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Abstract Different xanthan gum concentrations (0—0.8 %)
were tested, and the rheological properties of ice cream
mixes were characterized as linear viscoelastic solids. Ostwald
de Waele was successfully used to fit the steady shear data of
ice cream mixes exhibiting a pseudoplastic flow (R*>0.982).
The samples with xanthan gum were characterized as strong
gel-like macromolecular dispersions with G’ much greater
than G” but without a cross-point in the whole range of
frequency applied. Cox—Merz rule was not applicable to the
ice cream mixes. Steady and dynamic rheology of the ice
cream mixes changed with increasing xanthan gum concen-
tration. Besides, the four-component Burger model consisted
of the association in series of the Maxwell model and the
Kelvin—Voigt model was used to characterize the viscoelas-
ticity. It was also found that the final percentage recovery
parameters; Jsn, Joo, Jivs and %R (compliance of Maxwell
spring and dashpot, Kelvin—Voigt element and R, respective-
ly) of the ice cream mixes were dramatically changed by the
xanthan gum concentration, increasing the internal structure
parameters Gy, G, 19, and 7; (elastic moduli of Maxwell and
Kelvin—Voigt springs and corresponding dashpot viscosities,
respectively).
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Introduction

Polysaccharides are hydrocolloids that can interact strongly
with water (Dogan et al. 2007). Xanthan gum, a hydrocol-
loid, is a heteropolysaccharide with a primary structure and
an important industrial biopolymer consisting of repeated
pentasaccharide units that are formed by two glucose units
and one glucuronic acid unit (Garcia-Ochoa et al. 2000). Its
annual worldwide production is 30,000 t corresponding to a
market of $408 million, indicating that it is the most com-
mercially produced industrial gum (Kalogiannis et al. 2003;
Silva et al. 2009). Xanthan gum has been widely used as a
thickening or stabilizing agent in the food industry due to its
unique textural and rheological properties, namely high
viscosity at low shear, shear thinning (pseudoplastic behavior),
stability over a broad range of temperature and pH, and high
resistance to shear degradation in aqueous solutions (Hsu and
Lo 2003; Silva et al. 2009).

Texture and apparent viscosity are very important quality
characteristics of ice cream (Arbuckle and Frandsen 1966;
Dogan and Kayacier 2007). Many factors play an important
role on the textural and apparent viscosity properties of ice
cream. These are kind, quality and concentration of ingre-
dients, processing and handling and composition of the mix;
mainly fat and stabilizer. Final texture of the ice cream is
also affected by various characteristics of the ice cream mix,
including rheological properties of end product (Caillet et al.
2003; Chan 1984; Dogan and Kayacier 2007). For example,
smooth texture and cooling sensation, which are the most
commonly desired attributes of ice cream, can be achieved
by optimization of rheological properties of the mix (Chang
and Hartel 2002).

Ice cream mix, a complex colloidal system, includes some
substances present in true solution, some of which are colloi-
dally suspended and some of which are in dispersion (Goff
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2002; Innocente et al. 2002). Among these substances are the
stabilizers that have been used in the ice cream industry or in a
combination with other constituents (Martinou Voulasiki and
Zerfiridis 1990). Ice cream quality is affected by the stabilizers
that are primarily used to increase the apparent viscosity of
mix (Cottrell et al. 1980). When the viscosity increased, a
resistance occurs against melting and smoothness of the body,
leading a decrease in the rate of whipping (Arbuckle and
Frandsen 1966). Additionally, increase in apparent viscosity
leads to increase in resistance to melting of final product and
enhanced smoothness. Therefore, desirable apparent viscosity
of the mix can be obtained by controlling composition of the
mix (Arbuckle and Frandsen 1966; Dogan and Kayacier 2007).

In this study, different concentrations of xanthan gum
were added into ice cream mix formulations in order to
examine its possible effects on the rheological properties
of the mixes. It should be noted that, sensory quality, and
consequently consumer preference are considerably influ-
enced by the rheological properties of fluid foods. Of the
rheological measurements, testing of viscosity is generally
considered to be one of the most important tools for mea-
suring of physical characteristics related to the quality of
food products. Knowledge of the flow behavior is beneficial
not only in quality control of the product but also for energy
input calculations, process design, and equipment selection,
particularly for heat exchangers and pumps (Ibanoglu and
Ibanoglu 1998). Dynamic rheological testing is also a tool
measuring viscoelastic characteristics of food systems.
Characterization of texture and structure in foamed dairy
emulsions has been completed using dynamic rheological
measurements (Dogan and Kayacier 2007; Stanley et al.
1996; Wildmoser et al. 2004).

Studying the viscoelastic properties is a rheological char-
acterization of a food system, which is important with
respect to the engineering design of continuous process,
development of new products and quality control during
processing of emulsion type foods. The viscoelastic proper-
ties of complex food systems are studied by using oscilla-
tory tests to determine storage (elastic) and loss (viscous)
modulus and their complex viscosity (Dolz et al. 2006;
Hernandez et al. 2004). However, another type of analysis
is also required to determine the possible internal structure
of a system and the structural changes depending on its
composition (Dolz et al. 2008). In this respect, creep and
recovery tests are among those that are the most commonly
used methods. These are the methods in which the food
system is deformed for a predetermined time period under
a constant shear stress and the deformation is measured as a
function of time. These are the creep and recovery phases in
which the applied stress is removed and the deformation
formation degree is measured within the similar time period
(Dolz et al. 2008). In this test, mechanical simulation
models, namely Maxwell model and Kelvin—Voigt models

are used to reflect deformation of a system. Simplest
approaches are used in these models. In the Maxwell model,
either spring (representing purely elastic) or dashpot (repre-
senting purely viscous) and association of both elements are
used in series. In the Kelvin—Voigt model, these elements are
used in parallel (Dolz et al. 2008). In this respect, the four-
component Burger model consisted of the association in series
of the Maxwell model and the Kelvin—Voigt model is one of
the most commonly used models (Yoo and Rao 1996; Dolz et
al. 2008). However, a limited number of studies have
appeared so far to investigate the creep and recovery proper-
ties of the ice cream mixes added with xanthan gum using
mechanical approach.

