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Abstract  

The rate constants for the Diels－Alder reaction ofisoprene with  

maleic anhydridein supercriticalcarbon dioxide were measured．The  

temperaturesofthemeasurementwereat308．2，313．2and318．2Kandthe  

pressure range was from7．5to14．1MPa．A batch reactor used was  

COnneCted to the Fourier transforminfrared（FT－IR）spectroscopy，SO  

that the amount of product can be measured without sampling．The  

COnCentrations of product were measured for about30to40hours at  

intervalof severalhours．The reaction rate constants were determined  

based on the second order reaction relationship．The reaction rate  

COnStantSathighpressureregioncoincidewiththeliteraturedata．The  

rate constants near the critical pressure of carbon dioxide are several 

timeshigherthanthoseinhighpressurereglOnateaChtemperature．Itis  

COnSidered that reaction rate enhancement near the criticalpressureis  

resultedfromthelocalcompositionenhancementduetodensityfluctua－  

tion because molecular collision would be more frequently．The rate  

COnStantS Obtained were correlated using the transition－State theory  

COupledwithalocalcompositionmodelbyusingthePeng－Robinson（PR）  

equationofstate．Thecorrelatedresultsshowedagoodagreementwith  

theexperimentalresults。   
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1．Introduction  

Supercriticalfluidtechnologyhasreceivedmuchattentioninmanyfields．Todate，ithas  

been actively applied and used commerciallyln eXtraCtion，fractionation and purification  

PrOCeSSeS．Particularly，SuPerCriticalcarbondioxide（criticalpressurepc＝7．38MPa and  

Criticaltemperature7t＝304．2K）isoftenusedbecauseitcanbeusedunderrelativelymild  

COndition．Recently，ithasbeenrecognizedthatsupercriticalfluidsofferuniqueenvironment  

for reaction processes and also provide advantages for carrying out chemicalreactions  

（Savage et al．，1995）．Furthermore，the enhanced reaction rate can be expectedin the  

Vicinityofcriticalpoint．TheauthorsselectedtheDiels－Alderreactionasamodelreaction  

to examine the reaction mechanismin the vicinity of the criticalpoint．The followlng  

Diels－Alderreactionofisoprenewithmaleic anhydrideinsupercriticalcarbondioxidewas  

considered．  
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（1）  

This reactionis suitable for fundamentalstudies becauseitis a well－Characterized  

reaction system with no slgnificant side reactions．The rate constants obtained were  

COrrelatedbythetransitionJStatetheorycoupledwithalocalcompositionmodel．  

2．Experimental  

2．1Materials  

Reagent－gradeisoprene（more than95．0％supplied by Wako Pure Chem．Ind．）and  

reaganトgrademaleicanhydride（morethan99．0％suppliedbyWakoPureChem．Ind．）were  

used．High－puritycarbondioxide（morethan99．9％suppliedbySumitomoSeikaCo．）was  

usedasreceived．HighーPuritynitrogen（morethan99．9％suppliedbySumitomoSeikaCo．）  

WaSuSedaspurgegas．   

2．2 Apparatus  

Aconventionalbatch－typeapparatuSWaSCOnStruCtedtomeasuretherateconstantsof  

isoprene－maleicanhydrideDiels－Alderreaction．Theschematicdiagramoftheapparatusis  

ShowninFig．1．Theapparatusconsistedofagascylinder（1），aCOOlingunit（4），a feed  

pump（5），apreheatingcoil（7），aCirculationpump（9），aWaterbath（14：COntrOlledwithin±  

0．1K），adigitalpressuremeter（16：HPOprecisiontransducer，DresserIndustriesInc．Heise  

Plant），aninjector（18），apreCisionBourdongauge（19：NKStype，NaganoKeikiCo．），and  

a back pressure regulator（V2）．A reaction cell（11：Taiatsu Techno Co．）was made of  

SUS316，andequippedwithtwosapphirewindows．Theinnerdiameter，1ength，andvolume  

Of the cellwere18．O mm，102．2mm，and26，O mL，reSPeCtively．A FTLIR（10：Fourier  

transforminfrared：FTIR－8300，Shimadzu Co．）spectroscope was equipped with a MCT  

（mercury－Cadmium－telluride）detectorandahighrpressureopticalcell（ShimadzuCo．）．The  

Opticalpathlengthoftheopticalcellwas5．Omm．Thewindowsoftheopticalcellweremade  

OfZnSe．The diameter andthickness were8．O mm，reSpeCtively．The temperature ofthe   
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1．Gascylinder  
2．Dryer  
3．Filter  

