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A B S T R A C T

Aqueous solutions of diammonium hydrogen phosphate (DAP) have been proposed for consolidation of 
weathered marble, but few studies have investigated the influence of contaminants in the substrate. The present 
study was aimed at assessing the effects of NaCl, introduced in controlled amounts into thermally aged marble 
samples, on the outcome of the DAP-based treatment, tested in two formulations. The effects of the salt presence 
on the treatment outcome were evaluated in terms of chemical-mineralogical (SEM-EDS, XRD), microstructural 
(FIB-SEM), mechanical properties (ultrasonic pulse velocity, abrasion resistance and compressive strength), and 
chromatic compatibility. The stability of the new phases formed after treatment was assessed by immersing the 
samples in water for 24 h. The results of the study indicate that, independently of the salt presence, carbonate 
hydroxyapatite is formed as the reaction product between the DAP solution and the marble substrate. So-formed 
carbonate hydroxyapatite yields a surface coating with a few micrometers thickness, which exhibits good 
resistance to immersion in water. Mechanical characterization showed that, for all the investigated salt con
centrations, no decrease in the mechanical benefit occurs, compared to the salt-free condition. Therefore, the 
presence of NaCl inside the marble substrate was shown not to negatively affect the outcomes of the DAP-based 
treatment.

1. Introduction

Stones of various types, bricks, and construction materials in general, 
used both in historical and modern architecture, are often affected by 
the presence of soluble salts, which cause some of the major degradation 
processes, such as efflorescence and sub-efflorescence formation [1–3]. 
Salts can penetrate these materials through various mechanisms [4,5], 
such as rising damp from the ground, capillary suction of rainwater, or 
humidity condensation [4,6]. The presence of soluble salts in building 
materials can also intrinsically derive from the raw materials used. 
When salt crystals grow inside the pores in the substrate, tensile forces 
are generated that can locally exceed the tensile strength of the material, 
thus causing damage that can lead to cracking, material loss and 

pulverization [3,7–10].
The presence of soluble salts not only compromises the durability of 

building materials but also complicates their consolidation, i.e. the 
application of liquid products aimed at penetrating in depth, hardening 
and increasing the mechanical properties of the substrate. Indeed, salts 
can partially obstruct the pores of the substrate, thus preventing deep 
penetration of the liquid consolidant. Additionally, salts can negatively 
influence the chemical reactions necessary for the hardening of the 
consolidant [3,11].

Therefore, the complex interaction between salt weathering and 
stone consolidation has received considerable attention in recent years 
[3–5,12–15]. In particular, several studies have investigated how 
different consolidants interact with salt-contaminated substrates. For 
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consolidants such as ethyl silicate [16,17] and ammonium oxalate 
[18–20], research has investigated the effects of pre-existing salts in the 
substrate on the performance of the treatment. In the case of lime-based 
consolidants, to the authors’ best knowledge literature has primarily 
examined the role of salts in terms of post-treatment durability, i.e. the 
resistance of the consolidated material to subsequent salt weathering 
[21], rather than the influence of salts already present when the treat
ment is applied. Among the consolidants whose performance has been 
studied on salt-contaminated substrates is diammonium hydrogen 
phosphate (DAP). This treatment has been investigated in terms of both 
the durability to salt crystallization after consolidation [22–24,26] and 
the effect of pre-existing salts [22,25,26].

The use of aqueous solutions of DAP was proposed in 2011 for 
consolidation [27–33] and protection [34–37] of carbonate substrates. 
By reaction between the calcium-rich substrate and the DAP solution, 
hydroxyapatite (HAP, Ca10(PO4)6(OH)2) is expected to form [27, 
38–41]. Complete pore occlusion does not occur, while the pore size 
distribution is slightly modified, thus maintaining the overall porosity 
within a compatible range [41–44]. Because of the presence of car
bonate ions from the substrate and from the atmosphere, incorporation 
of CO3

2- ions into the HAP crystal and formation of carbonate HAP 
(Ca10(PO4)3(CO3)3(OH)2) are likely, as found experimentally in several 
studies [45–47]. In addition to and/or instead of HAP, the 
DAP-treatment can also lead to the formation of other calcium phos
phate phases (e.g. octacalcium phosphate, OCP, Ca8H2(PO4)6⋅5H2O), 
which is acceptable as long as these new phases are less water soluble 
than the substrate [38–40].

To prevent the dissolution of calcium ions from the substrate, which 
is needed to form HAP according to the mechanism described above, a 
source of calcium ions can be added directly to the DAP solution (usually 
in 1:1000 molar ratio to DAP, to avoid immediate precipitation of cal
cium phosphates in the solution) [34,48,49]. Thanks to the addition of 
CaCl2 to the DAP solution, nucleation of calcium phosphates has been 
found to be significantly improved and the coverage of the treated 
substrate to be enhanced [35,48].

Regarding the influence of soluble salts in the substrate when the 
DAP solution is applied, a few studies have investigated the effect of salt 
contamination on different materials such as marble, limestone, and 
lime-based mortars, focusing on the mineralogical composition and the 
stability of the new phases when exposed to water, as well as on the 
mechanical performance after treatment. In particular: 

• Marble: The interaction between NaCl and the DAP solution was 
studied by considering two approaches [22]: one method involved 
treating marble with a single solution containing both NaCl and DAP 
(intended to reproduce the condition that happens inside the pores, 
where the DAP solution dissolves NaCl), while the other method 
involved preliminary marble contamination with NaCl followed by 
treatment with the DAP solution (thus more closely reproducing real 
conditions). NaCl concentrations (0, 1, and 3.5 wt%) were selected to 
simulate common contamination scenarios, including seawater 
(3.5 wt% NaCl). Durability was tested by exposing the contaminated 
and consolidated samples to prolonged immersion in water and by 
evaluating the release of chloride and phosphate ions via ion chro
matography [22]. The results of this study indicated that the 
approach involving preliminary marble contamination with NaCl 
followed by DAP consolidation was more reliable for studying the 
impact of salt contamination on the consolidation treatment [22].

• Limestone: The influence of Na2SO4 on consolidation was explored 
by performing salt weathering cycles that involved immersion in a 
14 wt% sodium sulfate solution before [26] and after [50] consoli
dation with DAP solutions at various concentrations. The mechanical 
performance of the consolidant was evaluated by using ultrasonic 
tests and tensile strength, while SEM/EDS and FT-IR analyses pro
vided mineralogical chracterization and insight into the distribution 
of the reaction products and the consolidant penetration [26,50]. 

The results of these studies indicated that salt presence when the 
consolidant was applied did not negatively affect its performance 
[26]. Furthermore, treatment with DAP demonstrated good dura
bility to salt crystallization cycles [50].

