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Abstracl

M s wel] knoap thae chemically dispersed ol cdestebilizes alier twe mitial dispersion,
There 15 an extensive body of lileeatore on suractants and interloea] chemisiry, which inchules
an abundanee o experimettal dolo oo the opiv as well s pany theasrelical approaches fo il Ths
peport will summmarize Beth the dava and v lweery. The phescmenon of resoelacing oilis the
st ol Lo e parale aresessess destabilization of an oll-in-waeer cmulsien and desommion of
surbactant frism e ail-water inlerlace which leads o fuather destabalizacion,

The destabalyzation b al-neaater emuolsions such as chemicad el dispersioos is
e aenes of 1he el thal nak adl cieulsians ane hermodsnacnically stable. Uleimatcly. naloms
berris e e cinulsions oo stable state, which consists of scparated ol and waier, What is
ipontant 45 e rale af which this cceors. An emualsion thal stays selleient]y stable aeonil Long
[riesd s practival use considerstion may be sail o by kineticadly stable. Kinete stability 1s &
gonsideratzan whwn desceibing an emulsion, Aocemulsion i said o e kinetically stable wher
siwati gt separetion [Lstally congidered to be hald oe 3000 ol the dispersel phasel ooz
oulside ol the wsable time,

There are several Torews aod provesses That pesuly in the destabilizatien and sesueloeing of
wil-Tr-waler emulsions sueh as chemically dispersed oils. Dhese inelude gravivationa s,
sarlaeimt interchiampe with warer and sulseguenm boss of surlfactaod o s waler gelumn,
creamitg, coaleseence. tlocenliacon, Qstwald ripenme. aml sedimentation.

Cirmvitatiomal separation s 1he mas impeertaen focge i the resarfcing of oil dreplets Prom
erade vil-in-water emalsioms sueh s dispersions weed s therctore the most imporal
destabilizution mechanisme Dreplets ioan cmulswn tead o move upwards when tbeir density is
lewaer than that of water. Uhis 3 wae Soe all crude oil aud perraleum dispeesions that b
Jroplets with o densicy Tower tham that of the surreunding water. More detse eals, which skl
sink s vmulsioms, are poechy, (5l dispersible, The rate an which oil droplets sl rise due o
eravitniomal forces s depseodent ven (e differcnee indensity o 1he ol dnaplet and 1he walyr, the
gide o the droplers {5okes” Taw), and the rheoloey of the cominuos phisg. The rise aee is 2lso
mtluenesd by the bydrodsnamical and colloidal interastions Tetween dooplels, the phasieal stade
vl b leaplets, the thealopy of the dispersed prluse. the eleetrical charge on tbe droplets, and by
railure ol Uhe mlerfuciab e bane.

Creaming b= che destabilization process tha is stmply deseribed by the appearanee ot the
shaeting Jdispersed plase ol the surface, wighom the processes i the inkervernnyg spaces being
dueseribesl, Trothe aonl spal] sorkd, creuneing is e paocess that maght e deserimed as resurBacing.

Coalesernee s another inportant deseihilization process, which has been stiglial
extensively in cal-an-water emulsions. Lwo dooplots that inmteraet s o result oF clese proximity o
cadlision cam form o new Llareer droalel, The end resall s o iserease the droplet siae and 1Thas the
rise mate, resehing I aceslermed slestalilizaniom ol the crawdzion. Sodics show thal eaaleseencs
e reases with iocreasiog e bidily as collisions belween pareles become sigofacatly more
Frequent.

Erstweald ripeping 15 amother pravess in by lestalilizaton of vil-in-water cmulsiens,
Orstwald ripening pogurs when e Leger deaplets inoan emalsion grove due To abserpiicn ol
golulble consponents or very small deoplels From the waer columm, The et s oaemiee
soluble maerial oo the water colunm and smaadler drogilers, cesuling inoap mercased growth ol
the Targer dreplets. The phemonenon ceeurs beeanse the sehuble components of the dispersed
phase are more soluble i the larger deoplets than in the wager oed the snadler deoplets Alboueh
the Esiwakl tpeniog phensmenan bas ot been imvestivated with vil-in-swater cnalsions o B



saanie exlent as other phenotmena, it s behesed to be impotianl,

Anther imponan pheoomuenon when comsidering thy sthility ol dispersed ol 1% 1he
ubsorpiionedesorpiien ol surfctant from e ailawoler inlertace. Thas process 15 staled o e b
must nporlml precess Joc chemival copsicderarioms o sueloetants and interfacial chenesiny,
When surtactants are dissolved inoa bulk phase sweh os woler, they stact b be abwsorked at the oil
surbiaes or interface. Uhe sy stemt moves wowsard squilibriae, thad s eguibibeiwes amounts ot
sutiaelint af the Interfase and inthe balk phase. Desog o veeurs pramartly s aresult of the
loswer concgntrion o surtactants it the bolk phose or waeers The sucdactsnls wZ0U ranster gk
and Eoteh from the cdlawater interface unkil an eguilibron o conceniratien s establisbedd noelwe
iptertaes o inihe balk lguid (waterd 1 s well knesan tha inslilate solations. mueh of the
surfactan i the dispersel dresplets ullmmely partitions e e sealer column aemd thus s Test e
e dispersion progess. Lille, 18 any, suelaero would pactition hack b tbe droplet imadilonz
sofulinn, which s the case B odl dispersions at sea. This s ong importan diflerenes btsecn
dlute and coneentraled solutons.

This repsort provides examples vl stedies ard models ieall he precesses as well o Jatas
[Tom expweriresenats and caloalations. [ala skow that B s difute selution such as o chemieally
dispersed o] spdl, half=lives woeuald vars mom 2 10 24 hours, with g vpisal aversge valoe ol 12
hicaurs,
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Executive Sunimary

[verall

The destabilization oo resuclieing ol chemically dispersed vl is reviewed i this report.
This phenomera is deseribesl as oo pieal congeguence of the formatiae ef wal-in-witer cmulsiony
aml 3% slie woseveral well-kruossn destabilization mechanisms. This phenomaena egsults in the
pisiang of oif droplets b the sueliee where ey mus or oy nat lorro anotber <lick.

Summary

Stabality ol emulsivees wsually eeferred fo the resistanee of emulsiooe draples 1o
coaleseenee, Several utbwer Instubiliny mechimisms hiove recently been tand. Stabaliny therefone
Telirs 10 resislanee W any process it reduces e oombet o droplets of neraases their s, As
emualsions are ot Dheroedyiamically stable, i the longe erna they wall meve hack s moge
stable position, which 35 the undispersed sate.

O way o viewe the stabilicy ol e emdsion is Wat, when U dispersed phase s hreken
e droplers, the surfies Tee erergy = increased corresponding |y b e s3ze amd pumber ol
alooplews. Thye ingreasy ioioferfacial vee energy canses 1l tbermadynamic instshiity of the
dispursed phase, Another foten of stalilice is known as Kinetic stahilite, wldeh refers o stahilio
an terms of fime. An emulsion s never entirely stabde the kingtic dedinition, bowever, 10 may be
eonsidenad 1 be stable 0 e manerial 35 sifficienly stable within the wse fiime of She dispersian
Thure is o stamlard cons ention for considermnye stability teee. Sonwe autnars wse Tald-anle, swhach
is similar Lo radiation. This is appropriate because most processes [or destalilization of
etz ivgs are expenential oo i a siviler relationship wilh respest Lo progess.

The stakility of emulsions in e epen shalem soch as the oeean 35 o very Jizferent matler
thaim i w elosed sestem suchoos ajae. The contiouows meeter iooaelosasl sesiem can be allered o
ncrease stabiline and surfactani displacement. For example, many Tood enulsions ane rendered
stalde Tor mwanths by adding polvmers ansd thickeners s the cootinueus mediom. Diber Tool
cmulsions ane ol highly stalle,

Brestalnlieating Frovesses

Cirmvily separation o enrulseens veours with o it the presence o surlactants, 1ot a
aiven draplen e elTeer o greavivy is gimpls a Tunction ot he difbesenee mderstty ol b oal al
fhue water. The eate at which savity sepamalion ecewrs varivs as e square ab the particle size wd
inversels as e viscosite of fhe contimeous phase, water in 1his stody {Slokes” equation). Lhis s
another ol 1he <istinpuishing Lawmes betaween ail spill dispersions and eloscd systemes, loeZasad
svsterns, e gravily sepamation of e ail droplets can be slowed T contzalling the visgosine al’
thy ediom ve cominuous phase. Inoehe foed industry Tor examphe, this is done in mayonnaise Ty
wsing viseesiy-enhaneers for 1he contineous plisy,

Caleulmions and experimanal dati show ten, Tor ddilate systems sweh as ol sl
ispersions, gravitv-induged ercamang and cealescence are the primary mechanizms [or loss ol
stalilsts . Creaming is the rising of dooplets o the surfee and couleseeney s tbe foemation of
dropleis inte o lguid w1 the sarlee, el ane the result ol gravity. As most oils are liehler than
winler, Whis 351he tepical g ol eosl vib-in-water dispersions. Creaming cecurs sewamclless of
staelictant content and o deoplet rises at abonn the sume rale swheller suelfs it 35 presenn o nal.

Sedimentntion is the reverse of eremming wed vecurs sehen the oil of dispersed phase s
bivier thip water. Thy Stokes” couation 15 relevant to the ol o1 either rising ot sinking.



When coaleseener occtes, two or more droplets jodn to form ong larger droeplet. 36
creaming is nol cownted as a destabiliztion mechanizm., cealeseenee is the prinars
dustabilization process fer emulsians sueh s ey oil st-sea dispersions. 18 imporant o
wilerstimal that mush of the coalescence What eccuts does seatler particles cellide. The deaples
ol dispersed Tguid in ao emuobsion are in constant medon and 1herelorg they frequently collide.
Ml interfacial fim sorreundine the dooplels 3s oo weah wowithsid the colliston, the droplets
will coalesce.

Floweulution is the Tornuion of clestees ol pardicles. Typieally, the inteelacial Lser e the
droplers insolved on e custer prevents coaleseence, Flocoulmion is causnd iy atleaction
Peds con paeticles sueh s deom van der Waals forees, The e ol Hoes, the cod product of
flocculation. is alse creamiog, as these chesters hawe ooomteh oreater vise e than individeal
roplets Floccalition has net Teen stucied exoepsicly or crsde oll el sions.

repletion flocculalion” is anather erm used ke cefor o Toggalaion b, in chis case. the
process depletes dreplets in tbe emulsion, Fither Nocgulation or coaleseenes can oceur i seme
emalsiens depencding wn conditions such ws e sule-lype o concenteatien ol the soelactml
Trepletivn Uogenluticon s promoted Ty anabseebed sorfactants mthe waer, vspecially 5 they are
in mivelles. The presence of micelles, which are themmodvnamically stable cntites. causes further
desorption of surfactants from the eraolsien and thas destabiliaes it Depletien Rocealation is
ialso enhanced by exoessive concenimetion of surtactant.

Cvstwald ripening s e mwovement of molecubes and szl particles ot Tacser particles.
Crstwald ripening is lwerntody nanticolls Grveoved Tor 1B7s muovement. Sene studies showed that
Catwaald sipemang i Bvvoured Saeofl componems sech o decaoe when the water valumes are
Lo, bt bess Sncaneee] whwen they are high. For vilspills, this would indivate tha Cestwald
ripening 15 bess ol lestabilizntion mechanism than coaleseence,

Fhase ioversaon oecurs whon e contimes phase af m emualsion ioverss to ik
diseomtinuous phise, Tnthe contest ef ghe tvpe of emulsions discassed here, iU is when an oil-in-
waler cimalsion ehanees 1oy waler-m-ual cinalsion, There Is e mbecenation W indicate $Huan
scly ivversions e with il spill dispersions,

A ddoubber i an itermediaoe phase betveen b paricles that interact er collide, The
vuleotne of a douhlet cosld be retrmation of twa maividoal droplets, coaloscency. ar
Boeculation depending on omlitians and te streneth of e interfaesa] Livee Pragmentuatzon 1s
the progess that deseribes the fmmation of the eesulting end produst, Tragmentation Limes depend
o cotditions such as deaplet sadii, fihm strength, and phase cliarceristics.

Processes invobving dilute vnvulsions, sochas ol aplll dispersions. ean be simplitiel. T
crrerey padh Lessding Froom i single originagl particle o o doublel, the inlermedime stage upoen the
wullisicn ol twe droplets aod Tinally weoa eoaleseed particle. is am imporian consideration. o che
case of ilute ermdsions, the stalility s most alleeted by paa processes, Ostwald ripening and
evadesvenes, Lhe effeel of Cstwald ripenine i 1hat sule-naiceens rapidly disappear, inemeasing the
sire o The panlicles, Coaleseerey between deoplets veours upon collision,

Processes/Influcnees Behind Stabilization/Destabilication Processes

The funetiom of oy gmulsilvieg auenl o surlacti G 4o stabilize o othersise unstable
svsbem L the depree possible. The omualsifyving apent does s by absochiog ae the Tiguideliguid
ey faee as Ao oriented intetlacial flo, The 1ihm perloms vas Junctions - 3 peluess the
imderteial tension hetween the e Tigaits ol coosequently the themods namias instabality ol the
svsaem cosulting drom the inceewse anome inkerfeial area bedween the Tao pluses and i deereases
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e rate of coalesecnes of e dispersed Tiquid droplers by formine mechanwal. stecic sl
electrical oriers uroune them, The steric and electeical baresers inkibo the close gpproach ol one
iyt ter amesther.

reformationg e tbe interfcial Ghm can seeae gs 2 mesull ol several factars, meluding
cullisions and particle-partivle interaetions, Trelormation alene cun Jead b mstalilitivs io1he
ernalsion, Thin il instabilities arise from beterogencitics e soyGetanl eoneenlralians.

11 b Tmen Bl that thwe strength of the Bhm s cssentaal b the stabalis ol tbe cmalsion,
The prhosical steenech ol the @l i impoctamt partdculars in the svem ol droplet collisiens, |t s
been mowed thal if the Glm is strong. Moeculation is muoeg Likely e oceor than vealeseence amd
vive versa ot ol spil] adispepsions, coalescence is the mest hkely seenaro Bevause o the wattre
el e e rfaeiad Blng.

Filit Buildup and Destabilization Processes

Surluetants eeadily ahsechoat tey lerfuce betvween a droplet snd the bolk Lgail, which s
wsialiv water. Tlere wre Marangoni Mueteations and instabilitis sssoviabel wilb e dtebuion
of suan Lactant madients avoued a dreplet. Phene ane several Torgus bt e 1o desotpilan of
rerenal s the surfactant trom i isker oy, particularly to B sater foom the inferbes,

Surfactunts will disieibute Detween the bulk plase, aader, and the mlerlagg Lo achiese
equilibrium Between the 1w s phases. This aquilibriam depends oo the wner-eil solublity
charactieristics of U susletant [noaelosed svsem, this equidibriam 13 achivved vapudly wath loe
s of surlactant [n o open svsiem, heseever, eyuilibenom is oever ackaeved aml the serfetae
Teghies it Thy aamter and, emver a posiod of bowres, Lidle suclactan s kel an the ail deoplets,

The Muranponi #Tect is an important phenomenon in femms ol surfuctaes sability and
dunamics. The Marangoni cffeel is dae o e endeogs o surfactanl eobeentrulions o quickly
distribute over an itertes, 5 bere s delioin i suetactanl coteenitealisn o one side at’a
dromlet, the sursiciunt queickly v 1o testore the eguilibriom comeentration over the Jroplet.
The cestorativn of vepilirium is kb n as Slacmmeom stabalianion.

Sarangont instalulits arises o aeesult ol this surfaciant Qow becirse the How continues
anel vesults inareas ol preuter sl essee concenteation ob surfactant over the draplet mierface.
e mesemrchiers netel thu Murangond instability was periodie. During o comseetive slage, fast
alserrpiion of surlactanl occwrs witlh zapid tnilow o sueloetan e e indecliee. During o ditiusioe
stuge. desorption eeeurs ansd gruliens build up unnil the svstem beeomes wnstable again.

Several researsbers foumad thin e Nowing ekl or when dreplets ane i maetion,
sarlictimt thinnng vornms en fhwe leading edoes and the traling cdees thas has exoess surlactant,
s comelition s ks as byvdrodynamie destabalizuien, Tsperiments slisa that. at low
suTEsclont concentrations. 1this cceurs ol a velogity o D0 mis and of high surBctant
concenteations, the nstahilivey will veeur an Q005 ms Both these veloeities ure relevunt o Lurger
drooplets risi due 1o Srokes” rising,

Several studiss have showen, both experimentally amd thesreticalle, that small sucluctants
will displies Leper suelielimis or paodemiers an e inlerlace. Althoush studics R shown thit as
il roixel sorlaciont sysetrs vield more stable emulsians. the dilferemey i size Fetsoen
surfactaets s eritical e this, A mixed surfagtant sv=tem with laree and small surfactants will
easentially he more stuble thien cn stalilized by the senall surtielants alons as these small
surlastamns will displace the ower surfactants o e interlace, Sorme stiwdies showed 1hat wlding
sitaall surlactans sueh as Tyveeen and Spns, which are used ieooib spll dispersants actuslly
destabilized emulsions (hat were stalle swioh laczer proteins or polsners ss surfaclints.
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The 1 pe af swrlugtan 35 adso e ipoant factor inemualsion stabiloy, Esperiments in
which the fype of surlactant was varicd have shown that the $Tenves vie resallin vastly
dilTerent Liletimes ol an eoaulsion. Studics st that thye tpe ol surtactant and s ehain lenath
are Impariunt lwtors. Several studics have sboswn thar inercasing chain length mseeises stakilie.
[1 b been shesn that the use ol pedymers o stahilize emulsioms his sigoifeantly impeoyved
stabilite. An important finding with mixed surfaciants, ws ooled abes e, iz 1hat the smaller
surfactants will 1end o slisplace lareer surfacionns an the interface,

The smeami al surfbetant s another imporant Getor inenulsian stabaline. Sy
eescarchers ave leund that there are foor coditions thut apply B surlictant gquamlaly. The tirst
o threshieold Below which Cie quactisy of surfaetmts is oo Lo 1o peeoade any edfeelive
slbiliraton, Between this miniemam-cllectise thresheld and ancther level s the cptienal yoarties
el surfagant o provice vood swibility, Above thiz threshold, ineeessme surlactmt atlen ceeeases
dhe stakilite duae W surfactant Bterwtier A ourth cotdiian somelimes identibed is sorfactant 1
1 suel vavess Lhat phase Inversion o gelulen ocours.

M researehers Tanee ool that the presence of sulficient surtselants. L., the sezaml
Lactor noted above, 15 eritical e any cmalzion stabiiey, Most studies have shoaw bl sahidiey
Trelovw a wxilical coneeaeation of surfaeint s very Tose, In e, Jow surlugnen concentrations
[y been sl o have the same ettect s o sarhmt.

Sever] eaperinents e shosen than exeess surbactant will destabiliae ae aldbwersise
slably emulsion

Senmte cesearchers kave foed thal a mixiog time is meeded Telore surtiwclanis can staliliae
an conulsion, Chioe researcher defioed ehes s mesc-equilibriom tioe or the maxing me oecdad
t2 restel masimn sibilisy,

Husearchers have found thal the surfaces of emualsion Jroplets sme suhjeet wcapdllary
wates caused e theema] uxes. [U3s supgeested that there i< a0 ilm thichoess, called the
framsitiomal thickness, ut which (e sorface Muctaabien beeones ciscable and then the tugiuation
pravas spoatansoushy, Al oiven Tl thickress, the suefaee cotrugatiens viwsesl by 1l
Muactuativons rise o tbe poing an wiltieh comtiel can be mads between tao adjocent droplets. The
thickness at this fime s valled the erdecal thickness,

Some researehers identi Ned an oseillatory absorplicn-desoeptien behas wour ol surfaclansts
and alroplers. Deaplets sapidly absoched surtactants and then showly bost Shese suclctants Tl
afwarpion is sccennpanicd by a amall wiving motion across the inteelice. These wsymmetrical
escillatiens e Jeocl te deoplel restabiliny

Changes in temperabure sauss chamwes inoinerlaeiad tension betaeen the Lwo phises,
Temperviure cun alze caose ferential chumpes inoother Gactors such as the relitive solubalily ol
the surfmclint io the By phases and in difTesbon im the svstem. Surlactans ane maost efloetive
when elose o the puint of minimuam solubility in the solvent in which ey are disseTved. 1owas
load that emulsiens swere universaliy more stable wl couler femperstores. This eliect. howewer,
s cawnter % the Treml thin meare eonulsions aee fotned ac higher emperatunes, The resulting
effvet is stch that imswiTcient oal dispersion: would be produeed w3 very Low sea Lot peealuies o
notice the nereased stahiline.

salinity alTeets emulsion stabilies, loaves e e indluenee depends en the 1vpe aof
surfactant. lerapendure, ubd olher conditions, There is no sipgle mule ol salinay etteel

severil rescorelers o Tonmed it suelaetams m e seater bulk phise will precipita
thyergeh neactioms with s in the seater or throuceh e e dens swith coch atber. 100 el thin
s don b surfoera loss vecwes in both elosed mul opep svistems.

i



Some studies mwoted that ererey s It e carly lermaation ol aoulsacens, wilks
e enerey making it more [helv that the lispersion phase is naoved into the emulsion. Gne
stuly v grudy vibs wnd that There was only about a0 10% dotfeaence hetween the stability of &
crude val ciralsaen whether or ot enceey was appled condimually atier fommation Anacther stwls
il Toeussed on exanining eeslescenee noted thit moreasie eneegy inergasd the coalescermee
ol This eflet is understond by the Gt than the cellision cule is also iocrewsed with inereasing
terhulynes or eoerpy it Lo asystere, Bnan Avabiom coode il emwlsion. the balflge was
Jdecreased Mrom ahoan 4.3 heaes at o lows shear sate o bt 305 lours tor o hivh sheae mde,

The viseosity of the conlimieus phase 15 o mporlanl Belor. A s isgous contizusss phase
will [orm i barrier 14 seelaetami less droom the drsplets, o haccier 1o rapicd celliseens, and seduee
e else ol of The droplets, Viscosity enhancers and aimilar additiees aee wsed 1o bod and
eusnctie preparations to stabilize vmulsions, For ol spull dispersions, water s the coetinusmns
muekiog and thus stabilis becomes anissu,

Teterligial tepsiam 15 e omee exertend Tetwenn tao dilberent Bauads. In celalion o
eamalzions, Ui mone ol ceneept thae @ real foree as 0 meorperates many o 1he Sorees nolsl
above, [he ussumiption 1s that the theemodynaumie energy ala dreplet eomualsied ioanotber Liguick
won be wseribed wothis interfaeiul 1emsion between the vae iguids, This is anover-samplsficacion
ax i goambines nny o by ahes cooied Lorees and comsiderations o ane toree

(iher Characlerstics

Diraaplet siee 15 o very Impsectae Tactor im emalsion stalbilice. The sovaller the pariicles aod
thie sire rapge o he pantiches, the muone stable the eobsion. Cn e ofler hanad, lareer partivles
are more fhe ey eamically stable and s size increase s tkermodsnanuically fon el As
nestedl 1 enan ditberent sources. the Torees that relite e stabaliny ane vers depemlent ondeaplel
sz, For ol spill dispersions. the wide variely ol enade or pelmed components amples g wide
spsewtenm ab particle shags, which in fero dictotes thul such erolshons bave low stabilice

S stadies have shown thal chanwane particle sizes by only o kew pereent can change
etaalsion Btedimes very sienilicamly. usually by sesemah laelors mone than with lacger droplels.
Calewlmivns show that stsbility tises as (e inverse ol thy cube of the droplet oo parzicle st
This illwstnes the gt imparlance ol parlicle siee in dewermining stahilie.

Pl omly 33 droplet oe panticle size mponant. but alsoe dhe emogeneiry of droplet sises.
The mome bomopenvows The parieele sioe. e mooe stable the emulsean aml vice versa, This is
partially explvined ba the Gl thin the Torees between droplers are moes cgual o hen they ane
sianilur i siver urud thus precesses stch as Ostwald vipeniog are less pres alent. T should e pane:d
thad the siees of dispersed il =pill droplets ave very heteropeneous aiud (hus stalilies isan lssue.

Slivelles aee clusters of surlieetomts lormeed inthe water phase. As roicelles abe cvet more
stable 1lm emulsions, thery is oo e ol surfacints treee e emaulssen choough the waker
phase to e maicedles, Micelles dioonot Torme aneil 2 corain venventration ol surfaclants s
present in the water colunn, Soee nescarchers have suggested that the presenge of Tree surfaclan
anbeelies inereisses the wtiraetion betwesn droplets beeouse of oo osnote effoect.

Furees

Fhe LV theery of emulsion stabiliznion is namsed alter Derajoguin and Landao anst a
Tder sl o workers, Verwey arad Overheek. This theory poopssses a balanee belween 1he repulsise
anrd arteaesive potenlad encraics ol interacinon belween the daspeesed purticles or deaplers.
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Repulsis e nsenctions ace due o cither the similaely charped electrical dowale lavers sumounding
the deoplets or to solvent-droplet mleractions, Alrwive Torees are largels doe tothe van dee
Woaals foqves hetween deoplets. Torastable dispersion woooggur, Tor whatever lengeth of tiome, the
repulsive e most e lacger this the afactive. The repulsave Brees ane taeh grester laru
thick intesBacial layer and smaller deoplets.

subseguent rescarehers hiave shown the Timitations o the DUV eory, e ot these s
rat the eltevl wb U stability ol ae ail-is-water dispersiva iz limited 1o 1he e Teet of the suelactant
v the surlugy potemial of the dispersed paeticles and the donde strenstl ob e dispersing Lguid,
Severul otber finees or considerations were nal ikcerporte:] 1t the TR0 theory. Touldition,
the Tasie 1050 theory 32 nod applicalle o nonionie surbwimis. Several ol hese are summarisod
m his repon malwding eoneepts sueh s osgillotory strictozal beeces.

Von deor Woals forces refer o inteemoloeobar forees el by the polarization of
medecudes thar are allractsve asd present inmany Muids, This 15 one ol The prins Torges
hrings Jroplets wpgether i svstem e of motion wr wrbalenge. Capillary forees anse bebween
P drosplets when the Listanes beween theen hecormes snaadl, such oz inoacapillan ke so0thiot
laerz 15 an alrwtive oree between fhe o panicles. The onigim of 1he Beoves 15 the mwgual
atteaction between The 1eo peieles.

Choe of the new ™ witractive, i somelimes reprulsive, Lorcy between parbicles bas been
called the eseillinony struetaeal fereg (CRRF L M w0 lacze partieles or deoplets are ino collaidal
lepuaicl, 3.2, o dispuersion o very small particles, and the separation distunes belween e twa
particles 3 smuller than the diameter oM he colloidab pericles, den there is an arlactive foree
botveeen the two paricles because al vhe vsmuoniy pressure. Thas toeee would resall m eoaleseens
o Moggulaticen bepween the twa particles, thos depletitg the emulsion. Basically, tis oscillatory
slruciizeal Toree i caused by oogrear ditfenenee 10 draplel sizes such as inan ol soill dispeasion,

In seumne sitandions, the cscillstory struetoral Toree cun by either anractive of sepalsive, |1
stnall eolloidal pacticles are compizal in the gap Bevween two laree panicles and svhen the gap
hetween e tass Lupger particles 15 aluwst equivalent o several volloadal particle dimmeiers, the
codluilal particles in the gap inferact witlhe laree dreplets as o resull of Browaiare lorees, This
letneeramnpe strwcture ingduces a repulsive stnatural bamier that helps present the Lage pacicles
[Tt Geovubiling or condessing . When the separntion distance Betseen 1w Jaeser pacticles 15
saaller thin the diameter ol by colloidul particles, 8 net aftiaedive oree between 1 Lwo
prarlacdes ouetns ws o resall b he differenee betseen the osmote pressure dillerenee belweer the
ik aml contined regivns of e colloidal svsient, Uhis foree sonds 1o csgillate hetween eepubsive
and mmetive with a dTegueney eguad wothe elleoive siog ol the colloidal panieles. 'The
vt lmony strectaeal erey ppenies o et @ dislarce ol the doameters of several colloslal paricles,
wlach is wreater upy o 20 1imes the distance over wihich the DILYC lotews epetiste.

An important Bueet of the oscillatory stooctural forge is it oowisle pole-dispueesibilics
Teom cosllivdslal ter mivron-siasl particles is mecessary Tor this o eecur. Just a Sow larger paciieles
will destahilize i emualsion by ORT Unlortunate e onl spallalaspersiens such as mary oil-io-
water cmalsions have thiz poly-dispersibilite characieristiv and ace eredore prome o tus
mslibalis,

Surlietants, especially jooic surfeelants, have an cleelmic charge, Simge an emudsion will
hevve similar surfactancs distriloied duoughom, there will Be o similar charge oo coch droplet and
s an electriv repulsion between sleoplets, Tlhis is the most sienileant Borce tht separales
Jresplets and pros ents coddescence. While ionie surfuctants bove the bighest clumps sad e the
strotrecst clectreal barviers, ey are alse e most water-soluble and thus readily partition it



the sea. Noantomiv surlactants, which are wsed exiensively in ol spill dispersoes, e o lesser
charee sl pose 3 waaker elevipical barrier 1w coalesence, MNoantanie suatlhctants, bowever, do
hawe a lesser temdeney Al e saclaetants Lo pariition tapidly to e witer phase

Avta perential is & measure ol 1he slectrophorelic mobitiy af sl droplets o an applivsl
electrie fiekd and = indicative of the droplet-to-droplen chargy sad thas e eroulseee stabilite. T
15 ek it v Thy repudsive elecieis Toree iscossed aluos e,

Steric forees ure inetlerenee Torces resulimg feom the presenee ol latee molevules sueh
s pualvmers or chains, The wae of Targer polviers as surfaclanis has been slunwno To piesale
stability Tooenulsicns through sterig Jorges.

