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Rheological analysis
of highly concentrated w/o0 emulsions

Abstract A series of highly con-  oretical models, especially that of
centrated lipophilic cosmetic emul- Princen, showed good agreement
sions were analysed, in order to de-and allowed the close-packed value
termine their rheological and textur- ¢. to be defined more precisely as
al properties, as a function of their 0.67. The gap between 0.67 and
microstructure. The originality of  0.74 is probably indicative of a
this study lies in the methodology highly polydisperse distribution, as
used, especially the shear-stress  confirmed by microscopic analysis.
scanning analysis. The results of a Flow experiments confirmed the
very powerful and comprehensive validity of Princen’s model.
dynamic rheological analysis sug-

gest the existence of two critical ~ Key words Emulsion — cosmetics —
volume fraction values: besides the oscillatory viscoelastic analysis —
“close-packed” value., a “slack- yield stress — lipophilic emulsions
packed” valueg,, close to 0.60

could be demonstrated. It has been

shown that the close-packed struc-

ture is stable under shear; in con-

strast, the slack-packed configura-

tion, defined as/o<¢<¢. is unstable

under shear. A comparison with the-

Introduction

HIPREs (high internal phase ratio emulsions) have al-

organized in a crowded distribution, which gives them
the rheological behaviour of a plastic liquid:

= below the yield stress the deformations of the parti-

cles are insufficient to allow flow in a global move-
ment and, consequently, elastic behaviour prevails;
above the yield stress the deformations are sufficient
to induce a flow which is characterized by the predo-
minance of viscous effects.

ready been widely studied both experimentally and the-
oretically (Barry, 1975; Princen, 1979, 1980, 1982,
1985, 1988; Princen and Kiss, 1986, 1989; Bibette,
1992; Aronson and Petko, 1993; Benali, 1993; Reinelt
and Kraynik, 1993; Otsubo et al., 1994). Their visco-
elastic properties have been shown to depend on theThe principal aim of this study was in a viscoelastic
mean diameter of dispersed particles, polydispersity, @mAalysis of concentrated lipophilic emulsions, which are
terfacial tension and particularly on the dispersed volidely used in the cosmetic industry, with different vol-
ume fraction. Various authors have suggested the exisae fractions varying over a large interval including
tence of a critical volume fraction beyond which théhe critical volume fraction. Its originality lies in the
rheological properties are considerably modified. Imethodology chosen -sweeping stress viscoelasti£
fact, beyond this critical fraction, the particles becomanalysis— which is particularly appropriate for workingg
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on dispersed concentrated emulsion structures and orSeven formulations with volume fraction of 60, 65,
the transition which they undergo from an elastic to &0, 73, 74, 75 and 80% (with a possible errorgirval-
viscous state. Flow analysis was also used to complags of approximatively 1%) were prepared.

the description of the rheological properties. The results

of these analyses were compared with theoretical mod-

els found in the literature. Methods

In order to characterize the different concentrated lipo-
philic emulsions, optical, electronic microscopy and
rheological analyses were performed.

Materials and methods
Materials
Raw materials and composition Microscopy

The oil phase, which had a density of 0.90 glcand a Optical microscopy _ _ L
viscosity of 5.3m Pa-s, was hydrocarbons (squala-ﬁBese obse_rvanons were carrle_d out on diluted or initial
and cetearyl octanoate) and silicone (cyclic dimeth§ﬂm_p|es with an optical microscope (OLYMPUS)
polysiloxane). The nonionic lipophilic surfactant useBquipped with a camera, at a magnificatior<a2s.

was a sorbitan monooleate (HLB=4.3). The aqueous )

phase was composed of glycols, hydrated magnesifif§eze-fracture electron microscopy ) )
sulfate, demineralized water and a preservative subis analysis allowed the granulometry and the size dis-
stance. The basic formulation of HIPREs was as fdrjbution of the different samples to be visualized. The

lows (w/w): samples were frozen in propane cooled with liquid
i nitrogen (-196C) and split with a knife blade. After
Oil phase shadowing the fractured surfaces with platinum, the
Hydrocarbons 4.12 samples were dissolved and the washed replicas were
Silicone >.88 examined under a transmission electron microscope.
Sorbitan monooleate 4.55
Aqueous phase
Glycols 21.66 Rheological analysis
MgSQ,, 7H.O 5.70
Preservative substance 0.22 The rheological behaviour of these different emulsions
Demineralized water 57.87 was studied at 20C+1°C with a controlled stress rhe-

eter HAAKE RS 100 (RHEO, Champlan, France).

e shear geometry was performed with a cone plate ge-
ometry using a 2 cm diameter and a cone angle of 4
Different rheological measurements were carried out:

This formulation was chosen because it constitute
reference for some products (creams) frequently fou
in the cosmetic industry.