• Lime-based mortars: Sodium sulfate was introduced into mortar 
samples either via immersion in a 14 wt% aqueous solution of 
Na2SO4⋅10H2O [23,51] or capillary absorption from a 5 or 14 wt% 
aqueous solution of Na2SO4⋅10H2O [52]. Reference [23] examined 
both cases in which salt contamination was introduced prior to and 
following consolidation. References [51] and [52] focused on the 
contamination of specimens that had already undergone the DAP 
treatment. Assessment of the consolidant performance on the 
salt-contaminated samples included mineralogical characterization 
by XRD, changes in weight and dynamic elastic modulus, compres
sive strength by double punch test and pore structure characteriza
tion by MIP. In the investigated conditions, the outcome of the DAP 
treatment was not negatively affected [23]. Actually, the consoli
dation effectiveness was found to be slightly improved in contami
nated substrates (in a similar way as previously reported in the 
literature for salt-contaminated substrates treated with ammonium 
oxalate [20]), likely because salts caused an increase in the rough
ness of the pore walls, which in turned favored nucleation of the new 
consolidating phases [23].

In the above-mentioned studies, referring to the salt content detected 
in the samples and not to the concentration of salts in the contaminating 
solution, the amounts of salts present in the substrates when the DAP 
solution was applied were generally low (e.g. 0.2 wt% in lime mortars 
[23]). In fact, they were designed to be comparable to those typically 
found in the substrate after desalination, which is usually recommended 
in conservation practice prior to consolidation [11]. However, salt 
removal before consolidation is not always possible due to technical 
and/or economic reasons [53]. Therefore, to address the potential 
presence of higher salt amounts in the substrate, a recent study sys
tematically investigated whether a critical salt threshold exists beyond 
which desalination is essential, because the presence of foreign ions 
compromises the effectiveness of the DAP treatment [54]. The results 
obtained in the cited study for NaCl, NaNO3 and Na2SO4 tested in 
increasing amounts (corresponding to low, medium and high risk due to 
salts, according to the available literature [55]) indicate that in all cases 
carbonate HAP is formed, which proved to be resistant to exposure to 
water, thus providing encouraging results on the use of the 
DAP-treatment also on salt contaminated substrates [54].

However, the cited study [54] was limited to chemical and miner
alogical characterization, without addressing the effectiveness of the 
treatment in terms of its consolidating performance. Since the primary 
objective of DAP application is mechanical consolidation, further 
research is needed to assess whether the presence of salts may reduce the 
mechanical benefit deriving from consolidation and/or may reduce the 
durability of the mechanical benefit over time, for instance because the 
new consolidating phases formed in the presence of salts are soluble in 
water.

Therefore, the present study aims at extending the knowledge on the 
effects of salt contamination in the substrate on the DAP treatment, by: 

(i) investigating how the presence of two different amounts of NaCl 
(corresponding to two different risk levels) affects not only the 
mineralogical composition of the new phases (assessed by XRD), 
but also their microstructure and adhesion to the substrate 
(assessed by FIB-SEM);

(ii) verifying whether the mechanical effectiveness of the consoli
dating treatment is maintained when NaCl is present in the sub
strate (which was assessed in terms of ultrasonic velocity, 
resistance to abrasion and compressive strength).

Hence, marble samples (previously artificially thermally degraded to 
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simulate the increase in porosity and the loss of mechanical properties of 
naturally aged marble [56]) were first contaminated with different 
amounts of NaCl, corresponding to medium and high risk due to salt [54, 
55], then samples were consolidated with two different formulations of 
the DAP treatment and subjected to immersion in water to check the 
stability of the new phases. Their chemical-mineralogical, microstruc
tural and mechanical characterization was then performed as summa
rized in Fig. 1.

2. Materials and methods

2.1. Samples

Prismatic samples (65 × 65 × 20 mm³) were sawn from a single slab 
of Carrara marble (provided by Imbellone Michelangelo s.a.s., Italy), 
exhibiting CaCO3 content > 99 wt%, open porosity around 0.5 % and 
average grain size around 100 μm. To induce a deterioration condition 
similar to that of naturally weathered marble requiring consolidation, 
samples were preliminarily subjected to accelerated aging by heating at 
250◦C for 3 h, to rapidly induce microcrack formation [56].

Therefore, the reference condition considered throughout the study 
is that of thermally degraded marble (and not the original unaltered 
stone). Mercury intrusion porosimetry (MIP) performed on thermally 
aged marble revealed a final open porosity of 3.0 ± 0.1 % and an 
average pore radius of 1.8 ± 0.1 μm, which fairly resemble the features 
of naturally weathered marble [43,57].

2.2. Preliminary salt contamination

NaCl was selected for the tests, as it is a contaminant frequently 
affecting heritage stones. Indeed, it is present in marine environment 
and can be transported over considerable distances via sea aerosol, even 
to inland areas. Furthermore, NaCl is frequently used as a de-icing salt 
during winter, thus often leading to contamination of building materials 
[58–60]. NaCl provided by Sigma Aldrich (ACS reagent) was used.

The concentrations of NaCl selected for the tests were aimed at being 
representative of heavily contaminated substrates, corresponding to 
conditions where preliminary desalination would typically be recom
mended, although it is not always feasible in practice. Based on the 
findings of a previous study [54], which showed that immersion of 
marble samples into NaCl solutions with 7 and 14 wt% NaCl led to salt 
contents inside the stone which could be regarded as responsible for 
medium and high salt-related risk, according to the classification re
ported in the literature [55], such concentrations were adopted for the 
tests.

Marble specimens were hence immersed in 0, 7 and 14 wt% NaCl 
aqueous solutions for 24 h, each sample being immersed in a separate 
plastic container with about 2 L of salt solution (1:10 w/w ratio between 
the marble sample and the salt solution). The containers with the 

samples were kept in rotatory motion at 150 rpm for 24 h, then the 
samples were dried at 40 ◦C until constant weight. Triplicate samples 
were tested for each condition.

The amount of NaCl actually introduced into the marble samples was 
determined on two dedicated samples (approximately 
20 × 20 × 20 mm³), contaminated in the same way as described above 
and then ground to quantify the chloride content by ion chromatog
raphy. Powders obtained from the contaminated samples were 
immersed in deionized water for 24 h (adopting the same sample-to- 
solution ratio of 1:10 wt/wt and shaking at 150 rpm). The extraction 
water was then filtered and analyzed by using a Thermo Scientific 
DIONEX Integrion HPIC ion chromatograph. The average chloride 
content was found to amount to 0.08 wt% after immersion in the 7 wt% 
NaCl solution and 0.36 wt% after immersion in the 14 wt% NaCl solu
tion, thus confirming that so-contaminated samples belong to the cate
gories of medium and high salt-related risk, respectively, according to 
the classification reported in the literature [55]. The reliability of the 
salt content determined on these 20 × 20 × 20 mm3 samples and the 
possibility to extend these results also to the 65 × 65 × 20 mm3 samples 
used for the other tests is ensured by the fact that (i) the same 
solid-to-liquid ratio (1:10 wt/wt) and the same experimental contami
nation conditions were adopted in the two cases and that (ii) in a pre
vious study [54] smaller marble samples (20 × 20 × 3 mm3), 
contaminated by adopting the same solid-to-liquid ratio and the same 
experimental conditions, were found to belong to the same risk classes.

