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1. Introduction

Applicationsof ultrasoundn processing@andsynthesisarewidespreadndoffer unusualand
beneficialoperatingconditions.Two majorprinciplesareusedin sonochemistrpr sonoprocessing:
a) mechanicagffectsfor mixing anddisintegratiorandb) high energyprocesseor radical
reactionsMost effectsoccurin liquids, wheresoundpressuresreableto disruptthe continuum.
This generategscillatingbubbles a processcalledcavitation.Cavitationis observedn shock
tubes pumpsandotherhydrodynamiadevices Dueto the high frequenciesn sonochemistrpf
betweenl6 kHz andseveraimegahertzthe dynamicsof oscillatingbubblescreatedrastic
conditions.Temperaturesf severathousandelvin, extremeheatingor coolingratesof 1 K/s,
andpressuresf upto severahundredmegapascareobservedn atransientcavitieswhile the
bulk conditionsin theliquid remainatambientemperatur@andpressureRadiationforcescreate
intensemicro andmacromixingwith high shearforces,which areusedin emulsification,
homogenizationandfragmentatiorprocessesAsymmetricalbubbleoscillationsin thevicinity of
solid particlesleadto liquid microjetsandshockwaves which areusedin cleaning dispersion,
activation,andfragmentatiorof solid materialsBesideghe mainindustrialapplicationsn
cleaning,.emulsificationandwelding, otherusesof ultrasoundsuchassolidsprocessing,
atomizationgrystallization,environmentaprotectionandseparatiorareemerging(Table(1)).
Somesyntheticmethodsfor examplethe BarbierandGrignardreactionshavefoundindustrial
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utilization. The growinginterestin ultrasoundapplicationarisesfrom the developmenof reliable
ultrasounddevicesn thelastyearsandthe needfor intensifiedandenvironmentallyfriendly
processewith smallsafereactorunits, betterenergyyield, andenhanceahemicalyield.
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2. Fundamentals of Ultrasound

Thetermultrasounddescribesoundwaveswith afrequencyrangefrom 16 kHz upto several
megahertZ2]. Vibrationalmotionsaretransmittedoy oscillatingdevicesinto a fluid andcause
pressuravaves.This varying soundpressuras superimposedn the staticpressuref theliquid.
Fluids aregenerallycapableo transducdongitudinalwaves whereasolidsalsocanshow
transversaimotion. Above a critical soundpressureliquids aredisruptedby theappliedsound
pressureandso-calledcavitiesarecreatedMost sonochemicatffectsaresecondaneffects
generatedy oscillatingbubbles.
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2.1. Ultrasound in Liquids

Soundwavesin liquids aredensityandpressuravavesin which particleoscillationsoccurin the
directionof thewave (longitudinalwaves).Thedisplacemenaroundthe restpositioncauses
compressiomndrarefactiordisturbancesvhich aretransmittedo the connectedayers(Fig. (1)).
Thetime-dependenparticledisplacemeng the particlevelocity v andthe soundpressurep, for
planewavescanbedescribedy:

E_,:ésin(lrgft) )
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vV = d—F’ = ':'CDS(ZTQCI)

dt )

P, = P, cos(2nf1) ®)

with the maximumvaluesof particledisplacementfarticlevelocity andsoundpressurendicated
by circumflexesln planewaves the particlevelocity v andthe soundpressurep, arerelatedby the
specificimpedancef theliquid
Py

o ¢, = =

LYL V @)
which is the productof theliquid densityp, andvelocity of soundc, .
The soundwavetransportenergyby kinetic energyof the oscillatingparticles.If we assumen
energydensityE givenby

2
E =050V 5)

which passeshrougha crosssectionalreaSwith thevelocity of soundc we derivethe so-called
ultrasoundntensity| astheenergyflux perunit area:

a2

Py

QL )
Thedeterminatiorof local intensitiess quitedifficult, andultrasounddevicesaremostly
characterizethy calorimetricmeasurement&oundpressureneasurementsndmethoddor
determininghelocal intensitywith coatedhermocouplesr by chemicaimeansarestill under
developmenfl].

,ﬂE
I =050V =05
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2.2. Cavitation

Sufficiently high soundpressure liquids createvoids or gas andvapokfilled bubbles Any
liquid hasatheoreticatensilestrengthwhich characterizethe minimumpressurdor disruption.
Dueto the presencef nucleisuchasdissolvedgasessolid impurities,androughwalls, cavitation
occursat far lower soundpressureshanaretheoreticallynecessaryin nearlyanyliquid, initial
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nucleiarepreseniwhich showadistinctsizedistributionandgrow undera certainsoundpressure.
Bubblegrowth, multiplication,anddisappearanci& a soundfield is still very complex
phenomenon.

2.2.1. Bubble Behavior in Acoustic Fields

Severalkypesof bubblesarepresenin cavitatingliquids. Empty cavities(true cavitation),gasfilled
cavities,vaporfilled cavitiesor mixturesof gasandvaporcanbe observeddependingnthe
appliedsoundpressurestaticpressuretemperatureandthe natureof the usedliquid. Someof these
bubblesdisappeabecaus®f dissolutionof their contentaunderthe soundpressuresomeof them
oscillatestablyoverseverabperiodsandotherscollapseviolently, followed by the creationof
smallerbubbles.The maintaskin sonochemicahpplicationss the choiceof the properbubble
behaviorfor the desiredeffect.Bubblemotionsin a sinusoidalsoundpressurdield canbe

describedfor examplepy the Rayleigh—-Plesseequation

3y
RR + =R = — _ 0 _ L

(7)

whichincludesthe surfacetensiono , theliquid viscosityn,, the polytropicexponent of thegas
insidethebubble thevaporpressurgy, andtheinitial bubbleradiusR, atrest.The solutionsof this
equationleadto nonlinearbubblewall motions(Fig. (2)). A specialcaseareresonanbubbles,
which showdampedscillations.TheresonantadiusR, of sucha bubblecanbe describedy
Minnaert'sformula

26\ 20,

R R @®

with thecircularfrequencyw, = 2rt.

0, 0R = 3y|p. +

2.2.2. Cavitation Thresholds

A moreillustrative descriptionof the bubblemotionin anacoustidield canbeintroducedoy the
concepibf cavitationthresholdgor differenttypesof bubblebehavior[10]. Dependingonthe
natureof the motionfour basictypesof cavitatingvoids aredistinguishedFig. (3)):

— Stablecavitation

— Rectifieddiffusion
— Dissolvingbubbles
— Transientcavitation
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In theabsenc®f anacoustidield, agasbubblein aliquid will slowly dissolveowing to theexcess
internalpressureequiredto withstandthe surfacetensionpressureo, /R,,. By applyingachanging
pressurethe dissolutiontime canbeincreasedVery smallbubbleswill still dissolve butsome
bubbledargerthana certainthresholdradiuscanbe stabilizedin the soundfield. Thesestable
oscillatingbubblessurviveseveralcousticcycles.ln aprocessknownasrectifieddiffusion, such
bubblescollectgasfrom theliquid andgrow in size.In therarefactiorcycle,the bubbleradius
increasesndvolatile gasesr vaporcanenterthe bubbleacrosgheinterface In thefollowing
compressiomycle,the bubbleshrinks,andthe diffusion of gasesnto theliquid is hinderedoy the
smallerexchangesurface This effectis aidedby the changingthicknesof the liquid boundary
layer,which generatesigh concentratiomgradientsat largeradii andsmallgradientsn the
compressiomphaseRectifieddiffusionis responsibldor the degassingf liquids underultrasound,
evenatlow soundpressuref 0.01MPa. Sucha growing bubblemayreachtheresonanceadius,at
which very strongoscillationscausesurfaceinstabilitiesandthe generatiorof smallerbubbles.
Surfaceoscillationsareresponsibldor very high microstreamingn thevicinity of stablebubbles,
which accelerateBeatandmassransport.The behaviorof somebubblescanchangedramatically
atacertainradius.Theradiusgrowsrapidly to morethantwice the sizein half anacoustigeriod.
This s followed by a suddercollapseafterwhich the bubbledisappearsThesebubblesareknown
astransientubbleg(Fig. (4)) andcausemostof the sonochemicatffects.

