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Abstract

Suspensions of hydroxyapatite (HA) nanoparticles were prepared in isopropanol and triethanolamine (TEA) was used as the
dispersant. It was found that HT" TEA species generated by proton capturing from isopropanol are chemically adsorbed on HA
nanoparticles via strong hydrogen bonding, enhancing their zeta potential and hence colloidal stability. Electrophoretic deposition was
performed at 60 V for various durations. It was found that sticking parameter (f factor) decreases with TEA concentration due to the
increase in the potential (electrical 4 chemical) difference at the interface of deposit and suspension. The wet density of deposits increased
with the zeta potential of particles as well as deposition time, due to the time dependent rearrangement of particles within the deposit
caused by electro-osmotic flow which is stronger when the zeta potential is higher. It was found that the coating deposited from the
suspension with 4 mL/L TEA had the best corrosion resistance in Ringer’s solution at 37.5 °C due to its fine, homogeneous and crack-
free microstructure acting as a good barrier against the corrosive medium.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HA: Ca;o(PO4)s(OH),) is the main inor-
ganic constituent of human bone (60% Vol) [1]. HA has
been used extensively in biomedical applications due to its high
biocompatibility, bioactivity, biodegradability and osteocon-
ductivity [2-4]. However, HA has poor mechanical properties
such as low fracture toughness limiting its clinical applications;
therefore HA has been widely used in the form of coating
on the metallic implants such as titanium and 316L stainless
steel. Several coating methods such as sol-gel [5,6], plasma
spraying [7,8], sputtering [9], biomimetic formation [10] and
so on have been successfully used to deposit HA coatings
on metallic substrates. Electrophoretic deposition (EPD) is
another method which has been used extensively to prepare
HA coatings on metallic substrates in recent years [11-14]
due to its advantages such as simplicity, low cost equipment,
short formation times and possibilty of controling the
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microstructure and thickness of deposits by a simple adjust-
ment of deposition parameters such as voltage and time [15].
Another important advantage of EPD is the possibility to
prepare HA coatings with interconnected porosity essential for
implant fixation by bone ingrowths into the pores [16]. The
colloidal stability and the zeta potential of particles have a
great influence on the kinetics of EPD as well as the quality of
the obtained coatings. Using water as the solvent for suspen-
sion preparation is limited in EPD, due to its electrolysis at
relatively low applied voltages [17]; so the non-aqueous
solvents such as alcohols are usually used in EPD [18]. The
zeta potential of particles is usually very low in non-aqueous
solvents due to their low dielectric constant. The zeta potential
and the colloidal stability of particles can be enhanced by the
addition of an efficient dispersant into the non-aqueous
suspensions. Triethanolamine (TEA) is an organic base which
can be used as the dispersant to increase the zeta potential and
colloidal stability of particles in non-aqueous suspensions
[12,18]. In the present work the mechanism of TEA action
as a dispersant for the suspension of HA nanoparticles in
isopropanol as well as its effects on their EPD and the
properties of obtained coatings have been investigated.
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2. Materials and method
2.1. Suspension preparation

Hydroxyapatite (HA) nanoparticles were synthesized by
the Metathesis method [19]. Triethanolamine was added at
different concentrations (0, 0.33, 1.33, 4, 8, 16.66, 33.33 and
66.66 mL/L) into the isopropanol and magnetically stirred
for 15 min to homogenize the solutions. HA nanoparticles
were added into the solutions (20 g/L), magnetically stirred
for 24 h and ultrasonically dispersed for 10 min (Sonopuls
HD 3200, 20 kHz; Bandelin Co., Berlin, Germany) to obtain
the homogeneous suspensions. The electrical conductivity of
the solutions and corresponding suspensions was measured
against TEA concentration. The zeta potential of HA
nanoparticles was measured against TEA concentration
(Malvern instrument, Worcestershire, UK). The samples for
zeta potential measurement were prepared by diluting the
suspensions according to the method described in Ref. [18].
Fourier transform infrared spectroscopy (FTIR) was used to
investigate the adsorption of TEA on HA nanoparticles. The
samples for FTIR analysis were as synthesized HA nano-
powder as well as the powder removed from the suspension
with 4 mL/L TEA by centrifuging and washing the extracted
powder with deionized water (2 times, 4000 rpm) and drying
it at 120 °C for 24 h.

