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Abstract. Carbonate containing materials are subject to severe weathering. 

Traditional formulations of stone strengtheners have low compatibility with 

the original material and further they contain VOCs (volatile organic 

compounds), which endanger human health and the environment. 

This study explores the high potential of novel treatments based on water-

soluble phosphates used as an agent to react with calcium carbonate (CaCO3) 

to form an insoluble film of calcium phosphate in the pore space of the 

treated material. Pretreatments with nanolime suspensions ensure greater 

availability of calcium ions and reduce the consumption of the original 

material in the reactions. An alkaline environment is required to promote the 

conversion of the CaCO3 components to hydroxyapatite-like compounds. 

Based on experiments in aqueous solutions, different sources of phosphate 

ions could be examined and compared for the development of effective 

treatments to apply on different test specimens. To implement the 

treatments, barium phosphate solutions were investigated. Important aspects 

of this research are the use of green solvents and the search of components 

that avoid the formation of byproducts, to increase the efficiency of the 

chemical reactions and reduce possible negative effects on the operator, the 

environment and the very same built heritage material.  

The developed treatments are a valuable alternative to the traditional 

methods, as it follows an improvement in the material properties without 

affecting the moisture transport within it and allows the evenly reaction of 

the strengthened material to external physical and mechanical stresses 

without creating internal tension between the grains.  

1 Introduction 

Preserving materials that represent our cultural heritage is a complex challenge. A variety of 

factors such as material properties, type and intensity of damage, degradation mechanisms, 

and specific environmental conditions must be taken into account when addressing the 

problem, defining the necessary actions, and selecting materials or processes. 

It is therefore necessary to select and develop appropriate means and methods for correct 

conservation treatment, because each intervention must be considered unique and planned 
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specifically for the object in question. Consolidation can be risky because its effects can be 

irreversible and undesirable.  

Porous carbonate materials are found in both historic and modern buildings. 

Strengthening them is a recurring task. Traditionally, organic and inorganic consolidation 

products have been used to restore the original mechanical properties of weathered and 

damaged materials, but their compatibility and durability on the original substrate are often 

critical. Traditional consolidation products include lime water, calcium hydroxide grouts, 

cement paste, sodium silicate and resins. Problems with their application are: coarse particle 

size, low penetration, high hardness or hydrophobicity of the newly formed structures, 

incompatible physicochemical and sometimes limited durability. For this reason, the use of 

inorganic nanomaterial-based consolidation products for architectural heritage preservation 

has increased significantly in recent years. Nanoparticles can penetrate deep into the damaged 

historic fabric and are highly compatible with the original substrate: the newly formed phases 

must be able to seal the microcracks between the stone grains without completely filling the 

pore space. They improve the material properties without affecting the moisture transfer in 

the building material. The nanometric particles have a larger specific surface area than in 

conventional suspensions. This increases their chemical reactivity and significantly improves 

material properties. In particular, this category includes strengthening agents based on 

calcium or magnesium hydroxide nanoparticles (Ca(OH)2 and Mg(OH)2), which are used to 

strengthen carbonate rocks such as limestone or dolomite and mortars [1-9]. Barium 

hydroxide nanosuspensions (Ba(OH)2) or solutions are widely used for the fixation of soluble 

sulfates and for the consolidation of wall paintings [5, 44, 45]. The treatment method is based 

on the Ferroni-Dini process [25, 26]. Nanosuspensions of strontium hydroxide (Sr(OH)2) 

have also been proposed for similar applications [27]. Nanosuspensions of silica (SiO2 sol, 

silica sol, colloidal silica) are also used for stone strengthening, but these have the tendency 

to form xerogels on the surface of the stone, therefore only a low penetration depth can be 

achieved [1]. As an alternative, silicic acid esters (SAE) are widely used. The most commonly 

used products are based on tetraethyl orthosilicate (TEOS). The resulting silica gel is 

characterized by a graded polarity that preserves the capillarity and water vapor permeability 

of the original material. However, silica esters cannot be used when large voids or cracks are 

present because they are unable to bridge them [1, 5]. 

