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Abstraet 

The emulsillcation yield. i. e .. the red ucUon of drop size when a surfacta n t -oil-water syslem is 
stirred. can b alter d by ch anging: 1) the physicochemical formulation variables which are linked to the 
nature of the water . oil. and emulsifier, 2) t h com position vrui a bles [surfactant oncentration and w a ler­
to-oil ra tio] a n d 3 ) the variables which ch aracterize fue mech anical energy supplied by fue stírring device. 
Afler reporting fue gen eral trends foun d in p revious research . th e b est compromise sltuations lo a ttain a 
mínim um drop s ize are located in a three d im .nsional formulalion- omposition-stirring space. 

Key words: Emulsion , formu lation. s Urring. drop size. 

Rendimiento de emulsionación en función 

de la formulación, de la composición 


y de la energía de agitación 


Resumen 

El rendim iento de em ulsionación, que se puede estimar por la dismin ución del tamaño de gota al 
agitar un sistema surfactanle-agua-aceite está regido por: 1) la s variables de formulación físico-química 
que d ependen de la naturaleza del agua. del aceite. y del emulsionante. 2) las variables de comp osición 
[concentración de surfactan te. y relación agua-aceite!. 3) las variables que caract rtzan las condiciones de 
agitación . Después de describir la tendencias generales en con lradas en investigaciones reci n tes. se es­
pecífican las condiciones para lograr el mínimo tamaño de gota en el spacio tridimens ion al formulación ­
composición -agitación . 

Palabras clave: Emulsión. formulación . agitación. tamaño de gota. 

lntroduction E mulsification is carried ou t in most cases 

by stirring a su r faclan t-oll-water (SOW) system. 


Emulsions are found in many n atural and Water is generally an aqueous solution contain­

ing different electrolytes a s well as other s oiules.
man-made products and industrial pro esses like 

polymerization, food condi liOning. paint manu­ Oll refer s to a nonpolar phase. such as hydrocar ­

facturing , petroleum production. a phalt applica­ b ons. n atural triglyceIides 01' th eir derivatlves. 

tlon. cosmetics and pharmaceuticals. e tc. [ 1-21. TIle stabilizer. so-called emulsifier. is generally a 

• 	 This paper was wrltlen after an oral communication presented at the 4 '" In ternational Symposfum on Mixing in In­
dusUial Processes . Toulousc-France May 14 -16. 200 l . 
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surfactant or a su r factanl-cosurfac tanL m iA1.ure. 
The efficieney of lhe clliulsification operation is 
directly relaled to the drop size reducLion that is 
a tta ined at the end of a mixing-stirring process. 

lt is kn own tha t smaller d rops ca n be at­
tained by diff r ent means. as for ins tance by in­
creasing lh e em ulsifier concentra Uon . by de­
cr a s ing the interfacial lension. by stining in a 
more energetic way or during a longer period of 
time. Sorne of Lhese m elhods could be more or 
less effecUve depending of Lhe case. and the 
em u lsion m aker has to rely on experience to de­
cide h ow to combine the different effects to altain 
lhe bes t product characteristics. Mos t compre­
hen slve studies. which are availa b le in thc li tera­
ture. have be n carried out either at constant for­
mulaUon. con s tant composition or conslanl sUr­
rtng conditions . This is essentia lly due to the fact 
lhat engineers involved in m ixin g-sUrrin g tech­
nology do not know or do not care about 
physico-chemlcal formu lation . wh ereas chem ­
ists or physical-chemisls are not oflen concerned 
by hydrodynamics and mixing i ues. 

As a consequ ence n on 01' tne cu rren t ap­
proaches is satisfactory [or the emulsion maker. 
and a ll are likely to hinder the effecls of coupled 
a n d competl tive phenomen a. a llhough lhese 
have b en recently reported to be determinant in 
many inslanees [3 -4]. 

