
Corrosion Science 197 (2022) 110061

Available online 4 January 2022
0010-938X/© 2021 Published by Elsevier Ltd.

Local pH and oxygen concentration at the interface of Zn alloys in Tris-HCl 
or HEPES buffered Hanks’ balanced salt solution 

Cheng Wang a,*, Xiao Liu b, Di Mei a,c, Min Deng a, Yufeng Zheng b, Mikhail L. Zheludkevich a,d, 
Sviatlana V. Lamaka a 

a Institute of Surface Science, Helmholtz-Zentrum Hereon, Geesthacht 21502, Germany 
b School of Materials Science and Engineering, Peking University, Beijing 100871, China 
c School of Materials Science and Engineering & Henan Key Laboratory of Advanced Magnesium Alloy, Zhengzhou University, Zhengzhou 450001, China 
d Institute for Materials Science, Faculty of Engineering, Kiel University, Kiel 24103, Germany   

A R T I C L E  I N F O   

Keywords: 
Local pH 
Local oxygen concentration 
Tris-HCl 
HEPES 
Biodegradable Zn-based alloy 
Hanks’ balanced salt solution 

A B S T R A C T   

Although Tris-HCl and HEPES are typically used pH buffers for in vitro studies, they are recently proven to be 
unable to stabilize local pH at Mg interface in simulated body fluids. In this study, local pH close to physiological 
(7.1–7.5) was found at metal/fluid interface of pure Zn, Zn-0.8 wt%Ca and Zn-0.8 wt%Mg alloys in Tris-HCl or 
HEPES buffered Hanks’ balanced salt solution (HBSS) at 37 ◦C under hydrodynamic conditions. High rate oxygen 
consumption was detected above Zn alloys in various HBSS electrolytes. These findings support the previous 
recommendation of using synthetic pH buffers for in vitro studies of biodegradable Zn-based alloys.   

1. Introduction 

Zinc, as an essential trace element in the human body, has enabled 
Zn-based alloys to be considered as an emerging alternative biode
gradable metal. Their superior mechanical properties and suitable 
degradation rates not only satisfy the clinical requirements of biode
gradable metals, but also facilitate the potential applications in bone 
repair and cardiovascular intervention [1–5]. Therefore, multiple 
research groups have reported on optimizing alloy design of biode
gradable Zn for load-bearing applications [6–9]. 

Up to date, an increasing number of studies disclosed the biode
gradable behavior of Zn and its alloys under in vitro/ in vivo conditions 
[7,10–14]. Various electrolytes such as 0.9 wt% NaCl solution [15], 
Ringer’s solution [16], phosphate buffered saline (PBS) [17], Hanks’ 
balanced salt solution (HBSS) [18], and simulated body fluid (SBF) [19] 
have been selected as the empirical in vitro test media benefited from 
the previous experience on the biodegradable investigations of Mg and 
Fe. Besides the synergistic influences induced by inorganic ions [20,21], 
organic molecules [22,23], proteins [24,25], cells [26], temperature, 
partial pressure and concentration of the dissolved oxygen, pH of tissue 
fluid is of great importance in the physiological environment where a 
broad fluctuation of acid-base balance may cause protein denatural
ization and cell apoptosis [27]. Thus, executing in vitro experiments on 

Zn alloys in a suitable medium with a specific pH range (e.g. 7.35–7.45 
for blood plasma) would be beneficial to the evaluation of the corrosion 
performance and the elucidation of the degradation mechanism. 
Meanwhile, corrosion, involving oxidation and reduction, often leads to 
acidification at local anodes caused by the hydrolysis of dissolved metal 
cations and alkalization at local cathodes caused by OH- generation as a 
result of the reduction of water or oxygen [28]. 

The pH level of blood plasma or interstitial fluid is naturally 
controlled by the inherent buffer system mainly containing phosphate 
H2PO4/HPO4

2- and carbonate CO2/HCO3
-/H2CO3 pH buffers [29]. 

Amino acids of proteins also possess pH buffering capacity [24]. In order 
to simulate the inherent buffer system, a HCO3

-/H2CO3 buffer couple has 
been established through cooperation between a certain amount of 
NaHCO3 (2.2 g/L) and a controlled CO2 atmosphere (5%) [30]. It has 
been reported that the degradation rates of pure Mg and its alloys in 
NaHCO3 buffered Earle’s balanced salt solution (EBSS) were comparable 
to in vivo results [31]. Similarly, gaseous CO2 buffered HBSS was 
capable of predicting in vivo degradation rate of Mg alloy [32]. Yet, 
NaHCO3/CO2 buffer found only limited application owing to rather high 
requirements for apparatus and operations. 