In this study, alternative novel treatments based on nanosuspensions of calcium hydroxide 

in combination with soluble phosphates were developed and evaluated, not only for the 

purpose of strengthening, but also to apply a protective treatment that allows the nucleation 

and growth of a layer composed by insoluble calcium phosphate (CaP) over the original 

and/or newly formed surfaces in the pore space, so that the dissolution of the carbonate 

substrate due to weathering processes, can be reduced or avoided. The effectiveness of CaP 

layers is based on their low solubility in water and their lattice compatibility with calcite. 

This allows these materials to respond uniformly to external physical and mechanical stresses 

without generating internal stresses. 

The high potential of phosphate treatment has been described in many publications [29-

36]. The authors proposed the use of water-soluble phosphates as an active agent to react 

with CaCO3 in limestone, marble, carbonate-bonded sandstones and also archaeological 

bones to form hydroxyapatite (HAP) in the pore space of the treated material. The use of 

diammonium hydrogen phosphate (DAHP) is considered to be particularly effective as it 

leads to the formation of ammonium ions (NH4
+) and hydrogen phosphate ions (HPO4

2-) in 

aqueous solution.  

In this paper, the treatment with DAHP has been compared with the implementation of 

nanolime (CaLoSiL®E25) pretreatments and the formed phases were characterized 

chemically. The drying and setting time after the application of CaLoSiL® was studied in 

order to obtain a homogeneous, uniformly distributed protective layer of nano- or 

MATEC Web of Conferences 403, 07008 (2024)

SUBLime Conference 2024
https://doi.org/10.1051/matecconf/202440307008

2



microcrystals of insoluble calcium phosphate. It was therefore necessary to ensure a gradual 

evaporation of the solvent and also to provide the necessary atmosphere for the reactions to 

take place in the pore solution. High humidity conditions for several days favor the reaction 

and the crystallinity of the newly formed material. 

Barium phosphate solutions have also been developed for the same purpose. The aim of 

the treatment was to obtain a high pH in the pore solution and, consequently, apatite phases 

rich in calcium. The advantage of using such precursors is that only chemicals that are 

completely used in the reaction are introduced, resulting in higher efficiency without the 

formation of by-products. An additional problem in consolidation operations is that 

substrates are often contaminated by the presence of salts. Treatment with barium phosphate 

solution results in at least partial conversion of soluble sulfates to insoluble BaSO4, while the 

simultaneous presence of Ca2+ leads to the formation of insoluble calcium phosphates, which 

may also incorporate sulfate and barium ions into their crystalline lattice. 

To verify that the application of the later solution results in the formation of insoluble 

phases, the samples were eluted in deionized water and a quantitative chemical analysis was 

performed on the filtrate. 

2 Chemistry of the calcium phosphate 

Calcium orthophosphates (CaP) are salts of trivalent phosphoric acid H3PO4 and form 

compounds that can contain phosphate anions at a different protonation state (PO4
3-, HPO4

2- 

and H2PO4
-). The three dissociation stages of the orthophosphate system and their acid 

dissociation constant pKa (at 25 °C) are given in equations 1 to 3 [23]: 

H3PO4   ⇌ H+ + H2PO4
−    𝑝𝐾1 = 2,16                 (1) 

H2PO4
− ⇌ H+ + HPO4

2−   𝑝𝐾2 = 7,21                  (2) 
HPO4

2− ⇌ H+ + PO4
3−      𝑝𝐾3 = 12,32                (3) 

All calcium phosphates are white crystalline solids that are slightly soluble in water. Some 

CaP contain water of crystallization, such as dicalcium phosphate dihydrate (DCPD or 

brushite) and octacalcium phosphate (OCP), others can incorporate OH- ions into their lattice. 