Th us. an inlegrated ph en omenological ap­
proach is lo be preferred , in splte of the complexi­
ties inherent lo the lhree types ofvariab les. Start­
ing wflh an overview of the form ulation inOu en ce 
on emulsion prop rties a t constant stirring [5 -9] 
which has b een known for almost two decades. 
fue paper presents a new analysis of two variable 
cou pling. i. e ., form ulation -stirrin g [10- 11 ], 
composiUon-stirring. and relales it to the 
formula tion-com position m ap [12]. It finally 
s h ows th a t a three-dlmen sion al ma pping of the 
em u ls ification yield as a fu nction of the com­
b ined effects of the lhree types of variab les at 
once . Le .. form ulation, composition and stirring. 

Physico -Chemical Formulation 

Physico-ch emlcal formulation concerns a 
set of intensive variables which ar characterlsUc 
of the nature of the componen ts . a s well a tem ­
perature a nd pressur . It determines the ph se 

behavioT. a s well a interfacial propertie s uch as 
tension or natur l cu rva tur . Allhough emul­
sions are syslems out of quilib rium. the formu­
lation is of paramount importance during the [or ­
mation of an emu ls ion and its u s fu llife time be­
cause it detennines its properties [1 3 ], as will be 
discussed later on. This is because tJ1e em u lsion 
persistence is very often long enough for the 
phases to a pproa h ar to reach physico-ch emical 
equilibrium. 

Handling formulation issues ls m ade diffi­
cult by the large num ber of eomponen ts , which 
are included beyon d the surfactant-oil-walcr ter­
nary. such as co-surfactants. electrolyles or 
polymers additives . Addit ionally, most compo­
n ents are nol pUT subs ta nces, but mixtures of 
chemical species lha t could be as complex a s a 
erude oil or that could contain as many d ifferent 
electrolytes as S a wa ero As a con sequ ence. a 
systematíc study could require thousands of re­
search hours to be completed , even for a com­
monplace practl al case . This is why form u la tion 
has been considered a n art rather Ul arl a scien ce. 
]n th e past half-cenlu ry , researchers have tried 
to change this situation by qu antlfyin g fonnula­
tion concepts and to assign lO them sorne charac­
teristic n umertcal value. 

The mpiricaJ Hydrophlli -Lipop hilic Ba l­
ance (HLB) m ethod was propos ed 50 years ago by 
Gnffin [14 - 15] . A few years la ter. Winsor [16 ] pro­
posed a theoretical interpretation based on the 
molecular interactions of lhe adsorbed surfac­
tant molecuJes at th e interface and lhe neighbor­
ing oil and water m ol cules. Th is was an enlight­
ening and pedagogical contribution as far a s lhe 
physico-chemical understanding was con­
cerned . bu t no n umerical value was a ttainable. 
In lhe 60's Shin oda introduced the Ph ase Inver­
sion Temperalure PIT, i. e., an experim entally at­
tainable parameter which takes into account aH 
the variables ]1 7]. In lh e late 70 's stud les on the 
enhanced oil recQvery by surfactant Oooding 
reached a complele descrtption of the fonnula­
tion effects , under the rramework of correlaUons 
involvin g the effec t ofthe oi! type. electrolyte type 
and concentration in water, surfaclant type. al ­
cohol type and concentration. as well as tempera­
ture and even pressure [1 8 -2 1]. 

More recen tly. lhese r elationships were j us­
lified from a physlcochem!caJ point of view as 
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representaUve of fue s u rfaclant affinity differ­
enee (SAD). i.e. , lhe frce energy of lrans fer of a 
s u rfaelant moleeule from the oil phase lo Lhe wa­
ler phase [22-24]. a in dicaled by equation (1): 

(1) 

\Vbere the Jl* are the standard chernical poten­
tials. 

For fue sake f s implicity, SAD \Vas later re ­
p laced by lhe Hydrophilic Lip ophille DeVialion 
(HLD) wh ieh is SAD numericaJ equivaJent when 
reference is taken a t optim um formulation [2 5 ­

26 J. HLD has been recently s h own to b expcTi ­
men tally a Ltainable th rough th measu rement of 
lhe partitioning coefficienl P oC th e s u rfaelant be­
tween exc ss oil a nd water phase of a Winsor's 
typ' III sy lem [26-28Jby HPLC or HPS EC analy­
sis [29 -30J. 

