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Featured Application: Carbonate films grown by green chemistry on magnesium have a high
potential to be used as a non-toxic protective barrier with possible application in biodegradable

implants.

Abstract: Mg is one of the few materials of choice for biodegradable implants, despite its rapid
degradation when used without surface protection treatment. This study presents the effect of
carbonation time on the formation of hydrophobic carbonate coatings grown on pure magnesium
using a simple, green chemical conversion method in carbonated water. The evolution of the coating
with immersion time in carbonating solution was studied in order to ascertain the mechanistic of
coating formation by Raman and EDS spectroscopy, XRD, SEM and AFM microscopy. Wettability was
investigated by contact angle measurements. The formation mechanism of the hydrophobic coating
involves the surface nucleation of carbonates mediated by the dissolution of the native corrosion
product, brucite Mg(OH),, surface conversion into hydroxycarbonates, surface calcite nucleation
and growth by attachment of nanoparticles, leading to the lateral growth of a continuous carbonate
coating layer of intertwined calcite microcrystals.

Keywords: protective film; calcite; calcium carbonate; hydroxycarbonate hydrate; medical alloys;
carbonatation; hydrogen carbonate; Raman; biomaterials; temporary implants

1. Introduction

Mg has some very advantageous properties for use in biodegradable implants: it is an
intrinsic component of living organisms, can be assimilated naturally without any toxic
effects and stored in the bones, and can also be easily eliminated from the body [1]. In
addition, its mechanical strength and modulus of elasticity are close to those of human
bones; therefore, Mg implants can avoid the ‘stress-shielding’ effect that leads to a reduction
of bone density around the implant [1,2]. In addition, Mg is readily available, inexpensive
and completely recyclable [3]. Mg is prone to corrosion in physiological fluids, the definition
of a biodegradable material. However, controlling the rate of degradation of Mg-based
biomaterials for their application in implants is still a challenge. The healing period required
for bone regeneration varies from a few weeks to a few months [1,4], during which time
the implant material must maintain sufficient mechanical strength. The rapid localized
corrosion of Mg in physiological fluids makes pure Mg unusable for most applications, as
many studies show, even from the 19th century [4]. Mg alloys are currently being used
in fixation screws and plates, as well as porous scaffolds for bone regeneration and as
degradable stents for angioplasty, but not for load -bearing applications [1]. The most
critical issue is the control of the degradation rate [1]. Remediation of the rapid degradation
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of Mg materials in the physiological environment has been tried through different surface
modification approaches, such as micro-arc oxidation [5], anodization [6], phosphating [7],
electro-deposition [8,9] or biomimetic deposition of calcium phosphate [10,11], fluoride
chemical conversion [12,13] and alkaline heat treatment [14].

Biomineralization of calcium carbonate is the natural process that many marine or-
ganisms, such as corals, use for the growth of their skeletons and shells [15]. The natural
formation of the coral reefs is a slow biomediated precipitation of calcium carbonate from
seawater. Additionally, the coating of artificial coral reefs with calcium carbonate pro-
motes the attachment and growth of coral larvae and photosynthetic epibiota on these
surfaces [16]. Calcium carbonate coatings on bioinert Ti have been reported to improve the
osteointegration process [17]. Furthermore, magnesium and calcium carbonate coatings
have been reported to enhance the corrosion resistance of Mg and Mg alloys. Carbonate
formation induced by immersion in sodium hydrogen carbonate aqueous solution substan-
tially improved the corrosion resistance of pure Mg [18]. Hybrid polymer coatings have
also been developed [19,20]. Coatings with nesquehonite (MgCOs3-3H,0) with acicular
morphologies can be obtained on pure Mg by chemical conversion coating in sodium
hydrogen carbonate solution, which is useful as pre-coating for polycaprolactone deposi-
tion [19]. Composite coating composed of polycaprolactone and amorphous CaCOj3 can
remarkably improve the degradation behavior of AZ60 alloy [20].

