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ABSTRACT

Emulsifying property of five emulsifierswas explored and compared using their rheology. These emulsifier’s posses
same number of carbon in their alkyl tail but differ in their head group structure. The rheology of such emulsions
strongly depended on average size distribution of the dispersed droplet (Misni, 2002). Flow behaviors of these
glycolipid based creams were explored in this work with two types of rheology experiments, namely: steady shear
and oscillatory shear experiments. These rheology properties A strain and stress controlled rheometer was used for
this purpose. Shear sweep was carried out to observe the viscosity, n) (v) behavior, where the oscillatory sweep was
carried out to observe the G’(w) and G” (w) behaviors. Irrespective of surfactant type, examination of shear depen-
dent viscosity profiles suggested that, depending upon the shear rates, all emulsions examined here showed mixed
flow behaviors. A shear thinning behavior (non-Newtonian flow) at low shear rates characterized by a exponential
decay of shear viscosity, whereas close to shear rate independent flow behavior (close to Newtonian flow) at higher
shear rates. Degree of shear thinning increased with surfactant concentration. A-Carrageenan stabilized emulsions
also exhibited higher shear viscosity and showed zero shear viscosity compared to DDM, PEG 10,000, SDS and
Brij35P stabilized emulsions at any given shear rate. As far as yield stress is concerned it depended highly on
surfactant type and concentration. Compared to DDM, PEG 10,000, SDS and Brij 35P stabilized emulsionsA-carrag-
eenan stabilized emulsion exhibited higher magnitude of Yield Stress. As expected, yield stress increased with
surfactant concentration. The combination of higher degree of shear thinning at low shear rates and higher yield
stress exhibited by A-carrageenan stabilized emul sions suggested that A-carrageenan stabilized emulsions are more
easily spread compared to DDM, PEG 10,000, SDS and Brij 35P stabilized emulsions. Oscill ation measurementswithin
the linear viscosity region suggested that A-carrageenan stabilized emulsions exhibited higher values of both the G’
and G compared to emulsions stabilized by others over dl frequenciesranges.Values of G” was dominant over G over
all frequency ranges, suggesting ease of spreading but low stability and shelf life. Both the moduli were frequency
dependent and both followed exponentially increasing power law. The good newsisthat, at low frequencies, values
of G’ could be increased gradually by increasing surfactant concentration. This in turn suggests that emulsions
stability can be improved with surfactant concentration, with out compromising its spreading property. As far as
flow model isconcerned much like Brij 35p and SDS stabilized emul sions polysaccharide chain stabilized emulsions
showed closeto Maxwellian like fluid behavior, further, though these emul sions seemed rel atively stable and that no
imminent phase separation was observed.  © 2008 Trade SciencelInc. - INDIA
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INTRODUCTION

Sugar-based surfactantsaregaining interest owing
totheir excdlent surface-active property, non-toxic and
bi odegradablein nature(Misni, 2002) duederived from
renewableresources(Baker et d, 2000) and show good
surface activity (Giffin, 1949).Another important ad-
vantage of sugar based emulsifier isthat they aremuch
less senditiveto temperature variation than other non-
ionicemulsifiers(Stunbenrauch et a,1996).

These sugar-based surfactantsa so solublein both
polar and non-polar solvents (Barnes, 2000). Dueto
these properties, sugar-based surfactantsfind increas-
ing attention from cosmetic and pharmaceutical indus-
tries.

Consideringther potentid gpplicationthiswork ex-
plores emulsifying behaviors of A-Carrageenan,
Dodecyl-pB-D-Mdtoside (DDM), polyethyleneglycol
10,000 (PEG 10,000), sodium dodecyl sulphate(SDS)
and polyethyleneglycol dodecyl ether (usualy referred
to asBrij 35P) with addition of UV- protect and mois-
turizing activeingredient that stabilized oil inwater (O/
W) emulsionusing rheology profiles.

