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Abstract

The purpose of this paper is to show how the utilization of Fourier Transform Infrared (FTIR) spectroscopy can be inter-
esting in stability studying of cosmetic or pharmaceutical “oil in water” (O/W) emulsions. In this study temperature storage
tests were performed to accelerate the aging process and evaluate the stability of five emulsions. Emulsions were analyzed by
FTIR and classical methods (conductivity, viscosity, pH, texture analysis) in order to determine a method that would enable
predicting the emulsion’s stability. During the aging process, modifications of chemical functions are measured by FTIR (us-
i dex and a
b roadening
p ost sensitive
t rogressive
i nductime-
t ile FTIR
a during the
o
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ng spectrometric indices), such modifications included: a decrease of unsaturation index, an increase of carbonyl in
roadening of the carbonyl band. This band was deconvoluted to evaluate the contribution of different species in the b
henomenon, which seems to be caused by the appearance of free fatty acids. Conductimetry seems to be the m

echnique to assess physical modifications during emulsion’s aging. Concerning the most unstable emulsions, a p
ncreasing of conductivity was observed several months before the emulsion destabilizes. Consequently, FTIR and co
ry are two complementary techniques. Conductimetry is a useful technique to predict emulsion destabilization wh
llows the measurement of chemical modifications and helps to understand the chemical mechanisms which occur
xidation.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

“Oil in water” (O/W) or “water in oil” (W/O)
emulsions, which represent the majority of cosm
and pharmaceutical creams, evolve with time. T

378-5173/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2004.10.020
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are thermodynamically unstable, usually splitting into
two distinct phases. This instability could be mani-
fested at different time rates and through a variety
of physicochemical destabilizing processes, for exam-
ple, creaming (or sedimentation), flocculation, coales-
cence or phase inversion (Florence and Rieg, 1983;
Borwankar et al., 1992; Dickinson, 1992; Hiemenz and
Rajagopalan, 1997).

From a commercial viewpoint, it is important that
new products be marketed as quickly as possible. How-
ever, such products should have a storage stability
of several months at ambient temperature and under
widely varying external influences. Nevertheless, the
shelf life assessment of O/W or W/O emulsions re-
mains one of the most time consuming and difficult
issues for industrial scientists. The final objective is to
save time by predicting whether the emulsion is unsta-
ble or not before it breaks and separates into two layers
visible by naked eye.

For that reason cream stability studies are based
on instability acceleration techniques (centrifugation,
heat exposure with storage temperatures ranging from
0◦C to 60◦C). The comparison of accelerated tests
achieved by different teams (Sagon, 1983) display di-
verging experimental procedures concerning storage
duration and temperature for tests. Even the AFNOR (T
73-409) standard does not provide much information
except that storage should be performed at 23± 2◦C
and that samples should be exposed to a range of
temperatures between 0◦C and 40◦C for several
w bient
t
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2
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Guillén and Cabo, 2000) or road bitumen (Lamontagne
et al., 2001) but no study deals with the assessment of
stability and thermal aging of emulsions by FTIR. In
fact, FTIR is used only to follow the degradation of the
raw materials (Barreiro-Iglesias et al., 2002; Sliwinski
et al., 2003) or to measure the hydration of the cream on
the skin (Gloor et al., 1981). Actually, many methods
are applied to evaluate destabilization processes, but
none is actually recognized (Curt, 1994). However, to
complete our study and compare results, emulsions are
also analyzed by different classical methods (viscosity,
pH, texture analysis, etc.) as well as conductivity which
is considered as the most sensitive technique to phys-
ical alterations (Delonca and Passet, 1973; Pearce and
Kinsella, 1978; Kato et al., 1985; Latreille and Paquin,
1990).

Thus, the first aim of this paper is to determine by
FTIR the structural modifications in the emulsion dur-
ing aging. The second goal is to compare the results ob-
tained by the different analytical techniques at different
storage temperatures in order to determine a method to
predict emulsion’s stability.

2. Materials and methods

2.1. Materials

The following substances were used for the prepa-
r

icot
R,

e);
IC,
aryl

r

ea,
hyl-
opy-
ER,

mul-
s

eeks and compared to samples exposed to am
emperature.

