various　time　intervals｡　The　chromatogram　obtained　consi　sted　of　four　peaks　:　two

peaks　of　benzene　and　two　peaks　of　ethylbenzene｡　No　other　products　were　formed　,　because

no　oxygen　pulses　were　injected.　The　amount　of　benzene　fomed　was　so　small　that　it

could　b･e　ne91ected　in　the　calculation　of　the　recovery　of　ethyl　benzene｡　The　second

ethyl　benzene　peak　represents　the　de9ree　of　recovery　of　the　second　pul　se.　ln　Fi9.　9､

the　amount　of　unrecovered　ethylbenlene　is　plotted　a9ainst　the　time　interval　between

the　two　successive　pulses｡As　the　time　intervai　decreased,　the　amount　of　unrecovered

ethylbenzene　decreased　and･　the　recovery　became　complete.　These　results　indicate　that

the　incomplete　recovery　is　due　to　the　reversible　adsorption　of　ethylbenzene｡　The　re,

mainin9　ethylbenzene　from　the　first　pulse　will　increase　the　recovery　of　the　second

pulse｡One　of　the　present　authors　attributes　the　incomplete　recovery　to　the　stron9

reve'rsib`le　adsorption　of　the　reactant[19E　ln　such　a　case｡the　recovery　becomes　com-
plete　by　repeatin9　the　pulses　of　the　reactant　in　short　intervals.Thus,the　results

show　that　the　incomplete　recovery　can　be　attributed　to　the　stron9　reversible　adsorption

of　ethylbenzene　on　the　catalyst　surface｡

　The　effect　of　Na　content　on　the　amount　of　unrecovered　ethylbenzene　is　shown　in　Fi9.

8.　1t　is　noteworthy　that　the　amount　of　adsorbed　ethylbenzene　on　the　catalyst　was

identical　in　all　pulses　l,n､and　m　both　on　the　fresh　and　used　catalysts.　The　same

adsorption　site　is　revealed　to　be　active　in　every　condition｡The　amount　of　adsorbed

ethylbenzene　increased　steeply　as　the　Na-content　increased　from　O,0(ori9inal)to　l｡7

pmol　of　Na/9-cat　and　decreased　9radually　above　l　｡7　umol　of　Na/9-cat.　lt　i　s　al　so　nota,

ble　that　this　tendency　for　the　adsorption　of　ethylbenzene　t､o　vary　wi　th　Na-content　i　s

similar　to　the　tendency　of　the　treatment　of　the　acid　sites　of　Ho　between　l｡5　and　-5.6.

Any　other　relationships　between　adsorption　and　acid　sites　cannot　be　observed　in　any

other　ran9e　of　acid　stren9th｡　This　leads　to　the　conclusion　that　the　active　site　which

adsorb　ethylbenzene　can　be　represented　by　acid　sj　tes　in　the　ran9e　of　acid　stren9th　L　5

and　-5.6　of　Ho,　which　is　weaker　than　the　acid　stren9th　required　for　the　dealkylatjon

of　al　kyl　benzene　,　i,e,　Ho≪-5,6[13,20､21],　The　stron9　acid　si　tes　(Ho<-5.6)can　be

active　for　the　dealkylation　of　alkylbenzene　and　the　polymerization　of　the　styrene　form,

ed,then　can　be　covered　with　coke　and　become　inactive　durin9　the　stationary　state　of

the　flow　reaction.　However､this　is　not.the　case　for　acid　sites　weaker　than　Ho　=-5.6.

Such　hypothesis　is　supported　by　the　pulse　reaction　on　the　used　catalyst　which　shows

that　an　identical　amount　of　ethylbenzene　is　adsorbed　on　it　as　on　t.he　fresh　catalyst｡

From　the　above　discussions.,the　time　course　of　styrene　formation(Fj9.1)｡in　which

the　apparent　rate　of　styrene　formation　increased　with　time　and　reached　a　stationary

state　while　the　conversion　of　ethylbenzene　remained　con･sta.nt｡can　be　well　explained.

That　is;　ethylbe`nzene　is　converted　to　styrene　from　the　be9innin9　of　the　reaction　but

the　styrene　fomed　is　polymerized　to　coke　which　deposits　9raduany　on　the　stron9　acid

site　of　HO≪-5.6.Thus｡the　apparent　rate　of　styrene　fomation　is　low　at　the　be9inni9
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FIGURE　9　Effect　of　the　pulse　intervals　in　the　repeated　ethylbenzene　pulse　on　the　per-

centa9e　unrecovery　of　ethyl　benzene　on　l　｡　7　Na‐SiAl　catalyst.
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of　the　reaction｡However｡since　the　coke　fomed　deactivates　the　si　tes　of　coke　for-

mation　with　time,　the　polymerization　of　styrene　is　hindered　and　its　fomation　increases

to　reach　a　stationary　state.　The　reoxidation　of　the　catalyst(Fi9.1-b)removes　the

coke　away,　re9enerates　the　fresh　state,　and　repeats　the　time　course｡The　pretreatment

with　styrene　after　the　reoxidatjon　(FiF　I-c)deactivates　the　cokin9　sjte　before　the

flow　reaction,while　the　active　site　of　the　oxidative　dehydro9enation　of　ethyl　benzene

is　still　effective,which　removes　the　apparent　increase　of　the　rate　of　styrene　for-

mation　with　time｡　These　interpretations　of　the　time　course　are　completely　different

from　those　of　Al　khazovet　al｡[221,whjch　has　stated　that　the　coke　formed　on　the　cata-

lyst　is　an　active　site｡

　lt　is　conchJded　from　quantum　mechanical　calculations　that　acid　sites　can　coordinate

the　benzene　rin9　of　toluene　and　withdraw　the　rin9　electron,resul　tin9　1n　the　activation

of(x‘hydro9en　and　its　interaction　with　the　nei9hborin9　base　sites[31.Such　acid　sites

and　nei9hborin9　base　sites　can　exist　on　the　Na-SIAl　catalysts　and　the　effective　acid

stren9th　i　s　revealed　to　be　of　Ho　between　l　｡5　and　-E6.

　The　turnover　frequency　of　the　formation　of　styrene　was　calculated　from　the　results

obtained　in　the　now　reaction,assumin9　that　the　active　site　js　the　acid　site　of　HO

between　L　5　and　-E6　as　discussed　above;

Turnover　frequency　°
rST i　n　conti　nuous　fl　ow　reaction

　　　　　　　　　　Amount　of　acjd　of　　L　5　〉Ho≫-5.6　　.

So　this　turnover　frequency　represents　the　activi　ty　to　produce　styrene　per　one　actj　ve

site　to　adsorb　ethylbenzene｡　The　effect　of　Na,content　on　the　turnover　frequency　is

shown　in　F19.10.　The　effects　at　718　K　and　768　K　resemble　each　othey≒　lt　is　si9nifi-

cant　that　this　tendencies　observed　in　the　turnover　frequency　is　in　9ood　a9reement　with

the　tendency　of　the　amount　of　base　sites　of　pKa　between　17.2　and　26.5.These　resul　ts

su99est　that　the　rate　deteminin9　step　of　this　reaction　is　the　oxidation　of　the　re-

versib]y　adsorbed　intermediate　of　ethylbenzene　on　the　base　sites　of　pKa　between　17.2

and　26.5.

　Such　tendency　for　the　amount　of　base　sites　to　vary　with　Na-content　is　also　similar

to　the　tendency　in　the　decrease　of　the　reaction　order　with　oxy9en　(Fi9,　3)indicatin9

that　the　addition　of　Na　reduces　the　difficulty　in　activatin9　oxy9･en,The　fomation　of

styrene　was　observed　only　in　the　pulse　m゛　where　ethylbenzene　and　02　were　pulsed　simul‘

taneously　on　the　fresh　catalyst.　This　shows　that　the　active　oxy9en　species　in　this

flow　reaction　i　s　the　adsorbed　one　wi　th　short　l　i　fe　time　on　the　catalyst.　Thus　the　role

of　the　base　site　of　pKa　17.2　and　263　is　concluded　to　adsorb　oxy9en　into　an　activated

form　and　to　oxidize　the　adsorbed　intermediate　of　ethylbenzene　which　is　reversibly　ad-

sorbed　on　the　acid　sites　of　Ho　between　l｡5　and　-5.6.　These　conclusions　a9ree　well　with

the　role　of　acid　and　base　sites　assumed　in　the　case　of　Sn-P　catalystsEI].
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CONCLUSION

　　The　effect　of　the　acid　and　base　properties　on　the　oxidative　dehydro9enation　of　dhyl-

benzene　has　been　studied　jn　the　continuous　f10w　reaction､　pulse　reaction　and　acid,base

ti　trations　on　a　series　ofNa“Si02'A1203　catalysts゛　As　the　amount　of　Na　increases｡the

activity　increases　initially｡　reaches　the　maximum　and　then　decreases　both　in　the　flow

and　pulse　reactions｡Such　an　effect　of　Na　can　be　explained　by　the　cooperative　effect

of　the　acid　and　base　sites｡　The　addition　of　Na　not　only　eliminates　a　part　of　the　acid

sites　but　also　9enerates　moderateiy　stron9　acid　sites　of　L5>Ho≫-8.2　and　i　ncreases

base　si　tes　of　1　7　.　24　pKa4　26.5.　Each　Na　ion　added　increases　such　acid　and　base　sites

numerously.　The　reversible　adsorption　of　ethylbenzeneoccurs　onacid　sites　of

l.5〉Ho)-5,6,　The　turnover　frequency,based　on　the　flow　reaction　and　amount　of　acid

sites　of　l,5≫Ho≫,5.6,shows　that　the　step　to　oxidize　the　adsorbed　ethylbenzene　and

form　styrene　is　effected　by　base　sites　of　17.2〈pKa≪26.5.　Such　active　sites　required

tO　fOrm　Styrenle　haVe　been　ShOWn　tO　be　Still　effeCtlve　at　the　StatiOnary　State　Of

the　continuous　now　reaction.
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C&aPtar　　5

MECHANISM　FOR　STYRENE　FORMAT10N

SYNOPSIS

　The　reaction　mechanism　of　oxidative　dehydro9enation　of　ethylbenzene　has　been　inves-

ti9ated　usin9　the　pulse　technjque,　lsotope　exchan9e　reaction,　and　ESR　measurement･

Collectin9　the　effluents　of　the　pulse　reaction　has　shown　the　reversible　adsorption　of

ethylbenzene,　The　deuterium　exchan9e　reaction　has　shown　that　the　adsorbed　intermedi-

ates　of　ethylbenzene　is　dissociated　at　the(x-position｡Neutrally　adsorbed　molecular

oxy9en　species　and　O‘　species　are　observed　on　the　prereduced　SiAl　catalysts　by　the　ESR

measurement｡showin9　the　abiljty　of　the　catalysts　to　activate　9aseous{)xy9en.　The

reaction　of　the　oxy9en　species　with　ethylbenzene　has　shown　the　active　oxy9en　species

to　be　O‘　species.　The　O“　species　consummed　by　the　reaction　are　supplied　from　9aseous

oxy9en　throu9h　02ad　species゛　The　reversibleadsorption　of　ethyl　benzeneand　the　corre-

lation　between　the　turnover　frequency　and　basicity　su99est　that　the　rate　of　the　over-

a11　reaction　at　above　723　K　is　determined　by　the　reaction　of　adsorbed　eth､ylbenzene

species　and　O'in　abstractin9　the　B,hydro9en,　From　the　above　results｡a　reaction

mechani　sm　i　s　proposed　as　fol　l　ows　;　the　acid　si　te　of　Ho　between　L　5　and　-5　.6　adsorbs　,

ethyl　benzene　,　reversibly　abstractin9　the　aヽhydro9en　at　the　basic　OH　adjacent　to　the

acid　site9　and　the　base　site　of　pKa　between　17･2　and　26･5　activates　9aseous　oxy9en　to

fom　O゛　which　abstracts　the　B-hydro9en,

INTRODUCTION

　ln　the　previous　chapter[|]､it　has　been　concluded　that　the　active　site　of　the　oxi-

dative　dehydr09enation　of　ethylbenzeneexists　on　the　native　Si02'A1203　catalyst　and

that　the　acid　site　of　Ho　between　l｡5　and　-5.6　activates　ethylbenzene　and　the　base　site

of　pKa　between　17.2　and　26.5　activates　oxy9en,　respectively｡The　reaction　mechani　sm

includin9　allylic　intemediates　has　been　proposed　in　detail　in　the　oxidation　of



olefinic　compounds[2]･　　Oxidation　of
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1　3C　l　abel　ed　propyl　ene　on　Bi　･　Mo[3],BD　Mo-P[4〕,

and　Cu　O[5]su99estedthe　exi　stence　of　the　symmetric　allyl　intemediates｡　The　product

distriautionobtained　in　the　reaction　of　deuteriopropyrene[6j'8]on　Cu20゛　BFMO゛　and
U,Sb　also　indicated　the　samepropylene　intermediate　in　which　the　a-　hydro9en　had　been

abstracted.Thesame　intemediate　wasalsodetected　onZnO[9]usin9　spectroscopic
methods.Moreover,the　rate　deteminin9　step　has　been　proven　to　be　in　the　abstraction

of　the　ct-　hydro9en[7μO､111.1nthe　case　of　ethylbenzene5　asimilarinte`mediate　has

been　supposed5　however9　thedetai　l　s　are　notclear[12j31.
　A　number　of　studjes　have　beendevoted　to　the　active　oxy9en　species.　An　activity

of　the　lattice　oxy9en　was　observedon　theMo-containin9　oxides[14]､and　activities

werealso　found　in　the　oxy9en　double　bonded　to　the　metal(M=O)[10,15,16]and　in　the

adsorbed　oxy9en　species(i｡e｡O‾)on　the　ferrite　spinel　catalysts[10,15j7],Adsorbed

oxy9en　species　have　al　so　been　proposed　on　other　oxide　catalysts[3､17､18]､ln　the　case

Of　Na“Si02゛A1203　catalysts'the　possibility　of　thle　participationof　the　latticeoxy9en

has　been　denied　by　the　pulse　reaction　in　the　previous　chapter[1]･　Many　studies　have

beerl　done　o"　the　adsorbed　oxy9en　species　with　the　aid　of　ESR(19)and　the　activi　ty　of

the　adsorbed　oxy9en　species　(i｡e.0;､O≒O;)has　also　been　studied　in　the　oxidation
of　hydrocarbons[20,21,22]｡The　adsorbed　oxy9en　species　(i｡e｡O;)was　observed　on　the
irls“1　6to゛s　'　s`jch　ls　Si02'A1203[19]･A1203[1918｢ld　2eolites[19･23]･o｢11y　i"　the　c8se　of

uv'　and　Y'irradiated　samples･　On　the　other　hand,　the　base　catalysts　such　as　M90　was

observed　to　activate　oxy9en　to　fom　o;　lon　without　prior　irradiation　but　only　with
heat　treatment[24]｡
　ln　this　chapter,the　reaction　mechanism　is　discussed　on　the　basis　of　the　activation

of　both　reactants5　that　is　ethylbenzene　and　oxy9en,　Details　of　the　activation　of

ethylbenzene　are　investi9ated　usin9　the　pulse　technique　anddeuteriumexchan9e　experi　-

ments.　Those　of　oxy9en　are　investi9ated　by　ESR　spectroscopy,　The　reactivities　of

both　adsorbed　intemediates　are　also　studied,Ea(th　step　of　the　reaction　is　discussed

carefully　and　a　reaction　mechanism　in　the　molecular　aspect　is　proposed.

EXPERIMENTAL

QSJE

　The　pl`epar“tiorl　of　the　N°'e)(ch°｢19ed　Si02゛A1203　c8t81ysts(N8‘SIAI)8｢ld　theiolcid

and　base　properties　were　described　in　the　previous　chapter[1]｡　The　content　of　Na　was

written　at　the　head　of　the　name　of　the　catalyst　in　βol/9-cat,which　means　that　the

amount　of　Na　increasedcomparedto　that　on　theori9inal゛Si02゛A1203　due　to　the　ion　ex“

chan9e,　For　example｡17Na-SiAI　､contains　17　umol　of　Na　in　addition　to　the　ori9inal

SiAl　which　contained　24　mol　of　Na/9-cat｡　Pure-SiAl　catalyst　was　prepared　by　the

9radual　hydrolysis　of　a　mixture　of　aluminium　alcholate　and　ortho　ethy　silicate｡con-

tajnin9　20Z　A1203゛
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Procedure
ー

Pulse　exp{ iments

　　For　the　collection　of　the　effluents　of　the　pulse　reaction,a　silica9el　trap　was

installed　between　the　reactor　and　the　9as　chromato9raph.The　effl　uents　were　trapped

at　77　K　and　then　heated　t0　423　K　to　be　vaporized　and　carried　to　the　9as　chromato9raph｡

ln　some　cases　,　both　9aseous　and　liquid　effluents　were　simultaneously　analyzed･　The

effluents　were　splitted　into　two;　one　for　9as　analysis　and　the　other　for　liquid　analy-

sis,　The　chromato9raphic　c01umn　used　were　the　same　as　the　one　reported　previously[1]･

This　system,which　needed　about　twice　as　much　carrier　9as(100　ml/min)as　in　the　ordi-

nary　pulse　apparatus(44.5　ml/min)､would　have　an　effect　on　the　amount　of　unrecovered

reactants｡

ESR　measurement

　The　catalyst　was　pretreated　with　a　conventional　hi9h　vacuum　apparatus　in　the　follow-

ln9　manner･

　(1)The　sample　in　a　quartz　ESR　sample　tube　with　an　inside　diameter　of　3　m　was　evac-

uated　at　763　K　for　3　h｡

　(2)About　ll　kPa　of　hydro9en,　purified　by　the　silica9el　trap　at　77　K,　was　introduced

onto　the　sampl　e　at　763　K　for　O｡　5　h,then　evacuated　at　763　K　for　O｡5　h.　Thi　s　procedure

was　done　once　a9ain,and　t･hen　the　sample　was　evacuated　for　an　additiona1　2　h　at　763　K｡

　(3)33　kPa　ofvacuum　distilled　oxy9en　was　introduced　onto　the　sample　at　763　K　and

heated　for　l　h｡

　(4)The　sample　tube　was　cooled　down　t0　77　K　and　evacuated　at　77　K　for　60　s.　Then　the

sample　tube　was　4solated　from　the　vacuum　system　by　a　two-way　91ass　valve･

　ln　some　cases､　thesamplewas　treated　withN20゛　lnstead　of　oxy9en゛　as　follows゛

　(5)Nit゛o"s　o)(ide(N20)was　frozen　at　77　K　onto　thepretreated(procedure　l　and　2)

sample,then　evacuated　at　293　K　for　30　s｡

　(6)Nitrous　oxide　was　frozen　onto　the　sample　a9ain　at　77　K,evacuated　at　293　K　untin

27　kPas　heated　at　373　K　for　l　h,and　a9ain　evacuated　at　293　K　for　30　s｡

　(7)After　the　procedure　(6)had　been　repeated,　the　same　sample　was　heated　at　573　K

for　3　h゛　After　N20was　introduced　as　in　the　case　ofprocedure(6)｡the　sample　was　'

heated　at　573　K　for　3　h　instead　of　the　tre∂tment　i　n　procedure　(6)and　then　evacuated

at　293　K　for　30　s｡

　Fo･1　1　0wi　n9　these　pretreatments　,　ESR　si9nal　was　recorded　at　77　K　and　293　K　wi　th　a

JEOL　JES-ME-ESR-IX,x　band　spectrometer｡　Man9anese　oxide　in　M90　was　used　to　calibrate

the　9“value.　The　amount　of　molecular　oxy9en　species　adsorbed　on　the　catalyst　was

calibrated　volumetrically　at　room　temperature｡

　　The　reactivity　of　oxy9en　species　was　examined　in　the　followin9　manner｡　A　fixed

amount　of　ethylbenzene　vapor　or　l“butene　was　introduced　onto　the　sample　and　the　sample

was　heated　atvarious　conditions,　Then　the　ESR　si9na]was　recorded　at　77　K　to,　measure



the　chan9e　of　its　intensity　due　to　the　reaction　with　the　or9anic　substance･

RESULTS

Pulse　e riments

Reaction　on re-SjAI
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　　As　shown　in　Table　l　｡　a　considerable　amount　of　styrene　as　wen　as　benzene　and　a

sman　amount　of　carbon　oxides　were　fomed　on　pure-SIAl　when　ethylbenzene　and　oxy9en

were　pulsed　simultaneously･　No　hydro9en　was　detected.　The　recovery　of　ethylbenzene

was　insufficient　and　the　unrecovery　was　about　l　pmol/9-cat.

　　To　examine　the　physical　meanin9　of　the　unrecovery　of　ethylbenzene,the　effluents

from　the　pulse　reactor　were　conected　for　10　min.　As　shown　in　Table　2､when　effl　uents

TABLE　I

Product　Distribution　in　the　Pulse　Reaction　of　Ethylbenzene　jn　the　Presence　of

Oxydantsa

Catalyst

Pretreatment

Oxydantc

CO

C02

Benzene

Styrene

unrecovered

　Ethyl　benzene

Pure-SiAI

　　Fresh

02

trace

O｡033

0』61

0j34

1.103

Ori9inal-SiAI
Prereductionb

02

O｡090

0.067

0.262

0j54

1 404

ori9inal,SiAI
Prereductionb

N20

trace

　　d

0.211

0』30

1.263

ainμmol/9-cat.

bPretreated　in　the　flow　of　hydro9en　at　723　K　for　45　min｡

cEthyl　ber12e｢le(1μ1)8"d　o)(yd8｢lt;　N200　11}o゛　02(o'5　11)゛e゛e　p“l　sed　o"to　the　c8t3゛

lyst(O｡200　9)at　723　K　under　the　flow　of　He(100　ml/min)at　the　same　time｡

dThe　separation　of　C02‘peak　and　N20“peak　was　not　sufficient゛



TABLE　2

The　Amount　of　ST-fomed　and　EB-unrecovered　in　the　Pulse　Expe･riment　with　and/or　without　the　TraF

Catalyst

1.7Na,SiAI

(Fresh)

o｡O-SiAI

(Used)

Trapa

nOne

10.0

nOne

10.0

EB　onlyb

EB-unrecoverede

13

　4

4

2

9

1

4

3

　EB
―

ST-fomed

X
　
X

7
/
　
Q
J

7
f
『
/

q
″
『
/

7
″
n
o

10‾2

10“2

02C

--

EB-unrecovered

1
ー
{
5

　
S
　
　
I

?
』
1

1
　
1

nil

nil

ST-fome

nil

nil

5

5

3

1

aEfn　uents　were　analyzed　after　trappedat　77　K　for　10.0　minutes｡

bEthyU)enzene(l　ul)was　pulsed　(Pulse　l}

cEthylber12e“e　ptJl　sed　(1μ1)゛s　fol　l　o゛ed　“i　th　02　ptJl　se　(2　11)･　The　time　interval　was　15　sec｡

dAmount　of　styrene　fomed　in　umol/9-cat.

eAmount　of　ethylbenzene　unrecovered　in　μmo'l/9-cat,

1

SEI

I
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were　conected　by　the　trap,　the　amount　of　unrecovery　was　si9nificantly　less　than　that

obtained　wi　thout　the　trap.　0n　the　used　catalyst　｡　the　amount　of　unrecovered　ethyl　-

benzene　decreased　when　the　effluents　were　collected｡al　thou9h　the　amount　of　styrene

formed　remained　essentially　u=nchan9ed｡

　　When　oxy9en　was　pulsed　immediately　after　the　ethylbenzene　pulse､opposite　results

were　obtajned.　0n　the　fresh　catalyst､a　sli9ht　amount　of　styrene　was　observed　and　the

recovery　was　not　chan9ed　by　the　trap｡　However｡on　the　used　catalyst｡a　si9nificant

amount　of　styrene　was　detected　and　the　recovery　was　complete　even　wi　thout　the　trap,

　　Table　3　shows　the　effect　of　t=he･　addi　tional　pulse　of　H20　0n　the　recovery　of　ethyl'

ber12e｢le'　The　pt｣l　se　of　H20　(2　pl)　was　introduced　after　thepulse　of　ethylbenzene　on

the　fresh　catalystatvarious　time　intervals｡　The　additional　H20　pul　se　improved　the

recovery　of　ethylbenzene,　indicatin9　that　water　promotes　t.he　desorption　of　ethyl-

benzene｡The　sameexperiment　usin9　D20was　carried　out.　The　time　intervals　between

the　ethylbenzene　and　D20　pulseswere　fixed　at　15　s　and　in　between　this　pair　of　pulses｡

1　3　mi　nutes　were　a　l　l　otted.　The　efnuents　were　conected　by　the　trap　at　77　K｡　The

col　l　ected　sampl　e　was　analyzed　by　mass　spectrometer.　A　small　amount　of　benzene　was

formed　but　it　could　be　ne91ected　in　mass　analysis　,　With　the　resul　ts　9athered　from　the

mass　spectrum,the　deuterium　distribution　of　the　effused　ethylbenzene　is　summarized　in

Table　4.　The　deuterium　distribution　in　C

of　C6H5+゛ C6H6+゛
and　C

m　distribution　in　C　ions　were　calibrated　with　the　distribution

6H7゛　pe8ks　i“　the　s§ectr゛of　dO゛ethyl　be“2e"e　(b18｢lk　test)'

TABLE　3

Effect　of　H20　Pul　se　on　EB゛unrecovereda

Pulse　interval　(sec)b　EB-unrecovered

EB(l　ul)　HO(2　ul)　　　(μmol/9-cat)　　　　2

'
5
　
^
U
C

1
1
(
j
　
∞

5 8

1
y
　
q
″

　
ー
　
　
ー

r
3
　
Q
J

　
　
　
　
I

aCatalystused　was　l｡7Na-SiAI｡

b
Ethylbenzene　pulse　was　followed　by

　H

CH

20　pu]sewith　an　indicated　interval.

20　was　not　pulsed゛
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TABLE　4

Deuterium　Distribution　in　Recovered　Ethylbenzene

Compound　Mass　　　Deuterium　distribution　(Z)

　　　numbera　　dO　dl　d2　d3　d4　d5

C8(EB)

C7

C6

″
h
v
　
1
ー
　
`
″
/

n
U
　
Q
y
　
7
/

1 Q
‥
y
　
r
O
　
Ω
U

　
　
　
　
　
　
　
I

n
O
　
R
y
{
‥
U

　
　
　
　
　
　
　
I

aMass　number　of　dO゛compounds

A
`
'
n
‥
y
　
Q
J
y

{
/
』
　
5
j
　
1
1

r
`
U
　
{
M
y
　
r
D

{
/
』
{
‥
/
』
　
I
I

l
l
　
n
‥
y
{
j

4
/
』
　
n
/
』
　
n
/
』

1
)
　
1
ー
　
n
7

1
　
1
　
1

ESR　measurement

　　As　shown　in　Fi9.1,the　ESR　spectrum　chan9ed　with　each　of　the　treatments　mentioned

in　the　experimenta]section,The　spectrum　of　the　17Na-SiAl　after　the　evacuation　at

763　K(procedure　l)is　shown　in　Fi9,　1-L　A　symetrical　peak　at　9=2,005　and　a　broad

si9nal　at　9　゛　@2　j　were　observed｡　A　small　si9nai　at　9=2.038　was　also　observed｡　The

color　of　the　sample　was　stni　white　after　this　evacuation｡　The　hydro9en　treatment

(procedure　2)made　the　color　of　the　sample　9ray,　The　treatment　almost　completely　re-

moved　the　broad　and　small　si9nals　away　and　enhanced　the　symmetrical　peak　at　9　°　2.005,

as　shown　in　Fi9.　1-2,The　effect　of　the　oxy9en　introduced　(procedure　3)is　shown　in

Fi9,　1`3･　The　symmetrical　peak　at　9　゛　2･005　decreased　and　the　broad　si9nal　re9enerated5

as　well　as　the　small　si9nal　at　9　°　2,038.　Additional　new　si9nals　were　observed　at

9　°　2･119,2･107,2･090,1　.976,L888　and　at　lower　values,　These　si9nals　were　not　ob-

served　i　n　the　absence　c}f　the　catalyst｡　indicatin9　that　they　could　be　attributed　to　the

adsorbed　oxy9en　species｡　The　new　si9nals　were　sharpened　by　evacuatin9　the　sample　at

77　K(procedure　4)but　the　amount　of　the　si9nals　did　not　chan9e　with　the　time　of　the

evacuation.　　Such　si9nals　were　obtained　only　when　the　measurement　was　made　at　77　K,

but　were　not　observed　at　293　K｡　However｡the　measurement　at　77　K　after　the　measure‐

ment　at　293　K　reproduced　such　si9nal　s　reversibly｡　The　evacuation　at　293　K　removed

such　si9nals　irreversibly･　as　shown　in　Fi9.　1“5.　This　treatment　with　oxy9en　(proce-

dure　3)re9enerated　the　white　co10r　of　the　sample　but　not　completely.

