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Abstract 

Inorganic consolidants, such as ethyl silicate, nanolime and ammonium oxalate, have proven 

to be effective for certain materials, but each has its drawbacks. This has recently led to the 

investigation of hydroxyapatite (HAP) as a novel inorganic consolidant, which demonstrated 

excellent performance on carbonate stones. Considering that a mineral that matched calcite 

crystal lattice parameters even more closely than HAP would be expected to provide a 

consolidating action even greater than HAP, in this study aluminum phosphate (AP) was 

investigated as a potential new consolidant. Indeed, AP has lattice parameters differing from 

those of calcite by only 1%. The consolidating ability of AP was preliminarily investigated 

here in comparison with HAP. Both treatments were tested on artificially weathered marble 

samples, in the view of their application for conservation of sugaring marble. A novel method 

is also proposed for producing samples with near-surface damage similar to that of sugaring 

marble in the field. The results of the study point out that the novel weathering method is able 

to provide samples with tailored gradient in dynamic elastic modulus, closely resembling 

naturally sugaring marble. The AP treatment was found to significantly improve the dynamic 

elastic modulus of weathered marble, at least as efficiently as the HAP treatment investigated 

in this study. This confirmed the high potential of AP as a new inorganic consolidant.  

 

 

1. Introduction 

 

Consolidation is often needed to restore mechanical properties of stones used in historic 

masonry and decorative architectural elements, which undergo deterioration because of 

chemical-physical processes (such as freezing-thawing cycles, salt crystallization, swelling of 

clays). Organic consolidants, such as acrylic and epoxy resins, were widely used in the past, 

because of their good adhesive properties and strengthening ability. However, their behavior 

over time has proven to be substantially unsatisfactory, because of their tendency to change 

color, their sensitivity to UV light and their generally low durability [1]. Consequently, 

research has recently mainly focused on inorganic consolidants. 
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Silicate consolidants, such as TEOS-based products, have a good ability to strengthen silicate 

substrates (sandstones, but also fired clay bricks) [2-4]. Thanks to the chemical bonding 

between the silica gel formed by TEOS hydrolysis and condensation and the hydroxyl groups 

present on the surface of silicate substrates, a remarkable increase in mechanical properties 

can be achieved after consolidation. However, the efficacy of TEOS-based consolidants is 

significantly lower in the case of carbonate stones, such as porous limestone and marble 

(widely used for masonry blocks and decorative elements, respectively). As carbonate stones 

lack hydroxyl groups on their surface, only physical-mechanical interlocking can take place 

between the consolidant and the substrate, which results in limited consolidating efficacy 

[2,3]. A further limitation of silicate consolidants, independent of the substrate, is that TEOS 

hydrolysis-condensation reactions take a long time to be completed (even more than 6 

months) [3]. As a consequence, the treated stone remains hydrophobic for a long time, which 

can be undesirable in case water-based treatments need to be applied after consolidation or in 

case water is trapped behind the hydrophobic layer. To accelerate TEOS hydrolysis-

condensation reactions, innovative methods have recently been proposed, based on stone 

treatment with water or water-ethanol mixtures to favor substitution of ethoxy groups with 

hydroxyl groups [5,6]. 

 

In the case of carbonate stones, a potentially highly compatible consolidant is lime, which 

turns into calcium carbonate upon carbonation. To overcome the limitations of traditional 

lime-based treatments, such as impregnation with limewater and lime-milk (viz., low 

solubility of lime in water, need of repeated applications, slow carbonation process, low 

penetration depth), nanolimes have recently been proposed [7]. Thanks to their nanometric 

size, the carbonation process is faster and the penetration depth is expected to be higher. 

Nonetheless, since lime nanoparticles tend to agglomerate, particles accumulate near the 

surface and consequent whitening of the treated stone is frequent. To improve these aspects, 

several strategies are currently under investigation, such as tuning of the solvent used for 

particle dispersion [8]. 

