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Abstract. Zinc hydroxyapatite coatings (ZnHAp) were synthesized on 316L
stainless steel by ion exchange method between hydroxyapatite coatings (HAp)
and solution containing Zn(NO,),. Effect of the initial concentration of Zn*" and
contact time to ion exchange process was studied. The analytical results of FTIR,
SEM, Xray, and AAS showed that the obtained coatings were single phase crystals
of HAp, and the present of Zn in HAp structure with the atomic ratios of Zn/Ca,
(Ca + Zn)/P of 0.143 and 1.707 changed the morphology, the crystal diameter and
the lattice parameters. Besides, kinetics of ion exchange process followed the
model of the pseudo-second order kinetic with the ion exchange capacity at
equilibrium of 1.529 mmol/g and the rate constant of 0.112 g/mmaol.min.

Keywords: 316L stainless steel; hydroxyapatite coatings (HAp); zinc
hydroxyapatite coatings (ZnHAp); ion exchange.

1. Introduction

Hydroxyapatite (HAp) is the main component in natural bones, accounts for 25-
75% by weight and 35-65% by volume [1]. Synthetic HAp has a Ca/P ratio of 1.67,
similar to that in natural bones and it has excellent biological activity hence it is
extensively studied and applied in the biomedical field [2, 3]. HAp coatings are covered
on metal and alloy surfaces such as Ti, 316L stainless steel (316LSS) to improve the
quality and biocompatibility [4, 5]. When implanted, the HAp coatings are capable of
creating a tight bond between the host's bone and the implant material, accelerating
bone healing.

However, the biggest concern was postoperative infection after implantation.

Therefore, scientists were very interested in bringing the antimicrobial agents to the
implant. In addition, inorganic antimicrobial agents, including copper, silver and zinc
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ions, are well-respected by scientists for their stability and safety [1]. They not only
reduce the adhesion of bacteria to the surface of the implants, but also have the ability to
inhibit their growth [6].

Zinc is a necessary trace element in the body. The presence of Zn in the bone
stimulates bone formation and inhibits the process of bone destruction. Moreover, zinc
Is known for its broad spectrum antibacterial activity against Gram-positive and Gram-
negative bacteria, fungi, protozoa, viruses, and even antibiotic-resistant strains [6, 7].
ZnHAp coatings with 1.6% Zn in mass deposited on 304 stainless steel have shown
increased biological activity, antibacterial activity, and non-toxicity to cells [7]. The
researcher Y.L. Jeyachandran (Indian) has investigated the development of P. gingivalis
in FHAp, ZnFHAp and TiN coatings. The results exhibited that the bacterial inhibition
of ZnFHAp coatings is greater than that of FHAp coatings and exceeded that of TiN
coatings [8].

In this paper, we introduce synthesis results of ZnHAp coatings on 316L stainless
steel by ion exchange method between HAp coatings and solutions containing Zn*
ions. The characterization of the obtained ZnHAp coatings was studied using IR, Xray,
SEM, AAS.

2. Content

2.1. Experiments
2.1.1. Electrodepositon HAp coating on 316L stainless steel

316L Stainless steel (316LSS) with the chemical composition: 0.27% Al; 0.17%
Mn, 0.56% Si, 17.98% Cr, 9.34% Ni, 2.15% Mo, 0.045% P, 0.035% S and 69.45% Fe
was used as the substrate and a cathode (working electrode) for the experiments. It is
sized of 1x10x0.2 cm and limited work area of 1cm2 by epoxy. Afterwards, the sample
was coated with the HAp coatings by cathodic scanning potential method at scanning
potential ranges 0 + -1.7 V/SCE; scanning rates 5 mV/s; temperature 500C; the process
was repeated 5 times in a solution contained 3x10° M Ca(NO3), + 1.8x10° M
NH;H;PO, + 6x10 M NaNOs.

