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A B S T R A C T

The influence of solution pH and buffer system on the degradation behaviour of pure Zn was investigated and in
vitro methodology that can better simulate in vivo corrosion was explored. Electrochemical approaches and
immersion tests were performed in buffered pseudo-physiological solutions. It revealed that solution pH affected
the degradation and can be adjusted by Tris-HCl, HEPES and NaHCO3/CO2. The pH-control ability and asso-
ciated influence of three buffer systems varied in NaCl solution and SBF, owing to the introduction of different
inorganic ions. Tris-HCl and NaHCO3/CO2 buffered SBF were recommended for future evaluation of biode-
gradation behaviour of Zn and its alloys.

1. Introduction

As a new generation of metallic biomaterials, biodegradable metals
have received noticeable attention due to superior mechanical proper-
ties to that of biodegradable polymers and potential applications in
cardiovascular intervention and bone repair [1]. Zn, an essential ele-
ment in human bodies, is recently suggested as a promising alternative
to magnesium-based and iron-based materials [2], and expected to
degrade at a suitable rate satisfying the clinical requirements for ideal
bioabsorbable materials [2]. So far, there are several reports performing
in vitro and in vivo experiments on biodegradable zinc and zinc-based
alloys [3–6]. A number of electrolytes such as 0.9 wt.% NaCl solution
[7], simulated body fluid (SBF) [8–11], Hanks’ solution [12–14],
phosphate buffered saline (PBS) [15,16] and Ringer’s saline solution
[16] are used as test media in vitro. However, the disparity of de-
gradation behaviour between in vivo and in vitro is unveiled [17],
which is a point of contention and makes the material characterization
in vitro less credible. In physiological environment, the degradation of
implants is synergistically affected by inorganic ions, organic mole-
cules, proteins, cells, temperature, localized pH value and O2 con-
centration [18]. Therefore, to find a more reliable corrosive medium for
in vitro tests, it’s necessary to carefully and systematically analyse the
impact of individual component and clarify their synergistic effects to
thoroughly understand the corrosion performance of zinc in vivo.

In the physiologically environment, pH of tissue fluid is critical for

the normal function of proteins and cells [19]. The deep change of acid-
base balance can cause the disruption of protein structure and the loss
of normal function [19]. In the field of degradable metals, pH values
influence the formation and dissolution of corrosion product. The
Pourbaix diagram calculated by Bowen et al. for Zn-H2O and Zn-X-H2O
systems revealed the pH-dependence of corrosion product formed
during Zn dissolution, such as ZnO, ZnCO3 and ZnP [20]. In the pH
range from 7.7 to 11, ZnO is thermodynamically stable. In the phy-
siological range, ZnO becomes instable and other corrosion products
tend to precipitate [21]. When exposed to simple simulated body fluids,
pH value increases gradually owing to by-product OH− of the dis-
solution of zinc. In contrast, the pH level in human body is sustained
within the range from 7.35 to 7.45 [22]. The pH variations are likely to
introduce discrepancies of degradation behaviour and corrosion pro-
duct. The maintenance of a specific pH range in vitro is therefore cru-
cial for the evaluation of degradation.

The pH level in human body is controlled by the natural buffer
system, which is mainly comprised of HCO3− (˜27mmol/L), HPO42-

(˜1 mmol/L) and plasma protein buffers (˜17mmol/L) [23]. Similarly,
the control of pH in vitro can be achieved through an appropriate
buffer. Tris (hydroxymethyl) aminomethane buffer (Tris-HCl) and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), which cannot
be traced in human body, are found to be promising candidates in
biological studies [24]. Together with NaHCO3/CO2 buffer, as well as
phosphate buffer solution (PBS) and borate buffer solution (BBS), five
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buffer systems have been frequently used for in vitro studies of biode-
gradable magnesium [25,26].

In the human body, bicarbonate ions produced by the oxidation of
organic molecules could provide the buffer capacity. Thereupon, the
NaHCO3/CO2 buffer is generally recommended [27]. The mixture of
NaHCO3 in solution and controlled partial CO2 atmosphere establishes
the HCO3−/H2CO3 buffer system [28] and determines the buffering
capacity [29]. Typically, 2.2 g/L NaHCO3 and 5% CO2 can meet re-
quirements. The pH-control ability was confirmed in several studies of
biodegradable magnesium [27,30,31]. Walker et al. [30] demonstrated
that degradation rates of pure Mg and five magnesium alloys in Earle’s
balanced salt solution (EBSS) buffered with NaHCO3 were comparable
to in vivo results. Abidin et al. [32] claimed that Nor's solution, a
combination of Hank's solution and bubbled CO2, was feasible to pre-
dict the degradation of magnesium alloy in vivo [22]. Even so, the
application of NaHCO3/CO2 is limited due to complex requirements for
equipment and operations.

The HEPES and Tris-HCl buffer systems are promoted for experi-
mental simplicity, which are atmosphere-independent and provide ap-
propriate buffering capacity without any special requirements [27].
HEPES is a zwitterion buffer and widely used in the cell culture medium
[33]. It covered a wide pH range from 6.8 to 8.2 and can neutralize an
excess number of protons to limit the magnitude of surface acidification
[34]. Usually, 5.96 g/L (25mmol/L) HEPES is required to constitute the
buffer system [35,36]. Tris-HCl buffer has the ability maintaining a
larger pH range from 7.0 to 9.0 [37]. The hydrolysis of the amino-group
of Tris raises pH value [34], bonded H+ in Tris–HCl consumes gener-
ated OH− [38] and pH values is thus adjusted.

Although the buffer system plays a pivotal role in keeping a defined
pH value, the interactions between the buffering agent and the Zn
surface raise concerns. It’s reported that HEPES in EBSS inhibited the
formation of insoluble salt layer and accelerated magnesium degrada-
tion [29]. Tris-HCl retarded the deposition of corrosion products, pro-
moted the dissolution of magnesium [38] and increased corrosion rate
[34]. Besides, increased Cl− concentration from Tris-HCl was far from
the physiological environment [27] and might alter corrosion mode and
raise corrosion rates. To date, no investigation has introduced buffer
systems into the research of biodegradation Zn systematically. Selection
of an optimum buffer system for the in vitro research and elucidation of
corresponding impacts on the degradation behaviour of Zn should be
put on the agendas.

This work aims to elucidate the effect of pH values and buffer sys-
tems on the corrosion behaviour of pure Zn in different simulated body
fluids. Simulated body fluid (SBF) is widely adopted to reveal the in
vitro corrosion performance of biodegradable metals and contains all
the inorganic components in human body fluids [23]. Along with the
sodium chloride solution, the relation between inorganic ions and
buffer systems can be investigated. Thus, 0.9 wt.% NaCl solution and
SBF were chosen as the corrosion media, and three buffer system
(NaHCO3/CO2, HEPES and Tris-HCl) were added. The immersion test,
corrosion product characterization, potentiodynamic polarization, and

Electrochemical Impedance Spectroscopy (EIS) were performed to de-
monstrate the initial corrosion behaviour of pure Zn in different
pseudo-physiological solutions and explain the buffer-Zn interaction.

2. Experimental

2.1. Sample preparation

Pure zinc (99.99 wt.%) used in this study was cut from extruded zinc
rods and in the shape of 1mm thick discs with a 10mm diameter. The
zinc rods were extruded from ingot at 250 °C and at a reduction ratio of
16. Before use, the specimens were successively wet ground with silicon
carbide abrasive paper from 800 to 2000 grit, then ultrasonically
cleaned for 5min in acetone and another 5min in ethanol. Finally, the
samples were dried in air under sterile conditions.

