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SOLUBLE SALTS IN STONE ARTIFACTS:
RELIABLE QUANTIFICATION AND INFLUENCE ON CONSOLIDATION
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Abstract

The presence of soluble salts in historical architectural stones is a significant challenge for their conservation, as salt
crystallization induces mechanical stress and cracking. The accurate determination of the amount of salts present in a stone
is crucial for effective conservation strategies. While salt extraction and quantification are relatively straightforward in
highly porous materials, they are more challenging in less porous ones, such as marble. Therefore, the goal of the present
study was twofold: (1) to identify a reliable method for salt quantification in marble and (2) to evaluate whether a critical
salt content exists, above which desalination is essential to ensure that consolidation of salt-contaminated marble by
diammonium hydrogen phosphate (DAP) is successful. First, two different methods for salt extraction were compared,
namely the European standards EN 16455:2014 for Cultural Heritage and EN 772-5:2016 for masonry elements. Carrara
marble and Lecce stone were used as representative substrates with low and high porosity, respectively. Samples of the two
substrates were artificially contaminated by immersion in aqueous solutions of NaCl with increasing concentration. The
soluble salts were then extracted from the contaminated samples by the two methods and the salt amount was quantified by
ion chromatography. Unlike the case of porous limestone, in the case of Carrara marble significant differences were found
between the two extraction methods. Afterwards, the effects of consolidating salt-laden marble by diammonium hydrogen
phosphate (DAP), aimed at forming hydroxyapatite (HAP), were investigated. The presence of salts when HAP is formed
in situ is particularly relevant, as formation may be altered or even inhibited by the presence of foreign ions. XRD and
SEM-EDS analyses showed that, even in the presence of high salt concentrations, the new phase formed after the
consolidation is carbonated HAP, independently of the salt content. The presence of carbonate HAP was confirmed even
after sample immersion in water, to test the stability of the new consolidating phases.
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1. Introduction

Salt crystallization is among the most common and damaging phenomena causing deterioration of materials in cultural
heritage. Its harmfulness depends on both the supersaturation of a saline solution that may form within the pores of the
substrate and on the properties of the substrate itself, including pore size distribution, permeability, and tensile strength
(Caruso et al., 2018).

In addition to threatening the durability of historic substrates, the presence of soluble salts complicates conservation
interventions such as cleaning, consolidation and protection (Caruso et al., 2018; Scherer and Wheeler 2009; Pinna et al.,
2011; Wheeler 2005). Salts can hinder these treatments by interfering with both their penetration in depth and their chemical
interactions with the substrate (Scherer and Wheeler 2009; Wheeler 2005). Conservation practice typically involves
preliminary removal of salts by poultices (Verges-Belmin et al., 2011), but this is not always feasible due to technical, time-
related, or economic constraints.

As a result, to reliably quantify the salts present in a given substrate is extremely important. To the best of the authors'
knowledge, the following European standards are available for salt extraction from substrates used in cultural heritage and
in civil engineering, respectively:
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e EN 16455:2014 (hereafter referred to as EN-CH), which is specific to cultural heritage (where sampling should be
limited to the minimum, so only small amounts of material can be used);

e EN772-5:2016 (hereafter referred to as EN-MS), which applies to masonry elements (for which no sampling problems
exist).

Neither of these standards specifies applicability to particular classes of materials, nor do they indicate specific limitations
regarding materials within a given porosity range. Therefore, the present study had a two-fold aim of:

comparing the two above-mentioned methods to assess their reliability when used to quantify salts present in low-porosity
substrates, like marble. In fact, when using small amounts of sample, as prescribed by EN-CH, the amount of salts in the
extraction solution may be close to the instrumental detection threshold. Therefore, the influence of both the number of
samples used and the ratio between the sample and the extraction water were investigated;

