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located in 
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iIlustra,ted in seilectivitv can cla:ssitjed as tolllows. 
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it can enter wbethl~r r~~action can trallsition state 

a 

or are 

are too to out. In some or 

may may too to out 

Van et it is 

to in at 



Univ
ers

ity
 of

  C
ap

e T
ow

n

·110 ......... ,.. 1 

to 

must is 

access to .lVlUU ..... 'U was ..... "' ......... 'LUH et 

a structure 

IELEcnvrrv 

.. 

PRODUCT SI!L.IC'1nVl'lN 

TRANSITlON STATE .I!LEClnVITY 
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ze()litl~s are inVlestlgatl~d as sel~:cti1ve c~ltal'vsts 

structure ze()litc~s are revieVlred_ an nVll"nri"",v is knc,wn 

realction. In adcltiOlt1, some facl:ors aUi::ctiIlg 

hetl~roll:ene:ous reac:tiOllS are dis(~us!;ed, par1:icular ernpahsis on adsc'rptii:m ptleno1merla. 

Posner defined zeollites as crystallilne alumiinos:ilicates 

structure 

ze()litc~s were de"el()ped 

in 

general characteristics or 2:eolites as; 

inti~mal SlJrt!lCe areas 

defined cry:stalline structure 

one or more discrete to 

f) 

ze()l1tl~s are rliuirlf"rI structures. A 

nrot:ons or Brelnstl~d ~('tivijlv are 

are hyclroJ)hilic 

en()ug;h to enter cOllcentrati()O are 
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is synlthesisc~d an aQlleOlJS 
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structure incon::,or~ltes an unusual hyclro()hol)ICity 

as se~)ar.ltlcm 

water structure is 
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Cham 

Fialu· .. 3 Structure of L..~IVl-;:' 
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mo,nolay(!r C~lpa(~lty nm. is dejtinc:d as 

area 

most suitible ads()rbate 

nOl1l-PCllroUIS, mlacrIO-pC)rOllS or me:so-Ioor~t>us 

reactor is 

amount 

reactants are 

ads~t>rbalte n::quilred to a 

is 

sUltac:e area 

on 

to react are 

are 

area 

are; 

cost 

waste to 

c) in 

reactors are reportc:d van Beld<.U1m et 

del:lctivation carmot reactor ope:rat<,s at nOII-SteaCIV 

state 

pre:ssulre cannot 

Extc:mal diftusicm c()ntflol is at SthTiDlg rates 
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is one v"' .. , .... ,.'" reactions In orgllnic synlthes:is 

in reacUcm is nOflmally "j~t~IVQ~·ti 

a or an ba!;e-(;atlllv:sed route is IIQII~lIv oreien'ed over 

products are dittereIlt, 

is an 

an enolate on a car'bonyl is fre(~uelrltly rate-

ald1ehydes are 

in not 

an itis an two it 

an it a 

is as a to a or as 

to an 

<l, or 

are as many 

can occur two or two 

in 

<l to 
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no.~itiive I'.h;~ro'~ on 

Di-Acetone Alcohol 

Scbleme 1 

A 

• • 

acetone selt;'clonclensatlion 

carlbonyl C~lfocm atom. 

.,. 

acetone to 

occurs on 

a 

a nuc:leloplule on 

in SC~lerrle 

in turn mcreases 

2-

hy(iro"ycycl1ohe:xyll)-cycllohex&loneas products over potassiium hvdlrox:ide ... ~t~ h,,,t 

(htlmmfa et 

reactlcm is limited to 

Etilm()Va et 

at a 

at 

a 

rate. It is ImJ)or1:ant to note 
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nature not 

reaction produc:ts d(~pel1lded on reaction tem1pera'ture. Schelne 2 

11 

Scbleme2 

l-h:ydrox)'cyc::lollex,y I )··cy(;lolleXianolne was indlepeltldent 

water svsltel1tl. it was water 

reduction to VV\;HUI produc:ts (l~tlrnO\ra et. 
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conden:satic)n re:actions pOillted out 

conlden:satic)n rc:acti.ons are accl)m):lanic~d 

rate lirnitiI1lg 

anallVSIS dlttilcult to measure. 

\.1",",1(111 cOlldensclti{]ln can 

dehlydr'aticm is rellitivelv 

c0I1ldellsa1:ion reacticm acjdi1tiorlS are IUl\.' ..... 1 to 

in is 

dehydrl:tted to a,rJ··unsatur:ated carbonyl comipounds, 

or to 

is on 

a cl'ItRlv<:t 

ret:'re~;ented as in 

additiOilS or dehlydl'ati()n 

are 

diacetlonc:-allcohol to me~;itvl 

activi1tv in 

as an eqtlilit)rium mixture 01:-taultOITlerS 

can 

an intra-rrlolc:cul,ar h~{droigen bon(iing or conjug,ation, 

em)li2:atilons extent some oflk:etlom:s in a solverlt. 
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1 ft common solvellt (]'le'Wnrlftll. 

• cycloheXJ:IlnOlle C')m1)ar(~d to cyc:lo~,ent:an(me is to a 

a cyclohexanofle s"stelm is un:stalole 

resJ)ect to migrati(m ten(ien(;y is 

• 
systenls are 

• acetone is to a 

acetone sv~;teln enolizaltion cOl1npa,red to 

are uses acetone 

are fre<luelrltly hydlrog:enaLted to 

procluct, a seU:"colrldensaltion Dro(1uct 

can on a to 0-
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an cat~llvsl::d n:,act;ion is 

me,diulm is in eql.llili~lriUlrn 

is a strcmglly ellectronl-dclnal:ing 

is thel'efore reactl've towancls electl'optlilic reag;ents 

as an<>thl::r acetone mo,lecule it 

:schleme 3 

et 

spe:citiic Sllrtl'1ce area 

Seh::cti'vjty tow;ards me!;itvllene was slgrllttc~antly dE~cre(lsed a (al~)haJI-mlesl~yl 

to same, 
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2 

Acetone 

Acetic Acid + Isobutene 

t 

Olacetone 
Alcohol 

Products 

Acetone 

lineal Tetramers 

Acetone 

Produds - lineal pel1tsl11elrs 

et 

acetone cOIn pared to 

cataly:st was not re):KlI1:ed, 

tmclmg is 

was a differlenc:e 

acetone car'bolnyl was; 

was more 
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acetone is to 

acetone is .... <"iiI!" r(!versit)le, eqlJiIibril11m is not alw'avs favoUl'ablle to 

et 

concen1trnu:donundlers1~dling 

zeollites as hetc:roll:ene:ous caUillvs1tS. LCOIJttCS 

channe:ls in reactIc)O can most iml"lnr1rl'lnt reqlUlrement 

acc:ordline: to .lan." ... 

selt:'ccmdens:atiIJn re:acti.ons of Elcetone over ze(Jlit:es, acetone is COI1vf~rte:d a 

isolphc,rorle or 

An is 

a acetone over 

was 

acetone is at or 

as at as 

A is 

occur to water 

acetone case acetone water 

are to 
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was investigated sallrlpl,e, ell{posed to a 

A dift'erent bc~ha'viOlJr was nh'~PMlJPtI a COltltr()lIed amount 

water to , ... ",-..-... layc::reo OOl.llOle hyclro}ijde catailyst to an mc:rellse 

concen'tratc~d on undlersl:ancling 

use 

eXJ>erllme:nts are nr\1'Tn<lIlu per1brmc::d over 

a 

spc:cic::s over a 

MeaSlJlrennelllts are 

fi'e1qu<mcies can 

at tenlpelratulJ'eS 

me1tho<ls is 

mOltlitolred so 

can 

"rlc, ....... "tir.n is su1tt1caerlt to cause a realctj,on, ... r'\VP,n 

It was nh'~PMlJPrl 

chalng(~S in 

A pullse··qulcnc:h c~ltal'vtic reactor 

acetone sel:f-c(md.em;aHon. 

reactor 

ca1:ahrtic reactor a res(J,lutic:m ... vvu." to 

nature 

at room tenlpe:rature 

a pro(iuct 

crotonlaJdleh~vde to 

reactants 

a pul:se-(lueltlch 

acetone over 

conlOltl.ons ideilltical to most rea1cUc,n studie:s. 

are numerous stuldi(~s cOllcentr'ate:d on use 

to un(ien;tarld acetone on cataly.st ,,,,,rti.I'P cOlnplex:es. 

rp",('ti'Lrif"u Df lk:etIDnc::s on cataly'sts is not are 
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to 

acetone is to centres 

use 

over 
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room over 

a 

4 

""' 

H 

OH band 2850cn1-1 

CO band 18fii§.167rJCrYl-1 

Weitk:almp et 

are 

to 

the 
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was to 

at 

A in 

as was 

on 

acetone 

at 2380 and 1375 cm-1 

OH band at 880cm-1 

Scbleme4 Comllilex fnl"mf~1I benvee:n acetone zeolite 

acetone on LJ.L,,-'H'L-J • ,-,,,ru. 

on 

dehlvdr'ox"latled LJIJHr-J UCubelklova et 
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Scbleme5 

Kut>elk.ova et. al (l 

on 5. 

a zeo,lite was 

acetone was to 

zeollites (Kllbellko1ra et 

ketclfles on zeo>lite 

an enolate on alumirla 

prot·onated S~IeCi4~S as 

ph~ysb.orl>ed acetone ac<:epted a 

in schc~me 6. 

.. 
H 

11 
CH,,) .. C:=C:H C 

Scbleme6 complex fOfDtlathlD (~~ulH~lko'va et 
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acetone 

can 

rate 
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at 
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acetone was t;". .......... 1i 

a proltoOflted 

a nv,nrr,(J4>·ft atom 

ketom~s on "' ..... u''''. 

were reTlnTltp.C1 

can Ii ... " ..... " .. "" 

heltwf~en acetone to conlderlsat:lOn n .. nlilll'·tc! 

nature 

it was 

10I,enltarlorle over 

acetone 

at room 

as 

It was 

a 

over 

extent 

not over 
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et 

CO~ldellsm:ionis 7 

----~.~ . 

