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Measurement of the activation enthalpies of ionic
conduction in apples

F. X. HART, V. SCHMIDT
The Department of Physics, The University of the South, Sewanee, TN 37383, USA
E-mail: fhart@sewanee.edu
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Impedance spectra in the range from 10 Hz to 1 MHz were obtained for apples for
temperatures between 4 and 40 °C. At each temperature the measured spectrum was fitted to
a theoretical model in which the bulk properties of the apple were represented as the parallel
combination of a constant phase element and a resistance. The results were used to
determine the activation enthalpies of apples for ionic migration, Hm, and for dissociation of
an ion from its binding site, Hf. Hm was found to be of the order of 0.15 eV whereas Hf was of
the order of 0.03 eV. Changes in the slope of the activation curves indicated that a structural
change occurred in the cell wall within the temperature range between 35 °C and 40 °C.
 1998 Kluwer Academic Publishers

1. Introduction
Impedance spectroscopy and dielectric spectroscopy
are two widely used, closely related, experimental
techniques for measuring the variation of the electrical
properties of a material with frequency. These
methods are well-suited for monitoring the internal
changes in the physical properties of a system caused
by the variation of independent parameters, such as
temperature or time. These techniques have been ap-
plied to a wide variety of physiological processes in
biological materials, ranging from impedance changes
in canine kidney cells upon removal of calcium ions
[1], to changes in palmar skin phase angle after exercise
[2], to the measurement of whole-body fluid volumes
[3]. Variations in the passive electrical properties of
living biomaterials can be correlated with changes in
physiological processes at the cellular level and can
thus provide information regarding the mechanisms of
these processes. In this manner, changes at the cellular
level may be studied in intact, living tissue rather than
in an artificial environment in cell culture dishes.

In biological materials, the fundamental electrical
properties, conduction and polarization, are deter-
mined by the ‘‘detrapping’’ and subsequent ‘‘hopping’’
of ions. The correlation of cellular changes with elec-
trical properties then requires that a relationship be
determined between ion detrapping and hopping and
the physiological state of the system. Measurement of
the electrical properties as a function of temperature
provides a means for separating the contributions of
detrapping and hopping, as well as a method for
identifying the existence of changes in the structural
state of the membrane, along which the charge trans-
port takes place.

The purpose of this paper is to describe the meas-
urement of the enthalpies for ionic conduction in
apples. In particular, it compares the relative import-
ance of the energy needed to generate additional free
charge carriers (detrapping) and the energy needed to
maintain transport (hopping) of the mobile ions. Fur-
thermore, the variation in the electrical parameters is
examined to determine whether there is evidence for
the presence of a phase change in the cell wall between
34 and 42 °C.

Sharp changes in the electrical properties of biolo-
gical systems over a narrow temperature range have
been reported recently. McRae and Esrick [4] have
shown that the low-frequency electrical impedance of
rat skeletal muscle decreased abruptly after hyperther-
mia. A rapid, initial decrease was attributed to the
shrinking of cells with a corresponding increase in
extracellular space and to the leaking of intracellular
fluid through the membrane. A subsequent, slower
decrease was attributed to histolysis. An Arrhenius
analysis identified two activation energies: 36.1 kcal
mol~1 (1.57 eV) above 43 °C and 58.3 kcal mol~1

(2.54 eV) below 43 °C.
Bao et al. [5] measured the electrical parameters of

human erythrocytes between 4 and 40 °C. They ob-
served a marked change in membrane capacitance
at 37 °C, which they attributed to a possible phase
transition.

2. Experimental procedure
The basic measuring system is an enhancement of the
system described in earlier papers for the measure-
ment of the electrical properties of plant and animal
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Figure 1 Schematic diagram of the electrodes. The shaded regions
represent plastic blocks which provide mechanical rigidity. ¸, s, and
d represent, respectively, the length and spacing of the needles and
the separation of the electrodes.

tissues [6—10]. Fig. 1 is a schematic diagram of the
electrodes used in the study. Two electrodes are in-
serted into a material. Each electrode is a co-planar set
of five nickel-plated steel sewing needles (¸"2.0 cm
long, 0.73mm diameter, and spaced s"1.0 cm apart).
The separation of the electrodes, d, is 3.0 cm. The
rectangular area defined by each electrode, S, is
8.0 cm2. The blunt ends of the needles of each elec-
trode are connected by thin wires and embedded in
a plastic block. The two blocks, in turn, are connected
at the ends by plastic pieces. In this manner mechan-
ical rigidity of the electrode system is achieved. The
electrodes cannot be regarded simply as a pair of
parallel plates of separation d and area S. The geomet-
rical factor that must be included in order to account
for the actual current paths between the needles will be
noted later.