The last belong to the apatite group. The crystallization of complex, insoluble apatite occurs 

by intermediate precipitation of metastable precursors in accordance with Ostwald's step rule 

[51]. The apatite compounds are among the preferred phases formed under neutral to basic 

conditions. During precipitation reactions in a basic environment, amorphous calcium 

phosphate (ACP) and OCP are often formed as intermediates, as they are the kinetically 

preferred phases that convert to the thermodynamically more stable hydroxyapatite in 

subsequent steps [11-14]. The molar Ca/P ratio and the solubility in water are the most 

important parameters for the differentiation of CaP. In general, the lower the molar Ca/P 

ratio, the more acidic and water soluble the compound. Table 1 lists the major members of 

the CaP family that are of interest to this study. It is important to emphasize that for the 

purpose of this study, only the method of preparation of CaP by wet-chemical precipitation 

at room temperature has been considered [41]. 

Stoichiometric hydroxyapatite is the least soluble and therefore most stable calcium 

orthophosphate and is generally described by the chemical formula Ca10(PO4)6(OH)2. It 

cannot be obtained by direct precipitation in aqueous solutions at room temperature in 

presence of atmospheric CO2. The particularity of HAP lattice is that its hexagonal structure 

is particularly susceptible to defects and foreign ions. Substitutions can occur at various 

lattice sites, resulting in a wide variety of compounds.  

CDHA (calcium deficient HAP) is easily prepared by precipitation in an aqueous basic 

solution. Due to the non-stoichiometric nature of CDHA, it contains a proportion of foreign 

ions at calcium and hydroxyl positions. Construction errors are also known in anion positions: 
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phosphate ions may be partially protonated (Ca10-x(HPO4)x(PO4)6-x(OH)2-x with 0 < x < 1) and 

partially replaced by carbonate ions (CO3
2-). OH- or PO4

3- can be replaced by CO3
2- ions in 

HAP lattices, resulting in carbonate-hydroxyapatite (CHAP) of type A or B. In the first case, 

a CO3
2- ion replaces two OH- ions in the lattice, which is described by the chemical formula 

Ca10(PO4)6(OH)2-2y(CO3)y where 0 ≤ y ≤ 1. In the second case, the substitution of CO3
2- takes 

place at the phosphate position. Electroneutrality is maintained by substitution also at the 

cation position. This compound is described by the formula Ca10-xMx(PO4)6-x(CO3)x(OH)2 

where 0 ≤ x ≤ 2 and M = monovalent cation (e.g. Na+, K+). During the precipitation of HAP 

in aqueous solutions, both types of substitutions can occur simultaneously, resulting in a 

mixed AB-type hydroxyapatite with the formula Ca10[(PO4)6-x(CO3)x][(OH)2-y(CO3)y] [15, 

16]. Substitution of monovalent or divalent cations can always take place at the cation 

position, as well as substitutions of other types of anions such as SO4
2-, SiO4

4-, Cl-, etc. The 

formation of substituted HAP (0 < x ≤ 2) can be described by the equation 4: 

(10 − x)Ca2+ + xHPO4
2− + (6 − x)PO4

3− + (2 − x)OH− →  Ca10−x(HPO4)x(PO4)6−x(OH)2−x        (4) 

Table 1. Properties and thermodynamics of some calcium phosphates compared to calcite [14, 17]. 

Name Ca/P molar ratio 
-lgKs (at 25 °C) 

 

pH stability 

range 
(in H2O at 25 °C) 

ΔG0  

[kJ mol-1] 

HAP 1.67 116,8 9,5 - 12 -12.68 

CDHA 1.5-1.67 85,1 6,5 – 9,5  [a] 

CHAP > 1.67 (depending on CO3
2- content) depending on CO3

2- content 7 - 12 [a] 

OCP 1.33 96,6  5,5 – 7 -12.26 

ACP 1.2-2.2 25 – 33 5-12 [b] 

DCPD 1,0 6,59  2 – 6 -2.16 

Calcite - 8,5 > 7 -1.13 

HAP: hydroxyapatite, CDHA: calcium-deficient HAP, CHAP: carbonate HAP, OCP: octacalcium 

phosphate; ACP: amorphous calcium phosphate; DCPD: brushite; [a] no data; [b] metastable. 

3 Materials and methods 

3.1 Chemicals and reagents 

The following chemicals were used: CaCO3 (CHEMSOLUTE, ≥ 99.5%), (NH4)2HPO4 

(chemPUR, 98+%), CaLoSiL® E25 (IBZ Salzchemie Freiberg, DE), Phenolphthalein (Roth, 

≥ 99%), Ethanol, H3PO4 (adds4food, 85% E338), Ba(OH)2 · 8H2O (Thermo Fisher, 97%). 