Method of preparation Oscillatory viscoelastic analysis
During the assay, the sample was submitted to a harmo-

HIPREs were prepared at room temperature by inc&€ Shear in which the stresg(t) and the strainy (f)
poration of the oil phase into the aqueous phase wif¢re varied sinusoidally with a pulsatien. The shear
blade stirring at 1900 rpm. After complete addition oftreésst(t) and the shear strain(t) are respectively de-
the oil phase, the stirring was maintained for 15 min dped by:

3600 rpm. The basic formulation presented a dispersedz(t) = 7, cos wt (1) =y, cos(wt — J)

volume fraction of 85%. Different volume fractions o

w/o concentrated emulsions were obtained by diIutich e evolution of the dynamic parameters as a function of
e maximal amplitude of the stresg was supplied by

shear-stress sweeping. All measurements were carried
out at a frequency of 1 Hz. Some analyses were also per-

tionship: - O
P formed at other frequencies in the range?8z—1 Hz.
D — Myater / Pwater The main rheological parameters used for this study were:
Mater/ Prvater + Mol phase / Poil phase — G*, the shear modulus (or complex modulugy;,= 2

with m: either water or oil phase mags either water — ¢, the phase angle of the stress with respect to the
or oil phase density. strain,
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Fig. 1 Determination ofz, from y=f(z) after a steady state analysis | |
for emulsion with a volume fractiop of 75% h

— G’ the loss modulusi”=G*sing, A
— (t0) the critical stress at whicly” reaches a maxi- =
mum. :

Ty

Steady state analysis |
This test consisted in submitting a sample to an instal_.,g
taneous stress which remained constant during a time." &
t (waiting time chosen in order to reach the stead oto1 Freeze-fracture micrograph depicting the basic formulation
.State)' SImUItaneOUSIy’ the evolution of the CorreSporﬁj\_ich a maximal volume fractic?n 0;:85021 (459000<magnification)

ing shear strainy was recorded and the values ¢of

were measured at the end of the test. The yield values

were determined by plotting the deformation versugty of the droplet sizes. Although no specific granulo-
shear stress using a double logarithmic scale to covefpatric analysis was performed, the observations on the
wide shear stress range: the grapkf(r) (Fig.1) electron micrographs suggest that the mean droplet ra-

shows two regions which represent firstly the elastiys (Sauter radius, for instance) could be close to
linear regime and secondly the viscous regime. The ipym,

tersection of the two segments gives the yield value

Furthermore, beyond,, the values of the shear rafe

can be measured and the rheograms$(y) recorded. Influence of the volume fraction on the rheological

The different rheological measurements were carrietaracteristics of concentrated lipophilic emulsions

out three times. All experiments were reproducible with

C.V.<5%. Although other studies in which dynamic measurements
have been made can be found in the literature (Ebert et
al., 1988; Pons et al.,, 1993), no sweep-stress analysis

Results and discussion has been performed until now. The originality of this
study lies in the use of sweep-stress dynamic measure-

Microscopic observation of concentrated emulsions ments to establish the influence of the volume fraction
on the rheological properties. Oscillatory analyses were

