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A B S T R A C T

Consolidation of wall paintings is a challenging task, as the available products often exhibit limitations. The use 
of aqueous solutions of diammonium hydrogen phosphate (DAP) has provided very encouraging results on 
natural stones and lime-based mortars, but its effects on pigmented plasters have not been reported yet in the 
literature. Therefore, the present study reports for the first time the performance of DAP on fragments of real 
mural paintings coming from 8 churches in northern Italy, differing in terms of creation time (IX to XV century), 
pigments and painting technique. Overall, more than 50 samples were treated with an aqueous solution con
taining 1 M DAP+ 1 mM CaCl2 and then characterized to assess the DAP-treatment effectiveness (by indentation, 
scotch tape test and ultrasonic test), compatibility (in terms of color change, alterations in water transport 
properties and composition of the new consolidating phases) and durability (by freeze-thaw cycles). The results 
of the study show that carbonate hydroxyapatite was formed when no dolomite was present in the substrate, 
while also struvite was formed in the presence of dolomite. In all cases, significant increases in mechanical 
parameters indicate strengthening of both the pigmented layer and the underlying plaster. Only in 7 cases out of 
30 a color change exceeding the common acceptability limit was found after consolidation, which seems to have 
no obvious correlation with struvite formation, the nature of the pigment or the painting technique. In all cases, 
modest alterations in water transport properties were registered. Moreover, after 10 freeze-thaw cycles all the 
consolidated samples showed lower material loss than unconsolidated ones, thanks to the increase in mechanical 
properties experienced after consolidation. Overall, the DAP-based treatment appears as a promising method for 
consolidating wall paintings. To reduce chromatic alterations, the use of more diluted DAP solutions or the 
adoption of different applications methods could be explored in the future.

1. Introduction

Wall paintings are artworks created on walls and/or vaults of 
buildings, burial chambers and caves, with high artistic and cultural 
value [1]. The number of layers applied onto the wall, the composition 
of each layer and the painting technique exhibit a wide variability over 
time and space. In general, wall paintings were created by the following 
techniques [1]: 

• The “fresco” (fresh) technique involves painting onto a plaster layer 
when it is still fresh, with pigments being fixed by the carbonation of 
lime in the plaster. Pigments are first dispersed in water or lime
water, and then applied onto the fresh plaster, where Ca(OH)2 reacts 

with CO2 from the atmosphere to form CaCO3, thus embedding the 
pigments as the plaster dries and hardens;

• The “secco” (dry) technique involves painting on the plaster when it 
is already dry, so pigments need to be fixed by an organic binder, 
such as egg, casein, animal glues or vegetable glues;

• The “mezzo fresco” (half fresh) technique involves applying pigments, 
previously dispersed in limewater, onto the plaster when it is already 
dry, so pigments are fixed by the reactivation of the carbonation 
process [1].

Wall paintings are inevitably exposed to a range of environmental 
factors, which often trigger various forms of deterioration. Besides 
physical erosion, the main deterioration factors include chemical 
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corrosion caused by rain [2], mechanical stress caused by freeze-thaw 
cycles [3] and salt crystallization cycles [4]. Moreover, deterioration 
can also be caused by biological organisms such as fungi, molds, lichens, 
and bacteria, which contribute to the decay of the substrate through 
chemical and mechanical processes [5].

To reestablish cohesion and increase mechanical properties in dete
riorated wall paintings, consolidants are often applied, with the aim of 
improving the substrate durability. Consolidants are liquid products that 
are applied by brushing, spraying or poulticing and that, after hard
ening, bond the grains in the substrate [6]. In the case of wall paintings, 
consolidation is a particularly complex process, especially due to the 
presence of the pigmented layer. For this reason, numerous consolidants 
have been proposed and tested through the years [7–13], including 
organic and inorganic treatments, but they have often exhibited limi
tations in terms of effectives, compatibility and/or durability: 

• organic consolidants, such as acrylic and vinylic polymers (e.g. 
Paraloid B72, an ethyl methacrylate/ethyl acrylate copolymer), have 
been extensively used in the past decades, but they have the limi
tation of causing long-term compatibility and durability issues [8]. 
This has led to severe negative effects, including detachment, 
cracking, and flaking of the surface layer, even within short time 
frames. Given the problems associated with organic treatments, 
recent focus has mostly shifted towards inorganic alternatives 
[7–10].

• nanolime, i.e. dispersions of Ca(OH)2 nanoparticles in alcohol, which 
transform into CaCO3 upon carbonation by atmospheric CO₂, has 
been proposed in 2000 specifically for consolidation of wall paint
ings [11]. Nanolime offers ideal chemical-mineralogical compati
bility with wall paintings, so it has been extensively tested and used 
[7,8,11–14], but it has the limitation that nanoparticles tend to be 
transported back towards the treated surface during drying [15], 
with consequent low depth of formation of the new consolidating 
phases and possible whitening of the treated surface [16].

• ethyl silicate, which is highly effective on silicate substrates like 
sandstones and bricks, thanks to its ability to chemically bond to the 
substrate, has been used also for consolidation of mural paintings 
[16]. Its effectiveness on this type of substrate actually depends on its 
specific chemical-mineralogical composition. However, a known 
limitation is the temporary hydrophobicity induced by ethoxy 
groups present in ethyl silicate [16]. The hydrophobicity is expected 
to disappear once the hydrolysis-condensation reactions are 
completed and amorphous silica is finally formed [17], but this has 
been shown to require a long period [18], up to more than 1 year 
[16]. During this period, water-based conservation treatments are 
impossible and the consolidated layer may be subject to detachment 
if water and salts are trapped behind the hydrophobic layer.

• Other methods like barium hydroxide and ammonium oxalate have 
been historically used [7], but they exhibit limitations in terms of 
difficulty of treatment, chemicals availability and toxicity. Innova
tive routes, such as biomineralization, have been proposed [19,20], 
but systematic data on their performance on wall paintings are still 
missing.

Overall, the need for more effective, compatible, durable and sus
tainable consolidants for wall paintings comes out. Therefore, the pre
sent study investigates the performance of an innovative treatment, 
based on aqueous phosphate solutions, as detailed in the following.

Studies carried out in the last 15 years have demonstrated the sig
nificant potential of an innovative consolidation method based on in situ 
formation of hydroxyapatite (Ca10(PO4)6(OH)2, HAP), the main mineral 
constituent of teeth and bones [21–23]. The idea is to form HAP as the 
reaction product between the substrate, which provides Ca²⁺ ions, and 
an aqueous solution of diammonium hydrogen phosphate (DAP, 
(NH4)2HPO4), which provides PO4

3- ions [21]. HAP is the ideal calcium 
phosphate (CaP) mineral to form through this process, as it has a crystal 

structure and lattice parameters very close to those of calcite, as well as 
very low water solubility. However, depending on the reaction condi
tions, other CaP minerals may also form, including carbonated hy
droxyapatite (Ca10(PO4,CO3)6(OH,CO3)2, octacalcium phosphate (OCP, 
Ca8H2(PO4)6⋅5 H2O),) or brushite (CaHPO4⋅5 H2O) [24]. Additionally, 
in specific conditions, ammonium-containing minerals have been also 
detected, such as ammonium calcium phosphate hydrate (NH4Ca
PO4⋅H2O) and struvite (NH4MgPO4⋅6 H2O) [25].

