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Influence of doping chromium ions on the electrical properties of
hydroxyapatite
Moustafa Ibrahim and Abdelfattah Dawood

Department of Physics, Benha University, Benha, Egypt

ABSTRACT
Hydroxyapatite Ca10[PO4]6[OH] is a biocompatible widely used in medicine and
dentistry. Its applications depend greatly upon lattice substitution of Calcium
sites in its structure by varies cations such as Na, Mg, Sr, Ag etc. Chromium
plays an important role in reducing blood sugar level and improving insulin
ability to convert glucose in cells to gain energy. In this paper we studied the
effect of doping hydroxyapatite with chromium ions on its crystal dielectric
properties. Pure hydroxyapatite and chromium loaded hydroxyapatite of chro-
mium concentrations of 0.5, 1.0, 2.0, and 3.0 wt % forming samples S1, S2, S3
and S4 respectively were prepared by wet precipitation method. The dielectric
parameters, permittivity ἐ, dielectric loss ἕ, conductivity σ, relaxation time ts and
dielectric modulus M’ and M’’ were calculated at frequency of 20 Hz to 10 MHz.
Results showed increase of ἐ, and ἕ, values of chromium loaded samples
compared to pure hydroxyapatite. The conductivity of the doped samples
was increased with chromium concentration increase. The relaxation times
(ts) chromium loaded samples showed increase of ts as chromium concentra-
tion increase. The dielectric properties showed that as chromium concentra-
tion increase, ἐ, ἕ, and σ of substance increase compared to the pure HA.
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Introduction

A wide range of research studies have focused
on the synthesis and application of hydroxya-
patite (HA) on bones. HA, Ca10(PO4)6(OH)2, HA,
is well known as biomaterial or bioceramics
because of its role in substituting bone and
teeth damages [1–3]. Although it has
a significant role in bone replacement and sub-
stitution, as it forms about 60–70% of human
bones [4], its application is limited due to its low
brittleness [5,6]. Therefore, several efforts were
carried out in order to obtain similar biomater-
ials which can be used in such a role with
a comparably higher order of stiffness with bio-
compatibility and biodegradability [3, 7]. HA
was doped and prepared artificially with several

substances such as aluminum, iron, magne-
sium, zinc, strontium and sodium in order to
improve its mechanical and electrical
properties.

These doped substances should also have
similar properties like the native HA but with
improved characteristics like biocompatible as
well as application as antibacterial activity [8,9].
Moreover, HA can also be used in bone osteo-
penia curing and bone damage substituting.

Here, HA is doped with chromium ions (pre-
pared by the wet precipitation method) at four
different concentrations (0.5, 1.0, 2.0 and 3.0 wt
%) to prepare samples S1, S2, S3 and S4, respec-
tively. It has been reported that chromium con-
centration becomes low in people with
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diabetes, where chromium enhances insulin
signaling, reduces insulin resistance and
improves carbohydrate metabolism [10–12].
Chromium has been shown to reduce the pos-
sibility of suffering from cardiovascular disease
[13,14]..

In this work, we investigated the effect of doping
chromium ions on the electrical conductivity and
dielectric properties of pure HA and chromium HA
(S1, S2, S3 and S4) recorded at three different tem-
peratures of 298, 308 and 318 K.

