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Synopsis

This paper deals with the influence of compositisacrose ester SE and oil O concentraticarsd
temperature on the linear viscoelasticity properties of highly concentrated oil-in-water emulsions,
using a hydrophilic sucrose palmitate as emulsifier. Different oil-in-water emulsions were prepared
using a sucrose palmitate (SE1-5 wt %) with a hydrophilic—lipophilic balance of 15, sunflower

oil (O = 60-80wt%) and water. Oscillatory measurements were carried out in the linear
viscoelasticity region. The relaxation time spectra of the emulsions were calculated using
regularization techniques and were fitted to an empirical model proposed by Mad@e®. The

results obtained are explained on the basis of the relationship among linear viscoelasticity
properties, droplet size distribution, and characteristics of the continuous phase. Thus, an increase
in sucrose palmitate concentration produces higher values of the linear viscoelasticity functions and
a broader plateau region in the relaxation time spectrum, which suggests a certain enhancement of
the elastic network. €1998 The Society of Rheolod$0148-60588)01206-1

I. INTRODUCTION

Oil-in-water (o/w) emulsions are manufactured by dispersing the oil phase into the
aqueous continuous phase in the form of small dropletsst commercial emulsions
have droplet sizes in the range of 0.1—LM) [Walstra(1983]. In order to obtain stable
emulsions with suitable droplet size distributiofi3SD), the emulsification process re-
quires a considerable amount of mechanical enéimyyhe order of 1-100 MJ/fhde-
pending on emulsification machinfWValstra(1993]. It is worth pointing out that the
emulsification process is a highly complex unit operation which depends on many vari-
ables(temperature, residence time, agitation speed) gBallegos and Francd998]. It
is involved in many different industries to produce a wide variety of emuls{fowd-
stuffs, cosmetics, pharmaceuticals, petrochemicals, agrochemicalgVeatker (1984;

Yuki et al. (1990; Desai, 1990 which may be formulated to cover a wide range of
disperse phase volume fractiossfrom dilute to highly concentrated emulsions, with
approaching a value of 1.

@Author to whom all correspondence should be addressed.
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1376 GUERRERO, PARTAL, AND GALLEGOS

Stability is a primary requirement for the commercial application of emulsions. How-
ever, emulsions are thermodynamically unstable because of their large interfacial area
and droplets tend to aggregate spontaneously. An emulsion is considered stable when the
number, size distribution, and arrangement of droplets do not undergo any discernible
change over the storage time scale.

An emulsifier is typically added to improve both the emulsification process and the
emulsification stability. The emulsifier molecules adsorb at the oil-water interface and
reduce the interfacial tension, thereby favoring emulsification and forming a protective
barrier around the oil droplef®ickinson(1994]. This increases interdroplet interactions
and provides enhanced stability against coalescence. The role of these interactions is
fundamental in highly concentrated emulsions, in which very close packing of droplets is
found and the continuous phase consists of a thin film separating adjacent droplets. This
produces highly viscoelastic respon§@ssubo and Prud’homm@994] and may lead to
the development of an extensive flocculation of droplets to form a weak gel-like particu-
late network depending on the nature and concentration of the emul$Mfigkinson
(1989]. The extensive flocculation process provides enhanced stability to the emulsion
since the creaming rate is significantly decreggedncoet al. (1995a,b, 199).

The viscoelastic properties of the emulsions depend on the state of flocculation. Un-
flocculated or weakly flocculated emulsions show a crossover point be@eandG”,
which is related to a characteristic relaxation time for the onset of the terminal or flow
region. This relaxation time increases sharply withecause of the stronger interactions
among droplet§Tadros(1993]. However, emulsions using a mixture of sucrose ester
(SE) and egg yolk proteins as emulsifiers usually show extensive flocculation, depending
on the energy input and temperature during the emulsification process, which has been
previously related to the development of a plateau region in the relaxation time spectrum
[Francoet al. (1995b, 199Y]. Other highly concentrated emulsions stabilized only by
proteins also show gel-like response3’(is much higher tharG”, both are almost
paralle) with a wide plateau regiofGuerrero and Bal{1994); Gallegoset al. (1992].