Che mechanical orphsical Bavier is important be the stability ol s emiesion as
e renses the resistanee of the dispersed panicles oo mechanical shock and prevents theem Toom
coaleseing 10 particles do eollide, The mechunical sirengah o by imterlagial Bayer 33 strempthened
B i Tkl ermakion of s lagtamis o She inseriaoe,

IRades ol Processes

Stokes” rising rale s given as diealy proportional wthe s of e pacticle diameter
and the depsity ditferenes and inversely propssrtiomad o the dlillerence In saseosity of the ol and
wader, This vouation s very iropectant moernns of onderstandiog e resurfseinp ool spudl
duspersions W shoaws that for the sneallesdeoplets al | bedese the slivk. the rise e would ke
almont i vear por Torever) andd Jor the Liegest droplets immaedatedy Teliva thy slick, the rise rinle is
Toss secemds Several researchers hive shasa than surluctants do nol affeet the s Tise nike,
Husweser. many researchers Bas e show that the vise rate predicted by e Stekes™ cquatom s Lar
tosy slony compied o experitmental measurenents. [hese have been esplaiogsl by the
destabilizutien processes vperating on cendlsion droplas, nomely cealescence. Jlocculaticn, and
Erstwakil ripenipg. ALl of these serve B merease particle diameter and thus significantly mervase
fise rae. A doabling of wdeoplet radius resalts oo geioleaplme ol the tese rale for 1R particular
droplet.

Coadeseenes ey b= o Impserkant Sctor i the siabiliy of ermulsions, This s 1he e over
which pwer deoplels meree arul e one deoplet. Cealescence tanes are el mmpid. Coaleseena
Fithes iereise with temperatues, Collisions will necessarily resubt moa potemtial Ter caaleseence.
Findings appeay 1y indieate ot abligue eoblizions will resull im mone gosylescenca 1hon bBoead-on
collisions, Muoee callistons cecur o mone enempetiv and tarlalent condifiens, thas aceeleraling
clalesrene.

Cratwadd ripening reguires o flus ol soluble compotenls in e water and o wide
sdsrabution of droplel siecs. botly o which oceur wab ol spill dispersions, Apaceng athber facters,
e rate ol st ripenipg depends on thee squarg ol The joverse of vil viscesily ancl reetly on
e difTusivn rate ol by compenents. This means thal Fore ol dispersions. Ostwald ripening s
taeest previtdent foe lieht vils.

[Fromapin nuotien 5 randem neolen of particles moaaoather Ml dog e theemal ostion
Al depemls oo the wemperature, amaong ather Tetes, Broes nian mofion can b ecspatsible for
el lisieons belwesn partictes leading o coalcicense.

Bulk mixing is the sest comeman proeess wherebs: dreplets are imnserred smownd aiven
args. oc apsen-sea el dispersions, 1has is e meaos by which deoplels aee nuosed dosseneard [nam
the surfacs. Dieplet diffusion is another means Dol dhis i ab least LR timmes slower than Tk
raixing. A rale of thuml for mising by wasves s than e depth ol mising 3= abow L3 tiomes the
aiaimuam wiy heiplht, Balk mixiog also implics that sanwe dooplels fhat bave been mised
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o acd ace also doisen upwards.

Loss of Surfactant to 1he YWater Colunn

Several mgasures ave shoasn el mose suefaennts parataon readily s the waler
column amd with mereasing dilubien, this strongly atleels emul=ion stabilin, For didute siluaiens
such oy ol spil] dispersions, this Joss ol surlwlomis s a sipnilivant contriboior fu eiealsaen
atabilily,

Someg Half-lives

The Bterteure 25 revivwssd G fhis repotl bod severnl measarements o the half-ises o oil
and Talrogarkan enaulsions, The hali-lives foe crode vil vreolsions me samilae and estimate thie
average about 12 hours. [ should Te neted chat there ave few stodics on this, however

L onclusions

Tlwre 15 vast eudy ol infenoation acd caperimemasiion and a Broad eensensus on 1he
slabality ol emulsons. Crade oal-in-svater dispersians ane stmilar toomany wber bpes ol
cmulsioms in that thes are stable under somwe comulitions Tor o perive o Toars, Doring this dcw,
destabilivation processes ane underwns thad resall in vl nesarlcing.

{rady ol vrondsion stabilivy ad resacbacing s inlToenced e be Jollowing ferees.
1. Matural slabnliction destabilization torees

Lhe ecst imporiant suele Toroe s gros iy, As mest ails aeg bess dumse o soaten, their
evulsien droplels are alsa less dense e water arad will rise. The reappearancs of ol oo e
surtice 15 kovasn ax crearning. There ee mony destabalizing forees applicable to emulsions such
as chemically dispersed of] inciuding coalescenve. NMoeculmiion, Csewold ripering, and plusy
mversien. It s knean that cealeseence ob dooplels 35 The mas) impsertand destaliliesfion peocess
Lo emulsaens similar o dispersed couce ail emulsions.
£ Staccdand endeney ol eoelsioes o dnstability

There are many pepulsive forces and some attraetive foeves pepween sdroplers. The e
reaull o these Torees 1% o deslabilize the dreplen aller somy period ol 1img.
i Inztehility ot imtertacial [hm with surfiganes

The infertacial 1ilms stabilizael by surtactants underes a nuember of destabalaation
processes. | hese torces woeskers the mterliacial 1l and conseguenly destabilize the cioulsaer.
4. Lss ol surbiwtant

I addition o by pechamisms ol nlerfuend stavilicy reduetion noted above. there s oo
s o st factant in dilute eontalsions such as oal spill depersiens, FRIs et less s caased by the
tendeties o 1he surfactane toeguilibrate between the water hulk phise amd twe el deopler
mierioey, Ay crcle ol cmualsions aee contineally being dilutesl, sarlactant movetnent Tem e
mlerligy W achivs g eguilibrioen constitules a less of sarlactant 6o che system, This loss ol
siilaciant aceclerales the deslablation ob the emulsion,
5. The Beterogeneeus mixtane of compounds 0ol

U pomsiags of doweens o] majoe constiteents, most ol swhich have very different sizes and
preperlics. Thd resales incthe Bemation of dreplees of very daftenent sizes.
b. Woide disteibuorion o droplet sizes

Thery s o widle distribulien ol drepler siees ingngde oil disperdions. with much ol ke
verlue in the miceon-sized acca. inadsions of micnon-siacd dooplets are less stable, The
proseinee ol evena few farger dreplers sill destubaliqe an emosion as this tnegees deslubceation
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[rocesses soeh as Ustwald ripeing,
1. Lowe s sc sty ol waler

Benge the visgosdly ol watee 33 [ow, destabilizalion precesses e muone prevalent than
ather Tk fuids, The Low siseosty of waler meresses couleseence sl the dillusion ot
strfactants awiee Troan oil dropleis.
& Increasing sihation ol 1hye eemuelsinn

For gliluze cioulsdens, surfutant desorplion beeomes surtaelant loss, [urther saclaetant
abaarptiom rarely vecues, As crude il dispersions or amualsions are dilile il Teceros
mereasingly dilute with tiame, ey dustubilicee thrawgh surtacton less and many of the other
pracesses poted in this repserl.
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l. Inirauuetion

1.1 CHrjeerive
Tl obnectaive ab Lhis peport @5 1o addeess the isae of destabalzzation und resueluging ol
ispetsed ml

1.2 Seope

This repserl covers the lierature Erem the Inseption ot the ail spill concems o Aupos of
2008 e Tocuses primarily oo issues Telied ke e destobiliznion ol eil-me-wmes concsions sueh
as chemivadly dspersed wil, This repsort sismariees some of the key papers in e area. aboewt
which here exists an cxtremmely sast body of lieerature, There are many entire bueaoks desvatesd o
i topics of coanlsion stabulity amed seeluctant abseoplion, CQnly 1he most nelevind and Pt
exdmples of the [erture were seleeted Bee 1has repuar

This peporn cantaing sanee pukhematical muodels Caly the most portant models aee
repuirlesl oo and their develoeprent 35 summari-od Pricfle, Only about one out of evers bl
couations was ineluded i the peport. Fhe egualions are iaporiant os they show the relationshig
wd variong slabality faects w it e lors,

1.3 Ohrpanizating

Tl repert Being with ascmmay and outlioe ol he wpie in Seion 204 revies of
cmulsiom stbilite swadivs inthe Heraieee is presvided io Section 30 Section 4 s @ sumanay of the
phvsics ol destabilization provesses. Sectbon 3 is asunumasy of sucoeiaot dypamics as 1oelates
e emblsions, Seclion @ is the suntmary of the report and Seetion 7 provides the conclusions. The
peterenves are Jisted in Secim 3.

2. Iniredwction (o Destalilization wnd Resorfacing

Almvar every paper on the topic of the stshilive ot conualsions notes th emulsions aze ol
stable g enio and Wasan, P9R5 lvamon el al, 1985 Sebik arad Fogler, 1984 Shen and Flanlaed,
[P Woaalsima, T9945; Vo €, 1996 Clockers of al, T8 Reilers-Napnant et ad., 2008 Robins.
20000 RBbelils e al, 2407 Baoter, 2000 and iedi, 20050 16 s o pieally netesb thal emulsions ane
net thermedymonically stulbbe, bul may Te kioelcally stable depending on by ting scale
consibered. I the case of Kioetle stability, emulsions ane sul stable ioterns of many years cicher
and the seale oM ime considered tpically relates o consimer prodocts aod mey be meeths, In
terios oo wal spill dispersioos, halt=life is only a Bosw houes.

Tlhere are several foeees and preeesses thal resualt in1he destabilization smad resurtiscing of
aal-in-water emulsions such as chemivally dispersed ails, These Tarces inchele pravicational
forces, creuming and sedimentation, volescenge, Ostaakl cipeniog, toeculation, and surfactunt
irlerehanizge with waler anil subsequen loss ol soefactint o 1he wider colurn,

The mest impertiet fonec i resaelacing ob of] droplels [mam an ail-in-water graolsaen is
wris aienal sepacution (Easaren el al, 1998 Drapleis inoan emualsion end 1o move upasaeds
whiers hweir dersty ks loaver thae 1hal ol water, This s free Bor almost b erode mlad petrsioem
dispersions s they wsaad by has e dreplets wih a densitye loweer tharn that ol the suezaumding water.
Slore dense oils e poorlys ifatall, dispersible (1ngas, 20007, The rate ol swhich oil droplets will
rise due T graviiaional Torees ix dependlent on the diflerenee in desity ot U ail droplan oml e
wirter. the sime of the deoplets (Srekes™ Law L amd the thealogs ol the cantimens prase {Hasarsn
elal,, 1998% The rise s 15 alse fluenesd by the bvdeelymmical ard colloidal interaciions
Berwecn ooplets, the phvsicel stale of the deoplets, the thenlogy ob e dispersed plhisesl, the



lectrival ehatoe on Whe draplsts, and Gy mature ob e mteetacial membrane.

Crreainiimg is o prevess ar is simply desenbed By the appearanae o he starling dispersad
phase al the surface. without the precesses n e Inervening spages heing deseribed [Robins.
2000 Kehins et al., 20021, Creming is the progess that miohd be deserthed o 1he ol spil] socd
as resurlacing Robins [206H) deseribues crcamimy 2t length, ooty that 1165 o vers impatlind
phyomiena o he food-processing boziness. A muoch as P ol e vest ot developing o e
{oesl cntulshon anvalves the longeleess westing relited w ergamimg. Creaning and sedimentatiot
are ilustresed o Fiewres ool 2, S%edimentation is e neverse ol ereamiie and oecurs when e
digpuried phise = mone dense thae water.

Coalescenve 1 1he joitirg of two ar mere droplets o borm o lorger droplet. Coalesoenes
i am important destabilizotion process in el spills. Changes fn dropler sice sesuliing in
cotleseenee s Been monitored s o emindsion deschilizcs, Dekhin and Coets (20035)
mumidores] e coalescence of soter deoplets g water-m-kerosene emulsion using, o newly
developed acoustic woit. Thes Toumd thae te ariginal sroplers, which were aloat 004w at siec,
slonw]s coadesecd nto Lreer dooplets, At abaot H booes, e daapbels inereased 1o about 5 um in
sipe Coalescenoe i llustrabad e Figure 5.

Crsvaall cipeniog mas b ae underitated mechanism o the estabilization sl oi-in-water
cnulsiong [ lor 199488 Basically, Qarwald cipening is the grasmah af laceer emulsion deaplels
by absorptien ol solable components Trom The water coluna, Fhe effect is o penwn 2 soluhl
raerial from he water colupam, sl sioaller deaplets, resuliiong s inersased growth ohe
Lecgur dreplets, The phenomuenon occars beeanse e solulle componants ol the dispersed phase
are muore =oluble inthe larcer droplets than i the water ol the smaliee dreplers. Altheugh the
Crtwald npening phenamenon las nok beer investigated with al-an-w ater emmalsions 1o1he swme
exienl us ather phencmersn, 1138 Telicved Lo e guite imporned §Daylor 19981 S1udies o
nrdyicae, hexsdecaoe, beeetie, ancd octanc-in-wiler emualsions have shoawn that Dslwald
ripening 15 e important facter it destabilizaion (Taylar, 1998 Ostwald cipening isillustrated in
Fraame 4.

Fliaegulation is unother process thal scctaes wie i s particles interact, In Meggalation,
Lt ar more particles contie iooctber b fuem an agplomerate ol pariches, b the porticles do net
catlesee, Floceelitiog is 1ustratesd in Fieume 5,

[ 35 weell koovam that there is an gxchange ol sorfaclants Fetween the fareet droplet sl the
sarrawrading water [1iemens and Wagaaopalan, 19971 This premotes destahilization ol e
citulsion. When the water 35 oo Lese ratio 1o the droplel eoncentrticn, sartcland is argely lost
and destabilizotion 15 relmively mapil In laboratony tesns, the cotier vl the ol 1o water then
beccmaes smporlant i stmauliting the conditions an seq.

There s an Ineneasing awrectee o analylical poaer and new experimental naethels being
applical 1o dispessions (1 ukkin ancd Cioete, 200 0 Meany ol be relerenees that buve atheoretical
base a5 presented here, afso have extensive experimental inlurmation o compare fo e
Thesreigal upproaches

i Keview of the Literature in Restabilization of Enulsions
il Surfactant-stahilized Emulsions in General

el vt al, ¢ 2993 studivd g sabilizative of a simulaesd oil gonsisting ol ao ethee and
am esker with erhpesyTaed nonionde surfietamts, A prhase imersaen was found te oceur en beating
annil was used 1o prepare Boely dispersed oil-in-water ciulsions, 1npels et al. Feand that 1the
formiticen ol Bieentiouows oe lamelar strwctone wias nevessany [or g tioely divides! oil-ir-water
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Initial State — After Time

Figure 1 The Process of Creaming Most of the droplets or particles move upwards under the
influence of gravity to form an oil layer on the surface. Creaming is the most important
phenomenon in resurfacing of oil spill dispersions

Initial State — After Time

Figure 2 The Process of Sedimentation Most of the droplets or particles move downward under
the influence of gravity to form an oil layer on the bottom of the water body or vessel, This
process is applicable to dense oils,



Initial State —— After Time

Figure 3 The Process of Coalescence Two or more particles interact to form a single larger
particle. Coalescence is an important phenomenon in the resurfacing of oil spill dispersions

Initial State — After Time

Figure 4 The Process of Ostwald Ripening Soluble components in the water column and very
small droplets are more soluble in the larger droplets and diffuse into these larger droplets.
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cnanlzion. T0owas ol tha this line cisporsil lige wis oeeessary Tos stabulity aloeng with thy
g perties v tbe 0id o which this occurs, Intis esse, a Laellar el plhase shivlded agains
re-ceslescenee. This would obviously not be e case with oil spills as the lamellar gel phise
dowes nel oeenr,

Pogen ot al (19968 cos dewed the epic ol cemulzicns and emulsion stabaliny They nete thin
e slabaliny ol wy emulsion s lareely dwe o the natare ol 1he imderhcial Bl th s Lorteed an
droplets. The s1abilicy of this Glm s strongly dependent an e oclctan adsorpiian-dueseoption
Kigeetivs, solubilite, and inierfacial thealugical preoperties suel s elasticty and viscosity. Surligu
sliltusion anel sucliace alsarption aee two Bwlors thal signativant ]y infiueney the megnitude of
rterfacial fension cradients Inthe 1thin film,

Soclernunn andd Bulinee: § 1996 swemmieerized e wse ol nuclear magnetic resonanes (A ED
L maeasure seb=diNusivn ioeeudsions, Thea note thi o s JuTieult o messure an alwselule
creanting rabe oy emuelsions beeaae of the boowd size distribution of vonalsion particles. Foran
sswlated draplet in o continuous medivem, te vreansing is a dicect fuoction of the dilferenee in
deradty ol he vil il The waker aml the squeare ot ihe parlicle siac, e 38 ioversely praportionad Lo
thi wisgisstly ol he water or e cortinuais medioem. Phe viseosin: gives the isuad conlool
meeharaam e the destabilizaer ol eomlsions. as the viscosin ot contioueus phase can be
raied 0 bigh vidues te contrel cocaming, The hadl-lives ol a series ol emulsions were mueisaret
alb Beroveen | ar 1o L by, shepending o the armemen and type ol surlactants s well s the
visginsly el the mslioe.

Suthlemy cr al 1 19490G) snnlied vaekous Wy pes ol eonulsions using divlectrie spectioscops,
e Jeved of breakdvorn in vaciows cmulgions was the Tmeet slafum poim. This fechmigue wis
applied W variely o water-ip-ail semalsioens and onkmosn cmolsions, Separation aler vne bower
wirs [esuod 1oovary Trane 2 w0 T00%5, depending o the tvpe el erade ol and 1he suclietanm.

sieC Tements and Dungan (1997 3 stuclicd ducane-in-water gmnl=acins s e lear
magnetic resomanee. Uhe desane wis super-geoled amd was w 30% I waser. Stabillzation was by
d nonionie surfactant, polyesyeibvlene sochir monalanrate, Tween 200 16 was Towrd 1ha
surtictunt entiinces the induced crvstallization Ty alering collondal inggragtions betaeen
drepless. Creaming measurements show bt Noveulation wias enbunced io emlsen when the
ITee surfactan! eoneentraation was mersasesl. MuClements ancd unpean propaosed bt the prescnes
af free stk mt miselles mensases e atrractien betwesn droplets becuuse o an osmetic odTece
ard this witraction Selitles the ahilioe of selid ervstals Trom one dropla o induce cevstalbization
ity aue culjaeetd deopslet.

Love monel Stuines (1998 ) stliend 1y stovcture and stahilily of collotdal Dl spheons
UL A shigh are propesed eetdsion seractunes consisting ot an il dropiel surroomaled by a
ot selutienn” stabilisand e nonictic surfuetants amd then surroumlesd by ionic surtzelants. The
Falf-lives ol the devans and decinal-in-waler emualsions, stakilized with sodice dodecs ] salphae
wind alvchol ellhoss e surfactants, saricd fooam 15 Lo 33 minutes.

Chen 2 al, (2000) stedied the cltect of pllon the stabiliny ol n-pentane-in-water
emalsions wsing e surlactants Tritos 517190 ard Teiwm X100, The stabilive was measured by
the voelume ol el phase sepamted and 1he sivs of the dispersed droplets. [was teand thal b
achlition of inareaniv aeids destabilized enolsions made widh Triton 51071900 Diher testing
pddeutel thinl acids may nterfere aile the surfactants ab the ol-waler merface and s
destabilize the emulsien. Fhis shows the imperiinee of te sactietao and it presenee al e il-
waler mlurfoge,

Langes in {2000 deseribed experiments on the inlluenes ol ioerbwial dheolouy on
crawdion prepertics, Surface wave deviess were nsed W measaree the serBee viscoclasncy ol the



croplets wned this was related Lo emuobaen stabilin

Shehukip et ab 12000 3 stuclied ehe stahilizing Berees of interfaclal absarbed Lisers ol
surluctas vo drepler coateseenee, The methads vsed wene the vompression of tuo mdividual
droplets ap to their coalescense amd up 1o e rupiere eof the onsed single dreplet. evaluation of
e Iree erweres ol imerustion by mewsweme the conzel pupture oee tor stmootl spherigal
partivles, theological sty ot the inlerfacial layers by the dongue pendulom muetbul, scanoing
electst microseepy ol the interfaciul laver morphology, and =tady of e stabilily wilh respecs o
Crstwithd ripening, The studivs shewed that the megTanical sirength of the imesEocial laver is
eriitea] ws well s the nataee o ke noo-pobar liguind.

Faarcus o ol (20603 seundded 1he Epemation of decanesin-wabet nano-emmalsions stahiived
with mixed surlactant systems iocluding Span 200 5pan 8340 Tween 20, aod Dwesn AL 17 woas
sl 1L st the mistures ol surfactares provide o stdtle systems han one suraetant aiene.
T time histoars o 1he droplets sos moninoeed along with the droplet sizes, For low water
congentrtions, the breakdewn could be largely attribated o Qstwald apening, For high waer
eumeenlrations, the breakdeosn could be airibated o coalescenge,

Saikes et al, (20041 stadied the stabiline of Tseeene-in-water emualsions stal:alized with
PEC-Alock-PHIENA -Slock-palystrene, PS-Alock-1"Y PografPEG, micnesphere,. | and
wicrsphere,, oeiulsifiees, AT foemed cdl-insswater cowdsions and ke sabiling was improved by
increasing the ratio of arm number of FEG 1w P% inthe polymer and e Lomation of
supermnaleeules, ELr-lives ramped Irem aboul 5 oo 8 Bours,

Surfuetant-stbilieed emulsion: are ol thetmedyimicadls sible and dreplets will
resurlace ae a resull of o nuember of Torces catlined in Section 2 CAavevard vt al, 20030 Under
cerain venditions, surla - stakilised erudsions might By considered kinctically stable,
deperdice ol sourse vn e tme Useme considered. Bmuldion: may Be stable from mimuks o
hesaes, Bul raeely vver veaes 1Bipks aend Whieks (2005 amlieated that doe to the Taege iertiial
eracroy wlan vroulsion, i0will peser be thermedynanical Ty stable, kleal consliiians, boweer. oy
rrenode somne kinetic stabiliy

Fool and corvwarkers $ 20000 stucivil the stahilicy ol polsfcimetbylsilosanc oll-1m-wmer io
ugiag i coenbination ol nendenis ansd cationic surfactants, Phase sepaeatien and vpicl
raicnsscopie vbserselions shosved tat e prinegeal mechanasm for cmualsion destabilizaiion i
lagh salt comeentration was eoadeseenee and this wags aveelermed ot high woperatures, The
dropelels ramged Inostae Eroata U1 o 2400 g epieal ol most emudsions.

Shiod aml Kok (260047 stdied coaleseence ol oil and heptans with e sarbwiomt
THIIP AL IR-2- vt hesy | phwesphogic acid. The ttertaes bad itrinsas irstabalis which ccducel
the sellepalsing of the drnamic interfieisl ension and thy mawnesgopic nerfacial Mess due o she
SMurameent eleel The eoalesoenge B decreasel ws he apiange time esessed, durine whach the
ailfwater inertice was bepl inact, The coaleseence timee vied [Toem 2 e 70 seeamls.
Cloaleaeenee tine was Foand 1o T completely wdependent o the migrfugial coverape or
compuositian ol the surlctamis mul was endy afleeeed by e interfacial tow at the merface. The
rescarchiers cooclugded that 1he spoofaneos ioerlwial Bow retardesd coalesevnes singe 1
inderrupied 1he fusion process.

Tadras <l (206K stolied the stabilizatan ol Bsograe M {isopacatinic oo and
¢velomuthicome axsing dwalio, i pelvmeric surfaclant, Emolsions prepaocl asing the ienlin-bused
surfactam kave larpge droplets but the adelition al a co-surloetant, Span 20, signilcantly reduced
e Jropbet size. The stalilite o the emnlsions was imvestivaied and e more stible anes would
Lurst, dra paeet, wp Yo ome veacs This Long-teron stabality sas abirilubed g0 the use of te palsmgeis
tulin.
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[agrsting o gl 4 2004 p sluclice the ferces between oil miceosdroplets inosolunen by
Awmic Fotee Microseopy AR wiieh measures torees wd pimometre scale lungths, While this
stuely did net resudt inoquantitative foree myessunements, 0w e Best repoerted use oF AL W
condue thiz Do oF experime. Filger o al, (20030 also stedied coubsions with ARNL however,
ey wied o soartactunl-stabilizod waler-meonl emvulswon. Fuiop et foumsd shan the sartaiane
comccntration was eritical 1o stabiline and were able we dedme sepians ol critical stalny based en
surduelant conlenl,

e et al. g 2004 psluclivd e stabilily of silicome ofl-rewater condsions as o lmcian
af suylactant and sali coneentrtions. ey Tound that cmalsions lermed From o-hexane 2ol (e
silicene oil were much more stable il syaihesiaed silicoms oil s ased cather tham the nclasoril
prociet, This acewrred sehen the velumy fractiva of the oil wax 20000 the sedulion. There was
ooy adireg U evilenge tiar, froo 25 W 33% velume feaetiogn, the lincar siliaone ehains may b
alsserbcel close b monolaver at che sl water mlerfaes, This suegests thal, m e ase of the
so hesized oils. there 5 8 preleremtial adsarpiioe af linear chains o the inertace that rediees
conleseenee,

Micuula et al. (240047 studied e ctieet of alkyl chain lengt amd congentmation of
s bactant vn the thenlegical propories ol manerad sil-m-aaster crmulsions. These emulsaons wers
stahilized with s arious homolovwes of elusoaps rameside. The theological propertivs were in
sl 1 deseribe emulsion strociure sk seebibing. 11 sas found that the averaee dreplel sie
decreused with both the Tenet of the alks | eal and dwe bulk concentrtion of the surkseint, The
stalnliny of the emlsen also inereased, s did s stomee sbilins, The wathees notel thit sl
duarl ity emulsioms cun only be prodweal in the presenes of high concentoations ol surfactan of
Betaree 2 10 P sae et by weight.

Babisla o1 al. (20037 studied the kerosene emulsaon stabalioanien ol baosurfg tuns
produced oy indigencas basteria from petraleum-comaminasied sives. They ed thal kesosene
sonld be muintaine:d a1 wp e S0% ol the original cooulsion soluee lor 38 Rouars,

Freire w1 ul. (2003) stodived the aging mechanisms of pertluorecarbon vmulsians wsing
amage=alvsis fechodgues. Ol-m-sater emulsions ol n-pertluarehesane aod pertluorsdecalin
wienes arepared wsing e emulsiliers leciilbing Span 260 ol Boronic -G8, Tl stabilize of the
emalsions depended on wmpentierg cod ather Gwetoes T aeine mechanises, coaleseenes and
andeculir diffasien, woere fatod 1o Te impottin. Aoalyses of mean deoplel stee Guriog the period
af onifeting showed 1hat coaleseence 15 maore comemen than poessaosly repotivil for lese
swileimas, Coalesoened eresses 1% the lempu raluey rises,

ASwharvin e al, 120030 shulicik the s1aliline of cowliions foemed by oew genini-type
surtictants wed socivm desleeyl socdivm sulfote, The halflte of e oil-im-waler emulsions wis
bretweein 20 o N seeonds,

3.2 Stahiliration hy Particles

Several stdies Ba e been dene of oil-in-water cooalsions stabulized By particles Chvevand
etal. 20030 These stuclies bave shownohat the rreversible abserpiion s paticles leads fo mach
mute stehilivy an Tor surfactet-siabilized smualsions. SurGctant-sabiliccd cmolsions are Less
stable beeatse fhe adsorption of suelictants ol the droplen inferPee 15 eversible s danamic
{avevard el al, 2003 Solwdspanticle-stabiliacd vmulsions, sometimes kown as Mehering
mylsions, hinve many isteresiing properties. The eltectiveness of the zalid inostabalizang
emulsions depends en the sise, shape, coneentrtion, aad wetfali oy ol ke parieles gl on e
interise ons between partiches (Avevaed etal, 2083) Unlike sorlawcint-stabilized eonelzions.
parlis le-stihilized vl siens eien B hivhly swble and shos Little ereeminge within g tew divs



fAvesand o al., 2003 TFor panicle-stabillag] emnlsions, stalddicy o creaming decreises
progressively with Jueremsing pacticle coneentealion. There is alse g stoone celationshipe belween
the sige and stability of the stabilizinge particles. The coubeseenes, Tiletine, ol otber fugtors in
the fovmatiom o an emulsion from toluene wal silics padicles arg sl io Talle 1.