2.3. Consolidation

For consolidation, DAP ((NH4)2HPO4, kindly provided by CTS s.r.l., 
Italy) was used. Two different formulations of the DAP treatment were 
tested, as detailed in the following. In both cases, the consolidating 
treatment was applied by poultice, which is an application method 
commonly adopted in the conservation practice and which is known to 
deliver optimal results [61–63]. Cellulose pulp (MH 300) and DAP so
lution were used to prepare a poultice by adopting a 1:4 w/w ratio. The 
two DAP solutions considered were: 

• 1 M DAP + 1 mM CaCl2. In this case, the poultice containing the DAP 
solution (132 g/L) and CaCl2 (0.147 g/L) was applied onto one 
65 × 65 mm² face of the samples, then wrapped with a plastic film 
for 24 h to prevent evaporation. Afterwards, the samples were rinsed 
with water to remove any residues of unreacted DAP and dried at 
room temperature until constant weight.

• 3 M DAP. In this case, as recommended in the literature [61], the 
consolidating treatment consisted of two phases. Firstly, a poultice 
containing the DAP solution (396 g/L) and the cellulose pulp was 
applied onto one 65 × 65 mm² face of the samples, then wrapped for 
24 h, rinsed with water and dried at 40 ◦C as described above. Sec
ondly, a poultice containing cellulose pulp and limewater (i.e. a 

Fig. 1. Scheme illustrating the phases of the research, namely salt contamination, consolidation, stability test, characterization (UPV = ultrasonic pulse velocity; IC =
ion chromatography; XRD = X-ray diffraction; SEM = scanning electron microscopy, performed in top view and cross-section; FIB = focused ion beam).
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saturated solution of calcium hydroxide) with a 1:4 w/w ratio was 
applied onto the treated surface for 24 h. During this period, the 
samples were again wrapped with a plastic film to prevent evapo
ration. Afterwards, the film was removed and the poultice was left to 
dry in contact with the samples. The goal of the second step was to 
enhance the HAP formation by providing additional calcium ions 
present in limewater and then to remove any unreacted DAP during 
drying [61].

The product uptake (i.e. the amount of liquid consolidant absorbed 
by the samples) was determined by weighing them right before con
solidant application (dry condition) and right after unwrapping and 
removing the poultice left on the samples for 24 h (wet condition), 
before rinsing with water.

Three replicate samples were treated with each DAP solution. A 
summary of the contamination and consolidation conditions, as well as 
the sample labeling system, is reported in Table 1.

2.4. Stability test

To determine whether the calcium phosphate phases formed after 
the DAP-treatment were resistant to dissolution in water, all the samples 
were subjected to an accelerated stability test. Each sample was 
immersed in a separate plastic container with about 2 L of deionized 
water (thus maintaining the same sample-to-water ratio of 1:10 w/w as 
for the salt contamination phase), with the water temperature being in 
equilibrium with room temperature. Before immersion, water was let 
equilibrate with atmospheric CO2, thus reaching pH ~5.6. After im
mersion for 24 h, the samples were finally dried at 40◦C. The stability 
test was carried out three months after consolidation.

The efficacy of the stability test to dissolve soluble fractions was 
verified by quantifying the chloride content in marble samples 
contaminated with NaCl, before and after the stability test. Four addi
tional thermally degraded marble samples (approximately 
20 × 20 × 20 mm³) were contaminated by immersion in 7 wt% and 
14 wt% NaCl solutions as described in § 2.2. Afterwards, two samples 
were subjected to the stability test, then dried at 40 ◦C. The amount of 
chlorides present in the two samples subjected to the stability test was 
then quantified by ion chromatography as described in § 2.2 and 
compared to the reference samples not subjected to the stability test. The 
efficacy of the stability test to dissolve highly soluble fractions was 
confirmed by the fact that no chlorides were detected neither in the 
samples contaminated with 7 wt% NaCl (initially containing 0.08 wt% 
Cl-) nor in those contaminated with 14 wt% NaCl (initially containing 
0.36 wt% Cl-).

2.5. Sample characterization

2.5.1. Characterization of the treated surface
To investigate the influence of salt contamination on the composi

tion, microstructure and adhesion of the new phases formed after 
consolidation, the following parameters were determined.

Mineralogical composition of the new phases. The mineralogical 
composition of the new phases formed after consolidation was deter
mined by X-ray diffraction (XRD). The test was performed on massive 

samples, by analyzing the treated surface of each sample by a PAN
alytical X’Pert PRO diffractometer equipped with a fast X’Celerator 
detector. Cu-Kα radiation was used (40 mA, 40 kV). The 2θ range was 
investigated from 20◦ to 40◦ with a step size of 0.05◦ and a time/step of 
600 s. The analysis was performed in a configuration to study the surface 
layers of large-sized massive samples, identifying the correct instru
mental centering using a caliper. Data were processed with the High
Score Plus software package (PANalytical). The XRD patterns were 
normalized based on the calcite peak at 2θ = 29.4◦. The absence of OCP, 
which has a distinct peak at 2θ= 4.7◦, was verified by performing a 
further XRD data collection in the 3–7◦ 2θ range.

To verify whether exposure to water caused dissolution of any sol
uble phase, for each condition the XRD test was performed three months 
after consolidation (before any exposure to water) and then repeated 
after the stability test (eight months after consolidation).

Morphology of the new phases. The morphology of the new phases and 
the continuity of the coating formed on the treated surface with and 
without pre-existing NaCl were assessed by observation with a field 
emission gun scanning electron microscope (FEG-SEM, TESCAN MIRA3, 
working distance = 10 mm, voltage = 17 kV). The elemental composi
tion of the samples was determined by energy dispersive X-ray spec
troscopy (EDS), using a Bruker probe. Samples were made conductive by 
sputtering with graphite before analysis. The FEG-SEM analysis was 
performed ten months after the treatment.

Microstructure of the new phases. The microstructure of the new 
phases formed over the marble surface, especially the presence of pores 
in the surface coatings and the possible detachment of the new calcium 
phosphates from the marble substrate, were determined by analysis with 
a focused ion beam SEM (Zeiss Crossbeam 550) equipped with an inlens, 
secondary electrons and backscattered electrons detectors and an Ox
ford Instruments X-MaxN 150 energy-dispersive X-ray spectroscopy 
(EDS) detector. Milling was done at an ion beam accelerating voltage of 
30 kV and beam current of 3 nA, while SEM imaging was performed 
with an accelerating voltage of 2 kV using the secondary electrons de
tector. FIB-SEM observations were coupled with EDS analyses, carried 
out with an accelerating voltage of 10 kV. Before analysis, the samples 
were made conductive by coating with a 20 nm layer of Ag. Prior to ion 
beam milling, a several µm thick protective layer of carbon was depos
ited over the region of interest using the Gas Injection System. FIB-SEM 
observations were conducted ten months after the treatment. Starting 
from FIB images, films thickness was measured by using the software 
ImageJ and averaging 10 measurements per condition, obtained in non- 
overlapping areas.

