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Abstract
It has been demonstrated that treatment with a solution of diammonium hydrogen
phosphate (DAP) provides effective consolidation of limestone by deposition of hydroxyapatite (HAP) (Sassoni et al. 2011a, 2011b). In this paper, the same reaction is
used to protect marble from dissolution in acid. This is analogous to the use of oxalate
films (Doherty et al. 2007), but HAP has a much lower solubility than oxalate and a
dissolution rate that is four orders of magnitude slower than calcite (Naidu et al. 2011).
By reacting DAP with marble in ambient conditions, porous HAP films with thicknesses
between 5 and 20 microns are obtained within 1-7 days. The effect of surface roughness,
precursor concentration, precursor choice, external cationic and anionic additions and
pH on film growth and porosity are discussed. The performance of these films in acidic
conditions, as well as the adhesion and mechanical strength of the films have been investigated. The DAP-treated stones offer significant protection over the untreated stones
in acidic conditions.
Keywords: diammonium hydrogen phosphate, dissolution rate, porosity, film growth,
pH, calcium phosphates
1.

Introduction
Marble has been used extensively for centuries to create sculptures and monuments
such as the Parthenon, the statue of David and the Taj Mahal. It is a metamorphic stone,
composed of the mineral calcite, that is essentially non-porous and hence not susceptible
to many weathering processes that plague limestone, such as damage from ice and salt
crystallization. However it is a relatively soluble mineral, so the major threat to these
precious monuments is attack by acid rain (Winkler 1997).
With the onset of industrialization, the concentration of sulphur dioxide and nitrogen oxides in air increased significantly. In the presence of rainwater, these pollutants
form sulphuric acid, which reacts with calcite to make gypsum, CaSO4.2H2O (1), and
nitric acid, which reacts with calcite to make highly soluble Ca(NO3)2 (2):



CaCO3 +H 2SO4 +H 2O ® CaSO4 ×2 H 2O+CO2 





CaCO3 +2 HNO3 ® Ca ( NO3 )2 +H 2O+CO2 



The rates of these reactions increase with proton concentration and hence as the pH of
rain decreases. In highly polluted areas, the pH of rain can be as low as 4.
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Recently, research has been directed towards finding ways to chemically modify
the surface of marble to reduce its dissolution in acid. One promising treatment, investigated by Matteini et al. (1994), was to form a calcium oxalate film on marble. However,
tests showed that the oxalate layer had not formed uniformly on calcite (Doherty et al.
2007) and the treatment was not entirely effective. We believe that this could be due to
the high solubility of calcium oxalate (not much lower than calcite) and the difference in
crystal structure between calcite and calcium oxalate, which could inhibit nucleation on
the substrate (Table 1).
The research on oxalate was the motivation for investigating the use of hydroxyapatite (HAP) as a surface-protective coating. Hydroxyapatite, Ca10(PO4)6(OH)2, is the
main inorganic constituent of tooth enamel and bone (Johnsson et al. 1992). The advantage of using HAP over calcium oxalate is that HAP has a similar crystal structure
and close lattice match to calcite (Table 1). This should favor nucleation of HAP on
calcite, and might permit formation of a coherent layer of HAP on the surface of marble.
Table 1: Lattice parameters and solubility products of calcite, HAP and calcium oxalate (Nancollas et al. 1974; Lide 1999; Dorozhkin 2009; Brady 1996; Harouiya et al. 2007)

Mineral
Calcite (2x)
Hydroxyapatite
Calcium oxalate (2x)

a (Å)

b (Å)
9.98
9.43
12.58

Ksp (250C)

c (Å)
9.98
9.42
29.16

33.82
6.88
20.32

3 x 10-9
3 x 10-59
2 x 10-9

HAP has a much lower solubility (Table
1) and dissolution rate (Figure 1) than
either calcite or calcium oxalate, thus
having the ability to confer tens of years
of protection in acidic environments, with
a dense coating of only about 10 µm.
There has been extensive investigation of HAP synthesis in the biomedical
field, using extreme conditions including
high pressures and temperatures and
complicated techniques (Osaka et al.
1991; Brendel et al. 1992; Yoshimura et
1994). However, we have found that

al.

Figure 1. Dissolution data for calcite (Brady HAP can be synthesized from mild wet
1996) and apatite (Harouiya et al. 2007)
chemical routes, and our aim is to investi-

gate the feasibility of forming a lowsolubility, dense film of HAP on calcite using non-toxic aqueous precursors at ambient
temperature and pressure.
The performance of HAP has already been proven in restoring the strength of
weathered limestone (Sassoni et al. 2011a, 2011b). Other workers have also investigated
the use of HAP as a consolidant (Yang et al. 2011; Liu et al. 2011; Matteini et al. 2011).
In this paper, we discuss its use as a surface-protective layer for marble to reduce its
dissolution in acid. This treatment offers the following advantages: (a) noticeable retar2
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dation of the stone’s dissolution rate in acidic conditions, (b) simple, non-toxic and ambient chemistry involved and (c) visually unaltered appearance of the stone.
2.