Previous studies have shown that the DAP treatment is able to 
significantly increase the mechanical properties of a variety of substrates 
(including natural stones such as marble, limestone and sandstone [24]; 
stuccoes based on gypsum and mortars based on slaked lime, hydraulic 
lime and cement [26]), without significantly altering the pore system 
and the water transport properties of the substrate [27]. In terms of 
aesthetic appearance, generally low color alterations have been regis
tered, especially on white or pale substrates [24]. The increases in me
chanical properties, combined with the reduced alterations in 
microstructure and wettability, have generally resulted in good dura
bility to salt crystallization [28–30], freeze-thaw cycles [28,30–32] and 
heating-cooling cycles [33] of the treated substrates. A recent study has 
also shown that the DAP treatment offers advantages in terms of envi
ronmental sustainability (namely, global warming potential), compared 
to traditional alternatives like nanolime, ethyl silicate and acrylic resin 
[34].

In the specific case of lime-based mortars and plasters, good results 
have been obtained when the DAP treatment was applied to laboratory 
samples produced to replicate different formulations of historic plasters, 
in terms of binder and aggregate nature and proportions [26,28–32,35]. 
However, in all the cited studies plain mortars, without the addition of 
pigments, were considered.

In view of their possible use for consolidation of mural paintings, the 
interaction between DAP solutions and pigments traditionally used in 
historic wall paintings has been also investigated [36]. A simplified 
approach was adopted to study the DAP-pigments interaction, i.e. 
directly immersing the pigments in the DAP solution (without pigment 
application onto a plaster). The results of this study pointed out that, 
among the investigated pigments (namely cinnabar, French ochre, 
gypsum, lapis lazuli, raw sienna, burnt umber, minium), only minium 
experienced an unacceptable color change after interaction with DAP 
(because of formation of lead hydroxyapatite), while for all the other 
tested pigments the color change was below the common acceptability 
threshold [36].

In the present study, for the first time the effectiveness, compatibility 
and durability of the DAP treatment have been systematically assessed 
on fragments of real mural paintings coming from eight churches from 
different periods (IX to XV century), differing in terms of color and 
painting technique.

2. Materials and methods

2.1. Case studies

The fragments used for the tests were obtained from eight churches 
in the Trentino-Alto Adige region, in northern Italy. The fragments of the 
mural paintings, already detached from the substrate, were no longer re- 
attachable, so they were made available for this research thanks to an 
ongoing collaboration between the University of Bologna and the 
“Provincia Autonoma Di Trento” (Autonomous Province of Trento, Italy). 
Details on the names of the churches, their location, construction period 
and painting technique (as assessed by visual analysis) are reported in 
Table 1.

2.2. Samples

Among the fragments available from the eight churches (more than 
350 fragments in total), those to be used as samples for the study were 
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selected trying to include as many different colors and painting tech
niques as possible, while ensuring that samples had sufficient size and 
regularity. Fragments were hence divided in two groups: 

• The first group consisted of 30 thin fragments with a maximum 
thickness of 4 mm (Table 1). For each church, 3–6 fragments were 
selected based on their color. As illustrated in Fig. 1, these 30 frag
ments were then fractured by using a chisel and, from each fragment, 
samples were obtained for (i) SEM observation in top view, (ii) SEM 
observation in cross section and (iii) analysis by optical microscopy, 
XRD, color measurements and hardness tests, performed before and 
after consolidation.

• The second group consisted of 32 thicker fragments (thickness 
around 20 mm) that were used for mechanical and durability tests 
(Fig. 2). The samples in this second group were obtained from the 
same fragments from which the samples in the first group were 

obtained, the selection of what samples to include in the second 
group being based on the size and the number of the available 
fragments: for instance, samples 1-X and 1-Y were obtained from the 
same fragments from which samples 1B and 1 C were obtained, 
respectively, while in the case of sample 1 A the parent fragment had 
no sufficient size. Half of the fragments on the second group was 
treated with the DAP solution as described in § 2.3, while the other 
half was left untreated. In particular, for each church, for each color, 
one big fragment was divided into two pieces (for instance, the two 
samples “1-X”), one to be consolidated and one to be left untreated.

2.3. Consolidation

Based on results previously reported in the literature [24,31], the 
DAP treatment was performed by consolidating the samples with an 
aqueous solution containing 1 M DAP + 1 mM CaCl2. DAP was kindly 
provided by C.T.S. s.r.l. Italy. CaCl2 (Sigma-Aldrich) was added to favor 
HAP formation without dissolution of the substrate, as proposed in [37].

The consolidating solution was applied by poulticing, which has 
been found to allow for deep penetration of the consolidant into the 
substrate, thus maximizing its effectiveness [38,39]. A poultice was 
prepared by mixing cellulose pulp and the DAP solution with a 1:4 w/w 
ratio. The poultice was applied onto the pigmented face of the samples, 
thus replicating what would happen in the field. A sheet of Japanese 
paper was inserted between the sample and the poultice to prevent 
sticking, then the samples were covered with 1 cm-thick layer of poul
tice, which was finally wrapped with a plastic film to prevent evapo
ration. After 24 h, the samples were unwrapped, the poultice was 
removed and the samples were rinsed with deionized water, then left to 
dry at room temperature until constant weight was reached. Based on 
visual observation of the samples when the poultice was removed, the 
DAP solution was able to fully impregnate the samples, which appeared 
wet all through their thickness, thus suggesting a penetration depth of 
the DAP solution of at least 20 mm, consistent with previously reported 
results [24].

2.4. Characterization

A summary of the tests performed for the initial characterization of 
the fragments and for the assessment of the effects of the consolidating 
treatment is reported in Table 2, together with the indication of the 
respective samples used for the tests.

2.4.1. Initial characterization of the fragments
Before consolidation, the 30 samples selected for the initial charac

terization (Fig. 1) were analyzed as described in the following.
X-ray diffraction (XRD). The mineralogical composition of the plas

ters and of the pigments was assessed by XRD, performed on the pig
mented face of the fragments (without grinding). A PANalytical X’Pert 
PRO diffractometer equipped with a fast X’Celerator detector was used 
(Cu-Kα radiation, 40 mA and 40 kV, 2θ range from 3◦ to 50◦, step size of 
0.1◦, time/step of 100 s). To make sure that the fragments could fit the 
sample holder for massive samples, their thickness was reduced and 
their bottom face (parallel to the pigmented one) was regularized by 
using sandpaper.

Stereo-optical microscopy (SOM). The thickness of the pigmented 
layer and the microstructure of the underlying plaster were assessed by 
SOM observation, performed by an Olympus SZX10 microscope. Cross 
sections were obtained by first fracturing the fragments by using a chisel 
and then encapsulating the fragments in epoxy resin and polishing them 
to expose the cross section.

