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1. Introduction
Bioemulsifiers have been recently attracting the industrial com-
munity as natural and promising candidates for the replacement
of synthetic commercial surfactants due to their intrinsic proper-
ties such as lower toxicity, higher biodegradability, higher foaming
capacity and higher activity at extreme temperatures, pH levels and
salinity [1]. These compounds are biological molecules with surfac-
tant properties similar to the well-known synthetic surfactants and
include microbial compounds [2–5], natural polymers, such as Gum
Arabic [5,6] which has been extensively exploited and used in the
food industry as a surfactant agent, and other amphiphilic poly-
mer surfactants usually based on polysaccharides, such as Emulsan
[7–9] and Alasan [10–13]. So far, Gum Arabic is among the most
studied and widely used hydrocolloid due to its excellent emulsi-
fying capacity, ample spectrum of applications and millenary use
[14].

Nowadays there is a wide range of commercial applications
for bioemulsifiers such as oil recovery enhancement [15], bio-
remediation of oil-polluted soil and water [16], replacement of
chlorinated solvents used in the cleaning up of oil-contaminated
pipes [17], detergent industry [18], and formulation of oil-in-water
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n-water emulsions prepared with Yansan, a bioemulsifier produced by a
a lipolytica, IMUFRJ 50682, in glucose-based fermentation medium, were
se prepared with Gum Arabic. Oil-in-water emulsions obtained by com-
hases, perfluoro-n-hexane, n-hexadecane and toluene, with two aqueous
bioemulsifiers, were studied through the evolution of the mean droplet

red by sonication and their droplet size distribution was followed for 60
ysis. The results indicate that the aging mechanisms of the studied emul-
emulsifier and on the pH of the medium. It is shown that the emulsions

oalescence while Yansan-based emulsions change their aging mechanisms
lecular diffusion at pH 7.

© 2008 Elsevier B.V. All rights reserved.

emulsions in the food, biotechnological, pharmaceutical and cos-
metic industries. The application of biodegradable and non-toxic
bioemulsifiers can also be of substantial benefit in the biomedical
and biotechnological fields. In particular, perfluorocarbon-based
emulsions have been exploited as oxygen injectable carriers, as

drug delivery systems or as cell culture media supplements [19,20];
and the employment of a non-toxic and biodegradable bioemul-
sifier may lead to further improvements of the technological
specifications of such emulsions.

Clearly, if emulsions containing biosurfactants are to be used
at the industrial level as carriers for active ingredients, they are
required to have a long shelf-life. This means that they must not
only be stable towards coalescence but also they cannot undergo
significant Ostwald ripening or at least to ripen at an acceptable
rate. Therefore, the study and evaluation of the aging mechanisms
of oil-in-water emulsions containing biosurfactants is of special
importance regarding their use in a large scale. Although many
studies have been devoted to biosurfactants, they are often ded-
icated to their behaviour in semi-diluted aqueous solutions while
surface-active properties are far less mentioned [13,21]. The few
existent studies [13,21] concluded that Ostwald ripening is the
main destabilization mechanism and that the nature of the disperse
phase greatly affects the ripening rate.

Yansan was identified for the first time by our group in a
previous work [5], in a glucose-based culture media of a wild
strain of Yarrowia lipolytica in the absence of any water-immiscible
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substrates. This bioemulsifier is a glycoprotein complex and
presents a high emulsification activity and stability in the pH range
from 3.0 to 9.0 [5].

The main purpose of this study was to identify and understand
the aging mechanisms of oil-in-water Yansan-based emulsions
of three organic phases, perfluoro-n-hexane, n-hexadecane and
toluene, and to infer about the pH influence on those. A com-
parison with the stability and aging mechanisms of emulsions
composed by a commercial bioemulsifier of similar biochemical
nature, such as Gum Arabic, was also carried to highlight simi-
larities and differences between both surfactants and for a better
understanding of the main phenomena taking place in the emul-
sions aging. The major cause of the organic phases employed is due
to their relation with oil spills (hydrocarbons) and biotechnologi-
cal applications (perfluorocarbons). The aging mechanisms of such
composed emulsions were identified through image analysis [19].