　　The　same　results　were　obtained　in　an　cases　of　the　Na-SiAl　and　the　ori9inal,SiAI　,

but　the　spin　concentration　was　different　from　each　other･　ln　the　case　of　pure-SIAI　,

a]most　the　same　results　were　obtained　as　in　the　case　of　Na‘SIAI,except　that　the　broad

si9nal　at　9　°@2　j　could　not　be　detected.
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FIGURE　I　ESR　spectra　of　17Na-SiAl　measured　at　77　K:(1)after　evacuation　at　763　K

for　3　h;(2)after　repeated　treatment　wi　th　hydro9en　(11　kPa)followed　by　evacuati･on　at

763　K;(3)S゛ple(2)follo゛ed　by　e)(posre　to　33　kPa　of　02　°t　763　K　fo゛　l　h;(4)

Samp]e(3)followed　by　the　evacuation　at　77　K　for　60　s　in　which　additional　si9nals　in

the　hj9her　fields　such　as　4030.　4060,4360.4375,4445.4945,4975,5070,5150,and

5253　Gauss　(10'4　T)at　l9.20GHz　were　observed;　(5)ESRspectrum　of　sampl　e　(4)measured

at　293　K;　(6)ESR　spectrum　of　Ori9inal,SiAl　measured　at　77　K　after　theN20　trjeatment'
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　　lnstead　of　the　02　treatment'　N20treatment　was　aiso　examined｡　The　evacuation　and

the　followin9　hydro9en　treatments(procedure　l　and　2)9ave　the　same　resul　ts　as　was

mentioned　above｡　AfterN20was　frozen　onto　thesample　at　77　K,　the　evacuation　was

perfomed　at　293　K　for　30　s･　Such　treatment　has　been　reported　to　9ive　O‾species　on

M90　samples[25],The　si9nals　measured　at　77　K　is　shown　in　Fi9.1-6.　1n　addi　tion　to

the　sin91et　peak　at　9　°　2j)05which　was　observed　before　the　N20　addition'a　si9nal　at

9　°　2･038　and　a　broad　si9nal　at　9　=@2J　appeared､but　the　si　ze　of　these　peaks　was　sma1　1

Such　si9nalswere　enhancedbythe　further　treatment　ofN20)p゛ocedre　6“rld　7).　The

same　si9nals　were　obtained　when　the　measurement　was　made　at　293　K,　al　thou9h　the　inten-

sities　of　the　s19nals　had　decreased｡Si9nals　which　were　observed　after　the　treatment

゛ith　02　〈i'e‘　P　2j19･　2j07･　2･090･　1･976･　L888　゛l｢ld　the　lo゛eO　were　not　detected　in

the　case　of　the　N20　treatment゛

MjEFnt　　　　-

　The　observed　ESR　s19nals　could　be　assi9ned　as　follows･　The　broad　si9nal　at　9　゛　2』

disappeared　with　the　H2‘treatment'　appeared　with　the　024reatmentand　was　not　observed

on　pure-SiAI.Consequently the　si9nal　could　be　attributed　to　the　transition　nletal

ion　impuritiess　probably　Fej≒whjchhas　been　observedbyCordi　shi　et｡al｡andArakawa

et,al.[26],　The　sin91et　peak　at　9　°　2･005　always　existed　on　the　sample　in　all　of　the

treatments,indicatin9　that　this　peak　should　be　one　of　the　defect　centers　as　were　ob-

served　on　irradiated　si02゛A12o3[27]o゛　2eolites[13･28Evedrine　and　co,workers　have

assi9ned　this　9“value　of　9　°　2゛005　as　a　v4　center　of　the　Si　particleformed　on　the

Y-irradiated　SIAI[27]｡As　a　doublet　character　si9nal　､which　at　low　Na　content　was　a

sin91et,　was　observed　at　hi9h　Na　content,　this　center　is　su99ested　to　be　influenced　by

the　sodi　um　ion　'　N20　has　been　proposed　to　act　as　an　electron　sink[291,trappi　n9　the
free　el　ectron　at　the　surface　�a　a　reaction　of　the　type;

　　　　　　　　　　　N20　+　e‾‾→　N2　+　O≒

O゛　species　thus　fomed　9ave　si9nals　at　9.゜2･042　and%゛2･002　on　M90[25]･　　The　sma11

s19nal　at　9　°　2,0380bserved　both　after　theoxy9en　and　N20treatments　could　be　a　part

of　the　anisotropic　si9na1　0f　O≒　　However,another　part　of　the　anisotropic　si9nals　was

difficult　to　detect　because　of　the　lar9e　si9nal　ori9inatin9　from　the　v=type　center

di　scussed　above.　The　residua】si9nals(9=2j19,2.107.2.090,L976,L888　and　at

l　ower　val　ues　)　were　observed　afteroxy9en　treatment'　but　not　after　N20treatment.Con-

sequentlys　these　si9nals　could　be　assi9ned　as　adsorbed　molecular　oxy9en　species　such

as　o 2ad　8゛d　o;ad　[19･3o].si9"81s　6t　hi9he゛　fields　㈲th　lo゛‘　9‘゛811jes)゛e゛e　the
characteristics　of　triplet　radicals　showin9　the　presence　of　neutrally　adsorbed　molecu-

lar　oxy9en　species(02ad)'The　si9nals'　however゛　weredifferent　from　those　reported

with　gaseous　molecular　oxy9en　in　t､he　9-value,stren9th,and　number　of　the　si9nals[301.

This　su99ests　th･at　this　oxy9en　species　does　not　exist　in　the　9as　phase　but　is　fixed　on

the　surface,　The　results　that　the　amount　of　the　si9nals　had　not　chan9ed　after　the

evacuation　for　30　s　and　fo･r　60　s　at　77　K　and　that　these　si9nals　were　not　observed　in
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the　absence　of　the　catalyst　also　support　this｡　After　the　introduction　of　l　-butene　at

77　K,these　si9nals　of　molecular　oxy9en　species　at　hi9her　9-val　ues　decreased　9radua-

11y.Such　reactivity　has　been　reported　for　the　reaction　of　butene　with　molecular

oxygen　anion　species(O;)on　zeolites[23､31]｡
　　Some　additional　experiments　will　be　necessary　for　the　precise　assi9nment　of　these

si9nals,however,it　is　noteworthy　that　the　SiAl　cat,alyst　is　proven　to　adsorb　and　ac-

tivate　oxy9en.　The　adsorption　and　the　activation　occurred　only　with　the　hydro9en　pre-

treatment　but　required　no　irradiation　treatment,　indicatjn9　that　such　a　type　of　oxy9en

activation　could　occur　in　the　oxidative　dehydro9enation　of　ethylbenzene.

Amount　of　adsorbed　o en　S CleS

　　The　amount　of　adsorbed　oxy9en　species　was　varied　with　the　sodium　content　of　the

catalyst｡　The　amounts　ofO゛　and　02ad　i　ncreased　unti　1　1　7μmol　of　Na/9-cat　and　remained

at　a　stationary　level　above　17　mol　of　Na/9･cat,　This　relationship　with　Na　content　is

similar　to　that　of　the　amount　of　base　sites　of　pKa　between　17.2　and　26.5.Fi9ure　2

shows　the　correlation　of　the　amount　of　adsorbed　oxy9en　species　to　the　amount　of　base

sites　of　pKa　17.2~26.5.　The　amount　of02ad　was　calibrated　volumetrically　and　since

the　lar9e　si9nal　of　v-center　made　it　difficult　to　determine　the　amount　of　O゛　species｡

the　relative　amount　was　displayed.　As　shbwn　in　Fi9.2,an　approximate　linear　rela-

tionship　exists　between　the　amount　of　adsorbed　oxy9en　species　and　the　amount　of　effec,

tive　base　sites｡

　　The　amount　of　O“　species　also　chan9ed　with　the　treatment　temperature　of　the　cata‘

lyst　wi　th　oxy9en　,　The　effect　of　the　treatment　temperature　on　the　amount　of　O‾formed

is“　shown　in　Fi9,　3,　27　kPa　of　oxy9en　was　introduced　onto　the　sample　which　had　been

pretreated(procedure　2　and　3)and　then　evacuated　at　77　K.　The　ESR　si9nal　at　77　K　was

obtained　after　the　sample　was　heated　at　each　condition　shown　in　F19.3　and　quenched

imediately　at　77　K.

DISCUSSION

Activation　of　Et lbenzene

　　As　shown　in　Table　ls　a　s19nificant　amount　of　styrene　was　fomed　only　when　ethyl‘

benzene　and　oxy9en　were　pulsed　at　the　same　time｡　while　molecular　hydro9en　could　not　be

observed　on　pure-SiAI　｡　The　same　results　have　been　obtained　on　comercial　SiAI

(ori9onal-SiAI)in　the　previous　chapter[1]｡This　shows　that　styrene　is　fomed　on　the
SiAl　surface　but　not　on　the　impurities　which　may　exist　in　comercial　SiAI(i,e･　Fe3+)

and　that　styrene　is　formed　throu9h　an　oxidative　dehydro9enation　process　but　not　the

simple　dehydro9enation　process.　ln　this　pulse　reaction,　a　si9nificant　amount　of

ethyl　benz･ene　was　not　recovered　.　The　same　results　were　observed　in　the　case　of　ori9i-

nal-　and　Na-SiAl　catal.ysts,and　this　incomplete　recovery　has　been　related　to　the　acid-

ity　of　Ho　between　l｡5　and　,5.6[1]｡　Such　unrecovery　has　been　assumed　to　be　caused　by

the　reversible　adsorption　of　ethylbenzene　[1,12,32]｡To　confi　m　the　reversibility　of
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the　adsorption　of　etylbenzene,the　effluent　was　collected　by　a　silica　9el　trap　at　77　K.

The　results　shown　in　Table　2　indicate　that　the　incomplete　recovery　is　due　to　the　re-

versible　adsorption　of　ethylbenzene　or,in　other　words､due　to　the　9radual　desorption

of　ethyl　benzene　｡　Table　2　also　shows　that　such　site　whjch　adsorb　ethylbenzene　is　sti11

active　even　after　carbonaceous　compounds　have　deposited　on　the　surface｡　Consequently､

the　amount　of　unrecovered　ethylbenzene　represents　the　ability　of　the　catalysts　to　ad-

sorb　ethylbenzene.　　The　correlation　between　the　amount　of　unrecovery　and　that　of　the

acid　sites[11,indicates　that　the　active　sites　which　adsorb　ethylbenzene　reversibly　js

the　acid　si　t･e　of　Ho　between　l　.　5　and　-5.6.

　The　water　pulse　followin9　the　ethylbenzene　pulse　promoted　the　desorption　of　ethylヽ

benzene,asshown　in　Table　3.Then　the　role　ofH20　on　the　desorption　of　ethylbenzene

was　studied　in　the　deuterium　exchan9e　experiments.　The　first　column　in　Table　4　shows

that　about　90　Z　of　theethy]benzenetreated　with　D20at　723　K　wasexchan9ed　by　deute-

rium,　Even　at　maximum,the　number　of　deuterium　exchan9ed　was　five　per　one　ethyl　-

benzene｡The　deuterium　distribution　in　molecular　ions　and　that　inC7　ions　were　the

same　wi　thi　n　theexperjmental　errors｡As　theC7　fra9ment　of　ethylbenzenehas　been　re,

ported　to　be　produced　by　the　cleava9e　of　the　C,C　bond　between　the　a-C　and　FC　of　the

side　chain[331,the　compari　sonof　molecul∂r　ions　wj　th　thecrionsshows　the　nature　of

the　temina3　methy1　9roup｡The　similarity　in　deuterium　distribution　of　these　ions

proves　that　the　terminal　methyl　9roup　is　inactive　for　the　H-D　exchan9e　from　the　above

results･　The　deuterat40n　of　the　aromatic　rin9　has　also　been　su99ested｡　ln　spite　of

the　fact　that　theC6ions　are　said　to　be　formed　not　simply　by　dealkylation,　the　re-

sul　ts　obtained　by　Meyerson　et,　aL　[33]has　shown　that　theC6'ionshave　a　nature　of

aromatic　rin9　preferentially.Consequently,the　difference　between　the　deuterium　dis-

tribution　in　C7　ions　and　that　in　C6　1ons　should　su99est　the　different　nature　of　the

hydro9en　at　the　side　chain｡The　deuterium　distribution　in　theC6ions　was　lower　than

those　in　the　C7　and　C8　ions'　Al　thou9h　the　cal　ibrationperformed　on　the　C6　ions　to　ob゛

tain　the　third　column　of　Table　4　was　not　complete,a　more　precise　correction　would

lower　the　amount　of　deuterium　exchan9ed｡　These　results　show　that　the　deuterium　ex-

chan9e　should　occur　preferentiany　on　the　hydro9en　at　the　(l-carbon　of　the　side　chain

(a“hydro9en)゛　For　exampl　e　゛　the　dO‾ion　in　C6　1ons　was　about　18　Z　゛on　the　other　hand｡

those　in　C 7　and　C8　ions　were　about8Z､lndicatin9that　about　10　S　ofethylbenzene　is

deuterated　at　only　the　a,posjtion　of　the　ethy1　9roup　but　is　not　deuterated　at　the

benzene　rin9,　These　results　show　that　the　B-hydro9en　of　the　terminal　methy1　9roup　is

unexchan9eable,however,the(x-hydro9en　and　the　hydro9en　on　the　benzene　ri　n9　are　ex-

chan9eable.　MO90ver,　the　exchan9e　on　the　a-hydro9en　is　predominant　to　that　on　the

aromatic　rin9,　Thus,　the　adsorbed　species　can　be　re9arded　as　bein9　dissociated　re-

versibly　at　the　a-position　of　ethylbenzene｡　a-Hydro9en　will　be　abstracted　by　the

basic　site,　or　in　other　words,　perhaps　by　the　OH　9roup　adjacent　to　the　acid　site　which

has　been　identified　as　an　adsorption　site　of　ethylbenzene[1]｡These　conclusions　ex-

plain　the　inhibitin9　effect　of　the　(x,hydro9en　in　alkylbenzenes　observed　in　the　compet-
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itive　reaction　with　ethylbenzene　on　Sn-P　catalyst[12]｡

　　lt　is　concluded　from　quantum　calculations　that　acid　sites　withdraw　the　electron　of

the　aromatic　rin9　to　enhance　the　acidic　property　of　the　a-hydro9en｡　and　it　interacts

with　the　OH　9roup　near　the　acidic　site[34]｡This　dissociative　adsorption　of　ethyl-

benzene　should　be　the　case,and　the　mechanism　of　the　activation　of　ethylbenzene　is

sumarized　in　Fi9･　4.　1t　is　noteworthy　that　ethylbenzene　is　reversibly　adsorbed　in

the　dissociated　state　at　the　a-position　and　that　the　active　site　is　the　acid　site　dis-

tributed　in　the　ran9e　of　Ho　between　l｡5　and　-　5.6.The　electron　withdrawin9　character

of　such　acid　site　is　confirmed　by　the　followin9　two　experimental　results.　1)When

l｡6　kPa,of　pyridine　was　adsorbed　on　the　sample　at　373　K｡which　had　been　evacuated　at

743　K,the　characteristic　lR　spectra　of　L-Pywas　observed　at　1620　and　1455　cm'E　This

shows　that　Lewis　acid　sites　are　present　on　the　surface　of　the　catalysts｡　2)The　in-

troduction　of　benzene　solution　of　perylene　at　293　K　onto　the　sample　which　had　been

evacuated　at　623　K　results　in　the　formation　of　perylene　cation　radicals･　The　amounts

of　which　are　varied　with　the　Na･content　of　the　catalyst　and　correlate　with　the　amount

of　the　acid　sites　stron9er　than　Ho　°　1　.5.　These　resul　ts　show　that　al　l　or　a　part　of　the

acid　si　tes　stron9er　than　HO　=1.5　possess　an　electron　withdrawin9　character｡　Danforth

et,al.　has　reported　that　such　Lewis　acid　sites　are　9enerated　on　the　Aluminum　ion　by

the　Na　treatment[34]｡

Reaction　of　Adsorbed　Et lben ne　with　o

　ln　the　formation　of　styrene　from　adsorbed　ethylbenzene,the　abstraction　of　a　hy-

dro9en　at　the　termi　nal　methy1　9roup　〈6-hydro9en)i　s　neccessary｡　As　shown　in　Table　2,

the　oxy9en　pulse　onto　the　adsorbed　ethylbenzene　produces　an　observable　amount　of　sty-

rene｡　This　shows　the　ability　of　oxy9en　species,to　abstract　Fhydro9en｡The　site　to

oxidize　the　adsorbed　intemediate　of　ethylbenzene　has　been　shown　to　be　base　sites　of

p!(a　between　17,2　and　26,5　in　the　previous　chapter[]],As　shown　in　Table　2,　the　sty-
rene　formed　from　adsorbed　ethylbenzene　is　irreversibly　adsorbed　on　the　fresh　catalyst

to　fom　coke　but　not　on　the　used　catalyst｡　Thi　s　shows　that　the　coke　formed　i　n　the

flow　reaction　covers　and　deactivates　the　site　to　polymerize　styrene　and　that　the　ac-

tive　site　to･　abstract　the　B-hydrogen　is　still　effective　even　after　coke　formed　on　the

cata]yst.　These　conclusions　explain　well　the　time　course　of　the　flow　reactionD].

Activation　of en

　　ln　this　chapter,the　abil　ity　of　SiAl　catalysts　to　activate　9aseous　oxy9en　is　con-

firmed.　lt　is　worth　notin9　that　such　adsorption　and　activation　of　oxy9en　occurs　only

with　a　simple　hydro9en　pretreatment　and　requires　no　irradiation　pretreatment｡Such

hydro9en　treatment　and　the　followin9　evacuation　will　produce　an　anion　vacancy　by　the

addition　of　a　hydro9en　to　the　OH　9roup　and　the　subsequent　desorption　of　th,e　surface

H20　species　fomed｡　ln　a　similarmanner,　the　same　site　can　beproduced　by　the　adsorp-

tion　of　ethylbenzene　as　shown　in　Fi9.4,f011owed　by　the　desorption　of　the　surface
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water,　Thus,oxy9en　can　be　adsorbed　durin9　the　oxidative　dehydro9enation　of　ethyl`

benzene｡

　Fi9ure　2　shows　the　correlation　of　the　amount　of　adsorbed　oxy9en　species　to　the

amount　of　base　si　tes　ofpKa　17.2~26.5.The　amounts　of02ad　and　O‘　are　proven　to　be

proportional　to　the　amount　of　base　on　the　sample･　These　results　show　that　the　amount

of　adsorbed　oxy9en　species　is　controned　by　the　Na　content　and　that　the　active　site　to

form　02adand　O“　i　s　the　base　si　te　ofpKa　between　17.2　and　26.5.　Such　a　base　site　is

proposed　to　be　produced　adjacent　to　the　acid　site　of　Ho　between　l,5　and　-5.6　by　the

inducti　ve　effect　of　Na-SiAl　catalyst　､　whereas　adjacent　base　site　exists　on　the　ori9i-

nal-SiAl　catalyst　only　by　chance[1]｡
　Fi9ure　3　shows　the　effect　of　the　treatment　temperature　on　the　amount　of　O゛formed

On　the　catalySt　wi　th　9aSeouS　oxy9en,　The　adSOrbed　molecularO`y9erl　SpleCi　eS　(02ad)

formed　easily　at　77　K,　while　the　fomation　of　O‾species　was　not　observed　at　77　K　in

12　h,and　the　amount　of　O‾species　9radually　increased　with　time　at　293　K　and　323　K｡

Above　373　K9　the　amount　of　O'increased　steeply　and　soon　reached　a　stationary　state.

These　results　show　that　at　hi9h　temperatures　such　as　reaction　temperatures　above　723　K,

the　amount　of　O‾will　quickly　reach　a　statlonary　state｡

　A11　these　results　su99est　that　O‘　is　fomed　on　the　base　site　of　pKa　between　17.2

and　26.5　throu9h　the　we11-known　scheme　to　activate　oxy9en　[19､36].

02゛9as _a
¶'- 02･ads　i仝(o;,ads)→　20゛ (Eq.1)

　　　　　　　　　　　　　base　site(pKa　17.2　･26.5)

　　As　the　hyperfine　structure　resulted　from　Al　ion　was　not　observed,these　oxy9en　spe-

cies　may　be　adsorbed　on　the　Si　lon.

Reaction f　Adsorbed en　wl Et lbenzene

　The　lreaCtivity　Of　the　adSOrbed　Oxy9en　SpeCieS　WaS　examined　by　the　methOd　deSCribed

in　the　experimental　section｡About　12　umol　of　ethylbenzene/9-cat　was　introduced　onto

the　samplewhi　ch　had　adsorbed02ad　and　O‘'　The　amount　of　02ad　was　unchan9ed　at　293　K

even　after　120　h　from　the　introduction　of　ethylbenzene,whil　e　the　amount　of　O‘　decreased

9radually　and　reached　a　statlonary　stateat　3　h｡　The　amount　of02ad　decreased　9radual　‘

lyat　above　323　K｡　The　reaction　ofO゛　which　had　been　produced　by　the　N20　treatment

with　ethylbenzene　was　also　studied　on　ori9inal-SiAI.　Even　at　77　K　the　amount　of　O‘

species　graduaFly　decreased　with　the　introduction　of　ethylbenzene　as　shown　in　Fi9.　5.

At　293　K.a　rapid　decrease　of　O゛species　was　observed｡

　Styrenewas　formed　in　the　pulsereaction　ofethylbenzene　with　N20　0n　the　pretreated

(similar　to　procedure　2　and　3　in　the　helium　9as　flow)SIAl　catalyst.　As　shown　in

Table　l,　the　amount　of　styrene　is　comparable　to　that　in　the　reaction　with　oxy9en,

while　the　combustion　was　suppressed.　　These　r‘esults　show　that　the　active　oxy9en　species

of　this　reaction　is　O'　species｡
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　　　Many　studies　have　been　devoted　to　the　reactivity　of　O≒　　Bohme　an‘d　Youn9　showed

that　the　oxy9en　ion　adds　only　in　the　case　of　ethylene　and　it　abstracts.a　hydro9en　atom

or　a　proton　from　hi9her　olefin[37]｡　FOr　the　simple　alkanes｡hyd.ro9en　atom　abstrac-

tion　was　the　only　observed　reaction[38]｡　Neta　and　Schuler[39]have　demonstrated
that　the　addition　of　O‾　to　double　bonds　and　aromatic　systems　is　relatively　slow　so

that　in　most　cases　abstraction　dominates｡　Kazansky　et｡aL[40]has　al　so　determined

that　the　reaction　of　O‾　with　hydrocarbons　is　initiated　by　the　abstraction　of　hydro9en

by　O‾　to　form　the　OH゛species,　More　recent　work　has　demonstrated　that　O゛lnitiates

hydro9en　atom　abstraction　from　alkanes　and　alkenes[41]resultin9　in　the　formation　of
alkenes　and　alkadienes,respectively｡　Thus｡the　O‘　species　on　the　catalyst　surface

can　cause　the　oxidative　dehydro9enation　of　hydrocarbons.　ln　fact,such　a　mechanism

has　been　proposed　previously　to　explain　the　kinetic　data　on　the　activity　of　ferrite

for　the　dehydro9enation　of　butenes[10,11　.15,117]｡　A　simi　lar　role　of　O‘　species.can　be

expected　in　the　present　reaction｡that　is｡the　O“　species　abstracts　the　6-hydro9en　of

the　adsorbed　intermediate　of　ethylbenzen,e　to　form　surface　OH　9roup　and　styrene.

　　　Fi9ure　6　shows　the　effect　of　Na　content　on　t､he　amount　of　O'species　and　on　the　turn-

over　frequency･　The　turnover　frequency　was　calculated　from　the　results　obtained　by

the　f10w　reaction　base　upon　the　number　of　acid　sites　of　Ho　between　l｡5　and　-5.6　which

have　been　proven　to　form　the　adsorbed　reaction　intermediate　of　ethylbenzene,　　This

turnover　frequency　represents　the　ability　to　abstract　the　Fhydro9en　of　the　intermedi-

ate.　　The　dependence　of　the　amount　of　the　O゛species　on　Na　content　is　very　similar　to

that　of　the　turnover　frequency　on　Na　content,indicatin9　that　the　role　of　the　O‘　spe-

cies　in　the　flow　reactjon　is　to　abstract　the　6-hydro9en　of　the　adsorbed　､reaction　in-

terme･diate｡

　,As　mentioned　aboves　the　oxi　dative　d･ehydro9enation　of　ethylbenzene　proceeds　throu9h

the　adsorption　of　ethylbenzene　(Fi9.3)｡the　acti　vation　of　oxy9en(Eq.1)and　the　ab-

straction　of　6-hydro9en　of　adsorbed　ethylbenzene　with　O≒　The　reversibility　of　the

adsorption　of　ethyl　benzene　shows　tha､t　the　rate　deteminin9　step　of　this　reaction　is

not　at　the　adsorption　of　ethylbenzene　but　at　the　oxidation　of　the　adsorbed　intermediate

of　ethylbenzene.　ln　this　study,　it　is　also　clarified　that　the　reaction　of　O‘　with

ethylbelnzene　iS　relatively　rapid　bUt　req:UireS　an　aCtivatiOn　ener9y,　aS　ShOWn　in　Fi9.　5,

As　the　reaction　of　O'　species　with　hydrocarbons　is　said　to　require　little　activation

ener9y,a9d　the　rate　is　said　to　be　9overned　by　the　transport　of　hydrocarbon[40,411,
the　activation　ener9y　mentioned　above　can　be　attributed　to　the　further　activation　of

the　adsorbed　intermediate　of　ethylbenzene,　The　fomation　of　O“　species　also　requires

some　activation　ener9y.　as　shown　in　Fi9,　3,　but　the　rate　of　it　is　considered　to　be

large　at　hi9h　temperature｡　The　reaction　order　of　this　reaction　was　fractional　in　both

ethyl　benzene　and　oxy9en[1]t　indicatin9　that　the　activation　of　oxy9en　as　well　as　that

of　ethylbenzene　have　a　contribution　to　the　rate　of　this　reaction.　However,the　con‐
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tribution　of　the　activation　of　oxy9en　is　consjdered　to　be　small　in　the　case　of　Na,SIAI

catalysts,because　the　order　in　oxy9en　was　small　compared　to　the　order　in　ethylbenzene･

Consequently,the　rate　deteminin9　step　of　the　overa11　reaction　is　proposed　to　be　the

reaction　of　O″　with　the　adsorbed　intemediate　of　ethylbenzene　to　abstract　the　B-hydro-

9en･

　Finally　the　overa11　reaction　mechanism　shown　in　Fi9.7　is　proposed　for　the　oxida-

tive　dehydro9enation　of　ethylbenzene｡

1)First,ethylbenzene　coordinates　to　the　acid　site　of　Ho　between　L5　and　゛5.6,　and

then　the　rin9　electron　is　donated　to　the　acid　site,　which　makes　the　acidic　nature　of

the　a-hydro9en　pronounced,

2)The　basic　OH　9roup　adjacent　to　the　acid　site　mentioned　above　abstracts　the　a-hy-

dro9en　from　the　coordinated　ethylbenzene　on　the　acid　site　t0　91ve　a　relatively　stable

adsorbed　species,

3)The　water　formed　by　the　abstraction　of　a'hydro9en　desorbs　to　9ive　an　anion　vacan‘

cy　which　can　activate　oxy9en.