Scanning electron microscopy (SEM) with Energy dispersive spectroscopy 
(EDS). The elemental composition of the pigments and of the underlying 
plasters was assessed by observation of the same cross sections by a 
Tescan Mira 3 Field Emission Gun (FEG) SEM, equipped with a Bruker 
probe for EDS. Before SEM observation, the samples were made 

Table 1 
Labeling and description of the churches and of the samples.

Number Name of the 
church

Location Period Painting 
technique

Sample - 
Color

1 Saints Peter and 
Paul

Ceniga 
(Dro)

Xll 
cent.

Mezzo fresco 1 A – 
Green 
1B – 
Black 
1 C – 
Pink

2 Saints Sisinius, 
Martyrius and 
Alexander

Dro Xll 
cent.

Secco 2 A – Red 
2B – Red 
2 C – 
Brown 
2D – 
Brown 
2E – 
Yellow 
2 F – 
Green

3 Saint Blaise Lisignago Xlll 
cent.

Unknown 3 A – Red 
3B – 
White 
3 C – 
Green

4 Saint Charles 
Borromeo

Pergine 
Valsugana

XlV 
cent.

Fresco with 
lime finishes

4 A – 
Orange 
4B – 
Green 
4 C – 
Yellow 
4D – 
Brown

5 Saint Andrew Storo XlV 
cent.

Fresco with 
parts in secco

5 A – 
Pink 
5B – Red 
5 C – 
Black 
5D – 
Green 
5E – 
Yellow

6 Saint Anthony 
the Abbot

Tenno XV 
cent.

Secco 6 A – Red 
6B – 
Yellow 
6 C – 
Green

7 Saint Justina Creto 
(Pieve di 
Bono)

Xl 
cent.

Fresco 7 A – 
Green 
7B – 
Yellow 
7 C – Red

8 Saint Lawrence Dimaro 
Folgarida

lX 
cent.

Fresco 8 A – 
Black 
8B – Red 
8 C – 
Green
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electrically conductive by graphite evaporation (Q150R ES Sputter 
coater).

2.4.2. Evaluation of the consolidant effectiveness
Knoop microhardness. The hardness of the pigmented surface of the 

samples illustrated in Fig. 1 was assessed by microindentation, per
formed by a Knoop indenter (diamond pyramid with a rhombic base), by 
applying a 2 N load onto the sample surface and then measuring by 
optical microscopy the longest diagonal left by the indenter. The 2 N 
load (corresponding to the maximum possible load with the available 
instrument) was selected to ensure that an imprint with sufficient size to 
be observed by optical microcopy was produced onto the samples. The 

Knoop microhardness (HK) was then calculated according to the for
mula HK = 14.229(F/D2), where F is the applied load (in kgf), and D2 is 
the diagonal of the indentation (in mm2) [40,41]. For each sample, the 
test was performed in at least 12 positions. The consolidation effect was 
assessed by repeating the measurements on the same sample before and 
after consolidation.

Scotch tape test (STT). The resistance to material loss was assessed by 
STT, performed on the samples illustrated in Fig. 2. Although an inter
national standard is not available for this test, the STT is frequently used 
to assess the state of preservation of heritage substrates and the effects of 
consolidants, as the test is micro-destructive and allows for direct 
quantification of the substrate resistance to material loss. As a result, 

Fig. 1. Photos of the 30 samples used for the initial characterization of the fragments by SEM-EDS in top view and cross section, XRD, stereo-optical microscopy 
(SOM), colorimetry to determine the color change (ΔE*) and indentation to determine the surface hardness (to assess the effects of consolidation, the tests were 
performed on the same sample before and after the DAP-treatment).

Fig. 2. Photos of the 32 samples (4 per church, 2 untreated and 2 treated) used for the evaluation of the effects of consolidation, assessed by scotch tape test (STT), 
ultrasonic pulse velocity (UPV) test, water absorption (WA) test and durability test (to assess the effects of consolidation, each fragment was initially divided into two 
pieces, one to be left untreated and the other to be treated, so that, for each number, both the “X” samples were initially parts of the same fragment; the same applies 
for the “Y” samples). In the case of the 8-X and 8-Y samples, the order of the fragments in the picture has been erroneously switched between the untreated and 
treated condition.
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proposals for standardization have been reported in the literature [42]
and were followed in the present study. For each sample, first the weight 
was measured, then a strip of adhesive tape of known size was applied 
onto the pigmented surface, then the tape was removed at a constant 
speed with a peeling angle of 90◦ and the amount of material removed 
was finally assessed by weighing again the sample. The consolidation 
effect was assessed by repeating the test on the same sample before and 
after consolidation, in different areas (so that the zone tested after 
consolidation had not been affected by the STT before consolidation). 
For each measurement, the STT was performed 5 times in the same 
location, so as to assess the adhesion at increasing depth from the 
surface.

Ultrasonic Pulse Velocity (UPV). To assess the consolidation effects not 
only on the pigmented surface, but also in depth in the underlying 
substrate, the plaster cohesion was assessed by measuring the UPV [43], 
assessed on the samples illustrated in Fig. 2. The UPV was measured in 
transmission across the 20 mm thickness of the samples, by using a 
Matest C369N instrument with 55 kHz transducers, by inserting two 
rubber discs between the samples and the transducers to improve the 
contact and by applying a constant force of 100 N to ensure reproduc
ibility of the measurement. Given the non-destructive nature of the test, 
the UPV was determined on the same samples before and after consol
idation. This allowed compensating for possible inaccuracies of the 
measurement deriving from the reduced thickness of the samples 
(20 mm) not being ideal for analysis with the available transducers 
(55 kHz frequency).

2.4.3. Evaluation of the consolidant compatibility
Composition and morphology of the new phases. The mineralogical 

composition of the new calcium phosphate (CaP) phases formed after 
consolidation was assessed by repeating XRD on the same samples tested 
for the initial characterization of the fragments (Fig. 1). The morphology 
of the new phases and their chemical composition were assessed by 
SEM-EDS, performed on the treated surface (i.e. the pigmented surface), 
by using the same instrument described above.

Colorimetry. To evaluate the effects of the DAP treatment on the 
aesthetic appearance of the samples, the CIE Lab color parameters (L* =
black-white, a* = green-red, b* = blue-yellow) were determined on the 
30 samples illustrated in Fig. 1, before and after consolidation. A NH300 
portable colorimeter was used, repeating the measurement in 3 different 
positions and then averaging the values. The color difference (ΔE*) after 
consolidation was calculated according to the formula ΔE*=
(ΔL*²+Δa*²+Δb*²)0.5. Moreover, to further characterize the observed 
changes in the sample color, the treated surface was also observed by 
SOM.

Water sorptivity and water absorption. The changes in water transport 
properties were determined by measuring the water sorptivity (i.e. rate 
of water absorption) and the total water absorption after 24 h according 
to European Standard EN 15801:2009 [44], on the samples used for 
mechanical tests (Fig. 2). Water was let penetrate the samples through 
the treated surface.