For the preparation of saturated solutions to create a humid environment for the sample 

storage: technical NaCl and NaNO3 (Roth). For the preparation of saturated solutions for the 

determination of water transport: LiCl (SuboLab, 99%) and KNO3 (CHEMSOLUTE, > 

99%). 

3.2 Prepared solutions for the treatments 

For the first treatment, a 1 mol/l aqueous solution of diammonium hydrogen phosphate 

(DAHP) was prepared. Following are the properties of this solution: pH = 8.15; ρ = 1.07 

g/cm3. In order to follow the pH fluctuations of the reactions in the test samples, a solution 

of 0,1 wt.% of phenolphthalein in 30 wt.% water, 70 wt.% ethanol was prepared. 

For the second treatment, an aqueous suspension of 0.2 mol/l Ba(OH)2 was prepared. This 

was used to titrate a 0.5 mol/l orthophosphoric acid and obtain a barium phosphate solution 

with pH = 2.5, ρ = 1.02 g/cm3. 
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3.3 Test specimens 

3.3.1 Mortar sample characteristics 

The prismatic test specimens were prepared in metal molds according to DIN EN 1015-11 - 

Annex A [38]. These had the dimensions 40 mm x 40 mm x 40 mm or 160 mm x 40 mm x 

40 mm, into which a slaked lime/sand mixture was added in a mass ratio of 1:8. Medium-

grained sand (0-2 mm) was used. Round test specimens were produced in cut plastic tubes 

with a diameter of 45 mm, a height of 16 mm and using a lime/sand ratio of 1:8. The mortar 

was placed in the appropriate molds with only slight pressure to achieve low density and 

open porosity. This type of sample preparation makes possible to simulate the ageing 

processes on the materials and to obtain comparable, reproducible results.  

3.3.2 Treatments 

In principle, the mortar prisms were consolidated by two different treatments. These are 

shown schematically in Figure 1. The treatments were carried out with slight modifications: 

different sources of phosphate ions were used, but the technique of application and the final 

storage conditions were always identical. Table 2 shows the different phosphate solutions 

used and the number of applications, as well as whether there was a pretreatment with 

nanolime. In treatment 1, after pretreatment with CaLoSiL® E25, one series of the test 

specimens were stored for 24 h in laboratory and then treated with the phosphate solution. 

Another series of prisms, after nanolime pretreatment, were stored 14 d in a controlled humid 

environment at RH = 70-75% to ensure that carbonating occurs. The carbonation reaction as 

well as the reaction to calcium phosphate was followed by dripping a small drop of the 

phenolphthalein solution on each lateral side of the prisms. After the phosphate solution 

application, the specimens were stored in the same humid environment at RH = 70-75% and 

T = 20-22 °C until constant weight was reached. The samples were weighed before and after 

each treatment step. This made it possible to determine the mass of the reinforcing agent that 

had penetrated and the final increase in mass. 

Before performing treatment 2, the test specimens were stored for 2 hours in a 0.3 mol/l 

MgSO4 solution. The barium phosphate treatment was carried out after the sample lost ca. 

90% of the water content and stored after treatment in the same condition as the previous 

described treatments.  

After treatment 2, the samples were ground in a mortar, stirred for 4 h in deionized water and 

slow filtered. The soluble fraction over insoluble was determined by weighing the filter 

cakes. The filtrate was prepared for the chemical analysis.  

Fig. 1. General schematic representation of the treatments carried out on the test specimens. 

untreated sample 

Storage  

  

Pretreatment with 

CaLoSiL®
 25g/L 

stored 4h in the 

nanosuspension 

Dripping the surface of the 

sample with the solution 

containing phosphate ions 

Storage at 

RH~75% to 

constant weight 
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Table 2. Treatments and number of applications for each treatment. 

