Construction and Building Materials 407 (2023) 133599

Contents lists available at ScienceDirect
Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

=

Construction
and Building
MA LS

L)

Check for

Choosing the consolidant for carbonate substrates: Technical performance &
and environmental sustainability of selected inorganic and

organic products

Giulia Masi, Alessandro Dal Pozzo, Greta Ugolotti, Alessandro Tugnoli, Enrico Sassoni

Department of Civil, Chemical, Environmental and Materials Engineering (DICAM), University of Bologna, Via Terracini 28, 40131 Bologna, Italy

ARTICLE INFO ABSTRACT

Keywords:
Hydroxyapatite
Ammonium phosphate
Calcium phosphates
Nanolimes

Ethyl silicate

Acrylic resin
Paraloid B72
Consolidation

Life cycle assessment
LCA

This study aims at providing a dataset for selecting the most suitable consolidant for marble, limestone and lime
mortar. Diammonium hydrogen phosphate (DAP), nanolimes (NL), ethyl silicate (ES) and acrylic resin (B72)
were compared. Application was performed by brushing in different amounts to investigate the influence of the
product consumption. Effectiveness, compatibility, durability and sustainability were evaluated. DAP showed
several advantages over the alternative consolidants, in terms of both technical performance and sustainability.
ES exhibited high efficacy but also risks of poor compatibility and durability, together with a high global
warming potential. NL and B72 provided the least promising results.

1. Introduction

Natural stones and mortars used in historical architecture and
sculpture suffer from deterioration when exposed outdoors, the type and
the intensity of the decay processes depending on the properties of the
substrate and the environmental conditions. Marble, owing to its very
low porosity, is subject to thermal weathering induced by repeated
heating-cooling cycles [1]. Porous substrates, such as porous limestone
and slaked lime mortars, generally suffer from stress induced in the
pores by freezing-thawing and salt crystallization cycles [2].

To arrest deterioration and possibly prevent further decay, con-
solidants are often applied. Consolidants are liquid products that pene-
trate into the deteriorated substrate and, after hardening, increase its
cohesion, thus improving its mechanical properties and its resistance to
deterioration processes. In principle, the ideal consolidant should be
effective (i.e. able to provide a significant strengthening action),
compatible (i.e. not causing undesired changes in color, pore size dis-
tribution and physical properties), durable (i.e. maintaining its
strengthening action over time, without releasing undesired by-
products), removable or at least retreatable (i.e. it should not prevent
the possibility of applying a different treatment in the future) [3,4].
Moreover, an additional requirement that is acquiring increasing
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importance is the sustainability of the consolidating treatment (i.e. it
should have a reduced impact on the environment) [5].

To simultaneously fulfill all these requirements is extremely chal-
lenging, hence the selection of the best consolidant to be applied on a
certain monument is far from being straightforward [6]. In some cases,
the compatibility requirement is considered as the most important one,
so new consolidants have been regarded as promising based on the fact
that the final product formed after hardening is compatible with the
substrate and reduces its porosity, even though its actual strengthening
efficacy has not been specifically quantified [7]. In other cases, a high
consolidating ability is considered as extremely important, so certain
consolidants are still used in the conservation practice because of their
high effectiveness, despite known compatibility and durability issues,
which have led to the urgent need of removing unsuitable consolidants
applied in the past decades [8].

Once the most promising consolidant for a certain substrate has been
selected, a further delicate aspect is the amount of product to apply, as
this may significantly influence the treatment outcome [9]. The tech-
nical data sheets of commercial products usually recommend applica-
tion until apparent refusal, i.e. until the substrate no longer absorbs the
liquid consolidant. However, in the case of highly porous substrates,
treatment until apparent refusal may require a very high number of
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applications (e.g. 50 brush strokes), which may not always be feasible
for technical and economic reasons and actually may negatively affect
the compatibility of the treatment (i.e. resulting in visible color change).
Therefore, a lower number of applications is often applied [9], which
influences the pore filling, the strengthening ability, the color change
and also the environmental sustainability of the intervention (e.g. by
halving the number of applications, the risk of color change and the
environmental impact are reduced, but in turn the strengthening effec-
tiveness may be significantly reduced as well).

