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The membrane processes play a significant role in the water and wastewater treatment to remove dissolved
solids, especially electrolytes. In this study, the asymmetric mixed matrix membranes based on polyurethane
and SAPO-5 zeolite were used on electrolyte (NaCl) removal from water. Using a low operating pressure,
the membrane performances (i.e., pure water permeation, flux and salt rejection) were measured. All
membranes were showing an increase in water flux when the pressure was increased. This situation shows
that the produced membranes were stable in producing flux and were suitable to be used to proceed for
membrane testing process. Based on the results obtained, rejection of salt water increased as the pressure
given increased for each membrane. The mixed matrix membranes showed the high rejection for the salt
water (NaCl 0.02 M). This shows the good performance in both flux and rejection, and even achieves 98%
rejection for the NaCl 0.02 M. Based on the experimental results, it is believed that these mixed matrix
membranes are suitable for the electrolytes removal applications.
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Ap.16, Iasi 700020, Romania.

u).
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1. Introduction

Water is vital for industry, agriculture, and domestic consump-
tion. Improving the efficiency of water decontamination technology,
to produce clean water and protect the environment in a sustainable
way, is considered by many the challenge of this century [1].

Membrane processes are becoming increasingly attractive as an
alternative to conventional natural water and wastewater treatment [2–
4]. Desalination is a general term for the process of removing salt from
water to produce freshwater. Sodium chloride is the primary constituent
of high dissolved solids in seawater and brackish water. Desalination
essentially means the removal of sodium chloride, which, in the aqueous
phase, exists as a monovalent sodium cation (Na+) and monovalent
chloride anion (Cl−). Reverse osmosis (RO), nanofiltration (NF), and
electrodialysis (ED) are the three membrane processes available for
desalination [5–9].

In the present, in the membrane application process, the use of
hybrids is a promising strategy. Organic–inorganic hybrid materials or
mixed matrix membranes (MMMs), formed by the inclusion of a solid
dispersedphase (usually a zeolite or amolecular sieve) into a continuous
media (e.g., polymericmatrix), are of great interest inmany engineering
fields due to the unique properties of these solids. These membranes
consist of a polymer phase and amolecular sieve phase, such as zeolites.
Mixedmatrix membranes combine the separation properties of zeolites
ormolecular sieveswith the lowcost and processability of polymers into
one membrane [10,11].

Zeolites are microporous crystalline solids with well-defined struc-
tures. In general they contain silicon, aluminium, and oxygen in their
framework and cations, water, and/or othermolecules within their pores.
Due to their high cation-exchange ability as well as molecular sieve
properties, zeolites showspecial importance inwater andgaspurification,
adsorption and catalysis. Zeolites have a particularly highly ordered
crystalline structureoftenwithdesirablepore sizes and shapes conductive
for fluid separations and can be used to removal ions fromwater [12,13].
AFI-type molecular sieves (AFI) such as SAPO-5 with one-dimensional
channels of 0.70 nm have attracted much interest because of catalysis,
separation, adsorption and possible new applications [14,15].

In this paper, the SAPO-5 zeolite-filled polyurethane membranes
with perselectivity to the gases or liquids have been utilized for NaCl
removal from water. The objective of this work is to see whether the
separation performance of mixedmatrixmembranes can be improved
with the incorporation of a SAPO-5 zeolite.

2. Materials and methods

The asymmetric polyurethane membranes were prepared using
polyurethane (PU) and cellulose acetate (CA) polymers, N,N-dimethyl-
formamide (DMF) as solvent andwater as non-solvent. Themembranes
were obtained by dry/wet casting technique. The silicoaluminopho-
sphate SAPO-5 was synthesized by hydrothermal crystallization. The
zeolite was calcined at 600 °C and converted in hydrogen form. The
compositemembraneswere obtained by adding a calculated amount of
zeolite SAPO-5 (varying between 10 and 70 wt.%) into the polymer
solution. Different ways were adopted to analyze the morphology and
pore size of the membranes, including field emission scanning electron

mailto:gciobanu03@yahoo.co.uk
http://dx.doi.org/10.1016/j.desal.2009.05.023
http://www.sciencedirect.com/science/journal/00119164


Fig. 1. SEM micrographs of the cross-section of PMZ25 membrane sample: (a) overall
cross-section; (b) upper part of the cross-section.
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microscopy (FE-SEM) (MIRA//TESCAN instrument) and permeation
experiments, respectively filtration of a dilute mixture of oligosacchar-
ides (glucose oligomers) as previously reported [16–18]. More details
on the SAPO-type materials and membranes processing used in this
study can be found elsewhere [19–21]. The features characteristics of
the prepared membranes in our laboratory are summarized in Table 1.

Membranes were characterized in terms of membrane flux and
salts separation in a cross-flow ultrafiltration unit (a laboratory in-
stallation). A back-pressure regulator controls the applied pressure. A
flow meter provides for permanent monitoring of permeate flux and
accumulated volume. Circular membrane discs were cut andmounted
in a cylindrical membrane test cell. Effective permeation area of each
membrane was 12.5 cm2. The salt concentration in the solution was
determined conductometrically with a conductivity meter (model
CONSORT C831) and using the calibration curve.

Prior to testing for salts (NaCl), the pure water fluxwasmeasured at
diverse pressure (0.1–4 bar) to make sure that the used membranes
were stable. Pure water flux was calculated at a regular interval by
noting the times used to collect 10 mlof permeate. Theflux ismonitored
until steady statewas reached before increasing the pressure to a higher
level.

After that, the experiments were carried out with the salt (NaCl)
solution to obtain the rejection performance of themembrane. Standard
0.02 M NaCl solutions have been prepared using NaCl (from Sigma-
Aldrich) and deionized water. The permeate was collected in a mea-
suring cylinder and theflux rateswere calculatedbymeasuring the time
needed to obtain a predetermined permeated volume. The flux and
rejection were calculated for each operating condition using standard
0.02 M NaCl feed solution. The flux of each type of membranes was
investigated over a period of about 10 h at diverse pressure (0.1–4 bar)
during a single run using the samemembrane sample. Steady state was
reached during each filtration run.

Parameters used to quantify the membrane performances are
flux (J) and salt rejection (R). Under room temperature and diverse
operating pressure, these parameters are defined as:

J =
V
A⋅t

ð1Þ

R = 1� Cp

Cf

� �
⋅100 ð2Þ

3. Results and discussion

In this work, the mixed matrix membranes based on polyurethane
are prepared and characterized. Synthesized SAPO-5 zeolite nano-
particles, characterized by a hydrophilic and negative network, are
used as the dispersed nanophase.

All membranes used in this study have an asymmetric structure
consisting of two layers: the dense top layer (active layer) supported
by the porous sub-layer (substructure). Fig. 1 shows the SEM images
of the PMZ25 membrane sample. In the active layer, the estimated
pore size is much smaller than that of the supported layer (Table 1).
Accordingly, the molecular sieve property of PU membranes appears
Table 1
Characteristics of the unfilled and zeolite-filled PU membranes.

Characteristics Membrane

PM0 PMZ25 PMZ60

Zeolite content (wt.%) 0 25 60
Thickness (μm) 300 240 92
Pore diameter in active layer (nm) 2.2–4.5 1.7–2.1 0.3–1.8
Pore diameter in substructure (μm) 3–9 5–25 1–3
Pure water flux at 4 bar, J (L/m2·h) 2282 2588 2678
to be determined by the pore size in the top layer of the PU mem-
branes. All membranes have a thicker membrane layer, small pore
radius and macrovoids in substructure. Consequently, these semiper-
meable membranes will be expected to have high rejection and flux
rate. It is pointed out that a semipermeable membrane is a membrane
having an active layer with the property of permitting the selective
diffusion of certain species, so as to retain the selected species such
as sodium chloride.

Also, the SAPO-5molecular sieves used in this study are selected for
their pore and crystal structure such that when the molecular sieves
are used in a mixed matrix membrane, the membrane will exhibit
superior permeability and selectivity performance. SAPO-5 has one-
dimensional pore systems consisting of cylindrical channels formed by
12-membered rings with a diameter of 0.70 nm. Hence, these small,
super-hydrophilic, negatively charged pores are highly attractive to
water, but highly repulsive to anions due to Coulombic repulsion. Also,
SAPO-5 has ion-exchange property [14,15].

Prepared membranes were characterized in terms of membrane
flux and salts rejection.

In a preliminary study, the pure water flux was measured at dif-
ferent pressure (0.1–4 bar) to ensure that the used membranes were
stable. Fig. 2 shows a tendency of linear relation between the pure
water flux and the applied pressure.



Fig. 2. Effect of the pressure on the pure water flux for PU membranes (at 25 °C).

Fig. 4. Permeate flux as a function of time for PUmembrane samples (at 20 °C, 4 bar and
NaCl 0.02 M feed solution).
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All membranes were showing an increasing in flux when the
pressurewas increased. Consequently, thesemembraneswill be stable
in producing flux. Table 1 and Fig. 2 show that the pure water fluxes
of the membranes increased as the loading of zeolite increased. This
is due to the fact that the compositional complexity of the SAPO-5
framework in the three T elements (Si, Al and P), by their difference in
electronegativity, confers to the surface of the SAPO crystals from
moderate up to a high hydrophilic character.

After preliminary study, permeation experiment was conducted
with NaCl solutions at diverse pressure (0.1–4 bar). In Fig. 3 the in-
crease of NaCl rejection with the increase of pressure is shown. Also,
experimental results indicate that the flow increases with increasing
pressure.

The best separation effect was achieved for the zeolite-filled poly-
urethane membranes. The highest NaCl rejection for these membranes
varied from 81 to 98%. The membrane that produced with the zeolite
content of 60 wt.% (PMZ60 sample) had showed the highest rejection
for the saltwater (NaCl 0.02 M), compare to otherswhen samepressure
applied. It shows the good performance in both flux and rejection, and
even achieves 98% rejection for the NaCl 0.02 M solution. It is hypo-
thesized that hydrophilic, negatively charged, molecular sieve zeolite
nanoparticles, included in the membrane matrix, will provide prefer-
ential flow paths for water permeation while maintaining high solute
rejection through combination of steric and Donnan exclusion. Results
obtained in this study are comparable to those in literature [22,23].
Thus, Bartels et al. shows that reverse osmosis membranes achieve
NaCl rejection of 98–99.8% [22]. Choi et al. shows that nanofiltration
membranes exhibit rejection values between 60 and 70% for monova-
lent ions [23].

Fig. 4 shows the relationship between flux and system running
time. The flux is gradually decreased with the increase of running
Fig. 3. Effect of pressure on NaCl rejection (R) for PU membranes (at 25 °C).
time and after running 10 h, the flux approximately reduces 30–40%.
Clearly that is because of fouling of membrane. Therefore in the
practical application, the membrane should be cleaned after the sys-
tem running certain time in order to keep the steady flux.

Based on the experimental results, it is believed that these mixed
matrixmembranes are suitable for the electrolytes removal applications.

4. Conclusion

SAPO-5 zeolite-filled polyurethane membranes with permselec-
tivity to the gases or liquids were utilized on electrolyte (NaCl)
removal from water. The best separation effect was achieved for the
zeolite-filled polyurethane membranes. The zeolite addition into
polyurethane membranes induces an increase in the water flux. The
membrane that produced with the zeolite content of 60 wt.% had
showed the highest rejection for the salt water, compare to others
when same pressure applied. It shows the good performance in both
flux and rejection, and even achieves 98% rejection for the NaCl 0.02 M
solution. The present study demonstrates the potential of the zeolite-
filled PU membranes for NaCl removal from solutions.
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J: the pure water flux or permeate flux rate of salt solution (L/m2·h)
V: volume of permeate solution collected (L)
A: the effective area of membrane (m2)
t: the time (h)
R: salt rejection (%)
Cp: salt concentration in permeate (mg/L)
Cf: the salt concentration in feed (mg/L)
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a  b  s  t  r  a  c  t

This  work  presents  a study  on  the  possibility  of  obtaining  hydroxyapatite  thin layers  on  porous
polyurethane  support  using  a  modified  coating  method,  which  is based  on a  biomimetic  technique.  To
investigate  bone-like  apatite  coatings  formation  on  polyurethane  surface,  two  types  of  solutions  such  as
supersaturated  calcification  solution  (SCS)  and  modified  SCS  (M-SCS)  were  used.  The  modified  supersat-
eywords:
ydroxyapatite
oatings
orous polyurethane substrate

urated  calcification  solution  was  prepared  with  added  at original  SCS  appropriate  quantities  of  vitamin
A and  vitamin  D2. The  hydroxyapatite  deposits  are  investigated  by scanning  electron  microscopy  (SEM)
coupled  with  energy  dispersive  X-ray  analysis  (EDX)  and  ATR-IR  spectroscopy.  The  presence  of  vitamins
(A  and  D2)  in  M-SCS  solution  favours  the  formation  of hydroxyapatite  layer  on  polymeric  substrate.  The
results obtained  from  SEM  images  have  showed  that  porous  polyurethane/hydroxyapatite  scaffolds  with

r  60%
itamins estimated  porosity  of  ove

. Introduction

Compounds like calcium phosphates (such as hydroxyapatite
nd tricalcium phosphate) have received large attention in the field
f biomaterials. Hydroxyapatite (HA, Ca10(PO4)6(OH)2) represent
he basic component of the mineral phase of bones and teeth of all
ertebrates. Interest in hydroxyapatite as a biomaterial is due to its
ery good biocompatibility, osteoinductivity and osteoconductivity
1]. In tissue engineering, hydroxyapatite is widely used as a bioac-
ive ceramic since it forms a chemical bonding to the bone. Today,
he biomedical applications of hydroxyapatite include coating lay-
rs of dental and orthopedic implants, bone fillings, and scaffolds
or bone growth [2].

The production of synthetic hydroxyapatite has received a
ast interest in the past decades and a wide range of meth-
ds for hydroxyapatite obtaining have been reported. Among all
nown techniques applied to produce hydroxyapatite coatings, the
iomimetic methods have attracted considerable research atten-
ion in the last years [3,4]. These methods produce hydroxyapatite
oatings by immersing solid implants (polymeric or metallic) in an
queous solution containing calcium and phosphate ions at phys-

ological pH and temperatures. In this way, hydroxyapatite can be
dded to synthetic polymers to develop biomimetic composites for
one regeneration. Consequently, these polymers/hydroxyapatite

∗ Corresponding author. Tel.: +40 741025163; fax: +40 232271311.
E-mail address: gciobanu03@yahoo.co.uk (G. Ciobanu).

300-9440/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.porgcoat.2011.09.025
 in  an  interconnected  network,  were  produced  under  vitamins  influence.
© 2011 Elsevier B.V. All rights reserved.

hybrids are expected to act as an artificial bone exhibiting bioactiv-
ity and mechanical performance similar to those of natural bone.

The polymer/hydroxyapatite composites are much investigated
as bioactive materials for bone tissue regeneration and reconstruc-
tion [5].  These composites have attractive features as candidates
for novel bone substitutes because they may  show bone-bonding
capacity and mechanical performances derived from the organic
substrate.

The goals of this work are to study the effect of vitamins of
hydroxyapatite growth on porous polyurethane substrate and the
production of porous scaffolds for potential use as a bone substi-
tute. Polyurethane is a biocompatible and biodegradable polymer
with very good physical and mechanical properties. This study
developed an alternative coating method based on biomimetic
techniques which are designed to form a crystalline hydroxyap-
atite layer on porous polyurethane scaffold. The method is based
on a wet process of hydroxyapatite formation that involves porous
polyurethane film soaking in a modified supersaturated calcifica-
tion solution. This modified supersaturated calcification solution
contains vitamin A and vitamin D2. The effect of vitamins on
hydroxyapatite formation on polymeric substrate was  evaluated.

2. Materials and methods
2.1. Preparation of scaffolds

The porous polyurethane scaffolds were prepared by
the phase inversion method using polyurethane polymer,

dx.doi.org/10.1016/j.porgcoat.2011.09.025
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
mailto:gciobanu03@yahoo.co.uk
dx.doi.org/10.1016/j.porgcoat.2011.09.025
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,N-dimethylformamide (DMF) as solvent, and deionized water
s nonsolvent [6].  All chemicals are reagent grade (supplied by
igma–Aldrich, Germany) and used without further purification.
he polyurethane dispersion was cast in a glass Petri dish. Imme-
iately after casting, the glass support was transferred into an
nvironmental chamber and kept there for 24 h at 40 ◦C to allow
or evaporation of the solvent. Afterwards, the samples were
ransferred into a deionized water bath at 5 ◦C for 1 h before
emoval from the glass substrate. The polyurethane films were
bout 0.1–0.5 mm thick.

.2. Coating solutions

For biomimetic coating study, a supersaturated calcification
olution (SCS) with high calcium and phosphate ion concentra-
ions was used. The SCS solution was prepared by dissolving the
eagent grade chemicals (supplied by Sigma–Aldrich, Germany),

aCl2·2H2O, NaH2PO4·H2O and NaHCO3 in deionized water suc-
essively. The ion concentrations of SCS solution are 4.0 Mmol/l
a+, 5.0 Mmol/l Ca2+, 10.0 Mmol/l Cl−, 2.5 Mmol/l (H2PO4)−, and
.5 Mmol/l (HCO3)−. The M-SCS solution was prepared by adding

Fig. 1. SEM photographs of the surface of porous polyurethane samples before (a) a
c Coatings 74 (2012) 648– 653 649

to the original SCS solution certain quantities of vitamin A (A)
and vitamin D2 (D), so the A/D rapport to be in the range from
4 to 5. Vitamin A (C20H30O – retinol) and vitamin D2 (C28H44O
– ergocalciferol) were purchased from Sigma–Aldrich (Germany).
All chemicals are reagent grade and used without further
purification.

The fat-soluble vitamins (A and D2) were emulsified before
introduction in SCS aqueous solution. The vitamins are dis-
persed in ethanol with cetyltrimethylammonium bromide (CTAB,
as an emulsifier). These components are mixed to form a
colloidal solution. Then, to obtain the M-SCS solution, from
the emulsion of the vitamins were taken certain amounts
that were introduced in SCS solution under vigorous shak-
ing.

In order to simulate the in vivo process and to produce
deposition of hydroxyapatite on polymeric surface, the porous
polyurethane samples were directly immersed in SCS or in M-

SCS solutions at 37 ◦C. Then, the porous polyurethane samples
were taken out of the solutions after 24–120 h immersion, rinsed
with deionized water, followed by drying in air at 40 ◦C for
24 h.

nd after soaking in SCS solution (b) or in M-SCS solution (c), for 72 h at 37 ◦C.
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ig. 2. SEM photographs of the cross-section of porous polyurethane samples befor

.3. Samples characterization

Scanning electron microscopy (SEM) coupled with energy dis-
ersive X-ray spectroscopy (EDX) (VEGA//TESCAN and QUANTA
00 3D Dual Beam scanning electron microscopes) was used to
bserve the morphology and chemical composition of samples.
or the SEM investigations, gold sputtering was used to create a
onductive coating surface. EDX permitted the quantitative deter-
ination of Ca and P, from which values the Ca/P ratio was

alculated. The ATR-IR spectra of all samples were recorded on
 DIGILAB SCIMITAR-SERIES spectrophotometer. Measurements
ere carried out in the attenuated total reflectance mode using

 ZnSe prism, between 400 and 4000 cm−1, with resolution setting
 cm−1. Scaffold porosity was determined using a liquid displace-
ent method [7].

. Results and discussion
One of the most important applications of a biomaterial (poly-
eric or metallic) is the replacement of a damaged hard tissue,

uch as a dental root and a hip joint. Therefore, the activity of
nd after soaking in SCS solution (b) or in M-SCS solution (c), for 72 h at 37 ◦C.

osteogenesis on the surface is one important property for a bio-
material [8].

Much research has been dedicated to the coating of orthopedic
and dental implants with porous ceramics, such as hydroxyapatite,
to increase hard tissue integration in vivo. Chemical immersion in
biomimetic solutions have been shown a good method to obtain
hydroxyapatite coatings approximately 10–50 �m of thickness,
which are very homogeneous and would be more favourable to
biological interaction [9].

In the present study, hydroxyapatite deposition during soak-
ing in a biomimetic supersaturated calcification solution (SCS) was
evaluated to investigate the bioactivity of polyurethane scaffolds.
In general, a surface on which hydroxyapatite is precipitated in
the biomimetic solution shows well biomaterial-bone fixation in
a living body [8].

Biomimetic treatment in SCS, used in this research, consisted
of formation and deposition of hydroxyapatite layer on the active

surface of polyurethane scaffold. Two types of solutions such as SCS
and modified SCS (M-SCS) were used to investigate hydroxyapatite
formation on polymeric substrate. M-SCS was  prepared by adding
at original SCS appropriate quantities of vitamin A (A) and vitamin
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ig. 3. EDX spectrum of membrane sample after soaking in M-SCS for 72 h, at 37 ◦C.

2 (D) to modify the physical structure of the final product and to
nhance the osteoinductive and biochemical properties of coatings.

The polyurethane scaffolds used in this study have an asymmet-
ic and porous structure (Figs. 1a and 2a). These porous materials
ave not only macropores of 20–85 �m size, but also a lot of
icropores (with pore sizes around 1–5 �m)  on the walls of
acropores. Most of the macro- and micropores appeared inter-

onnected. Therefore, the prepared porous polyurethane scaffolds
ere featured with high porosities (∼60%) and highly intercon-
ected macro- and micropores.

The high porosity and the high pores interconnectivity would
e desirable for uses such as the scaffolds for bone tissue engi-
eering, which involves placing bone forming cells into the porous
eramic bodies (scaffolds) and implanting the cell-loaded scaffolds
nto a bone defect, followed by bone healing. At the same time, high
orosity and interconnected porous structure can also accelerate
he circulation of nutrients as well as the exhaust of the metabolic
aste [10].

The porous polyurethane samples are soaked in SCS or in M-
CS solutions. After 72 h of incubation, sample immersed in SCS
ad exhibited plate or acicular shaped hydroxyapatite crystals and
any areas of noncoverage (Figs. 1b and 2b). After the same incuba-

ion time, sample immersed in M-SCS had exhibited a completely
nd uniform covered layer on polymeric surface, both on the exter-
al surface and inside pores (Figs. 1c and 2c). It can be observed that
he crystalline apatite layer exhibits a petal rose-like morphology.
his result is due, probably, to the vitamins added.

By biomimetic treatment in M-SCS, the coating of hydroxyap-
tite on polyurethane surface has been done effectively as is evident
rom SEM-EDX investigations. In Fig. 3, peaks of P and Ca, con-
tituents of hydroxyapatite, were detected on the polyurethane
urface. SEM-EDX analysis showed that the apatite crystallites
eposited onto polyurethane surface are composed mainly of
ydroxyapatite and exhibits a molar Ca/P ratio of ∼1.67.

Also, the formation of hydroxyapatite particles on polyurethane
upport was observed by ATR-IR absorption spectrum studies. Fig. 4
hows the ATR-IR spectra of the polyurethane scaffold before and
fter incubation in SCS and M-SCS solutions.

In the polyurethane support, the specific peaks detected at 3316,
526, 2917 and 1736 cm−1 were assigned to the N–H, C–N, C–H
nd C O groups. Results obtained in this study are comparable to

hose in the literature [11]. In addition, ATR-IR absorption spec-
ra of polyurethane sample soaked in SCS or M-SCS solutions are
hown in Fig. 4. These data revealed the presence of the vari-
us vibrational modes corresponding to phosphates and hydroxyl
Fig. 4. ATR-IR spectra of membrane samples before (a) and after soaking in SCS
solution (b) or in M-SCS solution (c), for 72 h at 37 ◦C.

groups of the hydroxyapatite. The characteristic bands for (PO4)3−

at 835, 958, 1037 and 1118 cm−1 in an apatite environment can
be observed after 72 h of soaking in M-SCS. In addition, the ATR-IR
spectrum of sample immersed in M-SCS show an additional band at
2050–2930 cm−1 attributed to vitamin D2 adsorbed on the surface
of scaffold.

Vitamin A (retinol) and Vitamin D2 (ergocalciferol) plays an
important role in normal bone and tooth development. These vita-
mins promote the healthy mineralization, growth and remodeling
of bone and it is essential in the development of skeleton and
tooth. Numerous published studies in vivo show that vitamins (D
and A) together with some proteins (bone morphogenetic proteins,
BMP), bone-forming cells (called osteoblasts), minerals (magne-
sium, fluor, copper, iron, zinc), vitamins (E, K and C), etc. promotes
calcium and phosphate absorption and thus the bone formation
[12–20]. In recent years a series of in vitro experiments have shown
that the vitamins (A and D) have a direct effect on skeletal tissues
grown [21,22].

Although the reconstruction of bone segments in vivo is a real-
ity, the development of an in vitro three-dimensional model of bone
remains a complex challenge in the field of tissue engineering. Poly-
mers, ceramics (based on crystalline calcium phosphates, such as
hydroxyapatite or beta-tricalcium phosphate) and composites are
three main groups of biomaterials used in bone tissue engineer-
ing. In recent years numerous studies have been made on getting
scaffolds based on apatite which can be highly effective in bone
tissue engineering [23,24].As was  shown above, the effect of vita-
mins A and D on the formation of biological apatite in bones and
teeth was  demonstrated more by in vivo studies. Unfortunately,

adequate studies about the effects of vitamins A and D on the
formation of hydroxyapatite crystallites on three-dimensional scaf-
folds in an in vitro environment are few. Therefore, the present
study aims to present some observations on the effect of some
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itamins (A and D2) on the development of hydroxyapatite coatings
n polyurethane porous media.

In this research, the fat-soluble vitamins (A and D2) were emul-
ified with cetyltrimethylammonium bromide (CTAB), and were
hen dispersed in SCS solution to obtain the M-SCS solution.

The formation of crystalline calcium phosphate in emulsion sys-
ems has been described as a fairly complicated process and is
nown to be dependent on several parameters such as calcium
nd phosphate ion concentration, pH, temperature and nature and
oncentration of surfactants [25,26].

The M-SCS solution used in this study has a pH about 7.4. At
his pH the vitamins microspheres in aqueous suspension tend
o aggregate and their precipitation on polymeric surface thus
ecomes favoured. As shown in Fig. 5a, the vitamins droplets are
dsorbed on the polymeric substrate surface. On these droplet
eposits start hydroxyapatite crystals nucleation and their growth
Fig. 5b–d). Perhaps, the microcolloidal vitamins particles were

cting as nucleating promoters for the hydroxyapatite crystals.
n general, the nucleation agents enhance the formation of pri-

ary crystallites and depress the imperfect crystals and the crystal
earrangement.
CS solution at diverse exposure times: 6 h (a) 12 h (b) 24 h (c) 48 h and 72 h (as seen

An explanation of the phenomena that occur in M-SCS solution
could be that the CTAB surfactant molecules can ionize completely
in water to form cations (CTA+) with a tetrahedral structure. It can
be assumed that these cations draw phosphate anions (PO4

3−) and
then Ca2+ cations. This argument is in agreement with the results
of other similar studies [27]. The hydroxyapatite particle growth
might be a result of continuing nucleation which led to the forma-
tion of small spherical particles, as seen in Fig. 5b. Fig. 5d shows that
over time, these small spherical particles grow and cover polymeric
surface with a thick and uniform apatite layer.

Therefore, introduction of vitamins into SCS solution leads to
a decrease in the crystallization time of hydroxyapatite and an
increase in the particle size, but does not affect the degree of binding
of hydroxyapatite with the polyurethane support.

Finally, we can say that by biomimetic method used in this
study it was  possible to induce the growth of the hydroxyap-
atite films not only at the surface, but also in the bulk of the

porous polyurethane film. The method has followed the reduction
of the periods of hydroxyapatite formation (at 72 h), the gener-
ation of uniform hydroxyapatite layers and coating the inside of
pores in porous 3D architectures. Therefore, the final products are
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uitable to be used for tissue replacement and as tissue engineering
caffolds.

. Conclusions

The goals of this research were to study the effect of vitamins
 and D2 and to develop an improved biomimetic method for
epositing hydroxyapatite coatings on the surface of polyurethane
ubstrate.

The polyurethane scaffolds used in this study have an asymmet-
ic and porous structure.

A modified SCS (named M-SCS) solution was  used. This solution
as prepared by adding at the original SCS solution appropriate

uantities of vitamin A (A) and vitamin D2 (D) with respect A/D rap-
ort in the range from 4 to 5. The fat-soluble vitamins (A and D2)
ere emulsified with cetyltrimethylammonium bromide (CTAB),

nd were then dispersed in SCS solution to obtain the M-SCS solu-
ion. The presence of vitamins (A and D2) in solution favours the
ormation of hydroxyapatite layer on polymeric substrate. Perhaps,
he microcolloidal vitamins particles were acting as nucleating pro-

oters for the hydroxyapatite crystals. Introduction of vitamins
nto SCS solution leads to a decrease in the crystallization time of
ydroxyapatite and an increase in the particle size.

SEM-EDX and ATR-IR studies confirm the formation of hydrox-
apatite on the polyurethane support.

Experimental results suggested that this modified biomimetic
ethod is simple and highly effective and it can be applied to obtain

he deposition of uniform coatings of crystalline hydroxyapatite on
orous polyurethane scaffolds.

The method has followed the reduction of the periods of hydrox-
apatite formation (at 72 h), the generation of uniform and thicker
ydroxyapatite layers and coating the inside of pores in porous 3D
rchitectures.
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This study uses an in vitro experimental approach to investigate the roles of collagen and vitamins in
regulating the deposition of hydroxyapatite layer on the pure titanium surface. Titanium implants were coated
with a hydroxyapatite layer under biomimetic conditions by using a supersaturated calcification solution
(SCS), modified by adding vitamins A and D3, and collagen. The hydroxyapatite deposits on titanium were
investigated by means of scanning electron microscopy (SEM) coupled with X-ray analysis (EDX), X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD) and Fourier transformed infrared (FTIR) spectroscopy. The
results obtained have shown that hydroxyapatite coatings were produced in vitro under vitamins and collagen
influence.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In dentistry and orthopedics surgery, commercially pure titanium
and titanium alloys are most usually used materials as implants due
to their high mechanical properties, good corrosion resistance and
significant biocompatibility [1,2]. The clinical success of titanium
implants is related to their early osseointegration and it depends on
their surface properties. It is known that titanium and titanium alloys
are bioinert materials according to their surface oxides and the
osseointegration of titanium occurs without a negative tissue response.
Although titanium has the good characteristics as an implant material,
the ostoconductivity of titanium is lower than calcium phosphate
bioceramics. Therefore, different investigations have dedicated tofinding
alternative methods to accelerate and optimize osseointegration of im-
plants based on titanium materials in order to ensure their mechanical,
biological and morphological compatibility [3,4].

In the last times, titanium implants have been coated with calcium
phosphate layer mainly composed of hydroxyapatite. Numerous in vivo
studies have related that hydroxyapatite-coated titanium had enhanced
implant fixation properties. The biological fixation of titanium implants
to bone tissue is more rapidly with a hydroxyapatite coating than with-
out [4–7]. These biomimetic hydroxyapatite coatings on titanium surface
act as a bonding layer to bone and therefore, hydroxyapatite layers are
40 232271311.
u).

rights reserved.
expected to improve fixation of uncemented prostheses through
osseointegration and to promote higher healing rates.

Various methods have been developed to coat metal implants
with hydroxyapatite: sol–gel coating, electrophoretic deposition, plasma
spraying or biomimetic precipitation [7–13]. Biomimetic hydroxyapatite
coating is a solution-based method carried out at 37 °C and pH=7.2–
7.4 mimicking body temperature and pH. When titanium probes are
immersed in a simulated body fluid at physiological pH and tempera-
ture a hydroxyapatite layer will appear, crystallize and grow on titani-
um surfaces [14]. By modifying the immersion conditions and the
composition of the biomimetic solutions, coatings with a wide range
of morphologies, thicknesses and composition can be obtained.
Recently, in order to improve the hydroxyapatite formation, the solu-
tions used for biomimetic hydroxyapatite coatings have been modified
adding organic and inorganic components [14–17].

This study developed an alternative coatingmethod based on biomi-
metic techniques in order to accelerate the growth of hydroxyapatite on
titanium samples with the addition of vitamins (A and D3) added to the
deposition process. Inspired by the role of collagen in the bone forma-
tion, we also used this natural protein to create a structure that mimics
natural bone. Supersaturated calcification solutions (SCS)were used for
biomimetic hydroxyapatite coatings modified by adding vitamins like
vitamin A and vitamin D3, and also an appropriate quantity of collagen.
The immersion of a titanium substrate in SCS solutions leads to the
nucleation of hydroxyapatite onto the titanium surface, which grows
overtime and covers homogeneously the substrate. Introduction of
vitamins and collagen into SCS solution leads to a decrease in the
crystallization time of hydroxyapatite and a decrease in the particle
size.

http://dx.doi.org/10.1016/j.msec.2012.12.080
mailto:gciobanu03@yahoo.co.uk
http://dx.doi.org/10.1016/j.msec.2012.12.080
http://www.sciencedirect.com/science/journal/09284931
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2. Material and methods

2.1. Materials

CaCl2·2H2O, NaH2PO4·H2O, NaHCO3, vitamin A (C36H60O2, vitamin A
palmitate or retinol palmitate, awater-miscible vitaminA form), vitamin
D3 (C27H43NaO4S, vitamin D3 sulfate or cholecalciferol sulfate sodium
salt, a water-miscible vitamin D3 form), collagen (from bovine Achilles
tendon, type I), ethanol and acetone were purchased from Sigma-
Aldrich (Germany). All reagents were used without further purification.
Experiments were performed in triply distilled water.

2.2. Alkaline pre-treatment of implants

Screw-shaped dental implants fabricated from commercially pure Ti
(c.p. Ti) were used in this study. Before alkaline pre-treatment, samples
were cleaned with acetone (for 15 min), ethanol (for 10 min), and
deionized water (for 5 min). Samples were then treated in 0.6 M NaOH
solution at 160 °C in a pressure chamber for 72 h, with heating rates of
5 °C/min. After alkaline pre-treatment, samples were washed in deion-
ized water for 5 min and were finally heat-treated at 60 °C for 4 h.

2.3. Coating solutions

The supersaturated calcification solution (SCS) was prepared by
dissolving CaCl2·2H2O, NaH2PO4·H2O and NaHCO3 in 1 l of deionized
water, under vigorous stirring. The ion concentrations of SCS solution
are 6.5 mmol/l Na+, 10.0 mmol/l Ca2+, 20.0 mmol/l Cl−, 5.0 mmol/l
H2PO4

−, and 1.5 mmol/l HCO3
−.