Therearetwo rheological propertiesof particular
importanceto emulsonthat aretheir gel and flow prop-
erties. Theseflow profilesare often intermediate be-
tween solid-likeand liquid-like prototypefluids. Alig-
uid-like behavior in asteady shear flow ischaracter-
ized by the absence of shear thinning property at low
shear ratedomain. Inthiscasetheshear viscosity (n) is
independent of shear rate(y). Thismeansthat the stress
increaseslinearly withy.

Ontheother hand, whilesolid-likecomplex fluidis
identified by y independent o responses, thermody-
namicaly stableemulsonsin steedy shear regime show
non-Newtonian shear thinning behavior, wherethe shear
viscosity () inm(y) profilesdecaysexponentialy asa
function of shear rate (y) asm oc yn, wherethe power
law index (n) isusedfor the estimation of the degree of
shear thinning™@. Thelower thevalue of n thehigher
the degree of shear thinning and vice versa, whereas
the higher the degree of shear thinning the better stabi-
lizedareemulsions.

M ateria s showing shear thinning property aways
show resistanceto flow. Flow can only beinduced to
these material swith the application of acertain mini-
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mum externd stress (o) referredto asyield stress (o).
The higher the oy the better stabilized are the emul-
sions, and the better they are structured materially!*Y,

Ontheother hand, in an oscillatory shear regime,
wherethe dynamic moduli are plotted against oscilla-
tory frequency (m), thedomination of lossmodulus(G”)
response by storage modulus (G') responseat ahigh @
domainindicates greater degree of emulsion stability
withlonger storagelife, whereasdomination of G' re-
sponseover G response (G'>G") at alow frequency
domainsindicatesthat emulsion areeasily spread when
applied to human skin*2,

In addition, inaprototype Maxwell model repre-
sentation of o dependence of dynamicmoduli, aliquid-
likeemulsionischaracterized by G’ responsewhichis
much lower than the G’ response, and that it scales
with ® asG'cw? whilethe G” isalinear function of ,
asG"" o« m. Frequency dependenceof dynamic moduli
usually obey theselawsat low frequency domain and
the  domain associated withitiscalled theterminal
region’*¥, Ontheother hand, solid-likeemulsionischar-
acterized by G’ response, which ismuch higher than
G response, G' >>G"', andthat G’ isnearly indepen-
dent of .

Similarly, emulsion showing semi-circled shaped
Cole-Coleplot in combination with small phaseangle
(6) over awiderangeof o indicatesthat sampleunder
Investigation areviscod adticin nature. Theconsegquence
isthat their flow behavior can becharacterized by Max-
well model typefluidflow behavior®. Thed whichis
theratio of lossand storagemodulustan[G''/G'] range
from Q° for ideal dastic solid to 90° for ideal viscous
liquid over awiderange of . Higher valueof 5 indi-
cates that emulsions are more liquid-like in nature,
whereas|ower valuesof 5 indicatesthat emulsionsare
moresolid-likein nature.

Thiswork reports structure and viscoel astic prop-
erty of dispersng agentsstabilized o/w emulsions, whose
dispersed phase containsmol ecular aggregates of sur-
factant in addition to emulsified dropletsinit.

EXPERIMENTAL

Chemicals

All emulsionsand surfactant solutionsusedinthis
work were prepared in deionized water withanionic
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conductivity of 2.8uS/cm. All chemicals, including oil
and surfactantsused inthiswork wereof at least TLC
gradewith apurity of 98%, at least. Parafinoil usedin
this work was of 0.84-0.86 mg/ml density, sodium
dodecyl Sulfate (SDS), Polyethylene Glycol (PEG), n-
Dodecyl B-D-Maltoside (DDM), A- Carragenan and
Brij-35P was purchased from Fluka. Thesewere used
asthey werereceived, without any purification smilar
with paraffin oil. Thetitaniapowder used was of cos-
metic grade with apurity of >98%. It was purchased
from Erocham. Tomakeit moisturefree, beforeitsuse
titaniawas placed in vacuum oven at an ambient tem-
perature of 25°C and for the period of 24 hours. A 15
mmHg vacuum wasemployed for this purpose

Samplepreparation

Variousratio of emulsionsin 1.0 wt% concentra-
tion of dispersing agent and 0.01% of titanium oxide
were prepared to stabilized aqueous and oil phasesra-
tio of 8:2. To givetheemulsionswith smallest droplet
sizes, these sampleswere homogeni zed for aperiod of
at least 5 minutesimmediatdy after themixing of these
two phases. A homogenizer, with arotationa speed of
13,000 rpm, was employed for this purpose.