evaluating whether a critical salt content exists, above which desalination is essential to ensure that consolidation of salt-
contaminated marble by diammonium hydrogen phosphate (DAP) is successful. Aqueous solutions of DAP have been
proposed for consolidation of carbonate stones (Sassoni et al., 2011; Matteini et al., 2011; Yang et al., 2011), by reaction
between phosphate ions from the DAP solution and calcium ions from the substrate. This reaction leads to formation of
new calcium phosphates, ideally hydroxyapatite (HAP), which is a stable and durable mineral, the same that is found in
bones and teeth (Turner et al., 2017). Several studies have shown that DAP enhances the mechanical properties of substrates
such as marble, limestone, and lime mortar, without significantly altering their aesthetic appearance and physical properties
(Sassoni et al., 2011; Matteini et al., 2011; Turner ef al., 2017). However, only a few studies have investigated the influence
of salt contamination on the DAP-based treatment, mostly considering specific amounts of specific salts (Ugolotti et al.,
2022; Graziani et al., 2018; Ugolotti et al., 2021). Therefore, this study systematically analysed the effects of NaCl, selected
for its relevance and impact on construction materials (Shu ef al., 2023), when present in concentrations corresponding to
different levels of risk, with the aim of determining whether a critical NaCl content exists, beyond which HAP formation
is compromised.

To study the influence of soluble salts (especially NaCl) on the effects of the DAP treatment is extremely important,
because:

o the presence of foreign ions during HAP formation can significantly modify HAP properties, increasing its water
solubility and thus reducing its consolidating and protective effectiveness (Shu et al., 2023; Boanini et al., 2010;
Cho et al., 2013; Kannan et al., 2006);

o the presence of soluble salts may negatively affect the possibility to functionalize the HAP coating, formed by the
DAP-treatment, which is currently pursued within the “SECURE-COATS” project (https://site.unibo.it/secure-
coats/en). In fact, foreign ions present in the substrate as contaminants may react with ions used to achieve the
desired functionalities, thus threatening the functionalization success.

2. Materials and methods
2.1 Substrates

For the experimental tests, samples (3 x 2 x 0.3) cm3 of two different substrates were used:
e  Carrara marble (having open porosity ~ 2%);

e Lecce stone (having open porosity ~ 34%).

2.2 Salt contamination

Samples were initially immersed in water for 24 hours to remove any residual salt traces. They were then dried and
immersed for 24 hours (stirring at 150 rpm at room temperature) in aqueous solutions of NaCl (supplied by Sigma-Aldrich)
with increasing concentrations, using a sample-to-solution weight ratio of 1:10. Five concentrations of NaCl were used: 0,
1, 3.5, 7 and 14 wt%. Three replicates were considered for each salt concentration. After immersion, the samples were dried
at 40°C. Once the most reliable method for measuring salt content in the materials was identified, to assess the influence
of salt contamination on the effect of the DAP-based treatment, additional marble samples were contaminated with the goal
of producing contaminated samples with salt levels that can be classified as low, medium and high risk, based on the
Austrian standard B 3355-1 (ONORM B 3355, 2017).

2.3 Salt extraction

Salt extraction from the contaminated samples was performed according to the two cited standards:
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e the EN-CH standard requires collecting 100 + 5 mg of powdered sample, from which ions are extracted by
dissolution in 100 ml of double-distilled water. The weight ratio between the powder and the extraction water is
hence 1 mg/mL, equivalent to 10° mg/L;

e the EN-MS standard requires collecting 20 + 0.05 g of powdered sample, with ions extracted by dissolution in 200
mL of double-distilled water. The weight ratio between the powder and extraction water is hence 100 mg/mL,
equivalent to 10° mg/L, two orders of magnitude more than for EN-CH. For the experimental tests, a smaller
amount of sample (10 g) was used and immersed in 100 mL of water, thus maintaining the same 1:10 ratio between
material powder and extraction water as recommended in the EN-MS.