Experimental Procedure
Diammonium hydrogen phosphate (DAP) was used as solution precursor for the reaction to form HAP. The reaction between calcite and DAP is essentially a dissolution/precipitation process and is expected to proceed via the following mechanism (Kamiya et al. 2004):
10CaCO3 + 5(NH4)2HPO4 → Ca10(PO4,CO3)6(OH,CO3)2 + 5(NH4)2CO3 + 3CO2 + 2H2O
2.1 Wet chemical synthesis
DAP was obtained from Sigma-Aldrich (≥ 99.0%, CAS No. 7783-28-0). Carrara
marble samples were obtained from Pasvalco (Closter, NJ, USA). The marble samples
were cut using a diamond saw. Cubes of marble with dimensions 0.5 x 0.5 x 0.5 cm
were placed in 250 ml beakers and reacted with DAP solutions via wet precipitation.
Each cube was left in a sealed beaker with 100 ml of solution for a set time period, then
removed, washed with demineralized water and left to dry at room temperature for 24
hours, before film characterization and testing were conducted.
2.2 Effect of changing variables (temperature, time, concentration)
To prepare dense coatings for acid resistance, the variables explored were reaction
temperature (20-105 0C), phosphate concentration (1 mM to 2 M) and reaction time (1
hour to 7 days). The source of phosphate was also varied. Using 1 M ammonium dihydrogen phosphate resulted in soluble brushite (CaHPO4.2H2O) films, which will be discussed in a later publication. All of the results reported here were obtained with DAP.
2.3 Ionic additions
In the experiments described in section 2.1, the underlying substrate was the calcium source for film growth. This is counter-productive, as the purpose of the reaction is
substrate protection, not substrate removal. The continuous removal of calcium ions
from the stone is believed to create channels through the film, from the substrate to the
film-solution interface, thus creating permanent porosity (Kasioptas et al. 2008). To
suppress this dissolution and increase film density, cationic (1 mM CaCl 2) and anionic
(15, 50 and 150 µM (NH4)2CO3) additions were investigated. The calcium and carbonate
salt solutions were added to stirred DAP very slowly to avoid precipitation in solution.
The cubes were reacted as detailed in section 2.1.
2.4 Characterization
An environmental scanning electron microscope (ESEM) (FEI Quanta-200 FEG)
was employed to observe microstructural changes on the sample surface. The instrument
is capable of producing high-resolution images in gaseous environments, which rendered sample pre-coating unnecessary. Energy dispersive X-ray spectroscopy (EDX) in
the ESEM was used to detect the phosphorous in films. It was also used to confirm absence of unreacted DAP or ammonium salt in the film. To determine film thickness and
assess porosity, cross-sectional profiling was performed on cubes coated with epoxy and
polished with alumina (down to 1 µm grit on an Allied Multi Prep Polisher) to expose
3
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the cross-section. These were then examined under the ESEM and elemental profiling
was conducted using EDX. X-ray diffraction (XRD) (Bruker D8 Discover X-Ray Diffractometer) was employed to identify the crystalline phases present in the films, as it
distinguishes between HAP and other calcium phosphate phases.
2.5 Acid resistance
As the reaction between stone and acid proceeds, dissolved hydrogen ions in solution are taken up to form water, so the pH increases. This increase was monitored for
bare and HAP-coated samples of marble. Rectangular samples of 2 x 1 x 0.5 cm were
cut and reacted as outlined in sections 2.1-2.3, then placed in 250 ml stirred beakers
containing 200 ml HNO3 with starting pH 3.5. These were reacted for 10 hours, the time
required for the HNO3 to reach neutral pH when reacting with bare calcite. Continuous
monitoring of pH was conducted using CyberComm Professional data-logging software.
3.
3.1

Results
Effect of temperature, time, and concentration
Samples treated at 105 0C, 60 0C and room temperature (RT) followed a similar
sequence of nucleation, growth and coarsening, with the reaction rate decreasing as
temperature decreased. Reaction at 105 0C resulted in a coherent coating with full substrate coverage within a few hours; while samples reacted at RT took a day or more. At
RT, the reaction rate increased with DAP concentrations (1 mM to 2 M). Nucleation
occurred at scattered points on the stone and the coating spread out from those points to
cover the entire substrate. The coatings appeared porous and the crystal morphologies
were needle-like, with eventual coarsening to smoothen and completely cover the underlying substrate, as shown in Figure 2. At 0.5 M to 2 M, dense films formed between 1
and 7 days, while at lower concentrations (0.1 M and below), it took a few weeks to a
month for complete surface coverage.
EDX analysis confirmed that the films contained phosphorous (Figure 3). Peaks
indicating presence of precursor solution and contaminants were not detected. XRD
confirmed HAP was obtained (Figure 4). No peaks for soluble metastable phases were
observed.