Transientbubbleshavea very smallcollapsetime which wasfirst deducedy rayLEiGH. An
approximatiorfor the collapsetime in acousticsoundfieldsis

1

o, |2 P,

T, = 0915 - R | =% |1 +—
P Pm ©

whereR ., is themaximumbubbleradiusbeforecollapse p,,, the meandriving pressurgthe sumof
hydrostaticandsoundpressure)andp,, the vaporor gaspressurensidethe bubbleat maximum
expansionTransientubblegenerations subjectto two restrictions:First, atransientoubblemust
undergoextensivegrowth, for which its radiusmustexceeda certainthresholdat which the forces
actingonit arehigherthanthe surfacetensionforces.Secondly havingreachedhis state sufficient
energymustbe concentrateth avery shorttime, andthis requirescritical valuesof theradius
before(R,,,) andaftercollapse(R,,;,). Only in this case arethe energydissipation(heat
conductionyiscositylossessmallerthanthework doneby the sphericakconvergencef the
surroundingiquid. Thesetwo criteriaaredescribedy the so-calledBlakethresholdradiusR; , and
the Flynn dynamicradiusR: ,. Bubbleshavinginitial radii R, smallerthanthe Blakethresholdand
greaterthanthe Flynn dynamlcradluswnl undergaransientcollapse apreL usedthesecriteriaand
derivedanexpressiorfor the maximumbubbleradiusbeforecollapse.

1
R = 2 (5, 3

(10)

Assumingisothermakxpansiorto maximumbubbleradiusR .., andsubsequeradiabatiacollapse,
the pressuresindtemperaturegeneratedn a gasfilled transientcavity canbe derivedas
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3
R
me=TU(? _]) ;aﬁ
0 (11a)
v
~1
b = (v - 1) {
max g,m pg'm

(11b)
wherep ;= Po(RyRa)? is the pressuren the bubbleat maximumradius.

2.2.3. Parameter s Influencing Cavitation

Influencingparameters sonochemicahpplicationsarelistedin Table(2).

Dissolved Gases arepresenin mostapplicationf ultrasoundThetype andamountof thesegases
in thetreatediquid area very importantfactorfor the sonochemicagffects[11]. Highly gas
saturatediquids havelargenumbersof cavitationnucleiandlow cavitationthresholdsDegassed
liquids needhighersoundpressure$or cavitation,butthe sonochemicatffectsarein mostcases
moreintense Thebubblescancollectgasfrom the surroundindiquid, andthis rectifieddiffusion
createsargebubbleswith high gascontentsOn collapsing thesebubblescreateonly moderate
temperatureandpressuresAs a generakule, degassin@ liquid is alwaysfavorablein
sonochemicahpplicationsBesidethe gascontentof a cavitatingbubble the usedgasis important
(Table(3)). Gaseswith high polytropicexponentandsmallthermalconductivityshowthebest
effectsundersonicationMonoatomicgasedike argonandxenonexhibitgoodcavitation
intensitieswhereagliatomicgasesuchasnitrogenandoxygentendto decreas¢he observed
effects.Gaseswith high thermalconductivitysuchasheliumdecreaséheintensityof cavitational
collapseto nearlyzero.

Vapor Pressure. Thevaporpressuref liquids cancushionthe bubblecollapsdike a high gas
contentVaporin atransientoubblecanbe condensedh the compressiorycle andleadto higher
cavitationintensitieghangasfilled bubbles Experimentsvith differentsolventsshowthatsmall
vaporpressuresrenecessaryor a sufficiently high cavitationintensity.Highervaporpressures,
especiallynearthe boiling point of theliquid, candamperthe cavitationefficiencyto nearlyzero.If
asubstrates subjectto treatmentvithin the collapsingbubblesthena certainamountof its
moleculesnustbe presenin the bubblesandexertanatleastmeasurableaporpressureThe
existenceof moleculesnsidethe bubblecaneasilybe provedby meansof moleculesvhich existas
ionic or molecularspeciestdifferentpH values.lonic speciesio not enterthe bubbles andhigh
temperatur@yrolysis productscanthereforenot becreated.

Viscosity. High viscosity of asonicatediquid increaseshe cavitationthresholdmarkedly.Viscous
liquids generatdubblesonly at high soundpressuresBubblemotionis dampediy the dissipative
effectof theviscosityandthe smallermaximumbubbleradii, andthelower inward wall velocities
terminatemostsonochemicagffects.

Temperature. Theeffectof temperatur®@n sonochemicgbrocessess explainedoy its influenceon
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viscosity,gassolubility, vaporpressurendsurfacetension Any chemicalreactionwill be
influencedby thetemperaturalependenteactionratecoefficient.In mostcasesgavitationis more
pronouncedtlower temperaturedueto thelower vaporpressuref theliquid. This lowersthe
total gascontentof the collapsingbubblesandcausesighercavitationintensities This paradoxical
temperaturelependences highly pronouncedor sonochemicaleactionsnvolving radical
generationn transientubblesLessereffectsaregenerallyobservedn heterogeneousystems,
whereintensemicromixingby oscillatingbubblesavorsmassandheattransfer.

Static Pressure. The staticpressuren asoundfield altersthe thresholdgor rectifieddiffusion,
transientoubblesandothercharacteristicsA high staticpressureanpreventthe generatiorof
bubblesby ultrasoundor createa differentsizedistribution.For a given amountof energy,smaller
bubbleswith a higherenergycontentarecreatedwhich showvery strongerosionactivitiesin
heterogeneousystems.

Frequency. Theeffectof frequencyon sonochemicaleactionss still anactivefield of research.
Somemeasuremeniadicatethatdifferentfrequencyrangesareneededor specialreactiontypes.
Low frequenciesn therangefrom 16 to 100kHz, knownaspowerultrasoundaremainly activein
heterogeneousystemswith micromixing,cleaning,mechanicaactionon suspendedolidsand
intensebubblemotion.High frequenciegavor high temperatureandpressure the cavitation
bubblesthuscreatingalargenumberof radicals.The sonolysisof waterseemgo be most
pronouncedtfrequenciebetweer800and500kHz. Frequencyis avery importantparametein
definingwhethera bubbleof a givensizeis transienor stable. The smallerbubblespresenin a
high frequencysoundfield havea lower energycontenthanthelargerbubblesgeneratedtlow
frequenciesBeneficialfor sonochemicagffectsis the highernumberof cavitationaleventsn high-
frequencyapplicationsin nearlyall sonochemicagbrocessesan optimumfrequencycanbefound
experimentally.

Ultrasound Intensity. Theeffectof intensityor powerinputto the ultrasonicdeviceis complicated.
Higherintensitiegprovokea largeramplitudeat the vibrating surfacein contactwith theliquid. At
low intensitiesalineardependencpetweergeneratedoundpressureandamplitudeis observed.
Raisingthis intensityabovethe cavitationthresholdof the liquid cause®scillatingbubblesand
undercertaincircumstancethe contactbetweerradiatingsurfaceandliquid is lost. The motion of
thetransduceandtheliquid areout of phaseaneffectknownasdecoupling A secondeasorfor
the nonlinearrelationshipgbetweerintensityandsonochemicagffectsis the creationof cavitation
zonesHigherintensitiescreatemoreandlargerbubbleswhich may coalesceandleadto less
transientevents Energyefficiency andsonochemica¢ffectsarethereforesometimesmallerat
higherintensitiesandoftenthe optimumintensityfor aspecificsonochemicatffectmustbe
determinedexperimentally.

Pulsed Ultrasound. Pulsedultrasounds characterizethy phasesvith andwithout ultrasoundin
theultrasounctycle,bubblesarecreatedgrow by rectifieddiffusion, andmay eventuallycollapse.
Thesilentcycle canbe usedto removelargerbubblesby Archimedianforces.Smallerbubbles
beginto dissolve andthe overallgascontentdecreasegiving optimumconditionsfor the next
sonicatiorcycle.Many sonochemicgbrocessebenefitfrom pulsedoperationrandshowbetter
performancehanwith continuousoperation.

