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Abstract: Surface coatings made of hydroxyapatite (HAP) have been proposed to protect marble
artworks from dissolution in rain, originated by the aqueous solubility of calcite. However, HAP
coatings formed by wet chemistry exhibit incomplete coverage of marble surface, which results in
limited protective efficacy. In this study, electrodeposition was explored as a new route to possibly
form continuous coatings over the marble surface, leaving no bare areas. Electrodeposition was
performed by placing marble samples in poultices containing the electrolyte (an aqueous solution
with calcium and phosphate precursors) and the electrodes. The influence of several parameters was
investigated, namely the role of the working electrode (cathode or anode), the distance between the
marble sample and the working electrode, the deposition conditions (potentiostatic or galvanostatic),
the electrolyte composition and concentration, the applied voltage, and time. The coating morphology
and composition were assessed by SEM/EDS and FT-IR. The protective ability of the most promising
formulations was then evaluated, in all cases comparing electrodeposition with traditional wet
synthesis methods. The results of the study suggest that electrodeposition is able to accelerate and
improve formation of HAP coatings over the marble surface, even though the obtained protective
efficacy is not complete yet.

Keywords: marble; calcite; dissolution; hydroxyapatite; calcium phosphates; electrodeposition;
protective coatings; acid attack; potential; current

1. Introduction

When exposed outdoors, marble artworks suffer from dissolution in rain because of the aqueous
solubility of calcite (the mineral constituting marble, having solubility product Ksp = ~5 × 10−9 at
25 ◦C [1] and dissolution rate Rdiss = ~10−10 mol cm−2·s−1 [2]). To prevent marble dissolution, a
possible strategy is forming a surface coating with reduced solubility, compared to calcite. This has
been attempted by several routes, e.g., by treating marble with aqueous solutions of ammonium
oxalate, ammonium hydrogen tartrate, and ammonium phosphate to transform calcite into calcium
oxalate, calcium tartrate, or calcium phosphates, respectively [2]. Among the investigated minerals,
hydroxyapatite (HAP, Ca5(PO4)3OH, often written as Ca10(PO4)6(OH)2 because the crystal unit cell
comprises two formula units) appears as highly promising. Indeed, HAP has solubility product Ksp

= ~10−117 at 25 ◦C [3] and dissolution rate Rdiss = ~10-14 mol·cm−2·s−1 [2], both several orders of
magnitude lower than those of calcite. If a continuous and dense coating of HAP is formed over the
marble surface, significant protection against dissolution in rain can be expected [2]. Consequently,
in recent years, several studies have investigated the feasibility and the effectiveness of forming a
protective layer of HAP over marble [2,4–8]. HAP can be formed in a few hours in ambient conditions
(necessary to treat monuments in the field), by reacting marble with an aqueous solution of a phosphate
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salt (typically diammonium hydrogen phosphate, DAP, (NH4)2HPO4) [8,9]. Although more effective
than alternative commercial treatments [7], so-formed HAP coatings have nonetheless been found to
provide marble with incomplete protection against acid attack, because some cracks and/or pores
are present in the coatings [2,5–7]. With the aim of improving the coverage of the marble surface by
HAP and reducing cracks and pores in the HAP layer, the effects of several parameters have been
investigated, such as DAP concentration, addition of a calcium source, anionic additions, and organic
additions [5,7,8]. By tuning such parameters, improved resistance to dissolution in simulated rain has
been obtained, but marble dissolution is not completely inhibited yet [7]. The main limiting factor
is that some calcite grains, likely having unfavorable crystallographic orientation for HAP epitaxial
growth, remain bare after treatment, even though all the surrounding grains are completely covered
with the new HAP coating [7]. Although not detrimental, a second factor that might reduce the
protective efficacy of the coatings is that, alongside or even instead of HAP, other calcium phosphates
(CaP) might form as the result of the DAP-based treatment [8–11]. For instance, octacalcium phosphate
(OCP, Ca8(HPO4)2(PO4)4·5H2O) has been found to form when CaCl2 is added to the DAP solution
as a calcium source [12] and when ethanol is added to the DAP solution to increase the reactivity
of phosphate ions [7]. Because OCP has lower aqueous solubility than calcite (Ksp = ~10−97 [3]), its
formation is not detrimental for the treatment success, but HAP formation would still be preferable,
provided that the obtained coating is continuous and non-porous [7,10].

Therefore, in this study, electrodeposition (which is the transport of ions in a solution by
application of an electric current and precipitation of material near the surface of an electrode) was
explored, as a new route to promote formation of HAP (rather than other CaP) on the whole marble
surface, independently of the crystallographic orientation of the underlying calcite grains. In fact,
electrodeposition is currently largely used in the biomedical field to deposit HAP coatings over a
wide variety of metallic substrates (typically, titanium and magnesium used as implants for bone
regeneration) [13–22], with no dependence on the substrate crystallographic orientation. Moreover,
the mineralogical composition of the electrodeposited coatings can be controlled, by suitably adjusting
the process parameters [17,19].

Electrodeposition of HAP, and CaP in general, is based on the idea of coating a conductive material,
such as a metal piece, by immersing it in an aqueous solution containing calcium and phosphate
precursors, and then to favor CaP formation by applying an electric potential, using the metal piece as
the cathode [13]. At the cathode, several electrochemical reactions can take place [18,19,22], which lead
to formation of OH−, HPO4

2− and PO4
3− ions:

O2 + 2H2O + 4e− → 4OH− (1)

2H2O + 2e− → H2 + 2OH− (2)

H2PO4
− + e− → HPO4

2− +
1
2

H2 (3)

H2PO4
− + 2e− → PO4

3− + H2 (4)

2HPO4
2− + 2e− → 2PO4

3− + H2 (5)

Thanks to OH− formation and the consequent pH increase, deprotonation of phosphate species
near the surface of the cathode is promoted, according to the reactions [13,17,18]:

H2PO4
− + OH− → HPO4

2− + H2O (6)