Scb1eme 7 

conldem)ati{)O re,actitln is it is versatile. it can 

in syrlthc:tic routes. exampJle, in 

Altll0UI~h it is generally ac;ceJ)ted esters are torme:d 

a reac:tion it is 

ox~{ge:n atom 

esters. 

cyc:lohexanorle to 1 : 1 to 1:4 incr'easc~d 

was an eqLlilit)rium-limiited reversiible rea,cticlD 
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a mec:tlUrn, one mo'lecule reactant is corlver1ed a nuc:leophille 

a acetone 

over ISOIPhc)rolle were to 

Scb,eme8 cODllieDlsatiCI)D to terllDiDal ISI()pblOrOilie (H~eicblle 
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prilma:rily on 

enolate 

diacetone alcohol 

:::;;;;;:::== ...... ~: trilner'ic Intennedlates :::.; ...... ;:;::::=== ...... ~ 

Sch,eme 9 A(:et(me cOllldE~nSlrdh)D over 

reactic)n is thcmgiht to 

2+ 

mSlsitll1 oxide 

+ 

3 

a bahmce 

to 

..... 
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two 

or more 

A a can no (1-

as in 

reactant 

reactant no 

over DW["'::>l'IfI-J was studied 

sut)str'ate were sele'ctivi~row~dsamonIO-Stlmnl~d~o(luct. 

was imJ)or1:ant in cre,atiIl2 a are 

if can Drm/ide cnaJ'lZe separaltion 

extra fralrne'wolrk CfltlOlrlS 

in ze()Ht«~s were to enhlan(~e product tc)rmatic)n in 

acetone was 

over Na:tlorl-H was obtaim~d 

was 

at to 

acetone over 

at were 

acetone 

were a 

no 

_"jUl ....... !L(JlmDouDlds on 'LeOlItes 
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surt:ace hetf:rogleneity are important 

surt:ace cataly:sis. occurs a molecule or an 

it 

Ph:y'sis()rption, on 

pr()(;ess whe:reby a molleculle 

km)wled,!e on 

on zeoilites. Althou2b 

funldanlen1:al mlicJ'()sc()piC pf()(~esses in are tre(~ueltltly spelcul~lted 

methcld uses 

is asK= 

q 

C 

eqllilibrilum constant can 

J.1 

L 

+(1-

to dete:nnilne 

zeollites is me,3,sulred. 

Rec:entlv a method 

connec'Ung a COlllDlD 

et al 

to 

de1lect()r measures 
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et 1 
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K 

et. at (l 

et 

more 
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6 

n-octane as "".'Vl"'" 

COlnpC)ne:ms were 

< acetone < 

same as 

on n-octane as U"./VAI'''' 

to as 
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project is to inv€~sti~~ate substitutic)fl 

cyloh(~xa:norle are 

common mcKiels 

cornpcmnl:1s on 

some apJ)licati()ns own. 

cantied out speCial atte:nti()fl to 

cotldelnsatiotlS irlvoilvirlO' acetone 

em~cts of 2:eolites on 

pro(juctdi~tributicmor~lc~cti'vi~ tollm~irlQ was a 

sevleral zeollite on 

cOl1ldeIlsat:ion oB:etones as a tunctlcm nif'';lIlh<:tI'l!Itp 

as tenlperatllre, 

sublstnltes on 

rea,ctic)fl rates 
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1 

reaLgelnts, acetone 1+'1,","1,,1 

were 

acetone 

ad!;ol1;>ti<m measurements were 

were m;:Sl\Ii-:l 

H-.tjelca z4eolites were ob:talJled 

were 

tnllinwina technl.qul=s were to chllfac~telrise 
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saITlpie prel)aration in 

is nOf!mally pc~rtb'f!mc~d acetone 

to Dre"ent Sanlplc~s must eO()ug;h to ensure 

through. A areas suttlClent em)Ug;h so 

cataly:st s~un~)les were obtainc~d 

a Philin<:: ditlracl:ometer equippc~d 

are 2' , 

was 

Current 25mA 

to 

Do'wdler s~lm~)les were " ..... ' ... "'''' sarnplle <::11'I't,u'P was 

a 

areas were 

~v'n",·i ..... pnlt" were out 

zeo>lite sanlplc~s were pre'viOllsly cal(~ine:d at 



Univ
ers

ity
 of

  C
ap

e T
ow

n

2 

were callcim:d follc)willll pl:ogf'am: 0 to at 

to at at lOv'C/rninute to 

is "'U'I.I'VHi 7. autoclave was 

was COJ1lstnlCtc::d 

interior dinlensiolns are I 1 .... .1 ... 111. A 

I ... -LV u,", the:rmoc()uo,le were 

aut,ocliilve was eQuippc~d a a 
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was 

sanl1plc~s is 

a ~U-.mt:a,!;;J 

A temperalture nro'tram dimethyl-pcJlysih)xane. 

3 he I ,ow: 
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:1 

3 

oven tenrlpe:rature 

He:ati[lg rate 

oven tenrlpe:rature 

is 

were 

A 

was 

1:1 

3 minutes 

a stanldard HeVillett Pac Icard 11 

thermlQst.itlc oven conneCltion to 

to 

to connect an us to 

to3 

a 1:1 were 

was to 

same 

is 8 
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2 

Fionre 8 

to 

cases 

5 to 

Ad.!IlorotillO column 

autoclave was tho!rollghly clleall00 

reactlC)n mixture was chalrge:d to 

acetone. 

autocl:ave was 

1 to 

was set at 

means a therm,occlUp.le iI1ISer1ed 

set 

were realched. 

deJl'encling on 

rea,ctlcln rrllxl:un~s were 1, 5, 10, 
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2 

ketone,s were 

experiolent a sarrlple a pOr1tion 

were an 

cy(~lolle:x.anl)ne were 

sarrlple mixture was healting to 

or Reactiotls were .. £1V TV ...... to run 

a syringe 

Ni1troj;en was 

to 

cool,ed a represerltati've salmple withdravvn 

A 

berlzalldelhycle over HZS.ML·'. ti-Itsel:a 

was co(),led to room tenlpe:rature 

acetone 

acetone 

benlZaliiehyde were per:rorrned 

tutl~rinlg out 

is 

a 

a 

was 

I\J~tC)int~S on ........ , .... " ........ " 

vari.ous rea,gents was inviesti.gau~d to de1lermline 

in over 

on 

on were 
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AdlsOlrptJion measurements were calTie:d out 

et section 2.1.1 

vohJme was measulred no packed coillmn cOI1lJlec:ted at diff"erelnt 

trii1;opropyl bcmzlene as a tracer (ref"erelrlCe) cmnp(lUnd. 

tracer 

throu2h an aut()-injlect()r. 

was 

measurements were col.lected at 

A 

acetone were mJc~ctc~d 

was pUInpc~d th.roul~h 

rates were 

Telnpc~rature was ele'vatc:d to 

or 

was sut)trsiCted 

tracer cOlrnpoulrlds 

to 

tell1lper'atU1re on adslllrption. COlli1mllS prepare:d were 

vacuum oven at 

a 
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3 

nrCiVlcLe a 

9 

dlSCu~)sl(mS are pn:$elnted to answer 

ze(llitt~s is iml)orttant 

10 are 

was nh,~pnU'prl 

to est:abllSh 

acetone 

adslorp1:ion on~etGlnes on 

rea4:tlon. It was ImJ)ort:ant to 

case thnJug;h c()mJ)arison 

OL,;:)lVl'-J ze:olitt~s, no sigrlitic:ant change 

tenlpe:rature ind,icated no on 

same was 
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2000 ,------' 

1750+-------------~--------------------~ 

1500+-------------~------------------~ 

1250+-------------~------------------~ 

1000+-------------~------------------~ 

750+---;---------~~----------------~ 

500 i1r---11----:-----, 
250 +--~ 

o 
o 10 20 30 40 50 

2Theta 

1500.-----------------------------------------~ 

1250+-----------------+------------------------4 

750+---~------------*------------------------4 

500+----Hr ---------~----------------------~ 

250+----ffl~--~------rT 

O+-----~~----~~--------r-------;-------~ 

o 10 20 30 40 50 
2Theta 

acetone 
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.tShi:lttacha,1"'\ll'l et 

17 3-4 

was not .,." •. ~-" 

are 
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acetone 

conrlPe1ting rea'~tiOI[1S in 

!':el,ectivitv is the:refore irnJ,ort:ant as a 

were out 

to 

cyclohexanorle are pre5;entl~d 

reacti~cms over a 

1. 

acetone. 

are 

over a 

investiga:tioltlS were nTu,nri'l:lInt to establish extent 

inv'estiga!tiOils were out as outlinc:d 

can 

melslt(lfl oxide 

Mesj~"lene 
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Chapler J " 
Iksulls shown in ngu~~ II and figun: 12 ~!,rc,;cnl acetone cOIl'erslOlIS and producl 

dimibulioll' wilh I;me Ol'CT lhrce difTc",nt ~Iile~ IIZS\1-5 (SilAI: 45). H-USY and 11-8ela 

rrspttllve I}. The o.'crall conversion ror each cxperiment was calculated lIS In., Comb,"~llon of 

yield. of all Ihe rrodUCIS oblUined. ,\celone conversion over HZS\'!-5 and H·USY ill("'Dsed 

'" ilh incrcase in rellClioo IImc " hercas an apparenl decrease ;n conversion was obscr.ed O\"er 

I I-(kld The obscr>ed bfOwn ~olour ofzeQlile Bela after lon~r reaclion lime. (5 1o 24 hours) 

indicaled coke formauon lhal accoonlll for lhe de<:rcao;c ;n *Icclabk prodUC1S. Thus. Ihe 

olenU at:CI~ CO!wcrsHm rO! uct. zeolite: did not c)<CC'cd ·Wo. 

