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 26 

Abstract 27 

Diammonium hydrogenphosphate (DAP) is a water soluble consolidant for decayed 28 

carbonatic materials of historical buildings. The reaction of DAP solutions with 29 

polycrystalline calcite of marbles is non-stoichiometric and forms a calcium phosphates 30 

mixture whose identification is tricky and controversial. This study investigated how the DAP 31 

molarity, the treatment method and the microstructure of the stone influence the formation of 32 

specific phases. Thermal treatments and cutting-edge techniques (XRD with synchrotron 33 

radiation in transmitting geometry and high resolution FTIR microspectroscopy) were used to 34 

overcome the analytical limits of the more conventional methods, shading light to an in depth 35 

evaluation of DAP consolidating processes and treatment conditions. 36 
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Manuscript 43 

1. Introduction 44 

Over the last few years, the use of diammonium hydrogenphosphate (DAP, (NH4)2HPO4) 45 

solutions has been introduced in the conservation field as a new inorganic-mineral treatments 46 

to consolidate or protect carbonatic stone materials of historical monuments. 47 

The DAP reaction with carbonatic substrates was investigated in terms of i.e.: compatibility 48 

with the substrate [1], durability [2], resistance to simulated rain [3] or to phototrophic 49 

colonization [4], desulfating agent [5,6]. 50 

The literature indicates that the reaction between DAP and calcite single crystals leads to the 51 

formation of hydroxyapatite (HAP, Ca5(PO4)3OH) [7,8], a stable and insoluble phase (Ksp 25 52 

°C: calcite 4.8 × 10−9 mol/L, hydroxyapatite 1.6 × 10−117 mol/L [9]). More complex is its 53 

reaction with carbonatic stones, because in this case it is non-stoichiometric and determines 54 

the formation of a mixture of phases with a different Ca/P molar ratio [10–12]. The detected 55 

phases after DAP treatments on carbonatic stone substrates are DCPD (brushite, 56 

CaHPO4·2H2O) [9,10], MCPM (monocalcium phosphate monohydrate, Ca(HPO4)2·H2O) [5], 57 

ACP (amorphous calcium phosphate, CaxHy(PO4)z·nH2O with n = 3–4.5) [10], MCPA 58 

(monocalcium phosphate anhydrous, Ca(HPO4)2), TCP (tricalcium phosphate, Ca3(PO4)2) and 59 

OCP (octacalcium phosphate, Ca8(HPO4)2·5H2O) [10,13]. However, Karampas & 60 

Kontoyannis [14] and C. Drouet [15] reported that the straightforward characterization of 61 

calcium phosphate phases is challenging due to the limits of a conventional analytical 62 

approach; as a consequence, they highlighted the need of new analytical protocols. In 63 

particular, one of the most critical issue is to define the most suitable method able to 64 

distinguish HAP from OCP, especially if they are poorly crystalline or crystallize in a mixture 65 
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[14,15]. The structure of OCP consists of apatite-like layers alternated with hydrated layers 66 

parallel to (100), deeply similar to HAP crystalline arrangement [16]; thus both of them give 67 

rise to severe overlapping of X-ray diffraction peaks and vibrational bands. 68 

DAP treatments can be performed without the addition of calcium ions or with an external 69 

calcium source by adding calcium soluble salts [10,17,18]. The first method imply a slow 70 

reaction with the substrate, which ideally favours a higher diffusion inside the substrate. The 71 

formation of phases depends on the specific surface area of calcite grains and the descending 72 

reactivity. The core idea of the second approach is to use calcium ions immediately available 73 

for the reaction, accelerating the formation of calcium phosphates and resulting in the quicker 74 

coverage of the marble surface with a film formation [17]. 75 

Despite the high number of studies on the crystallization of calcium phosphates and their 76 

formation on the surface of carbonatic substrates, only a few studies [10,19,20] explored the 77 

formation of calcium phosphate phases on marbles treated with DAP and using calcite of the 78 

substrate as unique source for calcium ions. 79 

For these reasons, the goal of this research is to determine how the crystallization of calcium 80 

phosphates on Carrara marble after DAP consolidating treatments is influenced by the stone 81 

substrate (micro-structural variations due to the conservation state) and by the treatment 82 

method (application technique and DAP solution molarity) without using a further calcium 83 

source. In this study, a set of quarried and decayed Carrara marble specimens were treated 84 

with different method using DAP solutions of different molarities. Commercial powders of 85 

calcium phosphates were used as references; OCP, a metastable phase not available for sale, 86 

was synthesized and the structure of the obtained poly-crystalline material was refined by the 87 