(2) 

HLD rnay be expressed for nonion ic su rfac­
lant sys lems by equ ation (3) lhat specilles the 
comp ensating effeets of the for m ula Uon vari ­
ables and coincides with the early correlation for 
low tension attalnment [31 J: 

HLD = a - EON + b S - k ACN - q; A + Cr ~T (3) 

A similar equa Uon (4) bas been found for 
ioDie systems. either anion ie or cationic [32-331: 

HLD = In S - k ACN + a - fJ\ - aT óT (4) 

wh ere 

a is a pararneter which is chara cleris tic 
of lhe surfactant lipophilic group 

EON is lhe number of ethylene oxide groups 
per non lonic surfactanl molecule 

a is a fu netion of the surfactant 
hydrophilic and Hpophilic groups 

S is the salinity of the aqueous phase in 
wt .% NaCI (or equlvalent) 

ACN is lhe num b er of carbon atoms in the 
alkane m oleeule (or equivalen t) 

fA and q; 	 are functio n s of alcoh ol lype and con ­
cen tra lion 

óT 	 is th e tempera ture difference wi th res­
peet Lo Lbe reference (25.oC) 

k, aT, eT 	 are constants ch a raeteris tie of lhe sur­
faelant type 

b 	 is a constanl characteristic of the elec­
trolyte 

Th e valu es of a11 these paramelers are a va i!­
able for sorne syslem s in lhe liLera ture [ 19-25 . 

3 1-34]. 

Physico-Chemical Formulation 

Effects on Emulsion Properties 


HLD measure lhe relaUve affinity of the 
sur faetant for the aqueou s and oi! phase . At HLD 
= O the s u rfactant affini ties ar exactly match d , 
and a mín im um in terfaclaJ i.ensioo is a tLain ed , 
sometimes in lh e ultraJow range « 0 .00 1 mN /m) 
so lhat eapillary phenomena Virtually vanish, as 
sought in enha nced oil rccovery processes !l 8 ]. 

1t is now well establish ed tha t as formula­
tion is ehanged frorn hydrophilic (HLD < O) to 
lipophilie (HLD > O) eonditions. whalever lhe 
variable u sed lo produce the ehange in HLD, lhe 
emulsion inverts from oil -ln -water (O/ Wl to 
water-in-oi! (W10 ) a change which is known as 
Bancrofft's rule [35 -361 beeause it essentially 
correspon ds to what was enounced a1most on e 
cenlury ago. 

lt is now well aceepled lhat lhe em u lsion 
properties ehange aceord ing lo Figure 1 scheme 
tha t s u m up scores of experimen tal data [3 - 11 ]. 

The ernu lsion drop size is lhe res u lt of a dy ­
narnie equilibrium between two opposile effeets: 
on lhe ne hand lhose which lend to decrea se the 
drop s iZe. e . g., shearing or s tirring, and 00 the 
other hand th ose which favor the coalescen ce be ­
tween drops [2 , 3 7]. As the HLD = Oformulation is 
a pproa ched from both sides, the deereas ing in ­
terfaeial tension advantages the breaking pro ­
cess with a resulbng smaller drop siZe. However, 
the emuls ion s tabUity concom ilanlly deereases . 
and drops coalesee instantly upon contaet . 
whieh favors the opposite trend, Le .. a larger drop 
s ize . The fi rs t erfeet dominat es far from HLD = O, 
in Figure 1 un shaded zones . wherea s the seeon d 
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Interfacial Tension Emulsion Viscosity Emul sion Stability Emulsion Drop Size 

Emul sion Type 

o/w w/o 

\JJ 
HLD = O + HLD = O + HLD =O + HLD = O + 

~ 
Figure l. Tn Lerfacial tension and emulsion property varlation s vers us fonnulation (as HLD) 

at near uni t water-to-oil raLio. 
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Figu re 2. Cou pled effects of fonnu lation and mechanical en ergy on drop size. 

one prevails n ear il . in the shaded zon . This r e­
sulls in a eom plex varlaüon o[ the drop size [11. 