The optical and freeze-fracture electron microscopy are@ried out on lipophilic emulsions with different vol-

lyses showed that all the systems studied were polydisne fractions ¢). During a shear-stress scan, the basic

perse with a droplet size between 0.1 anduff® The viscoelastic parameters such as shear mod@is

electron micrographs (photo 1), taken on undilutgzthase anglé and loss modulu&” were recorded for

emulsions with a high volume fractionp£85%) re- variable values (increasing or decreasing) of the stress

vealed a compact network with a very large polydispemmplitudery.
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Increasing curves coelastic parameters could be envisaged in this large
strain region. This change from the elastic to the vis-
Figures2a and b show the evolution Gf and 6 ac- cous domain can be defined precisely by noting the
cording to the increase of shear streggUp curve). At stress (or the strain) whe®” reaches a maximum
low shear stresses, a zone of constant response (plat€ayl 2c), this critical stresstf). being considered as a
region) indicating an unaltered structure, not disturbgikld stress. TheG” peak confirms and elucidates the
by shear, was observed. In this linear region, the apansition from the elastic to viscous region.
plied strains were very low; the particles were crowded — From an empirical point of view, the existence of
and could not move freely past one another: this da-G” maximum means a transition phenomenon in most
fines the elastic domain In this low strain region, a cases, whatever its nature.
guantitative analysis o&s* and 0 was valid and conse- — From a microstructural point of view, this peak
quently carried out. At higher shear stresses, a decrepsebably means that the dissipation energy is maximal
of G* and an increase of were observed, the appliedvhen the droplets are deformed and flattened enough to
strain being sufficient to allow the particles to movallow flow despite the crowding.
past one another and inducing a transition to e Whatever the volume fraction studied, a plateau zone
cous domainthe emulsions then become more viscowppears, at least for the* values (Fig. 2a): short for
than elastic. Only a qualitative analysis of the basis vig<70%, it becomes extended for higher volume frac-

Fig. 2a Shear modulu&* vs.
stress for emulsions with differ-
ent volume fractions

10000

1000 + Volume fraction

o)

100

G* N.m2

T 1
0.1 1 10 100 1000

Fig. 2b Phase anglé vs.
stress for emulsions with differ-
ent volume fractions

Volume fraction
(%)
—— 85
—e— 80
—+ 75
.......... 74
— 73
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—x— 60

0.1 1 10 100 1000
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10000 ~ show significative quantitative differences in behaviour,
sinceG*, ¢ and (). evolve rapidly with the volume frac-
tion (particularly in the case of 70—65%). These observa-
tions can be explained by assuming that two critical frac-
tion values exist:

"fzf. — a critical fraction valuep. of close packed organi-
. 100 zation in which the droplets are in contact with each
© other: this¢. volume fraction will be called the “close-

packed” value. The corresponding behaviour is a purely
elastic one with very low values.

This purely elastic behaviour was verified at other
frequencies in the range of 7Hz to 1 Hz, within the
margin of experimental error.

1 , , : , For a monodisperse emulsion, the minimal valug.of
0.1 1 02 100 1000 is 0.7405. For typical polydisperse systems, the literature
' refers to a close-packed value different than 0.7405 and
Fig. 2c Loss modulusG” vs. stress for different volume fractions smaller, in the case of a non multimodal distribution,
Princen (1988). Thé-values in Table 1 suggest that a
guasi-ideal elastic behaviour appears from a value inter-
tions. Moreover, the recording of the main viscoelastimediate between 0.65 and 0.70. The existence of critical
parameters@*, ) (Table 1) in the linear region showsvolume farctiong. somewhat lower than 74% (down to
a decrease oB* and an increase af when the volume 65%) is in accordance with several theoretical and experi-
fraction decreases. This indicates the loss of the elastiental studies on concentrated dispersions (Otsubo and
character of these systems resulting from a structuRald’Homme, 1994; Werff and Kruif, 1989, Quemada,
modification of particles to a less and less compact nd989). This¢. value will be more precisely defined by
work. Similarly, the more or less marked character abrrelation with theoretical models.
the transition from the elastic to the viscous domain large- — Besides the loweg., another critical volume frac-
ly depends on the volume fraction. It is more pronounceidn ¢, might exist, above which layers of close-packed
when¢ increases. Moreover, the stress that has to be apheres can no longer freely slip past one another: this
plied to allow the particles to flow (yield stress) is largeg, volume fraction will be called “slack-packed” value.
when the system becomes more compact@iglhigher For a monodisperse emulsiofly was found theoreti-
(Table 2). From these results, it appears that the decreeay to be 0.6046, (Princen and Kiss, 1986). For
of the volume fraction is accompanied by a decreasefyk¢<¢., a plastic behaviour, but with very low yield
elasticity, expressed by the values @f and §, which stress values and relatively highvalues, meaning a
are the reflection of a less and less compact organiztacker organization than in the close-packed one, is ex-
tion, especially wheg<70%. Indeed, although they dispected. Tables 1 and 2 suggest that ggevalue is cer-
play qualitatively similar behaviour to the emulsions witkainly close to 0.60, possibly a little lower. In any case,
a volume fractiory>70% (plateau zone, yield stress), thtéhis value is higher than 0.55, as confirmed by tests
emulsions with a volume fraction between 60 and 70%hich showed a liquid behaviour for this concentration.