2.4.4. Evaluation of the consolidant durability
Freeze and Thaw Cycles. Considering the provenance of the tested 

samples, i.e. the Dolomites Mountains in northern Italy, the durability of 
the treated samples after consolidation was assessed in terms of resis
tance to freeze-thaw cycles, performed by combining the European 
standards EN 12371:2010 [45] and EN 14617–5:2012 [46] with the 
Italian standard UNI 11186:2008 [47]. The samples used for mechanical 
tests (Fig. 2) were initially saturated with deionized water and then 
subjected to cycles of freezing at − 20 ± 3 ◦C for 2 h and thawing in 
water at + 20 ± 3 ◦C for 2 h.

As for the minimum temperature, even though sub-zero tempera
tures are common in the region of provenance of the samples and 
minimum values down to − 20 ◦C can be reached, the selection of − 20 ◦C 
was performed in accordance to UNI 11186:2008 [47] and EN 
14617–5:2012 [46]. As for the duration of the freezing and thawing 
periods, the selection of 2 h as a sufficient time for ice formation inside 
the pores and then for ice melting was performed in accordance to UNI 
11186:2008 [47] (even though the EN 14617–5:2012 [46] recommends 
4 h and the EN 12371:2010 [45] recommends 6 h), considering that the 
samples used in the present study were smaller than the samples rec
ommended in all the cited standards and that preliminary tests per
formed on sacrificial untreated fragments showed marked material loss 
after a few cycles performed in these conditions.

Every 2 cycles, the samples were dried in oven at 40 ◦C and the 
weight and UPV measurements were repeated. After 10 cycles, the test 
was stopped and the residual weight and UPV were determined. The 
scotch tape test was finally repeated on the artificially aged samples, to 
evaluate the changes in resistance to material removal.

3. Results and discussion

3.1. Initial characterization of the fragments

The mineralogical composition of the samples analyzed by XRD is 
reported in Table 3. As for the plaster, the main constituents are calcite 
and quartz, which can be ascribed to the carbonated binder and to the 
aggregate fraction, respectively. Besides some additional silicate min
erals (especially enstatite (MgSiO₃-(Mg,Fe)SiO₃), a magnesium-rich 
mineral belonging to the pyroxene group, commonly found in natural 
rocks), dolomite (CaMg(CO₃)₂) was found in more than half of the 
samples. The presence of dolomite is not surprising, as the fragments 
were obtained from churches built in the Dolomite Mountains and, most 
likely, the raw materials used for the plaster preparation came from 
these mountains, so that the binder and possibly also the aggregate 
fraction contain dolomite. Indeed, in this region the lime used histori
cally was primarily magnesian lime [48]. The presence of dolomite in 
the binder was confirmed by SEM-EDS analysis of cross sections of the 
fragments (cf. sample 4D in Fig. 3, where Mg is present in the binder but 
not in the aggregates).

Information on the elemental and mineralogical composition of the 
pigments was obtained by EDS (Fig. 3) and XRD (Table 1), respectively. 
Although conclusive identification of the minerals present in the pig
ments was not always possible, in general: 

• Green pigments are associated with glauconite (K, Na)(Fe³⁺,Al, 
Mg)₂(Si,Al)₄O₁₀(OH)₂ and celadonite K(Mg, Fe²⁺)(Fe³⁺, Al)(OH)₂), 
which is consistent with the composition of the traditional pigment 
“Green earth”;

• Red and orange pigments are associated with cinnabar (HgS) and he
matite (Fe₂O₃);

• Yellow pigment is associated with goethite (Fe³⁺O(OH)), which is 
consistent with the composition of the traditional pigment “Yellow 
Ochre”;

• Black pigment is associated with Carbon Black (C);

Table 2 
Tests and samples used for the initial fragment characterization and the con
solidant assessment (XRD = X-ray diffraction, SOM = stereo-optical microscopy, 
SEM = Scanning Electron Microscopy, STT = Scotch tape test, UPV = Ultrasonic 
pulse velocity).

Objective Tests Samples

Initial characterization XRD, SOM, SEM 1 A to 8 C (Fig. 1)
Consolidant effectiveness Knoop microhardness 1 A to 8 C (Fig. 1)
​ STT, UPV 1X to 8Y (Fig. 2)
Consolidant compatibility XRD, Color change 1 A to 8 C (Fig. 1)
​ Water sorptivity and absorption 1X to 8Y (Fig. 2)
Consolidant durability Freeze-thaw cycles 1X to 8Y (Fig. 2)
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• Brown pigment is associated with hematite (Fe₂O₃) and clay minerals, 
which is consistent with the composition of the traditional pigment 
“Raw Sienna”.

Observation by optical microscopy showed that the thickness of the 
pigmented layer ranged between around 0.02 and 0.06 mm (Fig. 4).

Moreover, in the case of the samples coming from the church #3, 
SOM observation suggested that the samples had already been consoli
dated in the past with acrylic resin, as also confirmed by historic 
documentation. The results of mechanical tests (systematically showing 
higher initial values for samples coming from the church #3) further 
confirmed the previous consolidation of these wall paintings by acrylic 
resin.

The presence of a previous consolidant on the surface and in the 
pores of the substrate to be treated should be taken in due consideration 
when analyzing the effects of the DAP-treatment, because in case the 
pore walls were covered with the previous consolidant (e.g. acrylic 
resin) their reaction with the phosphate solution to form calcium 
phosphates could be prevented, thus potentially reducing the effec
tiveness of the new consolidation treatment. In general, the effects of 
previous consolidants onto the performance of the DAP-treatment de
serves specific investigation, which is however beyond the scope of the 
present study.

3.2. Evaluation of the consolidant effectiveness

Knoop microhardness. The results of the indentation tests performed 
on untreated and treated samples are reported in Fig. 5, where in the 
upper part two examples of tests performed on samples 1 C and 7 C are 
shown (Fig. 5a), while in the lower part the average hardness values 
obtained for all the samples are reported (Fig. 5b). In all cases, high 
standard deviation was registered, both before and after consolidation, 
which can be ascribed to the composite nature of the samples, composed 
of binder and aggregates (as the aggregates are intrinsically harder than 
the binder, the exact location where the test is carried out they can 
significantly alter the test outcome). In any case, after consolidation an 
increase in the average surface hardness was registered in all samples 
(Fig. 5b), although in various cases the error bars of untreated and 
treated samples do overlap. It is noteworthy that, in the case of the 
sample from the church #3, which had already been consolidated with 
acrylic resin in the past, very high surface hardness was detected even 
before consolidation, which was only slightly improved after consoli
dation with the DAP solution.

Scotch tape test. The results of the STT are reported in Fig. 6, where an 
example of material removed by the test before and after consolidation 
is shown in the upper part (Figs. 6a and 6b), while the cumulative 
amount of material removed by the test is reported in the lower part for 
all the tested samples (Fig. 6c). Consistent with the results of the 
indentation tests, the material loss by STT was significantly reduced 
after consolidation by DAP. Notably, while before consolidation the STT 
led to almost complete removal of the pigmented layer, after consoli
dation the color was almost completely retained, as desired (Fig. 6b). 
Similar to the results of the indentation test, in the case of the sample 
from church #3, which had already been consolidated with acrylic resin, 
the material removed by the STT was already very low even before 
consolidation with DAP and it remained low afterwards.