In a previous paper, the ability of a highly hydrophilicydrophilic—lipophilic bal-
ance, HLB= 15) sucrose palmitate, used as the only emulsifier, to form highly stable
emulsions was establish¢Bartalet al. (1994]. The flow behavior and droplet size of
o/w emulsions stabilized by this sucrose palmitate has also been s{irhedl et al.
(1997 ]. An evolution towards smaller sizes and narrower distributions was observed as
sucrose palmitate and oil concentrations were raised, which led to an increase in the
emulsion viscosity.

The objective of the present paper is to study the influence of composggiamose
palmitate and oil concentrationand temperature on the linear viscoelasticity properties
of highly concentrated o/w emulsions using a hydrophilic sucrose palmitate as an emul-
sifier. The relationship among the linear viscoelasticity functions, droplet size distribu-
tion, and stability is also analyzed.

Il. EXPERIMENT

Different oil-in-water emulsions were prepared using a Ryoto sucrose palrfiRate
1570, HLB = 15) from the Mitsubishi—Kasei Food Corporati¢fiokyo, Japah This
emulsifier was used as received. Sunflower oil was purchased in a local store. Oil-in-
water emulsions were prepared using an Ultra-Turrax T-50 homogeneizer. Sunflower oil
was added to a solution of the emulsifier in distilled water at 55 °C, and mixed at a speed
of 5000 rpm for 3.5 min. The sucrose palmitate concentrat®# ranged from 1% to
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FIG. 1. Influence of sucrose palmitafa),(b)] on the storage and loss moduli; and normalized linear viscoelas-
ticity functions for sucrose palmitate-stabilized emulsiég)s(T = 25 °C).

5% (wt) and the oil contentO) from 60% to 80%(wt) (¢ = 0.59—0.77). Emulsions
were stored at 5 °C.

Oscillatory shear measurements were performed in a Haake RS100 RheoStress rhe-
ometer, using a cone-and-plate sensor system O@5/435 mn). The stress range for
linear viscoelasticity was determined through a dynamic stress sweep at a fixed frequency
(6.28 rad/$. All samples had the same recent past thermal and rheological history. Rheo-
logical tests were carried out in the range of 5-35 °C.

The relaxation time spectrum for each emulsion at each temperature was calculated by
using a commercial software progra(RHEOSPEQ, which is based on regularization
techniques.

IIl. RESULTS AND DISCUSSION
A. Influence of sucrose palmitate concentration

The evolution of the storage and loss moduli with frequency as a function of the
sucrose palmitate concentration is shown in Figs) And Xb). Both moduli show a
continuous increase with emulsifier concentration. The storage mo@Jlus always
higher than the loss modulu@” within the experimental frequency range. Hence, the
emulsions present a predominantly elastic response, although a crossover point tends to
appear in the low-frequency regime. Moreover, there is a tendencg fdio exhibit a
plateau regiofiFig. 1(@)]. This zone, at intermediate frequencies, is known as the plateau
region and may be related to the formation of an elastic structural network due to inter-
actions among the emulsifier molecules located at the oil-water interface of adjacent
droplets[Dickinson (1989; Francoet al. (1995h]. This behavior is typical of highly
concentrated emulsions such as commercial or model mayonndsdegos et al.
(1992; Guerrero and Bal(1994] and salad dressingdMunoz and Shermari1992;
Francoet al. (1995h]. The plateau region has been extensively described in polymer
rheology in terms of an entanglement network among polymer chains in which the
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1378 GUERRERO, PARTAL, AND GALLEGOS

motion of molecules is constrained by the neighboring molec[fesry (1980; Wu

(1989]. When the emulsion is stabilized by proteirGallegoset al. (1992; Guerrero

and Ball (1994], the three-dimensional network is favored by entanglements among
protein segments adsorbed at the oil-water interface. The same behavior was reported
when a sucrose stearate was used in combination with egd fdkicoet al. (19958 ].