2.5.2. In-depth characterization
To evaluate the depth of formation of the new CaP phases and the 

possible accumulation of NaCl below the treated surface, cross sections 
were analyzed by the TESCAN MIRA3 SEM described above. Cross 
sections were prepared by embedding samples in a two-component 
transparent resin and by polishing with a metallographic polishing 
machine (Remet LS2). During polishing, the use of water was avoided to 
prevent NaCl dissolution and migration. The samples were hence pol
ished with a 3 µm diamond paste, using oil as lubricant, and finally 
cleaned with ethyl acetate. Before SEM observation, the embedded cross 
sections were made conductive by graphite evaporation.

Moreover, to assess whether the DAP solution reached the face 
opposite to the treated one, thus leading to CaP formation also at a depth 
of 20 mm from the treated surface, XRD analysis was performed also on 
the sample face opposite to the treated one, by using the same diffrac
tometer described above.

2.5.3. Mechanical characterization
Ultrasonic measurements. The ultrasonic pulse velocity (UPV) is a non- 

destructive parameter that is strongly correlated with the presence of 
cracks in the tested material and hence with its mechanical properties 
[64]. It has been widely used in the literature [23,52,64–66] to assess 

Table 1 
Summary of the contamination and consolidation conditions, with the corre
sponding labeling system (all the samples had been preliminarily thermally 
aged).

Uncontaminated Contaminated with 
7 wt% NaCl

Contaminated with 
14 wt% NaCl

Untreated UT− 0 UT− 7 UT− 14
1 M DAP 1M− 0 1M− 7 1M− 14
3 M DAP 3M− 0 3M− 7 3M− 14
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the conservation state of marble, based on Köhler’s damage classifica
tion [67]. In the present study, to evaluate any changes in mechanical 
properties after each experimental step, UPV measurements were car
ried out on each sample (i) before thermal degradation; (ii) after thermal 
degradation, before consolidation; (iii) right after consolidation; (iv) 
after the stability test. In each case, the UPV was determined after drying 
to constant weight. The UPV measurement was performed in two 
orthogonal directions, i.e. parallel (UPV//) and perpendicular (UPV⏊) to 
the 65 × 65 mm² treated face, by using a Pundit instrument with 55 kHz 
transducers. Although the reduced thickness of the samples is not ideal 
for UPV measurements with 55 kHz transducers, the tests were per
formed on each sample before and after a certain step (i.e. thermal 
ageing, consolidation, stability test), hence any possible inaccuracy 
should be negligible as it is systematically present before and after each 
step. Tests were performed on triplicate samples and the average of the 
three values was considered.

Abrasion resistance. This parameter was used to assess the ability of 
the tested specimen to resist material loss and pulverization [58,68]. In 
particular, the aim was to verify whether the treated surfaces exhibited a 
lower mass loss compared to the untreated reference when subjected to 
abrasion and to quantify this difference. The abrasion resistance was 
determined in terms of weight loss after an accelerated abrasion test, 
developed by modifying the PEI (Porcelain Enamel Institute) abrasion 
test, according to the procedure proposed in [43,69]. Specifically, steel 
spheres with different diameter (30 spheres of Ø3 mm, 30 spheres of 
Ø3.5 mm, 30 spheres of Ø4 mm and 30 spheres of Ø4.5 mm) were 
placed on the treated surface and kept in rotatory motion for 1500 
rounds. The weight loss was determined by weighing the samples before 
and after the test. Tests were performed on triplicate samples and the 
average value of the three measurements was considered. The tests were 
performed five months after consolidation.

Compressive strength. To evaluate the ability of the consolidating 
treatment to improve mechanical properties not only near the treated 
surface but also in depth in the sample volume, the compressive strength 
of untreated and treated samples was determined by double punch test 
(DPT), which consists in loading the specimen by means of two steel 
cylindrical platens until failure. Originally proposed to determine the 
indirect tensile strength of concrete [70,71], the method has later been 
used to assess the compressive strength of mortar samples extracted from 
masonry [72–74] and of thin stone samples [75]. The difference in the 
type of stress induced in the specimens depends on the ratio between the 
punch size and the sample thickness: in the case of slender specimens, 
the DPT causes tensile failure; in the case of thin specimens, compressive 
failure occurs. A previous study has shown that, in the case of thin 
mortar samples, a good correlation was obtained between DPT results 
and results of standard compressive test on cubic samples when the 
diameter of the loading platens was equal to the sample thickness [75]. 
Therefore, platens with a 20 mm diameter (equal to the sample thick
ness) were used in the present study. The samples were loaded using a 
Galdabini PMA 10 hydraulic press, with a loading rate of 30 daN/s. Tests 
were carried out on triplicate samples and the average of the three 
measurements was considered. The DPT was performed eight months 
after consolidation.

2.5.4. Chromatic compatibility
Color differences between untreated and treated samples were 

determined (five months after the treatment) by measuring the three 
CIELAB coordinates (L, a, b) by a NH310 Portable Colorimeter, 
repeating the measurement in 5 points for each sample. The color dif
ference ΔE was then calculated according to the formula ΔE =

(ΔL²+Δa²+Δb²)0.5. For the contaminated and consolidated samples, the 
color variation was assessed in comparison with the corresponding 
contaminated unconsolidated samples, i.e., samples contaminated with 
a solution of the same salt concentration. This approach was adopted to 
isolate the color change induced only by the consolidation process. The 
measurements were carried out on three replicate samples for each 

condition (on the same samples used for the mechanical tests). For each 
replicate, data were collected in five different points and then averaged. 
The final value reported corresponds to the average of these 
measurements.

3. Results and discussion

3.1. Product uptake

The amount of DAP solution absorbed by the samples is shown in 
Fig. 2. In the case of the uncontaminated substrates, the product uptake 
is comparable to that reported in the literature in similar conditions 
[75]. When salts were present in the pores of the substrate, a reduction 
in the product uptake was registered for both formulations of the DAP 
solution, which can be ascribed to partial filling of the pores with salts. 
Nonetheless, as the DAP solution is water-based and NaCl is soluble in 
water, the consolidant penetration was not totally hindered and the 
product uptake was still high.

3.2. Characterization of the treated surface

Aged uncontaminated samples. XRD analysis of the marble substrate 
showed it is composed of calcite, with traces of dolomite and quartz 
(Fig. 3A).

