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Abstract

Surface modification of Ti is the point of interest to researchers due to its promising biomedical applications, especially in
bone replacement surgery. In the current work, a new bioactive (Ti) implant surface was prepared for possible dental and
orthopedic applications by anodization and heat treatment. Ti was anodized at sequential potential periods in NH,F/glycerol
bath at different glycerol concentrations and, then annealed to form crystalline TiO, nanotube, labeled (cry TNT). Then
the (cry TNT) was dipped in 0.29 g 17! CaCl, solution to diffuse Ca** ions into its infrastructure. The phase, morphology,
and chemical composition of the prepared surface modified with/or without Ca** ions were examined with X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis. The bioactive stability of
the surface was investigated via electrochemical impedance spectroscopy (EIS) in simulated body fluid solution (SBF) to
investigate the effect of incorporation of Ca®* ions to induce hydroxyapatite-like structure via the fitting process. In con-
clusion, 10% cry TNT surface with pore size 43 nm was found to bind to Ca>* ions from the bulk solution to fill its pores
resulting in an increase in the resistance from 78 to 118 kQ. The produced new bioactive surface with its high hydrophilic
properties represents a promising approach to design and fabricate innovative surfaces with high bonding ability for dental
and orthopedic applications.
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1 Introduction

During the past years, traditional metal surfaces as stain-
less steel in bone replacement and mercury amalgam as
dental implants have proved to have many health hazard-
ous effects, besides the possible need for re-operation
of the implant more than one time [1]. This urges more
efforts to develop new biomaterials for medical implants,
which accelerates normal wound healing phenomena. Pure
titanium and its alloys have been used as implants due
to their low density, lightweight, corrosion resistance,
and biocompatibility [2]. Protective native TiO, layer is
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spontaneously formed in the air on the Ti surface raising
its corrosion resistance in physiological medium, yet this
amorphous layer is not sufficient to bond strongly with
bone tissues, which usually leads to early failure after
surgeries because of the weak nature of the bound bones
rendering them more easily fractured [3-5].

Extensive research is devoted to possible surface Ti modi-
fications to improve bone deposition and in turn aids shorter
healing period [6]. These modifications depend on chang-
ing the properties that influence the biological interaction
at the bone-implant interface including pore size, thickness,
crystallinity, wettability [7, 8], and alloying elements [9—13]
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The anodization process is a simple electrochemical tool,
over the other physical and chemical surface modifications
techniques, that has been broadly applied to modify the sur-
face and promote its integration at the solid—liquid interface
[14, 15]. Using aqueous and non-aqueous electrolytes with-
out or with fluoride ions plays an important role in improv-
ing titanium layers to accommodate different applications.

Based on the literature, many methods are presented for
the preparation of TiO, nanorods [16] nanowires [17], and
nanotubes [18-20] through electrochemical anodization [21,
22]. Among these reported methods, anodization proved to
be a simple rendering ordered TiO, nanotubes arrays on Ti
surface. Different electrolytes like H,SO,~HF [23], neutral
electrolytes Na,SO,—NaF [24], and ethylene glycol-NH,F
[25] have already been used to form TiO, nanotubes. There-
fore, it is of great importance to correlate between the com-
position and concentration of the electrolytes and the proper-
ties and the behavior of titanium surfaces [26, 27].

As the surfaces with strong hydrophilic properties can
easily bind to water molecules and solutes, and adsorb mac-
romolecules from the medium as proteins through electro-
static adsorption, while preserving their structure which
facilitates their interaction with bone tissue cells. Therefore,
the hydrophilic improvement of Ti surfaces was the objec-
tive of many electrochemical processes [28, 29]. Bone tis-
sues grown on porous Ti surfaces with good wettability led
to good adhesion and osteogenic marker production [30-33].
Also the pore-size nanoscale surface topography < 100 nm
can significantly enhance cell adhesion [32] spreading [33]
and also increase alkaline phosphatase activity [34].