The modified supersaturated calcification solution (M-SCS) was
prepared by adding in the original SCS solution appropriate quantities
of vitamin A (A) and vitamin D3 (D3), both in water-miscible form,
keeping the A/D3 ratio at 3.5 values. The solution was kept at 37 °C
with continuous stirring for 1 h. Also, to this solution was added a
certain quantity of collagen solution (5 μg/ml, in acetic acid solution),
under vigorous stirring for 2 h at the same temperature.

In order to simulate the in vivo process, as-treated titanium samples
were directly immersed into 200 ml SCS (or M-SCS) solution contained
in a glass beaker, which was kept at 37 °C in a shaking water bath. The
SCS (orM-SCS)was refreshed every 6 h in order to keep the ion concen-
tration stable. The titanium samples were taken out of the solutions
after certain periods of immersion, rinsed with deionized water,
followed by drying in an oven, in air at 37 °C for 1 h.

2.4. Samples characterization

Themorphology and chemical composition of sampleswere studied
by scanning electronmicroscopy (SEM) coupledwith energy dispersive
X-ray spectroscopy (EDX) with QUANTA 200 3D microscope (FEI,
Netherlands). Silver sputtering was used to make the coating surfaces
conductive for the SEM investigations. The surface chemical composi-
tion of the samples was analyzed by X-ray photoelectron spectroscopy
(XPS) using a PHI-5000 VersaProbe photoelectron spectrometer (Φ
ULVAC-PHI, INC.) with a hemispherical energy analyzer (0.85 eV bind-
ing energy resolution). A monochromatic Al Kα X-ray radiation (hν=
1486.7 eV) was used as excitation source, operating at 15 kV and
20 mA. The standard take-off angle used for analysis was 45°, producing
a maximum analysis depth in the range of 3–5 nm. The spectra were
calibrated based on the C 1s binding energy of 284.5 eV. The surface
concentration of each element was calculated from the peak areas of
O 1s, Ti 2p, P 2p and Ca 2p, and the corresponding atomic sensitivity fac-
tors. The atomic ratio Ca/P was determined from these measurements.
The coating formed on titanium support was characterized by X-ray
diffraction (XRD) with X'PERT PRO MRD diffractometer (PANalytical,
Netherlands) using monochromatic CuKα radiation (λ=0.15418 nm),
operating at 40 kV and 50 mA over a 2θ range from 2° to 70°. The FTIR
spectra of all samples were recorded on a DIGILAB SCIMITAR-SERIES
spectrophotometer with an attenuated total reflectance (ATR) accesso-
ry. Measurements were carried out in the attenuated total reflectance
mode using a ZnSe prism, between 400 and 4000 cm−1, with resolution
setting 4 cm−1.

3. Results and discussion

In recent years, a greater demand for dental and orthopedic
implants can be noticed. The clinical success of these implants is related
to their early osseointegration and this is related to their surface prop-
erties. In implant–tissue interactions and osseointegration, surface
composition, hydrophilicity and roughness are parameters that play a
very important role. Surface modification of titanium implants for
bone contacting applications is a very active field of research. Presently,
the approaches to the surface modification of titanium implant devices
involve surface topographymodification or the application of inorganic/
organic coatings [15].

In this research, the biomimetic treatment of screw-shaped dental
implants fabricated from commercially pure Ti (c.p. Ti) was studied.
This method implies the nucleation and growth of hydroxyapatite
(HA) crystals on the surface of the titanium implant in a simulated
body fluid under physiological conditions of pH and temperature,
respectively at pH=7.4 and at 37 °C.

As in our previous studies [16,17], the biomimetic treatment of pure
titanium implants consists of two steps: a treatment in alkaline solu-
tions of NaOH and a biomimetic treatment in a simulated body fluid,
respectively in a supersaturated calcification solution (SCS). In the first
step, the crystalline sodium titanate is formed on the titanium surface,
to serve as nucleating points. In the second step, the hydroxyapatite
layer is formed and deposited on the surface of metallic samples.

In order to improve and accelerate the hydroxyapatite formation, the
SCS solution used for biomimetic hydroxyapatite coatings has been
modified by addingorganic components, respectively vitaminA, vitamin
D3 and collagen. This solution was noted M-SCS. Vitamin A plays an
important role in the formation and metabolism of normal bone and
tooth [18]. Vitamin D3 stimulates the ability of type I collagen and alka-
line phosphatase production in osteoblastic cells, absorption of calcium
and phosphorus and all are very important for bone growth [19,20].
Collagen is the most abundant protein in the human body, especially
in the connective and fibrous tissues. Type I collagen is about 95% of
the total collagen content of bone and about 80% of the total proteins
present in bone. In bones and teeth, the crystals of hydroxyapatite are
found on the collagen fibers and within or between them [21]. It has
been accepted that collagen induces positive effects concerning cellular
adhesion, proliferation, and differentiation of many cell types in culture
[22]. For this reason, collagen has successfully been used to modify tita-
nium surfaces in order to enhance their bioactivity [23].

The hydroxyapatite layer formedon titaniumsurface after biomimetic
treatment in SCS or M-SCS solutions was examined by SEM-EDX, XPS,
FTIR and XRD methods. Scanning electron microscopy (SEM) was used
to analyze the morphology of the hydroxyapatite layer. A set of SEM
images and a schematic representation of the hydroxyapatite coating
formation are shown in Figs. 1–4 which illustrate the microstructure
evolution of the hydroxyapatite layer during titanium samples treatment
in SCS and M-SCS solutions.

After alkaline/heat treatment, the crystalline sodium titanate
Na2Ti5O11 (Fig. 1) was formed on the titanium surface, as we were
presented in our previous studies [16,17].

In the SCS solution, where the degree of supersaturation of calcium
and phosphate ions is high, some processes are developed. Thus, the
sodium titanate releases Na+ ions exchanged with the H3O+ ions in
the solution to form Ti–OH groups on titanium surface. These Ti–OH
groups are combiningwith Ca2+ ions in the SCS solution to form amor-
phous calcium titanate. Later, this calcium titanate combineswith phos-
phate ions in the solution to form intermediate precursor polymorphs



Fig. 1. SEM photographs of the titanium surface after alkaline/heat treatment; low
(a) and high (b) magnitude.

Fig. 2. SEM photographs of the titanium surface after soaking in SCS solution for 24 h at
37 °C (a,b) and for 96 h at 37 °C (c).
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such as amorphous calcium phosphate, octacalcium phosphate, or
dicalcium phosphate dihydrate, with a low Ca/P ratio. The calcium
phosphate transforms into hydroxyapatite, which exhibits a Ca/P ratio
of around value of 1.67 [14].

As shown in Fig. 2a and b, after 24 h of immersion in SCS solution,
on the whole titanium surface some apatite deposits like a globules,
with a diameter varied from 1 up to 50 μm,were visible. These globules
seemed to be composed of aggregated smaller crystalline entities in the
form of thin plates. Only after 96 h of immersion in SCS (Fig. 2c), the
surface of the titanium substrate was completely covered by hydroxy-
apatite deposits forming a continuous film. The XRD, XPS and EDX spec-
tra (not shown) exhibited peaks characteristic of hydroxyapatite and
indicated the formation of apatite phase on titanium surface.

TheM-SCS solution, which contains collagen and vitaminmolecules
in low concentrations, was used to accelerate the formation of biomi-
metic hydroxyapatite on the titanium implants, with a composition
andmorphology similar to themineral part of bone or teeth. The forma-
tion of the hydroxyapatite/collagen/vitamins coating on the titanium
surface involves the deposition of the hydroxyapatite crystals together
with the collagen fibrils and vitamins molecules as a result of some
processes which occurring in the system. Thus, as for the SCS solution,
the Ti–OH groups trigger heterogeneous nucleation of hydroxyapatite
crystals on the titanium surface. At the same time, since in solution
the collagen fibrils are positively charged, they are attracted to the
negative surface of the titanium implant. Also, the vitaminsD3 (negatively
charged) and A (polar molecule) are attracted to collagen fibrils,
forming collagen-vitamins clusters (or bundles) with a diameter of
about 200–500 nm (as seen in Fig. 3c). The collagen fibrils could further
serve as a heterogeneous nucleation reagent for hydroxyapatite
deposition because the terminal groups of collagen fibrils are mostly
negative –COO− that might adsorb Ca2+.

The treatment in M-SCS solution brings some changes on the depo-
sition time and on the morphology of the deposited layer. As shown in
Fig. 3a and b, after 12 h soaking in the biomimetic M-SCS solution, the
titanium specimens appeared to be homogeneously coated with the
apatite phase, comprised of numerous nanocrystals which have thin
plate morphologies. Also, Fig. 3c shows that between hydroxyapatite
crystals, the small agglomerations are distributed. It is possible that
these clusters are formed by molecules of collagen and vitamins. This
assumption could be supported by collagen and vitamin characteristic
peaks that occur in the FTIR spectrum (see Fig. 7). One can see that on
them are grown very small deposits of hydroxyapatite crystals, in a
size smaller than 100 nm.

Fig. 4 shows the schematic diagram illustrating of themineralization
of hydroxyapatite on the titanium surface during immersion in SCS or
M-SCS solutions.

The formation of the hydroxyapatite was confirmed by the X-ray
diffraction analysis. The XRD pattern in Fig. 5 indicates that the crystals
deposited onto titanium surface after 12 h soaking in M-SCS solution
have the characteristic peaks in 2θ regions of 26°, 29°, 32°–34°, 40°,
46°–54°, in good agreement with the hydroxyapatite phase (JCPDS
Data Card 09–0432). All peaks could be indexed to a hexagonal hydroxy-
apatite crystal. The XRD peaks are well-defined which indicate that the
deposited layer is well-crystallized.

image of Fig.�2


Fig. 3. SEM photographs of the titanium surface after soaking in M-SCS solution for 12 h at 37 °C; low (a) and high (b,c,d) magnitude.
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The average crystallite sizes of the hydroxyapatite particles depos-
ited onto titanium surface were calculated from XRD data using the
Scherrer's equation:

D ¼ k⋅λ=B1=2⋅ cosθ ð1Þ
Fig. 4. Schematic representation of the hydroxyapatite coating formation on
where D is the crystal size, as calculated for the (hkl) reflection, λ is
the wavelength of Cu Kα radiation (λ=0.15418 nm), B1/2 stands for
full width at half maximum of the peak, θ is the diffraction angle, and
k is the broadening constant varying with crystal habit and chosen as
0.9 for the apatite crystallites. The line broadening of the (002) reflec-
tion was used to evaluate the crystallite size of the hydroxyapatite
titanium surfaces after immersion in SCS (a) and in M-SCS (b) solutions.

image of Fig.�3
image of Fig.�4


Fig. 5. XRD spectrum of the biomimetic hydroxyapatite layer deposited on titanium
surface after 12 h soaking in M-SCS solution at 37 °C.

Fig. 7. FTIR spectrum of the biomimetic hydroxyapatite layer deposited on titanium
surface after 12 h soaking in M-SCS solution at 37 °C.
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particles because this peak is well resolved and shows no interferences.
The average crystallite sizes for the hydroxyapatite particles deposited
onto titanium surface after biomimetic treatment in SCS and in M-SCS
solutions are 483 nm and 166 nm, respectively. Therefore, introduction
of the collagen and vitamins into SCS solution leads to a decrease in the
particle size.

Fig. 6 shows the EDX spectrum from specific regions of the crystals
grown on titanium surface after 12 h soaking inM-SCS solution. The ex-
istence of pronounced Ca and P signals is observed in the EDX spectrum
indicating the formation of apatite phase. Also, the Ca/P ratio determined
by XPS analysis is about 1.66. This value is in good agreement with the
expected stoichiometry based on the chemical structure of hydroxyapa-
tite, Ca10(PO4)6(OH)2 [14,24].

The FTIR spectrum obtained from apatite layer deposited onto
titanium surface after treatment in M-SCS solution was given in Fig. 7.
Fig. 6. SEM-EDX spectrum of the biomimetic hydroxyapatite layer deposit
This spectrum provides a number of spectral details demonstrating
not only the formation of hydroxyapatite phase on titanium surface,
but also the existence of collagen andvitamins in apatite layer. Obviously,
some absorptionbands are overlapped, especially for the same functional
groups from collagen and vitamins, most of such bands being only iden-
tified after deconvolution (linear).

In Fig. 7, the phosphate characteristic bands were observed at 472,
564, 602, 962, 1044, and 1092 cm−1. These bands indicate the arrange-
ment of the polyhedrons of PO4

3− in the structure of the hydroxyapatite.
The broader band between 3500 and 3200 cm−1 was produced by the
water molecule adsorbed on the surface of hydroxyapatite, and the
stretching and vibration of O\Hbonds on the surface of hydroxyapatite
were located at 3590–3560 cm−1. The entire FTIR spectrum shows the
absence of carbonate peaks in the range 1500–1400 cm−1 indicating
that there was no formation of calcium carbonate or calcium oxide in
the apatite layer.

As depicted in Fig. 7, the collagen displayed mainly bands at 1652,
1558 and 1240 cm−1, characteristic of the amide I, II and III bands,
respectively. Some of these bands can be used to appreciate the preser-
vation of the triple helical conformation of the collagen molecule in a
given material. Thus, the ratio of absorbance of the band amide III (AIII)
to that from 1450 cm−1 (A1450) serves as a measure of the integrity of
ed on titanium surface after 12 h soaking in M-SCS solution at 37 °C.

image of Fig.�5
image of Fig.�6
image of Fig.�7
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the triple helical conformation of collagen, values equal or higher than
unity indicating its preservation. At the same time, differences higher
than 100 cm−1 between the frequencies of the bands amide I (AI) and
amide II (AII) can indicate the degradation of collagen. For the apatite
layer deposited onto titanium surface after treatment inM-SCS solution,
the values of AIII/A1450 ratio and (νAI–νAII) difference are 0.991 and
94 cm−1, respectively. Thus, both the values of AIII/A1450 and (νAI–νAII)
demonstrate that the triple helical conformation of collagen molecules
from fibrils is not disturbed by biomimetic treatment in M-SCS solution.

The interactions between collagen and apatite may occur by
hydrogen bond formation. The \OH, \NH2 and \C_O groups in
collagen are capable of forming hydrogen bonds with\OH in apatite.
Also, the peak at 1336 cm−1 on the spectrum is attributed to the elec-
trostatic interactions involved between Ca2+ ions on hydroxyapatite
and the \COO− groups on collagen, as presented in the literature
[25,26]. The shift of the absorption band corresponding to\COO– sym-
metric stretching in the FTIR spectrum from 1347 cm−1 (band typical of
collagen fibers) to 1336 cm−1, evidences a chemical interaction of the
collagen with the apatite phase, resembling calcified bone collagen.
Apatitic nanocrystalsmainly surround collagenfiberswhich are partially
calcified during the collagen molecular assembly. Possibly, this biomi-
metic feature of the nanocrystals which nucleate and grow onto the col-
lagen fibrils involves only the initial steps of the deposition process,
which continues with the considerable growth of the hydroxyapatite
nanocrystals onto collagen fibril surface, as observed by SEM images
(Fig. 3c). The presence of collagen molecules limits the apatitic crystal
growth. Thereby, the analysis of crystallite sizes (calculated from XRD
data using the Scherrer's equation) shows a shorter length (166 nm)
for nanocrystals growing onto collagen fibers compared to those
grown without collagenous matrix (483 nm). These findings support
the hypothesis that reconstituted collagen fibrils induce hydroxyapatite
nucleation, restraining growth of apatitic crystals.

Additionally, the FTIR spectrum (Fig. 7) of sample immersed in
M-SCS shows weak peaks at 1246 cm−1 and 1728 cm−1 attributed to
vitamin D3, and vitamin A respectively, adsorbed on the surface of scaf-
fold. The specific peaks of these vitamins were significantly decreased
because they are encapsulated into apatite layer.

FTIR results, togetherwith SEM-EDX, XPS andXRD results concluded
that the coating existing on titanium surface is actually a composite of
hydroxyapatite mineral, collagen and vitamins, the latter compounds
being in small quantities.

Our results confirm the ability of theM-SCS solution to stimulate in a
short time a biomimetic deposition of bonelike apatite with 0.5–1 μm
thickness, as shown in Fig. 3d. However, the coating thickness can be
further increased by repeating the process. The existence of vitamins
and collagen inM-SCS solution seems to cause a faster apatite precipita-
tion on the metal support. Additionally, these organic compounds
reduce apatite crystal size and thereby, apatite entities remain more
stabilized on titanium substrate.

By this biomimetic technique, biologically active molecules, as
vitamins and collagen, can be coprecipitated with hydroxyapatite crys-
tals onto titanium implants. Therefore, the biomimetic apatite coating
can be used as the carriers for biologically activemolecules. After implan-
tation in vivo, the degradation of these biomimetic coatings would lead
to the gradual exposure and release of incorporated molecules from
these coatings, which also renders the biomimetic coatings of great po-
tential value as a drug-carrier system in orthopedics [26]. These coatings
are biocompatible, but this is subject to other studies. This study is only
regarding to characterize the HA coatings in SCS and M-SCS solutions.

4. Conclusions

This study presents a very simple, highly effective biomimetic
method to obtain a hydroxyapatite coating on a titanium substrate. The
method used a modified supersaturated calcification solution (M-SCS)
which contains vitamins A and D3, and collagen, as a crystallizing medi-
um of hydroxyapatite on the titanium surface. The results obtained con-
firm the ability of the M-SCS solution to stimulate in a short time a
biomimetic deposition of bonelike apatite with 0.5–1 μm thickness. The
existence of vitamins and collagen in M-SCS solution seems to cause a
faster apatite precipitation on the metal support. Also, these organic
compounds reduce apatite crystal size and thereby, apatite entities
remain more stabilized on titanium substrate.

The method used in this study has several advantages, such as:
collagen and vitamins A and D3 are dispersed into the SCS solution at
room temperature and therefore they are not denatured and remain
stable during the duration of the experiments, the chemical reaction
can be easily controlled, a faster apatite precipitation on the metal sup-
port, and biological agents, such as collagen and vitamins, can be incor-
porated in apatite layer within the coating process.
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The present paper is focused on a study regarding the possibility of obtaining hydroxyapatite-silver nanoparticle
coatings on porous polyurethane scaffold. Themethod applied is based on a combined strategy involving hydroxy-
apatite biomimetic deposition on polyurethane surface using a Supersaturated Calcification Solution (SCS), com-
bined with silver ions reduction and in-situ crystallization processes on hydroxyapatite-polyurethane surface by
sample immersing in AgNO3 solution. Themorphology, composition and phase structure of the prepared samples
were characterized by scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-
EDX), X-ray diffraction (XRD), UV-Vis spectroscopy and X-ray photoelectron spectroscopy (XPS) measurements.
The data obtained show that a layer of hydroxyapatite was deposited on porous polyurethane support and the
silver nanoparticles (average size 34.71 nm) were dispersed among and even on the hydroxyapatite crystals.
Hydroxyapatite/polyurethane surface acts as a reducer and a stabilizing agent for silver ions. The surface plasmon
resonance peak in UV-Vis absorption spectra showed an absorption maximum at 415 nm, indicating formation of
silver nanoparticles. The hydroxyapatite-silver polyurethane scaffolds were tested against Staphylococcus aureus
and Escherichia coli and the obtained data were indicative of good antibacterial properties of the materials.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

One of the most important applications of a biomaterial (polymeric
or metallic) is the replacement of a damaged hard tissue. Implant
surface properties are of key importance for initial tissue interactions,
the acceleration of bone healing and osseointegration [1].

In recent times, the coating of implants has produced much interest
for improving osseointegration and preventing adverse tissue reactions.
The concept of multiple functionalities for surface coating of implants is
still in the initial stage of development. These multifunctional coatings
should be nontoxic, to mitigate possible adverse tissue responses
including the foreign body reaction and implant infection, to be easily
applied, efficient and cost-effective [2].

Much research has been directed to the coating of orthopedic and
dental implants with porous layers to increase hard tissue integration
in vivo [3]. The hydroxyapatite, Ca10(PO4)6(OH)2, is one of thematerials
able to form a direct and strong binding between the implant and bone
tissue [4]. The synthetic form of hydroxyapatite has been widely inves-
tigated due to the similar chemical composition to themineralmatrix of
bone, which is generally referred to as hydroxyapatite. The coatings
with hydroxyapatite can be considered as bioactive because they pro-
mote a direct bone–implant contact without an intervening connective
tissue layer leading to a proper biomechanical fixation of implants [5,6].
A diversity of coating methods including ion sputtering, laser ablation,
).

ghts reserved.
plasma spraying, sol–gel, electrophoretic deposition, hydrothermal
and biomimetic methods are usually applied to produce bioactive
hydroxyapatite coatings over the solid implants [6–8].

Recent research efforts are focused on combining the best character-
istics of both hydroxyapatite and polymers to create a material to
be used for hard tissue replacement applications [9]. The polymer/
hydroxyapatite composites have attractive features as candidates for
novel bone substitutes because they may show bone-bonding capacity
and mechanical performances derived from the organic substrate
[10,11]. Using the biomimetic method, the hydroxyapatite can be
added to synthetic polymers to develop biomimetic composites for
bone regeneration. Consequently, these polymers/hydroxyapatite hy-
brids are expected to act as an artificial bone exhibiting bioactivity and
mechanical performance similar to those of natural bone. The polyure-
thane polymer is widely engaged in numerous biomedical applications
due to the excellent mechanical properties and high flexural endurance
[12]. In addition to that, the hydroxyapatite/polyurethane composites
are developed to enhance the mechanical and bioactive properties for
bone repair or substitute [13,14].

A very important problemof using implants is the occurrence of bac-
terial infectionswhen placed within the human body. This shortcoming
can be overcome by modifying the implant surfaces by means of
antibacterial coatings while maintaining the good biocompatibility.
Among the different antimicrobial agents, silver has been the most ex-
tensively studied, being used since ancient times against infections
and for preventing the spoilage. The antibacterial, antifungal and antivi-
ral properties of silver ions, silver compounds and silver nanoparticles
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have been extensively studied [15]. The silverwas found to be non-toxic
to human organism in low concentrations. It has also strong inhibitory
and bactericidal effects as well as a broad spectrum of antimicrobial ac-
tivities. The microorganisms do not develop as much resistance against
silver as the antibiotics do since the silver attacks a broad range of
targets in the microbes [16].

The silver incorporation into hydroxyapatite coatings is an alterna-
tive that can provide good antibacterial properties of these coatings.
There are several methods to introduce silver into hydroxyapatite
coatings, such as electrochemical deposition, laser deposition, plasma
spraying, ion beam-assisted deposition, magnetron sputtering, micro-
arc oxidation and sol-gel technology [17–20].

Currently there are no studies on biocomposites consisting of
hydroxyapatite-silver coating on polyurethane polymer. Consequently,
in this paper a combined strategy involving biomimetic approach and sil-
ver reduction process has been advanced to deposit a hydroxyapatite/
silver layer on polyurethane scaffolds able to regenerate the natural
bone and mitigate implant infection. The bactericidal activity of the
hydroxyapatite/silver/polyurethane scaffolds against Escherichia
coli and Staphylococcus aureus bacteria was investigated and the in-
hibition ratio evaluated as the antimicrobial efficiency.

2. Experimental

2.1. Materials and methods

The porous polyurethane scaffolds were prepared by phase inver-
sion method described in previous works [21,22]. The used materials
were: polyurethane polymer (Institute of Macromolecular Chemistry
“P. Poni” of Iasi, Romania), N,N-dimethylformamide (DMF, Sigma
Aldrich, Germany) as a solvent, and deionized water as a nonsolvent.
The polyurethane films obtained were about 100–500 μm thickness.

The supersaturated calcification solution (SCS)waspreparedbydissolv-
ing the following chemicals in deionizedwater: CaCl2·2H2O,NaH2PO4·H2O
and NaHCO3 (Sigma-Aldrich, Germany). The ion concentrations of SCS
solution were of: 4.0 mmol/L Na+, 5.0 mmol/L Ca2+, 10.0 mmol/L Cl−,
2.5 mmol/L (H2PO4)−, and 1.5 mmol/L (HCO3)−.

The biomimetic method applied to coating polyurethane surface
with hydroxyapatite layer consists in immersion of polymeric samples
in SCS solution at 37 °C, for certain period of time (1–7 days), as
presented elsewhere [23]. Then, in order to obtain a silver coating, the
polymeric samples coated with hydroxyapatite layer were rapidly im-
mersed in 50 mL of freshly prepared 0.5 M AgNO3 (Sigma-Aldrich,
Germany) solution with pH = 6.5 at 22 °C, for certain period of time
(1–2 days). Finally, the samples were taken off and carefully rinsed
with deionized water followed by drying in air at 60 °C for 24 h.

All chemicals used in this studywere of reagent grade and usedwith
no other purifications.

2.2. Samples characterization

The morphology and chemical composition of sample surface were
elucidated by scanning electronmicroscopy (SEM) coupledwith energy
dispersive X-ray spectroscopy (EDX), with QUANTA 200 3D Dual Beam
scanning electron microscope (FEI Co., USA). For the SEM-EDX investi-
gations, gold sputteringwas used to create a conductive coating surface.

The coatings formed on polyurethane support were characterized
by X-ray diffraction (XRD) with X'PERT PRO MRD X-ray diffractometer
(PANalytical, Netherlands), using monochromatic CuKα radiation
(λ = 0.15418 nm), operating at 40 kV and 50 mA, over a 2θ range
from 2° to 70°. The average crystallite size (D) was calculated from
XRD data using the Scherrer equation:

D¼ k � λ
B1=2 � cos θ

ð1Þ
where D is the crystallite size (nm), λ is the wavelength of Cu Kα radi-
ation (λ = 0.15418 nm), B1/2 is the full width at half maximum intensi-
ty value for the diffraction peak under consideration (rad), θ is the
diffraction angle of the corresponding reflection (°), and k is the broad-
ening constant varying with crystal habit and chosen as 0.89 for the Ag
particles. For quantitative determinations, the peak at 2θ = 38.4°
for (111) reflection was used to evaluate the crystallite size of Ag parti-
cles. This peak was chosen since it is well resolved and shows no
interferences.

The surface analysis of samples was performed by X-ray photoelec-
tron spectroscopy (XPS) using a PHI-5000 VersaProbe photoelectron
spectrometer (Φ ULVAC-PHI, INC.) with a hemispherical energy
analyser (0.85 eV binding energy resolution). A monochromatic Al Kα
X-ray radiation (hν = 1486.7 eV) was used as an excitation source.

The optical properties of the coatings were characterized by UV-Vis
spectroscopy with a Shimadzu UV-2450 UV-Vis spectrophotometer
(Shimadzu Co., Japan) with an integrating sphere attachment. The
absorbance was recorded at a resolution of 0.5 nm at 300–800 nm.

2.3. Antibacterial activity test

The antibacterial test was performed by the LB broth method [19].
Two types ofmicroorganisms, Escherichia coli asGram-negative bacteria
and Staphylococcus aureus as Gram-positive bacteria, were taken in an-
tibacterial experiments. These bacteria were supplied by the collection
of microorganisms and cell cultures of the microbiology laboratory of
our institution. The bacteria were cultivated at 37 °C in a sterilized
broth (peptone 10 g, glucose 20 g, agar 15 g, distilled water 1000 mL)
in a rotary shaker at 100 rpm for 24 h. The concentration of all the bac-
terial cell suspensionswas of about 104 colony-forming units (CFU)/mL.

With the LB broth method, the hydroxyapatite/silver/polyurethane
samples (0.5 g) were put into the flasks containing 10 mL aqueous me-
dium at 37 °C for 24 h. Then, 10 mL of the bacteria mediumwas added
and the incubation was continued for another 24 h. The culture with
pure broth served as control sample.

The bacterial concentrations in liquid cultures were determined by
measuring the optical density as absorbance at 600 nm (OD600) using a
Shimadzu UV-2450 UV-Vis spectrophotometer (Shimadzu Co., Japan).
The inhibition ratio based on OD600 data was evaluated as the antimicro-
bial efficiency, calculated according to the equation:

IR%¼100− At−Ao

Acon−Ao
� 100 ð2Þ

where Ao is the OD600 value of the bacterial brothmedium before incuba-
tion; At and Acon are OD600 values of the bacterial brothmedium for tested
sample (containing the Ag nanoparticles) and the control sample respec-
tively, after incubation for a certain period of time (24 h).

All the experiments were run in triplicate. The average and standard
deviation were calculated. Statistical analysis was performed by using
the ANOVA test of Microsoft Excel.

3. Results and discussion

The biomimetic method has been shown to be a good way to obtain
hydroxyapatite coatings which are homogeneous and would be more
favorable to biological interaction. Generally, a surface on which hy-
droxyapatite is precipitated in the biomimetic solution shows well
biomaterial-bone in a living body [24]. By the biomimetic method,
the hydroxyapatite coatings can be produced in aqueous solutions
at physiological temperatures using artificial solutions with ionic con-
centrations similar to those of human blood plasma. In practice, the
most widely used artificial biomimetic solutions are: Simulated Body
Fluid (SBF) and Supersaturated Calcification Solution (SCS) [24,25].

The hydroxyapatite coatings can provide an osteoconductive and an
osteoinductive approach for enhancement of the bone formation on
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implants. These biological properties may be augmented further by
addingother atoms/molecules to produce a truly osteoinductive platform,
which would improve the physiochemical properties of these coatings
being also able to increase their safety and efficacy. The silver impregnat-
ed coatings represent very attractive alternatives for mitigate infection of
implants. In particular, silver-containing hydroxyapatite coatings on
implants can effectively inhibit bacterial adhesion and growth without
affecting the activity of osteoblasts and epithelial cells [2].

In the present study the biomimeticmethod combinedwith reduction
process and in-situ crystallization was used to co-deposit the hydroxyap-
atite crystals and silver nanoparticles on the porous polyurethane scaffold
surface by means of polymeric sample treatment in SCS and AgNO3

solutions.

3.1. SEM analysis

In this study, the polyurethane scaffolds with an asymmetric and
interconnected porous structure were obtained by applying a phase
inversion process, as mentioned elsewhere [21,22]. These asymmetric
scaffolds have a very thin skin layer supported by a more open porous
substructure. The formation of such a skin layer was attributed to the
solvent evaporation during the microphase separation process. The
size of the pores in the skin layer is very small compared to that in
the substructure. The polyurethane scaffolds have internal micropores
(2–5 μm) and macropores (20–50 μm). At external surface of the
scaffold, on the skin layer, many nanopores (10–100 nm) were formed
during phase inversion process. The porosity of the scaffold is high, of
about 60%. This porous structure provides a good microenvironment
for cell adherence, growth and proliferation.

We have also demonstrated that biomimetic treatment in SCS solu-
tion promoted the nucleation and growing rate of the hydroxyapatite
coating on porous polyurethane surface [23]. Coatings of the polyure-
thane substrates by immersion in SCS solutions were obtained using
rather short exposure times (120–144 h), when the SCS solution was
refreshed every two days. The SEM micrograph of a sample stored in
SCS for 120 h presented in Fig. 1 shows that polyurethane surface is
good enough covered with a hydroxyapatite layer. It can be observed
that the crystalline apatite layer exhibits a petal rose-like morphology.

After hydroxyapatite coating formation the samples were immersed
in AgNO3 solution for a certain time. During this stage, silver ions
are transferred from the solution to the scaffold surface where their
reduction takes place.

Along the immersion time in AgNO3 solution, the spheroidal
clusters/aggregates containing Ag nanoparticles were formed on the
polyurethane surface amonghydroxyapatite crystals. The Ag concentra-
tion in the scaffold increased with increasing immersion time in the
AgNO3 solution. Based on SEM studies, after 24 h of immersion the
Fig. 1. SEM image of the surface of porous polyurethane sample after 120 h soaking in SCS
solution.
sample was found to exhibit many areas of noncoverage while after
48 h it was completely covered with a silver layer on the polymeric sur-
face. As shown in SEM images in Fig. 2, after 48 h of immersion the Ag
aggregates are distributed uniformly on the polyurethane surface
forming a layerwith intergranularmicropores. All the prepared samples
exhibit the sameporousmorphology. From the high-magnification SEM
image (Fig. 2b), the size of Ag aggregates can be estimated to be about
70–150 nm. The bigger Ag particles can be formed by coalescence of
smaller ones during the reduction process. Also, a large number of the
Ag nanoparticles were formed on the surface of hydroxyapatite crystals,
as seen in Fig. 2c. The size of these Ag nanoparticles can be estimated to
be less 50 nm, consistent with the XRD results.
Fig. 2. Low-magnification (a) and high-magnification (b,c) SEM images of the
hydroxyapatite-silver layer deposited on polyurethane surface after 48 h soaking in
AgNO3 solution.

image of Fig.�2


Fig. 4. XRD patterns of the hydroxyapatite/polyurethane (a) and hydroxyapatite/silver/
polyurethane (b) samples.
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3.2. EDX analysis

The energy dispersive X-ray spectroscopy (EDX) results are indica-
tive of the Ag particles formation. Fig. 3 shows the EDX spectrum
(given along with SEM image in inset) of hydroxyapatite-silver nano-
particle layer deposited on porous polyurethane scaffold, confirming
that the coating contains Ag (existing in nanoparticles and spherical
aggregates), and Ca, P and O (in apatite crystals) atoms. The peaks ob-
served at 2.9, 3.1 and 3.3 keV correspond to the binding energies of Ag
Lα, Ag Lβ and Ag Lβ2 respectively, as presented in literature [26].
These optical absorption peaks are typical for the absorption of metallic
silver nanocrystalline due to surface plasmon resonance. Based on the
above mentioned results, the presence of nanocrystalline elemental sil-
ver on the scaffold was confirmed. In EDX spectrum the other small
peaks correspond to Ca, P and O in hydroxyapatite crystals found in
the proximity of the silver particles. According to SEM-EDX results, the
apatite crystallites deposited onto polyurethane surface are composed
mainly of hydroxyapatite that exhibits a molar Ca/P ratio of ∼1.67, in
good agreement with literature data [27]. Also, the carbon peak in
EDX spectrum can be attributed to the presence of polyurethane in
the scaffold. It should be mentioned that the signal attributed to the
Au comes from the gold layer that covers the outer layer of the sample
in order to prepare it for the SEM images. EDX analysis indicated that
the Ag content in the hydroxyapatite-silver layer deposited on porous
polyurethane scaffold was about 8 wt.%.