Methods

Chromium hydroxyapatite (Cr-HA)
preparation

Calcium phosphate powder was prepared by pre-
cipitation method as follows: 0.16 mol of calcium
nitrate tetrahydrate [Ca(No3)2 · 4H2O] was dis-
solved in 1 l of de-ionized water and 0.096 mol of
di-ammonium hydrogen ortho-phosphate [(NH4)2
HPO4] to accomplish the Ca/P ratio at 1.67. The Cr-
HA was prepared as follows: different amounts of
chromium nitrate Cr (No3)2 · 9H2O [0.005, 0.01,
0.02, 0.03 mol] was dissolved in 1 l of de-ionized
water with 0.16mol of calcium nitrate tetrahydrate
[Ca (No3)2 · 4H2O]. The pH was adjusted to about
10 by adding dilute NH4OH solution. A volume of
0.096 mol [(NH4)2HPO4] solution was fed from
a burette (2–5 ml/min) into a stirred solution of
0.16 mol [Ca(No3)2 · 4H2O] heated to 60°C on a hot
plate (at pH = 10). Then, the solutionwas aged and
stirred at its boiling point for about 2 h in a sealed
container. The pure and Cr-HA samples were
obtained by sucking filtration and purified three
timeswith de-ionizedwater. The product was then
dried overnight at 100°C and powdered by grind-
ing mill.

The preparation and characterization meth-
ods were published [12].

Dielectric measurements

Samples (2 mg tablets) were prepared for each
Cr-HA concentration, S1, S2, S3, S4 and the pure,

by compressing to a pressure of 1500 PSI and
left for 10 min for homogeneity to form a tablet
of diameter of 0.8 cm and thickness of 0.09 cm.

The measurements were conducted using
a Novo control High-Resolution Alpha
Analyzer using gold-plated stainless-steel elec-
trodes of 20 mm in diameter, in parallel plate
capacitor configuration. A Quatro Temperature
Controllers using pure nitrogen were used to
stabilize the temperature during the
experiment

The dielectric measurements were obtained
using gold-plated stainless-steel electrodes of
20 mm in diameter. The data acquired include
the capacitance (C), resistance (R), impedance
(Z) and delay angle (θ). HA doping might gen-
erate crystal structure defects and thermal
instability as stated by [15]; therefore, the
experiment was conducted at different tem-
peratures of 298, 308 and 318 K.

The acquired data were used to calculate
dielectric properties using the following
equations:

ε0 ¼ cd
ε0A

(1)

ε00 ¼ ε0 tanδ (2)

tanδ ¼ tan 90� θð Þ (3)

Complex impedance data, Z*, can be repre-
sented by its real, Z’, and imaginary, Z”, parts
by the following relation:

Z� ¼ Z0 þ jZ (4)

Using complex impedance, the real and imagin-
ary parts of the complex impedance of the
equivalent circuit can be written as

z0 ¼ z cos θ (5)

z00 ¼ z sinθ (6)

σ ¼ d
A
� 1
R

(7)
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where σ is the electric conductivity, A is the area
of electrode in m2, d is the distance between
the two electrodes in m, ε’ is the dielectric
permittivity and ε’’ is the dielectric loss.

The measured parameters were used to cal-
culate both parts of the dielectric permittivity,
the real ε’ and imaginary ε’’, real and imaginary
parts of conductivity, σ’ and σ”, respectively
(measured in S/m), real and imaginary parts of
impedance, Z’ and Z”, respectively (in ohm).

ε’ and ε’’ data were used to calculate the real
and imaginary part of electric modulus, M’
and M’’ formalisms.

M� ¼ M0 þ jM00 (8)

¼ ε0

ε02 þ ε002
þ j

ε00

ε02 þ ε002
(9)

where M’ and M” are the real and imaginary
parts of electrical modulus, respectively.

Relaxation time was calculated from the
Cole–Cole semicircles (Nyquist plot) from the
following relation:

ωs ¼ 2π
τs

(10)

where ωs is the angular frequency and τs is the
relaxation time.

Results and discussion

The dielectric parameters of the pure and Cr-HA
samples (S1, S2, S3 and S4) with different con-
centrations (0.5, 1.0, 2.0 and 3.0 wt. %) respec-
tively,, were measured at different
temperatures (298, 308 and 318 K) and plotted
against applied frequency. The results of the
dielectric properties of the Cr-HA show
a relatively higher activity of doped samples
compared to the pure one.

