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Abstract. This paper focuses on measurements of the electrical properties, the specific heat capacity
and the thermal conductivity of a collagen solution (7.19% mass fraction of native bovine collagen in
water). The results of our experiments show that specific electrical conductivity of collagen solution is
strongly dependent on temperature. The transition region of collagen to gelatin has been observed
from the measured temperature dependence of specific electrical conductivity, and has been confirmed
by specific heat capacity measurements by a differential scanning calorimetry.
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1. Introduction
Collagen is the most abundant protein in animals [1]
and is the main component of the extracellular matrix
of animal connective tissue [2, 3]. Collagen-based
solutions are used mainly in the food industry for
extruding sausage casings [4], or for producing vascular
grafts in medical applications [5].
The dependence of specific electrical conductivity

on temperature has been studied for a wide range of
foods, but to the best of our knowledge, there is only
very limited information on natural collagenous ma-
terials. The temperature dependence of the specific
electrical conductivity (SEC) of various kinds of meat
(pork, beef, lamb, turkey and chicken meat) measured
by an electrical conductivity probe in the temperature
range 5–85 °C has been presented by Zell et al. [6].
Shirsat et al. [7] studied the electrical conductivity of
a pork leg and a pork shoulder, and the dependence
of the electrical conductivity of pork meat on the fat
content in the meat. With the increasing fat con-
tent, the electrical conductivity of the meat decreases.
Strong dependence of the electrical conductivity on
temperature, its structure and the ion content has also
been confirmed for an apricot and peach puree [8], for
a pomegranate [9] and for various other kinds of fresh
fruits and vegetables [10].
Measurements of the electrical conductivity of the

material may be a suitable alternative to the differ-
ential scanning calorimetry (DSC) method for iden-
tifying structural changes in food materials, e.g. the
gelation of a potato or corn starch suspension [11].
The measurement results showed that the specific elec-
trical conductivity of the starch increases linearly with
temperature, outside the section where gelation of the
starch suspension occurs.

The aim of the presented paper was to study the
relationship between electrical and thermodynamic
properties (the dependence of specific electrical con-
ductivity and specific heat capacity on temperature)
of a collagen solution. The second aim was the mea-
surement of the thermal conductivity to provide more
information about the thermal properties of a collagen
solution.

2. Materials and methods
2.1. Tested material

and sample preparation
2.1.1. Tested material
The tested material (a collagen solution obtained from
a local producer) was a water solution of a bovine
collagen (type I) extracted from mechanically pre-
treated bovine skins with no other chemical additives.
The material is a viscoelastic paste that looks like
"silly putty". The mass fraction of the dry matter
collagen in the tested collagen solution was 7.19%.
The material was well homogenized by mixing and
was not thermally treated. Laboratory tests of tested
material were carried out by using a size exclusion
chromatography and a UV detection, three character-
istic fractions were identified (12% of light fraction
3 kDa, 15% of middle fraction 550 kDa and 19% of
the longest fraction 780 kDa), see [12]. The material
was stored in a refrigerator, packed in a plastic bag.

2.1.2. Sample preparation
Samples for the specific electrical conductivity mea-
surements were prepared from a homogenized collagen
solution. Smaller pieces of the collagen solution were
taken out randomly from the collagen solution mass
(approx. 30 kg of total mass of collagen solution). Five
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Figure 1. Scheme of the experimental setup.

identical cylindrical samples were prepared with the di-
mensions: diameter D = 85mm, thickness h = 15mm.
Prepared samples were packed in a plastic bag to pre-
vent desiccation and stored in a refrigerator between
measurements.

Samples for the specific heat capacity measurements
were prepared from same collagen solution. Five cap-
sules were prepared for the DSC method of the specific
heat capacity measurement. The mass of each tested
sample (in 40 µl capsule) was within the range of 15–
25mg.

To perform thermal conductivity measurements, a
sample with the dimensions of 150 × 100 × 20mm
was prepared from the mass of the tested collagen
material.