2.2. Immersion tests

0.9 wt.% NaCl solution and simulated body fluid (SBF) without Tris-
HCl buffer system were used as corrosion media, buffered with
6.1181 g/L Tris, 5.96 g/L HEPES or 2.2 g/L NaHCO3, in accordance
with previous studies of biodegradable magnesium. The concentrations
of major components in human plasma [39] and eight electrolytes used
in this study are summarized in Table 1. All electrolytes were prepared
by dissolving electrolyte powder in distilled water with stirring at 37 °C
and adjusted the initial pH to 7.40 with NaOH and HCl.

With a ratio of solution volume to surface area at 20mL/cm2, spe-
cimens were immersed for 1, 2, 3, 5, 7 and 14 days. The immersion tests
conducted in solutions containing Tris-HCl, HEPES, and no buffer
system were kept at 37 °C under normal atmospheric conditions. The
solutions containing NaHCO3 were under cell culture conditions and
the atmosphere was controlled to be 5% CO2 in humidified air. The pH
values of eight immersion media were monitored and recorded. The
amount of Zn2+ in solutions under 20 multiple dilution was evaluated
by Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES, Optima 5300 DV, Waltham, MA, USA).

After removal from solutions, samples were rinsed in deionized
water and dried in air. The corrosion products on the surface were re-
moved by a solution containing 200 g/L CrO3. Afterward, samples were
rinsed in distilled water and ethanol. The weight of samples was de-
termined after drying and the weight loss was calculated. The corrosion
rate (mm/yr) was derived according to the following equation in ASTM-
G31-12a:

Corrosion rate = (K×W) / (A×T×D) (1)

Here the coefficient K= 8.76× 104, W is the weight loss (g), A is
the exposed area to solution (cm2), D is the density of materials (g/cm3)
and T is the immersion time (h).

Table 1
The chemical composition of plasma and electrolytes used in this study (mmol/L).

Human Plasma NaCl NaCl+
Tris-HCl

NaCl+
HEPES

NaCl+
NaHCO3/CO2

SBF SBF+
Tris-HCl

SBF+
HEPES

SBF+
NaHCO3/CO2

Na+ 142 154 154 154 180 142 142 142 164
K+ 5.0 – – – – 5.0 5.0 5.0 5.0
Mg2+ 1.5 – – – – 1.5 1.5 1.5 1.5
Ca2+ 2.5 – – – – 2.6 2.6 2.6 2.6
Cl− 103 154 >154 154 154 149 >149 149 149
HCO3− 27.0 – – – 26.2 4.2 4.2 4.2 26.2
HPO42− 1.0 – – – – 1.0 1.0 1.0 1.0
SO42− 0.5 – – – – 0.5 0.5 0.5 0.5
Tris – – 50.5 – – – 50.5 – –
HEPES – – – 25.0 – – – 25.0 –
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2.3. Corrosion product analysis

An environmental electron microscopy (ESEM, Quanta 200FEG)
coupled with energy-disperse spectrometer (EDS) was used to char-
acterize the morphology of corroded surface. Samples after 14 days of
immersion were mounted in epoxy resin. The cross section was exposed
by grounding transversely with 800, 2000, 5000 and 7000-grit silicon
carbide successively and polishing with diamond grinding paste. The
cross section was sputtered with gold before imaging with the scanning
electron microscope. EDS elemental mappings of Zn, O, C, Ca, P and Cl
from cross sections were captured.

X-ray diffraction (XRD) was performed on an X-ray diffractometer
(XRD, Rigaku DMA 2400, Japan) with CuKα radiation. The scans were
performed continuously from 10° to 90° in 2θ at a speed of 4°/min to
identify the corrosion product phase. Fourier transform infrared spec-
troscopy (FTIR, Nicolet Is50) was conducted in 400-4000 cm−1 to
analyse the chemical constituents. The surface chemistry was de-
termined by an XPS (Axis Ultra, KRATOS ANALYTICAL, Britain) with
AlKα radiation. High resolution narrow scanning was conducted to
determine the binding states of Zn 2p, Cl 2p, P 2p and Ca 2p.

2.4. Electrochemical tests

The electrochemical behaviour of pure Zn in eight electrolytes was
studied with an electrochemical workstation (Autolab, Metrohm,
Switzerland). A three-electrode cell with a saturated calomel electrode
(SCE) as the reference electrode and a platinum counter electrode was
employed. The exposed area of working electrode in contact with the
electrolyte was approximately 0.20 cm2 and the electrolyte volume was
150mL. The tests conducted in solution containing NaHCO3 were aer-
ated with pure CO2 bubbles and the pH difference before and after the
test was controlled less than 0.05. The tests in the rest solutions were
carried out at 37 °C under normal atmospheric condition. The stability
of the open circuit potential (OCP) was previously checked and con-
tinuously monitored for 1 h of immersion. The Electrochemical
Impedance Spectroscopy (EIS) measurement was carried out by ap-
plying 10mV perturbation to OCP values, in a frequency range from
105 Hz to 10−2 Hz. The potentiodynamic polarization (PDP) tests were
performed at a scanning rate of 1mV/s. All the measurements were
reproduced at least three times to check the reproducibility.

3. Results

3.1. Morphology observation of pure Zn after immersion

The surface morphology of pure zinc immersed in four groups of
NaCl solutions for 14 days is shown in Fig. 1a. During 7 days of im-
mersion in NaCl solution, a compact layer covered the greater part of
sample surface and clusters of globular white corrosion product dis-
persed on the rest areas. As immersion time extended to 14 days, pure
Zn demonstrated general corrosion and the compact layer was com-
posed of needle-like particles. The EDS spectrum was performed on
selected corroded areas to characterize corrosion products. As shown in
Table 2, corrosion products in NaCl solution contained Zn, C, O and Cl.
In contrast, specimens experienced predominantly uniform corrosion in
NaCl solution buffered with HEPES and NaHCO3/CO2. A compact layer
of corrosion product formed instantly during the first day and its
morphology sustained almost the same during the whole immersion.
The layers were mainly composed of Zn, C and O. The SEM images of
pure Zn exposed to Tris-HCl buffered NaCl solution displayed com-
pletely different corrosion mode. Initially, the film formed during
sample preparation was corroded and no corrosion product was pre-
cipitated. The localized corrosion proceeded significantly with time and
resulted in a myriad of pits and holes. It was after 7 days that the
corrosion product started to pile up inside the pits and the layer was
formed. According to the EDS results, Zn, C, O and Cl were identified on

the film and corrosion products. The cross-sectional morphology and
EDS elemental mapping of the specimen after 14 days are also shown in
Fig. 1. The corrosion product layer was recognized in four NaCl solu-
tions and mainly consisted of Zn and O. The thickness of layer in buffer-
free and HEPES buffered NaCl solution was around 10 μm. Thinner
corrosion product layer was identified in the presence of NaHCO3/CO2,
with a thickness of 5 μm. The layer formed in Tris-HCl buffered NaCl
solution was the thickest, with a thickness exceeding 30 μm, and the
localized feature was identified, corresponding with corroded pits ob-
served in surface morphology.