The electrodes are connected to a Hewlett Packard
4192A low-frequency impedance analyser. Capaci-
tance, C( f ) , and conductance, G( f ), spectra are mea-
sured at 100 frequencies, f, between 10 Hz and 1MHz.
The process is controlled by a Hewlett Packard Model
310 personal computer. The data are transferred to
another computer for more detailed analysis with the
spreadsheet program Excel.

The apples used in this study were the Red Deli-
cious variety and were purchased at a grocery store.
Two apples were removed from a refrigerator (¹"
3.5 °C) and transferred to a container placed in a tem-
perature-controlled water bath. A thermistor probe
was inserted into one apple; the electrode pair was
inserted into the other. In this way the spectra were
not modified by the presence of the probe. Preliminary
measurements indicated that the temperatures of the

two apples agreed to within 0.1 °C. Spectra were taken
for a large number of temperatures up to a maximum
temperature, ¹

.!9
. Spectra were also taken as the

temperature was reduced to about 10 °C. Three differ-
ent values were used for ¹

.!9
: 34, 38 and 42 °C.

The diameter of an apple (approximately 8 cm) was
considerably larger than the electrode needle length.
The needles did not penetrate to the depth of the core.
Little difference was thus observed in the impedance
spectra of an apple with the electrodes oriented paral-
lel to or perpendicular to the core. Furthermore, not
all the needles penetrated completely into the apple
because the rigid electrode configuration could not
completely match the curvature of the apple surface.
Because the electrode geometry did not change during
the course of a temperature cycle, variations among
apples in the penetration of the individual needles
played no role in the determination of the enthalpies.

3. Impedance analysis
The interelectrode region can be regarded as a series
combination of an electrode interface region and the
bulk material region. To analyse the bulk properties, it
is necessary to separate the contributions from these
two regions. This separation is most readily accomp-
lished by transforming the capacitance and conduc-
tance values to the equivalent impedance. The
complex impedance, Z*, can be written as the sum of
a real part, Z

3
, and an imaginary part, Z

*
. Z*"Z

3
#

iZ
*
, where i is !11@2.
Considering a parallel equivalent capacitance and

conductance, the impedance is related to the
capacitance, conductance and frequency as follows

Z
3
"G/(G2#x2C2) (1)

Z
*
"!xC/(G2#x2C2) (2)

where x"2nf .
Figs 2 and 3 illustrate the capacitance and conduc-

tance spectra of an apple at a temperature of 20.4 °C
after it had been heated to 34 °C. Fig. 4 shows the
corresponding impedance spectra. The spectra below
and above about 100Hz represent the contribution
from the electrode and bulk regions, respectively.
Fig. 5 indicates the circuit model used to represent the
apple. Each region is modelled as the parallel combi-
nation of a resistance, R, and a constant-phase-angle
element, CPE. Such a model has been used to describe
the electrical behaviour of a wide variety of biological
[5, 10] and non-biological systems [11, 12]. A resist-
ance R

)*&
is added to account for the real part of

relaxations which take place at frequencies above
1 MHz.

This circuit model represents the characteristics of
the measured impedance spectra very well. The impe-
dance of the CPE is given by Z*

CPE
"A(ix)~n, where

A and n are real-valued parameters. If X
CPE

and
½

CPE
represent, respectively, the real and imaginary

parts of the CPE impedance, then X
CPE

"Ax~n

cos (np/2) and ½
CPE

"Ax~nsin (np/2). The phase angle
of the impedance, ', is given by tan'"½

CPE
/

X
CPE

"tan (np/2). Thus, the phase angle of the CPE is
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Figure 2 Capacitance spectrum for an apple heated to 34 °C, then
cooled to 20.4 °C.