Ultrasonic Pulse Velocity. The results of the UPV measurements are 
reported in Fig. 7 (one measurement was taken on each sample, before 
and after consolidation, so error bars are not present). Before consoli
dation, UPV ranged from 1.3 km/s to 2.9 km/s, the highest values being 
registered for the samples from the church #3, as expected. The UPV 
values measured on the samples are in agreement with those previously 
reported in the literature for lime-based mortars [49]. After consolida
tion, the UPV (measured on exactly the same sample) increased in all 
cases, finally ranging between 1.6 km/s and 3.4 km/s. Such increases in 
UPV, measured across the 20 mm thickness of the samples, indicate that 
the consolidating effect was not limited to the surface of the sample, but 
the DAP treatment was able increase the plaster cohesion also in depth, 
as further confirmed by results of the durability test (§ 3.4).

3.3. Evaluation of the consolidant compatibility

The new calcium phosphate phases (CaP) detected by XRD after 
consolidation are listed in Table 3 for all the tested samples, while three 
examples of diffractograms are shown in Fig. 8. In particular: 

• When the plaster contained no dolomite, hydroxyapatite was formed 
as the reaction product between calcite in the substrate and the DAP 
solution, as suggested by the broad peaks at around 25.9◦ and 32◦ 2θ 
(Fig. 8a). It is most likely that the new HAP is carbonated in nature, i. 
e. CO3

2- ions coming from the substrate and/or from the atmosphere 
have entered the HAP crystal structure and substituted PO4

3- and/or 
OH- ions. The conclusive distinction by XRD between HAP 
(Ca10(PO4)6(OH)2) and carbonated HAP (C-HAP, Ca10(PO4, 
CO3)6(OH,CO3)2) is made difficult by the fact that the new phosphate 
phases are poorly crystalline and nanometric in size, which leads to 
broad XRD peaks, instead of well-defined peaks like in the reference 
minerals. This has led to extensive research by sophisticated tech
niques (e.g. synchrotron X-ray radiation) [50–53], which allowed to 
achieve conclusive identification of the co-existence of HAP and 

Table 3 
Mineralogical composition of the samples: Ca = Calcite (CaCO₃); D = Dolomite 
(CaMg(CO3)2); Q = Quartz (SiO2); E = Enstatite (MgSiO3-(Mg,Fe)SiO3); G 
= Glauconite (K, Na)(Fe³⁺, Al, Mg)₂(Si, Al)4O10(OH)2); Cer = Cerussite (PbCO3); 
Ci = Cinnabar (HgS); Mi = Minium (Pb3O4); Ka = Kaolinite (Al2Si2O5(OH)4); Li 
= Lizardite (Mg3Si2O5(OH)4); Mu = Muscovite (KAl2(AlSi3O10)(OH)2); Go: 
Goethite (Fe+3O(OH)); Ce = Celadonite (K(Mg,Fe2+)(Fe3+,Al)(OH)2); He 
= Hematite (Fe2O3); Io = Iron Oxide (FeO); C = Carbon (C); C-HAP = Carbonate 
hydroxyapatite (Ca10(PO4,CO3)6(OH,CO3)2); S = Struvite (NH4MgPO4⋅6 H2O); 
(?) = uncertain identification.

Church Sample - Color Plaster Pigment New CaP 
phases

1 1 A – Green 
1B – Black 
1 C – Pink

Ca, Q, E 
Ca, Q, E 
Ca, Q, E

G 
- 
-

C-HAP 
C-HAP 
C-HAP

2 2 A – Red 
2B – Red 
2 C – Brown 
2D – Brown 
2E – Yellow 
2 F – Green

Ca, Q, E, Cer 
Ca, Q, E, Ka, Li, Mu 
Ca, Q, E, Mu 
Ca, Q, E, Mu 
Ca, Q, E 
Ca, Q, E

Ci, Mi 
Ci 
- 
- 
Go 
Ce

C-HAP 
C-HAP 
C-HAP 
C-HAP 
C-HAP 
C-HAP

3 3 A – Red 
3B – White 
3 C – Green

Ca, Q, E, D 
Ca, Q, E, D 
Ca, Q, E, D

He 
- 
-

S, C-HAP (?) 
S, C-HAP (?) 
S, C-HAP (?)

4 4 A – Orange 
4B – Green 
4 C – Yellow 
4D – Brown

Ca, Q, E, D 
Ca, Q, E, D 
Ca, Q, E, D 
Ca, Q, E, D, Li

Go 
Ce 
Go 
Io, Mu

S, C-HAP (?) 
S, C-HAP (?) 
S, C-HAP (?) 
S, C-HAP (?)

5 5 A – Pink 
5B – Red 
5 C – Black 
5D – Green 
5E – Yellow

Ca, Q, E, D 
Ca, Q, E, D, Mu 
Ca, Q, E, D 
Ca, Q, E, D 
Ca, Q, E, D, Li

- 
He 
CG 
Ce 
Go

S, C-HAP (?) 
S, C-HAP (?) 
S, C-HAP (?) 
S, C-HAP (?) 
S, C-HAP (?)

6 6 A – Red 
6B – Yellow 
6 C – Green

Ca, Q, E 
Ca, Q, E, Li, Mu 
Ca, Q, E, D

Io 
- 
G

C-HAP 
C-HAP 
C-HAP

7 7 A – Green 
7B – Yellow 
7 C – Red

Ca, Q, E, D 
Ca, Q, E, D, Li, Mu 
Ca, Q, E, Go, Mu

Ce 
Go 
Io

S, C-HAP (?) 
S, C-HAP (?) 
S, C-HAP (?)

8 8 A – Black 
8B – Red 
8 C – Dark 
green

Ca, Q, E, D, Mg-Al 
silicates 
Ca, Q, E, Mu, Mg-Al 
silicates 
Ca, Q, E

Ce 
Io 
Ce

S, C-HAP 
S, C-HAP (?) 
C-HAP
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C-HAP on marble treated with DAP solutions [53]. Given the likeli
hood of the carbonate substitution, reference will be made in the 
following to C-HAP. Consistent with the XRD results, the typical 
flower-like morphology of C-HAP was observed by SEM (Fig. 9) in all 
the samples were dolomite was absent (but C-HAP was also observed 
on samples where dolomite was present, as detailed in the 
following).