 

An alternative treatment for consolidation of carbonate stones is that based on calcium oxalate 

formation. By treating stone with an aqueous solution of ammonium oxalate, calcium oxalate 

is formed by reaction with the calcitic substrate. The treatment, originally proposed for wall 

painting conservation [9], has been found to provide a good protective action to marble 

surfaces [10]. The formation of a coherent and non-porous layer of calcium oxalate over 

calcite is indeed able to increase stone resistance to dissolution in rain; however, the solubility 

of calcium oxalate is similar to that of calcite, so its long-term benefits are not yet clear. The 

treatment has proven to offer only a minor improvement in mechanical properties of treated 

marble, likely because of the limited depth of calcium oxalate formation [11]. 

 

Taking inspiration from the calcium oxalate treatment, in 2011 we proposed a novel 

consolidant for carbonate stones, based on formation of hydroxyapatite (HAP, 

Ca10(PO4)6(OH2)) [12]. HAP is formed by treating the calcitic substrate with an aqueous 

solution of diammonium hydrogen phosphate (DAP). With respect to the calcium oxalate, 

HAP has the advantage of having a much closer match with calcite in terms of lattice 

parameters and a much lower solubility and dissolution rate [12,13] (Table 1). The match 

between lattice parameters is important because, if a layer of HAP can be grown epitaxially 
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over calcite, a very efficient bonding can be expected, resulting in very efficient consolidating 

and protecting abilities. Very encouraging results have been obtained so far on the use of 

HAP for consolidation of marble and limestone [11,12,15,16] and on marble protection from 

dissolution in rain [10,17]. However, while the 5% lattice mismatch might be small enough to 

favor nucleation of HAP on calcite, it is large enough to result in considerable stress if the 

layer grows more than a few nm thick. That may explain why the HAP deposits are not dense 

layers, but instead are flowery and porous [18].   

 

To overcome the limitation deriving from the 5% mismatch between HAP and calcite lattice 

parameters, a different mineral would be needed, exhibiting an even closer match with calcite. 

As reported in Table 1, aluminum phosphate (AP, AlPO4, the mineral berlinite) has lattice 

parameters differing by only 1% from those of calcite. Based on data from the literature 

[19,20,21], we estimate the solubility product of AP to be about 5.7 x 10-22, which is much 

lower than that of calcite (3 x 10-9). Therefore, AP has the potential of forming a strongly 

bonded and insoluble layer over calcite grains, thus providing protection against dissolution 

as well as mechanical strengthening. In this paper, we present some preliminary results on the 

consolidating ability of AP, in comparison with HAP. Both treatments were tested on marble 

samples artificially weathered to simulate sugaring marble. 

 

Sugaring is a deterioration phenomenon that frequently affects marble, both in ancient and 

modern buildings [11,22]. As calcite deforms anisotropically upon heating, repeated day/night 

temperature excursions cause stress and micro-cracking at the boundaries between calcite 

grains, resulting in grain detachment and loss [23]. Sugaring mainly affects the outer surface, 

which is directly exposed to solar radiation and to air temperature variations, while the 

underlying substrate is usually undamaged. Since testing of marble consolidants requires the 

use of samples with physical-mechanical properties as similar as possible to those of 

deteriorated marble in the field [11], we have developed a new method for reproducing the 

near-surface damage found in sugaring marble, starting from freshly quarried marble.  

 

Therefore, in the present paper the new method for producing artificially weathered marble 

samples is presented first and then some preliminary results are reported and discussed on the 

use of HAP and AP to consolidate weathered marble. 

 

 

Table 1. Lattice parameters and solubility products of calcite, ammonium oxalate, 

hydroxyapatite (HAP) and aluminum phosphate (AP). Data are taken from [13] for calcite, 

ammonium oxalate and HAP. Lattice parameters of AP are taken from [14].  

 a (Å) b (Å) c (Å) Ksp (25°C) 

Calcite (2×) 9.98 9.98 33.82 3 × 10-9 

Calcium oxalate (2×) 12.58 29.16 20.32 2 × 10-9 

HAP 9.43 9.43 6.88 3 × 10-59 

AP (2×) 9.88 9.88 21.89 6 × 10-22 
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2. Materials and methods 

