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endent degradation pathways of
pure zinc induced by acid–alkali surface chemistry

Abdalla Abdal-hay, †*ad Enmao Xiang,†aef Yahia Ali,b Jiaqi Xuc

and Yu Kyoung Kim d

Pure zinc (Zn) is a promising candidate for biodegradable metallic implants; however, its degradation

behaviour in physiological environments is highly sensitive to interfacial chemistry, often resulting in

non-uniform and environment-dependent corrosion responses that complicate controlled tissue

regeneration. This study introduces a simple two-step chemical modification, consisting of acid etching

followed by alkaline treatment, to tailor the early-stage degradation behaviour of pure Zn. The

degradation behaviour of untreated and treated Zn was systematically evaluated in Hanks' balanced salt

(HBSS), 0.85 wt% NaCl and 10 mM Tris–HCl solutions at 37 °C. Electrochemical measurements,

immersion tests and surface characterisation studies were conducted. The results show that the

combined acid–alkali treatment did not merely accelerate degradation, but altered the dominant

degradation pathways in a strongly media-dependent manner. In HBSS, chemically treated Zn promoted

the formation of Ca/P-rich surface layers, which was associated with more moderate and spatially

homogeneous degradation behaviour, whereas chloride- and buffer-dominated environments favoured

film destabilisation or enhanced dissolution. These findings demonstrate that surface chemistry can be

used to control environment-specific degradation pathways of pure Zn without alloying, providing a new

design strategy for biodegradable Zn-based implants.
1. Introduction

The use of bone implants has shown remarkable growth over
the last decades, driven by several factors, including the desire
of patients to maintain the same level of activity and quality of
life.1 Bone cancer is the second most common cause of death in
children, adolescents, and young adults aer brain tumors. As
a result, the demand for high-performance implantable
biomaterials that can address unique challenges in trauma,
orthopaedics, dentistry, and wound care is steadily increasing.

To mitigate the long-term side effects associated with
permanent implants, biodegradable metallic implants,
including magnesium (Mg), iron (Fe), and zinc (Zn) based alloys
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have attracted the attention of the scientic community.2One of
their key features is controlled degradation to accommodate
bone healing and growth.3

The latest generation of biodegradable metal implants are
revolutionary. Not only do they promote the formation of new
bone, but they also eliminate the stress shielding – typical of
current implants – and the permanent physical irritation to the
tissue, making implant removal surgery unnecessary.4,5

Amongst the latest generation of biodegradable metals, Zn
and its alloys have received the most attention for degradable
implants for two reasons. One, their mechanical properties can
be slightly tailored to approach those of cortical bone. Second,
they possess intrinsic biodegradability in physiological envi-
ronments together with generally acceptable biocompatibility.6

Nevertheless, the in vivo degradation rate of current Zn-based
alloys oen remains below the clinically desirable threshold,
meaning that implants degradation is slower than the tissue
healing. This has signicantly limited clinical application of
these alloys.7 Therefore, controlling the degradation character-
istics of Zn and its alloys to match the tissue growth rate is a hot
research topic nowadays.

Many promising Zn alloys have been developed, and their
microstructures, mechanical properties, degradation behav-
iour, ion release characteristics, and both in vitro and in vivo
biocompatibility have been extensively investigated.8,9 While
alloying strategies effectively tailor strength and average
RSC Adv., 2026, 16, 20433–20447 | 20433
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corrosion rates, pure and alloyed Zn remain susceptible to
localized and pitting corrosion in chloride-containing physio-
logical environments. Such heterogeneous degradation can
lead to asymmetric loss of cross-sectional integrity, premature
mechanical failure, and transient zinc ion bursts that may
compromise local cellular responses. Therefore, strategies
capable of regulating and homogenizing Zn degradation—
without sacricing mechanical integrity—are critical for reli-
able clinical translation.

Surface engineering provides a targeted approach by modi-
fying the implant-electrolyte interface where corrosion reac-
tions initiate. Coatings such as calcium phosphate, plasma
electrolytic oxidation (PEO), and atomic layer deposition (ALD)
have demonstrated the ability to modulate corrosion kinetics,
ion release, cytocompatibility, and hemocompatibility.3,4

However, many of these approaches rely on hydrothermal pro-
cessing, electrochemical deposition, or vacuum-assisted tech-
niques requiring specialized equipment and strict processing
control,10–12 raising concerns regarding scalability and
manufacturing cost.

Beyond biomedical surface coatings, electrochemical corro-
sion studies have demonstrated that zinc degradation in chlo-
ride media is highly sensitive to interfacial chemistry and
adsorbed organic species. For example, alkyl-phosphonic acids
form chemisorbed zinc-phosphonate complexes on oxide-
hydroxide surface layers, producing hydrophobic lms that
suppress chloride-induced depassivation and signicantly
enhance corrosion resistance in NaCl solutions.6,10 Similarly,
alkyl-malonate derivatives exhibit strong chemisorption on
oxidized zinc surfaces (–DG ads up to 76.7 kJ mol−1), forming
nanoscale adsorption lms that provide complete protection in
0.01 M NaCl under natural aeration for extended durations.9,12

These studies demonstrate that even nanometric organic
surface layers can fundamentally modify anodic and cathodic
reactions on zinc by altering adsorption equilibria, interfacial
water structure, and chloride accessibility.

In contrast to hydrophobic barrier approaches, our recent
work introduced a simple sequential acid–alkali chemical
treatment for pure Zn.13 Acid etching (H2SO4/HCl/H2O) followed
by NaOH immersion generated a hydroxyl-rich and micro-
structured surface that signicantly accelerated heterogeneous
nucleation of calcium phosphate (CaP) in HBSS. The treated
surfaces promoted rapid CaP deposition and improved osteo-
blast attachment and proliferation, demonstrating enhanced
osteogenic bioactivity.13 Unlike phosphonate-based passivation
strategies that suppress degradation, this acid–alkali modi-
cation was designed to promote controlled surface reactivity
and biomineralization.

However, while enhanced CaP formation was demonstrated
under a single simulated physiological condition, it remains
unclear whether acid–alkali treatment merely accelerates
mineral deposition or fundamentally alters the degradation
mechanisms of Zn across chemically distinct environments.
Prior corrosion studies clearly show that zinc behaviour differs
substantially between chloride-dominated electrolytes and
buffered systems containing complexing or precipitating
species.10–12 Chloride ions promote localized depassivation and
20434 | RSC Adv., 2026, 16, 20433–20447
pitting, whereas Ca/P-containing media favor formation of zinc
phosphate layers that can either stabilize or segment corrosion
fronts depending on local supersaturation and transport
conditions.11,12

A critical limitation of the current Zn biomaterials literature
is the frequent reliance on single-medium degradation testing,
implicitly assuming transferable corrosion behaviour. Yet, as
demonstrated in electrochemical corrosion research and in vivo
studies,12 surface lms such as ZnO, Zn(OH)2, zinc phosphate,
or organic adsorption layers evolve differently depending on
electrolyte composition and mass transport conditions.
Consequently, degradation morphology, ion release kinetics,
and biological responses cannot be inferred from a single
testing environment.