As an alternative for controlling pH during in vitro studies, several 
synthetic pH buffers are used for preparing corresponding test media. 
Tris(hydroxymethyl) aminomethane buffer with HCl (Tris-HCl) and 4- 
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(2-hydroxyethyl)− 1-piperazineethanesulfonic acid (HEPES) have been 
considered as favorable candidates although they cannot be traced in
side the human body [33,34]. The buffer capacities of HEPES and 
Tris-HCl are atmosphere-independent, leading to an experimental con
venience to some extent. Tris-HCl buffer maintains pH in the range from 
7.1 to 9.1. The principle of pH buffering is that the bonded H+ in 
Tris-HCl consumes the OH- generated in the course of cathodic reaction 
during anodic metal dissolution, while the amino-group of Tris depletes 
the H+ ions provided by the hydrolysis of metal ions [35]. HEPES is a 
zwitterion buffer covering a pH range (6.8–8.2) widely used in the cell 
culture medium, where it neutralizes excessive protons to inhibit acid
ification [34,36]. 

Even though the pH buffer system plays a crucial role in keeping the 
bulk electrolyte in a determined pH range, doubts remain whether it is 
effective for stabilizing local pH at the metal/liquid interface due to the 
strong ionic gradients there. Moreover, local pH at the interface is one of 
the substantial factors during metal degradation. Recently, with the 
assistance of scanning ion electrode technique (SIET), Tris-HCl was 
shown to be unable to buffer the local pH above Mg surface despite the 
fact the bulk pH of the electrolyte was under control [20]. The 
Ca2+/Mg2+-binding effect of Tris and the increased quantities of Cl- ions 
from HCl alter the degradation behavior and accelerate the degradation 
rate. Likewise, HEPES in HBSS could not stabilize the values of local pH 
[37,38] and HEPES in EBSS was shown to retard the precipitation of 
insoluble Ca-P-carbonate layer during the degradation of Mg, strongly 
affecting the degradation kinetics [39]. 

Currently, the interaction between synthetic pH buffers and Zn has 
been put on the agenda. Tris-HCl buffer was recommended as an opti
mum buffer system for in vitro research on the degradation behavior of 
Zn and its alloys [23,40]. In spite of the fact that the degradation rate of 
Zn and its alloys in Tris-HCl buffered SBF increases, it approaches in vivo 
degradation rate. Yet it remains unclear whether Tris-HCl succeeds in 
stabilizing the local pH above the surface that determines the biodeg
radation behavior of Zn and its alloys. Although the Ca2+-binding effect 
of Tris could resemble the role of albumin [24], it suppresses the for
mation of Ca-P-containing products layer, which has been reported as a 
significant factor because it provides partial corrosion protection prop
erty for biodegradable Mg and Fe [41,42]. The role of Ca-P-containing 
products during the biodegradation of Zn deserves to be explored. 

This study aims at exploring the pH buffering effect of Tris-HCl and 
HEPES on the degradation of pure Zn and Zn-based alloys in a pseudo- 
physiological environment from the viewpoint of local electrochem
istry, providing additional information for future in vitro/vivo studies of 
biodegradable Zn-based materials. A detailed study on the evolution of 
the local pH of the electrolyte adjacent to the surface of Zn-based ma
terials in HBSS with or without the addition of Tris-HCl and HEPES was 
performed. The concentration of dissolved oxygen (DO) was simulta
neously recorded to explore the impact of Tris-HCl and HEPES on the 
degradation behavior and protective properties of formed corrosion 
products, since oxygen reduction reaction (ORR) is considered the major 
cathodic reaction during Zn degradation. 

2. Experimental 

Extruded pure Zn (99.99% purity), Zn-0.8 wt%Mg (Zn-0.8Mg), and 
Zn-0.8 wt%Ca (Zn-0.8Ca) rods (10 mm in diameter) were machined into 
the rod shape (Φ = 2 mm) and embedded in the epoxy resin with a round 
face exposed as a working electrode (Fig. 1). The specimens were ground 
successively using SiC papers from 1200 grit to 4000 grit and then 
cleaned in deionized water and absolute ethanol. The elemental 
composition of Zn alloys has been reported elsewhere [6]. The compo
nents of all the electrolytes used in this work are summarized in Table 1. 
There are six different electrolytes: Ca2+-free HBSS (hereafter denoted as 
HBSS), Tris-HCl buffered Ca2+-free HBSS (hereafter denoted as 
HBSS+Tris-HCl), HEPES buffered Ca2+-free HBSS (hereafter denoted as 
HBSS+HEPES), Ca2+-containing HBSS (hereafter denoted as 

Ca2+HBSS), Tris-HCl buffered Ca2+-containing HBSS (hereafter denoted 
as Ca2+HBSS+Tris-HCl), HEPES buffered Ca2+-containing HBSS (here
after denoted as Ca2+HBSS+HEPES). 

Local pH was recorded by a commercial glass-type pH microelec
trode with a tip diameter of 10 µm (Unisense, pH-10), together with a 
mini Ag/AgCl reference electrode. Local O2 concentration was moni
tored using a needle-type retractable fiber-optic O2 micro-optode 
(OXR50-UHS) with a tip diameter of 50 µm coupled with a Fire
StingO2 oxygen logging meter, both from Pyroscience™. Both pH 
microelectrode and DO micro-optode were integrated into a commercial 
SVET-SIET system (Applicable Electronics™) for probe movement. The 
data was acquired by LV4 software from Sciencewares™ in parallel with 
PyroOxygenLogger from Pyroscience™. Both pH microelectrode and O2 
micro-optode were positioned at 50 µm above the sample surface using a 
custom-made dual-head stage for in situ simultaneous monitoring of 
local pH and O2 concentration. The distance between pH microelectrode 
and O2 micro-optode was kept at 50 µm in horizontal planes via mi
cromanipulators. Local H2 concentration was measured using a H2 
microsensor (10 µm tip diameter, Unisense). 

