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A B S T R A C T

The rheological and viscoelastic properties of mayonnaise emulsions with different size of oil droplets were
investigated. А programmable rotational rheometer was used for the measurements and flow curves were
determined at constant and variable shear rate. Mayonnaise exhibited a non-Newtonian, shear-thinning flow with
yield stress and time-dependent features. The data from rotational tests were modeled by the Herschel-Bulkley
equation. The temperature-dependence of ηa was modelled using the Arrhenius equation. Activation energy, Ea
ranged from 15 to 20 kJ/mol. Viscoelastic properties were characterized using small amplitude oscillatory shear.
Mayonnaise exhibited weak gel-like properties. The values of apparent and complex viscosity were correlated
using the generalised Cox-Merz rule. According to the obtained values of parameter α, this rule could not be cut-
down to one-parameter linear function. The rheological characteristics of mayonnaise were well correlated to the
size of oil droplets.
1. Introduction

Mayonnaise is the most typical oil-in-water emulsion comprising
70–80% vegetable oil, pasteurized egg, vinegar, and spices (Code of
Federal Regulations: 21CFR169.140) and represents more than 61% of
the market share in terms of revenue and global consumption of dressing
products (Technavio report, 2016). Mayonnaise rheological character-
istics have been extensively studied. Several papers have been published
regarding the flow properties of mayonnaise (Elliot and Ganz, 1977;
Figoni and Shoemaker, 1983; Kiosseoglou and Sherman, 1983; Paredes
et al., 1988, 1989; Yilmazer et al., 1991; Ma and Barbosa-C�anovas, 1995;
Juszczak et al., 2003; Bengoechea et al., 2009; Laverse et al., 2012;
Hakansson et al., 2016). Alternative thickeners and artificial emulsifiers
that could be used, to produce a low-fat emulsion with similar rheolog-
ical characteristics to the commercial full-fat counterparts have been
researched (Juszczak et al., 2003; Chang et al., 2017; Primacella et al.,
2019; Li et al., 2020). Novel technologies have also been proposed like
High pressure processing (Aganovic et al., 2018).

Mayonnaise exhibits a non Newtonian, shear-thinning flowwith yield
stress and time-dependent features (Ma and Barbosa-C�anovas, 1995).
The rheological properties of processed sauces, like mayonnaise,
mustard, etc., can be modified by controlling the colloid mill gap during
aros).
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the preparation process (Aguilar et al., 1991). Colloid mills operate based
on the principle of high-speed fluid shear and dispersed droplets of fine
size, in the range of 3–5 μm (Perry and Green, 1997). Empirical textural
index related to the viscoelasticity of the final products that depends on
the colloid mill's gap is used in mayonnaise industry. As the colloid mill
gap is increased, the size of the oil droplets increases, the thickness of the
product decreases.

Small amplitude oscillatory shear (SAOS) is an index to characterize
viscoelasticity of foods. When measuring SAOS, a sinusoidal oscillating
strain (or stress) with an angular frequency “ω” is applied allowing for the
measurement of the phase difference between stress and strain and of the
amplitude ratio. This strain generates Two stress components are
generated by this strain, the one elastic (elastic or storage modulus, G0)
and one viscous component (viscous or loss modulus, G00) (Rao, 1999,
2014).

Magnitudes of G0 and G00 are influenced by frequency, temperature,
and strain. For strain values within the linear range of deformation (as in
this study), G0 and G00 are independent of strain. When G’>>G00, then the
material bahaviour will be like a solid, meaning that the deformations
will be essentially elastic or recoverable. However, if G’’>>G0, the
material's behavior is liquid-like (the energy used to deform the material
is dissipated viscously) (Ferry, 1980).
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Figure 1. Graphical abstract.
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The aims of this study were to characterize and study the effect of
storage time and temperature on the rheological and viscoelastic prop-
erties of mayonnaise of different droplet size. There is a gap in the
literature concerning the effect of storage time and temperature on the
viscoelastic properties of that kind of products and our work targets to-
wards this direction.

