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Milk adulteration, especially by adding urea, is one of themajor health concerns. In this work, we report a dielec-
tricmethodology to detect the existence of polar adulteration like urea andwater inmilk. Themicrowave dielec-
tric spectra of wholemilk, skimmilk and theirmixture with varying contents of water or ureawasmeasured. An
obvious dielectric relaxationwas observed for these systems. The dielectric relaxations werewell represented by
the superposition of two relaxation processeswhich are attributable to freewater andwater adsorbedon protein,
urea-water co-clusters and urea-water co-clusters adsorbed on protein for both milk-water systems, urea aque-
ous solution and both urea-milk systems respectively. The relaxation of lower frequencywas identified as the di-
pole orientation polarization of water or urea-water co-clusters adsorbed on protein inmilkmixtures. Significant
differences in dielectric parameters, relaxation time and relaxation strength, between these systems were ana-
lyzed by comparing between skim and whole milk with different water contents and among water, skim and
whole milk with different urea contents. The results show that microwave dielectric spectroscopy may provide
a way or a choice for monitoring of water and urea in adulterated milk.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Milk is an essential component of a healthydiet for all age groups be-
cause it contains fat, protein, andmineral, which are themajor elements
required for growth [1]. Moreover, dairy products as a major food on
dining tables also make from milk. Therefore, the assessment of milk
quality is of critical importance. Protein and fat contents in milk are im-
portant quality parameters that characterize its nutritional value. To
some extent, their content determines the value of the milk for pay-
ment. Accordingly, in order to obtain more profit, dishonest seller or/
and some farmers would adulterate milk with urea or water to increase
its protein content or its volume [2–5]. However, milk adulteration not
only reduces its nutritive value but also harms consumers, what ismore,
it may lead to devastating diseases [6].

Several conventional chemicalmethodshave been developed for de-
tecting the contents of fat, protein and urea in milk [7–10]. In recent
years, some physical means are also utilized to determine the compo-
nents of milk, especially fat content, such as, visible light scatter,
short-wave near-infrared spectra, digital imaging technology [11–14].
The contents of fat and protein inmilk can also be determined by simple
and rapid methods, such as laser light scattering technology and quartz
influence of water and urea on
scopy. It may be helpful to the
ilk adulteration.
crystalmicrobalance [15,16]. About the adulteration ofmilk, various de-
tection methods have been reported for a long time [17–20]. The
methods mentioned above actually just gave chemical information on
milk or adulterated milk, such as, the contents of fat, protein and/or
other substances. However, the information on the complex interac-
tions between water and protein, water and impurities has not been
provided, and insight into special microstructure of water, like water
clusters and special colloidal structures of whole milk cannot be given
by chemicalmethods. However, the answers to such questions is crucial
to understanding the metabolic processes, such as lipolysis and absorp-
tion of milk fat and postprandial lipemia [21].

Dielectric spectroscopy (DS) is believed to be one of the highly desir-
able methods to explore the special structures of water cluster andmilk
colloidal structure, because it is very sensitive to molecular polarization
or collective dynamics. In recent years, DS has been widely applied in
the field of food research [22–26]. It is well known thatmilk can be con-
sidered as a colloidal dispersion that fat or lipid globule as oil phase dis-
persed in the water phase. However, a matter worthy of reflection, for
such a heterogeneous systemwith huge phase interface, there is no dis-
tinct dielectric relaxation caused by interface polarization can be ob-
served in the radio frequency range. For this reason, the dielectric
researches of milk in the radio frequency range were rather limited,
and most of dielectric measurements of milk were focused on micro-
wave range [27]. In recent years, Guo and Zhu reported the researches
on the dielectric properties of raw cow's and goat's milk and their tem-
perature, protein or water contents dependence [28–30]. They pointed
out that the dielectric parameters can help to evaluate milk's quality
during the storage of milk and dairy processing.
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Milk is colloidal solutions in which fat dispersed in the watery solu-
tion of mineral salts and proteins as previously described. Urea [CO
(NH2)2], as an end product of nitrogen metabolism in mammals, is
also included in natural milk. This is because it is a small molecule and
water soluble and can readily diffuse across mammary tissue into milk
[31,32]. Both urea and water are very similar in structure. Understand-
ably, a large number of water molecules in naturalmilkmaybe interacts
with very little urea molecules, forming special water-urea cluster
structure as shown in Fig. 5b. Such clusters may be cause dielectric re-
sponses in the microwave range. The dynamic features of urea–water
clusters and bulk-water cluster can be differentiated from the dielectric
relaxation time. While the relaxation strength can measure water con-
tent in milk [22]. Some relevant studies have been reported [33–36],
such as, Hayashi Y. et al. measured aqueous urea solutions of varying
concentration at a frequency range from 200MHz to 40 GHz and attrib-
uted the observed two relaxation processes to bulk-water clusters and
urea-water co-clusters respectively [33]. They also studied the dielectric
properties of the solvent protein/glycine betaine dissolved in aqueous
urea solutions and discussed the interactions between urea and pro-
tein/glycine betaine [34,35]. There are other many researches that re-
ported the effect of urea on the structural dynamics of water [36,37].
Besides urea, the dielectric properties of low-molecular-weight non-
electrolytes, such as formamide and alcohol, have also been studied
[38–40].