Typically, electrolyte nature optimizations at different pH,
temperature, anodization potential, or current and heat treat-
ments are performed to monitor the structure, crystallinity,
and properties of nano-porous layers such as porous diam-
eter, wall thickness, and surface roughness. Moreover, ion
incorporation into the porous structure of the implant surface
plays an additional role to develop the biological responses.
Calcium and/or phosphorous ion implantations modify sur-
face chemistry and bioactivity both in vitro and in vivo [35].
Particularly, calcium ions are implanted by dynamic ion
mixing to induce a strong bond between the apatite film and
the titanium substrate [36] and serve as a binder to acceler-
ate calcium phosphate precipitation on the implant surface
[37]. Usually, anodized TiO, (Titania) has an amorphous
structure, but after heat treatment, it crystallizes into the
anatase phase or a mix of anatase and rutile phases at 600 °C
[38]. Phase changes affect both surface properties of nano-
structure and bioactive reactions. Therefore, understanding
the relationship between TiO, nanostructures features and
their bioactivity is essential for planning and preparing the
suitable implant surface. Although several publications on
porous TiO, nanostructures investigated their properties and
applications, only a few studied the connection between the

concentration of the anodizing solution and the size of pores,
and the hydrophilic properties of the formed Titania.

This work aims to fabricate the new nanotubes Titania
surfaces (TNTs) by double anodization/ annealing of tita-
nium under sequential potential periods in NH,F/glycerol
bath at different glycerol concentrations (10, 50, and 70%)
and track their electrochemical behavior by EIS measure-
ments. Morphology, chemical composition, pore sizes, and
phase of the Titania (TiO,) layers were analyzed by SEM/
EDX analysis and XRD. The contact angle was measured to
elucidate the wettability of the surfaces at different glycerol
concentrations. The bioactivity of the surfaces filled with/
and without Ca®* jons was estimated through EIS measure-
ments in SBF solution over an extended period at human
body temperature 37 °C and pH 7.4.

2 Experimental
2.1 Fabrication of samples

Titanium foils (2.50 mm thick, 97%, Sigma-Aldrich, Chemie
GmbH, Riedtr.2D-89555 Steinheim 49 7329-970, Germany)
with a size of 1Xx2.5 cm were polished with P320, P600,
P1200, and P2400 grade SiC emery paper and then cleaned
with deionized water, ethanol and acetone in an ultrasonic
bath for 10 min and dried using compressed air, prior to
performing the upcoming steps.

2.1.1 Anodization

Potentiostatic anodization process occurs in the two-elec-
trode electrochemical cell at room temperature in two steps;
the first involves three potential values (5 then 10 then 15 V)
with anodization time of 20 min at each potential; the second
step includes two potential values (20 then 30 V) for 1 h
at each potential. 0.84 wt% NH,F and different concentra-
tions (10, 50, and 70%) of glycerol were used as an anodiz-
ing electrolyte. Subsequently, the formed amorphous sam-
ples were rinsed with water, then with acetone, and finally
air-dried.

2.1.2 Heat-treatment

The amorphous samples after anodization were annealed in
6000 Furnace thermolyne at the heating rate of 10 °C per
1 min at 450 °C for 1.5 h, and at 650 °C for 1.5 h, to change
the amorphous phase into an ordered crystalline phase which
was verified by XRD analysis and coded as 10, 50 and 70%
(cry TNTs).
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2.2 Surface examination

The morphology, chemical composition, and the pore
size of the samples with/or without immersion in Ca**
ions were studied using high resolution scanning electron
microscope JEOL-JSM-5600. The surface was covered
with a 30-nm-thick gold film formed by sputtering on
the anodized specimens to make the surface electrically
conductive. The anodic film's chemical composition was
measured with energy-dispersive x-ray spectroscopy EDX
at 10 kV accelerating potential. During the EDX study, a
relatively low accelerating potential was used to further
limit the interaction volume of electrons in Titania film
and to extract a piece of complete surface information.
EDX were used to test the Ca/P ratio on surfaces.