Therefore, the present study systematically investigates the
degradation behaviour of acid–alkali treated pure Zn in Ca/P-
containing, chloride-dominated, and buffer-controlled media.
By correlating surface chemistry, corrosion morphology, and
degradation kinetics across chemically distinct environments,
we elucidate whether this simple and scalable chemical treat-
ment modies only surface bioactivity or fundamentally
reshapes Zn degradation pathways in an environment-
dependent manner. This work bridges corrosion science and
biodegradable implant design, providing mechanistic insight
necessary for tailoring Zn surface states according to specic
physiological applications.
2. Materials and methods
2.1 Preparation and chemical treatment of Zn specimens

Zn samples were cut from commercially available Zn sheets
(99.5 wt% purity, Nilaco, Tokyo, Japan). According to the
supplier specications, the main trace impurities include Pb
(<0.02 wt%), Fe (<0.01 wt%), Cu (<0.01 wt%) and Cd
(<0.005 wt%). These impurity levels are typical for commercially
available high-purity Zn and are not expected to signicantly
affect the corrosion behaviour under the present experimental
conditions 10 mm quare were cut pure Zn sheet. Each sample
measured 1 mm in thickness. Prior to the surface treatment, all
samples were mechanically ground and polished using
successive grades of SiC emery papers (grit 320–1200) and dia-
mond polishing suspension (Struers, Milton, Australia). They
were then thoroughly rinsed with Milli-Q ultrapure water and
dried in ambient air.

For chemical treatment, samples were rst etched in a 1 : 1 :
9 (H2SO4 : HCl : H2O) acid solution at room temperature for
0.5 h to remove the native oxide layer and increase the surface
roughness. The samples were then immersed in 200 mL of
5.0 M sodium hydroxide (NaOH) solution at 37 °C for 24 hours
and Shaked at 80. For clarity, the group referred to throughout
this manuscript as ‘alkali-treated’ corresponds to the sequential
acid-etching followed by NaOH treatment, rather than an alkali-
only treatment, to maintain consistency with our previous
publication. Following that, they were thoroughly rinsed in
ultrapure water following the procedures from.12
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2 Surface characterisation

Mass difference was measured using an analytical digital
balance (±1 mg) by weighting each sample before and aer
treatment.

A eld emission scanning electron microscope (FESEM,
Hitachi SU3900, Tokyo, Japan) at 1–30 kV was used to investi-
gate the surface topography of the treated samples.

A contact angle goniometer (Dataphysicals OCA 15 EC) was
used to measure the surface wettability of the samples. A 2 mL
droplet of distilled water was applied to each sample surface; 3 s
aer contact, a photograph was taken using a high-resolution
camera for the analysis.

Surface roughness parameters (Ra, Rq and Rz) of untreated
and treated Zn samples were measured using a portable surface
roughness tester (Surest SJ-201 series, Mitutoyo America
Corporation, Tokyo, Japan) with a measuring range of 16 mm. A
measuring speed of 0.25 mm s−1 and detector measuring force
of 0.75 mN testing parameters were used. The instrument was
equipped with a diamond-tipped stylus with a 60° tip angle and
2 mm tip radius. Roughness measurements were performed
with a cut-off length of 0.8 mm and a scan length of 4 mm.
Three specimens from each sample group were tested, and
three measurements were taken on each specimen (n = 9 per
group). The mean values and standard deviations were then
calculated.

Surface hardness of was evaluated using a Micro Vickers
Hardness tester (MMT7, Matsuzawa, Japan) under a 25 gf
(equivalent to 0.245 N) compressive load for 15 s.
2.3 Electrochemical measurements

To evaluate the degradation behaviour in different media,
electrochemical tests were carried out using a potentiostat/
galvanostat (PARSTAT 2273, AMETEK) in three different elec-
trolytic solutions with the pH adjusted to 7.4 ± 0.2. Details
about the compositions of the solutions are listed in Table 1.
Long-term immersion tests were conducted to evaluate the
degradation behaviour of untreated and chemically treated Zn
samples in three simulated physiological solutions (HBSS,
0.85 wt% NaCl, and 10 mM Tris–HCl). Each sample was
immersed individually in a sealed polypropylene container
containing 50 mL of solution, corresponding to a solution
volume-to-exposed surface area ratio of approximately 20 mL
Table 1 Reagents employed for the preparation of the three physio-
logical solutions (g L−1)

Solution HBSS
0.85 wt%
NaCl

10 mM
Tris–HCl

NaCl 8.000 0.850 —
NaHCO3 0.350 — —
KCl 0.300 — —
KH2PO4 0.120 — —
CaCl2 0.185 — —
Na2HPO4 0.047 — —
MgSO4$2H2O 0.097 — —
Tris — — 6.118

© 2026 The Author(s). Published by the Royal Society of Chemistry
cm−2, which is commonly recommended for corrosion testing
of biodegradable metals. All immersion tests were performed at
37 ± 0.5 °C in a temperature-controlled incubator. The
containers were kept under static conditions without mechan-
ical stirring to simulate a relatively quiescent physiological
environment. The immersion solutions were renewed every 3
days to maintain stable ionic composition and prevent excessive
accumulation of corrosion products. The pH of the immersion
solutions was monitored periodically using a calibrated pH
meter to evaluate changes during degradation. All tests were
conducted under ambient laboratory atmosphere, without
additional gas control. Aer 28 days of immersion, the samples
were removed, gently rinsed with deionized water, dried in
ambient air, and subsequently characterized by SEM, EDS and
optical microscopy to evaluate corrosion morphology and
surface products. The immersion conditions were selected
according to commonly used practices for evaluating corrosion
behaviour of biodegradable metals in simulated physiological
environments.

All electrochemical tests were performed at 37 ± 0.5 °C. A
platinum electrode (10 × 15 × 0.2 mm platinum plate), and the
sample were connected to the reference electrode (saturated
calomel electrode, SCE), counter electrode, and working elec-
trode, respectively. The samples were mounted in a non-
conductive epoxy holder, leaving an exposed circular working
area of 0.25 cm2. Care was taken to ensure a tight seal between
the sample and holder to prevent crevice corrosion at the
sample edges. Prior to each electrochemical test, the exposed
surface was gently rinsed with ethanol and deionized water and
allowed to stabilize in the electrolyte until the open circuit
potential reached a steady state. These electrodes were used for
the electrochemical tests of open circuit potentials (OCP),
electrochemical impedance spectroscopy (EIS), and potentio-
dynamic polarisation (PDP). The EIS tests were carried out aer
reaching a steady state open circuit for up to 4000 s, with
a voltage perturbation amplitude of 10 mV and a frequency
range from 105 Hz to 10−2 Hz. The potential polarisation tests
were carried out with a scanning range of −300 to +600 mV
versus OCP at a scan rate of 1.0 mV s−1. At least three specimens
were tested for each group. The EIS behaviour of the materials
was modeled and analysed using Cview. The rate of degradation
was evaluated by Tafel extrapolation of the measured cathodic
potentiodynamic polarisation curves of the specimens. Corro-
sion potential (Ecorr) and corrosion current density (icorr) were
determined from the polarisation curves.14 The degradation rate
was calculated using an equation based on the ASTM G102
standard:

CR = 3.27 × 10−3 × icorr × EW/r

where r is the density of the sample and EW is the equivalent
weight. Based on the degradation rate, the lifetime of the
samples can be calculated. Meanwhile, the corrosion
morphology and surface products were also characterized using
FE-SEM.
RSC Adv., 2026, 16, 20433–20447 | 20435
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2.4 Statistical analysis

All quantitative data are presented as mean ± standard devia-
tion (SD). Unless otherwise specied, all measurements were
performed using at least three independent samples (n $ 3).
Electrochemical tests were performed with ve replicates (n =

5). Statistical analyses were conducted using one-way analysis of
variance (ANOVA) to evaluate differences among multiple
groups. When statistically signicant differences were identi-
ed, Tukey's post hoc multiple comparison test was applised to
determine pairwise signicance. A value of p < 0.05 was
considered statistically signicant. Data analysis and graphical
representation were carried out using GraphPad Prism soware
(GraphPad Soware, USA).
3. Results
3.1 Surface characterisation before and aer chemical
treatment

Our group recently published the detailed etching protocol,
characterisation, and mechanism of acid-etched samples fol-
lowed by alkaline treatment;13 in the present study, this
sequential acid + NaOH condition is referred to as ‘alkali-
treated’ for consistency with that previous work. The surface
morphology of the Zn samples was observed by SEM to compare
the changes before and aer acid and alkaline chemical treat-
ments (Fig. 1). On the untreated Zn surface, directional
scratches caused by the grinding and polishing processes were
clearly observed (Fig. 1a and d). Aer acid treatment, these
scratches were completely removed, leaving visible grooves and
textures on the surface (Fig. 1b and e). The subsequent alkali
treatment builds on this foundation by introducing sub-micron
decorative structures superimposed on the microscopically
rough surface created by the acid treatment, resulting in
a hierarchical micro-nano surface topography (Fig. 1c and f).