Figure 3 Conductance spectrum for an apple heated to 34 °C, then
cooled to 20.4 °C.

Figure 4 Impedance spectrum for an apple heated to 34 °C, then
cooled to 20.4 °C. (h) ReZ measured, (n) ImZ measured, (——) ReZ
calculated, (— — —) ImZ calculated.

a constant, np/2, independent of the frequency. This
result is the reason for the designation of this circuit
element as a ‘‘constant phase element’’.

If ReZ
5
and ImZ

5
represent, respectively, the real

and imaginary parts of the parallel CPE-resistance
combination, then

ReZ
5
"R(X2

CPE
#½2

CPE
#RX

CPE
)/D (3)

and

ImZ
5
"½

CPE
R2/D (4)

where D"(X
CPE

#R)2#½2
CPE

.

Figure 5 Circuit model used to calculate impedance spectra. ‘‘b’’
represents the bulk material between the electrodes, ‘‘el’’ represents
the electrode/bulk interface. R

)*&
is an element used to represent

relaxations which occur at frequencies above 1 MHz.

Equation 4 describes a peak in the imaginary part of
the impedance at an angular frequency

x
1
"(A/R)1@n (5)

with a full-width at half-maximum given by

FWHM"R[cos2(np/2)#4cos (np/2)#3]1@2/pA (6)

For frequencies f;f
1

the impedance of the CPE is
relatively large and the parallel combination behaves
as a pure resistance R. For f<f

1
the impedance of the

CPE is relatively low. The combination then behaves
as a pure CPE with both ReZ

5
and ImZ

5
decreasing

as f~n.
These asymptotic limits in the impedance spectrum

can be related to the conductivity, g, as follows: for
low frequencies gPg

$#
\1/R; for high frequencies

g(x)\xn/A. Borsa et al. [13] have shown that the
limiting behaviour of a system which exhibits a
stretched exponential or Kohlraush—Williams—Watt
(KWW) response, /(t)\exp [(!t/s)b] in the time
domain is g

$#
\s~1 at low frequencies and

g(x)\x(1~b)s~b at high frequencies. Equation 5 and
the association s"1/f

1
can then be used consistently

to relate the parameters of the parallel CPE/R element
and the KWW response according to R\s~1,
n"1!b, and A\sb. The parallel CPE/R element
thus serves as a circuit representation of the KWW
response.

The region between 100 Hz and 100 kHz in Fig. 4
illustrates the frequency dependence given by Equa-
tions 3 and 4. A peak appears in the imaginary part of
the impedance in the low kilohertz region. At lower
frequencies, the real part of the impedance becomes
constant and the imaginary part decreases towards
zero. At higher frequencies the real and imaginary
parts both exhibit a parallel, power-law decrease. The
increase in the imaginary part below about 50 Hz
indicates the beginning of a very low-frequency disper-
sion related to the electrode interface. The flattening of
the real part above 100kHz indicates the presence of
a dispersion above 1MHz, presumably related to
coupling across the cell wall. The beginning of a corre-
sponding rise in the imaginary part is apparent just
below 1MHz.

The seven circuit parameters shown in Fig. 5 (A
%1

,
n
%1

and R
%1

for the electrode region; A
"
, n

"
and R

"
for

the bulk midfrequency dispersion; and R
)*&

for the
high-frequency impedance) provide a good fit to the
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measured impedance over the frequency range from
10 Hz to 1 MHz. At each temperature, precise values
for the seven parameters were obtained from a com-
plex-valued, non-linear, least squares fit to the real
and imaginary impedance values according to a
method described by Bevington [14]. The results of
such a fit are shown in Fig. 4 for comparison with the
measured values. The agreement is very good. In fact,
the solid line for the calculated values of ReZ cannot
be seen beneath the measured values. In this manner,
the temperature dependence of each parameter was
obtained during the heating and cooling of each apple.
The temperature variation of the peak frequency was
then determined using Equation 5.

Fig. 6 illustrates impedance spectra for an apple
heated to ¹

.!9
"34 °C at three temperatures. As the

temperature increases, ReZ at low frequencies and
ReZ at high frequencies decrease. In addition, the
peak in ImZ decreases in magnitude and shifts to
higher frequencies.