Continued...
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2.3. Nonlinear Effects

2.3.1. Bubble Collapse near Boundaries

Undisturbedoubblesn liquids showsphericabscillationsin a soundfield [12]. Any extended
disturbancesuchasboundariessuspendedolids,or reactorwalls in thevicinity of thetransient
bubblepreventsphericakollapse Asymmetricbubblewall motionleadsto the formationof an
involution, whichis directedtowardsthe disturbanceln thelate stagef the collapseof atransient
bubble,aliquid microjetbreaksthroughtheremotebubblewall andimpingeson theboundary.
Liquid microjetscanreachvelocitiesin therangeof severahundredmeterspersecondandare
responsibldor cavitationerosionon solids. The pressuregeneratean solid surfacexanmelt soft
metals createpitting, or disruptinorganiclayerson metals A liquid jet with a diameterof roughly
onetenthof the collapsingbubblesdiametercreatesa waterhammerp,,,, pressuref

( ST QTCT) Yy

Q6 + QqCp (12)

wherecg is theshockspeedcs=c, +2v,), v, thejet speedg, the speedf soundande; the density
of thetarget.This pressures maintainedn the centerof thejet for atimet ,,=R,,,/10cs followed
by aBernoulli pressuref g, v3/2. Most heterogeneousactionamakeuseof thesemechanical
effectsin cavitatingsoundfields. Evenmoreintenseeffectsareobservedvhencloudsof bubbles
collapsenearsolid boundariesThe concertedreakdowrof sucha hemisphericalransientubble
cloudgenerateshockwavepressuresndjetting with intensitiessomeordersof magnitudehigher
thanthoseof singlebubbleg13].

Pwn =

2.3.2. Finite Amplitude Waves and Shock Waves

Mostapplicationsan ultrasounddealwith rathersmallparticlevelocitiesv. This canbe describedy
theacoustidMachnumberM =v/c, . A 20 kHz high-intensitystephornwith anamplitudeof 100 pm
createsa Machnumberof about0.01.For low Machnumberstheacousticapproximatiorof
incompressibléiquidsis applicableln certaincasesfor examplefocusedsoundfields, much
higherMachnumbersarepresentindleadto distortionof the sinusoidaWwaveform. Densityand
soundpressureno longersatisfya simplelinearequationwith afixed speedf soundc. A pressure
dependenspeedf soundis observedmaterialnonlinearity).Convectivetermsin the equationof
motioncannotbe neglectedat higherMachnumbersandleadto amorecomplicatedsituation
(convectivenonlinearity)in which therealspeedf the wavefront consistf two parts,the speed

© 2001 Wiley-VCH Verlag GmbH, Weinheim, Germany
Page: 8



SONOCHEMISTRY - Fundamentals of Ultrasound (Ulrich Hoffmann, Christian Horst, Ulrich Wietelmann, Stefan Bandelin, Rainer Jung)

of soundc andthe particlevelocity v. The materialnonlinearityandthe convectivenonlinearity
tendto increasdhe propagatiorvelocitiesof zoneswith high pressuresThis leadsto sawtooth
waveformswhich developa shockwave.Consistingof higherharmonicf theinitial sound
frequencythesesawtoothwavesarestrongly attenuate@ndquickly decayinto low-amplitude
sinusoidawaveswith theinitial frequency Shockwavesarealsoformedin transientoubble
collapself thebubblewall reachesigh velocities,a shockwaveis emittedinto the surrounding
liquid. The Machnumberin this caseis M = (dR/dt)/c, andreachewsalueshigherthanunity. The
shockwaveis generatedomedistancefrom the bubble.Hickling andPlessetalculatedthatabove
apressuref 100MPainsidethebubble,ashockwavestartsat a distanceof r/R ;,=5—6 where
Rin IS theminimumbubbleradiusat collapse[14].

2.3.3. Streaming

Acoustic Streaming. As anacoustiovavetravelsthrougha medium,it canbe absorbedBecausef
theabsorptiorof momentunin thedirectionof the soundfield, flow is initiatedin this direction.
Local variationsin intensityandenergyabsorptioneadto local streamingvelocitiesin the orderof
severakentimeterpersecondFinite amplitudewavescreateacousticstreamingduehigh
absorptiorof higherharmoniccomponents.

Acoustic Microstreaming. Smallobstaclesn a soundfield createcirculationby friction between
theirboundariesindthevibratingliquid particles.This acoustiamicrostreamindpoundarylayerhas
athickness, g of

21.IL s
8Ms = :
(13)

0, ®
wheren, g is theshearviscosityof theliquid. Microstreamingenhancesnassandheattransferand
leadsto shearforceson theobstacles.

2.3.4. Radiation Forces

Objectsin anacousticsoundfield experiencea forcewhosemagnitudeanddirectiondepend®onthe
intensityof the sourcef thedimension®of thetargetaregreaterthanthewavelengthTwo typesof
radiationforcescanbe distinguisheddependingn the boundaryconditions.The Rayleigh
radiationforceactson atargetof areaSin a closedvesselwith energydensityE:

F =05(1 +v)ES

(14)

The caseof openvesselgfree boundarycondition)is treatedby the Langevinradiationforce

F = ES (15)

which representsnostexperimentatonditions.The Langevinradiationforceis utilizedto measure
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theintensityof soundfields.

2.3.5. Bjerknes Forces

Stableoscillatingbubblesexperienceranslationaradiationforcesin atravelingwavefield. In
standingwavefields, theseso-calledprimary Bjerknesforcesacton oscillatingbubblesandaredue
to atime-averagdorceresultingfrom soundfield pressuregyradientsandbubbleoscillation.
Bubblesbelowresonancsizeareattractedo pressurantinodeswhereasubblesaboveresonance
sizetraveldownpressurgradientsowardspressuraodes(Fig. (5)) [33].

SecondanBjerknesforcesarisewhentwo oscillatingbubblesarepresenin a pressurdield.
Attractive forcesbetweerbubbleswith in-phasepulsationcausecoalescenceBubblesoscillating
out of phasearerepelled.Thebubbleoscillationis in phasevhenbothbubblesaresmalleror larger
thanresonancsizeandattractiveforcesdominatelf onebubbleis smallerandonelargerthan
resonancsize,theyoscillatein out of phaseandrepeloneanother.
PrimaryandsecondanBjerknesforcesleadto structureknownascavitationstreamersA large
bubbleaboveresonancsizeoscillatingwith surfaceinstabilitiesandlocatedin a pressuraode
generatesnicrobubbledbelowresonancsize,which arerepelledandforcedtowardsthe pressure
antinodeof a standingwavefield, whereattractiveforcescausecloudsof oscillatingmicrobubbles.
Thelinesof microbubblesreoftencalledmicrostreamers.

2.3.6. Forceson Small Particles

Smallparticleswith radii smallerthanthe cavitationbubblesareaccelerateéh thevelocity and
pressurgradientsaroundoscillatingbubbles Theseforcesareevengreatewhenparticlesare
subjectto shockwaves Particlevelocitiesof up to 500km/h canbereachedOn collision of two
suchpatrticles,oxidelayersareremovedandmetalsaremeltedtogether Suchtreatedmetalsare
usedin catalysiswhereactivity enhancementsy a factorof upto 10° areobserved.

Like the Bjerknesforces,solid particleswhoseacoustigropertiediffer from thoseof theliquid are
subjectto primaryandsecondaryorces.Primaryforcesdrive particlesinto pressuranodeswhere
secondaryorcesbetweerparticlesareresponsibldor furtheraggregatiorj15].
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2.4. Sonochemical Effects

The effectsof ultrasoundon chemicalreactionsarein mostcasesecondaryeffectscausedy
cavitationandcanbedividedinto five maingroups:

1) Reactionsnsidethe cavitationbubbleat high temperatureandpressures

2) Reactionsatthegas-— liquid interfaceof the bubbles(secondaryeactionsof productsformed
within thebubbleshigh-temperatureeactionof nonvolatileliquids)

3) Reactionglueto high pressure# the surroundindiquid
4) Effectscausedyy nonlinearbubblecollapsenearboundaries
5) Enhancednassandheattransferby macre andmicromixing

2.4.1. Hot-Spot Theory

Very hightemperatureandpressuregsregeneratedn a cavity on collapse Noltking andNeppiras
calculatedemperaturesf upto 10* K in atransientcavity. This would leadto blackbodythermal
radiationwhich canbe observedspectroscopicallyTemperaturesf 5000K in thebubble,2000K
in theliquid boundarylayerandpressuresf 50 MPawerefoundin experimentsvith metal
carbonyleg5]. UV/Vis spectroscopyf the cavitatingliquid showedgoodagreemenivith the
thermalspectraof carbonandthe metalsat the sametemperatureThus,by creatingextreme
temperatures transienbbubblesandthe surroundindiquid boundarieshigh-temperatureeactions
canbeinitiatedin aliquid thatremainsatambientemperatureThesecalculationsareconfirmedby
the presencef pyrolysisproductsof irradiatediquids. Thesencludethe homolytic cleavageof
water,thecleavageof carbonhalogenbonds,andthe productionof radicalproductsfrom organic
liquids like alkynesandalkenesThe extremeheatingandcoolingratesof about1® K/s resemble
thosein thefreezingof moltenmetalswhenpouredontoa platewith atemperaturef —270°C.
Underthe extremeconditionsof atransientubble,evenplasmareactionor fusionwereproposed.
Theoretically,conditionssimilarto thoseon the surfaceof thesunarepossible.