Fig. 1 exhibits a schematic of the setup for the simultaneous mea
surement of local pH and oxygen concentration at the interface of Zn- 
based alloys in various HBSS electrolytes at 37 ◦C under hydrody
namic conditions. For characterizing the distribution of the local pH and 
DO concentration above the metal surface, a series of sample-centered 
areas (3000 µm × 3000 µm) was successively scanned with the rate of 
100 µm per step in order to follow the local progression. The sampling 
interval in each step was 3 s and the total time for one map (31 ×31 
grid) was approximately 1 h counting the time for moving the micro
electrodes. The 3 s sampling interval was sufficient since the pH gradient 

Fig. 1. A schematic of the setup (top view) for the simultaneous measurement 
of local pH and oxygen concentration above the specimen of Zn-based alloys at 
37 ◦C under hydrodynamic conditions. 

Table 1 
The composition and corresponding abbreviation of HBSS electrolytes used in 
this study.  

Components Concentration / mM 

Ca2+- 
free 

Tris- 
HCl 

HEPES Ca2+ Ca2++Tris- 
HCl 

Ca2++HEPES 

KCl 5.33 
KH2PO4 0.44 
NaHCO3 4.17 
NaCl 137.9 
D-Glucose 5.56 
Na2HPO4 0.34 
CaCl2 – – – 1.26 
MgCl2.6H2O – – – 0.49 
MgSO4.7H2O – – – 0.41 
Tris-HCl – 50.5 – – 50.5 – 
HEPES – – 25.0 – – 25.0 
pH initial 7.40  

C. Wang et al.                                                                                                                                                                                                                                   



Corrosion Science 197 (2022) 110061

3

between two consecutive measuring points was less than one pH unit in 
this work. The measurements were conducted at 37 ◦C under the hy
drodynamic condition with a flow rate of 1.0 mL min− 1 controlled by a 
peristaltic pump (Medorex). The volume of the cell for local measure
ments was 5 mL, so that the medium was fully renewed every 5 min. The 
used medium was thrown to waste and not recirculated. A similar 
measurement of local concentration of H2 and O2 was performed to 
investigate the cathodic reactions during the degradation of Zn-based 
alloys in Ca2+HBSS. 

Electrochemical impedance spectra (EIS) were measured by a Gamry 
Interface 1010 potentiostat/galvanostat with a typical three-electrode 
configuration: a working electrode (with an exposed area of 0.5 cm2), 
a saturated Ag/AgCl reference electrode, and a counter electrode (a 
platinum wire coil). EIS measurements were continually executed at 
open circuit potential for all the Zn-based alloys in different HBSS 
electrolytes at 37 ◦C up to 24 h of immersion. The amplitude of 10 mV 
RMS sinusoidal perturbation over a frequency range from 100 kHz to 
0.1 Hz was applied. The volume of the electrolyte was 400 mL. The 
electrolyte was constantly stirred at a rate of 250 rpm. 

The weight loss of all three Zn alloys was measured three times after 
immersing the samples in either of six HBSS electrolytes (Table 1) at 
37 ◦C under hydrodynamic conditions. The medium in a 500 mL cell 
was constantly refreshed by a peristaltic pump at a rate of 0.2 mL min− 1. 
After 3 days of immersion, the specimens were cleaned using chromic 
acid (200 g/L) to remove the corrosion products from the surface. The 
specimens were then rinsed with deionized water, dried in the air, and 
weighed using the analytical balance. The corrosion rates were calcu
lated from the weight loss based on the equation: CR = 10 Δm ρ− 1 A− 1 

t− 1. CR is the corrosion rate in mm y− 1, Δm is the weight loss (g), ρ is the 
material density (g cm− 3), A is the initial surface area of the specimen 
(cm2), and t is the immersion time (year). 

3. Results and discussions 

3.1. The degradation behavior of pure Zn in HBSS containing different pH 
buffers at 37 ◦C under hydrodynamic conditions 

The visual appearance and the distribution of local pH and DO 
concentration of pure Zn, Zn-0.8Mg, and Zn-0.8Ca in different HBSS 
electrolytes at 37 ◦C under hydrodynamic conditions are shown in  
Figs. 2–4, respectively. 

For pure Zn (Fig. 2), in HBSS without any synthetic buffers, an active 
anodic site appeared within 1-hour immersion as indicated by the 
acidified region in the local pH distribution. Local pH decreased from 
7.40 to 5.84 at the anodic site due to the hydrolysis reaction of Zn2+

ions, generating H+ ions causing slight acidification (Eq. 1) [43]. 

Zn2+ + 2H2O→Zn(OH)2 + 2H+ pKhyd = 8.96 (1) 

In the meantime, near the active pit, a cathodic site was found with 
higher local pH (max. 8.66) compared to the bulk pH (7.40). The 
simultaneous measurement of local DO concentration gave direct sup
port to the ORR (Eq. 2) occurring above the major area of the surface 
outside the acidified anodic site. 

