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Abstract

The suspensions of hydroxyapatite (HA) nanoparticles were prepared in isopropanol and polyethylene glycol (PEG) was used as a

dispersant. The suspensions were characterized by various tests such as electrical conductivity, zeta potential, Fourier transform infrared

spectroscopy (FTIR) and particle size distribution. The results showed that PEG is protonated and then adsorbed on the surface of HA

nanoparticles enhancing their stability by an electrosteric stabilization mechanism. Electrophoretic deposition (EPD) was performed at

different voltages (60 and 200 V) and times (15, 30, 60, 120, 240 and 360 s). EPD from the suspension with 2 g/L PEG showed the fastest

kinetic due to the highest zeta potential (þ32.9 mV) of HA nanoparticles in it. The wet density of deposits increased with deposition

time and voltage due to the particles rearrangement within it during EPD under the influence of electro-osmotic flow. The SEM images

showed that the deposit formed from the suspension with 2 g/L PEG had a finer microstructure with less agglomeration. Optical

microscope images showed that PEG acted as an effective binder to prevent from deposit cracking during drying. The coating deposited

from the suspension with 2 g/L PEG had the best corrosion resistance in Ringer’s solution at 37.5 1C.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Metals are usually used as the orthopedic implants due
to their good mechanical properties [1–4]. However, they
corrode in contact with body fluid releasing the toxic
metallic ions into the surrounding tissues which can
damage them [5,6]. In addition to this, metals and their
alloys are not bioactive resulting in the poor adhesion of
metallic implant to the surrounding tissues [7–9]. Due to
corrosion and poor adhesion to living tissues, the surface
of metallic implants is usually treated to improve their
biocompatibility and bioactivity [10]. Coating the metallic
implants with bio-ceramics such as hydroxyapatite (HA)
and bioactive glasses induces the growth of natural bone
at the interface between implant and tissue [11–13].
HA (Ca10(PO4)6(OH)2) is an important material for
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application in biomedical implants, since its chemical compo-
sition is very similar to the inorganic part of bone resulting in
its high biocompatibility, bioactivity and ability to bond with
bone. However, HA has poor mechanical properties limiting
its usage in high load bearing applications. To overcome this
problem usually HA is coated on the metallic implants. HA
coated metallic implants combine the good mechanical
properties of metals and excellent biocompatibility and
bioactivity of HA, simultaneously [14–17]. HA have been
coated on metallic substrates by several techniques such as
sol–gel [18], plasma spraying [19], dip coating [20], plasma
sputtering [21] and pulsed laser deposition [22]. Electrophore-
tic deposition (EPD) is another method that has been used
extensively in recent years to deposit HA coatings on metallic
substrates [14,17,23–25]. EPD is a two step process: in the first
step the charged particles are dispersed in a solvent and move
toward the electrode with opposite charge under the influence
of an applied electric field; in the second step they deposit and
form a relatively dense layer of particles on it [26]. EPD has
several advantages such as simplicity, need low cost equip-
ments, ability to control the microstructure of deposit by
ll rights reserved.
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adjusting the deposition parameters (such as voltage and
time) and so on [26]. Another unique advantage of the EPD
method is its ability to deposit HA coatings with intercon-
nected porosity enhancing the bone ingrowths into the
coatings [27]. The kinetics of EPD follows from the equation
proposed by Hamaker [28]:

dw

dt
¼ mcAE ð1Þ

In this equation m is the electrophoretic mobility of
particles, c is particles concentration in suspension, A is the
deposition area and E is the applied electric field. The
electrophoretic mobility of particles can be obtained by the
following equation [29]:

m¼
ee0z
Z

ð2Þ

where z is the zeta potential of particles, e0 is vacuum
permittivity, er is the relative dielectric constant of medium
and Z is the viscosity of medium.

The colloidal stability of particles in the suspension has
a great influence on the quality of coatings electrophor-
etically deposited from it. Due to water electrolysis at
relatively low applied electric fields, its usage as the solvent
for suspension preparation is limited in EPD [30]; so
usually organic mediums such as alcohols are used as the
suspension medium in EPD [31]. The surface charge and so
the colloidal stability of particles in the non-aqueous
solvents is very low. So the addition of dispersants into
the non-aqueous suspensions can enhance the zeta poten-
tial and colloidal stability of particles in them. Xiao and
Liu [17] used triethanolamine as the effective dispersant to
prepare the stable suspension of HA nanoparticles in
butanol for EPD.