In this study, we prepared ice cream mix samples added
with different concentrations of xanthan gum. It was aimed
to analyze the effect of different xanthan gum levels on the
steady and dynamic shear properties of the ice cream mixes.
It was also aimed to determine viscoelastic properties of ice
cream mixes in terms of creep and recovery properties and
simulate the effect of xanthan gum addition using a mech-
anistic approach.

Materials and Methods
Ingredients and Preparation of Ice cream Mixes

The ice cream mixes were prepared according to the tradi-
tional ice cream manufacturing method (Dogan and Kayacier
2007). In this respect, the following ingredients were used in
the ice cream mix production (in g/100 g): 10 % sucrose,
7.0 % cream (including 70 % fat), 0.5 % emulsifier (saturated
mono- and di-glycerides), and stabilizer system. The system
consisted of 0.5 % salep and different concentrations (0, 0.4,
or 0.8 %) of xanthan gum (Sigma, G1253, USA). After
homogenization of mix in a single-state homogenizer
(20.5 MPa at 60 °C), the ingredients were pasteurized at
85 °C for 1 min with constant stirring. After the pasteurization,
the ice cream mixes were rapidly cooled down to 4 °C. For
ageing, the ice cream mixes were then stored at 4 °C for 24 h
until the analysis.

Steady Shear Analysis

A controlled stress rheometer (RheoStress 1, HAAKE,
Karlsruhe, Germany) equipped with a temperature control
unit (Water bath K15, Thermo-Haake Karlsruhe, Germany)
was used to conduct rheological analysis of the ice cream
mixes. The mixes were sheared using a cone-plate configu-
ration (cone diameter, 35 mm; angle, 4°; and gap size,
0.140 mm). Measurements were carried out in the shear rate
range of 1-100 s ' at 5 °C; 0.85-ml sample was placed
between cone and plate, and the measurement was started
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immediately. During the shearing, a total of 25 data
points were recorded at 10 intervals. Each measure-
ment was replicated with two repetitions. The apparent
viscosity was determined as a function of shear rate.
Obtained data were fitted to Ostwald de Waele model
using RheoWin Data Manager (RheoWin Pro V. 4.0,
HAAKE, Karlsruhe, Germany) and consistency coeffi-
cient and flow behavior index values were calculated
according to the following model used to describe
shear-induced behavior of the ice cream mix samples:

77=K(7)H (1)

where 7 is apparent viscosity (in Pascal per second), K

is consistency coefficient (in Pa s”), yis shear rate (in
seconds), and n is flow behavior index (dimensionless).

The steady shear data were processed with respect to the
effect of xanthan gum concentration on apparent viscosity of
the ice cream mixes. The variation of apparent viscosity
with concentration at the specified shear rate of 50 s ' can
be described by several models (Ibarz et al. 1987; Rao et al.
1984). These are generally power-law and exponential type
models as following:

Nso = (Cal) (2)

Nso = 1hexp(a2C) 3)

where 75 is apparent viscosity at 50 s_' (Pa s), C is con-
centration of xanthan gum (%), n; and 7, are constant for
concentration effect (Pa s), a; is constant (dimensionless) of
Power law model and a5 is constant ((%) ).

Small Amplitude Oscillatory Shear Analysis

A dynamic oscillatory shear rheometer (RheoStress 1,
HAAKE, Karlsruhe, Germany) was used to carry out the
frequency sweep tests for all ice cream mixes. Mechanical
spectra were plotted over a frequency (f) range of 0.1-10 Hz
at 0.2 Pa (within the range of linear viscoelasticity) at 5 °C.
In oscillatory shear tests, a sinusoidal oscillating stress or
strain with an increasing frequency is applied to samples.
The elastic or storage modulus G’ and the viscous or loss
modulus G" are calculated as a function of frequency (Steffe
1996):

G = G*cos S (4)
G" = G*siné (5)
Loss tangent, a ratio between viscous and elastic properties,

is a dimensionless number, and it gives a clear indication of
whether the material behavior is solid like or liquid like, was
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calculated according to the following equation (Gunasekaran
and Ak 2000).

tans = G' /G (6)

where 0 is phase angle.

The overall response of the sample against to the sinu-
soidal strain may be characterized by using the equations of
complex modulus G* and complex viscosity 7*:

G* =/(G) + (6" (7)

= G*/o (8)

Plots of w versus G’ and G" dynamic rheological data
were subjected to non-linear regression, and the magnitudes
of intercepts (K’ and K"), slopes (n' and n"), and R* were
computed from raw data using the following equations (Rao
and Cooley 1992; Yoo and Rao 1996):

G = K/(w)n’ (9)

G = K//(w)n” (10)

Cox—Merz rule known to be valid for heterogeneous
dispersions and commercial foods was used for the estab-
lishment of correlations between the values of oscillatory
shear parameters (complex viscosity, 7* and angular fre-
quency, w) and steady shear parameters (apparent viscosity,
n and shear rate, y) (Gunasekaran and Ak 2000; Juszczak et
al. 2004; Rao and Tattiyakul 1999). The relationship be-
tween the steady shear and dynamic shear data is valuable to
correlate true material characteristics obtained from different
tests (Gunasekaran and Ak 2000; Steffe 1996). The Cox—
Merz rule is used to estimate steady shear viscosity from
dynamic shear viscosity and vice versa (Steffe 1996):

