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The interest in nanoemulsions has experienced a continuous increase in the last years as evidenced
by the numerous publications and comprehensive reviews on the subject. This enormous interest is
triggered by the wide range of applications, namely in the pharmaceutical, cosmetic, food, chemical
industries. Nanoemulsions (submicrometer-size droplets) have advantages over conventional emul-
sions (micrometer-size droplets) due to their small droplet size; it stipulates their stability against
sedimentation or creaming and a transparent or translucent optical aspect (similar to that of microemul-
sions). Nanoemulsions are commonly prepared by high-energy methods using mechanical devices,
which can produce intense disruptive forces, for example, high pressure homogenizers and ultra-
sound generators. Nanoemulsion formation by these methods is quite straightforward as the higher
the energy input is, the smaller is the droplet size. However, the level of energy required to obtain
nanometer-scaled droplets is very high, and therefore, cost-inefficient, especially considering that
only a small amount of the energy produced is used for emulsification. In contrast, low-energy emul-
sification methods using the internal chemical energy of the system are often more energy efficient as
only simple stirring is needed, and generally allow producing a smaller droplet size than high-energy
methods. It has been also claimed that high-energy methods allow preparing nanoemulsions at higher
oil-to-surfactant ratios than low-energy methods. The results obtained confirm that both PIT and PIC
have the same mechanisms. However, there are still issues to be solved. One of them concerns the
possibility to obtain nanoemulsions with the minimum droplet size and low polydispersity by the PIC
method. It is likely that the kinetics of the emulsification process plays an important role in this emul-
sification method, which has not been taken sufficiently into account. Therefore, more research effort
needs to be done on this subject. A more comprehensive knowledge on the mechanisms involved
in nanoemulsion formation by low-energy methods will allow their optimization and consequently will

extend the fields of their application.

The interest in nanoemulsions has experienced a con-
tinuous increase in the last years as evidenced by the
numerous publications and comprehensive reviews [12,
14, 19, 22, 31] on the subject. This enormous interest
is triggered by the wide range of applications, namely
in the pharmaceutical [2, 3, 6, 9, 10, 13, 19, 22, 28, 36,
37], cosmetic [1, 7, 34, 40], food [15, 26, 27, 29], chemi-
cal [5, 17, 23, 25], etc., industries. Nanoemulsions (sub-
micrometer-size droplets) have advantages over con-
ventional emulsions (micrometer-size droplets) due to
their small droplet size; it stipulates their stability against
sedimentation or creaming and a transparent or translu-
cent optical aspect (similar to that of microemulsions).
However, nanoemulsions, in contrast to microemul-
sions, which are thermodynamically stable, are non-
equilibrium systems, which may undergo flocculation,
coalescence and/or Ostwald ripening. Nevertheless, with
an appropriate selection of the system components, com-
position and preparation method, nanoemulsions with
a high kinetic stability can be obtained. It is generally ac-
cepted [21, 30, 33] that the nanoemulsion main break-
down process is Ostwald ripening (diffusion of molecules
of the disperse phase from small to big droplets). How-
ever, recent reports have shown flocculation to be a
possible breakdown mechanism for nanoemulsions for-
mulated with mixed nonionic-ionic surfactants [38, 39].

Nanoemulsions are commonly prepared by high-
energy methods using mechanical devices, which can
produce intense disruptive forces, for example, high-
shear stirrers, high pressure homogenizers and ultra-
sound generators. Nanoemulsion formation by these
methods is quite straightforward as the higher the ener-
gy input is, the smaller is the droplet size. However, the
level of energy required to obtain nanometer-scaled drop-
lets is very high, and therefore, cost-inefficient, especial-
ly considering that only a small amount (about 0.1%)
of the energy produced is used for emulsification [32].
In contrast, low-energy emulsification methods using
the internal chemical energy of the system are often more
energy efficient as only simple stirring is needed, and
generally allow producing a smaller droplet size than
high-energy methods [36]. Nevertheless, depending on
the system and composition variables, similar droplet
sizes can be obtained by both types of methods [41].
It has been also claimed that high-energy methods al-
low preparing nanoemulsions at higher oil-to-surfactant
ratios than low-energy methods [41]. However, nanoe-
mulsions with high oil-to-surfactant ratios prepared by
low-energy methods have also been reported [9].