2. Materials and methods

Five samples of mayonnaise (Fat 76%, eggs and egg yolk 8.5%, Vin-
egar, salt, sugar, concentrated lemon juice, spices, antioxidant agent:
Ethylenediaminetetraacetic acid calcium disodium salt, pH 4.1, aw
0.925) with different viscoelastic properties were industrially prepared
(produced by the industry following the typical production procedure,
recipe and equipment-more details cannot be provided for confidentiality
issues) by changing only the colloid mill's gap. The samples were pro-
duced considering the empirical value used in the mayonnaise industry
to characterize their viscosity, the Plummet number (Pln) (in-house
methodology followed from mayonnaise producers to quickly charac-
terize their samples). Pln is the penetration depth (in cm) of an arrow-like
metallic probe plummeting from specific height into the surface of a
mayonnaise sample in a 500 mL beaker. The range of the Pln for the
mayonnaises produced was selected to represent the range of thickness in
commercial types of mayonnaise from thinner (increased Pln value-high
penetration depth) to thicker emulsions (reduced Pln value-low pene-
tration depth) (Figure 1). Pln was correlated to difficulty in penetration
(necessary Force, N) by an arrow-like probe penetrating to a specific
depth (4cm) into the surface of a mayonnaise sample in a 500 mL beaker
using the Texture Analyser TA.XT2i (Stable Micro Systems Ltd, God-
alming, UK) with P/40C conical probe, as a component.

2.1. Size of oil droplets

The size of oil droplets (ODS) was measured using a microscope
Olympus CH 21502 (Olympus GmbH, Hanbury, Germany) with antocu-
lar lens 10X and objective lens 40X. By this method, the size of oil
droplets under a microscope by preparing a monolayer on a slide is
measured. Mayonnaise was placed on a slide and pressed lightly and
carefully to form a layer of oil droplets surrounded by an aqueous phase,
2

allowing for at least 15 oil droplets of different sizes measurement. The
samples were coded as M1, M2, M3, M4 and M5, with M5 being the
sample with the bigger oil droplets diameter and M1 the one with the
smaller diameter, corresponding to the more viscous and the less viscous
product, respectively.

2.2. Rheological properties

Rheological measurements were performed with a rotational
rheometer Rheotec RC1 (Rheoteck, Messtechnik, Germany) with coaxial
cylinders (rotor CC25-DIN Ti for cup CCB-25-DIN with inner diameter of
32mm). The data of the rheological measurements were analyzed with
the supporting rheometer software. All experiments were conducted at
22 � 0.2 �C.

The results obtained:

a. Flow curves with controlled shear rate (SR) at different storage times
(1, 25, 45, 95 days) and at different storage temperatures (5 �C,
ambient ~20 �C and 35 �C); the Controlled SR ranged from 3 to 1000
s�1 within 420 s. The Herschel–Bulkleymodel was applied to describe
the results obtained.

b. Flow curves with controlled SR; the SR was built up from 1 to 1000
s�1 within 420 s and then back to 1 s�1 again, within another 420 s.
The thixotropic hysteresis loop was determined.

c. Curves that show the shear stress time-dependent behavior from 0 to
30 min with a SR of 50 s�1. The Weltman model was used to describe
the obtained data (Rao, 1999).

d. Curves of apparent viscosity for temperature range 13–40 �C with
constant SR at 100 s�1. The Arrhenius equation was used to describe
the obtained data (Equation 1).

ηa ¼ ηref exp
�
Ea

RT

�
1
T
� 1
Tref

��
(Eq.1)

where ηa depicts the apparent viscosity at specific SR, η∞ depicts the
frequency factor, Ea depicts the flow activation energy (J*mol�1), R the
gas constant (J*mol�1*K�1), T the temperature (K) and ηref is the
apparent viscosity at Tref .



Figure 2. Flow curves of samples M1, M3 and M5.
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2.3. Viscoelastic properties

Viscoelastic tests were conducted by a Texture Analyser (TA.XT2i,
Stable Micro Systems Ltd, Godalming, UK) with Annular Pumping Rig, as
a component. All the experiments were carried out at 22� 0.2 �C (using a
cooling waterbath allowing for temperature control of the jacketed
pumping rig). Mechanical spectra were planned for angular frequencies
3–63 rad/s at constant strain amplitude (0.1%).