3.3. XRD analysis

The XRD patterns of the coated samples are illustrated in Fig. 4. The
hydroxyapatite/polyurethane sample shows the most intense peaks at
2θ values of about 25.9°, 31.67°, 32.8°, 34.1°, 39.7° and 46.6° representing
the reflexion planes (002), (211), (300), (202), (310) and (222), which
are similar to the standard hydroxyapatite having hexagonal crystal
system and 63/m space group (JCPDS card no. 09-432).

In the case of the hydroxyapatite/silver/polyurethane sample, after
deposition of the Ag nanoparticle onto scaffold surface, new peaks
were detected in addition to the hydroxyapatite peaks, as seen in
Fig. 4. The diffraction peaks were observed at about 38.4°, 44.5°, 64.6°,
and 77.5° representing the (111), (200), (220) and (311) Bragg's reflec-
tions in the face centered cubic (fcc) phase structure of silver nanopar-
ticles (JCPDS card no. 04.0784). These results are in a good agreement
Fig. 3. EDX spectrum and SEM image (inset) of the hydroxyapatite-silver layer
with literature data [27]. The diffraction peaks of Ag were distinct
which indicated that Ag was well crystallized. The average crystallite
size of the Ag particles, calculated by Scherrer's formula, was found to
be 34.71 nm, confirming SEM studies.

Also, the XRD patterns of both samples show a diffraction peak near
21° which correspond to the characteristic diffraction pattern for the
polyurethane polymer. This diffraction peak appears to be very broad
due to the amorphous nature of polyurethane.

The XRD analysis demonstrated that the coatings were composed of
hydroxyapatite and/or Ag nanoparticles.

3.4. UV-Vis spectroscopy

The formation andgrowthof theAgnanostructures onhydroxyapatite/
polyurethane surface was supported by UV-Vis spectroscopy. The surface
plasmon resonance plays a major role in the determination of optical
absorption spectra of Ag nanoparticles. The surface plasmon band of
nanoparticles is known to be sensitive to the size, shape, and spatial dis-
tribution of particles, which shifts to a longer wavelengthwith increasing
particle size [28]. In Fig. 5 the UV-Vis spectra of the samples in the range
300–800 nm are depicted. It can be seen that the polyurethane and
hydroxyapatite/polyurethane samples do not show absorption peaks
deposited on polyurethane surface after 48 h soaking in AgNO3 solution.

image of Fig.�3
image of Fig.�4


Fig. 5. UV-Vis spectra of the polyurethane (a), hydroxyapatite/polyurethane (b) and hydroxyapatite/silver/polyurethane (c) samples. Inset shows the optical image of hydroxyapatite/
silver/polyurethane sample.

40 G. Ciobanu et al. / Materials Science and Engineering C 35 (2014) 36–42
in the 400–500nmregion,while a broad absorption peakwith amaximum
at 415 nm can be noticed with the hydroxyapatite/silver/polyurethane
sample. The symmetrical shape of this plasmon band suggests that the
reduced silver particles are well dispersed and sphere-shaped. It is gen-
erally accepted that the absorption peak with the maximumwithin the
410 to 520 nm domain is related to the formation of silver metal nano-
particles and its height gives information on the concentration of silver
metal nanoparticles [28]. Our data support the silver nanoparticles oc-
curring bymeans of polyurethane polymeric chains and hydroxyapatite
crystals to be successfully formed on the scaffold surface acting as a
nanoreactor for the silver nanoparticle formation.

The Ag nanoparticles are well known to exhibit yellow to dark brown
colors with increasing particle size. The colors arise due to the excitation
of surface plasmon resonance of the Ag nanoparticles. The formation of
Ag nanoparticles on hydroxyapatite/polyurethane surface is accompanied
by color changes in time. Instead, when the hydroxyapatite/polyurethane
samples (colorless) were immersed in AgNO3 solution, a gradual
change in color from colorless through yellow to reddish brown (inset
of Fig. 5) was noticed with increasing incubation time (from 24 h to
48 h), confirming the reduction of the Ag+ ions and the subsequent for-
mation of Ag nanoparticles on the scaffold surface.
Fig. 6. The full XPS spectrum of the hydroxyapatite/silver/polyurethane sample after 48 h s
3.5. XPS analysis

The oxidation state of silver on the scaffold surfacewas examined by
XPS. Fig. 6 shows the XPS spectrum of the hydroxyapatite/polyurethane
sample after 48 h soaking in AgNO3 solution, indicating the presence of
the Ag, Ca, P, O and C elements, which correspond with the SEM-EDX
analysis. The full XPS spectrum shows the major peaks for Ag 3d5/2
(368 eV), Ag 3d3/2 (374 eV), Ca 2p (345 eV), P 2p (133 eV), O 1s
(532 eV) and C 1s (286 eV).

Inset of Fig. 6 shows the binding energies for Ag electron configura-
tions of 3d5/2 and 3d3/2 of 368 eV and 374 eV, respectively, with a differ-
ence of 6.0 eV. This is comparable to the standard Ag 3d binding
energies (3d5/2 = 368.3 eV, 3d3/2 = 374.3 eV,Δ = 6.0 eV) formetallic
silver, as mentioned in literature [29]. In addition, the shift of Ag peaks
was found to be 0.3 eV for both 3d5/2 and 3d3/2, respectively, compared
to standard metallic silver. The shift is caused by the chemical environ-
ment and fine particle size effect of Ag nanoparticles. The complex elec-
tronic environment on the surface of the scaffold heterostructure reveals
strong electronic interactions between silver and hydroxyapatite/
polyurethane in the case of the hydroxyapatite/silver/polyurethane
sample. Therefore, it can be said that this shift indicates that the Ag+
oaking in AgNO3 solution. Inset show the XPS narrow scan spectrum of Ag 3d region.

image of Fig.�5
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Table 1
The results of the antibacterial activity tests after 24 h incubation of the samples on the
bacteria medium.

Sample Antimicrobial efficiency (%)

E. coli S. aureus

PU 36.1 35.7
HA-PU 3.9 1.4
HA-Ag-PU 94.3 92.5
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ions have been transformed into Ag nanoparticles, confirming the
reduction of the Ag+ ions into themetallic Ag°. Also, the XPS analysis in-
dicated that the Ag content in the hydroxyapatite-silver layer deposited
on the porous polyurethane scaffold was about 7.1 wt.%, consistent
with the SEM-EDX results.

In Fig. 6 the C 1s peak at 286 eV can be attributed to the presence of
polyurethane in the scaffold. Also, the presence of the Ca and P peaks at
345 eV and 133 eV, respectively, explains the existence of the hydroxy-
apatite deposited on the polyurethane surface.

3.6. Ag nanoparticles formation

The use of silver nanoparticles was explored as a constituent of coat-
ings on medical devices and implants. Many different strategies have
been developed to obtain silver nanoparticles coatings on solid (poly-
meric, ceramic or metallic) supports, including silver ions reduction
(chemical, photochemical or electrochemical reductions)with andwith-
out stabilizers (surfactants, polymers, copolymers, solid matrix, etc.)
[30,31]. Widespread synthesis protocols used for silver nanoparticle
production often require the use of harsh organic solvents/surfactants
(dimethyl formamide, ethylene glycol, cetyltrimethylammonium bro-
mide, sodium dodecyl sulfate, etc.) and strong reducing agents (e.g., bo-
rohydride, hydrazine hydrate, etc.) [32,33]. These methods typically
generate large quantities of hazardous waste and often involve absorp-
tion of harsh chemicals on the surfaces of silver nanoparticles raising
the toxicity issues. Hence, silver nanoparticle synthesis procedures that
eliminate the use of hazardous reagents and afford greener, more cost-
effective alternatives are becoming more desirable as the number of
nanoparticle applications increases [34,35]. Therefore, in the present
study, a simple but “green” synthesis of silver nanoparticles using
non-toxic hydroxyapatite/polyurethane matrices as both reducing and
stabilizing agents was studied.

As mentioned in literature in the field, the current trend in nano-
technology research is the use of biocompatible or biological friendly
polymers (starch, gelatin, cellulose, chitosan, polyvinyl alcohol, etc.)
which can provide reduction as well as stabilization functions in the
preparation of silver nanoparticles [35]. The polymers are known to be
often used for obtaining silver nanoparticles where the polar groups of
the polymer interact directly with themetal particles strongly influenc-
ing the particle shape [32,36]. In recent years, several investigations
have been carried out concerning the possibility of Ag nanoparticle de-
position on polyurethane films/foams [37–41]. These studies revealed
that the adsorption of metallic silver on the organic polymeric substrate
could be attributed to silver nanoparticles interaction with the nitrogen
in the –NH– group of polyurethane.

Incorporation of silver into ceramic materials has been studied for
several years. There are some examples in the literature supporting
the silver nanoparticle deposition on hydroxyapatite particles [42–45].
Recently Arumugam and co-workers [42] reported for the first time
the development of a novel method for the synthesis of anisotropic
silver nanocrystals by the spontaneous reduction of aqueous silver
ions (Ag+) on the hydroxyapatite surface. They explain the reduction
of silver ions to occur by the electron transfer from the hydroxyl groups
on the surface of hydroxyapatite. The hydroxyl groups on the surface of
hydroxyapatite act as both reducing and binding agents. This process
results in the formation of silver nanoparticles that are bound on the
surface of hydroxyapatite and the observed silver nanocrystals show
anisotropic structure. Thus, hydroxyapatite crystals can be used as a
new class of inorganic scaffolds for the synthesis of nanomaterials
with implications in designing inorganic–inorganic hybrid nanocom-
posites for medical and other various applications.

In the present paper we suggest the obtaining of the Ag nanoparti-
cles by reducing Ag ions on porous hydroxyapatite/polyurethane scaf-
fold surface when the scaffold is placed into a concentrated aqueous
solution of silver nitrate. Silver nanoparticles have been deposited on
scaffold surface at ambient temperature and under natural sunlight
with hydroxyapatite as reducing agent and polyurethane as protecting
and stabilizing agent.

The in-situ formation of the Ag nanoparticles on the hydroxyapatite/
polyurethane scaffolds could be explained by a mechanism involving
following processes: reduction of the Ag ions to Ag atoms by hydroxy-
apatite, coordination of the Ag atoms by the polar groups of the
hydroxyapatite/polyurethane matrix, nucleation of metallic silver and
the growth of the Ag nanoparticles on the solid scaffold surface.

The reduction of silver ions occurs by the electron transfer from the
hydroxyl groups on the surface of hydroxyapatite acting as both reduc-
ing and binding agent as mentioned in the literature [42]. Then the Ag
atoms are coordinated by the polar groups (i.e., hydroxyl, amide and
urethane) of thehydroxyapatite/polyurethanematrix that act as a stabi-
lizer for the Ag nanoparticles as well as a matrix for their homogeneous
distribution and immobilization [37–41]. After a short incubation time
when the supersaturation concentration of the Ag atoms on solid
surface is reached, thenucleation process of theAg atomsbegins leading
to aggregation of Ag atoms into small Ag nanoparticles. These nanopar-
ticles can coalesce with each other giving larger aggregates. That could
explain the existence of some small and other large spherical Ag
nanoparticles on hydroxyapatite and polyurethane surfaces, respectively,
as made evident by the SEM images (Fig. 2).

Thus, the hydroxyapatite/polyurethane scaffold of a porous struc-
ture could offer a platform for nucleation and growth of the Ag nanopar-
ticles. The petal rose-like morphology of hydroxyapatite coating on
the polyurethane surface improves the diffusion of the silver solution
promoting then the growth of Ag particles on the material as made
evident by SEM (Fig. 2). The reduced Ag nanoparticles attached on
the hydroxyapatite surface have no influence on the structure and
morphology of the hydroxyapatite crystals. Therefore, Ag nanoparticles
and Ag aggregates are formed and deposited on the porous structure of
the material.

3.7. Antibacterial activity

The bactericidal activity of the hydroxyapatite/silver/polyurethane
scaffold (sample denoted as HA-Ag-PU) against Escherichia coli and
Staphylococcus aureus bacteria was investigated and the inhibition
ratio evaluated as the antimicrobial efficiency. The antibacterial proper-
ties of the HA-Ag-PU scaffold were evaluated by the comparison with
the pure porous polyurethane scaffold (sample denoted as PU) and
with the porous polyurethane scaffold coated with hydroxyapatite
(sample denoted as HA-PU).

As shown in Table 1 the HA-Ag-PU sample exhibited a very good an-
tibacterial activity against both bacteria. Thus, the antimicrobial proper-
ties of the hydroxyapatite coatings were improved after Ag treatments.

The inhibitory activity of the Ag on the hydroxyapatite/polyurethane
surface is higher in case of Gram negative bacteria, as mentioned in the
literature [46]. It is known that the antibacterial activity of the Ag can be
attributed to the adsorption of the Ag nanoparticles on the cell wall and
to the reaction of the Ag particles with the protein present there. Then,
the denaturation of the cell wall proteins occurs resulting in the forma-
tion of porous structures which causes the permeability increase and
accumulation of external fluids [47]. Therefore, the conclusion can be
drawn that the hydroxyapatite-silver polyurethane scaffolds show a
good antibacterial activity. Incorporating silver into hydroxyapatite



42 G. Ciobanu et al. / Materials Science and Engineering C 35 (2014) 36–42
coatings is an effectivemethod to impart the coatings with antibacterial
properties.

4. Conclusions

Hydroxyapatite-silver nanoparticles layers have been deposited
onto polyurethane scaffold by a combined method involving hydroxy-
apatite biomimetic deposition, combined with silver ions reduction
and in-situ crystallization processes on polyurethane scaffold surface.
Thereby, the crystals of hydroxyapatite are growing on the polyure-
thane surface under the action of a Supersaturated Calcification Solution
(SCS). Following this, the aggregates of silver nanoparticles are growing
in AgNO3 solution on the hydroxyapatite/polyurethane surface through
and even on the hydroxyapatite crystals. The silver particles are pro-
duced by reduction of silver ions onto hydroxyapatite/polyurethane
surface which acts simultaneously as the reducing agent, stabilizer for
Ag nanoparticles and the matrix for their homogeneous distribution
and immobilization. Structural studies revealed the formation of
crystalline spherical aggregates with various sizes between 70 nm and
150 nm, containing Ag nanoparticles with average size of 34.71 nm.
The majority of smaller Ag particles occur onto hydroxyapatite crystals.
The formation of silver nanoparticles was monitored by UV-Vis spec-
troscopy and confirmed by X-ray diffraction study. These nanoparticles
showed a characteristic absorption peak at 415 nm in UV-Vis spectrum.
The Ag nanoparticles have been found to be highly crystalline with face
centered cubic (fcc) structure. By the deposition of Ag nanoparticles on
the surface of hydroxyapatite/polyurethane scaffold the antimicrobial
activity against either Escherichia coli or Staphylococcus aureus bacteria
has attained high values, up to 94.3% and 92.5% respectively.

Thiswork provided a potential “green”method for the production of
Ag nanoparticles deposition on polyurethane scaffolds covered with
hydroxyapatite layer, without the involvement of toxic chemicals and
radiation. Compared with other methods, this procedure is simpler
requiring no severe experimental conditions. These multifunctional
coatings can prevent the implant infection and are easily applied,
efficient and cost-effective.
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ABSTRACT: In this study, new asymmetric polyurethane (PU) mixed-matrix membranes with different nanohydroxyapatite loadings

were prepared via a dry–wet phase inversion method by the dispersion of hydroxyapatite (HA) nanoparticles in the PU matrix. The

HA nanopowder was obtained by a wet chemical precipitation method; it showed an average crystallite size of 58.3 nm, a specific sur-

face area of 261 m2/g, and a pore size of about 1.6 nm. The effects of the HA loading (10–50 wt %) on the PU membrane character-

istics were studied. The scanning electron microscopy images revealed that the HA nanoparticles were well dispersed enough in the

PU matrix. The average pore size in the top layer and porosity of the membranes slowly decreased, whereas the hydrophilicity and

water permeability increased with increasing content of HA. The evaluation of the nanofiltration performance was performed

by investigation of the NaCl rejection. The composite membranes had a higher salt-removal capacity than the unfilled PU membrane.
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INTRODUCTION

Membranes and membrane processes have become industrial
products of significant technical and commercial importance.
Membrane processes are effective for recovering valuable prod-
ucts, purifying aqueous process streams, simplifying wastewater
treatment, and making further separation more attractive.1 Mem-
brane technology for water treatment has attracted widespread
attention because of its low energy consumption. Among mem-
brane technologies, the reverse osmosis and nanofiltration (NF)
membranes have become one of the major means of water
purification.

Synthetic membranes can be manufactured from a wide variety

of materials, including polymers, metals, and ceramics. How-

ever, the vast majority of membranes in commercial use are

based on polymeric materials. The permeability and selectivity

characteristics of polymeric membranes are influenced not only

by the molecular structure of the polymer but also by the physi-

cal structure or morphology of the membrane.2 The structure

of the membranes may be either symmetric or asymmetric.

Fluid-separation processes require a membrane with high per-

meability and selectivity; these conditions are fulfilled by asym-

metric membranes. The asymmetric membranes should have

thin and dense skin layers supported by thick porous sublayers.

These membranes are manufactured by phase-separation proc-

esses of homogeneous polymer solutions.3

The most common disadvantage associated with membrane

application in the separation process is membrane fouling,

which results in flux decline during operation. Membrane foul-

ing could be reduced by the development of more hydrophilic

membranes by membrane surface modification.4 In recent years,

a method used for this purpose is the incorporation of various

kinds of nanoparticles into the polymeric membranes.5 The

resulting composite or hybrid membranes are referred to as

mixed-matrix membranes (MMMs).6 These membranes are a

new class of materials that offer the potential of significantly

advancing current technology because they are a promising

alternative to conventional membranes.7 The presence of finely

dispersed inorganic nanoparticles (with their inherent superior

separation characteristics) in the polymeric matrix has been

proven to be very useful in the improvement of membrane

properties and performances (antifouling, permeation, thermal

stabilities, and mechanical properties) for a wide spectrum of

processes, which range from gas separation and pervaporation

to NF and ultrafiltration.8–12
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Polyurethanes (PUs) are an important group of thermoplastic

elastomers that are used as membrane materials and are known

for their remarkable chemical and mechanical properties, such

as resistance to extreme pH and temperature conditions, flexi-

bility, tensile strength, and hardness.13 These polymers are

hydrophobic materials that consist of alternating hard and soft

blocks that at microphase level, divide into hard and soft

domains.14 Practically, a right balance between hard and soft

blocks provides a good separation process with no damage of

the permeability. In recent years, some inorganic nanoparticles

(silica, zeolites, etc.) have been introduced as fillers into the PU

matrix to improve the permeation flux or selectivity of the PU

membranes.14–17

One promising porous material for use as a filler for the fabri-

cation of MMMs is hydroxyapatite (HA). The HA,

Ca10(PO4)6(OH)2, is a calcium phosphate ceramic with impor-

tant applications in the fields of medicine and chemistry. HA

has been identified as a good adsorbent material for environ-

mental processes because of its specific structure, which confers

ionic exchange properties and adsorption affinity toward many

pollutants.18 This biomaterial has already been applied for the

removal of heavy-metal ions and organic compounds (phenols,

dyes, etc.) from water.19,20

In this study, new PU–nanohydroxyapatite porous MMMs with

variable HA contents were prepared by a phase-separation pro-

cess. The HA nanocrystals were dispersed within the PU matrix

to improve their properties. The effects of the HA loading on

the morphology, wettability, pure water flux (F), and solute

rejection (R) of the resulting membranes were investigated.

EXPERIMENTAL

Materials

Ca(NO3)2�4H2O, (NH4)2HPO4, NH4OH, N,N-dimethylforma-

mide (DMF), NaCl, and poly(ethylene glycol) (PEG) with

molecular weights of 400, 600, 1000, 1500, and 4000 g/mol were

purchased by Sigma-Aldrich (Germany). All chemicals and

reagents were analytical grade. The PU polymer was supplied by

the Institute of Macromolecular Chemistry “Petru Poni” of Iasi

(Romania). The chemical structure of the PU is depicted in Fig-

ure 1. The hard-segment content in the PU was about 27.5 wt

% and composed of 4,40-diphenylmethane diisocyanate (MDI)

and 1,4-butanediol (BD), and its soft segments consisted of pol-

y(butylene adipate) (PBA). The hard segments contributed to

the formation of the structural framework that provided

mechanical support of the membrane. Instead, the soft segments

formed microdomains composed of flexible chains that allowed

the fluid transport and, therefore, provided good permeability

to the membrane. The polar groups in the hard segments of PU

were capable of bonding via hydrogen bonds with hydroxyl

groups on the HA surface; thereby, this improved the ceramic

polymer adhesion.

HA Nanopowder Synthesis

The wet chemical precipitation method was used to synthesize

the HA nanopowder.20 Ca(NO3)2�4H2O and (NH4)2HPO4 were

used as calcium and phosphorous sources, respectively. An

aqueous solution of 250 mL of Ca(NO3)2�4H2O (0.01M) was

added dropwise to an appropriate amount of an (NH4)2HPO4

(0.006M) aqueous solution to achieve a predetermined Ca/P

atomic ratio of 1.67. The solution was adjusted to pH 11 by the

addition of small portions of NH4OH (1M). The suspension

was matured for 6 h at approximately 85�C under magnetic

stirring. After that, the white powder was removed from the

solution, washed with deionized water, and dried at 120�C for

24 h. The powder obtained was calcinated at 800�C to increase

its crystallinity.

HA Nanopowder Characterization

The phase composition of the HA powder was characterized by

X-ray diffraction (XRD) with an X’Pert PRO MRD diffractome-

ter (PANalytical, The Netherlands) with monochromatic Cu Ka
radiation (k 5 0.15418 nm). The average crystallite size was cal-

culated from XRD data by the Scherrer equation with the peak

at 2h 5 25.9� for (002) reflection. The morphology and chemi-

cal composition of the sample were studied by scanning elec-

tron microscopy (SEM) coupled with energy-dispersive X-ray

spectroscopy (EDX) with a Quanta 200 three-dimensional

microscope (FEI, The Netherlands). Silver sputtering was used

to make the coating surfaces conductive for the SEM investiga-

tions. The particle size distribution, f potential, and point of

zero charge of the HA sample were measured with dynamic

light scattering with a Zetasizer 3000 HS instrument (Malvern,

United Kingdom). The wettability of the HA surface was esti-

mated by the measurement of the contact angle with ultrapure

water at ambient temperature with a DataPhysics OCA-H200

goniometer (DataPhysics, Germany). The HA powder was

pressed into pellets (diameter 5 8.5 mm, width 5 3.5 mm) with

an isostatic press. The specific surface area was evaluated by the

fitting of the Brunauer–Emmett–Teller equation to the N2

adsorption isotherms recorded by a Quantachrome Nova 2200e

Win2 apparatus (Quantachrome, Germany). The pH measure-

ments were realized with a Multi-Parameter Consort C831

(Consort, Belgium).

Membrane Preparation

The pure PU membrane (denoted PM-0) was prepared by the

phase-inversion method with PU as the polymer, DMF as the

solvent, and water as the nonsolvent, as described elsewhere.16,17

The PU solution was made by the dissolution of a suitable

quantity of polymer (30 wt %) in DMF at atmospheric pressure

and 25�C for 6 h. Then, the polymer solution was cast on a

glass plate at a designated wet thickness with a casting knife at

ambient temperature and left subsequently for 5 min to form

the skin layer. After that, the cast film was subsequently

immersed into a coagulation bath containing distilled water at

10 6 1�C for 10 min to complete the phase separation, whereFigure 1. Chemical structure of the PU polymer.
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exchange between the solvent (DMF) and the nonsolvent (dis-

tilled water) was induced. Finally, the membrane was heat-

treated in a vacuum oven at 100�C for 12 h to remove the

excess solvents (water and DMF).

The MMMs were obtained by the addition of a calculated

amount of HA into the PU polymer solution and thorough

mixing before casting. The weight percentages of HA loaded in

each membrane were varied as stipulated in Table I. Special care

was taken to ensure the homogeneous dispersion of the HA

nanoparticles. To obtain optimal dispersions of the HA particles

in the polymer solutions, stirring was required for at least 12 h.

The mixture was sonicated for 30 min in a sonication cell to

ensure homogeneous particle dispersion and to eliminate the

trapped microbubbles. The casting and curing of the MMMs

were identical with those of the PM-0. A series of flat-sheet

membranes with loadings that varied between 10 and 50 wt %

HA were made, and the most performant samples were denoted

PHM-10, PHM-30, and PHM-50.

Membrane Characterization

The morphology of the membranes was studied by SEM with a

QUANTA 200 three-dimensional microscope (FEI, The Nether-

lands). Fourier transform infrared (FTIR) spectroscopy was

used to verify the HA incorporation in the PU matrix. IR spec-

tra were collected in an FTIR Digilab Scimitar Series spectro-

photometer (Digilab) with the attenuated total reflectance

(ATR) technique. The scanning frequency range was 4000–

600 cm21. The density measurements were performed with a

Mettler AJ100 analytical balance fitted with a Mettler ME-33360

density determination kit on the basis of Archimede’s Principle.

The maximum pore sizes were estimated by the bubble-point

method with a laboratory instrument. The porosity (e) of the

membranes was estimated by a gravimetric method by the

weight of the liquid (isopropyl alcohol) contained in the mem-

brane pores with the following equation:

e5
ww2wd

qw Al
3100 (1)

where wd is the weight of the dry membrane (g), ww is the

weight of the wet membrane after being dipped into isopropyl

alcohol for 2 h (g), qw is the isopropyl alcohol density (0.785 g/

cm3) at room temperature, A is the effective area of the mem-

brane (m2), and l is the membrane thickness (m).

The surface hydrophilic behavior of the membranes was tested

with water contact angle measurements, whereas the bulk

hydrophilicity was measured by a water uptake (WU) study.

Water contact angle measurements (five measurements on dif-

ferent positions per sample, in triplicate, 2-mL drops of ultra-

pure water) were carried out with a DataPhysics OCA-H200

goniometer (DataPhysics, Germany), and each measurement

was considered to have 62� accuracy. The WU was investigated

by the immersion of the membrane strips (2 3 5 cm2) in dis-

tilled water for 24 h at room temperature (25�C) to ensure that

the membranes were fully saturated. Then, membranes were

dried in a vacuum oven at 70�C for 24 h and weighed. WU

(%) of the membrane was calculated by means of the following

relationship:

WU5
ww2wd

wd

3100 (2)

Membrane Performance

The performance of the membranes was studied by checking

their F values to determine the water-transport behavior of the

membranes. Then, the membranes were subjected to a salt

rejection study with a 2000-ppm NaCl feed solution with a pH

of 9. The feed pH was adjusted by the addition of 0.1M NaOH.

All of the permeation experiments were carried out in a

Table I. Characteristics of the Unfilled and HA-Filled PU Membranes

Sample PM-0 PHM-10 PHM-30 PHM-50

HA content (wt %) 0 10 30 50

Thickness (mm)a Membrane 178 171 167 159

Active layer 2.8 3.1 3.9 4.5

Bottom layer 9.3 10.1 11.9 12.7

Pore diameter in the active layer Maximum pore diameter (mm)b 1.4 1.2 0.9 0.7

Effective pore diameter (nm)c 2.76 2.54 2.41 2.15

MWCO (g/mol)c 1730 1050 940 510

Pore diameter in the substructure (mm)a 30.5 32.7 35.8 37.7

Porosity (%) 74.3 72.6 68.4 67.1

Density (g/cm3) 0.251 0.269 0.285 0.301

Contact angle (�) 91.63 82.41 73.52 69.34

WU (%) 27.9 78.4 109.8 114.2

F at 8 bar (L/m2�h) 392.1 783.5 941.4 1110.7

Salt rejection at 8 bar (%) 81.4 88.1 93.8 97.1

a By the SEM method.
b By the bubble-point method.
c Determined by PEG permeation tests. The results in the table are average values.
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homemade dead-end flow cell with circular membranes with a

15-cm2 effective area available for filtration. External pressure

was applied with a nitrogen cylinder capable of producing up

to 12 bar of pressure. Experiments were carried out at room

temperature (25�C) at diverse pressures (1–8 bar) during a sin-

gle run with the same membrane sample. Three coupons from

each membrane were evaluated to determine F (L m22�h21)

and R (%) as follows:

F5
V

At
(3)

R5 12
Cp

Cf

� �
3100 (4)

where V is volume of permeate collected (L), t is the sampling

time (h), and Cp and Cf are the concentrations of the permeate and

feed solutions, respectively. The feed and permeate concentrations

were determined by conductivity measurements with a conductiv-

ity meter (Multi-Parameter Consort C831, Consort, Belgium).

The molecular weight cutoff (MWCO) of the obtained mem-

branes was determined through permeation tests (at 8 bar) with

PEGs with molecular weights of 400, 600, 1000, 1500, and 4000 g/

mol as model solutes. The single-compound solutions (with only

one PEG) were prepared by the dissolution of weighed amounts

of PEG in salt-free distilled water at a concentration of 50 mg/L.

The PEG concentrations in the feed and permeate were deter-

mined by gel permeation chromatography (Varian Co.). A plot of

the rejection of each solute against the molecular weight allowed

the MWCOs of the membranes to be estimated. The MWCO

value of the membrane corresponds to the molecular weight of

the PEG that is 90% rejected by the membrane.

The effective pore radius (rp; nm) of the obtained membranes

was evaluated according to the Donnan steric partitioning pore

model developed by Bowen and Mukhtar.21 This model is based

on the extended Nernst–Plank equation and has often been

used to characterize commercial NF membranes. The rejections

of the neutral solute poly(ethylene glycol), with a molecular

weight of 1000 g/mol [PEG1000; Stokes radius (rs) 5 0.784 nm],

under different fluxes were measured by crossflow permeation

tests. During the filtration experiments, the applied pressure

was changed between 0 and 10 bar. A laboratory crossflow fil-

tration apparatus was used in all of the experiments. The limit-

ing observed PEG1000 rejection obtained from the rejection

curve was taken as the limiting real rejection data (Rlim), and rp

was calculated by the equation:21

Rlim512 1 1 0:054k20:988k21 0:441k3
� �

12kð Þ2 (5)

where k 5 rs/rp is the ratio of Stokes solute radius to effective

membrane pore radius.

The main characteristics of the prepared membranes are sum-

marized in Table I.

RESULTS AND DISCUSSION

HA Characterization

The XRD method was applied to characterize the phase struc-

ture and crystallite size of the HA sample. The wide-angle XRD

pattern in Figure 2 indicate that the calcined HA powder had

characteristic peaks in the 2h regions of 21–29, 32–34, 39–41,

and 46–54�; this was in good agreement with the hexagonal HA

phase (JCPDS Data Card 09–0432). The XRD peaks were well-

defined; this indicated that the sample was crystallized well. The

average crystallite size calculated by the Scherrer equation from

the XRD line broadening was 58.3 nm.

The morphology of the HA sample is shown in the SEM micro-

graph [Figure 3(a)]. According to SEM image, the sample con-

sisted of individual and some few aggregates of individual

platelike crystallites. The agglomerates were perhaps formed by

the coalescence of the crystals or by direct initiation at the

Figure 2. XRD pattern of the HA nanopowder.

Figure 3. (a) SEM image, (b) EDX spectrum, and (c) adsorption isotherm

(pore size distribution in the inset) of the HA nanopowder. kCnt, X-ray

intensity in kiloCounts; p, equilibrium partial pressure of adsorbate; po,

the saturated vapor pressure; dV(d), differential pore volume (cm3/nm�g).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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contacting surfaces. The particle size measurements by dynamic

light scattering indicated that the grain size distributions for the

HA powder were situated within the nanometric range. The

individual nanometric particles (average size � 60 nm), with a

percentage of about 78.5%, predominated over the particle

agglomerations (average size � 180 nm).

The EDX analysis confirmed the presence of Ca, P, and O in

the HA crystallites [Figure 3(b)]. The Ca/P molar ratio was

1.663, mostly close to 1.67 and corresponding to the stoichio-

metric HA and to the Ca10(PO4)6(OH)2 formula.22

From the N2 adsorption/desorption isotherm of the pure HA

powder [Figure 3(c)], the Brunauer–Emmett–Teller surface area

and pore volume were 261 m2/g and 0.349 cm3/g, respectively.

The HA sample had micropores with an average pore diameter

of about 1.6 nm.

The contact angle measurements with deionized water gave an

average contact angle of 53.21�; this demonstrated that the HA

surface was hydrophilic. The f potential of the HA sample was

219 6 5 eV at pH 7.9, and the point of zero charge was found

to be at pH 7.3. The literature indicates the existence of the

positively (BCaOH2
1) charged sites in acidic pH media or neg-

atively (BOPO3H2) charged sites in basic pH media on the HA

surface.23,24 This indicated that the HA surfaces exhibited zwit-

terionic properties. Accordingly, the hydrophilic and negatively

or positively charged HA surfaces (depending on the pH of the

medium) played an important role in the enhanced separation

properties.

Membrane Characterization

Membrane Structure. In this study, the phase-inversion process

was used for the production of asymmetric MMMs. The SEM

micrographs of the cross sections of the PM-0 and PHM-50

membranes at different magnifications are presented in Figures 4

and 5. The pictures for the other composite membranes were

comparable to those of the PHM-50 membrane and, therefore,

are not shown. As shown in the SEM images, each membrane

had a skin (top) layer, a support porous layer (substructure), and

a bottom layer with a fingerlike structure, which is the typical

structure of an asymmetric NF membrane. The top layer acted as

a selective barrier film for the solute in separation processes,

whereas the porous substructure, which included macrovoids and

micropores, offered excellent mechanical strength to the membrane

and facilitating the liquid flow. As reported by Kesting,25 generally

large fingerlike macrovoids and cavity-like structures are formed

when the coagulation process is fast, whereas the slow coagulation

rate results in a porous spongelike structure. In our study, the coag-

ulation took place fast (in �15 min) when the polymer solution

was brought into contact with cold water; this explained the finger-

like structure of the membranes.

All of the membranes showed uniform fingerlike pores linked

by sponge walls in the substructure (Figures 4 and 5). The walls

contained a large numbers of pores that allowed the fingerlike

pores to communicate with each other. In the case of MMMs

with these open-pore arrangements, an easy accessibility of for-

eign ions or molecules, which would interact with immobilized

active sites of HA, is expected.