HPO4
− + OH− → PO4

3− + H2O (7)
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In this environment, precipitation of several CaP phases with low solubility can occur, through
the following reactions [13,17,18]:

Ca2+ + HPO4
2− + 2H2O→ CaHPO4·2H2O (brushite) (8)

5CaHPO4·2H2O + 6OH− → Ca5(PO4)3OH + 2PO4
3− + 15 H2O (hydroxyapatite) (9)

4Ca2+ + HPO4
2− + 2PO4

3− + 2.5H2O→ Ca4(HPO4)(PO4)2·2.5H2O (octacalcium phosphate) (10)

5Ca2+ + 3PO4
3− + OH− → Ca5(PO4)3(OH) (hydroxyapatite) (11)

Since the first research on CaP electrodeposition in 1990 [13], numerous studies have been carried
out to investigate the effect of several parameters involved in the electrodeposition process on the
features of the resulting coatings:

• Nature and concentration of the calcium and phosphate salts used as CaP precursors. Typically,
Ca(NO3)2 and (NH4)H2PO4 (ADP) are used, with a molar ratio of 10/6 to reproduce the Ca/P
atomic ratio in stoichiometric hydroxyapatite [15,18–31];

• Electrokinetic parameters, namely the electric potential (E) and the current density (i). Typically,
these parameters vary in the range E = −1.4 ÷ (−3) V and i = 0.5 ÷ 25 mA/cm2 [13,14,16,18–25,
29,30,32];

• Possible application of pulsed electric potential. For CaP coating densification, some studies have
proposed using pulsed potential, i.e., applying the electric potential by cyclically alternating on/off
periods [24,27,29]. According to these studies, during the on-period, OH− ions are produced
at the cathode; during the off-period, Ca2+ and PO4

3− ions have the time to diffuse from the
bulk solution towards the cathode, where OH− groups are present so that Reactions (9)–(11) take
place [29]. Moreover, pulsed potential reportedly reduces formation of H2 bubbles (cf. Reactions
(3–5)), which might otherwise adhere to the substrate and prevent formation of a dense and well
adhering coating [24,27].

• Possible addition of ethanol (EtOH) to the electrolyte solution. To reduce the formation of H2

bubbles, the possible addition of ethanol to the aqueous solution has been proposed [23,28]. In fact,
ethanol addition reduces the conductivity of the solution, thus reducing H2 bubble formation and
promoting coating densification [23,28]. The best results were reported for ethanol additions of
about 30–50 vol.% [23,28].

• Possible addition of hydrogen peroxide (H2O2) to the electrolyte solution. H2O2 is a strong
oxidative agent that is reduced before H2O, hence H2O2 addition (about 5–10 vol.% [31]) to the
electrolyte can provide an alternative source of OH− ions, according to Reaction (12) [31]:

H2O2 + 2e− → 2OH− (12)

In this way, OH− ions necessary for HAP formation are obtained with no generation of H2 bubbles
and with consequent improved adhesion of the coating to the substrate [22,32].

Based on the studies summarized above, intended for biomedical applications, in the present study
the possible use of electrodeposition to form HAP coatings over marble was investigated. At present,
only a few studies have explored the possible use of electrochemical methods for conservation of
non-metallic materials, such as marble, stones, and bricks.

In a first group of studies, electrochemical methods were used to extract ions from porous materials
contaminated by salts [33–35]. The idea is to put the porous material to be desalinated between two
poultices, impregnated with water and in contact with two electrodes connected to a power supply
(Figure 1a). Then, current is applied and the anions in the material migrate towards the anode and the
cations towards the cathode [33]. Because H+ ions are generated at the anode, which might lead to
deterioration of the substrate, clay poultices with pH buffer capacity have been investigated to prevent
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acidification at the anode [35]. By adopting this electrokinetic method, encouraging desalinating ability
has been obtained [33–35].Coatings 2019, 9, x FOR PEER REVIEW 4 of 22 
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Figure 1. Schemes illustrating the setups adopted for (a) ion extraction from porous substrates
contaminated with salts and (b) ion introduction into porous substrates to be consolidated.

In a second group of studies, electrochemical methods were used to introduce ions into porous
materials, with the aim of precipitating an insoluble product inside the pore network and providing
consolidating action [36–38]. To make the ions penetrate into the porous material, the adopted
experimental setup was basically reversed compared to that described above for ion extraction
(Figure 1b). The material to be consolidated is in contact with two different solutions, which in
turn are in contact with the electrodes connected to a power supply—the solution containing the
anions (e.g., HPO4

2− [36] or CO3
2− [37,38]) is in contact with the cathode, while the solution containing

the cations (e.g., Ba2+ [36] or Mg+ [37,38]) is in contact with the anode. When current is applied, ions
migrate towards the electrode with the opposite sign, thus crossing the sample. When anions and
cations encounter inside the material, an insoluble salt precipitates inside the pores (e.g., Ba3(PO4)2 [36]
or MgCO3·3H2O [37,38]). Similar to the case of salt extraction, also in this case acidification at the
anode occurs, which again led to the use of clay poultices with pH buffer capacity [37].

Moreover, an electrokinetic route has been proposed to deposit a layer of calcium oxalate
monohydrate (whewellite) over the marble surface, with protective function [39]. This represents a
development of the ammonium oxalate treatment proposed by Matteini in the 1990s [40], which consists
of treating carbonate stones (supplying Ca2+ ions) with an ammonium oxalate solution (supplying
C2O4

2− ions), so that protective whewellite (CaC2O4·H2O) is formed. In the cited electrokinetic
study [39], whewellite formation was reportedly favored by placing the marble piece close to the
anode of an electrochemical cell, connected to a power supply, immersed in an ammonium oxalate
solution. Because the C2O4

2− ions are attracted to the anode, a region richer in C2O4
2− ions is formed

near the anode and near the adjacent marble sample, which leads to formation of a thicker whewellite
coating over the marble surface compared to simple immersion in an ammonium oxalate solution with
no current applied [39].