To provide a dataset that can guide the selection of the most suitable
consolidant to be applied onto a certain substrate, in the present study
we systematically evaluated the effectiveness, compatibility, durability
and sustainability of four consolidants (three inorganic products and an
organic one), when applied onto marble, limestone and slaked lime
mortar, artificially decayed to resemble the condition of substrates
needing consolidation. Moreover, to investigate the effects of reducing
the product consumption with respect to the recommended application
until apparent refusal, all the consolidants were applied in three
different quantities, defined based on the porosity and the absorption of
each type of substrate. The four consolidants considered in the study
were:

e Diammonium hydrogen phosphate (DAP), which is receiving
increasing attention because of its several advantages compared to
traditional products [10]. The principle of this consolidant is to treat
the substrate with an aqueous solution of DAP, which provides
phosphate ions to react with calcium ions coming from the substrate,
to form new calcium phosphates with binding ability [11].
Nanolimes (NL), which have been originally proposed for consoli-
dation of wall paintings but are now used for consolidation of all
types of carbonate substrates [12]. The principle is to treat the sub-
strate with an alcoholic dispersion of Ca(OH), particles, reduced to
the nanoscale to facilitate penetration, which transform into CaCO3
upon reaction with atmospheric CO, [12].

Ethyl silicate (ES), which is the most widely used product for
consolidation of silicate substrates but is frequently applied also on
carbonate ones [13]. The principle of this consolidant is to treat the
substrate with ethyl silicate oligomers (often dissolved in an organic
solvent) that undergo hydrolysis-condensation reactions, thus
forming a silica gel that can chemically bond to silicate substrates
[13].
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e Acrylic resin (B72), which has been used as an adhesive and a con-
solidant for various types of substrate for several decades [14] and is
still frequently used nowadays. The principle of this consolidant is to
treat the substrate with a solution of acrylic resin in an organic sol-
vent (typically acetone), followed by solvent evaporation and so-
lidification of the resin.

2. Materials and methods

The experimental approach of this study is summarized in the
schematic reported in Fig. 1.

2.1. Specimens

2.1.1. Marble and limestone

Carrara marble (a calcitic marble with some quartz and dolomite
impurities (Fig. S1) and with ~3 % open porosity, assessed by mercury
intrusion porosimetry (MIP) as described in Section 2.3.2.2) and Lecce
stone (an organogenic limestone, also containing quartz and fluorapatite
fractions (Fig. S1), with ~26 % open porosity, as assessed by MIP) were
selected for the experimental tests, as they have been widely used in
historic architecture and sculpture, they suffer from severe deterioration
when exposed outdoors and hence are often in need of consolidation.
Because of their different microstructure, these lithotypes are suscepti-
ble to different decay processes (mostly thermal weathering for Carrara
marble [1] and salt weathering for Lecce stone [15]), hence they were
selected as representative of stones with low and high porosity,
respectively. The surface roughness of the two substrates was charac-
terized by using the parameter R. (in pm), which represents the mean
value of heights from peak to valley of the roughness profile (10 mm
length, 5 replicates per condition), assessed by using an optical profil-
ometer (Leica Dual Core Microscope DCM 3D). The marble samples
exhibited a significantly smoother surface (R, = 8.7 + 0.9 pm) than
limestone ones (R, = 30.9 + 4.0 pm).

Cylindrical specimens (50 mm diameter, 20 mm height) were core-
drilled from a single slab of each lithotype. To simulate the condition
of naturally weathered stones, before applying the consolidants all the
specimens were artificially weathered by heating in an oven at 250 °C
for 3 h, according to a previously developed method [11]. During
heating, the anisotropic deformation of calcite crystals causes micro-
crack formation at grain boundaries, with a consequent decrease in
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Fig. 1. Scheme illustrating the rationale of the study.
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cohesion and mechanical properties [11]. Artificial weathering by
heating was preferred over alternative methods (e.g. salt weathering),
because in this way the decayed specimens exhibited microcracks to be
sealed by the consolidants, without being contaminated by foreign ions
that might alter the expected hardening reactions of the consolidants.