Rietveld method using high quality X-ray synchrotron powder diffraction data. To 88 

unambiguously characterize the formation of newly-formed phosphate phases with similar 89 

crystalline structure in multi-phase mixture and their arrangement on the marble surface, an 90 
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ad hoc multi-analytical approach was developed combining conventional and cutting-edge 91 

techniques (XRD with synchrotron radiation in transmitting geometry, high resolution FTIR 92 

microspectroscopy). Moreover, thermal treatments were performed to unequivocally 93 

demonstrate the presence of the newly-formed HAP, overcoming the analytical limits of the 94 

more conventional methods. 95 

 96 

2. Materials and methods 97 

2.1. Materials 98 

The study was performed on prismatic specimens (5x5x2 cm) of quarried white Carrara 99 

marble (a compact metamorphic carbonatic stone with homogeneous texture and 100 

composition); part of them was artificially decayed (heating ramp up to 200 °C for 3 hours), 101 

in order to induce micro-structural variations and grain detachment and to simulate naturally 102 

weathered marbles. 103 

DCPD (CAS Number 7789-77-7, assay ≥ 98.0%, reagent grade), HAP (CAS Number 1306-104 

06-5, reagent grade), DAP (CAS Number 7783–28-0, assay ≥ 99.0%, reagent grade) were 105 

purchased by Sigma-Aldrich. 106 

OCP, not available on sale, was synthesised at our laboratory, with a modified LeGeros 107 

procedure [21]. The reagents for OCP synthesis were purchased by Merck, Darmstadt 108 

Germany: NaH2PO4·H2O (CAS Number 10049-21-5, assay ≥ 99.0%, reagent grade), 109 

Ca(CH3COO)2·xH2O (CAS Number 62-54-4, assay ≥ 99.0%, reagent grade), HCl. 250 mL of 110 

0.04 mol/L NaH2PO4·H2O (pH adjusted at 4.50 by the addition of 6.45 mL of 1 mol/L HCl 111 

solution) were added drop wise with a speed of 1.39 mL/min in quiescent 250 mL of 0.04 112 

mol/L Ca(CH3COO)2·xH2O at 70 °C (± 1°C). At the end of the reaction, the pH was 4.28. The 113 

solid precipitated was kept in contact with the mother solution for 20 minutes; after that, it 114 
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was isolated by filtration, rinsed with deionised water and dried at room temperature. The 115 

nature of the precipitate was checked with a structure refinement by the Rietveld method 116 

using the X-ray synchrotron powder diffraction pattern (further details in the section 2.2.2). 117 

The high-quality refinement (R(F2) = 0.0435, wRp = 0.0588) confirmed the formation of 118 

monophasic OCP with a triclinic structure (space group: P-1), with unit-cell parameters: a = 119 

19.677(5) Å, b = 9.533(3) Å, c = 6.835(2) Å, α = 90.14(3) °, β = 92.55(4) °, γ = 108.31(3) °, V 120 

= 1215.7(4) Å3, in good agreement with the data previously reported in the literature [16,22]. 121 

The marble specimens were treated by poultice and capillarity with two different molarities 122 

(0.76 M and 3.00 M) of DAP aqueous solutions. The 0.76 M concentration corresponds to a 123 

10% w/w and it was selected on the basis of previous experiments [10] and on the in situ DAP 124 

consolidating practice [23]; the choice to include also 3.00 M concentration was suggested by 125 

the literature [13], where this value was used to obtain the formation of a thicker layer of 126 

calcium phosphates. After 24 hours, the treatments were removed and the specimens were left 127 

drying at room temperature for 24 hours; at complete drying, the specimens were rinsed twice 128 

by immersion in MilliQ water and dried again. 129 

 130 

2.2. Methods 131 

2.2.1. Scanning electron microscopy coupled with energy dispersive X-ray spectrometry 132 

Morphological investigations of the newly-formed phases formed on marble were performed 133 

in low and high vacuum mode by JEOL 5910 LV scanning electron microscope (SEM) 134 

coupled with energy dispersive X-ray spectrometer (EDS) IXRF-2000 (0–20 keV). The shape 135 

of newly-formed crystalline phases has been investigated by zenithal observations of the 136 

surface of treated specimens; the growth of the phases from the surface, the action of the 137 
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treatment on calcite and the arrangement of the new phases on the substrate have been 138 

analysed on cross sections. 139 

 140 

2.2.2. X-ray powder diffraction techniques 141 

The XRD pattern of references (commercial calcium phosphates and Carrara marble) were 142 

investigated in Bragg-Brentano geometry with a Panalytical X'Pert PRO X-ray powder 143 

diffractometer (XRD), equipped with a Cu-Kα radiation source (λ ∼ 1.54 Å), a PW 3050/60 144 

goniometer, anti-scatter slit and divergence slit (1° and 1/2° respectively), a PW3040/60 145 

generator and a X'Celerator solid state detector PW3015/20 nickel filtered. The accelerating 146 

voltage and electric current at the Cu anode were set to 40 kV and 40mA, respectively. 147 