At shown in Figure 5 at high magnification, the cross section

confirmed a good incorporation of the HA in the PU polymer

matrix. The most HA particles were dispersed uniformly

enough within the membrane substructure, except for very few

clusters, which might have resulted from nanosized particles

coalescing in the polymeric matrix. We assumed that the occur-

rence of these clusters was due to the fact that the surface of

the HA contained OH functionalities (hydrophilic PAOH

groups) and caused inherent hydrophilicity in these particles.

Therefore, some HA nanoparticles tended to adhere to each

other via hydrogen bonding, which formed some irregular

agglomerations within the membranes.

The SEM images at high magnification (Figures 4 and 5) also

indicated that all of the membranes had an active (skin) layer of

about several micrometers in thickness. The formation of this

layer is the key factor for the separation properties of the mem-

branes and the molecular sieve property of membranes appeared

to be determined by the pore size in the top layer. The skin layer

possessed ultrafine pores with diameters much smaller than those

of the supported layer (Table I). As shown in Table I, we found

that an increase in the HA loading into the PU matrix resulted in

a slow increase in the active layer thickness and a decrease in its

Figure 4. Cross-sectional SEM images (at different magnifications) of the PM-0 membrane. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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pore size. A possible explanation for the decrease in the pore size

values was the increase in the viscosity of the casting solutions

with the HA loading; this delayed the phase-inversion phenom-

enon. The increase in the viscosity typically delayed the exchange

of solvent and nonsolvent and suppressed the formation of a large

rp. Also, this decrease in the pore size was explained by the exis-

tence of interfacial interactions between the PU matrix and the

HA filler.

To study the effect of the HA content on the membrane struc-

ture the plane surface of the prepared membranes were also

observed. The SEM image [Figure 6(a)] of the top surface of

the PM-0 revealed a smooth structure with the presence of cir-

cular voids having a diameter of the order of several micro-

meters (2–7 mm). This was explained by the fact that in a

certain zone of the film, the solvent was evaporated too fast. In

the case of the MMMs, these voids decreased in size and

Figure 5. Cross-sectional SEM images (at different magnifications) of the PHM-50 membrane. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Surface views via SEM micrographs of (a) PM-0, (b) PHM-30, and (c,d) PHM-50 membranes and (e) XRD and (f) EDX spectra of the surface of the

PHM-50 membrane. kCnt, X-ray intensity in kiloCounts. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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number with increasing HA loading [Figure 6(b,c)]. We con-

cluded that the visible surface improvement was due to the

establishment of bindings between the PU matrix and the HA

filler. Moreover, in Figure 6(d), the SEM image at higher mag-

nification showed that the polymer adhered well to the HA par-

ticles and that no voids were present around these particles.

The literature indicates that HA crystals are covered with weakly

acidic surface PAOH groups that show favorable interactions

with organic molecules through hydrogen bonds.26 Therefore,

in the MMMs, it was possible that hydrogen-bonding interac-

tions occurred between the polar groups of PU and the surface

PAOH groups of HA; this was supported by the results of the

FTIR analysis. This would suggest that linkages between the PU

polymer and HA were successful in promoting adhesion

between the two components.

During the MMM preparation, the agglomeration of nanopar-

ticles due to sedimentation or migration to the membrane sur-

face is a factor of a great importance.8 Some filler particles may

migrate to the membrane surface and agglomerate. Mahajan

et al.27 assumed that the filler agglomeration at the surface was

the result of convection cells that were formed during the cast-

ing of the film. In this study, on the membrane surface, some

small HA crystals were observed, especially for the MMMs with

high HA contents [Figure 6(b–d)].

In contrast to migration to the membrane surface, because of

the difference in the physical and chemical properties between

the filler and polymer, the sedimentation of filler crystals could

occur during the MMM preparation as a result of the formation

of inhomogeneous filler and polymer phases in the filled mem-

brane.8 This situation was especially serious when the filler

loading in the MMM was higher. To prevent this phenomenon,

the literature indicated the use of fillers with very small particles

(<0.5 mm).28 Therefore, in this study, we used ultrafine HA

crystallites (<200 nm) with a consequent reduction in the sedi-

mentation rate in the filled membrane. The SEM micrographs

illustrated that generally, the HA nanoparticles were well dis-

persed enough in the PU matrix in all of the samples without

visible sedimentation in the bottom layer (Figures 4 and 5). On

the other hand, for higher HA contents, the bottom layer

became thicker.

As shown in Figure 6, the XRD and EDX spectra of the surface

of the PHM-50 membrane are also shown. The XRD pattern

[Figure 6(e)] of the surfaces of the PU/HA membrane showed

the broad peaks assigned to HA around 23 and 35� in the 2h
range; this indicated that the crystalline deposits observed as

white spots under SEM [Figure 6(b–d)] were crystalline HA.

The EDX spectrum [Figure 6(f)] also showed the presence of

HA on the PU surface due to the existence of the characteristic

peaks (Ca, P, O) related to HA crystals. Additionally, the high-

intensity signal of the carbon (C) element was due to the PU

matrix.

These findings indicated that the addition of the nanosized HA

particles at a load of up to 50% did not affect the inner finger-

like structure of the membranes. As shown in Table I, a slight

reduction in the membrane thickness and porosity of the mem-

brane was distinguished when the amount of HA added to the

PU matrix was increased. An increase in the HA loading into

the films may have resulted in a slight increase in the MMM

density, as shown in Table I. This increase was attributed to

both the interfacial interactions between PU and HA and the

homogeneous dispersion of HA particles in the PU matrix. Sim-

ilar results were also reported in the literature.29

The brittleness of the final membranes was influenced by the

amount of HA in the MMMs. When the amount of HA par-

ticles in the composites was less than 50%, the obtained mem-

branes were intact and strong. We noted that these wet

membranes with various compositions (<50% HA) displayed

good flexibility and became easy to manipulate when immersed

into water because of the hydrophilic properties of HA. On the

other hand, when the amount of HA was higher than 50%, the

membranes possessed a relatively coarse surface and became

brittle. For this reason, these membranes could not be studied.

FTIR Spectra. The FTIR spectra of the pure HA powder and

PU membrane were compared with those of the MMMs. The

FTIR spectrum of the HA nanoparticles [Figure 7(a)] showed

adsorption bands around 472, 564, 602, 961, 1033, and

1108 cm21 and corresponded to the phosphate (PO4
32) polyhe-

drons in the HA structure.26 The 3674-cm21 band was assigned

to the surface PAOH groups; the sharp peak at 3569 cm21 to

the stretching vibrations of the lattice OH2 ions and the

medium sharp peak at 633 cm21 to the OAH deformation

mode. The broader band at 3447 cm21 was attributed to the

water molecules adsorbed on the surface of HA.

Figure 7. FTIR spectra of the (a) HA nanopowder and (b) PM-0 and (c)

PHM-50 PU membrane samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The FTIR spectrum of PM-0, depicted in Figure 7(b), con-

firmed the PU structure.30 The NAH stretching vibrations of

urethane occurred at approximately 3365 cm21, and the stretch-

ing vibrations of free carbonyl (C@O) groups occurred at

1729 cm21. The carbonyl group involved in hydrogen bonding

is known to absorb at about 1600–1670 cm21. The 2260-cm21

band was assigned to the terminal isocyanate (ANAC@O)

groups. The peaks of the urethane ether linkage (CAOAC)

were found at 900–1230 cm21. Intensive absorption bands at

3000–2800 cm21 corresponded to the symmetric and asymmet-

ric bending oscillations of CH2 groups. The peaks assigned to

the C@C aromatic stretching appeared at 1380–1510 cm21. The

other characteristic bands were noticed at 1174 cm21 due to the

coupled CAN and CAO stretching vibrations and at 812 cm21

due to the CAO out-of-plane bending.

In case of the MMMs, the FTIR spectra were recorded to inves-

tigate the changes in the chemical environment between the PU

polymer chains and HA crystals. Thus, the FTIR spectrum of

the PHM-50 sample depicted in Figure 7(c) indicated the pres-

ence of the characteristic absorption peaks of HA and PU and

some molecular interactions between PU and HA. Figure 8

showed possible crosslinking in the HA–PU MMMs. In the

FTIR spectrum, we observed that the absorption peaks at 3569

and 2260 cm21 (representing the bending vibrations of the

hydroxyl groups of HA and terminal isocyanate groups of PU,

respectively) were not to be found. This means that chemical

linkages were formed between the OH groups on the surface of

the HA nanocrystals and the NAC@O groups of PU [as also

depicted in Figure 8(a)]. Moreover, the hydrogen bonds

between the NAH groups of the PU polymer and PAOH

groups of HA were made evident by the presence of a broad

band at 3300–3500 cm21. This band was slightly wider in the

composite membrane; this indicated that extra hydrogen bonds

were established between the OH groups on the surface of the

HA and the NAH groups of the PU chains [as depicted in Fig-

ure 8(b)], with a partial destruction of the hydrogen-bond asso-

ciations within polymer chains. In conclusion, these interactions

prevented the detachment of the PU chains from HA nanocrys-

tals, as shown in the SEM images [Figure 6(d)].

Water Contact Angle and Water Absorption. Generally, the

introduction of hydrophilic inorganic particles to a hydrophobic

polymer membrane can improve the hydrophilicity of the mem-

brane surface and pore walls.31 Because the HA powder used in

this study had a hydrophilic state with a contact angle of

53.21�, an additional measurement of contact angle was per-

formed to investigate the effect of HA loading on the membrane

hydrophilicity. As shown in Table I, the water contact angle

decreased evidently from about 91.63 to 69.34� with increasing

HA loading from 0 to 50 wt %; this indicated an increased sur-

face wettability. The presence of HA in the PU matrix led to

changes in the character of the PU membrane surfaces from

hydrophobic to hydrophilic and thus increased the wetting

properties of the MMMs because of the polar groups of the HA

hosted on the PU surface.

As known, WU measurements are important for understanding

the hydrophilic properties of membranes. The WU of the mem-

brane depends especially on two factors: the number of hydro-

philic sites present in the membrane matrix and the membrane

morphology (i.e., the macrovoids present in the polymeric sub-

structure). We noticed from the results in Table I that the WU

increased as the HA loading increased in the PU matrix; this

revealed an increase in the hydrophilic sites in the PU matrix.

So, we concluded that the affinity of the membrane toward

water increased with increasing HA content. Thus, it was quite

clear that the HA surface contained hydrophilic sites; this facili-

tated the uptake of water into the membrane matrix. Being a

zwitterionic material, the HA could bind water molecules more

strongly than other hydrophilic materials via electrostatically

induced hydration.32 Also, from Table I, we observed that the

HA loading resulted in a slow increase in macrovoids in the

Figure 8. Possible (a) chemical and (b) physical linkages in the HA–PU

MMMs. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 9. (a) PEG rejection of the PU membranes with PEGs of different

molecular weights at 8 bar and (b) PEG1000 rejection versus the flux

(50 mg/L PEG aqueous solution, 25�C).
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membrane substructure. This was why the MMMs could

accommodate more water molecules and thus increase the over-

all uptake capacity.

MWCO and Effective rp of the Membranes. The retentions at

8 bar for the five different PEG fractions are presented in Figure

9(a). As shown in this figure, the MWCOs of the PM-0, PHM-

10, PHM-30, and PHM-50 membranes were about 1730, 1050,

940, and 510 g/mol, respectively (Table I).

The PEG1000 rejection as a function of flux for the PU mem-

branes is presented in Figure 9(b). As shown in this figure, we

found that the PEG1000 Rlim of the PM-0, PHM-10, PHM-30,

and PHM-50 membranes were about 85.21, 88.86, 90.99, and

94.98%, respectively. The values of the calculated rp values of

the PU membranes were 1.38, 1.27, 1.20, and 1.07 nm, respec-

tively (the effective pore diameters of the PU membranes are

presented in Table I).

The results indicate the tendency of the decreasing membrane

pore size of the formed composite membrane with increasing

HA content in the PU matrix.

Membrane Performances. The separation performances of the

prepared membranes were described in terms of the water flux

and salt rejection, and the results are summarized in Table I

and Figure 10.

F was measured at different pressures (1–8 bar) to ensure that

the used membranes were stable. According to Figure 10(a), for

all of the membranes, F increased linearly with increasing

applied pressure. Consequently, these membranes were stable in

the producing flux and were suitable for the further applications.

Table I and Figure 10(a) show that the F values of the MMMs

were greatly enhanced with increasing HA loading. This was due

to the fact that the hydrophilicity of the composite membranes

was improved by the addition of the porous HA; this could pro-

duce many hydrophilic pores with nanometer sizes of about

1.6 nm in the thin film layer and pore walls of the MMMs. The

MMMs showed a significant improvement in water flux per-

formance (and water permeance) compared to PM-0. This might

have been due to the incorporation of the HA phase, which

showed a hydrophilic nature, surface charge (negatively or posi-

tively charged surface, depending on the pH of the medium),

molecular sieve effect, and larger resistance to swelling. Similar

results have also been reported in the literature.33–36

The permeation experiments were conducted with a 2000-ppm

NaCl solution at pH 9 and at diverse pressures (1–8 bar). In

Figure 10(b), the increase in the NaCl rejection with increasing

applied pressure is shown. All of the prepared membranes

showed a high salt rejection, which was greater than 81% at 8

bar of pressure (Table I). However, the rejection capability of

the prepared MMMs was higher than that of the unfilled PU

membrane. This was due to the existence of the negatively

(BOPO3H2) charged sites on the HA surface in basic media, as

mentioned before. Hydrophilic and negatively charged HA

surfaces played an important role in the enhanced separation

properties because these surfaces are highly attractive to water

but highly repulsive to anions due to the columbic repulsion.

At pH 9, where the membrane pore was more negatively

charged, the Cl2 (the co-ion) experienced electrostatic repulsion

from the membrane pores and was rejected by the composite

membrane. Because the electroneutrality of the permeate solu-

tion had to be maintained, the Na1 was also rejected. The high

R of the MMMs indicated that the ion did not pass through the

membrane. The membrane surface was negative in nature;

hence, the Donnan exclusion principle played a significant role

in governing the rejection of charged inorganic solutes.

The fouling behavior of the membranes was also studied. The

flux of the membranes was investigated for a period of 12 h at

a constant pressure (8 bar) with a feed solution of 2000-ppm

NaCl at pH 9 during a single run. Figure 11 shows that the per-

meation flux declined as the filtration time increased; this was

Figure 10. Effect of the pressure on (a) F and (b) NaCl rejection for the

prepared membranes at 25�C and after 60 min of filtration

(R2 5 correlation coefficient).

Figure 11. Permeate flux over time for the prepared membranes at 25�C
and 8 bar with a 2000-ppm NaCl feed solution (pH 9).
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followed by a period at a steady value. This could be explained

by membrane fouling. The flux decline was no more than 19%

for the composite membranes; the lowest value was 15.36% for

the PHM-50 sample compared with 29.86% for the unmodified

PU membrane (PM-0 sample). This showed that the composite

membranes had a more favorable antifouling performance. As

demonstrated previously, the incorporation of the HA particles

into the PU matrix enhanced the hydrophilicity of the compos-

ite membranes and resulted in an enhanced fouling resistance.

Consequently, the presence of the HA particles in the PU mem-

branes improved the membrane performance in terms of their

flux and fouling resistance.

Finally, the results of this study indicate that the asymmetric

PU/HA MMMs could potentially be used in separation appli-

cations. However, additional studies are needed to elucidate

the transport mechanisms of the separation process in the PU/

HA MMMs. Future research shall further explore the rejection

of trace organic and inorganic contaminants. This could be

useful in future process optimization and could be used as a

tool to improve the development of specific membrane

applications.

CONCLUSIONS

New MMMs based on nanohydroxyapatite and PU were pre-

pared via a dry–wet phase inversion method. These composites

were defined as a synergistic combination of the PU polymer

with the HA inorganic nanofiller dispersed at the nanometer

level. The HA nanoparticles were embedded in the PU matrix

by blending in the casting solution. The improved properties of

the MMMs resulted from favorable interfacial interactions

between the HA nanoparticles and the PU polymer. All of the

membranes showed uniform fingerlike pores linked by sponge

walls in the substructure. The SEM–EDX, XRD, and FTIR stud-

ies of the composite membranes confirmed the presence of HA

nanocrystals in the PU matrix, with the latter showing evidence

of the formation of hydrogen bonds between the OH groups on

the HA surface and the NAH groups of the PU polymer. More-

over, the chemical linkages between the OH groups on the sur-

face of the HA nanocrystals and the NAC@O groups of PU

were evident in the FTIR spectra of the composite membranes.

The PU membranes typically became more hydrophilic after

crosslinking with HA. The applicability of the prepared compos-

ite membrane was tested with salt aqueous solutions to test its

suitability for wastewater treatment. With increased HA loading,

the water flux increased from 392.1 to 1110.7 L m22�h21, and

all R rates exceed 81% and reached a value of 97.1% for the

PHM-50 sample. The results show that the nanohydroxyapatite–

PU MMMs have great potential application in water

desalination.
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New bismuth-substituted hydroxyapatite [Ca10�xBix(PO4)6(OH)2 where
x = 0–2.5] nanoparticles were synthesized by the co-precipitation method from
aqueous solutions. The structural properties of the samples were analyzed by
scanning electron microscopy coupled with x-ray analysis, x-ray powder
diffraction, x-ray photoelectron spectroscopy, Fourier transform infrared
spectroscopy and Brunauer–Emmett–Teller surface area analysis. The results
confirm that bismuth ions have been incorporated into the hydroxyapatite
lattice. The prepared nanocrystalline powders consisted of hydroxyapatite as
single phase with hexagonal structure, crystal sizes smaller than 60 nm and
(Bi + Ca)/P atomic ratio of around 1.67. The hydroxyapatite samples doped
with Bi have mesoporous textures with pores size of around 2 nm and specific
surface area in the range of 12–25 m2/g. The Bi-substituted hydroxyapatite
powders are more effective against Gram-negative Escherichia coli bacteria
than Gram-positive Staphylococcus aureus bacteria.

INTRODUCTION

Hydroxyapatite [HAp, Ca10(PO4)6(OH)2] is a cal-
cium phosphate ceramic with important applica-
tions in the medicine and chemistry fields and is a
main mineral constituent of hard tissues such as
bones and teeth.1 Hydroxyapatite has remarkable
properties including biocompatibility, bioactivity
and ability to form a direct chemical bond with
human hard tissues.2–4

The hydroxyapatite structure allows the incorpo-
ration of wide range of different ionic substitutions.5

Numerous monovalent (Na+, K+), divalent (Sr2+,
Pb2+, Ba2+, Mn2+, Cd2+, Mg2+, etc.), trivalent (Cr3+,
Al3+, Fe3+, rare earths ions REE3+, etc.), tetravalent
(Ti4+, Th4+, U4+) and even hexavalent (U6+) cations
have been reported to substitute into the Ca sites in
the hydroxyapatite structure.6–9 Such ionic substi-
tutions influence the properties (morphology, lat-
tice parameters, surface characteristic, solubility,
mechanical and biological properties) and applica-
tions of these doped hydroxyapatite materials as
biomaterials, catalysts, ion exchangers, etc.10,11

For more than a century, the bismuth salts have
been used as a remedy for some maladies such as gas-
trointestinal disorders, syphilis and hypertension.12

Today, the two major medicinal uses of bismuth are as
an antimicrobial agent and N anticancer agent.13 Bis-
muth compounds, due to their radio-opacity, are also
added to various bone and dental implants, catheters
and surgical instruments in order to make them
detectable by x-rays and computed tomography.14,15

In the available literature, only a few studies are
devoted to calcium phosphates (as dicalcium or
tetracalcium phosphates) doped with bismuth
ions,16 while the Ca2+ substitution with Bi3+ ions in
a hydroxyapatite lattice has not previously been
studied in detail. Therefore, in this paper, we pre-
sent the preparation of new bismuth-substituted
hydroxyapatite nanopowders by means of the wet
chemical method, by co-precipitation reactions. The
effects of the bismuth substitution for calcium on
the morphology, purity, crystallinity, crystallite size
and antibacterial activity of the resulting bismuth-
substituted hydroxyapatite powders were investi-
gated and discussed.
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EXPERIMENTAL

Materials and Synthesizing Methods

Calcium hydroxide Ca(OH)2, orthophosphoric
acid H3PO4 (85%), bismuth nitrate pentahydrate
Bi(NO3)3Æ5H2O, ethanol CH3-CH2-OH and sodium
hydroxide NaOH were purchased from Sigma-
Aldrich (Germany). All chemicals were of analytical
grade.

Hydroxyapatite and bismuth-substituted hydrox-
yapatite nanoparticles with various Bi content
(0–25%) were synthesized by the wet chemical
precipitation method from Ca(OH)2, H3PO4 and
Bi(NO3)3Æ5H2O as calcium, phosphorous and bis-
muth sources, respectively.

Pure hydroxyapatite powder was prepared by
adding drop-wise 250 mL of Ca(OH)2 (0.1 M) aque-
ous solution to an appropriate amount of H3PO4

(0.1 M) aqueous solution to achieve the predeter-
mined Ca/P atomic ratio of 1.67, under magnetic
stirring for 1 h. The pH was continuously monitored
and adjusted to 11 ± 0.5 by adding NaOH (1 M).
The suspension was aged for 3 h and then filtered
and washed with ethanol and triply distilled water.
The obtained powder was calcined 1 h at 800�C in
an electrically heated furnace in order to increase
its crystallinity.

The bismuth-substituted hydroxyapatite powders
of different compositions were prepared similarly to
the pure hydroxyapatite powder, as described
above. The Ca(OH)2 (0.1 M) aqueous solution
was dispersed into an mixed aqueous solution of
Bi(NO3)3Æ5H2O and H3PO4 (0.1 M). The (Bi + Ca)/P
atomic ratio was kept at 1.67, while the Bi/(Bi + Ca)
atomic ratio (denoted as XBi) in the solution varied
between 0.01 and 0.25, as shown in Table I. The
following procedure stages were the same as
described above for the preparation of pure
hydroxyapatite powder.

Characterization of Samples

Calcium hydroxide Ca(OH)2, orthophosphoric acid
H3PO4 (85%), bismuth nitrate pentahydrate
Bi(NO3)3Æ5H2O, ethanol CH3-CH2-OH and sodium
hydroxide NaOH were purchased from Sigma-Aldrich
(Germany). All chemicals were of analytical grade.

The phase composition, degree of crystallinity and
size of crystallites of the calcined samples were
estimated by x-ray diffraction analysis (XRD) with a
X’PERT PRO MRD diffractometer using Cu Ka
radiation (k = 0.15418 nm). The data were collected
in the 2h range of 20�–70�, with a step size of 0.04�
2h and a counting time of 80 s per data point. The
lattice parameters a and c (nm) for the hexagonal
hydroxyapatite structure, were calculated from
peaks (002) and (211), respectively, using the fol-
lowing equation:

1

d2
¼ 4

3
� h2 þ h � kþ k2

a2

� �
þ l2

c2
(1)

where d is the distance (nm) between adjacent
planes in the set of Miller indices (hkl).

The volume V (nm3) of the hexagonal unit cell was
calculated using relationship:

V ¼ 2:589 � a2 � c (2)

The average crystallite size D (nm) of the powders
was calculated from XRD data using the Scherrer
equation:

D ¼ k � k
B1=2 � cos h

(3)

where k is the wavelength of Cu Ka radiation
(k = 0.15418 nm), B1/2 is the full width at the half-
maximum intensity value for the diffraction peak
under consideration (rad), h is the diffraction angle
of the corresponding reflection (�), and k is the
broadening constant varying with crystal habit and
chosen as 0.9 for the hydroxyapatite crystallites.
For quantitative determinations, the peak at
2h = 25.9� for (002) reflection was used to evaluate
the crystallite size of hydroxyapatite powders. It is
due to the fact that this peak is well resolved and
shows no interferences.

The crystallinity degree XC (%) corresponding to
the fraction of crystalline phase of the hydrox-
yapatite powders was evaluated by the equation:

XC ¼
I300 � V112=300

I300
� 100 (4)

where I300 is the intensity of (300) diffraction peak

Table I. Atomic ratios in the synthesis solution and in the final products

Sample

In synthesis solution In final product

Bi/(Bi + Ca) (Bi + Ca)/P Bi (%) Bi/(Bi + Ca) (Bi + Ca)/P Bi (%)

HA-Bi-0 0 1.677 0 0 1.673 0
HA-Bi-5 0.05 1.677 5 0.0498 1.666 4.98
HA-Bi-10 0.10 1.677 10 0.0933 1.660 9.33
HA-Bi-15 0.15 1.677 15 0.1449 1.671 14.49
HA-Bi-25 0.25 1.677 25 0.2443 1.683 24.43
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and V112/300 the intensity of the hollow between the
(112) and (300) diffraction peaks of hydroxyapatite.

The morphology of the calcined samples was stud-
ied by scanning electron microscopy (SEM) coupled
with energy dispersive x-ray spectroscopy (EDX)
with QUANTA 200 3D microscope. Gold sputtering
was used to make the coating surfaces conductive for
the SEM investigations. The bismuth chemical va-
lence on the hydroxyapatite structure was evaluated
by x-ray photoelectron spectroscopy (XPS) using a
PHI-5000 VersaProbe photoelectron spectrometer (U
ULVAC-PHI) with a hemispherical energy analyzer
(0.85 eV binding energy resolution). A monochro-
matic Al Ka x-ray radiation (hÆm = 1486.7 eV) was
used as the excitation source. The surface chemical
composition of each sample was analyzed using a
combination of XPS and SEM/EDX. With these
methods, the contents of Ca, P and Bi in the samples
have been determined, from which the Ca/P or
Bi + Ca/P atomic ratios values were calculated. The
FTIR spectra of all samples were taken by the KBr
method using a DIGILAB SCIMITAR-SERIES spec-
trophotometer. The specific surface areas were
evaluated by fitting the Brunauer–Emmett–Teller
(BET) equation to the N2 adsorption isotherms
recorded by a Quantachrome Nova 2200e Win2
apparatus. The pore size distribution was obtained by
Barrett–Joiner–Halenda (BJH) method from the
desorption curve of the isotherm.

Antibacterial Activity

The disc diffusion test method (commonly known
as the Kirby–Bauer disc diffusion method) was used
to investigate the antibacterial activity of the sam-
ples against Gram-positive Staphylococcus aureus
and Gram-negative Escherichia coli bacteria.17 The
bacterial strains were provided by the microbiology
laboratory of the ‘‘Gheorghe Asachi’’ Technical
University of Iasi, Romania. Mueller–Hinton agar
was cast into the Petri plates and the plates con-
taining the nutrient medium were separately
inoculated with the test organisms of Escherichia
coli and Staphylococcus aureus. The samples were
planted onto the agar plates and then incubated at
37�C for 24 h. The bacterial resistance of the sam-
ples was examined for a zone of inhibition and the
total diameter (in mm) of the inhibition zone was
measured. The microbial inhibition (%) was calcu-
lated taking into account the microbial mass of
substance which was reported for a 0.5 g sample
and inhibition zone diameter. The antibacterial
assessment was performed in duplicate and the
average results were reported.

RESULTS AND DISCUSSION

Substitution Mechanism

The replacement of Ca2+ with other cations in the
hydroxyapatite crystalline lattice induces changes in
the hydroxyapatite properties which may be related to

the ionic radius, electronegativity and effective charge
of the substituting cation compared to those of Ca2+.
Suzuki18 studied hydroxyapatite as an inorganic
cation exchangers and drawn the conclusion that the
cations are more likely to be removed by hydrox-
yapatite when they have high electronegativity values
and radii within the 0.9–1.3 Å range.

The crystallographic structure of hydroxyapatite
plays a major role in the substitution of foreign ions in
the apatite lattice. The crystal structure of hydrox-
yapatite is hexagonal with the P63/m space group and
the lattice parameters of a = b = 9.424 Å and
c = 6.879 Å.19 The hydroxyapatite lattice comprises
two calcium atoms with different crystal configura-
tions, denoted Ca(1) and Ca(2). The Ca(1) atoms are
nine-fold coordinated and they occupy the columnar
sites. The Ca(2) atoms are seven-fold coordinated and
are located in thechannels thatpass throughthe three-
dimensional network of the PO4 tetrahedra. The hy-
droxyapatite structure comprisesabout 40%ofcalcium
atoms in Ca(1) position and about 60% in the Ca(2)
position.20 The two Ca positions in apatite offer quite
different stereochemical environments and are able to
accommodate a variety of cations as substituents.
Theoretically, it could be thought that the foreign ions
larger than Ca2+ would substitute primarily in the
Ca(1) sites while smaller ones would preferentially
substitute for Ca(2). Some investigations on substitu-
tions in calcium hydroxyapatite have also shown that
the site preferenceof the substituent cation depends on
its effective charge. It was found that the ion with a
charge smaller than a charge of calcium mostly occu-
pies the larger Ca(1) site, whereas the ion with a
greater charge occupies the more compact Ca(2) site.21

The incorporation of Bi3+ ions in the hydrox-
yapatite structure is favorable when the difference
between the ionic radii is small, close to the ionic
radius of Ca2+ ion. According to Shannon,22 the
effective Ca2+ ionic radii for seven- and nine-coor-
dinations are of 1.06 Å and 1.18 Å, respectively. For
Bi3+, the ionic radii are of 1.03 Å and 1.17 Å in six-
and eight-coordinations, respectively. Having com-
parable dimensions, the Bi3+ ions can substitute
Ca2+ ions during the synthesizing process.

Likewise, because the Bi3+ ion has greater positive
charge than Ca2+, a coupled substitution is necessary
to maintain charge balance. Several studies have
indicated that trivalent cations can substitute for Ca
via a Ca-deficiency mechanism such as vacancies.23

The calcium vacancies formation is the most likely
mechanism for compensation of excess positive
charge of Bi3+ ions in the Ca sites. So, the local charge
compensation in the Bi-doped hydroxyapatite may be
maintained by the following coupled substitution (h
represents calcium vacancy):

3Ca2þ $ 2Bi3þ þ ( (5)

Considering the above, the present study is aimed
at obtaining and characterizing the hydroxyapatite
substituted with bismuth. By performing XRD,
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SEM-EDX and XPS analysis, we wanted to
demonstrate that Bi3+ ions are present in the
apatite lattice.

Chemical Composition

The SEM-EDX analysis was performed in order to
determine the surface elemental composition of the
hydroxyapatite and Bi-substituted hydroxyapatite
powders. Figure 1 shows the EDX spectra of HA-
Bi-0 and HA-Bi-25 samples, and for the latter the
characteristic peaks of bismuth are well evidenced.
All the samples contain calcium or/and bismuth,
phosphorous, oxygen and hydrogen in certain con-
tents. The mass fractions of different elements in
the hydroxyapatite and Bi-substituted hydrox-
yapatite samples were obtained and the atomic
ratios calculated as shown in Table I.

The values of the Bi/(Bi + Ca) atomic ratio (des-
ignated XBi) in the final products were very close to
the XBi in the synthesis solution for all Bi-substi-
tuted hydroxyapatite samples, as shown in Table I.
The bismuth content in the Bi-substituted hydrox-
yapatite samples increases with the increasing bis-
muth concentrations in the precursor solutions.
These results indicate that bismuth ions added to
the synthesis solution are incorporated into the
hydroxyapatite lattice. Furthermore, the values of
the (Bi + Ca)/P atomic ratio in the final products
(Table I) were very close to the theoretical value of
1.677 for the stoichiometric hydroxyapatite.20 This
result indicates that the isomorphous substitution
CaMBi does not significantly affect the stoichio-
metry of the Bi-substituted hydroxyapatite samples.

Crystal Morphology

All apatite samples exhibit nanosized spherical
shapes and agglomeration with intergranular
micropores, as shown in the SEM micrographs in
Fig. 2. The Bi content in apatite does not result in
strong changes in morphology but in greater

agglomeration. A possible explanation of the
agglomeration behavior is the dominating surface
properties associated with nanosized crystallites,
which causes them to clump together, as observed in
Fig. 2. When samples are calcined at high tem-
perature (800�C) in order to increase their thermal
and chemical stability, the particles tend to sinter
into agglomerates.24 All the samples exhibit the
same morphology. The SEM images reveal a
decrease of the particles size from about 51 nm
(HA-Bi-0 sample) to 28 nm (HA-Bi-25 sample) with
increasing Bi content, in agreement with the XRD
data.

In terms of optical properties, the uncalcined
samples were white (Fig. 3). The color of the sam-
ples was affected by their calcination at 800�C.
Thus, the pure hydroxyapatite (HA-Bi-0 sample)
appeared blue in color whereas a yellow color was
observed for Bi-substituted hydroxyapatite samples,
suggesting the presence of Bi3+ cations (in the state
f0, yellow) (Fig. 3). Their color intensities varied
proportionally with the doping concentrations.
These optical observations can be correlated with
the corresponding XPS results which revealed that
the Bi3+ cations (in the state f0, yellow) exist at the
surface of the samples.

Crystal Structure

The phase composition, lattice parameters,
degree of crystallinity and size of crystallites of the
samples were determined by XRD analysis and the
obtained results are shown in Fig. 4 and Table II.
The XRD patterns in Fig. 4 are in good agreement
with the hexagonal (space group P63/m) hydrox-
yapatite phase (JCPDS Data Card 09–0432) and
none of the patterns displayed extra peaks, indi-
cating that all the samples were single phase
hydroxyapatite. Compared with pure hydrox-
yapatite, all the Bi-substituted hydroxyapatite
samples showed comparable peaks without sig-
nificant shifting of the peak positions, regardless of

Fig. 1. EDX spectra of the HA-Bi-0 (a) and HA-Bi-25 (b) calcined samples.
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the substitution concentrations. This suggested that
the ion exchange process did not greatly modify
the structure of the hydroxyapatite.

The XRD patterns of the Bi-substituted hydrox-
yapatite samples show the peaks to be broader and
less intense compared with the pure hydroxyapatite
(HA-Bi-0 sample). This indicates the decrease of
crystallinity with increasing bismuth contents
(Table II), which could be attributed to a different
charge compensation mechanism for isomorphous
substitution of Ca2+ by Bi3+ ions. The decreased
crystallinity of the Bi-substituted hydroxyapatite
samples might further lead to increased solubility,
thus contributing to the local release of bismuth
ions which may in turn improve the biodegrad-
ability and antibacterial properties.16

Also, the broad peaks indicated that the hydrox-
yapatite particles are of a nanometric size. The
average crystallite size of the pure hydroxyapatite
(HA-Bi-0 sample) estimated using the Scherrer
equation was 58.32 nm and for the Bi-substituted
hydroxyapatite powders was smaller than 51 nm
(Table II). For all the samples doped with Bi, a
decrease in crystallite size with increasing Bi con-

Fig. 2. SEM images of the HA-Bi-0 (a), HA-Bi-5 (b), HA-Bi-15 (c) and HA-Bi-25 (d) samples.