Takla 1 Stabilization of TalugosrjnQil Ecoulsiona by Silica Particles
(Jala afier Syl & o 20035)

Pereent SibH  Particle &, Coalnscanee  Tioa Timez Linita
Cliznretrlir prr
1] 140 £} ) mritbes
) 120 5 L Prensen
G ™ a 3 YEArd

Fiuame 6 shovas Lhe stabilivation of o tolwene-in-sater emalsion s stabilieed by =il pnmiigles
romn daa feoam Asvevard ef al (26030, This fipure shows lhal he soalescenge 15 sloonply
dependent om the particle size of the solid stabibizer. Fgure 7 shows e same dependency an
particle st bul taken ds the percergee of particles usel s siabnleae the olueoe, Thes shows Uha
thene 35 adsa i depende ey o the quantaty ol particles. Dot i shoald e owted thas particle
diaaneter s decneusing with a decreasing ameant of pagieles, The Jiletinw of the gnlsion s very
strongly intlueneed T panicle sie as shown in Figane 8. The lifarime of the eondsion is ordets
al-muagnitucle dillerent when partivle size clamges by oondy a dew pereent. This s neled as being
quidg cdilleremt e surlactant-stubilzecd emalsions {Avevard ol al, 2403]),

Simovic aod Prestidee (2009) sudied the stabiliction ol pelyidimaby silosane)
crawlsion droplets witl silics naooparticles as o stabileinion. Thy coulescenee hinetwes were
myiaured using aptical miceoscopy. The ahsorbed Livess ot nanepareles meredoeed o barrer 10
costbesiynes bul only reglaged the voalescenee kircties somewnit, Fermation of meee bighiy amd
Pigid lavers dwd reduce the eoalescenee kimetics, AL e point where o monelayer of purlicles
exists, eoaleseenee s limited. When the nanapmiicbe voverage is = 0.7 o< L0, stractunes change
mpnil coalesvence 15 mere previdem, Coalesceree kinetios al Terseen 30010 0% ook puee over o
Liroae 2euiaee of e b MO nanies.

lareseons and Hinks ¢ 20041 developed an sutomined analyvieer o suady eroulsion stability.
The deviee wses o lighi-seakteriog lechaigens amil subseguent compater atalysis, Tests on lates
particle dispersioms shoawed ball=lives vieving Trom 2 1o 24 hours,

Binbs ane Whithy (2005 ) stidied b slabality ol oonon-polar ail stabaloel sl salica
particles, Lhey woere uble b improve emulsion stabibiy somes s by gliling cationic surfactants
ad controlling pl L. Thes formed that mereesing the peelarity of the vil phase inercased cenudsion
stabitity suad this wassneribangsl wr the acsoepiion of pelar-seds ot molecules to Lhe stlics surfave.

Korgzlvakoy ancd Juseas s (200037 stdicd the stabalaty ol oil-m-woer emnlsions
stwhilized ba silicn particles, Bacussing on the relidonship ol capillars pressure o shility
Eaperiments showesd that o high capillees pressuce the crulsion siability bas o masimum when
by conaet angles betaeen pacticles aod cmulsion aee s cquilibrivm. Lxplanstions of this are
civern interms ol capillary oy

Mt al (20035 syl oid-in-water vmulsians sialilieed by silica nanoparticles using
regulin blendye and mispachannel metbods, Thes Tound that the mwrochanne] meibod, shich
provides lagher coerey and eloser contaet. eesuliad in morne siable mulsiens with o onweh
redueed palvdispersioy vompared e emulsiems ormed using o heoesenieer, In the case ol
eaulsions fepmed wsing e microclurme] methed, i was Tound 1hat the silica aperegales formeld



Initial State —_—> After Time

Figure 5 The Process of Flocculation Two or more particles interact to form an agglomerate of
separate particles.

Percent Coalescence
2 & 8 s

Particle Size micrometers

Figure 6 The Stabilization of a Toluene-in-water Emulsion as Stabilized by Silica Particles
( Data from Aveyard et al., 2003) This Figure shows that the greater the particle size, the more
the coalesence.
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Figure 7 The Stabilization of a Toluene-in-water BEmulsion as Stabilized by Silica Panicles
[ Draty from Avepand et al, 2003) This figuee shows a dependency on particle quantity. but it
should be noted that the particle diameter is decrcasing with decreasing amount of particles.
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Figure & The Siabilization of 2 Toluenc-in-water Emulsion as Stabilized by Silica Particles
{ Data from Avevard ot ad.. 2003) This figore shows thal she Tifetime of the eroulsion is very
stromply mfluenced by padicle sise
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shedl-lik strusiures ar beers aroanil e droplets and probabdys weee 2 monelaser. I e cose o
eonlsioos forroed vsitts o homopenizer, the surlace lyyer was Hummer and <d met constitate o
vomplete monelpeer.

Cirermamsha-Kahn et al, 12005 siucigl seld=siabilizgd solid padlicles consisting ot
par s wis vy stals, W orystals ef collondal size were prepared and were stable Tur up o
maeitths widee guicseent vonditionzs, Addimmn ol a see . CTADB resaled i
destabilization atfter only a few howrs, Twus postolaies) tae e saclstant deformed the
cllipaoilal Tommes of e was. cesulting o destahilizatioo, Application of sheae also resulled
destulsilieation.

Redelle and cowmerkers {2005} ciudicsd solid-stahilized decang-in-woter vioulsons, The
sodids were paramagnetic curbom iren partiches. Becaase of the mopnetic nalure of the particles.
et Telds sould Txe nsel fo manipulate e cmolsion.

Rralchewsky und cooworkers (2005) siedicd the thermodynaraivs o partivle-stilnlieed
cimulsions (Mekering emulsionst wsing theonetival approssehes. They founed that the bending or
delommation of the particle laver 15 & vregial parmigier w eondsion stahilin.

33 Slodies of Stahility of Foad (il Emulsions

Dralaledsh 119904 pevieweed e stabilite ol Lood erulsions, moring et sabilily was the
matker facter I Tood prepandion and develapment, Tood emalsios are difterent froem oil=ine
warler vrnitsions in thal they can be made concenteated Lo conteal creaming and eoueuiabion by
rencleriog the conlinmous medinm Righly viscous. Proteins, casein. ele, mawy thas be ased ax
meenls b provent droplels frem coalescing, Food ol -m-water emuisions are semetines Tudd.
altheazd thes mas bose panly ervstalliog: ml phoses.

Fecet al] fowrel pamralsions aee regpuircd 1o bas e longsterm stabilis . cop. salsd slressings masy
Bas e seres Ditcle stalsilics . Dalan dressang i an example of an oil-in-waler emulsion that Tas
T B life in manwes, Resomulsileation by shaking is megessary bulire wse. This parheular
dressing s very relevimt B erwde ol -in-water emulsions in thid s hal i 15 siealae 1o al-ses
ciosulsisns, the segetable aib is simidlur ooa very Tight crude ot amd sometimes surfagbuats ey
vaed 1hat are identical 1o il spill dispersants.

Cha e other Towd. some Towl oil-in-waler emulsions such as euyonnaise muost remain
stable for very lony perieals ol i, These are wencradly bepl siahle bmdding several ve-
surfaclints and wsing a hizhly viscous comtnwows phase o minimiae ceasitations| e anl
Brosenian dattusion. and o voslescenee and creaming,

Thasarars vl al, {19941 siudivad the graveitatiimal sepagation of corn oil ermiisons sibilized
by i1 nooiiods surtegiant, Twesn 200 awd cantbom zum. They develsped o eebmigue using
wheuserae imaping Loy isualize he conulsion at 4and 24 houes and present 2-dimensional muoges
el dhw emualsion, Creaminge o fhe eorn o1l wus toond o be Tastab loaw congenteabioes (2007 5
wl%Ey ansl ol Rish concentratlens LA wih of sunthune gon. Al coocentealions between L
Low ol hiph corpenirmtions, cresmineg wus ooueh losser. B0 was Tooned th the xanthim gum
mercised the viscesits and lowered e colloddal interaelons, taa facters that mtluenge the ree
ol pravitationa? rise. Lhe presence of the santban gom also causes thy rising deaplels e Moceclae
bt am exlent ather than eisiog due o goalesgenyee.

Ciullapalli aced Shueh ¢ 1499 stedicd the stabality o mineral sl ansd olvee oil eomudsinaes
wilh Tespest W L malure ol the dispersed phose. cnalsiler compositicns, aul processioe
patrmielers, The siee ol the deoplets in the mingral of [-in-w ater croulseaens was idependent o the
Bredrphilic-lipophilic kalance {EILI of an optimized cmulsilier Blend, wheneas the dooplet s
ab olive edl=in water cxalsions was the smallest at the oplimum 13103 o the emelsifier blend. The

i



ictiaeende ciulsilion redoecel the pamicle size of mioeral il emulsiong mere ¢Mciemly ool
that ol olive ol emulsions. The nature af the dispersed phose, LIS of e emudsatier blend. o
i a] lroplel siee Tiad oo intTwenee on the ool stalilicy of e enmaulsions, T his dilflerensye ioom
tepacul yroulsdon mnlngs soas atirlated s the aptimization of the erulaner blend and other
[recessing paamsiers.

e W leeschawwer ansd Vine der Mewren (19948 stwlicsl pheesphalipid-stahilized celsions
which tepivally have a poor stabiliney, espectadly shen prepaned inche presenee ol eleeiooly s,
Therse emnulsivons, macke ob s bean o], swore produeed ina much mone stable Ferm wsing sierig
stabilizers alony with the phospholipids. Uhe steriv stalilizees were surtciins from L Thai)
LTI,

Hamassipan (207 deseribes food cmulsions neting that Tal is the oil o oilsin-water
crnulsiond., 10 was observed that Bs-in-wace cmulsaens have stmilar preperies aml phenonen s
ol i=wuter cmulsions.

Demmetriondes aod MeClements ¢ 20007 stadivd thy mfloence of sodinm dodecy] sulbae
(%1957 cen the Noceulanian ol droplets i 20%, sovlean oil-in-sweater emalsions abilized Byowhey
prerlein by oasang dioht sealfering, thealosy, wrd creaming messaremeants, At low congenicniens,
the 5105 coneentrations were low enouch e pres ent depletion Wageuladon by surfaclann micelles.
[ e absencs af SIS, emulsions sere promae 1o dreplet Hocealation, Fleeewlation led o s
acrese e emulsion viseosity, prooumeel sheas 1hamming behsyiour, and aoecleraned eresming.
Wohets the concvinteation of suelfctant was inecreased, e emulsion stabdos rompe shifted to
dillerent pEl s ahaes.

Ruilters-Slagrmi er al (20040 stuclbed sovnedl-m-sader emulbaons stabilized with whey
ancl methy leellalkese. [ was Foand What belew the phase-separation deshold, the gregming zate
wirs Lisler than the ooe predieted by the Sokes" cguation dug g mathyi-gellulose-maluesd
depletion Moveulation. Above The phuss-separation theeshold, the destabilizatien of U emulsion
ivvolvid liMeent mechanisne, depersdiee an the pope ot smulsifed adsorbed ab e oil-water
mlerface. In e case of diaplets sabilized with Lween S0 depletion floscalatien T waa
cormplele creaming ol the fat glebales. Phase separation led te te Turmsation of cae polymer-cich
phases,

Palamusech mngl Couplacd (2003 slodicd confectionany-caating byl cmalsions using
Tween 20 and a pelymeric emualsifies. Ve small particles wers peoersted by gk enerpy g
and Formed more siable emulsions, The conwdsions were subjected 1o conling-eryszallazalion
caeles 1 tesl stabiliey, [ was oo i the Tween 20 aoially destabilized emulsacens uoder
somiie circwistanges ws this soall surtactant imderlered with the pelyemer ab e mkerlus,

Thamzsukarn et al. {2004} stadiced palm oil=in-water emulsions with vimphasis o stabalily
ab brevee-thaw potms, The cmudsilier B Clween 200 whey protein Isalate o caseind influeneed
e physicul propueriies ol he 20%0 hyteogerided palm oil-ig-sater stabality, Stabiling was
assrssed by differential scanning calorimetry aller the eocling-hestmye eveles anl by emeasurcing
cremmme sl separatien, Tween 24 emulsions shaseeed e messt destabilication wich the
Lenapsenabure chamess throngh the B eovstadleation poinn 1t showdd be noced thal Toaeen 200 0
cotnamon iogredient in il spill dspessants.

Rlinkesomm et al, (Z00d 1 siwdied corn el emulsioms stabilived with malodeslzin and
Faen B0 Stability was dutermiogk by migacsuring the heipht ol the cecamned sal ina st tube,
Hall-lives el conclsions vatied o aleaat 1700 10 L3 bees aned depensded peinzaraly o e
ceneentraiion of 1he maltadessrin, Ve igh concenteations o molbsdes i were alse
detrimeptal wa stbilivy, b bese Levels mepeisesl stabilit signifivantly more han when ne
rralloclextedn was added



O e covvuorkers (2005 2005300 anedied the inflaenee ol femperaione, saliity, smd pl]
et the stabilite of corn nilsin-water emalsions surrowmded by ane-, -, or toee-lager anterfacial
muembranss, The imerlacial membrones wery compused ot laccelobalin. learrsecenin. aod
plossliee hoders, Pertiany muembranes provided better stahiiite than double membrnes which
wete betoer 1han single membranes.

34 Ntudies of Surfactani-stabilized 04l FEnoolsions

MeCTemems (19893 stiwdied n-hesadecane cmulsions containing dilTeram vilues ol
Pween 20 using ubrasonic technigues and vreaming muasorenuents, MeCloments B hat ragpid
creaming oceurted a1 high suelbelml corventrapans ol 7, his wos atlbiboicd b depletien
Nerecalativn suwsed by exeess surfsctar-teeming micelles, This was evident in the altrsonig
sagnal slach shewed high seotecring when s accireed.

Licksom ctal, 19958 studivsd the comuwtie pressure, thealogy, and sreaming ol
conceniroled vil-in-water cmualsions madde Frem paingral val, 125 saclistant, and with the adidition
ab pols savearide, Tws diffenest suclicients soere used. Tween 20 amd sodium dedees] sulla
§8L05) The data on e stuclies sheas leat chere v asinong amd eomples nelabionship betwewn
creatning stabality and rheowgeal behuviour, The emulsians Rod o alf=lile o only o few hoars
withow the aslditdeon of polvsaecaride, shich servesd o inerease the s meosity ol the conlimaous
phise, With adeguaie polvsaeearide, the stabiliny inccased wresly swith enly a few pereent
cTeamang @ nueber of dovs.

Hou anel Fapadupealeos (195360 siulivd the siabilisy of o S-way watec-in-oil-in-water
cmulsion made from bwesaslec e oy the ol aed Taweens 800 as the suefactann The emlsiens were
Tormigsl wsiny micro-pipettes aul brioginge the componens direetly oo contael, Resulis wer
explaned wsing g mode] e the inferetion enerey. van der Wuals and Uonloaubie, Petseen a
single mternal water deaplet amd 1he extemal agqueous phase, o well as between 1w inlernal
wiler tleapluts A key parmmgter i b mandel is the eftechive thickness ol the alesoerbes] Lser of
surlactants which determicees the net inberaction ciergy,

Eledt ctal. i L9 stadicd the congulution ol woleenz-in-water emulsions. slabuluoed by
sondivmm Ivddraside, i glss onicro-capillamy using s ideo-enboneed mictoseopy. The oheereatien
ab dloublets, rmsitery stmgtiores when droplets contaet, was also perlarmed. The Sleime ofbe
clomallets vortesd Fomabuout 1 1o W seeonds, Uhe Dallslrees oF the single sroplers varial I
about 5 o 13 b,

N e L5998 sudied maslel bexane-in-witer cnilsions sith o viniety ol iooic surfaclans.
The glestrokingliy siabiliy seas momitered wsing ESA ar eleclrekinetic senie amplituds [ aas
Coamiel that BS54 correluted strotgly Lostabiliny, Suefoctant conecntration @itialiy pasy rise o an
werease 1o the BESAL AL Bigher vconcentrmions. the E5A levellesd alY or gven leervased with
funtlwr inereases i sarfutant coneeniriion. The tepe ol surlactine aiso changed 17850 with BSA
g reasing wilh incrgnsiog wky | chain length, Sooe hvelroghilic headgnoups gave rise o lower
USA an did less bydvopbilic anes.

Wineek et ol (2008 ) stuzbied ermulsions Tormeal from fetrodecane sl
dialkyidisne bnizmmanium bromines (I2ADINA Y us stabilizesz They found th 1AL A coekl
At % el stabiheers but thae speetle Bwelors such as surfyctant coneentrtum, pll,
temperntwee, el mixioge tme ane eritical 1o sthle RErime. Wiscek of al, (200027 also stadicd
tetrcdecane - -t enealsions stabilieed wih the new mondonic seetactmts S-ulkyl-[ S, S-hisi3-
Lctubiomy lamudodprepy | amine, when Naalkvlwas dodeeane, besodeane, or soladecate. Son
el e vimulsioms wene Jess stabbe selen these surfgtams seze ackiled. 10 was cone uded thi
Ivdroaen bomling between the surluctamsaleobol and alesholswaler polar groups plasved an



esseniiad oo m o emulsion stabilization, Aeti-potentsl was wsed as o enitivad measureonent
tew hmigue.

Dckinaen and Ritraolis (2067 stugled fhe ceeamming atd rhesloey of [ve etncleesns wil-
im-waber ymanlsions using sodilm caseinate aod an oo surbctanl sodinm dodesy] sulTaw
{800 Ther toand hat the presenee ab both 31 anid sodiam gascimaty ingreases the everall
stability with nespect o creaming. Cregening remoeed Tadl e oil an fimes rangioge fom a few
minules W Tew hours, depending on e experiment. BExeess 5105 promotes Tast destobilizaion
Urrough Tas1 creomiing as a resull ol anabsarbed suelaetant miecdles whieh promaiesd lessculation
b the vil dreplers. This behaviour was quite dillerent Tram o peesdows stucly inow hich these
awhees Townd shat g combimation ol casineite, S8, wmd Tween 20 sestems eeduved culsion
stability s inclicied by fast creaming aul shea-thinming ehectopy . Adding sodium ehlarude wis
Favrd L ine e the estent of oosestonion behiviour and increase the deeree of cocaming fog
SIS -comtaining viulsions. In ventrest W this, te current svstan e 5105 and sodium ciscinal
wirk relinivels imsenalive e sall coment.

1¥ckinson wrod Risaaulis (2002 5 oute that Bcetors other Wae interGueial phsmomenas gan
aime allect the stahilive of an emulsion. Lhese elors imelade e viseosioy and s isco-clusteity ol
the evnttinue s phiase, e colwee action ol e dispecsed phose, e average s1ee of the deoplets.
anrd the distribantiom ol be droplet siaes The auwees alse mote that, B cvery eroulsitying
substance, three or four broad eegimes of concentraiion can be envisienvid, AU ow gosgenirtioons
ot dhe cmalsilvme aeer there ez nelenoueh agen o sabilize the emualsion. D this case. e
canalsion may degrade theough bridging Movealation nd soadesegnce. The seeond coneenlralion
cepimie i one i owhich there is swl e sarlace-sctive azenl o provide elTesive sheeis
stabilisiting, The thicd comeentration newanie s when there s cooueh suttes-ocive materil b
memele e precess knowa 25 depletion doeculinien, which then destabiliog the emulsion. The
Lokl eencentration regime. envisioned as only teoretival, is oo s lach the coneenrtion »f
e cmalsi e 15 s weed thal s oel lesrmarion wikes place.

o and covworkers (280077 stodicd thyec sy mioweral oal-1-weuter smnlsions {808
sdallived with Span and Paeen suelactants, They noted that smualsion instahilice aeses foom the
ity o the dispersed and cominuees phases. Whea the dispersed phase s broken inio
droplers, the surfagye 1ee eoeryy 3 iocrewsed. The Increase o inderfcial fiee erergy wawses
UCreromdyowmic wstahilicy of the dispersed phase. leadiog 1o dreplel coalessenee. T et al,
proposed thal the dimpling elleet ol micooseepe sover slide might be ased us an aceeleniel
HL TR

A-Sarlgel ¢ 2002 ) stadicad 13 nomoenie surtactants o skibilize asphalt emolsiens. The
stabality ol the cmulsions was determined by hateh-seiling time, pamticly siog analyads, aod
thenlogieal chamcterization. The opthmum stahilite of the vil-im-waler emulsions wis oblaied
with o suelaetant HLIE ramee af 1010 13 sinle 70% aaphall as e dispersed plase. Sarbaeimy
i lures were fested arnd i was Toond that a naress range of FILE enhaneed the sabalin ol
pebween W3 10 155 dovs, Tests ob the cacbon namber im tie saeloctan showed tal e increase in
calron number enbanees the sabiline ol the emulsions, Messacenents show that the lobger
Teqeth o carbom chadn meegases] the viscosity aod the stalbilidy of 1he asphait emulsions by
Bitdering the couleseenee rte. [ s important to oote ol b5 s o clesed systam witkanly WS
willer,

Humvarh-Seabo el ol | 003y silik e emolsion stabilive of & sodiom nephibemale
sveien wolh tedaene and water, It was found that addine heptone preatly redugel the stabilies ef
the sastem and resaled moa muek sesloeed region arl stabtliny ona phase diowran.



Mekingon 1 al, (2003 stwdbisd 1he comhinulicn ol ionic caleium wul nengonse sueFetant,
Tween 20, oo the sisual crcaming behavioor and rhealoey of neerrsdecineiewater viaolsiens.,
A sbability diaeracsn was Jrawn based on the phase separtion e, pieally 45 houes 11w
Tound 1hit depletion oceulatian may be induced by exeess caseimite, excess suclactant, ora
gasmbination o hath, The authors conelode thar plobal stabilicy behavious can be waderstoo:l 1n
terns ol 1he el leet ol ionic galeiom on the oature of the absarbed caseinoe laver around Uee
droplets and Lhe slee and state of appresation vl the nonsalserbed caseinate and onthe abilie ab
Tweets 240 o displace caseimate Mreny the secliee of e enoulsion droeplets.

Eoelles amel MeClepaems {20073 stucdival the stahibity ol hesadevane -in-warer ermulsions
using Tovine secum wul 8138 sortaclond, Beussing on e thesmal stabiliny of Lwese eroulsiens ot
elevated weepergiures. Extensive deoplet Boveulation was observes] only in emulsioms hehd
T and these emulsions creaned svens rapidls, Woadided belore heiing, the 505 improved the
hagh temperturs stahilioe, Tt glid wee dooso i alded afier heating.

Slichaut o al. (260004) stedicd multiple emulsiens fommed from fetradecane snd Span 80 er
poals Msedin servlate b using rhealopy, The study showed thi polymeris sorbwcbmt i provel
slubaliny as 1k s nal migrate o the broplet anterbages theough the ol phiase.

botin sl comcirkers 2004 stuclivcel o-Tesaubeeane-in-seater calsions stabiliceed by b-
Ltz lebulin gt differen pl Dvaplet sies doubled within a tew Tewes aml emulsiens beganes
destabilioed aler several Bours, The eifeet of pl] wos megsumed ard Keaod Lo PBe contieal e
slatbliny.

Fetiede s el al. (20053 stuclbed e stalilite of vil=mescater etnulsions such as thase uged
Pt Tulraciion m e copper-colbing process, Four paramuelers wene mgasungd: disple? size
distribulion, #<ls potential, surliee epstom amd comagl angle. Zota potentiol measares L
clectpopheroiy mebiling ol eil deoplees ian applied electene Beld and mdicates the dnoplet-e-
droplet chaege and s conulsion stability, The experimental nesalts show that the 2cto potential
15t iedicater of eranlsen sabilite For seta potential 420 preuter thism - 108, the enalsion
is eemaplelely destiubelioed amad s el suitable Tor reusss in goppyer-riolling,

Phelahery il Bagapoqalan (2003 stzdied Whe destalsilizadion of metaleworking uids
wsing a was elenulh absonplisn of the Musd. Vhis is bazicalls asurbilimelrie resall, Thes
eompitred his te conventismal methods and foond that the wethed vizhled stmalor but eeere
gomservithive resulis, The diffenenees over 24 bours weng shout 50%0 o fermes o cacamang, o3 il
Ledl iea 1l dluid.

e and Tao (2005) stadicd the stabaliy ol eoal slures and oal-in-water emulsvans, The
cmualsion wiss prepitred wsing seebilan maotaleale with the components mo golloidal mall Bowas
foamal thast the vmpolsian stabily inersasel with deereusiog o l-oo-water atiog wich the aptimum
al 101l loher strring nlensies iocreased emulsion stabidicy e owp deo 15 mimies. alter which bime
il deereasel

Mg el al, 12005y stuelival the destabilization ai il gmulsions Toomenbuonced ofl reeover
witln 1he intent af imprasing the sepseeation of e cowlszons, They Townd that the setilioge (imey
were about o Ralf=1ile of $43 prigotes wich a demolsification agent amd abwet D0 pumates wivhout i
derulsifier,

Caw aned Bl el (206437 studiend a0 teeluene-in-water eovolsaere siabilised withLritone 106
ey teund that ioitial coeesy it into the creatien ol the cmualsions wias ertical i wrms of
stability and ather fuetors sieeh as droplet sive, Creaming resulis showed fhat 1here were mijuo
differences ol siabiliigs of dilTerent eopes of emuolsioos emed. The mierostrucieee of the
eimaulson dictated the stability and shis in e was diecated T2 nunther o fommution R,
eupec Ll the eneres.
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Is Siudies of Stabilioy of Crode Cil o Petroleom Emulsions

Ak 1997 siclivel the emudsifiearion of Geisum crwde ol wsinge Dodecy] besen
sulfimic scid soslivm sall swclactant, The purposs was 1o Dnd means e trmspsert s smle ol g
pipelioe a1 a lower viseosity than the stacting il The emulsions werg celatively stable within 14
davs only 10 the ikl content was ereater Bhan BO0% or convverseds the water eontenl was Less thae
20%%, This bus implications B oil dispersion at sea because the dispersions ane alwovs very
alihate wrad fhereloee unstalble.

Kang et ol 42000 siudivd the stabilive o erocde ail emualsions with sodiwm naphthenae
sl tamts with o sews e imares Iny the ecos ey af secondary val, Polyaeeylamide was wldel as
am adeliaiomial slabilizer, wildeh had o positive eTlect only wt loowe surfaee pressures. The addition of
alkali alse atteeted stabalaty. |all=lives ol the emulsions varied Lrom 8010 120 manures.

Shields et al (2001 stuclbed she creaming ol weakly o depletion-flocvulabel Serosene-in-
wiler emulsioms, Given 1 the droples diameter weas bess than 13 pn, it was found 1hat the
Stokys” guntion leseribed e cmolsions, Phe emulsions were stabalized st nerienis
supbactants of the alky and aleohol-ethosvlate tepes and ome surbw e ocludios sedon
JodesyT sullate and cerylrimethvlummonivm ehlaride. The resalls showed 1hat the eeulsions
wery wankiy Toesulned wnless ackliconal sorlactant was added, i which ease the destabilization
of the crmulsisns by Moceulation was accelerated. Theeretical analvsis ol e emualsions shesed
thal the electiostate cxelusien betwesn miceles und droples preatly iogreased e sloactse
reibeilom.

Toenes i Aapacer (2002 studived the erulsitication of emes vrade oil using lsheraoey
svslems wilh various irpeller sestems S isleen caomamerctld surlaclants wene also used. Jewas
found shat che tepe of surfuetant and mising cnergy were imrertant i e stabalaty of b
e lsians.

Firgas o1 al (2062, 2003) gidivd Whe resurfoeing o erude ol emulsiens asing o sboulaed
Tiele et enethuad. Dispersaet was pre-mixed with il and pluced omowaer ina sl yessel The
fest vessel was azitated on s moving lable shakee. A e crud ot the shaking periad. o setiling
periand was allvawed wmd 1hen a sareple of waler mhen, The oil o the woater column was esizagied
Ireacy thy waler wsing i preodane’dichleromethane misture and atalvzed using gas
chommalographe, Tesl results are 2iven mTable 2 and dlastrated in [Fgaees B 12

Several repeat rons were condueted enabling the calewlation of varaoee, which ranged
Uroomn 110 5%6, The dilTerense belween the stinig ol shoken rens was 8% he differenee Belween
shaken amd stnig resules woenld be expected e converve veer time a5 1he curses genenslly appear
b cons eage, Tl dividual dilferences for csch ol e Tour experiments 1ASMB and ANS with
Corexit 9527 and Coresit 95007 ave sicailar exeep thn the average ditterenee o the AR and
Comes it P00 i sdizhly Toswer, The dika were correluted o prosvide mare wos ersal predician ol
this phenomueizon. I wsas Booned that the simplest cquation Bt dhe shaien sumples was e u o Dlns
ety and Ber e stacie sampbos was 770000 bns ey s ahe el Testivengss atatone Lin bours. x
13 the standard cifeetiveness vabue und v is the time in howrs, Taohere penetalizatisos of twesc
o vielded the fonllowing.