• When the plaster contained dolomite (17 out of 30 samples), XRD 
systematically revealed formation of struvite (NH₄MgPO₄⋅6H₂O) in 
all samples. Struvite formation upon treatment with DAP when a 
source of Mg is present in the substrate has been previously reported 
in the literature for dolomitic marble [25], cementitious mortars [26, 
54] and also archaeological bones [55]. Unlike the case of the broad 
peaks of C-HAP, the sharpness of the struvite peaks (clearly visible 

Fig. 3. SEM-EDS images of the cross sections of selected samples.
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between 14◦ and 17◦ 2θ, Fig. 8b) is a sign that struvite crystals are big 
and highly crystalline, as confirmed by SEM (Fig. 9). When struvite 
was formed as a consequence of the presence of dolomite, formation 
of C-HAP was not prevented, as confirmed by XRD analysis (Fig. 8c) 
and SEM observation (Fig. 9): even when big isolated crystals of 
struvite are present, a continuous layer of C-HAP can be noticed 
underneath. This is consistent with previous results found on stones 
and mortars [25,26]. Nonetheless, in the present case in many 
samples containing dolomite the identification of C-HAP (giving 

broad peaks) was made difficult by the formation of struvite (giving 
high peaks, partly overlapping with those of C-HAP around 32◦ 2θ).

Overall, the new phases formed after the DAP treatment can be 
regarded as suitably compatible, in that no highly soluble CaP minerals 
were detected, so that good durability can be expected, as confirmed 
experimentally (cf. § 3.4).

It is noteworthy that, even though no evidence of formation of un
intended secondary phases was found by XRD (nor by SEM), their 
amount could be below the XRD detection limit, hence complementary 

Fig. 4. SOM images of the cross sections of selected samples.
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analyses (e.g. FTIR and TGA) should be performed in the future to rule 
out the formation of unintended secondary phases.

Colorimetry. The results of the colorimetric tests are reported in 
Table 4 (in terms of single color coordinates, before and after consoli
dation) and Fig. 10 (in terms of resulting color change and examples of 
surface appearance).

In general, modest alterations in the color coordinates and, conse
quently, a modest color change were experienced. Out of 30 samples, 
only in 7 cases a color change higher than the common acceptability 
threshold (ΔE* > 5, [56]) was registered. In these cases, the high color 
change was due to darkening (samples 4 A, 4B, 4 C, 5 A, 5E) and/or a 
shift towards blue (3 A, 4 A, 4B, 5 A, 5D). A possible correlation was 
searched between these color changes and (i) the formation of struvite, 
(ii) the nature of the pigment and/or (iii) the painting technique. 
However, no evident correlation was found, in that (i) all the samples 
with unacceptable color change contained struvite, but many other 
samples with struvite exhibited low color change; (ii) samples with the 
same pigment (and the same CaP) experienced different color changes 
(e.g. sample 5E, containing struvite and goethite, exhibited high ΔE*, 
while sample 7B, containing struvite and goethite as well, exhibited low 
ΔE*); (iii) samples with the same painting technique exhibited different 
color change. Further factors that may contribute to the observed color 
change may be the pore system of the plaster (influencing the ability of 
the DAP solution to be absorbed in depth), the surface texture and 
roughness, which in the future should be further investigated by SEM. 

SOM observation of the treated surface revealed that, in some cases, 
formation of a whitish surface layer occurred (Fig. 10), which could 
likely be prevented by reducing the DAP concentration [26] and/or by 
exploring alternative application methods (e.g. brushing or spraying) 
[38]. Moreover, dedicated analyses should be performed to investigate 
whether, in the fragments where “secco” painted parts are present, any 
evidence is found of possible alteration of the original organic binder 
caused by the DAP-treatment (e.g. because of the formation of ammo
nium carbonate).

Water sorptivity and water absorption. The results of the water ab
sorption tests are reported in Fig. 11, where two examples of low and 
high alteration in water transport properties are shown in the upper part 
(Fig. 11a), while the final water absorption after 24 h is reported in the 
lower part (Fig. 11b). Differences among the various samples are due, on 
the one hand, to the different open porosity and pore size distribution of 
the various samples and, on the other hand, to the actual thickness of 
each sample (the thinner the sample, the quicker its saturation with 
water). Therefore, the most significant comparison is that between the 
sorptivity and the water absorption before and after consolidation, 
measured on the same sample. In all the cases, modest decreases in 
sorptivity (corresponding to the slope of the first part of the absorption 
curve, Fig. 11a) and in water absorption were registered, in agreement 
with previous results obtained on DAP-treated mortars [26,31,32] and 
stones [21,24,27,32].

Fig. 5. Results of the indentation test (a) and average surface hardness for all the tested samples (b) (values are averages for at least 12 measurements, bars indicate 
the standard deviation).
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3.4. Evaluation of the consolidant durability

The results of the durability test, performed by subjecting samples to 
accelerated freezing-thawing cycles, are reported in Fig. 12, which 
shows examples of residual weight and residual UPV as a function of the 
freeze-thaw cycles in the upper part (Fig. 12a), examples of resistance to 
material loss by scotch tape test (STT) at the end of the cycles (Fig. 12b) 
and the appearance of untreated and treated samples at the end of the 
cycles in the medium part (Fig. 11c), and the residual weight (Fig. 11d) 
and residual UPV (Fig. 11e) of all the samples at the end of the test in the 
lower part. All the treated samples exhibited significantly lower 

decreases in weight and UPV, compared to the untreated references. In 
particular, all the consolidated samples retained almost all the initial 
mass at the end of the cycles (with a minimum of 98.1 % and a maximum 
of 99.8 % of mass retained), while values below 25 % were registered for 
the untreated references. Consistently, when the STT was repeated on 
the artificially aged samples, sensibly lower material losses were regis
tered in the aged consolidated samples than in the aged unconsolidated 
ones (Fig. 12b). These findings are consistent with previous results on 
the good performance of the DAP-treatment on lime-based mortar sub
jected to freeze-thaw cycles [31,32,57] and suggest that the DAP 
treatment was able to significantly improve not only the mechanical 

Fig. 6. Example of material loss by scotch tape test (a), appearance of a sample at the end of the test (b) and cumulative material loss at the end of the test (c).

Fig. 7. Results of the UPV test (no error bars are present because one measurement was taken on each sample, before and after consolidation).
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Fig. 8. Diffractograms showing examples of (a) carbonate apatite formation in sample 1 A (apatite peaks indicated by the blue arrows); (b) struvite formation in 
sample in sample 5D (struvite peaks indicated by the purple arrows); (c) carbonate apatite and struvite formation in sample the 8 A (indicated by the respective 
arrows): Ca = Calcite (CaCO₃); D = Dolomite (CaMg(CO3)2); Q = Quartz (SiO2); E = Enstatite (MgSiO3-(Mg,Fe)SiO3); G = Glauconite (K, Na)(Fe³⁺, Al, Mg)₂(Si, 
Al)₄O₁₀(OH)₂); Ce = Celadonite (K(Mg,Fe2+)(Fe3+,Al)(OH)2); C-HAP = Carbonate hydroxyapatite (Ca10(PO4,CO3)6(OH,CO3)2); S = Struvite (NH4MgPO4⋅6 H2O).
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properties of the superficial pigmented layer, but also the cohesion of 
the plaster, thus sensibly improving the durability of wall paintings.