4)Reversibly　adsorbed　surface　oxy9en　is　converted　to　O゛　species　on　the　site　men-
tioned　above9　wlth　the　stren9th　of　such　an　active　si　te　from　1　7.　2　to　26.5　1n　pKa　value｡

5)The　reversibly　adsorbed　intemediate　of　ethylbenzene　is　activated　and　its　Fhy-

dro9en　is　abstracted　by　the　O`　species　to　9ive　styrene　and　basic　OH､which　re9enerates

the　active　sjte,　This　step　detemines　the　overa11　rate　of　this　reaction　on　Na-SiAI

catalysts｡
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EXTENTION{)F　THE　REACTION　MECHANISM　TO

VAR10US　SOLID　ACID　CATALYSTS　AND

ITS　APPLICATION　TO　CATALYST　DESIGN

SYNOPSIS

　The　general　i　ty　of　the　readion　mechanism｡　which　js　presented　on　the　Na゛SiOyA1203

catalysts,has　been　confimed　4n　the　oxidative　dehydro9enation　of　ethylbenzene　and

cumene　on　varjous　sol　id　acid　catalysts　｡　The　amount　of　adsorbed　ethyl　benzene　i　s　we1　1

correlated　to　the　amount　of　eμective　acid　sites　with　Ho　between　L5　and　-5.6,while

the　turnover　frequency　js　well　correlated　to　the　amount　of　effective　base　sites　with

pKa　between　17.2　and　26.5.Thus,the　effective　acid　and　base　sites　can　9enerally　be

considered　to　adsorb　ethylbenzene　and　abstract　B　hydro9en　of　adsorbed　ethylbenzene,

respectively･　The　stron9　acid　sites　G5,6　Ho)are　su99ested　to　be　active　for　the
crackin9　and　total　oxidation　reactions.　This　reaction　mechanism　provides　the　plan　for

the　catalyst　desi9n･　The　catalyst　desi9ned　on　the　basis　of　the　plan　actually　shows

hi9h　activity　and　selectivity,

INTRODUCTiON

　ln　the　previous　chapteY`s'　Sn02'P205　catalysthas　been　found　to　be　the　most　active

and　selective　catalyst　for　the　oxidative　dehydro9enation　of　ethylbenzene　amon9　vari　‘

ous　oxide　catalysts｡　where　the　addi　tion　of　phosphorus　(the　acidic　component)enhanced

the　selectivity　D]｡　The　details　of　thecatalyticbehavior　ofSn02゛P205　catalyst　have
also　su99ested　that　the　activity　and　selectivity　of　this　reaction　are　controlled　by

the　acid　and　base　properties　of　the　catalysts　[21.To　confim　the　role　of　the　acid

and　base　properties　of　the　catalysts　on　the　catalytic　oxidation　reactions,　the　effect

of　the　acid　and　base　sites　has　been　studied　in　detail　usin9　a　series　of　Na　freated

Sio 2“A1203(N6'SFAI)c°t゛lysts[3]･Fied°゛゜゛　et･･　“L　[5]゛“dAlkhazovet]1L[6]

have　proposed　that　the　role　of　the　acid　sites　is　to　fom　carbonaceous　deposit　which　is

active　in　this　reaction､however｡we　have　reached　a　contradictory　conclusion　that　the
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acid゛base　sites　with　suitable　stren9th　ran9es　are　the　active　sites　[4〕.　The　presented

roles　of　above　sites　are　as　fo110ws;　and　the　followin9　mechanism　has　been　proposed　on

the　basis　of　the　revealed　roles　of　the　acid　and　base　sites　in　a　molecular　aspect[4]:

1)Etylbenzene　is　coordinates　to　the　acid　site　of　Ho　between　L5　and　-5,6　with　elec-

tron　withdrawin9　character,and　i　ts　a　-hydro9en　i　s　acti　vated･　2)The　a-hydro9en　of

ethylbenzene　is　abstracted　by　the　base　site　adjacent　to　the　acid　site　mentioned　above

to　form　an　adsorbed　intermediate｡　These　steps　to　adsorb　ethylbenzene　take　place　re-

versibly.　3)Gas　phase　oxy9en　is　activated　on　the　base　site　of　pKa　between　l7･2　and

26･5　to　fom　the　actjve　oxy9en　species,　0≒and　the　Phydro9en　of　the　adsorbed　inter-
mediate　of　ethylbenzene　is　abstracted　by　the　O'　species　to　fom　styrene.The　active

site　is　also　re9enerated　in　this　step,　　ln　this　mechanism9　the　step　to　abstract　the

Fhydr09eln　determineS　the　Overa11　rate　Of　Styrene　fOrmatiOn｡

　Recently,the　methods　that　fom　the　basis　of　the　scientific　desi9n　of　catalysts

attract　considerable　attention　[7､8]｡Catalyst　desi9n　can　be　regarded､　in　many　ways｡

as　a　lo9ical　application　of　available　infomation　to　the　selection　of　catalyst　for　a

9iven　reaction,　and　the　elucidation　of　reaction　mechanism　and　its　extension　can　play

important　roles　in　it｡　ln　order　to　desi9n　the　effective　catalysts　for　the　oxidative

dehydro9enation　of　ethylbenzene｡the　above　mentioned　mechanism　which　is　proposed　jn

the　case　of　Na-Si‘Al　system　should　be　proved　to　hold　9enerally　on　other　catalysts｡

Thus　s　i　t　wi　l　l　provide　the　plans　for　the　catalyst　desi9n.

　ln　this　study,　ten　types　ofsolid　acidcatalysts゛　includin9　Sn02　and　Sn゛P゛　were　ex゛

amined　in　the　oxidative　dehydr09enation　of　ethylbenzene　and　cumene　to　prove　the　9ener-

dlity　of　the　reaction　mechanjsm　and　the　catalytic　behaviors　were　studied　in　detail　to

give　the　plans　of　the　catalyst　desi9n　for　the　oxidative　dehydro9enation　of　ethyl-

benzene｡

EXPERIMENTAL

2nyLm
Sio 2゛A1203(L)㈲kkiChemical　Co･　N632(L))(Si゛AI(L))･Si02`M90(NikkiChemical　CO.

X661)(Si゛M9)･A1203(S1�toloActivated　Alumina　KHD　andKAT`6)8rld　Si02　(F“j　i　-D8゛i　sorl

Chemi　cal　LTD　｡　Mi　cro　beads　si　l　i　ca　9e1　5D)were　sieved　and　calcjned　at　773　K　for　2　h　in

°i｢･The　p'^ep39tiorl　of　sol　id　phosphol`ic　8cid･　S『102･　S『102゛P205(Srl゛P)゜｢ld　N8“Si02‘

A1203(N3-Si‘AI〉c“t81ystswere　describea　in　thep゛e゛iotJs　p°per[3]･Li'Si02'A1203

(Li‘SDAI)･K'Si　02'AI･203　(K'Si‘AI)'8｢ld　N3`Si02‘M90(N゛゛SDM91)゛‘e゛e　p?p゛ed　by　the

ion　exchan9emethod　in　the　same゛y　°s　N゛Si02゛A1203　[3]･Fo゛`A1203'P205㈲'P)6“d

Si02‾P205(Si‘P)'゜krlo゛　゛oot　of　phosph`o゛icacid　was　added　to　thehydroxi　de　9el　of

Al　and　SU　dried｡calcined　at　500　°C　for　2　h　in　air,and　sieved.　The　hydroxide　9els

were　prepared　by　either　boilin9　tetraethylorthosilicate　`in　H20+HCl　or　by　addin9

NH40Haq.　t°　the　゛qtJeolJs　sohJtio"　of　AI(N03)3'9H20‘　A1203‘B203(AI'B)c゛t°lyst　゛s　p゛e‘

p゛ed　by　ilpre9｢18tir19　A1203　(KAT゛6)“ith　8"　aqljeotJs　solutio"　of　H3B03･　d゛yirll9　arld　c81　″
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cinatin9　at　793　K

Procedure

　　The　catalytic　activity　was　measured　by　usin9　a　conventional　continuous　flow　reactor

at　atmospheric　pressure　as　described　previously　[3]･The　standard　reaction　condi　tions

were　as　follows;　catalyst　wei9ht,　lj)0　9;　reaction　temperature,　450　°C;　total　feed

゛te'　290　"ol/h;　p゛tial　p゛essres'　P02:PEB:PH20　°　O゛100　:　Oj43　:　O゛322　(8　t“1)゛ith　N2

balance｡　Reaction　conditions　different　from　the　standard　one　were　described　in　the

f00tnotes　of　fi9ures　and　tables｡　The　pulse　reaction　apparatus　is　shown　in　Fi9.L

A　small　amount　of　oxy9en　impurity　in　the　carrier　9as　was　removed　by　the　silica　9el

trap　at　77　K　immediately　before　the　sample　inlet,　A　sample　inlet　was　jacketed　and

pur9ed　wi　th　ni　tro9en　to　prevent　the　introduction　of　oxy9en　into　the　purified　carrier

9as.　The　flow　of　carrier　9as　was　splitted　into　two　at　the　outlet　of　the　reactor:　for

the　9as'analysis　of　9aseous　products　and　for　the　liquid-analysis　of　liquid　products｡

The　chromato9raphic　columns　were　the　same　as　described　in　the　previous　paper[3],

P“lse　l(EB(l　pl)olly)･P“lse　n〈EB　10　1ir1　8fte゛　02(1　"11))゛d　Pt｣lse　m(EB　8"d　02　8t

the　same　time)were　conducted　onto　the　catalyst(020　9)at　723　K　in　the　flow　of　oxy9en

free　helium　(i00　m]/min).

Surface ro rties

　The　acidity　and　bas4city　of　catalysts　were　determined　by　titratin9　with　n-butyl

amine　and　benzoic　acid,　respectively,usin9　Hammet　indicators　as　described　previously｡

The　surface　ares　of　the　catalysts　were　determined　by　the　usual　BET　method｡

ESR　measurment　of lene　radica On　the　surface

　The　catalyst(Oj　9)in　an　ESR　sample　tube　was　evacuated　at　300　゜C　for　3　h,then

the　benzene　solution　of　perylene　was　added　into　the　tube　throu9h　a　rubber　septum｡and

the　tube　was　seal　ed　.　The　measurment　was　carried　out　with　JES-ME-ESR-Ix　after　the　seal-

ed　sampie　had　been　placed　in　the　dark　for　2　dayE　DpPH　solution　was　used　to　calibrate

the　si9nal　intensity,

RESULTS

Generali of　the　R01e　of　Acid　and　Base　Pro

　The　mechanism　of　this　reaction　has　been　proposed　on　Na　ion　exchan9ed　SIAl　catalysts｡

An　adequate　amount　of　Na　promoted　the　catalytic　activity　for　the　formation　of　styrene

and　the　effect　have　been　correlated　to　the　acid　and　base　properties　of　the　catalysts.

ln　order　to　confim　the　9enerality　of　this　reactlon　mechanism,　the　effect　of　al　kal　i

ions　to　sol　id　acid　catalysts　were　studied　on　other　series　of　catalysts｡　Li-SI･AI　,

K“SDAI,　and　Na‘Si‘M9　catalysts　were　prepared　in　the　same　ion　exchan9e　method　and　test-

ed　by　the　pulse　technique　in　the　same　way　as　reported　previously〔2]｡　As　shown　in
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Table　l,　the　promotin9　effect　of　alkali　ions　were　observed　on　ali　alkali-Si･Al　cata-

lysts｡The　amount　of　fomed　styrene　at　723　K　increased　in　the　followin9　sequence;

ori9inal(LI(K(Na･　The　promotin9　effect　of　Na　was　also　observed　on　Na　ion　exchan9ed

Si゛M9　catalyst゛　The　activity　of　Li　exchanged　SiAl　catalysts　and　Na　impre9nated　A1203

catalysts　took　the　maximum　at　adequate　contents　of　Li　and　Na　as　have　been　reported　on

Na　exchan9ed　Si'Al　catalysts,A11　these　results　indicate　that　the　promotin9　effects

can　be　attributed　to　9eneral　acid　and　base　properties　of　the　catalysts　but　not　to　the

limited　effect　of　Na　on　SiAl　catalyst｡　and　that　the　reaction　mechanism　proposed　pre‘

viously　holds　in　9eneral　on　the　solid　acid　and　base　catalysts｡

Surface　Pro　erti　es

　Typicalsolid　acidcatalysts'　Sn02'　and　Sn02゛P205　catalystswere　used　to　exami　ne

further　the　9enerality　of　the　reaction　mechanism｡　Table　2　shows　the　surface　properties

of　these　catalysts.　Considerin9　the　proposed　reaction　mechanism｡　the　amount　of　effec-

tive　acid(1.5≫Ho≫-5.6)｡stron9er　acid(-5.6≫Ho)and　effective　base　0　7　.2≪pKa〈

26.5)were　measured　by　the　acid-base　titrations.0nly　SDM9　catalyst　had　no　effective

acid,but　all　of　the　other　catalysts　had　the　effective　acid　sites｡　ln　addition､　Si･AI

and　AI'B　catalysts　had　the　stron9er　acid　sites｡　The　catalysts　but　Si･M9　and　Solid-P

catalysts　possessed　the　base　sites　in　the　effective　stren9th　ran9e(17.2≪pKa〈263).

However,　an　unusual　chan9e　in　the　color　of　the　indicators　was　observed　in　the　cases　of

Sn02　and　Sn02゛P205　catalysts'.　makin9　it　difficult　to　detemine　thebasicity　of　the

catalyst.　The　electron　withdrawin9　property　of　the　catalysts　was　measured　by　the　reac-

tion　with　perylene　to　form　the　perylene　cation　radicals　usin9　ESR　spectroscopy,

Flow　Reaction

　The　catalytic　behavior　of　the　catalysts　contained　in　Table　2　were　examined　in　the

oxidative　dehydro9enation　of　ethylbenzene　and　cumene　by　the　continuous　flow　technique｡

As　shown　in　Fi9s.　2　and　39　the　catalysts　showed　relatively　hi9h　selectivity,especially

in　the　reaction　of　ethylbenzene.　The　order　of　activity　was　almost　Mentical　to　each

other　in　the　reactions　of　cumene　and　ethylbenzene;　Si-AI(H)4jSi-AI(L)1　AI-P　≫AI〉Sn-P1

AI‘B)SI‘P)Sr102　1　SDM9　fo゛　ethy}be"2e"e　･　arld　AI　‘P　)Al　l　SF　AI　(LμSDAI(H))AI'BI

Sn‘PSSi‘P)Sn02)SD　M9　for　cumene　゛

　ln　Fi9.　4,the　crackin9　activity　of　these　catalysts　were　compared　with　the　oxidative

dehydro9enation　activity,　in　the　reactlon　o･f　cunlene,　The　rate　of　benzene　formation　in

the　absence　of　oxy9en　is　p10tted　a9ainst　the　rate　of　a-methyl　styrene　formation　in　the

presence　of　oxygen.　The　catalysts　with　the　effective　acid　sites　were　active　in　the

oxidati　ve　dehydro9enation｡　while　only　the　catalysts　with　the　stron9er　acid　sites　(,5.6

≫Ho)were　active　in　the　crackin9　reaction｡　The　poisonin9　0f　Si-Al　catalyst　wi　th

pyridine　decreased　only　the　crackin9　activity,　but　it　did　not　chan9e　the　activity　for

the　oxidative　dehydro9enat10n｡



TABLE　I

Amount　of　Styrene　Fomed　in　the　Pulse　Reaction　(μmol/9-cat)

Catalyst
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81(EB):ahyl　ber12erle　(1μ1)゛s　p1｣lsed･bn(02→EB):02(211)゛s　p“lsed　ther`ethyl‘

benzene(l　ul)was　pul　seafter　1　0　minutes　,　cm(02　゛　EB):02･〈2　"11)8｢'d　ethyl　ber12ele

(1μ1)were　pul　sed　simul　taneously｡

TABLE　2

Surface　Properties　of　Catalystsa

Catalyst

Si･AI(L)
Si,M9

A1203

AI-P(P/AI　;]/10)
Si-P{P/Si　;1/10)
AI-B(B/AI　;1　.5/10)

Solid,P

Sn02

Sn-P(P/Sn;1/10)

Si02

　　Amount　of　Acidb　　　Amount　of　Basec

　　(umol/9-cat)　　(μmol/9-cat)

HO:　1.5~-5.6~　pKa:　17.2　4　26.5~

100

　X

213

715

406

356

201

　55

117

　X

333

　×

　X

　X

　C

209

V
A
　
V
A
　
V
A
　
V
A

O
　
　
Q
u

r
`
.
y
V
A
{
M
)

{
/
』

93

12
77

v
A
　
C
　
r
}
V
A

X

X
X
　
X
X
X
　
X
　
X
　
X
　
V
A

ax;　not　observed,c;　unusual　chan9ein　color　was　observed｡

bEstimated　bytitration　usin9　n-buthyl　amine.

cEstimated　by　titration　usin9　benzoic　acid,

dEstimated　by　ESR　measurement　of　sample　treated　with　perylene･

Amount　ofd

Perylene

Radical

(umol/9-cat)

10.0

　0.04

　0.82

　1.16

　0.01

　4.95

　0.04

　X

Oj7

　×

μPce
(m2/9-cat)

425

　55.8

361

385
246

247

　2L9

　29.8

210
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FIGURE　2　correlation　between　convers4on　and　selectivity　in　the　oxidative　dehydro-

9enation　of　ethylbenzene,Catalyst　we19ht;　L00　9,Total　feed　rate;　290　mmol/h,

Partial　pressures;　PEB　:　P02　:　PH20　:　PN2　2　14゛5　:　10j　:　32'6　:　44j(kP8)‘

Reaction　temperature;　723　K｡
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FIGURE　3　Correlation　between　conversion　and　selectivity　in　the　oxidative　dehydro-

9enation　of　cumene'　Partial　pressures　;　PC　:　P02　:　PH20　:　PN2　°　12'8　:　10j　:　32‘6

55.5　･(kPa)｡､For　the　other　reaction　condi　ti　ons　｡　see　Fi9.　2.
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FIGURE　4　Correlation　between　oxidative　dehydro9enation　activi　ty　and　cracki　n9　acti　vity

in　the　react10n　of　cumene゛Partial　pressures;　PC　:　PH20f　12'8　:　32'6(kPa)'P02　was

10j　kPa　for　the　oxidative　dehydro9enation　reaction　and　was　O｡00　kPa　for　the　crackin9

reaction゛　wi　th　N2balance.　FOr　the　other　reaction　condi　tions　,　seeFi9.2.

Pyridine　was　added　to　the　system　(△),
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　　ln　Fi9.5.the　rate　of　styrene　formation　in　the　reaction　of　EB　was　plotted　a9ainst

the　amount　of　effective　acid　sites｡　However｡the　correlation　is　not　sufficient　to

explain　the　activity　by　only　the　acidic　properties　of　the　catalyst｡The　effect　of　the

basic　properties　can　be　taken　into　account　as　well　as　the　acidic　properties｡

　　Fi9ure　6　shows　the　correlation　between　ST　formation　and　combustion｡The　increase

in　the　rate　of　styrene　fomation　results　in　the　increase　in　the　rate　of　carbon　oxides

fomation･The　same　correlation　between　oxidative　dehydro9enation　and　total　oxidation

is　observed　in　the　reaction　of　comene｡

Pul　se　Reaction

　Further　study　was　carried　out　usin9　the　pulse　technique｡　The　reactants　were　pul　sed

on　the　catalyst　(0.29)in　the　following　sequences:　only　ethylbenzene　(lj)was　rx』lsed

(pulse　l)｡oxy9en(l　ml)was　flrst　pulsed　(pulse　n゛)and　then　ethyl　benzene　O　ul　)was

pulsed　10　min　later　(pulse　n)｡and　oxy9ne　O　ml)and　ethyl　benzene　O　ul　)was　pulsed

simul　taneously　(pulseⅢ).Styrene.benzene｡and　carbon　oxides　were　formed,　and　con-

siderable　amount　of　ethylbenzene　was　not　recovered,　Table　3　shows　the　results　of

styrene　formation　and　Table　4　shows　the　results　of　combustion.

　As　shown　in　Table3'　Si02　showed　no　catalytic　activity″　Solid“P゛　A1203'　Si“AI　'

Si'M99　and　Si-P　fomed　styrene　only　in　pulse　Ⅲ《ethylbenzene　and　oxy9en　were　pul　sed

simul　taneously),indicatin9　that　the　oxy9en　species　wlakly　adsorbed　on　`the　catalyst　is

active　in　this　reaction｡　AI'P'　AI‘B'　Sn'P'　and　Sn02　fomed　styrene　even　in　pulse　l゛

indicatin9　that　the　lattice　oxy9en　or　the　stron91y　adsorbed　oxy9en　spedes　stjll　has

an　acti　vi　ty｡　lnthe　case　of　Sn-P　andSn02　catalyst゛　the　amount　of　styr9ne　formed　in‘

creased　in　the　sequence　of　l〈n〈nl,but　the　difference　was　not　so　lar9e｡　ln　the

cases　of　AI　-P　and　AI　-B,　however,the　amount　of　formed　styrene　in　pulse　m　was　much

9reater　than　that　in　pulse　l　or　n,showin9　that　the　contribution　of　weakly　adsorbed

o¥y9en　species　were　9reater　than　that　of　stron91y　adsorbed　one　or　lattice　oxy9en　on

these　cata】ysts,　ln　order　to　discuss　the　active　oxy9en　species　of　these　catalyst､fur-

ther　investi9ation　is　necessary｡

　As　shown　in　Table3'　Si02'　A1203'　SFAI　'　SFM9'　AI　‘P'　AI゛B'　Sn02゛　and　Sn゛P　fomed

carbon　oxides　in　the　oxy9en　pulse　F　as　well　as　in　pulse　m｡　Especially　on　SFAl　and

Si02'the　amount　of　carbon　oxides　fomed　inpul　se　F　was　very　cl　oseto　that　fomed　in

pulseⅡI｡But　no　carbon　oxides　were　fomed　on　thecatalysts　but　Sn02　and　Sn'P　in　the

ethylbenzene　pulse　in　pulse　l　and　pulse　n　｡　These　results　indicate.t.hat　carbon　oxides

are　formed　by　the　combustion　of　carbon　species　stron91y　adsorbed　on　th･e　surface　in　the

case　of　thesecatalysts.　ln　the　cases　ofSn02　and　Sn゛P　catalysts　'　onthe　other　hand,

carbon　oxi　des　were　formed　wi　thout　9aseous　oxy9en　in　pul　ses　l　and　n　｡　Furthemore,the

amount　of　carbon　oxides　fomed　in　the　oxy9en　pulse　n゛is　essentially　equal　to　that

formed　in　pulse　m｡　Th=ese　results　indicate　that　the　stron91y　adsorbed　oxy9en　or　the

lattice　oxy9en　plays　a　predominant　role　in　the　total　oxidation　of　ethylbenzene｡
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For　the　reaction　condi　tions　,　see　Fi9.　2.
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FIGURE　6　Correlation　between　the　rate　of　styrene　formation　and　tota1　0xidation　in　the　､

reaction　of　ethylbenzene.　FOr　the　reaction　conditions,　see　Fi9.　2.



TABLE　3

Styrene　fomation　by　the　pulse　reaction(μmol/9)8

Catalyst

A1203

AI-P

AI-B

SDAI

Si02

Si･M9

Si-P

S01id-P

Sn-P

Sn02

I(EB　only)

trace

Ojo

O｡21

trace

njl

nil

nil

trace

2.09

1.10

IP(02》

nn

nil

njl

nil

nil

nil

nn

trace

nil

nll

II(EB)

trace

O｡08

0j4

trace

nil

nn

nil

nil

3.54

L49

m(02゛B)

o｡40

L12

0.38

0.28

nil

O｡05

trace

O｡06

3.67

1.63

aCatalyst　wei9ht;　O.20　9,　Reaction　temperature;　718　K,　Carrier　9as;　He　100　ml/min,

I(EB　only):EB(1μ1)was　pulsed,

II　I　(02)　　゜

II (EB):

02

EB

m(02゛EB):02

(l　ml}was　pulsed,

(1μ1)was　pulsed　after　pulse　n゛with　5　minutes　intervals

(l　ml)and　EB　(1μ1)was　pul　sed　simul　taneously｡
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0.24
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TABLE　4

Tota1　0xidation　bythe　pulse　reaction　(μmol/9)゛

Catalyst

A1203

AI-P

AI-B

Si･AI

Si02

SI･M9

Si-P

SOlid-P

Sn-P

Sn02

I(EB　only)

nil

nil

nil

nil

nil

nil

nil

nil

1
　
1

18

28

II　‘　(02)

-

O｡01

O｡02

0.01

0j2

0.03

nil

nil

nil

l｡17

2.08

II(EB)

nn

nil

nil

1
1
1
1

･
1
1
　
″
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4
1
　
″
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n
　
n
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O｡05

1.00

aFOrthe　reaction　conditions　and　the　pulse　sequence,　see　Table　3
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DISCUSSION

Reaction　Mechanism

　ln　the　previous　study　on　Sn-P(2)and　Na‐SiAI(4)catalysts,a　considenble　amount　of

ethylbenzene　has　not　been　recovered　in　the　pulse　reaction,　Such　an　unrecovery　has

been　correlated　to　the　reversible　absorption　of　ethylbenzene　on　the　catalyst　surface｡

The　adsorption　state　has　also　been　confimed　to　be　dissociated　at　the　a-position　from

the　i　sotope　exchan9e　study　[4]｡The　correlation　between　the　amount　of　reversible

adsorbed　ethylbenzene　and　the　amount　of　acid　sites(L55HO≫,5.6)leads　to　the　con-

clusion　that　the　active　site　to　adsorb　ethylbenzene　is　the　acid　sites　of　Ho　between

l｡5　and　-5.6〈effective　acid　sites).The　turnover　frequency｡　cakulated　from　the　rate

of　styrene　formation　and　the　amount　of　effective　acid　sites,　was　well　correlated　to

the　base　site　of　pKa　between　17.2　and　26.5.This　leads　to　the　conc゛lusion　that　the　ab-

straction　of　Fhydro9en　form　the　adsorbed　intemediate　of　ethylbenzene　occurs　on　the

base　site　of　pKa　between　17.2　and　26.5(effective　base　sites)｡The　role　of　effective

base　sites　has　also　been　determined　to　adsorb　9aseous　oxy9en　to　from　O゛species.

　ln　this　study,　such　an　insufficient　recovery　of　ethylbenzene　was　observed　in　the

pulse　reaction.　As　the　flow　rate　of　carrier　9as　was　increased　from　44･5　ml/min　to　100

ml/min,the　absolute　value　of　the　unrecovery　was　not　the　same　as　that　reported　in　the

previous　study･　The　amount　of　adsorbed　ethylbenzene　is　plotted　a9ainst　the　amount　of

effective　acid　sites　in　Fi9.　7.　As　the　effective　acid　si　tes　increase｡　the　amount　of

adsorbed　ethylbenzene　increases,　showin9　that　the　acid　sites　of　Ho　between　l｡5　and

-5･6　adsorb　ethylbenzene,　perhaps｡　ln　the　dissociated　state　as　in　the　proposed　reaction

mechanism　mentioned　above｡

　The　turnover　frequency　of　this　reaction　is　calculated　by　assumin9　that　the　active

site　to　adsorb　ethylbenzene　is　the　effective　acid　sites:

　　　　　　　　　the　rate　of　styrene　formation　in　the　flow　reaction　at　450　oC

turnover　frequency　゛

the　amount　of　effective　acid　sites　(1.5>Ho〉-5.6)

ln　Fi9.8,the　calculated　turnover　frequency　is　plotted　a9ainst　the　amount　of　effective

base(263≫pKa≫17.2)together　wi　th　the　turnover　frequency　on　Na-SiヽAl　catalysts　re-

ported　in　the　previous　paper　[4],　The　turnover　frequency　is　well　correlated　to　the

amount　of　effective　base　sites,indicatin9　that　Fhydro9en　is　abstracted　from　the　ad-

sorbed　ethylbenzene　under　the　function　of　the　effective　base　sites.

　As　shown　in　Table　3,　the　fomation　of　styrene　was　observed　in　the　case　of　pul　se　Ⅲ

on　almost　all　of　the　catal.vsts,　showin9　that　the　weak'ly　adso'rbed　oxy9en　on　the　c･ata-

lyst　surface　is　active　in　the　abstraction　of　Fhydro9en　of　adsorbed　ethylbenzene,This

also　a9rees　wen　with　the　concluslon　obtained　in　the　pulse　reaction　on　Na‘Si‘Al　cata-

lysts〔4E　　The　intrinsic　effect　of　such　weakly　adsorbed　oxy9en　can　be　represented　by

the　difference　in　the　styrene　yield　between　pulse　m　and　pulse　n　(Table　3　the　last　c･ol-

umn),　The　effect　decreases　as　fol　lows　;　AI　゛P　)A1203≫SDAl　l　AI゛B　)Sn02　1　Sn'P　)Sol　id'P　1
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Si,M9&Si-P.　This　tendency　almost　a9rees　with　the　tendencies　obtained　by　the　continu-

ous　flow　reaction｡su99estin9　that　the　same　reaction　mechanism　can　hold　both　in　the

flow　and　pulse　reactions.