The vqaatien lin shaken sanipley is:

Follegtiveness on Ly (5 -4« L 2* I smradared vadue ) =5<Inttimee in buors) (]
and Lor the st semples 1s:
Fftee b oot at titne (350 7 233 - T3 Ingstandand saloer R0 an boues? [
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Table I Tesls of he Resurfacing of Qil ([Fingas et al., 2003;

ASME - CAasnn ASME - 8527

Time Snflling (%l Mizlug %4 Twnia Saclivg ] MINIrg (%)
o mn arn 11 2hmn 550 44 1
GO n 25 qq4 [IERTRET] D LY
ey 220 d5 3 Arman ¥ 2 4 i
+h "1 g 45 1 Ih 0B JOL
B G0 3Ea Gh 253 1R
LY T nd g iTh | 407
i iz 18 & I 2049 430
o 15349 5T 4 h 200 ERI
LA 115 2ra il h 1575 4
di 4 133 171 4B h 1My 240
LT 131 ] 24 h 15 4 mz
Y2 05 218 TED 15 2 213
TEPR a0 13 & Ter MG 15.4
i 1% 4 158 GE 1 14 3 M3
Horth Slaepe - C3E00 Morh Sl4pg - CREXT

T-ma Sedling ("%} Mixing 1% Evmin Hadhreg (kP ek
e 452 231 20T g EirRE
B0 2= q7 £ EilY ma 22 4149
Gl n ET LCERN Qbnn 205 514
2 164 364 3h 19z RN
Ik B 445 4 Lk [FOR~] 514
"Th GF 155 TH 17 & a5
11 a4 2 11 I & nr A
FEI VA 40 5N g 125
| 105 i Fhn LI 285
4H Th iry 4H h Wi= d41
4d P AN Ia FT ] 176 L
o a0 1L far 18 3 53
VB 93 172 el 181 R
96 b 5 4Gk 18] iy

Legend

LTRSS LR [ A SLr I ) RRAEALN NS H e |
LA ok I T B LT PR )

Ll Sl Aok g ] Bl rlde

WEerg weal r e, gt

Vg rv. e 'on rat vtz

The halt-lives for b exmalsions were; Tar Alberta Sweet Mived Blend oil and Corexil
WAMNE el Corexit 9327 sinig gonditions about 10 howrs, and o shaken samples aboan 360 ours,
Foe Adasko Mol Slope il andd the swume dispersams. the ball-loves were simailar ol appeianal b
VI TS

Young ot al (2000 stobed the shear-iluced coaleseenee of emlsifivd erude-ol
drepdets vaitg a micro-pipetee toelaigue. Dhey noted thi erudss ol deoplels susperdesl inowiater
possess nepative suclace chavges which gise rise w double-laver cepalsive Jorges Tetween the
dresps. According o convemiianal IO ke the muenifude ol 1has repulsaen 15 mare 1han
crwurh o pees ent coalescenee of the droplets. Tests ofthis wsing the macro-pipeis lechoigue
showed that 1his theory B correet wehen the droplats ang brought iogether directly or beadsan
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{ ¥euny el 260071 When two droplets aee beouphl tosethoe smlirect]s o inan vbligue Bshier,
hewvever. the droplels swill readily coalesee. The suthors note that snebligue eneaunter must
necesaridy eive rise 1 Lteral relative motlen or shearing betagen the droplet suclaces, Thes
s st it the chares distribanions o the surlace muost Be Beterogeneses and thus, whes
leoplets approach obligquels, e charees may be bwer, allesinge coalescenes, O stated anather
wary, I repualsion acrass amy given arca belween b oo dreplers was weak cpoueh te allow an
ol bridps to domm aeross e wiser Tm, coalescenae ol he droplets woeukl mevibly Bellow.

T hix hepssthersis of miecfe Leleragensity explaing coaledcence s ihoul invoking any udditional
colloklal mteraclions such as hvdronhebie furees.

et al (2003 ) stedied the stability of coade ol enlbsions stabalzeel by anteclicially
avtive pvterial alse derbved Frorn (e ende oils, Liletimes vazied from Jess ab LU seconds o
vver RO seconds, 10 was Towml it the alipbatic acils i particulay deereased the stuabilis olhe
eImlsaens,

Slerbimg et ab 420020 2000 stuslied the coolescence o Arabian crade oil eroolsens wilb
thy slispersant Coresil 9300, Torthe ranps af p11 o d Lo Wl salindds, T essoes 200emoe, aned
v, 1he 2 potentials ranee Teore -3 e =100 mC This poentiol would e be sufficient o
produce signifcant resistanee o eoaleseonee, Coaleseense kinewes of the promised erusle oi] anil
dispersant were deternined with & mnee ol shear rates amd salmine, T0was Joamgl that inereesang
shesur rute increases coalescense, Sierhime ool comvorkers Round shat the dispersed ol fracrion
clmcreased with Increasing coalescenee and expeeially with tiine, The ball=[te extrapaelalesd Toom
the data tmplies thar the halt-life of e Arabian erude ol emualsion with Coresit 83000 Lisper=ant
wivs uburuit & hesurs Tor a shear rate of 35 ' aboul 3.5 hours Ber 1005 alsoat 3 bawrs for 13 57, and
el 3.5 Toouaes [ar i shear rte of 2057

Schulea =t al (2004 studied warer-dicsel emulsions and vsed o procedure called
INSEDELE o evaluate these emulsions, This procedure was deemed o T applicihly o
walerdivse] eenolsivns although i was develaped w chorseerizg solil-tiguid eroulsions, The
stahility o the water- sl cmulsions ses wested theougls progranmed eonling and u=ing 1he
thermebalanes compenent af e process.

Pamge cf al. (2404 studied the cmalsileition of pefeoleum wases o glosesl sesten, They
e tha cptimal comslcens senes oo ol smulsidier 6o 8%, eomperatare $3 10 9570, high
stirriog selocite, and emmualsilving e af 200190 30 ninates.

3 EMects of Salinity, Temperatore, and Dilnlion on Resurlacing

Selenam wmal Worsam [198A ) oongsd Ul almcest all emualsions aee mwoee s1ahle ac Loower
Lenapseailures, o Lmit, aod less stalle an lagher tempetatones.

Clatsse et all (0999 stadiced the stability ol watee-in-oil and thnee-wan emulsions noting
it rapid chanees i temperatuee ave o strong destobdizing ellecl, Toser wimpvralures sy i
Gl s destabilive emunlaions by inemeasing waler trunsport aeross The ol prhose.

Sterling e al (2002, 20047 studivd he elecls of salinily on clemivally dispersed ail sl
Tonnd bt there was it effecr. Salinee Tusd o limoted infToenee on coalesee e, ol il ws
siggres s it i1 bl @ ereater Influsnes an imitial droplet foronion thao cn sabseyquert deooplied
enlraanirgit,

3.7 Measurement of Emulsion Destabilization

Reveral techieigues ary wegd 1o measure emulsion stal s 4 Somasundaran ot al.. 20055,
Tl mwest veraman s simply sample resolution o measurng e amount cneamed o7 seslinented
e volumettic lechmigues. Kheological matbocls have een wsed, paricalorhy for coneenbianed
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syslems. There i strong correlation between theoloowal propetiics such as viscosity ard
clastivity anmed slabality in eomcentrated svslems.

4. Ihyvsics of the Destabilization Frocesses
The vvenil] ficces aml physics ot U destabilization provesses aee Ulusicotel in Figure 135

4.1 The Basics

The Basis Dot weh o the phavsics aed chemisiry surrsandiog etmuldion stabilivy 1 thin
erudsinos gre 10 berroely monically stalble (oo, LY Walstra, 1989400 One view ab this &=
thal P rmaserble Liguids are combined v ooe memiseibls Tiquid is dispersed inteaether
immiseible Tiquid, Siove the inlertieiol tension etween tese e Jignids will always hoe greater
Uiar e despite Thi aemam? o lvpe ol sorlactanls, thene a6 a lovee oF enerey leading towand
lestalilizstion, Fucthemone, the interlacial enency s vastly inenessed v inersasing the arey
etawveen the two lguads theewgh the process ot inereasing the pumbyer ol droplets. This aesuils
o enerey Tl ke 1hat will wend 1o furce the pwe nagdio o serasute.

Rinmetis stbiline i anather constideration swhen deseribang an cmalsion. Anemulsien iy
saidl 1o be Rinetically stable when siooifiweant separation, usually eensicderesl e be BalFor 50%0 50
the dispersed phise. occurs catside of the wsable e, Therefore, 07 the toe o e (5 ome duy. an
emulsien with o hul =10 ol mors than oo By nee be coavsicdered 1o he wsable, [ Beod crodsions.
this stalnlity shesald be el past tbe stated shelf life, I showld be noted. oweser, nat tiad
il saenes are poer examples G vrude cil-in-water emulsiong beenase their stabilies can be
contralled n closed sestems by ashding enoueh swrlostaots el pellioe b wanes medi thereby
meating vonlescence and suppressiong surfaclant loss,

Tl Twrctiene ol ae eredlsifing agenl or siefaete i 1 stbiline Gomewhat s an othersise
wrstable sy sem. Ehe erolsathing agenl doecs so by absorplion al the Bsuail-Tigud oer lace 0z an
wrivoted iterGueial Blen. This crivnbed [ perlomms s longtions: a) i eeduees the interlfaensl
lensiom belwesn e bw equicds wd conseguently the thermednanmic instabilite ol e svsien
resulliog (ris e nwcrease i e dnlerfacsal area between the b phises, and B o leergases e
rate of coalezcence of the dispersed lquid droplets by forming mechamial, seoe, andor elecorical
barriers around e, The sterde and cleetrical barriers mlalin e close appeeach o one droplet o
anesther, The mechanival barrivr inepeases The resislanee ol e dispersed particles e mechomivil
shock wnd inhibdts them from coalesemp when they docollide, When emnualsions Berm, the
ehtulsifviees auents or surfactands reduce e amount of work reguined Tar fominien.

Stabiliny vsoally relers to the tesistares of the draplews e coalescence (Rosen. 195%),
Cremipg, o shandand g sepamative, sas ool considered to be desabilization nclissical
ez Tevase it oveties with of wathoot emulssfier stabilezateon. The classic desablianion
Provesses were eotsidened 1o be conlescenes. Uoeculanan, sl phase ioveesion, The rate of
coaleseense wis stabad 1o be the andy quamtitatve measuze o eraudson sability, Thess Feloes
Tinve o charges] e encommipass Broacler arcas as showe mthe present reviews,

1t hias teen Towned thae the rate ot whicl the dooplers of o magroemulsion caloseenes Do
lareer <leoplets depends < mamber o Gwlors; the phvsical notuee of the imertwial Blm. the
existengy ol s elecirical or steriv barricer oo ke deoplets, the viscesity o the comiinwes prhise,
e shee clurilution of the dreplets, the phose velume atto, amd te sempermace, These factars are
dleadt worth i onester detail i 1has seeton,

The phyvsical miore ol 1he interfacial Bl is bnporant. The droplets of dispezsesd Tigand in
an emalsion are in constant motbon and Jrequently callide, W interlagial Blo suecownding che
two colliding drepiets inan entulston cupunes, e droplets will coalesee 10 Farm i lacper dropie
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arad evestually fhe eondsioe will sepaeate and beeak. The strengih ol he $he then Tecssites an
itnportant Ewtor inemulsion stabiliny, Highly purilivd surlagtansss bl fo Torm weak mtertacil
s, whenews mistures ol lilterent tvpes of surlwctants lerd 1o lorme sieonger blms. althouph
there is evidence thin smaller stelaciants disploce larger ones b the inlerfacs. [For this reason.
rixtures of aowater-soluhle aod oo ootlsolulble soefetn ane alien wsed i eil spll dispersants,
e a misiuee of Span and Tweer surlaetants,

The poesence of an <levteicul charge an e dispessed Guepicts can eneate ao vlecineal
barrder preventiog wo pacticles troom clesely appreasching cach ocher, Whils ionie surfsclants ace
sometinies wsed o] spill dispersants Jor this pumeose. these sarluetaos aill rapicdiy pastition
e watker phavse i Jilube svslems such as ot sea, Sonjenic surtactonts, such as these shat tepieally
constitily Vs hulk cf oil spill dispersints, irve o lesser charee and would pess ooweak eleeirigal
Pacnier o eoaleseence.

The viscasine af the contiouees phase is an impotimt Eue in dispersion stabuies. An
i rese 10t visessity of the cominwnes phase reduces the dittesion of the deoplels amd s the
Frequensy ol gollisions, This s given by the elassic oquastion:

AT
e

i1 =

wlherye [3 3= 1he ¢l Fieson e,
K is e Boleemann constant,
T is Al absolete temperature.
1 L b viseasits o the lgqued cominueons phase. and
e ks 1l i ol by deoplods,

1L is wbrvivus Trore this eguation that the diffusion vecurs inversely e the viscosity o the
cottiners pluse, This is vere imponiant for oil spill dispersion a= the wiscosty ol the continaous
Pl 15 thul o water and is el veny ks, Thoerelore, there 35 & hich diftusion rne. hieh
collisiom ring, and potemigl e coslescence. This contrasts wath many Tood enualsions inwhivl
the continuous phuse 15 deliberately remdered Liseous fo pedoee voalosvenge amd s ioeeeass
stalality.

Anciber ueter Influensing the re ol coaleseenee of the dreplets 1l size disinibotuon o
e dreplets, The smadler the rouge o seees, e more stalle e emulsion, The Larger paricles
Fave less surtaes area for the volae and s are more thermod s mmicallv stakde amd terd 1o
o b the expense of e smaller deopleis, As this process continags, the emulssen destabilisoes.
A vmul=iann with a Liirly anifiem sizg sestribution is mere stahle than one with o wily
distribiaion ol pacticle siees This Gelor is also sienativaed when diseassmg ol ssill dispersioos,
] spill daspersions bave wide disteibotion of droplet sies begawse ab the nature of crude ol ansl
the wide distoibution o eompoamds o i g AS, 20055 (6l spill dispesions are therelore less
stable by vty Wi =ome other ©opes of enulsiong.

The phase-y olwne calio ol the dispersed phase 15 ipotlant o elosed sysiems oo hicle the
ot of the dispersed phase rises o the veluome ol e confinous phise. To such cases. phose
tversiens eanld ke pluey amd an ofl-im-swater eomndlsion coulkl invert 1o witer-in-ail emualsion.
This s meol sivndfican e case o vil spill dispersions al sca.

Vemperiure isan tnpartart Belot inemulsen stabilio as o chanue o lemetaliane csses
chimges i imerfaeial tensier between e v phases, Temperateee can alse cause differeial
chisees inother uwtoes soch as the relative solubilite o the soeletamn in the Two plases aod in
the diffusion in the svstee, Emulsilving agents ore usually mist e Teetive when oear the poiot of
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i solubility in e salvent inoshich ey e disselved beeaose ab Whis poiot ey one st
surtace-aciive. Since the solubility of the emulsiling aeent aswalls changes b emperuee, te
stahility of the cmulsion also chanees with wmperaione. The classic squation oo deserile this is by
smolughowsk (Rosen, [5R97:

] -
“r = dqfirn- (41
.:.Ir."

whiere il is the role of diffusion-controlled coaleseenee.
eft
I 35 the slittusion.
ris the callision eslius (lstange et een centres when coaleaceney begins) and
i s e oumler of particles per cm’,
Lombinamy this equatien with diffusion cyquations viclds am expressien Lot e cule sof
coatlescenge of particles ard thus [or thie skehifity ol the cmulsoon:

-

= — = - o= ."fL’ o I.j]
til 38

dF AV L

B
where “jl-i-- 15 the mate ulbw coaleseeree ol droplets or the <taliliy ol e eonlesion,
it

Vol ke volwme ol the diapersed phase, e, volume per unit valume,

k1 Baodnnn vonstant

T i the abselule emperatune.

B i the ererpy barrigr o coalescenee,

r is the viscosicy of Uwe liguid eontimios phise. amd

A r the collistan Taetor s delined by the a0 poriaen ol the eguation.

The Ferews between paeticles or droplels are an impssrtao phvsical coosadeaation i
describing stability { Resep, 1959 The satronger te ree bolbween patticles. i opposite sien. the
seater he stabaliy ol ab croulsion. These forees might be considered 1o he ob Bar fvpes: soly o
clesdrostatio forees hard sphete. van der Wil wred stene lorees,

The sall or eleeirostaiic forees amk van der Waals interpacticle forces are Jdeseribed ot the
well atablished theary ol e slabdlity of dispersions By Derajacein and Landaa gz 1911 0
Yerwew and Oherbeck pan 1948 ) amd sl theers is s noss callad the TH O heosry, The by
Presummes  halaoes Petween the sepalsive wnad aitraeive pedentisl energics of interschion Betsecn
b alispersesl partivles ar sleoplets, Repulsive interactions ware due o cither the smilaely churged
cloctrieal deuble lavers sueeounding the particeles or b sehvent-particle interuciwoms. Alrackive
tpderactiens ame belicved 1o he mairly due W the van der Waals Torees Between particles. [ar
limprersdon tr g, e eepalsive Tomes must be Lrger than the anractiv e forees.

Tl poteriial ey o atfracliat Cina vacuum) sas 2nen by Jamaker ldeveloped n
1937y s
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' 124f
whene %o is the enerey of altraction,
Ais the Hamaker constanl
it 1s 1l madivg wl the partivle ar deoplel being consndercd. anc
1 i e distance beiween the soeface of the pdieles.
For Ligguicls. the Acis replaced b Ay o the effeetive Elamaker ¢onstinn 15 an
averaes ol twe censtant ter She paniwbes and the dispersion mysdiam,.
The repulsion eneray Lo reliiveby thick doubole Taver car e mven by (Resen. 1989 E
e
. LEVL LI I i
| A (Lie ™)
A

14

where ¥ is the polential energy of repulsion,

fy s e dielectrie ehree ol b dspreesing lgaid.

i s roslius o the dropleds or particles,

w - b e surfioce potential o the droplets,

k is Bolremaenm constant,

I s the distonee between the two pariie be seeluges, anl

R 5 1he sepamation slistamee belwevno the tao particles 1o 1keic contees,
This chumgess Tor thio electirie T ers aod larpe patticles as (Rosen, 19801

'E:.-' & :LIJ-: LK [H]
e [ r_.i'

b
’ A

w ey faclors e wlentives] W Souation 7).

This shavas it the epalsive Bsroe is nooch sreater foe o thick lover and smaller droplets,
Uhese relationships can also shos thal, e coptain siwatieos when the e s strong bt repulsig
Torees are et everahelmine. soalescenee will notevear. but tloceulatien s higaly bkely
BT TIITLL.

Bneray vepsiceruiizns v Ty nsetf 1 caleulne siabilities Lo coalesoenee aed flowveulation.
A sanpele comparisan ol rate consunes can be used W deseribe stalality (Resen 1989

W= g (9

where W 1w e seability ol the cmulsion,
b 15 e ey Sor dilTusion-comrollel comleseence,
Fois rhe zate ub show coslescence due oan enerey barrier,
and the remuoinder of e weoms represent the snergy harrier
where W 3= 1he energy barrier wr cosilesgenes,
kot Posltrmune: corsmaet, an
1 1s e absalule wmperalune.
Tl termas i epatiaon (03 care e deseribed by ploting the stability (W1 against the



eomegntration o the addes) sorfetmt gy show e energy burrier e coalescenee. Alernatively, the
rade constml (kO can be determined from the slope of the plot o 1he log of chanee i difhaser: in
e verses e o ob the coneentration of wdded sorlictants.

Weosen { T9EYE motes 1hat the L0 theor has limitations, The cltecl ot e stabality of an
vil-Tn-weuter alisprersion 35 Bl s the edfeet of the surtactant on the sarBuee potential of the
dispersail particles, by elective | lamaker conslant, the winte steength ol e dispeesing Tiquid,
plus ey vther aetors, Since suetictants ane used ot dow conceniritions, The maan eltegt ol wonc
surlactants would be expected o Te on the surbee poteniiad of the dispersed droplets. Whale this
15 esbsers el o eerlin estent experimemally, Risen notes har the siaatien is in Pt moch e
cornplicated than s, Fuetlwrore, the DUV theory decs net cover oomionie suelusslands,

Bosen potes that, while the YO theone may be censicened usetul o peeglicting the ellec:
ot oy serluctants o geereaulion. 16 dees ned el s Pull ondeestandiog of the effeets of
srfactunts o thae stamilivy af dispeesions. The Bllowing other Bactors must alse e eonsiderel
Alscrprion ol surfactants o Jatser thao colloidal sees, whiel s the case with il dispersiones, ma
change the conrtaet ancle that these make with the eontiouows phass Tiquid, o e water.,
Segorrdls, surluetions it have Tong chains ar ane polyroecic oy onm noo-clectowal steeie
Farrigrs o gogleseenee o Nogealatioon, Thirdly, in liguids of lower dicleelric constamls, the
eleclicul Baricrs nis iodecd be ehsent, A foarth e neted 15 that there s oo surne means ol
maeasuring the cleetrivad barrier posed by u dispersed deoplel with surfsciets, which is called the
Stern Taver. et potential, which can be rewslily mensured, is ollen represented as s estimate ot
ther pestentianl ol b Stern Taver, The Zefa pseternial, hossever s actaally the peelential ol the plane
ol the shear o the distanee from che charged swrface (Stern biver) where the salviesl dreplet and
sulvenl move with respeet Lo each olber,

A1 Impariant searee ol stlhliee Bar cimlsions s e stenic barricers produeed shen
peertivos atb U surlictant ubsoebed w the deoplet interfaee exdend o e B phase and thee
irteraet witl cach other, These imieractions resall in greater conudsten stahility han wiatb smallee
suttielonts, But smaller dispersants may displuce Lirger ones,

4.2 Interfacial Tension Appraaches fo Stabiliy

Anuther classical cngineering appeeach fosbndying coalsion sialilos hos Teen b ase
comeepls nelalimg fo finberlas 1l dengsion (Frberg aod Yang, VW6 Ui beoins sizh the s swmption
Ihat 1k themmodynamiy enerey ol drepler emalsilied inanothes Quid can b aseribed e te
rtertacial creroy of seosion herseen the twe Dguids, This s an osver-simplilieation as shownin
Sevlion 4.1 where severad other consisderations are summarized, 3870 esuned, Tewever, that all
the Torees teslle in the comsepl at interfagial surliece wension, Thon i can B asswmed thal 1he ¢l les
ol by sprligtant s loswer the interfacil fension to the poane at which che eoergy differenee of
ther interTacial beeston s very Tose, MR itertcial weosion ol e droplel is elose otk ot te
contimies phise or dispeesing ligquid, then an emulsion is possible, Stahilice is schieved if the
mtertae i wensiom of 1he deoplet w e dispersing prhase is Tess than oo, although this sever
LIS,

The corditian loe emalsion Toemation then beeemes:

¥ = {} i1

RS I ]
where 1, s the iotes Bweial weesaen ol e vl droplet and waster,

B sinee this rarey o oever oeviers, The somaliim s v pigally sento aosalue sl as L7 e
Fosursing with the aathor's opioioo Uriberg and Yane, TS890 1 should Te neted that the
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ity cial retssaen for st erude eals e sed seater s bt 08 o 30 mim.

An impectant part of e drterfagial congept is that the conte angle a dreplet ol luuid o
makes with Hapaid 7eim by sleseribed as a turecinen ol he intertacial tension.

The concditiom foe equilibeiwm pstabalits can be given b (Friberge and Yaog, 19%96):

o= ¥ o+ iy ensld (I

whese - i the inteelicial lension between i, the dioplel or val-olr,
2 05 the ineerle il benson belween water anad the drepled or ail-water,
v 3% the inntertaeial Tension Tetween air amil winer s waler-wate, znd
Crgs the gontact amgle between the oal anad water.
Subsrituting he 1 pical values Tor erode il 440 Lor calaie, 23 Jor o l-water] and G
waler-ait £ 70 interfac izl tensions, we see i the vos o 8 showdd be elose 1 0 1o have o stable
virilsion

4.3 Tadrws

Tadras 1983, 20043 pes bewved Ui Teng-tenm stabilite ol emudsions, pacficuleds b
apacinien al rheclopy 1 stabying stabiliv, Tadnes reviess the procedures Ter studving siallies
o enoulsacns e Jore feam T peelorming e evaluations on anseeeleratad bosis, swhich are:

I.osubjecting the evulsiorn te bemperture eveling:

2. applyinge wenirifueal fomees 1w deleet the separation; ol

3, subjecting the eranlsion s vibealion and i estipation by microsoaps,

Rtk than flwese mwethuds, Tadres soeeests the ose of rhealozieal methaals, which v
malude:

1, sleacds-slate sheuT sIPess RS Mgy mgils:

2. cemslant slecss foree | meeasemen s using a constant stress mestesmenk: wnsl

Aodynamic pescillatory) messoeetents carrwed aul on a constan? siran mstpament,

Vindews deseribes several breakdvwn muechanisms:

1 creaming vr sedimentationr, bath s wraviny Baroes,

2. Noceulaion coursed by virs Jee Woaals aliraction whet there 15 mof enssagh repulsicen:
between the droplets:

3. Okl cipening cavsed By e ditlerence in selubilin: berween e seaall wnd laree
eroplens;

d.culeseenee indoeed T thinning and diseapteon ol the Baguicd 330 betsesn slnoplers; and

A phase iiversion w hereby the disperse phise and mesdiom imterebinae.

Creuming or sedioentation ks simply cansesl by grasity, 1Wrhe density of the ol s lighter
Wy That ot saetes, 0wl eise o i the depsily ol the ofl is preatee cham that o8 woter, o wil? sink,
! his oweurs regaedless ol surfactant stabilizatvon. which simply chomees 1w s at s hichoa
vegurs, dereoding o the many factory deseribad in 1his nepor.

Flocgalinnion o vinzulsions miey voeur selen the virs der Woals abtractive coespy exeevds
the repulsive ceres. Floceulataon ceuld e congidered 1o be weak”™ or 'strong”

Cstavald Tipening of dispropaectionation mus ceewer wihen The solubilisg sl he el s
signilicant. Thy small droeplets seitle hivher solubiline than the Lrger enes Lend 1o dissslve on
sheraee aml herome deposited on ke Lurger ormes.

Towodistinet instabiline arecesses may be distngwished e emulsion svstenes: coalescence
ad phasy rversion. Caalesceney results rom the thinnicog aod disiupticon of the wpuod 0lm
betwern the dreplets with Une ullimane foiniog of these droplets. Timadly. some otl sepaeition cim
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Lo arborwnd. Phase Drversacan involves e changing of e dispersy el pedioom phase. e
disperse mediun tevms the droplets wd 1he dispersed deoplets Jorm the contimweas phase. In
abher wordls, the ail-m-water geulsions becames & soater-iesodl croulsion.

Tadres axseases evcammu or scdimentation muthematical v, Creaming or sedinertation
voewr primarily when the particle siee s above [SHE pm amel the difTerenee i densily of the oil and
witleT 1% greanler un abonr 0] prmls A1 s poind, the patticles will exceed we Brewintan
thifTidcn phivsies wil thus will cream or sedimwend. 1L shauld e neted That Bros nian metion s
anertant in determaning the Tote of envulaions, Pagnadens et al, 420085 stuglivd the Broaezian
dvoomivs of sestems and conduetad sinubions al te cenapressaon and expansion of monelisers
whssrbel oo placar nerfage. They Touned that the prelerence of vie By of surfactant dependds on
the dy nimmes ol e sustem.

Lhe pute o ercaming or sedimemation ol very dilune selutions Tullows Stokes 2o Cladres.
-
4y,

_2R Ay
‘I‘F'i.

'I_:

-1

112

o

where v s the mising of sesdomentation velaeils ol the oal dreplet,
R 38 the portisle mnbs,
A1 the alitteenee i density between the ol eoplet and waler,
g 35 the cravitations] constamt. and
e is Lhe visgosine af the mediom or water in this case.
For roeere conwentrated solutions imoschich the solome Bractien 15 Petsoeen aboul 0,1 el
0.2, the mabe of ereaming oF sodimentation 15 reducesd below Stokes rale:

v | 1-6855 M3

wlere v is the salyusted ol misinprsedimentation velocns,
vois D pising or sedimemaian velogiy oMb ol deoplet caleulated vsang che
Slokes” eyl albove, aml
gois che velune feastion that the vl is o the todad velume.

1 che velume fkaction = 001, then the ose vate i3 redomeed by approscimage]y #3"%.

Several methodls can be applicd woassess the sreamipg or sediomenlalion o emulsions, {ne
commin metbu] B s goshoaled cvlinders aed observe the crearsing Sraction dinectly. T
turlsidiey vf the croulsien can Te measaeed by optical mcthods. The density of the cmulsion has
Beer measured using ultrsoics or o some eases indormatian on droplet seee el distoabution
hive bewen wsed,

Frzaulsiaan Moceualanion i clalote solutions com b rwedsured T ncasurite the rbadis s
fnetion of time:

T AR 2n kL) {14
where it e ot floeeulation,

At apical eonstin.
1, 3 he ramber ol droplets w1 the st ol the expetimens.
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Wors the voluoe af the droplets,
Koas the eale comstant ol owrcukion, and
ris the 1ane.

Clstweald vipening can be assessed by

g LS
aw=-[r }:a—— oy (13

where B s Wb Cslwald ripening ate.
15 b eritical radivs of a drepled,
30 the dilTusion soefiiiene ol he disperse phase i the centitraous phse,
K., B the parlicle size with the lareest radivs.
Vois the molar solwme o the dispersed phose.
B 1s Lhne wras comstamL. and
T is the wmperatare,

This eguition s be ased simply ooevaluate Csbwald ripenmg by plofting o versas €l
alvr L straght e Prom sl the ree ol Osiweald ripening cun be colealaed,

The rute o vealeseence s be mepsured By folloaving the drepler eumber (o0 eoF aerape
drepdet siees Gl b s o fimctinn of tmss Sirce the driviog Beree Tor eoaleseence o he thinning aod
discapiieen af the Liguil Bl belween e droplets, e rate follews s Oestooder kinetics swhich i
o aiven by
M .
By (- exp K0 Y

Iﬁ.‘ I

where nors 1he droplet ounther or averape droplet =i,

ks the il droeplet inmber. anal
B i 1he rate cobstant ol eoaleseence.

Fhuse imvetsion 15 the Joarth meehanism by which Tadros deseribes desiabiliatoom
peocesses, This has nol been mobed i oper systems soeh s seoull be the cose Tor ol spall
dispersinos Tadres Jisimpaishes Between e dallosis 1o precesaess catustirophie phise
wrversion indused by the selume increase in the disperse phase and wcamsicon produsest by
chanping tempetatane ansl-er add g eleemo e

4.4 Wasnn™s Theory an Oseillatiory Structorat Firees (O5F)

Wohisan et al 1 200K discuss the stabuliy of maere-dispersions such as emulsians apsl
samrnarize g additional fouree thal stehzes or destabilioes comualsions, ihat of micelles and
patrlivly sipugturing s Lveeing in the conlirel spoge between twee Laeoer deaplets.

