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Abstract This study has been designed to examineincor-
poration of 7, 10 and 15% olive oil in milk-based media
by using ultrasound (US) at 24 kHz, for 3 min in order to
form new dairy-based, emulsifier-free emulsions. The pre-
pared emulsions were characterized in terms of the emulsion
capacity and stability, creaming index, zeta potential, droplet
size, color and rheological analysis. The morphology of the
emulsions was examined under the fluorescence microscope
to evaluate the changes caused by US. The peroxide value
and fatty acid composition were determined. After the treat-
ment, application of the US increased the stability of emul-
sions. A decrease in the creaming index and droplet size
and an increase in the zeta potential were observed. All the
emulsions exhibited a weak gel structure. The fluorescence
microscope images showed that the US decreased the size
of oil droplet.

Keywords Emulsion - Ultrasound - Stability - Rheology -
Zeta potential - Fluorescence microscopy

Introduction

In recent years, it has become essential to develop new food-
processing technologies with increasing awareness of func-
tional and healthy food preference of the public. Further,
growing awareness about healthy lifestyles has prompted
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research on novel techniques for prolonging the shelf life of
food products without the necessity of using preservatives
[21]. Ultrasound, as a novel treatment, has the potential to
be important for food processing, especially for the purpose
of formulating the emulsions’ systems. Emulsions are het-
erogeneous mixtures consisting of two immiscible liquids,
in which one liquid is dispersed within the other as droplets
[16, 37]. Emulsion systems are thermodynamically unsta-
ble, so they tend to be destabilized by several mechanisms
such as flocculation, aggregation, coalescence and phase
inversion [17]. The emulsion systems are commonly used
in food, agriculture, cosmetic and pharmaceutical industries.
Additionally, the emulsions are utilized for the preparation
of commercially available food products, such as sauces,
condiments, spreads, dressings and desserts [33]. In litera-
ture, the emulsion-based delivery systems have been studied
thoroughly. The role of emulsion-based delivery systems in
food industry is used to protect bioactive compounds from
environmental conditions, increase the stability and bio-
availability of the prepared emulsions and mask unpleasant
odor and taste. The stable emulsions are preferred which
does not show phase separation throughout the shelf life
and they should take their first version with little agitation
[18, 37]. Since the emulsion systems are prone to instabil-
ity and phase separation due to the interfacial tension, food
industry has to overcome the challenge of instability [41,
55, 58]. For the purpose of preventing phase separation and
instability of emulsion, emulsifiers and additives are used
or various emulsification techniques are employed. Con-
ventional emulsification techniques such as piston homog-
enizers and high shear mixer are used to deliver bioactive
in liquid foods and in a variety of dairy systems [44, 52].
In recent years, low frequency high intensity ultrasound
(US) has been started to be tested by researchers in order
to increase the solubility of bioactive compounds which
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possesses poor solubility, reduce the particle size, get more
amorphous structure, increase the surface area of compo-
nents and deliver high-value nutrients [54]. US technology
has many advantages as compared to conventional methods
of emulsion formation and they can be listed as follows (a)
the produced emulsions have sub-micron range, (b) more
stable emulsions can be generated with US, (c) there is no
need for surfactants to produce and stabilize the emulsion,
(d) the energy required to produce an emulsion which is
less than that needed in conventional methods [11, 12]. US
have been focus of numerous studies in both laboratory and
industrial scale in the production process of milk, yoghurt
and ice-cream [38, 49, 64]. Chemat and Khan [11] pointed
out that the droplet size of the dispersed phase of an emul-
sion formed with US is smaller than the emulsion created
with conventional methods. Kaci et al. [26] evaluated the
properties of surfactant free emulsions created by US which
comprise of 5, 10 and 15% sunflower oil. Also, in a study
done by Abismail et al. [1], it was observed that the smaller
droplet size could be obtained through US treatment, less
energy consumption could be achieved and the surfactant
free emulsions can be generated as compared to mechani-
cal agitation performed at 10,000 rpm with ultra-turrax. In
the same study, more stable and less poly-disperse emul-
sions were obtained with US as compared to the mechani-
cal methods. The literature data for the usage of US in the
field of food mostly focused on simple food matrices such
as an emulsion of sunflower oil in water. However there is a
research gap regarding the usage of US for creating complex
food emulsions [28, 30, 32]. The major aim of this study is
to develop milk-based novel emulsions by the application
of US and containing three different ratios of olive oil (7,
10, and 15%). To this end, the &-potential and droplet size
characterization of prepared emulsions were employed. The
stability and rheological tests were conducted. In addition,
morphological characteristics of the samples were examined
under a fluorescence microscope.