Based on the studies summarized above, in this study, HAP electrodeposition over marble
was explored by first comparing the effect of placing the marble sample close to the cathode (to
exploit OH− formation at the cathode, like in the biomedical studies [27]) or close to the anode
(to exploit PO4

3− migration towards the anode, like in the studies on stone consolidation [36–38]
and protection [39]). Second, the experimental setup was optimized, by investigating whether
direct contact between the electrode and the marble sample is preferable and whether potentiostatic
(constant potential) or galvanostatic (constant current) conditions are preferable [27]. Then, the
influence of several parameters was investigated, regarding both the electrolyte (concentration of
the calcium and phosphate precursors, possible addition of ethanol and/or hydrogen peroxide) and
the electrokinetic parameters (pulsing, voltage, and time). Finally, the protective ability of the most
promising formulations was evaluated, comparing the acid resistance of untreated and treated marble.
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To isolate the effect of electrodeposition, a systematic comparison with coatings deposited by simple
wet chemistry (with no current application) was carried out. A scheme summarizing the rationale of
the study is illustrated in Figure 2.
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2. Materials and Methods

2.1. Materials

Carrara marble was used for the tests. Specimens with 20 × 20 × 5 mm3 size were sawn from a
slab supplied by Imbellone Michelangelo S.A.S. (Bologna, Italy). The specimens were subjected to the
electrodeposition tests described in the following without preliminary polishing, because a very flat
surface would not be representative of marble condition in the field (where prolonged exposure to rain
leads to roughening of the surface).

Diammonium hydrogen phosphate (DAP, (NH4)2HPO4, assay >99%, Acros Organics, Milan,
Italy), calcium chloride (CaCl2·2H2O, assay >99%, Sigma Aldrich, Milan, Italy), ethanol (EtOH, Sigma
Aldrich), hydrogen peroxide solution (30 wt% H2O2 in D.I. water, Sigma Aldrich), and deionized
water were used. Cellulose pulp (MH300, Phase, Florence, Italy) was used to prepare poultices for
consolidant application.

2.2. Influence of the Experimental Setup

For the screening tests aimed at identifying the most suitable setup, one of the most recent
formulations of the HAP-treatment was considered, namely a solution of 0.1 M DAP + 0.1 mM CaCl2
in 30 vol.% EtOH [7]. Even with no electrodeposition involved, in a previous study this formulation
was found to cause basically continuous coverage of the marble surface by CaP after 24 h, although
precipitation of some isolated CaP crystals was noticed already in the bulk solution [7]. For the present
tests on electrodeposition, the solution was used to prepare a poultice with cellulose pulp, in which
the marble samples and the electrodes were embedded. For each test, the poultice was prepared using
100 g of solution and 25 g of dry cellulose fibers.

All the electrodeposition tests were performed using a 3-electrode setup—the working electrode
(WE) was a galvanized steel grid, the counter electrode (CE) was a graphite bar, and the reference
electrode (RE) was a saturated calomel electrode (SCE) by Amel Electrochemistry (Milan, Italy). Except
for the test aimed at comparing potentiostatic and galvanostatic conditions (see below), all the tests
were carried out in potentiostatic conditions (i.e., a certain potential was applied and kept constant,
while the resulting current was measured [27]), using a potenziostat (7050 Amel Electrochemistry).

First, it was investigated whether the marble sample should be placed close to the cathode
(like in the biomedical studies [27]) or the anode (like in the study on ammonium oxalate
electrodeposition [39]). The two setups illustrated in Figure 3a,b were adopted, where the only
difference was the role of the galvanized steel grid, working either as cathode or anode, respectively.
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When the marble sample was placed near the cathode (Figure 3a), the expected cathodic reactions
were the electrochemical Reactions (1)–(11), while the anodic reaction was expected to be the oxidation
of the graphite bar used as counter electrode, according to the reaction:

C + 2H2O→ CO2 + 4H+ + 4e−. (13)

When the marble sample was placed near the anode (Figure 3b), the expected anodic reaction (necessary
to attract the negative PO4

3− ions) was the oxidation of the zinc coating present over the galvanized
steel grid, according to the reaction:

Zn→ Zn2+ + 2e− (14)

while the cathodic Reactions (1)–(11) were expected at the cathode (the graphite bar). In both cases,
the marble sample was kept at a distance of ~3 mm from the grid, the two being separated by a thin
layer of poultice. Electrodeposition was carried out applying a constant potential of −2 V or +2 V
(depending on whether the grid was working as cathode or anode, respectively) for 3 h.
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Figure 3. Schemes illustrating the different setups adopted to determine the best setup conditions:
In (a) and (b), the role of the working electrode (the galvanized steel grid) is switched, to determine
whether the marble sample should be placed near the cathode or near the anode; in (a) and (c), the
marble sample is always placed near the cathode, but either at ~3 mm distance from the electrode or
directly in contact, to determine whether direct contact is preferable or not. The setup in (a) was also
adopted to compare potentiostatic and galvanostatic conditions.

Second, it was investigated whether direct contact between the marble sample and the steel grid
used as cathode might favor the coating formation, expecting the local effect of electrodeposition to
be the higher the closer to the electrode. The setup in Figure 3a was compared with the alternative
setup illustrated in Figure 3c. The difference consisted in that, in the latter case, the marble sample was
directly in contact with the steel grid, wrapped around the sample. In both cases in Figure 3a,c, the
steel grid was working as the cathode (E = −2 V for 3 h). In the setup in Figure 3c, the same cathodic
Reactions (1)–(11) and anodic reaction (13) as in Figure 3a were expected.

Finally, it was investigated whether potentiostatic or galvanostatic conditions are preferable,
considering that studies in the biomedical literature have shown that controlling potential or current
may lead to significantly different results [30]. For a given setup (Figure 3a) and treatment duration
(3 h), the effects of applying a constant potential of −2 or −3 V (potentiostatic conditions) were
compared to the effects of applying a constant current of −5 or −20 mA (galvanostatic conditions).
In all cases, the variable parameter (current in potentiostatic conditions, potential in galvanostatic
conditions) was recorded over time. The adopted current values (−5 and −20 mA) were selected
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as they correspond to the values recorded in the potentiostatic experiments (at E = −2 and −3 V,
respectively, cf. Section 3.1.).