Powdered samples were finely ground and spread on zero background holders. Diffraction 148 

data were collected at room temperature (rT, 25 °C) and after heating treatments (250 °C and 149 

850 °C) in the angular range 3°–75° 2ϑ, with a stepsize of 0.17° and scan-step time of 21.32 s. 150 

The X-ray diffraction patterns of synthesized OCP and of calcium phosphates formed after 151 

DAP treatments were collected at the ELETTRA Synchrotron facility, Trieste (Italy) in order 152 

to investigate the presence of minor phases and to discriminate slight differences between 153 

similar crystalline structures. The experiments were performed in transmission mode at the: 154 

- XRD1 beamline [24]: measurements of the synthesized OCP. The diffraction data 155 

were collected with a monochromatic wavelength of λ = 0.700784(6) Å, using a 156 

Pilatus 2M hybrid-pixel area detector at rT and after heating treatments (250 °C and 157 

850 °C). The investigation of the synthesized OCP with a synchrotron radiation was 158 

required to: i) perform a structural refinement by the Rietveld method; ii) assess the 159 

absence of apatite, as minor phase, and consequently to validate the synthesis route; 160 
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iii) investigate the phase transformation induced by heating and detect low fraction or 161 

secondary phases as thermal by-products. 162 

- MCX beamline [25]: measurements of calcium phosphates formed after DAP 163 

treatments scratched from the marble surface. In-situ diffraction data were collected 164 

with the high-resolution four circles Huber diffractometer from rT to 900 °C using a 165 

gas blower (Oxford Danfysik DGB-0002) with a heating ramp speed of 5 °C/min, to 166 

investigate the phase transformation in response to heating. The X-ray diffraction 167 

patterns were collected at specific temperatures where phase transitions are expected 168 

(250 °C, 750 °C, 850 °C). Additional patterns were collected at 100 °C, 500 °C, at 900 169 

°C and after cooling to rT. The diffraction patterns were collected using a focalized 170 

monochromatic beam of λ = 0.885227(6) Å in the 2ϑ angular range of 1.5 – 50°, with 171 

a step size of 0.01°. 172 

A whole pattern profile fitting of the diffraction data was performed by the Rietveld method, 173 

using the GSAS package (http://www.ccp14.ac.uk/solution/gsas/; profile function: pseudo-174 

Voigt, background function: Chebyshev polynomial). 175 

2.2.3. High resolution ATR-FTIR microspectroscopy 176 

ATR µFT-IR measurements of calcium phosphates were carried out in order to investigate the 177 

microscale distribution of crystalline phases with a LUMOS standalone FT-IR microscope 178 

(Bruker OptikGmbH), equipped with a motorized XYZ sample stage and automated Ge-ATR 179 

probe (tip diameter about 100 µm), driven by a piezo, included into the 8x cassegrain 180 

objective (NA = 0.6). Considering the Ge refractive index value (4), the theoretical lateral 181 

resolution of about 1 µm [26] was obtained collecting the spectra with a 4.0 x 4.0 µm2 182 

aperture, step size (along x and y) around 3.5 µm, 16 or 32 scans and different ATR pressure 183 

(low, medium, high). The data were treated with the OPUS-IR™ software (Bruker Optik 184 

GmbH, version 7.5). 185 
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 186 

3. Results and discussion 187 

3.1 Analysis of the newly-formed phases 188 

After DAP treatments, the surfaces of all the specimens show the formation of calcium 189 

phosphates (Ca and P clearly detected by EDS) with different morphologies (rose-like with 190 

irregular contours, spherical units or aggregates of spherical units in elongated arrangements, 191 

plate-like blades) arranged in a shell around calcite grains and between grain boundaries. 192 

Moreover, some specimens exhibit further calcium phosphate crystals grown over the shell. 193 