The formation of a two-layer coating on Mg alloy AZ91D: an inner Al-hydrotalcite
(MggAl(OH)16CO3-4H,0) layer and an outer CaCOj layer effectively protected the Al
-containing alloy against corrosion [21,22]. Several studies report porous carbonate coat-
ings consisting of a variety of crystal shapes protruding upwards from the metal surface:
apical aragonite [21,23,24] and double -layered hydroxides platelets [25,26], coatings that,
despite their porous external structure, provide some corrosion protection, which indicates
that carbonate coated areas can be effectively protected from corrosion attack in solution.
Carbonates have, therefore, great potential to be used for controlling the degradation rate
of medical Mg devices in physiological fluids. However, there is a lack of studies on the
application of carbonate coating for the surface modification of Mg alloys for medical
applications. Recently, a protective layer of MgCO3 against Mg corrosion has been obtained
by electron beam irradiation inside an environmental TEM [27]. A continuous nesquehonite
protective film was grown directly on Mg in wet CO,, at 40 °C and 65 atm in a high-pressure
autoclave [28]; CaCOj protective coatings were developed via a hydrothermal method to
significantly enhance the corrosion protection of a Mg27n0.2Ca alloy [29], and protective
magnesian calcite coatings were grown on pure magnesium in carbonated water containing
Ca?* using a simple, green conversion method at room temperature [30].

Nevertheless, growing a homogeneous and dense coating layer in an aqueous solution
at normal laboratory conditions is a complex issue because of (i) the almost instantaneous
evolution of hydrogen bubbles originating from the natural oxidation of Mg in water at
atmospheric pressure and also (ii) due to the fast formation of oxides and hydroxides
complex mixtures which growth is complex to predict. There is a need for research towards
the development of simple and reproducible synthetic coating routes to render Mg resistant
to rapid corrosion in water -based environments and the elucidation of the mechanistic
surface modification on Mg and alloys.

The aim of this study is to present the evolution in time of a pure Mg surface using
an environmentally friendly, technically facile coating route for growing a dense carbon-
ate dense layer on pure Mg. The coating is grown spontaneously at normal laboratory
conditions (1 atm, 25 °C) in carbonated water solution and the evolution of the coating mi-
crostructure with immersion time is studied by microscopic and spectroscopic techniques
to elucidate the coating formation mechanism.

2. Materials and Methods

Magnesium disks (15 mm diameter x 2 mm height) were cut from Matthey commercial
rods of high purity. Mg: 99.775 wt.% Mg, 0.0185 wt.% Al, 0.030 wt.% Fe, 0.010 wt.% Zn
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contents were measured by X-ray fluorescence (XRF) elemental analysis in a spectrometer
ZSX Primus II (Rigaku, Tokyo, Japan) equipped with an X-ray tube with Rh anode, 4.0 kW
power, with front Be window, using EZ scan combined with RPF-SQX software. Before
tests, the disks were cleaned in ethanol and dried in air.

For carbonatation, the Mg bare disks were immersed in carbonated water (Romaqua
Group, with a concentration of 7.7 mmol/L Ca?*,31.0 mmol /L HCO5;~, 4.7 mmol/L Mg2+,
3.6 mmol/L Na* and 56.8 mmol/L CO,) at standard laboratory conditions of temperature
and pressure. Immersion time varied from a few minutes to one week.

The carbonate coating composition was determined by elemental analysis using XRE.
The crystal structure was studied by X-ray diffraction (XRD) in a diffractometer Ultima IV,
operated at 30 mA and 40 kV, in thin film geometry, using Cu K radiation (A = 1.5405 A).
The crystallite size was calculated using the Scherrer method. Phase analysis was also
carried out by using infrared and Raman spectroscopy. Raman spectra were recorded in a
LabRam HR spectrometer (Horiba Jobin Yvon, Palaiseau, France) using a 325 nm excitation
laser and a NUV 40x objective. Fourier transformed-infra-red (FI-IR) spectra were recorded
using a 4100 ExoScan Spectrometer Agilent diffuse external reflectance system at sample
surfaces, between 600-4000 cm !, with a resolution of 4 cm~! and 15 s measurement time.