Treatment CaLoSiL® E25 Storage DAHP Ba-phosphate 

1a   1 application  

1b 1 application 24h, laboratory 1 application  

1c 1 application 14d, RH ~ 70% 1 application  

2-1  2h in a 0.3 mol/l 

MgSO4 solution, 
24h, laboratory 

 1 application 

2-2   2 applications 

3.4 Materials characterization 

The strengthening effect was verified by determining a variety of physical, mechanical and 

microstructural properties, as well as durability tests based on capillary water absorption [39], 

water vapor permeability [40], longitudinal wave ultrasonic velocity (performed with the 

Geotron electronic measuring system, using the LightHouse UMPC software) and 

compressive strength (performed using the Inspekt Desk 10 kN measurement system and the 

LabMaster software) [38]. In addition, structural studies were performed using X-ray powder 

diffraction (XRD). An XRD 3003 TT with energy dispersive detector Meteor0D (GE 

Inspection Technologies), which is equipped with a Θ - Θ goniometer, was used for this 

purpose. The diffraction patterns were recorded with Cu-Kα radiation in the measurement 

range of 10° to 80° Θ with a resolution of 0.02° Θ per second. The compounds were identified 

using Analyze software and the ICDD database. Scanning electron microscopy (SEM) was 

used to characterize the microstructures formed in the pore spaces. Measurements were 

acquired on a Jeol JSM-7001F SEM (high vacuum, accelerated voltage: 5 kV), which 

generates high-resolution images with secondary electron contrast (SE) of the uneven object 

surface. Furthermore, the elemental composition of individual formed structures was 

analyzed via energy dispersive X-ray analysis (SEM-EDX).  An EDX detector Bruker e--

Flash was used (high vacuum, accelerated voltage: 15 kV). The highly porous samples were 

mounted on a Cu-Zn sample carrier, the uneven edges were filled with a graphite containing 

adhesive and finally carbon was vapor deposited. A silver coating on the edges helped to 

increase the conductivity of the samples.  

Changes in mass and color of the treated mortar prisms were also followed and 

characterized. The colorimetric analysis was performed using a Precision Colorimeter 

NR20XE from 3nh and evaluated with the CQCS3 software. 

For the quantitative determination of an analyte were used different methods. The 

chemical analysis was conducted by gravimetric analysis for the determination of the SO4
2- 

content, by photometric measurements (at 712 nm) for the determination of the PO4
3- and 

ICP-OES was used to determine the content of Ca2+, Ba2+, Mg2+, Na+, K+. 

4 Results and discussion 

4.1 Treatment with CaLoSiL® and DAHP solution  

The treatments carried out resulted in an average increase in mass of 1 wt% for all the samples 

treated with 1 mol/l DAHP solution (treatment 1a), 1.2 wt% for the samples treated with 

CaLoSiL® and DAHP solution with drying time of 24 hours in laboratory (treatment 1b) and 

2.4 wt% for those treated with CaLoSiL® and DAHP solution after a single application, with 

a curing time of 14 days at RH ~ 70% between the two procedures (treatment 1c). The prisms 
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treated with treatment 1b did not show significant results and improvements compared to the 

material after the treatment 1a, therefore are not discussed in the results. 

Table 3 shows the results of the mechanical/physical properties tests of the treated 

materials compared to the same untreated material. The determination of the compressive 

strength of the mortar prisms of treatment 1a and 1c after 28 days gave very good results. 

The tests on the specimens clearly showed that the material properties improved significantly 

compared to the untreated material. The sample pretreated with nanolime generally showed 

the higher coefficient values. In addition, a significant increase in ultrasonic velocity was 

also achieved. As a non-destructive characterization method, it can be used in studies on 

original materials where compressive strength cannot be used because it destroys the 

specimens. The validity of ultrasonic testing has been demonstrated by the consistency of the 

results obtained.  

The hydrophilic behavior of the test specimens was maintained with only minor 

impairment of capillary water transport. The water absorption coefficient (C) deviates only 

about 15% after treatment 1c, suggesting that the pores are slightly more filled than after 

treatment 1a. A similar picture emerges for the effect on water vapor permeability (Wvp): 

there are no significant changes in either the lower or upper range. 