2.3 XRD analysis

The crystalline phases of TNTs before and after heat treat-
ment with/or without Ca>* ions were performed by X-ray
diffraction provided with a computer-controlled X-ray
diffractometer formally made by PHILIPS-MPD X PERT
equipped with Cu radiation Cu K, (K=1.54056 A). The
x-ray tube used was a copper tube operating at 40 kV and
30 mA. The scanning range was 20° to 80° (26) with a step
size of 0.02° and counting times of 35/step. Quartz was
used as the standard material to correct for the instrumen-
tal broadening. The degree of crystallography (d) was also
calculated using the Scherer equation [39].

kA
" Bcosb’ 1)

where d is the crystallite size, k is a constant depends on
the shape with the value close to unity (equal to 0.9), 4
wavelength of X-rays, and f is the full width at half maxi-
mum (FWHM) for (111) reflection, the value of § is radians
reflecting the line broadening at FWHM is equal to 260 axis
of diffraction, 6 is the Bragg’s angle.

2.4 Surface wettability

Surface wettability of titanium substrate, 10%, 50%, and
70% cry TNT and 10% with immersion in Ca* ions were
investigated by (OCA 15EC) contact angle produced by the
company of Data Physics Instrument, 70794 Filderstadt,
Germany. A droplet of de-ionized water was mounted on
the Titania film surface using a micro-syringe. For a fixed
volume of the drop, a curvature profile was created and
the contact angle was measured. The average values of the
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contact angle were calculated from at least 3 individual
measurements taken at different locations on the surface.

2.5 Electrochemical measurements

The electrochemical impedance spectroscopy (EIS) was
achieved using Workstation Metrohm autolab potentiostat/
galvanostat version PGSTAT 302N. A three-electrode cell
was used which include, Pt as a counter electrode, Ag/AgCl
as a reference electrode while 10%, 50%, or 70% cry TNTs
were used as the working electrodes. Simulated body fluid
(SBF) consisting of NaCl (8.00 g 1™!), NaHCO, (0.36 g17"),
NaHPO,-2H,0 (0.06 g 171, KCI (0.4 g 17!), KH,PO,
(0.4 g 171, and Glucose (1 g17!) pH 7.4 at 37 °C [40] was
used as an electrolyte. EIS spectra were obtained at an open
circuit potential, with ac voltage amplitude of 10 mV and a
scan frequency range of 0.01 Hz—10° Hz. The samples were
soaked in a naturally aerated SBF test solution for differ-
ent durations extended up to 7 days. The EIS spectra were
simulated using the Nova software 1.11. To clarify the effect
of Ca** ions, the samples of 10%, 50%, and 70% cry TNTs
were immersed in a 0.29 g 17'Ca* solution for 6 h before
measurements compared to the samples without immersion.
The real impedance Z' and imaginary Z" are calculated from
Z in the equation

Z=7"(0)+ 2" (o), ()

where o is the angular frequency (o =2xf), f is the fre-
quency. The EIS was plotted in the form of Nyquist.

3 Results and discussions

The activity of the prepared titanium oxide nanotube (TNT)
was evaluated by its interaction with the SBF buffer with
and without Ca®* ions. Amorphous titanium oxide was pre-
pared in different concentrations of glycerol in the presence
of fluoride ion under applied potential then annealed to give
crystalline titanium oxide (cry TNT). Different features
were described including morphology, chemical composi-
tion, pore sizes, phase structure, and wettability of all new
surfaces under different conditions.

3.1 Surface characteristics
3.1.1 Morphology

In general, the electrochemical conditions including ano-
dized potential, anodizing time, and concentration of electro-
lyte are the most important factors controlling the formation
of a well-ordered nanotubes structure. Two simultaneous
processes occur in fluoride solution first, anodized potential
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assisted oxidation of Ti to Titania and assisted dissolution
of Ti metal ions in the solution, finally, chemical dissolu-
tion of Ti and TiO, in presence of hydrogen and fluoride
ions occurs.

The HR-SEM images of the top view of the fabricated
10%, 50%, and 70% cry TNTs without immersion in Ca®+
ions are shown in Fig. 1. The well-separated nanostructures
with cleared gray and dark gray organized pores can be
noticed. The average diameter and wall thickness of nano-
tubes are listed in Table 1.

As seen from the results, the glycerol concentration plays
an important role in controlling the porosity of the fabricated
film. The average diameter of cry TNT without Ca** ions
was found to be arranged descending as 76.65, 59.90, and
52.45 nm while the wall thickness is arranged in ascending
order of 22.93, 33.56, and 40.20 nm for 10%, 50%, and 70%
respectively.