2.4.2. Shock Wave Theory

The compressiomf transientoubbledeadsto anincreasingoubblewall velocity which may
eventuallyreachthe speedf soundof theliquid. In truetransientcavitation thebubblevanishes
aftercollapsecreatinga shockwavein theliquid. Particlesandmacromoleculeareaccelerateth
the steeppressurgyradientandareshockfragmentedHigh speedoarticlescollide andundergo
mechanicatlamage.

2.4.3. Supercritical Water Theory

High temperatureandpressure aqueousonochemistrynayleadto conditionsunderwhich
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supercriticalvateris likely. Supercriticalvateris knownto havea strongsolventactiontowards
organiccompoundsandextremechemicalactivity. Sonochemicagffectsarepossibleinsidethe
supercriticalvaterlayersurroundinga transientoubble.At thetime being,no directevidenceor
the generatiorof supercriticalaterin ultrasoundields hasbeenfoundexperimentally.

2.4.4. Charge Theory

Russianworkersquestionedhe existenceof true cavitationandpostulateca somewhadtifferent
sonochemicagffect. Oscillatingbubblesundergovery rapid sizechangesFriction forcesatthegas
liquid bubbleboundarycancreatechargedspeciesvhich canleadto secondargchemicalreactions
in thebulk liquid.

2.4.5. Promotion of Single Electron Transfer

Classicalonic bimoleculamucleophilicsubstitutiorreactionqS2) havebeeninterpretecasa
radicalmechanisnwith radicalformationby transferof a singleelectronaccordingto

RX+Y- 0 - RX-+Y  (16)
Ultrasoundhasa acceleratingffecton suchsingleelectrontransfemreactiond SETs)andcanalter

the reactionpathwayswhenionic S\ 2 reactionsand SET reactionsoccursimultaneoushyandleadto
differentproducts.

2.4.6. Cleaning

Microstreamingshockwaves,andliquid microjetsin thevicinity of solid surfacedeadto very
efficientcleaning.This effecthasbeenusedin industryfor morethanforty years.Insolublelayers
of inorganicsalts,polymers,or liquids canberemovedby ultrasoniccleaningeffect.In
heterogeneousystemssucha cleanreactivesurfaceleadsto improveddissolutionratesof metalsin
acidsandenhancedeactionrates.Chemicakeactiongyiving insolubleproductsarefreedfrom
thesemasgransporiimiting layersandreactrapidly.

2.4.7. Mechanical Activation

Severaimechanisméor the activationof solidsin chemicalkeactionsareinducedby themechanical
effectsof ultrasoundandtransientcavities.High intensityultrasounds ablenot only to remove
passivatindayerson solids,but to breaksolidslike saltsandmetalsaswell (Fig. (6)).

Surface Renewal. Impactingliquid microjetsor shockwavescreatethe pitting on solid surfaces
[17]. Theseindentationsarefree of unreactivdayersandreactreadilywith dissolvedreactants.
Mechanicaknergyis introducedo thelattice of the solid andleadsto slightly excitedactive
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centersln general suchactivatedsolidsexhibit higherreactionratesthanthe untreatedsolids.

Particle Disruption. Brittle solidscanbe cleavedby transientavities.Like in milling operations,
thisleadsto higherspecificsurfaceshigh energycontentatthe disruptedsite,andreactivefresh
surfacesBecausef thetiny bubblesize,very smallparticlesin the micrometerangecanbe
produced.

Particle Agglomeration. Accelerationof smallparticlesin the shockwavefield of atransient
bubblecanleadto particleagglomerationHighly accelerategarticlescollide andmelttogetheron
contact.Contacttemperaturesf nearly3000K weremeasuredor very smallparticles Particle
agglomerates thevicinity of transientbubblesarefragmentedandyield higherspecificsurfaces
[16]. Primaryandsecondaryorceson suspendedolidscanincreaseaheamountof aggregationn
pressurantinode®f a standingwavefield. Theseeffectsareusedfor examplejn separation
processes.

2.4.8.EnhancedMassand Heat Transfer

Many heterogeneou®actionsaareacceleratetdy the enhancednicromixing propertiesof cavitating
soundfields. Oscillatingandtransientbubblescreatentensemicrostreamingn thevicinity of
suspendedolids.Macromixingis inducedby acousticstreamingandthe oscillationof bubblesn
the soundfield. In mostcasesalocally differentmasstransportcoefficientis observedTenfold
increase# masstransfercoefficientscomparedvith silentreactionsveremeasured18].

Continued...

Title page
Previous
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3. Heterogeneoussystems

3.1.Solid—Fluid Reactions

In heterogeneousolid—fluid reactionsasymmetricabubblecollapsecreateshockwavesand
liquid microjets.Theseareresponsibldor particlefragmentationpitting, andcleaningof the solid.
Particleghatarelargerthanthetransientavity mustbe presento induceasymmetricatollapse.
Powderedsolidswhich aresmallerthanthe transientubbleareaccelerateth the shockwaves
surroundinga cavity. High impactspeeddeadto cleaning,shockfragmentatiorandmechanical
activation.Metal particlesin the micrometerangearemeltedtogetherOnly tungsten(mp 3410°C)
resistsaggregatiorby welding[19]. In a20 kHz soundfield for example gextendedgarticleshaveto
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beroughly 200 um in sizeto perturbtheradialcollapseln this caseJossof materialandsome
surfacehardeningof metalsis observedSurfacehardenings dueto anincreasindattice
deformationwith higherdefectdensityon the surfaceof the solid. This high defectdensityalso
leadsto a betterchemicalreactivity for specificreactionsandfacilitatessynthese$y solid—fluid
reactionsgspeciallyin organometallichemistry.

3.1.1. Noncatalytic Reactions

Alkali metals areoftenusedin synthesisandarevery suitablefor ultrasonicprocesse§s].
Passivatindayerson the puremetalsareremoved andthe inductiontimesof reactionsare
shortenediramatically Aromaticradicalanionslike naphthalenelithium, anthracenesodiumor
biphenyl-sodiumareeasilyformedunderultrasound9] in 45 min, comparedo 48 h without
ultrasoundVery fine dispersion®f sodiumandpotassiunarepossiblein solventswith low vapor
pressuresuchastolueneor xylene.Dispersedolloidal metalsareusedin Dieckmann
condensationandWurtz coupling.

The Barbierreactionneedsunderclassicakonditionsdried solventdike THF or ether,anorganic
chloride,andlithium wire or powder[20]. With ultrasoundmoistsolventscanbeused.A reduction
of inductiontime, high reactionratesandhigh selectivityareobservedecause&sonications
performedundermild conditionsbelowthe boiling point of the solvent.In mostcasesno difference
in thetotal yield wasobservedOneof theadvantagesf the Barbierreactionis the possibility to
producehighly unstablantermediates situ which will reactwith a secondeagent:

1 1 .3 17
R“}«:o + gl LATHE, o' 0
B2 B4 TOH

TheBouveaultReaction®f alkyl, cycloalkyl, andaryl bromideswith Li andDMF in ethersolvents

to form aldehydess drasticallyenhancedby ultrasoundandhigh selectivityis observeds8]:

. - (18)

Ll, :I:I:I DLI

RY —m RLi g [R—{
MN{CHz),

H,O"
——m RECHO + (CHs)oINH

This specialcaseof a Barbierreactionshowsno reactionat anultrasonicfrequencyof 50kHz in

diethyl ether,butreasonablgields at 500 kHz. This unexpectedrequencyeffectcannotbe

explainedby cavitationandremainsoneof the openquestionf sonochemistry.

Magnesium is usedwidely in the synthesiof GrignardreagentsFastreactionsandvirtual absence

of inductiontimesundersonicatiorallow safeandeasyproductionof thesevaluableintermediates
[21], [22].

salvent, i) (19)

P% L Wi~ —_———— ., T hi-T
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Sonicationexperiment®n 2-bromobutaneevealeda 60-fold increasean reactionrateevenin
impurewet ether[23]. Bogdanovicet al. developeda methodto preparea highly reactive
magnesiurranthraceneomplex.Using this activatedmagnesiunMg®, a variety of Grignard
reagentsanbeproduced:

20

o~ -~ - | n M:g +

T S S
Grignardreagentsareoftenusedfor transmetalationeactiondo prepardessreadilyaccessible
organometallicompoundsuchasorganoboraneandorganozinacompounds.
Aluminum. Improvementsn reactionrateandyield havebeenreportedfor the preparatiorof alkyl
aluminumhalides.An interestingresultwasthe reactionof bromoethanevith Al in THF to give
ethylaluminumsesquibromidenderultrasoundwhichis not observedunderstirring conditions.