For lhe: purpose of sin.plifying !he a~lysis of resulls, me,ilyl ol(idc was n:porIed as the 

oomblll31ion of lIS a and 11 form~ ~ OCCUrl'Vlo:C of a and I'l foons of mc,i lyl ol(idc was in 

1M nllio of 8, "'hems P.1utis d at (1999) obtained a ralio of 4. For aU Ihl'« a llalySIS. n.esityl 

Ol\idr "as the major producI (combined sdtcth II)' of 950,., and plloronc. me.il} lel1l: and 

isop/lorone (shID',n on Kheme 10) were obtained 81 Io>\'er sdceti~il)', 

Me'SII} lenc is lhe n.(lSI abundant of these by-products silo" i"ill ~ig",f1Clnl incrcasc 0\ cr H­

Uela lnd H·USY "'ith lime. with sc:k~l ivities of 21}">. ofter 24 !'lOin ... nh I cOlTCSponding 

\lccrca:oe in me.i!}1 oxi\lc. Phoronc WaS . 150 detected O\er lheso: uoIiles ",ith lime. bul "'liS 

n01 obsc:r.ed over IIZS\1-5. "hilc isophoronc .... as not !klecled ID'er .11 the zeolites kSled 

figure II 

4 

-3 

" o 
E 
c 2 .. • ~ 
c o , 
u 

o , , 10 
Time (hrs) 

• H·USY 

. ~. 

24 

AttI OIl~ eon.-trs ion 0\ t r difftrtlll u04 ilfll I ga iMI ,iJn~ _, 170"C 
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figure 12 I'mlluel lIi ~ , ribulion of ~rClo " c sct f"",onll cnsli lion 0' cr Ibre<> ·'tolit,;~ 
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CbaplerJ H.l'li Il'I I and UIKunlo. 

It is imponMtlO Compare Pfod~CI <;<:1~"(livil~ of differcnl catalY$l$ aI ~;mil8f conv"fsions. 

Conversions obtained after 24 hours .1'1: all In the mnge or 3 ",'4J.~ mol % and as such lhe 

com:s.ponding ~ch:clivilic$ II ere used for Ihe comparhon of lhree zeolites. 

Inilially, Ihe mesit)'1 Ollidc sclcclivily WDS hlKh over all C~lIIl)'SIS. bUI dropped significantly 10 

less lhiln 80"10 aner 24 hours over II-Ilela lind H-USY z.coliICS. whereas lh~ d~cr~asc o'er 

11ZSM-S was kss marked, final WIL"'ClivilY in Iht ranKt of 9-0 - 94'V •. 

Shape sclccl;vc CffLOCIS Wl:t(: cvidenl over hillhcr micro-pore volum~ of H-Ucta and H-USY 

I'.lIh hiJ!hcr selectivie5 of mesllykno: Dnd rhoronc compared to H7..5M-S. Thc.so: :LeU' ilu $ccm 

10 be mon: $uscepliblc to coke formalion. as deduced aflcr a bn)I'.n colour or calal)sts WPS 

observed DI 10llger n:aclion times IIZS"f-S IS 1.110" n be reSlstanI to eoke formalion primarily 

due 10 ju I\IIrrow porn .hat impose st .... k constrainlS on transition SUlI" in rc:'Ctionl 

(Uhat\aChllf)' and Sivasanker. '99~). IIIld Ih:.! may haw prcvcnlcd Ihe rormalion or 

mcsil~lene The app;m-nt decline In acelone conversion I'.ilh 1I1T1C Olef H-Iklll i$ probably 

dll<' 10 accumublion of coke (hi#! molecular "'l:ight products) in !he Teol ile po!t's ",ht<;h are 

IIOl dCleClcd In Ihe gas chromatography anal)sis or product m;l\tul"S in solution. 

Tempemfllre Effect 

Since the hi~he~tsekct i'il~ towardl mcsityl midc was obtained over Hl..5\1-5 (SiIAI. 45), il 

was decided to further in'csligate th~ effect of Icmpo:mturc on 5electlvity OVC1" this leOlile. 

11u,' invcSligalion was carried 001 using the same procedure D5 oUlllned In the cxpt:rimcntal 

section. Figure 13 below sholl S IICctonc comusion at d iflhent tcmp<:rnlull's. "hi Ie fillure 14 

lIIustnltt:S thc product distribulioo al J 70·C. Al lower Icmpl!raWI\:S meshyl Ql(ide Wilt Ihe only 

produel ronned. 
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Q:lIJlercJ'-_______ R"'~e·"'O"c·"·e' ... D"i~"' ..... "·". ""_ ___________ --', ,' 

An illCR'ase in tem~llIIlIre doe!; I'IIlt have a significant innucOCI: un !'lite of ~onver5ion I(l 

mesit)1 (l>.itk but !foc,s dccR'ase the selectivity. After 24 hoUfJat f 10"C tile yield was shgtnt> 

fower!han results at loo"C and 14(fC 

The lIij;h sefecril il) (98"'_) tolO3ros ImSil> I Q.,idc obtained at lower t"ml"'ratuR' 5UilIe5ts tMt 

'cmjl('"nUure effects and sterle consttaints of the micro-porc:s cumbine to dim inatc formation 

ofbuf LicT products. 

Acetolle Se/f-Colldellsatioll IIsillg H~O# 

To pullhe zcolitc-<:aUlfyscd reactioos in jlCTSpttt;I'e.. the "df--<:ondcmallon ofaetlOM usini 

IIJSO~ "liS Inlesl;gatcd. Reactions were carried oot ulllkr idcnti<aJ condilions willi the 

procedure u!.Cd for ~oof itcs. A 0.15g of CQIlCcntraled II)SO. "as u!.Cd in , 6m1 of sotlelll and 

rtaction "ere at difT~rem times. 

figure .. I ~ and 16 ~fo" sftOWi coovcrsion and product distributioo respectlld> The acelone 

conversi~ns an: sl igllll> lower than the results I'bUlintd over H~ \1-5 

3 -" 0 .s2 
c 
.2 • • • 1 > c 
0 
U 

0 

0 5 10 15 
Time (hrs) 

20 25 
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Rrs wlt$ and I>iscu~s ion 

". 
" • ., • " !l .. __ Meatyl 

< 
~ 50 

ox ld. , -It-Phorone • ., , 

" ., 
....... I.,phoron. 

" ~lC -
__ MHityl.ne , 

~ - - - - - -• 
• , 

" 
Figur~ 16, l'roducl dist dilution from Ketone Hlf-colKlen",lian O"tr 1I1SO, 

/.ieSlt)1 o)(ld~ was initlaJl)' thc dominant prodlOC1, but olIIer products. I1()I;tbly mcsit)len~, 

11lC""'5Cd II-ith tinte, Aftcr each reaction limc a brown wlo ... "as obscrvtd in the umple 

mixture that indicatcd coke fonnation, presumably related to the fQl'lllation of bulk icr products 

hi.c ITKsit)lenc. 

The initial high sdc.:tivity using HlSO, for mcsit~l oxldc lhal dccn.'ued rapidly \ljllt time 

\lith eorrespooding irlCTta5C in formDliOfl ofphorone. isophorooe and mClII) lene is similar 10 

the results obtained Wtth II -Beta and Il-USY although Ol'tt these eatal~IS then.' "as slightly 

lower ~Iectjvity to"orus mesl)'lc!lC. Isophoronc and phorone 

3.2.1.1 Discussions 

It is important to indicate that acetone cOfI"er!ion at all reaction conditjon~ rt'pQr1cd ab<ne 

acetOne con~crs.ion "all INS than 4~, This obscnalion suggest that betw~n lOO·C 10 170· C. 

the rnermodyrwnic equilibrium of this reaction is limitl'd 10 less than 4'/, of acetone 

con~ersion, 

Although mOSI of aldol c:ondcnsalions of ketones (acetOIll:, cy.:loheunoncl investigalioM 

reponed in literature Wer'O' canim OUI in g3.'<'OUS phase, the presenl investigation was carried 

out in a liquid phase. Pre \ ious studies Qf1 ,«,oIile c.ual)·\Cd alOOl cond~ru.:t!ion of acelon~ 
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follow"d ils con.-e~ion 10 di-acelone alcohol vi~ ll~nSled acid 5ilC of zeolite 10 mesilyl oxide 

"lien: this "'35 a(h~vcd lorough lhe usc of in-silu NMR IFripial, 1991: Ila" el aI., 1998: 

Reichle. 1980). 

The approximalely 200/. drop in mesil) I o)(ide sd~ivily over H-Beta and II-USY compared 

10 ~ drop "ilh lime olcr IIZSM·S (Quid be ascribed to shape selecti"ity induced by Ihc ten­

mcmbaing oflhc HZS"I·j zeolite 

The ) iclds of about ....... of m(sil)i o.\idt obtained Ov( LCOlilcs. "hieh were lower Ih~n thc 

19"'0 obtained b) Pillman and Liang (1980). (see table j) can be a'!tribal \0 differences in 

reaction lempc:ralll~ and d,fferenl catalysts used. !lowe.er, riuman and Liang did n01 

IIlditale tke product SC'«I;I;t} resullJ;, y,hercas in the prt'senl sSW) using zeolites a hIgh 

scleclh II) 1'l7"f.) towards mail) I oxidc Wll'I abseo·cd. 

RJising lCmperatllre from l00'C 10 I70T does not siglllfiC3nlly increasc lhe eonvcrlIion of 

ace lone. A IthouGh the s«ondary prodlJ(:l. mCsil) icnc:, emerged al highcT- reaclion lCmpenlln. 

110"C. and longer Iuclion times. thIS product was .... ppre$cd al I()\\~r IcmpcnulftS and 

almost I()()O". sdcctivil) IO"'Brds mC~il)1 o,idc: Wlii oblained. The opposite "1IlI obSlml:d in 

the ea:>!: of cyclohc".nonc (figure 20) ..... hich was clearly tl!lllpc:ralun: iil:nsill'~. AU acelone 

condens.aliOlI reactions \I"f(: perfonn«l att~rnper~turcs higher Ihan its boiling poinl (56"C) 

whereas ~)clolle;l.lnonc i\howed hiilhest conversions abol'e its boiling poinl, 15S"C. 