Based on the obtained experimental results (cf. Section 3.1.), the setup illustrated in Figure 3a was
adopted for all the tests described in the following, as this setup gave the most promising results.

2.3. Influence of the Electrolyte: DAP and CaCl2 Concentration, Ethanol and/or H2O2 Addition

The effects of EtOH and/or H2O2 were investigated by comparing the coatings formed using a
0.1 M DAP + 0.1 mM CaCl2 solution (with no additions) and the coatings obtained when the same
solution was added with:

• 30 vol.% EtOH. As mentioned above, this is the maximum concentration not leading to immediate
precipitation in the bulk solution at the given DAP and CaCl2 concentrations (only a few isolated
crystals were formed in the bulk solution). Even when no current is applied, EtOH promotes HAP
nucleation [5,7], so some benefit compared to the reference 0.1 M DAP + 0.1 mM CaCl2 solution is
already expected. Moreover, when electrodeposition is adopted, EtOH reportedly reduces H2

bubbling and promotes coating densification [23,28], so an additional benefit is expected.
• 10 vol.% H2O2. When electrodeposition is adopted, H2O2 is reduced before water, so it can

provide the OH− ions necessary for HAP formation without generation of H2 bubbles [22,31,32],
with a consequent benefit in the coating density and adhesion.

• 30 vol.% EtOH + 10 vol.% H2O2. To combine the two effects described above, the double addition
was also investigated.

To distinguish between the effect of simply adding EtOH and H2O2 to the DAP/CaCl2 solution
(even with no electrodeposition) and the additional benefit resulting from electrodeposition, all the
additions were tested without (E = 0 V) and with electrodeposition (E = −2 V), using the setup
illustrated in Figure 3a.

Moreover, the effect of using a higher DAP concentration was also considered. In fact, the higher
the DAP concentration, the higher the amount of PO4

3− ions available to form HAP, but also the
higher the risk of cracking during drying [7]. A solution of 2 M DAP + 2 mM CaCl2 in 10 vol.%
EtOH was tested. The EtOH concentration was selected as this is the maximum amount not leading
to immediate precipitation in the bulk solution at the given DAP and CaCl2 concentrations. In this
case, no H2O2 addition was adopted based on the results of the tests described above (cf. Section 3.2).
The comparison between the less-concentrated formulation (0.1 M DAP + 0.1 mM CaCl2 in 30 vol.%
EtOH) and the more-concentrated one (2 M DAP + 2 mM CaCl2 in 10 vol.% EtOH) was carried out by
treating marble samples for 30 min and 3 h, without (E = 0 V) and with electrodeposition (E = −2 V),
always using the set up illustrated in Figure 3a.

2.4. Influence of Electrokinetic Parameters: Pulsing, Voltage, and Time

The effect of applying a pulsed potential of −1 V for 3 h was investigated on both the
less-concentrated solution (0.1 M DAP + 0.1 mM CaCl2 in 30 vol.% EtOH) and the more-concentrated
one (2 M DAP + 2 mM CaCl2 in 10 vol.% EtOH), using the setup illustrated in Figure 3a. In addition,
for the less-concentrated solution the effect of the pulsed potential was investigated also for a shorter
time of 30 min, applying a pulsed potential of −1, −2, and −3 V. The pulsed potential experiments
consisted of applying cycles of 1 s on and 2 s off [29].

For both solutions, the effect of applying an increasing negative voltage (without pulsing) was
then systematically investigated, again adopting the setup illustrated in Figure 3a. Because, in the
literature, HAP was found to be the major phase formed on titanium when a potential of −1.55 V or
lower was applied (in that case, the electrolyte being a 42 mM Ca(NO3)2 + 25 mM ADP solution [18]),
in the present study potential values above and below this threshold were considered: −1, −2, and −3
V in the case of the less-concentrated solution and −1 and −2 V in the case of the more-concentrated
one. For the latter solution, E = −3 V was not tested, because drying cracks appeared in the coating
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formed at −2 V, suggesting that the film growth was already excessive at this voltage (cf. Section 3.3).
For each voltage value, increasing treatment durations were investigated (30 min, 1, 3, and 6 h). For
all the voltage/time conditions, one sample was also treated without electrodeposition (E = 0 V), for
comparison’s sake.

2.5. Acid Resistance

For the most promising formulations, identified by the screening tests described in the previous
paragraphs, the protective ability of the resulting coatings was evaluated. The selected formulations
were: (i) 0.1 M DAP + 0.1 mM CaCl2 in 30 vol.% EtOH solution at E = −2 V for 3 h and (ii) for 6 h, and
(iii) 2 M DAP + 2 mM CaCl2 in 10 vol.% EtOH solution at E = −1 V for 6 h. All the electrodeposition
treatments were applied adopting the setup in Figure 3a. For comparison’s sake, the same solutions
were also applied for the same time, but without electrodeposition (E = 0 V). An untreated reference
was tested too.

After coating deposition, half of the specimens was directly subjected to the acid resistance test,
while the other half was subjected to a further preparation step. In fact, previous studies suggested that
the sample edges are often incompletely covered with the protective coatings, not because of a scarce
performance of the coatings themselves, but because the sample edges are more prone to wear during
treatment and handling [7]. For this reason, according to previous studies [6,7] an impermeable coat
was applied over the edges of the second half of the samples, to exclude any interference from damage
possibly affecting the sample edges. After application of the impermeable coat, two uncovered areas
(each measuring 12 × 12 mm2) were isolated in the middle of the two square faces of the prismatic
specimens (measuring 20 × 20 × 5 mm3), while the edges and the sides of the prisms were covered
with the coat. In this way, only the uncovered central area was exposed to the acidic solution used for
the test.