We studied the aging of five O/W emulsions hav
s variables the oil type as well as the addition of N
ll studied emulsion where stored for a period of ti
f 12 months at different temperatures which are 0◦C,
5◦C (ambient room temperature), 40◦C and 50◦C.
hus, we were able to study the effect of variable

he stability of emulsions during their storage at dif
nt temperatures. A new method was used in this s
ourier Transform Infrared (FTIR) spectroscopy. FT
llows a qualitative and semi-quantitative analysi

he chemical composition of emulsions. This met
akes it possible to find out the functional and st

ural groups which account for chemical and phys
ging without destroying internal equilibrium of t
mulsion. Studies of thermal degradation by FTIR h
een performed on oils (Moya Moreno et al., 1999
ation of emulsions:

Oils: sweet almond oil (COOPER, France), apr
cores oil (COOPER, France), olive oil (COOPE
France);
Humectant: glycerine (glycerol, COOPER, Franc
Emulsifier: Simulsol 165 (glyceryl stearate, SEPP
France), Montanov 68 (cetearyl alcohol and cete
glucoside, SEPPIC, France);
Thickener: Carbopol® 940 (carboxyvinylic polyme
C940, BF GOODRICH);
Preservative: Sepicide CI (imidazolidinyl ur
SEPPIC, France); methylparaben (met
parahydroxybenzoate, COOPER, France), pr
lparaben (propyl-parahydroxybenzoate, COOP
France).

Demineralized water was used to prepare the e
ions.
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Table 1
Composition of O/W emulsions

C1 C2 E1 E2 E3

Oil (20.0% v/v) Sweet
almond

Sweet
almond

Sweet almond Olive Apricot cores

Emulsifier (5.0% w/v) Simulsol
165

Simulsol
165

Montanov 68 Montanov 68 Montanov 68

Humectant (5.0% v/v) Glycerine Glycerine Glycerine Glycerine Glycerine
Gelifiant (0.6% w/v) Carbopol

940
Carbopol
940 + 0.5%
NaCl

Preservative (0.3% w/v) Sepicide CI Sepicide CI Methylparaben/
propylparaben
(50:50)

Methylparaben/
propylparaben
(50:50)

Methylparaben/
propylparaben
(50:50)

Water Ad. (100.0% v/v) Demineralized
water

Demineralized
water

Demineralized
water

Demineralized
water

Demineralized
water

2.2. Emulsions preparation

Five O/W emulsions (C1, C2, E1, E2, E3) with
various compositions were prepared according to a
direct emulsification process (Roussos, 1983) and
the following standardized formula represented in
Table 1.

The choice of the emulsions’ composition was in a
way that enabled us to accomplish two different stud-
ies. Firstly we prepared emulsions C1 and C2 where
the polymer differ only by NaCl addition in the case of
C2 in order to decrease the hydrogen bond of the car-
bomer network and fluidize the emulsion (Möes, 1972;
Martini and Seiller, 1999; BF Goodrich Co., 2002).
Hence for this study our objective is to determine the
influence of the electrolyte NaCl on the emulsion’s sta-
bility. The second study concerns the influence of oil
type on the emulsion’s stability where for emulsions
E1, E2 and E3, only the oil type differs, but the pro-
portion of substances are the same for all emulsions
(Table 1).

The oil phase (oil, emulsifier) and aqueous phase
(water) are heated at 75◦C. For emulsions E1 and E2,
the Carbopol® is dispersed gradually into the aqueous
phase and neutralized by a 10% sodium hydroxide so-
lution to obtain a pH of around 7.

Both phases (the oil phase was added to the aqueous
phase) were mixed together at 75◦C with a Polytron®

(homogenizer rotor-stator) at 20,000 rpm for 3 min.
Then they are stirred at 300 rpm for 20 min. Preserva-
tives and glycerine are added at 30◦C. Then the emul-
sion is stirred for 5 min at room temperature in order
to homogenize it.

2.3. Stability test

To test the stability of these emulsions and accelerate
the aging process, we have stored four batches of each
emulsion at:

- low temperature 0◦C,
- ambient temperature 25◦C,
- and high temperature 40◦C and 50◦C for 12 months.

These temperatures are chosen from numerous ref-
erences, usual tests of cosmetic or pharmaceutical man-
ufacturers (Wilkinson and Moore, 1982; Sagon, 1983;
Reng, 1999; Anchisi et al., 2001), AFNOR (T 73-409)
and ICH standards (ICH, 1994).