Taking into account that the emulsions studied are stabilized exclusively by a low
molecular weight surfactarisucrose palmitajeand have high values of disperse phase
volume fraction(oil droplety, the plateau region was attributed to an extensive floc-
culation process that favors emulsion stability by forming a gel-like particulate net-
work [Dickinson (1989] due to interdroplet interactions. Similar effects were reported
by Ebert etal. (1988 for highly concentrated emulsions stabilized by a
cetyltrimethylamonium-bromide surfactant.

In the plateau region, the loss tangent passes through a minimum, which has been used
to calculate an approximate value of the plateau mOdL(Bl.Rﬁ[Wu (1989; Arendtet al.

(1994); Francoet al. (1995h]. The plateau modulus is a viscoelastic parameter, defined
as an extrapolation of the entanglement contributiorGto or G” at high frequency
[Baumgaertekt al. (1992)]. This parameter may be approximated from the minimum in
tan § as follows[Wu (1989]:

0
GN = [G,]tanﬁa minimum- 1

As a result, the plateau modul@ﬂ, undergoes an exponential increase when sucrose
palmitate concentration is rais¢Big. 2(@)], as corresponds to a more structured system.

The evolution of G’ andG”, and also of the other viscoelastic functions with fre-
quency(i.e., loss tangent is rather similar up to 3% sucrose palmitate. This similarity
allows one to superpose all the viscoelastic functidmstween 1% and 3% sucrose
palmitate by using the plateau modulus as a normalization fajdtag. 1(c)]. However,
the normalization procedure fails at the highest concentrations of the emuléffeeand
5%), because an increase in loss tangent was observed from 3% to 5%.

As has been previously reportg@artalet al. (1997], an increase in SE concentration
produces a decrease in droplet size and polydispersity, which leads to an increase in the
specific interfacial area [Fig. 2(b)]. Assuming spherical dropletsa” is related to the
Sauter mean diameter as follows:

Enidi3
Enidiz'

wheren; is the number of droplets having diametgr.

However, there is a critical concentratig®@% SE above which the slope of this
increase is lower. To understand this change, the properties of the continuous phase used
for the preparation of the emulsions should also be taken into consideration. Thus, the
emulsions containing 70% oil and 1%—-3% SE were prepared from a continuous phase
containing 3%—-10% SE, which were isotropic micellar solutidng) (at the temperature
of emulsification(50 °C), as may be seen in the phase diagram shown in a previous paper
[Calahorroet al. (1992]. At concentrations higher than 10%as corresponds to emul-
sions containing 4% and 5% $Hhe initial continuous phase was always a dilute disper-
sion of lamellar liquid-crystallinel{,) portions in an isotropic micellar matrix, at the
emulsification temperatui®0 °C). Therefore, the above-mentioned critical concentration
corresponds to the transition frobm micellar solution to thd_;+L, dispersion. As a
result, a remarkable increase in the low-shear limiting viscosify is observed for the
surfactant—water systefiFig. 2(c)]. This increase seems to impair the emulsification
process, leading to a lower increase in the interfacial Hrep 2(b)].

a=6ldg,, dg, = @)
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FIG. 2. (a) Influence of sucrose palmitate concentration on the plateau modbjusxcess of surfactant over

the amount necessary to saturate the interface as a monolayer and specific interfacial area as a function of
sucrose palmitate concentratide) viscosity of the initial surfactant-containing solutié8CS at which oil is
added(please note that the concentration of this solution is SCSEX 3.3) at 50 °C.

On the other hand, the excess of surfactant over the amount necessary to saturate the
interface as a monolayee§g) continuously increases with SE concentratibig. 2(b)].
The excess of surfactant has been calculated as follows:

(Cplag)

Csat

€sg = 1, 3

where C is the sucrose palmitate concentratignis the emulsion density, &’ is the

specific interfacial areap is the disperse phase volume fracti@il droplets, andCggtis

the concentration necessary to saturate the interface as a monolayer. Taking into account
the surface pressure-area isotherm obtained by Aétrah (1988 for the sucrose palmi-

tate, theCq,;value was estimated as 0.36%0 © g/cn? [Partalet al. (1997)].