Figure 1 represents the relation of the real part
of the dielectric permittivity (ε’) as a function of the
frequency which shows increasing in ε’ values as
chromium concentration increases apart from S4.
Values of ε’ of the pure HA, at low frequencies, are
the lowest and those of chromium loaded(S1 and

S2) are comparable and S3 and S4 are relatively
high. All samples show similar values at high-
frequency range. This is attributable to the gradual
formation of the chromium crystals inside the
structure of HA [16]. Surprisingly, S3 shows the
highest values of ε’ compared to the rest including
S4.

As temperature increases from room tem-
perature the overall values of ε’ increased, and
yet S3 had the highest values. Where, as the
concentration of the doped as chromium con-
centration increase, the amount of dipole inside
samples also increase which lead to higher per-
mittivity. At high frequencies, dipoles hardly
follow the alternating electric filed therefore
data exhibit dielectric relaxation of all Cr-HA
samples with decreasing dielectric con-
stant [17]. At chromium concentration higher
than 0.2% (i.e. S4), the increased concentration
seems to affect the dipole polarization which
resulted in a reduction in ε’ values and it could
be attributed to interfacial polarization [18].
Also, sample-electrode has poor-contact inter-
action which resulted in grain boundary forma-
tion which also would affect the values ε'.

All samples behave similarly at high frequency,
particularly values at a frequency higher than 1
kHz. Raising sample temperature insignificantly
influenced the dielectric values at higher frequen-
cies, while it did at low frequencies .

Nyquist plots at temperature changes –
298, 308 and 318 K

Nyquist plots of the samples under investiga-
tion were established using the Z view software
(a software program set to plot and simulate Z’
and Z” data to an equivalent RC circuit).

All samples show more than one semicircle
which can be due to the formation of grain bound-
ary charges between samples and used electrode.

The pure HA sample showed formation of grain
boundary (represented by sub-semicircle) greater
than samples S1, S2, S3 and S4 represented by the
small semicircle at low frequency.
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Sample S4 at chromium concentration of
3.0% (Plot 2E) showed another small sub-
semicircle at very low frequencies. It showed

three semicircles indicating more resistance
and more relaxation regions at very low-
frequency regions between electrode and

Figure 1. The dielectric constant (ε’) as a function of frequency (0.1–100 Hz) for the pure and Cr-HA samples S1, S2,
S3 and S4 at temperatures of (a) 298 K, (b) 308 K and (c) 318 K, respectively.
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charges accumulated in the sample. This could
be due to sample–electrode poor contact
region between sample and electrode which
results in a higher capacitive impedance (i.e.
lower capacitance and consequently lower
dielectric permittivity).

Therefore, S3 is the best highest chromium
concentration that can be used, especially the
values of dielectric constant, as illustrated in
Figure 2, and impedance of S3 are very much
comparable to that of S4 and both are signifi-
cant form other samples.

Data obtained from the above plots are
tabulated in Table 1. This table represents the
resistance, capacitance of the equivalent
circuit as well as the dispersion angle of the
semicircle center beneath the x-axis and finally
the relaxation time of the dipole to return to
thermal equilibrium from Equation7.

Data show that all samples are comparable at
low-frequency regions and also fluctuate at high-
frequency regions in almost all parameters with no
significant differences, except relaxation time.

Relaxation time at low-frequency regions is
much lower than that of the high-fre-
quency regions at all samples. Relaxation time
of S3 at the applied temperature range, at low-
and high-frequency regions, shows the fastest
of all (smaller values). This could be due to
optimum dipole orientation at the applied fre-
quencies compared to the rest.

The increased values of R, C and τs could be due
to the bonds broken between HA compositions.

To manifest the differences between sam-
ples at the applied temperatures, dielectric con-
stant ε’ was plotted versus frequency at a low
range. All chromium-loaded samples show bet-
ter dispersion (separation between curves) than
pure HA, and S3 showed the best of all.