Storage at various temperatures is a well known test
method: the primary requirement of this accelerated
test is that the temperature stress applied should speed
up, but not alter the mechanism of deterioration oper-
ating under normal storage conditions (Parkinson and
Sherman, 1972). This method is easy to carry out be-
cause the breaking of emulsions is accelerated by ther-
mal stress.

All analyses were carried out 24 h after their fab-
rication, then every other month. Thus, we can assess
the evolution of the aging process by these different
techniques and then compare them.

2.4. Measurements

2
2 e
r let
.4.1. FTIR measurements

.4.1.1. FTIR equipment and technique.Spectra wer
ecorded on a Fourier Transform Infrared Nico
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Prot́eǵe 460 spectrometer coupled with a Nicolet Nic-
Plan IR microscope equipped with a motorized sup-
port. The data were acquired with the Nicolet software
Omnic using Happ-Genzel as an apodization function,
1.8988 cm s−1 mirror velocity and a Mertz-type phase
correction. Sixty-four scans of symmetrical interfero-
grams were averaged and the spectrum was calculated
from 4000 to 650 cm−1 at 4 cm−1 spectral resolution.

A thin film of emulsion is deposited on one half of
the ZnSe window (13 mm diameter, 1 mm thickness)
and placed under the microscope. When the sample is
deposited, the evaporation in air occurs automatically
without drying it. This avoids spectra saturation due to
water contained in the emulsion.

Spectra were related to the background collected
on the clean other half of the window and spectra are
recorded on the deposit. The motorized support enabled
the recording of several spectra from the same deposit
for different areas.

2.4.1.2. Spectrometric indices calculation and valid-
ity. Since the deposit thickness varies every time an ex-
periment is performed, the intensity of different spectra
for the same sample changes. Thus, the spectra should
be normalized in order to be compared.

The evolution at each emulsion was followed by
spectrometric indices. Ratios between band area val-
ues, instead of band absolute absorbance values, were
used in order to take into account experimental vari-
a ng to
t

eral
f ,
2 02
T alley
( to
o re,
1 ost
l

nd

where�Ai represents the sum of the area between
1800 and 650 cm−1.

To define the repeatability of measurements, 10
spectra were recorded for each sample (two deposits
and five spectra of each deposit). An estimation of the
index’s variability has been established and relative er-
rors and standard deviations of all indices have been
specified.

The statistical tests are given by:

- Standard deviation, Sr =
√

(
∑

i(Xi − mean)2/(n− 1))
(n is the number of tests),

- Standard error, Se = Sr/mean× 100,
- Repeatability =

√
2× t× Sr (t is the Student’s value

test).

The results reported in the tables and figures are an
average of these 10 spectra with a standard error that
does not exceed 5%.

2.4.2. Conductivity measurements
The conductivity of each emulsion was measured

using a conductivity meter (Hanna, model HI 93 3000)
at 25◦C. All conductivity measurements were realized
at three different levels of the emulsion: at the surface,
in the middle and at the bottom of the sample. Mod-
ifications of conductivity value allow the detection of
creaming, sedimentation or phase inversion (Seiller and
Martini, 1999).

et,
1 85;
L n
u d to
c od
i ture.

2
me-

t d to
d e.

ture
a n-
t lcu-
l 63;
P

- )
tions and also the band broadening correspondi
he presence of new vibrations.

The band area ratios allow the calculation of sev
unctional and structural indices (Guillén and Cabo
000; Lamontagne et al., 2001; Permanyer et al., 20).
he band areas are measured from valley to v

Pieri et al., 1996). Only bands that are most sensitive
xidation (Dubois et al., 1996; Lazzari and Chianto
999) have been taken into account and indices m

ikely to be altered are described:

Unsaturation index(related to the absorption ba
νC CH at 3006 cm−1):

A3006

A3006+ A2921+ A2851
Carbonyl index(related to the absorption bandνC O
at 1746 cm−1):
A1746

�Ai
According to many authors (Delonca and Pass
973; Pearce and Kinsella, 1978; Kato et al., 19
atreille and Paquin, 1990), conductimetry is ofte
sed to determine the nature of an emulsion an
ontrol its stability during time. Actually, this meth
s sensitive to small changes in the emulsion’s struc

.4.3. Classical characterizations
pH measurements were carried out with a pH

er (Hanna, model 8521). This parameter was use
etect the formation of acid species during storag

The texture analysis was performed with a Tex
nalyzer (type: TA-XT2i, Haake) in compressio

raction mode. The following parameters are ca
ated (Fig. 1) (Friedman et al., 1963; Szczesniak, 19
iccerelle et al., 2002):

parameters related to hardness,Fmax (positive peak
and S+ (area under the positive curve);
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Fig. 1. Curve type of analysis texture.