Once the emulsification process is over, the continuous phase of these highly concen-
trated emulsions consists of a very thin film separating adjacent droplets. The consistency
of this film, favored by the increase g, as well as the increase in the specific surface
area, explain the large values of the viscoelastic functions and the exponential rise in the
plateau modulus shown in Fig(&.

Figure 3 shows the relaxation time spectrum of selected emulsions obtained by means
of the Tikhonov regularization procedure using tieeOSPECsoftware. As may be ob-
served in Fig. 1, the recalculation of the viscoelastic functions from the relaxation time
spectrum obtained by the regularization techni(rieeoSPECsoftwarg is very accurate.
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FIG. 3. Influence of sucrose palmitate concentration on the relaxation time spectra for sucrose palmitate-
stabilized emulsionsT = 25 °C).

To express qualitatively the relaxation data, De Rosa and W{&894 proposed an
empirical model, derived from the Baumgaertel-Schausberger—WB&W) spectrum
[Baumgaertekt al. (1992], and the Chambon—-WintdCW) spectrumChambon and
Winter (1985]. Although this model was proposed to describe the relaxation process of
polymer melts, it has been also used for emulsions as salad dre§Birmgeo et al.
(1995h]. This model requires two functions to describe the transition, plateau, and ter-
minal regions of the relaxation time spectrum. A simple empirical equation, which com-
prises the three regions of the spectrum, has recently been proposed by Mddie6o
and Madiedo and Gallegd&997:

aN™+ B\

H(\) = m,

4
wherem, n and (h—p) are the slopes of the transition, plateau, and pseudoterminal zones,
respectively; and\; is a characteristic relaxation time related to the boundary of the
plateau region. Since the crossover frequency was not reached for the emulsions studied,
N\t will be considered a fitting parameter in this paper. As may be noted, these parameters
are relatively similar to the parameters of the BSW—-CW m¢b&diedo and Gallegos
(1997]. Parameters and 8 have the following expressions:

mhy

X = —m,
(M—nN)\G'

©)

nHp
CAn-m)’

B (6)
where\ is a characteristic relaxation time related to the onset of the plateau region and
Hg is the value of the spectrum corresponding to this relaxation time. If the slope of the
plateau region is positiveg > 0, Eq. (4) predicts a maximum value fad(\) for a
relaxation time\ max = )\t[n/(n—p)]llp, which was related by De Rosa and Wint&994)
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TABLE I. Influence of concentration on both the pseudoterminal relax-

ation time (\{) and slope of the plateau regidn), for sucrose palmitate-
stabilized emulsions.

% SE % O n At (9
1% 70% 0.017 59
2% 70% —0.006 80
3% 70% —0.013 84
4% 70% -0.025 66
5% 70% 0.045 18
3% 60% 0.003 28
3% 65% —-0.035 93
3% 75% 0.004 62
3% 80% —0.002 144

with the relaxation time at whichli(\) equalsG,?, timesn. However, this maximum does

not always appear. Consequently, the relaxation time spectrum calculated from the regu-
larization method for each emulsion was analyzed according to the Madiedo and Gal-
legos(1997 model[Eqg. (4)].

The relaxation time spectra calculated from the Tikhonov regularization method, for
each sucrose palmitate concentration, are shown in Fig. 3. As may be seen, the above-
mentioned model satisfactorily describes the relaxation time spectra obtained for these
emulsions. The shape of the spectrum is always similar. A plateau region is always
clearly observed. Likewise, a region characterized by a trend to reach the terminal zone
or flow region may be noted. The increase in emulsifier concentration produces an in-
crease in the relaxation time spectrum higher than one order of magnitude, which is
approximately the same increase undergoné;ﬁ;and indicates that an enhancement of
the elastic network is produced.

However, Table | shows a maximum value iq followed by a decrease, which
corresponds to a displacement of the plateau region towards a shorter relaxation time or
higher frequency. This displacement has also been found for salad dressing emulsions
stabilized by proteins and sucrose egferancoet al. (1997)]. The slope of the plateau
region does not change with SE concentration showing values close to zero. The only
exception was the emulsion containing 5% SE, which shows a positive value of
indicative of a higher degree of structure. A significant increase in the stability of these
emulsions was also found as SE became hiRartalet al. (1994].

