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ABSTRACT

Zinc and its alloys have been given promising consideration as a new

biodegradable implant for use in the human body. Compact and uniform nano

hydroxyapatite coatings containing chitosan were successfully deposited onto

zinc substrate in an aqueous solution utilizing microwave-assisted process in

about 10 min. The quick composite coatings are derived by microwave heating

compared with the coatings derived by electrodeposition. The as-deposited

coatings formed by electrodeposition synthesis were known as brushite, which

was converted to hydroxyapatite after 1 h of immersion (post treated) in 1 M

aqueous sodium hydroxide solutions at 100 �C. The incorporation of chitosan

(from 0.01–0.05 g/l) into the coating composition results in a smooth and uni-

form coating structure. SEM, EDS, and an X-ray diffractometer were utilized to

analyze coated samples’ surfaces to evaluate their surface morphology, chemical

composition, and crystalline structures. The in vitro degradation behavior of the

composite-coated samples in simulated body fluid at pH 7.4 and 37 �C was

evaluated using electrochemical impedance spectroscopy and potentiodynamic

polarization. The outcomes showed that microwave-derived coatings provided

superior corrosion resistance for zinc implants as compared to electrodeposited

coatings. Furthermore, the use of chitosan in hydroxyapatite coatings increased

electrochemical corrosion performance. Low chitosan concentrations

(0.01–0.03 g/l) exhibit superior anti-corrosion properties than higher concen-

trations (0.05 g/l). Against Staphylococcus aureus, the coatings demonstrated

strong antibacterial efficacy. These corrosion outcomes and the fruitful deposi-

tion of a hydroxyapatite/chitosan composite coating on zinc substrate indicate

that the coating is efficient for the creation of new composite coatings for either

functional implants or regenerative medicine. The resultant coating may be an

excellent option for bone implants.
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Introduction

Zinc and its alloys have a hopeful future as new

biodegradable implants in the human body because

of their biological benefits, acceptable degradation

rate, and degradation behavior [1, 2]. A zinc-based

medical implant is totally absorbed into the body. An

alternative that can even avoid the need for follow-up

surgery, saves money and, more importantly, bene-

fits the patient by removing the risk of anaesthesia or

infections [3, 4]. Zinc is a vital trace element in the

human body that is involved in a variety of cellular

functions [5–7]. Zinc implants have minimal corro-

sion rates and the main corrosion byproduct, Zn2?, is

well regulated within physiological systems and

below the recommended dietary allowance (RDA)

limit for the majority of medical applications [8, 9].

Zinc’s biological benefits meet the criteria for neces-

sary biodegradable metals. As candidates for

biodegradable metallic materials, Mg and Fe have

been investigated as candidates for biodegradable

metallic materials [10]. Although Mg and its alloys

corrode rapidly and are related to the formation of

hydrogen gas [11–13], Fe and its alloys corrode too

slowly and the corrosion products reject adjacent

cells and biological matrix [14, 15]. According to

thermodynamic opinion, Zn has a standard electrode

potential between Fe and Mg, namely Mg (2.37 V),

Zn (0.763 V), and Fe (0.440 V) (all V values vs. SHE)

[16]. It is indicated that zinc has a moderate corrosion

rate in compliance with clinical requirements. The

release of metal ions from medical implants results in

inflammatory effects in the physiological system.

Surface treatment and modification enhance the

biodegradability of zinc implants. Because of this,

bioactive coatings like chitosan (CS) and hydroxya-

patite (HA) are some of the best bioactive biomate-

rials for making bone [17, 18].

Calcium phosphate is the most common inorganic

component of hard biological tissues [19, 20]. It is

found in bones and teeth as hydroxyapatite (HA),

with the formula Ca10(PO4)6(OH)2 at near-neutral

pH, but brushite (CaHPO4.2H2O) or monetite

(CaHPO4) are more stable under acidic conditions

[21]. HA coating and/or deposition of metal alloys

helps to osseointegrate implants and increases the

direct binding of implants to the bone [22, 23].

