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Abstract Rheological characteristics of Desi ghee were
investigated at 18, 24, 30 and 36 °C. The steady shear
properties were evaluated by varying the shear rate from
0.01 to 100 s™' and the dynamic shear properties were
studied by varying strain and frequency sweep from 0.01 to
100% and 0.1 to 100 rad s_l, respectively. At the four
selected temperatures, the ghee samples displayed non-
Newtonian shear thinning behavior with flow behavior
index (n) ranging from 0.224 to 0.911. As the shear rate
increased from O to 100 sfl, the values of dynamic vis-
cosity decreased from 54 to 8.14, 20.01 to 1.05, 1.33 to
0.295, and 3.02 to 0.0025 Pa s at 18, 24, 30 and 36 °C,
respectively. Out of four rheological models (Power-law or
Ostwald-de Waele, Herschel-Bulkley, Casson, and Bing-
ham model) fitted to the shear rate and stress data, the
Ostwald model was found to be superior in predicting the
shear rate-stress data at 18 °C, whereas Ostwald-de Waele
and Herschel-Bulkley models predicted all the data points
over the temperature range of 24-30 °C, as observed by the
values of coefficient of determination (R?), standard devi-
ation (SD), and relative deviation percentage (R;). The
value of activation energy (E,), as calculated from
Arrhenius type equation, was found to be 1.98 x 10°
kJ mol~" over the entire temperature range. The study also
revealed that the magnitudes of dynamic shear viscosity
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(n*) were higher than those of the steady shear viscosity (1)
at the four temperatures, indicating that the Cox—Merz rule
was not applicable to the ghee samples.

Keywords Ghee - Flow behavior index - Storage
modulus - Loss modulus - Cox—Merz rule

Introduction

Milk is highly perishable and often converted into various
stable food products by employing various value addition
techniques as it is well established that conversion of liquid
milk into various high value food products is more prof-
itable than the sale of liquid milk (Aneja et al. 2015). One
such value added product of Indian origin is Desi ghee.
Desi ghee is among the most popular traditional milk
products in Indian sub-continent. As per Food Safety and
Standards Authority of India (FSSAI) regulation (2011),
ghee is defined as the pure clarified fat derived solely from
milk, curd, butter or cream to which no coloring agent or
preservative is added. The CODEX Standard (2011) for
milk fat products states that ghee is a product exclusively
obtained from milk, cream or butter by adopting processes
which result in almost total removal of water and solids-
not-fat (SNF) with a typical flavor and texture. In the
present study, Desi ghee refers to the ghee processed from
milk, butter or cream obtained from indigenous (Desi) cow
of Indian origin. Desi ghee is regarded as an element
component of diet, being a rich source of energy, essential
fatty acids and fat-soluble vitamins like vitamin A, D, E,
and K. The Indian Ayurveda system of Medicine describes
Desi ghee as capable of increasing mental and physical
strength, improving vision and voice, complementing
digestion as well as supporting sound functioning of liver
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and kidney. Consumption of Desi ghee promotes human
longevity, and when consumed with medicinal and aro-
matic plants and herbs, it allows its functional components
to pass into deeper tissue levels enhancing their bioavail-
ability and efficacy in human body (Suryakumari et al.
2014). The Indian medicine system has been strongly
recommending potential use of Desi ghee for maintaining
good physical and mental health as well as treatment of
various health disorders like indigestion and improper
functioning of vital organs. Ghee is especially liked for its
convenience, since it can be added to hot food and served
without further cooking. Desi ghee is considered as one of
the wvital ingredients in food, pharmaceutical and
nutraceutical applications.

Ghee consists of a mixture of higher softening-point
fats, especially triglycerides (triacylglycerols) in crystalline
form, dispersed in a liquid with lower softening-point fats
(Gupta et al. 2015). In the process of ghee manufacturing,
cream undergoes a phase inversion during churning where
fat-globule membranes rapture, globules coalesce and oil
leaks out to form a continuous phase. This continuous
phase contains crystal aggregates along with remnants of
damaged and intact fat globules and the rheological prop-
erty of ghee is due to this 3-dimensional network of fat
crystals that are intimately associated with a continuous oil
phase.