38-39 ]. which exhibils lwo rninim urns . on on 
eaeh side ofH LD =Oas ín diealed by the tips of the 
double arrow in Figure 1 drop size plot. 

Combining Formulation 
and Stirring Effects 

An inerease in sUni ng energy generally 
lends to prod u ce a decrease in drop s ize. because 
it affects more the drop breaking mechanism 
than the coalescence rale oThus. an increase in 

stirring energy is expecled lo widen the region 
where U1e decreasing len sion produces sma Jler 
drops. As a consequence. the location of the 
mínimum drop is shifted closer lo HLD =O wh en 
the mecharuca1 energy input Is mereased. a s in­
dieated in Figu re 2. In between the vertical lines 
that record th e minimum position shift. the effec t 

of the f nnula tion on the d rop s ize is on e way or 
the olher depending on lhe m echanical energy 
inpu t. This evidence shows why it is difficu ll to 
inlerprel experimental data when n o clear under­
s landing of lh ph enomen ology is a aila ble. 

Combining Composition and 
Stirring Effects 

The composilion is als o found to deeply al­
ter lhe cmulsification efficien cy . Both an m ­
crea se in sw"fadanl eoncentration and an m ­
crease in stirrin g en crgy ten d to produce a de­
crease in drop ize a s secn in Figure 3. However. 
lhe effects are not equivalen t. lncreasing s tirrin g 
speed fmm 1500 to 5000 rpm is seen to be very 
significant a t low surfaclanl concentration. 
wh ereas it has essentially no effect a t 5% su rfac­
tant concentrali on. 
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Figure 3 . Cou pled Effects of S urfactanL 

Concenlration and Stirring Energy on Emu lsion 
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Figure 4 . Inl1uence of composition (wa ter / oi! 
ra Lio) on Emulsion drop s ize and viscoSity. 

In most practical cases lhe oplimum s trat­
egy will b e sorne inter mediate com promise b e­
tween n oL so low surfa clant concentra Uon a nd 
not so high stirring energy. For insLance a 10 ¡un 
droplet size (dashed line in Figure 3) can be at­
taincd somewhere In between 1500 rpm and 
20.000 ppm o[ su rfaclant or 5000 rpm and 5,000 

ppm of surfaclant. 

Figure 4 indlcales that lhe average drop 
size decreases. con comilanUy to an increase in 
emulsion viscosity as the intenlal phase (oi!) 
amount incr ases from left to rtghl. When lhe in­
ternal phase ratio approaches the Inversion 
value . lhe emulsion becom es extremely viscous. 
often viscoelasUc and a high yield (indicated with 
an astertsk in Figure 4) is attained. 

In this s o -called High In ternaI Phase Ratio 
(HIPR) emuIsification process [40-42 ]. whi h has 
been indusmally used to prepar cosmetics as 
well a heavy rude oH emulsions [40-42]. the 
high viscos ity oflh concen tr' ted emulsion is the 
key to an enh anced drop breakage mechanism 
[43] in regions where lhe formulation insure 
emul ion stability. 

As indicated in Figure 4, this enhan ed 
emulsificaUon performan e is atlained n ear the 
inversion lineo typica lly loca ted a t 70-80% inter ­
na l phase con lenl. where the ernu!sion visco ity 
is so high lha t onIy a low shear m ixing can be a p ­
pUed o Nevertheless. Ulis effect has b en r cently 
found [44] to hold at constant Reynolds number 
and at constant s tirrin g energy input per unit vol­
ume o[ the system. i. e.. indepen dentIy o[ thc 
variabon of the emulsion viscosity. 