Materials and methods

The extra virgin olive oil (Kristal brand, Izmir, Turkey con-
tains 18 g/100 g of saturated fat, 71 g/100 g of monounsatu-
rated fat and 11 g/100 g of polyunsaturated fat) used in this
study was purchased from a local supermarket and immedi-
ately stored at dark and in a cooled place until further use.
Skimmed milk powder (contains 3.6% protein and 0.01% fat)
and the emulsifiers (50% monoglycerides, 25% diglycerides
and 25% triglycerides) were obtained from Pinar Dairy Co.,
Izmir and Dairy Processing Vocational School, Erciyes Uni-
versity, respectively. Xanthan gum used as a stabilizer was
from Sigma-Aldrich Co.
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Application of the US in model food emulsions

In this study, mellorine mixes was prepared as a good exam-
ple of emulsion systems. Mellorine is similar to ice cream
except that all or a proportion of milk fat is replaced by
plant-based oils [27]. In previous researches, it was obvi-
ous that one of the most important factors that affected the
stability of an emulsion was the amount of oil added into
the emulsion system [43, 51, 57]. Therefore, the end product
was contained 7, 10, 15% of olive oil and 14% sucrose, 11%
skimmed milk powder, 0.2% stabilizer (xanthan gum) and
0.3% emulsifier (mono-diglycerides). The ingredients used
to prepare the emulsions were added to the water in the fol-
lowing temperature and order and at the specified tempera-
ture olive oil at 30 °C, skimmed milk powder at 40 °C, dry
mixture (emulsifier, sucrose, stabilizer) at 70 °C. The mix-
ture was heated to 85 °C and held 30 s at this temperature.
After the heating process, the samples were subjected to the
mechanical stirring and US application. Mechanically stirred
samples were considered as control and an experimental
process was done via US (Hielscher Ultrasound Technol-
ogy, UP400S, Germany). As for the conditions of the US
applications a titanium probe, 22 cm long (H22D, Hielscher,
Germany) was used at 24 kHz for 3 min. The maximum
energy density and amplitude of the probe was 85 W/cm?
and 120 um, respectively. The probe was immersed up to the
3 cm of the emulsions container. The experimental design of
the study was explained in Table 1. All of the samples were
prepared in duplicate.

Emulsification activity index and emulsion stability
index

The emulsion activity and stability of prepared emulsions

were determined with the method proposed by Manoi
and Rizvi [36] with some modifications in order to test

Table 1 Experimental design used in this study

Sample Applied process Oil rate (%) Sample codes
numbers

1 MS 7 ZK7

2 MS 10 ZK10

3 MS 15 ZK15

4 US(+), EM(+) 7 ZUSE7
5 US(+), EM(+) 10 ZUSE10
6 US(+), EM(+) 15 ZUSEI15
7 US(+), EM(-) 7 ZUS7

8 US(+), EM(-) 10 ZUS10
9 US(+), EM(-) 15 ZUS15

US ultrasound, EM emulsifier, MS mechanical stirring, (+) yes, (-)
no
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the flocculation and coalescence. For this purpose, 10 pl
prepared emulsions were diluted in 5 ml of 0.1 M buffer
containing 0.1% SDS (sodium dodecyl sulfate). Then, the
absorbance of diluted emulsions was determined at 500 nm
in a 1 cm path length cuvette in a spectrophotometer (Agi-
lent 8453 E UV-Visible Spectroscopy System, USA). The
turbidity (7)) of emulsion samples and the emulsion activity
index (EAI) are calculated by the following formula:

T:2.303><A EA] — 2XT XD

! "~ C x 10,000 x §,

where A is the absorbance at 500 nm, / is the path length
of cuvette, T is turbidity, D is dilution factor, ¢ is oil frac-
tion, 10,000 is the correction factor for m? and the C is the
weight of protein per unit volume of aqueous phase before
the emulsion was formed (g/ml). EAI of emulsions was
recorded after a storage period of 0, 1, 24 h.

After the emulsions held at 4 °C for 24 h, the turbidity
values were measured and ESI (emulsion stability index) of
emulsions were calculated by the following formula:

where the where T is the initial turbidity, At is the time
interval and AT is the change in turbidity during the storage
periods [36].