In the present work the effects of polyethylene glycol
(PEG) on the properties of HA nanoparticles suspension in
isopropanol and their EPD process were investigated.

2. Materials and method

2.1. Suspension preparation

Hydroxyapatite (HA) nanoparticles were synthesized by
the wet chemical method [14]. The synthesized nanoparti-
cles were characterized by XRD and SEM analysis.
Isopropanol (Merck, 99.8%) and PEG (molecular weight:
4000 g/mol, Merck, reagent grade) were used as the solvent
and dispersant (and binder), respectively. For suspensions
preparation various concentrations of PEG (1, 2, 4 and
6 g/L) were added into 100 mL of isopropanol and dis-
solved by stirring them for 15 min. Then 10 g/L of HA
nanoparticles were added into them and magnetically
stirred for 24 h. Finally the suspensions were ultrasoni-
cated (Sonopulse HD 3200, 20 kHz, Bandelin Co, Ger-
many) for 10 min. The electrical conductivity of the
suspensions was measured against PEG concentration
using conductivity meter (WTW, inoLab Cond 720,
Germany) with the accuracy of 70.01 mS/cm before and
after the addition of HA nanoparticles. The zeta potential
as well as the particle size distribution of HA nanoparticles
were measured versus PEG concentration (Malvern instru-
ment). The suspensions for zeta potential measurement
were diluted according to the method described in [31].
Fourier transform infrared spectroscopy (FTIR) analysis
was performed to investigate the adsorption of PEG on the
surface of HA nanoparticles. The samples for FTIR
analysis were prepared by removing some powder from
the suspension containing 2 g/L PEG (by centrifuging and
washing them with deionized water (2 times, at 4000 rpm))
and drying them at 100 1C for 24 h.

2.2. Electrophoretic deposition

A two electrode cell was used for EPD. The plates of
316L stainless steel with the dimension of 2� 4 cm2 were
used as the substrates. Only 4 cm2 of the substrates was
exposed to deposition and remainder of their surface
insulated. The counter electrode was also a plate from
316 L stainless steel with the same dimension of the
substrate. The distance between two electrodes was
adjusted in 1 cm. EPD was performed at 60 and 200 V
for different times (15, 30, 60, 120, 240 and 360 s). The
current density was recorded by computer connected
multimeter (Fluke, 289 True RMS) during EPD. The
electrical resistance of the deposits (Rd,t) was calculated
against EPD time according to the following equation [31]:

Rd ;t ¼
Vapp

it
�Rs ð3Þ

where V is the applied voltage and it is the current passes
through the circuit at any moment. Rs was calculated
according to Ohm’s equation by dividing the applied
voltage by the current passing through the circuit at
t¼0. The effective field over the suspension was calculated
according to the following equation [32]:

Veff ;t ¼Vapp�Vdrop;t and Vdrop;t ¼Rd;tit ð4Þ

where Vdrop,t is the voltage drop over the deposit at any
time.
The wet weight of deposits (WW) was measured immedi-

ately after deposition (GR-200, A&D Co., Tokyo, Japan,
accuracy: 0.1 mg) and their immersion weight (Wi) was
recorded according to the method described in [32].
The wet density (rW) of the deposits was calculated

according to the following equation:

rW ¼
WW

VW

and VW ¼
WW�Wi

rISP

ð5Þ

where VW is the wet volume of deposit and rISP is the
density of isopropanol (0.78 g cm�3).
The deposits were sintered at 600 1C for 1 h (heating

rate: 5 1C/min). The microstructure of deposits was
observed by optical and scanning electron microscopy
(SEM) before and after sintering.



Fig. 2. SEM image of synthesized HA nanopowder.

Fig. 3. Electrical conductivity of isopropanol against PEG concentration

in the presence and absence of 10 g/L HA nanoparticles.
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2.3. Corrosion study

Corrosion resistance of deposits was studied by dynamic
polarization analysis (Autolab 84367) in Ringer’s solution
at 37.5 1C. A three electrode electrochemical cell was used
for polarization analysis in which substrate, palatine and
saturated calomel electrode (SCE) were acting as working,
counter and reference electrode, respectively. Polarization
was performed in the potential range of �0.8 to 0.8 V
relative to open circuit potential (OCP) at the scan rate of
1 mV/min.