Fig. 3. Optical images of the uncalcined and calcined hydroxyapatite
samples.
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tent was observed, in agreement with the SEM
images.

The lattice parameters a and c were obtained from
the XRD peaks corresponding to the (002) and (211)
planes, which are well resolved and show no inter-
ferences. In the case of the substitution of Bi3+ into
the apatite structure, due to the similarities between
the ionic radii of Ca2+ and Bi3+ no changes in the
lattice are expected, although the difference in
valence caused by this substitution requires an
increase in anionic charge to maintain charge bal-
ance. This is achieved through the formation of cal-
cium vacancies on the cation sites. As can be seen in
Table II, the lattice parameters and crystal volume of
the Bi-substituted hydroxyapatite samples are very
close to those of pure hydroxyapatite. However, a
slow increase in lattice parameters and crystal
volume with increasing Bi content was observed.

XPS Analysis

The XPS analysis was applied to study the surface
chemical state of undoped and Bi-substituted
hydroxyapatite and the results present the evidence
for the successful doping of Bi ions in the hydrox-
yapatite lattice. Thus, Fig. 5 shows the XPS
spectrum of the HA-Bi-25 sample for the binding

energy range of 0–1200 eV. It can be seen that the
binding energy of Bi (4f region, 150–170 eV; peaks
at 156.70 eV and 162 eV), Ca (2p, 345 eV), O (1 s,
529 eV) and P (2p, 131 eV) were detected. The P 2p
core level peak located at 131 eV is attributed to P-O
bonds in the PO4

3� chemical environment.25 The C
1 s (282.7 eV) signal is due to the carbon used as an
internal reference. No other impurities were evident
in the samples, in good agreement with the XRD
data. Therefore, the XPS data demonstrate that the
HAp lattice contains Bi3+ ions.

Textural Characterization and Surface Prop-
erties

The surface properties of the Bi-substituted
hydroxyapatite samples were determined by fitting
the BET equation to the N2 adsorption isotherms.
Figure 6 shows the nitrogen adsorption isotherms
and pore size distribution (inset) of the HA-Bi-0 as
well as HA-Bi-25 nanopowders calcined at 800�C.
Similar results were obtained for all the samples,
and the textural parameters of the corresponding
materials are summarized in Table III.

According to the IUPAC classification, all the
samples show similar VI isotherms and typical
H1-hysteresis loops, demonstrating properties of
mesoporous materials. The BJH pore size distribution
indicates a micro- (pore diameter< 2 nm) and me-

Fig. 4. XRD patterns of the hydroxyapatite and Bi-substituted
hydroxyapatite samples.

Table II. Crystallites size (D), degree of crystallinity (XC), unit cell volume (V) and lattice parameters (a and
c) of the hydroxyapatite and Bi-substituted hydroxyapatite samples

Sample D (nm) XC (%) V (Å3) a (Å) c (Å)

HA-Bi-0 58.32 99.78 1605.77 9.5271 6.8333
HA-Bi-5 51.01 92.75 1616.90 9.5297 6.8769
HA-Bi-10 44.19 90.97 1627.17 9.5514 6.8892
HA-Bi-15 42.60 88.95 1629.46 9.5597 6.8869
HA-Bi-25 36.02 84.16 1632.34 9.5623 6.8953

Fig. 5. XPS spectrum of the HA-Bi-25 sample.
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soporous (pore of 2–12 nm) texture for all samples.
The results reveal that the doping of Bi ions has not
altered the basic pore structure of the mesoporous
hydroxyapatite. The BET surface area correlates well
with XBi atomic ratios of the doped samples. A
decrease in the surface area of the Bi-substituted
hydroxyapatite powders with increasing Bi content
was noticed.

FTIR

The FTIR spectra obtained for pure hydrox-
yapatite and Bi-substituted hydroxyapatite powders
are given in Fig. 7. These spectra provide a number
of spectral details demonstrating the formation of
hydroxyapatite phase.20,26 The spectrum of the pure
hydroxyapatite (HA-Bi-0) sample shows bands at
1093 cm�1, 1028 cm�1 and 962 cm�1 due to the
stretching mode of P-O, whereas the bands at
601 cm�1, 567 cm�1 and 472 cm�1 are due to the
bending mode of O-P-O. The bands at 2146–
1996 cm�1 are attributable to the PO4

3� ions. A
significant concentration of OH� groups exists in

the apatite structure as observed from the intensity
of the bands at 3572 cm�1 and 632 cm�1. Molecular
and adsorbed water bands are also present at
1654 cm�1 and 3446 cm�1 (as a broader band).

The Bi-substituted hydroxyapatite samples show
structures similar to pure hydroxyapatite. However,
it may be noticed that the peak strengths of the O-H
and P-O bonds decrease gradually with the
increasing Bi amount in the apatite lattice. Thus, it
can be seen that the intensity of the 3572 cm�1 band
assigned to the OH� groups decreases without
changes in the wavenumber. Therefore, the acidity
of the surface P-OH groups was lowered by replac-
ing Ca2+ with Bi3+ ions. The weakening of the OH�

bands might be caused by the breakage of the elec-
tric charge balance in the apatite lattice due to the
substitution of Ca2+ with Bi3+ ions. In order to
compensate these positive charges, OH� might be
transformed into O2�, as suggested by Serret.27

From the FTIR and SEM-EDX, XPS, XRD results,
the conclusion can be drawn that the Bi3+ ions are
actually doped into the hydroxyapatite lattice. The
experimental results reveal that Bi doping slowly

Fig. 6. Adsorption isotherm and pore size distribution (inset) of the HA-Bi-0 (a) and HA-Bi-25 (b) samples.
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affects the hydroxyapatite crystallinity, crystal size,
textural and surface properties.

Antibacterial Activity

In our study, the antibacterial properties of
hydroxyapatite and Bi-substituted hydroxyapatite
nanopowders were performed through the inhibi-
tion zone method against Escherichia coli (Gram-
negative bacteria) and Staphylococcus aureus
(Gram-positive bacteria). As revealed in Fig. 8, the
level of microbial growth of both bacteria varies
differently with increasing Bi amounts in the
Bi-doped samples compared to the pure hydrox-
yapatite sample. The Escherichia coli bacterium has
a high sensitivity to the samples substituted with Bi
while the Staphylococcus aureus bacterium has a
higher sensitivity to pure hydroxyapatite. After
24 h of incubation, the antibacterial inhibition
activity against Escherichia coli increases with
increasing Bi concentration in hydroxyapatite, and
the maximum antibacterial activity is observed for
the HA-Bi-25 sample. On the other hand, an

increase in antibacterial activity for the Bi-substi-
tuted hydroxyapatite nanopowders is noticed for
Staphylococcus aureus, but not as strong as for
Escherichia coli. These results demonstrate that the
Bi-substituted hydroxyapatite powders are more
effective against Gram-negative bacteria than
Gram-positive bacteria. The antibacterial property
against Escherichia coli is improved after Ca2+

substitution with Bi3+ in the hydroxyapatite struc-
ture. This may be due to the greater solubility of
Bi-substituted hydroxyapatite than that of pure
hydroxyapatite, and more Bi ions are released to
inhibit the existence of the tested bacteria as Bi
increases in the hydroxyapatite. Also, the higher
antibacterial inhibition activity against Gram-ne-
gative bacterial strains for Bi-substituted hydrox-
yapatite samples reveals that the increase in the Bi
concentration may induce the positive surface
charge for the apatite nanoparticles.

Taking into account the results obtained, it can be
said that Bi-substituted hydroxyapatite nanopow-
ders can be a promising antimicrobial agent due to
their bioactive properties especially against Gram-
negative bacteria.

Finally, the full characterization of these bioma-
terials would require the assessment of the bioac-
tivity (by estimating their ability to stimulate the
deposition of hydroxyapatite on their surface) and

Table III. Surface properties of the hydroxyapatite and Bi-substituted hydroxyapatite samples

Sample

Specific
surface

area (m2/g)

External
surface

area (m2/g)

Total
pore

volume (cm3/g)

Average
pore

size (nm)

HA-Bi-0 139.365 45.454 0.098 1.181
HA-Bi-5 24.866 17.533 0.048 1.645
HA-Bi-10 21.698 14.967 0.041 2.064
HA-Bi-15 20.008 14.423 0.033 1.542
HA-Bi-25 12.030 8.580 0.021 2.180

Fig. 7. FTIR spectra of the hydroxyapatite and Bi-substituted
hydroxyapatite samples.

Fig. 8. Microbial inhibition of the hydroxyapatite and Bi-substituted
hydroxyapatite samples against Escherichia coli (a) and Staphylo-
coccus aureus (b) bacteria (Color figure online).
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biocompatibility (by testing cell proliferation and
survival).

CONCLUSION

The experimental results revealed that the
Bi-substituted hydroxyapatite nanopowders,
Ca10�xBix(PO4)6(OH)2 where x = 0–2.5, were pro-
duced by the co-precipitation method using Ca(OH)2,
H3PO4 and Bi(NO3)3Æ5H2O raw materials, as calci-
um, phosphorous and bismuth sources. The Bi con-
tent ranged between 5 and 25%. The XPS analysis of
the doped samples indicated the presence of Bi in the
apatite lattice as Bi3+. The XRD results indicate that
the Bi substitution did not change the crystal struc-
tures. The Bi-substituted hydroxyapatite particles
have mesoporous textures with pore size in the range
of 1.54–2.18 nm and specific surface area in the range
of 12–24.86 m2/g. The typical yellow color wasob-
tained after samples were calcined to 800�C. The final
products were composed of spherical aggregates
formed by nanoparticles with a size of about
30–55 nm. Due to the increase in the Bi content, the
crystallites become smaller and form agglomerates
owing to the size effect. In addition, their crystallinity
decreases. The FTIR spectra show that Bi ions
incorporated into the hydroxyapatite lattice reduce
the acidity of the surface P-OH groups. The Bi-sub-
stituted hydroxyapatite powders are more effective
against Escherichia coli Gram-negative bacterium
than against Staphylococcus aureus Gram-positive
bacterium.
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Abstract

Hydroxyapatite and new cerium(IV)-substituted hydroxyapatite nanoparticles were synthesized by the co-precipitation method from aqueous
solutions of various Ce/(CeþCa) atomic ratios ranging from 0 to 0.25. The structural properties of the hydroxyapatite powders were
characterized by scanning electron microscopy (SEM) coupled with X-ray analysis (EDX), X-ray powder diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), Fourier Transform Infrared spectroscopy (FTIR) and Brunauer–Emmett–Teller (BET) surface area analysis. The results
confirm that cerium ions in the þ4 as well as in the þ3 states have been incorporated into the hydroxyapatite lattice. The (CeþCa)/P atomic
ratio in the Ce-substituted hydroxyapatite samples was around 1.67. The prepared nanocrystalline powders consisted of hydroxyapatite as single
crystallized phase with hexagonal structure and an average particle size of 20–60 nm. The antibacterial properties of cerium-substituted
hydroxyapatite powders against Escherichia coli and Staphylococcus aureus bacteria were found to increase with increasing cerium content,
being more effective against E. coli.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Hydroxyapatite; Cerium substitution; Nanoparticles; Antibacterial
1. Introduction

The hydroxyapatite (HAp, Ca10(PO4)6(OH)2), a calcium
phosphate ceramic, is the most important inorganic component
of human hard tissues such as bone, dentine and enamel [1].
Having a good biocompatibility and inductivity for bone
ingrowth, HAp is used in biomedical applications as biocera-
mics [2–5]. The HAp is also used as catalyst, adsorbent and
ion-exchanger [6–8]. Many different procedures have been
advanced for preparing HAp crystals with a variety of shapes
and morphologies such as: solid state reactions, various
techniques of wet chemistry (co-precipitation, hydrothermal
reactions, sol–gel synthesis, biomimetic method, microemul-
sion synthesis, etc.) and many other methods [9–13].

The HAp structure allows the incorporation of wide range of
different ionic substitutions. Numerous monovalent (Naþ ,
/10.1016/j.ceramint.2015.06.040
15 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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Kþ ), divalent (Sr2þ , Pb2þ , Ba2þ , Mn2þ , Cd2þ , Mg2þ ,
etc.), trivalent (Cr3þ , Al3þ , Fe3þ , rare earths ions REE3þ ,
etc.), tetravalent (Ti4þ , Th4þ , U4þ ) and even hexavalent
cations (U6þ ) have been reported to substitute into the Ca sites
in the HAp structure [14–18]. Much morphology, stoichiome-
try and crystallinity levels can be obtained depending on the
methods used for the synthesis process. The properties of HAp
biomaterials including morphology, lattice parameters, surface
characteristic, solubility, mechanical and biological properties
can be affected by the incorporation of foreign cations. The
benefit of this HAp substitution to medical applications was
reported in recent years. Thus, the doping of HAp with various
metal cations (Zn2þ , Bi3þ , Y3þ , etc.) increases the osteoblast
adhesion, enhance properties of HAp pertinent to orthopedic
and dental applications, etc. [19,20].
In the available literature, only three elaborations are

devoted to phosphosilicate glasses [21] and HAp doped with
cerium ions [22,23]. Feng et al. [22] and Yingguang et al. [23]
reported the synthesis of the hydroxyapatite substituted only
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with Ce3þ starting from other sources of calcium, phosphorus
and cerium, compared to the present study. Still, the Ca2þ

substitution with Ce4þ has not been studied before.
The exchange of calcium ions in HAp lattice with cerium

ions (Ce3þ and/or Ce4þ ) is an interesting subject in medical,
catalysis and environmental sciences. Generally, the com-
pounds containing cerium ions (Ce3þ ) have been used in
medicine as antibacterial agents [24]. Over the past few years
there has been increasing interest in the therapeutic capacity of
nanoscale cerium oxide for diseases such as cancer, Alzheimer
disease, cell death induced by radiation and aging. Thus, due
to the valence and oxygen defect properties and their unique
ability to switch oxidation states between III(Ce3þ ) and IV
(Ce4þ ), the redox-active nanoceria are described to have
antioxidant activity [25–27]. In particular, it has been reported
that cerium(III)–calcium HAp shows bacteriostatic properties
similar to silver [23]. Therefore, the incorporation of Ce ions
into the HAp lattice is important for developing the
artificial bones.

In this paper, we present the preparation of new cerium(IV)-
substituted HAp nanopowder by means of wet chemical
method, respectively, by co-precipitation reactions. The effects
of the cerium substitution for calcium on the morphology,
purity, crystallinity, crystallite size and antibacterial ability of
the resulting cerium-substituted HAp powders were investi-
gated and discussed. The chemical valence state of cerium in
the final products was analyzed. These might become a crucial
starting point in further studies for biomedical applications of
the cerium-substituted HAp.
2. Experimental

2.1. Materials and synthesizing methods

Calcium hydroxide Ca(OH)2, orthophosphoric acid H3PO4

(85%), ceric sulphate Ce(SO4)2 � 4H2O, ethanol CH3–CH2–OH
and ammonium hydroxide NH4OH were purchased from
Sigma-Aldrich (Germany). All chemicals were of analytical
grade and used as such with no further purification. The
experiments were performed in distilled and deionized water.

The HAp and cerium-substituted HAp nanoparticles with
various Ce content (0–25%) were synthesized by a wet
chemical precipitation method from Ca(OH)2 as calcium
source, H3PO4 as phosphorous source and Ce(SO4)2 � 4H2O
as cerium source.

The pure HAp powder was prepared by adding drop-wise
250 mL of Ca(OH)2 (0.1 M) aqueous solution to an appro-
priate amount of H3PO4 (0.1 M) aqueous solution to achieve
predetermined Ca/P atomic ratio of 1.67, under magnetic
stirring for 1 h at 60 1C. The pH value of the solution was
continuously monitored and adjusted to 1170.5 by addition
of NH4OH (1 M). The suspension was aged for 3 h at 60 1C,
ultrasonicated for 15 min and then filtered and washed with
ethanol and triply distilled water. The obtained powder was
calcined 1 h at 800 1C in an electrically heated furnace in order
to increase its crystallinity.
The cerium-substituted HAp powders of different composi-
tions were prepared similarly to the pure HAp powder, as
described above. The Ca(OH)2 (0.1 M) aqueous solution was
dispersed into an mixed aqueous solution of Ce(SO4)2 � 4H2O
and H3PO4 (0.1 M). The (CeþCa)/P atomic ratio was kept at
1.67 value, while the Ce/(CeþCa) atomic ratio (denoted as
XCe) in the solution varied between 0.01 and 0.25, as shown in
Table 1. The pH of the final solution was adjusted to 1170.5
by adding NH4OH (1 M). The following procedure stages
were the same as described above for the preparation of pure
HAp powder.

2.2. Characterization of samples

The phase composition, degree of crystallinity and size of
crystallites of the calcined samples were estimated by X-ray
diffraction analysis (XRD) with X’PERT PRO MRD diffract-
ometer using CuKα radiation (λ¼0.15418 nm). The data were
collected in the 2θ range of 20–801, with a step size of 0.041
2θ and a counting time of 80 s per data point. The crystalline
phases were identified with reference to the Joint Committee
on Powder Diffraction Standards (JCPDS) files. The lattice
parameters a and c (nm) for the hexagonal HAp structure, were
calculated from peaks (0 0 2) and (2 1 1), respectively, using
following equation:

1

d2
¼ 4

3
U

h2þhUkþk2

a2

� �
þ l2

c2
ð1Þ

where d is the distance (nm) between adjacent planes in the set
of Miller indices (h k l).
The volume V (nm3) of the hexagonal unit cell was

calculated using relationship:

V ¼ 2:589Ua2 Uc ð2Þ
The average crystallite size D (nm) of the powders was

calculated from XRD data using the Scherrer equation:

D¼ kUλ
B1=2 U cos θ

ð3Þ

where λ is the wavelength of Cu Kα radiation (λ¼0.15418 nm),
B1/2 is the full width at half maximum intensity value for the
diffraction peak under consideration (rad), θ is the diffraction
angle of the corresponding reflection (1), and k is the broadening
constant varying with crystal habit and chosen as 0.9 for the HAp
crystallites. For quantitative determinations, the peak at 2θ¼25.91
for (0 0 2) reflection was used to evaluate the crystallite size of
HAp powders. It is due to the fact that this peak is well resolved
and shows no interferences.
The crystallinity degree XC (%) corresponding to the

fraction of crystalline phase of the HAp powders was
evaluated by equation:

XC ¼ I300�V112=300

I300
U100 ð4Þ

where I300 is the intensity of (3 0 0) diffraction peak and V112/

300 the intensity of the hollow between (1 1 2) and (3 0 0)
diffraction peaks of HAp.
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The morphology of the calcined samples was studied by
scanning electron microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (EDX) with QUANTA 200 3D
microscope. Gold sputtering was used to make the coating
surfaces conductive for the SEM investigations. The cerium
chemical valence on HAp structure was evaluated by X-ray
photoelectron spectroscopy (XPS) using a PHI-5000 VersaP-
robe photoelectron spectrometer (Φ ULVAC-PHI, INC.) with
a hemispherical energy analyzer (0.85 eV binding energy
resolution). A monochromatic Al Kα X-ray radiation
(hν¼1486.7 eV) was used as excitation source. The chemical
composition of each sample was analyzed using a combination
of XPS and SEM/EDX. With these methods the contents of
Ca, P and Ce in the samples have been determined, from which
the Ca/P or CeþCa/P atomic ratios values were calculated.
The FTIR spectra of all samples were taken by the KBr
method using a DIGILAB SCIMITAR-SERIES spectrophot-
ometer. The specific surface areas were evaluated by fitting the
Brunauer–Emmett–Teller (BET) equation to the N2 adsorption
isotherms recorded by a Quantachrome Nova 2200e Win2
apparatus. The pore size distribution was obtained by Barrett–
Joiner–Halenda (BJH) method from the desorption curve of
the isotherm.

2.3. Antibacterial activity

The antibacterial activity of samples was investigated
against Gram-positive Staphylococcus aureus and Gram-
negative Escherichia coli bacteria by the disc diffusion test
method (commonly known as the Kirby–Bauer disc diffusion
method) [28]. The bacterial strains were provided by micro-
biology laboratory of the “Gheorghe Asachi” Technical Uni-
versity of Iasi, Romania. The Mueller–Hinton agar was cast
into the petri plates and the plates containing the nutrient
medium were separately inoculated with the test organisms of
E. coli and S. aureus. The samples were planted onto these the
agar plates and then they were incubated at 37 1C for 24 h. The
bacterial resistance of the samples was examined for a zone of
inhibition and the total diameter (in mm) of the inhibition zone
was measured. The microbial inhibition (%) was calculated
taking into account the microbial mass of substance which was
reported at 0.5 g sample and inhibition zone diameter. All
experiments were carried out in triplicate and the values are
expressed as means7standard deviations.

Statistical analysis was performed using Student’s t test,
with the significant level with a p value of less than 0.05.

3. Results and discussion

3.1. Substitution mechanism

Generally, the replacement of Ca2þ with other cations in
HAp crystalline lattice induces changes in the HAp properties
which may be related to the ionic radius, electronegativity and
effective charge of the substituting cation compared to those of
Ca2þ . Goldschmidt [29] discussed that the preferential
substitution of ions may occur when there is a small difference
in ionic radii which minimizes the difference in bond strength
when one ion is substituted for another. The substitution in a
crystal is expected to be possible when the ionic radii
difference is less than 15%. When ions of similar radius but
different valence charge are involved, the substitution of one
element for another preferably occurs where the valence
charges are equal, or vary by 71 charge unit. In addition to
the ionic radius and valence charge, the ion with the higher
electronegativity of the two ions would favor the replacement.
Suzuki et al. [30] studied the HAp as inorganic cation
exchangers and drawn the conclusion that the cations are more
likely to be removed by HAp when they have high electro-
negativity values and radii within the 0.9–1.3 Å range.
The crystallographic structure of HAp plays a major role in

the substitution of foreign ions in the apatite lattice. The crystal
structure of HAp is hexagonal with the P63/m space group
[14,31,32]. The lattice of the HAp comprises two calcium
atoms with different crystal configurations denoted Ca(1) and
Ca(2). The Ca(1) atoms occupies the columnar sites and they
are nine-fold coordinated. The Ca(2) atoms are located in the
channels that pass through the three-dimensional network of
the PO4 tetrahedra and they are seven-fold coordinated. The
HAp structure comprises about 40% of calcium atoms in Ca(1)
position and about 60% in the Ca(2) position [14]. The two Ca
positions in HAp offer quite different stereochemical environ-
ments and are able to accommodate a variety of cations as
substituents [33]. Theoretically, it could be thought that the
foreign ions larger than Ca2þ would substitute primarily in the
Ca(1) sites while smaller ones would preferentially substitute
for Ca(2). Some investigations on substitutions in calcium
HAp have also shown that the site preference of the substituent
cation depends on its effective charge. It was found that the ion
with a charge smaller than a charge of calcium mostly occupies
the larger Ca(1) site, whereas the ion with a greater charge
occupies the more compact Ca(2) site [34].
The uptake of rare earths (REEs or lanthanide series) in

HAp is complex, the incorporation of elements occurring
according to the site preference as determined by intrinsic
(substitution mechanisms, spatial accommodation, equalization
of bond valence) and external (pressure, temperature) factors.
The incorporation of REE ions in the HAp structure is
favorable when the difference between the ionic radii is small,
closeness to the ionic radius of Ca2þ of 1.06 Å [35]. Having
quite comparable dimensions, the ceric (Ce4þ ) and cerous
(Ce3þ ) ions with radius of 0.97 Å and 1.07 Å, respectively,
can substitute Ca2þ ions during the synthesizing process. The
minimal difference (o5%) in ionic radius between cerium
ions (Ce4þ and Ce3þ ) and Ca2þ contributes to the incorpora-
tion of cerium in HAp lattice.
According to Shannon [35], the effective Ca2þ ionic radii

for seven- and nine-coordination are of 1.06 Å, and 1.18 Å,
respectively. For Ce3þ the ionic radii are of 1.07 Å and 1.19 Å
in seven- and nine-coordination, respectively. For Ce4þ the
ionic radii are of 0.87 Å, 0.97 Å and 1.07 Å in six-, eight- and
ten-coordination, respectively. As discussed earlier, the size of
the nine-coordinated Ca(1) site is larger than that of the seven-



Fig. 1. EDX spectra of the HA-Ce-0 (a) and HA-Ce-25 (b) samples.

Table 1
Atomic ratios in the synthesis solution and in the final products.

Sample Synthesis solution Final product

Ce
CeþCa

CeþCa
P

Cerium
concentration
(%)

Ce
CeþCa

CeþCa
P

Cerium
concentration
(%)

HA-Ce-0 0 1.677 0 0 1.673 0
HA-Ce-1 0.01 1.677 1 0.009 1.671 0.9
HA-Ce-5 0.05 1.677 5 0.048 1.669 4.8
HA-Ce-10 0.10 1.677 10 0.095 1.672 9.5
HA-Ce-15 0.15 1.677 15 0.146 1.675 14.6
HA-Ce-20 0.20 1.677 20 0.194 1.673 19.4
HA-Ce-25 0.25 1.677 25 0.247 1.671 24.7
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coordinated Ca(2) site. According to Elliott [14], this differ-
ence in size suggests that Ce3þ ions larger than Ca2þ ions
should favor the Ca(1) site, whereas the Ca(2) site should be
occupied preferentially by the Ce4þ ions smaller than
Ca2þ ions.

Likewise, because both Ce4þ and Ce3þ ions have greater
positive charges than Ca2þ , a coupled substitution is necessary
to maintain charge balance. Several studies have indicated that
trivalent and tetravalent cations can substitute for Ca via a Ca-
deficiency mechanism such as vacancies [36]. So, the local
charge compensation in the Ce-doped HAp may be maintained
by the following coupled substitutions (□ represents oxygen
vacancy):

Ce4þ2Ca2þ þCa2þ ð5Þ

Ce3þ2Ca2þ þ□ ð6Þ
By taking the above observations into account, the present

study is aimed to obtain and to characterize the HAp
substituted with cerium by using ceric sulphate (Ce
(SO4)2 � 4H2O) as a cerium source with cerium in tetravalent
(Ce4þ ) state. By performing XRD, SEM–EDX and XPS
analysis we wanted to demonstrate that both Ce4þ and
Ce3þ ions are present in the substituted HAp.

The existence of Ce3þ species in the Ce-substituted HAp
samples could be explained by a thermal reduction of Ce4þ to
Ce3þ (endothermic step) in the calcination stage at high
temperature (800 1C) [37]. As a consequence of the doping,
the Ce4þ ions in the HAp lattice are not all fully coordinated
leading thus to the formation of vacancies in HAp lattice. The
existence of coordinatively unsaturated Ce4þ in the doped
crystal leads to interesting possibilities for charge-transfer
reactions, in the calcination stage at high temperature, where
the Ce4þ may accept an electron from a neighboring oxygen
anion or some other electron donor to become Ce3þ [38]. This
results in the valence change Ce4þ-Ce3þ of two cations per
vacancy and in an extraordinary efficiency for reversible
oxygen release. In these conditions it is possible to produce
a partial reduction of Ce4þ to Ce3þ in the apatite lattice.

3.2. Chemical composition

The SEM–EDX analysis was performed in order to deter-
mine the surface elemental composition of the HAp and Ce-
substituted HAp powders. Fig. 1 shows the EDX spectra of
HA-Ce-0 and HA-Ce-25 samples, and for the last the
characteristic peaks of cerium are well evidenced. All the
samples contain calcium or/and cerium, phosphorous, oxygen
and hydrogen in certain contents. The mass fractions of
different elements in the HAp and Ce-substituted HAp samples
were obtained and the atomic ratios calculated as shown in
Table 1.

The values of the Ce/(CeþCa) atomic ratio (designated
XCe) in the final products were very close to the XCe in the
synthesis solution for all Ce-substituted HAp samples. This
result indicates that cerium ions added to the synthesis solution
are incorporated into the HAp lattice. The cerium content in
the Ce-substituted HAp samples increases with the increasing
cerium concentrations in the precursor solutions, in agreement
with the quantitative incorporation of cerium in the solid
phase. This fact would suggest that the cerium ions exchange
in HAp is really achieved.
The isomorphous substitution Ca2Ce does not signifi-

cantly affect the stoichiometry of the Ce-substituted HAp
samples as it can be deduced from the (CeþCa)/P atomic ratio
which assumes a mean value of 1.67270.003, very close to
the theoretical value of 1.677 for the stoichiometric HAp [14],
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regardless the Ca and Ce contents. For all Ce-substituted HAp
samples studied the elemental analyses show that the actual
amount of cerium in the lattice is very close to the ionic
concentrations initially introduced in solution, as seen in
Table 1.
3.3. Crystal morphology

The high-resolution SEM micrographs reveal the morphol-
ogy and size of the samples. All HAp samples exhibit spherical
shapes and agglomeration with intergranular micropores, as
shown in Fig. 2. The Ce content in apatite does not result in
dramatic changes in morphology but greater agglomeration.
This agglomeration process cannot be prevented because in the
calcination stage, at high temperature (800 1C), the HAp
particles tend to sintered into agglomerates consisting of
polycrystals [39]. All the samples exhibit the same morphol-
ogy. The observed particle size ranges from about 10 to 60 nm.
The SEM images reveal a decline of the crystallite size with
increasing Ce content, in agreement with the XRD data.

In terms of optical properties, the synthesized materials
(uncalcined samples) were obtained over a wide range of
colors starting from white for the pure HAp (HA-Ce-0 sample)
to light-yellow/cream for the Ce-substituted HAp samples. The
color of the samples was strongly affected by their calcination
at 800 1C. The pure HAp (HA-Ce-0 sample) appeared blue in
color whereas yellow–green color was observed for Ce-
Fig. 2. SEM images of the HA-Ce-0 (a), HA-Ce-1 (b)
substituted HAp samples, suggesting the presence of high
amounts of Ce4þ cations (in the state f0, orange–yellow).
Their color intensities varied proportionally with the doping
concentrations. These optical observations can be correlated to
the corresponding XPS results which revealed that the Ce4þ

oxidation state is predominant at the surface of the samples.
3.4. Crystal structure

The phase composition, lattice parameters, degree of crystal-
linity and size of crystallites of the HAp powders with different
Ce/(CeþCa) atomic ratios were determined by XRD analysis.
The obtained results are shown in Fig. 3 and Table 2. The
XRD patterns in Fig. 3 indicate that all the samples have the
characteristic peaks in the 2θ regions of 21–291, 32–341, 39–
411, 46–541, in good agreement with the hexagonal (space
group P63/m) HAp phase (JCPDS Data Card 09-0432).
The XRD pattern of the HA-Ce-0 (Ce 0%) sample display

well-defined and sharp peaks in agreement with a high
crystallinity degree. On the other hand, the patterns of the
samples containing both Ca and Ce generally exhibit broader
diffraction peaks. The broadening indicates the decrease of
crystallinity with increasing cerium contents (Table 2), which
could be attributed to different charge compensation mechan-
ism for isomorphous substitution of Ca by Ce ions. The
decreased crystallinity of the Ce-substituted HAp samples
might further lead to increased solubility, contributing thus
, HA-Ce-10 (c) and HA-Ce-25 (d) samples.



Table 2
Crystallites size (D), degree of crystallinity (XC), unit cell volume (V) and
lattice parameters (a and c) of the hydroxyapatite and Ce-substituted hydro-
xyapatite samples.

Sample D (nm) XC (%) V (Å3) a (Å) c (Å)

HA-Ce-0 58.32 99.78 1593.84 9.4571 6.8833
HA-Ce-1 46.83 98.89 1589.30 9.4455 6.8806
HA-Ce-5 40.82 98.71 1576.78 9.4134 6.8730
HA-Ce-10 27.22 98.77 1597.87 9.4674 6.8857
HA-Ce-15 24.74 98.58 1601.32 9.4772 6.8863
HA-Ce-20 22.07 97.41 1606.48 9.4893 6.8909
HA-Ce-25 19.81 92.35 1656.69 9.6338 6.8947

Fig. 4. XPS spectrum of the HA-Ce-25 sample.

Fig. 3. XRD patterns of the hydroxyapatite and Ce-substituted hydroxyapatite
samples.
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to the local release of cerium ions which may in turn improve
the biodegradability and antibacterial properties, as mentioned
in literature [22].

Also, the broad peaks indicated that the HAp particles are of
a nanometric size. The average crystallite size of the pure HAp
(HA-Ce-0 sample) estimated using the Scherrer equation was
of 58.32 nm and for the Ce-substituted HAp powders was
smaller than 50 nm (Table 2). For all the samples doped with
cerium, a decrease in crystallite size with increasing Ce content
was observed, in agreement with the SEM data.

The lattice parameters a and c were obtained from the XRD
peaks corresponding to the (0 0 2) and (2 1 1) planes, which
are well resolved and shows no interferences. It is known that
the HAp crystallizes in a hexagonal system with cell para-
meters of a¼9.418–9.456 Å and c¼6.879–6.885 Å
[14,31,32].