2.2. Experimental setup and procedure
2.2.1. Measurements of specific

electrical conductivity
A new apparatus was assembled for measuring the
specific electrical conductivity of the tested material.
A scheme of the experimental apparatus is shown in
Figure 1. The apparatus consists of an ohmic cell
(a closed plastic mould with a cylindrical gap, where
the top and the bottom of the cylindrical gap are
formed by planar stainless steel electrodes). The dis-
tance between the electrodes was H = 15mm, and
the diameter of the cylindrical gap was D = 85mm.
The electrodes were connected to the power supply.
The power supply was assembled from an Electrovoice
Q1212 power audio amplifier (Electrovoice, Germany)
and a sine wave generator (Wavetek, USA), where
it was possible to set the frequency of the electric
current. During the experiment, the tested sample

was heated by a direct ohmic heating. An LMG 95
electronic power meter (ZES Zimmer, Germany) was
used for measuring the voltage U and the electric
current I. The temperature of the tested material
was measured by a T-type thermocouple, which was
placed at the geometrical centre of the tested sample.
Both electrodes were cleaned using a sand paper and
were cooled down before the next measurement. A
cylindrical sample of the tested material was placed
between two planar stainless steel electrodes, fed by a
voltage U = 10V. The specific electrical conductivity
(SEC) was continuously evaluated during an ohmic
heating of the sample at approximately constant volt-
age U , recorded together with the electric current I
by the power meter. At the same time, the continuous
increase in temperature at the centre of the sample
was recorded by a T-type thermocouple.

The evaluation of the effective SEC was based on

κ = C
U

I
(1)

with the cell constant C = H/S (where H is the dis-
tance between the electrodes, and S is the contact
area), as follows from the assumption that the inten-
sity of the electric field (= U/H) inside the heated
sample is uniform. Five repeated measurements were
performed, a new fresh collagen solution sample was
used for each of the measurements.
The SEC of the material can be influenced by the

frequency of the electric field. For high electrolyte con-
centrations, the polarization effects have a negative
influence on the electrical conductivity measurements.
For low electrolyte concentrations, there is an impact
of the capacitances. These negative impacts can be
reduced by the right choice of frequency of the electric
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Figure 2. The dependence of the specific electrical conductivity (triangles) and the specific heat capacity (dots) on
temperature — average from repeated experiments. Model predictions are represented by solid lines.

field used for the SEC measurements. The selection
of a high frequency of the electric field reduces the
influence of the polarization in highly conductive ma-
terials, while the selection of low frequencies reduces
the impact of the capacitances in low conductive ma-
terials [13].
Our measurement cell was calibrated using a

0.01mol l−1 solution of KCl with SEC of 0.1413 S m−1

(at a temperature of 25 °C). The frequency of the elec-
tric field of 2.5 kHz was found to be optimal for the
tested material, according to the calibration results.
The calibration results showed the lowest difference of
the cell constant C, which was identified by the cali-
bration (C = 2.63 m−1), compared to the calculated
value according to the geometry of the cell and the as-
sumption of the uniform intensity of the electric field
in the tested sample (C = 2.64 m−1) at the frequency
of 2.5 kHz.

2.2.2. Measurements of the specific heat
capacity and thermal conductivity

Measurements of the specific heat capacity of the sam-
ple were carried out using a Perkin-Elmer Diamond
DSC differential scanning calorimeter with a heating
rate of 10 °C/min. Five repeated measurements were
performed, a new fresh collagen solution sample was
used for each of the measurements.

The thermal conductivity of the tested material was
assessed by a Kemtherm QTM-D3 (Kyoto Electron-
ics, Japan) thermal conductivity meter working on
the hot wire (transient) principle. The experiment
was repeated ten times with same collagen sample
under the condition of a constant ambient and sample
temperature of 13 °C. The probe was calibrated using
reference plates with a known thermal conductivity
before the experiment.