The AC conductivity of the Cr-HA at different
temperatures is illustrated in Figure 3 and
Figure 4. It shows similar behavior in pure HA
and Cr-HA samples, S1, S2, S3 and S4 as sample
temperature rise from (298–318 K). However,
values of the Cr-HA samples are quite higher
than that of the pure HA. Generally, The trend

of AC conductivity shows no major change
between the AC conductivity values at (298K)
and (318K).This contributes to the idea that
there are no major differences between sam-
ples under investigations under the applied
temperature from 298 to 318 K), i.e. samples
are stable under this small temperature
increment.

In general, AC conductivity values increase at
lower frequencies as chromium concentration
increases, which is related to the interaction of
the doped chromium ions with HA, which
affects conductivity positively. However, at
higher frequencies, the electrical conductivity
displays quite similar values, especially for
higher chromium concentrations S3 and S4,
which can be attributed to the reduction in
pores and interspaces for chromium ions,
which reduced the conductivity [19].

In order to optimize the electrode polariza-
tion effect, the modulus values (M’ and M’’) are
plotted for the pure and Cr-HA at a temperature
of 298 K (Figure 5).

Curves show increase of M’’ as M’until satu-
rates to form a peak at approximately the mid-
dle of M’ data (at high frequency), then
decreases as M’ increases (at very high-
frequency region). Moreover, the peak is shif-
tedtowards low frequency and decreases in
value as chromium concentration increase
which is due to transition from short to long
range mobility as chromium concentration
increase at low frequency region as illustrated
previously in Nyquist plots (Figure 2) [20].

Real part of modulus (M’) values are plotted
in Figure 6. At low frequencies, the values of M’
are very low, indicating suppression of elec-
trode polarization [21], where, all polarization
processes, i.e. the electronic, ionic, dipolar and
surface polarization, could be attributed in
terms of modulus M’ at low frequencies.

Higher values of M’ correspond to higher fre-
quencies, which in turn correspond to lower values
of M’’, indicating polarization reduction [22].

As chromium concentration increases, M’
values shifted to higher frequencies with
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lower values of M’, which is attributed to chro-
mium concentration effect.

M’’ showed low values and it relatively
increased as frequencies increased until it

reaches its maximum value at the maximum
frequency fmax and then it relaxes to lower
values as frequency increases as illustrated in
Figure 7.

Figure 2. Nyquist plot (Z’ vs Z”) of the pure (a) and chromium HA S1 (b), S2 (c), S3 (d) and S4 (e), at temperatures of
298, 308 and 318 K. Main plot represents semicircles at high frequencies (full range), while the semicircles at low
frequencies (low and very low) are represented by the sub-figure in each plot.
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The values of fmax shifted to a higher fre-
quency region with increasing chromium-
doping concentration, i.e. chromium distribu-
tion in HA lattice. fmax peaks of M’’ are
shifted from 763 Hz at pure HA to higher
frequencies (~1.5–~5 MHz) as chromium con-
centration increases as illustrated in S1–S4
(Table 2). This signifies the effect of chro-
mium concentration on the structure of cal-
cium HA, and this effect is accumulated as
chromium concentration increases.

Conclusion

Calcium HA was doped with small amount of
chromium ion concentration from 0.5 to 3% wt
to study the effect of Chromium-Calcium sub-
stitution on its AC conductivity and dielectric
properties.

Results show that as chromium concentration
increases, the electrical conductivity increases,
indicating a better biocommunication of Cr-HA
compared with the pure HA. The dielectric per-
mittivity of the HA crystal at low frequencies
increased with increasing chromium-doping
concentration, while all samples, the pure and
doped ones, show a relatively comparable trend
at higher frequency region. HA-doped sample at
a concentration of 2% wt showed the best
dielectric behavior, the least resistance and the
highest relaxation frequency and showed the
fastest relaxation time (as estimated from the
Nyquist semicircles) at low-frequency and high-
frequency regions under the applied tempera-
ture. The electrical conductivity and dielectric
properties increased as temperature increases,
which means that chromium ions doping
improve HA bioconductivity and enhances its
electrical properties.