Theemulsified sampleswerethen stored for ape-
riod of 3 daysbefore exploring their Rheology. This
would alow equilibration and stabilization of dispersed
phasein continuous phase. Please notethat oil-water
mixing ratio other than 8:2 gaveunstableemulsionsat
all dispersing agentsconcentrationsand ratios, witha
evident phase separation within acoupleof hoursafter
homogenization.

Instrumentation
1. Homogenizer

A vortex mixer model KMC-1300V wasused to
mix the solution prior the homogeni zation process. An
IKA Labortechnik modd T25was used to homogenize
theemulsons.

2. Rheometer

A Bohlin C-VOR strain and stress controlled Rhe-
ometer with acone plate measuring geometry CP4/40
was usedinthiswork. Thisgeometry with aconeof 40
mm diameter, cone angle 4.0°, and with a measure-
ment gap of 150pum. Thetemperature control unit help
run Rheol ogy experimentsat any giventemperaturewith
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theaccuracy of 0.1°C. Thiswork, al Rheology mea-
surementswere carried out at 25.0°C.

Theadvantage of usngthisinsrumentisthat it can
be configured to measure avariety of Rheology char-
acterigticswithinawiderangeof shear rateand oscilla
tionfrequencies. It covers5 ordersof magnitudein shear
ratefrom 103 to 0.5x10%, which allowsmeasuring a
widerange of shear stressranging from 10 to 10* Pa.
Theaccessiblerange of viscositiesisbeing 102to 104
Pas. Oscillation experiments can berun from 10°to 20
Hz, covering shear strain valuesfrom 0.01to 20 s™.

While the steady state shear sweep experiments
wererun to monitor n(y) and o(y) profiles, theoscilla-
tory shear sweep experimentswere run to monitor
dependence of dynamic moduli profiles. Asthen(y)
profiledid not show an gpparent Newtonian plateau at
low y domain, the estimation of zero shear viscosity
(n,) wasnot possible. For this samereason, instead of
N, N(y) wasmonitored at ay of 0.01 s*anditisre-
ferredto aslow shear viscosity (n, ). Whi Iethecy was
obtained from o(y) profilesthrough the extrapolation
of the stresstowards zero-shear rate.

It should be noted that, before running any oscilla-
tory shear tests, astrain sweep test wascarried out for
theestimation of optimum strainamplitudeso that each
samplesisexamined below itslinear viscoel astic re-
gion. Inthesecases, thelower limitisusua ly automati-
cally set by built-intransducer, whilst the upper limit
was set withinthelimit of thelinear viscod asticregime
of samplesunder investigation. Because these emul -
sionsdid not show an apparent plateau moduluswithin
themeasured frequency range, theliquid-likeentangle-
ment storage modulus (G°, ), could not be estimated.
Insuch situations G’ isusually estimated from the on-
set of plateau region at high frequency G'(w=100Hz).

Itisasoworth noting herethat al resultsshownin
thiswork arewithin the sengtivity range of the Rheom-
eter, whereas data coll ected below Rheometer sensi-
tivity of 20 mPawerediscarded.

3. Polarizing microscope

Theoptica microscopy consistsof ahigh voltage
beam source, apolarizing unit and adetector unit. Im-
ages were focused between cross polarizers both at
thedark field and bright field modes. Objectiveswith
long working distance and magnifications of 20x, 50x
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(ol immersion) and 100x wereused for these purposes.
The detector unit wasinterfaced with apersonal com-
puter equipped withimageanaysisLeicaQWin Stan-
dardversion 2.6 software. Thissoftwareisdesigned to
help capture and import optical imagesof thesamples
from the microscope detector filed into the personal
computer, whereby they can be processed further elec-
tronically.