Low-energy emulsification methods

Low-energy approaches rely on the spontaneous for-
mation of tiny oil droplets within oil-water-emulsifier
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mixtures when either their composition or the environmen-
tal conditions are altered. A number of different nanoemul-
sion preparation methods are based on this principle, in-
cluding spontaneous emulsification (SE), phase inversion
temperature (PIT), phase inversion composition (PIC), and
emulsion inversion point (EIP) methods [4, 8, 16, 24].

Spontaneous emulsification. In this group of methods
an emulsion or nanoemulsion is spontaneously formed
when two liquids (usually an organic phase and an aque-
ous phase) are mixed together at a particular tempera-
ture [24]. For example, an organic phase consisting of a
non-polar oil and a hydrophilic surfactant and/or a water-
miscible organic solvent may be slowly added to water.
Alternatively, water may be added to an organic phase
containing a non-polar oil, a water-miscible organic sol-
vent and a surfactant [31]. The water-miscible organic
solvent is typically ethanol or acetone, but it may be
replaced with a water-miscible surfactant instead.

To obtain very small droplets, as is required in na-
noemulsions, it is usually necessary to use a high ratio
of the water-miscible component-to-oil in the organic
phase prior to mixing. The spontaneous emulsification
method has found a widespread utilization within the
pharmaceutical industry, where it is used to form drug
delivery systems to encapsulate and deliver lipophilic
drugs. Systems prepared using this approach are usu-
ally referred to as either Self-Emulsifying Drug Delive-
ry Systems (SEDDS) or Self-Nanoemulsifying Drug De-
livery Systems (SNEDDS) depending on the droplet size
produced. A great deal of research has gone into optimiz-
ing the formulation of SEDDS and SNEDDS in terms
of identifying the most appropriate preparation method
and compositions. The main drawback when using this
approach in the food industry is that high concentrations
of synthetic surfactants are normally needed, which may
be undesirable due to regulatory, cost or sensory rea-
sons. Nevertheless, there are certainly some applications
where this approach may be useful, e.g., incorporating
small amounts of bioactive lipophilic components into
beverages.

Phase inversion methods. The phase inversion tem-
perature (PIT) method relies on changes in the optimum
curvature (molecular geometry) or solubility of non-ionic
surfactants with changing temperature [ 14, 22]. For exam-
ple, nanoemulsions can be spontaneously formed using
the PIT method by varying the temperature-time profile
of certain mixtures of oil, water and non-ionic surfac-
tant. This type of phase inversion usually involves the
controlled transformation of an emulsion from one type
to another (e.g., W/O to O/W or vice versa) through an
intermediate bicontinuous phase. The driving force for
this type of phase inversion is changes in the physico-
chemical properties of the surfactant with temperature.
The molecular geometry of a surfactant molecule can
be described by a packing parameter, p [16].

At low temperatures, the head group of a non-ionic
surfactant is highly hydrated, and so it tends to be more
soluble in water. As the temperature increases, the head
group becomes progressively dehydrated and the solu-
bility of the surfactant in water decreases. At a particular

temperature (PIT), the solubility of the surfactant in the
oil and water phases is approximately equal. At higher
temperatures, the surfactant becomes more soluble in
the oil phase than in the water phase. A nanoemulsion
can be formed spontaneously by rapid cooling of an
emulsion from a temperature at or slightly above the
PIT to a temperature well below the PIT.