Woasan o1 al, peind ool thal. althisgh tbe classieal 13150 approach 1s uscbul. additional
Lorees are peaded T explann interactions. In the classical 1350 approach, 1he propeetics of the
dispersion medivm e be chamcterizead by such parameters as divlestriy penitlas s or shem
viscesity coellieiem, boh corpveniemby describoed macroscapic porameters. 'Fhe VO spproach
el the microseepic level is 1o deseribe the reaction belween droplet paies using Tas larges: the vin
aler Woals Torees. ax deseribed by the Thimaker theore (Coons g all, 200050, sud 1w eleclevstatic
Eooree o alesorilwed T tbue Preleoe-T hoecke] theony

severial authos has e noted that sone onher ioteraciooms ey be aoverlocked by sl RV
ey, O o these i e mean orew hag o the volame exclusion elee a many -body sysem.
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I o nay-buels svstem, the inferactbons between twe particles or droplats ane difTerest Teon ke
interactions of two paivlesdroplels alone inog free spocy, This diffencoce is dowe o e andarect
interaeons thooupeh the mans other pargicles o bocivs o the sysiem. Thos it aomeny-hody
sy slent, Thy appanent ineraglcn betwees two dropleis is atfected by the many oiher droplels oe ke
cesllecliv e belaviowm of U system, The buasic feature of such o lomew o svslem s that the oy s
eorzectratlvn-de perndent amd diminishes as the coneeniralion legreases.

Woosan <t al, (200 called this e Torge thye volumme exclusen effeet. This ctteel brings
A eslm gl lis g Boree o the ideraetion of parlicles or aoooverdl emulsion depaetion eflect. 1L
can e osbewed o el phosical bazis of @ case where were 15 o polydisperse system, o ome tha bus
i wide variety ol droplel stees. sl as s roe incfhe cose ol erde 01]-1n water sy=temis, 1w
Larpss draspdets o purticles ure inoo valleidad Bepuisl (eodloidad impdics small deoplets of paeicles.
arad the sepacalion distince between the b laroe panicles is smaller than 1he deimeter af the
enlloidal particles. then there s aeatteactive Joree Between the psa pariicles beeause of the
waimelic pressore. This would result in vealeseence ar lageulation, thus deplating the cmuolswn,
Soarmig Teseurchers hosve, i Bl wstinsated e potenniad ot this depletion Leree shen the siee rathe
befween pacticles is laege aned the sospenswn i dilute

Wasan et al. {20047 noted thal some cesearchers suegested that 1his depleien Toree skl
conasg phose seprralion inow mistere of eoblodlal portisles In ot such sepzulizn has been moted
i several Jifferem bepes ol systems in severl caopeiments, 1S o consilened @oweel]-
doctnented phemmenon, A foree estaintaticon eouatisan his beet developad o the potemid of the
e Joree betwveen twe bard-sphere pariiches mmmerzsed o taid ol small particles:

o k! {17

I
wltere 10, 18 the beree polenlizl,
K 1s e aniversal gos constan,
1 1 the terepreralure, and
£ 15 the radial distribenion Junetion.

The ascilluors steuctural Toree b aractive aml sepalsive s becomes appazenc w hen
smal] volleidad panicles ane condined i the wap between s fege partneles, When the pap
Pefwreen 1o suspended Jarzer particles is of the virler of sevegal eolloislal particle diareters, 1he
colfetdal panieles o tbe gop mlerwel with tbe kwge droplels s o result ol Bresanian lerees, Thae
forces imduce crlerine amoen the partislss aml s arler progagates aser severeal parlicle
thameters, [ e case of o Blng e stroctured regions near he tae oppasing suraces eoerlap,
waving rise o the oscillator sorwctoeak Beree, Thies leag-range struciuce duees o repulsiovs
slructucal barcier 1hat belps prevent the ge purieles [mam Nocgulnmye o gooleseang,

When the sepamation distirese Beiween twa Luroer parlicles s soaller than the dissocter o the
cvillisdelal praticles, oonet altractis e force oecurs botween the feoe laese particles as o resall ob thy
differeree i vsmofile pressure Tetwevn the bulk and contimel regsans ol by calledal sestemm,
Woamar gl al §2004) podnd cud thal 1he eleeiive interaction Teiwsen Daee Jarge parlicles s tound o
e vscillutory with e perieal ol ssciblation cqual o the elbective size ol be calloidal parieles,

T he structueal seabalization Paericer s b when dhe coneentzation a2 the small er celloods
parfivles is kel amd the partiche e Forms between the Lirgez peeticles. The coulsicon is
coxdelered fia be stable, W bore dhe comeenteation of collaidal padicles is oo e staldiation
buevier is pwch Less aod Socculation or copleseenree oecar. Uhe sange of 1l stragiura] ansl
depletion forees 15 ol e arder ol severd diometers ol olloidal pacticlys 3 e T80 o and
vperales vver seale leogthe [ weeater than DO seale Jengihs which are Jess than 5 . | hese
Corews hav e thersfore greatly influenoed cnulsion stabiliy,
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Pantivle size 15 an imporiant Faetor i the aserllwary stroctural Boece. L peledizspersin
exisls, s 00 shogs oo crwde ell-m wiler eobsion, 1hen the enulsbon may net e very slable
Theotetical siady shoses that a 0% podadispersity deereases the structural Baerier of the
oscilkuors structural foree Ty g Leter ol 3 Wasan el al (2004 ) supues1 Lhal o simpele way o
destabilice o emulsion is el o small ameaml (G exaample only about 1% woukl woeklof
Ly prer praccticles. 1L is signidieaml fooote that coade oilp-water cmualsions woull buve such Larpe
siae distribations.

Worsan el ul (2004 stadied the phemwmnenon wsiog lalex portieles of snall ned Larae siees.
A fucfler stady wos perfocmed wsing food emalzions, Ansther sondy using dedveans and o ool
solvend shwonved that e critulsien was none stable al o coneentration ol 4% o surtaciant thae ol
B % o ab 1% surfsetanl. These erauksions B a ez dooplel sgee sl 12 psoahea polcdispeesity
ol 353%,. 1105 importan o nets 1hat o this Jdodecame-in-swter grmwision The suelaendot was 0 he
wader, Ul guthers noted bat the adedilion of more suelaetant meteased the micellar voneeninion
of surtaclanl and this incecased the polydisperziy of the comulsion. Secordimge 1o the esallaters
shruetural Toree Bweorv. s o tuen deereased the stabaliny ol the emdsion and e cmalsion alse
brpan W floceulnie because of the bipher miceble contem,

1.5 Applicability of the Stekos™ Fouation
The Seoskes™ eguation deseribes the risinp o dropbes as o fupetion ol particle siee:

T 1oyt 1
e I (D) 18
i

whery =% ey i Ty,
A s the dillerenee i densiee between the disperse amd dreples phases,
£l e pravicationad comsanl.
18 L Jdroplet rdjos,
FE g is o s olurme-dependent corectin fetor and 35 0 Jor dilete solutions, aad
An s the differener between the visoosite of the disperse amd droplet pharses.
The yuation s atlen stmpliled o dbriberg ond Yong, 19596 Walar, 1994

I
X = #ae { 1w
o '

W lteTe the sulss oty aoe Une same s above,
Landeves (L9331 newed it the Stokes” equation may el he as wsclul as salvwsating 1he
comee wl mass ol an cmlsion, oF migss cile ol ereamiog, which by gives as:

........... - (200

whuere v s he selocity of the centee o mass ot e cmalsion,
s the grvwiational cogstant
N s partiche of @ piver sic,
a1 e parlicle mudios.



A il cillerence walensite Between the disperse and dnepoet phises,
1. 5 1he ol viseosily, and
Vs the velunuwe ol b dispersed phise.
it Magoand e al. (20007 fownd that the Stokes™ equaiion did oot aceurmels predict
e creamiiog of a sovbean oil emuolsion due 10 depletion Doveulation.
Shields et al {2000 studivel diesel-1n-water coulsions stabiliasl with ionic aod noeeiooic
suaplonetam s and Tound that the Stokes™ cquastion wis applicabile w droplets less that T3 o in size.

46 The Urlvina-¥illulba Approach (o Emuolion Siakility Simulations (E55%)

Uirbina-Villalba (2004 and Cirbing-Villalba <3 al, (20058 developed o simulstion peoceduee
lor zamalsion stubilive . The simuliatien etkes o arcount the Torees and eretions ol panicles.
The BS% displacement b 2 given particle ducing a povied ob Lime 35 1w result ol faae
cordrabutivns, the thermal neraction of e swspended particle wirm the solvent ol the average
dilTusion & the pacticle, The tkermeal ingeraetion of the paaticle sl the solvent is modelled wsing
it camdom lapm with o st distriboteon wiath cera mean. The pactieles mas sepresale el alse
eoaleser ax o resuln o Thow ndar metion and theer e interactivn berees. Inthe cose ol cdl-in-
wotet emulsions stabilized with ionic suriclants. the repulsive harriers Tetween drops ane the
resulls ul cleclmestatn repelsion,

Epaatiores fopndesl on [lenaker (C sons e ol 2005 and Bader ave vsed 1o developoa
maclel ol ibe chasze mleraclion hevseen particles (dnepletz), The equmttons ame wsesh 0o compeier
procrsm by simalisie emulsien stablhiy. Flecewdation and stabiliey sinaulatioos are perforred and
presented in the paper and compared woempirical resuli s cluimed Dat e 1785 mocle]
provvides e msighn o the siabiliy o eroulsaens by allowinge the effeels ob drop sizes dilTerent
starlictanls, ele. e be examined.

LUl Y ilhel b s diaeeia-Swere (20017 also used o mediticad Brosanan denamic o
stmulate e evalution of el awater gnvulsians, Thy enaplesis soon e competition between
sttiiization by surligctams and coadesvence, The study show s that. i 1he surfactant congentrtion
i% Lo deoplels sall have insudNeient surlictant 1o prevenl coaleseence, Mixing Hnee 35 impostat
1 ullesws surlfactant distribution vver ehe droplers foemed, The meso-equilibrioo time is detioed as
Thae L 1 ki minimon sabilite, 10was Touned that e dep ol the mesoscuilibeonm e s
cliaectly prroportaceial ter the oo ol suefactant coneentration. Several sueBietmbs show mse-
couilibriom times ol 182, 33, wud 1 seconds with kesome in woter, Elipgher tmues aighs be shown
by diMerent svatems. Becouse ol Bess Guotors, cadenlimions shoaw thot the number of dieplets ina
svxtem deelines o an exponentinl mote weth e,

4.7 The Standard Kinetics Approach to Emulsion Stability

Stmdand kinetivs com b wsed W deseribe emalsion swibility 1 Dve ancd Stockey, 1988 11
thy stabilite af s given vmulzian can be deseribed ax being rst-onder, thal 1 by the coneenteiien
ol 1he starting peduet alone, ther the reaction can be deserthed by

I*—m = expi—Ar) (21
L0}
wlene ¥ 0 35 the valamy ool the dispersed phase ot time 1.
WO g the concentreion of the dispersed phise o tims U, o7 staniing
GO FI,
Lois thye Diest esnder rale constant, amd
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and 135 the imee elapsed,
The Tadt-Fidy eof the cnondsion cimn Tse given by

In2
ha=——
I':.'

220

wlhere 05 U halble ot the emulsion,

4.5  The Lifshile, Slezoy, and Wapner Theory of Osinald Ripening,

The Lifshate, Slesos, anel Wapner (LSW 3 cheone of Chlwald mipering bus boen tested
acalinst sever] mwedel sestems (layloes 19981 11 venerally voneeded 1hat this is the best
s aikable model 1o deseribe Ostwald ripendnwe. althisagh it may resuln iodilferences wp to o fachor
ar 2 e 3 Imenm ashservid wanlues Lo lor, 1998 The des elopment of the LS valoe s complivied,
hiowener, vne end pesull is a deseripfion of the aging e

dr’ 4 B .
= —-' = = [23)
dr Do RT

wierr oxis1he aging make, the rae ol oercise of the cube of the cripeal rasls.

r, is L eritieal radivs al whieh the vt of chamge aldeoplel raling s acne thas s
the droples s i wspalibome with e bulk phase « ot this ot all deaglers
bty i euclivg will deevewse wsiae angd abose Wthis sice, will prew asa
restt ulOstvald ripentng.

Ui thee Tame ol the poiot ol consileration, amd

L e

i s e Selion o o = K [24]
i

where Kb the mate conslard of an Ostwald ipemny siwstion.
[2 0 the ditTusional Qux o the solulle componens,
Lo the bulk sodaliliey of the ail, and
[ is Al s sty ol 1he ol
w1s e anterfacial wnsion betoeen e oil and e waler,
Al s moedar muss of the ail,
BL3s thy uenivers] gos constam. anil
T is Whe deanpeteee in bkelvin,

4.0 Kincric Approach 1o Brownian and Gromitational Cospolation io Dilute Eovalsions

rukban ansl S3échlen: § 19960 stadicd the kioetics of Browsian and goosiionasl coagulitzee
i dilute emussises, ey mote sha pastwork was Bcussed on eomeentzatgal saseins, w hereas
kirelics prodomingts in dibute sestems 10 is ooted that crcamane, Brossnian, cravitdisol, amd
vribubinetic §shear occilations conteal e evalulion ol the droplet size distnibunioen. TFour
COMIPOERTES 200 e essaly to g eantiy the enwlsien Rinetics: lerees digating droglet mos citent
and interus domn, deaplel Tess meehamiznas and iheir mg, pepualation Balanee cquaton. aml Moy
structuare hevry sucty as Troctal theoey.
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Ul st cemeral aoul exact apprreach incmulsion kinsdivs is achiceed Baowsing slropla
siee disteibusion. Phe time amd space dependenee ol droplet sive distribation cao Te established by
1he solutizn of the populative Bylance eyuation. Dokhin ancd SjEbiong § 1996 swaarest that the
dropler siee Balance achicved i avroso] sestems should be applicd to dilute agueous emulsions,
The nin task i elaborating makematical muodeling ot the dilule cenudsion Kinetivs s the
cderivation of e kernels ol the particle distribwtion eouations. Datgr 0 i shoean then celiable
kemmaels foe paeticle bl squations aee avadlable for rapid Beecalaion but nor S sl
o culaling.

Foukhir and Sjiblom ¢ 199607 shes than the coblision eflciviey Between dropicts can b
shoaws Lo Bse:

(replly 4T Y
K= LEJ‘HITEJH (23

where 10505 the collisken ctficicney herween a panicle designated o5 L oand another
perrtivle designated az paetiche 200000 Impartat Lo naeke thinl the inversse ab ..o The
alabaliny mkie

Loyt the welocies et droypalers,

L is Bolvamann constam.

T 15 the absclute temperitune,

s 05 the interparticle diseeoge, amd

L3 ix e D rodynamiv mieacten paraneter. &oe many sestems 1Leaull be laken
U

Lo an earlivr work, Shulerses elul, 1993 propesed 1o separate the collision eMeicney and
e interpartiche alragtiom as o function b e decree ot clectocal charee. Thes then proveaded o
dgesclop moelels Lo low eleenical eharse and high clectrical charge situaiions, Fhey nated that this
restled i quide dilTerent resels than when wsing stale masbels onlyv, such as the base 1315940
thewry,

There is o lagk of ecxperimental data Jor the rate of daoplet less i cmulsioms, paricalarly
s 10 e lates 1o saped feccalative, Dukbin and Siéblom (19940} wsed apid coagalation oy 1
Tz an rapid Broswnian ilocculation in monodisperse suspensicns, The collision process is
similar e thas ol emulaions, The mts ol loss al droplets ol ipeemediote damenswong is deeemined
B il angons aeticn ol Srowniam ireosemend aesd gravitation, This egime corresponds Lo
Pecklet mumbser on the arder of 1. A4 eomprelensive theoreticul deseriplaicn of the nlersetion and
deseription ol interaciion ks resime 15 lacking. A guantifwsiwon ol e ogcolaon rate inthe
seonulary mirimm 15 aclievesh only by Toeking af v der Waal™s furces at larpe distanees, The
appresach i deal with shis is wodelioe collisbon ctiiciencies of focculation inthe pramars sl
secendary minimunt s beie the same.

Dwkhin and Sjoltom § 14 nete thn e very senall pacticles {rum celevant o oal-in-water
eaiualsions], e creimirg veloeoite is meoch less than e veloedty by Invwnian motbon Cadealition
showws thant i this case creamioge velocitey maeht be less than 1 oedday, Caloalations o particle
interaelions show 1l B s sems sueh os erude-oil-in water emalsions, seas v -indueed
locculatinn arnd ergaming foeem the primary nechanisim of paricle loss.

Systermuatic experimental anv estigalion: vt slow Rocculation m emulsions sme ool asoailabce
a1 Lbwe Jiteraiome amal thene 35 disuprecment beiween thesees and the lmited eeperiiems perfurmed.
Ciravitntiomad floccylation i the primaes reisimum has been iosutticiently studiesl as sl The
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reliuble mathematival keroel o the pepalation balanoe cquation is alwent i the case of slew
o alalicn.

Flocenlation rte has been stadicd s o funetion ot droplet deformation egsaltng troe
vuriely of Toeces 1ukhin and Sjoblom (E9E1 noted thal there ane diflering theocies Belwern
draplet deliratiog and thin [l instabiliies. Dooplel defarmations result trom cullistons,
whereas thin-tilm statilitics ackse ftom inhomogengivies o sortactant distribution on e draple
sartace or o other Tomees sush as mersctions that eesale ban instabality onthe dzopled e
Pramanian moticnt i the Tiguid imtroduees a drge Toree Bedween deoplels, W hen s s mben anbo
avcount, wossdel T the sambility of these emulsiens ean by developeal. Aosel o equatbans
deserihime ihin-13lm changes during cueing aud showiog Brownian coagulation is derived b
torming wsel of equisions o droplet delunmalion withio gravitatonal coapalnion, This set ol
guuativns gun hen aveurately sradict deoplel dedommation during slow TEneaman coagukition.

Vrakhin and SpoTlom (L9647 develop an egquatiom that can b wsed 1o estimate stabilite an
e htsts o hese delommation reaclions:

. ~ bz
faryis
1‘?- | b e (26)

.

it =

whone W is a0 zeneralized stabdiny twoviisn.
13 05 the diflasion of U droples,
i35 the partie e shee o e droplets.
1613 45 ce Tuntivm wl ke ionter-ceoplet Torees and 15 ancther gxpanded model, aod
Fityas a functiom of e streneth ol the drsplet §ilio and s alsoanother cxpomsled
maelel.

11 slould e mangs) that sibility rises 28 2 cube uf the particls s1ee showing the tmporlanee
el pamicle st o stabyiliny.

Verbich eoal (1997 studied 1he swlility of gmmlsams, These authors wsed the soorks of
Thahikin and Sjiblomt ( 1996] w lurther develops stabality relativns, 10 should be noted ihat hasth
vk lin ansl Sjéblun were also autbors o the Yerbich e,

Verlich et al. ¢ 1997 noted hat the time o rpicd coagulmion. using the Smoluehowski
reditkiomshipe can e deserilaed as:

1

To. =
B n

—

L]

-d
—

wlhere 1% e e ol rapid coagulation,
a s the dieplet radics,
L3 05 the dilTusion eoeffecient, ansl
mis e o ol particbes m e unin Lol
Acasuning that 13, and noean be aleuloted wsing stadunsl selananships, the tnwe oo rapid
cowlemvene: can be glven as:

T H
- s (281
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where T s The e ol rapil coegnlatcn,
1% Ve dnepoet rdins,
r s e 00T v iscosis.
K 15 the Baltamsnn consian,
T s 1he temperatane:, ol
205 Ve valume poopsselion of oil nthe vmulsien.
When a repulsive Torce between the droplets oxists due o duuble-lover isteacten che riee
of vogaulatien decreases and the Jollowing vgution ¢m be wsed ws an approximacion of
Contlessenes Lz

r=

-
AT g
whete s the Gme o mpal coagolaien, auld

W is the s1alility retio.

W, b stabdlity ratie van he approsimated by (Verbch o al TR

Mbewral af repnisive forees _
T T - (307

Wl epreed e cterctive forees

where Wois Uhe stabalaty sl
itepral of fomces js:

/ I
iy expr | ¥ i A1)

e - . )
1 I.'E_I'I'ﬂ -I[iz + ||I.|':| - I{Jr .

whene [ihy ixthe ratonaliced distanee o béowhieh s dhe distance bevaeon droplel
st e s di ided I the deoplel riokios,
biis the distames betseen droplet sorlaces.
YN ks Tl repulsive or the attrclis e Boroe,
ki Polasmamn conslane, and
113 e temperature,
Perparming e Ineecation i equation (33 and siopdifs me. ooe can write the stabilies
Tiddiun gL

OO B UL R

II-" | 2 'Ew}%: I.:.|:|.I"- - o -u-l-rl
Ta | (32
Tar Kt

where Wik the stabilite ratio of any deoplel.
S8 1 1l sevond derivativg al the remeaining functien wilh respest b e
e ],
W, e masdmum repulsion ketween deaplels.
& 15 Moltaomsm consiand,
1 1% 1hy wenapsernilure, wd
I ds the masimuan distiazes between droplels,



Dk hin et al. (20015 also deveboped o gereralized moded ter the elecitokioetic stanilivy of
emlgioma. This b Based v reeend progness i the pasisurement and inteeprecation of ion
avcummulatien gml motion o the staprant pact of e clectreal double kver cowsed by surfoctat
stubilnanicn. Lnlike varlier maodels, this new model assumes conductivin in the sueman e
The mode] deseribes che conductivity in terms ol beo rrameters, 2 0lee ool potontaadand B e
clectrokinetiv charse), Sinee both ol these can be mieasured, Dk hin et al. deseribe iomeans e ase
this 2 [urter delimeate thee distriButicre af absorked foree Tetweeen e dilTuse aver and by Siero
T,

L0 A Xiidel o Describe Emulsion =iability

Cinam et al (200030 develapaed o oes slabaliation model and detnenstrated tis meael ona
variety ol lieralure data covering both vilsdewenter and wiger-in-oil emudzinos. They begio the
mode] furmatien study by deseribing the cmulsion decampasition as an ireeveesilde reaction as:

P,

a v R
whete B s he stable cmalsion,
F,. i the divpersed phase, sl
P the contimuous please.
Cavam et al. (200 then eonsidercd this breakdosn e be o posaer-law Sunelion of the
instastanees vioulsion Taction availible Tor degomposition acearding o

dxaf Bjrx - X" (3]

where s the instuntneons devemposed Traction of B emulsien.
a1 the maximuen aclbevable action of emulsiken decompesition o liniting
emalsion traclion,
1115 e veder ol Teaction,
Eois s, armd
k35 the legompuosition aie costanl.
Ui adtherrs considered that the decomposition mus e delaved by acertain bime amd dues
il initial comditiens con e defined T

N o= (i)

whwere 1, s ihe tnwe delay st decompositen begens,
ComBinimg 1his with the presiones vouelicns, the sulution Lo e deeommpositiion sgustion is:

(= M N = engkdo- i )

Tl apliot e [EX, 3" - 030 - K™ ] ws time velative 1o the initiation of degay ar the deeua,
delav tme should vield a hinear coreelatian, Civan gml eosworkers supgesiel that a linear
repression b s wodeivrmine the best eatimates o the pacaseters Too he decas, The <lepe, m,
el b Lo i egpaal fo0 [ T-mkd, The eale panamncter is ohiained by

X, mil-n) i3

Civan et al (200 sappest tailn 004 rom s vaeiety of experimeniad data Bt LLawever,

3T



the arder, movaried Froon 0018 w173 oo voriely of tests of experimental it
The ball=l3ke vl tbe ernulsion can be determioesd by sunstiaukng X0 03X aeed thos

0-1pa AT R (3%

.01 The Maranponi Fifect

A impottant phepomenog i sarbwtmi stabilization af sil-iewaer emualsions is the
elleet known as Marangomi stahilistion amd destabiliznion Maranpeni ctbeets arise from the
wendeiey o sarlistom conceotrations W gquick iy <iatrthule ever an iertiws. T here s Less
sucluetant coneerration ot one =ide of a droplet Mam an ahe atber side, surfactine quuck s mae es
b restere U suelzctant vauilibriom over the drapler, This surfscine flow s called Masapens
slabalTeution (5hivi ¢1 al, 2000 Velrde coal, 19960 Marunwant instabilate arises as o resallof
Ui sartactant ey as e Tl cortites and results ioareas of greater aned lesser surtzetant
concerratien ovet e droplet nterface. Marangoni stabiliznien ainl destabaheation e lustrated
n Fapwres 14 anad 15,

Auble gt Mendes-Tatsas 20005 ey eloped aseries ol eguations 1o predivl Marngend
cirguladiom. The theeretically predicted stability o various Binane liguid-lguil interfaces with
several suelactunts wis predicted. These were also compared W experiroental ohsencations. A
Slarareoni cocfiivient wos deselopesd Bhat assists m predicling stability st the meluswoms of the
Wlarangomi etfect, Predicied amod cxperieental pesulis show thad the stability aF smualsion systemns
sarics sipoificantly with ditfeaene swrfactots.

Lavabee o1 al, (2003 studied Marngoni nstabaliry in the swrelactam 1AL
tecte irimeths lamnmoniom bresmide s ol Toumd it periodic, This periodieits wias measueesd ansl
wirs aboul LEDD sesomsls Tor 1his parliculer system. 1L was moted thal 1he commoective stahility
ey om o dramsicn Basds and the syatems perndeally swoatehed Beotveen oshow aod a moere
amd ransport rewinte, A coreelatien was clearly eatallished hetaeen suelaetant movemen:,
surbics fension. and <leeicienl potential vecillutions, Thoring the comveclive stape, suthis s
datit showed st adsorpetion Jue fo the fast inflowe ot surfaelart ab Uhe mterfgy. Dueing the
dillugive sluwe, desonplion vecareed wnd gradients Bualy op anial the systeom beeame unstahle again.

4,12 Kinelics of Destabilization Processes
Kraulslwysky et al, (2003 deseribe the Rinetics ol emuolsien stabilization. They paapose tht
{stwald aipenmy could be predicted s

dmd . e A o -
. ER{!}——LLDHI,[{“HJ -::__f[ﬁ]l] (i)

where K ois the droplet tadios unider consideration,
Eis the e,
1dis the diffusa iy of the component im e eantinuows phise,
Wols the wolume o the molecule wler consileration.
s the number sedunee concermration of e doamponent in the eontionens
e, ol
L, 08 e eguilibrium congeniration af te conpasnent tr th droplet.
Subsagquemtiy, Kralehes sk el al, (20037 show that the lus contribatiog o O=tawall
eipreniog, of the flus o e Jarse deoplets, s



Initial State —p After Time

Figure 14 The Process of Marangoni Stabilization The surfactants are distributed around the
droplet to equalize distribution.

Initial State — After Time

Figure 15 The Process of Marangoni Destabilization The surfactants are distributed around the
droplet to equalize distribution and movement continues leaving an imbalance of surfactant
concentration, )
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SR B
Ry ={) - - —— | f{R.£ (L)
AR = Q| JI f(R.1) j

where §is e s fora given radivs, Boa time, 1,
63 0 e toetal congenteation ol e compssnent b inlerest.
[ s ke rndjas of e parlicles under corside ration.
K. is the meclsn madins., ansd
BELRp b alistrilzucion af the partivle sires ol nubivs B an tinwe, ©

(b= Dbe 1 (41

where () ds the total coneentration of the component ol inteoes,
L} 35 Al datbusivity o the camponent i the comtinaas phase,
bois am empirical conslont,
3 b wotal concentratyn of the companent. and
Voon the solume b e eonaprorent of migrest,
boralelevshy vl ad, (2003 provide o criterian for the Breshold of rapld coogulation o
idential pomticley s

L e

" o l Gl [--—-{‘- | (42
lI..-"' .

whete 1, b the eritical number ol which coalescenes occurs capidly.
15 he pacticle shargy,
b ds U beighl of the cnerey barricr to vealvsecnee.
W 3E surtace pelential
ks Bollamaen constant, aod
tis the 1,
Foraleliensbor vl 4 2003 ) alsn dereved a droplet litetine as:

. 2 r , : - "
= ﬁ.-T;f_El_f I”L ho|_ In .

_ ) 2eR,ap \i,,

-
1

(43}

wiere 1, i e droplet Sifetime,
1 s the viseosity o lhe inlerface.
Fe, st aloopelel saslin,
Faois the elegtrie Torew,
l,,, 14 1he ticad fille thickness.
[y, i= she Deal LI thigkness,
a3 the wras Dational constant. snd
Sy s e differeoee i debsity between the doaplet ard mecdiwr.
beralcbewsky wn al 4 2003 sl experimentad dand ot deoplet sl veesos dreplet hivemes.

il



| I Jiietimee for ahewd L wm droplets is abewet 2 secomds and Ber 3 oum droplets oabout 30 secands
for o sastem o] vl dreplets o small svsiore.