Mechanical spectra were plotted for different storage times (1, 25, 45,
95 days) and storage temperatures (5 �C, ambient ~20 �C and 35 �C) to
study their effect on the dynamic properties of mayonnaise. A pre-
liminary test was performed by increase and decrease of angular fre-
quency (ω) for the same mayonnaise.

The data were analyzed from a sine wave test, by dropping two an-
chors at 1/frequency period distant, using a macro. A cross-correlation
routine then compared the Force, Time and Distance data. A number of
parameters including the storage modulus (G0), the loss modulus (G00),
the phase shift angle (δ) and the complex viscosity (η*) were calculated.
The data then dropped into a Results spreadsheet. The values of apparent
viscosity, ηa, and those of complex viscosity, η* (Bistany and Kokini,
1983; Gunasekaran and Ak, 2000; Rao and Tattiyakul, 1999) were
correlated applying the generalized Cox-Merz rule (Equation 2).

η * ðωÞ¼C½ηαðγÞ�αjω¼γ (Eq.2)

where C and α were defined by experiments.
All the samples were left for 5–30 min after loading for relaxation and

temperature equilibrium. Ten (10) min was selected as the rest time since
the reproducibility was high. In the experiments all tests were duplicated
and mean values were used for further analysis.
2.4. Statistical analysis

All the experiments were performed doubly, while all measurements
were done in triplicates. One-way ANOVA was used to statistically
Table 1. Flow parameters of mayonnaise emulsions with ODS ranging from 4.53 to 6

Samples (ODS) σ0 [Pa] K

M1 (ODS:4.53 μm) 193.38 � 11.12a 2

M2 (ODS:4.76 μm) 156.95 � 10.72b 2

M3 (ODS:5.34 μm) 118.36 � 8.36c 1

M4 (ODS:6.02 μm) 110.30 � 10.18c 1

M5 (ODS:6.85 μm) 85.20 � 6.62d 8

� represents the standard error of nonlinear regression analysis. Different superscrip
lines.

3

process the data with a 95% significance level. The software used was
Statistica 7 (Stat. Soft., Tulsa, OK, USA).

3. Results and discussion

3.1. Size of oil droplets

The macroscopic viscosity characterization of the emulsions tested
was correlated to their microscopic characteristics, the size of their oil
droplets (ODS). The diameter of the droplets as measured in the micro-
scope ranged from 4.53 to 6.85 μm. The bigger the diameter of the oil
droplets, the more viscous was the final product as evidenced by the
macroscopic evaluation. The samples, depending on the ODS are coded
as seen below:

� M1 is a mayonnaise with ODS equal to 4.53 μm and necessary force to
penetrate the conical probe equal to 1.607 N

� M2 a mayonnaise of 4.76 μm and necessary force to penetrate the
conical probe equal to 1.489 N

� M3 has ODS 5.34 μm and necessary force to penetrate the conical
probe equal to 1.377 N

� M4 ODS was 6.02 μm and necessary force to penetrate the conical
probe equal to 1.191 N

� M5 a mayonnaise of ODS equal to 6.85 μm and necessary force to
penetrate the conical probe equal to 1.021 N.