The phase inversion composition or PIC method is
somewhat similar to the PIT method, but the optimum
curvature of the surfactant is changed by altering the
composition of the system rather than the temperature.
For example, an O/W emulsion stabilized by an ionic
surfactant can be subjected to phase invertion to a W/O
emulsion by adding a salt. In this case, the packing pa-
rameter is adjusted from p<1 to p>1 due to the ability
of the salt ions to screen the electrical charge on the
surfactant head groups [20]. Alternatively, a W/O emul-
sion containing a high salt concentration can be con-
verted into an O/W emulsion by diluting it in water, i.e.
reducing the ionic strength below some critical level.

Emulsion inversion point. In the emulsion inver-
sion point (EIP) methods the change from one type of
an emulsion to another (e.g., W/O to O/W or vice versa)
is through a catastrophic phase inversion (CPI), rather
than a transitional phase inversion (TPI) as with the PIC
or PIT methods [11, 35]. In this case, a W/O emulsion
with a high oil-to-water ratio is formed using a particu-
lar surfactant, and then increasing amounts of water are
added to the system with continuous stirring. Above a
critical water content, the water droplet concentration is
so high that they are packed very tightly together, and
the emulsion reaches a phase inversion point where it
changes from a W/O to an O/W system. The size of the
droplets formed depends on the process variables, such
as the stirring speed and the rate of water addition [35].
The emulsifiers used in catastrophic phase inversion are
usually limited to small molecule surfactants that are
able to stabilize both W/O emulsions (at least over the
short term) and O/W emulsions (for a long term). Re-
cently, it has been shown that the emulsion inversion
point (CPI) method can be used to produce nanoemul-
sions (r< 100 nm) from food-grade ingredients [26].

CONCLUSIONS

Nanoemulsions cause constant and growing interest
as due to their characteristic properties (small size, large
surface area and transparent optical properties) they are
advantageous over other colloidal systems for a wide
range of applications. It is worth noting the interest to
nanoemulsions for application in pharmacy, cosmetics,
agrochemical, food, chemical industries, etc. Low-ener-
gy emulsification methods have focussed considerable
research interest in the last years as small droplet sizes
and narrow size distributions can be obtained using sim-
ple equipment. The review on formation of nanoemul-
sions by self-emulsification and phase inversion (PIT
and PIC) methods confirms the progress in studying the
factors leading to nanoemulsions with the minimum size
and low polydispersity. The results obtained confirm that
both PIT and PIC have the same mechanisms. However,
there are still issues to be solved. One of them concerns
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the possibility to obtain nanoemulsions with a minimum  fore, more research effort needs to be done on this subject.
droplet size and low polydispersity by the PIC method. A more comprehensive knowledge on the mechanisms
It is likely that the kinetics of the emulsification process  involved in nanoemulsion formation by low-energy me-
plays an important role in this emulsification method, thods will allow their optimization and consequently
which has not been taken sufficiently into account. There-  will extend the fields of their application.
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OTPUMAHHA HAHOEMYIbCIW 3A AONMOMOIOK HU3bKOEHEPTETUYHUX METO/IB:
ornag

10.B.Cokorsios

Knrovoei crioea: HaHOEMYy b Cisl; HU3bKOEHEeP2EMUYHE eMYrbay8aHHS;, CaMOeMy ibay8aHHS;
memnepamypa ¢pa3o80i IHeepcii; KOMIO3uuis ¢ha3oeoi IHeepcii