Techniques for depositing hydroxyapatite on metal

implantation surfaces include spin coating, plasma

spraying, sputtering, sol–gel coating, electrophoretic

coating, and electrodeposition [24–26]. Using the

electrodeposition method can prevent unintended

phase changes since it operates at a low temperature

and can deposit an intricate architectural coating

with a precise thickness [27]. The microwave assisted

coating method was successfully used to uniformly

coat a dense HA layer onto a zinc substrate in a short

time, thus enhancing their bioactivity and/or bio-

compatibility. Currently, the microwave-assisted

hydroxyapatite processing method has marked

advantages over conventional methods [28]. It

decreases the reaction time very substantially by

optimizing energy transmission inside the volume,

allows reproducibility, produces uniform particle

size and provides high yield and crystallinity [29–32].

Recently, scientists have tried to strengthen the

adhesive, structural, and physicochemical qualities of

implant materials coated with HA [33, 34]. The

importance of adding additives to the deposition

solution, such as polymers, was highlighted [35].

Chitosan is a naturally occurring cationic polysac-

charide shaped by the alkaline N-deacetylation of

chitin. It offers remarkable features that make it

perfect for use in biomedical implants, including

antibacterial functionality, high chemical stability,

biocompatibility, biodegradability, and enhanced

mechanical properties. Chitosan is a hemostatic

material that aids in bone and wound healing [36].

The aim of this study is to deposit a nano HA/CS

composite coating on zinc substrate by a microwave

assisted method and compare it with coatings

derived by electrodeposition. The in vitro degrada-

tion behavior and antibacterial performance of nano

composite coatings on zinc for clinical (bone implant)

applications have been evaluated. The novelty of this

research is mainly consisting in the synthesis of nano

structure HA/CS coating by simple fast and low-cost

method on zinc substrate which is candidate metal

for biodegradable implant. The HA/CS coating

enhance the bone healing due to improve corrosion

resistance and antibacterial properties. The HA

coating on zinc is quiet not fully revealment and

require to be studies.
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Materials and methods

Electrode preparation

Zinc has been used as a metallic substrate

(area = 0.385 cm2). Inductively coupled plasma

atomic-emission spectroscopy (ICP-AES) was utilized

to determine the chemical composition of the zinc, as

shown in Table 1 (wt.%). The sample disc measured

6 mm in diameter and 2 mm in thickness. A Teflon-

coated stainless-steel rod was used to hold each disc

to provide total isolation. The discs were mechani-

cally polished with SiC sheets up to 2400 grit, rinsed

in triple-distilled water, and then cleaned in an ace-

tone-containing ultrasonic bath for five minutes at

room temperature. In order to eliminate zinc oxide

and make the substrates rougher for better adhesion,

the Zn substrates were etched in a 0.1M HCl solution

for 1 min. Before the next step, the samples were

cleaned with distilled water and left to dry [37, 38].

Chemical and reagents

Chitosan (medium molecular weight) with a de-

acetylation of 75–85%, glacial acetic acid (99.0%),

calcium nitrate, anhydrous monobasic ammo-

nium phosphate, ammonium hydroxide, and sodium

hydroxide pellets (each chemical constituent was

acquired from Aldrich Company). Analar (grade

reagents), as well as triply distilled water used.

Coatings preparation

The coating solution was created by combining

0.21 M Ca (NO3)2 and 0.125 M NH4H2PO4 in an

aqueous solution with a pH of 3.6–4 and a Ca/P ratio

of 1.67. The chitosan electrolyte solution was created

by dissolving 0.4 gm of chitosan powder in 100 ml of

dilute acetic acid (1% w/w) and stirring for 5 h at

room temperature to get a clear solution. The pH was

buffered to 3.7 using Tris-buffer. For the deposition of

the hydroxyapatite/chitosan composite layer, differ-

ent amounts of chitosan solution, ranging from

0.01–0.05 g/l, were added to the coating solution. The

electrodeposition current density was 2 mA/cm2 and

90 rpm magnetic stirring was conducted for 3600 s

[39–41]. The electrodeposition was carried out at

room temperature in an electric cell with three

selective electrodes; a zinc disc as the working elec-

trode (cathode), a platinum basket as the counter

electrode (anode), and an Ag/AgCl electrode as the

reference electrode. For the coating synthesized by

domestic microwave (Samsung ME711K, 2450 MHz,

1150 W, OM75S Magnetron). In all the experiments,

the microwave irradiation power (600 W) was

employed for 10 min. The pH of the solution was

attuned to 7 using 1 M NH4OH. The treated samples

were submerged in a 100 ml coating solution in a

Teflon lined beaker. The solution mixture was

microwave irradiated for 10 min. The coated zinc

discs were cleaned with deionized water and dried

for 24 h at room temperature. Finally, for

hydrothermal treatment, the prepared samples by

electrodeposition were immersed in 1 M NaOH

solution at 100 �C for 1 h, then washed with distilled

water and dried in air [42, 43]. PosiTector 6000 is used

to measure coating thickness.