These results indicate that the samples formed with a
lower concentration of glycerol yielded larger pore size and
thinner wall thickness. Schmuki et al. [41] found that, the
increase in pore size and decrease in wall thickness can be
attributed to the pronounced effect of more oxide dissolu-
tion [42, 43]. This result confirms that the mechanism of the
nanotubes TiO, layer formed on the Ti surface depended on
the migration of Ti*" at the oxide/metal interface that reacts
with 0%~ and OH~ through the formation of Ti—O bond.
On increasing the anodizing potential, these bonds become
weak which allowing more O~ ions to diffuse from the bulk
solutions into the electrode surface to form thicker oxide
layers with the nanotubes structure [43].

The presence of the fluoride ions in the solution increases
the dissolution/diffusion process resulting in the promotion
of nanostructure planning of the oxide layers and stronger
adhesion [44-46]. As the glycerol concentration rises, the
number of Ti*" ions at the anode increase leading to an
increase in the oxide film thickness [7]. The diameters of the
nanotubes were found to be more uniform for 10% glycerol
than in the case of using 50% and 70% glycerol. This indi-
cated that the concentration of glycerol plays a part in the
distribution of the size homogeneity of the resulting nano-
tubes. Figure 2 represents the morphology of the fabricated
10%, 50%, and 70% (cry TNTs) after immersion for 6 h in
SBF containing 2.9 g 17! Ca".

The average pore diameter of TNT with Ca?* ions is
43.27 nm, 46.17 nm, and 56.11 nm ordered in an ascending
order with oxide walls of 32.46 nm, 25.96 nm, and 18.45 nm
for 10%, 50%, and 70% respectively. Accordingly, it can be
concluded that the pore size decreases in the presence of
Ca’* that confirming the diffusion from the bulk solution
into the inner surface of the tube.

As shown in Fig. 2 the pores size of 10% TNT immersed
in Ca?* was found to reduce faster than the pores size of the
50% and 70%TNTs, where Ca®" ions filled the holes of the

10% in 6 h immersion. This result is in agreement with that
previously reported by Liang et al. [47].

3.1.2 Chemical composition and phase analysis

The presence of Ti and oxygen in the EDX analysis clearly
confirmed the chemical structure of 10%, 50%, and 70% cry
TNT without Ca** ions as shown in Fig. 1. It is obvious that
TiO, was formed at the surface of the three samples [48].

Figure 3 and Table 2 represent the EDX analysis of
10, 50, and 70% cry TNTs immersed in Ca>* for 6 h. The
appearance of both Ca and P signals in addition to the Ti and
O peaks refers to the enhancement of their deposition as a
result of anodization and temperature treatments [49]. The
outcome of this experiment revealed that the 10% cry TNT
could integrate calcium and phosphorous ions into the nano-
layer at a ratio (1.3). Thus the oxide film on this particular
sample is promising to be used as a human body-compatible
substance [50]. But the percent of Ca and P was noticed on
the 50% and 70% samples, may lead to bad biocompatible
behavior for these surfaces as will be shown later.

Upon increasing the immersion time to 7 days in SBF
containing Ca®* for the 10% cry TNT sample, a marked
oxide growth was observed resulting in an observable devel-
opment of oxide layer as seen in Fig. 4. It is seen that a thick
precipitated layer from the Ca/P was formed at a ratio of
1.47 which is very close to the normal Ca/P ratio of 1.67.

In general, calcium-ion implantation into a 10% cry TNT
surface improves the bioactivity of this sample via increas-
ing the apatite-inducing ability [51-53] as will be examined
electrochemically in the following sections by evaluating the
stability of the passive films.

Additionally, the phase-type of 10% TNTs before and
after heat treatment with/and without calcium ions was
examined and validated by XRD measurements as shown in
Fig. 5, which predicted that the prepared nanostructures are
amorphous before heat treatment [54] but may also include
certain crystalline phases, depending on anodization poten-
tial [55].