- parameters related to adhesiveness,Fmin (negative
peak) and S− (area under the negative curve).

Viscosity measurements were carried out with a vis-
cosimeter VT500 (Haake®) with imposed shear rate.
This technique determines the apparent viscosity (ηa)
of the emulsion at shear rate value of 200 s−1 (Eouani,
2001). At this shear rate, we try to reproduce the spread-
ing of the cream on the skin.

All these measurements are made at room temper-
ature (samples were taken out of the incubator or re-
frigerator 2 h before analysis). The results, given in the
tables and used to compute variations, are an average
of three measurements.

3. Results

3.1. Macroscopic observations

Emulsions C1 and C2 are stable during the 12
months of storage for all temperatures studied.

Concerning emulsions E1, E2 and E3, a destabi-
lization is observed during the aging only for samples
stored at 50◦C and 40◦C for only E2 and E3:

- destabilization of the emulsion E1 after 10 months at
50◦C;

- destabilization of the emulsion E2 after 4 months at
50◦C and after 8 months at 40◦C;

- ◦

3

by
r ;

Lazzari and Chiantore, 1999; Guillén and Cabo, 2000),
are given inFig. 2 for emulsion E1 for example: they
are the same for all studied emulsions and correspond
principally with the functions of oil which the emulsion
is made of.

Spectral changes take place during aging:

- decreasing of the unsaturation bandνC CH at
3006 cm−1;

- increasing and progressive broadening of the car-
bonyl absorption bandνC O at 1746 cm−1 (visible
in Fig. 3);

- almost complete disappearance of bands between
1130 and 800 cm−1 which are attributed to glycer-
ine (visible inFig. 3).

Structural modifications, as visible inFig. 3 for
emulsion E3 at 50◦C, are detected by FTIR spec-
troscopy only for samples stored at 40◦C and 50◦C. In-
deed, no evolution was measured for emulsions stored
at 0◦C and 25◦C during the whole experiment as re-
vealed inFig. 4 for emulsion E3 (presumed unstable).
This one describes the evolution of the carbonyl index
(related toνC O band) versus time for different storage
temperatures. So all emulsions were stable at 0◦C and
25◦C during 12 months. The same structural modifica-
tions were observed for emulsion E1 and E2 at 50◦C,
but these modifications appeared earlier in emulsion
E3 as it destabilizes first.

Modifications of unsaturation and carbonyl indices
d
F n in-
d rated
c gnif-
i mul-
s
a e
i of
6 and
a

ore
i say
E dex
v us
t this
i

zed
( ands
creaming of the emulsion E3 after 2 months at 50C
and after 6 months at 40◦C.

.2. FTIR analysis

The infrared band assignments, determined
eference to previous works (Colthup et al., 1964
uring the storage at 50◦C are summarized inTable 2.
or all emulsions, a decrease of the unsaturatio
ex (that corresponds to a decrease in the unsatu
hains) is measured except for emulsion E3 (no si
cant variation have been observed). Concerning e
ion E2, even though the data inTable 2do not show
variation betweenT0 andT12months, we can observ

n Fig. 5 a decrease of this index through a period
months. Then the unsaturation index increases

fterwards it stabilizes.
Concerning the carbonyl index, the increase is m

mportant for the most unstable emulsions, that is to
2 and E3. For emulsions C1 and C2 the carbonyl in
ariations are very faint (almost negligible for C1), th
hose two emulsions are almost stable according to
ndex.

Moreover for the emulsions which are destabili
E1, E2 and E3), a progressive decrease of b
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Fig. 2. FTIR spectrum of emulsion type between 4000 and 650 cm−1 (resolution of 4 cm−1, 64 scans).

between 1130 and 800 cm−1 is observed at the moment
of their destabilization. They decrease until complete
disappearance (Fig. 3). These bands are attributed to
glycerine after a comparison with all excipients (oil,
Montanov, glycerine, etc.).