The resistance values R
"
and R

)*&
, can be converted

to the corresponding conductivities, g
"

and g
)*&

, from
the relationship

g"Fd/SR (7)

where F is a geometrical factor determined by the
dimensions and arrangement of the needles in the
array [8]. In this case F"23.3. The electrode separa-
tion is d, and the geometrical area of each electrode is S.

Jain and Mundy [15] have shown that for glassy
ionic conductors g"B exp (!H/k¹)/¹ and x

.
"

D exp (!H
.
/k¹), where k is Boltzmann’s constant,

x
.

is the ion jump frequency, H
.

is the enthalpy for
ionic migration, H

&
is the enthalpy for dissociation of

the ion from its binding site (detrapping), and
H"H

.
#H

&
. B and D are temperature-independent

factors which depend on the entropies for migration
and dissociation, the jump distance, the jump attempt
frequency, and various geometric and correlation fac-
tors. Although their model was developed specifically
for ionic glasses, the general temperature and enthalpy
dependence of the ionic conduction processes should
also be applicable to biological materials. Jain and

Figure 6 Impedance spectra for an apple being heated to 34 °C at
three temperatures: (j) ReZ at ¹"9.5 °C, (h) ImZ at ¹"9.5 °C,
(d) ReZ at ¹"22.4 °C, (s) ImZ at ¹"22.4 °C, (m) ReZ at
¹"34.2 °C, (n) ImZ at ¹"34.2 °C.

Mundy note [15], for example, that in a liquid electro-
lyte, H

&
"0.

It should be noted that x
1
, obtained from the

impedance analysis, is not the ion jump frequency, u
.
.

The two, however, should be directly proportional
and have the same activation enthalpy. Plots of
ln(g

"
¹) versus 1/¹ and ln(u

1
) versus 1/¹ should then

yield as their slopes H
.
#H

&
and H

&
, respectively.

Taken together, the two plots can be used to deter-
mine H

&
and H

.
and thus identify the relative contri-

butions of detrapping and hopping to the conduction
process.

4. Results
Figs 7—9 are Arrhenius plots for the bulk conductivity,
peak frequency, and high-frequency conductivity, re-
spectively, for an apple with ¹

.!9
"34 °C. Least-

square fit lines used to determine the slopes are also
shown. Several features are evident in these graphs.
First, the slopes for increasing temperature are greater
than the slopes for decreasing temperature. Second, at
a given temperature the conductivities and the peak
frequency are higher for decreasing temperatures than
for increasing temperatures. The conductivity still de-
creases as temperature decreases, but at a slower rate
after the maximum temperature has been reached.
Raising the temperature has evidently resulted in an
increased conductivity. Previous, less-detailed meas-
urements [6] have shown similar results for apples
heated to 35 °C.

Figs 10—12 are Arrhenius plots for the bulk con-
ductivity, peak frequency, and high-frequency con-
ductivity, respectively, for an apple with ¹

.!9
"42 °C.

Several differences are immediately apparent from
Figs 7—9. First, the slopes for increasing temperature
and decreasing temperature appear similar in magni-
tude. Second, at a given temperature the conductivi-
ties and the peak frequency are lower for decreasing
temperatures than for increasing temperatures. Rais-
ing the temperature has evidently resulted in a de-
creased conductivity. Third, a clear decrease in slopes
is apparent in the graphs for the bulk conductivity
and peak frequency between 1000/¹"3.25 and 3.2
(34.5—39 °C). Between 39 and 42 °C the slopes are

Figure 7 Arrhenius plots for the bulk conductivity of an apple
heated to 34 °C: (m) increasing temperature, (j) decreasing temper-
ature.
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Figure 8 Arrhenius plots for the peak frequency of ImZ of an apple
heated to 34 °C: (m) increasing temperature, (j) decreasing temper-
ature.

Figure 9 Arrhenius plots for the high-frequency conductivity of an
apple heated to 34 °C: (m) increasing temperature, (j) decreasing
temperature.

Figure 10 Arrhenius plots for the bulk conductivity of an apple
heated to 42 °C: (m) increasing temperature, (j) decreasing temper-
ature.

similar to those below 34 °C. The slope of the high-
frequency conductivity exhibits a smaller decrease be-
tween 34.5 and 39 °C. The difference between the
curves for increasing and decreasing temperature is
much more dramatic for the high-frequency conduct-
ivity.

