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Abstract: This paper describes the dielectric relaxation spectroscopy (DRS) method for obtaining glass
transition temperature and the onset of crystallinity of skim milk powder (SMP). The methodology
consists of exposing SMP samples to numerous constant temperatures, T, and water activities, aw, and
measuring the relaxation time. Measurements are based on changes in the loss-tangent height at its peak
frequency. Glass transition times are identified at peaks in the loss-tangent height versus time curve and
the onset of crystallinity times are identified when the loss-tangent height collapses. The analysis leads to
two boundary curves: glass transition Tg, aw curve and the onset of crystallinity Tc, aw curve. They
separate the SMP stable (long shelf life) and unstable (short shelf life) regions. Two curve fitting
algorithms were developed for (a) aw2, tg curve where tg is the time to glass transition and aw2, tc curve
where time tc is the time to onset of crystallinity and (b) Tg, aw and Tc, aw boundary curves. Finally, the
DRS data are compared to differential scanning calorimetry (DSC) results.
Key Words: DRS dielectric relaxation, DSC differential scanning calorimetry, SMP skim milk powder,
boundary curves.
Introduction: It is important to develop simple methods for characterizing skim-milk powder (SMP)
because there is a need for dry milk which can be stored for several years, used for emergencies and is
viable in hot regions of the earth [1]. With a world population of 7.6 billion people in 2017, the need for
measurements ensuring the quality and shelf life of dry milk is growing since the world population is
expected to reach 8.6 billion by 2030 [2]. The current annual world-wide production of SMP is 5 million
tons [3].
SMP is produced by spray drying and so starts out in the amorphous or glassy state. In this state the SMP
is hydroscopic and absorbs water. When exposed to the environmental variables, temperature (T) and
water activity (aw), it goes through glass transition and enters the rubbery state. Finally, the SMP enters
the crystalline state where it is hydrophobic and desorbs water [1].
The glass transition of SMP has been extensively studied by Roos [4] and the crystallization of SMP was
summarized most recently by Clark et.al [5]. Both authors used Differential Scanning Calorimetry (DSC).
The addition to characterizing SMP using Dielectric Relaxation Spectroscopy (DRS) another purpose of
this effort is to compare the DSC and DRS method. Differences between the methods are: (a) Non-zero
heating rate is required for the DSC method; whereas, the DRS method can operate at a zero-heating rate
or constant temperature. (b) The aw environment in the DSC method is not fixed for after samples are
humidified using saturated salts they are encapsulated during DSC measurements; whereas, in the DRS
method the aw environment is controlled in real time. (c) aw values for the DSC method are limited to the
availability of saturated salts; whereas, the DRS method can operate between 0.05 and 0.95 aw. Both
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methods identify the glass transition temperature, Tg, at a given aw. These results lead to differences in the
Tg, aw boundary curves that divide SMP stable and unstable regions. These differences are import in shelflife predictions.
The SMP crystalline state was characterized using the DRS method and is based on catastrophic changes
in measured properties. The characterization identifies the time to onset of crystallinity and leads to the
crystallization temperature, Tc at a given aw. These values appear in the Tc, aw state diagram and show that
the crystallinity Tc, aw curve lies above the glass transition Tg, aw curve.
Experimental Details: In characterizing the phase change in SMP, a one-gram sample was placed in a 3cm diameter test cell. The certificate of analysis for this sample indicates it consists of 0.77% Fat, 3.11%
Moisture, 7.77% Ash, 34.64% Protein and 52.71% Carbohydrate. In this paper the measurements
characterize the SMP carbohydrates. The test cell has buried interdigitated electrodes which produce
electric fringe-fields that penetrate the sample [6]. The SMP was characterized using a Gamry Ref 600
Impedance Spectrometer measures the samples’ impedance magnitude, |Z| and the phase angle, θ, at
selected frequencies f. Measured values were acquired between 1 MHz and 0.01 Hz with five-points per
decade. Each spectrum took about 20 minutes to acquire. The measurement time, tm, was determined at
the end of each spectrum. The sample environment can be controlled between 15°C and 60°C and
between 0.05 and 0.95 aw. Further description of the apparatus is presented elsewhere [7].
A typical temperature and aw profile is shown in Fig. 1. Each sample is given a preconditioning step
consisting of 30°C and 0.30 aw where the preconditioning time tp is about 2.5 h. After tp, the STP
environment is shifted to the test phase at 45°C and 0.50 aw as illustrated in Fig. 1.
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Fig. 1. After the preconditioning step, the test phase begins at 45°C and 0.50 aw where RH = 100aw.
Data Acquisition: During the test phase, the sample relaxes as shown by the shift in the spectra in Fig. 2.
This figure shows that that θ initially shifts to higher frequencies and then drops as the sample transforms
to the crystalline phase. The spectra in Fig. 2a is analyzed by determining the peak height at the peak
frequency by fitting five points about the peak with a parabola. The θ values in Fig. 2a were then
converted to the loss-tangent values shown in Fig. 2b using tan   cot() where θ as seen in Fig, 2a is
negative. The loss-tangent height at the peak frequency is tanδp. The loss tangent, tan    /  , is the
ratio of the imaginary permittivity,  , to the real permittivity,  . The  is the lossy part of the
permittivity that describes the energy required to bring the dipoles found a critical frequency range in-line
with the externally imposed AC electric field. The  is the non-lossy part of the permittivity and accounts
2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 April 2018