From above studies, we get inspiration: whether the urea in milk
where water occupies a considerable proportion also affects water-
cluster structure and its biochemical functions in protein metabolism.
Firstly, what is the differences in dielectric relaxation behavior between
urea-water solution and urea-milk solution. In addition, how will add
water and urea into natural milk or pure milk from the market changes
their dielectric properties? In this paper, themicrowave dielectric spec-
tra of whole milk, skimmilk and their mixture with varying contents of
water or urea has been measured.

However, as mentioned above, the most common adulterated milks
are done by adding water or urea, scientifically this is because both
water and urea are polar substance and similar in structure, and they
tend to mingle with milk which is made up primarily of water. There-
fore, the similarity in dielectric behavior of urea-milk and water-milk
may make it difficult to detect and distinguish them quantitatively.
The main objectives of this study are to evaluate the effect of urea con-
tent on dielectric parameters and thereby detect the adulterating de-
gree and try a new way for monitoring of urea in adulterated milk.
We also hope this study can provide an important piece of information
on the relaxation dynamics of these food systems which have never
been studied bydielectric spectroscopyby investigating the interactions
between the water/urea and protein in milk.

2. Materials and methods

2.1. Materials and reagents

Wholemilk or defattedmilk (skimmilk) bought from a local market
is themost popular types produced and consumed in China. Their water
content is about 88% and 92% respectively estimated by the ingredients
on the label ofmilk. Ureawas analytical grade and obtained fromBeijing
Chemical Co. Ltd., China. Thewater used in this work is deionizedwhich
was produced by RiOs-water system (Millipore Corp., America).

2.2. Preparations of samples

2.2.1. Preparations of milk-water mixtures
A series of the “milk-water mixture solution”with following volume

ratio of milk (whole milk and skim milk) to water were prepared: 1:0,
3:1, 2:1, 1:1, 4:5, 2:3, 4:7, 1:2, 1:3, 1:4, 1:5, 1:8, 1:10, 0:1. The samples
were placed for about 30 min before dielectric measuring.
2.2.2. Preparations of milk-urea and water-urea mixtures
Milk-urea mixture and water-urea mixture with different urea con-

tents, including 15, 30, 75, 150, 300, 750, 1500 mg/100 mL respectively,
were prepared by addingurea into thewholemilk, skimmilk andwater.
Before dielectric measurements, the solutions were well shacked and
placed for 15 min.

2.3. Dielectric measurements

Dielectric measurements were performed in a frequency range from
100 MHz to 40 GHz by Agilent E8362B PNA series network analyzer
(Agilent Technologies, made in America) equipped with an Agilent
85070E open-ended coaxial probe (Agilent Technologies, made in
America), All measurementswere carried out in the temperature of lab-
oratory about 288 K (±0.2 K) during the experiment. The permittivity ε
and total dielectric loss ε″were automatically calculated as functions of
frequency by the built-in software of this measuring system, whichwas
calibrated in accordance with the procedures recommended by the
manufacturers.

2.4. Analysis of dielectric data

In an applied electric field of angular frequencyω (=2πf, f ismeasur-
ing frequency), the dielectric property of a material, including aqueous
solutions can generally be characterized in terms of the complex per-
mittivity by the Cole-Cole equation:

ε� ωð Þ ¼ ε0 ωð Þ− jε″ ωð Þ ¼ εh þ
X
g

Δεg
1þ jωτg

� �βg
ð1Þ

where j is the imaginary unit, εh is the high-frequency limit of permittiv-
ity, Δεg and τg (=1/(2πf0g), f0g is the characteristic relaxation fre-
quency) indicate the relaxation strength and relaxation time of the
gth relaxation, respectively; βg(0 b βg ≤ 1) is the Cole–Cole parameter
related to the distribution of relaxation time.

The curve-fitting was carried out by the Levenberg-Marquardt
method to minimize the sum of the residuals for the real part ε′(ω)
and the imaginary part ε″(ω) of the complex permittivity:

χ ¼
X
i

ε0e ωið Þ−ε0t ωið Þ½ �2 þ
X
i

ε00e ωið Þ−ε00t ωið Þ½ �2 ð2Þ

where the subscripts e and t respectively refer to experimental and the-
oretical values, and ωi is ith angular frequency.

The ε′(ω) and ε″(ω) in Eq. (1) are the real and imaginary part of
complex permittivity, ε″ also known as dielectric loss, they are de-
scribed as, respectively:

