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Abstract

The effect of surfactant on the rheological properties of some cream formulations was studied. Two surfactants
from two different series were combined to determine the combination which yielded the most viscoelastic structure
for creams. The surfactants were the soybean derivatives soya sterol, polyethylene glycol 10 soya sterol and
polyethylene glycol 25 soya sterol and the sorbitol derivatives sorbitan monooleate and sorbitan trioleate. The
rheological properties of the creams were studied using oscillation stress sweep, oscillation frequency sweep and
viscosity tests. Droplet size distribution and conductivity of the creams were also determined. The combination
polyethylene glycol 10 soya sterol and sorbitan trioleate yielded the most viscoelastic structure with linearly
viscoelastic behaviour. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rheological properties can be divided into vis-
cous, elastic and plastic properties and combina-
tions of these, viscoelasticity being the most
important for semisolids. Semisolids, like emul-
sions, combine solid behaviour and liquid proper-
ties in the same material (Barry, 1983).
Viscoelasticity is defined as the simultaneous exis-
tence of viscous and elastic properties (Barnes et
al., 1989). The dominating properties and the
values for rheological parameters depend on the
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stress and the duration of stress application
(Barnes et al., 1989). Analysis of viscoelastic ma-
terials is designed not to destroy the structure, so
that measurements can provide information on
the intermolecular and interparticle forces in the
material (Martin, 1993).

Linear viscoelastic behaviour can be determined
with dynamic and static tests. Static tests involve
the imposition of a step change in stress (or
strain) and the observation of the subsequent
development in time of the strain (or stress)
(Barnes et al., 1989). Dynamic tests involve the
application of a harmonically varying strain
(Barnes et al., 1989). Oscillation tests are dynamic
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methods for determining the rheological proper-
ties of the material in its rheological ground state.
In rheological ground state the method of testing
does not significantly alter the static structure of
the material (Barry and Warburton, 1968).

In an oscillation stress sweep test the response
of the material (strain) is measured while exposing
the material to an increasing stress and a constant
frequency. In the linear viscoelastic area the ratio
of stress and strain is a function of time alone
(Kobayashi et al., 1982). At the critical stress
point the linear viscoelastic area ends and the
dominant property changes from elastic to vis-
cous. In an oscillation frequency sweep test the
material is exposed to a stepwise increase in fre-
quency and a constant sinusoidally varying defor-
mation in stress (or strain). Whichever method is
used, the measurements have to be made in the
linear range of the material (Barnes et al., 1989).
Kobayashi et al. (1982) and Gasperlin et al.
(1997) have dealt with viscoelastic parameters in
detail.

Surfactants affect the rheological properties of
creams (Barry and Saunders, 1971; Barry and
Eccleston, 1973a,b,c; Eccleston and Beattie, 1988;
Kallioinen et al., 1994). Combinations of surfac-
tants are often more effective in cream stabilisa-
tion than single surfactants by complementing the
properties of each other. The ability of the blend
to pack more tightly between formed phases con-

Table 1
Formulations of creams (g)

tributes to the strength of the surfactant film and
so to the stability of the cream (Rieger, 1986).

2. Materials and methods

2.1. Materials

The surfactants used were polyethylene glycol
10 soya sterol (Generol® 122 N E 10 D, Henkel
KGaA, Germany), polyethylene glycol 25 soya
sterol (Generol® 122 N E 25 D, Henkel KGaA,
Germany), soya sterol (Generol® 122, Henkel
KGaA, Germany), sorbitan monooleate
(Kosteran® -O/1, Ph. Eur., Dr W. Kolb AG,
Germany) and sorbitan trioleate (Kosteran® -O/3,
Ph. Eur., Dr W. Kolb AG, Germany).
Polyethylene glycol 10 soya sterol has an average
of 10 moles of ethylene oxide and polyethylene
glycol 25 soya sterol an average of 25 moles of
ethylene oxide (Wenninger and McEwen, 1993).
Sorbitan monooleate is a monoester of oleic acid
and hexitol anhydrides and sorbitan trioleate a
triester of oleic acid and hexitol anhydrides (Wen-
ninger and McEwen, 1993). The soybean and
sorbitol derivatives used are non-ionic surfactants.