Use of Desi ghee for garnishing or in course of prepa-
ration and processing involves alteration of its rheological
properties. Therefore, it is crucial to understand the rheo-
logical properties of Desi ghee for its optimum utilization.
Besides, rheological properties affect the sensory quality,
shelf-life, stability, bioavailability and overall texture of a
product during product development. The rheological
characteristics of a sample matrix at different temperatures
and shear rates provides an indication of extractability and
release kinetics for valuable bioactive and flavor compo-
nents from the sample matrix. Rheology of a substance can
be used primarily to map down the possible ways in which
sample matrix might behave when subjected to any change
in external environment that may be in form of pressure,
force, temperature etc., which is essentially the funda-
mental driving phenomenon behind most of the extraction
processes. However, there is no such literature regarding
rheological characterization of Desi ghee so far that can put
light towards extractability potential of Desi Ghee.
Therefore, the objectives of the present study are (1) to
investigate the rheological characteristics of Desi ghee
when subjected to varying conditions of shear rate and
strain at four temperatures (18, 24, 30 and 36 °C), (2) to
evaluate the best-fitted rheological model to predict the
experimental data, and (3) to analyze the temperature
dependency of the ghee in the above température range.
The study will be helpful to develop process technology for
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formulation of ghee based food products. Further, it is
expected that the study will indicate extractability-behavior
of aroma or flavor bearing component(s) when ghee is
subjected to an external force (shear) or thermal treatment
during its processing and storage.

Materials and methods
Sample preparation

Milk (4.3% fat, 8.5% solid-not-fat, 3.1% protein, 1.5%
lactose and 0.6% ash) collected from a particular cow of
Indian origin from Krishna Farm, Karnal, India was used
for preparation of ghee by Creamery-Butter method as
described by Ganguli and Jain (1973). The cream separated
from the milk was ripened up to 0.9% acidity and was
churned to obtain butter which was further clarified at
80-110 °C to obtain ghee. Prior to rheological analysis, the
samples were heated in an oven at 80 °C for 5 min to
destroy any crystal memory. The heated ghee samples were
removed from the oven and allowed to cool down to 4 °C
by subjecting to fast cooling at 10 °C min~' in order to
prevent crystal formation and were stored at 4 °C (Wiking
et al. 2009).

Rheological measurements

A dynamic rotational and oscillatory rheometer (MCR-302,
Anton Paar, Austria) with parallel plate type geometric
assembly was used to measure rheological properties of the
ghee samples. The proximate distance between the two
plates was maintained at 0.5 mm during experiments.
Special care was taken to minimize the effect of work
softening and air inclusion in the samples while loading on
the plate.

Steady shear properties
Flow behavior

Controlled shear rate mode was used to study the flow
behavior of ghee samples at four temperatures, i.e., 18, 24,
30 and 36 °C, considering the melting and softening range
of ghee in account as reported by Ramesh and Bindal
(1987). The ghee sample (1.0 ml) was placed between the
plates and measurement was started immediately. The
shear rate y was increased from 0.01 to 100 s™' to study
variation in shear stress T and dynamic shear viscosity #.
During the shearing, total 25 data points were generated
keeping time duration ramp-wise decrease. Each mea-
surement was replicated three times.
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The experimental values of shear rate and shear stress
data were fitted to four rheological models using Rheoplus
Software (32V3.62, Anton-Paar, Austria) through non-lin-
ear regression analysis.

Power-law or Ostwald-de Waele:

T =ky" (1)
Herschel-Bulkley model:
T=10+ky" (2)

Bingham model:

T="10+ky (3)
Casson model:

05 = 05 4 11(3))0‘5 )

where, 7 is the shear stress (Pa), 7 is the shear rate (s_l), n
is the flow behavior index (dimensionless), k is the con-
sistency index (Pa s"), 7o is the yield stress (Pa), and 7 is
the infinite shear viscosity (Pa s) (Steffe 1996).

The goodness of fit of the developed models was eval-
uated by determining coefficient of determination RZ,
standard deviation SD and relative deviation percentage R,;.
The value of R, was calculated by using following
expression (Srimagal et al. 2016).