O2 + 4e− + 2H2O →4OH− (2) 

Stable development of pitting corrosion was exhibited on pure Zn 
with immersion time as demonstrated by the remaining active anodic 
sites after 12 h of immersion in HBSS. The lowest pH at the anodic site 
remained below 6.00. According to the simulation of Hydra-Medusa 
(Fig. 6(a)), it was difficult to generate corrosion products in the pit for 
passivating it at this low pH. ORR occurred at the cathodic site around 
the pit that produced hydroxyls, leading to an increase of local pH and 
consequently inducing the precipitation of corrosion products around 
the pits as seen in the optical image. The formation of corrosion products 

Fig. 2. The degradation behavior of pure Zn in HBSS containing different pH buffers at 37 ◦C under hydrodynamic conditions (flow rate 1.0 mL min− 1). a visual 
appearance after 12 h of immersion, distribution of local pH (3D topography), and DO concentration (green color code) above the metal surface with immersion time. 
b a summary of local pH value (red-blue gradient), the range of the minimum concentration of dissolved oxygen (green) and the corrosion rates, an average of three 
measurements (brown filled circles). 
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above the pit blocked the diffusion of oxygen, intensifying the acidifi
cation in the pit. For maintaining electric neutrality, chloride ions kept 
infiltrating the dome of corrosion products and facilitated Zn dissolu
tion, leading to continuous pit growth. 

A well-buffered local pH (7.05–7.38) was obtained at the interface of 
pure Zn in HBSS+Tris-HCl compared to that in HBSS (5.84–8.66). The 
corrosion rate of pure Zn decreased from 0.89 mm y− 1 to 0.14 mm y− 1 

in the presence of Tris-HCl buffer. This was attributed to the strong 
buffering capability of Tris, binding the H+ ions generated at the anodic 
sites caused by the hydrolysis of Zn2+ ions thus alleviating the acidifi
cation in the pit. The abated acidification decreased the accumulation of 
chlorides ions in the pit, inhibiting the pitting corrosion. Also, although 
Zn phosphates species maintained stable at this pH range (7.05–7.38) 
indicated by Hydra-Medusa in Fig. 6(a), the formation of Zn phosphates 
made little contribution to the protection of Zn substrate as supported by 
the slightly higher DO concentration detected at the interface of pure Zn 
in HBSS+Tris-HCl (2.8 ppm) compared to that in HBSS (2.5 ppm). 

In HBSS+HEPES, local pH at the interface of pure Zn was further 
buffered at 7.19–7.45 compared to 7.05–7.38 in HBSS+Tris-HCl. The 
cathodic ORR slowed down as evidence by the minimum DO concen
tration: 3.4–3.8 ppm in HBSS+HEPES vs. 2.8–3.0 ppm in HBSS+Tris- 
HCl. This was because, besides the buffering capability, HEPES was also 
capable of strengthening the protection of the corrosion products layer 
formed on pure Zn [40], further blocking the diffusion of the oxygen 
from the electrolyte to the metal surface thus inhibiting ORR. This was 
also supported by the EIS spectra in Fig. 5, where a higher resistance at 
low frequency responsible for the corrosion resistant process of pure Zn 
was found within 1 h degradation of pure Zn in HBSS+HEPES compared 
to that in HBSS. A similar mechanism of diminishing ORR reaction has 
been recently shown for pure Mg [44]. As a consequence, the corrosion 
rate of pure Zn further decreased from 0.14 mm y− 1 in HBSS+Tris-HCl 
to 0.11 mm y− 1 in HBSS+HEPES. Note that typically, O2 concentration 

in bulk HBSS at 37 ◦C varies around 6 ppm. 
The influence of Ca2+ ions on the degradation behavior of pure Zn 

was investigated in Ca2+HBSS since Ca2+ ions have occupied a critical 
role during the degradation of Mg in SBF based on our previous studies 
[20,38]. A narrower range of local pH (6.84–7.68) was detected at the 
interface of pure Zn in Ca2+HBSS compared to that in HBSS (5.84–8.66). 
The OH- anions generated by cathodic ORR were consumed by the for
mation of Ca-P-containing precipitates (as indicated by Hydra-Medusa 
in Fig. 6(b)), stabilizing local pH within the corresponding range. ORR 
slowed down as indicated by the higher DO concentration detected at 
the interface of pure Zn in Ca2+HBSS (3.5–4.9 ppm) than that in HBSS 
(2.5–3.0 ppm), because the diffusion of oxygen was restricted by the 
Ca-P-containing products layer. As a result, the corrosion rate of pure Zn 
was remarkably lower (0.01 mm y− 1) in Ca2+HBSS than that 
(0.89 mm y− 1) in HBSS. The similar pH-buffering capacity and barrier 
property of generating Ca-P-containing products were also reported for 
the degrading Fe-based alloys in Ca2+HBSS [42]. 