Fig. 1b shows representative surface morphology of pure Zn im-
mersed in four groups of SBF solutions. After immersion in SBF for 1
day, few white particles were precipitated on the surface. The amount
of particles increased with time and coalesce of particles occurred
subsequently. After 14 days, the sample surface was covered with
corrosion product agglomerates. As shown in Table 3, corroded parti-
cles consisted of Zn, O, C, Ca, P and Mg. Similar elemental composition
was identified in the substrate, indicating the formation of corrosion
product layer even after 1 day. Meanwhile, intact surface morphology
was observed in three buffered SBFs, with less corrosion product dis-
persed on the surface. The corrosion product and substrate also com-
prised of Zn, O, C, Ca, P and Mg. The corrosion product layer formed in
four SBFs after 14 days was indistinguishable under ESEM, although a
thin layer of Ca and P was vaguely recognized in SBF and NaHCO3/CO2
buffered SBF. It came to the provisional conclusion that corrosion
product film might be too thin to be distinguished.

3.2. Characterization of corrosion product after immersion

As depicted in Figs. 2 and 3, XRD, FTIR and XPS were used to in-
vestigate the chemical composition of corrosion products on pure Zn
after 14 days of immersion in differently buffered NaCl solutions and
SBFs.

For pure Zn in NaCl solution, XRD spectra identified ZnO and
Zn5(OH)8Cl2·4H2O as main crystallized products. In three buffered NaCl
solutions, Zn5(CO3)2(OH)6 were also identified. The FTIR spectra of
pure Zn in four NaCl solutions is depicted in Fig. 2b and corresponding
bands or species are listed in Table 4. The existence of water molecules
[40], OeH bond [41], CO32− [40,42,43] and Cl- [44] was confirmed.
Besides, peaks at 1037, 906, and 735 cm-1 were ascribed to the vibra-
tion of Zn-O-H in Zn5(OH)8Cl2·4H2O [40]. The band in the region of
350 to 600 cm-1 were associated with the translational modes of Zn-O
bonds in ZnO [45]. To comprehensively clarify and further confirm the
surface chemical composition, XPS was utilized and chemical state of
several elements was studied. In Fig. 2c, Zn, O, C and Cl were present in
the survey spectra. The curve fits of the Zn 2p3/2 spectra in NaCl so-
lution consisted of two groups, and in the presence of buffer systems,
there were three. As shown in Table 5, ZnO and Zn5(CO3)2(OH)6 can be
recognized [46–48]. Meanwhile, there was the peak related to the Zn2+

hexa-coordinated by OH- groups and Zn2+ tetra-coordinated by three
OH- and one Cl- [49], and the Cl 2p spectrum after deconvolution
consisted of two bonds for the Cl, corresponding to Zn5(OH)8Cl2·4H2O
[50] and Na–Cl bonds [49], respectively. The precipitation of
Zn5(OH)8Cl2·4H2O was accordingly unveiled [50,51].

In Fig. 3a, XRD analysis demonstrated the existence of Zn and ZnO
in four SBFs. The FTIR spectra of samples in four solutions exhibited
similar pattern in Fig.3b, and further revealed the presence of H2O,
OeH bonds, CO32− and PO43- [6,52]. Therefore, zincite, carbonates
and phosphates were formed in four SBFs. However, the precise stoi-
chiometry of carbonates and phosphates cannot be easily determined
by the interpretation of FTIR analysis and hence XPS was used for
further investigation. In Fig. 3c, Zn, O, C, Ca, P and Mg were present in
the survey spectra of samples in four SBFs, and the Zn 2p3/2 spectrum
exhibited peaks corresponding to ZnO, Zn(OH)2 [46], Zn5(CO3)2(OH)6
and Zn3(PO4)2·4H2O [53,54]. For sample in buffer-free SBF, however,
the peaks of Zn had extremely weak intensity. Instead, Ca 2p spectra
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exhibited high intensity and the curve fit consisted of two groups, as-
sociated with the divalent oxidation state of Ca in the inorganic calcium
oxygen compound [55]. The peak of Ca 2p3/2 in the range of
347.3–347.6 eV [56] and the peak of P 2p at 133.2 eV indicated the

formation of calcium phosphate [57], and the peak of P 2p at 133.93 eV
was ascribed to Zn3(PO4)2·4H2O [58].

To summarize, ZnO and Zn5(OH)8Cl2·4H2O were formed in four
0.9% NaCl solutions, and extra Zn5(CO3)2(OH)6 was precipitated in

Fig. 1. SEM micrographs showing surface morphology, cross-section and EDS elemental mapping of representative corrosion interface of pure Zn after 14 days of
immersion in (a) four 0.9% NaCl solutions and (b) four SBFs.

Table 2
Results of EDS analysis of pure Zn in four 0.9% NaCl solutions (at. %).

Zn O Cl C

0.9% NaCl solution
Day 1- layer 78.2 21.8 – –
Day 1- globular corrosion product 12.5 58.6 0.5 28.4
Day 14- layer 38.6 47.0 1.6 12.8
0.9% NaCl solution buffered with Tris-HCl-
Day 7- layer 25.5 60.0 1.6 12.9
Day 7- white corrosion product 27.0 51.9 0.4 20.7
Day 14- layer 23.5 49.9 0.7 25.9
Day 14- black corrosion product 43.1 48.6 0.8 7.5
0.9% NaCl solution buffered with HEPES
Day 1- layer 13.6 62.4 – 24.0
Day 14- layer 13.6 63.9 – 22.5
0.9% NaCl solution buffered with NaHCO3/CO2
Day 1- layer 28.1 52.1 – 19.8
Day 14- layer 22.7 54.8 – 22.5

Table 3
Results of EDS analysis of pure Zn in four SBF solutions (at. %).

Zn O C Ca P Mg

SBF
Day 1- surface 66.2 16.9 13.2 1.6 2.1 –
Day 14- layer 26.0 44.2 20.1 4.5 5.2 –
Day 14- white corrosion product 11.3 52.6 16.1 8.6 8.9 2.5
SBF buffered with Tris-HCl
Day 1- surface 82.3 17.7 – – – –
Day 14- layer 48.6 39.4 5.4 2.0 4.6 –
Day 14- white corrosion product 6.6 66.6 13.1 4.9 8.8 –
SBF buffered with HEPES
Day 1- surface 90.7 9.3 – – – –
Day 14- layer 51.2 38.7 3.2 2.3 4.6 –
Day 14- white corrosion product 4.9 65.8 12.2 6.5 9.7 0.9
SBF buffered with NaHCO3/CO2
Day 1- surface 92.6 7.4 – – – –
Day 14- layer 63.0 26.0 5.9 2.1 3.0 –
Day 14- white corrosion product 8.8 58.1 16.4 7.4 7.9 1.4
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buffered solutions. In three buffered SBFs, ZnO, Zn3(PO4)2·4H2O and
Ca3(PO4)2 were main corrosion products, and Zn5(CO3)2(OH)6 pre-
cipitated in NaHCO3/CO2 buffered SBF. In SBF, the corrosion product
with precise stoichiometry was ZnO, and a thin layer of Ca3(PO4)2
covered on the surface, which was thick enough to hinder the excitation
of underlaying Zn and therefore finite information about zinc com-
pounds can be presented by XPS.