3.3. Conductivity

Although the conductimetry is considered as a sim-
ple technique, it can be used to detect certain physical
modifications in the emulsions.

Fig. 3. FTIR spectra of emulsion E3 before and after a thermal stress during 6 months at 50◦C.
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Fig. 4. Evolution of carbonyl index (related toνC=O) of emulsion E3 vs. time for different storage temperatures.

Table 2
Variation indices (%) during a storage of 12 months at 50◦C

Indices related to bands Stability (visual observations)

νC=CH (3006 cm−1) νC=O (1746 cm−1)

C1 −42.3 +7.2 Stable
C2 −31.0 +4.2 Stable
E1 −27.8 +14.9 Unstable
E2 +1.4 +32.2 Unstable
E3 +1.0 +29.5 Unstable

Fig. 5. Evolution of unsaturated index (related toνC=C) of emulsion E2 vs. time for different storage temperatures.
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At first, the evolution of medium conductivity ver-
sus time and for various storage temperatures have been
compared (Fig. 6). During 12-month storage, the re-
sults (Fig. 6) show an increase of the medium conduc-

tivity for all emulsions mainly for high temperatures
(40◦C and 50◦C). The higher the storage temperature
is, the more the conductivity increases. However, at
0◦C the conductivity of all emulsions is stable. Thus,

F
e

ig. 6. Medium conductivity evolution of each emulsion vs. time for
mulsion E1; (d) emulsion E2; (e) emulsion E3.
different storage temperatures. (a) Emulsion C1; (b) emulsion C2; (c)
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Table 3
Comparison of accelerated aging at 40◦C and 50◦C with an aging
of 12 months at 25◦C based on conductivity values

25◦C
(reference)

40◦C 50◦C

C1 12 months 5 months 3 months
C2 12 months 5 months 3.5 months
E1 12 months 4.5 months Less than 2 months
E2 12 months 4 months 1 month
E3 12 months 2 months No correspondence

(destabilization)

emulsions are stable at 0◦C.Fig. 6shows the increased
rate, which differs with the emulsion type and its sta-
bility. In fact, if we have chosen as reference the aging
of 12 months duration at 25◦C, it would be possible to
compare this reference with times obtained by an aging
at 40◦C and 50◦C.

According to the results inTable 3, it seems that
each type of emulsion has its own kinetics of destabi-
lization. Hence, it is not possible to establish a general
relationship between the aging temperatures used.

Secondly, the three conductivity measurements (sur-
face, middle and bottom) for the same storage temper-
ature (50◦C) have been compared.Fig. 7 shows the
conductivity evolution of all emulsions stored at 50◦C
during aging. For the three measurements, an increase
of the conductivity is detected when the emulsion ages.
So after few months, for the emulsions E2 and E3 which
destabilize rapidly (Fig. 7d and e), a decrease of the
conductivity in surface is observed. This decrease in
surface is followed few months later by an increase of
the conductivity in the bottom of the emulsion.

In addition the conductivity measurements of emul-
sions C1 and C2 (Fig. 7a and b), show a higher stability
of C2 than that of C1. In fact, the conductivity of C1
increases with time while that of C2 varies insignifi-
cantly. Similarly, the results of emulsions E1, E2, E3
(Fig. 7c–e) confirm the greatest stability of E1 in com-
parison with E2 and E3.

3

es:
e ost
s

ch-
n ring

an aging of 6 months at 40◦C (except for FTIR be-
cause at 40◦C as the modifications observed before 6
months is insignificant). In fact, viscosity and texture
measures can not be effectuated except on emulsions
that are homogenous, that is to say not destabilized. At
50◦C, it is impossible to compare evolutions because
some emulsions are already destabilized (E2 destabi-
lizes at 4 months and E3 destabilizes at 2 months). Sim-
ilarly at 40◦C, E2 and E3 destabilize after 6 months and
thus we were not able to undergo texture and viscos-
ity measurements after this time duration. That is why
comparisons could not be established except over a du-
ration of 6 months. For all emulsions stored at 40◦C a
decrease of pH, viscosity and texture parameters (hard-
ness and adhesiveness) are measured during the aging
process.