2. Aging mechanisms

The emulsions physical degradation is due to the spontaneous
trend towards a reduction in the Gibbs free energy, �G, achieved by
reducing the size of the oil/water interface, A, and/or of the inter-
facial tension between the continuous and the dispersed phases,
�:

�G = � �A − T �S (1)
Therefore, emulsion stability and associated aging mechanisms
can be studied through the evolution of the mean droplet size and
droplet size distribution. The increase of the droplet diameter is
an indicator of the emulsion stability loss and the growth rate of
the droplets indicates the mechanism responsible for their aging.
Two main mechanisms have been proposed for the emulsions loss
of stability: coagulation, followed by coalescence, and molecular
diffusion [22].

Coalescence results from the formation of a larger droplet from
the merging of smaller ones. Accordingly to the Van den Temple
Theory [23], in coalescence, the cubic droplet radius (proportional
to the droplet volume), ā3, increases exponentially with time, t,
from an initial average particle radius, ā0, as described by the fol-
lowing equation:

ā3 = ā3
0 exp(Kt) (2)

where K is the coalescence constant.
The coarsening of emulsions through molecular diffusion mech-

anism, or Ostwald ripening mechanism, is characterized by the
linear growth of the droplet volume with time without any con-
tact between the individual particles. The molecular diffusion

Table 1
Emulsions composition and optimal fitted equations for the mechanisms of stability loss

Emulsion Organic phase Surfactant

1 C6F14 (30%, w/v) Yansan
2 C6F14 (15%, w/v) Yansan
3 C6F14 (15%, w/v) Yansan
4 C6F14 (15%, w/v) Gum Arabic
5 C6F14 (15%, w/v) Gum Arabic
6 C16H34 (30%, w/v) Yansan
7 C16H34 (15%, w/v) Yansan
8 C16H34 (15%, w/v) Yansan
9 C16H34 (15%, w/v) Gum Arabic
10 C16H34 (15%, w/v) Gum Arabic
11 C7H8 (15%, w/v) Yansan
12 C7H8 (15%, w/v) Yansan
13 C7H8 (15%, w/v) Gum Arabic
14 C7H8 (15%, w/v) Gum Arabic
icochem. Eng. Aspects 324 (2008) 149–154

is a direct consequence of the Kelvin effect, where individual
molecules tend to leave the smaller particles and diffuse through
the continuous phase penetrating in larger droplets. The theoreti-
cal treatment known as the Lifshitz–Slyozov–Wagner (LSW) theory
[24–27] states that the molecular diffusion can be characterized by
the following equation:

∂(ā3)
∂t

= 8CD�V2
m

9RT
(3)

where C and D are, respectively, the solubility and the diffusion
coefficient of the dispersed phase in the continuous medium, � is
the interfacial tension between the dispersed and the continuous
phases, Vm is the molar volume of the dispersed phase, R is the
usual gas constant and T is the absolute temperature.

According to Eq. (3) for oil-in-water emulsions, an increase in
the particle’s volume is proportional to the organic solubility in
the aqueous phase, to the organic diffusion coefficient through the
aqueous phase, and to the interfacial tension between the dispersed
phase (organic phase) and the continuous phase (aqueous phase).
Therefore, emulsions that undergo Ostwald ripening can be stabi-
lized by decreasing at least one of these three factors.

3. Materials and experimental methods

3.1. Materials
The perfluoro-n-hexane (C6F14) was acquired at Fluorochem and
n-hexadecane (C16H34) was from Sigma–Aldrich, both with puri-
ties ≥99%. Toluene (C7H8) was obtained from Panreac with a purity
of ≥99.5%. The Gum Arabic was from Fluka and the Yansan was
produced and purified as described elsewhere [5]. The organic sol-
vents and the emulsifiers were used in the emulsions formulation
without any further purification. Double distilled water, passed by
a reverse osmosis system and further treated with a Milli-Q plus
185 purification apparatus, was employed in the preparation of the
aqueous buffers (phosphate buffer for pH 7 and acetate buffer for
pH 3).