For the apple with ¹
.!9

"38 °C, the behaviour
is similar to that observed for the apple with
¹

.!9
"42 °C. The slopes for the corresponding graphs

Figure 11 Arrhenius plots for the peak frequency of ImZ of an
apple heated to 42 °C: (m) increasing temperature, (j) decreasing
temperature.

Figure 12 Arrhenius plots for the high-frequency conductivity of an
apple heated to 42 °C: (m) increasing temperature, (j) decreasing
temperature.

(not shown here) are reduced between 34.5 and 38 °C.
At a given temperature, the conductivities and the
peak frequency are also lower for decreasing temper-
atures than for increasing temperatures. The differ-
ences, however, are greater than for the apple with
¹

.!9
"42 °C. For all three apples, n was independent

of temperature and equal to 0.78 for both increasing
and decreasing temperatures.

Table I presents the activation enthalpies for the
bulk conductivity, the peak frequency for the bulk,
and the high-frequency conductivity. The enthalpies
associated with detrapping and hopping are deter-
mined from the analysis described above. Because the
high-frequency peak appears at frequencies beyond
the range of the present measurements, no value could
be obtained for its x

1
. Thus, the activation enthalpy

for the high-frequency process cannot be separated
into detrapping and hopping enthalpies. For compari-
son, at room temperature, k¹\0.025 eV. The$values
indicated in Table I are the standard error values for
the linear fit, which was performed using the Linest
function of the spreadsheet program Excel. In all cases
the slopes were determined only for temperatures be-
low 35 °C.
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TABLE I Activation enthalpies for apples heated to the indicated
¹

.!9

Parameters Activation enthalpies

¹
.!9

°C Increasing ¹ Decreasing ¹

g
"

42 0.185$0.011 0.182$0.002
u

1
0.149$0.013 0.136$0.004

g
)*&

0.149$0.011 0.169$0.004
H

.
0.149$0.013 0.136$0.004

H
&

0.036$0.017 0.046$0.004
g
"

38 0.178$0.005 0.182$0.002
u

1
0.140$0.006 0.124$0.002

g
)*&

0.159$0.003 0.178$0.002
H

.
0.140$0.006 0.124$0.002

H
&

0.038$0.008 0.058$0.003
g
"

34 0.207$ 0.004 0.156$0.003
u

1
0.170$0.007 0.110$0.004

g
)*&

0.182$0.001 0.136$0.004
H

.
0.170$0.007 0.110$0.004

H
&

0.037$0.008 0.046$0.005

5. Discussion
There are three major sources of error in the calcu-
lation of the activation enthalpy values for a particular
apple: (1) errors in the determination of the slopes of
the activation plots; (2) errors in the fitting procedure
used to obtain the A, R and n values from the impe-
dance data; and (3) errors in the measurement of the
capacitance and conductance of the apples. The stan-
dard errors of the linear fits for the activation plots are
indicated in Table I. The errors associated with the
fitting procedure to determine the A, R and n values
are calculated during the procedure [14]. The relative
uncertainties are less than 1% for each of these
values. Finally, the errors in the measurement of the
capacitance and conductance by the impedance ana-
lyser are less than 1% over the frequency range of the
bulk dispersion, as determined by measurements on
standard resistor and capacitor combinations. Conse-
quently, the error in the activation enthalpy values is
due almost entirely to the determination of the slope
of the activation plots, as given in Table I.

A series of runs was conducted to determine
whether there was a significant drift with time in the
impedance spectra. The fitted values of A

"
, n

"
, R

"
and

R
)*&

varied by less than 1% over a 2 h period for an
apple at a temperature of 24.7$0.2 °C. Preliminary
measurements had shown, similarly, that the passive
electrical properties of apples kept at room temper-
ature did not vary appreciably until the onset of ripen-
ing (climacteric).