Aged contaminated samples. In the salt-contaminated samples, XRD 
peaks owing to NaCl were clearly visible (Fig. 3C and 3E), the peak 
intensity being higher for the 14 wt% sample than for the 7 wt% one, as 
expected. XRD results revealed small NaCl peaks in untreated samples 
(UT‑7 and UT-14) also after the stability test (Fig. 3D and 3F). Consis
tently, EDS detected small peaks owing to residual Na and Cl in the same 
samples after the stability test (Fig. 4), even though no NaCl crystals 
were clearly observed by SEM neither in the untreated nor in the treated 
samples.

Aged uncontaminated and consolidated samples. When the uncontam
inated marble substrate was treated with the two DAP formulations, a 
distinct new peak appeared in the diffractogram at 25.9 ◦2θ. Addition
ally, a new broad peak was observed with its highest intensities at 31.5, 
32.2, and 34.0 ◦2θ (Fig. 3A). The observed peaks are compatible with the 
formation of poorly crystalline carbonate hydroxyapatite (C-HAP, 
Ca10(PO4)3(CO3)3(OH)2, with main peaks at 25.7, 32.2, 33.4, 34.2 ◦2θ, 
ICDD 00-019-0272). This result is consistent with the mild experimental 
conditions and the presence of CO3

2- ions from both the substrate and 
atmospheric CO2. Indeed, the incorporation of CO3

2- ions into the apatite 
crystal lattice from these sources is highly probable, and the coexistence 
of HAP and C-HAP as a result of the DAP treatment has been previously 
reported in the literature for Carrara marble [47,71] and other car
bonate substrates [23,45–47]. Compared to the reference standards, the 
peaks detected in the treated marble samples are broad and not well 

Fig. 2. Product uptake for the various conditions.
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defined, because of the low crystallinity and the small size of the new 
crystals formed after treatment. Notably, no peaks attributable to other 
calcium phosphates (such as octacalcium phosphate or brushite) were 
found.

After immersion in water for 24 h, the peaks attributed to C-HAP 
remained unchanged for both formulations (Fig. 3B), thus confirming 

that the new phases are insoluble in nature. In fact, the stability test had 
been found to be able to dissolve at least highly soluble phases like NaCl, 
as previously shown for the case of the UT-7 and UT-14 samples.

The presence of calcium phosphates after consolidation and im
mersion in water for the stability test was confirmed by SEM. By 
observing samples at low and high magnification, the typical flower-like 

Fig. 3. XRD patterns of uncontaminated (A, B) and salt-contaminated samples (C, D, E, F), before (UT) and after (1 M and 3 M) consolidation, before (right: A, C, E) 
and after (left: B, D, F) the stability test by immersion in water. Symbols indicate: C = calcite, CaCO3 (ICDD 96–901–4612); D = dolomite, Ca(MgCO3)2 (ICDD 
01–084–1208); H = halite, NaCl (ICDD 96–900–6375); Q = quartz, SiO2 (ICDD 01–089–1961); C-HAP = carbonate hydroxyapatite Ca10(PO4)3(CO3)3(OH)2) 
(ICDD 00–019–0272).
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morphology of carbonate HAP was observed on all the consolidated 
samples (Fig. 4). However, this new phase is not continuously present on 
the surface of the treated samples, as bare calcite is still visible in some 
areas (Fig. 5), which indicates that the new coating is discontinuous.

Considering the microstructure of the new phases, the thickness, the 
porosity and the adhesion of the new carbonate HAP formed on the 
sample surface after consolidation and immersion in water for the sta
bility test were investigated by FIB analysis, whose results are shown in 
Figs. 6 - 8.

In the case of the uncontaminated samples (1M-0 and 3M-0), the new 
carbonate HAP layer showed a thickness of about 1 μm, slightly higher 
in the case of the 3 M treatment compared to the 1 M one (Table 2), 
which could be expected from the higher availability of phosphate ions 
in the former case. When the samples surface was rough, with cracks and 
voids below the first calcite grains, carbonate HAP was detected not only 
over the external surface, but also below the most superficial calcite 
grains, as highlighted by EDS maps (Fig. 7). This suggests that the DAP 
solution is able to penetrate below the surface, as further confirmed by 
the analysis of cross sections (see § 3.3). In some cases (e.g. Fig. 6D), a 
certain degree of discontinuity between the substrate and the newly 
formed HAP layer was observed; however, this was not found system
atically (e.g. Fig. 6G), so it is not considered as systematic indicative of 
coating detachment after immersion in water. This variability is likely 

related to differences in the initial condition of the marble, in terms of 
surface roughness, presence of pores and cracks.

Aged contaminated and consolidated samples. Considering the XRD 
results (Fig. 3), after consolidation of salt-contaminated samples with 
both formulations of the DAP treatment, new peaks appeared owing to 
carbonate HAP, similar to the case of the uncontaminated references 
discussed above, while peaks owing to NaCl were significantly reduced 
after consolidation, in comparison with the case of salt‑contaminated, 
unconsolidated samples. In fact, NaCl is highly soluble and was dis
solved when the aqueous DAP solution was applied, so that Na+ and Cl- 

ions were mostly removed from the substrate by rinsing at the end of the 
treatment. In the case of the 3 M DAP treatment, where a limewater 
poultice was applied in the second step, the fact that the poultice was left 
to dry in contact with the substrate likely contributed to the ion removal. 
It is noteworthy that the peaks owing to carbonate HAP were slightly 
more pronounced in the case of the marble sample pre-contaminated 
with NaCl when compared to the uncontaminated case, with no sub
stantial difference between the two contamination levels (Fig. 3B, 3D 
and 3F). This is consistent with previous findings, according to which 
abundant formation of calcium phosphate [22,23,26] occurred in stones 
containing small amounts of salt, compared to uncontaminated refer
ences. The more abundant formation of carbonate HAP in contaminated 
samples is also confirmed by the highest mechanical improvement 

Fig. 4. SEM images and EDS spectra (acquired over the entire area shown) of uncontaminated and salt-contaminated samples, unconsolidated and consolidated, after 
immersion in water for the stability test. EDS analysis was conducted at 17 kV.
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experienced by these samples, as discussed in § 3.4.
After immersion in water, XRD peaks owing to NaCl were strongly 

reduced, indicating only some residual salt presence (Fig. 3D and 3F), 
while peaks owing to carbonate HAP showed no major alteration, thus 
confirming that these phases are insoluble in water. Notably, the in
tensity of NaCl residual peaks is comparable in unconsolidated (UT-7 
and UT-14) and consolidated (1M-7 and 1M-14) samples. This suggests 
that salts, originally present on the sample surface and dissolved in the 
DAP solution, were not trapped behind the surface CaP layer, but were 
able to re-crystallize on the stone surface. This was also confirmed by 
results of SEM-EDS analysis of cross sections, as described in § 3.3.