ε0 ωð Þ ¼ εh þ
εl−εhð Þ 1þ ωτ0ð Þβ cos πβ=2ð Þ

h i

1þ 2 ωτ0ð Þβ cos πβ=2ð Þ þ ωτ0ð Þ2β
ð3Þ

ε″ ωð Þ ¼ εl−εhð Þ ωτ0ð Þβ sin πβ=2ð Þ
1þ 2 ωτ0ð Þβ cos πβ=2ð Þ þ ωτ0ð Þ2β

ð4Þ

3. Results and discussions

3.1. Dielectric spectra of milk-water mixtures

Figs. 1 and 2 show the typical dielectric spectra for whole milk and
skim milk of adding different water content. The volume fraction of
addingwater to themilk-water mixture change from 25% to 91%, 0% re-
fers to pure whole milk or skimmilk, 100% represents pure water. From
the two results, a single dielectric loss peak for Figs.1(b) and 2(b) and a
relaxation platform for Figs. 1(a) and 2(a) around 16 GHz can be easily
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Fig. 1. Dielectric spectra of whole milk-water mixture with varying added water contents at 288 K. (a) and (b) are the real and imaginary parts of the complex permittivity respectively.
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seen at first sight for all water contents. The locations of the loss peaks
were slightly shifted toward higher frequencies with added water con-
tent increasing, and the static (low-frequency) permittivity significantly
(whole milk) or slightly (skim milk) increased with adding water. That
is, their relaxation time shortened and relaxation strength increased
with adding water. The characteristic relaxation frequency f0 of both
systems are basically the same, indicating the dielectric relaxation for
the two milk-water mixture systems occurred in the same mechanism,
or due to the same relaxation dynamics. The value of f0 is about 16 GHz
for both milk systems (slightly lower than 20 GHz of pure water at 20
°C), corresponding to a relaxation time of 10 ps which is slightly longer
than 9.67 ps of pure water at 288 K [41]. It was reported the relaxation
time of free water increases if solute molecules reduce the free volume
of freewater [42]. Therefore, thismay be the result of the contribution of
water adsorbed on the other constituents of milk i.e., proteins, lactose
etc., to this relaxation [43]. This will be discussed later.

The dielectric spectra for pure whole and skimmilk are close to that
of pure water with dilution of pure whole and skim milk respectively,
this is reasonable enough and in good agreement with that reported
by A.C. Nunes [27]. What is interesting is the difference between
whole milk and skimmilk. For whole milk (Fig. 1), the strength and re-
laxation time of both changed clearly with the dilution, while the
change was not obvious for skim milk (Fig. 2). Fig. 3 shows the differ-
ence of the relaxation strength Δε between whole and skim milk,
which is obtain by fitting the data in Figs. 1 and 2. It was found that
Δεskim (67) of skim milk is much larger than Δεwhole (48) of whole
milk. It may be because the whole milk contains fat globular which is
mainly composed of weak-polarmolecules. The permittivity of fat glob-
ular is much smaller than that of water. The presence of fat globular in
whole milk dilutes the water's permittivity [27]. And it was reported
that such effects are nonlinear to the volume fraction of the fat globular
[44–50]. There is another reasonwhichmay be due to thewater content
of whole milk smaller than that of skim milk. The permittivity values of
wholemilk obtained herewere a little lower than those reported by A.C.
Nunes et al. [27], Xinhua Zhu et al. [51]. The difference might be caused
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Fig. 2. Dielectric spectra of skim milk-water mixture with varying added water contents at 288
by other different compositions. It was also observed Δεwhole increased
more rapidly than Δεskim as added water content increasing, and when
water content reached to 100%, both Δεskim and Δεwhole are equal,
about 75. It indicated the difference ofwater and fat content in both sys-
tems are reduced with adding water content.

The relaxation strength for both whole and skim milk increased as
adding water. This may be because when the water's molar fraction of
the system is reached 83%, the structure ofwater clusterwill be changed
from chainlike cluster to cyclic cluster and the relaxation intensity will
significantly increases with the increase of water content [52,53]. And
the water's molar fraction of both milk systems is N83%,hence the
main structure of water cluster in milk may be cyclic cluster as shown
in Fig. 5a. Furthermore, according to Cavell equation [54] which de-
scribes the relation between dielectric strength and concentration of
the dipoles in the system, the relaxation strength closely relates to the
number of dipole moments, i.e. the water molecule in unit volume.

2εl þ 1
εl

Δεi ¼
NAci
kBTε0

μ2
i ð5Þ

where εl is the permittivity at low-frequency limit; ε0 is the permittivity
of vacuum;NA, kB, and T are theAvogadro constant, Boltzmann constant,
and absolute temperature, respectively; ci and μi is themolar concentra-
tion and dipolemoment of the species i inmixtures, respectively. There-
fore, the relaxation strength Δεf caused by free water is proportional to
the amount of free water cf in milk:

c f
cw

¼ Δε f

Δεw
ð6Þ

where Δεw and cw (g/cm3) are the relaxation strength and density of
pure water respectively. Base on Eq. (6), we can deduce the concentra-
tion of water molecules contributing to the bulk water relaxation
[55,56]. The number of free water per unit volume in milk increased
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K. (a) and (b) are the real and imaginary parts of the complex permittivity respectively.



Fig. 3. Added water-content dependence of the relaxation strengths for whole and skim
milk.

Fig. 4. Curve fittings results using Eq. (1) for whole and skim milk with different added
water-content. The red and blue plots show the experimental data of whole milk and
skim milk respectively; the red and blue dotted lines and arrows show the relaxation
processes for corresponding bound water respectively. The dielectric loss of bound
water is presented by the ordinate in right side.

40 K. Zhao et al. / Journal of Molecular Liquids 273 (2019) 37–44
with the addition of water, leading to the increase of cf, thereby Δεf also
increased and eventually approached to that of pure water.

3.2. Interaction between water and protein

The dielectric spectra of Figs.1 and 2 showed an imperfect Debye re-
laxation: the permittivity-frequency curves demonstrated a small dis-
tribution and the dielectric loss peaks are somewhat asymmetrical. To
make clear the reasons and clearly demonstrate the difference between
whole and skim milk-water mixture systems, the curve fitting for both
systems with the assumption of two Debye-type relaxation processes
given in Eq. (1) was carried out. Fig. 4 shows the typical results of
curve fitting using Eq. (1) for whole and skim milk with different
water-content.