IHmepec 0o HaHoeMy bCili 8 OCMaHHI POKU MOCMIUHO 3pocmae, Wo niomeepdXyembCsl YUCTEHHUMU
ny6nikauismu i oangdamu 3a yiero memoro. Takul 3pocmarodull iHmepec 8UKIUKaHUU WUpokum Oia-
r1a3oHOM 3acmoCy8aHHs y (hapmMayesmuyHilti, KOCMemMuUYHil, Xxap4oeil, XiMi4YHil MpoOMUCIO80CMSIX.
HaHoemyrbcii (YacmuHKu cybMIKpOHHO20 po3Mipy) Maromb riepesazy neped 3guyaliHUMU eMyribCi-
AMU (YacmuHKaMu MIKPOHHO20 po3Mipy) 3a80sIKU MEHWOMY PO3MIpY, WO 3yMO8sToe ix cmilikicmb 00
ocadxeHHs1 ma Kpemaxy i onmu4Hy rpo3opicms. HaHoemyrnbcii 3a3guyali eupobristoms 3a 00rnoMo-
2010 8UCOKOEHEepeemu4YHUX Memo0di8 3 8UKOPUCMAaHHSIM MexaHiyHux rpusadie, 30amHux eupobris-
mu IHMeHCcUBHI pyUHYrOYi cusu, Harpukiad, 20MO2eHi3amopu 8UCOKO20 MUCKY ma ybmpa3eyKosi
eeHepamopu. Po3mip 4acmuHOK HaHoeMyrbCill, WO ymeoptorombcs 3a 00roMo20r0 makux memodis,
mum MeHwul, Yyum binbwe 3acmocosyembcs eHepeii. PiseHb eHepeii, He0b6XxIOHOI 0151 ymeopeHHs
HaHO4YacmMUHOK, € Oy>e 8e/IUKUM, 8HaC/1i00K Y020 Npouec € EKOHOMIYHO HeegheKmugHUM, 0cobriugo
SKWO 8paxysamu me, W0 fluwe Hegemuka YacmuHa yiei eHepeaii sumpadaembscs Ha eMyribey8aHHS.
HusbkoeHepeemuy4Hi MemoOu, Haernaku, 8UKOPUCMOBYOMb 8HYMPIWHIO XiMiYHY eHepaito cucme-
MU, mOMy B0HU, SIK rpasusio, bifbw eHepeemuyHO echeKkmueHi, m. 1. docmamHbO POCmMo2o rnepe-
MilyeaHHs, Wo 8 binbwocmi sunadkie 003680519€ ompuMamu 4YaCmuHKU MEeHWO020 PO3MIpY, HiX 3
8UKOPUCMAaHHSM 8UCOKOeHepaemu4yHUX memodie. OmpumaHi pesynbsmamu nomeepdxyoms, Wo 8
ocHoei sik T®I, mak i K®I nexxamb mi cami mexaHiamu. OOHaK 3anuwiaromasCsi We HesupilleHi numarx-
Hs. O0He 3 Hux 8idHocumbCsl 0 MOXIusocmi ompumaHHsI HE 3 MiHiMarbHUM pO3MipOM YacmUuHOK
ma HU3bKor nosiducrnepcHicmio 3a dornomozoro memody K®I. Ckopiwe 3a 8ce KiHemuka rpouecy
emyrnbayeaHHs gidiepae 8axrugy posib y UboMy MemoOdi, Ha sKul He 38epmariu 0oCmamHb0 yeaau.
Omxe, HeobxiOHO binbwe docnidxeHb 3a ujeto memoro. binbw 2nuboke 3HaHHS MexaHiamig ¢hopmy-
g8aHHs1 HE 3a dornomozorwo HEM do3eonumb rposodumu ix onmumidauito ma rnocriidoeHoO po3WUpHo-
gamu obriacmi ix 3acmocyeaHHs.