Similarly, small NaCl peaks were also detected by XRD in the salt- 
contaminated and consolidated specimens (1 M‑7 and 1 M‑14) after 
the stability test (Fig. 3D and 3F). EDS analysis confirmed the presence 
of residual Na and Cl in all contaminated samples, although no NaCl 
crystals were visible by SEM. The Na and Cl peaks detected by EDS could 
hence be ascribed to: (i) the presence of some residual isolated NaCl 
crystals, hardly identifiable by SEM, although detected by EDS; (ii) the 
adsorption of Na+ and Cl- ions onto the newly formed carbonate HAP 
crystals, while their incorporation into the crystal seems unlikely. This is 
also in accordance with previous findings [23,54,76], where the incor
poration of foreign ions under ambient conditions into the newly formed 

carbonate HAP crystals was deemed unlikely due to the absence of clear 
mineralogical structural evidence, verified by XRD, and the unchanged 
solubility of the CaP coatings, confirmed after water immersion.

Considering the microstructure of the new phases, when salts were 
present in the substrate, the carbonate HAP coating formed after treat
ment exhibited lower porosity (Fig. 8) and higher thickness (Table 2) 
compared to the salt-free condition. These findings are consistent with 
XRD results, showing more pronounced peaks attributed to carbonate 
HAP in the case of the contaminated samples, compared to the uncon
taminated ones (Fig. 3).

These results are also consistent with previous studies [22,23,26], 
according to which the presence of salts does not hinder DAP-based 
consolidation. On the contrary, salts may enhance the treatment’s 
effectiveness. A similar phenomenon has also been reported for sub
strates treated with ammonium oxalate [20]. This improvement has 
been attributed to increased surface roughness within the pore network 
caused by salt-induced damage, which promotes the nucleation and 
growth of the new consolidating phases.

3.3. In-depth characterization

To obtain information on the depth of formation of new CaP, cross 

Fig. 5. SEM images at low magnification of uncontaminated and salt-contaminated samples, unconsolidated and consolidated, after immersion in water for the 
stability test.
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Fig. 6. FIB images highlighting the coating thickness and penetration depth in both treated and untreated samples, as well as in contaminated and uncontaminated 
samples. EDS analysis was conducted at 10 kV with the exception of the 3 M DAP figures, which was acquired at 5 kV.
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sections were analyzed by SEM-EDS, as shown in Fig. 9 (uncontaminated 
samples), Fig. 10 (7 wt% NaCl) and Fig. 11 (14 wt% NaCl).

Aged uncontaminated samples. As expected, the signal of P, Na and Cl 
only shows some random variation due to the background noise (Fig. 9). 
This was taken as reference for the analysis of the contaminated and/or 
consolidated samples.

Aged contaminated samples. After contamination with both 7 wt% 
NaCl (Fig. 10) and 14 wt% NaCl (Fig. 11), no distinguishable peak owing 
to Na nor Cl was detected, which suggests that the stability test was able 
to remove NaCl (as also assessed by ion chromatography, Fig. 4) and no 
accumulation of NaCl below the treated surface took place.

Aged uncontaminated and consolidated samples. Clear P peaks were 
detected on the treated surface and, in the case of the 3 M DAP treat
ment, also on the opposite face, at 20 mm depth (Fig. 9). The detection 
of P also on the face opposite to the treated one is consistent with the 
visual observation that, at the end of the consolidant application, the 
whole sample thickness (20 mm) appeared wet with the DAP solution, 
as also previously reported in the literature [43,44]. In the case of the 
1M-0 sample, the fact that P peaks were clearly visible on the treated 
face but not at 20 mm depth (Fig. 9) is thought to be due to the specific 

area analyzed and not to scarce penetration of the DAP solution (which 
was able to reach 20 mm depth in the case of the 3 M solution, which is 
more viscous) nor to any barrier exerted by salts (which were absent in 
this sample).

A further confirmation of the in-depth formation of new CaP was 
obtained by repeating the XRD analysis on the sample face opposite to 
the treated one. As exemplified in Fig. 12 for the sample 3M-0, new CaP 
were detected also at 20 mm depth, hence deep penetration of the DAP 
solution was confirmed.

Aged contaminated and consolidated samples. For both contaminating 
conditions, marked P peaks were visible in the samples treated with 1 M 
DAP and, to an even higher extent, with 3 M DAP, with clear peaks not 
only on the treated face, but also on the opposite one at 20 mm depth 
(Figs. 11 and 12). Similar to the uncontaminated samples, also in the 
contaminated ones no evidence was salt accumulation near the surface 
was found. Only in the case of the sample 3M-14 (Fig. 11) the Cl profile 
appeared slightly higher than the background noise, but also in this case 
no evidence was obtained of the new CaP layer acting as a barrier pre
venting NaCl migration towards the surface.

3.4. Mechanical characterization

Significant improvement in all the investigated properties (namely 
ultrasonic pulse velocity, abrasion resistance and compressive strength) 
was found after consolidation and the stability test, even in initially salt- 
contaminated samples, as detailed in the following.

Aged uncontaminated samples. Even before thermal ageing, fresh 
marble exhibited a remarkably low UPV, ranging between 1.5 and 
2 km/s, depending on the tested direction (Fig. 13). According to the 
classification proposed by Köhler [67], such UPV values correspond to 
the classes of “marble with crumbling surface” and “fractured marble”. 

Fig. 7. EDS maps acquired on FIB-SEM cross-sections shown in Fig. 6. Specifically, the examples highlight treated samples with 3 M DAP: the uncontaminated case 
(left) and the case contaminated with a 7 wt% NaCl solution (right).

Fig. 8. Samples treated with 1 M DAP: uncontaminated (left), contaminated with 7 % NaCl (center), and contaminated with 14 % NaCl (right). The uncontaminated 
sample shows a highly porous CaP layer. Increasing salt contamination reduces porosity, resulting in a denser CaP layer.

Table 2 
Thickness of the CaP layer, as determined by FIB and ImageJ analysis.

Film thickness [μm]

​ 0 % NaCl 7 % NaCl 14 % NaCl
1 M DAP 9.0 ± 0.0 3.7 ± 0.7 1.4 ± 0.4
3 M DAP 1.0 ± 0.2* 3.4 ± 2.0** 1.4 ± 0.5

** Heterogeneous layer
* Heterogeneous layer, with thickness up to 5.1 nm (not shown in Fig. 8) in the 

presence of cracks
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To explain such low values, one should first consider that the specific 
type of marble used in this study (Gioia marble from Carrara, Italy) 
usually exhibits lower UPV values than other calcitic marbles in the 
fresh state: for instance, in [77] fresh Gioia marble was reported to have 
UPV in the range 3.6–3.8 km/s (corresponding to the condition of 
“marble with increasing porosity” according to Köhler [67]), while other 
fresh marbles tested in the same study exhibited values ranging from 4.4 
to 6.1 km/s. Nonetheless, in the present case the measured UPV values 
appear even lower. This could be due to one or both of the following 
reasons: (1) some inaccuracy in the UPV measurement, owing to the 
frequency of the used transducers and the size of the tested samples (cf. 