Creaming index

In order to analyze the tendency of emulsions to the cream-
ing, the creaming index analysis was performed. For this
reason, 10 ml of emulsion sample was filled into a test tube
(1.5 cm inner diameter X 12 cm height) and monitored
14 days at 4 °C. The height of the serum (H,) and the total
height of emulsions (H,) were recorded for 1, 7, and 14 days
[20]. The creaming index value was calculated by following
formula:

H.
Creaming index (%) = # x 100.

t

Droplet size and zeta potential

The emulsions were diluted 1/100 (v/v) with distilled water
for the measurements of {-potential and droplet size meas-
urements using a Malvern zetasizer (Zetasizer ZS90, Mal-
vern Instruments, England). The diluted emulsions were
placed in the disposable capillary cell of the zetasizer at
25 °C. The data were evaluated by Zetasizer Software pro-
gram (Malvern, England). Each measurement was replicated
three times.

Color value

The color parameters of prepared emulsions were meas-
ured by a colorimeter (Lovibond RT Series Reflactance
Tintometer, England). After the white and black cali-
bration of the colorimeter, the L”, a” and b" values were
recorded at room temperature.

Rheological characterization
Steady shear properties of emulsions

The rheological measurements of emulsions were per-
formed by a rheometer (Thermo-HAAKE, Mars III,
Karlsruhe, Germany) equipped with a Peltier temperature-
controlled system. The temperature was kept constant at
20 °C during analyses. The measurements were made with
a parallel-plate configuration (P35TiL, radius = 35 mm).
Special care was taken to avoid bubbles in the emulsions
during loading. Measurements were carried out at a shear
rate range of 1-100 /s. During the shearing, a total of 25
data points were recorded at 0.1-100 /s intervals. The
apparent viscosities of emulsions were determined as a
function of the shear rate. Data obtained were analyzed
using the RheoWin data manager (RheoWin Pro V 4.0,
HAAKE, Karlsruhe, Germany). The flow behavior index
(n) and consistency coefficient (K) values were calculated
according to the Ostwald de Waele (power law) model that
was fitted to the measured data. The power law model is
the most widely used model for describing the flow behav-
iors of non-Newtonian fluids [4]. The following model was
used to describe flow behavior of the emulsion samples:

c=K(@"
where o is shear stress (Pa), K is consistency coefficient (Pa

s™), y'is shear rate (/s) and n is flow behavior index which is
dimensionless.

Small-amplitude oscillatory shear data

In order to determine the linear viscoelastic region, the
stress sweep test was performed at 1 Hz in the range of
0.1-10 Pa. The frequency sweep test was run in the range
of 0.1-10 Hz in the linear viscoelastic region (0.2 Pa) at
25 °C. The storage modulus (G') and loss modulus (G")
values were calculated using RheoWin Data Manager
(RheoWin Pro V 4.0, HAAKE, Karlsruhe, Germany).

Peroxide value

The peroxide values of samples were determined whether
US application causes any changes in oxidation levels of
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the emulsion. In order to extract oil from the emulsion sys-
tem, isooctane/isopropanol (3:2 v/v) solution was used and
AOAC [3] method was employed for the peroxide values
of extracted oil.

Determination of fatty acid composition

100 mg of each of the extracted oil samples was mixed
100 ml 2 N KOH, and 3 ml hexane for saponification. Then,
the mixture was strongly shaken with a vortex for 1 min
and then centrifuged at 5000 rpm for 5 min (Nuve NM 110
model, Turkey). 1 ml of the upper phase was put into GC
vials and injection to the GC (Agilent 6890) was started
immediately [2].

The operating conditions of the GC were as follows col-
umn 100 m X 0.25 mm id HP-88; detector flame ionization
detector (FID); The carrier gas Helium, flow rate of 2 ml/
min; injection block temperature 230 °C; injection volume
1 pl; split rate 1/50.

The fatty acids were identified according to retention time
of the standard of fatty acids and the results were expressed
as g fatty acid/100 g total fatty acid.

Fluorescence microscopy images

The fluorescence microscopy images of prepared emulsions
were taken using a fluorescence microscopy (Nicon-Eclipse
Ti-S, Japan). In order to make the fat phase visible under
fluorescence light, the emulsion was irritated with Nile
Blue A (a fluorescence dye; Alfa Aesar GmbH & Co. KG,
Karlsruhe, Germany). The fluorescence images were taken
at 20X magnification.