1 (@) :77(7) (11)

w=y
Creep-Recovery Tests

A controlled stress rheometer (RheoStress 1, HAAKE,
Karlsruhe, Germany) equipped with a temperature control
unit (Waterbath K15, Thermo Haake Karlsruhe, Germany)
and data acquisition software (RheoWin Pro V. 2.96, Haake,
Karlsruhe, Germany) was used to determine creep and re-
covery behaviors of the ice cream mixes. The compliance
measurements were carried out using a cone-plate configu-
ration (cone diameter, 35 mm; angle, 4°; and gap size,
0.140 mm). Stress sweep tests were performed between
0.1 and 10 Pa to assure the tests being in the linear visco-
elastic region (LVR). Creep tests were recorded at constant
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stress amplitude (0.2 Pa within the range of linear viscoelas-
ticity) at 5 °C. The ice cream mix samples (each 0.85 ml)
were placed between cone and plate and suddenly subjected
to a constant shear within the LVR. Until deformation of the
viscoelastic materials approaches a steady state in the time
when the deformation rate remains constant, the stress is
applied and then suddenly removed and analyzed for recov-
erable shear. In this respect, the stress was applied instantly
and maintained for 150 s, and then released to allow sample
recovery for 150 s in this study. Each measurement was
replicated three times on three different samples.

Statistical Analysis

Data were subjected to statistical analysis using Minitab for
Windows Release 14®. Standard errors were calculated
using the Duncan’s multiple range test (MstatC 1986).

Results and Discussion

Steady Shear Properties

Figure 1 illustrates the shear stress (¢) versus shear rate ()

and apparent viscosity (1)) versus shear rate (y) plots for the
ice cream mixes prepared with different gum concentrations
(0, 0.4, and 0.8 %) at 5 °C. The values of flow behavior
index (n) ranging from 0.527 to 0.070 were observed for all
the ice cream mixes indicating a non-Newtonian shear-
thinning behavior (Table 1). This can be attributed to a
complex involvement of partially broken-down micellar
casein at the droplet surface in the ice cream mix (Dickinson
and Stainsby 1982). These results were also in accordance
with the information given by Goff and Davidson (1992)
and Soukoulis et al. (2008) who reported that ice cream
mixes exhibit non-Newtonian flow characteristics. Accord-
ingly, as seen in Fig. 1, apparent viscosity decreased with
the increase in shear rate, which was also related to the
increased alignment of the constituent molecules (Rha
1975). Consistent results were reported in the literature.
Kaya and Tekin (2001) reported the same flow behavior
for a typical ice cream model mixes exhibiting a non-
Newtonian flow in which apparent viscosity decreased with
increasing of shear rate. On the other hand, n values de-
creased with gum concentration (Table 1). The Ostwald de
Waele model was found to be adequate for describing the
flow behavior of the ice cream mixes because determination
coefficients (R”) were higher than 0.984. Table 1 also indi-
cates that increase in gum concentration caused a consider-
able non-linear increase in consistency coefficients (K), as
could be expected. Higher K values indicated a higher
viscous nature because of increase in apparent viscosity in
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Fig. 1 Shear stress-shear rate and apparent viscosity-shear rate plots
for the ice cream mixes prepared with different xanthan gum concen-
trations (0, 0.4, and 0.8 %)

ice cream mixes, and a consistent trend was also observed in
K and n values depending on the gum concentration. In
literature, similar trend was observed in the ice cream mix
prepared with natural gums (Cottrell et al. 1980; Goff and
Davidson 1994). It was also reported that polysaccharides
such as xanthan gum showed a greater increase in non-
Newtonian behavior with concentration than the anionic
gums (Cottrell et al. 1980). In addition, Morris (1995) and
Sworn (2000) reported that the xanthan gels freely flow and
thus perform a strong shear thinning behavior. In our study,
this was the case for the xanthan gum. This means that the
gum may provide a higher shear thinning behavior, which
may lead to system characteristics that could be exploited to
stabilize particle suspensions at lower shear rate process
conditions.

Effect of Gum Concentration on Apparent Viscosity (nsg)

The effect of xanthan gum concentration on 75y values was
also shown in Table 1. As can be seen, an increment in the
150 values was observed as the gum concentration increased.
It is well known that increasing solid content normally
increases the consistency (Saricoban et al. 2010, 2008;
Yapar et al. 2006). Additionally, the effect of gum addition
to increase the apparent viscosity was well reported (Cottrell
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Table 1 Ostwald de Waele

parameters of the ice-cream Concentration (%)

Ostwald de Waele parameters

mixes prepared with different

xanthan gum concentrations nso (Pa s) K (Pas") n R
0 0.043+0.003 0.277+0.094 0.52740.063 0.984
0.4 0.467+0.023 7.59+0.32 0.300+0.018 0.999
R? determination coefficient for 0.8 1.950+0.026 74.6+0.7 0.070+0.002 0.982

the Ostwald de Waele model

et al. 1980). Kaya and Tekin (2001) reported that the salep, a
glucomannan-based hydrocolloid increased the consistency
coefficient of ice cream. They found the consistency coeffi-
cient of ice cream mix containing 0.62 % salep to be
464.47 Pa s”" while the consistency coefficient of ice cream
mix containing 0.4 % salep was 143.19 Pa s” at 10 °C.

Power law and exponential type models were used to
describe the variation of 75, values with concentration.
Linearized forms of Eqs. 2 and 3 were plotted and
corresponding model parameters are presented in Table 2,
which represents the values of the parameters of power law
and exponential relationships. Depending on the coefficient
of determination values obtained from two models, the
exponential model (R*=0.980) seems to describe the effect
of gum concentration on 75y values of the ice cream mixes
clearly, but the power-law model did not absolutely
(R*=0.136).