Table 1 Mean values of5* andd in the plateau region for various volume fractions of emulsions

¢ (%) 85 80 75 74 73 70 65 60
G* (N/m?) 8800 5000 3300 3200 2800 2500 900 400
5 ) 1 1 2 3 3 4 14 32

Table 2 Yield stress values

(%) 85 80 75 74 73 70 65 60

(t0)e (N/M?) 592 183 63 63 48 9 1 1
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Decreasing curves

By subjecting a sample to an increase (up) and a decre
(down) shear stress, it is possible to determine whet
the modifications of structure are reversible or not.
During an up-down scanning shear stress, the up
down curves were practically superposed for 73%
$<85% (Fig. 3a),
which was not disturbed by the shear. On the oth
hand, when 70%¢<73% (Fig. 3b), the curves were n
longer superposed at the plateau region. Below 70
the return curves did not have a linear zone. Con
quently, it seems that the shear did not alter the str
ture of emulsions when they presented a compact n
work organization. The photos obtained with an optic
microscope from sheared @6 or unsheared sam-

100000 — —90

a: §=85%
¢ =85% {-80
—s— Up curve
-70
Down curve

10000 [ 60
P G* o
g e
E ‘N % g
»* -O
] 40 wo

1000 =30

20

10

)
100 4 )

10 100 1000

T Nm2

0.1

Fig. 3a Evolution of G*, ¢, during increasing shear (—) and
decreasing shear scanningx{} for emulsions with a high volume
fraction (=85%)

10000

—»— Upcurve

Down curve

1000

8 degre

G* N.m?2

100

T N.m2

Fig. 3b Evolution of G*, J, during increasing shear (—) and de
creasing shear scanningx for emulsions with a low volume frac-
tion (p=70%)

reflecting an unaltered structur

Photo 2 Representation of concentrated emulsion with a low volume

fractionp=60% before shear (100magnification)

Photo 3 Representation of concentrated emulsion with a low volume
fraction ¢ =60% after shear (f&s™) (100x magnification)

ples confirm that for highp, the shear did not alter the
globule size. On the other hand, for more diluted vol-
ume fractions 70%#>60%, when the organization of
the particles became slack, the photos (2-3) testify to
an increase in the size, but also to an increase of the
droplet polydispersity.

This appearance of a multimodal size distribution
could be explained either by coalescence or by modifi-
cations induced in the low volume fraction by the shear
effect. These results emphasize the very valuable and
powerful character of dynamic rheological analyses in
the characterization of complex structures such as the
HIPRES; they provide a much more comprehensive de-
scription than steady-state flow experiments, since they
take into account both viscous and elastic properties.
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Fig. 4 t=f(y) for emulsions
with different volume fractions

700 f§
Volume fraction
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Table 3 Determination of the adjustment parametets if) for the different emulsions
& (%) 85 80 75 74 73 70 65 60
¢ (N/mP) 450 180 82 65 60 25 11 5
n - - 0.54 0.51 0.56 0.53 0.60 0.50
o (%) - - 20 10 10 6 4 4

Steady-state and dynamic analyses were carried tiuely close and, in any case, they are of the same order
at the same time. The results (Fig. 4) show that all tlié magnitude. It is worth emphasizing that the three
emulsions presented plastic liquid behaviour The methods give complete agreement about the plastic be-
best-fit model of the experimental results is thkaviour, and confirm the existence of a vyield for

Herschel-Bulkley model defined by: $=260%.
7 =1+ Kj"
wherer, is the yield stress. Correlation with the theoretical models described