Statistical analysis

The statistical analysis of the obtained data was performed
using SigmaPlot 11.0 software package. ANOVA was used
to compare the means of results and the Tukey’s multiple
comparison test was used to separate means.

Fig. 1 EAI of prepared 140
emulsions
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Results and discussions

Emulsification activity index and emulsion stability
index

Figure 1 shows the emulsification activity index (EAI) of the
emulsion samples, which were monitored at O h (start time,
freshly prepared sample), at 1 h and at 24 h. According to
the results of EAI analysis, the highest EAI value (107 m%/g)
was observed in sample ZUSE7, which comprised 7% oil.
In a previous study, the EAI of the samples was found to
be 230 m*/g when the micro fluidization method was used.
1% of protein concentration and ¢ = 0.2-0.6 of oil [34]. In
another study performed by Manoi and Rizvi [36], with high
speed homogenization, and 3% protein, EAI values were
22 m%/g. The differences between the results may stem from
the protein concentration or the method used for the prepara-
tion of the emulsions.

In general, the EAI values of the US-treated samples were
higher than those of the samples which were only prepared
by mechanical stirring. Further, there were significant differ-
ences between the EAI values of US-treated emulsion sam-
ples and mechanically stirred emulsion samples (p < 0.05).

On the other hand EAI value was related to turbidity
measurements. Turbidity of an emulsion is a function of
concentration and particle size of the particles which forms
the emulsion. The stability of an emulsion may determine
the changes in the turbidity occurring over time [50]. In this
monitoring work, the method of Pearce and Kinsella [48],
which was based on turbidity changes, was used in order to
determine the stability and activity of the prepared emul-
sions. Also, the EAI value was related to the surface area of
a unit of protein that stabilizes the emulsion and therefore it
referred to the ability of water absorption and interfacial area
of oil and protein [48]. The result of EAI analysis showed
that the most drastic changes were observed in mechanically
prepared samples. Dalgleish [14] claimed that the emulsion
instability occurred due to the insufficient surfactant present
in an emulsion system to cover the entire water—oil interface

T 0. hour
: 1. hour
=24 hour

: @*’ :
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or the presence of interfacial cavities that causes reduction in
the total absorbed layer. In another study, it was found that
the soluble aggregates generated by ultrasound treatment
are likely to be adsorbed at the oil-water interface and this
increase leads to a better potential adsorption of proteins at
the oil-water interface [23]. Therefore, it can be speculated
that US application can contribute to the stabilization of
emulsions by closing the interfacial cavities at the water and
oil interface.

In order to test the stability of prepared emulsions, the
emulsion stability analyses were conducted and results are
shown in Fig. 2. The highest ESI value was observed in
the ZUSE7 sample, and effect of the US treatment and oil
concentration on the ESI values was statistically significant
(p < 0.05). The most stable emulsions were ZUSE7, ZUS7
and ZUSE1S5, which were prepared with US application. ESI
values of an emulsion are the measure of resistance against
the coalescence [47]; thus it can be concluded that the emul-
sions, which are generated only by mechanical stirring are
more susceptible to coalescence. Emulsions with longer
shelf life can be prepared with US treatment.

Creaming index

Creaming index is another parameter for the characteriza-
tion of emulsions. In order to evaluate the creaming index
values of prepared emulsions, the samples were monitored
throughout 14 days and the volume of total emulsion and the
separated serum layer was recorded in 1st, 7th and 14th days
and the creaming index value was calculated. The creaming
index values of emulsion samples are illustrated at Fig. 3. In
general, while serum separation was observed in mechani-
cally prepared emulsions on the first day of the preparation,
there was no serum separation in the US-treated samples.
At the same time, the increase in the creaming index value
of US-treated samples was lower than that of the mechani-
cally stirred emulsion samples. Creaming index values are
also used to assess of stability against coalescence. The coa-
lescence had a reduced the shelf life of oil in water (o/w)
emulsion by promoting oil separation. The creaming index
causes membrane ruptures due to the gravity, colloidal and
mechanical forces and for this reason, it expresses the sen-
sitivity to the coalescence [42, 48].
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Khan et al. [29] prepared emulsions without stabilizer
by using ultra high pressure homogenization and stated that
the 50% of the prepared emulsion creamed within 2 h. In
the same work, the researchers observed that the increase
in the homogenization pressure reduced the creaming rate.
In our study, when compared to the mechanically stirred
samples, the creaming index values of the US-treated emul-
sion samples were lower. For this reason, US treatment may
be preferred by the food industry for products with long
mechanical shelf life and good stability.