Surface roughness and wettability analyses showed that the
acid-treated Zn-based materials exhibited higher surface
Fig. 1 FESEM morphological observation at two different magnifications
treated Zn samples. WCA 2D picture and its value is shown as inset of p

20436 | RSC Adv., 2026, 16, 20433–20447
roughness compared to the untreated Zn-based samples, with
a signicant increase in Ra (arithmetical mean roughness), Rq

(root mean square roughness), and Rz (average maximum
height) values (Table 2), conrming the pronounced micro-
scale topography generated by the etching process. Aer the
subsequent alkali treatment, the roughness values remained at
a similarly elevated level (with only minor variations among Ra,
Rq and Rz) and were still markedly higher than those of
untreated Zn, indicating that the formation of additional
nanoscale features did not smooth the surface. In addition, the
wettability of the materials was evaluated by determining the
contact angle of water droplets on the sample surface. Acid
treatment resulted in a measurable decrease in contact angle
compared with untreated Zn (Table 2). Statistical analysis
conrmed that the differences between groups were signicant
(p < 0.05). In dental and orthopedic implant applications, the
mechanical stability of the surface is critical, as any exfoliation
or release of the nanoscale structures may cause a toxic reaction
in localized cells or inammatory responses.15 The alkali-
treated Zn samples exhibited higher hardness than the
untreated and solely acid-treated samples (Table 2), suggesting
that the chemically formed surface layer possesses improved
mechanical integrity and is less prone to mechanical damage
under service conditions.
3.2 Surface characterization aer immersion test

The surface morphology of the Zn samples aer 28 days of
immersion in HBSS, NaCl, and Tris–HCl was characterized by
optical microscopy (Fig. 2). The surface of the untreated Zn
samples exposed to HBSS was partially covered by white
precipitates in the form of agglomerates, while directional
scratches le by the polishing process could still be seen in the
areas not covered by these precipitates (Fig. 2a).16 The samples
chemically treated with acid and alkali were uniformly scattered
with white corrosion products, indicating a more homogeneous
corrosion process (Fig. 2b and c).
of (a and d) neat (untreated); (b and e) acid-treated and (c and f) alkali-
anels a, b and c.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Characterization of untreated and treated Zn samples

Weight lossa (%)

Surface roughness (mm)

Hardness (Hv)Ra Rq Rz

Neat Zn — 0.7 � 0.2 1.1 � 0.3 5.8 � 1.1 30.4 � 1.1
Acid 1.7 � 0.3 2 � 0.2 2.5 � 0.3 13.9 � 1.9 39.1 � 5.6
Alkali 0.25 � 0.1 1.8 � 0.4 2.3 � 0.6 14.4 � 3.7 42.3 � 3.4

a Weight loss of the pure Zn samples aer acid and alkali treatments.

Fig. 2 3D optical images of (a, d and g) neat (untreated), (b, e and h) acid-treated and (c, f and i) alkali-treated Zn samples after immersion for 28
days at 37 °C in the three simulated physiological solutions.
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The samples immersed in NaCl solution, both untreated and
chemical-treated Zn samples, showed extensive and thicker
corrosion layer formation, with the surface of the acid-treated
Zn samples almost completely covered by a dense, compact
layer of corrosion products (Fig. 2e). The alkali-treated samples
also showed substantial corrosion product formation (Fig. 2f),
although some underlying surface features were still discern-
ible. In contrast, the surface of the samples placed in Tris–HCl
solution showed no signs of severe corrosion (Fig. 2g–i). The
untreated Zn samples had clusters of precipitates scattered on
the surface (Fig. 2g). Acid-treated Zn displayed a more contin-
uous but relatively thin layer of deposits (Fig. 2h). The alkali-
treated Zn samples (Fig. 2i) retained a largely intact surface
appearance with limited and nely distributed corrosion
© 2026 The Author(s). Published by the Royal Society of Chemistry
products, indicating a more moderate and uniform degradation
behaviour in Tris–HCl compared with HBSS and NaCl.
3.3 Microstructural analysis of surface corrosion products

Fig. 3 showed the SEMmorphology of corrosion products on Zn
samples aer 28 days of immersion in HBSS, NaCl, and Tris–
HCl solutions. In HBSS, the untreated Zn samples only formed
a thin and discontinuous corrosion layer on the surface with
granular corrosion products scattered on top, and scratches
formed during polishing process were still visible (Fig. 3a). In
contrast, the surface of the acid-treated Zn samples showed
dense and coarse shingle-like corrosion products (Fig. 3b),
while the surface of the alkali-treated samples showed
a uniform distribution of crystalline ne-grained corrosion
products (Fig. 3c). In NaCl solution, the surfaces of all samples
RSC Adv., 2026, 16, 20433–20447 | 20437
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Fig. 3 The SEM shows the surface morphology of (a, d and g) neat (untreated), (b, e and h) acid-treated and (c, f and i) alkali-treated Zn samples
after immersion for 28 days at 37 °C in the three simulated physiological solutions.
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were covered with a large number of multilamellar corrosion
products, demonstrating the strong corrosive effect of NaCl on
Zn (Fig. 3d–f). In particular, a unique pebble-like morphology
was observed on the surface of alkali-treated Zn samples
(Fig. 3f). The Zn samples exhibited unique corrosion patterns in
Tris–HCl solution: the untreated samples formed a uniform
layer of acicular corrosion products on the surface (Fig. 3g),
while the acid-treated samples exhibited dispersed micro-
owering corrosion products (Fig. 3h), and the alkali treatment
enhanced the enrichment of corrosion products on the surface
to form a squashed sphere-like structure (Fig. 3i). These distinct
morphologies indicate that chemical surface treatment governs
not only the extent but also the spatial distribution and chem-
istry of corrosion products, suggesting fundamentally different
degradation pathways in each medium.
3.4 Chemical composition analysis of surface corrosion
products