Dynamic Shear Properties

Stress Sweep and Frequency Sweep Tests (Dynamic
Viscoelastic Properties)

Stress sweep test was conducted in the range of 0.1-10 Pa
at a fixed frequency (0.628 rad/s—0.1 Hz); therefore,
0.2 Pa (which is in the LVR) was selected as a constant
stress to conduct frequency sweep. Dynamic oscillatory
shear test can be used to determine viscoelastic properties
of food materials. The elastic (or storage) modulus G’
expresses the magnitude of the stored energy in the ma-
terial or recoverable per cycle of deformation. For com-
pletely hardened ice cream, all of which water is frozen,
maximum storage modulus can be expected because of
the maximum solids fraction (Wildmoser et al. 2004).
However, the measure of magnitude of energy lost at
viscous dissipation per cycle of deformation is called as

viscous (loss) modulus G”. Therefore, all the energy is stored
in a perfectly elastic solid, namely, G” is 0, which means stress
and strain will be in phase. On the contrary, all the energy in a
liquid having no elastic properties is dissipated as heat, name-
ly, G' is 0, which means stress and strain will be out of phase
by —90° (Sharoba et al. 2005).

Plots of frequency versus G’ and G” dynamic rheological
data were subjected to non-linear regression and the magni-
tudes of intercepts, slopes and R* are summarized in Table 3.
In this respect, all the ice cream mixes studied showed
similar flow characteristic; that is, shear-thinning behavior
following power law model determined from G’ and G”
versus frequency plots. The possible reason could be attrib-
uted to the fact that the shear thinning region occurs as a
result of a dramatic shear which induces the structural
breakdown related to a mechanism of oil droplet defloccu-
lation (Bower et al. 1999; Franco et al. 1998; Moros et al.
2002). Figure 2 demonstrates the changes in G', G”, and n*
values as a function of frequency for ice cream mixes
prepared with 0, 0.4, and 0.8 % xanthan gum concentrations
at 5 °C. As can be seen, the low-frequency dependency was
particularly observed for 0.8 g/100 g xanthan addition in the
ice cream mixes. In other words, gum addition into the ice
cream mixes led increase of G' and G” with frequency to
become small. Wildmoser et al. (2004) reported the sim-
ilar behavior; namely, G' was slightly dependent on the
oscillation frequency referred to be a “plateau region”
which is characterized by a decrease in the slope of both
G' and G" (lower than 1) and possibly minimum in the G".
This is known to be an intermediate zone of the me-
chanical spectra between the “terminal” and the “transi-
tion” zones (Ferry 1980). In general, this was reported to
be a characteristic behavior of protein-stabilized emulsion
systems because an elastic network occurs due to the
occurrence of an extensive bridging flocculation process
(Franco et al. 1998, 1997; Pal 1995).

Table 2 Effect of xanthan gum
concentration on apparent viscos-

Power-law function 7so=7;(C")

Exponential function nso=1,exp(a,C)

ity of the ice cream mixes
m (Pas)

R 1> (Pa s) ax (%)) R

Coefficients 0.194

—1.486

0.136 0.051 4.758 0.980
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Table 3 Parameters of power-

law functions describing storage Concentration ~ G'=K'(w)”

G//:Ku(w)n" 77* :K*(w)n**]

(7o)

modulus, loss modulus, and
complex viscosity

3

K' (Pa)

R? K" (Pa) n" R’ K* (Pas) n* R?

0 0.475
0.4 24.73
0.8 127.8

0.904
0.25
0.15

0.764
0.987
0.942

1.277
27.60
131.8

0.630
0.232
0.153

0.912
0.995
0.999

0.914
0.948
0.971

1.122
11.72
31.03

0.432
0.179
0.183

On the other hand, In (G',G") of the ice cream mixes
indicated the positive slopes in spite of their low frequency
dependency. From a structure point of view, for true gels, In
(G',G") versus In w plots have 0 slope, while there are
positive slopes and G’ is greater than G” over a whole
frequency ranges of w studied for weak gels and highly
concentrated dispersions (Ross-Murphy 1984). On the other
hand, no cross-point was observed in the ice cream mixes
added with xanthan gum within the whole range of frequen-
cy applied (Fig. 2). Therefore, the ice cream mixes added
with xanthan gum were regarded to exhibit strong gel-like
behavior because the slopes were positive (n'=0.904—0.150;
n"=0.432-0.183) (Table 3) and almost parallel to each other
(Fig. 2). The curves were qualitatively similar for the ice
cream mixes added with xanthan gum. Although, the mag-
nitude of K’ was lower than that of K” in the ice cream mix
without xanthan gum, an inverse result was the case in the
ice cream mixes prepared with 0.4 and 0.8 % xanthan gum;
namely, the magnitude of K’ was higher than that of K"
(Table 3). In addition, Fig. 2 shows that xanthan gum
addition increased both G' and G” values, implying that
gum addition contributed to the viscoelastic properties of
the ice cream mixes, but their elastic properties rather than
viscous properties. Accordingly, the magnitudes of G’
(K'=24.73—-127.8) were always greater than that of G”
(K"=11.72-31.03) without exhibiting no cross-point of G’
and G" along the whole frequency range studied (Fig. 2). It
is clear from these results that the ice cream mixes were
more predominantly elastic than viscous when added with
xanthan gum. Wildmoser et al. (2004) indicated the similar
results whereby the magnitude of G’ was observed to be
greater than that of G” without exhibiting no cross-point of
G' and G" within a temperature range between —20 and 10 °C.
They explained the rheological behavior of the ice-cream
mixes by classifying this range into three temperature zones;
the zone I (—20 to —10 °C), zone II (—10 to 0 °C), and
zone III (0 to 10 °C). In the zone IIl, G' and G" values
were observed to have a lower plateau level because all
ice was melted in this temperature range, therefore
leading only disperse air and fat phase to have an effect on
the rheological characteristics.