3.3. Immersion experiments

3.3.1. Change of solution pH in the presence of buffers
The change in solution pH of four NaCl solutions as a function of

time is shown in Fig.4a. In NaCl solution, pH increased abruptly after
3 h and dropped instantly. Afterwards, the pH increased with time and
reached 10.0 after 14 days. In the presence of buffer system, solution
pH was significantly depressed. In NaCl solution with Tris-HCl, pH
exhibited the lowest value after 6 h and spawned a continuous increase

thereafter. In the presence of HEPES, solution pH was almost constant
and controlled in the range of 7.36–7.40 after 2 days. With the in-
troduction of NaHCO3/CO2, the pH was adjusted unceasingly and dis-
played values ranging from 7.47 to 7.52.

In Fig. 4b, the pH of buffer-free SBF fluctuated all the time and
reached the highest value at 8.29. The solution pH of Tris-HCl and
HEPES buffered SBF decreased initially and went up later. Solution pH
was maintained within a narrow band around the desired pH
(7.38–7.43) with Tris-HCl present, and in HEPES buffered SBF, it was
maintained at 7.50–7.66. In NaHCO3/CO2 buffered SBF, the pH was
continuously adjusted and sustained at the range of 7.50-7.54.

3.3.2. Concentration of Zn2+ in the presence of buffers
The concentration of Zn2+ ions in diluted solutions is presented in

Fig. 5. In general, Zn2+ accumulated in the solution and its con-
centration increased with time. In four NaCl solutions, the release of
Zn2+ was substantially promoted by Tris-HCl and inhibited by

Fig. 2. (a) XRD patterns, (b) FTIR spectra and (c) XPS spectra of pure Zn immersed in 0.9% NaCl solution with or without buffer system for 14 days.
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NaHCO3/CO2. Unexpectedly, in the presence of Tris-HCl, the con-
centration of Zn2+ declined after 14 days. In HEPES buffered NaCl
solution, the concentration of Zn2+ ion was comparable to that in NaCl
solution after 1 day and then fell far behind.

In SBF corrosion media, the release of Zn2+ was greatly elevated by
buffer systems. The increase in Zn2+ concentration induced by
NaHCO3/CO2 was the weakest among three buffers, and HEPES in-
duced the fastest degradation of pure Zn. Moreover, the concentration
of Zn2+ in buffer-free and Tris-HCl buffered SBF was relatively lower in

comparison to the counter-NaCl solution. In contrast, HEPES and
NaHCO3/CO2 introduced higher amount of Zn2+ in SBF than NaCl
solution as immersion prolonged.

3.3.3. Weight loss and corrosion rate of pure Zn in the presence of buffers
Fig. 5 also presents the weight loss of pure Zn and derived corrosion

rates in eight electrolytes. The mass loss of specimens in each solution

Fig. 3. (a) XRD patterns, (b) FTIR spectra and (c) XPS spectra of pure Zn immersed in SBF with or without buffer system for 14 days.

Table 4
FTIR analysis of corrosion product after 14 days of immersion.

Wave number (cm−1) Assignments Reference

350-600 ZnO [45]
560-580 v4 mode of PO43− [52]
719, 898 stretching vibration mode of Cl− [44]
829 v2 mode of CO32− [40]
1000-1140 v4 mode of PO43− [6,52]
1300-1550 v3 mode of CO32− [42,43]
1595 deformation vibration of water molecules [40]
3300-3500 O-H stretching vibrations [41]
735, 906, 1037 vibration of Zn-O-H in Zn5(OH)8Cl2·4H2O [40]

Table 5
Results obtained from deconvoluted XPS spectra of Zn 2p3/2, Cl 2p, Ca 2p3/2,
P 2p.

Element Binding energy (eV) Compound Reference

Zn 2p3/2 1021.8 Zn5(OH)8Cl2·4H2O [50,51]
1022.0-1022.2 ZnO [46,47]
1022.2-1022.4 Zn5(CO3)2(OH)6 [46,48]
1022.5 Zn3(PO4)2·4H2O [53,54]
1022.6-1022.8 Zn(OH)2 [46]
1023.0 Zn5(OH)8Cl2·4H2O [49]

Cl 2p 198.6 Zn5(OH)8Cl2·4H2O [50]
200.6 Na-Cl [49]

Ca 2p3/2 347.3-347.6 Ca-P [56]
P 2p 133.2 Ca-P [57]

133.93 Zn3(PO4)2·4H2O [58]
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increased with time. In HEPES and NaHCO3/CO2 buffered NaCl, as well
as Tris-HCl buffered SBF, pure Zn exhibited decreased degradation rate
with time. In the rest electrolytes, the corrosion rate fluctuated during
the whole immersion. In four NaCl solutions, the average degradation
rate of 14 days manifested in the following decreasing order: Tris-
HCl > NaCl>HEPES > NaHCO3/CO2. With respect to SBF corrosion
media, pure Zn experienced higher weight loss in buffered solutions, in
which the degradation rate was raised by a factor as high as ten. The
average corrosion rate during 14 days of immersion in SBF and SBF
with Tris-HCl, HEPES and NaHCO3/CO2 was about 0.005mm·yr−1,
0.040mm·yr−1, 0.082mm·yr−1 and 0.037mm·yr−1, respectively.

3.4. Electrochemical measurements

3.4.1. Open circuit potential
Fig. 6 shows the open circuit potential (OCP) as a function of time

during 3600 s of immersion in eight electrolytes. In Fig. 6a, the overall
OCP decreased with the addition of buffer system, signifying the loss of
surface stability. In buffer-free and HEPES buffered NaCl solution, OCP
was elevated to more positive values initially. A suddenly drop in OCP
took place then, which might correspond to the breakdown of the
surface film [59]. Afterwards, OCP tended to stabilize and increased
marginally in NaCl solution. In contrast, multiple fluctuations in the
potential was demonstrated with HEPES addition, implying the me-
tastable surface breakdown [35]. In Tris-HCl buffered NaCl solution,
OCP fluctuated continuously and increased slowly, which was reported
to be related to the strong active dissolution due to buffering of Tris-HCl
[60]. In NaHCO3/CO2 buffered NaCl solution, the OCP was stabilized at
about -1.06 V for a while and abruptly declined then. The positive shift
of potential during the subsequent immersion was observed, which was
likely originated from the deposition of corrosion products on the sur-
face [26].

As shown in Fig. 6b, the corrosion tendency of pure Zn in four SBFs
was determined. The OCP values were quite close in four electrolytes,
and decreased slightly as a whole with buffer systems added. The
changes of OCP in four SBFs also exhibited similar tendency that it
shifted to positive value shortly after immersion and displayed down-
ward trend later. After that, fluctuations in the potential took place,
indicating the deposition of protective corrosion product [35] and the
localized breakdown of surface film [61]. The corrosion tendency in
four groups of SBFs was therefore seemingly alike during the early stage
of immersion, while it varied significantly in four NaCl solutions.

3.4.2. Potentiodynamic polarization
The potentiodynamic polarization test was performed to provide

thermodynamic and kinetic information about Zn degradation [36].
Only pure charge transfer controlled current can be acceptable as true
Tafel data [26]. In this study, several experimental polarization curves
did not exhibit linear Tafel regions and hence the corrosion current

density was estimated by Tafel extrapolation of the extensive linear
region in cathodic or anodic branch of polarization curves. The corro-
sion potential (Ecorr), current density (icorr) and estimated corrosion rate
(Pi) are listed in Table 6.