Morphology and surface topography were analyzed by scanning electron microscopy
(SEM) in a field emission gun microscope Quanta 3D (FEI, Eindhoven, The Netherlands)
at operating voltages between 5 and 20 kV equipped with a dispersive energy X-ray)
spectrometer (EDS) and by atomic force microscopy (AFM) using an XE100 (Park Systems,
Suwon, Korea) equipment with flexure-guided, cross -talk eliminated scanners in “true non-
contact” working mode to minimize interaction between tip and sample. All measurements
were made with sharp tips (NCLR from Nanosensors™) of less than 8 nm apex radius,
225 pm mean length, 38 um mean width, ~4 pm thickness, 48 N/m spring constant
and ~190 kHz resonance frequency. The topographical 2D and 3D AFM images were
processed with the XEI program (v1.8.0, Park Systems) for tilt correction and subsequent
data analysis, including the evaluation of the roughness parameters. The root-mean-
squared roughness (Rq) represents the standard deviation of the height value in the image,
the average roughness (Ra) is the average deviation from the mean height, the area between
the roughness profile and its mean value per unit length, while the peak-to-valley parameter
(Rpv) of the image or line, is the height difference between minimum and maximum. AFM
images are presented in “enhanced color”™ view mode to highlight morphological details.
Representative line scans were selected to show in detail the surface profiles. Optical
images were obtained with a digital camera with optical zoom.

The coatings’ wettability was investigated by contact angle measurements using a
contact angle meter drop shape analysis system, model DSA1 (FM40 Easy Drop, DIP-
ROBOT DR-3, Riegler and Kirstein, Berlin, Germany). The static contact angle of deionized
water on coated surfaces was obtained by analyzing the captured images, and the water
contact angles were automatically calculated by the software of the instrument analyzer at
room temperature. An average value of the contact angle between the sample surfaces and
a minimum of five deionized water drops placed in various regions of the film surface was
measured using the sessile drop method.

3. Results and Discussion
3.1. Surface Modification Method

The surface of the Mg disks is modified by immersion of the Mg metal disks in
carbonated water. The aqueous carbonate solution contains Ca?* and HCO3~ ions in
concentrations of 311 and 1892 mg/L, respectively, and CO; content of 2500 mg/L. The
concentrations of both calcium and dissolved inorganic carbon (DIC) are key parameters
for the surface modification method to favor the nucleation of calcium carbonate on the
surface while avoiding its nucleation in solution. Precipitation of calcium carbonate from
the solution and not directly on the surface can interfere with the lateral growth of a
continuous, homogeneous carbonate coating layer on the magnesium surface. The solution
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is allowed to reach equilibrium spontaneously under normal laboratory conditions (~25 °C,
1 atm) without compositional or pH control while modification of the metal surface occurs.
Figure 1 shows digital photographs of the coating process at different magnifications,
taken from the top of the glass beaker with the Mg disks immersed in the carbonated water
solution. The images in Figure 1a,b exhibit gas bubble columns arising from the disks, and
Figure 1b is magnified by optical zoom to show the intense evolution of gas bubbles from
the Mg surfaces during the coating. Continuous gas release from Mg disks is observed for
more than one hour, gradually losing intensity, with fewer bubbles emanating from the
disk. After 1 h immersion, individual bubbles are observed instead of a bursting column
of them. Figure 1c shows gas bubbles standing on the surface of an Mg disk after 1 h
immersion. No significant gas release is observable after over 24 h immersion.

Figure 1. Mg disks immersed in solution during carbonate coating: top views of (a) beaker with
several Mg disks. (b) higher detail image, showing the gas column emanating from each disk, (c) one
disk after 1 h immersion.

Mg disks are left immersed for different times, from 15 min up to 1 week (144 h), in
order to study the evolution of the surface by carbonate solution coating. The evolution of
Mg disks is illustrated in the photographs in Figure 2, taken after immersion at increasing
immersion times. The initial disks have a metallic shine (Figure 2a). The first effect after
immersion is the loss of the metallic shine, observed almost immediately, and the darkening
of the surface in various shades of gray while degasification of the carbonated water takes
place (Figure 2b). Visual inspection of the disk reveals the gradual homogenization of the
gray surface of the Mg disks with increasing immersion time during the first hour: after
1 h (Figure 2c), the original cutting lines on the surface of the metal are hardly noticeable.
After more than one hour of immersion, surface modification becomes slower, as well as
the evolution of gas bubbles. Leaving the disks in solution for longer times, from 1 day
to 1 week, causes the development of irregular depositions with a lighter color, clearly
observable over most of the disk surface after 1 week of immersion (Figure 2d).