3.2. Rheological properties

All tested mayonnaises appeared as non-Newtonian fluids with a
shear-thinning flow with yield stress and time-dependent features (Ma
and Barbosa-C�anovas, 1995). The flow curves of the mayonnaise with a
CSR mode for M1, M3 and M5 are shown in Figure 2. The curves for M2
and M4 followed the trend of the other curves and fell between M1 and
M3 (for M2 sample) and M3 and M5 (for M4 sample), respectively. The
estimated parameters of the Herchel-Bulkley model are depicted in
Table 1. The yield stress ranged from 85.20 to 193.38 Pa and decreased
with oil droplets size (Table 1, Figure 3a). All the obtained results for “σ0”
were statistically different (p < 0.05) between them apart from M3 and
M4 findings (p > 0.05), while for “n” values no statistical difference was
observed (p > 0.05) among all samples. This decrease is attributed to a
more compact format between the oil droplets. Elliot and Ganz (1977),
Dickie and Kokini (1983), Ma and Barbosa-C�anovas (1995) studied the
yield stress of mayonnaises available commercially and a very wide range
of yield magnitude is reported. The consistency index (K) of sample
varied from 8.48 to 25.82 Pa sn (Table 1). All samples were characterized
as pseudoplastic fluids since n < 1 (Table 1) (Paredes et al., 1989), and
the n-value ranged from 0.38 to 0.49. The flow index (n), according to
previous studies (Dickie and Kokini, 1983; Steffe, 1992), ranged between
0.13 and 0.91 for commercial or model mayonnaises mainly attributed to
the variety of test methods and/or SR scale studied.

Sample M1 appeared to have the higher apparent viscosity values for
the studied SR (Figure 2), and decreased values with oil droplets size
(Figure 3c). As the oil droplets diameter increased, the mean distances
.85 μm.

[Pa sn] n R2

5.82 � 1.21a 0.38 � 0.04a 0.996

3.22 � 1.67a 0.39 � 0.03a 0.999

5.70 � 0.92b 0.43 � 0.05a 0.999

1.10 � 0.88c 0.48 � 0.05a 0.998

.48 � 0.99d 0.49 � 0.07a 0.999

t small letters indicate significantly different means (p < 0.05) within different



Figure 3. Correlation between σ0 (a), K (b) and ηa (c) vs ODS at a shear rate equal to 64 s�1
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Table 2. Estimation of the Weltman model rheological parameters and of the area of thixotropic hysteresis loop.

Samples (ODS) A [Pa] B R2 S [Pa s�1]

M1 (ODS:4.53 μm) 281.05 32.94 0.973 55796

M2 (ODS:4.76 μm) 280.01 26.33 0.997 39207

M3 (ODS:5.34 μm) 268.46 31.90 0.995 35358

M4 (ODS:6.02 μm) 201.06 19.54 0.991 29407

M5 (ODS:6.85 μm) 190.29 20.98 0.979 18269

Table 3. Apparent viscosity at 64 s�1of mayonnaises M1-M5 with ODS ranging from 4.53 to 6.85 μm vs storage time at 20 �C.

Apparent Viscosity (Pa*s)

Days of storage M1 (ODS:4.53 μm) M2 (ODS:4.76 μm) M3 (ODS:5.34 μm) M4 (ODS:6.02 μm) M5 (ODS:6.85 μm)

1 7.09 � 0.87a 4.29 � 0.48a 3.36 � 0.18a 3.01 � 0.13a 2.38 � 0.17a

25 5.58 � 0.93a 3.80 � 0.14a 3.04 � 0.43a 2.73 � 0.08b 2.06 � 0.22a

45 5.33 � 0.64a 3.39 � 0.27b 3.53 � 0.09a 2.54 � 0.09c 1.96 � 0.11a

95 4.37 � 0.31a 3.41 � 0.37b 3.43 � 0.12a 2.39 � 0.12c 2.75 � 0.07b

� represents the standard error of nonlinear regression analysis. Different superscript small letters indicate significantly different means (p < 0.05) within different
storage days.

Figure 4. Effect of storage temperature on the flow curves of mayonnaise M3.

Figure 5. Storage modulus and loss modulus vs. frequency.

Figure 6. Effect of storage time on the dynamic properties of mayonnaise M3.
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between them was greater and the interactions between them were less
strong, leading in a viscosity loss.

The yield stress (σ0), consistency index (K) and apparent viscosity (ηa)
were modelled vs M-samples (Figs 3a-c) using power equations (Eqs. (3),
(4), and (5)).