As can be seen in Table 2, the lattice parameters of the Ce-
substituted HAp samples slowly decrease (HA-Ce-1 and HA-
Ce-5 samples) and then slowly increase with increasing
content of the cerium cations (HA-Ce-10, and also the
following samples), simultaneously with the increase of the
unit cell volume. The small changes in the lattice parameters
are due to the substitution of the cerium ions in both Ce4þ and
Ce3þ oxidation states (as demonstrated by XPS studies) for
the Ca2þ ions. When Ca2þ ions are replaced by larger ions,
the most significant change in lattice parameters is an increase
in the a and c lattice parameters [14]. The Ce3þ ion radius
(1.19 Å) is greater than that of Ce4þ (0.97 Å) and hence the
slow lattice expansion is a consequence of the reduction of
some Ce4þ ions to Ce3þ . Another explanation could be the
existence of the interstitial defects in the lattice. Usually, such
defects are found in the doped systems where the interstitial
anions are charge-compensated by cation excess charges or by
vacancies, forming Frenkel type defects [40]. These defects
can be oxygen ions in the interstitial sites and corresponding
vacancies in the regular oxygen sites of the lattice, as well as
relaxed oxygen ions in the neighboring oxygen sites. If the
interstitial ions become incorporated, charge compensation
leads to switching in oxidation state of some cerium ions from
Ce4þ to Ce3þ . The interstitial defects could cause the lattice
parameters to expand. At low Ce concentrations (HA-Ce-1 and
HA-Ce-5 samples), the interstitial defects are in a small
number and do not influence the lattice parameters; instead,
the existence of Ce4þ ions causes a weak contraction of the
lattice. By growing the Ce concentration (HA-Ce-10, and also
the following samples) the number of Ce3þ ions and corre-
sponding vacancies and interstitial defects increase, and an
increase of network parameters occurs.
Therefore, the results indicate that cerium ions (Ce4þ and

Ce3þ ) have been successfully doped into HAp lattice under
the synthesis conditions.
3.5. Chemical valence of cerium in final products

The XPS analysis was applied to study the surface chemical
state of undoped and Ce doped HAp and the results present the
evidence for the successful doping of Ce ions in HAp lattice.
Thus, Fig. 4 shows the XPS spectrum of the HA-Ce-25 sample
for the binding energy range of 0–1200 eV, calibrated with C
1s (285 eV) as the reference. It can be seen that the binding
energy of Ce (3d region, 860–930 eV), Ca (2p, 347 eV), O (1s,
531 eV) and P (2p, 133 eV) are detected. The P 2p core level
peak located at 133 eV is attributed to P–O bonds in PO4

3�

chemical environment [41]. The C signal is due to the carbon
used as a reference.



Table 3
The XPS Ce 3d spectrum data of the HA-Ce-25 sample.

Ce
form

Peak
label

Peak position
(eV)

Peak
characteristics

Final state
[42,43]

Ce(IV) U 900.5 3d3/2 Ce(3d94f2)O2p4

V 881.9 3d5/2
U″ 907.1 3d3/2 Ce(3d94f1)O2p5

V″ 888.2 3d5/2
U″0 917.0 3d3/2 Ce(3d94f0)O2p6

V″0 898.1 3d5/2
Ce(III) U0 880.7 3d3/2 Ce(3d94f1)O2p6

V0 899.0 3d5/2
U0 903.2 3d3/2 Ce(3d94f1)O2p5

V0 884.6 3d5/2
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X-ray photoelectron spectroscopy (XPS) was used to
determine the oxidation state of Ce ions in the Ce-substituted
HAp samples by analyzing the Ce 3d spectra with a high
degree of accuracy. As mentioned in literature, the Ce 3d
spectrum can be fully described by five spin–orbit doublets
(3d5/2 and 3d3/2) and the multiplicity of these states arises from
different Ce 4f level occupancies in the final state [42]. Thus,
this spectrum provides direct information about the composi-
tion of the Ce4þ /Ce3þ redox couple in final products. Fig. 5
shows the Ce 3d regions for the HA-Ce-25 sample in the
binding energy range 860–930 eV. The labels follow the
convention established by Burroughs et al. [42]. The XPS
spectrum in Fig. 5 indicates the presence of a mixed valence
states (Ce3þ and Ce4þ ) on the sample surface.

According to literature [42,43], the values of binding energy
in Table 3 agree with the Ce4þ species (3d5/2¼881.9 eV,
888.2 eV, 898.1 eV and 3d3/2¼900.5 eV, 907.1 eV, 917.0 eV)
and also with Ce3þ species (3d5/2¼884.6 eV, 899.0 eV and
3d3/2¼880.7 eV, 903.2 eV). For all the Ce-substituted HAp
samples similar XPS spectra were obtained. These XPS results
suggest the presence of both Ce4þ and Ce3þ species (as
Ce4þ /Ce3þ redox couple) on the surface of the Ce-substituted
HAp samples.

The XPS method was also applied in order to estimate Ce3þ

and Ce4þ content in the samples. The concentration of Ce3þ

can be determined by means of the following equation [44]:

Ce3þ%¼ ACeðIIIÞ
ACeðIIIÞÞþACeðIVÞ

U100 ð7Þ

where ACe(III) and ACe(IV) denoted the corresponding sums of
the integrated peak areas related to the Ce3þ and Ce4þ XPS
signals, respectively.

The results indicate that all the Ce-substituted HAp samples
contain a high percentage of Ce3þ . There are no significant
differences in the samples and all the Ce3þ concentration
values range between 40.19% (in HA-Ce-1 sample) and
40.33% (in HA-Ce-25 sample). The high percentage of
Ce3þ ions indicates that the lattice is rich in vacancies. Thus,
despite of having appreciable number of Ce3þ ions in the
Fig. 5. XPS Ce 3d regions of the HA-Ce-25 sample.
crystal, the nanoparticles maintain their apatite structure as
revealed by the XRD results.
3.6. Textural characterization and surface properties

The surface properties of the Ce-substituted HAp samples
were determined by fitting the Brunauer–Emmett–Teller (BET)
equation to the N2 adsorption isotherms. Fig. 6 shows the
nitrogen adsorption isotherms and pore size distribution (inset)
of HA-Ce-0 as well as HA-Ce-25 nanopowders calcined at
800 1C. Similar results were obtained for all samples and the
textural parameters of the corresponding materials are summar-
ized in Table 4. According to IUPAC classification, all the
samples show similar VI isotherms and typical H1-hysteresis
Fig. 6. Adsorption isotherm and pore size distribution (inset) of the HA-Ce-0
(a) and HA-Ce-25 (b) samples.



Table 4
Surface properties of the hydroxyapatite and Ce-substituted hydroxyapatite
samples.

Sample Specific surface
area (m2/g)

External surface
area (m2/g)

Total pore
volume (cm3/g)

Average pore
size (nm)

HA-Ce-0 139.365 45.454 0.098 1.181
HA-Ce-1 126.249 39.601 0.104 1.182
HA-Ce-5 121.093 33.784 0.131 1.176
HA-Ce-10 119.538 29.451 0.147 1.173
HA-Ce-15 128.602 37.873 0.169 1.167
HA-Ce-20 154.558 45.092 0.198 1.160
HA-Ce-25 169.901 54.649 0.235 1.157

Fig. 7. FTIR spectra of the hydroxyapatite and Ce-substituted hydroxyapatite
samples.
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loops, demonstrating typical properties of mesoporous materials.
The BJH pore size distribution indicates a micro- (pore diameter
o2 nm) and mesoporous (pore of 2–10 nm) texture for all
samples. The results reveal that the doping of cerium ions have
not altered the basic pore structure of mesoporous HAp.

The BET surface area correlates well with XCe atomic ratios
of the doped samples. A slowly increase in surface area of the
Ce-substituted HAp powders with increasing Ce content was
noticed. The higher BET value for HA-Ce-25 sample can be
due to lower size of the primary particles as well as to a closed
porosity inside them.

3.7. FTIR

The FTIR spectra obtained for pure HAp and Ce-substituted
HAp powders are given in Fig. 7. These spectra provide a
number of spectral details demonstrating the formation of HAp
phase. The spectrum of the pure HAp (HA-Ce-0) sample
shows the bands at 1093, 1028 and 962 cm�1 due to the
stretching mode of P–O, whereas the bands at 601, 567 and
472 cm�1 are due to the bending mode of O–P–O. The bands
at 2146–1996 cm�1 are attributable to the PO4

3� ions. A
significant concentration of OH� groups exists in the HAp
structure as observed from the intensity of the bands at 3572
and 632 cm�1. Molecular and adsorbed water bands are also
noticed at 1654 and 3446 cm�1 (as a broader band). All the
bands above mentioned are the main typical bands of HAp, as
given in literature [13,14]. The FTIR spectrum shows the
absence of carbonate peaks in the range 1500–1400 cm�1

indicating that there was no formation of calcium carbonate or
calcium oxide in the samples.

The Ce-substituted HAp samples show structures similar to
pure HAp [22,23]. However, it may be noticed that the peak
strengths of O–H and P–O bonds decrease gradually with
increasing cerium amount in the apatite lattice. Thus, it can be
seen that the intensity of the 3572 cm�1 band assigned to OH�

groups decrease without changes in the wavenumber. Therefore,
the acidity of the surface P–OH groups was lowered by
replacing Ca2þ with Ce4þ /Ce3þ ions. The weakening of
OH� bands might be caused by the breakage of the electric
charge balance in the HAp lattice due to the substitution of
Ca2þ with Ce4þ /Ce3þ ions. In order to compensate these
positive charges, OH� might be transformed into O2�, as
suggested by Serret et al. [45]. The weakening of PO4

3� bands
might arise from the introduction of Ce4þ /Ce3þ ions and
subsequent alteration of the bonding force between ions leading
to the weakening of the P–O and O–P–O vibrations [22].
From the FTIR and SEM–EDX, XPS, XRD results the

conclusion can be drawn that the cerium ions (Ce4þ and
Ce3þ ) are actually doped into the HAp lattice. The experi-
mental results reveal that Ce doping slowly affects the HAp
crystallinity, crystal size, textural and surface properties.

3.8. Antibacterial activity

There are very few works devoted to the antibacterial
properties of cerium ions and their use in biomaterials
engineering. In the available literature, only Yingguang et al.
[23] synthesized HAp containing only Ce3þ ions, showing
that these Ce-doped biomaterials have a high antibacterial
capacity against E. coli, S. aureus and Lactobacillus.
In our study, the antibacterial effect of pure HAp and Ce-

substituted HAp nanopowders against E. coli and S. aureus
bacteria was studied. As reveal Fig. 8, the E. coli bacterium
has a high sensitivity to the samples substituted with cerium.
After 24 h of incubation the antibacterial inhibition activity
against E. coli increases with increasing Ce concentration in
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HAp and the maximum antibacterial activity is observed for
the HA-Ce-25 sample. On the other hand, an increase in
antibacterial activity for the Ce-substituted HAp nanopowders
is noticed for S. aureus, but not as strong as for E. coli. These
results demonstrate that the Ce-substituted HAp powders are
more effective against Gram-negative bacteria than Gram-
positive bacteria.

The antibacterial property against E. coli is improved after
Ca2þ substitution with Ce4þ /Ce3þ in the HAp structure
(Fig. 8). It may be due to the greater solubility of Ce-
substituted HAp samples than that of pure HAp. As mentioned
above, the decreased crystallinity of the Ce-substituted HAp
samples might lead to increased solubility, and more cerium
ions are released to inhibit the existence of tested bacteria as
the increase of cerium in HAp [22]. Also, the higher
antibacterial inhibition activity against Gram-negative bacterial
strains for Ce-substituted HAp samples reveals that the
increase in the Ce concentration may induce the positive
surface charge for the HAp nanoparticles. Taking into account
the results obtained, it can be said that Ce-substituted HAp
nanopowders can be a promising antimicrobial agent espe-
cially against Gram-negative bacteria.

Finally, the full characterization of these biomaterials would
require the bioactivity (by estimating their ability to stimulate
the deposition of HAp on their surface) and biocompatibility
(by testing cell proliferation and survival) assessing. Due to
their unique ability to switch oxidation states between III
(Ce3þ ) and IV(Ce4þ ), the redox-active Ce-doped nanohy-
droxyapatite biomaterials could have antioxidant activity and
therefore can be used to treat cancer, Alzheimer disease, cell
death induced by radiation and aging. However, it is know the
fact that a high percentage of substitution (25% Ce for Ca) can
cause significantly changes to biological performances. There-
fore, a preliminary study such as counting cell numbers on Ce-
substituted HAp samples after 7 days will be realized. Also, in
our next researches the redox-active Ce-substituted HAp
nanopowders will be studied, namely their antioxidant activity,
the possible influence on myofibroblast formation, cell toxicity
and subsequent inhibition of tumor invasion.
Fig. 8. Microbial inhibition of the samples against Escherichia coli (a) and
Staphylococcus aureus (b) bacteria.
4. Conclusions

The experimental results revealed that the Ce-substituted
HAp nanopowders were produced by the co-precipitation
method using Ca(OH)2, H3PO4 and Ce(SO4)2 � 4H2O raw
materials, as calcium, phosphorous and cerium sources. The
Ce content ranged between 0.1% and 25%. The XPS analysis
of the doped samples indicated the cerium presence in the HAp
lattice as both Ce4þ and Ce3þ . A part of tetravalent ceric
cations (Ce4þ ) were considered to reduce trivalent cerous
cations (Ce3þ ). The incorporation of Ce ions leads to the
formation of vacancies in the crystal structure of the HAp. The
results indicate that the cerium substitution did not change the
crystal structures. The Ce-substituted HAp particles have
micro- and mesoporous textures with pore size in the range
of 1.5–1.8 nm and specific surface area in the range of 140–
170 m2/g. The typical yellow–green color has been obtained
after samples were calcined to as 800 1C. The final products
were composed of spherical aggregates formed by nanoparti-
cles with a size of about 20–60 nm. Due to the increasing of
the Ce content the crystallites get smaller and form agglom-
erates owing to the size effect. In addition to that, their
crystallinity decreases. The FTIR spectra show that cerium
ions incorporated into the HAp lattice reduce the acidity of the
surface P–OH groups. The Ce-substituted HAp nanopowders
are more effective against E. coli Gram-negative bacterium
than against S. aureus Gram-positive bacterium.
References

[1] L.C. Palmer, C.J. Newcomb, S.R. Kaltz, E.D. Spoerke, S.I. Stupp,
Biomimetic systems for hydroxyapatite mineralization inspired by bone
and enamel, Chem. Rev. 108 (2008) 4754–4783.

[2] D. Eichert, C. Drouet, H. Sfihi, C. Rey, C. Combes, Nanocrystalline
apatite-based biomaterials: synthesis, processing and characterization, in:
J.B. Kendall (Ed.), Biomaterials Research Advances, Nova Science
Publishers, New York, NY, 2007, pp. 93–143.

[3] Y. Cai, R. Tang, Calcium phosphate nanoparticles in biomineralization
and biomaterials, J. Mater. Chem. 18 (2008) 3775–3787.

[4] S.V. Dorozhkin, Bioceramics of calcium orthophosphates, Biomaterials
31 (2010) 1465–1485.

[5] G. Ciobanu, S. Ilisei, C. Luca, Hydroxyapatite-silver nanoparticles
coatings on porous polyurethane scaffold, Mater. Sci. Eng. C: Mater.
Biol. Appl. 35 (2014) 36–42.

[6] T. Hara, K. Mori, T. Mizugaki, K. Ebitani, K. Kaneda, Highly efficient
dehydrogenation of indolines to indoles using hydroxyapatite-bound Pd
catalyst, Tetrahedron Lett. 44 (2003) 6207–6210.

[7] P.C. Lin, S.C. Lin, W.H. Hsu, Adsorption behaviors of recombinant
proteins on hydroxyapatite-based immobilized metal affinity chromato-
graphic adsorbents, J. Chin. Inst. Chem. Eng. 39 (2008) 389–398.

[8] G. Ciobanu, M. Harja, L. Rusu, A.M. Mocanu, C. Luca, Acid Black 172
dye adsorption from aqueous solution by hydroxyapatite as low-cost
adsorbent, Korean J. Chem. Eng. 31 (2014) 1021–1027.

[9] Y. Zhang, J. Lu, A simple method to tailor spherical nanocrystal
hydroxyapatite at low temperature, J. Nanopart. Res. 9 (2007) 589–594.

[10] I. Bogdanoviciene, A. Beganskiene, K. Tonsuaadu, J. Glaser, H.J. Meyer,
A. Kareiva, Calcium hydroxyapatite, Ca10(PO4)6(OH)2 ceramics prepared
by aqueous sol–gel processing, Mater. Res. Bull. 41 (2006) 1754–1762.

[11] G. Ciobanu, G. Carja, O. Ciobanu, Structural characterization of
hydroxyapatite layer coatings on titanium supports, Surf. Coat. Technol.
202 (2008) 2467–2470.

http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref1
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref1
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref1
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref2
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref2
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref2
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref2
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref3
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref3
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref4
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref4
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref5
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref5
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref5
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref6
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref6
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref6
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref7
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref7
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref7
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref8
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref8
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref8
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref9
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref9
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref10
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref10
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref10
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref10
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref10
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref10
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref10
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref11
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref11
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref11


G. Ciobanu et al. / Ceramics International 41 (2015) 12192–12201 12201
[12] G. Ciobanu, S. Ilisei, C. Luca, G. Carja, O. Ciobanu, The effect of
vitamins to hydroxyapatite growth on porous polyurethane substrate,
Prog. Org. Coat. 74 (2012) 648–653.

[13] M.H. Santos, M. de Oliveira, L.P. de Freitas Souza, H.S. Mansur,
W.L. Vasconcelos, Synthesis control and characterization of hydroxya-
patite prepared by wet precipitation process, Mater. Res. 7 (2004)
625–630.

[14] J.C. Elliott, Structure and Chemistry of the Apatites and Other Calcium
Orthophosphates, Elsevier Press, Amsterdam, 1994.

[15] A. Yasukawa, K. Gotoh, H. Tanaka, K. Kandori, Preparation and
structure of calcium hydroxyapatite substituted with light rare earth ions,
Colloids Surf., A 393 (2012) 53–59.

[16] S.C. Cox, P. Jamshidi, L.M. Grover, K.K. Mallick, Preparation and
characterisation of nanophase Sr, Mg, and Zn substituted hydroxyapatite
by aqueous precipitation, Mater. Sci. Eng., C: Mater. Biol. Appl. 35
(2014) 106–114.

[17] D.G. Guo, A.H. Wang, Y. Han, K.W. Xu, Characterization, physico-
chemical properties and biocompatibility of La-incorporated apatites,
Acta Biomater. 5 (2009) 3512–3523.

[18] W. Hu, J. Ma, J. Wang, S. Zhang, Fine structure study on low
concentration zinc substituted hydroxyapatite nanoparticles, Mater. Sci.
Eng., C: Mater. Biol. Appl. 32 (2012) 2404–2410.

[19] M. Sato, M.A. Sambito, A. Aslani, N.M. Kalkhoran, E.B. Slamovich,
T.J. Webster, Increased osteoblast functions on undoped and yttrium-
doped nanocrystalline hydroxyapatite coatings on titanium, Biomaterials
27 (2006) 2358–2369.

[20] T.J. Webster, C. Ergun, R.H. Doremus, R. Bizios, Hydroxylapatite with
substituted magnesium, zinc, cadmium, and yttrium. II. Mechanisms of
osteoblast adhesion, J. Biomed. Mater. Res. 59 (2002) 312–317.

[21] C. Leonelli, G. Lusvardi, G. Malavasi, L. Menabue, M. Tonelli, Synthesis
and characterization of cerium-doped glasses and in vitro evaluation of
bioactivity, J. Non Cryst. Solids 316 (2003) 198–216.

[22] Z. Feng, Y. Liao, M. Ye, Synthesis and structure of cerium-substituted
hydroxyapatite, J. Mater. Sci. Mater. Med. 16 (2005) 417–421.

[23] L. Yingguang, Y. Zhuoru, C. Jiang, Preparation, characterization and
antibacterial property of cerium substituted hydroxyapatite nanoparticles,
J. Rare Earths 25 (2007) 452–456.

[24] D.G. Greenhalgh, Topical antimicrobial agents for burn wounds, Clin.
Plast. Surg. 36 (2009) 597–606.

[25] A.S. Karakoti, N.A. Monteiro-Riviere, R. Aggarwal, J.P. Davis, R.J.
Narayan, W.T. Self, J. McGinnis, S. Seal, Nanoceria as antioxidant:
synthesis and biomedical applications, JOM (1989) 60 (2008) 33–37.

[26] L. Alili, M. Sack, A.S. Karakoti, S. Teuber, K. Puschmann, S.M. Hirst,
C.M. Reilly, K. Zanger, W. Stahl, S. Das, S. Seal, P. Brenneisen,
Combined cytotoxic and anti-invasive properties of redox-active nano-
particles in tumor–stroma interactions, Biomaterials 32 (2011)
2918–2929.

[27] G. Zhou, Y. Li, B. Zheng, W. Wang, J. Gao, H. Wei, S. Li, S. Wang,
J. Zhang, Cerium oxide nanoparticles protect primary osteoblasts against
hydrogen peroxide induced oxidative damage, Micro Nano Lett. 9 (2014)
91–96.

[28] A.W. Bauer, W.M. Kirby, J.C. Sherris, M. Truck, Antibiotic suscept-
ibility testing by a standardized single disk method, Am. J. Clin. Pathol.
45 (1966) 493–496.
[29] V.M. Goldschmidt, The principles of distribution of chemical elements in
minerals and rocks, J. Chem. Soc. (1937) 655–673.

[30] T. Suzuki, T. Hatsushika, M. Miyake, Synthetic hydroxyapatites as
inorganic cation exchangers. Part 2, J. Chem. Soc., Faraday Trans. 1 78
(1982) 3605–3611.

[31] R.V. Gaines, H.C. Skinner, E.E. Foord, B. Mason, A. Rosenzweig,
Dana’s New Mineralogy, John Wiley & Sons Inc., New York, NY, 1997.

[32] C. Klein, B. Dutrow, Mineral Science, John Wiley & Sons Inc., New
York, NY, 2008.

[33] M.E. Fleet, X. Liu, Y. Pan, Rare-earth elements in chlorapatite
[Ca10(PO4)6Cl2]: uptake, site preference, and degradation of monoclinic
structure, Am. Mineral. 85 (2000) 1437–1446.

[34] E.I. Getman, A.V. Ignatov, S.N. Loboda, M.A.B. Abdul Jabar, A.
O. Zhegailo, A.S. Gluhova, Substitution of samarium for strontium in
the structure of hydroxyapatite, Funct. Mater. 18 (2011) 293–297.

[35] R.D. Shannon, Revised effective ionic radii and systematic studies of
interatomic distances in halides and chalcogenides, Acta Crystallogr.,
Sect. A 32 (1976) 751–767.

[36] A. Baumer, R. Caruba, H. Bizouard, A. Peckett, Chlorapatite de synthese;
substitution et inclusions de Mn, Ce, U et Th en traces, Can. Mineral. 21
(1983) 567–573.

[37] A. Izyumov, G. Plaksin, Cerium: Molecular Structure, Technological
Applications and Health Effects (Materials Science and Technologies
Series), Nova Science Pub Inc., 2013.

[38] S. de Carolis, J.L. Pascual, L.G.M. Pettersson, M. Baudin, M. Wójcik,
K. Hermansson, A.E.C. Palmqvist, M. Muhammed, Structure and
electronic properties of Ca-doped CeO2 and implications on catalytic
activity: an experimental and theoretical study, J. Phys. Chem. B 103
(1999) 7627–7636.

[39] D. Bernache-Assollant, A. Ababou, E. Champion, M. Heughebaert,
Sintering of calcium phosphate hydroxyapatite Ca10(PO4)6(OH)2 I.
Calcination and particle growth, J. Eur. Ceram. Soc. 23 (2003) 229–241.

[40] E. Mamontov, T. Egami, Structural defects in a nano-scale powder of
CeO2 studied by pulsed neutron diffraction, J. Phys. Chem. Solids 61
(2000) 1345–1356.

[41] R.J. Chung, M.F. Hsieh, R.N. Panda, T.S. Chin, Hydroxyapatite layers
deposited from aqueous solutions on hydrophilic silicon substrate, Surf.
Coat. Technol. 165 (2003) 194–200.

[42] P. Burroughs, A. Hamnett, A.F. Orchard, G. Thornton, Satellite structure
in the X-ray photoelectron spectra of some binary and mixed oxides of
lanthanum and cerium, J. Chem. Soc. Dalton Trans. 17 (1976)
1686–1698.

[43] E. Bêche, P. Charvin, D. Perarnau, S. Abanades, G. Flamant, Ce 3d XPS
investigation of cerium oxides and mixed cerium oxide (CexTiyOz), Surf.
Interface Anal. 40 (2008) 264–267.

[44] J. Zhang, X. Ju, Z.Y. Wu, T. Liu, T.D. Hu, Y.N. Xie, Z.L. Zhang,
Structural characteristics of cerium oxide nanocrystals prepared by the
microemulsion method, Chem. Mater. 13 (2001) 4192–4197.

[45] A. Serret, M.V. Cabañas, M. Vallet-Regi, Stabilization of calcium
oxyapatites with lanthanum(III)-created anionic vacancies, Chem. Mater.
12 (2000) 3836–3841.

http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref12
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref12
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref12
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref13
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref13
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref13
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref13
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref14
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref14
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref15
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref15
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref15
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref16
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref16
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref16
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref16
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref17
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref17
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref17
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref18
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref18
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref18
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref19
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref19
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref19
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref19
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref20
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref20
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref20
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref21
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref21
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref21
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref22
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref22
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref23
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref23
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref23
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref24
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref24
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref25
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref25
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref25
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref25
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref25
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref26
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref26
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref26
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref26
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref27
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref27
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref27
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref28
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref28
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref29
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref29
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref29
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref30
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref30
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref30
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref31
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref31
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref31
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref32
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref32
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref32
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref32
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref32
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref32
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref32
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref33
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref33
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref33
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref34
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref34
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref34
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref35
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref35
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref35
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref36
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref36
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref36
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref37
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref37
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref37
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref37
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref37
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref37
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref38
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref38
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref38
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref38
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref38
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref38
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref38
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref39
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref39
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref39
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref39
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref40
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref40
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref40
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref41
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref41
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref41
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref41
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref42
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref42
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref42
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref42
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref42
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref42
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref43
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref43
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref43
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref44
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref44
http://refhub.elsevier.com/S0272-8842(15)01156-6/sbref44


Science of the Total Environment 628–629 (2018) 36–43

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Studies on adsorption of oxytetracycline from aqueous solutions
onto hydroxyapatite
Maria Harja, Gabriela Ciobanu ⁎
“Gheorghe Asachi” Technical University of Iasi, Prof. dr. docent Dimitrie Mangeron Rd., no. 73, Iasi 700050, Romania
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Results obtained support the use of hy-
droxyapatite (HA) as adsorbent for re-
moval of oxytetracycline (OTC).

• Maximum OTC removal rate of 97.58%
was obtained.
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kinetic model for adsorption on HA.
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dependent.
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The presence of antibiotics in thewater andwastewater has raised problems due to potential impacts on the en-
vironment and consequently their removal is of great importance. For this reason, this article aims to perform a
study on the possibility of oxytetracycline (OTC) adsorption from aqueous medium by using the hydroxyapatite
(HA) nanopowders as adsorbent materials. The hydroxyapatite nanopowders were synthesized by wet precipi-
tation method by using orthophosphoric acid and calcium hydroxide as raw materials and investigated by XRD,
SEM-EDX, FTIR and BET methods. The uncalcined and calcined hydroxyapatite samples have hexagonal crystal
structure with crystal sizes smaller than 100 nm and a specific surface area of 316 m2/g and 139 m2/g, respec-
tively. The adsorption behavior of oxytetracycline, a zwitterionic antibiotic, on nanohydroxyapatite was investi-
gated as a function of pH, contact time, adsorbent dosage and drug concentration by means of batch adsorption
experiments. High oxytetracycline removal rates of about 97.58% and 89.95% for the uncalcined and calcined
nanohydroxyapatites, respectively, were obtained at pH 8 and ambient temperature. The adsorption process of
oxytetracycline onto nanohydroxyapatite samples was found to follow a pseudo-second order and intraparticle
diffusion kinetic models. The maximum adsorption capacities of 291.32 mg/g and 278.27 mg/g for uncalcined
and calcined nanohydroxyapatite samples, respectively, have been found. The adsorption mechanism of OTC
on the hydroxyapatite surface at pH 8 can be established via surface complexation. The obtained results are in-
dicative of good hydroxyapatite adsorption ability towards oxytetracycline drug.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, soil andwater pollution by the antibiotic residues is a
matter of growing interest (Bound and Voulvoulis, 2004). The antibi-
otics can enter the environment in many ways, such as the production
of active pharmaceutical ingredients, removal of the pharmaceutical
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residues, the discarding of unused medicines, etc. Some antibiotics are
easily degraded (such as penicillins), while others are much more per-
sistent (such as tetracyclines), allowing them to exist more time in the
environment, to further spread and accumulate in higher concentra-
tions. In surface waters receiving municipal wastewaters, concentra-
tions of antibiotics rarely exceed 1 mg/L, being usually within a low
μg/L range (Larsson, 2014). The antibiotics occurrence in the water en-
vironment exposes human beings and animals to constant low concen-
trations of antibiotics through drinking water contamination.

Among different groups of antibiotics, tetracyclines receive a special
attention because large quantities are applied in the therapy of human
and animal infections and also in animal feed as growth promoters.
But, only a small amount of tetracyclines can be metabolized or
absorbed by humans and animals. Residues of these antibiotics are ac-
cumulated in environmental waters and soil and they may lead to oc-
currence of resistant species (Gao et al., 2012b).

Oxytetracycline (OTC), a prominent member of tetracyclines, is a
broad-spectrum antibiotic, active against a wide variety of bacteria.
Oxytetracycline is widely used in human and veterinarian medicine to
treat many infections, both common and rare. As a drug, it undergoes
minimal metabolism being mainly excreted as such via urine (CVMP,
1995). A soil sorption study indicated that oxytetracycline is strongly
adsorbed in soil regardless soil type (Rabølle and Spliid, 2000). Broad
scale monitoring studies have found oxytetracycline in concentrations
as high as 300 μg/kg in some soils, and up to 15 μg/L in some ground
and surfacewaters (Fatta-Kassinos et al., 2011). TheWorldHealth Orga-
nization (WHO) recommends a guideline value of b1 ppb of antibiotic
residues in the aquatic environment and b100 ppb in the soil (WHO
(World Health Organization) Library, 2012).

Therefore, efficient and inexpensive treatment methods for remov-
ing the antibiotics from the environment were developed. A low-cost
strategy to remove such compounds from the effluents of sewage treat-
ment plants consists in including a solid phase adsorption step after a
traditional treatment. The adsorption of the tetracyclines on isolated
clays, organic clays, soils, organic matters and marine sediment has
been previously investigated (Kulshrestha et al., 2004; MacKay and
Canterbury, 2005; Rabølle and Spliid, 2000).

The apatites are the most commonly occurring phosphate minerals
on the Earth's crust, and consequently the primary natural sources of
phosphorous in the biosphere (Oelkers and Valsami-Jones, 2008). The
apatites are important in a great variety of natural and industrial pro-
cesses. They are used as rawmaterial in the fertiliser production and re-
mediation of contaminated soils (Manning, 2008). The hydroxyapatite
(Ca10(PO4)6(OH)2, HA), a compound similar to the biological apatite
which is themain constituent of mammalian bone and teeth, is a prom-
ising material for bone and tooth implants (Ciobanu et al., 2008;
Ciobanu et al., 2012; Dorozhkin, 2015). Due to its high adsorption capac-
ity and low water solubility, hydroxyapatite is a good adsorbent for
heavy metals, dyes and other contaminants in wastewaters (Ciobanu
et al., 2009; Nishiyama et al., 2016; Wang et al., 2016).

The present work involved a study of the OTC adsorption process
from aqueous solutions by the hydroxyapatite as adsorbent. The hy-
droxyapatite was chosen as an adsorbent due to its adsorption proper-
ties, lack of toxicity and low price. Besides, the adsorption behaviour
of OTC on hydroxyapatite has not yet been studied in the literature till
now. Kinetic adsorption experiments were carried out to establish the
effect of time on the adsorption process and to determine the adsorp-
tion rate for OTC removal.

2. Materials and methods

2.1. Materials

Oxytetracycline hydrochloride (C22H24N2O9·HCl, MW = 496.89,
CAS Number 2058-46-0, 95% purity) was purchased from Sigma-
Aldrich (Germany). Other chemicals, including Ca(OH)2, H3PO4 (85 wt
%), NaOH,HCl and CH3\\CH2\\OHwere purchased fromChemical Com-
pany (Romania). All reagents were of analytical grade.

2.2. Preparation and characterization of nanohydroxyapatite adsorbents

The hydroxyapatite samples were prepared by using Ca(OH)2 and
H3PO4 as raw materials, as presented elsewhere (Ciobanu et al.,
2015a; Ciobanu et al., 2015b; Ciobanu et al., 2016). 250 mL aqueous so-
lution of Ca(OH)2 (0.1 M) were added drop-wise to an appropriate
amount of H3PO4 (0.1 M) aqueous solution to achieve predetermined
Ca/P atomic ratio of 1.67, under magnetic stirring for 1 h at 60 ± 1 °C.
The pHwas continuouslymonitored and adjusted to 11±0.5 by adding
NaOH (1M) aqueous solution. The suspension was aged for 3 h at 60±
1 °C and then filtered and washed with ethanol and triply distilled
water. The obtained powder was calcined at 800 °C in an electrically
heated furnace in order to increase its crystallinity. The uncalcined
and calcined hydroxyapatite samples were labeled HA-uc and HA-c,
respectively.

Powder X-ray diffraction (XRD) patterns of the samples were re-
corded with a X'PERT PRO MRD diffractometer (PANalytical,
Netherlands) by using monochromatic CuKα radiation (λ =
0.15418 nm). From XRD data the phase composition and average crys-
tallite size of the hydroxyapatite powders were obtained. Themorphol-
ogy and elemental composition on the surface of the hydroxyapatite
samples were evaluated by using scanning electron microscopy (SEM)
together with energy dispersive X-ray spectroscopy (EDX) with
QUANTA 2003Dmicroscope (FEI, Netherlands). The BET specific surface
areas were obtained from the N2 adsorption isotherms recorded by a
Quantachrome Nova 2200e Win2 apparatus (Quantachrome,
Germany). The pH at the point of zero charge (pHpzc) of the hydroxyap-
atite samples was determined by the pH drift method (Khan and
Sarwar, 2007). All pH measurements were run with a Multi-Parameter
Consort C831 (Consort, Belgium). The FTIR spectra of the samples
were recorded on a DIGILAB SCIMITAR-SERIES spectrophotometer
with an attenuated total reflectance (ATR) accessory. Measurements
were carried out in the attenuated total reflectance mode using a ZnSe
prism, between 400 and 4000 cm−1, with resolution setting 4 cm−1.