RESULTSAND DISCUSSIONS

Morphological studies

Therheologica propertiesof emulsonusedin phar-
maceutical and cosmeticsindustriescan bedirectly re-
lated to emuls on stability and product quaity. Theemul-
sion stability and product qudity largely depend onthe
property of dispersed phase, namdy droplet sizes. Phase
separation frequently occursfrom inter-droplet inter-
action, which dueto coa escence, deformation and fol -
lowed by ruptureof droplets(Isredachvili, 1976). These
may happen any timefrom theemulsion formulationto
storage. Microscopy hel psusto observeand eva uate
emulsonstructure.

Figure 1-5 showed typical microgramsof A-Car-
rageenan, DDM, PEG 10,000,SDS and Brij 35P sta-
bilized emulsions. These micrograph images were
scanned after one-day preparation of theemulsion and
stored at 45.0°C in an oven. These microscopic im-
ages suggest that emulsified dropletswere poly-dis-
persed. The emulsion droplets (figure 1-5) arerela
tively small with mean sizesfor A-Carrageenan, DDM,
PEG 10,000, SDSand Brij 35Pemulsiondropletsare
0.60um, 0.67um, 0.70um, 0.80um and 0.97um re-
spectively. Cresmswith smaller droplets, behaved more
viscodasticthan creamswith larger droplets. Viscodas-
ticity increased with decreased in dropletssizes.

It isknown that the dispersed phase of surfactant
stabilized emulsion playsavital rolein both theemul-
sion stability and itsrheol ogy properties. In particular,
density of dispersed phaseanditsdroplet sizesplay an
important rolein emulson sability. Asevident fromfig-
ure 6-7, droplet sizes highly depended on surfactant
concentration respectively with or without O/W emul -
sion. It meansthat the emulsions prepared in the pres-
enceof higher surfactant concentration were better sta-
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Figurel: Light micrographimageof A-Carrageenan based
cream at 25°C at 20 micron

Figure 2: Light micrograph image of DDM based cream at
25°C at 20 micron

Figure 3 : Light micrograph image of SDS based cream at
25°C at 20 micron

Figure 4 : Light micrograph image of PEG 10,000 carrag-
eenan based cream at 25°C at 20 micron

Figure 5: Ligh irogrh image of Brij 35 P based cream
at 25 *C at 20 micron
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Concentration of surfactant (10°M)

Figure6: M ean sizepr ofilesver susdifferent concentra-
tion of surfactant stabilized tio,solution without emulsion
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Figure7: Dropletssizedistribution of different Surfac-
tant toformulatebased creams. (Total 8000 droplets).(a)
A-Carrageenan, (b) DDM, (c) PEG 10,000, (d) SDSand (e)
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Figure8: Shear viscosity profile of different type of based
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bilized due to the smaller droplets tends to be more
rigid., and with better rheol ogy propertiesas evident
from both therheol ogy and microscopy results.

Steady shear sweep rheometry

Figure 8 showed n(y)-y profilesof different types
of 1.0 wt% surfactant stabilized creamsand titaniacon-
centration asafunction of shear rate.. Accordingtothe
changesinthe slope of thelineand the trend of these
flow curves, theseflow profilescan bedivided intotwo
regions, which non-Newtonianinlow shear Srainrate
region and Newtonian in high shear rateregion. Shear
thinning propertieswas observed in shear strainrate
region where as shear strain ratewasincreased, shear
viscosity decreased. Thisfigure suggeststhat in addi-
tion of shear strain rate, the shear viscosity of cream
depend on type of surfactant .These suggested that
cream resembleto shear thinning non- idedl plagticlike
semisolid material, with yield stress response (S.R
Derkatch et a, 2000). Thisasoimpliesthat, creams
behave like pseudoplastic. Thisisturn suggested that
creamsunder investigated underwent and structuring
changeswith applied shear or deformation.