3.2. XRD, FTIR and Raman

XRD study of disks immersed in carbonated water revealed the formation of crystalline
phases at the surface. Figure 3 shows the evolution of the XRD pattern for the bare Mg
disk (Figure 3a) after one hour (Figure 3b). The XRD pattern after 1 h presents prominent
Mg peaks, marked with ‘m’ in Figure 3a, and a strong additional feature at ~30 deg,
corresponding to the main peak of calcite calcium carbonate -(014)-, accompanied by a
doublet in the 4749 deg region, characteristic of the second most intense feature of calcium
carbonate -(018) and (116)-. Increased immersion times to 1 day (Figure 3c) results in the
increase of the intensity of the main carbonate peaks relative to the metal peaks, which are
still clearly observed. After one week, the metal peaks cannot be noticed in the XRD pattern,
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and instead, additional minor peaks, marked with *’, appear in the pattern (Figure 3d)
that can be indexed to aragonite, another allotrope of calcium carbonate (CaCOs3) with
orthorhombic symmetry. The relative intensity of the aragonite peaks is small, so the
quantity of aragonite can be estimated at about one order of magnitude below that of
calcite, as the main crystalline phase at the disk’s surface. The mechanistic crystallization
of the coating along the surface by attaching oriented particles is discussed below in the
manuscript (Section 3.5), explaining the two-dimensional growth of calcite coating, not in
height, until completely coating the Mg surface. The magnesium content in the lattice of the
calcite phase was determined using the method in ref [31], giving values of Mg presence
between 1-2 mol%.

Figure 2. Optical images showing the evolution with carbonatation time of Mg disks: (a) before
immersion, and after (b) 15 min, (c) 1 h, (d) 1 week immersion times.
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Figure 3. XRD patterns showing the evolution with carbonatation time of Mg disks: (a) before
immersion, and after (b) 1 h, (c) 1 day, (d) 1 week immersion times (c: calcite; *: aragonite; m: Mg).
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The samples immersed less than 1h were additionally investigated by vibrational
spectroscopy in order to study the presence of amorphous or disordered phases and
ascertain the deposition of chemical species on the surface of Mg during the first hour of
immersion in carbonated solution, previous to the crystallization of calcite observed in the
XRD analysis.

The FTIR spectra of samples immersed for 1 h (Figure 4) displays the characteristic
vibrations of the carbonate group in well -ordered, crystalline calcite, with a sharp peak at
713 cm~! (vg-symmetric CO5 bending) as well as the carbonate group vibrations at 873 cm~?
(vp-asymmetric CO3 bending) and 1083 cm! (v1-symmetric COj3 stretching) [32-34]. The
sharp peak at 1796 is assigned to the v; + v4 overtone. The FTIR spectra for 30 min im-
mersion time exhibit weak vy and (v + v4) bands, with a clear decrease in the relative
intensity between the v4 and the v, bands, which indicates the predominance of disor-
dered carbonate. The strong v, absorption band at ~866 cm ™! and the split peak at 1420
and 1475 cm~! in the FT-IR spectra (Figure 4) have been described as characteristic of
amorphous calcium carbonate (ACC) [35]. There are two main ACC absorptions around
1450 cm ™!, as compared to a single absorption for the crystalline forms calcite and arago-
nite. The splitting is related to the v3-asymmetric COj3 stretching around the carbonates.
The vaterite allotrope of calcium carbonate, not detected in the XRD pattern, also has split
FTIR peaks at ~1420-1490 cm ™! [36] but exhibits another distinctive peak at ~750 cm~ L,
not present in the spectra of treated Mg. Stable ACC, in contrast to the calcite and aragonite
crystalline forms, does not present a sharp peak at 713 cm~! [37]. Thus the absence of a
peak at 713 cm~! indicates that well -ordered calcite and/or aragonite are not present after
15 min immersion, only the presence of ACC can be determined from the FTIR analysis.

—1h

Absorbance (arb. units)

1000 1500 2000
Wavenumber (cm™)

Figure 4. FTIR spectra showing the evolution for immersion times in carbonated water of 15 min,
30 min and 1h.