Compared to the findings of degrading pure Zn in HBSS+Tris-HCl/ 
HEPES, a similar performance of buffering local pH at the interface of 
pure Zn was exhibited in Ca2+HBSS buffered by Tris-HCl (7.28–7.42) or 
HEPES (7.27–7.44). However, the degradation of pure Zn was roughly 
ten-fold faster in Ca2+HBSS+Tris-HCl/HEPES (0.13 mm y− 1) compared 
to that in Ca2+HBSS (0.01 mm y− 1). The acceleration of the degradation 
rate was attributed to the effective pH buffering imposed by Tris that 
affects the formation of hydroxyls-containing corrosion products. Tris 
was also capable of binding Ca2+ ions, decreasing the concentration of 
the free Ca2+ ions in the electrolyte available for the formation of Ca-P 
precipitates [20]. Thus, the corrosion products layer formed at the 
interface of pure Zn in Ca2+HBSS+Tris-HCl became less protective than 
that in Ca2+HBSS (as supported by the disappearance of the partial 
overlap of two time constants in EIS spectra of pure Zn in 
Ca2+HBSS+Tris-HCl compared to that in Ca2+HBSS in Fig. 5). Local DO 

Fig. 3. The degradation behavior of Zn-0.8Mg in HBSS containing different pH buffers at 37 ◦C under hydrodynamic conditions (flow rate 1.0 mL min− 1). a visual 
appearances after 12 h of immersion, distribution of local pH (3D topography), and DO concentration (green color code) above the metal surface with immersion 
time. b a summary of local pH value (red-blue gradient), the range of minimum concentration of dissolved oxygen (green) and the corrosion rates, an average of three 
measurements (brown filled circles). 
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concentration at the interface of pure Zn decreased from 3.5 to 4.9 ppm 
in Ca2+HBSS to 3.0–4.5 ppm in Ca2+HBSS+Tris-HCl and 2.9–4.7 ppm in 
Ca2+HBSS+HEPES. The slight decrease of DO concentration also sug
gested a diminished barrier property of the Ca-P-containing products 
layer against oxygen diffusion [42]. 

3.2. The degradation behavior of Zn-0.8Mg and Zn-0.8Ca in HBSS 
containing different pH buffers at 37 ◦C under hydrodynamic conditions 

Similar experimental outcomes were also obtained for Zn-0.8Mg and 
Zn-0.8Ca alloys displayed in Figs. 3 and 4, respectively. Due to the 
alloying with more anodically active Mg and Ca, the corrosion rates of 

Fig. 4. The degradation behavior of Zn-0.8Ca in HBSS containing different pH buffers at 37 ◦C under hydrodynamic conditions (flow rate 1.0 mL min− 1). a visual 
appearances after 12 h of immersion, distribution of local pH (3D topography) and DO concentration (green color code) above the metal surface with immersion 
time. b a summary of local pH value (red-blue gradient), the range of minimum concentration of dissolved oxygen (green) and the corrosion rates, an average of three 
measurements (brown filled circles). 

Fig. 5. The Bode plots of pure Zn, Zn-0.8Mg, and Zn-0.8Ca in HBSS containing different pH buffers at 37 ◦C during 24 h of immersion.  
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Zn alloys in HBSS increased from 0.89 mm y− 1 (pure Zn) to 
1.39 mm y− 1 (Zn-0.8Mg), and 1.41 mm y− 1 (Zn-0.8Ca). The range of 
local pH in HBSS above the surface of Zn-0.8Mg (6.32–9.08) and Zn- 
0.8Ca (6.27–8.59) was found different from that of pure Zn 
(5.84–8.66). The lowest value of local pH at anodic sites increased from 
5.84 to 6.32 or 6.27, indicating a smaller amount of hydrolysis prone 
Zn2+ ions at anodic sites of Zn-0.8Mg or Zn-0.8Ca. The minimum DO 
concentration above the surface of Zn-0.8Mg (2.1–2.8 ppm) and Zn- 
0.8Ca (1.7–1.8 ppm) was lower than that for pure Zn (2.5–3.0 ppm), 
manifesting a higher rate of cathodic ORR especially on the surface of 
Zn-0.8Ca. 

In HBSS+Tris-HCl, local pH was buffered at 7.45–7.85 for Zn-0.8Mg, 
and 7.22–7.45 for Zn-0.8Ca. DO consumption was inhibited 
(2.6–3.8 ppm for Zn-0.8Mg; 3.1–4.1 ppm for Zn-0.8Ca) and correlated 
to the lower corrosion rates (0.26 mm y− 1 for Zn-0.8Mg; 0.61 mm y− 1 

for Zn-0.8Ca) compared to that in HBSS. A Strong corrosion inhibition 
was observed for Zn alloys in HBSS+HEPES, where local pH was 
controlled at 7.31–7.46 for Zn-0.8Mg and 7.05–7.56 for Zn-0.8Ca 
together with the higher oxygen concentration of 3.2–3.6 ppm (Zn- 
0.8Mg) and 3.0–3.7 (Zn-0.8Ca) than that in HBSS. The HEPES-facilitated 
protective layer blocked the O2 diffusion from the electrolyte to the alloy 
surface, accounting for their low corrosion rates (0.03 mm y− 1 for Zn- 
0.8Mg; 0.05 mm y− 1 for Zn-0.8Ca). 