The XRD patterns for the 10% amp TiO, samples without
and with Ca?* ions are coded Al and A2, respectively, while
those for the 10% cry TNT samples without and with Ca>*
ions coded C1 and C2, respectively. As expected, wide broad
diffraction peaks are pointed to the amorphous samples,
while anatase or a mixture of anatase and rutile with low
broad diffraction peaks were depicted for samples calcined
at 450° C and 650 °C [56]. The XRD pattern revealed that
a low-intensity broad peak centered at around 20 =25.45°
for the samples Al and A2. This is a typical peak of brook-
ite TiO,, therefore suggesting low crystallinity of the oxide
films. In addition, small and broad XRD peaks of amorphous
TNTs were recorded. Dikici et al., observed the formation
of a small proportion of anatase and rutile phases of TiO,
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Table 1 Pore size and wall thickness of Cry TNTs with /and without
immersion in Ca* ions from SEM images

Glycerol concentra- Ca** ions Pore diameter ~ Wall thick-

tion (%) immersion (nm) ness (nm)

10 Without 76.65 22.93
With 43.27 32.46

50 Without 59.90 33.56
With 46.17 25.96

70 Without 52.45 40.20
With 56.11 18.45

along with bulk amorphous phase during titanium anodiza-
tion carried out at 20 V in 1 wt% HF at room temperature
[57]. XRD pattern for cry TNTs C1 and C2, displayed the
metallic titanium peaks at 20=38°, 40.4° and 53.2°, respec-
tively [58]. The other peaks are found at 26 values of 25.34°,
38.79°,48.0°, 54°, 55.88°, 62.85°, 70°, 74°, and 75°, are
attributed to the anatase TiO, (JCPDS card no. 21-1272).
On the other hand, the diffraction peaks of the rutile phase
are found at 20=27.42°, 35.88°, and 55.84°, respectively
[41]. The development of crystalline titanium oxides under
anodic oxide thin film deposition conditions has been previ-
ously reported [37, 38].

The intensity of anatase titanium dioxide peaks increased
during annealing, which indicated that crystallinity is in turn
increased, and the wall thickness of annealing samples with
immersion in Ca®* was 32.46 nm higher than 22.9 nm in
case of samples measured without immersion in Ca** solu-
tion, which facilitates the nucleation of crystalline TNTSs.

The XRD patterns for the samples immersed in Ca>* ions
have the same diffraction peaks of untreated samples, and
extra peaks found at 260=31°, 32°, 43° and 82° due to the
presence of adsorbed ions such as Ca and P ions for A2
and C2 samples. This result implies that the porous anatase
nanotubes fashioned on the surface of titanium enhance cal-
cium and phosphorus flow in simulated body fluid [18, 35].

Additionally, the grain sizes of these samples, estimated
from the Scherrer equation, are 57, 50, 47, and 41 nm for
Al, A2, C1, and C2 samples, respectively. Thus, it is clear
that the grain size of the anodized sample is larger than the
anodized/annealed one.

3.1.3 Wettability

The surface wettability of the 10, 50, and 70% cry TNTs in
comparison with the Ti substrate were estimated through
contact angle measurement as shown in Fig. 6a—f. It is
found that, the values of contact angles are 81.7°, 66. 5°,
108.2°, and 110.1° for Ti substrate, 10, 50, and 70% cry
TNTs, respectively. Although, 10% amorphous Titania has
a contact angle equal to 67.9° close to the cry TNT 66.5°, a

significant decrease in the contact angle to 54.1° is observed
for 10% cry TNT filled with Ca** ions sample after immer-
sion in Ca?* for 6 h. This result refers to the key role of Ca>*
ion in increasing the hydrophilic properties. In other words,
the change in wetting behavior of the surfaces is attributed
to the well-separated arrays formed with 10% concentration,
that significantly enhance the surface properties of the film
from hydrophobic 50% and 70% cry TNT to hydrophilic
10% cry TNT and this change is enhanced by Ca** diffusion.

This agrees with the previous findings that confirm the
nano-network layer known as anatase TiO, [8] can reduce
the contact between the surface with the surrounding tissue
by improving the hydrophilicity, which greatly affects in-
vivo cell responses [59]. It is clear, that the anatase phase
is the most efficient phase for enhanced wettability and the
breakdown in the nanostructure frame due to dissolution
which is responsible for the reduction of the liquid distribu-
tion inside the nanotubes leading to an increase in water
droplet arch [60] which in turn increase the contact angles.
In addition, the increase of contact angles is attributed to the
shrinkage of the pore diameter as seen in Table 1. There-
fore, the hydrophilic surface is preferable to greater protein
adsorption and Ca2+, which enhances cellular behavior com-
pared with a hydrophobic surface.