After extraction by the two methods, the amount of chlorides extracted from the specimens was then determined by ion
chromatography, by using a Dionex ICS 1000 instrument.

2.4 Assessment of saline contamination impact on the DAP treatment

Samples to be consolidated were first produced by immersion in NaCl solutions, as described above. After drying, the
contaminated samples were then consolidated by using a 1 M DAP + 1 mM CaCl, solution, applied via poulticing according

to the method detailed by Franzoni ef al. (2015). A weight ratio of 1:4 was used between the dry cellulose pulp and the
DAP solution.

X-ray diffraction (XRD) analysis was used to assess possible modifications in the crystal structure of the new phases formed
in presence of NaCl. A PANalytical X’Pert PRO powder diffractometer, equipped with a fast X’Celerator detector (CuKa
radiation, 40 mA, 40 kV) was used. The morphology of the newly formed phases was examined by analysing the specimen
surface by using a field emission gun scanning electron microscope (FEG-SEM, Tescan Mira3; working distance: 11 mm,
accelerating voltage: 20 kV). Additionally, the elemental composition of the samples was analysed by energy-dispersive
spectroscopy (EDS) by using a Bruker probe.

To evaluate the stability of the consolidated phases, both XRD and FEG-SEM analyses were repeated after immersing the
samples in deionized water for 24 hours.

3. Results and discussion

3.1 Results comparison by extraction standards

In the case of Lecce stone, ion chromatography yielded comparable results for both extraction methods. On the contrary, in
the case of Carrara marble, significant discrepancies emerged between the two standards. Only when using the EN-MS
standard the detected salt content increased proportionally with the concentration of the contaminating solution (Figure 1).
Moreover, data obtained on marble samples by using the EN-CH standard exhibited significantly higher variability
compared to those obtained with EN-MS (Figure 1). According to Austrian standard B 3355-1 (ONORM B 3355, 2017),
materials containing less than 0.03% chloride by weight are not at risk of crystallization damage, while the high-risk
threshold is set at 0.1%. When applying the EN-CH method, even samples that were only immersed in deionized water (0
wt% NaCl) yielded results corresponding to high risk. As these samples were initially desalinated, a scarce reliability of the
EN-CH method is suggested. Additionally, Lecce stone, due to its porosity, can retain significantly more salts than marble.
Nonetheless, when the EN-CH method was used, unrealistic results were obtained, as a higher salt content in marble was
found than in limestone, with identical conditions of contamination and salt extraction (Figure 1). Conversely, the EN-MS
standard provides a more reliable measurement for marble, as it correctly reflects the expected trend: porous limestone
contains a higher salt content than marble when normalized to the same sample weight.
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Figure 1: Chloride content expressed as weight percentage relative to the sample extraction powder
detected in marble and porous limestone samples. Extraction made using the EN-CH and EN-MS
standard.
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3.2 Assessment of saline contamination impact on DAP treatment

XRD revealed the presence of calcite, with occasional traces of quartz and dolomite in uncontaminated-untreated (UT)
samples (Figure 2). The uncontaminated-treated reference subjected to the DAP treatment (DAP) exhibited new broad
diffraction peaks corresponding to the formation of carbonate hydroxyapatite (C-HAP), with no systematic evidence of
other calcium phosphates. The incorporation of carbonate ions into the HAP structure is facilitated by the presence of the
calcite in the substrate and by atmospheric CO,. The broadness of the peaks suggests a poorly crystalline nature of the
newly formed phases and nanometric dimension of the formed crystals, consistent with previous results on DAP treatments
applied to carbonate substrates (Ugolotti et al., 2022). Regardless of the contamination conditions, including the highest
salt concentrations, and even after immersion in water for 24 hours, peaks owing to carbonate HAP are clearly visible,
suggesting that salt contamination did not negatively affect the outcome of the treatment.
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Figure 2: Mineralogical composition of the samples: uncontaminated-untreated (UT),
uncontaminated-treated (DAP), and contaminated-treated after immersion for the stability test.
Symbols indicate C: calcite, CaCO;3 (ICDD 96-901-4612),; D: dolomite, Ca(MgCO3); (ICDD 01-
084-1208); Q: quartz, SiO; (ICDD 01-089-1961); C-HAP: carbonate hydroxyapatite
Cai10(PO4)3(COs3)3(OH)2) (ICDD 00-019-0272).