The Raman spectra of Mg immersed for 1 h (Figure 5) have a strong, sharp feature at
~1086 cm~!. This band corresponds to the Aqg mode of the CO;3 polyhedra. Additional
weaker features at ~711 cm ™!, ~1433 and ~1746 cm ! are assigned to internal E; modes
from the oscillations of the CO3 polyhedra in calcite calcium carbonate [38]. Raman results
confirm XRD results, namely that after one -hour immersion, the coating is formed by
crystalline calcite CaCOj3. The Raman spectra after 30 min (Figure 5) also present a strong
Ajg mode of CO3 groups in CaCOg, as well as the secondary Eg modes. An additional
weak band is observed at ~3650 cm~!. This band corresponds to OH group stretching and
indicates the presence of hydroxyl groups along the CO; polyhedra. The Raman spectra
after 15 min present a weak carbonate peak and the hydroxyl band at 3648 cm ! but do not
show the calcite modes, therefore indicating the presence of disordered hydroxy carbonates.
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Figure 5. Raman spectra showing the evolution for immersion times in carbonated water of 15 min,
30 min and 1h and details of the spectral regions of the Eg modes of calcite at 1300~1800 cm~! and of
OH stretching at 3500-3800 cm .

The analysis by vibrational spectroscopy exhibits distinctive features indicating the
deposition of disordered carbonate phases, ACC and hydroxycarbonates, after 15 min
immersion, as the result of Mg immersion in carbonated water.

3.3. SEM and EDS

The morphological evolution during the carbonatation treatment was investigated
by SEM. Figure 6 shows micrographs from the samples immersed for 5 min (Figure 6a),
15 min (Figure 6b) and 30 min (Figure 6¢,d). The sample immersed for 5 m exhibits the
formation of a layer of nanoparticles covering the disk surface. These nanoparticles have
typical sizes in the 20-30 nm, shown in the higher resolution image inside Figure 6a. The
nanoparticle size may be correlated with an apparent equilibrium size for disordered nuclei
grown in solution that are deposited on Mg in the first stage of carbonatation coating. The
sample immersed for 15 min (Figure 6b) exhibits the formation of a second and more porous
layer of nanoparticle aggregates. The aggregates tend to grow significantly into slightly
elongated structures, sized in the hundreds of nms (inset in Figure 6b), leaving small areas
of the inner nanoparticle layer still exposed, such as the darker gray area marked with an
arrow in Figure 6b. This stage of carbonatation can be correlated with the observation by
vibrational spectroscopy of the presence of ACC in the samples immersed for 15 min. The
observed nanoparticles correspond with the formation of disordered phases. Figure 6¢,d
shows micrographs at different magnifications from the samples immersed for 30 min,
taken in the top view from the center of the disks. Mg samples immersed for 30 min
present rounded secondary aggregates, sized around 500 nm, which cover the whole disk
surface and tend to coalesce into a dense layer. The aggregates are composed of much
smaller elements, and the constituent primary nanoparticles, with sizes below 50 nm, can
be identified at higher magnification images (inset in Figure 6d). At this stage, no faceted
crystals can be observed, only short-range order phases. According to Raman and FT-IR,
the observed nanoparticle aggregates correspond to amorphous carbonates.
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Figure 6. SEM micrographs showing the evolution with carbonatation time of Mg disks after (a) 5 min,
(b) 15 min, and (c,d) 30 min immersion times.

Figure 7 shows the surface morphology after carbonate coating for 1 h. Faceted calcite
crystals, sized up to a few microns, can be observed forming aggregates of intertwined
crystals. The surface of the crystals exhibits a patched ‘mosaic-like’ surface texture instead
of being completely flat. The observed texture can be attributed to the growth of calcite
crystals by the incorporation of amorphous carbonate nanoparticles from the solution on
the preexisting crystal. A growth mechanism described previously as ‘crystallization by
oriented nanoparticle attachment’ [39,40]. Table 1 displays the results of the elemental
compositional analysis for bare Mg disks after immersion in carbonated water.

Figure 7. SEM micrographs at different magnifications of Mg disks after (a,b) 1 h and (c,d) 1 -week
immersion, showing rhombohedral calcite crystals (a,b) with a nanocrystalline mosaic pattern visible
on the facets of growing calcite crystals (inset in (b)) and colonies of aragonite needle-like crystallites.
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Table 1. EDS compositional analysis after immersion treatment for 1 h.

Sample C (at.%) O (at.%) Ca (at.%) Mg (at.%)
Bare Mg disk <0.3 <03 - 99.7
Carbonated disk 23 58 18 <1

Lateral growth is induced by the preferential nucleation and precipitation-deposition
of amorphous carbonates at the areas of the Mg surface that are still exposed to oxidation.
Crystallization and crystal growth thus permit the lateral growth and the coalescence of
the calcite crystals layer after about 1 h immersion.