The electrodeposition was carried out in a three-electrode cell with 316LSS as the
working electrode; platinum foil electrode acting as the counter electrode and a
saturated calomel electrode (SCE) as the reference electrode by the Autolab PGSTAT
30 equipment (Holland).

2.1.2. Synthesis of ZnHAp coatings

In order to choose the optimal initial concentration of Zn** and the suitable contact
time for sysnthesis ZnHAp coating, material of HAp coated on 316LSS (HAp/316LSS)
substrate with mass of 2,45 mg was immersed in 4mL of solution Zn(NOs), with
variable concentrations: 0.01, 0.05, 0.10, 0.15 and 0.20 M and at differents times: 0, 2.5,
5, 10, 20, 30, 60 and 80 minutes at room temperature. Next, the material was taken out
of the solution, then rinsed with sterile water and left to dry in the air. The obtained
solution after immerstion was investigated to determine the remaining concentration of

115



Vo Thi Hanh, Ha Manh Hung, Le Thi Duyen and Dinh Thi Mai Thanh

ion Zn** by Atomic absorption spectroscopy (AAS) method, then calculate the ion-
exchange capacity according to this formula:
0= c,-C

Where, Q is the ion exchange capacity (mmol/g), C, is the initial concentration of
Zn?* (mol/L), C is the remaining Zn** concentration after immersion (mol/L), V is the
volume of solution (L), m is mass of HAp coatings (g).

The kinetics of Zn** ion exchange process is defined by two kinetic models:
pseudo-first order (Equation 2) and pseudo-second order (Equation 3) [9] . Where, Qe
and Q; are the ion exchange capacities respectively at equilibrium and at any time t
(mmol/g), ki, k, are the rate constants corresponding of the pseudo-first order (min™)
and pseudo-second order (g/mmol/min).
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2.1.3. ZnHAp coating characterization

The functional groups of ZnHAp coatings were analyzed by Fourier Transform
Infrared (FTIR) spectroscopy. The spectra were recorded in the range of 4000 - 450
cm *, with a resolution of 8 cm™* by a Nicolet 6700 Spectrometer, using the KBr pellet
technique. The spectra were the sum of 32 scans. The morphology of the coatings was
characterized using scanning electron microscopy (SEM) using Hitachi S4800
equipment (Japan). Moreover, chemical composition of the coatings was studied and
evaluated by Atomic absorption spectroscopy (AAS) method using Perkin - ElImer 3300
equipment (Ca, Zn elements) and UV-VIS method using CINTRA equipment (P
element). The phase structure and crystallinity of the ZnHAp coatings were analyzed by
X-ray diffraction (SIEMENS D5005 Bruker-Germany), CuKo radiation (A = 1.54056
A), with the following parameters: step angle of 0.03°, the scanning rate of 0.03°s™*, and
260 in a range of 10 - 70°.

The crystallite size of HAp and ZnHAp was calculated from (002) reflection in
XRD pattern, using Scherrer's equation [10] (Equation 4). Where, D (nm) is crystallite
size, A 1s the wavelength of the X-ray radiation (CuKa), 0 (rad) is the diffraction angle,
and B is the full width at half-maximum FWHM (rad) of the peak along (002) direction.
Beside, lattice parameters (a, b, c) were calculated from peak (002) and (211) of XRD
pattern according to equation 5. Where, d is determined from XRD, which is the
distance between adjacent planes in the set of Miller indices (hkl) [11].
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2.2. Results and discussion
2.2.1. Effects of Zn?* concentration

The ion exchange capacity depending on the initial concentrations of Zn?* is shown
in Figure 1. With the increase of the Zn** concentration in the solution, the ion exchange
capacity increase. The initial concentrations of Zn ?* increase from 0.01 + 0.1M, the ion
-exchange capacities rise rapidly from 0.499 to 1.830 mmol/g. When the concentrations
of Zn?* are elevated to 0.1 and 0.2M, the capacities alter slightly (3.858 and 4.195
mmol/g). This result can be explained that the ion exchange process is reached
equilibrium. Therefore, the solution with initial concentration of 0.1M Zn*" is used to
synthesize ZnHAp coatings.
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Figure 1. The change in ion exchange capacity of the HAp coatings with ion Zn**
following the intinal Zn?* concentration at the contact time of 30 minutes

