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Abstrac t - -A novel type of multiple emulsions which o:mtain a nfi,:roemulsion in macrodroplels, wets 

prepared by a two-step emulsifieati~m procedure. Mineral oil was used as the oil phase with a mixture of Aero- 

sol OT and Span 20 as primary enmlsifiers. A water-in-oil microemulsior: was prepared by gradual addition of 

water m oil containing both these emulsifiers. This microemulsi(m system, when dispersed in an aque~u:s 

solution containing secondary eruulsifier, pro{lutes water-i[~-,.)il-in-water (W/O/W) multiple ernuisi~,ns. 

The release rate c,f solute dissolved in the internal aque,Jus phase ,.*,'as measured using the dialysis techni- 

que. A theoretical model describing the diffusion of a mulliple emulsion system was developed, which 

predicts the hall-life for 50% of the internal solute to diffuse t,, the external phase. Experimental results sh,.Jv,,- 

ed the stability of multiple emulsi(,ns imprc, ved significanll?, up{H! usii!g a therm~}dynanncally stable micro- 

emulsion as a primary emulsion and a polymeric surfactai!t as a secondary emulsifier. As a resull, half-lift {~f 

these multiple emulsions is greateT than thai uf conve~tiunal multiple emulsions, 

INTRODUCTION 

ERIUISioP.s have beel! kl?oWlt fur a Iop_g l ime as 
mixlures of Iwu immiscibie liquids, one uf lhem berne 
dispersed as a droplet in Ihe {)lher 1-3]. Multiple 
emulsiul~.s are emulsi{.ms ip. which  Ihe drops  uf the 
dispersed phase  c,.)ntain even smaller  druplels  {d the 
external  phase  [4,5]. Two maj{}r typ,:s uf multiple 
el/ILllsiolts cal3 exisl, {)he beit:g water-in-oil-in-water 
(W/O/W) t}pe where iuternal and ,.,xlernal v.,,aha~ 
phases are separated bv aH oil phase, a[~(t the uther !)e- 
it:g uil-ip.-water-ii~-,.}il {O/WlO)  type whe re  Iwr ,,il 

phases  are separated by aH aqueous  l:,hase, l~;e(:ause 
the ip.P.er aJ!d outer liquid phases  of inultiple eluul- 
s~uns are separated by ap.other immiscible l iquid la,,et, 
Ihey are also called " l iquid membraues" [6-8]. 

The ability of W / ( ) i W  mutl iple  emulsi,.ms I{~ eutl a I) 
a waler soluble material inside al)d It, separate it [r{,]u 
Ihe exlernal waler makes Ihem very useful il2 mauy 
areas of applicalir par/icularly iu separati{.o in- 
dustries [9-11] and pharma{:eulics [12-]4]. Multil}k' 
enmlsi{ms can be used eilher as a devk,, for eu[tlr{dl{'{l 
mass  transfer when  the n:aleriat tu be r,.,ieased is s,.iu- 
hilized in Ihe ilHert~.al phase  as a suurc,:.. {)r as a sepa- 
rati[,.g device when  the inlen:al  i)hase a,: ts as a si,~k [{, 
lhe maleriat tu be extracte(l fr{.,i/l the exterual i)hase. 
l-I{.,wever, their  hflmrenl physical inslabilit',, Iuakes 

them very difficult tu use h! pradical at)plicaliuHs 
L14,15]. 

Th,,.. basic purpose of this study was/{} evaluate the 
mul l iple emulsions as a cal~di(lale fur a c{mlr{Jled 
illass release system. HeHce the pr{.,blen~ is huv,. I,, 
estmlale l]~e mass transfer rate fr{)m the internal h) 
exleri~al phase ,)f mult iple emulsiut~, and huvv I{, im- 
pr(}ve Ihe slabili ly {d such sysienis f{~r practical appli- 
{'ali,.ms. A siulplified i i latheniatical  mJ:,{tel descrii)ing 
Ih,tt mass Iral)spurl a(r{>ss the lli.t}ll/bral~e interface [{,- a 
nlulliple emulsi{)P systeliI was i)resei!led. Fruiu Ilw 
m{}del, halt-life fur the c{mcenlrati{;n uf a suluk, h, 
decrease  bv 5()?,2 (.:at) be estimaR'd. AIs{,. the pteseiH 
shldv slit}ws s{}llle appr(}acl~es It, illil)r{)ve Illllllii}[e 
emulsi{,n sial)till',, altd exl),:'rilnelHal illeasu%'lllel!ls, {,I 
mass Irauster ra/es fur W/()/'~V mtfltiple elilulsi,.,l! s',, s- 
[ellis. 