In addition to degrees shear thinning, Figure8aso
suggests that, A-Carrageenan and DDM showed
greater degree of shear thinning compared to cream
gabilized lower emulsfying agentssuch asPEG 10,000,
SDSand Brij 35 P, Itisevident that better structured
and more stable creams are produced based on the
presenceof typeof emulsfying agents. Thiscanbeprob-
ably beascribed to thefact that, emul sifying property
of ahomologue seriesof emulson with samealkyl tail
but differing head group structure/pol arity variesstrongly
with HLB vauesthat influenceagood stabilizer. Note
that thelower water solubility of thesurfactant thelower
itsHLB, and the better it acts asemul sifying agent for
an oil-water system (Misni, 2004), itisobviousthat it
A-Carrageenan and DDM displayed greater emul sify-
ing affect compared to, PEG 10,000, SDS and Brij
35P

Nevertheless, thisfigureclearly suggest that drop-
let Szedigtribution playsastronginfluenceonn of these
emulsion and itsbehavior isin good agreement with
that reported previoudy, theshear viscosity isinversely
related to droplet size, and that it increased with de-
creasingdroplet Sze.
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creams
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Shear stressversusshear rate profiles

Figure 9 exhibitseffect of droplet sizedistribution
on o-y profilesof different based creamsare shownin
figure 9. These profiles suggested that shear stressre-
sponses are not proportional to shear rateat al shear
rate domain. The rate of change of shear stress de-
pendslargely ontherateof change of shear rate. From
o-y profile, whilethe o responses does not changelin-
early withy atlowy domain, it changeslinearly at high
v domain. This mean these emul sions showed solid-
like viscoel astic property at low y domain and show
liquid-likeflow behavior at highy domain. thisisturn
suggeststhat emulsionsunder investigation underwent
structural changespast acertain shear rate, caled criti-
ca shear rate(R.Almeroet d, 2008). Thiscritical shear
rate correspondsto thecritical shear stressreferred to
asyield stress. It means that these emulsions do not
flow under theinfluence of gravity below thecritical
stress, whereasthey deform and flow past that critical
yield stress (D.Bais et a, 2005). These flow curves
also suggest that A-Carrageenan stabilized emulsions
showed higher yield stress (>68 Pa), DDM (65 Pa)
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compared to PEG 10,000 (55 Pa), SDS (50 Pa) and
Brij 35p (45 Pa) and stabilized emulsions, indicating
that yidd stresslargdly dependson surfactant type, and
inparticular, probably onthe HL B va uesof surfactant
(Weissetd., 1997).

Also, asshowninfigure8, at zero shear rate, theo
responses are not zero. This means that these emul-
sonsshowing shear thinning behaviors. Inother words,
they behavelike pseudoplastic materid, whichimplies
that flow can only beinduced on these emulsionswith
theapplication of acertain minimum amount of stress.

Fitting of these steady shears Rheol ogy datainto
mode flow equations proved that theseflow profiles
data.can be best described by Herschel-Bulkley model
flow equation. TheHerschel-Bulkley isdefined 6 =y
+ ny, where oy is yield stress, above the oy these
samplesassumealinear shear stress-shear raterela-
tionship, suggesting thevalidity of thisequation. This
suggested that these emulsions do not follow ideal
Newtonian flow behavior even at high shear rate do-
main. By contrast, the shear stress-shear raterelation-
ship increase exponentialy at low shear rate domain,
suggesting that the flow behaviors of theseemulsions
switchto pseudoplagticlikematerid at theselow shear
ratedomain.

Oscillatory shear rheometry

Emulsonshowing highvaueof yiddsressand high
shear viscosity at |ow shear domain usually show vis-
coelastic properties. The viscoelastic property of a
materia isusualy accessed with the help of frequency
dependence of dynamic moduli, whichinitsturncanbe
used to describe property of emulsionssuch asstorage
stability and ease of spreading (Yasuski et a, 2008).
Despite of that, the strain amplitude sweep test, which
was performed at afixed oscillatory shear of 10.0 Hz,
suggested that the storage moduli of based creamsare
independent of applied strain at awiderange of strain
amplitude (Figure 10). The based creams, exhibited
wideLinear Viscod astic Region (LVR) showing the
ability of emulsondropletsresistancetowardsexterna
dresses. Deviationform LVR givesacriticd sranvaue
at whichindicatesaminimum energy requiredto dis-
rupt thestructureaswell asanindication of dispersion
quaity (Misni, 2004). Thegresater thecriticd strain, the
moreviscod asticthecreamwill exhibit.
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Figure 11: Dynamic moduli of different type of based
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Although they havethe same concentration at 1%
wt, L-Carrageenan haslower criticd srainandlessvis-
cous, thereforeit has better leathering ability. The -
Carrageenan based creams also exhibitsagood vis-
coel asticity property indicating that thedroplets are
more stable and resist the deformation or rupture as
shown by itshigher storageand lossmoduli.