2.3. Batch adsorption experiments

The adsorption measurements were carried out by batch equilib-
rium experiments in 50 mL glass flasks. Various OTC solutions with dif-
ferent initial concentrations were prepared by diluting the OTC
(1000 mg/L) stock solution. About 20 mL of OTC solutions of specified
concentrations were mixed with fixed amounts of adsorbent. Prior to
the adsorbent addition, the mixture pH was adjusted to required value
either by 1 N NaOH or HCl solutions. The flasks were sealed and incu-
bated under stirring at 150 rpm for a given time to attain the equilib-
rium. Then, the mixtures were filtered with 0.45 μm cellulose acetate
syringe filters prior to the concentration measurement.

For equilibrium measurements, the effects of the solution pH (2−
10), adsorbent dosage (0.1–5 g/L), initial OTC concentration
(10–300 mg/L) and contact time were examined in one-step batch
mode. The influence of various parameters was investigated by varying
oneparameter at a time and keeping constant the other parameters. The
OTC concentration was quantified bymeans of UV–visible spectroscopy
using a UV–Vis Jasco V-550 spectrophotometer (Jasco, Japan) at 355 nm
(wavelength of maximum adsorption value of OTC).

The adsorption capacity qt (mg/g) at time t and the removal rate or
percentage removal R (%) of OTC were determined by the following
equations:

qt ¼
C0–Ct

m
� V ð1Þ
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R ¼ C0–Ct

C0
� 100 ð2Þ

where C0 and Ct represent the initial and t time's concentrations (mg/L)
of OTC in the solution, V (L) is the volume of solution, and m (g) is the
mass of the adsorbent.

2.4. Adsorption kinetics models

The adsorption process was fitted by the pseudo-first order kinetic
(Lagergren and Sven, 1898), pseudo-second order kinetic (Ho and
McKay, 1999) and intraparticle diffusion (Weber Jr. and Morris, 1963)
models (Table 1), and the model with higher correlation coefficient
(R2) was chosen.

2.5. Statistical analysis

Each experiment has been carried out three times and the mean ±
SD (standard deviation) has been considered for data analysis to con-
firm representative. The analysis was performed by using one-way
ANOVA test. Values of p b 0.05 were considered statistically significant.
The kinetics models fitness was judged by using two non-linear error
functions: Chi-square test (χ2) and Root Mean Square Error (RMSE).
The standard equations are as follows:

χ2 ¼
XN
i¼1

qe; exp−qe;calc
� �2

qe;calc
ð6Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N−2

XN
i¼1

qe; exp−qe;calc
� �2

vuut ð7Þ

where qe,exp and qe,calc represent the experimental and calculated values
of the adsorption capacity (mg/g) and N is the number of experimental
data. The lowest values of χ2 and RMSE indicate the best model fitting
and the similarity of model with the experimental data, respectively
(Ho and Ofomaja, 2006).

3. Results and discussion

3.1. Characterization of nanohydroxyapatite adsorbents

The hydroxyapatite nanopowders (HA-uc and HA-c samples) were
prepared and characterized by SEM-EDX, XRD and BET methods, as re-
ported in previous papers (Ciobanu et al., 2015a; Ciobanu et al., 2015b).
The morphology of HA-uc and HA-c samples is shown in SEM micro-
graphs (Fig. 1a, b). The HA-uc sample (Fig. 1a) contains needle-like
shape crystallites. Instead, in HA-c sample (Fig. 1b) the particles are ag-
glomerated in the spherical-like shape aggregates with an average di-
ameter smaller than 200 nm. Also, the micrographs show irregular
and porous surfaces with intergranular porosity. The XRD patterns
(Fig. 1c) of the HA-uc and HA-c samples show the diffraction lines char-
acteristic of the hydroxyapatite, in good agreementwith the JCPDS Data
Card 09-0432 (hydroxyapatite standard). The samples have hexagonal
Table 1
The adsorption kinetics models.

Model Linear equation Model parameters

Pseudo-first order kinetic
model

logðqe–qtÞ ¼ logqe–
k1

2:303 � t
(3)

k1 = pseudo first-order rate co

Pseudo-second order
kinetic model

t
qt
¼ 1

k2 �q2e
þ 1

qe
� t (4) k2 = pseudo-second order rate

Intraparticle diffusion
model

qt = kid ⋅ t1/2 + c (5) kid = intraparticle diffusion ra
= intercept (mg/g)
crystal structure and crystal sizes smaller than 100 nm. The BET surface
area from N2 adsorption/desorption isotherms (Fig. 1d) of the HA-uc
and HA-c samples was of 316 m2/g and 139 m2/g, while their total
pore volume was of 0.368 cm3/g and 0.223 cm3/g, respectively. There-
fore, the uncalcined nanohydroxyapatite would be expected to be able
to hold higher amounts of OTC drug than the calcined
nanohydroxyapatite. The pH at the point of zero charge (pHpzc) of HA-
uc and HA-c samples was found to be 6.5 and 6.65, respectively, in
good agreement with literature (Skwarek et al., 2014).

3.2. Adsorption of oxytetracycline from solutions

3.2.1. Effect of initial pH
The pH of a solution is one of the most important parameters con-

trolling the adsorption process. The solution pH affects the surface
charge of the adsorbent and the degree of ionization and specificity of
the adsorbate. Fig. 2a shows the effect of pH (from 2 to 10) on OTC ad-
sorption onto hydroxyapatite samples (at initial OTC concentration
50 mg/L, adsorbent dose 2 g/L, contact time 1 h, temperature 20 ± 1
°C). The result indicates that the removal of OTC from solution is
strongly affected by the pH of the medium. The optimum adsorption
was found to be at pH 8, with OTC removal rate of about 97.58% and
89.95% for HA-uc and HA-c samples, respectively. Lower adsorption of
calcined sample can be explained by the calcination process which re-
sulted in a significant decrease of the specific surface area and total
pore volume due to particles coalescence and densification (Patel
et al., 2001). Consequently,HA-uc sample is able to hold higher amounts
of OTC drug than HA-c sample. The removal efficiency of OTC on both
hydroxyapatite samples was found to increase with increasing pH
from 2 to 8, decreasing then significantly with pH increasing above 8.
This trend can be understood considering the interactions between
OTC species and hydroxyapatite surface (see Section 3.2.2).

3.2.2. Possible mechanism of adsorption
The presence of acid/base-active phenolic hydroxyl and amine

groups in OTC structure (an amphoteric antibiotic) determines the
OTC to exist as different ionic species at different solution pH. The OTC
molecule has three acid dissociation constants (pKa = 3.57, 7.49 and
9.44) depending on the solution pH (Sassman and Lee, 2005). As can
be seen in Fig. 3, OTC exists predominantly as a cation (+0 0) below
pH 3.57 when the dimethylammonium group is protonated (structure
1), as a zwitterion (+ − 0) between pH 3.57 and 7.49 resulting from
the loss of proton from the phenolic diketone moiety (structure 2),
and as an anion (0−−) or (+−−) (structure 3) from the loss of pro-
tons from the tricarbonyl system and phenolic diketone moiety above
pH 7.49.

Likewise, the hydroxyapatite surface possesses two different func-
tional groups, `Ca\\OH and `P\\OH, acting as the active sites
(Othmani et al., 2013). Therefore, different interactions between these
functional groups on the hydroxyapatite surface and the ionic or polar
groups of the organic molecules can occur. The hydroxyapatite acts as
an amphoteric material depending on the solution pH (Kadlec et al.,
2016). The pH at the point of zero charge (pHpzc) of HA-uc and HA-c
samples was found to be 6.5 and 6.65, respectively. Hence, for pH
b pHpzc the surface of HA-uc and HA-c samples gets positive charge
Comments

nstant (min−1) k1 and qe values were calculated from the plot of log
(qe − qt) versus t;
qe = adsorption capacity at equilibrium (mg/g)

constant (g/mg∙min) k2 and qe values were calculated from the plot of t/qt
versus t

te constant (mg/g∙min0.5); c kid and c values were calculated from the plot of qt
versus t1/2



Fig. 1. SEM images (a,b), X-ray diffraction patterns (c) and nitrogen sorption isotherms (d) of HA-uc and HA-c hydroxyapatite nanopowders.
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(due to `CaOH2
+ sites) while for pH N pHpzc the charge become nega-

tive (due to `OPO3H− sites). This fact is indicative of the zwitterionic
properties of the hydroxyapatite surfaces, in good agreementwith liter-
ature data (Bengtsson and Sjöberg, 2009).

The sorption of OTC onto hydroxyapatite is complicated. Because of
the pH-dependent specificity of the OTC molecules and hydroxyapatite
surface, several potential mechanisms for the OTC - hydroxyapatite in-
teractions can be advanced (Farbod et al., 2013):

a) Positively charged quaternary ammonium functional group of
OTC may interact with negatively charged phosphate groups
(`OPO3H−) on the hydroxyapatite surface;

b) Negatively charged phenolic diketone moiety of OTC may bind to
hydroxyapatite by interaction with positively charged groups
(`CaOH2

+);
c) Hydrogen bonds occurring between polar OTC groups and hy-

droxyl groups (`P\\OH or `Ca\\OH) on the hydroxyapatite surface
may also contribute to the OTC sorption.

The hydroxyapatite has high adsorption capacity for OTC removal by
different processes, such as (i) ion-exchange, (ii) surface complexation
and (iii) the formation of insoluble compounds.

Our hypothesis is that the sorption mechanism of OTC on the hy-
droxyapatite surface at pH 8 can be established via surface complexa-
tion. Physical mechanisms such as van der Waals forces attraction and
hydrogen bonding between OTC molecules and\\OH groups on the
surface of hydroxyapatite samples may also contribute to surface com-
plexation mechanism in OTC adsorption.

In order to assess the adsorptionmechanism of OTC on the hydroxy-
apatite surface, the FTIR spectra of the HA-uc sample before and after
OTC adsorption were analysed (Fig. 4). As shown in Fig. 4a, the most
characteristic bands of OTC are in the 1100–1700 cm−1 region, which
is consistent with reports in literature (Jia et al., 2013). The peaks at
1673 and 1525 cm−1 were attributed to the\\C_O and\\NH2 groups
of the amide group in ring A, respectively. The peaks at 1612 and
1587 cm−1 were attributed to the –C_O group in ring C and the
amide\\NH, respectively, while the 1451 cm−1 peak was attributed
to C_C skeletal vibration. The intense stretching band centered be-
tween 3300 and 3500 cm−1 is due to theO\\H in alcoholic and phenolic
groups (Jia et al., 2013). The spectrum of the HA-uc sample before OTC
adsorption (Fig. 4b) exhibited the fundamental vibration modes of the
phosphate (470, 563, 607, 961, 1032 and 1093 cm−1), OH– (638 and
3571 cm−1) and bound water (a broader band between 3200 and
3500 cm−1). After OTC adsorption, most of the bands of theHA-uc sam-
ple have not changed (Fig. 4c) implying that the adsorption process did
not modify the hydroxyapatite structure. However, new peaks around
1200–1700 cm−1 appeared in the spectrum of this sample which
might be related to the complex formation between OTC molecules
and the hydroxyapatite. Particularly, the peak at 1673 cm−1 in the spec-
trum of OTC shifted to lower frequency (1658 cm−1) after OTC



Fig. 2. Effects of pH (a), adsorbent dosage (b), OTC initial concentration (c) and contact time (d) on OTC adsorption ontoHA-uc and HA-c samples. Data are presented as mean± standard
deviation (p b 0.05, sample size = 3 per group).
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adsorption as a result of hydrogen bonding between P−OH groups and
OTCmolecules. Also, the peak assigned to amino groups (1525 cm−1) of
the amide almost disappeared after OTC loading, which demonstrated
that the \\C_O and \\NH2 groups of the amide in ring A of OTC
might have complexedwith Ca ions on the hydroxyapatite surface. Fur-
thermore, the decreased peak intensity around 1673 cm−1 also implied
the complexation of OTC with Ca ions on the surface of hydroxyapatite.
Our results agree with the results obtained by Zhang et al. (Zhang et al.,
2016) that demonstrated the formation of surface complexes between
these groups in tetracycline (with the OTC like structure) with Ca ions
in the calcium phosphate nanoparticles.

3.2.3. Effect of adsorbent dosage
The experimental data regarding the effect of adsorbent dosage on

the removal rate of OTC in solution onto hydroxyapatite samples are
shown in Fig. 2b. The influence of adsorbent dosage was investigated
in the range of 0.1–5 g/L adsorbent, keeping all other parameters con-
stant (pH=8, initial OTC concentration 50mg/L, contact time 1 h, tem-
perature 20 ± 1 °C). The results indicated that, for both hydroxyapatite
samples, the OTC removal rate increased with increasing adsorbent
Fig. 3. Different forms of the OTC
dosage, the maximum value being attained at 2 g/L adsorbent dose.
The increase in the removal rate could be due to an increase in the sur-
face area and the availability of more active sites on the surface of hy-
droxyapatite samples. Therefore, in the following investigations the
adsorbent dosage of 2 g/L was used.

3.2.4. Effect of initial OTC concentration
The initial drug concentration is a very important factor to be inves-

tigated in adsorption studies asmost contaminatedwastewaters usually
contain different concentrations of drugs, so that the determination of
its effect is necessary for an accurate adsorption study.

The effect of the solution concentration was studied by varying the
initial OTC concentration from 10 to 300mg/L in the test solution, keep-
ing all other parameters constant (pH=8, adsorbent dose 2 g/L, contact
time 1 h, temperature 20 ± 1 °C). The amount of OTC adsorbed in-
creased with increasing initial drug concentration tending to saturation
at higher drug concentrations (Fig. 2c). The noticed increasing of the
OTC uptake by the adsorbents with increasing initial OTC concentration
could be due to intensification of the interactions between OTC and hy-
droxyapatite which involves active sites of progressive affinity for the
antibiotic in increasing pH.



Table 2
Kinetic parameters for OTC adsorption onHA-uc and HA-c samples (initial pH= 8, adsor-
bent dose 2 g/L, initial OTC concentration 50 mg/L, temperature 20 ± 1 °C).

Kinetic model Parameter Sample

HA-uc HA-c

qe,exp (mg/g) 291.32
±
0.27

278.27
±
0.35

Pseudo-first order kinetic model qe,calc (mg/g) 204.64 208.55
k1 (min−1) 0.0746 0.0647
R2 0.9490 0.9847
χ2 110.146 69.925
RMSE 86.68 69.72

Pseudo-second order kinetic
model

qe,calc (mg/g) 303.03 285.71
k2 (g/mg·min) 0.000963 0.000839
R2 0.9923 0.9902
χ2 1.358 0.582
RMSE 11.71 7.44

Intraparticle diffusion model I kid(I) (mg/g·min1/2) 37.866 39.962
c(I) 84.364 54.048
R2(I) 0.9964 0.9814

II kid(II)
(mg/g·min1/2)

17.839 16.373

c(II) 161.25 155.02
R2(II) 0.9454 0.9627

χ2 = Chi-square, RMSE= Root Mean Square Error; the results are statistically significant
(p b 0.05).

Fig. 4. The FTIR spectra of OTC (a) and HA-uc sample before (b) and after (c) OTC
adsorption.
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OTC species till the saturation point. The removal degree remained con-
stant for OTC concentration exceeding 50mg/L and this valuewas taken
in the following investigations.

3.2.5. Effect of contact time
The reaction time is another important factor influencing the ad-

sorption process of drugs in a medium. The selection of the proper
drug adsorption time in wastewater treatment shows some economic
benefits. The effect of contact time on the uptake of OTC onto
Fig. 5. The pseudo-first order (a), pseudo-second order (b) and intraparticle diff
hydroxyapatite samples was studied and shown in Fig. 2d. The adsorp-
tion experiments were performed at different contact times, keeping all
other parameters constant (pH = 8, initial concentration of OTC
50mg/L, adsorbent dose 2 g/L, temperature 20± 1 °C). The results indi-
cated a quick adsorption during the first 15min, increasing then gradu-
ally with increasing contact time till the equilibrium was attained (in
1 h). The maximum adsorption capacities (qe,exp) of 291.32 ±
0.27 mg/g and 278.27 ± 0.35 mg/g for uncalcined and calcined
usion (c) kinetic models for OTC adsorption onto HA-uc and HA-c samples.



Table 3
Comparison of the OTC adsorption by various adsorbents.

Materials Specific surface area (m2/g) Temperature/pH qe (mg/g) References

Commercial activated carbon 1200 298 K/4–5 413.20 (Rivera-Utrilla et al., 2013)
Activated carbon fiber 1153.25 293 K/2 312.50 (Huang et al., 2013)
Graphene oxide – 298 K/3.6 212.31 (Gao et al., 2012a)
Multiwalled carbon nanotubes 357 295 K/7 190.20 (Oleszczuk et al., 2009)
Graphene oxide functionalized magnetic particles – 293 K/3–4 45.00 (Lin et al., 2013)
Illite/kaolinite – 293 K/3 8.85/4.78 (Bansal, 2013)
HA-uc 316 293 K/8 291.32 (This work)
HA-c 139 293 K/8 278.27 (This work)
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nanohydroxyapatite samples, respectively, have been found. Therefore,
the optimum contact time was selected as 1 h for further experiments.
This result may be due to the use of vacant adsorption sites on the ad-
sorbent surface. During the initial stage of sorption a large number of va-
cant sites on the hydroxyapatite surface were available for adsorption.
With increasing contact time, sorption sites on the surface of hydroxy-
apatite samples are close to saturation which makes adsorption of OTC
to be transferred from the surface into the void of hydroxyapatite sam-
ples. After a certain time, the remaining vacant surface sites are occu-
pied, becoming then saturated.

3.2.6. Adsorption kinetics models
In order to determine and interpret the mechanisms of OTC adsorp-

tion processes on the hydroxyapatite samples and themain parameters
governing the adsorption kinetics, the kinetic adsorption data obtained
empirically were fitted to the pseudo-first-order, pseudo-second-order,
and intra-particle diffusion models given in Table 1. The fitted plots of
adsorption kinetic models for OTC by hydroxyapatite samples are
shown in Fig. 5. The validity of each model is checked by the corre-
sponding correlation coefficients (R2) as well as the experimental and
calculated data summarized in Table 2.

The R2 values obtained by the pseudo-second order kinetic model
(Fig. 5b) were very high and the calculated adsorption capacity values
(qe,calc) were in good agreement with the experimental results (qe,exp)
(Table 2). This suggests the applicability of the pseudo-second order ki-
netic model to describe the adsorption kinetics data of OTC onto hy-
droxyapatite samples. In this case, the adsorption rate limiting step
may be the chemisorption and adsorption of OTC occurs probably via
surface complexation reactions at specific adsorption sites on hydroxy-
apatite surface.

The validity of the kineticsmodels for fitting the adsorption datawas
also assessed by calculating the Chi-square (χ2) and RootMean Squared
Error (RMSE) values. Lower values of χ2 and RMSE showed better fit to
the adsorption data giving an indication on the adsorption mechanism.
As shown in Table 2, the pseudo-second order kinetic model was found
to be statistically significant based on the higher values of correlation
coefficient (R2) and lower values of χ2 andRMSE compared to the values
obtained for the pseudo-first order kinetic model. Thus the pseudo-
second order kinetic model is suitable for modeling the adsorption of
OTC on the hydroxyapatite.

For better understanding of the adsorption mechanism, the
intraparticle diffusion model was applied. The plot of this model
(Fig. 5c) could be evaluated in two linear parts. In the first part (phase
I) a rapid OTC uptake occurs, while the second part (phase II) involves
the intraparticle diffusion after external surface coverage by the previ-
ous process. The first period is the external surface adsorption or instan-
taneous diffusion stage when a large amount of OTC is rapidly adsorbed
on the adsorbent surface. The second period in the adsorption process
occurs when the adsorption on the external surface reaches saturation
and the diffusion resistance increases leading thus to the diffusion rate
decrease.

The results in Fig. 2d indicate the OTC adsorption byHA-uc and HA-c
samples to develop into two stages: the rapid surface adsorption (exter-
nal surface adsorption) in the first stage (first 15 min) and the slow
intraparticle diffusion (internal surface adsorption) in the second
stage (15–60 min). The adsorption equilibrium was attained in 60 min.
3.2.7. Comparative study
A comparison of adsorption capacities of other adsorbents towards

OTC found in literature is given in Table 3. The results indicated hy-
droxyapatite adsorptive properties comparable to other adsorbents
being thus proper for the OTC removal from wastewaters. Taking the
difference in the physical properties of adsorbents and experimental
conditions into account, a fair evaluation by means of the data listed is
rather difficult tomake, even though our data still provide the useful in-
formation at least on the order of magnitude.

Finally, because of the relatively low-cost of the starting materials
and the route used, the resultant hydroxyapatite nanopowders have
the potential to be cost-effective adsorbents for OTC removing from
aqueous solutions.
4. Conclusions

In the present study the adsorption of oxytetracycline (OTC) drug
from aqueous solution on hydroxyapatite nanopowders was investi-
gated. The nanohydroxyapatite powders were prepared by wet
coprecipitation method. The uncalcined and calcined hydroxyapatite
samples have hexagonal crystal structure with crystal sizes smaller
than 100 nm and a specific surface area of 316 m2/g and 139 m2/g, re-
spectively. The batch adsorption experiments were performed and the
effects of the initial solution pH, contact time, initial OTC concentration
and adsorbent dosage on the OTC adsorption by hydroxyapatite
nanopowders were determined. The adsorption process is dependent
on pH, the optimum pH value being 8. Under the experimental condi-
tion, the adsorption capacity of OTC on uncalcined and calcined hy-
droxyapatite samples (HA-uc and HA-c) is up to 291.32 mg/g and
278.27 mg/g, respectively. Removal rates of about 97.58% and 89.95%
for theHA-uc andHA-c samples, respectively, were obtained. The kinetic
studymade evident for both samples a fast adsorption process reaching
the equilibrium at a contact time of 60 min and pH = 8. The pseudo-
second order equation was found to describe in the best way the ad-
sorption kinetics of OTC on calcined and uncalcined hydroxyapatite
nanopowders. The OTC adsorption onto hydroxyapatite samples fol-
lows the intraparticle (pore) diffusion model. This means that the ad-
sorption process is not only a surface phenomenon, but also a rate-
limiting process in the micro- and nano-porous structure of the hy-
droxyapatite. The obtained results suggest that the OTC adsorption pro-
cess on hydroxyapatite samples occurs into two main stages. The first
stage involves bulk diffusion of OTC to the adsorbent surface while the
second involves intraparticle or pore diffusion processes. The mecha-
nisms of OTC sorption on hydroxyapatite are much more complex
than a simple hydrophobicity and hydrogen bonding. The van der
Waals and electrostatic interactions as well as cation exchange, compe-
tition and bridging should also be taken into account. The results of the
present study are indicative of hydroxyapatite as a new alternative ad-
sorbent for removing the oxytetracycline from wastewaters.
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A B S T R A C T

The novelty of the present research consists in the possibility of obtaining cerium-doped hydroxyapatite/col-
lagen coatings on the titanium support, to improve the performance of the bone implants. These coatings were
deposited on the titanium surface by biomimetic method using a modified supersaturated calcification solution
(SCS) additionally containing a cerium source and collagen. Prior to the deposition of the apatite layer, an alkali
÷ thermal oxidation pretreatment has been applied to ensure an increase in the bioactivity of the titanium
surface. The coatings were examined by scanning electron microscopy (SEM) coupled with energy dispersive X-
ray spectroscopy (EDX), X-ray diffraction (XRD) and Fourier transformed infrared (FTIR) spectroscopy. The EDX
and XRD investigations of the coatings indicated that cerium was incorporated in the hydroxyapatite lattice. The
collagen presence in the coatings was confirmed by FTIR analysis. The cerium-doped hydroxyapatite/collagen
coatings showed good antibacterial efficacy against Escherichia coli and Staphylococcus aureus bacteria, being
more effective against Escherichia coli. These coatings have a significant potential to be used in the dental and
orthopedic implants, as the osseointegration depends on much more factors than simple formation of hydro-
xyapatite.

1. Introduction

As biocompatible material, the titanium is widely used for biome-
dical applications, mainly for bone-anchoring implants in dentistry and
orthopedics. The medical applications of the titanium are due to its
specific properties, such as good mechanical properties (low modulus of
elasticity, high strength-to-weight ratio, and low density) as well as
passive surface properties (excellent corrosion resistance and low rates
of ion release) and superior biocompatibility [1–5].

Although titanium has good characteristics as implant material, its
osteoconductivity and osseointegration are quite low because of the
inert surface oxide layer. Therefore, different surface modifications (by
physical, chemical and heat treatments) have been developed to im-
prove the osteoconductivity and osseointegration of the titanium im-
plants [6,7]. The coating techniques contribute to important positive
effects of titanium implants applications. Most authors have demon-
strated that a good coating technique may give a high impact on the
mechanical and chemical properties (such as surface charge, hydro-
philicity, roughness, texture, etc.) of the implants and, consequently,
improving bone-implant contact [8–10]. Thus, it has been demon-
strated that the bioactive hydroxyapatite coating on the titanium im-
plant acts as an intermediary layer between the implant surface and

surrounding tissue, encouraging in vivo bone formation along the im-
plant surface [11]. Also, a series of organic compounds (such as col-
lagen, enzymes, etc.) can be immobilized on the titanium surface,
having shown great potential to induce specific cell responses and to
improve the stability of the tissue ÷ implant interface, and conse-
quently the desired enhancement in biocompatibility [12].

Hydroxyapatite, Ca10(PO4)6(OH)2, a calcium phosphate ceramic, is
widely accepted as a biocompatible material because of its osteogenic
property and ability to form strong bonds with host bone tissues [13].
Due to the structure, chemical and mechanical similarities to bone and
teeth mineral, hydroxyapatite is extensively used as coating on ortho-
pedic and dental implants [14–16]. An important feature of the hy-
droxyapatite is that its structure allows the incorporation of a wide
range of different foreign ions to enhance properties of the hydro-
xyapatite pertinent to the orthopedic and dental applications [17–19].
The exchange of calcium ions in the hydroxyapatite lattice with cerium
ions (Ce3+ and/or Ce4+) is an interesting subject in medical sciences. In
particular, it has been reported that cerium(III)-hydroxyapatite shows
bacteriostatic properties similar to silver [20].

In this paper, for the first time we present a fast approach to obtain
the cerium-doped hydroxyapatite/collagen coatings on the titanium
implants applying a biomimetic method by using a modified
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supersaturated calcification solution (SCS), in combination with che-
mical modification of the titanium surface by an alkali ÷ thermal
oxidation pretreatment. Cerium incorporation into hydroxyapatite
structure is an active way to impart the coatings with antibacterial
properties with good biocompatibility. The hydroxyapatite doped with
cerium (Ce) was rarely been studied in recent years [20–22]. Instead,
the Ce-doped hydroxyapatite/collagen composites serving as coatings
on the titanium implants have not yet been studied by other re-
searchers. Given the role of collagen in the bone formation, we used this
natural protein to create a structure that mimics the natural bone. The
cerium-doped hydroxyapatite/collagen coatings were characterized by
SEM-EDX, XRD and FTIR techniques. The in vitro antibacterial tests to
investigate antibacterial properties of the coatings were also realized.
These coatings are easy to be prepared either on titanium surfaces or on
modified titanium surfaces due to precursor mixture at the molecular
level in solution. The cerium-doped hydroxyapatite/collagen coated on
the surfaces of titanium implants can potentially be used to accelerate
the hydroxyapatite formation in vivo conditions and therefore to im-
prove osseointegration.

2. Materials and methods

2.1. Materials

Calcium chloride dihydrate CaCl2·2H2O, sodium phosphate mono-
basic monohydrate NaH2PO4·H2O, sodium bicarbonate NaHCO3,
cerium(IV) sulfate tetrahydrate Ce(SO4)2·4H2O, sodium hydroxide
NaOH, acetic acid CH3–COOH, collagen (from bovine Achilles tendon,
type I), ethanol CH3–CH2–OH and acetone CH3–CO–CH3 were pur-
chased from Sigma-Aldrich (Germany). All chemicals were of analytical
grade and used without further purification. The experiments were
performed in triply distilled water.

2.2. Pretreatment of titanium implants

The plate-shaped dental implants fabricated from commercially
pure Ti (c.p. Ti) were used. Before alkaline and thermal pretreatment,
samples were cleaned with acetone (for 15min), ethanol (for 10min)
and deionized water (for 5min). Samples were then treated in 0.6 M
NaOH solution at 160 °C in a pressure chamber for 24 h, with heating
rates of 5 °C/min. After alkaline treatment, the samples were washed in
deionized water for 5min and were finally heat-treated at 800 °C for 1 h
in a furnace with a heating rate of 5 °C/min.

2.3. Coating solutions

The supersaturated calcification solution (SCS) was prepared by
dissolving CaCl2·2H2O, NaH2PO4·H2O and NaHCO3 in 1 l of deionized
water, under vigorous stirring. The ion concentrations of SCS solution
are 6.5mmol/l Na+, 10mmol/l Ca2+, 20mmol/l Cl−, 5 mmol/l
H2PO4

− and 1.5mmol/l HCO3
−, where the Ca/P atomic ratio was kept

at 1.67 (Table 1), like in the hydroxyapatite [14].
The modified supersaturated calcification solution (Ce-SCS) was

prepared by adding in the original SCS solution an appropriate quantity
of Ce(SO4)2·4H2O, keeping the (Ce + Ca)/P and xCe =Ce/(Ce + Ca)
atomic ratios of 1.677 and 0.005, respectively (Table 1). We used a low

concentration of Ce (of about 0.5%) that is in therapeutic range, as
presented in literature [23]. Also, to this solution was added a certain
quantity of collagen solution (5 μg/ml, in acetic acid solution), under
vigorous stirring for 2 h.

In order to simulate the in vivo process, the pretreated titanium
samples were directly immersed into 200ml SCS (or Ce-SCS) solution
contained in a glass beaker, which was kept at 37 °C in a shaking water
bath. The SCS (or Ce-SCS) solution was refreshed every 12 h in order to
keep the ion concentration stable. The titanium samples were taken out
of the solutions after certain periods of immersion, rinsed with deio-
nized water, followed by drying in an oven, in air at 37 °C for 1 h. The
hydroxyapatite and Ce-doped hydroxyapatite/collagen coatings on the
titanium surface samples were denoted HA-Ti and Ce-HA-Ti, respec-
tively.

2.4. Samples characterization

The morphology and chemical composition of the coatings were
studied by scanning electron microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (EDX) with QUANTA 200 3D microscope
(FEI, Netherlands), operating under high vacuum at 20 kV accelerating
voltage and 10mm working distance. Silver sputtering was used to
make the coating surfaces conductive for the SEM investigations. The
size range of the particles was determined by measuring a statistically
relevant numbers of particles from the electron micrographs. The
coatings formed on titanium support were characterized by X-ray dif-
fraction (XRD) with X′PERT PRO MRD diffractometer (PANalytical,
Netherlands) using monochromatic CuKα radiation (λ=0.15418 nm),
operating at 40 kV and 50mA over a 2θ range from 2° to 70°. The FTIR
spectra of the coatings were recorded on a DIGILAB SCIMITAR-SERIES
spectrophotometer with an attenuated total reflectance (ATR) acces-
sory. Measurements were carried out in the attenuated total reflectance
mode using a ZnSe prism, between 400 and 4000 cm−1, with resolution
setting 4 cm−1.

2.5. Antibacterial activity

The spread plate method was used to analyze the antibacterial ac-
tivity of the coatings. The tests were performed according to the bio-
logical standard methodology [24]. Escherichia coli (Gram-negative)
(ATCC 25922) and Staphylococcus aureus (Gram-positive) (ATCC 6538)
bacteria were used in the antibacterial experiments. The bacteria were
counted through colony-forming units (CFUs) and bactericidal ratio (BR
%) was calculated according to the following equation:

=
−

⋅BR
CFUs CFUs

CFUs
% 100(1) (2)

(1) (1)

where CFUs(1) is number of colonies in the control group (CFUs/ml),
and CFUs(2) is number of colonies in the analyzed sample (CFUs/ml).

All experiments were carried out in triplicate and the values are
expressed as means ± standard deviations. Statistical analysis was
performed using Student's t-test, with the significant level with a p value
of less than 0.05.

3. Results and discussion

3.1. Coatings characterization

It is well known that in order to induce the hydroxyapatite nu-
cleation it is needed to create Ti–OH groups on the titanium surfaces
[25]. The alkaline pretreatment have been increasingly become an
important approach to form a bioactive sodium titanate Na2Ti5O11

layer on the surface of titanium implants by immersing them in thermal
NaOH solution and subsequent heat treatment [25–27]. This bioactive
sodium titanate layer can induce biomimetic formation of the

Table 1
Atomic ratios in SCS or Ce-SCS solutions and in the final coatings.

Sample SCS solution Final coating

=
+

xCe
Ce

Ce Ca
+Ce Ca
P

Ce (%)
=

+
xCe

Ce
Ce Ca

+Ce Ca
P

Ce (%)

HA-Ti 0 1.677 0 0 1.675 0
Ce-HA-Ti 0.005 1.677 0.5 0.0048 1.674 0.48
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hydroxyapatite on the titanium surface when it is immersed in a solu-
tion containing Ca2+ and PO4

3− ions, simulating the physiological
conditions [25]. In the biomimetic process, the solutions usually used
for this type of deposition are Simulated Body Fluid (SBF) and Super-
saturated Calcification Solution (SCS), which mimic the composition of
the blood plasma with inorganic ions [28,29].

In this study, the hydroxyapatite and cerium-doped hydroxyapatite/
collagen coatings on the titanium implants were obtained by applying a
biomimetic method using supersaturated calcification solutions (SCS),
in combination with chemical modification of the titanium surface by
an alkali ÷ thermal oxidation pretreatment.

In the biomimetic SCS solution the mechanism of hydroxyapatite
formation on the pretreated titanium involves a series of successive
processes. Firstly, Na+ ions are released from the sodium titanate layer
and hydronium ions enter into the surface layer via ion exchange,
conducting to the formation of the negatively charged Ti–OH− groups
on the metallic surface [30]. These Ti–OH– groups interact with Ca2+

ions in the SCS solution by electrostatic interaction, forming calcium
titanate. Next, the calcium titanate takes PO4

3− ions as well as Ca2+

ions in the fluid to form the apatite nuclei which then spontaneously
grow by consuming the calcium and phosphate ions from SCS solution.