B. Influence of oil concentration

The evolution of the storage and loss moduli with frequency is similar for all the oil
concentrations studie®’ always being higher tha@” [Figs. 4a) and 4b)]. Thus, the
loss tangent is roughly independent of the oil concentration. As a result, the plateau
modulus[which is shown in Fig. &)] was successfully used to normalize both storage
and loss moduli as a function of frequenca/¢(cu), leading to a master curve for each of
them[Fig. 4(c)]. However, some scatter may be observetinat high frequenciefFig.
4(c)]. An empirical horizontal shift factor,a((;) = 0.4) was necessary for the smallest oil
concentration because of a frequency displacement of the plateau region as was previ-
ously found for salad dressing emulsidancoet al. (1997)].

Figure 3a) shows the values of paramet@% as a function of the disperse phase
volume fraction. An increase in this parameter, with a trend to reach an almost constant

Jpd-auluo LG /€1/L 961872 LIS LE LI9/Zripd-alone o108 /610" die sqndy/:dpy woly papeojumog



1382 GUERRERO, PARTAL, AND GALLEGOS

10000 10
1000+
R ° 3% SE T=25°C
O 100} 9 B0% 0 1
o 65%0 .
Recalculated from & 70% 0 00
regularization method v 75%0 =
o 80% 0 14}
10000
3% SE T=25°C
o 60% 0 IE ooz
o B5%0 5
5 T0%0 L
1000F o 1opo 0.1
E‘ o 80%0
= 3% SE T=25°C
H o 60%0
O 100} 4 85%0
v T0%G
o 75%0
+ 80% O
lo L L ul. . ul 0.01 aupl ul. . . ul.
1E3 001 01 1 10 100 1000 1E3 001 01 1 10 100 1000
1 3
o [s] a o [s7]

FIG. 4. Influence of oil concentratiof{a),(b)] on the storage and loss moduli; and normalized linear viscoelas-
ticity functions for sucrose palmitate-stabilized emulsiég)s(T = 25 °C).

value above 70%¢ = 0.68), was observed. Similarly, the viscoelastic moduli increase
with oil concentration but only up to a certain value which depends on frequency. Thus,
at low frequencies, the emulsion containing 80% oil has the highest valugs andG”

[Figs. 4a) and 4b)], while at intermediate and high frequencies there are no differences
in G’ from 70% to 80% and the highest values @f correspond to 70% oil. This
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FIG. 5. (a) Influence of disperse phase volume fractioil) on the plateau modulugb) excess of surfactant
over the amount necessary to saturate the interface as a monolayer and specific interfacial area as a function of
disperse phase volume fraction.
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FIG. 6. Influence of oil concentration on the relaxation time spectra for sucrose palmitate-stabilized emulsions
(T = 25°C).

behavior found at intermediate and high frequencies might be explained in terms of a
slight extension of the plateau region, which corresponds to a moderate enhancement of
the elastic network.

In order to explain the moderate influence gfon the viscoelasticity functions, the
results obtained from the DSD should also be taken into account. Although an increase in
specific surface are@maller droplet sizewas observed with increasing oil concentra-
tion, the differences were much less pronounced at the highest values of oil défigent
5(b)]. A qualitatively similar evolution was found as SE concentration was rdiset:
that the initial surfactant—water system used for the emulsification also undergoes a
transition fromL to L1+ L, at 70% oi). However, in this case a continuous decrease in
esg takes placdFig. 5b)] leading to a decrease in the consistency of the continuous-
phase layer. Both effects contribute to counteracting the trend of the linear viscoelasticity
functions to increase with the disperse phase volume fraction.

The relaxation time spectra of these systems are shown in Fig. 6. The plateau region
shows a tendency to expand at the maximum oil concentration st(&bé4 oil), as may
be deduced from the values »f (Table ). Moreover, a slight increase in the slope of the
plateau region is also produced above 65% oil. Once again, the effect that oil concentra-
tion exerts on the relaxation time spectrum is much lower, under the experimental con-
ditions, than the effect produced by SE concentration.