In Fig. 7a, the potentiodynamic polarization curves for pure Zn in
NaCl solutions are demonstrated. In the presence of buffer systems, the
corrosion potential drifted towards negative direction, especially for
NaHCO3/CO2 case, signifying the possibly accelerated degradation in
the very beginning [62]. For pure Zn in 0.9% NaCl solution, its cathodic
curve was composed of several cathodic reactions [63]. Buffered with
HEPES and NaHCO3/CO2, the cathodic process altered as the cathodic
current changed smoothly and approximately linearly. In the case of
Tris-HCl, pure Zn displayed faster cathodic reactions and a peak ap-
peared in the cathodic current curve, which might be ascribed to re-
duction of ZnO [63]. Moreover, the kinetics of anodic reactions in three
buffered NaCl solutions varied from NaCl solution. The anodic parts
demonstrated a narrow passivation-like protection region and then
accelerated to high dissolution rate, denoting the formation and sub-
sequent breakage of the passive film [64]. Moreover, in the presence of
NaHCO3/CO2, the passivity of corrosion product layer was enhanced as
pure Zn exhibited lower anodic dissolution rate [65]. The corrosion rate
of pure Zn in four NaCl solutions was calculated based on the cathodic
current curve. It turned out that pure Zn degraded slowest in NaCl
solution and corrosion rates in three buffered NaCl solutions were
comparable.

Fig. 7b presents the potentiodynamic polarization curves of Zn in
four SBFs. The electrode exhibited similar curve shapes in four elec-
trolytes, and the cathodic current curve constituted several cathodic
reactions. A passive-like region appeared in the anodic current curve
and was accompanied by a breakdown point [29], which implied the
rupture of protective film [34]. In the presence of Tris-HCl, the corro-
sion potential increased and both cathodic and anodic curve drifted
towards higher current. With HEPES present, pure zinc experienced
higher cathodic dissolution rate, reflecting the facilitated cathodic re-
action [25]. In NaHCO3/CO2 buffered SBF, the corrosion potential
shifted negatively and manifested the lowest value. Regarding pure Zn
in four SBFs, the corrosion rate was derived from the anodic current
curve and reduced as follows: Tris-HCl>HEPES > NaHCO3/
CO2> SBF.

3.4.3. Electrochemical impedance spectroscopy
In order to gain a better insight into the electrochemical corrosion

processes involved in eight electrolytes, electrochemical impedance
spectroscopy was performed. In principle, the impedance response de-
pends on the electrode controlled kinetics [62] and encompasses sev-
eral sub-processes such as mass transfer, charge transfer, coupling of
interfacial reactions, diffusion and intermediate adsorption steps [66].
It’s theorized that the individual sub-process could be deduced through
comprehensive analysis.

Fig. 4. pH changes of (a) 0.9% NaCl solution and (b) SBF with or without buffer system during 14 days of immersion.
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The EIS spectra of pure Zn exposed to buffered and non-buffered
NaCl solutions are shown in Fig. 8a. The initial degradation behaviour
of pure Zn was elucidated since the EIS test was conducted after 1 h of
open-circuit exposure. With the addition of buffer system, the diameter
of nyquist plot decreased. In buffer-free, HEPES and NaHCO3/CO2
buffered NaCl solution, the nyquist plot was comprised of two capaci-
tive loops. The semicircle at high frequency was attributed to the far-
adaic charge transfer process and the one at low frequency represented
corrosion product layer [67]. In Tris-HCl buffered NaCl solution, the
impedance response manifested an inductive loop appeared at middle
frequency. The dissolution of zinc might proceed via adsorbed Zn(I) and
Zn(II) intermediates [68] and the inductive behaviour was character-
istic for the redeposited Zn. Moreover, the dissolution–deposition

exchange reaction gave rise to active sites for dissolution and the cor-
rosion rate was prone to increase [66]. In comparison to NaCl corrosion
media, the nyquist plot demonstrated enlarged dimension in four SBFs,
as depicted in Fig. 8b. With or without buffer system, the nyquist plot of
pure Zn in SBF exhibited similar patterns and different diameters, re-
vealing the same corrosion processes at the electrode/electrolyte in-
terface but distinct corrosion resistance. In addition, two distinguished
time constants were corresponding to two capacitive loops. The capa-
citive loop at high frequency was associated with charge transfer pro-
cess and electrochemical double layer. The capacitive loop at low fre-
quency was assigned to the passive film covered on the surface.

In order to obtain further information from the EIS measurements,
the plot of pure Zn in Tris-HCl buffered NaCl solution was interpreted

Fig. 5. (a, b) concentration of Zn2+, (c, d) weight loss and (e, f) corrosion rate of pure Zn during 14 days of immersion in 0.9% NaCl solution and SBF with or without
buffer system.
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by the equivalent circuit (a2) in Fig. 8a. The spectra in the rest elec-
trolytes was fitted with the same equivalent circuits (a1) and (b1). To
better fit the experimental data, constant phase element (CPE) is uti-
lized in place of capacitance to compensate the non-homogeneity as
factors like surface roughness and heterogeneities contribute to non-
ideal capacitive behaviour. The CPE is given by the following equation:

=Z Q j( )CPE
n1 (2)

where 1 n 1, ZCPE is the CPE impedance (Ω·cm2), Q is a constant
(Ω·cm2·sn), j is the imaginary number and is the angular frequency.
Note that n=1 corresponds to the capacitance, a resistor yields n=0,
an inductor yields n=−1 and a Warburg element yields n=0.5.

The estimated impedance parameters are listed in Table 7 and the
EEC physical interpretation was elaborated as follows: Rs represents the
electrolyte resistance between the working and reference electrodes. Rct
and CPE1 refer to the charge transfer resistance and the electric double
layer capacity at the metal/electrolyte interface. Rf and CPE2 corre-
spond to the resistance and capacitance of the corrosion product layer.
L and RL describe the inductance and inductance resistance due to the
adsorption of intermediate species. Usually, the impedance in the low

frequency end of spectrum is interpreted as polarization resistance and
inversely proportional to the corrosion rate [67]. The polarization re-
sistance Rp can be obtained by the sum of Rf and Rct. Hence, the cor-
rosion resistance of pure Zn during the early immersion stage in 0.9%
NaCl solution diminished in the presence of buffer systems, and the
polarization resistance Rp in SBFs decreased as follows: SBF >
NaHCO3/CO2>Tris-HCl>HEPES.

4. Discussion

4.1. Corrosion mechanism of pure Zn in 0.9% NaCl solution and SBF

In this study, 0.9% NaCl solution and SBF were used as the corrosion
media to investigate the impact of inorganic ions on the functioning of
buffer systems and their synergy on the degradation behaviour of pure
Zn. Ultimately, the immersion test and electrochemical experiments
unveiled the discrepancies of degradation behaviour and demonstrated
the corrosion mechanism of pure Zn in eight electrolytes. The schematic
diagrams of the corrosion process involved are shown in Figs. 9 and 10.

Several studies have been carried out concerning the corrosion be-
haviour of zinc in NaCl solution and SBF [7,8]. The corrosion of Zn was
claimed to proceed via two partial reactions in both corrosion media.
The reduction of oxygen was the dominated cathodic reaction and the
anodic reaction was the dissolution of zinc [11,49]. Simultaneous in-
crease in Zn2+ and OH− contributed to the formation of Zn(OH)2,
which transformed into more thermodynamically stable ZnO then [6].
The OH− elevated the pH successively, and at very active cathodic
sites, solution pH was high enough for the formation of zincate ions
while the consumption of OH− in turn lowered the pH.

O2 + H2O + 4e− →4OH− (3)

Zn → Zn2+ + 2e− (4)

Fig. 6. Open circuit potential of pure Zn immersed in (a) 0.9% NaCl solution and (b) SBF with or without buffer system.