Surface characterization

Surface morphologies of coatings and elemental

analyses of the deposited coating were studied uti-

lizing a scanning electron microscope (JEOL-JSM-

5410, Japan) armed with an energy dispersive spec-

trometer unit (EDS-Oxford). The phase analysis of the

coating was determined using an X-ray diffractome-

ter (Bruker AXS-D8, Advance, Germany, operated at

35 kV and 45 mA with CuKa radiation

k = 0.1540 nm). The coating’s nanocrystalline size

was calculated using Scherrer’s equation.

D ¼ kk=b cos h ð1Þ

where D is the average crystal size, k is the Scherrer’s

constant, which is 0.94, k is the X-ray source’s wave

length (0.154 nm for CuKa radiation), b is the peak

width at half its maximum, and h is the diffraction

angle [44, 45].

Electrochemical test

At 37 �C, electrochemical measurements were

achieved (potentiostat/Galvanostat, Auto lab

Table 1 The chemical

composition of zinc substrate

(in weight percentages)

Zn Pb Fe Cr V Ca Si Ce Sb Mo Sn W Al

98.443 0.031 0.038 0.013 0.065 0.182 0.62 0.011 0.011 0.003 0.005 0.492 0.086
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PGSTAT 302 N, Netherlands) in simulated body

fluid solution containing (g/l) NaCl 8, CaCl2 0.14,

KCl 0.4, NaHCO3 0.35, C6H12O6 1, NaH2PO4 0.1,

MgCl2 0.6H2O 0.1, Na2HPO4 0.2H2O 0.06 and MgSO4

0.7H2O 0.06.at pH 7.4 [46–48]. A three-electrode cell

containing 100 mL SBF was utilized, with an Ag/

AgCl as the reference electrode, a platinum counter

electrode, and Zn or coated-Zn substrates serving as

the working electrodes. Before beginning the poten-

tiodynamic measurements, the open-circuit poten-

tials (OCP) were stabilized for 30 min. A perturbation

amplitude of 5 mV was used during (EIS) in the

frequency range of 10 MHz–100 kHz. Potentiody-

namic polarization curves between - 1.6 mV and -

0.2 mV were performed at a scan rate of 1 mV/s.

Antibacterial activity

Using nutritional agar medium, the antibacterial

activity of two samples coated with microwave-pro-

duced hydroxyapatite and hydroxyapatite/chitosan

composite coatings was evaluated against Staphylo-

coccus aureus (Gram positive bacterium). Ampicillin

was a common medication for gram-positive bacteria.

As a solvent control, DMSO was employed.

Results and discussion

Phase structure of the coating

The following electrochemical deposition reactions

were used to create the composite coatings

brushite/chitosan on the surface of zinc [49, 50].

First, when water is reduced at the surface of the

implant, hydrogen gas and hydroxide ions are

produced.

2H2O þ 2e $ H2 þ 2OH� ð2Þ

According to equilibrium, the hydroxide ions

produced could react with di hydrogen phosphate.

H2PO�
4 þ OH� $ H2O þ HPO2�

4 ð3Þ

A stoichiometric precipitation of brushite occurred.

Ca2þ þHPO2�
4 þ 2H2O $ CaHPO4 � 2H2O ð4Þ

In acetic acid, chitosan was easily dissolved. At a

low pH of 3.7, chitosan becomes a cationic poly

electrolyte [51–54].

Chit-NH2 þ 3H3Oþ ! Chit-NHþ
3 þ H2O ð5Þ

The charged chitosan is propelled toward the

cathodic surface by the electric field, where it releases

its charge and deposits an insoluble substance.

Chit-NHþ
3 þ OH� ! Chit-NH2 þ H2O ð6Þ

The as-deposited coating is primarily composed of

dicalcium phosphate dihydrate (DCPD, brushite).

The conversion to HA was carried out in a 1 M

NaOH solution at 100 �C for 1 h.