To resemble slightly acidic rain, samples were exposed to aqueous solutions of HNO3 at pH 5.
In fact, thanks to the policies of traffic regulation in the city centers in Europe [41], the average rain pH is
currently ~5 in Europe and is predicted to remain at this value in the future [42]. Following a procedure
similar to that adopted in previous studies [1,5,7], each sample was submerged in a separated container
with 100 mL of solution and left submerged for 15 h, the solution being continuously stirred. At the
end of the test, samples were rinsed with D.I. water and dried at room temperature until constant
weight. Solutions were collected to determine the Ca and P content by inductively coupled plasma
optical emission spectrometry (ICP-OES), using a Serie Optima 3200 XL Perkin Elmer instrument
(Milan, Italy).

2.6. Sample Characterization

The composition of the new CaP phases was investigated by Fourier-transform infrared
spectrometry (FT-IR), using a Perkin Elmer Spectrum One spectrometer (Milan, Italy). The samples to
be analyzed by FT-IR were obtained by scratching from one squared face of the marble specimens,
using a spatula. To univocally identify the new CaP phases, combination of FT-IR with other
analytical techniques, ideally X-ray diffraction, would be needed [43]. However, given the very low
thickness of the new CaP coatings formed over marble (~5 µm [7]), grazing incidence X-ray diffraction
(GI-XRD) would be needed, so that the surface layer could be analyzed without the influence from
the substrate [7]. However, in the present case, GI-XRD was not available, so the investigation of the
new CaP phases was limited to FT-IR, which can provide very important information. In fact, it is
true that FT-IR can hardly distinguish between CaP with very similar structure, such as HAP (having
strong bands at 1031, 604, and 563 cm−1 [43]) and OCP (having strong bands at 1038, 1023, 602, and
560 cm−1 [43]). Nonetheless, FT-IR analysis allowed us to conclusively exclude formation of other CaP
phases with high aqueous solubility (e.g., brushite, CaHPO4·2H2O, having strong bands at 1136, 1063,
986 cm−1 [43]).
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The coverage of the marble surface and the morphology of the new CaP phases were evaluated
by observation of the other squared face of the specimens (originally close to the steel grid), using a
scanning electron microscope (Philips XL20 SEM, Milan, Italy). The samples to be analyzed by SEM
were made conductive by coating them with aluminum (after FT-IR analysis).

3. Results and Discussion

3.1. Influence of the Experimental Setup

The results of the tests aimed at defining the best experimental setup are reported in Figure 4.
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Figure 4. Morphology and composition of the new phases formed by placing the marble sample (a) at
~3 mm from the cathode, (b) at ~3 mm from the anode, and (c) directly in contact with the cathode.
EDS spectra were acquired in the whole left SEM image. In the FT-IR spectra, bands owing to the
substrate are marked by a star, while the position of the new bands owing to CaP phases is reported.

With regard to the position of the marble sample with respect to the electrodes, new CaP phases
were found to form both when the sample was placed near the cathode (Figure 4a) and near the anode
(Figure 4b). However, in the former case, the new CaP coating exhibited more promising features.
Indeed, ideally the new CaP coating should be continuous (e.g., not leaving uncovered bare areas) and
non-porous, which can be more likely achieved when the coating is composed of closely packed small
crystals. When the sample was placed near the cathode (Figure 4a), the marble surface appeared as
continuously covered with small flower-like crystals, closely following the morphology of the marble
surface. Such flower-like morphology is typical of HAP and CaP phases in general [8,12]. Differently,
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when the sample was placed near the anode (Figure 4b) only few isolated crystals, having significantly
bigger size, were visible. Because isolated crystals cannot provide effective protection to the marble
surface, the coating formed in this latter condition was regarded as less promising. Consistently with
SEM results, in the FT-IR spectra bands owing to new CaP were definitely more pronounced when the
sample was placed near the cathode (Figure 4a). In terms of composition of the new phases, based
on the band position (1028–1031, 599–602, and 559–560 cm−1), in both cases formation of HAP seems
most likely, even though formation of OCP cannot be completely excluded [43]. The difference in
the composition of the new phases in the two cases suggests that the local increase in pH, following
formation of OH− ions near the cathode [17], is predominant over the local increase in phosphate ion
concentration, occurring near the anode [39].

Once assessed that CaP formation is more abundant when the marble sample is placed near the
cathode, the possible advantage of putting the sample directly in contact with the cathode (Figure 4c)
rather than at ~3 mm distance (Figure 4a) was investigated. In the case of direct contact, SEM
observation disclosed formation of very big crystals, with size reaching 5 µm, which, however, left the
marble surface largely uncovered (Figure 4c). EDS analysis revealed that these crystals contained P and
also Zn, whereas FT-IR analysis of the marble surface did not detect any new CaP phase. The source
of Zn was found to be the galvanized steel grid used as cathode—the basic environment of the DAP
solution (initially at pH 8 and further increased by OH− formation near the cathode) led to dissolution
of the Zn coating originally present over the steel grid, with consequent Zn release and formation
of isolated zinc phosphate crystals. This, in turn, hindered formation of a continuous CaP coating
over marble. For this reason, at least in the adopted conditions (i.e., galvanized steel grid used as
cathode), direct contact between the marble sample and the cathode is counterproductive, as it leads to
formation of zinc phosphates and consequent consumption of phosphate ions. However, in different
conditions (e.g., the use of a stainless steel or titanium cathode), direct contact between the sample and
the cathode should be re-evaluated. It is worth mentioning that, when the sample was put at ~3 mm
from the electrode, no Zn was detected by EDS on the marble surface (Figure 4a).

The results of the test aimed at evaluating whether constant potential or constant current is
preferable during electrodeposition are reported in Figure 5.