Zinc. Thedirectformationof organozina&compoundg$rom zinc andhalidesis possible put
transmetalatiowith Li is morereliable:

) . ZnBr (21)
FEX +Li —» ELi ——® E. in
The SimmonsSmithcyclopropanatiomf alkeneswith diiodomethaner dibromomethanandzZn
benefitsfrom ultrasound Whereasinderultrasound®8% yield after2 h of irradiationaremeasured,
only 50% vyield is possiblein the stirredreaction.

A sonochemicabariantof the Reformatzkyreactionfor the synthesiof 3-hydroxyestersor 3-
lactamshasbeenreportedo give excellentyields comparedo traditionalmethodsusingactivated
zinc or cosolventsAllylations of carbonylcompoundganbe performedn anH,O/THF/Zn slurry.
Substantiatateenhancemen@&reobservedn the dehalogenationf aryl halideswith zincin
agueousdMPA with nickel(ll) chloride.Crosscouplingof perfluoroalkylzincreagentsith halides
is possible.

Copper. Coppercanbeactivatedn anacoustidield to allow reactionat moderatéemperatures.
The Ullmanncouplingreactionrequireshigh temperaturesSonicateccopperis fragmentedand
cleanedo give highly reactivefreshsurfacesanda 64-fold increasen reactionrate:

NG, NG, (22)

N1 \_r’ N

On I

Nonmetals. In mostreactionof nonmetalsuspendeth aliquid phasethe solid phaseservesas
oneof thereagentandis consumedLow solubility andslow reactionratesarecommon.Under
ultrasounda quasihomogeneousixtureis createdyy intenseparticlefragmentatiorandhigh mass
transfercoefficients.Strongbasedike KOH or NaOH arereadilyfragmentedandundergovery fast
andselectivereactionsOxidationsof alcoholswith potassiunpermanganate benzenelo not
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needwaterasa cosolventundersonicationanpo etal. [7] wereableto activatemanganesdioxide
in a presonicatioprocesdo give amaterialwhich oxidizesseveraklcohols.Quite unusual
reductionsof heteroatorrhalogenbondshavebeenreportedLithium aluminumhydridesareused
to substitutearomatichalidesin excellentyields.

conTAMINE etal. [34] examinedhe Michaeladditionof a diethyl malonateanionto the doublebond
of phenylstyryl ketone.Solid KOH is usedto promotethereactionin toluene.Two ratelimiting
stepsthe formationof a carbaniorandits additionto thedoublebond,which is interpretedasa
singleelectrontransfer(SET),arelikely. Underultrasoundyery fastreactionis observedand
explainedby enhanceanasdransferandKOH fragmentationremovingthefirst limiting step,and
theinfluenceof ultrasoundon SET reactions.

3.1.2. Catalytic Reactions

Catalyst Preparation. Sonicatiorhasbeenappliedto the preparatiorof catalystsor awide range
of processeddydrogenatiorcatalystdike Pd/C,Pt/C,andRh/C showbetterreactivity after
mechanicahctivationandhigherspecificsurfaceareasdueto cleavageof thesupport.These
activatedcatalystsareusedin hydrogenatiorof alkenesacetophenonenethylstyreneandfat
hardeningA remarkablencreasen activity wasfoundby sustick [25], who sonicatedNi powder
for upto 1 hin 1-octene Themetalshoweda very cleansurface(removalof Ni oxide)anda 10°-
fold activity, like freshly preparedRaneyNi, buta smallerspecificsurfaceareaafterprolonged
sonicationdueto agglomeration.

Unusualcatalystsare preparedy sonicationof solutionsof metalcarbonylsin alkanesFe, Ni, Co,
andMo carbonylsgive nanostructuredmorphousnetalor metalcarbidepowders.

Sonicated Catalytic Reactions. Inorganicsupportdike alumina,silicagel, andzeolitespromote
nucleophilicsubstitutionwith alkali metalcyanidesn organicsolventsanpo etal. [26] discovered
the sonochemicawitchingof areactionpathwayin thereactionof benzylbromidewith potassium
cyanideandaluminain toluene While stirring leadsto a mixtureof the FriedelCraftsproducts,
benzyltoluenesjltrasonidrradiationpromotednucleophilicsubstitutionto give benzylcyanide.lt
wasconcludedthatcyanidehadpoisonedhe activeLewis acidsites,thereforedecreasinghe
catalyticactivity of thealumina.

CH; (23)

SRS
Ilechanical =

agitatmn
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Ultrazonic A

irradiation
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-

Hydrogenation®of alkenedy formic acid or hydrazineandpalladiunmicarbonwith in situ

© 2001 Wiley-VCH Verlag GmbH, Weinheim, Germany
Page: 16



SONOCHEMISTRY - Fundamentals of Ultrasound (Ulrich Hoffmann, Christian Horst, Ulrich Wietelmann, Stefan Bandelin, Rainer Jung)

generatiorof hydrogenhavebeenreported9]. Commerciabpplicationssuchasthe hydrogenation
of soybearvil andfat hardeningn threephaseprocessebavealreadyfoundindustrialutilization.

3.1.3. Precipitation and Crystallization

Applicationsof ultrasoundn crystallizationandprecipitationleadin mostcasedo a harrower
particlesizedistributionandthereforeto improvedmaterialpropertied3]. Supersaturateor
supercooledolutionsof materialso becrystallizedareoften seededo give a narrowparticlesize.
Becauseseedings normallynonuniform,broadsizedistributionswith unevencrystalsizesand
shapesreproducedHigh-powerultrasoundoromotesandimprovesnucleatiorandgrowth of
crystalsby cavitationbubblesthedisruptionof seedsandthe breakageof largercrystals.Thereis
someevidencethatthe sonicationof supersaturatesblutionsleadsto creationof highly uniform
nucleatiorsitesby disturbingthe metastablequilibrium.Theenhancednicromixingavoids
nonuniformconcentratiorgradientan the solution.Industrialapplicationsarefoundin thefrozen
food industry,whereevenseedingpreventghe disruptionof cellularmaterialson freezing.
Enhancedarystallizationhasbeenappliedto moltenmetalto obtainfine grainsizesandfewer
gaseousnclusionswith the aim of obtainingvery goodmechanicapropertiesof the castalloy.

3.1.4. Atomization

The productionof atomizedspraysfrom aliquid is facilitatedby the useof ultrasonicdevices.
Normally, spraysareproducedoy forcing high-velocity liquids througha smallapertureBlockage
andnonuniformsizedistributionsareoftenobservedTheinitial velocity of theproducedspray
tendsto form clustersUltrasonicdevicesmakeuseof high velocity change®n a vibratingtip. The
particlesizecanbecontrolledby eitherthe frequencyor theintensityof the ultrasonichorn.
Materialslike moltenglassor metalareeasilyatomizedshowa very narrowsizedistribution,and
haveavery low particlevelocity.

Continued..
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3.2. Ultrasonic Extraction

Ultrasonicextractionprocessefrom biologicalcells,bacteriamicroorganismsor plantsareusedin
researclaswell ason anindustrialscale[5]. Cell disruption,enhanceanicromixing,and
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impregnatiorof materialby liquid microjetsreducegprocessindime andallowslessharmful
solventsto beusedfor extractionsThe normallylowertemperatureallow very mild processing
with highyields of alkaloids,essentiabils, glycosidesandfragrances.

Continued...

Title page
Previous
References

3.3.Liquid —Liquid Reactions

Only afew examplef theinfluenceof ultrasoundon liquid-liquid reactionshavebeenreportedn
theliterature Most of thembenefitfrom the emulsifyingeffectof ultrasoundandtheresultinghigh
interfacialarea.ln somecasesa phasetransfercatalystbecamainnecessaryMostreactionsare
betweernimmiscibleagueousndorganicliquid phases.

The decompositiorof organichalidesis fasterdueto the bettermasgransferfrom the organicphase
into theaqueougphasewheresecondaryadicalreactionswith hydroxyl radicalsleadto unspecific
degradationExamplef esterhydrolysis,substitutiorreactionsandadditionreactionsn two
phasdiquid-liquid systemscanbe foundin [7].