4. Conclusions

Based on the results of the present study, aimed at evaluating the 

effectiveness, compatibility and durability of a 1 M DAP+ 1 mM CaCl2 
aqueous solution used to consolidate fragments of wallpaintings coming 
from 8 churches dating to the IX-XV century, the following conclusions 
can be drawn: 

Fig. 9. SEM images of the treated surface of selected samples.
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Table 4 
CIE Lab color parameters (L* = black-white, a* = green-red, b* = blue-yellow) measured in 3 different points (X-Y-Z) of each sample, before and after consolidation, 
and resulting color change (ΔE*).

Sample Point Before consolidation After consolidation Variation

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE*

1 A X 74.50 − 1.09 10.58 72.2 − 0.96 10.88 − 2.3 0.13 0.3 2.3
Y 76.63 − 0.87 11.21 73.69 − 0.63 11.29 − 2.94 0.24 0.08 3.0
Z 75.64 − 1.45 10.83 72.7 − 1.2 10.7 − 2.94 0.25 − 0.13 3.0

1B X 65.87 0.74 3.28 64.96 0.4 0.92 − 0.91 − 0.34 − 2.36 2.6
Y 64.95 1.08 2.45 66.89 0.23 1.78 1.94 − 0.85 − 0.67 2.2
Z 63.66 − 0.05 0.71 65 0.9 1.64 1.34 0.95 0.93 1.9

1 C X 68.74 13.61 13.58 67.19 11.98 10.59 − 1.55 − 1.63 − 2.99 3.7
Y 69.28 12.01 13.08 67.18 12.66 9.92 − 2.1 0.65 − 3.16 3.8
Z 68.88 13.95 12.87 67.91 12.47 10.58 − 0.97 − 1.48 − 2.29 2.9

2 A X 56.4 24.51 18.62 55.21 24.24 17.02 − 1.19 − 0.27 − 1.6 2.0
Y 55.46 26.02 20.29 55.1 25.39 18.03 − 0.36 − 0.63 − 2.26 2.4
Z 56.17 25.57 21.34 55.08 24 19.61 − 1.09 − 1.57 − 1.73 2.6

2B X 48.04 18.8 16.91 48.88 18.08 17.63 0.84 − 0.72 0.72 1.3
Y 47.87 19.19 17.94 47.54 17.45 16.31 − 0.33 − 1.74 − 1.63 2.4
Z 47.44 19.41 18.04 47.78 18.11 16.88 0.34 − 1.3 − 1.16 1.8

2 C X 56.27 12.88 17.24 54.95 11.32 14.9 − 1.32 − 1.56 − 2.34 3.1
Y 57.28 12 16.55 54.16 10.72 14.12 − 3.12 − 1.28 − 2.43 4.2
Z 57.82 12.6 17.67 54.9 10.7 14.2 − 2.92 − 1.9 − 3.47 4.9

2D X 57.85 9.67 10.63 56.06 10.6 12.56 − 1.79 0.93 1.93 2.8
Y 57.27 6.9 8.16 52.58 7.59 8.33 − 4.69 0.69 0.17 4.7
Z 56.11 5.99 6.11 55.31 6.5 7.65 − 0.8 0.51 1.54 1.8

2E X 70.11 7.52 24.94 66.36 9.24 25.92 − 3.75 1.72 0.98 4.2
ZY 71.77 8.25 24.26 69.05 8.44 23.71 − 2.72 0.19 − 0.55 2.8

2 F X 65.77 − 3.25 6.72 61.53 − 4.25 6.9 − 4.24 − 1 0.18 4.4
Y 64.11 − 4.24 7.09 60.04 − 3.99 7.22 − 4.07 0.25 0.13 4.1
Z 63.87 − 3.21 6.45 60.43 − 1.46 7.55 − 3.44 1.75 1.1 4.0

3 A X 49.68 24.96 24.58 50.49 22.4 20 0.81 − 2.56 − 4.58 5.3
Y 49.27 25.13 24.34 51.81 22.05 19.61 2.54 − 3.08 − 4.73 6.2
Z 49.5 24.8 24.76 51.04 21.89 19.08 1.54 − 2.91 − 5.68 6.6

3B X 72.03 3.1 8.06 69.1 2.48 5.49 − 2.93 − 0.62 − 2.57 3.9
Y 73.38 3.02 7.78 70.43 3.36 7.48 − 2.95 0.34 − 0.3 3.0
Z 73.08 3.52 8.84 69.26 2.85 6.61 − 3.82 − 0.67 − 2.23 4.5

3 C X 59.47 5.97 14.58 57.26 5.45 12.78 − 2.21 − 0.52 − 1.8 2.9
Y 60.05 5.54 16.73 63.01 5.69 16.65 2.96 0.15 − 0.08 3.0
Z 60.16 6.09 15.16 58.27 5.47 14.25 − 1.89 − 0.62 − 0.91 2.2

4 A X 68.38 16.06 33.09 66.07 12.8 27.37 − 2.31 − 3.26 − 5.72 7.0
Y 69.23 15.99 31.57 63.96 11.96 25.59 − 5.27 − 4.03 − 5.98 8.9
Z 70.11 15.96 33.09 68.06 11.54 26.03 − 2.05 − 4.42 − 7.06 8.6

4B X 79.81 − 4.86 9.35 71.84 − 4.91 5.63 − 7.97 − 0.05 − 3.72 8.8
Y 79.03 − 4.58 10.08 72.46 − 4.59 4.73 − 6.57 − 0.01 − 5.35 8.5
Z 79.04 − 4.47 9.61 72.33 − 3.68 5.6 − 6.71 0.79 − 4.01 7.9

4 C X 76.16 6.14 22.2 70.09 6.14 23.44 − 6.07 0 1.24 6.2
Y 76 6.62 22.55 70.25 6.82 23.42 − 5.75 0.2 0.87 5.8
Z 76.57 6.19 22.87 70.29 6.08 23.65 − 6.28 − 0.11 0.78 6.3

4D X 46.9 10.83 8.92 44.37 12.13 9.76 − 2.53 1.3 0.84 3.0
Y 48.74 10.55 9.19 44.76 12.11 10.91 − 3.98 1.56 1.72 4.6
Z 46.67 10.93 8.97 48.61 6.55 7.56 1.94 − 4.38 − 1.41 5.0

5 A X 75.87 11.31 14.75 72.6 8.73 11.96 − 3.27 − 2.58 − 2.79 5.0
Y 73.37 12.33 16.2 72.91 8.86 12.33 − 0.46 − 3.47 − 3.87 5.2
Z 74.76 12 16.78 72.9 9.21 12.69 − 1.86 − 2.79 − 4.09 5.3

5B X 52.45 20.45 18.43 50.75 20.04 18.46 − 1.7 − 0.41 0.03 1.7
Y 53.92 19.89 18.29 51.49 19.79 18.75 − 2.43 − 0.1 0.46 2.5
Z 53.01 19.19 16.5 50.95 20.24 18.88 − 2.06 1.05 2.38 3.3

5 C X 46.38 − 0.01 − 0.39 44.34 0.17 − 0.64 − 2.04 0.18 − 0.25 2.1
Y 41.9 0.05 − 1 41.02 − 0.17 − 1.93 − 0.88 − 0.22 − 0.93 1.3
Z 41.68 0.12 − 0.88 38.65 − 0.02 − 1.67 − 3.03 − 0.14 − 0.79 3.1