TempcnulJI1:s higlter Ihan 11O"C and also high acidit) oflcoliles. can dctcmlinc the nature of 

Sttondar) rcaclionJ in Ihe aldlll cOfl(knsalim reaclions (Jacobs ct 01 .. I'lSS). At higher 

1I!llIperature5.(over J04PC) the: &3$ phase sclf-eonocnsation of~lonc ykldcd a mi"ture of 

i~IIU:nt and acelic acid (Di Cosimo el a!.. 1991). obullned by cr .. ding of di-ac~lonc 

alcot.ol. 

Ikll and Gold (1983) also showed Ihal higher tcmpcraUln:s notq and longer reaclion limes 

fa~OIln:d for tho: formation of mcsil~lenc, the IJC·NMR lC(;hniqoc being IISed 10 idenlif) 

products. 

lhe "'or\; b) IJOS3CCk C1. al (1m and 19911 atid Scpa eL aJ (1m) de:monstr.ued thaI the 

control of bOlh the temperature and w rfuce COVl:ragc was critical factor for ..,dtfSlandmg Ihe 

reactivity of species inlcmclinll II ilh Bronsled acidic site!! of the zeolites, 

r able 5 below Indicates loal lower tCftlperal11n:;s ha,'c no lignificant tnnUCllCc on the: )ield of 

mCSil)'1 oxidc \\ Iltn acid ie ""sins are Ulicd a:o cata)'S!S, 
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I~esuhs and I)j~eussjon 

Table 5 Mcsityl ox ide yields o~er d iffell'nt catalysIs Willman and Liang. 1980) 

Yie ld ofntl.'Sil~1 u, Jde , .j. 

Teml~rarure ( e) Time Nafion-H Ambl'rlite IR- IZO 

(buurs) 

60C , 10.s 4.6 

6 ! 8.1 10.8 

" liI.O 16.4 

" liI.7 19.8 

lOO e , 10.7 5.5 

6 IliA 14.0 

" 19.3 18.8 

" 19.8 19.8 

140 e , 10.9 9.7 

6 18.7 111.2 

" 18.7 18.3 

" IS .8 18.3 

The e~tcnl of acidi!}' of zeolite. influenced by Its SilAI rario was noticeable in this 

in~estigation. Iniriallr. higher activit}· in H-Beta (SiIAI: 8) is an indieatiorl of its larger acid 

sites. The same observlllion cannot be made in lhe case ofHZSM-5 (SilAI: 45) and H- USY 

(Sil AI: 14) ..... here Ihe laller did nOI as hlghu activilY. inilially, as e"reeled because of 10\\ er 

SilAI ratio. However. its activity incll'ased al longer Il'aclion IIm~s compared to other t ... o 

zeoliles. H3w ct aJ (1994) and Kub.!lkova and Bosacek (1990) suggested thai the e~tenl of 

addity in leolites ..... as imponant as it innuenced prolon lran,fer from Ihe zCQlilc Br(IOslCd 

siTes to Ihe kcrorn:s in Ihe adwrptioo compk·x. This affects Ihe probability that ;1 will 

condense wilh a second kelone molecule. Kub/:lkQv3 1'1 al. (1991) also established Ihrough Ihc 

use of Fourier lran$form inf~ 'pe:elrosCOpy Ihal fQr acelQne adwrned in HZSM-5. the 

prOTonated form of aceronc was probably In equilibrium with aectO'lc H-bonded to Ihe 

bridging h)'dlll"} Is. Ine studies by Hal\" and Kubclkova all: similar in thai the self­

condensaTion of acetone is a biltl(l lcculltt Il:lICtion bct\\een an acclOlIC adsorption complex and 
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C.baptu J Rr~ults and Iliscnssion 49 

a free Ketone molecule S<:heme 4 (al'l() represented in Ihe i"trOdu~tion SCl;tion 1.2.1) belo"," 

illustnlle their oIn.crvallons. 

&heme 4 

H 
Si-Q-AI 

OH band 2850em" 
CO bind 1655.181Oem·' 

CH -C-CH • I • 

~ 
SI-C>-AI II 23S0 Ind 1315 em" 

OH band It 8S00:m ' 

Comlllr~ formfd blh.een Itflonr and Bronsltti uitlic Sles of xwilic 

(BosMcek Wild Kubdkll. 19lI1 ) 

The inilisl selectivity towards m~sit)1 (l~id" 0\ er sulphuri<: acid "P~ COInparnblc to lhe zeolite 

n:$II!~. but i\ dropped stm'1lly 10 55". "ilh I,me and Ihis l'lIS primarily d~ 10 ~ry 

reaclions 10"ards mesil}lene. phorooe and i$OJlhorone predominat ing. 

A clear indication emcrsed lhal liquid phase uolile cataly~d ","en: betic!" in terms of 

sekctivily. and thi.~ may be ascribed 10 Mlape select;'" effects induced by zoolil6 ~ staled 

befoll'. 

AI similar acelonc C()f1,ersioos. uolites Ill' wperiQr to sulphuric acid in lhal higher seiecli, ily 

"lIS achoe,'cd 1O"'anls mesil)"l oxide compan:d !O sulphuric acid and comparab~ con, crsions. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

3.2.2 Self-Condensa tion of Cyclohcxanonc 

In this IIwestiga!ion, lh~ effect o(zeolitcs wilh different pore sizes, Icmpemlure and reaction 

time were mvestigated in aldol condensation of C)'lcohex!UlOne. The nulogeneous pressures in 

Illis investigation were much IOlVer than in the nC(,IO!lC self·condensation. 

Scheme 11 bclo\\ shows Iypical products fonned in the self·condensation of c),clohcxanonc. 

SCh~l1l(' 11 

+ 
H 

• • 

2 (1-hyd roIlY eye 10 h • .r;yl)· 
cyclohUilnon. 

• 

2 0(: yeioltuylld In, · 
cyclohtullon. 

11 

+ 2 ,Ii-dicyc loh, .yll din. · 
cyelah,unOM 

R~lIcl io n ~(htmt showing pr(Hfueu of ~ .. Ir·eond~nlialion of cyelohnanont 

In the first set of l:X(X:rimeots. various l/"oH~s were Si.:recned as catalysts for the self· 

condensation of c}clobexll/lont' The effect ofzwhtc pore sil.t" was in\"eSlig.ued over medium 

(IIZSM·S) nod large pore uolile~ (H-Beta and H-USY). 

Figure 17 and 18 below silo .... the conVl'l'1Iion and yield of 2<yelohex)'lidl'fle.Cyciohe'tanooe 

(MJ".~ti\·el} The highest cyelohc'tanone tonn!(sion .... 'as obcaincd o\'er zeolite II-USY and 

the lowest over H7.,SM-S and con\(:Won was stoll i~asH1tt after 24 Ilo\tn O\"er all the 

zrolites. The intcl'l1K'dimc product, 2-( 1.h)'.!rox)'Cyclohcxyl}<)'clohexll.llOtlC could not IX" 

detecte.! due to rnpld .!ch).!rntion to other produtts In ocidit medium The major product, 2· 
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Chapler 1 WuuilS aoil i)i~u"uioo " 
cyclohexylidcoc-qclohexononc. obtaineil from ddl}ilrotion of 2-{I.hyilrox)c)clohcxyl). 

cyclobcxanone WllS observed in combination \\im its isomeric product. 2-cyclohcxcnyl· 

C)dohcxlIl1cnt. The yield of 2-q·cJohcX"C"D)I-c)clohcxanont in figure 18 is r.:porlcd II~ a 

combination of its Cl nl1d ~ isomeric prodllCtS. 

Figure 17 

-" 0 
E -
~ 

:! 

Figure 18 

~ " r----------------' 

o

i: 
" , 

p' 
i .'" 5- 0 

--HZSM . 

• S(. U.1:(5) 

~ . • • .......H.a. .. 

~-- --H·USV 

• , 
'" " '" " 

C) dohe.\YDon~ tonHrsion o\"er diff~renl 7.toliltll .gailUl ruel;oo lime a l 

170'C 

6. 

SO 

'" -+- HZSM-5(slJal;45) 
3. 

- H-8eta ~- .. 
20 - ~ ....... H-USY , 
10 1:/ • • , 10 " 20 " Time (hrs) 

I' trccn! )kld or 2-c)dohu)lidcDc"",,)elohc'lInllnl.· Q\'cr Ih~ :r.rol it~J al 

170'C 
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The main product cktectcd ..... as 2-cyclollcxenyl-cyclollexunone and it is clear from above 

figures 17 and 18 dUll its selectillit} was oller 98°/. because both conversion nnd yield are 

similar, A htgh yield of2-cyclollc,ylidene-C)cloht'xanone at 52% WlU obtained over zeolite 

H-USY and tile lowest yield over :/!Col ill' I USM-5 (SII AI: 45) with yie Id or 20%, of tile saRlI.' 

product after 24 1I0UTll. 

The dTcct of zeolite pore SllC on selec:Li\'ily was cvident with the higllest yield 2-

cyclohc~>-hdcne-e)elohcxllllone over u large pore zeohte H-USY and the lowest yield over 

mNlium pore IV-SM-5_ The yield of2.S.dicyclohcxaoone-c)clohex)'lidcne (Lllat is not sllown 

In !he resull) was less than I". over II-USY and Ii-Beta zeolites eacll and was not detected 

over IllSM-S. 

Err«t of Acidity in II ZSJ\1-5 

A trimenc product. 2.5-dicylohex)1idene-cyclolle~anone was not formed OVeT HZSt-ol-5 

oompan:d 10 small amounts detected O\Tr II-Beta and H-USY. This inflUl.'oced ourdedsion to 

in\-eshg;lIe the: n:&etion further onl) o'~r IIlSM· 5 and to !tmit the- numbcr of products 

follllCd. 