Zeta (£) potential and droplet size of emulsions

When the absolute {-potential values of samples examined in
detail, it was seen that the {-potential of US-treated emulsion
samples had higher value than the mechanically prepared
emulsions. Figure 4 illustrates the zeta ({) potential of the
prepared emulsion samples. As seen, the maximum ¢ value
was observed in ZUSE7 sample (—51.10 + 0.85 mV) and
an increase in the oil fraction may have led to decrease in
the {-potential values of emulsions. Zeta potential value is
an important parameter to assess the stability of emulsions.
The {-potential may be related to the stability of emulsions
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ZUS7

and these values can be defined as the potential difference
between the dispersion medium and the stationary layer of
fluid attached to the dispersed droplet. Although the emul-
sions with low zeta potential (negative or positive) are
prone to flocculate or coagulate, the emulsions with high
zeta potential are electrically stabilized [63]. Julio et al.
[25] claimed that there is a strong correlation between the
C-potential and droplet sizes. When the zeta potential and
creaming index values of the samples were considered
together, it was observed that as the creaming index val-
ues increased, the zeta potential values decreased. It may be
concluded that the droplet of oil can be dispersed into emul-
sion system and other components such as protein, lactose
and sucrose may be well distributed with US application.
Thus, the phase separation in the emulsion system might
be prevented. From our results it may speculated that the
high zeta potential value is associated with low value of
creaming index. When the obtained results were examined
in detail, it was observed the US treatment decreased droplet
size and polydispersity of the emulsions significantly. The
droplet size of prepared emulsions was presented in Fig. 5
and also Fig. 6 shows the average distributions of the droplet
of samples. US treatment formed smaller droplets. It was
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Fig. 6 Average distribution of droplet of emulsions. a ZK7, b ZUSE7, ¢ ZUS7, d ZK10, e ZUSE10, f ZUS10, g ZK15, h ZUSEI15, i ZUS15

attempted to reduce the droplet size of an emulsion using
US, high pressure homogenization or by adding more emul-
sifier to the emulsion system in order to have more stable
emulsions [53]. It was found that the emulsion which had
smaller droplet sizes was more stable and the creaming index
values were low. According to the results of this study, it can
be concluded that there is an association between the cream-
ing index and droplet size and the smaller droplets may be
created by US treatment for resistance to the coalescence.

Color
The color measurements of the prepared emulsion samples
were performed in order to investigate the influence of US

application and oil fraction and the results are shown in
Table 2. According to the CIE (Commission Internationale

Table 2 Color properties of model food emulsions

de 1"Eclairage), L” is a measure of the lightness—darkness, a”
redness—greenness and »” yellowness—blueness, respectively
[31]. US application caused to whiter color (Table 2). The
added oil fraction showed significant differences between
the samples (p < 0.05). Also, the US application affected
the L*, a” and b" values of emulsion samples significantly
(p < 0.05). When compared with the mechanically stirred
samples, US treatment affected the L values of samples pos-
itively. In a study conducted by Paradiso et al. [46], it was
highlighted that there were significant changes in L" values
of emulsion filled gels containing different ratios of oil. The
color properties of a complex food system are influenced not
only by one factor but also several variables. In an emulsion
system, the color values are affected by both the droplet size
and their concentrations. The decrease in droplet concentra-
tion and size causes lower chromaticness (¢” and »* indices)

*

Samples L a" b

0il (%) 0il (%) 0il (%)

7 10 15 7 15 7 10 15
ZK 55.92 +2.08"%  56.81 +£2.18%% 55357 +0.58%% 507 +£0.21%" —4.51+033% —4.19+ 029 0.67 + 040" 242+ 060 441+ 0415
ZUSE 66.77 +0.745%  69.95 +0.824°  68.802 + 1.524°  —2.04 +0.09"° —1.69 +0.108° —1.37 +£0.04"° 587 +0.13*°  7.19+0.13®® 832 +0.418°
ZUS 68.31 £ 0.94°°  68.80 +0.98"°  69.589 + 0.57"° —1.73 £0.13%° —1.62+0.08"° —1.36+0.045% 6.26+0.16"°>  7.05+0.10® 838 +0.16%°