3. Result and discussion

3.1. Synthesized HA nanopowder

The XRD pattern of synthesized nanopowder is shown
in Fig. 1. The XRD pattern shows the HA characteristic
peaks (according to the standard card of HA: JCPDS
09-432). The SEM image of synthesized powder is shown
in Fig. 2. As can be seen the nanoparticles have spherical
morphology with the dimension of about 30 nm.

3.2. Effect of PEG on suspension properties

3.2.1. Electrical conductivity

The variation of electrical conductivity of isopropanol in
the presence as well as the absence of 10 g/L HA nano-
particles against PEG concentration is shown in Fig. 3.
The electrical conductivity of isopropanol as well as
suspension increases continuously with PEG concentra-
tion. Also the electrical conductivity of suspension is less
than that of the solution (PEG in isopropanol) at same
PEG concentration. The electrical conductivity of isopro-
panol increases with PEG addition due to the following
reaction:

PEGþROH-HþPEGþRO� ð6Þ

According to Le Chatelier’s principle, reaction (6) goes
further to the right side when the concentration of PEG
increases in isopropanol resulting in further increase in its
electrical conductivity. When HA nanoparticles are added
into the solution (PEG in isopropanol), HþPEG species
(generated by reaction (6)) are adsorbed on their surfaces
Fig. 1. X-ray diffraction pattern for synthesized HA nanopowder.
(as proved by FTIR analysis, Fig. 6) resulting in the
conductivity drop (since the mobility of free ions
(HþPEG) is higher than charged particles). Also it can
be seen that the conductivity of suspension increases faster
when the PEG concentration is more than 2 g/L; this can
be due to the saturation of HA nanoparticles by PEG at
this concentration.

3.2.2. Zeta potential

The zeta potential of particles against PEG concentrations
is shown in Fig. 4. As can be seen in Fig. 4, HA nanoparticles
have positive zeta potential in pure isopropanol indicating



Fig. 4. Zeta potential of HA nanoparticles (10 g/L) against PEG

concentrations in isopropanol.

Fig. 5. Particle size distribution for the suspensions containing different

concentrations of PEG after 30 days of preparation.

Fig. 6. Results of FTIR analysis for powder removed and dried from the

suspensions without and with 2 g/L PEG.
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that they acquire positive surface charge in it. According to
the mechanism proposed by Damodaran and Moudgil [33]
two alcohol molecules are adsorbed on the surface of HA
nanoparticles and ionize to yield a protonated alcohol and an
alkoxide ion; protonated alcohol dissociate leaving the
proton on the HA surface. Then the dissociated alcohol
and the alkoxide ion desorb into the solution, resulting in the
positively charged HA nanoparticles in pure alcohol. Also as
can be seen in Fig. 4, the zeta potential initially increases with
PEG concentration and then decreases upon its further
addition. When the PEG concentration in the suspensions
increases, the concentration of protonated PEG adsorbed on
the nanoparticles increases resulting in the increase in zeta
potential. The excessive addition of PEG results in some drop
in the zeta potential due to the enhancement in the ionic
strength of the suspension [34].

3.2.3. Particle size distribution

The particles size distribution of suspensions containing
10 g/L HA with the different concentrations of PEG after
30 days of preparation is shown in Fig. 5. As can be seen,
the suspension containing 2 g/L PEG has a finer and
narrower particle size distribution than the other suspen-
sions. As it was explained the zeta potential of HA
nanoparticles in the suspension with 2 g/L PEG is the
maximum (32.9 mV) resulting in their less agglomeration
than other suspensions. It must be mentioned that the
fraction of particles size appeared in the size range of
4000–5000 nm is due to the air bubble trapped in the
suspensions.

3.2.4. PEG adsorption at HA nanoparticles

The results for FTIR analysis are shown in Fig. 6. In
addition to the peaks appeared in the spectra of the
powder removed from the suspension without PEG, the
spectra of that removed from the one with 2 g/L PEG
show several other peaks attributed to PEG proving its
adsorption on HA nanoparticles. The peaks appeared at
2891, 2737, 2692, 1343 cm�1 are attributed to different
vibration modes of C–H bond of PEG. The peaks at 1283
and 1241 cm�1 belong to C–C bond [35,36]. The adsorp-
tion of PEG can occur through the hydrogen bonding
between the O–H groups of PEG and surface P–OH
groups of HA nanoparticles. The adsorption of several
chemicals through hydrogen bonding with surface P–OH
groups of HA has been reported in the literature [37,38].