　Fiedorow[5]and　Al　khazov　[6]proposed　that　the　active　site　of　this　reaction　is　the

carbonaceous　deposit　fomed　on　the　acid　sites,however,the　direct　correlation　of　the

acid　and　base　sites　with　this　reaction　discussed　above　leads　to　the　conclusion　that

the　effective　acid　and　base　sites　are　the　active　sites　for　the　oxidative　dehydro9enation

of　ethylbenzene｡

　A11　these　discussions　a9ree　well　with　those　in　the　Na-Si'Al　systems｡　Consequently,

the　mechani　sm　proposed　previously　[4]i　s　not　the　l　imi　ted　model　for　Na　and　Si　･Al　system､

but　can　hold　9enerally　for　various　catalysts.

Side　Reactions

　Carbon　oxides　are　th､e　predominant　by-products　in　this　reaction.0n　Sn-P　catalyst,

the　selectivity　of　styrene　was　extrapolated　to　100　Z　at　zero　contact　time｡　This　indi‐

cates　that　carbon　oxides　are　fomed　by　the　subsequent　oxidation　of　styrene　once　formed､

th{)u9h゛　on　Sn02`catalystwhich　i　s　less　setective,carbon　oxides　appear　tobe　fomed

also　by　the　･oxidation　of　ethylbenzene　[2]､｡

　ln　part　Ⅱof　these　studies　､　it　is　su99ested　that　the　stron9　acid　site(-5,6≫Ho)

forms　carbonaceous　materials　in　the　flow　reaction　and　that　carbon　oxides　are　formed　by

the　subsequent　combustion　of　the　carbonaceous　material　s　thus　fomed　[31.

　As　shown　in　Fi9,　4,　a　stron9　acid　site　(-5.6≫HO)is　active　in　the　fomation　of　ben-
zene　which　is　a　less　predominant　by-product｡　Only　SI,Al　and　AI･B　catalysts　with　the

stron9　acid　sites　show　the　crackin9　activity,and　the　other　catalysts　wi　thout　stron9

acid　si　tes　show　nocrackin9　activity゛　Si02　and　SDM9　catalystswhich　containonly　weak

acid　sites〈1.5(Ho)are　inactive　for　both　crackin9　and､oxidative　dehydro9enation｡　lt

can　be　concluded　from　these　results　that　the　stron9　acid　sites　are　active　in　the　crack-

in9　reactions　and　that　the　effective　acid　sites　are　inactive　in　the　benzene　formatlon

althou9h　they　are　active　in　the　oxidative　dehydro9enation｡　As　shown　in　Fi9.4,the

poisonin9　with　pyridine　reduced　the　catalytic　activity　on　the　crackin9,　but　it　did　not

chan9e　the　activity　in　the　oxidative　dehydro9enation.　Althou9h　considerable　amounts　of

benzene　were　observed　in　the　crackin9　of　cumene　on　S.i-AI(L)and　AI-B　(Fi9.3),in　the

steady　state　of　the　oxidative　d,ehydro9enation　of　cumene　the　rate　of　benzene　formation

are　reduced　to　5.6　and　Oj　mol/h･9-cat,　respectively.Thi　s　a9rees　wel　l　to　the　previ　-

ously　reported　results　that　the　stron9　sites　become　inactive　in　th･e　steady　state　of　the

flow　reaction　because　of　the　deposition　of　carbonaceous　materials　on　them｡　The　yields

of　carbon　oxides　in　each　of　the　pulses　l　,　n,nl｡andⅢare　sumarized　in　Table　4.

A11　the　catalysts　fomed　carbon　oxides　in　the　o･xy9en　pulse　of　pulse　nl｡　except　Si　･M9.

Solid'P･and'　Si'PI.　This　shows　that　the　ori9in　of　carbon　oxides　are　all　or　partly　at･

tributable　to　the　carbon　species　de,posited　in　pulse　l　on　the　catalyst　surface｡　Carbon
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oxides　are　formed　also　in　pulse　nl　on　each　catalyst｡　but　the　effect　of　the　co-presence

of　ethylbenzene　with　oxy9en,　which　can　be　evaluated　from　the　difference　between　pulse

IIl　and　pulse　ml　are　small　on　Si02'　SOlid'P'　SDA15　AFP゛　Sn02゛　Sn“P'　and　Si‾P　cata‘

lysts｡　Then　the　combustion　reactions　can　be　attributable　to　the　oxidation　of　carbona-

ceous　compounds　deposited　on　the　catalyst　surface　at　lease　on　these　catalysts｡　in　the

case　of　Sn　containin9　catalysts､the　combustion　reaction　occurs　jn　the　ethylbenzene

pulse(pulse　l),which　makes　jt　diffjcult　t､o　determine　the　ori9in　of　carbon　oxides-

lt　should　be　noted,however,that　only　a　small　amount　of　carbon　oxides　is　fomed　in

the　ethylbenzene　pulse　of　pulse　n｡on　Sn-P　catalyst｡　This　su99ests　that｡in　the

steady　state　condition｡most　of　the　carbon　oxides　are　formed　by　the　subsequent　combus-

tion　of　deposited　carbon｡　The　now　reaction　on　Sn-P　catalyst[2]also　su99ested　the

same　reaction　paths｡　Good　correlations　were　obtajned　between　the　rate　of　combustion

and　the　rates　of　styrene　formation　and　a-methylstyrene　formation　as　shown　in　Fi9s､5

and　6,respectively.　Considerin9　the　above　discussions,the　amount　of　carbon　oxides

fomed　may　depend　on　the　amount　of　carbonaceous　materials,and　the,　amount　of　carbona-

ceous　materials　fomed　may　depend　on　the　amount　of　styrene　or　a-methylstyrene.　These

may　resul　t　in　the　correhltion　shown　in　Fi9.　6,　1t　is　wen　known　that　the　carbonaceous

materials　are　formed　on　the　acid　sites[5,9,10].　　Moscou　and　Mon6　pointed　out　that　this

can　occur　on　the　stron9　acid　site　such　as　Ho　about　-8.2[9]｡The　dependence　of　the

rate　of　combustion　on　the　coke　concentration　formed　on　zeolite　catalysts　has　also　bee･n

observed[11],　The　subsequent　combustion　of　coke　fomed　on　acid　sites　was　observe,d　i　n

the　oxidative　dehydr09enation　of　ethylbenzene[51.　These　discussions　lead　to　the　fol-

lowin9　conclus10n　that　the　combustion　reactions　occur　by　the　oxidation　of　carbonaceous

compound　formed　on　the　stron9　acid　sites(around　'5,6≫Ho)by　the　subsequent　reaction

of　styrene　on　most　of　the　solid　acid　catalysts･　However　further　invest19ation　is　in-

dispensable　to　clarify　the　details　of　the　side　reactions｡

Brief　Method　for　Estimati n　of　Activi

　ln　the　desi9n　of　catalysts　for　this　reaction｡　it　is　important　to　estimate　the　acidi-

ty　and　basicity　but　it　is　difficult　by　titration　in　the　case　of　c01ored　samples　using

c01or　indicators.　Then　a　brief　method　to　estimate　th,e　activity　is　needed｡　The　nature

of　the　active　site　is　the　electron　withdrawin9　acid　site　with　a　suitable　stren9th　rar9e

and　such　active　si　te　can　abstract　the　electron　from　the　poly　aromatics　(i,e｡perylene).

The　ESR　spectra　obtained　by　the　reaction　of　perylene　with　catalyst　js　the　same　as　those

reported[12,1,3]and　is　identified　as　a　perylene　cation　radical｡　The　amount　of　the

radical　formed,　was　nearly　the　same　as　reported[12,13.14.151.　1n　F19.9　the　rate　of

styrene　formation　is　plotted　a9ainst　the　amount　of　perylene　radical　formed､　to9ether

with　the　maximun　acid　stren9th　of　the　catalysts｡　The　activi　ty　i　s　we1　1　rel　ated　wi　th　the

amount　of　perylene　rad!cal　,　except　for　SD　AI　(L)｡SFAi(H)､and　AI-B　catalysts　which

possess　stron9er　acid　sites｡　Consequently｡the　activity　of　the　catalyst　without



Ho　3.3　　1.5

SiM9

　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
M

S
o
n
?
=
`
゛
o
§
』
゛
Q
C
Q
｣
s
S
』

0
0

2

Sn

A1-P

Si-P

Sn-P　　　A1 203

　　　　　　‐

Solid‐

5.6 -8.2

A1-B,SiA1

　　　　S1･A1(H)

　A1-PO/f1　A1(L)

/A1203
0Sn-P

　　　OAI-B

OSolld-P

OSDM9

　　　　1　　　　2　　　　3　　　　4　　　　5

Perylene　R(]dic(]1.109(spins/9-cot)-15

-113-

FIGURE　9　Correlation　between　the　amount　of　perylene　radical　formed　on　the　catalyst

and　the　rate　of　styrene　fomation.　For　the　reaction　conditions,　see　Fi9.2.



-114-

stron9er　acid　si　tes　(-5.6≫Ho)can　be　predicted　by　the　ability　to　fom　perylene　cation

radical｡

mmmm

　ln　order　to　desi9n　the　catalyst,the　active　site　to　fom　desired　products　should　be

increased　and　the　site　for　the　side　reactions　should　be　decreased｡　The　above　mention-

ed　reaction　mechanism　provides　the　fo110win9　plans　of　the　catalyst　desi9n　for　the　oxi-

dative　dehydro9enation　of　ethylbenzene,The　active　sites　to　fom　styrene　should　be

increased　while　the　sites　for　crackin9　and　total　oxidation　should　be　decreased.　For

the　former,　the　acid　sites　of　Ho　between　l.5　and　-5.6　as　wel　l　as　the　base　si　tes　of　pKa

between　17.2　and　26.5　shoul　d　be　i　ncreased　.　For　the　latter,　the　stron9　acid　sites

(･5.6≫HO)are　undesirable.　As　shown　in　Table　l　,　the　effective　acid　sites　decre∂se　in

the　seqtJerlce　of　AI　'P　)Si“P)AI‘B)A1203)Solid゛P)S"'P)Si'AI(L))Sr102　'　The　effecti　゛e

base　sites　decrease　in　theseq“e｢`ce　of　SDAI(LμAI“P)A1203)AI‐B>Si-P　-･｡　However

Si゛AI(L)and　AI･B　possess　stron9　acid　sites.　Then｡the　above-mentioned　plans　for　the

catalyst　desi9n　9ive　the　conclusion　that　AI-P　catalyst　will　be　the　bast　catalyst　for

the　present　reaction　amoun9　the　catalysts　examined　in　thi　s　study.　The　AI　-P　catalyst｡

actually.　shows　the　hi9hest　activity･　The　SI-Al　catalysts　show　a　hi9h　activity　as　the

AI'P　catalyst,　but　the　selectivity　of　AI‘P　catalyst　is　h19her　than　that　of　Si-Al　cata-

lysts　as　shown　in　Fi9s　2　and　3･　Moreover,this　cat､alyst　can　b･e　predicted　by　the　reac‐

tion　of　perylene　with　catalysts　as　shown　in　Fi9,　9,　too｡

CONCLUSION

　ln　order　to　desi9n　the　catalysts,　the　active　site　to　fom　the　desired　products

should　be　increased　whne　the　site　for　the　side　reactions　should　be　decreased｡　For

this　purpose,　it　is　important　to　confirm　the　9eneral　reaction　mechanism　considerin9　the

active　sites｡　The　difference　in　the　adsorption　of　ethylbenzene　is　explained　by　the

di　fference　in　the　effective　acid　si　tes　(1.5≫Ho≫-5.6)and　the　turnover　frequency　i　s

correlated　to　the　effective　base　sites(17.2≪pKa〈26.5),for　various　kinds　of　cata-

lysts,　The　total　pxidation　is　su99ested　to　occur　on　the　s,tron9　acid　site(-5j5>Ho)by

the　combustion　of　the　coke　deposited　on　the　catalyst｡　which　is　fomed　by　the　subsequent

reaction　of　styrene　once　fomed｡This　reaction　mechanism　9ives　the　plan　of　the　cata-

lyst　desi9n　for　the　oxidative　dehydro9enation　of　ethylbenzene｡　The　catalyst　which　pos-

sesses　a　lar9e　amount　of　effective　acid　sites　and　effective　base　si　tes　but　not　stron9

acid　sites　is　AI,P　catalyst,　which　actually　shows　hi9h　conversion　and　selectivity･
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C7zαPter　　Z

SUPPORTED　Sn02　CATALYsT　FOR

THE　OXIDATIVE　DEHYDROGENATION　OF

ETHYLBENZENE

SYNOPSIS

　The　desi9n　of　the　catalyst　for　the　oxidative　dehydro9enation　of　ethylbenzene　has

been　performed　by　the　plan　that　the　suitable　active　sites　for　this　reaction　can　be

produced　by　combinin9　Sn02　with　acidic　supports゛　The　desi9ned　Sn02/Si02　catalyst

shows　excen　ent　cata]ytic　perfomances　compared　to　the　catalysts　reported　previously,

The　comparison　of　such　acidic　supports　with　the　basic　and　amphoter　supports　is　also

studied　and　it　shows　thepeculiar　interaction　of　Sn02　with　Si02‘　The　chan9es　in　the

preparation　method　of　Sn02/A1203are　al　so　studi　ed｡

INTRODUCTION

　OXidative　dehydro9enation　appears　to　be　more　attractive　for　the　industrial　produc-

tion　of　styrene　than　the　dehydro9enation　process　emp10yed　present】y｡ln　the　oxidative

dehydr09enation　process,　iess　steam　is　required　and　the　reaction　temperature　is　lower

than　the　dehydr09enation　process,　0r,　ln　other　words｡　the　oxidative　dehydro9enation

process　can　save　ener9y･

　ln　the　previous　chapter'　Sn02“P205　catalysthas　been　found　to　be　effective　in　this

reaction[11,and　the　bifunctional　character　has　been　assumed　[2]:the　basic　compo-

nent゛　Sn02゛　contributes　to　activate　oxy9en　while　the　acidiccomponent゛P205'contrib゛

utes　to　activate　ethylbenzene｡　Such　contributions　of　the　acid　and　base　sites　on　this

reaction　have　been　confirmed　usin9　the　solid　acid　catalysts　[3.41,and　it　has　been

revealed　that　both　acid　and　base　sites　are　essential　in　this　reaction｡

　ln　the　desi9n　of　industrial　catalysts,　the　sel　ecti　on　of　sui　tabl　e　supports　i　s　an

important　step　after　the　desi9n　of　the　active　components　because　the　supported　cata,

lysts　have　several　advanta9es　[5,6].Trim　has　classified　the　effect　of　supports　into

several　functions,and　one　of　the　important　roles　of　supports　is　to　interact　with　the

catalyst　to　improve　specific　activity　or　to　minimize　sinterin9　[6].　0ur　previous
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study　on　Sn02'P205　catalysts　has　indicated　that　the　chemical　interaction　ofP205　with

Sn02makes　the　acid　and　base　sites　suitable　for　this　reaction　[21.This　has　brou9ht

about　the　plan　to　support　Sn02onto　the　acidic　oxides　in　order　todesi9n　the　suitable

catalyst　for　thi　s　reaction　｡　Since　the　bifunctional　character　mentloned　above　can　be

real　i　zed　by　supporti　ng　Sn02　onacidic　so】idsupports　which　can　produceacidic　sites

bythe　chemical　interaction　with　the　basiccomponent゛　Sn02゛　Such　interaction　can　al　so

be　altered　by　the　preparation　method　of　the　supported　catalysts｡

　　ln　the　present　study｡the　effects　of　the　variations　in　the　preparation　meth･od　on

the　catalytic　properties　of　supported　Sn02/A1203　catalysts　are　investi9ated'　and　the

perfomances　of　the　use　of　acidic　supports　are　compared　with　those　of　amphoter　or

basic　supports.

EXPERIMENTAL

　　The　reaction　was　carried　out　by　the　conventional　flow　technique｡The　experimental

apparatIUS　and　prOCedUre　haVe　been　deSCri　bed　el　SeWhere　[1,3]｡The　reaCtiOn　COnditlOnS

were　as　follows;　catalyst　wei9ht;　1　.00　9　dispersed　in　4.00　9　0f　fused　al　umi　na　s　total

feed　rate;　290　mol/h'　partial　pressures;　PEB　:　P02　:　PH20　:　PN2　°　14'7　:　10‘1　:

37j　:　42.5(kP゛).　The　suppo゛ts　elployed　irl　the　p゛`eserlt　sttJdy　゛'e゛e　A12〔}3(S�itolo

Activated　Alumina　from　SumitomoChem,　lnd,　;　BET　surface　area,　274　m2゛9'1　),SiO(Pore

Di8　Se゛`ies　S'9o　A　fro°　Dok8i　Che･;　409　r゛2゛9'1)･Si02'A1203(SiAI　N632(H)f゛ol　aikki
Chelicals　Co.　Ltd.;　320　12‘9‘1)･Ti02　8『'd　M90'　Ti02　゛'as　p゛`ep8｢ed　by　the　hydrolysis　of

TiC14'　TIC14　was　slowly　added　to　a9itatedwater　and　boiled　for　3　h,and　theprecipi-

tates　were　filtered,　washed　dried　at　393　K　overni9ht　and　calcined､　at　773　K　for　7.2　ks

in　a　flow　of　air｡BET　surface　area　is　27.5m2･9'1.　M90was　prepared　by　the　calcina-

tion　of　ma9nesium　hydroxide　at　773　K　fo(14.4　ks　in　the　flow　of　air.The　BET　surface

゛e8　of　M90　i　s　1　06　“12　‘9`1‘　The　s1Jppo゛`t　ilpr`e9r18ted　゛'i　th　S9C1212H20　f゛o"l　eth3rlol　sohj'

tion　by　the　evaporation　to　dryness　method9　was　washed　repeatedly　with　4N　NH40H　aque“

ous　solution　and　then　with　water,dried　at　383　K　overni9ht,and　then　calcined,　at

773　K　for　7.2　ks　in　a　flow　of　air･　Fo110win9　preparation　methods　were　applied　to

support　Sn02　on　A1203゛　A1203　was　impre9nated　with　SnC12‘2H20from　ethanol　s01utionby

the　evaporatlon　to　dryness　method,dried　at　383　K　overni9ht　and　then　calcined　at

773　K　for　7.2　ks　in　a　flow　of　air,for　Sn/AI(1);Sn/AI(1)was　washed　repea　tedly　wi　th
4N　NH40H　aqueous　s01utionand　then　washed　wi　thwater｡　dried　at　383　Koverni9ht　and

then　calcihed　at　773　K　for　7.2　ks　in　a　flow　of゛i゛･　forSrl/AI(2)‘A1203　゛s　ir"p゛`e9゛

nated　with　SnCI 2゛2H20from　ethanol　solutionby　the　evaporation　to　dryn'ess　method,

washed　repeatedly　with　4N　NH40H　aqueous　solution　and　then　withwater,dried　at　383　K

overni9htand　then　calcined｡　forSrl/AI(3).S"C12'2H20was　dissolved　into　the　lN　HCI

s°1"tiol　of　AI(N03)3'　9H20　°rld　the　゛`es"l　tir19　soltJti°"was　added　into　the　4NNH40H

aqueous　solution｡washed　with　water　after　havin9　1eft　overn19ht,　filtered｡dried　and

c°lci゛ed･　fol`S"'AI(4)‘Aq"eolJs　sol‘Jti6rl　of　AI(C3H70)3　arldethanol　sol　ution　ofSnC12゛

2H20were　kneaded　at　the　sametille･　d゛ied　°｢ld　c゛lcilled･　fo゛　S"゛AI(5).A'1203(4)a"d
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Ai203(5)'゛e'^e　p゛epar`ed　bythe　similar　methods　ofSn-AI(4)and　Si-AI(5)､respectively

witho･ut　addin9　the　Sn-component,　Sn/AI(6)was　prepared　from　the　HCl　aqueous　solution

of　SnC12 ,2H 20　tJsin9　the　s81e　p゛oced1｣゛e　as　S"/AI(1)'S"02cal　ci　ned　at　1　273　K　was　added

to　the　n-hexane　sol　ution　of　(C2H5)4Si04･washed　withwater,　dried　and　calcined､　for

Si/Sn｡

RESULTS

　　The　continuous　flow　reaction　was　conducted　to　compare　the　catalytic　performances

of　supported　Sn02　catalysts　prepared　by　various　methods‘

　A1203゛　one　of　the　typical　supports゛　was　selected　in　order　to　study　the　effect　of

the　supportin9　method　and　Sn02　content'　Fi9ure　l　shows　the　resul　ts　on　Sr102'　S"/AI(3)

and　A1203‘　The　A1203　supports　aloneproduced　styrene　with　relatively　hi9h　selectivi-

ty.　The　ori9in　of　such　activity　and　selectivity　of　alumina　has　already　been　reported

elsewhere[3]｡Converslon　of　ethylbenzene,　yield　of　styrene　and　selectivity　to　sty-

rene　on　Sn/AI(3)were　essentially　equal　to　those　on　A1203　alone'　showin9　that　the

co-existence　ofSn02has　no　effect　on　thecat･alytic　properties｡However､characteri　s-
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(hal　f-fil　led　symbols　in　Fi9/1)with　low　selectivity　and　low　conversion

had　di　sappeared｡　Theeffec,t　ofSn02content　on　thecatalytic　properties　of　Sn/AI(1)

and(6)was　al　so　studied｡　As　shown　inFi9,　2,　the　increase　in　the　amount　ofSn02　in

Sn/AI(1)prepared　from　ethanol　solution　content　showed　no　effect　on　the　catalytic

properties　,　whichresembl　es　those　ofA1203　supportsalone｡Thi　s　tendencyhas　also

been　observed　on　Sn/AI(6)prepared　from　HCl　aqueous　solution,　The　effect　of　chan9es

in　the　preparationmethod　was　also　examined　and　shown　inFi9゛　3'　The　Sn02　content　of

the　catalystswas　4.8　molZexcept　for　Sn　/AI　(6)with　a　O｡50　m01S　ofSn02'　A11　the

prepared　Sn/Al　catalysts　[Sn/AI(1)｡(3)(4)(5)(6)]did　not　enhance　the　yields　of

styrene　and　CO　compared　to　the　case　of　Ai203　supports　alone゛　Co‘precipitated　Sn゛AI(4)

and　co-kneaded　Sn･AI(5)9reatly　lowered　the　yields　of　styrene　and　carbonoxides.　Sn/AI

(2)which　was　obtainedby　゛shi゛9　S"゛AI(1)゛'ith　NH40H　erlh゛｢lced　the　yield　of　styr`eile

to　some　extent　with　the　yield　of　carbon　oxides　remainin9　constant.As　the　raw　materi-

81　s　of　A1　203　i｢I　S"“AI(4)8゛d　S"“AI(5)are　di　fferent　from　the　otherSn/Al　catalysts､

their`c8t81ytic　prope゛ti　es　゛'e'^e　co"lp゛ed　゛ith　A1203(4)p゛ep゛ed　fro“I　AI(N03)3　8"d

A1203

A1203

in　Fi

(5)p゛ep゛ed　f゛ol　AI(iP'^O)3.　As　shown　inTable　l,　the　catalytic　properties　of

(4)and　AI 203〈5)are　a]most　the　same　and　resemble　those　ofA1203　support　shown

91　and　3.　The　addition　ofSn02　by　the　co゛precipitation　and　co'kneadin9　consid'
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TABLE　I

Catalytic　behaviors　of　Sn-Al　catalysts　prepared　by　the　co-precipitation　and　co,kneadin9

methoda

Catalyst　Surface

　　　　　　　Area(m2/9〉iEyiE5

A1203(4)

Sn-AI(4)

A1203(5)

Sn-AI(5)

253

240

253

160

aCatalyst　wei9ht;　4

PEB　:　P02　:　PH20　:

3

1

3

0

3

3

6

3

,Total

･20.3

　Yield〈Z)

Benzene　Tol　uene　Styrene

　nil

trace

　nil

　nil

feed　rate;　210

:20.3　:　31.3

　nil

trace

trace

　nil

11

　6

　8

　1

2

4

8

2

Selectivity

　　　　(Z)
←

　　　77.0

　　　79j

　　　69.8

　　　81､3

mol/h､Partial　pressures;
:29.4《kPa).