In the next section, the effect of the four parameters (pore
size, grain size, Ca** ions implantation, and contact angle)
will be related to the electrochemical behavior of cry TNT
samples to deduce the corrosion resistance of this sample
in SBF.

3.2 Electrochemical behavior
3.2.1 OCP measurements

Figure 7a, b shows the variation of open circuit potential
(OCP) with time for10, 50, and 70% cry TNTs in the simu-
lated solution SBF without/and with Ca** ions at 37 °C and
pH 7.4. For all anodized electrodes, the OCP decreases with
time for the first minutes of immersion and slowly all curves
reached almost constant states. The data of the initial OCP
values, illustrated the effect of Ca®* ions enhancing the ini-
tial stability of all samples by shifting the potential to more
positive values — 160 to — 69 mV for 10% cry TNT, — 100
to — 90 mV for 50% cry TNT and — 115 to — 78 mV for 70%
cry TNT as shown in Table 3.

10% cry TNT without Ca** ions is initially — 160 mV,
but after more than one day of immersion, the stability
of the surface increases by the potential shift to a more
positive value — 115 mV, this shift can be due to the rela-
tive stability of the formed passive films on Ti surface.
While the OCP of 10% cry TNT after immersion in Ca®*
ions was initially — 69 mV, and then shifted towards the
negative potential region after 2 days of immersion in
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Table 2 The composition of cry

8 ’ Glycerol ~Immersion. time Wt. % At. %

TNTs surface after immersion

. 2y conc (%) X -

in Ca”" at pH 7.4 Ti O Ca P Na Ti O Ca P Na
10 6h 56.60 41.68 0.26 0.20 1.30 30.65 67.59 0.17 0.18 1.41
50 6h 57.61 4045 022 0.11 140 3171 6644 0.15 0.11 1.61
70 6h 5598 4359 021 022 1.03 305 6782 0.14 021 132
10 7 day 56.25 3931 046 032 237 3096 64.787 03 028 272
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Fig.4 HR-SEM image and EDX analysis of anodized/annealed sample in 10% cry TNT after immersion in 0.29 g 17! Ca** solution for 7 days

SBF. On the other side, the OCP of 50% and 70% cry
TNTs shifted to negative potential values when they were

filled with Ca** ions, they also shifte

d to more negative,

particularly without Ca®* ions as shown in Fig. 7b. These
results indicate that both 50% and 70% of samples have a
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similar trend unlike that of 10% cry TNT. Furthermore,
the incorporation of physiological anions can enhance the
bioactive ability of 10% cry TNT in SBF.
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3.2.2 EIS measurements

To guarantee the whole description of the electrochemical
process at the electrode/electrolyte interface on all samples
surface, electrochemical impedance spectroscopy (EIS)

Table 3 Variation of OCP with time of cry TNTs without/and with
CaZ*

Cry TNTs Initial OCP (mV) vs Ag/  After 48 h OCP (mV) vs
(%) AgCl Ag/AgCl

Without Ca** With Ca®>* Without Ca®* With Ca**
10 - 160 - 69 — 115 - 204
50 - 100 -90 — 236 — 144
70 — 115 —-78 —208 — 155

@ Springer

measurements were made in a wide frequency range after
stabilization of the testing samples at the OCP. EIS is one of
the most useful non-destructive tools that provide reliable
data to evaluate the stability of the passive films by studying
charge transfer resistance at a surface/electrolyte interface.
The EIS data at open circuit potential of the 10, 50, and
70% cry TNTs with and without Ca®* in SBF solution are
presented in the form of Nyquist plots as shown in Fig. 8a—c.