3.3. Elecrophoretic deposition

3.3.1. Electrical parameters

Fig. 7 shows variation in current density, the electrical
resistance of the deposits and the effective field over the
suspension during EPD at 60 and 200 V from the suspen-
sions with different PEG concentrations. The current
density and effective field decreases and resistance increases
with deposition time for all the suspensions and at both
applied voltages due to the deposits thickening with time.
The effective field across the suspension during EPD
depends on the conductivity of the suspension and the
resistivity of the deposit. The different effective fields are
present across the suspensions during EPD (Fig. 7c,f) due to
different conductivities of the suspensions (Fig. 3) resulting
in the different variation from linearity in the kinetics curves
(Fig. 8) obtained for the suspensions with various concen-
trations of PEG. As voltage increases from 60 to 200 V, the



Fig. 7. Current density, electrical resistance of deposits and effective electric field across the suspensions versus EPD time at (a) 60 and (b) 200 V form the

suspensions with different concentrations of PEG.

Fig. 8. Immersion weight of deposits against time at (a) 60 and (b) 200 V from the suspensions with the different concentrations of PEG.
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current density decreases and the resistance increases more
steeply with time due to the faster deposition at higher
voltage (so the thicker deposit at same time). As can be seen
the current density increases at both voltages with increase
in the PEG concentration, due to an enhancement in the
suspension conductivity with PEG concentration (Fig. 3).
Because of the very high resistivity of HA nanoparticles, the
resistance of deposit and suspension is nearly equal to that
of the liquid phase present between the particles in them
(interparticles liquid). The resistance of suspension (and so
interparticles liquid) decreases with PEG concentration
(Fig. 3) resulting in the resistance reduction with PEG
concentration. As explained previously at 2 g/L PEG the
surface of HA nanoparticles are saturated by HþPEG
resulting in the maximum zeta potential for them; so at
this concentration the voltage drop over the deposit (Rd,t it)
is the minimum (since the deposit resistance and the current
passing through the circuit are the minimum) resulting in
the maximum value of effective field over the suspension
(Eq. (4)). Similar results and discussion have been reported



Fig. 9. Wet density of deposits against time at (a) 60 and (b) 200 V from the suspensions with different concentrations of PEG.
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for the EPD of titania nanoparticles in isopropanol with
triethanolamine as an additive [32].
3.3.2. Deposition kinetic

The immersion weight of deposits against time at 60 and
200 V from the suspensions with different concentrations
of PEG is shown in Fig. 8. As can be seen in all cases the
deposition weight increases with deposition voltage and
time in agreement with Eq. (1). At both voltages and at
same deposition time the deposition rate is the fastest than
the suspension with 2 g/L PEG, due to the higher zeta
potential (so the higher mobility according to Eq. (2)) of
HA nanoparticles in it (Fig. 4). The deposition rate
decreases with time (deviation from linearity) due to the
voltage drop over the deposit (with high resistivity) as well
as the depletion of suspension from the particles. Also
the decline in deposition rate is higher at 200 V, due to the
higher voltage drop over the deposit (since the thicker the
deposit, the higher the resistance of it) as well as more
depletion of suspension from particles. Also it can be seen
that the deviation from linearity is the highest for the
suspension with 0 g/L PEG (due to the lowest effective
field across the suspension due to the very high Rd,t, Fig. 7)
and the lowest for the suspension with 2 g/L PEG (due to
the highest effective field across the suspension, Fig. 7).
3.3.3. Wet density of deposits

The wet density of deposits formed at 60 and 200 V from
the suspensions with different concentrations of PEG
against EPD time is shown in Fig. 9. As can be seen the
wet density of deposits from all suspensions increases with
deposition time at both voltages. Also at the same deposi-
tion time the wet density is higher at 200 V than at 60 V.
The increase in wet density with time is caused by particles
rearangement within the deposit during EPD due to the
electro-osmotic flow around them [35,36]. Particles
rerangement needs time to occur so the wet density
increases with EPD time. Also the electro-osmotic flow is
more intensive at higher votages [39,40], so the wet density
is higher at larger applied voltage.
3.3.4. Microstructure of deposits