As may be inferred from the stability diagram reported for these emulsions in a
previous papefPartalet al. (1994], an improvement of stability against creaming is
detected when oil concentration increases at constant sucrose palmitate concentration.
Therefore, the evolution of the DSD and the viscoelastic functions as well as the devel-
opment of the elastic network, characteristic of the plateau region, yield an improved
stability against creaming, as has been reported elsewhere for salad dressing emulsions
[Francoet al. (19950].
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FIG. 7. Influence of temperature on the linear viscoelasticity functions for selected emul@p(is: 1% SE,
70% oil; (c),(d): 5%, 70% oil.

C. Influence of temperature

Figure 7 shows the evolution @' andG” with frequency as a function of tempera-
ture for two different emulsions. As may be seen, temperature greatly affects the fre-
quency dependence of both viscoelasticity functions. This thermorheological complexity
shown by the emulsions studied makes a time—temperature superposition impossible. The
plateau modulus cannot be used as a normalization factor to obtain a unique master curve
when temperature is modified.

Moreover, the influence of temperature @& and G” depends on the frequency
regime and concentration. At low frequencies, a decrease in temperature leads to an
increase in both moduli. This effect becomes more pronounced as oil and sucrose palmi-
tate concentrations increase, that is to say when the emulsion becomes highly structured.
At intermediate frequency, a decrease in temperature, below 25 °C, always produces a
minimum in G” and a decrease in the slope @f versus frequency. However, the
influence of temperature d8’ andG” values may decrease, and even reverse in the case
of G”, at low SE concentratiofi.e., 1% SE, 70% ojl As a result, the plateau region
progressively vanished as temperature increases. At low temperature, the elastic network
is fully developed, which gives rise to a pronounced plateau regi@ ifi.e., 5 °Q and
an apparent minimum iG” (5—-15 °Q. An increase in temperature weakens the elastic
network, and therefore, reduces the plateau region. The consistency of the continuous-
phase film is favored by the decrease in temperature. As previously reported, the SE
containing aqueous systems tends to form gel-like structures at low tempé€i@alre
legoset al. (1996)].

The values of the plateau modulus obtained for these emulsions are plotted versus the
absolute temperature in Fig. 8. The influence of temperatu@o,\pmay be described by
an Arrhenius-type equation:
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FIG. 8. Influence of temperature on the plateau modulus for selected emulsions.

E
G& = Aexg —
RT,

whereE, is an activation energy. Figure 8 shows that the influence of temperatl@% on

is small for the less-structured emulsiofis@ble 1), which exhibited the larger droplet
sizes and wider DSD, as well as the lower values for the viscoelastic functions. On the
other hand, those emulsions with the most favorable structural paranfie¢ersmall
droplet sizes and narrow DS[lso are highly temperature dependent. In general, tem-
perature tends to reduce the difference in the viscoelastic response of the different emul-
sions.

Figure 9 shows the relaxation time spectra obtained for emulsions containing 3% SE
and 70% oil at different temperatures. A very well-pronounced plateau region may be
observed at low temperature, which indicates the occurrence of extensive flocculation,
and consequently, a fully developed elastic network. An increase in temperature produces
a dramatic decrease in the slope of the plateau region which tends to disappear. The same
behavior may be observed in Fig. (@0 in which parameters are plotted versus tem-
perature for different oil and sucrose palmitate concentration. An important reduction in
the value of the slope of the plateau region leading to negative valuesasies place,
regardless of the concentration used. The influence of sucrose palmitate concentration on

: )

TABLE Il. Activation energies for emulsions of different concentration.