In figure 19. the effect of acidil) was in\Tstigatcd using IIZSM-5 zeolites \\llh differenl 

silicon J aluminum ratios. The IIZSM-5 (SilAI: 13) zeolite was inac,iI-e and ga-.-e low yield' 

(less than 1°,.) wwanls 2-c)clohe"lidene-(;yclohexanonc. Iloth the IiZSM-S (SiIAI.:m and 

I-ilSM-5 (SilAI: 45) gal"!: 9% yield each of the II1llln producL 
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10 

8 

8 

• 
2 

o L~--

SI/AI:13 Si1AI:22 

HZSM-5 

Si1AI :45 

Vield Dr 2-('ydohf.\} lid('n f'-l1'('luhcnnon~ liver 1.S'\I-S (di ITC'!'fnt SilAlj 

"flU S houo a' 1700e 

[ ff« lofTenlper.llure 

The resultsofthe I:lJects oflempemlun: on the sdf-coodl'nsallon of c)'cioh(',(lmonc are shown 

in figure 20. This reaction is clead) temperature senslh,'C'. with the highest )icld of 12",. ~nd 

19". obtained al 1400C and 170~C respc.'t thcly. At Irxfc Inc yield of the same product was 

restricted to less than 3%. Figtm' 20 mdicate the exptctcd increase in reaction rille \, illl 

increasmg Icmperatwc 
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21 

18 

15 -
"0 12 
E. 
~ 
;; 
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'" 
9 

6 

3 

o 
o 5 10 15 

Time (Hrs) 
20 

-+-(100DegC) 

____ (140DegC) 

-.-(170DegC) 

2S 

Figurt' 20 Yidd of 2-cydohcxylidcne-cydohcxaDoDc O\U IIZS:'\1-5 (SUA]: "5) at 

different reaction tl'mlX'raturu 

Cydohexanone Condensation over H!S04 

This investigation was carried (Jut using a procedure outlined in s~tion 2.2. 1. A O.14g of 

concentrated H2S0. was substituted for zeolites and experiments were allowed to run for 

periods ranging from 1 hour to 24 hours. 

The results arc shown in figures 21 and 22. Cyclohexll!lonc conversion inCTl'(lSed sharply 

initially and d~creascd slightly after 5 hours of reaction. A slight decrease in cyciohcxanonc 

conversion would suggest an error in measurements 3S conversion C(lIlIlO\ d~rease. Can only 

increase Of sta)' constant. A maximum conversion of 220/. corrdalCS well with the results 

obl3ined over zeolites. A morc bulky product. 2.5 -dicyciolte.~)'lidcne-c)'clolte.~anone was 

formed oYer l ·bSO~ compared 10 z.colitc reactions where 2-cyelohcxylidene-cyclohexanone 

wa~ Ihe predominanl product. 
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Figure 22 
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3.2.2.1 Disc ussions 

The eITect of different acidity of ~I LSM-5. H-USY und H-Ilcta on ligur~ 18 "-;IS not evident 

as tho.: yield did 001 follow the dcllfcC of acidity. based on SilAl of Inc cptal}'si .... hieh 

decreases in the follolo'inll order: 11-8ela:> H-USY :> IILSM·5. This result indicate lhal 

the dTec! of zeohte ~cidit} is not importnnl in oclcrminmg liM: Scla;lilily of 2-

cyclohcxylidclll'oC)'clobc'CDIIOOC but the shape selectl'C clTecl ofzcolilL-s does pI~)' a role. A 

different obscr.ation .... <l!I secn on figure 19. low SilAI nllio in molecLI!!IT sieves urt" 

associmcd "llh hillier numbl:r of acid sill'S in zeolites. IIZSM·S (Si/AI- 13) was inac\lI!' in the 

C)clohe"anonc condensation reaction. 

Haw and ro-.... orkcrs (1994) reported thalllcidity of zeolite ~I LSM-S IS sullieicn!l), strong Ihat 

the secondary reactions urI' imponam even 111 mod~st tCntpcruIU1\'~. This behavior ""as not 

seen in the prcsenl inl'cstig!llion, 

The product distribution is ekarly inOueDeed b) the snape stleeliH C(fects of7.eulitc$ wltn 

difTerenl pore geometries, Sh:lpe select)"ily imposed by three zcolLics was n1.lln,fcSlro b) low 

yields of 2-t:ydollcxylidcne-t:ye1oOtXanOIlC OI'U IIZSM-S followw b) H-Beta and tllcn H­

USY Small amount of less tllDn I-I. Olcr H-Bcta and H-USY of 2,S-die),clollex)liJcnc­

qclohexanone seems 10 be due 10 Slene elTects oflhese zeoliles as tOt same products was not 

deleeled Oler nwdium pore I IZS"- I-S, 

The prcs.cnl in~estigation reponed liquid phase condclISation of cycl(lhCKanonc over 7.colilic 

materials, .... hile in thc li terature the same inwstigation was mainl) performed in th" gas 

phase, The intenncdi~tc product, 2( 1.hydruxyc)'c!ohcx}l)-cydollcxanone "''as not identi lied 

in the prescnt "l)rk probably dul' to Its r~pid dchydmtion to the- main rrodUCl, bUI il was 

identlficd in the work by Efimol'H and coworken ( 19&9), 

Unlike tile sd f-ootlUcnsation of UeclODe, the rd\e or C}loI'll'xanone condcnSllliun incrcascd at 

clel'/lted tcmperllturcs IIJI<I longer miction time as indicated b} high ) iclds of 2-

C} clollcx} Iidcoc-cycloOcJ(tlnQne, Reactions of C} die kelones lire said 10 Ix: more exothermic 

In naturr and Ihis mal explain the lugh re.M:tion nLie of cydohexanonc acetone (EfimovB., 

1989). 
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Wf~ul'" anti Ui§(ussion 

An in\1:s tisation of l-hSOl as catalyst on cyciobeX':lIlonc condcll$lltiOn revealed ~inulur 

behavior of llus cutalyst with those of lcolile. The di..ad\"untage rn usins sUlphuric rn:id or 

large pore IS til.: higher tendency for co);e formation nUlinly dl,ll: to 1.S-dicyc1ohexylidene­

cyclohcxunone 

Cyclohegnof\C /las a high boihug poilU compared to acetone. and IS ~uch il5 pania! pressurc,~ 

al high temperatures. 17rfC. was loweompared 10 acclone. 

The effect of JlfCssure on the sclf-condcnsaiton of C)c1ohc~anollt;' in tlus in\esligallon could 

not be determined as the reaciton wa.~ pcrfOl1llC'd III autogcneollS pre5$un: MaiSllrnoto and 

Acheson (1991) reponed formation of all the prodllCt~ sho\\TI rn 5Chcme II at pressllres 

greater than lGPlL Table 6 $00\\5 the autog<:11CQU5 JlfCss~s of ilCClorre and e}cloocxanone 0\ 

different t~mpcr.tturcs 

Table 6 Autogencous rrc55~S at ditTcrem reaction temperatures obtained In the 

prcscm stud)' of acetone and cyclOOc)(aroone sclf-cOl1dcnsaliorur reactions 

Tenrl'~r~lurr ( C) 
"<rIon~ ( Boi'in~ PoIni - Sfj0C) Cf(loIocun .... t (80mnl PoI.I - tss"C)) 

I'rm~r~ (ban:) P<Nure (ban) 

100 3 < I 

'" 8 < I 

170 14 1 
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3.3 C ross-Co ndenSli lion between Acelone and lIenzaldehyde 

Rcactions ~twetll 0 ketone and an aldehyde are importunt since a limited number of 

products can be obtained especially when lhe aldehyde doc:s not have hydrogens (;I.. 10 Ihe 

carbon} I BmJ lherefore II cannot condi:f1se wilh itself. El(amplcs of such aldehydes include 

formaldehyde and bcnuldl:hyde 

Tile leoJite...:ataIY5Cd reaction bet" ecn acetone and bt.llzaldch} de was investigDted 10 ehec ~ 

"heHu:! the mlriele.! pore: geometry and uni<juc acidic properties enhanced its product 

sl:icctivuy. It ,,'as of interest to know. for e.~am rlc. "helher CJ1)$'lCd aldol condenSlilions 

tool. plKe ill !"efe,en.:c 10 .>Clf..:ool<k" ..,li"" "f .~ch" ..... Ill "Mlhc! the formallon of 

bcnul-lICcaone maximised and other b)-prodlKlS wcr .. minimised. iknlll'lICt:1one is of 

particular interest because it may ha~e industrial applications (Pittman and liang. 1980). 

IllSM·S was chosen for this in> c5ligalion pl'imarily for 115 resislllllce 10 coke formation and 

10 limit the formalion of bulk)' products like dibcnzabcdOlIC, Some po6SlbJe produCIS orlhis 

reaction are $ho\\'n in scheme 12. 

-
mel ltyl 
oKid. 

dlbelUalacetone 

mesitylene 

+ 

benulaeetone 

+ 

Isophorona 

Phorone 

s.,hc:mc 12 ~htn"uic: rerre~a l a liOB of Ih~ reaction ""hU'c:n ac~ton~ anti 

h.,.~alde~yde 
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n.~ l'CSults ol;ltlli~d. ShO\HI in figure~ 23 and 24. f<'prC5CnI th~ rea,IBnt eon"crsion and 

prodUCI diSlribUlion with tim" resJl"Ctivel}" The data \\8S based on II gas chromatographic 

dctcnninatlon of concentration of reactants and products in tht reactiQII mixture. using 

dete~lor response faclOO described in App<:ndix I. 

1 

" r----------------------------, 

• 
" 

.- --" .----_. 

r __ AceIOn~ 

• -+- Be nza lde"vo:le 

. L-~~ __________ ~ 
o 10 20 lO 010 110 I(l ro 

Ttmolh,o, 

Connl'1i ion of ace lone lind bca1.l1 ldc h)"dc (\ : I mole ralio) o. for HZSM-5 

(SilAi; 45) at I S(luC " 'ilh lime. 

o 10 Z ~ ~ ~ ~ ro M 

TImt !hrsl 

"rodu,,1 diSlribullon (or Ihe ac~t')pelbe n1.lli debld~ (1:1 mol~ ral io) 

con l l en~ al io n m"n IIZSM-5 (SIIAI: 45) al 150°C .. "il b lime 
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1111: o~crall cOll~l!TSion of &CCtlllK' was higher than of lx:n~.al<kh~dc, reflecting the 

fnwl"cmcnl of I\Cctonc in bolll $Clf- and erosscd-eon<ku'4tions. The yield ofbcfUll lfICe\OI1C 

was found 10 runge from 4,. 10 17". ba:;.:d on lICCIonc consumpliun. Th,s is signifICantly 

low compared 10 llie 23% 10 28% (afler I and 24 hours ~5pcctively) Ol(."f Nafion- II reported 

by Pillman and Liana (1980). How~ver. tllese authors d,d MOl repon on prod'lCt ~Icctl\'illes. 