THEORY 

A schemat ic  ret)resee.uJti{m uf WI{) /W type Hml- 
fiple el]mMi{m is sh{}wu il~ Fig. 1. F{~r malhemati , .a t  
siuq)lificali{~u, w,'." assume thai all Ihe internal ;,,.ale~ 
dr,@lels furin {}l!e large st)here il~ the ceHler ,.if/he {,~i 
dr{q), ai!d Ihe c,.Jrres[){mdiILg c{,l!celHrati{,i! pr{dile is 
also sl],.}Wl2 iu Fig. l. 

Mass flux {d iI!leri!al s{4ule aer{~ss the neml}ta~,,:, 
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Fig. 1., Schematic represenial ion of a WtOIW multi- 
ple emulsion and its simplified model and sol- 
ute concentration profile. 

(here oil layer) can be expressed by foltowip_g Fick's 
first law, 

dk/[, dC C,~,- C,~. DAK 
-d]  : D A c [ x  = D A  .... b.- ........ } - - I C , - C ~ ,  

(1) 

where b.l~ cten~tes allitJUl!/(Jf luass diffused dur ing t ime 
I. D is diffusiun cueif icieul, A is surface area of ini !er 
di{JlJlet. (" is (ol !cel ! l ra l io i !  il! each lJha:-;c. ~7 J:-; thick- 
i)ess i~f lU(,llibrai!e((>il) lax<t>< al)d K is partil ioi~ o>ef- 
ficiei!l of ~,(JJu[o il! ~,il ai@ waler  pliase which is sohi- 
b i l i lv  ~ath, I)eFwe(,i! i i i tq l l l ) rane al~d bulk phi.i:~e ((7,/(7). 
Arid slil)sctil>ls i. t, aim II1 dei!<,le Ihe i[!ierl~a . o',:R'rlKil 
alRt II t ' lUbraHt' l) iTp-;o rt,spec:lit ely 

'l't,tai III{iS'~ ',Jl s~hile is kepl Cl~l!'.danl d i l r i l !g Iht' 
l ime ~, a ~>liIll (~f Ill.+. ' s~,itllt' lilac,5; if! l i fe i i ] l t ,r l)al a i d  
exlel  i~al ph<tses. 

_Xl ' -  XI, - M<- . cons t  f2) 

h!iEHlll\ all i l lc stJJll[(' lllas5 c'xists il!side f l i t  h!lc,l- 
i~a] w41er dnJiJle/, such lhal M T M, a i O. If we 
{lSSUlllt ~ lli~.il the \~shlll le [Jr ('{JCh iJ]la~>e dcJcs ill iI (.hal ~t '  
w i l l l  l i l i i t , . Ihe]! the c(>iwpi!lritli(Jl! h! each ptiasv is 

C,-M,/V,, C,.= M <>/V,,. (3) 

Hq. ( t )ca t !  b(' lev,,iHei! l,v USil!g [s (2) al!,l (2,), 

d M , . = D A K f ' _ M '  M<, k'l<,'l 
d! 8 l \ , -  - V,. J 

- \ "  < l ,  

D'V, \ % ,  '5 

..\fict u,,~l!;~l!<_:il!g t% I ( t ) 4 i ! d  il!lc.<_:ralh!~. 