In each formulation there were 12% soybean
derivatives and 7% sorbitol derivatives. The exact
formulations are presented in Table 1 and the
HLB (hydrophile—lipophile-balance) values of the

Raw material Formulation

I 11 11 v Vv V1
Polyethylene glycol 10 soya sterol 12.0 12.0 - - - -
Polyethylene glycol 25 soya sterol - 12.0 12.0 - -
Soy sterol - - - 12.0 12.0
Sorbitan monooleate 7.0 7.0 - 7.0 -
Sorbitan trioleate - 7.0 - 7.0 - 7.0
Caprylic triglyceride 8.0 8.0 8.0 8.0 8.0 8.0
Isopropyl palmitate 8.0 8.0 8.0 8.0 8.0 8.0
Glycerin (85%) 12.0 12.0 12.0 12.0 12.0 12.0
Cetostearyl alcohol 8.0 8.0 8.0 8.0 8.0 8.0
Methylparaben 0.1 0.1 0.1 0.1 0.1 0.1
Propylparaben 0.02 0.02 0.02 0.02 0.02 0.02
Aq. Purif. ad 100 ad 100 ad 100 ad 100 ad 100 ad 100
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Table 2
HLB values of surfactant blends

Formulation HLB
1 9.2
11 8.2
111 12.3
v 114
v 3.5
VI 2.6

blends of surfactants in Table 2. The HLB values
were calculated as an algebraic mean of the HLB
values of single surfactants (Attwood and Flo-
rence, 1983).

The creams manufactured are identified as for-
mulations I-VI. Polyethylene glycol 10 soya
sterol and polyethylene glycol 25 soya sterol are
referred to in Section 3 as PEG 10 soya sterol and
PEG 25 soya sterol, respectively.

2.2. Preparation of creams

The creams were manufactured using an instru-
mented mixing pan (Molto-Mat Universal 5, O.
Krieger, Muttenz, Switzerland) connected to a PC
(HP 85 P, Hewlett Packard, Waldbronn, Ger-
many). The PC was used for recording the in-pro-
cess parameters, such as temperature of the
product, chamber and cooling/heating jacket, to-
tal-resistance of the mixer, mixing and ho-
mogenising speeds and chamber pressure.

All formulations were manufactured similarly.
For each formulation, two batches of 3 kg were
manufactured.

2.3. Analytical methods

The creams were analysed for rheology, droplet
size distribution and conductivity. Analytical de-
terminations were made either 1 or 2 days after
cream manufacture. For one batch of formulation
III, analyses were made both 1 and 2 days after
cream manufacture to determine the influence of
measuring time on the results. Statistical analyses
were performed using two-way analysis of vari-
ance with two between factors (soybean deriva-
tives and sorbitol derivatives).

2.3.1. Rheological properties

Rheological properties were determined using a
rheometer (StressTech, ReoLogica Instruments
AB, Lund, Sweden, Stress RheoLogic Basic soft-
ware, version 2.2, RheoLogica Instruments, Lund,
Sweden) with parallel plate system. The tempera-
ture of the base plate was 25.0 + 0.1°C. The tests
used were as follows: oscillation stress sweep test,
oscillation frequency sweep test and viscosity test.
The tests were done at least in triplicate for each
batch and all measurements were made from sep-
arate samples.

In the oscillation stress sweep test the stress was
increased from 0.03 to 300 Pa in 40 logarithmic
steps and the frequency was kept constant (1 Hz).
In the oscillation frequency sweep test the fre-
quency was increased from 0.01 to 30 Hz in 16
steps and the stress was kept constant (1 Pa). In
the viscosity test, shear stress was first increased
from 30 to 210 Pa (up curve) and then decreased
from 210 to 30 Pa (down curve). In the viscosity
test, shear rate was recorded as a function of
shear stress.

In rheology measurements the sample was first
exposed to a shear stress of 1 Pa for 10 s, followed
by a 15 s equilibrium period. A pre-shear period
was used to standardize the handling of samples
before measurements.

2.3.2. Droplet size distribution

Droplet sizes were determined using a light
microscope (Olympus BX40F, Olympus Optical
Ltd., Tokyo, Japan). A 10% water suspension was
prepared and the measurement was performed
immediately after sample preparation. The diame-
ter was determined from 200 randomly chosen
droplets. Droplet size determinations were made
at least once from each batch and all determina-
tions were made from separate samples.