As seen in Fig. 4, the dielectric loss spectra of both milk mixture sys-
tems contain lower-frequency relaxation process located between
about 2 and 8 GHz and its relaxation strength much less than that of
main relaxation at 17 GHz. Both relaxation process may be ascribed to
the orientation polarization of the water adsorbed on protein and free
water, respectively [43,57,58]. It is obvious that the relaxation frequency
(or relaxation time) of the main relaxation for both milk systems is the
same irrespective ofwater-content, but the relaxation strength ofwhole
milk is lower than that of skim milk for the same added water-content.
Thismay be because thewater content of purewholemilk is lower than
pure skim milk. The number of free water in whole milk therefore was
less than that of skim milk. Some studies also report the relaxation
strength of free water is usually increase with the water content.
[56,59] Besides, fat having much a smaller dipole moment than water,
the presence of fat in whole milk may be dilutes the permittivity of
free water. [27] And because of that, the difference was reduced with
the dilution of milk and tended to the same. The water molecules
adsorbed on proteins responded to the ac electric field is more slowly
and the sub-relaxations from the orientation polarization appear in
lower frequency range as seen in Fig. 4 (a detailed comparison is in
Supporting Information (SI) A).

The proteins have awider variety of chemical groups, a largermolec-
ular weight and various polar and apolar groups in close proximity [60].
And it has been speculated that this will simultaneously and effectively
restrain water motions [61]. There are many studies reported that the
relaxation process ascribed to coupled protein–hydration water mo-
tions has characteristic frequency from ∼10 MHz to ∼10GHz at room
temperature [55,62–65]. Therefore, we believe the sub-relaxation may
be mainly cause by the water molecules adsorbed on the protein of
milk [43,57,58]. It can be observed that the strength and time of this
sub-relaxation change with the dilution of the milk. Peculiarly, the re-
laxation time was shortened (relaxation frequencies shifted to the
higher frequency as indicated by arrows) with adding water to the
milk, showing that the orientation motion of the bound water became
freer. Other research also supports the relaxation time of bound water
is reducing along with the increasing of water content [60,66–68].
This indicated that the rotation of the bound water became easy and
time for dipole orientation was reduced because of the viscosity of
both systems lowered by adding water. In addition, the strength of the
sub-relaxation for skim milk is slightly larger than that of whole milk
for the same water content, and so does the relaxation frequency.
Since the sub-relaxation is mainly caused by water linked with the
non-condensed hydrophilic residues of protein through hydrogen
bonds [43] as shown in Fig. 5d.The milk used in this study is homoge-
nized pasteurized milk. In whole milk, some casein and whey proteins
may get embedded in fat globular surface after homogenization as
shown in Fig. 5c and d [69]. And the total surface area of protein contact
with water molecules is reduced compared to skim milk. This also
shows that the dipole orientation polarization of water adsorbed on
protein occurs more easily in skim milk than in whole milk at a given
temperature. Because the hydrophilic of protein in skimmilk is stronger



Fig. 5. (a) the structure of water clusters in milk, (b) the structure of water-urea clusters, (c) organization of homogenized whole milk, (d) interfacial organization of fat globular in
homogenized whole milk.
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than that of embedded in the fat globular surface in whole milk, it
makes the water clusters smaller and the water molecules rotate more
easily in skim milk because of the increase in hydrogen-bond defect.
[70]

3.3. Dielectric spectra of milk-urea mixtures

Figs. 6, 7 and 8 are the dielectric spectra for the whole milk-urea,
skim milk-urea and urea aqueous solution, respectively. Similarly,
with the milk-water mixture, the three systems also show an unsym-
metrical relaxation at around 16GHz. It is obvious that the relaxation
frequency of the three systems basically remains unchanged when the
compositions of the mixed systems were changed, the dielectric
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Fig. 6. Dielectric spectra of whole milk-urea mixture with different urea contents in wt%. (
relaxation strength of whole milk-urea system is proportional to the
urea concentration (Fig. 6) and the other two systems are independent
of the urea concentration (Figs. 7 and 8). This difference maybe comes
from the protein embedded in fat globular surface in whole milk.

3.4. Interaction between protein and urea-water co-clusters

To figuring out the causes of the dielectric relaxation behavior
shown in Figs.6–8, the dielectric loss data of the three systems with dif-
ferent urea contents were fitted by using Eq. (1). Fig. 9 shows the com-
parison between the three systems with the same urea content, which
may look very similar in both of its peak value and position to that of
milk-water mixture. The relaxation positions, i.e. relaxation time, of
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themain relaxations for the three systems are identical at about 17GHz,
which is independent of both type of the mixture and urea content as
seen in Fig. 9. This main relaxation obviously comes from the contribu-
tion of free water although it is slightly less than that of pure water.
Kaatze,U etc. also reported that dielectric relaxation on 1 and 2 M solu-
tions of urea has indicated a slight slowing down of the water dynamics
[71].While, the lower frequency relaxation time significantly depended
on the kindofmixtures and somewhat on the urea content, and their re-
laxation strengths are much smaller than that of free water. It is easily
perceived that this sub-relaxation can be attributed to the contribution
of thewatermolecules interacting with urea [72] or some substances in
milk [43]. The relaxation times of the three mixed systems (τwhole for
whole milk-urea, τskim for skim milk-urea and τwater for water-urea)
were observed in the following order, under the same urea concentra-
tion, τwhole N τskim N τwater as shown in Fig. 9 (note that the peak position
indicated by the arrows is relaxation frequency that is inversely propor-
tional to the relaxation time). This may be interpreted as the number of
hydrogen bonding defects shows a smaller value in the whole milk, be-
cause the hydrophilic of proteins embedded on the surface of fat is re-
duced, and the water clusters larger and the water molecules rotate
more difficult [70] compare to skim milk.