1 N Texp.i — Tpre.i
Ry = NZ {P”}xloo (5)

i—1 Texp.i

where, 7.,,; and 1, ; are the experimental and predicted
values of shear stress (Pa), and N is the number of data
points. Generally, a model is considered acceptable, if the
value of Ry is below 10% (Das 2005).

Effect of temperature on dynamic viscosity

Viscosity directly affects flavor release potential as well as
flavor perception and sensory. Therefore, apparent viscos-
ity 5 of the ghee samples was determined within temper-
ature range of 18-36 °C. The heating rate was maintained
constant at 1 °C min~', keeping the shear rate constant at
50 s~ which is the shear rate in mouth (Bourne 2002). The
apparent viscosity measured at this specified shear rate
(y =50 s7!) was symbolized as s, for description of the
effect. The temperature dependency of the apparent vis-
cosity #sp at the specified shear rate was described by the
following Arrhenius type equation.

E_A
Nso = Noe®" (6)

where, 159 is apparent viscosity (Pa s) at shear rate 50 s~ ',
o is a constant (Pa s), E, is activation energy (kJ mol ™),
R is universal gas constant (8.3145 kJ mol~! K™ and Tis
absolute temperature (K). The fitness of the predicted

model was evaluated by calculating R?, SD and R, values
as described in “Flow behavior” section.

Dynamic shear properties
Strain sweep

The samples were subjected to dynamic oscillatory tests
with strain sweep from 0.01 to 100% at 6.28 rad s~ ' to
identify linear viscoelastic region. The time duration for
data points was decreased logarithmically so as to increase
accuracy and adaptability of the samples to increasing
strain; giving longest time to generate first data points and
subsequently shortening the duration with progress of the
sweep.

Frequency sweep

Frequency sweep tests were conducted in range of 0.1 to
100 rad s~ " in order to plot mechanical spectra within the
linear viscoelasticity regions identified for the four selected
temperatures. Storage modulus G’ and loss modulus G”
were determined as a function of frequency. Loss tangent
tan O, a dimensionless number giving clear indication of
whether a material behaves as solid or liquid-like, was
calculated according to the following equation (Steffe
1996).

1
tand = el (7)
The overall response of the samples to the sinusoidal
strain was calculated from complex modulus G~ and
complex viscosity 1" as below (Yilmaz et al. 2011).

G — [(G,)Z—&-(G”)ZF (8)
n= % 9)

where, o is the angular frequency (rad s™).

Plots of @ versus G’ and G” were subjected to non-linear
regression and the magnitudes of intercepts (K’, K” and
K"), slopes (n, n” and n") and R* were determined from the
raw data according to the following equations (Yilmaz
et al. 2011).

G =K'(w)" (10)
G" = K"(w)" (11)
=K ()" (12)
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Applicability of Cox—Merz rule

Correlations between values of oscillatory shear parame-
ters (complex viscosity 5 and angular frequency ) and
steady shear parameters (apparent viscosity n and shear
stress y) were established by using Cox-Merz rule
(Juszczak et al. 2004). The Cox—Merz rule is used to pre-
dict steady shear viscosity from complex shear viscosity
and vice versa (Steffe 1996).

n (@) = 1), (13)

Results and discussion
Steady shear properties
Flow behavior

The flow curves (shear stress ¢ and shear rate y) for the
ghee samples at the four selected temperatures are shown
in Fig. 1. The values of ¢ increased from 8.14 to 54, 1.05 to
20.01, 0.295 to 13.3, and 0.002 to 3.02 Pa at 18, 24, 30 and
36 °C, respectively with increase in the values of y from 0
to 100 s~'. From the figure, it is clear that the slopes of the
flow curves decline gradually indicating that the flow
behavior of the ghee samples tend to shift from pseudo-
plastic to Newtonian nature with increase in temperatures
and shear rates. The shift towards Newtonian flow became
more apparent with increase in temperature as evident from
the flow curves at 30 and 36 °C. This behavior might be
due to the temperature induced reduction in flow resistance
in the fat rich sample matrix as observed for soybean,
sunflower, olive and rapeseed oils (Santos et al. 2005). The
authors reported that soybean, sunflower, olive and rape-
seed oils exhibited the Newtonian behavior at shear rates
higher than 10 s~ when temperature increased from 10 to
80 °C. The pseudo-plastic nature is often displayed by
many biological materials that are structurally phase

60
18°C —#-24°C ——30°C ——36°C

(%3
IS

'S
=)

Shear stress 7 (Pa)
[y} w2
(=3 (=3

o

A

=}

0 10 20 30 40 50 60 70 8 90 100
Shear rate y (s!)