Table 1. Estimated half.life for spherical  aggregate  
sys tems  

Thickness Radius Half-life 
Spherical system 

(~) (R) (t i!2) 

Emulsion 20 J, I00.A-IIX 0.05- 5 s 
Liposome 40 A 0.1-I Ix 1-10 s 
Multiple emulsion 1-10IX 0.1-1 IX 4 rain- 6 h 

For spherical structure, the surface area to vo lume 
ratiu is A/V,  -- 3/P, where R is the radius of an inner 
:.~phere. Let E = VJV,.. the vo lume raticJ between lhe in- 
ternal and the external phase, then lhe frac@ma] 
an~uunt of mass released Io external phase be(.-(~r[les 

M ~ 1 * E t ~V 

Half-life when 50% of the initial solute amuunt  re- 
leased Io exlernal phase, i.e., M~,/Mr = I /2  becomes 

t ,  , - -  b'R In(  1 - ~ ) "  !7) 

It~ practical systems, the intern.al vo lume is qui le 
small ,.:c,ntl)ared tr the external vo lume,  V,.< V.<.. hence 
E-->t). \,',,'ith lypical values c.,f D - ]0  g cm2ls. K lO z 
[]1i,17], Ihe esl imated half-l i fe f,.Jr different spherical 
%vslems are Cuml)ared iI~ Table 1. From Eq. (7), the 
half-l ife of Ihe system is proport ioual  to the thickl!ess 
c~f the interfacial laver and the size uf droplets. For 
spt~erical SllUt I.u es SLId] aS emulsioP.S, l iposon]es aud 
uiui t i l ) le eliltllsitJt!,;, Ihe size of dropiels is h! the SalllC 
~Jrd(.>r c,f range ( t l . l - I  IX). Hence li lt! half-l i fe is i l la inb/ 
del)endcnl  il l)el! Ihe thickness uf i l !terlacial ]irVel-. 

Fur t'llll.li51i()l} 7~yslems. l i ie irHerfaciai layer is the 
tllOlRJ]ayer cJf surfactal~l f ihn, heI~ce lhe lnell l l)ral~c 
dlicklK'Ss is aboul 70 /~ alld ll-le esliinaled half-life is 
less lhan 5 secop.ds, t:or the / iposo l ] le  svslems wl iose 
i i! lerface is lhe bi layer i Jr surfacialf l f i lni, lhe esl iulalcd 
half-l ife is h~ the ()rder (Jr l l )  secuiMs. Pt>r Ihe niul l i t ) le 
eululsiorl systems, the interfacial layer is the bulk oil 
phase inslead of Ihe molecular  surfactal~t layer, bet!co 
the Ihickuess of fl~e l i lenlbral !e laver can go tip t~, lU/a 
aim cc>rrespoi~dii~.gly the half-life t~ il!creased It; I tw 
<~rder (~f several hours. 

EXPERIMENTALS 

1. P r e p a r a t i o n  o f  m u l t i p l e  e m u l s i o n s  
A Iwo-slc[) ell|tl[sifk~alioH pr(pJ(*duro !4,~] "wa5 tined 
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to prepare a series of W/OIW type multiple emulsions. 
In the first step, primary emulsions of W/O type 

are prepared. The inside water contains 5% of pyri- 
dine as a diffusing probe. Light mineral oil (Witco 
Chemical Co.) with a surfactant mixture of Span 20 
(sorbitan monolaurate, [CI Americas) and Aerosol OT 
(sodium dioctyl su]fosuccinate, Sigma) in the 3:5 
weight ratio was used for the formation of W/O micru- 
emulsions without using alcohol [18]. The volume 
fractk;n of water was 0.1 arid the surfactant fraction iv_ 
oil phase was 0.2. 

In the second step, the WfO nficroen|ulsion pre- 
pared during the first step, is poured into an aqueous 
solution of hydrophilic surfactant to form a W/O/W 
type multiple emulsion. The hydrophilic surfactants 
conln~unly used are nonionic surfactants such as, 
Tween 20 (polyoxyethylene-20 sorbitan nlonolaurate, 
ICI Americas) or polymeric surfactant Pluronie F108 
(BASF) which is an ABA type block copolymer surfac- 
tan containing 80% polyoxyethylene and 20% poiy- 
oxypropylene with a molecular weight ot 14600. The 
w.~lume fraction of the W/O phase was 0.2 and the sur- 
factant fraction in the aqueous phase was 5 to 10%. 
Also aniop.ic surfactants, SDS (sodium dodecyl sulfate, 
Fisher) and sodium laurate (Sigma) with Ihe 1:1 mule 
rati~ of dodecanul, were used as a secondary elIltJlSi- 