What is interesting is that the low-frequency relaxation of urea
aqueous solution showed a very large relaxation strength when urea
content in water was 1500 mg/100 mL in Fig. 9. In addition, the relaxa-
tion time of urea solution depended strongly on the urea content, in-
creasing with the concentration of urea and gradual away from that of
free water as indicated by the orange arrows in Fig. 9. Such behavior is
similar to that reported for urea aqueous solutions [38]. This maybe be-
cause the water neighbors of urea-water cluster as shown in Fig. 5b are
replaced by one or more sites of the urea molecules [73]. It indicated a
larger urea-water co-clusters formed and its orientation polarization
becomes slow. This speculation is in line with that reported by Y.
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3.5. The difference in interaction between urea in skimmilk andwhole milk

In Fig. 10, a double logarithmic plot of the low-frequency relaxation
time τ as a function of urea concentration is presented for two urea-milk
mixtures and one urea aqueous solution. It is well known that although
numerous studies were performed to discuss whether urea is a struc-
ture breaker or not [33], there is no evidence of a breakup of the pure
water cluster by adding urea [36,37,73]. However, it was reported that
a small fraction of the water molecules turns out to be strongly
immobilized by urea, these water moleculesmay be engaged in specific
urea–water complexes, and its orientational dynamics is slower than
that of bulk water [36]. We consider that the low frequency dielectric
relaxations for urea-water and both urea milk systems may be sepa-
rately caused by the dipole orientation polarization of urea-water clus-
ter [74] and urea-water clusters interacting with protein surface [34].
According to the following Stokes-Einstein-Debye equation [72,75,76]
which describes the relationship between the macroscopic properties
like viscosity η and temperature T, andmicrostructure like effective vol-
ume of polarization unit V and molecular dipole orientation which is
expressed by relaxation time τ of the system

τ ¼ 3πηR3

kBT
¼ 3ηV

kBT
ð7Þ

where kB is the Boltzmann constant. We assume the effective volume of
urea-water cluster in the three systems are similar and equal approxi-
mately to 11.7 ± 0.2 Å3 [72]. The viscosity η of urea-water, urea-skim
milk and urea-whole milk systems are separately about 1.1373 mP,
1.790 mP [77] and 2.1275 mP [78]. The relaxation time τ of urea-
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Fig. 9. A comparison of dielectric loss spectra for three urea mixture systems (urea-whole
milk (red plots), urea-skim milk (blue plots) and urea aqueous solution (orange plots))
with different urea contents. The red, blue and orange dotted lines and arrows show the
relaxation processes for corresponding bound water respectively. The dielectric loss of
bound water is presented by the ordinate in right side. (the detailed description, see
Supporting Information (SI) B).
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water, urea-skim milk and urea-whole milk systems with lowest urea
content calculation by Eq. (7) are as follows τ'water ≈ 12.1 ps, τ'skim
≈ 15.8 ps, τ'whole ≈ 18.8 ps, and τ'whole N τ'skim N τ'water. These values
are reasonable to be compared with the experimental values showed
in Fig. 10. Therefore, we consider the difference of low frequency relax-
ation time of the three systems may be due to the differences in their
viscosity.
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0.98
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Fig. 10.Urea concentration dependence of relaxation time for urea aqueous solution, urea-
skim milk and urea-whole milk systems.
In addition, the increase of relaxation time τwith urea concentration
for urea-water and urea-skim milk systems means that the cluster
structure of urea-water [73] and urea-water adsorbed on protein in-
crease slowly and their orientation polarization rate slow down. For
the urea-whole milk system, the different changing trend indicates
the fluctuation of the dynamics of water or water-urea cluster caused
by larger interactions with protein molecules in fat globules may be en-
hanced in whole milk. Because adding urea destroyed the fat globules
structure in whole milk [2,3], this makes the hydrophilic of protein em-
bedded in fat globules surface increasing. And increasing hydrogen-
bond defect makes the water or water-urea clusters smaller and the
watermolecules rotatemore easily [70]. This led to the result that its re-
laxation timewas shortened with the adding urea to the whole milk. In
summary, adulterated milk with urea may be monitored by the dielec-
tric spectra of varying urea contents.
4. Concluding remarks

Adulterated milk systems with water and urea was studied by mi-
crowave dielectric spectroscopy. And this is the first time to study the
dielectric relaxation behavior of adulterated urea in milk in the micro-
wave frequency range. The dielectric relaxation behavior of pure
wholemilk and skimmilk adulteratedwithout andwith ureawas inves-
tigated by comparing with that of water-milk mixtures and urea aque-
ous solution respectively. An obvious relaxation was clearly observed
for these systems. The relaxations were well represented by the super-
position of two relaxation processeswhich are attributable to freewater
or bulk water, and thewater bounded to protein, the urea-water cluster
and urea-water cluster interactedwith protein for bothmilk-water sys-
tems, urea aqueous solution and both urea-milk systems respectively.
The relaxation strength of the latter is much less than that of free
water and its relaxation time varies with the addition of water or urea,
while relaxation time of free water basically remain the same.