Fig. 1 Flow curves of Desi ghee samples at 18, 24, 30 and 36 °C
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stable when subjected to an external force (Citerne et al.
2001; Mossaz et al. 2010). This highly temperature
dependent structural behavior indicates that ghee could be
modified easily for extraction of selective components such
as flavor compounds like lactones as well as bio-active
compounds like conjugated linoleic acid by careful selec-
tion of extraction parameters comparative to structurally
complex, dense packed sample matrix.

Figure 2 shows the shear rate y and dynamic viscosity #
relationship of the ghee samples at the four selected tem-
peratures 7. The value of # decreased with increase in
value of y at all four temperatures. Similarly, the value of 5
decreased from 54 to 8.14, 20.01 to 1.05, 1.33 to 0.295 and
3.02 to 0.0025 Pa s at 18, 24, 30 and 36 °C, respectively as
value of y increased from 0 to 100 s™'. The decreasing
trend in the value of # of the samples with increasing value
of y and T might be due to the reduction in fluid resistance
of the sample matrix. This shear thinning, pseudo-plastic
behavior and viscosity independency at higher shear rate is
common phenomenon with fat rich biological materials.
Similar results were reported for milkweed oil (O’kuru and
Carriere 2002), beef tallow, grease, poultry fat and yellow
grease (Goodrum et al. 2003), canola, corn, grapeseed,
hazelnut, olive, soybean, and sunflower oils (Kim et al.
2010), and rapeseed oil (Liu et al. 2012). Selective change
in viscosity of Desi Ghee under shearing can be applied to
control and enhance migration of flavor components due to
decreased inhibition as reported in similar studies by
Lubbers and Butler (2010) for dairy custards and De Roos
(2000) for stirred aqueous solutions with carboxymethyl-
cellulose (CMC).

Rheological modelling

Table 1 describes the rheological and statistical parameters
of the four models (Ostwald-de Waele or Power-law,
Bingham, Herschel-Bulkley and Casson) fitted to the
experimental data. The values of flow behavior index n for
all the samples at the four selected temperatures were

1000 .

18°C  —=-24°C —-30°C ——36°C
100

Shear rate y (s™)

40 60 100

Dynamic viscosity # (Pa.s)

0.1

0.01

Fig. 2 Shear rate and dynamic viscosity relationship of Desi ghee at
18, 24, 30 and 36 °C
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I’Ir‘::)l()ileei iofsizgz:tzg drl:;l;:g:j}l Model name Model parameters Temperature (°C)
parameters 18 24 30 36
Ostwald-de Waele (or Power-law) k (Pa s") 14.075 1.372 0.558 0.086
n 0.302 0.463 0.521 0.89
R’ 0.928 0.934 0.908 0.041
SD 3.742 0.616 0.687 0.765
Bingham k (Pa s™) 0.756 0.516 0.131 0.038
7o (Pa) 5.115 1.696 0.083 0.001
R? 0.370 0.814 0.791 0.645
SD 11.109 2.310 1.038 0.465
Herschel-Bulkley k (Pa s™) 18.858 3.826 0.485 0.046
n 0.224 0413 0.561 0911
7o (Pa) —3.978 1.384 0.021 0.001
R? 0.958 0.962 0.927 0.739
SD 2.845 1.175 0.612 0.399
Casson n (Pas) 0.474 0.496 0.101 0.041
7o (Pa) 5.232 3.895 0.072 0.001
R? 0.509 0.898 0.888 0.558
SD 9.806 2.041 0.757 0.519

found to be less than unity (n < 1), indicating non-New-
tonian shear thinning behavior of the ghee samples. How-
ever, for all the samples, as the temperature increased from
18 to 36 °C, the values of n increased from 0.224 to 0.911
for the selected models. Thus, it inferred that the flow
behavior of ghee experienced a shift from non-Newtonian
to slightly Newtonian behavior with increase in tempera-
ture as shown in Fig. 1. However, reverse was observed for
the consistency coefficient £k which decreased with increase
in température. The values of k using the four selected
models for all the samples decreased from 14.07 to 0.046
as the temperature increased from 18 to 36 °C (Table 1).
This behavior could be explained on the basis of subse-
quent reduction of fluid viscosity and shifting of the flow
behavior from yield pseudo-plastic to Newtonian nature
with increase in temperature. Similar trends were reported
for unrefined pollock oil (Sathivel et al. 2008) and salmon
oil (Huong and Sathivel 2008) in earlier studies.