Total resistance to flow of a material considered to
be a viscous liquid refers to complex viscosity (n*)
which is measured in Pa s (Dimitreli and Thomareis
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Fig. 2 Frequency sweep test for mechanical spectra. The effect of
different xanthan gum concentrations (0, 0.4, and 0.8 %) on storage
modulus (G"), loss modulus (G”), and complex viscosity (n*) values of
the ice cream mixes (In G', G”, n* versus In w)
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2008). Figure 2 shows that the ice cream mixes added
with xanthan gum displayed increased complex viscosity
values depending on increase in the gum concentration
and the decreased values over the entire frequency
range (due to higher resistance), compared with those
without xanthan gum (lower resistance).

Effect of increase in the gum concentration on the visco-
elastic properties of the ice cream mixes is shown in Fig. 3a.
The addition of xanthan gum to the ice cream mix resulted
in an increase in G', G", and n* values, but the most
pronounced effect was observed in the complex modulus
(G*) values, the total resistance to deformation of a material
considered to be elastic solid. Although these results can be
expected to some extent, comparing these results with those
in the literature is difficult because there have been very
limited investigations studying the effect of xanthan gum
addition on the viscoelastic properties of complex systems
like formulated foods.

Another popular material function for the description of
viscoelastic behavior is the loss tangent (G"/G"), which
indicates whether elastic or viscous properties of the mate-
rial. In the case of the ice cream mixes, it means that the
larger the tan 0 value, the more easily the ice cream mix
flows. The loss tangent values showed an elastic behavior

a)
200
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= 160
e
x 120
(&
o 80
O 40
0 \
0 0.4 0.8
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30T —14
25+ T12
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» 20+
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Fig. 3 Effect of xanthan gum concentration on (a) storage modulus
(G"), loss modulus (G"), complex modulus (G*), and (b) complex
viscosity (n*) and loss tangent (tan §) of the ice cream mixes at
oscillation frequency of 1 Hz
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(tan 6<1 or G'>G") for ice cream mixes over the increased
frequency due to the existence of a phase lag between
the input sinusoidal signal and the response one (Mufloz
et al. 2007). Figure 3b indicates that the tan ¢ values
decreased as the xanthan gum concentration increased.
Decreasing tan 0 values was the evidence of elastic
characteristic of the ice cream mixes, implying that the
elastic, in the other words, solid-like character increased
as the gum concentration increased.

24 0 %
'a‘ 4
g i
= | ®e
£ ] ."\
e -21°N
£ e ° OOOO%}
-47 T T T T T T
-1 1 3 5
In 7[s"]; In w [rad s™]
4] 0.4 %
- . .
o %
o 1
Q 2 \
= - ®e
= :o ’ Oo .\
- ol 0
= *
s |°"
'2 T T 1 T L
-1 1 3 5
In 7s™]; In w [rad s™]
77 0.8 %
w1 e
S0 e,
o o
* ] \
S 34 0 o
< 15 o '\
£
'17 T T 1
-1 1 3 5

In 7[s™]; In w [rad s™]
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(Cox—Merz rule) of the ice cream mixes prepared with different xan-
than gum concentrations (0, 0.4, and 0.8 %)
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Applicability of Cox—Merz Rule

When frequency is equal to shear rate, dynamic shear
viscosity is nearly equal to the steady shear viscosity
(Cox and Merz 1958); in this case, the empirical Cox—
Merz rule can be applied to predict dynamic oscillatory
shear data from steady shear data and vice-versa by using
steady shear data and the calculated shift factors (Rao and
Cooley 1992). Accordingly, the Cox—Merz rule has been
tested for many polymers, solution, and complex food
systems (Da Silva and Rao 1992; Tiziani and Vodovotz
2005; Yasar et al. 2009; Yilmaz et al. 2010).

Figure 4 shows the applicability of the Cox—Merz rule
(Eq. 11). The apparent viscosity, 77 and complex viscosity 7*

of the ice cream samples were plotted against shear rate, y
and angular frequency (w), respectively. As can be seen, the
ice cream mixes did not obey Cox—Merz rule although there
was a trend of the apparent viscosity, 77 to become parallel
with the complex viscosity n* values. It was observed that
the magnitudes of * were higher than those of 7, indicating
that the Cox—Merz rule was not applicable to the ice cream
mixes and, as mentioned before, they exhibited strong-gel
properties although it was reported that departure from Cox—

Merz superposition of 77*(w) versus 7(y ) is a characteristic
feature of weak gel networks (Ndjouenkeu et al. 1995). It
was also reported that biopolymer dispersions including
either hyperentanglements or aggregates (Da Silva and

—_—
o
[

k)
MAX

J
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Maxwell Part
@

Compliance (1/Pa) —»
L -
=
<<
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Rao 1992) and complex food systems (Bistany and Kokini
1983) do not obey this rule.

In the ice cream mix samples without xanthan gum, there
was a considerable deviation between the In #* versus In w

and In 7 versus In y data on the ice cream mix samples.
However, the two lines appear to be more parallel to each
other in the ice cream mixes added with different concen-
trations of xanthan gum. It can be concluded that the depar-
tures of ice cream mixes from the Cox—Merz rule was
concentration-independent, but the deviation between
steady and dynamic viscosity of the ice cream mixes de-
creased as the xanthan gum concentration increased.

It was difficult to directly compare our results with
those in the literature. However, similar food environ-
ments like some food emulsions may be found suitable
in this respect. For example, Manoi and Rizvi (2009)
reported that cold gel-like emulsions produced from tex-
turized whey protein concentrate obeyed only the modi-
fied version of Cox—Merz rule. It was also reported that
O/W emulsions stabilized with egg yolk did not exhibit
superposition of apparent viscosity and complex viscosity
because they were weak gels with viscoelastic character-
istic (Santipanichwong and Suphantharika 2009).