The SEM images of the coatings deposited at 60 V (same
deposition weight) from the suspensions with the different
concentrations of PEG are shown in Fig. 10. As can be
seen in the SEM images of unsintered coatings, the coating
deposited from the suspension with 2 g/L PEG has a finer
microstructure with fewer agglomereates than those depos-
ited from other suspensions due to the higher zeta
potential of HA nanoparticles in it. The higher the zeta
potential, the higher the electrostatic repulsion force
between particles, resulting in less agglomeration. During



Fig. 10. SEM images of the coating deposited from the suspensions with (a,b) 0, (c,d) 2 and (e,f) 6 g/L PEG (a,c,e) befor and (b,d,f) after sintering.
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EPD, the agglomerated particles can also migrate toward
the electrode with opposite charge and deposit on it. As
can be seen in the SEM images of sintered coatings
(Fig. 10(b,d,f)) the coatings deposited from the suspension
with 0 and 6 g/L PEG are more porous than that deposited
from the one with 2 g/L PEG; this is due to agglomerated
micostructure of these coatings in green state resulting in
their poor sinterability. In adition to this, the burn out of
PEG adsorbed on HA nanoparticles during sintering can
also result in porous microstructure of coatings deposited
from the suspension with 6 g/L PEG. As can be seen in
Fig. 11 the coatings deposited from the suspensions with
PEG additive have fewer cracks so that no crack can be
seen in those deposited from the ones with 2 and 6 g/L
PEG; however some cracks are still present in the coating
deposited from the suspension with 1 g/L PEG. PEG acts
as a binder in the deposits and sticks the particles together
in it to prevent from cracking. When the concentration
of PEG in the suspension is higher than 2 g/L, its amount
is enough to strongly stick all particles together in the
deposit.

3.3.5. Corrosion resistance of coating

The polarization plot for the deposits formed from the
suspensions with the different concentrations of PEG in
Ringer’s solution is shown in Fig. 12. As can be seen all
coatings increase the corrosion resistance of substrate
proving that HA coatings act as a good barrier layer



Fig. 11. Optical images of the coating deposited at 60 V (same weight) from the suspensions with (a) 0, (b) 1, (c) 2 and (d) 6 g/L PEG.

Fig. 12. Corrosion resistance of the deposits formed at 60 V from the

suspensions with different concentrations of PEG.
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between substrate and corrosive fluid. It can be seen that
the coatings deposited from the suspensions with PEG
additive have more corrosion resistance than that depos-
ited from the one without PEG; as explained previously
PEG in the coatings acts as a binder and prevent their
cracking; as expected the coating deposited from the
suspension with 2 g/L PEG has the highest corrosion
resistance, since this coating has a dense and homogeneous
microstructure (Fig. 10(d)) without cracking (Fig. 11(c)).
The coating deposited from the suspension with 6 g/L PEG
has the lower corrosion resistance than that deposited from
the one with 2 g/L PEG, while both deposits have no
cracks in their microstructure; this is due to the porous
microstructure of the coatings deposited from the suspen-
sion with 6 g/L PEG (Fig. 10(f)) allowing the corrosive
fluid to penetrate toward the substrate surface through the
pores and corrode it.
4. Conclusion

The suspensions of HA nanoparticles in isopropanol
were prepared and polyethylene glycol (PEG) was used as
the dispersant. It was found that PEG is protonated in
isopropanol and then adsorbed on the HA nanoparticles
surfaces increasing their stability by an electrosteric stabi-
lization mechanism. The zeta potential of particles was the
highest at the PEG concentration of 2 g/L. It was found
that the effective electric field over the suspension is the
highest for the suspension with 2 g/L PEG. The deposition
rate is the fastest from the suspension with 2 g/L PEG due
to the highest zeta potential (so the higher mobility) of HA
nanoparticles in it. The wet density of deposits increases
with deposition time and voltage due to electro-osmotic
flow in deposit. It was observed that the microstructure of
the deposit formed from the suspension with 2 g/L PEG is
finer with less agglomeration than others. Also this coating
has the most corrosion resistance. So it can be concluded
that the optimum dosage of PEG is 2 g/L in the 10 g/L
suspension of HA nanoparticles in isopropanol.
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