It is worth mentioning that the formation of brucite -magnesium hydroxide- crystals
are not observed by any microstructural analysis during carbonatation. However, hydrox-
ide is the natural corrosion product of Mg in an aqueous solution. Therefore, we must
assume that the rapid deposition of amorphous nuclei from the solution inhibits the growth
of a brucite corrosion layer, while hydroxyl groups are embedded in disordered hydroxy-
carbonate hydrated phases that are immersed in the carbonated solution and gradually
transform into calcium carbonate by dehydroxylation and dehydration reactions.

Longer immersion times result in the observation by XRD of aragonite, another
allotropic form of calcium carbonate. The study by SEM of samples immersed for one week
revealed the formation of distinct morphologies other than the ordered calcite layer.

Figure 7c,d shows SEM micrographs of the semi-spherical aragonite colonies observed
in a sample immersed for 1 week. These colonies have sizes in the tens to fifty microns
(Figure 7c) and are composed of distinctive sharp-tipped needle-like crystals (Figure 7d)
described previously as typical of aragonite [41]. The non-faceted, non-plate morphology
shows no preferred orientation, forming non-compact depositions protruding from the
compact calcite layer.

3.4. AFM

Figure 8 displays the tri-dimensional (Figure 8a) and the bi-dimensional (Figure 8b)
AFM images of a bare Mg disk, scanned over an area of (5 um X 5 um), presented in
so-called “enhanced contrast”, together with a typical profile-line (Figure 8c) that is a
plot of a line scan collected along the scanning direction, marked to guide the eye by the
red line in Figure 8b. The bare disk exhibits a succession of folds and valleys, arranged
preferentially along one direction and probably formed during the cutting of the disks.
However, the surface is flat, as can be observed from the line scan in Figure 8c, which shows
that the surface features are located in a vertical range of ~80 nm (see the vertical scale of the
surface profile, from —40 to +40 nm). The root mean square (RMS) roughness of the image
presented in Figure 8b is 18.5 nm, while the average roughness value equals 14.1 nm.

0 1 2 um 3 4 5

Figure 8. Tri-dimensional (a) and bi-dimensional (b) AFM images and line profile (c) of bare Mg.
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Figure 9 shows AFM images of the Mg disk after immersion for 15 min in carbonated
solution at (8 um x 8 um) scale. Figure 9a,b display a compact layer of ACC resulting from
carbonatation, forming the massive agglomeration of material that covers the Mg surface
and a top layer of rounded protruding aggregates of a few hundred nm in diameter, such
as the particle marked between the two red arrows in Figure 9c (~190 nm diameter). The
layer shown in the 3D AFM image (Figure 9a) has increased values of roughness (Table 2),
for example, Rq = 328.7 nm, while the peak-to-valley parameter, on the whole area, is Rpv
~1.93 um, estimated based on the 2D AFM image in Figure 9b, therefore about 25 times
higher than that of the bare Mg surface (Figure 8).

8

Figure 9. Tri-dimensional (a), bi-dimensional (b) AFM images taken on areas of 8 um x 8 pm and
AFM line profile (c) of Mg after immersion for 15 min, along the scanning direction marked to guide
the eye by the red line in (b).

Table 2. Roughness parameters (Rq, Ra, Rpv) evolution with immersion time.

0 15 min 1h 1 day
Rq 18.5 nm 328.7 nm 509.6 nm 478.1 nm
Ra 14.1 nm 245.9 nm 403.6 nm 387.8 nm
Rpv 152.9 nm 1929 nm 3695 nm 3219 nm

AFM images of the Mg disk after 1h immersion (Figure 10), scanned over an area of
(8 pm x 8 um), present a completely different morphology, consisting of stacked faceted
crystallites of hundreds of nm overlapped in the form of steps and terraces (stairs-like). As
suggested by the 3D image from Figure 10a and the linescan from Figure 10c, the spatial
arrangement of the faceted crystallites leads to a stepped surface, as proved by the increased
values of the roughness parameters: Rq = 509.6 nm, and Rpv = 3.69 um.