For emulsions whose volume fraction was betwedn the literature
60% and 75% (Table 3), a good theoretical/experimen-
tal correlation (C-V-<20%) was observed and it coulifferent theoretical models of the rheological properties
be established that the exponenivas close to 0.5. On of concentrated emulsions have been put forward over
the other hand, fop>75, it was not possible to obtain ahe last few years (Princen, 1982; Khan and Armstrong,
good fit for the flow curves, because of the lack 0f986; Werff and Kruif, 1989; Quemada, 1985). A very
points: when the emulsions were organized in a comemplete model was proposed by Princen (1979, 1980,
pact network, the stress necessary to allow the partit@82, 1985, 1988), Princen and Kiss (1986, 1989). For
flow was so high that when it was attained, flow suda two dimensional model of a monodisperse highly con-
denly appeared and produced an excess of speed almestrated emulsion, by assuming that the dispersed drop-
instantaneously. The Herschel-Bulkley fit provided kts are arranged in a hexagonally close-packed config-
yield value z.. Another z. determination was obtaineduration, Princen was able to derive the exact stress vs.
by recording of the graph=f(z). It is interesting to strain or strain rate relationships, in both the elastic and
compare the three yield values obtained by dynanflow regions. By simple analogy and dimensional ana-
and steady-state analysis. There is a good correlatigees, Princen extended the prediction to real polydis-
between these different methods (Fig. 5). Although theerse emulsion. The theoretical model can be summa-
yield values are not exactly the same, they are relized by the following relationships:
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600 W 0 G*/p/3
10000 y = 49582.61x - 33385.74 r = 0.976
500 ]
[ 4
4004 *
] a} Oscillatory analysis 7500 -
z ® Steady-state flow analysis
l-%) 300 4 (Herschel-Bulkley representation)
* Steady-state flow analysis -
200 (y= (1)) 5000
100
a DE 2500
* %X
0 ‘rv& Q Jﬁ T T T 1
60 65 70 75 80 85 90
¢ (%) 0 T T T T 1 1

0.6 0.65 0.7 0.75 0.8 0.85 0.9
Fig. 5 Comparison ofr. values established by different methods as a
function of volume fraction 0 (@)

Fig. 6 Evolution oquGl—; vs. ¢ between 0.73 and 0.85
— shear modulus:

. . g
7 < 7¢ (elastic region) G*:AR—¢1/3(¢ —¢c) (1) emulsions with¢=0.73 showed any sign of drainage.

] ) ) 32 Moreover, if the values up to 0.75 were excluded, the
— 1y relationship: analysis would lead t@.=0.73, which is appreciably
(2) higher than the presumed close-packed value which was

previously found to be about 0.65.
whereg: interfacial tensiong,.: critical volume fraction, Linear regression analysis provides a value of
Rsz: Sauter radius (volume-surface) of the undeformed=0.67, which is very close to the presumed value.
drop, A: fit constant; which are supposed to be valid fqrinear regression analysis of the graghdid not lead
¢>p. (close-packed value). Recently, this model hag a very different value (0.66). Whatever thg value
been examined critically by Mason et al. (1995) Whgstained (0.66 or 0.67), they are relatively low with re-

7> 7. (flow region) 7 =1.+ Kj}1/2

have found thaG* evolves asg (¢—pc). spect to the theoretical value (0.74) or even compared
with the Princen value (0.712). It is possible that it was
Correlation for the elastic region underestimated by the linear regression. However, this

¢ value is possible, taking into account the very poly-

In order to determine the Princen critical volume fraaisperse but unimodal character of emulsions (Princen
tion ¢, linear regression analysis of the grajgh vs. ¢ and Kiss, 1986, 1989). It is worthwhile recalling that
was performed, wheny varies from 0.73 to 0.85 some estimations of thé. value in the literature are
(Fig. 6). even lower and very close taj, (Otsubo and

This interval was chosen: Prud’Homme, 1994; Quemada, 1985). In the absence of

1) so that thep-values were unequivocally above the value for theRs, Sauter radius, it was impossible to
presumed close-packed value. Therefgre0.60 and compare the theoretical and experimen@t-values.
¢=0.65 were excluded. However, it is interesting to deduce the value Rf,