2.2. Electrophoretic deposition

The plates of 316L stainless steel with the dimensions of
20 mm x 40 mm x | mm were used as the substrate and
counter electrodes. Only 4 cm” of substrates was exposed
to deposition and remainder insulated. The distance
between the electrodes was 1 cm in EPD cell. EPD was
performed at 60 V for different durations (15, 30, 60, 120,
240 and 360 s) using a DC power supply (HY30002E;
Huayi Electronics Industry Co., Hangzhou, Zhejiang,
China). The wet weight (W,,.;) of deposits was measured
immediately after EPD (GR-200, A&D Co., Tokyo,
Japan). The immersion weight of deposits (W;,) was
recorded continuously and in situ according to the method
described in Ref. [20]. During in situ deposition weight
measurement, the voltage was applied for 6 min and then
switched off for 6 min and then reapplied at a same
magnitude but reversed polarity. The sticking parameter
was calculated using the Hamaker equation as well as the
method described in Ref. [20]. The wet density of deposits
was calculated according to the following equation at
different deposition times:

W, Woper— Wi
Puer = pp A Vohe = == (1)
where Vol,,, is the wet volume of the deposit and p;gp is
the density of isopropanol (0.78 g. cm ).
The microstructure of deposits was observed by a
scanning electron microscope (SEM). The coatings were
dried at room temperature overnight and then sintered at

700 °C (heating rate 5 °C/min) for 1 h under flowing argon
atmosphere (argon flow rate: 20 mL/min). The effect of
HA coatings on the corrosion rate of substrate in Ringer’s
solution at 37.5 °C was studied by the potentiodynamic
polarization technique (potentiostat/galvanostat Autolab
84367). A three electrode cell was used for potentiody-
namic polarization studies; uncoated (bare substrate) and
HA coated substrates were used as the working electrode;
saturated calomel electrode (SCE) and a platinum wire
mesh were used as the reference and counter electrodes,
respectively (scan rate: 1 mV/s).

3. Results and discussion
3.1. Suspension properties

The electrical conductivities of the solutions and corre-
sponding suspensions against TEA concentration are
shown in Fig. 1. As can be seen the electrical conductivity
of both the solution and suspension increases with TEA
concentration. Also it can be seen that the conductivity of
the suspensions is less than that of the solutions at the
same concentration of TEA. The conductivity of isopro-
panol increases with TEA addition according to the
following reaction:

ROH +TEA < RO~ +H* TEA )

When HA nanoparticles are added into the solution, the
HTTEA species generated through the reaction (2) are
effectively adsorbed (see Fig. 3) on their surface resulting
in the conductivity drop (since the mobility of charged
particles is lower than that of free ions).

The zeta potential of HA nanoparticles versus TEA
concentration is shown in Fig. 2. As can be seen the zeta
potential increases with TEA concentration and reaches
the maximum value at the TEA concentration of 4 mL/L
and then decreases upon its further addition. As explained
previously when HA nanoparticles are added into the
solution of TEA in isopropanol, the HTTEA species
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Fig. 1. Electrical conductivity of isopropanol and corresponding suspen-
sion against TEA concentration.
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generated by reaction (2) are adsorbed on them and
enhance their surface charge and so their zeta potential.
It can be said that the effect of ionic strength increasing
and so double layer thickness decreasing [21] becomes
more prominent than H*TEA adsorption at TEA con-
centrations more than 4 mL/L, resulting in zeta potential
decline.