SEM observation (Figure 3) confirmed the formation of "flower-like" morphologies, which are characteristic of calcium
phosphates resulting from DAP treatments (Sassoni, 2018). No substantial morphological differences were detected
between contaminated and uncontaminated samples. In salt-contaminated specimens, EDS revealed the presence of salt
before consolidation; however, after treatment, these salts were no longer detectable (Figure 3). This finding excludes the
possibility of Na or Cl incorporation or adsorption into the newly formed calcium phosphate phases, suggesting that
dissolved salts were not incorporated into the HAP structure. This result is consistent with previous studies on DAP-treated
lime-based mortars and cement pastes (Ugolotti et al., 2022; Pasco et al., 2023), although, in principle, ion incorporation
and adsorption could have occurred, as documented in biomedical research (see for example Na-substituted HAP (Cho et
al., 2013) or chlorapatite (Kannan et al., 2006)). It is likely that the 24-hour poultice application facilitated both the
penetration of the treatment solution into the substrate and the removal of contaminant ions. However, the primary
mechanism for salt removal appears to be rinsing with water after the treatment, rather than the poultice itself. In fact,
effective ion extraction via poultices requires them to dry in contact with the substrate, allowing ions to migrate from the
substrate into the poultice during the drying process (Vergeés-Belmin et al., 2011), while in the present case the poultice was
removed while still wet, after 24 hours of reaction. After immersion in water for 24 hours, the calcium phosphate phases
remained stable, exhibiting unaltered morphology and no visible detachment (Figure 3). This confirms the formation of
insoluble calcium phosphate phases following the DAP treatment, even in salt-contaminated conditions, ensuring the
durability of the consolidation process.
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Figure 3: FEG-SEM images of uncontaminated-untreated (UT), uncontaminated-treated (DAP), and
contaminated-treated samples analysed before and after water immersion to assess phase stability. EDS
analysis areas are indicated.

4. Conclusions

This study investigated the reliability of two European standards for extracting soluble salts from substrates, namely EN
16455:2014 for Cultural Heritage (EN-CH) and EN 772-5:2016 for masonry elements (EN-MS). The results indicate that
for highly porous substrates, such as Lecce stone, both methods yield comparable outcomes. However, for low-porosity
substrates, such as Carrara marble, the EN-CH method involves a ratio of powder to extraction water. (100 mg in 100 mL)
such that the resulting saline solution becomes too diluted, reaching the instrument detectability threshold. This can
compromise the possibility to accurately quantify the salts presence. Therefore, for the extraction of salts from low-porosity
substrates such as marble, the EN-MS standard appears to provide more reliable results. Regarding the assessment of the
effects of salts on the formation of new calcium phosphates after the DAP treatment, the results indicate that NaCl
contamination did not lead to significant alterations in either the mineralogical composition or the morphology of the newly
formed phases. Even when NaCl was present in high amount associated with a high risk of damage, hydroxyapatite (HAP)
and/or carbonate-HAP were detected after consolidation, with no substantial variations owing to the salt presence. This was
further corroborated by the durability test, in which consolidated samples were immersed in water for 24 hours. The
obtained results are important also in view of further functionalizing the DAP-based treatment, to achieve functionalities
such as antimicrobial ability. In fact, soluble salts (such as chlorides) may interfere with antimicrobial agents, thus reducing
or impeding the successful functionalization. These aspects are being investigated in the ongoing project “SECURE-
COATS?” (https://site.unibo.it/secure-coats/en).
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