tier. 
2. M e a s u r e m e n t s  o f  m a s s  t r a n s f e r  ra te  

To measure the amount of probe.material released 
from the iuterp.al phase to, the external phase, it is 
necessary tu separate the dispersed phase from the 
external contit~uous phase. We adopted dialysis tech- 
nique which gave an optically clear solution after sepa- 
ration uf the solute from the dispersed phase. Dialysis 
is basically a diffusion process uf separatiop, of sub- 
stap.ces in sohJtion due to the molecula+ size differ- 
ence. Only mtJlecularly dispersed material cal> pass 
through the dialysis membrat+e [19]. When applied to 
a multiple emulsion system, only the pr.~be material 
released from Ihe internal to external phase can diffuse 
out to sit,.k solution which is separated by dialysis 
metnbram'. 

For dialysis measurentents, 10 nil of freshly pre- 
pared multiple emulsion is poured into a dialysis sack 
(Spectropor 2 cellulose membrarte with molecular 
~eight cutoff 12000-1400())and placed ip. a flask corn 
laitdng 241) nil of 0.1 M NaCI solution as a diffusiu~ 
sinJ.~. Salt solution has t)eel~ used to prevent backward 
diffuskm uf solvent due to the oSnlOtic effect, at!d tln.~ 
sin,: solution is kept well slirred tu pn,vide holn~,ge- 
neuus distribution of released material. The ail]Oklnl tJf 

probe material, here pyridip+e, diffused uul Io the exh,- 
ual sink sulutiut~ separated bv a dialysis meml~am' 

was measured by spectrophotometer (Perkin-Ehner 
model 576) at certain time intervals. Absorbance 
measured at 256 nm wavelength was compared with 
those of calibration curve for standard solution. 

RESULTS A N D  DISCUSSION 

I. A p p r o a c h e s  to i m p r o v e  s tab i l i t y  o f  m u l t i p l e  
e m u l s i o n s  

There are several mechanisms of the breakdown uf 
a rnultiple emulsion [20,21]. One of the major prob- 
lem.s associated with multiple enmlsion is "cream- 
ing" phenornenun. Multiple emulsions are easily sepa- 
rated into two layers upon standing, one oil-rich (top) 
and the other oil-lean (bottom) layer, that is due to the 
large size of multiple drops. 

If the initial primary emulsions are unstaMe, they 
will easily coalesce to form large droplets inside and 
consequently break the interracial layer. The osmotic 
imbalance between the internal and external phases 
leads to either swelling or shrip.kage of inter>al drop- 
lets, depending on the direction of osmotic gradients. 
Also, multiple drops themselw_~s may coalesce with 
each other to rupture the interracial layer and release 
the internal droplets. 

From the above-mentioned breakdowp+ phenome- 
na, we can improve the stability of multiple emulsious 
ip. several ways as follows: 

1. Instead of unstable macruenmlsiun, thermody- 
p.anfically stable microemulsiun can be used as a 
primary emulsion to prevep.t internal droplet males- 
f ence .  

2. The interracial fihn breakdown can be reduced 
by furnm~g a rigid film around multiple drops with 
close packed surfactap.ts. A closer molecular packing 
in the interfacial region can be ublained by combina- 
liom: of a straight chah: aniomc surfactant with the 
satne chain leugth alcohol as a secut~dary emulsifier. 

3. The coalescet:ce of nmitip[e drops can f:e reduc- 
ed by decreasiug the fhJidity uf the external phase. As 
the viscosity uf the external phase increases, tile 
m,obility ,.~f drops decreases. We used a polymeric sur- 
factaut (Pluromc) it: the exlerHal phase that wouM m- 
crease Ihe vis,.r (F N. 2) as ,,veil as the thickness 
of interfacial region. 

D.,r WIO/W nmltiple en/ulsi,duS, the offecl ut 
coalescei~ce and breakdown uf nmltole emulsiuus ~.{m 
be monitored l)v ~hservil!g changes il~ the visc~,sil,, 
[22,2:;]. In .qeneral. the viscosit 5 uf multiple emulsi{,l!s 
would decrease dt |e  h,, coalescence al!d breakduwl~. 
This technique has beeu applied t{~ estilnate the .sial)i- 
lily uf multiple emulsioi!s. Fur the multiple eululsi~Hs 
studied here. tin' viscosity was measured I:,v Ihe ,.,,t~e- 

Korean J. Ch. E. (Voi. 7, No. 3) 
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Fig. 2. Viscosity changes for multiple emulsion sys- 
t e n l s .  