4．Coolingunit  
5．Feedpump  
6．Safetyvalve  
7．Preheatingcoi1  
8．Check valve  
9．Circulationpump  
lO．FT－IR  

ll．Cellwithglasswindow  

12． Flexible heater  
13．Trap  
14．ⅥTater bath  

15． Pressure meter  
16．Digitalpressuremeter  
17． Flow meter  
18．Injector  
V2．Backpressureregulator  
V12．Expansionvalve  
Vl，V3－VlO．Stopvalve  

Fig．1Experimentalapparatusformeasurementof  
reactionrateinsupercriticalcarbondioxide．  

Opticalcellwasmaintainedbywaterpumpedfromthe waterbath（14）．The FT－IRwas  

COnneCtedwiththereactor directlv．TheIR spectra of product canbe measured without  

Sampling．   

2．3 Procedure  

The rate constants of the DielsLAlder reaction were measured at308．2K under7．5－14．1  

MPa，at313．2Kunder8．0－14．1MPa，andat318．2KunderlO．0－14．1MPa．Theexperimentwas  

Carried out as follows．Carbon dioxide supplied from the gas cylinder（1）wasliquefied  

throughthecoolingunit（4）anddirectedtothefeedpump（5）．Thebackpressureregulator  

（V2）was used to maintain a constant pressureinside the system．Theliquefied carbon  

dioxidewassenttothepreheatingcoil（7），anditbecameasupercriticalfluid．Thevalve  

（V6）wasopenedandsupercriticalcarbondioxidewasintroducedtoafluidcirculationpart．  

Thepartconsistedofthecirculationpump（9），thecellwithsapphirewindows（11），andthe  

FTNIRspectroscope（10）．Thepressureofthecirculationpartwasmeasuredbythedigital  

pressure meter（16）andthe precision Bourdon gauge（19）．The uncertainty onpressure  

measurementswasestimatedtobelessthan±0．025MPa．The circulationpump（9）was  

usedtomixasupercriticalfluidinthecirculationpart．Thevolumeofthecirculationpart  

was O．109L．  

Aknownamountofmaleicanhydridewasplacedinthecell（11）．Airinthecellwas  

purged with carbon dioxide under atmospheric pressure．Pressurized carbon dioxide was  

thenchargedintothecell，andthepressurewasmonitoredbythedigitalpressuremeter（16）．   
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The pressurein the cellwas regulated to experimentalpressure with additionalcarbon  

dioxideunderexperimentaltemperature．Whenmaleic anhydridewasdissolvedincarbon  

dioxide，aknownamountofisoprenewasaddedintothecellfromtheinjector（18）．Every  
O．5－4．Oh，theFT－IRspectroscope（10）purgedwithdrynitrogenwasusedtoobtainallIR  

spectra．TheIR spectra were measured atlcm1wavenumber resolution to obtain the  

desiredsignal－tO－nOiseratio．Themolaritiesofproductweredeterminedbytheabsorption  

atl171cm1．Thereactionwascarriedoutinaslnglephasethroughoutthereactionwhich  

wasconfirmedbyobservationthroughthesapphirewindowsofthereactioncell（11）．  

3．Results and discussion  

Basedonthesecond－Orderreactionrelationship，therateconstant kcisglVenby  

1 1＿〈C2。（Cl。－C4）  
（2）  斤。f＝  

（Cl。【C2。）⊥⊥⊥cl。（C2。－C4）   

where Cl。and C2。aretheinitialmolarityofmaleicanhydride（1）andisoprene（2），reSpeCr  

tively．C。isthemolarityoftheproduct（4）andtisthereactiontime．Therighthandside  

OfEq．（2）wasplottedagainst t andthevalueof kcwasdeterminedastheslope．  

TheDiels－Alderreactionrateconstantsat308．2，313．2and318．2Kinsupercriticalcarbon  

dioxidearepresentedinTablelandFig．2．AsshowninTablel，therateconstantsatthe  

samepressure nearthe criticalpointwerenot the samevalues．The mainreason ofthe  

resultswouldbethedramaticaldensitychangewithslightchangeofpressure，becausethe  

densityfluctuations ofreactionmixturesbecomelarge nearits criticalpoint．The uncer－  