5D X 56.24 − 9.79 5.71 55.84 − 8.79 1.04 − 0.4 1 − 4.67 4.8
Y 55.59 − 10.35 6.42 55.52 − 9 1.27 − 0.07 1.35 − 5.15 5.3
Z 55.65 − 10.54 6.31 55.64 − 8.84 0.75 − 0.01 1.7 − 5.56 5.8

5E X 75.8 8.96 33.7 65.92 7.72 30.2 − 9.88 − 1.24 − 3.5 10.6
Y 76.18 8.64 32.68 65.79 7.57 30.3 − 10.39 − 1.07 − 2.38 10.7
Z 77.6 8.3 32.91 66.82 6.36 30.24 − 10.78 − 1.94 − 2.67 11.3

6 A X 60.03 14.63 11.12 55.53 16.15 10.15 − 4.5 1.52 − 0.97 4.8
Y 61.34 14.44 11.03 56.78 16.52 10.58 − 4.56 2.08 − 0.45 5.0
Z 61.24 14.89 11.45 56.97 16.41 11.15 − 4.27 1.52 − 0.3 4.5

6B X 70.84 4.8 12.28 68.92 4.59 11.65 − 1.92 − 0.21 − 0.63 2.0
Y 70.26 4.44 12.96 68.43 5.07 12.47 − 1.83 0.63 − 0.49 2.0

6 C X 69.95 0.16 10.91 69.4 − 0.09 10.05 − 0.55 − 0.25 − 0.86 1.1
Y 72.22 − 0.35 10.88 71.19 − 0.92 9.33 − 1.03 − 0.57 − 1.55 1.9
Z 70.69 − 0.34 10.32 70.05 − 0.65 9.92 − 0.64 − 0.31 − 0.4 0.8

7 A X 60.63 − 5.82 11.92 58.06 − 4.97 10.59 − 2.57 0.85 − 1.33 3.0
Y 62.89 − 5.83 8.17 59.08 − 3.69 9.34 − 3.81 2.14 1.17 4.5

(continued on next page)

A.S. Aloysino and E. Sassoni                                                                                                                                                                                                                 Construction and Building Materials 498 (2025) 144052 

13 



Table 4 (continued )

Sample Point Before consolidation After consolidation Variation

L* a* b* L* a* b* ΔL* Δa* Δb* ΔE*

7B X 64.73 10.27 23.64 62.48 9.69 26.58 − 2.25 − 0.58 2.94 3.7
Y 61.88 10.24 22.52 62.17 10.07 26.49 0.29 − 0.17 3.97 4.0

7 C X 48.01 25.27 24.28 47.93 25.29 27.92 − 0.08 0.02 3.64 3.6
Y 48.63 25.63 24.96 48.33 26.54 29.21 − 0.3 0.91 4.25 4.4
Z 47.28 25.72 24.71 48.5 26.03 28.41 1.22 0.31 3.7 3.9

8 A X 43.46 − 0.76 − 0.98 40.78 − 1.4 − 3.32 − 2.68 − 0.64 − 2.34 3.6
Y 42.77 − 0.67 − 0.74 41.75 − 1.48 − 3.32 − 1.02 − 0.81 − 2.58 2.9
Z 42.31 − 0.53 − 0.58 40.5 − 1.22 − 3.1 − 1.81 − 0.69 − 2.52 3.2

8B X 49.15 21.28 20.56 50.24 19.05 18.58 1.09 − 2.23 − 1.98 3.2
Y 49.45 17.64 16.89 50.2 18.16 17.73 0.75 0.52 0.84 1.2
Z 48.24 18.55 17.84 50.87 16.69 15.91 2.63 − 1.86 − 1.93 3.8

8 C X 44.31 − 3.85 6.37 45.94 − 4.13 2.38 1.63 − 0.28 − 3.99 4.3
Y 44.87 − 3.52 4.7 45.95 − 3.81 2.28 1.08 − 0.29 − 2.42 2.7
Z 46.74 − 3.88 5.19 46.9 − 4.37 2.25 0.16 − 0.49 − 2.94 3.0

Fig. 10. Color change after consolidation (a), example of samples with high color change (b) and SOM images of the treated surface of selected samples (c).
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• Effectiveness. The 24-hour treatment was sufficient to induce forma
tion of new calcium phosphate and magnesium phosphate minerals, 
namely carbonate hydroxyapatite (C-HAP) and struvite (detected 
when dolomite was present in the substrate, as a result of the use of 
magnesian lime). Mechanical tests showed that significant im
provements were obtained in all cases, also in the samples where 
struvite was formed. In particular, the increases in surface hardness 
and resistance to material loss by scotch tape test indicated signifi
cant consolidation of the pigmented layer, while the increases in 
ultrasonic pulse velocity (measured across the 20-mm thickness of 
the samples) suggested an improvement in cohesion experienced also 
deep in the sample.

• Compatibility. The color change induced by the DAP treatment was 
above the common acceptability limit only in 7 samples out of 30, 
apparently without a clear correlation with struvite formation, the 
nature of the pigment or the painting technique. Factors like the open 
porosity and pore size distribution (influencing the penetration of the 
consolidant) and the surface texture and roughness are thought to 
contribute to the observed color changes. In terms of physical- 
microstructural compatibility, the DAP-treatment did not cause 
dramatic pore occlusion and left the samples hydrophilic, so that the 
water transport properties were not significantly altered after 
consolidation.

• Durability. All the consolidated samples showed better resistance to 
freeze-thaw cycles than unconsolidated references, which indicates 
that in-depth increases in cohesion were indeed experienced and that 

no negative alterations in the pore size distribution (possibly leading 
to increased susceptibility to freeze-thaw cycles) occurred.

Overall, the DAP-based treatment appears as a promising method for 
consolidation of wall paintings, able to overcome the limitations 
currently exhibited by other consolidants in terms of effectiveness, 
compatibility, and/or durability, and also exhibiting advantages in 
terms of environmental sustainability.

In view of adopting the DAP-treatment for consolidation of wall 
paintings, future research should be dedicated to further elucidate the 
causes of the observed color changes and to reduce the chromatic al
terations induced by the treatment (e.g. by using more diluted DAP 
solutions and/or different applications methods). It is also recom
mended to assess the durability of DAP-treated wall paintings to other 
deterioration processes (e.g. salt crystallization cycles) and to explore 
additional cases, in terms of pigment composition and possible presence 
of organic binders. The influence of previous consolidants possibly 
present in the substrate when the DAP-treatment is applied also deserves 
further investigation.
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Fig. 11. Examples of changes in sorptivity (a) and water absorption of all the samples (b).
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Fig. 12. Examples of residual weight and residual UPV as a function of the freezing-thawing cycles (a); example of resistance to material loss by scotch tape test at 
the end of the cycles (b) and appearance of untreated and treated samples at the end of the cycles (c); residual weight (d) and residual UPV (e) of all the samples at the 
end of the cycles.
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