AB.C.D.E Mean + standard deviation with different letters in the same row are significantly different (p < 0.05)

ab.¢.d Mean + standard deviation with different letters in the same column are significantly different (p < 0.05)
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Table 3 Peroxide values of

. Samples Peroxide value
emulsion samples (meq O,/kg oil)
Olive oil 9.17+0.43
ZK 11.31 +0.73
ZUSE 11.50 + 1.25
ZUS 11.03 +0.72

Table 4 Fatty acid composition of samples

Fatty acid (%) Before US application After US application
Ciao 0.08 + 0.00 0.13 +£0.00
Ciso 12.52 +£ 0.05 13.95 £ 0.00
Ciel 0.87 £ 0.00 0.86 +0.01
Ciso 3.31+£0.01 429 +£0.01
Cis. 70.28 + 0.01 69.98 + 0.01
Cign 8.47 + 0.04 8.36 + 0.00
Ciss 0.26 + 0.00 0.26 + 0.00
Caoo 0.43 +0.01 0.43 +£0.00
Coo:1 0.69 + 0.00 0.68 + 0.00
Cyn 0.56 + 0.01 0.51 £0.01

and higher lightness [46]. McClements [40] also claimed
that reduction in the droplet size causes augmentation in
L" values. Smaller oil droplets may increase the surface-
to-volume ratio of the oily phase and the absorbance of the
light. Further, because of the localized temperature peaks
potential browning may contribute to color values and may
result in lower brightness and higher chromaticness [46].
In our study, an increase was observed in L” values of the
US-treated samples. The reason for this result may be due
to the reduction in droplet size of the oil which found in the
structure. The oil fraction and applied process affected color
parameters statistically significant (p < 0.05). US applica-
tion lead to increase in " values of emulsions. In literature,
similar studies indicate US application increases b" values
[46]. Especially, the color properties of some dairy-based
foods such as ice cream, mellorine, infant formula and salad
dressing are important for consumer preferences. US appli-
cation may cause whiter color in products and so it can be
considered in dairy products’ processing (Table 3).

Fatty acid composition and peroxide values

The fatty acid composition of emulsions was slightly
changed by US application (Table 4). Samples before US
application were pure olive oil which was used for emulsion
preparation. After US application, oils were the extracted
from US-treated emulsion samples. In the results, oleic acid
was found as the dominant fatty acid in extracted oil from
emulsions and the other fatty acids were in the following

@ Springer

order: linoleic, palmitic, stearic and a-linolenic fatty acids.
The data obtained after analyzing the fatty acid composi-
tion showed that there were no remarkable changes after
the US application. There are contradictory results in litera-
ture. Kaci et al. [26] prepared sunflower oil emulsion by the
piezoelectric high frequency ultrasound and they claimed
that there were no differences in samples with the ultrasound
application. However, in another work conducted by Chemat
et al. [9, 10], it is stated that after the US treatment, linoleic
acid amount in sunflower oil increased. It can be speculated
that the contradictory results may be a result of different
processing conditions of US such as frequency and time of
application.

In order to investigate the whether the US application
changed the oxidation levels in the oil which was used to
prepare emulsions, peroxide values of untreated olive oil,
and oils extracted from the US-treated emulsion samples
were determined. The results of peroxide values in units of
meq O,/kg oil are presented at Table 3. The results obtained
from the peroxide value analyses indicated that there was a
slight but statistically significant difference between the US-
treated emulsion samples and the mechanically stirred emul-
sion samples (p < 0.05). The slight differences may be due to
the heating process and extraction process. Peroxide value is
one of the commonly used parameters for the determination
of oxidation and rancidity in fats and oils [65]. Peroxides
formed at the beginning of the oxidation reaction, degrade
into other oxidation products at the later stages of oxidation.
According to the Turkish food codex, the peroxide value of
refined and cold pressed olive oil should not exceed 10 and
15 meq O,/kg oil, respectively [13]. In this study, it was
observed that the peroxide values of samples were within the
allowed limits of Turkish food codex. In different works, the
effect of US on peroxide value of samples was investigated.
Chemat et al. [9, 10] reported that the peroxide value of
sunflower oil was 5.38 meq O,/kg before the US treatment
and 5.69 meq O,/kg after the US application. Researchers
stated that there were no major changes induced by the US
application in the peroxide value of oil. In another study, it
was claimed that there were slight but statistically significant
changes in the peroxide value of samples with the US treat-
ment [46]. Likewise, Chemat et al. [9, 10] reported that the
US might cause oxidation in oils.