Table 6
Electrochemical parameters of PDP curves in eight electrolytes.

Ecorr / V vs. SCE icorr / (μA·cm−2) Pi / (mm/year)

NaCl −1.034 14.835 0.221
NaCl+ Tris-HCl −1.109 46.368 0.690
NaCl+HEPES −1.110 45.367 0.675
NaCl+CO2 −1.183 45.429 0.676
SBF −1.036 2.917 0.043
SBF+Tris-HCl −1.024 4.172 0.062
SBF+HEPES −1.076 3.779 0.056
SBF+CO2 −1.109 3.201 0.048

Fig. 7. Potentiodynamic polarization curves of pure Zn immersed in (a) 0.9% NaCl solution and (b) SBF with or without buffer system.
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Zn2+ + 2OH− → Zn(OH)2 (5)

Zn(OH)2 → ZnO + H2O (6)

Zn(OH)2 + 2OH− → Zn(OH)42- (7)

In 0.9% NaCl solution, pH value far exceeded the physiological
range. The Cl− migrated to anodic sites and the simonkolleite was
precipitated [49]. A large quantity of OH− was released and raised pH
value remarkably. The layer of corrosion product formed on the sur-
face, inhibiting the further dissolution of pure Zn. Besides, the oxygen
reduction caused a local increase in pH values and non-uniform cor-
rosion proceeded over the surface [49]. As immersion time prolonged,
pure Zn exhibited more general corrosion pattern and corrosion rate
increased mildly after 14 days.

5Zn(OH)2 + 2Cl− + H2O → Zn5(OH)8Cl2·H2O + 2OH− (8)

According to FTIR spectra, carbonates were precipitated on the
sample surface during the immersion. Actually, the existence of hy-
drozincite has been reported during the exposure of Zn in 0.6M NaCl
solution [49]. As the immersion test was conducted in a 50mL plastic
tube in this study, there was limited amount of air. The CO2 was
therefore so minor to form enough carbonates detectable for XRD.

In SBF, the pH increased with time and deviated from the pH level
in physiological environment after 14 days. Inorganic ions such as
Ca2+, HPO42−, HCO3- and Mg2+ at the anode/electrolyte interface
lead to the precipitation of ZnO and Zn3(PO4)2·4H2O [69], as well as a
thin layer of Ca3(PO4)2 covered on the very surface. The corrosion re-
sistance got improved and pure Zn degraded much slower in SBF.

3Zn2+ + 2HPO42− + 2OH- + 2H2O → Zn3(PO4)2·4H2O (9)

3Ca2+ + 2PO43− → Ca3(PO4)2 (10)

Interestingly, the thickness of corrosion product layer formed in
0.9% NaCl solution and SBF was barely comparable, but the degrada-
tion of pure Zn got tremendously restrained in SBF. Since the con-
centrations of Cl− and Na+ in two solutions were close, the improved
corrosion resistance was likely originated from inorganic ions like
Ca2+, HPO42- and Mg2+. The passive films formed in two solutions
obtained distinct compositions and various degrees of compactness, and
thus may affect the dissolution process differently [69], since the oxi-
dation product film containing simple oxides and chloride species was
found insufficient of protection [70], and calcium phosphate were re-
cognized as effective cathodic inhibitors for metals in previous studies
[27]. Accordingly, the involvement of inorganic ions in SBF solution
could retard the dissolution of pure Zn effectively.

4.2. The dependence of pure Zn degradation on buffer system and corrosion
media

4.2.1. Corrosion mechanism of pure Zn in the presence of Tris-HCl
With the introduction of Tris-HCl, the OH- generated from the re-

duction of oxygen can be quickly consumed by bonded H+ in Tris-HCl.
The increase of pH in NaCl solution was depressed but still exceeded 7.6
after 14 days. In contrast, pH value of SBF was effectively controlled
and exhibited acceptable values in human body. It turned out that the
buffer capacity of Tris-HCl buffer system differed in two corrosion
media.

(11)

Fig. 8. Nyquist plots and fitting results (lines) of pure Zn in (a) 0.9% NaCl solution and (b) SBF with or without buffer system, and (a1, a2, b1) corresponding electric
equivalent circuits used for fitting the experimental impedance spectra.

Table 7
The fitted results of electrochemical impedance spectra of pure Zn in eight electrolytes.

Rs (Ω·cm2) Rct (Ω·cm2) Rf (Ω·cm2) RL (Ω·cm2) CPE1-Q
(Ω−1·sn·cm-2)

CPE1-n CPE2-Q
(Ω−1·sn·cm-2)

CPE2-n L
(Ω·cm−2)

NaCl 6.5 612.4 888.5 – 1.01E-05 0.71 1.01E-02 0.99 –
NaCl+ Tris 7.6 92.9 111.3 646.2 1.00E-01 0.98 3.80E-05 0.75 5605.1
NaCl+HEPES 8.2 48.1 183.6 – 3.14E-05 0.73 5.96E-02 0.90 –
NaCl+CO2 14.1 665.6 489.6 – 2.98E-06 0.80 5.28E-03 0.71 –
SBF 6.6 2153.5 1808.5 – 6.57E-06 0.69 2.27E-03 0.92 –
SBF+Tris 9.2 652.7 1256.5 – 1.11E-06 0.88 9.19E-04 0.76 –
SBF+HEPES 9.8 1058.1 830.7 – 2.16E-06 0.82 5.01E-03 0.85 –
SBF+CO2 8.5 979.1 1226.8 – 1.77E-06 0.84 2.82E-03 0.84 –
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During the early immersion stage in NaCl solution, Tris-HCl de-
pleted OH− and accelerated the oxidation of Zn. Active reactions in-
volving adsorbed intermediates took place in the electrode/electrolytes
interface. The surface stability of pure Zn diminished, resulting in ne-
gatively shifted corrosion potential and shrunken polarization re-
sistance Rp. The precipitation of corrosion product was suppressed,
thus, the dissolution of Zn aggravated and localized corrosion com-
menced all over the surface. In consequence, pure Zn presented in-
creased degradation rate with time. Likewise, in Tris-HCl buffered NaCl
solution, the stable corrosion product layer was absent on the surface of
Mg and the dissolution exacerbated [60]. As immersion time extended,
the buffer capacity weakened due to the consumption of Tris-HCl [34].

Large quantity of corrosion product was formed and the concentration
of Zn2+ declined after 14 days. The formation of hydrozincite was
encouraged since the alkalization was restrained. A thick layer of cor-
rosion product covered the sample surface and the corrosion rate de-
creased. In Tris-HCl buffered SBF, the formation of corrosion product
was inhibited and the polarization resistance Rp receded in comparison
to SBF. With prolonged immersion, corrosion product was formed and
the corrosion rate declined.

CO2 + 2OH− → CO32- + H2O (12)

CO32− + H2O → HCO3- + OH- (13)

5Zn(OH)2 + 2HCO3− + 2H+ → Zn5(CO3)2(OH)6 + 4H2O (14)

Fig. 9. Schematic illustration of corrosion process involved in four 0.9% NaCl solutions.