Here, the shell and the calcium phosphate crystallized over the shell are called “newly-formed 194 

system” (Fig. 1a-1d). 195 

In all the specimens, the XRD patterns of the shell, collected with a conventional instrument 196 

and by using a synchrotron radiation to improve the signal intensity, show the characteristic 197 

Bragg peaks of OCP in mixture with calcite (Fig. 2a and Fig. 2b). The XRD peaks of calcite 198 

are due to the presence of calcite grains detached during the treatment and embedded in the 199 

shell, as shown in Fig. 1b. The XRD peaks of OCP at 18.56 Å (d100), 9.36 Å, 9.03 Å and 5.49 200 

Å are broad, weak and with relative intensities slightly different from the synthesized 201 

reference material, suggesting that this phase is probably formed as sub-micrometric crystals 202 

or contains structural defects and vacancies. The presence of HAP in these XRD patterns is 203 

ambiguous. Two peaks, corresponding to inter-planar distances of 3.42 Å and 1.71 Å 204 

(indicated in Fig. 2a by the dotted lines), could be attributed to HAP. However, the severe 205 

overlap of OCP and HAP diffraction patterns (due to the close relationship between the two 206 

structures) prevents the univocal identification of HAP. 207 

The spectra acquired by high resolution ATR-FTIR microspectroscopy of references powders 208 

of OCP and HAP permit to clearly distinguish the two phases by the characteristic vibrations 209 
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in the fingerprint region of PO4
2− groups [27] and HPO4

2− groups [28–30]. However, even 210 

with this technique, it is not possible to unequivocally identify HAP in the shell because all 211 

the acquired spectra reveal hybrid vibrational patterns between HAP and OCP that can be 212 

considered the convolution of vibrational features of the two phases (Fig. 3a and Fig. 3b, 213 

spectrum 1 and 2); this ambiguity persists down to the microscale, as demonstrated by the 214 

spectra collected on areas of 1x1 µm2. These findings indicate that OCP and the not well 215 

defined apatites are not formed as single, crystalline, micrometric individuals but, instead, 216 

they are most likely formed as sub-micrometric multiphase mixture. Furthermore, the 217 

detection of CO3
2- vibrational bands at 1460 cm-1, 1399 cm-1 and 868 cm-1 suggest the 218 

formation of carbonate-substituted non-stoichiometric apatite, with the typical surface layers 219 

hosting groups such as CO3
2-, HPO4

2- instead of PO4
3- [27,31]. Therefore, the shell consists by 220 

a complex mixture of sub-micrometric non-stoichiometric phases due to their nucleation in a 221 

not ideal reaction environment.  222 

Over the shell, the composition of newly-formed phases depends on the molarity of the 223 

solution. In fact, after 3.00 M DAP treatments, spherical aggregates of thin, rose-like blades 224 

are formed over the shell and they are composed of OCP, calcite and ambiguous HAP (Fig. 225 

1c, Fig. 2a and Fig. 2b). Instead, the 0.76 M DAP solutions form acicular plate-like crystals 226 

(Fig. 1d) heterogeneously distributed over the shell; these crystals are composed of DCPD, as 227 

clearly identified with high resolution ATR-FTIR microspectroscopy by the marker HPO4
2- 228 

vibrations at 1125 cm-1, 1051 cm-1, 985 cm-1 [14,27] (Fig. 3a and Fig. 3b, spectrum 3) and 229 

confirmed by a very weak XRD peak (Fig. 2a and Fig. 2b). 230 

DCPD is an acid calcium phosphates, it has a Ca/P molar ratio of 1.00 and its growth is most 231 

likely due to two simultaneous factors: the Ca/P molar ratio [5,32] and the decrease of pH of 232 

the solution. Its nucleation requires the availability of HPO4
2- groups and a low Ca2+ 233 

concentration. The DAP speciation in water leads to the formation of a much higher amount 234 
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of HPO4
2- ions, compared to PO4

3-ions [20], therefore its formation seems to be favoured 235 

during the reaction, alongside HAP. Actually, its crystallization also requires an acidification 236 

of the solution, conditions not suitable for the formation of OCP and HAP. Such reaction 237 

conditions probably occur in the final steps of the reaction of 0.76 M DAP solutions, when the 238 

pH decreases, due to the release of H+ from the reagent speciation, and slows the HAP and 239 

OCP formation (phases preferentially formed under basic or neutral conditions [11]). The 240 

decrease of pH, combined to the crystallization of OCP and HAP (which consume Ca2+ and 241 