Krade b sk imgl cotaaorkhers also deseribe three seenaems B Twp-particly collisionas
depending eor tbe ype of particle-particls interactions: al i5he repulsive Rirces aie prodominant.
ehe tavo colliding particles will rebaord ard 1he colleidal dispersion will be stable: by when, ala
given seprration distanes, the atleoctive amd eepulsive Beces counternalanes cach oiher, agpregales
ar flogs ol atiug bl particles can appcear, and o) swhen the paeieles are i aod the aitractiee
interaction acroes the Tilm i preduminant. the Ghm will be nnstable andd sdll raptuee. which leads ts
the coaleseenes ol e droplets, [nepmelsions suchoas ol spali dispeesions, the latter i3 more Jikely

Eralehevshy of ol (206030 sbossed that e stabilite ot coulsions, using the Therageuin
apprresination. could e described as:

=l

PRI L O I L

i ‘!.:- . _ LII l:sm }_I {-SI_._,_ -4 j J;I ]'J k :Ir-

e

414

where W s e stability of the emulgion,
L, 15 the collizsan ebicieney ab b particles.
k iw Jalicomanm consLnt,
115 the Lemperature,
Lo s e cperey ol inberaetion betseeen particles ar muasanmunm iEeracilon cierey.
HI__; 15 01 S0 Pariliog) il nesTireune ioleractiom Sty
[} 35 the bdrocs amie Tactoe, and
UV as the eneegy of nteractvan belween pariwles,

413  Lifetime of lute Emulsions with Daoblet Fernpatin

[aukbin et al §2003) propesed that dilute conalsions couhl Ted e simplilivations of lifetme
conziderations Ly an emualsion. The enerey path Teadime Srom o siogle oviginal paeoele oo dauble,
whieh could either lemd o condeseenes, o flog, ar froctioaarion irde By sinele portiglhes, could be
wsed fo deseriby lfetimes of cmalsions comtaining sinall paricles or mini-emulsiens, Dukhin et al.
meste (had emulsion stabilieation is strongely alfecicd by veo specitic emulsion processes. (stwalil
ripenany wml coaleseence, Ui resull of Qstaadd ripening is that the seb-micron droplets rapldly
disnppeas. inereasiog the shee of the Trper particles. Congideritsg eoerey, a nzipl-cmulsion is ol
stably i segvmclaey apurepstion, Docculalion. or conlescence due 1o01he poteotial eoeres,
barricrs. Floceululion may e aeversible, bul destabilization praduadly ogenrs due o eoaleseence.,
The mechanim of kinetic stabilizaion due o apenegaie (rapmentation is less cftivient fer
craulsioms e Tor swspensions beesuse ol coulesgenee i apmepales,

T s pes ab agpreration e tlue e of eoalesesnec ave delioesh: rapid coaguiativn aed
slosw congtalation, Rapid coasulation is defined o o process in whigh all collasiooe are effective.
Mo coagulation can be explained by partiad eMigiency ol collisions because ofthe existence alan
enerpy barmier, In the vase ol application ol dsporsions, show coaleseence 15 mitially presooesl
2o veeur due o e energy baenier o e presence of surtielmls As the surfugtaots patitaen into e
water, bowever, this enerey barricr misimizes mul the svstem is girene o rapid coaleseence,

Diakhin vt al 4 20031 conehade thar coabescenee and fragmemiaiion time are thy Lo nein
claracieristics of o neini-cmulsion that determime iz sehilite, Frovmentation tioe is the time o
existenee of deahlets of other agorecates thal Feom i the cowlsion, Both eoalescenee wsl
Frasemmentation lime aee fungcons af deoplel moaliog and both inerease capudlsy swnh mereadiog radias.
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10 is owrtgel thae sovoe indormatien, soeh as experimental data amd the eory of e setardation b vam
det Waals forces. 15 not suffieiently knsw o e provide sccurage prediction sguains,

As coadeseenes i possible endy durime the Tragmemation time. the determinaticen ol
cottleseeney aned frugnentation tnes uader real conditions remains o ahadlenee. Dukhin el al. nate
thiarl Al e e s soene dzra B doublel Toemaation mys aod coaleseence times under relatively
real cotaditions.

Thakhin <t al, propesed the Talloss i relabion tor omulsiom sbeliy Limes:

f=y ot (454

where ©is the emulsion lietioe,
1, s Balue sz partic e Tiketime.
1,. 1% the sinede pactivle Bhelime, amd
1,15 the double Tiletime.
Mueasareroems i systems bave showin by and 1. ranging rem 12t 10 ntinufes and inone
caae o 8w 100 minuees Thds werld vield ceerall emulsian Lifetimues anging from minubes
fow hewars, Jdepending on double Leimes.

.14 Hvdrodymamic Instalnlity of Kmalsions

rataos o1 al. (20003 ) stwdied emudsion droplats ina capillaey fooexanine the ebbeel al droplel
meserrent. ey Feund that surtiwetant thinning veecurred o the Teading vidpe o the drosplet dlue o
hedredvnamiy targes amel that the Arailinege cdoe has exeess sueluctant, This Tiss consegliences o
wimilsion stability wheo there are droplets rising theoueh e water solumo, sueh as &5 e cose wilh
il spills. A fwecher phencmenon whseroed ik sorlwctant molecules deserb ron the madling
vdee ul the deoplet und abser's o ather droplets inohe area, pacticularly attbe surfctum-deplene:d
[eading vlgre,

Tritonn LU0 wars weed as o prototype model fae buth the theooeieal wd exgperimenti
portivns, Sraeime with conventiomal theary, the stability-inshility mansten of the droplels
sibjentesd te lydrods mamic forees sun by leserilsed Baoasyslem of towe ditferential eyuatios:
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where prois adimensionless pressoce Parmeicr.
Acls o dimenstonless Flamaker constant,
£ 15 i dimwensionless Jroplel nodios,
beis the Jdimensionless interdioplet spacing.
Moy are dimensiaenless gooupimps of the absomien ssetheroms.
1y 0% thee difTusion seross The deopels, mul
i [l raelius.



These cguations were salved and. with the s ol experimental data. stahility-
instability curves wene deson, These curves considened the veloeity ot e viaulsien dreplet, e
[ihm ki kness, ol the separation between droplets. When applicd w2 a lem disision, this showes
thatl at low surbctant copeentrations. a veloeits of OAGHI0E méis resalied in ingtaliluy snd a1 hich
surdactant coneentrkions, & velasitye o 003 inds resuloed ininstabilis . As these comdiiioms appear
Lo be well within those expecicd Joe oil spill dispersions. tis mas be g serious form oliosehility
ol gl sl dreplets.

Prmers ot al p1990%) bend varlier des elomed o theoretical moded tee calealating the mlluence
ol suriaelants o the approaching velocity ol tae mom-detormed Tubbles, This medlel ook inte
govenn e influenge of Gibbs elasticing, bulk and sorfee diffusivizies, and suclfige sseosis, The
woverning equation tor the surfsce velooily was culeubied mamerically w i e seloeity of
approach eclatyve 1o che peneralived Tavlor veloging. The caleulations show that the interluces
become inumoTile with o inersise I the surlace viseosily, The siame bebacienr 15 obsersed aiel
aminereuse in the Cribbs elisticity, Ao increase 10 the hulk dilfusion coeffcient lyads o Lasl
satyrmtiom nl ke imertaces, swhich eounter-halanees the surlue goosliont o fhe surfactant,
suppaesics the Maranooni ctfecl and mukes the imerties mebile. Valhovska und Danoy (20000
lad alser stuclied ditTusion coelBieivms o thin o hguied deaicaee. Uhey conshudesd this the grfeer
of surtimes dilTusion an {ilm deainage is soenger than that predicted in earlier thearetical stodies.
This wis comfizmed by stilies ol the deainage of nitrabeneene Tilms stabiliced sath dodecanal,

Doy < al, (2003 conelude That movenaent o an eowlsion deaplel reselts inam stshiliey
i the surtwtant concenlention. The soncentmation decreases at dhe trom end ol by deoplet il
derrenses o the traibing eulee ol e droplet. Surletan vansher petween twa doogrlets can oeeur iE
ey are close erough, The diffusion of sarfwimt hetween two droprkets may also nesuit n
Jestabilization and coaleseeney o e two droplets, FEaperiments and calealisiions shise th
inereisinge selogitics and the 131lm radios have destabilizmpe e Teets o e smualsions.

Ve and Pearikidis 200687 alse studicd the delormation ol droplets inoa Navies-Siokes flow,
They moted sisnilar etfects as chose noted by Do e al, (1889 ard (2003}

115 Imporeanee of Troplel Trelormation on the Siahiling of Lmalsiens

lvaooy o1 al, (19897 aralyveed the relmtive imperianee ol droaka deformatien, surfwtml
tranatir, and intetloeial rhecloes sn the propertivs amd stabifily of conulsions, Fhe appesmanee al’
deformation in e aome ol coolact Betaeun wo interacting deoplels bhas s number sl cimsegquenees.
This delarmutinn ipereases the impoctance of the intermelecular voigin amd gives rise fo
cornatriltutioes Fronn the inteefacial ditlaion and the bending eneriey, The Matlening inetezses the
visoaus diszipation it the gap between the twe callidimg dreps and thus pralongs e Tileime ofbe
Jowblet ol tae saeh drops, The ceiisul thickness o the pap hevseen the s dreplels also depends
v whether or e the dreps ane deformed, The Betors that Tacilitate the Meigning in e sooe ol
comiuet Fetween the two erulsion dreps ans the ineceass in draplet =i, the deerease inantecfaciil
tension, the bendime cnerey fur water-m-pil yulsiens, e increase i diaplet-drople atimwten,
and the suppressicn aldropla-draplet repulsion, The presence of surtiaclant stronply atfecs the
interfacial tension, the bending moenent, and all kinds ol DEAYO and pon-DEV O suiface forees
wperatie 1 e pap Bersecn b deoglels,

The rlasstopivil sl dvmgmaic properiies of Uhe surfetan aadseeptzan monalineers (Gl
clasticiny . stecliee WEsivies, surfaee viseosits . and adsarption relaxation i) are majur Blors in
the =tahilice of envalsioms wder dymaumiv comdimians, The solubiiing of e surtaclant inone af the
ooy phases v determine whether eil-m-sater ar water-insall cmalsions will i fotnwesl A
griverion is desclosed Tor emulsion stabilits secounting T the inteeplay ot all thermedyrantis and
[acdors nelel.
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(vatwr et al, (L8 develap the femms o e eneezy ol imeraction belbween two delormable
emarlsaon droplels as e sam ol he Toeces e heding: dilation. bending. von der Woaals, elecieis,
fosmie cascrelilion sortace Tovee, hydeation, protrision and sterie imerwton, vsgulladory stelaelure
Larce. and some other smaller contribeatons,

The buss aney Jorce cna adroqler 14 galoulaled as

4
F= 1 mi’ (48]

wheee 70 the Tuoyvimey foree.
15 Uhe dreplet Tadics,
¢ 3n the eravitational sonsimt, aod
A is the didTerence in density betweet the oal aned the water

[t should Te noteed chan, while tis equintion i similar e that ol Siokes” cquabien, the
lomee b5 relited by 1l eul=s ol the drophet rudivs rather theee the risine cale 35 in Sfekes” cquastion o
the sguame vl b droplel il

Poamers el b, €1U907 uote theat the surface of s etnudsioe dreplet s corrupated T cuptllae
was o caused by hertnal Duetuations o ol perturbatioms, There i filo thickreess, calied the
wansitiomal thickness, al which the nespective surface Mugtiation Beeomes unstabie and this surtive
corTueaiion bepins oo grew gpomtangoushe, A aogisen Tilm thickness, called the centical thickoess,
He nstally masinan surface corrugetions onohe tao opposite droplet socloees car tech cach
wrlier. [sing the ealeulativns developed, the droplet Tibsimme us o imetion ol droplet radius s
vitletated and compared o expecimuetad dana, Drephet lletiones vaes Team 0.2 e 16 seeonds The
draplet Teletims Tora L3 pm particle is alssae 200 secomlss Bara 20w partiele, ahoet 100 segomls,
anl For o S o parlicle, aboot LFsecends, 1 should be ooted that ool spaldsispeesions sl
particles are under 20 pom and te valame nwean dometer partiche siee 3s abow 12 o 15 o, Less
than half The volume 35 under this valus. Thes, anly aboot pall1he particles inconcenirated
sihsiens, sugk s ety ender the slick, bose lfetimes sreoter e about [ seconds,

Poamess vt ul, ¢ 19997 comehde that the oceurrence of Mogeulanien i me emulsia =4
sigmitivantiy alivered B the appearamee af delomuiien in the zone ol contact o bwe Dierwling
droplets. The appeiammes of sush i detommanicn bus the Rnliow i comseguenves,

i1 I eihsmges the imuertance ol the suefaee Jovees of imtermolecalias arigin amd gives rise Lo
comleabarioms e e anterfacial dhilatwon aned the bendinge voeres,

11 e velowiss of approaeh s dillerem [or two delommigl il swme-de fermcd deops.

1 The Mattening mensees the viseous dissipation i the wap between taoo caclidimg drops
el s proloogs the Blvime of the doablet of tae sueh drops,

i ) The eritical 1hackness ot e cap Petwoen twe deoplels alse deperds on whetber or it
U dresps are dedommesl.

Laquattivoms nelating 1o vaeh erfect Tund Teen developed.

Doacwow et all (LS9 nsste thand the Tollewing Gaclors Bweilivate the Huttening e the wone at
vontiet hetweon two etmulsion dreples:

i1k inerease o droplel siee (Uhis beconees crucial abwee aboot 200 pem )

i3 e decnease ol the mlertacial fension:

Lil) the increase of droplel-drspled mractban amd suppresgian o the deaplel-droplet
repulsiom;

iv e derrease ol 1he Lingenlia] mebality of the ntertiees:

v the Righ deoplet velume deaction torees the emulsicen dreps o defoem beeawss o the
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reslricted volunae: and

wid e furger the exteroal Terce, 1, exeried on the slroplets, the Larper ke delormation pon
codlizion.

Feamos el al ¢ 5599 comelule that 1he pogger effect ub'the presence aod transpon ol
suthaclant in vradsions 3s o aflegr:

21 1he wterfacial tension and 1be bending mement;

13 e presence of surdbelaet adsorplicn momalasers ol saclictan micelles in e DBlms
lheneing 1he DY O foroes:

11 e thevlawical ol dynamic poopertics of the surtictant wlsosplien monolavers
deterniine the stability ol ciolzions ander dvnamic conditiens: and

ivyin che vase ol emulsions ltom nen-pre-eouilitrsed o] and sener phoses, the process «f
transler of surfactand From e continuees phse toaward the dreplors for vice versa) iy ound e hase
a dlestahilizing o lest.

$.16 Emulsion Stability Yiewed as Film Rupiure

Chuesters snd Borblekes (20007 stwbed eonulsion stebility fren the point o] view o1 the
deformiution, drsinage, wnd ruptare of e Tl between calliding sleoplets in e presgneg ol
insoluble surfctants under the intluetve of v der Waals Torees. Egnations were des e loped bused
it the Tabrition squations in T pep Tebseen the dreps ancd the creeping flew approsimalien ol
Bavier-S1ekes” copunions, coupled with velocin and steess=Preandaes condivions ol the mertges. A
reo-urd 1 surlactn conecntracion aé e inerfaees. povernad by comvegtian-ditTusiog
equation. lesds g pradient of the imerlocial wensicen, which innam leads o additissal 1ameenial
siress on e imlerfees o Moaranuoni elbegis.

Tl equatkivms aew silved o yiekl boandars -inteerad metheils. The rnes ol sEspeesed o
conlinuos-plarse viscasity suios 45 investigated for oo of values o dimmensionless inputs.
anelwding soyEetant eoncentrations, Jtwas foumd that a Bdr approximation Lo bese results can be
prov lded By o simple expressiae [or critical sinfiectont concenteation and eritical thivkoesses ol by
inberfices, Murmesicul sintulatieon sbows that the mindnal Gl thickoess tha woeudd oggur kel
uplure vacies Jicde with suesaclant conee nitions ups to s eerain paint, alier whicts such suetzelant
eoneerralon teduves 1he probabaliy ol rupture,

Chesters il Baeehlehas (20000 nated leat o sees simple relationship could predict the
critagal [ilm cupstune thickoess:

cml
=z i 141
Bo={A402) i+
wiwre h s e critical thivkness hetone 3lm uplane Badiog o conlescenie veens, aod
Al The dimensionless |lamaker constant,
Farber s clispment leals ter the cquaisen loe minimunt thickness ul condithoms whee by
vaacosaly ealie [ail-to-walerh 33 very o

(&

L ™ [ rr'-j-:-':. 1300)

and wlhen the vigeosily mtio ol aal-ta-asmter s bivh,
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where T, 1% Qe niniooom 5w Grickness he lome ougiioe.

T is the dimensionless seress applied Lo the system, wid
B b the dimensionless viseasity matio, ol o-wer

Chesrers and Baehlokey (2000% summariee their resalis as bring the inlluenee of
surfackans. viseosiy e, and viker pamimgters an the crineal oo méinimoem thickoess of the Tim.
Feer dpapiets i the nullimer sive, e influence ol dittusion is aegligthle, wohile i influgoce of
van er Waals Torees can be deserabed By appresimate oelation Tor the eritival i npuee
thickness, Drainage 3s then virtuadly onadleeted ba the presence of suriGotants down o seime [l
thivkoess - wiromsition thiskness ul which e immsition Woiromobile inteefaces sets o, nothes
words, low coneenimtinos ol surfuctaod e litlle elfeer on the eondsion stabilivy as the crowal
[lan chivkoess coes ot ehanae har nrueh with the sdedition ol s serletm cempanal fo basang po
sy Bletant.

For smaller deoplets, the inlTaenee ol dilTusion Tecores. mere sisnidicanl aileviting
eradients in sl coneentration, thereby eedwecioe the eMecd of surbctants on drinage. Ay
smiall Peclel namalsers, 1he olTeet ol surfaetants ity elimmated ard the system Tebosoed a3
surfactantfree ome with o shichely redaeed interlacial tension

4.17  Caleolations of Coalescenge Tiny

Li 0 L6 develaped a nuode] G predicting coobesgenes time. The medel is based on the
dvramics of the thinning film with mobile merfaces. The effects ol surtzee fension gradient and
star e v s osily upon the surtice mobiling, drainngs, and ruptore et s dumpled ool [lom ame
ancludeil. The roedel was compared o oactual systems of glveerel inwiangr stabilized by Tween 20
The time precletivg node ] developes 1s;

. . II.T.1:._. ll“' Jr.|-\.|.|5-:.| ..-'| H.IF--I--’.-:
!l = ﬂ.._.;_jlr __-1';.|| el IHI |.|.:.. 1

L
L

whers 1,18 the eoaleseence 1ime,
Uis o alimeensiomless rndits parameler.
wis a dimensionless potential weem.
Eoia the Loroe exerted <o 1he dnonler,
v 15 1R dimenstanless seees occupled Tee e suelaenie,
B 05 Lhe uslius oof the dropler wlen the drepiet ruptues.
0k the dimeaaionless terfaesd wnsion dillerenee, aml
B i the dimesienless Bowssine surlice foree.

This pguantiom s wsel fo caleulate the coaleseence times o varions syslems o gleerel
an wates stabilized wizh Tween 200 Uhe agrecmen wis ceneradly wilhin an ordee-ot-magaitude.
The eaperimental vulaes of Hames ranged e 13 360 secomds wmd 1he calewkibed vnes romgsl
[romie & e B0 seconils,

i



418 Models Focossing on Film Drainage between Twa Dreps

Yo el ab (2000, 2002, 2005 iul Ve and Matar {20051 deve lopesd o sepies ab nueslels Joe
eritalsion stakdlity based on 1l draivage beiween by deops. Thear studies Becussed on
Marangomi-dereen local continoows il doainuge beragen two drops induced by an initiudls
nenasiform inkerlaeial distribution of msalable surfscns, Vsiog the lubocatien appooximaton, i
coupled sy stem af founh-onler noolinesr partial dilferential equations sas derived 1o deseribe the
sqatial wnl e puoral distribubions of the suelace film. Xemerigal solutions of the goserning
cguations were obeaned using the ounerical metad ol Hes and placement of appropriale
Eesnddany conditions, The elfee of sariables such as the viscosily rtios Background surtagimt
comguntratioe, Feclel nunder, and vie der Waals interaction Tomms on the dvoaeeics of the draining
lilim were studicd. Maranpgond steesses wene Touml g gy Lvge detormations inthe lgud lm.
Thickening of the Gbm ot the Teading vslye ol dwe surfaclant was aceomyanicd by rapid and severe
thinming e upsteciam. Tindve cemain cooditions, the severe thimmng leads direct]y wo Bl ruptoey
e Lo the indTuenee of vander Waals ferces, Time seales for ruplure, progmotad By hlacaerzanis
daiven Jecal Tilm dranage. wore compared with thase gssogsad with the dimpling ceteet 1hal
acceimpanics the approach of two slroplers.

e sarfactamt difTusis g e scade s fowwd 1o be:

where T 35 the e seade ot surfactar dittusum.
B, i e alroplet radlius, and
[3 i e surfactan st rate.

The time seale ot slasangoni-driven spreadiog is

1R,
L =TT {+4]
AN
where 108 the tioe seale e Marangan-drrcen spreading,
1s thwe vatie of viscasity Between Uee 1o phises,
Ris the droplet rdius,
£ ks e Tatio Betwamene thie axdal il radial dimensions, wad
5 s the dillerence in swefactant concentrtiog ol the concenicagl porticen and The
deprleted portien ot the droplet.

419 Monlincar Raplore Theory o Prediel Stabalily T

Lign et sl (20000 iny estigared the ellects of a soduble suelaetamt om tw dynamic rupiure of
thin lgpuid 1ilms. A vonlincar coupling svalution ggquatian s wsel e simulate he motion o thin
lguid [1hms om free surfiess, A generadizod Fromkio nude] was adopted 1o siculate the
absoeption desoepticn kinetics ol the sebuble suefactant beiween the swrfuge el the nulk phases,
Samvrival simalszion results shaveed that the Beoguid Gl ss<tem with solalle saelbezat 5 mone
amsiable than that with imsolable surfactant. A veneralized Framkin model was substiaded Tar tie
Laogimuic model 1o predict the iesabilite of lgusd e adh soluble surlagint.

Exlensive model development was comdugted aed wiing these models a simple qualitative
e ressia ol e [near oupiume e s deseloped:
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1
o= - —In(dl) (53]
L

where TLois the ruplure wwme (o the Bilm.
ta,, 3% The maimie distarbanee geowth e, ol
L. i the imtiald il thickness.
sttt l calealaiiom usine e seneralized Frumkio moded shesss than we sazlaetant
solubilily inereases ws The salues of (e ahsoeplionddesoeplion rate constant nenease, as the balk
diflusion com=tam menises, and e ilm systeny subsequently beeomues wistable. The suelactant
sulihidity decreuses as the rate of equilibrivm and interaction ameng moleciles inercases. which
increases the Blm shiliy. An incoease of relutive surlice concemiration sl mially sesuly moa
deerease of cotrespomling shear drge Larce, mereasany the Marangond et Tio et al, (2000 ooted
thraat Th 1 lieet ol vian ler Wials forees is the moest pesertul Breter than causes e cuplure ub the
i,

&, Loy of Burfactant to Wader Coldomu: Dleserption

11 i wel] ko thar in dilete solutions much ol the surlgam m e dispersed droplets
ultimarele panitions w the water colwemn aml 35 lost w the wil dispersion process. 1t 6 any
starlietanl would panitian back inss fhe droplen in a dilute soluton, This is one amparius
diflerency berases dility and consenraed sulutions, Figares Tand 17 show Tbe absorprion dnd
desrpticon: prowcesses, Fleures T8 amed 19 shew the dillerenge beaweon dilute and coneenimbed
I STHUTE

This less ol surlagtunt is relavd wtbe absoerprion of swelaetani ol the silawater interfaes o
b reverse ol his, tae eserprion of e surkciant ab twe oilwater inteclRice, T is statesl thin this s
Whe mesl imporant precess for the chemical consideration o sarfictants and interfacial chemisiry
iShaed ot 2l 2000 Dukhin et al o 1995, When surfuctunes are dissolved s Bulk phuse suchas
wirdeT, ey strt o be abserbel o the ebl soeloec of interdoce. The mierlosial wnstan eay decrease
untal wpailibrinnt is ceached. The kinctics of this interBuial decnease with sarfactanl absorptan are
well krowan, but the desoeptivn kincties ane Jess aell stwhied (Shioi et al, 20000 Takhin et al.
431, [Desorption oceurs primatily a5 a resnltod the lower concentration ot surluctants m te bulk
phase aor wuler, The surbacins will vaosdor back and tecth from the wilwaler mierfsee until an
eyuilibeiwe of concentration 35 established m e mterface or m e bulk el poater).

It the vase of ail-ip-woter envulsians sech as crnde oil dispersions, such equilibzisen s
never established as the dilikion of the ail droplets into the waier phise 1 constamly decreasinog.
s ey is oot mavement of sunlctant modecodes feom the ail dropet intec B o the wiser
column. This resalts in contimuews destabilizmion o he droples aonil these s Eele surlaclant et
15hEed et ol 20085 Fhe nugjor spaesiic is the bergtho ol tame aedi| sizgni Beunt Jestabilization tikes
[ HTHES

51 Studies an Surfactant Absorption and Loss

Shivi eral (200071 stodicd surluciaot ahaarpriondesarption using salum shodeey | suitate
el o-eptumie as ol Thes focnd that the interiiseiol tension between the wil and water deereased o
bt half in 3 seconds indizuting desoeplion ol he saeluetand feom the el deaplet intzelage i
he bulk water phase, A kinetic prediction system was developed. whieh s detailed 0 Sectxen
RE
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Initial State —_— After Time

Figure 16 The Process of Surfactant Absorption The surfactants absorb to the oil droplet
interface.

Initial State — After Time

Figure 17 The Process of Surfactant Desorption. The surfactants desorb from the Oil Droplet
interface to the bulk water, The concentration of surfactants moves to achieve equilibrium
between the water and the interface.



Initial State

Figure 18 The Process of Surfactant Absorption and Desorption in a Closed System The
surfactant concentration in the bulk water and on the interface remain about the same.

Initial State — After Time

Figure 19 The Process of Surfactant Absorption and Desorption in an Open System The
surfactant concentration on the interface continually decreases as the surfactants in the bulk
system dilute.
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Fum et al (20037 stadicd surfuctan deaivaee om s vl droplet wsimge imaging
ellipmomuinerelectronzetre, Tine oil was sequalenc, O, and the monionic surfactaot OB, owas the
tesr liguicd. As low surfactan coneentrations. < I0% ol CMC, they olseesed Bln reeovery due S
the Marngoni effect AL high surfactont congentratioos, there were minimal interlacial wension
pradients, As moee sarlustnt sas abded, the sguilibiivem thickness of e interloee degrgsed as o
resall ol partitiendng ol surfaclant an the oll-waler merfoe,

b vt all (2005 stuslied the competitive iwlsoicne ol socdiune dedeey] sulfate with
podvethis lene axdde surtiwlants, Sum regquenes s rationmal specliose o wis wsed o stady he
imtertiges. They tsund that compelits e abso plion oceurrsd, leading 3o rapad desarption of the
sublacrots, Desorled surfactands fottned compleses or dilubed i the hulk phose.

Liveet sl (200K studied the surfactant loss invalved in seconudary oil reeoveny processes.
They et shat suclcta Tass is the major coneerm m chemicad oil recovery precesses, Allhougl
birsis 1o 1k resersoir walls By adsorption is a problem, less W the water columin also wessens the
cffvetiv eness. Studies ol alkalinessurCietant slug mjeetiom, which reswtts s loss ot suelaetant b the
waler column, show that sueh loss conlil be minimized Ty choesiog a difTerent sorletaml.
Surtiaetunts 1hut had sveereism with the alkaline Nood eould also resall i additional ail recoversy
ean 3L host i Ui swatler colarmi.

kexoe ctal. (2003 stedicd the alserption and desarptian al s alks Dsul e Dype ol
surficlant e o wolernirobeneens interfge. A quasi-clustic ser-seattering beelinigue wis usel
fo sy e dnterligsial electric potential, They feuand that there were chemieal ssallenms aith
periodic abwon plion armd desosption of alkvl sulfate s, Dnaddision, tery wis o capid or abropt
adsorption of the surtietant moleeales ul the surfee with oslew desorption of the oos Grom L
inlertiaee. Frem the analvsis o the sideo, the workers coneleded that coch shrupt adsorplion was
mcpampsienied by sl wovieg modion acress the intetlaee, This muetion leve]led sliwer e the
verseetive tass teaesler. The abrupt abeorplion is coused by pon-lmear aoglitication of the moss
trasslier of ions Grem the bulk phase wa e Tiguid interlce by o type of Maranpani convection,
which was ceneratod By the Sacul sbsomian ol the suefactand ong 23 the lguid imlerloee resulling
i thy heterapeoeits ol intertacial wosion The process appeared o folloss an ascilars foeenat,

Beovalehi amd Woelhardt (2080 stslied oseilliions ul he imterbiws. Csgillutions ol be
clectrival potential threagh the interfin e and o imerGaial weasion were ebseesed by trnsler ol
e spevies thregeh am oilfSsasnter ipterbwee woal o lgpaied val membrane nerposed belween 1w
aguetrus sohatims, 1w fotmed that auto-vseillations of the serlfaee ersion vesur a0 the aiesaaster
inter e with the dyssolusion of woswelactn droplel inthe bulk water, These aseallarions are
asvmnuetrical and aee believesd o be associne] winh in-coualalein in the £y slems associaiod with
surfagto-tros e e anisme.