Another source of error is the individual variation
of activation enthalpy values among different apples.
This uncertainty can be estimated by comparing the
activation enthalpies for increasing temperature for
the three apples. Those values were obtained from fits
for temperatures below 35 °C and should thus be sim-
ilar. The H

&
values for the three apples agree within the

associated uncertainties. In contrast, the H
.

value
for the apple with ¹

.!9
"34 °C differs by about 20%

from the other two apples. This amount exceeds the
associated uncertainties and is probably a manifesta-
tion of a difference in the relative ripeness of the three

apples. Consequently, any differences in H
.

values less
than 20% are of questionable significance. The activa-
tion enthalpies for bulk conductivity shown in Table
I are also comparable in magnitude to the activation
energies reported previously [6] for apples in the
frequency range 100Hz to 5 kHz.

In biological materials, the passive electrical prop-
erties in the kilohertz frequency range, represented
here by g

"
, x

0
, H

.
and H

&
, are determined by the

hopping of ions along counterion layers at the surface
of the cell wall or membrane [16]. At higher frequen-
cies, represented here by R

)*&
, coupling across the cell

wall or membrane becomes important.
For each apple in Table I, H

.
AH

&
. Furthermore,

H
&
is only slightly greater than k¹(\0.025 eV). Conse-

quently, changes in the conductivity with temperature
are not the result of variations in the concentration of
the ionic carriers, but are due to the temperature
dependence of the ionic hopping mobility. The ab-
sence of a clear, significant difference in the H

&
values

for increasing and decreasing temperatures indicates
that any structural changes produced by the heating
do not affect the number of ionic carriers.

For each apple, H
.

is lower for decreasing than for
increasing temperatures. This decrease appears signifi-
cant for the ¹

.!9
"34 °C apple, questionable for the

38 °C apple, but not significant for the 42 °C apple.
Recall that the bulk conductivity was higher for de-
creasing than for increasing temperatures for the 34 °C
apple and that the reverse was true for the other two
apples. These differences and the changes in slope of
the activation plots observed between 35 and 39 °C
indicate that a structural change in the cell wall has
occurred in that temperature range. This change is not
reversible upon cooling and is thus not a simple phase
transition. The total enthalpy for the high-frequency
conductivity (g

)*&
in Table I) exhibits a similar differ-

ence in behaviour. It decreases significantly for the
34 °C apple, but increases significantly for the
¹

.!9
"38 and 42 °C apples.

Minor structural changes occur for apples heated
up to 34 °C as is evident from the increased bulk
conductivity during cooling observed here and pre-
viously [6] and by the lower values of H

.
and the

total enthalpy for high-frequency conductivity during
cooling. Heating to temperatures in the range
35—39 °C, however, produces a more substantial
change in cell-wall structure. During cooling, the bulk
conductivity is reduced and the total enthalpy for
high-frequency conductivity is increased, whereas
H

.
does not change. The temperature range in which

these changes take place is similar to that observed for
erythrocytes [5], but slightly lower than reported for
rat muscle [4].

The values of the CPE exponent, n, and b"1!n
have been related to a variety of physical processes in
models for ionic conduction in solids; for example, the
distribution of transition rates [17], the degree of
correlation of the ionic charge carriers [18, 19], and
the ion—ion separation distance [20]. In the present
case, n is independent of ¹ and equal to 0.78, for each
apple, both for increasing and decreasing temper-
atures. This result differs from the sharp variation of
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n with ¹ observed for erythrocytes [5]. This difference
in results might indicate that the passive electrical
properties of isolated cell culture systems are not the
same as those properties measured in whole, living
tissue. Alternatively, it may simply reflect a funda-
mental difference in the structure of cell membranes
and walls.

Further research will investigate whether deteriora-
tion of the new cell-wall structure commences above
42 °C and whether there are additional structural cha-
nges in apples at higher temperatures. The association
of shifts in electrical properties with structural changes
in the cell wall/membrane should be studied for a wide
variety of plant and animal systems. In particular,
possible differences in the variation of the impedance
spectra of warm-blooded and cold-blooded animals
with temperature should be investigated. Finally, re-
search should be directed toward examining the pos-
sible differences between the impedance spectra of cell
cultures and intact tissue in living systems.

6. Conclusions
The results reported here indicate that the variation of
the electrical properties of apples with temperature is
determined by changes in the hopping mobility of the
ionic carriers rather than a change in the number of
the carriers. Furthermore, there is evidence of a
structural change in the cell wall that occurs within
the temperature range 35—40 °C.
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