σ0 ¼ 2915.4*(ODS)�1.849 (R2 ¼ 0.98) (Eq.3)
5

K ¼ 1681.6*(ODS)�2.766 (R2 ¼ 0.99) (Eq.4)

ηa ¼ 84.6*(ODS)�1.68 (R2 ¼ 0.97) (Eq.5)

All the tested mayonnaises showed a non-Newtonian, shear-thinning
flow with yield stress and time-dependent features. The magnitude
dependence to the shear of sample prior to and during filling in the
viscometer (Rao, 1999, 2014) was taken into consideration. Mayonnaise
М1 exhibited the highest thixotropy hysteresis loop, although decreased
when ODS increased (Table 2). The generated data of shear stress vs.
shear time at a SR equal to 50 s�1, were described by theWeltmanmodel,
indicating thixotropic behavior (Paredes et al., 1988; Rao, 1999) and the
model parameters were estimated (Table 2). The parameter A reflects the
value of stress at t ¼ 1s while B is the coefficient of thixotropic break-
down (related to the maximum area of thixotropic lag loop that showed
each sample of mayonnaise).

3.2.1. Effect of storage time on mayonnaise rheological properties
A decrease of the yield stress for all mayonnaises (up to 37%) was

observed during the first 45 days of storage at all temperatures. Further
storage for 40 days caused an increase in the yield stress with higher
absolute increase for the mayonnaise M1. This increase is attributed to a
more compact and stable format. In Table 3 the values of apparent
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viscosity (at shear rate 64 s�1) for all M-samples mayonnaise emulsions
stored at room temperature over time are presented. The values
decreased vs storage time for all samples measured, nevertheless the
statistical analysis showed that for M1 and M3 samples, no statistical
differences were observed (p < 0.05) between all storage times studied.
For samples M2, M4 andM5, statistically different (p> 0.05) values were
observed after 45, 25 and 95 days, respectively.

3.2.2. Effect of storage temperature on mayonnaise rheological properties
For all samples, the storage temperature affected the flow curves of

the mayonnaise, indicating that the structure of mayonnaise is signifi-
cantly affected (Figure 4). The sample M1 stored at 35 �C showed
increased value of parameter σ0 (by 33%) and decreased value of con-
sistency index (by 49%) compared to the other two temperatures. This is
explained by the fact that although higher shear stress is required to
initiate the mayonnaise flow, following which the shear stress is reduced.
The yield stress increase is due to the fact that the proteins of mayonnaise
are unfolded when temperature increases and wrap round the drops of oil
creating a more compact network. The values of apparent viscosity of
mayonnaise (at 64 s�1) at 5 �C, 20 �C and 35 �C was measured and the
results indicate reduced values when storage temperature increased (for
M3, the corresponding values after storage for 45 days were 4.29, 3.80
and 3.39 for storage temperatures 5, 20 and 35 �C, respectively).

The temperature effect on mayonnaise viscosity for three samples
(M1, M3 and M5) was studied and modelled by the Arrhenius equation.
The Arrhenius parameters were estimated as 4.4, 4.4 and 4.6 Pa s for nref
and 15.7, 15.5 and 20.5 kJ/mol for the Ea, for samples M1, M3 and M5,
respectively. The activation energy values indicate that the viscosity of
the larger droplet size mayonnaises sample (M5) exhibit a higher tem-
perature dependence.

3.3. Viscoelastic properties

The mayonnaise viscoelasticity characteristics are attributed to a
format among lipoproteins adsorbed all over oil droplets (Mu~noz and
Sherman, 1990). The results of the preliminary test revealed no structure
alteration during the dynamic tests (Elliot and Ganz, 1977). In general,
storage modulus, G0(ω) shows a noticeable plateau while loss modulus,
G’‘(ω) is rather smaller compared to G0(ω) for solid-like gels (Almdal
et al., 1993). In our study, the G0(ω) for all samples exhibited a pro-
nounced plateau with G0(ω) > G’’(ω) (Figure 5). According to the above
definition, it could be accepted that the mayonnaise is a solid-like gel.
The storage modulus and the complex viscosity of all samples were
decreased with an increase of the ODS. The G and η* values were
modelled vs ODS [G' ¼ 1984.1*(ODS)�1.10 (R2 ¼ 0.98) and η* ¼
302.6*(ODS)�1.04 (R2 ¼ 0.98)].