Fig. 10. Schematic illustration of corrosion process involved in four SBFs.
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It was claimed that the strong interaction between Tris and dis-
solved cations or corrosion product caused the activation of sample
surface [60]. The light complexation was found between Tris and Zn2+

[71], which might transport Zn2+ ions from the interface into bulk
solution and subsequently delay the formation of a mass transport-
limiting solid film [70]. The corrosion of pure Zn was likely to be fa-
cilitated, and it can be conjectured that the absent corrosion product
during the initial immersion might be associated with the weak ZnL
complex. Additionally, the HCl component of the buffer system in-
troduced a large quantity of Cl− [72], which might contribute to pits
corrosion and have the detrimental effect on the passivity. As for SBF
corrosion media, Tris-HCl was also reported to prevent the precipitation
of HPO42-, HCO3−, SO42- and H2PO4- [34], and the complexes formed
between Tris and Ca2+ retarded the deposition of calcium salt [72]. The
dissolution of pure Zn was therefore stimulated, but the acceleration of
Zn degradation was less promoted by Tris-HCl in SBF compared to NaCl
solution.

4.2.2. Corrosion mechanism of pure Zn in the presence of HEPES
HEPES is a zwitterionic buffer and typically contained an acid and

base [27]. It could neutralize an excess number of H+ or OH− in the
solution and provide a relative neutral environment. In NaCl solution,
the buffer range of HEPES was 7.35 to 7.39. In HEPES buffered SBF,
solution pH reached 7.66 after 14 days. The buffer ability of HEPES
relied on the corrosion media.

During the initial stage of immersion in NaCl solution, the stabili-
zation of the interface was prevented by HEPES due to the limited
growth of corrosion products. Pure Zn manifested decreased corrosion
potential and polarization resistance. After 1 day, a highly protective
film was formed on the surface and inhibited the dissolution of un-
derlying metal effectively. The corrosion resistance got improved and
corrosion rate reduced. Zn5(CO3)2(OH)6 was identified but more de-
tailed explanations on the nature of the corrosion product layer was
outside the scope here. In SBF, the deposition of corrosion product was
inhibited and the dissolution of pure Zn was encouraged. There was
insignificant difference among the surface morphology of samples in
three buffered SBF but pure Zn demonstrated the highest corrosion rate
with HEPES added.

Unlike Tris, HEPES would not form complexes with neither Zn2+

nor Ca2+, hence the complexation of HEPES can be ignored [73,74].
Nonetheless, it was reported that the addition of HEPES significantly
increased the ionic strength of the EBSS, reduced the ion activity largely
and restrained the formation of insoluble salt such as phosphate and
carbonate on the magnesium surface. Pure Mg exhibited a higher cor-
rosion rate in EBSS because of HEPES [29]. In this study, due to the
existence of inorganic ions like Mg2+, HPO42−, HCO3- and SO42−,
HEPES functioned differently. Its buffer ability changed and corrosion
behaviour of pure Zn varied in two solution. In HEPES buffered NaCl
solution, the passivating film restrained the Zn dissolution. In contrast,
HEPES might raise the ion strength in SBF, inhibit the deposition of
corrosion product and eventually caused the acceleration of Zn de-
gradation.

4.2.3. Corrosion mechanism of pure Zn in the presence of NaHCO3/CO2
The carbonic acid was formed when released CO2 was dissolved in

the solution. H2CO3 was in equilibrium with HCO3− and NaHCO3/CO2
buffer system was established. The pH of NaHCO3/CO2 buffered NaCl
solution and SBF was close. Its buffer capacity was seemingly the least
dependent on corrosion media among three buffer systems.

CO2 + H2O ↔ H2CO3 ↔ HCO3− + H+ (15)

5Zn2+ + 2HCO3− + 8OH− → Zn5(CO3)2(OH)6 + 2H2O (16)

Due to inhibited increase in pH, the generation of corrosion product
was retarded initially and the surface suffered the loss of stability.
NaHCO3/CO2 lowered the corrosion potential and polarization

resistance of pure Zn in NaCl solution. Nevertheless, the compact cor-
rosion product layer was generated on the surface since the first day.
Along with increased HCO3− concentration, massive Zn5(CO3)2(OH)6
was preferred to precipitate, which possessed superior passivity than
simple oxides and chloride species [70]. Thus, the corrosion product
layer was thinnest among four NaCl solutions after 14 days but de-
monstrated the highest protectivity, and the dissolution of pure Zn was
suppressed noticeably. In SBF, the deposition of corrosion product was
restrained by NaHCO3/CO2 and the corrosion rate increased.
Zn5(CO3)2(OH)6 was precipitated, which was absent in Tris−HCl and
HEPES buffered SBF and the concrete composition of carbonate was
unclear in buffer-free SBF.

Despite similar solution pH, the degradation performance of pure Zn
varied in two solutions and the average corrosion rate of 14 days was
higher in SBF. It was deduced that during the initial immerison stage,
inorganic ions like Ca2+, HPO42−, HCO3- and Mg2+ delayed the de-
gradation of pure Zn in buffered SBF. With prolonged immersion, the
layer in buffered NaCl solution became more compact and provided
enhanced protection, while corrosion product deposition was still in-
hibited in buffered SBF. Pure Zn therefore degraded faster in buffered
SBF during subsequent immersion.

4.3. The comparative study of three buffer systems in SBF

4.3.1. The influence on the Ca-P precipitation
In this work, the calcium phosphate rich layer was formed on the

sample surface after 14 days of immersion in buffer-free SBF. In con-
trast, with the addition of buffer systems, the amount of calcium
phosphates diminished. In fact, the formation of calcium phosphate
phases was common in cardiovascular and bone implants, and it was a
sign to evaluate the biocompatibility of material as tight chemical
bonds between implants and the living bone can be formed through it
[23]. It’s generally acknowledged that the alkalization of solution could
encourage the generation of calcium phosphate [35]. In Fig. 4, reduced
pH value was displayed in three buffered SBFs, which was highly likely
to prevent the Ca-P salts precipitation from taking place. In addition,
the light complexation was found between Ca2+ and Tris [72], which
might lower the concentration of free Ca2+ and further hindered the
formation of Ca-P salts in Tris-HCl buffered SBF [74]. As for HEPES
buffered SBF, the complexes of HEPES with Ca2+ were unlikely to form
when isolated [74], therefore the lessened calcium phosphates pre-
cipitation might be primarily related to the low pH level [35]. Referring
to previous studies, Tris and HEPES also showed negative influence on
the precipitation of Ca-P salts on Mg in Dulbecco's modified Eagle's
medium (DMEM) [35]. Moreover, it was theorized that an increase in
CO2 partial pressure could reduce the driving force for calcium phos-
phate precipitation and low pH values gave rise to increased number of
free Ca2+ ion, which meant to stimulate the deposition of calcium
phosphate [74]. However, in the NaHCO3/CO2 buffered SBF, the sta-
bility of calcium phosphate was compromised by low pH, and the
amount of calcium phosphate declined consequently.

4.3.2. The ability to mimic the in vivo environment
Till now, the in vivo performance of pure zinc has been widely

studied through several animal models and at different time points to
evaluate the potential as endovascular stents or orthopaedic implants.
Although there are still some arguments on the corrosion mechanism of
Zn in the physiological environment, the most part of which has been
revealed. Concerning the degradation behaviour of pure zinc at the very
early stage in vivo, much information can be referred to.