At pH 6.5–7.0, calcium and phosphate ions were

present in the initial solution and deposited on the

substrate. Simultaneously, the hydroxyapatite pro-

duction occurs on substrate surface [17].

10Ca2þ þ 6 H2PO4� þ 14OH-
! Ca10 PO4ð Þ6 OHð Þ2 þ 12H2O ð7Þ

Microwave irradiation revealed a direct precipita-

tion of nano-HA. Microwave energy activates a rapid

ionic interaction including Ca2?, OH-, and PO4
2-

ions, resulting in precipitation of the stable HA [29].

Reaction (7) shows how HA is made using micro-

wave irradiation, which is a fast way to get nano-

sized HA particles on a zinc substrate.

Figure 1(a), (b) shows X-ray diffraction patterns of

the HA coating and HA/CS coating prepared by the

electrodeposition method. The gotten data suggested

that the coating layer is composed of highly crys-

talline HA with main diffraction peaks observed at

2H = 36.2�, 38.9�, 43.1� and 54.2� and in HA/CS

composite coating, a peak at 2H = 12�, 20� is

observed for chitosan (the peak strength of CS in

composite coatings was not significant because of the

large difference in the intensity of the diffraction

peaks between HA and CS, and the low amount of CS

in HA coatings). In composite coatings, the intensity

of typical HA peaks decreased, indicating that a CS

layer forms on the surface of the HA coating [55].

Evidently, these results were good in agreement with

standard ICDD cards 01-076-0694.Fig. 1 (inset) The

X-ray pattern of the main brushite peaks at

2H = 28.4�, 35.8�, 47.6� and 55.2� with standard ICDD

cards (00-009-0077).Fig. 2(a), (b) shows X-ray

diffraction patterns of the HA coating and HA/CS

coating derived by the microwave assisted method,

which is very similar to the electrodeposited coat, but

the peak width and relative intensity for diffraction

peaks confirm that the produced coating is more
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Figure 1 X-ray diffraction

pattern of HA (a) and (b) HA/

CS (0.03 g/l) electrodeposition

coatings. Inset X-ray

diffraction pattern of brushite

( ).

Figure 2 X-ray diffraction

pattern of HA (a) and (b) HA/

CS (0.03 g/l) microwave

coatings.

Table 2 XRD analysis results

(nanocrystalline size) of HA

and HA/CS(0.03 g/l)

composite coatings

Electrodeposition Microwave

Peak position (2h) Crystallite size(nm) Peak position (2h) Crystallite size(nm)

HA 36.2� 67.9 36.1� 70.6

38.9� 49.9 38.8� 72.5

43.1� 50.5 43.0� 79.3

54.3� 64.8 54.1� 65.5
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dense with high crystallinity [49, 56]. Table 2 displays

the estimated sizes of crystallites.

Microstructure characterization

However, the produced coatings having the same

phase composition, but the morphologies of HA

coatings arranged by electrodeposited and micro-

wave techniques were significantly different. Fig-

ure 3(a–d) depicts the surface morphology of

coatings created using the electrodeposition method.

The SEM image was represented with higher mag-

nifications; a uniform distribution of coatings was

observed in all samples. Figure 3(a, b) shows SEM

images of electrodeposited brushite and brushite/CS

(0.03 g/l) coating, respectively, on zinc substrate at a

constant current density of 2 mA/cm2 for 3600 s. It is

clear that a typical brushite structure was observed,

and the composite coatings are more ordered as CS

fills the interstitial voids. Figure 3(c, d) shows the

same coating after hydrothermal treatment in 0.1 M

NaOH at 100 �C for 1 h to convert it to HA and HA/

CS. The HA coating obtained by the electrodeposition

method was instituted by a homogenous plate-like

structure and the thickness of the coating

was * 10 ± 2 lm.

Figure 4(a, b) demonstrates the surface morpholo-

gies of the HA and HA/CS (0.03 g/l) nano coatings

synthesized by microwave irradiation on zinc sub-

strate. At high magnification, Fig. 4(a) shows rod-like

HA crystals which piled up to form a flower-like

structure. The thickness of the coating was * 14 ±

2 lm. The surface morphology of the composite

HA/CS coatings is shown in Fig. 4(b). The co-depo-

sition of composite CS resulted in more adherent and

compact coatings on the zinc substrate. In fact, chi-

tosan acts as a bioadhesive enhancing the connection

between HA particles and the zinc surface [49].