taintyonpressuremearurementsofthepresentapparatuswasestimatedtobelessthan±  

0．025MPa．Itwasdifficulttoregulatethesameexperimentalpressurenearthecriticalpoint．  

The results reported by Alexander（1985），and Paulaitis and Alexander（1987）are also  

plottedinFig．2．Thepresentdata areingoodagreementwiththeliterature datainthe  

pressurerangehigherthan7．8MPaat308．2and318．2K．Asaresult，thesoundlessofthe  

methodandtheperformance oftheapparatuswereverified．AsshowninFig・．2，therate  

constants have a tendency toincrease near the criticalpressure of carbon dioxide．The  

increasesinrateconstantsnearcriticalpressureofcarbondioxidearealsoinvestigatedfor  

the other reaction systems by Thompson et al．（1999）for the Diels－Alder reaction of  

anthracene with4－phenyl－1，2，4－triazoline－3，5－dione and by Ellington et al．（1994）for the  

esterificationofphtalicanhydridewithmethanol．Figure3showstherateconstantsforthe  

threereactionsystems．Thepressuredependencesofrateconstantsnearthecriticalpressure  

areverysimilarevenifthereactionsystemsaredifferent．  

TablelRateconstantsforisoprene－maleicanhydrideDiels－Alderreactionin  
SuPerCriticalcarbondioxide．  

308．2K  313．2K  318．2K  

p［MPa］kc［L・mOl‾1・h▼1］p［MPa］kc［L・mOl1・h1］p［MPa］kc［L・mOl1・h1］  
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Thiswork Exp．Calc．  
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Fig・2 Rateconstantsforisoprene－maleicanhydrideDiels－Alder  
reactioninsupercriticalcarbondioxide．  
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Fig．3 Rateconstantsforthethreereactionsystemsin  

SuperCriticalcarbondioxide．  

NishikawaandTanaka（1995）measuredthedensityfluctuationsofsupercriticalcarbon  
dioxideinthevicinityofcriticalpoint・Thedensityfluctuationswerefoundtoformaridge  
alongtheextensionofcoexistencecurveofgasandliquidtothesupercriticalregionasshown  

in Fig．4．The dotted curvesrepresent the contourline ofthe density fluctuation．The  

numberonthelinesrepresenttheirvalues．TheridgeshowninFig．4isthelocusofthepoints  

Wherethevaluesofthedensityfluctuationareattheirmaximuminisothermalchange．The   
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Fig・．4 Phasediagramandcontourlinesofdensityfluctuation  

for carbon dioxide near the criticalpoint（Nishikawa  

andTanaka，1995）．  

ridgesare8．00and8．85MPaat308．2and313．2K，reSpeCtively．Thesevaluesareplottedin  

Fig．2．AsshownFig．2，thepointsatthebeginnlngOfreactionrate enhancementscorre－  

spondtotheridges．NishikawaandMorita（2000）alsoreportedthattherateconstantsof  

variouschemicalreactioninsupercriticalfluidsshowsingularbehaviorontheridge．The  

singularitymeansmaximum，minimum，Orinflectionpointoftherateconstantsanddepends  

onparticularreaction．Ellington et al．（1994）attributethereactionenhancementto the  

effectoflocalcomposition．Localcompositionwouldbehigherinthehighdensityfluctuation  