3. Results of experiments
and discussion

3.1. Specific electrical conductivity
The SEC of the tested collagen material was evaluated
from the measured time- courses of the temperature in
the geometric centre of the sample and the volt-ampere
characteristics in the temperature range from 10–50 °C
for constant frequency of the electric field (frequency of
the sine wave) of 2.5 kHz and approximately constant
voltage of 10V. The dependence of the evaluated SEC
of the tested material on temperature is shown in
Figure 2. The standard deviation of the measured
SEC is 0.008 S m−1. Figure 2 shows that the SEC of
the tested material depends strongly on temperature.
The dependence of the SEC κ (in S m−1) of the tested
collagen material on temperature in the temperature
range from 10–50 °C can be described by the model
in (2).

The parameters of the model for SEC a, b, c, d and e
in the following equation were received by a nonlinear
regression of the experimental data:

κ = a+ bT + c

1 + d (T − e)2 . (2)

Received correlation coefficient R2 = 0.999 confirms
that applied model very well represents the experimen-
tal data in the temperature range from 10–50 °C. The
identified model parameters for the SEC, together with
a statistical analysis, are summarized in the Table 1.
For all parameters of the SEC model, the temperature
is statistically significant parameter, confirmed by a
statistical analysis.
Figure 2 also shows a slight decrease in the linear

trend of the SEC in the temperature range 32–43 °C,
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Parameter Unit Value +/− t-ratio Conclusion

a S m−1 0.2001 0.0034 127.4 significant
b S m−1 °C−1 0.0049 0.0004 65.9 significant
c S m−1 −0.0228 0.0044 −13.8 significant
d °C−2 0.07735 0.0275 3.4 significant
e °C 40 0.5926 145.8 significant
R2 0.999

Table 1. The identified model paramaters for SEC and results of statistical analysis for 95% confidence interval.

Parameter Unit Value +/− t-ratio Conclusion

a J kg−1 °C−1 3665.1 6.7885 1062.7 significant
b J kg−1 °C−2 2.0179 0.1105 35.9 significant
c J kg−1 °C−1 634.57 14.9065 83.8 significant
d °C−2 0.14712 0.0120 25.9 significant
e °C 37.614 0.0612 1210.3 significant
R2 0.975

Table 2. The identified model paramaters for specific heat capacity and results of statistical analysis for 95%
confidence interval.

Start of the gelatin transition End of the gelatin transition
Method Tstart s Tend s

DSC 33.7 0.39 43.4 1.15
SEC measurement 32.8 0.79 42.5 0.95

Table 3. A comparison of the identified temperature region of the collagen transition to gelatin from the DSC
measurements and the SEC measurements. Tstart corresponds to the start of the peak observed from the DSC
measurements and the sudden slope change from the SEC measurements; Tend corresponds to the end of the peak
observed from the DSC measurements and the slope change from the SEC measurements. The presented temperatures
values are the average value from repeated experiments; s indicates the standard deviation of the temperatures.

where natural collagen denatures and changes its struc-
ture into gelatin. A peak in the temperature depen-
dence of the specific heat capacity of the tested colla-
gen by the DSC measurements was observed in this
temperature range.

3.2. Specific heat capacity
and the melting region
of the collagen material

The specific heat capacity of the tested collagenous ma-
terial was measured by a differential scanning calorime-
try (DSC). The temperature dependence of the spe-
cific heat capacity is shown in Figure 2. The specific
heat capacity of the tested sample increases slightly
with rising temperature. The same model as for the
SEC (2) was used for predicting the dependence of
the specific heat capacity cp (in J kg−1 °C−1) on tem-
perature for the tested natural collagen solution in
the temperature range from 10–50 °C. This empirical
model is usually used for predicting the heat capacity
of pork and beef fat [14]. Table 2 contains results of
model parameters a, b, c, d and e (T is temperature
in °C) for specific heat capacity of the tested colla-
gen solution received by the nonlinear regression of
the experimental data by (2) together with the sta-

tistical analysis. The received correlation coefficient
R2=0.975 confirms that the used model represents
relatively well the experimental data in the tempera-
ture range from 10–50 °C. For all model parameters of
the specific heat capacity, the statistical analysis con-
firms that the temperature is a statistically significant
parameter.
A peak in the specific heat capacity trend was ob-

served during the experiment. The peak corresponds
to the temperature region in which a natural collagen
sample denatures and changes its form into gelatin.
Table 3 presents the identified temperatures of the
probable start and end of the gelatin transition process
from the observed peak by the DSC measurements
and by the SEC measurements (from the change in
the slope). The observed temperatures of the region
where the collagen changes into gelatin are almost
identical.