 

2.1 Marble accelerated weathering 

Carrara marble (provided by BasketweaveMosaics.com, USA) was used for the tests. Cubes 

with 5 cm edge length were wet sawn from a freshly quarried slab. To simulate the near-

surface damage of sugaring marble, the core idea is to induce a gradient in marble mechanical 

properties by putting samples in contact with a hot plate for a certain time. In this way, the 

part of the sample in contact with the hot plate undergoes micro-cracking at the boundaries 

between grains, whereas at a certain distance from the plate marble remains unheated and 

hence undamaged.  

 

To define what should be the depth to which marble should be weathered, real samples of 

sugaring marble from the field were considered. In real samples, sugaring was found to affect 

marble to a depth of about 1 cm from the surface. In this 1 cm-deep surface layer, marble 

ultrasonic pulse velocity (UPV, often used to characterize the conservation state of marble) 

was found to be reduced by about 20% with respect to the undamaged substrate [11]. 

Consequently, we adopted a decrease in UPV of 20% in the first centimeter from the surface 

as the target of our artificial weathering procedure.  

 

To define what temperature and what heating duration should be used to produce the desired 

weathering level, we first correlated the heating temperature with the UPV, by heating 

samples at 100, 200, 300 and 400 °C for 1 hour and measuring the corresponding decrease in 

UPV. Having determined that the desired UPV decrease is reached by heating at 100 °C (as 

detailed in a future publication), the time of heating necessary to induce the UPV decrease in 

the first centimeter from the surface, but not in the underlying part, was calculated as follows. 

 

Holes with increasing length were drilled in a marble cube as illustrated in Figure 1. 

Thermocouples were inserted into the holes to allow temperature measurement at increasing 

distance from the heating plate (nominally, 0, 10, 20, 30, 40 and 50 mm). The cube was put 

over the heating plate, initially cold, and the sides and the top were insulated using a high 

temperature-resistant insulator, to ensure that the heat flux was one-dimensional. The heating 

plate was then turned on and the temperature progressively increased up to 400 °C. 

Temperature variations at different distances from the plate were then measured as a function 

of time. In the described conditions, the equation governing the heat flow is: 

 
¶T

¶t
=

¶

¶x
k(x,t)

¶T

¶x

æ

èç
ö

ø÷                                    (1) 

 

where T is the temperature, t is the time, x is the distance from the heating plate and k is 

marble thermal diffusivity. We assumed the same exponential decrease of k observed in 

Holston marble by Hanley et al. [24]. By fitting temperature values measured at different 

distances from the plate to a numerical solution of Eq. (1), it was possible to calculate k, 

which was found to vary from ~1×10-6 m2/s at room temperature to ~5 ×10-7 m2/s at 300 °C. 

For this variation of k with temperature, it was calculated that putting the sample in contact 

with the heating plate at 200 °C for 20 seconds would cause an average decrease in dynamic 
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elastic modulus (Ed, related to UPV through the density) in the first centimeter from the 

surface very similar to that exhibited by naturally weathered marble. The details of the model 

used to calculate the heating temperature and time will be presented in a future publication. 

The model can be used to simulate arbitrary heating procedures. 

 

 
Figure 1. Scheme illustrating sample instrumentation. During the heating experiment, the 

marble sample was surrounded by a high temperature-resistant thermal insulator. 

 

To verify the model predictions, a 5 cm edge cube, instrumented as illustrated in Figure 1 and 

surrounded by a high temperature-resistant insulator, was placed over an heating plate 

originally at 200 °C for 20 seconds. After cooling, the UPV was measured at the two 

extremities of the sample (i.e. in the parts distant 0-1 cm and 4-5 cm from the heated surface). 

The UPV was measured by the transmission method, using a PUNDIT commercial instrument 

with 54 kHz transducers and a rubber couplant between the sample and the transducers. From 

UPV, Ed was calculated as Ed = ρ×UPV2, where ρ is sample density. Ed values measured 

before and after heating were then compared. 