The results of FTIR analysis are shown in Fig. 3. It can
be seen that in addition to the peaks that appeared in the
spectra of the as synthesized HA nanopowder, the spectra
of the powder removed from the suspension with 4 mL/L
TEA show other peaks at 2875 and 2945 cm ' attributed
to the stretching vibration of C—H bond proving the
H™*TEA as well as TEA adsorption on HA nanoparticles.
Also it is seen that the peak at 3750 cm ™~ belonging to the
surface P-OH groups of HA [22] does not appear in the
spectra of TEA adsorbed HA nanopowder. It can be
concluded that the surface P-OH groups of HA act as
the adsorption sites for TEA. As schematically shown in
Fig. 4, TEA can chemically adsorb on the HA nanopar-
ticles through strong hydrogen bonding with their surface
P-OH groups. The adsorption of several other chemical
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Fig. 2. Zeta potential of HA nanoparticles (20 g/L) against TEA
concentration in isopropanol.
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Fig. 3. FTIR spectra for (a) as synthesized HA nanopowder and (b) HA
nanopowder removed from the suspension with 4 mL/L TEA.
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compounds on HA through hydrogen bonding with its
surface P-OH groups has been also reported in literature.
Ishikawa [23] found that surface P-OH groups of HA act
as the effective adsorption sites for H,O, CO, and
CH;OH. Hidekazu et al. [24] found that pyridine,
n-butylamine and acetic acid adsorb on HA through the
hydrogen bonding with its surface P-OH groups.

3.2. Electrophoretic deposition

The electrical resistance of the deposits against EPD
time is shown in Fig. 5. In our previous work [20] it was
found that the electrical resistance of the titania deposits
formed from the suspension with 0.33 mL/L TEA is
considerably lower than that of those formed from the
suspension without TEA. It was concluded that this is due
to the detachment of some physically adsorbed H* TEA
from the surface of deposited titania nanoparticles under
applied electric field resulting in the increased concentra-
tion of charge carriers in deposit decreasing its electrical
resistance. However as can be seen in Fig. 5 at the same
deposition time, the resistance of the HA deposit shaped
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Fig. 4. Schematic representation of TEA adsorption on HA nanoparticles
through hydrogen bonding with their surface P-OH groups.
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Fig. 5. Electrical resistance of the deposits formed at 60V from the
suspensions with different TEA concentrations versus time.
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from the suspension with 0.33 mL/L TEA is only slightly
less than that of deposit prepared from the suspension
without TEA; so it can be concluded that HT TEA (as well
as TEA) species adsorb so strongly on HA nanoparticles
that their detachment from particles surface does not occur
under the applied electric fields conventional in EPD. As
explained previously TEA is chemically adsorbed on the
HA nanoparticles through the relatively strong hydrogen
bonding with its surface P—OH groups.

The results for in situ measurement of deposition weight
against time are shown in Fig. 6. A detailed explanation about
typical trend of in situ weight plots against time is reported in
our previous work [20]. In our previous work [20] it was
observed that the rate of titania nanoparticles detachment
from deposit into the suspension after voltage switch off is the
fastest for one deposited from the suspension in which the zeta
potential of titania nanoparticles is the highest (TEA: 0.33
mL/L). However, it can be seen in Fig. 6 that the rate of HA
nanoparticles detachment after voltage switch off from the
deposit into the suspension continuously increases with TEA
concentration. As mentioned previously, TEA has a high
affinity to adsorb on the HA nanoparticles surfaces. The
amount of TEA adsorbed on HA nanoparticles increases
continuously with increasing TEA concentration in the sus-
pension. In fact both the electrical (due to the different
concentrations of charged HA nanoparticles (or H* TEA) at
the interface of deposit and suspension) and chemical potential
(due to the different concentrations of TEA at the interface of
deposit and suspension) differences at the interface of deposit
and suspension contribute to the particles instability and
detachment there. Both the electrical and chemical potential
differences increase at the interface with the addition of TEA
up to 4 mL/L, where the zeta potential of HA nanoparticles is
the maximum,; so the rate of particles detachment increases
with TEA concentration. The electrical potential difference
decreases (due to the reduction in the zeta potential) while the
chemical potential difference increases again with the TEA
addition at concentrations higher than 4 mL/L. It can be
concluded that the total potential difference (electrical+
chemical) increases continuously at the interface with TEA
concentration so that the rate of particles detachment
increases continuously with it. The results for f factor (sticking
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Fig. 6. In situ weight of deposits formed at 60 V from the suspensions
with various concentrations of TEA against time.