Total relaxation strength and sub-relaxation time in water-milk
mixture are sensitive to the water content in the milk. And the charac-
teristic frequency of urea-water cluster interacted with protein is also
sensitive to urea content in the milk. In addition, both of urea-skim
milk and urea-whole milk systems were distinguishable through their
dielectric parameters. From these results, therefore, the dielectric anal-
ysis method presented in this work can be expected as a monitoring
means of detecting milk adulteration with water or urea. However, it
must be noted that all components of milk are slightly different from
cow's own factors, such as dairy breed, lactation period, age parity,
etc., and extrinsic factors, such as milking interval, milking process,
feeding level, season etc. Therefore, the results given in this study are
just as a recommended method for dielectric measurement research.
Author contributions

Yuan Liu and Qi Zhang contributed equally.
Acknowledgment

The authors wish to thank Dr. S. J. Zhao of the School of Geography,
Beijing Normal University, for providing the laboratory facilities for
high-frequency dielectric measurements. This work was financially
supported by the National Natural Science Foundation of China (Nos.
21673002, 21473012, 21173025).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2018.09.133.

https://doi.org/10.1016/j.molliq.2018.09.133
https://doi.org/10.1016/j.molliq.2018.09.133


44 K. Zhao et al. / Journal of Molecular Liquids 273 (2019) 37–44
References

[1] P.F. Fox, A advanced Dairy Chemistry. 1:Protein, Sound Animal, , Elsevier Applied
Science, London and New York, 1992 19.

[2] V.D.L.M. Finete, M.M. Gouvêa, F.F. de Carvalho Marques, A.D.P. Netto, Food Chem.
141 (4) (2013) 3649.

[3] P.M. Santos, E.R. Pereira-Filho, L.E. Rodriguez-Saona, Food Chem. 138 (1) (2013) 19.
[4] M.F. Mabrook, M.C. Petty, Sensors Actuators B Chem. 96 (1) (2003) 215.
[5] A.A.H. Adam, Pak. J. Nutr. 8 (4) (2009).
[6] U.B. Trivedi, D. Lakshminarayana, I.L. Kothari, N.G. Patel, H.N. Kapse, K.K. Makhija,

P.B. Patel, C.J. Panchal, Sensors Actuators B Chem. 140 (1) (2009) 260.
[7] D.H. Kleyn, J.M. Lynch, D.M. Barbano, M.J. Bloom, M.W. Mitchell, J. AOAC Int. 84 (5)

(2001) 1499.
[8] B.B. Anderson, D.W. Bailey, J.C. Ash, B. Jaquith, J. Assoc. Off. Agric. Chem. 43 (1960)

399.
[9] G.A. Spanos, S.J. Schwartz, R.B. Van Breemen, C. Huang, Lipids 30 (1) (1995) 85.

[10] R. Lucena, M. Gallego, S. Cárdenas, M. Valcárcel, Anal. Chem. 75 (6) (2003) 1425.
[11] A. Bogomolov, A. Melenteva, Chemom. Intell. Lab. Syst. 126 (2013) 129.
[12] A. Bogomolov, S. Dietrich, B. Boldrini, R.W. Kessler, Food Chem. 134 (1) (2012) 412.
[13] X. Feng, R. Su, N. Xu, X. Wang, A. Yu, H. Zhang, Y. Cao, Chem. Res. Chin. Univ. 29 (1)

(2013) 15.
[14] S. Kucheryavskiy, A. Melenteva, A. Bogomolov, Talanta 121 (2014) 144.
[15] Q. Xin, H.Z. Ling, T.J. Long, Y. Zhu, Opt. Lasers Eng. 44 (8) (2006) 858.
[16] L. Manganiello, A. Rı ́os, M. Valcárcel, A. Ligero, T. Tena, Anal. Chim. Acta 406 (2)

(2000) 309.
[17] R. Cozzolino, S. Passalacqua, S. Salemi, P. Malvagna, E. Spina, D. Garozzo, J. Mass

Spectrom. 36 (9) (2001) 1031.
[18] T. Sato, S. Kawano, M. Iwamoto, J. Dairy Sci. 73 (12) (1990) 3408.
[19] I.P. Hurley, R.C. Coleman, H.E. Ireland, J.H. Williams, J. Dairy Sci. 87 (3) (2004) 543.
[20] L.A. Dias, A.M. Peres, A.C. Veloso, F.S. Reis, M. Vilas-Boas, A.A. Machado, Sensors Ac-

tuators B Chem. 136 (1) (2009) 209.
[21] M.C. Michalski, Eur. J. Lipid Sci. Technol. 111 (5) (2009) 413.
[22] M.V. Traffano-Schiffo, M. Castro-Giraldez, R.J. Colom, P.J. Fito, Food Eng. 166 (2015)

285.
[23] M.E. Sosamorales, L. Valeriojunco, A. Lópezmalo, H.S. García, LWT Food Sci. Technol.