�9 W/O microemulsion in 10% Tween 20 aqueuus 
solution 

O W/O microemulsion in 20% Tween 20 aqueous 
sc, luliun 

�9 W/O microemulsion in 10% Pluronlc FI08 aqm.'- 
u u s  s<~lutiur: 

D WtO microemulsion in 20% Pluronie Ft08 aqm:- 
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Comparison of fractional amount of pyridine 
release measured by dialysis technique. 
�9 0.2% Pyridine in water (reference) 
�9 water: Span 20 : mineral oil = 2 : 1 : 7 (W / O macro- 

emulsion) 
waler:(Span 20+ AOT):mineral oil - 1:2:7 (Wt 
O microemulsion) 

A W/O macroemulsion in 5% Tween 2(1 aqueous 
solution 

zx W I O  microemulsiuu in 5% Tween 20 aqueous 
sulution 

and.plate viscometer (Brookfield model LVT), but the 
changes over time period were not significant as 
shown in Fig. 2, once they form multiple en-~ulsions. 
2. Mass transfer rate of  mult iple  e m u l s i o n s  

"['he release rate of a solule from Ihe multiple emul- 
sion depends on several factors, such as the lype of 
prima O' emulsion, kind of secondary sudaclant and 
concel~tralion, etc. As a reference for Ihe dialysis 
sysh?nL the pyridine release rate from pure water solu- 
tion was measured. As shown in Fig. 3, air:lost 90% uf 
pyridine was diffused out within 1.5 hour with a half- 
life uf 20 minules. Also, the release rates of simple 
WIO macro- aud microemulsion are conoared  wilh 
those of multiple emulsions in Fig. 3. We can compare 
qualitatively the nature of release pattern of multiple 
emulsions from the results showr: in Figs. 3 and 4. 

1. A microemu]sion has a large total surface area 
compared to a macroemulsion, hence the :solute diffu- 
sion tale should be faster. Although the diffusion rale 
of a microemulsion is seen Io be faster than that of a 
macruemulsion as shown in Fig. 3, the difference is 
not significant. This is due to the high resistance of ~he 
external oil phase to the water-soluble material to diF 

fuse out. 
2. Comparing the release rate of multiple emul- 

sions with that of sin:lple emulsions, the release rate of 
simple emulsions is seen to be slow. This is contra O' to 
the theoretical prediction indicating the half-life of sim- 
ple emulsions is longer than that of multiple emul- 
sions. But the reason lies in the fact that during ~he 
formation of mulliple emulsion, a certain amount of 
solute is lost to ll-~e external phase. Once it is exposed 
to file external phase, the diffusion rate across dialysis 
membrane  is fasler for the multiple emulsion system, 
because of water-water interface diffusion as cumpared 
to oil-water interface diffusion for simple emulsions. 

3. Anionic surfactants (SDS or sodium laurate) with 
alcohol as a secondary' surfactant could not provide a 
rigid molecular packing to mass lransfer resistance as 
seen in Fig. 4. The close packing of monolayer al lhe 
interface may not be sufficient to affect the overall 
release rale change. Bul the reiease rate is seen to de- 
crease wheu using polymeric surfactant which can 
provide a significantly Ihick interracial region around 
droplets in mult ip le emulsions. 

4. As we increase the hydrophilic surfactant con- 
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Fig. 4. Fractional amount of pyridine release for 
various multiple emulsion systems using a 
microemulsion as a primary emulsion. 
�9 WIO niicroemulsion in 20 mM SDS + dodecanol 