Fukuda {2005} peaposed that lipophobicite, repuldsion e oil, was an Smperiane chacaeerisiee
i improsing surfactans performance ke cerain surliwtans aml i this dnpreved absorption
charusterisigs.

e hors and | Lewel] (2008Y studicd the precipitation of mizeed surfislants b
sedution. Uiy note that 1he precipicwion of sarbwtants is of cansidecable mgwertanee i petralews
applications. Antomie suclactants react siih Jdivalent cindones el precipitote readlly. os waelil be
expested from woniy reaetaans, Howeser, Seanelnnn ancd Darwell alse paind oul thal eany nisesl
oy letanl systerrs also procipiiate duwe 1 interactions Beteeen disfenem epes ol surfacians.,

Ahae el al, £ 2005 comsdaetes stuslies o he inferlacial wosiens of ceude ail Som o Chinese
Malal amad o oetyhme iy bl ey soefctant, They tewnd Wit in hish saliony walers, te
suptctand reaeted with the sodiven sons o prodoce s, schich pactitiomed very moucks ince e
water plitse,
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5.2 Theorelical Stadies of Surlactant Loss
Adsorption Approach Using Langmuir Kinelics

AN arproasin oo nsoppien ek desoeplion ol surtaetants al 1he ilerbies 15 o Tgin wilh
Lagmuair kiretics (Shion e sl 20000 Dukbinetal, 1995) The Langmuair ki 14

(Tt}

——= -+ Ketl- 8
elf ¢t :

136
where O0s the ITaction of ererbwial urea covergd by e surfinciont.

s the Limee, Dierg slimenspomless as scaled by the e eonson

R i the equilibeiee constant, aend

& 4% L concertration of the surfacton i the balk phasse next w the ol

The nest relationship o predist the absoepian ansl desorplion ef sarlactans at 1he ioferfies
i rmbin s eguation o siaie (Shoe e gl 200400

= = - ) - e (5T

where 117 i o dineesdonless inteatacial pressoee.

s the Tractioon of intesfacial snes covered by the surbw i, amd

i 3 i parameter Qo avrackisg imeractions belaween surtactanls ab the ineTisee,
The imteelcial pressur mas be appresimeded by wsing the inderficial ension such as:

11 =% -% (58

where 1705 o dimensivnless dnterlicial pressure.
-+, 5 the interfacial fension withoo surlacta. amd
< 1% Iterfae ol tension with surlictn,
Combining the above cgquintions, ong cin abiain the Jollosing (Shiod vl al., 20000

G o
I 1391
dr 1-g |

wliere 7 is interlieial teesion with sorbctant,
£ is the Froction of indesFweial ares coveresd b the surfaclant,
i 3% a0 pairane Lot Tor atractive imterwiens between surfaclone ab the interfaee, Shivi

ebal L2000 foumal s b ovary Trom 003 10 14 and wis 1 pacali acounst 13wk
nasetnal vl

522  An Empirical Approach

Comell el al, (2008 condaeled asevies ot stedics o the surtelant remoecdiotion ot
roritgusots-se lgaids (S APLYE They mgasure:d the partitioning of an @l late noniani:
surligctant. The empiriga] sgquation obtaiwed wis:
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(AL

where £, 33 1he masiname comeentialion of the surlctant in the nen-ugpavas phase, NAPL
v il
k is the partitiooing eonstent, 2.3 5 1, a5 finnel i s sy
eme is The seivizul mivelle concentration. which sameed fronn LRD o 2040 m s
sty
111 is che inrerlacial wension between the oil il winer, which anged frem 28 w 40
i Ehis sty
i ks an empeisal coostant, foand 1oobe 00 0 ke stady ad
J4 s egreienl eoestant, Jound b 5.2 01 shady
The etpirical results in the stedy showed that 26 w46 @1 af seelatam resideid inthe oil
phase of e ssstent al the e measwred, This would comrespoad Lo 200 1o SEG% o1 the surtwtand
e A et sy sl werg dessed oo LOOO o1

523 Application of Several Absorplion Models te Abserption/Desorplion

Rarvera o1 al, (20600 deseribe the wse ol mualtiple madels woapply o modelling the
abssrplion ' desopmaan ab sweloctants o the itteriace. The tansler ol surfactants = ol s aiso
affiecting fhe stability of the codsion itel as e intecface stabilivy is changed s suelaetaet
tramater. The authars mose 1hat the problem ol Rgead -l suclbeaet bas beer igoored compared
ol ol [gued-vapoar iromsrer,

Absorpiien ol surfaciants at be nlerface imvolves different me-de pemlent meghiucsms,
restalling in the transtes of melecules fromas the interluce W restere Thy eguililriam s, There is
e i exehange of surfuetimt belew the uerfage, in ao arca called the sub-laver. DifTusion 15 U
controlling mechamism for glserplion iy emics i mosl cascs.

The Basic absorpiion kiretics can he deseribed by (Ravery el al,, 2006

I
—=th -, -b

fixl]
ot

whwere 170 the overal ] ahsarption o seelietanl.
s the s o surlistan fo the ioterlace foom the Palk sedution ar gbserptim,
e, 3 tby s ol surfvetace 1o the bulk solution froen e inkerlaee oe desorpiacer, wd
el is b flux ol surtzetant 1o 1he imtertaee Trom b sub-lser
A wariely of basic absorptiensdesorpion models are availabile 1o vse ol cach bas some
asmplions with i (Eoseret ol 2000

Henry Madel

Sk -k, 62)

whese s Che overul T absarplion af surluctmd,

n
Lad



k, i the rate ol surfactant ahsorptien o the inteeluce from the Tk selulvn,

by 13 the Fate of suelhetant desorpiion from the inerlaee,

1", 15 thwe us ol surlaciant oty bulk solotion frem the inlerface ar desorprion, el
the U eof suarlagtant fo el iren wce Teoan gl sul=liveet 15 mo1 108 Tuwlesl,

Frennsdhich dadel

.
Sk - KT

ot GKE

where Fas the ewerall absorplisn ol swarlactao,
K, i the mate ol surfactanet absorption o the inteeluee from the baik solutien,
K is the eate of desorprion.
1™ 0w the T of surlicsinm o the hulk solation froom the inertaee or desomqien,
e 35 1k order ol the shsarptivn o oumber ol lavers, and the Thax o surlagtmt o the
interlige From the suls-laser is ol melusled.

Vamn der Yaals dodel
il P I oAl AL (]
R T g -
elr - 1- 48 |- Al koo
whery B is he voveralt absorpiisn ot suefaetaen,

k, in the rave ol surfactant sbeorplion i the inter e Toom ke balh solution,

k, 35 the eate of soefactant dessrption from the intec e

10w the o af soefetimt g the bk solutaon Teom the imlerbiwe ot slesorplisen,

hois m empirical consiin,

L1 is e zepulsion werm,

k L= leltzmamn constant,

11w b asaperature, aod

the fTux ol surfactatr Lo the interbace froem the sub-Bver nob iocluded.

Langmuir Model
01— — kL (G}

wlhere 1705 he vvesall alserption o surfaetanl,
a b Al rate of surlbesen akseeprion Lo the intertace Mo Uie bulk salution,
Ly i 1D eaty ol sartictond desorprssn [Tom fhe interbaee,
I i e Blus ol suefzetant o 1he bualk selution man the oterface oF desoepiion.
[ 9% the sturaled eomeengrtion o 1he surdaciant on e interfaee, nd
e lux el =urfiscinee b the interbaes Brom the subelover G net ioelugded,

|
e



Y¥rumkin fodel

LT e T 6
gr T TR TR

whene 17 0s e oveeal] ahearptive of soelactant.

k, i the rate of surfactan? sisarption o the ioterlace fron the bulk solution,

L, 3% the et aof surlactmi desoeption foom the et fwee.

1, i the Mo ol surtictant w the bulk selution from the imterbigg or desorpion,
I 35 Wb saturated voncenkration o Ve surgselant an the inteclace,

L1 is the nepualsion wrm,

k L Theltomumn vispstant,

T 15 thy ernprerature, anel

the 1w of swrfactam o the mierface Uram the sub-lver 5 net included.

2=5tales Muodel

il . _ ) . _
— = Ll] r:.i'_[ll-- s l. "|'|Z_:_-:""'| [1—m;,| 1 - u s . 17

iff

. T e, 1y

i

where | the woverall absorpiion ol surtutant,

k15 b tale o suarfiwtm absocpton e the anterfaee B the hulk salnwn,
o+ 3 the surloee aeea o the interfaey.

L 23 the dTus of surfactat wohe bulk solutivn e the intetlagce o desoepiian.
k. 15 the rate of surfactan desarption froom the nlerface.

k.o 38 e e e soeliwctant eramslor 4o the interlace Toom the sub-iuver,

e 3% the swefuee afea ot the subelaser,

v s e sicfaee anca of the mmlerlugy,

0 1 i cmpirical eonslan,

o, 1% Che sy rgog ames o el taew layers.

1.5 the absorption of the suttictant v the inkeclucy, al

I, 15 the alaerption of fhe surbaetant ol the sub-Taver.

Paverin vl al, d2000% alse describe Techmigues o imeasere the padifion caelTeient vl
surfactants betaween ol amd water. Thes note that the paeition coelfeiens of several surlaglants
have been imeusured and they peos ide these values, For example. Trinoa 100, @ surtcling similar e
What of wil spill dispersanc. has 2 partition eovtlivient of 087 betweeo n-hesane and water. 0,71

Petween n-heptane and water, ard 426 Tetween po-oectane anil water, These pariiien veelbicients
alicie that, gy wguisibeiwm, st of this particolar suclocte will reside inthe waler. Toapen
st slen, this eguilibricem will et be neached amd most of the surfimt will mase b the water.

524 Kinctics of Absorption

Péoskon (19496 ) studicd the ubsseption ol surlciants with short chains a1 e ligquid-ees
mierinee, A theoretivad apprasack was combined with experiments ooy ield the kiovtcs vl thy
interclimee ws Bueing i w millisecond Lline frme.

T her hesie alvserpriom e coan e describe] s,

L
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where 135 the tinwe of absorplivn.
I 1 The abanmpion vl e sorlaemi.,
¢ 15 b srlusten bulk coneentration, and
L3 i thue didTusion coe i e,
Tz s combined with severs] other developments and experimmemal oo o vicld v
soliIasms, o jel solaiion:
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y el s

wlhene 170 e ol piien of b soelactan.
T s b lempreralure.
¢ s The comeentmatiom of the serlactant in e Tuik soelutien,
[ 1% i coostaen,
Lis a Bessel tunstion of 8" arler,
ik, 15 Uhe anuiial surtiselant veloeily,
(3 i the dilMusion goed1aeaene, il
i, 36 b rogrm caclios aF Lhe jen,

Ancl a complex selullan:

o-0, 2Eiav g i A-Ey O]
=) ‘:Jr{ E; [T v, pre i A _E}:} .

whiere a 3s e interfacial tension of the system.
a3 1he eal-air interlfacizl lensian,
[ 35 thwe chaepe ™ interficiod tension with the chanoe in absorpiien.
1 tbwe | derasaty,
win the viscosity b The i,
¢ 14 the density of the surBwtunt tha,
bl b dlistanee tron thy et souecs 1o ihe nesde o consiedesation, amd
i 1 e el mancdies ol gl et
Mesikane (LU alse describes experimuents thit e W e measurement e alsooption Limees
om the urder b milliseeols. Finphasis s placed onthe Sl mech experionental data s sl
milssing b deseribe 1he asotplion moTte exagtly,

525  Absirption ol Surfactanis Bused o Cliemical Paotential

Fatnerman ot al f U developed aoseries of predicvtion aluoaithms seasting foom chemical
ebentinls These alyorithms describe mixed monelasers of surfaelants with dirfenent melar areu
values, munsdues wilh both suelfactans ansd proteing or polvmyrs that sy capuble ol resoricntadisn
ab the mierface. L maodels vensider the < Tegt ol sell-regulotion M the suefiee lves composition
i ol by surliee prossaeg. 1is noted that thes modelling approach allows fer the consileiation
o s lactanl inweraetiom aod the oecupswes of dilferenl areus by suclastams,
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Besinning From chemicad poteniivl, the surtuge pressung eeered by saelactants develops
o e von Seesekowski equation:
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andl the Fampmanic caladion:
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CHENLTS

whene 1116 the suriaey prossura.,
1, 15 e il inkerlacial feosaen,
1 s ke eslablished interfacit tension.
Wi was comstanl.
T 15 e wmpseraiure,
en 5 e mnolar surfce acee occupecd bl surfaetant
ke in the distribation coefeient of the surGetant - between tie fnceefee dacd bulk,
% bshe Pracien of U saeletant ol e imerlaoe,
bois the surtace-Tolk darthotion coefcien. zond
¢ 39 1be comeeration o the suefactant.
Tuntber desclopment Tewds to the nelation of e Interueiad prossome S s e ara
cs el el s alse the Frumbio cuiadion;
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where 1 is the surlwee pressure,
[ 1% gas ponsbid,
115 e tetn e,
e 15 e mwlar suelace anss oveupisd Ty the suelctaon.
16 e e Lion paraioeter o specics s the mterfave. s
Ihis Al surfuee coveraee of the sorletant,
Furtber developmuent asd o comparizon of the absorplion ol 1 s tactants al 1he bierfie
sl
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whire fhe subseriprs Loand 2 acfer Lo dilterent surfaclants. @ oanid 2.
i ol sy ptices cocfbicient of fhe surlaeiant ol the intertee,
b ois e surhwee-bulk distribiien coetticientl,
¢ i1l coneentzation uf the surfctant,
L1 i the surtaes pressire.



e js e muolar surdiage arca occupicd by the surtactant,
K ie was eomstant, and
115 1he lempeTiture.

This 15 am impertml eesolt as iy implivs thot wsoaller suetaclant will expel 2 ke ooe
troem thy jnterlaee given thal theic conecairations ane about cqual. Indeed, ather studies 10 this
Pl comliren that this it cose.

Centinging development s he models alse results inthe predicoen of e changs in
desarplion of proteips ot surfaglants trom the interlioe sith time, also the Maclitehie voualien:

where 1195 the suefuec pressure,
Eis the e,
ki gomstant.
an i e ol surface weea oecupicd by vhe surtietant,
I L= was eonstant, aod
T 15 the wmpeniurs.

Thix wipsitieon shoaws that the charee i he nterfacial pressaze s experential wuh time,
depending v the surtace arca occupicd by the surfactant. "Lhis sooabd inapls that Teger sueeloctmts
woslild s Leld emulsions with lomeer stabilicy,

Fairerman el al, {1998 pute thu 1kese copetions ancd Jandings con be derived i jwee
simgnstomal solution applyiog Budler’s equations Boe the ehemical polentials inoo Cibbs dociding
surlace. The news equatnens deseloped ety deserld mised mznoliavers of surlactmis with
daf¥eren molar area valoes as well as prawing capabbe af re-oriviting an the saclce. S impoceat
fomsline Is ke smmaller sazletans will pash ol kerger swelaetands, proteins, or pols ners Toom e
inlerface. The surfice pressure alao ntloences the thckness of the imerlwial Taver.

8 summary
2.1 Stability
1.1 Thermudy pomiy

Stubality wsoally refers te the pesistanes of smulsion droplas o sualesoenee. Asseveral
other instubility mechanisms have teeently been lewnd, stal=iay poa sefers o resistande 1oany
prescess @it sesduees the number of droplels or ercases their saze s cnulsioms ane oot
aermaealvoamuivally stable, e B teem thes will mose back oo mere stable positen., which e
1he udispersed state.

Ehre iy foview fhwe stabilis o am emulsian is b whern 1he disoecsed phose is brokes e
clroplets, e surtige el voerey 3 iocrewsed o sy thal eorresponds foodhe siee and number of
droplets, The ivcrease ininlerfaeial free enerey causes the thermods nemae instabalne ol by
el peerme] phose.

6.1.2  Kinglic

Kinetie stability reders 1o stabibin i terms o ime, Whils an croolsion is never entisely
slably geenting s thy kineus delinitn, imay T eonsadlened to be stabie 1t the material 15
sifficientdy stahle within the wee tinee, There is neostandaed convention Jor qomsidering slal: Ly
s, S suthors use Talt=life, sienilar o rulanion, shich is appropriote bedause most provesses
thaet alestalilize cronlsions are expuonential, oe analogous fooctions, with respee e progyss.
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£.1.3  Closod Yersos Open Systents

The stabiline of emulsivng i o open sestem suchoas the ooccan 15 a vers slilferent mater
Whae i o elosed svstem sueh s o jae, The continuous metter ioaclosed system con b altened to
increase stability and surluctant displacemwent, For example, many food emulsions are rendered
stitbde Tor el by adding polmeers amad thickeners s Uy contioueus mediom. Crher food
eitulsivns are oot highly stable, Taliam salad dresedng s an example oF interest as botb ke oo and
the surfsetants bear relationskip we oil dispersions inopen water, This sulud dressiog must be eee
wiulsifisl by sdaking before each wse and stys inovscable Turm or oaly minules, Ia sundy ok
it s seport, an emulsai formed rom o eruly oil wsdng an bonic sarlactam changed from siable
L dias s ooty i61he witer conten was less e 20%50 AL hisher water conlents, e samy emualsion
ws KLable for onlv oy ew miutes.

t.2 Pestalnlization Processes
611 Gravity

rravily separalion of emulsions vecurs witl or withou the presence ol surtzelants. Faora
uiveat clroplet, the oflest of erovity 35 sienpdy o umction ol the difference in density o the oil and
the waker. Tl rte at whivl gras by sepacaiien ogeors sanices as e sguare o il pariole st and
muversely as the visessity of the cominuamas phase, whieh s sater 1 this study, This s one ol e
distingaishing Teatures Tetween wil spibl Eispersions amd elosed ssowms Inclosed sestems, the
gravity separation of e ofl deoplets can be slowed by comeoolliog the siseosity ol the medium or
comtinuows pliase. This s carried ool fe oavomiise for cxample oy using viseoesiis enhangers Lir
the centimaous phase For adilute svstems sueh as odl spill dspersaens, ealealyiions sl
experimental duta show that geav ity -indoced creaming and eonlesgeney are the primary Loss
resecliianisis.

.22 Creamiog

reaming s the sising of dreplers wo1be surface as o resull af geas ity As modl alls arg
Tigdite e thaes water, this is Uty piead Jate of st ail-in-water dispersicns, Creamning segues
repardless of surlaimt content mul aslroplet eises at about e same rate with o7 withoeo
suTh it Seensetimes the werm ereaning s oused e calleetvely deseribe all processes nolved o
ernlsion destabalisaton, whils other tmes, 30 refers o gravitadenal ise only. Threaghout s
repurl, ceeaminge relers be era Ostiomae] rese onls.

6,23 Redimentating
Sedimentation is the reverse of coeaming and ocgors when e ol or dispersed phase 15
Reavier than wiler, The Saokes” cquation ks relevant o the rate ob eitber sising oo smking,

.24 Conlescence

Coealescener st Germacion of dreplets intes o Heueicd of the sunfcee. 1 oeeears when tweoar
e droprlets Jein o Ler oo Larger sleoplel Clussivally . prat iy seporativen wis not gounbel as o
meghunism ol destabilizgtion. [Mezeammy iz et coumnled as o destabdization mechunom,
cimalescenee is the peimare dessabilization provess Tor epnuksions sucl s coude ail-gisea
dispersioms,

1 s impuoriant e unelerstand thar mueh of the coalescensy that eegees does o adter paricles
ave collided. The deoplets of a dispersed ligquid inan ersulsier are o consian motion od
therelere eollide Fregquently. 10 e tnerfial 1ihn surretsding the deoplels 15 e weak ter wibstand
thy wollisaen. the dronlers sl couleser.



Ao side nete, conulsions stabilized with solid particles wend wbe much muote stable 1han
those stalsilived wich surlactams. 1Uis siggesiod that this s aresuleef the mone cigid glm Geresd
by solid particles, Some resvirchers noted that coalescenee is mers prevident i sall waler tha in
ITersh wiler,

6,25 Floweedlalion

Flogeulution neters o he foemmian ol clusters of particles, Typleally. the migrfacial Bayer
an e droplers insolved io the cluster preyents coalescence. Flovealation s coused by attraction
butween pacticles such as fbam van der Wands torees, Thae Fee ol Noes. the end prodoct of
feevudation, is alsa creamiog. s the chusters e wonoeh greater rise rate than ndas idual sleoplets,
Floceolution Tus nal been studicd exicsively Tar crudde ol smulsions, One stedy on keresene
enarlsions showed thae flocculabion docs occor with these comualsions, especially wath exeess
£af lacanl.

“Depletion {leeeulation” is snother wene used o redes 1o Mocealation, bt this aceaes when
e process 15 depleiimg deaplels i the erlsion. Insome cmalsions, either Necetalation or
camleseenee ur ocvur depending o conditions sueh o subtvpe vr concenlzation of the surbwiot.
Lepletion fecvulation is promated by the presence ol unabmsoTed surielants io1he water,
especially 3 they are in mieelles. The presence of micelles, which are thermealvoicadly slable
grtities, wuases further desveption ol surfactants from the vimulsion, thus destabilizing 1 pletion
Mocculation is alse cnhane:d by exesssive coneentrtion ol surtactanl, which also Tesls womicelle
Tormation, which o turn besds o depletion occalation.

0.2, Osiwald Ripening

Ostvald vipening 2 e movement ol meHegules ad soall particles into fareer paeticles.
Ostwald eipening is thermuodvmumically Greoored e this movement. Some studizs shawed thal
Ovstwaled ripening is Bvounal Tor sil componznts sueh as decane when the waeter volunes ane hew,
Tt less Dvvowred b ey me bishe For il spills, s woull indicatz that Cetwakl ripening is
less b a destabilization mechand:n i coalesepoy.

6.2.7  Phase Inversion

Phase inversion is the change i an emulsion when the contintous phase i inverted 1o the
discontimuers pluese, It context of the ey alemulsions discaszed heee, 1038 The ghange vl an
vil-in-water emualsion Lo waler-in-oil enwlsion, There e little inlormation Weoimdicate that such
s ersioms eogur witts il spill dispersions, Lhere are oot enowgd extensive studies o 1he long-werm
stability under o wide varicts o conditivnz 1o stabe whether suchoa process bas ever oceured,

.28  Doublet Formation and Fragmentativr

A doublel is an imcrmedbsate phase Between twa partiches auteractizg ar colliding. The
crtteome o a doablet could e relormaativn of vwer inclividuat droplets. eesuling o coalesgensg o
Mewgulatizn, depending om somslitions and the strencth of the mlerfacial laver. Progeenation
lesgrilses the lermation of the resteRing end-prochael. Frugreendsion times depend on comditiens
aweh 2 droplet rdit, Glng streneth, and phase charwigristics, Fragoentaion tines o a Lo o [0
muinutes wenld vivld overadl emulsian kil =lves Trom manenes b fes boors,

629  Dilote Fonulsoons

Processes ool ing dilne emnl=3enes, such o oil spill dispersions, ean be simplitied. ] he
energy patl eacling troo o single arbzinal particle e doubiet, the mermedinne staee upan the
collision of two dronlets amd nally 1 o coalesews) particle, s m important considersiion, In the
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cast ed dilule emalsioos, the slabilite is most atlected by o provesses, Ostaskl oipening and
coalescence. The etfeet of Chitwald ripecing is thal sub-mictans rapidly isappear, increasing the
size ol 1l paricles, Coaleseenee hetween dooplets oeours wpor collizion, Two types of
visaluseenee are letined, rapicd aml <lew coagalation, Rapid coagualstion is when abl cellisions cesult
i eealvseonee, Slow eoagukition is wher many collisions die not resul? i coaleseeee e the
presenee ula large energy harrier I the ase od vil spill dispessacns, initiadly slow coalescence
coprs beeise of the enetpy barrier, then as soelacnant s lost s chiegees teoo spil ecagulaien
AT,

£.3 ProcessesTnMuenees Behind Stabilization/Trestahilization Proeesses
3.1 Film or Interfacial Film

The famchive cf any womulsifying agent oe sualactant s wodahilize, o he degree possihle,
ealterss ise wistible soslere, The entulsibving agenl does so by absorhiog ab by Tiguid-ligud
interface as an osiented interfacial [, The film perlorms e [uncions. o reduces the intertactal
emsdon Beiween e 1o Houids amd eonsecpoemly the thesmuodyaanic instahilion of the sysiem
resudtmy from the ipereass i the inteefcial area between the 1w phases aod 10 decreasss 1he et
ot coalescence ot the ispeaied liguid dreplets by Jormime mechamial, sterie, ansdfar electrical
Taryicrs around chem. The steric and clectrival Baeriers inhibin the clase approach ol one droplet o
el

Vrefosprmaetions o the filre con vecur as o result of sevetal Taciors, ineluding collisinns aed
[rarticle-particlhe ioteractions. Eleformative adene ean lead booimstabalines inthe eroulsien.

Il il instalslitics ardse Toom heberopensitics io surfactant coneentratisns and vlher
similar Faelors, The uppearanes ol sone of deduimatien on o dreplet can miluenes [aer
inleractisn Debn der Researchers have el defommstion os o sign ol unsible doplels, noting
that the coalescener ree and other similar factors aee moch higher Tordeaplels that show sigos of
dedvemativen.

.32 Film Strength

It hias been foued that the strergth ol the Slmis vssential e e stabilily of the emulszon,
The physical strength of the 13lem s imporen, particularly i deoplels eolide. [ has been noisl thin,
i ghe flm s strang., Toegualation is mene Bikely te ocewr than coaleseenes and s vemsie Do ol
spill dispursions, coulescence is the most ek scenae because ol the putone ol e Interfacel
tilm.

£.3.3  Film Buildup snd Descabilizntion Processes

Absorption and Desarpliop - Surlfactants ceadily absorn al the witertace Between o dnoplet sl the
bBalk Tigquid, wswally water, Marangon fuctuativons and mstahilitics are sssogiatel witk ke
distrabuarion of surfactant erudients arownd o drophel, Phere aee also several terees thae lead 1o
desarplion or remasal ol the suelBele ram the imtertie, pacticalarly 1eihe water trom by
mLeriage.

Movemen! toward Eguoilibriom - Opendelosed Sostems - Seclcoaots wili disiibule between the
hulk phase, water, ansd the irterlee o schicse eguilibiium belbseen the baa phasss, This
apailibriwre slepeads on e water-oil sulolilivy characieristios o the surfsciant. oo closed seaiem.
1his eguilibrivm = achiveed rapidly woish Tinde Tess of surfactanl Inoan epen sesten, hasever,
ceanilibeinm s never achicvel, e surluciang Leaeles ok the water, and over aperacesl ol luurs,
little surfactot is Te 13 in the il Jroplets.

il



Marangoni Stabilization/ Destalilization - The Matanooni cttect 15 an inponsml pheoamygen i
beriras e saarbactant stability and denamics. The Mearaneen? <lbeed s dus o ke ndeney ot
surfactant concentrations to quickly disiribute over an inlertiwe. 1Mhwre is o delicil in sorBetant
ceneentrtion oo one side of g droplet, the surfactant quack]y muoves o restone the vgalbibriom
cenecertradiom vt the droplen. The restoretion of caqualibreivum is known s Marangem stabt|izzae.

Mlacanuoni inslability arises as o resul ol this surfactant o beepme the Now costicies
aind nesudts i amess of preaer gl Tesser surfaclant comcentidion vuer the deoplel interface. Some
researehers vy poted b Marmgond insakiliee was periodic and was about on the vedee ab 1006
segomils for e prariicudac sy slern. Bowas noked that comvecinoe mstaliling perivodically ssirched
Terwer i d slowe and a moere rpid transysect reginwe, Thuring o cons getive s, Bsn 2hsorpiiag o
surtiaelant cveneres) with rapil Inflaw o surlactimt v the dnteelaee, Dhring o ditiesive stige,
desoqption veeurred and gradivrees Tl up antal the svsoem beeame westable again

Hydrody mamie Destabilization - Scescral rescavehers Towmd 1hat 1o tlowing Held ar slen
deoplets are i metion, surfoetam thivmimg oceors on the leading gdlye and there s exeesane
sucinetant oo the Imalinge edes. This comlition 3= hnowo as bvdoods namic destalalizulien.
Esperiments shws hat b s surlaclimt coocentealions, this oveurs a3 o velogity of D000 mez aed
al bigk sortactanl coocentealions, the imscbility sl cevor ab €003 mss, Boh thesy veloeiies
wanuld apply b larger droplets doe b Slokes nsing,

Surfactant Displacement - Mixed Surfactanis - Several stodics have shown, both vsperimentally
and Maaretically, that small surfactts will displace larger surfactams o palymers ol the ferbice.
Alheagh studies have shoasn thal mised suefactant ssstems vield more <tahle conalsioos as a rule.
the sice difference between surBwlants is eritieal 1o this, A mised suelicnmm estent with large and
small sucfoctants will essemialls be more stable than vee slubalieed by the small sucluctants alone,
s shese smad] sorlactmes wiall displace the larper surfactants at the mierface, This cedilisen i
precivated on the facl that the coneenteation of surfbclants b e mgrfee is wreat and thery
actuadly 15 imterlerence belveeen surlaviants.