3.2. Zeta potential

The electrokinetic zeta potential was measured, with a Coulter
delsa 440SX, for both bioemulsifiers as a function of the pH, sus-
pending 0.1 g of surfactant in 5 cm3 of a KCl aqueous solution at an
ionic strength of 0.001 mol dm−3. At least eight independent mea-
surements for each pH value were carried out and the respective
standard deviations determined.

for the studied emulsions (ā3 = droplet diameter3 (�m3) and t = time (days))

Aqueous phase Fitted equation

Phosphate buffer ā3 = 0.1684t + 6.1357
Phosphate buffer ā3 = 0.3284t + 0.1064
Acetate buffer ā3 = 2.5755 e0.0231t

Phosphate buffer a3 = 2.045 0e0.0382t

Acetate buffer ā3 = 2.4748 e0.0452t

Phosphate buffer ā3 = 0.1496t + 5.8851
Phosphate buffer a3 = 0.3731t + 7.6170
Acetate buffer ā3 = 11.6640 e0.0155t

Phosphate buffer a3 = 10.8177 e0.0129t

Acetate buffer ā3 = 11.3121 e0.0143t

Phosphate buffer a3 = 0.0808t + 8.4780
Acetate buffer ā3 = 6.8298 e0.0102t

Phosphate buffer ā3 = 7.8365 e0.0081t

Acetate buffer ā3 = 7.8044 e0.0084t
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Fig. 1. Zeta potential as a function of the pH for Yansan (�) and Gum Arabic (�)
bioemulsifiers. Data markers represent the zeta potential average ± S.D.

3.3. Emulsions preparation

Oil-in-water emulsions were prepared with three individual
organic phases, perfluoro-n-hexane, n-hexadecane and toluene, in
combination with two bioemulsifiers, Gum Arabic and Yansan, to
infer about the organic phase and surfactant influence in the aging
mechanisms of such based emulsions. The effect of the organic
phase concentration in the Yansan-based emulsions was also stud-
ied using two different concentrations, 15 and 30% (w/v), while
maintaining the surfactant concentration constant, 0.6% (w/v).
Since both surfactants are ionic, the effect of the medium pH in
the emulsions stability was also addressed using standard buffers

as the aqueous phase: an acetate buffer for pH 3 and a phosphate
buffer for pH 7. The 10.0 cm3 composition for each studied emulsion
is described in Table 1. The emulsions were prepared by sonication,
using a Sonics, Vibra CellTM sonicator. The sonication was per-
formed on two cycles of 2 min each, keeping the emulsion holder
immerse in ice to prevent heating. Since 301 K is the optimal tem-
perature for Y. lipolytica’s growth, this temperature was selected to
perform the emulsion stability studies keeping the emulsions for
60 days in an air thermostatic oven (±0.5 K).

3.4. Image analysis

The emulsions droplets size and shape study was carried out
during 60 days. For that purpose, optical microphotographs were
taken with an Olympus optical microscope, model BX51, equipped
with a digital camera. Each image was analyzed and the droplet size
quantified with an image analysis program developed in Matlab®

6.1 for this purpose. A micrometer and appropriate software, Image-
Pro® Plus 5.0, were used for the calibration of the droplet size.
Further details about this procedure can be found elsewhere [19]. At

Fig. 2. Droplets size distribution for Emulsion 8: (a) (�, 0 days; �, 29 days; �, 57 days) and
icochem. Eng. Aspects 324 (2008) 149–154 151

each time an average of 100 droplets per image and about 10 differ-
ent pictures from each sample were analyzed providing a total aver-
age of 1000 droplets for each point. The quantification step from
image analysis [19] supplies a statistical analysis of the data provid-
ing the total number of analyzed objects, the average droplet diam-
eter and its standard deviation as well as the particle size distribu-
tion. It also provides the particle roundness and its distribution,
useful detecting if other objects than droplets are being analyzed.