2.2.2. Effect of the contact time
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Figure 2. The change in ion exchange capacity of the HAp coatings with 0.1M Zn**
solutions following the contact time at the temperature of 25°C
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The change of ion exchange capacity of the HAp coatings with 0.1M Zn** solutions
are presented in Figure 2. During the 2.5 to 80 minutes period, the ion exchange
capacity increases dramatically in the first 30 minutes (increases from 0.655 to 1.310
mmol/g), then in the period of 30 to 80 minutes the changes were not much difference
(from 1.310 to 1.440 mmol/g). Therefore, the 30 minutes period is considered to be the
equilibrium time and is selected for the time synthesis of ZnHAp coatings.

2.2.3. Characterization of ZnHAp coatings

The ZnHAp coatings were synthesized by immersion HAp coatings in 0.1M Zn**
for 30 minutes. Then, the samples were washed, dried and determined of structure,
phase, composition and mophology by IR, XRay, SEM, UV-Vis and AAS methods.

* FTIR spectrum

Figure 3 shows the FTIR spectra in the wavenumber range from 4000 cm™ to 450
cm™ of HAp and ZnHAp coatings. The results shows that the obtained ZnHAp coatings
have not significant differences in FTIR spectra with HAp coatings. There are some

characteristic peaks of HAp such as PO} and OH". The peaks of PO} group are
observed at 1034, 602, 565 and 447 cm™; the vibration of OH™ are observed at 3430 and
1643 cm™. Furthermore, the peaks of NO3" are also detected at 1390 cm ! because NO;
ions are presented in the electrolyte of synthetic HAp coatings. However, after
immersing HAp coatings in Zn?* solution for 30 minutes, NO; ions are dissolved into

solution so that there are no peak of NO; group in the IR spectra of ZnHAp coatings.
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Figure 3. The IR spectra of HAp and ZnHAp coatings

* The components of ZnHAp coatings

The components of obtained ZnHAp coatings are analyzed by AAS (for Ca, Zn)
and UV-Vis (for P) methods and are shown in Table 1. The presence of Zn in the
ZnHAp coatings is 7.39 wt.% with the atomic ratios of Zn/Ca and, (Ca + Zn)/P of 0.143
and 1.707, respectively. These results are similar to ones in HAp coating and in natural
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bone (1.67). Quantitative elemental analysis indicates that the zinc is incorporated into
the structure of the HAp by ion exchange with Ca®* to form the ZnHAp coatings.

Table 1. The component of Ca, Zn, P in HAp and ZnHAp coatings

. Weigh (%) The atomic ratios
The coatings
Ca P Zn Zn/Ca | (Ca+ Zn)/P
HAp 33.2 16.8 1.532
ZnHAp 31.8 16.5 7.39 0.143 1.707

* The Xray patterns

Figure 4 shows the XRD patterns of HAp and ZnHAp coatings. Both XRD patterns
exhibit the hydroxyapatite phase with two characteristic peaks at 20 of 32° (211) and
26° (002). Besides, there are some peaks of HAp with smaller intensity at 26 of 17°
(101), 33° (300), 46° (222), and 54° (004). The characteristic peaks of 316L SS substrate
are observed at 20 ~ 45° (Fe) and =~ 44°, 51° (CrO.FeO.NiO). These results show that
ZnHAp obtained coatings have crystals structure and single phase of HAp.