comment in § 2.5.3); (2) some pre-existing deterioration of the marble 
slab used in this study, which could be affected by the so-called “marble 
cotto” (fired marble) phenomenon [78], i.e. detachment of calcite 
crystals one from another due to residual tectonic stresses released at the 
time of the mining of the marble block and/or thermal stress experi
enced in the quarry and/or during stocking at the marble supplier. In 
any case, because the aim of the present study was to assess the effects of 
the phosphate treatment on salt-contaminated marble, whatever the 
reason(s) for the initial low cohesion of the marble samples, they were 
considered as suitable to achieve the research goal, as the initial level of 
fissuring is not expected to alter the chemical-mineralogical processes of 

Fig. 9. SEM images and profiles of concentration of P, Na and Cl determined by EDS, as a function of the depth from the treated surface (left) and from the opposite 
surface (right) in uncontaminated samples (0 wt% NaCl).
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apatite formation in the presence of foreign ions due to salt.
After thermal ageing, aimed at producing artificially degraded 

samples suitable for testing of consolidants, UPV was almost halved in 
both directions (Fig. 13). This indicates that new intergranular cracks 
were formed among calcite grains, as a result of their anisotropic 
deformation upon heating [56]. Some difference between the UPV 
values measured in the two orthogonal directions (UPV// and UPV⏊) 
was registered, both before and after preliminary thermal degradation, 
which can be ascribed to some intrinsic anisotropy in the marble.

Aged contaminated samples. When marble was contaminated with 
salts, before any consolidation, an increase in UPV values was registered 

in both directions, as the salts partially filled the pores, thus allowing the 
ultrasonic wave to travel more rapidly. Specifically, values around 
1.0 km/s (UT-0) increased to 1.8–2.5 km/s (UT-7 and UT-14). After 24 h 
of water immersion, a decrease was observed (1.5–2.2/2.5 km/s), which 
confirms that the temporary increase in UPV was due to pore filling by 
salts, which facilitate wave transmission.

Aged uncontaminated and consolidated samples. When the consolidants 
were applied onto the uncontaminated samples, a significant increase in 
UPV// and UPV⏊ was obtained, the improvement caused by the 3 M DAP 
formulation being slightly higher than those caused by 1 M DAP, in 
agreement with previous findings [44]. In the direction perpendicular to 

Fig. 10. SEM images and profiles of concentration of P, Na and Cl determined by EDS, as a function of the depth from the treated surface (left) and from the opposite 
surface (right) in samples contaminated with 7 wt% NaCl.
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the treated face (UPV⏊), the marble condition improved from "Dis
integrated marble" to "Increasing Porosity", according to the classifica
tion proposed by Köhler [67]. In the direction parallel to the treated face 
(UPV//), slightly higher improvements were obtained. The higher 
improvement in UPV// than UPV⏊ is consistent with previous results 
[80] and can be attributed to the depth of formation of calcium phos
phate: as the UPV travels across the densest layer available, in the par
allel direction a strong improvement is registered virtually independent 
of the thickness of the consolidated layer; in the perpendicular direction, 
the influence of the depth of formation of the new phases is higher, 
because the pulse has to travel through the whole specimen thickness, so 

the presence of any unconsolidated part would reduce the pulse velocity. 
Overall, the final UPV values registered after consolidation were actu
ally higher than the initial value exhibited by the UT sample (before 
artificial thermal ageing), but they did not reach the values reported in 
the literature for “fresh marble” (5 ≤ UPV ≤ 7 km/s) [67].

Even though it is usually recommended that increases in mechanical 
properties (bending strength, compressive strength and modulus of 
elasticity) after consolidation be lower than 25 % to avoid "delayed in
compatibility" [79], the UPV increases registered in the present case are 
not considered a sign of over-consolidation. Indeed, such high values are 
a consequence of the very low initial value of UPV (Fig. 4), so that even 

Fig. 11. SEM images and profiles of concentration of P, Na and Cl determined by EDS, as a function of the depth from the treated surface (left) and from the opposite 
surface (right) in samples contaminated with 14 wt% NaCl.
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Fig. 12. XRD graph acquired on treated surface (red line) and on the surface opposite to the treated one (green line) at 20 mm depth for the 3M-0 sample.

Fig. 13. Ultrasonic pulse velocity (UPV) values registered in the directions perpendicular (UPV⏊) and parallel (UPV//) to the treated surface of uncontaminated and 
salt-contaminated samples, unconsolidated and consolidated, before and after immersion in water for the stability test (values are averages for three replicates). The 
first column (UT) refers to the UPV of the original marble before thermal degradation, while the second column (UT-0) corresponds to the thermally degraded marble 
used as reference condition.
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small variations in absolute terms result in high percentage variations. If 
the absolute values are considered, even after consolidation marble re
mains in the category of marble with "increasing porosity" or even 
"crumbling surface" (according to the above-mentioned classification 
[67]), therefore excessive formation of new binding phases possibly 
leading to over-consolidation seems excluded.

Results consistent with the ultrasonic measurements were obtained 
by destructive tests, namely abrasion resistance and compressive 
strength tests. In terms of material loss after the abrasion test (Fig. 14, 
left), performed after the stability test, the DAP-treatment reduced the 
material loss from 3.3 mg/cm² to 1.7 mg/cm², with basically no differ
ence between the 1 M DAP and the 3 M DAP formulations.

Also in terms of compressive strength determined by double punch 
test (Fig. 14, right), the DAP treatment caused a significant improvement 
compared to the unconsolidated condition.

Aged contaminated and consolidated samples. When the salt- 
contaminated samples were consolidated with the DAP solution, no 
major difference was detected between the mechanical benefit experi
enced by the salt-contaminated samples, compared to the uncontami
nated ones (Fig. 13), thus confirming the similarity in the amount and 
composition of new consolidating phases formed in the two cases, as 
discussed above.

The results of the UPV measurements after immersing the treated 
samples in water further confirmed the stability of the newly formed 
carbonate HAP (Fig. 13). Indeed, some minor decrease in UPV was 
registered in both directions after immersion in water, which can be 
attributed to the dissolution of residual NaCl in the samples, but in no 
case was a significant loss of consolidation registered.

Considering abrasion resistance, the salt-contaminated and consoli
dated samples showed a trend similar to the uncontaminated and 
consolidated ones, with material loss being substantially halved after 
consolidation (Fig. 14).

Compressive strength determined by the double punch test on the 
consolidated samples was not reduced in the presence of salts. Actually, 
the compressive strength reached in the salt-contaminated samples was 
slightly higher than in the uncontaminated references, which is in 
agreement with the more diffused formation of calcium phosphates 
detected in salt-contaminated samples. This is also consistent with 
previous findings in the literature [20,23], which was attributed to the 
fact that salts caused an increase in roughness of the pore walls, which 
favored nucleation of the consolidating phases [23].