In principle, two stages, nucleation and crystal

growth, are involved in the precipitation of HA

coatings from aqueous solutions [56, 57]. As the

solution’s temperature and pH rise, these reactions

become more powerful [58]. Low driving force ele-

vates the interface to rise and travel laterally, leading

to face-by-face growth and the acquired HA’s mor-

phology looking like a plate. High driving force, on

the other hand, accelerates the interface’s motion

toward normal to itself, leading to spiral develop-

ment and rod-like. In the electrodeposition strategy,

the driving force was deemed insufficient;

consequently, plate-like HA crystals were precipi-

tated, then repeatedly coiled and agglomerated into

enormous globules to lower the overall surface

energy. The rod-like HA crystals were produced as a

result of the interfacial development’s driving force

being boosted by microwave heating. Furthermore,

the deposition procedure was accelerated, resulting

in a thicker HA coating on the substrate, as a result of

the higher HA nuclei transit rate in the solution

under microwave irradiation [59].

Figure 5 shows the cross-sectional of the HA coat-

ing on zinc substrate prepared by microwave-as-

sisted method was * 14.83 lm which is in great

consistent with the value measured by PosiTector

6000 device. The micrograph reveals that the coating

is compact, dense and adheres on the surface.

Electrochemical test

The corrosion protection of a Zn substrate coated

with brushite and brushite/CS composite coatings

with different chitosan concentrations (0.01–0.05 g/l)

was examined in SBF solution at 37 �C. Figure 6

presents the potentiodynamic polarization curves of

the as-deposited coatings. The development of a

protective layer by brushite and brushite/CS com-

posite coatings improves surface resistance via shift-

ing the corrosion potential in a positive direction and

visibly reducing corrosion current density. Further-

more, the concentration of chitosan in the solution

has a significant impact on coating quality. As the CS

concentration rises to 0.03 g/l, the corrosion proper-

ties improve, which is linked to the creation of a

dense, compact, and uniform layer at the surface.

However, raising the concentration over 0.03 g/l

reduces corrosion resistance because the solutions

become viscous, preventing particles from moving to

the zinc substrate and, as a result, reducing the uni-

formity and coherency of the composite coatings [47].

In this regard, Hahn et al. said that the compactness

of the deposition in composite coatings is inversely

related to the volume of chitosan [60].

Figure 7 shows the polarization curves of coated

zinc after 1 h of immersion (post treatment) in 1 M

cFigure 3 a, b SEM images of electrodeposited brushite and

brushite/CS (0.03 g/l) on zinc substrates, respectively; c, d the

same coating after conversion to HA and HA/CS (0.03 g/l) with

different magnifications.
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aqueous sodium hydroxide solutions at 100 �C to

assess the protective qualities of the HA and HA/CS

composite coatings. In comparison to their as-de-

posited form, the corrosion current and rate of cor-

rosion of the coated samples were dramatically

reduced. The results show that composite coatings

can protect zinc substrates and make them less likely

to corrode in SBF environments. The anodic polar-

ization curves credited to zinc dissolution

ZnðSÞ ! Zn2þ
ðaqÞ þ 2e�

� �
and the cathodic curves

were assumed to hydrogen evolution

2H2O þ 2e� ! H2 þ 2OH�
ðaqÞ

� �
. Zinc ions have a

propensity to create zinc hydroxide as the pH rises

along with an increase in the generation of

Zn2þ
ðaqÞ þ 2OH�

ðaqÞ ! Zn OHð Þ2ðSÞ

� �
[61]. Solid

Zn(OH)2 is the primary corrosion product that pre-

cipitates on the zinc substrate’s surface to prevent

further corrosion. As a result of the aggressive

chloride ions in the SBF competing with the

Zn OHð Þ2layer, soluble zinc chloride was formed

Zn OHð Þ2 þ 2Cl� ! ZnCl2 þ 2 OH�� �
Meanwhile,

the presence of PO4
3- and Ca2? in the SBF solution

reacted with OH- favor the creation of hydroxyap-

atite e which offers secondary protection of zinc

coated substrate [8]. The polarization resistance is

known to be related to the corrosion current by the

Stern–Geary equation via Tafel slopes [62].

Rp ¼ babc
2:3Icorr ba þ bcð Þ ð8Þ

where (ba and bc) are the anodic and cathodic Tafel

slopes.