Conversion

　　　(S〉
←

　　14.5

　　　8j

　　12.5

　　　1.4

59
PN2
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erably　lowered　the　conversion　of　ethylbenzene　and　the　yields　of　carbonoxides　and

styrene　while　the　selectivity　to　styrene　increased　a　little｡

Research　of　suitable　su ○rts

　ln　the　previous　section'　A1203　has　been　provednot　to　b･e　suitable　for　the　support

of　Sn02for　thi　s　reaction｡　Thus､the　research　to　find　thesuitable　supports　has　been

performed　by　usin9　various　types　of　supports,　M90　has　been　selected　as　basic　support9

Tio 2　8s　Aflphote゛`s　slJppo゛^t'　8rld　Si02　8rld　Si02″A1203　3s　゛cidic　s“pports[6]‘Fi9『e4

shows　the　results　of　M90　and　Sn/M9　catalysts.　M90　alone　showed　activity　but　the　con-

version　of　ethylbenzene　and　the　selectivity　to　styrene　were　low｡The　conversion　of

ethylbenzene　increased　to　some　extent　and　the　yield　of　styrene　decreased　to　two

thi　rds　of　that　onM90　by　supportin9　Sn02゛resultin9　to　a　si9nificantdecrease　in　the

selectivity　to　styrene.　Fi9ure5　shows　the　resul　ts　ofTi02　and　Sn/Ti　catalysts゛　Ti02

showed　activi　ty　and　the　dependence　of　the　catalytic　properties　on　the　reaction　tem-

peraturewas　almost　the　same　asA1203a10ne　as　shown　inFi9.1.However,the　conver-

sioni　yield　and　selectivity　are　lowerthan　those　ofA1203゛The　addition　ofSn02　did

not　chan9e　the　catalytic　properties　ofTi02'　Fi9ure6　shows　the　resul　ts　ofSi02゛A1203

and　Sn/Si‘Al　catalysts゛　Si02'A1203　catalyst　produced　styrene　selectively　with　rela'

tively　hi9h　conversion.　The　conversion　of　ethylbenzene　and　the　yield　of　styrene　de-

creased　with　the　addition　ofSn02'　however'　the　selectivity　to　styrene　increased　a

little.Fi9ure7　shows　the　resul　ts　ofSi02　and　Sn/Si　catalysts'　The　activity　of　Si02

supportwas　the10westin　all　the　supports　investi9ated,　and　the　selectivity　was　rela-

tively　low｡Apparent　chan9es　in　the　catalytic　properties　were　observed.by　supportin9

Sn02'　On　the　Sn/Si　catalyst'　the　conversion　ofethylbenzene　and　yield　of　styrene　in-

creased　five　times　at　723　K　as　much　as　those　on　Si02　alone'　The　selectivity　to　sty゛

rene　also　increased　above　90　Z　even　at　748　K､

DISCUSS10N

　　Fi9urel　shows　thatSn02　supported　on　A1203'　one　of　the　typical　supports゛　has　no

apparenteffect　on　thecatalytic　propertiesand　that　the　characteristics　ofSn02

catalyst　disappeared.　Such　tendencies　are　also　observed　when　the　amount　ofSn02　was

chan9eds　showin9　that　A1203　can　support　only　a　small　amount　of　inactiveSn02　or　it

cannot　support　Sn02　ata11.The　enhancement　ofstyrene　yield　by　the　NH40H　aq'　treat゛

ment　shown　ih　F19.3　su99ests　the　fomer.Thes,e　show　that　the　amount　of　active　sites

to　fom　styrene　on　the　A12

1s　deactivated､which　can

03　support　does　not　chan9e　andthat　the　active　si　te　onSn02

be　re9enerated　by　the　NH40Htreatment｡As　shown　inFi9.　3,

the　chan9e　in　the　preparation　method　shows　no　effect　on　the　above　mentioned　results｡

Moreover｡as　shown　in　Table　l　,　the　Sn/AI　(4)and(5)catalysts　prepared　by　the　co-pre-

cipitat10n　method　and　co-kneadin9　method　show　much　lower　activity　than　that　on　the

A1203　alone　prepared　by　the　respectivemethod.This　shows　that　the･　increase　in　the

interaction　of　Sn02　with　A1203　results　in　the　decrease　in　the　activity　of　both　compo-
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FIGURE　6　Comparison　of　the　catalytic　perfomances　of　S102'A1203　alone　《open　symbol　s　)
and　Sn02　supported　on　Si02.A1　203　.　Sn/Si,AI(fi　l　l　ed　symbol　s)｡For　the　reaction
conditions　and　symbo'ls,see　Fi9.1.
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nents゛　As　a　resul　t゛A1203　is　not　a　suitable　support　of　Sn02　catalyst　for　the　oxida゛

tive　dehydro9enation　of　ethylbenzene,

　The　sui　table　support5　of　Sn02　catalyst　for　thi　s　reaction　are　screenedby　several

stJpports･　B8sic　stJpport(M90)･alphote゛i　c　suppo゛ts　(Ti02　8“d　A1203)･3"d　8cidic

stJppoy^ts(Si02　°rld　Si02'A1203)　were　examined.　Thesupports　a10ne　which　produced　sty-

rene　and　the　ori9in　of　the　active　site　for　this　reaction　has　been　discussed　in　the

prev10us　paper[3,4]｡The　resul　ts　can　be　summari　zed　as　f01　1　0ws　on　the　basi　s　of　the

acidi　ty　of　support,

(1)S1Jppor`ti"9　S｢102　orl　b8sic　o`ide(M90)゛^ed1Jced　the　yield　゛"d　selecti゛ity　to　sty゛

rene｡

(2)S“ppo゛`ti“9　S"02　on　゛phote゛　sm)o゛ts(A1203'　8｢'d　T102)didrlot　ch““9e　the　cM8`

lytic　perfomance　of　amphoter　supports｡

(3)Stjppo゛`tlr19　S"02　orl　st゛or19　8cid　stjppoM　(Si02‘A1203)reduced　the　conversion　of

ethylbenzene　and　the　yield　of　styrene　but　increased　the　selectivity　to　styrene　to

some　extent｡

(4)S`jppoMir'9　S"02　orl　゛elk　8cid　stJppo゛t　(Si02)i"c゛e゛sedrlot　o"ly　the　conversion　of

ethylbenzene　and　the　yield　of　styrene　but　also　the　selectivity　to　styrene'　and　Sn02/

Si02　catalyst　is　a　900d　catalyst　for　the　oxidativedehydr09enation　of　ethyl　benzene,

Thus'　supportin9　Sn02　on　acid　supports　can　increase　the　selectivity　to　styrene　com‘

pared　to　the　case　of　Sn02　or　the　support　alone゛　while　Si゛Al　support　possesses　consid`

erable　amounts　of　active　sites　for　this　reaction　and　such　sites　can　be　deactivated　by

the　reaCtiOn　WithSnC12'The　Ori9in　Of　SUCh　9001dreSUl　tS　Can　be　theSpeCial　interaC-

tion　of　Sn02　with　the　support'　which　may　producethe　effective　acid　and　base　sites　as

predicted　form　the　results　of　Sn-P　catalysts　[21.Such　tendencies　are　observed　in　the

case　of　supportin9　Si02　0n　Sn02　support'　As　shown　in　Table2,the　catalytic　perform-

ances　of　Si02/Sn02　catalyst　a゛e　compared　with　those　of　Sn02　support　alone‘　The　yield

TABLE　2

Catalytic　propertries　of　Si02　supported　on　Sn02a

Catalystb

Sn02

Si/Sn

　　　Yield(Z)

a7t02　　e"zi"e　o　“e"e　Sty゛ene

　3

10
　2

　6

3

4

0

2

nil

ni]

nil

nn

　nil

trace

trace

　O｡5

　2

15

25

30

8

1

3

3

aFOrthe　reactioncondi　tions　,　refer　to　Tabl　e　l　｡

bSn02;　calcined　at　1273　K.　Si/Sn;　S102　was　supported　on　Sn02　calcined　at　1273　K　usin9

(C2H5)4Si04･
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of　styrene　o"　Si02/Sn02　at　723　K　is　ten　times　as　much　as　that　on　Sn02　and　t`he　selec‾

tivity　to　styrene　is　also　twice　as　much｡Comparing　them　even　at　the　same　conversion

ran9e　of25　-　30　S､748　K　forSn02and　at　723　K　forSi02/Sn02'　the　yie]d　of　styrene

and　selectivity　to　stFene　on　Si02/Sn02　are　much　hi9herth∂n　those　ofSn02'　while　the

total　oxidation　decreases　from　10.4　Z　on　Sno 2　t0　2゛O　S　OnI　Si02/Sn02　CatalySt゛

　　Above　resul　ts　al　so　support　that　the　active　sites　for　the　oxidative　dehydro9enation

of　ethylbenzene　can　be　produced　by　the　pecul　iar　interaction　of　Sn02　wi　th　Si02　‘　Such

interactions　of　catalyst　components　and　supports　attract　special　interest　for　the　de-

si9n　of　catalysts　and　requires　further　investi9ation｡

　　ln　the　previous　paper゛Sn02‾P205　catalyst　has　al　so　been　reported　to　be　a　90od　cat‘

alyst　for　this　re∂ction　compared　with　the　catalytic　systems　reported　in　the　recent

patents[7-18]and　papers　[19-22],The　catalytic　perfomances　of　Sn/Si　catalyst　are

then　compared　with　those　of　Sn-P　catalyst　in　h19h　conversion　re9ions｡The　perfomance

of　Sn/Si　at　hi9h　conversion　levels　is　shown　in　Fi9.8.The　se]ectivity　is　about　90　S

even　at　the　conversion　level　of　60　k　The　yield　of　styrene　is　as　hi9h　as　55　‰　On　the

other　hand,Sn-P　catalyst　show　about　90　S　selectivity　at　the　conversjon　level　of　30　S
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FIGURE　8　Catalytic　perfomances　of　Sn-P0　0/1　)catalyst(open　symbol　s)and　Sn/Si　cata-
lyst(filled　symbols)in　the　hi9h　conversion　ran9e･　Catalyst　wei9ht(W);4.5　9.　Total
Feed　rate(F);208　mol/h,　Partial　pressures;　P　:　P　:　P　=20.3　:　20.3　:　60.8
(kPa).For　the　other　symbols,　refer　to　Fi9,　1.EB　02　N2
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at　the　same　reaction　conditions　of　Sn/SE　Thus　the　conversion　and　the　yield　of　styrene

on3n/Si　are　hi9her　than　those　on　Sn-P　catalyst　with　similar　selectivity　as　hi9h　as

90　Z｡This　indicates　that　Sn/Si　catalyst　is　superior｡　for　the　jndustrial　production　of

styrene　from　ethylbenzene　by　the　oxidative　dehydro9enation､　compared　to　Sn-P　catalysts

[1,2]and　the　other　catalysts　reported　previously　[7-231.

　1n　summary,　catalyst　for　the　oxidative　dehydr09enation　of　ethylbenzene　is　desi9ned

∂ccordin9　to　the　plan　of　combinin9　Sn02　with　acidic　supports゛　The　desi9ned　Sn02/Si02

catalyst　shows　excellent　catalytic　properties　compared　to　the　other　catalytic　systems｡

The　chan9es　in　the　preparation　method　of　Sn/Al　catalyst　show　little　effect　on　the

catalytic　properties｡Comparin9　the　acid　supports　with　base　and　amphoter　supports　has

su99ested　the　peculiar　interaction　of　Sn02　with　acid　supports　and　Si02　support　is

particularly　suitable　for　this　reaction.　　FOr　the　interaction　ofSn02　with　Si02

support,further　invest19ation　still　proceeds.
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CATALYTIC　BEHAVIORS　OF

Sn02/S102　CATALYsTs

SYNOPSIS

　The　effect　of　preparation　method　of　supported　Sn02　on　Si02　was　investi9ated`4'8

moU　Sn02/Si02　catalyst'　which　was　prepared　by　the　impre9nation　from　theethyl　ai　cohol

sol　ution　of　SnC12and　the　treatment　wi　th　NH40H　aqueous　s01ution゛shows　the　hi9hest

conversion　and　the　hi9hest　se]ectivity　to　styrene゛　The　NH40Htreatment　i　s　very

important　to　prepare　a　9ood　catalyst,　The　characterization　of　catalysts　was　carried

out　in　relation　to　the　NH40Htreatment｡The　electronwithdrawin9　ability　and　the　state

of　Sn02　on　the　suppoT`thave　been　examinedbyESR　and　xRD.　lnteractions　ofSn02　with

various　supports　have　been　investi9ated　by　ESR　and　xRD｡　The　actjve　sites　are　considered

to　consist　of　the　deficient　Sn　atom　under　the　electronwithdrawing　effect　of　Si02

support'The　effect　of　NH40H　treatment　is　to　remove　residual　chlorine　ions,The

residual　chlorine　lons　reduces　the　interaction　between　Sn02　and　Si02　and　produces

inactive　compound　on　the　surface｡

INTRODUCTION

　ln　the　desi9n　of　industrial　cataEysts,the　selection　of　promoter　is　one　of　the　most

important　steps　[1.2E　lthas　been　found　that　the　addi　tion　ofP205　to　sn02　remarkably

increased　yield　and　selectivity　to　styrene　in　the　oxidative　dehydro9enation　of　ethyl-

benzene[3]｡　ln　the　recent　studies　about　the　mechanism　on　a　series　of　Na‐Si　,AI

catalysts,c00perative　character　of　acid　and　bas,e　sites　has　been　confimed　[4,5];
the　acid　sites　of　L5〉HO>,5.6　activate　ethylbenzene　and　the　base　sites　of　17.2

<pKa<26.5　activate　oxy9en　to　oxidize　the　activated　ethylbenzene,This　conclusion

has　been　confi　med　to　be　effective　on　various　solid　acidcatalysts　includin9　Sn02“P205

(Sn-P)catalyst[61.A　chemical　interaction　ofSn02　wi　th　P205　has　ai　so　been　supposed

to　make　the　acid　and　base　sites　suitable　for　this　reaction　[7]｡Another　way　to　control

catalytic　properties　in　the　desi9n　of　industrial　catalysts　is　supportin9　an　active
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components　on　supports･　ln　9eneral　･　supported　catalysts　have　lar9er　surfacearea

than　unsupported　catalysts　｡　This　may　resulted　in　h19her　activity｡　ln　the　screeni　n9'

of　the　catalyst　for　the　present　reaction　[31,the　addition　of　acidic　compound'　P205゛

enhanced　the　activity　and　selectivity　of　Sn02　catalyst'　but　the　addition　of　basic

compounds'　Li02　and　K20'　resulted　in　the　poor　catalyticperformance｡　This　leads　to

a　plan　for　the　selection　of　the　support　for　Sn02'　that　is　the　supportin9　Sn02　on　acid゛

ic　supports　may　increase　the　conversion　and　selectivity,　Accordin9　to　this　plan,

Sn02/Si02　catalyst　have　been　desi9nedand　excellentcatalytic　perfomances　have　been

obtained[8]｡

　lnterests　are　also　attracted　on　th･e　specific　interactions　of　the　catalyst　component

and　support｡　Such　interactions､electron　transfer　betweenSn02　and　the　support'　may

occur　in　the　case　ofstJppo゛ted　Sr102　c8t81yst　[8].AsSn　atom　is　one　of　the　M6ssbauer

active　elements,　such　interactions　can　be　investi9ated　by　the　M6ssbauer　spectroscopy･

Many　studies　have　been　done　on　Fe　containin9　catalysts　usin9　the　M5ssbauer　spectroscopy

[9,10,11　,121.　However,0nly　few　studies　have　been　reviewed　on　supported　Sn02　catalysts

[11]｡

　ln　this　study,　the　preparation　method　of　Sn/Si　catalysts　has　been　studied,　and　the

nature　of　the　active　site　has　a]so　been　investi9ated　usin9　XRD　and　M6ssbauer　spectros-

copy゛comparin9　to　unsupported　Sn02　catalysts'　On　the　basi　s　of　theseresults,the

effects　of　support　and　preparation　method　on　the　nature　of　active　sites　have　been

proposed｡

EXPERIMENTAL

　A　silica　9el　used　as　the　support　was　Pore　Dia　Series　S-90　A　from　Dokai　Chem.　The

surface　area　was　409m2･9'1　,　Fol　lowin9　preparation　methods　were　employed　to　support

Sr102　o｢I　Si02'(1)Si02　゛s　ilp゛e9“8ted　゛ith　SrlC12'2H20from　ethanol　solutionby　the

evaporation　to　dryness　method,dried　at　383　K　overni9ht　and　then　calcined　at　773　K　for

2hirl　il　flo″　of　“i　゛･　for`S｢1/Si(1)･(2)S"/Si(1)゛s㈲shed　゛epe8tedly　゛'ith　4N　NH40H

aqueous　solution　and　then　washed　with　water,　dried　and　calcined,　for　Sn/Si(2).(3)

Si02　was　impre9nated　with　SnC12'2H20from　ethanol　sohJtionby　the　evaporation　to

dryness　method゛　washed　repeatedly　with　4N　NH40H　aqueous　solutionand　then　washed　wi　th

water｡dried　and　calciend｡　for　Sn/Si(3).(4)Sn/SI(3)was　t･reated　wi　th　l　N　HCl　aqueous

solution　by　decantation,dried　and　calciend,for　Sn/Sμ4).(5)o｡48　9　of　Sn　metal　was

dissolvedinto　50　ml　of　2NHN03　aqueous　solution'　8'5　9　of　snilca　9el　was　added　into

the　solution,　evaporated　to　dryness,.dried　and　calciend｡　for　Sn/Si(5).(6)Sn/Si(3)

was　treated　with　aqueous　solution　of　acetic　acid　by　the　same　method　as　shown　in　method

(4)｡for　Sn/Si(6)｡(7)S1　1　i　ca　sol　was　used　i　n　the　p･reparati　on　method　(1)｡for　Sn/SI(7)｡

(8〉Silica　so!　was　used　in　the　preparation　method　(3),for　Sn/Si(8)｡(9)Silica　sol　was

used　in　the　preparation　method　(5),for　Sn/Si(9).(10)Sn/SI(3)was　treated　wi　th　6N

HN03　aqueous　sol　ution　bythe　same　method　as　shown　in　method　(4〉,for　Sn/Si〈10･)｡The
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amount　of　Sn02　supportedwas　4.8　mol%unless　othersize　noted｡Thesupproted　amount

was　indicated　in　the　head　of　the　catalyst　name.　For　example､　4.8-Sn/Si(3)shows　that

4'8　“lolZ　of　S"02　゛s　s`1ppo゛ted　orl　Si　02　by　the　"lethod　(3)‘Urls“ppo゛ted　S102　゛s

p゛`ep8゛ed　by　the　lethod　O)8rld(3)fo゛　S｢102(1)11d　Sr102(3)･゛espect゛iey　Sr102

catalysts　supported　on　M90'　Ti02゛　A1203　were　prepared　by　the　method　reported　in`the

previous　paper　[81.

　The　cataiytic　performances　were　investi9ated　by　the　conventional　flow　reactor.

The　experimental　apparatus　and　procedure　have　been　described　elsewhere　[3､71.The

reaction　conditjons　were　as　follows　unless　otherwise　noted:　catalyst　wei9ht;　4.5　9､

total　feed　rate;　210mmol/h゛partial　pressures;　PEB　:　P02　:　PH20　:　PN2　°　20､3　:　203

31,3　:　29,4(kPa),reaetion　temperature;　698　K､723　K,and　748　K｡

　FOr　the　M6ssbauer　experiments　,　catalyst　samples　were　pressed　into　thin　wafers　at

104　k9/cm2　for　5　min,　The　M6ssbauer　spectrawere　recorded　on　a　Shimazu　MEG-W　type

M6ssbauer　spectrometer　usi　n9　Bal　l　9mSn03　source　at　78　K'　Pure　Fe　and　stainless　steal

were　used　to　calibrate　theDoppl　er　veloci　ty　and　shi　ft　usi　n9　57Co　source　･

　XRD　patterns　and　ESR　spectra　of　perylene　radica】formed　on　the　catalysts　obtained

as　mentioned　in　the　previous　studies[7､6]｡

RESULTS

Effect　of　su

ー
ー

　The　continuous　now　reaction　was　conducted　to　compare　the　catalytic　perfomances

of　Sn/Si　catalysts　prepared　by　various　methods｡　｢i9ure　l　shows　the　conversion　of

ethylbenzene　and　selectivity　to　styrene　on　the　Sn/Si　catalysts　at　698　K､723　K　and

748　K‘　Sn02　impre9natedfrom　ethanol　solution　ofS"C1　2　･　Sr'/Si　(1)'sho゛‘edr`e18ti゛ely

h19h　selectivitybut　10w　conversion｡　The　treatment　ofS“/Si(1)゛'i　th　NH40H　°qleoljs

sohJtior'(゛efe″ed　as　NH40H　t'^e°tme"t)･S"/SI(2)･resulted　in　increases　ofactivity

and　selectivity゛The　NH40Htreatment　beforecalcination､Sn/Si〈3)｡resul　ted　in　the

hi9hest　conversion　and　the　hi9hest　selectivity　as　hi9h　as　60　Z　and　90　Z,respecti　vely　｡

The　treatment　of　Sn/Si(3)with　lN　HCI,　Sn/Si(4),lowered　the　conversion　and　selectivj-

ty　to　almost　the　samevalues　as　Sn/Si(1)｡Sn/Si(5)catalyst　impre9nated　by　dissolvin9

Sn　"let81　in　HN03aq　sho゛゛ed　almst　the　sme　゛alues　as　S"/Si(1)‘The　treatment　of　Sn/Si-

(3)with　Oacial　acetic　acid､　Sn/Si(6),remarkably　supressed　the　catalytic　performances,

Sn/Si(7)and(8)prepared　by　the　same　methods　as　Sn/Si(1)and(3)､respectively,usin9

snica　sol　showed　similar　performances　which　resembled　to　those　of　Sn/Si(2)｡The

impre9nation　usin9　Snmetal　dissolved　in　2NHN03･　Srl/Si(9)･resulted　in　low　conversion

゛‘ith]o゛'　selecth/i　ty'　The　effect　of　HN03　t゛e“t"le"t　'　S"/Si　(10)'゛se)(゛i"ed　o"　9j

molZ　Sn02　supported　on　Si02゛　The　resul　ts　are　shown　in　Table　l　｡　TheHN03　treatment

reduced　the　conversion　and　the　yield　of　styrene｡but　did　not　chan9e　the　yield　of　carbon.

oxides･　Thus,it　reduced　the　selectivity,too｡　After　a11.the　preparation　method(3)

9ave　the　most　active　and　selective　catalyst.
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FJGURE　I　Effect　of　preparation　method　of　Sn/Si　catalysts　on　the　conversion　and

selectivity･　Catalyst　wei9ht;　4.5　9.　Total　feed　rate;　210　mol/h､　Partial　pressures;

PEB　°P02　°20゛3　kPa゛PH20　゛3L3　kPa'PN2　°29'5　kPa`Reaction　Temprature;　698　K゛723　K'

and　748　K



TABLE　I

Effect　of　Reacti　onTemperature　on　the　ProductDistribution　of4.8-Sn/Si(3)､9j-Sn/Si(3)

and　9.1-Sn/si(10)Catalysts8

Catalyst

4.8-Sn/Si(3)

9j-Sn/Si(3)

9j-Sn/Si(10)

Reaction

Temperature

　　　(K)

698

723
748

698

723

748

698

723

748

　Conversion(S)

Ethyl　benzene　Oxy9en

44

60

63

42

54
47

38
46

39

1

6

5

5

5

3

2
3

3

aFOr　the　reaction　conditions,　see　Fj9.　1
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99
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86

99
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7
7

7
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4

9

4

Yield(X〉 Selectivity

　　　to

Styrene　Carbon　oxides　Benzene　Styrene　(S)

40
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　The　effect　of　cal　ci　nation　te.mperature　was　also　studied　on　a　series　of　9j-Sn/Si(3)

catalystE　As　shown　in　Fi9.　2,The　increase　in　the　calcination　temperature　resulted

in　the　decrease　of　conversion　and　the　yields｡　The　catalyst　calcined　at　1273　K　showed

a　slight　increase　in　the　selectivity　to　styrene　because　of　the　considerable　decreases

in　the　yield　of　byproducts　accompanied　with　the　decrease　of　conversion｡

Effect　of　Sno content

　The　effect　of　Sn02　content　on　thecatalytic　propertieswere　studied　in　the　cases　of

Sn/Si(3)catalysts｡As　shown　in　Fi9.　3,the　conversion　of　ethylbenzene　and　yield　of

styrene　steeply　increased　withSn02content　below　4JmolZ　ofSn02'　and　the　yield　of

carbon　oxides　and　benzene　also　increased　a　little｡　Above　4.8　molS　ofSn02　'the

conversion　and　the　yield　of　styrene　appeared　to　decrease　a　little　with　an　increase　in

Sn02content.But　j　t　should　be　noted　that　at　low　conversion　level,as　shown　in　later,

the　catalytic　activity　of　9j　-Sn/Si　(3)was　hi9her　than　that　of　4,8-Sn/Si(3)｡The

selectivity　on　silica　9el　was　si9nificantly　lower　than　those　onSn02'containin9　cata“

lyst　in　Fi9,　2.The　selectivity　on　O,5-Sn/Si(3)was　almost　eq,ual　to　those　on　4,8-

and　9.1-Sn/Si〈3).However,the　intrinsic　selectivity　of　O｡5-Sn/Si〈3)does　not　appear

to　be　identical　to　thoseof　the　catalysts　with　hi9h　Sn02content｡becausethe　selectiv-

ity　is　sometimes　a　function　of　conversion｡At　the　same　conversion　level,the　selec-

tivity　of　0.5-Sn/SI(3)was　lower　than　those　of　4.8-　and　9j　-Sn/Si　(3),
　　Fi9ure　4　shows　Arrhenius　plots　of　the　rates　of　styrene　formation　on　these　catalysts｡

The　conversions　of　ethylbenzene　and　oxy9en　were　remained　less　than　11　Z　and　24　Z,

respectjvely,in　these　experiments.　The　activation　ener9y　on　03-Sn/Si(3)was
essentially　equal　to　that　on　silica　9el　support　alone､thou9h　the　rate　of　styrene

fomation　was　enhanced･　The　activation　ener9y　was　si9nificantly　lowered　by　supportin9

Sn02　wi　th　hi　9hconcentration｡　The　activationener9y　was　30　t　5　kcal/mol　on　4.8-　and

9j-Sn/Si(3)catalysts,while　it　was　50　1　4　kcal/mol　on　O｡5-Sn/Si(3)and　silica　9eL

This　su99ests　that　there　js　an　essential　difference　between　the　catalysts　with　low

Sn02　content　and　hi9h　Sn02content｡The　rel　ation　between　theselectivity　and　the

contact　time　also　shows　bi9　difference　between　them･　Fi9ures　5　and　6　show　the　effect　of

W/F　at　hi9h　ratio　of　oxy9en　to　ethylbenzene.　The　hi9h　oxy9en/ethylbenzene　ratio

would　enhance　the　complete　oxidation　to　carbon　oxides　and　enlar9e　the　difference　in

the　selectivity,　0n　O,5-Sn/Si〈3)｡as　shown　in　Fi9.　5.the　conversion　and　the　yield　of

styrene　9radual　ly　i　ncreased　wi　th　W/F｡　The　yield　of　carbon　oxides　also　9radually

increased.　The　selectivi　ty　decreased｡　as　a　whole,with　the　increase　of　W/F,but　the

selectivjty　at　W/F　=O｡estimated　by　extrapol　atin9　the　curve　,　was　much　lower　than

100　S.　This　shows　that　a　part　of　carbon　oxides　would　be　fomed　by　the　direct　combus,

tion　of　ethylbenzne.　The　results　on　9j-Sn/Si(3)are　shown　in　Fi9.　6.The　conversion

and　the　yield　of　styrene　increased　steeply　with　W/F　below　O｡01　h･9-cat/moL　And　then
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the　conversion　increased　slowly｡　but　the　yield　remained　almost　constant｡On　the　other

hand｡the　yield　of　carbon　oxides　increased　almost　steadily　with　W/F,　resultin9　in　the

9radual　decrease　of　the　selectivity.　The　extrapolation　of　the　selectivity　curve　to

zero　contact　time　indicates　that　the　selectivity　at　W/F　=O　may　be　as　hi9h　as　100　Z,

su99estin9　that　the　carbon　oxides　may　be　fomed　by　the　subsequent　combustion　of　styrene

once　fomed｡

Effects　of　reaction　conditions　on　the　4.8-Sn/Si(3)catalyst(most　effective　catalyst)

were　also　studied　by　the　continuous　flow　reaction｡　Reaction　temperature　were　chan9ed

from　698　K　to　748　K　under　the　same　reaction　conditions　shown　in　Fi9.1.　The　results

are　summarjzed　in　Table　l｡The　yields　of　styrene　and　carbon　oxides　increased　with

reaction　temperature　below　723　K｡　But　it　did　not　increase　so　much　above　it｡　This

is　due　to　the　almost　complete　conversion　of　oxy9en　at　hi9h　temperature,　The　conversion

of　oxy9en　was　93　Z　at　723　K　and　almost　100　Z　at　748　K｡　At　748　K,a　l　i　ttl　e　amount　of

benzene　was　formed,and　this　resulted　in　a　little　decrease　of　the　selectivity　at　hi9h

temperature,　Table　l　includes　the　results　on　9.FSn/Si(3)for　the　compari　son　｡　The

performance　of　9.1-Sn/Si(3)was　close　to　that　of　4.8-Sn/Si(3)at　698　K,　but　the　differ-
ence　between　them　became　lar9e　as　the　temperature　increased｡　The　conversion　and　the

yi6d　of　styrene　at　748　K　were　lower　than　those　at　723　K｡　The　lower　conversion　and

yield　at　hi9her　temperature　were　due　t･o　the　complete　conversion　of　oxy9en　resul　ted

from　the　lar9e　yield　of　carbon　oxides｡

　The　oxi9en　partial　pressure　was　raised　from　20.3　Kpa　to　40.6　kPa　to　examine　the

possibility　of　further　increase　in　the　yield　of　styrene｡　The　results　were　shown　in

Fi9.　7･　As　the　partial　pressure　of　oxy9en　increased　the　conversion　increased　up　to

82　‰　　However,only　the　yield　of　carbon　oxides　increased｡while　the　yield　of　styrene

remained　almost　constant,　As　a　result,the　selectivity　decreased　with　the　increase　of

o49en　partial　pressure.　　ln　the　low　conversion　ran9e,　the　partial　pressure　of　ethyl　-

benzene　was　lowered　at　5.1　kPa･　　But　low　partial　pressure　of　ethylbenzene　als0　1ead

to　low　selectivity,

DISCUSSION

Compari　son　wi　th　the　Other　Catal ts

　4.8-Sn/Si(3)was　the　best　catalyst　for　the　oxidative　dehydro9enation　of　ethylbenzene

amon9　the　catalysts　examined　in　the　present　study.　l　t　9ave　the　conversion　of　60　Z5

the　yieldof　54JZ　and　the　selectivity　of　90　Z　at　723　K　withP02　°PEB　°20'3　kPa

and　W/F　=O｡0214(9･h/mol).　ln　the　previous　chapters[3,71,Sn-P　catalyst　was　reported

to　be　an　excellent　catalyst　for　this　reaction｡　But　the　conversion　on　Sn-P　c､atalyst　at

the　same　condition　was　about　30　Z　with　the　selectivity　of　90　Z[7,81.Sn-P　catalyst

calciend　at　1273　K　was　most　selective　in　the　Sn-P　catalysts　[71.With　the　increase
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in　W/F｡the　conversion　and　the　styrene,yidd　increased　to　54.5　S　and　43.5　S｡respectively,

but　the　selectivity　decreased　to　79.8　Z[7]･　The　reaction　rate　on　Sn‐P　catalyst　was

well　expressed　by　the　oxidation-reduction　cycle　of　the　catalyst　surface　[71.