Table 1 also shows that the values of yield stress Ty, as
calculated using the four rheological models, decreased
from 5.115 to 0.001 Pa with increase in the température
from 18 to 36 °C. The reason behind low yield stress might
be due to weaker network and soft gel matrix of the ghee
sample at higher temperature which makes Desi Ghee
sample matrix extractive compared to other compact
matrices.

The estimated statistical parameters such as coefficient
of determination R2, standard deviation SD and relative
deviation percentage R; were compared in order to judge
the best-fitted rheological model. As shown in Table 1,

Ostwald and Herschel-Bulkley model have R’ values
0.928 and 0.958, 0.934 and 0.962, 0.908 and 0.927, 0.041
and 0.739, respectively at 18, 24, 30 and 36 °C. Similarly,
the values of SD for the two models at the four selected
temperatures are 3.742 and 2.845, 0.616 and 1.175, 0.687
and 0.612, and 0.765 and 0.399 respectively. The values
indicated that Ostwald and Herschel-Bulkley models fit the
experimental data at lower temperatures as indicated by the
higher Rz, lower SD and lower R, values. The values of R’
and SD for Bingham and Casson model ranged between
0.370 to 0.898 and 11.109 to 0.465, respectively at the four
selected temperatures. The estimated R values for all the
models at 36 °C were low, the highest being 0.739 for
Hershel-Bulkley model. At 18 °C, despite
R%ImhelfBulklev > R(Z}Wald, the negative value of 7, was
estimated by Herschel-Bulkley model which had no rhe-
ological significance and hence, was not considered suit-
able for use at this temperature. Similar negative values of
7o were reported by some authors. Yilmaz et al. (2011)
obtained negative yield stress values at 10 and 20 °C for
processed cheese whereas Taghizadeh and Razavi (2009)
observed negative yield stress values for pistachio butter at
45 and 65 °C while fitting Herschel-Bulkley model. In
view of the above, it is obvious that ghee samples were
highly temperature dependent. Among the four selected
models, no model was suitable to predict the experimental
data accurately at higher temperatures. Ostwald model
showed the best-fitting of the data at 18 °C, whereas Ost-
wald and Herschel-Bulkley models were fitted accurately
within the temperature range of 24-30 °C comparatively.
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Effect of temperature on dynamic viscosity

Effect of temperature on dynamic viscosity #sy, was ana-
lyzed by using Arrhenius type expression. Figure 3 shows
the effect of temperature on the value of sy at y = 50 s~
(shear rate in mouth) with heating rate 1 °C min~'.The
figure shows that increase in temperature from 18 to 36 °C
led to 10 times decline in 15y value (0.5-0.04 Pa s).

The declining trend in the values of 55y associated with
temperature might be due to the increased intermolecular
distances, caused by thermal expansion and high kinetic
energy, among the constituting particles which are basi-
cally composed of saturated triglycerides and fatty acids.
Similar observations were reported by Nik et al. (2005) for
coconut, canola, sunflower, corn and superlein oils and
Franco and Nguyen (2011) for olive, peanut and soybean
oils.

Linear regression analysis was applied to logarithmic
form of Eq. (6) in order to determine the parameters
associated with the Arrhenius expression. The estimated
value of Arrhenius model constant 7 and activation energy
E, were 0443 Pa s and 1.983 x 10° kJ mol ™!, respec-
tively. The high value of R? (0.985), low value SD (0.0258)
and R, (1.243) indicated that the Arrhenius model could
accurately predict the temperature dependency of the vis-
cosity data for the ghee samples. Similar decreasing trend
in viscosity with increase in temperature was reported for
fat rich rapeseed and salmon oil by Liu et al. (2012) and
Huang and Sathivel (2008), with the values of E4 as 29.0
and 51.3 kJ mol™', respectively. Temperature directly
affects the intermolecular bonding, partition coefficient and
aroma release kinetics as reported by Seuvre et al. (2008)
in dairy custard.