solution 
O W/O nficroemulsion in 50 mM Sodium laurate 

dodecanol solution 
�9 W/O microemulsiun in 5% Tween 20 aqueous 

solution 
D W/O n,icroemulsion in 10% Tween 20 aqueuus 

solution 
A W/O microemulsion in 5% Pluronic FI08 aclue- 

uus solution 
W/O microemulsion in 10% Pluroni( F108 aque- 

ous SOlUtion 

centr in external aqueous phase, the release rate 
becomes slower (Fig. 4). Increasing the sur~actant cop.- 
centr-ation will raise the multiple emulsion viscosily. 
Hence the mobility of multiple drops decreases and 
consequently drup breakdown wilt be reduced. Bu~ 
comparing the nonionic surfactant (Tween 20) with 
polymeric surfactant (Pluronic F10g) in Fig. 4, al- 
though the viscosity of polymeric system is higher (Fig. 
2), the release rate of 10% Tween 20 system is slower. 
One possibility might be due to the formation of the 
strong inlerfacial layer such as liquid crystalline struc- 
ture~ but this has not been confirmed. 

�9 5. The order of the overall release rate of multiple 
emulsions is not much different from that of simple di- 
alysis diffuskm in water. This indicates tl~e dialysis 
membrane  resistance is dominating over the emulsiun 
resistance, and alsu indicates initial loss of Ehe internal 
phase is quite high. If the initial loss is not significanl, 

Table 2. Comparison of experimentally measured 
half-life for various multiple emulsions 

Primary emulsion Secondary Half-life of 
type emulsifier multiple emalsion 

WtO macroemulskm Nonionic 20 rain 
(Tween 20) 

WtO microemulsioll Anionic 20 rain 
(SDS + dodecanol) 
Nonionic 40 mm 
(Tween 20) 
Polymeric 60 rain 
(Pluronic F108) 

Calculated value accurding lo Eq. (7) 4 rain-6 h 

the time lag of release should be observed due t,:o dial- 
ysis membrane  resistance. Tbe amount lost depends 
on processing conditions, such as the mixing speed 
and duration time'., and these may be critical to the for- 
mation of multiple emulsions. 

The overall mass transfer resistance, U, can be 
divided into two major contribution, one due to dialy- 
sis membrane  and the uther due to emulsion resist- 
ante.  

l / U =  1/U~ + 1/U~ (8) 

where subscripts M and E denote n~embrane a~d 
emulsion, respectively. 

Half-life of the system is inversely proportional to 
the overall mass transfer resistance, i.e., t t~2~l/U. 
Hence, the overall half-life is the sum of individual 

half-life. 

t , / ~ =  ( t w 2 ) ~  ( t , /2)  ~: (9) 

From Fig. 3, the half-life of a dialysis membrane,  
01/2)M, was 20 minutes. The overall system half-life can 
be measured from experiment, and lhe half-life due to 

emulsion resistarlce, (t 1 j2) E, can be calculated from Eq. 
(9). Experimentally measured half-life due to emulsion 
resistance for different multiple emulsion systems is 
listed in Table 2. This is comparable to theoretical 
values for multiple emulsion as calculated in Table 1. 
Use of a mieroemulsion instead of a maeroemulsion as 
a p r i m a ~  emulsion can increase the halflife of multi- 
pie emulsion from 20 minutes to 60 minutes, and the 
values are well within the theoretically predicted 
range. Although, the half-life of multiple emulsion can 
be increased by 2-3 times using a microemulsion as a 
primaD' emulsion, the values are still too small to be 
used as a drug carrier compared 1o the shelf-life of 
several months for pharmaceutical products. 

Korean J. Ch. E. (Vol. 7, No. 3) 
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CONCLUSIONS 

The following conclusions are drawn from the re- 
sults of this study; 

1. The use of a microemulsion as a primary emul- 
sion is introduced and the stability of multiple emul- 
sion has been improved. 

2. The molecular packing at the interface can be 
improved by appropriate combination o[ a straight 
chain surfactant with a long chain alcohol. 

3. Dialysis technique can be applied to measure the 
interracial mass transfer in multiple emulsions. 

4. From the simple mass-diffusion model, half-life 
of multiple emulsions can be predicted, and the ex- 
perirnental observations are within the range of pre- 
dicted value. 

Further work is still required to delineate the fac- 
tors affecting the stability of multiple emulsions, such 
as the method of preparation, selection of oil and sur- 
factant, dispersed phase volume, droplet size, viscosi- 
ty, elc. Once the problems of stability can overcome, 
multiple emulsions can be studied in more detail and 
may show their true potential as a new technology in 
separation system and controlled mass release system. 
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