2.1.2. Mortar

Mortar specimens were prepared with the twofold goal of resembling
the features of historic mortars and having sufficient mechanical prop-
erties to be handled for laboratory operations. Among the binder-to-
aggregate ratios reported in the literature for historic mortars, gener-
ally ranging from 1:3 to 1:2, the latter ratio was selected. Such a ratio has
been reported, for instance, in historic mortars in Crete [16], in Hagia
Sophia in Istanbul [17] and in the most superficial layers of mural
paintings (the so-called “Intonaco” and “Intonachino”), when these layers
had limited thickness [18]. Although the 1:2 binder-to-aggregate ratio
generally corresponds to good mechanical properties of the mortar,
while consolidants should be preferably tested on substrates with poor
mechanical properties (hence needing consolidation), still mortars pre-
pared with a 1:2 ratio were regarded as a fair compromise between the
competing needs of having samples representative of historic mortars
needing consolidation and having samples suitable for operations in the
laboratory activity. A water-to-binder ratio of 1:1 v/v (0.45 w/w) was
adopted.

The fresh mortar was prepared in a Hobart mixer, using slaked lime
(CL 70-S by Colacem, Italy) and calcareous sand (maximum particle size
of 4 mm). The fresh mortar was poured in purposely-built molds,
manually compacted and leveled. The specimens (30 x 20 x 160 mm?)
were then immediately removed from the molds and cured for 4 months
in a climatic chamber (RH =90 + 2 % and T = 21 + 2 °C), before being
further cured for additional 3 months in laboratory conditions (RH = 50
+5% and T = 21 + 2 °C). The specimens were then hand sawn to obtain
30 x 30 x 20 mm® samples, which exhibited a final open porosity ~ 21
%, as assessed by MIP. The resulting mortar samples exhibited higher
surface roughness (R, = 42.1 £ 3.9 pm) than the two stone types.

2.2. Consolidating treatments

Four consolidants (three inorganic and one organic products) were
applied onto the three types of substrate, considering triplicate speci-
mens for each test:

e DAP. Commercial diammonium hydrogen phosphate (DAP,
(NH)4HPOy), supplied by C.T.S. s.r.1., Italy) was used as received to
prepare a 3 M DAP solution in deionized water. The solution was
brushed onto the specimens for the intended number of applications
(detailed below), then the samples were wrapped in a plastic film for
24 h to allow for reaction without evaporation of the DAP solution.
The samples were then unwrapped, rinsed with water, and dried at
room temperature. Once dried, the treated surface was covered with
a sheet of Japanese paper and then a poultice of cellulose pulp and
limewater (1:4 w/w) was applied. The specimens were again wrap-
ped in a plastic film for 24 h, to allow for limewater penetration into
the pores and reaction between unreacted DAP and Ca2* ions present
in limewater [19]. Then, the specimens were unwrapped, and the
limewater poultice was left to dry on the specimens, so that still
unreacted fractions could be transported into the poultice during
drying [19]. The samples were finally rinsed with water and dried at
room temperature.

e NL. The commercial product Nanorestore Plus® Ethanol 5 (supplied
by C.T.S. s.r.l, Italy), consisting in a dispersion of Ca(OH)2 nano-
particles in ethanol with 5 g/L concentration, was used as received.
The nanoparticle dispersion was brushed onto the specimens for the
intended number of applications, after covering the surface to be
treated with a sheet of Japanese paper to prevent whitening, as
recommended in the technical data sheet. Again, following the
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recommendation by the producer, at the end of the application a
poultice of cellulose and deionized water (1:4 w/w) was applied onto
the Japanese paper, to favor carbonation. After the poultice dried,
the specimens were left to cure in laboratory conditions for 4 weeks,
as recommended in the technical data sheet.

e ES. The commercial product ESTEL 1000 (supplied by C.T.S. s.r.1.,
Italy), containing 75 wt% ethyl silicate with also 1 % dibutyltindi-
laurate as catalyst and 25 wt% white spirit, was applied as received.
The product was brushed onto the specimens for the intended
number of applications, then the specimens were left to cure in
laboratory conditions for at least 4 weeks, as recommended in the
technical data sheet.

e B72. The commercial product PARALOID® B72 (supplied by C.T.S.s.
r.l., Italy), consisting of 100 % ethyl-methacrylate copolymer, was
used as received to prepare a 5 wt% solution in acetone. The solution
was brushed onto the specimens for the intended number of appli-
cations and then excessive product accumulated on the surface was
removed by using acetone applied by brush.