Ultrasonic Mixing. Nonreactivemixturesof liquids canbe mixedby ultrasoundHigh shear
velocitiesandoscillatingandtransientoubblescreatevery intensedocal conditions which are
employedior homogenizatioror emulsification Many industrialprocesses thefood anddrug
industriesusetheliquid whistle,along-knowndevicewhich usesa high-velocity liquid stream
impactinga steelbladeto createvibrations.Typical applicationsarethe homogenizatioof water

oil mixturesfor the productionof soupssauce®r the rapidmixing of fruit juicesfrom concentrates

[3].

Continued...
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3.4.PhaseTransfer Catalysis
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Alkylations areimportantreactionsn heterocyclicchemistryandprovidea simplemeangor
introducingsubstituentsPhaseransfercatalysis(PTC) allows very fastandfacile reactionsvhen
combinedwith sonication.Thealkylationof indoleandcarbazolawvith alkyl andbenzylhalides
underliquid/solid PTC conditionsin toluenewith solid KOH giveshigheryieldsandshorter
reactiontimesthanthestirredreaction[20]. Reactiortimesareshortenedrom severahoursto less
thanonehourunderultrasound.

The preparatiorof azidesfrom primaryalkyl halidesandaqueousodiumazideunderPTC
conditionsis easierandcheapeunderultrasoundandsmalleramountof PTCreagentsanbeused.

Continued...
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3.5. Sonoelectrochemistry

Deposition of M etals. Acousticmicrostreamin@ndtransienteventscanaid the depositionof
metalsin electroplatingporocessef7]. Thevery high mixing efficiencyin cavitatingsoundfieldsis
usedto destroythe polarizationbarriersurroundinghe electrode Constantnechanicatreatmenby
transientoubbledeadsto surfacehardeninglessporosity,betterbrightnessandto very good
adhesivalepositdor avariety of metals,jncludingcopperandgold.

Electro-Synthesis. Electrochemicamethodsareof widely recognizedmportancen the generation
of intermediatesvhich aredifficult to prepardoy othermeand24], [28]. Problemsarisedueto mass
transferlimitations,fouling of the electrodepr the evolutionof gasesApplicationsin the Kolbe
reactionanddechlorinatiorof polychlorinatediphenylscanbe found.Reductionf benzaldehyde
andbenzoquinon@rereportedn [29], in whicha novelelectrochemicaleactoremploysthe
ultrasoundsourceasoneelectroddor thereaction.The productionof microemulsionsndthe
dispersingeffectsof ultrasoundareusedwhereimmiscibleliquids haveto betreated Applications
arefoundin wastewatetreatmentindotherenvironmentallyimportantprocessesAn effective
removalof gasegproducedat anelectrodecanhelpto shift reversiblereactionsChlorineand
hydrogenremovalleadsto very effectiveelectrochemicatells. Transientbubblesandintense
micromixingareresponsibldor the disintegratiorof diffusion layers,thuseliminatingmassransfer
limitationsin electrochemicaleactionsCyclovoltammogrammmimeasurementsf reversible
redoxreactionsshowvery characteristipeakshapesn the silentcasedueto diffusion limitations.
Undersonicationstepresponseareobservedandthe underlyingelectrodekineticscanbe
measuredvithout masgransferlimitations.Limiting currentswhich aretentimeshigherthanin the
silentreactionarecommonDueto the profoundinfluenceof ultrasoundon electrodekinetics,a
changan the productspectrunof electrochemicaleactionss sometime®bserved.

Continued..
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4. Homogeneous Systems

4.1. AqueousLiquids

The sonochemistrpf water,oftencalledsonolysis,is mainly determinedy the productionof
radicals Amongthe earliestobservationsn sonicatecaqueousolutionswastheliberationof
moleculariodinefrom solutionsof KI. The so-calledWeisslerReactions oneof the standard
reactiondor the chemicaldosimetryof cavitatingliquids. The primarystepis the homolytic
cleavageof waterin the bubble.Saturatinghe waterwith tetrachloromethanfacilitatesthe
productionof radicals:

H,0 —:-:':':' OH- + H- (24)
) (25)

ccl, > Cle + CClye

Hydrogenradicalsreactwith watermoleculedo give furtherOH' radicalsandmoleculatydrogen.
Therecombinatiorof OH' radicalsatthe bubbleliquid interfaceformshydrogenperoxide von
sonNTAG [30] estimatedhe OH' concentratiorin theliquid boundarylayerto be 1.2x 10-2 mol/L.
Hydroxyl radicalsandchlorineradicalsreactwith iodineto yield afterrecombinatiormolecular
iodineasa complexwith I

OH/Cl+I-00 - OH-/ClF+1'
2+1-0 - I3 (26)

The existenceof hydratedelectronsundernoblegasesasbeenproposedy Margulis[6].
H'+OH U - H,O+eg, (27)

Volatile componentén thewaterenterthe cavitatingbubbleandareattackedy the OH' radicals.
Dissolvedgasedike nitrogenyield HNO,, HNO,, andsmalleramountsof NH; andN,O. Mixtures

of N, andH, leadto the productionof NH;; mixturesof H, andCO leadto formaldehydeA
mixtureof N, with CO, CH,, or HCHO givessmallamountsof variousaminoacids.

Organiccomponentareattackedoy OH andH' radicalswithin thebubbleor in the bulk liquid to
give awide rangeof secondaryadicalproducts.Theirradiationof agueousolutionsof maleicacid
with tracesof Br, leadsto arapidisomerizatiorto fumaricacid. Thereactionis initiatedby the
cleavageof thebromidebond,theadditionof the bromideradicalto the doublebondof maleicacid.
Isomerizatiormandsubsequentberationof bromideradicalsleadto fumaricacid,which
precipitatesThe degradatiorof organicsolutesin wateris usedin the wastewatetreatmentor
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removalof tracesof halogenatedromaticandaliphaticcompounds.

InorganiccompoundslsoundergosecondaryadicalreactionsRedoxreactionswith variousionic
componentsrereportedn [7].

Continued..
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4.2. Nonaqueous Liquids

Most nonaqueousquids havea muchhighervaporpressureéhanwater,andthis strongly cushions
thetransientubblecollapse Therefore garly measurementhatshowedonly very few
sonochemicagffectsin waterfreeliquids areeasilyunderstoodSuchliquids exhibitsonochemical
effectssuchasbondcleavageonly atlow ambientemperaturesihe sonolysisof alkaneg31], for
exampleyields nearlythesameproducts(H,, CH,, 1-alkenespsthe high-temperatur@yrolysis
reaction.Onirradiationhalocarbonsindergochomolytichalogenrcarbonbondcleavageandgive
molecularchlorineandsecondaryadicalproducts.

Anotherexamplefor the preparatiorof organometallicomplexesandthe differentproduct
spectruncomparedo thermolyticor photolytic pathwayswvaspresentedby sustick who sonicated
iron pentacarbonyih alkanes:

L e [Fe® (28)

h
Fe(C'O)s Y - Feg(COY

:I:I:I - FEE(CD)IQ

The productsaredecomposetb pyrophoriciron, whencavitationbecomesoo intense andonly
solventswith highervaporpressurandtherefordessintensetransientcavitationaresuitable.
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4.3. Polymers and M acromolecules

The preparatioranddegradatiorof long chainmoleculesundersonications theresultof two
effects:creationof radicalsby mainly mechanicathaincleavageof polymersandinitiation of
radicalreactiongy generatiorof primaryradicalsin transientoubbles.

Depolymerization. Early experimentsvith sonicatednacromoleculesevealeddecreasing
viscosity of the solutions.Thesechangesanbe attributedto a homolyticchaincleavageof the
moleculesDragforcesactingon a dissolvedpolymermoleculearecreatedn thevicinity of
oscillatingbubblesHigh stressesrealsocreatedn shockwavesfrom transientavities.In dilute
solutions the polymerradicalsreactwith solventmoleculego terminatetheradicalchainreaction.
In concentratedolution,copolymerizatiorandsidechainbranchingoccur.A lower limit for the
moleculamassof the degradegolymeris observedn mostcasesAt asufficiently smallchain
length,furtherdegradations stoppedy the smalldragforcesactingon the molecule The limiting
moleculamassedie in therangeof 10* The mechanicahctionof transientavitationin polymer
degradatiorbecomeglearin theresultingmolarmassdistributions.Chainsof highermassare
degradednorerapidly thanthoseof lower mass Degradatiorby ultrasoundherefordeadsto a
narrowersizedistribution.Controlleddepolymerizatiorcanbe usedto improvematerialproperties
suchasmeanpolymermoleculamassyiscosity,andworkability [3].