Further on, for an immersion time of 1 day, the AFM images in Figure 11, also scanned
over an area of (8 um x 8 um), show much larger faceted crystals, with dimensions of a
few microns (see Figure 11a,b). The coating preserves the compact morphology, but a finer
surface texture is suggested by the aspect of some exposed crystal facets. However, at the
(8 pm X 8 um) scale, the roughness parameters are similar to the values obtained from
the sample immersed for 1 h in Figure 10, as follows: Rq = 478.1 nm, and Rpv =3.21 um
(Figure 11c).
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Figure 10. Tri-dimensional (a) and bi-dimensional (b) AFM images and line profile (c) of Mg surface
after 1Th immersion.

Figure 11. Tri-dimensional (a), bi-dimensional (b) AFM images taken on areas of: 8 um x 8 um; and
AFM line profile (c) of Mg after 1 -day immersion.

Figure 12 shows the measured contact angles of the Mg disks before and after the
carbonate coating treatment. The bare disks exhibit contact angles of ~60 deg. After
immersion for 30 min, the contact angle increase to values ~80 deg, and a maximum contact
angle of ~130 deg was measured for samples treated in carbonated water for 1 h.

(a) CA: 62.6 (b) CA: 783 (c) CA: 130.38

Figure 12. Contact angle images for droplets of water on Mg disks: (a) before immersion, (b) after
30 min, (c) after 1 h immersion time.

The increase in contact angle can be attributed to the texture of the coating, as evi-
denced by the AFM measurements, with the development of faceted surfaces and clear-cut
steps of hundreds of nanometers depth between adjacent calcite crystallites. We attribute
the observed hydrophobicity of the coated disks to the observed evolution of rugosity in
the calcite layer.
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3.5. Coating Formation Stages

The formation mechanism of the calcite coating layer on Mg immersed in a carbonated
aqueous solution containing HCO3;~/CO, and Ca?* involves a process with several stages.

3.5.1. Surface Conversion to Hydroxycarbonates

The results demonstrate that carbonatation coating inhibits the formation of a mag-
nesium hydroxide layer. This is the first coating stage, namely the rapid deposition from
the solution, supersaturated in bicarbonate ions, of carbonates groups that combine with
hydroxyl groups on the surface of Mg. Gradually, the formation of stable, non-soluble
hydroxycarbonates stabilizes the Mg surface, while soluble OH™ groups enter the solution.

We can resume this stage as surface conversion to hydroxycarbonates. Our explanation
of the substitution of hydroxyl groups with carbonates is related to the locally increased
pH associated with the oxidized Mg surface, according to the hydroxylation reaction (1),
which favours the decomposition of bicarbonates into carbonates groups and hydroxyl
substitution by carbonates at the surface:

Mg? + 2H,0 < Mg(OH), + H, (1)

xMg(OH), + yHCO; ™ <> Mgx(CO3)y(OH)yx_y) + yH,O+ yOH @)

The chemical Equation (2) inhibits the formation of a hydroxide layer promoting
the nucleation of amorphous hydroxycarbonate hydrates, according to the Raman and
FTIR results. The first stage is key for the formation of the carbonate coating, not only by
impeding the formation of a hydroxide layer but also because hydroxycarbonate hydrates
are a propitious surface for the deposition of calcium carbonate.

This coating stage presents the advantage of full coverage of the Mg surface, explained
because the nucleation of carbonate and deposition is favored at the surface of Mg wherever
hydroxide groups have been formed, and their substitution with non-soluble carbonates
is promoted. Once lateral growth is complete, the growth of the coating is hampered and
limited to nanoparticle attachment on growing calcite crystals.

The pH values of the solution measured during immersion evidenced a gradual
increase in time toward more alkaline values (Figure 13). However, measurements of the
pH of the solution with time in the absence of Mg also revealed a similar increase of the
pH values (Figure 13), attributed to reaction (4) of dissolved hydrogen carbonate ions in
carbonated water, accompanied by the evolution of CO,. Therefore, the main cause of
the pH increase can be attributed to the free evolution of CO, at atmospheric pressure.
A further increase in pH may occur associated with the release of hydrogen at the metal
surface according to reaction (1) and the subsequent release of hydroxide ions into the
solution following reaction (2), leading to higher pH values at the Mg surface. However,
the effect is relatively small in the bulk solution.