Nyquist plots for all samples show the incomplete semi-
circles related to glycerol concentration, this means that sta-
bilization of the passive film in SBF is affected by changing
the concentration of glycerol solution [61]. The diameter
of the Nyquist plot for the 10% TNT has the highest value,
indicating an increase in the resistance and the high die-
lectric property of the protective passive film. While 70%
TNT showed the lowest one with/ and without immersion.
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The extent of the arc in the Nyquist plot is an indication of
relative charge transfer kinetics as shown in Fig. 8a—c [62].
The increase of resistance as can be seen by the diameters
of semicircles can be related to the morphological changes
than to chemical composition. TiO, nanotubes show high
electrical resistivity because of their semiconducting nature.

To highlight the role of Ca®* ions and how they can
affect the electrochemical behavior of the TNTSs, the set of
Fig. 8a—c represent the EIS spectra of 10%, 50%, and 70%
cry TNTs filled with/ and without Ca** ions for comparison.
The general features of the impedance plots are consistent
with passive film behavior especially for 10% TNT, which
shows a high impedance diameter over a wide frequency
range Fig. 8a.

Once more, it can be noticed that the Ca>* ions which
filled the pores of 10% TNT led to decrease its resistance in

SBF, this supports the fact, where fewer anions absorption
from SBF occur when Ca levels are too high [63] and the
OCP results of the present work as shown in Fig. 7a. This
result proved that the anodized films play an important role
in improving the corrosion resistance in bio-environments
solution especially 10% cry TNT highlighting its potency as
good passive bioactive surface. Based on Fig. 8b, c it can be
confirmed that 50% and 70% TNTs were not considered as
good bioactive surfaces, but may be considered as an active
surfaces for charge transfer applications.

To illustrate the mechanism of the reaction, which hap-
pened at the electrode/ electrolyte interface, the experimen-
tal impedance data were fitted to theoretical data according
to the proposed model. The slight deviation observed which
can be attributed to the high porosity and roughness of the
surface on all TNTs. The results of the fitting data for 10,
50, and 70% cry TNTs formed with/ and without Ca** are
presented in Fig. 9a, b. The values of the equivalent circuit
parameters for all TNTs are listed in Table 4.

The two-time constant equivalent circuit is presented in
Fig. 9c, where the roughness, duplex nature of the passive
film, grain border, and bulk/electrolyte interfaces and solu-
tion resistance (R,) were taken into consideration [62]. R, is
in series to two parallel combinations, (R, & Q,) represent-
ing the inner barrier layer resistance and capacitance, and
(R, & A,.), representing the outer nano-porous layer resist-
ance and capacitance, respectively. The circuit is just one
of the possible equivalent circuits that are fit the impedance
spectra.

Zepp(@) = [QGw)'T™, 3

Q is a constant phase element (CPE), where n varies between
0 and 1 is introduced to explain the deviation from the ideal
capacitive behavior due to surface roughness factors and
adsorption effects.

Titanium is known to have an active /passive surface in
contact with solutions due to the continuous process of dis-
solution and re-passivation. Thus the composition and the
properties of the passive film were changed with the environ-
ment. As seen in OCP, the outer layer starts to dissolve and
after a certain time, the thickness increases due to adsorp-
tion of Ca and P. The change of the outer film capacitance,
C,, can be used as an indicator of the change in the layer
thickness. The reciprocal of the capacitance 1/C,, is directly
proportional to the thickness of this passive layer.

High inner film resistance, R, of 18.7 KQ cm?, and the
low capacitance of 3.39 uF cm™2 are recorded for 10% TNTs
compared to 50% and 70% in case of filled with Ca** ions
as shown in Fig. 9a, b and Table 4. This result also supports
previous findings that a 10% cry TNT has distinct properties
more than that of 50% and 70% in SBF. On the other hand,
the values of porous layers resistant R increases reaching
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Table 4 EIS parameters of cry Electrode (%) CaZ* RS(Q) RbkQcem?) (CPE) n  RpkQem?) (CPEp n
TNTs with /and without Ca (uF cm™2) (WF cm™2)
ions immersed in SBF at 37° C
for 7 days after fitting the EIS 10 Without 110 110 6.25 09 786 237 044
plots with equivalent circuit With 228 187 3.39 0.44 118 554 0.5
shown in Fig. 9 ’ ’ ’ ’ ’ ’
50 Without 5.20 1.0 968 023 13 102.9 0.75
With 9.88 6.12 10.9 0.88 19.21 42.9 0.78
70 Without 2.20 11 13 0.85 10.80 83.8 0.68
With 5.80 9.74 342 0.53 2.79 2.86 0.90

118.18 KQ cm? for 10% cry TNT compared to 50% and
70%. All the above results can be attributed to the high sta-
bility of the film formed on 10% cry TNT in comparison
with that formed on 50% and 70% cry TNTs.