In structured polymer systems when aggregation takes
place among polymer chains, the departures from the Cox—
Merz rule have been reported to occur (Lapasin and Pricl
1999), which was attributed to decay of the structure resulted

Gy

Time (S6C) mmp

Fig. 5 (a) Burger model consisted of Maxwell and Kelvin—Voigt models in series and (b) compliance (J) versus time for the four-element Burger

model in a creep and recovery test
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from strain deformation applied to the system (Chamberlain
and Rao 1999). Applied strain is well known to be low in
small amplitude oscillatory shear and sufficient enough in
steady shear to break down structured inter- and intra-
molecular associations of materials (Ahmed and Ramaswamy
2006; Gunasekaran and Ak 2000).

Creep and Recovery Properties of the Ice Cream Mixes
Creep Properties

Creep data are collected under constant stress (o) over time
(#) and can be defined in terms of a creep compliance (J)
function, as represented by Eq. 12 in terms of shear defor-
mation (7):

(1) =r()/o (12)

Since the Burger model has been applied satisfactorily to
emulsion systems, (Das and Ghosh 2006), the four-
component Burger model (Burgers 1939) consisted of the
association in series of the Maxwell model and the Kelvin—
Voigt model (Fig. 5) was used in the creep analysis of the ice
cream mixes in this study. The Burger model is one of the
most commonly used models because it is relatively simple
and acceptable results can be obtained using this model to
analyze system deformation (Dolz et al. 2008). The system
deformation per unit stress called J (compliance) is given by
the following equation (Barnes 2000; Barry 1983; Steffe
1996):

1 1 —tG t
0 1 ™ \772/
Elastic Viscoelastic behavior Viscous flow

where J(7) is the overall compliance at any time ¢ in the creep
phase, G, the instantaneous elastic modulus of the Maxwell
unit, G the elastic modulus of Kelvin—Voigt representing
the contributions of the retarded elastic region to the total
compliance, 7, the dashpot of the Maxwell element repre-
senting the residual viscosity, and 7; the dashpot related
with Kelvin—Voigt representing the internal viscosity (Barry
1983). By calculating the values Gy, Gy, 19, and n; (Fig. 5),
it is possible to compare the internal structure of different
systems. By this way, a mechanical model with behavior in
response to deformation can be produced (Dolz et al. 2008).

The creep test results for the values of compliance J=7/c
as a function of time are shown in Fig. 6 which shows the
effect of xanthan gum concentration on the creep behavior
of ice cream mixes in a time interval between 0 and 150 s.

Table 4 indicates the values of Gy, Gy, 19, and n; with the
standard errors and the determination coefficients. The fit-
ting of J=f(¢) in the interval 0<¢<150 s based on four-
component Burger model (Eq. 13) for the ice cream mixes

@ Springer

J (Pa”)

200 300
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Fig. 6 Creep curves of the ice cream mixes prepared with different
xanthan gum concentrations (0, 0.4, and 0.8 %)

as affected by different concentrations of xanthan gum
yielded in the values of R* higher than 0.997 in all cases.
Accordingly, Sherman (1966) used four-component me-
chanical model (instantaneous elastic compliance, Jy; a re-
tarded elastic compliance, J;, comprising an elastic
modulus, E; and a viscosity, II;; and a Newtonian compli-
ance, t/ITy, where ¢ is time and ITy is the Newtonian viscos-
ity) to describe creep behaviour of melted ice cream. On the
other hand, Sherman (1966) also reported that ice cream mix
requires six elements since an additional elastic modulus
(E>) and a second viscosity (I1,) are associated with retarded
elasticity, which were attributed to globules of 0.5 1t or less,
which are separated by only a few A after flocculation rather
than the 50 A or more separating larger globules. However,
in our study, the R? values calculated at each xanthan gum
concentration were determined to range between 0.997 and
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Table 4 Burger model parameters obtained from the fits calculated using Eq. 13 for the ice cream mixes prepared with different xanthan gum

concentrations (mean=SE)

Concentration (%) Burger model parameters®

Gy (Pa) 1o (Pa s) G, (Pa) m (Pas) R
0 0.273+0.02 0.219+0.01 0.001+0.00 —0.276+0.02 0.999
0.4 13.30+0.13 708.2+8.0 4.647+0.02 59.73+0.08 0.998
0.8 66.64+0.80 9141.7+£659.0 45.75+2.48 335.2+21.8 0.997

3G and G, are elastic moduli of Maxwell and Kelvin—Voigt springs and 7 and 7 ; are the corresponding dashpot viscosities, and R? is the

determination coefficient

0.999, which revealed that the four-component Burger mod-
el used seems to adequately describe the creep behavior of
the ice cream mixes added with different concentrations of
xanthan gum. This means that six-component mechanical
model may not be necessarily needed to describe the creep
behavior of the ice cream mix samples. In addition, the
reason why the six-component mechanical model was pro-
posed (Sherman 1966) to model creep behavior of the ice
cream mixes might have been due to fat coagulation which
occurs when ice cream mix is frozen and whipped. It was
reported that the ice crystals disappear in order for the
coagulation to be able to continue when frozen ice cream
is thawed, leaving a melt with a weak structure, which is
different from the fat network present in the original mix
(Sherman 1966). Whereas in our study, the creep measure-
ments were conducted on the ice cream mixes that were not
frozen, which, in fact, implies the consistency between our
mechanical modeling simulation and that of Sherman (1966).