+
　
　
+

　
　
　
　
1

n
DF
』
　
r
L

[o]iL･　sT　+　[]

}o2　J→ [O]

(1)

(2)

This　cycle　is　in　9ood　a9reement　with　the　detailed　reaction　mechanism　proposed　in　the

previ　ous　secti　on　[4,5,61.　1n　the　mechanism､　ethylbenzene　is　adsorbed　on　acid　site

and　is　dehydro9enated　by　oxy9en　activated　by　base　sites　to　fom　styrene　and　water｡

The　oxy9en　consumed　are　supplied　from　9as　phase,　The　cycle　(1)and(2)leads　to　the

fol　l　owi　n9　equation　:

1/r　°1/klPEB + 1/k2P02 (3)

Fj9ure　8　shows　the　reciprocal　relations　between　rate　and　partial　pressure｡　The　rate

constants　kl　and　k2cal　cul　ated　from　the　plot　of　l/゛　a9airlst　l/PEB　were　125　and　135'

and　those　cal　cul　ated　from　th,eplot　of　l/゛　8981｢lst　l　/PO　゛'e゛e　1　33　゛d　1　23　(sol/9‾゛t･゛h)゛
　　　　　　　　　　　　　　　　　　　　　　　2

The　rate　constants　from　both　p･lots　a9reed　very　well　with　one　another｡　The　rate　con-

stahts　thus　obtained　on　Sn/Si　were　about　20　S　lar9er　than　those　on　Sn-P　reported　else-

where[71.　But　the　di　fference　of　20　S　seems　too　smal　l　to　expl　ai　n　the　above-mentioned

difference　inthe　yield　of　styrene　at　hi9h　conversion　ran9e:　55　Z　on　Sn/Si　and　25.5Z

on　Sn-P｡This　lar9er　yield　at　h'i9h　conversion　ran9e　is　the　most　important　charaster-

istics　of　Sn/Si　catalyst　for　the　industrial　production　of　styrene　from　ethylbenzene

by　the　oxidative　dehydro9enation,

　Many　attractive　catalytic　systems　appeared　in　a　recent　review　article[13]｡But

Fe-Cr-K[141,Ce-P[151,and　Bi-U-AI[16]systems　required　hi9h　reaction　temperatures,

above773　K.Zn-P-Si[17]and　Zn-Si　-AI　[18]systems　show　selectivities　lower　than　80　Z,

0n　Cr-Ni-AI[19]and　Pd-KBr-AI　[20]catalysts,the　partial　pressures　of　oxy9en　should

be　limitted　to　lower　values　than　the　stoichiometric　pressure,in　other　words,a　hi9h

yield　of　styrene　connot　be　expected.　Althou9h　Pd-containin9　catalyst　9ave　9ood　results

at　lower　temperature,HBr　should　be　fed　continuously　durin9　the　reaction[21]｡Thus,
it　is　difficult　to　obtain　styrene　selectively　with　h19h　conversion　at　low　reaction

temperatures　on　above　catalysts｡　The　catalysts　which　satisfy　these　requirements　are

Sn‘P[3･7]･AI-P[6],and　Fe　activated　carbon　[22],　The　Sn/Si　catalyst,　developed
in　this　study.　is　one　of　the　catalysts　which　meets　the　above　requirements　and　the

performances　were　best　one　compared　to　the　other　catalyti　c　systems　｡

Effect　of　Pre ration　Mehtods

The　NH40Htreatment　enhanced　theactivity　and　the　selectivity　of　Sn/Si　catalysts,　as

shown　in　F19/I,Thus,the　conversion　and　the　selectivity　on　Sn/Si(3)and　Sn/Si(8)

were　hi9her　than　Sn/Si(1)and　Sn/Si(7)｡respecti　vely　｡　Such　effect　ofNH40H　treatment

was　observed　also　in　the　case　ofS"02/A1203　cat81yst　[8]'　I｢lthe　case　of　Sn-P
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catalyst[7]i　the　activity　was　enhanced　by　the　HN03treatment｡TheHNI03treatment

removed　the　inactive　phosphorous　concentratedon　the　surfaceof　the　Sn-P　catalyst｡

　The　NH　OH　treatment　of　Sn/Si　catalystwoul　d　remove　some　inactive　species5　maybe,

chlorine　?ons　remainin9　on　the　surface.　This　hypothesiswas　confi　rmed　by　the　HCI
treatment　of　Sn/SI(3)by　which　Sn/Si(4)was　prepared,　The　conversionand　selec､tivity

of　Sn/Si(4)were　lower　than　Sn/Si(3)｡as　shown　in　Fi9,　1　,　The　effect　ofNH40H　treat'

ment　before　calcination｡　Sn/Si(3)｡was　lar9er　than　that　after　calcination　Sn/Si(2)｡

The　calcination　may　promote　sol　idreactions　ofchloride　ions　with　catalyst,　which　may

make　chloride　ions　stable｡Such　an　effect　was　observed　in　the　treatment　with　the　other

acid｡too.Theactive　acetic　acid　treatment｡　SI/Si(6)･lrld　the　HN03　treatment,　Sn/Si(

10),also　reduced　the　conversion　and　the　selectivity,as　shown　in　Fi9･l　and　Table　L

Low　conversion　and　selectivity　of　Sn/SI(5)and　Sn/Si(9),which　are　prepared　with　nitric

acid　solution　of　Sn　metal　,may　be　caused､by　the　effect　of　nitric　acid｡

　ln　the　oxi　dati　ve　dehydor9enation　of　ethylbenzene,acid　sjtes　of　l　･5　≫Ho≫“5･6　are

requi　red　to　adsorb　and　acti　vate　ethyl　benzene｡　Such　ability　of　catalysts　can　be

estimated　by　the　abFlity　to　form　cation　radicals　of　perylene,　Fi9ure　9　shows　the

relation　between　the　amount　of　perylene　radicals　and　the　yield　of　styrene　on　Sn/Si(1),

(3)'(7)'゛d(8)'The　゛otjrlt　of　pe゛y゛erle　゛8diclls　o"　NH40H　t゛e°ted　clt゛lysts'S｢1/Si(3)

and　Sn/Si(8)｡was　l　ar9er　than　that　on　thei　r　precursor,　Sn/Si(1)and　Sn/Si(7)｡Thus｡
the　formation　of　perylene　radicals　was　enhancedby　the　NH40H　treatment'by　which　yield

of　styrene　also　increased｡This　resul　t　su99ests　that　the　enhanced　catalytic　activity

to　form　styrene　by　NH40H　treatment　is　due　to　the　enhancedability　to　fom　perylene

radicals,or,in　others､due　to　the　enhanced　amount　of　acid　sites.

　The　supported　Sn02　cataiystswere　examinedby　x-raydiffraction　method　to　examine

the　structural　effect　ofNH40Hand　HCl　treatments　.　As　shown　in　Fi9,　10,　the　xRD

patterns　of　Sn/Si(1),Sn/Si(3)and　Sn/Si(4)showed　broad　lines　which　indetified　as

those　of　tin　dioxides　(ASTM　card,　21-1250).　The　relative　intensities　of　the　lines

of　Sn/Sm)and　Sn/Si(4)weresimFlar　to　th3t　of　Sr102　c9st31(Fi9'10　'8)‘Irl　the　c“se　of

Srl/Si(3)'the　y`el゛ti゛e　irlterlsi　ty　did　lot　89y`ee　゛ith　S102　crystal　,　as　shown　in　Fi9,

10-b.　The　intensity　of　[nO]linewas　too　small　and　that　of[21111ine　was　too　lar9e,

The　crystal　si　ze　of　Sn02　on　the　support'　cal　cul　ated　from　the　l　i　nebroadenin9.was　5j

rll　i"　S｢1/Si(1),6･8　nm　in　Sn/Si(3)and　13.6　nm　in　Sn/Si(4)｡These　resul　ts　su99est　that

chloride　ion　promotes　cry‘stalization　of　Sn02'resultin9　in　lower　activity'

　X‘ray　djffraction　patterns　of　Sn02'　which　was　prepared　by　the　same　methods　as　Sn/Si

c･atalyst　was　alsomeasured.　Fi9゛　10“c　sho゛s　the　diff9ctio"　p8ttey`rls　of　S“02(3)py`e゛

pared　by　the　same　method　as　Sn/Si(3)･The　diffraction　patterns　a9reed　very　well　with

that　of　tin　dioxide.　ln　the　case　ofS"02(1)･solecompounds　are　fomed　on　the　outer

surface　of　Sn02　particles　in　the　calc4nai4on　step,　(Fi9.10-d　and　e).Fi9ure　10-d

shows　the　diffractionpltte゛｢ls　of　Sr102(1)9olwhich　the　surfacedeposi　te　had　been

removed‘　The　pattern　a9reed　with　that　of　tin　dioxide,　　0n　the　other　hand,the
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FIGURE　10　X-ray　diffraction　patterns　of　(a)4.8-Sn/Si(1)｡(b)4.8-Sn/Si(3),(c)

S"02(3)'(dD"“e9゛t　of　Sr102(1)･il"d(e)oute゛゛　p8゛t　of　S"02(1)'XRD　patte゛`｢ls　゛'e｢`e

obtained　by　Ri9aku　Denki　diffractometer,　Model　Gei9erflex　with　CuK　radiation.
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diffraction　patterns　of　the　deposited　compound,　shown　in　Fi9･　10‘e9　was　completely

di　fferent　from　th･at　ofSn02'　thou9h　itcould　not　be　identjfied.　This　results　su99est

that　the　residual　chlorine　may　interact　with　Sn　ion　to　fom　inactive　compounds　on　the

inner　surface　as　well　as　on　the　outer　surface　in　the　calcination　step,　The　same　would

be　true　in　the　caseof　the　supported　Sn02　catalysts　and　it　may　beone　of　the　reasons　of

lower　activity　of　sn/si(Dand　sn/si(4)than　Sn/Si(3)｡ln　the　case　of　sn/si(3),the

NH40Htreatment　removed　chlorine　from　thecatalyst,　which　preventedfrom　the　formation

of　the　inactive　compoundson　the　surface.　Althou9hthe　effect　ofHN03　and　acetic　acid

treatment　was　not　investi9ated　in　detail　,either　or　both　of　crystalization　and

formation　of　inactive　species　may　reduce　the　catalytic　activity,

Nature　of　the　Actjve　Sites

　Two　effects　of　addition　of　acidcomponent　to　Sn02　have　been　supposed　i　n　the　previous

study[7]｡　One　is　to　reduce　the　size　ofSn02　crystaL　Such　effect　was　observed　in

the　case　of　supportjn9　Sn02　on　acjd　supports'　For　example'　the　particlesizes　of　4.8-

Sn/Si(3)calcined　at　773　K　is　about　6.8　nm,as　menti　oned　abi　ve｡Another　effect　i　s　to

form　an　active　compundof　tin　and　the　additive[7]゛The　effect　of　Sn02　cortent　mentioned

in　the　previous　section　shows　that　such　chemical　interaction　has　an　effect　on　the

activity　and　selectivi　ty゛　Such　nature　of　supported　Sn02can　be　di　scussed　with　M6ssbauer

spectorscopy,　The　i　somer　shi　ft　i　s　shown　as　folbws　[10]:

lsomer　shift　(6)=　D@{y〕y〔y(m2　-　y(o{
where　the　third　termrepresents　the　chemical　contribution　to　6,　and　j㈲o)12　and　j㈲c)12
are　the　total　electron　densities　at　the　nucleus　of　the　absorber　and　source,　respectively

lt　js.　therefore,　possible　to　determine　chan9es　in　oxidation　state,　or　to.know,an

indication　of　the　stren9th　of　bondin9　between　the　M6ssbauer　isotope　and　the　surroundin9

atoms　or　ions[9]｡　Thus,the　hi9her　values　of　6　represents　the　hi9her　electron

densities　and　the　lowervalues　of　6　represents　the　lower　densities　of　electron　at　the

Sn　nucleus.

　Fi9ure　ll　shows　the　correlation　between　the　isomer　shift　(6)and　the　electrone9ativ-

ity　of　supports　per　bond　len9th　(X)in　cases　of　supports　screened　in　the　previous

chapter[8]･　x　represents　a　electron　withdrawin9　nature　of　the　support　calculated　as

fonows[23]:

X=electron　ne9ativity　of　support　/　bond　len9th(M-O)of　support　oxides｡

A　clear　correlation　between　the　electron　withdrawin9　ability　and　6　1s　observed.　The

basic　support　M90　nlay　provide　electron　to　Sn　atom　to　increase　the　6-value,｡Same　effect

is｡observed　in　the　cases　ofTi02　and　A1203'　the　amphoter　supports゛　Si02'　an　acidic

sopport,may　withdraw　electron　from　Sn　atom　which　results　in　the　remarkable　decrease

of　6-value･　These　results　can　be　well　correlated　with　the　catalytic　properties　of

these　catalysts　reported　in　the　previous　section[8]'A　Sn02/M90　catalyst　was　active
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in　the　total　oxidation｡but　less　actjve　in　the　styrene　fomation｡The　catalyti　c

properties　of　Ti02　and　A1203　were　not　chan9ed　by　supportin9　Sn02　on　them‘　On　the

other　hand'　Sn02/Si02　catalysts　had　hi9h　activity　and　selectivity゛　For　the　oxidative

dehydro9enation　of　ethylbenzene,　acid　sites　of　Lewis　type｡　or　electron　withdrawin9

sites　are　necessary　to　adsorb　and　activate　ethylbezene　[4,5､6]｡sn　atoms　whi　ch　are

electron,deficient　under　the　effect　ofSi02　may　play　a　ro‘leof　electronwi　thdrawi　n9

sites.

　The　NH40Htreatment　enhanced　the　formation　ofperyleneradicals　and　the　formatjon　of

styrenes　as　shown　in　Fi9.9.　These　results　a9ree　well　wjth　chan9e　of　6-value.　6-Value

of　Sn/Si　catalyst　shown　in　Fi9,　12　was　lar9er　on　Sn/Si(1)than　on　Sn/Si(3)｡Thus,the

NH40Htreatment　resulted　in　lar9e　electron‘deficiency　of　Sn　atoms5　which　may　enhance

the　fomation　of　both　perylene　radical　and　styrene,　The　xRD　pattern　of　Sn/Si(1)was

similar　to　that　ofSr102　cy`yst“1　･　“hile　th8t　of　Srl/Si　(3)was　different　in　the　relative

intensity　ofthe　l　i　nes　fromSn02　crystal　'　This　result　also　indicates　stron9　interactior

of　Sn　atoms　withSi02　i“　Sn/Si(3)‘

　Fi9ure1　2　shows　that　the　i　nteracti　on　becamestron9er　as　the　Sn02　content　decreased'

as　9enerally　expected,0,5Sn/Si《3)had　the　smallest　6-value.However,as　mentioned

above,　0,5Sn/Si(3)is　not　so　9ood　catalyst｡The　activation　ener9y　of　this　catalyst,

ca,　50　kcal/mol　,　was　almost　indentical　to　that　ofSi02

hi9h　Sn02content､ca｡30　kcal　/mol　､　as　shown　in　Fi9.　4

a10ne　and　less　than　those　of

　The　selectivity　at　zero

conversion　on　O,5Sn/Si(3)was　oniy　70‰while　that　on　9j　Sn/Si　(3)was　almost　100　Z,　as

shown　in　Fj9s,5　and　6,　Such　poor　perfomances　of　O,5Sn/Si(3)inspite　of　sma11　6-

valUe　lln9tlt　be　QUe　tO　the　idck　ot　bdslclty｡　buUi　uf　dOd　･nQ　bd5t　s4tt5　aft　ntctゝ5Qty

for　the　present　reaction　[4゛5'6]゛The　acid“base　properties　of　Sn02/Sj02　catalysts　in

relation　to　the　reaction　mechanism　will　be　a　subject　of　further　study.

CONCLUSION

　4.8-Sn/Si　catalystwhich　contained　4.8　mol　Z　ofSn02and　treated　withNH40H　before

the　calcination､shows　a　excellent　catalytic　performances　compared　to　the　catalytjc

systems　described　previously｡　The　effect　of　preparation　method　on　the　state　of　supported

Sn02and　interactions　between　tin　andsupport　have　beendi　scussed　on　the　basi　s　ofxRD,

M6ssbauer　spectra,and　ESR　measurement　of　perylene　radical　fromation｡　The　acti　ve　si　te

are　considered　to　consist　of　Sn　atoms　which　are　electron　deficient　under　the　electron

withdrawin9　effect　of　the　support゛The　NH40H　treatment　removes　chlorine　contained　in

the　rea9ent　to　prepare　the　catalyst'　SnC12'　and　stren9thens　the　interaction　ofSn02　with

Si02　support゛　The　calcination　ofcatalyst　in　the　presen･ce　of　chlorine　promotes　the

crystalization　of　Sn02'　which　reduces　the　interaction.TheNH40Htreatnlent　al　sopreven

from　the　deposition　of

chlorine　ions｡

inactive　compounds　on　the　surface　by　removin9　the　residual
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FIGURE　1　2　Correl　ati　on　between　the　i　somer　shi　ft　(6D｢ld　the　Sr102content　ofSn/SI(3)

cata】ysts,　for　the　open　symbols,　and　of　Sn/Si(1)､for　the　filled　symbols｡
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SYNOPSIS

　Supported　Sn02/Si02　catalysts　have　been　prepared　bythe　reaction　ofsurface　hydroxyl

9roups　of　silica　9el　and　9as　phase　tin　chloride　(VPS　method)､The　catalytic　properties

have　been　examined　by　the　reaction　of　2-propanol　to　show　the　effect　of　vPS　cycles　on

the　amount　and　nature　of　the　active　sites｡

INTRODUCTION

　Several　studies　have　been　devoted　to　the　reaction　of　metal　chloride　with　the　hydroxyl

9roups　of　the　solid　surface　as　a　new　modification　method　of　solid　surfaces｡

･(SiOH)゛　Exn ‾→(SiO)mEX
n-m

+mHX

(SiO)mExn-m　゛　(“‘1)H20‾‾゛(SiO)mE(OH)n-m　゛(rl“･)HX

ー
　
ー

ー
ー
　
{
‥
/
』

C
　
C

KOP　tsov　et　al　,　showed　that　the　repeated　cycles　of　reactions　(1)and(2)resul　t　in　in-

creasin9　the　thickness　of　the　oxide　layers　[1,2.3]｡

a(SiOEOH)
　　1)EX
-J→

　　2)H20
(SiOEO)aE(OH)

n-a
(3)

Parfitt　et｡　al｡showed　that　the　reaction　ofTi　C14　wi　th　si　l　i　ca　9el　produces　aci　d　si　tes

on　the　surface[4],　Such　resultin9　materials　can　be　used　as　a　new　type　of　supported

metal　oxide　catalysts,however,only　a　few　studies　have　been　done　re9ardin9　their　ap-

plication　as　a　cata゛lyst[5,61.

　1n　this　study,the　above　method　referred　to　as　vPS(vapor　phase　supporting)method

was　applied　to　prepare　a　new　type　of　supported　Sn02/Si02　catalystsand　the　nature　of

the　catalysts　was　al　s･o　studied　｡
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EXPERIMENTAL

　Micro　Beads　Sil　ica　Gel　Type　50　(Fuji　Davison　Chemical　Co.)was　used　as　the　support,

VPS-l　catalyst　was　prepared　at　180　oC　as　follows;　The　support　was　calcined　at　180　°C

in　the　flow　of　dry　N2　for　2'5　h゛　then　about　20　ml　of　SnC14　saturated　in　dry　N2　was　fed

onto　the　support　for　19　hl　and　hydrolysis　was　performed　by　H20　saturated　in　N2　for　3　h

after　the　pur9e　of　SnC12　by　dry　N2　now　for　2　h.　Theresultin9　materialswere　cal　cined

at　500　°C　for　2　h　in　air,　ヽThis　VPS　cycle　was　repeated　from　the　initial　calcination　to

the　hydrolysis　for　two　three,　and　five　times　forvPS-2､VPS-3,and　vPS-5　cataLysts,　re-

spectively,　The　content　of　Sn　on　the　catalyst　was　detemined　by　fluorescent　x-ray

analysis･　The　surface　properties　were　examined　by　the　reaction　of　2-propanol　conducted

by　conventional　pul　se　techni　que　at330　°C　in　the　flow　ofN2(70　"11/li")･

RESULTS　AND　DISCUSSION

　As　shown　i　n　the　fi　rst　col　umn　of　Tabl　e　l,about　4　,　5　wtZ　of　addi　tional　Sn02　was　sup‘

ported　at　every　cycle　till　the　third　vPS　cycle,　and　thi　s　i　ncrement　d･ecyヽeased　at　the

fi　fth　cycl　e　to　about　2　wtZ.　The　second　and　last　columns　of　Table　l　show　the　chan9es　in

the　surface　area　and　pore　vol　ume　｡　The　surface　area　and　pore　volume　of　the　catalyst　ap-

peared　to　decrease　with　increasin9　number　of　vPS　cycles　performed､　as　reported　i　n　the

TICI 4/S102　system　[7].　However･　the　pore　volumn　per　unit　wei9ht　of　silica　9el　･　shown

in　parentheses｡　was　constant　within　the　reasonable　error.　This　result　indicates　that

Sn02　was　supported　occupyin9　the　silica　9elsurface　to　some　extant　while　thepore　struc‘

ture　of　silica　gel　remained　unchan9ed,

　The　catalytic　properties　of　these　vPS-catalysts　were　studied　by　the　reaction　of　2-

propan01　1　n　the　pul　se　reactoy≒　l　pl　of　2-propanol　was　pulsed　on　　O｡2　9　of　the

catalystcalcined　at　450　°C　for　2　h　in　driedN2flow.0ne　can　correlate　the

dehydration　activity　of　2-propan01　with　acidity　and　dehydro9enation　activity　of

Tab]e　l　SurfacePropertiesof　thevPS゛Sn02/Si02　Catalysts

Catalyst

Si02　support

Sn/Si　VPS-1

　　　VPS-2

　　　VPS-3

　　　VPS-5

Sn02“content

_t_
　　o｡0

a　
`
/
{
9

　
4
'
{
5

12.5

14.5

(4

(9

(14

(17

9)b

8)

3)

O)

aBased　on　9‘catalyst;　bBased　on　9-snica　9el

Surface　area

　m2/9

　　　240

213a〈224)b

191　(2103

191　(218)

184　(215)

0

0

0

0

Pore　volume

ml/9
-

1.17

99a

95

99

97

(1

(1

(1

0

04)b

04)

13)

13)
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FIGURE　I(a)Yield　and　(b)sel　ecti　vi　ty　i　n　the　pul　se　reactton　of　2-propanolon

vPS'Sr102/Si02　c゛t81yst'○　;　propylerle･△;isopr`opyl　ethel'　･　゛l｢ld□;aceto"e‘

1μl　of　2-propanol　was　pulsed　onto　O｡2　9　of　the　catalyst　at　330　°C　in　the　flow　of

70　ml　of　dry　N2゛
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2-propanol　with　basicity　[8.9]｡As　shown　in　Fi9.　]-a,the　yield　of　propylene,　iso-

propyl　ether､and　acetone　increase　9radually　with　the　vPS　cycles､　showin9　that　the

increase　in　Sn02content　enhances　thecatalytic　activi　ty,　The　deydro9enation　reaction

was　superior　to　the　dehydration　reaction19every　caseexcept　in　the　absence　ofSn02　on

Si02 support｡Fi9ure　l-b　shows　the　ch∂n9e　in　the　selectivities　a9ainst　the　VPS,cycles

On　silica　9el,　only　a　littk　propylene　was　formed　but　acetone　and　isopropyl　ether

could　not　be　detectedjndicatin9　the　exist　of　few　acid　sites｡　The　selectivity　to

acetone〈dehydro9enation)was　at　a　maximum　on　vPS‘l　catalyst　and　9raduany　decreased

with　the　increase　in　the　vPS　cycles,　　The　selectivity　to　propylene,0n　the　other　hand｡

was　at　a　minimum　on　vPS-i　cat､alyst　and　increased　9radually　with　the　vPS　cycles｡　The

fi　fth　vPS　cycl　edid　not　increaseSn02content　so　much　as　the　fi　rst　to　thi　rd　vPScycles

However.　the　fifth　cycle　chan9ed　the　selectivity　to　propyl　ether,　Selectivity　to

propyl　ether　was　very　small　on　vPS-1　,2､and　3　catalysts　and　increased　appreciably　on

vPS-5　catalyst.　Such　chan9es　in　the　selectivities　with　vPS　cycles　indicate　that　the

nature　of　the　active　site　speciany　the　acid　and　base　properties　can　be　chan9ed　by

repeatin9VPS　cycles｡Thus､the　first　vPS　cycle　drastically　increased　basicity,　but

further　vPS　cycles　had　lar9e　effect　on　acidity,

　　ln　summary,the　number　of　vPS　cycles　performed　can　　modify　not　only　the　amount　but

also　the　nature　of　the　active　sites,su99estin9　the　usefullness　of　this　mehtod　for　the

preparation　of　a　new　type　of　cat∂lyst｡
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SYNOPSIS

　S“ppo゛ted　S"02/Si　02　c8t81ysts　h“e　beerl　p゛`ep゛ed　by　the　`/8po゛　ph゛se　slJppo゛ti"9(VPS)

method｡　The　catalytic　properties　and　surface　characters　of　them　have　been　compared　to

those　of　≒)'^e9r18ted(IMP)S"02/Si02　c“t81ysts゛　The　TEM'　XRD'　EDR‘IR'　8"d　Uv　d゛tHrldi‘

cate　that　i　n　the　case　of　vPSmethod'　Sn02　deposits　ununifomly　on　only　a　particular

particle　of　Si02'remainin9　most　of　particle　vacant゛and　that　the　Sn02　a99re9ates　up

to　5　-1　5　nm　by　repeati　n9　VPS　cycl　es　｡　On　the　otherhand9　Sn02　particles　of　l‘　2　nm

are　uniformly　dispersed　on　the　IMP　catalysts.　The　a･cid-base　properties　determined　by

the　acid-base　titration　and　IR　spectra　of　adsorbed　base,and　the　redox　properties､by

TPR　and　pulse　reduction　experiments　with　ethylbenzene,　can　be　explained　on　the　basis

of　the　above　surface　models,　The　catalytic　properties　have　been　examined　by　the

continuous　flow　and　pulse　reaction　on　the　oxidative　dehydro9enation　of　ethylbenzene｡

The　differences　tn　the　catalytic　properties　of　each　catalysts　are　discussed　on　the

basis　of　the　reaction　mechanism　and　the　surface　models.　IMP　catalysts　possess　more

active　acid　sites9　while　the　active　acid　sites　on　the　vPS　catalysts　show　hi9her　turn-

over　frequency　in　the　initiatjon　of　the　reaction｡

INTRODUCTION

　The　method　of　preparation　is　one　of　the　keys　to　obtain　a　solid　surface　with　hi9h

activity　and　selectivity　and　currently　increasin9　in　its　importance　in　the　view　point

of　catalyst　d.esi9n｡A　new　preparation　method　reffered　as　vapor　phase　supportin9(VPS》

method　is　one　of｡the　modification　method　of　solid　surface　to　support　metal　oxides　onto

the　support｡Several　studies　have　been.devoted　to　the　reaction　of　chloride　with　the

hydroxy1　9roups　of　t,he　solid　surface　as　a　new　modification　method　of　soild　surfaces｡
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KOP　tsov　et｡　al｡showed　that　the　repeated　cycles　of　followjn9　reactions　(1)and(2)

result　in　increasin9　the　thickness　of　the　oxide　layers　[1､2,31,as　shown　in　scheme　(3)

･(SiOH)　゛Exn

〈SiO〉mExn-m　゛

a(SiOEOH)

‾‾→'(SiO)mExn-m　φ　　　mHX

("゛)H20‾4(SjO)

1)Exn

2)H20

mE(OH)n,m +(n-m)HX

(SiOEO‰ECOH)

Parfitt　et｡　al.showed　that　the　reaction　of　TiCI

n-a

j
　
ー

1
ー
　
　
　
2
‘

C
　
　
C

(3)

4　with　silica　9e】produces　acid　si　tes

on　the　surface[4]･　Thus　obtained　materia】s　can　be　used　∂s　a　new　type　of　supported
meta1　0xide　catalysts,however,oniy　a　few　studies　have　been　done　re9ardin9　thelr

application　as　a　catalyst[5,6E　　ln　our　recent　studies　on　the　application　of　VPS

method　to　prepare　supported　meta1　0xide　catalysts　[7.81,it　has　been　su99ested　that
catalysts　prepared　by　vPS　method　show　different　catalytic　properties　from　those

p゛ep″ed　by　the　typic“1　≒)゛e99tio"(IMP〉lethod‘　EspecWly'　VPS“S"02/S102cata-

lysts　show　remarkable　chan9e　in　the　dehydratjon　and　dehydro9enation　activity　with　the

chan9e　o　f　vPS　cycles　in　the　pulse　reaction　of　isopropyl　alcohol､su99estin9　the　differ-

ent　nature　in　the　acid-base　properties　on　the　surface　[9]｡This　also　attracts　inter,

est　to　apply　the　vpS　catalysts　in　the　oxjdation　reaction　which　is　controned　by　the

acid-base　prc)perties　of　the　catalyst.