During the degradation of Zn-0.8Mg and Zn-0.8Ca in Ca2+HBSS, the 
precipitation of Ca-P-containing products involved the formation of 
corrosion products similar to that for pure Zn. The hydroxyls generated 
by cathodic ORR were consumed, which was supported by the decrease 
of local pH (from 9.08 to 7.88 for Zn-0.8Mg; from 8.59 to 7.53 for Zn- 

0.8Ca). The involvement of Ca-P-containing products stabilized the 
corrosion products layer at the interface (as supported by the partial 
overlap of two time constants in the EIS spectra of Zn-0.8Mg and Zn- 
0.8Ca, which were similar to that of pure Zn in Fig. 5). Therefore, the 
strengthened corrosion products layer hindered the diffusion of the 
dissolved oxygen from electrolyte to the alloy surface (as indicated by 
the increased DO concentration (3.4–4.7 ppm for Zn-0.8Mg; 
4.3–4.8 ppm for Zn-0.8Ca), and significantly reduced the corrosion 
rates to 0.31 mm y− 1 (Zn-0.8Mg) and 0.46 mm y− 1 (Zn-0.8Ca). 

The contribution of Ca-P-containing products to strengthen the 
corrosion products layer on the surface of Zn-0.8Mg and Zn-0.8Ca was 
undermined by the addition of Tris-HCl or HEPES in the Ca2+HBSS (as 
also indicated by the disappearance of the overlay two time constants in 
the EIS spectra of Zn-0.8Mg and Zn-0.8Ca in Fig. 5). Because the strong 
pH buffering capacity of Tris or HEPES influenced the formation of 
hydroxyl-containing corrosion products. Tris and HEPES could also bind 
the free Ca2+ ions in the electrolyte available for the precipitation of Ca- 
P-containing products, notwithstanding local pH was well balanced at 
7.13–7.51 (Zn-0.8Mg) or 7.27–7.45 (Zn-0.8Ca) in Ca2+HBSS+Tris-HCl, 
and 7.23–7.43 (Zn-0.8Mg) or 7.15–7.46 (Zn-0.8Ca) in 
Ca2+HBSS+HEPES. The barrier quality of the corrosion products layer 
weakened as presented by the decreased DO concentration at the 
interface of Zn-0.8Mg and Zn-0.8Ca in Ca2+HBSS+Tris-HCl 
(2.5–2.9 ppm for Zn-0.8Mg; 2.3–2.4 ppm for Zn-0.8Ca) and 
Ca2+HBSS+HEPES (2.6–3.7 ppm for Zn-0.8Mg; 2.4–3.0 ppm for Zn- 
0.8Ca). Thus, the corrosion rates of Zn-0.8Mg and Zn-0.8Ca are higher 
in Ca2+HBSS+Tris-HCl (0.31 mm y− 1 for Zn-0.8Mg and 0.46 mm y− 1 

for Zn-0.8Ca) and Ca2+HBSS+HEPES (0.14 mm y− 1 for Zn-0.8Mg and 

Fig. 6. The fraction of either Zn2+ or Ca2+ species as a function of pH in (a) Ca2+-free HBSS and (b, c, d) Ca2+-containing HBSS with different concentrations of Ca2+

ions, based on the thermodynamic stability constants simulated by Hydra-Medusa. The equilibrium concentrations of the participating species were taken equal to 
those listed in Table 1. 
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0.34 mm y− 1 for Zn-0.8Ca) compared to that in Ca2+HBSS 
(0.03 mm y− 1 for Zn-0.8Mg and 0.05 mm y− 1 for Zn-0.8Ca). 

3.3. EIS analysis 

Fig. 5 presents the Bode plots of pure Zn, Zn-0.8Mg, and Zn-0.8Ca 
acquired in different HBSS electrolytes at 37 ◦C during 24 h of immer
sion. The Bode plots obtained for degrading Zn-based alloys in HBSS 
showed that the contribution of ZnO to the corrosion resistance was 
correlated to the time constants at the frequency of 103 Hz. In HBSS, the 
resistances detected at the low frequency related to the corrosion 
resistance of all three Zn-based alloys decreased with immersion time, 
and maintained generally lower than 103 Ω cm2. In contrast, in 
Ca2+HBSS, the resistances detected at the low frequency of all three Zn- 
based alloys were significantly higher from the 1st hour of immersion, 
and generally further increased during 24 h of immersion remaining 
around 104 Ω cm2, which was roughly 10 times higher than that in 
HBSS. This was also consistent with the corrosion rates of Zn-based al
loys in Fig. 7. A broad time constant appeared at the mid-frequency in 
the Bode plots of Zn-based alloys in Ca2+HBSS was a result of partial 
overlap of two time constants. The overlapped two time constants 
indicated that Ca-P-containing precipitates involved and stabilized the 
corrosion products layer at the interface of Zn-based alloys. This was 
different from the typical EIS spectra acquired on Mg in SBF, where an 
additional time constant emerged at the high frequency, correlating 
with the formation of Ca-P-containing products layer [20]. This addi
tional time constant has been also found during the degradation of 
Fe-based alloys in Ca2+HBSS [45]. This difference could be probably 
attributed to the different properties of MgO and ZnO. Flawed MgO 
might be suitable for the growth of Ca-P-containing precipitates on the 
top, generating an extra products layer detected by EIS prior to MgO. By 
contrast, ZnO is more compact than MgO, and localized pitting corrosion 
is more characteristic of Zn than Mg. In this case, Ca-P-containing 
products would be inclined to grow at the interface rather than on the 
top. This is also supported by the characterization of the corrosion 
products layer on the surface of pure zinc during immersion in SBF [40, 
46–48]. The resistance at low frequency kept increasing with the im
mersion time in Ca2+HBSS, and DO concentration increased from 2.5 to 