parameter) at initial times of EPD calculated by Hamaker
equation and the method described in Ref. [20] versus TEA
concentration are shown in Fig. 7. As can be seen the values of
f factor obtained by Hamaker equation and the method
described in Ref. [20] are in good agreement. The f factor
decreases continuously with TEA concentration. As can be
seen in Fig. 6 the deposition rate from the suspensions with 0,
0.33, 1.33 and 8 mL/L TEA is nearly equal, while it is expected
that the deposition rate increases in the order: 0, 0.33, 1.33 and
8 mL/L TEA according to the experimental results obtained
for electrophoretic mobility of HA nanoparticles. This can be
explained by the results obtained for f factor: while the
electrophoretic mobility of HA nanoparticles increases with
TEA concentration the f factor decreases with it (the mobility
of HA nanoparticles and f factor for the suspensions with 0,
0.33, 1.33 and 8 mL/L TEA are (0.323 pm.cm (Vs)~' and
0.95), (0.362 pm.cm (V.s)~ ' and 0.85), (0.437 pm.cm (V.s) !
and 0.77) and (0.590 pm.cm (V.s)~! and 0.69), respectively).
The deposition rate from the suspension with 4 mL/L TEA is
the fastest due to the highest mobility of HA nanoparticles in
it (0.645 um.cm (V.s) ™).

The wet density of deposits against EPD time is shown
in Fig. 8. As can be seen the wet density increases with
deposition time and attains a plateau at longer EPD times.
Also it can be seen that the wet density increases with zeta
potential at the same deposition time, so that the wet
density of the deposit formed from the suspension with
4 mL/L. TEA is the highest followed by those deposited
from the ones with 8, 16.66, 1.33, 0.33 and 0 mL/L TEA.
The increase in the wet density of deposits with time is due
to the particles rearrangement within them caused by
electro-osmotic flow around the deposited particles. The
velocity of electro-osmotic flow can be determined by the
following equation [18]:

EOErC

v= p Egep (3)

where { is the zeta potential of particles, & is the
permittivity of vacuum, ¢, is the relative dielectric constant
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Fig. 7. Sticking parameter (f factor) calculated using Hamaker equation
and method described in Ref. [20] against TEA concentration at 60 V and
initial times of EPD.
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of medium, # is the viscosity of medium and Eg, is the
electric field over the deposit. The velocity of electro-
osmotic flow increases with increasing the zeta potential of
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Fig. 8. Wet density of deposits formed at 60 V from the suspensions with
various concentrations of TEA against time.

particles resulting in the intensive electro-osmotic flow and
so the effective particles rearrangement within the deposit.

The optical microscope images of dried coatings depos-
ited from the suspensions with the different concentrations
of TEA are shown in Fig. 9. The coatings were deposited
at 60 V and deposition time was selected so that the
deposition weight becomes equal for all deposits (deposi-
tion times were 70, 80, 70, 40, 65 and 120s for the
suspensions with 0, 0.33, 1.33, 4, 8 and 16.66 mL/L TEA,
respectively). As can be seen the coatings deposited from
the suspensions with 0 and 0.33 mL/L TEA have the high
concentrations of large cracks developed during drying.
The coatings deposited from the suspensions with 1.33 and
16.66 mL/L. TEA have a high concentration of smaller
cracks. Cracking does not occur in the coatings deposited
from the suspension with 4 mL/L TEA. Cracking occurs in
electrophoretically deposited coatings due to the large
drying shrinkages exerting mechanical stresses on them.
The higher the wet density of deposit the lower the volume
of liquid phase which should be removed during drying;

Fig. 9. Optical microscope images of coatings with the same weight deposited at 60 V from the suspensions with different concentrations of TEA: (a) 0,
(b) 0.33, (c) 1.33, (d) 4, (¢) 8 and (f) 16.66 mL/L (deposition times were 70, 80, 70, 40, 65 and 120 s for the suspensions with 0, 0.33, 1.33, 4, 8 and

16.66 mL/L TEA, respectively).
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this results in smaller drying shrinkages for the deposits
with higher wet densities and so smaller mechanical
stresses exerted on them during drying. The wet density
of the deposit formed from the suspension with 4 mL/L
TEA is the highest, so the drying shrinkage and cracking is
the lowest for it.