The corrosion current density (icorr) is related to the

corrosion rate (Ri) by the following equation.

Ri ¼ K icorr Eq � wt�
� �

=d ð9Þ

where Ri is given in mm/y., icorr in lA/cm2,

K = 3.27 9 10-3 mm g/lA cm y, Eq. wt. is the

Figure 4 SEM images of a HA and b HA/CS (0.03 g/l) prepared using the microwave-assisted method with different magnifications.
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equivalent weight and d is the density of the zinc in

g/cm3 [45].

The corrosion protection efficiency (PE %) for zinc

substrate nanocomposite coatings (investigated sam-

ples) immersed in SBF solution at 37 �C was calcu-

lated using the following equation [63].

PE% ¼ 1�icorr=icorr� � 100 ð10Þ

where icorr� and icorr are the corrosion current densi-

ties of the zinc substrate before and after composite

coatings, respectively. The corrosion characteristics

determined from the polarization curves, including

corrosion potential (Ecorr), corrosion current density

(Icorr), polarization resistance (Rp), corrosion rate (Ri)

and protection efficiency (PE %) are recorded in

Table 3.

Utilizing EIS technique, the Nyquist and Bode

plots of a zinc substrate coated with brushite and

brushite/CS composite coating with different chi-

tosan concentrations (0.01–0.05 g/l) was studied in

SBF solution at 37 �C. The outcomes are presented in

Fig. 8 and Fig. 9 for as-deposited brushite and

brushite/CS and post-treated samples HA and HA/

CS, respectively. The impedance investigation vali-

dates the polarization-based results that were previ-

ously obtained. The HA/CS coating has the best

corrosion resistance, and the film’s corrosion resis-

tance increases as the CS concentration increases up

to 0.03 g/l. One capacitive semicircular loop was

found in the Nyquist plots. An increase in the semi-

circle’s size and impedance indicates an increase in

coating resistance in all cases. The simple model with

a one-time constant, as shown in Fig. 10, is the well-

fitting electric model to clarify the corrosion process.

The equivalent circuit consists of a constant phase

element (CPE) in series with the solution resistance

Rs, which is parallel to the polarization resistance

(charge transfer resistance) of the coated surface Rp.

The constant phase element (CPE) compensates for

the action of the capacitor due to the surface hetero-

geneity of the coating and is defined by its impedance

value [64].

ZCPE ¼ C jxð Þa½ ��1 ð11Þ

where a is a surface heterogeneity exponent, 0 B a
B 1, j is an imaginary number (j = (-1)1/2), x = 2pf is

Figure 5 Cross-section of HA coating prepared by microwave-

assisted method.

Figure 6 Potentiodynamic polarization curves of electrodeposited

brushite and brushite /CS coatings on Zn substrate in SBF solution

at 37 �C.

Figure 7 Potentiodynamic polarisation curves for coated zinc

after 1 h of immersion (post treatment) in 1 M aqueous sodium

hydroxide solutions at 100 �C and in SBF solutions at 37 �C.
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the angular frequency in rad/s, and f is the frequency

in Hz = S-1. The outcomes of the EIS analysis are

given in Table 4.

The following equation assesses the protection

efficiency (PE %) provided by the nano composite

coatings on the zinc substrate in SBF solution [63].

PE% ¼ 1 � R
�

p=Rp � 100 ð12Þ

where R8p and Rp are the resistances for both the

uncoated and nanocomposite coatings, respectively.