4. Results and discussion

4.1. Bioemulsifiers characterization

The production and isolation of the Yansan bioemulsifier in the
culture medium of Y. lipolytica IMUFRJ 50682, in the presence of
glucose as the carbon source, was previously reported [5].

Surfactant molecules undergo self-association above a thresh-
old concentration, CMC, to minimize the free energy of the
self-assembled molecular structures as a whole. Yansan presents
a CMC value (0.50 mg cm−3) lower than that of Gum Arabic
(1.65 mg cm−3) [5], which means that the amount of Yansan
required to solubilize organic compounds is smaller than for the
commercial biopolymer.

The zeta potential of both bioemulsifiers was determined as a
function of the pH and is compared in Fig. 1. It is shown that Yansan
micelles present an acidic isoelectric point at circa pH 2.3 and nega-
tive charge on its surface, about −35 mV, for pH values higher than
4. On the other hand, Gum Arabic micelles present a more acidic
4.2. Optimization of sonication time

In order to determine the optimum sonication time, the sonica-
tion was performed during two consecutive cycles of 1, 2 and 3 min.
It was found that for sonication times longer than 4 min (two cycles
of 2 min) the mean droplet diameter remains constant for the emul-
sion with n-hexadecane in phosphate buffer emulsified with Gum
Arabic, and thus this time period was used for the preparation of all
emulsions. The statistical analysis shows that the droplet size fol-
lowed a Gaussian distribution and similar roundness was obtained
for the three time periods tested.

4.3. Image analysis validation

The image analysis diameter results were compared and val-
idated with the results obtained using a Zetasizer, from Malvern
Instruments. For a Yansan-based perfluoro-n-hexane in acetate
buffer emulsion after 20 days of aging, the image analysis resulted
in an average droplet diameter of 1.9 ± 0.5 �m for 1076 analyzed

Emulsion 10: (b) (�, 0 days; �, 30 days; �, 53 days) at different periods of storage.
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Fig. 3. Droplet size evolution as a function of time for n-hexadecane emulsions
with pH 3 aqueous buffer and Yansan (©) or Gum Arabic (�). The dashed lines rep-
resent the coalescence mechanism. Data markers represent the droplet diameter3

average ± uncertainty at a 99% confidence interval.

objects while the Zetasizer distribution indicated an average of
1.5 ± 0.4 �m for three independent readings of the same sample.
The two methods are in agreement within their uncertainties and
thus, the image analysis proved to be an appropriate method for
studying the aging of these kinds of emulsions.
A statistical analysis of the experimental data aiming at assuring
that no systematic errors (or bias) were made during the particle
diameter measurements was also performed for all the samples.
Among other issues, it is important to ensure that the program
is detecting the smallest droplets and that the samples are ran-
domly analyzed with no preferential droplet size detection. When
no systematic errors are present, the population of all the stud-
ied emulsions follows a Gaussian distribution, as in the example
depicted in Fig. 2 for Emulsions 8 and 10. Also note that these two
examples show the scaling of the particle size distribution functions
as expected from the LSW theory [24–27].

4.4. Emulsions stability and aging mechanisms

The results obtained for the particle size evolution with time
and the respective uncertainty at a 99% confidence interval are pre-
sented in Figs. 3–10. The quantification procedure of the developed
program provides the average droplets diameter and the respec-
tive standard deviation and from these the uncertainty at a 99%
confidence level for the cubic droplet diameter was determined as
described in the literature [28].

Fig. 4. Droplet size evolution as a function of time for n-hexadecane emulsions with
pH 7 aqueous buffer and Yansan (©) or Gum Arabic (�). The dashed and the solid
lines represent, respectively, the coalescence and the molecular diffusion mecha-
nisms. Data markers represent the droplet diameter3 average ± uncertainty at a 99%
confidence interval.
icochem. Eng. Aspects 324 (2008) 149–154

Fig. 5. Droplet size evolution as a function of time for perfluoro-n-hexane emulsions
with pH 3 aqueous buffer and Yansan (©) or Gum Arabic (�). The dashed lines rep-
resent the coalescence mechanism. Data markers represent the droplet diameter3

average ± uncertainty at a 99% confidence interval.