The SEM images of the coatings deposited at 60 V and
30 s from the suspensions with the different concentrations
of TEA are shown in Fig. 10. As can be seen among the
deposits, the one deposited from the suspension with
4 mL/L TEA has the best microstructure with fine particles
and small number of fine agglomerates. However other
deposits, especially those deposited from the suspensions
with 0 and 0.33 mL/L, have uneven microstructures with
coarse agglomerates. The zeta potential of HA nanoparti-
cles is the highest (74.7 mV) in the suspension with 4 mL/L
TEA; so the particles agglomeration is small in it due to
the large repulsion electrostatic force between them.

The polarization curves for bare stainless steel substrate
and those coated with HA at 60 V (nearly same thickness
of HA coatings was deposited on all samples (the deposi-
tion times were the same as those used for the specimens of
Fig. 9)) from the suspensions with different concentrations
of TEA in Ringer’s solution at 37.5°C are shown in
Fig. 11. The corrosion current density (i...) and potential
(E.orr) extracted from these curves are summarized in
Table 1. The corrosion rate of substrate decreases as it is
coated with HA. Among the specimens, the one coated
from the suspension with 4 mL/LL TEA has the lowest i,

and the highest E.,,. and so the best corrosion resistance
due to the fine, homogeneous and crack free microstruc-
ture of the coating deposited on it (Figs. 9 and 10). The
cracks in the coatings deposited from the suspensions with
0, 1.33 and 16.66 mL/L TEA (Fig. 9) act as short diffusion
paths for corrosive solution to reach the metal surface,
resulting in their faster corrosion rates.
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Fig. 11. Polarization curves for bare stainless steel substrate and those
coated with HA at 60 V (nearly same thickness of HA coatings was
deposited on all samples (the deposition times were the same as those used
for the specimens of Fig. 9)) from the suspensions with different
concentrations of TEA in Ringer’s solution at 37.5 °C.

Fig. 10. SEM images of the coatings deposited at 60 V and 30 s from the suspensions with different concentrations of TEA: (a) 0, (b) 0.33, (c) 1.33, (d) 4,

(e) 8 and (f) 16.66 mL/L.
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Table 1

Corrosion current density (i.,) and potential (E,,,) for bare stainless
steel and substrates coated from the suspensions with different concen-
trations of TEA in Ringer’s solution at 37.5 °C.

Specimen (mL/L) E . (V) Loy (MA/Jcm?)
Bare stainless steel —0.546 30.33
TEA: 0 —0.513 19.93
TEA: 1.33 —0.433 5.40
TEA: 4 —0.295 2.20
TEA: 16.66 —0.371 3.11

4. Conclusions

It was found that HT TEA as well as TEA species are
chemically adsorbed on HA nanoparticles through strong
hydrogen bonding with their surface P-OH groups, result-
ing in the increase in the zeta potential and colloidal
stability of HA nanoparticles in the suspension. It was
found that the sticking parameter (f factor) decreases with
increasing TEA concentration in the suspension due to the
increase in the potential (electrical +chemical) difference at
the interface between deposit and suspension. The wet
density of deposit increases with deposition time and zeta
potential of particles due to the electro-osmotic flow
around the particles within the deposit. The cracking due
to the drying shrinkages was the lowest for the coating
deposited from the suspension with 4 mL/L TEA due to its
higher wet density resulting in smaller drying shrinkage.
Also it was found that the coating deposited from the
suspension with 4 mL/L TEA had the best corrosion
resistance in Ringer’s solution environment at 37.5°C
due to its fine, homogeneous and crack-free microstructure
acting as a good barrier against corrosive medium.
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