Microwave heating produced a coating that was

compact and thick, with good corrosion resistance for

the zinc substrate. Potentiodynamic tests and EIS

were utilized to estimate the protective effects of the

resulting HA and HA/CS composite coatings. Com-

pared with the electrodeposition method, the coating

produced by microwave heating exhibited larger

Ecorr with smaller icorr and larger charge transfer

resistance Rp as represented in Fig. 11 and Fig. 12,

respectively. The corrosion parameters resulting from

Table 3 Electrochemical

parameters and corrosion rates

obtained by polarization tests

Sample Ecorr/V Icorr/lA/cm
2 Rp/KX Ri/mm/y PE%

Zinc -1.07 13.7 0.69 0.41 –

Zn/ brushite -0.87 6.5 0.76 0.32 53

Zn/brushite ? 0.01 g/lCS -0.82 5.2 0.85 0.25 62

Zn/brushite ? 0.03 g/lCS -0.80 4.4 0.93 0.17 68

Zn/brushite ? 0.05 g/lCS -0.84 5.8 0.83 0.31 58

Zn/HA -1.05 3.1 2.01 0.30 77

Zn/HA ? 0.01 g/lCS -0.99 2.5 3.01 0.21 82

Zn/HA ? 0.03 g/lCS -0.90 1.1 4.70 0.03 92

Zn/HA ? 0.05 g/lCS -1.02 2.8 2.95 0.26 80

Microwave method

Zn/HA -0.86 1.8 5.9 0.11 87

Zn/HA ? 0.01 g/lCS -0.82 0.96 10.9 0.03 93

Zn/HA ? 0.03 g/lCS -0.78 0.79 15.7 0.02 94

Zn/HA ? 0.05 g/lCS -0.84 1.14 8.7 0.04 92

Figure 8 a Nyquist (symbols is experimental work and lines is fitting circuit) and b Bode plots of electrodeposited brushite and brushite /

CS coatings on substrate in SBF solution at 37 �C.
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the polarization curves are recorded in Table 3.

Microwave provided a more uniform and denser

coating with a large thickness compared to elec-

trodeposition. The coating prevented SBF from pen-

etrating the zinc substrate during implantation,

resulting in good long-term corrosion resistance. The

size of the capacitive loop grew in the Nyquist plots

for the microwave method. The increase in capacitive

loops and impedance denotes an enhancement in

coating corrosion resistance, which is linked to

Figure 9 a Nyquist (symbols is experimental work and lines is fitting circuit) and b Bode plots for coated zinc after post treated in SBF

solution at 37 �C.

Figure 10 Equivalent circuits used for modelling of experimental

EIS data.

Table 4 Electrochemical

impedance parameters Sample Rp/kX cm2 CPE/lF cm-2 a Rs/X cm2 PE%

Zinc 0.22 9.5 0.92 52 –

Zn/brushite 0.55 7.2 0.96 49 60

Zn/brushite ? 0.01 g/lCS 0.82 4.2 0.86 29 73

Zn/brushite ? 0.03 g/lCS 0.87 3.8 0.84 75 74

Zn/brushite ? 0.05 g/lCS 0.72 6.4 0.86 86 69

Zn/HA 1.08 3.8 0.94 154 79

Zn/HA ? 0.01 g/lCS 1.80 1.35 0.96 162 87

Zn/HA ? 0.03 g/lCS 3.61 1.20 0.92 136 93

Zn/HA ? 0.05 g/lCS 1.52 1.95 0.95 117 85

Microwave method

Zn/HA 7.2 2.7 0.98 320 97

Zn/HA ? 0.01 g/lCS 14.2 0.87 0.95 747 98

Zn/HA ? 0.03 g/lCS 18 0.56 0.94 618 99

Zn/HA ? 0.05 g/lCS 13.8 2 0.97 460 98
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crystallization. The proposed equivalent circuit for

the EIS spectra is shown in Fig. 10, and the fitted

values are presented in Table 4.

According to the model used in analysis, the

effective capacitance can be calculated from the value

of CPE (Q) and the coating resistance (R) by the fol-

lowing equation [65].

Ceff ¼ Q1=a=R 1� að Þ=a ð13Þ

The capacitance (C) of the coating film can related

to the thickness using the well-known relation

[65, 66]:

Ceff ¼ ereoA=d ð14Þ

where d is the coat thickness, er the relative permit-

tivity of the passive film, eo (8.85 9 10- 12F cm-1) the

permittivity of the vacuum and A the area in cm2.

Although the actual value of er within the coat is

difficult to estimate, a change in C can be utilized as

an indicator for change in the film thickness

(d) [67, 68]. Hence, the reciprocal capacitance of the

coat is directly proportional to its thickness. From

Table 4, it is clear that HA/CS(0.03 g/l) composite

coatings prepared by microwave method offer a

better protection efficiency.

A comparison of the corrosion performance offered

by the HA/CS coated zinc substrate from the present

work and similar coatings in literature data is given

in Table 5.