PO4
3- ions), actually favours the formation of DCPD. At the same time, the growth of the shell 242 

starts to represents a barrier for the release of further Ca2+ ions from the marble substrate, 243 

which further inhibit the formation of phases with high Ca/P molar ratio. Moreover, since the 244 

0.76 M DAP solutions have a “reduced capability” to dissolve Ca2+ ions, the treatments with 245 

this molarity are definitely less aggressive on the stone substrate and, for this reason, the shell 246 

is well adherent to the substrate. On the contrary, since 3.00 M DAP solutions dissolve a high 247 

amounts of Ca2+ ions from the substrate, these treatments are more aggressive on the 248 

substrate, calcite shows deep corrosion marks and the shell, thicker than those of 0.76 M 249 

solutions, is evidently detached from the substrate. 250 

The thickness of the newly-formed system, as demonstrated by measurements carried out on 251 

polished cross sections, is strongly influenced by the treatment methods. In fact, poultice and 252 

capillarity are characterized by a different contact at the interface between the marble and the 253 

thickener (either cellulose pulp or paper filter): the cellulose pulp provides a continuous 254 

contact not allowing a “free growth” of calcium phosphate crystals; for this reason the newly-255 

formed system is thin (2-10 µm). On the contrary, with capillarity the contact shows several 256 

vacancies determining the occurrence of gaps with a certain amount of free solution without 257 

spatial limitations. As a consequence, the newly-formed system is thicker (10-20 µm). 258 
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The stone microstructure influences the thickness of the newly-formed system as well. The 259 

decohesion of weathered substrates determines a higher porosity, and consequently higher 260 

specific surface area and reaction rate; therefore the newly-formed system is slightly thicker 261 

for decayed specimens. 262 

 263 

Fig. 1. SEM images of calcium phosphates formed after DAP treatments: (a) surface of marble showing the 264 

newly-formed calcium phosphate phases after 3.00 M DAP treatment; (b) polished cross section of calcium 265 

phosphates newly-formed system which embeds calcite grains detached during the 3.00 M DAP treatment; (c) 266 

spherical structures formed over the shell after 3.00 M DAP treatments; (d) acicular plate-like crystals formed 267 

over the shell after 0.76 M DAP treatments. 268 
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 269 

Fig. 2. XRD patterns of calcium phosphates formed on specimens treated by 3.00 M (pattern 1) and 0.76 M 270 

(pattern 2) DAP solutions: (a) calcite peaks (CC) embedded in the calcium phosphate shell and peaks compatible 271 

with HAP (dotted lines); (b) formation of OCP and a mixture of OCP and DCPD. 272 

 273 

Fig. 3. (a) SEM image of the newly-formed system; (b) FTIR spectra of the calcium phosphates shell (spectra 1 274 

and 2) and DCPD acicular platelets in characteristic anisotropic plate-like aggregates (spectrum 3) crystallised 275 

over the shell after 0.76 M DAP treatments. 276 

 277 

3.2 Confirm of HAP formation by thermal treatments 278 

OCP has been described as a precursor in the formation of HAP [33] and it is highly likely 279 

that OCP acts as growth seeds on the calcite grains for the nucleation of HAP. 280 
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For this reason, a set of thermal treatments were carried out to demonstrate the presence of 281 

HAP in the newly-formed system since heating is proved to be an effective approach to 282 

discriminate phases which exhibit similar crystalline structure at room conditions 283 

[14,30,34,35]. This procedure was performed first on references and then on the calcium 284 

phosphates of the newly-formed system. 285 

Heating of synthesized OCP at 250 °C leads to the first phase transition with the formation of 286 

an amorphous phase. The OCP main transformation occurs after heating at 850 °C, when the 287 

amorphous-apatite/collapsed-OCP is completely transformed into a mixture of β-TCP (β-288 

Ca3(PO4)2) and β-CPP (β-Ca2P2O7) [30,35,36]. The calculated ratio of the phases, as resulted 289 

from the Rietveld refinement, is: 66.8 wt % and 33.2 wt % of β-TCP and β-CPP respectively, 290 

in agreement with literature data [30]; these findings basically validated the synthesis route.  291 

Heating of commercial HAP showed no detectable phase changes until 750 °C; from 850 °C 292 

the XRD and FTIR spectra revealed the formation of very sharp peaks of β-TCP and HAP 293 

[14,34,37], with β-TCP predominant respect to HAP. The growth of sharp peaks is due to the 294 

increase, with heating, of the crystallinity degree of poorly-crystalline HAP, while the 295 

formation of β-TCP is due to the presence of “impurities”, such as HPO4
2− or CO3