Our results show that the denaturation temperature
region can also be assessed by electrical conductivity
measurements (from the slope change in the course
of specific electrical conductivity), but it may not
always be entirely conclusive according to the DSC
measurements. Similar conclusions for the starch
gelation process are presented in [11].
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Property Model parameter and value Validity / Note

Spec. electrical conductivity a = 0.2001 S m−1 T range 10–50 °C
b = 0.0049 S m−1 °C−1 R2 = 0.999
c = −0.0228 S m−1

d = 0.07735 °C−2

e = 40 °C

Spec. heat capacity a = 3665.1 J kg−1 °C−1 T range 10–50 °C
b = 2.0179 J kg−1 °C−2 R2 = 0.975
c = 634.57 J kg−1 °C−1

d = 0.14712 °C−2

e = 37.614 °C
Thermal conductivity λ = 0.642 W m−1 °C−1 T =13 °C

s = 0.073 W m−1 °C−1

T range of transition into gelatine T = 33.7–43.4 °C assessed by DSC measurement

Table 4. Summarized parameters of the model for predicting κ and cp (2) and the physical properties of the tested
collagen solution.

3.3. Thermal conductivity
of collagen material

Thermal conductivity measurements of the tested col-
lagen solution were carried out to complete the infor-
mation on basic thermo-physical properties for the
tested material. The measurements were performed
for a constant temperature of the material of 13 °C.
The observed average value of the thermal conductiv-
ity of the tested collagen solution from an experiment
repeated ten times was λ = 0.642 W m−1 °C−1, with
a standard deviation of s = 0.073W m−1 °C−1. It
is apparent that the thermal conductivity is greatly
influenced by the high water content in the tested
material.

4. Conclusions
Our research has focused on an experimental investi-
gation of the temperature dependence of the SEC and
the specific heat capacity of a collagenous material
(a solution of bovine skin collagen and water) in the
temperature range from 10–50 °C. The thermal con-
ductivity of the tested collagen solution was measured
to complete the knowledge of physical properties of
this material.
Strong temperature dependence of the SEC of the

tested collagen matter was observed. The SEC in-
creases practically linearly with increasing tempera-
ture of the tested sample, which is consistent with the
Debye-Hückel theory of ionic solutions [15]. Only in
the temperature region of 32–43 °C, the slope of the
linear course of the electrical conductivity changes,
due to the irreversible transition into gelatin. This
region was also confirmed by the DSC measurement,
where a peak in the temperature dependence of the
specific heat capacity was observed. A model has been
developed for predicting the temperature-dependent
SEC and the specific heat capacity, taking into ac-
count the transition of natural collagen into gelatin,

and its parameters have been identified. The slope
change in the linear course of the SEC is clearly
visible, but it may not always be entirely conclu-
sive according to the DSC measurements. However,
it can tell us that something has happened in the
material.
The thermal conductivity is greatly influenced by

the high water content in the tested material. The
identified basic information about the physical prop-
erties of the tested collagen solution is summarized in
Table 4.
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List of symbols
a, b, c, d, e Parameters of the model for κ and cp

C Constant of the conductivity probe [m−1]
cp Specific heat capacity [J kg−1 °C−1]
D Diameter of the electrodes [m]
f Frequency of the electric field [Hz]
H Distance between electrodes [m]
I Electric current [A]
S Contact area [m2]
s Standard deviation
T Temperature [°C]
U Voltage [V]

Greek letters
κ Specific electrical conductivity (SEC) [S m−1]
λ Thermal conductivity [W m−1 °C−1]

Subscripts
start Start of irreversible changes in the material
end End of irreversible changes in the material
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