The visual observations were supplemented by colorimetric measurements of the samples 

before and after the treatments. The color difference ΔE* can vary greatly due to the general 

inhomogeneity of the mortar prisms. To reduce this effect, a mask was used to position the 

colorimeter on the same measuring point. The least superficial whitening was observed in 

treatment 1c. In general, this color change is barely noticeable to the human eye [37]. 

Table 3. Determined mechanical and physical properties of untreated and treated specimens. 

Treatment 

Compressive 

strength 

[N/mm2] 

Ultrasonic 

velocity 

[m/s] 

C  

[kg/m2 

h0.5] 

Wvp lower range  

[kg/m s Pa] 
Wvp upper range 

[kg/m s Pa] 
ΔE* 

untreated 0.6 ± 0.1 1645 ± 130 1.7 ± 0.1 2.9E-11 ± 2E-12 5.2E-11 ± 4E-12  

1a 1.1 ± 0.3 2469 ± 174 1.7 ± 0.01 2.7E-11 ± 8E-12 5.3E-11 ± 4E-12 1.8 ± 0.2 

1c 2.1 ± 0.3 3444 ± 370 1.4 ± 0.1 2.4E-11 ± 3E-12 5.3E-11 ± 2E-12 1.5 ± 0.8 

All results shown are expressed as value ± standard deviation, n=3, except Wvp, where n=5; C: water absorption 

coefficient; Wvp: water vapor permeability; ΔE*: color difference 

Based on information from preliminary stirring tests, the reaction to CaP generally takes up 

to 6 hours to form ACP, which later converts to the crystalline phase. The longer the storage 

time, the higher the crystallinity of the product. With SEM observation, it was possible to 

observe and define the phases obtained. In Figure 2 is shown the morphology of the layers 

formed and Figure 3 the EDX measurement points carried out to identify the compounds 

formed by elemental quantitative analysis. Compared to the untreated samples, the treatments 

resulted in a coverage of the surface with different density and uniformity, no cracks were 

found in the protective film. Treatment 1a showed an uneven coverage. The carbonate matrix 

does not differ significantly from the reference samples and does not have any particular 

crystalline forms. This may indicate the presence of a deposition layer of ACP on the original 

substrate that is very low in phosphorus and therefore phosphate content (Figure 3). It should 

be pointed out that in quantitative analysis the contribution of carbon from the deposition 

layer of graphite must be taken into account. This can be up to 10 at% in a spot analysis. 

Treatment 1c, on the other hand, resulted in the formation of a homogeneous, evenly 

distributed layer of microcrystals distributed over the entire sample with the same 

composition (Figure 4a). Thanks to the pretreatment with CaLoSiL®, the formation of 

crystalline phases of calcium phosphate was observed: this can be found as CHAP or CDHA 

in form of porous “petal like” aggregates and non-stoichiometric platelets. OCP 
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modifications are also not to exclude, since it is an intermediate of the reaction. The molar 

Ca/P ratio is strongly influenced by the presence of substitutions on the part of CO3
2- in the 

lattice. Additionally, the presence Mg2+ incorporated into the lattice led to the formation of 

micrometric prismatic crystals (Figure 4b) observed throughout the sample. Other platelets 

containing additional zinc were found. However, this did not affect the homogeneity of the 

protective film. Unfortunately, there is no way to completely prevent such reactions. The 

metal ions Mg2+, Zn2+, and traces Na+, K+, Fe2+ (below 1 at%), come from the sand or 

impurities in the binder of the mortar samples.  

The analysis of the diffraction pattern of the binder portion of a sample mortar after 

treatment 1c (gently ground and sieved to 90 µm) is shown in Figure 5. Here, the calcite and 

hydroxyapatite reflexes could be assigned. The reflexes in the range of 22-26° (002-reflexes 

of stoichiometric HAP) are not very intense and the reflexes in the range of 32-34° (211- 

reflexes of stoichiometric HAP) are significantly wide, indicating that the formed phases 

contain crystallographic defects caused by substitution in anionic and cationic position in the 

HAP lattice. 

Fig. 2. SEM images of the untreated sample (left), after treatment 1a (center) and after treatment 1c 

(right). 