The consolidants were brushed onto one circular face in the case of
marble and limestone and one square face (30 x 30 mmz) in the case of
lime mortars using a conventional 40 mm-brush, waiting for the product
to be absorbed between subsequent strokes. For each type of substrate,
three conditions were considered, corresponding to an increasing
number of brush strokes, namely 3, 5 or 7 for marble and 10, 20 or 30 for
limestone and mortar (Fig. 1). The highest number of brush strokes
corresponded to apparent refusal, intended as the condition when the
operator visually observed the specimen surface remaining wet for more
than 1 min after a single brush stroke [20]. When the consolidants were
applied until apparent refusal, the possible excess product on the sample
surface was removed by rinsing with the respective pure solvent.

While for NL and ES information on the consolidant viscosity is
provided by the suppliers, in the case of DAP and B72 solutions the
viscosity was determined experimentally, by measuring the volumetric
flux of the consolidant through a capillary tube with known diameter
and known length, for a given liquid head, at room temperature (T =
25 °C). The resulting viscosity values (in mPa-s) decrease in the order ES
=10 > DAP = 2.9 > NL = 2.7 > B72 = 0.8 (for reference’s sake, water
viscosity is 1 mPa-s).

2.3. Specimen characterization
2.3.1. Effectiveness

2.3.1.1. Product consumption. The product consumption (in L/m?) was
assessed by weighing beakers with the various consolidants, before and
after application onto all the specimens by brushing. From the weight
measurement, the volume of liquid consolidant consumed for each
product was calculated based on the respective densities.

2.3.1.2. Product uptake. The product uptake by the specimens (in L/m?)
was assessed by weighing the specimens before and after brushing the
consolidants.

2.3.1.3. Dynamic elastic modulus (Eg). Taking advantage of its non-
destructive nature, Eq was determined on each specimen, before and
after treatment. The ultrasonic pulse velocity, UPV, was measured by
transmission method across the specimens, by using a PUNDIT instru-
ment with 55 kHz transducers. The transducers were placed in the center
of the two circular faces, in the case of the stone samples, and in the
center of the square faces, in the case of the mortar samples. E4 was then
calculated using the formula Eq = p x UPVZ, where p is the geometric
density.

2.3.1.4. Compressive strength by double punch test (ocppr). The
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compressive strength by DPT was determined by loading the specimens
with two circular steel plates (20 mm diameter), placed in the center of
the circular faces (stones) and square faces (mortars). The size of the
plates was selected based on a previous study [21], which showed that a
more reliable evaluation of the compressive strength is obtained when
the diameter of the plates (20 mm) is equal to the thickness of the
specimens (20 mm for both the stone and the mortar specimens). The
compressive load was progressively increased until failure by using a
Galdabini loading machine and the 6. ppr was calculated as the ratio of
the failure load to the circular area of the steel plates.

2.3.1.5. Composition of the new phases. The composition of the new
phase formed by the various consolidants was investigated by Fourier
Transform Infrared Spectrometry (FT-IR) and by X-Ray Diffraction
(XRD). FT-IR was performed on powder obtained by scratching with a
spatula from the surface of specimens that had been subjected to the
water absorption test and then mechanical testing , by using a Perkin
Elmer Spectrum Two instrument (ATR mode, 4000-400 em™? range,
spectral resolution 4 cm’l, 16 scans, data interval 1 cm™1). The acquired
FT-IR spectra were normalized with respect to the calcite band at 872
cm L. XRD was performed on untreated and consolidated surfaces of
sample fragments, by using a Malvern PANalytical Empyrean X-ray
diffractometer equipped with a Cu tube (K, radiation A = 1.5405 A). The
experimental parameters were as follows: generator voltage = 40 kV,
tube current = 30 mA, 26 = 4-45°, step size = 0.013° and time per step
=48s.

2.3.1.6. Morphology of the new phases. The new phases formed by the
various consolidants were observed using a scanning electron micro-
scope (SEM) with a Field Emission Gun (FEG) (Tescan Mira3). SEM
observation was performed on fracture surfaces, obtained from the
specimens that had been subjected to compressive strength, after sputter
coating with graphite (Quorum sputter coater Q150R ES).