Figure 2. 1 M DAP reaction for two time periods (mag. bar: 10 µm) showing structural evolution
of the film.
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Figure 3. EDX peaks (right) for calcite reacted in 1 M DAP for 24 hours (left)

Figure 4. XRD peaks for bare calcite and DAP-treated calcite with different variables

3.2 Ionic additions
Addition of 1 mM CaCl2 to 1 M DAP increased the rate of reaction and resulted in
complete surface coverage within 24 hours of reaction. EDX analysis confirmed the
presence of phosphorous and a very small amount of chloride (which may be incorporated into the HAP crystal).

Figure 5. Effect of 15, 50, 150µM (NH4)2CO3 with 1 M DAP + 1 mMCaCl2 after 24 hours (mag.
bar:10 µm)
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Additions of 15, 50 or 150 µM of (NH4)2CO3 to 1 mM CaCl2 and 1 M DAP (24
hours) revealed a similar level of coverage as the 1M DAP + 1 mM CaCl2 reaction, but
slightly different film morphology, compared to layers made from 1M DAP + 1 mM
CaCl2 and 1 M DAP alone (Figure 5).
Cross-sectional analyses of the films with calcium (Figure 6) and carbonate additions revealed seemingly dense profiles of approximately a 10-µm thickness after 24
hours reaction. X-ray analysis revealed HAP formation and no soluble metastable calcium phosphate phase.

Figure 6. Cross-sectional images and elemental profiles of stone reacted with DAP + CaCl 2. Profiles show calcium (top), phosphorous (middle), carbon (bottom) counts across the film.

3.3 Acid resistance
The time-dependence of the pH was measured for bare calcite and samples treated
in 1M DAP, 1M DAP + 1mM CaCl2, 1M DAP + 1mM CaCl2 + 150 μM (NH4)2CO3 and
2 M DAP and the results are displayed in Figure 7. Treated samples displayed slower
pH increases with time, indicating slower acid attack. After 10 hours, the pH of all samples approached 7 and the rate of change became very slow.
4. Discussion
4.1 Effect of different variables (temperature, time, concentration)
The reaction rate increased with temperature, as expected. At room temperature, for 1 M
and 2 M DAP, 24 hours of reaction time was sufficient for complete coverage of substrate, while at lower concentrations (1-500 mM), it took 7 days to 1 month for complete
coverage. A phosphorus peak in EDX indicates the presence of a calcium phosphate
phase. No nitrogen peaks were observed, which excludes deposition of ammonium carbonate salts and unreacted DAP. XRD confirmed HAP and some octacalcium phosphate, which are both desirable, due to their extremely low solubilities (Johnsson et al.
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1992). None of the more soluble calcium phosphate phases, including brushite, were
detected in XRD analyses.

Figure 7. Acid attack comparison of three samples at pH (initial) = 3.5. The time for the pH of the
solution to rise from 3.5 to 4 is about 3 times as long for the samples treated with DAP.

4.2 Ionic additions
Calcium chloride salt addition enhanced the overall coverage and smoothening (resulting in lower surface area). Cross-sectional profiles showed dense layers close to the
substrate, but flowery structures at the growth site (i.e., the film-solution interface). The
film thickness after 24 hours of reaction was ~10 µm, which if the film were dense,
would confer years of protection against acid attack in an environment of pH 4. The
effect of ammonium carbonate was more ambiguous. Although SEM images revealed
greater and faster coverage with the carbonate addition, there was less smoothening (and
higher surface area) in the 1 M DAP + 1 mM CaCl2 + 150 µM (NH4)2CO3 compared to
1 M DAP + 1 mM CaCl2. The visual appearance of films with carbonate salt additions
was similar to that of films with only calcium salt additions, in terms of thickness and
structure near the substrate and at the film-liquid interface. Nevertheless, preliminary
tests indicate improved acid protection from the coatings made with carbonate additions;
further tests of this effect are underway.
4.3 Acid resistance
The rate of change of the pH was slower for samples coated with HAP than for the
bare stone. Given the extremely high surface areas of the films available for acid attack,
particularly at the growth surface, one would expect the pH of the film to rise very
quickly; however, the rate was lower than for the bare stone, which had a significantly
lower surface area. If the surface areas of the films were lower (i.e., if they were free of
needle-like structures) and in the absence of porosity, the pH increase would likely be
much lower than what was observed. Hence from these preliminary results, HAP films,
particularly those synthesized from mixtures of DAP and CaCl2, appear to have provided some enhancement of acid resistance. These tests are very conservative, given that
the most aggressive pH found in field conditions is ~4, so substantially greater protection is expected at more realistic levels of acidity.
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5.

Conclusions
Dense HAP coatings can be grown on marble substrate in as little as 24 hours, using aqueous solutions of DAP. The rate of reaction is increased and the porosity of the
films is decreased by the addition of calcium and carbonate salts. Films tested in the lab
have demonstrated acid resistance in highly acid environments, and are expected to
show even greater protection under less aggressive acidity and with reduced surface
area. The films have also demonstrated good strength and adhesion to the calcite substrate (which will be discussed in a future publication).
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