Rheological characterization of emulsions

Steady shear rheological properties of emulsion samples
The rheological data are utilized for product development,
process calculations and quality control of a product. US

processing used in this study was considered as an inno-
vative technique to replace the use of an emulsifier agent.
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Therefore, the determination of the rheological charac-
terization may be important for new dairy-based emulsion
systems.
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Fig. 7 The rheogram of emulsions containing 7, 10 and 15% of olive
oil

Table 5 The rheological properties of prepared emulsion

Figure 7 shows the apparent viscosity versus shear rate
plots of the emulsions containing 7, 10, 15% of virgin olive
oil, respectively. As it is seen in these figures, the apparent
viscosity values of the emulsions decreased with the increase
in shear rate which indicates the shear thinning behavior
(Fig. 7). The US treatment caused a reduction in apparent
viscosity of the emulsions. The increased oil ratio in samples
had a statistically significant effect on the apparent viscosity
of all samples (p < 0.05). The flow behavior index values of
samples were lower than 1 indicating that the flow behavior
of samples was non-Newtonian pseudo plastic behavior. In
literature, various studies indicate that emulsions show shear
thinning behavior [6, 15, 36]. After evaluation of the physi-
cal behavior of emulsion samples and R? of the Ostwald de
Waele, Herschel-Bulkley, Casson and Bingham model, it
was decided that the samples were in accordance with the
Oswald—de Waele (R > 0.998). The consistency coefficient
(K) and the flow behavior index of samples were determined
with the Oswald—de Waele model and the results are shown
in Table 5. While US application created better results for
stability and mechanical properties of prepared oil in water
emulsion, it negatively affected the rheological properties of
them. The findings of this study showed that the K values of
US-treated samples were lower than those of the mechani-
cally stirred samples. It was observed from the literature
on similar studies that US application had a reduced effect
on the viscosity of foods. Vercet et al. [60] indicated that
the sonication reduced the consistency coefficient of tomato
juices and that the apparent viscosity of US-treated tomato
juices was lower than that of the non-treated tomato juices.
In another research investigating the effect of US on the vis-
cosity of pure pectin solution, it was pointed out that the US
caused a decrease in the particle size of molecules and thus
the apparent viscosity of solution was reduced [56]. Tiwari
et al. [59] reported that US application had a substantial
reduction on the viscosity of pectin solution of 2%. In a food
system which consists of several food components, the con-
sistency index, K value, depends on the particle size of food
components. During US application, the particle size of the
emulsion components was decreased by the effect of cavi-
tations. Therefore, significant reductions were observed in

Samples Consistency coefficient (K) (Pa s") Flow behavior index (n)

0il (%) 0il (%)

7 10 15 7 10 15
ZK 0.756 + 0.0824¢% 0.833 + 0.043¢A2 1.186 + 0.06552 0.419 + 0.010B*? 0.405 + 0.0074Ba 0.416 + 0.00852
ZUSE 0.296 + 0.0214¢° 0.370 + 0.012¢A° 0.815 + 0.0518° 0.572 + 0.0324Bb 0.603 + 0.0015° 0.588 + 0.007BA%
ZUS 0.250 + 0.0268° 0.384 + 0.076"° 0.443 + 0.0294¢ 0.560 + 0.0104° 0.661 + 0.0075¢ 0.582 + 0.005<°

Letters in the same column show the differences between the groups (p < 0.05) mean + standard deviation
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the consistency coefficient and the apparent viscosity values
of US-treated emulsions. Another reason for the reduction
occurred in US-applied emulsions may be due to the effec-
tive dispersion of protein and oil particles in a total emulsion
system. Since there are other studies indicating that US has
a stimulating effect of protein denaturation due to the pro-
duction of strong eddies within the liquid that is subjected
to the ultrasound [8, 24, 61], it can be also speculated that
the protein denaturation caused the reduction in the apparent
viscosity and consistency coefficient values. In this study, it
was also observed that the increase in the oil fraction in the
emulsion system caused increase in the consistency coef-
ficient of samples. Manoi and Rizvi [36] investigated the
rheology data of emulsion prepared with different oil frac-
tions ranging from 0.2 to 0.8%. They observed that with the
increasing ratio of oil the viscosity also increased. In litera-
ture, it is emphasized that with the increasing rate of oil,
the oil droplets come together and interact with each other
and thus a network consisting of oil droplets is formed [34,
39]. The data obtained in this study regarding steady shear
rheological were in agreement with the literature.