2) In order to avoid gravitational syneresis, if the difrom the theoretical values of the shear modulus by as-
lution is too high, there might appear a vertical gradiestiming the validity of Eq. (1): takindA=1.77 (Princen
in ¢ which could result in an overestimate of the meaalue)$.=0.67 ands=3 mN/m (experimental value de-
sured G* (Princen and Kiss, 1986). So the valuéermined by interfacial tension analysis (Fig. 7)), it was
$=0.70, which indeed seemed to give overestimatémlnd that the Sauter radius, would be between 1
G* values, was excluded. However, it does not seeamd 2um. This value seems reasonable, at least in order
reasonable to exclude the values upste0.75: indeed, of magnitude.
the dispersed and continuous phases present relativelyrurthermore, it should be noted that the elastic shear
close density values so the drainage is probably himodulus,G, defined by Princen in his model, is a static
dered down to 0.73. As a matter of fact, none of owarameter determined during creep measuremeaits.



N. Jager-Leer et al. 137
Rheological analysis of highly concentrated w/o emulsions

251 allows a very high polydispersity to be taken into ac-
count reasonably. The use of dynamic shear modulus in
Princen’s model results in a good correlation which de-
monstrates that this approach by sweeping stress visco-
elastic measurements is a valid and novel one.

Conclusion

O mN.m}

Concentrated lipophilic emulsions, as frequently used in
cosmetic applications, containing different volume frac-
tions, have been subjected to a full rheological charac-
terization, in particular a very powerful oscillatory vis-
coelastic analyses by stress scanning, and also steady-
state flow analyses. These analyses have allowed us to
4 3 B -1 o establish very useful methods of evaluating concen-
Log C moll trated emulsion systems in the cosmetic industry. It has
Fig. 7 Interfacial tension as a function of the concentration of Iipol-).eer.] demonStrat.ed that a decrease of the VOI.ume frac-
philic surfactant tion is accompanied by a decrease of the elastic charac-
ter (plateau less and less well defined), meaning a more
_ o _ _ and more slack network organization of particles. Simi-
was established in a linear small-strainregime. In the pigrly, the transition from the elastic domain to the vis-
sent work, the dynamic complex modul@ is used in cous domain depends closely on the volume fraction
Princen’s equation. Creep measurements made on @jth a more marked character wheénbecomes higher.
w/o systems allowed us to check that the dynamic shegiis behaviour suggests that two critical volume frac-
modulus had the same value (+10%) as the static shggh values can appear in a sweep stress oscillatory test:
modulus. These results are not surprising because it g@ides the “close-packed” valge, there could exist a
already been shown th&* values in the linear regime “slack-packed” valueo, whose the value is very close
were almost independent of the frequency, at least at {§-0.60. It has been shown that the close-packed struc-
latively low frequencies [1G Hz-1 Hz]. ture is stable under shear; in contrast, the slack-packed
configuration, defined fopg<¢<¢. is unstable by shear.
) ) Our results have been successfully compared with
Correlation for the flow region the Princen model, establishing a critical volume frac-
_ _ o tion ¢ close to 0.67. It is significantly lower than the
In agreement with theoretical predictions, beyghdhe monodisperse (0.74) or Princen values (0.71). This val-
flow experiment displayed a plastic character and (@ probably means the existence of a very large, but
shear thinning behaviour when the yield stress is exot multimodal size, distribution. Steady-state flow ex-
ceeded. The best fit of the plastic rheograms is prgeriment confirmed the validity of the theory: it was
vided by a Herschel-Bulkley model (2) with~0.5 as found that the best fit of the rheograms was provided
expected from the theory (Table 3). It is interesting t9y a Herschel-Bulkley model, with an exponent value
emphasize that the agreement was found to be gaggly close to 0.5. In fact, no improvement of Princen’s
even for¢=0.60 and$=0.65. So the validity of Eq. (2) model is suggested by our data. The originality of this
could be extended, belo, up to . study lies in the methodology used, especially shear-
In conclusion, the agreement between the experimefress scanning analysis.
tal rheological results and Princen’s model is good; it is
even surprisingly good if we consider that Princen’s ex-
act prediction concerned mainly a monodisperse em}ﬁ{!:'knowledgments We thank T. Pouget for his large contribution to

sion and not a highly polydisperse distribution as in th_%eze-fracture electron microscopic analysis. We thank the French
present work. It seems that the use of the Sauter raditisistry of Industry for partial support (assent 942926 20).
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