Some stclies shoaved that awdding small swurfactant, sueh as Tween aml Spons s wsed ool
spall slispersanls, uetally destabilized cmulsions that were stuble with Targer preteins or palyrers
ax surfactanes. Similar resalts swere Fewnd with a commen enie sarlactiml, 5135, whaeh destabalizes
sz letamls companed 10 polvioers. This mas ot be enfinedy redes w 1oail spelldispersions, ben
imicates that dispersions might by eale e stable with polemers 00 all otber eonditiens were
el

surlactant Tyvpe and Chain Leoagth - The tepe of surfwimi usel s iportant, Eaperiments i
wliel the surtietant was svaricsd bosy shasen T the ditTerenees o fype can pesult movasily

i Teremt [letimes ol e erlsion, U s Bevond e secpae ol Bhis sepod b diseuss suelaetanis,
Tswewer, suffice it o sy that the chioiee of suelactn can greatiy aTest smulsion Bstimes and is
there Bore an imporiant consideratian,

Stmdies show bt the tepe ol ottt amd fhe chain lengrho are impectant factors, Several
studivs v showon that ingreasing cham lengdl imereases stalality. The wse ol polymers oostabilize
emulsions has sigmticamly improved stabilite, Ome study showed thae Liecae chains aftesal an
smprerves] slabilis over bronehed chaims. Anpother siady showed that, noet enly woas the stabilig
mereasesl with fncneised alk el chain Jength om the surlietan. but also thal Thy leoplel stoe s
simadler. An imperiant finding with mised surlactnts, o ol alseve, shat the smaller
sz o lan s oo Lo displacs Larpser surfactmts al the intertes, Sesernl researehers noted that
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sabilite increased with mesessing alkyl cham Lepgth on b surfucrans.

Feseareliers whe wsed aleohets as co-surfacims o stchiliz2e emulsions founsd bedrowen
bomcliang el 1he adeohels between surfoctant and aleohol and also betawoen the adgolel ard water.
Lse at aleolwods as co-swrlactants for oil spil dispersaes has heen rive but weas Leaed 1o nel wery
crtecliv e bovise ol less ol e sloohael due tootbe bagh dilurion rafes.

Surfactant Guantine - The iwmount af surluckant weed D5 an amportant Baelor i eenision stehiliny,
My researehiers bave Guod e there are Goor cooditions 1hat apply fee surlacam quentas, The
liest s a timeshold nelow which the quantity of surfactant is tae e wpoovide any elleetive
stahiiizazion. Between this minamum-etieetise thresho bl aml another level B ke optiomal auartics
S sarletant 3 pros e woesl stabilioe, Ahose this threshokl iercasing surlielmt otien desrgases
e sthiline dug e surlictaot mleraction. A teonh conditien s sametines klenitisd mowbaeh
surfaeram i in such excess thal phase version o gelaton voeurs.

Moy researsbers bave Brweed 1hat 1he presence ol sufficient surfactams. L. the seeanl
bewe] mengel by, 35 erinacal Tor any eroulsion stability, Most sludies Tiaee stown thas slablity
Erclinwe thae cricicad surfelant eonecitsbion is ver low [ fgl it hs heen slossen thal fow
sop Fctant convemratians hav e the same el Tes s ne swrleiane. Seveeal experiments have shonwn
thid excess surfactant will destabilizg an atherwise stble enulsbon. Coe eesearcher Touml 2l
carneentralicns of preaier than 7% would resalt in rapid destabilizacien and soeaming,

Mixing Time - Sonoe sesearchers bove fond that amising mme s needed befere surlaelants com
stadrifize wn emulsion. This reders W the mixing of the surbactant woith the oal foowsbieve o relatively
cosdd dlistributien Cme reseureher detimed this as o meso-cquabibrium fme, or the e e
nevilesd b reach maxiromo stabilitg, For a hexanesIn-water emuision, vazious sartackints teguiced
froan 0.1 Lo 183 secomds ol mixing before reachiog moximam siabilive, Oliously, 1has mixing
wotld he difteoll 1 achicve I oil spill dispersions as dispeesant muost be applied rem abose aed
mixing cceues only through rmadem progesses.

Thermal Fluxes - Researchers have Tound 1hat the surtives ol emsion droples are subjeel 1o
cagnillans wases eaused by theemal uses, Ry sugpested tbat there is o ln thackness, called the
tramsitiom:] thickness, al which the sorfge Tuctealen becomes wistable and then the Nugluation
prosvs spomtameousiy, AL given o thickness, the surface corrueations cawseed by the fucluationes
rine 1o The poine where ventact 13 maile between twe adjncent dreplets. The thickoess 20 this tieae s
calicd 1he eritical thickness. This infommation was wsed wocaleulate deoplet Titetinees. Tt was Tounst
il sn | S-pac deoglet Sl o Lifetomy oo 2007 scconds, a 20-pr deopslet, 18D seeomils, msl g 50-pm
slroplet, [ seconds. This applies wooil spill dispersions as lese dreplet sizes represeot the 1op eed
ol e dispeesiong that are prosenl.

Pulses = Seme rescarehers Toumad than there waes an oscillators absosptien-desaepiion behapviour ol
searloetan s sl droplets replets rapidly absorbed sorfactants amd then sicwls Tost these
suectants, The absorplion is aceonpaeied by o small waving sotion aeross the ineeface. The
wav e mofien tivels slower than the commesive mass inmsker o seelastams, The abrupl absor)sise
is cunied by amplilieaion of the muss wanster of bonic surfaconds oo the bk phass by oo of
Mmoo cens eetion, which o is cosed by a okrogeneoas congenteabion of surfactints o
the imter P, These asymmetrical vscillations can el todooplet instabality.



Temperature Fluctuations - Changes in temperature cowse chimpes inthe iofer acial wesion
Betweein e 1o phaes. Flogtualives in semperatere gon alse caase dilterential chaopes moother
Fctors such as the relatise saluliliey o ehe surbaclant infhe tao phases and <blbusieom mihe
sestem. Surtactunls are most eftectiv e when near the poind ol mimimuan solubilite in e soluvent o
which they aee dizsolved. T0was founsd than emulsions wery universalls oere stalle 2 cooler
Wmpesalures This rups vownter, weven Loothe rend thal more o0 hetler eanualsions aee Bareme
Figher teigreratares, The resulling efivel i sach that not enough ol dispersions soull e prodiesd
al wery Lo sed temperatates to s 1he imereased stability.

.34  {rher Faclors
Salinily - Saliniiy atfects enoulsdon stability, Tul the deweree of efteel depends on tie 1 pe af
surlactanl, wmpecattae, wnd viber condimes, Thene s nat asimple Tule o salinny cibegt

sSurfactant Precipitalion « Several researchers biey townd that st iinms o the watee Tulk phase
will precipitate tiretgh reactions with ions in thy wster ar inferactiens itk cach otber, 1S poted
thaat 1h35 i Form o surbatang loss o bothe closed and opeen sysbems,

Faerpy - Stuclied i the $eld had moted that cocrey s impartand i the varlys eovmtiom ol eieulsiens,
Lhe moge enesey, the preater the dispersion phase 15 mosed imo the emudsioo. One study on crude
vil vizulaiens fouml only abear @ TE% i Terenee between the stability of a crude o] emulsion,
whether enerey was applicd sontiraalls alwer Tormation o aod applicd. Anolther study il Ecussedld
vat eauaining voalescence wored that inereasing voergy mereased the cealescence rate. This etlea
a5 winderstoeal b 1l Gael that the collision rse 15 alse mereased with incicasing erbulenee or
enerpy inpEul i g svsten, The ald=ie of an Acabian erude cil emulsion was deereased o
bt 303 bowrs ae e low shear rate o alowt 3.5 Tours Tora high shear re. Swcluctans redue the
et of enerey requined fo prodoce cinvulslens e et ploce and reduce the thermadsnemie
etk iy oo small deprew.

Visgosity ol the Continwrns Phase - The viscosine of the commueas phisse o an gnmlsan 14 an
imporiant Facoc, A viscoets contioue s phase will fomm a barrier wosorfagtant Joss trom e
croplets. a barricr to rapid collisions, and reduce the rise rowe ol thy droplets, Veesty cnhancers
and siendlar additives ane ased i food aad cosmgic preparations W stahilive emulsens, For el spal]
alipersiiens, waler b 1he comiineeous nueslemne aond stalilies is therefore an ssay.

Diterfucial Tension - laterlwial lerskon 35 the Toree exerlesd beiwess 1seo dilTerent liguids. In
relataon o emulsions, 35 more ol s coneept than areal Torce as i1 ingorpecaites maey oftbe fogees
nofed above, The assumptisn s thal the theomodynamic esecey ol 2 dreplet conulsiled inarother
Ngguid ¢im by ascribed s this dntectieial lersion betsween the tao Baguids, This s aen oser-
samplitication as 1 combimes many of the above-noted Torees and consdalerations ioks e Lree,

G35 Mher Characreristics

Dreoplet Siee - Drooplen sTae o vers important Betor inemaulsien stability, The smaller b
particles and the aae range ol the particles, the mere stable the emualsions, O she othee Taed. the
larper il les ane more thermalvmimicalls siabbe anl thies siee inerease is thermodvnaenieally
tavored, A omoted in neoee diferem sounces, e forees tht relate oo stabilioe aeg vers dependsem
it drepler sige. FFon ol spil] dispersions, the wide variciy ol vrade or relined components implics a
wide spectrwm o partivle siess, s inoaen dictotes that such emolsons have low siabuliny.
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S stuelies Rave shosan thin chaniioe pacticle sizes by only a Bew pereent can change
crulsaan liliimes sery sicoificantly, waeally several Tachors morne than with leser dooplels
Cateulations shees that stabaliny eises as the inverse of the cube ol the droplel or pranule siee. Uhis
ustrates e estreme imponance of particle =ee mlvlerminmy siabilins.

mal ol is draplel ar partisle sTae mportant, Tl adzo the bomoeeneis of drepict sizes The
mioTe bonwapene s e pariicle siee, the more stable the cmulsion and viee versa This s pariislly
eaplained by the fact that the Gorees belween droplers aee more vyual when they ane similar o sise
aod thus destabilization processes such us Ostwald ripening are Less prevalent [oshould be moted
it the alpoplel stees o Jdispersel oil spills are very beterogeneous 2ind stabiliy s 1herelore un
500,

Choe approach wsahizioy and droplet siee was wodeemming the lifstime of dillerent drepiet
sives. 11w Tawnd 1hat o deapler al 10w hees o Hfrime of alsean 2 seeoeds and a dreplet of 2 pm
las a Diteliny ol aboul B seconds, showing e dmpertance oldroplet st o deteominimg Rietime.

Miscelle Fovmation - hficelles are elusters of surbaetamts fornwed in the water phasa. Begause
mivelles are cven more stable than emualsions, there s e Bess ol surlacimnes Beae e emaulsion
throuih the water phase 1 Torm miselles. Micelles du o fucm until o cerlain coneentrtion of
saarlactants 15 prosert io e sater colmen, Some researe e hiave segavsted that the presencoe of
e surfactant msicelles inersases the attraetion Defween deoplets beeiuse a2 an st elTect.

G Horces
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The 12050 theosy ot emualsion stabilizaiwon s named adter 2erggapoin aod Dol el
later 5ot of workers. Verwey and Overbeck, This theery propeeses thiat theze 35 abalanee bebween
T repudsive amed slimaetive pawential cieegies o irleracten belwest the dispersed pacticles ar
clevprlets. Repulsive interactioos are duee toeither the stimilarly charped electocal double Taers
sicconding the droplers or to selvent-dnaplet interastions, Al e Feroes are largedy due 1o 1he
vt der Wasls lorews Between droplels, For g stahle dlispersion wecewr (e sehabeser thme ), 1hw
repulsis g forges mgst e greater thae o attractive Jorces, The replsive Sorees ure much greater
o achich Taycramed smaller droplets.

Subsequent researchers have shewn the lmiiioens o the DUV O chears . Ce of shese s
that the eileet of the stabilivye ab an eil-m-aater dispersion s Jianded Lo the ctbeel of te surbawi
vt b st lace podential of the dispersed pareles, the effective Flamaker constani. and 1 jomiy
skrerreihy ot the dispersing lquid. Several other forees or considerions sene o Insarpoeade:d i
the LAY O theore, In addition, the hosie PO heeny s netapplicahly wononicoic surtelants.
Severd of these are summaelasl in Whis pepor! melwding concepts such as oseillabon steaelns
s, Busert {19897 mastes that senoe ot the onher Belors that maght T comsidered aee absorplisse of
sartictants 1o laeser particles, as 15 the cose with o spall dispersions. may chimps The contige angle
Thiat 1he <ooplets make ool the contimwesss Tigquid phase, Also under consileration is thi
surtingtants That Tuve Lane chadns e Torm non-glectrical steric Boaeriers bo coileseenes or
Aocculatiess, Anelher consicerabion suveested is Ut theee 15 mo means o meisane e eleding
Barricr ol the Stern kver. the mterfscel laver. and the charged Liser sameandiog ibe droplet, The
Funa potemizal, whick 15 deseribed Tnter, s non olivect measoare of the Stem s er.

6,42 Attraclive Farces

van der Waals - Van der Waals forces refer to inermalegualar lorees o b the pelarcaation vl
wclecules, These orces ane previlent theoughoat chemistes and one knossee 1o Tuenee many
Feitedloms el saosteans They ave acleactive and present in e aiss and are one of the prime
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furees 1l bring dropless together i a system ITee o mstion ar lurlualence.

Capillary - Capillany forees arise between 1wo droplets when the destanee between them heceres
smnarll s that 1here is am atiruetive Joree Berween the twe partiches such us o capillanye wbe, The
arigin o 1l Torges 15 e mutual atlracton between e Lo partivles,

Chiciliatory Structire Force - One olhe “nes aietive, aml somatimes repulsne, Beeees
Petwewn particles has been called 1he Oseellains Structure Foree (O0%F I s Large parles o
droplets ane noa collandal Tignid, e o despersion of very small particles. and the sepocatio
dlistamce Petw e the taw particles is smadler than Ve diameter o he sollaidal patieles. then there
fe an attractiv e Boree between e two pariicles because ol the osmctic prossune, Thas Feree woould
result i coalessenee of Hoesubnion between the two particles. thus depleting the vmuolxen.
Bosivally, O8] is gased T aswiele dilTerence in deoplet siees such ns woulil be preseat an an ol
spald alaspieesac,

I senmes it The sl Tty structure Lorve van de eithey attractive of repulsive. 11
srall collonlal particles wre conlined in the gap herween bwo larps partieles and wlen e wap
herween Uhe twes Taroer particles i3 about cyaivalent o seeral codloddal particle diameters. the
codluidal particles in the gap iotesact widh the larpe droplets as s nesall ol Broownion Jorees. The
LSross mian torees mslaees an ordeeing anzeng the poriicles aod this sederinge propaiibes over severnal
partiche dizmeters. The strngtured regions near Lhe wwas oppesing surfaces vverlap, wiving rise o the
eriillasors stroetral finee. This htgerunge structure induces arepuelsive steuctural baccer thi
I lps prevent the Larae partieles feom Dueculating s coalescimg. When the separation distane:
Between Tooe Jager pacticles 15 smaller Thene e dizmeeler ol he eollondal panieles, o natsiracive
foree Pt the 1as particles vecurs as o resolved the dilTerense beiween thy asmalic rressury
differeoce Beoween e mulk and continel regions of the colloidal systern, This Roree has o eodenes
b oscillate between repulsive and attractive, with o Ineyuency egue 1o 1he offeetive stae ol by
cobloklal purticles fwaveleneth of she distaoce). Ui oseillatony strieture Tomee opemiles over i
distunee ol 1 dimmeters of several colloidal particles wiich is prester T upoo 20 roes the
distirnace bt the 3LV focees vpetate.

Ary impertant Jacet ol b osciflators structeee foree i hal aowade poly-dispersibilive nens
collaidal 1 micron-sized paeticles is necessaes Tor this oo ocenr Just o tew larper pacticles will
clestabriliog a emiulsion b CREF. Onl spill desperstons buve this charagteristic anl cheretore ure
e e mistalbilits .

6.4.3 Repulsive Forees
Elcetrical Firees - Surfagtants, expecially icaie sutfuimts, have wn eleginic eharge. Sioce simila
sttt will Te disnibuted threaghaut ao emutsien, e will by asinilar charpee oneeach
droplet wod s an eleeiric repulsion bebween draplets, This is the mos sizni feanl tocee
sl droplens and preventing voalescence. While bnie suclociants huve the greatest aooun
ul gl and form the stroogest elecirneal barriers, they are adso the meost watee-saluble and 1hus
readily partition mbo the sea. Nunivoic surbwlins, which ane used extensa ely ol spil]
dispersants, hove o lesoer ehuree and pose ooweaker eleetrival bagrier o codlesgenee. Sonionic
sutEreiunts, Tswever, have o lesser eodeoes thae vl surfietants 1 partition spidly o the water
Trluase.

Ltz potentisl is o measure af the clegrphoretic mabality of oil deoplets 10 an apphied
edeeiric el amd is incicetive vl the devplet-teadroplet eharee and hus The cmulsion stabiline Teis
ol exactle the repulsive clecteic loree diseussed wbov e, Meusures ol crude eil cmualsions showed
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Aot putentiai: vanying rom -3 w-T0mY. This was pudued o beinsallicient 1 prevent
coalesoenes.

Sieric Forees - Steric forees are iterlerence torees resulting 1Tean Ue presenee of larze molecules
stc s polymers or chadns, The vse ol lirger pobymerns as suelictants has been shown o providy
stalbalaty te cmalsioms threwgh s1enic Geroes, M Toeecs might be vicwed oy inlerfenence 1o

vy en oF Pepeinalion Ty a combination of simple presence and o hindrange woextemal
moleeules,

Mechanical Forees or Barriers - The mechenicat ar phasical burrber s important 1o the stakility
af w1 emalsion s 1 ineresses e resisiance ot the dispersed particles 1 mechanicl shock al
iadribits dhem (rean couleseinu i partieles eollide.

6.5 Hates of Processes
&A1 Farticle or Droplot Rising/Destabilization Hale
Siokes” Risipg Rute - The olassic Swkes” equalion is:

- 5
25 £ 700

N

wheie & the e rate,
Ap i the density dillerenge Bevaee the digpecse an:d dneplet phases.
@ 15 the gravitainl corstan.
a 1 The sleoplet endaus,
Fiddsis @ vadumee depenslent eoeregtion factor sl s o dilube sodulioms. i
A7 35 1he ditTerenes hetseen e viscosily ol the disperse and droplel pphises.

Tl cyuation s very iportant io terms of wrderstaombing e nesacfwcing of eal spill
dispersions, [0 showes tha Tog the snrallest deopleis o 1w hedow e slick. the tise mate would be
bl i vear for Tomevery aml ot the Leegest dreplets immedsneds Teloss the sheke Tise e 150 e
seconds, Neverul reseurchers bus e shown that surbiiants doonet aflest e hase Tise raee, T alees
gueslivn whether e Stekes” e 15 Gar oo sl

Sl researchess T shown that 1he rise ringe pradicied B the Stokes™ cquuation is Ea too
slow pompanad o esperimental measerenunts, These might e exolained by the destabilization
processes deseribued s cepoet. moreely coaleseencee. Moveulation. ard O=vaall eipeaiag. Al ol
these serve o inerease particle diometer and thoes sipnilicony mersse rise cote, A doobling ot
droplet radivs resalls ina quadropling ol he rise e e that particulas dreplet,

Ciraleseenee Rate - Coalesoener tane 35 an important Taeeer i the stabiliny ol cmualsions. This as
the time il takes o b droplets to meree and fomn one drophet, Cooleseeney oote should ot e
comizsed with overall emualsion [18imes, as coplescenge me 35 just one parl ot the precess. The
Stoahes’ mising v 35 oslly the governing foeee Tor o erall emulsaen stabilin tme, Coaleseencs
rates are fairty sapid and incacase with fomperatieee. For beptame-in-waser emcsioons, measured
Litres ol voalesoemee swere mom 2w 70 segomids. Poc o particle-stabilized emulsen, which s
weneratly vers mough muore stable, coaleseence tirnes ranged from abaot 40 10 81 minutes. Oree
stucly shonveed surlactant-srabilizcd oil eoulsions with coalysgenyy tnws canging font 13 te 260
sevtids,
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ol lisioores wiall necessarily result i potential bor eaaleseenes 1Findings appuar fo audbicate
Lhas ohligue collsions will result in more coalescencs Than hed-an callisiens, As mare collisions
wCCUT in mure enerpetic and urbulen camliicns, coalescence 15 aceelerated i those situations,

Flocgulatinn Bate - 1lesgnbation rate 35 anabopons e coaleseence rate exaepl that Thye droqlos
Lo Eloes eathier than coalese,

Cstwald Ripening - Ostwald ripening peguires o MTux ol soluble companents i the water and a
wide l3stribution of droplel sioes, both ol a hech oceur i ol spili dispersions. Tha mte ol O=xracli
mipening depemls o, ameog elhee Fwtors, the square ol the imverse ol ol viscisity and direct]y o
the diffuasien rale ol the components, Phis means 1hat Tor cil dispersicons, Osowald rpeiine is most
rrevalent o [l odls.

Brownian Motion - Browsaian muotion is e andem moton of edicles inanotber M shoy o
theranal motion and is one ol e stmplese stochastie processes, Broasmiom meetion dejennds an
bemperatre, ameey elher beters, Brswnan motion cun by respensilile for collasions etween
pacticles Tewdine o eolesoe

Mixing in Bulk - Bulk niising is e oiest comimoi process 1hat transfees dropoets anounsl o gloven
are 1o epen sea oil dispersions, this is the means by which deoplews ure moved dowoneard ram
the surface. Arotber means is drepiet dilusion, bun this is o beast TR iomes skeser tian huls
mising. A rule s taanb For mising by oswaves i vl the depth ol masing = aboul LS tiees the
masimaun witve Beisbn, 10 shinnkl be moted thal vl all enwalsion merement by mising is negessarily
elomwvarwaed as sorme upsaed teansporl of padicles or droplets alse aveurs.

Loss of Surlactant to the Warer Colwmn - (e shsly wsing w-beproe and 8168 Tound thit the
mierdacial fension was pedduged T hal o 30 secomuls, This would indicate that vver Tadb ol the

spac et ot tramslernedl tee the swaler i that time, Aoother study sheseed that aler abouol Sk
tvinales. o 025 of the sucfactam resided im twe oil, Partition coedTieients bet cen waker andd oil
dreplets have been nuewsuned for several sarlactmis, For those simalare woooees used iooail spill
dispersints, e partition ol ient (odl-go-ssaterp saried Jeom 0082 Tor hesome, 0077 Tor beplice.
cd .26 For isoeeutane, Tor larnes compuonents sueh as vieosane, this coglicient sould be very Lo
and meaeh of the surBretant woould theretore move K the waler phicse.

6.0, Some Hall-lives

The Fterature reviewesd Tor this repect id several meusurements ol the alt-lives of sl and
s clvoesrhen cinvulsions, Some of these papers had praghs froom a hach tbe hall-Jile of the patiicalar
emulsion could Te inferred. This 3 shown in Tahle 3. The Badt=1ife daca for crucle o emulsions e
all very similur with an o erage haald=Tde o about 12 hours.,
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Taklg 3 Emulsion Hall-livgy Iram 1he Lit¢erature
SUMmMmary Literatura Dala

Ll Type Chepersanl’ Nomilmal Lewer Uppor Unity THher Fagicrs
Surfactant Average Half. Range Rangy
lig thi urt]
Arabean Cruds Cordl BS00 45 45 Hewrs Sradrrate 55 °
Aratums Ciude Comamal B30 4 4 Flours Shearae 105
Arahran Crde Corait 9500 75 Zs Hoss  Shes e 705
Algssa Mertn Slope Coreqt 9500 15 10 o Haoms
Blassa Moth Slope Coanenl 9527 14 10 Y Foarg
Albena Sweet MM xed 0 eqd Coreat 9500 1B 10 2k Hous
M borkie Sweeet Maxed Boe-d Cores D527 1E 10 2= =ours
“ilhrg lubrnizany S acs mix T4 24 Howrs
Famserg WaTGus 3 0s 3 Hiuns
LELum CToae Wi oy &0 ns L3 Hours  Closed sypsier
Srudoc” Sudac & 1.5k 1 ? Hours
oo yaordan ide
Cruda ¢ MHat.ra (e a0 a5 Hours
cuilactanls
Hya rocarbkans Averans 1d
Decare and Deca~o =05 Gd 024 a% Hiurs
Tg yano lamz e g 15 Ha.rs
Tafradcoana b 3 ot L= Hes=s
Tafradecare Towiaian 20 | 24 ) Lo
T Cunelusmns

Crude vil-in-water dispersises one stimilur o many ather topes of eeoabsions in tat ey are
shabde umaler some vorditions for s pepiod ot lwwrs, Dueng s time, descabilizstion proeesses are
ugelerway that resull ioooil resurtaciog. Beeause ol movemcent ol the shek, oo which G
dispersion evvurred and hecause the water eolamn may have dillerential meveroso Joom the slck,
resurlucing oif will kel appear inareas cutside the slick. As resurfacing is aoslow process anl
pewes om Jor chvs, st e the ail will men by visible v the surtzee unless provesses such s
ez vells sere fo ge-cencentrale the ol it slicks or wnbess theee was e relnive movenem
Berwevin the surtiwve slivk wned the water eolumn,

Thers 15 o vast Basly ol inlormeation ard sxpecineeaabion aod a Bssad consersus an the
stallite oof sacle cimulsions.

The stabilics and resurlaciog of crde oil coalsions aee mthaenesd Ty the Tolasaing Barces,

1. Satwral stabilizatendestshibization lorees

The mas imperiant sugh foree 15 Lrvite, Aconeast oils e less depse B waler: sheie
santalsion deoprlets are also less Jerse thar waler and sall i, Uhe pesppearamee o] wil e the surdse
L R s creanung,

There are many destabilicing forees 1 enmulsions suchoas chemically besporsed cal melading,
copdesyvnees, flocenlinien, Esiwald ripenine, aod phase inscazion. [ ke that coaleseenoe ol
divplels in e most impoationt destabelzattion process Lo emulsioms siontlat Lo dispersed szude ail
el sians,

2, &tndard 1enddemg sy ol endsinos dr insahility

This repooet dlescrilses the extemsive ltersture o vimaubsaen stabilite noting thal there ane man
repalsive Torees and sonwe attrictive Torees between droplets, e nel resall of hese e 15 10
deslabilieg the dreplel alter some period of Bme.

3. lostabiticy o interfacial Bl surfactants

Ehe inbertacial films stalilized by osurloctants ane subjeel 1000 number ol destabilization
processes ineluding Marumeond eircolindon, Tydrodynamic destdilizcaion, escillaon Brees,
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pulsinny. theemal instabilities. suelaetant deserpiion, and vthers These Tumges weaken the terfacial
Al ancl consequently destabilize the coulsien

4. Loy ol serlugtam

Ll adalitiom o e mechanisems of intetdaeial stabdisy reduction neted i peeint 3 theee is 2 net
lews of sorfuctant io dilute emualsions suck as oil spill Rspersiens, This nes loss is caused by the
femlenes ol 1he suclsctanis woeguilibry beiween thy water halk phase and the el deoplel interlage,
A rade il eraulsions ane comimually beme diloed, sarfactann neosement o the inkerlige
achicve eguilibzico constilutes o Zoss o sueFwtant to the systent, This Loss of suzlwtam aveelegales
the destabilivation of 1he cenulsion.

S The et rogenicous mixiuee ol componmncds ol

ON gomsizts ol devens ol major constioe ez, most ol which sie very ditferent i size and
peopertivs. Fhis resulls in the Tormation of very different draplet siees, Tnomddition, by cftect ot
surtaeran i quite dilterent on the varkoes ffastions of the ail,

f, Wide disieibuation of dropbel sires

Py prsle cil dispeesiine bus e aoside disoibuton of dreplet staes woil muoch of the
sl it the roicren-saeed avea. e cmulsimons ke o ower atabality, 11 Bas been dernoosirted
tluresighizwat this eepoet that emualsions of mivron-siosl drapleus are ks stable. O bus alse been shown
it thee presenee ol wven a bew Tirper droephets will destabilize wn emulston a: this rigsers
destiabiliznien prepesses sach as Ostaald cipening.

7. Lo wdsensity ol wanet

Beeause 1he viseosil of waler ks Tow, destabilizaton processes ane moce prevalent inosater
thern 311 wiher Bualk Tuids, The Jews svisgoaity ol waler inercases coaleseence al the dilTusion of
surficlants avay P il dreplels inoil-inssaber emulsions.

B, lneteasinge dilutien ol the cmualsion

For cilute emulsions, surlusteen deserplion s sustaciant Jess, Faether surfoctans absorption
rarety ageurs As crde of dispersioos or emalsions ace diloce ol beeeme Inercasing ]y slilute with
Line, flew destabilize through surlaeent b ond hrough mans o (e ater preegsses ouled i Lhis
vepett. Crude oil dlspersions would he censidoned Tess sable tam nost oiler emulsions wpieally
comsiderel.

Thy resnles of this el ol kuswledge e dHlustrated i izures 200 mmd 21 which s
Bgutbeticul seenaciss vl ab oil spill dispersion. The petcerd remainimg al @ 21ven poink o e s
cabeulatod wsing a lrsteonder decor witl o half-kfe of 12 o, the avecage af halizlives Tound in
Wiz stwdy The <isthilin ol the ol was estimeted tram approsinoate thichboess caleukitions, 1 was
assunadd 1t 3% ol by pdl was enitialby dispersad. This shows tha some o], aboat 3%, weokl
rornan in e sealer columip afier 30 hours. As e else tene of e very small droep lors very loog
time. Phe Gt than oil sesurfaces overa long period of time aml heciuese the cenwainiog droplets
wadd be lonp. this 5% mas mlead remtn m the water coluan slick @5 moving sod spreading.
renialls an thue edfiece Uial inuch ab the il is ot s isible on the sortoee, 6 sl bl be ee-cmphasieed ghae
Figges 200 and 21 are vnly ilustratioos of the resuls of the provesses describel i this stly ol e
ot an The results of an esiwel mode],
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