2.3.3. Conductivity

Conductivity was measured with a portable
conductivity instrument (Mettler Check Mate 90,
Mettler Toledo, Essex, USA). An ion-sensitive
transistor was used. Conductivity determinations
were made at least in triplicate for each batch and
all measurements were made from separate
samples.
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3. Results and discussion

The time of measurements (1 or 2 days after
cream manufacture) did not affect the results.
Formulation III, from which the influence of mea-
surement time was tested, gave similar results
regardless of the measurement time.

Formulations I-1V yielded o/w creams and for-
mulations V and VI unhomogeneous systems. In
formulations V and VI, both surfactants, soybean
and sorbitol derivatives, were oil-soluble with low
HLB values. These blends were not hydrophilic
enough to bind the water phase and to form a
cream.

3.1. Oscillation tests

Formulations I and II, which contained PEG
10 soya sterol, were more viscoelastic than formu-
lations III and IV which contained PEG 25 soya
sterol. In the oscillation stress sweep test the
values of storage modulus (G’) showed a great
difference in elasticity between formulations
(Table 3). Storage modulus characterises the elas-
tic behaviour of the material (Gasperlin et al.,
1997). Loss tangents (tan J) were similar depend-
ing on the surfactant of soybean derivatives
(Table 3). Loss tangent is the ratio of loss
modulus (characterises the viscous behaviour of
the material) and storage modulus (Kobayashi et
al., 1982; Rieger, 1991; Gasperlin et al., 1997).
The smaller the loss tangent is, the more elastic is
the material (Davis, 1971). The loss modulus
dominated more in formulations which contained
PEG 25 soya sterol.

At the stress of crossing over point, the loss
modulus is equal in value with the storage mod-

Table 3
Results of oscillation stress sweep test®

ulus, and the loss tangent is 1 (Gasperlin et al.,
1997). An increase in stress of the crossing over
point is a sign of more lasting elastic properties.
The crossing over point gave the same results as
the storage modulus; the greater the elasticity of
the cream, the more lasting was the elasticity
under increasing stress (Table 3).

The values of storage modulus showed statisti-
cally significant interaction between soybean and
sorbitol derivatives (p < 0.05). The mean level of
storage modulus was 319 Pa when PEG 10 soya
sterol was combined with sorbitan monooleate
and 959 Pa when combined with sorbitan trioleate
(Table 3). The corresponding mean levels of PEG
25 soya sterol were 56 and 120 Pa. At the crossing
over point there was a statistically significant
main effect in soybean and sorbitol derivatives
(p <0.05). The mean levels of PEG 10 soya sterol
and PEG 25 soya sterol were 70.2 and 5.5 Pa and
those of sorbitan monooleate and sorbitan tri-
oleate 19.5 and 56.1 Pa, respectively (Table 3).

The oscillation stress sweep test showed that
formulation II, containing PEG 10 soya sterol
and sorbitan trioleate, had the most viscoelastic
structure. In formulation II, the storage modulus
and crossing over point values were about 3-4
times higher than in formulation I. Formulation I
differed from formulation II only in the surfactant
of sorbitol derivative. Unlike formulations I and
I1, formulations III and IV, which contained PEG
25 soya sterol, did not show any linearly vis-
coelastic behaviour.

In the oscillation frequency sweep test the elas-
tic properties occurred even at the lowest frequen-
cies in formulations which contained PEG 10 soya
sterol (Fig. 1). The steadiest storage modulus
values under increasing frequency were in formu-

Formulation Storage modulus G’ (Pa)

Loss tangent tan ¢

Crossing over point (Pa)

N

I 319+ 13 0.07
II 959 + 32 0.07
111 56+ 16 0.59
v 120 + 19 0.56

362114
104.1 + 6.1
2.8+0.7
81+19

AN O N D

4 Means + standard deviations are presented.
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Fig. 1. Values of storage moduli (G') in the oscillation frequency sweep test. Formulations I, IT and IV: n = 6; formulation I11I: n =9.

lation I. This shows the ability of the creams to
resist structural changes under stress. Under the
increasing frequency the storage modulus was
clearly the highest in formulation II.