 

2.2 Marble treatment 

For the HAP treatment, an aqueous solution containing 0.1 M DAP, 0.1 mM CaCl2∙10H2O 

and 10 vol% ethanol, was used. Ethanol was added in view of its beneficial effect in 

promoting HAP formation, as recently reported in [17]. For the AP treatment, samples were 

treated with a 0.1 M DAP and 0.1 mM Al(NO3)3∙9H2O aqueous solution, also containing 10 

vol% ethanol. Ethanol was added because preliminary tests revealed that it resulted in a 

reduction in cracking of the film formed after treatment. Both the HAP and AP treatments 

were performed by submerging marble samples (5×5×1 cm3) in 200 mL of the consolidating 

solutions for 24 hours. The samples were then rinsed with deionized water and dried at room 

temperature. 

 

The morphology and the elemental composition of the new phases formed after treatment 

were analyzed by scanning electron microscope (FEG-SEM XL30 Philips), equipped with an 
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energy dispersive x-ray spectroscopy device (Oxford Instruments EDS probe). SEM-EDS 

analysis was carried out on previously undamaged marble samples.  

 

The consolidating efficacy was evaluated on thermally weathered samples. Because the 

weathering method described in § 2.1 was still under development when the consolidating 

efficacy of AP was investigated, tests on HAP and AP were carried out on samples pre-

weathered following a different method that we previously developed [12,25]. Samples were 

heated in an oven for 1 hour, some of the samples at 100 °C and some at 400 °C. In this way, 

it was possible to obtain uniformly damaged samples, having different levels of micro-

cracking (more diffused micro-cracking in samples heated at 400 °C). To favor the 

penetration of the consolidating solutions into samples pre-heated at 100 °C, these samples 

were vacuum impregnated. The consolidating ability of the two treatments was evaluated by 

comparing UPV and Ed before and after consolidation, determined as described in § 2.1. 

 

 

3.  Results and Discussion 

 

3.1  Marble accelerated weathering 

To verify what the mathematical model predicted (i.e. an average 20% decrease in UPV in the 

first centimeter of the sample put in contact with the heating plate at 200 °C for 20 seconds), 

these conditions were reproduced experimentally and the UPV variation measured in different 

parts of the sample. Although the heating plate was originally at 200 °C, upon contact with 

the sample the temperature rapidly decreased, so that after 20 seconds of contact the surface 

temperature reached 140 °C. For heating at 140 °C, the Ed reduction is expected to be about 

-50% (based on the correlation between temperature and Ed variation, that will be presented in 

a future publication). As the surface was heated at 140 °C and, at a distance of 1 cm from the 

surface, the temperature was still basically unchanged (maximum temperature 39 °C), the 

average variation in Ed in the first centimeter from the plate was expected to be about -25%. 

 

The UPV measurements after the heating experiment provided a good confirmation of the 

expected results. Indeed, while the part of the sample between 4 and 5 cm from the heated 

surface exhibited no Ed variation, the first centimeter in contact with the plate exhibited an Ed 

decrease of -29%, in good agreement with what was expected. A more continuous profiling of 

the damage induced by heating on the plate can be provided by nanoindentation tests, carried 

out at increasing distance from the heated surface. These tests are currently in progress. 

 

3.2  Marble treatment 

The morphology and the elemental composition of the new phases formed after treatment are 

illustrated in Figure 2, where untreated marble is also reported for comparison's sake. After 

the HAP treatment, the marble surface uniformly exhibits a new flowery morphology, 

typically ascribed to HAP. Accordingly, the EDS spectrum reveals the presence of P, 

alongside Ca and O. The coating appears as continuous, without uncovered areas, and 

uncracked. This can be ascribed to the beneficial effect of ethanol on HAP crystallization 

[17]. In fact, for the same DAP and CaCl2∙10H2O concentrations, but without ethanol 

addition, uncoated areas remain and microcracks are present in the film. 
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Figure 2. SEM images (magnification 1000×) and respective EDS spectra of untreated marble 

(a) and marble treated with HAP (b) and AP (c). 