3.5. Chromatic compatibility

When the two formulations of the DAP-treatment were applied onto 

salt-contaminated marble samples, no undesired color changes were 
registered (Fig. 15). In spite of the high variability of the color mea
surements (taken in 5 different points of untreated and treated samples), 
basically in all cases the color change after consolidation remained 
below the “just noticeable difference” detectable by human eye (ΔE* =
2.3, [81]).

4. Conclusions

The aim of this study was to evaluate the effects of consolidating 
Carrara marble contaminated with increasing amounts of NaCl by two 
different formulations of the DAP-treatment (1 M DAP and 3 M DAP), in 
terms of composition and microstructure of the new consolidating 
phases, their stability to immersion in water and the resulting 
improvement in mechanical properties. Based on the obtained results, 
the following conclusions can be derived: 

• Mineralogical composition. In uncontaminated samples, consolidation 
by either DAP formulation led to formation of carbonate hydroxy
apatite (HAP), as indicated by XRD. Similarly, in the salt- 

Fig. 14. Results of the abrasion test (left) and compressive strength test (right) of uncontaminated and salt-contaminated samples, unconsolidated and consolidated, 
after immersion in water for the stability test (values are averages for three replicates).

Fig. 15. Color change (ΔE) of uncontaminated and salt-contaminated samples 
after consolidation, compared to the unconsolidated reference. For the 
consolidated and contaminated samples, the color variation is referred to the 
unconsolidated and contaminated condition.
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contaminated samples formation of carbonate HAP was detected by 
XRD after consolidation, while SEM-EDS revealed minor amounts of 
Na and Cl. This suggests the presence of residual NaCl and/or partial 
ion adsorption onto the newly formed carbonate HAP, while incor
poration of these ions into the apatite crystal lattice appears unlikely. 
In all cases, carbonate HAP was detected also after the stability test, 
so the insoluble nature of the new consolidating phases is confirmed.

• Microstructure and adhesion of the new phases. FIB analysis revealed 
the formation of a carbonate HAP layer a few microns thick, detected 
also in depth when the sample surface was rough and pores were 
present. In some cases, a certain degree of discontinuity between the 
substrate and the newly formed HAP layer was observed, but this was 
not present systematically, so it seems not attributable to the 
immersion-based stability test. Regarding the influence of salt on the 
consolidation outcome, the carbonate HAP coating formed in the 
presence of salts appeared less porous and thicker, thus suggesting no 
negative effects deriving from the substrate contamination.

• In-depth characterization. Analysis of cross sections indicated that 
carbonate HAP is formed not only on the sample surface but also in 
depth in the substrate, down to 20 mm from the treated surface. 
Once the salts present in the substrate were dissolved and mobilized 
by the DAP solution, the newly formed carbonate HAP did not act as 
a barrier preventing salt from re-crystallizing on the sample surface, 
as no Na and Cl significant accumulation below the treated surface 
was found.

• Mechanical improvement. Both non-destructive tests (ultrasounds) 
and destructive tests (abrasion resistance and double punch test) 
indicated that a significant improvement is achieved after consoli
dation by both formulations of the DAP-treatment, without major 
differences between the 1 M DAP and 3 M DAP formulations. In the 
case of salt-contaminated samples, comparable results were ob
tained, suggesting that the presence of salts did not negatively affect 
the consolidation outcome. All the mechanical tests were performed 
after the samples had been immersed in water for the stability test, 
hence the insoluble nature of the new carbonate HAP was confirmed, 
even when salts were initially present in the samples.

Based on the results of the present study, the use of aqueous DAP 
solutions for consolidation of marble seems very promising, even when 
high levels of NaCl are present in the substrate, at least in the conditions 
investigated here. To further corroborate the results obtained in this 
study on salt-contaminated samples, future studies are recommended 
that involve even more realistic durability tests, like repeated wetting- 
drying cycles and salt-crystallization cycles after consolidation.
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Italiana Di Mineralogia E Petrologia 39 (1984) 39–46.

[79] J.Delgado Rodrigues, A. Grossi, Indicators and ratings for the compatibility 
assessment of conservation actions, J. Cult. Herit. 8 (1) (2007) 32–43, https://doi. 
org/10.1016/j.culher.2006.04.007.

[80] E. Sassoni, G. Ugolotti, M. Pagani, Nanolime, nanosilica or ammonium phosphate? 
Laboratory and field study on consolidation of a byzantine marble sarcophagus, 
Constr. Build. Mater. 262 (2020) 120784, https://doi.org/10.1016/j. 
conbuildmat.2020.120784.

[81] G. Sharma, Color fundamentals for digital imaging. Digital Color Imaging 
Handbook, CRC Press, Boca Raton, FL, USA, 2003.

A. Gabrielli et al.                                                                                                                                                                                                                                Construction and Building Materials 495 (2025) 143567 

18 

http://refhub.elsevier.com/S0950-0618(25)03718-3/sbref69
http://refhub.elsevier.com/S0950-0618(25)03718-3/sbref69
https://doi.org/10.1061/JSDEAG.0005493
https://doi.org/10.3390/ma13122873
https://doi.org/10.4028/www.scientific.net/KEM.624.322
https://doi.org/10.4028/www.scientific.net/KEM.624.322
https://doi.org/10.3390/ma13122873
https://doi.org/10.1016/j.ceramint.2022.12.282
https://doi.org/10.1016/j.cemconcomp.2023.105124
https://doi.org/10.1007/s12665-021-09654-y
https://doi.org/10.1007/s12665-021-09654-y
http://refhub.elsevier.com/S0950-0618(25)03718-3/sbref77
http://refhub.elsevier.com/S0950-0618(25)03718-3/sbref77
http://refhub.elsevier.com/S0950-0618(25)03718-3/sbref77
https://doi.org/10.1016/j.culher.2006.04.007
https://doi.org/10.1016/j.culher.2006.04.007
https://doi.org/10.1016/j.conbuildmat.2020.120784
https://doi.org/10.1016/j.conbuildmat.2020.120784
http://refhub.elsevier.com/S0950-0618(25)03718-3/sbref80
http://refhub.elsevier.com/S0950-0618(25)03718-3/sbref80

	Mineralogical, microstructural and mechanical characterization of marble consolidated by ammonium phosphate after thermal a ...
	1 Introduction
	2 Materials and methods
	2.1 Samples
	2.2 Preliminary salt contamination
	2.3 Consolidation
	2.4 Stability test
	2.5 Sample characterization
	2.5.1 Characterization of the treated surface
	2.5.2 In-depth characterization
	2.5.3 Mechanical characterization
	2.5.4 Chromatic compatibility


	3 Results and discussion
	3.1 Product uptake
	3.2 Characterization of the treated surface
	3.3 In-depth characterization
	3.4 Mechanical characterization
	3.5 Chromatic compatibility

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Ackowledgements
	Data availability
	References