Structurally, responsible flavor components in Desi ghee
are a mixture of free fatty acids (FFAs), lactones and
carbonyl compounds present in close association with
triglycerides and other fat molecules. Flavor of Desi ghee
is released when there is a temperature beyond the melting

0.6
0.5 o

0.4 ‘ °..

0.3 Y

0.2 ®-9.

0.1

Dynamic Viscosity 1 (Pa.s)

0
290 295 300 305 310 315

Temperature 7 (K)

Fig. 3 Effect of temperature on dynamic viscosity of ghee sample at
shear rate 50 s~
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range of these compounds with subsequent change of vis-
cosity (Ganguli and Jain 1973).

Viscoelastic properties
Amplitude sweep test

The storage modulus G’ means the magnitude of the energy
stored in a material or recoverable per cycle of deforma-
tion, whereas loss modulus G” expresses the energy that is
lost from a material at viscous dissipation per cycle of
deformation. Linear viscoelastic region (LVR) denotes the
conditions in which the applied external force will not alter
the phase stability or lead to structural breakdown of a
material. Figure 4 shows the variation of G’ and G” with
respect to the increasing strain for the ghee samples at the
four selected temperatures. The figure could be divided into
three phases i.e., (1) stable phase/linear viscoelastic region,
where values of G’ and G” remained constant with increase
in strain; (2) transition phase, where values eventually
reached cross-over flow point (G'= G”), and (3) inversion
phase, where G”> G'. The figure shows that the ghee
samples exhibited narrow range of LVRs at the four
selected temperatures. The calculated upper limit values of
LVRs for the four selected temperatures are presented in
Online Resource-1 (ESM-1).

For the entire range of strain sweep, the values of G’ and
G" decreased with increasing strain value from 0 to 100%
at the four selected temperatures. Hyun et al. (2002)
observed similar behavior while studying the rheological
properties of polysaccharide fluids such as polyvinyl
alcohol, hyaluronic acid, borax and Xanthin gum. Citerne
et al. (2001) studied the strain sweep for peanut butter and
observed the similar behavior.

1.00E+04

. G'(18°C) G"(18°C)
<
S = GQ4C) —=—G"(24°C)
&}
LO0E+03 | —#GIB0TC) -©- G'G0°C)
——G'(36°C) —a—G"(36°C)
1.00E+02

Shear strain %

1.00E-01

Fig. 4 Variation of storage modulus G’ and loss modulus G” with

shear strain of the ghee samples at 6.28 rad s~ at 18, 24, 30 and

36 °C
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However, despite the value of G’ being greater in
magnitude than the G” at initial stage (Fig. 4.), the samples
displayed narrow linearity range which was indicative of it
being a soft material, owing to high fat content compara-
tive to peanut butter and other similar products. While
analyzing Fig. 4, it was observed that the values of G’ and
G” were practically constant in a very narrow linear vis-
coelastic region (LVR) where the values of strain were
varied from 0.01 to 0.1% at 18 and 24 °C. However, such
region was not observed at higher temperatures. The cross-
over points, where G’ = G”, as obtained, were 162.63,
12.6, 3.72 and 4.23 Pa, respectively at 18, 24, 30 and
36 °C. As shown in the figure, the decline in the magnitude
of G’ displayed gradual breakdown of the matrix which
was indicative of spreadable nature of the ghee samples.
Bruno and Moresi (2004) studied the variation of G’ and
G" of fat rich sausages with respect to temperature and
shear strain and observed the similar behavior.