 

 

In the case of the AP treatment, no apparent alteration of the original marble morphology is 

visible (Figure 2c). Nonetheless, EDS spectra acquired in different positions reveal well 

defined peaks of Al and P. As these peaks are clearly visible even after sample rinsing with 

water at the end of the 24 hour treatment, the formation of a new phase is suggested (if Al and 

P were owing to some compound simply deposited over marble surface, they would be 

washed away by rinsing). Notably, the Al/P weight ratio acquired in different positions ranges 

from 0.43 to 0.54, hence it is close to the 0.87 Al/P weight ratio of stoichiometric AlPO4. This 

is important, considering that in the consolidating solution the DAP concentration was 1000 

times higher than that of Al(NO3)3∙9H2O (0.1 M and 0.1 mM, respectively). This further 

suggests that a new phase, with a composition fairly close to that of AlPO4, was formed after 

the treatment. 
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In terms of consolidating ability, the Ed variations after heating and after consolidation are 

illustrated in Figure 3. As expected, heating at 400 °C caused significant additional damage 

compared to heating at 100 °C (average Ed decreases of -94% and -32%, respectively).  

 

In the case of HAP, Ed increases of +18% and +143% were found after consolidation for 

samples pre-heated at 100 and 400 °C, respectively (Figure 3). This trend in consolidating 

ability (higher percentage increase in Ed for more decayed samples) is consistent with 

previously obtained results on limestone consolidation by HAP [12]. Although the Ed 

increases were remarkable, still the initial Ed was not fully restored after consolidation. In 

previous studies on consolidation of sugaring marble by HAP, full recovery of the original Ed 

was achieved [11,26]. The different results obtained in the present study are thought to derive 

from the different formulation tested here: whereas in the cited studies full Ed recovery was 

obtained by using a higher DAP concentration [11] or a double DAP solution applications 

[26], in the present study a single application of a diluted DAP solution was performed. 

 

In the case of the AP treatment, Ed increases of +24% and +280% were found for samples 

pre-heated at 100 °C and 400 °C, respectively (Figure 3). Similarly to the case of HAP, the 

AP treatment exhibited the highest strengthening ability on the highly damaged substrate, 

even if full recovery of the initial Ed was not achieved. Based on these results, the AP 

treatment exhibits a consolidating ability superior to that of the HAP treatment, at least in the 

case of the HAP formulation tested in this study. The AP treatment is hence confirmed as 

highly promising and future optimization (in terms of aluminum and phosphate precursors, 

addition of chelating agents to increase the precursors concentration, pH control, etc.) is 

expected to significantly improve its consolidating ability. 

 

 
Figure 3. Ed variations after damaging and consolidation by HAP (left) and AP (right) (UW = 

unweathered; 100 = weathered at 100 °C; 400 = weathered at 400 °C; TR = treated). 

 

4. Conclusions 

 

In this study, we presented a novel method for producing artificially decayed samples with 

properties resembling those of naturally sugaring marble and we reported the first results on 

the use of aluminum phosphate for consolidation of weathered marble. 

The new artificial weathering method is based on production of near-surface damage in 

marble samples by contact with a hot plate at a certain temperature and for a certain time, 
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which can be calculated by a mathematical model. The method proved to be capable of 

providing samples with a gradient in ultrasonic pulse velocity and dynamic elastic modulus 

that closely matches that of naturally weathered marble. In the future, the mathematical model 

can be used for simulating arbitrary heating procedures. 

The aluminum phosphate treatment was found to cause a significant increase in the dynamic 

elastic modulus of weathered marble, the consolidating efficacy varying as a function of the 

initial level of damage in marble. The aluminum phosphate treatment was found to be more 

effective than the hydroxyapatite treatment, tested here in a new formulation for the first time. 

The potential of the new aluminum phosphate treatment is hence confirmed as very high and 

a further improvement of its consolidating ability is expected in the future from treatment 

optimization (in terms of aluminum and phosphate precursors, addition of chelating agents to 

increase the precursors concentration, pH control, etc.). 
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