Inlllllly, both rnesit~1 o~icle and bcnr.alacctOflC were formed ,n equal proport'ons (S~/.). bUI 

IlIrrt~lkr mcsilyl o.,ide decrtased rapidl) to a 5Cleeli1il) of Ill"", and benzalacctonc 

increased to a selectivity of 79% aller n hours. llie significant drop 1M n1<:5il) I ooJde ma) 

be: due to its Inl'oll'ement in tile formation of otller products. Tk Other product!. benzoic 

acid, di·benalaoetonc and Other unknown produets wcre ranicled 10 les~ lhan !()O/o , Of 

these. OI'Ily dibcn1.alacclonc il'lCrtlsed with ume from Ie» than I". after I hour to I 0% after 

n hours. It \IllS nocc:d lhat ncitlief i~ nor mcsil)lcnc and funher prodUCts ofsdf­

contknsation of a«IOIIC "(.'rt detected in this reaction. 

3.3.1 Dist"ussions 

The high selectllil) towards benLDlacetone COnlparroto dibcnz.alao:;etone is likely due to 

wpe ~ketil'c of ~IZS~1-S . HO'oI'C~tr. dibcnzalacetonc WlIS the mljor eompcling product tn 

benzalacctOlle. and as melltioocd may hal'C fonned by some inll:raction" "II OIher products. 

It has bcro shown by AugU51inc and Posner (1995) tllat • cho~ of lCOlile inlluenccs 

5Ckctivily depending on reactant ring size and SI1.c of uoIuc cagc. Indeed due 10 sterle.1 

hindrance aspects prodOClS 2 and l "oold be limited due: 10 r;a-positionc.d on lhe melll) 1 

Using LS~1-5. Mordcnile, Faujasitc 'X' and Linde A trolltes. only a 6·ben7)lidene ( I) 

product WIS fonnoo from I n:action b..'1wcen l-mcth}l-cydoheunone "nh benz.klell)Ue 

shown in 5Cherne 13. No 2-bell7.)lidcnc (l) produtt or di·subSlilutcd (ll I'f'OdUCI u s 

obtained over.1I zeo!ile5 Ll5Cd 
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• 

3-rnethyl 
cyclohexanone beru:aldehyde 

1 2 

3 

Sc: bfm~ I J Reaction ixtwccn 3--methyl-eycIol\(AMOM :md Ixnzaldc:hytk (Augustine and 

Pos~r. 1995). 

Pinman and Liang (19W) described the: aldol CondcnlioilUon bel"'eetI acetone and 

benuldch)de as nonnally hinlkn:d by equilibrium limilalion. In the ~nl in"olig:nion. 

similar behaviour WIS ~~d as con'~rsilll1 ror :lCCIOOC and Ixnzaldchyde was limited 10 

22"10 :md 17t. ftsp«ti\'cly. iIfld bc-nulacctonc: ~lttliv llY ""M rolriclcd \0 79%. This 

bo:h~viour "n obser· .. cd al lon~r n:ac:lion limc:s. bcl"co:n 4S and n hours. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

3.4 Mixed Aldol Condensation of Acclonc and C)'dohl'unonl' 

Tt-c aim of tIN:- folio" ins in\'eSligBtion " a~ 10 determine: the prodllCl 5C:l«1i~it)' (or mi\ed 

aldol I'rodllCl !:>ol,.,e<: n acet~ and cyclohc.\anone o\"c:r zeolites of difTercTil pore Slles. 

Schl:me 14 below shows ["QSsible flIlldllClS or mixed alOOf rundo::nsatlon or ill;e!onc: and 

c)'c!ohe~aoonc . The products slICh as mcsit)! oxide and 200C)'tlollcx)'hdeneooCycIohc:Mnone. 

(rom selfooCoodensatioos of acetone and c)'clohc:;u~ r<'Sp«li . e!y. arc: obIaine:d IGgCther 

"it" their mixed _IJoI condensation prodllClS. 

--l+6 • 

)J) + if 
cyclohelylidene-2· 2.methylethylideo'· 
propanone cyclohtullO<'l' 

+ U 
2-cycloh'lylidene· murtyl ollde 
cyclohennone 

II ,Q + 
mesllylene 

2-cyclohelylidene-
cyclohennone 

+ 

2,5·cl1-cyclohelylldene· 
cyclohelanone 

2.6·Dlisopropylldene· 
cyclohelanone 

Seht"lt U Rndtoll sehme or mind aldol condenSatiun "r 11",,1011" and 

l1 dohtunollt 
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CkMplfr J Resulls a nd DisC'Ussiu 6J 

lA.1 The Effect ofz.colile Pore Size 

Filum 2S and 26 ShOll acetone and cydohexanonc conversions and product di~lributions 

rt'Spc<:til'd} In a mixed ~rdol condcnsation of acCtonc and c}clohc..~lnOnC. The IICdone and 

C}Clohexal1OflC COOVCl'5ions obtained OltT IlLSM·5 ISiIAI: 45) "ere the hillht"it compared \(l 

OIher zc:olites. Cyclohe.~~ conversion was o"crall higher than lI\;ctOne eomersion oler.1I 

zeolites used and the same observation was noted in SC<:llonS 3.2.1 and 3.2.2 or the self· 

condensation Of acClOOC: and cyclohexanOnC TCspcc til'dy. 

tEO 

"r--------------------------------, 
o acetone 

20 
• cyclohexanone 

" 

" , 
0'-'--

H·ZSM· 
5($IIA1 :45 ) 

H·Z$M · 
5(SIIAI:22) 

H·USY H·Beta 

I'ern.. conl'f"lon~ mi\cd a ldol con~nu . lll. of atetllne and 

ryrlubcunonr (J: I mlllfmof) OlH dirrernl uuliln a. "oDe ann ShOIiTS 

UfrCaf liun 
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" 
" 
" • " 0 

E 

" ·f 
" " 0 • • " • , 

t' igu rc 26 

ResuilS and IJiscII5sioo 

H-ZSM· H-ZSM - H·USV 

$(SIJAI:4$) 5(S ;IAt:22) 
H-Bet .. 

..... 1-eyclallexylidene -2-
propeoane 

cyclallexanane 

cyclallexanone 

Prooucl dislribullon in tile miled aldol condenul1on or acClone 3 nd 

t"yc1o bcunanc (3: I mol/mol) avCr diffe.ent lcqlilCS at 1 10~C arler 5110llrs 

The seleotivity of all products oblllil1~-d OVCT tile t"o HZSM·5 zeolites (",III SiIAI: 45 Bnd 

SilAI: 22) "Crt: similar. and toosc obtained over H·USY and H-BeiB also follo"cd 5imilar 

Ifcnd. A mi~ed aldol product. l·c)clohe~ylidene·2·propnnone was obtained at significantly 

high seleClivily (65%) OVCT HZSl\ I· j zeolites "lIereas 0"',. largc pore zeolites significantl)' 

lower selec tivity (390/.) wa~ obtairx:d. 

On H-USY and H-BCla higher selectivity IO\\ard$ a bulk.} product, 2...::yclohc'\) lidene­

q cloh",\!nonc .... 1IS obtained (4(1% and 35% respectively) "hereas o~er HZSM·5 ~~'Olites 

12"A, selectivity was obtained towards this product. Mesityl oxide WQS slight ly higher over 

Hl.5M-5 zeolites. 

High ~onvefSion of a,""one and c)'clohe~anonc 0\'Cr I-IZSM·S Zi.oolite and high selectivit} 

towards a mixed product. cyc!oIleX) lidene·2·propanone innucnccd the decision to in' estigalc 

olher lSpc<.:ts or this reaction in terms of r<;actant mtios and n:action time. 
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3.4.2 Erreel or Acelonl' I c) l'lohu anom: nll io 

01\ the basis ortllc resU1t1i shown ." KClton 3.4 I. \\hc~ IlZSM-S (Si/At: 45) "'~ Ihe most 

IICli>" 1.toll1(. funller in~cSlil!at il)l1 ""as carried 011\ OIl this lreti!c IU stud> 1'l'3ction cond ilions 

"lIkh ophmi5C seltcl,~ily 101' ards tile nll.\CIJ aldol produci. I-cyclo;>hc \ } lidcnc-2-propanonc. 

The rr.s.ull$ shown in ligul'l' 27 I'l'pIl:scnl cOIIvcrsions of acetone and cydohcxanonc in the 

milled aldol Cuntknsalions o~cr I ILJ.~ '·5. AI all mole ... nos the convcr5iOll of cyciohnanonc 

"as hil:hcf than acetone con' (.siotl . The c)ciuhc\nnonc (Ollvers;on WU highest at 3: I mote 

!lIlio (acclondc>dohc.'~nonc) where c)cluhc\anonc n:ac~d 11 41W. cO!lveTSion and acetone 

only l~. after 48 hours of reaction lime. At acctunclC)clohcxanone mlio of 1:3. IICCIOIlC 

con\cr5ion levelled offml\tr 10 hour.. ofreaclion lime "hcrus C)clohe.\anonc cOfl'·crsion 

was still increasing after 24 hours. 