region．Inhigherlocalcompositionregion，mOlecularcollisionsandinteractionsseemmore  

frequently．Thismaybeoneofthereasonswhythereactionratesincreaseinthevicinityof  

thecriticalpoint．  

4．Correlation  

By using the transition－State theory（Weinstein et alリ1996），an eXpreSSion for the  

pressuredependenceofreactionrateconstantshasbeenderivedasfollows（Tohetal．，2001）．  

、 

－ 
（妾㌃）斤cTS（r＊，が） （3）  kcTS（T，P）＝（ネ）2exp［一等（与一室）］  

wherek。TS（T，P）isthereactionrateconstantbasedonthetransition－Statetheoryandp＊and  

T＊arethearbitraryreferencepressureandtemperature，reSpeCtively．Inthisstudy，P＊＝11．7  

MPaand T＊＝308．2Kwerechosen．Theenthalpyofactivation△H幸canbeevaluatedby  

Arrheniusplotoftheexperimentaldata．Thevaluewasdeterminedas65．55kJ・mOl‾1．The  

fugacity coefficients¢i（1：maleic anhydride，2：isoprene，4：aCtivated complex）and the  

COmpreSSibilityfactorZwerecalculatedbythefollowingPeng－Robinsonequationofstate  

（PengandRobinson，1976）withtheconventionalmixingrules．   
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斤r  （Zα  

（4）  p＝   
γ一占 γ（γ＋∂）＋ろ（γ  

where  

α＝0．45724月2左2血。  

∂＝0．07780月右尤。   

α＝［1＋∽（1－（刀茄）0雪］2  

∽＝0．480十1．574αノー0．176αJ2  

（5）   

（6）   

（7）   

（8）  

andforamixtureofmaleicanhydride（1）＋isoprene（2）十carbondioxide（3）＋activated  
COmplexapproximatedbyproduct（4）．  

（αα）椚＝∑∑反動（αα）む，（αα）む＝ル紬 fノ  

占m＝∑〝fぁざ  
‡  

Accordingtoprogress ofthereaction，thecompositions ofreactantsshouldbe changed．  

However，thecompositionchangesglVenOSlgnificanteffectonthecalculatedresultsbecause  

theamountsofreactantsareextremelysmallinthisexperiment．Table2showsthecritical  

COnStantSPc，7tandtheacentricfactora）．Thecriticalconstantsandtheacentricfactorsfor  

maleicanhydrideandactivatedcomplex（approximatedbytheproduct）wereestimatedby  
theLydersen’sgroupcontributionmethod（Reidetal．，1987）．AccordingtoEllingtonetal．  

（1994），kcTS（T，P）was modified as fo1lows by usinglocalproperties，because thelocal  

COmpOSitionsareexpectedtobemuchdifferentfromthebulkcompositionsnearthecritical  

point■Itisnoted，inthisexperimentalcondition，thattheconcentrationofisopreneismuch  

higherthanthatofmaleicanhydrideandthereforethelocalmolefractionofisoprenearound  

maleicanhydridemoleculesbecomeslargerthanbulkphasemolefraction．   

粧p）＝斤cTS（r，p）［誓］［誓］  （11）  

Wherepmeansthemolardensityofmixturewhichcanbeevaluatedbythefollowingmole  

fractions（bulkproperties）．  

〝1＝〝4＝－7・271×10‾3＋1・380×10－3p－5．076×10－5p2  

〝2＝1・868×10‾2＋3・366×10－3p－9．908×10－5p2  

Table2Criticalconstantspc，7tandacentricfactorsa）（Reidetal．，1987）．  

Component  pc［MPa］   7t［K］   a）［－］  

1）Maleicanhydride＊  

2）Isoprene  

4）Carbondioxide  

5．99  723．1  0．454  

3．85  484．0  0．164  

7．38  304．1  0．239  

5）Activatedcomplex＊＊  3．61  849．1  0．589  

＊Estimatedby the Lyderson’sgroup contributionmethod（Reid et al．，  

1987）．  

＊＊Activatedcomplexwasapproximatedbythereactionproduct andits   
propertieswereestimatedbytheLydersen’sgroupcontributionmethod．   
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〝3＝1一肌－〝2－的  （14）  