Table 4 shows that the Gy, G4, 179, and 7); values of the ice
cream mixes dramatically increased with the xanthan gum
concentration. This indicated that the deformation was min-
imum in the ice cream mixes including xanthan gum for the
same stress value and the same time, thus suggesting that the
gum concentration affected considerably the internal struc-
tures of the ice cream mixes. Figure 6 shows the variation of
the shear creep and recovery compliance, J(¢), with the
xanthan gum concentration. As can be seen, the ice cream
mixes with gum content exhibited lower J(#) values during
creep and recovery, which expressed more elastic behavior,
or recovery after the applied deformation or when the stress
was removed from the system.

In the literature, very limited studies have appeared to be
dealing with the effect of xanthan gum addition on the creep
and recovery properties of ice cream. However, these results
were comparable with those investigating the creep and
recovery properties of some selected gums. In this respect,
Dolz et al. (2008) reported that deformation was found to be
greatest in locust bean gum (LBG) gel exhibiting the lowest
Gy, Gy, and 7, values. On the other hand, the values of the
parameters of the gel including 0.1 % LBG and xanthan gum
were reported to be higher than the rest of the gel samples

studied, thus defining it to be the gel with the greatest
opposition of deformation. To summarize, it can be conclud-
ed that the increase in the concentration of xanthan gum
generally reinforces the structure, increasing the elastic mod-
uli and viscosity of the elements present in Burger model.

Recovery Properties

Figure 5 also shows the three well differentiated regions in
all recovery tests. Jgy is the first recovery, practically in-
stantaneous and the segment (AB) corresponds to the spring
of the Maxwell element. Jy is the second recovery due to
the Kelvin—Voigt element (curve posterior to B). This re-
covery is slower, has a decreasing exponential type, and
tends towards an asymptote for #—oco. The third recovery is
the residual deformation, J,, due to sliding of the Maxwell
dashpot, indicating permanent deformation resulting from
the irreversibility of the mentioned slide.

The following equation describes the compliance during
the recovery test (Dolz et al. 2008):

J(t) = Jx + Jkvexp(—Bi©) (14)

where ¢ is the time and B and C are parameters defining the
recovery speed of the system. The Eq. 3 complies with
certain clearly defined limiting conditions.

J(t) = Js + Jky for t — 0, corresponds to the maximum deformation
of the dashpot in the Burger model (Table2)
for + — oo, corresponds to the irreversible sliding of
the Maxwell dashpot
(15)

Regarding B and C parameters, they can be calculated
from the derivative of the Eq. 14 with respect to time d(J(?))/
dt, as following:

dJ(@) Jey (—BCE e B

i (16)

Jsum, the deformation suffered by the Maxwell spring is
initial shear compliance, which can be calculated by using
the following equation:

@ Springer



1430

Food Bioprocess Technol (2013) 6:1420-1433

Table 5 Maximum compliance Jyjax, compliance of the Maxwell spring Jsy; and dashpot J,,, Kelvin—Voigt element Ji+, and parameters B and C
obtained from the fits by Eq. 3 for /=150 s for the ice cream mixes prepared with different xanthan gum concentrations (mean+SE)

Concentration (%) Recovery parameters

Jmax (Pa™h) Jsm (Pa') Jo (Pah) Jev (Pah) B (s c R
0 81.1+0.8 0.790+0.062 80.4+0.7 0.0 0 0.0 —
0.4 0.488+0.004 0.009+0.002 0.376+0.005 0.103+0.001 0.619+0.006 0.500+0.005 0.970
0.8 0.051+0.003 0.006+0.002 0.032+0.003 0.014+0.002 0.643+0.011 0.473+0.022 0.974

J,, the irreversible sliding of the Maxwell dashpot, Jxj recovery due to the Kelvin—Voigt element, B and C the parameters that define the recovery

speed of system and R? is the determination coefficient

Jsm = Jvax — (Joo +Jkv) (17)

where Jyiax is the maximum deformation that corresponds
to the compliance value for the longest time (=150 s) in the
creep transient analysis.

Dolz et al. (2006) reported that Jgy; should be obtained
indirectly using the Eq. 17 because the deformation is in-
stantaneous and usually very small. Therefore, for =0,
determination of Jg\s experimentally is difficult, on the other
hand, the values for the rest of the compliances are more
confident when the method used.

Full mechanical characterization of a system can be de-
termined by calculating the contribution of each element in
the Burger model with respect to Jyax to which the ice
cream mixes are exposed. The following equation can be
used to calculate the percentage deformation of each ele-
ment presents in the Burger model:

%J = [M} x 100 (18)
Jmax
where Jeement 1 the corresponding compliance parameters,
Jsm, Jkvs OF Jop.

In addition, to calculate the final percentage recovery of
the entire system, the following equation has been proposed
(Dolz et al. 2008).

(Imax — Jx)

%R = [ } % 100 (19)

Jmax

As to our recovery results for the ice cream mixes stud-
ied, the mixes reached the maximum deformation (Jyax)
after 150 s of stress application. After removal of the stress
applied at the time 0=0, the remaining process was to
measure the compliance values J=f{¢f) during the 150 s,
which completes the recovery tests for each ice cream mix
sample studied. Figure 6 also shows the experimental results
for the recovery phase of the ice cream mix samples in a
time interval between 150 and 300 s with the changing gum
concentration. Deman and Beers (1987) reported that an
increase in permanent deformation during recovery

@ Springer

indicates the collapsed gel structure and irreversibly broken
elastic bonds. Conversely, the ice cream mixes with increas-
ing xanthan gum content had a liability to become firmer
and harder, as can be judged by their lower J(¢) values
(Fig. 6).

Table 5 shows the J,., Jxv, and B and C parameters as
well as their determination coefficients calculated by fitting
the J as a function of time based on Eq. 14. As can be seen,
the J,, values dramatically decreased with xanthan gum
concentration, confirming the above results. Regarding the
speed of structural recovery that is absolute value of d(J(¢))/
d(#), speeds of recovery of the ice cream mixes were quite
similar. This means that no clear effect of xanthan concen-
tration was observed, as can be seen from the B and C values
in the Table 5.