Fig. 3. SEM images and elemental analysis on a sample after treatment with a 1 mol/l DAHP solution 

(treatment 1a). The results are given in atomic percentage (at%). The uncertainty of the analysis is 

shown in Figure 8. 
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Fig. 4. SEM images and EDX elemental analysis on different spots in a sample after a treatment with 

CaLoSiL® and a 1 mol/l DAHP solution (treatment 1c). The results are given in atomic percentage 

(at%). The uncertainty of the analysis is shown in Figure 8. 

 

 

Fig. 5. XRD pattern of a sample after a treatment with CaLoSiL® and a 1 mol/l DAHP solution 

(treatment 1c). 

4.2 Treatment with barium phosphate solution  

Table 4 presents the average in ion content of the samples after one and two applications of 

the treatment solution. In comparison with the results obtained after dissolving the samples, 

it can be seen that soluble sulphates were still present. The barium and phosphate ions were 

stably converted to insoluble compounds, as was magnesium, that can react to Mg(OH)2 and 

after carbonation, in MgCO3, or form double salts. Sulphates present are not completely 

converted into insoluble compounds, but already almost half of the content could be fixed in 

insoluble phases after one application. The total change in mass of the samples could not be 

determined accurately because it is affected by the amount of salt contamination and moisture 

content due to the presence of hygroscopic salts. 

Hydroxyapatite 

Calcite 

(a) 

(b) 
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Both treatments had very little effect on the color of the original material. A color 

difference ΔE* of 1.8 ± 0.3 (value ± standard deviation, n=3) was measured after one 

application of the barium phosphate treatment and a ΔE* of 1.6 ± 0.6 after two applications 

of the same treatment, which is barely noticeable to the human eye. 

The determination of the compressive strength of the mortar prisms after only a week 

after the second application of the barium phosphate solution was carried out to determine if 

there was already an increase in value even though the samples were not completely dry. The 

conducted test proved that the mechanical properties improved adequately compared to the 

untreated material already after 7 days of the treatment: values of 0.4 ± 0.04 N/mm2 (value ± 

standard deviation, n=3) were measured in comparison to the untreated material with a 

compressive strength of 0.2 ± 0.04 N/mm2. 

Table 4. Theoretical ion content calculated from the absorbed phosphate solution and results of the 

quantitative chemical analysis on analytes after stirring the samples in deionized water. 

Theoretical ion 

content after: 

Ca2+ 

wt% 

Ba2+ 

wt% 

Mg2+ 

wt% 

SO4
2- 

wt% 

PO4
3- 

wt% 
pH 

LF 

[mS/cm] 

1 application  0.3 
0.2 0.9 

0.6 
- - 

2 applications  0.5 1.1 

Ion content after 

samples elution: 
      

1 application 0.1 0.0 0.05 0.5 0.0 8.8 2.9 

2 applications 0.1 0.0 0.02 0.4 0.0 9.1 2.5 

 

Figure 6 shows and compares the structures formed after the treatments carried out. It is easy 

to observe how the application of a second treatment makes the coating more homogeneous 

and distributed over the carbonate matrix and the sand grains. The quantitative SEM-EDX 

analysis revealed the formation of mixed Ca2+/Ba2+/Mg2+ and PO4
3-/SO4

2- phases. However, 

the crystallinity of these phases is very low (Fig. 7) and no crystals of defined shape are 

present. A second treatment, therefore a larger supply of phosphate ions, leads to the 

separation of a highly crystalline phase, enriched in calcium and phosphate content, with a 

Ca/P molar ratio very close to 1.67 (Fig. 8), which means that the conditions imposed by the 

initial pH of the given solution, time and reaction conditions are very favorable and have led 

to the formation of non-stoichiometric apatite, but with minimal substitution in the lattice. At 

the same time, a great portion of the sulfate ions present were fixed in insoluble phases, that 

resulted to remain stable from dissolution. 

Fig. 6. SEM images of in a sample after one treatment with Ba-PO4 solution (treatment 2-1, left) and 

after two treatments with the same solution (treatment 2-2, right). 
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Fig. 7. SEM images and EDX elemental analysis in a sample after one treatment with Ba-PO4 solution. 