Polymerization. The creationof radicalsin transientubblescanbe usedto initiate radical
polymerizationsVery highinitial polymerizatiorratesareobservedatlow temperaturefor both
puremonomersandmonomersvith initiators. Ultrasoundproducesa largenumberof radicals
comparedo traditionalmethodsandhighly uniform sizedistributionsarepossible With further
sonicationdepolymerizatiorbecomesncreasinglyimportant,andpropercontrolof ultrasound
parameterss necessaryo achievethe desiredpolymerpropertiesThe emulsificationcapabilitiesof
ultrasoundareutilized in suspensiompolymerizationwherelesssurfactanis requiredandsmaller
sizedistributionsareobserved.

Copolymerization. Thechaincleavageof polymersgeneratesadicalswhich reactwith other

reactantsn the bulk. Concentrategolymersolutions(abovelO wt %) showsidebranchingand
copolymerizationf two differentpolymersarepresentCopolymerizatiorof two polymers for
example polystyreneandpoly(methylmethacrylate)by ultrasoundeadsto randomblock andgraft
copolymersin mostcaseghe productis unfavorableput the methodcanbea valuabletool for the
preparatiorof mixturesfrom immisciblepolymers.Copolymerizatiorof a polymerin the presence
of monomerdeadsto betterdefinedblock copolymers.
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4.4. Sonoluminescence

Ultrasonicirradiationof liquids producesundercertaininstancesight. This sonoluminescenads
easilyobservedn water,ethyleneglycol, andglycerin. In water,light emissionsat 310nmfrom
excitedOH' radicalsanda broadbandin the entirecontinuumareobservedWhetherthis broad
emissionis dueto blackbody radiationor excitedmoleculess still unknown.Otherliquids show
emissionspectrarom differentexcitedspeciesAlkanesshowastrongbandin the C; region(the
Swanband).The productionof C,H, from sonicatedalkanegprovidesevidencefor excitedspecies
in thetransientcavity. Sonochemicallyexcitedmoleculesandtheir reactionsn the high-
temperatureegionof bubblesseento beresponsibldor theflame-chemistrylike behaviorof
sonoluminescence.

Single Bubble Sonoluminescence. In singlebubblesonoluminescend&BSL) experiments$5], a
bubbleis trappedn apressurentinodeof a standingwavefield. At a sufficiently high sound
pressuref slightly above0.1 MPa,this bubbleoscillatesstablybut with high wall velocitiesand
emitslight in theUV/Vis region.Higher soundpressuresauseatransientehaviorand
disappearancef thebubble.SBSL is usedto examinethevariousparameterghatinfluencebubble
motionandsonochemicatonoluminescencefficiency.

Multi-Bubble Sonoluminescence. In extendedsoundfields, severaltypesof bubbles(e.g.,stable
andtransient) arepresentThesecreatedifferenttemperatureandpressuremsideoscillating
bubblesandshouldthereforeshowa broaderspectrunthanin SBSL. MBSL experimentsvith
agueousolutionsof variousalcoholsrevealeda scavengingffectof thesecompounds.
Sonoluminescencgassuppressedt higherconcentrationsf alcohol,andthis wasinterpretedn
termsof reactionwith OH andH' radicalsproducedoy homolyticwatercleavageElectrolytescan
alterthe SL spectrumEmissionf neutralmetalatomsindicatethe possibility of metalvapor
insidethe cavities,which showthe characteristibandsn the compressiorycle whentemperatures
arehigh enoughto vaporizethe metals[5]. The mechanisnof the generatiorof metalatomsfrom
ionic metallicatomsby cavitationis still unknown,but theoriesaboutthe reductionof the metalion
atthehot solid—liquid interfaceof atransientavity seenmplausible.
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5. Equipment

5.1. Transducer Technology

Ultrasoundransducersreatethe high frequencyvibrationswhich aresubmittednto theliquid.
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Two majortypesof transducersreusedfor liquids: liquid-drivenandelectromechanical.

Liquid-driven transducers arewidely usedin thefood industryfor mixing andhomogenizationThe
principleis thatof a liquid whistle.Liquid is pumpedhrougha smallorifice andhits ablade.The
sudderpressuraropin theorifice causediydrodynamiacavitation,andthe bladegenerates
ultrasonicvibrationsandcavitation.A precisedesignof flow velocities,orifice andbladeare
necessaryo allow highliquid throughputswith optimummixing conditions.

Electromechanical transducers arebasedon piezoelectriomr magnetostrictiverinciples.Both
transducerseeda high frequencygeneratofor electricalsupply.Magnetostrictivaransducersre
madeof ferromagnetienaterialwhich altersits geometricatlimensionsn anappliedmagnetic
field. Barsor rodsmadeof ferrite ceramicsachievehigh driving forcesbelow100kHz. Themajor
drawbackof magnetostrictivéransduceraretheir poor efficiency andratherbroadfrequency
behavior.

Piezoelectrienaterialschangeheir dimensionsvhenchargesareappliedto oppositefaces.These
transducerfavea naturalresonancérequencyat which thedriving currentproduceghe highest
efficiency.Piezoelectricransducerareoftenmadeof bariumtitanate Jeadmetaniobateandlead
zirconatetitanateceramicsandaresuppliedin mostlaboratoryandindustrialequipmentOperation
athighestefficiencyis responsibldor the fixed frequencyof commonultrasonicsystemsandthe
reasorfor thedifficulty in examiningtheinfluenceof frequencyon sonochemica¢ffects.Modern
piezoelectridransducersavea sandwichstructurewith two electricallyopposedbiezoceramics
betweertwo metalblocks. The sandwichis clampedogetherto preventmechanicatlamagelueto
stresan the ceramic.Thetransduceusuallyhasalengthof half awavelengthpperatesn
compressiomode,andgenerateamplitudesof upto 20 um [32]. Piezoelectridransducerare
depictedschematicallyn Figure(7).
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5.2. Reactorsfor Sonochemical Reactions

Oneof the majordrawbacksn industrialapplicationsof ultrasounds the complexscaleup
procedureReadilyavailablelaboratoryequipmensuchasultrasonicbaths high-intensity
disintegratoihorns,andcup hornreactorsareusedto measuresonochemicatffects.All influencing
parametersuchasintensity,frequencytemperatureandvesselgeometrymustbethe samefor
reproducibleresults Critical ultrasonicparametergncludethe amplitudeof thetransducerthe
ultrasonicintensity,the total powerinput, the specificpowerinput pervolume,the gascontent the
local soundenergydistribution,and,in the caseof heterogeneousactionsthe distributionof
reactantsA successfuscaleup musttakethesevariousfactorsinto account.

© 2001 Wiley-VCH Verlag GmbH, Weinheim, Germany
Page: 24



SONOCHEMISTRY - Fundamentals of Ultrasound (Ulrich Hoffmann, Christian Horst, Ulrich Wietelmann, Stefan Bandelin, Rainer Jung)

5.2.1. Laboratory Equipment

Low-intensityapplicationscanbetestedn acommercialultrasonicbath(Fig. (8) a). Several
transduceraremountedat the bottomof a bathandaredrivenwith the samefrequency A
complicatedstandingwavefield is createdandthe sonochemicagffectsdependon the locationof
thesamplesn the bathandthefilling height.

Probesystemsareapplicablen highintensityexperimentstupto ca.100W/cn¥ atfrequencies
below100kHz. Multiplication of thetransduceamplitudeby a boosteranda hornmakeit possible
to increaseéheamplitudeby a factorof aroundl10. Thevibratingtip of thehornis dippedinto the
liquid andcreatesntensecavitationin its vicinity (Fig. (8) b). Ultrasounds attenuatedapidly, and
only afew centimetersaresonochemicallyctive.Suchprobesgeneratea largeamountof
streamingsoexternalstirring is unnecessaryl heintensecavitationcausesrosionof thetip and
thereforecontaminatiorof pureliquids. A variantof the probesystemis the so-calledcup-horn
reactomwith indirectsonicationof asubmersedamplethrougha soundtransmittingliquid, which
canbecooled(Fig. (8) c).