Other studies have shown that mayonnaise viscoelasticity is due to a
network format, related to egg yolk proteins among interfaces of adjacent
oil droplets (Kiosseoglou and Sherman, 1983).

The storage modulus (G0) (energy stored per cycle of deformation) of
the samples showed a decrease in the first 45 days of storage and an
increase after the 45 days (Figure 6). Increased G’ values correspond to a
solid-like mayonnaise (Ma and Barbosa-C�anovas, 1995). All the samples
showed reduction in complex viscosity (η*), during the first 25 days of
storage. After 45 days of storage, the complex viscosity increased for the
samples M1, M2 and M3. The η* for the samples of higher ODS remained
constant. The dynamic parameters for the sample M3 are listed in
Table 4.

The G' (storage modulus) for the samples M1 and M3 remained
constant. The mayonnaise M5 showed increased value of G 0 for storage
temperature 35 �C, indicating that the particular sample is more sensitive
in the change of temperature. The loss modulus (G00) presented fluctua-
tions with the storage temperature. Table 5 lists the dynamic parameters
for sample M1.

The complex and apparent viscosities were plotted vs frequency and
SR (at ω ¼ γ), respectively and were modelled by the generalized Cox-



Table 6. Estimation of generalised Cox-Merz rule parameters for mayonnaises
with ODS ranging from 4.53 to 6.85 μm.

Samples (ODS) C α R2

M1 (ODS:4.53 μm) 0.657 2.152 0.9996

M2 (ODS:4.76 μm) 0.351 2.329 0.9998

M3 (ODS:5.34 μm) 0.416 2.546 0.9995

M4 (ODS:6.02 μm) 0.166 2.554 0.9997

M5 (ODS:6.85 μm) 0.492 2.184 0.9998
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Merz rule. The parameters of the model were estimated for all M-sam-
ples (Table 6). Parameter “a” varied from 2.152 to 2.554 (Table 6),
indicating that the generalized Cox–Merz rule cut-down to one-
parameter linear function is not applicable. The R 2 values showed
that this rule could be applied for mayonnaises. Juszczak et al., (2004)
used the Cox-Merz rule (two-parameter model) since the one-parameter
equation could not be fitted to their data.

Similarly, the correlation of droplet size and linear viscoelasticity of
the mayonnaises could be justified by a balance between shear induced
coalescence and disruption of droplets, correlated to least possible
droplet size and higher possible linear viscoelastic properties.

Maruyama et al. (2007) reported that the particle size data had
negative and could be well correlated to hardness, fracturability, vis-
cosity and adhesiveness, but not with sensory attributes. The findings
demonstrate the strong relationship between particle size data and G’ as
evidenced by our results. The findings of Richardson et al. (1989) are
also in agreement with our results, indicating that the noted solidity of
the gels could be related to limited dynamic viscosity alterations than to
extensive loss of shear viscosity.

4. Conclusions

Five mayonnaise samples with different rheological and viscoelastic
properties were produced and their oil droplets size was measured and
correlated to their viscoelasticity. All mayonnaise samples exhibited
non-Newtonian, pseudoplastic behavior with yield stress. The apparent
viscosity, consistency index, yield stress, storage modulus and complex
viscosity values decreased with increasing droplet size and were math-
ematically described by power equations. Storage time and temperature
affected the rheological and viscoelastic properties of mayonnaise. The
G0(ω) of all samples exhibited a pronounced plateau with G0(ω)> G’‘(ω),
indicating that mayonnaise is a solid-like gel. The storage modulus and
the complex viscosity of all samples decreased with increased oil droplet
size. For all samples, the storage temperature affected the flow curves of
the mayonnaise, indicating that the structure of mayonnaise is signifi-
cantly affected. The storage modulus (G0) of the samples showed a
decrease in the first 45 days of storage and an increase after the 45 days,
while the loss modulus (G00) presented fluctuations with the storage
temperature.
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