The results are given in atomic percentage (at%). The uncertainty of the analysis is shown in Figure 8. 

Fig. 8. SEM images and EDX elemental analysis in a sample after two treatments with Ba-PO4 solution. 

The results are given in atomic percentage (at% ± 1σ). 

5 Conclusion 

All the studies carried out have shown that apatite formation requires a variety of different 

preconditions. Studies and treatments have been developed to ensure that chemically neutral 

components can be formed in practical applications. In addition, the use of hazardous 

solvents for the operator and the environment was completely avoided. 

The tests to develop a protective treatment for carbonate materials included DAHP as a 

source of phosphate ions and gave excellent results. DAHP solutions have a low viscosity 

and can penetrate deep into the substrate undergoing consolidation. Pretreatment with 

nanolime is very helpful as the original substrate is only slightly exposed to the phosphate 

solution. Partial carbonation as a result of nanolime treatment is beneficial for the production 

of crystalline products. A homogeneous, evenly distributed protective layer of microcrystals 

of carbonate HAP with a high calcium content is formed. Their formation is facilitated by a 

sufficient amount of Ca2+ and PO4
3-: the CaCO3 particle surface supplies the overlying 

aqueous phosphate solution with Ca2+ ions. Hydrogen phosphate and phosphate ions can 

freely migrate to the reaction site. The primary crystals grow together during the subsequent 
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storage period to form petal-like crystals of carbonate hydroxyapatite (CHAP) and platelets 

of very high crystallinity. Long storage times in a humid environment and the use of higher 

pH values in the reaction mixture favored the crystallization of insoluble CaP. Moreover, the 

presence of residual Ca(OH)2 after CaLoSiL® application supported the achievement of an 

alkaline environment, which is essential for apatite formation. There was minimal transport 

of solid particles back to the surface of the samples during solvent evaporation, resulting in 

an imperceptible change in surface color. The subsequent partial filling of the pore space 

caused by the secondary mineral formation led to an improvement in the material properties 

and caused only a minimal slowing of water transport in the test materials. 

The use of this method should be considered on a case-by-case basis. The ammonium 

ions provided by the dissociation of DAHP could lead to the precipitation of ammonium 

carbonate, a water-soluble salt. By using a 1 mol/l DAHP solution in the treatment described, 

the presence of this salt was not detected. In the treatments carried out, ammonia should be 

formed as a gaseous component in the reaction solution and released completely. This would 

be a minor disadvantage of the DAHP process. Treatment of outdoor objects is very effective 

if appropriate personal protection measures are taken. The use of this method indoors is more 

problematic. A system of air filters for NH3 fixation and air exchange is required.   

On the other hand, the use of barium phosphate solutions avoids completely this problem. 

The composition of this solution has been carefully tested to achieve an initial pH in solution 

as high as possible, without the introduction of additional bases other than barium hydroxide 

to avoid providing further ions that may react to form unwanted products. 

When the solution is applied to the material, the ions present react with the substrate, to 

form apatite-like bonds. The dissolution of the CaCO3 present and the subsequent reaction of 

the calcium ions leads to the establishment of a pH in solution in the neutral-alkaline zone, 

resulting in the precipitation of new, more pure, insoluble mineral phases of CaP or apatite, 

with high crystallinity, characterized by only few substitutions in the crystal lattice. The new 

phases formed by the application of these two alternative sources of phosphate ions are stable 

upon dissolution, providing consolidation and protection to the material over long periods of 

time. 

The use of a solution containing barium and phosphate ions was developed to expand the 

potential of the phosphate treatment and treat also materials that are contaminated by the 

presence of salts, in particular soluble sulfates. Overall, a treatment with a barium phosphate 

solution is considered to be promising. The solution is compatible with the base material and 

penetrates well. The use of barium phosphate solutions not only fixes the sulphate ions, but 

also solidifies the material, which is also indicated by the fact that the test samples remain 

compact when touched. In order to achieve a crystalline protective film, long-term 

consolidation or sulphate fixation, the material should be treated at least twice. 
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