doi:10.20944/preprints201804.0105.v1

for the dipoles outside the critical frequency range that cannot follow the externally imposed AC electric
field. [8]. The critical frequencies are found in the vicinity of the peak in the  , f curve.
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Fig. 2a. Phase angles measured at 40.2°C and 0.49 aw as the SMP relaxes.
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Fig. 2b. Loss tangent derived from the data in Fig. 2a.
Typical tanδp, tm curves, in Fig. 3, show that the SMP collapse occurs very rapidly and this is used to
identify the onset of crystallinity. The kinetics of crystallization after the onset point is usually described
by the Avrami equation [9].
The three measurements in Fig. 3 were acquired at 40°C and water activities of 0.58 aw in Fig. 3a, 0.48 aw
in Fig. 3b and 0.39 aw in Fig. 3c. The measurement time to reach glass transition tgm is acquired at the
peak of tanδp, tm curve. The measurement time to reach the onset of crystal collapse is tcm and is acquired
where the tanδp has a precipitous drop. At the same temperature, measurement times become longer as the
aw decreases. The glass transition time is tg = tgm - tp and the onset of crystallinity time is tc = tcm – tp.
where tp is the preconditioning time.
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Fig. 3a. tanδp, tm curve at 40.2°C and 0.580 aw.
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Fig. 3b. tanδp, tm curve at 40.2°C and 0.489 aw
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Fig. 3c. tanδp, tm curve at 40.1°C and 0.390 aw.
Using the procedure outlined in Fig. 3, aw, tg curves are shown in Fig. 4a and aw, tc curves are shown in
Fig. 4b at various temperatures. The data in these figures indicate that when T and aw decrease, tg and tc
increase. The derivation of the fitting equations is shown in the next section.
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Fig. 4a. Time for glass transition at various T and aw values.
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Fig. 4b. Time for onset of crystallinity at various T and aw values.
Fitting the aw, tg and aw, tc Curves: The algorithm fitting the data in Fig. 4 was derived from a
modification of the Arrhenius equation. The equation below shows the relationship between the time to
arrive at an event such as glass transition or onset of crystallinity which is based on the ability to jump the
potential barrier ∆G:

t  t0 exp(G / RT * )

[1]
where t0 is the preexponential time constant, R is the Gas constant, T* is the absolute temperature and ∆G
is the magnitude of the energy barrier described by:

G  H 0  RT * Baw2

[2]
where ∆H0 is the barrier enthalpy, aw is the water activity which varies from 0 to 1 and B is the wateractivity coefficient. Notice that both T* and aw lower the potential barrier, ∆G. By taking the logarithm of
Eq. 1, by approximating ln(t /t0) with 1 – t0 /t and using Eq. 2 lead to a general expression. Solving for the
water activity leads to the following basic equation:
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1 H 1000 t 1
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t

[3]

where the k-coefficients represent the B, ∆H0 and t0 parameters. The 1000 factor allows temperatures to be
expressed in numbers greater than unity and it also means that ∆H0 has units of kJ/mole.
The above equation provides the framework for the fitting algorithm, but two more terms are needed to
keep the above algorithm bounded as t and T* go to zero. The two additional terms are included in the
following general expression:

aw2  k0  k1

1000
1
1000 1
1
 k2  k3 *  k4 aw2
T*
t
T t
t

[4]

The terms associated with k3 and k4 allow for an S-shaped curve when plotting the aw, t curve and
1000/T*, t curve. The S-Shaped fitting curves can be seen in Fig. 4. The data fitting algorithm follows by
rearranging Eq. 4:

aw2  k0  k1

1000
1
1000 1
1
 k2  k3 *  k4 aw2
T*
t
T t
t

[5]

Curve fitting was accomplished using Excel’s Linest and k0 = k1k2/k3. This relationship was determined by
setting the temperature at t = 0 equal to the temperature at t = ∞ for aw = 0. The k-coefficients are listed in
the legends of Fig. 4. The fitting curves for Fig. 4 were determined by rearranging Eq.4

aw2 

k0  k1

1000 
1000  1
  k 2  k3 * 
T* 
T t
1
1  k4
t

[6]

Boundary Curve: The boundary curve, in Fig. 5, delineates regions where the glass transition
temperature Tg, aw state space and the onset of crystallinity temperature Tc, aw state space where the SMP
is stable or unstable. The fitting curves seen in Fig. 4 are used to determine the boundary curves. Using
Eq. 6 the limiting case for glass transition where t  ∞ is

aw2  k0  k11000 / T * . Using Eq. 6, the

limiting case for the onset of crystallinity where t  0 is aw0  (k2  k31000 / T *)k4 . Limiting case
values are listed in Table 1 and appear as the square and diamond data points in Fig. 5. The curve fitting
algorithms for the curves in Fig. 5 are discussed in the next section.
2