3.5.2. Carbonatation

The second stage of the coating formation is the formation of calcium carbonate,
according to reaction (3)

Ca**(Mg?") + HCO3 ™ ¢ Ca?* (Mg?*) + CO3%™ + HY «» Ca(Mg)CO3) + H  (3)

Precipitation of carbonates from carbonated aqueous solution is strongly dependent
on factors such as pH, temperature and solution composition. Calcium carbonate solubility
increases with CO; content in the solution, so precipitation of carbonate groups continues
while CO;(g) is released into the atmosphere from the carbonating solution. The release
of hydroxyls at the Mg surface due to the exchange of OH~ by CO;2~ also shifts the
equilibrium in reaction (3) towards the precipitation at the surface of Ca(Mg)CO3 magnesian
calcite. We can resume this stage as precipitation of calcium carbonate or carbonatation.
Carbonatation takes place by multiple nucleations of ACC nanoparticles and lateral growth
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onto the Mg surface until the formation of the ACC calcium carbonate layer is observed by
SEM and AFM. This coating stage leads to the complete coverage of the Mg surface with
ACC. The presence of Mg?* greatly increases ACC stability [42], facilitating the deposition
of ACC clusters.

9 L} L} L} L} L} L}
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Figure 13. pH evolution of the carbonated water solution in the presence of Mg disks and without
them (free solution).

3.5.3. Crystallization and Lateral Growth

The third stage is the crystallization of calcite and lateral growth through the attach-
ment of calcium carbonate nanoparticles until the formation of a compact crystalline film
coating the Mg disk. The process of transforming ACC into calcite takes place at the same
time as ACC nuclei continue to be deposited from the solution, incorporating into grow-
ing calcite crystals until full protective coverage is formed and the calcite bi-dimensional
growth comes to an end due to the coalescence of the growing crystals. We can name this
stage crystallization and lateral growth.

When the coverage of the disk by calcite crystals is complete, the deposition of ad-
ditional carbonates from the saturated solution results in non-homogeneous, irregular
deposits that cannot be considered a constituent part of the calcite coating layer, forming
loosely attached deposits on top of the calcite layer, particularly aragonite colonies. We can
name this last stage excessive growth (in height, so three-dimensional excessive growth).
The four stages are illustrated in Figure 14.

Surf. Conv.

=% [lCarbonatation

Figure 14. Flux diagram illustrating the identified stages of carbonate coating.
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4. Conclusions

Carbonate deposition from carbonated water at atmospheric pressure and room tem-
perature can be a safe and technically simple technique highly efficient for surface modifica-
tion of biomedical Mg and alloys by rapid deposition of carbonate clusters and nanoparti-
cles in non-equilibrium conditions from a saturated carbonated aqueous solution containing
calcium ions.

The coating of Mg by a compact crystalline layer of magnesian calcite has been
presented. The mechanism of calcite formation involves the rapid deposition of carbonates
groups that substitute hydroxyl groups on the surface of Mg, a key step for the formation of
the coating, as non-soluble hydroxycarbonates inhibit the formation of Mg(OH), at the Mg
surface, impeding the growth of a hydroxide layer resulting from the natural oxidation of
Mg in water, hydroxide anions being replaced rapidly by carbonate groups at the oxidized
metal surface. We have named this stage surface conversion to hydroxycarbonates. The
substitution of soluble hydroxides with insoluble carbonates is promoted by the increased
pH associated with the oxidation of the Mg surface in an aqueous solution.

Carbonatation or deposition of a surface layer of amorphous calcium carbonate
nanoparticles from the solution, due to reduced solubility when gaseous CO,(g) is re-
leased, takes place after approximately 15 min of immersion in carbonated water. After
30 min of immersion, crystallization of calcite is demonstrated and growth by nanoparticle
attachment due to the incorporation of amorphous carbonate from the solution, which
seems to be the precursor for the crystallization of calcite, leading to the formation of a
continuous layer of euhedral calcite crystals that cover the whole disk surface after one
hour of immersion. SEM and AFM observations confirm that the calcite coating is continu-
ous and that lateral growth of the calcite nuclei leads to bi-dimensional coalescence to a
polycrystalline coating layer. The full surface coverage of the disk, by the formation of a
dense coating of intersecting crystals, results in a characteristic texture of crystalline steps
between neighboring calcite crystals that confers hydrophobicity to the calcite coating.

We conclude that carbonate films grown by green chemistry on magnesium have
a high potential to be used as a non-toxic protective barrier to modulate the physico-
chemical properties of the magnesium surface, for example, in the physiological envi-
ronment, with possible application in biodegradable implants, in where biocompatibility
assessment is required.
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