Bowen et al. [2] studied the in vivo performance of pure Zn wire in
the murine artery and unveiled a degradation rate of 0.012mm·yr−1

during 1.5 months of exposure. A compact layer of corrosion product
formed after 4.5 months was composed of zinc oxide and zinc carbo-
nate, as well as a calcium/phosphorus phase on the exterior surface.
The zinc carbonate was considered as an intermediate phase at this time
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as several zinc minerals were more thermodynamically stable than it.
Nonetheless, after residing in the artery for 12 and 20 months, the
corrosion product layer was still recognized as a mixture of ZnO, cal-
cium/phosphorous and zinc carbonate [5]. Later, Yang et al. [6] pro-
posed the degradation mechanism of pure zinc stents implanted in the
abdominal aorta of rabbit. During 1 month of implantation, pure zinc
degraded at 0.03mm·yr−1 and underwent a uniform corrosion mode.
The layer of corrosion product was mainly composed of ZnO, amor-
phous Zn3(PO4)2 and polycrystalline Zn3(PO4)2·4H2O. After 6 months,
an outer layer of corrosion product rich in Ca-P was formed and no zinc
carbonates appeared during the whole process. Moreover, Bowen et al.
[75] found the layer of corrosion product on high grade zinc strip after
implantation in the abdominal aorta of rats for 1.5 months was pri-
marily composed of Zn and O, while the outer zone was rich in calcium
and phosphorus. In addition, Yang et al. [12] investigated the de-
gradation performance of pure Zn in the femoral condyle of rats and the
corrosion product was characterized by layered structure after 8 weeks.
The inner layer consisted of oxidized constituents and the outer layer,
besides C, O and Zn, also contained Ca and P, which can be dis-
tinguished even after 4 weeks.

It’s said that a close and effective simulation of in vivo conditions
required the similar corrosion rate, corrosion product and corrosion
morphology [18]. In this work, pure Zn experienced an extremely low
corrosion rate at 0.005mm·yr−1 during 14 days of immersion in buffer-
free SBF. The layered structure corrosion product was identified and the
outer layer was primarily composed of Ca-P salts. Clearly, the corrosion
rate failed to match that during artery remodelling or bone fracture
fixation. Moreover, the advanced appearance of calcium phosphate was
inconsistent with that in artery, but correlated with the observation as
orthopaedic implant applications [12] since SBF was designed for bone
environment originally [23]. Nevertheless, buffer-free SBF was still an
inappropriate pseudo-physiological solution as a result of delayed de-
gradation rate and increased pH values. The addition of buffer systems
inhibited the formation of calcium phosphate and adjusted the pH va-
lues noticeably. The corrosion rate in HEPES buffered SBF was, how-
ever, as high as 0.082mm·yr−1 and pH range slightly exceeded the
ideal values. Hence, this combination might not be suitable for mi-
micking both physiologic environments. In contrast, in the presence of
Tris-HCl and NaHCO3/CO2, the average corrosion rate of pure Zn
during 14 days of immersion was 0.040mm·yr−1 and 0.037mm·yr−1,
respectively. These values were comparable to that of 1-month im-
plantation in rabbit artery, which was about 0.03mm·yr−1 and dis-
played a downward trend with time [6]. The solution pH can be ef-
fectively adjusted by two buffers while the pH range of NaHCO3/CO2
slightly exceeded 7.50. Notably, zinc carbonate was formed in
NaHCO3/CO2 buffered SBF, which was absent in HEPES and Tris-HCl
buffered SBF. It should be noted that the formation of carbonates, as
well as the zinc phosphates during artery remodelling was a con-
troversy for now. Different corrosion product was characterized in vivo
and the variations might come from different animal models, im-
plantation sites, material purity and processing methods [2,5,6,75]. On
the contrary, the reduced but still existed Ca-P salts had the good cor-
respondence with bone environments. But since the precise degradation
rate of pure Zn in the bone environments was unavailable for now, the
practicability of two systems for orthopaedic fixation device was be-
yond the scope here. Therefore, we reached a provisional conclusion
that both Tris-HCl and NaHCO3/CO2 buffered SBF can be adopted to
characterize the early stage corrosion behaviour of biodegradation zinc
for the vascular stent applications.

4.4. Prospects of in vitro evaluations

In principle, in vitro tests are designed to evaluate the degradation
behaviour of materials and identify ones with great potential for costly
and time-consuming animal tests subsequently. However, previous
studies demonstrated that in vitro corrosion tests in simple simulated

body fluids cannot fully predict Zn corrosion in vivo [17]. The un-
certainty might have detrimental effect on the further research, at the
price of both effort and money. Building an in vitro methodology that
can accurately simulate the degradation behaviour in vivo is urgently
demanded and has always been the intention of researchers. Con-
sidering and evaluating essential factors for the in vivo corrosion and
reproducing these factors in vitro are mostly recommended to achieve
the goal [18].

For biodegradable magnesium, the step towards a closer simulation
of in vivo conditions have obtained some achievements. Influence
factors such as solution component, temperature, pH and flow rate have
been widely and systematically analysed [18]. The CO2 buffered Hank’s
solution showed great promise to mimic the in vivo corrosion behaviour
for Mg [32]. However, despite decades of efforts, the cutting-edge
studies continue revealing more in-depth information about inorganic
ions [72], organic components [76,77] and so on. It’s a very broad field
of investigation and finding the most appropriate in vitro test en-
vironment for magnesium is still in progress. In contrast, the in-
vestigation of zinc is in the beginning phase and the academic system is
also in embryo. Thus, previous researches on the biodegradable mag-
nesium are valuable and of instructive significance. Nonetheless, the
disparity came up that for magnesium corrosion, the pH-control ability
of buffer systems was weaker due to the fast dissolution of magnesium
and HEPES was likely to complex with Mg2+. The CO2 buffer possessed
the advantage of better reflecting physiological conditions over Tris and
HEPES [28], inconsistent with the circumstance of Zn. Thus, it’s ne-
cessary to comment objectively to properly benefit from the research
experience in Mg corrosion.

In this study, the importance of solution pH and buffer system, as
well as the motivation to build the in vitro methodology for Zn corro-
sion was proposed and emphasized for the first time. What’s more, Tris-
HCl or NaHCO3/CO2 buffered SBF was suggested to characterize the
early stage corrosion behaviour of biodegradation zinc. The proposal
might not be mature enough but definitely an important step forward.
Seeking the best in vitro methodology for Zn corrosion is a long
journey, worthwhile and meaningful but still has a long way to go.

5. Conclusions

In this study, the influence of Tris-HCl, HEPES, and NaHCO3/CO2 on
the corrosion behaviour of pure Zn was investigated through immersion
tests and electrochemical approaches, and the following conclusions
can be drawn:

(1) The solution pH affected the corrosion product formation and can
be effectively adjusted by three buffer systems with different pH-
control capacity. Inorganic ions in SBF retarded the dissolution of
pure Zn and altered the buffer capacity. The synergy of buffer
system and inorganic ions contributed to the unique corrosion be-
haviour of pure Zn in each electrolyte.

(2) Tris-HCl inhibited corrosion product precipitation and increased
corrosion rate in two corrosion media, and severe pits corrosion was
induced in NaCl solution. HEPES and NaHCO3/CO2 promoted the
formation of passive film in NaCl solution and reduced the corro-
sion rate, while they retarded the deposition of corrosion product in
SBF and accelerated the degradation. In SBF, the precipitation of
calcium phosphate was suppressed by three buffer systems.

(3) Regarding the ability to mimicking the in vivo degradation beha-
viour, Tris-HCl or NaHCO3/CO2 buffered SBF was recommended as
the appropriate combination to evaluate the biodegradation beha-
viour of zinc in vitro for vascular stent applications.
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