Profilesdescribing frequency dependenceof G' and
G" isgiveninFigure 11. Theseprofiles, suggest that,
both G" and G"’ responsesincreased with frequency.
G’ regponsesof theseemulsonsaredominant over their
G" responsesat al measured frequency domain, itis
evident that the storage stability and shelf-life stability
of theseemulsionishigh. Andwhat more, irrespective
of surfactant type, dl emulsionsexamined hereshowed
higher valuesof G over G', suggesting that theseemul -
sions spread easily. As expected, A-Carrageenan and
DDM stabilized emulsionsexhibited higher values of
both theloss and storage modulus compared to PEG
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10,000, Brij35p and SDS stabilized emul sions, sug-
gesting that it performs better asan emulsifying agent
anditisevident that A-Carrageenan stabilized emulsion
ismoreelasticin nature compared to others. It could
bedueexistencesof anionic sulfategroups, carrageenan
caninteract strongly with oppositely charged by ionic
interaction (Aguzzi et d ., 2002; Bonferoni et a., 2004)
and thisA—carrageenan are non digestible polysaccha-
rides, extensively used in cosmetic formulationswhere
they function asthickeners, emuls ?ers, stabilizers, etc.
(Dickinson & Stainsby, 1988; Camacho et al, 1999).
Meanwhile, DDM that have maltose ester, shows|ow
HLB va ue, high biocompeatibility and non-toxic nature
(causesno or minimum adverseeffect on human hedth
and skin). Low HLB vaduemeansexcd lent emulsifying
properties, whichin turn suggeststhat glycolipidscan
be used to produce highly stable creams and lotions
withlong storagelife (Misni, 2000). Interestingly, it not
showsagood stabilizer aswell as\-Carrageenan.

d dependent o profile- However, frequency de-
pendence of dynamic moduli isnot enough to judge
whether or not thesolid like el astic behavior dominate
over liquidlikevisocousbehavior inany emulsonsamples
A better picture can be obtained by examining o de-
pendenceof phaseangleprofile. Plot of 3(w) isgivenin
figure 12, which suggeststhat, while of these emul-
sionisindependent of , it depends both ontypeand
concentration of surfactant (D. Bai's, 2005), and that it
decreaseswith increas ng both the surfactant concen-
tration. Thisimpliessolid like€e astic property become
enhanced and dominant with theincreasein concentra-
tion and agood surfactant or stabilizer. Irrespective of
typeand concentration surfactant and the value of o of
theseemulsionswaslower than 45°, itisevident solid
like el astic property dominate over liquid likeviscous
property. This probably explains why o, andn,, of
thesesampleswerehigh at al surfactant concentration.

CONCLUSION

We have successfully formulated glycolipid based
creamsemulsonswithasmpleformulation, whereonly
using asimplesingle surfactant but posses excellent
ability.

Asfar asemulsion structureand storage stability is
concerned, both propertiesenhanced andimproved with
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thedecrease of dropletssize. Therewere evident from
both visual observation and rheological propertiesof
theseemulsions. Shear viscosity increased withthede-
creased indroplet size.

Ontheother hand, thedegree of viscod asticity as
evaluated from frequency dependance of dynamic
moduli suggested that theviscoel asticity of theseemul-
sionsshowed good results. Thisevidencefromthe G’
responsesfor al these emulsionsaredominant toward
the G” responses.

Theseinturn suggest that in additionto emulsion
dropletsand droplet sizedistribution, surfactant mo-
lecular aggregatesand their sizeplay agreet roleinim-
parting boththeemulsion structuring and itsstability, let
alongtheir stronginfluence on Rheology properties.
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