4. Discussion

4.1. FTIR analysis

Modifications of unsaturation and carbonyl indices
may be explained by the oxidation of triglycerides
(98% of the oil composition). This oxidation in-
duces the formation of hydroperoxides (Wolff, 1967;
Karleskind, 1992). The decomposition of these unsta-
ble hydroperoxides can be achieved through three main
processes:

- ohol
gths
ition

- ion
hy-
can
lde-
ted
itial

- ec-

car-
r ers
b

ated
c tion
.4. Classical methods

The results are obtained by different techniqu
mulsions with the weakest modifications are the m
table at a macroscopic scale.

Table 4summarizes results obtained by all te
iques and compares evolutions of emulsions du
Volatile species formation such as aldehydes, alc
acids and aldehyde acids with shorter chain len
than the hydroperoxide (spontaneous decompos
by scission).
Non-volatile species formation with degradat
leading to the same chain length as the initial
droperoxide (non-scission decomposition). They
involve either oxygenated species formation (a
hydic acid, cetonic acid, etc.), or non-oxygena
species formation (the same structure of the in
fatty acid with a double bond additional).
Polymerization species formation with high mol
ular weight (T> 80◦C).

At the temperature at which the experiment was
ied out, the hydroperoxides can not evolve in polym
ut the first two processes are likely to happen.

This may explain that no decrease of unsatur
hains is measured for the emulsion E3: the forma
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Fig. 7. Evolution of the emulsions’ conductivity stored at 50◦C vs. time at three different levels: surface, medium, bottom. (a) Emulsion C1;
(b) emulsion C2; (c) emulsion E1; (d) emulsion E2; (e) emulsion E3.



H. Masmoudi et al. / International Journal of Pharmaceutics 289 (2005) 117–131 127

Table 4
Variations of the parameters measuring the stability of the emulsions after a 6-month storage at 40◦C (expressed as a relative ratio of the initial
characteristics of the sample)

Conductivity pH Texture Viscosity Stability (observations)

Hardness Adhesiveness

C1 +57.4 −8.4 −25.7 −29.0 −23.3 Stable
C2 +28.3 −15.3 +6.1 −19.5 +0.1 Stable
E1 +100.0 −40.4 −44.8 −51.0 −14.8 Stable
E2 +154.4 −25.3 −1.1 −6.4 −23.4 Destabilization atT4months50◦C andT8months40◦C
E3 Destabilization −48.0 −11.5 −26.3 −57.1 Creaming atT2months50◦C andT6months40◦C

of short chain by degradation (decrease of unsaturated
chains) compensates the non-oxygenated species for-
mation (species with an additional double bond). That
is why in Table 2, no variations are observed for E3.
This could be explained by the fact that emulsion E3
destabilizes too rapidly (after only 2 months at 50◦C)
to be able to observe the unsaturation index decrease.
We probably observe the compensation of this index
by the formation of non-oxygenated species with an
additional double bond. While for emulsion E2, that
destabilizes later on, we were able to observe the un-
saturation index decrease until a period of 6 months
at 50◦C, after which the index is stabilized as seen in
Fig. 5.

Modifications of the carbonyl index (related toνC O
band) after 12 months of aging at 50◦C are summa-
rized inTable 2for the five emulsions. They correspond
either to an increase of the ester carbonyl functional
group or an appearance of other oxidation products.
Regarding this index, it appears that emulsion E2 and
E3 are the most sensitive to aging. By comparison to
other emulsions, E2 and E3 differ from E1 only by the
oil used. Probably apricot cores oil and olive oil are
more able to produce oxidation products than sweet
almond oil. This phenomenon could be explained by
the free fatty acid composition of these oils. In fact,
those two oils (apricot cores and olive oil) are com-
posed of linolenic acid (fatty acid with three double
bonds) whilst sweet almond oil does not contain this
fatty acid, but other fatty acids with one or two dou-
b
m are
e ,
1 x-
p E1,
E ls.

Emulsion C1 and C2 that are macroscopically sta-
ble, their stability can be differentiated by means of
the two indices given inTable 2. This table shows that
emulsion C2 is more stable than C1 as the variations
of the two indices are less important in the case of C2.
This study also enables to show variation of the unsat-
uration index for emulsions that seem to be stable by
the naked eye.