Combining Formulation and 

Composition Effects in 2D 


Property Map 


Early studies [45] inclicaLed tha t th e d .par­
ture from Banckroft's rule was in many cases due 
to a water -to-oil raLlo fWOR) very differenL fro m 
unity. Sin e formulation and water -Lo-oil raUo 
were likely Lo exhibit sorne crossed effect. the 
situation was anruyzed by plotUng the emulsion 
properties in a bidimensional map [46 ] a s a func­
Hon of the generalized formulation (HLD) and the 
water fracUon as mustrated in Figure 5 left map. 
which schematically indicates lhe mapping of the 
emulsion type in the formulation-composition 
2D space [12]. Many experim ental maps backing 
lhis phenomenology have been publish d in the 
scien tific liLerature in lhe past ten years [3. 12. 
39. 47-55]. 

The O/ W an d W / 0 emulsion type regions 
are separated by a bold Une. so-called s tandard 
inversion lin e or locu s. which exhibits a stair-llke 
shape. In lhe cen tral part of the map. where 
a mounts of oil a nd water ar relatively similar, 
the inversion lin is h orizon tal. and is coinclding 
with HLD =O [orrnulaUon, i. e .. opUrnum formu ­
lation for low Lension and th ree-phase behavior. 
as previously discussed. In thls central region lhe 
formulation i lhe variable respon sible [or emul­
sion inversion, which occu rs al opUmum formu­
lation . a ccording to Banckroft rule and a s al-
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Figu re 5 . Bidim n s ional formulation -com position maps show1ng the em ulsion types (left) and small 
drop zon es (Iight). 

ready seen in Figure l . This central region is la­
beled "A" with a ,,+.. (respectively "-") superscript 
Lo indical e tbe localion a boye (respectively below) 
the optimu m formu lalion Un e (HLD = O). 

The inver ion also displays two lateral 
bran ch es. which are essen tially v 'rUcal. i. e .. at 
cons lant oil-water composition , typically loca ted 
a t 25 and 75% of water. The low wa ler conten t re ­
gion is labeled "B" and the high wa ter con tent one 
"C". b oth wiili the sarne s uper script symbol as in 
tbe entral region. The B+ rone is Ole prolonga­
tion of lhe A+ region. and there is no real bound­
ary between them. but s imple change in WOR. 
The sarne occurs for the A- and C- region s. 

Conlrariwise. lh e C+ and B- regions exhibit 
d istinct character is tics. wh ich r fled lh conflict 
belween formula tion and composition effec ts . 
The C+ region is localed a l HLD > O ando accord ­
ing to Ban clcrofl rule should correspond to ilie 
W ¡ O emulsion type. However an O¡W type \s 
fou nd in ili is region which ls tbus labeled as ab ­
normal. Actual1y it l s oflen a W ¡ O¡ W mu ltipl or 
double emulsion o in which small water droplels 
are loca ted inside the oil drop . which are dis ­
persed in a continuous waler ph ase. The same is 
occurrtng in the B- region. b u t this time the roles 
of the water and oil ph ases are inverted . and the 
mulUple emulsion is of ili e O¡W¡ O type. More in ­
forma tion on these m a ps may be fou n d elsewhere 
[56-57J. For lhe sake of simplicity jl is enough to 
remark h ere thal stable em ulsions are found in 
the A+ and A" r egioos. respectively of the W ¡ O 
and O¡ W lypes [12. 56J. 

It has been previously d iscussed that the 
effects of formu lation on interfa cial tension and 
em u lsion stab ility result in lhe presence of a 
m in imu m drop size al sorne dislance from HLD = 
0 00 both s ide of optimum formula tion (Figure 1) . 

On the 2D plol this m!nim u m drop size extends 
pa ral lel t o lhe horizontal branch o[ lhe inversion 
line at HLD = O a s lhe comp osition is ch anged . 
The corresponding zone where a sm 11 drop s ize 
is a ttained lS ln rucaled a s a hor izon tal shaded 
band (F) in Figure 5 ligh l map. 0 0 lhe other 
hand, It ha s a lso been sh own (Figure 4) thal 
sma1l drop em uls ions are attained a l high inter­
nal phase ratio. near the inverslon. The corre­
s pondJng zones. which are loca ted in botb A re­
gions close to lhe verUcal branch of the inversion 
lin e o are shaded and labeled as H in Figu re 5 Iigh t 
ma p . 