By EDS analysis of the samples aer immersion, Fig. S1 of SI
shows the major elemental composition of the sample surface
aer immersion in different solutions for 28 days. Zn, oxygen
(O), and carbon (C) were the major elements on the surface of
the samples in all solutions, while the elements phosphorus (P)
and calcium (Ca) were also detected in HBSS group. Acid
treatment signicantly reduced the amount of Zn on the surface
of the samples compared to the untreated samples. The alkali-
treated samples, although the Zn content recovered, was still
lower than that of the untreated Zn samples. In particular, the
20438 | RSC Adv., 2026, 16, 20433–20447
alkali-treated Zn samples showed signicantly more Ca/P
precipitates formed on the surface of the samples in HBSS
compared to the untreated Zn samples, and small amounts of
Ca and P were also detected on specimens immersed in NaCl
and Tris–HCl solutions. This is an important indicator for
assessing the bioactivity associated with orthopedic applica-
tions. In particular, the alkali-treated samples showed a signif-
icantly greater ability to form Ca/P precipitates on the surface
than the acid-treated samples. It should be noted that the
present compositional analysis is based primarily on EDS
measurements, which provide elemental information but do
not directly resolve the crystalline phases of the corrosion
products. It should be noted that the present compositional
analysis is primarily based on EDS measurements, which
provide elemental information but do not directly resolve the
crystallographic phases of corrosion products. While the pres-
ence of Zn, O, Ca and P suggests the formation of zinc oxides/
hydroxides and Ca/P-containing deposits in HBSS, the exact
chemical phases (e.g., carbonate, phosphate or mixed
compounds) cannot be conclusively identied using EDS alone.
Therefore, the interpretation of corrosion products in this study
is based on the combined analysis of elemental distribution,
surface morphology and electrochemical behaviour. Future
work incorporating phase-sensitive techniques such as X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy or FTIR would provide more denitive
identication of the corrosion products formed on chemically
treated Zn surfaces.17
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 OCP (a–c) and (d–f) PDP curves for untreated and chemically treated Zn samples in HBSS, NaCl, and Tris–HCl solutions (n = 5).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 2
:2

5:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.5 Electrochemical performance evaluation

The corrosion performance of studied Zn samples was investi-
gated using transient electrochemical corrosion techniques
over a short period of time. Fig. 4a–c shows the variation of the
OCP with time during the immersion of Zn in three different
corrosion solutions for 3600 s. The results show that the OCP of
the acid-treated Zn samples increased compared to the
untreated Zn in all the solutions tested, while the OCP of the
alkali-treated Zn samples continued to increase, suggesting that
the surface stability of the chemically treated Zn was
improved.11 In particular, the initial decrease in OCP in HBSS
and NaCl solutions may be related to the rupture of the surface
lm, whereas in Tris–HCl solution, the OCP of Zn shows a more
stable trend with only slight uctuations.

In addition, PDP tests were carried out to provide informa-
tion on the thermodynamic and kinetic properties of the Zn
degradation process. Fig. 4d–f shows the PDP curves of Zn
samples in three solutions. The corrosion potentials (Ecorr) of
the chemically treated Zn samples dried in a positive direction
in HBSS and NaCl solutions, with the acid-treated samples
showing a slightly stronger cathodic polarisation tendency
compared to the alkali-treated samples, indicating that the acid-
etched Zn surface is more susceptible to corrosion than the
alkali-treated surface in these media. It is noteworthy that,
compared to untreated pure Zn, chemically treated Zn shows
a different behaviour in the anodic part compared to the
passivation-like narrow protected zone, with a higher cathodic
dissolution rate. The SEM of the corrosion product morphology
on the sample surface is shown in Fig. 5, and the parameters of
© 2026 The Author(s). Published by the Royal Society of Chemistry
OCP and PDP are summarized in Table 3. On the basis of the
calculated corrosion rates (CR), in HBSS and NaCl the degra-
dation rates followed the trend acid-treated Zn > alkali-treated
Zn > neat Zn, showing that the chemical treatments accelerate
corrosion in these media, with the acid-etched surface being the
most reactive. In Tris–HCl, both chemically treated groups
again exhibited higher CR values than neat Zn, and the alkali-
treated specimens showed the highest corrosion rate. For all
three corrosive media, the corrosion rate of Zn decreased in the
order NaCl > Tris–HCl > HBSS.
3.6 Electrochemical impedance spectroscopy (EIS) analysis

The selected equivalent circuit model has been widely used to
describe corrosion processes of biodegradable metals in phys-
iological environments, where the high-frequency loop corre-
sponds to the double-layer response and the low-frequency loop
represents the corrosion product layer. EIS reveals the electro-
chemical kinetic behaviour of chemically treated Zn samples
under different corrosion environments using Nyquist (Fig. 6a–
c), Bode (Fig. 6d–f), and phase angle plots (Fig. 6g–i). The
Nyquist plots revealed two signicant time constants corre-
sponding to the charge transfer process associated with the
electrochemical double layer in the high-frequency region and
the capacitive loops present in the corrosion product layer in
the low-frequency region.18 By comparing the Nyquist plots of
the different samples in the three solutions, the untreated Zn
shows the largest capacitance loops, implying that it has the
lowest corrosion rate under these conditions. The acid-treated
Zn samples showed a decrease in the diameter of the Nyquist
RSC Adv., 2026, 16, 20433–20447 | 20439
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Fig. 5 Illustrates the surface morphology of (a, d and g) neat (untreated) and (b, e and h) acid-treated and (c, f and i) alkali-treated Zn samples
after an electrochemical corrosion test in the three simulated physiological solutions. Inset shows higher magnification image.

Table 3 Open circuit potential, corrosion potential, and corrosion rate for electrochemical tested groups in HBSS, NaCl, and Tris–HCl solutions

Material
Open circuit potential
(V, vs. SCE)

Corrosion current density,
icorr (mA cm−2)

Corrosion potential,
Ecorr (V, vs. SCE)

Corrosion rate,
CR (mm per year)

HBSS0-neat Zn −1.017 � 0.1 0.857 � 0.09 −1.002 � 0.11 0.011 � 0.005
HBSS0-acid-treated Zn −0.982 � 0.12 1.929 � 0.3 −0.955 � 0.9 0.059 � 0.002
HBSS0-alkali-treated Zn −1.010 � 0.16 1.776 � 0.16 −0.963 � 0.14 0.034 � 0.008
NaCl-neat Zn −0.980 � 0.05 2.890 � 0.2 −1.054 � 0.18 0.055 � 0.002
NaCl-acid-treated Zn −0.962 � 0.08 15.234 � 1.5 −1.065 � 0.92 0.569 � 0.07
NaCl-alkali-treated Zn −0.974 � 0.07 12.411 � 1.3 −1.024 � 0.14 0.381 � 0.05
Tris–HCl-neat Zn −1.059 � 0.05 42.541 � 3.5 −1.133 � 0.17 0.126 � 0.04
Tris–HCl-acid-treated Zn −1.052 � 0.1 58.464 � 4.8 −1.126 � 0.05 0.342 � 0.072
Tris–HCl-alkali-treated Zn −1.070 � 0.13 105.940 � 12.2 −1.137 � 0.07 0.390 � 0.05
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plots, while the alkali-treated samples showed a slight increase,
particularly in HBSS, which had the largest size. This result was
consistent with the corrosion rate trend observed in the
potentiodynamic polarisation measurements.

To further interpret the EIS data, an electrical equivalent
circuit (EEC) with a quadratic time constant was tted. The
schematic of the circuit is shown in Fig. S2, and the results of
the tting are summarised in Table 4. In this circuit model, Rs

represents the solution resistance, Rf represents the lm resis-
tance, and Rct denotes the charge transfer resistance, where the
magnitude of Rf is a direct reection of the corrosion resistance
of the material. In addition, a constant phase element (CPE) is
used in the equivalent circuit instead of a conventional capac-
itor to describe the surface dispersion effect observed in EIS
measurements.19 The behaviour of the CPE can be caused by
20440 | RSC Adv., 2026, 16, 20433–20447
a number of factors, including the distributed nature of the
surface reaction, surface roughness, porosity, and uneven
distribution of currents and potentials due to the shape of the
electrodes.