Table 1. Water Activities
T[°C]
30
40
50
60

Glass-Static
t∞
aw∞
0.4382
0.3826
0.3218
0.2516

Cry-Static
t0
aw0
0.8564
0.7596
0.6559
0.5407
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Fig. 5. Boundary curves for glass (square) and crystalline (diamond) transition.
Fitting the Boundary Curves: A common algorithm used to fit the data in Fig. 5 is the Gordon-Taylor
(G-T) equation [9, 10]. Because the slope of the G-T equation is not zero at aw = 0, it was modified by
squaring two of the aw terms shown in the following algorithm:

Tg 

(1  aw )Tg 0  kTg1aw2
1  aw  kaw2

[7]

where Tg0, Tg1 and kg are the fitting coefficients. Taking ∂Tg/∂aw|aw0 demonstrates that the slope of the
boundary curve is zero at aw = 0. The fitting coefficients were found from the following algorithm:

Tg (1  aw )  [Tg 0 ](1  aw )  [kTg1 ]aw2  [k ]aw2Tg .

[8]

A similar equation was written for the onset of crystallinity where the fitting coefficients are Tc0, Tc1 and
kc. Curve fitting was accomplished using Excel’s Linest and the fitting coefficients are listed in Table 2.
Table 2. Fitting Coefficients for the Boundary Curve, Eq. 7.
Tg0[°C]
Tg1[°C]
kg

Glass Transition
75.59
-48.12
1.706

Tc0[°C]
Tc1[°C]
kc

Crystalline Transition
78.89
15.80
0.6727

The initial slope of the boundary curve at aw = 0 was discussed by Sandoval and Muller [11]. They argue
that the initial slope is govern by the “first sorbed water molecules”. Depending on the food matrix, the
initial slope can be either negative, zero or positive. In the absence of data near aw = 0, zero slope has
been chosen to analyse our SMP data.
Comparison of DSC and DRS methods: A comparison of the DSC and DRS is shown in Fig. 6. To
compare results, the SMP samples must be as identical as possible. All the samples were spray dried and
have essentially sample lactose content as seen in Table 3. However, they were produced over a twelveyear period. Major differences between the methods are heating rates and sample environment. The
heating rates for the DSC samples are either 3 or 5 °C/min; whereas, the DRS has zero heating rate. The
sample environment for the DSC samples involves pre-equilibrated samples at selected aw values using
saturated salts that are subsequently hermetically sealed. Thus, the overhead aw is not controlled in this
sealed environment. In the DRS method the overhead aw environment is under active control. As seen in
Fig. 6, the DSC method has a smaller stable zone than the DRS method. Given the differences between
the methods, it is difficult to find a specific reason for the difference although the heating rate seems to be
the major factor.
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Fig. 6. Comparison of DSC and DRS measurements.
Table 3. DSC and DRS Method Attributes.
Production SMP Lactose Heating Rate
Sample
Reference
Method
Date
Content [%]
[°C/min]
Environment
Schuck [12]
DSC
~2005
55
5
Static
Silalai-Roos [4]
DSC
~2010
48
3
Static
This Work
DRS
2017
53
0
Active
Enthalpy (∆H0) and Water Activity Parameters (B): The parameters were calculated using the basic
equation, Eq. 3. That is, B = -1/k0, ∆H0 = -k1R/k0 and t0 = -k2/k0 where the k-coefficients are listed in the
legends of Fig. 4. Values for the parameters are listed in Table 4. Values for the enthalpies listed in Table
4 agree with those mentioned by Schuck [15]. For weaker hydrogen bonds he mentions enthalpies have
values between 1 to 3 kJ/mol. The negative values for t0 are artifacts resulting from using the basic
equation, Eq. 3.
Table 4. B and ∆H0 Parameters
Parameter
Glass Transition Onset of Crystallinity
B [na]
0.8079
0.8524
2.9117
2.9646
∆H0 [kJ/mol]
t0 [h]
-2.3651
-4.9796
Discussion: The DRS measured values are acquired at constant T and aw. The DSC measured values are
acquired by keep the aw quasi-constant and ramping temperature. In fact, DSC measurement cannot be
acquired at constant temperature [13] for the magnitude of the heat signal is heating rate dependent.
However, DSC measurements can be extrapolated to zero heating rate but this will result is a lower value
for Tg [13, 14]. The results in Fig. 6 shown that the boundary curve for DSC method carves out a smaller
stable zone than for the DRS method. This is important when using the boundary curve to predict shelf
life. For example, at 25°C the critical water activity is 0.31 aw; whereas, it is 0.48 aw for the DRS method.
Thus, there is a need to resolve differences between the DRS and DSC methods.
Using the DRS method the onset of crystallinity is determined from a catastrophic change in measured
properties. This change is coupled with lactose content. Results presented here are based on SMP lactose
content near 50%. This collapse has been observed in a wide number of samples with approximately 50%
lactose content including infant formula. The author has observed the catastrophic change in sample with
72% lactose content but has not seen the catastrophic change in samples with 15% lactose content.
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