3.0 ppm in HBSS to 3.5–4.9 ppm in Ca2+HBSS. This demonstrated that 
the involvement of Ca-P-containing products continuously reinforced 
the corrosion products layer at the interface, preventing oxygen access 
to Zn substrate, thus inhibiting cathodic ORR. 

3.4. Summary and discussion 

The influence of binding Ca2+ ions by Tris-HCl or HEPES on the 
formation of corrosion products during the degradation of Zn in 
Ca2+HBSS was also investigated by the simulation of Hydra-Medusa in 
HBSS electrolyte with different concentrations of Ca2+ ions (Fig. 6). The 
comprehensive studies on the characterization of the corrosion products 
during the corrosion of Zn and its alloys in Tris-HCl/HEPES buffered 
solutions have been reported in previous works [40,47,48]. In HBSS 
(Fig. 6(a)), corrosion products were mainly composed of 
Zn-P-containing products or zinc carbonates. In Ca2+HBSS (Fig. 6(b)), 
Ca-P-containing products were easier to generate than Zn-P-containing 
products if the concentration of Ca and P species was maintained. 

Fig. 6(c) and 6(d) were constructed to consider the Ca2+-binding 
effect of Tris-HCl or HEPES. With the decrease of free Ca2+ ions, the pH 
related to the formation of Ca-P-containing products shifted right, 
indicating the precipitation could be inhibited to some extent. The 
remaining phosphate species could involve Zn2+ ions to generate Zn-P- 
containing products. Besides, the interfacial Zn-P-containing products 
have been recently found as the key to control the biocompatibility of Zn 
implants [49,50]. It is adverse to the formation of Zn-P-containing 
products if local pH is too high or too low (e.g. 5.84 or 8.66 during 
the degradation of pure Zn in HBSS) since the simulated pH range of 
forming zinc phosphates is 6.46–7.76 (Fig. 6(a)). This emphasizes the 
importance of controlling local pH during in vitro investigation of Zn 
alloys. 

The ranges of local pH and DO concentration monitored during the 
degradation of all three types of Zn-based alloys in HBSS containing 
different buffers are summarized together with their corrosion rates in 
Fig. 7. In general, the addition of alloying elements (Mg, Ca) accelerated 
the degradation of Zn. This acceleration was accompanied by the 
enhanced cathodic ORR, which was supported by the stronger DO 
consumption on the surface of Zn-0.8Mg and Zn-0.8Ca compared to that 

Fig. 7. A summary of the local pH, DO concentration, and the corrosion rates of pure Zn, Zn-0.8Mg, and Zn-0.8Ca in HBSS containing different buffers at 37 ◦C 
during 12 h of immersion under hydrodynamic conditions (The corrosion rates were measured after 3 days of immersion). 
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of pure Zn. Unlike Fe alloy where DO consumption also contributes to 
the oxidation of ferrous products to ferric compounds [42], oxygen 
concentration at the interface of Zn-based alloy mainly reflects the dy
namics of cathodic ORR. Furthermore, it is worth mentioning that the 
oxygen concentration at the interface of Zn-based alloys could lower 
down to 1.7 ppm. It could be a plausible explanation for the inflam
mation around the implants of Zn alloys [51–53], because hypoxia has 
been reported to induce or aggravate inflammation [54]. The inflam
mation might differ depending on the Zn alloys and corresponding ox
ygen consumptions. 

Despite a moderate fluctuation of local pH (6.7–7.9) at the interface 
of Zn alloys in Ca2+HBSS compared to that in HBSS (5.8–9.0), the value 
of local pH still exceeds the specific pH range for the purpose of simu
lating in vivo environment (e.g. 7.35–7.45 in the human plasma). The 
addition of Tris-HCl buffer in Ca2+HBSS could adjust the fluctuation of 
local pH and enable it to stabilize at a narrower pH range (7.1–7.5) 
compared to that (6.7–7.9) in Ca2+HBSS. Given that HEPES reinforced 
the protective layer of corrosion products, an alternative degradation 
behavior would be likely to occur on Zn-based alloys in 
Ca2+HBSS+HEPES, which might deviate from the simulation of in vivo 
environment. 