The impedance of the CPE can be given by the following
equation:

ZCPE = [T(ju)n]−1

where ZCPE is the CPE impedance (U cm2), j is the imaginary
unit (−1)0.5, u is the radial frequency of AC signal (u = 2pf, f is
the frequency), T is the capacitive effect of the interface (U cm−2

sn), and the range of number n is 0–1, which is represented as an
ideal capacitor when the value equal to 1.20
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representative EIS results of untreated and chemically treated Zn samples immersed in HBSS, NaCl, and Tris–HCl solutions: (a–c) Nyquist
plots, (d–f) Bode plots, and (g–i) phase angle plots (n= 5). The measured real Z0 and imaginary Z00 parts of the impedance were normalized to the
exposed geometric surface area of the working electrode (U cm2) to ensure an accurate comparison of intrinsic corrosion resistance across all
samples.

Table 4 Average values of EIS-derived parameters obtained from equivalent circuit fitting for untreated and chemically treated Zn samples after
immersion in HBSS, NaCl, and Tris–HCl solutions (mean ± SD, n = 5)

Medium Sample Rs (U cm2) Rf (U cm2) Rct (U cm2) CPE-T (mF cm−2 sn−1) nf

HBSS Neat Zn 13.1 � 1.7 1785 � 232 895 � 140 82 � 10 0.87 � 0.02
Acid-treated Zn 12.9 � 1.8 690 � 98 422 � 78 128 � 18 0.81 � 0.02
Alkali-treated Zn 13.1 � 1.7 1390 � 175 705 � 103 98 � 13 0.85 � 0.02

NaCl Neat Zn 15.1 � 1.7 977 � 138 535 � 92 145 � 19 0.78 � 0.03
Acid-treated Zn 14.9 � 2.3 396 � 72 218 � 45 184 � 21 0.77 � 0.03
Alkali-treated Zn 13.5 � 1.8 598 � 85 362 � 68 158 � 21 0.81 � 0.03

Tris–HCl Neat Zn 17.1 � 1.9 801 � 125 412 � 82 178 � 25 0.80 � 0.03
Acid-treated Zn 16.8 � 2.7 385 � 62 178 � 31 238 � 25 0.74 � 0.03
Alkali-treated Zn 16.9 � 2.6 322 � 58 158 � 33 271 � 28 0.69 � 0.04

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 20433–20447 | 20441
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In this study, the polarisation resistance (Rp) of untreated
pure Zn was greater than that of chemically treated Zn samples.
The low-frequency impedance modulus (Z) in the Bode plot is
considered to be a key indicator of the corrosion resistance of
a material, where a higher Z value indicates a lower corrosion
rate. The untreated Zn had the highest Z value. In addition, the
trends of the Bode and phase angle plots shown in Fig. 6d–i are
consistent with the results of the Nyquist plots, further con-
rming the differences in corrosion resistance of the Zn
samples under different treatment conditions. These observa-
tions indicate that the chemically modied Zn surface does not
respond uniformly across physiological environments, but
instead selectively activates distinct corrosion pathways
depending on solution chemistry.

4. Discussions
4.1 Effect of chemical treatment on Zn surface morphology

Implant surface roughness plays a critical role in the formation
of bone tissue at the bone-implant interface.21 The functional
activity of cell contact with the biomaterial surface, and in
particular the surface roughness, is critical in promoting cell
adhesion and subsequent bone formation.22 Immediately aer
implantation, the surface of the biomaterial is covered with
high concentrations of cell adhesion proteins such as bro-
nectin and vitronectin from blood serum proteins. These
proteins provide attachment sites for osteoblast precursors, and
the increased protein adsorption capacity promotes binding to
the implant, which in turn accelerates intraosseous growth and
improves implant stability.

In this study, the rough and stable surface structure formed
by acid and alkali treatment of Zn surfaces was investigated.
Our previous study showed that etched Zn-based gras had
enhanced surface protein adsorption and cell adhesion capacity
compared to untreated pure Zn.11 The present surface charac-
terization showed that acid-etched Zn possessed higher
roughness and improved wettability, and the surface affinity
was further enhanced by alkali treatment. As previously re-
ported, Zn ions can undergo an in situ crystallization–dissolu-
tion–precipitation process by dehydration and intra-atomic
rearrangement in concentrated NaOH solution, which induces
the surface nanorod-like oxidation products to grow in
a specic direction and form structures with increasing length,
high aspect ratio, and tapered ends, which are important for
enhancing the bioactivity of the implant surfaces and facili-
tating the tight bonding of bone tissues.23

Chemical pre-treatment not only changes the morphology of
the implant surface, but also plays a critical role in adjusting the
chemical properties and wettability of the surface. The wetta-
bility of implant surfaces is a key factor inuencing blood/
plasma protein adhesion, cellular interactions, and bacterial
attachment. Hydrophilic surfaces have been shown to promote
the proliferation and attachment of osteoblasts and broblasts.
Acid-treated implant surfaces have shown improved wettability.
A study by Wenzel et al. found an inverse relationship between
surface roughness and water contact angle, i.e. as surface
roughness increased, wettability increased.24 Aer alkali
20442 | RSC Adv., 2026, 16, 20433–20447
treatment, the surface of the samples exhibited more hydro-
philic behaviour, mainly due to the introduction of hydroxyl
groups by the alkali treatment. The introduction of hydroxyl
groups not only helps to increase the affinity of cells for the
material, but Zhu et al. also demonstrated that it is an effective
way to promote cell attachment.25,26 In addition, the nanoscale
craters formed on the sample surface aer alkali treatment also
helped to improve surface wettability, while the nanoscale relief
structures produced by the combined acid–alkali treatment
effectively improved implant wettability.27

In addition, maintaining a certain mechanical strength to
match human bone as closely as possible is a desirable goal in
the process of surface modication of biomaterials. The alkali-
treated samples showed improved mechanical strength, which
may be related to the microscale roughening of the treated
surfaces, which is a key factor in the implantation process and
stability aer long-term mechanical loading.28
4.2 Inuence of chemical treatments on the corrosion
performance of Zn

For biodegradable metallic materials, corrosion performance is
considered one of the evaluation criteria and this performance
is inuenced by several factors, including the standard elec-
trode potential of the metal itself, the surface geometry, the
surface treatment, and the corrosive medium.29 In particular,
for Zn-based implants, the chemical composition and micro-
structure of the surface coating are critical in determining the
corrosion resistance and degradation behaviour of the implant
in the biological environment.30 This study shows that it is
possible to effectively control the morphology and structure of
Zn surfaces by pre-treatment.

In recent years, Zn and its base alloys have received much
attention in the biomedical eld due to their ability to match
the natural repair rate of the human body, as their corrosion
rate is intermediate between that of magnesium and iron.
However, the degradation rate of pure Zn is typically slow, with
annual degradation rates of only a few tens of microns, far
below the approximately 0.5 mm per year desired in orthopedic
applications, which limits its use in certain application
scenarios where long-term implant residues may impede bone
tissue formation.31 Despite research efforts to tune the
mechanical properties of pure Zn and improve its cytocompat-
ibility by developing new alloys, the corrosion rates of these new
alloys tend to be lower than those of unalloyed Zn. For example,
the Zn-5Ge alloy developed by Tong et al. had a lower corrosion
rate than pure Zn because the addition of elements changed the
equilibrium electrode potential with pure Zn, creating a micro-
scopic barrier, and this change also affected its mechanical
properties.32 In the present study, both acid and alkali treat-
ments increased the corrosion rate of Zn in all three media
compared with untreated Zn, while the alkali-treated surface in
HBSS maintained a relatively moderate and more uniform
degradation. Previous studies have provided insight into the
corrosion behaviour of pure Zn in a variety of corrosive media
such as HBSS and NaCl solution, and this work is the rst to
report the corrosion properties of chemically treated Zn.33
© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.2.1 Corrosion behaviour of chemically treated Zn in
HBSS. In HBSS, chemical treatment had a signicant effect on
the corrosion behaviour of Zn. The corrosion process of Zn
involves two main partial reactions: the reduction of oxygen as
the main cathodic reaction and the dissolution of Zn as the
anodic reaction. Together these two reactions promote an
increase in Zn2+ and OH−, contributing to the formation of
Zn(OH)2, which is subsequently converted to the more stable
ZnO.34 As OH− continues to increase with pH, the Zn acid
radical ion Zn(OH)4

2− is formed at the highly active cathodic
site at a sufficiently high pH, while the depletion of OH− causes
the pH to decrease.