Eqs. (2) and (3) were used to correlate the experimental data
and to identify the aging mechanisms associated to each emulsion.
The correlations were chosen according to the best correlation fac-
tor of the fitted equation and are presented in Table 1. Besides the
detection of the microscopically stability loss by the increase of the
droplets size, at the end of 60 days of storage, the loss of stability
of the emulsions by phase separation was also visible.
At both pH 3 and 7 and for all the organic phases studied, the
Gum Arabic-based emulsions always loose stability by coalescence,
while for Yansan-based emulsions two main mechanisms were
identified: coalescence at pH 3 and molecular diffusion at pH 7. The
fact that all the studied emulsions at pH 3 loose stability by coales-
cence can be explained by the proximity of the isoelectric point of
both bioemulsifiers, indicating that the droplets surface charge is
small and that particles can come together and coalesce. The pH not
only affects the stability mechanism but also the growth rate of the
emulsion droplets. For Gum Arabic-based emulsions the privileged
mechanism is coalescence, independently of the pH or the oil phase
employed. This finding suggests that these emulsions are predom-
inantly stabilized by steric interactions, as changes in electrostatic
interactions did not have a significant impact on droplet coales-
cence. Gum Arabic molecules present some cationic groups in the
protein fraction of the molecule and, therefore, would be expected
to become positively charged at pH lower than 1, as indicated by
the zeta potential measurements.

The main difference in the aging mechanisms between the
bioemulsifiers is observed at pH 7. The zeta potential measurements
show that, at this pH, the Yansan molecules present a consider-

Fig. 6. Droplet size evolution as a function of time for perfluoro-n-hexane emul-
sions with pH 7 aqueous buffer and Yansan (©) or Gum Arabic (�). The dashed and
the solid lines represent, respectively, the coalescence and the molecular diffusion
mechanisms. Data markers represent the droplet diameter3 average ± uncertainty
at a 99% confidence interval.
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Fig. 7. Droplet size evolution as a function of time for toluene emulsions with pH
3 aqueous buffer and Yansan (©) or Gum Arabic (�). The dashed lines represent
the coalescence mechanism. Data markers represent the droplet diameter3 aver-
age ± uncertainty at a 99% confidence interval.

able negative surface charge and that the electrostatic repulsion
does not allow the droplets to come sufficiently close to merge.
The Yansan higher negative zeta potential values at pH 7 results
from their higher protein content (15%, w/w) [5] and, therefore, a
larger number of charged groups, when compared to Gum Arabic
(2%, w/w) [29]. The carboxyl ions (–COO−) are supposed to be at

the periphery of the bioemulsifier molecules, since it is the main
group that confers their amphiphilic character, and they are very
active in creating an anionic environment, as observed for Yansan.

The influence of the organic phase can be inferred by the analysis
of Figs. 4–8, which seems to indicate that the initial average particle
size is dependent on the organic phase employed and indepen-
dent of the pH. Note, however, that the emulsions were prepared
in weight per volume which does not provide a very clear analy-
sis, especially when the organic phases employed present different
densities. Considering the densities of the organic phases at 298 K
(perfluoro-n-hexane: 1.68 g cm−3 [30], toluene: 0.862 g cm−3 [31]
and n-hexadecane: 0.770 g cm−3 [32]), it is simple to conclude that
the emulsions prepared with perfluorocarbon at 30% (w/v) (17.9%
v/v) have to be compared to those obtained for the 15% (w/v) emul-
sions with the other organic phases “17.4% (v/v) for toluene and
19.5% (v/v) for n-hexadecane”. It can be observed that the ini-
tial average particle size for the Yansan-based emulsions prepared
with the perfluorocarbon is similar to those obtained for the emul-
sions with n-hexadecane and toluene, although in the last case
this parameter is a little higher than that for the other two organic
phases.