2.3.2. Compatibility

2.3.2.1. Color change (AE*). The color change was calculated by
determining the CIE Lab color parameters (L* = black-white, a* =
green-red, b* = blue-yellow) of untreated and treated specimens, by
taking measurements in 3 areas for each sample with a NH310 color-
imeter. The color difference between the untreated and the treated
conditions was then calculated according to the formula AE* = (AL*? +
Aa*? 4+ Ab*H12,

2.3.2.2. Pore size distribution. The alterations in open porosity and pore
size distribution after consolidation were assessed by mercury intrusion
porosimetry (MIP) by a Pascal 140 and 240 instrument (Thermo Sci-
entific). The samples were obtained from the specimens that had been
subjected to compressive strength, as a negligible influence of the me-
chanical test on the pore system and presence of cracks is expected,
given the brittle nature of the three substrates. The MIP samples were
obtained by always including the first 5 mm from the treated surface, as
the greatest variations in pore size distribution were expected in this
volume.

2.3.2.3. Water sorptivity and water absorption after saturation. The rate
of water absorption (sorptivity) and the final amount of water absorbed
after saturation were determined according to the European Standard
EN 15801 [22], by letting water enter the specimens by capillarity
through the treated surface.

2.3.2.4. Contact angle. The wettability of untreated and treated surfaces
was assessed by measuring the contact angle (0) formed by a drop of
deionized water (1 uL volume), deposited on the sample surface using a
syringe with a 0.72 mm wide needle. A photograph of the drop was
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taken 5 s after its deposition and then analyzed by using the ImageJ
software v1.46r to calculate the contact angle. The measurement was
performed on marble and limestone specimens, while in the case of the
mortar samples the higher surface roughness made the contact angle
measurement impossible.

2.3.3. Durability

2.3.3.1. Freezing-thawing cycles. The permanence of the consolidating
effect after accelerated ageing was assessed by subjecting the specimens
to freezing-thawing cycles, performed by partly modifying the European
Standard EN 12371 [23]. The specimens were initially saturated with
deionized water for 3 days, then subjected to cycles of freezing at —20 +
2 °C for 2 h and thawing in deionized water at +20 + 2 °C for 2 h. In
total, 130 cycles were performed for marble and limestone and 28 cycles
for mortar, drying the specimens and measuring the progressive weight
loss every 10 cycles for the stones and every cycle for the mortars. At the
end of the cycles, the residual dynamic elastic modulus was evaluated as
described above.

2.3.4. Sustainability

2.3.4.1. Global warming indicator (GW). The emission of greenhouse
gases along the life cycle of the consolidants, expressed in terms of kg
CO; equivalent, was considered as a representative parameter of the
environmental dimension of sustainability. The quantification of the
indicator for each consolidant was performed via life cycle assessment
(LCA) according to ISO 14040:2006 [24]. The consolidation of 1 m? of
substrate (marble, limestone or lime mortar) was assumed as the func-
tional unit of the LCA. The required amount of each consolidant to fulfil
the functional unit was directly derived from the product consumption
determined experimentally on the three substrates for increasing num-
ber of brush strokes (see results in Section 3.1.1). Adopting a cradle-to-
gate approach, the emissions of greenhouse gases occurring along the
life cycle of each consolidant were estimated considering the following
life cycle stages: (i) the production phase; (ii) the transportation phase;
(iii) the use phase. The production phase involves the manufacturing of
the consolidant and its solvent, according to the formulations introduced
in Section 2.2, including the production of any precursor and energy
input required for the consolidant manufacturing. The transportation
phase includes both the delivery of the materials needed for the con-
solidant manufacturing and the delivery of the consolidant itself to the
conservation site. The production of the required packaging (plastic
buckets) is also accounted for in this phase. The use phase consists in the
application of the consolidant onto the substrate, assumed to be per-
formed following the same methods described in Section 2.2. The pro-
duction of the auxiliary materials (e.g., cellulose pulp, limewater,
Japanese paper, rinsing products) is accounted for in this phase. In
addition, in the use phase, the release of volatile compounds from the
application of the product on the substrate was also taken into account:
for DAP, the release of carbon dioxide and ammonia resulting from the
formation of calcium phosphates was considered [11].