Both in potentiostatic (Figure 5a) and galvanostatic (Figure 5b) conditions, the variable parameter
(current or potential, respectively) exhibits a visible change in the first ~5 min of the test, then it
becomes almost stable for the whole duration of the test. In addition to some adjustment in the
experimental setup in the initial phase of the test, the registered initial variation is thought to derive
from deposition of CaP phase also on the working electrode (the galvanized steel grid). This causes
some reduction in the current circulating through the system (Figure 5a) and makes a more negative
potential necessary to maintain the same current circulating (Figure 5b). SEM observation of the
steel grids at the end of the electrodeposition confirmed that new CaP phases are formed also on the
electrode. In terms of features of the new CaP phases formed over marble, SEM observation indicated
that, in all cases, complete coverage of the marble surface seems to be achieved by coatings composed
of sub-micrometric crystals (Figure 5). However, a significant difference was found in the composition
of the new phases obtained in these conditions. While in potentiostatic conditions (Figure 5a), HAP
was most likely formed (bands at 1028, 600–602, and 560 cm−1 [43]), in the case of galvanostatic
conditions (Figure 5b), the identification of the new CaP phase was less straightforward (bands at
1049, 600–602, and 559–560 cm−1), but formation of HAP or OCP seems excluded. Because HAP and
OCP are the most desirable phases to form (the other CaP phases having higher aqueous solubility),
the coatings formed in potentiostatic conditions were regarded as less promising to provide marble
with protection against dissolution in rain, hence they were not adopted further in the prosecution of
the study.

Both in potentiostatic and galvanostatic conditions, SEM and FT-IR suggest some increase in the
amount of new CaP formed after electrodeposition for increasing negative potential and increasing
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current, respectively (Figure 5). This confirms the importance of performing a systematic analysis of
the influence of the applied potential, which was done in the prosecution of the study (cf. Section 3.3.).
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Figure 5. Electrokinetic parameters measured during electrodeposition, morphology, and composition
of the new phases formed in (a) potentiostatic and (b) galvanostatic conditions (in the FT-IR spectra,
bands owing to the substrate are marked by a star, while the position of the new bands owing to CaP
phases is reported).

3.2. Influence of the Electrolyte: DAP and CaCl2 Concentration, Ethanol and/or H2O2 Addition

The effects of adding EtOH and/or H2O2 to a 0.1 M DAP + 0.1 mM CaCl2 solution are reported
in Figure 6. Incomplete coverage of the marble surface was found when no addition was made (either
without or with electrodeposition), as the marble surface (dark gray in Figure 6) is clearly visible
below isolated CaP crystals. Differently, almost complete coverage of the marble surface was obtained
when 30 vol.% EtOH was added, even without electrodeposition (Figure 6). This was possible thanks
to the boosting effect of ethanol on CaP nucleation, as assessed in previous studies [5,7]. Indeed,
ethanol molecules weaken the hydration sphere of phosphate ions in solution, which makes them
more reactive to form CaP [7]. When an electric potential was applied, some increase in the packing
of the CaP coating was observed, which can be attributed to the beneficial effect of ethanol on CaP
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electrodeposition, as previously reported in biomedical studies [23,28]. However, the improvement in
the coating was not dramatic.
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Figure 6. Effect of EtOH and H2O2 addition on the morphology of the new CaP phases formed with
and without electrodeposition.

In the case of H2O2 addition, bigger crystals (size of 0.5–1 µm) were formed even with no
electrodeposition (Figure 6). When potential was applied, the crystal size further increased dramatically,
leading to formation of isolated crystals with 5–10 µm length. Such huge increase in the crystal size,
promoted by the increased availability of OH− groups induced by H2O2 reduction [31], is consistent
with previous results available in the literature, reporting even precipitation of CaP directly in the bulk
solution upon H2O2 addition [32]. However, this huge increase in crystal size is counterproductive
towards achievement of a continuous coating, able to protect marble from dissolution in acid. For this
reason, H2O2 addition was not considered in the prosecution of the study.

By adding both EtOH and H2O2 to the solution, when no electrodeposition was used, a coating
similar to that obtained using EtOH alone was found (Figure 5). However, when potential was applied,
again isolated crystals with 1–2 µm size were formed. Although smaller than in the case of H2O2

addition alone, these crystals were unable to completely cover the marble surface (in Figure 6, bare
calcite grains are clearly visible as darker zones below the lighter CaP crystals). Therefore, combined
EtOH + H2O2 addition was discarded in the prosecution of the study.

With regard to the effect of increasing the DAP and, proportionally, the CaCl2 concentrations in
the solution (always maintaining a DAP:CaCl2 ratio of 1000:1 and adding the maximum amount of
EtOH not leading to immediate CaP precipitation in the solution), the variation in the amount and
morphology of the new CaP phases is illustrated in Figure 7.

With no electrodeposition, after 30 min isolated clusters (small lighter particles over the darker
marble surface) were found in the case of the solution with the lower concentration and almost no
clusters in the case of the more-concentrated solution. This can be explained considering that, in the
less-concentrated solution, a much higher amount of EtOH is present (30 vol.%, instead of 10 vol.%),
which significantly increases the nucleation of the new CaP phases even at low DAP concentration [7].
Consistently, after 3 h the more-concentrated solution (with lower EtOH addition) caused formation
of isolated crystals, relatively big in size (0.5–1 µm), whereas the marble surface was apparently
completely covered by a new coating with flower-like morphology in the case of the less-concentrated
solution (containing higher EtOH amounts). When potential was applied, formation of new phases



Coatings 2019, 9, 207 13 of 22

was much more abundant for both solutions at both times (Figure 7). After 3 h, in the case of the
less-concentrated solution, a very densely packed coating was formed, exhibiting the typical flower-like
morphology in a recess in the surface. Also in the case of the more-concentrated solution, almost
complete coverage was obtained after 3 h, but the resulting coating appeared as significantly coarser.
In terms of composition of the new phases formed after 3 h at E = −2 V, FT-IR spectra exhibit bands
attributable to HAP, which were more defined (especially the band at 1028–1031 cm−1) when more
EtOH was present in the solution.
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Figure 7. Effect of the different diammonium hydrogen phosphate (DAP) and CaCl2 concentrations on
the new calcium phosphate (CaP) phases formed at different times, with and without electrodeposition
(in the FT-IR spectra, bands owing to the substrate are marked by a star, while the position of the new
bands owing to CaP phases is reported).