Ea(GR)

% SE % O (kJ/mol

1% 70% 8.67
3% 70% 33.3
5% 70% 43.8

3% 60% 8.48

3% 80% 38.8
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FIG. 9. Influence of temperature on the relaxation time spectrum, for a selected em(@%08E, 70% oil.

the value ofn seems to be higher at low temperature. However, oil concentration does not
generate important differences at the temperatures studied. As may be seen in Fig. 9,
Nmaxdecreases with temperature. Moreover, a value f 0 makes the maximum value

for the spectrum disappear, and thereforggy vVanishes. The same effect may be de-
duced from Fig. 1(), whereH 4 andnGﬂ are plotted as a function of temperature. At

low temperature, when > 0, the values of 5« andnG(,zl are rather coincident. These
result resemble the predictions of Baumgaeetehl. (1990, 1992 for a polymer melt

0.40 10000 -
I K.
IEI [ —o—1%SE E]
0.35 | | 7o%0i
% I —0— 3% SE
60% Oil ¢
0.30 |- —8— 3% SE
b 70%0il S {
v 3% SE o
0.25 |- LN 80% Oil ¢ \
‘\ ~ 1000- o sysew ©
X o 70% Oil A *
0.20 [ e o v v
a A %X\ nG.°
. -3
w051 o ‘&’ B 1% SE
< ~ 4 . 70% Oil
c e 3%SE
0.10 |- - O 60% Oil
¥ \./2 A 3%sE
IE 100 + 70% Oit
0.05 F a [] v 3% SE
—o— 1% SE 70% Oil r 0— & 80%Oil
0.00 L | —®— 3% SE 60% Oil RN [ o ¢ 5%SE
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—A— 3% SE 80% Oil o g
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FIG. 10. (a) Slope of the plateau region as a function of temperature for sucrose palmitate-stabilized emulsions.

(b) Comparative values dfl 54 and nGRI as a function of temperature, for sucrose palmitate-stabilized emul-
sions.
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with long linear flexible chains, which shows a well-characterized entanglement forma-
tion [Graessley(1974); Doi and Edwards(1988]. An important consequence of this
coincidence is the validation of the analogy between the formation of an entanglement
network among polymer molecules and the development of an elastic network produced
by interdroplet interactions, favored by the reduction in thermal agitation. As a conse-
guence of the above-mentioned considerations, the increase in thermal agitation produces
a remarkable weakening of the network structures.

IV. CONCLUDING REMARKS

The linear viscoelastic properties shown by the emulsions studied are the result of a
complex dependence on a number of variables whose performance may be relevant
during the emulsification process or once the final emulsion is formed.

The emulsification process depends on the surfactant concentration of the initial con-
tinuous phase at which the oil is added, since this generally increases the amount of
interfacial area that may be stabilized. However, for the surfactant—water system studied,
an increase in the SE concentration also produces a transition from an isotropic micellar
solutionL 1 to a dispersion of lamellar liquid-crystalline portions in the micellar matrix,
Li+L,, giving rise to a remarkable increase in the initial continuous-phase viscosity
(noc)- This transition interferes with the emulsification process, leading to a specific
interfacial area that is smaller than expected. This effect is produced either by increasing
the amount of SE or by decreasing the water confiest, obtained as the oil concentra-
tion of the emulsion is raised

The linear viscoelastic properties of the final emulsion depend on the DSD obtained,
as well as on the consistency of the thin film of the continuous phase located among the
droplets. First of all, an evolution towards a higher specific interfacial area, obtained with
smaller droplets and wider DSD, produces an increase in the interactions among the
emulsifier molecules that surround the adjacent oil droplets. Second, the consistency of
the continuous-phase layer is improved by an increase in the excess of surfactant. When
both effects increase simultaneouslye., by increasing SE contenthe result is a re-
markable increase in the viscoelastic functions and the plateau modulus as well as a slight
spread of the plateau region in the relaxation time spectrum, which suggest a certain
enhancement of the elastic network. When both effects are opposite, because of a de-
crease in the continuous-phase consistelticg,, by increasing oil concentratiprthe
results obtained were similar but much less pronounced.

Furthermore, the plateau region in the relaxation time spectrum is clearly expanded
when temperature decreases for all the emulsions studied, because of the enhanced for-
mation of an elastic network, due to extensive flocculation of oil droplets. As a result, the
stability is substantially enhanced when the emulsion is stored at low temperature.
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