To explain the broadening of the carbonyl band, a
Fourier Self-Deconvolution (FSD) was applied to re-
veal overlapping spectral features that can not be re-
solved by collecting data at a higher resolution setting
(Doumenq et al., 1991). The FSD process is controlled
by setting the bandwidth and enhancement parameters
to optimize the result. Bandwidth is an estimate of the
widths of the overlapped bands and enhancement is a
measure of the degree to which features are revealed.
The deconvolution is applied in this study with a band-
width at 7.7915 and an enhancement factor at 1.6.

The deconvolution spectra of emulsions E2 and E3
(Fig. 8), after 6-month storage at 50◦C, display the
appearance of additional bands at about the ester CO
stretching. According toO’Connor (1956), the increase
of three bands observed at 1736, 1728, and 1718 cm−1

indicates the formation of saturated aldehydes (1736,
1728 cm−1) and saturated ketones (1718 cm−1). These
species probably result from the spontaneous decom-
position of hydroperoxides by scission.

Fig. 8 displays also two bands of weak intensity
at 1709 and 1701 cm−1 after a period of 6 months. To
c ent
i t
t fatty
a es a
s
1

le bonds (oleic and linoleic) (Table 5). The oxidation
echanism and the formation of oxidation products
nhanced by the presence of double bonds (Frankel
984; Karleskind, 1992). Hence we can partially e
lain the difference in stability between emulsions
2 and E3 by the fatty acid composition of their oi
onfirm this appearance, the duration of the experim
s carried up to 10 months.Safar et al. (1994)show tha
hese bands correspond to the appearance of free
cids. In fact, the esterification of fatty acids caus
hift of the absorption band of the CO group from
708 to 1744 cm−1.
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Table 5
Fatty acid composition of studied oils (COOPER, France)

Oil Fatty acids (% w/w)

Arachidic Palmitic Palmitoleic Stearic Oleic Linoleic Linolenic

Sweet almond – 6.9 0.5 2.1 63.9 25.4 –
Olive 0.4 10.5 0.7 3.0 77.8 5.5 0.7
Apricot cores 0.1 5.4 – 1.1 63.2 27.6 0.1

It seems that these two bands correspond with the
oleic acid (Safar et al., 1994) appearance which occurs
when it separates from triglycerides.

In the deconvoluted spectrum of emulsion E2
(Fig. 8), the same phenomena are observed due to the
appearance of the same functions. However, a band at
1724 cm−1 appears also during oxidation. According
to literature (Riaublanc et al., 2000), this absorption
band is attributable to carbonyl groups on saturated
chains, which leads us to deduce that the double bonds
of triglycerides disappear gradually with the aging
of the emulsion (decrease of unsaturation band at
3006 cm−1).

4.2. Conductivity

Generally, when the emulsion is stable, no modifi-
cations of the conductivity are observed. This can be
observed inFig. 6for the emulsion C2 stored at 50◦C
or all emulsions stored at 0◦C for example. However,
Fig. 7has clearly showed that the conductivity of sta-
ble emulsions at 50◦C (C1 and E1 inFig. 7a and c
for example) increases although destabilization is not
observable at a macroscopic scale.

The results of this conductivity study enables to
determine general modifications that could be ob-
served even before the destabilization of the emulsion:

F ions sto on).
ig. 8. Original and deconvoluted spectra of E3 and E2 emuls
 red at 50◦C during 6 and 10 months (FSD: Fourier Self-Deconvoluti
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a regular increase of the three measurements occurs
when the emulsion ages. This increase is followed for
the more unstable emulsions (E2 and E3) by:

- a decrease of conductivity in surface (appearance of
oil droplets non-conductive);

- an increase of conductivity in the bottom of the emul-
sion due to the appearance of an aqueous phase at the
emulsion’s bottom (destabilization).

In fact, the emulsions having the highest conduc-
tivities turned out to be the most unstable, where they
destabilized a few months after the increase in their
conductivity. Thus, an increase of the conductivity
could be considered as a sign of the destabilization
of the emulsion that takes place sooner or later. The
speed of destabilization depends on the emulsion type.
Hence, it is not possible to establish a relationship be-
tween the kinetics of aging at different temperatures.

4.3. Classical methods

Results of classical methods complete information
obtained by FTIR and conductivity: a decrease of pH,
viscosity and texture parameters (hardness and adhe-
siveness) are also measured during the aging process.