The degradation process of Zn-based alloys in six HBSS electrolytes 
containing different buffers was summarized in Fig. 8 based on the re
sults in this work and the data reported in previous studies [6,40]. In 
Ca2+HBSS, the precipitation of Ca-P-containing products consumed the 
phosphate species in the electrolyte, suppressing the formation of 
Zn-P-containing products (as supported by Fig. 6(b)). Under the premise 
of buffering local pH, the Ca2+-binding ability of Tris-HCl reduced the 
consumption of phosphates by Ca2+ ions, enabling the formation of 
Zn-P-containing products and postponing the precipitation of 
Ca-P-containing products (as indicated in Fig. 6(c, d)). 

Furthermore, unlike the generally slower in vivo degradation of 
biodegradable Mg alloys compared to in vitro [55], in vivo degradation 
rate of Zn alloys varies at different locations (avg. 0.02 mm y− 1 for 
vascular stent applications [3], avg. 0.15 mm y− 1 for load-bearing ap
plications [6]). The corrosion rates of Zn alloys in Ca2+HBSS (avg. 
0.08 mm y− 1) are close to in vivo degradation rate of Zn alloys for 
vascular stent applications, while the corrosion rates of Zn alloys in 
Ca2+HBSS+Tris-HCl/HEPES (0.13–0.46 mm y− 1) are close to the in vivo 
degradation rate of Zn alloys for load-bearing applications. This 
discrepancy can be attributed to the different in vivo environment 
around Zn implants. Further efforts should be spent on studying the 
effect of other factors (e.g. amino acids, proteins, stress/strain et al.) on 
the degradation of Zn alloys. Recently, Tris-HCl buffered amino 
acids/glucose-containing SBF has been found as a recommended option 

for the replication and prediction of in vivo biodegradation of zinc [23]. 
Also, during the degradation of Mg in proteins-containing HBSS, bovine 
serum albumin (BSA) has been found to have the capacity of Ca2+ ions 
chelation and pH buffering [24], which was similar to the role of 
Tris-HCl on the degradation of Zn-based alloys in Ca2+HBSS. The che
lation of BSA and Zn2+ ions has also been reported to increase the 
corrosion rate of pure Zn in artificial plasma [25]. The influence of 
proteins and amino acids on the variation of local pH and oxygen con
centration at the interface of biodegradable Zn-based alloys would be 
explored in future studies. 

In addition, a tiny amount of dissolved H2 (0.5–1.5 µmol L− 1) was 
detected at the interface of degrading Zn alloys in Ca2+HBSS (Fig. 9), 
verifying that ORR is the major cathodic reaction during the degradation 
of Zn alloys in HBSS. However, it should be pointed out that hydrogen 
evolution mainly happened in the pits, where the pH slightly decreased. 
The growth of the corrosion products layer could also block oxygen 
diffusion, enabling the hydrogen evolution reaction to gradually take 
place and produce hydrogen. 

4. Conclusion 

Local interface pH during corrosion of pure Zn, Zn-0.8Mg, and Zn- 
0.8Ca alloys varied in the wide range of 5.8 – 9.0 in HBSS and slightly 
narrow range of 6.7 – 7.9 in Ca2+HBSS. The addition of synthetic pH 
buffers, either Tris-HCl or HEPES, stabilized local pH at 7.4 ± 0.2 at the 
interface of degrading Zn-based alloys in HBSS (pH=7.4) at 37 ◦C under 
hydrodynamic conditions. This differs from the effect of Tris-HCl and 
HEPES on Mg substrate where local pH could not be buffered. Although 
both Tris-HCl or HEPES could balance the local pH at Zn interface, 
HEPES could also enhance the growth of products layer which might 
change the degradation behavior of Zn alloys. 

Local concentration of dissolved oxygen at the interface of Zn-based 
alloys reached 2.3 ppm in Ca2+HBSS and as low as 1.7 ppm in Ca2+- 
deficient HBSS. This is only ca. 40% and 30% correspondingly of the 
level of dissolved oxygen in bulk electrolytes. Significant depletion of 
the level of dissolved oxygen in the vicinity of Zn and alloys offers a 
possible explanation for the inflammation around Zn implants in vivo. A 
low rate hydrogen evolution reaction was detected in pits with the 
amount of dissolved H2 reaching only 0.5–1.5 µmol L− 1. 

The corrosion rate of Zn alloyed with 0.8 wt%Mg or 0.8 wt%Ca was 
consistently higher compared to that of pure Zn in all tested media, 
namely Ca2+-containing and Ca2+-deficient HBSS with or without syn
thetic pH buffers. For pure Zn, CR varied from 0.01 to 0.89 mm y− 1 

depending on the medium, while for two alloys, the corrosion rate 
varied in the range between 0.14 and 0.31 mm y− 1 for Zn-0.8Mg and 

Fig. 8. A schematic illustration of the degradation process of Zn-based alloys in six HBSS electrolytes (The corrosion products indicated in the diagram is based on 
the simulation of Hydra-Medusa (Fig. 6) and previous work [40]). 
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0.34 – 0.46 mm y− 1 for Zn-0.8Ca in Tris-HCl and HEPES buffered 
Ca2+HBSS electrolytes. 

Considering the values of local pH and corrosion rate compared to 
physiological conditions, both Tris-HCl and HEPES buffered Ca2+HBSS 
electrolytes can be recommended for corrosion and in vitro studies of 
Zn-based alloys. 
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