Combining Formulation. 
Composition and Stirring Effects 

Thu each A region contains two slrips 
where a small d rop size is a tlainable. However. it 
is worth noUng that both strips are a ssocia ted 
with particular emuls ion properties. wruch have 
to be handled wilh care in a m anufactuIing pro­
cess. The F strips are located relatively n ear opti ­
m u m formula tion. which is a low slab ility region . 
As a consequence this Iocation cou ld be Inleres t­
íng as a temporal s ilua tion while lhe emulston ls 
made. followed by a [ormulation change lo move 
the em u ls ion ch ara cteristic poinl in the cenler of 
lhe Aregion s w h ere a good stability ls warranled. 
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Figure 6 . Changes in he 2D map when s tirring is alte red are plotlted in a 30 m ap . Shades indicate 
the volu m es where small drop s ize is a t tained. 
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On lhe other hand lhe H s t rip can be a risky 
situa lion in an induslrial proc s s . s in ce a small 
formu latlon error m igbl trigger lhe em u lsion in­
version. with cataslrophic consequences In most 
practica! cases. However. lhis ambush can be 
avoided by shifting away lhe vertical b ranches of 
the inversíon lin . either by increasing surfactant 
concenlration [58J or by decreas ing the stining 
nergy or duration [59]. whi h b oth r s u lt in the 

cbange indicaled by lhe arrows in Figure 6 left 
graph . 

The com bination of the formulalion, com­
posilion and stirring energy effecls ls exblbiled in 
lhe 3D d íagram hown in Figure 6 right plOl, 
whi 'h ind icales Lh e variation of the 20 map along 
the stining energy axis . Th shaded volumes are 
th e region s where U1e drop s izc is expected to be 
minimum on each side of the inversion lineo Ea ch 
of these regions may be divided into lwo bands. 
labeled H (h igh internal phase ratio) and F (for­
m u la tion best comprornise) as in Figu re 5. 

The corn er where H and F regions are over­
lapping could be particularly favorable Lo attain 
extremely fine drop emulsions a ccording to a 
very re en t sludy [6 0 1. However, this location is 
too n ar HLD = O lo provide a good s tabilily and 
again it could be used only as a transien slate 
for ern u lsification. As soon a s lhe emu ls ion is 
made . the HLO must be s h ifled away far from 
HLD=O. for ins tance by changíng temperature or 
by cha n ging form ulatíon, in whal may be caBed 
a quench process. one of the so-called unil op­
erations in emu lsion formu lation engineering 
[60J. 

Very recenl investigations indicale tha t lo­
cal or Lransient stirring and rnixing conditions 
may be u sed to affect lhe emulsion type [6 1]. or to 
customize or fine tune lhe drop size dis tributlon 
[53-54J, as in the ca se of bimodal emulsions tai­
10red to exhibit a particularly low viscosity and 
Newtonian rheological behavior. even al high in ­
ter nal phase conten t [62-65J. Even more complex 
cases are lo be dealt with sy 'tems, wh ich are 
emulsified by mass lransfer or phase inversion 
[66-68]. wh ich is often associated to spon taneous 
emulsificalion [69J or with more or less retar ded 
equilibration, depen ding on the form ulalion [70J. 

Conc1usion 

Attaining a smaIler drop s ize during emul­
sification is not inevitably a malter of raw force 
and high stirring energy. Combining the effects of 
formulation (HLD). composition (WOR). and s tir­
ring energy can reach mo -t efficient drop s ize re­
du ction . Actually . the smallest drop s lzc is n ol at­
tained by high-s peed sUrrin (wbich ten ds to 
limil th e exten sion of the favorable HIPR r eglon). 
but by lhe slow mixing of viscous oncen trated 
emuls ions. or by phase inversion. 
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