In the oscillation frequency sweep test, like in
the oscillation stress sweep test, viscosity domi-
nated more in formulations which contained
PEG 25 soya sterol than in formulations which
contained PEG 10 soya sterol. Both in formula-
tions I and II and in formulations IIT and IV the
loss tangent was on the same level and dependent
on the surfactant of soybean derivative (Fig. 2).

The oscillation frequency sweep test supported
the results of the oscillation stress sweep test.
This is seen especially at lower frequencies. It is
important to notice that the behaviour of formu-
lations IIT and IV was not linearly viscoelastic.
Therefore the results obtained from formulations
III and IV were not independent of the stress
used.

The increase of the ethylene oxide proportion
from 10 to 25 moles decreased the elasticity.
Usually an increase in the number of ethylene
oxide groups of surfactants produces more con-

sistent creams (Eccleston and Beattie, 1988).
With increasing number of ester chains from one
to three the elasticity of creams increased. Thus
the increase in chain length of the surfactants
increased the consistency of creams up to a cer-
tain limit. This can be due to the critical micelle
concentration. Critical micelle consentration de-
creases as the chain length of the surfactant in-
creases (Barry and Saunders, 1971).

The forming process of smectic structures is
time-dependent (Barry and Saunders, 1971). The
surfactants with long chain lengths give less time
for water to penetrate deeper through the quickly
formed viscous structures. Thus it is possible
that, for higher homologies, there is less struc-
tural building during cream manufacture. For
higher homologies also temperature ranges for
interaction are shortened (Barry and Saunders,
1971). There is less time available for a smectic
phase to form before the cream cools below the
interaction temperature. However, with non-ionic
systems, cold penetration might be more impor-
tant than the high temperature interaction (Barry
and Eccleston, 1973a).
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The HLB values of surfactant blends correlated
directly with the viscoelasticities of cream formu-
lations I-IV. The smaller the HLB value, the
more viscoelastic was the cream. Shinoda and
Yoneyama (1980) showed that in the blend of
surfactants Tween and Span the creams were
more stable when the difference of HLB values of
blended surfactants were smaller. As the HLB
value was the highest in PEG 25 soya sterol, the
difference in the HLB value of both sorbitol
derivatives was the greatest. Thus, PEG 25 soya
sterol as a highly hydrophilic surfactant dissolved
mostly in the water phase and sorbitol derivatives
as highly lipophilic surfactants in the oil phase.
The interaction between these surfactants was not
sufficient.

With non-ionic surfactants emulsion stabiliza-
tion occurs through steric hindrance and hydro-
gen bonding (Fox, 1986). According to Fox
(1986), the long zig-zag polyoxyethylene groups in
the water phase set up a steric hindrance which
inhibits the close contacts of oil droplets. Hydro-

1T
|

——]

G”’/G” (Pa)
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gen bonding occurs between polyoxyethylene
groups and water. Thus it can be expected that
PEG 25 soya sterol with greater molecular struc-
ture would form a more effective steric hindrance
and more viscosity in the outer phase. Boyd et al.
(1972) reported that sorbitan trioleate did not
form as condensely associated a structure with
polyoxyethylene sorbitan monopalmitate or poly-
oxyethylene sorbitan monolaurate as sorbitan
monooleate. This was due to the more open
configuration of sorbitan trioleate at the interface
of the phases. However, formulation II, which
contained both PEG 10 soya sterol and sorbitan
trioleate, had clearly the most elastic structure.
The surfactants PEG 10 soya sterol and sorbitan
trioleate showed the greatest interaction and the
most suitable HLB values to form the most elastic
cream. The structural interaction between single
surfactants and their complementary hydrophile—
lipophile balance, for example, influence the effec-
tiveness of the blend of surfactants. Contributing
factors are also the orientation of the surfactant

0,5

0,7

1 2 4 6 8 10

Frequency (Hz)

Fig. 2. Ratio of loss modulus and storage modulus (tan J) in the oscillation frequency sweep test. Formulations I, II and IV: n = 6;

formulation III: n=9.
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Fig. 3. Viscosity of creams. Formulations I, II and IV:n = 6; formulation III: n=9.

molecules at the interface of phases and the suit-
ability of the surfactant blend for the cream
formulation.