43 (8) (2010) 1169.
[24] N. Miura, S. Yagihara, S. Mashimo, J. Food Sci. 68 (/4) (2010) 1396.
[25] A. Cataldo, E. Piuzzi, G. Cannazza, E.D. Benedetto, L. Tarricone, Measurement 43 (8)

(2010) 1031.
[26] S.N. Jha, K. Narsaiah, A.L. Basediya, R. Sharma, P. Jaiswal, R. Kumar, R. Bhardwaj, J.

Food Sci. Technol. 48 (4) (2011) 387.
[27] A.C. Nunes, X. Bohigas, J. Tejada, J. Food Eng. 76 (2) (2006) 250.
[28] W. Guo, X. Zhu, H. Liu, R. Yue, S. Wang, J. Food Eng. 99 (3) (2010) 344.
[29] X. Zhu, W. Guo, Y. Jia, F. Kang, Food Bioproc. Tech. 8 (3) (2015) 670.
[30] X. Zhu, W. Guo, Y. Jia, Food Bioproc. Tech. 7 (6) (2014) 1830.
[31] D.M. Jenkins, M.J. Delwiche, E.J. DePeters, R.H. BonDurant, Trans. Am. Soc. Agric. Eng.

45 (5) (2002) 1687.
[32] B. Roy, B. Brahma, S. Ghosh, P.K. Pankaj, G. Mandal, Asian J. Anim. Vet. Adv. 6 (1)

(2011) 1.
[33] Y. Hayashi, Y. Katsumoto, S. Omori, A. Noriyuki Kishii, A. Yasuda, J. Phys. Chem. B 111

(5) (2007) 1076.
[34] Y. Hayashi, I. Oshige, Y. Katsumoto, S. Omori, A. Yasuda, J. Non-Cryst. Solids 353

(47–51) (2007) 4492.
[35] Y. Hayashi, Y. Katsumoto, I. Oshige, S. Omori, A. Yasuda, J. Phys. Chem. B 111 (40)

(2007) 11858.
[36] Y.L. Rezus, H.J. Bakker, Proc. Natl. Acad. Sci. U. S. A. 103 (49) (2006) 18417.
[37] A.K. Soper, E.W.C. Jr, A. Luzar, Biophys. Chem. 105 (2) (2003) 649.
[38] A. Saito, O. Miyawaki, K. Nakamura, J. Agric. Chem. Soc. Jpn. 61 (/11) (1997) 1831.
[39] J.B. Bateman, C. Gabriel, G.F. Evans, E.H. Grant, J. Chem. Soc. Faraday Trans. 86 (2)

(1990) 321.
[40] T. Sato, R. Buchner, J. Chem. Phys. 118 (10) (2003) 4606.
[41] C. Ro Nne, L. Thrane, P.O. Åstrand, A. Wallqvist, K.V. Mikkelsen, S.R.R. Keiding, J.

Chem. Phys. 107 (14) (1997) 5319.
[42] N. Shinyashiki, N. Asaka, S. Mashimo, S. Yagihara, J. Chem. Phys. 93 (1) (1990) 760.
[43] D. Agranovich, P.B. Ishai, G. Katz, D. Bezman, Y. Feldman, Colloids Surf. B

Biointerfaces 154 (2017) 391.
[44] T. Hanai, N. Koizumi, R. Goto, Bull. Inst. Chem. Res. Kyoto Univ. 10 (3) (1962) 348.
[45] D. Rambhau, A.K. Dorle, B.R. Reddy, B Mater. Sci. 15 (3) (1992) 257.
[46] Q. Xue, J. Electrost. 50 (3) (2001) 169.
[47] D. Bedeaux, M.M. Wind, M.A.V. Dijk, Zeitschrift Für Physik B Condens. Matter 68

(2–3) (1987) 343.
[48] U. Geigenmüller, P. Mazur, Physica A 136 (/2) (1986) 316.
[49] M.H. Boyle, Colloid Polym. Sci. 263 (1) (1985) 51.
[50] M.E. Hossain, S.Y. Liu, S. O Brien, J. Li, Acta Mech. 225 (4–5) (2014) 1197.
[51] X. Zhu, W. Guo, Z. Liang, Food Bioprocess Technol. 8 (7) (2015) 1485.
[52] S. Mashimo, N. Miura, J. Chem. Phys. 99 (/12) (1993) 9874.
[53] S. Mashimo, N. Miura, T. Umehara, S. Yagihara, K. Higasi, J. Chem. Phys. 96 (/9)

(1992) 6358.
[54] E. Cavell, P.C. Knight, M.A. Sheikh, Trans. Faraday Soc. 67 (1971) 2225.
[55] C. Cametti, S. Marchetti, C.M.C. Gambi, G. Onori, J. Phys. Chem. B 115 (21) (2011)

7144.
[56] T. Sato, H. Sakai, K. Sou, R. Buchner, E. Tsuchida, J. Phys. Chem. B 111 (6) (2007)

1393.
[57] D. Agranovich, I. Renhart, P.B. Ishai, G. Katz, D. Bezman, Y. Feldman, Food Control 63

(10) (2016) 195.
[58] V. Raicu, Y. Feldman, Dielectric Relaxation in Biological Systems Physical Principles,

Methods, and Applications, 2015.
[59] S. Yagihara, N. Miura, Y. Hayashi, H. Miyairi, M. Asano, G. Yamada, N. Shinyashiki, S.