For both DAP/CaCl2 concentrations, formation of an almost continuous coating was obtained.
Based on the position of the FT-IR bands (Figure 7), it seems most likely that the coatings are
composed of HAP, even though formation of OCP cannot be completely excluded. In either case, both
formulations were regarded as promising and hence taken into consideration in the prosecution of
the study.
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3.3. Influence of Electrokinetic Parameters: Pulsing, Voltage, and Time

The effect of applying a pulsed potential is illustrated in Figure 8.
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In the case of the less-concentrated solution, a limited increase in the density of the new CaP
clusters when pulsed potential was applied can be noticed after treatment for 30 min, while the pulsing
effect became less evident after 3 h. In fact, after 3 h the flower-like coating was basically complete
even with constant potential, so that no increase in coverage thanks to the pulsed potential was visible.
In the case of the more-concentrated solution (containing less EtOH), the effect of pulsing was not
investigated at 30 min, because almost no coating had been found to form at that time at constant
potential (Figure 7). After 3 h, the coating deposited at constant potential appeared to be composed of
relatively big, separated crystals, which leave the marble surface partly bare. With pulsed potential,
the surface was somewhat improved, although better results were obtained using the less-concentrated
solution (containing more EtOH).

Because, in all cases, the effect of pulsing was lower than hoped based on the studies reported in
the literature [24,27,29], constant potential was adopted in the prosecution of the study.

The change in the amount and surface coverage of the new phases as a function of the applied
voltage and time is illustrated in Figure 9 for the less-concentrated solution and in Figure 10 for the
more-concentrated one.

In both cases, it is possible to observe that, at short time (30 min), the number of new phases
increased visibly for increasing voltage. In fact, at 30 min, only a few CaP clusters were formed
when no voltage was applied (lighter particles over the darker marble surface in Figures 9 and 10).
This is consistent with previous results reported in the literature, where CaP formation was found to
start to be significant between 3 and 6 h, depending on the formulation of the precursor phosphate
solution [12]. When voltage was applied and progressively increased, a progressively more continuous
coating was formed. In the case of the more-concentrated solution (Figure 10), the effect was still
visible up to 3 h, because the lower amount of EtOH present in this solution (10 vol.%, compared to
30% in the less-concentrated one) implies a longer time for the CaP coating to develop. After 6 h, no
significant difference was evident among samples treated with different voltage, including the samples
treated without electrodeposition. Apparently, at least in the investigated conditions, after prolonged
treatment the effect of time becomes predominant over that of electrodeposition.
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In the case of the less-concentrated solution (Figure 9), a significant change in the amount and
morphology of the new phases was clearly visible passing from 0 to −1 and −2 V. On the contrary,
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the difference between coatings formed at −2 and −3 V was less evident. A reason for this might
be that, during electrodeposition, the cathode itself is progressively coated with new CaP phases, as
already suggested by the change in current measured during potentiostatic deposition (Figure 5a) and
confirmed by SEM observation of the steel grids. As a consequence, after a certain time, the amount
of current circulating in the system diminishes, so that electrodeposition of the new phases over the
marble sample diminishes as well. Consistently, a reduction was found in the current measured during
electrodeposition at −2 and −3 V (Figure 5a), whereas no significant change in current was registered
during electrodeposition at−1 V (graph not shown). This is consistent with results previously reported
in the literature, indicating that HAP was present only in minor amounts when electrodeposition was
carried out at −1.25 V and it became the major phase when electrodeposited at −1.55 V or lower [18].

In the case of the more-concentrated solution, micro-cracks with ~5 µm length and ~1 µm
width are visible in the flowery coating deposited at −2 V for 6 h (Figure 10, bottom-right image).
This suggests that the film formed in these conditions is likely porous and thick, which leads
to cracking during drying. In fact, drying cracks do not form when the film is dense and its
thickness is below the critical threshold, below which cracking is thermodynamically impeded [44].
Consequently, electrodeposition at −3 V was not considered for the acid resistance tests in the case of
the more-concentrated solution.

Based on all the results reported above, the choice of the formulations for the acid attack tests
was made. In the case of the less-concentrated solution, treatment at −2 V for 3 and 6 h was selected,
because in both cases a basically complete coverage of the marble surface was achieved (Figure 9).
In the case of the more-concentrated solution, the treatment at −1 V for 6 h was taken into account,
while the treatment at higher voltage (E = −2 V) was discarded, because the resulting coating was
heavily cracked (Figure 10). For all these conditions, samples treated for the same time but without
electrodeposition were also considered, for comparison’s sake.

3.4. Acid Resistance

The amounts of Ca and P released in the acidic solutions, measured by ICP at the end of the acid
resistance test, are reported in Table 1.

Table 1. Weight amounts of Ca and P per unit area of surface exposed to the acid attack, dissolved
from untreated and treated marble samples, measured by inductively coupled plasma optical emission
spectrometry (ICP) in the solutions collected at the end of the acid resistance tests (marble specimens
with bare edges and coated edges were tested).

Sample Voltage, Time Bare Edges Coated Edges

Ca
(mg/cm2) P (mg/cm2)

Ca
(mg/cm2) P (mg/cm2)

Untreated reference – 0.09 – 0.08 –

0.1 M DAP + 0.1 mM CaCl2 in
30 vol.% EtOH 0 V, 3 h 0.10 – 0.03 –

0.1 M DAP + 0.1 mM CaCl2 in
30 vol.% EtOH −2 V, 3 h 0.08 – 0.02 –

0.1 M DAP + 0.1 mM CaCl2 in
30 vol.% EtOH 0 V, 6 h 0.09 – 0.01 –

0.1 M DAP + 0.1 mM CaCl2 in
30 vol.% EtOH −2 V, 6 h 0.08 – 0.02 –

2 M DAP + 2 mM CaCl2 in 10
vol.% EtOH 0 V, 6 h 0.11 0.01 0.01 –

2 M DAP + 2 mM CaCl2 in 10
vol.% EtOH −1 V, 6 h 0.08 0.01 0.02 –
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The surface appearance of untreated and treated marble samples, before and after the acid attack
test, is illustrated in Figure 11.
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As expected, after the acid test, the untreated reference exhibited visible surface etching, in the
form of grooves and exposed grain boundaries. As a consequence, Ca ions were detected in the
solution (Table 1).