　　ln　the　prev10U.S　StUdy　On　the　OXidatiVe　dehydr09enatiOln　Of　ethylbenZene,　the　SCreen-

ln9　0f　the　catalyst　has　been　preformed　[10,11]and　the　reaction　mechanism　has　also　been

clarified　on　a　series　of　Na　treated　Sio 2　‘A1　203　c°tnysts　D　2　･1　3]‘The　des19｢lof　the

catalysts　for　this　reaction　has　been　conducted　on　the　basis　of　the　above　mentioned

resul　ts　and　react10n　mechani　sm[14'15'16]'Sr102゛P205'　S“02/Si02'　゛d　A1203“P205

catalystshave　beendesi9nedand　showed　excellentperfomances'　especially'　Sn02/Si02

catalyst　showed　the　h19hest　conversion　and　selectivity,　Unusual　interadions　between

S“02　“nd　stjpp゛ots　゛e　poi"ted　o"t　[15]and　the　formation　of　new　acid　and　base　sites

is　expected　on　Sn02/Si02　catalyst　considerin9　the　electr`on　withdrawin9　effect　of　Si02

support[16]｡　ln　recent　days　,　such　interactions　between　supported　metal　oxides　and

the　supports　are　increasin9　in　importance　[17]｡

　ln　this　study゛　VPS‘Sn02/Si02　catalysts　are　prepared　by　chan9in9　the　number　of　the

VPS　cycles　to　compare　with　the　lMP'Sn02/Si02　catalystswith　various　Sn02　content'

The　differences　in　the　physical　properties　of　these　catalysts　are　studied　to　propose

the　surface　model　ofSn02 on　Sio 2'Thedifferencesin　the　catalytic　properties　are

discussed　on　the　basis　of　the　supposed　model　and　the　reaction　mechanism｡

EXPERIMENTAL

Pre　aration　of　catal　st

　Micro　Beads　Sn　ica　Gel　Type　50　(Fuji　Oavison　Chemical　Coj　was　used　as　the　support,

VPS'l　catalyst　was　prepared　at　353　K　as　fol　iows　:　The　support　was　calcined　in　the　fl　ow
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dry　N2　for　2゛5　h゛　then　about　20　ml　of　SnC14　saturated　in　d‘ry　N2　waS　fed　onto　the　SuppOIrt

for　19　h,　and　hydrolysis　was　perfomed　in　the　now　of　steam　(110　ml/min)for　3　h　after

the　pur9e　of　SnC14　by　dry　N2　flow　for　2　h.　Theresultin9　materialswere　washed　wi　th､

4N　NH40H　bydecantation　for　five　times　to　remove　the　residual　Cl　ions,washed　with

water　to　neutralize,and　calcined　at　773　K　for　2　h　in　air｡　This　vPS　cycle､from　the

initial　calcination　to　the　hydroysis,　was　repeated　for　two,　three､and　five　times　and

then　washed　wi　thNH40Hand　water　before　the　calcination　forvPS-2.VPS-3.and　vPS-5

catalysts'　respectively゛　lmpre9nated　(IMP)Sn02/Si02　and　unsuppo'^ted　Sn02　catalysts

were　prepared　by　the　previously　mentloned　method　[15j6],that　is　the　impre9nation　of

SnC12'2H20　from　ethyl　alcohol　solution　and　the　fo110win9　NH40Htreatment　before　calci-

nation,which　resuits　in　the　best　catalyst　for　th､e　oxidative　dehydrogenation　of　ethyl‐

benzene.　　The　content　ofSn02　on　the　catalystswere　deteminedbythe　xRF　measurement｡

Catal tic､activi

　Catalytic　performances　of　the　catalysts　were　determined　by　continuous　now　reaction

and　pulse　reaction.The　reaction　apparatus　and　procedures　were　stated　in　the　previous

chapters　to9ether　with　the　reaction　conditions　for　the　now　reaction[12]and　the　pul　se

reaction[14].　　The　amount　of　active　oxy9en　was　measured　by　reducin9　the　preoxidized

catalyst　with　repeatin9　pulses　of　ethylbenzene　in　the　oxy9en　free　helium　until　any

oxidation　products　could　not　be　detected｡

Surface　characters

　　Previously　reported　procedures　and　apparatus　were　adopted　to　obtain　the　xRD　patterns

[11],maximum　acid　and　base　stren9th　usin9　the　Hammet　indicators[12.141,acidity

distributions　by　titration　method　usin9　n･butyl　amine[1　2　,　1　4　],and　IR　spectra　of　ad-

sorbed　base[18]･　　Hi9h　temperature　IR　spectra　of　the　catalysts　were　obtained　at　603　K

in　the　flow　in　dry　helium　(26.3　ml/min)usin9　JASCO-EDR-IR　Type　EDR-31[19]｡The　UV-

VIS　diffuse　refrectance　spectra　were　measured　with　JASCO-UVIDEC-505　equipped　with

diffuse　refrectance　attachiment　model　TIS-241　usin9　Si02as　a　reference｡　TEM　micro-

photo9raphs　were　re9istered　on　a　H　700H　lnstrument｡TPR　profiles　were　obtained　by

heatin9　0･5　9　of　sample9　which　was　precalcinedat　773　K　2　h　in　the　flow　of02+N2

mixture(2:5)and　cool　ed　doWn　to　1　73　K,　in　a　flow　i　f　TPR　9aE(10　ml/min　of　6.21　Z　of

H2+93.79　Z　o｡f　Armixture)wi　th　heatin9　rate　of　5　°/min｡

RESULTS

Surface　characters

MMLILI!o2JL!IL2RE4

　　Table　l　summarizes　the　content　ofSn02゛size　of　Sn02　particle゛　BET　surface　area｡

pore　volume｡　UVλmax　val　ue　and　TEM-SAD　data｡　The　increase　in　vPS　cyc]es　resulted
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Table　l

Physical　Texture　of　Sn02/S102　Catalystsa

Catalyst

Sio

vPS?le
vPS-2

VPS-3

VPS-5

IMP-2.4h

IMP-4.6

1MP-7j

Sn02

Sno

conlentb
(molZ)

0

1

3

5

6

2

4

7

0

95

91

70

47

43

59

06

BET

Surface　Area

(m2/9)

Pore

volume

(ml/9)

Sn02

Particlec

size　j)

L17　　　　　　-

O｡97f(L04)9　゛

O｡95(1.04)-

O｡99(1.13)56

0.97(1.14)83

400

(224)9

(200)

(218)

(215)

(220)

(223)

(220)

ld
Sn02

-

　-

　-

Sn02

　-

　-

-

-

UV

λmax

(nm)

257

265

267

269

255

256

258

285



in　the　increase　ofSn02
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content　[7]'8s　e゛pected　fro"　Eq‘　(3)'The　Sr102　corlterlt　of

the　VPS　catalysts　i　s　i　n　the　same　ran9e　of　Sn02/S102　catalystwhich　showed　thehi9hest

conversi　on　and　sel　ecti　vity[161.　BET　surface　area　and　pore　volume　per　unit　wei9ht､　of
catalyst　were　reduced　by　supportin9　Sn02゛　But　those　values　per　unit　wei9ht　of　Si02゛

shown　i　n　parenceses　,　remained　constant　within　the　experimenta】error｡su99estin9　that

the　physical　texture　ofSi02　supportwas　not　chan9ed　so　much　by　supportin9Sn02　by　vPS

and　IMP　methods.

　　ln　the　x-ray　di　ffraction　(XRD)patterns,only　a　verybroad　l　ine　due　toSi02　could

be　observed　in　the　cases　of　vPS-l　and　2　catalysts｡　However,in　the　cases　of　vPS-3　and

-5catalysts,broad　and　weak　lines　also　were　observed,and　were　identified　as　the　dif-

fractl　on　l　i　nes　ofSn02'　The　avera9e　particle　diameter゛　calculatedfrom　tho.se　lines

by　Scherrerls　equation､was　5.6　nm　for　vPS-3　and　83　nm　for　vPS-5.　1n　the　cases　of

IMP　catalysts,　nodi　ffraction　l　ines　due　toSn02　coul　d　be　observed'　thou9h　IMP'7　j

catalystcontaines　moreSn02　thanvPS'5　catalysts‘　Thi　s　resul　t　does　nota9ree　with

that　on　Sn02/Si02　catalyst　in　the　previous　Chapters　where　the　di　ffractionpattern　due

to　Sn02was　observed　and　theparticlesize　from　linebroadenin9　was　about　6･O　nm,　As

the　preparation　method　of　catalyst　is　identical　to　one　another,thi　s　di　fference　may　be

due　to　the　difference　in　the　nature　betweenSi02　supports‘　The　effect　of　the　nature

of　Sio 2　support　on　the　catalytic　performance　of　impre9nated　Sn02/Si02　catalyst　will　be

a　subject　of　further　study,

　Fi9ures　l　and　2　show　transmissjon　electronlic゛oscopic(TEM)photo99phs　of　Si02(F4

1-a),IMP　catalysts(Fi9.1　-b,c,d)and　vPS　catalysts(F19.2)｡　Dark　spots　in

Fi9s'1　゛b゛c'd'and　Fi9‘　2　represent　Sn02　particles‘　Di　ffractlonpattern　of　Fi9,　2

-d　bySel　ected　Area　Di　ffrac､tion　(SAD)･ethod　89゛eed　゛i　th　th°t　of　Sr102'　Fi9『esl'

b,c,d　inticate　that,inthe　case　of　IMPcatalysts゛　Sn02　particleswi　th　a　diameter　of

about　l　nm　for　IMP-2.4　and　of　about　2　nm　for　IMP-4.6　and　-7　j　are　dispersed　unifomly

over　the　whole　promary　particles　of　Si02　support‘　ln　the　case　of　vPScatalysts｡on　the

other　handl　Sn02　particles　depositted　on　only　a　part　of　primary　particles　of　Si02'

remainin9Jmost　of　Si02　paricles　vacant゛　as　shown　in　Fi9゛　2'　ln　vPS‾1　'　shown　in　Fi9゛

2“　a'several　Sn02　partic゛leswi　th　a　diameter　of　about　3　nmdepositted　on　a　primary

particles゛consistin9　a　9roup'　But　most　of　Si02　particles　remainedvacant.ln　vPS-2

shown　in　Fi9.2-b,　the　diameter　ofSn02　parti　cl　es　increased　a　little,　resultin9　in

the　decrease　of　the　number　ofSn02　particles　in　one　9roup゛　But　t､he　number　of9roup

on　the　support　was　not　changed　so　much｡　ln　vPS-3　and　-5　shown　in　F19s｡2-candd,

the　diameter　ofSn02　increased　up　to　10　'15　nm'and　new　9roups゛whichwere　consi　sted

of　by　sma1　1　Sn02　parti　cel　s　'　wereformed゛　But　゛　most　of　the　primary　particl　es　of　Si02

sti11　remained　vacant｡

　Fi9ure　3　shows　hi9h　temperature　infrared　spectra　of　catalysts　measured　by　EDR-IR　[19]
ln　the　case　of　Sn02゛a　weak　and　broad　band　at　3600　'2900　cm'1

was　observed,　and　this

band　was　attri　buted　to　H-bonded　SnOH[20].Irl　Si02･　8　band　of　isolated　SiOH　at　3730　cm
-'1
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2-d

FIGURE　2　TEM　Photo9raphs　of　(a)VPS-1,(b)VPS-2,(c)VPS-3,and(d)VPS-5
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FIGURE　3

t
　
　
T

4000 3600 3200 2800

W(]venumber(cm“1)

2400

Hi9h　temperature　lR　spedra　of　(a)unsupported　Sn02'(b)Si02　support'

(c)VPS-5､and(d)IMP-7j　measured　at　605　K　jn　the　now　of　dried　helium｡
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and　a　broad　band　of　H-bonded　SiOH　at　3600cm‾l　were　observed｡　ln　the　case　of　vPS　and

IMP　catalysts　,　a　weak　band　of　isolated　SiOH　was　observed,but　a　band　of　isolated　SnOH

at　3640　cm“l　was　not　detected｡　The　H-bonded　OH　bands　were　observed　between　H-bonded

SiOH　and　H-bonded　SnOH　band/rhe　intensity　of　the　band　also　was　intemediate　between

both　H-bonded　SiOH　and　SnOH　bandE　These　resul　ts　su99ested　that　the　band　between　3600

-　2800　cm‾l　is　an　overlap　ofweaker　H-bonded　SiOH　band　and　stron9　H-bonded　SnOH　band.

The　decrease　i　n　the　intentsity　of　SiOH　band　a9rees　with　that　Si02　surface　i　s　covered

by　Sn02'　and　the　increases　in　the　intensity　andwavenumber　of　SnOH　bandmi9ht　be　due　to

the　interaction　ofSn02　wi　th　Si　02　'

　　Uv　spectrum　of　Sn02　was　essentially　the　same　as　thatreported　by　Sala　and　Tri　fro　[21]｡

lt　had　an　absorption　maximum　at　285　nm　with　a　broad　tailin9　to　460　nm,　Sala　and　Trifro

ascribed　the　tailin9　at　350　-　460　nm　to　an　intervalence　char9e　transfer　band.　ln　the

case　of　supported　Sn02catalysts'as　shown　in　Tablel,the　adsorptionmaximum　was　shifted

to　lower　wavelen9th,　especially　in　the　case　of　IMP　catalysts,　su99estin9　an　interaction

with　Si02'　The　intervalence　char9etransfer　band　could　not　be　detectedon　the　catalysts
　　　　　　　　　　　　　　　　　　　　　　　　　　j･　　　　　　5.

The　interaction　withSi02 mi9ht　reduce　the　electron　transfer　between　Sn and　Sn

　Fi9ure　4　shows　temperature　pro9ramed　reduction　(TPR)profiles　of　catalysts.The

r`edtJctiorlof　Srl02(c『゛e8)st゛ted“t　370　K(Tinit)･　had　a　small　maximum　at　680　K　and

a　small　minimum　at　770　K,and　proceeded　further　at　hi9her　temperature.　The　amount　of

co"suled　hyd゛o9e"　(H2/S｢1)゛s　O･12　below　770　K　and　O｡71　between　770　and　1100　K｡　Tinit

of　vPS‾1(c『゛eb)゛s　hi9hey`th゛　Sr102　by　100　K　and　a　broad　reduction　peak　was　observed

between　670　and　820　K｡　TheH2/Snratio　was　(h65.1n　the　case　of　vPS-3　(cUrve　c)゛Tinit

was　almost　the　same　as　that　ofSn02'and　two　reduction　maxima　were　observed　at　870　K　and

1020　K'H2/Sn　ratio　was　O｡71　andO｡35.respectively.The　reduction　profile　of　IMP-4.6

was　quite　similar　to　that　of　vPS-3､except　that　the　reduction　peak　at　hi9her　tempera-

ture　coul　d　not　be　observed　｡

Acid-base ro rties

　Fi9ure　5　shows　IR　spectra　of　adsorbedpμidi"e　orl　Si02　8"d　c8talysts`O"　Si02　(

spectrum　a)｡only　bands　due　to　hydro9en　bonded　pyridine　(HPy)were　observed　at　1447　cm‾1

and　1597　cm‘1　,　but　nobands　due　topyridinum　ion　(BPy)and　coordinated　pyridine　(LPy)

could　not　be　observed｡OnvPS-1(spectrum　b)､LPYbands　at　1453　cm‘l　and　1613　cm“1

as　well　as　HPy　bands　were　observed｡　The　i　ntensi　ty　of　LPy　bands　decreased　on　vPS-2

(spectrum　c)and　increased　a9ain　on　vPS-3　and,5(spectra　d　and　e)｡　ln　the　case　of

IMP-4･6(spectrum　f　)stron9　bands　of　LPy　as　well　as　HPy　bands　were　observed.　No　bands

due　to　BPy　was　observed　on　these　catalysts｡　After　the　evacuation　at　473　K　for　0.5　h,

LPy　bands　remained　on　vPS-l　and　IMP-4.6　and　a　weak　LPy　bands　were　observed　on　vPS-3　and

-5.　0n　the　other　hand,LPy　bands　disappeared　on　vPS-2　after　the　evacuation｡　HPy　bands

disappeared　on　all　the　catalysts｡

　IR　spectra　of　adsorbed　ammonia　a`lso　were　measured.　The　band　due　to　ammonium　ion　on
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Table　2

Acjd　and　Base　Properties　and　Reduction　Properties　of　Sn02/Si02　Catalysta
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FIGURE　5　　IR　spectra　of　pyrinineadsorbedorl(8)Si02･(b)VPS'1'(c)VPS'2･

(d)VPS-3､(e)VPS-5,and(f)IMP-4.6.　Samples　were　evacuated　at　673　K　for　l　h､
pyridine　vapor　was　adsorbed　at　room　temperature　for　O｡5　h,evacuated　at　room　tempera-

ture　for　0.5　h,and　then　IR　spectra　were　recorded｡
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　B　-　acid　si　tes　cou゛ld　not　be　observed　in　accordance　with　the　results　of　IR　spectra　of

pyridine｡The　band　due　to　amonia　coordinatively　adsorbed　on　L-acid　sites　were　observed

only　onvPS-l　and　-5　and　IMP-4.6catalysts､but　not　on　vPS-2　and　-3　andSi02　support‘

　The　maximum　acid　and　base　stren9th　(Ho　maxand　pKa　max)of　catalysts　were　shown　in

Table　2.Sio 2　had　only　very　weak　acid　sites　ofHo　:゛　f3　゛3　'　and　Sn02had　weak　acid　si　tes

of　Ho≫‘3･O･　The　maximum　acid　stren9th　of　vPS　catalysts　was　identified　to　that　of　SnO､,

while　IMP　catalysts　wjth　hj9h　Sn02　content　had　acid　sites　of　Ho≪-EO　and,even,a

small　amunt　ofstron9acid　sites　of　Ho≪,5.6.　Al　thou9h　Si02　and　Sn02　did　not　have

stron9　base　si　tes　of　pKa　≫172,both　vPS　and　IMP　catalysts　had　such　base　siteE

　　lt　has　been　shown　in　the　prevjous　chapter,that　acid　sites　of　L5>HO≫-E6　are

necessary　to　adsorb　and　activate　ethylbenzene　in　the　oxidative　dehydro9enation　of

ethyl　benzene.　Fi9ure6　shows　the　effect　of　vPScycl　e　on　Sn02　content　on　the　amount　of

acid　sites　of　l　｡5≫Ho≫-5.6.　1t　should　be　noted　that　acid　sites　of　Ho≪-5.6　were　not

present　on　vPS　cataiysts　,　and　appeared　to　be　few　on　IMP　catalysts　｡　Thus､the　ordinate

of　Fi9､6　also　represents　the　total　amount　of　acid　ajtes　on　the　catalysts.　The　acidity

of　concern　on　both　vPS　and　IMP　catalysts　was　not　chan9ed　so　much　after　the　oxidative

dehydro9enatjon　of　ethyn)enzene　for　4　h　followed　by　the　calcination　jn　a　flow　of　oxy9en

at　773　K,　The　acidity　of　IMP　catalysts,which　were､as　a　wh01e､lar9er　than　the　acidity

of　vPS　catalysts'increased　almostmonotonously　with　Sn02content｡On　the　other　hand､

very　interestin9　resun　was　obtained　on　vPS　catalysts.　The　acjdity　was　the　lar9est　on

vPS‘1　,　took　the　minimum　on　vPSヽ2,　and　then　increased　a9ain　on　vPS‘3　and　-E　This　result

su99ests　that　the　acid　sites　on　vPS,l　js　djfferent　jn　nature　fromvPS　catalysts　wj　th

hi9h　Sn02　content゛

　　The　amount　of　effective　base　sjtes､　17J≪pKa　4　263､　could　not　be　detemined,

because　the　color-chan9eof　indicators　was　very　obscure　on　Sn02　adn　Sn02　surpported　on

Sn02‘

Catal tic ro erties

　Fi9Ure　7　shows　the　results　of　pulse　reaction　on　vPS,5　and　IMP-7J　catalysts｡　ln　the

case　of　vPS　catalyst,　the　yield　of　styrene　decreased　by　repeatin9　pulses　of　ethylbenzene

(pulse　l),did　not　increase　by　oxy9en　pulse　injeded　prior　to　ethylbenzene(pulse　n)

or　by　oxy9en　pulse　injected　simultaneousiy　with　ethylbenzene.　Benzene　was　not　formed

in　all　experiments,　and　the　yield　of　carbon　oxides　was　not　so　lar9e,　ln　the　oxy9en

pulse　prior　to　ethylbenzene　pulse,only　carbon　oxides　were　formed,but　no　styrene　was

detected｡The　result　on　vPS-3　was　very　close　to　that　on　vPS-5　shown　in　Fi9.　7-a｡The

resul　ts　on　vPS‘l　and　-2　were　qualitatively　similar　to　that　on　vPS-5.thou9h　the　yields

of　styrene　and　carbon　oxides　formed　were　smaller｡

　ln　the　case　of　lMp‘7,2　catalyst､　the　yield　of　styrene　decreased　by　the　repeated

pulse　of　ethylbenzene　(pulse　l)in　the　same　way　as　vPS-E　But　it　increased　in　pulse　n

after　oxy9en　pulse　or　in　pulse　m　with　oxy9en　pulse　jnjected　simultaneously.　This
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FIGURE　6　Effect　of　vPS　cycles　on　the　amount　of　acid　sites　of　Ho　between　L　5　and　-E6

on(○)VPS-catalysts　and　(□)IMP-catalysts　of　fresh　state　for　open　sβbols　and

re9enerated　state　of　used　catalysts　for　filled　symbols,
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Ethyl　benzene　O　μ1)was　pulsed　(pulse　l),oxy9en　O　ml)was　pulsed　(pulse　Hnand

then　ethyl　benzene　was　pul　sed　(pulse　n),and　ethylbenzene　and　oxy9en　were　pulsed

simul　taneously　(pulse　m)at　723　K.(○)Styrene,(□)carbon　oxides,　and(△)benzene

were　formed　by　each　pul　se　,　ln　pul　se　IP　(oxy9en　pul　se),only　carbon　oxides　(filled

square)were　formed｡
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indicates　that　IMP,7j　catalyst　is　more　easily　reoxidized　than　vPS　catalysts､The

result　that　the　yield　in　pulse　�was　lar9er　than　that　in　pulse　n　su99ests　that

adsorbed　oxy9en　may　be　active　species　(12,13)｡　Lar9e　amounts　of　by‘products,　benzene

and　carbon　oxides,　were　formed　in　the　first　pulse　of　pulse　l,　but　not　so　much　were

formed　in　the　second　pulse･ln　pulse　m,　lar9e　amounts　of　by‘products　were　fomed

a9ain,　The　resuk　on　IMP-4.6　was　close　to　that　on　IMP-7j　､but　that　on　IMP-2.4　was

close　to　that　on　vPS-l　or　2.

　As　mentioned　above,　the　yield　of　styrene　and　carbon　oxides　decreased　by　repeatin9

ethyl　benzene　pul　se　(pulse　l)･This　su99ests　that　the　amount　of　active　oxy9en　decreases

with　increasin9　pulse　number､　and　that　the　amount　of　acti　ve　oxy9en　my　be　measured　from

the　total　yields　of　styrene　and　carbon　oxides　by　repeatin9　ethylbenzene　pulse　until

any　oxydation　products　could　not　be　detected｡

C6H5C2H5

C6H5C2H5

C6H5C2H5

+

+
　
+

(O)

13(O)

21(o)

‾‾→　C2H5C2H3

-------→　8CO

‾‾‾4　8C02

+

+
　
+

　H20

5H20

5H20

{

+

+

(

13(

21(

)

)

)

(4)

(5

(6

)

)

The　amount　of　active　oxy9en　thus　obtained　was　summarized　in　Table　2.

　Fi9ure　8　shows　the　resul　ts　of　continuous　flow　reaction　on　vPS“3　and　lMP“4jk

The　selectivity　on　vPS-3　was　as　hi9h　as　90　Z　and　that　on　IMP-4･6　was　close　to　it･　The

selectivity　on　vPS-5　and　IMP-7Jwas　almost　equal　to　that　on　vPS-3　and　IMP-4.6,respec-

tjvely'　but　the　selectivity　on　catalysts　with　}ow　Sn02　content　was　si9nificantly　lower

than　the　sel　ecti　vity　shown　in　Fi9,8.　The　rate　of　styrene　formation　on　IMP-4.6

increased　9raduany　with　the　time　on　stream　and　become　constant.　0n　the　other　hand,

the　rate　on　vPS-3　decreased　9radually　and　become　constant.　The　resul　ts　on　other　VPS

and　IMP　catalysts　were　similar　to　those　on　vPS-3　and　IMP-4.6､respedively.

　Reoxidation　of　used　IMP-4.6　c8t°lyst　8t　770　K　i"02/N2　flo“ヽ(1/10)fo゛2h“｢ld　i9

oxy9en　ヽflow　for　l　h　resulted　in　essentially　the　same　results　as　shown　jn　Fi9.8　for

fresh　catalyst､　Le｡,the　same　initial　activity　and　the　same　time　course　of　an　increase

in　activity･　On　the　other　hand｡the　activjty　of　vPS-3　catalyst　after　the　reoxidation

was　equal　to　the　actjvity　immediately　before　the　reoxjdation｡

DISCUSSION

Schematic　model　of　su rted　Sno on　Sio

The　vapor　phase　supportin9　method　was　applied　to　prepare　Sn02　catalyst　supported　on

2　for　the　oxidativedehydro9enati　on　of　ethyl　benzene　.　ln　vPSmethod'　SnC14　has　been

supposed　to　react　with　surface　OH　9roup　to　form　surface　chloride　compound　which　is,in

turn｡hydrolized　to　fom　oxide　layer､　as　shown　by　Eqs.　〈1)-(3)｡Repeati　n9　VPS

cycles､Eqs,(1)and(2)has　been　supposed　to　result　in　the　increase　of　the　thickness

of　oxide　layers゛Actually゛　Sn02content　increased　with　increasin9　VPS　cycles,as　shown

in　Table　L　However｡　the　rate　of　the　increase　in　Sn02content　became　small　after　the
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thi　rd　cycl　e.　The　difference　inSn02content　between　vPS-3　and　-5　is　smaller　than　Sn02

content　in　vPS-1　.　The　concentration　or　the　reactivity　of　surface　OH　9roup　mi9ht　de-

crease　with　increasing　vPS　cycles.