Frequency sweep test

Figure 5 shows variation in G’ and G” as a function of
angular frequency w for the ghee samples at the four
selected temperatures. The figure shows that at 18 and
24 °C, the values of both G’ and G” increased slightly with
increase in the value of w. Further, at these temperatures,
the magnitude of G’ was higher than the value of G” for the
entire frequency sweep. The calculated values of G’ ranged
from 1.12 x 10° to 2.33 x 10° and 7.69 x 10" to
2.8 x 10% Pa at 18 and 24 °C, respectively; whereas the
values of G” varied from 7.24 x 10% to 7.49 x 10 and
0.72 x 10" to 4.6 x 10" Pa at 18 and 24 °C. This inferred
that in linear viscoelastic range, the elastic properties
dominated over viscous properties for the ghee samples at
18 and 24 °C, and it remained phase stable in the entire
LVR range. However, at 30 °C, the values of G' and G”
ranged from 2.42 x 10" to 2.2 x 10% and 1.15 x 10' to

1.00E+04 G'(18°C) G"(18°C) —=m—G'(24°C) —8-G"(24°C)

—-G'(30°C) ——G"(30°C) —4—G'(36°C) —&—G"(36°C)

1.00E+03 |

1.00E+02

G', G" (Pa)

1.00E+01

1.00E+00 &

Angular frequency o (rad.s!)

Fig. 5 Frequency sweep test showing variation in G’ and loss
modulus G” of the ghee samples at 18, 24, 30 and 36 °C

1.4 x 10" Pa, respectively with no zone of consistent dif-
ference. The values of G’ and G” crossed over throughout
LVR range with values of G” > G’ in lower frequency
range, indicating uncross-linked structure, phase inversion
and frequency independent nature of the ghee samples at
36 °C. Unlike dense packed sample matrix, highly
changeable elastic to viscous nature of ghee, indicative of
soft, easy to work upon matrix makes it comparatively
extractable for selective component extraction. Similar
behavior of G’ and G” under frequency sweep was reported
for peanut butter (Citerne et al. 2001), butter and spreads
(Borwankar et al. 1992) and plain butter (Rgnholt et al.
2012).

As there was slight increase in G’ and G” with fre-
quency, indicating slight visco-elastic nature, plots of
angular frequency  versus G’ and G” data at 18, 24, 30
and 36 °C were subjected to non-linear regression analysis
with a power law function and the values of intercepts (K,
K" and K*), slopes (#/, n” and n”) and R? are summarized in
Online Resource-2 (ESM-2). From the values of K, K", K,
7', n” and n”, it can be concluded that the power law
function is not applicable for predicting the value of G’ at
36 °C, where the parameters varied rather in linear manner
with respect to each other. As observed by low R? values,
the power law did not fit well to predict the values of G”,
except at 24 °C. The negative value of n” for G” at 18 °C
might be due to slippage of sample particles during
experimentation. High values of R” for complex viscosity
11* were estimated at 18, 24 and 30 °C, but it was not
observed at 36 °C. It indicated that power-law type func-
tion was not adequate to describe the viscoelastic beha-
viour of ghee sample.

Verification of Cox—Merz rule

Cox—Merz rule states that the dynamic shear viscosity 7"
becomes nearly equal to the steady shear viscosity # when
angular frequency equals the shear rate. In order to
examine the applicability of the Cox—Merz rule (Eq. 13),
the values of apparent viscosity # and complex viscosity n*
of the ghee samples as obtained from the flow curve in
controlled shear rotational test and frequency sweep
oscillatory test were compared. It was observed that the
magnitudes of #* were higher than those of n at all four
temperatures studied, indicating that the Cox—Merz rule
was not applicable to the ghee samples as shown in Online
Resource 3 (ESM-3). The reason behind non-applicability
of Cox-Merz rule might be due to the weak network and
unstable nature of the ghee matrix at higher temperatures
and shear rates. Similar behavior was reported by Oroian
et al. (2013) for Spanish honey and Yilmaz et al. (2011) for
commercial tomato ketchup samples.
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Conclusion

Rheological characterization indicated that the ghee sam-
ples were non-Newtonian in nature with viscoelastic
properties at the flour selected temperatures. It was shear-
thinning fluid with exhibition of yield stress, indicative of
structural network due to thermal properties of fat present,
which declined with influence of temperature. The vis-
cosity of the ghee samples was highly temperature
dependent and decreased with increase in temperature. The
amplitude sweep indicated spreadibility and absence of
micro-crack formation phenomenon in deformation. The
frequency sweep showed that the phase stability in terms of
physical state was highly temperature dependent. With
increase in temperature, the storage modulus G’ declined
rapidly while the viscous nature tend to increase, as indi-
cated by values of loss modulus G”.
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