Table 1. The RC equivalent circuits’ parameters: resistance, capacitance, relaxation times and depression angles of
pure and Cr-HA samples at high-frequency (full) and low-frequency (low and very low) ranges.
1-Pure HA

R (ohms) C (Farad)
Relaxation
time τs (sec)

Depression
angle α

Temperature Low full Low full Low full Low full

298 K 9.88E5 4.10E7 9.57E-12 6.10E-9 7.29E-05 1.99 35.33 37.76
308 K 1.66E5 4.82E7 2.77E-11 4.73E-09 3.26E-04 1.78 26.81 36.53
318 K 9.42E5 7.41E7 7.21E-12 5.79E-10 5.26E-03 5.23 35.78 30.50
2-S1
298 K 1.09E6 4.23E7 9.97E-12 5.72E-9 8.60E-05 1.94 37.49 38.34
308 K 8.04E5 4.92E7 9.35E-12 1.25E-8 5.80E-05 5.59 35.50 46.06
318 K 9.99E5 5.27E7 9.79E-12 1.44E-8 8.10E-05 7.31 40.70 47.21
3- S2
298 K 1.76E6 5.02E7 2.76E-11 4.83E-9 3.49E-04 1.92 28.73 37.44
308 K 1.72E6 4.74E7 3.94E-11 1.18E-8 5.40E-04 5.13 37.59 46.48
318 K 1.28E6 4.24E7 3.51E-11 2.27E-8 3.66E-04 9.34 39.31 49.54
4- S3
298 K 3.19E5 7.12E6 4.7E-12 1.49E-8 1.15E-5 0.84 34.35 37.74
308 K 3.73E5 4.49E6 4.71E-12 3.95E-8 1.66E-5 1.46 48.58 40.03
318 K 3.39E5 3.61E6 4.2E-12 8.08E-8 1.49E-5 2.54 52.67 43.89
5- S4

R (ohms) C (Farad)
Relaxation
time τs (sec)

Depression
angle α

Temperature Very low Low full Very low Low full Very low Low full Very low Low full

298 K 71564 5.15E5 7.12E6 3.35E-12 3.34E-11 1.49E-8 2.46E-6 1.51E-4 2.10 26.63 44.49 36.98
308 K 62375 4.27E5 1.57E7 2.98E-12 3.77E-11 1.57E-7 1.25E-6 1.60E-4 5.12 21.36 50.88 44.15
318 K 81658 3.06E5 1.66E7 3.04E-12 2.63E-11 3.46E-8 1.83E-6 6.83E-5 5.18 31.65 42.41 45.67
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The maximum frequency that is correlated
with a dipole relaxation time of Cr-HA samples
is higher than that of the pure HA and it
increases as chromium concentration
increases and decreases again at S4.

These findings support the fact that the sub-
stitution of chromium ions in the Ca-HA crystal
influenced its electrical properties, permittivity,
conductivity and dipolar relaxation time, which

means it can be used for dental and bone
treatments.
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Figure 3. Comparison of the dielectric constant (ε’) at temperatures 298, 308 and 318 K at low-frequency range
(0.1–1000 Hz), in logarithmic scale, for the hydroxyapatite; pure (a) and chromium-loaded {S1, S2, S3 and S4 (b)}.
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Figure 4. AC electrical conductivity (σ) as function of frequency (at logarithmic scale) for the pure and Cr-HA
samples S1, S2, S3 and S4 at temperatures 298, 308 and 318 K.
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Figure 5. Real and imaginary parts of dielectric modulus (M’ and M”), respectively, as a function of frequency at
temperature 298 K.

Figure 6. The real parts of dielectric modulus M’ as a function of frequency at the temperature of 298 K.
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