In the case of treated samples, tested with bare edges, no formulation was able to completely
prevent dissolution of the marble substrate. In fact, the measured Ca losses had the same order of
magnitude as those of the untreated reference (Table 1) and cracking of the protective coatings was
clearly visible after the acid attack test (Figure 11). Some limited benefits seem to result from treatments
applied by electrodeposition for 6 h, with either concentration of DAP and CaCl2 (Table 1). In these
conditions, the lowest Ca losses were registered, and limited damage of the coating was observed after
the acid attack test. In the case of the less-concentrated formulation, no P was detected in the solutions
analyzed after the acid test, which suggests that the coatings were not dissolved during exposure to
acid and that the measured Ca losses mostly originate from dissolution of the marble substrate in
uncovered zones or cracks in the coating. Differently, in the case of the more-concentrated solution,
some small amounts of P were also detected in the solutions, suggesting that some coating dissolution
likely took place.

The reason why cracks were visible after the acid resistance test (Figure 11), while no crack was
noticed for the same formulations before the acid attack test (Figures 9 and 10), is thought to be the
presence of pores inside the coatings, combined with the specific experimental conditions adopted for
these specimens. Indeed, before exposure to acid, the bonding at the interface between the coating
and the substrate was strong enough to prevent cracking during drying at the end of the treatment
application. However, during the acid test, pores likely allowed acid to reach the substrate/coating
interface and to weaken the bonding between the two. As a result, the stress arising in the pores during
drying at the end of the acid test now led to cracking. To verify the presence of pores in the coatings,
further tests would be needed (e.g., observation of cross sections by a focused ion beam microscope,
FIB-SEM). A further reason for the weakening of the coating/substrate interface is thought to be the
specific experimental conditions adopted for the first set of specimens, i.e., subjecting them to the acid
resistance test without coating their edges. In these conditions, the acid attack can start from the edges
(where the coating is often damaged during treatment and handling) and then propagate to the rest of
the sample. For this reason, the second set of specimens was treated after coating their edges with an
impermeable coat, so that only the central, uniform part of the samples was exposed to acid. In these
latter conditions, quite different results were obtained.

In fact, when samples were tested after coating the edges with an impermeable coat, the untreated
reference exhibited Ca release much higher than the treated samples (Table 1), which indicates that the
coatings were able to provide a better acid protection than in the previous case. Accordingly, SEM
images show no sign of cracking in any sample (Figure 11). This confirms that the presence of damaged
areas near the sample edges allowed acid to reach the substrate/coating interface, weaken the bonding
between the two, and trigger cracking. Nonetheless, the effect of pores in the coatings cannot be
excluded and further analyses by FIB-SEM are opportune. In some cases, especially in samples treated
without electrodeposition, the calcite substrate is sometimes visible in the SEM images (darker areas
beneath the lighter flower-like crystals in Figure 11). This indicates that, also in the case of samples
tested after coating the edges, the surface coverage and the resulting protection were not complete.
Anyway, all the specimens subjected to the acid attack test clearly exhibited bands attributable to HAP
after the test (Figure 12), which confirms that the coatings are still present after exposure to acid.
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4. Conclusions

The results of the present study, aimed at assessing the feasibility of electrodepositing HAP
coatings over marble and evaluating the protective ability of the resulting coatings, allow to derive the
following conclusions:

• Electrodeposition of HAP over the marble surface can be obtained by placing the marble
sample close to the cathode. In these conditions, OH− groups formed near the cathode during
electrodeposition favor HAP formation, compared to the situation when no electric potential is
applied. Compared to simple increase in pH of the phosphate solution used as HAP precursor,
the local increase in OH− near the cathode has the advantage that precipitation of CaP in the bulk
solution and excessive film growth are prevented.
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• At short times (30 min and 1 h), electrodeposition has a significant effect in accelerating and
improving marble coverage by the new HAP coating. At longer times, the effect becomes less
evident, because HAP nucleation and growth take place even without electrodeposition.

• Among the two formulations investigated in this study (namely, a solution containing 0.1 M DAP
+ 0.1 mM CaCl2 in 30 vol.% EtOH and a solution containing 2 M DAP + 2 mM CaCl2 in 10 vol.%
EtOH), the less-concentrated one, containing a higher amount of ethanol, leads to formation of
more uniform coatings in a shorter time. This is possible thanks to the boosting effect of ethanol,
which is visible even without electrodeposition and which is further enhanced when electric
potential is applied.

• The HAP coatings formed by electrodeposition in the present most promising conditions (−2 V
for 3 and 6 h in the case of the less-concentrated solution and −1 V for 6 h in the case of the
more-concentrated one) provide some protective efficacy, even though the substrate dissolution is
not completely inhibited. In fact, pores are likely present in the electrodeposited coatings, which
reduces their protective efficacy and leads to cracking when the coating thickness is excessive.
Moreover, possible damaged parts (e.g., the areas near the edges) proved to have a not negligible
influence on the coating protective efficacy, which needs to be taken into account when designing
acid resistance tests.

All things considered, electrodeposition seems like a technique able to accelerate and improve
formation of HAP coatings over the marble surface, even though the resulting protective efficacy is
not complete yet. Electrodeposited coatings appear to be mainly composed of HAP, while presence of
other CaP was not evidenced. To ascertain the presence of pores in the coatings, further research is
needed, for instance observation of cross sections by FIB-SEM.
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