Dynamic oscillatory shear test

Figure 8 showed the change of elastic or storage modulus
(G") and viscous or loss modulus (G") at the applied fre-
quency range. At a frequency of 1 Hz, G’ values of ZK7,
ZUSE7 and ZUS7 samples was 1.99 + 0.38, 4.52 + 0.12,
1.51 + 0.18 Pa, respectively. Similar trend of G' and G”
was reported often in previous studies regarding food emul-
sions [19, 35, 62]. Throughout this study, the magnitude
of the storage modulus was higher than the loss modulus
(G' > G") and no crossover was observed. This behavior
demonstrated that elastic behavior dominated over viscous
component. The larger value of G’ indicates strong parti-
cle—particle interactions and a network like structure in a
stabilized form [7, 22].

According to the result of this study, it was interesting to
find that the US-treated and mechanically stirred emulsion
samples showed a similar G’ and G" trends at applied fre-
quencies. The G” values of ZK7, ZUSE7 and ZUS7 samples
at a frequency of 1 Hz were 2.19 + 0.39, 4.96 + 0.20, and
1.24 + 0.14 Pa, respectively. As a result of frequency sweep
measurements, the three types of systems which are concen-
trated solutions dilute solutions and gels could be identified.
For gel systems, G' is always greater than G" in frequency
range. In dilute solutions, G” modulus is greater than G’ that
is close to each other at higher frequencies. For concentrated
systems, G’ value is smaller than G" at low frequency and
crossover can be seen in middle of the frequency ranges
[45]. In this experiment, over the entire frequency range, the
loss modulus values were lower than storage modulus values

@ Springer

for all samples. Not only the G’ values but also the G” values
showed small increase with frequency (Fig. 8). Hence, it will
not be wrong to say that weaker structures in emulsion were
created by US application; namely, the rheological deforma-
tion was elastic and the emulsion samples can be considered
as weak gels.

Fluorescence microscopy images

The fluorescence microscopy images of emulsions taken
under 20X magnifications are shown in Fig. 9. Different
fluorescence microscopy images of the samples were taken.
Figure 9 was preferred since it showed the best distributions
of particles of the oil droplets in emulsions. Nile blue was
used to dye the oil phase of emulsion to take the fluores-
cence images of samples under fluorescence microscopy.
From these images, it was clear that the oil particles treated
with US were smaller than the particles of oil in emulsion
samples treated by mechanical stirring (Fig. 9c). This might
be caused by the US application which created much smaller
and dispersed oil fraction in emulsion system. Figure 9a
shows control sample which was not treated with US. It
can be seen from this figure that the sizeof oil droplets was
bigger than the emulsions obtained from US application.
Figure 9b shows the images of the emulsion samples made
by using an emulsifier agent and also applied with the US
process. According to the results of this study, US applica-
tion process formed fine particles of oil droplets in emulsion
systems. The findings of this study are consistent with the
other studies in the literature. Behrend et al. [5] also used US
for the purpose of emulsification and they claimed that the
US formed smaller particles as compared with other emul-
sification techniques.

Conclusions

The conclusion of this study is that US treatment could
enhance the stability and efficiency of dairy-based emul-
sion systems. According to the result of this work, US can
be considered as a safe method to prepare stable emulsions,
since it does not form peroxides nor change fatty acid com-
position. The results show that in US treatment, the food
additives like emulsifiers could be eliminated from the prep-
aration of food emulsions. The findings of this study could
be beneficial for both economic and commercial aspects.
This knowledge can then be used for the ice-cream mixes in
order to extend shelf life of the products. US application can
be used in different food systems for the prevention of phase
separation. As such, future work may focus on the freezing
rate, melting rate and sensory characterization of the product
produced with ultrasonic application. Ultimately, we hope to
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Fig. 9 The fluorescence microscopy images of emulsions (with 10% of virgin olive oil). a ZK10 b ZUSE10 ¢ ZUS10

understand the interfacial rheology of the US-treated emul-
sions and as to how US affects the heat-mass transfers in
food processing.
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