The contribution of the two components, the Maxwell
and the global Kelvin—Voigt elements to the total deforma-
tion of the ice cream mixes is given in the Table 6. As can be
seen, the contribution the Maxwell spring (Jgy) to unit total
deformation of the ice cream mixes is lower than that of the
Kelvin—Voigt element (Jxv). However, they were relatively
small when compared with that of the Maxwell dashpot
(/). The contribution of J,, to deformation decreased with
xanthan gum concentration, indicating that xanthan gum
addition increased the resistance of ice cream mixes to the
deformation. It can be concluded that the ice cream mix with
0.4 % xanthan gum was the system with higher percentage
contribution of the Maxwell dashpot to the deformation,
which was in accordance with the fact that this was the ice

Table 6 Percentage participation of each element of the Burger model
parameters in the maximum compliance for the ice cream mixes
prepared with different xanthan gum concentrations

Concentration (%) Jsm (%) Jrv (%) oo (%) R (%)*
0 0.0 0.0 0.0 0.0
0.4 1.9 21.0 77.0 23.0
0.8 11.0 27.0 62.0 38.0

# Corresponds to final percentage recovery of the ice cream mixes
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Table 7 Gel strength (S) and

relaxation exponent (n) parame- Concentration (%)

Strength and relaxation exponent

Slope of the relaxation function

ters obtained from the creep and

recovery tests of the ice cream S (Pas”) n R m R

mixes prepared with different

xanthan gum concentrations 0 0.257+0.004 0.260+0.003 0.974 0.028+0.001 0.999

(mean=SE) 0.4 4.138+0.105 0.127+0.006 0.820 0.547+0.004 0.993
0.8 6.817+0.335 0.117+0.003 0.810 2.459+0.001 0.892

cream mix with the more liquid behavior. However, the ice
cream mix without xanthan gum was the system with no
percentage contribution of the Maxwell dashpot to the de-
formation, meaning that no recovery could be established
for this mix. On the other hand, it should be pointed out here
that, in the ice cream mixes, the total contribution of both
Maxwell elements (spring Jgy plus dashpot J,,) to unit
deformation was in the range of 2- to 4-fold more than that
of the Kelvin—Voigt element (Table 6), indicating logically
that the contribution of Kelvin—Voigt element to the defor-
mation of the ice cream mix samples was smaller. The final
percentage recovery (% R) values of the ice cream mixes are
also presented in Table 6. The percentage recovery of
the ice cream mixes increased as the xanthan gum concen-
tration increased; however, no recovery was observed in
the ice cream mix without xanthan gum, indicating the liquid
behavior.

Gel Strength and Relaxation Exponent Parameters

The gel strength (S) and relaxation exponent (n) parameters
of the ice cream mixes were calculated using the equation of
Winter and Chambon (Nijenhuis 1997).

G(t) =St™" (20)

where S (Pa s”) is the gel strength parameter depending on
the cross-linking density and the molecular chain flexibility,
and n is related to the molecular structure and connectivity
of the incipient gel (Nystrom et al. 1996).

G(1), the relaxation function can be obtained from creep
test data as the reciprocal of J(¢) (Ferry 1980).

G(t) = sin mrz

- mrJ(t) @1)

where m is the slope of the log—log plot of G(¢). The
relationship between G(¢) and J(¢¥) was confirmed by using
the rheometer operating at a constant shear strain, and there-
fore providing direct G(f) measurements. In this study, it
was confirmed that the m values of the ice cream mix
without xanthan gum and that with 0.4 % xanthan gum were
less than unity. However, it was higher than unity as the

xanthan gum concentration increased up to 0.8 % (Table 7).

Table 7 also shows that the obtained gel strength S, which
can be considered as a combination of hardness and ductility

(Park 2005) and relaxation exponent n values. As can be seen,
ice cream mix strength strongly increased with increasing
xanthan gum content, suggesting that the gel structure was
firmer and more stable depending on the increasing xanthan
gum level. The other parameter is the exponent # that gives
knowledge for the ice cream mix gel structure. It was reported
that the cross-linker is in excess when the n value is lower than
0.5, but in the values higher than 0.5, the opposite is valid
(Nijenhuis 1997). In this respect, the ice cream mix samples
without xanthan gum exhibited the largest exponent, n, which
is an indicator of a less orderly structure and lower cross-
linking density of the ice cream mix. On the other hand,
xanthan gum addition decreased n values of the ice cream
mix samples, indicating the increased orderly structure and
cross-linking density of the ice cream mixes.

Conclusions

In this study, ice cream mixes prepared with different concen-
trations of xanthan gum were studied with respect to steady
and dynamic shear properties, indicating that all the ice cream
mixes can be characterized as the linear viscoelastic solids
exhibiting pseudoplastic flow. Also, the ice cream mix sam-
ples were determined to behave as strong gel-like macromo-
lecular dispersions with G’ much greater than G” within the
whole range of frequency applied; however, exhibiting much
pronounced independent behavior of both the storage and loss
modulus with increasing frequency only in the xanthan gum
added mix samples. The study of the establishment of corre-
lations between the values of oscillatory shear parameters and
steady shear parameters revealed the fact that the ice cream
mixes did not obey the Cox—Merz rule.

Full mechanical characterization of the ice cream mix
samples was also established to obtain internal structure of
the samples using creep and recovery analysis, together with
oscillatory measurements. Burger model was used to simu-
late the viscoelastic behavior of the ice cream as a function
of xanthan gum concentration. Pronounced changes were
determined in the mechanical properties of ice cream mixes
when they were added with 0.4 and 0.8 % of xanthan gum,
revealing that xanthan gum levels could remarkably change
the internal structure and deformation properties of the ice
cream mixes.
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