When compared aer 28 days of immersion, the untreated
Zn sample showed a higher polarisation resistance Rp due to the
accumulation of insoluble salts forming a thicker layer of
corrosion products. In contrast, the acid-etched Zn accelerated
the corrosion process due to the increase in surface area,
resulting in a lower Rp value, reecting a weakened impedance
response. In comparison, the alkali-treated Zn showed slightly
improved corrosion resistance due to the formation of Ca–P
salts from Ca2+ and HPO4

2− in HBSS and the dispersion and
growth of phosphate and carbonate agglomerates on the Zn
surface, which reduced its corrosion rate.35 This is supported by
the increase in the Ca/P ratio observed by EDS analysis of the
surface corrosion products. The lower Ca/P exhibited on the
untreated Zn was due to the formation of a dense corrosion
layer on the untreated Zn consisting mainly of ZnO and
Zn(OH)2, demonstrating that ZnO, as a degradation product
stable in physiological environments, with its lower surface
energy and smoother surface, provides fewer nucleation sites
and energy for Ca/P compounds, which in turn reduces the
formation of Ca/P precipitates.36 The Ca/P ratio was also found
to be higher on the untreated Zn than on the untreated Zn. P
has been shown to be an important indicator of biological
activity relevant to orthopedic applications.12 A study by Bowen
et al. on the in vivo performance of pure Zn wires in mouse
arteries showed a degradation rate of 0.012 mm per year during
1.5 months of exposure and the formation of a dense layer of
corrosion products consisting mainly of Zn oxide and Zn
carbonate aer 4.5 months, with a calcium/phosphorus phase
observed at the surface, further conrming the benecial effect
of Ca/P corrosion products.37 Considering the potential of Zn to
promote osteoblast mineralization with anti-inammatory
properties, the increase in Ca/P corrosion products by conve-
nient alkali treatment may further enhance the potential of Zn
for medical applications such as orthopedic and cardiovascular
stents. It should be noted that the present results primarily
reveal a correlation between the enrichment of Ca/P phases on
the alkali-treated Zn surface and the observed moderation and
homogenisation of corrosion behaviour in HBSS. While the EDS
analysis and surface morphology indicate enhanced Ca/P
precipitation on the treated samples, the current study does
not quantitatively isolate the direct causal contribution of these
deposits to corrosion mitigation. Therefore, the role of Ca/P-
rich layers should be interpreted as a contributing interfacial
factor that may inuence degradation behaviour rather than
© 2026 The Author(s). Published by the Royal Society of Chemistry
a denitively proven passivation mechanism. Future studies
employing quantitative phase analysis, in situ monitoring of
surface evolution, and controlled precipitation experiments
would be valuable to further clarify the mechanistic relation-
ship between Ca/P deposition and corrosion regulation in Zn-
based biodegradable systems. Although the present analysis
identies Ca/P enrichment using EDS, further phase-resolved
characterization such as XRD would be benecial to directly
conrm the crystallographic phases of the corrosion products
and better quantify their role in corrosion regulation.

4.2.2 Corrosion behaviour of chemically treated Zn in
NaCl. The corrosion behaviour of Zn aer 28 days of immersion
in NaCl solution was different from that in HBSS. The appear-
ance of white precipitates on the Zn surface indicates that NaCl
is more corrosive to Zn samples.38 Cl− is known to be a readily
adsorbed anion capable of penetrating the intergranular
boundaries of metal/oxide interfaces, leading to localized lm
breakdown and consequently pitting or passivation.39 In alkali-
treated samples, a dense, porous oxide layer is formed on the
surface, and this structure makes it easier for Cl− to migrate to
the lm/metal interface and react with Zn to form chloride ions
which are known to destabilize corrosion product layers and
may contribute to localized corrosion behaviour.40 The
continued growth of these complexes creates internal stresses at
the interface due to volume expansion, leading to localized lm
failure. Pits are then formed at the initial Zn sites, ultimately
accelerating the corrosion rate of chemically treated samples.

4.2.3 Corrosion behaviour of chemically treated Zn in Tris–
HCl. The pH of tissue uids is extremely important for the
normal functioning of proteins and cells, and signicant
changes in pH can disrupt protein structure and affect func-
tion.41 The pH in the human body is mainly maintained by
natural buffer systems such as HCO3−, HPO4

2− and plasma
proteins.42 To investigate the mechanism of Zn degradation in
vitro, previous studies have introduced HEPES and Tris–HCl
buffer systems. Liu et al. showed that placing Zn in both Tris–
HCl and SBF solutions accelerated its corrosion rate and
induced severe pitting in NaCl solutions.38 In particular, the
effect of Tris–HCl as a single corrosion medium on the corro-
sion of Zn has not been fully investigated.

In the case of Tris–HCl as a corrosion medium, OH−

generated by oxygen reduction is rapidly neutralized and
consumed by H+ in Tris–HCl, thereby depleting OH− and
accelerating the oxidation process of Zn.43 This process involves
reactive reactions at the electrode/electrolyte interface involving
adsorbed intermediates, leading to a decrease in the stability of
the Zn surface, a shi of the corrosion potential in a negative
direction, and a decrease in the polarisation resistance Rp. The
result is increased dissolution of Zn and propagation of local-
ized corrosion over the entire surface. In the present study,
untreated and chemically treated Zn samples were compared
and similarities in the impedance response were found, sug-
gesting that there may be strong interactions between Tris and
dissolved cations or corrosion products leading to activation of
the sample surface.

In addition, photocomplexation between Tris and Zn2+ may
facilitate the transport of Zn2+ ions from the interface into the
RSC Adv., 2026, 16, 20433–20447 | 20443
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solution and further delay the formation of a solid lm due to
mass transport limitations.44 It was also found that the HCl
component of the Tris–HCl buffer system introduced a signi-
cant amount of Cl−, which may further accelerate the pitting of
Zn and increase the corrosion rate.45 This nding is consistent
with previous studies showing that Tris–HCl can be an effective
buffer medium for assessing the in vitro corrosion performance
of Zn-based alloys. Future studies may need to focus on the
corrosion performance of Zn over different time periods to gain
a more complete understanding.