NONYYEHME HAHO3MYNIbCUWU C NOMOLLbIO HU3KO3HEPNETUYECKUX METOLOB:
OB30P

F0.B.Cokoustos

Knroyesnble csioea: HaHOIMY IbCUST; HUBKOSHEP2EMUYECKOE MY Ib2UpPO8aHUE;
camoaMyrbauposaHue; memrepamypa ¢hazoeol UH8epPCUU; KOMIO3uyusi ¢ha308ol UHeepcuU
WHmMepec Kk HaHOAMYIbCUSIM 8 r1ocriedHuUe 200b! MOCMOSIHHO pacmem, 4Ymo rnoomaeepx0aemcsi MHO-
eoyucneHHbIMU nMybnukayusmu u ob63opamu rno amoli meme. 3mom pacmywuli UHmepec ebl3eaH
WUPOKUM Ouarna3oHOM NpUMeHeHUs1 8 thapMmauesmuyeckol, KocMemuyeckod, nuwesod, xumuye-
CKoU npombiwrneHHocmsix. HaHoamynbcuu (Yyacmuubl CyOMUKPOHHO20 pasMmepa) uMerom rnpeumy-
wecmeo reped 0bbI4YHbIMU SMYIbCUSMU (YacmuuamMu MUKPOHHO20 pasmepa) briazodapsi MeHbweMmy
pasmepy, 4mo obycrioenueaem UX ycmol4yueocmb K OCaXOeHUI U KpemMaxy U Onmu4yecKyr npo-
3payHoCmb. HaHo3aMyrbcuu, Kak rpaesusio, Mpou3eoosimcsi ¢ MOMOWbI0 8bICOKO3HEP2emuUYECKUX Memodos
C ucronb308aHUEM MexaHU4YeCcKUX ycmpolicme, criocobHbIX Mpou3eodumb UHMEHCUBHbIE paspyuia-
rowue curnbl, Hanpumep, 20MO2EHU3amMOopPbl 8bICOKO20 Oas/ieHUs U yibmpa3gyKosble eeHepamopbI.
Paamep obpa3syrouuxcsi yacmuy, HaHO3MYyJsbCuUl € MOMOWbIO 3mux Memodo8 mem MeHbue, Yem 6071b-
we rpuknadbleaemcsi 3Hepauu. YpoeeHb sHepauu, Heobxodumol 0rnsi obpa3zosaHuUss HaHoYacmuuy,
O4Y€eHb 8e/IUK U 8criedcmaue 3moao He3KOHOMUYEH, 0COBEHHO ecriu y4ecmb, Ymo fulib Manas 0oss
amoli aHepauu pacxodyemcsi Ha aMyrnbauposaHue. HuskoaHepaemuyeckue MemoOsbl, Haobopom, uc-
M0/1b3YI0M 8HYMPEHHIOK XUMUYECKYH0 3HEpPaulo cucmeMsbl, 3a4acmyto boree sHepeemu4ecku 3gh-
pekmuesHbl, m. K. 00CMamoYHO MPOCmMOoeo fnepemelwiusaHusi, Ymobbi 8 6oMbWUHCMSe Cry4Yaes ro-
JIy4umb Yacmuubl MeHbWe20 pa3Mepa, YeM C UCMOTb308aHUEM 8bICOKOSHEP2EMUYECKUX MEMOOOS.
lNonyy4eHHble pe3ynbmambl nodmeepxdarom, 4ymo 8 ocHose u TOU, u KOU nexxam o0HU u me xe
mexaHu3mbl. OOHaKo ocmaromces ewje HepeuweHHble 80rpochkl. OOUH U3 HUX OMHOCUMCS K 803MOX-
Hocmu rionydeHust H3 ¢ MUHUMarnbHbIM pa3mMepoM Yacmuy U HU3KOU noauducrnepcHOCMbIO C o-
mowbro Mmemoda K@U, Ckopee 8ce2o KUHEMUKa npouecca smMyrbeuposaHusi ugpaem 8aXxHYo porib
8 amom mMemode, Komopbili He MpuHUMaricss docmamo4YHo 80 eHUMaHuUe. CriedosameribHO, HEObXO-
dumo 6onbwe uccrnedosaHul no amol meme. bonee enybokoe 3HaHUE MexaHU3MO8 hOPMUPOBaHUSI
H3 ¢ nomowbro HOM noseonum nposodume ux onmumu3ayuro u riocedosameribHO pacuwupsme
obnacmu ux nPUMeHeHUs.