1. HAp; 2. CrO.FeO.NiO; 3. Fe
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Figure 4. Xray patterns of ZnHAp and HAp coatings

The crystal diameters of HAp and ZnHAp are calculated according to Scherrer
formula (Equation 4). The crystal diameter of HAp and ZnHAp coatings are about 44.2
and 22.709 nm, respectively. Table 2 presents the distance between the adjacent planes
of the crystal (d) at two planes (002) and (211) and the value of the lattice parameters a,
b, ¢ of HAp and ZnHAp coatings. In comparison ZnHAp obtained coating with NIST
standard of HAp sample [12] and HAp show that these values are changed: decrease
corresponding for ZnHAp coatings. The results can be explained that the radius of Zn?*
ion (0.74 A) is smaller than that of Ca®* ion (0.99 A); so when Zn?* replace Ca?* leading
to reduce both the crystal diameter and the lattice parameters.
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Table 2. Values of distance between the planes of the crystal and the lattice constant
of ZnHAp and HAp coatings in comparision with NIST standard of HAp

HAp [12] HAp ZnHAp
d(002) (A) 3.44 3,438 3.393
d211) (A) 2.82 2,815 2.784
a=b (A) 9.4451 9,426 9.325
¢ (A) 6.88 6,876 6.786
* SEM images

SEM images of HAp and ZnHAp coating were presented in Fig. 5. The results
showed that with the present of Zn in HAp structure, the morphology changes from
plate shapes of HAp to coral-shapes of ZnHAp.

Figure 5. The SEM images of HAp and ZnHAp coatings

2.2.4. Kinetics of ion exchange

From these above results, the ratio of t/Q and In(Qe-Q:;) can be determined
depending on the Zn?* ion exchange capacity (Table 3) and the model of the pseudo-
first order kinetic (Fig. 6 (1)) and pseudo-second order kinetic (Fig. 6 (2)) are
established according to equation 2 and 3, respectively.

Table 3. Values of In(Q.-Q;) and t/Q following the contact time

t (min) 2,5 5 10 20 30 60 80
Q: (mmol/g) | 0.655 | 0.726 | 0.892 | 1.083 1.310 1.381 1.440
IN(Qe-Qv) -0.157 | -0.243 | -0.481 | -0.851 | -1.609 | -2.048 | -2.659
.t/Qt 3.817 | 6.887 | 11.211 | 18.467 | 22.901 | 43.447 | 55.556
(min.g/mg)
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Figure 6. Model of the pseudo-first order kinetic (a) and pseudo-second order kinetic (b)

From Figure 6, the values of the adsorption rate constant (k) and the equilibrium
adsorption capacity (Qe) can be calculated. The results are presented in Table 4. Table 4
shows that the value of Q. from pseudo-first order Kinetic equation (0.817 mmol/g)
differs from the experimentally obtained Qgexp Value (1.510 mmol/g), in this case the
value of correlation coefficients R? = 0.956 is diverging by 1. On the contrary, the
values of Q. calculated from pseudo-second order kinetic equation (1.529 mg/qg) is very
little diffrent from the the experimental Qeexp (1.510 mg/g), and simultaneously, the
value of correlation coefficients R? = 0.997 is very close to 1. These results prove that
the pseudo-second order kinetic equation is the best fit to the experimental data.
Accordingly, the adsorption rate constant is 0.616 g/mmol/min.

Table 4. Kinetic parameters for ion exchange process between HAp coating and Zn*

Pseudo- first order Pseudo-second order 9
e,exp
Qe k1 R2 Qe kz R2
(mmol/g) | (min™) (mmol/g) | (g/mmol/min) (mmol/g)
0.817 0.032 | 0.8702 1.529 0.616 0.9971 1.510

3. Conclusions

ZnHAp coatings were synthesized by ion exchange method between HAp coatings
with the solutions containing of Zn*". The initial concentrations 0.1M Zn®" is suitable
and the optimal contact time is 30 minutes for ZnHAp coatings synthesis. The obtained
ZnHAp coatings have single phase crystals of HAp, coral-shapes and the content of
7.39 wt% Zn. The results of this study have widened the prospect of application of
ZnHAp coatings as a good implant material, in particular the presence of Zn in the HAp
structure will increase the antibacterial and bioaccumulative properties.
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