4.2.4 Integrated analysis of corrosion media. Although in
vitro immersion tests cannot fully simulate the complexity of in
vivo environments, systematic variation of the test media is
essential to analyze individual physicochemical factors that
control Zn degradation. This is particularly important for
biodegradable Zn-based implants, whose long-term perfor-
mance depends on a subtle balance between corrosion rate,
corrosion mode and the biological activity of corrosion prod-
ucts. Previous comparative studies have shown that the choice
of media (e.g. HBSS, SBF, NaCl, Tris–buffered solutions) can
lead to markedly different corrosion rates and product chem-
istries for Mg- or Zn-based alloys, sometimes even reversing the
relative ranking of materials.46,47 From this perspective, the
three media employed here represent distinct regions within
a broader “corrosion space” relevant to Zn-based implants.
HBSS is a Ca/P-containing medium that better mimics the
inorganic composition of interstitial uid in bone tissue and
promotes the precipitation of Ca/P-rich surface layers.48 In
contrast, NaCl solution deliberately isolates the aggressive
effect of chloride ions in the absence of protective Ca/P
precipitation. Numerous studies on pure Zn and Zn alloys
have shown that Cl− is a dominant driver of localised attack,
leading to porous, ZnCl2-containing lms and the initiation of
pits and crevices. The strong acceleration of corrosion observed
for pre-treated Zn in NaCl therefore provides a “stress test” of
the stability of the chemically modied surface when Ca/P
passivation is absent.49 Tris–HCl occupies a third, mechanisti-
cally distinct regime, where the buffer not only controls bulk pH
but also actively participates in interfacial reactions. For Zn or
Mg, Tris–HCl has been reported to suppress the build-up of
protective hydroxide/oxide layers, shi the corrosion potential
negatively and promote more generalised dissolution by
continuously neutralising OH− and forming soluble complexes
with metal cations.50 Taken together, the combined use of
HBSS, NaCl and Tris–HCl provides a structured way to separate
Ca/P-mediated passivation effects, chloride-driven localised
corrosion and buffer/complexation-driven activation and thus
lays a more solid foundation for interpreting future in vivo
degradation data of chemically treated Zn implants.

4.2.5 Surface chemistry-controlled degradation pathway
model. Based on the combined electrochemical results, surface
morphology and elemental composition analysis, a conceptual
degradation pathway model for pure Zn can be proposed to
explain the environment-dependent corrosion behaviour
observed in this study. In Ca/P-containing media (HBSS), the
alkali-treated Zn surface promotes rapid nucleation of Ca/P-rich
deposits may contribute to partial surface stabilisation and
20444 | RSC Adv., 2026, 16, 20433–20447
redistribute anodic sites, resulting in moderated and more
homogeneous degradation. In Ca/P-containing media (HBSS),
the alkali-treated Zn surface promoted greater Ca/P enrichment,
and this coincided with more spatially homogeneous and
relatively moderated degradation behaviour compared with the
acid-treated condition. These observations suggest that Ca/P-
containing deposits may contribute to partial surface stabili-
sation in this medium. However, the present results do not
quantitatively establish a direct causal relationship between Ca/
P deposition and corrosion mitigation, and this interpretation
should therefore be considered a plausible association based on
the combined morphological, compositional, and electro-
chemical ndings. In contrast, in chloride-dominated NaCl
solution, aggressive Cl− ions penetrate the chemically modied
surface layer, destabilizing corrosion products and promoting
localized attack. In Tris–HCl, continuous buffer neutralization
suppresses protective lm formation and enhances Zn2+

dissolution through complexation effects, leading to acceler-
ated general corrosion. This mechanistic separation highlights
that degradation behavior of Zn cannot be predicted from
corrosion rate alone, but must be interpreted in the context of
environment-specic interfacial chemistry. To consolidate the
experimental observations across different physiological envi-
ronments, the dominant chemical species, surface responses,
and corresponding degradation modes of acid–alkali treated Zn
are summarized in Table 5.

In particular, Ca/P-containing media were associated with
partial surface stabilisation and more uniform degradation,
whereas chloride- and buffer-dominated environments favored
lm destabilisation or enhanced dissolution, respectively.

This synthesis highlights that the same surface modication
can activate fundamentally different degradation pathways
depending on the surrounding solution chemistry. The
comparison clearly demonstrates that degradation behavior of
chemically treated Zn is governed by environment-specic
interfacial chemistry rather than corrosion rate alone. Ca/P-
containing media promote partial surface stabilization and
more uniform degradation, whereas chloride- and buffer-
dominated environments favor lm destabilization or
enhanced dissolution, respectively. It should be emphasized
that the proposed degradation pathways are inferred from the
combined electrochemical behaviour, morphology and
elemental composition of corrosion products. While these
observations provide consistent evidence for environment-
dependent degradation behaviour, denitive phase identica-
tion of corrosion products would require complementary tech-
niques such as XRD or XPS. These environment-dependent
degradation pathways establish surface chemistry as an effec-
tive design parameter for programming Zn degradation
behavior, providing guidance for selecting appropriate physio-
logical testing environments and implant-specic applications.
4.3 Scope and boundary conditions of the present study

The present study was designed to systematically elucidate how
simple acid–alkali surface chemistry inuences the early-stage
degradation pathways of pure Zn in distinct physiological
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00345a


Table 5 Environment-specific degradation pathways of acid–alkali treated Zn

Medium Dominant species Surface response Degradation mode Design implication

HBSS Ca2+/PO4
3− Ca/P-rich surface deposition More homogeneous Consistent with possible

partial surface stabilisation
NaCl Cl− Film destabilization Localized attack Highlights susceptibility to

chloride-driven attack
Tris–HCl Buffer complexes Enhanced dissolution Accelerated general

corrosion
Useful for accelerated
screening and worst-case
dissolution assessment
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environments. Accordingly, the experimental scope was inten-
tionally focused on short-to-intermediate immersion periods
and electrochemical characterization in well-dened simulated
solutions, enabling mechanistic separation of Ca/P-mediated,
chloride-driven, and buffer-controlled corrosion behaviors.

While long-term in vivo degradation, mechanical loading
effects, and biological responses are essential for full trans-
lational assessment, these aspects were beyond the scope of the
present work. Importantly, the insights provided here establish
a fundamental framework for predicting and programming Zn
degradation behavior through surface chemistry, which can
directly inform future studies integrating mechanical perfor-
mance, biological interactions, and implant-specic design
requirements.
5. Conclusion

This work demonstrates that simple acid–alkali surface modi-
cation can signicantly inuence the degradation behaviour
of pure zinc in different physiological environments. By
systematically comparing corrosion behaviour in HBSS, NaCl,
and Tris–HCl solutions, the results indicate that surface
chemistry interacts strongly with solution composition, leading
to environment-dependent degradation responses. Notably,
alkali-treated Zn in HBSS showed greater Ca/P surface enrich-
ment together with more homogeneous degradation features,
suggesting a possible contribution of Ca/P-containing deposits
to partial surface stabilisation under Ca/P-containing condi-
tions. The combined electrochemical analysis, surface
morphology observations, and elemental composition data
suggest that the degradation pathways of chemically treated Zn
are strongly inuenced by interfacial reactions occurring in
different solution chemistries. While the present results provide
consistent evidence for these solution-dependent corrosion
behaviours, further phase-sensitive characterization techniques
would be valuable for fully resolving the composition of corro-
sion products and conrming the mechanistic pathways
proposed. Overall, this study highlights the importance of
considering solution chemistry when evaluating the degrada-
tion performance of biodegradable Zn and suggests that simple
chemical surface treatments may offer a practical strategy for
tailoring environment-specic degradation behaviour of Zn-
based implants.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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10.1039/d6ra00345a.
References

1 D. Buser, L. Sennerby and H. De Bruyn, Modern implant
dentistry based on osseointegration: 50 years of progress,
current trends and open questions, Periodontology, 2000,
73(1), 7–21.

2 Y. F. Zheng, X. N. Gu and F. Witte, Biodegradable metals,
Mater. Sci. Eng. R Rep., 2014, 77, 1–34.

3 H. Li, Y. Zheng and L. Qin, Progress of biodegradable metals,
Prog. Nat. Sci. Mater. Int., 2014, 24(5), 414–422.

4 Q. Chen and G. A. Thouas, Metallic implant biomaterials,
Mater. Sci. Eng. R Rep., 2015, 87, 1–57.

5 B. Huang, et al., Saliva biolm-derived outer membrane
vesicles regulate biolm formation and immune response
of oral epithelial cells on titanium surfaces, Clin. Oral
Invest., 2024, 28(1), 75.