Thinning of the oxide film was noticed and proved
through low R, and high Q, values, for 50% and 70%
compared with 10%, and all values were given in detail in
Table 4. Instead, Ca®* ions increase the resistance of the
outer layer R, for a 10% sample more than the inner layer.
This can be explained as the high incorporation of other ions

@ Springer

from the SBF solution into this layer even in the presence
of Ca** ions.

Solution resistance value R, varied from 5.2 Q cm? to
22.8 Q cm? (see Table 4) it was noticed that R, for SBF with
Ca”" ion higher than without Ca®*. 10% cry TNT with or
without Ca** higher value compared to 50% and 70% that
showed slow incorporation of ions into the infra-nano struc-
ture of these samples compared with a 10%. These results
are indicated that the TNT formed with 10% glycerol can be
considered as an excellent support for the biomimetic Ca—P
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layer and can successfully be used as a bioactive surface
similar to other our previous reported surfaces [62].

Figure 10 displays that, the reduction of C, is consistent
with the thickness growth of the outer layer for 10% sam-
ples filled with/and without Ca?* ions due to the excellent
interaction of this surface with the electrolyte in simulated
physiological solution which refer to good in-vitro biocom-
patibility. Similarly, it is clear that a thick passive layer is
formed without Ca*" ions on a 10% TNT, while a thin layer
is formed on 50% and 70% samples with/and without Ca®*
ions.

The decrease of thickness is due to, the rise of Ca** ions
inside the tube resulted in adsorption of negatively charged
ions from the SBF as phosphorus ions increase until it
reaches a constant value and vice versa [59]. Consequently,
the Ca®" ions are responsible for the resistance elevation
[49]. The film thickness of the TNT on 10% sample through
the formation of Ca—P coating layer (with ratio equal to1.3
after 6 h and 1.47 after 7 days of immersion in SBF) indi-
cates the adsorption of SBF. It could be seen that R, is much
higher than Ry, and the highest value of R,, for the 10% TNT
was reported without immersion in Ca®* ions indicated
that the inner layer was porous and compact [57]. R, value
increased with Ca®* ions immersion. The high value of R,
confirmed the formation of high corrosion protection layer
due to the increase in the film coverage and thickness, which
is in agreement with the results of SEM analysis as shown
in Figs. 1 and 2.

Finally, Nyquist plot of 70% TNT filled with Ca** ions
exhibits more interesting result, where it was found to con-
sist of two parts, a semicircle at high and intermediate fre-
quencies with very small diameter and a linear part at low
frequencies as shown in Fig. 8c, this result assures that 70%
sample act as a promising candidate for further studies to use
it for energy and sensing applications rather than orthopedic
applications.

4 Conclusion

The goal of this work falls into three categories: surface
modification, film resistance, and biocompatibility analysis.
This study provides a new understanding of the factors accel-
erating the bioactivity of Ti metal during various chemical
and thermal treatments to design and fabricate innovative
surfaces with high biocompatibility and bonding ability for
dental and orthopedic applications. This protocol of anodiza-
tion in fluorinated glycerol electrolyte on titanium under two
sequential potential steps produced a novel platform highly
ordered nanotubes structure from Titania with a wide range
of pore sizes. Cry TNTs formed after heat treatment are the
most efficient phase for good wettability properties with a
54° contact angle. This study confirmed that the concentra-
tion of glycerol of more than 10% decreases the bioactiv-
ity of the Titania surface. Also, TNT improves Ca** ions
incorporation into the porous structure that affects positively
its wettability properties. Moreover, Ca>* ions enhance the
resistance of 10% cry TNT from 78 to 118 kQ in SBF. 70%
cry TNT showed promising EIS plots to be used for future
applications related to energy and sensing.
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