In the modified biomimetic Ce-SCS solution, the formation of the
cerium-hydroxyapatite/collagen coating on the titanium surface in-
volves deposition of the hydroxyapatite crystals together with the col-
lagen fibrils as a result of some processes which occurring in the system.
In this biomimetic solution which contains Ce4+ ions, the mechanism of
the Ce-doped hydroxyapatite layers formation is as in the SCS solution,
just as the titanate retains both phosphate and calcium ions as well as
the cerium ions in the solution to form the Ce-doped hydroxyapatite
crystals. The incorporation of foreign ions in the hydroxyapatite
structure through substitution mechanism is favourable when the dif-
ference between the ionic radii is small, closeness to the ionic radius of
Ca2+ ions of 1.06 Å, according to Shannon [31]. Having quite com-
parable dimensions, Ce4+ ions with radius of 1.07 Å, can substitute
Ca2+ ions during the synthesizing process. At the same time, since in
the Ce-SCS solution the collagen fibrils are positively charged (due to
the amino-acid sequence), they are attracted to the negative surface of

the titanium implant. The collagen fibrils could further serve as a het-
erogeneous nucleation reagent for hydroxyapatite or Ce-doped hydro-
xyapatite deposition because the negative terminal groups (–COO−) of
collagen molecules might adsorb Ca2+ and/or Ce4+ ions.

The hydroxyapatite layers formed on the titanium surface after
biomimetic treatment in SCS or Ce-SCS solutions were examined by
SEM-EDX, XRD and FTIR methods.

Fig. 1 shows the SEM photographs of the titanium substrate before
and after surface treatments. After alkaline ÷ thermal pretreatment, a
microporous layer of crystalline sodium titanate (Fig. 1b) was formed
on the titanium surface, as presented in our previous studies [32–34].
As shown in Fig. 1c,d, after immersion in the SCS or in Ce-SCS solutions,
a biomimetic coating comprised of numerous crystals with thin plate
morphologies was formed homogeneously on the whole surface of the
titanium. The presence of Ce4+ ions in the hydroxyapatite lattice (in
Ce-HA-Ti sample) reduced the particles sizes and decreased the degree
of crystallinity of the hydroxyapatite, according to the XRD data. The
size of the hydroxyapatite crystals in HA-Ti sample as estimated from
the SEM images ranged from 3 to 8 µm. In contrast, for Ce-HA-Ti
sample, there is a decrease in crystal size in 1–5 µm range. The SEM
image at high magnification (Fig. 1e) also showed the collagen fibrils
deposited on the titanium surface. One can see that on them are grown
very small deposits of hydroxyapatite crystals, in a size smaller than
100 nm. This assumption could be supported by collagen characteristic
peaks that occur in the FTIR spectrum (see Fig. 4).

The XRD patterns in Fig. 2 indicate that the crystals deposited onto
titanium surface after soaking in SCS or in Ce-SCS solutions have the
characteristic peaks in 2θ regions of 25°, 28°, 31–33° and 40–56°, in
good agreement with the hexagonal (space group P63/m) hydro-
xyapatite phase (JCPDS Data Card 09-0432). Compared with undoped
hydroxyapatite layer, the Ce-doped hydroxyapatite/collagen layer
showed comparable peaks without significant shifting of the peak po-
sitions. This suggested that the ion exchange process of Ca2+ by Ce4+

ions did not greatly modify the structure of the hydroxyapatite. The
XRD pattern of the Ce-doped hydroxyapatite/collagen layer shows
broader and less intense peaks compared with the undoped hydro-
xyapatite layer. This indicates a decrease of crystallinity, which could

Fig. 1. SEM image of the untreated Ti surface (a) compared to those of the Ti surface after alkaline ÷ heat treatment (b), after soaking at 37 °C for 72 h in SCS
solution (c) or in Ce-SCS solution (d and e).
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be attributed to a different charge compensation mechanism for iso-
morphous substitution of Ca2+ by Ce4+ ions. The decreased crystal-
linity of the Ce-doped hydroxyapatite/collagen layer might further lead
to increased solubility, thus contributing to the local release of cerium
ions which may in turn improve the biodegradability and antibacterial
properties. The broad diffraction peaks also indicate that the particles
consist of smaller crystallites, as indicated in the SEM image (Fig. 1d).

Fig. 3 shows the EDX spectra of the hydroxyapatite and Ce-doped
hydroxyapatite/collagen layers deposited on the titanium surface, and
for the last the characteristic peaks of cerium are well evidenced. All the
samples contain calcium or/and cerium, phosphorous and oxygen in
certain contents. The mass fractions of the different elements in the
undoped-hydroxyapatite (HA-Ti sample) and Ce-doped hydro-
xyapatite/collagen (Ce-HA-Ti sample) layers were obtained and the
atomic ratios calculated as shown in Table 1. The Ca/P or (Ce + Ca)/P
atomic ratios of the formed apatite coatings were found to be of around
a value of 1.67 like stoichiometric value of hydroxyapatite, as presented
in literature [14]. These results suggest that cerium ions were in-
corporated in the hydroxyapatite structure deposited on the titanium
surface.

The surface chemistry of the titanium surface after biomimetic
treatment in SCS or in Ce-SCS solutions was analyzed by FTIR method.
The FTIR spectrum of the hydroxyapatite layer on Ti surface (HA-Ti

sample) obtained after soaking in SCS solution is shown in Fig. 4a. The
peaks at 1091, 1027, and 960 cm−1 are assigned to the asymmetric and
symmetric stretching modes of P–O bonds in PO4

3− groups of hydro-
xyapatite, as presented in literature [35]. The bending modes of the
phosphate O–P–O bonds are detected at 609, 561 and 469 cm−1. The
stretching and vibration of O–H bonds on the surface of hydroxyapatite
were located at 641 and 3573 cm−1. Between 3500 and 3200 cm−1 a
broader band was produced by the water molecule adsorbed on the
surface of hydroxyapatite.

Instead, after soaking in Ce-SCS solution, some new peaks appeared
in the spectrum of the Ce-doped hydroxyapatite/collagen layer (Ce-HA-
Ti sample) deposited on Ti surface. In Fig. 4b, the characteristic peaks
of amide I, II and III arise at 1655, 1593 and 1238 cm−1 demonstrating
the existence of collagen in the coating, in good agreement with lit-
erature [36]. Likewise, the bands in this spectrum indicated the pre-
sence of the phosphate and hydroxyl vibrational modes, confirming the
formation of hydroxyapatite. However, the bands intensity of PO4

3− at
1091, 1027, and 960 cm−1 and at 609, 561 and 469 cm−1 was found to
be decreased with the Ce4+ inclusion into the hydroxyapatite crystal
lattice. This causes the alteration of bonds between ions and leads to the
weakening of PO4

3− bonds in the hydroxyapatite structure. Also, the
bands intensity of OH− group at 641 and 3573 cm−1 was reduced due
to the creation of electrical imbalance charge in hydroxyapatite by the
replacement of Ca2+ with Ce4+ ions. The charge of ions was balanced
by transformation of OH− into O2− ions which can make adjusting the
electrical charge of hydroxyapatite [37]. The peak at 1332 cm−1 on the
spectrum is attributed to the electrostatic interactions involved between

Fig. 2. XRD spectra of the hydroxyapatite coatings deposited on the titanium
surface after soaking in SCS (a) or in Ce-SCS (b) solutions (at 37 °C for 72 h).

Fig. 3. EDX spectra of the hydroxyapatite coatings deposited on the titanium surface after soaking in SCS (a) or in Ce-SCS (b) solutions (at 37 °C for 72 h).

Fig. 4. FTIR spectra of the hydroxyapatite coatings deposited on the titanium
surface after soaking in SCS (a) or in Ce-SCS (b) solutions (at 37 °C for 72 h).
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Ca2+ ions on hydroxyapatite and the −COO− groups on collagen, as
presented in literature [38].

Based on the EDX and FTIR results, it can be concluded that newly
formed layer on titanium surface is hydroxyapatite (HA-Ti sample) or
Ce-doped hydroxyapatite/collagen (Ce-HA-Ti sample).

3.2. Antibacterial activity

There are few works devoted to the antibacterial properties of
cerium ions and their use in biomaterials engineering. In the available
literature, only two elaborations are devoted to the hydroxyapatite
doped with cerium ions [20,22]. Therefore, for the first time we have
attempted a modified biomimetic method to obtain cerium-doped hy-
droxyapatite/collagen coatings on the titanium support. The anti-
microbial effect of the hydroxyapatite and cerium-doped hydro-
xyapatite/collagen coatings on titanium implants against Escherichia
coli (Gram-negative) and Staphylococcus aureus (Gram-positive) bacteria
was evaluated to prove the effect of Ce4+ ions inclusion in the HA
structure for bone regeneration applications. As can be seen in Fig. 5,
the hydroxyapatite film (HA-Ti sample) shows extremely small anti-
bacterial activity, after 24 h incubation. It can be said that the hydro-
xyapatite layer did not show antibacterial properties, in good agree-
ment with literature [39]. Instead, about 92.61% Escherichia coli and
73.59% Staphylococcus aureus were killed after 24 h incubation with the
cerium-doped hydroxyapatite/collagen coating (Ce-HA-Ti sample).
These results could be explained by the greater solubility of the Ce-
doped hydroxyapatite/collagen film (Ce-HA-Ti sample) than that of
pure hydroxyapatite (HA-Ti sample). As mentioned above, the de-
creased crystallinity of the Ce-substituted hydroxyapatite might lead to
increased solubility, and more cerium ions are released to inhibit the
existence of the tested bacteria [40]. The cerium ions present in the
hydroxyapatite structure can interact with the cell membrane that
could lead to structural damage and death of the cells, as presented in
literature [41]. The inhibitory activity of the cerium ions in the hy-
droxyapatite coating on the titanium surface is higher in case of Es-
cherichia coli, as mentioned in literature [20,22]. This higher anti-
bacterial inhibition activity against Gram-negative bacterial strains
reveals that the existence of the cerium ions in the hydroxyapatite
structure may lead the positive surface charge for the hydroxyapatite
particles, which induces an electrostatic attraction between the bacteria

and the apatite film. The bacteria may be killed upon contact with the
Ce-doped hydroxyapatite film through the extended release of cerium
ions.

4. Conclusions

In this study, a modified biomimetic technique has been developed
to produce Ce-doped hydroxyapatite/collagen coatings onto pure tita-
nium implants. These coatings were obtained on titanium surface ac-
tivated by alkali ÷ thermal oxidation pretreatment. The biomimetic
synthesis of hydroxyapatite on titanium surfaces was achieved in a si-
mulated physiological solution, respectively in a supersaturated calci-
fication solution (SCS). By biomimetic method, the negative charges
were firstly introduced on the titanium surface with alkali treatment,
followed by the absorption with positively charged collagen and ne-
gatively charged hydroxyapatite through electrostatic interaction. The
results confirm that cerium ions (Ce4+) have been successfully doped
into hydroxyapatite lattice under the biomimetic conditions. The ap-
plication of the biomimetic method allows the formation of a suitable
layer of bone-like apatite in a very short time. This fact should extend
the use of this method in the coating of implantable devices, with the
aim to increase their bioactivity and bacteriostatic properties. These
cerium-doped hydroxyapatite/collagen coatings on the surfaces of ti-
tanium implants to mimic the bone could have a great potential to
improve osseointegration. Thus, the cerium-doped hydroxyapatite/
collagen coating was regarded as a promising candidate for coating
orthopedic implants.
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Abstract: This study aims to present the possibility to obtain bismuth-doped nanohydroxyapatite
coatings on the surface of the titanium implants by using a solution-derived process according to an
established biomimetic methodology. The bioactivity of the titanium surface was increased by an
alkali-thermal treatment. Then, under biomimetic conditions, the titanium surface was coated with a
Bi-doped nanohydroxyapatite layer by using a modified supersaturated calcification solution (SCS)
containing a bismuth salt. The apatite deposits were analyzed by scanning electron microscopy coupled
with X-ray analysis (SEM-EDX), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and
digital X-rays radiography method. The results indicate that the Bi-doped nanohydroxyapatite coatings
on titanium surface were produced. These coatings exhibit a good radiopacity, thus enhancing their
applications in dental and orthopedic fields. Additionally, the Bi-doped nanohydroxyapatite coatings
show significant antimicrobial activity against Escherichia coli and Staphylococcus aureus bacteria.

Keywords: bismuth-doped nanohydroxyapatite; coating; titanium implant; radiopacity; antimicrobial
activity

1. Introduction

Among the materials available for implant applications in dental and orthopedic restoration,
titanium and its alloys are largely used due to their special characteristics such as high corrosion
resistance, superior mechanical properties, and good biocompatibility [1].

The use of Ti implants in reconstructive surgery is in many cases affected by some Ti surface
properties, such as wear, hardness, and mainly slow osseointegration. Therefore, diverse methods have
been developed to improve surface properties of Ti implants, such as morphological modifications
(regarding roughness, morphology, etc.) by mechanical, chemical, and physical methods, or deposition
of organic or inorganic coatings on the Ti surface [2,3]. Many studies indicate that Ti implants can
be coated with calcium phosphate (e.g., hydroxyapatite) layers by various deposition methods such
as electrodeposition, plasma spray, high-frequency magnetron sputtering, biomimetic precipitation,
etc. [4–8]. In this way, the bioactivity, biocompatibility, and corrosion resistance of the Ti-based implants
are improved.

The hydroxyapatite Ca10(PO4)6(OH)2 is a calcium phosphate ceramic found in nature, but can
be obtained by various methods. In the human body, it is the main inorganic component of bone
and dental dentin and enamel [9]. Synthetic hydroxyapatite can be obtained by various methods,
the most used being wet methods (chemical precipitation, sol-gel, hydrothermal, biomimetic, or
electrodeposition) [10]. Hydroxyapatite has many medical applications, especially as a basic dental or
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bone material in reconstruction and repair surgery. The use of hydroxyapatite as a bone substitute
material is unfortunately limited due to its poor mechanical properties, especially its brittleness and
inflexibility. Therefore, many studies have focused on obtaining polymeric or metal composite implants
containing hydroxyapatite in order to improve the osseointegration process [11,12]. Additionally,
the crystal structure of the hydroxyapatite allows the substitution of Ca2+ ions with different foreign
ions (Na+, Zn2+, Mg2+, Ce3+, Y3+, Ti4+, etc.) in small quantities and this substitution can increase the
osteoblast adhesion and enhance the properties of the hydroxyapatite as biomaterial with medical
applications [13–17].

The bismuth (Bi) compounds, especially Bi(III), are widely applied in catalysis, pharmaceutical,
and medical fields. The main medical applications of bismuth compounds are noticed in radiographic,
anticancer, and antimicrobial studies [18,19]. Some bismuth salts are used for medical purposes to
treat gastrointestinal, infectious, or dermatological diseases. Additionally, bismuth alloys may be used
in the realization of bone and dental devices. Materials containing bismuth show high radiopacity and
can thus be used as contrast materials in bone and dental restorative cements to obtain better imaging
information in X-ray analysis (e.g., computed tomography).

Studies on hydroxyapatite doped with bismuth are very few [20,21]. In our previous investigations
we have demonstrated the possibility of synthesizing Bi-doped hydroxyapatite nanopowders [22,23].
Instead, the Bi-doped nanohydroxyapatite deposited as a thin film on the surface of the titanium
implants has not been studied before by anyone.

Therefore, this research presents the possibility to obtain, by a biomimetic technique, Bi-doped
nanohydroxyapatite coatings on the surface of the titanium implants. A supersaturated calcification
solution (SCS) modified by adding an appropriate quantity of bismuth salt was used to achieve
biomimetic Bi-doped nanohydroxyapatite coatings. By dipping a titanium sample in the SCS solution,
the hydroxyapatite nucleation on the titanium surface takes place in a short time, which then grows
over time uniformly covering the metallic surface. By adding an additional source of bismuth to
the SCS solution, the incorporation of bismuth ions into the hydroxyapatite lattice is facilitated.
These Bi-doped nanohydroxyapatite coatings were characterized and tested for their radiopacity and
bactericidal behavior.

2. Materials and Methods

2.1. Materials

Calcium chloride dihydrate (CaCl2·2H2O), monosodium phosphate monohydrate (NaH2PO4·H2O),
sodium bicarbonate (NaHCO3), bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O), sodium hydroxide
(NaOH), ethanol and acetone were acquired from Sigma-Aldrich (Germany) and used without
further purification.

2.2. Coating Solutions

In this study, certain amounts of CaCl2·2H2O, NaH2PO4·H2O, and NaHCO3 reagents were
dissolved in 1 L of deionized water, under vigorous stirring, in order to obtain the supersaturated
calcification solution (SCS), as presented elsewhere [24]. In this solution, the ion concentrations were
of 6.5 mmol/L Na+, 10 mmol/L Ca2+, 20 mmol/L Cl−, 5 mmol/L H2PO4

−, and 1.5 mmol/L HCO3
−, and

the Ca/P atomic ratio was 1.67 (Table 1), as in biological hydroxyapatite [9].

Table 1. Atomic ratios in the supersaturated calcification solution (SCS) and in the final coatings.

Sample SCS Solution Final Coating

xBi=
Bi

Bi+Ca
Bi+Ca

P Bi (%) xBi=
Bi

Bi+Ca
Bi+Ca

P Bi (%)

HA-Ti 0 1.677 0 0 1.673 0
Bi-HA-Ti 0.01 1.677 1 0.0098 1.671 0.98
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By adding a certain amount of Bi(NO3)3·5H2O salt to the original SCS solution, the modified SCS
solution (denoted Bi-SCS) was obtained. In this solution, the (Bi + Ca)/P and xBi = Bi/(Bi + Ca) atomic
ratios were of 1.67 and 0.01, respectively (Table 1). The concentration of Bi in Bi-SCS solution is low
(of about 1%), according to the therapeutic range mentioned in literature [25].

2.3. Alkali-Thermal Treatment

The plates of commercially pure Ti (c.p. Ti) of 10 × 10 × 3 mm in size were polished using silicon
carbide (SiC) paper and then cleaned in an ultrasonic bath with distilled water. Prior to alkali-thermal
treatment all the samples were cleaned for 15 min in acetone, 10 min in ethanol, and 5 min in deionized
water. Then, all samples were subjected to an alkaline treatment in 0.6 M NaOH solution at 160 ◦C in a
pressure chamber for 24 h, at heating rates of 5 ◦C/min. Finally, the samples were rinsed for 5 min in
deionized water and then activated by a thermal oxidation treatment at 600 ◦C for 3 h in a furnace with
a heating rate of 5 ◦C/min.

2.4. Biomimetic Deposition

After alkali-thermal treatment, the Ti samples were subjected to a biomimetic treatment in SCS
(or Bi-SCS) solution at 37 ◦C, as presented elsewhere [24]. Periodically, these biomimetic solutions
(SCS or Bi-SCS) were refreshed in order to keep the ion concentrations constant. After a certain period
of time, the Ti samples were removed from the biomimetic solution (SCS or Bi-SCS), rinsed with
deionized water, and then dried in an oven for 1 h at 37 ◦ C.

The Ti samples covered with undoped hydroxyapatite and Bi-doped hydroxyapatite layers were
denoted HA-Ti and Bi-HA-Ti, respectively.

2.5. Sample Characterization

Scanning electron microscopy (SEM) measurements were performed using a QUANTA 200 3D
microscope (FEI, Eindhoven, The Netherlands), equipped with an energy dispersive X-ray spectrometer
(EDX).

X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI-5000
VersaProbe photoelectron spectrometer (Φ ULVAC-PHI, INC., Chigasaki, Japan), equipped with
a hemispherical energy analyzer (0.85 eV binding energy resolution). A monochromatic Al Kα X-ray
radiation (hν = 1486.7 eV) was used as excitation source, operating at 15 kV and 20 mA.

X-ray diffraction (XRD) measurements were performed using a X’PERT PRO MRD diffractometer
(PANalytical, Almelo, The Netherlands), with CuKα (λ = 0.15418 nm) radiation, operating at 40 kV
and 50 mA over a 2θ range from 2 to 70◦.

The radiographs of the samples were obtained in a dental X-ray system (X-Mind™ AC, SATELEC,
Mérignac, France). The samples were placed on an occlusal radiographic film and exposed along with
a graduated aluminum (99.5% pure) step wedge with thicknesses varying from 1 to 10 mm in 1 mm
increments. The radiographs were digitized using a desktop scanner (VistaNet/VistaScan PERIO PLUS,
Bietigheim-Bissingen, Germany). The digitized images were then imported into the Gendex Dental
Systems VixWin 2000 software ((1.11 /17 Apr 2005 version, Gendex Dental Systems Manufacturer,
Des Plaines, IL, USA) where a tool was applied to identify equal-density areas in the radiographic images.
The areas of the aluminum step wedge and the samples were selected to determine the radiopacity
values of the samples which were expressed in terms of equivalent millimeters of aluminum (mm Al).
Three measurements were made for each cited area and the means of these readings calculated.

2.6. Antibacterial Tests

The antibacterial activity of the samples was investigated against Gram-positive Staphylococcus
aureus and Gram-negative Escherichia coli bacterial strains, by using standardized Kirby–Bauer disc
diffusion method [26]. The samples were planted in a Mueller–Hinton agar inoculated with Escherichia coli
or Staphylococcus aureus bacteria, followed by incubation at 37 ◦C for 24 h. To evaluate the antibacterial
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activity of the samples, the total diameter (in mm) of the inhibition zone was measured for each
sample. The antibacterial assessment was performed in duplicate and the average results were reported.
The values are expressed as means ± standard deviations. Statistical analysis was performed using
Student’s t-test, with the significant level with a p value of less than 0.05.

3. Results and Discussion

3.1. Mechanism of Coating Formation

In this study, the Ti samples were subjected to two consecutive treatments: (i) an alkali-thermal
treatment, and (ii) a biomimetic treatment.

During alkali treatment, the hydroxyl groups (into alkaline solution) partially dissolve the passive
TiO2 layer on the titanium surface, leading to the formation of the negatively charged hydrates
(HTiO3

−
·nH2O) [27]. These negatively charged species interact with the Na+ ions in the aqueous

solution leading to the formation of a sodium titanate hydrogel layer which is transformed into
crystalline sodium titanate (Na2Ti5O11), after the heat treatment.

After alkali-thermal treatment, the undoped or Bi-doped hydroxyapatite coatings on the surface
of the titanium implant were obtained by biomimetic method, using a supersaturated calcification
solution (SCS or Bi-SCS) at 37 ◦C, mimicking the physiological conditions [28].

In the biomimetic SCS solution, the Na+ ions from the sodium titanate layer on the Ti surface are
replaced by H3O+ ions via ion-exchange mechanism, leading to the formation of negatively charged
Ti-OH− groups on the Ti surface [28]. The Ti-OH− groups electrostatically attract the positively charged
Ca2+ ions in the SCS solution forming calcium titanate, which in turn takes the PO4

3− ions in the
solution to form apatite nuclei on the Ti surface. Hydroxyapatite nuclei grow over time consuming
calcium and phosphate ions from the SCS solution, thus forming a hydroxyapatite layer on the entire
titanium surface.

In the modified biomimetic Bi-SCS solution containing Bi3+ ions, the Bi-doped hydroxyapatite
layer is formed on the Ti surface by a mechanism similar to that into the SCS solution, with the
difference that the titanate layer also retains the Bi3+ ions in the solution together the PO4

3− and Ca2+

ions to form the Bi-doped hydroxyapatite crystals. During the synthesizing process, the incorporation
of the Bi3+ ions into the hydroxyapatite structure via Ca2+

↔Bi3+ substitution mechanism is favorable
because the ionic radii of the two ions are very close in size, according to Shannon [29].

3.2. Coating Morphology and Structure

The SEM photographs presented in Figure 1 show the microstructure evolution of the titanium
surface after alkali-thermal treatment and biomimetic treatment in a supersaturated calcification
solution (SCS or Bi-SCS).

Figure 1. Scanning electron microscopy (SEM) photographs of the titanium surface after alkali-thermal
treatment (a) and after soaking in SCS (b) or in Bi-SCS (c) solutions (for 72 h at 37 ◦C).



Nanomaterials 2019, 9, 1696 5 of 10

As can be seen in Figure 1a, after alkali-heat treatment on the titanium surface a needle-shaped
structure was formed, in good agreement with several researchers which have reported such sodium
titanate morphology [28,30]. The corrosive attack of NaOH on the Ti surface leads to the growth of a
porous layer with sub-micrometric porosity, free of cracks, and uniformly covering the entire sample
surface. The XRD investigation (figure not shown) pointed out that sodium titanate (Na2Ti5O11) is
formed on the Ti surface.

As shown in Figure 1b, after 72 h of immersion into SCS solution, the Ti surface was completely
covered by a continuous layer of hydroxyapatite, as confirmed by XRD and EDX analyses. The formation
of hydroxyapatite particles with plate-like shape agrees with the results of several works by using
simulated body fluids [31,32].

In the Bi-SCS solution, a Bi-doped hydroxyapatite layer was deposited on metallic substrates
(Figure 1c). According to the XRD data the presence of Bi3+ ions reduced the dimensions of the
particles of plate-like shape from micron to the nanometer level. This result indicates the presence
of Bi3+ ions to inhibit the hydroxyapatite crystals from growing, leading to the formation of
nanohydroxyapatite coatings.

The XRD patterns of the undoped and Bi-doped hydroxyapatite layers on the Ti surface are
presented in Figure 2, indicating an overall crystalline nature of the products. According to the phase
analysis, samples are in good agreement with the hexagonal (space group P63/m) hydroxyapatite
phase (JCPDS Data Card 09–0432). In comparison with undoped hydroxyapatite layer, the Bi-doped
hydroxyapatite layer showed similar peaks without significant shifting of the peak positions. The lattice
parameters of the undoped HA and Bi-doped hydroxyapatite layers on Ti surface obtained from the
DRX spectra have very close values: a = 9.5297 Å and c = 6.8769 Å for undoped HA, and a = 9.5271 Å
and c = 6.8333 Å for Bi-doped hydroxyapatite. Therefore, the Bi3+ ions were incorporated into the
crystalline network of the hydroxyapatite without greatly altering its structure, as confirmed by XPS
analyses. However, in comparison with undoped hydroxyapatite layer, the XRD pattern of the Bi-doped
hydroxyapatite layer shows broader and less intense peaks indicating a decrease in crystallinity. This
decrease could be attributed to a different charge compensation mechanism for Ca2+

↔Bi3+ isomorphous
substitution. The decreased crystallinity might further lead to increased solubility, thus contributing to
the local release of bismuth ions which may in turn improve the biodegradability and antibacterial
properties. The broad diffraction peaks indicate also that the particles consist of smaller crystallites in
nanometric size, as shown in the SEM image (Figure 1c).

Figure 2. XRD spectra of the hydroxyapatite coatings deposited on the titanium surface after soaking
in SCS (a) or in Bi-SCS (b) solutions (for 72 h at 37 ◦C).
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3.3. Coating Chemical Composition

The EDX spectra of the undoped and Bi-doped hydroxyapatite layers on Ti surface are presented in
Figure 3, indicating the existence of the characteristic peak of bismuth for the last. All the samples contain
calcium or/and bismuth, phosphorous, oxygen, and hydrogen in certain contents. The mass fractions of
the different elements in the undoped-hydroxyapatite (HA-Ti sample) and Bi-doped hydroxyapatite
(Bi-HA-Ti sample) layers were obtained and the atomic ratios calculated as shown in Table 1. The Ca/P
or (Bi + Ca)/P atomic ratios of the formed apatite coatings were found to be around 1.67 similar to
the stoichiometric value of hydroxyapatite as mentioned in literature [9,33]. The EDX studies confirm
the purity of the prepared hydroxyapatite and bismuth-doped hydroxyapatite coatings containing
Ca10-xBix(PO4)6(OH)2 with xBi = 0 (HA-Ti sample) and xBi = 0.0098 (Bi-HA-Ti sample). Therefore, the
results suggest that the Bi3+ ions were successfully incorporated into the hydroxyapatite crystalline
network deposited on the Ti surface, the hydroxyapatite being a suitable matrix for incorporating
Bi3+ ions.

Figure 3. Energy dispersive X-ray spectrometer (EDX) spectra of the hydroxyapatite coatings deposited
on the titanium surface after soaking in SCS (a) or in Bi-SCS (b) solutions (for 72 h at 37 ◦C).

In Figure 4 the XPS spectrum of the Bi-doped hydroxyapatite layer obtained after 72 h soaking
into Bi-SCS solution containing Bi3+ ions is depicted. The binding energies of Ca (2p, 345.1 eV), O
(1 s, 528.9 eV), P (2p, 131.1 eV), and also of Bi (4f region, 150–170 eV; peaks at 156.9 and 162.2 eV)
were detected. Consequently, the XPS data demonstrate that the hydroxyapatite lattice contains Bi3+

ions. No signal for Ti metal was noticed which indicates that the apatite layer fully covers the surface.
The C 1s (282.6 eV) signal is due to the carbon used as an internal reference. No other impurities were
evident in the samples in good agreement with the XRD data.

Figure 4. X-ray photoelectron spectroscopy (XPS) spectrum of the Bi-doped hydroxyapatite layer
deposited on the titanium surface after soaking in Bi-SCS solution (for 72 h at 37 ◦C).
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3.4. Radiopacity

Dental fillings, cements, ceramics, metals, and bone graft materials have to show a relative degree
of radiopacity for being radiologically distinguished, depending on the radiopacity of their surrounding
and/or neighboring hard and soft tissue structures. The radiopacity of these materials must be higher
than that of dentin (with radiopacity of about 2.5 mm Al), which is the acceptable inferior limiting
value of the radiopacity [34]. If the material presents radiopacity similar to or lower than that of dentin,
recognition of the faulty proximal contour is impaired, as well as the diagnosis of some defects that
lead to clinical failure. Many authors suggest that a radiopacity value higher than that of enamel (with
radiopacity of about 4.1 mm Al) is desirable in order to detect restorative osseous materials [35].

In the present study, the Bi-doped nanohydroxyapatite layer was formed on the titanium surface
and the contrast enhancement provided by the substituted nanohydroxyapatite was evaluated through
X-ray imaging. For comparison, the hydroxyapatite layers without bismuth ions and with only 1% Bi3+

ion substitution were produced and evaluated for their contrast properties. The X-ray radiographical
images of the undoped and Bi-doped hydroxyapatite layers coated on titanium surface are shown in
Figure 5. Figure 5B shows the grayscale value graph in which the contrast was quantified with respect
to the thickness of aluminium standards (1–10 mm). As we can clearly observe, nanohydroxyapatite
coating doped with only 1% Bi3+ ions exhibited more radiopacity than the undoped hydroxyapatite and
the sodium titanate. Moreover, we can appreciate the homogeneity of the samples in the photographs.
When evaluating the radiopacity of the samples compared to the radiopacity of enamel [35], only
Bi-substituted nanohydroxyapatite layer coated on titanium surface had superior radiopacity. These
results indicate that Bi-substituted nanohydroxyapatite layers on titanium implants can be candidates
as a contrast medium in terms of their radiopacity for X-ray imaging.

Figure 5. X-ray photographs (A) and corresponding grayscale value graph (B) of the titanium surface
after alkali-heat treatments (a) and after soaking in SCS (b) or in Bi-SCS (c) solutions. The aluminum
standards are shown in (A) (bottom).

3.5. Antibacterial Activity

An ideal biomaterial should show some antimicrobial capacity to protect the tissues from secondary
infection caused by residual bacteria or microleakage.

Synthetic hydroxyapatite alone has no or very little antimicrobial activity [36]. The introduction of
a small number of foreign ions (Ag+, Cu2+, Zn2+, Sr2+, Ce3+, Ga3+, Ti4+, and others) with antibacterial
properties in the apatite structure can improve its antimicrobial activity [37].

The antibacterial properties of the hydroxyapatite and Bi-substituted nanohydroxyapatite layers
on titanium implants were performed through the inhibition zone method against Gram-positive
Staphylococcus aureus and Gram-negative Escherichia coli bacteria. These bacteria were chosen because
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most bone infections are of bacterial origin, and approximately half of them are monomicrobial.
Staphylococci, in particular Staphylococcus aureus, are the predominant cause of bone infections
worldwide. Other aerobic bacteria that may be involved include Escherichia coli [38,39]. Bacteria or their
products can directly increase osteoclast formation and activity, and the inflammatory environment at
sites of infection can further promote bone resorption [40].

As revealed in Figure 6, the level of microbial growth of both bacteria varies differently in the
Bi-doped nanohydroxyapatite layer compared to the undoped hydroxyapatite layer. The antibacterial
property against Escherichia coli and Staphylococcus aureus is improved after Ca2+

↔Bi3+ substitution
into the hydroxyapatite lattice. This can be explained by the better solubility of the Bi-doped
nanohydroxyapatite than that of pure hydroxyapatite, which releases bismuth ions to inhibit the
proliferation of tested bacteria.

Figure 6. Microbial inhibition of the undoped and Bi-doped hydroxyapatite layers deposited on
titanium surface against Escherichia coli and Staphylococcus aureus bacteria.

Based on the obtained results, the Bi-doped nanohydroxyapatite coatings on the titanium surface
could be considered as promising antimicrobial agents due to their bioactive properties.

4. Conclusions

A biomimetic method was applied for the deposition of the Bi-doped nanohydroxyapatite coatings
on the pure Ti implant surface. Alkali-thermal treatment of the Ti surface created better treatment
conditions for obtaining a bioactive material. The nanohydroxyapatite doped with a small concentration
of bismuth (1%) was coated on a Ti implant surface by using a supersaturated calcification solution
(Bi-SCS) modified by adding a bismuth salt. Bismuth was found to incorporate into the apatite layer via the
Ca2+

↔Bi3+ substitution mechanism into the apatite lattice. The presence of Bi3+ ions in Bi-SCS solution
inhibits the hydroxyapatite crystals from growing, thus leading to the formation of nanohydroxyapatite
coatings. The Bi-doped hydroxyapatite coating with 1% bismuth showed higher radiopacity than the
undoped hydroxyapatite. The results also demonstrate that Bi-doped hydroxyapatite coating possesses
superior antibacterial activity against Escherichia coli and Staphylococcus aureus bacteria compared to the
undoped hydroxyapatite coating. The in vitro antibacterial tests demonstrate that titanium implants
with Bi-doped nanohydroxyapatite on the surface might be useful for better infection control. The results
support the use of coating titanium dental implant surfaces with Bi-doped nanohydroxyapatite to
provide a radiopacity and antimicrobial function.
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