Only the measurement of apparent viscosity gives
a correct predictive assessment on the emulsions’ sta-
bility. A decrease of viscosity seem to be a sign of
destabilization.

To compare with conductivity, viscosity measure-
m s of
t idly
i ea-
s

ence
o

- of

- by

the
r nyl
a

ured
b tion
o g to
t d,

emulsions are classified from the more stable (C2) to
the more unstable (E3) as follows:

C2 > C1 > E1 > E2 > E3

For this stability order, the results of texture analysis
are not taken into consideration. This method does not
appear as a predictive one since the variations obtained
by it do not correspond to the stability of the emulsions,
where all the other methods confirm this stability order.

As already mentioned in the literature (Möes, 1972;
Martini and Seiller, 1999; BF Goodrich Co., 2002), the
addition of the electrolyte NaCl modifies the polymer
(carbomer) network by decreasing the hydrogen bonds
and increasing the fluidity of the emulsion. So the ad-
dition of the electrolyte NaCl to the emulsion C2 in the
formulation seems to have an effect on the emulsion’s
stability. For the emulsion E1, E2 and E3 which dif-
fer only by their oil composition, we can confirm that
the oil nature has an influence on the stability of emul-
sions of this type. Apricot cores oil and olive oil give
emulsions that are more unstable than that obtained by
sweet almond oil. This is most certainly due to a more
important quantity of triple bonds (linolenic acid) in
the composition of these two oils for emulsions E2 and
E3.

5. Conclusion

Given these results, FTIR is the only technique
w ions
a dis-
a tion
a f the
e for
a

sta-
b o the
ν ar-
b
m d the
b
a ke-
t for-
m are
c
a re-
l

ents are less sensitive to physical modification
he emulsion. Conductivity detects variations rap
n time and at lower temperatures (variations are m
ured even for batches stored at 25◦C).

Concerning the pH decrease, it can be a consequ
f (Hazane et al., 1983):

either an oxidation of fatty phase with formation
oxidized chains (hydroperoxides);
or a triglycerides hydrolysis which is manifested
the formation of free fatty acids.

The formation of these free fatty acids confirms
esults obtained by FTIR (broadening of the carbo
bsorption band).

Thus, the comparison of the variations meas
y the different techniques allows the determina
f which emulsions are the most stable. Accordin

he results ofTable 4, a stability order is propose
hich characterizes chemical functions of emuls
s well as their evolutions (increase, decrease or
ppearing) during a thermal aging. The unsatura
nd carbonyl indices are the most representative o
mulsion’s oxidation in this study and can be used
ny other emulsions.

For emulsions that are the most physically un
le, a decrease in the unsaturation index (related t
C CH band at 3006 cm−1) and an increase in the c
onyl index (related toνC O band at 1746 cm−1) are
easured. Through deconvolution, the increase an
roadening of the carbonyl bandνC O (at 1746 cm−1)
re attributed to the formation of aldehydes and

ones. The deconvolution allows also displays the
ation of free fatty acids in the emulsion which

haracterized with bands at 1709 and 1701 cm−1. Thus,
n hydrolysis of the emulsion probably induces a

ease of free fatty acids.
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The main interest of this method is to allow the un-
derstanding of the chemical mechanisms which occur
during the oxidation. Nevertheless, it does not really
allow the prediction of the aging process since at 40◦C
few alterations are measured unlike other techniques.

Conductimetry seems to be the most sensitive tech-
nique to assess the physical alterations during emul-
sion’s aging and to predict emulsion’s stability.

For O/W emulsion, conductivity, which is correlated
to the state of dispersion of the emulsion, increases
progressively several months before the phases split.

Moreover, conductimetry is a fast and easy-to-use
technique which does not require a large amount of
product and which does not destroy samples.

However, it seems difficult to evaluate the speed
of destabilization from conductivity variations. There
is no linear relationship between the conductivity in-
crease and the appearance of the destabilization phe-
nomenon. Therefore, it is only possible to compare the
stability of different emulsions.

So it appears that these two techniques are comple-
mentary methods: FTIR for the assessment of chemical
modifications (characterization of functions which ap-
pear or disappear) and conductivity measurements for
the assessment of physical modifications of the emul-
sion (dispersion state) and for a prediction of emul-
sions’ stability.
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