　XRD　patternsof　vPS,3　and　-5　were　identified　as　Sn02'　and　SAD　patternsof　VPS-5　also

was　identified　as　SnOy　　The　partic!e　size　of　supported　Sn02'calculated　by　the　line

broadenin9　method　of　xRD　line,was　5.6　nm　on　vPS-3　and　8.3　nm　on　vPS-5.　These　values

a9reed　well　with　the　avera9e　particle　size　calculated　from　TEM　photo9raphs｡　ln　the

TEM　photo9y゛aphs　'　the　p゛ojected　area　of　Sr102　i｢I　VPS　catlalysts　apple81's　to　be　almost

constant'　thou9h　Sn02content　increases　with　the　increase　in　vPScycles,　This　a9rees

that　the　thickness　of　oxjde　layer　my　increase　with　the　increase　in　vPS　cycles,　as　it

has　been　expected,The　avera9e　thickness　was　estimated　from　the　projected　area　and

Sn02　content　by　assumin9　that　the　Sn02　particels　are　semispherical　゛　The　avera9e

thickness　thus　estimated　was　about　l　.4,2.0,4.0､and　5.0　nm　for　VPS-1　,-2,-3,and

-5　catalysts､　respectively｡On　VPS-3　and　-5,　sman　particles　were　newly　fomed,　which

may　introduce　errors　in　the　estimated　thickness｡　The　thi　ckness　i　n　IMP　cata]ysts,

estimated　i　n　the　sameway,a9reedwel　l　wi　th　the　radious　ofSn02　particlesobserved　in

TEM　photo9raphs,

　These　discussions　leads　to　the　schematic　model　ofsupported　Sn02　shown　in　Fi9゛　9'

The　model　will　be　useful　to　understand　the　difference　in　the　catalytic　properties

between　the　catalysts.

　ln　the　previous　chapter,i　t　was　shown　from　the　i　somer　shi　ft　of　M6ssbauer　spectra

that　Si02withdraws　electrons　fromSn02'　The　interaction　withSi02　was　observed　in

Uv　spectra　shown　i　n　Tabl　e　l　.　The　absorption　maximum　shifted　to　lower　wavelen9th　with

the　decrease　of　Sno 2　content'orwi　th　the　decrease　ofSn02　particlediameter｡　The

interaction　was　also　observed　in　the　reduction　properties.　The　initiation　temperature

of　reduction　in　TPRprofileincreased　withdecreasi　n9　Sn02content　as　shown　inFi9･　4･

The　amount　of　active　oxy9en　shown　in　Table　2　increased　with　intreasin9　VPS　cycles｡　The

ratio　of　activeoxy9en　to　Sn02　content　was　notconstant､but　it　increased　with　vPS

cycles,　　ln　the　case　ofvPS'1　'　Sn02　was　supported　as　thin　iayers　on　Si02　and　the　inter゛

action　betweenSn02　and　Si02　was　si9nificantly　lar9e'　ln　vPS‘2゛　Sn02　was　supported　on

Sn02　1ayers　ofvPS-1.　Further　vPScyclesresul　t　i　n　thedepodition　of　Sn02　on　Sn02

thus　supported　on　Si02　to　fom　Sn02　crystals゛　The　increase　in　the　thickness　ofSn02

particle　may　reduce　the　avera9e　interaction　ofSn02　with　Si02'　ln　the　case　of　IMP

catalysts'　Sn02　was　hi9hly　and　unifomly　dispersed゛With　increasin9　Sn02　content゛

the　the　parti(jesize　increasedonly　a　little｡　but　the　number　ofSn02　particle　increased

si9nificantly.　This　a9rees　well　with　almost　constant　absorption　maximum　in　Uv　spectra

shown　in　Table　l　｡

Add　and　base　si　tes

　The　acid　properties　of　Sn02/Si02　catalysts　a　re　examtnedby　IR　s.pectra　of　adsorbed

pyridine　shown　in　Fi9.　5.by　titration　with　n,butylamine　shown　in　Fi9.　6,and　by　co}o｢
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chan9e　of　the　Hammet　indicators　shown　in　Table　2.These　resul　ts　indicate　that　n･ew

acid　sites　are　9enerated　by　supportin9　Sn02　on　Si02'　and　verify　the　workin9

hypothesisin　thedesi9n　of　catalyst　that　supporin9　Sn02　on　Si02　would　9en‘erate　acid

sjtes　which　is　essential　to　the　oxidaitve　dehydro9eation　of　ethylbenzene[12,13.141.

The　interaction　ofSn02 wi　th　Si02　was　very　stron9　invPS,1.M6ssbauerspectra　of

　　　　　　　　　　　　　　-　　　　　　　-

Sn02/Si02　catalysts　indicated　that　electron　was　withdrawn　fromS1102　by　Si　02　[16]‘

Thi　s　su99ests　that　Lewi　s　aci　d　si　temay　be　9enerated　on　Sn02“　ln　the　case　of　vPS-2､

Sno 2　was　supported　on　Sn02　1ayers　of　VPS‾1　'which　may　reduce　the　acidity゛

As　mentjoned　above　,　the　relation　between　the　acidity　of　l｡5≫Ho>,5.6　wiht　vPS

cycles,　shown　in　Fi9.　6,　su99ests　that　acid　sites　on　vPS゛l　are　different　in　the　nature

form　those　on　vPS-3　and　-5.　　1n　the　cases　of　vPS-3　and　‾5'　Sn02　particles　are　too

thick　for　the　acid　sites　to　be9enerated　on　Sn02particles　under　the　effect　ofSi02‘

The　acid　si　tes　may　bearound　the　interface　ofSn02　and　Si02゛　Accordin9　to　Tanabe　[22〕'

Lewis　acid　sites　are　9eneratedon　Si　atoms　under　the　effect　ofSn02　in　a　mixture　of

Sn02 and　Si02゛ However,M6ssbauer　spectra,　chapt｡8,i　ndi　cated　that　el　ectorn　wi　thdrawn

from　Sn02　by　Si02‘　This　su99ests　that　Lewis　acid　sites　aregenerated　on　Sn　atoms.

Anyway,it　is　reasonable　that　another　type　of　Lewis　sites　are　generated　around　the

interface　between　Sn02　and　Si02゛

　ln　IMP　catalysts,　Lewis　acid　sitesmay　be　fomed　on　Sn02under　the　effect　ofS102'

because　Sn02　particl　es　are　so　smalL　Hi9h　dispersion　of　Sn02　1eads　to　]ar9e　amount　of

acid　sites　as　shown　in　Fi9.　6,

　1n　the　reaction　mechanism　previously　proposed｡　base　si　tes　abstract　(l-　and　6,hydro9en

from　ethylbezene　adsorbed　on　acid　sites　to　fom　styrene　and　water.But　it　was　very

difficult　to　examine　the　base‐properties　by　titration　method,because　color　chan9e　of

the　jndicators　was　not　clear　on　Sn02/Si02　catalysts゛　Thus　the　reductj　on　properties

were　examined　by　the　TPR　profile　and　the　reduction　with　ethylbenzene.The　amount　of

active　oxy9en　per　unit　catalyst　wei9ht　increasedalon9　with　the　i　ncrease　ofSn02

content､as　shown　in　Table　2,and　the　amountper　unit　wei9ht　of　Sn02　shown　in　parenthe‘‘

sis　also　increased.　　ln　the　case　of　vPS-1　､　the　reducibility　of　Sn02　was　low‘　　The

initiation　temperature　of　reduction　in　TPR　was　h19h､and　the　amount　of　active　oxy9en

ti　trated　wi　thethylbenzene　was　only　36゛8　peq/9‘Sn02‘　The　low　reducibility　of　vPS‘l　may

be　caused　by　thin　layers　of　Sn02゛　VPS-3　and　-5　catalysts　with　thick　Sn02　particles

showed　hj9h　reducibilityヽ　The　initiation　temperature　in　TPR　was　lower　and　the　.amount

of　acti　ve　oxy9en　was　l　ar9er　than　vPS-1　.　1MP　catalysts　also　had　lar9er　amount　of

actjve　oxy9en　and　low　initiation　temperature,　The　lar9e　amount　of　active　oxy9en　may　be

resulted　in　by　the　hi9h　dispersion　of　Sn02　or'in　other　words゛by　the　lar9e　surface

area　of　Sn02

Schematic　model　and　Catal rformances

　　Fi9ure10　shows　the　effect　ofSn02content　on　theactivity　and　selectivity　at

initial　sta9e(30　min)and　at　steady　sta9e　(230　min)｡As　mentioned　above,　the　yield
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of　styrene　on　IMP　catalysts　jncreased　with　time　on　stre∂m,but　those　on　vPS　catalysts

decreased｡At　the　initital　sta9e,　the　activity　c}n　both　catalysts　was　close　to　one

another,but,at　the　steady　state､the　activi　ty　on　IMP　catalysts　was　hi9her　than　vPS

catalysts.　Both　of　the　jnitial　activity　and　the　steady　activity　i　ncreased　wi　th　Sn02

content,　and　the　increase　in　the　activi　ty　was　remarkablearound　4　mom　ofSn02‘

This　result　js　in　9ood　a9reement　with　the　resUlt　in　the　pulse　reaction　shown　in　Fi9.11

The　yield　of　styrene　in　the　pulse　reaction　also　increased　with　Sn02　content'　and

it　increased　remarkablyaround　4　mon　ofSn02‘

　　The　followin9　reaction　mechanism　has　been　proposed　for　this　reaction　in　the　previous

chapter.　Ethylbenzene　is　dissociatively∂dsorbed　on　acid　sites　of　l.5>H'o≫-E6,and

the　catalytic　activity　per　such　acid　site､turnover　frequency､is　determined　by　the

base　propertiy　of　catalysts.　And　it　has　been　confjmed　that　this　reactjon　mechanjsm

can　be　appl　ied　to　various　sol　id　acid　cata】ysts｡too｡ln　the　present　case､　the　readion

mechanj　sm　appears　to　be　appl　ied　｡　Fi9ure　12　shows　the　effect　of　vPScycles　on　Sn02

content　on　the　amount　of　reversibly　adsorbed　ethylbenzene　which　was　calculated　from

the　amount　of　unrecovered　ethylbenzene　in　the　pulse　reactiorh　　The　effect　is　quite

similar　to　that　on　the　acidity　of　concern　shown　in　Fi9.　6.indicatin9　that　ethylbenzene

is　adsorbed　on　the　acid　sites　of　L5>Ho≫-E6.　The　activity　of　IMP　catalysts　increased

with　time　on　stream,but　that　of　vPS　catalysts　decreased,as　shown　in　Fi9.8.　The

reoxidation　of　used　catalysts　resulted　in　the　same　initia]activi　ty　and　the　same

time　course　of　activity　chan9e　in　the　case　of　IMP　catalysts､but　the　activi　ty　of　vpS

catalysts　was　not　recovered　by　the　reoxidation｡　Thus､the　activity　chan9e　if　IMP

catalysts　is　reversible,that　of　vPS　catalysts　is　irreversible｡　Fi9ure　6　shows　the

acjdjty　of　concern　of　the　fresh　catalysts　and　the　used　-　reoxidized　catalysts｡　The

acidjty　of　both　vPS　and　IMP　catalysts　was　not　chan9ed　by　the　use　in　flow　reaction　and

the　fonowin9　reoxidation･　As　to　the　IMP　catalysts,this　result　is　in　9ood　a9reement

with　that　the　jnitial　actjvity　was　recovered　by　the　reoxjdationν　　However,in　the　case

of　vPS　catalysts,the　jrreversible　activjty　chan9e　should　be　explained　by　the　other

factor　than　the　acidity､i,e･,the　chan9e　of　the　activity　per　an　acid　site｡

Fi　9ure　1　3　shows　the　turnover　frequencies　at　30　min　and　230　min｡　As　shown　in　the

fi9ure,the　turnover　frequency　of　vPS　catalysts　is　hi9h　at　the　initial　sta9e,but

decreases　with　time･　The　activity　chan9e　of　IMP　catalysts　is　the　same　as　that　observed

on　solid　acid　catalysts.　　At　the　initial　sta9e,styrene　once　fomed　polymerizes　to　fom

coke､and　it　reduces　the　apparent　yield　of　styrene.Coke　thus　fomed　bl　ocks　acti　ve

sites　for　polymerization　and　suppresses　the　polymerization　reaction,which　increases

the　apparent　yield　of　styrene･　On　the　other　hand,the　activi　ty　chan9e　of　vPS　catalysts

can　not　be　explained　either　by　the　coke　fomation　or　by　the　decrease　of　active　sites｡

Fi9ure14　shows　the　effect　ofSn02content　on　the　amount　of　activeoxy9en　per　an　acid

site　of　concern,　The　tendency　is　quite　similar　to　that　of　the　turnover　frequency　at

the　initial　sta9e　shown　in　Fi9.　13.This　indicate　that　lattice　oxy9en　is　responsib]e
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FIGURE　13　Effect　of　vPS　cycles　on　the　turnover　frequency.For　the　symbols,　see　Fi9.6
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for　the　activity,　at　least,　of　vPS　catalysts　at　the　initial　sta9e,　ln　the　pulse

reaction､the　yield　of　styrene　decreased　by　repeatin9　ethylbenzene　pulses　(pulse　l),

as　shown　in　Fi9.　7.This　result　indicates　that　the　lattice　oxy9en　is　active　for　the

reductjon　on　both　IMP　and　vPS　catalysts　and　that　the　catalysts　are　easny　by　ethyl　-

benzene,　0n　vPS　catalysts,　the　oxy9en　pulse　injected　prior　to　ethylbenzene　pulse

(pulse　P)did　not　increase　the　yield　of　styrene　so　much,　This　jndjcates　that　the

reoxidation　of　vPS　catalyst　is　not　so　fast､which　results　jn　the　9radual　reduction　of

catalysts　and　the　9radual　decrease　of　catalytic　activi　ty　wi　th　time　on　stream｡

On　the　other　hand,the　oxy9en　pulse　si9nificantly　improved　the　yield　of　styrene　on　IMP

catalysts,　and　oxy9en　injected　sjmultaneously　with　ethylbenzene(pulse　m)further

improved　the　yield　of　styrene｡　These　results　indicate　that　the　reoxidation　of　IMP

catalysts　is　fast　and　that　the　weakly　adsorbed　oxy9en　with　short　life　is　acitve　for

the　reaction　on　IMP　catalysts｡　Thus,in　the　case　of　IMP　cata]ysts,the　oxidi　zed　state

of　catalyst　remaines　unchan9ed　and,　even　i　f　the　catalyst　was　reduced,　the　weakly

adsorbed　oxy9en,　may　be　O‾[13],majntajns　the　cataiytic　activity.

　ln　summary'　the　vPS　method　9aines　relatively　ldr9e　Sn02　particles　supported　on　Si02

surface,　and　the　repeated　vPS　cycles　increase　the　thickness　ofSn02　particles‘　vpS

catalysts　with　hi9h　Sn02　content　show　hj9h　catalytic　activity　per　an　active　sjte゛Le“゛

turnovey`frequency.　However,the　amount　of　active　sites　is　so　small　that　the　overa11

actjvity　is　in　the　same　ran9e　as　thdt　of　IMP　catalysts,　And　the　vPS　catalyst　is　easily

reduced　durin9　the　reaction,　which　results　in　the　decrease　of　the　catalytic　adivity

with　time　on　stream｡　lf　the　amount　ofSn02　particles　on　Si02　surface　can　be　i　ncreased

and　if　the　reoxidation　can　be　promoted,further　improved　catalyst　may　be　obtained｡
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Su㈲lar of　Each　Cha ters

-183-

　　As　described　in　the　fore90in9　chapters,fairly　9ood　results　are　obtained　by　conduct-

in9　this　study　alo99　with　the　pro9ram　of　the　catalyst　desi9n　which　is　stated　in　Chap-

ter　l｡　A　detailed　mechanism　for　the　present　reaction　is　confirmed　on　the　basis　of

the　quantitative　r01es　of　the　acid　and　base　sites　in　a　molecular　aspect｡　which　served

to　construct　the　plan　of　catalyst　desi9n｡　Fairly　9ood　catalysts　are　desi9ned　such　as

Sn02“　P205　'　A1　203`P205'　and　Sn02/Si02゛　The　comparison　of　the　desi9ned　catalysts　with

the　reported　catalysts　are　shown　in　Table　l　,showi　n9　that　the　the　tar9et,　value　settled

in　Chapterl'　is　cleared　by　Sn02/Si02　catalyst‘　The　keys　of　each　Chaptersares　uT11ma　ri　zed

as　followE

　A　systematic　screenin9　of　the　catalysts　are　conducted　under　the　workin9　hypothesis

to　controll　theoxidizin9　abjlity　of　Sn02　by　addin9　acid‾base,　materials'　An　important

information　that　the　addition　of　acidic　components　enhances　the　catalytic　performances

has　been　obtai　ned｡　Sn02'P205　is　selected　as　the　best　catalyst‘　(Chapter　2)

　The　optimum　preparationmethod　forSn02‾P205　catalyst　is　confirmed｡And　the　role

of　Sn　and　P　are　studied　to　conclude　the　addition　of　phosphorus　results　in　the　foma-

tion　of　new　acid‐base　sites　which　may　be　the　active　sites｡

(Chapter　3)

　　Considerin9　above　hypothesis､the　effect　of　the　acid　and　base　si　tes　on　the　present

reaction　is　studied　usin9　Na　treated　SiOyA1203　catalysts'　the　acid　and　base　characters

of　which　is　controlled　by　the　amount　of　Na　loaded｡　　Fonowin9　quantitative　correlations

on　thry　acidity　and　basicity　are　obtained.　The　adsorption　of　ethylbenzene　is　confimed

to　be　reversible　and　dissociated　at　the　a-position　on　the　acid　site　of　Ho　between　L5

ann　-E6.While　the　activation　of　oxy9en　to　fom　adsorbed　oxy9en　species　(may　be　O‘)

occurs　on　the　base　site　of　pKa　between　17.2　and　26jE　The　formtion　of　styrene　occurs



Table　l

Catalysts　for　OXidjEltive　Dehydro9enation　of　Ethyl　benzene
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Sn02/Sio 2(3〉

Sn02'P205

AI 203‘P20

(9

5(
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Fe203‘Cr203゛K20

Ce,P

Fe-Activ｡Carbon

Zn`P‾O'Si02

Cr203'Ni　O'A1　203

ZnO'Si02″A1203

Bi　゛U゛o‘A1　203

Pd'Y゛A1203

Pd゛KBr“a‘A1203

Pd'KBr'Y'A1203

CO゛Cr-AI　-M9-SI
4
,
1
ー

5

7

0

(CONTINUED)

1

Results(Z)

EB-conv｡　ST-select

60
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33
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by　the　abstradion　of　μhydro〕en　of　the　adsorbed　ethylbenzene　internlediate　with　the　o

specjeE　These　findin9s　leads　a　detailed　redction　mechanjsm　in　a　nlolecular　aspect　and

the　resul　ted　mechanjsm　js　shown　in　Fj9､　1.

(Chapter　4　and　5)

　　The　above　reaction　mechanism　is　extended　to　various　solid　acid　catalysts　includin9

SDAU　SDM95　A1203'　Sj02'　Solid‘P'　Sn02'　Sn‾P'　Li‘SDAI'　μSDAI'　Na‾SDM9'　AI‾P'　Si‾P

and　AI-B　catalysts　and　the　resulted　mechanjsm　leads　to　a　plan　to　desi9n　catalyst　for　the

oxidative　dehydro9enation　of　ethylbenzene;

lncrease　the　acid　sj　te　of　Ho　between　l　.5　and　-E　6　as　wel　l　as　the　base　site　of　pKa　between

　　　　　172　and　26.E

Suppress　the　acid　and　base　sites　ranOn9　in　the　stron9ervalues･

The　desi9ned　catalyst　is　A1203‘P20y

(Chapter　6)

j
ー

1
1
{
/
』

C
C

The　desi9n　of　support　for　Sn02　js　also　performed　under　the　plan　that　instead　ofaddin9

the　acjdic　component　to　Sn02'　supportin9　Sn02　on　the　acidic　supports‘　New　information

is　obtained　that　the　catalytic　properties　depends　on　the　acid　and　base　properties　of

supports'usin9　M90　asa　base　support゛Ti02　and　A1203　as　amphoter　supports゛Si02　and

sioyAI 203　゛s　°cid　s‘Jpports'　As“｢eslit's｢102/si02　c8t81yst　is　deNg2ier　7)
　The　optimum　preparationmethod　forSn02/Si02is　determined｡　　Thesuperiori　ty　of

the　desj9ned　Sn02/Si02　catalyst　to　the　othercatalytic　systems　is　also　confirmed｡

The　M5ssbauer　measurement　is　applied　to　investi9ate　the　electron　transfer　interactions

between　Sn　atom　and　the　supprot,

(Chapter　8)

　A　new　preparation　method　of　catalyst　is　developed,　　Thjs　is　to　support　the　metal

chlorides　onto　the　support　surface　throu9h　9as　phase　and　convert　them　into　oxide　by

the　followin9　hydration　and　calcination　(vapor　Phase　Supporti　n9　method　°'　VPS　method)

This“lethod　is　applied　to　the　preparation　of　Sn02/Si02　catalyst‘　lnterestin9　knowled9e

that　repeatin9　the　vPS　cycles　chan9es　the　acid　and　base　properties　of　resulted　catalyst

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(Chapter　9)

　The　vPS　catalysts　are　compared　to　the　impre9nated　(IMP)catalysts　which　are　desi9ned

in　Chapter　8　both　from　the　view　points　of　surface　characters　and　catalytic　activity,

A　model　of　Sn02　0n　the　Si02　support　is　proposed　on　each　catakyst'　The　catalytic

perfoemances　of　thenl　are　discussed　on　the　basis　of　above　nlodel　and　the　reaction　mecha-

nism　determined　in　Chapter　4,5､and　6

Brief　Conclusions
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(Chapter　10)

　As　stated　in　the　previous　section､a　numerous　number　of　findin9s　have　been　reported

n　this　thesis.　And　they　are　supported　by　two　principles　as　some　times　stateds　that

S;
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　(1)A　new　view　point　to　understand　oxidation　reactions　by　the　p,articipation　of　the

　　　acid　and　base　sites　in　a　molecular　aspect｡

　(2)A　practical　methodolo9y　to　des19n　the　catdiyst｡

　The　elucidatjon　of　former　probrem,　as　one　part　of　chemjstry　of　catalysis,　directly

serves　the　pro9ress　in　the　latter　requirement　throu9h　the　feed　back　cycle　shown　in

Capter　l　-Fi9.4.　Thjs　is　well　confirnled　jn　the　case　that　theeluciddtjon　of　redctjon

mechanism(Chapter　4　and　5)has　directly　served　to　construd　the　fUrther　worHn9

hypothesis　to　desi9n　the　catalysts.

　ln　a　concrete　sence､the　frujts　of　this　study　could　be　classHied　into　four;

(1)reactjon　mechanjsm｡(2)effed　of　support,(3)concrete　plans　of　catalyst　desj9n､

and(4)desi9ned　catalysts,　dnd　summdrjzed　as　follows;

OXIDATIVE　DEHYDROGENATION　OF　ETHYLBENZENE

MeChOni　Sm:　New　stand　point;　contrjbution　of　acid　and　base　sites　jn
　　　　molecular　and　quantitative　aspect　㈲9　y　of　thj　s　Chapter)｡

Adsorption　o.f　Ethylbenzne;

　　　　　　　　reversible　adsorptjon､

　　　　　　　　djssodated　at　a-position

　　　　　　　　　　　　ON

　　　　　　　　effectjve　add　snes　(L5≫μoy-5.6)

Activation　of　Oxy9en;

　　　　　　　　029as　4=゜=i　02ad　　‾‾‾‘→(y

　　　　　　　　abstrdction　of　Fhydroqen

　　　　　　　　μ‰momp　FpcOJ4?y

　　　　　　　　　　　　ON

　　　　　　　　effective　base　sj　tes　(IE2≪μh〈26,5)

Side　Reactions;

　　　　　　　　[thyl　benzene　→Styrene→[Coke]→CO+C02

　　　　　　　　　　　　0N

　　　　　　　　stron9　acid　si　tes　(/D≪-5.6)

Effect　of　Support:

　　　　　　β Spedfjc　interdction　of　Sn02　with　Sj02

to　fom　new　acid　and　base　sites

　　　　　　　　　　#New　supportin9　method(VPS　method)

Conc　rete　P1　0ns　of　C(】tolyst　Des㈹n:

(Chapter　4､　5)

(Chapter　4､　5)

(Chapter　3､4､5､6､8)

suPPort

　(ChaPter　7､8､9､10)

　　　(Chapter　9､10)
　(Chapter　2､3､6､7､8)

j　enhance　effectjve　acid　and　base　sites(evaluated　by　perylene
avoid　stron9er　acid　and　base　sites, radical　formation)

　　　　　　　　　　#adequate　chemical　treatment　to　remove　the　inadive　materials

　　　　　　　　　　i　use　of　acidic　supports　instead　of　acidic　additives　forSn02

Desi9ned　Cot01yStS:　Performances　are　comparedin　Table　l　of　this　Chapter≒

S"`P(1　0/1　･　HN03　t゛e“t゛“t)

AI-P(10/1)

S"/Si(4‘8　"lolZ･　NH40H　tmlt“le"t)

(Chapter　2､　3)

(Chapter　6　)

(Chapter　7､8)
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　　Considerin9　the　utiDty　of　combjnjn9　the　acid　and　base　properties　of　catalysts　with

the　oxidatjon　reaction,as　shown　in　Chapter　U　it　is　important　t､hat　the　reaction

mechansim　of　the　oxidatjve　dehydro9enation　of　ethylbenzene　is　confirmed､under　the

prjncjple　that　the　acjd　and　base　sites　controls　　the　activity　and　selectivity　of　9jven

parOal　oxjdation　reactions､with　quantitative　and　molecular　asPects｡Thus,emphasis

should　be　done　that　the　react､jon　mechanism　is　the　first　trial　on　t.he　complet}y　new

stand　point　that　is　quantitative　and　molecuar　roles　of　the　acid　and　base　sites　in　the

present　reaction｡　Such　reaction　mechansims　on　the　above　new　stand　point　can　be　appl　ied

to　a　wide　spreaded　fjeld　of　catalytic　reactions　ofaromatic　hydrocarbons　and　partial　or

selective　oxidation　reactjons　of　hydrocarbons｡　For　example､thi　s　shoul　d　be　extended

to　the　olefine　oxidation.　　The　oxidation　of　olefinic　hydrocarbons　also　occupies　a　very

〕mPortdnt　Posjtjon　jn　the　chemical　industrieE　　For　the　mechansim　of　olefin　oxidations

(1)irreverSjble　adSOrptiOn　of　hydrocdrbOnS　in　TT-ally!　State,(2)impOrtant　partiCipa-

tjon　of　lattjce　oxy9en,and(3)rate　determinjn9　step　in　thedjssociation　of　(x-H｡are

usually　pojnted　out.　Moreover､this　reaction　does　not　proceed　on　a　simple　solid　acid

catalysts　such　as　SiOyA120y　These　are　different　from　the　case　ofethyl　benzene　,

therefore,the　entirely　same　mechansim　for　ethylbenzene　does　not　ho`ld,　Maybe,the

djfference　jn　the　state　of　7T-electronS　of　01efinS　and　arOmatiCS　detemines　the　adivated

state　of　hydrocarbons｡The　ionization　potentials　of　olefins､　such　as　938.8(kJ/mol)for

c5　and　926　2　for　cF　are　much　h≒her　than　that　of　ethyl　benzne　(84L2)and　olefins　are
thusly　diffjcult　to　be　ionized.　These　show　that　the　activation　of　olefinic　compounds

is　insufficjent　on　a　simple　acid　sites,such　as　a　pair　of　relatively　stron9　acid　site

and　relatively　weak　base　site　for　ethylbenzene,and　more　stron91y　activated　oxy9en

species　such　as　02‾　or　latticeoxy9enwith　relatjvely　weak　acjdsi　te　are　requi　red　,

Such　differences　jn　the　stabjljty　of　OH　9roup　resulted　by　the　dissociation　of　a'

hydro9en　due　to　the　de9ree　of　activation　of　orjOnal　oxy9en　specjes　detemine　the

reversibility　of　adsorbed　jntemedjate　of　hydrocarbonE　Thus,{he　above　mentioned

reaction　mechansim　for　ethylbenzene　oxidation｡based　on　the　acid　and　base　properties,

stjll　holds,　even　if　it　js　not　completely　the　same､in　the　case　of　olefjnic　compounds･

At　least,　the　principles　of　the　above　mechani　sm　,　th∂t　is　the　quantitatjve　and　molecular

roles　of　the　acid　and　base　sites　jn　the　oxidation　reaction,　coul　d　be　appl　ied　to　the

olefinic　hydrocarbonE

　　The　speci　fi　c　interactions　ofSn02　with　the　support゛　observed　in　this　study゛　is　also

expected　to　play　important　roles　in　the　pro9ress　of　supported　oxide　catalysts　to9ether

wjth　the　new　preparatjon　method　developed　in　this　study.

　　Another　importance　is　exjst　on　the　proof　of　the　utFli　ty　of　the　methodol　o9y　for　the

catalyst　desi9n｡　The　sucessful　catalyst　desi9n　in　this　study　expects　the　applicability

of　the　pro9ram　of　catalyst　desi9n{see　Chapter　l　-　Fi9.3)to　types　of　catalyst　desj　n9

in　every　field｡

　　The　perfomances　of　all　the　desi9ned　catalysts　meet　the　first　tar9et　which　was　stated
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i“　Capter　l　'　a"d　the　Sn02/Si02　catalyst･　especial　ly･　meets　the　further　tar9et｡The

details　are　shown　in　Table　l　in　this　Chapter≒　These　meet､　of　course,　the　social

requi　rement　to　save　ener9y　,　even　from　the　practical　views.　These　al　so　su99ests　the

availability　to　realize　the　catalytic　system　which　shows　100　Z　conversion　with　hi9h

selectivity, Such　systems　are　desired　form　vjew　point　of　process　desi9n　because　they

make　the　separation　of　products　from　ethylbenzene　easy
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