Fig. 8. Droplet size evolution as a function of time for toluene emulsions with pH
7 aqueous buffer and Yansan (©) or Gum Arabic (�). The dashed and the solid
lines represent, respectively, the coalescence and the molecular diffusion mecha-
nisms. Data markers represent the droplet diameter3 average ± uncertainty at a 99%
confidence interval.
icochem. Eng. Aspects 324 (2008) 149–154 153

Fig. 9. Droplet size evolution as a function of time for Yansan emulsions with pH
7 aqueous buffer and perfluoro-n-hexane at 15% (w/v) (©) and 30% (w/v) (�). The
solid lines represent the molecular diffusion mechanism. Data markers represent
the droplet diameter3 average ± uncertainty at a 99% confidence interval.

The organic phase concentration influence in Yansan com-
posed emulsions was studied with 15% (w/v) and 30% (w/v) of
n-hexadecane and perfluoro-n-hexane at pH 7, as can be seen in
Figs. 9 and 10. Fig. 9 compares the evolution of the average droplet
size for Yansan and perfluoro-n-hexane-based emulsions at pH 7
for both organic phase concentrations. Fig. 10 depicts the average
droplet size as a function of time for Yansan and n-hexadecane-
based emulsions. It can be seen that the droplets initial average size

of the perfluorocarbon emulsions increases by a factor of 2 with
the concentration, while it remains unchanged for n-hexadecane
composed emulsions. This results from the higher densities of
perfluorocarbons when compared to hydrocarbons and from the
higher surfactant availability as it was mentioned before [30]. The
analysis of the stability mechanisms of these emulsions with both
surfactants showed to be not affected by the organic phase concen-
tration. Just an increase in the growth rate of the Ostwald ripening
mechanism for n-hexadecane-based emulsions was observed, that
is directly related with the hydrocarbon concentration and possible
diffusion and mass transfer enhancement through the continuous
phase.

At the same pH conditions and using the same surfactant
there are no changes in the aging mechanisms due to the organic
phase employed. However, a comparison between the growth
rates of the several emulsions in Table 1 leads to the conclusion
that, although the perfluoro-n-hexane-based emulsions provide
the smallest droplets size, they also present the highest droplet
growth rate when coalescence is the main mechanism. For example,
for emulsions prepared with Yansan at pH 3 the values of 0.0102,

Fig. 10. Droplet size evolution as a function of time for Yansan emulsions with pH 7
aqueous buffer and n-hexadecane at 15% (w/v) (©) and 30% (w/v) (�). The solid lines
represent the molecular diffusion mechanism. Data markers represent the droplet
diameter3 average ± uncertainty at a 99% confidence interval.
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0.0155 and 0.0231 s−1 were obtained for toluene, n-hexadecane and
perfluoro-n-hexane organic phases, respectively.

5. Conclusion

The aging mechanisms of oil-in-water emulsions prepared with
Yansan, a bioemulsifier produced by a Brazilian wild strain of Y.
lipolytica, IMUFRJ 50682, in glucose-based fermentation medium,
were studied and compared with those prepared with Gum Ara-
bic. The aging mechanisms of all emulsions studied are shown to
be independent of the organic phase used in the emulsions for-
mulation for a 60 days analysis. However, they were found to be
dependent on the bioemulsifier and, for Yansan, also dependent on
the medium pH. Gum Arabic-based emulsions always loose stabil-
ity by coalescence, independently of all the other studied variables.
Yansan-based emulsions change their stability loss mechanism

from coalescence to molecular diffusion with the change of pH from
3 to 7, indicating that pH is the primary responsible for the stability
of Yansan containing emulsions due to its high surface charge.

The results obtained here suggest that the bioemulsifier Yansan
can be a future option for the oil industry in the process of cleaning
of tanks, decontamination of polluted areas and in microbial-
enhanced oil-recovery.
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