2− in the 296 

commercial HAP. The formation of a relevant amount of β-TCP indicates that this reference 297 

material is poorly-crystalline and non-stoichiometric. On the contrary, the heating of poorly-298 

crystalline stoichiometric HAP should not produce any heating by-product (i.e. β-TCP) but 299 

only the increase of the crystallinity degree [14,37]. For the characterization of the newly-300 

formed system, the XRD peaks corresponding to the d spacing of 2.81 Å, 2.77 Å, 2.71 Å and 301 

2.62 Å were used as HAP markers as they do not present significant superimposition with 302 

other phases. 303 

Since the references showed that the main transformation occurred at 850 °C, the following 304 

discussion focuses on the phase transformation occurred above 850 °C. 305 
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Fig. 4a shows the pattern of thermal treatments performed on a newly-formed system and it is 306 

representative of the results obtained in all the specimens. In the range between 850 °C and 307 

900 °C, the broad weak band between 2.90 Å and 2.62 Å changes into a sequence of sharper, 308 

well-defined peaks centred at 2.84 Å, 2.80 Å, 2.75 Å and 2.65 Å. These peaks, as well as the 309 

sharper peaks at 8.22 Å, 3.47 Å and 2.28 Å, are unambiguously attributed to the crystallinity 310 

increase of HAP above 850°C that minimizes the overlap with the other phases. Therefore, 311 

the initial presence in the newly-formed system of nano-crystalline non-stoichiometric HAP is 312 

definitely confirmed in every specimen (Fig. 4b). The formation of β-TCP is documented by 313 

the peaks at 3.20 Å, 2.86 Å, 2.33 Å, 2.15 Å and 2.03 Å, even though they are very weak. β-314 

TCP is the transformation product of both OCP and non-stoichiometric apatite, and after 315 

heating of the newly-formed system it is rather scarce; these data indicate that in the original 316 

newly-formed system i) OCP and non-stoichiometric apatite (such as carbonate-substituted 317 

apatite detected by FTIR) were only minor phases; ii) HAP, the main phase, was mainly 318 

poorly-crystalline or nano-crystalline but stoichiometric. 319 

 320 

Fig. 4. XRD patterns of the calcium phosphate newly-formed system: (a) acquired in-situ during the thermal 321 

treatments, showing the transformation of the broad band between 2.90 Å and 2.62 Å into a sequence of sharper, 322 

well-defined peaks of HAP centred at 2.84 Å, 2.80 Å, 2.75 Å and 2.65 Å. Weak β-TCP peaks and peaks of 323 

residual calcite (CC) are also present; (b) comparison of the heated newly-formed system after cooling to rT and 324 

commercial HAP. 325 
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4. Conclusions 326 

The nature and the arrangement of the newly-formed phases after DAP treatment on Carrara 327 

marble were properly characterized through the development of a comprehensive multi-328 

analytical approach. X-ray diffraction with synchrotron light in transmitting geometry and 329 

thermal treatments were used to investigate the presence of HAP overcoming some analytical 330 

limits of the more conventional methods. The potentialities of high lateral resolution ATR-331 

FTIR microspectroscopy have been assessed for the unambiguous identification of DCPD and 332 

minor phases (i.e. carbonate-substituted apatite).  333 

The experimental findings of this study clearly showed that DAP consolidating treatments 334 

performed on massive Carrara marble specimens form a newly-formed system of calcium 335 

phosphates that depends on the DAP molarity, the treatment method and the microstructure of 336 

the substrate. In general, the composition and the localization of the phases, as well as the 337 

thickness of the newly-formed system, directly depend on the availability of free Ca2+ ions and 338 

on the reaction kinetics. 339 

The formation of hydroxyapatite in a poorly-crystalline or nano-crystalline stoichiometric 340 

form is unambiguously demonstrated by thermal treatments. OCP, non-stoichiometric apatite 341 

and DCPD are only minor phases. 342 

From the conservation point of view, even though DCPD is more soluble than HAP and OCP, 343 

its formation in heterogeneously distributed aggregates is highly positive because: i) it can be 344 

considered a further sacrificial phase for the protection of the treated surfaces from 345 

environmental agents; ii) DCPD is a precursor in the formation of apatite and it tends to 346 

transform into HAP by dissolution and re-precipitation processes; iii) the formation of DCPD 347 

reflects a minor chemical attack on the substrate.  348 

 349 
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