Eqs．（12）－（14）areempiricalexpressionsgivenbycurvefittingforthemolefractionsobtained  

withassumptionof50％conversionateachpressureandtheyareadoptedastherepresenta－  
tivemolefractionsofthemixture．Ellingtonetal．（1994）observedthelocalcompositionsof  
methanolaround phenolbluein supercriticalcarbon dioxide by using a solvatochromic  
technique．Theirdatasuggestthefollowingempiricalexpressionforthelocalcomposition・  

〝210Cal   

〝2  

＝eXp［一可1一昔）］  （15）  

whereβandp∞aretheempiricalparameters．Theparameterp∞shouldbeadjustedasy210Cal  
→y2Whenp（p＞pc）→P∞．Inthepresentcorrelation，P00isassumedtobeequaltop＊for  
simplicity．Therefore，theexperimentalkc（11．7MPa and308・2K）datumwas adopted・  
Usingy210CalcalculatedbytheEq．（15），PlocalcanbeobtainedbythePRequationofstatewith  
theconventionalmixingrulesandthefollowlnglocalmolefractions・   

〝110Cal＝机  
（16）   

y210CalLy。10Cal  y，10Cal＝1－yllocal－  
（17）   

〝410Cal＝的  
（18）  

Thevalueofβwasdeterminedtogivegoodrepresentationsofk。，andwasfoundtobe  
7．0．   

AsshowninFig．2，thecorrelatedresultsareingoodagreementwiththeexperimental  
data．Itisnotedthattheeffectoflocalmolefractionisimportanttorepresentthemarked  
enhancement ofrateconstantsnearthecriticalpoint．  

Conclusions  

TherateconstantsforDiels－Alderreactionofisoprenewithmaleicanhydrideinsuper－  
criticalcarbondioxideweremeasuredat308．2，313．2and318．2Kincludingcriticalregionsby  
using a batch reactor equipped with FT－IR spectroscopic detector・The reaction rate  
constantsobtainedarealmostindependentofpressureathighpressurereglOnhigherthanlO  

MPa．However，itisnotedthattherateconstantsshowatendencytoincreasenearthe  
criticalpressureofcarbondioxide．Thepressuresatthebeginningofreactionrateconstant  

enhancementcorrespondtotheridgeswhicharethelocusofthepointswherethedensity  
fluctuationsareattheirmaximuminisothermalchange．Further，therateconstantsobtained  
couldbecorrelatedbythetransition－Statetheorycoupledwithalocalcompositionmodel・  
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Nomenclatures  

a  ＝energyparameterinPRequationofstate  

b  ＝SizeparameterinPRequationofstate  

C ＝mOlarity  

△Hヰ＝enthalpyofactivation  
kc ＝rateCOnStant（molarconcentrationbasis）  
m ＝parametergivenbyEq．（8）  

P   ＝ preSSure  

R ＝gaSCOnStant  

T ＝temperature  

t  ＝reaCtion time  

y  ＝mOle fraction  

Z ＝COmPreSSibilityfactor   

α  ＝parametergivenbyEq．（7）  

β  ＝empiricalparameterinEq．（15）  

P  ＝mOlardensity  

¢  ＝fugacitycoefficient  

a） ＝ aCentric factor  

［Pa・m6・mOl¶2］   

［m3・mOl」1］   

［mol・L‾1］   

［J・mOl‾1］  

［L・mOl1・h【1］  

ト］  

［Pa］  

［J・mOl【1・K‾1］  

［K］  

［h］  

［－］  

［－］  

ト］  

［］   

［mol・m【3］  

ト］  

［］  

Subscripts  

O  ＝initialcondition（t＝0）  

1 ＝maleicanhydride  

2  ＝isoprene  

3  ＝Carbon dioxide  

4  ＝aCtivatedcomplex（approximatedbyproduct）  
C  ＝Criticalproperty  

l，j ＝COmPOnentSiandj  

m ＝prOPertyOfmixture   

Superscripts  
＊   
＝referencestate（arbitrary）  

∞ ＝highpressurereg10nWherelocalpropertyapproachesbulkproperty  
local＝localproperty  

TS ＝tranSitiontheory  
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