As an example, Fig. 2 reports the product system considered for the
life cycle of the DAP treatment, with an indication of the life cycle stages
included in the analysis. The reported amounts of material and energy
flows are related to the application to the limestone substrate with the
highest number of brush strokes (i.e. until apparent refusal). Inventories
for all the combinations of consolidants and substrates are listed in the
Supplementary Material (Tables S1-S4), alongside relevant assump-
tions. Additional details on the life cycle inventory modelling of the
synthesis of stone consolidants can be retrieved elsewhere [25]. In-
ventory data for common background unit processes (production of
precursors and solvents, energy supply, transportation) were retrieved
from life cycle inventory databases, viz. nodes of the European Platform
on LCA [26], as reported in detail in the Supplementary Material.
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apparent refusal. Inventories for all the combinations of consolidants and substrates are reported in the Supplementary Material.

Following best practices in life cycle impact assessment methods
[27], values of global warming potential over 100 years (GWP100)
proposed by the Intergovernmental Panel on Climate Change [28] were
assumed as characterization factors for the greenhouse gases in the
computation of the GW indicator.

3. Results and discussion
3.1. Effectiveness

3.1.1. Product consumption and uptake

For each consolidant, the product consumption on the three sub-
strates, as a function of the number of brush strokes, is reported in Fig. 3.
For a given type of substrate and a given number of applications, the
four consolidants exhibited comparable consumption, with some minor
differences among the consolidants that reflect the different volatility of
the respective solvents (the tendency to evaporate decreasing in the
order acetone > ethanol > water > white spirit).

As a general trend, the product consumption progressively increased
passing from marble to limestone to mortar. The low consumption on
marble (which only required 7 brush strokes to reach apparent refusal) is
consistent with the low open porosity of this stone (~3%). For the other
two substrates, treated by 30 brush strokes to reach apparent refusal, the
higher consumption was registered on mortar, which has a slightly
lower open porosity (~21 %) than limestone (~26 %). This trend can be
explained considering the respective pore size distributions: as detailed
in Section 3.2.3, mortar has a bimodal distribution, with the bigger
average pore size around 10 pm, while limestone has a unimodal dis-
tribution, with average pore size around 2 pm. Because liquids are
absorbed more quickly into bigger pores [13], product absorption into
the mortar specimens was easier and a higher consumption was
registered.

Even though the product consumption on a given substrate was
similar for the four consolidants, the product uptake by the specimens

was actually quite different, depending on the specific product (Fig. 3).
The final product uptake is the result of a combination of competing
factors, namely the viscosity of liquid consolidant, the concentration of
the active principle and the volatility of the solvent present in each
product. The DAP treatment (involving a DAP concentration of 396 g/L
and water as solvent, leading a viscosity that is slightly higher than that
of water) generally led to higher levels of product uptake, followed by
ethyl silicate (containing 75 wt% of active principle and white spirit as
solvent, leading to a viscosity that is 10 times higher than water). It is
noteworthy that the relatively high viscosity of ES did not prevent it
from achieving high values of products uptakes, thanks to a positive
combination of the three factors. Nanolimes (5 g/L suspension in
ethanol) and especially Paraloid B72 (5 wt% solution in acetone), both
having viscosity similar to water, gave lower product uptakes, because
only minimum amounts of active principle remained in the specimens
after the solvent evaporation.

3.1.2. New phase morphology and composition

After curing and hardening, the consolidants caused the formation of
new consolidating phases, with the morphology shown in Fig. 4 and the
composition reported in Fig. 5.

The DAP treatment led to formation of calcium phosphates that
appeared as new phases over the surface of calcite grains and inside
intergranular fissures (Fig. 4). While these new calcium phosphates are
generally reported to exhibit a flower-like morphology [10], in the
present case they appeared as clusters on all the three types of substrate
(in the case of marble, they were more easily distinguishable from the
substrate). The reason for the different morphology is thought to be the
method of application of the DAP solution (in the present study,
brushing until apparent refusal, while previous studies mostly adopted
immersion [11] or poulticing [17]). As highlighted in previous studies,
the application method has a profound influence on the morphology and
on the amount of the new consolidating phases, as well as on their
strengthening efficacy [17,29,30]. Consistently, in a previous work
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Fig. 3. Product consumption (left) and product uptake (right) for the three substrates.

where different application methods were compared, DAP application
by poulticing was found to produce more abundant calcium phosphates
than brushing, with also a clear difference in morphology (flower-like in
the case of poultici