Mashimo, T. Umehara, M. Tokita, S. Naito, T. Nagahama, M. Shiotsubo, Subsurf. Sens.
Technol. Appl. 2 (1) (2001) 15.

[60] K. Shiraga, T. Suzuki, N. Kondo, T. Tajima, M. Nakamura, H. Togo, A. Hirata, K. Ajito, Y.
Ogawa, J. Chem. Phys. 142 (23) (2015) 6205.

[61] S.L. Lee, P.G. Debenedetti, J.R. Errington, J. Chem. Phys. 122 (20) (2005) 141.
[62] N. Nandi, K. Bhattacharyya, B. Bagchi, Chem. Rev. 100 (6) (2000) 2013.
[63] A. Oleinikova, A.P. Sasisanker, H. Weingärtner, J. Phys. Chem. B 108 (24) (2004)

8467.
[64] S. Khodadadi, J.E. Curtis, A.P. Sokolov, J. Phys. Chem. B 115 (19) (2011) 6222.
[65] M. Nakanishi, A.P. Sokolov, J. Non-Cryst. Solids 407 (2015) 478.
[66] L. Comez, M. Paolantoni, P. Sassi, S. Corezzi, A. Morresi, D. Fioretto, Soft Matter 12

(25) (2016) 5501.
[67] D. Fioretto, A. Marini, M. Massarotti, G. Onori, L. Palmieri, A. Santucci, G. Socino, J.

Chem. Phys. 99 (10) (1993) 8115.
[68] M.Wolf, R. Gulich, P. Lunkenheimer, A. Loidl, Biochimica et Biophysica Acta 1824 (5)

(2012) 723.
[69] M. Michalski, C. Januel, Trends Food Sci. Technol. 17 (8) (2006) 423.
[70] N. Shinyashiki, S. Yagihara, I. Arita, S. Mashimo, J. Phys. Chem. B 102 (17) (1998)

3249.
[71] U. Kaatze, H. Gerke, R. Pottel, J. Phys. Chem. 90 (21) (1986) 5464.
[72] V. Agieienko, R. Buchner, Phys. Chem. Chem. Phys. 18 (4) (2016) 2597.
[73] D. Bandyopadhyay, S. Mohan, S.K. Ghosh, N. Choudhury, J. Phys. Chem. 118 (40)

(2014) 11757.
[74] S. Funkner, M. Havenith, G. Schwaab, J. Phys. Chem. B 116 (45) (2012) 13374.
[75] N. Samanta, M.D. Das, S. Choudhury, A. Barman, M.R. Kumar, J. Chem. Phys. 146 (12)

(2017) 125101.
[76] J.L. Dote, D. Kivelson, R.N. Schwartz, J. Phys. Chem. 85 (15) (1981) 2169.
[77] O.J. Mccarthy, H. Singh, Physico-chemical Properties of Milk, Springer New York

2009.
[78] J.F. Vélezruiz, G.V. Barbosa Cánovas, Crit. Rev. Food Sci. Nutr. 37 (4) (1997) 311.

http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0005
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0005
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0010
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0010
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0015
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0020
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0025
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0030
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0030
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0035
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0035
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0040
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0040
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0045
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0050
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0055
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0060
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0065
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0065
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0070
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0075
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0080
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0080
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0085
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0085
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0090
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0095
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0100
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0100
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0105
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0110
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0110
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0115
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0115
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0120
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0125
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0125
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0130
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0130
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0135
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0140
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0145
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0150
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0155
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0155
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0160
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0160
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0165
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0165
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0170
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0170
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0175
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0175
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0180
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0185
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0190
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0195
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0195
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0200
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0205
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0205
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0210
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0215
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0215
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0220
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0225
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0230
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0235
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0235
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0240
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0245
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0250
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0255
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0260
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0265
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0265
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0270
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0275
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0275
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0280
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0280
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0285
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0285
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0290
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0290
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0295
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0295
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0295
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0300
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0300
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0305
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0310
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0315
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0315
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0320
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0325
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0330
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0330
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0335
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0335
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0340
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0340
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0345
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0350
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0350
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0355
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0360
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0365
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0365
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0370
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0375
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0375
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0380
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0385
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0385
http://refhub.elsevier.com/S0167-7322(18)30451-3/rf0390

	Dielectric behavior of adulterated milk with urea and water
	1. Introduction
	2. Materials and methods
	2.1. Materials and reagents
	2.2. Preparations of samples
	2.2.1. Preparations of milk-water mixtures
	2.2.2. Preparations of milk-urea and water-urea mixtures

	2.3. Dielectric measurements
	2.4. Analysis of dielectric data

	3. Results and discussions
	3.1. Dielectric spectra of milk-water mixtures
	3.2. Interaction between water and protein
	3.3. Dielectric spectra of milk-urea mixtures
	3.4. Interaction between protein and urea-water co-clusters
	3.5. The difference in interaction between urea in skim milk and whole milk

	4. Concluding remarks
	Author contributions
	Acknowledgment
	Appendix A. Supplementary data
	References