At equl-molar "1I10S. the tQ",·er~iQn n:achcd an C4juillbrium after 24 Ilours of reaction lime 

"hcr~as at 3: I Bnd 1;3 lDcetonclc)clolle.~a~) molt mtlO bolh acelone and crclohcxano~ 

con~ersions "cre 51iU increa. lMg. 
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Figur~ 27 
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Figun: 2B shO"'~ Ihe product selectivit) over IIZS:vl-5 (SilA: 45) fOi Ihe mixed aldol 

condc:nSlltion of lICetORl' and c)'I;loh~xanone a1 different ITJ(llc ratios. At lOnger n:action limes. 

the $clf-con.doM:llion product. 2-c)'I;Johc~} hdenc-cyclohexanooc w:iS favour«! at L' 1 aoo l' 3 

/lCc\m1CJ'cyeiohexanonc mole r:tlios. Othl'l' prodUCt) like me,it)"1 o:>.idc anJ 2-(1-

rneth)"ltmylidcnc~)"(lohc;"Dno.w remainoo signifi cantly low at thes<: ratios. Al ):1 

(acctOnelc)'clohu3noow) selectivity to"'ard, 1-c}clohn)lide,...,-2-propll/lOnc was higher al 

~~~, "hile 5declivity tOY.'Drds Ihe sclf-cornlensation product of c)"l:lohc\anonc. 2-

C) IcJuhe!<)'liden~'-9clolwX8noo~ dropped to less than 300/ •. 

In,,iall)". at all ratios there was signiftcantl) high selectivity towards L~·clohe!<)lidme-2-

propanonc. which decrca~ed with reaction time. Selectivit) to"-ards this product "'lIS highest 

Dt highcst dilutlou of c)"(lohc~nnonc (hight:5t al:C1one I c~JohC.\llnone). 

The other t11i.~cd aldol product 2-(I-m~th)'lcth)'lidcnc:)-cy1: lohc\allOllC_ im:rcased ~ighll) 

"ilh lime and also mes.!),L o~idc sl3J1ed with hig/1 scLec:livil), 31 1.1 and J: I mole rnliUS 

compared 10 3: I rullo. 

The bc!;t selectivit) towards a stngle product. l-c)"(JQhcx)"lidcne-Z-propanone. "lIS obtained 

al D 31 ralOO of(acct~cyclohcxllll()M). 

3.4.3 Discussions 

In the m.~cd aldol condensation of_elone 300.1 cydolW:\3llOne the IWO main products \\~ I­

cydohcx)!ldcnc:-2-prop.1llOf1C and pn:tdUCI of sclf..::on<knS:lIlOn of cyclohe"'llnooc. 2-

c~I~,,>lidene-cydoheunonc. II is also tlOIed from ailihe n:5ult, prc$("llItd in figure 28 thai 

bc:IIh mCliII)' o~idc and !,,<:)clohu)lidmc·2-prop;tnot1C "'"CfC d«rea5ing and 2-

9"CIohc:xylidet1C"<:yclohc~artOllC .... as incn:asing" im lime. 

The molar MIllO and the n:lIClion time have mfluence on the prodUCt dimibulion of the mixed 

alool CondcnsSlion of acClOnc and qlcohcunotlC In all resullS c)'clohc><o1none convcr~ion 

was high'" th:m of acetone consistenl "ith earlier observations Ihat cydohc. ... 'nont .... -as more 

rtaeUlie tban ~t~. 
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~ high« rocti~ity of C)'elohc~~ ""lIS rrobably due 10 hIgh IIdSOl'plion on zeolite active 

sites thesc supported by its sdf","ond<:nsation anrJ mi,nl aldol eOn.lc:nsation ... ith acetone 

Coolral) 10 this obsImlltioo. the .dsorpllOll ITlC'ti\l~~nts n was found that .:etont: and 

c)'CIohc\anone "e~ equal!) adsorplKln on !he SlIITlC' ze'ohte materials. 

Somc"Mt :wrpriSlIlJIy, !he acti~lIy of 11·/..5\15 IS lu~SI of the: three tatal) \Is in the ml,\ed 

alJol ~aetions Earlier ~sults on sdf-cond,,"~ion ~aet'ons O\'er 1l·7SMS, U·lkl. and II· 

l'SY ~wnl lhat con'"l:rs;OOJ of qdohc'Ulllant 'n,... higher ove.r the lall ..... cat.:ll) >IS "hile 

eonvenions o( acetone: we~ -40,. ""..,r 111 cat.:ll) SIs.. lbi, ~\luesl II\3t in II·USY and /-I·BellI 

acetone may 6omiru.te in the compt1ition for xti~e siles but [!len fail [0 ""XI funho: •. This 

could eilher be due to acetone Ixlng more l'I:a\lll) adsotbcd, or rna) be due to a hi~r me of 

diffusion [hrough pom; "hich is rebtcd 10 its smaUer mokcub. dImensions. IIoo"c\e •• in 

scpanLlc c\pc'nlTlC'nb (diS(u~sed in s«I;oo _l oS) it W.1.~ e$tDblishnlth.1l lhere i$ no si&nirlCant 

dilTcI1.'m:c bct"ccn the Dte oflldsorption ofxctO!lC and c)clohc.unonc on the$(" catal)MlI. sa 

thaI thiS f:lttOf aflpc'm nul 10 be ~ianificant 

When the reactant nuios "Cn' varitd in a ~I of (xpcnlTlC'niS using 11·75'15. the kC) 

Qbsc",,-'3tion~ that (a) there is high ~lcctiv"y (Of" ant of tho: 1\\'0 possible mixed-aJdoI 

condensation prudtKI ~ ( 1 -c)clohe~~lidcl\C·2·propcinonc), (bl this prodllCt is pn-fercntially 

Formed in lhe: farly .Iages of the' n:action. bul drops ofT "'illl lime, (c) tile overall selectivity 

IOwards thiS product is hight'S! al high~t dilution of cyclotw.XDfIOne, and (d) tilt self· 

condensation of C)'CIohennone i, the most significant compc'ling n:lIClioo. 

TheS( observations can be r.uionali~d b) considering stenc coo$lraints imposed b) the pIlft' 

gl'Omelries of Ih~ zeol ites (shape seit"Cti,l' effects) and stene iWd sten:~lttronic aSpc<:ts of me 

n:actant$. reac tion 'raMition StalC$ and prodUCts. Scheme 15 shows D summar) of the 

competing reDclillns, Including thf ~c~ intmm:diatl"'S e)(prtlfd. The i!ominant prodllCI~ In the 

n:3C1ions owr H·7..SMS in,-ol,'c interaction of the reactiYe ;nlenned;alC$ S, C and I), and lho: 

(lCcurrence of the c}clohcx}1 unit in ~II or pmduets i~ consi51ent with (he obkrvatlon that 

c)'clohfxanone ;, mort' reactive than acclone b} vinuo: of its more bask: o~}'gcn and nt~ 

~adily enolizabie carbonyl group. Thf high initial rale of formation of I <ytloht~} h~nc· 

propanone establishes Ihis as Ihe ~,nclic product and b} implication having thc 10"ti\ enfrg} 

demand in the transilion SlaIC. 
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Scheme 16 gi\'es a comparison of the mechanistic steps in the reactions involving 

intermediates 0, C and O. Each reaction produces a h)drox)'~C1one "hich is deh)drated undtr 

llCid catalysis via intermediates such lIS I, II and Ill. Products 2 and J arc relatively hiShly 

strained structures. incorpo1ating lIdjaeent ~' centres in a six membered ring. The 

intermediates II and III leading to these are of higher enc:rg} than intermediates I leading to 

product I . as thc} have tetra-substituted al~/l11es "hieh an: al50 cOn!;lraincd b) the ring Thcse 

coruiderations togelh~r "jlh the fact thai r roduct I is the least bulky of the products help to 

explain the obsel'\'cd prefcrence for l-c)'clohe:o.:}lidenc-2-propanone in the reactions OVCT 11-

ZSM5. The high sclectivit} for Ihis product" hl'Tl an e\ce$s of acetone is prescnt is consistent 

"ilh a high rate of protonation of cydohexanone combing with a high cuncentration in the 

""'~. 
The abu'·c argument e~plains the high seleelivity to,,~rds one of the 1\\0 p.'l1sible mixed aldQl 

condensation products. Product I is favourcJ over product J due to shape liC'lecliI'ity opernling 

at both the lrnnsition state and product le\C1 of the reaction, and that I is favoured 

energeticall}. Ilowever. by this argument the self-condcnsalion producl 2 should be CI't'll less 

favoured than J since il is more stericall} demanding. The faelthat 2 is prl:5ent in significan1 

proponions at all rnli~ of acetone/cyclohe~anone is (unher confirmation of the inherent high 

reJctivil) Of cyclohexanone. 
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11 

~ 
1 

1-Cyclohellylidene·2-
propaoone 

I{b llll !; nnd Uiscussiun 

o 
OH 

11 
(00 

" 

, 
2-cyclohe.ylidene­

cyclohexanone 

" 

o 
OH 

11 

'" 

J 

1-(2methylethylidane) 
-cyclohexanone 

Scheme IS Proposed m~chani.m or 'he ".iXf d aldol condcns~t ion belween 

acetone lilld C) dobcHll one. 
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measurements .h",tr",t",,,, on 