Antibacterial activity and inhibition zone
measurements

Using nutritional agar medium, the antibacterial

activity of HA and HA/CS coatings was evaluated

against staphylococcus aureus (a gram-positive bac-

teria). As seen in Table 6, both coatings exhibit better

antibacterial activities in assessment to the standard

reference drug ampicillin. The greater zone of inhi-

bition indicates that the antimicrobial is more effec-

tive. After 24 h of incubation at 37 �C, both coatings

showed zones of inhibition in the range of 26–32 mm,

which is much better than the reference ampicillin

(22 mm). The fact that HA/CS coatings had a larger

zone of inhibition suggests that chitosan-based

Figure 11 Potentiodynamic polarization curves of microwave

deposition of HA and HA/CS coatings on Zn substrate in SBF

solution at 37 �C.

Figure 12 a Nyquist (symbols is experimental work and lines is fitting circuit) and b Bode plots of microwave deposition of HA and HA/

CS coatings on Zn substrate in SBF solution at 37 �C.
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composite coatings have a very high chance of stop-

ping bacterial growth Fig. 13.

Recently, it was discovered that hydroxyapatite

has improved biocompatibility and bone formation

ability. The incorporation of chitosan in HA/CS

composite coatings has the antibacterial ability to

reduce the risk of bacterial contamination and post-

operative infection. Therefore, HA/CS composite

coatings are anticipated to be a promising zinc coat-

ing to enhance the biocompatibility for orthopedic

bone applications. When compared to the electrode-

position method, microwave-assisted preparation of

nano hydroxyapatite could be considered a fast,

simple, inexpensive, and efficient method of coating

preparation.

Conclusions

The following conclusion is reached based on the

findings of this investigation:

1- Both the microwave-assisted method and the

electrodeposition method were able to make

HA and HA/CS coatings that were high quality

and uniform.

2- X-ray diffraction analysis confirmed the forma-

tion of HA/CS composite coating on zinc

substrate.

3- Based on polarization studies and electrochem-

ical impedance measurements, the HA/CS

composite coatings provided high corrosion

resistance, the improvement being due to their

action as a protective layer compared to the bare

zinc substrate.

4- The HA and HA/CS coating offered better

antibacterial activity against staphylococcus

aureus

5- The results indicated that HA/CS composite

coatings prepared by microwave can be consid-

ered a suitable biomaterial for use in implant

applications.

Table 5 Corrosion parameters from potentiodynamic polarization curves of coated zinc substrate from the present work and literature data

Sample Coating Test medium Icorr/lA/cm
2 Ecorr/mV Reference

Pure zinc Chitosan dip-coating Sodium sulphate 29.66 -883 [69]

Pure zinc indigo carmine dip-coating Sodium sulphate 14.38 -909 [37]

Pure zinc Chitosan dip-coating Sodium sulphate 15.56 -865 [38]

Pure zinc Mg-based coating Hank’s solution 1.27 -1040 [70]

Pure zinc Zinc phosphate dip-coating Simulated body fluid (SBF) 8.16 -870 [71]

Pure zinc Zinc phosphate/ alendronate dip-coating Simulated body fluid (SBF) 7.78 -800 [71]

Pure zinc Zinc phosphate immersion coating Hank’s solution 36 -973 [72]

Pure zinc HA/CS electrodeposition method Simulated body fluid (SBF) 1.1 -900 The present work

Pure zinc HA/CS microwave method Simulated body fluid (SBF) 0.79 -780 The present work

Table 6 In vitro antibacterial activity of HA and HA/CS coated zinc substrate against staphylococcus aureus for 24 h

Microorganism HA coating HA/Cs composite coating Standard antibiotic ampicillin

Gram-positive bacteria Staphylococcus aureus 26 mm 32 mm 22 ± 0.1 mm

Figure 13 Zones of inhibition of the antibacterial activity.
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(2010) Design strategy for biodegradable Fe-based alloys for

medical applications. Acta Biomater 6:1705–1713

[15] Schinhammer M (2012) Development and characterization

of biodegradable Fe-based alloys for temporary medical

applications, in, ETH Zurich, viii–xiii

[16] Cheng J, Liu B, Wu Y, Zheng Y (2013) Comparative in vitro

study on pure metals (Fe, Mn, Mg, Zn and W) as

biodegradable metals. J Mater Sci Technol 29:619–627

[17] Yanovska G, Bolshanina SB, Kuznetsov V (2017) Formation

of hydroxyapatite coatings with addition of chitosan from

aqueous solutions by thermal substrate method. J eng sci,

F1-F4
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