5.2.2. Large-Scale Equipment

Liquid-whistlereactorqFig. (9) a) arestill very importantin homogenizatiomndmixing processes.
High throughputstableoperationandtheability to adaptto existingflow systemsareonly someof
theadvantagesf this system[23]. Fruit juices,saucesandmayonnaisarepreparedn large
guantities.This low-intensityequipmentannot be usedwheremoreseverecavitationis required.
Otherlow-intensitydevicesarereactorswvith externalor submerseglateor rod transducergFig.

(9) b, ¢) which areeasilyfitted to existingtanksof severalkcubic metersandallow a fastscaleup.
Tubetransducersanalsoberetrofittedto existingplants.All low-intensitydevicestransmitsound
energyoverlargevolumeswith dimensiongyreaterthanthe liquid wavelengthThetypical power
inputis roughly 50 W pertransduceat afrequencyof 20 kHz anda diameterof 6 cm.

High-intensitydevicesareapplicablevhenthe dimension®f the sonicated/olumeareequalto or
smallerthantheliquid wavelengthProbesystemscanbe usedin smallflow cells,which consistof
severaprobesn seriesandcanberetrofittedto existingplant. Gapreactordorceliquids through
the mostactivezoneof a probetransducerThe powerinput pertransducereache kW with a
radiatingsurfacediameterof upto 10 cm.

Anotherway to introducehigh-intensityultrasoundaretubereactorgFig. (10)). Transducersire
mountedon the outerwall of atubeandcreateintensecavitationin the center.Variantsof this
principleincludethecylindrical pipereactor;the cylindrical reactorwith corecooling; hexagonal
andheptagonatubes,which allow easieitransducemountingon their planewalls; the Branson
sonochemicaleactorwith acouplingfluid betweerthe hornandthereactomwall; andthe Sodeva
sonitubewith a steppechornandaresonantollar mountedon a cylindrical pipe.

GapreactorgFig. (11) a) consistof a highrintensitysteppechornwhich is coupledwith asmallgap
of afew millimeters.Thefluid is driventhroughthe gapandis treatedby high-intensityultrasound
for avery shorttime. Particlesizereductionandmixing arethe mainapplicationdor thesedevices.

Thereverbatoryultrasonicreactor(Fig. (11) b) consistsof two opposingplateswith agapof afew
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centimetersTheuseof two differentfrequencief20 and 15 kHz) is very effectivein particlesize
reduction. Otherhigh-intensitysystemsareimplementedn atube(Fig. (11) c, d). Radial
oscillationsareresponsibldor thetransmissiorof soundinto theliquid. Exampledor thesedevices
arethe Martin-Walterpushpull reactorandthe Telsonicrod-reactor.

Continued...
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Sonochemistry - Table 1

Applications of ultrasound in processing

Field

Applications

Heterogeneous reactions

Homogeneous reactions

Polymer processing

Electrochemistry
Cleaning

Mixing
Crystallization
Extraction
Welding

Cutting
Separation

activation of solids in reactions, fragmentation, dispersion, agglomeration, preparation of catalysts,
hydrogenation at room temperature

generation of radicals, oxidation of wastewater compounds, nanoparticle synthesis

controlled degradation, initiation of polymerization, copolymerization, mixing in suspension
polymerization

avoidance of mass transport limitations, electrode fouling, change in reaction pathways
cleaning of items in aqueous and nonaqueous media

dispersion of solids, particle agglomerates, and pigments; mixing of immiscible liquids
initiation of seeding, control of particle size distribution, control of material properties
fast and mild extraction of essential oils or microbiological material

welding of thermoplastics and metals

cutting of ceramics and metals

improved filtration, agglomeration, and separation of particles

first occurrencen article

Sonochemistry - Table 2

Important influencing parameters in sonochemical applications

Parameter

Property

Effect

Dissolved gas

Vapor pressure
Liquid viscosity

Temperature

Static pressure

polytropic ratio
thermal conductivity
solubility

content of bubbles
dissipative effects
liquid properties
thermal activation
thresholds

gas solubility

cavitation intensity
primary sonochemistry
cavitation intensity
cavitation intensity
cavitation intensity
cavitation intensity
secondary reaction rate
cavitation intensity and

extent of cavitation zone
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Frequency thresholds cavitation intensity
wavelength extent of cavitation zone

Intensity thresholds cavitation intensity
attenuation extent of cavitation zone

maximum bubble radius  cavitation intensity

first occurrencen article

Sonochemistry - Table 3

Properties of different gases and their influence on H,0, yield and sonoluminescence intensity

Gas Specific heat ratio  Thermal conductivity, Solubility in water Relative H,O, Relative sonoluminescence
y mwm-tK-1 at 20 °C, mL/100 yield [11] intensity [5]
mL H,0
Nitrogen  1.40 25.83 2.33 25 45
Oxygen  1.40 26.46 4.89 135 35
Helium 1.65 149.68 0.94 1 1
Neon 1.67 48.02 2.6 7 18
Argon 1.67 17.75 5.6 21.5 54
Krypton  1.67 9.46 11.0 24.0 180
Xenon 1.67 5.19 24.1 27.5 540

first occurrencen article

Sonochemistry - Figure 1
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Propagatiorof atravelingwavewith density,normalizedparticledisplacementparticlevelocity
andsoundpressurasa functionof normalizedime or coordinate
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Sonochemistry - Figure 2
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Ry =100 um
Pes = 0.1 MPa
04r p. =01 MPa
03}
E 0.2}
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Total pressurd€top) andsolutionof the Rayleigh-Plesseequatiorfor bubbleradius(bottom)of a
stablebubbleasa functionof time for air saturatedvaterat 20 kHz with aninitial bubbleradiusR,
of 0.1 mm, a staticpressuref 0.1 MPaanda soundpressuref 0.1 MPa

first occurrencen article

Sonochemistry - Figure 3
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Simplified cavitationthresholdsandregionsfor air saturatedvaterat a staticpressureof 0.1 MPaat
frequencie®f 20and500kHz
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Sonochemistry - Figure 4
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20 kHz
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Bubbleradiusasa functionof time for atransientcavity with aninitial radiusof Ry=1 um, a static
pressuref 0.1 MPa,andadriving soundpressureamplitudeof 0.4 MPain air-saturatedvater.The
maximumbubbleradiusdecreasewith increasingrequency
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Sonochemistry - Figureb
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smallerandgreaterthantheresonanceadiusR,. Smallbubblescollectin pressureantinodes
(displacemenmodes) whereasargebubbledraveltowardpressurenodes
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Sonochemistry - Figure 6
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Asymmetric bubble collapse Symmetric
with microjet creation bubble collapse

Shock wave
® o
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Particle Q
>>100 pm 100 pm 10 um

- »
Influenceof transienbubbleson particlesof differentsizein a 20 kHz soundfield. Extended
surfacedeadto asymmetricatollapsewith formationof microjets.Medium-sizedparticlesto less
asymmetricatollapse Smallparticlesareacceleratetdy bubbleoscillationandin theshockwave
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Sonochemistry - Figure7
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Electrode

sf [+ +++++

i

Electrode

(a) (b) (c)
a) Schematisketchof a piezoelectriceramicwith electrodesvhich changests thicknessd, with
appliedchargeb) Transducesandwichwith two piezoceramic$or low intensitydevices;c)
Transducewith boosterandsteppecorn
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Sonochemistry - Figure 8
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e i

0.5-100 dm? 0.01-5dm? <0.1 dm?
J<10 Wiem? 1> 100 W/cm? 1<100 Wicm?
Sample
Sample ;i Coolant
£

TRV

Sample

(a) (b) (c)

Laboratoryequipmenfor sonochemicagxperiments) Ultrasonicbath;b) directimmersionhorn;
c¢) Cup-hornreactor
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Sonochemistry - Figure9
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(a) (b)

T

| T

Jet Nozzle Blade

(c) (d)

£ (L

Low-intensityultrasonicdevicesa) Liquid whistle; b) Tankreactorwith wall-mountedransducers;
c) Tankwith submerseglatetransducerg) Tankwith submersedod transducer
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Sonochemistry - Figure 10
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Coolant

(b)

Tubereactorsa) Conical,hexagonalandheptagonateactorsp) Raiganistubereactomwith axial
cooling;c) Sodevasonitubewith steppechornandresonantollar; d) Bransonsonochemicaleactor
with couplingfluid
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Sonochemistry - Figure 11
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(a) (b)

15 kHz

Gap

20 kHz

() (d)

a) Gapreactor;b) Lewis reverbatoryultrasonicreactor;c) Martin Walter pushpull reactor;d)
Telsonicrod reactor
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