",rlc·" .. ;·".rl on 

", ........ '1"1 out to imres'tiQ:,ate u,,, ... tl, ..... ~rlc~n""Ih('.n ... 1'l-... "t., 

were ... ". •. 1'''' ...... ".1"1 to ae1:ennUle 

measurements were 

Ketonc;:s over ~rl'C!nrntlnn measurements were ... "'.·tn ......... rl 

1. 

COlrnponlent was 

more 

co:mJ;:lonlents were ",l"Ic, ..... I"', .. ", 

are pr€,senu::a 7,8,9 

acetone """ .... ,~ ... 

1 
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acetone 

acetone 

acetone was a 

one. 

was not SIR:nU]C<lmt. 

nn:rellce was nr,,~p.Mi1p.C1 8 

1 

2 
1 

1 

COt:mClems on 

one ket:onc~s were 

n""P~'l~.nnwas on 

mt:m,am)1 was as a (':j;ljlrTU'V' 
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COIDIJli.JUIJUS on 

....... "11I'r·.; at room lCI'DOlera:ll 

was not me:ntlloneO. 

a 

acetone 

acetone was 

reactor 

was 

ISolphclrorle was 
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3 

to acetone 

hrOimalto~~aJ)hy mel[oOrl. it was not UV.:l'"U,/.'" to 

pre:seIlt irlve:stl~:ation> as 
not nrrll'lAll'llv on 

acetone Cvc~lohe;l(arIOl1le were 

cy(;toltleX.ancDne on 

on 
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4 

4 

ze<'lItc~s were 

ket<mes are influenced 

acetone sel:t:'cc)ndlen:satilon cOI1npared to 12-me:mber 

selectivi1y was Obt[lInt~a 

were ob1tairled over 

uu.:! ......... acetone self-clon(len,satjon rea.cti,on, selt:'c,omlensation cyc;lohleXlllllollle was str<mgl!y 

selc~cti'vity to\1llfarc1!': a produc~t was actlie,'ed tlmou£ldl acetone 

was attlribluted to nature 

was a 

-cy,clollex:ylid,ene:-2-iprolpanone corrLparc;!d to 1 

was 

more melchams1:1c e1fects re:latc::d to ditlfere:ntiial rates en<)Hz:aticm versus carlt>onyl 

ketlone seems to eX)lalln diltterences 
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acetone 
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was no COl1tn)! 
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""''t,,, ... ,,, COIldellsat:ion ..... "'''''''u .... 'u on 

ACtetOIle LonOlens:at1(m as a lY.LUI.J ..... .L KleaCl:lOn 

a :Systematic ... ..-11 .... 'U.U~.u 

J. L0l1npaJ1Y 1 

1 1 1 
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Bisc:ardi, J. J. 

Martens, J. 

- 1 

Novakm/a. J. Sur1tace Reactivilty 

Ket(mes at Amlbie!nt T~em~)erature 

EX~)erilneI1lts on 

i{eview' LeO,lIUC Ma1terialls as rl.'ltl.'lIV~lt<;: 
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method assumes 

COD1POund was detc~rmined 

1.0 

o 
1 

o 

a 

""4~_"" It is det:ine~d 

respOllse tac1tors were as fbJloVlrs 
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l"oluerle was as an intc~rn~al standlard baJ.an~oes were .... I ,~tnl" to 

respOllse tacltors were cal-oull:lted internal stwldwrd m.ethc)d as tOlllOWS: 

Se.lectiv'itv - -----
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I! 

J { 
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Volume of Vol. of VoL of 
# Acetone 

1 0 
2 0 
3 0 
4 6 0 
5 6 0 
6 0 6 
7 0 6 
8 0 6 
9 6 

6 
6 
6 
6 
6 
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Tlme(hrs) 

4.8 

0.2 

6.0 

0.2 

81.9 

2.2 
O,lSg 

1 

84.4 

9.9 

0.5 

4.3 

0.0 

0.0 

0.2 

0.0 

64.7 

2.2 

0.2 

1.3 
0.0 

0.0 

0.0 

0.0 

1.9 

0.2 

1.6 

0.0 

0.0 

0.0 

0.0 

10.S 

86.8 

0.3 

0.0 

2.3 
mellhvl .• benzene 0.1 

4.1 

0.2 

6.0 

0.2 

81.6 

2.2 

O.lSg 

5 

86.6 

8.1 

0.5 

3.9 

0.1 

0.0 

0.4 

0.0 

81.7 

2.2 

0.2 

l.S 

0.0 

0.0 

0.1 

0.0 

2.2 

0.2 

1.8 
0.0 

0.0 

0.1 

0.0 

10.5 

83.6 

0.9 

0.0 

4.9 

0.1 

4.1 

0.2 

6.0 

0.2 

81.2 

2.3 

O.l5g 

10 

86.6 

8.2 

0.4 

3.5 

0.0 

0.0 

0.7 

0.0 

84.0 

2.3 

0.2 

1.4 

0.0 

0.0 

0.2 

0.0 

2.1 

0.2 

1.7 

0.0 

0.0 

0.2 

0.0 

10.1 

80.3 
0.2 

0.0 

9J 
0.1 

4.8 

0.2 

6.1 

0.2 

82.8 

2.2 

0.15g 

24 

81.4 

10.2 

0.8 

5.9 

0.1 

0.0 

0.4 

0.0 

60.4 

2.2 

0.2 

1.7 

0.0 

0.0 

0.1 

0.0 

2.5 

0.3 

2.1 

0.0 

0.0 

0.1 

0.0 

11.1 

84.0 

1.3 

0.0 

3.5 

0.2 

4.1 

0.2 

6.0 

6 6 6 6 6 

4.7 4.7 4.8 4.1 4.7 4.8 

0.2 0.2 0.2 0.2 0.2 0.2 

6.0 6.0 6.0 6.0 6.0 6.0 

6 

4.7 

0.2 

6.0 

0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.3 

81.6 81.4 81.2 81.9 81.0 81.2 81.9 81.2 

2.4 2.2 2.2 2.3 2.2 2.2 2.3 2.6 

O.l5g OJ5g 0.158 O.l5g OJ5g 0.158 0.158 

1 5 10 24 5 10 24 

83.8 16.4 17.1 80.0 81.4 83.0 83.4 19.0 

1.5 8.1 9.2 8.1 8.6 10.7 8.4 9.4 

0.1 0.7 0.7 0.6 0.4 0.4 0.6 0.7 

5.8 5.2 5.8 3.9 2.5 3.5 4.1 5.1 

0.1 0.1 0.4 0.5 0.2 0.3 0.2 0.5 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.6 1.8 2.0 2.4 O.S 0.5 1.4 2.6 

0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 

93.5 72.2 64.1 79.2 77.2 59.2 79.1 16.4 

2.4 2.2 2.2 2.3 2.2 2.2 2.3 2.6 

0.3 0.3 0.2 0.2 0.1 0.1 0.2 OJ 

2.6 2.0 1.9 1.5 0.9 1.0 1.8 2.0 

0.0 0.2 0.1 0.1 0.0 0.\ 0.1 0.1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.2 

0.0 

3.8 

0.4 

3.1 

0.0 

0.0 

0.2 

0.0 

0.4 0.4 

0.0 0.0 

3.4 3.2 

0.3 0.3 

2.4 2.3 

0.2 0.1 

0.0 0.0 

0.5 O.S 

0.0 0.0 

0.5 0.1 0.1 0.3 

0.0 0.0 0.0 0.0 

3.0 1.4 1.6 2.9 

OJ 0.2 0.1 0.3 

1.9 1.1 1.2 2.2 

0.2 0.1 0.1 0.1 

0.0 0.0 0.0 0.0 

0.6 0.1 0.1 0.4 

0.0 0.0 0.0 0.0 

0.6 

0.0 

3.6 

0.3 

2.4 

0.1 

0.0 

0.7 

0.0 

10.5 9.5 8.9 9.6 10.7 8.7 9.3 8.6 

82.9 70.5 12.6 62.1 77.0 79.0 75.0 67.2 

1.2 5.6 3.5 5.1 3.8 4.2 2.4 3.9 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

5.1 13.5 14.1 21.1 1.6 6.9 12.9 19.5 

0.3 0.9 1.0 1.4 0.9 1.3 0.4 0.1 
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Area'. 

Acetone 

Toluene 

b-MO 

a-MO 

Phorone 

mmolee 

Acetone 

Toluene 

b-MO 

a-MO 

Phorone 

Conversion 

Yield 

b-MO 

a-MO 

Phorone 

b-MO 

a-MO 

Phorone 

6 

.3 
4.7 

5 

1.5 1.4 

0.1 

1.9 2.2 2.1 

1.8 

4.9 

6 6 6 6 

.3 .3 .3 .3 
4.7 4.7 4.7 

0.15 O. 0.15 
5 1 24 

2.9 2.6 1.4 1.9 
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Reaction Mixture 

Reaction 

Area'. 

Mmol •• 

Toluene 

%Ylelda 

Aromatic 

Aromatic 
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Reaction Mixture 

Volume(ml) 

Area'. 

Toluene 

% Yields 

Aromatic 

Aromatic 
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30 

81 

38 

1 

511 
513 

12 

18,7 
0.2 
1,1 
1,9 
74,9 

3,8 

0,1 

32 31 30 30 30 

1 1 

511 82 113 81 113 
41 40 38 38 38 

I 1 1 1 

57 511 81 511 60 

5511 5111 511 !l24 !l24 

12 11 

18,9 15,2 13.9 11,2 13,2 
0,2 0,2 0.2 0.1 0,1 
1.6 1,7 1.4 1.7 1,8 
2,1 1,8 1,5 1,2 1,2 

70.1 69.2 65,6 62,2 57,1 
0,1 0.2 0.3 0,3 0,2 
7,0 8,9 12,4 17.0 19,0 
0.1 0,1 0,1 0,1 0,1 
0,5 1,0 1.3 2,9 4,1 

10,9 13,14 20,5 20.8 21.5 
8.972 14.8 18,8 17.3 

391 393.7 380.6 395.5 253 276,9 
1.41 1,865 1.45 2,618 0,89 0.199 
11,6 10,87 11.82 11.01 11 10,88 
17,3 19,89 11,31 18.84 11 9,848 
583 545,4 548.7 621.8 489 400,3 

° 0,82 2.045 3.139 2,88 2.051 
19,5 36,36 48,95 78.41 85,4 86,61 

l-one 0 0,34 0,415 0,532 0,36 0,22 
0,2 1.335 2,886 4,874 8,31 10,87 

2.0 2.5 0.8 0,7 
45,1 32,1 24.4 15,9 10,2 8.8 
0,0 1.4 2,9 3.0 2,5 1,8 

SO.II IID.4 66,0 73,6 78,6 78.8 I..,,,,, 0,0 0,6 0,6 0.5 0.3 0,2 
0,5 2,2 4,1 4,4 7.11 9,7 
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APPENDIX VI I>iffractograms of I-IPLC Measurements 

Us ing Columns of Different Zeolites 
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