6 H. Yang, et al., Alloying design of biodegradable zinc as
promising bone implants for load-bearing applications,
Nat. Commun., 2020, 11(1), 401.

7 Y. Su, et al., Enhanced cytocompatibility and antibacterial
property of zinc phosphate coating on biodegradable zinc
materials, Acta Biomater., 2019, 98, 174–185.

8 M. Luqman, et al., Grain renement mechanism and its
effect on mechanical properties and biodegradation
behaviors of Zn alloys – A review, J. Mater. Res. Technol.,
2023, 24, 7338–7365.

9 E. Xiang, et al., Nanosurface texturing for enhancing the
antibacterial effect of biodegradable metal zinc: surface
modications, Nanomaterials, 2023, 13(13), 2022.

10 C. Chen, et al., A novel iron/zinc phosphate layered
composite coating on Zn-0.5Li alloy for guided bone
RSC Adv., 2026, 16, 20433–20447 | 20445

https://doi.org/10.1039/d6ra00345a
https://doi.org/10.1039/d6ra00345a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00345a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 2
:2

5:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
regeneration membrane applications, J. Mater. Res. Technol.,
2025, 34, 1691–1703.

11 E. Xiang, et al., Surface modication of pure zinc by acid
etching: accelerating the corrosion rate and enhancing
biocompatibility and antibacterial characteristics, ACS
Appl. Mater. Interfaces, 2022, 14(19), 22554–22569.

12 E. Xiang, et al., Rapid Formation of Calcium Phosphate on
Chemically Treated Biodegradable Pure Zinc for
Orthopedic Applications, Mater. Today Commun., 2025,
113885.

13 E. Xiang, et al., Rapid formation of calcium phosphate on
chemically treated biodegradable pure zinc for orthopedic
applications, Mater. Today Commun., 2025, 49, 113885.

14 B.-B. Sui, et al., Salt solution etching to construct micro-
gullies on the surface of Zn anodes enhances anodes
performance in aqueous zinc-ion batteries, J. Colloid
Interface Sci., 2024, 653, 159–169.

15 S. Bauer, et al., Engineering biocompatible implant surfaces:
Part I: Materials and surfaces, Prog. Mater. Sci., 2013, 58(3),
261–326.

16 L. Liu, et al., Initial formation of corrosion products on pure
zinc in simulated body uid, J. Mater. Sci. Technol., 2018,
34(12), 2271–2282.

17 Q.-p. Bao, et al., High-pressure deformation exposes zinc
(002) crystal planes adapted for high-performance zinc
anodes, Electrochim. Acta, 2024, 478, 143824.

18 B.-A. Mei, et al., Physical interpretations of Nyquist plots for
EDLC electrodes and devices, J. Phys. Chem. C, 2018, 122(1),
194–206.

19 J. Wu, Understanding the electric double-layer structure,
capacitance, and charging dynamics, Chem. Rev., 2022,
122(12), 10821–10859.

20 Y. Li, et al., In vitro degradation and biocompatibility
evaluation of typical biodegradable metals (Mg/Zn/Fe) for
the application of tracheobronchial stenosis, Bioact.
Mater., 2019, 4, 114–119.

21 F. A. Shah, P. Thomsen and A. Palmquist, Osseointegration
and current interpretations of the bone-implant interface,
Acta Biomater., 2019, 84, 1–15.

22 E. Xiang, et al., Biomimetic Surface Nanoengineering of
Biodegradable Zn-Based Orthopedic Implants for
Enhanced Biocompatibility and Immunomodulation, Adv.
Funct. Mater., 2024, 34(51), 2410033.

23 J. Wang, P. Ma and L. Xiang, Effects of NaOH on formation
of ZnO nanorods from 3-Zn (OH) 2, Mater. Lett., 2015, 141,
118–121.

24 R. N. Wenzel, Resistance of solid surfaces to wetting by
water, Ind. Eng. Chem., 1936, 28(8), 988–994.

25 M. Breedon, C. Rix and K. Kalantar-zadeh, Seeded growth of
ZnO nanorods from NaOH solutions, Mater. Lett., 2009,
63(2), 249–251.

26 J. Zhu, Bioactive modication of poly (ethylene glycol)
hydrogels for tissue engineering, Biomaterials, 2010, 31(17),
4639–4656.

27 S. Alipour, et al., A review on in vitro/in vivo response of
additively manufactured Ti–6Al–4V alloy, J. Mater. Chem. B,
2022, 10(46), 9479–9534.
20446 | RSC Adv., 2026, 16, 20433–20447
28 P. Jiang, et al., Advanced surface engineering of titanium
materials for biomedical applications: From static
modication to dynamic responsive regulation, Bioact.
Mater., 2023, 27, 15–57.

29 N. Eliaz, Corrosion of metallic biomaterials: A review,
Materials, 2019, 12(3), 407.

30 H. Kabir, et al., Microstructures, mechanical and corrosion
properties of graphene nanoplatelet–reinforced zinc matrix
composites for implant applications, Acta Biomater., 2023,
157, 701–719.

31 I. Cockerill, et al., Micro-/nanotopography on bioresorbable
zinc dictates cytocompatibility, bone cell differentiation,
and macrophage polarization, Nano Lett., 2020, 20(6),
4594–4602.

32 X. Tong, et al., Microstructure, mechanical properties,
biocompatibility, and in vitro corrosion and degradation
behavior of a new Zn–5Ge alloy for biodegradable implant
materials, Acta Biomater., 2018, 82, 197–204.

33 D. Mei, et al., Selecting medium for corrosion testing of
bioabsorbable magnesium and other metals–a critical
review, Corros. Sci., 2020, 171, 108722.

34 H. Yang, et al., Evolution of the degradation mechanism of
pure zinc stent in the one-year study of rabbit abdominal
aorta model, Biomaterials, 2017, 145, 92–105.

35 H. Dong, et al., Corrosion behavior of biodegradable metals
in two different simulated physiological solutions:
Comparison of Mg, Zn and Fe, Corros. Sci., 2021, 182,
109278.

36 E. Mostaed, et al., Zinc-based alloys for degradable vascular
stent applications, Acta Biomater., 2018, 71, 1–23.

37 P. K. Bowen, J. Drelich and J. Goldman, Zinc Exhibits Ideal
Physiological Corrosion Behavior for Bioabsorbable Stents,
Adv. Mater., 2013, 25(18), 2577–2582.

38 X. Liu, et al., Comparative studies of Tris-HCl, HEPES and
NaHCO3/CO2 buffer systems on the biodegradation
behaviour of pure Zn in NaCl and SBF solutions, Corros.
Sci., 2019, 157, 205–219.

39 P. Marcus, V. Maurice and H.-H. Strehblow, Localized
corrosion (pitting): A model of passivity breakdown
including the role of the oxide layer nanostructure, Corros.
Sci., 2008, 50(9), 2698–2704.

40 M. Mouanga and P. Berçot, Comparison of corrosion
behaviour of zinc in NaCl and in NaOH solutions; Part II:
Electrochemical analyses, Corros. Sci., 2010, 52(12), 3993–
4000.

41 T. Kokubo and H. Takadama, How useful is SBF in
predicting in vivo bone bioactivity?, Biomaterials, 2006,
27(15), 2907–2915.

42 N. Kirkland, N. Birbilis and M. Staiger, Assessing the
corrosion of biodegradable magnesium implants: A critical
review of current methodologies and their limitations, Acta
Biomater., 2012, 8(3), 925–936.

43 N. Ott, et al., Local, element-specic and time-resolved
dissolution processes on a Mg–Y–RE alloy–Inuence of
inorganic species and buffering systems, Corros. Sci., 2013,
75, 201–211.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00345a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 2
:2

5:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
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