3.2. Viscosity

The viscosity test supported the results of the
oscillation tests. The greatest viscosity was ob-
served in formulation II, which was a shear thin-
ning, pseudoplastic system (Fig. 3). Formulations
I and II which contained PEG 10 soya sterol, had
a yield point. In formulation II, where PEG 10
soya sterol was combined with sorbitan trioleate,
the yield point was greater than in formulation I
where PEG 10 soya sterol was combined with
sorbitan monooleate. The yield points correlated
with the end points of the linear viscoelastic area
in the oscillation stress sweep test.

Every formulation behaved thixotropically.
Formulations I and IV were most thixotropic,
with pseudoplastic behaviour in the up curve and
dilatant behaviour in the down curve. The most
linear shear rate under increasing shear stress was
in formulation III. In formulation III the up and

down curves intersected, implying that the shear-
ing cycle itself caused some structural build-up
(Eccleston and Beattie, 1988).

3.3. Droplet size distribution

In formulations II and IV, the most frequent
droplet diameter was < 1.7 um while in formula-
tions I and III it was 1.7-3.4 um (Table 4).
Formulations which contained sorbitan trioleate
had smaller droplets than formulations which

Table 4
Droplet size distributions of creams

Droplet size pm Formulation

1 1T 111 v
<17 128 290 198 246
1.7-3.4 170 88 314 128
3.5-6.8 88 18 88 26
>6.9 14 4 0 0
Sum 400 400 600 400
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Table 5
Conductivities of creams®

Formulation Conductivity pS n
I 123+0.8 6
II 193+7.6 6
111 36.9+0.9 9
v 30.7 +12.7 6

4 Means + standard deviations are presented.

contained sorbitan monooleate. Droplet sizes over
3.5 um occurred more often in formulations I and
IIT than in formulations II and IV.

Viscosity increases when the particle size of the
dispersed phase decreases (Rieger, 1986). As the
number of droplets increases, the interactions be-
tween the droplets and the viscosity increase. This
can be seen in formulation II which had the smallest
droplets and the greatest viscosity. In formulations
I, IIT and IV the results were opposite; the more
mobile the formulations, the smaller were the
droplets. According to Depraétere et al. (1980), the
stability of creams was the greatest at the HLB
values where the droplet sizes were the smallest.

Droplet size distribution is not the only explana-
tory factor when considering the rheological prop-
erties of creams. Creams are considered complex
polydispersed multiple-phase systems containing
additional phases of oil and water (Eccleston,
1990). Viscoelastic networks present in the contin-
uous phases are responsible for the consistency of
creams (Barry and Eccleston, 1973a). These net-
works are formed through interaction of fatty
alcohol and surfactant solution (Barry and Eccle-
ston, 1973a).

3.4. Conductivity

Conductivity is a measure of amount of free
water and free ions. High conductivity values reveal
that there is less lamellar water and more free water
in the creams, which can be seen as a decrease in
the consistency of creams (Eccleston and Beattie,
1988). Formulations which contained PEG 10 soya
sterol (formulations I and II) had lower conductiv-
ity values than formulations which contained PEG
25 soya sterol (formulations IIT and IV) (Table 5).

PEG 10 soya sterol bound water into lamellar water
to a greater extent than PEG 25 soya sterol. The
combination of PEG 10 soya sterol and sorbitan
monooleate (formulation I) bound free water to the
greatest extent.

In the conductivity values there was statistically
significant interaction between soybean and sor-
bitol derivatives (p <0.05). The mean level of
conductivity was 12.3 uS when PEG 10 soya sterol
was combined with sorbitan monooleate and 19.3
uS when combined with sorbitan trioleate (Table
5). The corresponding mean levels of PEG 25 soya
sterol were 36.9 and 30.7 pS.

The results of the conductivity test supported the
results of the oscillation stress sweep and viscosity
tests. The highest consistencies were in formula-
tions I and II which had the smallest conductivity
values.

4. Conclusion

Rheology measurements provide a simple and
effective means to compare the structural proper-
ties of creams. The oscillation stress sweep test and
the oscillation frequency sweep test gave an exact
presentation of the viscoelastic properties of the
creams. In addition to oscillation tests, the viscosity
test with yield values and droplet size distributions
suggested that the cream, which contained
polyethylene glycol 10 soya sterol and sorbitan
trioleate, was the most viscoelastic cream. The most
elastic structure is presumed to be able to maintain
structural stability and resistance to external forces
for longer periods of time.
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